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Abstract

Many fundamental biological processes and interactions can be successfully explored by applying
Forster resonance energy transfer (FRET) techniques which have become crucial tools in molecular
biology and biophysics. By strategically incorporating suitable dye pairs into different positions of
biomolecules, we can resolve both inter- and intra-molecular distances, as well as dynamic
interactions with sub-nanometer resolution. Such level of detail is essential for understanding the
molecular machinery of life, as it allows us to observe interactions and conformational changes that
are often invisible when using traditional methods. FRET is particularly powerful due to its extreme
sensitivity to the distance between the centers of molecules since it is related to the 6" power of the
distance, so it is one of the most effective tools for detecting small changes. Unlike conventional
ensemble measurements, which average out molecular behaviors across an ensemble, single-
molecule FRET (smFRET) enables the detection of subtle variations such as conformational and
functional heterogeneities within a sample. These underlying variations provide critical insights into
the complex behaviors of biomolecular systems. The ability to observe such differences with the
appropriate statistics, can uncover hidden states, transient interactions and rare events that play key
roles in biological functions.

Traditionally, FRET experiments were focused on two-color systems, where a donor and acceptor dye
pair report on a single distance. However, recent advancements have pushed the boundaries of FRET
applications by introducing three-color FRET assays. Incorporating three labels into the system allows
for the simultaneous measurement of multiple distances, creating a more comprehensive three-
dimensional vision of the molecular interactions and structures. This multi-color approach not only
helps track individual distances between each dye pair but also reveals correlations between them,
offering a richer understanding of the molecular dynamics under study. Although three-color FRET
assays can complicate both the experimental design and data analysis, these challenges have been
addressed. Thanks to significant advancements in instrumentation and the development of
sophisticated analysis software, the once intimidating task of analyzing three-color FRET data has
become more manageable. The technological innovations in detection sensitivity, data processing and
automation have transformed what was once a time-consuming and user-prone process into a
streamlined, reliable workflow. As a result, researchers can now perform complex three-color FRET
experiments with reduced analysis times, removing barriers that previously might have discouraged
the widespread adoption of such techniques.

The combination of solution-based and surface-based smFRET assays offers a versatile approach for
studying biomolecular systems. Solution-based assays are ideal for capturing the fast dynamic
behavior of molecules in their native states and not bound to the surface, while surface-
immobilization assays allow for long-term observations of molecular kinetics by fixing molecules on a
chamber surface area. By employing both techniques, we can gain a comprehensive understanding of
the sample, taking advantage of the different time scales and environmental conditions each method
provides. This dual approach enables the examination of individual biomolecules behavior in ways
that might be impossible using just one of the techniques.

A particularly exciting development in the field of smFRET is its combination with DNA origami
nanotechnology. DNA origami structures allow for the precise design and construction of nanoscale
samples, and have revolutionized many areas of single-molecule biophysics. When complemented
with smFRET, DNA origami provides a versatile platform for positioning fluorophores with sub-
nanometer precision, enabling extreme control over the spatial arrangement of dyes. This level of



control facilitates the study of a wide range of fundamental questions, from unraveling the structural
features and distances, and molecular functions to probing the single fluorophores behavior in
dynamic molecular changes and interactions.

In this thesis, both two- and three-color smFRET assays were employed to benchmark a powerful and
versatile analysis tool based on deep learning. The primary goal was to significantly shorten the data
analysis time and eliminate user bias during the analysis process, which is a common issue in manual
data interpretation. The development of this tool has reduced the time required for analysis from
weeks to minutes, revolutionizing how data is processed and visualized, and open a whole new world
of possible experiments. Moreover, the experiments conducted on various L-shaped DNA origami
nanostructures, which were integral to the development of these smFRET assays, uncovered a number
of interesting characteristics related to the behavior of fluorophores and labeling strategies. These
findings have prompted us to further investigate the precise control and manipulation of fluorophore
positioning and transient binding kinetics of single-stranded DNA in the context of the DNA origami
structure. A comprehensive set of experiments was executed to explore how accurately and
consistently one can arrange and control the transient binding kinetics of DNA single strands. These
studies revealed a number of factors that can interfere with the behavior and kinetics of the system,
including the type of fluorophores used and the specific labeling or binding positions. By
understanding and characterizing such factors, we can now predict and control the performance of
FRET-based assays more reliably.



Zusammenfassung

Viele grundlegende biologische Prozesse und Interaktionen konnen erfolgreich durch die Anwendung
von Forster-Resonanzenergietransfer (FRET)-Techniken erforscht werden, die zu wichtigen
Werkzeugen in der Molekularbiologie und Biophysik geworden sind. Durch das strategische
Einbringen geeigneter Farbstoffpaare an verschiedenen Positionen von Biomolekilen kénnen sowohl
inter- als auch intramolekulare Abstiande sowie dynamische Interaktionen mit subnanometergenauer
Auflosung erfasst werden. Ein solches Detailniveau ist entscheidend fiir das Verstandnis der
molekularen Maschinerie des Lebens, da es uns ermoglicht, Interaktionen und konformationelle
Veranderungen zu beobachten, die bei herkdmmlichen Methoden oft unsichtbar bleiben. FRET ist
besonders leistungsfahig aufgrund seiner extremen Empfindlichkeit gegeniiber dem Abstand
zwischen den Molekiilzentren, da dieser im Zusammenhang mit der sechsten Potenz des Abstands
steht, was es zu einem der effektivsten Werkzeuge zur Erkennung kleinster Verdanderungen macht. Im
Gegensatz zu herkdmmlichen Ensemblemessungen, die das Verhalten von Molekilen iber ein
Ensemble hinweg mitteln, erméglicht FRET auf Einzelmolekiilebene (smFRET) die Erkennung subtiler
Unterschiede wie konformationelle und funktionelle Heterogenitaten innerhalb einer Probe. Diese
zugrundeliegenden Variationen bieten wichtige Einblicke in die komplexen Verhaltensweisen
biomolekularer Systeme. Die Fahigkeit, solche Unterschiede mit den entsprechenden statistischen
Methoden zu beobachten, kann verborgene Zustande, fliichtige Interaktionen und seltene Ereignisse
aufdecken, die eine Schlisselrolle bei biologischen Funktionen spielen.

Traditionell konzentrierten sich FRET-Experimente auf Zwei-Farben-Systeme, bei denen ein Donor-
Akzeptor-Farbstoffpaar eine einzige Distanz misst. Jingste Fortschritte haben jedoch die Grenzen der
FRET-Anwendungen erweitert, indem Dreifarb-FRET-Assays eingefihrt wurden. Das Einfligen von drei
Markierungen in das System ermaoglicht die gleichzeitige Messung mehrerer Abstande, wodurch eine
umfassendere dreidimensionale Sicht auf die molekularen Interaktionen und Strukturen entsteht.
Dieser mehrfarbige Ansatz hilft nicht nur, einzelne Abstinde zwischen den Farbstoffpaaren zu
verfolgen, sondern zeigt auch Korrelationen zwischen ihnen auf, was zu einem tieferen Verstandnis
der untersuchten molekularen Dynamiken fiihrt. Obwohl Dreifarb-FRET-Assays das experimentelle
Design und die Datenanalyse komplizieren kdnnen, wurden diese Herausforderungen bereits
bewaltigt. Dank bedeutender Fortschritte in der Instrumentierung und der Entwicklung ausgekliigelter
Analysesoftware ist die einst einschichternde Aufgabe, Dreifarb-FRET-Daten zu analysieren, besser
handhabbar geworden. Technologische Innovationen in der Detektionsempfindlichkeit, der
Datenverarbeitung und der Automatisierung haben den vormals zeitaufwendigen und anfalligen
Prozess in einen optimierten und zuverlassigen Workflow verwandelt. Infolgedessen kénnen Forscher
nun komplexe Dreifarb-FRET-Experimente mit verkiirzten Analysezeiten durchfiihren, wodurch
Hindernisse beseitigt wurden, die frilher die weitverbreitete Anwendung solcher Techniken behindern
konnten.

Die Kombination von losungsbasierten und oberflichenbasierten smFRET-Assays bietet einen
vielseitigen Ansatz zur Untersuchung biomolekularer Systeme. Losungsbasierte Assays sind ideal, um
das schnelle dynamische Verhalten von Molekdlen in ihrem natirlichen Zustand, also nicht an einer
Oberflaiche gebunden, zu erfassen, wahrend oberflaichenimmobilisierte Assays langfristige
Beobachtungen der molekularen Kinetik ermodglichen, indem die Molekile auf einer
Kammeroberflache fixiert werden. Durch den Einsatz beider Techniken kénnen wir ein umfassendes
Verstandnis der Probe gewinnen, indem wir die unterschiedlichen Zeitskalen und
Umweltbedingungen nutzen, die jede Methode bietet. Dieser duale Ansatz ermoglicht die



Untersuchung des Verhaltens einzelner Biomolekiile auf eine Weise, die mit nur einer der Techniken
moglicherweise unmadglich ware.

Eine besonders spannende Entwicklung im Bereich der smFRET ist die Kombination mit der DNA-
Origami-Nanotechnologie. DNA-Origami-Strukturen ermdoglichen das prazise Design und den Bau von
nanoskaligen Proben und haben viele Bereiche der Einzelmolekil-Biophysik revolutioniert. In
Kombination mit smFRET bietet DNA-Origami eine vielseitige Plattform zur Positionierung von
Fluorophoren mit subnanometergenauer Prazision, was eine extreme Kontrolle iber die raumliche
Anordnung der Farbstoffe ermoglicht. Dieses MaRR an Kontrolle erleichtert die Untersuchung einer
Vielzahl grundlegender Fragen, von der Aufklarung struktureller Merkmale und Abstdnde,
molekularer Funktionen bis hin zur Untersuchung des Verhaltens einzelner Fluorophore bei
dynamischen molekularen Verdanderungen und Interaktionen.

In dieser Dissertation wurden sowohl Zwei- als auch Dreifarb-smFRET-Assays eingesetzt, um ein
leistungsstarkes und vielseitiges Analysetool auf Basis von Deep Learning zu testen. Das Hauptziel war
es, die Datenanalysezeit erheblich zu verkiirzen und Nutzerbias wahrend des Analyseprozesses zu
eliminieren, was bei der manuellen Dateninterpretation ein haufiges Problem darstellt. Die
Entwicklung dieses Tools hat die fiir die Analyse benotigte Zeit von Wochen auf Minuten reduziert,
revolutioniert die Datenverarbeitung und -visualisierung und eréffnet eine ganz neue Welt moglicher
Experimente. Dariber hinaus brachten die Experimente an verschiedenen L-formigen DNA-Origami-
Nanostrukturen, die wesentlich zur Entwicklung dieser smFRET-Assays beigetragen haben, eine Reihe
interessanter Eigenschaften im Zusammenhang mit dem Verhalten von Fluorophoren und
Markierungsstrategien zutage. Diese Ergebnisse haben uns dazu veranlasst, die prazise Kontrolle und
Manipulation der Positionierung von Fluorophoren und die transiente Bindungskinetik von
einzelstrangiger DNA im Kontext der DNA-Origami-Struktur weiter zu untersuchen. Ein umfassender
Satz von Experimenten wurde durchgefiihrt, um zu erforschen, wie genau und konsistent man die
transiente Bindungskinetik von DNA-Einzelstrangen arrangieren und kontrollieren kann. Diese Studien
haben eine Reihe von Faktoren aufgezeigt, die das Verhalten und die Kinetik des Systems beeinflussen
kénnen, einschlieflich der verwendeten Fluorophore und der spezifischen Markierungs- oder
Bindungspositionen. Durch das Verstandnis und die Charakterisierung dieser Faktoren kénnen wir nun
die Leistung FRET-basierter Assays zuverlassiger vorhersagen und steuern.
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1. Introduction

Fluorescence spectroscopy and imaging assays are fast, non-invasive and quantitative techniques,
which are ideal for exploring biomolecules interactions in cellular environments and solutions. They
help unravel the structural and functional features of biomolecules such as DNA, RNA and proteins [1,
2]. Among all microscopy methods, fluorescence resonance energy transfer (FRET) is a powerful tool
to study interactions, distances and dynamics of biological systems at the nanoscale (typically in the
range of 2-10 nm) [3, 4]. FRET occurs through a non-radiative transfer of energy from a donor
fluorophore to an acceptor fluorophore with matching photophysical properties when they are in
close proximity. The efficiency of such energy transfer is extremely sensitive to the distance between
the donor and acceptor molecules to the extent that FRET is known as a molecular ruler, making it an
excellent tool for studying molecular interactions, conformational changes and dynamics [5, 6].

The way we approach and address biological systems and questions has been revolutionized by single-
molecule spectroscopy. In contrast to ensemble measurements, which result in an average behavior
of the whole system under study, single molecule FRET (smFRET) extends the capabilities of FRET to
observe individual molecules and study their evolution in real time [7-9]. They empower us to discover
individual events from a heterogeneous ensemble and to identify, sort and compare subpopulations.
Hence, smFRET enables the detection of heterogeneities that are often hidden in conventional
ensemble experiments [10, 11]. SmFRET experiments performed both on freely diffusing molecules in
solution and surface-immobilized molecules offer a thorough and detailed view of molecular
mechanisms providing information about crucial processes such as protein folding, enzyme activity
and nucleic acid dynamics [3].

Solution-based smFRET measurements are usually performed using confocal microscopy whereas
surface-based experiments are typically conducted using total internal reflection fluorescence (TIRF)
microscopy. Both techniques take the advantage of alternating laser excitation (ALEX) [3, 12].
Measuring with ALEX mode, fluorophores get excited and detected in separate channels alternatively,
so one can sort their emissions spectrally and understand the photophysical properties of individual
dyes [13, 14]. ALEX is usually performed with different time scales for the solution- and surface-based
techniques. In solution-based assays microsecond ALEX (usALEX) or nanosecond ALEX (nsALEX, PIE) is
used, whereas in surface-based methods millisecond ALEX (msALEX) is the most popular approach.
So, various parameters such as distances, fluorescence lifetime, anisotropy and kinetics are
determined by combining the solution- and surface-based methods that lie within nanoseconds to
minutes [12, 15] (Figure 1). Usually the conformational and distance changes are studied using two-
color FRET. However, adding more labels to the same system and performing multi-color FRET
empower us to follow the interactions of multiple binding partners and multiple distances at the same
time on the same molecule [4, 16].

Combining the versatility and sensitivity of smFRET techniques with the programmability of DNA
origami nanostructures made a major breakthrough in our attempts to understand the nanoscale
world. DNA origami techniques work through utilizing the self-assembly properties of DNA strands
base-pairing to design and construct precisely defined and complicated nanostructures [17]. The
assembly of DNA origami structures is based upon using a long, single-stranded DNA known as the
scaffold, and complementary short oligonucleotides called staples, which are designed such that the
complementary sequences make the scaffold fold into the desired complex shapes and structures with
nanometer precision. Offering such predictable designing, DNA origami technology provides a precise
platform for designing the arrangement of molecular components including fluorophores, proteins



and DNA-based units such as pointers in a defined spatial positioning. The functional moieties on DNA
origami structures are utilized in various assays including sensing [18], catalysis [19] and fabrication of
nanodevices [20, 21].
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Figure 1. Schematic view of different single-molecule assays for FRET measurements. (a) SmMFRET measurement
of molecules freely diffusing in solution passing through the confocal volume of excitation lasers. (b) SMFRET
experiments with immobilized molecules on a passivated and factionalized surface. (c) Both techniques result in
FRET efficiency histograms consisting of the values from each measured single molecule with the conformational
states being detected. (d) As a result of fast ALEX schemes used in the confocal method, the fluorescence lifetime
and anisotropy of every fluorophore is measured. By plotting the anisotropy and FRET efficiency as a function of
lifetime, we can acquire detailed information about measured molecules. (e) Analyzing the underlying kinetics in
millisecond time scale is possible with smTIRF experiments. With the transition density plots showing the
transitions between any two existing states and choosing the desired cluster of transitions, the distribution of the
corresponding state’s dwell time is plotted which we can fit to the proper model.

Combining smFRET methods with DNA origami nanotechnology providing flexible designing via exact
base-pairing and labeling possibilities offers the precise spatial and temporal investigation of DNA
origami assemblies with the sensitivity of single-molecule FRET measurements. This powerful
combination enables us to investigate complex molecular interactions and develop sophisticated
nanoscale devices used in various research fields such as structural biophysics, molecular machines,
biosensing and nanotechnology.

The main content of this thesis starts with the theoretical overview of fluorescence in chapter 2. The
basic principles and characteristics of fluorescence emission and some fluorophores’ features, the
concept of fluorescence anisotropy and Forster resonance energy transfer are described. The
theoretical section also covers the basics of single-molecule assays and microscopy techniques. In the
end of chapter 2, we focus on DNA origami structures from their assembly to their applications in
multi-color FRET studies. Chapter 3 focuses on single-molecule FRET microscopy and measurements
both in solution and on surface. Schematics of the both microscopes are depicted and various optical



components are mentioned in detail. The chapter also covers some experimental and analysis
approaches including the description of FRET correction factors. The concept of TIRF microscopy with
both oTIRF and pTIRF assays are also introduced.

Chapter 4 gives an overview of the three publications that were prepared throughout this work. The
first article ‘Deep-LASI: deep-learning assisted, single-molecule imaging analysis of multi-color DNA
origami structures’ introduces an analyzing tool based on deep-learning neural networks which helps
with analyzing images from various surface-based methods. The software was benchmarked with a
lot of static and dynamic experimental data taken from various L-shaped DNA origami structures. The
second publication ‘Deep-LASI, single-molecule data analysis software’ introduces the MATLAB-based
software package that makes the analysis of multi-color single-molecule data more straightforward
by providing user-friendly graphical interfaces and tabs. The summarized functionalities of the
software and the online documentation corresponding to different experimental designs help the user
have a more clear data analysis pathway from the raw images to the final graphs and plots.

The third publication was initiated after measuring various two- and three-color static and dynamic
DNA origami structures having different number of FRET states. Combining the results from the MFD-
PIE and TIRF data implied some interesting insights about the dynamics of the origami structures and
how they might be affected by the applied fluorophores in different regions. Therefore we designed
more assemblies with pre-designed structural variations to check our assumptions, and included some
control measurements. We believe this article would add many interesting details to the single-
molecule FRET and DNA nanotechnology communities regarding to structural and experimental
designs.

The thesis also includes an appending chapter summarizing smFRET data of DNA origami structures
labeled with an IR fluorophore. The initial motivation was to check if we could improve the quality of
our single-molecule time traces by replacing the blue fluorophore with an IR one. However, the
resulting data did not show the desired improvement, so we went on with the structures containing
the blue fluorophore. Since the IR data collection included upgrading our smTIRF setup from a three-
color to a four-color microscope as a part of this PhD, the corresponding data are summarized on this
extra chapter. Appendix 2 provides all the three published or submitted PhD themes in scientific
journals.



2. Theoretical Background

2.1. Fluorescence

The phenomena of light being emitted from a substance is called luminescence, which occurs when
electrons in electronically excited states return to ground states by emitting photons. A specific type
of luminescence known as photoluminescence, happens when the excitation of electrons occurs with
absorption of a photon. The exact phenomenon depends on the nature of the excited state, and can
happen in three ways, i.e. fluorescence, phosphorescence and delayed fluorescence. Fluorescence
happens when the excited electron is paired to a second electron in the ground-state orbital (opposite
spins, singlet state). Returning to the ground state is then spin-allowed and occurs by emission of a
photon typically within a couple nanoseconds. The average time duration of the excited state is
referred to as the fluorescence lifetime (t). Phosphorescence happens upon returning of the excited
electron from a triplet state to the singlet ground states. In such cases, the transitions to the ground
state are spin-forbidden, and the emission rates are slower. Phosphorescence lifetimes are typically
in the range of milliseconds to seconds [22, 23]. Delayed fluorescence occurs after thermal excitation
of the triplet state back to the excited singlet state. The singlet excited molecules generated in this
way from triplet states can then decay radiatively to the electronic ground state [24].

The various molecular processes that occur between the absorption and emission of light are usually
understood and schematically illustrated by a Jablonski diagram. A rather simple version of it is shown
in Figure 2.1. The scheme shows different ground and excited electronic states. The letter ‘S’ on
diagram is used to depict singlet electronic states and the superscripts are used to show ground, first
or second states of increasing energy. At each electronic level, fluorophores might have different
rotational and vibrational energy levels, which are shown by numbers on the right side of each
electronic level. The letter ‘T’ on diagram is used to depict a triplet electronic state. Other processes
like colloidal quenching, energy transfer to a neighboring molecule and solvent interactions make the
molecule lose the excitation energy and return to the ground state without emitting photons [25].

The transitions between different states happen within 10> s which is a very short time range for any
significant nuclei displacement. This statement is known as Born—Oppenheimer principle, which
suggests that due to the large masses of nuclei in a molecule, the coordinates of nuclei will not be
affected by electronic, vibrational or rotational transitions. As shown in Figure 2.1, internal conversion
is the fast process of relaxing from a higher excited state to the lowest or first excited singlet state
without emitting of a photon and could result in heating the surroundings. Since any excitation ending
up at higher vibrational states is followed quickly by the internal conversion process that happens
faster than fluorescence, this transition makes the peak position of fluorescence emission
independent of the excitation wavelength. This process is referred to as Kasha's rule. Intersystem
crossing of the excited molecule from a singlet to a triplet state can also prohibit the fluorescence
emission that involves a change in the relationship between the spins of the electrons between the
excited state and partly occupied molecular orbitals [25, 26].
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Figure 2.1. A typical Jablonski diagram showing different energy levels and molecular processes occurring
between absorption and emission of photons. The horizontal lines show electronic and vibrational states labeled
with letters S or T on their left side for singlet and triplet states respectively. The numbers on the right side of
each state show the increasing vibrational energy levels. Solid vertical arrows show radiative processes such as
excitation, fluorescence and phosphorescence. Wavy arrows depict non-radiative processes like intersystem
crossing and internal conversion.

2.1.1. Characteristics of Fluorescence

An important observation of fluorescence is that the emission energy is usually smaller than the
excitation energy resulting in a spectral shift of fluorescence emission spectrum to longer wavelengths
than the excitation spectrum. This phenomenon was characterized by Stokes and is known as the
Stokes shift [27]. There are a couple contributing factors that shift the emission spectrum to longer
wavelengths. One factor is internal conversion as mentioned in the previous section, which releases a
portion of the absorbed energy before emission. Fluorescence can also happen after transitioning to
higher vibrational levels of the ground state, and then some further energy gets lost with relaxing to
the lowest vibrational state of So. According to the Franck-Condon principle the most probable
transitions between different vibrational levels of ground and excited states are those with the highest
overlap between the vibrational wavefunctions of the electronic ground state and the ones of the
excited state, and transitions between vibrational states can be explained by wavefunctions overlap
[28]. In addition, excited molecules can transfer a portion of their energy to the surroundings as loss
of energy in collisions with other molecules, energy transfer, solvent relaxing effects and excited state
reactions. Practically, accurate measurements of a fluorescence excitation or emission spectrum
require the sample to be dilute enough so that only a negligible fraction of the incident or emitted
light is lost [25, 29].

Since the same S¢-S; transitions (to and from) are involved for excitation and emission processes and
the vibrational sublevels of Sp and S; are rather similar in spacing, the fluorescence emission spectrum
of a molecule is usually almost a mirror image of its absorption spectrum (of course exceptions exist
for some fluorophores). In other words, assuming that the Born—Oppenheimer approximation holds
(meaning that the electronic and nuclear motions are separated) and the vibrational modes are
harmonic with the same frequencies in the ground and excited electronic states, then the energies of
the allowed vibronic transitions in the absorption and emission spectra will be symmetrically located



on the two opposite sides of the corresponding transition energy. This feature of fluorescence is
known as the mirror-image law [25].

Considering all the competing factors for dissipating energy in addition to fluorescence emission,
fluorescence yields (defined as the ratio of the number of emitted photons to the absorbed photons)
are often much less than unity. Measurements of fluorescence yields thus can provide information on
whether a chromophore attached to a macromolecule is accessible to quenchers dissolved in the
surrounding solution or attached to a different site on the same measured molecule [25].

2.1.2. Properties of Fluorophores

Fluorescence lifetime (t), quantum vyield (@) and brightness (€) are three of the most important
characteristics of a fluorophore to be considered before use. The lifetime value gives a very accurate
vision about the environment of the molecule related to its potential interactions and information
about its emission. If the excited state decays only through fluorescence, its population would
decrease exponentially with time and the time constant of the decay would be T, (lifetime related to
fluorescence radiation). However, as discussed earlier, other relaxing mechanisms depopulate the
excited states which consequently decrease the excited state lifetime. The total rate constant from all
the possible phenomena includes the fluorescence emission rate constant as ky;, formation of triplet
states (intersystem crossing) with rate constant k;., non-radiative decay to the ground state (internal
conversion) with the rate constant k;., transfer of energy to other molecules (resonance energy
transfer, k,+) and electron transfer (k,;).

The total rate constant of decay followed by all of the mentioned phenomena that happen in parallel
would be the sum of rate constants of every individual process (Equation 2.1).

kior = kfl + Kise T kic + krt + kep + - = kfl + Knr (2.1)

We can also simplify equation 2.1 by summarizing all non-radiative decay rate constants in one term
shown as k,,,.. The measured lifetime of a fluorophore is then given by the inverse of the total rate
constant which includes all the decaying processes as shown on equation 2.2.

_ 1 _ 1
ktot kfl + knr

T (2.2)
The other important parameter, ‘quantum vyield’ is defined as the ratio of the number of emitted
photons to the number of absorbed photons (equation 2.3), which can describe the efficiency of
photochemical processes. In other words, it is the fraction of the excited molecules that decay upon
fluorescence emission.

emitted photons ke Tior

= = = 2.3
absorbed photons  kior  Tpy (2:3)
Some external factors such as solvent, temperature and excitation wavelength might impact the

guantum yield of a fluorophore [30].

Fluorescence quenching refers to a decrease in fluorescence emission intensity because of the advent
of a nonradiative decay from the excited state. There are a diverse set of phenomena that result in
fluorescence quenching [31]. Collisional quenching occurs when fluorophores in their excited-state
collide with quenchers in their vicinity, which is referred to as dynamic quenching. The most typical



example for such quencher is molecular oxygen. Static quenching however, happens when
fluorophores in their ground state form a non-fluorescent complex with a potential quencher. The
main feature of static quenching is that while the absorption spectra of the fluorophore undergoes
some changes upon binding to the quencher, the fluorescence lifetime remains unchanged, because
the lifetime still comes from the free fluorophores and not when they are quenched by complexation.
Since dynamic quenching happens during the excited-state lifetime of the fluorophore, it results in a
decrease in the measured lifetime. Hence, dynamic quenching gives faster and more reliable detection
than the static quenching. Anyhow to realize which type of quenching is dominant, both the spectrum
and the lifetime of the fluorophore have to be obtained [25, 32].

The brightness of a single molecule can give similar information as the fluorescence quantum yield
that is crucial for understanding the photophysical properties for individual multi-color systems in
inhomogeneous environments. Molecular brightness is defined as the detected fluorescence rate per
molecule, which reports on the ability of a fluorophore to emit light via photoexcitation. In another
words, it is the number of recorded counts per unit time per molecule. It is usually measured in
kilocounts per second for each molecule, and can be obtained by dividing the fluorescence emission
by the number of emitters [33, 34]. The molecular brightness of a fluorophore can be calculated using
equation 2.4.

e = k.o.0.W(0) (2.4)

Where Kk stands for the detection efficiency, o is the absorption cross section at the excitation
wavelength, @ is the quantum yield and W(0) is the intensity of exciting laser at the center of the
point-spread function. So, unlike the quantum yield, the brightness is not a molecular property of the
fluorophore, but depends on the precise optical conditions including the light intensity, light collection
efficiency of the instrument, and the counting efficiency of the detector. Molecular brightness might
change upon molecular interactions like energy transfer phenomena [22, 35].

2.1.3. Fluorescence Anisotropy

T PBS Figure 2.2. A schematic of fluorescence
Laser O Detector|  gnjsotropy measurement using separate
¢ = detectors for parallel and perpendicular light

1(t) orientations. After exciting the sample with

polarized light, the emission, which is parallel

I(t
LM or perpendicular to the excitation light is
measured.
Detector
Per PBS: polarizing beam splitter, Par: parallel,

Per: perpendicular.

Measuring molecular orientations and rotational mobility and studying the processes that affect them
open another important dimension of fluorescence information. Anisotropy is an important
parameter for understanding rotational motions of fluorophores. When a sample with randomly
oriented molecules gets excited with polarized light (Figure 2.2), the fluorophores that have their
absorption transition dipole aligning with the electric vector of the incident light have a higher
probability for excitation than the molecules with other orientations of their transition dipole



moments. Such photoselection and unequal excitation of molecules results in a partially polarized
fluorescence emission. Emission from the transition moments that are parallel to the incident light
will occur more frequently than other orientations. In practice, fluorescence anisotropy (r) is
determined using the parallel and perpendicular polarized emission intensities as equation 2.5 shows:

I”_IJ_

r= I”+—21J_ (25)

In equation 2.5, ‘" is the fluorescence anisotropy and I; and I, are the fluorescence intensity of the
parallel and perpendicular polarized emission after the sample has been excited with polarized light.
The denominator is the total emission intensity along all the orientations. The fluorescence
polarization can be defined with a similar equation to anisotropy as shown in equation 2.6.

I”_IJ_

P=—

(2.6)
Anisotropy or polarization can be used based on the existing questions to be answered. However, we
mostly use the anisotropy.

During its time in the excited state, fluorophores can make angular displacements through rotational
diffusion, which depolarizes the emission light and the anisotropy value decreases. Measuring
anisotropy gives valuable information regarding the rotational freedom, environment and interactions
of fluorophores. The Perrin equation is used to describe the rotational diffusion of spherical rotors,
which is normally given as equation 2.7 where 1y is the fundamental or time-zero anisotropy, 7 is the
fluorescence lifetime and p is the rotational correlation time, which is the time span for the anisotropy
to decay to 1/e of its initial value.

To

r= T":/p (2.7)

The excitation of molecules with polarized light results in selective excitation of molecules of a
particular orientation. The anisotropy then depends on the distribution of the angle (8) between the
absorption dipole moment of a molecule and the polarization of the incident light as formulated in
equation 2.8 with (...) meaning the average value.

3(cos?0) —1
T2

The excitation of fluorophores in different orientations results in cos?© = 3/5, and accordingly, a
maximum theoretical value of anisotropy would be 0.4. For systems with more than one excited state,
the initial value could be higher than 0.4 but such systems are more complicated to study through
anisotropy analysis. Right after an excitation pulse and as the molecule rotates within its excitation
lifetime, the anisotropy will decay to zero with useful information about the shape and flexibility or
freedom extracted from the decay kinetics [22].

(2.8)

Monitoring the steady-state and time-resolved fluorescence anisotropy of individual fluorophores
helps characterize the rotational properties of fluorophores and the labeled biomolecules, which
provides insights about complex formation and possible undesired interactions of the dye with the
biomolecule regions. Anisotropy analyses are also used to assess the uncertainties in conformational
orientation factors and determine the inter-dye distances more accurately [3, 12, 36].



2.2. Forster Resonance Energy Transfer

Following the inter-molecular distances reporting on different regions of biomolecules is critical to
unravel their conformations and interactions. Resonance energy transfer (RET) is a popular tool to
investigate the structure and dynamics of a wide range of biomolecules due to its sensitivity to sub-
nanometer scale, which is compatible with the size of important biomolecules like proteins. When two
fluorophores are in close proximity with matching spectroscopic properties, the excited energy of the
donor molecule (D) can be transferred to an acceptor molecule (A) in its ground state. This energy
transfer, which happens without a photon, is the result of dipole-dipole interactions between the
donor and acceptor fluorophores and happens faster than the fluorescence emission from donor. It is
characterized by measuring the acceptor emission followed by exciting the donor molecules. This
energy interaction depends on the magnitude of the two dipoles, the distance between the two
centers of charge, the two angles of dipoles with respect to the line which connects the two centers
of dipoles and the spectral overlap between the emission spectrum of the donor and absorption
spectrum of the acceptor. Figure 2.3 shows a Jablonski diagram for the schematic process of resonance
energy transfer [37].
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Figure 2.3. A typical Jablonski diagram for showing the phenomenon of Férster resonance energy transfer
between a donor molecule in the excited state and an acceptor molecule in the ground state. When proper
circumstances for the energy transfer regarding to the distance, angle and spectroscopic properties of the dye
pair are met, the excited energy can be transferred via a non-radiative, dipole-dipole interaction.

Since Theodor Forster was the scientist who correctly characterized the energy transfer of a donor-
acceptor pair in terms of the distance and spectroscopic properties of the two fluorophores, the
described energy transfer is widely known as Forster resonance energy transfer (FRET). Another
expression for this type of energy transfer is ‘fluorescence resonance energy transfer’ but has become
less favored because this interaction does not involve emission of photons, so the use of this term
could be misleading from the true identity of the FRET process [25].

The energy transfer rate between a single donor and acceptor is given using equation 2.9.

Kyt

 QpK? (9000(ln 10)

_ 4 2.9
RS 128n5Nn4)f0 Fo(ea(W) A d2 (2.9)

where Qp is the donor quantum efficiency in the absence of the acceptor, k? is the orientation factor,
R is the distance between the centers of the dye molecules, N is Avogadro’s number, n is the refractive
index of the medium, F(A) is the corrected and normalized fluorescence intensity of the donor,
£4(A) is the molar extinction coefficient of the acceptor. The orientation factor (k2) describes the
relative orientation of the transition dipoles and can range between 0 and 4 going from
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perpendicularly oriented to head-to-tail parallel transition dipoles, and is usually assumed to have the
average value of 2/3, which is a suitable approximation for donors and acceptors with free rotational
diffusion. Equation 2.10 is used to determine k2, and Figure 2.4 depicts the important parameters.

K? = (cos ©7 — 3 cos B cos 6,)? (2.10)
l'ID
Figure 2.4. A schematic showing how orientation factor between a donor
p and acceptor is calculated. up and pa are the donor and acceptor transition
rs dipoles. ©p and 6a are the angles between donor and acceptor transition
‘\\GT ’ O moments and the vector r connecting their centers. O is the angle between
\‘e\ the transition moments of the donor and acceptor.

The integral term in equation 2.9 is called the overlap integral, usually shown as J(A), and reports on
the magnitude of spectral overlap between the donor emission and acceptor absorption spectra. The
factors contributing to the overlap integral come from the overlapping region of the normalized
emission spectrum of the donor and absorption spectrum of the acceptor, which is a representative
of the resonance energy transfer spectrum.

Considering that the fluorescence lifetime of the donor in the absence of the acceptor is 7, the center-
to-center distance of the two molecules is R, and the distance in which 50 % of the energy decay
happens through the energy transfer is Ry (known as Forster radius, typically around 20-60 10%), the
rate constant for resonance energy transfer (k,;) can also be written as:

— 1 R -6
kre = - (R—O) (2.11)

Although determining the intermolecular distances from the rate of energy transfer gives accurate
results, a couple factors might affect the precision of distance calculations. To begin with, the
orientation factor used in equation 2.9 to determine the transfer rate is usually an assumed value and
if fluorophores have limited rotational freedom, it could add uncertainty to the distance calculation.
To avoid this averaging, one can try to calculate the value of k? for the system under study through
anisotropy experiments. However, this approach might add extra complications especially to the
analysis steps. Also, a refractive index of 1.4 is usually considered as a good compromise between the
buffer and protein [6] might not be that exact depending on the molecules and structures under study.
The overall effect of the mentioned uncertainties is however rather small and the complicated ways
of determining the mentioned parameters might be a bigger challenge. Calculating the Forster radius
(Ry), derived from equations 2.9 and 2.11, gives a helpful and widely accepted approach for
determining the intermolecular distances [10]. After inserting all the known constants in equation 2.9,
the more simple formula for calculation of R in A (Angstrom) would be as follows:

Ry = 0.211(k*n"*QpJ (1))~ (2.11)

Since energy transfer rates are usually higher than the emission rates of fluorophores, FRET happens
efficiently during the lifetime of the donor. FRET efficiency is a widely used term that reports on the
ratio of the photons being emitted from the acceptor to the total number of photons that had been
absorbed by the donor. This definition can also be written as the ratio of energy transfer rate to the
total rates of donor lifetime decay and the transfer rate (equation 2.12).
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Replacing the distances from equation 2.11 gives the very helpful relation between the FRET efficiency
and the distance between a donor and acceptor pair as shown on equation 2.13. This high dependence
of energy transfer on the distance (to the power of 6th) between the centers of the fluorophores made
FRET known as a molecular ruler, which is a very powerful tool for measuring the short distances
between any FRET pair in close vicinity. It is especially sensitive to any distance changes when the
distance of the two fluorophores is close to the Forster radius of the dye pair.

R§
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By measuring the FRET efficiency using the donor lifetime in the absence and presence of the acceptor
or calculating the efficiency from the fluorescence intensities of the donor and acceptor before and
after the photobleaching step of the donor, we can calculate the distance between the two
fluorophores and determine how they might change over time, which is crucial in studying dynamic
systems. However, there are some considerations when doing such calculations in terms of having the
true or accurate value for the FRET efficiency because the efficiency we obtain from measurements
could be affected by various factors that we need to correct for. Every method used for determining
the FRET efficiency and distances have specific correction factors that should be taken into account
for a successful assessment of the nanometer range distances in the system under study.

(2.13)

2.2.1. Single-molecule FRET

During the past decade, great progress has been made in the field of single-molecule fluorescence
detection, enabling us to study physical, chemical and biological properties of molecules [38]. Forster
resonance energy transfer as a widely used method for studying biomolecular structures and
dynamics benefited a lot from such achievements for the both in vitro and in vivo studies. FRET is
widely carried out at both the ensemble and single-molecule levels. Conventional ensemble
measurements complicate our understanding of the detailed properties of a system because of
averaging over the parameters obtained from a whole population of molecules that could be
significantly heterogeneous. There might be short-lived intermediates or sub-populations of
molecules that simply have different behavior than some other molecules under study which will all
be masked during the averaging over the whole system.

Since 30 years ago, single-molecule FRET techniques have been empowering us with molecular
insights due to their high spatial resolution (2-10 nm) together with a range of accessible time scales
from nanoseconds to minutes [6, 39, 40]. These features make smFRET an ideal tool in the research
fields of dynamic structural biology. Measurements of freely diffusing molecules in and out of a
confocal excitation volume and counting the emitted photons using point detectors, offers sub-
nanosecond time resolution and is widely used to unravel fast dynamics [3]. To investigate
conformational dynamics of single molecules for an extended time (seconds to minutes), labeled
molecules are usually immobilized on passivated glass surface, and imaged using cameras [11].

Other advantages of single-molecule FRET techniques include: very low sample consumption (usually
in the range of pico-molar concentrations), high sensitivity, local probing of molecules or different



12

regions of biomolecules, understanding the photochemical properties of different fluorescent labels
when exciting and detecting them alternatively, following the conformational changes with the
sequence and order or movements of biomolecules, high sample purification because of focusing on
the study of single molecules of interest, observing rare or transient states and the compatibility of
this technique to many experimental assays carried out both on the surface and in solution [41, 42].

2.2.2. Fluorescence Microscopy

Fluorescence microscopy is the technique that aims to reveal only the objects of interest in an
otherwise black background and is one of the major characterization assays widely used in the life
sciences, and has become a method with high sensitivity and resolution (spectral, spatial, temporal
and order). Most researchers practicing microscopy for cell and molecular biology have difficulty with
understanding the underlying photophysical phenomena and parameters used in fluorescence
methods. Moreover, fluorescence microscopy is in a state of rapid evolution, with new developments
in assays, probes and equipment, which make our experiments more informative [43]. All fluorescence
assays are based on illuminating samples with specific excitation wavelengths followed by counting
the emitted photons or creating images from the field of view [44]. Many different types of
fluorescence microscopy assays are widely in use which are mentioned briefly in this section.

In epifluorescence microscopy, which is the most popular method, observation and excitation of the
fluorescence occur from the same side of the specimen. The resulting fluorescence is then focused on
the detector using the same objective used for excitation [45]. Confocal microscopy approaches use a
focused spot of light as the confocal volume and remove out-of-focus emission by incorporating a
pinhole in the image plane [46]. In contrast to epifluorescence microscopes, confocal microscopy
excludes secondary fluorescence in regions outside of the focal plane [45]. Single- and multiple-beam
scanning confocal microscopes scan regions of interest, typically in a raster pattern or pinhole array
respectively, to offer a wide range of imaging rates [47].

Multiphoton fluorescence excitation microscopy is an optical sectioning method that uses high powers
of lasers. The energy density is then large enough at the focal spot resulting in a 3D resolution at
depths far exceeding those achievable by single-photon excitation microscopy. Optical sections are
acquired by raster scanning the specimen in the x-y plane, and a full three-dimensional image is
composed by scanning the specimen at sequential z positions. Interestingly, photodamage and
photobleaching are confined in the focal plane because the very fast laser’s long wavelength emission
(~800 nm) results in less damage, and the multiphoton absorption mostly transpires in the focal plane.
Hence, it is a widely-used technique for studying biological tissues deep within living organisms.
Multiphoton assays offer high-resolution imaging deep within intact specimen by using non-linear
excitation and overcoming the scattering of light in heterogeneous environment of tissues [45, 48-50].

Total internal reflection fluorescence (TIRF) microscopy was developed to reduce the problems caused
by the background by using a thin evanescent field. It is a very useful technique for monitoring events
at the plasma membrane of cells [51, 52]. TIRF helps with directly monitoring biomolecules even at
single-molecule levels (this method will be described in more details in chapter 3) [53]. Fluorescence
correlation spectroscopy (FCS) is another versatile technique that can be exploited at the single-
molecule level. This technique became especially powerful after being combined with confocal
detection [54]. FCS analyzes very small fluctuations in the fluorescence emission of small complexes
to study underlying inter- and intramolecular dynamics. Analyzing the autocorrelation function on the
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intensity fluctuations over time can reveal an average retention time that particles spend in the
confocal volume, and since the size of the confocal volume is known, the diffusion rate can be
determined [55, 56].

Combining optical microscopy with FRET as a distance-sensitive interaction between electronic states
of so-called donor and acceptor molecules, make the whole system a spectroscopic ruler that gives
guantitative information about distances, interactions and kinetics [57]. The method is based on
optical excitation of the donor molecule and interaction of optical transition dipoles with an acceptor
molecule, which is able to fluoresce [58]. Microscopy experiments using FRET methods are the focus
of this thesis, which are described in detail in the corresponding sections for theory and
instrumentation.

Among all various types of fluorescence microscopy methods, FRET experiments are typically carried
out using two types of wide-field and confocal configurations [45]. In wide-field methods, the sample
is illuminated across a field of view with the most common approach being total internal reflection
followed by imaging the surfaces on low-noise cameras [22]. In confocal approaches, the molecules
are excited while freely diffusing through the small confocal volume of roughly one femtoliter. The
emitted bursts of photons are detected using photon-counting detectors [12]. Advanced applications
and development of fluorescence microscopy assays are continuously evolving the both techniques
from experimental equipment such as detectors, to new computational and analysis approaches [59].

2.3. DNA Origami Platforms as a Standard Platform used in Multi-color FRET
Studies

DNA origami nanostructures with two- or three-dimensional shapes offer many research-friendly
features such as programmability [60, 61], self-assembly, flexibility [62], high specificity [63],
biocompatibility [63], stability and easy tailoring compared to other biomolecules [64]. All these
features have made DNA nanostructures well established and precise building blocks for various fields
of life science such as drug delivery [65], molecular sensing and biosensing [18, 66-68], molecular
machines [69], material synthesis [70], nanophotonics and plasmonics [71], and nanoelectronics [72].
DNA origami structures can be divided into two classes of static and dynamic nanostructures, and of
course, the dynamic versions drew more attention and found more applications [32, 37].

Dynamic DNA nanostructures designed as nanoscale devices primarily function by undergoing
controlled conformational rearrangement or motion. These dynamic assemblies have been used in a
wide range of applications like therapeutics [73], DNA-based logic gates [74, 75] and robotics [76, 77]
to name a few. Designing of the controlled motion mainly involves transient DNA strand displacement
and application of external factors such as surrounding ions, effects of light and pH changes. Dynamic
origami structures can also be made by combining self-assembly static components with
reconfigurable modules, which undergo post-assembly structural changes such as, the DNA nano-box
[78, 79], DNA tweezers [80, 81], DNA walkers [82, 83], and reconfigurable origamis [84, 85]. The
conformational changes could be introduced by external stimuli such as applied fields or simply
strand-displacement modules [86, 87].

DNA origami structures are usually made using a bottom-up strategy starting from a long, single-
stranded scaffold and a set of short oligonucleotides arranging themselves through programmable
complementary nucleotide bindings. One of the advantages of DNA origami assemblies is that we do
not have to mix the scaffold and the small staple strands in a limited stoichiometric manner. Since the
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hybridization happens specifically between the designed regions, any additional strands will be
washed away during the purification steps [64]. The main consideration will only be carefully choosing
the complementary nucleobases of the staples to reach to the final desired structure. Figure 2.5 shows
a simplified schematic of DNA origami assembly. During hybridization of the scaffold and staple
strands, every nucleotide on the staple strand will bind to the right complementary sequence and
thereby make the designed structure.

The shape of origami nanostructures is usually controlled by arranging DNA double helices into
hexagonal or square cross sections, and curved structures are obtained by introducing intentional
mismatches. Using DNA chemistry, each strand can be individually functionalized with a nanometer
precision to have addressable chemicals like fluorophores, proteins, nanoparticles or any desired DNA
motifs to design well-predictable interactions. All these features make DNA origami structures as
suitable platforms for different fields of research [17, 88].

Scaffold Staple Strands DNA Origami Structure

Figure 2.5. Principle of the DNA origami structure assembly. The long ssDNA, called the ‘scaffold’, is mixed with
several hundreds of short ssDNA known as ‘staples’. Upon the annealing process with programmed heating up
and cooling down steps, the final 2D or 3D shape is obtained.

Single-molecule fluorescence methods in particular take advantage of the precise and tunable
placement of fluorophores in the complex shapes of two- and three-dimensional DNA origamis. Due
to the rather simple labeling approaches of DNA origami with organic dyes, researchers started to use
the many functionalities of such systems to study energy transfer and FRET processes [88, 89]. In this
regard and as early exemplary research works on origami capabilities in energy transfer, after dsDNA
and 2D structures, 3D DNA origami structures were used as a channel to help transfer energy from a
primary donor to an intermediate one and in the end to an acceptor or served as a breadboard to
study the distance-dependent FRET within a range of 2.5 to 14 nanometers [90]. Directional multi-
color energy transfer pathways were also studied at the single-molecule level starting from a blue
fluorophore as the input dye, a yellow dye as an energy conductor or jumper in a close proximity to
two other dyes (red and IR) as output acceptors [89-91]. DNA origami platform was used to model a
DNA double-strand break as a form of DNA damage, and the end-joining reaction and DNA repair
pathways were investigated using sSmFRET [92]. After such works, the smFRET field using DNA origami
structures has been growing rapidly.

In addition, single-molecule FRET techniques have the capability of providing real-time structural and
functional information of DNA origami structures with nanometer resolution, it can directly report on
any change in the origami conformation and its time evolution. Additionally, this method reveals the
structural heterogeneity among the nanostructures, rare events in mechanistic steps of dynamic
nanostructures, and faulty or non-functional molecules. Single-molecule FRET has been increasingly
used in diverse characterization of DNA nanostructures and DNA-based nanodevices, such as quality
control, conformational transition, actuation and function. These characterizations are crucial for the
optimization of the nanostructures and the devices constructed from them. Hence, the two fields of
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DNA origami nanotechnology and single-molecule multi-color FRET have been affecting and helping
each other while flourishing and advancing [37].

After the past couple decades of establishing DNA origami nanotechnology by works from different
areas of research fields, the ability of developing DNA origami structures to be customized and
adapted for addressing important fundamental questions via smFRET powerful techniques, made
origamis trustworthy and robust candidates for such experimental designs. Recent applications of
DNA origami nanostructures in smFRET studies are quit broad and advanced. Hence, only a couple of
examples are summarized to show the broadness of their applications specifically in FRET studies.

Flexible DNA origami structures were designed to be curvature biosensors with smFRET readout [18].
Based on the angle of the curvature and the change in FRET efficiency as the signal, the particle size
of various substances in the range of 50-300 nm was reported. In another recent application, dynamic
DNA origami nanostructures were used to report inter-dye distance with nanometer precision
between 4 and 100 nm to achieve the resolution offered by both smFRET and co-tracking of
fluorophores, which push the distance range beyond what FRET approaches provide [93].

Researchers have shown another interesting potential of labeled DNA origami nanostructures using
the orientation of organic dyes as donors and acceptors to manipulate the energy transfer between
the covalently attached fluorophores. Such control comes with engineering the number of paired and
unpaired nucleotides right next to the fluorophores. In this study, the same distance between the
FRET pair shows different FRET efficiencies only by changing the orientation of the dyes [18, 93, 94].

Although the progress made in DNA origami nanotechnology already allows better designs for the
detection of molecules of interest in the concentration range of nanomolar to picomolar, still some
more challenges need to be addressed. For instance, improving the limit of detection to the sub-
picomolar range would provide new opportunities for detecting a broader range of targets and for
pushing the sensitivity of the already working targets to even lower concentrations. Improved or
shorter response times of FRET sensors will also be an important accomplishment, especially for
biomedical applications. Other properties that could to be improved is the stability of DNA origami
platforms under physiological conditions [95].
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3. Single-molecule FRET measurements

In this chapter, the principles, microscopy details and general data analysis steps for corresponding
smFRET experiments are described. Single-molecule FRET measurements allow for investigation of
hidden intermediate states and heterogeneities in biomolecules structure and function that can
include a range of observed behaviors. SMFRET histograms reveal amplitudes of both fluorescence
emission and FRET efficiency between the fluorophores. Using the advanced measurement
approaches of smFRET for solution-based or surface-based assays, many details about the features,
functions and kinetics of the system can be obtained. Since the two assays have different time-scale
and modalities, combining their results gives a thorough understanding of biomolecular structure and
dynamics extracted from hundreds or thousands of single molecules with high sensitivity and signal-
to-noise ratio [3, 10, 40, 59].

3.1. SMFRET Measurements in Solution

Single-molecule FRET measurements can be done with freely diffusing molecules in solution using the
burst analysis approach, where the emission of photon bursts from a dilute solution (usually 20-50 pM
concentration) of fluorophores passing through the very small confocal volume is measured [10, 11].
The very low concentration range is needed to guarantee capturing one molecule at a time. When a
molecule is diffusing through the confocal excitation volume (with femtoliter dimensions), a burst of
fluorescence emission is produced and is measured by photon-counting detectors. As a result, the
fluorescence intensities from individual molecules are used to determine the histogram of the FRET
efficiency. The key idea in confocal microscopy is taking advantage of a pinhole that is placed in the
detection path of the confocal microscope resulting in the blocking of out-of-focus light from outside
the desired volume [4, 12].

3.1.1. Confocal Microscopy

Confocal microscopy technique was first developed by Marvin Minsky in 1955 with the pioneering
idea of rejecting the out-of-focus light, achieved by the illumination- and detection-side pinhole
apertures in the same conjugate plane to make them “confocal” [96]. In order to overcome some
issues of measuring on wide-field microscopes where the whole sample area is illuminated by the
excitation light, confocal microscopy was developed to increase the resolution of images by exciting
only a very small region of the sample. The confocal volume is the in-focus volume within a sample,
which is typically on the order of femtoliters. For confocal fluorescence measurements, a laser beam
is focused in a fluorescent sample using a high numerical aperture (NA) objective [3]. Due to diffraction
at the lenses, a zero-dimensional point-object will not be imaged as a point at the detector but instead,
as a bright, round spot in the middle surrounded by a series of concentric bright and dark rings around
it known as the Airy disk pattern. The response of an optical system to a luminescent point source is
called the point spread function (PSF), which can usually be approximated by a Gaussian function.

The lateral resolution (riateral) in @ confocal microscope is defined as the distance from the maximum
of the airy disc to the first minimum, which is given by equation 3.1 when using an objective with a
known numerical aperture (NAo). It also depends on the beam wavelength and the angle of the
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incident beam entering the objective. Considering that in our experiments, objective and condenser
are the same object, equation 3.1 is a common equation to calculate the lateral resolution.

Naterat = 0.61 (3.1)

NAObj
where A is the excitation wavelength. In practice, the lateral resolution of a technique is the minimum
distance at which two adjacent point emitters can be distinguished and resolved.

There are various types of confocal microscopy techniques to measure molecules immobilized on a
surface or freely diffusing molecules in a solution. For immobilized samples, scanning a surface is
widely used by confocal microscopy. Another approach is to measure molecules in a solution and
exciting them while they are diffusing through the confocal volume. The excitation is then focused on
a very small and well-defined spot inside the solution. The latter measurement approach is what has
been used in this thesis.

3.1.2. Three-color MFD-PIE Microscope

In this section, the microscopy setup that has been used to perform two- and three-color smFRET
experiments in solution is described. Multi-parameter fluorescence detection provides time-resolved
information of many intrinsic properties of fluorophores that can be studied by fluorescence [35].
After collecting the photons being emitted from the confocal volume, various parameters of the
photons can be determined. This technique is especially powerful for FRET studies because the
fluorescence properties of molecules can change over FRET interactions, especially in case of donor
molecules. Using MFD, the selection of a subset of molecules from a mixture is possible enabling a
species specific analysis. In MFD experiments, pulsed excitation sources are used and the detection
path is split first according to polarization and then by spectral separation before being detected using
time-correlated single-photon counting (TCSPC) devices. The repetition rate of laser pulses (with 10—
100 ns resolution) together with the arrival time of the fluorescence photons with respect to the laser
pulse are measured by TCSPC give an overall time resolution of picoseconds independent of how long
the measurements run. All the information regarding to FRET efficiencies, fluorescence lifetime and
anisotropy can be extracted from the detected photons coming from the same molecule [12, 97].

Figure 3.1 shows a schematic figure of the three-color MFD-PIE microscope used in our lab. Solution-
based FRET experiments of freely diffusing single molecules are performed using pulsed-interleaved
excitation (PIE) with three lasers of 485 nm, 560 nm and 640 nm (LDH-D-C-485, LDH-D-TA-560, LDH-
D-C-640, PicoQuant, Berlin; Germany) at an alternation period of 16.67 MHz adjusted by the laser
driver (Sepia Il, PicoQuant) for both two- and three-color experiments. In the case of two-color
samples, the excitation was done with two of the three laser lines at a time corresponding to the
fluorophores present in the sample and keeping the third unused laser line off. The resulting
fluorescence is collected by a 60x water immersion objective (Plan Apo IR 60x 1.27 WI, Nikon,
Disseldorf, Germany) and spectrally separated from the excitation beam by a polychroic mirror
(zt405/488/561/633, AHF; Analysentechnik, Tibingen, Germany). The emission is first separated using
a polarizing beamsplitter (Thorlabs, Dachau, Germany) and then spectrally filtered (AHF
Analysentechnik, Tiibingen, Germany) for the blue (ET525/50), yellow (ET607/36) and red (ET670/30)
detection range. Photons are then collected using six photon counting avalanche photodiodes (2x
COUNT-100B, LaserComponents, Olching, Germany; 4x SPCM- AQR-14, PerkinElmer, USA) and
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registered by independent channels of the time-correlated single photon-counting hardware (TCSPC,
HydraHarp400, PicoQuant). The detector signal is recorded using a home-written program in C# which
is synchronized with the laser driver [4].

To determine various parameters like fluorescence intensity, lifetime and anisotropy, emission
photons arriving at the three detection channels are sorted according to the three excitation periods
based on the photon arrival time. Photons are considered by the algorithm to belong to a molecular
burst when the local count rate within a sliding window exceeds a given threshold. The threshold was
described typically by a minimum total number of 50 photons having 30 consecutive photons within
a time interval of 500 microseconds.
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Figure 3.1. Schematic of the home-built confocal single-molecule three-color MFD-PIE setup used for the solution-
based FRET measurements in this work. Three lasers are coupled into a single-mode fiber. The output of the fiber
is collimated and focused on the sample above an objective. The fluorescence emission bursts are collected by
the same objective and separated based on their polarization and spectral regions to be detected by the six APDs.
The different abbreviations are as follows: M: mirror, DM: dichroic mirror, PM: polychroic mirror, L: achromatic
lens, PBS: polarizing beam splitter, EF: emission filter.
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3.1.3. Pulsed-interleaved Excitation (PIE)

Combining the advantages of MFD and PIE allows us to extract the maximum amount of information
from smFRET experiments from the same experiment. Utilizing pulsed interleaved excitation (PIE)
instead of millisecond or microsecond ALEX allows extraction of the fluorescence lifetime and time-
resolved anisotropy information. Since the excitation source for each detected photon is distinguished
using TCSPC detection, the presence of the acceptor can also be probed via the stoichiometry.
Additional information is also available from MFD-PIE experiments that can be used to determine and
correct for experimental artifacts like spectral crosstalks that may influence the FRET efficiency values
[12, 15].

3.1.4. Sample Preparation for smFRET Experiments on MFD-PIE Setup

Two- or three-color smFRET experiments on MFD-PIE setup were performed using 8-well chamber
slides (Nunc Lab-Tek, VWR) as the sample holder. The surface of each well was first passivated with
30 pL of 1 mg/mL BSA in PBS for 10 min before putting the sample solution. The instrument response
function (IRF) as the response timing adjustment of the setup was measured using a fluorescence-free
solution like the commercial PBS (ThermoFisher Scientific) for 10 minutes. To determine the
background level of measurements, the used buffer was measured also for 10 minutes. After
measuring the IRF and background, each sample was prepared as a dilute solution of 30-50 pM
concentration, 30 pL of it was placed on a BSA-passivated chamber and measured for a couple hours
(2 hours in case of two-color and 3 hours for three-color samples) to get suitable amount of statistics.

3.1.5. Data Analysis for smFRET in Solution

e Burst Selection

Burst analysis method is used to extract and examine single-molecule events from MFD-PIE
experiments. While single molecules diffuse freely in the sample solution, they get excited upon
illumination inside the lasers confocal volume resulting in bursts of fluorescence emission spreading
in all directions with a part of it being gathered by the objective and guided to the detectors where
photons are counted. By loading the raw data into the PAM software, we can observe the amplitude
and timing of the bursts along the whole measurement time span as shown in Figure 3.2 for a three-
color experiment. The width or duration of the bursts show how slow single molecules diffuse through
the confocal volume. For the example of big DNA origami structures, the width of the bursts will be
bigger than small proteins or nucleic acids. One can use suitable thresholding to select the bursts
generated by the molecules of interest for further analysis.
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Figure 3.2. Schematic of burst search methods for three-color experiments provided with the PAM software. Top
panel: sliding time window method. Bottom panel: inter-photon time method. Dashed lines represent the
incorporated thresholds which are 30 kHz count rate on this example with the time window of 500 us. the inter-
photon time was set to 30 us (minimum number of photons per burst was set to 100).

Throughout this work, the burst search method of all photon burst search (APBS) was used, which is
the most general approach. Using this method, burst extraction occurs depending on the photons
from all channels no matter how many labels are present. In other words, the bursts from molecules
with all three labels as well as two and one labels will all be extracted; this approach helps with
determining the FRET specific correction factors more accurately. When the number of detected
photons exceeds the user defined threshold level, it will be considered as a burst and based on the
width of the time window, the adjacent bursts on the left and right side of the main one will also be
examined. If any of them also exceeds the threshold value, they will be combined to a burst. This
approach is referred to as sliding time window [98].

e Correction Factors for Quantitative Three-color smFRET

Since the structure and function of biomolecules are highly dependent on the intermolecular distances
and their changes over time, it is important to estimate them precisely to make correct assumptions
about their conformational interactions. FRET is known as a spectroscopic ruler and makes it possible
to determine distances at the sub-nanometer range, however some corrections on the obtained
intensities are needed for this purpose. A huge advantage of using alternating laser excitation schemes
such as PIE or ALEX is that the individual dye emissions are accessible and detected in corresponding
detectors with separate time bins. This lets us determine FRET-specific correction factors even in the

complicated case of a three-color experiment to achieve three-dimensional distance information [6,
12, 31, 35].

In the case of a three-color sample, the three fluorophores make the quantitative FRET measurements
more complicated than a system consisting of one donor-acceptor pair. Here, we have three
fluorophores measured at the same time: a donor with the highest excitation energy and an acceptor
with a lowest energy together with a third dye that its excitation falls between the other two and acts
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both as an acceptor for the donor molecule and as a donor for the acceptor molecule. Such three-
color systems can be modeled and understood with three dyes as blue, green and red, making three
FRET pairs of BG, BR and GR (the first letter stands for the donor and the second one for the acceptor).
Figure 3.3 shows a schematic of a three-color FRET system. For simplicity, we refer to the first donor
dye (blue) as D, the second donor dye (green) as D’ and the red dye as A.

e
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Figure 3.3. Schematic of three-color FRET. The fluorophores are shown as circles with colors corresponding to
their excitation wavelength from the blue to red spectral regions. D stands for the first donor, D’ for the
fluorophore that behaves as both donor and acceptor, and A for the acceptor. The wavy arrows depict the
fluorescence emission from each of the dyes and the solid arrows show the direction of energy transfer between
molecules.

The apparent FRET efficiency between any of the two dyes can be calculated from the measured
intensities. An alternating three-color excitation scheme is used to separate emissions after each
excitation pulse meaning that we can measure emitted photons after direct excitation separate from
the ones emitted after the energy transfer. These separate photon packages are used to calculate the
amount of energy transfer. We start by calculating the energy transfer between the two acceptor
molecules (the green and red dyes in the figure 3.3) after green excitation because we can treat it like
a two-color experiment with one donor (D in this case) and one acceptor. Equation 3.2 gives the FRET
efficiency for the green-red dye pair using the intensities of the two different channels after green
excitation.

Epya = Ipia (3.2)
Ipia + Ipips

Here the letter /stands for the measured intensity and the two suffix letters in each term stand for

the excitation and detection colors respectively. Hence, the nominator shows the intensity measured

of the acceptor channel after excitation with the donor (D’) laser, which would ideally be the acceptor

intensity due to the FRET process. The denominator shows the sum of intensities from the both

channels after D" excitation, hence the overall formula gives the FRET efficiency.

After blue excitation, all detection channels need to be analyzed, which makes the analysis more
complicated to characterize because upon the excitation of the first dye, its energy can be transferred
to both of the acceptors, and at the same time, the second donor (D) also gives energy away to the
third dye. Considering these processes, we can write the following formulas to calculate the two-color
FRET efficiency for BG and BR dye pairs.

Ipp,
Enp, = (3.3)
bp Ipp(1 — Ep,a) + Ipp,
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_ Ipa — Epra(ppr + 1Ipa)
Ipp +Ipa — Eprallpp + Ippsr + Ipa)

As mentioned before, we can obtain the distances between the centers of the three fluorophores
from the calculated FRET efficiencies. However, we should consider that a couple of important
correction factors need to be applied to the results. Since we use separate detectors with different
detection efficiencies for different wavelengths of emission, and different fluorophores with different
qguantum yields, such differences should be taken into account for a correct estimation of the absolute
FRET efficiencies and calculated distances. Other correction factors are necessary to correct for the
spectral overlap that the FRET pair has as one of the basic criteria for the energy transfer to happen.
The corrections are usually done in a couple of steps and the resulting FRET efficiency values after
each step is referred to with a specific term between the FRET community so it is worth mentioning
the names that most researchers agree on [6]. The raw intensities that are measured by each detector
are first corrected for the background counts and subtracting them to calculate FRET efficiencies like
the ones in equations 3.2 - 4 will result in proximity ratios.

Epa (3.4)

Next, we need to correct the proximity ratios from the “leaking” intensities due to direct excitation of
the acceptor by the donor excitation (so not through the energy transfer), and donor emission that
leaks into the acceptor channel. The first type of extra emission is called the direct excitation (de) and
the latter is called the spectral crosstalk (ct). After applying these two correction factors to the
proximity ratios, the resulting efficiency is known as apparent FRET. One last correction factor is still
needed to take care of the different quantum yields of the dyes and different efficiencies of the
detectors when dealing with non-equal wavelengths. This last correction factor is called the detection
efficiency and is usually designated with the letter y. After incorporating all these correction factors,
we achieve the final value, which is known as corrected FRET efficiency. This corrected FRET efficiency
can then be used to calculate the distances we are interested in.

Similar concept and approaches are needed for determining the correction factors for the both
solution- and surface-based experiments. The procedure to calculate the correction factors are
described in detail in section 3.2.5 for the surface measurements. In solution-based data, the spectral
crosstalk of the donor and the direct excitation of the acceptor are specifically calculated from the
donor-only and acceptor-only populations respectively. The gamma factor can also be calculated using
the lifetime information, which are easily accessible with MFD-PIE method.

e Fluorescence Lifetime and Anisotropy Analysis

Beyond the spectral information needed for determining the FRET efficiencies, other valuable
information is collected when using multi-parameter fluorescence detection (MFD) combined with PIE
excitation: time-resolved fluorescence lifetime and anisotropy decays. A summary of the various types
of information provided using MFD-PIE is summarized in Figure 3.4 for a two-color, two-state L-shaped
DNA origami structure. The origami is labeled with Cy3B on a pointer and Atto647N attached to the
origami structure. The PAM software package offers environments to analyze such data molecule-
wise or with ensembles or subensembles. The burst-wise fluorescence lifetime is determined using a
maximum likelihood estimation where the expected value is calculated using the IRF and the
contribution from background counts [12].

After loading the data into the software, the plot of apparent or corrected FRET efficiency versus
stoichiometry (E-S plot) of donor and acceptor molecules can be obtained. Figure 3.4a shows the
corrected E-S plot for the Cy3B-Atto647N dye pair. The lifetime curves can be fit with various
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exponential models containing a different number of exponential terms. Since the energy transfer
changes the lifetime of the donor molecule, we usually need two- or three-exponential components
to find the correct lifetime values for the ensemble measurement on the donor channel, which
contains all possible donor populations, for example donor-only, low-FRET or high-FRET populations.
Figure 3.4b shows two FRET populations with the corresponding lifetime values for the donor (the
donor-only population at E = 0 is not shown for simplicity). The pink line, known as the static FRET line,
is made by the donor lifetime. Static populations captured during the bursts time intervals lie on this
line. In the case that the sample dynamic changes happen during the burst duration, different
averaging occurs leading to a deviation from the static line like the dashed black line on the graph
showing the dynamic population between the two static states. Figure 3.4c shows the same plot for
the lifetime of the acceptor after fitting the curve with a mono-exponential model. As shown in the
plot, the lifetime of the acceptor here does not depend on the FRET efficiency but such data gives
information about the environment or possible quenching of the acceptor.
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Figure 3.4. Representative plots of different parameters obtained in a MFD-PIE experiment and analysis obtained
from measuring version 1 of a two-color, two-state L-shaped DNA origami structures labeled with Cy3B on a
tether and Atto647N on the origami structure. The length of the complementary sequence for the two docking
strands is 8 nucleotides including 1 mismatch. For details of the samples, see [99]. (a) The plot of FRET efficiency
versus stoichiometry. (b) The E-t (FRET efficiency versus fluorescence lifetime) plot of the donor in the presence
of the acceptor. Two FRET efficiency populations and the corresponding fluorescence lifetime values for the donor
are shown. (c) The E-t plot for the acceptor shows the two FRET populations in efficiency that have two close
values of acceptor lifetime. The shorter lifetime corresponds to interactions leading to the acceptor quenching.
(d) Time-resolved anisotropy decay of Cy3B. The gray graph shows the real data, and the solid line depicts the fit
to a one-component rotational model. (e) The plot of steady-state anisotropy versus the lifetime of the donor in
the presence of acceptor. The rotational correlation time of the fluorophore is obtained as 1.09 ns by fitting the
data to the Perrin equation (equation 2.7). (f) The graph of steady-state anisotropy versus the lifetime of the
acceptor. The higher rotational correlation time for the acceptor as 4.44 ns indicates the more rigid status for
the acceptor dye.
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Fluorescence anisotropy gives insights about the fluorophores rotational freedom. In the case of a
mono-exponential anisotropy decay, the relationship can be described by Perrin equation (equation
2.7). Time-resolved fluorescence anisotropy decays help with following the dynamics of the molecular
processes such as rotational motion, ligand binding or following the movements of a tether that leads
to emission depolarization [100, 101]. If there are simultaneous fast and slow motion components in
the sample, we can distinguish between them using anisotropy decay and fitting it to the proper model
[10]. Figure 3.4d shows the time-resolved anisotropy for Cy3B with the real data in gray and the fit in
pink. Figure3.4e and f show histograms of the steady-state anisotropy values versus the lifetime of
donor and acceptor respectively. In this example, the rotational correlation time (p) for the acceptor
(Atto647N) is longer than the donor (Cy3B), which indicates more rotational freedom for the donor
fluorophore.

3.2. SMFRET Measurements on the Surface

3.2.1. Total Internal Reflection Fluorescence Microscopy (TIRFM)

A second approach allows the long-term observation of single molecules by immobilizing them on a
surface and make them more phot-stable with some chemical tricks. Total internal reflection
fluorescence (TIRF) microscopy is a great optical method that offers the excitation of fluorophores in
an aqueous environment with a very thin electromagnetic region of about 100 nm depth known as
the evanescent field. The depth of the evanescent filed depends on the excitation wavelength and the
incident illumination angle, so in the case of objective TIRF methods, the numerical aperture of the
objective. The objective numerical aperture determines the amount of angular freedom we have for
aligning the total internal reflection. As objective NA decreases, the ability to align a system for TIRF
experiments becomes more difficult. There are a couple important advantages in using such a thin
excitation layer: The background levels in TIRF methods are significantly lower than other fluorescence
microscopy methods, so the signal to noise ratio is higher. In addition, there is no out-of-focus
fluorophores that make low-quality images and the deeper parts of the sample will be kept away from
any potential damages caused by the excitation light [102, 103].

When a light beam propagating in a medium like glass with a refractive index n; reaches an interface
with a second medium like water with refractive index n,, the angle of the refracted beam relative to
the normal (8,) is related to the angle of incidence beam (6:) by an equation known as Snell’s law
(equation 3.5). In the medium with the lower refractive index (like the water in the example here), the
refracted beam bends away from the normal resulting in a larger angle between the beam and the
normal at the surface as shown in figure 3.5.

n, sinf; = n, sin 6, (3.5)

The critical angle is the angle of the incident beam at which the light propagates parallel to the border
between the two mediums after reaching the interface, meaning © = 90° with respect to the normal
(equation 3.6).

0, = sin™}("/p,) (3.6)
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In our example of the light propagating from glass (n1= 1.55) to water (n2 = 1.33) and considering the
90° for 0,, the critical angle would be 59.3°. When the incident light hits the surface with an angle
greater than the critical angle, the refracted beam will never exit the first medium because it gets
totally reflected at the interface as shown on figure 3.5. This phenomenon is known as total internal
reflection (TIR) and is the basis of TIRF microscopy. As a result of TIR, a so-called evanescent wave
forms at the interface and penetrates a finite depth into the second medium because the electric and
magnetic fields of the incident light are continuous into the second medium. The evanescent field is
the result of constructive interference between the incident and reflected light fields [25].
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Figure 3.5. Schematic showing the propagation of a light beam from a glass medium to water with corresponding
change of angle from the normal as a result of different refractive indices at the interface between the two
mediums. (a) As the beam enters the medium with a lower refractive index, it propagates with a larger angle
from the normal compared to the incident beam. (b) When the light reaches the interface at a greater angle than
the critical angle, the beam becomes totally reflected at the interface and does not exit the first medium.
However, an exponentially decaying evanescent field is formed in the second medium.

The energy of the evanescent field decays quickly after the interface with an exponential rate given in
equation 3.7 with Eg as the energy at the interface, z the distance from the interface and d the decay
depth, which is defined in equation 3.8 with 4 being the wavelength of the incident light. This thin
evanescent field is still capable of exciting fluorophores that are attached or close to the surface [25].

E = Eje?/@ (3.7)

A
d= I
Am(n?sin26, —n2)'/2

(3.8)

3.2.2. Prism-type TIRF Setup

Single-molecule TIRF microscopy is typically performed using one of three formats: waveguide-based
[104] , objective-type, and prism-type TIRF. These techniques take advantage of a thin evanescent
field at the surface of the sample. In objective-based TIRF, the excitation light is projected through a
high NA objective and the total internal reflection is achieved by adjusting the angle of off-axis beam
exiting the objective to get a larger angle than the critical angle at the sample interface [105]. In
waveguide-based TIRF the excitation light propagates in a planar optical waveguide. The evanescent
field generated by waveguides is independent of the imaging pathway, enabling them to be used with
any imaging objective on a standard microscope [106, 107]. In prism-type TIRF (pTIRF) in contrast to
performing oTIRF with an objective that has a high numerical aperture (oTIRF), a prism is used to
create the evanescent field and the emission gathered by the objective will be guided and focused to
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the cameras. We have custom-designed and made the prisms from fused silica as the glass medium
to have an angle of 72° on the incident surface as shown on figure 3.6. The excitation laser enters the
prism from the air along the normal and hits the interface of the prism and the aqueous solution at an
angle greater than the critical angle and thus gets totally reflected inside the prism. The reflected light
then exits the other side of the prism, which has an angle of about 45° so the light exits the prism at a
42° angle from the normal. The evanescent field penetrates the transparent solution below the lower
prism surface where the molecules are immobilized.

The
a Prism Normal b
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- - -Qh R A
\\ 725 S~ -
Evanescent —— %
Spacer ‘ ‘

Water Objective

Figure 3.6. The design and assembly of the prism used as both a medium to create the evanescent field and a
chamber to hold the single molecules of interest after surface passivation. (a) When the laser enters the prism
medium from the right side across the normal, it hits the interface of prism and the buffer below and gets totally
reflected towards the left side of the prism to exit in the end. (b) The schematic design of a prism attached to a
coverslip. The prism has four holes and upon sandwiching a pre-cut nescofilm between the prism and coverslide,
the two channels are prepared to insert the sample.

Many microscopy setups might not have the option of developing prism-type TIRF because it needs
extra optical components installed above the microscope body. Hence, when the option is available,
prism-type TIRF is preferred for three main reasons. First the excitation and emission paths are
separated because the lasers are focused from above the prism surface and emission is gathered by
the objective. In objective-type TIRF, both the excitation and emission lights are passing through the
objective so extra dichroic mirrors have to be used before the objective to separate the two beam
paths. OTIRF adds more complication to the setup alignment regarding to the excitation path. Another
advantage is that, although surface passivation for the both cover slides and prisms takes the same
amount of time and material, more experiments can be done using each prism because they have
been designed with two or three separate channels, each one used for one whole experiment. The
cover slides, on the other hand, support only one experiment run. Hence, from the time and cost
points of view, passivating and using prisms is more efficient than cover slips.

The wide-field/TIRF setup used for the present thesis has the both options of objective- and prism-
type TIRF depending on where the collimated excitation beam is placed. The schematic of the setup
is shown in figure 3.7. The alignment of the cameras are possible by mounting them on a custom-
designed L-shaped block as shown in Figure 3.8. The block allows for the fine adjustment of the
camera’s image capturing area with respect to other cameras by rotating the camera as desired. After
making the final alignment, the camera can be fixed on the final position using the four screws on the
holder. More details about the setup and its components can be found in the attached articles.

The laser-beam profiles at the bottom of the prism were determined by imaging a concentrated dye
mixture of Atto488, Cy3B and Atto647N or Atto532 in the low micromolar range using a 10x objective
(Nikon, Plan Fluor air objective, NA = 0.30). The size of the fields-of-view on the different cameras
were calibrated using a 1951 United States Air Force resolution test chart. Images were loaded into
FiJi [108] to calculate the area of illumination. As the profile is an ellipse, the profile of the major and
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minor axes were determined using the plot profile function in Fiji and fit to a Gaussian function. The
area of the ellipse was calculated using:

A = mab (3.9)

where aand brepresent the radius of the major and minor axes respectively. The major and minor
axes were approximated by the width (o) of the fitted Gaussian distribution.
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Figure 3.7. Schematic smTIRF setup with five excitation lasers and four detection channels. The setup is capable
of both objective- and prism-TIRF techniques. All lasers (except for the IR laser) are coupled through an AOTF
device for modulating the excitation with ALEX schemes. The IR laser is modulated separately. The final light
enters a single-mode fiber and is guided to the sample either from the rear of the microscope body for objective-
TIRF or to the top part of the body for prism-TIRF. The final fluorescence emission is spectrally divided using
dichroic mirrors in the respective detection paths to reach the corresponding cameras after emission filters and
focusing lenses.

Figure 3.8. The schematic design of the L-shaped camera
holder. The aperture of the camera is located on the hole
designed on the vertical plane of the holder, which is shown
transparent here for clarity. After aligning the detector with
respect to other channels, the camera can be fixed to the
holder using the four screws.

3.2.3. Surface-passivation of Prisms to Immobilize Single Molecules

Immobilizing the molecules on the surface is a common approach to increase the observation times
to a couple minutes, which is extremely important for single-molecule TIRF microscopy as one wishes
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to observe the dynamic behavior of a single molecule with time. However, immobilization is tricky as
molecules might interact non-specifically with the surface causing negative impacts on the final
results. To prevent such random interactions, the surfaces of the sample holder need to be passivated
and, based on the assay to be performed, may even need to be encapsulated inside lipid vesicles.

There are a couple of known surface passivation and immobilization approaches including applying
biotinylated BSA, poly(ethylene glycol) (PEG) conjugated to biotin, PEG with Ni%* or Cu?* ions and using
click chemistry [109, 110]. The surface to be passivated must be thoroughly clean and then exposed
to the passivation reagents. The presence of any impurities on the surface increase the background
counts. Coating the surface with linear PEG is usually sufficient however, in the case of highly
adsorbent proteins branched PEG are used to ensure the immobilization [111]. In this work, we
applied polymer-coating for the prism surface (made of fused silica) to immobilize the molecules of
interest and minimize any non-specific interactions with the surface.

The applied linear polymer is poly(ethylene glycol) (2-[methoxy (polyethyleneoxy) propyl]trimethoxy-
silane, mPEG, 6-9 PE units, #AB111226, abcr; Germany) and was mixed with an ~8 % fraction of
biotinylated PEG (biotin-poly(ethylene glycol)-silane (biotin-PEG, MW3000, PG2-BNSL-3k, Nanocs, NY;
USA) to provide an anchor for attaching the biotin-labeled molecules through high-affinity biotin-
streptavidin binding with a Kp in picomolar range. The reaction between alkoxylsilane and hydroxyl
groups makes a strong conjugation of PEG to the surface of silica [111].

In order to clean the surface, prisms were first dipped in a 2 % solution of Hellmanex (Hellmanex™ I,
Z2805939-1EA, Merck, Germany) followed by 15 minutes sonication at room temperature. They were
then washed three times with distilled water and then dipped in pure acetone (Aceton, 67-64-1,
Merck, Germany) and sonicated for a 15 minutes. After rinsing with distilled water, the same
sonicating procedure was repeated in ethanol (Ethanol, 64-17-5, Merck, Germany). The prisms were
then rinsed with water again and dried using a strong flow of clean air. After placing them in a glass
petridish, the surface was cleaned using a plasma cleaner (Diener Zepto plasma cleaner, Diener
Electronic, Germany) for 20 min to remove any remaining organic impurities. A mixture of 350 pL PEG-
silan and 25 puL PEG-biotin was made in 50 mL Toluen (Toluene 99.8%, 108-88-3, Merck, Germany) as
the passivation buffer. The prisms were dipped in the mixture and placed in the oven (Heating cabinet
VWR Dry-Line, 815095, VWR) for 4-5 hours at 55 degrees. Afterwards, the prisms were washed with
ethanol twice and two rounds of 5-minute sonication was also done. After rinsing two times with
distilled water, they were dried by blowing air. The passivated prisms are then directly assembled and
kept in the freezer for usage in near future.

The assembly of clean and passivated prisms is done by sandwiching a piece of precut nescofilm
between the prism and a clean microscopy slide, which was also cleaned and passivated with the same
mPEG polymer without adding any biotin. The cut on the nescofilm provides a channel for the sample
molecules preventing them from leaking to other areas like the neighboring channel (Figure 3.6b). We
then melt the nescofilm layer by putting the whole structure on a heater plate at a temperature
around 100 °C in such a way that the slide is in contact with the hot plate. Upon cooling down, the
molten layer acts as a glue for the two glass surfaces to keep them tightly together.

3.2.4. SmTIRF Experiments Using Alternating Laser EXcitation (ALEX)

FRET data analysis is rather involved because of various heterogeneities like inactive fluorophores or
incomplete labeling of the structures of interest. Hence, if we excite the sample with only the donor
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laser, we will lose important information about the acceptor. Especially for systems showing dynamic
behaviors, it would be impossible to distinguish between a state transition or a fluorophore blinking
event. In smTIRF measurements, usually alternating laser excitation (ALEX) with a millisecond
timescale is used to get information about the photophysical state of individual fluorophores and the
ability of molecule sorting over the resulting time traces. In this way, the fluorophores on the structure
of interest gets directly excited and detected, and by adjusting the time gates between excitation
pulses and data acquisition, the consecutive frames with their specific excitation laser lines are
obtained. Another huge importance of using ALEX is that we get the photobleaching step of each
fluorophore, which is necessary for determining accurate FRET efficiencies and the distances between
the dye pairs by determining FRET specific correction factors.

3.2.5. Data Analysis for smFRET on the Surface

To obtain the single-molecule information from the immobilized molecules, a number of analysis steps
are needed. A very detailed and precise molecule-wise data analysis is required to draw appropriate
conclusions from the experiment. After mapping the detection channels with respect to a reference
channel and loading the raw images into the software, the particles are located and the co-localized
ones are detected. Each detected molecule in the smTIRF assay appears as a time trace with the
intensity and FRET signal on the y axis. Measuring two or three labels on a biomolecule simultaneously
using ALEX schemes produces multiple time traces for the same spot that are attributed to the
presence of donor and acceptor molecules. Accordingly, we need to check every obtained trace for
individual dye behavior and features. Another aspect of data analysis arises from the fact that we
normally use more than one detection channel to record the emission intensities of the co-existing
labels. This means we need to use some correction factors to account for the differences in the
efficiency or sensitivity of the cameras towards different wavelength regions together with the
differences in the quantum efficiency of the applied fluorophores. A detailed description of the
mentioned steps for TIRF data analysis is included in the attached publications in the appendix, but
they are briefly described here for completeness.

e Channels Mapping

The first step of data analysis after measuring smTIRF with multiple detection channels is to determine
the mapping of the corresponding images captured from each EMCCD camera. Although the cameras
are well aligned to cover the same field of view, the perfect alignment down to the image pixel size is
not mechanically possible and we need to make the final image correspondence via aligning
algorithms like transformation matrices that we apply to the corresponding coordinates between the
channels. Proper images for mapping purposes should consist of bright spots that are almost evenly
distributed over the whole field of view. For this purpose, we use images from zero-mode waveguides.
This gives us enough points to cover the entire field of view and make sure we are considering the
same molecule or structure in the different channel during the analysis.

e Trace Extraction and Categorization
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After mapping the used detection channels, we need the single molecules to be detected and localized
in every channel and co-localized molecules being recognized based on the transformation matrices.
It is also important to have the local background level around each detected emitter, to have a more
exact estimation of the measured signal. For this purpose, we consider a ring-shaped mask around
every detected particle and calculate the local background over the whole number of frames. With
this, the real frame-wise intensities from each fluorophore can be extracted according to the defined
excitation scheme used to acquire the data. Then final time traces for the whole measurement time
duration are extracted along frames.

We need to sort the time traces based on their quality and the information they contain. The
categorization depends on the number of involved fluorophores and the information we are
interested in. Generally, we make a trash category for the low-quality and noisy trajectories. The
traces showing aggregations or artifacts are also sent to this category. The remaining useful traces will
be further sorted based on the photobleaching steps to be used for the FRET efficiency histograms
and determining the correction factors.

e (Calculating Correction Factors and Distances

A very common motivation for applying FRET methods is to calculate intermolecular distances of a
macromolecule or intramolecular separations among small molecules, which are precisely monitored
with FRET when not exceeding 10 nanometers in either case. After measuring FRET efficiencies
between dye pairs, one can determine the desired distances only after a precise correction of the FRET
data. The first parameter to account for is, of course, the background level and then we need to
determine the specific FRET correction factors, which include the direct excitation of the acceptor by
the donor excitation laser (de), a small crosstalk from the donor emission into the acceptor channel
(ct) and the detection efficiency (gamma factor, y) to correct for the differences in dyes properties
and cameras sensitivity towards detecting different wavelengths. When the accurate FRET efficiency
is known using equation 2.13, the distance between the centers of any two fluorophores could be
determined.

Special regions on traces are used to determine the correction factors, which contain a photobleaching
step of either the donor or the acceptor. Depending on the order in which the fluorophores
photobleach, different correction factors can be calculated. To calculate the direct excitation from
smTIRF data, we need to find traces in which the donor photobleaches before the acceptor. After the
donor photobleaching step, the remaining intensity in the acceptor channel after the donor excitation
illumination is used to determine the direct excitation. From the ratio of the acceptor intensity upon
donor’s excitation laser to the acceptor intensity upon its individual laser excitation, the direct
excitation is obtained for each trace over the whole category. Traces where the donor photobleaches
first, can be corrected individually. Otherwise, the mean or the median value of direct excitation from
the whole data can be applied to correct the remaining traces. On the other hand, spectral crosstalk
is calculated from the traces in which the acceptor photobleaches before the donor. After the acceptor
photobleaching, the emission left in the acceptor channel would be the portion of the donor emission
that leaks into the acceptor channel. From the ratio of the donor emission before and after the
acceptor’s photobleaching step, the spectral crosstalk is calculated for the entire category and is
applied to the donor’s intensity for accurate FRET calculation. The same category is used to determine
the gamma factor by using the ratio between the intensity differences of the acceptor and donor
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emissions before and after the acceptor’s photobleaching step. As before, the corrections can be done
individually when possible and otherwise, the mean or median value can be applied.

Applying the three correction factors to a two-color experiment yields the accurate or corrected FRET
efficiency formula as given in equation 3.10.

Ipg—ct*lpp —dex [
E= DA DD A4 (3.10)
y*lpp +Ipg—ct *Ipp —de * Iy

e Dynamic Analysis Using Deep Neural Networks

In a conventional way to analyze dynamic FRET data, the dynamic traces are typically fed into Hidden
Markov models. The applied model goes through the traces to calculate the state values and
transitions probabilities between any of the present states. Afterwards, it will digitalize the traces by
the state values and the transition rates using the Viterbi paths. The kinetic rates and the
corresponding dwell times are then obtained by fitting the dwell time distributions in the transition
plots created by the model. To be able to perform such an analysis, we still need to have all the traces
sorted manually to feed the useful and dynamic category into the HMM package.

Recently, the application of deep neural networks (DNN) that could be trained with a wide range of
simulated data types, has changed the way we approach data analysis in various research fields. DNN
has many advantages in making the whole process of data analysis fast and automatic. Data analysis
is usually the limiting step and can be prone to human bias. In the case of single molecule FRET
analysis, DNNs became well established and popular because they can analyze huge one-, two- and
three-color data sets within a couple minutes. After having the single molecules detected and
localized, and the time traces extracted, DNNs perform sorting, determining FRET correction factors
and classifying the state transitions in dynamic trajectories. Comparing the kinetic results between
DNNs and HMM gave satisfactory results [112-114].
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4. Publications Overview

4.1. Deep-LASI: deep-learning assisted, single-molecule imaging analysis of
multi-color DNA origami structures

This collaborative work is related to analyzing one-, two- and three-color single-molecule data
especially obtained from surface-based smFRET techniques. Using machine learning tools, a deep
neural network (DNN) has been created that can analyze smFRET data fast and free of human bias.
The software was first trained with simulated time traces and then tested successfully on simulated
and experimental data from various L-shaped DNA origami structures obtained by TIRF microscopy.
The software helps with handling the high number of collected time traces together with performing
an advanced dynamic analysis that has been conventionally done by HMM (hidden Markov model)
algorithms.

Deep-LASI: deep-learning assisted, single-molecule imaging analysis of multi-color DNA origami
structures by Simon Wanninger, Pooyeh Asadiatouei, Johann Bohlen, Clemens-Bassem Salem, Philip
Tinnefeld, Evelyn Ploetz and Don C. Lamb. Nat Commun 14, 6564 (2023).
https://doi.org/10.1038/s41467-023-42272-9Motivation.

4.1.1. Motivation

Single-molecule techniques empowered us to address biological questions on the nanometer scale
without ensemble averaging and with the highest sensitivity. This was not possible before such
techniques emerged. In particular, single-molecule FRET assays give us information regarding to the
inter- and intra-molecular distances in the range of 2.5-10 nm and the underlying dynamic states.
Hence, we can visualize the conformational states within complicated structures like proteins and
investigate their functions by following the conformational changes [10]. To probe the interactions
and functions of biomolecules that were measured with surface-based FRET techniques, one usually
needs to acquire a huge amount of data collected as single-molecule time traces. To get the desired
information from the traces, each single time trace has to be evaluated to extract the potential
information from the measurement. The information involves the time span the molecule is
photoactive, the intensity of the emission after direct excitation, the FRET intensity and even the
leftovers of intensities after the molecules are photobleached, which is very important for calculating
the correction factors. Analyzing this wealth of obtained data, however, has been the limiting factor
for researchers because going through thousands of traces is very time-consuming. Moreover, the
expected results we have for the system under study might affect the analysis steps we take leading
to user bias [114].

The above-mentioned challenges are true for the most conventional approaches of two-color single-
molecule FRET assays and it gets even more time-consuming for a three-color experiment regarding
to the extraction of information from the collected data. Three-color FRET measurements are
attractive because adding a third fluorophore to the system gives more dimensions for visualizing the
structure and the underlying dynamics simultaneously. Among various research fields, deep-learning
techniques have been developed for analyzing smFRET data as well to overcome the challenges of
guantitative multi-color data analysis.


https://doi.org/10.1038/s41467-023-42272-9Motivation

33

4.1.2. Contribution

After the deep neural networks were inserted into the Deep-LASI software by a colleague in our group
(Dr. Simon Wanninger), the neural networks were trained by 200000 simulated time traces. However,
to establish the use of DNNs in our software package and prove that it works properly on experimental
data as well, we needed to analyze real data with the automatic approach and compare the analysis
to that done by the conventional manual approach. To this end, | measured various designs of L-
shaped DNA origami structures immobilized on the surface using pTIRF microscopy. After collecting
single-, two- and three-color smFRET data with various structures, | extracted the single-molecule
traces to be analyzed.

The next step was to analyze the different measurements manually meaning that, after extracting the
intensity data, | went through the time traces one by one to sort the traces into categories of suitable
or inappropriate (and putting the bad traces to a trash category). Also, within the good traces, |
selected the useful regions (i.e. the regions before the photobleaching steps) to have the region of the
traces added to the final FRET histograms. Correction factors were calculated based on the intensities
before and after the corresponding photobleaching steps. Then, | summarized the apparent FRET,
correction factors and accurate FRET after fitting their distributions. The next step was analyzing the
kinetics of the system using the HMM packages also available in the Deep-LASI software. In the end,
by having the FRET traces digitalized and the transition density plots formed, the dwell times for each
discovered state and the transition rates among them were obtained.

After analyzing the two-color data as described, | analyzed three-color time traces, which needed the
same approach with additional steps to include each dye pair present in the system. Since we need
more categories to correctly analyze such data and address the correction factors for all dye pairs, a
larger number of traces are needed for satisfactory statistics in the end. Consequently three-color data
analysis takes even more time than a two-color case. After finishing the kinetic analysis, we compared
the results from manual and automatic approaches that showed an acceptable overlap for the
categorization together with the final values from the two approaches being very close. The time
needed for a complete analysis between my manual and DNNs automatic one was, of course, not even
comparable!

| have been coordinating a lot with Dr. Simon Wanninger to give feedback about the performance of
the inserted neural networks in terms of missing possible functionalities needed for a complete
analysis of smFRET data, and comparing the results from manual and automatic analyses.

4.1.3. Key Results

Deep-LASI was designed to take the intensity of FRET time traces as input gathered from different
ALEX or non-ALEX experiments. It classifies every frame into a category. For two-color FRET data for
instance, Deep-LASI makes in total six categories of traces: dynamic, static, noisy, artifact, aggregate
and photobleached categories. The total number of categories varies depending on the number of
input channels, i.e. the number of dyes (and alternating light sources) used in the experiment. Traces
showing random artifacts, aggregates, or high noise levels are excluded from further analyses.
Depending on user-defined thresholds, the output of the trace classifier will be sent for further
analysis (on the selected traces and the corresponding regions on each trace). The dynamic sections
of each trace will also be sent to a further state classifier network for transition detection.
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The trace-classifier network was first trained using the corresponding one-, two- and three-color
traces over a wide range of experimental conditions. For the state-classifiers, two states can be
distinguished from multi-state trajectories with 98 % or higher precision while four states are
predicted with the lowest precision of 86 % for the single-channel model. In the case of the state
transition classifiers, the states can be identified with accuracies of 298 %, > 90 % and = 78 % for two-
, three- and four-state models respectively. We also compared the performance of the state classifiers
with HMM and observed that, at low noise levels, the results are quite similar but at higher noise
levels (up to 30 %), DNNs outperform HMM. After various benchmarking approaches, which are
described in detail in the paper, the capabilities of Deep-LASI were shown using experimental smTIRF
data on L-shaped DNA origami structures. The dynamic structures have a labeled single-stranded DNA
pointing out of the origami surface, and together with two or three docking strands with different
complementary nucleotides different number of states and kinetic rates were obtained. Then, based
on our different designs, one-, two- and three-color experiments were conducted and analyzed. The
one-color experiments were done on the two-color DNA origami structures but only the donor was
excited using non-ALEX excitation scheme. In this case, the acceptor was serving as a quencher.

The photobleaching steps and the dynamic sections of the corresponding traces were found by the
neural networks. Also, the correction factors were automatically determined depending on the
photobleaching steps that were found. The analysis results were compared with the same data that
were analyzed manually. Usually in a manual analysis, the separated regions where the molecules are
active (for instance before and after a blinking event) are taken into account. Deep-LASI determines
the correction factors at the first photobleaching step as well. In case of the non-ideal behaviors after
the photobleaching steps, Deep-LASI would trash the whole trace as artifacts.

The correction factors from the manual and automatic analysis agree with each other with only about
a 3% discrepancy whereas the apparent FRET histograms show an excellent correspondence (figure
4.1). The little differences in the accurate FRET efficiencies in the end are also rising from the
correction factors values but overall the discrepancy between manual and automatic analysis is
negligible. The kinetic analyzes from state classifiers vs HMM gave the same TDPs. A comparison of
the dwell time distributions showed that Deep-LASI identifies fast and close to the frame time
transitions more frequently than HMM.
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Figure 4.1. Benchmarking Deep-LASI software using L-shaped DNA origami structures. (a) Zoomed-in structure
of L-shaped DNA origami structure labeled with Atto647N on the origami at the 12 o’clock position and Cy3B on
the tether and corresponding kinetic scheme shown in the inset. The flexible tether contains a 7.5 nt overhang
between the pointer and two single-stranded binding sites. Two FRET states with a high (12 o’clock) and a low
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FRET (6 o’clock) efficiencies interconvert with rates ki2 and kz1. (b) A Venn diagram comparing the number of
categorized dynamic traces determined manually by two users and automatically by the DNN. User 1 tried to
gather as much statistics as possible while user 2 was stricter about the quality of traces and added less traces
to the dynamic category, while Deep-LASI was somewhat in between. (c) Trace-wise histograms of correction
factors including direct excitation, crosstalk and detection efficiency derived automatically by Deep-LASI (orange
histograms, median in black) and determined manually (blue lines, median in cyan). (d) Histograms of apparent
(left panel) and corrected (right panel) frame-wise smFRET efficiency for 1499 dynamic traces from a total of
6100. The two states have corrected FRET efficiencies of 0.07 and 0.81. The histograms after Deep-LASI sorting
are shown in orange and after manual selection in blue. Figure adapted from [113].

The software was then tested on advanced three-color FRET data. The same origami structure shown
on figure 4.1a with a third dye (Atto488) attached to the 12 o’clock position was used to conduct
three-color ALEX experiments. After sorting the traces and determining the correction factors, the
same values for the YR corresponding FRET efficiencies were obtained (7 % and 81 %) together with
two populations for BY (36 % and 81 %) and one broad population for the BR FRET pair (45 %) while
the kinetics of the system showed the same transition rate values. Different binding overhangs from
6.5 to 8 nt were also measured and analyzed with a nice trend from fast to slow dynamics as designed
by the origami structures (with dwell times of 0.39 s, 0.65 s, 1.90 s and 6.40 s for state 1, and 0.46 s,
0.99 s, 2.70 s and 9.5 s for state 2 respectively). Analyzing a more complex system with the three-
color, three-state DNA origami is also described in the paper, which shows the same FRET efficiencies
and kinetic rates for similar positions and overhang lengths but different values corresponding to the
design of the third binding strand at the 9 o’clock position.

Finally, Deep-LASI was applied to other data types obtained from various biophysical assays beyond
TIRF microscopy and from protein samples, which had been published before. For example, the
conformational states of a mitochondrial heat-shock protein HSP 70 in yeast known as Sscl was
examined for the influence of ADP. The nucleotide- and substrate-binding domains of the protein were
fluorescently labeled, and the influence of ADP on the inter-domain separation was characterized
[115]. Although the signal-to-noise ratio of this experiment was lower than that of photostabilized
DNA origami structures data, the two underlying FRET states with the corresponding transition rates
were correctly identified by Deep-LASI. The obtained results were in agreement with the docked and
undocked conformations that had been previously reported. In addition, we used Deep-LASI to
analyze data from confocal measurements on immobilized L-shaped DNA origami structures and was
successful in determining the FRET efficiencies and the underlying kinetics. For details about the data
and the analysis please refer to the paper in the appendix.

4.1.4. Discussion

Deep-LASI uses a deep-learning algorithm to automatically analyze time traces from different single-
molecule assays. Developing Deep-LASI made it possible to extend the automatic two-color FRET
analysis to one- and three-color data in a very fast manner that is independent from user assumptions
and potential bias. In conclusion, Deep-LASI makes the complicated analysis of FRET data automatic
and fast, which opens new possibilities for single-molecule assays in terms of gathering enough data
to have proper statistics and higher throughput. Moreover, upon a proper training of the neural
networks, the opportunity to address the rare events could be achieved with more measurements
without being concerned about the time and effort of the analysis. We believe that the deep-learning
approaches combined with single-molecule sensitivity will revolutionize data acquisition and analysis
in the single-molecule field.
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4.2. Deep-LASI, single-molecule data analysis software

In this work, we introduce Deep-LASI, a MATLAB-based software suite for analyzing single- and multi-
color data from single-molecule experiments especially using FRET techniques. Deep-LASI gathers all
the modalities needed for handling such data beginning from the raw data files until the final steps of
visualizing and plotting the results in various possible ways. The related article has been published in
the biophysical journal with an open access. The final edition of the article with a detailed description
of the software interfaces and functionalities are provided in the corresponding appendix. This section
summarizes the key features of the Deep-LASI software together with some results from multi-color
FRET data obtained from smTIRF microscopy.

Deep-LASI, single-molecule data analysis software by Pooyeh Asadiatouei, Clemens-Bassem Salem,
Simon Wanninger, Evelyn Ploetz and Don C. Lamb. Biophys. J. 2024, ISSN 0006-3495,
https://doi.org/10.1016/j.bpj.2024.02.013.

4.2.1. Motivation

Single-molecule measurements revolutionized the way we examine the biological world by avoiding
ensemble averaging and following the dynamics of individual molecules without the need for
synchronization. Hence, the functions, interactions and underlying dynamic behaviors of single
biomolecules can be obtained and precisely observed. FRET assays have established a wide range of
applications to address crucial biological questions with the spatial resolution down to the Angstrom
scale [116]. Since information is gathered from single molecules, a high number of molecules (usually
a few thousand) have to be measured and examined to ensure proper statistics. Each measured
molecule usually appears as a time trajectory with the desired parameter on the y axis like the
fluorescence emission intensity or the FRET efficiency. Thus, the data analysis, in most cases, means
going through the single traces one by one and extracting the useful information manually to build up
the final results and graphs at a later step.

Having a trustworthy and user-friendly platform to perform a detailed data analysis for various one-,
two- and three-color FRET assays was the main motivation of the present work. Deep-LASI (deep
learning-assisted single-molecule imaging analysis) is an open-source software suite that helps with
performing all the required steps from data extraction to final graphical results and outputs both
manually and with an automatic machine learning approach. Another novelty provided by the Deep-
LASI analysis package besides the automatic analysis features is related to the three-color data
analysis, which is especially complicated when determining accurate FRET values for each dye pair.
For such analyses, the amount of time needed for manual analysis and the potential errors arising
from human bias can be considerable. The software provides separate interfaces and tabs to register
multiple channels, read-in the raw data, extract the single traces, sort them into multiple useful
categories, calculate the FRET efficiencies and available correction factors, plot the statistical
information about the measurement features, plot various parameters and fit them, extract the
kinetic information when dynamic states are present and determine the connectivity among them.
Due to the versatility of single-molecule experiments, Deep-LASI also offers environments for the
more expert users to train the incorporated neural networks for other types of time traces besides
the FRET data and have the software established for their specific experimental assays.


https://doi.org/10.1016/j.bpj.2024.02.013

37

4.2.2. Contribution

The early and first script of the software was developed by colleagues within our research group (the
group of Prof. Don C. Lamb at the LMU Munich). After measuring two- and three-color FRET on
dynamic L-shaped DNA origami platforms using smTIRF microscopy, under the supervision of Prof.
Lamb and Dr. Ploetz, | analyzed the data with the both manual and automatic approaches on Deep-
LASI to have a thorough comparison and vision about the system under study. It was necessary to
actively use the analysis features of the software suite and give feedback about their accuracy and
performance, so | have been coordinating a lot with my colleague (Dr. Simon Wanninger) to make the
software more complete especially in case of encountering any missing functionality or feature. After
having enough results to establish the software features and functions, | prepared a first draft of the
article and the figures to make the use of the software more straightforward for a wide range of users.
| was also involved in preparing an online user manual with detailed description and screenshots from
all the encountering tabs and interfaces that the users could potentially handle more easily by
following the provided steps. The documentation is available online at https://deep-lasi-
tutorial.readthedocs.io/en/latest/documentation.html.

4.2.3. Key Results

The Deep-LASI software suite offers manual and automatic analysis platforms for one-, two- and three-
color single-molecule experiments including: mapping the used detection channels, detecting and
localizing the particles on each channel, trace extraction based on the performed excitation scheme,
background calculation within a local mask around each molecule, trace categorization and selection
of the individual informative time regions, determination of the correction factors based on the
photobleaching steps, plotting the histograms of various related parameters and kinetic analyses.
There are also environments for data simulations and training of the similar time traces. All the
mentioned analysis steps are schematically summarized in the overview figure of the software in
figure 4.2.

When measuring with more than one detection channel, which is typical in advanced FRET studies,
alignment between the cameras regarding to any discrepancy in shift, magnification and rotation
needs to be performed taking one channel as the reference. Deep-LASI uses a phase-correlation
algorithm to create a transformation matrix based on the coordinates of well-distributed spots and
performs the geometric alignment. The created mapping matrix is then applied to map the respective
coordinates between channels and make sure that detected and localized particles are within the
same labeled structure. The mapping function is only used to find the corresponding pixels in the
various detection channels corresponding to the locations in the reference channel. The actual single-
molecule analysis is performed separately on the raw data and images, which no mapping is applied
on them.

After mapping, the recorded raw data are loaded to have the time traces extracted from each frame
based on the excitation scheme and ALEX order that was used for the measurement. To localize the
detected particles, a couple of useful techniques are used: Wavelet, intensity thresholding and
regional maxima. They all offer the user a sensitivity threshold to determine the center of mass for
each particle. After localizing the particles between all channels, particle positions and intensities are
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linked together to make the final time trajectory. The extraction happens on the same order of the
selected and loaded files from all involved detection channels based on the ALEX scheme.
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Figure 4.2. Deep-LASI software overview. (a) The mapping process is needed when multiple detectors are used,
which is done with a distribution of spots like the zero-mode wavguide image shown here. Reading in the image
files is shown with the frame order specified by the ALEX scheme. (b) Single molecules are detected and (co-
)localized in the mapped images. (c) The intensity traces are extracted for each individual fluorophore using a
particle and background mask. (d) Sorting the traces and selecting the useful regions before photobleaching steps
can be done manually or automatically. (e) The results can be plotted with different type of histograms. (f) The
correction factors necessary for corrected FRET efficiencies are calculated and plotted for the whole
measurement. (g) Dynamic analyses by HMM or DNNs digitalize the FRET traces and build TDP plots for obtaining
the exact kinetic rates. Figure taken from [112].

The background calculation and correction is done locally within a mask surrounding the point-spread
function of the detected emitter. It is important to have a suitable distribution of the single molecules
over the field of view as otherwise the particles emission could interfere with the background
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calculation. After the time traces are extracted, the analysis can be performed manually or
automatically for the detailed steps mentioned earlier. The dynamic traces can be further analyzed
via HMM packages or deep neural networks; both approaches give similar results after estimating the
underlying conformational states in time traces. Both approaches result in transition density plots
based on the transition probabilities between any two initial and final FRET states. The transition rates
can be calculated for each of the transition clusters on the plot and the kinetic rates determined by
fitting the dwell time distributions.

The application of the software was demonstrated with three-color FRET experiments on L-shaped
DNA origami structures with three FRET states as shown on figure 4.3. The flexible tether was labeled
with Cy3B and can bind to either of the protruding strands placed at positions referred to as 6, 9 and
12 o’clock. The binding sites consist of ssDNA strands containing a complementary sequence of 7 nt
length at 6 and 12 o’clock and 7.5-nt length (meaning a strand with 8 nt containing a 1 bp mismatch)
at 9 o’clock. Binding of the tether occurs by spontaneous base-pairing with the single-stranded
protruding strands. The three-color FRET system was introduced with two additional fluorophores,
Atto488 and Atto647N on the structure close to the docking strands at the 6 and 12 o’clock positions,
respectively.

The ALEX scheme of BYR (Blue-Yellow-Red) excitation was used to excite the sample and three EMCCD
cameras were used to record the data. The 8000 obtained traces from co-localized molecules were
categorized using the automatic analysis resulting in 740 dynamic traces. After recognizing the
photobleaching steps and useful trace regions, the three correction factors for accurate FRET
calculations were obtained (spectral crosstalk, direct excitation and the detection correction factor).
The results of apparent and corrected FRET efficiencies are shown. The three apparent FRET efficiency
were best resolved for the BY FRET pair with values of 0.18, 0.73 and 0.48 corresponding to states 1
to 3. The distribution of dwell times were obtained from the TDP plots as 0.65, 0.69 and 1.40 s for
states 1, 2 and 3 respectively.
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Figure 4.3. Using Deep-LASI software to analyze three-color three-state smFRET data after TIRF microscopy. (a)
Schematic structure of L-shaped DNA origami with three binding positions at 6, 9 and 12 o’clock positions for the
flexible tether. The three labels are Atto488 at the 6, Atto647N at the 12 o’clock position and Cy3B on the
protruding tether. (b) The pie chart shows the distribution of single-molecule traces into various categories
performed by the automatic trace sorting. (c) Apparent frame-wise and corrected state-wise FRET efficiency
histograms for each dye pair are shown. (d) TDPs are shown for each dye pair with the detected transitions as
the clusters of populations. Each cluster can be selected for dwell time fitting and calculating the kinetic rates.
Figure adapted from [112].



40

4.2.4. Discussion

After upgrading our home-built TIRF microscopy setup to support three-color FRET experiments, our
analysis software needed the corresponding expansion to perform the required data analysis. The
open-source Deep-LASI software allows for straightforward data analysis of single-molecule time
traces obtained from various assays. Each analysis step can be performed manually or automatically
by trained neural networks. The software also offers environments for simulating data and training
neural networks for a special data format based on the assay and the questions to be addressed.

The software suite allows for detailed analysis steps of multi-channel registration, single-molecule
trace sorting and categorization, determination of photobleaching steps for each fluorophore,
calculation of the correction factors and kinetic analyses. It is also possible to visualize the results by
plotting FRET efficiency histograms, correction factors and dwell times. Various fitting models are also
provided to fit the resulting distributions and obtaining more exact values using the fitting model
parameters.
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4.3. Distance and Kinetic Tunability of Dynamic DNA Origami Structures
Examined at the Single-Molecule Level

In this work, we focus on to what extent DNA origami nanostructures are programmable compared to
the designed structures, especially when they are labeled with fluorophores and/or are used as
dynamic systems. We describe some crucial aspects one needs to consider when designing and
functionalizing DNA origami structures, selecting the fluorophores and labeling strategies of origami
structures to build proper tools and follow the desired interactions and molecular mechanisms
accurately. With a friendly collaboration with the group of Prof. Philip Tinnefeld (at the LMU Munich),
we show many interesting and useful details related to the DNA nanotechnology that are mostly
overlooked due to the high complexity of related data acquisition and analysis. The related article has
been recently submitted at the archive and will be submitted for publication shortly. The current
edition of the manuscript is provided in the corresponding appendix at the end of this document. This
section summarizes the key results from studying various versions of two- and three-color L-shaped
DNA origami structures.

Distance and Kinetic Tunability of Dynamic DNA Origami Structures Examined at the Single-
Molecule Level by Pooyeh Asadiatouei, Johann Bohlen, Fiona Cole, Fabio Morella, Philip Tinnefeld,
Evelyn Ploetz and Don C. Lamb. The manuscript is under preparation.

4.3.1. Motivation

DNA origami platforms with two- or three-dimensional structures offer user-friendly features such as
programmability, flexibility, biocompatibility, stability and easy tailoring compared to other
biomolecules. These characteristics have made DNA structures as well-studied and precise building
blocks with a wide range of applications in various fields of natural sciences. Dynamic nanostructures
programmed to undergo controlled conformational changes found important applications in
therapeutics, drug delivery, DNA-based logic gates and robotics. Designing the desired motions mainly
include transient DNA strand displacement or application of external factors like surrounding ions and
biomolecules, effects of light and pH changes.

Since labeling DNA origamis with fluorophores is performed precisely, studying their real-time
performance and kinetics by Forster resonance energy transfer (FRET) incorporating alternating laser
excitation schemes (ALEX) became very common and desired. Additionally, FRET methods in the
single-molecule level reveal the structural heterogeneity among the nanostructures, rare events in
dynamic steps and faulty or non-functional structures. These characterizations are crucial for the
optimization of the nanostructures and the devices constructed based on them. Hence, the two fields
of DNA origami nanotechnology and single-molecule multi-color FRET have been mutually advancing.

Incorporating small fluorescent molecules to DNA origami structures might introduce potential side
effects and impacts on the energy landscape of the origami and their conformational activities that
need to be carefully considered when designing the assay. For example, some fluorophores might
induce dye-DNA interactions and dye-dependent conformational changes. Usually, terminally-labeled
fluorophores stabilize hybridization by both stacking and electrostatic interactions when attached to
DNA, and positively-charged dyes show a bigger effect than negatively-charged ones. These possible
fluorophore-DNA interactions however, do not have a big effect on the reliability and robustness of
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single-molecule fluorescence-based methods, and techniques using labeled DNA structures are still
extremely powerful tools to address our biophysical questions.

Considering the possible interactions of DNA strands and origami structures with surrounding
molecules or the effects of external factors such as temperature, salt concentration and surface
effects, one needs a broad background and knowledge about DNA origami structures and
incorporating fluorophores, in order to design reliable nanodevices based on them. With this
motivation, we performed single-molecule FRET experiments both in solution and on the surface to
obtain a thorough understanding of the labeled structures and discuss some critical aspects of
dynamic DNA origami from designing to labeling. Various L-shaped DNA origami structures having two
or three fluorophores and conformational states were designed and studied in terms of FRET
efficiency between multiple dye pairs, kinetics of hybridization and dissociation with different number
of overhangs, lifetime and anisotropy of each single fluorophore and distances between labeling
positions.

4.3.2. Contribution

After designing the desired DNA origami platforms for two- and three-color FRET experiments, the
assembly of over 25 origami structures were performed in the group of Prof. Philip Tinnefeld (LMU
Munich) by Dr. Johann Bohlen and Fiona Cole. | measured the static and dynamic L-shaped DNA
origami platforms using both wide-field TIRF and confocal microscopy i.e. smTIRF and MFD-PIE
microscopy under the supervision of Prof. Don C. Lamb and Dr. Evelyn Ploetz. | analyzed the single-
molecule data from both the surface- and solution-based measurements to have a thorough vision
and comparison about the various structures under study. | was also involved in extracting the
relevant data from the measurements on designed new experiments. After having enough
information for publication, | wrote a first draft of the manuscript and prepared the figures.

4.3.3. Key Results

DNA origami structures with an L-shaped design were used throughout this work. The flexible pointer,
is a single-strand DNA labeled with Cy3B and, in a couple samples, with Atto542.Two or three docking
strands with different complementary sequence lengths were designed to vary the number of states
and kinetic rates. The other two fluorophores (Atto488 and Atto647N) were bound to the origami
surface close to the two binding strands at the 6 and 12 o’clock positions for the V1 design or the
switched positions for the V2 structures (Figure 4.4). The kinetics of the tether were examined using
four different complementary sequence lengths of 7 nt with one nucleotide mismatch (6.5 nt), 7 nt,
7.5 nt and 8 nt for the both V1 and V2 designs.
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Figure 4.4. Schematic overview of the L-shaped DNA origami structures used in this work. (a) A flexible tether
labeled with Cy3B extrudes from the structure surface and can transiently bind to either of the docking strands
at the 6 or 12 o’clock positions. The two versions of the structures were designed to include the Atto488 and
Atto647N fluorophores attached at the 6 and 12 o'clock positions (V1) or vice versa (V2). (b) Schematics of the
two-color variants of the origami structure in panel a with two transient binding states for the V1 samples
showing the YR (left panel), BY (middle panel) and BR (right panel) samples. (c) Schematics of three-color, three-
state DNA origami structures for the V1 labeling design with binding strands at the 6-9-12 (left panel) and 6-11-
12 positions (right panel). (d) Two-color versions of the three-state origami structures shown in panel c. (e)
Additional DNA origami structures analyzed including two- (left panel) and three-color (middle panel) control
samples with no binding strands around the tether shown for the V1 samples. The right panel shows a three-
state system where the binding sites are symmetrically distributed about the tether.

The two-color, two-state samples were all made to have 7.5 nucleotides complementary base pairs.
However, the three-state origami structures with the additional docking strand like the ones shown in
Figure 4.4c including the 6-9-12 and 6-11-12 binding positions contain 7.5 nt on the third binding
strand at both positions of 9 and 11 o’clock positions. For these structures, we reduced the binding
sequence lengths of the 6 and 12 o'clock positions from 7.5 nt in the original two-color samples to 7
nt to examine the kinetics tenability of our design. The symmetrically placed binding strands at the 4-
8-12 o’clock positions (Figure 4.4e) contain an overhang length of 7 nt. All samples were measured
using the both TIRF and MFD-PIE setups except for the TIRF-PAINT measurement and the two-state
samples in which the Cy3B on the tether was replaced with Atto542. These constructs were only
measured on a passivated surface using TIRF.

The immobilized two- and three-color, two-state DNA origami structures were measured with prism-
TIRF microscopy. The FRET efficiencies and the kinetics of the system were measured for samples with
6.5, 7, 7.5 and 8 nt complementary bases. The obtained FRET efficiencies were corrected with FRET
correction factors to calculate the distance between labeling positions and compare them with the
expected values from the designs. Dynamic switching between the different docking strands is visible
in the single-molecule intensity and FRET traces. When the BY FRET efficiency is high the YR efficiency
is low and vice versa. The kinetic analyses were carried out using Deep-LASI and the rates determined
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from the resulting TDPs by fitting the distribution of dwell times for the different states to exponential-
models (Figure 4.5).
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Figure 4.5. Single-molecule TIRF results for the two- and three-color, two-state V1 L-shaped DNA origami
structures. (a) A schematic of the smTIRF assay for measuring immobilized DNA origami structures on the
passivated prism surface. (b) Single-molecule intensity and FRET traces showing the dynamic switching between
different binding strands. Top panel: The intensity traces of blue, yellow and red dyes after blue excitation. Middle
panel: The emission of yellow and red dyes after yellow excitation together with the red emission after red
excitation. Third panel: FRET traces for all three dye pairs. (c) Frame-wise-weighted state-wise averaged
corrected FRET efficiency histograms with three-color ALEX excitation for each dye pair of BY (left panel), BR
(middle panel) and YR (right panel) for complementary strands of 6.5 to 8 nucleotides. (d) An overview of the
kinetic analyses. Left panel: A transition density plot showing the interconversion events for the YR dye pair. Right
panel: A distribution of dwell times for the individual transitions calculated (by selecting the individual clusters).
(e) Dwell-times for S1 and S2 as a function of complementary nucleotide lengths on the docking strands for the
V1 structures. (f) Zoomed-in schematics of two-color, two-state origami structures containing only one dye pair
at a time (Only V1 samples are shown here). (g) Frame-wise-weighted state-wise averaged corrected FRET
efficiency histograms for each dye pair for the two-color structures containing 7.5 nt complementary base pairs
of V1 and V2 samples. The dynamic BY and YR pairs show two populations.

The same samples were measured in solution to get information about the fast kinetics of the samples
and detailed vision about the individual fluorophores’ lifetime and their rotational freedom along the
labeling axes. The results from FRET efficiency and histograms fitting after corrections were very close
to the results we obtained from TIRF microscopy. The information about the dyes lifetime and
anisotropy decays helped us understand about the possible interactions among the binding strands
and the applied fluorophores. For example, we saw that Atto488 has the lowest residual anisotropy
among the dyes implying that it has the most rotational freedom. Atto647N in contrary shows a very
high anisotropy that proves this dye is sticking to the surface without proper rotations along its linker
axis.

Single-molecule TIRF and MFD-PIE results from various sample designs showed a bias between the
two docking strands form their kinetics point of view. The dwell time of state 2 (6 o’clock position)
was observed to always be longer than state 1 (12 o’clock position). This observation prompted us to
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design two- and three-color control origami structures without any docking strands around the tether.
The histograms showed an average FRET efficiency value between the two original values
corresponding to states 1 and 2 with almost no bias regarding the favored orientation of the pointer.
We concluded that the observed difference in the kinetic rates of S1 and S2 are not as a result of
inherent positioning of the tether but related to the uneven accessibility of the docking strands. We
tested another approach to check the two binding positions accessibility using PAINT assay. We used
the same two-state DNA origami structure (6-12 o’clock position, V1) without any tether, and instead
let the 8nt-long tether labeled with Cy3B be free in the chamber and act as an imager strand. The
corresponding results proved that our assumption about the harder accessibility of the top binding
strand was actually true.

Another interesting factor that we examined was the effect of incorporating different fluorophores
either on the flexible pointer or changing the red dye from Atto647N to Cy5 attached to the origami
structure. We realized that the overall interactions and the kinetic rates are indeed affected by
different fluorophores with different (photo)physical properties. All these contributing factors should
be considered carefully when designing origami platforms and addressing desired questions.

4.3.4. Discussion

With this work we show DNA origami nanostructures are tunable and programmable from various
designing aspects related to kinetics and distances, allowing researchers to assemble various types of
nano-devices based on specific questions at hand. We showed the kinetics of L-shaped DNA origami
structures changed in a controlled manner by tuning the number of base pairing; each mismatching
nucleotide changed the kinetics by almost a factor of two. However, our data suggests that various
interactions between each dye pair and between a fluorophore and DNA region can influence the
kinetics of the tether. Hence, we recommend to choose proper fluorophores that does not effectively
interact with the environment especially when designing dynamic platforms.
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5. Conclusion and Outlook

The present dissertation provides a comprehensive exploration of multi-color single-molecule FRET
(Forster Resonance Energy Transfer) principles and techniques both on the surface and in solution
applied to two- and three-color DNA origami nanostructures. The high tunability of DNA origami
structures coupled with the high sensitivity of single-molecule assays resulted in two important
directions that shaped the entire path of this thesis.

The first major research direction, which involved extensive collaboration among various researchers,
focused on integrating existing methods and developing a novel approach to create a robust and user-
friendly software package. Analyzing one-, two- and three-color single-molecule data has been very
time-consuming and increasingly complicated particularly when dealing with systems exhibiting
underlying dynamic states. These challenges have discouraged researchers from pursuing three-color
approaches especially for the surface experiments. However, the development of Deep-LASI (Deep-
Learning Assisted Single-molecule Imaging analysis), a software suit empowered by deep neural
networks provides both manual and automatic analysis environments, and drastically reduces the
effort and time required for such analyses. Accordingly, we anticipate that, in the near future, three-
color experiments will become increasingly desirable, enabling researchers to extract more spatial and
dynamic information from complex biological systems.

In order to benchmark and validate the Deep-LASI software to be more universal, a huge amount of
data from smFRET experiments were gathered ranging from one- to three-color experiments with
various formats of both static and dynamic conformations. The high assembly efficiency of DNA
origami structures facilitated obtaining a high amount of statistics from single-molecule time traces.
By measuring various assemblies of origami structures and analyzing their features in detail, we
observed intriguing patterns in the data that guided us to the second direction of this thesis;
characterizing origami structures and the influence of the individual fluorophores attached to them.

Leveraging the high sensitivity of single-molecule FRET techniques to unravel the heterogeneities
within a large population of single detected particles, we gained interesting insights into the behavior
of origami assemblies and the protruding strands, particularly in their interactions during
complementary hybridization and dissociation. Additionally, we observed interactions of the attached
fluorophores with the DNA tether and docking strands. Various fluorophores, depending on their net
electrical charge and hydrophobicity exhibited different interaction patterns with other fluorophores
and the DNA structure backbone. These factors affected the kinetics of natural transient association
and dissociation of the DNA strands. Consequently, our findings offer valuable insights for designing
DNA origami structures and their labeling strategies.

As shown earlier, we also demonstrated that the kinetics of DNA strands transiently binding and
unbinding are highly tunable by manipulating the number of complementary base pairs [117].
Depending on the immediate environment, even a single mismatching nucleotide can alter the
system’s dynamics by a factor of two or three. This knowledge has broad applications in the design of
dynamic systems across various fields such as sensing, drug delivery, and therapeutics, which are of
significant interest to the DNA origami community. Moving further, we characterized the distance
between the fluorophores with sub-nanometer precision using corrected FRET efficiencies. We report
on how closely the determined distances aligned with the theoretical values that one would expect
based on the design, assembly and labeling of the DNA origami structures.
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The advances made in this research will have profound implications for the broader fields of
nanotechnology, molecular biology and biotechnology. The Deep-LASI software suit holds the
potential to revolutionize the analysis of complex multi-color single-molecule experiments, facilitating
the approaches of three-color and beyond. This will enable researchers to explore intricate molecular
interactions with unprecedented resolution. The insights gained from the tunability of DNA origami
structures and fluorophore interactions will provide a foundation for future applications in medicine,
molecular diagnostics, and advanced materials science. As DNA origami technologies continue to
evolve, the principles and methodologies developed in this dissertation will drive innovation and
expand the possibilities for dynamic molecular systems and nanodevices in a variety of cutting-edge
fields.

The integration of smFRET techniques with DNA origami nanostructures provide a powerful platform
for the future of molecular-scale biophysics, engineering and computing. Since the field of DNA
origami continues to provide unique precision in the spatial arrangement and motions of molecules,
its combination with smFRET will enable even more sophisticated analysis of molecular interactions,
dynamics and conformational changes with high temporal and spatial resolution. Moreover, ongoing
improvements in deep learning algorithms and analysis tools like Deep-LASI, makes it obvious that
multi-color smFRET experiments will become more accessible and adaptable, allowing researchers to
monitor complex, multi-state biological processes in real time.
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Appendix 1: Single-molecule FRET Measurements on DNA Origami
Structures Labeled with an IR dye

Since, in the published data using the DNA origami structures, the measured intensity of the blue dye
(Atto488) was always the lowest compared to other present fluorophores like Cy3b and Atto647N, we
decided to shift the spectral regions of the three labeling dyes from blue-red to yellow-infrared. The
blue dye at the 6 o’clock position corresponding to the V1 design was replaced with an IR dye, namely
Cy7. To be able to measure in the IR region, an IR laser was added to the excitation path as shown in
Figure 3.7, and a fourth camera was added to the detection path. The IR light was guided to the camera
using the proper dichroic mirror and emission filter.

To have a proper comparison between the new samples and the original DNA origami designs (the
published structures), three, three-color samples labeled with Cy3B on the tether, Cy7 at 6 o’clock and
Atto647N at 12 o’clock positions were assembled and measured (Figure A.1a). The difference
between these three samples was the number of complementary nucleotides between the tether and
the binding strands: 7, 8 nt with 1 mismatch and 8 nt to cover a range of kinetics. Moreover, two, two-
color DNA origami structures labeled with Cy3B-Cy7 and Atto647N-Cy7 using the V1 design were
measured (Figure A.1g). The two-color samples were prepared with 7 complementary nucleotides
between the tether and the binding strands. On the one hand, we observed that the intensity and
data quality of Cy7 was even lower than those of Atto488. On the other hand, upgrading the TIRF
setup to the IR region and the corresponding experiments were a part of this PhD work. Since the
mentioned development is the first step towards four-color assays, we decided to include the
measurements in this section of the thesis.

The sample preparation and experimental steps were all similar to other measurements on the smTIRF
setup, which are described in detail in the appended publications. Due to the very quick
photobleaching of Cy7, it was necessary to use an extra ingredient (Cyclooctatetraene) to the imaging
buffer trying to make Cy7 more photostable. To photostabilize the attached fluorophores on the DNA
origami structure, an oxygen scavenging system based on PCA/PCD was used [118]. The
photostabilization buffer was prepared as follows: 1 puL of 100 mM Trolox/Ethanol solution was added
to 95 pl storage buffer (1x TAE, 12.5 mM MgCl, and 1 mM EDTA, pH=8.2). The mixture was then aged
by 254 and 366 nm UV radiation using a UV lamp (M&S Laborgerdte GmbH, UVAC-6U, 2 x 6 W) until
an equal ratio of Trolox and Trolox-quinone was formed (typically 6 minutes) [119]. The ratio was
determined using the two absorbance peaks of Trolox and Trolox-quinone measured on a nanodrop
spectrophotometer (PeglLab Biotechnologie GmbH).

Immediately before starting the TIRF experiments, 2 uL COT (Cyclooctatetraene, 98 % solution, Sigma-
Aldrich), 1 uL of 100 mM PCA in methanol and 1 pL of 100 mM PCD solution (50% glycerol, 50 mM KClI,
100 mM Tris HCI, 1 mM EDTA-Na; x 2H20, pH = 8) were added to the 97 puL mixture of aged Trolox
and storage buffer to obtain the photostabilization or imaging buffer. After flushing the sample
chamber with the photostabilization buffer, it was sealed using removable sticking rubbers to allow
the enzymatic oxygen reaction happen without the entry of additional oxygen into the system. A
minimum of 5-minute waiting time preceded the data recordings. The photostabilization buffer was
refreshed every 45 minutes until the end of the experiment.

The two- and three-color FRET experiments were carried out using msALEX [15], i.e. two- or three-
excitation lasers were alternated framewise. The lasers of different wavelengths were synchronized
using an acousto-optical filter (OPTO-ELECTRONIC, France) with the camera frame rate using an FPGA
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that synchronizes the excitation and simultaneous detection on the EMCCD cameras at a 50 ms
exposure time for both 2000 (two-color) and 2400 (three-color) frames. The IR laser was modulated
directly as the wavelength was outside of the specified range of the AOTF. The control software for
data collection was updated for controlling the IR laser by Frank Mieskes and Bassem Salem. The laser
powers were set to 15 mW for the yellow and red laser lines (561 nm and 640 nm) and 10 mW for the
IR laser (730 nm, Toptica Photonics AG, Germany). Both two-color (Y-IR or R-IR) and three-color (Y-R-
IR) excitation schemes were used.
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Figure A.1. Single-molecule TIRF results for the three- and two-color, two-state V1 L-shaped DNA origami
structures containing an IR dye. (a) A schematic of the smTIRF assay for measuring immobilized DNA origami
structures on the passivated prism surface. The PEGylated surface contains biotin to allow a biotin-streptavidin-
biotin linkage between the prism surface and the bottom of origamis (the dimensions are changed for clarity).
The origami is labeled with three fluorophores: Cy3B on the tether, Atto647N at the 12 o’clock and Cy7 at the 6
o’clock positions. (b) Single-molecule intensity and FRET traces showing the dynamic switching between the
different docking strands. The top panel shows the intensity traces of yellow, red and IR dyes after yellow
excitation. The middle panel shows the emission of red and IR dyes after red excitation together with the IR
emission after IR excitation. The lower panel shows FRET traces for all three dye pairs. (c) Frame-wise-weighted
state-wise averaged corrected FRET efficiency histograms from smTIRF experiments with three-color ALEX
excitation for each dye pair of YR (left panel), R.IR (middle panel) and Y.IR (right panel) for the three measured
structures with a different number of complementary nucleotides: 7 (blue), 7.5 (orange) and 8 (red). The dynamic
YR pair gives two populations with rather different FRET efficiency values of 83-84 % for state 1 and a low FRET
value around 20-23 % corresponding to state 2. The static R.IR pair gives one broad histogram centered at a fixed
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value of 43-44 %. The dynamic Y.IR pair shows two populations with FRET efficiencies of around 50 % and 74-75
% for states 1 and 2 respectively. (d) Transition density plots showing the transitions between any two detected
states for each dye pair. For each transition, the initial and final apparent FRET values are plotted. (e) By selecting
the individual clusters in panel d, a distribution of dwell times for the individual transitions can be calculated. The
dwell-time distribution for the YR FRET pair for S1->S2 (highlighted in panel d in pink) is shown. (f) Dwell-times
for S1 and S2 as a function of complementary nucleotides length on the docking strands. The dwell-times were
determined from a mono-exponential fit to the dwell-time distribution. (g) Zoomed-in schematics of two-color,
two-state origami structures containing one dye pair of R.IR (left panel) and Y.IR (right panel). (h) Frame-wise-
weighted state-wise averaged corrected FRET efficiency histograms from smTIRF experiments with two-color
ALEX excitation for the R.IR (left panel) and Y.IR (right panel) two-color structures containing 7 nt complementary
base pairs. The static R.IR pair gives one population at a FRET efficiency of 52 %. The dynamic Y.IR pair shows
two populations with FRET efficiencies of 54 % and 74 % for states 1 and 2 respectively.

Analyzing the data obtained from the smTIRF assay was performed with the MATLAB-based software
package, Deep-LASI, which has been developed in our group [112, 113]. Deep-LASI is also designed for
four-color data (including the IR channel), and mapping up to four channels is possible. However, four-
color analyses are yet to be implemented. Each detected molecule in the smTIRF assay appears as a
time trace with the intensity or FRET signal on the y axis. Measuring with the ALEX schemes produces
multiple time traces for the same molecule attributing to all fluorophores. Every obtained trace needs
to be inspected for individual dye behavior and features. As discussed in section 3.2.5, using more
than one detection channel requires some correction factors to account for the differences in the
efficiency or sensitivity of the detectors together with the differences in the quantum efficiency of the
applied fluorophores. Such data analysis consists of several steps from mapping the channels, trace
extraction and categorization, determining the correction factors (including the spectral crosstalk of
donor emission into acceptor channel, direct excitation of the acceptor by the donor excitation laser
and the gamma factor), plotting and fitting the FRET efficiency and kinetic analysis. The details of these
steps are described in our publications, which are attached to the end of this document.

Figure A.1a shows a schematic of an immobilized three-color DNA origami structure measured using
smTIRF microscopy on a passivated prism surface. The PEGylated surface of the prism contains biotin
groups to make a strong biotin-streptavidin-biotin coupling between the glass surface and the bottom
side of L-shaped origami structures. The origami is labeled with three fluorophores: Cy3B on the
flexible tether, Atto647N near the upper binding strand (12 o’clock position, state 1) and Cy7 near the
lower binding strand (6 o’clock position, state 2). Dynamic switching between the different docking
strands can be directly observed in the single-molecule FRET traces (Figure A.1b). When the YR FRET
efficiency is high, the Y.IR efficiency is low and vice versa.

The histograms of the FRET efficiencies observed in the dynamic traces are shown in Figure A.1c for
the constructs with the 7 nt, 7.5 nt and 8 nt binding sites. The corrected FRET values are averaged over
each transition and weighted by the number of frames per transition, which we refer to as the frame-
wise-weighted state-wise averaged FRET histograms. They are plotted for each dye pair (YR, R.IR and
Y.IR). The results and correction factors are summarized in Table Al at the end of this section. As
expected for the two YR and Y.IR dye pairs, two distinct FRET populations are observed, which are
related to the transient binding of the tether to either of the two binding states. The FRET values for
the low and high FRET states are similar for all three constructs (S1 = 83-84 % for YR and 40-60 % for
Y.IR; S2 =20-23 % and 74-75 % for YR and Y.IR respectively). The big range of corrected FRET efficiency
for the first state using the Y.IR pair is due the not resolvable FRET peaks obtained from the two states,
which make the fitting of the populations difficult. This is usually the problem when having a
fluorophore with very low emission intensity and the fact that three-color correction factors have
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extreme effects on the shape of FRET histograms from such intensity values. For the R.IR dye pair, we
observe a single peak at 43-44 % FRET efficiency upon correction (Figure A.1c, middle panel).

The kinetics of the three different DNA origami structures were also analyzed using the Deep-LASI
software. Every state transition is plotted on the transition density plot (TDP), which forms clusters
around the values for states 1 and 2. By choosing a cluster, the dwell time distributions for the selected
transitions are plotted and fit to a mono-exponential function (Figure A.1d and e). As designed and
expected, the kinetic rates increase as the number of complementary bases decreases (Figure A.1f,
Table Al). The data also consistently shows longer dwell times for state 2 compared to state 1. The
dwell-time ratio of S2 to S1 is 1.75 and 1.90 for the two- and three-color versions of the structures,
with 7 nt long complementary double strands, 1.8 for the 7.5 nt samples and 1.4 for 8 nt samples.
Hence, as observed previously, the tether spends more time bound to the lower position (6 o’clock,
state 2) than the top binding strand (12 o’clock, state 1).

We also measured two, two-color origami structures on the surface both having a complementary
double strand length of 7 nt (Figure A.1g). The results for the two dye-pair combinations of R.IR and
Y.IR are shown in Figure A.1h (R.IR on the left panel and Y.IR on the right panel). For the R.IR dye pair,
one FRET population is observed with a FRET efficiency of 52 % (Figure A.1h, left panel) and the Y.IR
FRET pair shows two FRET states with values of 54 % and 74 % (Figure A.1h, right panel). The FRET
efficiency values from the two- and three-color samples are in good agreement. Only the low FRET
value for the Y.IR pair is different, which is again due to the fact that the peaks for states 1 and 2 are
not well resolved. The dwell times obtained from the TDP for the dynamic two-color sample (Y.IR)
were 0.63 + 0.06 s and 1.10 + 0.02 s for states 1 and 2 respectively, which match very well with the
values from the original 7nt DNA origami structures (0.650 £+ 0.003 s and 0.99 + 0.01 s).

The dwell times extracted from the three-color data with the 7 nt structure (Cy3B-Atto647N-Cy7) is a
bit longer than those from the corresponding states in the two-color sample (Cy3B-Cy7). We observed
the same effect in the original two- and three-color DNA origami structures where that the presence
of the red dye (Atto647N) influences the dwell times of the same complementary binding length. This
effect is described in the corresponding publication about the origami structures and is attributed to
the interactions that Atto647N induces to the system. Comparing the dwell times of three-color
samples containing Cy7 with the corresponding structures without it also shows longer dwell times
for the 7 and 7.5 nt structures (by a factor of 1.1-1.5). However, for the 8 nt sample, the ones with the
IR dye show rather shorter values (by a factor of 0.92-0.95). The only assumption for this observation
could be the induced interactions from Cy 7 to the DNA binding and unbinding however, we need
more control measurements to have a more correct estimation. The different dwell times values are
summarized in Table A.2.
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Table A.1. Experimental smTIRF parameters and results for three- and two-color L-shaped DNA origami structures
having two states and a different length of complementary base pairs on the docking strands. Correction factors
including spectral crosstalk (CT), direct excitation (DE) and the gamma factor (y) allow for the determination of
corrected FRET efficiencies. The dwell time for each state is extracted from the representative transition density
plot (TDP) using mono-exponential fitting.

sm FRET Apparent FRET | Corrected FRET Population | Dwell Time | Dwell Time
TIRF | pair | €T | DE | Gamma [%] [%] Ratio (%) ta(s) ta2(s)
(s1-52) (S1-52)
2-color
7 nt Y-IR | 0.05 | 0.07 0.19 26-42 54 -74 15-85 0.63+0.06 | 1.10+£0.02
R-IR | 0.06 | 0.22 0.18 21 52 NA NA NA
3-color
Y-R 0.11 | 0.04 0.73 58-12 84 -20 37-63
7 nt R-IR | 0.06 | 0.24 0.18 23 43 NA 0.79+0.07 | 1.50+0.00
Y-IR | 0.01 | 0.03 0.13 18-34 47 -74 12 - 88
Y-R 0.11 | 0.04 0.83 58-11 83-21 35-65
75nt | RIIR | 0.06 | 0.24 0.17 22 44 NA 2.10+0.01 | 3.80+0.00
Y-IR | 0.01 | 0.02 0.14 17-33 60-74 24 -76
Y-R 0.11 | 0.03 0.77 58-11 84 -23 35-65
8 nt R-IR | 0.06 | 0.23 0.19 26 44 NA 6.10+£0.00 | 8.70+0.00
Y-IR | 0.01 | 0.02 0.15 18-33 40-75 15-85

Table A.2. A comparison between the dwell time values from smTIRF experiments for state 1 and state 2 of three-
color, two-state DNA origami structures (V1) having different dye combinations (B-Y-R vs Y-R-IR) but the same
number of complementary nucleotides between the tether and the docking strands.

3-color Samples Dwell Time Dwell Time
P ta(s) t2(s)
B-Y-R 0.65 + 0.003 0.99 £+ 0.01
7 nt
Y-R-IR 0.79 £0.07 1.50+£0.00
B-Y-R 1.90+0.02 2.70£0.03
7.5nt
Y-R-IR 2.10+0.01 3.80+0.00
B-Y-R 6.40 £ 0.04 9.50+0.10
8nt
Y-R-IR 6.10 £ 0.00 8.70 £ 0.00
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Single-molecule experiments have changed the way we explore the physical
world, yet data analysis remains time-consuming and prone to human bias.
Here, we introduce Deep-LASI (Deep-Learning Assisted Single-molecule Ima-
ging analysis), a software suite powered by deep neural networks to rapidly
analyze single-, two- and three-color single-molecule data, especially from
single-molecule Forster Resonance Energy Transfer (smFRET) experiments.
Deep-LASI automatically sorts recorded traces, determines FRET correction
factors and classifies the state transitions of dynamic traces all in ~20-100 ms
per trajectory. We benchmarked Deep-LASI using ground truth simulations as
well as experimental data analyzed manually by an expert user and compared
the results with a conventional Hidden Markov Model analysis. We illustrate
the capabilities of the technique using a highly tunable L-shaped DNA origami
structure and use Deep-LASI to perform titrations, analyze protein con-
formational dynamics and demonstrate its versatility for analyzing both total

internal reflection fluorescence microscopy and confocal smFRET data.

Single-molecule spectroscopy has revolutionized how we investigate
the mechanism of processes on the nanometer scale. In particular,
optical fluorescence imaging allows contact-free investigations of
single, dynamic biomolecules, one at a time, in cells, membranes and in
solutions. Single-molecule Forster Resonance Energy Transfer
(smFRET) in combination with confocal microscopy or Total Internal
Feflection Fluorescence (TIRF) microscopy probe distances on the
nanometer scale (2.5-10 nm). While solution measurements can pro-
vide information on sub-millisecond dynamics, measurements with
immobilized molecules give access to the temporal evolution of single
molecules on the timescale of microseconds to minutes'. By removing
ensemble averaging, it is possible to directly measure the underlying
conformational states and molecular dynamics of biomolecules. Its
ability to measure accurate distances and kinetics turned smFRET into
a powerful tool for deciphering molecular interaction mechanisms and
structures of biomolecules'™. Typically, FRET experiments are

performed using two colors and used to probe conformational dis-
tributions and distance changes. However, also other single-molecule
approaches can be used to investigate small distance changes or
interactions (e.g., Metal-Induced Energy Transfer (MIET)*, Graphene
Energy Transfer (GET)’, or Protein-Induced Fluorescence Enhance-
ment (PIFE)*™®).

When combining three- or more labels, multi-color FRET can
probe molecular interactions between different binding partners and
also measure multiple distances simultaneously, i.e. correlated motion
within the same molecule’ ™. However, multi-color analyses remain
challenging. Quantitative smFRET data analysis is strongly hampered
by experimental restrictions due to, for example, a low number of
usable single molecule traces, data with a low signal-to-noise ratio
(SNR), or short traces due to photochemistry. Overcoming these lim-
itations requires large data volumes as very few molecules contain the
desired information with suitable quality, which significantly increases

Department of Chemistry and Center for NanoScience (CeNS) Ludwig-Maximilians-Universitat Miinchen Butenandtstr. 5-13, 81377 Munich, Germany.

e-mail: evelyn.ploetz@lmu.de; d.lamb@lmu.de

Nature Communications | (2023)14:6564



Article

56
https://doi.org/10.1038/s41467-023-42272-9

the efforts involved in sorting through the data when performed
manually. Low statistics result from various reasons including mole-
cular events exhibiting slow kinetics or rare transition probability,
insufficient labeling efficiency, low SNR, quick photobleaching or
spurious background. In addition, arbitrary fluctuations due to
unwanted interactions and/or aggregations between binding partners
hamper a concise analysis of the underlying state and kinetics.

Various approaches have been developed to overcome these
time-consuming burdens, employing user-defined thresholds on the
channel count rate, signal-to-noise ratio, FRET values, FRET lifetime,
and donor/acceptor correlation' . However, setting appropriate
thresholds requires a substantial amount of expertise. Depending on
the user, the data evaluation is prone to cognitive biases and poses a
challenge to reproducible analysis results. Recently, software packages
have been published that use deep-learning techniques to rapidly
automate trace classification and keep user bias to a minimum®-2, In
particular, Thomsen et al. comprehensively demonstrated that artifi-
cial neural networks could match manual classifications and even
outperform conventional methods of commonly used programs to
extract valid single-molecule FRET traces™. So far, deep learning has
been solely applied to single-channel and two-color FRET data to
categorize the time trajectories for downstream analysis. To study
structural dynamics, reflected by changes in intensity and FRET effi-
ciencies, the kinetics are then analyzed separately typically using
Hidden Markov Models (HMMs)*?* approaches. Training an HMM
requires knowledge of the number of states and modeling of the
emission probabilities. Moreover, it assumes that the probability of a
transition to the next state only depends on the current state. While
the initial HMM settings are straightforward for simple systems,
obtaining the optimal parameters for multi-color FRET becomes a
challenging task. To date, only one software package, SMACKS",
allows an ensemble HMM for three-color FRET data. As the complexity
of the datasets grows, the effort and the required knowledge about the
system also grow.

To alleviate the shortcomings of HMM analyses, the hybridization
of HMMs with Deep Neural Networks (DNN) has gained popularity” .
In contrast to HMMs, DNNs are capable of learning higher-order
dependencies without prior assumptions about the number and
properties of the states. A long-short-term memory (LSTM) neural
network was developed to automate stoichiometry determination via
photobleaching steps in fluorescence intensity traces®’. However, the
use of DNNs for extracting quantitative kinetic information from
single-molecule data has not yet been explored.

Here, we present the Deep-Learning Assisted, Single-molecule
Imaging (Deep-LASI) approach, an ensemble of DNNs with archi-
tectures specifically designed to perform a fully automated analysis of
single-color traces as well as two-color and three-color single-molecule
FRET data. Deep-LASI begins with raw intensity traces and provides
corrected FRET efficiencies, state determination, and dwell times
without any prior knowledge or assumptions about the system. It
classifies each time trace into different categories, identifies which
fluorophores are active in each frame, which is then used for deter-
mining FRET correction factors for spectral crosstalk, direct acceptor
excitation and detection efficiency, and performs a state transition
analysis of the different states in dynamic traces. Deep-LASI also
includes optional number-of-state classifiers to estimate the actual
number of observed states within one trace. Since the pre-trained
neural networks operate locally on each trace, they do not neglect rare
events, which would be missed in global analysis approaches. We
benchmark the performance of Deep-LASI using ground truth simu-
lations and experimental one-, two- and three-color data using an
L-shaped DNA origami structure with tunable dynamic behavior®*. The
results are further compared to the manual evaluation of the data and
the extracted dwell times obtained with HMM. Finally, we demonstrate
the power of Deep-LASI with multiple applications: (1) titration

experiments, which would be unfeasible without Deep-LASI; (2)
smFRET on a mitochondrial Hsp70 to extract substrate-specific dwell
times and conformational states; and (3) the applicability of Deep-LASI
to another experimental setup.

Results

The Deep-LASI approach

Deep-LASI utilizes an ensemble of pre-trained deep neural networks
designed for the fully automated analysis of one-, two- and three-color
single-molecule data including multi-color FRET correction and kinetic
analyses (Fig. 1; Supplementary Note 1). The designed input for Deep-
LASI is a single-molecule fluorescence intensity trace or traces mea-
sured directly using confocal microscopy or extracted from movies
using wide-field or TIRF microscopy. In the case of two-color fluores-
cence data, continuous wave excitation or Alternating Laser EXcitation
(ALEX) modalities can be analyzed. For three-color smFRET measure-
ments, ALEX data is required. All available channels are fed into a
combination of a Convolutional Neural Network (CNN) using the omni-
scale feature learning approach and a Long Short-Term Memory
(LSTM) model (Supplementary Fig. 1.1).

Deep-LASI extracts spatial and temporal sequence features
simultaneously and classifies every frame into a specific category
(Fig. 1a). Building upon Deep-FRET for two-color FRET analysis?, we
separate the traces into six categories: dynamic, static, noisy, artifact,
aggregate as well as photobleached (see Supplementary Note 2 for
details). The total number of categories depends on the number of
input channels, i.e. the number of dyes (and alternating light sources)
used in the experiment. Traces containing random artifacts, aggre-
gates, or high noise are excluded from further analyses. The final
output of the state classifier provides an estimation of the probability
for each category. The summed probabilities over all non-
photobleached frames serve as confidence levels for each trace.
Here, user-defined thresholds can be set to increase or decrease the
tolerance towards non-ideal traces to be included in further analyses.
In contrast to previous networks, Deep-LASI detects photobleaching
events of individual dyes and, therefore, allows the calculation of
correction factors obtainable for that molecule. Traces showing no
apparent state transition are classified as static and can be included,
e.g. in the final corrected FRET histograms.

All sections in each trajectory identified as dynamic are trans-
ferred to the state classifier network (Fig. 1b), which is designed to
detect transitions based only on the intensity data and not via the FRET
efficiency. The state classifier assigns every frame to one of the mul-
tiple states present in a dynamic trace section and again provides a
confidence value of state occupancy that can be used for additional
thresholding. Given the state transition classifications, a Transition
Density Plot (TDP) is calculated and the kinetic rates of all identified
states can be extracted by fitting the corresponding dwell-time dis-
tributions (Fig. 1c). Starting from trace extraction, the TDP marks the
first necessary point of human intervention, i.e., the manual selection
of state transitions and the fitting procedure. Thus, user bias is kept to
a minimum. No assumptions are needed regarding the number of
states, state-specific emission probabilities, or other settings required
for conventional methods such as Hidden Markov Models (HMM). Of
course, as for any deep-learning algorithm, the output of the analysis is
dependent on the quality and appropriateness of the training data
used. Depending on (1) the total number of frames, (2) the yield of valid
frames, (3) the computer performance, and (4) the desired confidence
threshold, a given dataset can be fully categorized on a time scale of
20-100 ms per trace.

Training of Deep-LASI

To use Deep-LASI for analyzing single molecule data, we first trained
the trace-classifier network on datasets appropriate for the corre-
sponding network (i.e., one-color data, two-color data without ALEX,
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Fig. 1| Overview of data extraction, evaluation, and analysis using Deep-LASI.
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frame within the time traces is classified into categories using a hybrid CNN-LSTM.
b A second hybrid CNN-LSTM evaluates the kinetics and state information in the
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presorted data. The photobleaching information can be used for determining the
correction factors to obtain accurate FRET values between two and three fluor-
ophores. ¢ Next, the interconversion rates between underlying states and absolute,
distance-related FRET values are extracted from multi-color datasets.

two-color data with ALEX or three-color data with ALEX). As the noise
sources in single-molecule fluorescence intensity data are well
understood, simulated traces are well suited for training the neural
network. In addition, it has the advantages of being able to minimize
biases and quickly retrain neural network models to adjust for specific
circumstances. The training datasets were designed to cover a wide
range of experimental conditions and FRET efficiencies. Hence, no
initial estimation of the number of states and expected FRET effi-
ciencies are needed. A detailed description of the program archi-
tecture, simulations, training datasets and benchmarking can be found
in the Methods section as well as in Supplementary Notes 1-4.
Deep-LASI contains a total of 16 pre-trained deep neural networks
for state classification. Four models account for the classification and
segmentation of time trajectories obtained from measurements using
single-channel data acquisition, two-color FRET with continuous-wave
excitation, two-color FRET with ALEX, and three-color FRET with ALEX.
For each type of experiment, we provide three state-transition-
classifiers trained on either two, three or four observed states, which
take the output category dynamic as the input. Note that the acceptor
intensity after direct excitation does not contain relevant kinetic

information and is not used in the state classifier networks. In addition,
a deep neural network is provided that has been optimized for
detecting the actual number of observed states and can be utilized for
model selection. One network has been trained for each type of dataset
(one-, two- and three-color data). The number-of-states neural net-
works are not essential in the automated analysis process but can serve
as a safeguard against trajectories that may be out of the scope of the
state transition classifiers.

Performance of Deep-LASI

A common approach to benchmark classifier models is using ground
truth labeled data and calculating confusion matrices, which sum-
marize the correct and incorrect predictions. For every trained model
(using ~ 200,000 traces), we generated approximately 20,000 new
traces for testing, which were not part of the training dataset. Each of
the validation datasets was then fed into the corresponding model.
The output predictions were compared to the ground truth labels for
every frame to obtain the percentage values of true positive, false
positive and false negative classifications. All trace classifier models
achieve a minimum combined precision of 97% in predicting SmFRET
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Fig. 2 | State analysis of single-color single-molecule data. a Sketch of the used
L-shaped DNA origami structure with a single fluorophore (Cy3B) attached to a
flexible tether, which changes position from state 1> 2 at the rate k;, and from state
2 > 1 at the rate ky;. The zoom-in shows the two single-stranded binding sites
(orange) in close and distant proximity to a quencher dye (Atto647N) bound to the
DNA origami structure. b Representative time transient for a DNA origami structure
with 7.5 nt binding strands after classification and kinetic evaluation by Deep-LASI.
¢ Transition-density plots depicting the interconversion events between the two
detected states 1 and 2 after trace kinetics evaluation by Deep-LASI (left, number of
transitions n = 25,948) and by Hidden-Markov Modeling (HMM) analysis (right,
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number of transitions n=19,390). Both approaches identify identical states.

d Cumulative probability Distribution functions (CDFs) of the dwell times: The
mono-exponential fits obtained by both methods reveal equivalent dwell times of
approximately 1.75 and 2.65 s for the upper (State 1) and lower (State 2) binding
sites, respectively. The errors in the dwell times are the 95% confidence intervals
returned by the fitting procedure (estimated from the Jacobian matrix). e A com-
parison of the CDFs was determined using Deep-LASI and HMM. Deep-LASI is
already sensitive at time scales on the order of the acquisition time. The average
difference is less than 1% between both methods. Source data are provided as a
Source Data file.

categories, i.e. static or dynamic, and 96% in predicting non-smFRET
categories (Supplementary Figs. 3.1 and 3.2).

Our number-of-states and state-transition classifiers were bench-
marked analogously. For the number-of-state classifiers, two states can
be distinguished from multi-state trajectories with at least 98% preci-
sion whereas four states are predicted with the lowest precision of 86%
for the single-channel model (Supplementary Fig. 3.3). For the state-
transition classifiers, the states can be identified with accuracies of
>98%, = 90% and > 78% for two-state, three-state and four-state models
respectively (Supplementary Fig. 3.4). The comparison between all
state-transition classifiers reveals a clear trend of decreasing accura-
cies with an increasing number of states and increasing accuracy with
an increasing number of available channels. This is expected since a
higher number of states have a larger probability of lower contrast, and
a higher number of channels improves the robustness towards
uncorrelated noise. Since confusion matrices do not reveal any
underlying dependencies, we additionally benchmarked the
state transition classifiers with HMM by calculating the precision of the
state label prediction for a broad range of noise levels, FRET state
differences and dynamic time scales (Supplementary Fig. 3.5). Overall,
the performance of state classifiers is at least on par with HMM at low
noise levels and outperforms HMM at high noise levels by up to 30%.
To investigate the advantage of using the information in the entire
dataset for the HMM analysis, we also compared the performance of
Deep-LASI with a local and a global HMM on idealized synthetic data
(Supplementary Fig. 3.6). Global HMM performs significantly better
than local HMM in this case and is on par with Deep-LASI.

As a last test, we compared the performance of Deep-LASI with
other kinetic analysis routines that have been recently published in a
multi-laboratory study®’. We chose to analyze the two-state datasets as
these require no user input and the analysis can be performed without
bias. Deep-LASI returned values corresponding to the ground truth for

the simulated dataset and close to the average values obtained for the
experimental dataset (Supplementary Fig. 3.8).

Deep-LASI analyses of DNA origami structures

Next, we benchmarked the potential of Deep-LASI to automatically
analyze experimental data obtained from DNA origami structures.
DNA origami is extensively used in bio-nanotechnology and has the
advantage of being programmable with high precision and controll-
ability. In particular, we choose an L-shaped DNA nanostructure with a
dynamic, fluorescently labeled 19 nucleotide (nt) single-stranded DNA
pointer. The geometry of the DNA structure was originally designed
for measuring energy transfer to a graphene surface®. The single-
stranded DNA pointer, along with two or three exchangeable docking
strands of different complementary sequences, allows the number of
states, position of the dyes, and kinetic rate to be programmed as
desired. Hence, it is an ideal test system for measuring and extracting
kinetic information from smFRET traces. FRET efficiencies and kinetic
rates could be tuned by varying the position and complementary
sequence length of binding strands on the DNA origami platform. We
designed various DNA origami structures with one-, two-, and three-
color labels and measured them on the single-molecule level.

In the first assay, we assessed Deep-LASI’s capability to evaluate
single-color data. For this, we probed one-color single-molecule
kinetics where the flexible pointer was labeled with Cy3B at the 3-end.
Two complementary binding sites with 8 nt complementary nucleo-
tides containing a 1 nt mismatch at the 5-end (referred to as 7.5 nt)
were placed about 6 nm below and above the pointer position (Fig. 2a).
Binding occurred by spontaneous base-pairing to single-stranded
protruding strands. A single red dye, Atto647N, acting as a quencher,
was attached about 3 nm aside from the upper binding site (state 1).
Figure 2b shows an exemplary intensity trajectory of Cy3B classified as
dynamic until photobleaching was detected by the trace classifier with
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Fig. 3 | Single-molecule analysis of two-color FRET data. Experiments were
performed with DNA origami structures exhibiting two FRET states. a Zoom-in of an
L-shaped DNA origami structure labeled with Atto647N and Cy3B and corre-
sponding kinetic scheme. The donor is attached to the flexible tether with a 7.5 nt
overhang between the pointer and two single-stranded binding sites. FRET is
expected between a high FRET state 1 (12 o’clock) and a low FRET state 2 (6 o’clock)
interconverting at rates ki, and ky;. b Representative single-molecule and apparent
FRET trace after alternating red-yellow (RY) laser excitation. Deep-LASI classifies
the trace and determines the underlying state for each frame. D: donor; A:
Acceptor; ex: excitation; det: detection. ¢ TDPs determined using Deep-LASI (left)
and HMM (right) are shown revealing two interconverting states with apparent
FRET values of 0.8 and 0.2. The two states are labeled in white. Total number of
transitions: Npeep-Lasi = 15,958, nyvm =21,243. d CDFs extracted from the TDPs

shown in (c) and mono-exponential fits yield dwell times of 1.76 s and 2.64 s,
respectively. The errorsin the dwell times are the 95% confidence intervals returned
by the fitting procedure (estimated from the Jacobian matrix). e A comparison of
the cumulative dwell-time distribution determined using Deep-LASI - HMM for 1
(gray) and 1, (cyan). f Histograms of trace-wise determined correction factors for
direct excitation, crosstalk and detection efficiency, either derived automatically by
Deep-LASI (gray histograms, median in black) or determined manually (blue lines,
median in cyan) (see Supplementary Note 5). g Apparent (left) and corrected (right)
frame-wise sSmFRET efficiency histograms for 1499 dynamic traces from a total of
6100 traces. The states have corrected peak FRET efficiencies of 0.07 and 0.81. The
histograms from traces selected by Deep-LASI are shown in gray and by manual
selection in blue. Source data are provided as a Source Data file.

two corresponding states determined by the state classifier as the
linker moves up and down.

We compared the results from Deep-LASI with a Hidden-Markov-
Model analysis (HMM) trained on the same dataset. Since the state
classifier does not directly predict a pre-trained intensity value for each
state, the TDP was generated by averaging the normalized intensity
between transitions. Both methods yield identical TDPs (Fig. 2c). The
residence time of the DNA tether in both states was determined by
fitting the cumulative dwell-time distribution functions (CDFs) derived
from the state-classifier of Deep-LASI with a mono-exponential fit and
compared to the results from HMM. The dwell times of 1.76 s versus
1.78 s (State 1) and 2.68s versus 2.65s (State 2) for Deep-LASI and
HMM, respectively, are in excellent agreement (Fig. 2d). The differ-
ences between the CDFs obtained by Deep-LASI and HMM (Fig. 2e)
indicate that Deep-LASI identifies fast transitions close to the frame
time more frequently than HMM. The overall difference at longer dwell
times remains well below 1%, which proves that Deep-LASI obtains
identical results to HMM with negligible differences in the extracted
rates. Interestingly, although the DNA binding strands are identical in
sequence and length, there are clear differences in the dwell times. We
attribute this to an inherent bias in the equilibrium position of the DNA
pointer and non-symmetric, non-specific dye-origami interactions. In

addition, it is unlikely that the distance to each docking strand and
potentially induced stress upon binding are identical for the two
binding sites, even though the binding sequence is the same. We note
that the kinetics we measure here are not directly comparable to other
DNA-hybridization experiments due to both interacting DNA strands
being tethered to the DNA origami platform. This leads to a high local
concentration of the binder strand, and multiple dissociation and
rebinding events can occur before the tether switches binding sites.
In the next step, we studied Deep-LASI’s ability to deal with two-
color data. We investigated two-color FRET assays with two states and
compared the results with a pure manual evaluation of the same data.
Here, both donor and acceptor signals from the same DNA origami
sample system as shown in Fig. 2a were analyzed (Fig. 3a). TIRF mea-
surements were performed using msALEX® yielding donor signal
(Cy3B, Channel DeyDer), sensitized emission (Channel DexAen) and
acceptor signal (Atto647N, Channel AAem) to obtain information
about acceptor photobleaching and direct excitation. Figure 3b shows
a fully classified example trace with the signals on top and the derived
FRET trace below. From the trace classifier, Deep-LASI identified
dynamic sections and individual photobleaching events (Fig. 3b; bot-
tom). The dynamic section was further classified in the state transition
classifier according to their state occupancy using only the two
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channels of the donor and acceptor intensity after donor excitation
(Fig. 3b; middle). The channel of acceptor excitation and detection
does not serve as input for the state transition classifier since it does
not contain valuable kinetic information. From a total of 6100 recor-
ded traces in the dataset, 1499 traces were classified as dynamic
smFRET trajectories with at least one transition.

The same traces were also sorted manually and the 1731 selected
dynamic traces were analyzed using HMM** (see Supplementary Note 5
for details). TDPs from the state transition classifier and from the HMM
analysis are nearly identical (Fig. 3c). Also, the corresponding dwell
times, determined via mono-exponential fits to the CDFs, are similar
(Fig. 3d) and correspond to the expected dwell times of the one-color
sample shown in Fig. 2 (~1.75s for state 1 and 2.68 s for State 2). A
comparison of the CDFs from Deep-LASI and HMM indicates that
manually selected traces contained more fast transitions than the
traces selected by Deep-LASI in this case (Fig. 3e). We looked into the
differences between manually selected traces and traces selected by
Deep-LASI. The most common classification discrepancies between
the two are discussed in Supplementary Note 4.1. Based on individual
example traces, we observed a stronger influence of the non-ideal
behavior of the traces outside the regions of interest (e.g. a noisy ALEX
signal or nonconstant signal intensities in photobleached regions of
the trace) on Deep-LASI's classification compared to that of manual
selection. We also compared the output of Deep-LASI with that of a
global HMM analysis executed on the same dataset (Supplementary
Fig. 4.2). As expected, the global HMM was prone to miss transitions
due to slight heterogeneities in the dataset.

Next, we investigated how sensitive Deep-LASI is to the training
dataset. Hence, we trained two additional classifier networks using
newly simulated datasets. Details are given in Supplementary Note 4.2.
The consistency between the differently trained neural networks is
~90%, similar to what would be expected from analysis run on the
validation datasets (Supplementary Fig. 3.1c). Interestingly, the con-
sistency between the different neural networks is higher than between
two independent users (Supplementary Fig. 4.3b).

To determine the distance between both dyes in the two FRET
states, the smFRET data needs to be corrected. Deep-LASI uses the
frames classified as photobleached to automatically derive the cor-
rection factors necessary for an accurate FRET calculation'***, In the
manual analysis, the relevant regions are selected by hand (Fig. 3f,
Supplementary Note 5). The correction factors agree within ~3%. Using
the derived correction factors, the correct FRET efficiency is deter-
mined. The apparent (left) and corrected FRET histograms (right) of
the Deep-LASI (gray histograms) and manually (blue lines) selected
traces are shown in Fig. 3g. There is excellent agreement between the
Deep-LASI and manually analyzed apparent FRET histograms. The
difference between the corrected histograms is due to the difference
in the correction factors determined and applied from the two ana-
lyses. In this case, as Deep-LASI classifies photobleaching on a per-
frame basis, more frames can be used for determining the correction
factors and are, thus, most likely, more accurate here. The corrected
peak FRET efficiencies are 0.81 and 0.82 (State 1) and 0.08 and 0.14
(State 2) for Deep-LASI and manual evaluation, respectively, and cor-
respond to distances of 53 and 53 A, and 103 and 92 A (assuming an R,
of 68 A7).

In the last step, we then tested the performance of Deep-LASI for
analyzing three-color data by labeling the DNA origami structure with
an additional blue dye, Atto488, at -3 A distance to the binding site for
State 2 (Fig. 4a). The labeling sites of the yellow (Cy3b) and red
(Atto647N) dyes were left unchanged to provide consistency with the
previous two-color experiments. The use of three FRET pairs provides
three distances simultaneously and allows the resolution of states that
are degenerate for two-color FRET.

Using the six available intensity traces, each frame is categorized
by the fluorophores that are active and whether the trace is static,

dynamic or should be discarded. As the acceptor intensity after
acceptor excitation (RexRem) does not contain valuable kinetic infor-
mation, the other 5 intensity channels for dynamic traces (before
photobleaching) are given as input for the state transition classifier
(Fig. 4b). Movement of the flexible tether results in an anti-correlated
change in the FRET efficiency of blue to yellow (BY) and yellow to red
(YR), visible in the apparent FRET panel of the example trace in Fig. 4b.
For each FRET pair, a TDP can be calculated, which allows the assign-
ment of the state number to the actual FRET populations (Fig. 4c).
Note, the apparent FRET efficiency of blue to red (BR) varies with the
YR FRET efficiency due to the different energy transfer pathways taken
upon blue excitation. Deep-LASI classifies a state regardless of which
dye is undergoing a transition, i.e. the extracted dwell time distribution
of a given state is the same for all FRET pairs when there is no overlap
of multiple states in the TDP. The dwell times for states 1 and 2 match
with those for the one-color and two-color samples, which indicates
that the transition rates are not influenced by the acceptor dyes close
by (Figs. 2d, 3d, Supplementary Fig. 6.1). From a total of 2545 recorded
molecules, 581 were classified as valid, dynamic three-color FRET tra-
ces. The uncorrected, framewise smFRET histograms of BY, BR and YR
FRET pairs are very similar to those from the 694 manually selected
traces (Supplementary Fig. 4.4a). A detailed comparison between the
manual analysis of the results from Deep-LASI is given in Supplemen-
tary Notes 4.3 and 4.4.

As for two-color FRET, Deep-LASI automatically determines all
correction factors obtainable per trace depending on which dyes are
photoactive. The results of the automated extraction of correction
factors are summarized and compared to manually derived correction
factors in Supplementary Fig. 4.4b. The corresponding apparent und
state-wise, corrected FRET efficiency histograms for each FRET pair are
shown in Fig. 4d. While the YR FRET efficiency can be directly calcu-
lated, the corrected BY and BR FRET efficiencies are subjected to
higher uncertainties due to the large number of correction factors
involved (see Supplementary Note 5). In particular, their dependency
on the YR FRET efficiency leads to the broadening of the distributions.
To minimize this influence, we perform the correction using the state-
averaged FRET efficiencies. After correction, the FRET efficiencies of
State 1 (0.81) and State 2 (0.08) for the YR FRET pair are virtually
identical as for the two-color system. For the BY FRET pair, State 1 and
State 2 correspond to peak FRET efficiencies of 0.36 and 0.81,
respectively. As expected, the two populations of the apparent BR
FRET efficiency merge into one static population in the corrected
histogram with a peak FRET efficiency of 0.36.

To probe the performance of the kinetic analysis from Deep-LASI,
we used the tunability of the L-shaped DNA origami structure to vary
the timescale of the dynamics. In addition to the 7.5 nt binding sites
(Fig. 4a-d), we measured three samples using binding sites of length
7 nt with a 1 nt mismatch (referred to as 6.5 nt), 7 nt, and 8 nt (Fig. 4e).
The summary of all extracted dwell times (Fig. 4f, Supplementary
Figure 6.1) shows an exponential increase in the dwell times of both
states with increasing binding site lengths ranging from 0.33 s t0 9.5s.
Considering the camera exposure times of 32 ms (6.5 nt), 50 ms (7 nt
and 7.5 nt datasets) and 150 ms (8 nt dataset) and frame shift time of
2.2 ms, a dwell-time to frame-time ratio ranges from 9 (6.5 nt State 1) to
62 (8 nt, State 2).

To test Deep-LASI with more complex dynamics with multiple
states, we constructed a three-state system with three-color labels
using 7 nt binding strands at positions 6 and 12 o’clock and an addi-
tional 7.5 nt complementary binding strand at 9 o’clock (Fig. 5a). An
example trace containing all possible transitions identified by Deep-
LASI is shown in Fig. 5b. The TDP of the BY FRET pair (Fig. 5c, left panel)
yields clearly distinguishable populations, while the TDP of the YR
FRET pair (Fig. 5c, right panel) shows a degeneracy of state 3 transi-
tions. Using the BY TDP, we determined the dwell time distributions
with residence times between 0.65s and 1.43s (Supplementary
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Fig. 4 | Single-molecule analysis of three-color FRET data. Experiments were
performed on two-state DNA origami structures that were labeled with Atto647N,
Cy3B and Atto488. While Cy3B is attached to a flexible tether, Atto647N and
Atto488 are positioned close to the top (12 o’clock; state 1) and bottom (6 o’clock;
state 2) binding sites, respectively. a Zoom-in of the L-shaped DNA origami struc-
ture and corresponding kinetic scheme. b Representative single-molecule intensity
and FRET trajectories for binding sites with 7.5 nt overhang after alternating red-
yellow-blue laser excitation. First panel: Intensities after blue excitation. Second
panel: intensities after yellow and red excitation. Third panel: corresponding three-
color FRET efficiencies. Fourth and fifth panels: Deep-LASI output for state transi-
tion and trace classification. B: blue; Y: yellow; R: red; ex: excitation; det: detection.
c TDPs of the apparent FRET efficiency states reveal an apparent distance change
for all three FRET pairs (BY (left), BR (middle), and YR channel (right) with dwell
times of 1.75 s and 2.69 s for the upper and lower binding site, respectively, nearly
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identical to the two-color DNA origami structures (Fig. 3c). Total number of tran-
sitions: 5,013. d Frame-wise weighted state-wise apparent (gray) and corrected
(color) smFRET efficiency histograms of the BY (left), BR (middle), and YR (right)
FRET pairs. As expected, the accurate FRET efficiency of the BR pair is static
(E=0.36). As the position of Cy3B changes from state 1 to state 2, the accurate FRET
efficiency changes from 0.36 to 0.81 (BY pair) and from 0.81 to 0.08 (YR pair).
e Upper panel: Representative three-color smFRET traces for binding sites with 6.5
nt (7 nt with 1 nt mismatch), 7 nt and 8 nt overhangs after alternating RYB laser
excitation. Bottom Panel: The corresponding state determined by Deep-LASI.
f Extracted dwell times from mono-exponential fits for the lower (blue) and upper
positions (black) for 6.5 nt (7;: 0.31s, 7,: 0.4 5), 7 nt (7;: 0.66 s, 7,: .05 5), 7.5 nt (7;:
1.75s, 7,: 2.69s) and 8 nt overhangs (z;: 6.41s, 7,: 9.54 s) (see Supplementary
Figure 6.1 for more details). nt: nucleotides. Source data are provided as a Source
Data file.

Figure 6.2). The three states are well-resolved in the framewise
apparent BY FRET histogram, while state 2 and state 3 are degenerate
for the BR and YR FRET pairs (Fig. 5¢). Applying all correction factors
yields peak YR FRET efficiencies of 0.81 (state 1), 0.08 (state 2) and 0.19
(state 3). Upon correction, States 1 and 3 in the BY FRET histogram
merge into a broad degenerate FRET population. However, using the
state information for all three fluorophores allows us to separate out
the BY FRET histograms of the individual states.

For three-color FRET, the corrected BY and BR FRET efficiencies
depend on the YR FRET efficiency, and the additional corrections
broaden the population. However, even though the data may be noi-
sier, three-color experiments contain additional information, which
typically allows one to resolve states that are degenerate in two-color
experiments. This is exemplified in two-color FRET experiments on the
same construct missing the blue fluorophore near the 6 o’clock bind-
ing site (Supplementary Note 6.3). For distinguishable states, the
determined corrected FRET efficiencies and kinetic rates from two-
and three-color experiments are the same. However, three-color FRET
experiments enable the lifting of this degeneracy between states 2 and
3. To minimize the influence of the increased noise in three-color
experiments, it is advantageous to analyze the data in proximity ratio
and only convert it to corrected FRET efficiencies when necessary'.
Deep-LASI can rapidly classify a large number of molecules and quickly

provide an overview of multi-state dynamics with easy access to the
kinetic information.

Further applications of Deep-LASI

After extensive benchmarking, we applied Deep-LASI to various single-
molecule datasets originating from biophysical assays, protein sam-
ples and experimental systems beyond TIRF microscopy. With the
speedup in analysis time from days to minutes, experiments become
possible that would have been unthinkable when performing
the analysis manually. One example is a titration experiment where the
biochemical conditions are varied. Here, we measured the influence of
glycerol concentration on the dynamics of the 3-colored L-shaped DNA
origami introduced in Fig. 4a with 7.5 nt overhangs. Interestingly, we
observed a decrease in residence time in both states with increasing
glycerol concentrations (Fig. 6a, b). Dwell times start at 1.75 s (state 1)
and 2.69s (state 2) for pure imaging buffer and decrease down to
0.62 s and 0.85 s in buffer containing 30% (v/v) glycerol. The multi-fold
increase in binding kinetics can be explained by a reported destabili-
zation of base-pairing due to changes in the ssDNA hydration shell*’
and concomitantly disturbed hydrogen bonding due to the osmolyte-
DNA interaction. The melting enthalpy and melting temperature
decreases linearly with glycerol concentration at about 0.2 °C per % (v/
v)***% in line with our observations (Fig. 5b). With Deep-LASI at hand,
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local screening and time-consuming parameterization of imaging
conditions become feasible.

Next, we applied Deep-LASI to smFRET measurements on pro-
teins. We previously used dual-color FRET studies to probe the
nucleotide-dependent conformational states*® of Sscl, a mitochon-
drial heat-shock protein Hsp70 in yeast. By fluorescently labeling both
the nucleotide-binding domain and the substrate-binding domain, we
investigated the influence of ADP on the inter-domain separation via
smFRET. As the proteins were immobilized by incorporation in vesi-
cles, a photostabilization buffer could not be used for the experiments.
Hence, the signal-to-noise ratio in these experiments is lower than
those exhibited by the photostabilized DNA origami structures. A
comparison of traces selected manually and/or by the Deep-LASI
analysis is discussed in Supplementary Note 6.5. For the different ADP
concentrations, Deep-LASI identifies the underlying FRET states in line
with the manually evaluated data*® (Fig. 6c). It correctly identifies
transitions between two distinct states, a loosely docked conformation
with high FRET efficiency (E=81%) and a separated undocked state
(E=50%), as shown in Fig. 6d). The automated data analysis of Deep-
LASI confirmed the ADP-dependent kinetics of the domain sensor in
good agreement with previous, manually evaluated results*® (Fig. 6e,
f). This demonstrates the proficiency of Deep-LASI for unsupervised
data evaluation of smFRET data on proteins.

Finally, we tested the automated analysis of Deep-LASI applied to
a different microscopy approach for smFRET, i.e. confocal single-
molecule data on immobilized molecules that can be collected with
microsecond time resolution. We chose the same double-labeled DNA
origami structure introduced in Fig. 2a but with different combinations
of docking strands. For these constructs, the measured FRET effi-
ciencies will be the same but with different dynamics. By changing the
hybridization length or by adding mismatched bases in the docking
strand, the interaction time of each binding site can be tuned indivi-
dually from ~ 1ms to 10s of seconds by adjusting the stabilization
energy of DNA hybridization. As expected, shorter hybridization
sequences lead to fast dynamics. Figure 6g shows a representative

intensity trajectory of a DNA origami structure (containing 6 nt com-
plementary overhangs) that was classified as dynamic and the corre-
sponding predictions of the state classifier. Although the unquenched
state (state 2) shows a high variance in intensity, the state classifier
predicts transitions with high accuracy and confidence. In the case of
the 5 nt complementary overhangs, the dwell times approach 1 ms
(Fig. 6h), and the output probability, p, of the state classifier decreases
significantly due to the low signal-to-noise ratio of the trace. Thus, the
probability value is an important parameter indicating the confidence
the state classifier has in the assignment of the state and can be used as
a threshold. Figure 6i (colored symbols) compares the mean dwell
times extracted by Deep-LASI for all the confocal datasets with the
results obtained by a newly developed shrinking-gate fluorescence
correlation spectroscopy (sg-FCS) approach®. In sg-FCS, a pulsed light
source is used such that the fluorescence lifetime information can be
incorperated into the analysis. By shrinking the analysis window of
photons based on their detected arrival time after excitation, we vary
the relative brightness of two species with different fluorescence life-
times (e.g. the low FRET and high FRET states). This leads to a robust
extraction of the kinetic rates between the two states from the auto-
correlation analysis of the FCS data. For all binding site combinations
with 6 nt to 7 nt complementary overhangs, dwell times obtained by
both methods are in excellent agreement. The largest deviation was
found for the 6 nt binding sites in the asymmetric 6 nt/7 nt sample
(Fig. 6i, purple) (a factor of 2) where there is large heterogeneity and
limited statistics*. The dwell times for the sample with 5 nt com-
plementary overhangs follow the exponential trend observed for
longer binding sites but the binning of 0.6 ms, together with the
resulting low signal-to-noise ratio, reach the current limit of Deep-
LASI’s state classifier. For completeness, we have included the results
from Fig. 4e, f in Fig. 6i (gray triangles). There is a shift in dwell times
between TIRF and confocal data due to the different temperatures of
the two laboratories (~19 °C confocal, ~22 °C TIRF, see Supplementary
Note 6.4). Lower temperatures lead to a higher standard free energy
and concomitantly longer binding time***, In the case of the 6.5 nt
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Fig. 6 | Use of Deep-LASI on titration experiments, protein data, and confocal
data. a, b 3cFRET: Tuning the dissociation thermodynamics between protruding
ssDNA strands by osmolytes. a CDFs of the dwell times, assessed through mono-
exponential fits, for state 1 (left) and state 2 (right) of the L-shaped DNA origami
structure from Fig. 4a decrease with increasing glycerol concentration. b Depen-
dence of dwell times for both states versus glycerol concentration. c-f 2cFRET:
Probing domain-domain interactions in Sscl, a mitochondrial Hsp70. ¢ Frame-wise
smFRET distributions of Hsp70 molecules in the presence of 1 mM ADP classified as
dynamic by Deep-LASI (gray) and evaluated manually (blue) from a total of 3534
traces. d The TDP generated by Deep-LASI aligns with the data plotted in (c),
illustrating the interconversion between the undocked (-~ 0.5) and docked (-~ 0.8)
conformations. Total number of transitions, n = 3914. e CDFs of the dwell times and
mono-exponential fits to the dwell time distributions derived by Deep-LASI for
domain docking (left panel) and domain undocking (right panel) depending on the
ADP concentration. f Comparison between average dwell times extracted by Deep-

LASI (triangles) and by manual evaluation (crosses) using HMM. Deep-LASI matches
the published trend with similar dwell times*’. g—i 1c-FRET: Deep-LASI analysis of
ssDNA binding kinetics observed via confocal microscopy. g Confocal trace (with
2 ms binning) of the DNA origami structure from Fig. 2a with 6 nt binding sites and
corresponding states predicted with high confidence. h Confocal trace (with 0.6 ms
binning) of a DNA origami structure with 5 nt binding sites and predicted states.
Due to the low SNR of the data, the confidence output of Deep-LASI reaches its
lower limit. i Mean dwell times obtained from confocal data for various binding site
lengths analyzed by sg-FCS* (circles) and Deep-LASI (triangles). The results align
well, except for dwell times extracted from the 5 nt sample, which was predicted
with a low confidence distribution due to low SNR and a limited amount of infor-
mation in the one-channel input. Dwell times obtained from TIRF data are displayed
in light gray for comparison. nt: nucleotides. Source data are provided as a Source
Data file.

binding sites sample (Fig. 6i, yellow), lower dwell times are consistently
observed for the TIRF data. This discrepancy is due to the difference in
temporal resolution of the two measurements (2 ms for confocal vs
30 ms for TIRF). The lower temporal resolution of the TIRF measure-
ments led to a higher probability of fast transitions being averaged out
and an underestimation of the actual transition time. This is a limita-
tion of the real experimental data and is not attributable to Deep-LASI.
On the contrary, Deep-LASI can back-trace shortcomings of either
technique, identify rare events and monitor conformational changes
over several time scales in an unsupervised manner.

Discussion

Deep-LASI is a deep-learning algorithm for the rapid and fully auto-
mated analysis of one-, two- and three-color single-molecule assays.
Employing state-of-the-art neural network architectures optimized for
time series data, we extended the classification of two-color FRET
trajectories to include single- and three-color data, analyzed the

photobleaching information and incorporated a full state transition
classification.

The utilization of deep-learning approaches for single-molecule
analysis comes with both advantages and potential pitfalls. One major
advantage is the ability of neural networks to capture intricate tem-
poral dependencies and complex patterns in time-series data. This
allows for improved classification accuracy and the identification of
subtle transitions or states that may be challenging to discern using
traditional analysis methods. Additionally, deep-learning models can
learn from large amounts of data, reducing the dependence on prior
assumptions that may introduce user bias.

It is essential to consider potential pitfalls when using deep neural
networks for single molecule analysis. One challenge is the interpret-
ability of the neural networks” decisions. While mathematical models
and simpler thresholding techniques introduce user bias, they provide
explicit confidence levels or probabilities derived from the user’s
modeling choices. In contrast, the output generated by neural
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networks can be viewed as an artificial confidence level, minimizing
user bias and increasing the consistency of the analysis. However,
potential unknown biases inherent in the network itself may be
introduced. Although neural networks can demonstrate high accuracy
on validation datasets, understanding the underlying features and
mechanisms influencing their predictions can be more challenging
compared to conventional methods with explicit assumptions.

Ideal single-molecule traces are straightforward to model, and
Deep-LASI is trained to be stringent when encountering non-ideal
traces at a high confidence threshold. Hence, the default output of
Deep-LASI when analyzing data with poor SNR is to discard the
majority of the traces. By adjusting this threshold, users can instanta-
neously modify the accepted traces and monitor changes in the final
results. This approach ensures a very low false positive classification
rate when using a high confidence threshold and allows for gradual
threshold reduction to increase statistical coverage. However, the
outcome should be continuously monitored by the user. This iterative
process effectively balances stringent classification and the need for
increased statistical robustness in the analysis of new datasets.

Furthermore, Deep-LASI offers an advantage in terms of inter-
pretability as it is trained solely on editable and extendable simula-
tions. This characteristic provides users with greater control and
knowledge over potential biases and enables them to tailor Deep-LASI
to a wide range of experimental conditions. It is important to note that
neural networks are data-driven models and heavily rely on the quality
and representativeness of the training data. Therefore, careful con-
sideration must be given to curating the training dataset to avoid
biases and ensure the generalizability of the model to diverse experi-
mental conditions. Regular validation and testing using independent
datasets are crucial steps to assess the robustness and reliability of the
model’s performance. In addition, when measuring an unknown
experimental system for the first time, it is helpful to visually inspect
the traces that are being discarded to verify that the classification is
still reasonable. By following these practices, researchers can enhance
the trustworthiness and applicability of Deep-LASI in real-world
scenarios.

In conclusion, Deep-LASI addresses the need for rapid, high-
throughput screening of fluorescence intensity trajectories. This
opens new possibilities for single-molecule assays and enables a timely
analysis of complex experimental approaches thanks to the efficient
and retrainable neural network architecture of Deep-LASI. It has a high
potential for applications in a myriad of fields including biother-
anostics, sensing, DNA barcoding, proteomics and single-molecule
protein sequencing. We envision that deep-learning approaches, along
with single-molecule sensitivity, will dramatically assist and accelerate
analytics and be indispensable in the future.

Methods
Chemicals
Chemicals were purchased from Sigma-Aldrich and used without fur-
ther purification, if not stated otherwise. Chemicals include acetic acid,
agarose, ammonium persulfate, (3-aminopropyl-) triethoxysilane
(APTES), biotin-poly(ethylene glycol)-silane (biotin-PEG, MW3000,
PG2-BNSL-3k, Nanocs, NY; USA), bovine serum albumin (BSA; New
England Biolabs, Ipswich, MA, USA), Blue Juice gel loading buffer
(ThermoFisher Scientific), ethylene-diamine-tetraacetic acid sodium
salt dehydrate (EDTA-Na, x 2H,0), glycerol, magnesium chloride
(MgCl, x 6H,0), 2-[methoxy(polyethyleneoxy)propylltrimethoxy-
silane (mPEG, #AB111226, abcr; Germany), phosphate-buffered saline
(PBS), protocatechuate 3,4-dioxygenase from Pseudomonas sp. (PCD),
protocatechuic acid (PCA), streptavidin, sodium chloride, Tris base,
Tris HCI, and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox) and beta-mercaptoethanol (BME).

All unmodified staple strands (Supplementary Note 7, Supple-
mentary Table 7.2) used for DNA origami structure folding are

commercially available and were purchased from Integrated DNA
Technologies®. Staple strands with modifications (Supplementary
Tables 7.3 and 7.4) were obtained from Biomers (Supplementary
Table 7.3: Biotin; Supplementary Table 7.4: Atto488) and Eurofines
Genomics (Supplementary Table 7.4: binding sites, Cy3b and
Atto647N).

DNA origami structures: assembly, purification and
characterization

Preparation of the L-shaped DNA origami structures follows the pro-
cedures described previously by Tinnefeld et al.>*. In brief, the
L-shaped DNA origami structures were folded with a 10-fold excess of
252 different, unmodified and labeled oligonucleotides to the com-
plimentary 8064 bp scaffold strand in folding buffer, which contained
40 mM Tris base, 20 mM acetic acid, 20 mM MgCl, x 6 H,0, and 1 mM
EDTA-Na, x 2 H,0. A complete list with sequences of oligonucleotides
used for producing the DNA origami structure is given in Supple-
mentary Note 7. For folding, a nonlinear thermal annealing ramp over
16 hours was used*’.

After folding, the DNA origami solution was cleaned via gel
electrophoresis in 50 mL 1.5% agarose-gel containing 1x gel buffer
(40 mM Tris base, 20 mM acetic acid, 12 mM MgCl, x 6 H,0, and
1 mM EDTA-Na, x 2 H,0). The gel pockets were filled with a solution
of 1x Blue Juice gel loading buffer and the DNA origami solution. The
ice-cooled gel was run for 2h at 60V. When samples were to be
recovered from the gel, the staining step was omitted and the Cy3b
fluorescence was used instead to identify the correct DNA origami
structures. Gel extraction was performed via cutting with a scalpel
and squeezing the gel with a Parafilm® (Bernis®) wrapped glass slide.
The concentration was determined by absorption spectroscopy on a
NanoDrop 2000 device (ThermoFisher Scientific). Purified DNA ori-
gami structures were kept in storage buffer, i.e. in 1x TAE buffer
(40 mM Tris base, 20 mM acetic acid and 1 mM EDTA-Na, x 2H,0)
with 12.5mM MgCl, x 6 H,0 (pH=8.4).

The correct folding of the DNA origami structures was confirmed
using atomic force microscopy and transition electron microscopy
(see Supplementary Figure 7.2).

Sample preparation for multicolor prism-type TIRF experiments
Labeled DNA origami molecules were immobilized in flow channels
formed between a coverslip and a surface-functionalized quartz prism.
The surfaces were sandwiched on top of each other and sealed by a
molten, pre-cut Nesco film (Nesco) channel. The employed prism
surface was functionalized before with a biotin-PEG/mPEG coating to
achieve surface passivation and prevent unspecific binding. Before the
TIRF experiments, the prisms were first flushed with PBS and then
incubated with a streptavidin solution (0.2 mg/mL) for 15 min. After-
wards, the sample holder was washed 3x with PBS to remove free
streptavidin and then with storage buffer (1x TAE, 12.5mM MgCl,,
pH =8.4). Next, the DNA origami sample was diluted to 40 pM in sto-
rage buffer, added to the flow chamber and immobilized to the prism
surface via the biotin-streptavidin linkage. After 5min, untethered
DNA origami structures were removed by rinsing the chamber 3x with
storage buffer. Next, the attached fluorophores on the DNA origami
structure were photostabilized by a combination of ROXS and an
oxygen scavenging system based on PCA/PCD*. The photostabiliza-
tion buffer was mixed as follows: 1uL of 100 mM Trolox/Ethanol
solution was added to 97 uL storage buffer. The sample was then aged
using a UV Lamp (M&S Laborgerite GmbH, UVAC-6U, 2 x 6 W; 254 and
366 nm) until an equal ratio of Trolox and Trolox-quinone was formed
(typically 6 minutes)*. Immediately before starting the TIRF experi-
ments, 1uL of 100 mM PCA in methanol and 1uL of 100 mM PCD
solution (50% glycerol, 50 mM KCI, 100 mM Tris HCI, 1 mM EDTA-Na, x
2H,0, pH8) was added to the total volume. In the case of samples
containing Atto488, 1uL of 143M PBME was added to the
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photostabilization buffer. The sample chamber was flushed with
photostabilization buffer and sealed to allow for enzymatic oxygen
depletion. A minimum of 5minutes waiting time preceded the
experimental recordings. The photostabilization buffer was refreshed
every 45 minutes until the end of the experiment.

All two- and three-color FRET experiments were carried out using
msALEX™, i.e. two- or three excitation lasers were alternated frame-
wise. The lasers of different excitation wavelengths were synchronized
using an acousto-optical filter (OPTO-ELECTRONIC, France) with the
camera frame rate using an FPGA that synchronizes the excitation and
simultaneous detection on the EMCCD cameras at 32 ms, 50 ms or
150 ms exposure times (depending on the sample) for 2000 (two-
color) and 2400 (three-color) frames. The laser powers were set to
28 mW (0.022 mm?, 491 nm), 16 mW (0.040 mm?, 561 nm) and 10 mW
(0.022 mm?, 640 nm) for B-Y-R excitation.

Multi-color TIRF setup

Single-pair FRET experiments on surface-immobilized DNA origami
structures were carried out on a home-built TIRF microscope with
prism-type excitation as previously published*’. Three laser sources
(Cobolt, Solna; Sweden) at 491 nm, 561 nm and 640 nm are available,
and used for triple-color TIRF experiments with an alternation rate of
27 Hz (including a 2.2 ms frame transfer rate) between the B-Y-R laser
excitation. The resulting emission was collected by a 60xwater
immersion objective (60%/1.27 WI Plan Apo IR, Nikon), cleaned up with
a notch filter (Stopline® Notch 488/647, AHF), and the red emission
was separated from the blue/yellow emission by a dichroic mirror
(630DCXR AHF; Germany) followed by separation of the blue and
yellow emission (560DCXR AHF). The emission was spectrally filtered
(AHF Analysentechnik, Tiibingen, Germany) for the blue (ET525/50),
yellow (HQ595/50) and red (ET685/40) collection channels and after-
wards detected on three EMCCD cameras (Andor iXon (1x)/iXon Ultra
(2x), Andor Technologies, Belfast; UK) via the supplier’s software
Andor Solis (Version 4.29.30005.0; Oxford Instruments). Synchroni-
zation and alternation of the exciting laser sources, as well as the
frame-wise data acquisition on three separate cameras, were achieved
using a LabView-written program that controls a field programmable
gate array (FPGA; NI cRIO-9073). While the program starts the mea-
surement, the FPGA synchronizes the execution of the hardware via
TTL pulses, i.e. it controls switching on/off the excitation sources by
direct modulation of the AOTF (491, 561, 640 nm), while simulta-
neously starting the data acquisition by the three cameras. The videos
were analyzed afterward by a custom-written MATLAB program (Ver-
sion 9.13.0.2166757; Mathworks, Massachusetts, USA).

Single-molecule data analysis, data evaluation and
representation

Time traces of individual, fluorescently labeled DNA origami structures
were extracted from measurements using one, two or three cameras
for one-, two- and three-color experiments, respectively, using Deep-
LASI. Deep-LASI is written in MATLAB (Version 9.13.0.2166757; Math-
works, Massachusetts, USA) and uses neural networks trained with the
Python library TensorFlow (Version 2.8.0). All raw data were recorded
by EMCCD cameras (iXon 897, i.e. frames with 512 x 512 pixels con-
taining fluorescence intensity information) and stored as TIFF stacks
using the supplier’s software Andor Solis. The resulting traces are then
analyzed either using the pre-trained neural networks (Supplementary
Notes 2, 3) or manually (Supplementary Note 5). The regions of single-
molecule traces that were classified as dynamic with photoactive
fluorophores were selected for downstream analysis. In the automated
analysis procedure, the state transitions and state dwell times were
predicted by a neural network model. All manually selected traces
were analyzed using Hidden Markov Models, locally fit to each inten-
sity trace (1-color data) or FRET trace (2-color data) assuming two
states with Gaussian emission distribution functions and using the

Baum-Welch algorithm. The Gaussian emission distribution functions
serve as the prior for the HMM, which are iteratively updated during
the analysis. The convergence threshold was set to 10 and the max-
imum number of iterations was set to 10%. All predicted transitions
were extracted from a transition density plot and the corresponding
dwell times were fit to an exponential function. All correction factors
for calculating the corrected FRET efficiency were determined using
the manual or automated classification of photobleaching steps. All
employed methods, automated and manual, were performed using the
Deep-LASI user interface. Final panels were all presented using
MATLAB 2022b (Version 9.13.0.2166757; Mathworks, Massachusetts,
USA), exported as vector graphics, and assembled into figures using
Adobe lllustrator CS2022 (Adobe Inc.; USA). 3D representations of the
DNA origami structures were rendered in Blender (Version 2.93.6), and
further assembled and labeled in lllustrator. The AFM images were
plotted using JPK Desktop Software (Version 6.1.200 A).

Statistics & reproducibility

For training the neural network, we used a simulated dataset with ~
200,000 traces as it is sufficient to cover an extensive range of rea-
listic experimental parameters and thereby avoid any bias in the
analysis. This includes FRET efficiencies between 0.01 and 0.99, dwell
times of 1 to 100 frames and SNR of ~0.3 to 50. Experimentally, we
typically measured 100 movies for each condition, as this usually
generates several thousand acceptable traces. The full datasets were
analyzed. The program, as part of its function, determines which
intensity traces are suitable for further analysis. The computer
selection was tested against simulated traces as well as compared
with human analyses.

The Deep-LASI software was trained on three independently
generated datasets. Deep-LASI was also compared with two users who
manually analyzed the same datasets. The number of states, FRET
efficiency histograms and kinetic rates extracted from the different
analyses are consistent and, when available, are within the confidence
intervals from the fits. Experiments were not randomized. The
researchers were not blinded as knowledge regarding the sample did
not influence the manual selection or analysis of the data. For the
neural network, the advantage is that it operates only based on the
data that it has been trained with. Hence, blinding is not applicable.

For analysis of the dwell-time distributions, a mono-exponential
function was fit to the cumulative distribution function in MATLAB
2022b. The optimal fit values, along with the 95% confidence intervals,
are given in the text and figures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data for all figures and all supplementary figures have been
deposited in the Zenodo database*® [https://zenodo.org/record/
7561162], with the exception of previously published data (HSP70
SSC1 and DNA origami confocal data in Fig. 6). Source data are pro-
vided with this paper.

Code availability

The program is available on GitLab [https://gitlab.com/simon71/
deeplasi]. Extensive documentation for the Deep-LASI software pack-
age can be found at https://deep-lasi-tutorial.readthedocs.io/en/latest/
index.html.
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SUPPLEMENTARY NOTE 1: NEURAL NETWORK

1.1. Architecture

For the Deep-LASI software package, two different neural-network architectures are used. One
architecture is for trace classification and another for the number of states and state transition
classification (Supplementary Figure 1.1). Both architectures are hybrids of a convolutional
neural network (CNN) and a long short-term memory (LSTM) model, which were designed
using TensorFlow with Keras APL.! The CNN framework was inspired by an omni-scale 1D-
CNN, which elegantly solves the problem of finding the optimal kernel sizes by making it part
of the training process.? Unlike traditional CNNs that operate on 2D spatial grids, the omni-
scale CNN processes time series data directly by utilizing one-dimensional convolutions. These
convolutional operations consider the temporal dependencies among data points, enabling the
network to effectively model the sequential nature of time series data. Single-molecule Forster
Resonance Energy Transfer (smFRET) data often exhibit complex patterns on different
timescales, which can be crucial for accurate classification. The omni-scale CNN architecture
incorporates multiple convolutional layers with different kernel sizes at the same level of depth,
enabling the extraction of features at various temporal resolutions. However, the pure CNN
architecture can only produce a single classification for the entire input sequence, i.e. one
category per single molecule trace. The inclusion of LSTM after feature extraction of the CNN
enables the sequential classification of each trace, producing a classification output at each time
step. This characteristic of LSTM allows for the fine-grained detection of valid smFRET
frames, photobleaching steps and state transitions. For all of our presented tasks, the omni-scale
CNN LSTM hybrid architecture outperformed pure LSTM or ResNet® models. We did not
employ the full range of prime numbers suggested for the kernel sizes as we found the accuracy
did not increase above 23. Hence, the number of trainable parameters was greatly reduced. In
the trace classifier model, we added a 1x1 convolution layer for dimensionality reduction to
further increase efficiency without a trade-off in validation accuracy. Any down-sampling of
the time dimension was avoided since the loss of this information significantly decreased the
validation accuracy. This was achieved by omitting any kind of pooling or averaging layers, by
zero-padding all inputs for the convolutional layers and setting the stride of all convolutional
filters to 1. For kernel initialization, we used the He Normal distribution* as it showed the fastest
convergence rate. Each convolution layer is followed by a batch normalization layer and an
activation layer using the rectified linear unit (ReLU) activation function.’
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Supplementary Figure 1.1: The deep neural network architectures used for the trace classifier (a), and for the
state transition classifier and the number of states classifier (b).

1.2. Trace classifier architecture

The trace classifier consists of four convolution layers followed by two LSTM layers and one
fully connected layer as the feature extraction module (Supplementary Figure 1.1a). In the first
convolution layer, the input is fed into 10 layers with 32 filters each. The kernel filter size is
varied between layers with sizes given by the prime numbers from 1 to 23. All layers are stacked
sequentially, i.e. they operate on the same level of depth. The second convolution layer serves
as a dimensionality reduction layer with 32 filters and a kernel size of 1. The third convolution
layer has the same hyperparameters as the first layer. A fourth convolution layer is added,
composed of two branches with 32 filters each and kernel sizes of one and two, which allows
the receptive fields of the network to cover all possible integers. The output of the CNN is fed
into a LSTM layer with 128 units, followed by a second LSTM layer with 32 units and the final
dense layer for classification. For the training procedure, we placed a dropout layer at a rate of
0.22 before the first LSTM layer and two dropout layers at a rate of 0.5 after the two consecutive
LSTM layers to maximize the validation accuracy and reduce overfitting.
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1.3. State transition classifier and number of states classifier architecture

The main difference in architecture between the transition classifier and the trace classifier are
the depths and widths of the CNN and LSTM structure. The state transition classifier is
composed of two convolution layers, three LSTM layers, and one final dense layer
(Supplementary Figure 1.1b). The kernel sizes of the first convolution layer are prime numbers
in the range of 1 to 23 with 64 filters each. The second convolution layer has kernel sizes of
one and two with 32 filters each. The CNN substructure is directly followed by three LSTM
layers with 128 units. Dropout layers are placed after each LSTM layer using a rate of 0.5. At
the end, a fully connected layer (or dense layer) is used to reduce the output of the network into
the number of given categories.
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SUPPLEMENTARY NOTE 2: TRAINING

Although an optimized architecture is important and improves the efficiency of a neural
network, the functionality of the network rises and falls with the dataset used for training the
network. There are a number of important factors to consider when training a neural network.
Typical pitfalls include using a dataset that is too small in size or contains an intrinsic bias, or
overfitting the training data. A neural network is biased towards features it has seen before.
Hence, the training dataset should include the various possibilities (e.g. number of FRET states,
kinetic rates, signal-to-noise ratios). If the training dataset includes any bias, this will also be
reflected in the output of the algorithm. One way that bias can be introduced into the training
dataset is from unbalanced sampling of categories. For example, for the trace classifier models,
it is important that the training dataset includes the same number of traces from each category.
It is also important to know when to stop the training process. Neural networks can be
overtrained, meaning that they memorize the training data but do not learn the general principles
behind it. Below we discuss the details of the training procedure and how we optimized the
training process.

2.1. Training procedure

Both the trace classifier and transition classifier models were trained using the Adam optimizer
with the default settings®. We used a hybrid method of increasing the batch size and lowering
the learning rate during training. The entire training set of ca 200,000 traces is feed into the
neural network in batch sizes of 32 traces until the network has seen all traces (referred to as an
epoch). After the network has seen all traces once, some input units are randomly set to 0 using
dropout layers and the dataset is fed again in batches to the neural network in the next epoch.
The dropout layers reduce overfitting and allow generalization of the learned information.
When the validation loss is not significantly lowered within 4 epochs, the batch size is doubled.
An initial learning rate of 0.001 was decreased analogously by factors of 10 after a batch size
of 512 was reached.

2.2. Training dataset preparation

To generate training datasets, we found the approach of using simulations, originally described
in Thomsen et al.’, to be the most promising. This is especially true for three-color models
capable of detecting state transitions or photobleaching events of each dye individually. A
manual collection of labeled traces on a scale large enough for adequate training would be prone
to biases and/or errors due to incorrect trace identification. In addition, the datasets would not
be optimized for microscope setups with different characteristics. The signal and noise
characteristics of smFRET data is well enough understood that simulated data can accurately
reproduce the characteristics of real data. Beside the architecture itself, the main differences
between our trace classifiers and the DeepFRET model’ is the ability to classify one-color and
three-color data and to predict the photobleached frames of each fluorophore separately. We
adopted the categories ‘dynamic’, ‘static’, ‘noisy’, and ‘aggregate’ while implementing
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additional categories for all possible photobleaching events. The ‘artifact’ category includes
false localizations, overestimated background and random perturbations of the intensity traces.
For the simulated data, idealized intensity traces for each primary category (i.e. non-
photobleaching category, 'dynamic', 'static', 'noisy', 'aggregate' and 'artifact') are generated and
then photobleaching steps are added for the different dyes by randomly determining the survival
time of the dye from a given exponential distribution. The addition of photobleaching as well
as other processes in the simulation may lead to alterations in the label of the given trace. For
example, a simulated 'dynamic' trace that does not undergo a transition before photobleaching
or by the end of the trace would be recategorized as 'static'. To ensure that the network sees the
same number of frames for the different categories including all the photobleached categories,
the number of traces selected for the training set needs to be balanced. Hence, we begin by
simulating ~250,000 traces of 500 frames for each primary category. After including
photobleaching, the number of labeled frames for each category is determined. The category
with the minimum number of frames determines a threshold at which additional traces,
depending on their present classification, are added or excluded from the final training dataset.
The typical number of traces included in the final training dataset is approximately 200,000.
This balancing procedure ensures that no category is over- or underrepresented across all frames
and minimizes biases of the trained deep neural networks. Supplementary Figure 2.1 shows the
cumulative distribution of category labels in each training set used for trace classification.
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Supplementary Figure 2.1: Cumulative distribution of labeled categories in training datasets for one-color (a),
two-color (b) and three-color data (c¢). The same dataset was used for training the continuous wave two-color
network as for the two-color ALEX network with the exception that the ALEX channel was not included.

For training of the state classifiers, only frames where all dyes are photoactive are included and
hence photobleaching can be ignored for training these classifiers. The number of categories in
the training sets then equals the number of states in the model. The visible states are first
counted and sorted according to their chronological order before the state of each frame is
assigned. This results in the first observed state always receiving the first label regardless of the
FRET efficiency value and hence a state label only corresponds to a particular FRET value
when a given dataset is analyzed globally.
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2.3. Simulation of single molecule traces

Single-molecule intensities traces are simulated by first initializing the number of traces to be
simulated (250,000 in our case) and the probability of the trace being a single-molecule
trajectory or an 'aggregate'. All parameters used for simulating single-molecule traces are given
in Supplementary Table 2.1. An idealized FRET efficiency trajectory is then generated using
an HMM routine® in one, two or three colors where the FRET efficiency (or efficiencies) is
randomly selected between 0.01 and 0.99. For single molecule trajectories, the number of states
in the trajectory is selected with a probability of containing only a single state (45 % in our case
for 'static' traces) and the remaining probability (55 % here) is equally distributed between two,
three and four states (‘dynamic'). In the case of 'dynamic' traces, the FRET efficiency or
efficiencies of each state are randomly selected from a uniform distribution between 0.01 and
0.99. The difference in FRET efficiency for the different states has to be above a given threshold
(0.1 in our cases). If this is not the case, new FRET efficiencies are randomly selected until this
criterion is fulfilled. The transition rates are generated by taking the inverse of the dwell time
to exposure ratio drawn from a uniform distribution between 1 and 100. The generated
transition matrices are then, in general, non-symmetric. Hence, we use the transition rate matrix
to calculate the probability of which state is observed first. We do this by using the least-squares
solution to the matrix equation Ax = b, where A is the transition matrix and x is the
probabilities for observing the different states. While the calculation of the state equilibrium is
not mandatory for the classification accuracy, it ensures that the output matches the ground
truth input of a defined transition matrix, which was used for benchmarking the transition
classifier. Once the initial state has been selected, the parameters are fed into an HMM routine®
and a state trajectory is generated. 'Aggregate’ traces are always assumed to be static
(uncorrelated dynamics are categorized as 'artifact'), but the number of dye-pairs is generated
from a Poisson distribution with randomly selected FRET efficiencies between each pair. Next,
the idealized FRET efficiency trace is converted into normalized fluorescence intensity traces
for the donor and acceptor molecules based on the FRET efficiency (discussed in more detail
below). Next, photobleaching of the fluorophores are included into the trajectories. The frame
at which each fluorophore photobleaches is randomly drawn from an exponential distribution.
Upon photobleaching, the affected channel intensities are either set to 0 for both channels for
donor photobleaching, 1 for the donor intensity upon acceptor photobleaching or recalculated
using the two-color FRET equations (for three-color simulations). Blinking is then added to a
fraction of the traces where each dye has a probability of being in a short-lived dark state
(Supplementary Table 2.1). At this point, 'artifact' traces are generated from 'static' or 'dynamic'
traces with a given probability by subtracting a constant from the trace (to simulate
overestimation of the background correction), adding random fluctuations to the total intensity
(to simulate among other things new molecules or aggregates flowing through the observation
volume or simulating molecules in the background mask), flipping the traces (to simulate
molecules that turn on during the experiment) and/or adding non-correlated signal in the
different channels. To account for non-uniform brightness of the individual molecules, all
excitation channels are multiplied by a scaling factor that is randomly selected from uniform

distributions. In particular, the red channel after red excitation, Iz, can reach scaling factors
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up to three times higher than the other two channels. This allows the trace classifier to correctly
analyze datasets in which high red laser powers were used to increase statistics for the
calculation of correction factors and for making sure only a single red fluorophore is present.
Without intensity scaling, the trace classifier strongly favors the aggregate category for traces
with imperfect stoichiometry even when no second bleach step is present. With a given
probability, additional small fluctuations in the total intensity are also added to the traces to
simulate experimentally observed system instabilities (assuming sinusoidal oscillations of
randomly determined frequency and amplitude). Next, we incorporate spectral crosstalk, direct
excitation and differences in detection efficiency into the data by randomly selecting the
respective parameters from a uniform distribution (see Supplementary Table 2.1). In the last
step, we add two or three types of random noise to the traces. The first component is intensity-
independent background noise drawn from a Poisson distribution. The second component
considers intensity-dependent noise contributions (i.e. shot-noise) by drawing values from
Gaussian distributions. There are different descriptions of how to treat noise from EMCCD
cameras. According to Basden et al., the variance in shot noise due to the EM gain is increased
by a factor of two.? This corresponds to a rescaling of the Gaussian distribution mentioned
above. Hirsch et al describe the additional noise from EM-CCD cameras using a gamma
distribution.!® Hence, with a given probability, we also add a third component to the noise
modeled using a gamma distribution with random amplitude. After adding noise to the
trajectories, we then recategorize traces with high noise as 'noisy'. This is done by recalculating
the FRET efficiency trace or traces from the intensity data. When the standard deviation for
static traces or individual states of a dynamic trace are above the given threshold
(Supplementary Table 2.1, we used 0.25), the trace is categorized as 'noisy'. Finally, the
classification of the individual traces is checked and, if necessary (for example a dynamic trace
that photobleaches before a transition is observed), recategorized. The dataset is then balanced,
as discussed above, each trace normalized to its maximum value and then used for training.
For one-color traces, we simulated the intensity of the donor molecule although, for a single
channel, it does not make a difference. The donor intensity (we refer to it as Y'Y here) is given
by:
lyy =1 — Eyg Eq.2.1

Since only one dye and one channel is observed, there is only one photobleaching category and
no correction factors are included. The photoactive state of the acceptor molecule is still
calculated and its influence on the donor intensity incorporated into the trace. For calculation
of 'aggregates', fluorescent dye-pairs are added to the trace but only the donor signal is
considered. Furthermore, the amount of noise is not quantified by the standard deviation of the
FRET efficiency but by the signal-to-noise ratio of the channel intensity, which is defined as:

SNR = H Eq.2.2
o
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where u is the mean signal intensity of the observed state and o is its standard deviation. When
the signal-to-noise ratio falls below the given threshold, the trace is classified as 'noisy'.

For two-color FRET simulations, we use the same approach as described in the following
section for 3-color FRET but we only consider the equations necessary for 2-color FRET, i.e.
all equations including the yellow/red FRET pair.

For generating three-color FRET data, the distances and Forster radii between all three
fluorophores need to be considered as they are interrelated. Assuming a minimum FRET
efficiency of 0.01, the generated FRET states of the first two randomly drawn FRET pairs put
constrains on the maximum possible distance for the third FRET pair. To guarantee a uniform
distribution of possible FRET combinations, we randomly select two of the three FRET pairs
and their corresponding FRET efficiencies. Using the two selected FRET efficiencies, a lower
limited is calculated for the third FRET pair, which depends on the Forster radii of the first two
FRET pairs. For example, when the yellow-red dye-pair is generated last, the dye-dye
separation for gy and rpg are calculated and then used to determine the minimum FRET
efficiency (i.e. maximum separation for the third dye-pair) as given below:

1
1 6

Tsy = Ropy <_E - 1) Egq.2.3
BY

1

1 6

Tsr = Ror <_E - 1) Eq.24
BR

1-0.01
EYR min — 6 + 0.01
’ 1+ (rBY + rBR) Eq. 2.5

RO,YR

where the Forster radii Ry, Ropr and Rgyr are sampled over values that are typically
available using commercially available dyes pairs. The FRET efficiency Eyp i, represents the
lower boundary used to randomly scale the FRET trace of the yellow-red FRET pair in a
correlated or anti-correlated manner. When a different dye-pair is generated last, the same
equations are used where the indices are changed accordingly. For dynamic traces, this
procedure is performed for all states. Once we have selected the FRET efficiencies for the
different dye-pairs and states, we then convert them what would be observed for a two-color
experiment. The YR dye-pair is already a two-color FRET efficiency and does not need to be
corrected. When all three fluorophores are photoactive, the blue dye may be quenched by two
acceptors. In this case, the distance-related FRET efficiencies Ezy and Egzr need to be
converted into the apparent FRET efficiencies Egy qp, and Egg qpp, Via:

Egy(1 — Egg)

E = Eq. 2.6
BY.app 1— EgyEgg a
Egr(1 — Egy)
E = Eq. 2.7
BR.app 1— EgyEgg a
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Since the input data for the neural networks are normalized, the channel intensities are
initialized as follows:

Igp =1— EBY,app - EBR,app Eq.2.8
Igy = Epy,app(1 — Eygr) Eq. 2.9
Igr = Eprapp + EpyappEvr Eq.2.10
Iyy = 1—Eyg Eq. 2.11

Iyr = Eyg Eq. 2.12

Iz =1 Eq. 2.13

Upon photobleaching of one of the dyes in the three-color experiments, the system then reverts
into the two-color case:

B IzsEgy Eq. 2.14
Ipyoe =—57—7
BY
_ IpgEpg Eq. 2.15
Iproc =—7——7
BR
Ipp is still determined by using
Iogac = 1 — Egy Eq. 2.16
Igpoc =1 — Egg Eq. 2.17

where FRET to the blinking fluorophore is set equal to zero in two-color sections of the trace.
Blinking events are treated the same way as photobleaching during the frames where the one
dye is off and the channel intensities are either set to 0 or recalculated using Eq. 2.16/2.17.

In three-color experiments, each channel has its own set of correction factors for differences in
detection efficiency and quantum yield, y, direct excitation, de, and spectral crosstalk, ct. The
values are randomly drawn from a wide uniform range and implemented in the following order.
First, the FRET channels are multiplied by the corresponding y-factor:

IBY = yBYIBY Eq. 2.18
Igr = Varlgr Eq. 2.19
Iyg = Yyrlyr Eq. 2.20

The crosstalk of the blue fluorophore leaking into the yellow and red channel after blue
excitation are given by:
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ct
I, = BY Ing Eq.2.21
1+ (ctgy + ctgr)
ct
Ig, = ER Eq. 2.22

1+ (ctgy + ctBR)
where ctpy and ctgp denote the randomly drawn crosstalk factors (Supplementary Table 2.1).

Spectral crosstalk of the yellow fluorophore into the red channel is calculated using:

ctyrlpy
et _Ctvrlgy Eq.2.23

Ctyrlyy
Igt = —YRYY Eq.2.24
YR = (1 + ctyr)

The observed intensities including all correction factors are determined by:

IBB,obs = IBB Eq. 2.25

Igy ops = Yylpy + depylyy — I(CBtY)R Eq. 2.26
deyrlyy

Igrobs = Yrlpr + degrlpr + Eyg A=E,) Eq.2.27
YR

Iyy ops = Iyy — Ifk Eq. 2.28

Iygobs = Veylyr + deyrlgg Eq. 2.29

where degy, degp and deyy are the randomly drawn direct excitation factors from a uniform
distribution (Supplementary Table 2.1).

While the non-smFRET categories ‘noisy’ and ‘aggregate’ mimic experimental data, the
category ‘artifact’ is primarily designed to increase the robustness of the trace classifier. It is
important to note that the accuracy of a trained neural network to distinguish between an
‘artifact” and any other category depends on the number of traces which are labeled as ‘artifact’
but maintain a strong resemblance to the original trace. For the goal of increasing robustness,
it is therefore not desirable to achieve 100% prediction accuracy as it would be caused by too
easily identifiable perturbations in the training dataset.

2.4. Simulation settings for training the state classifier network

Sixteen pre-trained deep neural networks are provided for state classification. Four models
account for the classification and segmentation of time trajectories obtained from
measurements using single-channel data acquisition, two-color FRET with continuous wave
excitation, two-color FRET with ALEX, and three-color FRET with ALEX. For each type of
experiment (one, two and three-color), we provide three state-transition-classifiers trained on
either two, three or four observed states. The state classifier networks only use traces as input
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that are categorized as dynamic. Hence, the training datasets only contain valid FRET traces
with at least one transition, a minimum state difference of 0.1 in FRET efficiency and no
photobleaching. The transition rates are generated by drawing random dwell time to exposure
ratios between 1 and 100 from a uniform distribution. Traces with a state-wise FRET
distribution width above 0.25 on average are excluded from the training dataset. After a
dynamic trace is simulated, it is labeled according to state occupancy. Here, the first observed
state always receives the first label regardless of the FRET efficiency, followed by the next
observed states until the maximum number of states is reached. For three-color FRET data,
every transition regardless of the dye is treated as a new state. For a two-state model, transitions
of one dye can be described whereas the multi-state model also considers transitions of two
dyes. Thus, we have trained the network to recognize four different states. For a system with
three independently moving dyes, a minimum of 9 states would be possible in one trace. Expert
users can generate a corresponding training dataset by setting the algorithm parameter ‘static
dyes’ to ‘None’.

Supplementary Table 2.1. Simulation parameters for the training datasets.

Number of Maximum Minimum state Dwell time / Artifact Stoichiometry
Frames number of states | difference exposure ratio probability tolerance

500 4 0.1 1-100 0.25 0.1-0.9
Aggregate Blue intensity Yellow intensity | Red intensity Mean bleaching | Blinking probability
probability scaling scaling scaling frame

0.1 0.7-1.3 0.7-1.3 0.5-2 400 0.2

Gamma Gamma Gamma Direct excitation Direct excitation | Direct excitation
blue/yellow blue/red yellow/red blue/yellow blue/red yellow/red

0.7-2 0.49-2.6 0.7-1.3 0-0.4 0-0.2 0-0.3

Crosstalk Crosstalk Crosstalk Noise scaling Gamma noise Noisy threshold
blue/yellow blue/red yellow/red factor prob.

0-0.6 0-0.2 0-0.3 0-0.9 0.8 0.25 (SNR: 1.5)

S13



81

SUPPLEMENTARY NOTE 3: TRAINING VALIDATION

In the following sections (3.1-3.3), the final validation of every deep neural network is shown
via confusion matrices. Approximately 20,000 new simulated traces were generated and fed
into each trained model. Each row of the confusion matrices represents the instances in a ground
truth category while each column represents the instances in a predicted category. The diagonal
values report the percentage of true positives and true negatives whereas the off-diagonal values
are the false negatives and false positives.

3.1. Trace classifiers

Confusion matrices for the trace-classifier networks are shown in Supplementary Figures 3.1
and 3.2. The single-channel classifier has the lowest overall performance, in particular, due to
a higher rate of falsely classifying random perturbations in ‘artifact’ frames (88 % precision)
and misinterpreting ‘dynamic’ traces as ‘static’ (5 % false negative rate). The two-color and
three-color models achieve similar accuracies for recovering sSmFRET frames with at least 93 %
precision in correctly predicting ‘dynamic’ frames and 96 % precision for ‘static’ frames. In
general, most of the false predictions concerning SmFRET categories come from the high
resemblance of ‘static’ frames, ‘dynamic’ frames with low contrast between states and ‘noisy’
frames close to the defined threshold. Here, the tolerance towards noise, defined as the mean
standard deviation of the observed FRET efficiencies for all states, was set to 0.25. The highest
sensitivity for detecting photobleached dyes (>98 %) is achieved by ALEX-enabled models for
two- and three-color data. The continuous wave models depend on the contrast in intensity
between the quenched and photobleached dyes, causing a significant decrease in sensitivity
down to 91 % for detecting a photobleached acceptor. However, falsely predicted ‘acceptor
bleached’ frames were mostly misclassified as either ‘aggregate’ or ‘artifact’ and would still be
excluded from further analysis.

In addition to the confusion matrix for all available categories, we also calculated a binary trace
classifier confusion matrix where we separated the frames into those that were accepted for
further analysis (i.e. from ‘static’ and ‘dynamic’ traces without photobleaching) and those that
were rejected (‘photobleached’, ‘aggregate’, ‘artifact’ and ‘noisy’ traces and/or frames). All
trace classifier models achieve a minimum combined precision of 97 % in predicting smFRET
categories, 1.e. ‘static’ or ‘dynamic’, and 96 % in predicting non-smFRET categories
(Supplementary Figures 3.1 and 3.2).
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Supplementary Figure 3.1: Confusion matrices for 1-color and 2-color trace classification. Prediction
accuracies depicted as confusion matrices for the (a) single-channel, (b) two-color continuous wave and (¢) two-
color ALEX models. The upper panels show the binary assignments into valid smFRET and non-smFRET
categories. The detailed categorization is shown in the lower panels.
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Supplementary Figure 3.2: Confusion matrices for 3-color trace classification. The left panel shows the binary
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3.2. Number-of-states classifiers

After classifying the individual traces, the dynamics are analyzed. One option is to classify the
number of states in a particular trace, i.e. to run the number of states classifier for the type of
data measured. Supplementary Figure 3.3 shows validation of the deep neural networks trained
on traces containing the given number of observed states. Only traces classified as ‘dynamic’
by the trace classifiers serve as input, hence the first category is for two observed states. The
category of five observed states serves as a safeguard against traces that may be out of the scope
of the pretrained state transition classifiers. All models achieve a high accuracy of at least 98 %
in distinguishing two-state from multi state traces. The lowest accuracies are achieved in
separating four-state from five-state traces, ranging from 86 % (single-channel) to 89 % (5-
channels). The overall performance increases with increased number of available channels. As
only dynamic information is considered in the state classifiers, the presence of the ALEX
channel, though very useful for the trace classification, is no longer relevant.
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Supplementary Figure 3.3: Confusion matrices for number of states classification. Confusion matrices for
the (a) single-channel, (b) two-color FRET and (c) three-color number of states classifiers.

3.3. State-transition classifiers

After estimating the number of states in a dataset, the state trajectories of the individual dynamic
traces are determined. This section summarizes the validation of the deep neural networks
trained on the state occupancy and therefore also on the state transitions (Supplementary Figure
3.4). The performance does not differ significantly for the two-state models with a minimum
of 97 % precision for predicting the correct state and a minimum of 84 % precision for four-
state systems. The performance for multi-state models increases when more channels are
available
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Supplementary Figure 3.4: Confusion matrices for state classification. Confusion matrices for the single-
channel (first column), two-color FRET (second column) and three-color state classifiers (third column) and their
corresponding two-state (first row), three-state (second row) and four-state models (third row).

3.4. Limitations of the state classifiers and a comparison with HMM

This section provides additional benchmarks and a comparison of the results from the state
classifiers with HMM. First, we investigated how the performance of HMM and our state
classifiers depends on noise (i.e. the width of the FRET distribution), difference between FRET
states, the kinetic rates (dwell time to exposure ratio) and the length of observation time
(number of frames) for dynamic transitions between two FRET states. For the three-color
simulations, only the FRET distribution width of the yellow-red dye pair was used as the ground
truth parameter to keep the continuity with two-color FRET traces and avoid averaging
inconsistencies. Supplementary Figure 3.5 shows interpolated maps of the precision of state
label recovery for all models and were generated using approximately 300,000 simulated traces
for each condition. The precision is the fraction of true positives divided by the sum of true
positives and false positives for the state label predictions. Each map shows the precision
dependency on the amount of signal noise with two of three parameters being fixed, namely the
FRET state contrast (0.2), the transition rate (0.05/frame) and the number of frames (500). In
general, at a fixed transition probability and number of frames (top row), the precision decreases
with broader FRET distributions and smaller differences between the FRET states. All models
are able to achieve a precision of at least 90% for FRET differences above 0.2 and FRET
distribution widths below 0.10 with the state classifiers outperforming HMM only at high noise
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levels above 0.25. For a fixed contrast between FRET states (0.2) and total number of frames
(500) (Supplementary Figure 3.5, middle row), the precision of HMM remains largely
independent of the dwell time to exposure ratio at a constant noise level. All DNN state
classifiers show a similar overall performance but achieves a higher precision than HMM at
higher noise levels for larger dwell time to exposure ratios. For fixed FRET states and kinetic
rates (Supplementary Figure 3.5, bottom row), trace length has little influence on the precision
of all models below ~100 frames and the precision slightly increases for all models/classifiers
above 100 frames. Again, the DNN outperform HMM at higher noise levels. In summary, while
the precision does not differ significantly between the single-channel and two-channel state
classifiers, the five-channel model used for three-color FRET shows an increased performance
of up to ~10 % at high noise levels. Due to the five available channels, the signal-to-noise ratio
is effectively increased which leads to higher precision and accuracy as soon as the signal noise
becomes a limiting factor for the other models. In addition, DNN models still predict transitions
in high noise trajectories, however with decreased confidence, whereas HMM no longer finds
transitions at high noise.
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Supplementary Figure 3.5: Deep-LASI state prediction compared to HMM. Precision of the state-label
recovery for HMM and for the state transition classifiers as a function of noise (i.e. width of the FRET distribution),
contrast between FRET states and the kinetic rates (dwell time to exposure ratio). Each map shows the precision
dependency on the noise and one additional parameter: the contrast between FRET states (top row), the kinetic
rate (middle row) and the number of frames (bottom row). One dataset with ~300,000 traces was generated for
each row with the corresponding two of the three parameters fixed (FRET efficiency for yellow/red: 0.4 and 0.6,
transition probability: 0.05/frame, and number of frames: 500). The noise is defined as the mean standard deviation
of the FRET signal from both states. The lower limit of the precision is set to 50 % since it represents the highest
amount of uncertainty for two states.
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3.5. Comparison of the state classifiers with local and global HMM

We also compared the performance of Deep-LASI with a local and global HMM analysis
(Supplementary Figure 3.6). In a global HMM analysis, the algorithm can learn from a large
dataset rather than being limited to the number of frames in a single trace. For the comparison,
we simulated 2000 traces of 500 frames (1 million data points) of three-color data having two
states. To avoid difficulties for the global HMM analysis, traces were simulated with time-
independent, normally-distributed noise. From the three-color data, we analyzed the yellow
channel alone (1-color), yellow and red together (2-color) as well as the full three-color data
(3-color). As the ground truth is known, we were able to initialize a three-color HMM analysis
such that it could eventually converge. Whereas local HMM struggles to analyze the traces
yielding an almost random guestimate of the state, both global HMM and Deep-LASI perform
similarly well in all cases. As more channels become available, the state classification becomes
more accurate.
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Supplementary Figure 3.6: Confusion matrices of frame-wise state predictions for local HMM, global HMM and
Deep-LASI, performed on a global data set containing 2000 traces with 500 frames each. Three-color traces were
simulated and the yellow channel with yellow excitation (1-color), yellow and red channels with yellow excitation
(2-color) and all five channels for the three-color data with blue and yellow excitation were analyzed (3-color). In
all cases, local HMM is unable to learn states and transitions due to the limited amount of training data. Global
HMM and Deep-LASI are both able to effectively remove background noise, showing similar accuracies. All
models show increased performance with higher number of channels due to effectively decreasing the signal-to-
noise ratio. The data set was simulated based on 3-color FRET using the following parameters: Two states with
only the yellow dye transitioning between E(YR) = 60 % and E(BY) =40 % to E(YR) =40 % and E(BY) = 60 %,
a static blue to red FRET efficiency with E(BR) = 20 %, a symmetric transition probability of 0.05 per frame, and
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the addition of normally distributed noise resulting in a mean FRET distribution width of 0.23 (averaged over the
yellow-red FRET efficiency states).

3.6. Training and validation loss

The training and validation loss for all pre-trained deep-neural networks are shown in
Supplementary Figure 3.7. Of the ~200,000 traces generated for training, ~160,000 were used
in each epoch for training and then the capacity of the network to generalize what it learned
was tested with the remaining ~40,000 traces. The error was calculated using the categorical
cross-entropy, 1.e. the loss function:

¢ Eq. 3.1

Loss = —Z t; log(f(s);)

l
where C is the total number of classes, t is the target vector and f(s) is the one-hot encoded

vector of scores.!! The categorical cross-entropy is specifically designed for multi-class
classification problems, where each input belongs to exactly one class out of multiple mutually
exclusive classes. It calculates the dissimilarity between the predicted class probabilities and
the true class labels, providing a measure of how well the model captures the correct class
assignments. Therefore, the model is able to produce probabilistic outputs in the form of class
probabilities. By optimizing the model to minimize the cross-entropy loss, it learns to assign
higher probabilities to the correct class and lower probabilities to the incorrect classes. During
training of the model, the loss should decrease but maintain similar values for the training
dataset as for the validation set. If a lower loss is observed for the training dataset, then for the
validation dataset, the network is overfitting (i.e. it is memorizing the traces rather than learning
the features of the categories). All models show no or a minimal amount of overfitting. While
the full number of epochs are displayed in each plot, the model with the lowest validation loss
and lowest amount of overfitting was saved and implemented (indicated with an arrow).
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Supplementary Figure 3.7: Training and validation loss of all Deep-LASI models. Each row refers to the type
of classifier and each column refers to the corresponding data type. For two-color data, there are two trace classifier
models, one for ALEX and a second for non-ALEX measurements. Black arrows mark the saved model used when
following epochs did not decrease the validation loss and indicated overfitting.
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3.7. Analysis of kinetic data from the Kkinsoft challenge

We tested the performance of Deep-LASI on datasets provided by a recently published multi-
laboratory software comparison study for extracting kinetics from smFRET data. As we
contributed to this study using conventional HMM, we chose to analyze the datasets that did
not require additional human input for interpretation of the data. The results are shown in
Supplementary Figure 3.8. Deep-LASI returned values corresponding to the ground truth for
the simulated dataset and close to the average values obtained for the experimental dataset.
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Supplementary Figure 3.8: Kinetic analysis of datasets from the Kkinetic software challenge. (a) An
illustration of the kinetic two-state model connected by forward and backward rate constants: ki2 and ka1. (b) A
framewise FRET efficiency histogram (gray) of the simulated data extracted by the trace classifier. A Gaussian fit
to the two populations are shown in magenta. (¢) A mono-exponential dwell time distributions of the data in (b)
obtained from the state-transition classifier. (d) The ground truth FRET histogram (gray) with state assignments
labeled at the top and the inferred average FRET efficiencies in red and blue. Numbers on the right axis refer to
the analysis tools specified in (e). Vertical lines indicate the mean over all tools. The error bars represent the
standard deviations returned from the different analysis routines. (e) Rate constants and uncertainties inferred from
the dataset in (d) by different labs using the respective analysis tools. The ground truth (GT) is indicated by the
horizontal red and blue lines, the intrinsic uncertainty of the dataset is represented by dark gray (15) and light gray
(20) intervals. (f) A framewise smFRET efficiency histogram (gray) of the experimental data extracted by the
trace classifier. (g) The dwell-time distributions and corresponding mono-exponential fits of the data in (f)
obtained from the state-transition classifier. A Gaussian fit to the two populations are shown in magenta. (h) A
smFRET histogram of preselected traces from panel (h) where photobleaching and photoblinking contributions
have been removed. State 1 is labeled in red and state 2 in blue. The vertical lines indicate the average value
returned from analysis routines 1-14. The legend for the analysis routines is given in (e). The error bars represent
the standard deviations returned from the different analysis routines. (i) Inferred rate constants from the
experimental dataset in (h). The respective analysis tools are specified in (¢). Horizontal red and blue lines indicate
the mean of the inferred kinetic rate constants from analysis tools 1-14. The legend for the analysis routines is
given in (e)
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SUPPLEMENTARY NOTE 4: DEEP-LASI VERSUS MANUAL ANALYSES

4.1 Comparison of Deep-LASI and manual analysis of 2-color DNA origami traces |

We investigated the disagreements between Deep-LASI and manual classification and
summarize the primary causes, illustrated through specific examples in Supplementary Figure
4.1. First, traces that exhibit non-ideal behavior after photobleaching are often thrown out by
Deep-LASI as the entire traces is than categorized as an artifact whereas users may ignore
characteristics of the traces in the non-accepted regions. Secondly, in cases where the leading
frames are photobleached and the molecules reactivate, Deep-LASI tends to classify the entire
trace as an artifact instead of extracting potentially useful information from the middle section
of the trace. This is due to the fact that the training dataset does not yet include valid single
molecule FRET traces starting with inactive dyes. Thirdly, Deep-LASI categorizes high noise
or intensity fluctuations in the acceptor channel as noisy or classifies them as dynamic, but with
insufficient confidence (> 70%) to include in further analyses. In such cases, the user has the
flexibility to adjust the confidence threshold or consider the unfiltered dynamic category based
on the maximum confidence output. Lastly, Deep-LASI may select traces that were discarded
by manual evaluation, particularly short traces with fast dynamics that may be overlooked or
considered noisy by the user.
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Supplementary Figure 4.1: Representative 2-color DNA origami traces with disagreements between manual
and Deep-LASI selection. (a) Non-ideal donor signals. In the case of non-ideal donor intensities after
photobleaching of the acceptor (left panel) or leading photobleached frames (right panel), Deep-LASI tends to
classify the whole trace as an artifact while the manual selection still includes the middle region between the
photobleached frames. (b) Non-ideal acceptor signals. Even though the FRET efficiency trace looks ideal, due to
the high noise or intensity fluctuations in the acceptor channel, Deep-LASI classifies the trace as noisy (left panel)
or is not confident enough (> 70 %) to classify the trace as dynamic (right panel). In the latter case, the user could
influence the selection of this trace by lowering the confidence threshold. (c) Traces selected by Deep-LASI that
were discarded by manual evaluation. Short traces (pay attention to the timescale on the x-axes) with fast dynamics
can be either overlooked or deemed noisy by the user.

We further compare representative FRET traces analyzed using global HMM and Deep-LASI
(Supplementary Figure 4.2). Global HMM tends to struggle in accurately capturing fast
transitions, which can be attributed to the difficulties of HMM in distinguishing between fast
transitions and noise or due to the inherent (non-Markovian) heterogeneities commonly
encountered in single molecule experiments. Local HMM analyses can more easily deal with
these heterogeneities. In comparison, Deep-LASI exhibits enhanced performance in detecting
and characterizing these fast kinetics, suggesting its potential advantages over global analysis
approaches.
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Supplementary Figure 4.2: Comparison of global HMM and Deep-LASI analyses. Representative 2-color
DNA origami smFRET traces highlighting the differences between a global HMM and Deep-LASI analyses. In
contrast to Deep-LASI, global HMM frequently misses fast transitions due to heterogeneities in the single
molecule data.

4.2. Influence of different training datasets and comparison to user classification

The quality of a neural network rises and falls with the data by which it has been trained. To
see the influence of different training datasets, we simulated three different datasets using the
same parameters and used them to train Deep-LASI. The three different networks were then
used to classify the two-color, two-state data shown in Figure 3. The results are shown in
Supplementary Figure 4.3a. From the confusion matrix shown in Supplementary Figure 3.1,
one would expect a consistency on the order of 95 %, provided the experimental data are similar
to the training datasets. Each pair of networks agree within ca 93 %. Interestingly, the
consistency between the neural networks is higher than that from two individual users
(Supplementary Figure 4.3b). Here, user 1 tried to maximize the statistics and selected
subsections of traces whereas user 2 was very conservative, only classifying the best traces as
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dynamic. This suggests that neural networks may be more consistent in the analysis than

different users.
DNN 1 A DNN 2 T A

g

DNN 3 Deep-LASI

User 2

A 4

Supplementary Figure 4.3: Venn diagrams for differently trained neural networks and users. a) A Venn
diagram showing the consistency between traces classified as dynamic (with a 70% confidence threshold) for three
networks trained using different datasets (DNN1, DNN1 and DNN3) and applied to the experimental data shown
in Figure 3. b) A Venn diagram comparing the number of traces classified as dynamic by two different users as
well as DNN1 (with a 70% confidence threshold) for the same dataset used in panel a.

4.3 Deep-LASI versus manual analyses for 3-color DNA origami samples

We emphasize the importance of also using experimental data for testing deep learning methods
trained on synthetic data since the simulations used for validation are usually generated by the
same algorithm as the training dataset. Deep neural networks can easily learn biases of any kind
in the training data, which may have no relationship to the respective category under new
conditions. Hence, the prediction of categories with respect to ground truth simulations can
produce high accuracies, which may not be directly translatable to real-world examples.
Therefore, we compared the performance of our network models on real data with that of
experts who manually analyzed the same dataset.

We benchmarked the three-color performance of Deep-LASI by comparing the automated
analysis with traces manually selected by an expert user (Supplementary Note 5). We used the
three-color L-shaped DNA origami structure with two binding locations spaced at 6 and 12
o'clock with complementary binding regions of 7.5 nt (Figure 4). Deep-LASI yielded 581
usable smFRET traces versus 694 for manual selection out of a total of 2545 extracted traces
(Supplementary Figure 4.4a). The two uncorrected, framewise SmFRET histograms are almost
identical. The automatically extracted FRET correction factors, which are based on the
predictions of the three-color trace classifier, were compared to those determined manually.
The expert user selected the relevant regions of the traces for determining various FRET
correction factors by hand. Very similar distributions and median values were obtained for the
YR correction factors (Supplementary Figure 4.4b). For BR, both direction excitation and
spectral crosstalk terms are small and the differences are not significant here. Due to the high
stability of the yellow fluorophore, it is challenging to collect enough statistics to directly derive
the detection correction factor. Hence, it is calculated from the product of the BY and YR y
factors. For BY, the distributions for spectral crosstalk from Deep-LASI and manual selection
are consistent. However, for both direct excitation and the detection correction factor, there are
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differences of ~15 %. Manual selection with the blue fluorophore is difficult because of the low
fluorescence intensity of the blue dye. In the manually selected regions for direct excitation, a
second population is visible due to difficulties of distinguishing between a Y only fluorophore
and a dim B fluorophore undergoing high FRET. Similarly, there are differences in the
detection correction factor distribution. As Deep-LASI has more flexibility in choosing relevant
regions of the traces for determining the correction factors, it is most likely that Deep-LASI is
more accurate in these cases. FRET correction-factor determination is a potential source of
human bias in the analysis of sSmFRET data and we demonstrate here an advantage of using a
well-trained neural network for automated analysis.
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Supplementary Figure 4.4: Uncorrected smFRET histograms and correction factors extracted by Deep-
LASI for the 3-color 2-state DNA origami. (a) Uncorrected framewise smFRET histograms for BY, BR and YR
calculated from traces selected manually (n=694, blue line) versus the histograms determined by Deep-LASI
(n=581, gray histograms). There is excellent correspondence between the histograms. (b) Each panel displays the
normalized distribution of available correction factors from all traces categorized as ‘dynamic’ by Deep-LASI
(gray filled histograms) or manually labeled as dynamic (blue histogram line). Due to the high stability of the
yellow dye compared to the blue and red dyes, the number of usable traces to calculate blue/red detection
correction factor was too low to be determinable. Therefore, we used the theoretical value of 1.23 (for Deep-LASI
compared to 1.15 for manual selection) for the blue/red gamma factor determined from the product of the gamma
factors for blue/yellow and yellow/red.
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4.4 Comparison of 3-color DNA origami traces selected manually and/or via DNN
classification.

To gain insights into the selection criteria of traces performed manually and via Deep-LASI,
we examined the traces in detail that were selected differently. Examples are shown in
Supplementary Figure 4.5. In general, similar differences arise as observed in the two-color
FRET classifications (Supplementary Figure 4.1). In case of three-color FRET, blinking and
dark states of the blue dye are inherently difficult to spot during manual inspection of the trace,
whereas Deep-LASI predicts dark frames with high accuracy. Single-molecule traces often
exhibit ambiguity. Deep-LASI tends to disregard traces displaying non-ideal intensities due to
the way it was trained. Conversely, when manually selecting traces, users may incline towards
including more non-ideal traces to improve the statistics and their selection can be subjectively
influenced by a myriad of parameters.
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Supplementary Figure 4.5: Representative 3-color DNA origami traces with disagreements between manual
and Deep-LASI selection. (a) Short blinking events. In this trace, Deep-LASI and manual selection agree in
general but Deep-LASI excludes frames with an inactive blue dye. Blinking events of the strongly quenched blue
dye in 3-color experiments can be easily missed during manual selection. (b) Regions of traces with high-noise or
fast dynamics. The trace shown here was excluded manually due to seemingly high noise at the beginning of the
trace. Deep-LASI predictions show the competing categories of ‘dynamic’ and ‘noisy’. The summed confidence
for the ‘dynamic’ classification exceeds the user defined threshold of 70 % and the state classifier predicts state
transitions with high confidence. (c) Initial dark frames and non-ideal intensities. In the training datasets, we
currently do not start with photobleached molecules the begin to fluoresce during the traces. Here is an example
of Deep-LASI’s tendency to classify valid sections as noisy due to leading bleached frames or erratic intensities
during bleached frames. (d) Short traces. Short section in the beginning of the trace is manually selected whereas
Deep-LASI classifies the whole trace as an aggregate due to intensity spikes in the acceptor channel after the valid
section.
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SUPPLEMENTARY NOTE 5: MANUAL ANALYSIS OF SINGLE-MOLECULE TIRF
DATA

5.1. Work-flow

We benchmarked the performance of Deep-LASI by comparing it to manually analyzed single-
molecule data from an expert user. Starting from individual movies, the procedure for extracting
the intensity information over time is highlighted in Supplementary Figure 5.1.
The procedure begins with:
(1) a pixel-wise mapping of the position between two or three cameras for two- and three-
color experiments,
(2) camera-wise localization and excitation-cycle dependent assignment of intensities, and
(3) extraction of intensities and background correction for each detection channel.

Single-molecule detection, * @ * @ FRET Correction:
FRET channel co-localization Trace classification / Sorting dir ex., crosstalk, y

Trace extraction s m Artifact l "
f W -vrwmmn,.R bleached g
[#Noisy | >
@ }MAJ 1‘.*'“ {_tjﬂhx)_&hﬂuhl_ E‘] 1 Direct excitation
u.. e, [m Aggregate Y
:. S iipesicaiesdts @ All bleached ’ g
_ﬁ Dynamic 3
WMMWWJ‘* -R bleached w Crosstalk
;MMMMI /mYR bleached
— W sukiiindi ®All bleached | 2
Apparent FRET 8 i&n i

Gamma

@ Statistical analysis

/\

/

@ Step-fi ndlng/HMM State / dwelltime extraction

|
m®
o<

Accurate FRET

B—areT K\A%ZEZ%
@ {0 1.V I N N . L\ State 4

Supplementary Figure 5.1: Work-flow of data extraction, sorting, analysis and evaluation. a) One-, two-, or
three-color data is collected with various excitation schemes and the time-dependent intensity traces extracted and
corrected for background. b) The traces are then visually inspected and sorted either for further analysis or marked
as junk. Regions of the trace can be selected for smFRET evaluation or for correction factor determination. c)
After manual selection, trace-wise correction factors are extracted. d) For the dynamic traces selected for further
analysis, the dwell-time distributions are determined using a Hidden Markov Model approach. ) From the HMM
analysis, transition density plots are extracted from the smFRET data.

Next, the recorded traces were analyzed (Supplementary Figure 5.1b-e) either manually
(Section 5.4-5.9) or assisted by neural networks (cf. Supplementary Note 1). Manual evaluation
of single-molecule or multi-color FRET traces involves:
(4) the pre-sorting of traces suitable for 1c, 2¢c-, and 3c- smFRET analyses
(5) determining consecutive regions of the trace for evaluation and for determination of local
and global correction factors
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(6) Hidden Markov Modeling of smFRET traces to identify underlying states and dwell-times
(7) kinetic evaluation of transition rates and states using transition density plots (TDP), state-
wise histograms and dwell-time analyses.

5.2. Camera mapping for FRET traces

In order to extract the fluorescent intensity traces of individual, fluorescently labeled DNA
origami structures detected in various channels, an accurate localization and mapping of the
detected emission channels across the three cameras or detection areas needs to be achieved.
To compensate for potential chromatic aberrations and non-ideal alignment, an image
transformation was used to map the corresponding pixels between different cameras/regions
onto each other. The associated transformation matrix describing the potential shifts, tilts, etc.
was obtained by imaging a calibration pattern on all three detection channels (Supplementary
Figure 5.1a). As a calibration pattern, we typically use a zero-mode waveguide array.

5.3. Trace extraction and background subtraction

After mapping the different detection channels, the location of the individual single emitters
needs to be determined and the intensity extracted. When msALEX excitation is used, the
alternating laser excitation scheme needs to be taken into account and the intensity traces
separated based on both the detection and excitation channels. The most blue-shifted detection
channel serves as the reference channel (Channel 1). This refers to the blue excitation, blue
channel (BB) for BY-, BR- and BYR-labeled samples or the yellow detection channel with
yellow excitation (YY) for YR-labeled samples (Supplementary Figure 5.1a).

Individual molecules in the reference channel are identified by searching for the brightest spot
in the summed projection of the movie. After calculating the central position of the molecule
using a wavelet approach!?, the corresponding position in all other channels is calculated using
the transformation matrix. Molecules in the projection images exhibiting detectable intensity in
all desired channels are then selected. The intensities and background are extracted using
different masks. For the signal, the pixels within an approximate circle of roughly 3 pixels
radius around the central coordinates of the molecule are summed together. With a pixel size
of 124 nm, the fluorescence signal of a single molecule is accumulated within an area of 614 x
614 nm?. For the background, a mask representing roughly a circle with radius of 7.5 pixels
(850 nm) and width of 2 pixel centered on the molecule is used. The background is calculated
as the median value of all pixels inside the ring-shaped mask and averaged over a five-frame
sliding window depending on the excitation cycle and the detection channel. Afterwards, the
determined background is scaled to the signal mask and subtracted from the framewise intensity
per each channel for each molecule. When analyzing single molecule traces from hand,
trajectories which contain molecules within the background mask are discarded. In DeepLASI,
these traces are typically discarded in the 'artifact' category during the first characterization
step.
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5.4. Manual trace selection and analysis

The background-corrected fluorescence intensity traces of the individual molecules are then
inspected and sorted (Supplementary Figure 5.1b). The properties of the extracted traces are
generally very heterogeneous. This stems from different sources including photochemistry, dye
blinking, aggregates and impurities within the sample of different brightness. In all cases,
molecules were rejected automatically if they exhibited (1) a low SNR or (2) a brightness that
1s significantly higher than expected for a single fluorophore (aggregates or impurities). We
further classified traces according to

(1) their static and dynamic behavior

(2) the existence of photobleaching steps in the different intensity channels

(3) the order of bleaching steps between the different intensity channels

(4) the degree of labeling efficiency
With the presorted trajectories at hand, we next prepared the data either for (1) correction factor
determination to obtain accurate FRET efficiencies (Supplementary Note 5.5) or (2) directly to
kinetic and state evaluation based on background-corrected trajectories (1-color data) or
apparent FRET efficiencies (2/3-color data). In the first case, we first derived the correction
factors per trace and marked regions for trace evaluation by HMM afterwards (Supplementary
Note 5.6). In the second case, we manually marked the regions in traces to be analyzed and
added them to the ‘HMM’ category.

5.5. Accurate FRET determination

In real smFRET experiments, the intensity of the acceptor signal needs to be additionally
corrected for direct excitation of the acceptor fluorophore and spectral crosstalk from donor
into the acceptor channel. In addition, the one needs to correct for the difference in the detection
sensitivity between the donor and acceptor fluorophores. The correction factors are denoted as:

dexy for direct excitation of the acceptor fluorophore Y during excitation with X,

ctxy for spectral crosstalk from the fluorophore X in the detector channel Y,

and yy, compensates for differences in detection sensitivities between channels.
We denote the background-corrected intensities as Ixy and the corrected Intensity as Ixy.cor ,
where x stands for the excitation source and y for the emission channel, i.e. /g cor- denotes the
background corrected emission of the acceptor within the red channel (R) after donor excitation
in the blue channel (B).

Trace-wise and global correction factors

3Depending on when individual fluorophores photobleach, some of the correction factors can
be extracted from the trace itself. However, in the vast majority of the traces, one cannot extract
all correction factors individually. When a trace-wise correction factor is unavailable or
unreasonable, the median value of the corresponding distribution of trace-wise correction
factors for the particular correction factor is used to calculate the accurate FRET values, i.e. a
global correction factor. Using traces that were presorted and categorized as ‘Blue dye
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bleached’ (or ‘yellow / red dye bleached’, respectively), we first determined the trace-wise
correction factors for direction excitation deyy and spectral crosstalk ctyy. Having corrected
the background-corrected intensities against both contributions, we next determined the trace-
wise correction factor yyy.

To derive the contribution of spectral crosstalk from the donor channel X in the acceptor channel
Y, we determine the trace-wise correction factor cty, using the intensity information after
photobleaching of the acceptor:

(Ixy)
Clyy = @

Eq.5.1

no acceptor

Here, (Iyx) refers the mean donor intensity and (Iyy) to the mean acceptor intensity after donor
excitation in the region of the trace where there is no acceptor fluorescence.
Similarly, we determined the correction factors for direct excitation of the acceptor during
donor excitation using traces in which the donor fluorophore bleached first:

)
(Iyy)

where (Iyy) and (I,y) describes the mean acceptor emission after donor excitation or acceptor
excitation, respectively.

Eq.5.2
deyy =

no donor

Lastly, we determined the detection correction factors yy, compensating for differences in
detection sensitivities between different channels. For this, we used traces where the acceptor
photobleaches before the donor. The acceptor intensity is first corrected for direct excitation
deyy and spectral crosstalk ctyy. We then derive the detection correction factor yyy, per trace
from the ratio of changes in donor and acceptor emission before and after photobleaching of
the acceptor. The correction factors are denoted as:

_ (Alxy cor) Eq.5.3

Yxy =
Al
( XX,cor) A bleaches

where (Alyy cor) and (Alyy o) refer to the intensity difference for the mean donor and acceptor
emission after donor excitation before and after acceptor photobleaching.

Data Correction

Once all correction factors are determined, every trace is corrected using the local, trace-wise
correction factors, when available and suitable. Otherwise, the global correction factor is used.
In three-color experiments, the corrected FRET efficiency for Eyy is calculated first since it is
required for subsequent corrections. Upon yellow excitation, the same approach is used as for
two-color FRET experiments:

]YY,corr = IYY Eq.5.4

IYR,corr = IYR - CtYRIYY - deYRIRR Eq. 5.5
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The corrected FRET efficiency is then given by the ratio of both corrected intensities

I
Eyr = YRCoTr Eq. 5.6
VYRIYY,corr + IYR,corr
For the BY FRET pair, the fully corrected intensities after blue excitation read as:
IBB,corr = IBB Eq.5.7
Igy corr = Igy — Ctpylpp — depylyy Eq.5.8

The accurate BY FRET efficiency follows equation 5.5 with an additional term which takes
into account the reduction in brightness of the yellow dye due to the FRET process between the
YR pair:

I BY,corr

EBY == Eq. 5.9

VBYIBB,CorT(l - EYR) + IBY,Corr

The intensity of the red fluorophore after blue excitation needs to be corrected against direct
excitation, contributions of both the blue and yellow dye due to crosstalk into the red channel
and due to cascading of FRET from the blue dye over the yellow dye into the red channel:

Igr corr = Ipr — deprlgg — Ctgrlpp — Ctyg (IBY - CtBYIBB)

) Eq.5.10
— degyEyr(1 — Eyg) ™' Iyy
The accurate FRET efficiency of the BR FRET pair is then given by:
Epp = IBR,corr — Eyg (VYRIBY,corr + IBR,corr) Eq.5.11

VBRIBB,corr + IBR,corr - EYR (VBRIBB,corr + )/YRIBY,corr + IBR,corr)

5.6. Hidden-Markov modeling

The kinetics and underlying states within the selected trajectories, i.e. either smFRET or
intensity traces, were evaluated using Hidden Markov Modeling. The input data of both assays
vary between 0 and 1. We anticipate that every molecule undergoes transitions between a fixed
numbers of conformations described by a discrete number of states ¢; (i =1, ... Q). The behavior
of the system can be captured by the joint distribution of the observed data X = (x4, X3,...,X7)
and the corresponding hidden state sequence q = (g1, g2, ..., 7). The joint distribution can be
factorized as follows:

T
p(X,q) = p(x1lq1) - p(q1) - ntzzp(xtht) 0(qelqe-1) Eq.5.12

Here, p(x;|q;) represents the conditional probability of observing x; given the system is in the
hidden state g, p(q1) represents the probability of being in the initial state, q;, and p(q;|q¢—1)
represents the conditional probability of transitioning from state q,_, to state q;.
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For a system with Q states in total, the transition probability matrix K comprises Q X (Q — 1)
independent transition probabilities k;; describing the likelihood for going from state i to state
j. Here, it is a prerequisite for the Markovian process, that the row-wise sum of transition
probabilities is normalized to 1. For a Hidden-Markovian process, the state sequence is not
directly observable but buried in random noise of the system. It can only be inferred from
measured observables X, i.e. the single-molecule trajectory, with a length of 7' data points. Here,
the emission probabilities f;, (x;|6,) serve as parameter to represent the relative likelihood for
observing a specific FRET value (or intensity value) for a given set of model parameters 6, and
the molecule being in state g;. For intensity measurements and single molecule FRET traces, it
is appropriate to model the emission probability of a state ¢; as a Gaussian distribution:'*!3

(xt—llqi)z Eq.5.13
Zaéi

fqi(xt|9 {“ql qu}) \/—0
q;

The parameters estimators are: the mean value 1, and covariance g,

(u>__ZToM@ﬂxt Eq.5.14
9 t=0Wq,;,t
Ztomhtxt Eq. 5.15
0-31 T - - (u‘h')z
CIL

For this, we introduce the relative occurrence probability wy, ¢, i.e. the conditional probability
wq, ¢ Of being in state g; given the data x; at a time 7, which is linked to the fraction of time

1 T Eq.5.16
0t
T t=1 *

and emission probability f; (x]6,,).

spent in state g, W,

w _ M/qfqi(xtluqi' qu) Eq 517
qit —
Zinl M/qifqi(xtll‘lqir O-qi)

As equations 5.16 and 5.17 are recursive, we have to optimize them iteratively. To do this, we
indirectly maximize the likelihood function by optimizing an expectation-maximization (EM)
criterion function. For the EM criterion, we use the log likelihood function as it allows for an
efficient estimation of the model parameters, even in cases where the likelihood function is
intractable or difficult to optimize directly. The log likelihood function for determining a
sequence of states q given the observed FRET trajectory X, is computed as the product of the
emission probabilities weighted by the relative occurrence probabilities summed over all
trajectories and is given by!*:

0 T Eq. 5.18
lOg L = Z Z qu,t log (fqi(xtlu‘h’ O-Qi))
i=1 t=1
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To optimize the log likelihood function, we employ the Baum-Welch algorithm, also known as
the forward-backward algorithm. During each iteration of the Baum-Welch algorithm, an
expectation step (E-step) and a maximization step (M-step) are performed. In the E-step, the
algorithm calculates the expected values of the hidden states given the observed data and the
current parameter estimates. These expected values are then used in the M-step to update the
model parameters, aiming to improve the fit between the model and the observed data. The
training of the HMM continues until the relative improvement in the log likelihood between
consecutive iterations falls below a predefined threshold. In all of our HMM training procedures,
we set the convergence threshold to 107, To derive the transition density matrix, the HMM
needs to be trained on the dataset to be analyzed. This working step can be carried out in two
different approaches: the analysis can be carried out either (1) trace-wise or (2) globally. In the
first case, the transition probability and emission probability are optimized for each individual
trace while, in the second case, one uses a shared single transition probability matrix and
parameters for the emission probability for all trajectories together. When analyzing 1-color
and apparent FRET traces, we use a local HMM as the exact values of the states can be shifted
due to the above-mentioned background contributions.

5.7. Parameters for Hidden Markov Modeling

FRET efficiencies of dynamic DNA Origami structures were conventionally analyzed by HMM
using the HMM Pomegranate toolbox written by Jacob Schreiber (2016). Molecules were
manually classified as dynamic or static, and time windows were selected for the data analysis.
For molecules showing dynamic transitions, we choose an HMM model with two or three
states, depending on the designed Origami structures. Start parameters were chosen assuming
a self-adapting width p, and a standard deviation ¢ of 0.05 with random uniform distribution.
Convergence between the experimental data and the fit was assumed, when the change in
likelihood during consecutive iterations was less than 107, For visualization via TDP, each
transition as superimposed as a 2D Gaussian function with a fixed width.

5.8. Evaluation of involved FRET states and interconversion rates

The last step involves the visualization of determined rates, i.e. dwell times, and states
determined from the FRET and / or normalized intensity traces. We employed so called
transition density plots (TDPs), which depict each transition that was identified by the HMM
algorithm or the Deep-LASI state classifier in the recorded time traces as a single event in a 2D
diagram. The diagram, hence, depicts and links the FRET value before and after an identified
transition visually. In the case of 1-color data, we normalized the traces between the minimal
and maximal value of observed counts of all measured single traces. The TDPs were generated
as described by McKinney et al., i.e. all transitions are depicted as summed up two-dimensional
Gaussian functions with an amplitude equal to the total number of transitions and a fixed
variance of 0.0005.'
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SUPPLEMENTARY NOTE 6: DETAILS OF DEEP-LASI ANALYSES

6.1 Results for the three-color, two-state DNA origami structure with different binding
site lengths

The three-color DNA origami structures were measured with four different lengths of
complementary DNA for the two binding sites. The two binding sites contained the identical
DNA sequence and lengths. The dwell time distributions determined from the state classifiers
of Deep-LASI for the different three-color DNA origami structures are shown in
Supplementary Figure 6.1. The same analysis workflow was followed for each sample: a fully
automated categorization and prediction of state occupancy in traces labeled as ‘dynamic’ were
performed with Deep-LASI followed by a manual selection of the different states and fit to a
mono-exponential function:

flx) =1—eP* Eq. 6.1

These experiments confirm that Deep-LASI is capable of extracting mono-exponentially
distributed dwell times over a large range of kinetic rates.
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Supplementary Figure 6.1: Dwell-time distributions of the three-color, two-state DNA origamis with
different binding site lengths. Each row corresponds to a specific state and each column depicts the TDPs (top)
and dwell-time distributions (middle, bottom) extracted from the uncorrected blue-yellow transition density plots
and fitted with a mono-exponential for each binding site length. The errors on the dwell times are the 95%
confidence intervals returned by the fitting procedure (estimated from the Jacobian matrix).
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6.2 Kinetics of the three-color, three-state DNA origami.

From the three-color, three-state DNA origami with 7 nt binding strands at positions 6 and 12
o'clock and a 7.5 nt complementary binding strand at 9 o'clock. Three populations were
extracted automatically from the traces identified by Deep-LASI as dynamic. The dwell-time
distributions of all 6 populations observed in the blue/yellow TDP plot (Figure 5c) were
extracted manually and fit with an exponential function (Supplementary Figure 6.2). The dwell
times of each state are in excellent agreement with the two-color, three-state DNA origami
sample (Supplementary Figure 6.3), indicating that the additional blue dye in close proximity
of state 2 does not influence the kinetic rates.
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Supplementary Figure 6.2: Dwell-time distributions of the 3-color 3-state DNA origami. (a) The blue/yellow
transition density plot and (b) the dwell-time distributions extracted from the BY-TDP and fit using a mono-
exponential. The errors on the dwell times are the 95% confidence intervals returned by the fitting procedure
(estimated from the Jacobian matrix).
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6.3 Results for the two-color, three-state DNA origami structure

Next, we tested the performance of Deep-LASI on a more complex, two-color, multi-state
system by introducing a third binding site on the DNA origami (Supplementary Figure 6.3a)
and increasing the average transition rates. In contrast to the two-state system described above,
State 1 and State 2 at the 6 o'clock and 12 o'clock positions are now characterized by 7 nt
binding sites in the three-state DNA origami. The added State 3 at 9 o'clock has a 7.5 nt
overhang. In the example trace shown in Supplementary Figure 6.3b, Deep-LASI extracts the
dynamic section and identifies all transitions between the three states summarized in the TDP
of apparent FRET efficiencies (Supplementary Figure 6.3c). As expected, the FRET efficiency
of state 1 (0.83) and state 2 (0.21) do not change significantly compared to the two-state system.
In addition, a third state with an apparent FRET efficiency of 0.31 is observed. However, as
states 2 and 3 show a similar distance to the acceptor, the states and thereby the transitions are
not easily separable. When looking at the dwell-time distributions, the transition out of state 1
is not affected by the degeneracy of states 2 and 3. However, the transition rates from state 2 or
state 3 to state 1 differ significantly due to the different binding site lengths and can only be
extracted using a bi-exponential fit (Supplementary Figure 6.3d):

fx)=1—a-eb?*—c-e 4% Eq. 6.2

From the TDP, we can also extract the transitions between states 2 and 3. The transition from
state 2 to state 3 can be well described by a mono-exponential distribution whereas the reverse
transition from state 3 to state 2 has a second component due to the difficulties of clearly
separating the different states.

From the single molecule trajectories, Deep-LASI also extracts the regions of the trace that can
be used for determining the different correction factors. The FRET correction factor
distributions determined by Deep-LASI are shown in Supplementary Figure 6.3e and are
consistent with the correction factors of the two-state DNA origami dataset shown in Figure 3f.
The framewise apparent smFRET histogram is shown in Supplementary Figure 6.3f (top, gray).
In this histogram, states 2 and 3 merge into one degenerate state (0.27) due to heterogeneous
broadening of the two populations. After correction (Supplementary Figure 6.3f, top, orange),
the degeneracy is decreased and the low-FRET peak broadens. However, they are still not
clearly separable. It is only after using the state-label information, which allows us to average
the state FRET efficiencies that the two low-FRET populations become distinguishable and the
individual FRET populations observed (Supplementary Figure 6.3f).
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Supplementary Figure 6.3: Analysis of 2-color, 3-state DNA origami measurements. (a) Zoom-in of the L-
shaped DNA origami structure with three binding sites. FRET is expected between a high FRET state 1
(12 o'clock), a low FRET state 2 (6 o'clock), and an intermediate FRET state 3 (9 o'clock). (b) A representative
single molecule intensity trace and FRET trajectory. The upper panel shows the intensity in the yellow and red
channels after yellow excitation and the red intensity after red excitation. The middle panel shows the
corresponding FRET efficiencies for the dye pair. The third and fourth panels show the output of the Deep-LASI
analysis for state-transition and trace classification respectively. (¢) The TDP of the apparent FRET efficiency
states are shown. Interconversion between three conformations with apparent FRET efficiencies of 0.21, 0.31 and
0.83 are observed. The three states are labeled in white. Total number of transitions: 174,697. (d) Exponential fits
of the dwell time distributions for all states are plotted. The transitions from state 2 and 3 to state 1 were pooled
together due to the high overlap and fit with a bi-exponential function. While the dwell time of state 2 in the bi-
exponential fit is close to the dwell time extracted from the single population (state 2 to state 3), the dwell time of
state 3 is significantly overestimated compared to the single population of transitions from state 3 to state 2. The
errors on the dwell times are the 95% confidence intervals returned by the fitting procedure (estimated from the
Jacobian matrix). (e) Correction factors for direct excitation, crosstalk and gamma extracted by Deep-LASI. (f)
top Frame-wise weighted state-wise smFRET histograms of apparent and accurate smFRET efficiencies. A
broadening of the low-FRET population is observed as the correction of the FRET efficiency begins to lift the
degeneracy. bottom Plotting the framewise-weighted statewise SmFRET histograms of apparent and accurate
FRET efficiencies improves the contrast. Three peaks are now observable with corrected FRET efficiencies of
0.09 and 0.84 (in line with the two-state system), and a new third state at 0.19.
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6.4 Kinetics as a function of Temperature

To investigate the influence of temperature on the binding kinetics, we used the two-color two-
state L-shaped origami structure with minor changes (exchanged staple strands are noted with
asterisks in Supplementary Table 7.2). Single molecule dynamics were measured between
19.3°C and 25.0 °C. The transitions rates between state 1 and state 2 are given in
Supplementary Figure 6.4. The rates change roughly by a factor of 2 per 2 °C.
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Supplementary Figure 6.4: Binding Kinetics as a function of temperature. An Arrhenius plot of the transition
rates between state 1 and state 2 of the two-color, two-state L-shaped DNA-origami structure. Linear fits (dotted
lines) are shown to guide the eye.

6.5 Analysis of previous published 2-color Hsp70 Sscl using Deep-LASI

To test Deep-LASI on single-molecule FRET data from proteins, we reanalyzed data that we
published previously'®. These data were collected of proteins that were encapsulated in
~200 nm liposomes. Due to vesicle encapsulation, a photostabilization buffer could not be used.
Hence, the protein data on this system had a lower signal-to-noise ratio than we typically had
with the photostabilized DNA origami structures. In Supplementary Figure 6.5, we show
examples of individual traces that were evaluated similarly or differently by the user and Deep-
LASI. From these comparisons, we see that: 1) the user and Deep-LASI agree on traces that
have sufficient SNR and otherwise show no anomalies, 2) manually selected dynamic traces
with erratic intensities after photobleaching or broad FRET distributions tend to be categorized
by Deep-LASI as noisy rather than dynamic, 3) Deep-LASI tends to include short traces that
are trashed in the manual analysis and 4) traces that show clear features of overestimated
background, multiple bleaching steps or other anomalies are discarded by both Deep-LASI and
the user.
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Supplementary Figure 6.5: Representative 2-color SSC1 traces with disagreements between manual and
Deep-LASI selection. (a) Two true positive examples of manual and Deep-LASI selection agreeing on the validity
of dynamic sections. The state trajectory (red) and confidence levels of the state transition classifier are shown in
the two lower panels. (b) Two example traces that were included in the manual analysis but classified by Deep-
LASI as noisy. The user could include these traces by lowering the confidence threshold of the ‘dynamic’ category.
(c) Two examples of short traces classified as ‘dynamic’ by Deep-LASI but not selected manually. The left panel
shows a valid dynamic trace, which was likely missed during evaluation. The right panel shows an apparent false
positive classification by Deep-LASI. The low confidence of the state transition classifier (lower panel) allows
this trace to be easily excluded the user. (d) True negative examples excluded from further analysis by both manual
evaluation and Deep-LASI. The left panel shows a trace with overestimated background correction and artifact
prediction. The right panel shows a trace two bleaching steps of the donor and aggregate prediction.
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SUPPLEMENTARY NOTE 7: DNA SEQUENCES

Here, we describe the details of the L-shaped DNA origami structures. The structures were
previously published by Tinnefeld et al.'”!8, As a scaffold, we used the p8064 scaffold derived
from M13mp18 bacteriophages. An overview of all designed DNA origami structures including
name, the strand IDs of the introduced modified staple strands as well as the binding sites is
given in Supplementary Table 7.1. The unlabeled staple strands are specified in Supplementary
Table 7.2, staple strands with biotin modifications for surface immobilization are listed in
Supplementary Table 7.3 and staple strands with fluorescent modifications for single-molecule
FRET are summarized in Supplementary Table 7.3.

LARGE CLOCK The L-shaped DNA origami structures are made of

L6 L9 252 ssDNA staple strands annealed to a circular

P ® complementary ssDNA scaffold strand of 8064

d nucleotides. The three fluorophores ATTO488,

L14 e Cy3b and ATTOG647N are introduced into the

X d d BR structures, by replacing the unlabeled ssDNA

BY strands L7, L8 and L9 (Supplementary Figure 7.1)

9 with strands containing the appropriate label

(Supplementary Table 7.4). Binding sites for the

L7 LS L8 L7-§ftached tgher strands consistingg of different

lengths are introduced at position L5 and L6 for the

Supplementary Figure 7.1: Schematic of the ) state systems with low and high FRET values and
replacement staple strands forming the 3 state, . T . . .

3color FRET clock on the L-origami. The different binding rates, even with identical

strands either carry one of the three fluorophores  sequences. We refer to the binding site for staple

g“:n;“fz ?)I'lcdk{:i) ((Esr,eirﬁ:?;ltdagigi;%:tiitse?;)é > strand L5 as 6 o'clo?k and staple strand L6 as 12

o’clock. For generating a 3 state FRET system, an

additional binding site was introduced on staple strands L14 at 9 o'clock. In addition, for the

implementation of the 9 o’clock binding site, the staple strands L12 and L13 are replaced by

L12-13-1, L12-13-II and L12-13-III (Supplementary Table 7.4). All samples share biotinylated

attachment sites at positions L1-L4 (Supplementary Table 7.3).

After folding and purification of the origami samples, the correct folding was confirmed via

transmission electron microscopy (TEM) and atomic force microscopy (AFM) as shown in
Supplementary Figure 7.2. They form compact structures of roughly 60x20x20 nm?.
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0nm

Supplementary Figure 7.2: Structural characterization of L-shaped DNA origami structures. (a-b) Transmission

electron microscopy and (c) atomic force microscopy images indicated the efficient folding of the L-shaped DNA
origami structures. Color table: Dark Gold.

AFM imaging was performed on a NanoWizard® 3 ultra AFM (JPK BioAFM AG/Bruker;
Germany) in solution using 1x folding buffer. The DNA origami structures were immobilized
on a freshly cleaved Mica surface (Quality V1, Plano GmbH; Germany) by Ni** ions, which
were incubated on the Mica plate for 5 minutes with a 10 mM NiCl, solution. Afterwards, the
mica was washed three times with ultra-pure water and dried by pressurized air. 10 pL of 1 nM
DNA origami solution were then added and incubated for 5 minutes. Measurements were
performed with a USC-F0.3-k0.3-10 cantilever (Nano World; Switzerland).

TEM imaging of the L-Origami structures was carried out on Ar-plasma cleaned TEM grids
(Formvar/carbon, 400 mesh, Cu, TedPella, Inc.; USA). The DNA origami structures were
stained with a 2 % uranyl formate solution. The imaging was performed on a JEM-1100
microscope (JEOL GmbH; Japan) with an acceleration voltage of 80 kV.

Supplementary Table 7.1. The applied nomenclature used for the designed L-shaped DNA origami structures
with the corresponding staple strand IDs that carry the fluorescent dyes or the attachment of the pointer. The laser
excitation scheme for the 3cFRET B-Y-R samples involves excitation at 488, 561 and 640 nm.

# Name Blue Yellow | Red Binding sites Replaced

1 | BYR-Pos6/12-6.5nt 6.5nt-L5 | 6.5nt-L6 | —

2 | BYR-Pos6/12-7nt Tnt-L5 Tnt-L6

3 | BYR-Pos6/12-7.5nt 7.50t-L5 | 7.5ntL6 | —

4 | BYR-Pos6/12-8nt 8nt-L5 8nt-L6

5 | BY-Pos6/12-7.5nt [ 561-L7 | — [ 75n0L5 | 7.5ntL6 | -

6 | BR-Pos6/12-7.5nt En 7.50t-L5 | 7.5ntL6 | —

7 | YR-Pos6/12-7.5nt 561-L7 75nt-LS | 7.5ntL6 |

8 | YR-Pos6/9/12 561-L7 nt-L5 [ 7nt-L6 | 7.5nt-L14 | L12-13-I-I
9 | BYR-Pos6/9/12 t-L5 [ 7ntL6 | 7.5nt-L14 | L12-13-I-III
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Supplementary Table 7.2. Unmodified staple strands used for the L-shaped DNA origami structure given from
the 5’ to 3” end. All oligonucleotides were purchased from Integrated DNA Technologies. *In the origami used
for the measurements shown in Supplementary Figure 6.4, the staple strands L141, L153 and L165 were replaced
with the sequences highlighted with the asterisks at the end of the table.

Staple ID | Sequence (5’ to 3”)

L1 ATCCAGAACAATATTAGTCCATCAGGAACGGT

L2 CGTGCCTGTTCTTCGCATCCAGCGCCGGGTTA

L3 ATAATCAGAAAAGCCCAACATCCACTGTAATA

L4 CATAGGTCTGAGAGACAAATCGTCGAATTACC

L5 AGAAACAGCTTTAGAAGGAAGAAAAATCTACGATTTTAAGCATATAAC
L6 GCACCCTCCGTCAGGTACGTTAGTAAATGAATAGTTAGCGTCAATCAT
L7 ACGATAAACCTAAAACAAAGAATACACTAAAACATTACCCAACAAAGC
L8 TGCTCATTCTTATGCGTTAATAAAACGAACTATATTCATTGGCTTTTG
L9 AAGGGAACCGGATATTCACTCATCTTTGACCCGTAATGCCATCGGAAC
L10 CGGAATCTCAGGTCTGTTTTAAATATGCATGCGAACGAATCATTG

L11 TGAATTACCAGTGAATGGAATTACGAGGCATATAGCGAGAGAATCCCC
L12 CATTATACGGTTTACCCATAACCCTCGAAATACAATGTTTAAACAGGG
L13 ATTCATATCAGTGATTTGGCATCAGGACGTTGTAACATAAACCAGACG
L14 TAATAAGAAGAGCCACCCTTATTAGCGTTTGCCATTCAACAATAGAAA
L15 GGCACCAAAACCAAAAGTAAGAGCAACACTATAGCAACGTAAATCGCC
L16 ATAAAAATATCGCGTTCTCCTTTTGATAAGAGCTATAT

L17 TACCAGTAACGCTAACAGTTGCTATTTTGCACCCCATCCT

L18 GAGGGTAGTTGCAGGGTGCTAAACAACTTTCACGCCTGGAAAGAG

L19 AGAGCCGCAAACAAATGAGACTCCTCAAGAGATTAGCGGGCAGTAGCA
L20 AGTTGATTAGCTGAAAAGAGTACCTTTAATTGTTAATTCGGACCATAA
L21 TCGATAGCAGCACCGTAAAATCACGTTTTGCT

L22 AAAGACAAATTAGCAAGTCACCAATGAAACCA

L23 ATATTCACCGCCAGCATTGACAGGCAAAATCA

L24 TTTTCCCTTACACTGGTTGC

L25 CTCCAATCGTCTGAAATTTT

L26 TTTTTGCCTGAGTAGAAGAA

L27 TTTTCCCGACTTACAAAATAAACAGTTTT

L28 ATACGCAAAGAAAATTATTCATTAAAGGTGAATTTT

L29 TTTTCTTTACAAACAATTCG

L30 TTTTAAGTTACCAGGGTAATTGAGCTTTT

L31 TTTTTAAACGATGCTGATGG

L32 TTTTCAGGGTGGTTTTTCTT

L33 ACAAAGTATGAGGAAGCTTTGAGGACTAAAGATTTT

L34 CCGAATCTAAAGCATCTTTT

L35 AGATGAAGGGTAAAGTTTTT

L36 TTTTCGCAAATGGTCAATAAACCATTAGATGC

L37 TCGAAGATGATGAAACTTTT

L38 AGAGCAAATCCTGTCCAGATACCGACAAAAGGTAATTTT

L39 TTCCGGAATCATAATTTTTT
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L40 TTTTTGGATTATTTACAGAA

L41 TGCGGCCAGAATGCGGTTTT

L42 TCAGCAGCAACCGCAATTTT

L43 TTTTAGAGCGGGAGCTAGAT

L44 TTTTGCTAATATCAGAGAGATAACCCCGCCACCGCG
L45 ACCTCGTCATAAACATTTTT

L46 TTTTTTGAGGGGACGACGAC

L47 TTTTAACAGTACCTTTTACA

L48 TTTTTGGCCTTCCTGTATAA

L49 TTTTGGCGCATAGGCTGGCTAACGGTGTTAAATTGT
L50 TCACCGGAAGCATAAATTTT

L5l TTTTTATCATCGCCTGAACAGACCATTTT

L52 TTCATAGGGTTGAGTGTTTT

L53 TTTTTAGCCCGGAATAGCCTATTTCTTTT

L54 TTTTCCCTCAGAGCCACCACCCTCAGAAAGCGCTTA
L55 TAGTAATAACATCACTTTTT

L56 TTTTTTGTTCCAGTTTGGAACAAGA

L57 TTTTCGGGCCGTTTTCACGG

L58 TTTTATTGCTGAATATAATACATTTTTTT

L59 TTTTAGTAATTCAATCGCAAGACAATTTT

L60 TTTTGAATGCCAACGGCAGC

Lol CAGATGAATATACAGTTTTT

L62 TTTTCCATATTATTTATCCCAATCCAAAGTCAGAGA
L63 TTTTTTATCACCGTCACAGCGTCAGTTTT

Lo4 TTTTCTTTTTCACAACGGAGATTTGTTTT

L65 TTTTGTGTAGGTAAAGATTC

Lo66 TTTTTTTTTTTTAAAACTAG

L67 TTTTGATTAAGACGCTGAGA

L68 TTTGCGTATTGGGCGCTTTT

L69 ATTATAGCGTCGTAATAGTAAAATGTTTTTT

L70 TAGTCAGAAGCAAAGCGGATTTT

L71 TTTTTAGACTGGCATCAGTTGAGATTTTTT

L72 CATAATAATTCGCGTCTTTT

L73 ATATATATAAAGCGACGACATCGGCTGTCTTTCCTTATCATTTTT
L74 AAAACGGTAATCGTTTTTTT

L75 ACAAATTATCATCATATTTT

L76 TTTTTTCCTGATTATCACGT

L77 TTTTCATATAAAAGAAAGCCGAACATTTT

L78 TTTTGTGTAAAGCCTGGCGG

L79 TTTTAAACATCAAGAAAAAA

L80 AATGCAATAGATTAAGGGCTTAGAGCTTATTTT

L81 ACATAGCGATAGCTTATTTT

L82 TTTTTTGCATCAAAAGCCTGAGTAATTTT
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L8&3 CTGATAGCCCTAAAACTTTT

L84 GAAAGGAGCGGGCGCTAGGTTTT

L85 TTTTGCCTCAGAGCATAAAGAAAATTAAGCAATAAATTTT

L86 TTTTACTGTAGCCTCAGAACCGCCATTTT

L87 TTTTACCGTTCCAGTAAGCGTCATACATGGCTTCAGTTAAT

L88 AGTGTGCTGCAAGGCGTTTT

L89 TTAATTAAACCATACATACATAAAGGTGGCAATTTT

L90 CCGTGCATCTGCCAGTTTTT

Lo1 TTTTTTAGGAATACCACAGTAGTAATTTT

L92 TTTTATTGGGCTTGAGATGGCCAGAACGATT

L93 TTTTGAACAACTAAAGGAACACTGATTTT

Lo94 TTTTACTAGAAAAAGCCTGTT

L95 TTTCGACTTGATCGAGAGGGTTGATATAAGTATTTT

L96 ATTTAGAAGTATTAGATTTT

L97 TTTTACCTTGCTGAACCAGG

L98 TTTTTCCAAGAACGGGTGCGAACCTTTTT

L99 TTTTACGCATAATGAGAATAGAAAGTTTT

L100 TTTTAGAACGCGAGAAAACTTT

L101 TTTTGTTTCGTCACCAGTACTGTACCGTAAT

L102 CATGTTTACCAGTCCCTTTT

L103 TTTTGGAATTTGTGAGAGAT

L104 TTTTATTAAGTTGGGTACGC

L105 TTTTGGAACCTAAGTCTCTGAATTTTTTTTTT

L106 TTTTATCGCCATTAAAAATA

L107 GAGCCGATATAACAACAACCATCGCCCTTTTTTT

L108 CGGCCTCGTTAGAATCTTTT

L109 TTTTGCGCTGGCAAGTGTAG

L110 TAGTTGCCAGTTGCGGGAGGTTTTGAAGATCAATAA

L111 ATGGCTACAATCAACTGAGAGCCAGCAGCAAATGAAAAACGAACCTAATGCGCTTGGCAGA
L112 TCATCAACAAGGCAAATATGTACCCCGGTTG

L113 TTCAAATTTTTAGAAAAAACAGGAGCAAACAAGAGAATCGATGAAGGGTGAGATATTTTA
L114 CAACTAATGCAGACAGAGGGGCAATACTG

L115 GTACTATGGTTGCTTTTTTAGACACGCAAATT

L116 TGTAGCTCAACATTTACCCTCGAAAGAC

L117 ATCAAAAAGTCATAAAACGGAACAACATTATCAACTTTAGTAGAT
L118 AACGTCAATAGACGGGGAATACCCAAAAGAACAAGACTCCGTTTTTAT
L119 GGAGGGAAGAGCCAGCAATCAGTAGCGACAGACCAGAACCGCCTC
L120 AGCGAACCAGAAGCCTGGAGAATCACAAAGGCTATCAGGT

L121 GCCCCCTGGTGTATCACCGTACTC

L122 TACAGGCATTAAATTAACCAATAGGAACGCCATCAAAGTCAATCAGAATTAGCCTAAATCG
L123 TATTTTTGAGAGATCTGCCATATTTCCTCTACTCAATTGA

L124 CATTGCCTGAGAGTCTTTATGACCATAAATCATTTCATTT

L125 CCAGCCAGCTTTCCGGGTAATGGGGTAACAAC
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L126 ATCGGCAAAATCCCTTACGTGGACTCCAACGT

L127 CCTGCAGCCATAACGGGGTGTCCAGCATCAGC

L128 GGGCCTCTTCGCTATTACGTTGTACCTCACCG

L129 ACCCTCATGCCCTCATTTTCTGTATGGGATTTAGTTAAAGCAGCTTGA

L130 GTTGTACCACCCTCATAAAGGCCGGAGACAG

L131 TCTTTAGGCTGAATAATGCTCATTAGTAACAT

L132 CTCTCACGGAAAAAGAACGGATAAAAACGACG

L133 ACGCCAGATGACGGGGCGCCGCTAGCCCCAGC

L134 TTAATTTCATGTTCTATAACTATATGTAAATGCTGATGTCAATAGAATCCTTGACAAAATT
L135 TTTCATCGAATAATATCCAGCTACAATACTCCAGCAATTTCTTTACAG

L136 AATAAGTTAGCAAAAACGCAATAATAACGAGAATTAAAAGCCCAA

L137 GACCGTGTGATAAATACAAATTCT

L138 ACAAGAACCGAACTGATGTTACTTAGCCGGAAAAGACAGCACTACGAA

L139 ATCAAACTTAAATTTCTGGAAGGGCCATATCA

L140 CGCTGGCACCACGGGAGACGCAGAAACAGCGG

L141 GAGAAACATTTAATTTTACAGGTAGAAAG

L142 CTGCGCGGCTAACTCACAATTCCACACAACATACGAGTACCGGGGCTCTGTGGGTGTTCAG
L143 CCGAGTAAGCCAACAGGGGTACCGCATTGCAA

L144 AAACGGCGCAAGCTTTGAAGGGCGATCGGTGC

L145 CAAAAGAATAAAATACCCAGCGATTATACCAAGCGCGAA

L146 CTTAATTGAGACCGGAAACAGGTCAGGATTAGAGGTGGCA

L147 GCCAGTGCGATTGACCCACCGCTTCTGGTGCC

L148 CCAGAATGGAGCCGCCAATCAAGTTTGCC

L149 CCCCCTGCGCCCGCTTTAGCTGTTTCCTGTGT

L150 GGAAACCAGGCAAAGCGTACATAAGTGAGTGA

L151 AAATCAACACGTGGCATCAGTATTCTCAATCC

L152 AGGAGGTGGCGGATAAGTATTAAGAGGCTAAATCCTCTACAGGAG

L153 GACAGATGGACCTTCATCAAGAGCCCTGAC

L154 CTGAGGCCAACGGCTACAGAGGTTTCCATT

L155 ATAACCTTATCAACAAAAATTGTATAACCTCC

L156 AAATCAGCTCATTTTTGTGAGCGAATAGGTCA

L157 CACAGACATTTCAGGGATCTCCAAAAAAAAGGTTCTTAAAGCCGCTTT

L158 TAATAGTATTCTCCGTGCATTAAATTTTTGTT

L159 CGTTGGTAGTCACGACGCCAGCTGGCGAAAGGGGGATATCGGCCTGCGCATCGGCCAGCTT
L160 CTTCTGACCTAAATTTGCAGAGGCCAGAACGCAATTTACG

L1e6l GCTGCGCAACTGTTGGCAGACCTATTAGAAGG

L162 AGAACGTTAACGGCGTAATGGGTAAAGGTTTCTTTGCGTCGGTGGTGCTGGTCTTGCCGTT
L163 TTAGTTTGCCTGTTTAGGTCATTTTTGCGGATAGGAAGCCGACTATTA

L164 AATTACATAGATTTTCAATAACGGATTCGCC

L165 AAACGGGGTTTTGCTACATAACGCCAAAAAAGGCTTGTAATCTTG

L166 TGCGAATAATAATCGACAATGTTCGGTCG

L167 TTATACTTAGCACTAAAAAGTTTGTGCCGCCA

L168 GCCGTCACAATATAAAAGAAACCACCAGAAGGAGCGGACTCGTATTACATTTGTCAAATAT
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L169 ATTGCGTTTAACAACATTTCAATTACCTGAGCAAAAGGGAGAAACAGGTTTAAGATGATGG
L170 GGAGCCTTCACCCTCAGAGCCACC

L171 CCAGCTTACGGCTGGAAACGTGCCCGTCTCGT

L172 TTCGTAATCATGGTCATCCATCAGTTATAAGT

L173 AACAGAGGTGAGGCGGCAGACAATTAAAAGGG

L174 TTGAGTAAGCCACCCTCAGAACCG

L175 CAGTATGTTTATTTTGCGAAGCCCTTTTTAATTGAGTTCTGAACA

L176 GCCTGTTTGCTTCTGTTACCTTTTAACGTTAA

L177 ATAAACAATCCCTTAGTGAATTTATCAAAAT

L178 CAAAGGGCCTGTCGTGTGGCCCTGAGAGAGTT

L179 CTCAAATGTTCAGAAATGGAAGTTTCACGCGCATTACTTCAACTGGCT
L180 CCCGCCGCGCTTAATGAAAGCCGGCGAACGTG

L181 TTCACCAGGTAGCAATGGCCTTGCTGGTAAT

L182 GTCGAAATCCGCGACCTGCTCCACCAACTTTTAGCATTC

L183 TGATTGCTTTGAATACAAACAGAATGTTTGGA

L184 TTCTGAAACATGAAAGTGCCGGCCATTTG

L185 AACCGTTTCACACGGGAAATACCTACATTTTGACGCTAAACTATCACTTCTTTAACAGGAG
L186 CGTTGAAAATAGCAAGCCCAATA

L187 CTTTTGCGTTATTTCAATGATATTCAACCGTT

L188 AAATCCCGTAAAAAAACGTTTTTTGGACTTGT

L189 TATCATTTTGCGGAACATCCTGATATAAAGAA

L190 AAATTATTTGGAAACAGCCATTCGAAAATCGC

L191 GCAGCAAGCGGTCCACAAGTGTTTTGAGGCCA

L192 CCAACATGACGCTCAATGCCGGAGGAAATACC

L193 TATTTTGTTAAAATTCGGGTATATATCAAAAC

L194 TGTTGCCCTGCGGCTGATCAGATGCAGTGTCA

L195 TGCGGGATAGCAGCGACGAGGCGCAGAGAAACGGCCGCGGTAACGATC
L196 TACCGATAGTTGCGCTTTTTCA

L197 TCAAATCACCATCAATACGCAAGG

L198 GTAAGAATAGTTGAAACTTTCGCAAACACCGC

L199 ATTGCCCTTCACCGCCCCAGCTGCTTGCGTTG

L200 AAGCGCATAAATGAAACAGATATAGAAGGCTTAGCAAGCCTTATTACG
L201 GGAATTAGGTAAATTTTCGGTCATAGCCCCACCGGAACCACCACC

L202 GTTTTCCCGTAGATGGCAGGAAGATCGCACT

L203 GCGAGAAAAGGGATGACGAGCACGTATAACGTGCTTTTCACGCTGAAGAAAGC
L204 GGGGCGCGCCCAATTCACTAAAGTACGGTGTCACGAGAATAGCTTCAA
L205 GAAATTGTTATCCGCTCACATTAAATTAATGA

L206 TTTTTTAATGCACGTACAAGTTACCCATTCAG

L207 CAATTCATATAGATAATAAATCCTTTGCCCG

L208 CCTCAGAGCACAAGAAGAAAAGTAAGCAG

L209 CGCTCACTATCAGACGGTCCGTGAGCCTCCTC

L210 GCAGAGGCGAATTATTTTTCATTTGCTATTAA

L211 TTAGAGCTATCCTGAGGCTGGTTTCAGGGCGC
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L212 GCCAGTACGTTATAAGGCGTTAAATAAGAATAAACACAAAT

L213 AACGTTATTAATTTTACAACTAATCAGTTGGC

L214 GCCGGGCGCGGTTGCGCCGCTGACCCCTTGTG

L215 CTGCAACAGTGCCACGTATCTGGTAGATTAGA

L216 TAAAGTTTAGAACCGCTAATTGTATCGCGGGGTTTAAGTTTGGCCTTG
L217 GAAACAACGCGGTCGCCGCACAGGCGGCCTTTAGTGACTTTCTCCACGTACAGACGCCAGG
L218 GTCCACTAAACGCGCGGACGGGCAACAGCTG

L219 GGAACCCAAAACTACAAACAGTTTCAGCG

L220 ATCGGCCTTAAAGAATAAATCAAAAGAATAGCCCGAGACCAGTGAGGGAGAGGGGTGCCTA
L221 ACAGTTGAGGATCCCCAGATAGAACTGAAAGC

L222 CCGGAACCGCAAGAAAGCAATAGCTATCTTACTCACAATCCGATTGAG
L223 GCAGTTGGGCGGTTGTCCAGTTATGGAAGGAG

L224 GCCGATTAAGGAAGGGCGCGTAACCACCACA

L225 TGTACTGGTAATAAGTTCAGTGCC

L226 CAAATCGTCAGCGTGGTGCCATCCCACGCAA

L227 TCTTACCATAAAGCCATAATTTAGAATGGTTTAGGGTAGC

L228 AGGCGAAAATCCTGTTGTCTATCACCCCCGAT

L229 GCCTAATTATCATATGATAAGAGATTTAGTTAATTTCAT

L230 TTTTCATCGGCATATTGACGGCACCACGG

L231 CTAGCTGATAAATTAACAGTAGGG

L1232 CCCTGAACAAATAAGAAACGCGAGGCGTT

L233 CACATCCTCAGCGGTGGTATGAGCCGGGTCAC

L234 CAGGAAAAACGCTCATACCAGTAAATTTTTGA

L235 CCACCCTCTGTTAGGAAGGATCGTCTTTCCAGCAGACGATTATCAGCT
L236 CAAACCCTTTAGTCTTACCAGCAGAAGATAA

L237 GGCTTAGGTTGGGTTAAGCTAATGATTTTCGA

L238 CCGTCGGAGTAGCATTCAAAAACAGGAAGATT

L239 ATGAGTGACCTGTGCAGTTTCTGCCAGCACG

L240 CCGGCAAATCGGCGAAGTGGTGAAGGGATAG

L241 ACAAGAAATAGGAATCCCAATAGCAAGCAAATATAGCAGCATCCTGAA
L242 CCATTACCAAGGGCGACATCTTTTCATAGGCAGAAAGAATAGGTTGAG
L243 TGGAGCCGGCCTCCGGGTACATCGACATAAAA

L244 CACTCATGAAACCACCTTAAATCAAGATTGAGCGTCTTTTTGTTT

L245 GTATAAGCAAATATTTTAGATAAGTAACAACG

L246 AGGAAACCGAGGACGTAGAAAAAGTACCG

L247 CGGGAAACGAAAAACCTGATGGTGGTTCCGAA

L248 AGCATGTACGAGAACAATCCGGTATTCTAAGAACGATTTTCCAGA
L249 ACATTCTGAAGAGTCTCCGCCAGCAGCTCGAA

L250 GGGGTCATTGCAGGCGGGAATTGACTAAAATA

L251

TGCTTTCGAGGTGAATCTCCAAAA

L252

CAGTACCATTAGTACCCAGTGCCCGTATAAATTGATGAATTAAAG
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*L141 TGCCCTGACGAGAAACATTTAATTTTACAGGTAGAAAG
*L153 GACAGATGGACCTTCATCAAGAGTAATCTTG
*L165 AAACGGGGTTTTGCTACATAACGCCAAAAAAGGCT

Supplementary Table 7.3. Modified staple strands given from the 5’ to 3’ end for the L-shaped DNA origami

structures used. The biotin was used for surface-immobilization via a biotin/avidin

interaction. All

oligonucleotides were purchased from Biomers.

ID Sequence (5’ to 3°) Function Replace
Bio-L1 Biotin-ATCCAGAACAATATTAGTCCATCAGGAACGGT Attachment Biotin at 5’ L1
Bio-L2 Biotin-CGTGCCTGTTCTTCGCATCCAGCGCCGGGTTA Attachment Biotin at 5’ L2
Bio-L3 Biotin-ATAATCAGAAAAGCCCAACATCCACTGTAATA Attachment Biotin at 5’ L3
Bio-L4 Biotin-CATAGGTCTGAGAGACAAATCGTCGAATTACC Attachment Biotin at 5’ L4

Supplementary Table 7.4. Modified staple strands given from the 5’ to 3’end for the fluorescently-labeled L-
shaped DNA origami structures. The complementary docking sequences are highlighted in orange. The docking
strands have a three-base extension from the DNA origami structure and the pointer contains nine single-stranded
thymine bases plus GC and the docking sequence, highlighted in grey.

ID Sequence (5’ to 3°) Supplier Function Replace

488-L8 TGC TCA TTC TXA TGC GTT AAT AAA ACG AAC | biomers Lower Label — V1 L8
TAT ATT CAT TGG CTT TTG; X =dT- Atto488

640-L9 AAG GGA ACC GYA TAT TCA CTC ATC TTT GAC | Eurofines | Upper Label — V1 L9
CCG TAA TGC CAT CGG AAC; Y =dT- Atto647N Genomics

561-L7 GGCACCAAAACCAAAAGTAAGAGCAACACTATA | Eurofines | Pointer - dye at 3’ L7
GCAACGTAAATCGCC - | Genomics
Cy3b

6.5nt-L6 GCACCCTCCGTCAGGTACGTTAGTAAATGAATAG | Eurofines Pos 12 catching site 7 | L6
TTAGCGTCAATCAT Genomics | nt mismatch

7nt-L6 GCACCCTCCGTCAGGTACGTTAGTAAATGAATAG | Eurofines | Pos 12 catching site 7 | L6
TTAGCGTCAATCAT Genomics | nt

7.5nt-L6 GCACCCTCCGTCAGGTACGTTAGTAAATGAATAG | Eurofines | Pos 12 catching site 8 | L6
TTAGCGTCAATCAT Genomics | nt mismatch

8nt-L6 GCACCCTCCGTCAGGTACGTTAGTAAATGAATAG | Eurofines | Pos 12 catching site 8 | L6
TTAGCGTCAATCAT Genomics | nt

6.5nt-L5 AGAAACAGCTTTAGAAGGAAGAAAAATCTACGAT | Eurofines | Pos 6 catching site L5
TTTAAGCATATAAC Genomics | 7 nt mismatch

Tnt-L5 AGAAACAGCTTTAGAAGGAAGAAAAATCTACGAT | Eurofines | Pos 6 catching site L5
TTTAAGCATATAAC Genomics | 7 nt

7.5nt-LS AGAAACAGCTTTAGAAGGAAGAAAAATCTACGAT | Eurofines | Pos 6 catching site L5
TTTAAGCATATAAC Genomics | 8 nt mismatch

8nt-L5 AGAAACAGCTTTAGAAGGAAGAAAAATCTACGAT | Eurofines | Pos 6 catching site L5
TTTAAGCATATAAC Genomics | 8 nt

7.5nt-L14 TGCCATTCAACAATAGAAAATTCATATGGTTTTCA | Eurofines | Pos 9 catching site L14
AATGCC Genomics | 8 nt mismatch

L12-13-1 CATTATACCAGTGATTTGGCATCAGGACGTTGTA Eurofines | Replacement for L12 and
ACATAAACCAGACG Genomics | Pos 9 L13

L12-13-11 TAATAAGAAGAGCCACCCTTATTAGCGTT Eurofines | Replacement for L12 and

Genomics | Pos 9 L13

L12-13-1IT TTACCCATAACCCTCGAAATACAATGTTTAAACA | Eurofines | Replacement for L12 and

GGG Genomics | Pos 9 L13
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SUPPLEMENTARY NOTE 8: STATISTICS SINGLE-MOLECULE DATA

The following section summarizes the results for all Hsp70 and origami datasets, newly
designed, presented, and analyzed in this work. For each dataset, the total number (#) of
recorded traces, the confidence interval, the number of dynamic traces, the retrieved number of
states, and dwell times are specified. For the origami datasets, we refer to State 1 as the 12
o’clock position and State 2 as the 6 o’clock position for the 2-state systems. In 3-state systems
(as presented in Figure 5), we refer to States 1, 2, and 3 as the 12 o’clock, 9 o’clock, and 6°clock
positions, respectively. For the Hsp70 datasets, we refer to State 1 as the undocked
conformation (low FRET) and State 2 as the docked conformation (high FRET). More details
can be found together with the raw data on Zenodo [https://zenodo.org/record/7561162].

Supplementary Table 8.1. Statistics summarizing the single-molecule results obtained for the origami and Hsp70
datasets. N.A.: not applicable; max: highest confidence of all possible classes.

#of

Binding Site ﬂ nf‘ Confidence .Framc ﬂ of Dynamic :,* of‘ Dwell ‘1imc Dwell ‘1imc Dwell time
Traces time (ms) Frames B States t1 (s) t2(s)
Tracers
2 Ic origami 8nt/1 MM 7448 70 % 522 998 2510 2 1.75 2.65 N.A.
2 states
3 2¢ origami 8nt/1 MM 6100 70 % 522 1998 1499 2 1.76 2.64 NA.
2 states
4 3¢ origami 7nt/1 MM 5731 20% 342 2997 482 2 0.33 0.40 N.A.
2 states 7 nt 5093 70 % 37.5 2997 1885 2 0.66 1.05 N.A.
8nt/1 MM 2545 70 % 52.5 2397 581 2 1.75 2.69 N.A.
8 nt 8097 70 % 1522 1797 1545 2 6.41 9.54 N.A.
5 3¢ origami Tnt@6/12h 7990 70 % 52.5 2997 586 3 0.65 0.69 ~1.40
3 states 8 nt/ IMM @ %h
6i 2¢ origami Snt 95 N.A. N.A. N.A. 95 2 0.0045 0.0063 N.A.
2 states 6 nt 104 N.A. N.A. N.A. 104 2 0.015 0.026 N.A.
7nt/1 MM 99 N.A. N.A. N.A. 99 2 0.14 0.23 N.A.
7t 97 N.A. N.A. N.A. 97 2 0.84 1.62 N.A.
6nt <> 7nt 11 N.A. N.A. N.A. 11 2 0.017 1.524 N.A.
Int<>7nt/1 MM 102 N.A. N.A. N.A. 102 2 0.79 0.22 N.A.
7nt/1 MM < 7 nt 21 N.A. N.A. N.A. 21 2 0.15 1.57 N.A.
g Glycerol # Frame o ‘ #of Dwell time Dwell time
Name . o ) . Dynamic y
concentration (%) Traces time (ms) Frames o States t1 (s) t2(s)
Tracers
6a-b 3¢ origami 1% 1167 50 % 522 2397 176 2 1.65 245 N.A.
2 states 2.5% 1087 30% 522 2397 150 1.52 223 N.A.
8nt/1 5% 1814 50 % 522 2397 382 1.38 2.02 N.A.
MM 10 % 1040 50 % 52.2 2397 120 1.11 1.52 N.A.
15 % 1006 50 % 522 2397 204 0.96 1.23 N.A.
20 % 1295 50 % 522 2397 101 0.85 1.11 N.A.
30 % 1207 30 % 52.2 2397 101 0.62 0.85 N.A.
. i ADP #of Frame # of @7 Dwell time Dwell time
g. Name ) ) . . i N Dynamic N
concentration (M) time (ms) Frames . t1(s) t2(s)
100 nM 12319 max 325 2000 466 1.13 0.93 N.A
6o-f Hsp70 SuM 9246 max 325 2000 155 0.92 0.75 N.A
SSC1 100 uM 5035 max 325 2000 258 0.64 0.83 N.A
I mM 3534 max 325 2000 156 0.58 0.79 N.A
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ABSTRACT By avoiding ensemble averaging, single-molecule methods provide novel means of extracting mechanistic in-
sights into function of material and molecules at the nanoscale. However, one of the big limitations is the vast amount of
data required for analyzing and extracting the desired information, which is time-consuming and user dependent. Here, we intro-
duce Deep-LASI, a software suite for the manual and automatic analysis of single-molecule traces, interactions, and the under-
lying kinetics. The software can handle data from one-, two- and three-color fluorescence data, and was particularly designed for
the analysis of two- and three-color single-molecule fluorescence resonance energy transfer experiments. The functionalities of
the software include: the registration of multiple-channels, trace sorting and categorization, determination of the photobleaching
steps, calculation of fluorescence resonance energy transfer correction factors, and kinetic analyses based on hidden Markov
modeling or deep neural networks. After a kinetic analysis, the ensuing transition density plots are generated, which can be used
for further quantification of the kinetic parameters of the system. Each step in the workflow can be performed manually or with the
support of machine learning algorithms. Upon reading in the initial data set, it is also possible to perform the remaining analysis
steps automatically without additional supervision. Hence, the time dedicated to the analysis of single-molecule experiments can
be reduced from days/weeks to minutes. After a thorough description of the functionalities of the software, we also demonstrate
the capabilities of the software via the analysis of a previously published dynamic three-color DNA origami structure fluctuating
between three states. With the drastic time reduction in data analysis, new types of experiments become realistically possible
that complement our currently available palette of methodologies for investigating the nanoworld.

SIGNIFICANCE Single-molecule experiments are very powerful but, at the same time, the analysis can be very time
intensive. Here, we present a software that eases the analysis of single-molecule time traces. We have incorporated
machine learning methods to support the data analysis. The software performs all steps required for such an analysis
either manually or automatically starting from data extraction through to the final graphical outputs. Hence, the time
investment needed for the analysis of single-molecule data can be reduced from days or even weeks to minutes.

INTRODUCTION atomic force microscopy, optical and magnetic tweezers (2),
or total internal reflection fluorescence (TIRF) microscopy,
the dynamic processes of a single molecule can be observed
as a function of time (3,4). As a result of such measure-
ments, a huge number of trajectories are typically produced
that need to be analyzed to extract the desired information
from the system of interest.

Among the various valuable single-molecule techniques,
Forster resonance energy transfer (FRET) experiments stand
out as a noncontact method that can detect distances on the
2-10 nm scale and measure dynamics processes from
nanoseconds to kiloseconds. Recent studies have shown

The ability to detect individual molecules has revolutionized
the way we investigate the physical world. When measure-
ments are no longer limited by ensemble averaging, sample
heterogeneities, subpopulations and dynamic processes are
directly observable. With such high sensitivity, a minimal
amount of sample is necessary and, as the analysis is done
one molecule at a time, high purification of the sample
can be performed in the analysis (1). When performing mea-
surements on immobilized molecules with methods such as
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that single-molecule FRET (smFRET) experiments are
reproducible with an accuracy of 0.6 nm (5,6). With
smFRET, it becomes possible to gain insights about the
structural features and dynamics of materials, such as the
structural fluctuations in biomolecules resulting from com-
plex biological interactions (7). Notably, smFRET promises
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to be an important method for the upcoming age of dynamic
structural biology (8). For many experiments, it is possible
to detect subpopulations and measure dynamics directly
from the collected data. For a detailed quantitative analysis,
there are additional steps that need to be performed. Here,
it is useful to monitor the fluorescence of the acceptor
directly, which can be done using alternating laser excitation
(ALEX) (9). In ALEX, the donor and acceptor molecules
are excited alternately. Hence, the photophysical state of
the acceptor can be probed during the smFRET experiment,
and correction factors for the determination of accurate
FRET efficiencies can be extracted (10-12). When
analyzing ALEX data, the excitation scheme needs to be
determined and incorporated into the analysis. As experi-
ments grow in complexity, the intricacy of the analysis in-
creases as well, and the availability of more advanced
analysis tools becomes increasingly important.

Numerous software packages have been developed to aid
in the analysis of single-molecule measurements. The
choice of the optimal analysis tool depends upon the spe-
cifics of the experimental system and analysis required for
the study. For smFRET experiments, Lerner et al. recently
summarized and published an extensive list of analysis tools
that were released until the year 2021 including tools to
analyze time trajectories from surface experiments (8). In
a later study, Gotz et al. compared the performance of 11
widely used smFRET analysis tools regarding the determi-
nation of kinetic models and extraction of the rate constants
(13). With respect to smFRET experiments, the vast major-
ity of software has been developed for two-color FRET ex-
periments (14-19). Our group has also developed a
MATLAB-based software for data analysis on two-color
FRET systems for surface-immobilized molecules called
Tracy (13,20).

Upon expanding our single-molecule TIRF setup to accom-
modate three-color FRET experiments, we needed to expand
our analysis software. With this paper, we introduce our new
software, Deep-LASI (deep learning-assisted single-mole-
cule imaging analysis), an open-source software package us-
ing MATLAB (but also available as a runtime version) that
incorporates Python and C+-+ routines. The Deep-LASI soft-
ware offers both manual and automatic analysis environments
for a wide range of one-, two- and three-color single-molecule
experiments (21). The features of the software include map-
ping of multiple detection channels, extraction and back-
ground correction of one-, two- and three-color FRET data,
trace classification and selection of relevant time points for
the analyses, determination of the correction factors for the
calculation of accurate FRET efficiencies, histogram genera-
tion of various parameters, and kinetic analyses using hidden
Markov models (HMMs) and deep neural networks. Deep
learning techniques are emerging in virtually all data-driven
fields and are having a big impact in the life sciences, in partic-
ular in microscopy (22-27). Inspired by these developments,
we incorporated deep learning to help in trace classification,
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determination of the relevant regions of relevant traces, auto-
mated FRET correction and kinetic analyses.

Deep-LASI supports various data file formats with
extendable support to read in new formats into the software.
Although originally written for smFRET data, the software
is adept at handling any data as long as it results in time
traces. Furthermore, the software offers environments for
simulating and training single-molecule time traces. We
also provide example data sets and tutorials to help users
quickly gain proficiency in using the software (28).

RESULTS AND DISCUSSION

Deep-LASI is a user-friendly software package with a high
degree of automation and compatibility for the analysis of
time-resolved single-molecule intensity traces. It is de-
signed to help with the data analysis of one-, two- and
three-color FRET experiments with interactive graphical
user interfaces (GUIs) to provide enough freedom so that
the user can extract the desired information based on their
analysis needs. The source code is available such that the
software can be adapted and further developed by expert
users and software developers (29). A description of the im-
plemented features is given in the following sections.

The information to be extracted from the intensity traces
of single molecules and the necessary steps will vary de-
pending on the measurement assay and question of interest.
An overview of the most common procedures in single-
molecule data analysis is summarized in Fig. 1. The main
analysis steps include reading in the raw data, mapping
the detection channels, (co-)localizing the particles and ex-
tracting the intensity information over the measurement
time. In the next step, the software allows for classifying
traces, determining usable regions within each time trace,
plotting the distributions of the extracted parameters (such
as FRET values, labeling stoichiometry or dwell times),
calculating the necessary correction factors and performing
a kinetic analysis in the case of a dynamic system. In the
case of the Kkinetics analyses, transition density plots
(TDPs) are automatically generated and provide access to
the cumulative dwell-time distribution functions (CDFs).

Deep-LASI also offers the opportunity for expert users to
simulate multicolor smFRET traces and to train neural net-
works for new single-molecule assays. To ensure flexibility
and accessibility overall, the extracted and analyzed data
can be saved and reloaded at any time, and can be addition-
ally imported and exported, from and into standard data
files. In the following section, we discuss the individual
working steps and underlying mechanisms that define the
software’s functionality.

Main functionalities of Deep-LASI

Typically, the initial step in analyzing single-molecule
experiments involves reading in the raw data. The most
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Reading in the data

FIGURE 1 Overview of the functionalities of the
Deep-LASI software package. The main applications
of the software package are to extract, sort and
analyze intensity traces from single-molecule data.
This process involves a series of key steps: (a) for
multicolor experiments, the different channels need
to be registered to each other (i.e. mapped). After-
ward, the raw data is read in for each channel from
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elaborate features of the software are designed to work
with images or movies from cameras like EMCCD
(electron-multiplying charge-coupled device) or sSCMOS
(scientific complementary metal oxide semiconductor)
cameras. However, it also accommodates the direct read
in of custom, nonimage data file formats encoding a
time series (Fig. 2, blue boxes). For detailed information
and the latest list of supported file formats, please refer
to the online tutorial available for Deep-LASI on Read
the Docs (28).

Given the diversity of fluorescence-based assays and
methods resulting in time traces suitable for analysis
through Deep-LASI, we focus on the main functionalities
of the software. This includes importing data files, detect-
ing and mapping molecules, extracting traces, calculating
background, and manually or automatically sorting the
collected data (Fig. 2, green boxes). Following these steps,
the software provides a set of different tools to spectrally
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Direct Excitation Spectral Crosstalk

tion density plots with state transition information
and the cumulative dwell-time distribution function
(CDF) determined by fitting, respectively. To see
this figure in color, go online.
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correct, kinetically analyze and summarize the single-
molecule data (Fig. 2; pink boxes). These tools can be
used for 1) determining correction factors, 2) plotting
representative properties of the results via their distribu-
tions (e.g. of apparent or accurate FRET values of single
molecules, of states or frames), 3) allowing unsupervised,
kinetic analysis of selected regions of the appropriate
traces using HMM or deep learning algorithms and finally,
4) visualizing the data using TDPs and CDF plots. For an
in-depth understanding of each feature, including the al-
gorithms involved, the philosophy behind the GUIs, and
tutorials featuring specific analysis examples, please refer
to the comprehensive software documentation and
manual (28).

Channel mapping

For multicolor experiments using separate detection chan-
nels, a registration of the different detection channels is
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FIGURE 2 Schematic representation of the data-handling workflow using the Deep-LASI software. The blue boxes show the raw movie data and intensity
trace files that can be loaded into the software as well as the saving routines for storage and export of the analyzed data. The green boxes show the initial steps
for data extraction and preparation with the Deep-LASI software. The pink boxes summarize the tools for data analysis and representation of results available
through both manual and automatic modalities. To see this figure in color, go online.

needed. When measuring at different wavelengths, perfect
alignment between channels in terms of shift, magnifica-
tion, and rotation can be challenging and time-consuming.
Hence, a mapping process between cameras or regions
of interest is required to ensure that the fluorescence signa-
tures visible in the different channels originate from
the same immobilized molecule. When performing fluo-
rescence-based single-molecule experiments using imag-
ing, the optimal pixel size is usually in the range of
40-100 nm. Thus, the fluorescence emitted by a single
molecule spans multiple pixels, and alignment within a
single pixel is sufficient. The mapping is performed using
a set of emitters well distributed across the detectors’ field
of view. We commonly employ a zero-mode waveguide
pattern or a surface covered with emitting or scattering
particles, such as fluorescent beads. Alternatively, map-
ping can be accomplished using the actual single-molecule
data. One channel is selected as a reference channel. Our
software then utilizes a phase-correlation algorithm to es-
timate the geometric transformation necessary to align the
other channels to the reference image (Fig. 3 a)(30). This
geometric transformation involves scaling, rotation, and
translation of the read-in images. Individual emitters are
detected based on a user-selected threshold and their local-
izations are utilized to further refine the mapping using a
2D polynomial of order up to 3. The prerequisite for this
refinement operation is the colocalization of individual
particles within 2 pixels after application of the geometric
transformation. Their positions are determined using a sta-
tionary wavelet algorithm with adjustable sensitivity (31).
A transformation matrix is generated, which is then used to
map the respective coordinates between channels. The
mapping step corrects small misalignments between the
cameras originating from tilts and shifts of cameras and
different magnifications, as well as aberrations in the
detection paths. Notably, the mapping function is only
used to find the corresponding pixels in the various detec-
tion channels corresponding to the location in the refer-
ence channel. The actual single-molecule analysis is
performed separately on the raw data. No mapping of
the images via the transformation matrix is performed

except for inspection of the quality of the transformation
matrix.

Loading imaging data collected using various excitation
schemes

Once the detection channels have been mapped onto each
other, the actual single-molecule data one wishes to analyze
is loaded. Upon loading the data, the frames are segregated
based on the excitation scheme used (when necessary). For
accurate smFRET experiments using camera-based data
acquisition, it is advantageous to use millisecond ALEX
schemes (5,32). For two-color experiments, alternating
frames are collected using donor and accepter excitation
respectively. Acceptor excitation is used to probe the
presence and photoactive state of the acceptor molecule
enabling the calculation of labeling stoichiometry. However,
frames with acceptor excitation have to be excluded when
calculating the FRET efficiency. When expanding to three-
color experiments, ALEX is essential for analyzing the
data and three excitation lasers are alternated, respectively.
There are also experiments where one wishes to detect the
presence of one color at the beginning of the experiment,
but then perform a smFRET experiment with different
colors. One example would be measuring the conformation
of DNA using smFRET in the absence or binding of a DNA-
binding protein, which is labeled with a third color. In this
case, the first few frames are used to detect the presence
of the third color at the beginning of the measurement and
used for selecting the traces that are to be analyzed. The
remainder of the frames from the selected traces are then
used to extract the smFRET information.

Typically, a series of consecutive measurements is per-
formed using the same measurement parameters (excitation
scheme, detection channels, exposure time, etc.) to gather
sufficient statistics. This results in a collection of data files
originating from each camera. To initiate the analysis of the
entire experiment, the Deep-LASI read-in process begins
by collectively selecting all files from a single camera at
once, usually starting with the most blue-shifted detection
channel. Next, the first movie of the chosen file set is loaded.
Here, the user is prompted to define the frame range,
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FIGURE 3 Particle detection, localization and mapping. (a) Mapping process with Deep-LASI for multicolor experiments: a reference channel is chosen
and all other channels are registered with respect to the reference channel. Here, the chosen reference channel is the blue channel. (b) For trace extraction,
Deep-LASI first opens the images registered on a specific camera and segregates the detection channels according to the excitation scheme. Here, we show
the BB, GG, and RR channels. To identify the position of single emitters, we use the cumulative image taken from the direct excitation frames for the respec-
tive channels. (c) To calculate the measured intensity coming from a detected particle, a mask function is selected. We typically use a particle detection mask
having a circular geometry of 7 pixels in diameter. The outer dark ring with a width of 2 pixels is used to determine the background contribution. To see this

figure in color, go online.

excitation sequence, and detection channel. Next, a cumula-
tive intensity is displayed over the user-selected range
(Fig. 3 b) to improve the signal-to-noise ratio and facilitate
a user-friendly, interactive parameterization for the trace
extraction. The loading procedure is then repeated for the cor-
responding movies of the remaining channels. The particle
detection method and threshold for each detection channel
are then determined. In the last step, the extraction parame-
ters are provided by the user: particle and background mask
(Fig. 3 ¢), molecule selection criteria and the frame range
used for extraction. Once the detection and extraction thresh-
olds are established for all channels, the corresponding sets of
files are sequentially loaded and single-molecule traces are
extracted according to the given selection mode: Deep-
LASI extracts the trajectories 1) for all detected molecules,
2) for colocalized molecules only, or 3) for molecules
detected in a given detection channel.

Particle detection

To extract single-molecule trajectories, Deep-LASI provides
three different techniques for single-molecule localization.
For each technique, a sensitivity threshold is applied based
on the normalized reconstruction from weighted wavelet co-
efficients or intensity values. Based on the selected threshold,
a binary image is generated that encodes the detected parti-
cles. The position of each particle is determined by the cen-
ter-of-mass of the pixels associated with the particle.

Wavelet. Wavelets are filters that can be applied to images
(or time series) to enhance features with particular spatial
(or temporal) frequencies. As the fluorescence signal com-
ing from single molecules are diffraction limited, the de-
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tected fluorescence should be symmetric with the size
given by the point-spread function. By applying different
wavelet filters, the original image is decomposed into a
finite number of wavelets where particular spatial features
are enhanced and others suppressed. More specifically, by
mathematically applying low-pass and high-pass filters
on the signal and repeating the procedure, a set of wavelet
planes are generated at different resolutions (33-35). Based
on the median absolute deviation of the wavelet coeffi-
cients for each plane, insignificant features are removed
automatically.

Intensity thresholding. Another approach is to use inten-
sity thresholding to detect molecules emitting intensities
higher than a user-defined level. When enough adjacent
pixels are above the threshold, the area would be considered
a particle and the central point taken for trace extraction.
This rather easy method works well as long as the signal
and background are homogenous over the field-of -view
and the signal from the molecules is sufficiently stronger
than the background.

Regional maxima. An alternative method based on inten-
sity thresholding is the regional maxima approach. With
this method, a Gaussian filter of 9 pixels is first convoluted
with the image and then the MATLAB function imregional-
max is used to find the local maxima. This is done by locating
pixels where all eight neighboring pixels are lower in inten-
sity. The routine then returns all the regional pixels which
are a local maximum and are considered as the center of sin-
gle emitting particles. Pixel intensities below the user-
defined threshold are set to zero. These selection criteria
have an advantage over normal intensity thresholding when



analyzing data with heterogeneous particle intensities and
noise within a frame.

Trace extraction

From the binary image generated from the detected particles,
the particle positions are extracted using the MATLAB in-
built function regionprops. This calculates the centers-of-
mass for connected pixels. Using the central position of the
individual particles, the particle mask (Fig. 3 ¢) is then
used to determine the total number of detected photons for
the particle as well as the background contribution. Typically,
we use a circular particle mask with a diameter of 7 pixels.
The size is chosen to optimize collection of photons within
the point-spread function of the molecule while minimizing
the inclusion of additional pixels and hence potential over-
laps between neighboring particles. The user can also adjust
the particle mask settings based on their specific needs.

The particle positions are then linked in consecutive
frames to generate time trajectories. To extract the intensity
traces from each detected single emitter, frame-wise inten-
sities for each channel are determined, and plotted over
the whole measurement or selected frame range.

Background determination

The size and shape of the particle mask surrounding each
particle’s point-spread function (Fig. 3 ¢) and the method
of background determination have a considerable impact
on the signal-to-noise ratio, the quality of traces and finally
on the resulting histograms. There are multiple approaches
to background correction. Fortunately, the number of
pixels that can be used to calculate the background inten-
sity far outnumber the number of pixels within the point-
spread function and hence can be subtracted with high
accuracy. Deep-LASI extracts frame-wise intensities for
each molecule detected in the various channel(s). To avoid
any potential heterogeneity from the illumination profile,
a nonconstant background level within a frame or differ-
ences between cameras, the background signal is calcu-
lated and subtracted from the accumulated intensity
within each particle mask. At any time during the analysis,
the user can view the raw intensity traces without back-
ground subtraction.

As the signal is averaged in the background mask, no
molecules should be present in the region used for deter-
mining the background. For densely populated surfaces,
the default mask can be adjusted, e.g., by reducing the
radius of the mask. To decrease the uncertainty in the back-
ground estimation, the background is measured in approxi-
mately twice as many pixels as the signal. In addition, as the
background does not typically change strongly with time, an
11-frame sliding window (=5 frames) is used to average the
background value. The average background signal (scaled to
the number of pixels in the particle mask) is then subtracted
from the total measured intensity. The total measured inten-
sity and the local background are determined for each frame
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and the background-corrected intensity traces stored. By
visually checking the intensity level of a trace after photo-
bleaching of all fluorophores, the quality of the background
subtraction routine can be controlled. At this point, all the
extracted traces from the experiment are saved into a single
datafile with a filename adapted from the name of the first
movie file with the extension of .tdat.

Trace read-in options

At this point in the analysis, one has extracted and saved the
single-molecule time traces from one or more channels for a
given excitation scheme. Here, it is also possible to reload
the traces as well as to directly import intensity traces ex-
tracted using other software for any type of single-molecule
time-series data. Several data importing options are incorpo-
rated including ptu, hdf5, npz, and txt files. For example, we
have also used Deep-LASI to analyze single-molecule in-
tensity traces collected one at a time on a confocal micro-
scope (21). The txt file format is provided (13,28) such
that users can convert their data into a format that can be
read into Deep-LASI.

Analysis options

Deep-LASI offers diverse tools for analyzing and presenting
information derived from single-molecule time traces, irre-
spective of the methods employed for data acquisition,
ranging from one- to three-color measurements: the soft-
ware facilitates both manual and automatic processes for
1) trace categorization into, for example, usable static and
dynamic traces and 2) selection of specific regions within
individual traces for further analysis. In addition, 3) Deep-
LASI provides an overview of parameters characterizing
selected regions in the intensity traces including brightness,
background intensity, signal-to-noise ratio. and photo-
bleaching time. Beyond these basic functionalities, Deep-
LASI supports manual and automatic analyses of one-,
two- and three-color FRET assays. Moreover, the software
enables 4) extraction of kinetic information from dynamic
traces. Two distinct approaches are available for kinetics an-
alyses: the first involves conventional HMM with selectable
algorithms for up to three channels, as detailed below
(36,37). The second approach employs neural networks
for automated data analysis wherein Deep-LASI outputs a
confidence level of the time trajectory being in a specific
state for each frame. In addition to kinetic analyses, Deep-
LASI allows for 5) the calculation of accurate FRET effi-
ciencies by extracting the necessary FRET correction
factors from the data. Finally, the software provides 6)
state-of-the-art tools for summarizing the FRET states and
kinetics extracted during the analysis. These include histo-
grams illustrating distributions of, e.g., FRET efficiencies
(apparent and accurate FRET) of static and dynamic traces,
stoichiometry, or FRET correction factors. Furthermore,
Deep-LASI provides TDPs and CDFs for summarizing the
kinetics information found in the single-molecule data.
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line. To see this figure in color, go online.

The subsequent sections provide a brief introduction to
manually using Deep-LASI for categorizing single-mole-
cule traces, selecting regions, and analyzing static experi-
mental parameters. Subsequently, we discuss how to
obtain accurate FRET measurements and extract kinetic in-
formation from single-molecule data.

Trace categorization and static analysis

After extracting or loading single-molecule traces, the next
step involves the categorization and sorting of the mole-
cules. In a typical single-molecule experiment, the data set
can easily comprise several thousands of traces. Many of
the traces may be noninformative due to rapid photobleach-
ing, the presence of aggregates, incomplete labeling, or
inadequate signal to noise ratios. Hence, the primary objec-
tive in trace categorization is to select the suitable regions of
appropriate traces for further analysis. This starts by sepa-
rating out traces that are unsuitable. For this, Deep-LASI
provides dedicated panels and GUIs for systematically
reviewing and categorizing traces (see Fig. 4 a). Typical cat-
egories include “static”, “dynamic” and “trash” although
users have the flexibility to add custom categories as needed
for their experiment. Furthermore, Deep-LASI facilitates
the sorting of traces based on the number of photoactive flu-
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orophores by considering which fluorophores are active in
each frame. For two-color FRET assays, for instance, traces
can be sorted into categories like “donor bleach” and
“acceptor bleach” which proves instrumental in deter-
mining FRET correction factors at a later stage. Notably,
users have the flexibility to assign multiple categories to in-
dividual traces, allowing classifications such as “static” and
“acceptor bleach” simultaneously. This functionality be-
comes particularly advantageous in three-color FRET exper-
iments where additional statistics for FRET correction
factors can be obtained from analyzing constructs that
contain only two of the three fluorescent dyes.

In the second step of the characterization procedure, it is
necessary to mark the regions of the useful traces to be
included in further analyses (Fig. 4 b). Selection of the
desired regions is possible with an activated cursor on the in-
tensity trace panels. The selection can be general to define
the regions in all channels to be included in the final histo-
grams or kinetic analyses, or can be specific to each detec-
tion channel (shaded in the corresponding color) for
determining individual photobleaching steps and regions
to be used for the calculation of FRET correction parameters
later on. Once correction factors have been estimated, users
can choose to visualize the data at the level of apparent or



accurate FRET. Correction factors are used to account for
donor leakage into the acceptor channel, direct excitation
of the acceptor, and differences in detection sensitivity of
the donor and acceptor molecules. In addition, the individ-
ual intensity traces can be displayed with or without back-
ground correction.

Statistical overview of selected traces

The Deep-LASI software offers the possibility to evaluate
and visualize the characteristics of selected frames, traces
and, ultimately, the analytical results. From the first inter-
face, the fluorescence properties of the different fluoro-
phores can be assessed (Fig. 4 ¢). For EMCCD cameras,
the characteristics of the amplification can be included to
convert the camera counts into approximate photon numbers
(otherwise, the signal in camera counts will be plotted).
These distributions showcase the total signal until photo-
bleaching (number of photons), the total signal and mean
background per molecule (in kHz), the background-cor-
rected brightness for the corresponding channels (in Hz),
the individual signal to noise ratios, and the time until
photobleaching of the respective fluorophores (in s). The
histograms for each channel are automatically fitted to
mono-exponential or Gaussian functions. The fit results
are given in the respective panels.

SmFRET analysis

In our research group, we specialize in smFRET experiments
and evaluation. Hence, parts of the software are optimized for
smFRET analysis from experiments carried out on immobi-
lized molecules. With FRET, it is possible to investigate
structural properties or dynamics due to FRET’s strong
dependency on the distance between fluorophores (8).
From the selected regions of the corresponding molecules,
it is possible to calculate the apparent FRET efficiency
histograms, that is the FRET efficiency determined from
background-corrected intensities without any further correc-
tions. These can be plotted for each frame and molecule
(frame-wise) or averaged value determined individually
for each molecule (molecule-wise) (Fig. 4 d). Frame-wise
FRET histograms contain all FRET values obtained across
different molecules and frames, giving a comprehensive pro-
jection of accessible FRET states in the sample from all
selected molecules (Fig. 4 d, orange line). Alternatively,
the molecule-wise (or trace-wise) histogram reports an
average FRET value for each single molecule over the
selected frame range (Fig. 4 d, blue line). Notably, for static
samples, molecule-wise and frame-wise histograms will
coincide whereas, for dynamic molecules, they will not. To
overcome this, it is possible to plot histograms state-wise
when analyzing dynamic traces (see dynamic analysis below;
Fig. 4 d, lower panel, green line).

To capitalize on the ability of FRET to measure distances
accurately on the subnanometer regime, it is necessary to
correct the apparent FRET efficiency for direct excitation
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of the acceptor, spectral crosstalk of the donor fluorophore
into the acceptor channel and variations in detection sensi-
tivity to the various fluorophores. Depending on which
molecule photobleaches first, it is possible to determine a
subset of the correction factors directly from the individual
traces. In the case where the donor undergoes photobleach-
ing before the acceptor, the software calculates the direct
excitation correction factor using the residual emission of
the acceptor directly excited by the donor laser excitation
(Fig. 4 e, top panel). Conversely, if the acceptor photo-
bleaches before the donor molecule, the spectral crosstalk
correction factor is determined as the residual donor emis-
sion detected in the acceptor channel (Fig. 4 e, middle
panel). After correcting the trace for direct excitation and
spectral crosstalk, the same trace can be used for determina-
tion of the detection efficiency correction factor from the ra-
tio of the changes in acceptor and donor intensity after the
acceptor’s photobleaching step (Fig. 4 e, bottom panel).
Once all individual traces are assessed for possible contribu-
tions to the correction factors, the distribution is plotted and
the software computes the average, median, and mode of the
distribution for each correction factor and dye pair. For an
accurate estimate of the various correction factors, a mini-
mum number of continuous frames after the photobleaching
step should be included (we use a minimum of 20 frames).
To kick out spurious values from the distributions, a
maximum tolerable value for all correction factors can be
entered. Values above the maximum will not be included
in the calculation of the average, median and mean. The
correction factors that cannot be determined directly from
the traces are taken from the distribution (referred to as
global correction factors). We typically use the median of
the distribution as it was found to be most robust given
typical statistics, but the average or mode can also be
selected (Fig. 4 e). The user also has the option to use the
global correction factors for all traces or to enter the values
individually for each trace. Once the correction factors are
determined, accurate FRET values as well as distances
can also be displayed. These together with additional pa-
rameters such as stoichiometry and FRET efficiencies
(both accurate and apparent FRET) can be viewed in a sec-
ond interface. All histograms can be normalized and/or fit to
a wide variety of functions.

Machine learning analysis of dynamic trajectories

To analyze dynamic samples, additional functionalities are
available in the Deep-LASI software. One can choose
from two HMM analyses (Murphy (37) or Schreiber (36))
or automatically via deep neural networks (DNNs) (21)
(Fig. 5 a). The results provide an estimation of the underly-
ing states and kinetics within the individual trajectories.
Hence, in the end, one generates a "digitalized" version of
the state pathway, which allows determination of the transi-
tion rates via the CDFs.
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HMM can be performed on one-, two- and three-color
data. For each data type, the FRET efficiencies or the inten-
sities can be used as input. The number of states, mean
values, standard deviations and the transition matrix can
be initialized either using prior knowledge of the user,
random uniform distributions or estimations based on
k-means clustering. Other adjustable model parameters
include the convergence threshold, the maximum number
of iterations, and the choice between local or global
HMM. Local HMM creates a new model for each trace,
whereas a global HMM utilizes one model (rates and states)
for all traces of a selected category. Like other analysis tabs,
this analysis can also be exploited on any desired cate-
gory(s). The states and kinetics of one- and two-color data
are straightforward to model as they inherently represent
distances in only one dimension. In three-color FRET exper-
iments, distances can be extracted in three dimensions by
combining the FRET efficiencies of all fluorophore pairs.
However, three-color FRET is complicated by the strong
interdependence of the FRET efficiencies and the numerous
correction terms that are necessary to convert the apparent
FRET efficiencies to actual distances. These corrections
introduce significant uncertainties, making it difficult to
properly model the system using HMM and identifying state
transition. Therefore, the software focuses on using apparent
FRET efficiencies and uncorrected intensities to accurately
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analyze three-color FRET Kkinetics, treating the states of a
given molecule as unique combinations of FRET effi-
ciencies or intensities (38). This is achieved by employing
multivariate HMM, where each trace is 2D and each obser-
vation is a multivariate vector. In the case of three-color
FRET, the multivariate vectors can contain either the three
FRET efficiencies or the five intensity channels that are rele-
vant for determining the kinetic information. Direct excita-
tion of the last acceptor is excluded as it provides no kinetic
information. Regardless of the number of colors, the soft-
ware provides the option to use HMM on traces that were
manually selected or classified by a DNN.

After running the HMM, multiple corresponding panels
with the number of states, state values and transition prob-
ability matrices are updated. These will depend upon the
executed mode, i.e., local or global. Fig. 5 a shows an
example of a dynamic, two-state system with independent
transitions between these states. On the trace panel of the
HMM tab, the individual traces and their corresponding
Viterbi path are shown (Fig. 5 b, top panel). One can click
through all traces present in the selected category to check
the accuracy of the predicted states and transitions
sequences.

DNNs can also be used for the kinetic analysis after the
state classification step has been performed (e.g., Fig. 5 b,
bottom panel). Here, there is the option to run a "number



of states" classifier to determine the predicted number of
states observed in each trace (Fig. 5 ¢, left panel). The
user can then run a particular state-classifier model (i.e.,
for two states, three states, or four states) on the selected
data or use the output of the number of states classifier
to automatically use the corresponding state-classifier
model for state assignment on a trace-by-trace basis. The
software plots the average confidence level for the state
assignment over the individual traces (Fig. 5 c, right panel).
For the example shown here, the software is very confident
regarding the existence of two states and their correspond-
ing state assignments.

After running the machine learning approach of choice
(i.e., HMM or DNN), a digitalized state pathway is gener-
ated for each trace. This allows one to calculate a state-
wise distribution from the state trajectories (Fig. 4 d, bottom
panel, green line). The state-wise trajectories can be plotted
normalized to the number of transitions or weighted by the
number of frames contributing to each state. To analyze the
underlying dynamics, the Deep-LASI software utilizes
TDPs to visualize the detected transitions between initial
and final states within the data (Fig. 5 d, left panel). From
the TDP, the number of states, their corresponding values
(e.g. FRET efficiencies), their connectivity and the number
of transitions between different pairs of states can be re-
vealed. Transition rates can be obtained directly from the
output of a global HMM analysis. Alternatively, they can
be calculated by selecting individual populations in the
TDP and then fitting the corresponding dwell-time distribu-
tion (Fig. 5 d, right panel).

Automatic analysis

The analysis of single-molecule data, especially for mole-
cules immobilized on a surface, usually takes days or weeks,
even for a single day of measurement, and is prone to bias
from the person analyzing the data. In addition, due to the
time necessary for obtaining a reasonable amount of statis-
tics, the parameter space that can be analyzed via such ex-
periments is limited. To overcome such issues, automatic
analysis tools using trained DNNs are available in the
Deep-LASI software. Hence, each step of the analysis work-
flow described for manual evaluation above can be per-
formed automatically. DNNs are available for trace
classification (with region selection), number of state deter-
mination, and state trajectory analyses, and can be applied
individually. In addition, the entire workflow from sorting
and categorizing time traces, determining the photobleach-
ing steps, calculating method-specific correction factors
and state pathway determination can also be done automat-
ically with the click of a single button (21). After running
the automated analysis, the workflow continues with evalu-
ation of the TDPs by selecting clusters and fitting their
dwell-time distributions. On typical smFRET measurements
with 4000 frames, the automated analysis is performed
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within 20-100 ms per intensity trace and has been imple-
mented for one-, two- and three-color data.

Currently, we have tested the Deep-LASI software on
DNA origami structures as well as protein systems (21).
However, the number of possible sorting categories and
traces characteristics that the DNN has been trained on is
not exhaustive. Therefore, for advanced users, the Deep-
LASI software has the option to simulate one-color single-
molecule data as well as two- and three-color smFRET
traces. In addition, the simulated data can also be used to
train new neural networks, if desired.

Additional attributes of Deep-LASI

The motivation for designing and publishing Deep-LASI was
manifold. We wanted to develop a software package for the
community that 1) is easy to use for everyone independent
of their scientific maturity or disciplinary background, 2)
contains a high degree of automatization with respect to
data extraction and analysis to save time and remove user
bias, 3) is compatible with other single-molecule methods
and setups with temporal resolution and 4) provides state-
of-the-art tools for analyzing single-molecule trajectories.
In addition, the software should provide 5) advanced tools
for analyzing experimental data from multicolor FRET
experiment up to three colors (and potentially up to four in
the future). These include the ability to simulate single-mole-
cule data and train new machine learning approaches (HMM
and neural networks) that are extendable for future single-
molecule assays. Here, we summarize these general aspects
of the developed software suite Deep-LASI.

Ease-of use/user friendliness

To make the software easily accessible to a broad range of
users and establish a universal analysis environment, Deep-
LASI was designed to be easy to learn with a clear workflow.
Each step in the workflow is accompanied with its own GUI
guiding from reading-in the raw data over data extraction and
analysis to visualization of the results. After each step of data
processing and analysis, it is possible to save the current sta-
tus of the project, giving the user complete freedom to stop
the analysis and resume at a later point in time. The resulting
parameters and plots can be exported to external tools for pre-
sentation or publication purposes.

Automation

Gathering sufficient statistics in single-molecule experi-
ments requires collecting data from thousands of single
molecules. Hence, the Deep-LASI software can read-in hun-
dreds of consecutive movies and extract the single-molecule
traces automatically after the conditions have been deter-
mined for the first movie. As data extraction and evaluation
can be performed without supervision, new analyses and ex-
periments are now realizable. For example, it is now
possible to utilize more of the collected information such
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FIGURE 6 Application of the Deep-LASI software for analyzing three-color, three-state smFRET data. (@) Schematic overview of an L-shaped DNA
origami structure with three binding positions, which are defined as 6, 9 and 12 o’clock. To probe the movement of the tether (labeled with Cy3B),
Atto488 and Atto647N are placed near two of the binding sites (6 and 12 o’clock, respectively). The inset shows the corresponding kinetic scheme. (b)
A pie chart showing the distribution of the 7990 traces that have been sorted into the given categories (Static, Dynamic, Noisy, Aggregate, Artifact, and
Other). The 740 dynamic traces have been further categorized based on the number of states observed on each dynamic trace. (¢) An exemplary single-mole-
cule trace showing the six intensity and three apparent FRET traces for the three-state system. (i) The intensity traces detected in the blue, yellow, and red
channels after blue excitation. (ii) The intensity traces after yellow and red excitation. (iif) The corresponding FRET efficiencies for each of the three dye pairs
followed by the Viterbi path (iv) and state probabilities (v) derived by three-color HMM and a deep-learning-assisted kinetic analysis respectively. (d)
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as also analyzing partially labeled molecules or performing
a series of measurements as a function of experimental con-
ditions that would be otherwise unthinkable when perform-
ing a manual analysis.

Compatibility

Although written for the analysis of smFRET data, Deep-
LASI is applicable to all single-molecule experiments that
end up measuring time traces independent of the setup
and raw data file format. The software is compatible with
ALEX excitation schemes as well as a non-ALEX excitation
for two-color experiments and can read in diverse file for-
mats such as tif, ptu, hdf5, and npz. It is also possible to
import other file formats by converting them into a pregiven
txt format (13,29). Notably, for measurements with signifi-
cantly different noise characteristics than those encountered
in fluorescence-based methods, the currently incorporated
DNNs may need to be retrained.

Adaptability

The development of single-molecule methodologies is a
quickly advancing field, and the analysis needs are exceed-
ingly dynamic and often specific for each single project.
Accordingly, it should be possible to easily modify and
adapt the analysis approaches. Therefore, the source code
for Deep-LASI is freely available on the GitLab platform
where active feedback and comments can be given (e.g., re-
porting bugs and suggesting improvements) and users can
contribute new functionalities. This is not only possible,
but also appreciated.

Unique methods

Deep-LASI combines an easy-to-use manual trace analysis
software with state-of-the-art DNNs for automated data
processing of one-, two- and three-color data. Many re-
searchers are exploiting the advantages of smFRET but often
avoid three-color assays due to the intrinsic complexity of
the experiments and time-consuming analysis. Thereby,
they also miss out on additional information that can be ex-
tracted by adding another fluorophore to the system. In addi-
tion, the only other software we are aware of for manually
analyzing multicolor smFRET traces is SMACKS (18,39).
Unique features of Deep-LASI are the automated analysis
of state pathways in kinetic data and its ability to automati-
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cally analyze three-color smFRET data and extract absolute
distances.

Application of Deep-LASI software on
experimental data

Having introduced the Deep-LASI software, we now show-
case its application to real three-color experimental data.
For this, we show the results from experiments on a previ-
ously published L-shaped DNA origami structure (21).
The L-shaped origami structure contains a flexible tether
that can bind to three distinct states (Fig. 6 a). The tether
is labeled with Cy3B at the 3’ end and can bind to protruding
strands placed at positions referred to as 6, 9 and 12 o’clock.
The binding sites consist of complementary ssDNA strands
of 7 nt length at 6 and 12 o’clock and 7.5-nt length (i.e. a
strand with 8 nt containing a 1 bp mismatch) at 9 o’clock.
Binding of the tether occurs by spontaneous base-pairing
with the single-stranded protruding strands. To monitor
the movement, we introduced two additional fluorophores,
Atto488 and Atto647N, on the structure close to the comple-
mentary strands at 6 and 12 o’clock positions, respectively.

Data were collected using a three-color ALEX scheme of
blue, green and red excitation, and collected on three sepa-
rate EMCCD cameras. Approximately 8000 traces contain-
ing all three fluorophores were extracted from 100 movies.
Using the automated neural network analysis, a trace classi-
fication was performed. The distribution of classes is shown
in Fig. 6 b. Of the 7990 traces extracted from the data, a dy-
namic classification was most probable for 740 (or 9%) of
the traces, which were then utilized for further analyses.
Fig. 6 ¢ shows a representative single-molecule dynamic
trace alongside the apparent FRET efficiencies and kinetic
analysis. From the selected traces, the software provides an
overview of various parameters. Here, we show the total
number of photons, the signal and background intensities,
the brightness, the signal-to-noise ratio for the BB, GG and
RR channels, as well as the time until the photobleaching
of the corresponding fluorophore (Fig. 6 d). When the mea-
surement is of sufficient quality, one can proceed with the
analysis. Next, we analyzed here the regions of the traces
selected for determination of the FRET correction factors
for spectral crosstalk and direct excitation as well as differ-
ences in detection sensitivity (5,6,8) (exemplified in Fig. 4
e for the GR dye pair). These are necessary for determining

Photostatistics of the three individual detection channels. The histograms are automatically fit to a Gaussian or exponential functions and the fit parameter
reported. Histograms represent the total number of detected photons before photobleaching, the total signal and background (normalized to the number of
pixels in the particle mask), the background-corrected molecular brightness, the signal-to-noise ratio and the time until photobleaching of the respective
fluorophore. (e) Distributions of the FRET correction factors extracted from the data for direct excitation, spectral crosstalk and differences in detection
sensitivity (gamma) for the GR FRET pair. The mean, median and mode values for each histogram are indicated in red, blue and green, respectively. (f)
DNN confidence output for the number of state classifier (leff) and the state assignment classifier (right). (g) Apparent frame-wise FRET efficiency histo-
grams are shown as shadowed plots for each dye pair with the three efficiency populations for the BG, BR, and GR pairs. The frame-wise weighted, state-wise
corrected FRET histograms are outlined in black. (4) TDPs are shown illustrating the transitions detected for all three dye pairs using apparent state-wise
FRET efficiencies. (a) Is reproduced under the terms of the Creative Common CC-BY 4.0 License (21). Copyright 2023, The Authors. Published by Springer

Nature. To see this figure in color, go online.
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accurate FRET efficiencies. As neural networks also classify
the active fluorophores in each frame, it is possible to extract
the maximum number of frames in the data that can be uti-
lized for the individual factors. In addition, for three-color
samples, it is also possible to utilize information from the
dual-color-labeled complexes. Hence, the automated anal-
ysis is often more accurate than the corresponding manually
analyzed traces. Traces that exhibit dynamics can then
be further analyzed using either HMM or DNNs. Fig. 6
c(iv—v) depicts the Viterbi path of FRET efficiencies and
state-probabilities returned from the DNN for the representa-
tive SmFRET trace. As discussed above, the neural network
also generates confidence level histograms (Fig. 6 e). The
left histogram indicates a large number of traces containing
dynamics between two of the states and a significant fraction
of traces displaying all three expected states. The right histo-
gram depicts the average confidence of the neural network in
assigning the corresponding frames to the two and three
states within each trace.

After completing the analysis, the results can be summa-
rized using various tools. For the smFRET data shown here,
we compare the frame-wise apparent FRET efficiency histo-
grams (colored) and state-wise corrected FRET efficiency his-
tograms (black lines) for each dye pair (Fig. 6 f). For the BG
dye pair, three FRET states are well resolved with apparent ef-
ficiency values of 0.18, 0.73, and 0.48, corresponding to states
1,2, and 3, respectively. As expected from the design and asso-
ciated Forster radius values of 53 and 65 A (40-42), the 9 and
12 o’clock positions are more difficult to discern for the BR
and GR FRET pairs. Nevertheless, the GR shows three popu-
lations with 0.83, 0.22, and 0.30 in apparent FRET efficiency
for the same states 1-3. Although applying FRET correction
factors in 3cFRET experiments usually results in broadened
FRET histograms, the neural network correctly extracts the
designed state-wise averaged accurate FRET histograms.
Having the additional dimensions available in 3cFRET, it is
possible to distinguish the three states. Interestingly, as ex-
pected, the three FRET populations in BR converge into a sin-
gle FRET state at a FRET efficiency of 0.44 upon correction.

Finally, the Deep-LASI software enables the creation of
TDPs in separate windows for each dye pair (Fig. 6 g). The
user can then manually select populations in the plot and fit
the resulting dwell-time distributions to determine the underly-
ing transition rates between the corresponding states. By fitting
the dwell-time curves (Fig. 6 ), we identified state residency
times of 0.65, 0.69 and 1.40 s for states 1, 2 and 3, respectively.
As the same state trajectories exist for each dye-pair, the state
transitions can be selected from the TDPs that provide the best
contrast between the two corresponding states.

CONCLUSIONS

In conclusion, Deep-LASI is a software suite that allows for
a straightforward and rapid analysis of single-molecule time
trajectories. The software supports multiple data formats
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from a variety of methods such as wide-field and confocal
measurements. It allows for the convenient analysis of sin-
gle-molecule data starting with multiple-channel registra-
tion, trace sorting and categorization, determination of the
photobleaching steps, calculation of FRET correction fac-
tors, and kinetic analyses based on HMM or DNNs. Each
step can be performed manually or automatically. It offers
advanced functionalities for handling and interpreting sin-
gle-molecule data in one, two and three colors such as the
quantitative analysis of three-color smFRET data. By intro-
ducing Deep-LASI, we encourage researchers to exploit the
capacities of single-molecule techniques without being con-
cerned about the software environment or complicated,
time-consuming analysis steps. As the field develops, the
analysis requirements will change. Hence, the software is
open source, inviting programming experts to extend the ca-
pabilities of Deep-LASI to address the expanding analysis
needs of a rapidly growing research field.

DATA AND CODE AVAILABILITY

The software is publicly available as source code, requiring
MATLAB or as a precompiled, standalone distribution for
Windows or MacOS, and accessible from a GitLab repository
at: https://gitlab.com/simon71/deeplasi. A detailed manual
can be found at: https://deep-lasi-tutorial.readthedocs.io/en/
latest/documentation.html. The experimental data are pro-
vided in the Zenodo database (Zenodo: https://zenodo.org/
record/7561162).
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Abstract

DNA nanotechnology has revolutionized molecular engineering, enabling the construction of dynamic,
programmable architectures with near-atomic precision. Among these, DNA origami structures stand out as
molecular rulers—offering unparalleled control over spatial organization at the nanoscale. By strategically
positioning fluorophores within these scaffolds, Forster resonance energy transfer (FRET) can be used to probe
molecular distances, conformational changes and dynamics of the origami and attached molecular
components, as well as hybridization dynamics with single-molecule sensitivity, and can even be tuned to
response to external triggers. However, despite the inherent programmability of DNA origami structures,
kinetic and structural uncertainties arise due to sequence (dis-)placement, environmental factors, and dye-
DNA interactions. Here, we employ single-molecule FRET (smFRET) in solution and on surface-immobilized
molecules to benchmark the spatial and temporal precision of DNA origami structures as kinetic rulers. We
systematically investigated the binding dynamics of single-stranded DNA (ssDNA) tethers to designed docking
sites along an L-shaped DNA origami scaffold, tuned docking site positioning, fluorophore identity, sequence
and hybridization length. While DNA origami provides remarkable tunability and reproducibility at the
nanoscale, we find that local environmental effects—including fluorophore charge and docking site
microstructures—can modulate hybridization kinetics by up to a factor of two. These insights refine the use
of dynamic DNA origami as molecular benchmarks for fluorescence-based assays and highlights design
parameters that must be considered when engineering DNA-based nanodevices for precision and sensing
applications.
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Introduction

DNA nanotechnology has transformed molecular engineering, enabling the precise design of self-assembled
nanostructures in two- and three-dimensional configurations with programmable dynamics and motion® 2.
While early applications of DNA origami structures focused on creating static, well-defined architectures?,
recent advances have unlocked their potential as dynamic molecular systems—capable of controlled motion?,
reconfiguration®, and molecular sensing®. By leveraging sequence-specific hybridization®, strand displacement
reactions” & and external stimuli® ¥ (like temperature, pH shifts and molecular crowding), dynamic DNA
origamis can function as responsive nanodevices for applications ranging from molecular computing® and
drug delivery? to high-precision biophysical measurements??, including force* and affinity® probing at the
single-molecule level. A particularly exciting applications of dynamic DNA origami structures lies in nanoscale
metrology, where these structures act as molecular ruler with defined kinetic and spatial properties. Their
ability to undergo programmable conformational changes makes them ideal for benchmarking distance
measurements in super-resolution imaging (e.g., STORM, DNA-PAINT)®® and fluorescence-based assays (e.g.,
Counting, or FRET)*®. Unlike rigid molecular scaffolds, dynamic DNA origami provide kinetic programmability?’,
allowing the study of reaction dynamics®®, control of accessibility’®, and spatiotemporal regulation of
molecular interactions?’. Beyond metrology, DNA-based nanomachines—such as DNA walkers 2, switches %,
and molecular robots 2*—demonstrate the potential of dynamic DNA origami in molecular computing and
synthetic biology. With their combination of spatial precision, kinetic control, and responsiveness, dynamic
DNA origami represents a next-generation toolkit for interrogating molecular interactions and designing
functional nanodevices.

DNA is a versatile building block due to its predictable base-pairing that can be exploited to program and
control nanoscale motion. Yet, a critical factor in dynamic DNA origami function is the hybridization kinetics
of single-stranded DNA (ssDNA). These can be monitored by incorporating small fluorescent molecules on or
near target strands. However, incorporating fluorescent labels into DNA strands or origami structures may
introduce potential side effects that can impact the energy landscape and conformational dynamics of the
DNA origami structures. Certain fluorophores are known for unwanted dye-DNA strand interactions that can
stabilize DNA double strands, be responsible for dye-dependent conformational dynamics on single DNA
strands or lead to duplex dissociation?*. Previous studies show that cyanine dyes, especially when positioned
terminally, tend to alter their photophysical properties and inhibit dynamics more than the rhodamine-,
coumarin-, or xanthene-based dyes %. Usually, terminally-labeled fluorophores stabilize hybridization by both
stacking and electrostatic interactions with positively-charged dyes interacting stronger with the negatively-
charged DNA than the negatively-charged dyes 2.

When using DNA origami probes with responses that rely on transient binding and hybridization of ssDNA,
there is a potential for secondary structure formation like a stem loop or a triple helix. This can occur either
when the single strands diffuse in solution or when they are tethered to a DNA origami structure, even for
short strands. Such secondary structures can alter hybridization kinetics, especially by reducing the association
rate kon, which can be problematic for techniques such as DNA PAINT ?’. Considering all potential intrinsic
interactions of DNA strands on origami structures along with extrinsic factors such as fluorophores, can limit
the precision with which the kinetics and positioning, and hence the functionality are predicted.

To investigate the effect of above-mentioned external influences on DNA hybridization kinetics, we designed
and measured a number of L-shaped DNA origami structures that offers a programmable arrangement of
protruding strands and biotin anchors on the backside for immobilization 2. The short side of the L-shaped
DNA origami structure contains the breadboard portion used for programming the kinetics and, therefore, by
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design, is not sensitive to the coverslip surface. The structure contains a flexible, single-stranded DNA (ssDNA)
tether with complementary ssDNA docking strands in the near vicinity. The kinetics are then modified by
changing the length of the complementary sequence. To monitor the dynamics, we use single-molecule
Forster Resonance Energy Transfer (smFRET) experiments. Given that DNA nanostructures are typically
smaller than the diffraction limit of light, the smFRET approach allows us to probe the conformation and
dynamics of biomolecules on the nanometer scale. Additionally, they provide important insights into the
structural heterogeneities of the nanostructures, detect rare mechanistic events, and separate out defective
or non-functional molecules.

In this work, we employ smFRET techniques both on immobilized structures and in solution to investigate the
critical aspects of dynamic DNA origami design and labeling. We varied the type and number of attached
fluorophores, the labeling position and the length of the complementary region of the docking strands to
investigate their influences on the FRET efficiency and kinetic rates. We measured the hybridization and
dissociation kinetics as well as the fluorescence lifetime and anisotropy information to monitor the rotational
flexibility and potential quenching for each fluorophore. Our results reveal that positively charged dyes can
interact and destabilize the DNA hybridization, but that the local environmental of the origami around the
docking strands have an inherent effect on their kinetics. This limits the programmability of the dynamics to
within roughly a factor of 2. Our data show that these dynamic DNA origami nanostructures are excellent
reference structures for two-, and multicolor FRET and especially for FRET dynamics similar to how rigid
structures are commonly used as standards for super-resolution microscopy %.
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Results and Discussion

DNA origami structure design

L-shaped DNA origami nanostructures containing a fluorescently labeled, ssDNA pointer with a length of 19
nucleotides (nt) were used throughout this study. For most structures, the protruding single-stranded DNA
pointer was labeled with Cy3B at the 3’-end and placed between up to three surrounding docking strands. The
complementary sequence length to the pointer was varied in order to control the number of involved binding
states as well as associated kinetic rates (Figure 1). Two other dyes (Atto488 and Atto647N) were bound to
the origami surface in close proximity to the two docking strands at 6 and 12 o’clock positions to probe the
position of the tether. The docking strands were placed within reach of the tether to allow transient binding
to the different states. In addition, four biotin groups were attached to the bottom of origami structures for
surface immobilization.

To determine whether the positions of the blue and red dyes impact the tether binding and the associated
FRET states, we designed two versions of the origami structures where the position of the fluorophores are
switched. In version 1 (V1), the red dye is placed close to the 12 o’clock binding position (up) and the blue dye
close to the 6 o’clock binding position (down) (Figure 1a, the left zoomed-out panel). The reverse arrangement
was prepared for version 2 (V2) of the samples (Figure 1a, the right zoomed-out panel). To make a meaningful
comparison between the different structures, the expected FRET states for each origami design were
numbered regarding the YR FRET efficiency values of the first examined version (V1) with the highest value
being state 1 (S1). In other words, for all structures, the tether is bound to the top docking site (S1, 12 o'clock
position) and state 2 to the low position (S2, 6 o'clock position).

The tether dynamics can be tuned by varying the position and length of complementary binding sequences.
As shown before, the binding stability is also influenced by the presence of a nucleic acid mismatch 3. The
kinetics of the tether were studied using four different complementary sequence lengths of 7 nt with a 1-
nucleotide mismatch (referred to as 6.5 nt as a mismatch offers more possible interactions than a 6 nt
structure), 7 nt, 8 nt with a 1-nucleotide mismatch (referred to as 7.5 nt) and 8 nt for both the V1 and V2
designs. To complement the three-color experiments, a set of two-color labeled DNA origami structures with
identical binding positions were prepared for each dye pair, BY, BR and YR, for both arrangements of V1 and
V2. Figure 1b shows a schematic of the V1 samples only. All six two-color origami structures contained the 7.5
nt complementary binding sequence length.

Another L-shaped DNA origami structure was designed containing a third docking strand at either 9 o’clock or
11 o'clock (state 3, S3; Figure 1c). The third binding strand contains 7.5 nt complementary bases whereas the
6 and 12 o'clock positions have a complementary length of 7 nt. Two-color (YR pair) samples in the V1
orientation for the 6-9-12 and 6-11-12 clocks are included for comparison to the three-color experiments
(Figure 1d).

Additional structures were also generated as controls (Figure 1e). To investigate whether the pointer has a
favored position or directional bias in the unbound state, we made two- and three-color origami samples
without any complementary docking strands for the tether. We refer to these samples as the no-binding
structures. Both V1 and V2 versions of the sample were prepared. Figure 1e shows the schematic of this last
design for the V1 structures. As a final design, we changed the positioning of all three docking strands to be
closer to tether, equally distributed and containing the same complementary 7 nt binding sequences. The
tether was labeled with Atto542, and Cy5 was used as the acceptor dye on the origami surface (Figure 1f).
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Three- and two-color single-molecule FRET measurements on the surface using smTIRF

First, we measured the dynamics of the tether on the immobilized three-color, two-state DNA origami
structures using prism-based TIRF microscopy. Figure 2a shows a schematic of a smTIRF assay on a three-color
DNA origami structure using a biotin-streptavidin-biotin linkage for immobilization. The measurements were
conducted on V1 of the three-color DNA origami structure designs with the blue and red fluorophores placed
close to the two complementary binding strands at the 6 and 12 o’clock positions respectively. To determine
the FRET efficiencies for each dye pair and investigate how the different number of complementary
nucleotides affect the kinetics of the system, we prepared and measured four similar constructs containing a
different number of complementary base pairs available on the docking strands (6.5, 7, 7.5 and 8 nt). A
schematic of the docking interaction for the 7.5 nt complementary stand length is shown in Figure 2b. The
obtained FRET efficiencies were corrected for spectral crosstalk of the donor emission into acceptor channel,
direct excitation of the acceptor by donor excitation laser and by the detection efficiency correction factor
(gamma factor). Dynamic switching between the different docking strands can be directly observed in the
single-molecule FRET traces (Figure 2c). When the BY FRET efficiency is high the YR efficiency is low and vice
versa.

A histogram of the FRET efficiencies observed in the dynamic traces are shown in Figure 2d for the various
constructs. The corrected FRET values are averaged over each transition and weighted by the number of
frames per transition, which we refer to as the frame-wise-weighted state-wise averaged FRET histograms and
are plotted for each dye pair (BY, BR and YR). The results and correction factors are summarized in
Supplementary Table S1. As expected for the two BY and YR dye pairs, two distinct FRET populations are
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observed, which are related to the transient binding of the tether to either of the two docking strands. For the
6.5 nt sample, the kinetic rates approach that of the camera exposure time, leading to a rise in FRET values at
intermediate FRET efficiencies 3. However, the FRET values for the low and high FRET states are similar for all
constructs (S1 = 37-50 % for BY and 80-81 % for YR; S2 = 78-82 % and 6-11 % for BY and YR respectively). For
the BR dye pair, we observe differences in the uncorrected FRET values for states 1 and 2 (Figure 2c, third
panel), but they converge to a single peak at ~50 % FRET efficiency upon correction (Figure 2d, middle panel).
The variation of ~x5 % in the corrected peak FRET efficiencies is within error given the amount of correction
needed for the three-color FRET experiments and the high sensitivity of the FRET efficiency at values around
50 % (the variation in distances is < 2 A).

Using our Deep-learning approach, we also analyzed the kinetics of the different DNA origami structures 3°.
Every transition is plotted on the transition density plot (TDP) which forms clusters around the values for states
1 and 2. Upon choosing a cluster, the dwell time distributions for the selected transitions are plotted and fit
to a mono-exponential model (Figure 2e and 2f). As we showed earlier, the kinetic rates can be adjusted via
the number of complementary bases * and adding a C-A mismatch also has an influence on the kinetic rates
(Figure 2b, Supplementary Table S1). Interestingly, the data consistently shows longer dwell times for S2
compared to S1 (Figure 2f). The dwell-time ratio of S2 to S1is 1.2, 1.5, 1.4 and 1.5 for the 6.5 nt, 7 nt, 7.5 nt
and 8 nt samples respectively. This is consistent with the difference in populations of S1 and S2 observed in
the frame-wise-weighted state-wise averaged smFRET histograms. A Gaussian fit to the two populations yields
ratios of 1, 1.6, 1.3 and 1.5 for the 6.5 nt, 7 nt, 7.5 nt and 8 nt samples respectively. Hence, the tether spends
more time bound to the lower position (6 o’clock, state 2) than the top binding strand (12 o’clock, state 1).

One possible explanation for the difference in binding rates of S1 and S2 could be due to interactions between
dyes or between the dye and the DNA docking strand. To investigate this possibility, we prepared and
measured two-color, two-state origami structures on the surface for the 7.5 nt constructs (Figure 2g). The
results for the three dye-pair combinations are shown in Figure 2h. For the BY dye pair, two FRET populations
are observed with FRET efficiencies of 28 % and 77 % (Figure 2h, left panel) and the YR FRET pair shows two
FRET states with values of 81 % and 9 % (Figure 2h, right panel). The BR FRET pair exhibits a single FRET
population with a FRET efficiency of 43 % (Figure 2h, middle panel). The FRET efficiencies are in excellent
agreement with the three-color samples. Here again, the two-color samples exhibit longer dwell times when
the tether is bound to the lower binding position. If we look at the kinetics, the dwell times are ©n =
1.40 £ 0.02 s and 7, = 2.80 + 0.003 s, and 7: = 1.80 + 0.02 s and 72 = 2.80 + 0.02 s for the BY and YR
samples respectively. For the YR sample, the kinetics are the same as the three-color sample. Interestingly, we
observed an increase in the kinetic transition rate from S1 to S2 in the absence of the red dye, shifting from
1.80+ 0.02 s to 1.40 + 0.02 s. Hence, we see different rates depending on whether or not the red
fluorophore is present on the DNA origami structure. This is not surprising as it has been shown that dyes can
interacts with DNAs?. However, the asymmetry in dwell times between S1 and S2 gets even larger in the
absence of the red dye.
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Figure 2. SmTIRF results for the three- and two-color, two-state V1 L-shaped DNA origami structures. (a) A schematic
showing the smTIRF assay for measuring immobilized DNA origami structures on the passivated prism surface. (The
dimensions are changed for clarity). The origami is labeled with Cy3B on the tether, Atto647N on the top and Atto488 at
the bottom. (b) A schematic of the tether being bound to a series of complementary docking strands of 7 to 8 nucleotides.
Base pairing constructs with or without a CA mismatching nucleotide were used to provide a range of kinetic rates (6.5,
7, 7.5 and 8 nt). (c) Representative single-molecule intensity and FRET trace of a 3¢, V1, 6-12 DNA origami structure with
7.5 nt binding sites exhibits dynamic switching between the different docking strands. Top: Intensity traces of the blue,
yellow and red dyes after blue excitation. Middle: Intensity traces of yellow and red dyes after yellow excitation together
with red emission after red excitation. Lower: FRET efficiency traces for all three dye pairs. (d) Frame-wise-weighted state-
wise averaged corrected FRET efficiency histograms for the BY (left panel), BR (middle panel) and YR (right panel) dye
pairs for complementary nucleotides lengths of 6.5 (orange), 7 (blue), 7.5 (dark blue) and 8 (red). The dynamic BY pairs
exhibit two populations with low FRET values (~ 35%) for S1 and a high FRET value around 80 % corresponding to S2. The
static BR pair gives one broad histogram centered at around 50 %. The dynamic YR pair shows two populations with FRET
efficiencies of around 80 % and 10 % for states 1 and 2 respectively. (e) Transition density plots showing the
interconversion events between the two detected states for each dye pair. For each transition, the initial and final
apparent FRET value is depicted to make the transition clusters. (f) Left: By selecting transitions within individual clusters
(e.g. shown for the S1 — S2 transition in panel e, highlighted in white), a distribution of dwell times for the individual
transitions can be calculated. The data points are shown in blue, the mono-exponential fit in red. Right: Dwell-times for
S1 and S2 as a function of complementary nucleotides on the docking strands. The dwell-times were determined from a
mono-exponential fit to the dwell-time distribution. (g) Zoomed-in schematics of two-color, two-state origami structures
containing one dye pair of BY (left), BR (middle) and YR (right). (h) Frame-wise-weighted, state-wise averaged corrected
FRET efficiency histograms from smTIRF experiments with two-color ALEX excitation for each dye pair of BY (left), BR
(middle) and YR (right) for the two-color structures containing 7.5 nt complementary base pairs. The dynamic BY pair gives
two populations of 28 % and 77 % for S1 and S2 respectively. The static BR pair gives one population centered at 43 %.
The dynamic YR pair shows two populations with FRET efficiencies of 81 % and 9 % for S1 and S2 respectively.
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Three- and two-color single-molecule FRET measurements of DNA origami structures with switched
fluorophores on the surface (smTIRF)

To further investigate the impact of the dyes on the kinetic rates, we performed smFRET experiments using
TIRF excitation on immobilized three- and two-color structures using a second version of the origami structure
(V2) where the labeling positions of Atto488 and Atto647N were swapped (Figure 3a). Again, the traces show
kinetics between two states (Figure 3b) and the resulting FRET histograms show high and low FRET efficiency
states for the BY and YR pairs but the FRET efficiency values for the two states are shifted closer together. The
corresponding corrected FRET values for the three-color V2 samples after fitting the frame-wise-weighted
state-wise averaged histograms are 85-90 % and 33-40 % for the BY FRET pair corresponding to S1 and S2
(Figure 3c, left) and 17-27 % and 58-61 % for the YR pair (Figure 3c, right) respectively. As the two dye pairs
have different Forster Radii, a change in FRET efficiency values is expected upon exchanging of the blue and
red dyes. However, the changes in FRET values cannot be explained purely by the differences in the assumed
Forster Radii of the two dye pairs as discussed later. For the BR pair, a single FRET population with a FRET
efficiency of 52-58 % was observed (Figure 3c, middle). The FRET value is very similar for V1 and V2, meaning
that the distance between the blue and red dyes on the origami structures are not changing significantly. As
the positions of the dyes are switched between V1 and V2, this suggests that the position of the blue and red
dyes on the two versions of the L-shaped origami samples are similar.

We also analyzed the kinetics of the V2 samples using the TDPs for each dynamic pair (Figure 3d). The dwell
times we measured for the V2 samples are very similar to the V1 samples for all four constructs (e.g., for the
7.5 nt sample: m = 1.70 + 0.02 s and 72 = 2.50 + 0.02 s, see Supplementary Table S1). Again, we observe
longer dwell times for S2 and the ratio of dwell times between 1.3-1.7 (Figure 3e). Hence, we can reliably tune
the dynamic rates via the number of complementary nucleotides, but there is still an intrinsic difference
between the dwell times of S1 and S2.

Next, we measured two-color versions of L-shaped DNA origami structures with the V2 geometry with
complementary docking strands of 7.5 nt. Figure 3f shows the zoomed-in design of the two-color, two-state
origami structures for the BY (Figure 3f, left), BR (Figure 3f, middle) and YR (Figure 3f, right) constructs. For the
BY and YR samples, dynamics between two FRET populations were observed with corrected FRET values of
86 % and 13 % (Figure 3g, left), and 28 % and 64 % (Figure 3g, right) for the BY and YR FRET pairs, respectively.
Again, for the BR FRET pair, we obtained a single FRET population with 46 % FRET efficiency (Figure 3g, middle).
A comparison of the dwell times between the three- and two-color V2 samples showed excellent agreement
for the YR sample. However, as for the BY V1 sample, we see a decrease in the dwell time of the docking strand
located near where the red dye would be. This again supports the idea that the presence of Atto647N near
the docking strand influences the kinetics. However, the presence of Atto647N does not explain the consistent
asymmetry in the dwell times of S1 and S2 for the same binding sequence.

So far, we have only discussed molecules that exhibit dynamic behavior. However, up to roughly half of the
molecules can be static. Hence, we also investigated the conformation of the static DNA origami structures
(Supplementary Note S6). Both S1 and S2 are present for all samples. In V1, S1 is the dominate state although
we see an increase in the number of static molecules with increasing docking strand length (with the exception
of the 6.5 nt sample, which may have other reasons). This bias disappears in two color sample, when Atto647N
is not present. For V2, S2 now becomes the dominate state observed for static origami structures. Hence, we
conclude that sticking of the Cy3B-labeled tether can occur to either state, leading to static structures. The
probability increases as the length of the complementary docking strands increase. Furthermore, we see a
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bias in the conformation of the static structures towards the docking strand that is in the vicinity of Atto647N,
clearly indicating an interaction between Atto647N and Cy3B.
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Figure 3. SmTIRF results of three- and two-color, two-state V2 L-shaped DNA origami structures. (a) Schematic of the
smTIRF assay. DNA origami structures are immobilized on the surface of a passivated prism and labeled with Cy3B on the
tether, Atto488 on the top and Atto647N at the bottom. Temporary binding of the tether to state 1 and state 2 is achieved
via base-pairing between 7 and 8 nucleotides along the pointer and a series of complementary docking strands (6.5, 7,
7.5, and 8 nt). (b) Representative single-molecule intensity and FRET trace of a 3¢, V2 6-12 DNA origami structure with 7.5
nt binding sites shows dynamic switching between the different docking strands. Top: Intensity traces of blue, yellow and
red dyes after blue excitation. Middle: Intensity traces of yellow and red dyes after yellow excitation together with red
emission after red excitation. Bottom: FRET traces for all three dye pairs. (c) Frame-wise-weighted, state-wise averaged
corrected FRET efficiency histograms from smTIRF experiments with three-color ALEX excitation for the BY (left), BR
(middle) and YR (right) dye pairs for structures with 6.5 nt (orange), 7 nt (blue), 7.5 nt (dark blue) and 8 nt (red)
complementary docking strands. The dynamic BY pair shows two populations with 85-90 % FRET efficiency for S1 and 33-
40 % corresponding to S2. The static BR pair gives one broad histogram centered at around 52-58 % for different
constructs. The dynamic YR pair shows two populations with FRET efficiencies of around 17-27 % and 58-61 % for S1 and
S2 respectively. (d) Transition density plots showing the transitions between the two detected states for each dye pair.
For each transition, the initial FRET value of the transition is plotted versus the final apparent FRET value. (e) Left: The
dwell-time distribution for the S1 — S2 transition for the YR FRET pair (highlighted in white in panel d). The data points
are shown in blue, the mono-exponential fit in red. Right: Dwell-times for S1 and S2 as a function of complementary
nucleotide length of the docking strands. The dwell-times were determined from a mono-exponential fit to the dwell-time
distributions. (f) Zoomed-in schematics of two-color, two-state origami structures containing the BY (left), BR (middle) and
YR (right) dye pairs. (g) Frame-wise-weighted, state-wise averaged, corrected FRET efficiency histograms from smTIRF
experiments with two-color ALEX excitation for the BY (left), BR (middle) and YR (right) dye pairs for the two-color
structures containing 7.5 nt complementary bases. The BY pair shows two populations of 86 % and 13 % for S1 and S2
respectively. The static BR pair exhibits one population centered at 46 %. The YR pair shows two populations with FRET
efficiencies of 28 % and 64 % for S1 and S2, respectively.
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Three- and two-color smFRET measurements of DNA origami structures in solution

We further investigated the L-shaped DNA origami structures with single-molecule burst experiments in
solution. Multiparameter fluorescence detection with pulsed interleaved excitation (MFD-PIE) 3¢ additionally
provides fluorescence lifetime and anisotropy information. This allows us to investigate fast dynamics, possible
guenching as well as the rotational flexibility of the fluorophores. It is also a good control that immobilization
of DNA origami structures to the surface does not influence the structure and dynamics of the structures®.
The resulting smFRET histograms for each dye pair of the V1 and V2 samples are summarized in Figure 4. The
obtained apparent FRET efficiencies were corrected by applying the FRET-specific correction factors (see
Material and Methods). As expected, the corrected FRET values from the measurements in solution are in
excellent agreement with respect to the corresponding ones from the smTIRF experiments (Supplementary
Table $2.1). This confirms that attachment of the DNA origami structures to the surface does not influence the
geometry and functionality of the origami near the fluorophores.

With the lifetime information available from MFD-PIE experiments, we look for the presence of sub-
millisecond dynamics by plotting the FRET Efficiency calculated using intensity versus the donor fluorescence
lifetime (Supplementary Figure $7.1-S7.4). For DNA structures with the 6.5 nt and 7 nt docking strands, we
see clear evidence of dynamics, meaning we can observe transitions between the bound tethers, which were
too quick to be observed in the TIRF experiments. The lifetime of Atto647N is also independent of FRET
efficiency, indicating that there is no significant, state-dependent quenching of the fluorophore.

From the MFD-PIE data, we next calculate the steady-state and time-resolved anisotropy (Supplementary
Figure S3.1). Atto488 shows a quick anisotropy decay with a steady-state anisotropy of ~ 0.11 - 0.17 across
various structures. The decay of Cy3B is much slower with a higher residual anisotropy. The average steady-
state anisotropy is approximately 0.2. Cy3B has no net charge but, when bound to the docking strands, is very
close to the DNA origami surface. When looking at the burst-wise anisotropy, the high FRET state (in V1) shows
a higher decay in anisotropy (Supplementary Figures $7.1-57.4, panel i) suggesting more rotational freedom.
There is very little difference in the burst-wise anisotropy observed for V2. A steady-state anisotropy value of

39, Most problematic is the red

0.2 is relatively high, but still acceptable for most FRET experiments
fluorophore, Atto647N. Atto674N always shows the highest steady-state anisotropy values among the three
dyes (usually around 0.30). This could be due to the hydrophobic nature of the fluorophore or its electrostatic
interactions with the negatively charged surface of DNA origami’s backbone while the dye has a net positive
charge. The high anisotropy values suggest that Atto647N is often stuck to the DNA surface and not able to
freely rotate along its linker axis. Such behavior has been observed previously which also depends largely on
the surrounding nano-environment®. Thus, distances calculated between fluorophore-pairs that include

Atto647N have a high uncertainty.
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Figure 4. SMFRET results using MFD-PIE for the three- and two-color, two-state L-shaped DNA origami structures. (a) A
schematic illustration of the MIFD-PIE assay for measuring the FRET efficiency of freely diffusing DNA origami structures
as they transverse the confocal volume (The dimensions are changed for clarity). The origami is labeled with two- or three-
fluorophores having Cy3B on the tether, Atto647N on the top and/or Atto488 at the bottom (i.e. V1). (b) Corrected smFRET
efficiency histograms for the BY (left), BR (middle) and YR (right) dye pairs with 6.5 nt (orange), 7 nt (blue), 7.5 nt (dark
blue) and 8 nt (red) complementary docking nucleotides. The BY and YR dye pairs show two clear populations whereas
the BR dye pair shows a single peak. (c) Zoomed-in schematics of the two-color, two-state origami structures containing
either BY (left), BR (middle) and YR (right) dye pairs. (d) Corrected smFRET efficiency histograms from two-color MFD-PIE
experiments for the BY (left), BR (middle) and YR (right) combinations of the two-color V1 structures containing 7.5 nt
complementary base pairs. (e) A schematic illustration of the MFD-PIE assay for measuring the FRET efficiency of freely
diffusing DNA origami V2 structures as they transverse the confocal volume (The dimensions are changed for clarity). (f)
Corrected FRET efficiency histograms from three-color MFD-PIE experiments for the BY (left), BR (middle) and YR (right)
dye pairs for V2 structures containing 6.5 nt (orange), 7 nt (blue), 7.5 nt (dark blue) and 8 nt (red) complementary
nucleotides on the docking strands. As for V1, the BY and YR dye pairs show two clear populations whereas the BR dye
pair shows a single peak. (g) Zoomed-in schematics of the two-color, two-state origami structures containing either the
BY (left), BR (middle) and YR (right) dye pairs. (h) Corrected FRET efficiency histograms from two-color, MFD-PIE
experiments for the BY (left), BR (middle) and YR (right) dye pairs of V2 structures containing 7.5 nt complementary base
pairs.

We also measured the two-color variants with the 7.5 nt docking strands for V1 and V2 in solution (Figure
4d,h). The results are similar to those from the three-color experiments but the FRET histograms are better
resolved as less corrections are necessary for determined the corrected FRET efficiencies. From the two-color
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experiments, we see a slight quenching of the Cy3B fluorophore when bound to S2, but it is only a minor effect.
In both the three-color and two-color experiments, there is still a preference for docking to S2.

Three- and two-color single-molecule FRET of DNA origami structures without any binding sites

One explanation for the obvious preference towards binding to the lower position of the origami structure is
that the average position of the unbound tether is biased towards the lower docking strand. To test this
hypothesis, we performed experiments on three- and two-color samples (V1 and V2) that did not contain
complementary binding strands to see how the free tether behaves in such a situation. The corresponding
results are shown in Figure 5. In all cases, we see one dominate FRET state. For the BY FRET pair, we measure
a corrected FRET efficiency of 70 %. For the YR FRET pair, a FRET value of about 42 % is observed. As expected,
the values for both FRET pairs are between the values detected for S1 and S2. As expected, the value for the
BR FRET pair is unchanged. When switching the blue and red labels (V2), we measure very similar distributions
as observed for V1. There is a slight shift in the FRET efficiency of the YR sample. This shift is also observable
for the two-color YR samples (Figure 5c).

As the BY distances appear unchanged between V1 and V2 whereas the YR distances do show differences, we
also measured the rotational freedom of the dyes using MFD-PIE (Supplementary Note 7.4 and 7.8). The
overall results from the MFD-PIE experiments align well with the surface measurements. The population is
slightly shifted from the static FRET line, indicating that the tether is flexible and the FRET efficiency is a
dynamically averaged population (Supplementary Figures S7.11-7.12, 7.21-7.22). The time-resolved
anisotropy measurements show a clear decrease in the anisotropy of Atto488 and Cy3B (Supplementary Figure
S3.1), whereas the anisotropy of the Atto647N is still high. Thus, distances from the BY dye pair are more
reliable than for the YR dye pair. As the corrected smFRET histograms of the BY FRET pair for both V1 and V2
are identical, we conclude that there is no bias in the inherent position of the tether towards binding sites S1
and S2. Also, the BR histograms are similar, suggesting that the distances between the fluorophores on the
origami do not change when switched. Hence, we attribute the shift in the YR histograms between V1 and V2
to effects of the orientation of the red dye rather than a biased tether location (studied in more detail below).
This suggests that the difference in binding rates comes from the environment surrounding the docking
strands and/or the accessibility of the docking strands to the tether.

To check whether there is an intrinsic difference between docking strands due to the local environment, we
also measured the binding of freely diffusing DNA strands labeled with Cy3B to the docking sites of S1 and S2.
For this assay, we used the same two-state DNA origami structure (6-12 o’clock position, V1) without any
tether (Supplementary Figure S4.1a). Binding events were measured using a Cy3B-labeled 8-nt imager strand
with the same sequence as the normal tether. We had expected the dwell times to be significantly faster
without the tether as the high effective local concentration of the binding strand (i.e. tether) was thought to
lead to several dissociation and rebinding events that are too fast to be observed in the smTIRF experiments
before successful dissociation from a docking site. Surprisingly, the dwell time distributions for binding to S1
and S2 were similar as for the DNA origami structures with the tether (Supplementary Note 4, Supplementary
Figure S4). This suggests that, upon dissociation, the DNA tether switches to the opposite docking strand and
does not rebind to the same strand.
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Figure 5. SMFRET experiments using TIRF and MFD-PIE for the three- and two-color L-shaped DNA origami structures
with no complementary binding strands. (a) The schematic illustration showing DNA origami structures measured with
smTIRF (b-c) and MFD-PIE (d-e). The origami structures are labeled with Cy3B on the tether, Atto647N on the top and
Atto488 at the bottom, for V1, or with Atto488 and Atto647N switched for V2. In case of 2-color samples, Atto488 is
missing. All designed constructs contain no complementary docking strands in the vicinity of the flexible tether. (b) Frame-
wise-weighted state-wise averaged corrected FRET efficiency histograms from smTIRF experiments with three-color ALEX
excitation for the BY (left), BR (middle) and YR (right) dye pairs of three-color nanostructures containing no docking
strands. (c) Frame-wise-weighted, state-wise averaged corrected FRET efficiency histograms from smTIRF experiments
with two-color ALEX excitation for the YR dye pair on constructs V1 and V2 without Atto488. (d) Burst-wise corrected FRET
efficiency histograms from MFD-PIE experiments the BY (left), BR (middle) and YR (right) dye pairs for V1 and V2
constructs. (e) Burst-wise corrected FRET efficiency histograms from MFD-PIE experiments for the V1 and V2 constructs
containing the YR dye pair only on a no-state nanostructures.

SMFRET measurements of DNA origami structures with three binding sites

Next, we tested how the kinetics change in the presence of a third docking strand. We designed both three-
and two-color constructs with a third complementary docking strand around the protruding tether either at
the 9 o'clock or 11 o’clock position while the positioning of the labels were kept the same. With this design,
we tested how the same binding sequence behaves at different a position and whether the presence of a third
docking site, referred to as state 3 (S3), influences the dwell times of S1 and S2. For these constructs, 7 nt
complementary bases were used for the two original 6 o'clock and 12 o’clock positions whereas the third
position (at 9 o'clock or 11 o’clock) was designed with a 7.5 nt complimentary sequence.

Results for both three-color, three-state samples (6-9-12 and 6-11-12 o’clock binding positions) are given in
Figure 6. Although S1 and S3 have similar FRET efficiencies upon correction, they are clearly distinguishable in
the apparent FRET histograms (Supplementary Note SN5). As expected, the corrected FRET efficiencies for S1
and S2 for all FRET pairs and the efficiency of the BR dye pair are all very similar to the two-state 6-12 o’clock
(Figure 6, histogram outlines, Supplementary Tables S1.1 and S2.1). An additional state become observable
for S3 with FRET values of 18 % and 13 % for the BY dye pair and both have 19 % for the YR dye pairs in the 6-
9-12 and 6-11-12 origamis respectively (Figure 6, c and e, left and right panels).

The dwell time histograms for all states were extracted using the TDP of the apparent FRET efficiencies
(Supplementary Figure S5.1). The dwell times can be reasonably approximated with a mono-exponential
function yielding dwell times of 0.72 s, 0.98 s and 1.6 s for S1, S2 and S3 respectively. The dwell time for S3 is
similar to the dwell times for S1 in the 7.5 nt constructs. Interestingly, the dwell times for S1 and S2 are almost
unchanged in the presence of a third state with S1 again having a shorter residency time. We also verified



148

these results using two-labeled samples of Cy3B and Atto647N (Figure 6d and f). The FRET values and dwell-
time distributions are both similar, although more difficult to separate (Supplementary Table S1.1). This
supports the findings from the DNA-PAINT measurements and suggests that, upon escape from one of the
docking sites, the tether moves to a different position and the probability of returning to the same binding
site is lower.

We also investigated the dynamics and anisotropy of the three-state complexes using MFD-PIE
(Supplementary Figure S5.2). From the E-tau plots (Supplementary Figures $7.9-57.10, $7.19-S7.20), the
occasional transition between the different states is visible. The anisotropy measurements for the 6-9-12
sample are shown in Supplementary Figure S3.1. All dyes behave similarly to the other constructs. The
anisotropy of Cy3B for the 6-9-12 clock is still high, but slightly decreased from that of the 6-12 clock. This
supports the conclusion that, in close proximity, Atto647N has an influence on Cy3B. With the additional
binding site further away from Atto647N, the overall anisotropy is lowered. In summary, the results from MFD-
PIE experiments corroborate those measured with immobilized molecules on the surface.
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Figure 6. Single-molecule TIRF results for the three- and two-color, L-shaped DNA origami structures with three
complementary docking strands. (a) The schematic showing the smTIRF assay for measuring immobilized DNA origami
structures on the passivated prism surface. (b) Zoomed-in schematics of the four samples depicting the position and
overhang of the docking strands and location of the fluorophores: Cy3B on the tether, Atto647N on the top and Atto488
at the bottom (in case of three-color samples). The three complementary single strands are located at 6, 9 and 12 o’clock
positions (Structure | and 1) and 6, 11 and 12 o’clock positions (Structure Ill and V). Binding sites at position 6 and 12
share 7 matching nucleotides (highlighted in purple), while protruding strands at 9 and 11 o’clock share 7.5 nt matching
nucleotides (highlighted in salmon red). (c) Frame-wise-weighted, state-wise averaged corrected FRET efficiency
histograms from smTIRF experiments shown for the BY (left), BR (middle) and YR (right) FRET pairs on the three-color 6-
9-12-state nanostructure (No. I). (d) Frame-wise weighted, state-wise averaged corrected FRET efficiency histogram for
the YR dye pair on the two-color 6-9-12-state nanostructure (No. Il). (e) Frame-wise-weighted, state-wise averaged
corrected FRET efficiency histograms for the BY (left), BR (middle) and YR (right) FRET pairs on the three-color 6-11-12-
state nanostructures (No. Ill). (f) Frame-wise weighted, state-wise averaged corrected FRET efficiency histogram for the
YR dye pair on the two-color 6-11-12-state nanostructure (No. IV).
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SMFRET experiments on DNA origami structures with three, symmetrically distributed docking strands

We have observed that the presence and absence of Atto647N influences the kinetics and that the local
environment of the docking strands has an effect. Hence, we continued our investigation regarding the
precision with which the binding kinetics can be controlled by designing a DNA origami structure with a
symmetric distribution of 7 nt binding sites (1-5-9, Figure 7). Due to the influence of Atto674N on the binding
kinetics, we replaced Atto647N with Cy5. We also checked the influence of the fluorophore on the tether by
comparing the kinetics of Cy3B with that of Atto542. The results for the two structures were measured both
on the surface and in solution.

a b Cy3B - Cy5 Atto542 - Cy5 Figure 7. Single-molecule TIRF and MFD-PIE
g measurements of two-color-labeled L-shaped DNA

ﬂ © origami structures carrying a small clock with three
pTIRF g symmetrically oriented binding sites. (a) Schematics
© depicting the small clock design, which consists of a

E flexible ssDNA tether surrounded by three protruding

\/3., = 0 . ssDNA binding strands at the 1, 5 and 9 o’clock position
\p& 0 02 04 06 08 1 0.2 04 06 0.8 1 roughly 6 nm apart from each other. The tether holds the
\\\q y c States[__|s1 [ |s2 [ |s3 donor dye, while the acceptor dye is positioned on the
o] origami surface between the two lower complementary

§ binding sites. The DNA origami structures were either

MFD-PIE s immobilized on a prism surface for pTIRF measurements
g orinvestigated as freely diffusing molecules transversing

g the confocal volume of a MFD-PIE microscope. The
z colored arrows indicate the alternating laser excitation

‘ 00 02 04 06 08 1 02 04 06 08 1 usedinbothassays. (b) Frame-wise weighted, state-wise

Corr. FRET Corr. FRET averaged corrected FRET efficiency histograms for the

two-color, three-state DNA origami samples labeled with Cy3B (left) or Atto542 (right) on the tether and Cy5 as a fixed

acceptor. The histograms show three FRET populations. (c) Corrected FRET efficiency histograms for the symmetric two-

color, three-state DNA origami samples labeled with Cy3B (left) or Atto542 (right) on the tether and Cy5 as a fixed
acceptor. The histograms show at least three non-resolvable FRET populations.

The sample labeled with the Cy3B-Cy5 dye pair shows three corrected FRET efficiencies of 24 %, 84 % and 69 %
for S1, S2 and S3 in the smTIRF measurements. The smFRET histograms from the MFD-PIE experiments are
difficult to fit, but can be described with values 24 %, 80 % and 43 % which are similar at least for S1 and S2.
Data from measurements with Atto542 are in better agreement with the corrected FRET efficiencies of 15 %,
70 % and 54 %, and 15 %, 67 % and 50 % for smTIRF and MFD-PIE experiments, respectively. By adjusting the
Forster Radii, these measurements can yield very similar distances for the two different dye-pairs. However,
the Forster Radii deviate significantly from the expected values. When considering the residual anisotropy of
Atto542 (0.07), Cy3B (0.26) and Cy5 (0.40) (Supplementary Figure S3.1c), this could be due to orientational
effects of the dyes. Considering the neutral electric charge of Cy3B and the net charge of -3 on Atto542 when
they are bound to the flexible tether, the different values of residual anisotropies of the two dyes seem
reasonable. Atto542 can rotate more freely compared to Cy3B due to the repulsive forces from the negative
back bone of the protruding tether. Cy5 is again a very sticky red fluorophore with the highest residual
anisotropy, which could be attributed to its net charge of +1 that attracts it to the negatively charged DNA.

The dwell-time distributions extracted from the TDPs after the smTIRF analysis yield dwell times of 0.60s,
0.56 s and 0.42 s for the Cy3B - Cy5 construct. The dwell times of the first two states are very similar, but again
there is an asymmetry of the third state with rates varying by a factor of 1.4. The value of 0.60 s for the
1 o'clock position corresponds well to the dwell time measured for the S1 state in the two-state clock (6-12)
with 7 nt docking strands. When switching to Atto542 on the tether and 8 nt docking strands, all dwell times
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increased to 0.86s, 1.1s and 0.97 s. The variation is less and the dwell times are faster than for the
corresponding original 6-12 clock structure with the Cy3B tether. This suggests that the presence of Atto542
destabilizes the DNA hybridization due to the Coulomb repulsion between the dye and the DNA.

To look more closely into the effect of the fluorophore on the tether, we returned to the original two-state L-
shaped DNA origami V1 structure and exchanged the Cy3B fluorophore on the tether for Atto542. A three-
color structure (Atto542 on the tether, Atto488 at the 6 o'clock and Atto647N at 12 o’clock position), and two,
two-color variants (with the Atto488-Atto542 and Atto542-Atto647N FRET pairs) were investigated. Both
docking strands had a complementary base pairing length of 7.5 nt. The smTIRF results of these samples are
summarized in Figure 8 and Supplementary Table S1.2.
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Figure 8. Single-molecule TIRF results for the three- and two-color, two-state V1 L-shaped DNA origami structures with
Atto542 on the flexible tether. (a) Frame-wise weighted, state-wise averaged apparent (shadowed histograms) and
corrected (outlined histograms) FRET efficiency histograms from smTIRF experiments for the BG (left), BR (middle) and GR
(right) dye pairs for the measured structure with 7.5 complementary nucleotides. The dynamic BG and GR pairs exhibit
two populations corresponding to the states S1 and S2. After correcting of the FRET efficiency for the BR pair, the
histogram merges into a single broad peak. (b) Transition density plots showing the interconversion events between the
two detected states for the BG (left) and GR (right) dye pairs. (c) The cumulative dwell-time distributions, calculated by
selecting e.qg. clusters from the GR TDP plot in panel b (as highlighted for the S1 — S2 transition in white), reveal lifetimes
of 1.1sand 1.7 s for states 1 and 2, respectively, after fitting the data points with mono-exponential curves. (d) Zoomed-
in schematics of the two-color, two-state origami structures containing either the BG (left) or GR (right) dye pair. (e)
Frame-wise weighted, state-wise averaged apparent (shadowed histogram) and corrected (outlined histogram) FRET
efficiency histograms from smTIRF experiments for the two-color structures containing the BG (left) or GR (right) FRET
pairs.

The dynamic BG and GR FRET pairs each show two states with corrected FRET efficiencies of 12 % and 49 %
and 64 % and 3 % respectively (Figure 8a, blue outline). The BG FRET populations are difficult to resolve, but
the apparent FRET histogram clearly shows the two populations (Figure 8a, shadowed histograms). The static
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BR pair shows one population with 44 % FRET efficiency similar to original structures. The TDPs based on the
BG and GR apparent FRET efficiencies yield dwell times of 1.1 s and 1.7 s for S1 and S2, respectively. Hence,
the asymmetry of the docking kinetics still remains, but the dwell times decrease. S1 becomes even faster
than the dwell time for S1 for the two-color variant in the absence of a fluorophore in the vicinity (1.4 s). We
also prepared and measured the two-color structures labeled with either the BG or GR FRET pairs Figure 8d,e.
The corrected FRET efficiencies are very similar to those measured using the three-color constructs
(Supplementary Table S1.2.). The dwell times of the two-color samples for S2 remain unchanged but the dwell
time distribution for S1 in the absence of Atto488 becomes shorter (0.86 s). Hence, both the fluorophores on
the structure and on the tether as well as the positioning of the docking strands has an influence on the
designed kinetics.

Calculating the distances between the dyes for V1 and V2 two- and three-state samples

We also investigated the precision in which the locations of the components can be located. From the
corrected FRET efficiencies, we can estimate the distances between the different fluorophores and compare
them to the expected distances from the design *1. The designed locations and measured distances are shown
in Supplementary Figure S5.3. Equation 1 was used to calculate the distances between different dye pairs:

_ _R¢
= —2
R6+RS

Eq. 1

The parameters in equation 1 include the corrected FRET efficiency, £, the Forster radius, R (the distance at
which the FRET efficiency equals to 50 %) and the separation between the transition dipole moments of the
donor and acceptor fluorophores, R. The calculated distances for all studied DNA origami nanostructures are
summarized in Supplementary Tables S1.1 and S1.2. The measured separation between the blue and red dyes
on all origami structures (~ 5.0 nm) are very consistent and match well with the expected separation of 6 nm.
The distance between the tether binding to the 6 and 12 o'clock positions are very reproducible between all
structures with separations of 6.92 + 0.29 nm and 5.33 + 0.08 nm to S2 for the blue and yellow dyes
respectively for V1. Upon switching the blue and red dyes (V2), the distance between the tether and the blue
dye is consistent whereas the separation between the tether (yellow) and the red dye varies a bit. However,
the anisotropy values for both of these dyes are high with Atto647N showing almost no rotational averaging.
As shown by Agam et al. *°, a high combined residual anisotropy for various dye pairs leads to higher absolute
uncertainty in the distance between them. The fact that the red Atto dyes stick to origami surfaces has been
demonstrated previously'® %%, Hence, the small discrepancy is not surprising. Still, the determined distances
are reproducible between the different structures and both V1 and V2 are within ca 1.0 - 1.5 nm in distance
from each other.

For the three-state DNA origami structures 6-9-12 and 6-11-12, the distances to positions 6 and 12 are very
consistent with each other and with the two-state structures. The distance to the 9 o'clock position also similar
to what one expects from the design. In the case of the 6-11-12 structure, the 11 o'clock position is not what
was expected for this position and is very similar to that of the 9 o'clock position. In summary, although DNA
origami nanostructures are highly tunable and easy to engineer, there are uncertainties in the designed
positioning and kinetic rates that can depend on the proximity of various fluorophores as well as the local
environment.
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Conclusions

DNA origami nanostructures are highly programmable structures with the ability to place molecules and tune
kinetics with high precision. Such nano-devices are becoming advanced tools for biophysical studies,
biosensing and diagnostics. As reference structures, DNA origamis are commonly used for super resolution
microscopy but also offer advantages for FRET probes with high control over distances and kinetics %°. To
understand the degree of control we studied factors that influence the accuracy and precision of the
programmable structures to allow researchers to construct finely-tuned nano-devices for their specific
guestions and tasks. As a test system, we choose the well-studied L-shaped DNA origami structure with a
tether that fluctuates between two docking strands. The kinetics of these fluctuations can be tuned by
adjusting the number of base pairings with the docking strands. The addition of mismatch allows additional
fine-tuning of the kinetics by almost a factor of two.

Our study indicates that fluorophores, in the vicinity of the docking strand as well as on the tether, have a
noticeable effect on the kinetic rate of switching. The presence of Atto647N near the docking strand stabilizes
the hybridization. In the absence of Atto647N, we observed a decrease in the average dwell time for both the
V1 and V2 structures. Also, the choice of fluorophore on the tether alters the kinetic rates. When using
Atto542, which has a net charge of -3, the dwell times decrease as compared to the neutral Cy3B. This can be
due to destabilization of the interaction via electrostatic repulsion of the fluorophore from the negatively
charged origami structure. The hydrophobic and positively charged red dyes can also interact with the DNA
origami surface. We observed strong sticking of Atto647N via the very high anisotropy values and slow decay
times. Although interaction and influences of fluorophores on the kinetic rates is not unexpected, it is
important to have an understanding of how strong these influences are.

However, even when completely removing fluorophores from the origami surface in the vicinity of the docking
strands, it was not possible to obtain the same dwell times for the same sequences. When trying different
locations, similar dwell times could be obtained in some positions but not all. Hence, there are still local factors
such as the angle at which the docking strand leaves the structure and the sequence in the immediate vicinity
that can influence the kinetic rates. In the case of the L-shaped origami, we found no bias in the average
position of the tether in the absence of the docking strands. The kinetics of the system can be approximated
with a mono-exponential. However, for measurements with high statics, a slightly non-exponential
distribution of dwell times is observed suggesting different environments must be present.

What is very interesting is that the dwell time distributions did not change significantly when adding an
additional state to the system. Initially, it was expected that the DNA duplex undergoes multiple dissociation
and binding reactions that are too quickly to be observed in the smFRET experiments due to the high effective
local concentration of the tether before switching to the other docking strand. Still, if another binding position
is present, this should have an influence. When looking at the dwell times of the different docking strands
using DNA-PAINT like experiments under identical buffer conditions in the absence of the tether, the
dissociation rates did not greatly change. The asymmetry for the two states was still present indicating that
the difference is due to differences in the docking strands themselves. The fact that the dissociation rates do
not change, indicates that the tether switches location upon unbinding. Another way of saying it is that the
probability of rebinding to the same state after dissociation is very low. One possible explanation is that, upon
hybridization and formation of the double-strand DNA complex, the tether pulls the neighboring docking
strands towards tether location. Hence, both the tether and docking strands are pulled out of their equilibrium
position. Upon dissociation, they recoil such that the tether no longer returns to that previous state but binds
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preferably to another state. The fact that the tether switches between states upon dissociation makes it
possible to use this construct as a clock for various applications.

In summary, the programmability and tunability of DNA origami structures have led to their application in
many fields from biophysical studies to diagnostics and drug delivery. However, when incorporating additional
biomolecules into the origami structure, the influence of these molecules and their geometries on the
functionality of the nano-device needs to be considered. Although many of these effects are small, a better
understanding of these interactions allows for more precise designs. However, the necessary precision
depends on the questions being addressed, the application and overall picture of the whole system?2,
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Materials and Methods

Chemicals

Chemicals were purchased from Sigma-Aldrich and used without further purification if not stated otherwise.
Chemicals include acetic acid, agarose, ammonium persulfate, (3-aminopropyl-) triethoxysilane (APTES),
biotin-poly(ethylene glycol)-silane (biotin-PEG, MW3000, PG2-BNSL-3k, Nanocs, NY; USA), bovine serum
albumin (BSA; New England Biolabs, Ipswich, Ma, USA), Blue Juice gel loading buffer (ThermoFisher Scientific),
ethylenediamine-tetraacetic acid sodium salt dihydrate (EDTA-Na, x 2H,0), glycerol, magnesium chloride
(MgCl, x 6H,0), 2-[methoxy(polyethyleneoxy)propyl]trimethoxy-silane (mMPEG, #AB111226, abcr; Germany),
phosphate-buffered saline (PBS), protocatechuate 3,4-dioxygenase from Pseudomonas sp. (PCD),
protocatechuic acid (PCA), streptavidin, sodium chloride, Tris base, Tris HCIl, and 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) and beta-mercaptoethanol (BME).

All unmodified staple strands used for DNA origami structure folding are commercially available and were
purchased from Integrated DNA Technologies®. Staple strands with modifications were obtained from
Biomers (containing Biotin and Atto488) and Eurofins Genomics (with binding sites for Cy3b, Atto542 and
Atto647N). The imager strands were purchased from Ella Biotech (with Cy3B at the 3" end). Sequences are
provided in Supplementary Information S9.

Multi-color single-molecule TIRF setup for smFRET and PAINT measurements

Single-pair FRET experiments on surface-immobilized molecules were carried out on a home-built prism-type
TIRF microscope as previously published %3. Four laser sources (Cobolt, Solna; Sweden) at 491 nm, 532 nm, 561
nm, and 640 nm are available and used for different combinations of two- and triple-color TIRF experiments.
The resulting emission was collected by a 60x water immersion objective (60x/1.27 WI Plan Apo IR, Nikon) for
prism-TIRF then cleaned up using notch filters (Stopline® Notch 488/647, AHF; Stopline® Notch 532, AHF). The
red emission was separated from the blue/yellow emission by a dichroic mirror (630DCXR AHF; Germany)
followed by separation of the blue and green/yellow emission (560DCXR AHF). The emission was spectrally
filtered (AHF Analysentechnik, Tubingen, Germany) for the blue (ET525/50), yellow (HQ595/50) and red
(ET685/40) collection channels and detected on three EMCCD cameras (Andor iXon (1x)/iXon Ultra (2x), Andor
Technologies, Belfast; UK). For measurements with Atto542, a HQ585/65 emission filter was used. Data
collection was done using the supplier's software Andor Solis (Version 4.29.30005.0; Oxford Instruments). All
two- and three-color FRET experiments were carried out using msALEX %, i.e. two- or three-excitation lasers
were alternated framewise. Synchronization and alternation of the excitation laser sources as well as the
frame-wise data acquisition on three separate cameras were achieved using a LabView-written program that
controls a field programmable gate array (FPGA; NI cRIO-9073). While the program starts the measurement,
the FPGA synchronizes the execution of the hardware via TTL pulses, i.e. it controls the excitation sources by
direct modulation of the AOTF (491, 532/561, 640 nm) while simultaneously starting the data acquisition of
the three cameras. For experiments on constructs with 6.5 nt, 7 nt, 7.5 nt and 8 nt complementary lengths of
the docking strands, exposure times of 30 ms, 50 ms, 50 ms and 80 ms were used respectively and a 2.2 ms
frame transfer time. Movies of 2000 (two-color) and 2400 (three-color) frames were collected. The laser
powers were set to 28 mW (0.022 mm?, 491 nm), 15 mW (0.011 mm?, 532 nm), 16 mW (0.040 mm?, 561 nm)
and 10 mW (0.022 mm?, 640 nm). The videos were analyzed afterward by a custom-written MATLAB program,
Deep-LASI®.



155

Single-molecule TIRF experiments of multi-color-labeled DNA Origami structures

Flow channels for single-molecule experiments were formed by sandwiching a pre-cut Nesco film (Nesco)
channel between a coverslip and the surface-passivated custom-made quartz prism followed by melting the
Nesco film to properly seal the chamber. The prism surface had been coated before with a biotin-PEG/mPEG
layer to achieve surface passivation and prevent unspecific binding. The prism channel was first flushed with
PBS and then incubated with a streptavidin solution (0.2 mg/mL) for 15 min. The channel was then washed 3x
with PBS to remove unbound streptavidin. Afterwards, it was washed with the storage buffer suitable for the
origamis stability (1x TAE, 12.5 mM MgCl, and 1 mM EDTA, pH=8.2). The DNA origami sample was added to
the chamber after diluting to 40-50 pM with the storage buffer and immobilized to the prism surface via the
biotin-streptavidin linkage. After 10-minute incubation, free origami structures were removed by rinsing the
chamber 3x with the storage buffer.

To photo-stabilize the attached fluorophores on the DNA origami structure, an oxygen scavenging system
based on PCA/PCD was used®. The photo-stabilization buffer was prepared as follows: 1 pL of 100 mM
Trolox/Ethanol solution was added to 97 L storage buffer. The mixture was then aged by 254 and 366 nm UV
radiation using a UV lamp (M&S Laborgerdte GmbH, UVAC-6U, 2 x 6 W) until an equal ratio of Trolox and
Trolox-quinone was formed (typically around 6 minutes)”’. The ratio was determined using the two
absorbance peaks of Trolox and Trolox-quinone measured on a nanodrop spectrophotometer (Peqlab
Biotechnologie GmbH). Immediately before starting the TIRF experiments, 1 uL of 100 mM PCA in methanol
and 1 pL of 100 mM PCD solution (50 % glycerol, 50 mM KCI, 100 mM Tris HCIl, 1 mM EDTA-Na; x 2H,0, pH=8)
were added to the mixture of aged Trolox and storage buffer to obtain the photo-stabilization (imaging) buffer.
When measuring DNA origami samples containing Atto488, 1 uL of 14.3 M BME was also added to the photo-
stabilization buffer. In this case, Trolox was added to 96 L of storage buffer to keep the same concentration.
After flushing the sample chamber with the photo-stabilization buffer, it was sealed with a removable silicon
sheet. A minimum of 5-minute waiting time preceded the data recordings. The photo-stabilization buffer was

refreshed every 45 minutes until the end of the experiment.

Single-molecule TIRF combined with FRET-PAINT

For the DNA-PAINT experiments, the prism surface was passivated and the sample prepared as described
above. The experiments were performed as described above for the smFRET experiments with the difference
that, immediately before starting the TIRF experiments, 1 pL of 0.5 uM imager strand labeled with Cy3B was
added to the photostabilization buffer. The FRET experiments were carried out using non-ALEX mode, i.e. only
the 561 laser was used continuously for continuous illumination. An exposure time of 80 ms for a total of 1800
frames were used. The laser power was set to 15 mW.

Dual- and Triple-color MFD-PIE setup

Solution-based FRET experiments of freely diffusing DNA origami structures labeled with blue and/or yellow
fluorophores were performed using a custom-built confocal setup as previously published®. Briefly, samples
were excited using pulsed-interleaved excitation at laser wavelengths of 485 nm*°, 560 nm and 640 nm (LDH-
D-C-485, LDH-D-TA-560, LDH-D-C-640, PicoQuant, Berlin; Germany) with a 16.67 MHz alternation period for
2C (with one deactivated laser line) or 3C experiments. The average excitation intensities for dual- or triple-
color measurements before the objective were 87 uW, 29 uW and 42 pW for the blue, yellow and red lasers
respectively. The resulting fluorescence was collected by a 60x water immersion objective (Plan Apo IR 60x
1.27 WI, Nikon, Disseldorf, Germany) and spectrally separated from the excitation beam by a polychroic
mirror (zt405/488/561/633, AHF; Analysentechnik, Tibingen, Germany). The emission was first separated
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using a polarizing beamsplitter (Thorlabs, Dachau, Germany) and then spectrally filtered (AHF
Analysentechnik, Tubingen, Germany) for the blue (ET525/50), yellow (ET607/36) and red (ET670/30)
detection range. Photons were then collected using photon counting avalanche photodiodes (2x COUNT-100B,
LaserComponents, Olching, Germany; 4x SPCM- AQR-14, PerkinElmer, USA) and registered by independent
but synchronized time-correlated single photon counting hardware (HydraHarp400, PicoQuant). The detector
signal was recorded using a home-written program in CH.

Single-molecule two- and three-color FRET measurement in solution

All samples were measured in 8-well chamber slides (Nunc Lab-Tek, VWR) passivated with 1 mg/mL BSA in
PBS for 10 min before each measurement. MFD-PIE experiments were carried out on freely diffusing DNA
origami structures in the storage buffer (1x TAE, 12.5 mM MgCl, and 1 mM EDTA, pH=8.2) at concentrations
of 10-30 pM at room temperature (23°C)*. Each sample was recorded for 2 h or 3-4 h for dual- and triple-
labeled DNA origami structures respectively. Data were analyzed using a home-written MatLAB based
software, PIE Analysis with MatLAB.

Data analysis of smFRET TIRF data

For each detected molecule in the smTIRF assay, a time trace with the intensity and FRET signals are extracted.
To perform accurate FRET efficiency calculations, correction factors for spectral crosstalk of the donor, direct
excitation of the acceptor and difference is detection sensitivity need to be determined. For these, we used

1.1, When possible, corrections extracted from individual traces were

the procedure given in Hellenkamp et a
applied to that trace otherwise the median value from the measurement was applied. Values for the used
correction factors from our smFRET TIRF measurements are given in Supplementary Note S1. The details of
these steps are described in our previous publications®>4°,

Data from the FRET-PAINT experiments were extracted using DeeplASI| software after colocalizing the
transient PAINT signal of the Cy3B-labeled imager strand (when attached to any of the docking strands) with
the DNA origami labeled with Atto647N at the 12 o’clock position. Signals originating from the colocalizing
molecules were extracted in the DD (donor) and DA (FRET) channels and sorted according to high and low

FRET, respectively. Traces were analyzed manually. The underlying kinetics were analyzed by HMM and TDP.

In the solution experiments, bursts were extracting using an all photon burst search34. Photons were
considered by the algorithm to belong to a molecular burst when the local count rate within a sliding window
exceeded a minimum total number of 50 photons having 30 consecutive photons within a time interval of 500
microseconds. Fluorescence photons arriving at the three detection channels (blue: B; yellow: Y; and red: R)
were sorted according to the three excitation periods (blue: B; yellow: Y; and red: R) based on the photon
arrival time. The apparent FRET efficiency between any of the two dyes is calculated from the measured
intensities and corrected to provide accurate FRET values®®. The correction factors for the MFD-PIE
experiments are given in Supplementary Table S3. The burst-wise fluorescence lifetimes were fit using one-,
two- or three-exponentials depending on how many components were present in the data. Time resolved
anisotropy was fit using a single exponential.
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Supplementary Note 1: Single-molecule TIRF results for all DNA origami structures

The following tables summarize the results for all two- and three-color DNA origami datasets discussed in this work that were measured using TIRF microscopy. From
the single-molecule traces, corrected smFRET histograms were extracted and analyzed to provide information over the number of states and corresponding kinetics.
For each data set, the table provides information regarding the correction factors used for calculating corrected FRET efficiencies, the corrected FRET efficiency values,
the ratio of FRET populations obtained by Gaussian fitting models, the corresponding dwell times, the calculated distances in Angstroms and the fraction of static traces.

For details, see Supplementary Note 8.

Supplementary Table S1.1. Experimental smTIRF results for three- and two-color L-shaped DNA origami structures with the tether labeled with Cy3B for different numbers of states
and complementary base pairing. The correction factors for determining corrected FRET efficiencies; spectral crosstalk (CT), direct excitation (DE) and detection efficiency (Gamma) are
given along with the corrected FRET efficiencies for state 1, state 2 and state 3 when present followed by the ratio of the populations. The dwell times for each state were extracted
from the generated transition density plot (TDP) of each dye pair and fit assuming mono-exponential kinetics. Distances were calculated using Eqn 1 with Ro values of 67 A, 50 A and 64
A for BY, BR and YR respectively. Statistics regarding the number of static and dynamic (all - # static) smFRET traces are given along with the fraction of static molecules in the respective
states. The errors represent the uncertainty in the parameters estimated from the Jacobian matrix of the fit.
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Corrected FRET Fraction of the Static
smTIRE ERET Pair oT DE Gamma Efficiency (%) relative State Dwell Time Dwell Time Dwell Time D|sta:1ces # of static to Corrected
(S1-S2)or opulations (%) ti(s) t2(s) 3 (s) (A°) all sm-traces FRET (%)
(s1-s2-s3) | PP ° (s1-52)
2 binding sites
3 Color
2 States Vi
BY 0.47 0.17 1.70 45-78 36 - 64 66.0 - 53.4 44 -77
6.5 nt BR 0.04 0.01 1.30 54 NA 0.39+0.01 0.46 £0.01 NA 48.7 548 /1030 (53 %) NA
YR 0.13 0.10 0.77 81-11 51-49 50.7-91.5 81-30
BY 0.47 0.21 2.42 50- 82 49-51 67.3-52.3 40-83
7 nt BR 0.06 0.07 1.32 55 NA 0.65 +£0.01 0.99 £0.01 NA 48.4 160 / 2366 (7 %) NA
YR 0.14 0.10 1.11 80-9 39-61 51.3-97.1 81-7
BY 0.45 0.23 1.68 37-81 44 - 56 73.5-52.9 35-82
7.5nt BR 0.03 0.01 1.12 45 NA 1.90 +0.02 2.70£0.03 NA 51.7 209 /710 (29 %) NA
YR 0.12 0.09 0.71 81-9 43-57 50.7-95.0 81-9
BY 0.48 0.24 1.43 40-78 50-50 70.0-54.5 33-77
8nt BR 0.04 0.01 0.91 49 NA 6.40 £ 0.04 9.50+0.10 NA 50.3 1427 / 2972 (48 %) NA
YR 0.14 0.10 0.89 80-6 40- 60 51.3-102.2 80-5
2 Color BY 0.43 0.27 1.62 28-77 41-59 1.40 £ 0.02 2.80+0.01 NA 74.6 - 55.0 154 / 260 (59 %) 24-70
2 States
BR 0.06 0.05 1.37 43 NA NA NA NA 51.7 100 % NA
7.5nt YR 0.13 0.11 0.78 81-9 41-59 1.80 +0.02 2.80£0.02 NA 50.7-94.3 527/ 2467 (21 %) 80-12
3 Color
2 States V2
BY 0.50 0.18 1.52 85-40 37-63 50.4-72.0 47-21
6.5 nt BR 0.05 0.01 1.27 52 NA 0.30+0.01 0.44 +£0.01 NA 49.3 537/ 886 (61 %) NA
YR 0.13 0.11 0.84 27 - 60 32-68 71.6 - 60.4 25-53
BY 0.50 0.20 1.08 89-33 35-65 47.5-75.7 86-32
7 nt BR 0.05 0.01 1.08 58 NA 0.64 £0.01 1.10+£0.01 NA 47.4 283 /1096 (27 %) NA
YR 0.14 0.10 0.99 20-58 34-66 81.4-61.2 21-55
BY 0.75 0.22 2.7 86-38 35-65 49.7-73.0 84-37
7.5nt BR 0.14 0.01 2.70 56 NA 1.70+0.02 2.50£0.02 NA 48.0 565 /1061 (53 %) NA
YR 0.16 0.12 1.0 23-61 36 - 64 79.0 - 60.0 26-58
BY 0.77 0.26 2.0 90-33 33-67 46.7-75.7 89-31
8 nt BR 0.14 0.01 2.25 57 NA 6.60 £ 0.06 8.60+0.10 NA 47.7 1754 / 2923 (60 %) NA
YR 0.16 0.09 1.07 17-58 35-65 84.1-61.2 21-55
2 Color BY 0.54 0.29 1.44 80-17 39-61 1.50+0.01 2.60£0.01 NA 49.7-92.4 1401 / 2306 (61 %) 83-17
2 States
BR 0.05 0.04 2.46 46 NA NA NA NA 51.4 100 % NA
7.5nt YR 0.15 0.04 0.94 28 - 64 40 - 60 1.80+0.02 2.90 £ 0.05 NA 75.6 - 58.7 452 /992 (46 %) 30-62
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Corrected FRET Fraction of the Static
smTIRE FRET Pair oT DE Gamma Efficiency (%) relative State Dwell Time Dwell Time Dwell Time Dlsta?ces # of static to Corrected
(S1-S2)or opulations (%) ti(s) t2(s) 3 (s) (A°) all sm-traces FRET (%)
(s1-s2-s3) | POP g (s1-52)
3 binding sites
3 Color Vi Based on app.
3 States FRET
ol BY 0.50 0.22 1.25 39-79-18 27-33-40 72.5-54.0-86.7
6_9?1‘; BR 0.04 0.01 155 44 NA 0.72 +0.02 0.99 +0.02 1.60 +0.01 52.1
YR 0.15 0.13 0.84 82-9-19 27-19-54 50.2-82.3-95.0
ol BY 0.53 0.22 1.40 56-80- 30 22-55-23 64.6-53.4-77.5
e 1°1’T2 BR 0.05 0.01 117 49 NA 0.76 +0.03 0.91+0.03 1.50 +0.02 503
YR 0.15 0.11 0.84 83-9-20 23-77 (5283) 49.6-95.0-81.4
2 Color YR/ 6-9-12 0.14 0.09 0.80 83-6-19 19- 81 (S2&3) 0.60 +0.01 1.10£0.02 1504003 | 49.6-102.2-82.3
3 States YR/6-11-12 | 0.13 0.07 0.85 83-9 26- 74 (52&3) 0.65 +0.01 0.86 +0.01 1.40 £ 0.03 49.6 - 95.0
Corrected FRET Fraction of the Static
. Efficiency (%) ) Dwell Time Dwell Time Dwell Time Distances # of static to Corrected
smTIRF FRET Pair cr DE Gamma | o1 _soyor (s1 ;eli?afoit:;;) t1(s) t2(s) 13 (s) (A°) all sm-traces FRET (%)
-52-53) pop ° (S1-52)
No binding sites
vi
BY 0.49 0.25 1.56 41-70 71.5-58.4
3 Color BR 0.05 0.01 1.25 49 NA NA NA NA 50.3
No State
YR 0.15 0.13 0.75 42-10 68.2-93.2
2 Color YR 0.13 0.07 0.81 41-15 NA NA NA NA 68.6-86.3
No State
v2
BY 0.53 0.25 1.29 67—31 NA NA NA 59.8-76.9
3 Color BR 0.06 0.01 1.40 51 NA NA NA NA 49.7
No State
YR 0.15 0.13 1.08 49 NA NA NA 65.0
2 Color YR 0.13 0.07 0.92 23-58 NA NA NA NA 79.0.61.2

No State
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Table S1.2. Experimental smTIRF results for three- and two-color L-shaped DNA origami structures with 8 nt complementary base pairs and a Cy3B labeled imaging strand. The apparent
FRET efficiencies (no corrected FRET values could be determined from these experiments) and dwell times for states 1 and 2 are provided. The errors represent the uncertainty in the
parameters estimated from the Jacobian matrix of the fit.

App. FRET (%) Based on app. Dwell Time Dwell Time
PAINT Assay vi (s1-52) FRET ta(s) ta(s)
2 States YR
- - + +
snt Cy3B-Atto647N 27 - 40/89 60 -40 1.0+ 0.04 1.8 +0.02

Table S1.3. Experimental smTIRF results for three- and two-color L-shaped DNA origami V1 structures with Atto542 on the tether and 7.5 nt complementary base pairs. The correction
factors for determining corrected FRET efficiencies; spectral crosstalk (CT), direct excitation (DE) and detection efficiency (Gamma) are given along with the corrected FRET efficiencies
for state 1, state 2 and state 3 when present followed by the ratio of the populations. The dwell times for each state were extracted from the generated transition density plot (TDP) of
each dye pair and fit assuming mono-exponential kinetics. Distances were calculated using Eqn 1 with Ro values of 64 A, 50 A and 63 A for BG, BR and GR respectively. Statistics regarding
the number of static and dynamic (all - # static) smFRET traces are given along with the fraction of static molecules in the respective states. The errors represent the uncertainty in the
parameters estimated from the Jacobian matrix of the fit.

FRET Corrected FRET (%) Ratio of Dwell Time Dwell Time Distance # of static to all sm- Static Corrected FRET
smTIRF . cT DE Gamma . (%)
Pair (S1-52) Populations ti(s) t2(s) (A°) traces
(S1-S2)
3 Color - #(State X) /
2 States #(all) (%)
BG 0.72 0.30 1.45 12-49 12-88 89.2-64.4 17 - 47 - 80*
7.5nt BR 0.08 0.05 2.60 44 NA 1.10 £0.02 1.70+£0.01 52.1 51/548 (9 %) NA
GR 0.15 0.05 1.18 64-3 35-65 57.2-112.4 61-2-27*
2 Color BG 0.74 0.37 1.82 19-51 36-64 1.10+0.01 1.60 £ 0.00 81.5-63.6 1080/ 1433 (75 %) 43%*
2 States
7.5nt GR 0.12 0.02 1.84 60-5 41-59 0.86 £0.01 1.60+0.01 58.9-102.9 141 /577 (24 %) 64 -17

*In the static histogram, we see a third population appearing. / **Not resolvable.

Table S1.4. Experimental smTIRF results for two-color, three-state L-shaped DNA origami structures with symmetrically distributed docking strands (small clock) using Cy5 as an acceptor
on the DNA origami structure. The correction factors for determining corrected FRET efficiencies; spectral crosstalk (CT), direct excitation (DE) and detection efficiency (Gamma) are
given along with the corrected FRET efficiencies for state 1, state 2 and state 3 followed by the ratio of the populations. The dwell times for each state were extracted from the generated
transition density plot (TDP) of each dye pair and fit assuming mono-exponential kinetics. Distances were calculated using Eqn 1 with Ro values of 72 A for YR (Cy3B, Cy5) and 71 A for
GR (Atto542, Cy5) respectively. Statistics regarding the number of static and dynamic (all - # static) sm FRET traces are given along with the fraction of static molecules in the respective
states. The errors represent the uncertainty in the parameters estimated from the Jacobian matrix of the fit.

. Static
. Corte.c ted FRET Fract|.o n of the Dwell Time Dwell Time Dwell Time Distances # of static to Corrected
smTIRF FRET Pair cT DE Gamma Efficiency (%) relative State ta(s) ta(s) ts (s) (A%) all sm-traces FRET (%)
(S1-S2-S3) populations (%) ! 2 3 (51— szn)
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2 Color
Symmetric
3 States
(s)

YR (7 nt) 25-66
-84- -20- + + + - - 9

Cy3B-Cy5 0.14 0.16 0.55 24 -84-69 37-20-43 0.60 +£0.03 0.56 +0.01 0.42 +£0.03 87.3-54.6-63.0 457 / 6152 (7 %) (52&3)

YR (8 nt) 0.07 0.06 0.75 15-70-54 38-20-42 0.86 £0.01 1.10+0.01 0.97 £0.01 94.8-61.7-69.1 191 /1993 (10 %) 17-70-47

Atto542-Cy5
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Supplementary Note 2: MFD-PIE results for all three- and two-color DNA origami

structures

The following table summarizes the MFD-PIE results for various two- and three-color DNA origami
datasets discussed in this work. For each data set, burst-wise smFRET histograms were generated. The
correction factors used for calculating the corrected FRET efficiencies are given along with the ratio of

FRET populations obtained by fitting the histograms with Gaussians.

Supplementary Table S2.1. Experimental MFD-PIE results for various three- and two-color L-shaped DNA origami
structures having different numbers of states and complementary base pairs. The correction factors for
determining corrected FRET efficiencies; spectral crosstalk (CT), direct excitation (DE) and detection efficiency
(Gamma) are given along with the corrected FRET efficiencies for state 1, state 2 and state 3 when present
followed by the ratio of the populations.

MFD-PIE FRET Pair cT DE Gamma Corrected FRET [%] Ratio of Populations
(s1-52)
3 Color
Ry V1 #(S1-52) / (all) (%)
BY 0.07 0.17 0.40 47-78 45-55
7nt, 1 mm BR 0.004 0.02 0.29 54 NA
YR 0.11 0.08 0.73 77-13 31-69*
BY 0.07 0.16 0.50 50-81 42-58
7 nt BR 0.005 0.008 0.38 50 NA
YR 0.10 0.08 0.76 80-12 30-70*
BY 0.08 0.16 0.30 50-81 40-60
8nt, 1 mm BR 0.0 0.0 0.21 48 NA
YR 0.11 0.05 0.71 80- 14 35-65*
BY 0.09 0.17 0.45 57-81 38-62
8 nt BR 0.005 0.04 0.34 49 NA
YR 0.11 0.08 0.76 80-11 25 - 75*
2 Color BY 0.08 0.15 0.52 37-77 47 - 53*
2 States BR 0.003 0.03 0.28 42 NA
7.5nt YR 0.11 0.12 0.75 80-7 44 - 56*
3 Color
2 States V2
BY 0.07 0.15 0.53 85-38 31-69*
7nt, 1 mm BR 0.003 0.004 0.41 53 NA
YR 0.11 0.09 0.78 32-63 52-48
BY 0.07 0.17 0.48 86 - 35 28 - 72*
7 nt BR 0.004 0.0 0.39 54 NA
YR 0.11 0.10 0.82 28-59 46 -54
BY 0.06 0.12 0.44 79-26 40 - 60*
8nt, 1 mm BR 0.003 0.03 0.35 53 NA
YR 0.12 0.16 0.79 28-60 58-42
BY 0.07 0.14 0.44 86 -37 41 -59*
8nt BR 0 0.0 0.37 54 NA
YR 0.11 0.11 0.84 27-57 48 -52
2 Color BY 0.07 0.15 052 83-25 42 - 58*
2 States BR 0.002 0.01 0.33 48 NA
7.5nt YR 0.10 0.11 0.80 30-64 46 -54
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3 Color

V1
3 States
BY 0.14 0.16 0.32 53-78-18 60-27-13
3 Color
BR 0.003 0 0.21 43 NA
6-9-12
YR 0.11 0.0 0.65 50-20 24-76
BY 0.14 0.16 0.28 48 - 83 -25 62-20-18
3 Color
BR 0.0 0 0.22 44 NA
6-11-12
YR 0.10 0 0.78 72-24 13-87
YR
0.100 0.053 0.820 77 - 26 21-79
2 Color 6-9-12
3 States YR
0.100 0.070 0.780 75-22 18 - 82*
6-11-12
V1
3 Col BY 0.09 0.14 0.57 44 - 65 40- 60
otr BR 0.002 0.0 0.36 45 NA
No State
YR 0.09 0.12 0.63 41-16 39-61
2 Color
YR 0.105 0.036 0.820 17-43 12-88
No State
3 Color
V2
No States
BY 0.07 0.10 0.51 63 -40 51-49
3 Color
BR 0.0 0.01 0.42 51 NA
No State
YR 0.10 0.12 0.83 11-50 40- 60
2 Color
YR 0.105 0.120 0.90 20-49 23-77
No State
2 Color 'R 0.11 0.05 0.32 24-80-43 20-18-62
olo ‘ Cy3B-Cy5 . . .
Symmetric
3 States YR
(50) Atto542- 0.03 0.06 0.35 15-67-50 43-28-29
Cy5

* The two populations do not make 100 % of the whole population distribution because of the contribution of a third, intermediate
population due to a transition occurring between the two docked states. The third, intermediate population is excluded from the ratio
calculation between the two main populations.
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Supplementary Note 3: Fluorescence lifetime and anisotropy

3.1. Steady-State Anisotropy

From the MFD-PIE data, we have information regarding the anisotropy of the fluorophores. From the
individual bursts, we calculate a molecule-wise, steady-state anisotropy value (Supplementary Figures
§7.1-S7.24, bottom panels; Supplementary Table S3.1). These data are then fit using the Perrin

equation:

D) = roT (1)
145

where the fundamental anisotropy, 7y, is assumed to be 0.4 and p represents the rotational correlation
time. The fluorescence lifetime for both the donor (undergoing FRET) and acceptor fluorophores (after
direct excitation) are extracted from the experimental data. The fluorescence lifetime decay may
include more than one population depending on how many FRET populations exist for each dye pair.
In the event that more than one lifetime component is present, we utilized the average lifetime value.

The rotational correlation time was then obtained by fitting the anisotropy-lifetime plot to Eqn S1.

3.2. Anisotropy decay plots

From the MFD-PIE data, we also have access to the time-resolved anisotropy decays of the dyes, which
provides information regarding their rotational freedom. The results are summarized in this section
(and in Supplementary Note 7). Supplementary Figure 3.1 (a and b) shows representative time-
resolved anisotropy decays for selected three- and two-color DNA origami structures. Atto488 shows
the fastest decay in all samples indicating that it has the highest rotational freedom among the labels.
We attribute this to the mild repulsion between the dye (with a net charge of -1) and the negatively
charged DNA origami. Cy3B on the tether shows different behaviors in different samples. As expected,
Cy3B exhibits the fastest anisotropy decay on structures with no docking strands (Supplementary
Figure S3.1a, orange curve). The anisotropy increases upon binding to docking sites with higher
anisotropies for longer complementary docking strands. Interestingly, the time-resolved anisotropy
decay for Cy3B in the two-color sample without Atto647N is faster. This suggests that there are
additional interactions between Atto647N and Cy3B that increases its anisotropy. The anisotropy of
Atto647N is extremely high, approaching the maximum value of 0.4, indicating that the dye with a net
charge of +1 is sticking to the negatively charged DNA origami surface. This is consistent with previous

observations that red Atto dyes stick to origami surfaces [1, 2].
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On the two-color, three-state DNA origami structure (1-5-9), we also performed measurements where
the fluorophore on the tether had been replaced with Atto542 and Atto647N was replaced with Cy5.
Cy5, similar to Atto647N, has a positive net charge of +1 and an extremely high anisotropy
(Supplementary Figure 3.1c, right panel). Atto542 has a faster decay of the time-resolved anisotropy
relative to Cy3B indicating a higher rotational freedom (Supplementary Figure 3.1c, left panel). Due to

the -3 net charge of Atto542, this is not unexpected.
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Supplementary Figure S3.1. Fluorescence anisotropy decays for representative three- and two-color DNA
origami structures. (a) The anisotropy decays of Atto488 (left panel), Cy3B (middle panel) and Atto647N (right
panel) are shown for the following constructs: the three-color, 6-12, V1 structure with 7.5 nt docking strands
(blue), the V2 structure with 7 nt docking strands (pink), the three-color, no-state V1 construct (orange) and the
three-color, three-state V1 sample for the 6-9-12 o’clock (green). The solid lines represent the fit with a single
exponential decay. For clarity, the anisotropy data is only shown for the V1 6-9-12 construct. Atto488 shows the
fastest decay among the three fluorophores. Cy3B shows different decay times dependent on the details of the
sample. Atto647N exhibits a very high anisotropy due to sticking of the dye to the origami surface. (b) Anisotropy
decays of Atto488 (left panel) and Cy3B (right panel) for the two-color, 6-12, V1 structure with 7.5 nt docking
strands. The blue dye shows the same rapidly decaying anisotropy curve whereas the anisotropy of the Cy3B-
tether decreases in the absence of Atto647N. (c) Anisotropy decays of Cy3B, Atto542 and Cy5 on the two-color,
three-state origami structures (1-5-9 clock). Left: Cy3B (black) shows a quick decay followed by a high residual
anisotropy. In contrast, Atto542 (red) rapidly decays to zero, indicating a high amount of rotational flexibility.
Right: Cy5, similar to Atto647N, has an extremely high anisotropy approaching 0.4.
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Supplementary Table S3.1. Fluorescence lifetime and steady-state anisotropy values for various constructs in
this study. When two lifetime components were present, they are both listed.

Atto488 Cy3B Atto647N
T (ns) p (ns) r T (ns) I p (ns) r T (ns) r
3 Color, 2 States V1
6.5 nt 0.65-1.60[1.13] 0.98 0.16 1.20-2.35[1.78] 2.56 0.21 4.66 0.30
7 nt 0.70-1.30[1.0] 1.50 0.25 1.03-2.40[1.72] 2.86 0.22 4.60 0.31
7.5nt 0.80 - 1.95[1.38] 0.79 0.12 1.0-1.99 [1.50] 2.29 0.21 4.52 0.31
8 nt 0.67 - 1.55[1.11] 1.89 0.15 1.12-2.38[1.75] 2.89 0.21 4.73 0.30
2 Color, 2 States 0.94 - 2.36 [1.65] 1.21 0.15 2.75 3.25 0.22
1.93 0.85 0.12 4.30 0.32
75nt 1.0-2.50[1.75] 2.42 0.21 4.80-5.68 0.31
V2
6.5 nt 0.65 - 1.62 [1.14] 0.95 0.16 0.88 - 1.40[1.14] 1.48 0.21 4.43 0.31
7 nt 0.75-1.83[1.29] 1.43 0.17 1.48-1.94[1.71] 2.18 0.20 4.76 0.32
7.5nt 0.45-1.40[0.93] 0.88 0.16 0.87 -1.31[1.09] 1.25 0.19 4.55 0.31
8 nt 1.60-2.16 [1.88] 1.28 0.15 1.45-1.96 [1.71] 2.28 0.21 4.72 0.32
2 Color, 2 States 0.86 - 2.41 [1.64] 1.16 0.14 2.19 2.21 0.20
1.87 1.38 0.17 4.05 0.32
7:5nt 1.14-1.50 [1.32] 1.57 0.21 430 031
3 Color, 3 States Vi
6-9-12 1.85-2.34[2.10] 0.87 0.12 2.14-2.55[2.35] 2.74 0.22 4.34 0.30
6-11-12 1.27-1.92 [1.60] 1.11 0.14 2.08 - 2.45 [2.27] 2.74 0.22 4.13 0.30
2 Color, 3 States
6-9-12 1.27-2.26-3.21[2.25] 2.71 0.22 4.33 0.30
6-11-12 1.50-2.40-3.61 [2.50] 2.69 0.21 4.37 0.31
3 Color, No State 1.48-1.92[1.70] 1.0 0.14 1.85-2.19[2.02] 1.36 0.14 4.41 0.30
YR, No State 1.82-2.09[1.96] 1.22 0.16 4.40 0.30
V2
3 Color, No State 1.37-1.73[1.55] 1.34 0.17 1.52-1.92[1.72] 1.30 0.18 4.50 0.32
YR, No State 1.60-1.95[1.78] 1.87 0.21 4.40 0.32
Cy5
2.36 | 3.93 0.25 2.17 | 0.40
Symmetric Clock
Atto542 Cy5
2.1-3.0[2.55] ‘ 0.69 0.07 1.60 | 0.40




174

Supplementary Note 4: Kinetics comparison using a DNA-PAINT assay

4.1. Two-color, single-molecule FRET measurements of immobilized origami structures (smTIRF)
that do not contain a tether

To check for fast transient dissociation and rebinding of the tether to the docking strand and to
investigate the origin of the observed bias between the two binding strands, we measured binding to
the docking sites of S1 and S2 using DNA PAINT imaging strands rather than a bound tether. We used
a tether-free version of the same two-state DNA origami structure (6-12 o’clock position, V1)
containing the 8 nt docking strands. To visualize FRET, we used an 8-nt imager strand with the same
sequence as the normal tether labeled with Cy3B. The imager strands containing Cy3B were flushed
into the chamber with the imaging buffer to have a total concentration of 5 nM of donor accessible to
the structures. The experiment was carried out using continuous 561 nm excitation and the appearing
FRET signals were investigated. In this experiment, we only investigated the state-specific binding and

dissociation rates. Hence, ALEX excitation was not used in this experiment.
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Supplementary Figure S4.1. Single-molecule TIRF results for the PAINT assay on a two-state, V1, L-shaped DNA
origami structure. (a) A schematic showing the smTIRF / DNA-PAINT assay for measuring DNA binding to
immobilized DNA origami structures on the passivated prism surface. (The dimensions are changed for clarity).
The origami is labeled with Atto647N at the top (V1). Imager strands containing 8 complementary nucleotides to
the docking strand were labeled with Cy3B and added at 5 nm concentration. (b) A single-molecule intensity
trace showing the binding and unbinding events of imager strands to a DNA origami. The red lines show the start
and end points of binding to the denoted docking state. The gray regions show the off time (time until binding).
(c) The dwell-time distribution for the binding events corresponding to S1 and S2. The distribution was fit to a
mono-exponential decay and dwell times of 1.0 s and 1.8 s were obtained, respectively. (d) Apparent frame-wise
FRET efficiency histograms from smTIRF-PAINT experiments with only yellow excitation for the YR dye pair. The
left panel shows the population distribution of states 1 and 2. The right panel shows the normalized separated
histograms for each state. The large asymmetry in binding to the different states is an artifact of the extraction
algorithm used for the analysis.
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Supplementary Note 5: Single-molecule FRET measurements of DNA origami structures

with three binding sites

5.1. Apparent FRET efficiencies and kinetic analyses

In this section, we discuss the analysis of the apparent FRET histograms from smTIRF experiments on
the three- and two-color DNA origami structures with three docking sites around the protruding tether
with the third one located either at 9 or 11 o’clock position. While the corrected FRET efficiencies are
needed for calculating distances between the different dye pairs, apparent FRET histograms may be
better at resolving the different states and associated kinetics. In these constructs, docking strands at
positions 6 and 12 are identical to those for the two-state clocks containing 7 nt docking strands. The
third position at either 9 or 11 o’clock, was designed to have 7.5 nt complementary bases. The three
states are clearly observed in the apparent FRET histograms especially for the BY dye pair
(Supplementary Figure S5.1). As mentioned in the main manuscript, the kinetic analysis was performed
on clusters from the TDP determined from the apparent FRET histograms and the dwell time
distributions fit to a mono-exponential function (Supplementary Figure S5.1, g, h).
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Supplementary Figure S5.1. Single-molecule TIRF results for the three- and two-color L-shaped DNA origami
structures with three complementary binding strands. (a) A zoomed-in schematic of the investigated V1 DNA
origami structures labeled with Cy3B on the tether, Atto647N on the top and Atto488 at the bottom. The three
complementary docking strands are located at the 6, 9 and 12 o’clock positions (with 7 complementary
nucleotides at position 6 and 12, and 7.5 nt at position 9). (b) The corresponding frame-wise weighted, state-
wise averaged apparent FRET efficiency histograms from smTIRF experiments for the BY (left), BR (middle) and
YR (right) FRET pairs. (c) Left: A schematic showing a zoomed-in DNA origami structure labeled with Cy3B on the
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tether and Atto647N on the top. Right: Frame-wise weighted, state-wise averaged apparent FRET efficiency
histogram from smTIRF experiments for the YR dye pair on the two-color 6-9-12-state nanostructures. (d) A
zoomed-in schematic of the DNA origami labeled with three fluorophores. The three complementary docking
strands are located at positions 6, 11 and 12 o’clock. (e) The corresponding frame-wise weighted, state-wise
averaged apparent FRET efficiency histograms from smTIRF experiments for the BY (left), BR (middle) and YR
(right panel). (f) Left: A schematic showing the zoomed-in DNA origami structure labeled with Cy3B on the tether
and Atto647N on the top. Right: The corresponding frame-wise weighted, state-wise averaged apparent FRET
efficiency histogram from smTIRF experiments for the YR dye pair. (g) The transition density plot (TDP) showing
transitions between the two detected states for the BY dye pair. (h) By selecting the individual clusters in panel
g, a distribution of dwell times for the individual transitions can be calculated. The dwell-time distributions and
corresponding mono-exponential fits are shown for S1 (left), S2 (middle) and S3 (right).
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Supplementary Figure S5.2. Single-molecule MFD-PIE results for the three- and two-color, L-shaped DNA
origami structures with three complementary docking strands. (a) A zoomed-in schematic of a diffusing DNA
origami structure investigated by 3C MFD-PIE. The positions of the docking strands and location of the
fluorophores are highlighted: Cy3B on the tether, Atto647N on the top and Atto488 at the bottom. The three
complementary single strands are located at 6-9-12 and 6-11-12 o’clock positions (with 7 matching nucleotides
at the 6 and 12 o'clock positions, and 7.5 nt at the 9 and 11 o'clock position). (b) Corrected FRET efficiency
histograms from MFD-PIE experiments for the BY (left), BR (middle) and YR (right) FRET pairs on the three-color
6-9-12-state nanostructures. (c) Left: A zoomed-in schematic of the two-color DNA origami structure with
docking strands as in panel a labeled with Cy3B on the tether and Atto647N at the upper position. Right: The
corresponding corrected FRET efficiency histogram from MFD-PIE experiments for the YR dye pair. (d) A zoomed-
in schematic of the DNA origami structure with three complementary single strands are located at the 6, 11 and
12 o’clock positions (with 7 matching nucleotides for the 6 o'clock and 12 o'clock positions, and 7.5 nt at 11
o'clock). (e) Corrected FRET efficiency histograms from MFD-PIE experiments for the BY (left), BR (middle) and
YR (right) dye pairs on the three-color 6-11-12-state nanostructures. (f) Left: A zoomed-in schematic of the two-
color DNA origami structure labeled with Cy3B on the tether and Atto647N on the top. The position and length
of the docking strands are the same as in the three-color construct. Right: The corresponding corrected FRET
efficiency histogram from MFD-PIE experiments for the YR dye pair.
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Supplementary Note 6: Static origami structures

6.1. Analysis of static sSmFRET traces for three- and two-color, two-state smFRET measurements
on the surface (smTIRF)

The DNA origami structures we are investigating are designed to be dynamic. So far, we focused on
the dynamic traces that show transitions between the two or three incorporated FRET states.
However, many of the detected FRET traces are of high quality but do not exhibit dynamics over the
duration of the trace. To see if the static molecules have a preferred conformation, we also analyzed
the smFRET histograms for static traces (Supplementary Figure 6.1). From the smFRET histograms, two
populations are observable with corrected FRET values being very close to those measured for the
dynamic molecules. Hence, it is apparent that static molecules can be observed in both conformations,
S1 and S2. For the V1 samples, S1 is more populated than S2, although the ratio decreases with
increasing docking strand length. The histograms of the V2 samples show a similar trend but with more
molecules in state S2. This suggest that the origami structures are more likely to be static when binding

to docking strands in the vicinity of Atto647N.

The number of static to dynamics traces (i.e. with respect to all high-quality, single-molecule traces
increases with the length of the docking strand (with the exception of the 6.5 nt structures) from 7 %
to ~ 50%. We attribute the high number of static traces for the 6.5 nt states to the increased difficulty
in detecting high quality dynamic traces rather than an absolute increase in static molecules. As seen
from the anisotropy data (Supplementary Note S3), Cy3B can interact with double-stranded DNA,
stabilizing the binding. The slower the kinetics, the more time the dye has to interact and stabilize the

hybridization.
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Supplementary Figure S6.1. Single-molecule TIRF results for static traces from the three- and two-color, two-
state V1 and V2 DNA origami structures. (a-b) Schematics depicting the smTIRF assay for measuring immobilized
DNA origami structures on passivated prism surfaces for the (a) V1 and (b) V2 samples. (The dimensions are
changed for clarity). The DNA origami is labeled with Cy3B on the tether, Atto647N (V1, on the top; V2 on the
bottom) and Atto488 (V1 on the bottom, V2 on the top). The color legend in gray and blue indicates states S1
and S2, respectively, which will be used for the remainder of the figure. (c-d) Corrected smFRET efficiency
histograms from smTIRF experiments for the BY (/eft) and YR (right) dye pairs for the docking strands containing
complementary nucleotides of 6.5 (orange), 7 (blue), 7.5 (dark blue) and 8 (red) from the (c) V1 and (d) V2
samples. (e-f) Zoomed-in schematics of the two-color, two-state DNA origami structures with 7.5 nt
complementary docking strands discussed in panels g and h. (g-h) Corrected smFRET efficiency histograms from
two-color smTIRF experiments for the BY (left) and YR (right) dye pairs for (g) V1 and (h) V2 samples.
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Supplementary Note 7: Summary of all single-molecule MFD-PIE data

In this section, we show the important plots resulting from three- and two-color MFD-PIE experiments

for all the measured DNA origami structures.

3-color experiments. The data from each three-color sample are summarized in a single figure with

nine panels.

2-color experiments. For two-color samples, the important information extracted in the MFD-PIE

experiments are summarized in five panels.



7.1. Three-color, two-state clocks (V1) with variable docking strand length
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Supplementary Figure S7.1. Overview of 3c MFD-PIE results obtained for the triple-labeled 6-12 clock (Version
1), with 6.5 nt binding sites. (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a function of the
lifetime of Atto488 with blue excitation, and the YR FRET efficiency plotted as a function of (b) the lifetime of
Atto647N measured with red excitation and (c) the lifetime of Cy3B with yellow excitation. The static FRET line
is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. (d-f) Stoichiometry versus
FRET efficiency for the three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus fluorescence lifetime
histograms for (g) Atto488 with blue excitation, (h) Atto647N with red excitation and (i) Cy3B with yellow
excitation. The magenta line is the corresponding fit to the Perrin Equation (Eq S1).
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Three-color (BYR), two-state (6-12), 7 nt, V1
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Supplementary Figure $7.2. Overview of 3¢ MFD-PIE results obtained for the triple-labeled 6-12 clock (Version
1), with 7 nt binding sites. (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a function of the lifetime
of Atto488 with blue excitation, and the YR FRET efficiency plotted as a function of (b) the lifetime of Atto647N
measured with red excitation and (c) the lifetime of Cy3B with yellow excitation. The static FRET line is plotted
in magenta and a dynamic FRET line is shown in black. For details, see [3]. (d-f) Stoichiometry versus FRET
efficiency for the three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus fluorescence lifetime histograms
for (g) Atto488 with blue excitation, (h) Atto647N with red excitation and (i) Cy3B with yellow excitation. The
magenta line is the corresponding fit to the Perrin Equation (Eq S1).
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Three-color (BYR), two-state (6-12), 7.5 nt, V1
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Supplementary Figure $7.3. Overview of 3c MFD-PIE results obtained for the triple-labeled 6-12 clock (Version
1), with 7.5 nt binding sites. (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a function of the
lifetime of Atto488 with blue excitation, and the YR FRET efficiency plotted as a function of (b) the lifetime of
Atto647N measured with red excitation and (c) the lifetime of Cy3B with yellow excitation. The static FRET line
is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. (d-f) Stoichiometry versus
FRET efficiency for the three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus fluorescence lifetime
histograms for (g) Atto488 with blue excitation, (h) Atto647N with red excitation and (i) Cy3B with yellow
excitation. The magenta line is the corresponding fit to the Perrin Equation (Eq S1).
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Three-color (BYR), two-state (6-12), 8 nt, V1
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Supplementary Figure $7.4. Overview of 3c MFD-PIE results obtained for the triple-labeled 6-12 clock (Version
1), with 8 nt binding sites. (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a function of the lifetime
of Atto488 with blue excitation, and the YR FRET efficiency plotted as a function of (b) the lifetime of Atto647N
measured with red excitation and (c) the lifetime of Cy3B with yellow excitation. The static FRET line is plotted
in magenta and a dynamic FRET line is shown in black. For details, see [3]. (d-f) Stoichiometry versus FRET
efficiency for the three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus fluorescence lifetime histograms
for (g) Atto488 with blue excitation, (h) Atto647N with red excitation and (i) Cy3B with yellow excitation. The
magenta line is the corresponding fit to the Perrin Equation (Eq S1).
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7.2. Three-color, two-state clocks (V2) with variable docking strand length
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Supplementary Figure S7.5. Overview of 3c MFD-PIE results obtained for the triple-labeled 6-12 clock (Version
2), with 6.5 nt binding sites. (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a function of the
lifetime of Atto488 with blue excitation, and the YR FRET efficiency plotted as a function of (b) the lifetime of
Atto647N measured with red excitation and (c) the lifetime of Cy3B with yellow excitation. The static FRET line
is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. (d-f) Stoichiometry versus
FRET efficiency for the three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus fluorescence lifetime
histograms for (g) Atto488 with blue excitation, (h) Atto647N with red excitation and (i) Cy3B with yellow
excitation. The magenta line is the corresponding fit to the Perrin Equation (Eq S1).
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Three-color (BYR), two-state (6-12), 7 nt, V2
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Supplementary Figure $7.6. Overview of 3c MFD-PIE results obtained for the triple-labeled 6-12 clock (Version
2), with 7 nt binding sites. (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a function of the lifetime
of Atto488 with blue excitation, and the YR FRET efficiency plotted as a function of (b) the lifetime of Atto647N
measured with red excitation and (c) the lifetime of Cy3B with yellow excitation. The static FRET line is plotted
in magenta and a dynamic FRET line is shown in black. For details, see [3]. (d-f) Stoichiometry versus FRET
efficiency for the three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus fluorescence lifetime histograms
for (g) Atto488 with blue excitation, (h) Atto647N with red excitation and (i) Cy3B with yellow excitation. The
magenta line is the corresponding fit to the Perrin Equation (Eq S1).
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Three-color (BYR), two-state (6-12), 7.5 nt, V2
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Supplementary Figure $7.7. Overview of 3¢ MFD-PIE results obtained for the triple-labeled 6-12 clock (Version
2), with 7.5 nt binding sites. (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a function of the
lifetime of Atto488 with blue excitation, and the YR FRET efficiency plotted as a function of (b) the lifetime of
Atto647N measured with red excitation and (c) the lifetime of Cy3B with yellow excitation. The static FRET line
is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. (d-f) Stoichiometry versus
FRET efficiency for the three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus fluorescence lifetime
histograms for (g) Atto488 with blue excitation, (h) Atto647N with red excitation and (i) Cy3B with yellow
excitation. The magenta line is the corresponding fit to the Perrin Equation (Eq S1).
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Supplementary Figure $7.8. Overview of 3¢ MFD-PIE results obtained for the triple-labeled 6-12 clock (Version
2), with 8 nt binding sites. (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a function of the lifetime
of Atto488 with blue excitation, and the YR FRET efficiency plotted as a function of (b) the lifetime of Atto647N
measured with red excitation and (c) the lifetime of Cy3B with yellow excitation. The static FRET line is plotted
in magenta and a dynamic FRET line is shown in black. For details, see [3]. (d-f) Stoichiometry versus FRET
efficiency for the three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus fluorescence lifetime histograms
for (g) Atto488 with blue excitation, (h) Atto647N with red excitation and (i) Cy3B with yellow excitation. The
magenta line is the corresponding fit to the Perrin Equation (Eq S1).
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7.3. Three-color, three-state clocks (V1) with different binding positions
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Supplementary Figure S7.9. Overview of 3c MFD-PIE results obtained for the triple-labeled 6-9-12 clock
(Version 1). (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a function of the lifetime of Atto488
with blue excitation, and the YR FRET efficiency plotted as a function of (b) the lifetime of Atto647N measured
with red excitation and (c) the lifetime of Cy3B with yellow excitation. The static FRET line is plotted in magenta
and a dynamic FRET line is shown in black. For details, see [3]. (d-f) Stoichiometry versus FRET efficiency for the
three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus fluorescence lifetime histograms for (g) Atto488
with blue excitation, (h) Atto647N with red excitation and (i) Cy3B with yellow excitation. The magenta line is the
corresponding fit to the Perrin Equation (Eq S1).
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Three-color (BYR), three-state (6-11-12), V1
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Supplementary Figure S7.10. Overview of 3c MFD-PIE results obtained for the triple-labeled 6-11-12 clock
(Version 1). (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a function of the lifetime of Atto488
with blue excitation, and the YR FRET efficiency plotted as a function of (b) the lifetime of Atto647N measured
with red excitation and (c) the lifetime of Cy3B with yellow excitation. The static FRET line is plotted in magenta
and a dynamic FRET line is shown in black. For details, see [3]. (d-f) Stoichiometry versus FRET efficiency for the
three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus fluorescence lifetime histograms for (g) Atto488
with blue excitation, (h) Atto647N with red excitation and (i) Cy3B with yellow excitation. The magenta line is the
corresponding fit to the Perrin Equation (Eq S1).
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Supplementary Figure $7.11. Overview of 3c MFD-PIE results obtained for the triple-labeled DNA origami
structure (Version 1) without any binding sites. (a-c) FRET efficiency histograms are plotted (a) for B->YR as a
function of the lifetime of Atto488 with blue excitation, and the YR FRET efficiency plotted as a function of (b)
the lifetime of Atto647N measured with red excitation and (c) the lifetime of Cy3B with yellow excitation. The
static FRET line is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. (d-f)
Stoichiometry versus FRET efficiency for the three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus
fluorescence lifetime histograms for (g) Atto488 with blue excitation, (h) Atto647N with red excitation and (i)
Cy3B with yellow excitation. The magenta line is the corresponding fit to the Perrin Equation (Eq S1).
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Three-color (BYR), No-state, V2
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Supplementary Figure $7.12. Overview of 3c MFD-PIE results obtained for the triple-labeled DNA origami
structure (Version 2) without any binding sites. (a-c) FRET efficiency histograms are plotted (a) for B -> YR as a
function of the lifetime of Atto488 with blue excitation, and the YR FRET efficiency plotted as a function of (b)
the lifetime of Atto647N measured with red excitation and (c) the lifetime of Cy3B with yellow excitation. The
static FRET line is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. (d-f)
Stoichiometry versus FRET efficiency for the three dye pairs: (d) BY, (e) BR and (f) YR. (g-i) Anisotropy versus
fluorescence lifetime histograms for (g) Atto488 with blue excitation, (h) Atto647N with red excitation and (i)
Cy3B with yellow excitation. The magenta line is the corresponding fit to the Perrin Equation (Eq S1).
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7.5. Dual-color 2 State clocks (V1) with 7.5. nt binding sites and different dye pair combinations
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Supplementary Figure S7.13. Overview of 2c MFD-PIE results obtained for the 6-12 clock (Version 1) with 7.5
nt binding sites labeled with Atto488 and Cy3B. Top row: The FRET efficiency for the FRET pair is plotted as a
function of (left) Donor lifetime, (middle) stoichiometry and (right) and acceptor lifetime. In the left panel, the
static FRET line is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. Bottom row:
The anisotropy of the (left) donor and (right) acceptor molecules are plotted as a function of the respective
lifetimes. A fit of the burst-wise steady-state anisotropy to the Perrin Equation (Eq S1) is shown in magenta.
Middle: A summary of the parameters extracted from the data.
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Two-color (BR), two-state (6-12), 7.5 nt, V1
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Supplementary Figure S7.14. Overview of 2c MFD-PIE results obtained for the 6-12 clock (Version 1) with 7.5
nt binding sites labeled with Atto488 and Atto647N. Top row: The FRET efficiency for the FRET pair is plotted as
a function of (left) Donor lifetime, (middle) stoichiometry and (right) and acceptor lifetime. In the left panel, the
static FRET line is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. Bottom row:
The anisotropy of the (left) donor and (right) acceptor molecules are plotted as a function of the respective
lifetimes. A fit of the burst-wise steady-state anisotropy to the Perrin Equation (Eq S1) is shown in magenta.
Middle: A summary of the parameters extracted from the data.
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Two-color (YR), two-state (6-12), 7.5 nt, V1
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Supplementary Figure S7.15. Overview of 2c MFD-PIE results obtained for the 6-12 clock (Version 1) with 7.5
nt binding sites labeled with Cy3B and Atto647N. Top row: The FRET efficiency for the FRET pair is plotted as a
function of (left) Donor lifetime, (middle) stoichiometry and (right) and acceptor lifetime. In the left panel, the
static FRET line is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. Bottom row:
The anisotropy of the (left) donor and (right) acceptor molecules are plotted as a function of the respective
lifetimes. A fit of the burst-wise steady-state anisotropy to the Perrin Equation (Eq S1) is shown in magenta.
Middle: A summary of the parameters extracted from the data.
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7.6. Dual-color 2 State clocks (V2) with 7.5. nt binding sites and different dye pair combinations

Two-color (BY), two-state (6-12), 7.5 nt, V2
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Supplementary Figure S7.16. Overview of 2c MFD-PIE results obtained for the 6-12 clock (Version 2) with 7.5
nt binding sites labeled with Atto488 and Cy3B. Top row: The FRET efficiency for the FRET pair is plotted as a
function of (left) Donor lifetime, (middle) stoichiometry and (right) and acceptor lifetime. In the left panel, the
static FRET line is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. Bottom row:
The anisotropy of the (left) donor and (right) acceptor molecules are plotted as a function of the respective
lifetimes. A fit of the burst-wise steady-state anisotropy to the Perrin Equation (Eq S1) is shown in magenta.
Middle: A summary of the parameters extracted from the data.



Two-color (BR), two-state (6-12), 7.5 nt, V2
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Supplementary Figure S7.17. Overview of 2c MFD-PIE results obtained for the 6-12 clock (Version 2) with 7.5
nt binding sites labeled with Atto488 and Atto647N. Top row: The FRET efficiency for the FRET pair is plotted as
a function of (left) Donor lifetime, (middle) stoichiometry and (right) and acceptor lifetime. In the left panel, the
static FRET line is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. Bottom row:
The anisotropy of the (left) donor and (right) acceptor molecules are plotted as a function of the respective
lifetimes. A fit of the burst-wise steady-state anisotropy to the Perrin Equation (Eq S1) is shown in magenta.
Middle: A summary of the parameters extracted from the data.
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Two-color (YR), two-state (6-12), 7.5 nt, V2
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Supplementary Figure S7.18. Overview of 2c MFD-PIE results obtained for the 6-12 clock (Version 2) with 7.5
nt binding sites labeled with Cy3B and Atto647N. Top row: The FRET efficiency for the FRET pair is plotted as a
function of (left) Donor lifetime, (middle) stoichiometry and (right) and acceptor lifetime. In the left panel, the
static FRET line is plotted in magenta and a dynamic FRET line is shown in black. For details, see [3]. Bottom row:
The anisotropy of the (left) donor and (right) acceptor molecules are plotted as a function of the respective
lifetimes. A fit of the burst-wise steady-state anisotropy to the Perrin Equation (Eq S1) is shown in magenta.
Middle: A summary of the parameters extracted from the data.
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7.7. Dual-color 3 State clocks (V1) with different binding positions

Two-color (YR), three-state (6-9-12), V1
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Supplementary Figure S7.19. Overview of 2c MFD-PIE results obtained for the dual-labeled 6-9-12 clock
(Version 1). Top row: The FRET efficiency for the FRET pair is plotted as a function of (left) Donor lifetime, (middle)
stoichiometry and (right) acceptor lifetime. In the left panel, the static FRET line is plotted in magenta. For details,
see [3]. Bottom row: The anisotropy of the (left) donor and (right) acceptor molecules are plotted as a function
of the respective lifetimes. A fit of the burst-wise steady-state anisotropy to the Perrin Equation (Eq S1) is shown
in magenta. Middle: A summary of the parameters extracted from the data.
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Two-color (YR), three-state (6-11-12), V1
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Supplementary Figure S7.20. Overview of 2c MFD-PIE results obtained for the dual-labeled 6-11-12 clock
(Version 1). Top row: The FRET efficiency for the FRET pair is plotted as a function of (/eft) Donor lifetime, (middle)
stoichiometry and (right) and acceptor lifetime. In the left panel, the static FRET line is plotted in magenta and a
dynamic FRET line is shown in black. For details, see [3]. Bottom row: The anisotropy of the (/eft) donor and (right)
acceptor molecules are plotted as a function of the respective lifetimes. A fit of the burst-wise steady-state
anisotropy to the Perrin Equation (Eq S1) is shown in magenta. Middle: A summary of the parameters extracted
from the data.



7.8. Dual-color DNA origamis for control
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Supplementary Figure $7.21. Overview of 2c MFD-PIE results obtained for the dual-labeled DNA origami
structure (Version 1) without any binding sites. Top row: The FRET efficiency for the FRET pair is plotted as a
function of (left) Donor lifetime, (middle) stoichiometry and (right) and acceptor lifetime. In the left panel, the
static FRET line is plotted in magenta. For details, see [3]. Bottom row: The anisotropy of the (/eft) donor and
(right) acceptor molecules are plotted as a function of the respective lifetimes. A fit of the burst-wise steady-
state anisotropy to the Perrin Equation (Eq S1) is shown in magenta. Middle: A summary of the parameters
extracted from the data.
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Two-color (YR), No-state, V2
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Supplementary Figure $7.22. Overview of 2c MFD-PIE results obtained for the dual-labeled DNA origami
structure (Version 2) without any binding sites. Top row: The FRET efficiency for the FRET pair is plotted as a
function of (left) Donor lifetime, (middle) stoichiometry and (right) and acceptor lifetime. In the left panel, the
static FRET line is plotted in magenta. For details, see [3]. Bottom row: The anisotropy of the (/eft) donor and
(right) acceptor molecules are plotted as a function of the respective lifetimes. A fit of the burst-wise steady-
state anisotropy to the Perrin Equation (Eq S1) is shown in magenta. Middle: A summary of the parameters
extracted from the data.
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7.9. Small clock with 3 states

Two-color (YR), three-state (1-5-9), 7 nt
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Supplementary Figure S7.23. Overview of 2c MFD-PIE results obtained for the dual-labeled small clock labeled
with Cy3B and Cy5. Top row: The FRET efficiency for the FRET pair is plotted as a function of (/eft) Donor lifetime,
(middle) stoichiometry and (right) and acceptor lifetime. In the left panel, the static FRET line is plotted in
magenta. For details, see [3]. Bottom row: The anisotropy of the (/eft) donor and (right) acceptor molecules are
plotted as a function of the respective lifetimes. A fit of the burst-wise steady-state anisotropy to the Perrin
Equation (Eq S1) is shown in magenta. Middle: A summary of the parameters extracted from the data.
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Two-color (GR), three-state (1-5-9), 7 nt
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Supplementary Figure S7.24. Overview of 2c MFD-PIE results obtained for the dual-labeled small clock labeled
with Atto542 and Cy5. Top row: The FRET efficiency for the FRET pair is plotted as a function of (/eft) Donor
lifetime, (middle) stoichiometry and (right) and acceptor lifetime. In the left panel, the static FRET line is plotted
in magenta. For details, see [3]. Bottom row: The anisotropy of the (left) donor and (right) acceptor molecules
are plotted as a function of the respective lifetimes. A fit of the burst-wise steady-state anisotropy to the Perrin
Equation (Eq S1) is shown in magenta. Middle: A summary of the parameters extracted from the data.
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Supplementary Note 8: Two- and three-color corrected FRET efficiencies

For two- and three-color DNA origami structures, bursts were extracted having a minimum of L = 50
(two color) or 100 (three color) photons per burst and at least M = 10 photons per time window of T =
500 ps using an all-photon burst search algorithm. After extraction, an additional ALEX-2CDE filtering
of 0-16 was applied [4]. The signal in each detection channel I..w was then corrected for background

using the average intensity of the buffer reference sample, (bg), and the burst duration: tj:

I'=Lgw — (bg)tp (52)
The FRET efficiency between the yellow and red fluorophores can be determined directly during the
yellow excitation cycle after applying the correction factors for crosstalk ctyp from the donor into the
acceptor channel, for direct excitation deyy of the acceptor fluorophore by the donor-exciting laser
and the yyy detection correction factor. The latter counts for the differences in detection efficiency n
and quantum yield ¢ of the different fluorophores and is calculated as

_ T'R(pr (53)
T’y(pbY

Yyr

Using the determined correction factors, the corrected YR FRET efficiency can be calculated using:

Eyp = Iyp — ctyg Iyy — deyg Igg (S4)
Yyr lyy + Iyr — Ctyg Iyy — deyp Igg

For three-color experiments, the correction factors for crosstalk ctyy, direct excitation deyy and
detection efficiency yxy need to be determined for the other dye combinations: BY and BR. While
photons in the yellow channel only need to be corrected for crosstalk of the blue fluorophore and
direct excitation of the yellow fluorophore, the photons in the red channel require correction for the
crosstalk from both blue and yellow emission into the red detection channel, direct excitation of the
red fluorophore and the energy transfer to the red dye from direct excitation of the yellow

fluorophore. The corresponding FRET intensities after blue excitation is given as:
Ipy,corr = Ipy — Ctpy Ipp — depy Iyy (S5)

Epy S6
Igrcorr = Ipr — depr Irg — Ctpr Ipp — Ctyr(Ipy — ctpylpp) — depy 1-E. Iyy (56)
YR

Using these expressions, the burst-wise FRET efficiencies after blue excitation are given by:

E — IBY,corr (57)
BY Yy Ig(1 — Eyr) + Iy corr
IBR,corr - EYR (VYR IBY,corr + IBR,corr) (58)

Eggr =
YR Igg + Igrcorr — Evr (YBR Igg corr + Yyr IBy,corr + IBR,corr)
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Supplementary Note 9: Staple strands for multi-colored DNA origami clocks

Details of the design of the L-shaped DNA origamis are given in this Supplementary Note. The
structures used in this study were based on an L-shaped design previously published by Tinnefeld et
al. [5-8]. A list of the unlabeled staple strands is given in Supplementary Note SN9.1. We investigated
two distinct designs for the clocks, one with docking strands at the 6 and 12 o'clock (and sometimes at
a third position) and a smaller clock with symmetrically distributed docking strands (at the 1, 5 and 9
o'clock positions). That means, the distance between centered, protruding pointer and the docking
positions is further or shorter for the different clocks. An overview of all designed DNA origamis for
the larger clock are given in Supplementary Note SN9.2. The strand IDs for the modified staple strands
used to introduce fluorescent dyes for smFRET, surface immobilization, and protruding strands of the
tether and docking sites are listed in Supplementary Note SN9.3. The same information for the

symmetric, small clock can be found in Supplementary Notes SN9.4 and SN9.5.

9.1. Staple strands of the L-shaped origami structure
The L-shaped DNA origami structures are made of 252 single DNA staple strands annealed to a circular
complementary single DNA scaffold strand of 8064 nucleotides originating from M13mp18

bacteriophages.

Supplementary Table $9.1. Unmodified staple strands of the L-shaped DNA origami structure denoted from the
5’ to 3’ end. All oligonucleotides were purchased by Integrated DNA Technologies.

Staple ID | Sequence (5’ to 3’)

L1 ATCCAGAACAATATTAGTCCATCAGGAACGGT

L2 CGTGCCTGTTCTTCGCATCCAGCGCCGGGTTA

L3 ATAATCAGAAAAGCCCAACATCCACTGTAATA

L4 CATAGGTCTGAGAGACAAATCGTCGAATTACC

L5 AGAAACAGCTTTAGAAGGAAGAAAAATCTACGATTTTAAGCATATAAC
L6 GCACCCTCCGTCAGGTACGTTAGTAAATGAATAGTTAGCGTCAATCAT
L7 ACGATAAACCTAAAACAAAGAATACACTAAAACATTACCCAACAAAGC
L8 TGCTCATTCTTATGCGTTAATAAAACGAACTATATTCATTGGCTTTTG

L9 AAGGGAACCGGATATTCACTCATCTTTGACCCGTAATGCCATCGGAAC
L10 CGGAATCTCAGGTCTGTTTTAAATATGCATGCGAACGAATCATTG

L11 TGAATTACCAGTGAATGGAATTACGAGGCATATAGCGAGAGAATCCCC
L12 CATTATACGGTTTACCCATAACCCTCGAAATACAATGTTTAAACAGGG
L13 ATTCATATCAGTGATTTGGCATCAGGACGTTGTAACATAAACCAGACG
L14 TAATAAGAAGAGCCACCCTTATTAGCGTTTGCCATTCAACAATAGAAA
L15 GGCACCAAAACCAAAAGTAAGAGCAACACTATAGCAACGTAAATCGCC
L16 ATAAAAATATCGCGTTCTCCTTTTGATAAGAGCTATAT

L17 TACCAGTAACGCTAACAGTTGCTATTTTGCACCCCATCCT
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L18 GAGGGTAGTTGCAGGGTGCTAAACAACTTTCACGCCTGGAAAGAG
L19 AGAGCCGCAAACAAATGAGACTCCTCAAGAGATTAGCGGGCAGTAGCA
L20 AGTTGATTAGCTGAAAAGAGTACCTTTAATTGTTAATTCGGACCATAA
L21 TCGATAGCAGCACCGTAAAATCACGTTTTGCT

L22 AAAGACAAATTAGCAAGTCACCAATGAAACCA

L23 ATATTCACCGCCAGCATTGACAGGCAAAATCA

L24 TTTTCCCTTACACTGGTTGC

L25 CTCCAATCGTCTGAAATTTT

L26 TTTTTGCCTGAGTAGAAGAA

L27 TTTTCCCGACTTACAAAATAAACAGTTTT

L28 ATACGCAAAGAAAATTATTCATTAAAGGTGAATTTT
L29 TTTTCTTTACAAACAATTCG

L30 TTTTAAGTTACCAGGGTAATTGAGCTTTT

L31 TTTTTAAACGATGCTGATGG

L32 TTTTCAGGGTGGTTTTTCTT

L33 ACAAAGTATGAGGAAGCTTTGAGGACTAAAGATTTT
L34 CCGAATCTAAAGCATCTTTT

L35 AGATGAAGGGTAAAGTTTTT

L36 TTTTCGCAAATGGTCAATAAACCATTAGATGC

L37 TCGAAGATGATGAAACTTTT

L38 AGAGCAAATCCTGTCCAGATACCGACAAAAGGTAATTTT
L39 TTCCGGAATCATAATTTTTT

L40 TTTTTGGATTATTTACAGAA

L41 TGCGGCCAGAATGCGGTTTT

L42 TCAGCAGCAACCGCAATTTT

L43 TTTTAGAGCGGGAGCTAGAT

L44 TTTTGCTAATATCAGAGAGATAACCCCGCCACCGCG
L45 ACCTCGTCATAAACATTTTT

L46 TTTTTTGAGGGGACGACGAC

L47 TTTTAACAGTACCTTTTACA

L48 TTTTTGGCCTTCCTGTATAA

L49 TTTTGGCGCATAGGCTGGCTAACGGTGTTAAATTGT
L50 TCACCGGAAGCATAAATTTT

L51 TTTTTATCATCGCCTGAACAGACCATTTT

L52 TTCATAGGGTTGAGTGTTTT

L53 TTTTTAGCCCGGAATAGCCTATTTCTTTT

L54 TTTTCCCTCAGAGCCACCACCCTCAGAAAGCGCTTA
L55 TAGTAATAACATCACTTTTT

L56 TTTTTTGTTCCAGTTTGGAACAAGA

L57 TTTTCGGGCCGTTTTCACGG

L58 TTTTATTGCTGAATATAATACATTTTTTT

L59 TTTTAGTAATTCAATCGCAAGACAATTTT

L60 TTTTGAATGCCAACGGCAGC

L6l CAGATGAATATACAGTTTTT
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L62 TTTTCCATATTATTTATCCCAATCCAAAGTCAGAGA
L63 TTTTTTATCACCGTCACAGCGTCAGTTTT

L64 TTTTCTTTTTCACAACGGAGATTTGTTTT

L65 TTTTGTGTAGGTAAAGATTC

L66 TTTTTTTTTTTTAAAACTAG

L67 TTTTGATTAAGACGCTGAGA

L68 TTTGCGTATTGGGCGCTTTT

L69 ATTATAGCGTCGTAATAGTAAAATGTTTTTT

L70 TAGTCAGAAGCAAAGCGGATTTT

L71 TTTTTAGACTGGCATCAGTTGAGATTTTTT

L72 CATAATAATTCGCGTCTTTT

L73 ATATATATAAAGCGACGACATCGGCTGTCTTTCCTTATCATTTTT
L74 AAAACGGTAATCGTTTTTTT

L75 ACAAATTATCATCATATTTT

L76 TTTTTTCCTGATTATCACGT

L77 TTTTCATATAAAAGAAAGCCGAACATTTT

L78 TTTTGTGTAAAGCCTGGCGG

L79 TTTTAAACATCAAGAAAAAA

L80 AATGCAATAGATTAAGGGCTTAGAGCTTATTTT

L81 ACATAGCGATAGCTTATTTT

L82 TTTTTTGCATCAAAAGCCTGAGTAATTTT

L83 CTGATAGCCCTAAAACTTTT

L84 GAAAGGAGCGGGCGCTAGGTTTT

L85 TTTTGCCTCAGAGCATAAAGAAAATTAAGCAATAAATTTT
L86 TTTTACTGTAGCCTCAGAACCGCCATTTT

L87 TTTTACCGTTCCAGTAAGCGTCATACATGGCTTCAGTTAAT
L88 AGTGTGCTGCAAGGCGTTTT

L89 TTAATTAAACCATACATACATAAAGGTGGCAATTTT
L90 CCGTGCATCTGCCAGTTTTT

L91 TTTTTTAGGAATACCACAGTAGTAATTTT

L92 TTTTATTGGGCTTGAGATGGCCAGAACGATT

L93 TTTTGAACAACTAAAGGAACACTGATTTT

L94 TTTTACTAGAAAAAGCCTGTT

L95 TTTCGACTTGATCGAGAGGGTTGATATAAGTATTTT
L96 ATTTAGAAGTATTAGATTTT

L97 TTTTACCTTGCTGAACCAGG

L98 TTTTTCCAAGAACGGGTGCGAACCTTTTT

L99 TTTTACGCATAATGAGAATAGAAAGTTTT

L100 TTTTAGAACGCGAGAAAACTTT

L101 TTTTGTTTCGTCACCAGTACTGTACCGTAAT

L102 CATGTTTACCAGTCCCTTTT

L103 TTTTGGAATTTGTGAGAGAT

L104 TTTTATTAAGTTGGGTACGC

L105

TTTTGGAACCTAAGTCTCTGAATTTTTTTTTT
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L106 TTTTATCGCCATTAAAAATA

L107 GAGCCGATATAACAACAACCATCGCCCTTTTTTT

L108 CGGCCTCGTTAGAATCTTTT

L109 TTTTGCGCTGGCAAGTGTAG

L110 TAGTTGCCAGTTGCGGGAGGTTTTGAAGATCAATAA

L111 ATGGCTACAATCAACTGAGAGCCAGCAGCAAATGAAAAACGAACCTAATGCGCTTGGCAGA
L112 TCATCAACAAGGCAAATATGTACCCCGGTTG

L113 TTCAAATTTTTAGAAAAAACAGGAGCAAACAAGAGAATCGATGAAGGGTGAGATATTTTA
L114 CAACTAATGCAGACAGAGGGGCAATACTG

L115 GTACTATGGTTGCTTTTTTAGACACGCAAATT

L116 TGTAGCTCAACATTTACCCTCGAAAGAC

L117 ATCAAAAAGTCATAAAACGGAACAACATTATCAACTTTAGTAGAT

L118 AACGTCAATAGACGGGGAATACCCAAAAGAACAAGACTCCGTTTTTAT

L119 GGAGGGAAGAGCCAGCAATCAGTAGCGACAGACCAGAACCGCCTC

L120 AGCGAACCAGAAGCCTGGAGAATCACAAAGGCTATCAGGT

L121 GCCCCCTGGTGTATCACCGTACTC

L122 TACAGGCATTAAATTAACCAATAGGAACGCCATCAAAGTCAATCAGAATTAGCCTAAATCG
L123 TATTTTTGAGAGATCTGCCATATTTCCTCTACTCAATTGA

L124 CATTGCCTGAGAGTCTTTATGACCATAAATCATTTCATTT

L125 CCAGCCAGCTTTCCGGGTAATGGGGTAACAAC

L126 ATCGGCAAAATCCCTTACGTGGACTCCAACGT

L127 CCTGCAGCCATAACGGGGTGTCCAGCATCAGC

L128 GGGCCTCTTCGCTATTACGTTGTACCTCACCG

L129 ACCCTCATGCCCTCATTTTCTGTATGGGATTTAGTTAAAGCAGCTTGA

L130 GTTGTACCACCCTCATAAAGGCCGGAGACAG

L131 TCTTTAGGCTGAATAATGCTCATTAGTAACAT

L132 CTCTCACGGAAAAAGAACGGATAAAAACGACG

L133 ACGCCAGATGACGGGGCGCCGCTAGCCCCAGC

L134 TTAATTTCATGTTCTATAACTATATGTAAATGCTGATGTCAATAGAATCCTTGACAAAATT
L135 TTTCATCGAATAATATCCAGCTACAATACTCCAGCAATTTCTTTACAG

L136 AATAAGTTAGCAAAAACGCAATAATAACGAGAATTAAAAGCCCAA

L137 GACCGTGTGATAAATACAAATTCT

L138 ACAAGAACCGAACTGATGTTACTTAGCCGGAAAAGACAGCACTACGAA

L139 ATCAAACTTAAATTTCTGGAAGGGCCATATCA

L140 CGCTGGCACCACGGGAGACGCAGAAACAGCGG

L141 GAGAAACATTTAATTTTACAGGTAGAAAG

L142 CTGCGCGGCTAACTCACAATTCCACACAACATACGAGTACCGGGGCTCTGTGGGTGTTCAG
L143 CCGAGTAAGCCAACAGGGGTACCGCATTGCAA

L144 AAACGGCGCAAGCTTTGAAGGGCGATCGGTGC

L145 CAAAAGAATAAAATACCCAGCGATTATACCAAGCGCGAA

L146 CTTAATTGAGACCGGAAACAGGTCAGGATTAGAGGTGGCA

L147 GCCAGTGCGATTGACCCACCGCTTCTGGTGCC

L148 CCAGAATGGAGCCGCCAATCAAGTTTGCC

L149

CCCCCTGCGCCCGCTTTAGCTGTTTCCTGTGT
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L150 GGAAACCAGGCAAAGCGTACATAAGTGAGTGA

L151 AAATCAACACGTGGCATCAGTATTCTCAATCC

L152 AGGAGGTGGCGGATAAGTATTAAGAGGCTAAATCCTCTACAGGAG

L153 GACAGATGGACCTTCATCAAGAGCCCTGAC

L154 CTGAGGCCAACGGCTACAGAGGTTTCCATT

L155 ATAACCTTATCAACAAAAATTGTATAACCTCC

L156 AAATCAGCTCATTTTTGTGAGCGAATAGGTCA

L157 CACAGACATTTCAGGGATCTCCAAAAAAAAGGTTCTTAAAGCCGCTTT

L158 TAATAGTATTCTCCGTGCATTAAATTTTTGTT

L159 CGTTGGTAGTCACGACGCCAGCTGGCGAAAGGGGGATATCGGCCTGCGCATCGGCCAGCTT
L160 CTTCTGACCTAAATTTGCAGAGGCCAGAACGCAATTTACG

L161 GCTGCGCAACTGTTGGCAGACCTATTAGAAGG

L162 AGAACGTTAACGGCGTAATGGGTAAAGGTTTCTTTGCGTCGGTGGTGCTGGTCTTGCCGTT
L163 TTAGTTTGCCTGTTTAGGTCATTTTTGCGGATAGGAAGCCGACTATTA

L164 AATTACATAGATTTTCAATAACGGATTCGCC

L165 AAACGGGGTTTTGCTACATAACGCCAAAAAAGGCTTGTAATCTTG

L166 TGCGAATAATAATCGACAATGTTCGGTCG

L167 TTATACTTAGCACTAAAAAGTTTGTGCCGCCA

L168 GCCGTCACAATATAAAAGAAACCACCAGAAGGAGCGGACTCGTATTACATTTGTCAAATAT
L169 ATTGCGTTTAACAACATTTCAATTACCTGAGCAAAAGGGAGAAACAGGTTTAAGATGATGG
L170 GGAGCCTTCACCCTCAGAGCCACC

L171 CCAGCTTACGGCTGGAAACGTGCCCGTCTCGT

L172 TTCGTAATCATGGTCATCCATCAGTTATAAGT

L173 AACAGAGGTGAGGCGGCAGACAATTAAAAGGG

L174 TTGAGTAAGCCACCCTCAGAACCG

L175 CAGTATGTTTATTTTGCGAAGCCCTTTTTAATTGAGTTCTGAACA

L176 GCCTGTTTGCTTCTGTTACCTTTTAACGTTAA

L177 ATAAACAATCCCTTAGTGAATTTATCAAAAT

L178 CAAAGGGCCTGTCGTGTGGCCCTGAGAGAGTT

L179 CTCAAATGTTCAGAAATGGAAGTTTCACGCGCATTACTTCAACTGGCT

L180 CCCGCCGCGCTTAATGAAAGCCGGCGAACGTG

L181 TTCACCAGGTAGCAATGGCCTTGCTGGTAAT

L182 GTCGAAATCCGCGACCTGCTCCACCAACTTTTAGCATTC

L183 TGATTGCTTTGAATACAAACAGAATGTTTGGA

L184 TTCTGAAACATGAAAGTGCCGGCCATTTG

L185 AACCGTTTCACACGGGAAATACCTACATTTTGACGCTAAACTATCACTTCTTTAACAGGAG
L186 CGTTGAAAATAGCAAGCCCAATA

L187 CTTTTGCGTTATTTCAATGATATTCAACCGTT

L188 AAATCCCGTAAAAAAACGTTTTTTGGACTTGT

L189 TATCATTTTGCGGAACATCCTGATATAAAGAA

L190 AAATTATTTGGAAACAGCCATTCGAAAATCGC

L191 GCAGCAAGCGGTCCACAAGTGTTTTGAGGCCA

L192 CCAACATGACGCTCAATGCCGGAGGAAATACC

L193

TATTTTGTTAAAATTCGGGTATATATCAAAAC
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L194 TGTTGCCCTGCGGCTGATCAGATGCAGTGTCA

L195 TGCGGGATAGCAGCGACGAGGCGCAGAGAAACGGCCGCGGTAACGATC
L196 TACCGATAGTTGCGCTTTTTCA

L197 TCAAATCACCATCAATACGCAAGG

L198 GTAAGAATAGTTGAAACTTTCGCAAACACCGC

L199 ATTGCCCTTCACCGCCCCAGCTGCTTGCGTTG

L200 AAGCGCATAAATGAAACAGATATAGAAGGCTTAGCAAGCCTTATTACG
L201 GGAATTAGGTAAATTTTCGGTCATAGCCCCACCGGAACCACCACC

L202 GTTTTCCCGTAGATGGCAGGAAGATCGCACT

L203 GCGAGAAAAGGGATGACGAGCACGTATAACGTGCTTTTCACGCTGAAGAAAGC
L204 GGGGCGCGCCCAATTCACTAAAGTACGGTGTCACGAGAATAGCTTCAA
L205 GAAATTGTTATCCGCTCACATTAAATTAATGA

L206 TTTTTTAATGCACGTACAAGTTACCCATTCAG

L207 CAATTCATATAGATAATAAATCCTTTGCCCG

L208 CCTCAGAGCACAAGAAGAAAAGTAAGCAG

L209 CGCTCACTATCAGACGGTCCGTGAGCCTCCTC

L210 GCAGAGGCGAATTATTTTTCATTTGCTATTAA

L211 TTAGAGCTATCCTGAGGCTGGTTTCAGGGCGC

L212 GCCAGTACGTTATAAGGCGTTAAATAAGAATAAACACAAAT

L213 AACGTTATTAATTTTACAACTAATCAGTTGGC

L214 GCCGGGCGCGGTTGCGCCGCTGACCCCTTGTG

L215 CTGCAACAGTGCCACGTATCTGGTAGATTAGA

L216 TAAAGTTTAGAACCGCTAATTGTATCGCGGGGTTTAAGTTTGGCCTTG
L217 GAAACAACGCGGTCGCCGCACAGGCGGCCTTTAGTGACTTTCTCCACGTACAGACGCCAGG
L218 GTCCACTAAACGCGCGGACGGGCAACAGCTG

L219 GGAACCCAAAACTACAAACAGTTTCAGCG

L220 ATCGGCCTTAAAGAATAAATCAAAAGAATAGCCCGAGACCAGTGAGGGAGAGGGGTGCCTA
L221 ACAGTTGAGGATCCCCAGATAGAACTGAAAGC

L222 CCGGAACCGCAAGAAAGCAATAGCTATCTTACTCACAATCCGATTGAG
L223 GCAGTTGGGCGGTTGTCCAGTTATGGAAGGAG

L224 GCCGATTAAGGAAGGGCGCGTAACCACCACA

L225 TGTACTGGTAATAAGTTCAGTGCC

L226 CAAATCGTCAGCGTGGTGCCATCCCACGCAA

L227 TCTTACCATAAAGCCATAATTTAGAATGGTTTAGGGTAGC

L228 AGGCGAAAATCCTGTTGTCTATCACCCCCGAT

L229 GCCTAATTATCATATGATAAGAGATTTAGTTAATTTCAT

L230 TTTTCATCGGCATATTGACGGCACCACGG

L231 CTAGCTGATAAATTAACAGTAGGG

L232 CCCTGAACAAATAAGAAACGCGAGGCGTT

L233 CACATCCTCAGCGGTGGTATGAGCCGGGTCAC

L234 CAGGAAAAACGCTCATACCAGTAAATTTTTGA

L235 CCACCCTCTGTTAGGAAGGATCGTCTTTCCAGCAGACGATTATCAGCT
L236 CAAACCCTTTAGTCTTACCAGCAGAAGATAA

L237

GGCTTAGGTTGGGTTAAGCTAATGATTTTCGA
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L238 CCGTCGGAGTAGCATTCAAAAACAGGAAGATT

L239 ATGAGTGACCTGTGCAGTTTCTGCCAGCACG

L240 CCGGCAAATCGGCGAAGTGGTGAAGGGATAG

L241 ACAAGAAATAGGAATCCCAATAGCAAGCAAATATAGCAGCATCCTGAA
L242 CCATTACCAAGGGCGACATCTTTTCATAGGCAGAAAGAATAGGTTGAG
L243 TGGAGCCGGCCTCCGGGTACATCGACATAAAA

L244 CACTCATGAAACCACCTTAAATCAAGATTGAGCGTCTTTTTGTTT

L245 GTATAAGCAAATATTTTAGATAAGTAACAACG

L246 AGGAAACCGAGGACGTAGAAAAAGTACCG

L247 CGGGAAACGAAAAACCTGATGGTGGTTCCGAA

1248 AGCATGTACGAGAACAATCCGGTATTCTAAGAACGATTTTCCAGA
L249 ACATTCTGAAGAGTCTCCGCCAGCAGCTCGAA

L250 GGGGTCATTGCAGGCGGGAATTGACTAAAATA

L251 TGCTTTCGAGGTGAATCTCCAAAA

L252

CAGTACCATTAGTACCCAGTGCCCGTATAAATTGATGAATTAAAG
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9.2. Overview of DNA Origami structures with large clock design

DNA origami clocks with large radius (~6 nm) were designed by placing a central ssDNA tether strand
at position L7 (Supplementary Figure S9.1), surrounded by ssDNA binding sites with varying lengths.
An overview of all designed structures is given in Supplementary Table $9.2 in which we specify their
nomenclature and all introduced modifications. For the two-state DNA origami structures, we
introduced docking sites at the 6 o'clock (staple strand L5) and 12 o’clock (staple strand L6) positions,
respectively. To create three-state systems, an additional docking site was introduced either at the 9
o'clock (staple strands L14) or 11 o’clock (staple strand L15) position. For implementing the 9 and 11
o’clock binding sites, the staple strands L12 and L13 were additionally replaced by three smaller

staples, referred to as L12-13-1, L12-13-1l and L12-13-IIl (Supplementary Table S9.3).

Larce CLock Version1 i Version 2
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Supplementary Figure $9.1: Schematic of designed clock on the L-shaped DNA origami structures. Clocks with
two states have binding sites at the 6 (L6) and 12 (L5) o’clock position. The three-state origami clocks have an
additional binding site at either the 9 o'clock (L14) or 11 o’clock (L15) position. To monitor the binding position
of the tether and the expected dynamics, smFRET experiments were performed by placing dyes at the L8 and L9
positions near the 6 and 12 o'clock docking strands respectively and with Cy3B placed at the 3’ end of the pointer
attached to position L7. In V1, DNA origami structures are labeled at L9 by Atto647N and at position L8 with
Atto488. In V2, the position of the blue and red fluorophores are exchanged.

Binding rates were tuned by introducing tethers at the L7 position with varying base-pairing regions
containing complementary docking lengths of 6.5 nt (i.e. 7 nt with 1 bp mismatch), 7 nt, 7.5 nt (i.e. 8
nt with 1 bp mismatch) and 8 nt. To monitor the dynamics and docking position of the ssDNA tether,
up to three additional fluorophores — Atto488, Cy3B and Atto647N — were incorporated into the
structures by replacing the unlabeled ssDNA L7, L8 and L9 (Supplementary Figure $9.1) with strands
containing the appropriate labels (Supplementary Table $9.4). The tether was always labeled at the 3’
end with Cy3B.

We refer to DNA origami structures as Version 1 (V1) where the red fluorophore, Atto647N, is attached
at position (12 o'clock) and the blue donor dye, Atto488, is at position L8 (6 o'clock). Version 2 (V2,
with Atto488 and Atto647N at inverse positions) were designed to explore the influence of local
composition and asymmetries introduced by the DNA origami structure itself. All samples include

biotinylated attachment sites at positions L1-L4 (Supplementary Table S9.5).
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Supplementary Table S9.2. Overview of all designed DNA Origami structures for the large clock studied in this
work, including nomenclature and strand IDs of incorporated modifications given in Supplementary Tables S9.3-
9.5. Binding sites were introduced at L5, L6 , L14 and L15 and fluorescent labels attached to L7, L8 and L9
positions. For bindings sites at L14 and L15, staple strands L12-L13 were replaced by oligonucleotides L12-L13-I

until L12-L13-111.

# Name Blue Yellow Binding sites Replaced
1 | V1-BYR-(6/12)-6.5nt 488-18 | 561-L7 6.5nt-L5 | 6.5nt-L6

2 | VI-BYR-(6/12)-7nt 488-18 | 561-L7 7ntls | 7nt-L6

3 | V1-BYR-(6/12)-7.5nt 488-18 | 561-L7 7.5nt-L5 | 7.5nt-L6

4 | V1-BYR-(6/12)-8nt 488-18 | 561-L7 8nt-l5 | 8nt-L6

5 | V1-BY-(6/12)-7.5nt 488-18 75ntL5 1 250116

6 | V1-BR-(6/12)-7.5nt 75ntL5 1 25016

7 | V1-YR-(6/12)-7.5nt 75ntL5 1 750t 16

8 | V1-BYR-(6/9/12)-7/7.5nt 7ntl5 | 7nt-l6 | 7.5nt-L14 | L12-13-I-II
9 | V1-BYR-(6/11/12)-7/7.5nt | 488-L8 7ntl5 | 7nt-l6 | 7.5nt-L15 | L12-13-I-III
10 | V1-YR-(6/9/12)-7/7.5nt 7ntl5 | 7nt-l6 | 7.5nt-L14 | L12-13-1II
11 | V1-YR-(6/11/12)-7/7.5nt 7ntl5 | 7nt-l6 | 7.5nt-L15 | L12-13-II
13 | VIR 561-L7

14

Paint-V1-(6/12)-no

8nt-L5 8nt-L6

6.5nt-L6

7nt-L6

7.5nt-L6

8nt-L6

7.5nt-L6

15 | V2-BYR-(6/12)-6.5nt 488-19 | 561-17
16 | V2-BYR-(6/12)-7nt 488-19 | 561-17
17 | V2-BYR-(6/12)-7.5nt 488-19 | 561-17
18 | V2-BYR-(6/12)-8nt 488-19 | 561-17
19 | V2-BY-(6/12)-7.5nt 488-19 | 561-17
20 | V2-BR-(6/12)-7.5nt 488-19

21 | V2-YR-(6/12)-7.5nt

22 | V2-BYR

23 | V2-YR

7.5nt-L6

7.5nt-L6

7.5nt-L6

24 | V1-BGR-(6/12)-7.5nt 488-18
25 | V1-BG-(6/12)-7.5nt 488-18
26 | V1-GR-(6/12)-7.5nt

7.5nt-L5

7.5nt-L6

7.5nt-L6
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Protruding strands and binding sites. The binding kinetics between the ssDNA tether and the

protruding docking strands was controlled by varying the length of base-pairing between their

complementary sequence, i.e. we designed four different DNA sequences at position L6 (12 o’clock)

and L5 (6 o’clock; Supplementary Table S9.3).

Supplementary Table $9.3. Modification to the staple strands needed to incorporate single-stranded docking
sites into the L-shaped DNA origami structures. The complementary docking sequences are highlighted in orange.
The docking strands have a three-base extension (TTT) from the DNA origami structure. The pointer contains
nine single-stranded thymine bases plus GC and the docking sequence, highlighted in grey. All sequences are
given from the 5’ to 3’ end.

ID Sequence (5’ to 3’) Supplier Function Replace

6.5nt-L6 GCACCCTCCGTCAGGTACGTTAGTAAATGAATAGTTAGCGT Eurofin's Pos 12-catching site | L6
CAATCATTTTCAAATGC Genomics | 7 nt mismatch

Int-L6 GCACCCTCCGTCAGGTACGTTAGTAAATGAATAGTTAGCGT Eurofin's Pos 12 catching site | L6
CAATCATTTTTAAATGC Genomics | 7nt

7.5nt-L6 GCACCCTCCGTCAGGTACGTTAGTAAATGAATAGTTAGCGT Eurofin's Pos 12-catching site | L6
CAATCATTTTCAAATGCC Genomics | 8 nt mismatch

8nt-L6 GCACCCTCCGTCAGGTACGTTAGTAAATGAATAGTTAGCGT Eurofin.s Pos 12 catching site | L6
CAATCATTTTTAAATGCC Genomics | 8nt

6.5nt-L5 AGAAACAGCTTTAGAAGGAAGAAAAATCTACGATTTTAAG Eurofin's Pos 6 catching site L5
CATATAACTTTCAAATGC Genomics | 7 nt mismatch

Int-L5 AGAAACAGCTTTAGAAGGAAGAAAAATCTACGATTTTAAG Eurofin's Pos 6 catching site L5
CATATAACTTTTAAATGC Genomics | 7nt

7.5nt-L5 AGAAACAGCTTTAGAAGGAAGAAAAATCTACGATTTTAAG Eurofin's Pos 6 catching site L5
CATATAACTTTCAAATGCC Genomics | 8 nt mismatch

8nt-L5 AGAAACAGCTTTAGAAGGAAGAAAAATCTACGATTTTAAG Eurofin's Pos 6 catching site L5
CATATAACTTTTAAATGCC Genomics | 8nt

112-13-1 CATTATACCAGTGATTTGGCATCAGGACGTTGTAACATAA Eurofin.s Replacement for L12 & L13
ACCAGACG Genomics Pos 9

L12-13-11 TAATAAGAAGAGCCACCCTTATTAGCGTT Eurofin.s Replacement for 112 & L13

Genomics Pos 9
L12-13-11 TTACCCATAACCCTCGAAATACAATGTTTAAACAGGG Eurofin.s Replacement for L12 & L13
Genomics Pos 9
e ——

7.5nt-L14 TGCCATTCAACAATAGAAAATTCATATGGTTTTITI TTCAAAT Eurofin.s Pos 9 catching site L14
GCC Genomics | 8 nt mismatch

7.5nt-L15 GGCACCAAAACCAAAAGTAAGAGCAACACTATAGCAACGT | Eurofines Pos 11 catching site | L15
AAATCGCCTTTTCAAATGCC Genomics | 8 nt mismatch
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Fluorescent modification. To monitor the movement of the protruding single-stranded DNA, the
pointer was labeled at the 3’ end via Cy3B or Atto542. Its position and binding times at the different
docking sites were monitored via smFRET by labeling the DNA origami platform with Atto488 and/or
Atto647N.

Supplementary Table $9.4. Modified staple strands necessary for introducing fluorescent labels at the pointer
and DNA origami surface. All sequences are given from the 5’ to 3’ end.

ID Sequence (5’ to 3’) Supplier | Function Replace
TGCTCATTCTXATGC GTT AAT AAA ACG AAC TAT ATT .

488-18 biomers Lower Label - V1 L8
CATTGG CTT TTG; X = dT- Atto488
AAG GGA ACCGYATATTCACTCATCTTT GAC CCG TAA Eurofins

640-L9 . Upper Label = V1 L9
TGC CAT CGG AAC; Y =dT- Atto647N Genomics
GGCACCAAAACCAAAAGTAAGAGCAACACTATAGCAACGT Eurofins

1-L7 Poi - ! L7

>6 AAATCGCC GGCATTTA - Genomics | Pointer-dveat3
GGCACCAAAACCAAAAGTAAGAGCAACACTATAGCAACGT Eurofins . ,

542-L7 . Pointer - dye at 3 L7
AAATCGCC GGCATTTA - Atto542 Genomics
AAG GGA ACC GXATAT TCACTCATCTTT GAC CCG TAA .

488-19 TGC CAT CGG AAC; X = dT- Atto438 biomers Lower Label - V2 L9
TGCTCATTCTYATGC GTT AAT AAA ACG AACTATATT Eurofins

64018 | CATTGG CTTTTG; Y = dT- Attosa7N Genomics | UPPerLabel =2 L8

Surface immobilization. L-shaped DNA origami structures were designed for surface immobilization
via anchor strands labeled with biotin attached at the 5’ ends. These oligomers replace staple strands
L1-14.

Supplementary Table $9.5. Modified staple strands necessary to immobilize the L-shaped DNA origami

structures to the surface of the prism via a biotin-avidin-biotin interaction. All oligonucleotides were purchased
from biomers. All sequences are given from the 5’ to 3’ end.

ID Sequence (5’ to 3’) Function Replace
Bio-L1 Biotin-ATCCAGAACAATATTAGTCCATCAGGAACGGT Biotin attachment at 5’ L1
Bio-L2 Biotin-CGTGCCTGTTCTTCGCATCCAGCGCCGGGTTA Biotin attachment at 5’ L2
Bio-L3 Biotin-ATAATCAGAAAAGCCCAACATCCACTGTAATA Biotin attachment at 5’ L3
Bio-L4 Biotin-CATAGGTCTGAGAGACAAATCGTCGAATTACC Biotin attachment at 5’ L4
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9.4. Overview of DNA Origami structures with small clock design

\ DNA origami structures were designed with a smaller
radius with approximately 6 nm distances between the
protruding docking strands. The single-stranded

pointer, labeled with either Cy3B or Atto542, exits the

origami in the middle between the three docking
strands. To investigate the residence time of the tether
at the three different states, an additional acceptor
fluorophore, Cy5, was attached to the DNA origami

surface between the 5 and 9 o'clock positions. The

complementary base-pairing sequence at the 3’ end of
the linker strands is 7 nt for the Cy3B/Cy5 labeled structure and 8 nt for the Atto542/Cy5 labeled

structure.

Supplementary Table $9.6. Nomenclature of L-shaped DNA origami structures with a symmetric distribution of
docking strands and a small clock diameter and strand IDs of incorporated modifications.

Name Green Yellow Red Catching Sites Replacements
YR-Pos1/5/9s-7nt 561-L7 640s 7nt-Posls 7nt-Pos5s 7nt-Pos9s Repl-1-10s
GR-Pos1/5/9s-8nt 542-L7 -- 640s 8nt-Posls 8nt-Pos5s 8nt-Pos9s Repl-1-10s

9.5. Staple strands of DNA Origami structures for the small clock design

DNA Origami structures with the symmetric distribution of docking strands and smaller diameter were
derived from the L-shaped origami structure folded from strands given in Supplementary Note SN9.1.
Clock-specific modifications are summarized in Supplementary Table $9.7. For the folding, the staples
labeled with L5, L6, L8-L11 as well as L15-L23 were left out and replaced by strands for labeling, pointer,
binding sites and unlabeled, connecting oligos. Docking sites with a 7 nt and 8 nt overhang,
respectively, were introduced at position L1, L5 and L9. The pointer was introduced at Position L7
labeled with Cy3B or Atto542. For reading out the position of the pointer via smFRET, the designed
DNA origami structures were labeled additionally via Cy5 (640S). For surface immobilization, biotin-

labeled oligonucleotides Bio-L5-L8 were added (Supplementary Table $9.8).
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Supplementary Table $9.7. Modified staple strands needed for producing the L-shaped DNA origami structure
with a smaller diameter and a symmetric distribution of binding sites. To incorporate the ssDNA strands
encoding the pointer, binding sites, and smFRET acceptor, the original staple strands L5, L6, L8-L11 as well as
L15-L23 in the unmodified L-origami design were replaced with the corresponding sequences given below. All
replacing sequences have been purchased by Eurofins Genomics. All sequences are given from the 5’ to 3’ end.

ID Sequence (5’ to 3’) Function

Labeling sites

561-L7 GGCACCAAAACCAAAAGTAAGAGCAACACTATAGCA Pointer - dye at 3
ACGTAAATCGCC CGGGCATTTA - Cy3B

542-17 GGCACCAAAACCAAAAGTAAGAGCAACACTATAGCA Pointer - dye at 3
ACGTAAATCGCC CGGGCATTTA — Atto542

640s AGAAACAGCTTTAGAAGGAAGAAAAATCTACGATTTTA - Cy5 Cy5at 3’

Replacement

Repl-1s GAAAAGAGTACCTTTAATTGTTAATTCGGACCATAA Replacement

Repl-2s ATGCGTTAATAAAACGAACTATATTCATTGGCTTTTG Replacement

Repl-3s AGCATATAACAGTTGATTAGCT Replacement

Repl-4s TGCTCATTCAGTGAATGGAATTACGAGGCATATAGCGAGAGAATCCCC Replacement

Repl-5s GTAAATCGCCAAAGACAAATTA Replacement

Repl-6s CGGAATCTCAGGTCTGTTTTAAATATGCATGCG Replacement

Repl-7s ATATTCACTCATCTTTGACCCGTAATGCCATCGGAAC Replacement

Repl-8s GCAAGTCACCAATGAAACCATTGACAGGCAAAATCA Replacement

Repl-9s GCACCCTCCGTCAGGTACGTTAGTAAATGAATAGTT Replacement

Repl-10s ATATTCACCGCCAGCATCGATAGCAGCACCGTAAAATCACGTTTTGCT Replacement

Binding sites

7nt-Pos5s AACGAATCATTGTGAATTACCTTTTTTCAAATGC Pos 5s catching site 7 nt

7nt-Pos9s GGCACCAAAACCAAAAGTAAGAGCAACACTATAGCAACTTTTCAAATGC Pos 5s catching site 7 nt

7nt-Posls AGCGTCAATCATAAGGGAACCGGTTTTCAAATGC Pos 5s catching site 7 nt

8nt-Pos5s AACGAATCATTGTGAATTACCTTTTTTCAAATGC Pos 11s catching site 8 nt

8nt-Pos9s GGCACCAAAACCAAAAGTAAGAGCAACACTATAGCAACTTTTCAAATGC Pos 9s catching site 8 nt

8nt-Posls AGCGTCAATCATAAGGGAACCGGTTTTCAAATGC Pos 11s catching site 8 nt

Supplementary Table S9.8. Modified staple strands needed for immobilization of the L-shaped DNA origami
structures to the prism surface. For immobilization, a biotin-avidin-biotin linkage was used. All oligonucleotides
were purchased from biomers. All sequences are given from the 5’ to 3’ end.

ID Sequence (5’ to 3’) Function Replace

Bio-L16 Biotin-ATAAAAATATCGCGTTCTCCTTTTGATAAGAGCTATAT Attachment Biotinat 5’ |L16

Bio-L17 Biotin-TACCAGTAACGCTAACAGTTGCTATTTTGCACCCCATCCT Attachment Biotinat 5’ |L17
Biotin-GAGGGTAGTTGCAGGGTGCTAAACAACTTTCACGCCTGGAAAG

Bio-L18 AG Attachment Biotin at 5" [L18

Biotin-AGAGCCGCAAACAAATGAGACTCCTCAAGAGATTAGCGGGCAG
Bio-L19 Attachment Biotin at 5’ |L19
TAGCA
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