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I. Zusammenfassung

In dieser Arbeit wird das Verhalten von geldsten Biomolekiilen in mikroskopischen, zeitlich
und rdumlich verdnderlichen Temperaturfeldern untersucht. Die rdumliche Ausdehnung der
Temperaturdifferenzen hat dabei eine Ausdehnung, die mit der Diffusionslinge geldster
Biomolekiile vergleichbar ist. In diesen optisch erzeugten Temperaturfeldern konnen die
Gleichgewichtskonstanten biochemischer Reaktionen quantifiziert und Biomolekiile

exponentiell akkumuliert und vervielfdltigt werden.

Im ersten Teil wird eine rein optische Messmethode fiir die Analyse frei diffundierender
Biomolekiile in wéssrigen Losungen beschrieben. Mit einem IR-Laser werden in wéssrigen
Losungen mikroskopisch kleine, rdumliche Temperaturverteilungen erzeugt, die je nach
Laserleistung alle Temperaturen zwischen 20°C und 100°C gleichzeitig enthalten konnen.
Diese optisch erzeugten rdumlichen Temperaturverteilungen haben zwei verschiedene
Wirkungen auf Biomolekiile. Zum einen reagieren die Biomolekiile, entsprechend ihrer
thermischen Stabilitit, nahezu unmittelbar auf eine Anderung der absoluten Temperatur an
ihrem jeweiligen Aufenthaltsort. Zum anderen zeigen die geldsten Molekiile eine gerichtete
Bewegung entlang der Temperaturgradienten, ein Effekt der als Thermophorese bezeichnet
wird. Diese beiden Effekte werden ausgenutzt, um Punktmutationen im Erbgut zu detektieren

und um die Affinitdt von biochemischen Reaktionen im Blutserum zu quantifizieren.

Im zweiten Teil dieser Arbeit wird gezeigt, dass Temperaturdifferenzen in den weit
verzweigten Porensystemen hydrothermaler Quellen einen Mechanismus antreiben, der
Biomolekiile exponentiell akkumulieren kann. Dieser Mechanismus basiert auf einer
Kombination aus Thermophorese und thermischer Konvektion. Anhand von Simulationen, die
auf Thermophorese-Messungen von Nukleotiden beruhen, wird gezeigt, dass selbst einzelne
Nukleotide mehr als millionenfach akkumuliert werden konnen. Diese starke Akkumulation
ermOglicht es, die hohen Molekiil-Konzentrationen zu erreichen, die fiir das Funktionieren der
RNA-Welt-Hypothese vorausgesetzt werden. In diesen Porensystemen werden die Molekiile
nicht nur akkumuliert, sondern durch die thermische Konvektion auch zyklisch durch
Bereiche unterschiedlicher Temperatur transportiert. Es wird hier ein Reaktions-Schema
vorgeschlagen, mit dem kurze RNA-Sequenzen auch ohne Enzyme exponentiell vervielfaltigt
werden konnen. Das Schema beruht dabei alleine auf den zyklischen Temperaturvariationen
und auf einer kreuzkatalytischen Hybridisierungs-Reaktion zwischen vier verschiedenen

RNA-Hairpin-Strukturen.



I1. Summary

The mean topic of this thesis is the study of the characteristics of biomolecules exposed to
microscopic small temperature fields, which vary in space and time. The spatial dimensions of
these temperature fields are comparable to the diffusion length of dissolved biomolecules and
can be used to quantify the equilibrium constants of biochemical reactions and also to

exponentially accumulate and replicate biomolecules.

The first part of this thesis describes an all-optical method to analyze freely diffusing
molecules in close to physiological conditions. An IR-laser, whose radiation is strongly
absorbed by water molecules, is used to create spatial temperature distributions. These
temperature distributions contain, depending on the laser power, all temperatures between
20°C and 100°C at once within an area of 200um diameter. In these temperature distributions
two distinct responses of biomolecules are observed. Firstly, the molecules react, according to
their thermal stability, nearly instantaneously to the local increase of the absolute temperature
at their respective position. Secondly, a directed movement of molecules along the
temperature gradients, an effect termed thermophoresis, can be observed. It is shown, that
these molecular responses to the generated temperature distributions can be used to detect
single point mutations in DNA and to quantify the equilibrium constants of biomoleculare

reactions even in human blood serum.

In the second part, simulations of the molecular transport in elongated hydrothermal pore
systems influenced by a thermal gradient are described. Driven by the thermal gradient across
the pores the fluid is shuttled by thermal convection along the pore and additionally molecules
drift across the pore, driven by thermophoresis. The simulations show, that this combination
of thermal convection and thermophoresis is able to exponentially accumulate even single
nucleotides in a wide variety of plugged pores. This mechanism is able to provide highly

concentrated single nucleotides, suitable for operations of an RNA world at the origin of life.

The microscale thermal convection found in the poresystems is a natural setting for
temperature oscillations. Here, a reaction scheme of a protein-free exponential replication
mechanism, solely driven by the temperature oscillations and the hybridization of hairpins is
presented. The energy to drive the system is kinetically trapped in metastable RNA hairpins
and is released in a template initiated crosscatalytic hybridization reaction between four
different hairpins. During the temperature oscillation the hybridization takes place at the
lower temperatures, whereas the formed products efficiently dissociate from the template at

the elevated temperatures, allowing for an exponential replication of the template sequence.
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III. Overview

Melting Curve Analysis in a Snapshot

The thermal denaturation of molecules is an essential method in biochemistry and diagnostics
such as the measurement of single nucleotide polymorphisms (SNP) and the binding analysis
of proteins. Here a novel method for the all-optical high speed measurement of high
resolution melting curves with a very low material consumption (2nl detection volume, below
100nM concentration) is presented. A thin sheet of water is locally heated with an infrared
laser to obtain a spatial temperature distribution between 20°C and 100°C. Using microscope
fluorescence imaging an entire melting curve is recorded within 50ms. This is about 10000-
times faster than state of the art fluorometry and yields the same results for the validation
example of a DNA hairpin. As shown, such fast high resolution melting curves can be used
for the detection of single nucleotide polymorphisms (SNPs) even in mixtures. The approach
can also be extended to the thermal stability analysis of proteins. For example it can be used
to detect the binding of small molecules to enzymes as these binding events induce a shift in

the thermal stability of the enzymes.
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Figure 1. Point mutation detection within a 50ms snapshot. The 22 base oligonucleotide hybridized
to its fully complementary strand (wildtype, black circles) can be well discriminated from the
oligonucleotid hybridized to a strand containing one point mutation (pointmutation, red squares).
Even a mixture of wildtype and pointmutation (1:1 mixture, blue triangles), as it is found in PCR-
products, can be well discriminated from the wildtype.



Quantification of Aptamer-Target Binding with Thermophoresis

Aptamers are nucleic acid ligands selected in vitro for their ability to bind to specific
molecular targets. They are promising candidates for medical and diagnostic applications
because of their antibody comparable specificity and sensitivity. In this thesis a novel
approach for the quantification of aptamer-target interactions in buffers and biological liquids
is described. The approach is based on the directed movement of molecules in temperature
gradients, an effect termed “Thermophoresis”. Thermophoresis depends on the interface
between molecule and solvent and probes the size, charge and solvation energy of the
molecules. The thermophoresis of an aptamer differs significantly from the thermophoresis of
an aptamer-target complex due to size, charge and solvation energy differences. This
difference in the molecule’s thermophoresis is used to quantify aptamer-target binding in
titration experiments. The approach can be used equally well in buffers and biological liquids
like blood serum without loosing sensitivity and specificity like it is the case for chip-based
technologies such as Surface Plasmon Resonance (SPR). As result, the approach enables to
determine the efficacy of aptamer based drug candidates, for example “Spiegelmers”, in close
to physiological conditions. The method is also applicable to the screen for new aptamers

since the binding of unlabelled aptamers to a labelled target can also be quantified with

thermophoresis.
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Figure 2. Thermophoresis assay. The blood serum solution inside the capillary is locally heated with a
focussed IR-laser, which is coupled into an epifluorescence microscope using a hot mirror. The
fluorescence inside the capillary is imaged with a CCD-camera and the normalized fluorescence in the
heated spot is plotted against time. The IR-laser is switched on at t=5s and the fluorescence decreases
as the temperature increases and the labelled Aptamers move away from the heated spot due to
thermophoresis. As the IR-laser is switched off the molecules diffuse back.



Hydrothermal Accumulation of Biomolecules

All approaches to the molecular origin of life require fairly high concentrations of small
protobiotic molecules, whereas geochemical extrapolations indicate a highly dilute prebiotic
ocean with too low concentrations of molecules. This discrepancy has been termed the
concentration problem of the origin of life. The simulations of the molecular transport in
elongated hydrothermal pore systems influenced by a thermal gradient showed an extreme
accumulation of molecules in a wide variety of plugged pores. The mechanism is able to
provide highly concentrated single nucleotides, suitable for operations of an RNA world at the
origin of life. It is driven solely by the thermal gradient across a pore. On the one hand the
fluid is shuttled by thermal convection along the pore, whereas on the other hand, the
molecules drift across the pore, driven by thermophoresis. As a result, millimeter-sized pores
accumulate even single nucleotides more than 10°-fold into micrometer-sized regions. While
thin pores can concentrate only long polynucleotides, thicker pores accumulate short and long
polynucleotides equally well and allow various molecular compositions. This setting also
provides a temperature oscillation, in which DNA can be exponentially replicated in the
protein-assisted Polymerase Chain Reaction (PCR).This interlinked mineral pores in a thermal

gradient are providing a compelling high-concentration starting point for the molecular

evolution of life.
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Figure 3. Temperature driven molecular accumulation in hydrothermal pores. Section through
aragonite (CaCQj3) from the submarine hydrothermal vent field at Lost City. Simulations of a part of
the pore system show a 1200 fold accumulation of single nucleotides. The mechanism of
accumulation is driven by heat in a twofold way. Thermal convection shuttles the molecules vertically
up and down and thermophoresis pushes the molecules horizontally to the right. The result is a
strong molecular accumulation from the top to the bottom.



Hairpin Replicators: Protein-Free Replication by Hybridization?

In this chapter a protein-free exponential replication mechanism, solely driven by a
temperature oscillation and the hybridization of hairpins is presented. Microscale thermal
convection is a natural setting for the temperature oscillation and is found in submarine
hydrothermal vents. In a cross-catalytic chain reaction, initiated by a template, metastable
RNA hairpins form multimers and replicate a succession of short sequence snippets of the
template. The energy to drive the system is kinetically trapped in metastable RNA hairpins
and is released by the template catalyzed hybridization of hairpins towards more stable
multimers. During the temperature oscillation the hybridization takes place at lower
temperatures whereas the formed products efficiently dissociate from the template at the
elevated temperatures. Thus the temperature oscillation prevents product inhibition and allows
an exponential replication. By combining two hairpins, a succession of templates is replicated.
This double hairpin strongly resembles the cloverleaf structure of tRNA. The scheme suggests
that tRNA evolved from a primitive replication mechanism driven by microscale thermal

convection.
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Figure 4. Exponential hairpin amplification by thermal cycling. (a) Starting point is a pool of highly
concentrated hairpins A, B, a, b. The addition of the template T catalyses the formation of the Triplex
ABT at 20°C. At 50°C the template strand T dissociates from ABT, while the duplex AB is stable due
to its long common sequence. (b) The duplex AB catalyzes the formation of the duplex ab into a
quadruplex ABab. At 20°C the products ABab and ABT form. At 50°C the triplex and quadruplex
dissociate into AB, ab and T. (c) Again at 20°C the duplexes AB and ab catalyze the reactions of a
with b and A with B, respectively. The information of the template T is exponentially amplified into the
quadruplex complexes by temperature cycling.



IV.  Optothermal Biotechnology

Melting Curve Analysis in a Snapshot

Measuring the stability of biomolecules and especially of DNA is of great importance in the
field of biology, medical diagnostics and biotechnology. It is often inferred from thermal
denaturation experiments [1] and directly provides information about the DNA sequence or
the biomolecular structure. In most cases, the temperature dependent conformation of the
molecules is recorded by fluorescence and plotted against temperature, yielding a so called
melting curve [2]. Traditionally, a small sample volume inside a comparably large cuvette or
multi-well plate is heated by thermal contact. The big thermal mass of the setup results in long
equilibration times and slow heating rates. Measurement times on the order of 6-70 minutes

are typical [3].

With the developed all optical method presented here the thermal stability of biomolecules is
determined in less than 50 milliseconds. The temporal scan of temperatures is replaced by the
application of a spatial temperature distribution, generated by heating a 20 um thin fluid film
with an infrared laser. In the experiments, a spatial temperature distribution with all
temperatures between ambient temperature and 100°C was achieved with a temperature
resolution of <1°C. Such high resolution melting curves can be used for the detection of
single nucleotide polymorphisms (SNP), genetic screening and biomolecule binding assays

[4-6].
Setup

The broad spatial temperature distribution is generated by focussing an infrared laser into a
20 pwm thin sheet of aqueous solution. The wavelength of 1455 nm of the IR-laser is strongly
absorbed by water with an attenuation length of 305 um. In the 2ul aqueous solution,
sandwiched between two 170 um thick glass coverslips (Figure 5), temperatures between 20°C
and 100°C are created within several milliseconds in a field of view of 200x200 pm’. Imaging
is provided with a fluorescence microscope with a 40 x oil immersion objective and a CCD
camera. The measurement volume is 2 nl and concentrations in the 100 nM regime and below
are accessible due to sensitive fluorescence imaging with high numerical aperture optics.
Typically, a fluorescence dye reports the conformation of molecules in a melting curve. In the
experiments shown here, a DNA hairpin is measured, which was labelled with a fluorophore-

quencher pair, a configuration termed molecular beacon [7, 8].
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Figure 5. Setup. Fluorescence from molecules in a 20 um thin sheet of water is imaged from the top
while it is heated with a focussed infrared laser from below. Plotting the fluorescence image versus the
temperature yields a high speed measurement of a melting curve at low molecule concentration. The
simulated temperature field is color coded.

The spatial temperature distribution T(x,y) inside the chamber is measured with the
temperature dependent dye tetramethylrhodamine (TAMRA,). For calibration, the
temperature dependent fluorescence signal Framra(T) of TAMRA is measured with a
thermally controlled fluorometer. From the temperature dependent fluorescence Framra(T)
the T(Framra) is inferred as shown in Figure 6a. With this calibration one can calculate the
temperature T(X,y) of each point of the measurement-chamber which was imaged onto a pixel

of the CCD camera.

Timescales

For the measurement of melting curves a precise timing of events is necessary to prevent
artefacts from thermophoresis (Figure 6b). To ensure this, numerical simulations [9, 10] of the
heat conduction and the temperature dependent movement of the molecules were done. The
temperature relaxes with a time scale which is essentially given by the heat diffusion

relaxation time:

A relaxation time of T =0.32 ms was found for a thickness of the chamber of d =20 um, the
heat capacity of water C=4200J/(kg*K), the thermal conductivity of water
k = 0.54 W/(K*m) and the density of water p = 1000 kg/m’. The glass chamber walls conduct
the heat comparably to water with k = 0.8 W/(K*m). This results in an effective increase of
the thermal thickness d, which changes the thermal relaxation time to 2.2 ms, seen in the
numerical simulation (Figure 6b, solid line). The time of 40 ms between the two images Iy and
I, therefore ensures steady state temperature distribution. Due to the low conducting glass

walls the temperature distribution along the z-direction follows a flat parabolic profile [10].



The most important condition is that the molecule concentration within a pixel of the chamber
has to remain constant between the two images Iy and I;. But due to thermophoresis [9-11],
molecules drift along a temperature gradient and alter the concentration distribution.
Therefore, the measurements have to be conducted on a time scale at which thermophoresis
can still be neglected.

Thermophoresis is parameterized with a thermophoretic mobility Dt relating the molecule

velocity with the thermal gradient VT according to v=-D,VT. In the steady state, the

~STAT

molecule concentration at a given temperature difference AT is given by ¢/cy =¢ [12]

with the Soret coefficient defined as ST =D / D . For the simulation of the hairpin system,

the measured parameters Dr=1.15um?/(s*K), D=115um?/s [9, 13] were used. This simulation
showed, that the temperature gradients along the chamber result only in a <1% drop of the
central concentration within 50ms (Figure 6b, dashed line). A similar simulation shows, that
the thermophoresis of the temperature dye TAMRA does not affect the temperature
measurement due to the fast experimental timing. The simulation of convection in the
chamber including the laser light pressure results in a maximum speed of convection of

1.4pm/s. Within the short measurement time of 50ms this slow convection does not affect the

measurement.
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Figure 6. Temperature and Timing. (a) Calibration curve of the temperature dependent dye TAMRA
in SSC-buffer used to infer the chamber temperature. (b) Simulations show, that a precise
synchronisation between laser heating and image exposures is crucial to reach a steady state in
temperature (solid line) and not to significantly decrease the molecule concentration in the center of
the chamber due to thermophoresis (dotted line)
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Measurements

Considering these timescales the measurements of the melting curves were conducted as
described in the following (Figure 6b). First a fluorescence image Iy(x,y) with 10 ms exposure
time is taken at ambient temperature. Then, the infrared laser is switched on within 1 ms and a
second image I;(x,y) with the same exposure time is taken after 40 ms. From the ratio
R(x,y)=1i(x,y)/Io(X,y) of this two images the conformations of the molecular beacons can then
be calculated. In principle, the ratio R(x,y) (Figure 7a) could be plotted against the measured
temperature T(X,y) for each pixel (Figure 7b). However, the initial radial averaging of both
R(x,y) to R(r) and T(x,y) to T(r) with radius r improves the signal to noise ratio since the low
signals towards the periphery are averaged over an increased number of pixels. The resulting
melting curve F(T)=(R(T)-Rmin)/(Rmax-Rmin) 18 plotted in Figure 7c (circles). Rpin is the
fluorescence ratio of the completely closed state and Rmax of the completely open state,

respectively.
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Figure 7. Melting curve within a 50ms snapshot. (a) The fluorescence ratio image R(x,y) between
heated and unheated conditions for 100 nM DNA hairpins. The fluorescence is increased in the heated
spot. (b) The temperature T(x,y) is imposed to a 20 um thin water film by infrared laser illumination
and is measured using temperature sensitive fluorescence. (c) The fraction of open hairpins (circles),
derived from the radially averaged fluorescence ratio R(r) is plotted against the radially averaged

temperature T(r). It coincides well with a melting curve obtained from a 2h fluorometer measurement
(solid line).

The melting curve measured in only 50 ms agrees well with a 120 minutes lasting melting
curve measured using a fluorometer (Figure 7c, solid line).

In the case of molecular beacons the folding and unfolding of the intramolecular DNA hairpin
structures equilibrates on the microsecond to millisecond time scale [14]. Therefore, it can be
expected that the melting curve is measured in the kinetic equilibrium. Thus, the melting
curve was fitted with a two state model to extract the standard change in enthalpy AH° and

entropy AS® of the reaction according to AG’=-RT In(K)=AH°-TAS’. Standard

protocols were used to infer the fraction of closed to open states of the hairpin molecule and

thus, the equilibrium constant K [2, 5] from the melting curve. The change in enthalpy and
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entropy were AH® =-253 kJ/mol and AS°® =-754 J/(mol K), respectively and thus a melting
temperature of 62°C was calculated. This result is in agreement with calculations of DNA

hairpin thermodynamics, predicting AH° =-275 kJ/mol and AS° =-813 J/(mol K) and a
melting temperature of 65°C [15].

Out-of-Equilibrium Melting Curves

It should be noted that for molecular systems with slower kinetics, the method allows to
measure well-defined out-of-equilibrium melting curves, which could show advantages in
stability analysis. In the out-of-equilibrium case it is no longer possible to use the equilibrium
thermodynamic potentials to describe the binding. However, it is still possible to discriminate
between different species of double stranded DNA and to detect for example point mutations
in the genetic code. To show this, the melting curves of a 22 bases long single stranded DNA-
oligonucleotide hybridized to a fully complementary strand and to a strand containing one

single point mutation (Figure 8) were measured.
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Figure 8. Out-of-equilibrium melting curves within a 50ms snapshot: The 22 base oligonucleotide
hybridized to its fully complementary strand (wildtype, black circles) can be well discriminated from
the oligonucleotid hybridized to a strand containing one point mutation (pointmutation, red squares).
Even a mixture of wildtype and pointmutation (1:1 mixture, blue triangles), as it is found in PCR-
products, can be well discriminated from the wildtype.

Because the hybridization between different oligonucleotides is an intermoleculare reaction it
is slow compared with intramoleculare reactions. Concentration dependent reaction times
Thybridization range from 10ms (oligonucleotide concentration>5uM) to several seconds
(oligonucleotide concentration<100nM). Thus, the hybridization is too slow to fully

equilibrate within the measurement time of only 50ms. However, as the denaturation of

12



double stranded DNA is an intramoleculare process, the time scales are very fast with
Tdgenar<lms. Thus, although not in equilibrium, the DNA responds nearly instantaneously to an
increase in temperature and allows even to detect single point mutations with an out-of-

equilibrium thermal stability analysis.

Conclusion

A method for the fast measurement of high precision melting curves was developed. Based on
an all-optically generated spatial temperature distribution, the method circumvents the slow
equilibration time of conventional melting curve analysis and accelerates the analysis more
than 10000 times from about 10 minutes down to 50 milliseconds. The detection volume is as
low as 2 nl and measurements below 100 nM concentration are possible. The method is of
particular interest for high throughput screening in biotechnology and fast genotyping in

medicine or the area of forensics.
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Quantification of Aptamer-Target Binding with Thermophoresis

Aptamers are nucleic acids ligands selected in vitro for their ability to bind to specific
molecular targets [1-4]. They are promising candidates for diagnostic applications because of
their antibody comparable affinity, specificity and the ease with which novel aptamers can be
designed [5]. Aptamers have been implemented in a variety of sensing technologies [6]
including optical approaches like “Aptamer Beacons” [7], electronic-sensing strategies [§]

mass based sensors [9] and force based assays [10].

Here a novel approach for the quantification of aptamer—target interactions is described,
which separates molecular recognition from signal transduction and requires only an aptamer
tagged with one dye. It allows to probe the binding with an unspecific label in the native

environment of free solution or complex biological fluids like human blood serum.

The approach is based on the directed movement of molecules along temperature gradients,
an effect termed “Thermophoresis”[11-14]. In contrast to the method described in the
preceding chapter, this approach does not prevent the perturbation of the spatial molecule
distribution due to thermophoresis, but uses it to analyze the molecules and to measure the
binding equilibrium constant according to the law of mass action. The spatial temperature
difference AT leads to a well-defined depletion of molecule concentration in the region of

elevated temperature, quantified by the Soret coefficient St:

Chot/ccold = exp(_STAT) (1)

Thermophoresis depends on the interface between molecule and solvent. Under constant
buffer conditions, thermophoresis probes the size, charge and solvation entropy of the
molecules [13, 14] and is not dependent on the concentration of the probed molecule unless

millimolar concentrations are reached [12, 13].

The thermophoresis of an end-labelled aptamer A typically differs significantly from the
thermophoresis of an aptamer-target complex AT since the differential contributions from
size, charge and solvation entropy do not compensate. This difference in the molecule's
thermophoresis is utilized to quantify the binding in titration experiments under constant
buffer conditions for a 5.6 kDa aptamer to the 37 kDa protein thrombin as well as the binding
of a 8.3 kDa aptamer to the 0.3 kDa AMP or 0.6 kDa ATP. Different binding affinities are
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found, which depend on the used buffers, especially in the case of 10% or 50% human blood

serum.
Thermophoresis Assay

The thermophoretic movement of the fluorescently end-labelled aptamer is measured by
monitoring the fluorescence distribution F(x,y) inside a capillary with an epifluorescence
microscope (Figure 9a). The microscopic temperature gradient is generated by an IR-laser
(1480 nm), which is focused into the capillary and is strongly absorbed by water [13, 14, 17].
The temperature of the aqueous solution in the laser spot is raised by AT=8K. Before the IR-
Laser is switched on a homogeneous fluorescence distribution Fq 4 is observed inside the
capillary (Figure 9b). When the IR-laser is switched on, two effects, separated by their time-
scales, contribute to the changed fluorescence distribution Fp. The thermal relaxation time is
fast (= 50 ms) and induces a change in fluorescence of the dye due to its intrinsic temperature
dependence. On the slower diffusive time scale (= 10 s), the aptamers move from the locally
heated region to the outer cold regions [14, 18]. The local concentration of aptamers decreases

in the heated region until it reaches a steady state distribution (Figure 9b).
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Figure 9. Thermophoresis assay. (a) The blood serum solution inside the capillary is locally heated
with a focussed IR-laser, which is coupled into an epifluorescence microscope using a hot mirror. (b)
The fluorescence inside the capillary is imaged with a CCD-camera and the normalized fluorescence
in the heated spot is plotted against time. The IR-laser is switched on at t=5s and the fluorescence
decreases as the temperature increases and the labelled aptamers move away from the heated spot
due to thermophoresis. As the IR-laser is switched off the molecules diffuse back.
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While the mass diffusion D dictates the kinetics of depletion, St determines the steady state
concentration ratio Cpo¢/Ceora = €Xp(—S7AT) = 1 — S AT under a temperature increase AT
[13, 14]. The normalized fluorescence Fy,prm = Frot/Feorqg measures mainly this
concentration ratio, plus the percentaged temperature dependence of the dye-fluorescence
0F /0T . In the linear approximation Fy,m can be written as: F,yp, = 1+ (0F /0T — S;)AT
[14]. Due to linearity of the fluorescence intensity and the thermophoretic depletion, the
normalized fluorescence from the unbound aptamer F,,m(A) and the bound complex
Frorm(AT) superpose linearly. By denoting x the fraction of aptamers bound to targets, the

changing fluorescence signal during the titration of target T is given by:

Foorm = 1- x)Fnorm(A) + xEyorm (AT) (2

Based on the capacitor model of thermophoresis [13, 19] and neglecting offsets from non-
ionic contributions, one can discuss the change in St expected from changes in charge Q. or
hydrodynamic radius R upon binding from Sy « ngf /R? . Under linear approximation, St
changes by AS7/St = 2(AQcff/Qcrr — AR/R) . Only for the unlikely case of Q.¢r X R no
change in St would be expected. However contributions from the neglected solvation entropy

[13] could reveal the binding even under these conditions.
Measurements

The thermophoresis of 100 nM thrombin-aptamer [21] was measured in 10% human serum
(Figure 10). The concentration of thrombin ranges from 0 nM to 19500 nM. The aptamer is
labelled with a Cy5 dye at the 5° end. The observed time traces of the pure aptamer differ
significantly from the traces of aptamers bound to thrombin (Figure 10a). Plotting the
normalized fluorescence Fom at a given time t against the varying thrombin concentration
results in a binding curve (Figure 10b) with an EC5y=680 nM and a Hill coefficient of 2.
Control experiments with a randomly chosen sequence ssDNA show no thrombin dependent
changes in the absolut fluorescence and in the thermophoretic signal, both in 10% and 50%

human blood serum (Figure 10b).
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Figure 10. Aptamer-thrombin binding in 10% human serum. (a) The thermophoresis of unbound
aptamers differs significantly from aptamers bound to thrombin. (b) The normalized fluorescence F .,
at t=30s is plotted for different concentrations of thrombin. Random 25mer ssDNA (blue) shows no
change in thermophoresis with increasing thrombin concentration. (c¢) The Soret coefficient St equally
reports the binding. Fitting of Sy is provided with an analytical model of thermophoresis''” as shown

in (a).

A 2D finite element simulation was used to infer from the time traces the Soret coefficient Sr,
the diffusion coefficient D and the temperature dependence of the fluorescence dF /dT. The
binding to thrombin mostly leads to a change in St, which drops from 1.05 %/K down to
0.35 %/K (Figure 10c). Both the simple determination using F,om and the fitted Soret
coefficient St report the binding (Figure 10b,c) due to linear relationship in steady state. Both
the temperature dependent fluorescence change dF /0T and the diffusion coefficient D show

no significant binding signal.

As shown in Figure 1la, the approach can be used equally well in buffers as in complex
biological liquids like blood serum without significantly loosing sensitivity or specificity, as it
is the case with chip based technologies such as surface plasmon resonance (SPR). To further
show the broad applicability of the thermophoretic quantification of binding, the binding of
ATP/AMP to an aptamer [22] (Figure 11b) was measured in different buffers. In all cases,
binding was reported with a high signal-to-noise-ratio (SNR), even in 50% human serum. For

example a SNR=93 was found for the case of the 0.3kDa AMP-binding in selection buffer
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and SNR=23 was found for thrombin-binding in 50% human serum. As control
oligonucleotides almost identical to the aptamer sequences were used (Figure 1la,b

“Binucleotide Mutant”).
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Figure 11. Binding curves in various buffers. (a) Aptamer-thrombin binding in selection buffer, SSC
and 10% and 50% untreated human serum. (b) Aptamer binding to ATP and AMP in selection buffer,
HEPES and 2x SSC. The fraction of bound Aptamers is derived according to equation 2.

The dissociation constant K4=30 nM obtained for the aptamer-thrombin binding (Figure 11a)
in selection buffer is in good agreement with the reported Kq=25nM [21] measured in the
same buffer. In SSC buffer the dissociation constant increases to K4=190 nM and in 50%
(10%) human serum the binding was best fitted with the Hill equation, yielding an
ECs50=720 nM (670 nM) and a cooperativity of n=2.

The aptamer-ATP/AMP binding (Figure 11b) shows a cooperative binding of more than one
ATP or AMP per aptamer, which is consistent with the literature [7, 23]. In the selection
buffer the ECsy values for ATP (ECs0=60 uM) and AMP (ECs5,=87 uM) are well within the
reported value [7]. Measurements in HEPES buffer with ECsy=67 uM confirm these results.
In all cases the Hill coefficient was n=1.4. Interestingly, in 2x SSC buffer, the ECs, values of
the ATP/AMP-aptamer binding were both strongly shifted to lower affinities, resulting in an
ECs50=1100 uM.

As stated by Cho and Ellington [6], the aptamer-target binding was strongly dependent on the
chosen buffer: Binding of the aptamers in the respective selection buffers showed always the
highest affinity (Figure 11). For the aptamer-thrombin binding the shift to lower affinities
(ECs50=720 nM) and enhanced cooperativity (n=1.5) in human serum may be because of

interactions of the thrombin with blood serum components. For the ATP-aptamer the
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unexpected big shift to lower affinities in the SSC buffer as compared to the TRIS and
HEPES buffers can be attributed to a competing interaction of the strongly negative Citrate™

with the Mg**-ions as the latter are essential for the aptamer-ATP/AMP binding.
Conclusion

An all-optical technique for the screening of aptamer-target interactions in bulk solution with
very low material consumption (500 nl out of which only 2 nl are probed) was developed. The
dynamic range of the thermophoresis binding assay reaches from nM to mM target
concentrations and can also quantify the binding to low molecular weight targets such as
AMP. The measurement can be equally well performed in complex liquids such as blood or
simple standard buffers. As result, the approach allows to determine the affinity of aptamer
based drug candidates, for example Spiegelmers [24], in biological liquids close to
physiological conditions. The method is also applicable for in vitro selection of new aptamers,
since the binding of unlabelled aptamers to their labelled targets can also be quantified with

thermophoresis.
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V. A Microthermal Origin of Life?

Hydrothermal Accumulation of Biomolecules

A wide range of studies on the origin of life discuss the chemical synthesis of
protobiomolecules [1-4]. Concurrently, the studies of replication systems [5-8] culminated in
the RNA-world proposal [9]. All these approaches require fairly high concentrations of small
protobiotic molecules, whereas geochemical extrapolations indicate a dilute prebiotic ocean
with concentrations comparable to contemporary values [10, 11]. This discrepancy has been
termed “the concentration problem of the origin of life” [10, 12]. In the following a robust and
efficient solution to the concentration problem is described. The solution is based on heat
currents in porous mineral precipitates comprising a hydrothermal mound developed over a
moderately warm submarine spring. However, to accumulate molecules from a highly diluted
prebiotic ocean a considerable entropic gap has to be bridged. In a rough estimate, at least a
10°-fold accumulation is required for small protobiomolecules to interact. To fulfill the
second law of thermodynamics, such states of exceedingly low entropies can only be
siphoned from a larger non-equilibrium system. Contemporary life [13] sustains the required
high molecular concentration in a dissipative nonequilibrium state by a wide range of highly
evolved strategies. For the evolution of life, an already existing protobiological dissipative
environment is required [14]. The most compelling would refer to an accumulation of
molecules into preexisting abundant compartments of cellular dimensions [15]. Both

requirements are fulfilled by the proposed accumulation mechanism.
Hydrothermal Setting

From a geological point of view, thermal gradients are the most abundant dissipative systems
on the early earth. They drive convective water flow with a wide variety of geometries.
Contemporary hydrothermal vents [14-20], both black smokers and “Lost City” type vents,
are only extreme cases for heat dissipation. Hydrothermal vents are surrounded by highly
porous mineral precipitates. Within these structures the ubiquitous millimeter to micrometer
sized pores and syneresis cracks (Figure 12a) are considered. A temperature gradient, typically
along the horizontal direction, exists across such pore systems. It is shown, that these natural
settings can easily accumulate single nucleotides more than 10°-fold at the bottom of a
plugged pore system. Thus, this accumulation is sufficient to step up from the highly diluted

prebiotic ocean to molar concentrations within the pore.
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Figure 12. Heat driven molecular accumulation in hydrothermal pores. (a) Section through
aragonite (CaCQO;) from the submarine hydrothermal vent field at Lost City (kindly provided by D.
Kelley [20]). (b) Simulation of a part of the pore system. If subjected to a horizontal thermal gradient
of 30K, a 1200-fold accumulation of single nucleotides is expected (logarithmic concentration color
scale). A concatenation of three of these pore sections leads to a 10° fold accumulation. (c) The
mechanism of accumulation is driven by heat in a twofold way. Thermal convection shuttles the
molecules vertically up and down and thermophoresis pushes the molecules horizontally to the right.
The result is a strong molecular accumulation from the top to the bottom (linear concentration color
scale).

Mechanism of Accumulation

The mechanism of accumulation operates as follows. In a hydrothermal vent a plugged pore
system is sandwiched between the hot vent interior and the cooling outside ocean (Figure
12b). A temperature gradient across the pore drives two entangled processes: (i) molecules are
shuttled up and down the cleft by laminar thermal convection and (ii) thermophoresis drives
the molecules along the temperature gradient, i.e. perpendicular to the convection flow. Both
processes are indicated by white arrows in Figure 12c. In combination, they lead to a strong
vertical accumulation towards the closed bottom of the cleft. This geological setting is
analogous to a Clusius-tube or thermogravitational column [21]. Here the behavior of rather
rapidly diffusing single nucleotides is simulated. Even with conventional biotechnological or
microfluidic laboratory methods, such small molecules are hard to concentrate because of
their considerable diffusion. The simulation shows a strong 1200-fold downward
accumulation of single nucleotides for the 5Smm short, bent cleft of Figure 12b. A
concatenation of three of these pores leads even to a 1200° = 1.7*10°-fold accumulation. A
temperature difference of 30 K is applied across the pore and the maximal accumulation

occurred in a pore with a cross-section of 145um. The diffusion of molecules in the
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convection flow was calculated by solving the combined Navier-Stokes, diffusion- and heat
transfer-equations using commercial finite element software (Femlab, Comsol). The simulated
pores feature a closed bottom and an open top end. The biomolecule concentration was fixed
at the top, while the bulk fluid was subjected to gravity and restricted by the pore with non-
slip boundary conditions. The heat transfer is barely affected by the slow laminar convection,

and the temperature drops linearly across the pore structure.

For the simulations the thermophoretic characteristics of nucleotides were measured using the
previously described fluorescence techniques [22]: Molecules move along a thermal gradient
VT with a drift velocity v=-D1VT. The ratio between the thermodiffusion coefficient Dt and
the mass diffusion coefficent D is termed the Soret coefficient St=D1/D, which typically
determines the steady state concentrations. This steady state concentration is measured to
determine the Soret coefficient. The diffusion coefficient is measured from the backdiffusion

of the molecules as shown in Figure 9b. The experimental results are presented in Table 1.

Single ssRNA dsDNA dsDNA

Nucleotide 22bases 100bp 1000bp

St 1.7mM salt 0.015/K 0.014/K 0.075/K 0.3/K
St 170 mM salt 0.006/K 0.003/K 0.019/K 0.09/K
D 400 pm¥s | 100 pm?/s | 45 pum%s | 8 um%/s

Table 1. Soret coefficient St and Diffusion coefficient for different molecules.

Results

A short pore with an aspect ratio of 10:1 accumulates single nucleotides 7-fold (Figure 13). A
pore with the same aspect ratio accumulates a 22 bases long single stranded RNA 6-fold, a
100 bases long double stranded DNA 20,000-fold, and a 1000 bases long DNA to 10"-fold
levels. For these larger molecules the short pore behaves like a molecule trap: once molecules
enter the top of the pore, they are transported to the pore base and are accumulated to molar-

level concentrations in a micrometer-sized spot in bulk water.
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Figure 13. Predicted effects of the molecule size and pore length on the accumulation level. The
simulations results are based on the experimentally measured Soret coefficients and diffusion
coefficients for DNA and RNA (see Table 1). (a) The accumulation increases exponentially with the
size of the molecule. While single nucleotides are accumulated 7 fold in a short cleft of aspect ratio
10:1, double stranded DNA comprising 1000 base pairs accumulates 10" fold. The equilibration takes
9min for single nucleotides and 14min for single stranded RNA comprising 22 bases. For DNA
polynucleotides of 100bp and 1000bp it takes 18min or 33min, respectively. (b) Elongation of the cleft
exponentially increases the accumulation. For example, the accumulation of single nucleotides is
raised to a 10" fold levels in a pore with an aspect ratio of 125:1. A linear concentration scale is used
in both plots, scaled to the respective maximal concentration. The time to reach steady state is 9min
for r=10, 4h for r=50 and 23h for r=125.

The accumulation grows exponentially both with the size of the molecule and the length of a
concatenated pore system. In concatenated pores accumulation of molecules increases
exponentially, a result of the considerable concentration independence of thermophoresis
below molar concentrations [23-25]. Thus, while single nucleotides accumulate merely 7-fold
in the short pore of Figure 13a, concatenating 12 of these pores using a wide variety of
orientation angles exponentiate the accumulation to an extreme 7'2=10'"-fold level.
Elongation of the pore has exactly the same effect. As shown in Figure 13b, a pore system
with a total aspect ratio of r = 125:1 accumulates single nucleotides 10'°-fold. Notably, the
length of this pore system is only 18 mm, which is below the typical lengths of pore systems

in hydrothermal settings.
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The analytical solution [26, 27] for the accumulation in a rectangular cleft geometry confirms

the above numerical findings. The accumulation is found to be an exponential function given

by

Shottom — axp (0.42 Sy AT 1) (1)

Ctop
with the Soret coefficient S, the temperature difference AT and the aspect ratio r. For
042 St ATr>>1 the molecular accumulation is large and rises exponentially with
temperature difference AT or pore length. In pores with a sufficient aspect ratio r, substantial
accumulation is reached even for small molecules with tiny Soret coefficients (Table 1). The
exponential characteristic of equation (1) makes the accumulation robust since a small
elongation of the pore leads to a large increase in molecular accumulation. Every linear
decrease in the temperature difference AT can be compensated by a linear increase in pore
aspect ratio r. For example, in order to achieve the same accumulation at just one tenth of the
temperature difference, a ten-fold longer pore is needed. To illustrate this the accumulation
versus the aspect ratio r is plotted in Figure 14 for single nucleotides, for polynucleotides of 22

single stranded RNA bases, and double stranded DNA comprising 100 and 1000 base pairs.
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Figure 14. Exponential accumulation. The accumulation depends exponentially on the aspect ratio r
and the temperature difference AT, according to the analytical theory [Equation 1]. Even for single
nucleotides it is remarkably easy to reach exceedingly large molecular accumulations. The
accumulation is calculated for AT=30K
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A critical parameter is the width of the pore. For an extended rectangular cleft [26, 27], the

largest accumulation is found for an optimal width dy given by
dy = 8.4 (uD /apg,ATsin®)*/3 (2)

with the viscosity of the fluid p, the diffusion coefficient of the molecule D, the fluid volume
expansion coefficient a, the fluid density p, the gravitational acceleration g, the inclination
angle 0 to the horizontal plane and the temperature difference AT. As the result of the
exponent 1/3 in equation (2), values for dy fall between 40um and 400pum for an extensive

range of parameters D, 0 and AT, as shown in Figure 15a.

Figure 15b illustrates the pore size dependence of the accumulation in more detail. DNA
molecules of different length are selectively partitioned depending on pore width. For an
equivalent value of AT (30K), single nucleotides accumulate best for a pore width of 145 uym
while a 1000bp DNA fragment accumulates best for a width of 40um. Therefore the geometry
determines the size of the preferentially accumulated molecules. On the other hand, the
accumulation of longer polynucleotides is much more efficient and pore widths around

150 pm accumulate a wide range of different DNA lengths equally well.
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Figure 15. Pore width and equilibration time. (a) The optimal cleft width depends moderately on the
molecular size and temperature difference. The optimal cleft width is proportional to D' and AT"?
with the diffusion coefficient D and temperature difference AT. As a result, much longer nucleotides
require only slightly narrower pores. (b) Accumulation drops considerably for pores with a non-
optimal width. Nucleotides are selectively accumulated in particularly narrow chambers. For a wider
pore width d ~ 150um, the accumulation of molecules with different sizes reaches comparable levels.
(c) The equilibration towards a 10°-fold accumulation takes 14 hours for single nucleotides and 25
hours for single stranded RNA comprising 22 bases. For DNA polynucleotides of 100bp and 1000bp it
takes 70min or 8min, respectively. This might be counterintuitive, but larger molecules accumulate
faster since a considerably shorter cleft is sufficient to achieve the same level of accumulation.

25



The time 7 to reach a steady state concentration profile is given by the diffusion time along

the pore:
T =r%d3/m?D 3)

As a result a 10°-fold accumulation of single nucleotides is achieved after T= 14 hours, and
for a 22 base single stranded RNA, after 1=25 hours. However, the time to reach a
comparable accumulation for larger molecules drops to 70min for 100 bp DNA and 8min for
1000 bp DNA (Figure 15c¢). The reason for this drop in accumulation time is the much shorter
cleft length required for longer DNA.

Notably, all these times are extremely short compared to the lifetime of a typical vent
chimney or even the Lost City vent system, which operates at least for 30,000 years [20, 28].

In the above calculations, a temperature difference of AT=30K is assumed. It is anticipated,
that this is a realistic assumption, since temperature gradients are focused inside the clefts due
to the considerably lower thermal conductivity of water (0.6 W/mK) as compared to the
surrounding rock (>3 W/mK). The thermal conductivity measured for a hydrothermal pyrite-
silica precipitate [31] is 14 W/mK, but the isolated pyrite and quartz minerals yield roughly
20 W/mK and 3-4 W/mK, respectively, in laboratory tests [30, 32]. The resulting
enhancement of the temperature gradient in the liquid part of the pores is 5- to 200-fold. Thus,
in order to obtain the temperature difference of 30 K, assumed in the above simulations, the
required overall temperature gradient is of the order of 1 to 40 K/mm, in good agreement with
reported values of AT for natural hydrothermal settings. Focussing of the temperature gradient
in the pores however is not essential for the accumulation process. For lower thermal
gradients, the same accumulation can be achieved, if the pore system is elongated linearly for

a decreasing temperature difference.

Conclusion

Previously, all experimental approaches, devised in the past to simulate conditions of
molecular evolution, required considerable concentrations of biomolecules to work and thus
implicitly relied on an efficient accumulation process in bulk water. The pore geometries
studied here demonstrate for the first time a strong accumulation of small molecules, such as
single nucleotides, in a highly plausible geological setting on the early earth. The approach
has the advantage of offering an active accumulation mechanism [34] in an already existing,

robust enclosure. Since thermophoretic drift is common within molecules, the accumulation
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scheme applies to nucleic acids, amino acids and lipids. Notably, the results from the
simulations shown here were recently proved experimentally by JW Szostak [42].

The mineral pores, which are proposed as accumulation centers for the emergence of life, are
presently populated with thermophilic prokaryotes, and it is speculated that these sites could
have been inhabited by the last common ancestor and its biochemical precursors [15, 39].
Rapid thermal quenching was demonstrated to be able to polymerize both nucleic [40] and
amino acids [16] in a setting, in which hydrothermal fluids were injected into cooled (4°C)
water. The discussed setting of thermal convection provides comparable temperature
interfaces, but now within a single pore. So both the temperature drop and the needed
molecule concentration could be found in an enclosure instead of an open flow reactor.

The water inside the pore network is permanently shuttled by laminar thermal convection [34,
35, 36]. Molecules which stochastically escape the accumulation at the bottom of the pore by
diffusion are subjected to a rapid periodic temperature variation within a wide range of
temperature amplitudes and cycle times inside a single pore. Equally, freshly precipitated
mesoscopic mineral grains are subjected to thermal cycling by the convection. Their catalytic
surfaces might generate nucleic acid multimers by thermally triggered periodic condensation
and unbinding reactions. In a comparable thermal convection setting DNA was shown to
replicate exponentially using the albeit protein-catalysed Polymerase Chain Reaction (PCR)
[33, 41]. Thus this setting provides a compelling, dissipative microenvironment to promote

the first steps in the molecular evolution of life.
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Hairpin Replicators: Protein-Free Replication by Hybridization?

In the previous chapter a mechanism was shown which is able to highly concentrate single
nucleotides, suitable for operations of an RNA world at the origin of life. The natural setting
of hydrothermal pore systems also provides a temperature oscillation mechanism, namely
thermal convection. With thermal convection, as shown previously, it is possible to
exponentially replicate DNA in the protein-assisted Polymerase Chain Reaction (PCR). In the
following the hypothesis, that even a protein-free replication is possible in these hydrothermal

pore systems is presented.

From an evolutionary point of view, replication merely amounts to the transfer of information
[1-3]. One would argue, that a minimal transfer of information is the memorizing of the
succession of two or more short sequences (Figure 16), i.e. the controlled ligation of two
oligonucleotides depending on their sequence [4]. Such economy in replication is also found
in biotechnology. The sequence detection of a polymerase chain reaction (PCR) can also be
implemented by the biologically simpler ligation chain reaction (LCR). PCR and LCR are
used to detect the existence of a specific sequence, as the faithful replication of a base
sequence is not required [5, 6]. This aspect of amplification of information is also central to
evolution, where the central point is detecting and amplifying suitable sequences, which have
survived selection. Here it is argued, that the simplest transfer of information is physico-
chemical by concatenating sequences together with hybridization (Figure 16) rather than by

the chemical fixation of a template sequence base-by-base.

Figure 16. Information storage in oligonucleotides. The template T contains
the information “A before B”. This information is also stored in the single
stranded regions of the duplex AB. The complex AB forms from kinetically
trapped hairpins.

Temperature oscillations are required for exponential replication and can be implemented by

microscale thermal convection [7]. For example, they can be provided by the laminar
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microconvection in porous rock in the vicinity of hydrothermal vents, in which the synthesis
of interesting molecules is likely [8-16]. The thermal cycling of molecules by convection
periodically associates and dissociates nucleotides. For example, the template initiated
Polymerase Chain Reaction can be driven by convection [17, 18]. As shown in the previous
chapter, similar conditions allow for the strong accumulation of even single nucleotides, thus
providing a periodically changing environment for the emergence of information-carrying and

knowledge-accumulation systems [20].
Replication Scheme

The exponential replication mechanism proposed is driven by a temperature oscillation and
the hybridization of hairpins. In a cross-catalytic chain reaction, initiated by a template,
metastable RNA hairpins form multimers and replicate a succession of template sequences.
The energy to drive the replication is kinetically trapped in the metastable RNA hairpins and
is released by the template catalyzed hybridization of hairpins towards more stable multimers.

The temperature oscillation prevents product inhibition and allows an exponential replication.

The hairpins A, B, a and b are composed of three segments: toehold, stem and loop (Figure
17a). The stem is formed by two self complementary regions within the hairpin sequence. The
hybridization energy of the loop is kinetically trapped [21] and can only be released after the
stem is opened [22, 23]. The two hairpins A and B are complementary to each other in the
loop and stem segment. Upon activation of their stem, they hybridize to the duplex AB with a
comparably large and stable base-paired sequence (Figure 17b). The spontaneous
hybridization rate of A with B is very low as long as the stem is closed. So, in spite of the
duplex AB being the thermodynamically favorable equilibrium conformation, no significant
amount of duplex is formed over long times due to the kinetically trapped secondary structure.
The template T catalyzes the reaction between A and B (Figure 17¢) by hybridizing to both of
the toehold regions of the hairpins. As both are kept in proximity, the local concentration for
hybridization is increased. This activation can increase the reaction rate of A with B by at

least a factor of 1000 [24].
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Figure 17. RNA hairpin structures. (a) RNA molecules often form a hairpin secondary structure.
Generally, the hairpins consist of a loop, storing hybridization energy, a stem, kinetically trapping the
stored energy and a toehold. (b) The binding of hairpin A with hairpin B is kinetically trapped since
the loops can only fully hybridize if the stems are opened. (c) At 20°C the single stranded template-
strand T hybridizes to the toehold region of the hairpins, opens the stems partially and catalyzes the
formation of the triplex ABT. (d) In the triplex structure ABT, the hairpins show a strong binding
domain and a weak binding domain. The triplex is stable at 20°C whereas at elevated temperatures
the more stable duplex domain AB remains hybridized.

Before the replication scheme is extended to a succession of sequences, the simplest case is
analyzed. Starting point is a pool of highly concentrated RNA sequences, A, B, a and b. The
molecules form an intramolecular metastable hairpin conformation when they are cooled
faster than the average time needed to bind to other molecules. The addition of a small
amount of the template T to this pool of sequences initiates a cross-catalytic chain reaction
(Figure 18). At the first step of 20°C the template T catalyzes the hybridization reaction of
hairpin A with hairpin B, forming the triplex ABT. In a short heating step to 50°C, this triplex
dissociates into T and the stable duplex AB (Figure 18a).

In the next step at 20°C the hybridization reaction of the hairpins a and b is catalyzed by the
duplex AB forming the quadruplex ABab (Figure 18b). At the same time, the free template T
again catalyzes the reaction between the hairpins A and B, forming the triplex ABT. A short
heating step to 50°C allows the quadruplex ABab and the triplex ABT to dissociate into the
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stable duplexes AB, ab, and the template T (Figure 18b). From this point on, the number of
quadruplexes ABab doubles after each temperature cycle under ideal conditions (Figure 18¢).
The temperature cycling overcomes product inhibition, which is a problem in isothermal

replication systems [4, 25, 26].
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Figure 18. Exponential hairpin amplification by thermal cycling. (a) Starting point is a pool of
highly concentrated hairpins A, B, a, b. The addition of the template T catalyses the formation of the
Triplex ABT at 20°C. At 50°C the template strand T dissociates from ABT while the duplex AB is
stable due to its long common sequence. (b) The duplex AB catalyzes the formation of the duplex ab
into a quadruplex ABab. At 20°C the products ABab and ABT form. At 50°C the triplex and
quadruplex dissociate into AB, ab and T. (c) Again at 20°C the duplexes AB and ab catalyze the
reactions of a with b and A with B, respectively. The information of the template T is exponentially
amplified into the quadruplex complexes by temperature cycling.
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Boundary Conditions for the Replication Scheme

The first requirement for a replicating system is, that the template molecule T, and the
products AB and ab, substantially accelerate the rate of the reaction between the hairpin
substrates A, B, a and b [27, 28]. This necessitates, that the hairpins are kinetically trapped by
the stem, forming an energy barrier before the hairpins can reach the duplex states. The
spontaneous hybridization reaction to directly form AB and ab is slow. Because of the free
accessible dangling ends of the catalyzing templates T, AB, or ab the formation of the triplex
ABT and quadruplex ABab structures is quickened. Measurements for DNA show up an
acceleration of at least 1000 [24, 29].

The second requirement is the effective dissociation of the products and the template to allow
exponential replication [30, 31]. This is implemented by the temperature cycling of thermal
convection. For example, at 20°C the triplex ABT and quadruplex ABab structures are the
most stable structures. However, at enhanced temperatures, such as 50°C, the duplexes AB
and ab are more stable than the quadruplex structure and thus the quadruplex splits into the
two duplex structures. The templates and products are released to again catalyze the reaction
at cooler temperatures, allowing for an exponential replication.

However, the elevated temperatures reached during temperature cycling enhance the chances
of false positive reactions. In consequence quadruplexes might be formed independently of
the catalyzing sequences of template T or, equally, the dangling ends of duplexes AB or ab.
At low temperatures this is prevented by the high catalyzing efficiency, but at higher
temperatures the rate of the template-independent reaction is enhanced. While this makes the
replication less probable, one should keep in mind, that the four hairpins A, B, a, b can have
sequences stable enough to keep their secondary structure for temperatures well above 50°C
[32, 33]. Of course not all sequences will be suited to such reactions, but hairpin formation is
very common for RNA sequences in comparison, for example, to DNA. The pool of
molecules that show kinetically frustrated energy-entropy storage are expected to be
appreciable even in random sequence pools.

A way to enhance replication is to consider a convection flow, which produces asymmetric
temperature spikes, thus making the reaction time tyoec at low temperatures much longer than
the reaction time tspoc at high temperatures [18]. Comparable to a PCR reaction the
dissociation step at elevated temperatures takes only seconds, while the hybridization
reactions require several minutes.

The starting condition for the replication - the hairpin conformation - is set through fast

cooling of the RNA from temperatures, at which RNA is in the single stranded random coil
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conformation [34, 35]. Cooling rates on the 100 millisecond scale are readily achieved by
thermal convection in a vertical pore (Figure 19). Significant to this model is, that the same
geometry strongly accumulates even small molecules such as single nucleotides [19, 36]. The
mechanism combines thermal convection with thermophoresis - the drift of molecules in a
temperature gradient - and is solely driven by a temperature gradient across an elongated pore.
As a result, not only are the hairpins closed by fast cooling by the microscale convection, they
are also strongly accumulated in the colder lower right corner. The enhanced concentration

significantly reduces the entropy required for forming the complexes.

286
seawater

Figure 19. Hairpin replication driven by thermal microconvection. A horizontal temperature
difference induces thermal convection in two neighboring pores inside a hydrothermal vent. Double
hairpins are formed in the left pore by fast cooling from the hot left side to the cooler right side at the
top of the chamber. Concurrently, the colder molecules are trapped at the bottom by thermophoresis
and convection. From there, they diffuse into the right pore. The first complex is formed by template
assisted association of double-hairpins (middle). This complex moves by convection to the warm side,
dissociates and is now able to catalyze the hybridization reaction of other double-hairpins, as it is
transported towards the cold. The complementarity of double-hairpins drives a cross-catalyzing
replication reaction, as the molecules are shuttled repeatedly through different temperatures by the
convection. An exponential replication results, similar to a convective polymerase chain reaction.
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Diffusion between the flow lines on the submillimeter to millimeter scale is slow compared to
the convective cycling. On the time scale of several hundred temperature cycles different
species can exist along neighboring flow lines with differing temperature cycling
characteristics. As a result, laminar convection can host a wide range of thermal conditions in
parallel. It is expected, that the pore space in the vicinity of hydrothermal vents host
convection cells in a wide variety of conditions [37-39]. Because the vents are permeable, all
pores are interconnected and thus the convection cells are coupled on slow time scales. One

possibility to combine accumulation and replication is sketched in Figure 19.
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Figure 20. Double hairpin replication of sequences. (a) The aim is to replicate a sequence of
sequence chunks ABCDEF by the temperature oscillation of microscale thermal convection. (b) To do
this, hairpins are joined at the toehold region into double hairpins (BC), (DE), (bc) and (de). Upon
temperature oscillation and display of template T, we expect linear growth of ABT-structures and
exponential growth of complexes of A(BC)(DE)F-a(bc)(de)f. Single hairpins A, F, a, f in red and
orange start and end the sequence, but could extend the replication, if replaced by double hairpins. (c)
The double hairpin shows a strong similarity to modern tRNA, both in its structure and binding
geometry. Within the scheme, the codon region is replicated. The double hairpins can be stabilized by
amino acid polymerization at the end of the inter-hairpin binding site, showing a direct route towards
translation.
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Double Hairpin Replication

Until now only two hairpin binding sequences A and B were used for replication. In Figure
20, the scheme is extended to the temperature-induced replication sequence ABCDEF, given
in red, blue, grey and orange. Longer replication requires, that two hairpins are combined into
hairpin pairs at their toehold region, as shown in Figure 20b with double hairpins (BC), (DE)
and their partners (bc), (de). The template sequence is now replicated into more complex
structures. On the one hand, the replication will generate a linear increase in the amount of
complex consisting of A, (BC), (DE), F and T with capping single hairpins A and F shown in
red and orange, respectively. On the other hand, complexes of A(BC)(DE)F-a(bc)(de)f are
formed exponentially upon temperature oscillation.

The structural similarity of the replicating hairpin pairs with modern tRNA is compelling
(Figure 20c). The codon region of tRNA could be understood as an evolutionarily shortened
replicating site [40], while the right and left hairpins of the clover leaf structure would be
remainders of the replication hairpin. Sequence analysis has indicated [41-43], that tRNA
probably evolved from two independent hairpin sequences, which is in accordance with our
argument. Similarities between nucleotides at comparable positions within the two halves of
the tRNA molecule have often been taken as evidence, that the modern cloverleaf structure
arose through direct duplication of a hairpin [44-47]. This sequence duplication could reflect

the evolution from single hairpin to double hairpin replicators.

Conclusion

The initial point was the perceived need for protein-free replication of sequence information
using the simplest of mechanisms, namely hybridization, driven by thermal convection. The
proposed scheme is based on physical hybridization interaction alone and is a way to motivate
and generate double hairpin structures very similar to tRNA. The reaction requires a
temperature oscillation, which can be provided by microscale convection in porous mineral
precipitates subjected to a temperature gradient, like it can be found in the vicinity of
submarine hydrothermal springs. The scheme offers to bridge a wide gap in molecular

evolution without excessive assumptions.
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VI. Conclusion and Outlook

The determination of the thermal stability of biomolecules is of great interest in red and white
biotechnology and molecular medicine. The method described here, allows to measure the
thermal stability of DNA molecules within 50ms and can not only be used to detect point
mutations in the genetic code, but also to measure the thermal stability of enzymes, chaperons
or antibodies. For the fluorescence based method shown here, also the intrinsic fluorescence
of biomolecules can be used, for example the fluorescence of tryptophan residues. Thus, the
method provides the opportunity to measure the thermal stability of tryptophan containing
molecules within several milliseconds without the need to conduct extensive labeling
reactions. The described approach may be used in high throughput screening, as it is fast

enough to measure the thermal stability of several hundred different molecules per minute.

Besides the thermal stability, which is an intramolecular property, interactions between
different molecules are very important in biology and biochemistry. It is shown, that
thermophoresis can be used to detect and quantify the interactions between DNA-aptamers
and their targets. The described method allows to quantify the binding of high molecular
weight molecules, like thrombin, equally well as the binding of low molecular weight
molecules, like AMP. In addition, the binding of molecules can be quantified in biological
liquids like human blood serum without loosing specificity and sensitivity. The described
assay is not limited to aptamers, but can also be used to determine the equilibrium constant of
any reaction between molecules. The only precondition for this is, that the reaction alters the
thermophoresis of at least one of the binding partners. The assay can be used by researchers to
investigate interactions of molecules under close to physiological conditions, meaning
complex biological liquids, in which other methods, like surface plasmon resonance, fail to
work. For example, the binding affinity of antibody based drug candidates can be quantified
in human blood and thus, reliable predictions of the antibodies efficacy in the human body are

possible.

One central issue of the Origin of Life theories is the so called concentration problem: The
concentration of molecules required for theories, like the RNA world scenario, is much higher
than the concentrations found in the prebiotic ocean. A solution to this problem is provided by
showing, that molecules can be exponentially accumulated in hydrothermal pore systems, a

geological setting wide spread in the prebiotic ocean. These pore systems also provide
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temperature oscillations, which can drive enzyme free replication reactions as the proposed
hairpin replicators. Thus, it is argued, that these natural settings provide a probable starting

point for the molecular evolution of life.

Besides this Origin of Life scenario, the here shown concepts can also find applications in
research and biotechnology. The enzyme free hairpin replication scheme can be used as an
alternative to the polymerase chain reaction (PCR). As only hybridization reactions and no
binding and processing of enzymes are needed, this method can be used for a fast

amplification of sequence information, for example in the field of DNA computing.

The described accumulation mechanism, based on the combination of thermal convection and
thermophoresis found in the pore systems, can also be used to concentrate DNA/RNA and
proteins in laboratories, as only several millimeter long and 100 micrometer thick temperature
controlled chambers are needed. With this Clusius-tube for biomolecules a millionfold
accumulation of even microRNA will be possible within several hours. JW Szostak [42,
Hydrothermal Accumulation] has recently used the described mechanism to accumulate
single-chain amphiphiles to foster the concentration dependent formation of protocell-like

vesicles.

To conclude, the use of microscopic small temperature fields allows to analyze and to
manipulate freely diffusing biomolecules. The microthermal methods are applicable to
accumulate biomolecules, to detect point mutations in DNA and even to measure the

equilibrium constants of intermolecular reactions.
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We simulate molecular transport in elongated hydrothermal pore
systems influenced by a thermal gradient. We find extreme accu-
mulation of molecules in a wide variety of plugged pores. The
mechanism is able to provide highly concentrated single nucleo-
tides, suitable for operations of an RNA world at the origin of life.
Itis driven solely by the thermal gradient across a pore. On the one
hand, the fluid is shuttled by thermal convection along the
pore, whereas on the other hand, the molecules drift across the
pore, driven by thermodiffusion. As a result, millimeter-sized pores
accumulate even single nucleotides more than 108-fold into
micrometer-sized regions. The enhanced concentration of mole-
cules is found in the bulk water near the closed bottom end of the
pore. Because the accumulation depends exponentially on the pore
length and temperature difference, it is considerably robust with
respect to changes in the cleft geometry and the molecular dimen-
sions. Whereas thin pores can concentrate only long polynucleoti-
des, thicker pores accumulate short and long polynucleotides
equally well and allow various molecular compositions. This set-
ting also provides a temperature oscillation, shown previously to
exponentially replicate DNA in the protein-assisted PCR. Our re-
sults indicate that, for life to evolve, complicated active membrane
transport is not required for the initial steps. We find that inter-
linked mineral pores in a thermal gradient provide a compelling
high-concentration starting point for the molecular evolution of
life.

concentration problem | hydrothermal vents | molecular evolution | origin
of life problem | RNA world

S tarting with Miller and Urey (1), a wide range of studies on
the origin of life discuss the chemical synthesis of proto-
biomolecules (2-4). Concurrently, the studies of replication
systems (5-8) culminated in the RNA-world proposal (9). All
these approaches require fairly high concentrations of small
proto-biotic molecules, whereas geochemical extrapolations in-
dicate a dilute prebiotic ocean with concentrations comparable
to contemporary values (10, 11). This discrepancy has been
termed the concentration problem of the origin of life (10, 12).
In the following, we describe a robust and efficient solution to
the concentration problem, based on heat currents in porous
mineral precipitates comprising a hydrothermal mound devel-
oped over a moderately warm submarine spring.

Living cells are crowded with small molecules which are
accumulated as a result of highly evolved active transport
mechanisms across the cell membrane (13). A comparably
effective transport mechanism is required to solve the concen-
tration problem of the origin of life. However, to accumulate
molecules from a highly diluted prebiotic ocean (10, 11), a
considerable entropic gap has to be bridged. In a rough estimate,
at least a 10°-fold accumulation is required for small protobi-
omolecules to interact. To fulfill the second law of thermody-
namics, such states of exceedingly low entropies can only be
siphoned from a larger nonequilibrium system. Contemporary
life sustains the required high molecular concentration in a
dissipative nonequilibrium state by a wide range of highly

9346-9351 | PNAS | May 29,2007 | vol. 104 | no.22

evolved strategies. For the evolution of life, an already existing
protobiological dissipative environment is required (14). The
most compelling would refer to an accumulation of molecules
into preexisting abundant compartments of cellular dimensions
(15). Both requirements are fulfilled by the accumulation mech-
anism we propose here.

Hydrothermal Setting

From a geological point of view, thermal gradients are the most
abundant dissipative systems on the early earth. They drive
convective water flow with a wide variety of geometries. Con-
temporary hydrothermal vents, both black smokers and “Lost
City” type vents, are only extreme cases for heat dissipation.
Hydrothermal vents are surrounded by highly porous mineral
precipitates. Within these structures, we consider the ubiquitous
millimeter to micrometer sized pores and syneresis cracks (Fig.
la). A temperature gradient, typically along the horizontal
direction, exists across such pore systems. We show that these
natural settings can easily accumulate single nucleotides >108-
fold at the bottom of a plugged pore system. Thus, this accu-
mulation is sufficient to step up from the dilute hydrothermal
solution to molar concentrations within the pore.

It is well known that probiotic reactions can be envisaged to
foster molecular evolution and favor synthesis over hydrolysis
only when concentrations are sufficiently high (16). Submarine
hydrothermal environments were previously envisaged as po-
tential sites for the emergence of life, partly because of their
contemporary habitability and partly because essential basic
materials can be found in such environments (14, 15, 17-20). The
concentration mechanism described here considerably strength-
ens the scenario for a hydrothermal emergence of life.

Robust Exponential Accumulation

The mechanism of accumulation operates as follows. In a
hydrothermal vent a plugged pore system is sandwiched between
the hot vent interior and the cooling outside ocean (Fig. 10). A
temperature gradient across the pore drives two entangled
processes: (i) molecules are shuttled up and down the cleft by
laminar thermal convection and (if) thermophoresis drives the
molecules along the temperature gradient, i.e., perpendicular to
the convection flow. Both processes are indicated by white
arrows in Fig. 1c. In combination, they lead to a strong vertical
accumulation toward the closed bottom of the cleft. This geo-
logical setting is analogous to a Clusius-tube or thermogravita-
tional column (21). We simulate the behavior of rather rapidly
diffusing single nucleotides. Even with conventional biotechno-
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Fig. 1. Heat-driven molecular accumulation in hydrothermal pores. (a)
Section through aragonite (CaCO3) from the submarine hydrothermal vent
field at Lost City (kindly provided by D. Kelley; ref. 20). (b) Simulation of a part
of the pore system. If subjected to a horizontal thermal gradient of 30 K, a
1,200-fold accumulation of single nucleotides is expected (logarithmic con-
centration color scale). A concatenation of three of these pore sections leads
to a 10°-fold accumulation. (c) The mechanism of accumulation is driven by
heatin a twofold way. Thermal convection shuttles the molecules vertically up
and down and thermophoresis pushes the molecules horizontally to the right.
The result is a strong molecular accumulation from the top to the bottom
(linear concentration color scale).

logical or microfluidic laboratory methods, such small molecules
are hard to concentrate because of their considerable diffusion.
The simulation shows a strong 1,200-fold downward accumula-
tion of single nucleotides for the 5 mm short, bent cleft of Fig.
1b. As we will see later, a concatenation of three of these pores
leads to a 1,200° = 1.7 X 10%-fold accumulation.

We applied a 30 K temperature difference across the pore and
found that maximal accumulation occurred in a pore with a
cross-section of 145 um. The diffusion of molecules in the
convection flow was calculated by solving the combined Navier—
Stokes, diffusion and heat transfer equations using commercial
finite element software (Femlab, Comsol). The simulated pores
feature a closed bottom and an open top end. The biomolecule
concentration was fixed at the top, whereas the bulk fluid was
subjected to gravity and restricted by the pore with nonslip
boundary conditions. The heat transfer is barely affected by the
slow laminar convection, and the temperature drops linearly
across the pore structure.

Previously, we measured the thermophoretic characteristics of
nucleotides using microfluidic fluorescence techniques (22).
Molecules move along a thermal gradient V7 with a drift velocity
v = —D1VT. The ratio between the thermodiffusion coefficient
Dt and the mass diffusion coefficent D is termed the Soret
coefficient St = Dy/D, which typically determines the steady
state concentrations. The values for single nucleotides are
measured by using the fluorescent molecule 2’,7'-bis(carboxy-
ethyl)-5 (6)-carboxyfluorescein (BCECF) in a 1 mM Tris buffer.
BCECF and single nucleotides are of comparable size and
charge. We also obtained St values for single stranded RNA of
22 bases in sodium chloride-sodium citrate-buffer with a mono-
valent salt concentration of 1.7 mM as well as double-stranded
DNA of 100 and 1,000 bp in 1 mM Tris buffer. All measurements
are performed at pH 7.8. In the experiments, the Soret coeffi-

Aspect Ratio 10:1

a b single
Nucleotide l
H H I | H ‘ |

Single 22bases 100bp  1000bp Aspect Ratio
Nucleotide RNA DNA DNA 10:1 50:1 125:1

7x 6x  20,000x 10"5x 7x  13,000x 107%x
Accumulation Accumulation

Fig. 2. Predicted effects of the molecule size and pore length on the
accumulation level. The simulation results are based on the experimentally
measured Soret coefficients and diffusion coefficients for DNA and RNA (see
Table 1). (a) The accumulation increases exponentially with the size of the
molecule. Whereas single nucleotides are accumulated 7-fold in a short cleft
of aspect ratio 10:1, double-stranded DNA comprising 1,000 base pairs accu-
mulates 10'>-fold. The equilibration takes 9 min for single nucleotides and 14
min for single stranded RNA comprising 22 bases. For DNA polynucleotides of
100 and 1,000 bp it takes 18 or 33 min, respectively. (b) Elongation of the cleft
exponentially increases the accumulation. For example, the accumulation of
single nucleotides is raised to a 10'%-fold level in a pore with an aspect ratio of
125:1. A linear concentration scale is used in both plots, scaled to the respec-
tive maximal concentration. The time to reach steady state is 9 min for r = 10,
4 h for r = 50 and 23 h for r = 125.

cient St changes only by a factor of about three when the
concentration of monovalent salt is increased from 1.7 to 170
mM. The Soret coefficient of a single nucleotide is comparable
to the considerably larger single-stranded RNA of 22 bases. This
is typical for thermodiffusion of charged particles smaller than
the debye length and is due to reduced ionic shielding (22).
Notably, single stranded RNA with 22 bases shows an ~3-fold
smaller thermodiffusion than single-stranded DNA of the same
length. The experimental results are presented in Table 1.

A short pore with an aspect ratio of 10:1 accumulates single
nucleotides 7-fold (Fig. 2a). A pore with the same aspect ratio
accumulates a 22-bases-long single-stranded RNA to 6-fold, a
100-bases-long double-stranded DNA to 20,000-fold, and a 1,000-
bases-long DNA to 10'3-fold levels. For these larger molecules, the
short pore behaves like a molecule trap: once molecules enter the
top of the pore, they are transported to the pore base and are
accumulated to molar-level concentrations in a micrometer-sized
spot in bulk water. As a result, the accumulated molecules diffuse
freely and would find chemical reaction partners comparable to the
situation within prokaryotic cells (13).

Pertinent to our argument is the fact that accumulation grows
exponentially both with the size of the molecule and the length
of a concatenated pore system. In concatenated pores accumu-
lation of molecules increases exponentially, a result of the
considerable concentration independence of thermophoresis
below molar concentrations (23-25). Thus, although single nu-

Table 1. Soret coefficient (St) and diffusion coefficient (D) for different molecules

Single sSRNA, ssDNA, dsDNA, dsDNA,
Coefficient nucleotide 22 bases 22 bases 100 bp 1,000 bp
St 1.7 mM salt, per K 0.015 0.014 0.044 0.075 0.3
St 170 mM salt, per K 0.006 0.003 0.01 0.019 0.09
D, pm?/s 400 100 115 45 8

Baaske et al.
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Table 2. Predicted accumulation depends on the type
of molecule and pore aspect ratio

dsDNA
ssRNA
Aspect Single 22 1,000
ratio nucleotide bases 100 bp bp
10:1 7 6 2 X 104 10"
25:1 120 89 1010 (1037)
50:1 13,000 8,000 (102") (1075)
125:1 1070 6 X 10° (1052) (1087)

Accumulation levels that cannot be reached because of steric hindrance are
denoted in brackets.

cleotides accumulate merely 7-fold in the short pore of Fig. 2a,
concatenating 12 of these pores using a wide variety of orien-
tation angles exponentiate the accumulation to an extreme 7'% =
100-fold level. Elongation of the pore has exactly the same
effect. As shown in Fig. 2b, a pore system with a total aspect ratio
of r = 125:1 accumulates single nucleotides 10'°-fold. Notably,
the length of this pore system is only 18 mm, below the typical
lengths of pore systems in hydrothermal settings. A compilation
of the simulated accumulation values is given in Table 2.

The analytical solution for the accumulation in a rectangular
cleft geometry confirms the above numerical findings. The
analytical theory (26, 27) was originally developed for gas
separation columns (21). The accumulation is found to be an
exponential function given by

C
—BOTIOM _ exp[0.42 X S1 X AT X r] ]
¢Top

with the Soret coefficient St, the temperature difference AT and
the aspect ratio r. For 0.42 X St X AT X r >> 1, the molecular
accumulation is large and rises exponentially with temperature
difference AT or pore length. In pores with a sufficient aspect
ratio r, substantial accumulation is reached even for small
molecules with tiny Soret coefficients (Table 1). The exponential
characteristic of Eq. 1 makes the accumulation robust because a
small elongation of the pore leads to a large increase in molec-
ular accumulation. Every linear decrease in the temperature
difference AT can be compensated by a linear increase in pore
aspect ratio r. For example, to achieve the same accumulation at
just one tenth of the temperature difference, a 10-fold longer
pore is needed. To illustrate this the accumulation versus the
aspect ratio, r is plotted in Fig. 3 for single nucleotides, polynucle-
otides of 22 single stranded RNA bases, and double-stranded
DNA comprising 100 and 1,000 base pairs.

The accumulation is highly robust with respect to the changes in
the geometry of the pore. Fig. 4a shows various geometries that
yield equal accumulations. We start with a rectangular pore with an
aspect ratio of » = 10:1. The accumulation remains at the same level
even if the pore is heavily dented, bent, incised, opened toward a
bottom molecule repository, or strongly inclined. This insensitivity
to geometric variation has two main reasons. First, mass diffusion
bridges regions with inferior accumulation. This diffusion between
the pores does not require any special geometries between the pore
sections. Second, the slowing down of convection resulting from a
tilt of the pore section can be easily compensated by a small increase
in the pore width, because of the exponent 1/3 in Eq. 2. For
example, a tilt from 90° (vertical) to 1° (basically horizontal)
enlarges the optimal cleft width only by a factor of four. Therefore,
a wide variety of pore systems accumulate molecules with equal
efficiency.

So far, we have discussed only two-dimensional pores with
cleft-like geometries. We simulated the cross-section and as-
sumed that the pore extends considerably further into the third

9348 | www.pnas.org/cgi/doi/10.1073/pnas.0609592104

Cleft Length L [mm]

Fold Accumulation c [c]

6 8 2
100

2 4 8
1 10
Aspect Ratio r

Fig.3. Exponential accumulation. The accumulation depends exponentially
on the aspect ratio r and the temperature difference AT, according to the
analytical theory (Eq. 1). Even for single nucleotides, it is remarkably easy to
reach exceedingly large molecular accumulations. The accumulation is calcu-
lated for AT = 30 K.

dimension. However, equal accumulation is also found for pores
with only limited extension in the third dimension. Fig. 4b shows
results for various pore cross-sections with comparable accumu-
lation levels. Also, molecular accumulation is not seen to be
significantly lowered over a variety of depths. As noted before,
all of the geometries shown in Fig. 4 can be concatenated ad
libitum, yielding a wide range of pore system geometries that are
capable of an efficient molecular accumulation.

A critical parameter is the width of the pore. For an extended
rectangular cleft (26, 27), the largest accumulation is found for
an optimal width d, given by

dy = 8.4 X (uD/apg, ATsin ©)!/3 [2]

with the viscosity of the fluid w, the diffusion coefficient of the
molecule D, the fluid volume expansion coefficient «, the fluid
density p, the gravitational acceleration go, the inclination angle
O to the horizontal plane, and the temperature difference AT. As

a b

g |gt

500pm

Fig.4. Robustness of the accumulation. (a) Equally efficient accumulation is
found for a large variety of geometries. Regions of reduced accumulation are
bridged vertically by mass diffusion. Strongly inclined pores accumulate mol-
ecules equally well. A linear concentration scale is used in both plots. (b)
Likewise, awide range of pore cross-sections yields identical accumulations. As
for two dimensional clefts, optimal accumulation is achieved if the convection
speed balances the diffusion time across the pore.
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width is proportional to D3 and AT~ "3 with the diffusion coefficient D and temperature difference AT. As a result, much longer nucleotides require only slightly
narrower pores. (b) Accumulation drops considerably for pores with a nonoptimal width. Nucleotides are selectively accumulated in particularly narrow
chambers. For a wider pore width d =~ 150 um, the accumulation of molecules with different sizes reaches comparable levels. (c) The equilibration toward a
108-fold accumulation takes 14 h for single nucleotides and 25 h for single-stranded RNA comprising 22 bases. For DNA polynucleotides of 100 and 1,000 bp. it
takes 70 or 8 min, respectively. This might be counterintuitive, but larger molecules accumulate faster because a considerably shorter cleft is sufficient to achieve

the same level of accumulation.

the result of the exponent 1/3 in Eq. 2, values for d fall between
40 and 400 wm for an extensive range of parameters D, 6, and
AT, as shown in Fig. 5a.

Fig. 5b illustrates the pore size dependence of the accumula-
tion in more detail. DNA molecules of different length are
selectively partitioned depending on the pore width. For an
equivalent value of AT (30 K), single nucleotides accumulate best
for a pore width of 145 wm, whereas a 1,000-bp DNA fragment
accumulates best for a width of 40 um. Therefore, the geometry
determines the size of the preferentially accumulated molecules.
On the other hand, the accumulation of longer polynucleotides
is much more efficient, and pore widths ~150 um accumulate a
wide range of different DNA lengths equally well. Monomers
and polymers accumulate to similar levels under all these various
pore conditions (Fig. 5b).

The time 7to reach a steady state concentration profile is given
by the diffusion time along the pore

T=r2d}/7D. [3]

As a result, a 108-fold accumulation of single nucleotides is
achieved after 7 = 14 h, and for a 22-base single-stranded RNA,
a 108-fold accumulation is achieved after 7 = 25 h. However, the
time to reach a comparable accumulation for larger molecules
drops to 70 min for 100-bp DNA and 8 min for 1,000-bp DNA
(Fig. 5¢), the reason being the much shorter cleft length required
for longer DNA.

Notably, all these times are extremely short compared with the
lifetime of a typical vent chimney, or even the Lost City vent
system, which operates at least for 30,000 years (20, 28).

We also tested the robustness of accumulation against diffu-
sive leakage from the pore. In general, a leak of molecules into
an attached closed pore space does not inhibit accumulation. An
example is shown in Fig. 4a, where a large extension is filled to
the same high concentration at the pore base. Only the equili-
bration time slightly increases as a result of such an extension of
the pore. However, leaks into permeable chambers can reduce
the accumulation, depending on the concentration gradient Ve
and the resulting diffusive molecular flux, j = —DVc. The
distance between the leak and the surrounding background
concentration ¢ = 1 is crucial. This distance is expected to be
relatively large for a hydrothermal mound. To characterize the
effects of diffusive leaks, we simulated a worst case scenario. A
wide diffusive leak is placed at the base of a pore and is
connected to the outside over a distance of the pore length itself
(Fig. 6a). Otherwise the same geometrical condition as illus-

Baaske et al.

trated in Fig. 2a is used, namely an aspect ratio of r = 10:1 with
an optimal width dy. Thus, we effectively simulate a tube which
is open to both sides. Compared with a nonleaking pore, the
resulting accumulation is reduced from 7 to 3 for single nucle-
otides, from 6 to 2.6 for single-stranded RNA, from 20,000 to
2,000 for 100-bp DNA and from 10" to 10'3 for 1,000-bp DNA.
These reductions in accumulation that stem from leakage are
quite easily compensated for by extending the length of the pore.
We conclude that, even if the pore leaks through diffusion,
accumulation is maintained at a high level.

In addition to diffusion, slow water flow through pore leakages
might hinder accumulation. We focus on an upward flow be-
cause this direction is most probable in a hydrothermal mound.
We use the same geometry as before (see Fig. 6a), but now add
an upward flow at the lower end of the leak. This flow is fed with
molecules from the outside concentration of ¢ = 1. Obviously,
such an upward flow through the pore directly competes with the
downward accumulation. The accumulation versus flow rate is
plotted in Fig. 6b. For comparison, the typical convection flow
inside the pore is on the 1-10 wm/s scale. Fig. 6b shows that the
accumulation of single nucleotides is quite robust against the
upflow, probably because of the rapid diffusion of these mole-
cules. Slower diffusing molecules are more vulnerable to pore

a Aspect Ratio 10:1 b

Single 22bases 100bp  1000bp 04—+ 2 ‘.‘3 456
Nucleotide RNA DNA DNA 5
04 04 01 001 Upflow [umys]

Reduced Accumulation [fold]

\

1.0
T 081 .
DNA :
e 1000bp %, \
0.8 -.-. 100bp % \ \
—— 1base ¥ \
RNA kY *
— — 22 bases )

Reduced Accumulation

Fig. 6. Reduction of the accumulation by diffusive leakage and upflow. (a)
A diffusive leak is introduced at the bottom of the pore over 1/5 of the pore
width. The numbers beneath indicate the reduction of accumulation relative
to the nonleaking pore in Fig. 2a. (b) Upflow is introduced into the cleft shown
on the left side. For longer polynucleotides, the accumulation drops consid-
erably faster with increasing upflow. Short molecules are less affected. The
drop in accumulation for both diffusive leaks and upflow drift is readily
compensated by a slight elongation of the pore.
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flow drift, as can be seen from Fig. 6b. For a 22-base single-
stranded RNA, the accumulation drops by a factor of two for an
upflow of ~2.5 um/s. For 100-bp DNA and 1,000-bp DNA,
accumulation drops by the same factor for an upflow of 0.6 and
0.2 wm/s, respectively. These flow rates are comparable with the
thermal convection speed in the pore. Flow rates in pores of
hydrothermal mounds are hard to estimate but are probably
slower than these values. As expected, strongest accumulation is
found in pores that are well sealed at the bottom. According to
our assessment, drift and diffusion in microscopic pore systems
in hydrothermal precipitates do not, or only weakly, affect the
proposed accumulation mechanism.

Discussion

We compare the assumptions on pore geometry with the geo-
logical record. As seen from the representative cross-section in
Fig. 1a, an aspect ratio between 25 and 50 can be estimated for
single elongated pore spaces in the mounds at the Lost City vent
site (=20-100 um across and =1 mm long). Although, at Lost
City, pore shapes may be governed by filamentous bacterial
growth, chemical garden-like growth with even higher aspect
ratios is likely to occur in comparable hydrothermal systems with
moderate temperatures. For example, the 500-mm-long hydro-
thermal pyrite spires from the 352-million-year-old Tynagh
zinc-lead sulfide deposit, Ireland, have central cavities that are
~100 wm in diameter (aspect ratio r < 5,000:1) (ref. 29 and Fig.
3b). Similar structures have been realized in laboratory simula-
tions (30). Thus, the projected extreme accumulation should be
easily reached in natural settings. In any case, the accumulation
is exponentiated when low aspect ratio clefts are interconnected.
Note that pore concatenation is an especially interesting feature
from a geological point of view. During hydrothermal dissolution
pores enlarge, become more interconnected (i.e., the value of the
aspect ratio increases), and can substantially promote the accu-
mulation of molecules. Based on these results, and given the
large number of clefts in any one of multitudinous submarine
hydrothermal mounds on the early earth (29), the opportunities
would have been manifold for a critical accumulation of organic
monomers and polymers synthesized in the same milieu.

In the above calculations, we have assumed a temperature
difference of AT = 30 K. We anticipate that this is a realistic
assumption, because temperature gradients are focused inside
the clefts due to the considerably lower thermal conductivity of
water (0.6 W/mK) as compared with the surrounding rock (>3
W/mK). The thermal conductivity measured for a hydrothermal
pyritesilica precipitate (31) is 14 W/mK, but the isolated pyrite
and quartz minerals yield ~20 W/mK and 3-4 W/mK, respec-
tively, in laboratory tests (32). The resulting enhancement of the
temperature gradient in the liquid part of the pores is 5- to
200-fold. Thus, to obtain the temperature difference of 30 K
assumed in the above simulations, the required overall temper-
ature gradient is of the order of 1-40 K/mm, well within reported
values of AT for natural hydrothermal settings. However, focus-
ing of the temperature gradient in the pores is not essential for
the accumulation process. For lower thermal gradients, the same
accumulation can be achieved if the pore system is elongated
linearly for a decreased temperature difference.

The presented accumulation geometry surpasses previous
approaches. Experiments with a circular, laser-heated geometry
demonstrated that thermal convection could drive the DNA
replicating PCR (33). In the same setting, we observed a
considerable accumulation of long DNA (34). Although both of
those experiments pointed toward the potential for convection to
contribute to the emergence of life (35), no accumulation of
short molecules was found or theoretically expected. We now
know that this was due to the low aspect ratio of the chamber
geometry (r =~ 0.1). The pore geometries studied here, however,
demonstrate a strong accumulation of small molecules, such as

9350 | www.pnas.org/cgi/doi/10.1073/pnas.0609592104

single nucleotides, in a highly plausible geological setting on the
early earth.

As we have seen, large molecules accumulate more efficiently.
One may ask whether the strong accumulation of solvated
organic molecules would lead to the tarring of the pore. This is
not expected because thermophoretic coefficients become small
for concentrations in the molar range (23-25). As a result,
accumulation will level out at similar concentrations and will not
lead to tarring. Also, a closing of the pore by microscopic solid
particles is unlikely, based on our recent experimental findings
(36). It was shown that, for low aspect ratio chambers (r =~ 0.1),
2-um polystyrene spheres became highly concentrated, but still
only formed two or three layers of a colloidal crystal. Further
accumulation into the volume of the chamber was disrupted by
flow interactions of the solid particles with the thermal convec-
tion current (36). As a result, convective flow itself is likely to
prevent tarring of the pore by larger particles. On the other hand,
a minor accumulation of sticky particles at the pore bottom could
contribute to the sealing of the leaks (see Fig. 6). Moreover, in
this process, any pore shortening would be negligible.

The mechanism provides concentrated molecules in bulk
water without requiring molecules to adsorb onto surfaces.
Surface-assisted accumulation is often thought to solve the
concentration problem, either via drying or specific adsorption.
However, biological systems complex enough to evolve a repli-
cating machinery would most likely need to disconnect, at least
temporarily, from such restricting adsorbing surfaces (37). Dur-
ing this desorption or wetting process, there is a high risk of
losing the replicated molecules into the bulk water (38). In the
present scenario, where they would simply be reaccumulated
from the pore solution and the catalytic activity of surfaces can
be efficiently used. Our approach has the advantage of offering
an active concentration mechanism in an already existing, robust
enclosure. Because thermophoretic drift is common for mole-
cules, the accumulation scheme applies similarly to nucleic acids,
amino acids, and lipids.

The described accumulation in semiclosed microscopic pores
has several synergistic advantages that pertain to the molecular
evolution of early life. The enclosure of pore space by mineral
precipitates frees life from the need to build a semipermeable
organic membrane in its very first evolutionary steps. Microbi-
ological evidence indicates that membrane synthesis appears to
be a rather late development (15, 18). Moreover, active transport
across a membrane to accumulate molecules in a cell is well
known to be a highly evolved process, requiring complex proteins
to form vesicles and to actively pump molecules across the
membrane.

Notably, the mineral pores that we propose as accumulation
centers for the emergence of life are presently populated with
thermophilic prokaryotes, and it is speculated that these sites
could have been inhabited by the last common ancestor and its
biochemical precursors (15, 39). Rapid thermal quenching was
demonstrated to be able to polymerize both nucleic (40) and
amino (16) acids in a setting in which hydrothermal fluids were
injected into cooled (4°C) water. The discussed setting of
thermal convection provides comparable temperature inter-
faces, but now within a single pore. Therefore, both the tem-
perature drop and the needed molecule concentration could be
found in an enclosure instead of an open flow reactor.

The water inside the pore network is permanently shuttled by
laminar thermal convection. Molecules that stochastically escape
the accumulation at the bottom of the pore by diffusion are
subjected to a rapid periodic temperature variation within a wide
range of temperature amplitudes and cycle times inside a single
pore. Equally, freshly precipitated mesoscopic mineral grains are
subjected to thermal cycling by the convection. Their catalytic
surfaces might generate nucleic acid multimers by thermally
triggered periodic condensation (4) and unbinding reactions. In
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this context, we note that, in a comparable thermal convection
setting, DNA was shown to replicate exponentially by using the,
albeit protein-catalyzed, PCR (33, 41).

In conclusion, we propose a type of mechanism, driven solely
by a temperature gradient, which strongly accumulates even
small protobiological molecules in semiclosed hydrothermal
pore systems. This setting provides a compelling, dissipative
microenvironment to promote the first steps in the molecular
evolution of life.

Materials and Methods

Combined solutions of the Navier-Stokes equation (velocity i,
pressure p, density p, viscosity 1), molecule diffusion (concen-
tration ¢, diffusion coefficient D), and heat transfer (tempera-
ture 7, heat conductivity k) were simulated in two dimensions by
a finite element solver (Comsol, Femlab). Cross terms induce
the thermal convection with the expansion coefficient « and the
gravitational acceleration gy, trigger thermophoresis with the
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Melting curve analysis in a shapshot

Philipp Baaske, Stefan Duhr, and Dieter Braun®
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The thermal denaturation of molecules is an essential method in biochemistry and diagnostics,
including the measurement of single nucleotide polymorphisms and the binding analysis of proteins.
We present a method for the all-optical high speed measurement of melting curves. A thin sheet of
water is locally heated with an infrared laser to obtain a spatial temperature distribution between 20
and 100 °C. Using a fluorescence microscope a melting curve is recorded within 50 ms. This is
about 10 000-times faster than state-of-the-art fluorometry and yields the same results for the
validation example of a DNA hairpin. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2790806]

Measuring the stability of biomolecules and especially
of DNA is of great importance in the field of biology, medi-
cal diagnostics, and biotechnology. It is often inferred from
thermal denaturation experiments1 and directly provides in-
formation about the DNA sequence or the biomolecular
structure. In most cases, the conformation of the molecules is
recorded by fluorescence and is plotted against temperature,
yielding a so-called melting curve.’ Traditionally, a small
sample volume inside a comparably large cuvette or multi-
well plate is heated by thermal contact. The thermal mass of
the setup results in long equilibration times and slow heating
rates. Measurement times on the order of 6—70 min are
typical.3

We developed an all-optical method to determine the
thermal stability of biomolecules in less than 50 ms. The
temporal scan of temperatures is replaced by the application
of a spatial temperature distribution, generated by heating a
20 pm thin fluid film with an infrared laser. The measure-
ment volume is 2 nl and concentrations in the 100nM regime
are accessible due to sensitive fluorescence imaging with
high numerical aperture optics. Typically, a fluorescence dye
reports the conformation of molecules in a melting curve. In
our case we measured a DNA hairpin which was labeled with
a fluorophore quencher pair, a configuration termed molecu-
lar beacon.*’

The melting of biomolecules is often approximated us-
ing a two state model, which requires information over a
wide temperature range to reach the completely closed and
completely open states. In our experiment, a spatial tempera-
ture distribution with all temperatures between ambient tem-
perature and 100 °C was achieved with a temperature reso-
lution <1 °C. Such high resolution melting curves can be
used for single nucleotide polymorphisms detection, genetic
screening, and biomolecule binding assays. 8

We generate a broad spatial temperature distribution by
focusing an infrared laser into a 20 wm thin sheet of aqueous
solution. Temperatures between 20 and 100 °C are created
within several milliseconds in a field of view of 200
% 200 um?. Imaging is provided with a fluorescence micro-
scope with a 40X oil immersion objective and a charge
coupled device (CCD) camera (Fig. 1).

¥ Author to whom correspondence should be addressed. Electronic mail:
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The precise timing of events is necessary to prevent ar-
tifacts from thermophoresis. Initially, a fluorescence image
Iy(x,y) with 10 ms exposure time is taken at an ambient
temperature. Then, the infrared laser is switched on within
1 ms. A second image I;(x,y) is taken after 40 ms. The im-
ages I and I, are corrected against camera background and
bleaching. Measuring the fluorescence ratio R(x,y)
=1I,(x,y)/Iy(x,y) ensures the removal of artifacts from an
inhomogeneous illumination [Fig. 2(a)].

As described below, the temperature distribution is im-
aged using temperature dependent fluorescence. The result-
ing temperature image 7(x,y) is shown in Fig. 2(b). In prin-
ciple, the ratio R(x,y) could be plotted against the
temperature 7(x,y) for each pixel. However, the initial radial
averaging of both R(x,y) to R(r) and T(x,y) to T(r) with
radius r improves the signal to noise ratio since the low
signals toward the periphery are averaged over an increased
number of pixels. The resulting melting curve F(T)=[R(T)
—Rinl/ (Rmax—Rmin) 1s plotted in Fig. 2(c) (circles). Ry, is
the fluorescence ratio of the completely closed state and R,
of the completely open state, respectively. The melting curve
measured in only 50 ms agrees well with a 120 min lasting
melting curve measured using a fluorometer [Fig. 2(c), solid
line]. The slight shift between the curves most likely stems
from temperature variations due to differences in the cham-
ber thickness between the hairpin and the temperature mea-
surement.

Fluorescence
Microscope

Infrared
Laser

FIG. 1. Setup: Fluorescence from molecules in a 20 um thin sheet of water
is imaged from the top while it is heated with a focused infrared laser from
below. Plotting the fluorescence image vs the temperature yields a high
speed measurement of a melting curve at low molecule concentration. Color
coded is the simulated temperature field.

© 2007 American Institute of Physics
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FIG. 2. Melting curve within a 50 ms snapshot: (a) The fluorescence ratio image R(x,y) between heated and unheated conditions for 100nM DNA hairpins.
The fluorescence is increased in the heated spot. (b) The temperature T(x,y) is imposed to a 20 wm thin water film by infrared laser illumination and is
measured using temperature sensitive fluorescence. (c) The fraction of open hairpins (circles), derived from the radially averaged fluorescence ratio R(r) is
plotted against the radially averaged temperature 7(r). It coincides well with a melting curve obtained from a 2 h fluorometer measurement (solid line).

The temperature image 7(x,y) is measured from a sec-
ond experiment with the temperature dependent dye tetra-
methylrhodamine (TAMRA) (Invitrogen). Laser power,
chamber geometry, and camera timing are kept fixed. For
calibration, the temperature dependent fluorescence signal
Framra(T) of TAMRA is measured in a 0.5X SSC-buffer
(75mM NaCl, 7.5mM Na3-citrate, 0.01% TWEEN 20, pH
8.1) with a thermally controlled fluorometer (Fluoromax. 3;
Horiba Jobin Yvon GmbH). From Frayra(7) we infer
T(Framra) @s shown in Fig. 3(a). With this calibration, we

~
(&)

N
o

Temperature [°C]

N
()]

20 40 60 80

100
TAMRA Fluorescence [a.u.]

Ima\\geo Img\ge1 5
100F -\ --- -- \ 11.00 S
— \ — S,
B \ \ Vo905
SR [ 2
Ssol | L% s
L I -

250 \ \§_ ~o.so§

25 0 25 50 100 5000 O

Time [ms]

FIG. 3. Temperature and timing: (a) Calibration curve of the temperature
dependent dye TAMRA in SSC-buffer used to infer the chamber tempera-
ture. (b) Simulations show that a precise synchronisation between laser heat-
ing and image exposures is crucial to reach a steady state in temperature
(solid line) and not to significantly decrease the molecule concentration in
the center of the chamber due to thermophoresis (dotted line).

can transform the TAMRA fluorescence image
Framra(x,y)=1(x,y)/Iy(x,y) into a temperature image
T(x,y). As before, the images I, and I, are corrected against
camera background and bleaching.

The spatial temperature distribution was generated by
the light absorption in water. We used a fiber coupled IR
laser (Raman fiber laser RLD-5-1455; IPG Photonics Corpo-
ration) with a wavelength of 1455 nm and typically applied
an output power of 1.2 W. Water absorbs at this wavelength
with an attenuation length of 305 wm. The laser beam was
moderately focused with a lens of 8 mm focal distance and
switched on and off by moving the laser spot into the field of
view with galvanometric mirrors. A fluorescence microscope
(AxioTech Vario; Zeiss) with an oil immersion objective
(40X, 1.3 numerical aperture, Zeiss Fluar) was used. Two
170 pm thick coverslips (12 mm diameter) sandwiched 2 ul
aqueous solution and were sealed with nail polish to prevent
evaporation. Chamber thickness was 20 um. The sample
was illuminated with a mercury lamp (HXP 120, Leistungs-
elektronik Jena GmbH). A TAMRA fluorescence filter set
was used (AHF Tiibingen, Germany) and the laser was
blocked with ODS3 using a glass filter (KG 5, AHF Tiibingen,
Germany). Imaging was provided with a 12-bit CCD camera
(Sensicam QE; PCO AG). The DNA hairpin was purchased
from biomers.net with the sequence 5’'-Hex-GCA CGC ATC
GCT CTT CAT TAG AAC TAT GCG TGC-Dabcyl-3" and
diluted to 100nM in 0.5X SSC-buffer.

Several artifacts have to be exluded to be able to mea-
sure a melting curve in the described setting. We simulated
the heat conduction numerically in the axial symmetric ge-
ometry of the chamber.™'® The temperature relaxes with a
time scale which is essentially given by the heat diffusion
relaxation time perpendicular to the chamber,

d* Cp

T= JER (1)
We find 7=0.32 ms for a thickness of the chamber of d
=20 wm, the heat capacity of water C=4200 J/(kg K), the
thermal conductivity of water k=0.54 W/(K m), and the
density of water p=1000 kg/m?. The glass chamber walls
conduct the heat comparably to water with &
~(.8 W/(K m). This results in an effective increase of the
thermal thickness d which changes the thermal relaxation
time to 2.2 ms, seen in the numerical simulation [Fig. 3(b),
solid line]. The time of 40 ms between the two images there-
fore ensures a steady state temperature distribution. Due to
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the low conducting glass walls the temperature distribution
along the z direction follows a flat parabolic proﬁle.10

The most important condition is that the molecule con-
centration within a pixel of the chamber has to remain con-
stant between the two images [, and /;. Due to an effect
known as thermophoresis,g_ll molecules drift along a tem-
perature gradient. Thermophoresis is parametrized with a
thermophoretic mobility Dy relating the molecule velocity to
the thermal gradient VT according to v=—D;VT. In the
steady state, the molecule concentration at a given tempera-
ture difference AT is given by c/cy=e~57,'> with the Soret
coefficient defined as Sy=Dy/D. For the hairpin system, we
simulated  thermophoresis ~ numerically  using Dy
=1.15 um?/(s K) and D=115 um?/s,”" and find that the
temperature gradients along the chamber result only in a
<1% drop of the central concentration within 50 ms [Fig.
3(b), dashed line]. Similarly, the thermophoresis of TAMRA
does not affect the temperature measurement. The maximum
velocity of thermal convection is calculated to 1.4 um/s
(Ref. 10) and has no effect within the measurement time
window.

Epifluorescence in a 20 wm thin chamber averages the
fluorescence of the chromophores across the chamber. We
probed for thermal lensing effects by comparing objectives
with different numerical apertures and found no significant
effect under the given defocused laser spot conditions. The
IR laser is blocked after the objective; however, tests using
dried films of TAMRA with and without laser illumination
show no effects of the laser irradiation on imaging.

The folding and unfolding of a DNA hairpin equilibrates
on the microsecond to millisecond time scale.'* Therefore,
we can expect that the melting curve is measured in the
kinetic equilibrium. As shown in Fig. 4, we fitted the melting
curve with a two state model to extract the standard enthalpy
AH® and entropy AS° of the reaction according to AG"=
—RT In(K)=AH"-TAS". Standard protocols were used to in-
fer the fraction of closed to open states of the hairpin
molecule and thus the equilibrium constant (K) from the
melting curve.”> We find AH°=-253 kJ/mol and AS°=
—754 J/(mol K) and thus a melting temperature of 62 °C.
This result comes very close to the calculations of DNA
hairpin thermodynamics, predicting AH=-275 kJ/mol and
AS°=-813 J/(mol K) and a melting temperature of 65 °C."

We developed a method for the fast measurement of high
precision melting curves. Based on an all-optically generated
spatial temperature distribution, the method circumvents the
slow equilibration time of conventional melting curve analy-

Appl. Phys. Lett. 91, 133901 (2007)
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FIG. 4. Thermodynamic analysis: Fitting a two state model to the melting
curve data allows one to infer the standard enthalpy and entropy of the
reaction.

sis and accelerates the analysis more than 10 000 times from
about 10 min down to 50 ms. The detection volume is as low
as 2 nl and measurements at 100nM concentration are dem-
onstrated. The method is of particular interest for high
throughput screening in biotechnology and fast genotyping
in medicine.
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Optical Thermophoresis quantifies
Buffer dependence of Aptamer Binding™

Philipp Baaske", Christoph J. Wienken, Philipp Reineck, Stefan Duhr and Dieter Braun

Quantification of biomolecular binding in their native environment is crucial for biology and
medicine. However, reliable methods are rare. We add a new immobilization-free method by
showing that thermophoresis, the movement of molecules in a thermal gradient, can be used to
measure binding curves equally well in human blood serum as in various buffers. The assay works
without surface contact and requires only an unspecific fluorescence marker on one of the binding
partners as no conformational change is needed for signal transduction.

Aptamers are nucleic acid ligands selected in vitro for their ability to bind to specific molecular
targetsl! . They are promising candidates for diagnostic applications because of their antibody
comparable affinity, specificity and the ease with which novel aptamers can be designedl..
Aptamers have been implemented in a variety of sensing technologies!® including optical
approaches like “aptamer beacons”[7], electronic-sensing strategies[g], mass based sensors®) and

force based assays[lo].

In most aptamer based binding assays, the signal transduction mechanism depends on the
molecular recognition mechanism. As a result the aptamers not only have to be designed to adopt an
appropriate conformation to bind to a target (recognition) but also to undergo a binding induced
conformational change, which affects the fluorescence of a dyel®! or the electron-transferl®! of a
redox tag to an electrode (signal transduction). This conjunction between target recognition and
signal transduction sets obstacles for the design of aptamers. Often aptamers have to be modified
with two labels, resulting in a reduced binding affinity or even complete suppression of binding[”].
These restrictions can be reduced by separating the molecular recognition from the signal
transduction by using additional competitor oligonucleotides, complementary to the aptamer, as
signal transduction elements[!2],

Here we describe a novel approach for the quantification of aptamer—target interactions which
separates molecular recognition from signal transduction and requires only an aptamer tagged with
one dye. It provides the opportunity to probe the binding with an unspecific label in the native
environment of free solution or complex biological fluids.

The approach is based on the directed movement of molecules along temperature gradients, an
effect termed thermophoresis!!3-16]. A spatial temperature difference AT leads to a depletion of
molecule concentration in the region of elevated temperature, quantified by the Soret coefficient S

Chot/ccold=exp<_ST A T) (1)
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Thermophoresis depends on the interface between molecule and solvent. Under constant buffer
conditions, thermophoresis probes the size, charge and solvation entropy of the molecules!!>1] and
is not dependent on the concentration of the probed molecule unless millimolar concentrations are
reached!!”>18], The thermophoresis of an end-labelled aptamer A4 typically differs significantly
from the thermophoresis of an aptamer-target complex A7 due to size, charge and solvation
energy differences. We use this difference in the molecule's thermophoresis to quantify the binding
in titration experiments under constant buffer conditions for a 5.6 kDa aptamer to the 37 kDa
protein thrombin as well as the binding of a 8.3 kDa aptamer to the 0.3 kDa AMP or 0.6 kDa ATP.
Different binding affinities are found depending on the buffer conditions or as compared to
measurements in 10% or 50% serum.

The thermophoretic movement of the fluorescently end-labelled aptamer is measured by
monitoring the fluorescence distribution £ inside a capillary with an epifluorescence microscope
(Figure la). The microscopic temperature gradient is generated by an IR-Laser (1480nm), which is
focused into the capillary and is strongly absorbed by waterl!>16:19] The temperature of the
aqueous solution in the laser spot is raised by AT=8K. Before the IR-Laser is switched on a
homogeneous fluorescence distribution £, is observed inside the capillary (Figure 1b). When the
IR-Laser is switched on, two effects, separated by their time-scales, contribute to the new
fluorescence distribution £, . The thermal relaxation time is fast (= 50ms) and induces a drop in
fluorescence of the dye due to its intrinsic temperature dependence. On the slower diffusive time
[16:20] The
local concentration of aptamers decrease in the heated region until it reaches a steady state
distribution (Figure 1b).

scale (= 10s), the aptamers move from the locally heated region to the outer cold regions
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Figure 1. Thermophoresis assay. (a) The blood serum solution inside the capillary is locally
heated with a focused IR-laser, which is coupled into an epifluorescence microscope using a hot
mirror. (b) The fluorescence inside the capillary is imaged with a CCD-camera and the normalized
fluorescence in the heated spot is plotted against time. The IR-laser is switched on at t=35s and the
fluorescence decreases as the temperature increases and the labelled aptamers move away from the
heated spot due to thermophoresis. Once the IR-laser is switched off the molecules diffuse back.

While the mass diffusion D dictates the kinetics of depletion, S determines the steady state
concentration ratio  Cjo/ Cou=€Xp(=S;AT)~1=S8; AT ynder a temperature increase AT [15.16].

The normalized fluorescence o= Fiot!/ Fooa measures mainly this concentration ratio, in



addition to the temperature dependence of the dye fluorescence OF /0T . In the linear
approximation we find: £ som=1 +(OFI10T—S,)ATUO pye to the linearity of the fluorescence
intensity and the thermophoretic depletion, the normalized fluorescence from the unbound aptamer

F,0m(4) and the bound complex F worm AT') superpose linearly. By denoting x the fraction of
aptamers bound to targets, the changing fluorescence signal during the titration of target T is given
by (see supplementary material):

F,_ =(1-x)F

norm™

(A)+x F,,,, (AT) 2)

norm

Based on the capacitor model of thermophoresis 1521 confirmed for thin Debye layers using
polystyrene beads!'”, double stranded DNAL"!, single stranded DNAMY and Ludox silica
particles[zz], we can discuss the change in S expected from changes in charge Q. or
hydrodynamic radius R upon binding. Assuming negligible offsets from non-ionic contributions,
we find S,cQ2, /R . Under linear approximation, St changes by

AS IS, =2(AQ,,10,—ARIR) . Only for the unlikely case of QR no change in St
would be expected. However contributions from the neglected solvation entropy[ls] could reveal the
binding even under these conditions.

We measured the thermophoresis of 100nM thrombin—aptamer[23] in 10% human serum
(Figure 2). The concentration of thrombin ranges from OnM to 19,500nM. The low concentrations
ensure that the serum and buffer do not change upon addition of thrombin and keep the
thermophoresis of the aptamer constant. The aptamer is labelled with a Cy5 dye at the 5’ end. The
observed time traces of the pure aptamer differ significantly from the traces of aptamers bound to
thrombin (Figure 2a). Plotting the normalized fluorescence £, at a given time t against the
varying thrombin concentration results in a binding curve (Figure 2b) with an £C5,=680+80nM
and a Hill-coefficient of 2. Control experiments with a randomly chosen sequence ssDNA show no
thrombin dependent changes both in the thermophoretic signal (Figure 2b) and the absolute
fluorescence, both in 10% and 50% serum . This indicates that neither interactions of thrombin with
the Cy5, nor unspecific interactions of thrombin with ssDNA are present.

As detailed before[16], we used a 2D finite element simulation to infer from the time traces the
Soret coefficient S, the diffusion coefficient D and the temperature dependence of the fluorescence

OF/0T . The binding to thrombin mostly leads to a change in S, which drops from 1.05 %/K
down to 0.35 %/K (Figure 2c). Both the simple determination using £, and the fitted Soret
coefficient St report the binding (Figure 2b,c) due to linear relationship in steady state. Both the
temperature dependent fluorescence change OF /0T and the diffusion coefficient D showed
no significant binding signal. Notably the determination of D is likely to be hampered by fitting
crosstalk with OF /0T .
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Figure 2. Aptamer-thrombin binding in 10% human serum. (a) The thermophoretic depletion of
unbound aptamer is about 2-fold stronger than for aptamers bound to thrombin. (b) The normalized
fluorescence F,,, t=30s is plotted for different concentrations of thrombin. Random 25mer
ssDNA (blue) shows no change in thermophoresis with increasing thrombin concentration. (c) The
Soret coefficient St equally reports the binding. Fitting of St is provided with an analytical model of
thermophoresis[ 197 45 shown in (a).

The thermophoretic perturbation creates a direct fluorescence ratio signal £, that reveals
changes in the observed molecule which stem from changes in size, charge or solvation entropy of
the molecule. It does not rely on the notoriously difficult task to observe binding induced size
changes by measuring small changes in the diffusion coefficient D as for example in fluorescence
correlation spectroscopy (FCS). As shown in Figure 3a, the approach can be used equally well in
buffers as in complex biological liquids like blood serum without significantly loosing sensitivity or
specificity as it is the case with chip based technologies such as surface plasmon resonance (SPR).

To further show the broad applicability of the thermophoretic quantification of binding, we also
measured the binding of aptamer—ATP/AMP[24] (Figure 3b) in different buffers. In all cases, binding
was reported with a high signal-to-noise ratio (SNR), even in 50% human serum. For example a
SNR=93 was found for the case of the 0.3kDa AMP-binding in selection buffer and SNR=23 was
found for thrombin-binding in 50% human serum (supplementary material). As control
oligonucleotides we used aptamer sequences, which differed from the respective aptamer only in
two nucleotide mutations (Figure 3a,b “Binucleotide Mutant”).
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Figure 3. Binding curves in various buffers. (a) Aptamer-thrombin binding in selection buffer,
SSC, 10% and 50% untreated human serum. (b) Aptamer binding to ATP and AMP in selection
buffer, HEPES and 2x SSC. The fraction of bound aptamers is derived according to equation 2.

The dissociation constant K ,=30+19nM obtained for the aptamer-thrombin binding (Figure
3a) in selection buffer is in good agreement with the reported K ,=25+25nM ) measured in the
same buffer. In SSC buffer the dissociation constant increases to K, =190£20nM and in 50%

(10%) human serum the binding was best fitted with the Hill equation, yielding an
ECy,=720£100nM ( 670+80nM ) and a cooperativity of n=2.

The aptamer-ATP/AMP binding (Figure 3b) shows a cooperative binding of more than one ATP or
AMP per aptamer, which is consistent with the literature [7- 23] In the selection buffer the ECs,
values for ATP, EC=60+4uM  and AMP, EC;,=87+5uM | are well within the reported
values!”!12]. Measurements in HEPES buffer with EC5,=67+8uM confirm these results. In all
cases the Hill coefficient was n=1.4. Interestingly, in 2x SSC buffer, the ECy, values of the
ATP/AMP-aptamer binding were both strongly shifted to lower affinities, resulting in an
EC;,=1100£100uM | Note that the ATP solutions were kept on ice to prevent hydrolysis of ATP.

As stated by Cho and Ellington[6], the aptamer-target binding was strongly dependent on the
chosen buffer: The binding of the aptamers in the respective selection buffers always showed the
highest affinity (Figure 3). For the aptamer-thrombin binding, the shift to lower affinities



(EC5=720nM) and enhanced cooperativity (n=1.5) in human serum may be because of interactions
of the thrombin with blood serum components. For the ATP-aptamer the unexpected big shift to
lower affinities in the SSC buffer as compared to the TRIS and HEPES buffers is likely an effect of
a competing interaction of the strongly negative Citrate> with the Mg*" ions as the latter are
essential for the aptamer-ATP/AMP binding.

In conclusion, we have developed an all-optical thermophoretic technique for the screening of
aptamer-target interactions in bulk solution with very low material consumption of 500 nl out of
which only 2 nl are probed. The signal transduction of binding is separated from the molecular
recognition, which provides more freedom in the design of aptamers. The assay is robust and simple
as no secondary reactions for detection are required. The dynamic range of the thermophoresis
binding assay reaches from nM to mM target concentrations and can also quantify the binding to
low mass targets such as AMP. The measurement can be equally well performed in complex liquids

such as blood or simple standard buffers. As result, the approach will enable the determination of

[26]

the affinity of aptamer-based drug candidates, for example Spiegelmers™, in biological liquids

close to physiological conditions. The method is also applicable for screening for new aptamers
since the binding of unlabelled aptamers to a labelled target can also be quantified with
thermophoresis.

Experimental Section

For imaging, we used a Zeiss Axiotech Vario microscope with a 40x Plan Fluar oil objective, numerical aperture 1.3.
The fluorescence was excited with a red high power LED Luxeon III (LXHL-LD3C). Fluorescence filters for Cy5 (F36-
523) were purchased from AHF-Analysentechnik (Tiibingen, Germany). Detection was provided with the Sensicam EM
CCD-camera from PCO AG (Kelheim, Germany). Fused silica capillaries from Polymicro Technologies (Phoenix,
USA) with an inner diameter of 100um containing about 500nl volume were used for the measurements.

The temperature gradients were created with an infrared laser diode (Furukawa FOL1405-RTV-617-1480,
wavelength A=1480nm attenuation length k=320pum for water, 320mW maximum power), purchased from AMS
Technologies AG (Munich, Germany). The IR-Laser beam couples into the path of fluorescence light with a hot mirror
(NT46-386) from Edmund Optics (Barrington, USA) and is focused into the fluid with the microscope objective. The
temperature inside the capillary was measured via the known temperature dependent fluorescence of the TAMRA-
dye[19]. The temperature in the solution was raised by 8K in the beam center with a 1/e*> diameter of 25 pm. All
measurements were performed at room temperature.

The change in fluorescence were analyzed in a region around the center of heating with a diameter of about 50um.
The images were corrected for background and bleaching of the fluorescence[16,20].

The human a-thrombin was purchased from Haematologic Technologies Inc. (Essex Junction, USA; specific activity
3593 U/mg; MW=36.7 kDa). The human serum, the AMP and the ATP were purchased from Sigma Aldrich (Munich,
Germany).

The labeled DNA oligonucleotides were synthesized by Metabion (Martinsried, Germany). The sequences of the
oligonucleotides, with mutations as small letters, are:

Thrombin-Aptamer: 5’-Cy5-TGGTTGGTGTGGTTGGT-3’
Thrombin-Binucleotide Mutant: 5’-Cy5-TGGTTGtTGTGGTTtGT-3’

ATP-Aptamer: 5’-Cy5-CCTGGGGGAGTATTGCGGAGGAAGG-3°
ATP-Aptamer-Binucleotide Mutant:  5’-Cy5-CCTtGGGGAGTATTGCGGAtGAAGG-3’
ssDNA: 5’-Cy5-TAGTTCTAATGTGTATCTCAATTTT-3’

Measurements were conducted in the selection buffers of the aptamers and in SSC buffer with different ion
concentrations. Thrombin-aptamer: Selection buffer[23]: 20mM Tris-HCI pH 7.4, 150mM NaCl, SmM KCl, 1mM
CaCl2, ImM MgCl2, 0.01% TWEEN20, 4% BSA. For the human serum measurements this buffer was mixed 1:1 with
100% human serum. 1xSSC: 15mM Na3-citrate, pH 7.4, 150mM NaCl, 5SmM KCI, ImM CaCI2, ImM MgCl2, 0.01%
TWEEN20, 4% BSA.



ATP-aptamer: Selection Buffer[24]: 20mM Tris-HCI pH 7.6, 300mM NaCl, 5SmM MgCI2 and 0.01% TWEEN20.
2xSSC: 30mM Na3-citrate, pH 7.4, 300mM NaCl, SmM MgCL2, 0.01% TWEEN20. HEPES: 20mM HEPES pH 7.5,
300mM NaCl, SmM MgCI2 and 0.01% TWEEN20. For ATP the pH of the buffers were measured for different ATP
concentrations with the pH-sensitive dye BCECF (supplementary).

The aptamer and the mutant concentrations were kept fixed at 100nM (thrombin-aptamer) and 500nM (ATP-
aptamer) during all experiments. The aptamers were denatured and renatured prior the experiments to ensure that they
reach their active conformation. The solutions were incubated for 2 hours after mixing the oligonucleotides with the
different target concentrations.

The Kp values for thrombin were obtained by fitting the fraction of bound aptamers to the quadratic solution of the
binding reaction equilibrium, derived from the law of mass action, with Kp as single free parameter [10]. The EC50
value for were obtained from fitting with the Hill equation.
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Supplementary Material
Signal to Noise Ratio SNR

The signal to noise ratio is calculated from the difference between F m,rm(A) and F ,mrm(AT ) divided
by the mean error 6 which averages the standard-deviation o of two independent measurements over

N
N different target concentrations &=( Z o,)IN :
i=1

SNR=|F,,..(4)=F,,..(AB)/s (1)

norm

To quantify the quality of the measurement of a binding reaction the Z-factor!"! can be used:

(30 ,+30,,)

Z=1-—
‘Fnorm(A)_Fnorm<AT)‘

2

Here 0, is the standard-deviation of the signal of the aptamer alone and 0 ,; the standard-
deviation of the signal where 100% aptamer are bound to their target. In the case of the aptamer
measurements we assume 0 ,=0 ;=06 and thus equation 2 can be simplified to:
Z=1— 60 3)
‘Fnorm(A)_ Fnorm<AT)‘
From Figure la one can derive for the aptamer-AMP binding ‘F P —FMP 4T )‘=2.57 and
0,p»=0.0275 | From Figure 1b one can derive the values for the aptamer-thrombin binding in

50% human serum: |FTBA (4)—-F™ (AT)‘=2.86 and 675,=0.123 | Using the equations 1 and

norm norm

2 the Signal-to-Noise ration and the Z-factor is calculated for the aptamer-AMP binding in
selection buffer and for the aptamer-thrombin binding in 50% human serum as tabulated below.
A value of the Z-factor > 0.5 represents an “excellent assay”"! for binding detection.

Signal-to-Noise Ration (SNR) |Z-Factor
Aptamer-AMP 93 0.94
Aptamer-Thrombin 23 0.74
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Figure 1: Normalized fluorescence signals, including error bars. (a) Aptamer-AMP binding in
selection buffer. As expected from the capacitor model of thermophoresis the normalized
fluorescence decreases as AMP binds to the aptamer. (b) Aptamer-thrombin binding in 50%
human serum.



Calculation of the normalized fluorescence in steady state

The reaction of an fluorescently labelled aptamer A with its Target T to form the complex AT is
measured:

A+T< AT

Due to the labeling the fluorescence is both reported from T and AT. The concentration of aptamer
is denoted by ¢, , the concentration of target by ¢; and the concentration of the formed
complex by ¢,; . The fluorescence of the three molecular states are F, and F,; . The non-
fluorescent target T is not measured. In the used diluted regime, self-quenching of the
chromophorese can be excluded and the measured fluorescence is proportional to the
concentrations. Thus the measured fluorescence is given by:
F=c,F ;+c g F 1+ F giigrouma

Where Fu00ma 18 the background fluorescence of the setup. The background fluorescence can
be subtracted, but is typically small compared with the fluorescence of the molecules and will be
neglected in the following: F=c, F ,+c, F, . When the IR-laser is switched on, the
temperature in the solution increases due to the absorption of the laser radiation by the water

molecules. The change of fluorescence induced by the change in temperature can be written as total
derivative:

OF oc, oF , oc,r oF ,;
=F - +F e g
oT " “ar ““ar TATar T
. . . 0 .
The concentration change is due to thermophoresis with a—;=—S r¢ where the Soret-coefficient

describes the percentage of the concentration drop per Kelvin. With S7 the Soret-coefficient of A
and S; the Soret-coefficient of the complex AT we obtain:

oF,
oT

oF
=

oF
EVa _FAS;)"'CAT(—AT_FATS?T)

oT

A fluorescence signal can be normalized to its cold state before the laser is switched on:
Fw=FlF. . where F, is the fluorescence before the heating IR-laser is switched on
and F,, isthe changed fluorescence measured after the heating IR-laser is switched on. Since the
) oF .
changer fluorescence can be written as F,,=F w,ﬂ-ﬁAT we can denote the normalized

fluorescence F,,,, by:

norm=1+ 1 a_FAT
led aT

F

0 0 . . . .
Now we use c¢,+c, =c, where ¢, 1is the total concentration of aptamer which were put into

c
the solution. Thus the the Fraction of Bound aptamer x can be written as:  x :=ﬁ and thus
A AT

c
A

—=1—x

cytceyr



Dividing the denominator and the enumerator of £, by ¢, +c¢,; we get:

oF ,

oF
_FAS;)+X( AT_FATS?T)
oT
x)=1+ AT
FA+x(FAT_FA)

F
Dividing the denominator and the enumerator of £,,.,, by F, andusing y:= FAT
A

we get:

1 OF,

(l—x)(F—A a7

1 8FAT_
F, 0T

—S7)+xp( S7')

F. (x)=1+ AT

I1+x(y—1)

The correction factor y allows to calculate the fraction of bound molecules from the measurement in
the general case where the fluorescence F, of the aptamer A alone is not equal to the
fluorescence  F',; of the formed complex AT. During the titration experiments F, is
determined at the beginning where ¢,,,=0,x=0 . And F,; is determined at high target
concentrations ¢y>>c, where all aptamers are bound to their targets x=1 . In the most
experiments the fluorescence £, of the aptamer is equal to that of the aptamer-target complex

Fug . F,=F, and thus: y=1 . For this case of F,=F,;—y=1 the normalized
fluorescence F,,,, simplifies to:

1 OF

—S7)+
7) X(FAT T

-8y )AT

F =
norm ( FA a T

Defining F o X=0):=F  (A) | the normalized fluorescence of the aptamer alone, and
F o mx=1):=F, (AT) | the normalized fluorescence in the case where all aptamers are bound
to their targets, the normalized fluorescence F om(X)  can be denoted as:

F,.(x)=(1-x)F,, (A)+xF, (AT)) AT

norm ( norm (

Thus the fraction of bound molecules x can directly be calculated from the measured £ ,,,,,

_F
T F

worn(X) = F o (4)
(AT )= F o (4)

norm (

norm

Calculation of the dissociation constant K,
The dissociation constant K, quantifies the equilibrium of the reaction of the aptamer A with its
target T to form the complex AT: A+T7 < AT is defined by the law of mass action as:

c,C
K A~T
d

Cur
where all concentrations are ,,free“ concentrations. During the titration experiments the added
concentration ¢’ of aptamer A is kept constant and the concentration ¢ of added target T is
increased. These concentrations are known and can be used to calculated the dissociation constant.
The free concentration ¢, of the aptamer is the concentration ¢, of aptamer minus the
concentration ¢, of formed complex AT: ¢,=c—c,; . The same holds for the target T:

c;=cy—c, .Thusthe K, is:



0 0
(ci—car)lcr—car)
Car
By solving this quadratic equation for the fraction of bound aptamers x=c,,/c’ , the titration
series can be fitted with the following equation to determine K, :

K, =

x=21—0(cg+ cg+Kd—\/(cz+c(;+ Kd)2—4c(lc(;)
C4

In the cases where the binding curve could not be fitted with this formula the Hill-equation was
used:

X= 1 0\n
where n is the hill-constant describing the cooperativity of the binding and ECy, is the
concentration at which half of the aptamers are bound to their respective targets.

ATP-titration: pH-check

A solution of ATP is mildly acidic with a pH of approximately 3.5 (product information sheet for
ATP, Sigma Aldrich, product #7699). To ensure that the binding curves are not influenced by a pH-
change induced by the titration of ATP-solution, we measured the pH of the buffers with the pH-
sensitive dye BCECF ([2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein])™. The fluorescence of
BCECF decreases as the pH decreases. So we normalized the fluorescence to the fluorescence value
measured in the buffer without ATP.

Additionally we measured the thermophoretic depletion of the ssDNA and the binucleotide mutant
at all ATP concentrations. Above 1000uM ATP-concentration, we find a change in the fluorescence
of BCECF. Therefore we assume that the pH of the buffer changes. However, since the normalized
fluorescence F = F 1o/ F ois  of the control ssDNA and the binucleotide mutant did not change
even at high ATP concentrations, we assume that a moderate shift in pH does not affect the
thermophoresis assay. This would be expected since the ssDNA does not change its charge in this
pH regime. Notably, the shift in the pH takes place at an ATP-concentration of 1000uM at which the
binding of ATP to the aptamer is already saturated in selection buffer.
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Figure 2. Normalized fluorescence of BCECF and control oligonucleotides labelled with Cy5. The
selection buffer of the ATP-aptamer is stable up to 1000uM ATP. Wheras the BCECF fluorescence
reports a change in pH down to mildly acidic values, the normalized fluorescence reporting



thermophoretic depletion F,.,=F,,/F ... of the oligonucleotides is still constant.

Temperature dependence of aptamer-fluorescence

To be sure to separate effects of temperature dependent fluorescence and the Soret coefficient, we

measured the temperature dependence of the fluorescence of the ATP-aptamer and the thrombin-

aptamer in their respective selection buffers in a thermally controlled fluorometer (Fluoromax. 3;

Horiba Jobin Yvon GmbH). The fluorescence has a temperature dependence. But this dependence

did not change significantly due to target binding. The temperature increase in the experiments was
AT=8K and the experiments were conducted at 20°C.
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Figure 2. Temperature dependence of the fluorescence of the ATP-aptamer and the thrombin-
aptamer measured in the respective selection buffer. The fluorescence was normalized to the
fluorescence value at the temperature 20°C.
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In this article, we are introducing an immobilization-free, low volume method to analyze
the interactions of biomolecules. The method uses microscale thermophoresis, the directed
motion of molecules in local temperature gradients and allows to access important
molecular information such as protein-protein or protein small molecule affinity and DNA
sequence. In comparison to other techniques, the method is not only sensitive to changes in
mass, size or charge of a molecule, but also measures changes of the hydration-shell. Thus,
even the binding of small molecules to proteins is readily detectable. The presented
experiments highlight the simplicity and broad scope of the method by demonstrating high-
resolution measurements of DNA length, sequence specific detection of DNA molecules and
accurate quantification of binding affinities of interacting molecules. Microscale
thermophoresis has the potential to become a standard technique for antibody based
interaction assays, PCR product analysis and assays probing the binding of low molecular
weight compounds.

Keywords: Soret Effect, Interaction, Protein, DNA, Hydration Shell, Small Molecule

Methods to detect biomolecules or their interactions are of great importance in cell biology,
molecular biology and the development of pharmaceuticals. Today, a variety of in-vitro
approaches exist for the analysis of biomolecular interactions, ranging from long established gel-
based assays (Electrophoretic-Mobility-Shift-Assay, EMSA) to state-of-the-art surface sensors
such as Surface Plasmon Resonance (SPR) or Quartz Crystal Microbalance (QCM) and single
molecule techniques like Fluorescence Correlation Spectroscopy (FCS). In general, these
techniques rely on changes in mass, size or charge of the molecules of interest. Thus, even using
these modern techniques the analysis of low molecular weight compounds interacting with
proteins remains challenging. Moreover, these methods analyze molecules far-off their native
conditions, as for example using surface-coupled analytes or probing the binding in a gel matrix.
Thus, the results may not reflect the native properties of the investigated molecules.

In the field of DNA analytics, Real-time PCR (Polymerase Chain Reaction) is an important and
well-established technique, which uses careful designed and empirically validated DNA probes,
that typically carry multiple fluorescent dyes. Microscale thermophoresis provides the means for
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quantification and specific detection of DNA sequences with simple and less expensive probe
molecules.

In this work, we will show that microscale thermophoresis is a versatile tool to analyze protein
and DNA molecules providing detailed information about a variety of molecular properties.

Similar to charged molecules in electrical fields, temperature gradients also induce a directed
motion of molecules. The effect is known as thermophoresis, thermodiffusion or Soret effect. In
liquids it was first observed by Carl Ludwig in 1855, who measured a change in concentration of
salt ions caused by inhomogeneous temperatures’. To shed light on the theoretical basis of
thermophoresis, further experiments were performed, mostly using inorganic molecules or
polymers blends*®. Braun and Libchaber* as well as Piazza®, were the first to measure the
thermophoresis of biomolecules. Today, the importance of the molecules’ charge and nonionic
contributions from molecular surface properties or the hydration shell for the thermophoretic
effect are widely accepted®’ 99,

In this work, we introduce microscale thermophoresis, an all-optical, immobilization-free and
low volume method to characterize biomolecules and their interaction in a simple Mix-and-Read
fashion. We are demonstrating the feasibility of the method by measuring the length of short
DNA molecules with high resolution and detecting DNA-DNA hybridization. Moreover, we
measure the dissociation constant of a protein-protein interaction and the affinity of a low
molecular weight inhibitor to a cyclic AMP dependent kinase (PKA) in a complex biological
background.

Results

Experimental approach

When an aqueous solution is heated locally, molecules start moving along the temperature
gradient. This thermophoretical molecule flow is opposed by ordinary mass diffusion (Figure
1a). In steady state, both effects are balanced resulting in a stationary spatial concentration
distribution*" *?:

c/co = exp[-5:*(T-To)] (1)

where the concentration solely depends on the Soret coefficient St of the molecule and the
temperature rise AT=T-T, at the respective position. We established an all-optical approach for
both, creation of temperature gradients on the micrometer scale and the detection of the spatial
concentration distribution of the molecules. An infrared laser (IR-laser) heats the solution locally
(typically by 2-8°C) and fluorescence microscopy is used to measure the changes in
concentration of the molecules.

The IR-laser couples into the path of fluorescent light with an infrared dichroic mirror (Figure
1b) and is focused through the same objective. This allows the observation of thermophoresis in



various microfluidic sample compartments. High reproducibility and low sample consumption is
achieved using 100 um glass capillaries with a total volume of about 500 nl.

The IR-laser is focused into the sample and spatial temperature distributions are created with a
half width of 20-50 um. Due to the length scale in the micrometer range, steady state molecule
distribution is obtained within seconds, enabling a fast biomolecule analysis. Typically, we
visualize the spatial concentration distribution by a fluorescent dye covalently attached to
molecules or by intrinsic fluorescence of molecules (e.g. Green Fluorescent Protein, GFP). For a
binding analysis, only one binding partner has to be labeled with a single fluorescent tag at an
arbitrary position. The read-out signal used throughout this work is the concentration change
induced by the local increase in temperature.
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Figure 1. Microscale thermophoresis. (a) Fluorescently labeled molecules or particles are initially distributed
evenly and diffuse freely in solution. By switching on the heating with a focused IR-Laser, the molecules
experience the thermophoretic force in the temperature gradient and typically move out of the heated spot. In
the steady state, this molecule flow is counterbalanced by ordinary mass diffusion. After turning off the laser,
the particles diffuse back towards a homogeneous distribution. (b) An epi-fluorescence microscope is used with
an additional dichroic mirror inserted into the path of fluorescence light. With this mirror, the heating IR-Laser
couples into the path of fluorescence light and is focused with the same objective used for fluorescence
detection. This allows observation of thermophoresis in various microfluidic settings.

For an analysis of the molecular properties and binding events, the change in concentration
between the initial state and the steady state is measured (Figure 1a). Thus, only two images are
required: one image of the initial state before laser heating, showing a homogenous distribution
of molecules and a second image of the steady state with an inhomogeneous distribution. This
second image is typically recorded within a few seconds after starting the IR-laser irradiation.

Switching off the IR-laser leads to reestablishment of the initial homogeneous concentration
profile by diffusion. This provides information about the diffusion coefficient of the particles®.



However, this is an optional information. The concentration change contains all necessary
information about the molecular properties.

Nucleic Acid Length Measurement

We start to demonstrate the capability of the method by measuring the length of DNA
oligonucleotides, as they are used as primers in PCR. With our technique, the determination of
the oligo length with an accuracy of a single base should be possible within seconds. We
conducted experiments for single stranded DNA (ssDNA) with a length from 2 to 50 nucleotides
(nts). The infrared laser heats the sample locally with a maximum temperature increase of 8°C.
The kinetics of the molecule depletion within the center of the heat spot are shown in Figure 2a.
After a few seconds of IR-laser heating, the oligonucleotides became distinguishable. The
respective change in concentration is shown in Figure 2b. The fitted calibration curve allows to
deduce the length of an unknown oligonucleotide from the measured change in concentration.
The length of a 22-mer test oligo with Ac/c=0.2709+0.002 is determined from the fitted curve to
22.0£0.8 bases. This shows that thermophoresis provides a length resolution on the single base
level for short single stranded DNA. A single base pair resolution for double stranded DNA
molecules up to 100 bp can be expected, since they show a stronger thermophoresis®.
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Figure 2. DNA length analysis. (a) Short single stranded DNA oligonucleotides show thermophoretic depletion.
Its strength is dependent on the length of the molecules. After a few seconds of laser heating the DNA strands
can be distinguished easily. The kinetics of depletion and backdiffusion can be described theoretically and is
shown as solid line. (b) The corresponding steady state concentration change of ssDNA follows a power law that
makes thermophoresis feasible for a precise discrimination between short DNA molecules of different length.
The length of a 22-mer is determined by thermophoresis to 22.0+0.8 bases.



Nucleic Acid Hybridization

For applications in diagnostics and basic research, it is crucial to detect genetic variations like
Single Nucleotide Polymorphisms (SNPs). The nucleotide composition of a DNA molecule is
typically identified by sequencing, melting curve analysis or allele-specific PCR
reactions***>*®" The pronounced length dependence of DNA thermophoresis implies that
thermophoresis can also discriminate between single and double stranded DNA. This allows the
specific detection of a DNA sequence by probe annealing without tedious preparation procedures
or special PCR-Primer design and validation.

To test this, we measured the hybridization of a fluorescently labeled 22mer ssDNA to an
unlabeled complementary ssSDNA molecule of the same length. The experiments were performed
at a hybridization temperature of 48°C (sample temperature), a typical temperature used in DNA
microarray experiments to resolve SNPs'. We measured the average molecule depletion of
samples containing a constant concentration of the fluorescently labeled probe molecules (200
nM) at a varying amount of the unlabeled complementary target strand (0 nM to 800 nM).
Without target molecule, the concentration change corresponds to that of free diffusible probe
molecule. The strength of the thermophoretic depletion increases from 13% to 22% as the
concentration of unlabeled target molecule approaches the probe’s concentration. When all the
probe molecules were hybridized to the target strand, no further increase of the signal was
observed. In Figure 3a, we show the concentration decrease normalized to the saturation value
obtained for a fully hybridized probe. In contrast, DNA with a single nucleotide mismatch (GC
pair to CC) shows a distinctly decreased binding affinity (Figure 3a) as observed by the altered
slope of the titration curve. These experimental results were fitted for their dissociation constant
Kp, which is related to the AG of the DNA hybridization. The fitted values for the perfect match
(AG = -11.4+0.3 kcal/mol) and for the mismatch (AG =-9.1+0.2 kcal/mol) are in good
agreement with the theoretical predicted values of AG =-12.9 kcal/mol for the match and AG = -
8.4 kcal/mol for the mismatch®. Thus, under stringent hybridization conditions, a single
nucleotide polymorphism is readily detected by thermophoresis.
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Figure 3. DNA hybridization. (a) The hybridization of a labeled single stranded DNA (22 bases) with its
complementary strand is shown. A single nucleotide polymorphism can be easily distinguished from a perfect
match. The fitting of the datasets result in a AG = -11.4 kcal/mol for the perfect match and AG =-9.1 kcal/mol for
the single nucleotide polymorphism which is in good agreement with theoretical values. (b) Thermophoresis can
detect DNA sequences in large genomes. When a single stranded probe hybridizes to a DNA strand containing its
complementary sequence, the probe shows an increased signal, as it adapts the thermophoretical properties of
its target strand. (c) The negative control with a DNA molecule not containing the complementary primer
sequence proves the sequence specificity. If the primer cannot hybridize to the target, no change in the signal is
measurable.

However, products of a PCR reaction are double stranded and therefore a competition between
the labeled probe DNA and the strand complementary to the target has to be expected. To test if
we can measure the binding of a sSDNA probe to a DNA sequence under these conditions, we
performed an experiment similar to the procedure described before: A fluorescently labeled
sSDNA probe with a length of 24 bases was used to detect 7.5 nM of the 50,000 base pair long
bacteriophage Lambda DNA (“target”) in 500 nl of sample (3.75 femtomol). The sequence-
matching lambda-probe is provided in a varying molar excess (1.2x to 10x) as compared to the
lambda DNA (Figure 3b). When the probe binds to the lambda DNA, the measured
thermophoretic properties change as they are now dominated by the properties of the lambda-
DNA molecule. A 1.2x excess of the probe leads to a signal comparable to pure lambda-DNA
(measured in an independent experiment using an intercalating dye).

With increasing excess of primer DNA, the observed signal decreases and approaches the signal
of the unbound probe molecule since an decreasing fraction of labeled primer can hybridize to a
lambda DNA strand and dominates the thermophoretic signal. For high excess, the signal of the
pure unbound probe is reached. The experimental results at various probe concentrations are in
good agreement with the theoretical expectations (Figure 3b, dotted line) for the binding signals,
when we assume that all lambda-DNA molecules are bound to a probe.



Control experiments are shown in Figure 3c, where a Plasmid DNA without complementary
sequence was mixed with the probe DNA. Thermophoretic depletion shows no binding of the
probe molecule to the target: the probe-Plasmid mixture reproduces the value for pure probe. In
summary, microscale thermophoresis can be applied to the specific detection of a DNA sequence
in solution. Titrating the probe molecule allows to access the target concentration. Furthermore,
the technique tolerates a substantial amount of unhybridized probe molecules, allowing
analytical assays without any washing procedures. In addition to the detection of single
nucleotide polymorphisms, we expect that the method is suited to detect larger genomic
deletions.

Protein binding to 5’-biotinylated-DNA

As shown in the first experiments microscale thermophoresis is sensitive to small changes in the
molecular properties of biomolecules. Thus, it should be possible to detect the binding of low
molecular weight molecules to a protein of significantly higher molecular weight. Upon binding,
the mass or size of the labeled target will show only a minimal change.

As a test for the capability of thermophoresis to detect the binding of such molecules, we choose
the binding of small ssDNA molecules to streptavidin. Streptavdin is a tetrameric protein (MW =
53 kDa)? with four highly affine binding sites for Biotin. To these binding sites, small sSDNA
molecules were bound via a biotin tag at their 5’-end. We probed the binding using sSSDNA with
a length of 10, 40 and 80 nucleotides with molecular weight MW = 3.3 kDa, 13.2 kDa and 26.4
kDa, respectively. The experiment also allowed to discriminate the binding of multiple ligands.

When a biotinylated ssDNA strand binds to the streptavidin molecule, the change in the
thermophoretic properties lead to enhanced depletion. Titrating unlabeled ssDNA to the
fluorescently labeled streptavidin molecules leads to saturation as soon as all binding sites are
occupied (Figure 4a). Upon addition of ssDNA, thermophoretic depletion increases up to an
molar excess of 3.2 between streptavidin and biotinylated ssDNA. Due to the high affinity of the
streptavidin-biotin system, this saturation value reflects an average of 3.2 active binding sites per
molecule. This reduced number of active binding sites can be due to a reduced accessibility of
the last binding site, or loss of activity of protein preparation®'. As expected, the amplitude of the
thermophoretic concentration change increases with the length of the DNA (Figure 4b), in
agreement with the length dependent DNA thermophoresis shown in Figure 2.
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Figure 4. Streptavidin binding to 5’-biotinylated-DNA. The figure shows the binding of biotinylated DNA to
tetrameric streptavidin molecules. (a) The spatial concentration profile around the heated spot is plotted for
different concentrations of biotinylated ssDNA added to 200 nM of streptavidin. (b) Binding of biotinylated DNA
of various lengths (10, 40, 80 bases). The relative concentration in the center of the heated spot is plotted versus
the ssDNA concentration. The change in the relative concentration saturates at a concentration of 631nM, which
is at a molar excess of approximately 3.2. The thermophoretic amplitude increases with the length of the bound
DNA molecule, as expected (see Figure 2).

Interestingly, the binding of a single molecule of only 3kDa in molecular weight still leads to a
significant change in the thermophoretic signal. This is consistent with previous findings® that
not only changes in the size or mass of a molecule are relevant for thermophoresis, but also the
solvation energy and surface properties. This sensitivity on surface properties allows an analysis
of interactions, which are difficult to address with other techniques: For example, Fluorescence
Correlation Spectroscopy (FCS) needs a significant change in the diffusion constant to
discriminate differing species of molecules?? and surface-based methods rely on a measureable
change in the molecular weight to provide reliable data>. Microscale thermophoresis shows a
high sensitivity to probe the surface of molecules and is able to analyze binding events, which
only show very small changes in the molecule's size upon binding in bulk solution. In the
following, we show that microscale thermophoresis can be used as a screening tool for low
molecular weight binders to kinases and other pharmaceutical relevant proteins.

Antibody-Antigen and Kinase Small Molecule Interaction

The specific interactions between proteins play a fundamental role in cellular functions and are
also important for biotechnological applications and antibody based assays. Today, most
antibody affinities are determined by surface based methods such as Surface Plasmon
Resonance®® or Quartz Crystal Microbalances®. Both techniques require the immobilization of
either the antigen or the antibody to a solid surface, potentially raising several issues on steric
hindrance a molecule activity?.



With its sensitivity to small molecular changes, thermophoresis allows for binding studies on
protein-protein interactions directly in solution. To show the potential of thermophoresis for
protein analytics, we determined the affinity of an antibody for its antigen. Therefore, we
analyzed a recently described interaction between the green fluorescent protein (GFP) and a
small antibody fragment, the GFP-binding protein (GBP), derived from a single domain antibody
of a Lama Alpaca. It was previously shown that GBP efficiently binds its antigen (GFP) in living
cells as well as in biochemical assays such as immune-precipitation’’. GFP as an antigen is
intrinsically fluorescent, so no fluorescent label is necessary.

We titrated GFP with varying amounts of GBP. For the experiment we increased the temperature
locally by 2°C. A measurement was completed within 10 seconds and less than 500 nl of sample
was consumed for each datapoint. We analyzed the thermophoretic depletion against the
concentration of GBP and find a sharp increase followed by a saturation plateau for an excess of
GBP. Figure 5a shows the change in concentration normalized to the difference between
saturation value (i.e. >1 uM GBP) and unbound state (i.e. 0.1 nM). To determine the dissociation
coefficient Kp the complex formation is related to the absolute antibody concentration in the
sample. The dissociation coefficient is measured to Kp =5 = 4 nM.

a b
B [~ @ HEPES buffer
1.0 ® Human serum 3
2 2 0.8
> >
3 8 06
C c
o L2 04
© i3
© IS
i e 0.2
0.0
| | | |
10" 10° 10" 10* 10° 10* 10" 10° 10> 10* 10°
Concentration GFP-binding protein [nM] Concentration Quercetin [nM]

Figure 5. Antibody-Antigen and Kinase-small molecule binding. (a) A titration series with a GFP Binding Antibody
(GBP) at constant GFP concentration is performed. The fraction of GFP molecules in a bound state with a GBP is
calculated from the measured concentration change. The data are fitted by using equation (2), obtaining a
dissociation coefficient of Kp = 5 + 4 nM. (b) The binding of Quercetin (338 Da) to the cyclic AMP dependent
Kinase (PKA) was also measured with thermophoresis. The experiment was performed in buffer (KD = 130 +/- 35
nM) and 30% human serum (KD = 83 +/- 10 uM).



We directly compare the obtained Kp with affinity studies carried out on an Attana surface
sensor instrument using QCM (see Supplementary material). For this experiment, GBP was
immobilized on the QCM surface and the on- and off-rate of GFP were determined. A
dissociation constant of 0.63 nM was observed.

Next, we wanted to investigate whether the binding of a low molecular weight inhibitor can be
detected with similar sensitivity as the previously shown protein-protein interaction. For this we
have chosen a cCAMP dependent kinase (PKA, 38000 Da) as a target protein and analyzed the
binding to the low molecular weight inhibitor Quercetin (338 Da). The kinase was fluorescently
labeled and its concentration in the binding assay was kept constant. The inhibitor Quercetin was
titrated up to 50 puM in a solution containing 50 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer and 5% DMSO (Dimethyl Sulfoxid). The results shown in
figure 5b are normalized to the difference between unbound state and the saturation level. The
measurement shows that the affinity of Quercetin in HEPES buffer is 130 +/- 35 nM, which is in
good agreement with described analyses in the literature, where an affinity of Quercetin to
kinases in the nM to pM range is observed®®?, Since the binding of Quercetin does not lead to a
pronounced change of the mass or size (i.e. diffusion coefficient) of the kinase, this experiment
proves that microscale thermophoresis is especially suitable for the detection of small molecule
binding. For an analysis with FCS, the change in mass ratio should be at least eight, preferably
more than an order of magnitude, due to the approximate cube root dependence of the diffusion
coefficient on molecular mass®. It is further possible to measure the Quercetin binding in
complex biological liquids like blood serum. We performed the titration series in presence of
30% blood serum. The resulting apparent dissociation constant is determined to 83 +/- 10 uM.
This reduced apparent affinity can be explained by a reduced active concentration (i.e. free
concentration) of Quercetin due to binding to serum proteins.

Such an analysis of protein interactions in bulk solution, without any perturbing effects of a
surface immobilization is expected to provide accurate binding data and has the potential to
improve our understanding of protein function. In comparison, the analysis of low molecular
weight binders has a high potential in pharmaceutical drug screening procedure since it is fast,
robust and provides results of the efficacy in biological liquids.

Discussion

In this publication, a broad range of applications of microscale thermophoresis for protein and
DNA analytics has been demonstrated. We showed its potential for the determination of the
absolute length of short DNA, sequence detection by probe hybridization and the quantification
of biomolecule affinities. The method allows the analysis of complex binding events with only a
single fluorescence dye, while the exact position of the dye on the molecule is not important for
the analysis and the label can be added to a position that does not interfere with the binding sites.
In addition, the technique renders the immobilization to a surface unnecessary, which is
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inevitable for SPR analysis. Thus, more reliable information about the binding behavior of
biomolecules is obtained, as binding partners have unhindered access to their respective binding
sites. The robust optics, simple sample preparation and low volume consumption of less than 500
nl make this method suitable for the routine analysis of biomolecules. In contrast to fluorescence
correlation spectroscopy, another immobilization free method, thermophoresis is not reliant on
significant changes in size or diffusion coefficient, but instead is sensitive to the molecule’s
surface and can detect the binding of low molecular weight binders with high sensitivity.
Furthermore, microscale thermophoresis provides a high dynamic concentration and affinity
range in which the method is successfully applied. Even a measurement in complex biological
liquids like cell lysate, blood serum or plasma is possible.

Since an analysis takes typically less than 10 seconds, high-throughput applications are possible.
Thus, further developments will comprise applications of microscale thermophoresis in the field
of pharmaceutical drug screening.

In the future, we expect the method to find applications to measure enzyme and interaction
kinetics, as the measurements are fast and thus can provide information about the current state of
the binding process.

Methods

Fluorescence imaging and bleaching correction. The method is based on fluorescence
microscopy. For imaging, we use a Zeiss Axiotech Vario microscope with a 40x Plan Fluar oil
objective, with a numerical aperture (NA) of 1.3. The fluorescence is excited with Luxeon high
power LEDs with cyan and red illumination, fluorescence filters were from AHF-
Analysentechnik (Tulbingen, Germany) for HEX (F36-542) and Alexa Fluor 647 (F36-523).
Detection was provided with a 12-bit PCO sensicam ge camera.

Infrared laser heating. The temperature gradients used to induce a thermodiffusive motion
were created by focusing infrared laser radiation ( A = 1480nm) into a chamber containing
aqueous solution. Water strongly absorbs at this wavelength with an attenuation length of k=320
um. We used a fiber-coupled solid-state laser diode Furukawa FOL1405-RTV-317 yielding 320
mW maximum power. The IR-Laser beam couples into the path of light with a dichroic mirror
(Edmund Optics, Barrington, USA) and is focused into the fluid with the microscope objective
also used for fluorescence imaging. Typically, the temperature in the solution is raised by 2 — 8
K in the beam center with a 1/e2 diameter of 25 um. All measurements were performed at room
temperature of about 20°C.
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Microfluidic chambers. For a most simple measurement approach, we used fused silica
capillaries (Polymicro Technologies, Phoenix, USA) with an inner diameter of about 100 um and
an outer diameter of 370 um. The well-defined thickness allows a good control and repeatability
of the temperature. The volume enclosed in the capillary is about 500 nl.

Data analysis. The change in concentration was analyzed in a rectangle region around the center
of heating with a diameter of about 25 um. Hence, the measured concentration corresponds to an
average concentration in the heated spot. To correct the fluorescence signal for the temperature
dependency of the fluorescence emission, a separate fluorimeter experiment was used to obtain
the behavior of the fluorescence dye at various temperature rises®".

To provide a calibration curve for the length discrimination of DNA oligonucleotides, we fitted
the data excluding the 22-mer to a power function c/co = A*n"+C with number of nucleotides n,
amplitude A=96.242+0.4, exponent P=0.067+0.002 and offset C=-90 (Figure 2b, solid line).

For binding studies, the relative change in concentration by thermophoresis is normalized to the
saturation value where all molecules are in the bound state. The binding of ligands to a specific
receptor is characterized by the equilibrium dissociation constant (Kp) and the total
concentration of binding sites [Bo]. The determination of these two parameters can be achieved
using saturation-binding curves obtained at equilibrium. [Lo] equals the amount of added ligand
at each data point and [BL] the concentration of formed complexes between the binding sites [B]
and the ligand [L]. The fitting function was derived from the law of mass action:

[BL] = 1/2*(([Lo]+[Bal+Kop) - (([Lo]*+[Bo]+Kp)*-4*[Lo]*[Bo])") )

For an analysis of the binding behavior of DNA to streptavidin all binding sites where
considered being of equal affinity. Hence, we can use the equation (2) as the parameter [B] used
to calculate the dissociation constant is not the amount of binding molecules but the amount of
actual binding sites. The changes in Gibbs free energy AG for the DNA hybridization were
calculated from the definition of Gibbs free energy AG® = -RT(In Key).

Nucleic acid characterization. The single stranded DNA molecules were purchased from
biomers.net GmbH (Ulm, Germany). All were labeled at the 5' end with a HEX dye, a
hexachloro derivative of carboxyfluorescein with a weight of about 744Da. The experiment was
performed in 1 mM TRIS (Tris(hydroxymethyl)-aminomethan)-HCI buffer at a pH 7.8.

DNA hybridization. The signal of pure A-DNA was measured by labeling the DNA with the
intercalating fluorescent dye POPO-3 from Invitrogen (Carlsbad, California). The corresponding
DNA-probe contains a HEX at its 5’-end. The measurements were done in 1x SSC (15mM
Saline Sodium Citrate, 150 mM NaCl) buffer pH 7.8. The hybridization of probe DNA and
lambda DNA was measured after an annealing procedure (94°C for 5 minutes followed by 72°C
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for 5 minutes) and subsequent rapid cooling to 0°C on ice to minimize the displacement of
hybridized primer with the original complementary strand.

Biotin mediated DNA binding to streptavidin. The streptavidin (S32357, Invitrogen, Carlsbad,
USA) was labeled with an Alexa Fluor 647, a fluorescent dye with a molecular weight of
1300Da. The label-free, biotin-modified DNA oligos were bought from IBA BioTAGnology
(Goettingen, Germany). The binding measurements were performed in 1x PBS (Phosphate
buffered saline, 150 mM NaCl) at pH 7.8. Biotinylated DNA was titrated into a solution with
200 nM Streptavidin with up to 8-fold excess of the DNA molecules.

Protein-Protein interaction. Chromotek GmbH (Martinsried, Germany) provided the GFP and
GBP (GFP Binding Protein). GFP is a 28 kDa protein with intrinsic fluorescence. The GBP is a
small 13.7 kDa protein originally isolated from the lymphocytes of a Lama Alpaca (Lama Pacos)
immunized with purified GFP?’. The measurements were performed in PBS using 300 nM GFP
and titrating 0.1 nM to 4 uM of GBP.

Protein-Small Molecule interaction

The Crelux GmbH (Martinsried, Germany) provided the Protein Kinase A and the Quercetin.
The kinase was labeled with Alex Fluor 647 and used at a final concentration of 300 nM. The
binding was measured in 50 mM HEPES pH 7.5 containing 5% DMSO. The Quercetin was
titrated from 11.5 nM to 50 uM, close to the solubility limit of the substance. After mixing of the
protein and Quercetin, the serum was added and incubated for 1h at room temperature.
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Supplementary Material
Thermophoresis

As first observed by Carl Ludwig and later confirmed by Charles Soret, molecules respond to a
temperature inhomogeneity by changing their concentration distribution. To do so, the molecules
move along a temperature gradient with a velocity v according to v = -Dt*gradT, with
temperature gradient gradT and a thermophoretic mobility, often termed thermodiffusion
coefficient Dt. This thermophoretic mobility is an intrinsic property of the molecule, highly
dependent on its size, charge and chemical surface composition. The dependence on size of rigid
spheres and the length of flexible polymers has been systematically measured for polystyrene
beads and double stranded DNA molecules longer than 50 base pairs (bp) [6]

When an aqueous solution of molecules is heated locally, molecules with a positive
thermophoretic mobility Dt move from hot to cold or vice versa in case the thermophoretic
mobility is negative [34,35]. In steady state, the mass flow induced by thermophoresis is
balanced by ordinary diffusion with diffusion coefficient D. Thus, an extended Fick’s law for
diluted solutions describes the flow: j = - D*gradc — Dy*c*gradT. This leads to an expression for
the steady state concentration distribution, which only depends on the temperature difference but
is independent of the temperature gradient [11]:

c/cy = exp(-St*AT) with Soret coefficient St = D1/D. For simplicity, the results in this paper are
discussed in terms of relative concentration change c¢/c0, not in terms of the Soret coefficient Sr.

Imaging and IR-Laser heating

The fluorescence is excited with Luxeon high power LEDs (cyan illumination: LXHL-LE5C,
dominant wavelength: 505nm for the HEX dye and red illumination: LXHL-LD3C, dominant
wavelength: 627nm for the Alexa Fluor 647 dye). The LED were built into a standard halogen
lamp housing and driven at a current of 10-200mA by an ILX Lightwave LD-3565 constant
current source, providing low illumination noise levels. Detection was provided with a 12-bit
PCO sensicam ge camera with a pixel size of 8um x 8um, a maximum quantum efficiency of
65% and a typically applied 8x8 pixel binning. Exposure times times ranged between 100 ms and
500 ms.

The IR-Laser is mounted on an ILX Light-wave LDM-4984 laser base. Current and cooling are
controlled by an ILX Lightwave LDC-3744B. The current is modulated by a computer-
controlled analog output using a DAQPAD-6070E (National Instruments, USA) using LabView
8.2 (National Instruments, USA).

To determine the temperature distribution, we utilize the pH drift of 10mM TRIS buffer upon
temperature increase. This pH shift is imaged with a pH-sensitive fluorescent probe, in our case



the fluorescent dye BCECF. The temperature dependence of the dye was calibrated in a
temperature-controlled fluorometer (HORIBA Jobin Yvon GmbH, Unterhaching, Germany).

The measurement of relative concentration changes in microscale thermophoresis does not
sensitively depend on the precise knowledge of the chamber thickness, but only on the
knowledge of the temperature in the chamber. The temperature is checked before every set of
measurements using fluorescent imaging of the temperature (see above). To obtain a nearly
uniform temperature distribution in z-direction the infrared laser is only moderately focused by
illuminating only a fraction of the objective's back aperture. As discussed before, a thin chamber
height and a relatively small temperature rise also minimizes possible artifacts from optical
trapping, thermal lensing and thermal convection [4,9]

Data analysis

For the analysis of saturation binding curves, standard fitting formulas require that the free
ligand concentration does not significantly differ from the total added ligand concentration. To
meet this constraint, the concentration of the fluorescent binding partner (i.e. the binding partner
with constant concentration) must be rather low compared with the Kp value [32]. For the
analysis of the binding behavior of high affinity binders, a fitting equation was derived to extend
the standard Kp-Fit function [33]. The definition of the dissociation constant Kp is Kp=
[L]*[B]/[BL] where [B] is the concentration of free binding sites and [L] the concentration of
free ligands at equilibrium. As the concentrations of [L] and [B] are not accessible in our
experiments we substitute [L] = [Lo] - [BL] and [B] = [Bo] - [BL] with the total number of
binding sites [Bo] and the total amount of ligands [Lo]. This leads to a quadratic fitting function
for [BL]:

[BL] = 1/2*(([Lo]+[Bo]+Ko) - (([Lo]*+[Bo]+Kp)*-4*[Lo]*[Bo])"?) )

The normalized measurement signal corresponds to the relative concentration of bound
complexes [BL]/[Bo], which can be easily fitted with the derived equation. The equation does not
include unspecific binding which could be included using a linear unspecific binding
proportional to the total amount of ligands available [Lo].

DNA Length Measurement

The following oligos were used for the experiment: 2mer: 5’-HEX-TA, Smer: 5‘-HEX-TA GTT,
10mer: 5°-HEX- TA GTT CTA AT, 17mer: 5’-HEX-GTA GCG GCG CAT TAA GC, 22mer: 5°-
HEX-AT TGA GAT ACA CAT TAG AAC TA, 35mer: 5’-HEX-CCT GGG GGA GTA TTG CGG
AGG AAG GTT TTT TTT TT 50mer: 5‘-HEX-AT AAT CTG TAG TAC TGC AGA AAA CTT
GTG GGT TACTGT TTACTA TGG GGT.



DNA Hybridization

For the of the detection of single nucleotide polymorphisms a 22mer single stranded probe
labeled with HEX at its 5’-end was bought from Metabion International AG (Martinsried,
Germany). The corresponding complementary perfect match and mismatch DNA strands were
purchased from Biomers.net GmbH (Ulm, Germany). For the hybridization experiments,
48502bp [1-DNA was bought from Fermentas GmbH (St.Leon-Rot, Germany).

The probe sequence for the DNA hybridization experiments was 5’-HEX-AT TGA GAT ACA
CAT TAG AAC TA-3’. The sequence for the perfect match target 5’-TAG TTC TAATGT GTA
TCT CAA T-3’ and for the single mismatch target 5°-TAG TTC TAA TGT CTA TCT CAA T-
3’. The probe for sequence detection in lambda DNA was sequence 5’-HEX-GAT GAG TTC
GTG TCC GTA CAA CTG G-3’ and was bought from Metabion International AG (Martinsried,
Germany)

DNA-Protein Binding

For the binding of DNA molecules with various lengths, DNA was purchased by IBA
BioTAGnology (Goettingen, Germany). The sequence was Bio-5’-GTC TGG C TTTT-3’ for the
10mer, Bio-5>-TTTTTTTTTT CTG CAG GAA TTC GAT ATC AAG CTT ATC GAT-3’ for the
40mer and Bio-5-TTT TTG ACG TCC TTA AGC TAT GTT CGA ATAGCT ACTTTT TTT
TTT CAT CGATAAGCT TGA TAT CGAATT CCT GCAGTT TTT -3’ for the 80mer.

Protein-Protein binding

For reference affinity measurements purified GFP-binding protein (GFP-binder) was
immobilized on an Attana Carboxyl Chip by amine-coupling according to manufacturer’s
instructions. Binding kinetic of GFP to the immobilized GFP-binder were performed on an
Attana A 100 Quartz Crystal Microbalance (Attana AB, Sweden) by injection of 5 different
concentrations of GFP (0,313 pg, 0,625 pg, 1,25 ug, 2,5 pg and 5 pg, two times replicates). The
binding kinetics were evaluated with the ClampXP software (Attana AB, Sweden) which
resulted in a Kon rate of 1,42 x 105[1/Ms] and a Koff rate of 9,00 x 10-5[1/Ms]. Taken together
this measurement lead to a dissociation constant KD of 0,63 nM.
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Supplementary Figure 1. Determination of the GFP binding affinity of the GFP-binder. GFP-Binder was
immobilized on an Attana-Carboxyl Chip by amine-coupling. Binding kinetics were determined by injection of
increasing concentrations of GFP (0,313 ug, 0,625 pug, 1,25 ug, 2,5 pug and 5 pg).

Kinase Quercetin binding

The PKA was fluorescently labeled with Alexa Fluor 647 and a stock solution with 600 nM in 50
mM HEPES buffer pH 7.5 was prepared. The Quercetin was obtained from Sigma Aldrich (No.:
32782) and dissolved to 1 mM in 100% DMSQO. The stock solution was diluted to 100 pM using
aq. dest and a dilution series with steps of two or three was prepared. 15 ul of the protein stock
solution (100 mM HEPES pH 7.5) and 15 pl of the Quercetin solution were mixed, followed by
addition of 15 pl of blood serum. Serum was obtained from the researchers. The sample was
incubated for 1 hour at room temperature.
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Abstract

Background Replication is fundamental to the origin of life and evolvability, however its
implementation in an RNA world and the transition to an RNA-protein world is unclear. At
the core of these processes is transfer RNA (tRNA). We try to address how translational
tRNA evolved from a hairpin replication mechanism. Studies have suggested that the modern
cloverleaf structure of tRNA has arisen through a combination of two single hairpins. RNA,
more than DNA, has the tendency to form intramolecular hairpin structures. These metastable
hairpins can store free energy for subsequent intermolecular hybridization reactions. As
boundary conditions for the replication we consider reversible hybridization cycles triggered
by microconvective temperature oscillation and the length selective accumulation of
replication products by thermophoresis and convection.

Result We propose an exponential replication mechanism driven by a temperature
oscillation and the hybridization of hairpins. Essentially we try to implement a protein-free
ligation chain reaction (LCR) based solely on hybridization. An exponential replication
mechanism is proposed which is driven by a temperature oscillation and the hybridization of
hairpins. In a cross-catalytic chain reaction, initiated by a template, metastable RNA hairpins
form multimers and replicate a succession of template sequences. Microscale thermal
convection is a natural setting for the temperature oscillation and is found in the vicinity of
submarine hydrothermal vents. The energy to drive the replication is kinetically trapped in
metastable RNA hairpins and is released by the template catalyzed hybridization of hairpins
towards more stable multimers. The temperature oscillation prevents product inhibition and
allows an exponential replication. By combining two hairpins, a succession of templates is
replicated. The addition of amino acids may further increase the stability of the replication
products.

Conclusion The replicating double hairpins strongly resemble the cloverleaf structure of
tRNA. The template binding is located at the modern codon region and the binding of amino
acids helps stabilizing the elongated replication products. Thus the hairpin amplification
scheme suggests that tRNA evolved from a primitive replication mechanism driven by
thermal microconvection.

This article was reviewed by XX, YY and ZZ.



BACKGROUND

Arguably, one of the most mysterious molecules in biology and biochemistry is transfer
RNA (tRNA). While it is located at the strongly conserved interface between DNA and
proteins, the molecule's large structure appears unnecessarily inflated. As indicated by its
function it must be an old molecular relict of ancient evolution [1,2]. And sequence analysis
also indicates this as the family of tRNA sequences is widely conserved [3]. Why has a
molecule with such a complicated structure and considerable redundant information evolved?
Here we propose a replication scheme that uses hairpins, which strongly resemble tRNA. We
argue that the section of the RNA world which led to the evolution of tRNA, might have been
a highly robust yet simple RNA replication reaction.

What is the core process of replication? From an evolutionary context, replication merely
amounts to the transfer of information. We would argue that a minimal transfer of information
is the memorizing of the succession of two or more short sequences (Figure 1), i.e. the
controlled ligation of two oligonucleotides depending on their sequence [4]. Such economy in
replication is also found in biotechnology where the sequence detection of a Polymerase
Chain Reaction (PCR) can also be implemented by the biologically simpler Ligation Chain
Reaction (LCR). PCR and LCR are used to detect the existence of a specific sequence where
the faithful replication of a base sequence is not required [5,6]. This aspect of amplification of
information is also central to evolution where is all about detecting and amplifying suitable
sequences which have survived selection. We argue here that the simplest transfer of
information is physico-chemical by concatenating sequences together with hybridization
(Figure 1) rather than by the chemical fixation of a template sequence base-by-base.

Figure 1 The template T contains the information “A before B”. This information
is also stored in the single stranded regions of the duplex AB. The complex AB
forms from kinetically trapped hairpins.

b
pA B

Temperature oscillations are required for exponential replication and can be implemented
by microscale thermal convection [7]. For example, they can be provided by the laminar
microconvection in porous rock in the vicinity of hydrothermal vents where the synthesis of
interesting molecules are likely [8-16]. The thermal cycling of molecules by convection
periodically associates and dissociates nucleotides. For example, the template initiated
Polymerase Chain Reaction can be driven by convection [17,18]. Interestingly, similar
conditions allow for the strong accumulation of even single nucleotides with thermal
convection and thermophoresis [19], thus providing a periodically changing environment for
the emergence of information-carrying and knowledge-accumulation systems [20].




PRESENTATION OF THE HYPOTHESIS

Hairpin Structure

The hairpins A, B, a and b are composed of three segments: the toehold, stem and loop
(Figure 2a). The stem is formed by two self complementary regions within the hairpin
sequence. The hybridization energy of the loop is kinetically trapped [21] and can only be
released after the stem is opened [22,23]. The two hairpins A and B are complementary to
each other in the loop and stem segment. Upon activation of their stem, they hybridize to the
duplex AB with a comparably large and stable base-paired sequence (Figure 2b). The
spontaneous hybridization rate of A with B is very low as long as the stem is closed. So, in
spite of the duplex AB being the thermodynamically favorable equilibrium conformation, no
significant amount of duplex is accumulated over long times due to the kinetically trapped
secondary structure.

The template T catalyzes the reaction between A and B (Figure 2¢) by hybridizing to both
of the toehold regions of the hairpins. As both are kept in proximity, the local concentration
for hybridization is increased. This activation can increase the reaction rate of A with B by at
least a factor of 1000 [24].

@) hairpins ®)
trapped
loop
stem
toehold kinetically
A B A B
©) 3 (d) thermal dissociation
catalyzed strong
- binding
T " weak
A B binding

20°C - 50°C

Figure 2 RNA hairpin structures. (a) RNA molecules often form a hairpin secondary structure.
Generally, the hairpins consist of a loop, storing hybridization energy, a stem, kinetically
trapping the stored energy and a toehold. (b) The binding of hairpin A with hairpin B is
kinetically trapped since the loops can only fully hybridize if the stems are opened. (c) At 20°C
the single stranded template-strand T hybridizes to the toehold region of the hairpins, opens
the stems partially and catalyzes the formation of the triplex ABT. (d) In the triplex structure
ABT, the hairpins show a strong binding domain and a weak binding domain. The triplex is
stable at 20°C whereas at elevated temperatures the more stable duplex domain AB remains
hybridized.
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Figure 3. Exponential hairpin amplification by thermal cycling. (a) Starting point is a pool of
highly concentrated hairpins A, B, a, b. The addition of the template T catalyses the formation
of the Triplex ABT at 20°C. At 50°C the template strand T dissociates from ABT while the
duplex AB is stable due to its long common sequence. (b) The duplex AB catalyzes the
formation of the duplex ab into a quadruplex ABab. At 20°C the products ABab and ABT
form. At 50°C the triplex and quadruplex dissociate into AB, ab and T. (¢) Again at 20°C the
duplexes AB and ab catalyze the reactions of a with b and A with B, respectively. The

information of the template T is exponentially amplified into the quadruplex complexes by
temperature cycling.

Replication Reaction

Before we extend the replication scheme to a succession of sequences, we will analyze the
simplest case. We start with a pool of highly concentrated RNA sequences, A, B, a and b. The
molecules form an intramolecular metastable hairpin conformation when they are cooled
faster than the average time needed to bind to other molecules. The addition of a small
amount of the template T to this pool of sequences initiates a cross-catalytic chain reaction
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(Figure 3). At the first step of 20°C the template T catalyzes the hybridization reaction of
hairpin A with hairpin B, forming the triplex ABT. In a short heating step to 50°C, this triplex
dissociates into T and the stable duplex AB (Figure 3a).

In the next step at 20°C the hybridization reaction of the hairpins a and b is catalyzed by
the duplex AB forming the quadruplex ABab (Figure 3b). At the same time, the free template
T again catalyzes the reaction between the hairpins A and B, forming the triplex ABT. A
short heating step to 50°C allows the quadruplex ABab and the triplex ABT to dissociate into
the stable duplexes AB, ab, and the template T (Figure 3b). From this point on, the number of
quadruplexes ABab doubles after each temperature cycle under ideal conditions (Figure 3c).
The temperature cycling overcomes product inhibition, which is a problem in isothermal
replication systems [4,25,26].

TESTING THE HYPOTHESIS

Requirements

The first requirement for a replicating system is that the template molecule T, and the
products AB and ab, substantially accelerate the rate of the reaction between the hairpin
substrates A, B, a and b [27,28]. This necessitates that the hairpins are kinetically trapped by
the stem, forming an energy barrier before the hairpins can reach the duplex states, the
spontaneous hybridization reaction to directly form AB and ab is slow. With the dangling
ends of the catalyzing templates T, AB, or ab is the formation of the triplex ABT and
quadruplex ABab structures quickened. Measurements for DNA show up an acceleration of at
least 1000 [24,29].

The second requirement is the effective dissociation of the products and the template to
allow exponential replication [30,31]. We implement this by the temperature cycling of
thermal convection. For example, at 20°C the triplex ABT and quadruplex ABab structures
are the most stable structures. However at enhanced temperatures such as 50°C the separated
duplexes AB and ab are more stable than the quadruplex structure. The templates and
products are released to again catalyze the reaction at cooler temperatures, allowing for an
exponential replication.

However, the elevated temperatures reached during temperature cycling enhance the
chances of false positive reactions so that quadruplexes might be formed independently of the
catalyzing sequences of template T or, equally, the dangling ends of duplexes AB or ab. At
low temperatures this is prevented by the high catalyzing efficiency. At the higher
temperatures the rate of the template-independent reaction is enhanced. While this makes the
replication less probable, one should keep in mind that the four hairpins A, B, a, b can have
sequences stable enough to keep their secondary structure for temperatures well above 50°C
[32,33]. Of course not all sequences will be suited to such reactions. But hairpin formation is
very common for RNA sequences in comparison, for example, to DNA. The pool of
molecules that show kinetically frustrated energy-entropy storage are expected to be
appreciable even in random sequence pools.

Convection boundary conditions

A way to enhance replication is to consider a convection flow which produces asymmetric
temperature spikes, thus making the reaction time ty( at low temperatures much longer than
the reaction time tso at high temperatures [18]. Comparable to a PCR reaction the dissociation
step at elevated temperatures takes only seconds while the hybridization reactions require
several minutes.

The starting condition for the replication, the hairpin conformation, is set through fast
cooling of the RNA from temperatures where RNA is in the single stranded random coil
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conformation [34,35]. Cooling rates on the 100 millisecond scale are readily achieved by
thermal convection in a vertical pore (Figure 4). Significant to this model is that the same
geometry strongly accumulates even small molecules such as single nucleotides [19,36]. The
mechanism combines thermal convection with thermophoresis, the drift of molecules in a
temperature gradient, and is solely driven by a temperature gradient across an elongated pore.
As a result, not only are the hairpins closed by fast cooling by the microscale convection, they
are also strongly accumulated in the colder lower right corner. The enhanced concentration
significantly reduces the entropy required for forming the complexes.

Figure 4 Hairpin replication driven by thermal
microconvection. A horizontal temperature difference
20 induces thermal convection in two neighboring pores
seawater inside a hydrothermal vent. Double hairpins are formed
in the left pore by fast cooling from the hot left side to
the cooler right side at the top of the chamber.
Concurrently, the colder molecules are trapped at the
bottom by thermophoresis and convection. From there,
they diffuse into the right pore. The first complex is
formed by template assisted association of double-
hairpins (middle). This complex moves by convection
to the warm side, dissociates and is now able to
catalyze the hybridization reaction of other double-
hairpins as it is transported towards the cold. The
complementarity of double-hairpins drives a cross-
catalyzing replication reaction as the molecules are
shuttled repeatedly through different temperatures by
the convection. An exponential replication results,
similar to a convective polymerase chain reaction.

Diffusion between the flow lines on the submillimeter to millimeter scale is slow as
compared to the convective cycling. On the time scale of several hundred temperature cycles
different species can exist along neighboring flow lines with differing temperature cycling
characteristics. As a result, laminar convection can host a wide range of thermal conditions in
parallel. We expect that the pore space in the vicinity of hydrothermal vents host convection
cells in a wide variety of conditions [37-39]. Because the vents are permeable, all pores are
interconnected and thus the convection cells are coupled on slow time scales. One possibility
to combine accumulation and replication is sketched in Figure 4.

IMPLICATIONS OF THE HYPOTHESIS

Replication by double hairpins

We think that the above replication scheme gives a direct route toward understanding the
generation of codons, the replication process and the structure of tRNA. Until now we
replicated two hairpin binding sequences A and B. In Figure 5, we extend the scheme to the
temperature-induced replication sequence ABCDEF, given in red, blue, grey and orange.
Longer replication requires that two hairpins are combined into hairpin pairs at their toehold
region as shown in Figure 5b with double hairpins (BC), (DE) and their partners (bc), (de).
The template sequence is now replicated into more complex structures. On the one hand, the
replication will generate a linear increase in the amount of complex consisting of A, (BC),
(DE), F and T with capping single hairpins A and F shown in red and orange. On the other
hand, complexes of A(BC)(DE)F-a(bc)(de)f are formed exponentially upon temperature
oscillation.



(b)

A (BC) (DE) F

a (bc) (de) f

(c)

Figure 5 Double hairpin replication of sequences. (a) We aim to replicate a sequence of
sequence chunks ABCDEF by the temperature oscillation of microscale thermal convection.
(b) To do this, hairpins are joined at the toehold region into double hairpins (BC), (DE), (bc)
and (de). Upon temperature oscillation and display of template T, we expect linear growth of
ABT-structures and exponential growth of complexes of A(BC)(DE)F-a(bc)(de)f. Single
hairpins A, F, a, f in red and orange start and end the sequence but could extend the replication
if replaced by double hairpins. (c) The double hairpin shows a strong similarity to modern
tRNA, both in its structure and binding geometry. Within the scheme, the codon region is
replicated. The double hairpins can be stabilized by amino acid polymerization at the end of
the inter-hairpin binding site, showing a direct route towards translation.

The possible origin of tRNA

The structural similarity of the replicating hairpin pairs with modern tRNA is compelling
(Figure 5c¢). The codon region of tRNA could be understood as an evolutionarily shortened
replicating site [40] while the right and left hairpin of the clover leaf structure would be
remainders of the replication hairpin. Sequence analysis has indicated [41-43] that tRNA
probably evolved from two independent hairpin sequences, in accordance with our argument.

7



More recently, it has been shown that the archean Nanoarchaeum equitans can create
functional tRNA from the 3-prime and 5-prime tRNA halves, which are encoded by different
loci and trans-spliced to form the final product [44]. Similarities between nucleotides at
comparable positions within the two halves of the tRNA molecule have often been taken as
evidence that the modern cloverleaf structure arose through direct duplication of a hairpin
[45-47]. This sequence duplication could reflect the evolution from single hairpin to double
hairpin replicators.

The strong binding between hairpin pairs along the sequence is a limiting factor in the
replication of longer sequences in the proposed scheme. The high temperature step in
convection have to be increased to foster the unbinding of the template from the product.
Since modern tRNA has modified bases, one could assume that unusually locked base
bindings might have offered additional inter-hairpin stabilization, similar to LNA or similar
structures [48]. However more importantly, the binding of amino acids [49] and the possible
polymerization of amino acids between the hairpins offers a direct route to stabilize the
binding between neighboring double hairpin sequences. Such a stabilizing connection of the
proto-tRNA is exactly what is later used as translational coding of amino acids into protein.

We therefore speculate that hairpins subjected to temperature oscillations by convection
allow replication of sequences and give a direct path to the evolution of tRNA. In the past, the
structure of tRNA was discussed in terms of translation rather than replication [20,50,51,52],
however recent analysis point towards to pre-translation origins [53]. Kuhn for example
discussed the derivation of tRNA from backbone interaction of long and tight single hairpins
along the sequence [50] to motivate the introduction of codons and tRNA. In contrast we
invert the binding structure and can offer a replication origin which does not require amino
acid polymers in its early steps.

Selection pressure

With the above findings, our appraisal is that the base-by-base replication is a relatively
late development. We rather consider a pool of previously synthesized RNA molecules of
length 30-80 bases which, initially, do not need to have a highly detailed sequence because
RNA has a strong tendency to form hairpins. The idea is that the scheme can work initially
even with strongly mutated sequences. A possible mechanism to polymerize RNA would be
the sequence-unspecific surface catalysis pioneered by Ferris [54].

A rather simple selection pressure is conjectured to evolve more and more efficient
replicators. We would argue that a faster decay of single stranded molecules rather than
double stranded molecules [55,56] offers an advantage to fast replicating sequences under
oscillating temperature conditions [57]. With equal effect, thermophoretic traps are expected
to accumulate double stranded nucleotides to exponentially higher concentrations, offering
significant advantages for the trapping of complexes against ubiquitous fluid drift and
molecule diffusion into the ocean [19]. Under these conditions, survival becomes a kinetic
quest to hybridize as fast as possible after the single stranded RNA molecule is released from
synthesis or is cooled after unfolding from passing a hot convection site. The proposed hairpin
replication is an exponentially fast way to transform as many single stranded molecules with
fitting sequence as possible into double stranded molecules.

Conclusion

We started from the perceived need for protein-free replication of sequence information
using the simplest of mechanisms, namely hybridization, driven by thermal convection. The
scheme we propose is based on physical hybridization interaction alone and is a way to
motivate and generate double hairpin structures very similar to tRNA. We proposed that

8



tRNA may have evolved from sequence replication under the selection pressure of dilution or
decomposition. The reaction requires a temperature oscillation which can be provided by
microscale convection in porous mineral precipitates subjected to a temperature gradient
which is obtained in the vicinity of submarine hydrothermal springs. The scheme offers to
bridge a wide gap in molecular evolution without excessive assumptions.
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Claims
1. Method to measure thermo-optically characteristics of particles in a solution with the
steps of:

- providiné, a sample probe with marked particles in a solution;

- exciting fluorescently said marked particles and firstly detecting fluorescence
of said excited particles;

- irradiating a laser light beam into the solution to obtain a spatial temperature
distribution in the solution around the irradiated laser light beam,;

- detecting secondly a fluorescence of the particles in the solution at a
predetermined time after irradiation of the laser into the solution has been
started, and

- characterizing the particles based on said two detections.

2. The method according claim 1, wherein the predetermined time is within the range of

Ims to 250ms

3. The method according to claim 1 or 2, wherein the detection time is in the range of 1ms
to 50ms.
4, The method according to claim 1, 2 or 3, wherein the laser beam is defocused such that a

temperature gradient within the temperature distribution is in the range of from 0.0 to

2K/um, preferably from 0.0 to SK/um.

5. The method according to claim 4, wherein the laser beam is irradiated through an optical

element into the solution.

6. The method according to claim 4, wherein the optical element is a singlé lens.

7. The method according to any of the preceding claims, further comprising the step of
measuring the temperature distribution in said solution around the irradiated beam with a

temperature sensitive dye.

8. The method according to claim 7, wherein the temperature distribution is determined

based on detected. fluorescence of the temperature sensitive dye, wherein the solution
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comprising said temperature sensitive dye is heated by the irradiated laser beam and the
fluorescence spatial fluorescence intensity is measured substantially perpendicular around

the laser beam.

The method according to any of the claims 1 or 4 to 7, wherein the predetermined time is

within the range of 0.5s to 250s.

The method according to claim 9, wherein in said predetermined time concentration
change(s) within the spatial temperature distribution in the solution due to thermophoretic
effects and such (an) concentration change(s) is(are) detected by a change of the

distribution of fluorescence.

The method according to claim 9 or 10, wherein the laser beam is focused such that a
temperature gradient within the temperature distribution is achieved in the range of from

0.001 to 10K/pm.

The method according to claim 9, 10 or 11, wherein said fluorescence is detected with a

CCD camera.

The method according to claim 9, 10 or 1'1, wherein the brightness of said fluorescence is

detected with a photodiode or a single pixel with the CCD in the centre of the laser beam.

The method according to any of the preceding claims, wherein the particles are

biomolecules and/or nanoparticles and/or microbeads and/or combinations thereof.

The method according to any of the preceding claims, wherein the laser light is within the

range of from 1200nm to 2000nm.

The method according to any of the preceding claims, wherein the laser is a high power

laser within the range of from 0.1W to 10W, preferably from 4W to 6W.

The method according to any of the preceding claims, wherein the solution is an aqueous
solution with an particle concentration within the range of from 1 atto Molar to 1M,

preferably from 1 atto Molar to 100pMolar.
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The method according to any of the preceding claims, wherein the solution is a saline

solution with concentrations in the range of from 0 to 1M.

The method according to any of the preceding claims, wherein the spatial temperature

distribution is between O_. 1°C and 100°C.

The method according to claim 18, wherein said temperature gradient is created within

0.1um to 500 pm in diameter around the laser beam.

The method according to any of the preceding claims, wherein the irradiation of the laser
and the detection of the fluorescence is conducted from the same side with respect to the

sample probe.

The method according to any of the preceding claims, wherein the solution is provided

with a thickness in direction of the laser light beam from 1pm to 500pm.

The method according to any of the preceding claims, wherein the detection of the
fluorescence is detected within a range of from 1nm to 500um in direction of the laser

beam.

- The method according to any of the preceding claims, wherein the fluorescence is

detected substantially perpendicular with respect to the laser light beam with a CCD

camera.

The method according to claim 24, wherein the second fluorescence detection is spatial
measurement of the fluorescence in dependence of the temperature distribution

substantially perpendicular with respect to the laser light beam.

26. A method to thermo-optically trap particles, said method comprising the steps of

providing a sample probe with preferably marked, particles;
optionally detecting the marked particle; and
trapping the, preferably marked, particle in accordance to the thermophoretic

mobility of said particle.
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A device for measuring thermo-optically characteristics of particles in a solution
according to a method of any of claims 1 to 25 or for thermo-optically trapping particles

in a solution according to claim 26.

A device for measuring thermo-optically characteristics of particles in a solution, in
particular according to a method of any of claims 1 to 25 or for thermo-optically trapping
particles in a solution according to claim 26, the device comprises:

- areceiving means for receiving marked particles within a solution;

- means for fluorescently exciting the marked particles;

- means for detecting the excited fluorescence in said solution; and

- a laser for irradiating a laser light beam into the solution to obtain a spatial

temperature distribution in the solution around the irradiated laser light beam.

A device for measuring thermo-optically characteristics of particles in a solution or for
thermo-optically trapping particles in a solution comprising:

a receiving means for receiving particles, preferably marked particles, within the
solution;

means for exciting the particles, preferably the marked particles;

means for detecting the excitation of the particles, preferably the marked particles; and

means for obtaining a spatial temperature distribution in the solution.

The device according to claim 29, wherein the means for exciting is a means for

optically, preferably fluorescently, exciting.

The device according to claim 29 or 30, wherein the means for obtaining a spatial

temperature is means for irradiating light.

The device according to claim 27, wherein the means for fluorescently exciting the

marked particles 1s a LED.

The device according to claim 27, 28 or 32 wherein the laser is a high power laser within

the range of from 0.1W to 10W, preferably from 4W to 6W.
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The device according to any of claims 27 to 33, wherein the laser and the means for
detecting the excited fluorescence are arranged on the same side with respect to the

receiving means.

The device according to any of claims 27 to 34, wherein the device further comprises an

optic for magnifying the detected region.

The device according to any of claims 27 to 35, wherein the device further comprises an

optic for focusing or defocusing the laser beam.
The device according claim 36, wherein the optic is a single lens.

The device according to any of claims 27 to 37, wherein the detecting means is a CCD

camera.

The device according to any of claims 27 to 38, wherein the detecting means is a photo

diode.

The method of any one of the claims 1 to 25 or the device of any of claims 27 to 39,
wherein said particles to be measured is selected from the group consisting of (a)
(bio)molecule(s), (nano)particles, (micro)beads, (an) organic substance(s), (an) inorganic

substance(s) and/or combinations of these.

Use of the method of any one of claims 1 to 25 and 40 and the device of any one of

claims 27 to 39 for detecting and/or measuring the characteristics of particles in solution.

The use of claim 41, wherein said characteristic is selected from the group of stability,
length, size, conformation, charge, interaction, complex formation and chemical

modification of particles.

The use of claim 41 or 42, wherein said particle is selected from the group consisting of
(a) (bio)molecule(s), (nano)particles, (micro)beads, (an) organic substance(s), (an)

inorganic substance(s) and/or combinations of these.
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44.  The method of claim 40 or the use of claim 43, wherein said (bio)molecule is selected
from the group consisting of (a) protein(s), (a) peptide(s), (a) nucleic acid(s), (a) protein-
nucleic acid fusion molecule(s), (a)PNA(s) and (a) locked DNA(s) (LNAs).
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the irradiated laser light beam; (iii) ex-
citing fluorescently said fluorescently la-
beled biomolecules and detecting the
fluorescence at two or more detined re-
gions representing different mean tem-
peratures in said spatial temperature dis-
tribution, wherein said detection of fluo-
rescence is performed at least once at a
predetermined time after the start of the
laser irradiation; and (iv) determining
the thermo-optical properties, particular-
ly the size or size distribution, of the flu-

orescently labeled biomolecules or biomolecule complexes from the detected fluorescence intensity or fluorescence intensity dis-
tribution.
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CLAIMS

1.

A method for the thermo-optical determination of the size of fluorescently labeled
nucleic acids in a reaction solution or the size distribution of fluorescently labeled nucleic
acids in a reaction solution, comprising the steps of:

- providing a reaction solution with fluorescently labeled nucleic acids;

- irradiating a laser light beam into the solution to obtain a spatial temperature
distribution in the solution around the irradiated laser light beam;

- exciting fluorescently said fluorescently labeled nucleic acids and detecting the
fluorescence at least at one position or at around one position in the solution or
detecting the fluorescence distribution of said fluorescently excited nucleic acids,
wherein said detection of fluorescence is performed at least once at a
predetermined time after the start of the laser irradiation; and

- determining the size or size distribution of the fluorescently labeled nucleic acids

from the detected fluorescence intensity or fluorescence intensity distribution.

The method according to claim 1, wherein the fluorescence is detected at least at two

positions or at around two positions in the solution.

The method according to claim 1 wherein additionally the detection of fluorescence is

performed at least once before the start of the laser irradiation.

The method according to any one of the claims 1 to 3, wherein a second fluorescence
detection is performed during laser irradiation or after the laser irradiation has been

terminated.

The method according to any one of the claims 1 to 4, wherein said reaction solution is
selected from the group of PCR reaction solution, nucleic acid restriction reaction

solution and ligase chain reaction solution.

The method according to any one of the claims 1 to 5, wherein the fluorescently labeled

nucleic acids are selected from the group of fluorescently labeled primers, fluorescently
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labeled primer extension products, fluorescently labeled nucleic acid probes and

fluorescently labeled PCR products.

The method according to any one of the claims 1 to 6, wherein the size of the
fluorescently labeled nucleic acids is determined during or between PCR cycles or after

PCR has been terminated.

The method according to claim 7, wherein the size of the fluorescently labeled nucleic
acids is determined after or during the primer annealing phase, after or during the primer

extension phase or after or during the denaturation phase.

The method according to claim 8, wherein for laser irradiation and fluorescence detection

the reaction solution is cooled to a temperature of in the range of from about 0°C to 50°C.

The method according to any one of the claims 1 to 9, wherein the fluorescence

distribution is a spatial fluorescence intensity distribution.

The method according to claim 10, wherein a spatial concentration distribution of said
fluorescently labeled nucleic acids is determined from said spatial fluorescence intensity

distribution.

The method according to any one of the claims 1 to 11, wherein the nucleic acids are
fluorescently labeled by covalently attached dyes or are fluorescently labeled by non-

covalently bound dyes.

The method according to any one of the claims 1 to 12, wherein said PCR reaction
solution is a drop or droplet and/or is in a container selected from the group of capillary,

multi-well plate, chamber, microfluidic chip and glass capillary chip.

The method according to claim 13, wherein the drop or droplet has a volume of from 1pl

to 10pl.
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The method according to any one of the claims 1 to 14, wherein said predetermined time

after irradiation is from 5 s to 40 s.

The method according to any one of the claims 1 to 15, wherein the laser beam is focused
such that a temperature gradient within the temperature distribution is achieved in the
range of from 0.001 to 10K/pm.

The method according to any one of the claims 1 to 16, wherein said fluorescence is

detected with a detector with spatial resolution or a detector without spatial resolution.

The method according to any one of the claims 1 to 16, wherein said fluorescence is
detected with a detector with spatial resolution or with at least two detectors without

spatial resolution.

The method according to claims 17 and 18, wherein said detector with spatial resolution
is selected from the group of CCD camera, CMOS camera or line camera and said
detector without spatial resolution is selected from the group of avalanche photodiode,

photomultiplier tube and photodiode.

The method according to any of the claims 1 to 19, wherein the laser light is within the

range of from 1200nm to 2000nm.

. The method according to any one of the claims 1 to 20, wherein the laser is a high power

laser within the range of from 0.1W to 10W, preferably from 4W to 6W.

The method according to any one of the claims 1 to 21, wherein the method is performed

within a temperature range of from about 4°C to 100°C.

23. A device for thermo-optical determination of the size of fluorescently labeled nucleic

acids in a reaction solution according to a method of any of claims 1 to 22.



15

20

25

WO 2009/098079 PCT/EP2009/000847

24.

25.

26.

27.

28.

149

A device for thermo-optical determination of the size or size distribution of fluorescently

labeled nucleic acids in a reaction solution, in particular according to a method of any of

claims 1 to 22, comprising:

- a receiving means for receiving a reaction solution with fluorescently labeled
nucleic acids;

- a laser for irradiating a laser light beam into the solution to obtain a spatial
temperature distribution in the solution around the irradiated laser light beam,

- means for fluorescently exciting the labeled nucleic acids; and

- means for detecting fluorescence and/or fluorescence distribution of the
fluorescently excited nucleic acids; and wherein

the device is adapted to perform at least two fluorescence detections at at least two

predetermined points of time.

The device according to claims 23 or 24, further comprising a determination unit for
determining the change in size of said nucleic acids based on the at least two fluorescence

and/or fluorescence distribution detections.

The device according to any one of the claims 23 to 25, wherein the device is further
adapted to fluorescently excite the fluorescently labeled nucleic acids and to detect a
fluorescence and/or a fluorescence distribution of said fluorescently excited nucleic acids
at least once before start of the laser irradiation and/or at least once at a predetermined
point of time after start of the laser irradiation, preferably when the laser is still

irradiating.

The device according to any one of claims 23 to 26, wherein the device is further adapted
to fluorescently excite the fluorescently labeled nucleic acids and to detect a fluorescence
and/or a fluorescence distribution of said fluorescently excited nucleic acids continuously

or intermittendly at one or more predetermined or predeterminable points of time.

The device according to any one of claims 23 to 27, wherein the reaction solution is
selected from the group or PCR reaction solution, nucleic acid restriction reaction

solution and ligase chain reaction solution.
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29. The device according to any one of claims 23 to 28, further comprising a temperature
control element for heating and/or cooling the reaction solution to a desired, preferably
constant, temperature and/or for performing a reaction such as a PCR reaction, preferably
within a range of about 4°C to 100°C.

30. The device according to any one of claims 23 to 29, wherein the receiving means is
adapted for receiving or is a container, a chamber, a capillary, a multi-well plate, a
microfluidic chip, a glass capillary chip and/or or a means adapted for receiving a drop, a

droplet, or a sealed droplet.

31. The device according to claim 30, wherein the receiving means is adapted to receive a

drop or droplet having a volume of from about 0.001pl to 10pl.

32. The device according to any one of claims 23 to 31, wherein the device is adapted to
cycle the whole PCR reaction solution through different temperatures needed to amplify
DNA.

33. The device according to claim to 32, wherein the device is adapted to measure thermo-

optical properties in each cycle of a PCR reaction.

34. The device according to any one of claims 23 to 33, wherein the means for fluorescently
exciting the labeled nucleic acids is a Laser, Fibre Laser, Diode-Laser, LED, HXP,
Halogen, LED-Array and/or HBO.

35. The device according to any one of claims 23 to 34, wherein the laser is a high power

laser within the range of from 0.1W to 10W, preferably from 4W to 6W.

36. The device according to any one of claims 23 to 35, wherein the laser beam is focused
such that a temperature gradient within the temperature distribution is achieved in the

range of from 0.001 to 10K/pm.



15

20

25

30

WO 2009/098079 PCT/EP2009/000847

37.

38.

39.

40.

4].

42,

43.

44,

45.

151

The device according to any one of claims 23 to 36, wherein the laser light is within the

range of from 1200nm to 2000nm.

The device according to any one of claims 23 to 37, wherein the laser and the means for
detecting the excited fluorescence are arranged on the same side with respect to the

receiving means.

The device according to any of claims 23 to 38, wherein the device further comprises an

optic for magnifying the detected region.

The device according to any of claims 23 to 39, wherein the device further comprises an

optic for focusing or defocusing the laser beam.
The device according to claim 40, wherein the optic is a single lens.

The device according to any of claims 23 to 41, wherein the detecting means comprises a
detector with spatial resolution such as a CCD camera, a CMOS camera , and/or a line
camera and/or a detector without spatial resolution such as an avalanche photodiode, a

photomultiplier tube and/or a photodiode.

The device according to any of claims 23 to 42, wherein the means for detecting
fluorescence and/or fluorescence distribution of the fluorescently excited nucleic acids is
adapted to detect the fluorescence at least at two positions or at around two positions in

the solution.

The device according to any of claims 23 to 43, wherein the means for detecting
fluorescence and/or fluorescence distribution of the fluorescently excited nucleic acids
comprises a detector with spatial resolution or at least two detectors without spatial

resolution for detecting said fluorescence.

Use of the method according to any one of the claims 1 to 22 or use of the device

according to any one of the claims 23 to 44 for the detection and/or quantification of
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fluorescently labeled nucleic acids in real-time PCR; quantitive real-time PCR, nested
PCR, reverse transcription PCR or in multiplex PCR or for the determination of the size
of fluorescently labeled nucleic acids in real-time PCR; quantitive real-time PCR, nested

PCR, reverse transcription PCR or in multiplex PCR.

46. Use according to claim 45 for detecting and/or monitoring nucleic acid elongation in

PCR.

47.Use according to claim 45 for simultaneously detecting, quantifying and/or identifying

two or more fluorescently labeled nucleic acids of different size.



METHOD AND DEVICE FOR PARTICLE ANALYSIS USING THERMOPHORESIS

The present invention relates to a method, device and its use for thermo-optical
characterisation of particles. In particular, the present invention relates to a method and an
apparatus for measuring the surface properties of small particles (e.g., submicron to pm scale)
with thermophoresis. The present invention also relates to a method and apparatus for
analyzing the physical and chemical properties of small particles and/or changes in these
properties. More particularly, the invention uses thermophoresis in a created spatial
temperature gradient combined with optical detection. Moreover, the present invention relates
to a method and a device to measure characteristics, preferably size and surface properties, of
molecules, like biomolecules, the interaction of molecules, particularly biomolecules with,
e.g. further (bio)molecules, particularly modified biomolecules, particles, e.g.
nanoparticles/ions or microparticles, beads, e.g. microbeads and/or the determination of the
length/size (e.g. hydrodynamic radius) of individual molecules, particularly of biomolecules,
of particles (e.g. nanoparticles, microparticles), or of beads (e.g. microbeads) as well as the
determination of e.g. length or size (e.g. hydrodynamic radius) of (bio)molecules or particles.
Also combinations these characteristics may be determined with the means, uses and methods
of this invention. It is of note that the present invention is, however, not limited to the
measurement/characterization of biomolecules. Therefore, also the characteristics of other
compounds/particles can be measured and determined by the means and methods disclosed
herein, for example kinetic events and interactions of molecules may be determined and/or
measured. Accordingly, also chemical reactions (like inorganic or organic reactions) may be
measured by the methods and under use of the devices of the present invention. It is also
envisaged to determine complex formations and/or their dissociation. The method of the
present invention applies to polar (e.g. water, ethanol, acetonitril-), non-polar (organic)

solvents (e.g. hexane, toluene), emulsions (e.g. milk), foams and the like.

SUMMARY OF THE INVENTION

The present invention allows using all the advantages of a thermophoretic measurement
of particles, particles’ properties and/or changes in particle properties and circumvents the
disadvantages such as the high costs of the setup known from the art and limitations on the
liquids which can be heated.

The method of the present invention particularly allows thermo-optical measurements of
parameters/characteristics such as size and surface properties , charge, conformation of a

molecule, shape of a molecule, chemical groups on the surface, inter/intramolecular



interactions, conformation of molecule, small molecule/ion binding to molecules and
interaction between biomolecules or biomolecules and particles/nanocrystals/microbeads with
a simple, efficient, robust and reliable method/apparatus. In particular, the present invention
allows an automated measurement with an improved through-put within improved time spans.

Also the present invention circumvents the need that laser radiation has to be absorbed
by the solvent, an obstacle limiting the use of IR heating lasers to aqueous solutions. The
present invention may be used with different polar and non-polar solvents, preferably a great
variety of matter in the liquid phase may be used, e.g. molten materials (e.g. polymer melts)
or Liquid Crystals (e.g. in the nematic phase). Also mixtures of all mentioned and other
liquids and solvents may be used with the present invention.

In the context of this invention, in particular the claims, it is noted that the terms
“particle” or “particles” also relate to beads and/or microparticles, particularly microbeads,
nanoparticles or molecules, particularly biomolecules, e.g. nucleic acids (such as DNA, RNA,
LNA, PNA), proteins and other biopolymers as well as biological cells (e.g. bacterial or
eukaryotic cells) or sub-cellular fragments, viral particles or viruses and cellular organelles
and the like or inorganic compounds. In the context of the present invention, a nanoparticle is
a microscopic particle with at least one dimension less than 100 nm and a
microparticle/microbead is a microscopic particle/bead which has a characteristic dimension
of less than 1 mm but normally more than 100 nm. The term “modified particle” or “modified
bead” relates in particular to beads or particles which comprise or are linked to molecules,
preferably biomolecules. This also comprises coating of such beads or particles with these
molecules or biomolecules.

Although the particles mentioned above are mainly biomolecules the invention is not
limited to an application of biomolecules but allows also measuring.

The present invention provides means and methods for the thermo-optical
measurements and/or thermo-optical characterization of particles or molecules, in particular
biomolecules, by the measurements and/or the detection of differences in the thermo-optical
properties. Their thermo-optical properties mainly originate from differences in
thermophoretic mobility DT (e.g. the velocity of particles/molecules in a temperature
gradient). In particular, the detected signal is dependent on the thermophoretic mobility

c/co =exp[~(Dr/D)NT -Ty)] , with the diffusion coefficient D, concentration ¢ and

temperature T. A DT independent of the polymer length as expected from Duhr (2004; loc.
cit.) and others (e.g. Chan et al., Journal of Solution Chemistry 32, 3 (2003); Schimpf et al.,
Macromolecules 20, 1561-1563 (1987)) would render the analytics of biopolymers like DNA



and proteins almost impossible since only changes in the diffusion constant would contribute
to the thermo-optical properties, which are minute in most cases.

Thermo-optical characterization in accordance with this invention is based on the
creation of temperature gradients at small length scales in a solution. The solution may be an
aqueous solution but also a solution where the solvent is non-aqueous, for example non-polar
(e.g. hexane). By doing so, the energetic states of the molecules in the solution are changed
depending on the temperature and the properties of the molecule, i.e. the molecules
experience a spatial potential originating from the spatial differences in temperature. This
potential drives a directed motion of molecules along the temperature gradient, an effect
called thermophoresis.

In other words, in this temperature profile particles move due to thermophoresis and
establish a concentration profile. After a given time, depending on, i.a., the chamber
dimensions and the particle’s diffusion coefficient, the steady-state distribution is reached.
The diffusion time is hereby very sensitive to the chambers dimension as it contributes
quadratically while the diffusion coefficient contributes only linearly. When the temperature
control system is switched off, the concentration gradient equilibrates and the particles diffuse
back. The complete dynamics are preferably observed using microscopy techniques e.g.
fluorescence microscopy.

With the present invention, thermophoresis is observed at times in a range from about
0.01 seconds to 30 minutes, preferably 0.01 seconds to 10 minutes, preferably 1 second to 5
minutes, preferably 60 second to 5 minutes

Thermophoresis is a method which is sensible to surface properties of molecules in a
solution. It is not necessary to expose molecules to a different matrix (like in chromatography)
or to interact with the molecules physically in any way (e.g. by direct contact or by adding
substances). Only interactions within a temperature gradient are necessary. Heating and/or
cooling elements are used for manipulation of matter by creating spatial temperature
distribution and fluorescence is preferred to detect molecules.

The gist of thermo-optical or thermophoretic characterization based on thermophoresis
as provided herein is that differences in thermophoretic mobility (i.e. the velocity of
molecules in a temperature gradient) and hydrodynamic radius can be detected by analyzing
the spatial distribution of concentration (i.e. by the spatial distribution of e.g. fluorescence) or
the fluctuations of single particles trapped in the spatial temperature profile. This embodiment
is of particular relevance for the herein described thermo-optical trap for trapping particles,

molecules, beads, cellular components, vesicles, liposomes, cells and the like. While the



hydrodynamic radius is only related to the radius of a molecule, the thermophoretic mobility
is sensitive to charge, surface properties (e.g. chemical groups on the surface), shape of a
molecule (i.e. size of surface), conformation of a protein or interaction between biomolecules
or biomolecules and particles/nanocrystals/microbeads. This means that if any of the
mentioned properties are changed, the molecules will experience a different thermodynamical
potential, resulting in differences in thermophoretic mobility (i.e. change in spatial
concentration profile or fluctuation amplitude of trapped particles).

Thus, the present invention relates to thermally induced processes, e.g. temperature
gradient induced directed motion of particles.

The approach according to the present invention differs from most state of the art
analysis devices and methods where the generation of heat is an unwanted by-product. For
dielectrophoresis the experimental results are corrected for temperature effects and it is tried
to keep temperature effects negligible. (Ref: Ac electrokinetics: a review of forces in
microelectrode structures A. Ramos et al 1998 J. Phys. D: Appl. Phys. 31 2338-2353). For the
widespread analysis method of electrophoresis Joule heating is titled to “plague electro-driven
separations” and leads to separation inefficiencies. (Ref: Joule heating and determination of
temperature in capillary electrophoresis and capillary electrochromatography columns,
Anurag S. Rathore, Journal of Chromatography A, Volume 1037, Issues 1-2, 28 May 2004,
Pages 431-443).

Moreover the spatial localization of the temperature distribution is an unwanted effect
for state of the art micro-heating elements. For example micro-hotplates for gas analysis
devices use heat distribution plates to obtain a uniform temperature over the whole area. The
methods presented in this invention allow taking advantage of the temperature
inhomogeneities and using it for the characterisation of particles.

The thermo-optical characterization mentioned above provides the means for fast
thermo-optical analysis of particles and/or molecules, in particular for the thermo-optical
characterisation of biomolecules, like nucleic acid molecules (e.g. DNA, RNA, PNA) or
proteins and peptideanalysis. This characterisation comprises, inter alia, size determination,
length determination, determination of biophysical characteristics, like melting points or
melting curves, complex formations, protein-protein interactions, protein or peptide
folding/unfolding, of intra-molecular interactions, intermolecular interactions, the
determination of interactions between particles or molecules, and the like. Prior art methods
for detection and quantification of molecular interactions and characteristics, in particular

biomolecular interactions and characteristics are very time consuming which means that the



time needed for an analysis is on in the order of 30 minutes up to hours. In accordance with
the present invention, the method and device allow advantageous parallelization so that the
overall measurement times can be significantly reduced. Depending on the actual
embodiment, one measurement may typically take less than 600s, less than 300s, less than
200s, less than 100s or even less than 50s, which is clearly faster than the methods described
in the prior art. The present invention can detect and quantify molecular interactions and
characterisations, in particular biomolecular interactions and/or biochemical/biophysical
properties within 1 second up to 10 minutes. The term interaction comprises interaction
between biomolecules (e.g. protein, DNA, RNA, hyaluronic acids etc.) but also between
(modified) (nano)particles/ions/(micro micro)beads and biomolecules. In this context,
modified particles, molecules, biomolecules, nanoparticles, microparticles, beads or
microbeads comprise fluorescently labelled particles, molecules, biomolecules, nanoparticles,
microparticles, beads or microbeads. Fluorescently labelled particles, molecules,
biomolecules, nanoparticles, microparticles, beads or microbeads may be e.g. particles,
molecules, biomolecules, nanoparticles, microparticles, beads or microbeads, to which one or
more fluorescent dyes have been attached, e.g. covalently attached. For example, the
fluorescent dyes may be selected from the group of 6-carboxy-2'4,4'5"7,7'"-
hexachlorofluorescein (6-HEX SE; C20091, Invitrogen), 6-JOE SE or 6-TET SE. In other
cases, the intrinsic fluorescence of e.g. particles, molecules, biomolecules may be exploited
according to the invention, e.g. the fluorescence properties of tryptophan, tyrosine or
phenylalanine in a protein may be exploited. The terms “marked” and “labelled” are used
synonymously in the context of this invention. In the context of this invention, “marked
particles” particularly refer to luminescently, e.g., fluorescently labelled molecules/particles
or other molecules/particles which can be detected by fluorescence means, e.g.
molecules/particles comprising an intrinsic fluorophor, molecules/particles comprising
intercalating dyes or particles/molecules with fluorophores attached.

In short summary, the device and method according to the present invention make use
of thermophoretic driven forces in order to separate, deplete and/or accumulate particles of
interest in a solution. Since thermophoretic forces are based on a spatial temperature gradient,
the present invention uses a temperature control system for generating or creating a sufficient
temperature gradient. In particular, a temperature control system according to the present
invention comprises one or a plurality of heating and/or cooling elements. In the following a
non-limiting list of heating and/or cooling elements/devices, which may be used in order to

create the desired temperature gradient, will be discussed in more detail. Desired temperature



gradients lie within the range from about 0.001 K/um to 20K/um, preferably from 0.001K/pum
to 5K/um, more preferably from 0.01K/um to 1K/um and more preferably is about
0.05K/pum.



Claims

1. Method to measure thermo-optical, preferably thermophoretic, characteristics of
particles in a solution comprising the steps of:

(a) providing a sample probe comprising marked particles in a solution;

(b) providing a temperature control system for creating a temperature
gradient within said sample probe by contact heating, electrical heating
and/or cooling;

(©) detecting the marked particles at a first time;

(d) creating a temperature gradient within the sample probe by means of
the temperature control system;

(e) detecting the marked particles in the sample probe at a, preferably
predetermined, second time and/or at a predetermined location within
the temperature gradient, and

) characterizing the particles based on said two detections.

2. Method according to claim 1, wherein the method comprises the step of performing a

third detection at a, preferably predetermined, third time.

3. Method according to claim 1, 2, wherein the second time and/or third time is while

and/or after heating, particularly in order to measure back diffusion

4, Method according to claim 1, 2 or 3, wherein the first, second and/or third times are
predetermined times, preferably depending on absolute time, the completion or

conduction of further method steps, and/or relative time between the two times.

5. Method according to any one of the preceding claims, further comprising the step of
exciting luminescence, preferably fluorescence, of said marked particles wherein the
detection steps comprise detecting luminescence, preferably fluorescence, of said

excited particles.

6. Method according to any one of the preceding claims, wherein the temperature control
system controls the temperature by using one or more of a wire, a Peltier element, a

plate, a conductive path, means for creating a high frequency electric field in the



10.

11.

12.

13.

sample probe, an indium-tin-oxide (ITO) element and/or means with a radiation

absorbing surface.

Method according to any one of the preceding claims, wherein detection is performed
by use of one or more of epifluorescence (EPI) microscope, Total internal reflection
fluorescence (TIRF) microscope, confocal microscope, CCD, APD, PMT, and/or a

microscope.

Method according to any one of the preceding claims, wherein the temperature
gradient lies in the range from about 0 K/um to 20K/um, preferably from 0.001K/um
to SK/um, more preferably from 0.01K/pum to 1K/um and more preferably is about
0.05K/pum.

Method according to any one of the preceding claims, wherein the temperature
increase in the sample probe lies in the range from about 0°C to 100°C, preferably

from 2°C to 50°C and more preferably from 5°C to 20°C.

Method according to any one of the preceding claims, wherein the sample probe
volume lies in the range from about 1pl to 100ul, preferably from 0.1 pl to 30 pl and
also preferably from 0.5 pl to 5 pl

Method according to any one of the preceding claims, wherein the time span between
the first time and the second time lies in the range from about 1us to 60min, preferably

about 0.01 sec to 20 min, preferably about 1 sec to 10 min preferably 60sec to 5 min.

Method according to any one of the preceding claims, wherein the predetermined
location within the temperature gradient is at the surface, the bottom, the side of the
measurement chamber or the sample probe and/or at a predetermined distance from
heating means or at a place of specific temperature, preferably close to the heating

means or near a surface in a region of high temperature gradients.

Method according to any one of the preceding claims, wherein a plurality of sample

probes are measured subsequently and/or in parallel.



14.

15.

16.

17.

18.

A device for measuring thermo-optical, preferably thermophoretic, characteristics of
particles in a solution, in particular according to a method of any one of claims 1 to 14,
the device comprises:
- a measurement chamber for receiving a sample probe containing
marked particles in a solution;
- means for detecting the marked particles in the sample probe;
- a temperature control system for creating a temperature gradient within
said sample probe by contact heating and/or cooling, and
- a control means adapted for controlling said detection means to detect
fluorescence of said excited particles at a first time and for controlling
said detection means and temperature control system to detect
fluorescence of the marked particles in the sample probe at a second
time and/or at a predetermined location within a temperature gradient

created by the temperature control system.

Device according to claim 14, wherein the control means is adapted to control the first
and/or second times to be predetermined times, preferably depending on absolute time,
the completion or conduction of further method steps and/or relative time between the

two times.

Device according to claim 14 or 15, wherein further comprising means for exciting
luminescence, preferably fluorescence, of said marked particles wherein the detection
means is adapted to detect luminescence, preferably fluorescence, of said excited

particles.

Device according to claim 14, 15 or 16, wherein the temperature control system
comprises one or more of each or more of the following heating and/or cooling means:
a wire, a Peltier element, a plate, a conductive path, means for creating a high
frequency electric field, an indium-tin-oxide (ITO) element and/or means with a

radiation absorbing surface for controlling the temperature.

Device according to any one of claims 14 to 17, wherein detection means comprises
one or more of epifluorescence (EPI) microscope, total internal reflection fluorescence

(TIRF) microscope, confocal microscope, CCD, APD, PMT, and/or a microscope.



19.

20.

21.

22.

23.

24.

25.

26.

Device according to any one of claims 14 to 18, wherein the device comprises means

for characterizing the particles based on said two detections.

Device according to any one of claims 14 to 19, wherein the temperature control
system is adapted to create a temperature gradient lying in the range from about OK to
20K, preferably from 0.001K/um to 5K/pum, more preferably from 0.01K to 1K/um
and more preferably is about 0.05K.

Device according to any one of claims 14 to 20, wherein the temperature control
system is adapted to create a temperature rise in the sample probe lying in the range
from about 0°C to 100°C, preferably from 2°C to 50°C and more preferably from 5°C
to 20°C.

Device according to any one of claims 14 to 21, wherein the device is adapted to
receive a sample probe having a volume lying in the range from about 1pl to 100ul,

preferably from 0.1 pl to 30 pl and also preferably from 0.5 pl to 5 pl.

Device according to any one of claims 14 to 22, wherein control means is adapted to
control the time span between the first time and the second time to lie in the range
from about 1us to 60min, preferably about 0.01 sec to 20min, preferably about 1 sec to

10 min, preferably 60sec to 5 min.

Device according to any one of claims 14 to 23, wherein the detection means is
adapted to conduct the detection at the surface, the bottom, the side of the
measurement chamber or the sample probe and/or at a predetermined distance from
heating means or at a place of specific temperature, preferably close to the heating

means or near a surface in a region of high temperature gradients.

Device according to any one of claims 14 to 24, adapted to measure a plurality of

sample probes subsequently and/or in parallel.

Device according to any one of claims 14 to 25, wherein the device comprises

substrate containing a measurement chamber for receiving the sample probe.



27.

28.

29.

30.

31.

32.

33.

34.

35.

Device according to any one of claims 14 to 26, wherein the measurement chamber

and/or the sample probe is covered by a cover lid.

Device according to claim 27, wherein the cover lid comprises one or more filling

holes and/or pin holes.

Device according to any one of claims 14 to 27, wherein the measurement chamber is

defined as a recess in the substrate.

Device according to any one of claims 14 to 29, comprising filling holes for filling the

measurement chamber.

Device according to any one of claims 14 to 30, wherein one or more of the heating
and/or cooling means of the temperature control system extend into and/or through the

measurement chamber and/or the sample probe.

Device according to any one of claims 14 to 31, wherein one or more of the heating
and/or cooling means of the temperature control system contacts the measurement

chamber and/or the sample probe.

Device according to any one of claims 14 to 32, wherein one or more of the heating
and/or cooling means are electrically isolated vis-a-vis the measurement chamber
and/or the sample probe, preferably by an electrical isolation coating and/or an

electrical isolation layer.

Device according to any one of claims 14 to 33, wherein the measurement chamber
and/or the sample probe is covered by a cover lid and wherein the cover lid is a

heating and/or cooling element, preferably an ITO element.

Device according to any one of claims 14 to 34, wherein the measurement chamber is
defined by a structured surface and/or the sample probe is a positioned on a surface as
a droplet, and where the heating and/or cooling element is defined by/on/in the

substrate on which the droplet is placed.



36.

37.

38.

39.

40

41

Device according to any one of claims 14 to 35, or method according to any one of
claims 1 to 13, wherein the temperature of the measurement chamber and/or the
sample probe can be / is controlled in a way that biochemical reactions such as PCR

can be carried out.

Method to measure thermo-optical, particularly thermophoretic, characteristics of

particles in a solution by using a device according to any one of claims 14 to 36.

Use of any of the methods according to claim 1 to 13 or 36 or any of the devices
according to claim 14 to 36 for the characterization of thermo-optical, particularly

thermophoretic properties of particles in solution.

Use of any of the methods according to claim 1 to 13 or 36 or any of the devices
according to claim 14 to 36 for the determination of surface properties of particles in

solution.

Use of any of the methods according to claim 1 to 13 or 36 or any of the devices
according to claim 14 to 36 for the separation of particles in solution according to the

thermophoretic properties of said particles.

Use of any of the methods according to claim 1 to 13 or 36 or any of the devices
according to claim 14 to 36 for the characterization of interactions of biomolecules in

solution.
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