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1 Abbreviations and symbols

Abbreviations

Ca*’ calcium

CaM calmodulin

CFP cyan fluorescent protein

CNG cyclic nucleotide-gated channel

CNGBI cyclic nucleotide-gated channel subunit B1
EGF epidermal growth factor

EGFR epidermal growth factor receptor

Em emission

ES endolysosomal system

Ex excitation

FRET Forster resonance energy transfer

GFP green fluorescent protein

HEK human embryonic kidney

Kv7.2 voltage-gated potassium channel 7.2
L-opsin long wavelength opsin

LDL low density lipoprotein

mTOR mechanistic target of rapamycin

mTORC1 mechanistic target of rapamycin complex 1
NAADP nicotinic acid adenine dinucleotide phosphate
NAFLD non alcoholic fatty liver disease

nm nano meter

OS outer segment

PDGFR B platelet-derived growth factor receptor 3
PIP, phosphatidylinositol 4,5-bisphosphate
PI(3,5)P, phosphatidylinositol 3,5-bisphosphate
rAAV recombinant adeno-associated virus

SE sensitized emission

S-opsin short wavelength opsin

SNARE soluble N-ethylmaleimide-sensitive factor attachment receptor

Stx syntaxin

I
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TEM
™
TPC
TRP
TRPML
YFP

Symbols
crp(4306)
eyrp(436)
Ay

Afree
CFPgst

transmission electron microscopy
transmembrane domain

two-pore channel

transient receptor potential
mucolipin family of TRP channels

yellow fluorescent protein

molar extinction coefficient of CFP at 436 nm
molar extinction coefficient of YFP at 436 nm
fraction of acceptor molecules bound by donor
fraction of unbound acceptor molecules

estimated number of CFP molecules

CFPrrer (436, 535, direct)  fluorescence signal from a CFP molecule acquired through the

Dy,
Dfree
E

Ea
Ep
Emax
Fc

G

K4 Err

Ma

Mp

Rai

Rp;

Scrp (D, 436, 480)

Scrp (DA, 436, 430)

FRET cube

fraction of donor molecules bound by acceptor

fraction of unbound donor molecules

true or efficient FRET efficiency

apparent FRET efficiency as determined by SE-FRET

apparent FRET efficiency as determined by E-FRET

maximal FRET efficiency

measure of sensitized emission

calibration constant; ratio between sensitized emission and
donor dequenching

dissociation constant

proportionality constant relating to the acceptor pathway
proportionality constant relating to the donor pathway

constant relating to the spectral properties of YFP

constant relating to the spectral properties of CFP

fluorescence measurement from a donor-only sample acquired
through the CFP cube

fluorescence measurement from a sample expressing both

donor and acceptor acquired through the CFP cube
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Srrer (A, 436, 535)

Serer (D, 436, 535)

Srrer (DA, 436, 535)

Syer (A, 500, 535)

Syrp (DA, 500, 535)

YFPgst
YFPFRET (436, 535, direct)

fluorescence measurement from an acceptor-only sample
acquired through the FRET cube

fluorescence measurement from a donor-only sample acquired
through the FRET cube

fluorescence measurement from a sample expressing both
donor and acceptor acquired through the FRET cube
fluorescence measurement from an acceptor-only sample
acquired through the YFP cube

fluorescence measurement from a sample expressing both
donor and acceptor acquired through the YFP cube

estimated number of YFP molecules

fluorescence signal from a YFP molecule acquired through the

FRET cube
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3 Summary

The ability of proteins to specifically interact with each other is a key feature in the
regulation of biological processes. Knowledge about interaction partners and
characterization of protein-protein interactions contribute to the understanding of proper
protein function and cell physiology. In particular, Forster resonance energy transfer
(FRET) is a suitable method to analyze interactions between proteins in living cells.

In my PhD thesis, I established a quantitative FRET approach that aims to evaluate binding
curves for interaction partners. Moreover, I applied the quantitative FRET approach to study
biological questions, including the investigation of putative interaction partners of the
endolysosomal ion channel two-pore channel 2 (TPC2), the Kv7.2 potassium channel and
the photoreceptor-specific transmembrane protein peripherin 2.

Diverse FRET approaches exist to date. However, while most protocols report the FRET
efficiency to conclude whether or not two partners may interact with each other, the
application described in manuscript I computes calibrated FRET efficiencies from
fluorescent measurements using three-filter cubes and correlates the FRET efficiencies to
the concentration of donor and acceptor molecules to determine binding curves, which bear
information about maximal FRET efficiencies and relative binding constants for individual
FRET pairings. Calibration factors that represent the optical properties of the imaging setup
and the fluorophores are crucial for quantitative measurements. A detailed description how
to assess these factors is provided. The quantitative FRET approach is very robust as both
donor-centric (E-FRET) and acceptor-centric (SE-FRET) efficiencies are obtained
simultaneously from multiple cells.

The method was further applied to investigate protein-protein interactions of membrane
proteins.

First of all, in manuscript II, an epilepsy-causing mutation in the Kv7.2 potassium channel
was shown to be implicated in a reduced calmodulin binding affinity to the channel, which
affects channel regulation.

A second study identified SNARE proteins, such as syntaxin 7 and syntaxin 6, as novel
interaction partners of the intracellular ion channel TPC2 (manuscript III), revealing TPC2
as a putative member of the late endosome-lysosome fusion machinery. In manuscript IV,
the impact of polymorphic variants of TPC2 on channel dimerization and mTOR binding

was investigated.
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Furthermore, in a study covered by manuscripts V and VI, rhodopsin as well as S- and
M-opsins were identified as novel interaction partners of the retinal protein peripherin 2 in
rods and cones, respectively. The binding domain underlying the interaction between
peripherin 2 and rhodopsin, could be assigned to the fourth transmembrane domain of
peripherin 2. Moreover, it could be demonstrated that disease-associated mutations in
peripherin 2 attenuated this particular binding, suggesting differential pathophysiological
consequences of disrupted interactions in rods and cones. In manuscript VIII, peripherin 2
and its homolog Rom-1 were shown to have opposing effects on rod outer segment targeting
of disease-linked peripherin 2 mutants by evaluating their binding affinities. Peripherin 2 is
a scaffold protein exclusively expressed in outer segments of rods and cones. As
photoreceptors are polarized cells, FRET measurements were not only performed on
transfected HEK293 cells but also on acutely isolated outer segments of virally transduced
murine photoreceptors (manuscript VII).

In summary, this thesis provides a general approach to robustly quantify interactions
between FRET protein pairings and demonstrates that this quantitative FRET approach
could successfully be applied to study protein-protein interactions in biological contexts.
More specifically, novel interaction partners of TPC2 and peripherin 2 were identified. In
addition, disease-associated mutations in peripherin 2 and Kv7.2 were shown to affect
protein binding affinities.

The results gained in this thesis demonstrate that protein interactions play a crucial role in
the regulation of proper protein function. Loss of binding partners or a reduced binding
affinity to particular proteins may result in pathophysiological conditions. A deeper
knowledge about molecular interactions will contribute to the understanding of cellular
mechanisms, etiology of diseases and may further evaluate putative targets of

pharmacological interest.
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Zusammenfassung

Eine fundamentale Eigenschaft von Proteinen in der Regulation biologischer Prozesse ist es,
spezifisch miteinander wechselzuwirken. Kenntnisse iiber Interaktionspartner und die
Charakterisierung von Protein-Protein Wechselwirkungen tragen somit zum Verstindnis
von Proteinfunktion und Zellphysiologie bei. Die Forster Energie Resonanztransfer (FRET,
Forster Resonance Energy Transfer) stellt eine besonders geeignete Anwendung dar, um
Proteinwechselwirkungen in lebenden Zellen zu untersuchen.

In der vorliegenden Dissertation, wurde eine quantitative FRET Methode entwickelt, mit
dem Ziel, Bindungskurven fiir Proteininteraktionspartner zu erstellen. Dariiber hinaus wurde
die quantitative FRET Methode angewendet, um biologischen Fragestellungen
nachzugehen. Im Besonderen wurden mogliche Interaktionspartner des endolysosomalen
Zwei-Poren-lonenkanals TPC2 (two-pore channel 2), des spannungsaktivierten
Kaliumkanals K.7.2 (voltage-gated potassium channel 7.2) und des Photorezeptor-
spezifischen Transmembranproteins Peripherin 2 untersucht.

Bislang gibt es verschiedene FRET Anwendungen. Wihrend die meisten Anwendungen die
bloBe FRET Effizienz ausgeben, um zu beurteilen, ob Proteine miteinander wechselwirken
oder nicht, wird in Manuskript I eine Anwendung beschrieben, bei der kalibrierte FRET
Effizienzen von 3-Filter Fluoreszenzmessungen berechnet werden. Diese FRET Effizienzen
konnen mit den Konzentrationen von Donor und Akzeptor Molekiilen korreliert werden, um
Bindungskurven zu erstellen, die Informationen iliber maximale FRET Effizienzen und
relative ~ Bindungsaffinititen  einzelner =~ FRET  Interaktionspartner  enthalten.
Kalibrationsfaktoren, die optische Eigenschaften des FRET Gerdtes und der
Fluoreszenzproteine enthalten, sind wunerldsslich fiir quantitative Messungen. Eine
ausfithrliche Beschreibung wie diese Faktoren bestimmt werden, wird in dieser Arbeit
geboten. Die quantitative FRET Methode ist sehr robust, da sowohl Donor-bezogene
(E-FRET) als auch Akzeptor-bezogene (SE-FRET) Effizienzen simultan von mehreren
Zellen gemessen werden.

Die Methode wurde des Weiteren angewendet, um Protein-Protein Interaktionen zwischen
Membranproteinen zu untersuchen. Zunédchst konnte in Manuskript I1 gezeigt werden, dass
eine Epilepsie verursachende Mutation im Kaliumkanal K,7.2 eine verminderte

Calmodulin-Bindung an diesen zur Folge hat, was die Regulation des Kanals beeintrachtigt.
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In einer zweiten Studie konnten die SNARE Proteine Syntaxin 6 und Syntaxin 7 als direkte
Interaktionspartner des intrazelluldren Ionenkanals TPC2 identifiziert werden
(Manuskript IIT). Diesese Ergebnisse legen nahe, dass TPC2 ein Mitglied der
endolysosomalen Fusionsmachinerie ist. In Manuskript IV wurden die Auswirkungen
zweier Polymorphismen im TPC2 Ionenkanal auf die Dimerisierung des Kanals sowie auf
dessen Bindungsaffinitidt zu mTOR untersucht.

In einer weiteren Studie, die die Manuskripte V und VI umfasst, wurden sowohl
Rhodopsin in Stébchen als auch S- und M-Opsine in Zapfen als neue Interaktionspartner des
retinalen Proteins Peripherin 2 identifiziert. Als Bindungsdoméne, die der Interaktion
zwischen Rhodopsin und Peripherin 2 unterliegt, konnte die vierte Transmembrandoméne
von Peripherin 2 ermittelt werden. Dariiber hinaus konnte gezeigt werden, dass
krankheitsassoziierte Mutationen in Peripherin 2 Wechselwirkungen abschwichen, was
moglicherweise pathologische Konsequenzen in Stibchen bzw. Zapfen zur Folge haben
kann. In Manuskript VIII konnten Peripherin 2 und dem homologen Protein Rom-1
gegensdtzliche Rollen beim Transport von krankheitsassoziierten Peripherin 2 Mutanten in
die Aullensegmente von Stidbchen-Photorezeptoren zugewiesen werden. Peripherin 2 is ein
,Qeriistprotein®, das einzig in den AuBensegmenten von Photorezeptoren vorkommt.
Photorezeptoren sind polarisierte Zellen. Daher wurden FRET Messungen nicht nur in
HEK293 Zellen durchgefiihrt, sondern auch in akut isolierten Auflensegmenten von viral
transduzierten Mausphotorezeptoren (Manuskript VII).

Zusammenfassend bietet die vorliegende Arbeit eine allgemeine Anwendung, um robuste
Wechselwirkungen zwischen FRET Proteinpartnern zu charakterisieren. Es konnte
aullerdem gezeigt werden, dass die quantitative FRET Methode erfolgreich angewendet
werden kann, um Proteinwechselwirkungen im biologischen Kontext zu untersuchen. Neue
Interaktionspartner von TPC2 und Peripherin 2 konnten identifiziert werden. Des Weiteren,
konnte gezeigt werden, dass krankheitsassoziierte Mutationen in Peripherin 2 und dem
Kv7.2 Kanal Proteinbindungen abschwéchen.

Die Ergebnisse dieser Arbeit zeigen, dass Proteininteraktionen eine entscheidende Rolle in
der Regulation von spezifischen Proteinfunktionen haben. Ein Verlust von
Bindungspartnern oder eine Reduktion der Bindungsaffinitét zu bestimmten Proteinen kann
moglicherweise pathophysiologische Konsequenzen haben. Ein tieferes Verstindnis von
Interaktionen auf molekularer Ebene wird zur Aufklirung zelluldrer Mechanismen und
Krankheitsursachen fiihren und wird weiterhin mogliche Ziele von pharmakologischem

Interesse hervorbringen.
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4 Introduction

Since its initial description by Theodor Forster in 1948 (Forster, 1948), Forster resonance
energy transfer (FRET) has become an invaluable tool for the evaluation of molecular
distance between specific pairs of cellular proteins. Forster proposed that the rate of
resonance energy transfer depends on the sixth power of the donor-to-acceptor separation
distance. It is this strong dependence on separation distance that makes FRET imaging
suitable to detect molecular interactions on a 1 nm — 10 nm scale (Forster, 1948; Stryer and
Haugland, 1967; Vogel et al., 2006). This resolution is substantially higher than that of
conventional fluorescence microscopy (Hell, 2006; Lakowicz, 2006).

Accompanied by the advent of suitable genetically encoded green fluorescent protein (GFP)
color mutants (Miyawaki et al., 1997; Patterson et al., 2001; Shaner et al., 2005) that can be
fused to the protein of interest, the FRET methodology has become a widely used tool to
study protein-protein interactions.

In the following, I will introduce a novel approach to characterize FRET interactions
quantitatively. It measures the apparent FRET efficiency and correlates it to the fraction of
donor and acceptor molecules in a cell. Considering a large cohort of cells with excess
donor and excess acceptor molecules, respectively, the approach allows to decipher binding
curves and to robustly quantify the maximal FRET efficiency for a given interaction pair. In

the end, three projects will be introduced, in which the FRET approach was applied.

4.1 Principles of SE-FRET and E-FRET

FRET occurs when a donor fluorophore is excited and nonradiatively transfers energy to a
nearby acceptor molecule (physical principles are nicely summarized in Clegg, 1992; Jares-
Erijman and Jovin, 2003; Kenworthy, 2001). Three prerequisites concerning fluorescent
proteins must be fulfilled in order for FRET to occur (Vogel et al., 2006): First, the emission
spectrum of the donor must overlap the excitation spectrum of the acceptor. A typical pair
of fluorescent proteins is CFP and YFP or optimized color mutants of those, respectively.
(Patterson et al., 2001; Patterson et al., 2000). Fluorescence spectra of CFP and YFP are
illustrated in figure 1. Secondly, the fluorophores need to be located within a distance of
less than 2 times the Forster distance, typically less than 10 nm. Finally, the emission dipole

moment of the donor and the excitation dipole moment of the acceptor must be
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appropriately oriented to each other: FRET declines when the dipole moments are not
oriented in parallel and eventually becomes zero when the dipole moments are

perpendicular to each other.
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Figure 1 | Excitation (dashed lines) and emission (solid lines) spectra of CFP (cyan) and YFP (green). The
emission spectrum of CFP overlaps the excitation as well as the emission spectrum of YFP.

In the presence of FRET, a characteristic double-peaked spectrum arises from a sample
expressing both binding partners at the same time (Figure 2A). The energy transfer from
donor to acceptor is reflected in the decrease of donor emission (,donor quenching’) as well

as in an increase of acceptor emission (,sensitized emission’).

Hence, there are two ways to quantify FRET: For SE-FRET measurements, the increase in
acceptor emission, e.g. YFP, is quantified. As this approach focusses on changes in acceptor
emission, it is an acceptor-centric approach. Accordingly, the efficiency of FRET transfer
can be expressed related to SE. In that case, the apparent FRET efficiency (Ea) is given by
the amount of measured SE in relation to maximal SE that occurs for a FRET efficiency of
1. Alternatively, the FRET efficiency can be quantified from donor quenching. The apparent
FRET efficiency (Ep) is then given by the ratio of the amount of measured donor quenching
in relation to the total CFP fluorescence after photobleaching. This approach is termed
E-FRET, and represents a donor centric approach focusing on the decrease in donor

emission.
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Figure 2 | Spectral properties of FRET (A) Shown is the emission spectrum that arises from a specimen, in
which CFP and YFP are coexpressed, in the presence (black line) and absence (gray line) of FRET. FRET
results in a decreased donor fluorescence (donor quenching) as well as in an increased acceptor fluorescence
(sensitized emission). (B) Illustration of components that contribute to the fluorescence signal at 535 nm
emission. Total emission at 535 nm is composed of direct CFP emission (point 3), direct YFP emission (point
5) and YFP emission due to FRET (points 4 -5). CFP emission is maximal at 440 nm (point 2). (C) Excitation
(dashed line) and emission (solid line) spectra of CFP. Scpp and Sgrer indicate CFP emission in response to
excitation at 436 nm when measured through the CFP or FRET cube, resp. (D) Excitation (dashed line) and
emission (solid line) spectra of YFP. Sypp and Sggrer indicate YFP emission measured though the YFP cube
(excitation at 500 nm) or FRET cube (excitation at 436 nm), resp..

Determination of FRET as ,real” net increase in acceptor fluorescence is considerably
complicated, as several components contribute to the detectable acceptor emission (Figure
2B). The emission at 535 nm, the peak of YFP emission (Point 1), is the sum of direct CFP
emission (donor bleed-through, Point 3) and YFP emission (Point 4), which in turn
comprises YFP emission due to direct excitation (acceptor cross-excitation, Point 5) and
YFP emission due to FRET (sensitized emission, Point 4 — 5).

The fluorescence measurements required for the computation of SE-FRET and E-FRET are

obtained using three fluorescent filter cubes. Two of the filter sets are optimized to acquire
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specific donor (CFP cube) or acceptor (YFP cube) emission when illuminated at the peak of
the respective excitation spectrum. A third cube allows the detection of acceptor’s emission
following excitation of the donor (FRET cube).

For the derivations, I will use the following definitions of fluorescence signals: a
fluorescence signal measured through a particular cube is defined as Scugr(DA, Ex, Em)
where ,,cube“ denotes CFP, YFP or FRET cube; ,,D* indicates donor, ,,A“ acceptor and
,AD®“ denotes both; ,Ex“ indicates excitation wavelength, ,,Em“ denotes emission
wavelength. A fluorescence signal from a particular CFP or YFP molecule is denoted as
XFPcuge(Ex, Em, Direct/ FRET) where ,,Ex“ indicates excitation wavelength and ,,Em*
represents emission wavelength. ,,Direct/FRET* corresponds to the mode of excitation of
the given molecule.

The expected donor bleed-through (Figure 2B; Point 3), i.e. the CFP fluorescence in the
emission channel of the acceptor (535 nm) due to the overlap in the emission spectra of CFP
and YFP, can be quantified using a predetermined spectral constant Rp; (Figure 2C). This

constant is derived from cells expressing donor molecules only.

CFPemission at 535 — SFRET (Dr 4367 535)
CFPemission at 480 SCFP (D' 4'36' 480)

Rp; =

The ratio of CFP emission at 535 nm and CFP emission at 480 nm is the same in every
sample that expresses CFP. Hence, the ratio Rp; can be used to optically isolate the pure
CFP signal at 535 nm in a sample expressing both donor and acceptor when knowing the
CFP emission at 480 nm.

Accordingly, donor bleed-through can be quantified by the equation:

CFPrrer (436,535, direct) = Rpy - Scrp(DA, 436,480)

Furthermore, excitation at 436 nm light through the FRET cube induces a small fraction of
YFP emission at 535 nm. Since excitation at 500 nm only excites YFP but not CFP, direct
YFP excitation can be determined using the YFP cube and a predetermined spectral ratio
Ra: (Figure 2D), which is measured from cells expressing acceptor molecules only. The
shape of the emission spectrum is independent of excitation wavelength and intensity: only
the amplitude of the emission spectrum changes over excitation wavelength (shape
invariance of emission spectrum) (Lakowicz, 2006). Accordingly, the ratio Ra; is defined as

the fractional excitation of YFP through the FRET cube relative to the YFP cube:
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YFPemission at 535 with 436 excitation — SFRET (A' 436: 535)
YFPemission at 535 with 500 excitation SYFP (Ar 500) 535)

Ry =

Consequently, the cross-excitation of YFP through the FRET cube in cells expressing both
YFP and CFP may be revealed by the equation:

YFPFRET(436' 535, leeCt) &S RAl * SYFP(DA’ 500, 535)

In summary, Rp; and Ry, are determined in cells in which acceptor or donor alone are
expressed and then applied to transform signals obtained from cells in which a mixture of
acceptor and donor are expressed. The ratios depend only on the spectral properties of donor
and acceptor molecules, and are independent of the excitation power, the concentrations of
donor or acceptor in the field of view and the possibility of binding and FRET between

donor and acceptor molecules.

Finally, the contribution of sensitized emission of YFP through the FRET cube can be

calculated as

F. =S+ (DA,436,535)— R, - S (DA, 436,480) — R, S,p (DA, 500, 535)

The fluorescence intensities measured with the three cubes contain not only information
about the amount of FRET in the sample but are also dependent on the instrumentation used
(filters, objectives, detectors etc.). Thus, the Fc signal obtained is not necessarily
comparable to that gained in experiments performed using other equipment (Vogel et al.,
2006). Hence, the measurement of Fc needs to be converted into an universal FRET
efficiency, which should be the same for a particular sample regardless of the
instrumentation used.

To this end, two more instrument-specific calibration constants, i.e. G and
eyrp (436)/ gcpp (436), need to be determined from FRET experiments using a set of CFP-
YFP dimers (see below, Figure 4). eyrp (436)/ ecrp (436) represents the ratio of acceptor to
donor fluorescence intensity for equimolar concentrations in the absence of FRET. G is
defined as the ratio of sensitized acceptor emission to the amount of donor dequenching and

depends on the spectral properties of the fluorophores as well as the optical components
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installed in the FRET imaging setup, including excitation light source, filter cubes and
objective (Figure 3). However, G is constant for a particular fluorophore pair and imaging

setup (Chen et al., 2006).

The FRET efficiency Ea is linearly related to Fc and is computed as the ratio of sensitized
emission (Figure 2B; Point 4) to the emission of YFP due to direct excitation (Figure 2B;

Point 5), corrected by the calibration constant eypp (436)/ ecpp (436):

_ Fe Eypp(436)
R~ Sump(DA,500,535) £,y (436)

E, =E-4,

The very same fluorescence intensity measurements can be used to nondestructively
calculate the net decrease in donor fluorescence due to FRET. As mentioned above, the
quenching of CFP is expressed as the FRET efficiency Ep. Ep can be computed from F¢ and

the calibration constant G:

F

C

" F_+G-Ry, - S (DA, 436,480)

E,=E'D,
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Figure 3 | Schematic illustration of optical components of a typical FRET imaging setup. All essential optical
components within the excitation pathway (1 — 6a) as well as the emission pathway (6b — 10) are shown.
Excitation light from a light source (1) passes excitation filters (2 and 3), a dichroic mirror (4) and an objective
(5) before it excites a fluorescent specimen (6) with a particular excitation spectrum (6a). The emission
pathway comprises the emission spectrum of the fluorophore (6b), an objective (7), a dichroic mirror (8), an
emission filter (9) and the detector (10).

As mentioned above, G and eyrp (436)/ ecpp (436) are determined in experiments using a
set of dimer constructs, in which CFP and YFP molecules are connected by a linker with
variable size (Figure 4A). For each dimer construct, CFP and YFP molecules become
expressed in a strict 1:1 ratio and interact with defined efficiency. Accordingly, sensitized
emission equals the amount of donor dequenching, i.e. E4 equals Ep. Equations for Ex and

Ep (see previous page) can be combined and a rearrangement yields the following equation:

1 (436)
(DA,500,535) ¢...(436)

YFP

C

(DA,500,535) R, S

F -G R, - S, (DA,436,480) L&
RAI'SYFP YFP
The equation has the form of a straight line, y = mx + b, where x and y can be
experimentally determined from direct fluorescent measurements (Figure 4B). The y-

intercept of this relation corresponds to the three cube FRET calibration constant



Introduction | 8

eyrp (436)/ gcpp (436), whereas the slope determines the E-FRET calibration constant G.
By using a set of dimers with different efficiencies, both calibration constants can be
reliably calculated.

Alternatively, both constants can be computed based on the known optical properties of the
imaging setup, including transmission rates of filter cubes and spectral properties of the

fluorophores. Both approaches are specified in detail in manuscript L.

B practical range

A 1 10 100
L - &/&

1 1 ool 1 ool

high efficiency
dimers

Ra1* Syrp

low efficiency

dimers
80G
YFP {crp 0 , T | | I
! A ) (Rp1* Scrp) / (Ra1* Syrp)
# of glycines
Fc  __g Roi"Scre , &(440)
Ra1*Syrp Ra1*Syep  &v(440)

Figure 4 | Experimental determination of calibration constants G and eyzp (436)/ €cpp (436). (A) Schematic
illustration of CFP-YFP dimer constructs harboring a defined number of glycines (G) as a linker. The
individual distance between both fluorophores results in different FRET efficiencies. (B) Each dimer gives rise
to Fc/(Ra; - Syrp) and (Rpy * Scrp) /(Ra1 * Sypp) coordinates that can be plotted onto the y-axis and x-axis of the
graph, resp.. The graph is fitted by a straight line. G can be calculated from the slope of the line, whereas the
y-intercept yields information about the calibration constant &y zp (436)/ €cpp (436).

It is important to emphasize that Ex and Ep depend on the fraction of acceptor molecules
that are bound to donor molecules (A,) and the fraction of donor molecules with an
associated acceptor (Dy), respectively. In other words, Ex and Ep would change with
different Ay, and Dy, respectively. The true or genuine FRET efficiency (E) is obtained if Ay

or Dy equals 1 (as it is true for dimers), as given by the following equations:

E,=E-A =E=E-D,=E,

This relation can be utilized to calculate binding curves for FRET pairings as outlined in the

next paragraph.
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4.2 Calculation of binding curves

A very powerful application of quantitative FRET measurements arises from the possibility
to determine the fraction of bound donor and acceptor molecules within a single cell. The
measured FRET efficiencies (both E5 and Ep) obtained from multiple cells can then be
displayed as a function of the concentration of CFP-tagged or YFP-tagged molecules
allowing to calculate individual binding curves for putative interaction partners (Ben Johny
et al., 2013; Erickson et al., 2001; Erickson et al., 2003).

In order to determine the concentration of donor and acceptor, it is essential to estimate the
total number of donor (CFPgst) and acceptor (YFPgst) molecules for a given cell from three
cube FRET measurements. In principle, the concentration is proportional to the total YFP
and CFP fluorescence corrected for FRET.

These calculations require two more constants, G and eyrp (436)/ ecpp (436) (see paragraph
4.1). G incorporates information about light attenuation within the acceptor pathway (Ma

constant) as well as within the donor pathway (Mp constant) by the equation:

G = % _&crp (436)

Mp  &ypp (436)
The ratio Ma/Mp can be experimentally determined using a set of CFP-YFP dimers as
shown in figure 4. Alternatively, individual values for both M and Mp can be theoretically
calculated based on the optical properties of an imaging setup, i.e. transmission rates of
excitation and emission filter, intensity profile of the lamp, quantum yields and fluorescent
spectra of the fluorophores.
Although the ratio Ma/ Mp, instead of their precise absolute values, is relevant for the
purpose of obtaining relative binding affinities, it is necessary to look at them individually
when converting fluorescence measurements into total number of YFP (YFPgsr) and CFP
molecules (CFPgst). The fluorescence signal measured using the YFP cube is free of any
contribution from CFP. As M, is a measure of the attenuation of brightness of YFP (when

viewed through the FRET cube), the total number of YFP molecules can be estimated by:

YFP....(436,535,direct) R, " Sy (DA,500,535)
YF. PEST = M = v;
A A
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It is more complex to estimate the total number of CFP molecules from CFP intensity, as a
considerable portion of CFP fluorescence is quenched during the FRET measurement. The
expected CFP intensity after photobleaching can be estimated by dividing the CFP intensity
measured through the CFP cube before photobleaching by the apparent E-FRET efficiency:

FP 4 irect .
CEP, (436,535, dircct) = < o (856,935, dwect) _ Ry, Sy (DA, 436, 480)
" I-E, I-E,

In analogy to YFPgsr calculation, the total number of CFP molecules in a given cell is
related to the corrected total CFP intensity in the absence of FRET by the proportionality

constant Mp, thus:

Ry, Serp(DA,436,480) + E, * R, * Syrp (DA, 500,535)

CFP,, =
EST M,

For the evaluation of a binding curve, it is necessary to obtain FRET efficiencies from a
large cohort of cells expressing the fluorophore-tagged interaction partners with different
levels of protein expression. The FRET efficiencies E4 and Ep depend on the fractional
binding of acceptor and donor, respectively, which differ among individual cells with
concentrations of the molecules. Thus, each cell gives rise to a single apparent E5 and Ep
value (along with individual concentrations of donor and acceptor) and measurements from
many cells are required to collect data points that populate each segment of a binding curve
(Figure 5). Although a broad range of donor and acceptor concentrations may result already
from stochastic expression in a cell population, one can evoke various ratios in CFP to YFP
expression by adjusting the transfection ratios or by the choice of different promoters
(Erickson et al., 2003). For binding curves, Eo is plotted as a function of free donor
concentration (Dgee) or Ep is plotted as a function of free acceptor concentration (Agee).
Both Dgee and Ag.. are computed based on estimates of CFPgst and YFPgsr. The binding
curve is then calculated by imposing a simple binding model and by performing a data

fitting including all acquired measurements.
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Figure 5 | Schematic representation of binding curves (A) Putative interaction partners tagged to CFP and
YFP fluorophores, resp.. (B, C) Binding curves obtained by SE-FRET (B) and E-FRET (C) measurements.
FRET efficiencies Ex and Ep are plotted against the fraction of free donor (Dge.) and free acceptor (Agee),
resp.. One dot represents data obtained from an individual cell. The black line results from curve fitting.
Binding isotherms reach a saturating plateau with increasing free donor and acceptor concentration that bears
information about maximal FRET efficiency Eyax. Note that points at low Dy in panel B correspond to
points at high Ag.. in panel C (red circles). Likewise, blue circles in panel B and C correspond to each other.

Based on a bimolecular binding reaction where a 1:1 complex is formed,

D+4 DA

Kosmr

the experimentally determined apparent SE-FRET (Ex) and E-FRET (Ep) efficiencies are
linked to the free concentrations of donor (Dge) and acceptors (Age) by the following

relations:

D,
EA = Emax 'Ab = Emax e
Dfree +Kd,EFF

ED = Emax 'Db = Emax .A
Afree + Kd,EFF

The maximal efficiency (Emax) equals the true efficiency (E) and should be, as it is true for
Kqgrr, the same for a 1:1 binding interaction, regardless whether resulting from SE-FRET
or E-FRET calculations (Ben Johny et al., 2016). Accordingly, with CFPgsr and YFPgsr,

Afree and Dyee can be computed as follows:

YFPEST _Kd,EFF - CFPEST + \/(YFPEST _Kd,EFF - CFP}~:5T)2 + 4'Kd,EFF 'CFPEST

Afree 2
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_ CFFegr = Kypre = YFFogr + \/(CFPEST — Kyprr — YFPEST)2 +4 Ky " YFBRgy
free —
2

Initially, guessed values for Emax and Kygpr are required to solve this expressions.
Subsequently, data from various cells are fitted iteratively using a nonlinear least-squares
regression analysis to estimate Dyee and Agee in individual cells. The parameters Eyax and
Kqerr are then adjusted until the squared errors ((Ea, predicted — Ex)’ and (Ep, predicted — Ep)?)
are minimized.

Figure 5 illustrates typical binding curves resulting from SE-FRET and E-FRET
measurements. The slope, in particular K4 grr, bears information about the relative binding
affinity between two binding partners, whereas the saturating portion of the curve represents
Emax, the true efficiency, which is required to calculate the molecular distance between two

FRET partners.
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4.3 Application of FRET to identify intermolecular interaction partners

The method was implemented using Calmodulin (CaM) and two of its known interaction
partners as model (Figure 6).

CaM is a small protein that regulates numerous calcium-mediated processes. It has two
lobes (C- and N-domain), each containing two high affinity calcium-binding sites. Upon
calcium binding, CaM undergoes a conformational change, which regulates subsequent

CaM-binding to different target proteins (Chin and Means, 2000).

Initially, the interaction between CaM and Myosin V was investigated (Figure 6A). Myosin
V is a motor protein that transports cargo in non-muscle cells, such as melanocytes,
epithelial cells and neurons (Trybus, 2008). As characteristic for myosins, it possesses four
structural domains, a motor domain containing the actin and ATP-binding site, a lever arm
that is composed of six CaM-binding motifs (IQ domains), and an alpha-helical rod region
followed by a globular tail, which is important for cargo binding (Houdusse et al., 2006;
Trybus, 2008). In the absence of calcium, each 1Q motif is bound to an apo-CaM (calcium-
free) molecule (Houdusse et al., 1996), thus stabilizing the motor protein. From structural
studies it is well known that a single CaM molecule binds to an IQ motif (Houdusse et al.,
2006) resulting in a strict 1:1 binding stoichiometry. Low calcium levels lead to a
conformational change in CaM accompanied by an activation of myosin, whereas high
calcium levels inhibit motility and processive movements by dissociating CaM from one or
more of the IQ domains (Houdusse et al., 2006).

For FRET measurements, only a fragment of myosin V, a single IQ domain, was used as
FRET partner (Figure 6A) and measurements were performed under low calcium levels.
The 1Q domain was fused to YFP and coexpressed with CFP tagged CaM in HEK293 cells.
Figure 6A shows SE-FRET as well as E-FRET binding curves arising from the interaction
between CaM and IQmvosivyv. Apparent FRET efficiencies Ex and Ep were plotted as a
function of the corresponding fraction of free donor and acceptor, respectively. Each gray
dot represents a single cell. It is important to emphasize that three cube measurements from
an individual cell were used to calculate both the apparent FRET efficiencies E5 (for
SE-FRET) and Ep (for E-FRET). The whole data set was subsequently used to determine a
binding relation for the FRET partners.

For a 1:1 binding interaction, the binding relation obtained by SE-FRET equals the one
obtained by E-FRET (Ben-Johny et al., 2016). Accordingly, the maximal or true FRET
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efficiency for CaM-CFP and IQmyosmwv-YFP could robustly be quantified from the

saturating portion of the binding curve and was calculated to be Epax = 0.21.

A Myosin V , E-FRET
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I 1Q 1 o |
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Figure 6 | Binding curves arising from CFP-tagged calmodulin (CaM) and YFP-tagged isolated IQ-domain of
the myosin V neck domain (A) and the voltage-gated Ca,1.2 channel (B). In both panels, interaction partners
are schematically shown on the left, appendant SE-FRET and E-FRET measurements are shown in the middle
and on the right, resp.. Gray dots represent measurements from individual cells and the black curve indicates
the binding relation between the interaction partners, as calculated based on the Langmuir relation. Note that
the same raw data, i.e. fluorescence intensity measurements, were used to calculate SE-FRET (E,) and E-
FRET (Ep) efficiencies. Further note, that the fitted binding curve (black curve) obtained by SE-FRET equals
the one obtained by E-FRET (see manuscript I).

Next, the binding between CaM and the IQ domain of the voltage-gated calcium channel
Ca,1.2 was studied (Figure 6B). Ca,1.2 is a L-type calcium channel, most important in
cardiac myocytes and various neuronal cells (Ben-Johny and Yue, 2014; Minor and
Findeisen, 2010). It possesses an intracellular C-terminal domain consisting of an EF hand
and an IQ domain. Under calcium free conditions, apo-CaM is associated with the 1Q
domain. Upon calcium binding to CaM, its interaction with the 1Q domain gets stronger.
Elevated intracellular calcium concentrations lead to a conformational change in CaM
rendering the Ca,1.2 channel inactive. This feedback regulation mechanism, called CDI —
calcium dependent inactivation, is common for various voltage-gated calcium channels

(reviewed in Ben-Johny and Yue, 2014).
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Binding curves resulting from interaction between CaM and IQcayi2 are shown in figure
6B. FRET measurements were done under high intracellular calcium-conditions upon
application of ionomycin. CaM was tagged to CFP, whereas 1Qcayi» was fused to YFP. As
the 1Qcavi 2 domain is only a C-terminal fragment of the channel, its expression resulted in a
cytosolic distribution. CaM and the 1Qcayi 2 domain interact in a 1:1 binding stoichiometry
(Ben Johny et al., 2012). Indeed, the binding relation obtained by SE-FRET equals the one
obtained by E-FRET and Epmax = 0.35 could be calculated for CaM-CFP and 1Qcavi 2-YFP
(Figure 6B).

In conclusion, the novel FRET approach presented in this thesis can readily be used to
quantitatively characterize protein interactions. It was consequently applied — with project-
related modifications — in several individual projects, which will be introduced in the

following sections.

4.3.1 An epilepsy-causing mutation in Kv7.2 affects calmodulin binding

Encouraged by the achievements in quantitatively detecting FRET interactions, CaM
regulation of Kv7.2 potassium channel was further investigated.

The Kv7.2 channel belongs to the family of Kv voltage-gated potassium channels that
comprises five members (Kv7.1 — Kv7.5), encoded by the mammalian KCNQI-5 genes.
Kv7.1 and Kv7.4 subunits are mainly expressed in the heart and inner ear, respectively,
whereas Kv7.2, Kv7.3 and Kv7.5 subunits are highly expressed in the brain and peripheral
nervous system (reviewed in Brown and Passmore, 2009; Jentsch, 2000). In neurons, Kv7.2
subunits can homotetramerize or form heterotetramers with Kv7.3 and Kv7.5 subunits
(Brown and Passmore, 2009). Neuronal Kv channels are especially important in regulating
the excitability of neurons since they potently suppress repetitive firing of action potentials
(Brown and Passmore, 2009; Robbins, 2001). Consistent with this, they suppress seizures,
and dysfunctions of neuronal Kv channels are implicated in various neurological diseases
such as epilepsy, autism and schizophrenia (Jentsch, 2000)

The common core structure of Kv channels is composed of six transmembrane segments
with a voltage-sensing domain (S1-S4), a pore domain (S5-S6) and intracellular N- and C-
terminal regions (Figures 7A, B). The large intracellular C-terminus harbors four helical
regions (denoted as A-D domains) and is critical for assembly, trafficking and interaction

with various signaling proteins (Chung, 2014; Haitin and Attali, 2008). The AB domain is
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important for channel gating. It binds some lipids and several proteins, including CaM.
Helix D is suggested to be crucial for oligomerization of the channel subunits, whereas helix

C is supposed to be a structural linker.
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Figure 7 | Identification of an epileptogenic mutation as destabilizer for the calmodulin assembly to the
voltage-gated potassium channel Kv7.2 (A) Graphical illustration of Kv7.2. The large intracellular C-terminus
harbors 4 helical regions (denoted as A-D) with distinct functions. (B) Graphical illustration of a calmodulin
(CaM) bound channel assembly. Note that only two subunits are represented. (C) Three cube FRET
measurements evaluating the binding between CFP-tagged CaM and schematically indicated YFP-tagged
truncated proteins. The reported binding between AB and CaM could be confirmed (left, positive control),
while CD and CaM showed no specific binding (middle left, negative control). The high FRET efficiency
between ABCD and CaM (middle right) was attenuated upon insertion of an epilepsy-causing mutation
(L609R) in helix D (right), suggesting a destabilizing effect of L609R on channel oligomerization with
functional consequences (see manuscript II).

In this study, the role of an epileptogenic mutation in the Kv7.2 C-terminal D domain in

CaM binding was investigated using FRET.
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To this end, C-terminal fragments containing either the AB domain, CD domain, wildtype
full length C-terminus or the full length C-terminus bearing an epilepsy-causing L609R
mutation (Richards et al, 2004) were fused to YFP and the binding to CaM, tagged to CFP,
for each fragment was investigated in HEK293 cells (Figure 7B).

CaM binding to the AB domain could be confirmed (Sachyani et al., 2014; Villarroel et al.,
2014), whereas no FRET between CaM and the CD domain occurred. This is in line with
previous studies that rule out a role for CD helices in CaM binding (Sachyani et al., 2014;
Yus-Najera et al., 2002). The binding relation obtained for the full length C-terminal
fragment and its interaction partner CaM was very strong, even stronger than that between
the single AB domain and CaM. This suggests an enhanced binding affinity mediated by the
presence of the CD domains and concomitant tetramerization of the channel subunits,
causing a subsequent clustering of donor and acceptor molecules. The mutation within the D
domain of the channel destabilized the tetramerization of the channel and resulted in a
substantial loss of CaM binding affinity.

These results strongly support the hypothesis that impaired CaM-binding to the channel
contributes to the pathophysiology in epilepsy. Beside its physiological impact, the study
validated the application of the FRET approach in a novel study.

4. 3.2 Two-pore channel 2 and its role in the endolysosomal system

The FRET approach was moreover applied to study putative binding partners of the ion
channel TPC2. FRET measurements were thereby challenged as the channel is

intracellularly located within the endolysosomal system (ES).

The ES is specialized for the breakdown of proteins, lipids and other molecules and present
in all mammalian cells (Figure 8A). The ES comprises intracellular membrane-enclosed
compartments such as early and late endosomes, recycling endosomes, lysosomes and
lysosome-related organelles (Grant and Donaldson, 2009; Luzio et al., 2007b; Repnik et al.,
2013). Each organelle is suggested to be a transient, but distinct, compartment that
elaborates into the next stage by maturation (e.g. early to late endosome) or fusion (e.g. late
endosome to lysosome). Each stage is thereby characterized by a unique set of biomolecules
resulting particularly in different pH environments and protein-activity states and,
accordingly, in diverse organelle-associated functions (Bonifacino and Glick, 2004; Huotari

and Helenius, 2011; Luzio et al., 2007a; Luzio et al., 2000). The lysosome is the terminal
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degradation organelle (Xu and Ren, 2015). Moreover, it plays a role in sensing nutrient

availability and autophagy (Cang et al., 2013; Medina et al., 2015).
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Figure 8 | TPC2 and the endolysosomal system (A) The endolysosomal system comprises vesicles such as
early and late endosomes (EE and LE), recycling endosomes (RE), lysosomes (LY) and lysosome-related
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(Figure 8 continued) organelles (e.g. autophagosomes (AP)). NU: Nucleus (B) Two-pore channel 2 (TPC2)
has 12 transmembrane domains and two pore domains on each subunit. Two subunits assemble to build a
functional channel. (C) Graphical illustration of a fusion event between endolysosomal vesicles. SNARE
proteins from different membranes assemble upon a local increase in cytosolic calcium concentration. The
calcium channel which provides calcium has not been identified so far. (D) Under nutrient-rich conditions,
mTORC1 blocks TPC2 activity by direct interaction. Upon starvation, mTORCI1 translocates from the
lysosome resulting in increased TPC2 activity. (E) FRET measurements evaluating the interaction between
TPC2 and Stx6 and Stx7, resp. Shown are average Fc values obtained from HEK293 cells overexpressing the
indicated FRET pairs. (F) Representative binding curve arising from quantitative FRET measurements on
cerulean-tagged TPC2 and citrine-tagged mTOR. FRET efficiencies (E5) were plotted as a function of the
corresponding free donor fraction. Clustered values from 3-6 individual cells were binned, gray dots represent
the average values (£ S.E.M.). (Manuscripts III and IV).

Two-pore channels (TPCs) have recently emerged as a group of endolysosomal cation
channels (Grimm et al., 2017; Patel, 2015). Their name refers to two pore domains that are
found on each subunit (Figure 8B). TPCs belong to the family of transient receptor potential
(TRP) channels and are distantly related in particular to the mucolipin family of TRP
channels (TRPML channels). Two TPC members, TPC1 and TPC2, are encoded by the
human and murine genome.

Different findings hint at a role for TPC2 in endolysosomal trafficking, in particular
lysosomal fusion (Grimm et al., 2014; Hockey et al., 2015; Lin-Moshier et al., 2014; Ruas
et al., 2014). TPC2 is implicated in trafficking defects of the bacterial cholera toxin B (Ruas
et al., 2010), EGF/EGFR and LDL-cholesterol trafficking (Grimm et al., 2014) as well as
delayed degradation of platelet-derived growth factor receptor B (PDGFR ) (Ruas et al.,
2014). Similarly, mice lacking both TPCs are resistant to Ebola virus infection, most
probably due to defective fusion between endosomal membrane and viral membrane
(Sakurai et al., 2015). Moreover, two independent interactome screens revealed putative
interaction partners for TPC2 that are involved in intracellular vesicle trafficking and fusion
processes, such as Rab- and soluble N-ethylmaleimide-sensitive factor attachment receptor
(SNARE-) proteins (Grimm et al., 2014; Lin-Moshier et al., 2014).

Rab proteins are important for the initiation of a fusion event. They function as markers for
membrane identity and recruit SNARE proteins (Jahn et al., 2003). SNARE proteins are the
engines that drive membrane fusion. Each organelle is outfitted with a unique set of vesicle
(v-)-SNARES and target (t-)-SNARES. Recruited by Rab proteins, a distinct v-SNARE
assembles with a unique cognate t-SNARE at the appropriate target membrane (Chen and
Scheller, 2001; Kummel and Ungermann, 2014). Once the SNARE complex is assembled, it
generates the energy to overcome the energy barrier of lipid bilayer merging. Both

homotypic and heterotypic fusion events in the ES require a local increase in cytosolic
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calcium in order to occur (Luzio et al., 2007a; Pryor et al., 2000). The molecular identity of

the calcium source remains to be identified (Figure 8C).

As it is true for TPC1, no disease has been associated with a mutation in the TPCN2 gene so
far. In humans, two TPC2 polymorphisms, namely M484L and G734E, are linked to
pigmentation variants in hair color (Figure 8B) (Sulem et al., 2008). Recently, a direct role
for TPC2 in pigmentation has been postulated (Ambrosio et al., 2016; Bellono et al., 2016).
According to these studies, it is most likely that pH regulation and melanin production in
melanocytes depend on the activation state of TPC2. TPC2-deficient melanosomes, the
melanin producing organelles in melanocytes, showed an increase in pH and size, resulting
most likely in an enhanced tyrosinase activity and increased melanin production. In contrast,
TPC2 activation or overexpression had the opposite effect.

The activation mechanism of TPCs remains to be fully elucidated but has been reported to
involve the second messenger nicotinic acid adenine dinucleotide phosphate (NAADP) and
the endosomal membrane lipid phosphatidylinositol 3,5-bisphosphate (PI(3,5)P,) (Brailoiu
et al., 2009; Calcraft et al., 2009; Zong et al., 2009). The mechanism underlying NAADP
activation is currently a matter of debate as NAADP-induced TPC calcium currents are not
seen consistently (Ruas et al., 2015; Ruas et al., 2010; Wang et al., 2012). NAADP
activation may be mediated by a yet unknown protein that binds to TPCs in order to open
the channel (Grimm et al., 2017; Marchant et al., 2012).

Moreover, mechanistic target of rapamycin (mTOR) (Perl, 2015), part of the mTOR
complex 1 (mTORC1), has been identified as a mediator that blocks TPC activation after
ATP stimulation by direct protein-protein interaction (Cang et al., 2013). mTOR is a
nutrient sensing kinase. Under nutrient-rich conditions, it is recruited to the lysosomal
membrane, from where it is liberated upon starvation (Figure 8D) (Perl, 2016).

Polymorphic TPC2 variants in the context of channel gating and pigmentation have not yet

been characterized.

FRET experiments accompanied two studies dealing with TPC2. First, it was investigated,
whether TPC2 directly interacts with lysosome-associated SNARE proteins, such as
syntaxin 6 (Stx6) or Stx7 (Figure 8C, E). Second, dimerization between wildtype TPC2 and

its polymorphic variants as well as the binding to mTOR was assessed (Figure 8D, F).
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FRET measurements on intracellular organelles are highly complex. The system is three-
dimensional; endolysosomal vesicles are very motile and dynamic and undergo steadily
homo- and heterotypic fusion events. Since TPC2 resides in diverse endolysosomal
organelles, its interaction partner can be located on the same membrane structure or on
different vesicles.

It is therefore of great importance to choose biological controls considering proteins with a
similar physiological function and distribution. In case of the first study dealing with TPC2
and SNARE proteins (Figure 8E) the positive control was Stx7 and Vamp7, two SNARE
proteins known to reside on the same vesicles and interact with each other (Bogdanovic et
al., 2002; Pryor et al., 2004), while in the TPC2 polymorphism study, another lysosomal
transmembrane protein (TMEM192) was used as negative control.

For the experiment shown in figure 8E, F¢ values rather than universal FRET efficiency
(Ea) values were calculated, as the set-up specific calibration constants G and
eyrp(436)/ ecpp(436) were not yet implemented at that time point. The F¢ values shown
represent the average of Fc¢ values obtained from multiple cells within a sample. Fc values
(see page 5) are set-up specific. They contain information derived solely from intensity
measurements without calibration, i.e. consideration of spectral properties of the
fluorophore and light attenuation. Only when knowing the calibration constants, it is
possible to determine the fraction of bound donor and bound acceptor molecules,
respectively, and, accordingly, to determine robust binding curves. It is not ensured that F¢
values represent the maximal FRET efficiency of a binding pair. Or simply said, it is not
known which point of the binding curve is represented by the F¢ value. However, it is valid
to compare values between samples, provided that the cells were treated in the same way
and that the expression ratio — ensured by the amount of cDNA transfection — of interaction
partners (donor and acceptor) is the same in every condition.

Once the calibration constants G and eypp (436)/ ecpp (436) were determined and the novel
FRET approach was implemented on the imaging setup, it was possible to calculate binding
curves from endolysosomal channel proteins as well. Figure 8E shows a representative
binding curve for wildtype TPC2 and mTOR, where E, is plotted as a function of Diyee.
Values populate each portion of the binding isotherm. For clarity, values for individual cells
were binned and only the averaged values for the binned groups of cells are shown.
However, the binding isotherm was calculated from raw data.

Data was measured under nutrient-rich conditions, when mTOR is supposed to be

associated with the lysosomal membrane (Figure 8D).
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4. 3.3 Peripherin 2 and its role in photoreceptor outer segments

Furthermore, FRET was used to examine the role of peripherin 2 in photoreceptor outer
segments (OS) (Figure 9). Peripherin 2 is a photoreceptor-specific scaffold protein located
in the OS of both rods and cones (Figure 9A-D) (Stuck et al., 2016). The OS of
photoreceptors are built up as a stack of membrane discs (Figure 9B). In rods, the discs are
intracellular and thus physically separated from the plasma membrane. In cones, the discs
are invaginations of the plasma membrane (Mustafi et al., 2009; Sung and Chuang, 2010).
The region, where the lateral membrane segments of the disc membrane faces the plasma
membrane is called rim region (Figure 9B, C). Here, the phototransduction cascade is
anchored. There is evidence that peripherin 2 resides primarily in the rim region and
structurally stabilizes the phototransduction cascade (Ding et al., 2015). Peripherin 2 plays a
crucial role in the biogenesis of photoreceptors and is assigned to be important for
membrane curvature (Arikawa et al., 1992; Ding et al.,, 2015) and membrane fusion
(Boesze-Battaglia et al., 1997; Boesze-Battaglia et al., 1998) in photoreceptor disc
formation. It has been shown that peripherin 2 binds to the beta-subunit of the rod cyclic
nucleotide gated channel 1 (CNGB1) as well as to both isoforms of the glutamin acid-rich
protein (GARP) (Poetsch et al., 2001; Ritter et al., 2011) suggesting a stabilizing role in
connecting the plasma membrane to neighboring rim regions (Stuck et al., 2016).
Furthermore, its homologue Rom-1 has been identified as an interaction partner (Bascom et
al., 1992). In cones, however, peripherin 2 does not interact with the CNG channel (Conley
et al., 2010) pointing to a differential role of peripherin 2 in rods and cones.

More than 100 disease-causing mutations in the human peripherin 2 gene (PRPH2/RDS) are
known to date (Boon et al., 2008). The majority of the mutations are point mutations located
in exon 2, which encodes for a part of a large extracellular/intradiscal loop as well as for a
part of transmembrane domain 4 (TM4) (Figure 9D). Remarkably, some of the mutations
lead to defects of rod photoreceptors in the affected individuals whereas others affect cones
only (Boon et al., 2008; Wells et al., 1993). The molecular mechanisms underlying these

distinct mutations have not been elucidated so far.

During the progress of this thesis, protein interactions between peripherin 2 and putative
binding partners, with an emphasis on rhodopsin and cone opsins, were assessed. More
specifically, the binding affinities of mutant peripherin 2 and the newly identified
interaction partners were analyzed. In particular, the G266D, P210L and C214S mutations,



Introduction | 23

which are linked to retinitis pigmentosa (Sohocki et al., 2001) and the V2681 mutation,

associated with adult vitelliform macular dystrophy (Felbor et al., 1997) were investigated.
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Figure 9 | Peripherin 2 is a scaffold protein in the outer segments (OS) of photoreceptors (A) The retina has a
laminated structure and contains a variety of cell types. The outermost layer consists of photoreceptors,
where the phototransduction takes place (Purves, 2001). (B) Rods and cones are highly polarized cells.
The OS of photoreceptors are built up with a stack of membrane discs. The red boxes indicate the rim region.
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(Figure 9 continued) (C) Illustration of proteins of the rod phototransduction cascade, including the
photopigments or opsins (in rods: rhodopsin, in cones: M-opsin and S-opsin). Proteins are located in a disc
membrane region facing to the plasma membrane, so called rim regions, or in the adjacent plasma membrane.
(D) Peripherin 2 has four transmembrane domains. Most of disease-causing mutations are located in exon 2,
which encodes a part of transmembrane 4 and part of the extracellular loop. Known amino acids that are linked
to disease causing mutations are shown in red. (E, F) Representative binding curves obtained from FRET
measurements in acutely isolated rod outer segments of retinas co-injected with (E) cerulean (cer)-tagged
wildtype peripherin 2 (cer-perWT) and citrine (cit)-tagged wildtype peripherin 2 (cit-perWT) or (F) cer-
perWT and cit-tagged mutant peripherin 2 (cit-perC214S). FRET efficiency Eo was plotted against the cer/cit
molar ratio (MR) and a binding isotherme (black line) was iteratively fitted from single data points. Gray dots
represent mean values of 1-7 single cells (+- S.E.M.).The two displayed binding curves reveal differential
binding characteristics of corresponding FRET pairs. (Manuscripts V — VIII).

Given the postulated highly specialized scaffolding function of peripherin 2 in outer
segments, it was necessary to perform FRET experiments not only in HEK293 cells but also
in native outer segments of photoreceptors.

To this end, an approach was developed, where fluorophore-tagged binding partners were
virally transduced into the retina of wildtype mice by subretinal injections. The outer
segments were subsequently purified and FRET was measured ex vivo on either isolated
cones or rods. This approach preserves not only the native environment of peripherin 2 but
takes also the distinct protein composition of rods and cones into account.

For ex vivo experiments, the mouse retina was cotransduced with donor- and acceptor-
tagged interaction partners. Additionally, mice with donor-tagged and acceptor-tagged only
samples were examined to determine the amount of bleed through of the fluorophores.
Figure 9 shows representative binding curves obtained on acutely isolated photoreceptors
for dimerization of wildtype peripherin 2 (Figure 9E) and peripherin 2 and its mutant variant
C214S (Figure 9F). The FRET efficiency E4 is plotted as a function of the molar ratio of the
fluorescent proteins cerulean/citrine rather than the fraction of free donor molecules. This
modification was necessary as many endogenously expressed proteins, i.e. unlabeled
proteins, are present in outer segments. Hence, one can expect a high number of binding
events between endogenously expressed unlabeled and transduced fluorophore tagged
molecules. A calculation of the fraction of bound donor and/ or acceptor molecules based on
fluorescence intensity measurements as outlined in section 4.1 can therefore yield to
inaccurate values. /n vivo transduction efficiencies are usually not as high as transfection
efficiencies in cultured cells, where the amount of transiently expressed, i.e. fluorophore
tagged, proteins far exceeds the number of endogenously expressed proteins. The impact of
binding events between fluorescence-tagged and unlabeled endogenous proteins can be

neglected in case of transfected cultured cells.
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Although information about donor and/ or acceptor concentrations is lacking, plotting E5 as
a function of the molar ratio of cerulean/ citrine, i.e. the ratio of cerulean/ CFP and
citrine/ YFP fluorescence, yields a saturating binding relation, which reveals information
about relative binding affinities.

Altogether, protein-protein interactions could robustly be quantified, even in highly

specialized cell types, such as photoreceptors.
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5 Aims of the thesis

The objective of the present thesis was to learn more about protein-protein interactions
using FRET. The focus was thereby on a quantitative FRET method originally developed by
Erickson et al.. In 2010, the group of David T. Yue provided a nondestructive acceptor-
centric method for detecting the strength of FRET interactions, termed FRET ratio, from
fluorescent measurements obtained with three filter cubes. They furthermore provided a
way to calculate the fraction of acceptor molecules bound to donor molecules in a cell.

However, a methodological approach how to convert FRET ratios into universal FRET
efficiencies was lacking. Moreover, it was not clarified how to determine the fraction of

bound acceptor without knowing detailed spectral properties of the particular imaging setup.

Aim 1 can consequently be specified as follows:
To establish a quantitative FRET approach that allows to determine both acceptor-
centric and donor-centric FRET efficiencies and binding isotherms while including

control of setup calibration and collisional FRET corrections.

The thesis further aims (Aim 2)
to uncover molecular interactions in a biological context by applying quantitative

FRET measurements.

Specifically, the following questions were addressed:

(1) Can the FRET approach established in Aim 1 be validated in a biological context?

(2) Does an epileptogenic mutation affect the binding of calmodulin to Kv7.2 potassium
channel?

(3) Does TPC2 interact with members of the endolysosomal fusion machinery?
Do polymorphic variants of TPC2 affect binding characteristics as compared to
wildtype TPC2?

(4) Does peripherin2 in rod photoreceptors interact with other proteins of the
phototransduction cascade except the rod CNGBI1 channel subunit? Does peripherin 2
interact with proteins of the phototransduction cascade in cone photoreceptors?

Do some disease-associated mutations affect peripherin 2 interactions?
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6  Short summary of manuscripts

6.1 Quantifying macromolecular interactions in living cells using

FRET two-hybrid assays

Elisabeth S. Butz*, Manu Ben-Johny*, Michael Shen, Philemon S. Yang, Lingjie
Sang, Martin Biel, David T. Yue, Christian Wahl-Schott
2016, Nature Protocols, 11(12): 2470-2498

*equal contribution

This manuscript demonstrates a FRET approach to quantitatively assess binding affinities in
living cells.

FRET-based assays have been employed to study molecular interactions of a broad range of
biological molecules including ion channels, G-protein coupled receptors, immunoglobulins
and cytosolic enzymes. Commonly, it is desired to quantify molecular interactions by
determining binding constants and true FRET efficiencies for these interactions. However,
such experiments require quantification of relative concentrations of interacting proteins and
thus quantitative FRET microscopic approaches.

In this study, we describe an approach for robust quantification of relative binding affinities
of protein-protein interactions by measuring FRET efficiency nondestructively. SE-FRET as
well as E-FRET analysis can be performed on the same set of data, while control
measurements allow to correct for collisional FRET.

The protocol includes a detailed step-by-step protocol comprising sample preparation, data
aquisition and analysis. Furthermore, we outline in-depth how to calibrate the imaging setup
and control for idiosyncrasies of the optical elements.

This manuscript is part of a collaboration with the group of Prof. David Yue (Johns Hopkins
University, Baltimore, United States).
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6.2 Uncoupling PIP,-calmodulin regulation of Kv7.2 channels by an

assembly destabilizing epileptogenic mutation

Araitz Alberdi*, Carolina Gomis-Perez*, Ganeko Bernardo-Seisdedos, Alessandro
Alaimo, Covadonga Malo, Juncal Aldaregia, Carlos Lopez-Robles, Pilar Areso,
Elisabeth S. Butz, Christian Wahl-Schott, Alvaro Villarroel

2015, Journal of Cell Science, 128(21), 4014-4023

*equal contribution

The publication deals with the calmodulin (CaM) regulation of the Kv7.2 potassium channel
and shows that the phosphatidylinositol 4,5-bisphosphate (PIP,) dependency of the channel
is affected by the assembly of distant intracellular channel domains involving different
CaM-binding modes.

With quantitative FRET measurements, in particular, we investigated the structural
assembly of Kv7.2 and its influence on CaM binding. The channel has a large intracellular
domain, containing four helical regions (A-D) and assembles as a tetramer with a coiled-coil
formation between the distal D helices. It could be demonstrated that the CaM binding site
is located within the AB helical regions, as the FRET efficiency between CaM and soluble
CD fragments was completely lost. However, a disruption of the coiled-coil structure by an
epilepsy-causing mutation within the D helix (L609R) abolished CaM interaction indicating
that a coiled-coil formation is essential for CaM regulation of Kv7.2.

This study is part of a collaboration with Prof. Alvaro Villarroel and his group from

University of Bilbao, Spain.

Declaration of Contribution: All quantitative FRET measurements shown in this paper,
were conducted on our FRET imaging setup. I supervised Araitz Alberdi during a short term
stay in our lab and conducted FRET measurements during the revision process of the
publication. Additionally, I analyzed all FRET experiments.

Quantitative FRET experiments account for the substantial key statements of this

publication.
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6.3 High susceptibility to fatty liver disease in two-pore channel 2-

deficient mice

Christian Grimm, Lesca M. Holdt*, Cheng-Chang Chen*, Sami Hassan*, Christoph
Miiller, Simone Jors, Hartmut Cuny, Sandra Kissing, Bernd Schroder, Elisabeth S.
Butz, Bernd Northoff, Jan Castonguay, Christian A. Luber, Markus Moser, Saskia
Spahn, Renate Liillmann-Rauch, Christina Fendel, Norbert Klugbauer, Oliver
Griesbeck, Albert Haas, Matthias Mann, Franz Bracher, Daniel Teupser, Paul Saftig,
Martin Biel, Christian Wahl-Schott

2014, Nature Communications, 5:4699

*equal contribution

TPC2 is a non-selective cation channel localized to vesicles along the endolysosomal
pathway, which plays a crucial role in trafficking, breakdown and receptor-mediated
recycling of macromolecules. In the liver, receptor-mediated uptake of low-density
lipoproteins (LDLs) and subsequent endolysosomal transport is essential for hepatic
cholesterol homeostasis and plasma lipoprotein metabolism and dysfunction within this
pathway results in liver disease such as non-alcoholic fatty liver disease (NAFLD).

In this publication, we showed that a lack of TPC2 leads to an accumulation of LDL-
cholesterol and EGF/EGF-receptor by conducting trafficking assays in mouse embryonic
fibroblasts and hepatocytes derived from TPC2-deficient mice. The defects are most likely
due to a failure in late endosome to lysosome fusion. On systemic level, TPC2-deficient
mice are more susceptible to hepatic cholesterol overload and liver damage than wildtype
mice as seen after a Western-type diet rich in cholesterol, which is consistent with NAFLD.

Our results render TPC2 as a key player for trafficking within the endolysosomal pathway

that might be involved in the homeostatic control of macromolecules and cell metabolites.

Declaration of Contribution: 1 conducted all FRET measurements and concomitant analysis.
I designed and engineered cDNA plasmids used in the study.

Quantitative FRET experiments revealed a direct interaction between TPC2 and Stx7, a
SNARE protein crucial for homo- & heterotypic lysosomal fusion, indicating TPC2 as the

putative Ca*'-permeable channel that may provide local calcium for fusion.
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6.4 TPC2 polymorphisms associated with a hair pigmentation
phenotype in humans result in gain of channel function by

independent mechanisms

Yu-Kai Chao*, Verena Schludi*, Cheng-Chang Chen, Elisabeth S. Butz, O.N.
Phuong Nguyen, Martin Miiller, Jens Kriiger, Claudia Kammerbauer, Manu Ben-
Johny, Angelika Vollmar, Carola Berking, Martin Biel, Christian Wahl-Schott,
Christian Grimm

2017, accepted in Proceedings of the National Academy of Sciences

*equal contribution

Two human polymorphisms in the endolysosomal cation channel TPC2 (M484L and
G734E) are associated with a shift from brown to blond hair color. On cellular level, this is
most probably due to a regulatory role of TPC2 in pH and size of melanosomes, which
controls the amount of melanin produced. However, a functional characterization of the
polymorphic TPC2 variants was lacking.

In this study, we investigated the polymorphic channel characteristics. Both polymorphisms
were found to lead to a gain of function by independent mechanisms. Whereas the M484L
variant leads to an increased basal channel activity, the G734E variant is less prone to ATP
inhibition.

Genotyping of more than 100 blond hair and brown/ black haired individuals confirmed that
wildtype individuals are more brown haired, whereas polymorphic variants were
predominantly found in blond haired individuals. Finally, in fibroblasts isolated from

selected donors, the key electrophysiological in vitro findings were successfully validated.

Declaration of Contribution: 1 supervised Verena Schludi in FRET experiments and
analyzed FRET data.
FRET experiments were conducted to assess the TPC2 wildtype and polymorphic variant

dimerization and their binding to mTOR.
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6.5 Peripherin-2 couples rhodopsin to the CNG channel in outer

segments of rod photoreceptors

Elvir Becirovic*, O.N. Phuong Nguyen*, Christos Paparizos, Elisabeth S. Butz,
Gabi Stern-Schneider, Uwe Wolfrum, Stefanie M. Hauck, Marius Ueffing, Christian
Wabhl-Schott, Stylianos Michalakis, Martin Biel

2014, Human Molecular Genetics, 23(22), 5989-5997

*equal contribution

Peripherin 2 is a tetraspanin transmembrane protein localized in the outer segments of
photoreceptors. Mutations in peripherin 2 in rod photoreceptors are associated with retinitis
pigmentosa in humans, a degenerative retinal disease eventually leading to blindness.

In this publication, we unraveled a direct interaction of peripherin 2 with two essential
proteins of the rod phototransduction cascade, namely CNGB1a, a core subunit of the rod
cyclic nucleotide-gated (CNG) channel, and rhodopsin, a light-sensitive protein, by
employing in vivo and in vitro imaging, biochemical and immunoaffinity methods.

In order to identify components of the CNG channel complex, a preliminary affinity
purification of mouse retinal proteins was followed by mass spectrometry. In combination
with FRET measurements and co-immunoprecipitations, we consequently found that
peripherin 2 links CNGBla to rhodpsin. Moreover, FRET measurements utilizing C-
terminally truncated peripherin 2 showed that transmembrane domain 4 (TM4) is central to
the binding of the tetraspanin protein to rhodopsin. Interestingly, a retinitis pigmentosa
associated mutation (G226D) found within TM4 selectively abolished the binding of
peripherin 2 to rhodopsin.

In summary, the study sheds light on the role of peripherin 2 in the phototransduction
complex and suggests a direct contribution of the protein to the pathophysiology of retinitis

pigmentosa.

Declaration of Contribution: 1 performed and analyzed all in vitro in in vivo FRET
measurements in HEK293 cells and in outer segments of native photoreceptors.
The results gained in the FRET experiments, highlight the physiological role of peripherin 2

and are central to the study.
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6.6 Peripherin-2 differentially interacts with cone opsins in outer

segments of cone photoreceptors

O.N. Phuong Nguyen, Sybille Béhm, Andreas Gief3l, Elisabeth S. Butz, Uwe
Wolfrum, Johann H. Brandstitter, Christian Wahl-Schott, Martin Biel, Elvir
Becirovic

2016, Human Molecular Genetics, 25(12), 2367-2377

In Becirovic et al., 2014 (Manuscript V, section. 6.5), we demonstrated a direct interaction
between peripherin 2 and the rod opsin. However, the role of peripherin 2 in cone outer
segments remained elusive.

In this study, we show that peripherin 2 localized in cone outer segments binds to both
S-opsin and M-opsin with different affinities by wusing a combination of
co-immunoprecipitation, quantitative FRET measurements and transmission electron
microscopy (TEM) based immunolabeling experiments.

FRET measurements of the respective interactions revealed a reduced binding affinity of
peripherin 2 to S-opsin compared to its interaction with M-opsin, which could be confirmed
by subsequent TEM studies. Furthermore, quantitative FRET measurements in acutely
isolated cone outer segments showed that the cone-degeneration causing V2681 mutation in
peripherin 2 selectively reduced binding to M-opsin without affecting the peripherin 2
interaction to S-opsin or rhodopsin.

These results point to a so far unknown role of peripherin 2 in cones and further underline

the importance of direct interaction between the scaffold protein peripherin 2 and opsins.

Declaration of Contribution: 1 performed all in vitro in in vivo FRET measurements in
HEK293 cells and in outer segments of native photoreceptors. I supervised Sybille Bohm in
FRET experiments.

This publication represents a FRET-based study that reveals novel interaction partners of
peripherin 2 in cone photoreceptors and examines the effect of peripherin 2 mutations on

binding affinities.
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6.7 AAV Vectors for FRET-based analysis of protein-protein

interactions in photoreceptor outer segments

Elvir Becirovic, Sybille Bohm, Ong N. P. Nguyen, Lisa M. Riedmayr, Verena
Hammelmann, Christian Schon, Elisabeth S. Butz, Christian Wahl-Schott, Martin
Biel, Stylianos Michalakis

2016, Frontiers in Neuroscience, 10:356

The successfully performed ex vivo FRET measurements on acutely isolated OS of
photoreceptors in manuscripts V (Section 6.5) and VI (Section 6.6) resulted in the
publication of a methodological paper, which describes for the first time how to combine
AAV-vector mediated co-delivery of genetically encoded FRET partners in mouse models
with subsequent quantitative FRET measurements. In this paper, a rapid and robust protocol
for monitoring protein-protein interactions in acutely isolated photoreceptor OS of both rods
and cones was established. Using recombinant adeno-associated virus (rAAV)-mediated
gene transfer, fluorescently labeled FRET partners were delivered to their genuine
expression locus. Critically, a high co-transduction efficiency is central for the success of
the experiment. The procedure can be used to analyze protein-protein interactions of wild
type or mutant OS proteins in their native environment. Moreover, the principal approach

should be readily be transferable to other cell types.

Declaration of Contribution: 1 performed and analyzed the FRET experiments. In addition, I
optimized sample preparation for FRET measurements and contributed to writing of the

manuscript.
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6.8 Peripherin-2 and Rom-1 have opposing effects on rod outer segment

targeting of retinitis pigmentosa-linked peripherin-2 mutants

Sybille Bohm*, Lisa M. Riedmayr*, O.N. Phuong Nguyen, Andreas Giel3l, Toni
Liebscher, Elisabeth S. Butz, Christian Schon, Stylianos Michalakis, Christian
Wahl-Schott, Martin Biel, Elvir Becirovic

2017, Scientific Reports, 7(1):2321

*equal contribution

Peripherin 2 forms homomeric protein complexes as well as heteromeric complexes with its
homolog Rom-1 in photoreceptor OS. Mutations in the peripherin 2 gene are associated
with autosomal dominant retinitis pigmentosa (adRP), whereas mutations in
Rom-1 cause digenic RP only in combination with a heterozygous mutation in peripherin 2.
Rom-1 is thus suggested to function as genetic modifier that influences disease progression.

Until now it is not known how the different complexes assembled by various combinations
of wildtype and mutant peripherin 2 or Rom-1, which can be formed in heterozygous
patients, result in adRP.

In this study, two adRP-linked peripherin 2 mutants, namely P210L and C214S, were
analyzed with regard to binding characteristics, subunit assembly, and rod OS targeting in
heteromeric complexes containing wildtype, mutant peripherin 2 and/or Rom-1. These
complexes can be formed in patients heterozygous for peripherin 2 mutations.

The results show that both mutants are misfolded and mislocalized. Moreover, their binding
to wildtype peripherin 2 and Rom-1 was strongly decreased. Finaly, both mutants are
preferentially forming non-covalent dimers with wildtype peripherin2 and Rom-1.
However, only complexes containing a wildtype peripherin 2 could be transported to the rod
OS. Other complexes were retained in the inner segments.

In conclusion, the study reveals opposing roles of wildtype peripherin 2 and Rom-1 in rod

OS targeting of adRP-linked peripherin 2 mutants.

Declaration of Contribution: 1 supervised Sybille Bohm in FRET experiments and analyzed

part of the FRET data.
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Forster resonance energy transfer (FRET) is a versatile method for analyzing protein-protein interactions within living cells. This
protocol describes a nondestructive live-cell FRET assay for robust quantification of relative binding affinities for protein-protein
interactions. Unlike other approaches, our method correlates the measured FRET efficiencies to relative concentration of interacting
proteins to determine binding isotherms while including collisional FRET corrections. We detail how to assemble and calibrate the
equipment using experimental and theoretical procedures. A step-by-step protocol is given for sample preparation, data acquisition
and analysis. The method uses relatively inexpensive and widely available equipment and can be performed with minimal training.
Implementation of the imaging setup requires up to 1 week, and sample preparation takes ~1-3 d. An individual FRET experiment,
including control measurements, can be completed within 4-6 h, with data analysis requiring an additional 1-3 h.

INTRODUCTION

FRET is a powerful technique used to probe close-range molecu-
lar interactions and to estimate atomic-scale distances. Physically,
the FRET phenomenon manifests as a dipole—dipole interaction
between closely juxtaposed fluorescent molecules. For instance,
after photoexcitation, a fluorophore may de-excite through direct
emission of a photon of appropriate wavelength. However, in the
presence of a nearby acceptor, the donor nonradiatively transfers
energy to the acceptor molecule, resulting in quenched donor
fluorescence—a phenomenon termed FRET. The excited acceptor
molecule may subsequently emit a photon with a shifted spec-
trum. In principle, by monitoring the hue of the emitted photon,
one can detect a molecular interaction and infer the approximate
spatial arrangement of the two molecules. The physical principles
underlying FRET and its application as a spectroscopic ruler have
been reviewed at length in the past!:2.

With the advent of an expanded color palette of genetically
encoded fluorophores, the FRET methodology has garnered
much interest in regard to studying biological systems3. To date,
several strategies have been used to determine FRET efficiencies
nondestructively4-10. Traditional approaches such as acceptor
photobleaching quantify the donor fluorescence before and
after photodestruction of the acceptor. This approach requires
the sample to be exposed to high-intensity light, often resulting
in cellular phototoxicity. The destructive nature of this popular
approach means that only a single FRET measurement can be
attained. Nondestructive assays assess FRET efficiency from brief
low-intensity light pulses, enabling rapid and dynamic measure-
ments with relatively minimal photodamage.

Development of the protocol

The FRET two-hybrid assay is a valuable method for detecting
and quantifying binding interactions between biological mac-
romolecules in living cells. A single cell is considered to be a
‘biological cuvette, and FRET efficiency is systematically meas-
ured between pairs of fluorophore-tagged molecules from many
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single cells for quantitative determination of bimolecular interac-
tions. The protocol presented here provides the theoretical and
experimental framework to integrate two existing FRET two-
hybrid approaches: 33-FRET and E-FRET. This analysis enables
microscope-dependent calibration constants to be experimentally
determined, apparent donor- and acceptor-centric FRET efficien-
cies to be computed, and robust, reproducible binding curves of
high quality to be obtained—permitting rigorous biochemical
analysis in living cells.

The methodology and formalism elaborated here is built upon
work by Erickson et al. that was first applied to characterize the
interaction of the Ca2*-binding protein calmodulin with the
L-type Ca2* channel complex?10. In this experimental paradigm,
fluorescence measurements are obtained from three distinct
filter cubes. The filters are chosen to specifically detect donor,
acceptor and FRET signals. The use of three filter cubes allows
for accurate dissection of the FRET signal from pure donor and
acceptor signals, leading to its name 33-FRET. The ‘sensitized
emission’ or the net increase in acceptor fluorescence due to FRET
is computed from these measurements. Importantly, this metric
corresponds to an acceptor-centric measurement of FRET, and
the efficiencies computed are reported as ‘E,. The very same
measurements can be used to nondestructively calculate the net
decrease in donor fluorescence due to FRET. This metric corre-
sponds to FRET efficiencies obtained using donor dequenching
or acceptor photobleaching methods. This methodology is termed
‘E-FRET’ and corresponds to a donor-centric FRET measurement
denoted here as ‘Ep,. Experimental determination of both 33-FRET
and E-FRET efficiency measurements rely on two instrument-
specific constants that need to be either computed based on
the optical properties of the imaging system (Supplementary
Note 1, Supplementary Data 1) or experimentally determined
using a series of cyan fluorescent protein—yellow fluorescent pro-
tein (CFP-YFP) dimers (‘Determination of calibration constants
using dimers’ section).
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Figure 1 | Equipment setup for FRET imaging. (a) Photograph of the FRET setup comprising an inverted microscope and a photomultiplier detection system
(PMT detector and PMT housing). The PMT housing contains an eyepiece and four knobs to control the aperture size. The measure/view knob is set to direct
the light to either the eyepiece for visualization or the PMT for data acquisition. All major components are indicated. Note that the CCD camera connected to
our microscope is not necessary to perform the FRET two-hybrid assays described here. (b) For excitation, a DeltaRam monochromator containing a xenon arc
lamp is used; the one shown has knobs to adjust the slit width for excitation light.

Once 33-FRET or E-FRET efficiencies are determined, the FRET
two-hybrid assay correlates these efficiencies with the free con-
centrations of donor or acceptor molecules, respectively. The first
important step in the workflow is the experimental determination
of the total number of donor and acceptor proteins present in
any given cell based on the total YFP and CFP fluorescence cor-
rected for quenching due to FRET. Data from many single cells
are then compiled to construct a single binding curve. In practice,
the stochastic expression of CFP and YFP molecules in cells yields
a broad range of free donor or acceptor concentrations, and each
cell populates various segments of a binding curve.

Theoretical underpinnings of the FRET two-hybrid assay

For the illustrative experiments described in this protocol, the
FRET measurement setup (Fig. 1) is composed of a wide-field
fluorescence microscope, a xenon-lamp-based excitation system,
a motorized turret containing three filter cubes and a photomulti-
plier-based detection system (Figs. 1 and 2). Any donor—acceptor
fluorescent protein pairs that are suitable for FRET measure-
ments, together with matched filter cubes, can be used for these
experiments!!. We will describe the method for the enhanced
CFP-enhanced YFP (CFP-YFP) donor—acceptor pair, which is a
popular choice for FRET. Three filter cubes are required: a CFP
cube, a FRET cube and a YFP cube (Table 1). As the venus—cerulean
FRET pairs are highly similar to CFP-YFP pairs, the same filter
cubes can be used, although the instrument-specific calibration
constants should be explicitly measured for these pairs, given their
distinct quantum yields.

For typical FRET experiments, proteins of interest are fused to
either CFP or YFP, and expressed pairwise in mammalian HEK293
cells. Fluorescence signal from each cell is analyzed using three
filter cubes (Table 1) to compute apparent FRET efficiencies.
[lumination of the sample at the peak of the donor excitation
spectrum (A ~ 436 nm) results in a double-peaked spectrum com-
posed of CFP emission superimposed on YFP emission. In part,
the net YFP fluorescence is the result of weak direct excitation

by the 436-nm light (~1-3%). In addition, with FRET, CFP
transfers energy to YFP, resulting in quenching of the CFP fluo-
rescence (observed at ~480 nm) and an enhancement in the
YFP fluorescence detected at ~535 nm (ref. 12). FRET can be
measured either as the fractional increase in the acceptor inten-
sity (‘sensitized emission’) or as the fractional decrease in the
donor intensity (‘donor quenching’) (Fig. 3a). In the first case,
the apparent FRET efficiency (E,), is given by the amount of
measured sensitized emission in relation to maximal sensi-
tized emission that would be present for a FRET efficiency of 1.
Alternatively, FRET can be measured using donor dequenching,
in which case the apparent FRET efficiency (Ep), will be the ratio
of the enhancement in CFP fluorescence acceptor photobleach-
ing to the total CFP fluorescence after photobleaching (Fig. 3b).
In this protocol, we use a nondestructive approach to determine
Ep that uses an experimentally determined calibration constant
(G factor) that relates the enhancement in YFP fluorescence to
the decrease in CFP fluorescence (Fig. 3). In this protocol, we
follow the mathematical conventions defined in Erickson et al.?,
and the fluorescence signal measured through a particular cube is
defined as S (DA, Aoy Aepy)> Where cube denotes a CFP, YFP or
FRET cube; D denotes donor, A denotes acceptor and DA denotes
both; A, denotes excitation wavelength; and A.,, denotes emis-
sion wavelength. In addition, fluorescence signal from a particular
CFP or YFP molecule may be represented as XFP_p.(Aep Aem
direct/FRET) when measured with excitation light of wavelength
Aey> emission of wavelength A, direct/FRET corresponds to the
mode of excitation of the given molecule®10.

Determination of spectral factors Ry, Ry, and R, ;. Calculation
of E, and Ep, requires robust dissection of sensitized emission
(Fig. 4). This determination is complicated by spectral overlap
between donors (CFP) and acceptors (YFP) resulting from their
broad excitation and emission spectra. Three confounding factors
may obfuscate computation of FRET efficiencies (Fig. 2). First,
the overlap in the emission spectra of CFP and YFP could lead
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Figure 2 | Schematic of optical components of the FRET setup for a given filter cube and fluorophore. (a) The excitation pathway (1-6a) consists of the light
source (1), excitation filters (2 and 3), a dichroic mirror that reflects the excitation light (4), a 40x objective (5) and the excitation spectrum of the fluorophore
contained in a cell (6, 6a). The emission pathway (6b-9) consists of the emission spectrum and the quantum yield (QY) of the fluorophore expressed in the

cell (6b), the objective (7), the dichroic that transmits the emission light (8), the emission filter (9) and the detector (10). (b) Top: Fluorescence intensity
output can be calculated from setup-specific optical components in the excitation (1-6a) and emission pathways (6b-9) by multiplying together all relevant
parameters: XFP is the fluorophore in question. N is the number of fluorophores excited, I, represents the overall intensity of the excitation lamp (over all
wavelengths) and &ygp(2) represents the wavelength-dependent absorption properties of the fluorophore as given by the excitation spectrum of the fluorophore.
The optical properties of the excitation pathway, such as the spectral properties of the excitation light source and the spectral properties of the excitation

filter and dichroic mirror of the cube, are incorporated into the wavelength range depicted. fyrp(A) and QYygp correspond to the emission spectrum and QY of the
fluorophore. The spectral properties of the dichroic mirror and the emission filter of the FRET filter cube, as well as frequency-dependent sensitivity of the PMT
detector, are incorporated into the wavelength range shown. My and M, correspond to the brightness of a single donor and acceptor fluorophore.

to a small bleed-through of CFP fluorescence in the FRET cube
(emission~535 nm). The expected bleed-through can be quanti-
fied from cells expressing CFP alone at the peak of their absorp-
tion spectrum (~436 nm) and computing the fractional emission
through the FRET cube—Rp; = Sprer(D, 436, 535)/Scpp(D,
436, 480). This strategy is effective, as CFP fluorescence can
be isolated from cells expressing both CFP and YFP, using the
CFP cube. The effective CFP fluorescence bleed-through in
the FRET cube is then

CFPFRET (436, 535, direct) = RDI . SCFP(DA’ 436, 480) (1)

Rp; ~ 0.25 for our experimental setup. Ry; values are typically
stable, as they probe the emission properties of CFP, and dras-
tic changes in these values may signify changes in the detection
subsystem such as diminished detector sensitivity or aging of
emission filters.

Second, a small fraction of YFP is cross-excited by the 436-
nm light through the FRET cube. The direct YFP signal can
be optically isolated using the YFP cube with negligible CFP
excitation (Fig. 4). The ratio R, is defined as the fractional
excitation of YFP through the FRET cube relative to the YFP
cube—R,; = Sprpr(4, 436, 535)/Sypp(A, 500, 535). The cross-
excitation of YFP through the FRET cube in cells expressing both
YFP and CFP can be unmixed by computing:

YFPFRET (436, 535, direct) = RAI . SYFP(DA’ 500, 535) (2)

Ry, ~ 0.03 for our experimental setup. Experimentally, some day-
to-day variability in R, values is observed due to changes in
xenon arc lamp spectra or the excitation subsystem.
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Third, a small fraction of CFP molecules may be directly excited
through the YFP cube, leading to overestimation of the total YFP
signal, YFPypp(500, 535, direct). Rpy, is the ratio of CFP fluores-
cence output through the YFP cube relative to the CFP cube:

RD2 = SYFP(D’ 500, 535)/SCFP(D, 436, 480) (3)

The corrupting CFP signal through the YFP cube is then:

CFPYFP (500, 535, direct) = RD2 . SCFP(DA’ 436, 480) (4)

In practice, the ratio R, is negligibly small (~0.009 for our exper-
imental setup). This factor can be a concern in cells in which CFP
values far exceed YFP values. FRET efficiency estimation is prone
to substantial errors in this case.

In summary, Rp; and R,; are determined in cells in which
acceptor or donor alone are individually expressed and then
applied to transform signals from different cells containing both
acceptors and donors. Critically, these ratios are independent of
the excitation intensity (I;) and the number of donors (Np) or
acceptors (N,) in the field of view; instead, they depend only
on the spectral properties of the donor or acceptor, respectively
(Fig. 4). These ratios can be used to optimize or troubleshoot
the FRET experimental setup while establishing the method and
testing associated hardware components.

Determination of FRET efficiencies. Once spectral ratios are
determined, E, and Ep, can be calculated based on the fluo-
rescence measurements from the CFP, YFP and FRET cubes
according to equations (5-7) in Box 1 (Supplementary Note 2).
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TABLE 1 | Properties of the filter cubes present in the FRET rig.

Cube Excitation Dichroic Emission

CFP 426-446 nm T4551p 460-500 nm
YFP 490-510 nm T515lp 520-550 nm
FRET 426-446 nm T455lp 520-550 nm

The graphical interpretation of this computation is shown in
Figure 4a. Sensitized emission of YFP is calculated by realizing
that emission at 535 nm (Fig. 4a, point 1) is the sum of direct
CFP emission (donor bleed-through; Fig. 4a, point 3), YFP emis-
sion due to direct excitation (acceptor cross-excitation; Fig. 4a,
point 5) and YFP emission due to FRET excitation (F; Fig. 4a,
points 4 and 5). The contribution of direct CFP emission at 535
nm (Fig. 4a, point 3) is computed based on CFP measurement
using the CFP cube (Fig. 4a, point 2) and the spectral ratio Rpy,.
The contribution of YFP emission due to direct excitation (Fig. 4a,
point 5) is determined based on YFP cube measurement (Fig. 4d)
and the spectral ratio R, ;. The 33-FRET efficiency E, is computed
as the ratio of sensitized emission (Fig. 4a, points 4 and 5) to the
emission of YFP due to direct excitation (Fig. 4a, point 5), cor-
rected by a calibration constant that represents the ratio of extinc-
tion coefficients (Box 1). This latter factor (R,; - Sypp(DA, 500,
535) - €cpp(436)/eypp(436)) is the maximal sensitized emission of
YFP observable if E, = 1. By contrast, the E-FRET computation
converts the sensitized emission of YFP (F; Fig. 4a, points 4 and
5) to an equivalent quenching of CFP fluorescence due to FRET
by the calibration constant G. E-FRET reports the ratio of the CFP
quenching to total CFP output in the absence of FRET.

An important distinction is that E, and E, depend on the
bound fraction of the donor (A;,) and acceptor (D), respectively.
As Ay or Dy, approaches 1, the apparent efficiency equals true
efficiency (E). We will use a quantitative description of the total
number of CFP and YFP molecules in a cell along with a 1:1 bind-
ing model to calculate Dy, or Ay, and to resolve a binding relation.
The following section will define and outline the experimental
strategy for determination of the instrument-specific calibration
constants €ypp(436)/€cpp(436) and G.

Determination of calibration constants for 33-FRET and E-
FRET. The instrument-specific calibration constants (&ypp(436)/
£crp(436) and G) can either be computed by analysis of the optical
properties of the FRET experimental setup or be experimentally
determined using CFP-YFP dimers tethered with variable size
linkers (Fig. 5a). Here, we adopt the second approach, using four
distinct CFP-YFP dimers to deduce these coefficients. The plas-
mids encoding various dimers have been deposited to Addgenel3.
The genetic fusion of CFP and YFP ensures that the stoichiometry
is 1:1 and A =Dy=1. The apparent FRET efficiencies for these
constructs, measured using 33-FRET and E-FRET, must equate:

Ey,=E-A,=E=E-Dy=Ep (8)

Thus, rearranging equations (6 and 7) in Box 1 yields equation
(9), a convenient expression to experimentally determine the
calibration constants.
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Figure 3 | Spectral properties of FRET. (a) Double-peaked spectrum arising
from CFP and YFP coexpressing cells in the presence (black line) and absence
of FRET (gray line). FRET reduces donor fluorescence (donor quenching)

and increases acceptor fluorescence (sensitized emission). (b) Sensitized
emission can be measured and converted into FRET efficiency using the
general formula for £, presented in Box 1. Sensitized emission can also

be used for the determination of Ej by using a nondestructive FRET
approach instead of acceptor photobleaching. This method requires the
determination of the G factor, a factor that converts the amount of
sensitized emission into donor dequenching (Box 1).

FC -_G RDI 'SCFP(DA, 436, 480) " ECFP (436)
Ry1 - Sypp(DA, 500, 535) Rap - Sypp(DA, 500,535)  eypp(436)
)

Here, Sypp(DA, 500, 535) and Scpp(DA, 436, 480) are direct
measurements of the CFP-YFP dimer using the YFP and CFP
cubes. F¢ corresponds to sensitized emission of YFP, deter-
mined as described by equation (5) (Box 1), and R, and Ry, are
spectral factors. Equation (9) in fact describes a straight line,
y=m-x+ bwhere

_ Rpi-Scep(DA, 436,480) . Fe
Ry, - Sypp(DA, 500, 535) Y= Ray - Sypp(DA, 500, 535)

both experimentally determined. The intercept of this relation cor-
responds to the 33-FRET calibration constant €-pp(436)/&ypp(436),
whereas the slope determines the E-FRET calibration constant G
(Fig.5b). The x and y pair of values are computed individually for
each cell for a given dimer, and the complete data set is plotted to
obtain the calibration constants.

Calculation of the total number of CFP and YFP molecules. The
apparent 33-FRET and E-FRET efficiencies depend on the bound
fraction of acceptors (Ay) and donors (Dy) in a cell, respectively
(Box 2, equations (10,12,15-23); Supplementary Note 3). To calcu-
late the bound fractions, the total concentrations of CFP (CFPggy)
and YFP (YFPggr) are estimated from single cells expressing an
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Figure 4 | Components of the fluorescence signal at 535-nm emission. (a) Combined emission spectrum of donor and acceptor. Maximal emission of CFP at

480 nm (point 2). The total fluorescence signal at 535 nm (point 1) is composed of donor bleed-through (point 3), fluorescence emission due to acceptor
cross-excitation (point 5) and sensitized emission due to FRET (points 4 and 5). (b) Specifications of CFP, FRET and YFP filter cubes. Excitation: excitation
wavelength, emission: emission wavelength. Scpp, Sprer and Sypp are the output signals measured using the CFP, the FRET and the YFP filters, respectively.

The detailed filter parameters are elaborated in Table 1. (c) Excitation (Ex) and emission (Em) spectra of CFP. Sgper(D, 436, 535) and Scep(D, 436, 480) are the
fluorescence signals measured at emission wavelengths of 535 nm and 480 nm, respectively, after excitation at 436 nm. From these signals, Rp, is calculated as
indicated. (d) Excitation and emission spectra of YFP. Sgrer(A, 436, 535) and Sypp(A, 500, 535) are the fluorescence signals measured at an emission wavelength
of 535 nm after excitation at 436 nm or 500 nm, respectively. From these signals, Ry, is calculated as indicated. (e) Ry, and Ry, values mainly depend on the
excitation lamp and detector response. Excitation subsystem: all parameters related to the excitation pathway. Emission subsystem: all parameters related to
the emission pathway. Fluorescence intensity output is calculated according to the expression in Figure 2b (top). The ratio R, depends only on factors derived
from the emission pathway; all factors from the excitation pathway cancel out. Therefore, Ry, reflects maturation of fluorescent proteins, which influences
Scrp(535) and frp(480), as well as detector functions such as quantum efficiency, high voltage gain and stability of the detection. The ratio Ry, depends only
on factors derived from the excitation pathway; all factors from the emission pathway cancel out. Ry, therefore reflects the number of fluorophores that may
be affected by bleaching between the recordings of the two cubes, and fluctuations of the excitation lamp between the two recordings. Tabulation of Ry, and
Ra; over a period of days and weeks (Fig. 9a,b) is very useful when establishing the method, as they serve to evaluate the stability of the light source (Ry,;) and
the detector (Rp;). FRET cannot be reliably measured until both values are stable. Differences between corresponding filters—e.g., the excitation filter

of the CFP and the FRET cube or the excitation filter of the YFP and the FRET cube—are negligible. All variables are as defined in Figure 2.

interacting pair of donor and acceptor proteins. For noninteracting The fluorescence signal measured using the YFP cube
fluorophores, the fluorescence intensity is proportional to the total ~ (Sypp(DA, 500, 535)) is devoid of any contribution from CFP.
number of fluorophores in the given cell. As previously described ~ Thus, the total number of YFP molecules can be estimated
by Erickson et al.?, we use proportionality constants M, and M,  as follows:

for YFP and CFP molecules, respectively, to convert fluorescence .

intensities into the effective number of molecules10. These pro-  yFpyq = YFPeRpT (436, 535, direct) _ Ry - Sypp(DA, 500, 535)
portionality coefficients encode the brightness of the two fluoro- My My

phores viewed using the FRET cube (A, ~ 436 and A, ~ 535). (10)
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Box 1 | Experimental computation of 33-FRET and E-FRET

The measurement of FRET efficiencies using 33-FRET and E-FRET for CFP-YFP FRET pairs relies on fluorescence measurements from three
cubes: (1) Scep(DA, 436, 535) or the CFP cube; (2) Syrp(DA, 436, 480) or the YFP cube; and (3) Sgrer(DA, 436, 535) or the FRET cube.
These fluorescence measurements are then used to spectrally unmix the contribution of sensitized emission of YFP through the FRET

cube using the spectral ratios Rp; and R, as follows:

Fe = Seer (DA, 436, 535) — Ry - Scrp(DA, 436, 480) — Ry; - Sypp(DA, 500, 535) (5)

The FRET efficiency as ascertained by the 33-FRET method is proportional to the ratio of sensitized emission to the direct excitation

of YFP. Thus,

Fc

eypp(436) (6)

Ep=E-Ay=

RAl ° SYFP(DAI 500, 535) SCFP(436)

Similarly, the FRET efficiency as ascertained by the E-FRET method is given by the equation:

Ey=E-Dy =

fe )

Fc +G 'RDl . SCFP(DA' 436, 480)

Computation of FRET efficiencies by both methods require the instrument-specific calibration constants &yrp(436)/ecrp(436) and G.
The procedure to experimentally determine these coefficients is outlined in Procedure Steps 78-99. These equations importantly
assume a low-excitation limit at which the excitation power is low enough that there is no substantial ground-state depletion.

Derivations for all equations are given in Supplementary Note 2.

My = eypp(436) - fypp(535) - QYypp, where &ypp(436) is the aver-
age molar extinction coefficient of YFP over the bandwidth of the
FRET cube excitation filter (Table 1); fypp(535) is the average YFP
emission spectrum over the bandwidth of the FRET cube emission
filter (Table 1); and QYyrpp is the quantum yield of YFP (0.61). The
emission spectrum fypp(A) is normalized to have unitary area. The
proportionality constant is related to the brightness of a single
YFP molecule probed using the FRET cube. This approximation
relies on the fact that optical transfer functions for the excitation
and emission paths of the microscope are nearly constant over the
respective bandwidths. Although the M, value can be computed
for any microscope system, the precise value is not essential.

By contrast, the estimation of the total number of CFP mol-
ecules from CFP intensity is more complex, as FRET results in
quenching of the donor signal. There are two methods of com-
pensating for this loss. First, FRET efficiency determined by the
E-FRET method is equivalent to that determined by the donor
dequenching method. Thus, the expected CFP intensity after
acceptor photobleaching can be estimated by dividing the CFP
intensity measured through the CFP cube before photobleaching
by the apparent E-FRET efficiency, as shown in equation (11).

CFP_ 1 orh (436, 535, direct)
CFPyostbleach (436, 535, direct) = —F
1-Ep
_Rp; - Scrp(DA, 436, 480)
1-Ep (11)

The total number of CFP molecules in a given cell is related
to the corrected total CFP intensity in the absence of
FRET (CFPpogpleach(436, 535, direct)) by proportionality
constant My, Thus,

_ Rpyp - Scrp(DA, 436, 480)

12
(1-Ep)-Mp (12)

CFPgst

Here, My = £cpp(436) - fopp (535) QYcpp and £cpp(436) is the
average molar extinction coefficient of CFP over the excitation
bandwidth of the FRET cube (Table 1); fopp(535) is the average
CFP emission over the emission bandwidth of the FRET cube
(Table 1); and QYpp is the quantum yield of CFP (0.4).

A second strategy is to add the amount of fluorescence signal
lost via FRET to the quenched CFP intensity by adding the term
E, - YFPprpr(436, 535, direct) - Mp/M,. This correction factor
assumes a 1:1 donor—acceptor stoichiometry. The total number
of CFP molecules is given by

Rpy - Scpp(DA, 436, 480)+E - R - Sypp(DA, 500, 535)
Mp

CFPEST =
(13)

The two strategies will yield similar estimates for CFPggp, but equa-
tion (13) is valid only for a 1:1 interaction. For the purposes of
obtaining relative binding affinities, calculating the precise value
of M, or Mp, individually is not critical; however, the ratio of M,
to Mp, is crucial. The parameter M /My, can be obtained experi-
mentally from the calibration constants for 33-FRET and E-FRET
efficiency, as the ratio of slope to intercept from equation (9).

M
_A=G/8CFP(436) (14)
MD SYFP(436)

This relation depends upon the fact that G = (fypp(535) - QYypp)/
(fcpp(535) - QYcpp), which is the ratio of the quantum yields of
the two fluorophores and the probability of emitting a photon of
the given wavelength. Once M, /My, is determined, one possibility
is to set M = 1. This maneuver would scale the relative binding
affinities by an arbitrary scale factor. For our FRET setup, the M,/
M, value was found to be 0.440. M, and M, can also be calculated
based on the optical properties of the imaging system (Fig. 2).
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The strategy for theoretical computation of M, and M, is out-
lined in Supplementary Note 1 and Supplementary Data 1.

Calculation of binding curves. FRET efficiency measurements
from many individual cells are collectively analyzed to deduce
binding curves. The stochasticity in the expression of CFP- and
YFP-tagged proteins among different cells allows for high vari-
ability in free donor and acceptor concentrations, yielding a
saturating relationship for the apparent 33-FRET and E-FRET
efficiencies. Accordingly, either E, is plotted as a function of
free donor concentration (Dy,.) or Ep is plotted as a function
of free acceptor concentration (Ag..). Both Dg.. and Ag,.. are
computed based on estimates of CFP and YFP concentrations
(CFPggr and YFPggy, respectively) and by imposing a simple
binding model on the entire data set. For a 1:1 binding interac-
tion, the two curves should yield identical maximal efficiencies
(Epmay values) and relative binding affinities (K4 gg values). The
maximal FRET efficiency (obtained with either Dy =1o0r A, =1)
reflects the overall spatial arrangement of the CFP and YFP
molecules in the complex.

Procedurally for each individual cell, 33-FRET (E, ) and E-FRET
(Ep) efficiencies are computed based on equations (6 and 7),
respectively. YFPygp and CFPgy are determined using equations
(10 and 12), respectively. The data from many cells are then fit
iteratively using a nonlinear least-squares procedure that com-
putes Dg.. and Ay values for each individual cell based on a
simple Langmuir binding isotherm with the dissociation constant
K4 grr The equations used in this fitting procedure are provided in
Box 2. Both Dy, and Ag,, the independent variables of the FRET
two-hybrid binding curves, are computed based on the relative
dissociation constant K ggp, CFPpgr and YFPggp, and requires an
iterative nonlinear least-squares fitting procedure, as described in
Box 2 (equations (10,12,15-23)). Typically, fluorescence measure-
ments from 20 to 30 cells are used to obtain an evenly sampled
‘complete’ binding relation. Once a fit is obtained, E, and E}, are
plotted against Dy, and Ag.., respectively. The maximal FRET
efficiencies (E,,,, values), the saturating portion of the Langmuir
relation, can often be estimated independently of the iterative
fitting procedure. In general, E, .., (the maximal E, value) and
Ep may (the maximal Ef, value) can be constrained to be between
0 and 1. Similarly, Ky gpp cannot be negative, and the practical
upper limit is influenced by other factors (e.g., collisional FRET).
These considerations provide constraints to obtain robust fits
for both 33-FRET and E-FRET. Figure 6 shows an example FRET
two-hybrid binding curve.

Determination of spurious FRET. One additional confounding
factor to consider when evaluating binding interactions using the
FRET two-hybrid assay is the possibility of spurious FRET. When
fluorophores are present at high bulk concentrations, a donor and
an acceptor may be within the Forster distance by random chance
and would undergo FRET even in the absence of a genuine under-
lying binding interaction. Accordingly, to obtain reliable 33-FRET
or E-FRET binding curves, the contribution of spurious FRET
must be subtracted. Unlike with binding interactions, spurious
33-FRET and E-FRET efficiencies are linearly proportional to the
concentration of donors and acceptors, respectively. As the total
fluorescence intensity from a single cell is proportional to the
total number of CFP or YFP molecules in the cell, the magnitude
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Figure 5 | Calibration experiments using cells expressing CFP-YFP dimers of
high, intermediate and low FRET efficiency. (a) Schematic representation of
individual dimers in which CFP and YFP are linked by a defined number

of glycines (G), resulting in different FRET efficiencies. (b) For each

dimer, Fc/(Rp1 - Syep) coordinates and (Rpq - Scrp)/(Ra1- Syep) coordinates

are calculated and then plotted onto the graph. A higher FRET efficiency
corresponds to higher donor quenching and a lower S¢gp values. Therefore,
high-FRET-efficiency dimers are localized more to the left on the x axis with
respect to lower-FRET-efficiency dimers. Similarly, a higher FRET efficiency
implies higher sensitized emission. Therefore, high-FRET-efficiency dimers
are localized more to higher values of the y axis with respect to lower-
FRET-efficiency dimers. The gray area on the graph indicates the predicted
range of possible FRET efficiencies, which is usually <40%. The graph is fit
by a straight line. The slope of the line is -G and the y intercept yields the
excitation ratio of CFP and YFP: ¢p(436)/€ypp(436).

of spurious FRET by the 33-FRET and E-FRET methods can be
related to the measured CFP and YFP fluorescence intensity by
the following equations!!:

27°-Ry10°7 RpiScrp
3 Veell Mp

=m -S
33_preT ~CFP

2 9 3 .07
EA,spuriouszgﬂ: “Rj-10 D=

(29)

27%-R3 107 RyiSypp
3 Veell M

2 5 3 .27
ED,spurious = g” ‘Ry-107"-A =
=ME_FRET * SCFP (25)

Here, R, corresponds to the Forster distance, Vg is the volume
of the cell, Rp; and R,; are spectral factors and Mp and M,
are the calibration constants defined earlier. As CFP and YFP
share a similar structure, the slopes of the two spurious FRET
relations are related,

Ry M
RDI MA 3°—FRET

Empirically, spurious FRET can be obtained through fluorescence
measurements from roughly 10-15 cells coexpressing untagged
CFP and YFP molecules. As monomeric fluorescent proteins
are typically used, the FRET efficiencies obtained correspond to
spurious FRET and not to an underlying binding reaction. The
33-FRET efficiencies obtained are subsequently plotted against
the CFP intensity, whereas the corresponding E-FRET efficien-
cies are plotted against the YFP intensities, and the respective
slopes are estimated. Once the two relations are obtained, the
FRET efficiencies obtained from each cell with the interacting
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Box 2 | Determination of FRET binding curves

For a simple one-step bimolecular binding interaction with 1:1 stoichiometry,

D+ A———DA
d,EFF

the experimentally measured apparent 33-FRET (E,) and E-FRET (£p) efficiencies must relate to the free concentrations of donors (D)
and acceptors (Aee) by Langmuir isotherms:

i
Ep = Emax - Ap = Emax - i (15)
" " Drree + Ky £rF

Af
Ep = E -Dy = E o —iEE 16
D= Fmax b = Fmax Afree + Ky, EFr 8

For any given cell, the total number of YFP molecules is related to the YFP intensity through the YFP cube and is given by

_ Ra1- Syp(DA, 500, 535) (10)
M

VFRest

Note that M, is a microscope-specific calibration constant. Similarly, the total number of CFP molecules in a given cell is related to the

CFP intensity measured through the CFP cube and is given by

Ro1 - Scrp (DA, 436, 480) (12)
(1-Ep)-Mp

CFhest =

To construct FRET two-hybrid binding curves, guessed ., and Ky gee values are initially used to estimate Dg., and Ag,, concentrations
for each individual cell, given the total YFPgsy and CFPgsy concentrations determined by the following equations:

2
Drs = CFRest — Ky, grr — YFResT + \/(CFPEST — Ky err — YFResT)” + 4 - Ky rF - YFRisT (17)
ree —
2

Once Dy is estimated, Agq. can be computed as
Atree = YFRsT — (CFRisT — Dree) (18)

Alternatively, a symmetric formula for Af. based on equation (16) can be derived as follows:

_ YFRst — Ky gpr — CFRest + \/(YFPEST — Ky epr — CFRsT)® + 4 Ky grr - CFResT (19)
free = 2
The bound fraction of donor and acceptor molecules can be computed as follows:
(20)
Dy = 1— Dfree / CFRsT
(21)

Ay = 1— Afree / YFl Rest

Subsequently, predicted £, preq and Ep ,req Values are determined for each cell by substituting computed D, and Ag,, estimates with
the guessed Ky ger and £y, values into equations (14 and 15). Both £, and Ky g are then iteratively optimized to simultaneously
minimize the error in predicted £, or £ versus experimentally determined £, or £y for each cell 7 by a least-squares criteria:

j i \2
min Z(E,’A,pred —Ep) (22)
Ka,err Emax 7
j i \2
min Z(E[’),pred - EIIJ) (23)
Ka,err” Emax 1

Notice that the D¢, and Af. values for each cell are recomputed after each iteration. Derivations for all equations are given in
Supplementary Text 2 and 3.
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Figure 6 | Conceptual graph of FRET binding curves. (a) Diagram depicts hypothetical FRET binding partners A and B, tagged with YFP and CFP, respectively.
Both molecules are coexpressed in single cells. (b) 33-FRET efficiency (£,) values measured from single cells were plotted versus Dy, the concentration of free
donor molecules (CFP—B molecules), to form a binding isotherm. The relative expression of CFP and YFP molecules in a cell is adjusted to attain a

broad range of free donor concentrations. Cells with excess donor molecules will fall on the plateau of the isotherm. (c) E-FRET efficiency values (£p) for single
cells plotted versus Age., the free concentration of acceptor molecules (YFP—A), also form a binding isotherm. Note that the point located at low Dy in
panel b (red circle) corresponds to the point located at high A, in panel c. Likewise, the point located at high D, in panel b (blue circle) corresponds to

the point located at low Ag. in panel c.

pair of CFP- and YFP-tagged molecules is corrected for spurious
FRET by the following equations:

i i
EA corrected = EA — m33—FRET -SCrp 27)

i i
ED corrected = ED — ME_FRET * SYFP (28)

One important consideration pertains to studying FRET between
molecules residing in a restricted volume in certain subcellular
localizations such as the plasma membrane. For such proteins,
the slope of the spurious FRET relation can be unusually high,
as the effective volume in the given compartment is smaller.
One strategy for quantifying the magnitude of spurious FRET
between proteins in such subcellular compartments is to localize
CFP and YFP to these environments through appropriate target-
ing sequences. Importantly, FRET binding assays are suitable for
studying the interaction of cytosolic binding partners with plasma
membrane proteins such as voltage-gated Ca2+ channels®!4. For
such experiments, a transmembrane binding partner such as the
Cay1.3 pore-forming o-subunit is fused to YFP, and a cytosolic
partner such as CaM is fused to CFP (ref. 14). Experimentally, the
slope of the spurious FRET curve can be estimated by coexpress-
ing CFP- or YFP-tagged membrane proteins with freely diffusing
YEP or CFP. Practically, given this arrangement, the slope of the
spurious FRET curve is quite similar to that obtained when CFP
and YFP are freely diffusing entities!* (Supplementary Note 4).
Finally, for the interaction of two membrane-localized proteins,
an important consideration is the relative size of the binding part-
ners. As many transmembrane proteins, such as ion channels, are
large in size, the tagged fluorophores tend to be further apart and
less likely to interact by chance, resulting in low spurious FRET.

Estimation of FRET distance. The maximum FRET efficiencies
for a given CFP-YFP dimer pair depend on a variety of factors,
including the distance between the CFP and YFP molecules, an
orientational factor (k2) and spectral overlap between the donor
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emission and acceptor excitation. FRET efficiency between a
donor and an acceptor molecule is given by

1
6
1+ R
(Roj

where R is the distance of separation between the CFP and YFP
molecules, and R, is the Forster distance where E = 0.5. Often,
the two fluorophores are assumed to be randomly oriented with
respect to each other, allowing for theoretical estimation of R,
= 4.9 nm for a CFP-YFP pair. Thus, the approximate molecular
distance between the donor and acceptor is

1-E
-
E

(29)

(30)

For example, a FRET efficiency of 0.15 corresponds to a molec-
ular distance of 6.5 nm between CFP and YFP. Maximal FRET
efficiencies range between 0.10 and 0.40 for fluorescent proteins
as the PB-barrel structure impedes close apposition of the two
fluorophores!>16.

Overview of the procedure

An overview of the experimental design of the FRET assay is out-
lined in Figures 7 and 8. The first section of the protocol outlines
the setup and calibration of the FRET microscope, including soft-
ware customization for data acquisition (Steps 1-21), construc-
tion of a high-voltage-gain lookup table (HV-LUT; Steps 22—41)
and other cell-based calibration measurements to ensure stable
and reliable acquisition of FRET data (Steps 42—48). In the sec-
ond section, we describe the steps for conducting routine FRET
two-hybrid assays, including all control measurements (Fig. 8,
Steps 100-128). A custom analysis sheet is provided, along with
a detailed workflow for data analysis.
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Steps Objective Duration No. of iterations

Generation of acquisition programs

1-6 Implementation of acquisition programs
for screening and selecting cells

15min  Once

15 min  Daily over 1 week

7-9 Determination of dark current of the PMT

10-15 Implementation of acquisition programs
for FRET two-hybrid binding experiments

45min  Once

45 min  Once

]ah

16-21 Implementation of macros

22-41 [

Cell-independent calibration measurements

Establishing an HV lookup table (HV-LUT) Daily over 1 week

Cell-dependent calibration measurements

( N
42-48 Cell preparation and transfection 2-3d
49-52 General steps
53-62 Determination of background autofluorescence | 30 min ~ Daily over 1 week,
10-15 cells
63-77 | Determination of spectral factors Ry, Rpy and Ra; | 90 min  Daily over 1 week,
10-15 cells
78-99 | Determination of calibration constants using dimers | 90 min Daily over 1 week,
\§ ) 15-20 cells

Figure 7 | Overview of the calibration phase of the FRET rig. Outline of
the workflow for reliable calibration of the FRET rig. There are three major
phases—generation of acquisition programs, cell-independent calibration
measurements and cell-dependent calibration measurements.

Software implementation. During the setup phase of the FRET
rig, acquisition programs for obtaining fluorescence measure-
ments are first configured. A typical experiment initiates with
a visual screen for cells that are suitable for measurement. To
select cells, two programs are required—(i) continuous excitation
of CFP and (ii) continuous excitation of YFP. The actual FRET
measurements are then performed using the CFP, FRET and YFP
cubes with a brief excitation pulse. Two distinct excitation pro-
grams are required—(i) excitation using 436-nm-wavelength light
for the CFP and FRET cubes and (ii) excitation using 500-nm-
wavelength light for the YFP cube. Macros are defined that
sequentially call the programs for the CFP, FRET and YFP cubes
and store the acquired signals in a data file. All acquisition
programs require subtraction of dark current.

Construction of an HV-LUT. One advantage of a photomulti-
plier tube (PMT) in fluorescence measurements is its ability to
quantify intensities with high sensitivity and low noise over a
broad range by controlling the high voltage set on the dynode.
For FRET experiments, the donor and acceptor molecules are
expressed at varying levels and require the use of multiple HV
gains to detect fluorescence over a wide range. The light inten-
sity reported by the photomultiplier detection system (PMT)
follows a power-law relation with the HV gain. A lookup table
is determined for a given microscope setup over limited HV
gains used in FRET experiments. To construct an HV-LUT, we
measure the fluorescence intensity of synthetic dyes mimick-
ing spectral properties of CFP and YFP at different dilutions at
predetermined HV gains. A standard HV gain is then chosen
and the fluorescence intensities are normalized to the intensity
at the standard HV gain. This procedure is performed during
the setup phase of the FRET rig.
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Steps Objective Timing
100 Cell preparation and transfection 2-3d
Determination of background .
101 autofluorescence, Rp;, Rpy and Ry, 90 min
102-109 Determination of spurious FRET 30 min
110-111 Determination of FRET efficiencies from 1-3h
CFP- and YFP-tagged FRET pairs
115-128 Construction of a binding curve 30 min-2 h

Figure 8 | Overview of a FRET two-hybrid binding experiment. Summary of
steps required for conducting a single FRET two-hybrid experiment, along
with the approximate timing for each step.

Cell-dependent calibration measurements. Both calibration
constants (the G factor and the ratio of extinction coefficients)
and spectral factors (Ry; and Rypy,) differ for a given imaging setup
by choice of fluorophores. These values have to be determined
during the calibration phase of the setup from cells expressing
CFP-YFP dimers, and donors or acceptors individually. Stability
of all constants must be ascertained.

FRET two-hybrid binding experiments. Once the setup has been
calibrated, robust FRET data can be obtained. For actual FRET
experiments, six different cell samples are prepared that need to
be measured on the day of the experiment: (i) nontransfected
cells, for the determination of the background autofluorescence;
(i) cells expressing CFP alone, for the determination of the spec-
tral factors Ry, and Rpy,; (iii) cells expressing YFP alone, for the
determination of the spectral factor R, ;; (iv) the CFP-YFP dimer,
as a positive control; (v) cells expressing untagged CFP along
with YFP, to determine spurious FRET; and (vi) cells expressing
donor-tagged and acceptor-tagged binding pairs, for the actual
FRET measurement. Background autofluorescence results from
cell metabolites and weakly fluorescent amino acids. This value
must to be subtracted for each of the three cubes (CFP, YFP and
FRET cubes). Typically, the autofluorescence is <5% of the total
signal through the cubes. The spectral ratios Ry}, Rp; and Ry, are
determined before each FRET experiment from cells expressing
YFP or CFP only. As a positive control, FRET efficiency is evalu-
ated for a CFP-YFP dimer pair to evaluate daily performance of
the microscope. Finally, spurious FRET and FRET efficiencies for
the desired CFP- and YFP-tagged binding pairs are measured.

Workflow of data analysis. For data analysis, we provide a
MATLAB script, which converts FelixGX data output to an input
format suitable for Excel spreadsheets (Supplementary Data 2).
In addition, a template Excel sheet is available (Supplementary
Data 3). Alternatively, the analysis can be performed using soft-
ware packages such as Origin or MATLAB. Once the raw data
are acquired and filled in on the template Excel sheet, most of
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the analysis is performed automatically, as the worksheets and
relevant cells are linked with each other. The dimer analysis sheet
calculates the G factor, the M,/My, ratio and the ratio of extinction
coefficients. For the actual fitting procedure, points are calculated
for each dimer, averaged across cells for each dimer and plotted on
the graph. A least-squares linear fit is obtained by adjusting slope
and y intercept. The sheet for the FRET two-hybrid binding data
subtracts background signals and deposits the corrected signals in
the binding curve sheet. This sheet calculates all FRET parameters
with and without correction for spurious FRET, and it graphically
displays binding curves for E, versus Dy, and Ep, versus Ag,...
Finally, nonlinear curve fitting is performed in order to obtain the
binding curves defined by the E,,, and K gpy values.
Applications of the assay and target audience

The method is of interest to researchers characterizing protein—
protein interactions within living cells, wherein such interactions
correspond to cellular signaling events. As FRET efficiencies are
obtained nondestructively, this methodology can be applied to
quantitatively monitor both dynamic and steady-state aspects of
binding interactions. FRET-based assays have been used to study
a wide range of biological molecules, including ion channels,
G-protein-coupled receptors, immunoglobulins and cytosolic
enzymes such as protein kinase A and Ca2*/calmodulin-depend-
ent kinase II, as well as numerous other enzymes and recep-
tors?17-19. This methodology has been applied extensively to
study the binding of voltage-gated Ca2* channel holomolecules
or subsegments with various channel-interacting proteins such as
calmodulin®10:20:21 the auxiliary Cayf} subunit?2, G proteins23.24
and members of the small GTPase family2>-26, In addition, the
comparative ease of obtaining relative binding affinities using the
FRET two-hybrid assay has enabled systematic characterization of
mutational effects on a binding interface such as the CaM-binding
segment of the Cay 1.3 channel20:21. FRET binding assays are also
well suited for studying binding of molecules in distinct subcel-
lular localizations such as the interaction between STIMI1 in the
ER membrane and Orail channel in the plasma membrane27:28.

Advantages of the assay
This method has several advantages as compared with alternative
FRET approaches. It is possible to quantitatively describe protein—
protein interactions in living cells with binding curves from which
relative affinities can be derived. Furthermore, the assay is robust
because two independent metrics for FRET efficiencies (donor-
centric and acceptor-centric) are determined and correlated.
Molecular FRET distances can be calculated based on maximal
FRET. Unlike acceptor photobleaching, the assay is completely
nondestructive®13. The specificity of the calculated FRET efficien-
cies is high, as spurious FRET is measured and subtracted from
total binding curves!1:21. Any cell type, such as cultured cells or
primary cells, can be used2>29-32, These cells can be transfected by
standard transfection or viral gene transfer2>. Finally, this method
can be readily translated to a dynamic FRET assay?28-33.
Technologically, one important advantage is that the approach
can be highly automated and data acquisition and analysis is
fast34. In principle, a single binding curve can be obtained within
an hour, excluding time required for cell culture. Furthermore,
the method exploits relatively inexpensive and widely accessible
equipment, and therefore can be easily implemented. Minimally, a
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TABLE 2 | Plasmids for FRET analysis.

Name Description Catalog number
ECFP Untagged donor for 84951
spectral factors
EYFP Untagged acceptor 84952

for spectral factors
YFP-G,-CFP Dimer for calibration 84953
YFP-G4,-CFP Dimer for calibration 84954
YFP-G,,—-CFP Dimer for calibration 84955
YFP-Ggy—-CFP Dimer for calibration 84956
ECFP-CaMyr Donor-tagged binding 84957
partner
EYFP-Myosin VaIQ  Acceptor-tagged 84959
binding partner
EYFP-Cay1.2 IQ Acceptor-tagged 84958

binding partner

simple wide-field epifluorescence microscope including a motor-
ized filter wheel, an excitation system composed of an optically
stabilized xenon arc lamp, and a detection system consisting of a
PMT and housing is sufficient.

Limitations of the assay

One disadvantage of the PMT-based system for determining
FRET efficiencies is the lack of subcellular spatial resolution. For
certain applications, determining spatial variation in FRET may
lend important insights into biological function. This limitation
can be overcome by using either a camera-based or a confocal
imaging system. Such applications may require further cali-
bration measurements to account for chromatic and spherical
aberration of the objective and may require additional lookup
tables to account for detector gains (e.g., for charge-coupled
device (CCD) cameras). For confocal imaging, stability of opti-
cal parts and fluctuations of laser power may pose substantial
challenges3>. Confocal imaging setups may also be expensive.
This approach is also less suited to high-throughput experi-
ments. However, the method could potentially be implemented
using a flow-cytometry-based system3436. In addition, the cur-
rent approach is not well suited to extremely fast and highly
dynamic processes, as the time required to switch filter cubes can
be hundreds of milliseconds. Faster imaging could be attained
using multiple PMT detectors and filter wheels. Moreover, as
changes in binding would alter only fluorescence measurements
from the CFP and FRET cubes, only these measurements need
to be obtained simultaneously and rapidly. Over a very short
period of time, the changes in direct YFP fluorescence would
be negligible. Thus, the protocol described here can be adapted
to study fast time-scale events. Finally, the protocol assumes
a single-step binding interaction with a 1:1 stoichiometry for
determining relative dissociation constants. These constants
could be experimentally ascertained if the maximal 33-FRET
and E-FRET efficiencies are identical3”.
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Comparison with alternative approaches

There are numerous methods available for detecting FRET efficien-
cies from biological systems that are suitable to a variety of applica-
tions?. Acceptor photobleaching or donor dequenching is a classic
and widely used technique that measures the fractional enhance-
ment in donor fluorescence upon photodestruction of the asso-
ciated acceptor molecule. As such, this intensity-based technique
does not require any instrument-specific calibration constants.
Although simple to perform, this technique is destructive and is
substantially more time-consuming. A second method of obtain-
ing FRET efficiencies quantitatively is fluorescence lifetime imaging
microscopy38. This technique measures changes in the fluorescence
lifetime of donor molecules to infer FRET in a spatially resolved
manner. Lifetime measurements can be attained using either a time-
resolved fluorescence response to a brief pulse of light or through
frequency domain measurements3®. Moreover, it can be used in
conjunction with multiphoton excitation to further enhance spa-
tial resolution and sensitivity3%40. The use of multiphoton excita-
tion could make this technique suitable to in vivo applications*0.
Although powerful for studying biological systems, one disadvan-
tage is that this method requires expensive equipment that may
preclude its widespread application3. In addition, many fluores-
cent proteins exhibit multiexponential fluorescence decays and may
therefore confound accurate detection of fluorescence lifetimes.
Moreover, the concentration of acceptor molecules is generally
not considered, and therefore this method is not typically used to
quantitatively characterize the strength of binding interactions.

A key confounding factor in intensity-based measurements of
FRET is the possibility of spectral cross talk as a consequence
of the broad excitation and emission spectrum observed for
typical fluorescent proteins. Spectral FRET measures the known
spectrum of donor and acceptor molecules to unmix these con-
founding factors and estimate FRET efficiency by determining
the full spectrum of the donor#!-44. However, such measurements
will also require expensive equipment to characterize fluorescence
signals across a large spectrum.

Binding curves have been measured using approaches similar to
the 33-FRET method described here4>-48. First, plotting apparent
acceptor-centric FRET efficiencies as a function of the ratio of
CFP and YFP fluorescence intensity yields a saturating relation-
ship that can be analyzed to determine changes in conformation
or relative affinity4546. A similar approach can be used to relate
donor-centric FRET efficiencies as a function of the ratio of the
number of YFP molecules to the number of CFP molecules in
a cell by a saturating Langmuir relation4’. However, the fitting
constant in this method does not correspond to dissociation con-
stants#’. Moreover, this method also requires fluorescence lifetime
imaging microscopy measurements for calibration*74%. Finally,
the E-FRET (donor-centric) efficiencies can be correlated with the
free concentration of acceptors to obtain a relative dissociation
constant8. In all cases, a 1:1 binding stoichiometry is assumed.

Experimental design

Robust quantitative determination of FRET requires a well-
calibrated microscope setup, a stable excitation source and a linear
detection system, as described in the following section.

Setting up and calibrating the FRET rig. During the initial setup
of the FRET rig, identical measurements required for routine
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FRET experiments (Figs. 7 and 8) are performed, generating
large data sets from which the HV-LUT, the spectral factors
and the FRET efficiency calibration constants are determined.
The stability of these constants is confirmed over a period of a
week. Large fluctuations in these constants will result in mis-
estimation of FRET efficiency, adding to noise in FRET binding
assays and often leading to irreproducible results.

Stability of the excitation light source. As FRET two-hybrid assay
uses corrected total fluorescence output to estimate the concen-
trations of donors and acceptors, instability in the excitation
source may lead to variable reporting of relative binding affinities.
Commonly, xenon arc lamps are used for exciting fluorophores.
An intrinsic problem of arc-lamp-based excitation systems is the
short-term fluctuations of fluorescence output. Therefore, it is
helpful to use xenon lamps equipped with a computer-controlled
optical feedback system. Ideally, the feedback system measures
lamp intensity output and adjusts any short-term fluctuations
via a servo-controlled feedback system by regulating the power
supply. Such systems are available from Newport (Oriel Research
Xenon arc lamp (cat. no. 66477-150XF-R1) plus Light Intensity
Controller LIK-LMP). Alternatively, a monochromator system
that is driven by a stabilized power supply can be used in order to
minimize intensity fluctuations. Furthermore, LED-based systems
with or without optical feedback stabilization or temperature
control are also available. Irrespective of the system used, excita-
tion intensity output should be set to the low or middle dynamic
range to minimize photobleaching. If necessary, neutral-density
filters or optical grids (fluorescence intensity manager for Leica
microscopes) can be used to reduce excitation intensity. We use
a 150 W xenon arc lamp with slit widths of the monochromator
output adjusted to 5 nm.

Stability of the emission light detector. Instability in the emission
detector may also contribute to mis-estimation of total donors
and acceptors, resulting in unreliable reporting of relative binding
affinity. We use a PMT-based detection system. The advantage
of the PMT is that the detection gain can be controlled over a
wide range by changing the high voltage. Certain photodiode-
based systems have a limited detection range and may necessitate
further optimization. Another advantage of the photomultiplier
system is that HV gain can be controlled by the software, which
allows for very fast and automated data acquisition. CCD camera
systems, which are also equipped with a gain control, are suit-
able for quantitative FRET experiments and require calibrations
similar to those of PMT-based systems. However, FRET experi-
ments using camera-based setups are more complex, as chromatic
aberration may result in spatially varying spectral ratios?.

Linear response of the emission light detector. Our FRET-based
binding assay relies on robust determination of the number of
donor and acceptor fluorophores in a given cell. It is therefore
critical that fluorescence intensity measured using the PMT be
linearly dependent on the concentration of fluorophores. In some
cases, PMT detectors have been shown to respond nonlinearly
to the intensity of the incident light*4>0:51, although some non-
linearities could be corrected®. Therefore, we confirmed a lin-
ear relation between the fluorescence intensity measured using
the PMT and the concentration of fluorophores determined
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by characterizing the fluorescence output of droplets of the
synthetic dyes Alexa Fluor 514 and Proflavin, which mimic
the spectral properties of YFP and CFP, respectively3>. Indeed,
the net fluorescence intensity was linearly dependent on the

concentrations of Alexa Fluor 514 (Supplementary Fig. 1a) and
Proflavin (Supplementary Fig. 1b). These results suggest that
fluorescence intensity measured using our PMT setup is linearly
proportional to the number of fluorophores in a cell.

MATERIALS

REAGENTS

+ Sodium chloride (NaCl; VWR, cat. no. 27810)

* Potassium chloride (KCI; Carl Roth, cat. no. 6781)

+ Magnesium chloride hexahydrate (MgCl,-6H,0; Carl Roth,
cat. no. 2189)

+ Calcium chloride dihydrate (CaCl,-2H,0; VWR, cat. no. 22317)

* Glucose monohydrate (Carl Roth, cat. no. 6887)

+ HEPES (Sigma-Aldrich, cat. no. H3375)

+ Sodium hydroxide (NaOH; VWR, 28244) ! CAUTION Sodium hydroxide is
a corrosive alkali. Wear protective gear while handling to avoid contact with
skin and eyes.

* Poly-L-lysine hydrobromide (Sigma-Aldrich, cat. no. P2636)

+ Polyethylenimine (PEI; Polysciences, cat. no. 23966-2)

+ Cell sample of choice; here, we use the example of HEK293 cells (DSMZ,
cat. no. ACC 305) ! CAUTION For cell lines used in your research, it is
essential to ensure that the cells are authentic and free from contamination
such as mycoplasma.

+ DMEM (low glucose) (Gibco, cat. no. 21885)

* FBS (Biochrom, cat. no. S 0615)

+ Penicillin/streptomycin (P/S; Biochrom, cat. no. A2212)

+ Alexa Fluor 514 succinimidyl ester (Molecular Probes, cat. no. A3-0002)

+ Proflavin hemisulfate salt hydrate (Sigma-Aldrich, cat. no. P2508)

! CAUTION Proflavin is toxic and an irritant. Wear appropriate eye shields
and gloves when handling this compound.

+ Plasmid constructs (see Table 2); all plasmids used in the PROCEDURE are
available from Addgene (http://www.addgene.org)

EQUIPMENT

* Microtubes, 1.5 ml (e.g., Sarstedt, cat. no. 72.690.001)

* Glass-bottom dishes, 35 mm (In Vitro Scientific, cat. no. D35-20-1.5-N).
A CRITICAL Cell culture dishes with glass bottoms are recommended for
imaging. The glass bottom is optimized for minimal autofluorescence.
For complete adherence of cells, it is recommended to coat dishes with
poly-L-lysine (PLL; see Equipment Setup).

« Inverted fluorescence microscope (Leica, cat. no. DMI6000B)

+ HC PL APO 40x%/1.3 oil-immersion objective (Leica, cat. no. 11506329)

+ CEP-filter cube, excitation: ET436/20x, dichroic: T455lp, emission:
ET480/40 m, transmission rate 93—97% (Chroma Technology,
cat. no. 49001)

* YFP-filter cube, excitation: ET500/20%, dichroic: T515lp, emission:
ET535/30 m, transmission rate 93-97% (Chroma Technology,
cat. no. 49003)

« FRET-filter-cube, excitation: ET436/20x, dichroic: T455lp, emission:
ET535/30 m, transmission rate 93—97% (Chroma Technology,
cat. no. 49052)

* DeltaRamX (Horiba)

+ Xenon short arc lamp type (Ushio, model no. UXL-75XE)

+ C-mount adaptor (specific for Leica microscope type)

* Microscope photometer (Horiba, model no. D-104 B)

+ PMT housing (Horiba, model no. 914)

* PMT (Horiba, model no. R1527)

* FelixGX v4.3.6904 (Horiba)

+ Excel 2013 (Microsoft Corporation)

* MATLAB vR2014b (MathWorks)

REAGENT SETUP

FRET imaging buffer For typical FRET two-hybrid assays, a bath (Tyrode’s

solution, containing 140 mM NaCl, 5 mM KCI, 1 mM MgCl,, 2 mM CaCl,,

10 mM glucose and 10 mM HEPES in ddH,0) is used. Adjust the pH to 7.4

with 5 M NaOH. Prepare aliquots and store them at —20 °C for up to 1 year.

Thawed aliquots can be stored at 4 °C for up to 1 week.

HEPES buffer Dissolve 2.38 g of HEPES in 1 liter of ddH,O to attain a final

concentration of 10 mM, and adjust the pH to 7.0 with 5 M NaOH. The

buffer can be stored at 4 °C for up to 1 year.
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Alexa Fluor 514 dye (1 mg/ml) Dissolve 1 mg in 1 ml of HEPES buffer and
incubate the mixture overnight at room temperature (22 °C). The stock
solution may be stored at 4 °C and is stable for several months. Prepare
dilutions on the day of use with HEPES buffer. A CRITICAL It is important

to protect this solution from light to prevent photobleaching.

Proflavin dye (100 mg/ml) Mix a total of 100 mg with 1 ml of HEPES
buffer, and vortex and centrifuge the mixture for 1 min at 10,000g at room
temperature to remove undissolved particles. This stock solution can be
stored at 4 °C and is stable for several months. Prepare all dilutions freshly
with HEPES buffer on the day of use. A CRITICAL It is important to protect
this solution from light to prevent photobleaching.

Growth medium Supplement 450 ml of DMEM low-glucose medium with
50 ml of heat-inactivated FCS (10% (vol/vol) final) and 5 ml of P/S (1%
(vol/vol) final). Store the medium at 4 °C for up to 4 weeks.

Transfection medium To 50 ml of unsupplemented DMEM low-glucose
medium, add 250 pl of P/S (1% (vol/vol) final). Store the medium at 4 °C for
up to 4 weeks.

Polyethylenimine transfection reagent Prepare 25 ml of a 1 mg/ml polyeth-
ylenimine (PEI) stock solution in endotoxin-free ddH,O with pH adjusted

to 7.0. Sterilize the solution using a 0.22-um syringe filter, prepare aliquots and
store them at —20 °C. A working stock can be stored at 4 °C for up to 4 weeks.
Poly-1-lysine stock (50 mg/ml) Dissolve 100 mg of PLL in 2 ml of ddH,0O
for a poly-L-lysine (PLL) stock solution. The stock solution can be stored

at 4 °C for up to 6 months.

EQUIPMENT SETUP

Preparation of imaging dishes Wash glass-bottom cell culture dishes with
80% (vol/vol) ethanol and let them dry completely. Coat each dish with
600 pl of 1:50,000 PLL dilution for 30 min at room temperature. Aspirate the
PLL solution, wash twice with ddH,O and allow the dishes to dry. Once dried,
the dishes may be stored at room temperature for a few days.

Microscope Our measurements were obtained using a Leica DMI6000B
inverted fluorescent microscope equipped with a motorized turret and a

40x objective (Fig. 1). The microscope is furnished with a motorized
filter-wheel that enables rapid switching of filter cubes within 300 ms.

If you are using filter cubes other than those listed in EQUIPMENT section,
it is critical to ensure that the filter designs permit optimal transmission of
desired optical signals.

Fluorescence excitation system We use a DeltaRamX monochromator
containing a xenon short arc lamp (Fig. 1) for excitation. The excitation
intensity of this light source can be adjusted by manually setting the slit
control, which we typically set to 5 nm. For quantitative FRET microscopy,

a stable excitation light source is essential. Arc-lamp-based excitation systems
have the disadvantage of long-term decay in fluorescence output due to aging
of the excitation lamp. To ensure long-term stability, the intensity of the lamp
should be adjusted often to yield a target amount of YFP bleaching in a fixed
time interval. For example, when the monochromator slits are opened to ~5
nm, the YFP bleaches to ~60% of initial intensity within 440 s. Repeat this
measurement monthly and adjust the output of the xenon lamp, so that the
reference value is reached. In practice, this adjustment can be attained by
simply adjusting the slit width of the monochromator or by adjusting the
power supply. Alternatively, excitation light intensity in the objective plane
can be measured using a power intensity meter. The excitation light bulb
needs to be replaced based on the lifetime of the light bulb used.
Fluorescence detection system The fluorescence intensity is detected by a
PMT (Horiba) consisting of photometer housing and a PMT. In the analog
mode, the PMT can operate at different HV gains, allowing for fluorescence
measurement over a broad intensity range. The aperture can be adjusted by
four aperture control knobs and, for the example used in PROCEDURE, is
set to the size of a single HEK293 cell. A viewing scope enables control of


http://www.addgene.org
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the aperture size and positioning of the relevant cell within the viewing area.

Light beams arising from the sample can be directed to either the PMT

or the eyepieces by toggling to the ‘Measure’ or ‘View’ position. To protect
the PMT, the toggle is set to the ‘Measure’ position only when fluorescence
signals are acquired.

PROTOCOL |

analysis is performed with a custom-written MATLAB script and a
customized Excel spreadsheet, which are provided as Supplementary Data 2
and 3, respectively. In principle, any commercially available image
acquisition and data analysis software can be used. For automatization of
the workflow, custom-written programs (e.g., with MATLAB) can be used to

control all critical components of the system (e.g., light source, microscope,
and filter cube turret).

Data acquisition and analysis We use FelixGX for signal acquisition and
control of the monochromator and individual detector gains. Offline data

PROCEDURE

Generation of acquisition programs for screening and selecting cells ® TIMING 15 min

A CRITICAL Steps 1-21 describe how to generate appropriate acquisition programs for FRET two-hybrid-binding assays
using the FelixGX software. Alternatively, customized software (e.g., MATLAB) can be used to operate the monochromator.
Independent of the data acquisition software used, key parameters such as the wavelength for excitation and emission, the
duration of fluorescence recording and the sampling rate of data digitalization can be set as outlined here. Other parameters
that are unique to the detection system or the excitation system may differ and will need to be specified according to the
hardware used.

1| If you are using FelixGX for data acquisition, confirm that ‘914 default gain” is set to 950. This value is set

incorrectly by the supplier and impedes the correct performance of the PMT. To set this value, start FelixGX and click the
‘DeltaRamAnalog’ tab (Supplementary Fig. 2) to open the hardware configuration window (Supplementary Fig. 3a).

Set the parameter to 950. Then validate and close the window.

2| Create an acquisition program for continuous illumination of donor fluorescence (Steps 2-5). This program is suitable
for screening and selecting fluorescent cells. In FelixGX, select the ‘Setup’ tab in the left lower corner of the main graphical
user interface (Supplementary Fig. 2); this opens the ‘Setup” window. The window has 10 tabs; choose the ‘Acquisition Type’
tab and select ‘Timebased’ (Supplementary Fig. 3b).

3| Select ‘Acquisition Settings’ from the ‘Setup” window (Supplementary Fig. 4a) and specify the excitation wavelength for
the CFP cube. The excitation wavelength needs to match the center wavelength of the individual excitation filter (e.g., 436
nm for CFP excitation). In the panel on the right side, set duration of the data acquisition to 600 s. The continuous illumina-
tion mode usually has an acquisition duration of 5-10 min. Set the sampling rate to 100 points per s and accept. All other
settings can be left as default.

A CRITICAL STEP Users are encouraged to implement acquisition programs that match the properties of their given imaging
setup. The sampling rate, acquisition duration and excitation wavelength may therefore be adjusted to yield good signals
without inducing photobleaching.

4| Select ‘PMTs’ from the ‘Setup” window (Supplementary Fig. 4b). Specify the gain voltage (e.g., 850 V) and accept.
For screening of cells, it is convenient to use a standard HV gain of 850 V.

5| Save the program, e.g., as ‘continuous CFP excitation’ This program will be invoked to screen for appropriate cells to
collect FRET data and terminated after an appropriate cell is chosen. Note that the cells will never be exposed for the full
acquisition duration, in order to avoid photobleaching effects.

6| Create an acquisition program for continuous illumination of acceptor fluorescence. Repeat Steps 2-5 and create a
similar acquisition program for YFP illumination. Use the same settings, except for excitation wavelength, which should be
set to match YFP excitation wavelength (e.g., 500 nm).

Determination of the dark current of the PMT @ TIMING 15 min

7| Al specific programs require the dark current of the detector to be subtracted. To quantify the dark current, completely
isolate the detector from incoming light by setting the photometer knob to ‘View’ (Fig. 1) and direct the light beam toward
the oculars of the microscope. This blocks the light beam to the photometer and protects the PMT from saturation.

A CRITICAL STEP Daily measurements of dark current evaluate the stability of the detection pathway and are important
during the setup phase of the FRET rig.

8| Place the CFP filter cube in the light beam. Start continuous CFP illumination (e.g., using the program set up in
Steps 2-5) and record the signal for ~10 s.
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9| Calculate the average signal of the trace acquired in Step 8. Using FelixGX, go to ‘Math” — ‘Trace Math” — ‘Average’
(Supplementary Fig. 2) and read out the value in the pop-up window. This value is the dark current of the PMT, which
needs to be subtracted in all acquisition programs (Steps 12 and 13).

Generation of acquisition programs for FRET two-hybrid binding experiments ® TIMING 45 min

10| To conduct actual FRET measurements, create acquisition programs for the donor and acceptor using shorter acquisition
durations (in the range of milliseconds to seconds). The pulse length needs to be adjusted so that it is long enough to have
an optimal fluorescence signal without inducing photobleaching. To do this, repeat Steps 2 and 3 for excitation of CFP using
the same settings, except for duration of acquisition, which should be set to 1 s (Supplementary Fig. 4a).

11| Set the gain voltage to ‘600’, as described in Step 4.

12| Implement subtraction of dark current from the acquired signal, using the specific dark current value determined

in Steps 7-9. In FelixGX, select ‘Backgrounds’ from the ‘Setup” window (Supplementary Fig. 4c). Note that the term
‘Background” used in this window refers to the dark current caused by spontaneous discharge of electrons by the PMT, where-
as the term ‘autofluorescence background’ refers to fluorescence intensity of cells lacking fluorophores typically generated

by cellular metabolites. The dark current signal defines the lower limit of the resolution of the detection system. To activate
dark current subtraction, select ‘Manual Input” and activate the option ‘Use Background” by clicking the box and ‘Accept’.

13| Select ‘Traces’ from the ‘Setup” window (Supplementary Fig. 4d) and specify the dark current value obtained in
Step 9 (-0.2957 mV, for our system). Specify a name for the acquisition program (e.g., ‘CFP 600"), activate ‘Visible Graph’
by clicking the box and ‘Accept.

14| For the purpose of signal acquisition for binding curves, it is necessary to implement acquisition programs designated
to detect signals with different detector gains. Usually, gains from 600 V to 1,150 V are in the operational range of the
detector. Repeat Steps 10-13, but in Step 11 set the gain voltage to the desired value (e.g., ‘650"). Save the program
with an appropriate name (e.g., ‘CFP 650°) and repeat this step for further HV gains. We recommend implementation of
acquisition programs with intervals of 50 V. When this step has been successfully completed, 12 programs for specific HV
gain will have been created.

15| Create analogous acquisition programs for YFP excitation by repeating Steps 10-14, but instead specify the excitation
wavelength to be 500 nm for the YFP cube.

Generation of macros for FRET two-hybrid binding experiments ® TIMING 45 min

A CRITICAL Steps 16-21 describe how to use the FelixGX software to create separate macros for each HV gain (corresponding
to 600-1150 V, in intervals of 50 V) using the acquisition programs created in Steps 10-15. Note that the acquisition
protocol for donor excitation is suitable for fluorescence intensity readings using the CFP and FRET filter cubes, whereas

the acquisition protocol for acceptor excitation is used to read signals using the YFP filter cube. An example macro sequence
might be: donor excitation (CFP cube) — donor excitation (FRET cube) — acceptor excitation (YFP cube). Note that the HV
gains used for donor excitation must be the same as those used for acceptor excitation.

16| On the main graphical user interface (Supplementary Fig. 2), select the ‘Action’ tab to open the ‘Macro” window
(Supplementary Fig. 5). Click the green ‘“+" button in the upper left corner of the window to open the ‘Macro Editor” window
(Supplementary Fig. 5a).

17| To add a pause step to the macro, highlight ‘Pause’ from the list on the left side and click the ‘Add” button
(Supplementary Fig. 5b). This adds ‘Pause [indefinite]” to the macro window (black panel) on the left side of the list.
During an experiment, the pause point allows the appropriate filter cube to be brought into position.

18| Next, add the acquisition protocol for donor excitation at the first HV gain (e.g., ‘CFP 600") to the macro by selecting
‘Run Acquisition (existing)’ from the list, and choosing the ‘CFP 600" protocol from the pop-up list (Supplementary Fig. 5c).

19| Repeat Steps 17 and 18 to add pause steps and acquisition protocols for the FRET cube and the YFP cubes at HV gain
of 600 V. Pause steps need to be added between each of the protocols for the three individual cubes and after the final
acquisition protocol, as shown in Supplementary Figure 5, to allow switching of filter cubes when conducting a macro.

20| Save the macro with a name that specifies the HV gain—e.g., ‘FRET 600"
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21| Repeat Steps 16-20 for all remaining gains. Once successfully completed, a total of 12 macros corresponding to each of
the specific HV gains will have been created.

Establishment of an HV-LUT to normalize PMT gains ® TIMING 3 h daily over 1 week
22| Place an empty imaging dish on the microscope stage.

23] For background measurements, pipette 80 pl of HEPES buffer onto one edge of the empty dish.
24| Cover the dish with a lid in order to prevent rapid evaporation of the buffer.

25| Using bright-field illumination, navigate the objective to the border of the solution and focus. Subsequently, navigate
toward the center of the solution and turn off bright-field illumination.

26| Direct the light beam to the PMT and obtain measurements using the ‘FRET 600" macro. Repeat for all predetermined PMT
HV gains. These measurements will give you 12 data points for each filter cube.

27| Rename the data set with a descriptive name and export as ‘Export Group’. This creates a .txt file that can be read and
converted to Excel-compatible data using the provided MATLB script (Supplementary Data 2).

28| Navigate to another region of the solution and repeat Steps 25-27 for at least 6-8 more spots of solution. Make sure to
record several different positions in each dish.

29| Pipette 80 pl of a 1:10,000 dilution of Alexa Fluor 514 dye onto another edge of the imaging dish and ensure that the
solutions remain well separated. Alternatively, a new imaging dish can be used.

A CRITICAL STEP Make sure that the dye solution is homogeneous and that no undissolved or contaminating particles reside
in the light beam.

30| Collect fluorescence signals with all available gains, as described in Steps 25-27. Reject data if the fluorescence signal
collected is beyond saturation of the PMT detector or if the signal-to-noise ratio is low.

31| Navigate carefully to another region of the dye solution, and repeat the measurement (as described in Step 30) for at
least eight more regions.

32| Repeat Steps 29-31 using two more dilutions of the Alexa Fluor 514 dye—e.g. 1:2,000 and 1:50,000 dilutions. Using the
three different dilutions, fluorescence signals will be obtained that cover a broad range of the PMT gains.
? TROUBLESHOOTING

33| Use a new imaging dish and repeat Steps 29-31 with 80 pl of Proflavin at a 1:10,000 dilution.

34| Collect data for 1:2,000 and 1:100,000 dilutions of Proflavin dye, as described in Steps 29-31. Again reject data by
criteria set in Step 30.

? TROUBLESHOOTING

35| Export the data as ‘Export Group’ For computation of the HV-LUT, read the exported data files derived from measure-
ments of different dilutions of Proflavin and Alexa Fluor 514 dye and background measurements (Steps 27 and 35) using the

provided MATLAB script (Supplementary Data 2), as described in Steps 36-41.

36| Subtract the background fluorescence from the dye measurements and use background-subtracted values for further
calculations. The resulting table provides signal amplifications for each gain.

37| For Alexa Fluor 514 dye, use only signals that are measured using the FRET and YFP cubes. Similarly, for Proflavin dye,
analyze only signals that are measured using the FRET and CFP cubes. Remove all other signals.

38| Normalize all signals to gain HV800 by dividing by the appropriate LUT factor. This yields the normalized amplification
factor for each gain. The normalized amplification factor for gain HV800 will be 1.
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39| For each dye dilution, average the normalized fluorescence signals from all three filter cubes. This gives signals for
HV600-HV1150 for the CFP cube, the YFP cube and twice for the FRET cube.

40| Visualize the data for the CFP cube, the YFP cube and the FRET cube by plotting HV gains (x axis) against the
normalized amplification factors. The power-law relation can be visualized on a logarithmic plot. In this case, the relation
forms a straight line. Exclude outliers at the extreme gains for each dye concentration.

41| Average normalized signals from different dilutions for the CFP and YFP cubes. Pool FRET cube signals measured by
either of the dyes and average. The outcome is the final HV-LUT.

Cell preparation and transfection for calibration of the setup ® TIMING 2-3 d

42| Seed HEK293 cells at a density of 1 x 105 to 5 x 105 cells in 2 ml of growth medium on a 35-mm glass-bottom dish at
least 2 d before the experiment. Prepare at least one imaging dish per sample. Refer to the table below to assess the total
number of cell dishes needed for setup calibration.

Sample Purpose Plasmid Number of dishes to prepare
Background Determining background fluorescence according to Steps 53-62  No transfection 1
Donor only Determining Ry, and Ry, values according to Steps 63-73 Untagged CFP 1
Acceptor only  Determining R,; value according to Steps 74-77 Untagged YFP 1
Dimer Determining G-factor and M,/M, value according to Steps 78-99  YFP-G,-CFP 3 (1 dish per dimer plasmid)
YFP-G,,-CFP
YFP—Gg,-CFP

A CRITICAL STEP It is important that cells be well separated after seeding and after transfection. For FRET experiments, only
single fluorescent cells are used, in order to avoid collection of light from adjacent cells.

43| Transfer cells to an incubator (37 °C and 10% CO, atmosphere) and allow them to grow overnight to a density of
60% confluence.

44| For transfection of cDNA plasmids, we use 25-kDa linear polymer PEL. Bring the transfection medium (serum free),
transfection reagent PEI and relevant plasmids to room temperature and place them in a laminar flow work bench.

45| In a sterile 1.5-ml microtube, dilute 400-1,200 ng of appropriate cDNA plasmids in 200 ul of transfection medium.

46| Add PEI (1 mg/ml) to the diluted DNA mixture at a 3:1 ratio of total PEI (ug):total DNA (ug) to prepare DNA-containing
liposomes. For example, for 1 ug of CFP plasmid, 3 ng of PEI would be added. The optimal PEI:cDNA ratio can vary between
1:1 and 3:1 and may need to be adjusted to obtain optimal protein expression.

47| Incubate the cDNA/PEI mixture for 5-15 min at room temperature, and subsequently add this mixture to the cells.

48| Incubate the cells for 24-72 h at 37 °C and 10% CO, atmosphere to allow for expression of the protein of interest.
This time window needs to be individually adjusted to account for variability in rates of expression for proteins of interest.

Preparation for FRET two-hybrid binding experiments ® TIMING 20 min

49| Set the aperture of the adjustable pinhole or iris of the photometer (Fig. 1) to an appropriate size so as to acquire the
fluorescence signal from an individual cell. In general, keep the size of the pinhole to a minimum; it should be just larger
than a typical cell in order to reduce background fluorescence and enhance signal-to-noise ratio. This aperture is set before
experimentation and maintained throughout the duration of each experiment. The pinhole is placed at the center of the field
of view, as chromatic and spherical aberrations of the objective are least near the center of the optical axis. As a rule

of thumb, only cells with a fluorescence signal at least seven times higher than background autofluorescence should be
considered. This rule applies to the CFP and YFP cubes only, not to the FRET cube.

50| Turn on the fluorescence arc lamp at least 20 min before the experiment to ensure stable light output.
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51| Open the FelixGX software or equivalent software to control the monochromator and to acquire fluorescence measurements.

52| Ensure that the ‘Measure/View’ knob of the photometer is set to ‘View’ mode at all times other than during data
acquisition, in order to protect the PMT from saturation.

Determination of background autofluorescence ® TIMING 30 min daily over 1 week
53] Place a dish containing untransfected cells (background sample from Step 43) on the microscope stage.

54| Use bright-field illumination to bring a cell into focus (choose a cell with representative morphology).
55| Center the cell to the field of view of the pinhole by moving the microscope stage.
56| Toggle the photomultiplier to the ‘Measure’ position to enable fluorescence measurement.

57| Acquire fluorescence signals with all three filter cubes (CFP, FRET and YFP cubes) for all predetermined HV gains
(i.e., ‘FRET 600" macro to ‘FRET 1150" macro). Start with the ‘FRET 600" macro. Switch the filter cubes when prompted.
For each cell, there will be 12 signals per filter cube.

58| Rename the data set with a unique descriptive notation (e.g., ‘Cell 1') and export as ‘Export Group'.
59| Repeat Steps 54-58 for 10-15 more cells and export the data.

60| For calculation of background autofluorescence, open MATLAB and execute the ‘ReadFRETdata’ script (Supplementary
Data 2) for the data containing background measurements from Step 58. The MATLAB script converts the FelixGX data output
to an input format suitable for Excel spreadsheets. The file exported in Step 58 contains data acquired from a single cell for
the complete set of gains. The MATLAB script returns the average value of each trace for the fluorescence signals obtained
with the CFP, FRET and YFP filter cubes. Alternatively, mean data can be computed with FelixGX or other software.

61| Open the Template Excel sheet provided as Supplementary Data 3. Start with ‘Cell 1" and paste data from Step 60
into the ‘Background” worksheet (Supplementary Fig. 6). In column D the HV gain is specified, and in columns E-G the
fluorescence signals specified in the header are deposited.

62| Repeat Steps 60 and 61 for the remaining files containing background data (from Step 59) and paste them into the provided
space for ‘Cell 2, ‘Cell 3" and so on. in the Excel sheet. In the ‘Background” worksheet, the average value of all cells for each gain
and filter cube is automatically calculated (column: K8-M19) and transferred to all other sheets except the ‘HV lookup” worksheet.
? TROUBLESHOOTING

Determination of the spectral factors Ry, and Ry, ® TIMING 45 min daily over 1 week
63| Place a dish containing cells expressing untagged CFP (donor sample, from Step 48) on the microscope stage. Move the
CFP filter cube to within the light beam and start the ‘Continuous CFP excitation” protocol.

64| Select an isolated fluorescent cell and place it into the field of view of the pinhole. Once a suitable cell is chosen,
terminate the fluorescence illumination until you are ready to perform data measurement, in order to diminish
photobleaching. If necessary, the bright-field light source can be used to position the cell.

65| Choose an appropriate HV gain for fluorescence measurement. The optimal HV gain depends on the expression level of
the transfected plasmid and should match the brightness of the cell. Start with the ‘FRET 800" macro when initially screening
a sample. This standard gain is appropriate for intermediate-expressing cells. Switch to a higher or lower HV gain if necessary.
For a sufficiently high signal-to-noise ratio, output signals between 100 mV and 4 V are required.

66| Load the appropriate macro, toggle the photomultiplier to the ‘Measure’ position and record data by starting the
macro. Switch the filter cubes when prompted. You will obtain three fluorescence intensity signals from this measurement.
The signal through the FRET cube yields Sgper(D, 436, 535), the signal through the CFP cube yields Scep(D, 436, 480),

and the signal through the YFP cube yields Sygp(D, 500, 535).

67| Rename the recording with an informative title and export as ‘Export Group’.
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68| Follow Steps 64-67 for an additional 10-15 individual cells. Select cells that express CFP at variable levels in order to
collect data at different HV gains.

69| Calculate the spectral factors Ry, and Rp, from the data acquired in Steps 67 and 68 using the Template Excel sheet pro-
vided as Supplementary Data 3, or create your own analysis template. If you are using the Template Excel file, convert the
data obtained in Step 67 using MATLAB as described in Step 60 and paste them into columns E-G (raw data) of the ‘Ry value’
worksheet (Supplementary Fig. 7). Continue for all cells acquired in Step 68.

A CRITICAL STEP The spectral ratios Rp; and Ry, are specific for a given FRET setup and need to be determined for each
individual FRET setup. It is necessary to verify these values before daily experiments.

? TROUBLESHOOTING

70| For each cell, specify the HV gain at which the signal was recorded in column D.

71| Subtract background signals for the corresponding HV gain from each trace. In the ‘R value” worksheet of the Excel
spreadsheet, background subtraction is automatically performed (columns: I-K).

72| Calculate the Ry, value by dividing the background-subtracted FRET signal by the background-subtracted CFP signal (Rp; =
Srrer(D, 436, 535)/Scrp(D, 436, 480)). This step is automatically performed in the Excel worksheet. The Ry, value is also calculated
at this point (Rp, = Sypp(D, 500, 535)/Scrp(D, 436, 480)). For our setup, Rp, is so small that it will not be further considered.

73| Average the Ry, and Ry, values from single cells (data in column M) to obtain the overall Ry, and Ry, values (cells P9
and Q9). The calculated Rp; value is automatically transferred to the dimer sheet and the binding curve analysis (‘BC analysis’)
sheet for further analysis.

Determination of the spectral factor Ry; ® TIMING 45 min daily over 1 week
74| For determination of spectral factor Ry;, use YFP-only-expressing cells (from Step 48) and follow Steps 63-68 using
500-nm excitation and ‘Continuous YFP excitation’ for selection of cells. Again, measure 10-15 individual cells.

75| Read out the data using MATLAB (Step 60), paste these values into columns E-G (raw data) of the ‘R, value” worksheet
(Supplementary Data 3, Supplementary Fig. 7) and specify the HV gain in column D. The background is automatically
subtracted (columns I-K).

A CRITICAL STEP The spectral ratio Ry, is specific to an individual FRET setup and needs to be determined for each individual
FRET setup. It is necessary to verify the value before daily experiments.

? TROUBLESHOOTING

76| Calculate the Ry, ratio by dividing the background-subtracted FRET signal by the background-subtracted YFP signal
(Ra1 = Srrer(A, 436, 535)/Syrp(A, 500, 535)). The value is automatically computed in the Excel sheet, column M.

77| Average the Ry, values from single cells to obtain the mean R, value (cell P9). The calculated R,; value is automatically
transferred to the ‘Dimer’ sheet and the ‘BC Analysis’ sheet for further analysis.

Determination of calibration constants using dimers ® TIMING 90 min daily over 1 week

78| For determination of FRET efficiencies from dimers, place cells expressing a dimer plasmid (e.g., YFP-G,~CFP, from Step
48) under the microscope.

79| Under continuous CFP illumination, select an isolated cell expressing the dimer at an intermediate level.

80| Switch to continuous YFP illumination and inspect the YFP expression of the cell.

81| Switch to bright-field illumination and center the cell in the visual field.

82| Direct the light beam to the photomultiplier and center the cell in the pinhole aperture of the photometer.

83| Record fluorescence intensities with an appropriate gain as described in Step 65. Choose a gain so that the signal falls

into a range between 100 mV and 4 V.
? TROUBLESHOOTING
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84| Export the data and repeat Steps 78-83 for at least 15 cells. Choose cells with different expression levels.

85| Collect data for multiple dimers (each dimer separately, for example Y-G,,-C, Y-Ggy—C) by following Steps 78-84.
A CRITICAL STEP We recommend measuring three cube fluorescence measurements from all dimers across several days.
Once a stable calibration curve is calculated, it is sufficient to determine FRET efficiencies for one dimer daily.

? TROUBLESHOOTING

86| For calculation of FRET efficiencies from dimers, read data files acquired in Step 84 using MATLAB and paste them into
columns E-G of the ‘Dimer’ worksheet (Supplementary Fig. 8).

87| Specify the gain used for each cell in column D.
88| Subtract the corresponding background value from each measurement (columns J-L).

89| Calculate the F./(Ra1 - Sypp) value according to equation (5) (Box 1) using the computed Rp; and Ry, values
(Steps 73 and 77; Excel spreadsheet cell F2 and cell F3), respectively.

90| Continue with data from cells expressing each of the distinct dimers (Step 85) and repeat Steps 86-88 for analysis and
calculate the F./(Ra; - Syrp) values of these dimers. The sheet calculates the average F./(Ra; - Sypp) value for each dimer
and deposits it in column 0 in the cell indicated.

91| To analyze the dimer series experiment, open the ‘Dimer Analysis” worksheet provided in the Excel spreadsheet
(Supplementary Fig. 9).

92| Transfer the background-subtracted raw data (S¢ppFRET, SprerFRET, SyppFRET) from Steps 89 and 90 to the ‘Dimer Analysis’
worksheet, columns D-G.

93| For each cell from Step 92, compute F. according to equation (5) and subsequently compute the F./Syrp and Scep/Syrp
values using the background-subtracted raw data. This step is automated in the worksheet (columns H-J, subheader
‘Calibration by Dimer Series’).

94| Substitute actual Ry, and Ry, values measured daily (in contrast to dimers) in the equations Rp;/Ra1 - Scep/Syrp @and
1/Rp1 - Fo/Syrp- These values represent the x and y coordinates for individual points (columns K,L) in the graph (top right).
A CRITICAL STEP For a FRET two-hybrid binding experiment, the Ry, and Ry, values should be updated each day, to
account for daily fluctuations. By contrast, it is sufficient to use measurements from dimers acquired during the calibration
phase of the rig.

95| Plot the data from Step 94 in a linear diagram. In the Excel sheet, data are automatically plotted in the top graph
on the right-hand side. Data points for each dimer cluster together.

96| Calculate the mean Scrp/Syrp - Rp1/Ra1 @and Fe/(Raq - Syrp) values for each dimer construct (columns M and N) and plot
them into a graph, as shown in the lower graph on the right-hand side in the worksheet.

97| Compute a linear regression line for the data obtained in Step 96 and calculate both the y intercept and the slope of the
regression. The values are used to determine the G factor and M,/M; value. Copy the y intercept and slope and paste them
into cells T56 and T57, respectively, of the ‘Dimer Analysis” worksheet. Please note that this step needs to be performed
manually.

98| From the data obtained in Step 97, calculate the eyp(436)/ecrp(436) value by dividing 1 by the y intercept, and
calculate the M,/M, value by dividing the negative slope (G factor) by the y intercept. These values should be pasted
into cells W56 and W57. Please note that this step needs to be performed manually.

99| Set My to 1 in order to obtain M, (M, then equals the M,/M, ratio). Alternatively, the computed M, value could be set
here. In the latter case, the M, value is then set such that M,/Mp is as experimentally determined. Transfer the M,/Mp ratio
and the &ypp(436)/ecrp(436) value to cells F7 and F10 of the ‘BC Analysis’ sheet. Please note that this step needs to be
performed manually (Supplementary Data 3).
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Cell preparation and transfection to perform a FRET two-hybrid experiment ® TIMING 2-3 d

100| For a FRET two-hybrid experiment, seed and transfect cells as described in Steps 42-48. The table below lists the
samples required for an experiment. Prepare experimental cells as required according to the experimental design. Depending
on the expression efficiency of the cDNA plasmids, it may be necessary to prepare more than one imaging dish for coexpres-
sion of interacting partners (biological samples), in order to achieve variable expression levels, which is fundamental to the
outcome of the binding assay. We recommend starting with a 1:1 transfection (CFP-tagged protein:YFP-tagged protein) and
to subsequently adjust the ratio to obtain varying ratios of donor and acceptor expression.

A CRITICAL STEP To obtain a completely populated binding curve, it is important to achieve variability in expression levels
of interaction partners. In our experience, a PEI transfection reagent is best suited to obtaining heterogeneous expression
levels. However, we encourage researchers to test other transfection reagents for their particular cDNA plasmid.

Sample Purpose Plasmid Number of dishes to prepare

Control cells

Background Determining background fluorescence (Step 101)  No transfection 1
Donor only Determining Rp; and Rp, values (Step 101) Untagged CFP 1
Acceptor only Determining Ry, value (Step 101) Untagged YFP 1
Dimer (optional) Positive control (Step 101) e.g., YFP-G,-CFP 1
Spurious FRET Determining collisional FRET (Steps 102-109) Cotransfect untagged 1

CFP and untagged YFP
Experimental cells

Biological samples Determining the interaction of proteins Cotransfect protein- 1 or more?
tagged CFP and YFP

Control biological samples Positive control 1 or more?

2Depending on experimental design.

Measurement of background, spectral factors Ry, and Ry;, and dimer control ® TIMING 90 min

101| Measure and analyze the control samples from Step 100 as described in Steps 53-84 in order to determine the
following: background autofluorescence (background sample, Steps 53-62), Ry, and Ry, values (donor-only sample, Steps
63-73), Ry value (acceptor-only sample, Steps 74-77) and the efficiency of one dimer to ensure stability of measurements
between experimental days (dimer sample, Steps 78-84, for one dimer). It is recommended to include one dimer per
experimental day in routine FRET experiments.

A CRITICAL STEP The background autofluoresence results from cellular metabolites and weakly fluorescent amino acids in
proteins. These contaminating factors may vary daily depending on the cell conditions. It is therefore critical to measure
autofluorescence background before each FRET experiment and use these values for analysis.

A CRITICAL STEP On a calibrated setup, it is sufficient to measure 5-8 cells, as the values are expected to be reasonably
stable within a cell preparation. If the Ry, and Ry, values are not stable, FRET cannot be measured reliably.

Determination of spurious FRET ® TIMING 30 min

102| For the determination of spurious FRET, acquire fluorescence signals from cells expressing untagged CFP and YFP
molecules (from Step 100) according to Steps 79-83.

103| Repeat signal acquisition for 10-15 cells and export data.

104| Use the MATLAB script to import the raw data obtained in Step 103 into columns D-F of the ‘Spurious FRET" worksheet
(Supplementary Fig. 10). In column C, specify the HV gain.

105| For each measurement, subtract the corresponding appropriate background value (columns H-J).

106 Calculate F./(Ra1 - Sypp) (column K) and E, (column M) according to equations (5 and 6), respectively. The values for
Raq and Ry, are picked from cells F3 and F4.
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107| Determine CFPgy, taking the HV-LUT (Sheet 9) into consideration to normalize for different HV gains. Calculate CFPgsr
according to equation (12) (automatically performed in the Excel worksheet, column L). The Ry, and My values required for
this calculation are chosen from cells F4 and F5.

108] Plot £, as a function of CFPgsr and perform a linear regression on the data points (graph on the right-hand side
in the worksheet).

109| Transfer the slope of the regression line to cell P7.

Determination of FRET efficiencies from CFP- and YFP-tagged FRET pairs ® TIMING 1-3 h

110| For the determination of FRET efficiencies from CFP- and YFP-tagged biomolecular interaction partners, record signals
from at least 25 cells according to Steps 79-83. Perform measurements on imaging dishes transfected with different ratios
of CFP- and YFP-tagged proteins, if necessary.

A CRITICAL STEP For binding analysis, it is necessary to choose cells with varying expression of CFP- and YFP-labeled
proteins. Inspect the sample carefully under both CFP and YFP excitation, and preferentially include cells displaying varying
ratios of CFP and YFP expression. This variability in cellular expression is critical to populating both the rising and saturating
portions of the FRET two-hybrid binding curve (Fig. 6).

? TROUBLESHOOTING

111| To calculate the FRET efficiencies of CFP- and YFP-tagged interaction proteins, read fluorescence intensities obtained in
Step 110 using MATLAB and paste the data into columns E-G of the ‘Samples” worksheet.

112| Specify the gain used for each cell in column D.
113| From each measurement, subtract the corresponding appropriate background value (columns J-L).

114] Calculate Fc/(Ra; - Sypp) Using the Ryq and Rp; values from cells G2 and G3, respectively. This is automated in
the Excel template. These values are further used for construction of a binding curve and automatically linked to the
‘BC Analysis” worksheet.

Construction of a binding curve ® TIMING 30 min-2 h

115| The table on the top left of the ‘BC Analysis” worksheet is subdivided into three sections (Supplementary Fig. 11).
The left part contains the FRET parameters. Here, Ry, (cell F4), Rp; (cell F5), M, (F8) and the M,/Mj ratio (F10) are collected
from the linked worksheets. Calculate M} (cell F9) according to Supplementary Note 1 and Supplementary Data 1 and
transfer the &ypp(436)/ecrp(436) value (cell F7) manually from the ‘Dimer Analysis” worksheet. The middle part of the table
contains parameters required for spurious FRET correction. Here, the slopes of the spurious FRET relations for 33-FRET

(cell I5; SpFRET_E_3Cube) and EFRET (cell I6; SpFRET_E_EFRET) are tabulated. Confirm that the values in the left and the
middle part of the table have been correctly transferred from the individual sheets linked to this table. The right part of

the table contains parameters relevant for the fitting procedure (Steps 121-128).

116 | Make sure that background-subtracted values, including the respective gains and the F./(Ra; - Sypp) values from Steps
113 and 114 are transferred from the ‘Samples’ worksheet into columns D-H of the ‘BC Analysis” worksheet.

117| Calculate the £, and £, efficiencies according to equations (6 and 7) presented in Box 1 and deposit the values in
columns I and K, respectively. This step is automatically performed in the Excel sheet.

118] Correct the £, and £y efficiencies for spurious FRET (automated in columns J and L of the Excel sheet) according to
equations (27 and 28), respectively, and the parameters presented in the top table in the ‘BC Analysis’ worksheet.

119] Total CFPgsr (column M) and YFPgsr (column N) are calculated according to equations (10 and 12), respectively, using
parameters specified in the top table ('BC Analysis’ worksheet). Ensure that both formulas are corrected for HV gain, that
the background is subtracted from the raw signals and that efficiencies are corrected for spurious FRET.

120] Divide CFPgst by YFPgst. For dimers, this value is expected to be ~1 (column 0).

A CRITICAL STEP For FRET-binding curves, only cells with a CFP/YFP ratio <20 are probed. Importantly, a CFP fluorescence
value that is too large, in comparison with the YFP fluorescence value, could corrupt the measurement of sensitized emission
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and lead to large errors in measured FRET efficiencies. These general criteria must be adjusted to account for the quantum
yields of the fluorescent pairs and the microscopy setup.
? TROUBLESHOOTING

121] To fit a binding curve to FRET data, FRET efficiencies (E, and £p), as well as CFPggr and YFPgsy values, have to be
calculated for each individual cell as specified in Steps 115-120. For the fitting procedure, the right-hand side of the table
(‘BC Analysis” worksheet), the graphs titled ‘three cube FRET" and ‘E-FRET’ (‘BC Analysis’ worksheet), and columns P-AA are
relevant (Supplementary Data 3). Placeholders for Ky ggr, Ep max and Ep pax have been prepared in the right-hand side of
the table. These parameters are called Ky g, Ep max @and Ep oy @and have been deposited in cells K4, K6 and K7, respectively.
SUM_Err_3Cube (cell K8) and SUM_Err_EFRET (K9) represent the sum of squared error between predicted and experimentally
observed £, and Ej values. Total Error (K10) is the sum of both types of error (SUM_Err_3Cube + SUM_Err_EFRET).

The parameters Np/N, (K5) and Np/N, exp (K11) are the theoretical and the experimentally observed stoichiometries of the
binding reaction and are assumed to be 1 in a 1:1 binding reaction, as presented in the example data set. The idea of the
fitting procedure is as follows: By analyzing the entire data set, a nonlinear least-square fitting procedure is performed to
obtain an estimate of the D, and Ag., values (columns P and Q), the maximal efficiencies Ep . and Ep . (K6 and K7),
and the relative binding affinity Ky g¢¢ of the binding reaction (K4). To obtain approximations of the parameters £y ..., or
Ep,max and Ky g for the single-site binding model, a visual fit is performed first. Start with initial guesses for Ky g (cell K4),
Ep max (K6) and Ep 1. (K7). The final fit for the binding curve is obtained following an iterative fitting procedure.

122] According to equations (17 and 19) in Box 2, estimate D¢, and A and deposit the values in columns P and Q of
the sheet. Both D¢, and A, change as Ky ger changes. Thus, it is helpful to visualize the data points on the corresponding
test binding curve during the fitting procedure. Accordingly, both 33-FRET (£,) and E-FRET (Ep) are plotted against Dy, and
Atrees Tespectively (top graphs, middle and right). To build an intuition for the procedure, manually change the Ky g value
and observe how the Df. and Ag. values change. In addition to Dfe. and Agee A, and Dy, are calculated according to
equations (20 and 21) (Box 2) and deposited into columns R and S, respectively.

123| In parallel, predicted £, and £} values are calculated according to equations (6 and 7) (Box 1) and deposited into
columns T and V. From predicted £, and £, values and experimentally determined £, and £} values, the errors ‘E, pred
Error’ (column U) and ‘Ey pred Error’ (column W) are calculated. The sums of ‘£ pred Error’, ‘E, pred Error’, and ‘total error’
are deposited in cells K8, K9 and K10, respectively.

124| Iteratively adjust the fitting parameters to obtain a best fit (lowest errors). Maximal FRET efficiencies and Kj ggr values
should be identical for 33-FRET (Ej ,a,) @nd E-FRET (£p ,,) for a 1:1 binding stoichiometry.

125| Subsequently, use the Excel solver to optimize these parameters using the visual fit parameters from Steps

125-128 as initial guesses. Open the Excel solver by clicking ‘Data” — ‘Solver’ (Supplementary Fig. 12)52. In case the
Excel solver is not activated, activate it by clicking ‘Folders” — ‘Options” — ‘Add-Ins’ Choose ‘Excel-Add-Ins’ in the ‘Manage’
drop-down menu, and hit the ‘0K’ button. In the ‘Add-Ins” window, check the ‘Solver’ checkbox and click ‘OK. When asked
to confirm, choose “Yes..

126| In the ‘Solver Parameters” window, specify entries for ‘Set Target Cell’, ‘Equal To’, ‘By Changing Variable Cells’ and ‘Subject
to the Constraints’ Supplementary Figure 12 shows how the parameters are set. ‘Set Target Cell’ determines which value

is to be optimized. In the sample spreadsheet, this is set to cell K10 (Supplementary Fig. 12a), which is the total error
(e.g., SumErr_3Cube plus SumErr_3Cube). In this case, 33-FRET and E-FRET curves are fitted simultaneously. If you would

like to fit the 33-FRET graph alone, the target cell to be optimized needs to be set to cell K8 (SumErr_3Cube; Supplementary
Fig. 12b); if you would like to fit the E-FRET curve alone, then set target cell to K9 (SumErr_ECube).

127| Set ‘Min” in the ‘Equal To’ selection. ‘By Changing Variable Cells” defines the adjustable parameters, which in our case
are Ky grr Ep max and Ep oy, contained in cells K4, K6 and K7, respectively. In ‘Subject to the Constraints” impose constraints
on the adjustable parameters. Here, it is useful to constrain Ky ger, £ max and Ep oy to 0.

128| In the ‘Solver Parameters” window (Supplementary Fig. 12), click the ‘Solve’ button to initialize Solver.

Now, a prediction is calculated and the difference is calculated according to equations (22 and 23) (Box 2).

The solver now minimizes the sum-of-square errors between predicted and observed values. The results are deposited
in cells K4, K6 and K7.
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? TROUBLESHOOTING
Troubleshooting advice can be found in Table 3.

TABLE 3 | Troubleshooting table.

Step Problem Possible reason Solution

32,34 Not all HV gains are covered Fluorescence intensity of the dyes Prepare new dilutions
does not match the detection range

62 Automated background subtraction The link within the Excel sheet is Check and redefine the lookup function in the
is not correct not correctly defined Excel spreadsheet
69 Large intra-experimental fluctuations  Problem with detector Check hardware settings; stabilize the detector

in Rp; values

Large interexperimental fluctuations Problem with detector Check hardware settings; stabilize the detector
in Rp; values

Filters are aging Exchange filter sets
75 Large intra-experimental fluctuations  Unstable excitation lamp Prewarm the excitation lamp; stabilize power
in Ry values supply; exchange lamp bulb
Large interexperimental fluctuations Unstable excitation lamp Stabilize power supply; exchange lamp bulb
in Ry, values
Systematic shift and drift of Ry, value, Filters are aging Exchange filter sets
which is not improved by changing
the light bulb
83 PMT saturation Fluorescence intensity is too high Use a lower HV gain; retransfect cells
85 Raq and Rpq values are stable but Related to fluorophore maturation Use cerulean and venus fluorescent
Fo/Ra1*Syrp and FRET efficiencies proteins instead of CFP and YFP
vary considerably for one dimer
110 Less variation in expression levels Suboptimal transfection of cells Transfect a smaller amount of cDNA; wait

longer for expression

Data points do not populate all No variability in expression levels of  Transfect different ratios of CFP- and
phases of a binding curve interacting partners YFP-tagged proteins
120 CFPgs1/YFPesy ratio is much larger Degradation of cDNA Use another batch of plasmids

than 1 for dimers

@ TIMING

Implementation and calibration of the FRET imaging setup: 1-week period

Steps 1-6, generation of acquisition programs for screening and selecting cells: 15 min

Steps 7-9, determination of the dark current of the PMT: 15 min

Steps 10-15, generation of acquisition programs for FRET two-hybrid binding experiments: 45 min
Steps 16-21, generation of macros for FRET two-hybrid binding experiments: 45 min

Steps 22-41, establishment of an HV-LUT: 3 h daily over 1 week

Steps 42-48, cell preparation and transfection for calibration of the setup: 2-3 d

Steps 49-52, preparation for FRET two-hybrid binding experiments: 20 min

Steps 53-62, determination of background autofluorescence: 30 min daily over 1 week

Steps 63-77, determination of spectral factors Rp; and Rp,: 45 min daily over 1 week

Steps 74-77, determination of the spectral factor Ry;: 45 min daily over 1 week

Steps 78-99, determination of calibration constants using dimers: 90 min daily over 1 week
Step 100, cell preparation and transfection to perform a FRET two-hybrid experiment: 2-3 d
Step 101, measurement of background, spectral factors R4; and Rp;, and dimer control: 90 min
Steps 102-109, determination of spurious FRET: 30 min
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Figure 9 | Stability of spectral correction factors and amplification factors. (a) Typical daily variation in R,; values observed over 20 experimental days.
(b) Daily variation in Ry, values, observed over the same time period. (c) Plot of the normalized amplification factor (Step 41) obtained based on intensity
measurements of fluorescent dyes versus high voltage shows a power-law relation. Amplification factors are normalized to a standard PMT HV gain of 800 V.
PMT HV, photomultiplier tube high voltage.

Steps 110-114, determination of FRET efficiencies from CFP- and YFP-tagged FRET pairs: 1-3 h
Steps 115-128, construction of a binding curve: 30 min-2 h.

ANTICIPATED RESULTS

Indicators of a successful microscope setup

A stable FRET microscopy setup is critical for high-quality quantitative FRET experiments. The three key indicators of a

successful setup are as follows:

o Stability of the excitation light source indicated by stable R,;values. The Ry, value is mainly determined by the excitation
system (Fig. 4) and is measured daily while establishing the FRET setup and during the course of FRET -two-hybrid experiments.
Short-term (i.e., day-to-day and over the course of a single experiment) fluctuations in fluorescence output and/or intensity of
the arc lamp are indicated by variability of Ry, values (Fig. 9; Table 4). For our setup, the range of Ry values is 0.025-0.045
for YFP and should be stable in cells (Fig. 9a). R,; measurements using dyes should also be very stable (for our setup, the
range of Ry, values for Alexa514 dye was 0.049-0.058). An important cause of highly variable R, values is fluctuations of the
excitation lamp caused by an unstable power supply or intensity fluctuations of the light bulb. When R,; values are stable when
measured using the Alexa Fluor 514 dye but unstable in cells, the problem may pertain to cell transfection and fluorophore
maturation. Standardization of cell transfection and culture conditions will alleviate this potential problem. Long-term decay
(i.e., over the course of several months) in fluorescence output due to aging of the excitation lamp is indicated by variation
in Ry values over the course of several months and needs to be compensated for, as outlined in Equipment Setup.

o Stability of the detection system, indicated by Rp;values. Ry, mainly depends on the emission pathway, in particular, on the
detector (Fig. 4). Thus, stability of the emission light detector is indicated by low variability of Ry, values. However, for Rp;
values to faithfully represent stability of the detection system, the following system parameters must be low: the dark
current of the PMT; the noise level associated with empty glass imaging dishes; and background fluorescence in nontrans-
fected cells. Representative and acceptable values for these parameters are given in Table 4. For our setup, the range of Rp,;
values obtained for Proflavin dye was 1.025-1.049, and the observed range of Ry, values for CFP was 0.24-0.27 (Fig. 9b).
Rp; can be roughly calculated for the filter cubes used from the emission spectrum of CFP and also from the quantum

TABLE 4 | Background and Ry;, Rp; and Rp, values (at HV gain 800).

Entity

CFP cube

FRET cube

YFP cube

Blank cells (autofluorescence)

Noise from empty imaging dish

Noise from imaging buffer

Dark current range
Ry, Rp values

Rpq value

Rp, value

Raq value

0.0129 mV (+0.0001)
0.0923 mV (+0.0001)
0.0109 mV (+0.0001)

0.2957 mV (+0.005)

0.2651 (+0.0001)
0.0008 (+3.8E-05)

0.03394 (+5.079E-05)

0.0132 mV (+0.0001)
0.0729 mV (+0.0001)
0.0093 mV (+0.0001)

0.2957 mV (+0.005)

0.0097 mV (+0.0001)
0.0443 mV (+0.0001)
0.0082 mV (+0.0001)

0.2957 mV (+0.005)

Values are means (n = 15) + s.e.m.
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efficiency of the detector used. Deviation of the TABLE 5 | Lookup table for PMT HV gain factor.
experimentally determined Rp, value from the theoretical
value suggests a likely malfunction of the detection system

Amplification factor Sy(HV)/

or the PMT. Possible causes of deviations include incorrect PMT high-voltage HV (V) 5x(800 V) (mean + s.e.m.)
mode of operati'o'n for the PMT (photo.n counting'instegd of 600 0.118 + 0.001
analog) or specific hardware settings in the configuration

panel of the software. Importantly, the detector is nonlinear ~ 650 0.214 +0.002
below a HV gain of 600 V and may contribute to unreliable 200 0.371 + 0.002

measurements. We recommend recording of data from dim
cells at a high HV gain. The optimal HV range is 600-1, 750 0.617 + 0.002
150 V. For very dim cells that may require an HV gain of

1,150 V or above, the signal-to-noise ratio decreases, 800 1

which makes them are prone to measurement errors. 850 1.579 + 0.003
e Stability of the HV-LUT for the PMT. Stability of the HV-LUT is

indicated by low fluctuations of individual values for a given 900 2.420 +0.008

gain, as presented in Figure 9¢ and Table 5. Before 950 3.647 + 0.013

determination of the HV-LUT, it is absolutely required that Rp;
and Ry, recordings be stable in cells throughout all HV gains. 1,000 5.427 +0.025
The lookup table is typically determined using fluorescence

dyes and can be verified by measuring intensity signals from 1,050 7.961 £ 0.050
fluorescent cells using a range of HV gain settings during 1,100 11.306 + 0.059
the calibration phase of the FRET rig (Table 5). In addition,

intensity recordings from nontransfected cells should be used 1,150 16.231 + 0.140

for validation of the table. Once the lookup table has been
generated, it can be repeated yearly to confirm reproducibility of the system.

Assessing the outcome of FRET —two-hybrid analysis

Once the Rp; and Ry, values are stable and an HV-LUT is obtained, actual FRET measurements can be performed. For FRET
experiments, five controls are required in addition to the FRET measurements from CFP- and YFP-tagged binding pairs;
these help gauge the validity of the FRET experiment:

¢ Background autofluorescence in untransfected cells

® Ry1 values from YFP-only-expressing cells

® Rp; values from CFP-only-expressing cells

® Measurements from cells expressing CFP-YFP dimers to generate a calibration curve
® Measurement of spurious FRET from cells expressing CFP and YFP monomers

Background autofluorescence values in untransfected cells, Ry, values from YFP-only-expressing cells and Rp; values from
CFP-only-expressing cells need to be stable, and there are four quality checks to ensure the validity of these measurements:

a 20 b
g./ey =186
1 ®Y-G,C O0Y-G,C Ex EE EDS o)
i +s.em. == et
Fe O Y-G;;~C @Y-GgC (mean £ s.6.m)
Ra1* Svep ® YFP-G,—CFP 0.296 + 0.001 0.299 + 0.004
10 @ YFP-G,~CFP 0.228 +0.002 0.223 +0.003
| © YFP-G,~CFP 0.156 + 0.002 0.158 +0.002
| . @ YFP-Gg~CFP 0.116 + 0.001 0.116 +0.002
0 . . . .\ T

0 1 2

(Rpy * Scrp)/(Ray * Syep)

Figure 10 | Determination of the G factor and the excitation ratio using dimers. (a) Calibration line obtained from CFP and YFP dimers connected by linkers
of either 4, 10, 40 or 80 glycine (G) residues. Mean values are given by the larger colored circles. Individual data points are the smaller open colored points.
From the linear regression line (black line), the G factor (slope) and the ratio of excitation coefficients (y intercept) are determined. (b) Table shows mean
33-FRET and E-FRET values experimentally determined for the various CFP-YFP dimers transfected into HEK293 cells, computed using equations for 33-FRET
(Ep, equation 6) and E-FRET (£p, equation 7) with experimentally determined calibration factors (n = 12-15).
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Figure 11 | Examples of spurious FRET and FRET two-hybrid binding curves. (a) Left, diagram illustrates untagged CFP and YFP FRET pair used to determine
spurious FRET by 33-FRET (middle) and E-FRET (right). (b) Left, schematic of a FRET two-hybrid assay evaluating the binding of CFP-tagged calmodulin
(CFP-CaMy7) to the sixth YFP-tagged myosin Va IQ domain (YFP-IQ) at resting Ca2* concentrations. Middle, 33-FRET computed from three cube fluorescence
measurements from single cells expressing both YFP-IQ and CFP-CaMyy;, plotted against the free concentration of donor molecules (CFP-CaMyy), reveal a
robust binding curve. Right, E-FRET efficiency computed from the same fluorescence measurements is plotted against the free acceptor concentration
(YFP-IQ). Note that estimates for the maximum or saturating FRET efficiency (£ ) and the relative binding affinity (K gf) are identical using the 33-FRET
and E-FRET methods (Dgee OF Afee at half-saturation, respectively). (c) Robust binding of YFP-tagged IQ domain from the voltage-gated Ca?+ channel Cay1.2
to CFP-CaMy at elevated cellular Ca2+ conditions. Format as in panel b. Note again that the binding isotherms estimated are identical using the 33-FRET and
E-FRET methods (black fit).

(1) Inspect Ry, values: if negative R,; values are obtained (Ry; < 0), autofluorescence intensity recordings are not stable and
are possibly overestimated.
(2) Inspect FRET efficiencies: efficiencies <0 suggest that Ry, values are not stable and may be overestimated.
(3) For YFP-only-expressing cells, FRET efficiency should equal 0. If not, Ry; has not been determined correctly.
(4) For CFP-only-expressing cells, Sgrer(DA, 436, 453) - Rpy-Scrp(DA, 436, 480) should be zero. If not, Ry, has not been
determined correctly.
The measurements of several CFP-YFP dimers are used to calculate a calibration curve from which the G factor and the
excitation ratio are determined (Fig. 10). Depending on the donor and acceptor fluorophores used, the variation of individual
data points of this curve is more or less pronounced. Given that Ry, and Ry, values are stable, variations in FRET efficiencies
are larger for CFP and YFP dimers compared with cerulean and venus pairs. The cerulean and venus pairs may mature faster
and more completely (~100%), resulting in more robust FRET measurements. For CFP-YFP dimers, £, and Ej should be the
same, and plotting £y versus E, should result in the line of unity. Furthermore, the experimentally determined CFPg; (Np)
and YFPgst (N,) values should be equal, as the two fluorophores are tethered. Deviation from equality would suggest
proteolysis or immature proteins. The range of FRET efficiencies for the set of dimers used is between 10 and 40%.

Spurious FRET is determined by using cells expressing CFP and YFP monomers (Fig. 11a) and plotting £, and Ej versus
CFPgs and YFPggy, respectively. The relationship should be linear. This value is subtracted from binding curves in order to
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quantify FRET as a result of binding. Spurious FRET can also occur between two dimers. The amount of spurious FRET depends
on the cell volume. As splitting of the cells during cell culture can change cell volume on a day-to-day basis, spurious FRET

control experiments need to be performed daily.

Example results from two FRET two-hybrid binding assays are shown in Figure 11b,c. Figure 11b presents representative
graphs for 33-FRET and E-FRET binding curves between myosin Va IQ peptide and calmodulin under low Ca2* conditions.
Figure 11c presents representative graphs for 33-FRET and E-FRET binding curves for interaction of Cay1.2 IQ peptide with
calmodulin under elevated Ca2+ conditions. From the graph it is evident that all points are localized very closely to the fitted
line, indicating low noise in FRET measurement. The results illustrate the high-affinity binding of calmodulin to the distal
IQ segment of myosin Va (Fig. 11b) and the IQ domain of Cay1.2 (Fig. 11c) at basal cytosolic Ca?+ levels. The differences
in maximal apparent FRET efficiencies for CaM binding to the two IQ domain peptides indicate that their binding conforma-
tions may be distinct. The high affinity binding for both IQ domain peptides fit with in vitro binding assays®3.54. Together,
these results demonstrate that FRET two-hybrid assays are well suited for in-depth quantification of macromolecular

interactions in living cells.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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dye. This result illustrates the linearity of the PMT detector enabling robust estimation of number of acceptor molecules.
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Main graphical user interface of Felix GX

(a) The tab “Delta Ram Analog” (right upper corner) is clicked to open the “Hardware Configuration” window
(Supplementary Fig. 2a). (b) The setup tab is selected (left lower corner) to open the “Setup” window (Supplementary
Fig. 2b). (c) The “Action” tab opens the ‘“Macro” window from which the “Macro Editor” window is opened
(Supplementary Fig. 4).
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(a) Settings for the “Hardware Configuration” window. (b) Settings for the “Setup” window. From the 10 tabs in the
“Setup” window select “Acquisition Type” and click the option “Timebased”.
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Parameter settings specific for Timebased acquisition in the “Setup window”.

(a) Acquisition settings; (b) PMTs; (c) Backgrounds; (d) Traces tab.
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Setup of Macros using the “Macro” and the “Macro Editor” window.

(a) Open the “Macro” window by clicking the “Action“ tab in the main graphical user interface (Supplemental Fig. 1).
Click the green “+” button to open the “Macro Editor” window (b and c). In this window, different actions (listed on the
left hand side) can be added to the macro (list on the black panel on the right hand side). In this example, a pause step (b)
and a protocol (Run Acquisition; c) is added to the macro by clicking the Add tab.
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Supplementary Figure 6
Data input field of the Background sheet.
(a) Raw data pasted into the respective columns from measurements using CFP- FRET- and YFP-cubes at a distinct HV

gain. (b) The excel sheet contains 9 individual sub sheets (labeled from left to right: Background, RD-value (CFP), RA-
value (YFP), Dimer sheet, Dimer Analysis, Spurious FRET, Samples (FRET sample data), BC Analysis and HV lookup.
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CFP cells Background-substraction c

a| Gan CFP FRET YFP CFP FRET YFP R values R -values R, R,
700 1112 0208 0007 11049 02909 00008 02633 00007 | Mean 02633  0.0008
750 1839 0.489 0.008 1.8313 0.4812 0.0011 0.2628 0.0006 SEM 0.0008 0.0000
650 0.634 0173 0.006 0.6279 0.1664 0.0006 0.2651 0.0010 Min 0.2539 0.0005
800 2.645 0.703 0.010 2635 0.6927 0.0016 0.2628 0.0006 Max 0.2698 0.0011
850 4222 1.103 0.012 42099 1.0903 0.0022 0.2590 0.0005
750 1611 0437 0.008 1.6030 0.4287 0.0009 0.2674 0.0006
700 0.965 0.265 0.007 0.9582 0.2580 0.0007 0.2693 0.0007
750 1.029 0280 0.008 1.0211 0.2718 0.0007 0.2662 0.0007
800 1.659 0.449 0.009 1.6488 0.4387 0.0010 0.2661 0.0006
850 2631 0.703 0012 26185 0.6903 0.0018 0.2636 0.0007
900 4107 1.079 0.015 4.0904 1.0625 0.0021 0.2598 0.0005
850 1.396 0382 0.011 1.3834 0.3696 0.0014 0.2672 0.0010
900 2135 0580 0015 21185 0.5641 0.0021 0.2663 0.0010
950 3.252 0.873 0.019 3.2304 0.8520 0.0028 0.2637 0.0009

1000 4892 1295 0.025 4.8635 1.2664 0.0047 0.2604 0.0010
’nn NR7? N2 nnna N RR2U n 7% N nna N 2RO/ NN
YFP cells Background-substraction

b[ ean CFP FRET  YFP CFP FRET YFP R, values R,
750 0.0109 01213 34684 0.00283 0.11310 346123 0.0327 Mean 0.0348
650 0.0073 0.0458 11718 0.00110 0.03963 1.16600 0.0340 SEM 0.0002
700 0.0087 0.0748 2.0252 0.00175 0.06783 2.01885 0.0336 Min 0.0327
600 0.0064 0.0275 0.6412 0.00065 0.02175 0.63573 0.0342 Max 0.0362
900 0.018 0.0917 21947 0.00185 0.07568 218233 0.0347
850 0.0136 0.0614 1412 0.0012 0.04900 140195 0.0350
950 0.024 0.1333 3.2996 0.00248 0.11190 3.28380 0.0341
800 0.0058 0.0907 2355 <0.00405 0.08083 234668 0.0344
750 0.0100 0.0574 1436 0.0193 0.04920 1.42883 0.0344
850 0.0166 0.1386 3.7304 0.0420 0.12620 3.72035 0.0339
750 0.0087 0.0447 1.0489 0.00062 0.03650 1.04173 0.0350
800 0.0105 0.0683 01.6965 0.00065 0.05843 1.68818 0.0346
850 0.0132 0.1035 26877 0.00080 0.09110 267765 0.0340
900 0.0177 0.1555 41817 0.0155 0.13948 418933 0.0335
RRN N NNRR N N7 NRT22 N NONRN N NIK2 N RRRAN N N[

Supplementary Figure 7
Data input field of the RD-value (CFP) and the RA-value (YFP) sheets.

Raw data are pasted into the respective columns on the left hand side from measurements in (a) CFP-only or (b) YFP-
only expressing cells using CFP- FRET- and YFP-cubes at a distinct HV gain. Background subtraction and RA value
calculation is performed automatically. (c) The mean Rp and Ra value, resp., is calculated on the right hand side (gray
panel). Statistical values (Standard deviation of the mean (SEM), Minimum (Min) and Maximum (Max)) provide a useful
tool to assess the variability of the values. Note that only the mean Rp; and Ra; values are used for subsequent analysis.
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Supplementary Figure 8

Data input field of the Dimer sheet.

(a) Raw data are pasted into the respective columns on the left hand side from measurements in CFP-YFP dimer
expressing cells using CFP- FRET- and YFP-cubes at a distinct HV gain. Raw data for individual cells are collected
separately for a given dimer as indicated. (b) Background subtracted values are shown on the right. Ra; and Rp; values are
automatically picked from RD-value (CFP) and the RA-value (YFP) sheets. Statistics are shown on the right hand side

(Mean, SEM).

Nature Protocols: doi:10.1038/nprot.2016.128

Background substracted

CFP
0.40725
0.49305
0.46865

0.4283

0.62555
0.62025
0.60865
0.47045

0.38455
0.51825
0.4543
0.5448

0.43475
0.571875
0.560375
0.546675
0.4424
0.486025
0.63275

0.50355

FRET
0.564275
0.682375
0.663525
0.5551

0.424625
0.441475
0.387925
0.315875

0.324725
0.39145
0.3791
0.427

0.467825
0.62
0.5604
0.5562
0.4491
0.4588
0.620975
0.4953

YFP
2.090075
2.533875
2.460025
2.0426

2.460225
2.523875
2.139425
1.808575

1.681825
2.03255
1.9417
2.1279

1.968225
2.639
2.3493
2.3148
1.8706
1.8851
2.633575
217

Fe/ Ras*Svip
6.29
6.27
6.32
6.23

3.04
3.17
3.06
3.05

3.82
3.61
3.84
3.83

5.17
5.12
5.06
5.12
5.12
5.05
4.96
4.81

Mean
SEM

Mean
SEM

Mean
SEM

Mean
SEM

6.25
0.023

3.05
0.022

3.77
0.035

5.05
0.029




B C D E 5 G H 1 J K L M N (o) P
1
e
3 Ry 0.03476
4 Ros 0.26332
5
6 Diagramm
7 Raw data (BGR Calibration by Dimer Series x-coordinate y-coordinate Mean Mean
8 [Dimer # | ScrpFRET  SqFRET  SyFRET  Fo/RusSuee Fe Fo/Sve Scre/Svep_|[Scee/Svep*Ros/Rany  [Fo/Syep*1/Rayy [ [Scee/Svee*Ror/Rasy  [Fe/Syrp*1/Rayy Ea Ep
9 cay 1| 040725 0564275 2.090075 6.29 0.3843973 0.1839156 0.1948495( 1.476241445 5.291710204 0.29829 0.31459
10 2| 049305 0682375 2.533875 6.27 0.4644802 0.1833082 0.1945834| 1.474225598  5.274236187 0.29731 0.31417
11 3| 046865 0.663525 2.460025 6.32 04546218 0.1848037 0.1905062| 1.443335428 5.317265382 0.29973 0.32052
16 8| 035535 0470225 1.709325 6.34 0.3172466 0.1855976 0.2078891 1.575033686  5.340107125 1.579787703  5.252013454 0.30102 0.30271
R 5 T u v w R S T U \ w
b 10 c CFP-YFP Dimer
9 35.00000
. y=-7.8104x + 17.744
30.00000
7
2 g 25.00000
g 5 vee g o, g
v s 20.00000
2 4 L
g g
o3 15.00000
2 AR 22 N W 10,0000
1
5.00000 .
o <
»,
L ¢ 12 14 16 18 2 22 24 26 '
. 0.00000
SCER/SYFRERD1/RAL -1.00000 0.00000 1.00000 2.00000 3.00000 4.00000 5.00000
-5.00000
SCFP/SYFP*RD1/RA1
Analysis:
x-axis y-axis Mean E, Mean E; %
56 €5(440)/E,¢5(440) (y-intercept):  17.74 Ep(440)/E:5(440):  0.0563698|
cay 157979 525201 0.30 0.30 " Sy g " i
csov 199430  2.05038 0.12 0.12 U : EE Ma/Mo: J0.350243
caoy 1.90031 277261 0.16 0.16 58 M,: 0.0632
c1oy 1.80508 4.04576 0.23 0.22 59 Mp: 0.1414889

Dimer analysis sheet.

(@) Columns D-G list background subtracted raw data from the “Dimer” sheet. Data for individual cells are collected
separately for a given dimer as indicated in Column B. Ra; and Rp; values are automatically transferred from “RD-value
(CFP)” and the “RA-value (YFP)” sheets (grey panel on the top, left). Columns H-P comprise calculations as outlined in
Procedure Step 97. (b) The graph (column K plotted against column L) depicts data points for individual cells. For each
dimer, cells cluster together. In the table below, the mean values of Ea and Ep for each dimer as well as mean values of
the x- and y- coordinates (from columns M and N) are indicated. (c) The latter can be plotted in a new graph and analyzed
by a linear regression line. In this template, the regression line is automatically computed and the resulting equation
displayed in the graph. Note, that the y-intercept and the slope of this line is copied to cell T56 and T57 respectively for

further analysis.
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Supplementary Figure 10
Data input field of the “Spurious FRET” sheet.

(a) Raw data from cells expressing untagged eCFP and eYFP are transferred to respective cells in Columns C-G. (b)
Background-subtraction as well as subsequent calculation of FJ/(Rai*Svep), CFPest and Ea (columns K-M) is
automatically performed referring to the constants in the gray panel at the upper left. (c) The graph at the right hand side,
illustrates CFPest as a function of Ea. The slope of the regression line is used for spurious FRET correction in the “BC
analysis sheet”. The equation of the regression line is automatically displayed in the graph. The slope is subsequently
entered into cell “P7” linked to the “BC analysis” sheet.
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Supplementary Figure 11
Data input field of the binding curve analysis (“BC analysis”) sheet.

(a) Background subtracted raw data (columns D-H) are automatically adopted from the “Samples” sheet. The principal
calculation steps required in order to solve binding curves are automatically performed in columns I-W for each
(biological) cell according Steps 117-130 outlined in the Procedure section. (b) The table in the upper left of the
worksheet contains all parameters (columns F and 1) necessary to correct for spectral properties and spurious FRET.
Thereby, all values except the excitation ratio ((€ vep(440)/€ crp(440)) are automatically transferred from previously
analyzed sheets. Values for Kgesr, Eamax and Epmax (Column K) are place holders that are adjusted during the fitting
procedure. (¢) Graphs shown displays data points for individual biological cells (blue dots) and the fitted binding
isotherme (black lines). The graphs represent data for 33-FRET (D plotted against E,) and E-FRET (Asee plotted against
Ep) and allow a control of the fitting procedure.
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Supplementary Figure 12
Setting up Excel Solver for optimizing 3*-FRET and E-FRET binding parameters.

(a) Least squares optimization of Cell K8 (Sum_Err_3Cube) by changing both KD_eff (Kperr, relative affinity) and
EAmax (Eams, mMaximum 3°-FRET efficiency). In this scenario, two constraints are EAmax>0, and Kd_eff>0 in
accordance with physical principles. (b) Least squares optimization of Cell K10 (Total Error) by changing both KD _eff
(Kperr, relative affinity), EAmax (Eamax, Mmaximum 3%-FRET efficiency), and EDmax (Epmax, mMaximum E-FRET
efficiency). Three constraints are imposed: EDmax>0, EAmax>0, and Kd_eff>0.
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Supplementary Note 1 | Theoretical calculation of Mp and My

The microscope specific calibration coefficients Mp and M, correspond to the effective
brightness of a single donor or acceptor molecule when observed through the FRET cube.
Accordingly,

M =[Ecep Lusocacaso [ Ferp Jsos<acsrs - QYcrp

M AT [8YFP ]4303,15450 [ fYFP ]5053,15575 'QYYFP

For the computation of these constants, spectra of CFP and YFP, the intensity profile of the
xenon lamp as well as the transmission rates of the FRET filter cube provided in sheets 1-6
(Supplementary Data 1) are used. In this section, it is described how to use the FRET Excel
spreadsheet to calculate Mp and Ma.

The Excel spreadsheet for theoretical calculation of Mp and M, is composed of eight
different worksheets (Supplementary Data 1). To activate these worksheets eight different tabs
are present on the bottom of the excel sheet. In the input worksheets raw data are collected for
the excitation and emission spectra of CFP and YFP (Sheet 1; labeled “1 ECFP Excitation
Spectrum”; Sheet 2, labeled “2 ECFP Emission Spectrum”; Sheet 3 “3 EYFP Excitation
Spectrum” and Sheet 4, labeled “4 EYFP Emission Spectrum”). The spectra of the fluorophores
are experimentally determined from suspended HEK293 cells expressing ECFP and EYFP. The
spectrum of the xenon arc lamp is deposited in Sheet 5 (labeled “5 Lamp profile”). The
transmission spectrum of the emission filter and the excitation filter as well as the transmission
and reflection spectrum of the dichroic mirror (all for the FRET filter cube) are collected in Sheet
6 (labeled “6 FRET Filter Cube”). Based on the data deposited in sheets 1-6, Mp and Mp are
theoretically calculated in Sheet 7 (labeled “7 Calculation MD (CFP)”) and Sheet 8 (labeled “8
Calculation MA (YFP)”), respectively

1 | In the Worksheet “1 ECFP Excitation Spectrum”, the wavelength and intensity raw data of
the CFP excitation spectrum are given in column A and B respectively. Table 1 is present in
sheet 1-4 and is taken from (Patterson et al., 2001). In column C, the maximum peak (at 437 nm)
of the excitation spectrum of CFP is scaled to the maximal molecular extinction coefficient for
CFP (&, =26000M~'cm™; red box in Table 1). In addition, the maximal peak of the CFP
excitation spectrum is normalized to 1 (Column D). Values in Column D are transferred to sheet
7 (labeled “7 Calculation MD (CFP)”), column E.

2 | Worksheet “2 ECFP Emission Spectrum” contains raw fluorescence intensity data for CFP
emission (Column B) for wavelengths ranging from 420nm — 600nm (Column A). Col D
contains the CFP emission spectrum from column B and scaled to a maximum value of 1 at
wavelength 475nm. The normalized spectrum is copied to column O of sheet 7. Col C contains
the emission spectrum of CFP taken from column D and scaled in such a way that the integral
equals the quantum yield of CFP (QYcrp = 0.4; (Patterson et al., 2001)). This is done by
integrating the normalized spectrum from Column D over the entire range of wave lengths
yielding the value of 65.11. The value of the integral is deposited in the table of sheet 7 (Cell



D4). The integral is then used to normalize the emission spectrum by dividing the entire
spectrum by 65.11 and multiplying by the quantum yield of CFP (0.4; Column C).

3 | In the Worksheet “3 EYFP Excitation Spectrum”, the wavelength and intensity raw data of
the YFP excitation spectrum are given in column A and B respectively. In column C, the
maximum peak of the excitation spectrum of YFP is scaled to the maximal molecular extinction
coefficient for YFP ( &,,, =84000M 'cm™"; red box in Table 1). In addition, the maximal peak of
the YFP excitation spectrum is normalize to 1 (Column D). Column D is transferred to sheet 8
(labeled “8 Calculation MA”, column E).

4 | Worksheet “4 EYFP Emission Spectrum” contains raw fluorescence intensity data for YFP
emission (Column B) for wavelengths ranging from 400nm — 700nm (Column A). Column D
contains the YFP emission spectrum from column B and scaled to a maximum value of 1 at a
wavelength of 527nm. The normalized spectrum is copied to column O of Sheet 8 (“8
Calculation MA”). Column C contains the emission spectrum of YFP taken from column D and
scaled in such a way that the integral equals the quantum yield of YFP (QYcrp = 0.61). This is
done by integrating the normalized spectrum from Column D over the entire range of wave
lengths yielding the value of 39.53. The value of the integral is deposited the table of sheet 8
(Cell D4). The integral is then used to normalize the emission spectrum by dividing the entire
spectrum by 39.53 and multiplying by the quantum yield of YFP (0.61; Column C).

5 | In the worksheet “5 lamp profile” the wavelength and intensity raw data of the intensity
spectrum of the excitation arc lamp are given in column A and B respectively. Column C
contains the spectrum from column B normalized to a peak value of 1. Column C is transferred
to column B in sheets 7 and 8.

6 | In worksheet “6 FRET filter cube” the wavelength (Column A) and intensity raw data of the
transmission spectrum of the excitation filter (Column B), the emission filter (Column C) and the
dichroic mirror (Column D) for the FRET cube are given. The reflection spectrum of the dichroic
mirror is presented in column E. The spectra are all transferred to column C (excitation filter),
column D (reflection of dichroic), column P (transmission of the dichroic) and column Q
(emission filter) in sheets 7 and 8, resp..

7 | The top of sheet 7 contains the extinction coefficient for CFP (Cell D2) which is here
Emax = 0.26 uM~1dm™1 (please note that units are different from (Patterson et al., 2001)) and
the quantum yield of CFP (Cell D3). The value for the integral of the entire CFP emission
spectrum normalized to maximum emission of 1 (Cell D4) is picked from Sheet 2 (“2 ECFP
Emission Spectrum”, cell D183). In addition, there are 5 place holders (D5-D9) for the excitation
integral (D5; Ex integral), the emission integral (D6, Em integral), The Mp (D7) and the M,
value (D8), and the M4/M), ratio (D9). The calculation of these five parameters are given below.

8 | The lower part of sheet 7 contains spectral data for the excitation pathway (Column A-F) and
the emission pathway (Column N-R). For the excitation pathway the data are the wavelengths
(Column A), the intensity spectrum of the xenon arc lamp (Column B), the transmission
spectrum of the excitation filter (Column C), the reflection spectrum of the dichroic (Column D)

2



and the excitation spectrum for CFP (Column E). The spectra are all taken from sheets 1, 5 and 6
and represent the versions normalized to a maximum of one at the specified wavelength. They
are plotted in graph A. Column F is calculated by multiplying together the values contained in
column B-E. The result is plotted in graph B. For the emission pathway the data are the
wavelengths (Column N), the emission spectrum for CFP (Column O), the transmission
spectrum of the dichroic (Column P) and the emission filter (Column Q). The spectra are all
taken from sheets 2 and 6 and represent the versions normalized to a maximum of one at the
specified wavelength. They are plotted in graph C. Column R is calculated by multiplying
together the values contained in columns O-Q. The result is plotted in Graph D.

9 | The excitation integral is calculated by integrating the data contained in Column F (Graph B)
and deposited in Cell L7 and DS5.

10 | The emission integral is calculated by integrating the data contained in Column R (Graph D)
and deposited in Cell W7 and D6.

11 | Mp is calculated by scaling the excitation and emission integral (D5 and D6) by multiplying
it by the maximal extinction coefficient (Cell D2) and by dividing it by the integral of the entire
emission spectrum (Cell D4) times the quantum yield (Cell D3). The result is deposited in Cell
D7.

12 | My is picked from cell D7 in sheet 8.
13 | Ma/Mp is calculated by dividing Cell D8 by Cell D7 and deposited in Cell D9.

14 | Sheet 8 (“8 Calculation MA™) has an analogous design as Sheet 7. However, it contains
spectral properties that are specific for YFP. The top of Sheet 8 contains the extinction
coefficient for YFP (Cell D2) which is &4, = 0.84 puM~1dm™1 (please note that units are
different from (Patterson et al., 2001)) and the quantum yield of YFP (Cell D3) picked from
Table 1. The value for the integral of the entire YFP emission spectrum normalized to maximum
emission of 1 (Cell D4) is picked from Sheet 4 (“4 EYFP Emission Spectrum”, cell D134). In
addition, there are 3 place holders (D5-D7) for the excitation integral (Cell D5; Ex integral), the
emission integral (D6, Em integral) and the M, value (D7). Excitation and emission spectra for
YFP are deposited in columns E and O, respectively. The calculation of the values for the
excitation integral and emission integral and the graphs are analogous as described for CFP.

Note that both M, and Mp, are independent of /,, the overall intensity of the arc lamp, and
the constant C that accounts for optical transmission properties of the microscope other than the
filter cubes. For our setup, the calculated values are Ma = 0.6320 and Mp = 0.14149.
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Supplementary Note 2 | Determination of 3’-FRET and E-FRET efficiencies

The experimental determination of 3’-FRET and E-FRET efficiencies depend on the
robust measurement of fluorescence intensities using three filter cubes as summarized in Box 1.
Here, we present a formalism to model the fluorescence output from a single cell expressing two
types of fluorophores, a donor assumed to be the cyan fluorescent protein (CFP) and an acceptor
assumed to be the yellow fluorescent protein (YFP). In the dark, all fluorophores are assumed to
be in their ground state (D, donor and A, acceptor) and upon photoexcitation convert to an
excited state (D° and A°). Relaxation from the excited state results in the release of a photon.
Each cell is assumed to contain Np total donor molecules and N, total acceptor molecules
(Supplementary Note 2 Fig. 1a). Moreover, the fraction of donor molecules bound to an
acceptor in each cell is given by Dy, and the fraction of acceptor molecules bound to a donor is
given by Ap. Only the bound fraction of fluorophores is able to undergo FRET. The
epifluorescence microscope setup measures the total fluorescence intensity from single cells
using three filter cubes: the CFP cube (Supplementary Note 2 Fig. 1b), the YFP cube
(Supplementary Note 2 Fig. 1¢), and the FRET cube (Supplementary Note 2 Fig. 1d). There
are two key sets of microscope specific parameters to define: (1) the wavelength-specific
propensity of the excitation subsystem to excite a given fluorophore and (2) the wavelength-
specific efficacy of the detection subsystem to detect the emitted photons.

First, we consider the propensity of a given fluorophore to be excited using the given
microscope setup. For any filter cube x, the excitation rate (in units of transitions per second) of
a single ground-state fluorophore is given by /o Gx(y, Aexx). The variable /y denotes the intensity
of the light emitted by the arclamp, y specifies the type fluorophore we are concerned with
(either D or A), and Aexx denotes the particular wavelength of the excitation light used to excite
the fluorophore. Notice that Gx(D, Aexx) 1s a constant that incorporates the spectral properties of
the lamp, optical properties of the excitation filter and dichroic mirror of the cube x, and the
wavelength-dependent absorption properties of the fluorophore given by its molar extinction
coefficient &(A). For example, for the CFP cube Iy:Gcpp(D, Aexcrp) signifies the rate of
excitation for a single CFP fluorophore given the properties of the CFP filter cube.

Second, we introduce the term Fx(y, Aemx) to denote the fluorescence output of the
photomultiplier tube (PMT) in response to photons emitted by the fluorophore y when measured
using the filter cube x. Here, Fx(v, Aemx) 1S @ constant that incorporates the emission spectrum of
fluorophore within the wavelength limits specified by Aemx, the optical properties of the dichroic
mirror and the emission filter of cube x, and the spectral response properties of the PMT
detector. For example, Fcpp(D, Aemcrp) corresponds to the output transfer function for photons
emitted from a single donor molecule (D) measured using the CFP cube. Figure Sxb-d provides a
visual representation of these instrument specific constants. We now develop an explicit model
for the donor and acceptor fluorescence output as a result of direct excitation or through FRET.



Direct excitation of acceptor molecules

To deduce the fluorescence output of acceptor molecules when evaluated through the YFP
cube, we consider the YFPx(Aex x, Aemx, direct) branch (pathway 3) of the state transition diagram
shown in Fig. Sxe. The probability that an acceptor molecule is in the excited state is given by,
dP, .

;ZJOGX(A,/I )P, —(k, +k, )P, (SL.1)

exX,X

,nr

In general, for the purposes of fluorescence measurements, the typical data acquisition
times (several milliseconds) are substantially longer than the characteristic fluorescence
relaxation time (several nanoseconds) such that the system could be assumed to have reached
steady state. Moreover, in typical FRET experiments, the excitation power used is sufficiently
low that there is minimal ground state depletion for either 4 fluorophores (Pa ~ 1). This
assumption could be experimentally verified by testing for linearity of fluorescence output with
respect to the excitation light intensity. Thus, the steady-state probability of an acceptor molecule
occupying the excited state follows the relation,

X . 1,G.(4,2
g pr LA (A Ae) (S1.2)
dt (kA+kA,nr)

Next, we consider the emission-detection subsystem to estimate the rate of emission of photons
from an excited acceptor and the efficacy by which such photons are detected. The rate of
excited acceptor relaxations that result in the emission of a photon is given by kP, . Thus, the
total fluorescence output by all acceptor molecules in a cell is given by,

NA'kA'Pj'ﬁx(f‘l,/1 ) (SL1.3)

em,x

Substituting S1.2 into S1.3 and exploting the fact the quantum yield of the acceptor is given by,

k
Y, =—2—
Q . kA + kA,nr
yields the relation,
YFP, (Ayy> Ay direct) = N -1 - G, (4, A, ) - F (4, 4,,,,) (S1.4)

Note that the emission transfer function Fy (4,4, )now incorporates the QY4 of the acceptor,

F (4, A,,)=0Y, F, (4, Ay ) - Note that this equation specifies the YFP intensity due to direct
excitation through any filter cube. For example, the YFP intensity due to direct excitation
through YFP cube would be given by, YFP,,,(505,535,direct) =N, -1, -Gypp(A4,505) - F, . (4,535)
Similarly, the YFP intensity due to direct excitation through the FRET cube is given by,

YFP.,.. (440,535, direct) = N, - I, - Gy (4,440) - F.o . (4,535)
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Direct excitation of donor molecules

To model the fluorescence emission of donor molecules when evaluated through the CFP
cube, we first consider the CFPx(Aexx, Aemx, direct) branch (pathway 1) of the complete state
transition diagram shown in Fig. Sxe. Here, to obtain the total CFP emission due to direct
excitation, we must consider two populations of CFP molecules: (1) the fraction of free donor
molecules and (2) the fraction of donor molecules bound to an acceptor. As with acceptor
molecule, we assume a low excitation limit such that there is minimal ground state depletion for
donor (D) fluorophores (Pp ~ 1). Thus, for free donor molecules, the steady-state probability of
occupying the excited state follows the relation,

’ . . 1,G (D, 4
di:[OGX(D’/’i’eXX)PD_(kD+anr)PD :>PD :M (pathway 1) (SIS)
dt , ' (kD +kD,nr)

However, as donor molecules bound to an acceptor can de-excite through FRET, the probability
that such fluorophores are excited is governed by the equation,

: . . 1G.(A
dPD — IOGD (/,i«ex’x )PD _ (kD + kD,m )PD — O = PD — 0 D( ex,x) (pathway 2) (816)
dt (kp +kp )
’ ) . 1G.(D,A
an, _ 1,G (D, A, )P, —(ky +kp,, +k )Pyt = Py =—" (D Ao
dt ’ ' (kD + kD,nr + kT)

Next, we consider the emission-detection subsystem to estimate the rate of emission of photons
from an excited donor and the efficacy by which such photons are detected. The rate of excited
donor relaxations that result in the emission of a photon is in general given by kP, . Thus, the
total fluorescence output by both free and bound donor molecules is given by,

1,G,(4..) 1,G.(D,2,)

N,-(1-D,)- -2 B (D, A, )+ N, D, - XX, - B (D, A (S1.7)
D ( b) (kD‘i‘kD,nr) D X( em,x) D b (kD+kD’nr+kT) D X( em,x)
Given that the quantum yield of the donor fluorophore is given by,
k
Yy, =—2—
Q ? kD + kD,nr

and by defining Fy (D, 4, ) =0Y, -ﬁ’X (D, 4...),Eq. S1.7 simplifies to yield the equation,

m,x em,X

CFP.(J,., A

ex,x 7 “em,x ?

k., +k
direct)= N, -1,-G (D, A, ) -F (D, A, .)-| 01=D,)+D, (ko Ko ) (S1.8)
, , (kD + kD,nr + kT)
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Excitation of acceptor molecules as a result of FRET

The third key quantity of concern is YFP fluorescence output as a result of excitation by
FRET or the YFPx(Aexx, Ademx, FRET) branch (pathway 2) of the complete state transition
diagram in Fig Sxe. In order for YFP molecules to be excited by FRET, they have to be
associated with CFP molecules. Moreover, as before we assume ‘low-exciation limit’ (Pp ~ 1,
P, ~ 1) and that the data acquisition time is long enough for the system to reach steady-state.
First, we consider the probability of exciting a donor molecule,

d—P;—lG (D, AP, —(k, +k, +k )P =P, = 1,6 (D, A (S1.9)
dl 0~"x > 7Yex,x D D D,nr T D D (kD + kD’m + kT) :
Next, we consider the rate of excitation of the bound acceptor molecule. At steady state,
de £ & & k 3
=k P, P, —(k, +k,, )P, t=> P =—"—P, (S1.10)
dt T D A ( A A,nr) A} A (kA+kA,m) D
Substituting Eq. S1.9 in S1.10 yields,
. 1 k
. 1,G, (D, A,) (S1.11)

Tk ) (ky + g, )
Next, we consider the emission-detection subsystem to estimate the rate of emission of photons
from an excited acceptor and the efficacy by which such photons are detected. The rate of
excited acceptor relaxations that result in the emission of a photon is in general given by &, P; .
Thus, the total fluorescence output by YFP molecules excited by FRET is given by,

ND.Db.PA*.kA.FX(A’/lcm,x) (S1.12)

— 1 kT r;
=No Dy s e s oGP A K Bl )
Importantly, the total number of bound complexes is given by Np Dy, = Na*Av. Moreover, the
output transfer function is also defined as F, (4,4, ) = 0Y, - F; (4,4, ). Substituting these
identities into S1.12 yields,

F, (s A FRET) =Ny kk Tl G PR B A (s113)
Equations S1.4, S1.8, and S1.13 form three master equations that could be used to deduce either
the 3°-FRET efficiency or the E-FRET efficiency as outlined in subsequent section.

m,X m,X

Deducing 3°-FRET efficiency

The 3°-FRET efficiency measures sensitized emission or the fractional increase in acceptor
intensity due to FRET. The term sensitized emission in Box 1 Eq. 5 corresponds to YFPy(Aex x,
Aemx, FRET). Thus,

_ YFPX (/?"ex,x > /?"em,x s FRET) Gx (A7 /l’ex,x )
*TYEP. (A, Ay ditect) G(D. A, (S1.14)
7
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Notice, the factor Ga(Aexx)/Gp(Aexx) 18 an instrument specific parameter that normalizes for the
differences in the propensity for the donor and acceptor to absorb light. Substituting Eq. S1.13
and S1.4 into S1.14 yields,

k

N, -4 - = 1,-G (DA, ) F (4,4

A b (kD+anr+kT) 0 x( ex,x) X( em,x) GX(A,/IEXX) (8114)
E,= : : :
: NA '10 'GX(A’/lex,x)'FX(Aﬂ/lem,x) GX(D’//i’ex,x)
Simplifying this relation yields,
k

E, = = A =E-4

A (ky + ko +K7) b b (S1.15)

Thus, the apparent 3*-FRET efficiency is the true FRET efficiency multiplied by the fraction of
acceptor molecules that are bound. The experimental strategy to unscramble the parameter
YFPy(Aex xs Aemx, FRET) from corrupting factors is described in Box 1.
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Deducing E-FRET efficiency

E-FRET is a donor centric measure that estimates the fractional quenching of donor fluorescence
due to FRET. Thus, the E-FRET efficiency corresponds to
— CFE:RET\after - CFP

FRET |before
CFP,

FRET|after
where CFPrretpefore 1S the quenched CFP fluorescence intensity before acceptor molecules are

photobleached and CFPrretpasier 15 the intensity after all acceptor molecules are photobleached.

(S1.16)

D

Importantly, CFPrreTpafier 18 an indirect measure that corresponds to the modified state transition
diagram shown in Fig. 1f. For this modified system,

dP[; * * IOGX(D’iexx)
—L = 1,G (D, A )P, = (ky + ke )Py = By = —————2= S
% 00y ( ex.x ) D ( D D,nr) D } D (kD + kD,nr) ( )

The fluorescence output for a single donor fluorophore would be proportional to &, P, the rate of
excited donor relaxations that result in the emission of a photon. Accordingly, the total
fluorescence output of CFPrreTjafier 1S given by,

* - [GX(D’/lcxx) r
CFPFRET\after =N, B, -k, 'FX(DJ“em,x) =N, 'O(k_'_—k’)'kb .FX(D’/Iem,x) (S1.18)
D D,nr

Utilizing the fact that Fy (D, 4, ) = 0Y, -ﬁx (D, 4. .), Eq. S1.17 simplifies to

em,Xx em,x

CFPerane = Np 1y G (D, A) Fx (D, Ay ) (S1.19)

ex,X em,Xx

By contrast, CFPrretjpefore 1S @ direct measure that corresponds to CFPx(Aex x, Aemx, direct) branch

of state transition diagram in Fig. Sle. To relate CFPrretjatier With CEFPrrETefore, WE Teconsider
Eq. S1.8,

CFPx (//i’ex,x s ﬂ“em,x > direCt) = ND ' [0 ' Gx (D’ //i’ex,x em,x

( (kp + k) J
)-F (D, 4,,.):| A=D,)+D, -

° (kD + kD,nr + kT)

k
=N,-1,-G (D, A ) F,(D,A 1 A1-D)+D | 1- L
D 0 x( ex,x) X( em,x) [( b) b[ (kD +kD,nr +kT)j}
Simplifying this relation, we obtain
CFB( (/ch,x > /,Lcm,x ° dirCCt) = ND ' IO : Gx (D’ //i'cx,x) ’ FX (D’ /lcm,x) (S 1 20)
k
-N,-1,-G (D, A, ) F (D, A, ) Dy - 1
o i Yk iy + k)
Substituting Eq. S1.19 to S1.20 yields,
CFPX (ﬂex,x b ﬂ’em,x s direCt) = CF})FRET\after
. (S1.21)
-N,-1,-G (D, ) F,(D,A -D, - L
D 0 X ( ex,x) X( em,x) b (kD + kD’nr + kT)
9
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Also recall that the total number of bound complexes must be the same, therefore Np-Dy, =
N, A'Ab- Thus,

CFR( (ﬂ‘ex,x > /lem,x s direCt) = CFE-‘RET\aﬁer
i (S1.22)
_NA'Ab'IO'Gx(D’ﬁ“exx)'FX(D’ﬂemx)' =
’ w0 (kp ey )
Now, substituting S1.13 into Eq. S1.22 yields,
CFI)FRET\before = CFPX (/’i’ex,x ’ ﬂem,x ’ direCt) (S 1 23)
FX (D’ /?“em X )
= CFI)FRET|after - YFPX ()“ex X2 ﬂ‘em X9 FRET) o
’ j FX (A’ ﬂ’cm,x )
Rearranging this equation yields,
FX (D’ ﬂ’em,x )

CFF,

FRET after

= CFPFRET\bcforc + YFPx (/ch,x s /,Lcm,x ’ FRET) . FX (Aa )Z’ )

em,x

(S1.24)

Importantly, Eq. S1.24 confirms the intuition that CFP intensity after photobleaching is the sum
of the quenched CFP intensity before photobleaching and amount of quenching reported as the
sensitized emission corrected for emission properties of YFP molecules versus CFP molecules.

Substituting Eq. S1.24/S1.23 into S1.16, yields

FX (D’ )lem X )
YFP, (A x> Ay » FRET) - :
E _ CFR:RETkifter - CFF}TRET\before _ FX (A’ /Iem,x)
b B F.(D, A
CF. })FRET\after YFPX ( /Iex o /Iem o FRET) M + CFPF RET before
’ , FX (A’ ﬂ’em,x)
Defining the microscope specific gain factor,
F (4,2
G= M (S1.25)
FX (D7 //i’em,x )
yields the E-FRET equation shown in Box 1 Eq. 7,
YFP (Ao > Ay FRET) (S1.26)

E =
YFP, (A - A

ex,x 2 7 em,x 2

FRET)+CFP.(A,_, 2

ex,x 2 7 em,x 2

direct)-G

To deduce Ep in terms of fundamental parameters in Fig. Sxe, we substitute Eq. S1.13 and Eq
S1.8 into Eq. S1.26 and further simplify to obtain,

k
N, A - T 1,-G (D, A )-F,(A,A
E _ A b (kD+kDﬂm+kT) 0 x( ex,x) X( em,x)
’ Ny Iy G (D, A ) F (A, Ay (81.27)
N,-D, k,

= : —E-D,
ND (kD +kD,nr +kT)
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Supplementary Note 2 Figure 1 | Theoretical underpinnings of 3°.FRET and E-FRET. (a)

Diagram depicts a single cell containing binding partners tagged to CFP and YFP molecules. Np

corresponds to total number of donor molecules and N, acceptor molecules. Dy corresponds to

the fraction of donor molecule bound and 4y, corresponds to fraction of acceptor molecules

bound. (b) Diagram illustrates the input and output of the CFP cube. Gx(D,Aex.x) and Fx(D,hexx)

corresponds to microscope specific parameters. (¢ — d) Diagram illustrates input and output of
the YFP and FRET cube. (e) Complete state transition diagram that specifies fluorescence output
essential for computation of 3°-FRET and E-FRET. (f) Diagram illustrates modified state

transition diagram if acceptor molecules were photobleached.
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Supplementary Note 3| Determination of binding affinities from FRET measurements

As elaborated in Box 1, the 3°-FRET and E-FRET efficiencies depend on the fraction of acceptor
(4p) and fraction of donor molecules (Dy) that are bound respectively. Both Dy, and 4y in fact
depend on the total number of donor and acceptor molecules and relative binding affinity. For
typical FRET experiments, we consider a binding interaction with a 1:1 stoichiometry.
Moreover, the bound state is assumed to conform to a unique with a characteristic FRET
efficiency (F). These assumptions allow for fitting a simple Langmuir isotherm to the
experimental data yielding an estimate for the binding affinity. Though more complex binding
models can be evaluated using FRET, the increased number of states often implies the lack of a
unique solution and multiple parameter sets may fit the data.

Consider the simple 1:1 binding model with dissociation constant Ky,
A+D ?‘ AD
As FRET experiments are typically conducted at steady-state,

[Afree ] [Dfree ]
[A4D]

Since, the total concentration of acceptor molecules [A4]. =[4;.. ]+[4D], the fraction of bound
acceptor molecules is given by,

=K, (S2.1)

= [AD] = [AD] — [Dfree]
b (4], [4z..]+[4D] [Dg..]+K, (S2.2)
The 3°-FRET efficiency is thus,
[Dye. ]
E = E ~A = E L b freel
A max b max [Dfree] N Kd (823)

where En,x is the FRET efficiency when all acceptor molecules are bound.

Similarly, since the total concentration of donor molecules [D]; =[D]+[A4D], the fraction of
bound donor molecules is given by,
_[4D] _ [4D]  _ [4ge]
D= = = (S2.4)
[D]T [Df ]+[AD] [Afree]+Kd ’

ree

Thus, the E-FRET efficiency is given by,
ED = Emax .Db = Emax .M (825)
[Afree] + Kd
In both cases to obtain a binding relation, we must deduce the free concentration of donor and

acceptor molecules.
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Importantly, fluorescence measurements from single cells are proportional to the total number of
fluorophores. Accordingly, we restate Eq. S2.3 and Eq. S2.5 in terms of number of fluorophores.

Thus,
4, = N (S2.6)
NDfree + Kd ’ che]l : Navogadro
Similarly,
_ NAfree (827)
L, =
NAfree + Kd ’ I/cell ’ Navogadro

Indeed, for a 1:1 stoichiometry interaction, the fraction of acceptors bound is given by, 4, = (Np
— Nbfree)/ Na. Note that Np — Npgree corresponds to the number of bound donor-acceptor
complexes. Thus, Eq. S2.6 can be rewritten as

ND — NDfrcc — NDfrcc
NA NDﬁ'ee + Kd : VCC“ ’ Navogadro (828)
Rearranging this equation,
N]ifree - (ND - NA - Kd ) chell ' Navogadro) ' NDfree - Kd ' I/cell ) Navogadro : ND = 0 (829)
Solving this equation yields,
(N -N,-K 'Vce 'Navo a ro)
NDfree = . ; (12 - = (82 10)
n \/(ND - NA _Kd ' Vcell ’ ]vavogadro)2 + 4 ’ Kd ' Vcell ’ Navogadro ’ ND
2

Since the number of bound complexes are the same, N, — N, . = N, — Ny, Thus,
NAfree:NA_ND+NDfree (8211)
Substituting Eq. S2.10 into Eq. S2.11 yields,

N,-N,-K,-V,-N

ZVAfree — 2 cell avogadro
(S2.12)
n \/(ND - NA - Kd ’ I/(:ell ' Navogadro )2 + 4 ' Kd ’ I/(:ell ’ Navogadro ’ ND

2
Importantly, the total number of acceptor (Na) and donor (Np) molecules in a cell can be

estimated based on fluorescence measurements as outlined below.

First, for YFP molecules the fluorescence intensity due to direct excitation viewed through the
FRET cube can be obtained from Eq. S1.4 as,

YFP,. .+ (440,535,direct) = N, - I - Gpgpr (4,436) - Frpr (A4,535) (S2.13)
The number of acceptor molecules is then,

YFP, .. (436,535, direct)
GFRET (A, 436) 'FFRET (Aa 535)

I,-N,=YFP, = (S2.14)
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The factors, Grrer(A,440) and Frrer(A,535) correspond to microscope specific calibration
factors. In cells that express both YFP and CFP, YFPrrp1(440,535, direct) can be estimated from
the YFP cube measurement by the relation,

YFP.,.. (436,535, direct) = R, - Syzp (DA, 500,535) (S2.15)

Thus,
R, Sy (DA4,500,535) R, Sy (DA,500,535) (S2.16)

I,-N,=YFP,, =
¢ BT Grper (4,436) - F o (4,535) M,

Similarly the total number of donor molecules (Np) could be estimated based on the fluorescence
intensity of CFP molecules through the FRET cube. However, one confounding factor is
quenching of CFP fluorescence as a result of FRET to nearby YFP molecules. The amount of
quenching could be corrected for based on Eq. S1.19. Here,

CFP.. (436,535, direct) = N, - 1, - G, (D,436) - F,,(D,535) (S2.17)
k
-N,-1,-G (D,436)-F, (D,535)-D, - N
p oG ( ) Fx( )-D, (ko + g k)
Note that,
k
D, - L =D, -E=FE
O (ky kg k) D (S2.18)
where Ep is the E-FRET efficiency. Thus, Eq. S2.17 simplifies to,
CFP.:(436,535,direct) =N, - 1,-G (D,436) - F, (D,535)-(1- E,) (S2.19)

This expression can be rearranged to obtain,

CFP,,..(436,535,direct) / (1- E,)
Iy Ny =CFRg = — 2 (S2.20)
Girpr (D, 436) - Frpr (D,535)

Note once again the denominator corresponds to microscope specific calibration factors.
Moreover, CFPrre7(440, 535, direct) could be estimated based of fluorescence measurement
from the CFP cube as follows:

CFP.;(436,535,direct) = R, - S (DA, 436,480) (S2.21)

Eq. S2.21 could be substituted into Eq. S2.20 to obtain,

1N —crp - RorScn(DA,436,480)/ (1= Ey) _ Ry, Sy (DA, 436,480) ($2.22)
0 D EST .
Giger (D,436) - Fypy (D, 535) My(1-E,)

An alternative formulation is shown in main text Eq. 13 where the CFP signal lost due to FRET
is added as a correction term.
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Both Eq. S2.16 and Eq. S2.22 provide experimentally determined estimates for total number of
acceptor and donor molecules respectively. Thus, we now reconsider Eq. S2.10 by multiplying
both RHS and LHS by I,

(10 .ND _10 .NA _]0 .Kd .I/ccll .Navogadro)
IO.NDfree: 2
n \/(10 'ND _IO 'NA _IO .Kd ‘I/cell 'Navogadm)z +4.IO .Kd ‘I/cell 'Navogadro ‘]0 ‘ND (8223)
2

Now, we could redefine, Eq. S2.23 based on parameters experimentally determined (i.e. Eq.

S2.16 and Eq. S2.22). If we define, /- Ny;.. = D;.. » an effective concentration of free donor
molecules and K. =1,-K, -V, - N, , then
_ (CFRyy —YFFR _Kd,EFF) + \/(CFBEST —YFFg _Kd,EFF)2 + 4'Kd,EFF -CFRsr (S2.24)
free
2

Similarly, if 7, N,;.. = 4. then Eq. S2.11 could be rewritten as,

free

Aee = WPEST - CFPEST + Dfrcc (S2.25)

free

These two equations, namely Eq. S2.24 and Eq. S2.25 allows one to determine the free
concentrations of donor and acceptor molecules and effective binding affinities through the
iterative procedure described in Box 2.

Notice that the computation of CFPgst and YFPgst requires the knowledge of both
M = G (D,436) - Frp o (D,535) and M, = G (A4,436) - Flpr (A4,535) . However, only the
ratio Ma/Mp can be reliably determined experimentally using various CFP-YFP dimers. The
individual values M, and Mp, are, in fact, calculated from the parameters of optical elements in
the microscope. Reassuringly, our theoretical calculation yielded an Ma/Mp ratio that was highly
similar to the experimentally determined value. Even, since these values are computed based on
manufacturer’s specifications for various optical elements, they are only approximate. In our
experiments, we followed a simple procedure whereby we computed the Mp value based on
specifications of our optical elements, and then set the M, value by multiplying this theoretically
determined Mp value by the experimentally determined ratio Ma/Mp (from dimer experiments).
Here, we explore how a miscomputation of the theoretical Mp value may affect the measured
K4 Err.

true

Suppose the true Mp value (M ™) relates to the estimated Mp value (M) by
M =M -n (S2.26)
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Here 7 is an error term. Since the Ma/Mp can be experimentally determined and therefore
assumed to be ratio of the true M, and Mp, values (i.e. M X“e /M ;;“e ), the estimated My value is

given by,
. . M . Mtrue Mtrue
M =M [_Aj M [ A j _ My (S2.27)
MD experimental MD n

Reconsidering Eq. S2.16 and substituting in Eq. S2.27, we can relate the experimentally

estimated YFPgst (YFP., ) to the true value YFPLr as follows:

R,, Sy (DA,500,535) R, -Sypp(DA,500,535)  YFPB,
M My -n

1,-N,=YFFg; = (S2.28)

true

Similarly, we can relate the experimentally computed CFPgst ( CFPB,; ) to the true value YFPio
by substituting Eq. S2.26 into Eq. S2.22,
Ry, Sep(DA,436,480) Ry, - Scpp (DA,436,480)  CFPL;

I.-N,=CFP,. = d (S2.29)
A M (1-Eyp) My -n-(1-Ep) n

Now substituting Egs. S2.28 and S2.29 into S2.23, we could determine the true free
concentration of donor molecules, D7, by the following equation:

free

sk

CFP;ST_YFPEST_K j
d,EFF

I,-N :Dm:[

n n

0 Dfree free 2 (8230)

* * 2 *

CFF, YFP, CFPF,

\/( EST _ EST _ Kd,EFF] + 4K e EST
n n
+
2
Rearranging this equation,
e CF. PE*ST —YF PE*ST — K e
IO.U.NDfree:n.three:( 2 )

(S2.31)

* * 2 *

N \/(CFPEST —YFPBg; _UKd,EFF) +4:17 Ky - CFR;
2
We could in fact redefine K. =77+ K{hye and Dy, =7-Dp , yielding
* (CFPEST_YFPEST_K;,EFF)
IO 77 'NDfree = Dfree =
2 (S2.32)
* * * 2 * 3k
\/(CFPEST —YFBg; _Kd,EFF) +4'Kd,EFF -CFF;

+

2
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Experimentally, then the error in estimation of Mp by factor 7 would simply result in a scaled
relative dissociation constant,

K:,EFF = U.KEIL-;F = 77'10 4

cell

N, K, (2.33)
But this ambiguity is computationally no different than lacking knowledge of the /, value. In the
extreme case, if we do not have an estimate of Mp, we could simply set M =1. Thus, =M

, and the measured relative affinity is Ky =M™ -1, -V,

cell

-N,,, - K, . Finally to compare across

experimental setups, we could compare measured affinities for a robust construct and deduce the
pertinent scaling factors.

17

Nature Protocols: doi:10.1038/nprot.2016.128



Supplementary Note 4 | Theoretical basis of concentration-dependent FRET

One important challenge for robust analysis of binding interactions using FRET 2-hybrid is that
of concentration-dependent or spurious FRET. If the bulk concentrations of expressed
fluorescent proteins are high, then a freely-diffusing donor molecule may, by chance, be
sufficiently close to a freely-diffusing acceptor molecule to elicit FRET despite the absence of a
specific binding interaction. How do we account for concentration dependence of spurious
FRET? Empirically, if CFP and YFP fluorophores are co-expressed in HEK293 cells, the 3°-
FRET and E-FRET efficiencies appear to be linearly dependent on the total concentration of CFP
(CFPgst) or YFP (YFPgst) respectively (Supplementary Fig. 1). In this section, we furnish a
theoretical analysis that supports the linear dependence of spurious FRET efficiency on the total
concentration of fluorophores. This discussion follows the derivation presented in Erickson et
al'.

For 3*-FRET, consider an acceptor molecule at position 7 = 0 as shown in Supplementary Note 4
Fig. 1a. The probability that a donor molecule (D) resides within a spherical shell of radius » and
r + dr of the acceptor molecule is given by,

P,(r)-dr =[D]-N,,, -4zr*-dr-(107 L/IA’) (S3.1)

Here, [D] denotes the (molar) concentration of donor molecule, N,y represents Avogadro’s
number. The shell radius 7 is assumed to be in units of angstrom. The expected FRET efficiency
(E) for randomly dispersed donors at all distances is given by,

6
RO
R +r

E, = TPD(;»)- _-dr (S3.2)

Note that the two fluorophores are assumed to be of negligible molecular size and therefore can
be infinitesimally close to each other. Substituting S3.1 into S3.2 yields,

_ % RS

E, = [[D]-N,,, -47r*-(107 L/A3)~Rﬁ—°6-dr
_l_
0 L (S3.3)
=[D]-N, -4z-(107 L/A*).-R*[—— .4
[ ] avo 7 ( ) 0'([Rg+l"6 r

Simplifying this expression,

3
E,=[D]-N,, -47-(107 L/A*)-R -#arctan [F—J

3
0 0

0 (S3.4)
(D) N, 007 R S0 ) -ID1 N 200
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As shown in main text Eq. 24, the fluorescence intensity of the donor fluorophore is proportional
to concentration of donors ([D] = Np / (Navo' Veell) = (Rp1 Scrp) / Mp) / (Navo' Veen), thus,

2, 27y p3
—7°-(107")-R
E - Ry Scrp 3 ( ) Ry

A
My 4

cell

27°-(107) Ry R} _
3-My V.

cell

— ~CFP

Scep My gy (53.5)

Hence, the spurious FRET efficiency is linearly proportional to the fluorescence intensity of the
donor molecules in the given cell. Note that the estimate here is an upper limit for the spurious
FRET efficiency as the donor and acceptor molecules were assumed to be of negligible size.
Nonetheless, the slope of the spurious FRET curve could be estimated experimentally.

A similar relation could be determined for spurious FRET between a membrane-localized
acceptor fluorophore and a cytosolic donor fluorophore. Consider the fluorophore arrangement
shown in Supplementary Note 4 Fig. 1b. By symmetry, the probability of finding a donor
fluorophore within distance » and dr would be exactly half as in Supplementary Note 4 Fig. 1a.
Therefore, the spurious FRET slope would be half that of Eq. S3.5 but nonetheless linear with
respect to the fluorescence intensity of the donor molecule.

Finally, in the case that both donor and acceptor fluorophores are tethered to membrane proteins,
these molecules are restricted to the membrane as shown in Supplementary Note 4 Fig. 1c¢. Thus,
the probability of finding a donor molecule within the distance » and » + dr can be obtained by
considering the thin cylindrical shell,

P.(r)-dr=D,. . -27r-dr-(10° um?/A%) (S3.6)

urface

Note that Dgyface 1S the surface density of the donor fluorophore in the membrane (units of
number of molecules / um?). The expected FRET efficiency (E,) for randomly dispersed donors
at all distances is given by,

— = RS
) RG
:J'Dsurface-27:1*-(10_8 pum?/A%y. —2—.dr
0 o T7

_ T
=D, -27-(10° um?/A%)- R '!—Ré . -dr
i V3
= D 1727107 /AT Ry '[T” (S3.8)
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The fluorescence intensity of the donor fluorophore is proportional to the number of donors in
the membrane, thus Dgyiface = Np / SAmem = (Rp1 Scrp) / Mp) / SAmem,

2727 -(10°° um*/A%)-R; (*/95]
— R .
Ex= ];\111: n SA =Scre s rreT

mem

(S3.10)

Again, notice that the spurious 3>-FRET efficiency is linearly proportional to the fluorescence
intensity of the CFP molecule. Importantly, as the molecules are constrained to the membrane
the slope of the spurious FRET efficiency may be prohibitively large. Intuitively, this result
stems from the enhanced crowding of fluorophores as a result of restricted planar diffusion.
Experimentally, this large spurious FRET may be estimated by localizing donor and acceptor
fluorescent proteins to the membrane by lipidation.
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a b c
2 Py | B ~~__membrane membrane
A A B
w

4

p ror+dr
r+dr
eytosolic donor and acceptor cytosolic dqnor with membrane-localized acceptor
membrane-localized acceptor and donor

Supplementary Note 4 Figure 1 | Geometric arrangement of donor and acceptor fluorophores
for theoretical analysis of spurious FRET relations. (a) Here, both donor and acceptor molecules
are localized to the cytosol. Thus, we consider the probability of finding a donor molecule within
a thin spherical shell of radius  and thickness dr (b) If the acceptor molecule is localized to the
membrane, we consider probability of finding a donor molecule in the thin hemispherical shell of
radius 7 and thickness dr. (¢) If both donor and acceptor fluorophores are restricted to the
membrane, then to estimate spurious FRET relations, we would consider the thin cylindrical
shell of radius  and thickness dr.
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Uncoupling PIP2-calmodulin regulation of Kv7.2 channels by an
assembly destabilizing epileptogenic mutation

Araitz Alberdi’*, Carolina Gomis-Perez'*, Ganeko Bernardo-Seisdedos’, Alessandro Alaimo?,
Covadonga Malo', Juncal Aldaregia', Carlos Lopez-Robles’, Pilar Areso?, Elisabeth Butz3,

Christian Wahl-Schott® and Alvaro Villarroel*#*

ABSTRACT

We show that the combination of an intracellular bi-partite calmodulin
(CaM)-binding site and a distant assembly region affect how an ion
channel is regulated by a membrane lipid. Our data reveal that
regulation by phosphatidylinositol(4,5)bisphosphate (PIP,) and
stabilization of assembled Kv7.2 subunits by intracellular coiled-coil
regions far from the membrane are coupled molecular processes.
Live-cell fluorescence energy transfer measurements and direct
binding studies indicate that remote coiled-coil formation creates
conditions for different CaM interaction modes, each conferring
different PIP, dependency to Kv7.2 channels. Disruption of coiled-
coil formation by epilepsy-causing mutation decreases apparent
CaM-binding affinity and interrupts CaM influence on PIP, sensitivity.

KEY WORDS: Coiled-coil, Leucine zipper, Calmodulin, PIP,, KCNQ,
Epilepsy, M-current, Allosteric

INTRODUCTION

Phosphatidylinositol(4,5)bisphosphate (PIP,) is a minor (<1%) acidic
phospholipid found in the inner leaflet of the cell membrane and plays
avital part in cellular signaling by directly interacting with membrane
proteins, including Kv7 potassium channels (Gamper and Shapiro,
2007; Suh and Hille, 2008; Hille et al., 2014; Zaydman and Cui,
2014). Function of Kv7 channels is absolutely dependent on PIP,
(Zaydman and Cui, 2014) and activation of phospholipase C, and
subsequent PIP, hydrolysis causes downregulation of their activity,
which in turn lowers the threshold for activity (Brown et al., 2007),
orchestrating excitability in brain, heart, skeletal muscle and inner ear.
Related diseases encompass epilepsy, autism, schizophrenia, cardiac
arrhythmias, hearing loss and sudden death (Soldovieri et al., 2011;
Dvir et al., 2014a; Maljevic and Lerche, 2014).

The five members of the Kv7 family of non-inactivating voltage-
dependent potassium channels share a common architecture,
differing from that of Kvl-Kv4 channels in lacking an N-terminal
T1 tetramerization domain. Instead, and in common with a large
group of channels, such as Eag, Erg, SK, CNG and TRP channels,
present multiple calmodulin (CaM; Uniprot P62161)-binding
domains followed by a tetrameric coiled-coil segment (Jenke et al.,
2003; Tsuruda et al., 2006). Kv7 channels have a large intracellular
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C-terminal region, ranging from 320 to 500 residues in size,
containing four helical regions (A-D), which can be conceptually
divided into three parts. Immediately after the last S6 transmembrane
segment, the intracellular membrane proximal half (AB) is important
for CaM binding and channel gating. Three-dimensional (3D)
reconstitution locates the intracellular distal part (helix D) far from the
membrane (Dvir et al., 2014b), which directs oligomerization and
partner specificity (Yus-Ngjera et al., 2002; Howard et al., 2007;
Haitin and Attali, 2008). The AB and D helices are connected by
helix C, indispensable for function, and a linker of variable length.
Mutagenesis suggests that, in addition to the S4-S5 linker and the
proximal C-terminus, helix C contributes to PIP, regulation (Dvir
et al., 2014b; Zaydman and Cui, 2014). CaM binding is essential for
Kv7 channels to exit from the endoplasmic reticulum, and influences
heteromeric assembly of Kv7.2/3 channels and subsequent
enrichment at the axonal initial segment (Yus-N4jera et al., 2002;
Devaux et al., 2004; Chung et al., 2006; Etxeberria et al., 2008;
Haitin and Attali, 2008; Alaimo et al., 2009; Cavaretta et al., 2014;
Chung, 2014; Liu and Devaux, 2014). CaM regulatory mechanisms
that change the gating behavior proceed through an effect on
sensitivity to PIP, (Kosenko et al., 2012; Kosenko and Hoshi, 2013;
Zaydman et al., 2013; Kang et al., 2014). The interlinker between
helices A and B is not essential for function, although it plays a
critical role in PIP, regulation for Kv7.3, but not in Kv7.1 and
Kv7.2 channels (Hernandez et al., 2008; Aivar et al., 2012; Sachyani
etal., 2014).

In contrast to the obligatory role of helices ABC for Kv7.2
channel function, helix D is dispensable (Schwake et al., 2006;
Nakajo and Kubo, 2008). The helix D coiled-coil bundle has been
largely considered as a passive stitch, with little active role other
than to convey stability to the tetramer and specificity during the
formation of heteromeric assemblies (Schmitt et al., 2000; Jenke
et al., 2003; Maljevic et al., 2003; Schwake et al., 2006; Howard
et al., 2007). Whilst this is undoubtedly part of its function, we find
that this structure has a more active role by indirectly influencing
PIP, dependency.

Here, we identified a mechanism to modulate, at a distance,
regulation by PIP,. We monitored the relative distance/orientation
of the ABCD domain by live-cell fluorescence resonance energy
transfer (FRET) assays in conjunction with analysis of whole-cell
currents. The observations we made explain how the tetrameric
conformation of helix D can functionally influence CaM binding to
a distal site, and, in turn, how a pathological mutation affecting
tetramer stability modifies Kv7.2 activity.

RESULTS

Calmodulin binds to Kv7.2 AB with a 1:1 stoichiometry
Calmodulin is a bi-functional protein, with two highly homologous
lobes (N and C) joined by a flexible linker, each capable of engaging
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targets adopting an o-helix configuration (Villarroel et al., 2014).
Helix A of Kv7.2 presents a marked preference for fetching the
C-lobe, whereas helix B anchors more favorably to the N-lobe
(Alaimo et al.,, 2014) and these features are present on the
crystallographic Kv7.1 [AB/CaM] complex (Sachyani et al.,
2014). To place the data of this report into physical perspective,
Fig. 1 shows a tentative disposition of CaM on Kv7.2 forming a ring
under the pore that complies with numerous restrictions from
different studies (Mruk et al., 2012; Xu et al., 2013; Alaimo et al.,
2014; Sachyani et al., 2014) (see Materials and Methods). One
important feature derived from the 3D structure of the Kv7.1
[ABCD/CaM] complex is that the helix D coiled-coil is separated
from the membrane by the CaM ring (Sachyani et al., 2014)
(Fig. 1A).

To investigate in more detail the interaction with the Kv7.2
CaM-binding domain, we co-expressed CaM and a construct
bearing the Kv7.2 CaM-binding elements (helices A and B,
residues G313-R530) to produce the recombinant complex in
bacteria. The intervening A—B linker (residues Y372-T501), which
is not essential for Kv7.2 function (Aivar et al., 2012), was
removed to improve protein yield. We found by size exclusion
chromatography (SEC) that the purified material migrated with an
apparent molecular mass of 35.3 kDa, which is close to the
expected size for a 1:1 [CaM/AB] globular complex (16.7
+13.6=30.3 kDa; Fig. 1C). Thus, similar to Kv7.1 or Kv7.4 [AB/
CaM] complexes studied in vitro (Wiener et al., 2008; Xu et al.,

A
!_\ &, s ':Pz
%‘{‘-%‘5‘ ﬁr’.;’ - C-Lobe
"B | ‘N-Lobe
a&aD
L609 3%,
C +CaM
ABCD-YFP
L609R-YFP
— AB
100 140 180 220

Elution Volume

2013), the Kv7.2 [AB/CaM] complex adopts a 1:1 stoichiometry
in solution.

The helix D L609R mutation disrupts coiled-coil formation
We studied next the consequences of the helix D L609R mutation
[equivalent to L637R in the long Kv7.2 splice variant (Richards
et al., 2004)] found in patients with hereditary benign familial
convulsions (Richards et al., 2004), which is predicted to interrupt
coiled-coil formation (Lupas and Gruber, 2005; Schwake et al.,
2006) (Fig. 1B). To this end, non-tagged CaM and ABCD
C-terminally tagged with a fluorescent protein were co-expressed
in bacteria, and the resulting complexes were purified and analyzed.
The SEC elution volume was consistent with a 4:4 [ABCD/CaM]
globular complex. In contrast, the larger elution volume of the
L609R mutant indicated that no stable tetramers were formed
(Fig. 1C). In addition, the fastest non-denaturing electrophoretic
pattern of [ABCD-L609R/CaM] compared with [ABCD/CaM]
indicates disruption of the complex (Fig. 1D). Thus, the L609R
mutation impedes the adoption of a stable tetrameric coiled-coil
configuration.

Helices CD do not interact with calmodulin and the [ABCD/
calmodulin] complex is compact

It has been suggested that FRET results between isolated domains of
Ca?" voltage-dependent channels and CaM can be applied to the
entire protein (Ben Johny et al., 2013). Inspired by this precedent,

B
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¥

5 0.8 Helix C  Helix D

e WT
o

'g 0.4 L609R
-é

9 ‘ &

.6 T L L L T L 1
© 560 600 640

Amino acid position

Fig. 1. The L609R mutation disrupts coiled-coil formation. (A) Structural model of the CaM ring under the membrane based on the crystallographic co-
ordinates and synchrotron X-ray data of the [AB/CaM] Kv7.1 and [ABCD/CaM] Kv7.1 complexes, respectively (Sachyani et al., 2014), the [B/CaM] Kv7.4 complex
(Xu et al., 2013), helix D Kv7.4 and Kv7.1 tetrameric bundles (Howard et al., 2007; Wiener et al., 2008), and the model derived from internal TEA-CaM blockade
(Mruk et al., 2012). The disposition of helix C and the CD linker are unknown (dashed lines). Only the selectivity filter, the S4 (salmon), S5 and S6 segments
(green), S4-S5 linker (salmon) and post-S6 segment (salmon) of two potassium channel subunits are shown for clarity. The distance between the inner leaflet of
the membrane and L609 is ~10 nm in this model. (B) Coiled-coil probabilities of helices C and D for wild-type Kv7.2 and the L609R mutant computed using COILS
(http:/www.ch.embnet.org/software/COILS_form.html). (C) Size exclusion chromatography of the indicated constructs. Normalized absorbance is plotted against
elution volume. All samples were loaded at a concentration of 20 uM. Theoretical molecular masses (in kDa) are: 103 for [ABCD-YFP/CaM], 412 for [ABCD-YFP/
CaM],, 206 for [ABCD-YFP/CaM], and 30 for [AB/CaM]. (D) Gel electrophoresis of the indicated samples in the absence of SDS. YFP (29 kDa) and BSA
(66.5 kDa), which present different degrees of oligomerization, served as a ruler for molecular mass. On top of the BSA bands the presumed number of molecules
in the oligomer is indicated (Friedman et al., 1993). The computed molecular mass of the ABCD-YFP construct is 57 kDa and that of CaM is 17 kDa. The
fluorescence image of the same gel is shown on the right.
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the interaction between CaM and the C-terminal Kv7.2 domain was
analyzed by FRET in living cells. Cyan fluorescent protein (CFP)
and yellow fluorescent protein (YFP) exhibit 50% energy transfer at
a distance of ~5 nm and measurable transfer up to 8§ nm (Patterson
et al., 2000). The ratio of the integral of CFP/YFP emission isolated
after spectral unmixing is directly proportional to the FRET
efficiency. The FRET index between CaM and helices AB was
important (Fig. 2A,E), whereas between helices CD and CaM it was
insignificant (Fig. 2B,E,G). These data reinforce the initial
conclusion, based on yeast two-hybrid interaction trap and pull-
down assays, that helices CD do not contribute directly to CaM
binding (Yus-N4jera et al., 2002). Similarly, a role of CD helices has
been discarded for CaM binding to Kv7.4 and Kv7.1 channels (Xu
et al., 2013; Sachyani et al., 2014). In contrast, an increased FRET
index compared with that of AB was observed between CFP-CaM
and YFP-ABCD (Fig. 2C,E), which is an expected consequence of
having multiple donors and acceptors within the FRET distance
[<8 nm (Patterson et al., 2000; Vogel et al., 2006); Fig. 2F]. Based
on the structure of the related Kv1.2 channel (Long et al., 2005), two

A Cc

fluorescent proteins in the same channel should be ~5.6 nm apart
(assuming they are in adjacent subunits) or 7.9 nm apart (assuming
they are in non-adjacent subunits). In agreement with this
interpretation, disruption of helix D coiled-coil by the L609R
mutation resulted in a FRET index comparable to that of AB
(Fig. 2D,E). The differences in FRET efficiency were apparent at
low free donor or acceptor concentrations, where collisional or
spurious FRET is negligible (Fig. 2G; Figs S1, S2). Thus CaM and
AB from different subunits are within FRET distance in the
tetrameric complex brought together by helix D.

Tetramerization of the distal helix D positions A helices from
different subunits within FRET distance

To gain further insights into the [Kv7.2/CaM] complex, the impact
of tetramerization on the separation between A helices of
neighboring subunits was gauged by FRET analysis, attaching
CFP or YFP at the N-terminus, upstream of helix A. This
configuration allowed the assessment of the transfer of energy
between adjacent subunits, which was virtually undetectable
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Fig. 2. FRET between calmodulin and ABCD is reduced by the helix D L609R mutation. (A—D) Emission spectra (green) after excitation at 405 nm from cells
expressing CFP-CaM and YFP-target protein. The orange trace is the computed FRET emission from the YFP-tagged target protein and the cyan plot is the
reference emission of CFP. Note in B the negligible bleed through due to direct excitation of YFP at 405 nm. (E) FRET indexes between CFP-CaM and the
indicated constructs. (F) Cartoon illustrating how, as a result of tetramerization, each donor could be within FRET distance of two or more acceptors. Disruption of
coiled-coil formation would cause separation/re-orientation of the donor—acceptor pairs, which now would function as independent entities. (G) Binding curve in
which the FRET strength between CFP-CaM and the indicated YFP-labeled proteins is plotted versus concentration of free CFP-CaM from each individual cell
(Ben et al., 2013) (n>25). E,, acceptor-centric FRET efficiency; Ds.e, free donor concentrations in arbitrary units.
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Fig. 3. Elevation of calmodulin levels leads to increased FRET in tetrameric ABCD. (A-D) Comparison of the impact of elevation of CaM levels on the
emission spectra (green versus salmon) after excitation at 405 nm from cells co-expressing the indicated regions of Kv7.2 tagged with CFP and YFP at the
N-termini. The reference CFP emission spectrum is plotted in blue. The deviation of the green and salmon traces from the blue plot provides a visual indication of
changes in FRET. (E) Summary of FRET indexes measured under normal (gray) and elevated (salmon) CaM conditions. (F) Comparison of the impact of
overexpression of Neurogranin (Nrg, green) to reduce CaM levels on spectral FRET between CFP-ABCD and YFP-ABCD. (G) Cartoon illustrating how CaM
engaging AB in an additional binding mode could form a sort of ‘lock washer’ that compacts the proximal region of ABCD, bringing together donors and acceptors

from different subunits.

between CFP-AB and YFP-AB (Fig. 3A, compare cyan and green
traces). In contrast, a clear FRET signal was detected between
CFP-ABCD and YFP-ABCD (Fig. 3B,E), indicating that the
separation of the N-termini is below 8 nm in the tetrameric
complex. Disruption of the helix D coiled-coil formation by the
L609R mutation resulted in a large reduction of the FRET index
(Fig. 3C,D), reinforcing the view that helix D is critical for bringing
A helices close together.

Calmodulin re-orients the A helices of neighboring subunits

Three-dimensional structural data indicate that the ABCD domain
can be envisioned as a flower bouquet with the tetrameric coiled-
coil helix D corresponding to the pedestal (Sachyani et al., 2014)
(Fig. 1). We can imagine the bunch in two extreme situations: in a
compact arrangement or with flaccid stacks positioning the flowers
towards the periphery (Fig. 3G). FRET can distinguish between
closed and spread configurations, because in the first case donors
and acceptors from neighboring [CaM/AB] complexes will be
within FRET distance. With this idea in mind, the impact of
elevating CaM levels was monitored. The FRET index recorded
after disruption of tetramerization by the L609R mutation was low,
and increased after CaM elevation (Fig. 3C,D; compare green and
salmon plots), whereas no significant changes were revealed when
helix D was missing (Fig. 3A). In contrast, a prominent FRET index
was obtained for the CFP-ABCD and YFP-ABCD pair, which
almost doubled with elevated CaM levels (Fig. 3B). Thus CaM
leads to a rearrangement, probably by compaction (Fig. 3G), of the
disposition of helix A in the ABCD complex. This compaction also
takes place for the L609R mutant, but it does not reach the distant/
orientation values of the ABCD complex. Furthermore, the FRET
index was significantly reduced in cells overexpressing
neurogranin, an apo-calmodulin-binding protein (Villarroel et al.,

2014) that is expected to diminish CaM availability (Fig. 3F). These
results suggest that CaM favors, by mass action, the adoption of a
novel organization of the ABCD domain, and that this new
configuration is favored by helix D acquiring a tetrameric coiled-
coil formation.

Coiled-coil formation by helix D increases calmodulin-binding
affinity

The changes on FRET suggest that CaM can bind to ABCD in at
least two different configurations, resulting in an equilibrium
scheme between a minimum of three states (Fig. 4A). A testable
consequence of the incorporation of an additional binding mode is
that the apparent binding affinity should decrease after disruption of
helix D-mediated tetramer formation by L609R (Fig. 4). Using
e-FRET methodology (Chen et al., 2006) we resolved the binding
curve in which the FRET strength between CFP-CaM and
YFP-ABCD is plotted cell-by-cell versus concentration of free
YFP-ABCD (Ben Johny et al., 2013). This revealed that, besides
decreasing maximal FRET, the L609R mutation led to a reduction in
apparent binding affinity (Fig. 4B). To further evaluate the impact of
this mutation in CaM binding in a more controlled in vitro setting,
recombinant ABCD and ABCD-L609R proteins were produced in
bacteria and purified in the absence of CaM (Alaimo et al., 2009).
The refolded monodisperse CaM-binding domains were
subsequently assayed in vitro for binding to dansylated CaM
(D-CaM) (Alaimo et al., 2013b; Bonache et al., 2014). In
accordance with theory and with results obtained by using live
cells, the elimination of the presumed additional binding mode was
accompanied by a clear decrease in apparent binding affinity for the
L609R mutant (Fig. 4C,D). In the tetramer, the packing suggests
that binding of one CaM might affect binding to another CaM.
However, the Hill coefficient (Edelstein and Le, 2013) of the dose—
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Fig. 4. Disruption of coiled-coil formation results in
reduced calmodulin-binding affinity. (A) Scheme
illustrating how coiled-coil formation can lead to a three-
state binding model (top) compared with a two-state model
in the absence of tetramerization (bottom). (B) The binding
curve in which the FRET strength between CFP-CaM and
YFP-ABCD (black line) or YFP-ABCD-L609R (red line) is
plotted cell-by-cell versus concentration of free YFP-
ABCD. The shaded boxes indicate the concentration
range in arbitrary units producing half-maximal e-FRET.
Ep, donor-centric FRET efficiency; Ay, free acceptor
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(n=3). (D) Dose—-response relationship of normalized
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responses did not change as a consequence of coiled-coil disruption,
suggesting that tetramerization has minor or no effect on potential
co-operativity between CaM molecules (Fig. 4C).

The effect of elevated calmodulin on PIP, dependency
differs between WT and L609R mutant channels

Cells expressing Kv7.2, complemented or not with CaM, were
examined by whole-cell recording (Fig. 5A,B) to explore the
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functional consequences of the tetramerization-disrupting mutation
on CaM-dependent function, such as current density and PIP,
dependency. Current density was not significantly affected by this
mutation (Fig. 5), whereas there was a remarkable 18 mV right shift
of the conductance—voltage relationship (Fig. 5C). The decrease in
CaM-binding affinity caused by the L609R mutation should tend to
reduce the ensemble occupancy of the four CaM-binding sites on a
Kv7.2 channel. A similar decline in the steady-state occupancy

Fig. 5. The L609R mutation causes a right
shift of the voltage dependency and
precludes the effect of elevated calmodulin
in current density. (A) Exemplar whole-cell
current relaxations evoked at different potentials
for the indicated channels under resting (gray),
elevated CaM (red) and reduced (green)
conditions. CaM availability was reduced with a
CaM sponge. (B) Summary of current densities
computed at —30 mV as the difference in quasi-
instantaneous current after a prepulse to

—110 mV (all channels closed) and +30 mV (all
channels opened). Note that this protocol is
insensitive to voltage-dependent shifts within a
broad voltage range. (C) Normalized tail I~V
relationship. The lines are fits of Boltzmann
relationships to the data with the following
parameters (V.,, slope in mV): wt, —33.2+1.0,
12.3+0.8; wt+CaM, —32.9+1.0, 13.5+0.9; wt+
sponge, —15.6+2.1, 13.3+1.6; L609R, —15.5¢
1.1, 10.4+0.9; L609R+CaM, —17.4+1.6, 10.5+
1.2.
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should occur when the concentration of free CaM is critically low.
To test this idea, the properties of Kv7.2 channels in a low CaM
environment were evaluated. Under reduced CaM conditions there
was a significant decrease in current density, consistent with the role
of CaM on Kv7.2 trafficking (Etxeberria et al., 2008). Remarkably,
there was a 17mV right shift of the conductance—voltage
relationship (Fig. 5). Similar effects were observed in cells
expressing neurogranin (n>12, not shown). Thus both disruption
of coiled-coil formation and low CaM availability led to similar
changes in the conductance—voltage relationship, with a strong
correlation with the impact on the proximity/orientation of the
ABCD domains.

The voltage-dependent phosphatase Danio rerio voltage sensing
phosphatase (DrVSP) was used to address the impact on PIP,
dependence. To avoid voltage errors associated with the large
currents evoked at the extreme voltages required to activate DrVSP
(see Fig. 6A), series resistance compensation for the patch electrode
was set to >95% (Sherman et al., 1999). The comparison of current
relaxations before and after DrVSP activation demonstrated that the
L609R mutant was more resistant to activation of the voltage-
dependent phosphatase (Fig. 6B). Furthermore, a similar increase in
resistance to DrVSP activation was observed for wild-type channels
under low CaM conditions, which is comparable to that in channels
carrying the L609R mutation. Importantly, in contrast to wild-type
channels, the response of the mutant channel to activation of DrVSP
was insensitive to CaM elevation (Fig. 6C). Thus disruption of helix
D coiled-coil changes voltage dependency and perturbs the
adoption of additional CaM-binding modes and subsequent
change on PIP, dependency in Kv7.2 channels.

DISCUSSION
Despite their fundamental importance in regulation and signaling,
allosteric mechanisms are, in general, poorly understood (Motlagh
et al., 2014). Here, we show that PIP, dependency is affected at a
distance by the formation of a coiled-coil tetrameric bundle. The
data are consistent with a mechanism involving different CaM-
binding modes, which confer differential PIP, sensitivity to Kv7.2
channels.

The data reveal that the pathogenic L609R mutation [equivalent to
L637R in the long Kv7.2 splice variant (Richards et al., 2004)]
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destabilizes the helix D-dependent tetramerization of the C-terminal
region of Kv7.2. In addition, this mutation reduces the apparent
affinity for CaM binding, and leads to increased resistance to the
action of a voltage-dependent phosphatase that reduces PIP,
concentration at the plasma membrane. A plausible consequence of
the reduction of CaM affinity is that CaM occupancy of the channel is
diminished, and, on average, not all four sites of the tetrameric
channel would be engaged in a given instant. A similar reduction in
the number of resident CaM molecules can be achieved by lowering
CaM availability, which led to increased resistance to DrVSP action,
similar to that seen for the helix D-mutated channels. In addition, both
wild-type channels when CaM is scarce and L609R mutant channels
under resting CaM levels present a >17mV right shifted
conductance—voltage relationship, meaning that two different
situations that lead to low CaM occupancy converge towards a
similar voltage dependency and increased resistance to PIP,
depletion. Although results obtained with isolated domains may not
apply to the full-length channel, the agreement between in vitro data
and those obtained by using live cells favor the argument that these
events are related, and are consistent with the idea that the effect on
PIP, sensitivity is a consequence of the changes on CaM residence.
How can helix D affect CaM binding? Neither our new FRET
data, nor previous studies using yeast two hybrid assays, or studies on
Kv7.1 or Kv7.4, have exposed any hint of direct CaM interaction
with helices CD (Yus-Ngjera et al., 2002; Howard et al., 2007;
Wiener et al., 2008; Xu et al., 2013). In addition, small angle X-ray
scattering of the related Kv7.1 subunit (Sachyani et al., 2014) reveals
that there is no physical contact between helix D and the [AB/CaM]
complex. Therefore, we conclude that the impact of helix D in CaM
binding is indirect. In addition to previous functional and structural
data (Alaimo et al., 2013a; Sachyani et al., 2014), the helix
D-dependent changes in CaM-binding affinity unveiled here support
the concept of the occurrence of more than one binding mode. The
decrease in FRET for the L609R mutant underscores the importance
of coiled-coil formation by helix D in this process. The changes in
homo-FRET efficiency between ABCD modules are a clear
indication that the A helices re-orient, come closer, or both, when
more CaM is available. Either new CaM molecules are entering the
complex, or existing CaM molecules are engaging in new binding
modes, such as intrasubunit and intersubunit binding modes.

Fig. 6. Disruption of coiled-coil formation affects calmodulin-
dependent regulation of PIP, sensitivity. (A) Scheme of the
voltage protocol used for DrVSP activation (top) and exemplar
current recorded from a cell expressing Kv7.2 channels to illustrate
current inhibition quantification. (B) Exemplar current relaxations
before (dark gray traces) and after DrVSP activation in resting
conditions and overexpressing CaM (red traces) or overexpressing
a CaM-binding protein —'sponge’- to sequester CaM (green).
(C) Averaged current reduction after activation of DrVSP for the
*%k indicated Kv7 configurations, in resting conditions and with
elevated (red) or reduced (green) CaM.
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The CaM N-lobe has a significant preference to anchor to helix B,
whereas the C-lobe binds more favorably to the IQ site located in
helix A (Alaimo et al., 2014). In the context of the full-length
channel, both helices in the [AB/CaM] complex could originate from
the same subunit (intrasubunit binding) or from two adjacent
subunits (intersubunit binding). Intersubunit binding requires
placing AB helices from contiguous subunits within CaM reach,
i.e. <4 nm (Villarroel et al., 2014). Indeed, Kv7.2 models derived
from trigonometric restrictions obtained with pore blockers tethered
to CaM as calipers, position the lobe anchoring sites of nearby CaM
molecules under 4 nm (Mruk et al., 2012) (Fig. 1A). In addition,
besides the precedents for bridged configurations in other channels
(Schumacher et al., 2001; Sarhan et al., 2012; Villarroel et al., 2014),
the crystallographic structure of Kv7.1 [AB/CaM] has been trapped
with CaM embracing helices A and B from different subunits
(Sachyani et al., 2014). We have previously shown by whole-cell
recording that precluding CaM binding to helix A or to helix B
results in non-functional channels, but, remarkably, both mutant
channels complement each other, restoring function when co-
expressed (Alaimo et al., 2013a). Furthermore, at submicromolar
concentrations, CaM links two Kv7.2 AB domains in vitro,
anchoring helix A of one subunit to helix B of another subunit
(Alaimo et al., 2013a). Therefore, we consider reasonable the
hypothesis that, by bringing together the AB helices from
adjacent subunits thanks to helix D coiled-coil formation, each
CaM lobe can engage with the complementary helix from a
neighboring subunit.

Consideration of our new data together with prior work leads us to
propose an extension of the CaM modulation hypothesis to include a
switch between CaM binding-modes, which may correspond to intra-
and intersubunit engagement or different degrees of occupancy of the
multiple CaM-binding sites, providing distant control of PIP,
sensitivity by the tetramerization domain. The structures of many
configurations are presently unknown, but homology modeling
confirms the plausibility of these arrangements. In the context of the
full-channel, with the restrictions imposed by the pore-forming
regions preceding helix A, the approximation of these helices caused
by CaM elevation should translate in a movement of the whole
[ABCD/CaM] complex relative to the pore. A doubling in FRET
index in the presence of elevated CaM (Fig. 3) could be accounted for
by less than 6% reduction in the separation of the fluorophores, i.e. a
displacement <0.5 nm, a magnitude comparable to the vertical
translation of the cytoplasmic domain observed between the
structures of Kir2.2 channels with and without PIP, (Hansen et al.,
2011).

It is not known if the helix D tetramer de-oligomerize and re-
oligomerize as part of the normal channel function, allowing for
physiological allosteric control of channel activity. Beyond
supporting different CaM-binding modes and affecting channel
assembly, the helix D coiled-coil domain may also serve as a
scaffold for interactions with other proteins that regulate channel
activity (Marx et al., 2002; Kass et al., 2003; Wiener et al., 2008).
Thus, helix D may act as an antenna, funneling relatively distant
interactions towards the pore by changing indirectly the way the
channel engages with CaM.

The data provide a basis for theoretical generalization of an
allosteric mechanism. Many ion channels, such as Kv7, Eag, Erg,
SK, CNG and TRP, present multiple CaM-binding domains
followed by a tetrameric coiled-coil bundle (Jenke et al., 2003;
Tsuruda et al.,, 2006), but other elements could assume the
equivalent conceptual roles. The ingredients are two bi-functional
target—receptor components, plus a mechanism that brings two or
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more targets in close vicinity. By controlling at a long distance the
proximity between the binding sites, the receptor could engage the
target in different configurations, ultimately affecting activity.
PIP; is strictly required for the operation of Kv7 channels, and it
is currently thought that parts of the channel from well-separated
regions of the linear sequence fold to bring together several basic
residues to create a binding pocket (Zaydman and Cui, 2014). The
concept is that the interacting basic residues do not represent a
structurally selective binding site; rather they form positively
charged clouds that would attract any acidic lipid. PIP, would be the
principal target because it is the most abundant multiply-
phosphorylated lipid of the plasma membrane (Suh and Hille,
2008). By reconfiguring the CaM ring underneath the pore, the
cloud envelope in contact with PIP, at the inner leaflet of the
membrane could change, such that the orientation of lysine, arginine
or histidine residues making electrostatic contacts with the charged
phosphate groups will be controlled at a distance by helix D. A
fuzzy organization of the PIP,-binding surface like this may help to
explain the puzzling similar effects in channel-PIP, sensitivity of
low and elevated CaM levels. Defects in channel-PIP, sensitivity
through interfering mutations can lead to disease (Logothetis et al.,
2010). It is attractive to hypothesize that mutations not located at the
binding site that disrupt channel-PIP, dependency, such as L609R
described here and which was found in a patient with an epileptic
condition (Richards et al., 2004), could also lead to disease.

MATERIALS AND METHODS

Molecular biology

The human isoform 3 Kv7.2 (Y15065) cDNA was provided by T. Jentsch
(Leibniz-Institut fiir Molekulare Pharmakologie, Berlin, Germany) and the
c¢DNA encoding rat CaM was provided by the group of J.P. Adelman
(Vollum Institute, Portland, OR, USA). The subunits tagged at the
N-terminal with CFP or YFP were cloned into pCDNA3.1 and we
previously confirmed that these N-terminal tags have no impact on the
electrophysiological properties of the channel (Soldovieri et al., 2006;
Gomez-Posada et al., 2010; Gomez-Posada et al., 2011). Point mutations
were constructed by polymerase chain reaction (PCR)-based mutagenesis.
Dr-VSP-IRES-GFP from zebrafish was provided by Y. Okamura (Osaka
University, Osaka, Japan). The CaM sponge, which has CFP and YFP
flanking the apoCaM-binding site of neuromodulin, was provided by
D.J. Black (University of Missouri, Missouri, USA). For in vitro
co-expression experiments, CaM was subcloned into the pOKD4 vector.
C-terminal channel sequences were fused to a custom-made circularly
permuted Venus variant of YFP (Shinege; China) and subcloned into
pPROEX-HTc vector. Rat neurogranin (NM_024140.2) tagged with a myc
epitope at the N-terminus was cloned into pcDNA3.1 hys/myc A vector.

Homology modeling

The portrayed structure in Fig. 1 is an extension of model 3 proposed by
Mruk et al., which places key residues of the CaM N- and C-lobes at a
distance relative to the Kv7.2 pore compatible with the effects of a pore
blocker tethered to CaM with chains of varying length (Mruk et al., 2012),
and adequate for it being linked to S6, assuming that the 1Q site adopts a
similar disposition as that in the Kv7.1 [AB/CaM] complex (Sachyani et al.,
2014), and presents a kink as predicted by sequence analysis (Alaimo et al.,
2014). The structural models of [N-lobe/helix B] complexes from Kv7.1 and
Kv7.4 nicely superimpose, and are consistent with nuclear magnetic
resonance (NMR) data obtained for the Kv7.2 [AB/CaM] complex (Xu
etal.,2013; Alaimo etal., 2014; Sachyani et al., 2014). In turn, the structural
crystallographic X-ray-based model for the Kv7.1 [C-lobe/helix A] complex
is compatible with NMR observations of the Kv7.2 [AB/CaM] complex
(Alaimo et al., 2014; Sachyani et al., 2014), and is almost identical to every
other solved complex of apo-C-lobe (Ca®" free) with peptides containing an
1Q motif (IQxx6R, 6=bulky apolar residue), a motif that is present in helix A
of every Kv7 channel (Yus-Ngjera et al., 2002; Villarroel et al., 2014).
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Finally, helix D has been placed at a distance from the CaM-binding site,
according to the envelope observed by small-angle X-ray scattering (SAXS)
for the Kv7.1 [ABCD/CaM] complex in solution (Sachyani et al., 2014).
This disposition places PIP, and L609 of helix D more than 10 nm apart.

Fluorescence spectroscopy

Recombinant proteins ABCD, ABCD-L609R (both fused to GST) and CaM
were produced as described previously (Alaimo et al., 2009). Fluorometric
experiments using dansyl-CaM (D-CaM), CaM dansylation, sample and
buffers preparation and fluorescent measurements were performed as
described previously (Alaimo et al., 2013b; Bonache et al., 2014).

Recombinant protein production, purification and native gel
electrophoresis

Fusion proteins were expressed in Escherichia coli [BL21(DE3)] grown in
lysogeny broth (LB) medium at 37°C and induced at OD 1,,,,=0.6—0.8 with
0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 5 h. Cells were
harvested by centrifugation at 5000 g for 20 min at 4°C, and cell pellets were
frozen at —20°C. Thawed cell pellets were lysed in lysis buffer (mM: 120
KCl, 3 imidazole, 1 phenylmethylsufonyl fluoride (PMSF), 10 K-HEPES;
pH 7.4), and one tablet of protease inhibitor without EDTA (Roche Applied
Science, Penzberg, Germany), and passed three times through a homogenizer
(Emulsiflex). Insoluble material was precipitated by centrifugation for
30 min at 25,000 g at 4°C. The resulting soluble fraction, which contained
the fusion protein, was applied to a 5 ml cobalt-charged column (no. 28-
9537-67, GE Healthcare, Little Chalfont, UK), and pre-equilibrated in wash
buffer (mM: 120 KCl, 10 K-HEPES; pH 7.4). Increasing amounts of
imidazole were used for washing. Sample elution proceeded on a linear
gradient from 30 to 300 mM imidazole on an AKTA fast protein liquid
chromatography (FPLC) system. Imidazole was removed by dialysis
overnight at 4°C in cellulose membrane tubing (no. D927-100FT, Sigma-
Aldrich, St Louis, MO, USA) with agitation against 1 litre of fluorescence
buffer (mM: 125 KCl, 5 NaCl, 1 MgCl,, 10 EGTA, 10 Tris; pH 7.4. Fusion
proteins were then applied to a Superdex 200 pg 26/600 column (no. 28-
9893-36, GE Healthcare) and eluted in the same buffer. Positive fractions
were pooled together and concentrated using a 3 kDa cut-off Amicon ultra-
15 concentrator (no. UFC900308, EMD Millipore, Billerica, MA, USA)ina
fixed angle rotor at 3500 g. Protein concentration was measured at 462 nm,
equalized to 4 pM and samples with 5% of glycerol were run in 7% non-
denaturing (‘native’) gels (without SDS).

Cell culture and transfection

HEK293T cells (HEK 293T/17, ATCC, CRL-11268) were maintained in
5% CO, at 37°C in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich), supplemented with non-essential amino acids (Sigma, Madrid,
Spain) and 10% fetal bovine serum (FBS; Lonza, Madrid, Spain). Transient
transfection for imaging was performed using polyethylenimine (PEI)
25 kDa (no. 23966-22g, PolySciences, Eppelheim, Germany), whereas for
electrophysiology experiments lipofectamine 2000 (Invitrogen) was used
following manufacturer’s instructions. All experiments were performed
48 h after transfection.

Electrophysiological measurements

Whole-cell patch recordings of HEK293T cells were obtained at room
temperature (21-25°C). Cells were bathed in the following solution (mM):
140 NaCl, 4 KCl, 2 CaCl,, 2 MgCl,, 10 Na-HEPES and 5 p-glucose,
adjusted to pH 7.4 with NaOH. The osmolarity was adjusted with mannitol
to ~315 mosmol/l. Pipettes were pulled from borosilicate glass capillaries
(Sutter Instruments, USA) using a Narishige micropipette puller (PC-10;
Narishige Instrument Company, Japan). All experiments to test the impact
of DrVSP (0.5 pg cDNA per 35 mm dish) were carried out with 100% series
resistance compensation using a VE-2 amplifier (Alembic Instruments,
Canada) equipped with an Rs Compensator (Sherman et al., 1999).

We applied the traditional voltage protocol as in the original description
of the M-current (Adams et al., 1982). This protocol takes advantage of the
lack of inactivation of the M-channels, and allows removing potential
‘invasion’ of the signal by other inactivating currents. Our protocol to study

the sensitivity to DrVSP activation is similar to that used by Hille and
collaborators (Falkenburger et al., 2010). DrVSP was activated by a 200 ms
jump to +100 mV, and the voltage was returned to the holding potential of
—20 mV. Jumps to —110 mV, beyond the K" reversal potential, were applied
to close the channels. Upon returning to the holding potential, an
instantaneous current jump (corresponding to leak current) followed by a
slowly developing outward relaxation (corresponding to the opening of the
M-channels) was recorded. The size of the outward relaxation before and
after the +100 mV jump was used to estimate the effect of DrVSP activation
on M-current size (Adams et al., 1982; Villarroel, 1994).

Pipettes were filled with an internal solution containing (mM): 125 KCl, 5
MgCl,, 5 EGTA, 5 Na,ATP and 10 K-HEPES, adjusted to pH 7.2 with KOH
and the osmolarity adjusted to ~300 mosmol/l with mannitol (Gémez-
Posada et al., 2010). The amplitude of the Kv7 current was defined as the
peak difference in current relaxation measured at —30 mV after 500—
1500 ms pulses to —110 mV (all channels closed) and to +30 mV (all
channels opened). The data were acquired and analyzed using pPCLAMP
software (version 8.2), normalized in Excel (Microsoft, Madrid, Spain) and
plotted using SigmaPlot (SPSS Corporation, Madrid, Spain). Data are
shown as means+s.e.m. The differences between the means were evaluated
using Student’s unpaired #-test, where values of P<0.05 were considered
significant. The number of cells in each experiment is indicated in
parentheses in the figures. The results are from two or more independent
batches of cells. In all figures *, ** and *** indicate significance at P<0.05,
P<0.01 and P<0.001, respectively.

Spectral FRET measurements

Single transiently transfected HEK293 cells were maintained in buffer
solution composed of (mM): 140 NaCl, 5 KCI, 1 MgCl,, 2 CaCl,, 10
glucose and 10 Na-HEPES; pH 7.4 at room temperature. For CFP-CaM
binding to YFP-tagged KV7.2 C-terminal region (devoid of any membrane
anchoring region) the transfection ratio used was 1:5 with a total of 0.6 pg
DNA per M35 dish. Control experiments expressing CFP alone or CFP
together with YFP at a 1:5 ratio demonstrated that contamination of the CFP
emission signal due to direct YFP excitation at 405 nm was <1% (Fig. S1).
For assembly experiments, the ratio was 1:1 (1 pg of each FCP-tagged
ABCD and 2 pg of CaM or 2 pg of empty pcDNA3.1 his/myc C vector).
Images were recorded 48 h after transfection using a Nikon D Eclipse
TE2000-U fluorescence microscope (Nikon Instruments, Tokyo, Japan)
equipped with a confocal scanning head and a spectral detector module.
Images were captured using a 60% oil objective (numerical aperture 1.43),
with the pinhole opened (150 pm) and using the 405 nm laser line
(Coherent, Santa Clara, CA, USA) or the 488 nm line (Melles-Griot,
Rochester, NY, USA) for direct CFP or YFP excitation, respectively.
Cytosolic regions of interest (ROI) from cells displaying a clear signal after
excitation with the 488 nm laser line were included in the analysis. The
spectral detector allows simultaneous recording of 32 images, each
registering a 5nm band of the spectrum, covering 450-610 nm. After
spectral unmixing, the area under the spectra was measured and a FRET
index was calculated as FRET index=YFP445/CFPs.

e-FRET measurements

Fluorescence intensities of YFP and CFP were recorded from single cells
using a Leica DMI6000B inverted epifluorescence microscope and a dual
emission photometric system (Till Photonics, Gréfelfing, Germany).
Excitation was done at 43647.5 nm or 500+7.5 nm, applied at 2 Hz using
a Polychrome V as light source. Epifluorescence emission was detected by a
photodiode, digitized (Mini DigilB; Molecular Devices) and acquired using
Clampex 10 software (Molecular Devices). FRET filter cubes were
(excitation, long-pass beam-splitter, emission): CFP (ET436/20x; T4551p;
ET480/40m), YFP (ET500/20x; T5151p; ET535/30m) and FRET (ET436/
20x; T455lp; ET535/30m) (Chroma Technology). e-FRET efficiencies
(Ep) were determined using Ep=(Spret—Rp1XScrp—RaXSyrp)/
(Serer—Rp1*Scrp—RAXSypptG*Scpp). Sprers Scrp and Sypp denote
fluorescence intensities derived from measurements in individual cells co-
expressing YFP- and CFP-tagged proteins with the respective filter cube
(excitation, emission): Sgrpr (500+7.5 nm, 535415 nm), Scpp (436+
7.5 nm, 480420 nm) and Sypp (500+7.5 nm, 535415 nm). Rp; and R,
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are experimentally predetermined constants from measurements applied to
single cells expressing only CFP- or YFP-tagged molecules that correct for
donor bleed trough and acceptor cross excitation. G factor represents the
ratio of sensitized acceptor emission to quenched donor emission due to
FRET, and was experimentally determined to be 4.13 using CFP fused to
YFP with linkers of varying length (4, 40 and 80 amino acids). The CFP/
YFP ratio was between 1:5 and 5:1, which is expected to yield reliable
results.

d-FRET measurements

Fluorescence intensities of YFP and CFP were recorded from single cells
using a Leica DMI6000B inverted epifluorescence microscope and a 914
photomultiplier detection system (PTI, Canada). Excitation was done at
436+7.5 nm or 500+7.5 nm, applied with a DeltaRam X monochromator
including an arc lamp (PTI, Canada) as light source. Epifluorescence
emission was acquired using FelixGX software (PTI, Canada).

FRET efficiency for d-FRET (E,), which is defined as the fractional
increase in YFP emission caused by FRET, was calculated using E =
{[SerET—(Rp1)(Scrp)VIRA1D(Syrp)]—1}%(€yrp/Ecrp); Srrers Scrp and
Sypp denote fluorescence intensities derived from measurements in
individual cells co-expressing YFP- and CFP-tagged proteins with the
respective filter cube.

FRET data were analyzed using Clampfit 10.0 (Molecular Devices), and
Microsoft Office Excel software. Data plotting, curve fitting and statistical
analysis were performed using Sigma-Plot 12 software (SPSS Corporation).
All values are presented as means+s.e.m. for the indicated number () of
experiments. Student’s #-test was used to compare means of two groups from
data with a normal distribution. Statistical analysis was performed using
SigmaPlot software. *P<0.05, **P<0.01 and ***P<0.001 indicate
significance.
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Fig. S2. The binding curve in which the FRET strength between CFP-CaM and YFP-AB or
YFP-CD is plotted cell-by-cell versus concentration of free YFP-tagged acceptor (n >25).
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High susceptibility to fatty liver disease in two-pore
channel 2-deficient mice

Christian Grimm', Lesca M. Holdt%*, Cheng-Chang Chen'*, Sami Hassan"*, Christoph Miiller3, Simone Jérs?,
Hartmut Cuny'*¥, Sandra Kissing®, Bernd Schréder?, Elisabeth Butz', Bernd Northoff?, Jan Castonguay®,
Christian A. Luber’”f, Markus Moser’, Saskia Spahn1, Renate Liillmann-Rauch®, Christina Fendel®,

Norbert Klugbauer®, Oliver Griesbeck'®, Albert Haas®, Matthias Mann’, Franz Bracher3, Daniel Teupser?,
Paul SaftigS, Martin Biel' & Christian Wahl-Schott’

Endolysosomal organelles play a key role in trafficking, breakdown and receptor-mediated
recycling of different macromolecules such as low-density lipoprotein (LDL)-cholesterol,
epithelial growth factor (EGF) or transferrin. Here we examine the role of two-pore channel
(TPC) 2, an endolysosomal cation channel, in these processes. Embryonic mouse fibroblasts
and hepatocytes lacking TPC2 display a profound impairment of LDL-cholesterol and
EGF/EGF-receptor trafficking. Mechanistically, both defects can be attributed to a dysfunction
of the endolysosomal degradation pathway most likely on the level of late endosome to
lysosome fusion. Importantly, endolysosomal acidification or lysosomal enzyme function are
normal in TPC2-deficient cells. TPC2-deficient mice are highly susceptible to hepatic
cholesterol overload and liver damage consistent with non-alcoholic fatty liver hepatitis.
These findings indicate reduced metabolic reserve of hepatic cholesterol handling. Our results
suggest that TPC2 plays a crucial role in trafficking in the endolysosomal degradation
pathway and, thus, is potentially involved in the homoeostatic control of many macro-
molecules and cell metabolites.

TDepartment of Pharmacy—Center for Drug Research and Center for Integrated Protein Science Munich (CIPSM), Ludwig-Maximilians-Universitat, 81377
Miinchen, Germany. 2 Institute of Laboratory Medicine—University Hospital Munich, 81377 Munich, Germany. 3 Department of Pharmacy, Ludwig-
Maximilians-Universitdt Miinchen, 81377 Miinchen, Germany. % 2nd Department of Internal Medicine, Klinikum rechts der Isar, Technical University of
Munich, 81675 Munchen, Germany. 5 Institute of Biochemistry, Christian-Albrechts-Universitat Kiel, 24118 Kiel, Germany. © nstitute for Experimental and
Clinical Pharmacology and Toxicology, Albert-Ludwigs-Universitat Freiburg, Freiburg, Germany. 7 Max-Planck-Institute for Biochemistry, Am Klopferspitz 18,
82152 Martinsried, Germany. 8nstitute of Anatomy, Christian-Albrechts-Universitat Kiel, 24098 Kiel, Germany. 9 Institute for Cell Biology, Rheinische
Friedrich-Wilhelms-Universitat Bonn, 53121 Bonn, Germany. 10 Max-Planck-Institute of Neurobiology, Am Klopferspitz 18, 82152 Martinsried, Germany.
*These authors contributed equally to this work. 1 Present addresses: RMIT University, Melbourne, VIC 3001, Australia (H.C.); Novo Nordisk

Research Center, Seattle, Washington 98109, USA (C.A.L.). Correspondence and requests for materials should be addressed to M.B. (email:
martin.biel@cup.uni-muenchen.de) or to C.W.-S. (email: christian.wahl@cup.uni-muenchen.de).

| 5:4699 | DOI: 10.1038/ncomms5699 | www.nature.com/naturecommunications 1

© 2014 Macmillan Publishers Limited. All rights reserved.


mailto:martin.biel@cup.uni-muenchen.de
mailto:christian.wahl@cup.uni-muenchen.de
http://www.nature.com/naturecommunications

ARTICLE

ndo/lysosomal vesicle trafficking is important for many cells

and organ systems. In the liver, receptor-mediated uptake of

low-density lipoproteins (LDLs) and subsequent intra-
cellular transport is essential for hepatic cholesterol homoeostasis
and plasma lipoprotein metabolism. Dysfunction within this
pathway results in liver disease such as non-alcoholic fatty liver
disease (NAFLD), which is associated with increased cardio-
vascular and liver-related mortality!. NAFLD is the most
common cause of chronic liver disease in Western Europe and
the United States>>. It has been estimated that as many as 30% of
adults in these countries have NAFLD?. This liver disease has
thus emerged as a substantial public health concern. The
spectrum of NAFLD ranges from simple lipid accumulation in
hepatocytes (steatosis) in absence of alcohol, which is considered
relatively benign, to steatosis with liver damage, inflammation
and fibrosis (non-alcoholic steatohepatitis (NASH)) and
progressive liver disease, including cirrhosis and hepatocellular
carcinoma*. The hallmark of NAFLD is hepatic neutral lipid
accumulation, mainly triacylglycerol and cholesterol ester (CE).
The roles of both triglycerides and free fatty acid accumulation in
NAFLD have been elucidated in many studies®. By contrast, the
role of cholesterol in NAFLD has been less extensively studied but
is gaining increasing attention6-8,

Recent studies have demonstrated that cholesterol metabolism
and trafficking might play an important role in the pathogenesis
of NAFLD and NASH!. Cholesterol is highly enriched in LDLs
and is taken up by the liver via receptor-mediated endocytosis of
the LDL-LDL receptor complex at the plasma membrane. After
internalization, membrane vesicles containing this complex fuse
to early endosomes. Subsequently, LDL receptors and its ligand
LDL are separated in the sorting endosome and distributed by
two major routes: the recycling pathway transports LDL receptor
proteins back to the plasma membrane; the degradation pathway
traffics LDL to late endosomes and lysosomes. This pathway
involves maturation of early endosomes into multivesicular
bodies/late endosomes which finally fuse with lysosomes®!°.
LDL-cholesterol exits from late endosomes and lysosomes and is
either metabolized to bile acids (BAs) and excreted, stored as CEs
in lipid droplets or exported from hepatocytes into the plasma.

While the principle pathways of LDL transport in the
endolysosomal vesicle system are well characterized, the distinct
proteins involved in these processes are largely unknown.
Interesting candidate proteins, which might regulate endolysoso-
mal trafficking, and fusion processes are cation channels present
in the membrane of endolysosomal vesicles. Recently identified
cation channels that may generate Ca’t signals during
endolysosomal fusion events and thereby vesicle trafficking are

the two-pore channels (TPCs)!®17. Two different TPC subtypes
exist in mouse and man, TPCI and TPC2. There is evidence
that TPC1 is mainly present in the proximal endosomal system,
and TPC2 is predominantly expressed on late endosomes and
lysosomes'®1819 The activation mechanism of TPCs is complex
and has been suggested to involve the second messenger nicotinic
acid adenine dinucleotide phosphate (NAADP) and the
endolysosomal ~membrane ligidphosphatidylinositol (3,5)-
bisphosphate (PI(3,5)P,)17:18.20-24 Independent of what the
nature of the endogenous ligand of these channels might be,
there is substantial evidence that on activation TPCs mediate the
release of Ca? ™ from lysosomal stores. Patch-clamp?!%24, lipid
bilayer and calcium imaging experiments'®2>2¢ indicate that
TPCs are Ca’>* permeable channels and, hence, may directly
confer Ca? T release from endosomes/lysosomes.

Here, we demonstrate that TPC2-deficient cells display
profound trafficking defects in the endolysosomal degradation
pathway. We provide evidence that TPC2 cation channels
may directly be involved in Ca?T signalling necessary for
endolysosomal fusion processes. On the whole-animal level, we
demonstrate that loss of TPC2 leads, as a result of the observed
trafficking defects, to enhanced hepatic cholesterol accumulation,
hyperlipoproteinaemia, and to NASH. These findings indicate a
reduced metabolic reserve of hepatic cholesterol handling. Our
results suggest that TPC2 plays a crucial role in endolysosomal
trafficking in the endolysosmal degradation pathway and, thus, is
potentially involved in the homoeostatic control of many
macromolecules and cell metabolites.

Results

Loss of TPC2 impairs trafficking in the degradation pathway.
To test whether TPC2 is implicated in endolysosomal trafficking,
we disrupted the Tpc2 gene in the mouse (Fig. 1a). In this mouse
line, exon 7 of TPC2, which encodes TMD5 and part of the
pore-loop of domain I, is globally deleted (Fig. 1a). This targeting
strategy results in non-functional ion-channel proteins and is
different from the strategies used for two mouse lines published
before!”!8, The deletion of the TPC2 gene was confirmed
by genomic DNA analysis using Southern blot (not shown),
PCR strategies, immunocytochemistry and western blotting
(Supplementary Fig. 1a,b). Reverse-transcription PCR (RT-PCR)
revealed the absence of exon 7 of TPC2 in TPC2 —/— murine
embryonic fibroblasts (MEFs) and hepatocytes (Supplementary
Fig. 1b). In addition, we generated a TPC2 antibody to detect
TPC2 protein. In agreement with the RT-PCR results,
TPC2 protein was totally absent in TPC2~/~ MEFs in

Figure 1| Generation and characterization of TPC2 knockout mice. (a) Targeting strategy for the generation of TPC2~/~ mice and validation. The
targeted exon 7 of the mTPC2 gene encodes TMD5 and part of the pore-loop of domain I. Exons 6-8 are represented by boxes. The targeting vector
contains two loxP sites (green triangles), and a neo cassette flanked by two FLP recombination target (FRT) sites (blue triangles). (b) Representative
immunofluroscence (IF) images of WT and TPC2~/~ MEFs (stained with anti-TPC2 and Cy5) as well as WT and TPC2 7~ liver cryosections (stained
with anti-TPC2 and Alexa-488). Cell nuclei were visualized with Hoechst (MEFs) or 4',6-diamidino-2-phenylindole (DAPI) (liver). Scale bars, 20 pm.
(c) Current-voltage relations of currents recorded from single-WT and -TPC2 =/~ lysosomes in the presence of 50 nM NAADP or 10 uM PI(3,5)P,.
Lysosomes were isolated from vacuolin-treated WTand TPC2 =/~ MEFs before measurements. (d,e) Population data for current amplitudes at — 200 mV
obtained from experiments as shown in a; **P<0.01, ***P<0.001, two-way analysis of varicane (ANOVA) followed by Bonferroni's post hoc test (d) or
unpaired Student's t-test (e). (F) Expression and distribution of selected marker proteins for endosomes and lysosomes were unaffected in TPC2 =/~
compared with WT MEFs. Shown are representative confocal images of WT and TPC2~/~ MEFs labelled with anti-EEA1, LAMP1 or LAMP2 and
Alexa-488. Nuclei were visualized with DAPI. Scale bar, 20 um. For additional markers, see Supplementary Fig. 1. (g) Representative electron microscope
images of WT and TPC2~/~ liver sections. BC, bile canaliculus; LY, lysosome; Mito, mitochondrion; RER, rough endoplasmic reticulum. Scale bars,
500 nm. (h,i) Measurement of endolysosomal pH in WTand TPC2~/~ cells. Late endocytic compartments of WTand TPC2 =/~ MEFs were labelled with
dextran-Oregon Green 514. (h) Fluorescence intensity ratios were calculated for defined pH values as described in the Methods section. (i) Lysosomal
pH values in WT and TPC2~/~ MEFs were calculated using the calibration curves presented in h and determined under basal conditions, without amino
acids (— aa, EBSS), and without both, aa and glucose (—aa, —glc). Baf. A1 was used as positive control; n.s., not significant, unpaired Student's t-test.
Data points in d,eh and i are given as mean £ s.e.m.
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immunocytochemistry experiments, while it could be detected
in wild-type (WT) MEFs (Fig. 1b). Western blot analysis of WT
and TPC2 ~/~ liver samples confirmed absence of TPC2 protein
in TPC2~/~ livers (Supplementary Fig. 1b). In lysosomes
prepared from TPC2 ~/~ MEFs, currents elicited by postulated
activators of TPC2, NAADP and PI(3,5)P, were strongly reduced
(Fig. 1c-e). NAADP-dependent currents in WT lysosomes
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displayed a bell—sha}s)ed dose-response relationship (Fig. 1d) as
reported previously?>2°.

Expression and distribution of the early endosomal markers
EEA1, Rab4 and Rab5, the late endosomal/lysosomal markers
LAMP1, LAMP2, LIMP2 and CD63 or the recycling endosomal
markers TfR, Rab4 and Rabll were comparable in WT

and TPC2~/~ cells (Fig. 1f and Supplementary Fig. lc-e).
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Overexpression of the constitutively active Rab5 variant
Rab5(Q79L) induced the formation of characteristic enlarged
Rab5-positive vesicles both in WT and TPC2~/~ MEFs,
indicating that early endosomal fusion is functioning normally
(Supplementary Fig. 1f). Ultrastructural analyses of WT and
TPC2 '~ liver samples using electron microscopy revealed no
obvious alterations in the endolysosomal system (Fig. 1g). In
particular, the number of endolysosomal vesicles did not show
any deviations between the two genotypes. Notably, lysosomal
deposits which have been reported in lysosomal storage diseases
such as mucolipidosis type IV2728 could not be detected in
TPC2~/~ mice.

Finally, steady-state endolysosomal pH values were similar in
TPC27'~ and WT MEFs. This result was obtained in two
different, independently generated WT and TPC2 ™/~ batches
of MEFs: 508 0.1 for WT versus 4.93 +0.06 for TPC2~/~
(batch-1) and 4.87 + 0.03 for WT versus 4.89 + 0.02 for TPC2~/~
(batch-2) (Fig. 1h,i and Supplementary Fig. 1g-i). Even under
starvation conditions (EBSS buffer (—aa) or starvation buffer
(—aa/—glc)), no significant differences in endolysosomal
pH between WT and TPC2~/~ were observed (again two
independently generated MEF cell lines (batch-1 and batch-2)
were tested) (Fig. 1i and Supplementary Table 1). In addition, the
pH dependent, endolysosomal processing of cathepsin D and
cathepsin L was examined. In the acidic environments of late
endosomes and lysosomes, the mature forms of cathepsin D and
cathepsin L are produced after proteolytic removal of the
propeptide. We found that the generation of mature forms of
cathepsin D and L was not impaired in TPC2~/~ MEFs
compared with WT (Supplementary Fig. 1j). Specificity of the
detected bands was controlled by analysing lysates from the
respective cathepsin ~/~ MEFs in parallel.

Next, we assessed the functional consequences of a loss of
TPC2 for trafficking processes in the endolysosomal degradation
pathway (Fig. 2a), the main subcellular localization of TPC2. This
pathway can be tested by using labelled LDL which binds to its
receptor and is internalized into the cell via endocytosis'’.
Subsequently, LDL dissociates from the receptor and is passed on
to late endosomes and lysosomes, from where cholesterol is
released into the cytosol (Fig. 2a). A trafficking or fusion defect
within this pathway would lead to accumulation of LDL in
vesicles proximal to the defect. We used LDL-BodipyFL to test
this hypothesis and found that the number of LDL-positive
vesicles per cell was significantly increased in TPC2 ™/~
compared with WT MEFs (Fig. 2b-d). This effect was observed
at a broad range of LDL concentrations and after different pulse/
chase times (Fig. 2¢,d). LDLR expression in WT and TPC2 /=
MEFs was found to be similar as determined by quantitative

western blot experiments (normalized to glyceraldehyde
3-phosphate dehydrogenase) (Fig. 2e and Supplementary
Fig. 2a). As an independent test for the same pathway, we
performed experiments using labelled EGF (epithelial growth
factor; AlexaFluor488-EGF)?. These experiments revealed that
EGF accumulation is increased in TPC2~/~ compared with WT
MEFs (Fig. 2f-h). This finding was confirmed in independently
generated MEFs (batch-2) (Supplementary Fig. 2b,c). In addition,
in primary hepatocytes isolated from TPC2~/~ mice, the
number of EGF-positive vesicles per cell was also significantly
increased compared with WT hepatocytes, whereas EGFR
expression in WT and TPC2~/~ livers was not significantly
different (Fig. 2i and Supplementary Fig. 2d,e). To further assess
whether the increased accumulation was caused by decreased
degradation, the time course of EGF degradation after uptake was
measured. MEFs were incubated with a saturating concentration
of EGF (4pgml~1), followed by defined chase times before
fixation (Fig. 2jk). In TPC2~/~ MEFs, the fluorescence
decreased significantly slower compared with WT MEFs.

To further determine the identity of the endolysosomal vesicles
where EGF accumulates in TPC2 =/~ cells, we co-labelled cells
with markers for early endosomes (Rab5), late endosomes (Rab7),
and late endosomes/lysosomes (LAMP1), and found that about
57% of the EGF-positive vesicles showed co-labelling with Rab7
and 41% with LAMP1, but only about 5% with Rab5, indicating
that accumulation occurs rather in the late section of the
endolysosomal system than in early endosomes (Fig. 21,m).

Taken together, these results suggested that EGF/EGFR and
LDL-cholesterol transport and degradation are impaired in
TPC2 =/~ cells, and the endolysosomal transport machinery
appeared to be saturated significantly faster in TPC2 =/~ than in
WT cells.

Calcium and TPC2 channels are critical for trafficking.
Endolysosomal trafficking defects can be caused by multiple
factors. They can result from defects in enzymatic degradation of
macromolecules, which is the underlying cause of most lysosomal
storage disorders. Impaired trafficking can also be caused by
defects in the acidification of endolysosomal organelles, defective
ionic homoeostasis or defects in endolysosomal fusion and fission
processes. Defects in acidification of endolysosomal vesicles have
been reported before to be the primary cause for the observed
trafficking abnormalities for example, in mucolipidosis type IV,
which is caused by mutations in the lysosomal cation channel
TRPMLI (refs 27,30,31). However, endolysosmal pH appears
normal in TPC2~/~ cells. Another attractive hypothesis for
impaired endolysosomal trafficking is a defect in vesicle fusion or

Figure 2 | TPC2 deletion leads to LDL and EGF/EGFR trafficking defects in the degradation pathway. (a) Cartoon illustrating endolysosomal degradation
and recycling pathways. In the degradation pathway (endo/lysosomal axis) EGF/EGFR and LDL are degraded. In the recycling pathway LDLR and Tf/TfR
are recycled. Cholesterol can exit the endolysosomal system from late endosomes or lysosomes. LE, late endosome; LY, lysosome; C, free cholesterol.
(b) Representative confocal images of WT and TPC2~/~ MEFs incubated with 3ug ml 1 LDL-BodipyFL. Cell nuclei were visualized with Hoechst.

(e) Average numbers of LDL-positive vesicles per cell after an incubation time of 30 min at concentrations as indicated. (d) Average numbers of LDL-
positive vesicles per cell after different incubation times at a concentration of Tpgml~'. (e) Quantitative western blot data showing average protein levels
of LDLR in WT and TPC2 =/~ MEFs. (f) Representative confocal images of WT and TPC2~/~ MEFs incubated with 0.3 ug ml~1 AlexaFluor488-EGF.
(g) Average numbers of EGF-positive vesicles per cell after an incubation time of 30 min at concentrations as indicated. (h) Average numbers of
EGF-positive vesicles per cell after different incubation times at a concentration of 0.3 pgml~", followed by a 2-h chase period. (i) Average numbers of
EGF-positive vesicles per cell from similar experiments with freshly prepared WT and TPC2 ~/~ hepatocytes. (j) Representative confocal images of
TPC2~/~ and WT MEFs incubated with 4 ug AlexaFluor488-EGF for 30 min and chased for defined time intervals in EGF-free DMEM before fixation.
(k) Time course of EGF degradation obtained from experiments as shown in j. (I) Representative confocal images of WT and TPC2~/~ MEFs incubated
with Tpug ml—7 AlexaFluor488-EGF for 30 min, fixed and stained with anti-LAMP1, anti-Rab5 and anti-Rab7 antibody, respectively, and Cy5 as secondery
antibody. (m) Quantification of experiments as shown in I. All data points are given as mean * s.e.m. of at least three independent experiments, each.
At least two independently generated WT and TPC2 7/~ MEF cell lines were analysed; n.s., not significant, ***P<0.001, **P<0.01, *P< 0.05 (¢,d,g h and
k: two-way anlysis of variance (ANOVA) followed by Bonferroni's post hoc test; e and i: unpaired Student's t-test). All scale bars, 20 pm.

4 | 5:4699 | DOI: 10.1038/ncomms5699 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

LDL Merge (Hoechst) LDL (ug mi™)
i 03 1 3 10

LDL pos. vesicles per cell

EGF pos. vesicles per cell

EGF/EGFR 50+ —
LDL/LDLR
THTIR L
LDLR = 401
THTR 8
O 5
~ Qo
EGF/EGFR 8 30
LDL % e
o
>
Mve 8 ]
EGF/EGFR 3 o
fa)
oL ¥ 3 ol
EGF/EGFR LE n.s.
LDL
LEd Ng
c LY 544 =d
g £ 2 2
f EGF Merge (Hoechst) = F F F
d 1 g mi-' LDL e g EGE (Hg;“"‘i .
3 s s s 0.03 0. .
5 20 30 60 goq 222125 L2
254 *kk ns.
— 704
n.s. =
— [}
204 & 0.6 4 S 60+
; i
S 0.5 § 50+
s °
154 > o
.5 0.4 4 § 401
% 03] & 304
10 2 o
3 & 20
e 021 o
5 10
S 0.1
0 2 0 0- | | I L=
E1E1E 15D 5 5 s15151515]
NN TN Y A 8 8
g 2 28 g F R FE FEF
F F F F [=
i . .
0.3 ug mi™ EGF | Hepatocytes J
40+ 5 200 30" 60 EGF (ug mi-")
Rk Kk 0.1 =
. - 17}
35- 5
i ]
T
= 301 <
8 E
8_25- %
1%2] Q
2 201 E
; 5
> 154 i}
[}
2
S 10+
5}
w 54
0- ]
£3 I m
rd_) 709
= o
2 60
g
k 110 q °
S 504
1004 ® (LB
— 904 w404
3 B TPC2-/- S
ag- 80 4 o WT 8 304
8 70 g
2 60 : 20
@ 50 i >
3 * © 10
w 404 *
2 0-
30 1 85 &
_ g =
20 + i o o 5
10 — T T
5 15 25 35 45 55
Chase time after preinc. (min)
| 5:4699 | DOI: 10.1038/ncomms5699 | www.nature.com/naturecommunications 5

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

a b
BAPTA-AM (mM) in PBS EGTA
EGF Merge (Hoechst) 0.03 0.1 0.3 0.70 Nig
= 00 01 08 .
£ _
© 24 o 0.60
2 1 3
i = 20 5 050
< 8 3
g 5 i
< S 16 040 Z TPC2-/-
o 8 —WT
s L
= 8 124 0 200 400
>
3 ¢ Time (s)
=) g 8
= w
< o A e Baf.A1  Nig.
= g
< 1 0.16 - el
@ 0
EGF Merge (Hoechst) E \: E \: E \:
z J o o 9 9 0124 _**
3 = = = Bl
S
e o
= C EGTA 2
b o
E 0.70 Baf.A1 g 0084
= 5
o
o 0.60
2 2
& 0.04
9 S 050
= 5 = —
2 0.40 — TPC2/-
s 0.00 -
& E L& 4
= 0 40 80 120 160 E &
@ : [&] (6]
Time (s) o T
= =
f g
EGF GFP-TPC2 Merge (Hoechst)
TPC2-/- MEF
! 35
T
S
Q 30 4
[ =
[}
S 25
[
EGF TRPML1-GFP Merge (Hoechst) %
$ 20+
@
! g
-+ 5 15 4
S g
= b 10
1 w
EGF GFP-TPC2(N257A  Merge (Hoechst) 51
04
NS
! mNT
S m + GFP-TPC2
= + TRPML1-GFP

m + GFP-TPC2(N257A)

Figure 3 | Effects of BAPTA-AM or TPC2 overexpression on endolysosomal trafficking in WT and TPC2 ~/— MEFs. (a) Representative images of WT
and TPC2~/~ MEFs incubated with 0.1pgml—" AlexaFluor488-EGF (5 min), followed by an incubation with 0.1pgml~1 AlexaFluor488-EGF in the
presence of either 0.03mM or 0.3mM BAPTA-AM (25 min) in PBS. Cell nuclei were visualized with Hoechst. Scale bar, 20 um. (b) Average numbers of
AlexaFluor488-EGF-positive vesicles per cell after incubation with BAPTA-AM at different concentrations as described in a. (c,d) Effect of 2 uM
bafilomycin A1 (Baf. Al; €) or 10 uM nigericin (Nig.; d) on cytosolic calcium levels in WTand TPC2 =/~ MEFs loaded with fura-2. Shown are representative
calcium imging experiments (mean of n=10 cells, each). Measurements were performed in the presence of 2mM EGTA. (e) Summary of Baf. AT and
Nig. experiments; bars represent values 150 s (bafilomycin) or 450 s (nigericin) after compound application (n = at least five experiments with 5-10 cells,
each). (f) TPC2 WT, the inactive TPC2 mutant TPC2(N257A), or TRPML1 WT were fused to green fluorescent protein (GFP), overexpressed in TPC2 /=
MEFs and incubated with 1pug ml—1 AlexaFluor555-EGF (red). Shown are representative images after fixation of the respective MEF cell line as indicated.
Cell nuclei were visualized with Hoechst. Scale bar, 20 um. (g) Average numbers of EGF-positive vesicles per cell taken from experiments as shown in e.
Non-transfected (NT) TPC2 =7/~ cells in close proximity to cells transfected with the respective cDNAs served as positive controls for each experiment.
All data points are given as mean £ s.e.m. *P<0.05, **P<0.01, unpaired Student's t-test.

fission processes. It has been postulated before that Ca?T is mimics the effect on EGF trafficking observed in TPC2~/~
required for vesicular fusion processes and thereby regulates MEFs (Fig. 3a,b). This effect was dose dependent (Fig. 3a,b).
trafficking of vesicular cargo proteins®®3>33, In accordance By contrast, in TPC2~/~ MEFs, EGF accumulation was not
with this hypothesis, we found that in WT MEFs chelation of significantly changed by BAPTA-AM (Fig. 3a,b). Ethyleneglycol-
cytosolic Ca?™ by 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-  bis(f-aminoethyl)-N,N,N',N'-tetraacetoxymethyl ester (EGTA-
tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM) AM), which has much slower binding kinetics than
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Figure 4 | Analysis of liver samples isolated from WT and TPC2 ~/~ mice. (a) Bar diagram showing average liver weight/body weight ratios (in %) of
WT and TPC2 ~/~ mice treated for 6 weeks with SD or CD, respectively. **P<0.07, two-way analysis of variance (ANOVA) followed by Bonferroni's
post hoc test. (b) Shown are representative liver samples isolated from 10-12-week-old male WT and TPC2 =/~ mice, treated with either SD or CD for six
consecutive weeks. Scale bar, 10 mm. (¢) Pie charts showing the percentage of slightly to strongly yellow-stained liver samples isolated from WT and
TPC2~/~ mice treated with CD. Livers of SD-treated mice looked 100% normal.

BAPTA-AM, had no significant effect on EGF accumulation
(Supplementary Fig. 2).

Bafilomycin Al (Baf. Al)—a cell-permeant inhibitor of the
vacuolar-type HT -ATPase, results in loss of the lysosomal/late
endosomal proton gradient and eventually leads to the depletion
of luminal calcium®!. By using Baf. Al (in the absence of
extracellular calcium), we demonstrate that loss of TPC2
(TPC2~/~ MEF) causes a significant elevation in cytosolic
calcium compared with WT, suggesting that loss of TPC2 may
lead to an increased retention of calcium in the endolysosomal
lumen (Fig. 3c,e). Similar results were obtained when the
K*/H™ exchanger nigericin was used instead of Baf. Al
(ref. 35) (Fig. 3d,e). Taken together, these results suggest that a
significantly higher amount of calcium is retained in intracellular
acidic compartments in TPC2 =/~ compared with WT cells. To
confirm that the Ca? ¥ required for EGF trafficking depends on
the presence of TPC2, we performed rescue experiments in
TPC2~/~ MEFs and found that overexpression of WT TPC2 in
TPC2~/~ MEFs leads to a rescue of the EGF-trafficking defects
(Fig. 3f,g). The remaining EGF accumulation was not significantly
different from the amount of EGF accumulating in WT MEFs at
the respective EGF concentration (Fig. 2g). Notably, a non-
conducting TPC2 mutant (TPC2-N257A)%! was not sufficient to
rescue trafficking defects, suggesting that ion flux through TPC2
is necessary for the rescue. Furthermore, the rescue is specific for
TPC2 because TRPML1, another Ca?t permeable and PI(3,5)P,-
activated cation channel in lysosomes®, did not rescue EGF-
trafficking defects observed in TPC2~/~ MEFs (Fig. 3f,g).

In vivo cholesterol accumulation in TPC2-deficient mice. Given
the pronounced impairments in LDL and EGF trafficking
observed in TPC2~/~ MEF cell lines and hepatocytes, we
hypothesized that defects might also be present in an in vivo
model. Therefore, WT and TPC2 ™/~ mice were fed with a
standard diet (SD) or a Western-type diet rich in cholesterol (CD)
for 6 weeks, respectively>’. Analysis of TPC2 ~/~ mice fed with
SD indicated that these mice appeared identical to their WT
littermates as determined by morphological and histological
studies. The lack of a gross phenotype in TPC2~/~ mice on SD
is not surprising, since SD contains relatively little cholesterol
(<0.02% w/w). On this diet, the cholesterol requirement of the
animals is achieved primarily through de novo biosynthesis®.

We next tested the effect of a diet rich in cholesterol (1.25%
cholesterol; CD). The intake of cholesterol per day on this
diet is approximately 20-30 times above the amount an
average animal synthesizes to maintain homoeostasis when its
dietary needs are not being met®8. The average liver weight/body
weight ratio of TPC2~/~ on CD was significantly increased
compared with WT on CD (Fig. 4a), while this parameter
was similar in WT and TPC2~/~ on SD. Importantly, there was
no difference in total body weight between the two groups of
mice, suggesting the absence of obesity in the TPC2~/~ mice.
On macroscopic examination, more than 95% (n=21) of
TPC2~/~ livers (CD) displayed changes in colour ranging
from slightly yellow to strongly yellow (Fig. 4b,c). Only
about 5% of the livers looked normal. In contrast, 76% of WT
livers (CD) looked normal while 24% displayed a light yellow
colour (n=21). Livers from WT and TPC2 ~/~ mice on SD did
not display visible changes in colour (n=13 and n=21,
respectively).

The prominent yellow colour of the livers from TPC2 ™/~
mice on CD is highly suggestive for hepatosteatosis (fatty liver).
An analysis of the free and total hepatic cholesterol levels (free
cholesterol and CEs) revealed that in SD-fed WT and TPC2 ~/—
mice, there was no difference in free and total liver cholesterol
levels (Fig. 5a—c). After CD treatment, free and total cholesterol
levels were elevated in both mouse lines. In TPC2 ™/~ mice,
cholesterol levels were significantly higher than in WT mice
(Fig. 5a-c). In particular, total cholesterol levels including
CEs were dramatically increased in TPC2 ™/~ liver samples
(Fig. 5a—c). In line with the biochemically observed hepatic
overload of cholesterol and CEs in TPC2 ™/~ mice on CD, liver
paraffin sections from TPC2 ™/~ mice on CD displayed strong
accumulation of lipid droplets of different sizes predominantly in
periportal hepatocytes (Fig. 5d). The histologic pattern is
consistent with/resembles non-alcoholic fatty liver disease which
is characterized by a microvesicular periportal hepatosteatosis.
Signs of periportal and pericellular fibrosis were seen in liver
sections from TPC2~/~ mice on CD (Fig. 5e). The strong
accumulation of lipid droplets was further confirmed by electron
microscopy of liver sections from TPC2~/~ mice on CD
compared with WT on CD (Fig. 5f). Filipin®**~*? stainings further
confirmed a strong accumulation of cholesterol in TPC2 =/~
hepatocytes after CD treatment (Fig. 6a). A macroscopic analysis
of gallbladders isolated from WT and TPC2~/~ mice on CD
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Figure 5 | Hepatic cholesterol overload, liver damage and hyperlipoproteinaemia in TPC2 ~/~ mice. (a) Representative gas chromatogram (m/z
217 4 368) of total cholesterol and internal standard (IS) after alkaline hydrolysis in liver tissue prepared from male WT and TPC2 =7/~ mice on CD.
(b) Average hepatic levels of unesterified free cholesterol in male WT and TPC2~/~ mice on SD or CD as indicated (GC split ratio 3). (c) Average
total liver cholesterol levels, determined after alkaline ester hydrolysis (GC split ratio 15). (d) Representative images of liver paraffin sections of male WT
and TPC2 =/~ mice on SD or CD diet, respectively, stained with haematoxylin-eosin (HE). BD, bile duct; PV, portal vein; CV, central vein. Scale bars,
100 um (SD left, CD left) and 20 um (SD right, CD right). White arrows point to some lipid droplets visible in CD WT sections. (e) Representative images
of liver paraffin sections stained with Sirius Red. PV, portal vein; CV, central vein. Scale bars, 100 um. Black arrows point to areas of pericellular fibrosis
in CD-treated TPC2 =/~ livers. (f) Representative electron microscope images of WT and TPC2 =7~ liver sections after CD treatment. Nu, nucleus;
scale bars, 5 pum. Data points in b and ¢ are given as mean = s.e.m. (b and ¢: two-way analysis of variance (ANOVA) followed by Bonferroni's post hoc test;

n.s., not significant, ***P<0.001.

revealed the presence of large gallstones in TPC2 ™/~
gallbladders (Supplementary Fig. 3a).

To test whether the severe cholesterol overload of TPC2 ™/~
livers causes compensatory hepatic changes, a pathway analysis of
differentially regulated genes was performed in TPC2 ™/~
and WT mice on SD and CD diet. This analysis revealed
significant enrichment of genes involved in lipid metabolism and

8

molecular transport (Supplementary Table 2). In line with an
increased hepatic pool of free cholesterol, transcriptional
upregulation of hepatic enzymes involved in BA and CE
synthesis as well as BA efflux was observed in TPC2 ™/~
compared with WT mice on CD, while enzymes involved in
hepatic cholesterol synthesis were downregulated (Fig. 6b)*3~4°.
LDLR expression levels were comparable in livers from WT
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Figure 6 | Cholesterol accumulation in liver tissue isolated from TPC2 7/~ and WT mice and gene expression profile. (a) Representative images of
liver cryosections of WTand TPC2~/~ mice on CD diet, stained with filipin (0.05mgml~"in PBS for 2 h) to visualize free cholesterol. Scale bars, 100 pm
(left) and 20 pum (right). (b) Relative expression (WT compared with TPC2~/~ on CD) of hepatic transcripts coding for proteins involved in: bile acid (BA)
synthesis (Cholesterol-7-alpha-hydroxylase, Cyp7al), cholesterol synthesis (Acat1 (acetyl-CoA acetyltransferase 1, mitochondrial), Acat2 (acetyl-CoA
acetyltransferase 2, cytosolic), Hmgcr (HMG-CoA reductase), Cyp51 (Lanosterol 14a-demethylase), Tm7sf2 (delta(14)-sterol reductase), cholesterol ester
(CE) synthesis (Soat1 and Soat2 (sterol O-acyltransferase 1and 2)), BA efflux (Abcc3 (canalicular multispecific organic anion transporter 2), Ostf (organic
solute transporter beta)), BA uptake (Slc10al (Na* -taurocholate cotransporting polypeptide, Ntcp), Slcolal (organic anion-transporting polypeptide,
Oatp), sterol/cholesterol efflux transporters (Abcal, Abcg5, Abcg8) and cholesterol uptake (LdIr). *P<0.05, **P<0.01, ***P<0.001, unpaired Student's
t-test. Expression of Hmgcr and Ldlr was determined by quantitative RT-PCR and normalized to beta actin. (¢) Average liver enzyme levels (GLDH
(glutamate dehydrogenase) and ALAT (alanine transaminase) in male WT and TPC2 =/~ mice on SD or CD as indicated. (d) Average serum total
cholesterol levels in male WT and TPC2 =/~ mice on SD or CD. (e) Average HDL-, LDL- and VLDL-cholesterol levels in serum of male WT and TPC2—/~
mice on SD or CD diet. **P<0.01, ***P<0.001, two-way analysis of variance (ANOVA) followed by Bonferroni's post hoc test; n.s., not significant.

(F) Cartoon illustrating hypothetical model of cholesterol accumulation. Cholesterol accumulates in LEs in TPC2 =/~ cells due to a delay or impairment of
LE/LY fusion/trafficking processes (symbolized by the red flash); C, free cholesterol; CE, cholesterol ester; BA, bile acid. All data points are given as
mean ts.e.m.

and TPC2 ~/~ mice on SD (data not shown), while a significant
downregulation was observed in livers from TPC2 ~/~ mice on
CD compared with WT on CD (Fig. 6b). Expression of the
ABC transporters ABCA1l, ABCG5 (sterolin-1) and ABCG8
(sterolin-2) was not significantly upregulated (Fig. 6b). An
analysis of faecal BA content and composition revealed an
increase in BA excretion in CD compared with SD-fed animals,
which  was, however, independent of the genotype
(Supplementary Fig. 3b). In liver, only one type of BA was
consistently detectable: cholic acid. While desoxycholic acid was
not detectable in liver samples of SD-fed animals, it was

detectable in 40% of the investigated CD-fed TPC2~/~
animals (Supplementary Fig. 3c).

We further assessed functional hepatic consequences of the
measured cholesterol accumulation by determining liver-specific
enzyme levels in the peripheral blood. While no differences in
enzyme levels indicating liver damage such as glutamate
dehydrogenase or alanine transaminase were found in mice on
SD, significantly increased glutamate dehydrogenase and alanine
transaminase values (Fig. 6c and Table 1) were detected in
TPC2~/~ mice compared with WT on CD. Taken together,
these findings indicate that in addition to hepatic cholesterol

| 5:4699 | DOI: 10.1038/ncomms5699 | www.nature.com/naturecommunications 9

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

Table 1 | Summary of serum parameters.

WT SD TPC2—/ — sd. ANOVA WT CD TPC2—/— CD ANOVA
Mean t s.e.m. Mean t s.e.m. Mean t s.e.m. Mean t s.e.m.
Total cholesterol (mgdl = 78158 72.0+5.7 n.s. 139.5+9.6 210.3%£18.0 rrx
GLDH (U1~ 149128 171+£29 n.s. 3231438 49.4+5.0 *
ALAT (UITT 33.7+£9.6 449 £11 n.s. 349184 60.8+7.7 *
ASAT (UITD 1453+ 34 199.4+6.7 n.s. 118.6 £23 155.4 +34.5 ns.
Total protein (gdl— ") 44+0.2 41+£0.2 n.s. 4.4%0.1 42+0.2 n.s.
Glucose (mg di=h 163.9+£12.0 170.7£12.0 n.s. 186.7 £14.0 183.21+16.9 n.s.
Triglycerides (mgdl—") 421134 411168 n.s. 33.8%+29 283%5.0 n.s.

WT, wild type.

hoc test, *P<0.05, ***P<0.001).

ANOVA, analysis of variance; ALAT, alanine transaminase; ASAT, aspartate transaminase; CD, cholesterol; GLDH, glutamate dehydrogenase; n.s. not significant; SD, standard diet; TPC, two-pore channel;

Table summarizing data shown in Fig. 6 c,d and additional serum parameters in WT and TPC2 =/~ mice on SD and CD. Values are given as mean * s.e.m. (two-way ANOVA followed by Bonferroni's post

overload, liver damage was present in TPC2 ~/~ mice after CD
treatment.

Since the liver is the key organ in regulating lipoprotein
metabolism, we next determlned systemic changes in lipopro-
teins. In WT and TPC2~/~ mice fed with SD, we found no
differences in total cholesterol as well as HDL- (high-density
lipoprotein), LDL- or VLDL-cholesterol (very low-density
lipoprotein cholesterol) plasma levels (Fig. 6d,e). However, in
mice on CD, total blood cholesterol levels as well as LDL- and
VLDL-cholesterol levels were strongly elevated. Notably, LDL-
and VLDL cholesterol levels were significantly more increased in
TPC27/~ than in WT mice. Serum HDL-cholesterol levels as
well as protein, triglyceride and glucose levels were similar within
both groups (Table 1). Finally, faecal total cholesterol levels were
increased in CD compared with SD-fed animals. However, here
no significant differences were detectable between the genotypes
(Supplementary Fig. 3d).

Discussion

Here, we show that TPC2 ™/~ mice are more susceptible to
cholesterol and CE accumulation in the liver than WT mice. This
accumulation is not caused by extrahepatic factors, because
similar accumulation is seen in single-cell expenments The
macroscopic and histological presentation of TPC2™/ ™ livers,
the increased cholesterol accumulation and increase in hepatic
transaminases indicate fatty liver and liver damage, and are
consistent with the clinical picture of NAFLD and NASH.

The clinical phenotype can be explained by specific defects in
vesicle trafﬁckmg along the endolysosomal degradation pathway
in the TPC2 ™/~ mouse. In the absence of TPC2, receptors and
cargoes such as LDL or EGF/EGFR, which are transported along
the degradation pathway, accumulate rapidly in intracellular
vesicles of TPC2 =/~ but not WT cells. This finding suggests that
TPC2 channels are critically involved in the regulation of
endolysosomal trafficking along this pathway. Since TPC2
channels are specifically expressed on late endosomes and
lysosomes, it is likely that TPC2 regulates or enhances the final
transport or fusion step between these two organelles. Consistent
with this hypothesis, deletion of TPC2 leads to a partial block in
transport and accumulation of LDL-cholesterol and LDL CEs
proximal to the fusion defect in the prelysosomal vesicle pool, in
particular late endosomes (Fig. 6f). LDL-derived CEs are
normally hydrolysed to free cholesterol by lysosomal and late
endosomal acid lipase and subsequently exported from the
endolysosomal system. Due to prelysosomal accumulatlon more
cholesterol may exit via late endosomes in TPC2 ™'~ mice and
thus increase the free cholesterol pool in the cytosol It is well
known that an increased free cholesterol pool at the endoplasmic
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reticulum (ER) induces CE formation and deposition in lipid
droplets as well as downregulation of endogenous cholesterol
synthesis (Fig. 6f)*>*4. In hne with this theory, we found that CEs
are increased in TPC2 ™/~ mice. CEs are generated from free
cholesterol by Soatl and Soat2 (sterol O- acyltransferase 1 and 2).
These enzymes are upregulated in livers of TPC2 ™/~ mice. ER
enzymes involved in endogenous cholesterol synthesis are
downregulated. Finally, serum VLDL levels are elevated in
TPC2 mice on CD (Fig. 6e). While this elevation could be
caused by an increase in hepatic VLDL production, the possibility
of a reduced VLDL clearance cannot completely be ruled out.

Together, these results indicate that in TPC2 ™/~ hepatocytes,
secondary ER-dependent processes are induced. This could either
be caused by a globally increased free cholesterol pool or
alternatively by misrouting of free cholesterol to the ER. Such a
misrouting effect could be caused by a decreased flux of
cholesterol from late endosomes to lysosomes with an upregula-
tion of alternative trafficking pathways from late endosomes to
the ER. In support of this notion, there is increasing evidence of
contact sites between late endosomes and the ER**~%3, as well as
evidence for direct vesicular and non-vesicular transport of
cholesterol to the ER from late endosomes**>°.

How could a proposed role of TPC2 for vesicular trafficking
and fusion be explained mechanistically? We demonstrate that in
MEFs, TPC2 is critically involved in the generation of a current
specifically activated by the known TPC2 activators NAADP and
PI1(3,5)P,. It has been shown that PI(3,5)P, concentrations
increase from early to late endosomes™!b. Thus, in the
absence or in the presence of very low levels of PI(3,5)P,, TPC2
may conduct only very small currents and progressively start to
open on maturation toward late endosomes as PI(3,5)P, gradually
rises. Opening of TPC2 channels in late endosomes could initiate
the final fusion between late endosomes and lysosomes. Here, we
demonstrate that vesicle trafﬁcklng in the endo/lysosomal
degradation pathway requires Ca?* and ion flux through
TPC2. The most likely interpretation is that Ca’?* flows
directly through TPC2 channels TPC2 has been shown
previously to conduct Ca® ™ (refs 18,21,22,24) and we confirm
here that endogenous TPC2 channels are permeable to calcium

Suzpplernentary Fig. 4). Opening of TPC2 channels may lead to

efflux from vesicles directly into microdomains
surrounding Ca?* -dependent proteins of the fusion machinery
and thereby induce fusion. Anchoring of TPC2 within the cellular
fusion machinery is supported by interactions with specific
SNARE proteins such as STX7 and additional protein
components of SNARE complexes which were identified by
proteomics-based interaction screens, and confirmed by
fluorescence resonance energy transfer analyses and co-
immunoprecipitation experiments (Supplementary Fig. 5a-g
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and Supplementary Table 3)'73. Alternatively, ionic flux
through TPC2 channels could also be part of an indirect
mechanism which provides Ca?T. In this scenario, cations
other than Ca?* flowing through TPC2 would act on a
downstream channel, which in turn provides Ca?*. Na® and
K™ have also been shown to permeate through TPC2
channels!”?°. Given the proposed close structural assembly of
TPCs and the fusion machinery (Supplementary Fig. 5g),
depolarization by Na™ efflux through TPC2 may also
electrostatically  facilitate fusion between two vesicular
membranes as suggested by the model of Wang et al.!” Similar
events may be relevant for TPC1 within the proximal endosomal
pathway.

Defects in the endolysosomal trafficking and cellular proces-
sing of LDL-cholesterol have been implicated in human diseases
such as Niemann Pick disease and Wolman’s disease (CE storage
disease) where CEs accumulate in late endosomes and lysosomes
due to a severely diminished activity of cholesterol export
proteins NPC1 and NPC2 or lysosomal acid lipase®. Here, we
demonstrate that loss of TPC2 results in a defect which is more
distally located in the endolysosomal LDL-cholesterol trafficking
pathway. Loss of TPC2 increases the risk of developing NAFLD
and NASH. These diseases themselves are independent of
traditional cardiovascular risk factors and the metabolic
syndrome associated with increased risk for cardiovascular
disease. Furthermore, in obese individuals these diseases are
markers of insulin resistance and diabetes. Notably, TPC2 =/~
mice are highly susceptible to NAFLD and NASH, while obesity
and impaired glucose tolerance are not observed. This finding
suggests that TPC2 ~/ ~ mice have a reduced metabolic reserve in
hepatic cholesterol handling, which leads to NAFLD even in the
absence of obesity and impaired glucose tolerance. The increased
susceptibility of TPC2 ™/~ mice to NAFLD is clinically highly
relevant because this disease affects up to one-third of the
population worldwide and may cause adverse cardiovascular
outcome and increased cardiovascular mortality.

Methods

Generation of TPC2 7/~ knockout mice. TPC2 ~/~ mice were generated by
deleting exon 7 and introducing an early stop codon. We generated a targeting
vector that, after homologous recombination, resulted in a modified TPC2 allele
carrying two loxP sites flanking exon 7. A neoR cassette, which was used for
G418/geneticin selection, was removed with Flp recombinase before the ES cells
were injected into host blastocysts to generate chimeric mice. After germline
transmission and continued breeding, PCR with genomic DNA from progeny of
WT, heterozygous and homozygous animals showed proper recombination and
inheritance of the TPC2/°* allele. Subsequently, exon 7 was deleted by pairing
TPC2°* mice with mice expressing Cre-recombinase under a cytomegalovirus
promoter. Exon 7 encodes TMD5 and part of the pore-loop in domain I of TPC2.
Animals were used under approved animal protocols and University of Munich
(LMU) Institutional Animal Care Guidelines.

Whole-lysosome planar patch-clamp experiments. For whole-lysosome planar
patch-clamp recordings, isolated intact lysosomes from HEK293 cells or MEFs
were prepared by differential centrifugation as described previously?!-22%,
HEK293 cells stably expressing murine TPC2 or the TPC2 mutant TPC2(N257A),
both N-terminally fused to green fluorescent protein and subcloned into
pcDNASERT vector with hygromycin resistance (Invitrogen) were used. To
investigate STX7 effects on TPC2, a double stable HEK293 cell line was generated
coexpressing murine STX7, N-terminally fused to mCherry (in pcDNA3 vector
with geneticin (G418) resistance) and TPC2 as described above. The planar patch-
clamp technology combined with a fast internal perfusion system (Port-a-Patch,
Nanion Technologies) was applied as described previously?»?>%. Currents were
recorded using an EPC-10 patch-clamp amplifier and PatchMaster acquisition
software (HEKA). Data were digitized at 40 kHz and filtered at 2.8 kHz. Mean
endolysosomal capacitance was 1.01 +0.04 pF (n=47). For all experiments,
salt-agar bridges were used to connect the reference Ag-AgCl wire to the bath
solution to minimize voltage offsets. Unless otherwise stated, cytoplasmic solution
contained 60 mM KF, 70 mM K-MSA (methanesulfonate), 0.2 mM Ca-MSA, 4 mM
Na-MSA, 10 mM HEPES (pH adjusted with KOH to 7.2). Luminal solution was
60 mM Ca-MSA, 85mM Na-MSA, 1 mM MgCl,, 10 mM HEPES (pH adjusted

with NaOH to 4.6 (refs 17,20)). Mannitol was used to adjust osmolarity.

For the application of PI(3,5)P, (A.G. Scientific) or NAADP (Tocris Bioscience),
cytoplasmic solution was completely exchanged by PI(3,5)P,- or NAADP-
containing solution.

Endolysosomal trafficking experiments. For trafficking experiments,
AlexaFluor488-EGF, AlexaFluor555-EGF or LDL-BodipyFL (Life Technologies)
were used. MEFs from WT and TPC2 ~/~ mice were seeded on glass coverslips in
24-well plates and grown in Dulbeccos modified eagles medium (DMEM) with
10% fetal bovine serum at 37 °C and 5% CO, for 48 h. Cells were treated with
varying concentrations of labelled LDL or EGF and incubated for different time
intervals at 37 °C and 5% CO,. Cells were subsequently washed in DMEM
containing no fetal bovine serum and fixed with ice-cold methanol for 5min at
— 20 °C or chased before fixation for defined time intervals at 37 °C and 5% CO, in
DMEM containing no fetal bovine serum, as indicated in the respective figure
legends. Hoechst nuclear staining (Hoechst 33342) was performed in PBS buffer
(5pgml ™~ 1), Cells were incubated at room temperature for another 30 min, washed
twice with PBS and embedded in Cell Lab Fluoromount-G Slide Mounting
Medium (Beckman Coulter). In the degradation format, cells were incubated as
described above with a saturating concentration of AlexaFluor488-EGF
(4pgml 1) for 30 min, washed and incubated for different chase times as
indicated. For data quantification, ImageJ software was used. In each experiment,
numbers were calculated based on the total number of vesicles (dots) per image
divided by the number of cells (nuclei) per image. The term ‘cell’ is used instead of
‘confocal cell section’.

Endolysosomal pH measurements. Endolysosomal pH measurements were
performed by ratiometric fluorescence imaging as described previously>®. MEFs
were seeded on imaging dishes (145 um glass bottom, PAA Laboratories, Germany)
and grown overnight in DMEM supplemented with 1 g1~ ! bovine serum albumin
in the presence of 500 ug ml ~ ! of the pH-sensitive fluorophore Oregon Green 514
conjugated to dextran (70,000 MW, Life Technologies). In order to allow clearance
of early endocytic compartments and ensure specific localization of the dye in the
late endocytic pathway, cells were chased in DMEM at 37 °C for 1 h in the presence
of bovine serum albumin followed by 1-h incubation in serum-free medium before
imaging for basal pH determination. To assess lysosomal pH under starvation
conditions, the chase procedure was replaced by either 2-h incubation without
amino acids (EBSS) or 2-h incubation without both, amino acids and glucose
(110 mM NaCl, 45 mM NaHCO;, 5mM KCl, 2mM CaCl,, 1 mM MgCl,,

pH 7.4)%°. As a control for increased lysosomal pH, 200 nM Baf. A1 (Sigma
Aldrich) were applied during the 1-h incubation in serum-free medium under basal
conditions. Ratiometric imaging was performed using an Olympus FV1000
confocal laser scanning microscope. Cells were excited alternately by light
transmitted from a 440-nm laser diode or a multiline argon laser at 488 nm (Showa
electronics model GLS3135). In both cases, images were acquired at an emission
wavelength of 535+ 20 nm using a charge-coupled device-camera. At the end of
every experiment, an in situ calibration was performed for each genotype by
incubating the cells with isotonic Kt buffer solutions (145 mM KCl, 10 mM
glucose, 1 mM MgCl, and 20 mM of either HEPES, MES or acetate, pH ranging
from 4.0 to 7.0), containing 10 ugml ~ ! of the ionophorenigericin. The resulting
fluorescence intensity ratios (488/440) were fitted to the Boltzmann equation to
interpolate pH values from the experimental ratio data.

Calcium imaging experiments. Calcium imaging experiments were performed
using fura-2 as described previously®’. Briefly, WT and TPC2 ~/~ MEFs cells were
plated onto glass coverslips, and after 24 h, cells were loaded for 1h with the
fluorescent indicator fura-2-AM (4 pM; Invitrogen) in a standard bath solution
containing (in mM) 138 NaCl, 6 KCI, 2 MgCl,, 2 CaCl,, 10 HEPES and 5.5
D-glucose (adjusted to pH 7.4 with NaOH). Cells were washed in 2 mM EGTA for
30 min before measurement. Calcium imaging was performed using a
monochromator-based imaging system (Polychrome IV monochromator, TILL
Photonics). Compounds were applied in the presence of 2mM EGTA.

Immunocyto- and immunohistochemistry, electron microscopy.
Immunocytochemistry was performed as described previously”®. Histology,
immunohistochemistry and electron microscopy experiments were performed
according to standard protocols. For further details, please refer to Supplementary
methods.

Serum cholesterol levels and expression profiling in liver. Male TPC2~/~ and
WT mice were fed with standard chow diet (SD) or a high-cholesterol containing
Western-type diet (1.25% cholesterol, 15% fat, 0.5% Na-cholate; ssniff GmbH,
Soest, Germany) for 6 weeks. Throughout the text, we refer to this diet by calling it
cholesterol diet or CD. On the day of euthanasia, food was removed from the cage
and approximately 8 h later, mice were killed as described® and blood was drawn
by left-ventricular puncture in EDTA-containing syringes. Cell counting was
performed after 1:4 dilution with PBS in an automated hematology analyzer
(Sysmex). Lipoproteins were isolated by sequential ultracentrifugation from 60 pl
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of plasma at d< 1.006 gml ~ ! (VLDL) 1.006 <d < 1.063 gml ~ ! (intermediate- and
low-density lipoprotein (IDL and LDL, respectively)) and d>1.063 gml ! (high-
density lipoprotein (HDL)) in a TL100 ultracentrifuge (Beckman). Cholesterol was
determined enzymatically by using a colorimetric method (Roche).

RNA from liver samples of TPC2~/~ and WT mice fed with SD (WT n=4;
TPC2~/~ n=4) or CD (WT n=4; TPC2 '/~ n=4) was isolated as described
previously®®, RNA was labelled and hybridized to Illumina Mouse Ref-8 v2.0
Expression Bead Chips and arrays were scanned with an Illumina iScan microarray
scanner. Bead level data pre-processing was done in Illumina Genome Studio
followed by quantile normalization and background reduction according to
standard procedures in the software. Of the > 25,600 annotated RefSeq transcripts
that were covered by the arrays, a total of 4,598 transcripts were upregulated or
downregulated in TPC2 ™/~ mice with fold changes >20% compared with
WT control. Of these, 2,159 transcripts were differentially regulated in livers of
mice on SD and 3,288 partially overlapping transcripts were differentially regulated
in livers of mice on CD. Using the Ingenuity Pathways Analysis software
(www.ingenuity.com), most significantly enriched biological functions in WT and
TPC2~/~ mice were identified and levels of siﬁgniﬁcance were determined using
Fisher’s exact tests implemented in the software®!. Alternatively, expression of Ldlr
(5'-primer 5'-TGGGTCATCGCCCTGCT-3', 3'-primer 5'-TTCCTGCTGCATGA
GTCTTCT-3', probe 5FAM-5'-CTGGCTGCTGCCGGAGTTGCA-3' TAMRA),
Egfr (5'-primer 5-CCTATGCCACGCCAACTGTAC-3', 3'-primer 5'-GATGGCC
ACACTTCACATCCT-3', probe 5FAM-5'-TATGGATGTGCTGGGCCAGGTC
TTC-3'TAMRA) was assessed in liver samples by quantitative RT-PCR and
normalized to glyceraldehyde 3-phosphate dehydrogenase (5'-primer 5 -TGTCCG
TCGTGGATCTGACG-3, 3'-primer 5'-CCAAGATGCCCTTCAGTGGG-3/,
probe 5'FAM-5'-CGCCTGGAGAAACCTGCCAAGTATGATGAC-3'TAMRA).

Determination of hepatic cholesterol by gas chromatography mass
spectrometry. Gas chromatography mass spectrometry analysis was performed
on a Varian 3800 gas chromatograph coupled with a Varian Saturn 2200 ion trap.
The stationary phase was an Agilent VF-5ms capillary column with 30 m x 0.25
mm inner diameter and 0.25 pm film thickness. The mobile phase was helium at a
constant flow rate of 1.4 mlmin ~ . The inlet temperature was 250 °C, injection
volume 1 pl (split ratio 3 for free liver cholesterol and 15 for total liver cholesterol
after alkaline ester hydrolysis). The GC oven started at 70 °C, ramped up to 270 °C
(heating rate 50 °C min ~ 1), followed by a gradient of 5°Cmin~! up to 310°C.
Transfer line temperature was 270 °C and the ion-trap temperature was 200 °C. MS
scanned from 8.5 to 12.0 min at a mass range of 100-550 m1/z (electron ionization,
70eV). The peak areas of characteristic ions forcholesterol tetramethylsilane ether
(368 m/z) and for cholestane (217 m/z) were used for data analysis. The mean value
of each double-injected sample (n =5) was used for statistical analysis. For details
of sample preparation, please refer to Supplementary methods.

Statistical analysis. Details of statistical analyses and n values are provided in
the methods subsections or the figure legends. Statistical analyses were carried
out using Origin 7.5 and GraphPad Prism 5. All error bars are depicted as

mean * s.e.m. Statistical significance was determined via Student’s t-test, one-way
analysis of variance followed by Tukey’s post test, or two-way analysis of variance
followed by Bonferroni’s post hoc test, unless stated otherwise. Significance is
denoted on figures as outlined in the legends. Statistics were derived from at least
three independent experiments.
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