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l. Introduction

The theoretical background of resonance energyfeamwas published in 1948 by Forster (1)

who described the non-radiative short distancesteairof energy from an excited donor to an
acceptor molecule. This process involves simultaaate-excitation of the donor and excitation
of the acceptor molecule. When both donor and doceype fluorescent molecules the process is
referred to as fluorescence resonance energy &raflSRET). The rate of energy transfer is
inversely proportional to the sixth power of thestdnce between the donor and acceptor,
therefore the efficiency of energy transfer strgridgpends on the intermolecular distance of the
donor to the acceptor. This distance dependenceewplpited by Stryer and Haugland (2,3),

who first utilized FRET as a “spectroscopic ruldd measure the distance between two
molecules. With the development of imaging modsadit(4-12), FRET was later used to study
distance relationships in biological samples (13-16

Whereas semi-quantitative or qualitative FRET mesrsents are relatively easy to perform,
exact quantitative measurements have not becomespidad. First, FRET is influenced by
several factors other than the distance betweeardund acceptor, which are hard or impossible
to control in an experiment. Quantum yield of thenor and relative orientation of the
fluorophores are such factors (4,17). A further pbeating factor is that FRET theory describes
the interaction of one donor with one acceptor (¥8)ereas most measuring modalities involve
ensemble acquisition of the signal of several temdneds of fluorophores simultaneously.
Additionally, in biological samples interaction ofie donor with one acceptor is not guaranteed.
This can be a result of preexistent uneven progatterns and distributions or dynamic
rearrangements arising from complex formation, girotranslocations or simple lateral diffusion
in the membrane (19-21). Additionally, when fluarestly tagged antibodies are used, usually
multiple fluorophores are coupled to an antibodyathieve better signal-to-noise ratios. We
therefore sought to investigate how measured teansfficiency is influenced by multiple
interacting fluorophores. This was achieved by wayythe fluorophore-to-protein (F/P) ratio of
fluorescently labeled antibodies and observing timnges in FRET efficiency in an

intramolecular model system.

Originally, FRET was limited to viewing the intetem between one donor and one acceptor

species. However, in the early 2000’s it was redlithat the addition of a third dye could



expand the capabilities of traditional FRET measumets (22). First of all, functioning as a relay
point, the third dye increased the interaction eatitat could be viewed with FRET. Secondly,
the third dye allowed FRET to be viewed betweeedhdistinct molecular species, so that the
relative orientation of three molecules could bgeased at the same time. This has significant
potential for biological investigations, where heghorder multimers and multi-component
signaling complexes play important roles in govegnbiological function. While providing
significant gains, the addition of a third dye als@sents several problems. Instrumentation
requirements increase, as the instrument of chbaeto be able to detect and excite three
different fluorophores while at the same time alloyvseparation of the individual signals. The
theory of FRET in a three-dye system is exceedimgbye complex than in a two-dye system,
resulting in more extensive calculation requireraeeveral methods have been developed to
measure FRET in a three-dye system. However, thglexity of the three dye system required
simplification, either through extensive sample pamtion, restricted sample selection or
neglecting of transfer routes. We therefore devediop new method — tripleFRET — that can be
implemented with a broad range of biological sammed does not require specific sample

preparation beyond fluorescent labeling.



[l. Literature review

1. Applications of FRET

Energy transfer measurements have become widespréhd last decade, with FRET methods
being applied to answer a large variety of scientifuestions. A current search for the phrase
“FRET” on PubMed will yield almost 6000 results,oshing the immense body of work that is
involved. Important scientific discoveries were mad several areas of cell biology. FRET
measurements were successfully applied to investigaw lipid anchors determine subcellular
localization of proteins to lipid rafts (23). Afdtime imaging based FRET technique helped
verify ligand-independent lateral propagation ofeptor signaling after focal stimulation of
ErbB1l with EGF (24). Several steps in B cell antigeceptor (BCR) (25) and T cell antigen
receptor (TCR) activation (26) were elucidated WRRET measurements. Conformational
change (27-30) and oligomerization of proteins-33) was also visualized with FRET.
Different FRET constructs have been successfullpleped as biosensors to monitor protein
kinase (34,35) and GTP-binding protein activatidf)( small GTPase (37) and HIV-1 protease
activity (38). FRET has also been effectively condol with PCR methods to increase speed and
precision of detection (39-41).

Our own department has used FRET extensively ireggarch. With the help of FRET:

» assembly of interleukin 2 subunits on the T cetfaze was investigated (42);

» co-clustering of HLA class | and Il molecules wasualized on lymphoblastoid cells
(43);

* EGF induced redistribution of ErbB2 on breast tuels was characterized (13);

 FRET data was used to construct a three dimensioodkl of a supramolecular cluster
containing HLA class I, TCR and CD8 molecules (44);

» CD45 isoforms were shown to differentially assaziatith CD4 and CD8 and regulate
TCR signal transduction on T lymphocytes (45);

* hetero- and homoassociation of ErbB proteins onceikesurface of breast cancer cells
was characterized (46);

» supramolecular receptor clusters of IL-2 and ILr&8&eptora-, B- andy-subunits as well

as MHC class | and Il glycoproteins were identifiedipid rafts of T cells (21);



* FRET data was used for molecular modeling of tHeBRrreceptor (47);
» association of ErbBZ}1-integrin and lipid rafts was investigated on Iste@nd gastric
tumor cell lines (48);
» large-scale association of ErbB1 and ErbB2 wasadterized with a homo-FRET study
(20);
* initial attempts were also made to expand the FR{SIem to monitor the interaction of
three molecules with a two-sided FRET approach. (49)
In summary, FRET experiments have become ubiquiteill diverse methods for microscopic
or flow cytometric setups (9,11,12,16). The newethods are able to harness the potential of
fluorescent proteins (50-54) and high through-pethuds are also emerging (8,55-58), making

FRET measurements a diverse tool to tackle scieififestions of the nanometer distance range.

2. Theory of FRET

Fluorescence resonance energy transfer (FRET)ngnaradiative energy transfer process, in
which an excited donor molecule excites an adetuatéented fluorescent acceptor molecule
via a long distance (1-10 nm) dipole-dipole intéicat (1). Transfer efficiency, which is the

probability that a donor excitation quantum is sfenred to an acceptor, is given as:

E _ ktransfer

ktransfer + kother

wherekqganster IS the rate constant of energy transfer kpd, is the sum of the rate constants of

(1)

all other de-excitation pathways. The rate of ttans determined by the distance between the

donor and acceptor as follows:
6
ktransfer = kother[é%j (2)

wherer is the separation of the donor and acceptor Rnes the so called Forster distance
characteristic for the donor-acceptor pair. Thestéir distance is a function of the spectral

characteristics of the dyes used and can be céiclies:

R, =978fQkr* 1,,)"* @3)



whereQp is the donor quantum vyield in the absence of docajyes«” is an orientation factor
(its value can range from 0 to 4 and/isfor dynamically averaged isotropic transition marse
(59)), n is the refractive index of the conveying mediund 8ga is the spectral overlap integral
of the donor emission and acceptor excitation speg@vithout this spectral overlap energy
transfer cannot occur). After combining equatiadh)sand (2), we arrive at the following form for

transfer efficiency:

5 (4)

Therefore the Forster distance corresponds to theande at which the transfer efficiency
between donor and acceptor is 50%. This distangerdkence makes FRET efficiency a

sensitive indicator of intermolecular distance (Fayl).
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Figure 1. Distance dependence of transfer effigiexiaifferentR, values

3. Methods to measure FRET

The presence of FRET alters the apparent propesfieke dyes investigated. These spectral

changes can be measured to determine FRET. Weidade the methods into intensity-based



methods (which rely on detecting changes in thentijadéive emission of the donor and/or the

acceptor) and lifetime-based methods.
a) Intensity-based methods

Due to FRET, excitation energy of the donor is ¢farmed to the acceptor. This results in
guenching of donor intensity and simultaneous sigesdi emission (emission without direct
excitation from an external light source) of theemor. Several methods exist that exploit these
phenomena. The simplest method involves measuongrdfluorescence intensity alone and in
the presence of an acceptor (60,61Fdfis the intensity of the sample labeled only witmdr
andFpa is the intensity of the sample labeled with doand acceptor, then transfer efficiency

can be calculated as:

(5)

This method has the drawback that two separate Isangpe required; therefore changes in
expression levels or antibody binding affinity beem samples can skew results. The advantage
is that one detection channel and one excitatioveleagth is sufficient for transfer efficiency

measurement. The method can be used both in mopgsnd flow cytometry.

A more complex method is the so called acceptotqiiteaching (abFRET) method (62-64).
The method involves measuring donor intensity keefamd after irreversible destruction of the
acceptor with a high intensity excitation light soei (hence the term photobleaching). Transfer
efficiency is determined from the following equaiio
E :1—i (6)
I:AB

whereFgg andFag are the donor intensity before and after bleaghiegpectively. Problems can
arise from partial bleaching of the donor during #tceptor photobleaching step, the production
of so called dark acceptors (non-fluorescent accepgenerated from bleaching of acceptors;
these acceptors may quench donor emission evanagip@rent loss of acceptor emission) and
generation of fluorescent acceptor degradation ymtsdthat mimic the emission profile of the
donor (65). The time required for photobleachingdess this method impractical for use with

flow cytometers and photobleached regions or sasrgaanot be re-measured once imaged.



The intensity-based method can be further refinedilmultaneously detecting quenched donor
emission and sensitized acceptor emission (9,h2).donsecutive imaging step, directly excited
acceptor emission is also measured. Altogetherethrgensity channels are detected:
I;— excitation at donor wavelength and donor emis§iiter (donor channel)l, — excitation at
donor wavelength and acceptor emission filter (@pndransfer channel)l; — excitation at
acceptor wavelength and acceptor emission filtecgptor channel). With these three intensities

the following initial equation set can be given:

I, =1, (1-E)+S,l,
l,=S1,(1-E)+ S l,+ |, Bx 7
l,=S,1, (1-E)+1,

wherelp andl, are the unquenched donor intensity and pure amcepénsity respectivel\g is

the transfer efficiencyS—S, are correction factors for cross-excitation andcsgal spillover
determined from donor-only and acceptor-only laesi@mples:

12 12

§:|—D Szzl—A
lD ‘Z (8)

_|3 —Il

%-l—o 34-|—A

1 3

where upper indices signify whether samples labeldyg with the donor dye (D) or with only
the acceptor dye (A) are measured. The alpha fast@ scaling factor correcting for the
difference in the fluorescence quantum yields aeation efficiencies of donor and acceptor
fluorophores. Basically, the alpha factor can besatered as a "currency exchange rate" to scale
loss of donor emission to gain of acceptor emissibme alpha factor can be determined
empirically from the following formula:
A

e 2
wherel," is thel, signal of acceptor-only labeled sample aftis thel, signal of donor-only
labeled samplel. is the labeling ratio of the antibodieB,is the mean number of receptors
labeled, and is the molar excitation coefficient of the dyegts donor excitation wavelength

(the D andA indexes refer to donor and acceptor, respectivalgg ratio of molar extinction



coefficients of the fluorophores at the donor extain wavelengthet/ea) is the so-calledefr

coefficient. Solving of equation (7) yields theléaling term:

__E _1,-SL+(SS8-9 | (10)
1-E a(l;=S,1,)

From this transfer efficiency is calculated as:

A
1+ A

The method can be used in microscopy and flow cgtomras well.

(11)

A further method relying on emission profiles i2tso called spectral un-mixing method
(51,52,54,66). When the emission spectra of dondraeceptor show significant overlap (as is
often the case with fluorescent proteins), sepamatif emission signals with traditional band-
and longpass filters can be impractical. The difficlies in finding a filter that is exclusive €i.

the majority of the intensity signal originatesrfrmne fluorophore) and still allows for a good

signal-to-noise ratio.

In spectral unmixing, the combined emission of faphores is detected in multiple channels
(usually at least four). The characteristic emisspectrum of each fluorophore as seen by the
detector array is recorded before hand and cansbd as a reference that relates the signal
amplitude of the fluorophore in every detectionroie. In the FRET sample, emission intensity
in any given detection channel is determined bycth@ribution from both fluorophores. With a
proper deconvolution algorithm the intensity sigoiéach fluorophore can be “linearly unmixed”
based on the characteristic emission spectrum arelaive abundance factor that is shared
between channels. The unperturbed fluorophore sitieacquired in such a fashion can then be
used for transfer efficiency measurements. Recesflgctral imaging has been achieved with

flow cytometers as well; however FRET implementatias been only published for microscopy.
b) Donor photobleaching

Photobleaching involves irreversible photochemubegradation of excited fluorophores. Since
photobleaching requires the fluorophore to be & dkcited state, every process that decreases
the average time spent in the excited state wilhiseoutively reduce the probability of
photobleaching and increase the bleaching decagtawin(16,67,68). Energy transfer as an

alternative de-excitation route increases evacnaifathe excited state and slows the bleaching

10



of the donor. The bleaching time constants fordbeor in the absencep] and presence of

acceptor4pa) can be written as:

- kother
kexckbleach

_ ktransfer + kother
Z-DA -
k
kexc bleach

where Komer is the sum of the rate constants of all de-exoitapathways except for energy

Z-D
(12)

transfer andkexo Koleach@Ndkyanster are the rate constants of excitation, photobleachnd energy
transfer, respectively. For energy transfer measengs, an image sequence has to be recorded
for both donor only and donor-acceptor labeled dasahe intensity-time curves are fitted to

determine the fluorescence intensity decay timestzons. Energy transfer is calculated as:
E=1-— (13)

In cellular imaging studies, the time required pdrotobleaching renders this method effective

only in microscopy.
c) Fluorescence lifetime methods

The flurescence lifetime describes the average &éirfleorescent molecule spends in the excited
state and is the reciprocal of the sum of the gatestants of all de-excitation processes:

_ 1
r= (14)

de- excitation

Fluorescence lifetime imaging microscopy was degwetbin the early 1990’s (33) and allows the
determination of fluorescence lifetimes of biolajisamples in a microscope. The fluorescence
lifetime of a sample can be measured either intithe domain with a short, pulsed excitation
beam or through phase modulation (69). FRET asdditianal de-excitation process shortens
the time spent in the excited state and therefbee ftuorescence lifetime as well. The
fluorescence lifetimes of the donor along) (or in the presence of an accepta) can be

written as:

11



1
kother

I, =

. (15)

TDA =
kother + ktransfer
wherekqganster IS the rate constant of energy transfer kpd, is the sum of the rate constants of

all other de-excitation pathways. The expressionrémsfer efficiency then is:
E=1-Toa (16)

Given proper measurement accuracy and fitting #@hgos, both donor only and FRET
shortened lifetimes can be measured from the sampls, therefore samples in FLIM-FRET

experiments do not require external controls.

4. Apparent energy transfer efficiency

The theory of transfer efficiency states that theasured transfer efficiency for a given
donor-acceptor pair at a given distance dependbleseparation of donor and acceptor and the
Forster distance of the dye pair. Since the FOrdistance is a function of the spectral
characteristics of the dye pair and of orientatiand conveying medium dependent factors
(which are approximated to be stable), changesamster efficiency should mirror changes in
donor-acceptor distance. This molecular level fensfficiency of a given dye pair can be
referred to as true or characteristic transfercefficy and harbors actual distance information.
However, the actual measured transfer efficiencyairgiven FRET experiment may not
accurately reproduce the true transfer efficieope way this can occur is when multiple
fluorophores are measured simultaneously. In thge ¢he emissions from all fluorophores are
detected, so that signals from different populaiare averaged (70). The energy transfer for

the measured population is:

E=>dE (17)

i=1
whereE; is the characteristic transfer efficiency of ttiedonor-acceptor population addis the
fraction of theith population to the total donor-acceptor populatiBasically, the measured
transfer efficiency will be the weighted average paipulations with different characteristic

transfer efficiencies, where the weighting factothe relative contribution of each population to

12



the total population. In the simplest form, the diopopulation can be divided into un-paired
donors without a suitable acceptor within energynsfer range and donors paired with acceptors
for energy transfer (71). In this case measuredstea efficiency will be smaller than the
characteristic transfer efficiency, since the FR&gnal of paired donors is offset by the non-
transfer signal of un-paired donors. This effecomy true for the measurement methods that
detect intensity signals from multiple fluorophor@smultaneously; therefore single molecule
methods are not affected. The methods relying oordéiscence lifetime are also not affected,
since the peaks of lifetime distributions are rfufted by relative population contribution. The
main concern is that for ensemble intensity-basedsurements (which require the least specific
instrumentation and simplest calculations and aerefore the most widespread methods),
apparent FRET cannot be equated with intermoledlikiance if the contribution of different
populations is not known. Also, apparent FRET caniffluenced by shifts in association

patterns without actual intermolecular distancenges.

The Forster equations dictate that transfer efimyeis the ratio of the rate constant of
de-excitation through energy transfer to the sumthed rate constants of all forms of
de-excitation (see equation (1)). Multiple acceptomteracting simultaneously with the same
donor will increase the rate constant of energystier (4,72-75) in a manner that is independent
of the factors in equation (2). This results inr@ased transfer efficiency without closer
proximity between donor and acceptor. Thereforgtadice calculations based on Byederived
from equation (3) will be inaccurate, since it oafyplies for the case of interaction of one donor
with one acceptor (4,18). This effect is taken imtmnsideration when measuring transfer
efficiency of freely moving fluorophores in a twantensional plane (74) or energy transfer
between a plane of acceptors and a donor abovgldhe. In these cases special modeling and
calibration schemes have to be applied to accyraelermine interdye distances (47,76,77).
Similarly, it has been shown, that an increase umlmer of acceptor fluorophores increases
transfer efficiency measured for fluorescent promanstructs (75). Since the effect of multiple
acceptors interacting with a single donor is realiat the level of rate constants, all methods for
measuring FRET will report increased apparent feansfficiency as compared to the case of

interaction between one donor and one acceptor.
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5. Theoretical background of three-dye FRET

The theoretical groundwork of three-dye FRET systevas published by Watradt alin 2003
(22) and describes the different energy transfatesothat occur in such a system (Figure 2).
Briefly, if the three dyes are designated with @aging excitation wavelength as dye A, B and C,
the following behavior can be observed: the dyéd whe shortest excitation wavelength — dye A
— is the global energy donor for dyes B and C; dye with the intermediate excitation
wavelength — dye B — is an acceptor for dye A amib@or for dye C; the dye with the longest
excitation wavelength — dye C - is a global acaefiRegarding the total transfer of energy from
dye A to C, two main cases are distinguished ($=® FEigure 2): in the first a direct, one-step
FRET occurs between A and Exf); in the second an indirect, two-step FRET occutsere
energy is first transferred from A to EAg) and then from B to CHsc). The latter sequence is
also called relay-FRET. Since relay-FRET arisemftero independent excitatiefle-excitation

processes, it can be written as:

E. = Exs (Eac (18)

relay
In this case dye B functions as a “relay post’réasing the total energy transferred from dye A
to C. When direct transfer can occur from dye ABt@nd from dye A to C as well, the two
acceptors compete for the same donor. This hagsdhsequence that instead of the original
non-competitive energy transfeiSag, Eac), apparent competitive energy transfers are medsur
(E’aB, E'ac). The relationship between the competitive and-campetitive energy transfers can

be calculated as:

E'e _ K Kag * Kotner — Kagt Komert Kac™ K

- Az]-E (19)
EAB I(AB+ kAC+ kother kAB I(AB-'- kAC+ kother
E'AB = EAB(l_ EIAC)
(20)
E'ac = Eac (1_ EIAB)
— EIAB
AB .
(1-E'\)
(21)
E 1
E — AC
AC (1_ E .AB)
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Naturally, direct and relay-FRET can occur at thes time. In this case the total energy transfer
from dye A to C Eta) iS:

Etotal = Erelay+ EIAC =FE ABDEBC+ E AC (22)
While this description of a three-dye system isadtctally straight forward, as we shall later
discuss, the actual behavior of the imaged dyehkree-dye FRET studies does not necessarily
adhere to just one of the main cases. Differentygulations can follow different interaction
schemes and one dye can be a component of sensrsiier schemes simultaneously (of course
with different interaction partners). This alonencanake interpretation of real world

measurements in three-dye systems difficult.

C E. C Figure 2.Schematic drawing of a three-dye system
u —ly with possible energy transfer routdSag and E ac
values refer to transfer efficiencies measuredhm t
presence of competition between transfer processes
E’ E, ooy from A to B and A t0 CErelay = E'ag - Egc is the
: transfer efficiency between A and C via B =
E’act+ Erelay IS the total probability of energy transfer
from A to C via the direct and indirect mechanisms.

=
6. FRET studies in three-dye systems
Theoretically the use of three-dye FRET systemsemes an excellent tool to investigate
interactions of multi-molecule systems and moleciéael conformational changes. However,
detecting the emission of three dyes simultaneomslges it difficult to separate the undistorted
FRET signals and measure energy transfer quawétatiSeveral workarounds exist that still
allow harnessing additional information from thiemponent FRET systems without having to
dissect the complex emission profiles. One appraaeblves using sequential imaging, where
first an acceptor photobleaching is performed t@asuee FRET from dye B to C and then in a
second step donor photobleaching to measure FR&MT fiye A to B (49). The acceptor
photobleaching step - by bleaching dye C - libexadge B from quenching and does not
influence the consecutive donor photobleaching. 3édmle this method does not allow assessing

direct transfer from dye A to C or relay-FRET, iloas pair wise co-localization studies and

15



distance measurements of cell-surface proteins. méasurement of energy transfer between
dye B and C is not influenced by the third dye.rEfere quantitative evaluation of transfer from
dye B to C is possible even if transfer from dydoAB and dye A to C is only determined
gualitatively or semi-quantitatively. Ernst al employed this approach to monitor function of
the FoF1-ATP synthase and elastic deformations within th@arny unit during ATP hydrolysis
(78). Finally, elimination of one fluorophore al&tber can be achieved with bimolecular
fluorescence complementation (BiFC) FRET (79). Brje BiFC involves labeling two
molecules of interest with complementary fragmeatsa fluorescent protein. If the two
molecules are in close interaction a functionabiféscent protein is produced and characteristic
fluorescence emission can be detected. A third cotdecan be labeled with an appropriate
fluorescent dye for FRET experiments. ThereforéBilRC FRET measurements energy transfer

only occurs when all three molecules of interestiarclose proximity of each other.

Full-fledged attempts at three-dye FRET are reddyigparse. Initial studies focused on verifying
three-dye FRET as a feasible tool to investigabebiecules, with DNA strands as the molecule
of choice (22,80,81). The advantage of DNA straisdthat the distance between fluorophore
binding places (usually a hybridization probe isd)scan be precisely controlled by varying the
number of nucleotides in between. The rigid DNAastis have the additional advantage of
limiting possible spatial distributions of the fhaphores to discrete relative positions. This
simplifies the interaction scheme and allows easigergy transfer measurements. leiual
utilized a three-dye system to monitor branch moxeim of a DNAzyme and metal-ion-
dependent conformational changes (82). They emgl@ayeatiometric method similar to the
donor quenching method in two-dye systems. Confoomal changes of DNA Holliday
junctions were monitored with a single-moleculesthdye technique, which used a simplified
approach of the three-dye FRET matrix (83). Theliti@y junction was also the complex of
choice for the investigations of Le¢ al, who employed a microscope-based ratiometric noetho
(84). Galperinet al successfully verified that a three-dye FRET methwad also applicable to
fluorescent protein constructs in vitro (85). Batlratiometric intensity-based approach and a
method relying on donor fluorescence recovery aisreptor photobleaching (DFRAP) were
used. DFRAP involves selective photobleaching ofaaceptor and observing the increase in
donor fluorescence after the loss of quenching fitkm acceptor. The group successfully

identified Rab5 interaction with early endosomaigens and activation complexes of epidermal
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growth factor receptor, Grb2 and Cbl. Later, a squantitative donor quenching method
showed in vivo TRAF2 (tumor necrosis factor recetesociated receptor 2) trimerization (86).
Lee et al used a DNA system to successfully sort tripledatbeDNA strands with different
intra-strand dye distances (87). They then moritor®vement of RNAP during translocation
along a DNA strand. The relay function of the imediate dye was demonstrated by Aregjal

in experiments using cationic conjugated polymeCRy; fluorescein and tetramethylrhodamine
(TAMRA) (88). An increase in sensitized TAMRA enims was observed after adding
fluorescein to a CCP-TAMRA FRET system. A similtudy was also carried out using DNA
thin films (89). Most recently, several technique emerging for detecting FRET in four dye
systems (90-92), however even the simpler threerdgéhods have not become widespread,

chiefly because of unique instrumentation and sarpptparation requirements.
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[ll. Scientific goals of the thesis

The apparent FRET is influenced by the number tefracting partners. This effect has relevance
in biological studies, since activation and movemenh proteins can lead to formation of
complexes and aggregates with several componeritsnwenergy transfer range. Also, for
fluorescent studies, several fluorophores are thggéabeling molecules to enhance brightness
and increase the signal-to-noise ratio. To detezrine effect on transfer efficiency of multiple
fluorophores interacting simultaneously, we usedn&mramolecular FRET system and varied the

fluorophore-to-protein (F/P) ratio of the antibcgliesed. We had three main goals:

* Determine the behavior of different F/P ratio vatg& of antibodies with respect to
intensity and cellular affinity.
» Determine how the interacting number of acceptoitsences transfer efficiency.

» Determine how the interacting number of donorsuirfices transfer efficiency.

Previously, three-dye FRET methods were restridtedeither semi-quantitative efficiency
determination or neglected transfer processes tditée interpretation of FRET signals.
Permutations of donor quenching were used mos#gessitating an external reference sample
to determine unquenched donor emission. To ciramnhthese shortcomings, we had the

following objectives:

* Lay down the mathematical background for a three-adyensity-based method that
allows computation of direct individual FRET betwestyes A, B and C as well as relay-
and total-FRET without a reference sample.

» Verify the method with a three-dye labeling schevheell-surface proteins and compare
results with those obtained with conventional twe-thtensity-based FRET.

» Evaluate the method on molecular systems with kbgimteracting schemes.

18



V. Materials and Methods

1. Cell lines

Human gastric cell line NCI-N87 with high ErbB2 (mker of the epidermal growth factor
receptor family) and major histocompatibility cormpl(MHC) class | expression level (48) was
obtained from the American Type Culture Collecti(Rockville, MD, USA) and grown

according to the manufacturer’'s specification (iIRNR containing 10% fetal bovine serum, 2
mM L-glutamine, and 0.25% gentamicin in 5% £@&@mosphere) to confluency. For flow
cytometry, cells were harvested by treatment withb% trypsin and 0.02% ethylenediamine-

tetraacetic acid before antibody labeling.

2. Conjugation of antibodies with fluorescent dyes

In our experiments we used the following anti-ErbB2noclonal antibodies (mAbs):
pertuzumab (a gift from Hoffman-La Roche, Grenz#déyhlen, Germany); trastuzumab
(purchased from Hoffman-La Roche, Grenzach-Wyhl&grmany); and H76.5 antibody
(prepared from the hybridoma cell line, a kind g@iftYosef Yarden). An approximate epitope
map of the antibodies used is shown in Figure 3vagmt binding of the monofunctional
succinimidyl ester derivates of amine-reactive difexa Fluor 488, Alexa Fluor 546, Alexa
Fluor 555 and Alexa Fluor 647; Molecular Probesthegen, Eugene, OR, USA) to the lysyl-
amino groups of antibodies was carried out in 0.8ddium bicarbonate buffer at pH 8.3. Dyes
dissolved in sodium bicarbonate buffer were addedrtibody solutions, and the reaction
mixture was incubated at room temperature for Ir.hdareacted dye molecules were removed
by gel filtration through a Sephadex G-50 columao. achieve different fluorophore-to-protein

(F/P) ratio of the antibodies we changed antibaahycentration, pH and/or labeling time.

H76.5 pertuzumab

Figure 3. Approximate epitope map of antibodiesduser
Fross labeling ErbB2. Antibody size is approximately 14Ba,
trastuzumab Ersz SIZG IS 185 kDa.

i) i

<

19



The F/P labeling ratio was determined from absorpét 280 nm and the maximum absorption
wavelength of the dye used by spectrophotometringdeop, Wilmington, DE, USA) and was
in the range of 1-10 for whole mAbs. In order tevant artifact production and remove
aggregates, dye-conjugated mAbs were fuged indlte(4°C) at 110,000 g, for 20 min in an
Airfuge ultracentrifuge (Beckman Coulter, Fullert@®A, USA) before cell labeling. Production

of different F/P ratio variants and measuremerii/Bfratio was performed by Rente Tiinde.

3. Labeling cells with fluorescent antibodies

For flow cytometry, freshly harvested cells werestwed twice in ice-cold phosphate buffered
saline (PBS; pH 7.4). The cell pellet was suspendd®BS at a concentration of 2xX1¢ells/ml.
Then 25 pl of conjugated antibodies were added5tquPof cell suspension and cells were
incubated for 30 min on ice. The excess of antibedg at least fivefold above saturating
concentration (final labeling concentration of 1@JmL) during the incubation. Thereafter cells
were washed twice in PBS and fixed in 5@0 of 1% formaldehyde-PBS. During labeling
special care was taken to keep the cells at icg-tswhperature to avoid induced aggregation of
cell surface molecules. Labeling of cells for expents with different F/P ratio antibody

variants was performed by Rente Tunde.

4. Instrumentation and sample measurement

For experiments to determine the effects of m@tiBRET partners interacting simultaneously,
measurements were carried out on a FACSArray bigasa(Becton Dickinson, Franklin Lakes,
NJ, USA). The flow cytometer is equipped with a 588 solid-state laser and a 635-nm diode
laser, and for FRET measurements the detectors5882 band pass (donor channgl, 685
long pass (energy transfer channg), and 661/16 band pass (acceptor chariggefilters were

used. For every sample 20,000 events were acquired.

For tripleFRET measurements, we used a FACSVarts&gevith DiVa option flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA) equippeith a 488-nm water-cooled Argon-ion
laser, a 532-nm diode pumped solid-state laser ar@B3-nm air-cooled HeNe laser. The
fluorescence detection channels (emission filtei laser wavelengths used for excitation) for
the three fluorophores are shown in Table 1.
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Table 1
Laser excitation wavelengths and emission filtérisitensity channels for tripleFRET

Channel Laser wavelength (nm) Filter
I 488 530/30
I, 488 585/42
I3 488 675/20
I4 532 585/42
Is 532 650 LP
le 633 650 LP

Band pass ranges are given as full width at hakimam (FWHM) values.
5. Evaluation of transfer efficiency

For all FRET experiments, manual gating was peréatron the FSC — SSC plot to exclude
debris and doublets. Samples labeled with one dyg were used to determine non-specific
background corrected intensities in native dye ok In two-dye systems double-positive
populations were gated and used for FRET calculatidcor tripleFRET measurements
double-positive populations were gated in the ¢rllpbeled sample. Populations either positive
for dye A and B or positive for dye A and C werdegh The intersection of the two populations
gave a population that is positive for dyes A, Bl & This population was used for tripleFRET
analysis. Transfer efficiency histograms were gateer for all possible FRET processes, and

after manual gating the value of median transfeciehcy was determined.

To evaluate FRET data obtained with flow cytomeRgFlex software (free-ware, available at

http://www.freewebs.com/cytofl§was used with the equations entered in the equatlitor of

the program (93). Intensity-based FRET for two-dystems was calculated according to the
equation set (7). In our setup S3 and S4 were gibtgi therefore a modified form of equation
(10) was used:

For tripleFRET measurements the equation set intred in the Results section of this thesis
was used. Transfer efficiency values are given edian values of transfer efficiency histograms.
Flow cytometric dotplots and histograms were geeeravith ReFlex, three-dimensional transfer
efficiency scatter plots were created with Wolfrawathematica 7 (Wolfram Research,
Champaign, IL, USA).
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6. Determining alpha-, cross-excitation- and spillowéactors

Since alpha factors are scaling factors corredinghe difference in the fluorescence quantum
yields and detection efficiencies of donor and ptmefluorophores, the intensity of the same
number of excited donor and acceptor fluorophores to be measured at given wavelengths.
This is most easily done by labeling a cell-surfacetein with donor- and acceptor-tagged
antibodies in separate samples. Alternatively, tifterent antibodies can be used that do not
compete with each other for binding and that recagepitopes far enough apart so that energy
transfer does not occur (12,94). Another possybiltto apply epitopes with known distances
and well characterized transfer efficiencies, aatitee value of alpha to yield the reference
transfer efficiencies (12). When using fluoresgenoteins, donor-acceptor fusion proteins can be
constructed where the expression level of bothrfipbores are the same. By varying the length
of the linker region (53) or by using an iteratimethod yielding E and alpha simultaneously
(95), alpha can be calculated. For our experimémésaverage intensity of several thousand cells
singularly labeled with Alexa Fluor 488, Alexa Ftu®46, Alexa Fluor 555 or Alexa Fluor 647
was used for the calculation of alpha factors atiogr to equations (9) and (30). Cross-
excitation and spillover factors were measuredingla-labeled samples. For two-dye intensity-
based FRET calculation§factors were calculated according to equation 8Y. tripleFRET

measurement&factors were determined according to equation. (29)

7. Anisotropy measurements

Fluorescence anisotropy measurements were perfooned Fluorolog-3 spectrofluorimeter
(Horiba Jobin Yvon, Longjumeau, France). The exiatalight was provided by a 450-W Xe-arc
lamp. Anisotropy of Alexa Fluor 546, -555 and -Gzbhjugated trastuzumab, free dye solutions
and PBS solution were measured with FL-1044 pddasizn L-format configuration. The
concentration of the fluorescent conjugated anid®dnd free dyes were in the range of
10°-10° M, where absorption of the sample was below Od®rtsure negligible inner filter
effects. A 1 cm optical pathlength quartz cuvettellma, Millheim, Germany) was used.
Excitation and emission monochromator wavelengtlesewset according to emission and
excitation maxima of the dyes applied. Slit widtidaacquisition time were chosen so that all

polarizer-mode intensitieshA,, vy, lun and lyy) for all concentrations remained below
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1,000,000 counts per second. Data were analyzdd DataMax for Windows v2.1 software.

Sample preparation for anisotropy measurementedsrmed by Rente Tunde.

8. Pearson’s correlation coefficient

The Pearson’s correlation coefficient introducethim Results section can be calculated as:

>(x-%)(v-)

i=1

S S

i=1

r=

and quantifies the linear relationship betwaesndy variables of a data set. The range @

between -1 and 1, where 1 is the perfect lineaticeiship.
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V. Results

1. Determining the effect of multiple FRET partners faracting simultaneously

The effect of fluorophore abundance was determinecheasuring energy transfer with different
fluorophore-to-protein (F/P) ratio versions of tteme antibodies. This way the ratio of donors
to acceptors could be easily controlled throughRfe ratio of the antibodies used. Changing
F/P ratios does not influence biological behavidiff¢rent F/P ratio variants of the same
antibody will have the same biological effect),réfere differences in transfer efficiency will be

a consequence of altered F/P ratio and not an tnotie biological factor.

We measured the energy transfer between fluordgamnijugated pertuzumab and trastuzumab
(96,97) targeted against ErbB2 (98) cell surfac#gans on NCI-N87 cells (99). The expression
level of ErbB2 on NCI-N87 cells is high (8 x %0 1¢ /cell) (100), allowing good detection

sensitivity. The energy transfer between the twitbadies can be readily detected and is often
used as a positive control by our workgroup. Th&EFRetween trastuzumab and pertuzumab
can be regarded as a primarily fixed distance nmblacular energy transfer within the same
ErbB2 protein (13), therefore changes in transféciency are not because of changes in the

separation of donor and acceptor.
a) Comparison of different F/P ratio variants of ardies

The F/P ratio of antibodies used was determinesplegtrophotometry (see also in Materials and
Methods). To verify the labeling ratios, cells wéabeled with different F/P ratio versions of the

same antibody and the mean intensities of the agdl® measured. The mean intensity of cells
increased with an increase in antibody F/P ratiowdver the increase was not linearly
proportional, with a drop off of the intensity sajrespecially towards the upper limit of the used
F/P range (Figure 4A). The intensity curve plotsda function of antibody F/P ratio was similar
for trastuzumab and pertuzumab conjugated withsdmae dye (Figure 4B), whereas different
dye variants of the same antibody yielded dissintlarves. Intensity saturation was therefore
dye dependent, with a loss of signal even apprexiabF/P ratios as low as 2 (in the case of
Alexa Fluor 546) and increasing with an increaseaiibody F/P ratio. Intensity saturation

curves as a function of labeling antibody conceiumawere the same for different F/P ratio
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variants of the same antibody (Figure 4C), indiggthat antibody affinity for and binding to the
recognized epitope are not altered by F/P ratios.
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Figure 4. Dependence of fluorescence intensityraibady labeling ratio. A) Intensity saturation
as a function of antibody labeling ratio for NCI-N@ells labeled with different fluorophores
conjugated to trastuzumab. B) Intensity saturaisna function of antibody labeling ratio for
NCI-N87 cells labeled with Alexa Fluor 546 conjug@itwith trastuzumab or pertuzumab. C)
Intensity saturation as a function of antibody laigeconcentration for NCI-N87 cells labeled
with different F/P ratio variants of Alexa Fluor @4conjugated trastuzumab. D) Intensity
saturation as a function of antibody labeling rétioAlexa Fluor 546 conjugated trastuzumab as
measured in solution by spectrofluorimetry or favdled NCI-N87 cells by flow cytometry.

To investigate whether binding to the cell surfaem influence the optical properties of the
fluorophore conjugated antibodies, flow cytometneasurements were complimented with
spectrofluorimetric studies. The emission and etich spectra of fluorophore conjugated
antibody solutions were recorded to rule out thespmlity of a spectral shift from increasing F/P
ratio. The recorded curves did not show a shifeitiher the excitation or emission spectra
(Figure 5). Absorption spectra were also not alteby changes in antibody F/P ratio. After
correcting for concentration differences of theilasdy solutions (different dilutions were used
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to keep solution absorbance below 0.05 to mininmper filter effects) intensity saturation was
still evident and showed differences between théerdnt fluorophores. The saturation of
intensity as a function of antibody F/P seen wita spectrofluorimeter for free antibodies in
solution was very similar to the intensity curvetbé same antibody bound to the cell surface
(Figure 4D). We concluded that binding to the seiliface did not influence spectral behavior of
the dyes and that intensity quenching happengslyesspecific manner between the fluorophores

bound to the same antibody.
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Figure 5. Measured excitation (A) and emission $Bgctra for different F/P ratio variants of
Alexa Fluor 647conjugated pertuzumab.

The interaction of fluorophores bound to the sam#@bady was further investigated with
fluorescence anisotropy measurements. Anisotropwetl linear dependence from labeled
antibody concentration similar to concentration alapzation of free dyes (101); therefore
anisotropy was measured at several concentratiows then plotted as a function of
concentration, as opposed to comparing single meamnt points (Figure 6A). The individual
measurement points of antibodies were fit withne land the y-intercept, designated by us as
intrinsic anisotropy (which corresponds to the atrgpy of an infinitely dilute antibody solution
and is equal to the anisotropy of a single antibattiiout the perturbing concentration effects),
was used to compare the antibodies. We found theiteaF/P ratio increased, intrinsic anisotropy
decreased (Figure 6B). This change of anisotropy fasiction of F/P ratio was true for all used
antibodies; however the curves were characterigticthe fluorophores investigated. The
anisotropy of antibody conjugated dyes was sulslgnhigher than the anisotropy of the free

dye.
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Figure 6. Anisotropy of antibody conjugated dyessaiution. A) Anisotropy of different F/P
ratio variants of trastuzumab conjugated with Al&kaor 546 and of the free dye as a function
of concentration. B) Intrinsic anisotropy as a fime of antibody F/P ratio for trastuzumab
conjugated with Alexa Fluor 546, Alexa Fluor 555Adexa Fluor 647.

b) Energy transfer measurements with different F/Rorahtibody variants

The straight forward relationship between distande of transfer and measured FRET
efficiency is valid only for the interaction of orgonor with one acceptor. When multiple
fluorophores interact, the average rate of trankfethe system can change even without any
underlying distance changes (75). Increasing thaban of acceptors interacting with a given
donor increases the probability of an excited dotwirfind an acceptor partner before de-
excitation and leads to an increase in the rateaofer and subsequently in transfer efficiency.
If all n acceptors interacting with the donor are identicaérms of FRET interaction probability,
then the system’s rate of transfer will héimes the rate of transfer for one acceptor (1021

In this case the relationship betwdgn(the original energy transfer efficiency with caeceptor)
andE, (transfer efficiency aften-fold increase of the rate of transfer) is thedwaling (see also
Figure 7A):

E = =
n
n |:n‘rtransfer + kother ktransfer + kother

n |:Ik(ransfer _ n |:Kransfer ktransfer+ kother+ ( n- 1) |:Iktransfer: nEo (24)
ktransfer+ k other 1+ (n - 1) EO

The seemingly complicated term can be linearizédaftermA = E/(1 —E) is used instead @&:

__E
A=ie (25)
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E. _ & _
1-E = nDl_ £ = nUA (26)

Therefore plottingA as a function ofn yields a straight line, withA, as they-intercept

(Figure 7B). The value oEy can in turn be calculated frody. Sinceky is the characteristic
transfer efficiency for the interaction of one dométh one acceptor, it can be used for distance

Ah:

calculations according to the original Forster eigunes.
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Figure 7. Effect of changes in the rate constantmergy transfer efficiency. A) Energy transfer
efficiency as a function of the rate constant. Bg Bame data were plottedAas E/(1-E) as a
function of rate constant. During the simulatiorlyokiansier Was changed, all other deexcitation
processes remained unchandgég.initial transfer efficiency measured with arbrianitial rate

of transfer.

To verify this relationship, transfer efficiency svameasured between trastuzumab and
pertuzumab conjugated with Alexa Fluor 546, AlexaoF 555 or Alexa Fluor 647. Different F/P

ratio variants were used to produce changes imactieg fluorophore numbers. As discussed in
the Materials and Methods chapter, the intensigeda method that we used requires
determination of the alpha factor that scalesterdifferences of detection sensitivity of emitted
donor and acceptor fluorescence. This requirestiigafiuorescent signal of the same number of
excited donors and acceptors be compared, theréferabeling ratios of the antibodies have to
be taken into consideration (since with the sameuarhof bound antibodies, a higher F/P ratio
will result in more fluorophores and thus highesalbte intensities without increasing detection
sensitivity). The alpha factor is an instrumentel®gent factor; however the intensity saturation

results in different alpha factors for the labekdtibodies even without changing instrument
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setup (if intensities are corrected with nomindleling ratios, since these do not reflect the
actual increases in intensity). With this in miadpha factors were calculated with the smallest
F/P ratio antibodies, which correspond to the FEforrange of the saturation curves where

intensity can be approximated to change linearthan increase in F/P ratio.

Cell surface FRET measurements were carried oub wie donor (Alexa Fluor 546 or
Alexa Fluor 555) conjugated to trastuzumab andabeeptor (Alexa Fluor 647) conjugated to
pertuzumab and also with donor conjugated pertubuamal acceptor conjugated trastuzumab.
Measurements in both directions yielded similandfar efficiency values and trends, so for
simplicity we only discuss results obtained withndo conjugated pertuzumab and acceptor
conjugated trastuzumab. Transfer efficiency forieey donor increased non-linearly with the
increase of acceptor F/P ratio and followed the FRdaturation curve predicted by our
theoretical calculations (Figure 8A and 8B). Allndos had similar saturation curves, however
with a shift of the curve towards higher transféfiiceency values with the increase of donor
labeling ratios in the case of Alexa Fluor 546. Tloerelation between the labeling ratio of the
donor and transfer efficiency was weak, with a walied Pearson’s correlation coefficient of
0.14 for Alexa Fluor 546 and 0.038 for Alexa Flus5. The measured transfer efficiency
achieved with a given acceptor showed only slightaase from increasing the donor F/P ratio.
On the other hand transfer efficiency was strongdyrelated with the labeling ratio of the
acceptor, with a Pearson’s correlation coefficient0.95 calculated for all acceptor-donor
combinations. Increasing acceptor F/P ratio drakiyidncreased transfer efficiency with any
given donor. Energy transfer also showed correiatiath the acceptor-to-donor (A/D) ratio.
This is however a byproduct from calculating A/Rioaas F/P ratio of the acceptor divided by
F/P ratio of the donor. The non-causal relationsigfween A/D ratio and transfer efficiency is
supported by the results showing that the same ratl® can result in very different transfer
efficiency values depending on the individual FAPtlee acceptor and very similar transfer
efficiencies can be measured with different A/Dasif the F/P ratio of the acceptor is the same
(Figure 8E). The termA plotted as a function of acceptor F/P ratio shoaduahear relationship
as predicted by our theoretical model (Figure 8@ 8D). The slope of the fitted lines was used
to determineA, and then calculate characteristic transfer efiicye for the dyes. The
characteristic FRET efficiency was then plottecadanction of donor F/P ratio (Figure 8F) and

we saw a dye-specific linear increase with an iasean donor F/P ratio.

29



1.0q 1.01
A B
@ 0.8 @ 0.8
> >
: :
.2 0.61 .3 0.6
&2 &2
= =
: -8~ Donor F/P: 1.03 : -8~ Donor F/P: 1.46
& 047 - Donor F/P: 1.68 & 047 - Donor F/P: 2,51
=l -4 Donor F/P:2.78 =l - Donor F/P: 3.46
£ ool ~¥ Donor F/P: 5.45 £ o4 ~¥ Donor F/P: 5.81
0.0 T T T T T 1 0.0 T T T T T 1
0 1 2 3 4 S 6 0 1 2 3 4 5 6
F/P of acceptor F/P of acceptor
59 5
C D
4 41
B 31 = 3
= <
= =
Il Il
< 24 v « 24
-8~ Donor F/P: 1.03 -@ Donor F/P: 1.46
- Donor F/P: 1.68 - Donor F/P:2.51
11 -k Donor F/P: 2.78 1 -k Donor F/P: 346
=¥ Donor F/P: 545 =¥ Donor F/P: 5.81
0 T T T T T 1 0 T T T T T 1
(1] 1 2 3 4 5 6 0 1 2 3] 4 5 6
F/P of acceptor F/P of acceptor
0.501
E F
0.84 * . 5
* * £
—_ v 2
= 0.7 v v o &
z A 1)
g 06 O =
2 Lo &
"f, ® Acceptor F/P: 0.81 =
=)
E 051 m B Acceptor F/P: 1.16 g
§ L - A Acceptor F/P:2.19 E
; 0.44 @ Vv Acceptor F/P: 3.48 2
%9 o ¢ Acceptor F/P: 5.4 E : ﬁcxa ]l::um ::2
0.3 o exa Fluor 5
0.2
O.GT T T T T T 1 0.30 T T T T T 1
0 1 2 3 4 S 6 0 1 2 3 4 S 6

Acceptor/Donor ratio Antibody F/P ratio

Figure 8.Dependence of FRET efficiency on antibody labelatgp. A) andB) FRET efficiency
was measured between Alexa Fluor 546 A) or AlexaoiI555 B) conjugated pertuzumab
(serving as donors) and Alexa 647 conjugated tzastab (serving as acceptor) and plotted
against the labeling ratio of the acceptor. C) Badrhe same data were plottedAas E/(1-E)
against the acceptor labeling ratio. E) Transféiciehcy as a function of acceptor/donor ratio
for energy transfer between Alexa Fluor 546 conjedapertuzumab and Alexa Fluor 647
conjugated trastuzumab. Fhe characteristic transfer efficiency was ploteeda function of
donor labeling ratio for Alexa Fluor 546 and Alefuor 555 fluorophores. Characteristic
transfer efficiency: FRET efficiency measured vattteptor labeling ratio of 1.
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2. TripleFRET: a method to measure transfer efficienay three-dye systems
a) TripleFRET calculations

Traditional FRET measurements in flow cytometryyirey on donor quenching require two

separate samples to determine FRET: a transferledatyeled with both donor and acceptor and
a donor only sample to determine unquenched dartensity. Any change in labeled donor

numbers (from altered expression levels, competitietween labeling antibodies, etc.) leads to
measurement error. This problem can be circumveoyedsing an intensity-based method that
calculates FRET from quenched donor, sensitizedmoc and acceptor emission (see also the
Literature overview). The difficulty of expandineg method to a three-dye system lies in

reliably separating and identifying these emissionsll three dyes.

An initial equation set to calculate both directaelay-transfer from dye A to C is presented
below. The calculations require detection of sixlependent emission intensitids;ls (see
Materials and Methods for laser excitation wavetea@nd emission filters). The six intensities
can be interpreted as followls:— quenched emission of donor A (by acceptors B@adhative
intensity channel to detect dye A4 — sensitized emission (from donor A) and quenched
emission of acceptor B (by acceptor 3)- sensitized emission of acceptor C (from don@né
donor B excited through donor A, — quenched emission of donor B (by acceptor Qjy@a
intensity channel to detect dye B; — sensitized emission of acceptor C (from donoamjls —

native intensity channel to detect dye C.
[,(4880m - 530/3@P) =1 ,(1-E '\s—E "Ac)
I,(488m - 585/4BP) =S|, (1-E'x— E'\0)+a sl E' 1- Egd+ $ 1{1- Ep)
|5 (488nm — 675/2@P) = Apcl AE oy TE' nd + S0 pel £ A{l-Egd+ S 1[1- E 5 E 2
50,1~ Ex)* S & 27)
| ,(5320m - 585/ 48P) = | ;(1-E;.)
[;(5320m - 650LP) =S, I;(1— Egc) + @l gEct S I
ls(633hm - 650LP) =1

The equation set assumes competitive FRET effi@erie s andE’ac for FRET from A to B
and from A to C, respectively. There are altogeteeven unknowns: three unperturbed

intensitiesl 5, Ig andlc from the three dyes (that would be measured irabisence of FRET) and
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four transfer efficiencie&’ ag, E'ac, Esc andEeiay. Since in its present form the equation system
is underdetermined (with only six independent eiganatfor seven variables), a further equation
is required for a solution. Therefore equation (8)sed (in a slightly modified form to account

for competition between dyes B and C, see also tequd22)) for a seventh independent

equation:

Erelay = E I ABDEBC (28)

The spillover and cross-excitation facto® € S;,) are calculated from single-labeled samples in
the following way (wherd Jis the intensity in channgl of a sample labeled with only dyg

conjugated to antibodies; valuesSffactors and standard deviations are summarizédlhe 2):

| B
=5
N 1€
S =g
12 18 ls
S=+% S =5
|l |4 | C
§=t (29)
_lg _Ig s
§= TA So= 1B
|1 |4 I Cc
— '3
S7 ~cC
_13 6
Slz |_B
2
Table 2
Values of S-factors and standard deviations (SD)
Factor Value SD
S 0.1588 0.00361
S 0.0420 0.00311
S; 0.0574 0.00525
S, 0.0748 0.01427
S; 0.0151 0.00262
S 0.0279 0.00195
Sio 0.0205 0.00412
Si? 0.2734 0.02397
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The alpha-factors can be determined empiricallythm®y following formulas (wheré” is the
labeling ratio of the antibody with fluoropho¥eand £ is the molar extinction coefficient of
fluorophoreX at the indicated wavelengths):

1B LA A
— 12 488
Opg = | A LB £B
1 488
I C A A
—'3 d—_ 488
Upc = [ALC &€ (30)
1 488
| [ B B
—'5 532
Ogc = 1B ¢ £C
4 532

With our instrumental setupss was reproducibly O, therefore it was omitted froortlier
calculations (it was however measured each timestidy the validity of such a simplification).
The equation set consisting of equations (27) ab8) (can be solved, however yields

complicated expression for most variables. Thesebmsimplified with a set of factorization
terms:

IXl Il

lyo =1, =Si1,=S,1,
s = 137551, (5= §89) - S S (31)

|><5 =|5_82|4_S3|6

The terms correspond to bleed-through correcteditssed emission If,, Ixz and Ixs) and

guenched donoity; andlxs) intensities. The solutions for the variables bargiven as:

AB aAC
I, +ag.l
|B: X5 BC' X4 (32)
aBC
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E = aAB'XZ — aAclxz(I X5+aB(J x4)
AB
(aAB|X3+aACI x2+aAl§7Aé x)(l_E B() a Bl? x[a A!c ta A@ sta IAC :I)]

(33)

E = Ol xs(1—Egc) = ad F &c - ael o =0 ki «

AC
(aABIX3+aACI x2+aA|g Aé >1)(1_E B() a BL x[a A!C x+a A@ x+a IAC :I)(]
I

Epe=—— 34
% IX5 +aBCI X4 ( )

The non-competitive FRET efficiencies can also dlelwdated using equation (21):

- Ixz(l xs+ 0gd x4)
AB
IXZ(I ><5+a!BCI X4)+aAEQ,B(II >J. x4

(39)

— Apelecl xal xa =0 pd d 56
OpeOpcl wa(l st 0 ad ) =0 4k 4 %

Relay-transfer and total transfer are calculatethfequation (28) and equation (22), respectively:

AC

anel ol
Erea = AC” X2 X5 (36)
= aBC|X4[aAC| X2+a/AB(I )G+aA!Z >sl)]

a,gl I
E[otal = | + ABl X3 + = *3 (37)
aAC X2 aAB( X3 a A(! XL) a A& A

The initial equation set and solutions were co-tigped with Horvath Gabor. Factorized terms,

alpha- ands-factors are a contribution of Horvath Gabor.
b) Initial equation sets and solutions for the caskmestricted interaction schemes

As we shall later discuss, the initial equation defines how ensemble sensitized emission is
divided and assigned to a given fluorophore (andnd effect, the contribution from individual
transfer efficiency). Therefore, if one or more mgyetransfer routes are not possible, the initial

equation set has to be modified. Three further roages are possible.
1. Relay-transfer without direct transfer from dy¢o C.

The following initial equation set is used:
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I, =1 A(l_EAB)

I, =81|1(1_ EAB)+aABIAEAB(1_ EBC)+ S IB(]'_ EB(‘)

I3 :SQI1(1_ EAB)+ S e IAEAB(]'_ EBC)+a acl AEgEect 97 gcleEs

+S.Lo IB(l_ EBC)+ S Ic (38)
=lg(1~Egc) +Sipcl sE e

Szls(l_ EBC)+aBCI sEsct S Ic

I
|5
|6 IC

The factorization terms are the same for this eas@hen all transfer routes can take place. The

solutions are as follows:

IB:IX5+aBC| X4 (39)
g
o =1g
EAB= Ixz — Ixz(l x5+ 0gd x4)
I2 40 gl Xl(l_EBC) Ixz(l xs T gl X4)+aAg e b %
I
Egc = -
Ixs + el x4 (40)
Iyl
Erela = EpglEgc = X220
y AB ——BC
Ixz(l x5+ch| x4)+aABa B& xl. X4
I
Etotal = X2

aACI A
The energy transfer from dye A to B is not corrddtethis case, since there is no competition

from dye C.
2. Direct energy transfer from dye A to C withoeltary-transfer.

The initial equation set is as follows:
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|1 =1 A(l_E 'AB_E IAC)
I2 =Sl|A(1_ E'AB_ E'AC)+aABI AE'AB+ S Ira(l_ EB()

|3 :SQ|A(1_ E'AB_ EIAC)+ SZaAB lAEAB+a ACI AEAC+ %7 BCI BEB(

+Sole(— Bc)*+ Sk

I, =15(1-Egc) +Sctrpcl gE e

ls =SZIB(1_ EBC)+aBCIBEBC+ S lc
le =lc

Factorization terms are the same as before. Thi@od are:

+ X2+ X3

IA IXl

Qg A
[ =|x5+ch|x4
B
Agc
o =1
P aACIXZ
EAB_ | + | +
aAC X2 aAB X3 aAlgA(l X
[ aABIX3
EAC_ | + | +
aAC X2 aAB X3 aAy A(! X
I
E - X5
BC
I><5"'a'|30I X4
Eow = 'xs
ota
aACIA

3. No direct of relay-transfer between dye A and C

The following initial equation set applies:

L =1,1-E L)
I, =S 1,1 Epg) + 0 psl AE st § 11— Eg)

|3 :SQIA(]'_ EAB)+ SZaABlAEAB-}- Sp,BC IBEBC+ %D Iél_ EBa+ $ l

|4 =1 B(l_EBC)+SSaBCI BEBC
|5 :SZIB(]'_ EBC)+aBCI BEBC+ % Ic
ls=1¢

The solutions are (again, factorized terms remathanged):
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- I><5 +ch| X4 (45)

I
— X2
Ene =

ly2 40 nel 1 (46)
E. = lxs
BC
lxs ¥ acl xs

c) Transfer efficiencies of two- and three-dye systems

To verify our calculation method, an adequate maesitem had to be chosen. For energy
transfer to occur there has to be overlap betwkeremission spectrum of the donor and the
excitation spectrum of the acceptor. We chose #les d\lexa Fluor 488 (dye A), Alexa Fluor
546 (dye B) and Alexa Fluor 647 (dye C) for our exments, since Alexa Fluor 488-546 and
Alexa Fluor 546-647 are well characterized FRETrgand there is significant enough overlap
between Alexa Fluor 488 and Alexa Fluor 647 to pedimect A to C transfer (see Figure 9 for

relevant spectra of the dyes).

100 o~
Fu ) Alexa488, emission

~~~~~~~ Alexas46, excitation
== =Alexa546, emission
— Alexa647. excitation

Normalized intensities

450 500 550 600 650 700 750
Wavelength (nm)
Figure 9. Normalized spectra of donor and accefiitcwrophores.The grey shaded area
corresponds to the overlap integral of the emissmattrum of dye A and excitation spectrum of
dye C.
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NCI-N87 cells were labeled with trastuzumab, pertoab and H76.5 antibodies against the
ErbB2 protein. These antibodies were previouslyshto non-competitively bind to different
epitopes within FRET interaction distance. Samplere prepared as a three-dye system as well

as a corresponding set of two-dye systems (Table 3)

Table 3
Measured transfer efficiencies (%) in various dysteams
Labeling scheme Alex:? ?Ieuﬁ\r 488 AIexe? zf‘uSr 546 Alexa? ?Iaugr 647
Double (AB) H76.5 trastuzumab —
Double (AC) H76.5 — pertuzumab
Double (BC) — trastuzumab pertuzumab
Triple H76.5 trastuzumab pertuzumab
Eas Eac Esc
Double (AB)  Triple Double (AC)  Triple Double (BC)  Triple
E as two-dye 13.5 7.9 4.9 114 45.1 44.3
E' 13.5 12.9 4.9 4.0 45.1 44 .4
E 134 13.4 4.9 4.6 N.A. N.A.
Double Triple
Erelay N.A. 5.7
Eiotal 4.9 10.4

MeasuredEag, Eac andEgcare median transfer efficiencies in three-dye asrdesponding two-
dye systemsE as two-dye: traditional intensity-based FRET wgsialused for two-dye systems;
E’, E, Eeay, and E @are competitive, non-competitive, relay and td#RET efficiencies
calculated with the tripleFRET method; N.A.: nophlgable. Standard deviations for the table
entries are summarized in Table 7.

For validation purposes and to demonstrate theagiplity of our method in three-dye systems,

all samples were evaluated (in addition to our @goations) using the intensity-based method
for two dye systems described in the Materials &ethods. The use of non-competing

antibodies against different epitopes of the samwméem ensured intramolecular binding and

proximity of the dyes. The results of these measerds are listed in Table 3. All permutations
of a two-dye system with the three fluorophoresilted in measurable transfer efficienci€ag

= 13.5%,Eac = 4.9%,Egc = 45.1%). Analyzing FRET in two-dye systems acoaydto the

tripleFRET method produced identical transfer efficy values as conventional two-dye
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intensity-based FRET analysis. FRET analysis ofhinee-dye system with tripleFRET resulted
in transfer efficiency values very similar to thees obtained in two-dye systeniS g = 12.9%,
E'ac = 4.0%, Egc = 44.4%). Correction for competition between the tacceptors further
increased the agreement with the values from twosigstemsEag = 13.4%,Eac = 4.6%). At
the same time, traditional intensity-based FRETedhito reproduce the FRET values of the
two-dye systems in the triple-labeled sample. Spadly, Eag was underestimated (7.9% instead
of 13.4%) andEac overestimated (11.4% instead of 4.9%). The addiviodye B to the labeling
scheme consisting of only dyes A and C substaptiatireased the total energy transferred from
A to C Eww = 4,9% —10.4%), providing evidence for a relay transfer gass in our

intramolecular model system.

Table 4
Labeling schemes and energy transfer efficienayesga(%) measured for individual specimens
after mixing and a single data acquisition

Alexa Fluor 488 Alexa Fluor 546 Alexa Fluor 647

Specimen 1 pertuzumab trastuzumab —
Specimen 2 H76.5 trastuzumab —
Specimen 3 H76.5 — pertuzumab
Specimen 4 trastuzumab — pertuzumab
Specimen 5 trastuzumab H76.5 pertuzumab
Specimen 6 pertuzumab trastuzumab H76.5
Specimen 7 H76.5 trastuzumab pertuzumab
eflf:isigrrcy AB AC BC Relay Total
Specimen 1 24.2 0.0 0.0 0.0 0.0
Specimen 2 12.3 0.0 1.4 0.1 0.3
Specimen 3 -0.3 4.9 0.0 0.0 4.8
Specimen 4 0.0 9.9 0.0 0.6 9.9
Specimen 5 9.8 9.6 33.0 2.9 12.4
Specimen 6 21.2 2.8 30.5 6.6 10.4
Specimen 7 13.5 4.5 44.2 5.5 10.2

Standard deviations for table entries are sumnuiizd able 8.
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To demonstrate the sensitivity of tripleFRET cadtidns and its power to dissect populations
with different protein association patterns in bgital systems, we mixed together the samples
described in Table 4 in the same tube. Then ernteaggfer was measured by flow cytometry for

the mixed sample. A representative dot plot andstex efficiency histograms are shown in

Figure 10.
Specimen 5
Specimen 4 | i
0.2 )
L Specimen 3 O S
\ ;. Specimen 6 -
0.1 L
E'Total
¥ _ Specﬁnen 7
0.0 |- e T, T e
Specimeli Po K5 0.1
0.0 . Specimen 1" E.c
0.2
EAB
0.4
3000 5500 6500
: EAB EAC ETotal
=
=
= [ 1500 2750 3250
=
2
Q
0 0 0
01 0 01 02 03 04/ -005 0 005 01 015 02/ 005 0 005 01 015 02

Figure 10. Three dimensional dot plot and histografmenergy transfer values determined from
a mixture of seven doubly or triply labeled speaisafter a single data acquisition step. The
labeling schemes of the individual specimens cafotyed in Table 4.
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As can be seen on the transfer efficiency histogransingle measurement of transfer efficiency
allows discrimination of 3 distinct populations. WhonlyEag is measured, Specimens 1 and 6,
Specimens 3 and 4, as well as Specimens 2, 5 aadndt be separated from one another. When
only Eac is analyzed, Specimens 1 and 2, Specimens 4 asdvwell as Specimens 3, 6 and 7
show near identical transfer efficiency distribugo Total FRET efficiency is similar in
Specimens 1 and 2 as well as in Specimens 4, & @.alhe simultaneous calculation of several
transfer efficiencies is needed for discriminatioh specimens that show similar transfer
efficiency distributions when only one FRET valgenmeasured. The evaluation of all 3 FRET
efficiencies allowed us to discriminate betweenesedifferently labeled specimens in the same
sample. The calculated transfer efficiency valuestlie identified specimens are displayed in
Table 3. The transfer efficiency values measuresuch a fashion were in good agreement with
FRET efficiencies obtained from the specimens nreasudividually (data not shown).

d) Sensitivity of tripleFRET measurements to changdsaator values

The robustness of a given technique depends onrbpvoducible and reliable the obtained
values are. Two factors contribute to measuremerdgr:erandom noise that arises from
biological variability and instrument detectiona@r{which lead to widening of the distribution
of the measured entity) and systematic errors oasmements (which lead to shifts of
distribution medians without influencing distriborti width). Errors of theSfactors are
introduced through errors in measuring intensi(iesich lead to random errors), therefore we
consider the standard deviations to be good essnfr the errors o&factors. These are
summarized in Table 2. Errors 8f and alpha-factors will lead to systematic errbtransfer
efficiency values, which results in a shift of thiesolute positions of populations, but preserves
the relative separation between them. We compiteat @ropagation equations, however these
are exceedingly complex and are cumbersome topietierTherefore we calculated the shifts in

transfer efficiency from a hypothetical, 10% in@eaf each factor (Table 5).
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Table 5

Sensitivity of measured transfer efficiencies @nges in factor values.

Sample 1 AB AC BC Total
S -20.75% 33.91% -0.01% 0.82%
S -0.54% 1.72% -0.69% 0.10%
S -2.12% 6.88% -2.72% 0.19%
Sy -9.22% 13.51% 0.00% -0.29%
S 0.08% -1.97% 0.00% -0.71%
S 0.04% -1.35% 0.00% -0.48%
Si2 0.08% -1.97% 0.00% -0.67%
aAB -8.51% 12.92% 0.00% 0.00%
aac 0.90% -20.88% 0.00% -8.19%
0BC -3.94% 12.16% -5.27% 0.03%

Sample 2 AB AC BC Total
S -7.47% 23.13% 0.00% 0.75%
S -0.69% 5.61% -1.83% -3.27%
S -3.36% 26.31% -8.71% 0.24%
Sy -4.67% 12.43% 0.00% -0.19%
S 0.13% -4.17% 0.00% -1.18%
S 0.05% -1.66% 0.00% -0.47%
Si2 0.14% -4.66% 0.00% -1.32%
aAB -7.70% 21.57% 0.00% 0.00%
aac 0.84% -28.39% 0.00% -8.18%
OsC -2.60% 19.84% -6.72% 0.00%

Sample 3 AB AC BC Total
S -21.42% 10.73% 0.00% 2.19%
S -0.69% 0.82% -1.47% 0.04%
S -2.59% 3.18% S5.77% 0.13%
Sy -10.36% 4.61% 0.00% 0.61%
S 0.09% -0.93% 0.00% -0.63%
S 0.05% -0.57% 0.00% -0.39%
Si2 0.08% -0.86% 0.00% -0.60%
aAB -8.53% 3.90% 0.00% 0.63%
aac 1.07% -11.44% 0.00% -8.11%
(1):1¢] -2.84% 3.28% -6.42% 0.00%
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Table 5 continued

Transfer efficiency AB AC BC Total
Sample 1 12.8 4.1 44.3 104
Sample 2 22.6 2.8 28 10.8
Sample 3 9.9 8.6 31.4 11.8

Shown are the relative changes of transfer effmemafter a 10% increase in the indicated
factor value. The AB and AC transfer values are cwtected for competition. The labeling
schemes for the different samples are as followshe order of antibody tagged with Alexa
Fluor 488 — 546 — 647): Sample 1: H76.5 — trastuum pertuzumab; Sample 2: pertuzumab —
trastuzumab — H76.5; Sample 3: trastuzumab — H#6gertuzumab. The absolute transfer
efficiency values are given in percentage (%).

From the table it is easy to see, that each fdwera different influence on transfer efficiency
and that the effect of a given factor strongly dejseon the measured intensities and their ratio
to one another (which of course are influenced H®y actual real transfer efficiencies). The
relative changes in Table 5 correspond to maxirhahges of 2-3% in the absolute value of
transfer efficiency. This is for the factors withet greatest influence on FRET and in the
exaggerated case of 10% error. Based on the sthunidmiations of theésfactors, we would
expect smaller real shifts. Table 7 allows us tmjgare standard deviations of transfer efficiency
distributions calculated with either two-dye FRET wipleFRET. In two-dye systems,
tripleFRET suffers from wider population distribanis, which is due to the contribution of
background noise from native intensity channelshef fluorophore missing from the labeling
scheme (AC transfer is affected the most). In tulyee systems, this effect no longer applies,
bringing FRET distribution width closer to that segith two-dye FRET.

Regarding the reproducibility and significance ofasured differences of transfer efficiencies,
we have found the standard deviation for averagé&suasfer efficiency means from independent
experiments to be between 2 and 4.5%. This trassiato a CV of 5-10% depending on the
absolute value of energy transfer. Therefore weldvaonsider FRET changes exceeding 2-5
absolute percent (depending on the measured traeffieiency) between experiments and
samples to be significant and not just introducgdnteasurement error. Within the same
measurement setup, probably even a lower margaedsptable. This of course is only for one
type of transfer efficiency; if more are viewed sitaneously, sample discrimination should

improve.
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e) TripleFRET in three-dye systems with different igpalistributions of dyes

Lastly, we altered the labeling scheme (see Figijeso that the three dyes could not co-localize
on the same protein due to competition betweerbadits. This way we either achieved a dye
configuration where the transfer process from ABtds intermolecular (Sample 2) or dye B

excited by energy transfer from dye A was not wsel proximity of dye C (Sample 3), causing

relay-FRET to become minimal (Figure 11).

Sample 1

\) Sample 3

E g
Sample 2 |5
S odIR o1

v

(

\ ) Exc |\ J
<(C)e <(C)e
Y‘ il
Alexa Fluor 488  Alexa Fluor 546 Alexa Fluor 647
4( Epc ) (B) ©
Sample 1 trastuzumab H76.5 pertuzumab
" N Sample 2 trastuzumab trastuzumab pertuzumab
< > ,G‘ Sample 3 trastuzumab pertuzumab trastuzumab
Y,
~ J Eg | J

Figure 11. Labeling schemes employed to providerradttive spatial distribution and possible
transfer routes between fluorescently tagged aditg#so Bold arrows: primary transfer routes,
dashed arrows: secondary transfer routes, red srrvansfer routes potentially involved in
relay-FRET.

Transfer efficiency was calculated with differenitial equation sets considering four scenarios:
simultaneous relay and direct transfer from A too@ly relay transfer without direct transfer;
only direct transfer without relay transfer; noaselor direct transfer. Results and comparison

with two-dye, dominantly intramolecular FRET valwee summarized in Table 6.

44



Table 6
Comparison of measured transfer efficiencies (#gudated with different initial equation sets
for labeling schemes described in Figure 11

Sample 1 AB AC BC Relay Total
Relay and direct FRET  10.8(9.9) 9.6 (8.6) 314 3.0 11.8
Only relay-FRET 10.8 — 31.5 3.3 12.6
Only direct FRET 7.7(6.8) 12.6(11.7) 315 — 11.7
No relay or direct FRET 7.7 - 31.5 - 13.3
In two-dye system 10.8 10.2 25.0 - 10.2
Sample 2 AB AC BC Relay Total
Relay and direct FRET 2.7(2.4) 11.2(10.9 43.8 1.0 12.2
Only relay-FRET 2.7 - 43.8 1.1 13.5
Only direct FRET 1.5(1.3) 12.1(12.0) 43.8 — 12.0
No relay or direct FRET 1.5 - 43.8 - 13.6
In two-dye system 3.6 10.2 45.1 - 10.2
Sample 3 AB AC BC Relay Total
Relay and direct FRET  22.7 (23.6) -2.8 (-2.2) 22.4 5.0 3.4
Only relay-FRET 22.6 - 22.4 5.0 2.8
Only direct FRET 18.3(17.8) 3.4(2.8) 22.4 — 2.8
No relay or direct FRET 18.5 - 22.4 - 3.5
In two-dye system 20.4 2.2 41.0 — 2.2

The displayedEag andEac values are non-competitive FRET values. CompetiBRET values
are given in parenthesis where applicable. Standavéhtions for table entries are summarized
in Table 8.

In the case of Sample 1, the scheme supposingt dinecrelay transfer to dye C gave the best
approximation of energy transfer values from twe-gdystems without neglecting any transfer
processes. The same was true for Sample 2, wheuenasy only relay transfer neglected the
substantial direct transfer process from dye A toafd supposing only direct-FRET
underestimated energy transfer from A to B. Howgever Sample 3, analysis involving
simultaneous direct and relay transfer failed teegesults with a physical meaning, as A to C
transfer was found to be negative. Calculation$ witly relay transfer produced a relay-FRET
value that was higher than the total energy trarfsben A to C. Therefore a scheme involving

only direct transfer gave the best results, wittygatally plausible results obtained for all
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calculated transfer efficiencies. However, in thesse a small but relevant amount of relay
transfer was neglected, since total transfer wghdrmiin the three-dye system than in a system
with only dyes A and C. As we shall later discuss,Sample 3 several different spatial
distributions are measured at the same time, whalses calculations assuming a single,
homogenous distribution to become inaccurate.

Table 7

Median FRET and standard deviation (SD) valuedHerentries in Table 3 of the main text. All
values are percentage (%)

E as two-dye TripleFRET
E (Median) SD E (Median) SD
E g 13.47 2.735 13.45 2.791
Two-dye Eac 4.85 0.624 4.88 8.271
system
Egc 45.13 3.788 45.12 3.832
Eas 7.95 2.407 13.43 3.891
Enc 11.45 1.054 4.61 2.389
Three-dye Eac 44.32 4.112 44.42 3.514
system
EreIay - - 5.66 1.939
Eroal — — 10.42 0.971
Table 8

Median FRET and standard deviation (SD) valuedHerentries in Table 4 of the main text. All
values are percentage (%)

FRET

efficiency "B SD AC Sb BC SD Total SD

Specimenl 24.20 2.01 - - - - - —
Specimen2 12.32 2.04 — — — — — —
Specimen3 — — 491 0.83 — — 4.79 0.41
Specimen4 - — 9.86 0.81 — — 9.87 0.46
Specimen5  9.79 2.02 9.59 1.02 32.96 6.19 12.42 0.61
Specimen6 21.22 2.61 2.85 2.17 30.55 10.05 10.43 0.63
Specimen7 13.49 2.30 4.50 1.76 44.19 9.04 10.15 0.58
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Table 9
Median FRET and standard deviation (SD) valuegHerentries in Table 6 of the main text. All
values are percentage (%)

Samplel AB SD AC SD BC SD Total SD

Relay and direct FRET 10.84  3.86 9.59 1.72 3144 473 1261 1.30

Only relay-FRET 10.85 3.86 — — 31.45 4.68 — —
Only direct FRET 765 285 1259 133 3151 476 — —
No relay or direct _ _ _ .
e 769 285 3150 4.65
Sample 2 AB SD AC SD BC SD  Total SD
Relay and direct 271 599 1119 263 4381 6.32 12.15 1.40
FRET
Only relay-FRET 272 596  — — 4378 651  — —

Only direct FRET 1.53 331 1213 1.37 43.84 6.30 - -

No relay or direct _ _ _ _
FRET 1.53  3.40 43.84 6.24
Sample 3 AB SD AC SD BC SD Total SD

Re'aigrl‘grd”w 2265 527 284 303 2240 413 345 1.17

Only relay-FRET 2265 5.29 - - 2241 4.16 - -

Only direct FRET 18.41 4.42 3.44 113 2244 413 — —

No relay or direct

ERET 1849 4.35 - - 2245 4.05 - -

Transfer efficiency values in Tables 7-9 are medialiues for distribution histograms. Standard

deviations are also calculated from distributiostdgrams.
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VI. Discussion

1. Effect of multiple FRET partners interacting simudtneously

The allure of energy transfer measurements liegdming spatial data for intermolecular
distances far below the resolution of the imagirapatity applied (nm-s as opposed to 100-s of
nm-sfum-s) (5,105-107). A plethora of methods have beeweldped, each focusing on a
different aspect of the changes in the behaviadyafs that accompany energy transfer. As all
methods that detect dye emission or intensityyehability of the method is only as good as the
reliability of the signal that is detected. Usualdy lot of effort is put into filtering out non-
specific signal components (including, but not tedi to: background correction, correction for
bleed-through and cross-excitation, etc) (108,10@)rive at the “true” signal of the fluorophore
of interest. However, little thought is put intovindhese emission profiles are produced at the
molecular level and are treated “as is”, an intdqwoperty of the dye system. This concept can
be misleading, since (as previously discussed)esmethods are susceptible to signal averaging
and all are sensitive to molecular level influenoésransfer efficiency. Of course, some factors
can be assumed to be constant for a given experi(ean concentration of oxygen or other
soluble quenchers, index of refraction of the cgimg medium) and do not influence changes in
dye signals and transfer efficiency. Then agaimesdactors that are introduced by the method
of choice can influence the measured transferieffay (4,17,110-112). The effect of all these
factors is important, because they determine whetie take-home message of biophysics
lectures- that transfer efficiency change is influenced dmpyintermolecular distance changes

valid for the given experiment.

In our study we set out to establish the effeanattiple fluorophores interacting simultaneously
on measured transfer efficiency. This effect canrddevant for several reasons. Movement,
aggregation and sequestration that accompany lalggrocesses can lead to changes in protein
signatures and alter interacting fluorophore paputa (50). Also, fluorophores are added in at
least a semi-controlled fashion by the scientisi the observed system. Understanding how the
fluorophores influence the measured system is a&ruor correct interpretation of transfer
efficiency values and accurate distance measuresmeéitally, knowledge of dye interactions
allows better experiment planning and opens the dmananipulating dyes in a fashion that

serves better detection sensitivity and dynamigeafor our experiments we used different F/P
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ratio variants of antibodies. This way we ensufed multiple fluorophores were in FRET range
and we could alter their numbers in a controlleshfan to demonstrate the effects of donor and
acceptor abundance in a cellular cell-surface sysMhile we specifically demonstrate the
effects of antibody F/P ratio, the conclusionstfa effects of donor and acceptor abundance are

generally applicable.
a) Intensity quenching and anisotropy of antibodies

First, we compared the properties of the differBff® ratio variants of the antibodies. We
encountered a non-linear increase in fluorescegiasiwith increasing antibody F/P ratio,
implying loss of signal through quenching or sortteeo effect. We first hypothized, that antigen
recognition and/or binding might be influenced b t~/P ratio. Every additional fluorophore
bound to an antibody increases the overall bulthefdye-antibody complex. This theoretically
can result in restricted movement and limit thersst distance of approach and hinder binding
of the antigen by the antibody. Additionally, thged can obstruct the antigen recognition region
of the antibody and further inhibit binding. Howevkabeling antibody concentration dependent
intensity saturation curves were nearly identiedief normalization to maximum intensity) for
small and large F/P ratio antibodies, so F/P rdiw not influence antibody binding. Free
antibodies in solution displayed the same F/P m¢ijpendent intensity saturation as our cellular
experiments, which further ruled out an influendeaatibody-antigen interaction. We also
investigated whether different F/P ratio varianfstlte same antibody differ in absorption,
excitation or emission spectra. A shift in eithgectrum would result in a loss of signal
mimicking saturation: a shift relative to fixed llvidth emission filters would result in an
unequal intensity-clipping for different antibodies shift in excitation spectra would result in
different excitation efficiency from a fixed wavelgth excitation source. Our data did not show
any significant differences in the spectra of tliecent F/P ratio variants, therefore this was
also ruled out as a cause of intensity saturafite. F/P ratio dependent saturation curves were
different for different dyes bound to the same tygbeantibody, whereas different antibodies
conjugated with the same dye had similar curveserdibre the saturation effect was

characteristic for the dye used.

Antibody variants were further characterized withisatropy measurements. Anisotropy
guantifies the degree of polarity lost between aisgent emission and excitation by a polarized
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excitation light. A lower anisotropy value indicat@ larger shift between excitation and
emission polarity. The degree of shift is deterrditiy two main factors: the time that elapses
between excitation and emission (which is deterthibg the fluorescence lifetime) and the
speed of rotation (which is characterized by th&tional time constant). To compare the
anisotropy of different F/P ratio variants, we camgd the intrinsic anisotropies introduced in
the Results chapter (this intrinsic anisotropy diregle freely moving fluorophore conjugated
antibody is not to be confused with the intrinsisisatropy that commonly refers to the
anisotropy of a fluorophore frozen in movement). épected, the free dye had substantially
lower anisotropy than the antibody conjugated vdsiaa consequence of slowed movement
from the added bulk of the antibody. Interestinglytrinsic anisotropy decreased with an
increase in antibody F/P ratio. This cannot be arpd with just the increased complex size of
higher F/P ratio variants (further decrease in mum speed from the increase in size of the
dye-antibody conjugate from additional dyes shoatdually increase anisotropy). Several
processes can take place between the dyes corgugatiee same antibody that alter anisotropy.
Homo-FRET is a FRET process where both donor andptor belong to the same dye species
and is possible because of the overlap betweersemiand excitation spectra of any given dye
(113). Homo-FRET allows excitation energy to bespasfrom one dye to the other without
fluorescent emission. While the individual excitdge state is shortened just as with hetero-
FRET, actual fluorescent emission will occur latean without homo-FRET. Also, since FRET
does not require emission and excitation dipolebeerfectly aligned, the emission polarity
can be changed in leaps. The combined effect isrsification of emitted light directions by
homo-FRET, which reduces anisotropy (114-116). ke dther hand, collision quenching for
instance shortens the fluorescence lifetffrde’)and causes an increase in measured anisotropy.
Our measurements show that increasing F/P ratiocesdthe anisotropy, which suggests that
homo-FRET is the dominant underlying process. Thamal value of intrinsic anisotropy was
correlated with the F/P ratio dependent intensitgrnghing exhibited by an antibody, i.e., the
larger the intensity saturation of an antibody, hiigher the plateau value of intrinsic anisotropy.
This is in line with the assumption that intensggturation is a consequence of collision
guenching, therefore larger saturation means maeaahing which can counteract the effects of
homo-FRET.
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b) Effects of acceptor abundance

Our FRET experiments showed the labeling raticdhefdacceptor to be highly correlated with the
measured transfer efficiency. Transfer efficiencgasured with the same donor and different
F/P ratio acceptor variants increased non-linearityh the labeling ratio. The experimental
measurement points closely matched the theoretioales predicted by our calculations. The
A =E/(1-E) plots also displayed the linear relationship that theory postulated. The fact that
plotting E/(1-E) as a function of the acceptor labeling ratio déeh line demonstrates that each
acceptor dye behaves similarly, increasing the giity of FRET interaction to the same extent.
Also, our transfer efficiency curves as a functioh acceptor F/P ratio closely resemble
previously published curves for varying concentriagi of dyes randomly distributed in solution
(18), further supporting our theory that acceptors botmda single antibody have a non-
preferential, equal chance to interact with the esatonor. Our measurements prove acceptor
availability as a limiting factor for measured FREfficiency. Measured transfer efficiency was
increased nearly two-fold just by increasing theeptor F/P ratio.

c) Effects of donor abundance

Theoretically, increasing the number of donor dgees not increase the probability of an
individual donor to interact with an acceptor (aliigh an individual acceptor interacts with more
donor dyes) and so the fraction of donor molecldssg the absorbed energy through FRET
does not change and transfer efficiency stays unggth Multiple donors interacting with an
acceptor should not affect transfer efficiency riegéy, since donor de-excitation is such a fast
process, that the chance of two simultaneoustexconors competing for the same acceptor is
minimal. (Competition between donors would onlygenet a problem if the dye system could be
driven into saturation with a high enough flux atiing photons. However at such high photon
flux photobleaching would be very prominent, remigrFRET measurements impractical.)
Therefore under conventional circumstances systeitts multiple donors within interaction
distance of the same acceptor (such as antibcaledeld with multiple dyes) are regarded as a

single donor system with respect to transfer proitab

In our experiments we saw a slight increase ofstaarefficiency from the increase of donor F/P
ratio, which was especially evident with the Aldxdaor 546 dye as donor. The same was true

for characteristic transfer efficiency, with a lamencrease with increasing donor labeling ratio.
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This effect is most likely caused by the increadmogno-FRET between the donor dyes upon
increasing the number of dyes bound to the antibdbdg effect of homo-FRET can be explained
as follows (see also Figure 12). As the donor aswkptor move through their possible spatial
positions, the relative orientation of the donorismion and acceptor excitation dipoles also
constantly change, cycling from relative orientasiofavoring FRET transition to ones that
essentially preclude it (59Jhis orientation is taken into consideration wite &> parameter in
the equation foRy. The rate of transfer depends Rn(see equation (2)), and through it on the
orientation factor. The value of is an averaged value for all the possible oriémat but
actually changes dynamically as the fluorophorésteo From the donor’s stand point this means
in certain positions?is large and FRET is likely and therefore dominaitieer de-excitation
processes, such as fluorescence. In other positfamsmall and FRET transitions are not likely
(small rate of transfer), therefore other de-exictaprocesses determine the fate of the excited

state.

Figure 12. Possible effect of homo-FRET on measuretro-FRET. As the donor moves
through its possible spatial positions it cycla®tigh relative dipole orientations favorable (dark
grey shaded areas) and not favorable (white afeasjetero-FRET. Homo-FRET can transfer
energy from positions with low hetero-FRET probigypito positions that favor hetero-FRET
(light grey areas). D: donor fluorophore, A: accggluorophore

In our proposed model homo-FRET acts as a lifdlinehe excited state in positions whefés
small and de-excitation would take place withoutoatribution from FRET. Instead of non-
FRET de-excitation, the donor’s excited state carcdnserved and transferred by homo-FRET
to positions that favor FRET. One could argue Hoaho-FRET will also ‘steal’ the excited state
from positions where FRET is likely. However it Hasen shown, that the number of possible
orientations where? is maximal is fewer than the number of orientagionherex?is minimal

(this is also reflected in the averagégvalue forx?, which is closer to the theoretical minimum
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value of 0, than to the theoretical maximum of 89)( It follows that homo-FRET is likelier
from low « positions, since the excited donor spends more timese positions. In short,
homo-FRET by transferring energy from positions h&RET has negligible probability
increases the average &t which results in a large® and larger FRET efficiency without a

decrease in acceptor-donor distance.
d) Implications for FRET measurements

FRET stoichiometry measurement is a developingl fielt was born from the realization that
most FRET measurement techniques involve the rewpaf apparent transfer efficiencies. This
apparent FRET signal is a consequence of the inhsignal averaging in FRET measurement
methods, i.e. even the smallest resolution unitit(laecell in the flow cytometer or a pixel in a
microscope image) in FRET experiments has a sigmalaged from multiple fluorophores
within the resolution unit. This way signals fromtaracting and non-interacting fluorophore
populations all contribute to emission profiles adceptors and donors. The stoichiometry
methods work around this problem by utilizing allwaltion standard, i.e. FRET efficiency for
the used fluorophore pair is measured with a staiwkd construct containing one donor and
one acceptor (the ratio which we also advocatesasssary for absolute distance measurements)
interacting at a distance characteristic for trewad system (this would be analogous with our
term Ep). The fraction of interacting fluorophores (stoarhetry) is then calculated from the
apparent FRET signal in the knowledge that act&it Fbetween donor and acceptor is equal to
the characteristic FRET obtained with the calilratonstruct.

FRET stoichiometry measurements therefore have pilegequisite that despite changing
interacting fractions the FRET process involves dnaor and one acceptor with a constant
FRET interaction and changes in apparent FRET aee td changes in the proportion of
averaged signals. This criteria is met when inteyacis restricted to two molecules (e.g.
receptor-ligand binding). Our experiments show théien multiple interaction partners are
permitted in the FRET process, a change in intergdtactions can alter the molecular level
FRET (a shift fromE, to E, in our terminology). Under these circumstances FR#ichiometry
cannot accurately measure the total fraction obdoand acceptors participating in FRET. Also,
changes in the number of acceptors interacting datiors in a given FRET process will not be
unmasked. In these situations probably a lifetimaging approach is recommended.
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Figure 13. Simulated distance-FRET response cureoretical curves showing the FRET
efficiency differences for intermolecular distancé#s/ and 8 nm when measured with acceptor
F/P = 1 AEy) and acceptor F/P = AE,) andRy, = 4 nm.

Our results show that manipulating antibody lalzeliatios can be a simple tool for increasing
measurement sensitivity beyond a better signakn@so of the measured intensities. Based on
our results thd, of the acceptor-donor dye system can be manigllatechanging the labeling
ratios. If we denotdr, as the Forster distance for a FRET system withicceptors, then by

substituting equation (4) into (24), the relatiopgbetweerRkR,andRyis:

e- "R _ R
" nR+RFR R+ R (47)
R,=nf[R (48)

Although this does not seem like a significant @age inRy, it still leaves a lot of room for
manipulation of the FRET system (see Figure 13)p8i by changing th&, of the system we
can shift the intermolecular distance-FRET respang®e. Therefore by increasing acceptor

labeling ratio the value of FRET efficiency canibereased. This can be useful in low-FRET
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systems, where FRET levels can be elevated totdetedevels above background. Further, the
curve can be shifted so that all possible distari@nges in a given system are followed by a
significant change in FRET. For instance reduciocgator F/P ratio can be beneficial, if FRET
values are near saturation, since a smaller F/Bpsmcreduces systeRy and increases FRET
change over that particular distance range. Thefliesf this approach is that FRET sensitivity
is increased without having to choose a new accemoor pair which involves re-measuring
the ratio of themolar extinction coefficients of the fluorophores the donor excitation
wavelength recalculatind, and re-optimizing the measurement setup for thedyes, if it is at

all possible (e.g., availability of different exatibn wavelengths in a laser is limited, available
emission filters, etc.).

The concept has been recently utilized to exterdHibrster-distance of protein systems, so that
transfer efficiency is detectable at intermolecwetances of 15 nm (118). Labeling the protein
of interest with multiple acceptors randomly distiied on the protein surface elevated transfer
efficiency above the level measured when just glsimcceptor is used. Although with this
approach the acceptor can no longer be treatedvaisgha well defined, point-like distance from
the donor, it allows detection of protein interantiat distances exceeding the conventional range
of FRET experiments. This should allow a much besagiapping of molecular networks to
encompass interaction partners that were missetlibe®f the distance restrictions that apply to

energy transfer measurements.

2. TripleFRET measurements

FRET measurements have gained wide acceptancmears of following changes in molecular
distance and association. However, the fact th&TFRequires a close proximity of the donor
and acceptor dyes has limited the dynamic rangthefe measurements. Recent studies have
shown that, by adding a third dye, the dynamic eamigFRET can be extended via relay-FRET.
With the addition of a new dye, new energy trangihways are opened, which may compete
with the pathways already known from a two-dye eystThe untangling of these pathways not
only allows for a larger FRET range, but also hhs potential to study the proximity
relationship of three labeled molecules at the séime. Given the complexity of protein
networks in signaling pathways, such an extensem lme quite important in the quantitative

description of protein interactions in signalinggesses.
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a) TripleFRET: a novel method to measure energy tersfthree-dye systems

Previous methods for measuring transfer efficiebetween three fluorophores either relied on
complicated fusion protein constructs (86,119-12#e developed for dyes in solution and not
adaptable for flow cytometers (80,81,87-89,122)he@eded a reference sample to determine the
guantity of the donor dye (dye A) for proper caditoon of transfer efficiencies. While the latter
approach is also used and accepted as the sinmpétisod for calculating transfer efficiency in
two-dye systems (123), it carries the risk of skeéwesults if the quantity of the dye changes
between samples. In experiments with antibodiesjugated with fluorescent dyes, the
probability for this is small as long as there csaompetition between the antibodies. However,
when fluorescent protein coupled proteins are esg@@ in a cellular system, expression
efficiency can vary from cell-to-cell and this effes even more accentuated when multiple
exogenous proteins are expressed (124). Theref@esought to develop a method which does
not rely on an external reference sample to cateutansfer efficiency. We identified and broke
down to quantifiable components six different emissntensities in total, which, in a system of
equations allow the individual FRET between eacmbyer of the system to be assessed, which
in turn carries information about the relative gdabrganization of the studied molecules or
epitopes. Both uncorrected and competition-cortettansfer efficiencies were calculated to
determine the apparent FRET of the dye systemgevgtill obtaining the competition-free FRET
values of a two-dye system. In our system, comgcfor competition led to only minimal
changes in transfer efficiency. However, in othgtams closer proximity and/or larger spectral
overlap between dyes could result in larger indigidFRET efficiencies and therefore more
significant competition, making this a valuablelttuy generating FRET efficiencies comparable

with values from two-dye systems.

In our experiments we used Alexa Fluor 488, AlekeoF546 and Alexa Fluor 647 fluorophores
as dyes A, B and C, respectively. There is sufficepectral overlap between the excitation and
emission spectra of these fluorophores to allowdibrtheoretically possible energy transfer
routes.When measuring two-dye systems, evaluation withclassical intensity-based FRET
and with the tripleFRET method gave comparablelt®sAlso, FRET efficiencies obtained by
the tripleFRET approach in three-dye systems fgrdye-pair were in good agreement with the
values measured and calculated for the correspgrdiordye system. However, when using the

two-dye intensity-based method in a three-dye systee measured significantly lowBrgand

56



significantly higherEac values compared to the corresponding two-dye syst&his can be
attributed to the quenching of fluorophore intensihd augmentation of sensitized emission by
the third fluorophore, so that distorted values ased as acceptor and donor fluorophore

intensities during energy transfer calculation.

To demonstrate the sensitivity and the discrimorapower of our approach, we have mixed, in
a single tube, several distinctly labeled sampleslave shown that following the acquisition of
a single data set it is possible to resolve theouarcomponents of the population based on the
correctly calculated individual FRET efficienciedavant to the various molecular interactions

characteristic of each label type.
b) Transfer efficiency in systems with multiple transichemes

The results show that while our method is accurtéils to distinguish between different
spatial distributions that produce near-identicansfer efficiency profiles. Without prior
knowledge of the studied system, based solely amster efficiencies between pertuzumab and
trastuzumab in two-dye systems, Sample 2 in Fidureean be assumed to follow the same
spatial distribution as Sample 1. Only with the Wiexige of antibody binding stochiometry (i.e.
just one recognized epitope per protein) can aarate model be constructed. Theoretically, the
two cases are distinguished by a slight increadeagnandEgc from the presence of additional
transfer routes; however, the contribution of thesges is mostly small and can be masked by

measurement noise and biological variability.

As with all ensemble-oriented methods relying amals from several fluorophores, individual
FRET processes are averaged and are indiscerrphedne another (70). Sample 3 in Figure 11
demonstrates a spatial distribution where the dantitransfer processes characterizedky
and Eac are competitive, and there is an independent peoaharacterized b¥sc. The
assumption that relay transfer is equal to the yebdf Eag andEgc is still valid; however, due
to spatial separation, one of the processes caotitidh to relay-FRET is significantly smaller
than the dominant process characterizedERy or Esc. In this case, calculations assuming
parallel direct and relay-FRET with the measurednidant individual transfer values will
overestimate quenching &g through dye C and contribution of relay-FRET tosgzed
emission of dye C. This in turn results in undenestion of Exc. If the equation set assumes

only direct transfer from A to C, thdfag is underestimatedsac is overestimated and relay-
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FRET is neglected altogether. Ideally, the two sdeoy relay-FRET processes besides the

dominant direct transfers should also be takenantmunt.

In most cases, various distinct molecular intecaicichemes allow physically plausililgs, Eac
andEgcvalues to be calculated from the same quenchedrdobsensitized acceptor emission
intensities. This in turn means that being abledlrulate a given transfer efficiency does not
guarantee that the FRET process is actually tapiage at the molecular distance deduced. For
instance, sensitized emission of dye C can bebatad to direct FRET between A and C, relay
excitation through B or both. Based solely on istgndata we cannot distinguish between these
cases or tell which one of them apply to a givanasion. Even if multiple orientations are
considered in FRET calculations, as long as thativel contribution of each to the ensemble
FRET signal is not known, precise efficiency valewasinot be calculated. The same effect is
achieved when not all fluorophores participatehe transfer process, for instance, when three
different proteins are labeled. The presence dfisidye species without transfer partners under
such conditions is a problem even in traditionaeznble measurement types (71). Theoretically,
an initial equation set can be developed to takkiphel simultaneous distributions into account;
however, the number of variables does not allow dbeation set to be solved with the six
measurable intensities. Therefore, accurate irtiebased calculations require prior knowledge
about possible transfer routes, either from measenés in two-dye systems or known and/or
limited spatial distribution of the imaged dyesr (fiastance rigid DNA strands that allow for only
certain spatial orientations and limit the numbérirdgeracting dyes). Alternatively, single-
molecule or lifetime measurements can help ideiifg characterize possible dye interactions in
the studied system. Spectral analyses and unmirengalso be a viable route to determine the

relative abundance of different dye species (52,121

This limitation was not addressed in previous papercause the model system used to test the
method ensured co-localization of all three dyes ram variation in the interaction scheme. This
is an inherent property of single-molecule imagmethods, since only one fluorophore triplet
and as a consequence one interaction scheme etk a time. Further, all measurements
with DNA strands, fixed distance three-fluorophoomstructs or multimers, where FRET is only
possible in a given relative conformation of theagad molecules ensured transfer processes
were restricted to individual trimers of dye A, BidaC. This corresponds to the scheme

represented by Sample 1 in Figure 11. The keyicéetis of this scheme are: FRET only takes
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place within the dye-trimer; a shared dye B pagrttes inEag and Egc, SO if Eag andEgc are
detected relay-FRET also occurs alfgs is quenched byEgc only dominantEag and Egc
contribute to relay-FRET; iEac is measured it places dyes A, B and C in the esroka virtual
triangle. In these restricted systems tripleFRETag¢xjthe efficacy of previously published three-
dye methods, however without the need for an eateaierence sample. Whether other methods
can distinguish between schemes exemplified by &smp and 2 in Figure 11 or accurately
measure the individual FRET efficiencies of theesoh demonstrated by Sample 3 is not known,
since the model systems used to demonstrate thetleods did not allow such diverse
interaction schemes to occur (donor quenching naistleiould detect changes in total-FRET
accurately). In such a fashion, either by chanadesign, the restricted applicability of three-dye
FRET measurements was not unmasked. It shouldb&smoted that these considerations are
only vital when precise absolute transfer efficien@lues are needed and can be partially
neglected when FRET is only used as a semi-quawditendicator (e.g. identification of distinct
populations, relative conformation changes) or ratgon scheme changes during the

experiment can be ruled out.
c) Forster distance of relay-FRET

In previous papers, the three-dye system was moltyacterized with the total energy transfer
of the donor to multiple acceptors. The higher It@aergy transfer values of the three-dye
system over a two-dye system have been interpestesh increase in the Forster critical distance,

Ro. Using equations (4) and (1&eiay can be given as follows:

E oy = L S (49)

relay ~ r6 r6 r 6
R)AB BC F§ABC

whererxyis the actual physical distance of the indicated dgir andRoxy is the corresponding
Forster distance. The ind&BC denotes the distances as interpreted for the whtdg transfer
process. In a three-dye system, &€ distance as determined through relay-FRET (whsch i
different from the Euclidean distance between A @ndince by definition, excitation first has to

travel to B before being passed on to C) is equti¢ sum oAB andBC distances:

(50)

asc =Tag T BC,

59



By combining equations (49) and (50), the Forstiéical distance for relay transfer can be given

as:

Rossc = Y(Faat 1od° Rose Thec (51)

6/p6 16 6 .6 6,6
\/R()ABch+ Ryeclast M'ad ac

Therefore the critical distance for relay-FRET isfumction of the individual specific dye

distances. Accordingly, the Forster distance catedl for relay-FRET is not an intrinsic
property of the dyes determined by their spectih guantum yields, but an arbitrary distance
derived from distances calculated for two indepahdensecutive FRET processes. Thus in our
view it is inappropriate to assign & to relay-FRET, since it is only a mathematical stanct

that does not have a true physical meaning, aselfagives the impression that it possesses the
same type of spatial information as the distaneésutated from the individual two-dye FRET
efficiencies in characterizing the three-dye systknthis sense, relay-FRET should be used as a
gualitative indicator of dye interaction in thregedsystems, but not as the basis for quantitative

distance measurements.

The methods and concepts presented in this thbeis, ghat the conventional limitations of
FRET experiments can be overcome by either addihgddye or altering the labeling ratio of
the antibodies used. This allows scientists to tidamore proactive approach and tune the
behavior of the FRET system to accommodate theuenmjoperties of the molecular system of
interest. Additionally, the third dye permits intigation of higher complexity systems, since
more interactions can be monitored simultaneouslysummary, tripleFRET and knowledge of

the influence of dye availability further expantle tapabilities of FRET measurements.
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VII.

Summary

We set out to characterize different F/P ratio asats of fluorophore conjugated antibodies and

then utilize them to determine the effects of dperalance on transfer efficiency. Our major

results are:

Fluorescence intensity of dye conjugated antibodeess not increase linearly with F/P
ratio and dye-specific intensity saturation is pras A difference in dye behavior was
also detected with anisotropy measurements.

We showed both acceptor and donor F/P ratio dyrecfluence the measured transfer
efficiency.

We verified that acceptor abundance has the gteeffest on FRET efficiency, with a
non-linear increase in transfer efficiency due noreasing the interacting number of
acceptors.

We were able to predict dye influence with our tie¢éical model, which facilitates

manipulation of the FRET system in a purposeful veayield better results.

With tripleFRET, we wanted to contribute to thewgnog field of three-dye FRET measurements

in two key areas, which are also part of the apmdatwo-dye FRET. ease of use and

applicability in cellular systems. Our novel thdge method, tripleFRET has the following

characteristics:

Can be performed on regular flow cytometers.

Allows calculation of all individual transfer effencies in a three-dye system without the
need for an external reference sample.

Matches the sensitivity of previous three-dye mé¢ho

Equals the performance of traditional two-dye FRETiwo-dye systems and delivers
more reliable results in three-dye systems.

Allows direct comparison of FRET data from two- atmlee-dye systems when prior
knowledge about the spatial localization is alsailable.

In conclusion, our work delivers new insights ith@ FRET processes in three-dye and multi-

fluorophore systems. This allows us to gain adddl information from the investigated system

and optimize FRET measurements.
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VIILI.

Osszefoglalas

Célul tiztik ki, hogy jellemezzik a fluoroforral konjugahtitestek kilonbdy valtozatait és

utdna segitségukkel megallapitsuk a festék kinddafsat a transzfer hatékonysagra. 6A f

eredményeink:

A festékkel konjugdlt antitestek fluoreszcens iatsa nem linearisanénaz F/P
arannyal és festékre jellethintenzitasteliddés figyelhaet meg.

Az akceptor és donor F/P arany kdzvetlen hatassabvneért transzfer hatékonysagra.
Az akceptor kindlatnak van a legnagyobb hatasa BTFRatékonysagra, a transzfer
hatékonysag nem linearisaé a kdlcsonhat6 akceptorok szamaval.

Elméleti modelliinkkel meg tudtuk josolni a festéleglergiatranszferre gyakorolt hatasat,
ami ebsegiti a FRET rendszer tudatos manipulélasat agomények érdekében.

Két kulcskérdésben, amely a két festékes FRET eézsgéért is felék, akartunk hozzajarulni

a harom festékes FRET mérések noveteriiletéhez: konnymetodika és sejtes rendszerekben

valé alkalmazhatésag. Az () harom festékes modekeria tripleFRET a kovetkéz

tulajdonsagokkal bir:

Hétk6znapi aramlasi citométereken kivitelezhet

Kilsé referencia minta nélkil lehité teszi az egyedi transzfer hatékonysagok
kiszdmitasat harom festékes rendszerekben.

Erzékenysége azonos a korabban kozolt harom festéédszerekével.

Hagyomanyos két festékes FRET-tel 0sszehasonliévddstékes rendszerben azonos
eredményt nydjt, mig harom festékes rendszerbemizieatdbb.

Lehetivé teszi a kett és harom festékes rendszerben mért transzfer dmgtehkgok

0sszevetéset, hasebleg adatokkal rendelkezilink a térbeli pozicidkrol.

Osszegezve, a munkank (j adatokkal szolgal a héastékes és tobb fluoroféros rendszerekben

lezajl6 FRET folyamatokrél. Ez leliste teszi még tobb informacid gjyesét a vizsgalt

rendszerekil és a FRET mérések optimalizalasat.
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