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ABSTRACT Fluorescence resonance energy transfer (FRET) is a technique used for quantifying the distance between two
molecules conjugated to different fluorophores. By combining optical microscopy with FRET it is possible to obtain
quantitative temporal and spatial information about the binding and interaction of proteins, lipids, enzymes, DNA, and RNA
in vivo. In conjunction with the recent development of a variety of mutant green fluorescent proteins (MtGFPs), FRET
microscopy provides the potential to measure the interaction of intracellular molecular species in intact living cells where the
donor and acceptor fluorophores are actually part of the molecules themselves. However, steady-state FRET microscopy
measurements can suffer from several sources of distortion, which need to be corrected. These include direct excitation of
the acceptor at the donor excitation wavelengths and the dependence of FRET on the concentration of acceptor. We present
a simple method for the analysis of FRET data obtained with standard filter sets in a fluorescence microscope. This method
is corrected for cross talk (any detection of donor fluorescence with the acceptor emission filter and any detection of acceptor
fluorescence with the donor emission filter), and for the dependence of FRET on the concentrations of the donor and
acceptor. Measurements of the interaction of the proteins Bcl-2 and Beclin (a recently identified Bcl-2 interacting protein
located on chromosome 17g21), are shown to document the accuracy of this approach for correction of donor and acceptor
concentrations, and cross talk between the different filter units.

INTRODUCTION

Fluorescence resonance energy transfer (FRET) microscopletecting light emitted at the wavelengths corresponding to
is a technique used for quantifying the distance between twthe emission spectrum of either the donor and/or the accep-
different fluorophores (Clegg, 1996). FRET involves thetor. When FRET occurs, the donor emission is decreased
transfer of energy from a fluorescent donor in its excitedand the acceptor emission is increased (sensitized emis-
state to another excitable moiety, the acceptor, by a nonraion). Various methods have been used to measure FRET
diative dipole-dipole interaction (Lakowicz, 1983). FRET from the changes in donor and acceptor emission. Proper
requires that 1) the donor be fluorescent and of sufficientlyuse of FRET measurements to characterize molecular inter-
long lifetime, 2) the transfer not involve the actual resorp-actions requires that corrections be made for 1) cross talk
tion of light by the acceptor, 3) the donor molecule’s fluo- (the detection of donor fluorescence through the acceptor
rescence emission spectrum overlaps (to some extent) thenission filter and the detection of acceptor fluorescence
excitation spectrum of the acceptor molecule, and 4) theéhrough the donor emission filter), 2) the situation that each
distance between the donor and acceptor molecules is smalf the measured fluorescence intensities consists of both
(1-10 nm). The dependence of the energy transfer effiFRET as well as non-FRET components, 3) the concentra-
ciency on the donor-acceptor separation provides the bast®n of donor, and 4) the concentration of acceptor. This
for the utility of this phenomenon in the study of cell report presents a simple method to correct for each of these
component interactions. FRET does not require that th@arameters. The method requires a minimum of spectral
acceptor be fluorescent, but the methods of FRET measuréformation and can be readily implemented on a micro-
ment requiring three filter sets presented in this report descope or in a fluorometer. Corrections for background flu-
require that the acceptor be fluorescent and that the acceptorescence, autofluorescence, and photobleaching may also
not quench the donor by any mechanism other than FREThe required and are applied before using any of the methods
In steady-state FRET microscopy FRET can be detectediscussed below.
by exciting the labeled specimen with light of wavelengths

corresponding to the excitation spectrum of the donor and
METHODS
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fluorochrome conjugated antibodies specific to the target proteins. Wild-Dfa is the acceptor signal (i.eDfa represents the acceptor fluorescence
type and mutant Flag epitope tagged Beclin were labeled with donomith the Donor filter set with both fluorochromes preseijd = Dfd —
fluorochrome (FITC) and Bcl-2 was labeled with acceptor fluorophore FRET1whereDfd is the donor signal that would have existed if no FRET
(rhodamine). As a control for these studies we labeled the endoplasmioccurred (as if no acceptor were present) &RET1is the loss of donor
reticulum C&"-ATPase (SERCA) with donor (FITC) and Bcl-2 with signal due to FRET (because acceptor was in fact presgfatyvill be zero
acceptor (rhodamine) in the same cell type. if the wavelengths of emission of the acceptor do not overlap the wave-
FRET was detected by exciting the labeled specimen with light oflengths of transmission of the emission filter of the Donor filter set, or if
wavelengths corresponding to the absorption spectrum of the donor anithe excitation spectrum of the acceptor does not overlap the wavelengths of
detecting light emitted at the wavelengths corresponding to the emissiotransmission of the excitation filter of the Donor filter set. Expresdfig
spectrum of the acceptor. FRET manifests itself by both quenching off, andAf as their donor and acceptor components yields Egs. 1.
donor fluorescence in the presence of acceptor and in sensitized emission

of acceptor fluorescence. FRET microscopy was performed as previously Df = Dfd + Dfa (1a)
described (Liang et al., 1993). The donor (FITC) filter set consisted of
[excitation (ex)= 480-500 nm; dichroic mirror (dmy 510 nm; emission Ff = Ffd + Ffa (1b)
(em) = 515-555 nm]. The acceptor (rhodamine) filter set consisted of
[ex = 546/40 nm; dm= 580 nm; em= 590 nm long pass]. Images Af = Afd + Afa (10)

obtained with these two filter sets were used to directly quantify the ) ) o

intensities of each fluorophore. The FRET filter set consisted offex ' 1d IS nonzero only if the donor emission spectrum overlaps the wave-
450-490 nm; dm= 580 nm; em= 580 long pass]. The signal recorded lengths of transmission of the acceptor emission fikdd.is nonzero if the
from this filter set is the FRET signal that arises from energy that has bee'qonor is excited and the Acceptor filter set detects its emission. Thus|_the
transferred from FITC to rhodamine molecules. A background value wad®MsDfa. Ffd, andAfdare all due to cross talk; any one of these terms will
determined from a region in each image that did not have any cells. Th&€ 2ero if its particular type of cross talk is not present.

background value was subtracted from the foreground value from a region In_addmon_tq these symbo!s, we also dgf_me a_set of two-letter symbols
within a cell. A mapping program written in-house was used to mapfor signals arising from specimens containing elt_her only dqnor or only
fluorescent cells and quantify the intensity within each cell. acceptor fluorochromeDd, Fd, and Ad represent signals obtained when

only donor is present, whilBa, Fa, andAa signify signals obtained when
only acceptor is present. These six measured values characterize the
General equations for FRET fluorophores’ excitation and emission spectra including cross EakAd,

. Fa, andDa represent cross talk) and characterize the filter sets by provid-
All the methods of FRET measurement discussed here use one or more mg the signal with each filter set from the same specimen. For example,

three filter sets, which are termed the Donor, FRET, and Acceptor filterery g is the ratio of two quantities that are not directly measurable.
sets. These filter sets are designed to isolate and maximize three S'gnaﬁbwever this quantity can be measured as the mtidd = Ffd/Dfd.

the donor f!uorescence, the acceptor fluorescgnce due to FRE_T' arld ti?—‘?d/Dfd is the ratio of the donor signals obtained with the FRET and Donor

directly excited acceptor fluorescence, respectively. The excitation fllterqz”ter sets from a specimen with both donor and acceptor preBefidd is

for the donor filter set and the FRET filter set are either the same filter or, < the ratio of the donor signals with the FRET and Donor filter sets from

two matched filters. The emission filters for the FRET and Acceptor filter specimen with only donor present. The FRET that may occur in the

sets are either the same filter or matched filte_rs. Neutral density filtgrs Ma¥hecimen with both donor and acceptor does not affecEtdédfd ratio

be used to match the signals from the three filter sets to the dynamic rangg, .o se the same fractional loss due to FRET occurs with both filter sets.
of the detector. Rearranging the equation yiel&id = Dfd (Fd/Dd). By using similar logic

In previous publications describing analysis of FRET data authors havebfa = Ffa (Da/Fa), andAfd = Dfd (Ad/Dd). In the latter case the emission
tended to use different symbols for the various fluorescence signals. Thoslﬂter is the same between the two filter sets. Substituting these three

symbols will be used when appropriate. In addition, a common set Ofrelationships into Egs. 1 yields Egs. 2.

symbols is defined which represents and replaces most of the previously

used symbols and provides a common vocabulary for comparison of the Df = Dfd + Ffa(Da/Fa) (2a)
various methods. Two- and three-letter symbols are defined to represent the
signals using the type of filter set (Donor, FRET or Acceptor), the fluo- Ff = Dfd(Fd/Dd) + Ffa (2b)
rochromes present in the sample (donor only, acceptor only, or both donor
and acceptor) and the signal from either just the donor or acceptor when Af = Dfd(Ad/Dd) + Afa (2¢c)

both are present in the sample. Each symbol starts with an uppercase letter
representing the filter se for the Donor filter setF for the FRET filter Each of the six terms on the right sides of Egs. 2 can be expressed as two
set, andA for the Acceptor filter set. The second letter is lowercase andcomponents: a FRET component and a non-FRET component. As in the
indicates which fluorochromes are present in the specirddor donor example aboveDfd can be expressed as the donor emission that would
only, a for acceptor only, and for both donor and acceptor present (so occur in the absence of FRET, minus the loss of donor emission due to
FRET is possible). In the three-letter symbols, the third letter is lowercasé-RET Dfd = Dfd — FRETY). Dfd originates in the equation for the Donor
and indicates the signal from only one of the fluorochromes when botHfilter set, Eq. 2 a. In Eg. 2, b and c, the donor contributions are also
fluorochromes are present. For example, if the third lettek, ihis would expressed in terms d@fd. Afa originates in the equation for the acceptor
indicate the donor component of the combined signal, whilevould filter set. The next step is to express the acceptor contributions in Eq. 2, a
indicate the acceptor component of the combined signal. The donor- oand b in terms oAfa. Afahas two components, the component representing
acceptor-only signals represented by the three-letter symbols cannot kibe signal as if no FRET occurredfa, and the component due to FRET,
measured directly unless the acceptor is not present when donor is to hemporarily termedAfaFRET Ffa has two components, the component
measured, and vice versa. (This is equivalent to the situation where themepresenting the signal as if no FRET occurréth, which equalsAfa
is no cross talk of that type.) A second type of three-letter symbol consist¢Fa/Aa) (by logic similar to the logic above), and the component due to
of a three-letter symbol of the first type with a bar over it and is used toFRET, which is expressed & - FRET1(the valueG will be explained
indicate the signal that would exist if no FRET occurs. Tables 1-3 list eactbelow).G - FRET1is expressed in terms of the loss of donor signal due to
of the symbols used in the analysis of the FRET data along with the filterFRET (FRETJ. The acceptor FRET signals in the other two equations will
set, fluorochromes present, and an explanation of what is measured undee expressed in terms d& - FRET1 Dfa has two components, the
each condition. component representing the signal as if no FRET occuiléd,= Ffa

As an exampleDf is the signal with the Donor filter set and both (Da/Fa) = Afa(Da/Aa) by substitution and the component due to FRET
fluorochromes presendf = Dfd + Dfa whereDfd is the donor signal and G - FRET1(Da/Fa) expressed in terms of the component due to FRET of
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Two-Letter Fluorochromes
Symbol Filter Set Present Meaning

Dd Donor donor The signal from a donor-only specimen using the
donor filter cube

Fd FRET donor The signal from a donor-only specimen using the
FRET filter set

Ad Acceptor donor The signal from a donor-only specimen using the
Acceptor filter set

Da Donor acceptor The signal from an acceptor-only specimen using the
donor filter cube

Fa FRET acceptor The signal from an acceptor-only specimen using the
FRET filter set

Aa Acceptor acceptor The signal from an acceptor-only specimen using the
Acceptor filter set

Df Donor donor and acceptor The signal from an acceptor-only specimen using the
donor filter cube

Ff FRET donor and acceptor The signal from an acceptor-only specimen using the
FRET filter set

Af Acceptor donor and acceptor The signal from an acceptor-only specimen using the
Acceptor filter set

Dd’ Donor donor The same &3d but with acceptor concentration
proportional to donor concentration

Fd’ FRET donor The same & but with acceptor concentration
proportional to donor concentration

Ad Acceptor donor The same &gl but with acceptor concentration
proportional to donor concentration

Da’ Donor acceptor The same Bs but with acceptor concentration
proportional to donor concentration

Fa’' FRET acceptor The same Ba but with acceptor concentration
proportional to donor concentration

Aad Acceptor acceptor The same Aa but with acceptor concentration

proportional to donor concentration

TABLE 2 Three-letter symbols and their interpretation

Signal from
Three-Letter Fluorochromes which
Symbol Filter Set Present Fluorochrome Meaning

Dfd Donor donor and acceptor donor Refers to only the donor signal when both
donor and acceptor are present

Dfa Donor donor and acceptor acceptor Refers to only the acceptor signal when
both donor and acceptor are present

Ffd FRET donor and acceptor donor Refers to only the donor signal when both
donor and acceptor are present

Ffa FRET donor and acceptor acceptor Refers to only the acceptor signal when
both donor and acceptor are present

Afd Acceptor donor and acceptor donor Refers to only the donor signal when both
donor and acceptor are present

Afa Acceptor donor and acceptor acceptor Refers to only the acceptor signal when

. both donor and acceptor are present

Dfd Donor donor and acceptor donor Refers to the donor signal that would
have been if no acceptor were present

L and therefore no FRET occurred

Afa Acceptor donor and acceptor acceptor Refers to the acceptor signal that would

have been if no donor were present and
therefore no FRET occurred

Ffa (which is G - FRETY)). In order to expres&faFRETin terms ofG -
FRET1it is important to note that the difference between the signals is thecomponent of the acceptor signal depends on the donor excitation. Equa-
excitation filter used and that the FRET signal is proportional to thetions 3—6 summarize these results.

excitation of the donor (and not the direct excitation of the acceptor). The
ratio of measured values that relates the excitation of the donor with the

FRET and Acceptor filter sets &d/Fd. ThereforeAfaFRET= G- FRET1

(Ad/IFd). This logic is slightly different from the logic above since a

Dfd = Dfd — FRET1 ()
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TABLE 3 FRET symbols and their interpretation FRET1
Other [

Symbols Meaning _ Ff = (Fd/Dd)Df — Afg(Fa/Aa) — (Fd/Dd)(Da/Aa)]
FRET1 Loss of donor signal due to FRET using Donor filter set in G[l - (Da/Fa)(Fd/Dd)]

the method using three-filter sets - 8b
FRETN Normalized measure of FRET equal FRET¥(Dfd - Afa) ( )
FRET2 Equal toFRETIDfd _ _
FRET3 Equal toFRET¥(Dfd - Afa), which equalsFRETN Dfd = Df + FRET11 — G(Da/Aa)] — Afa(Da/Aa)  (8c)

FRET4 Loss of donor signal due to FRET using Donor filter set in
the method using two-filter sets

G Factor relating the loss of donor emission due to FRET in ~ FRETN: A fully corrected measure of FRET
the Donor filter set to the gain of acceptor emission due to
FRET in the FRET filter set The measure of FRET normalized for the concentrations of donor and

acceptor and derived from Egs. 8 is termig@ETNand is given in Eq. 9.

FRET1 [bound
Dfd- Afa  [total d] - [total &

FRETN= )

Afa= Afa+ G- FRETXAJFd) (4)

o Equation 9 also indicates the proportional relationship betw@d&T Nand
Ffa = Afa(Fa/Aa) + G- FRET1 (5) the concentrations of the interacting and noninteracting species. In Eq. 9,
[bound represents the concentration of interacting pairs of the donor
6 labeled species and the acceptor labeled speciest@matld] and [total a]
( ) represent the total concentrations (interacting and noninteracting) of the
donor and acceptor labeled species, respectiRET1is proportional to
Substituting Egs. 3—6 into Egs. 2 yields Egs. 7. the FRET signal from the specimen, which in turn is proportional to the
o - number of interacting pairs of donor and accepRfd is the donor signal
Df = Dfd — FRET1+ Afa(Da/Aa) + G- FRETXDa/Fa) that would take place if no FRET occurred and is therefore proportional to
(7a) the total concentration of donohfais the acceptor signal that would take
place if no FRET occurred and is therefore proportional to the total
e~ v concentration of acceptor. All three valudsRET] Dfd, and Afa are
Ff= (Dfd a FRET])(Fd/Dd) + Afa(Fa/Aa) +G-FRET1L corrected for cross talk and have fully separated the FRET signal from the
(7b) non-FRET signalFRETNis a measure of FRET, which has the further
- - correction that it is normalized for the donor concentration and acceptor
Af = (Dfd — FRET1)(Ad/Dd) + Afa+ G- FRETIAdJFd) concentrationFRETNIis not equal to or proportional to the equilibrium
(7¢) constantKe,, but does look similar t&, for interaction between the donor
labeled species and the acceptor labeled species (cf. Eq. 10).

Keq = [bound/([free d - [free &) (10)

Dfa = Afa(Da/Aa) + G- FRETXDa/Fa)

In Egs. 7, all the terms with ratio multiplier®é/Aa, Fd/Dd, etc. are the
ratio multipliers) are due to cross talk. None, some, or all of these cross talk

terms may be zero for a given choice of fluorochromes and filters. How-

ever, the solution of this most general case can be processed to give tméhere bound is as before, andifee d and firee g are the concentrations

correct answer for any choice of fluorochromes and filters, whatever the' (e noninteracting donor labeled species and noninteracting acceptor
cross talk situation. labeled species, respectively. The relation betwEB&ETN and K, is

G is the factor relating the loss of donor signal due to FRET with the MONOtoNiC; that is, wheneve(,increases so do#RETN A sketch of the
Donor filter set to the increase in acceptor signal due to FRET with the€/ation betweerRETNandKqis shown in Fig. 1. The shape of the curve

ERET filter set. relating FRETN and K, is known but absolute values are not known.
FRETNis a relative measure #f,,even though the exact relation between
Y ¢) T the two is unknownK, is the best measure of the interaction intensity of

— Q a¥a 'F the donor labeled species with the acceptor labeled spddRiSTNis not

QYy g Tp equal to or proportional t&., but it is a relative measure ¢f., and

therefore of the interaction intensityRETNmakes the best use of the data

where QY, and QY, are the quantum yields of the acceptor and donor, collected using the three filter sets described. Any better measure would
respectively, and, is the fraction of the acceptor fluorescence transmitted require substantially more data.
by the acceptor emission filter. Similarly is the fraction of the donor With the proper choice of filters, the values Dfa and Ad can be
fluorescence transmitted by the donor emission fillerand T, are the effectively zero for fluorescein and rhodamine as the donor and acceptor,
fractional transmissions (or percent transmissions) of the neutral densitig@spectively. In this case the calculationF®ETNis greatly simplified, as
used in the two filter sets. The fraction of fluorescence transmitted is equal
to the area under the product of the fluorescence emission spectrum, and
the transmission spectrum of the emission filter divided by the area under
the emission spectrum. The bit-mapped graphics program Adobe Photo-
shop was used to estimate the areas under the various curves by counting
pixels with the histogram function. L

Equations 7 contain three unknowr3f¢, FRETY, andAfa), and whose
solution is given by Egs. 8.

FRETN

__ Af— (AdFd)Ff S
Afa

= 8a
1 — (Fa/Aa)(Ad/Fd) (82) FIGURE 1 Relationship betwedFRETNandK,, See text for details.
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shown in Eq. 11. Other means of calculating FRETN
Ff — Df (Fd/Dd) — Af(Fa/Aa) There are two alternative derivations fBRETNthat produce the same
FRETN= G-Df-Af (11)  values forFRETNbut which are (at least superficially) different from the

solution of Egs. 7. The first of the alternative ways is an extension of
formulation used to develop the FCET method (Tret al., 1984). The
second of the alternative ways is presented for completeness.

The first of the alternative methods for calculatiRRETNis derived

In Eq. 11G occurs only as a constant multiplier BRETNand may be
assigned an arbitrary value (e.6,= 1) instead of being calculated or
measured. If the two cross talk valuesd and Da, are zero, then this T . ;
formula for FRETN (Eq. 11) separates the FRET and non-FRET signal fr.om.Eqs. 7 by subsgtunn@fd- FRET2fqr .FRETlln. gll three equations
components, is corrected for the remaining cross talk, and is normalized fc?f'eldmg Eas. 1_2' This produces an exphut recognition of the dependence
the concentrations of donor and acceptor. This is the $&REENas in Eq. of the FRET signal on the concentration of donor.

9 but adjusted to account for the simpler cross talk situation, and is

therefore a relative measure of the, for the interaction as described Df = Dfd — Dfd- FRET2+ Afa(Da/Aa)

above. The numerator of this formula f6fRETN is the same as the — (123-)
corrected FRET value used in the MicroFRET method (Youvan et al., + G- Dfd- FRETZDa/Fa)
1997). MicroFRET is not normalized for the concentration of either donor - -
or acceptor. Ff = (Dfd — Dfd- FRET2(Fd/Dd) + Afa(Fa/Aa)
(12b)

+ G- Dfd- FRET2
Calculating FRETN under all cross talk situations

The first step in the calculation was to screen the data for aberrant data. The Af = (Dfd — Dfd- FRETZ(Ad]Dd) + Afa

original intent of this step was to determine the occurrence of outliers. The —_— (120)

screening method consisted of dividing the data into three groups accord- + G- Dfd- FRETZAd/Fd)

ing to which fluorochromes were present in the specimen: 1) group f if both ) ) o )

donor and acceptor were present: 2) group d if only donor was present; anfh€ Solution of equations 12 is given in Egs. 13.

3) group a if only acceptor was preseRRETNand Ffa/Dfd were calcu- f f

lated for all possible combinations of one specimen from each of the three m _ Af — (Ad/Fd)F

groups. “Outliers” were identified by negative values for eitRRETNor 1 — [(Ad/Fd)(Fa/Aa)]

Ffa/Dfd. Each combination that produced a negative valuERETNor

Ffa/Dfd was flagged. If all of the combinations involving a particular FRET2

specimen were flagged, that specimen was removed from its group and

from further data analysis. If only some of the combinations involving a Ff — (Fd/Dd)Df _ ﬁe{(Fa/Aa) _ (Fd/Dd)(Da/Aa)]

particular specimen were flagged, the specimen was taken as an ordinary
The second step was to calculate the required ratio multipliers for each — Afd[(Fa/Aa) — (Fd/Dd)(Da/Aa)]

of the remaining specimens in group d and then calculate the average

across specimens of the ratio multipliers. For example, the ratio multipliers (13b)

required from group d arAd/Fd andFd/Dd. If the denominator of a ratio

for a particular specimen is zero, the entire ratio was set to zero. This is ndtRET2is already normalized for the concentration of donoFRETNis

meant to be a mathematical truth, but empirically it generates the correqgiven by Eq. 14.

solution of Egs. 7 for the cross talk situation in which the value in the I

denominator would be zer®d/Fd and Fd/Dd were calculated for each FRETN= FRETZ2Afa (14)

specimen and then the averageAafFd and the average d¥d/Dd were

calculated across all of the donor group of specimens. Each of the ratidhe second of the alternative means of calculaBR=TNis derived from

multipliers used to calculatERETNis self-normalizing for concentration  Egs. 7 by substitutin@fd - Afa- FRET3for FRET1in all three equations

since the numerator and denominator are measurements of the sarmoducing Egs. 15. This produces an explicit recognition of the dependence

specimen. Thus, the use of these ratios removes the concentration-depen-the FRET signal on the concentrations of donor and acceptor.

dent variability from the calculation, which might result from variation in

(13a)

the concentration of donor in the donor-only specimen and variation in the Df = Dfd — Dfd- Afa- FRET3+ ATa(Da/Aa)
concentration of acceptor in the acceptor-only specimen. This true reduc- - (153_)
tion in noise is exploited by using the averages of the ratio multipliers + G- Dfa- Afa- FRETg{Da/Fa)

instead of the averages of the measured values in the calculafGESFN

The same process is applied to the specimens in group a to get averaged — (Dfd — DFfA . Afa.

values of the required ratio multipliefa/Aa, Da/Aa, andDa/Fa. Ff= (Dfd Did - Afa FRET3(Fd/Dd)
The third step is to use the values of the averaged ratio multipliers to

calculateFRETNfor each specimen in the FRET group and calculate the

mean and standard deviation BRETN A software program developed -

in-house carried out the entire three-step calculation. The same calculation Af = (Dfd — Dfd- Afa- FRET3(Ad/Dd)

is applied to the data from the suspected interacting specimen and the o o (150)

noninteracting control. The resultingRETN values were compared by + Afa+ G- Dfd- Afa- FRET3Ad/Fd)

means of a Welch's-test to evaluate the significance of the difference

between the experimental and control specimens. If a noninteracting corFRET3is already normalized for the concentrations of both donor and

trol were not available, it would be possible to assume that the mean o&cceptor and is therefore equalRRETNas expressed in Eqg. 16. Solving

FRETNTfor the noninteracting control (if it existed) is zero and compare the Egs. 15 forFRET3produces the same formula fBRETNas the solution

suspected interacting data to the zero control withtest. However, it of Egs. 12. The solution of Egs. 7 produces the same valudsR&TNas

should be noted that incorrect conclusions might be reached if a regbroduced by Egs. 12 and 15, although the formulaFRETNis (at least

noninteracting control would in fact have significant FRET. superficially) not the same. Equation 16 expresses the equality of the

- T (15b)
+ Afa(Fa/Aa) + G- Dfd- Afa: FRET3



Gordon et al. Analysis of FRET Data 2707

numerical values oFRETNcalculated viaFRET1 FRET2 andFRET3 loss of donor signal due to FRET with the Donor filter set

FRETN= FRET3= FRETZAfa = FRET¥(Dfd- Afa) 'It:oRtg_T_: fliﬂzrreseste) in acceptor signal due to FRET with the
(16) '

RESULTS Other r_nethods to measure FRET using
three filter sets

The interaction of the anti-apoptotic protein Bcl-2 with .
Beclin, a candidate novel tumor suppressor gene, was e)gecently, Youvan et al. (1997) published a method for

amined using FRET (Liang et al., 1993; submitted for@nalyzing FRET that uses three filter sets and is termed

publication 1997). The donor and acceptor were fluoresceiN'CrOFRET' The FRET vaIL:e cal(_:ulated using this method
and rhodamine, respectively. is termed “corrected FRET” and is representedd5y The

Cos cells co-transfected with pSG5/Flag-Beclin angformula for the calculation of FRET using the MicroFRET

pSG5/Bcl-2 were labeled with donor (fluorescein Ccmju_method, in notation of the present report, is shown in Eq. 17.

gated) anti-flag and acceptor (rhodamine conjugated) anti- F® = Ff — Df (Fd/Dd) — Af(Fa/Aa) (17)
Bcl-2 antibodies, respectively. As a negative control, cells
were labeled with donor (fluorescein conjugated) antibodyF® does separate the FRET signal from the non-FRET signal
against the endoplasmic reticulum®aATPase (SERCA) if AdandDa are effectively zero. However, Ad andDa
and acceptor (rhodamine conjugated) anti-Bcl-2 antibodyare not zero, theR* does not correct for the resulting cross
As shown in Table 4, there is a statistically significanttalk and the FRET versus non-FRET signals are not sepa-
difference in the FRET signaFRETN between Bcl-2 and rated.Ad and Da can often be made effectively zero by
Beclin versus Bcl-2 and SERCARETNwas also signifi-  appropriate choice of fluorochromes and filter séscan
cantly greater in the case of Bcl-2 and Beclin versus Bcl-20e normalized for the concentration of donor by using
and mutant Beclin (Table 5). In these studies, the donoF“/Df, which is approximately normalized for the concen-
excitation filter was a 490/20 nm bandpass and the donofration of donor. SimilarlyF*/(Df - Af) would be approxi-
emission filter was a 515-555 nm bandpass. The acceptdpately normalized for the concentrations of both donor and
excitation filter was a 546/40 nm bandpass, and the emisacceptor (see Tables 1 and 2). Other authors have success-
sion filter was a 590 nm longpass. The ratio of the quantunfully used different three filter set methods of measuring
yields of the acceptor to donor was 0.25 (Haugland, 1996)FRET (e.g., Mittler et al., 1991; Liang et al., 1993;"8dei
The fractional transmissions of the donor and acceptoft al., 1987; Tra et al., 1984).
emission filters were 0.38 and 0.40, respectively. The per-
cent transmissions of the FRET and Donor filter set neutraivI
density filters were 100 and 3.2, respectively, for the ex-
perimental and the SERCA negative cont@l€ 7.42) and In addition to measurement of FRET using the three-filter
20 and 1, respectively, for the mutant Beclin negative conset/three specimen approach described above, it is possible
trol (G = 4.75). to measure FRET using only two filter sets. The use of only
In Table 4, thep value of thet-test of the significance of two-filter sets effectively means that only two unknowns
the difference inFRETN between the Bcl-2 and Beclin can be determined. Since there are three unknowns in Egs.
versus Bcl-2 and SERCA is not very sensitive to the valuer, it would seem that a method using two-filter sets would
of G over a range of 0.1 to 10.0 times the true value (dataesult in less accurate and less stringent determination of
not shown). Therefore, using rough estimates of the quanFRET than the three-filter sets/three specimen method. In
tum yields and the fractional transmissions of the emissioriact, this is the case when the concentration of donor and
filters should not be a problemG(is the factor relating the acceptor are not correlated. However, if the concentration of

easurement of FRET using two filter sets

TABLE 4 Calculation of FRET between interacting (Bcl-2 and Beclin) and noninteracting spatially distinct (Bcl-2 and SERCA)
proteins

Measure of FRET FRETN FRET1/Dfd FRET1 F F/Df FRET4/Dfd Ffa/Dfd Ff/IDf Ff
Number of filter sets 3 3 3 3 3 2 2 2 1

interacting*

Mean 0.000578 0.0564 4.68 33.8 0.432 0.0513 0.601 121 92.1

SD 0.000262 0.0173 1.95 141 0.137 0.0227 0.188 0.18 36.5
Noninteracting sets

Mean 0.0000639 0.0051 0.330 2.18 0.032 0.0100 0.183 0.236 16.53

SD 0.0000390 0.0036 0.238 1.67 0.023 0.0142 0.112 0.094 7.55
t-testp value 0.0021 0.0002 0.0011 0.0010 0.0003 0.0021 0.0008 <0.0001 0.0017
*n=7.

#n = 10.
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TABLE 5 Calculation of FRET between interacting (Bcl-2 and Beclin) and noninteracting spatially identical (Bcl-2 and mutant
Beclin) proteins

Measure of FRET FRETN FRET1/Dfd FRET1 F F°/Df FRET4/Dfd Ffa/Dfd Ff/Df Ff
Number of filter sets 3 3 3 3 3 2 2 2 1
interacting*
Mean 0.000578 0.0564 4.68 33.8 0.432 0.0513 0.601 1.21 92.1
SD 0.000262 0.0173 1.95 14.1 0.137 0.0227 0.188 0.18 36.5
Noninteracting sefs
Mean 0.000189 0.0296 4.97 21.6 0.135 0.0272 0.194 0.680 92.8
SD 0.000151 0.0268 6.19 27.3 0.128 0.0271 0.141 0.123 57.2
t-testp value 0.0068 0.0150 0.8787 0.2051 0.0006 0.0531 0.0007 <0.0001 0.9738
*n=7.
#n = 13.

donor and acceptor are correlated, calculation of FRETDfd both detect FRET with a very high significance (I@v
using two-filter sets can produce equivalent results to meavalues) in Tables 4—6, implying that in these data a) the
surement of FRET with three-filter sets. correction for cross talk is not required, b) the separation of
The simplest measure of FRET using two-filter sets iSFRET and non-FRET signals is not required, and c) nor-
Ff/Df, which does not separate FRET from the non-FRETmalization for acceptor concentration is not required. Other
signal, nor does it correct for cross talk. It does, howeverdata may require methods that provide these corrections.
make a partial normalization for the concentration of donor. Any method using two-filter sets to calculate FRET must
The normalization is partial due to the lack of full correction make an assumption about the missing data, which would
for cross talk and lack of separation of the FRET andhave been provided by the third filter sEf/Df andFfa/Dfd
non-FRET signals oDf. (Ff/Af is an analogous measure are missing data about the concentration of acceptor. The
using the Acceptor filter set in place of the Donor filter set.) two-filter set method therefore makes a tacit assumption
A method for calculating FRET using two-filter sets and about the acceptor concentration. However, it is possible to
which does correct for cross talk, but does not separatghake an explicit assumption about the missing data, and, if
FRET and non-FRET signals, is as follows. Note that inthe assumption is valid, such a two-filter set method would
Egs. 2, a and b there are two unknowii¥d and Ffa.  pe optimal. When using Donor and FRET filter sets, one
Solving for Dfd andFfa and then taking their ratidsfa/Dfd  possible explicit assumption about the acceptor concentra-
yields Eq. 18. tion is that it is always a constan§ times the donor
Ffa Ff— (Fd/Dd)Df 8 conck;antration. I(l; :jhorlohr-onlyihand tgccip:;[]or-only stpecimens
— = can be prepared that have the ratio of the acceptor concen-
Dfd  Df — (Da/Fa)Ff tration to donor concentration equal & then measuring
This result is corrected for cross talk and is applicable eveithose specimens with two-filter sets produces valDé§
if one or more of the cross talk termBd, Da, andFa) is Da’, Fd', and Fa’ where the two-letter symbols are as
zero. In the case wherBa = 0, it is necessary to set before and the prime indicates that the measurements were
Da/Fa = 0 to obtain the correct solution. While this mea- made with the defined relation between acceptor and donor
sure of FRET is now corrected for cross talk and hasconcentrations. In practice, it is unlikely th& will be
improved normalization for the concentration of donbfd ~ known; however, it would not be necessary to kn8uvif
is a better measure of donor concentration thé)) itisnot ~ specimen preparation were consistent, such that any varia-
normalized for the concentration of acceptor nor does itions in donor and acceptor concentrations only caused
separate the FRET and non-FRET sign&#Df and Ffa/  changes in their respective signals, which were smaller than

TABLE 6 Calculation of FRET between interacting (Bcl-2 and Beclin) and noninteracting spatially identical (Bcl-2 and mutant
Beclin) proteins: effect of removal of outlier data points

Measure of FRET FRETN FRET1/Dfd FRET1 F F</Df FRET4/Dfd Ffa/Dfd Ff/IDf Ff
Number of filter sets 3 3 3 3 3 2 2 2 1

interacting*

Mean 0.00063 0.0640 4.59 33.2 0.491 0.0623 0.691 121 80.6

SD 0.00021 0.0095 2.26 16.4 0.078 0.0126 0.107 0.10 36.7
Noninteracting sets

Mean 0.000189 0.0296 4.97 21.6 0.135 0.0272 0.194 0.680 92.8

SD 0.000151 0.0268 6.19 27.3 0.128 0.0271 0.141 0.123 57.2
t-testp value 0.0078 0.0011 0.1907 0.2927 <0.0001 0.0020 <0.0001 <0.0001 0.6037
*n = 5.

#n = 13.
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the FRET signal to be measured. Empirically this conditionresult simplifies to Egs. 23 and 24.
may be common, since methods using two-filter sets have

been used successfully with a tacit assumption about the -, Ff — [(Fd" + Fa’)/Dd'|Df (23a)
missing data. Rewriting Egs. 7, a and b with the primed [G — (Fd'/Dd")] + [(Fd’" + Fa’)/Dd’]
symbols and at the same time replacifRET 1with FRET4 -
to indicate a different analysis method yields Egs. 19. Dfd = Df + FRET4 (23b)
Df = Dfd — FRET4+ Afa(Da’/Fa’) (158) FRET4Dfd = FRET4(Df + FRET4 (24)
a
+ G- FRET4Da'/Fa’) In Eq. 24,FRET4Dfd is the same as in Eq. 22, but adjusted

for the simplified cross talk situation. In this caGeis not
a simple multiplier of the measure of FRET and therefore
must be determined before calculatifRRET4 This is an
interesting contrast to the method using three-filter sets in
In Eq. 19 a the termAfa(Da’/Aa’) may be replaced by which whenDa and Ad were taken as zero, the value Gf

Dfd(Da’/Dd’) because the acceptor signal is assumed to bg0uld be assigned arbitrarily. In Table 5, where the more
proportional to the donor signal with the same filter set. TheStingent negative control was useeRET4Dfd failed to
proportionality constant for the Donor filter setbg'/Dd’. ~ detect the FRET signap(= 0.053> 0.05). The analog to
Similarly, in Eq. 19 b, the termAfa(Fa’/Aa’) may be re- BETZ!I;)fd in the method using thrge-ﬂlter SetshRETY
placed by%(Fd’/Dd’)(Fa’/Fd’), which equalsﬁ(Fa’/ Dfd, which did detect FRET but which also showed a very

Dd'). Making these substitutions in Egs. 19 yields Egs. 20/arge increase ip value over the case with the less stringent
negative control (Tables 4 and 5).

Ff = (Dfd — FRET4(Fd'/Dd’)
- (19b)
+ Afa(Fa’/Aa) + G- FRET4

Df = Dfd — FRET4+ Dfd(Da’/Dd’)

(20a)
+ G-FRET4Da'/Fa’) Methods to calculate FRET using one-filter set
Ff = (Dfd — FRET4(Fd'/Dd’) _If only one filter set is to be used for mea.f,urement qf FR!ET,
(20b) it makes sense to choose the FRET filter set since it is
+ Dfd(Fa'/Dd’) + G+ FRET4 designed to be the most sensitive to the FRET signal. The

~ value Ff could be used with no attempt at correctid.
Equations 20 are two equations with two unknowbd$l  could be partially normalized by dividing #5d or (Fd - Fa)

andFRET4 Solving for the unknowns yields Egs. 21. (see Tables 4—6 for examples). In the study represented in
) Table 4, evenFf, the uncorrected measurement using a
FRET4= Ff — [(Fd" + Fa’)/(Dd" + Da’)|Df (21a) single filter set, detected a difference in FRET between the
[G — (Fd'/Dd")] + [(Fd’" + Fa’)/ interacting versus noninteracting donor and acceptor mole-
(Dd" + Da')[1 — G(Da'/Fa’)] cules. One-filter set methods have been used successfully
(e.g., Erickson and Cerione, 1991; Shapiro and McCarty,
Dfd Df + FRET41 — G(Da'/Fa’)] 1990; Matayoshi et al., 1990).

1+ (Da'/Dd")
(21b)

. . . Interaction-sensitive versus single-distance
Under these conditions, the optimal measure of FRET W'tqnodel for FRET 9

two-filter sets is thenFRET4Dfd, which is corrected for

cross talk, for the separation of the FRET and non-FRETAIl of the methods described above are designed to measure
signals and is normalized for the concentration of the donoFRET between molecules that are free to diffuse indepen-
under the assumption that the acceptor concentration is @ently of each other and interact according to their specific

constant proportion of the donor concentration. Keq for interaction. This is called the interaction-sensitive
model because interaction between the donor labeled mol-
FRET4  FRET41+ (Da'/Dd’)] ecules and the acceptor labeled molecules is reflected in an

Dfd  Df + FRET41 — G(Da'/Fa’)] (22) increase in FRET (Lakowicz, 1983). In the interaction-

sensitive model, the donor and acceptor do not bind directly
In this measure of FRET there are ratio multipliers that are¢o each other but are attached to two distinct molecules.
not self-normalizing in the sense that the numerator andistinct molecules interact and bring the donor and acceptor
denominator refer to different specimens. However, givercloser together. Therefore, it is possible that the donor and
the assumption that the donor and acceptor concentratiorscceptor are not at a fixed distance apart from one another,
are correlated, the donor signal may at least partially noreven in an interacting pair of molecules, primarily due to the
malize the acceptor signal. By choice of fluorochromes andlexibility of the intervening molecular structure. Another
filters it is often the case th@a is zero, and in that case the condition of the interaction-sensitive model is that, as observed
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above, the donor labeled species and the acceptor labeledse the Donor and FRET filter sets will be used). Addi-
species will not in general have the same concentration.  tional information is required for the two filter set method:

In addition to the interaction-sensitive model, there is athe filter sets must also be used to measure donor-only and
single-distance model in which the donor and acceptoacceptor-only specimens which have known concentrations
occur only in covalently bound pairs (Lakowicz, 1983). In of donor and acceptor (or at least the ratio of concentrations
the single-distance model, the distance between paired doaust be known). Equations 23a and b, which express a
nor and acceptor molecules is assumed to be fixed within &wo-filter set method for the interaction sensitive model,
given pair, the fixed distance is assumed to be the same fapply also in the present case of the single-distance model.
all pairs, and the concentration of donor is equal to theThe ratio,S of acceptor concentration to donor concentra-
concentration of acceptor. Because there are fewer urtion is known to be one in the single-distance model. Thus,
knowns, the same measured data can better characterize tine same solution applies afid= FRET4Dfd.

FRET signal. These measureERET1Dfd and FRET4Dfd, allow cal-
The most popular equation used to measure distance wittulation of correct values d& andR in the single-distance
FRET (Clegg, 1996) is: model and are useful measures of FRET in the interaction-

sensitive model when the concentrations of donor and ac-
E=1-— Fon _ ;6 (25)  ceptor are correlated andR are not well defined in the
Fo 1+ (RRy interaction-sensitive model.

whereE is the efficiency of FRET (defined as number of
energy transfer events divided by the number of photons

absorbed by the donoriR, (Forster critical distance) is the DISCUSSION
distance at whiclt is 0.5,R is the distance between donor
and acceptor, anélp, andFp are the donor fluorescence in
the presence and absence of acceptor, respectiyglyand

Fp are normalized for their respective concentrations o

We present methods to measure FRET, which can be used
to detect the interaction between two distinct proteins inside
I;single cells. There were a number of reasons for undertaking

donor.R, must be determined in a separate experiment angwe analysis described in this paper. First, there is increasing

requires knowledge of the spatial orientation of the donormterest in the detection of interactions between intracellular
and acceptor dipoles molecular species and FRET provides a powerful technique

Equations 8, a and b can be used to calculate accuraIgr achieving this goal. Second, a number of donor/acceptor

values of the efficiency of energy transfer and the distanc;é?airs suffer gignificant cross talk. For example, ﬂuorescein.
between the covalently bound donor and acceptor using th%nOI rhodamine are a commonly used donor/acceptor pair

single-distance model. All three filter sets must be used,anOI many of the commonly available fluorescein filter sets

even though results from only two of the three parts of thewiII excite rhodamine and allow its detection. This type of

solution are used. To calculate-1(Fpa/Fp) note thatFp, error in FRET measurement has not been accounted for in

is analogous td®fd andF is analogous tdfd. Also note trlle gg\évfyfl?hmztry energgy transfer (FCEtT)frEStg_?d éﬁﬂjl d not
thatFp andF in the original formulation refer to different a., )- Third, accurate measurement o should no

specimens, bubfd and Dfd refer to the same specimen only correct for cross talk, but also normalize for the de-
Therefore, the ratio dbfd andDfd is already normalized for pendence of FRET on the copcentraﬂor! of'the. donor and
the concentration of donor, s&4/Fy) = (Dd/Dfd). The acceptor. Acceptor concentration normalization is not done

values Dfd and Dfd are corrected for cross talk, for the " the' FCET methgd. Fourth, the use of FRET for the
separation of the FRET and non-FRET signals and theipeteCt'on of interactions between fluorescently labeled mol-

ratio is normalized for donor concentration since they refereCUI'as should use a minimal amount of spectral information

to the same specimen and the same filter set. Therefore: so that the mgthod can be readily implemented using a
fluorescence microscope or other fluorometer.

1 — (Fpa/Fp) = 1 — (Dfd/Dfd) (26) We examined the interaction of the anti-apoptotic protein
- - Bcl-2 with a recently identified candidate tumor suppressor

1 — (Fpa/Fp) = 1 — (Dfd — FRET1/Dfd (27)  gene Beclin. Interactions between Bcl-2 and Beclin were
_ examined because previous studies employing yeast-two-
1 — (Fpa/Fp) = (FRET1Dfd) (28)  hybrid approaches have indicated a high degree of interac-

tion of these proteins (Liang et al., 1997, submitted for

publication). As controls, we examined the level of interac-
1 FRET1 tion assessed by FRET between Bcl-2 and a mutant Beclin

E= 1+ (R/Ro)6: Dfd (29) protein which is known not to interact with Bcl-2, and
between Bcl-2 and the endoplasmic reticulun?GAT-

Since in the single-distance model the donor and acceptd?ase (SERCA). To our knowledge this is the first time that
concentrations are equal, the model can be formulated hayproteins constituting components of the apoptotic pathway
ing only two unknowns and can therefore be analyzed witthave been examined at the single cell level and that proteins
a system of two equations based on two filter sets (in thisnvolved in the regulation of apoptosis have been shown to

Therefore, giverR,, E andR can be calculated from Eq. 29.
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interact with a protein in the tumorigenic pathways (Liangimen created with appropriately labeled noninteracting
et al., 1997, submitted for publication). In previous work species.
(Liang et al., 1993) has used FRET to detect intracellular When the values ofRETNfor experimental and control
molecular interactions using a different three-filter setspecimens are compared, a difference between experimental
method that normalizes for both donor and acceptor conand control in the ratio of total acceptor concentration to
centrations. total donor concentration t(ital a/[total d]) is a possible
The data in Table 4 display the level of FRET calculatedsource of error in judging the difference K, between
using the various methods described in this paper. All of theexperimental and control. This possible error results from
methods demonstrate a significant differenpe<(0.05) in  the fact thaFRETNis not equal to or proportional €, for
the level of FRET between the suspected interacting prolnteraction. FRETN is tabulated in Table 7 for various
teins and the presumed noninteracting control proteins. Waalues ofK, and fotal a/[total d]. The error of represen-
employed two different types of controls. The first was to tation of K., by FRETNincreases asqtal a)/[total d] gets
determine the level of FRET in noninteracting proteinsfarther from 1. (The effect ofttal aj/[total d] = x is the
whose distribution was spatially distinct in cells (e.g., Bcl-2 S@me as the effect ofdtal a)/[total d] = 1/x for any x.) The
is primarily localized to mitochondria and SERCA is pri- €ffect of ftotal a/[total d| being farther from 1 becomes
marily localized to the ER). The second was to determindn@ré pronounced ak increases. Therefore the optimal
the FRET between two presumed noninteracting protein§ensitivity and reliability of the difference iRRETNas a
that are precisely co-localized in the cell (i.e., Bcl-2 and theMeasure of the difference K, between experimental and
mutant Beclin). These results are shown in Table 5. In th&ontrol is achieved when experimental and control have
first set of controls, FRET is not anticipated due to theltotal a/[total d] close to each other and close to 1. Table 8
spatial segregation of donor and acceptor. In the secongPNtains the values ofAfa - Ty)/(Dfd - T, for the data
control, both proteins are primarily localized to the mito- 2Nalyzed in this report wherg, and T, are the percent

chondria and FRET might occur either due to diffusion Ortransmissions of the neutral density filters in the Donor and
due to an interaction, which failed to produce the usuarb\cceptor filler sets, respectivelyAfa - Ty)/(Dfd - T)) is

physiological response to the interaction. The second typgroportiqnal to fotal &/ total d] with'a proportionality con-
of control is better than the first type in that it is much IessStant which is the same for experimental and control if no

likely to produce a false positive detection of FRET. In filters are changed in the filter sets, except for possibly the

Table 5 only those measures of FRET having some degr peutral_density fllters: Therefore, if the value's .‘ﬁm .
of normalization for concentration of donor or for both 2)/(Dfd - T) for experimental and control are similar, then

o . . he values of fotal g/[total d] are also similar. No conclu-
donor and acceptor show a significant difference in FRE'IISion can be made as to whether the valuestofa[ a/

?etweetr: thetﬁ xperlmtgntal ar:d lc ontrol. ;%?tr?:fsg_ n Z'ttlﬁlz‘['total d are close to 1 without more information, namely
lons where the negative control may exnib an he excitation intensity with each filter set and the excitation

donor and acceptor concentrations are variable, it is IMPOTaficiencies of the donor and acceptor. In Table 8 the values

tant to normalize the FRET data for the concentration of oney (Afa- T,)/(Dfd - T.) (and thereforetptal a/[total d) are
or bc.)'Fh' the donor and acceptor. This will 'enhanc.e thqndeed similar, increasing the confidence in the use of
sensitivity of the FRET measurement to the interaction OfFRETNas ameasure & However. when the control has
eq ’
the donor and acceptor. _ alowK,qand the experimental has a hilp, as is the case
There are two types of error iRRETNthat cannot be ¢ girong interaction versus weak or no interaction, then
corrected for using the three-filter set/three specimel}ygial g)/[total d] may be quite different from 1 or quite

method described in this manuscript. The first is that interjifterent between experimental and control and still allow
action of labeled with unlabeled molecules could occurFRETNto correctly reflect the change K

This interaction would not lead to FRET and would cause one puzzling finding that emerged from this study was

an error dependent on the ratios of labeled to unlabeleghat thep values in Table 4 become smaller when going
molecules. This error can be minimized by having a larg&rom the condition where no normalization with respect to

excess of labeled over unlabeled species. In cases in Whigfbnor and/or acceptor concentration is performed compared
the labeled species are introduced by transfection of vectors

with constitutive promoters, such large excess is likely. The
second type of error results from FRET between any donoFABLE 7 FRETN as a function of K., and [total a)/[total d]

and acceptor that are not part of the same interacting pair. [total a]/[total d]

This case might arise if the donor and acceptor molegules Keg 1.0 1.4 20 10 100
moved close enough for FRET to occur in a transient

fashion due to diffusion. It would be possible to estimate the. 0.010 0.010 0.010 0.009 0.005
as ' p . : .1 0.084 0.081 0.078 0.049 0.009
size of the error due to FRET between noninteracting donoi g 0.382 0.342 0.293 0.090 0.010
and acceptor if noninteracting species had the same spati#.o 0.730 0.605 0.458 0.099 0.010
distribution as the interacting species under study. This errck00.0 0.905 0.698 0.495 0.100 0.010

could be estimated measurifRETNfor a control spec- MY 1.000 0.714 0.500 0.100 0.010
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TABLE 8 (Afa - T,)/(Dfd - T,) mean and SD for the data in tained using the two-filter set method may be due either to
this report an increase in the equilibrium constant for interaction (true
(Afa- T /(Dfd - T.) positive) or to a systematic difference between the experi-
Protein Pair Mean SD  mental and the negative control in the concentration of
Bcl-2, Beclin 1.387 0.503 donor or acceptor or both (false positive). If an argument
Bcl-2, Beclin 1.633 0322 can be made that such a false positive is improbable, then
(outliers removed) the result can be accepted. Demonstration of the lack of
Bcl-2, SERCA 0.437 0.261 C .
Bcl-2. mutant Beclin 1538 0972 Systematic difference between the experimental and the

negative control with regard to the concentrations of donor
and acceptor can be made via the three-filter set method
generatingRETN Afa, andDfd. However, this is just what

to the condition where normalization for just the donorthe yse of the two-filter set method is trying to avoid. The
concentration is performed, versus the situation wher@the yajidity of the two-filter set method could be verified by
values increase when going from the condition where norperforming three-filter set measurements initially, and sub-
malization with respect to donor concentration is performe‘Eequently the two-filter set method could be used routinely.
compared to normalization of both the donor and acceplof the yse of three-filter sets for a particular study results in
concentration. The purpose of normalization is to compenz, significant increase dFRETN of the experimental over
sate for variability in the concentrations of the reactantsy,q negative control, then this result should be accepted
However, if the measurement error of the concentratiornyince the error inFRETN when the donor and acceptor
exceeds the reduction in error expected after normalization,,centrations are correlated increases the variability of

then normalization may actually incregse the variability. ItFRETN and therefore reduces the likelihood of false posi-
appears that normalizing the calculation of FRET for thet'ves. If FRETNindicates no increase in FRET, but a mea-

donor concentration results in near-optimal measurement ure of FRET normalized for only one concentration indi-

FRET and subsequent normalization by the acceptor COM:ates an increase in FRET. the latter measure may be
centration increases the variability in the resultiFigETN accepted ifAfa and Dfd are co,rrelated

value. This suggests that there is a correlation between the Past investigators have successfully applied methods us-

concentrations of donor and acceptor such that normalizin%g only two-filter sets (Wolf et al., 1992; Uster and Pagano

by both (with the present level of measurement error) doei986' Adams et al., 1991: Herman and Femandez, 1982)

not improve the result. A corollary of this is that in such a NP . . o
. ) . Data acquisition is faster with only two-filter sets and it is
case the method using two-filters sets and assuming that the

acce 2 . reossible to use only a single excitation wavelength, which is
ptor concentration is a constant times the donor co . . :

centration FRET4Dfd, would be expected to hayevalues convemen-t in confocal microscopy, flow cyFometry, and
as small or smaller thaRRETN This expectation is realized pIate-rea}dlng fluoro_metry. It ShOUId be r.elatlvely easy o
in Tables 4 and 6 where in the presumed interacting case thaeccompllsh_ FRET imaging using two f|It§r Se‘? with a
donor and acceptor concentrations are correlated (correl&-onfocal _MICroscope or other spot-scaqnlr)g microscope.
tion coefficients 0.61 and 0.95, respectively). Table 6 useg_hese MICTOSCopes usuglly ha\{e two emission detectors so
the same data as in Table 4 except that two of the presumdfat the Donor filter set image is collected simultaneously
interacting specimens have been omitted. The omitted spetith the FRET filter set image, and the two images will be
imens were outliers and their omission caused the correldD Perfect register. _

tion coefficient of the donor and acceptor concentrations to N Summary, we present a simple method to calculate
increase from 0.61 to 0.95. In Table 4, where there is loweF RET from single cells expressing appropriate donor and
correlation FRET4Dfd has the samp value aFRETN but acceptor molecules. Two models for calculation of FRET
in Table 6, where there is higher correlatidFRET4Dfd ~ are presented. The interaction-sensitive model allows the
has a loweip value thanFRETN It is also possible to pose detection of molecular interaction by the resulting increase
this argument in reverse: good performance of the method® FRET. In the interaction-sensitive model, at least two-
using two-filter sets suggests that the donor and acceptdiiter sets are required, and we present optimal methods for
concentrations are correlated. In the data from Tables 4 arifie use of either two- or three-filter sets. The methods
5, Dfd and Afa have correlation coefficients of 0.61, 0.45, detailed allow detection of FRET using donor and acceptor
and 0.57 for Beclin with Bcl-2, mutant Beclin with Bcl-2, combinations that exhibit any possible type of cross talk.
and Bcl-2 with SERCA, respectively. In situations where These methods make the fullest possible use of the input
the donor and acceptor concentrations were less well codata and are flexible enough to handle all possible cross talk
related or not correlated at all, tpevalues would be smaller  situations. There is no need to reject a donor and acceptor
when normalization for both donor and acceptor is per-<combination on the basis that a donor signal occurs in the
formed. Therefore it is worth considering whether a methodAcceptor filter set or that an acceptor signal occurs in the
using only two-filter sets and normalizing for only one Donor filter set. All that is needed is to use a method that
concentration will detect the purported interaction in a givencorrects for the cross talk which occurs and collect more
experimental system. A significant increase in FRET ob-photons to get the same signal-to-noise ratio.
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The most conservative and most general approach is tOlegg, R. M. 1996. Fluorescence resonance energy transf&luores-

use three-filter sets and calcul&RETN Under some cir-  Cence Imaging Spectroscopy and Microscopy. X. F. Wang and B.
Herman, editors. Wiley, New York. 179-252.

CumStanc_es another measure m.ay be more sensitive, b&%gg, R. M., A. I. H. Murchie, A. Zechel, C. Carlberg, S. Diekmann, and
FRETNwill always be the least likely to produce a false p.m.J. Lilley. 1992. Fluorescence resonance energy transfer analysis of
positive. If measures other thaBRETN are used, they the structure of the four-way DNA junctionBiochemistry.31:
should be normalized for either the concentration of donor_ #846-4856.

. . rickson, J. W., and R. A. Cerione. 1991. Resonance energy transfer as a
or the concentration of acceptor, and their use should bg direct monitor of GTP-binding protein-effector interactions: activated

justified by assessment of the correlation of the donor and a-transducin binding to the cGMP phosphodiesterase in the bovine
acceptor concentrations and the cross talk situation. The phototransduction cascadgiochemistry:30:7112-7118.
single-distance model permits the absolute measurement pRugland, R. P. 1996. Handbook of Fluorescent Probes and Research

the distance between the covalently bound donor and a _ Chemicals, 6th Ed. Molecular Probes, Eugene, OR. 29.
y erman, B., and S. M. Fernandez. 1982. Dynamics and topographical

ceptor. In the single-Qistance model, the two-filter set gisyribution of surface glycoproteins during myoblast fusion: a reso-
method and the three-filter set method should work equally nance energy transfer studgiochemistry21:3275-3283.
well. Lakowicz, J. R. 1983. Energy transfein Principles of Fluorescence

If data are collected using three filter sets, all of the SPectroscopy. Plenum, New York. 305-341.

. . _ & iang, X. H., M. Volkmann, R. Klein, B. Herman, and S. J. Lockett. 1993.
measures of FRET using either two- or three-filter sets Ca'lr Co-localization of the tumor suppressor protein p53 and human papil-

be calculated and the most appropriate measure chosen tQomavirus E6 protein in human cervical carcinoma cell li@scogene.
report. In cases where it is much more difficult to collect 8:2645-2652.

data using three filter sets rather than two, it makes sense f4atayoshi, E. D., G. T. Wang, G. A. Krafft, and J. Erickson. 1990. Novel
test wheth t filt t thod i iti ho | fluorogenic substrates for assaying retroviral proteases by resonance
€s W ether a wo filier set method 1S sensitive enough. In energy transferScience147:954-958.

addition, whenDfd andAfa are correlated, FRET MEeasure- witer, R. S., B. M. Rankin, and P. A. Kiener. 1991. Physical associations
ments can be made with either two- or three-filter sets; between CD45 and CD4 or CD8 occur as late activation events in
however. when using three filter sets and in the presence of antigen receptor-stimulated human T cellslmmunol 147:3434 -3440.

significant measurement error, it is better to normalize forRi¢® K. G-, P. Wu, L. Brand, and . C. Lee. 1991. Interterminal distance
and flexibility of a triantennary glycopeptide as measured by resonance

either the concentration of the donqr or acce;ptor, put NOt energy transferBiochemistry 30:6646—6655.
both. For measurement of FRET using the single-distancghapiro, A. B., and R. E. McCarty. 1990. Substrate binding-induced
model, use two- or three-filter sets and the methods pre- alteration of nucleotide binding site properties of chloroplast coupling

sented here. Other methods of calculating FRET in the T;‘?_to,r j‘J'SB';" ?hem?ﬁhf’-‘ff—hﬁ‘:- i L Teaos 7.
. . dsi, J., S. Damjanovich, S. A. Mulhern, and L. T . Fluores-
Smgle'd'Stance model haYe also been used (e.g., Clegg 8fcence energy transfer and membrane potential measurements monitor
al., 1992; Clegg, 1992; Rice et al., 1991). dynamic properties of cell membranes: a critical reviBwog. Biophys.
Molec. Biol.49:65—87.
Tron, L., J. SZdési, S. Damjanovich, S. H. Helliwell, D. J. Arndt-Jovin,
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