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ABSTRACT Fluorescence resonance energy transfer (FRET) measurements offer a reliable and noninvasive approach to
studying protein and lipid colocalization in cells. We have considered systems in which FRET occurs as intramolecular and/or
intermolecular process. The proposed dynamic FRET model shows that in the case of intermolecular process the degree of
aggregation only slightly affects the energy transfer efficiency. The theory was tested on a set of donor-acceptor pairs in which
energy transfer occurs intramolecularly, intermolecularly, or both. The obtained experimental results are in a good agreement with
the proposed model. It is well known that the energy transfer efficiency depends both on the distance between the donor and
acceptor molecules and the relative orientation of their respective transition dipole moments. This dual dependence often leads to
ambiguity. In this article, we show how FRET efficiency can be significantly reduced even in highly coupled system through
conformational restrictions in the donor-acceptor pair. Importantly, such restrictions can be imposed on the system by cell fixation,
a procedure routinely used when conducting FRET measurements.

INTRODUCTION

While it is generally accepted that proteins interact with each

other in functionally important ways (1,2), how and where

these interactions take place is not fully understood. Optical

and fluorescence microscopy have proved particularly useful

in determining the location of protein complexes and the

colocalization of different proteins. However, the optical

resolution of most microscopes is subject to the diffraction

limit at approximately one-half the wavelength of the light

source, which is much larger than the nearest-neighbor dis-

tances among interacting proteins. Fluorescence resonance

energy transfer (FRET) provides information about protein

interactions at the molecular scale and it is possible to per-

form FRET experiments in an image mode to get information

about where the molecular interactions occur within the

cellular compartments. Thus, FRET has evolved into a

powerful tool for probing intermolecular interaction in living

cells such as the degree of protein-protein interaction (3,4),

protein complex formation (5), and associations of proteins

into dimers or aggregates of higher order (6). FRET can also

reveal conformational changes within a single molecular

entity (7,8).

FRETmeasurements aiming to reveal the degree of protein-

protein interaction in a cell membrane system have been an

area of extensive research in the past years. Different theo-

retical FRET models considering energy transfer efficiencies

in clustered and randomly distributed molecules have been

developed (9–16).We believe that it is helpful to compare the

extent of energy transfer between donors and acceptors at-

tached to different proteins to that measured between donors

and acceptors attached to the same proteins. In this article, we

develop a model in which comparison of energy transfer

measured in three different systems provides an estimate of

the extent of protein-protein interaction. The model extracts

the degree of protein-protein aggregation from comparison of

intramolecular energy transfer efficiency in covalently linked

donor-acceptor pair, intermolecular and intramolecular en-

ergy transfer efficiency in covalently linked donor-acceptor

pairs coupled with a receptor, and intermolecular energy

transfer efficiency in nonlinked donor and acceptor individ-

ually coupled with a receptor.

The FRET efficiency is a parameter that measures prox-

imity of two fluorescent molecules in a donor-acceptor pair.

FRET efficiency values are determined indirectly from in-

tensity measurements. In the case of imaging, the raw data for

FRET analysis are a set of (confocal) images of donor and

acceptor fluorescence. These images are processed according

to defined algorithms that yield the energy transfer efficiency,

which in turn is interpreted in terms of the distance between

the molecules or their relative orientation. The accuracy of

FRET calculations and their interpretation depends on how

well the algorithms are built and how well the assumptions

hold. Since energy transfer efficiency depends on both the

distance between the donor and acceptor and relative orien-

tation of their transitional dipole moments, ambiguity in in-

terpretation is inherent.

One common assumption is that the relative spatial ori-

entation of the donor and acceptor pair is determined by rapid

and isotropic reorientation. This fixes the orientation factor, k
to a known value. Clearly, if there are restrictions to the

molecular motion, this assumption is invalid. In this article,

we show that fixation of cells with paraformaldehyde reduces

the energy transfer efficiency even in chemically linked
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systems of chromophores, presumably because their relative

motions become restricted.

In some of the model FRET systems used in the article, the

corticotropin releasing factor (CRF) type 1a receptor was

fused to donor and acceptor. CRF belongs to subfamily B of

G-protein coupled receptors (GPCR), which in turn consti-

tutes a large family of integral membrane protein receptors.

Ligand binding to GPCRs initiates an intracellular signal

pathway through activation of G-proteins. CRF receptors in

particular are believed to play a key role in stress response and

in mediating anxiety and depressive disorders (17,18). These

receptors remain the main target for many therapeutic drugs,

since they play a crucial role in many physiological processes

(19). The current belief is that they exist and function as di-

meric entities or aggregates (20). As is the casewithmany other

GPCRs, CRF type 1a receptors associate within the mem-

brane (21). Here we determine the extent of self-association

using receptors labeled with cyan fluorescence protein (CFP)

and yellow fluorescence protein (YFP) as well as receptors

labeled with CFP-YFP or YFP-CFP constructs.

MODEL FOR DEPENDENCE OF FRET
EFFICIENCY ON DEGREE OF AGGREGATION

The energy transfer efficiency measured in a particular sys-

tem can given by

QFRET ¼ Idonor � Idonor�acceptor

Idonor
; (1)

where Idonor-acceptor and Idonor are the relative donor fluores-

cence intensities in the presence and absence of acceptor,

respectively.

Let us assume that the donor and acceptor exist in the form

of aggregates of a single kind (dimers (n¼ 2), trimers (n¼ 3),

tetramers (n ¼ 4), etc.) and the probability of a donor mol-

ecule to form an aggregate with an acceptor molecule is the

same as for the donor or acceptor to form aggregates with

themselves.

Let n be the degree of aggregation and m be the number of

acceptor molecules in an aggregate. Hence, (n-m) is the

number of donor molecules in an aggregate. In this case, the

number of combinations in which the donor and acceptor

form an aggregate can be found through the binomial theo-

rem:

ðpD1 ð1� pÞAÞn ¼ +
n

m¼0

n!

ðn� mÞ!m!p
n�mð1� pÞm Dn�m

A
m
:

(2)

Here, p is the probability of getting a donor molecule when

randomly choosing from the population. In other words, p
is a concentration factor representing donor-acceptor ratio

in the system. The values D and A in Eq. 2 are dimension-

less symbols representing donor and acceptor molecules,

respectively.

To illustrate how Eq. 2 works, let us consider the cases of

dimer and trimer formation when the concentrations of donor

and acceptor are the same. This would correspond to the

value of p equal 0.5.

For dimers, Eq. 2 takes the form

ð0:5D1 0:5AÞ2 ¼ 0:25DD1 23 0:25DA1 0:25AA: (2a)

The coefficients found in the right part of Eq. 2a represent the

probability of finding a particular molecular combination

upon aggregation. Thus, according to Eq. 2a, approximately

one-quarter of the dimer population should be formed by

donor molecules only (DD combination), another quarter

should comprise dimers containing acceptor molecules only

(AA combination), and half of the dimers will be formed by

donor and acceptor molecules (DA combination). It is crucial

to understand that this statistical distribution only works if

the probability of forming a dimer is the same between all

molecular entities present in the system.

For trimers, Eq. 2 takes the form

ð0:5D1 0:5AÞ3 ¼ 0:125DDD1 33 0:125DDA

1 33 0:125DAA1 0:125AAA: (2b)

In this case, the probability of finding a trimer formed by

three donor molecules (DDD combination) or three acceptor

molecules (AAA combination) equals 0.125 while the prob-

ability of finding a trimer formed by two donor molecules and

one acceptor molecule (DDA combination) or one donor

molecule and two acceptor molecules (DAA combination)

equals 0.375. Thus, for equal donor and acceptor concentra-

tions, approximately one-eighth of trimer population will be

formed by donor molecules only, another one-eighth by

acceptor molecules only; three-eighths by two donor mole-

cules and one acceptor molecule; and the rest three-eighths

of the population, by one donor molecule and two acceptor

molecules.

Consequently, the system will comprise three different

ensembles in case of dimerization and four different en-

sembles in case of trimer formation. These ensembles have

different energy transfer efficiencies and the relative amount

of each ensemble in the system depends on the donor-

acceptor concentration ratio. Thus, these ensembles will con-

tribute differently to the overall FRET efficiency measured in

the experiment.

Now let us consider donor fluorescence intensities in dif-

ferent ensembles in the absence and presence of acceptor. Let

iD be the donor intensity per donor from an ensemble without

energy transfer or quenching. In the presence of energy

transfer (ET), the donor intensity will be reduced by a factor

of ð1� uDn�m...Am

ET Þ; where uDn�m...Am

ET is the energy transfer

efficiency in that particular ensemble which is formed by m
acceptor molecules and n-m donor molecules (see Table 1

for details). Summing up the donor fluorescence intensities

in the presence and absence of acceptor from Table 1 and

substituting them into Eq.1 with appropriate concentration
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coefficients (Table 1), the overall FRET efficiency can be

calculated for the systems of aggregates of different order. In

particular, in the case of dimer formation,

QFRET ¼ ð1� pÞuD
1 ...A1

ET ;

where uD1...A1

ET is FRET efficiency in the dimer formed by one

donor and one acceptor molecule.

In the case of trimer formation,

QFRET ¼ 2pð1� pÞuD
2 ...A1

ET 1 ð1� pÞ2uD
1 ...A2

ET ;

where uD2...A1

ET and uD1...A2

ET are FRET efficiencies in trimers

formed by two donor—one acceptor molecules and one

donor—two acceptor molecules, respectively.

The same logic can be extended to aggregates of higher

orders and a general formula can be generated as

QFRET ¼ +
n�1

m¼1

Bm11

ðn� mÞpðn�mÞð1� pÞm
np

uD
n�m...Am

ET ; (3)

where QFRET energy transfer efficiency measured in the

system comprised by the aggregates of a single kind which

are formed by different number of donor and acceptor mole-

cules,Bm11 is the binomial coefficients (in case of dimerB1 ¼
1; B2 ¼ 2; B3 ¼ 1), n is the degree of aggregation, m is the

number of acceptor molecules in an ensemble, and uDn�m...Am

ET

is the energy transfer efficiency of an ensemble.

Thus, Eq. 3 defines the overall FRET efficiency measured

in the system through energy transfer efficiencies of ensem-

bles that constitute the system.

Resonance energy transfer is a competitive process leading

to deactivation of the donor excited state. We now consider

systems in which energy transfer occurs intramolecularly, in-

termolecularly, or when both intra- and intermolecular pro-

cesses are present.

For the system in which the donor and acceptor are parts of

one molecular entity (Fig. 1 A), the energy transfer efficiency
can be expressed as

uD�A

ET ¼ k
D�A

intra c
A

intra

kS 1 kD�A

intra c
A

intra

: (4)

Here, uD�A
ET is the energy transfer efficiency in the system

where the donor and acceptor are covalently linked together.

I.e., FRET occurs intramolecularly, kD�A
intra is the rate constant of

intramolecular energy transfer, kS is the sum of rate constants

of all the processes that compete with energy transfer (such as

internal conversion, intersystem crossing, radiative decay),

and cAintra is the effective concentration of the acceptor mole-

cules that participate in the intramolecular energy transfer.

In the system where both intramolecular and intermolecular

energy transfer are possible (see Fig. 1 B for the case when

dimers are formed), the energy transfer efficiency is given by

uðD�AÞn
ET ¼ k

D�A

intra c
A

intra 1 k
D...A

inter c
A

inter

kS 1 kD�A

intra c
A

intra 1 kD...Ainter c
A

inter

; (5)

where cAinter is the effective concentration of the acceptor

molecules that participate in the intermolecular energy transfer

and kD...Ainter is the rate constant of intermolecular energy transfer.

TABLE 1 Donor intensities in different ensembles in the presence and absence of energy transfer as a function of donor-acceptor

concentrations and the degree of aggregation

Donor intensity

Aggregation

state Ensemble

FRET

efficiency Combination

Concentration

coefficient

In the absence

of acceptor

In the presence

of acceptor

Dimer 1 0 DD p2 2iD 2iD
2 uD1 ...A1

ET DA p(1 � p) iD iDð1� uD1 ...A1

ET Þ
2 uD1 ...A1

ET AD p(1 � p) iD iDð1� uD1 ...A1

ET Þ
3 0 AA (1 � p)2 0 0

Trimer 1 0 DDD p3 3iD 3iD
2 uD2 ...A1

ET DDA p2(1 � p) 2iD 2iDð1� uD2...A1

ET Þ
2 uD2 ...A1

ET DAD p2(1 � p) 2iD 2iDð1� uD2...A1

ET Þ
2 uD2 ...A1

ET ADD p2(1 � p) 2iD 2iDð1� uD2...A1

ET Þ
3 uD1 ...A2

ET AAD p(1 � p)2 iD iDð1� uD1 ...A2

ET Þ
3 uD1 ...A2

ET ADA p(1 � p)2 iD iDð1� uD1 ...A2

ET Þ
3 uD1 ...A2

ET DAA p(1 � p)2 iD iDð1� uD1 ...A2

ET Þ
4 0 AAA (1 � p)3 0 0

FIGURE 1 Schematic representation of the systems in

which intermolecular (A), both inter- and intramolecular

(B), and intermolecular-only (C) energy transfers occur.
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Finally, we are going to consider the system that consists

of several ensembles with different energy transfer efficien-

cies and in which only intermolecular energy transfer is

possible. The case when the system comprises dimers is con-

sidered in Fig. 1 C.
The energy transfer efficiency for each of the ensembles is

given by

uD
n�m

...A
m

ET ¼ k
D...A

inter ðcAinterÞm
kS 1 k

D...A

inter ðcAinterÞm
; (6)

where ðcAinterÞm is the effective acceptor concentration in an

ensemble containing m acceptor molecules and kD...Ainter is the

rate constant of intermolecular energy transfer in the non-

linked system assumed to be the same as in Eq. 5.

One may note that cAinter; and ðcAinterÞm are interrelated with

cAintra: Indeed, if one donor molecule is covalently linked with

one acceptor molecule and such FRET system is capable of

forming an aggregate in which intermolecular energy transfer

becomes possible along with intramolecular process, then the

effective concentrations can be expressed as

c
A

inter ¼ ðn� 1Þ3 c
A

intra; (7)

where n is a degree of aggregation (Fig. 1 B).
In the case of dimer, three different ensembles are present

in the system. However, the energy transfer only occurs in

ensemble 2, which is formed by one donor molecule and one

acceptor molecule (Fig. 1 C and Table 1). For this ensemble,

the effective acceptor concentration ðcAinterÞ1 is the same as the

effective acceptor concentration in the case of intramolecular

energy transfer cAintra since, in both cases, each donor mole-

cule can transfer energy to one acceptor molecule.

In the case of trimer, there are four different ensembles in

the system (Table 1) and only ensembles 2 and 3 contribute to

the energy transfer process.

In ensemble 2, two donor molecules are associated with

one acceptor molecule, i.e., the effective acceptor concen-

tration is the same as in the case of intramolecular energy

transfer ðcAinterÞ1 ¼ cAintra: In ensemble 3, one donor molecule

is associated with two acceptor molecules and the effective

acceptor concentration ðcAinterÞ2 is twice as high as the effec-

tive acceptor concentration in the case of intramolecular

energy transfer cAintra; i.e., ðcAinterÞ2 ¼ 23 cAintra:
Thus, the effective concentration of acceptor in an en-

semble containing m acceptor molecules can be expressed as

ðcAinterÞm ¼ m3 cAintra: (8)

Solving Eqs. 4–8, one can find the expected energy trans-

fer efficiency for different ensembles in different states of

aggregations.

For the only ensemble that contributes to the energy

transfer process in case of dimerization, the energy transfer

efficiency is given by

uD
1
...A

1

ET ¼ uðD�AÞ2
ET � uD�A

ET

ð1� uðD�AÞ2
ET Þð1� uD�A

ET Þ1 ðuðD�AÞ2
ET � uD�A

ET Þ:

For ensemble 2 (DDA combination), in the case of trimer

formation, the energy transfer efficiency is given by

uD
2
...A

1

ET ¼ uðD�AÞ3
ET � uD�A

ET

2ð1� uðD�AÞ3
ET Þð1� uD�A

ET Þ1 ðuðD�AÞ3
ET � uD�A

ET Þ:

For ensemble 3 (DAA combination), in the case of trimer

formation, the energy transfer efficiency is given by

uD
1 ...A2

ET ¼ 2
uðD�AÞ3

ET � uD�A

ET

2ð1� uðD�AÞ3
ET Þð1� uD�A

ET Þ1 2ðuðD�AÞ3
ET � uD�A

ET Þ:

The same logic can be extended to ensembles formed by

aggregates of higher orders and a general formula for the

energy transfer efficiency expected from each ensemble can

be derived

Substituting Eq. 9 into Eq. 3, we obtain the expression for the

energy transfer efficiency expected to be measured in the ex-

periment in the system where FRET occurs intermolecularly:

Equation 10 shows that the efficiency of intermolecular energy

transfer is a function of degree of aggregation, relative con-

centration of donor and acceptor, and energy transfer effi-

ciencies in donor-acceptor pairs where FRET occurs both

intra- and intermolecularly (uðD�AÞn
ET ) and intramolecularly only

uD
n�m

...A
m

ET ¼ +
n�1

m¼1

m3 ðuðD�AÞn
ET � uD�A

ET Þ
ðn� 1Þð1� uðD�AÞn

ET Þð1� uD�A

ET Þ1m3 ðuðD�AÞn
ET � uD�A

ET Þ: (9)

QFRET ¼ +
n�1

m¼1

Bm11

ðn� mÞpðn�mÞð1� pÞm
np

m3 ðuðD�AÞn
ET � uD�A

ET Þ
ðn� 1Þð1� uðD�AÞn

ET Þð1� uD�A

ET Þ1m3 ðuðD�AÞn
ET � uD�A

ET Þ: (10)
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(uD�A
ET ). We used Eq. 10 to generate FRET efficiency curves

for different values of uðD�AÞn
ET and uD�A

ET : The results are pre-
sented in Fig. 2. Interestingly, intermolecular energy transfer

shows very slight dependence on the degree of aggregation in

the entire range of aggregation numbers when uðD�AÞn
ET and

uD�A
ET are comparable in values. When uðD�AÞn

ET is significantly

higher than uD�A
ET ; intermolecular FRET increases noticeably

only in the range of low aggregation numbers (n ¼ 2–4).

To test the theory we conducted FRET measurements in

three different systems. The first system comprised a cova-

lently linked donor-acceptor pair (CFP-YFP) (Fig. 1 A). We

demonstrate here that, in this system, energy transfer occurs

intramolecularly only. The second system comprised the same

covalently linked donor-acceptor pair (CFP-YFP) fused with a

cell membrane receptor (CRF type 1a receptor). Receptor

aggregation on cell surface may open an additional intermo-

lecular energy transfer channel. In this case, donor can transfer

its energy not only to the acceptor it is linked to but also to the

acceptor that belongs to a different molecular entity (Fig. 1 B).
Finally, FRET was measured in the system where only inter-

molecular energy transfer is possible. In this system, CRF

receptor was covalently linked to either donor or acceptor and

FRET was measured between donor and acceptor brought

together by the receptor aggregation, as illustrated in Fig. 1 C.

MATERIALS AND METHODS

Materials

Human embryonic kidney (HEK) 293 cells were obtained from the American

Type Culture Collection (ATCC, Manassas, VA). Tissue culture reagents

and Lipofectamine 2000 were purchased from Invitrogen/Molecular Probes

(Burlington, ON, Canada). Extinction coefficient 26,000 M�1 cm�1, fluo-

rescence quantum yield 0.4 (ECFP-N1) and extinction coefficient 36,500

M�1 cm�1, fluorescence quantum yield 0.63 (EYFP-N1) were used as en-

ergy transfer donor and acceptor, respectively (BDBiosciences/Clontech,

Palo Alto, CA).

Plasmid constructs

Cyan fluorescence protein (CFP)-yellow fluorescence protein (YFP) and

YFP-CFP fusions were generated by inserting CFP or YFP without a stop

codon into a frame with the existing YFP or CFP found in the pEYFP-N1

(pECFP-N1) vectors (BDBiosciences/Clontech) at the BamHI and EcoRI

sites. PCR was used to remove the stop codon from CFP or YFP and in-

troduce BamHI and EcoRI sites at the appropriate places to ensure that the

CFP or YFPwithout the stop codonwas inserted in the correct reading frame.

Analogously, CRF1a-CFP-YFP fusion was generated by inserting CFP into

existing CRF1a-YFP vector (22) at BamHI and EcoRI sites. To engineer

CRF1a-YFP-CFP, PCR was used to remove the stop codon from YFP with

pEYFP-N1 used as a template and introduce EcoRI and BamHI sites first.

Then, CRF1a was subcloned from CRF1a-YFP in pECFP-N1 to create

CRF1a-CFP. Finally, the PCR product was subcloned in frame into CRF1

a-CFP to create CRF1a-YFP-CFP fusion protein. The constructs were

verified by restriction analysis.

Cell culture, transfection, and fixation

HEK293 cells were cultured in Eagle’s minimal essential medium containing

fetal bovine serum (10% v/v) as well as penicillin/streptomycin. For confocal

imaging, cells were split into 35-mm glass-bottom dishes and proliferated

until they reached 90% confluency. Transfection was conducted using Lip-

ofectamine 2000 according to the manufacturer’s instructions. To fix the

transfected cells they were incubated for 20 min at room temperature in 3.7%

paraformaldehyde diluted in 13 PBS.

Confocal microscopy

Confocal imaging was performed on a Leica TSC SP2 (Leica Microsystems,

RichmondHill, ON, Canada) laser-scanning confocal microscope using 633
oil immersion objective. Transfected HEK293 cells were maintained in

13 PBS at 37�C on a heated stage. Argon laser lines of 458 nm and 514 nm

were used as excitation sources for CFP and YFP, respectively. Emission

was detected in the following spectral windows: 465–485 nm (CFP) and

550–570 nm (YFP).

FRET measurements

There are two common steady-state experimental approaches to measuring

FRET in cells: acceptor (photo)bleaching (AB); and sensitized (acceptor)

emission (SE). Both techniques are based on the fact that FRET causes the

fluorescence intensity of the donor to decrease and the fluorescence intensity

of the acceptor to increase due to the transfer of energy from the donor to the

acceptor. The AB method measures the amount of donor emission decrease

while the SEmethodmeasures the growth of acceptor emission. Both assume

that other experimental parameters, such as donor and acceptor fluorescence

quantum yields and spectral detection efficiencies, are known.

We employed both the AB and SE methods to obtain FRET data. All our

FRET experiments were performed on the Leica TSC SP2 confocal micro-

scope and the algorithms for conducting the experiments were developed

with the system capabilities in mind. The Leica TSC SP2 combines confocal

microscopy imaging with spectrophotometric detection that enables fluo-

rescence detection in the regions where there is no contamination from cross-

talk (or its contribution to the signal in question is negligible (23)). In all the

FIGURE 2 Dependence of intermolecular FRET efficiency on degree of

aggregation. The curves were generated using Eq. 10 for equal concentra-

tions of donor and acceptor and different values of uðD�AÞn
ET and uD�A

ET :

uðD�AÞn
ET ¼ 0:9; uD�A

ET ¼ 0:1 (squares); uðD�AÞn
ET ¼ 0:7; uD�A

ET ¼ 0:3 (dia-

monds); uðD�AÞn
ET ¼ 0:5; uD�A

ET ¼ 0:1 (triangles); uðD�AÞn
ET ¼ 0:5; uD�A

ET ¼ 0:3

(circles); and uðD�AÞn
ET ¼ 0:3; uD�A

ET ¼ 0:1 (crosses). The solid curves were

calculated using uðD�AÞn
ET and uD�A

ET values from the experimental FRET data

in Table 3 for the SE method. The upper curve corresponds to the CFP-YFP

coupled and uncoupled systems (uðD�AÞn
ET ¼ 0:6; uD�A

ET ¼ 0:44); the bottom

curve corresponds to the YFP-CFP coupled and uncoupled systems

(uðD�AÞn
ET ¼ 0:46; uD�A

ET ¼ 0:33).
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experiments, CFP and YFP were used as the donor and acceptor of energy,

respectively.

AB approach

In the AB method, the donor fluorescence intensity is measured first in the

presence of the acceptor and then in its absence after the acceptor has been

photobleached from the system by repeated laser irradiation. The FRET ef-

ficiency (QFRET) is then calculated according to Eq. 1.

The detection range for the donor emission was chosen to be 465–485 nm

(Channel D). The acceptor fluorescence in this region is null, which makes us

conclude that all the changes in the emission intensities detected at these

wavelengths are due to changes in the donor fluorescence caused by FRET

and it is valid to calculate FRET efficiency by substituting the directly

measured values in Eq. 1. Since the donor emission extends very far into

longer wavelength regions and overlaps with the acceptor emission spectrum

at almost all wavelengths, it is impossible to pick up a detection region where

the acceptor emission would be clear from the donor bleedthrough signal and

at the same time significantly higher than a noise level. The spectral window

550–570 nm (Channel A) chosen to monitor the amount of the acceptor

bleached is a good compromise between the detection efficiency and the

amount of the donor fluorescence contaminating the signal. The experiments

were terminated when no further changes in the acceptor intensities were

observed. When acquiring the donor images, the excitation laser power and

detector sensitivity were optimized to obtain an image of high quality and at

the same time to minimize bleaching of the donor. The donor intensities were

measured by selecting region of interest within the collected image before

and after bleaching. FRET efficiency was calculated using Eq. 1 and the final

value was the average from 20 different images.

One of the advantages of the AB approach is that it offers quantitative

FRET measurements without the need to introduce parameters that correct

for microscope properties. On the other hand, the AB technique relies on the

photobleaching being complete and it does not take into account the fact that

photochemical reactions initiated by repeated laser irradiation may, in

principle, produce highly reactive species that will cause the destruction of

donor molecules. Thus, the AB approach can lead to an underestimate of the

FRET efficiency.

SE approach

The SE method relies on measuring an increase in the acceptor fluorescence

when the donor is introduced into the system. For the CFP-YFP donor-

acceptor pair, the acceptor emission is always contaminated by the donor

fluorescence and, therefore, it is technically more challenging to conduct SE

measurements. The experiment requires determination of a number of con-

trol parameters that account for the amount of fluorescence detected in the

acceptor channel due to emission of the donor, as well as the amount of

fluorescence detected in the acceptor channel due to direct excitation of the

acceptor with the donor excitation wavelength. Different approaches have

been developed to obtain all of the necessary values (24–26). In all of them,

single and double-labeled specimens are required and a linear dependence of

fluorescence intensities between single- and double-labeled samples is as-

sumed. These approaches are only valid for particular levels of sensitivity

(27), so caution is required when adopting these methods.

The SE method allows for eliminating all the hardware limitations that one

could potentially face in AB. The amount of FRET in an acceptor signal con-

taminated with cross-talk can be assessed based on the assumption that fluo-

rescence intensities in single- and double-labeled specimens are linearly related.

The SE approach for our FRET experiments was specifically developed

with the Leica hardware capabilities in mind. In general, the total intensity in

the acceptor detection channel is a sum of three contributions: intrinsic ac-

ceptor fluorescence due to direct excitation; donor bleedthrough into the

acceptor channel; and the FRET signal, if present. The first two signals can be

neglected only if the acceptor is not excited by the donor excitation wave-

length and the emission spectrum of the donor does not extend into the ac-

ceptor detection channel or the donor fluorescence quantum yield is

negligible. Under our experimental conditions, that is not the case, and the

overall intensity IA measured in channel A is

IA ¼ I
458

aðd1aÞA 1 I
458

dðd1aÞA 1 IFRETA; (11)

where I458aðd1aÞA is the acceptor fluorescence intensity in channel A due to

direct excitation with the donor wavelength in the sample where both the

donor and acceptor are present, I458dðd1aÞA is donor bleedthrough signal into

channel A in the sample where both the donor and acceptor are present (i.e.,

the intensity in the acceptor channel arising from donor emission), and IFRET A

is the FRET signal in channel A, the desired quantity. In all cases, the

superscript indicates the excitation wavelength (see Table 2 for a guide to the

symbols and their meaning).

In our SE experiments, the amount of the donor bleedthrough into channel

A (I458dðd1aÞA) was evaluated by means of a correction curve (Fig. 3) that was

generated using a sample labeled with the donor only. The fluorescence

donor intensities in Channel D (I458dðd onlyÞD) and Channel A (I458dðd1aÞA) were
measured at different laser power and in samples with different concentra-

tions of the donor. The obtained values were plotted and linear dependence

over a wide range of concentrations and laser powers was observed (Fig. 3),

i.e., I458dðd onlyÞA ¼ k I458dðd onlyÞD: When the acceptor is present in the system as

well, the fluorescence in channel D is not compromised by its emission.

Therefore, the amount of the donor bleedthrough into channel A (I458dðd1aÞA)
can be determined by measuring the fluorescence intensity in channel D

(I458dðd1aÞD) and using this value on the correction curve. One major advantage

of using the correction curve is that fluorophore concentration and laser

power are eliminated as parameters from determining the amount of donor

bleedthrough into the acceptor channel.

Each set of FRET measurements consisted of two steps and was carried

out with constant laser intensities and the same PMT detector was used in

both channels. Correction for PMT spectral sensitivity was made using the

spectral sensitivity chart provided by the detector manufacturer. The experi-

ments and calculations were conducted according to the following algorithm:

Step 1. The fluorescence intensities from the sample labeled with both

the donor and acceptor and excited at the donor wavelength (458 nm)

were measured in Channel D and Channel A. The intensity in chan-

nel A represents the total intensity in Eq. 11. The intensity in Channel

D was used to determine the amount of the donor bleedthrough into

Channel A with the correction curve shown in Fig. 3. Since the

dependence is linear and passes through the origin, the bleedthrough

signal was estimated using the slope k,

TABLE 2 Symbols representing fluorescence intensities used in the calculations of FRET efficiencies by SE method

Channel D 465–485 nm Channel A 550–570 nm

System Donor intensity FRET signal Donor intensity Acceptor intensity FRET signal

Donor excitation Donor only I458dðd onlyÞD I458dðd onlyÞA
Acceptor only I458aða onlyÞA
Donor 1 acceptor IFRET D I458dðd1aÞA I458aðd1aÞA IFRET A

Acceptor excitation Acceptor only I514
aða onlyÞA

Donor 1 acceptor I514aðd1aÞA

1354 Anikovsky et al.

Biophysical Journal 95(3) 1349–1359



I
458

dðd1aÞA ¼ k I
458

dðd1aÞD; (12)

where I458dðd1aÞA is the donor bleedthrough into the acceptor channel when both

the donor and acceptor are present in the system, and I458dðd1aÞD is the donor

intensity measured in Channel D from the same sample.

Step 2. To calculate the amount of intrinsic acceptor fluorescence in

Channel A due to direct excitation with the donor wavelength, the

sample from Step 1 was excited with the acceptor excitation wave-

length (514 nm) and the fluorescence of intensity I514aðd1aÞA was

measured in Channel A. Since the donor is not excited at this

wavelength, all the emission detected is due to the acceptor fluores-

cence from direct excitation. The amount of the acceptor emission in

Channel A from excitation with the 514 nm laser line should be

proportional to the amount of the acceptor emission in the same

channel from excitation with the 458 nm laser line. Thus, the amount

of intrinsic acceptor fluorescence in channel A due to direct excita-

tion with the donor wavelength in the sample, where both the donor

and acceptor are present can be determined as

I
458

aðd1aÞA ¼ I
458

aða onlyÞA
I
514

aða onlyÞA
I
514

aðd1aÞA: (13)

After inserting Eqs. 12 and 13 into Eq. 11, the intensity of FRET signal in

channel A is given by

IFRETA ¼ IA � k I
458

dðd onlyÞD �
I
458

aða onlyÞA
I
514

aða onlyÞA
I
514

aðd1aÞA: (14)

The intensity of FRET signal in channel D was determined according to

IFRETD ¼ IFRETA

uD

uA

vA

vD

; (15)

whereuD anduA are fluorescence quantum yields of the donor and acceptor,

andvD andvA are average spectral sensitivities of the detector in channels D

and A, respectively.

Finally, the FRET efficiency was calculated according to

QFRET ¼ IFRETD

I
458

dðd1aÞD 1 IFRETD

; (16)

where I458dðd1aÞD is the fluorescence intensity measured in Channel D after

excitation of a double-labeled sample with the donor excitation wavelength

and averaged from 20 different measurements.

RESULTS AND DISCUSSION

After cells were transfected with plasmid DNA and sufficient

level of protein expression was reached, a series of confocal

images was collected to be then processed according to the

two FRET algorithms. In case of the AB approach, an in-

crease in the donor fluorescence intensity was directly ob-

served (Fig. 4, A andC) after the acceptor was bleached out of
the system by continuous irradiation (Fig. 4, B andD) and the
FRET efficiency was calculated using Eq. 1. For SE method,

the intensity of FRET signal was obtained from Eq. 15 and

the efficiency was calculated using Eq. 16. FRET results for

the different systems tested are summarized in Table 3. The

error bars were calculated as standard errors of the mean with

95% confidence interval. The sample size for both SE andAB

techniques was 20. To check whether the average FRET ef-

ficiencies obtained by SE and AB are statistically different,

we applied t-score analysis to the experimental distributions

of measured FRET efficiencies. The calculated t-values were
compared to the reference values in a standard table of sig-

nificance with the a-level set at 0.05. The analysis showed

that, in most cases, the null hypothesis that the two distri-

butions do not differ from each other cannot be rejected

suggesting that the difference between the FRET results

obtained by AB and SE methods is statistically insignificant.

This supports the equivalence of the two techniques. The

only exception was found in the case when the linked donor

and acceptor were fused with the receptor. The fact that the

values of FRET efficiencies measured by AB and SE

methods are different in this case must be a result of some

systematic effect(s) that occur(s) in the course of conducting

measurements. In this context, one of the observations worth

pointing out is that FRET efficiencies obtained by AB

method are consistently lower compared to SE method. It

seems reasonable to suggest that, in the case of AB, a sys-

tematic effect may arise due to the destructive nature of the

method itself. Indeed, bleaching of the acceptor out of the

system most probably occurs through the generation of re-

active oxygen species that, in turn, may result in partial de-

composition of the donor. In this case, FRET values appear to

be lower compared to the actual ones. We believe that this

deviation is more pronounced when the linked CFP and YFP

are fused with the receptor because, in this case, in addition to

donor molecules which are covalently linked to the acceptor,

extra donor molecules belonging to different molecular en-

tities get brought into close proximity of the acceptor mole-

cules. This increases the probability of the donor to be

destroyed. As a result, the FRET values determined by the

two methods are statistically different in this case.

FIGURE 3 Correction curve used to evaluate the amount

of donor bleedthrough into the acceptor channel.
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Linked CFP and YFP show intramolecular energy
transfer sensitive to fixation

In the cells transfected with nonfused CFP and YPF, no en-

ergy transfer was detected. In the absence of acceptor, the

donor excited-state lifetime is on the order of several nano-

seconds (28). To observe energy transfer in this system, the

effective acceptor concentration should be very high. This

can be achieved if the donor and acceptor form aggregates or

their overall concentration is such that the probability of

finding an acceptor molecule in close proximity to a donor

molecule during its excited-state lifetime is high enough to

make the energy transfer process efficient. Since the FRET

level was nil in the system, neither of the above conditions

was fulfilled making us suggest that CFP and YFP are mainly

present in the cytoplasm in the monomeric form. Though

GFP dimerization at high concentrations was previously re-

ported (29) and one could expect similar behavior in CFP and

YFP since they are structurally similar to their precursor, we

believe that CFP and YFP concentrations in the transfected

cells were not high enough to facilitate the process of spon-

taneous dimer formation.

In live cells, the energy transfer efficiency had significant

values in the systems where the donor was covalently linked

to the acceptor. For CFP-YFP and YFP-CFP fusion proteins

it was determined to be;40 and 30%, respectively (Table 3).

Since no oligomerization of CFP and YFP were established

in nonfused proteins, FRET detected in the fused systems

must be completely due to energy transfer from the donor to

acceptor within one molecular entity, i.e., intramolecular

energy transfer. It is worth noting that the efficiency of the

transfer is sensitive to the order in which the donor and ac-

ceptor were introduced into the DNA vector used for cell

transfection. In the CFP-YFP FRET pair, the efficiency is

higher than in the YFP-CFP fusion. Despite the fact that in

both vectors the length of the amino-acid link is the same, the

average distance between the fluorophores and/or their rela-

tive orientation must be different to give a rise to different

energy transfer efficiencies.

We then used the same donor-acceptor ensembles for

FRET measurements in the cells fixed with paraformalde-

FIGURE 4 HEK 293 cells transfected with CFP-YFP fu-

sion protein. Panels A and C represent CFP channel before

and after bleaching; panels B and D represent YFP channel

before and after bleaching. The acceptor was bleached out

of cell 1, and cell 2 was used as a control.

TABLE 3 FRET efficiencies (%) in live and fixed cells

determined by acceptor photobleaching (AB) and

sensitized emission (SE) techniques

Alone CRF-coupled

Live Fixed Live Fixed

CFP 1 YFP AB 0 0 14 6 1 12 6 1

SE 0 0 10 6 1 7 6 1

CFP-YFP AB 40 6 2 13 6 1 46 6 2 20 6 1

SE 44 6 2 19 6 2 60 6 2 35 6 2

YFP-CFP AB 32 6 1 12 6 1 36 6 1 17 6 1

SE 33 6 1 16 6 1 46 6 2 23 6 1
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hyde. A dramatic decrease in the energy transfer efficiencies

was found for all fused donor-acceptor pairs (Table 3). When

energy transfer occurs by the dipole-dipole interaction

mechanism, the rate constant of the process depends on the

donor excited-state lifetime in the absence of the acceptor

(td), the distance between the donor and acceptor (R), and the
Förster radius (R0), a parameter that defines the distance

between the donor and acceptor at which the probability of

the energy transfer is half and equals the probability that the

donor excited state decays through alternative energy deg-

radation channels (30), i.e.,

kET ¼ 1

td

R0

R

� �6
: (17)

The value of the Förster radius depends on many param-

eters and can be calculated from

R
6

0 ¼
9000ðln 10Þk2

F
0

D

128p
5
NAn

4

Z N

0

IDðlÞeAðlÞl4
dl: (18)

Here F is the fluorescence quantum yield of the donor in the

absence of the acceptor, n is the refractive index of the

medium (1.4 for aqueous solutions), eA(l) is the molar

absorption coefficient of the acceptor, and ID(l) is the

fluorescence intensity of the donor.

According to Eqs. 17 and 18 several factors can be held

accountable for less efficient energy transfer. The integral in

Eq. 18 denotes a degree of spectral overlap between the donor

emission spectrum and acceptor absorption spectrum. In our

experiments, no spectral changes in the fluorophores upon

fixation were detected, which makes us conclude that the

value of the integral was not altered. It is unlikely that the

donor fluorescence quantum yield decreases, since no

changes in average fluorescence intensity in cells were found.

Thus, the observed decrease of FRET efficiency should be

either due to an increased distance between the donor and

acceptor (parameter R in Eq. 17) or reduced values of the

orientation factor (parameter k2 in Eq. 18). By definition, k2

depends on the average relative orientation of the emission

transition moment of the donor and the absorption transition

moment of the acceptor during the lifetime of the excited

state of the donor, so

k
2 ¼ Æðcos uDA � 3 cos uD cos uAÞ2æ; (19)

where uDA is the angle between the donor and acceptor tran-

sition moments (mD and mA), and uD and uA are the angles

between these transition moments and the line connecting the

centers of the chromophores (Fig. 5). Since the donor and

acceptor are covalently linked, it is unlikely that fixation

leads to a significantly increased distance between the donor

and acceptor. On the other hand, immobilization of the fluo-

rophores by the fixation procedure per se may anchor them in

positions that disfavor intramolecular energy transfer. As a re-

sult, reduced values of k2 lead to less efficient energy transfer.
To our knowledge, this is the first observation of cell

fixation affecting the energy transfer process directly. Inter-

estingly, cooling the cells to 4�C does not decrease the en-

ergy transfer efficiency so it appears that chemical fixation is

required.

Coupled systems show both intra- and
intermolecular energy transfer

In the set of constructs where the CRF receptor was added to

the fused CFP-YFP/YFP-CFP proteins (coupled systems),

the efficiency of energy transfer was higher compared to the

corresponding systems where the donor and acceptor were

fused and transfected into the cells without the receptor at-

tached (Table 3). We attribute this increase in the overall

FRET efficiency for the CRF-coupled systems to intermo-

lecular energy transfer because of aggregation. An extra en-

ergy transfer channel that does not exist in the absence of the

receptor is created as a result of interaction of the receptors in

the cell membrane. If CRF forms dimers or aggregates of

higher order, then such oligomerization will bring donors and

acceptors belonging to different molecular entities closer

together and that, in turn, will make it possible for the energy

transfer to occur intermolecularly as well as intramolecularly.

Cotransfection of CRF-CFP and CRF-YFP leads to modest

levels of energy transfer. This is consistent with intermo-

lecular ET only.

Intermolecular energy transfer efficiency
depends only slightly on the degree
of aggregation

Assuming that intramolecular and intermolecular energy

transfer are independent processes with rate constants unaf-

fected by each other, they should be treated as competitive

paths of energy dissipation in the systems where both are

present. Taking into account that the quantum yield of a

process depends on its own rate constant and the rate con-

stants of all the competitive processes, we developed a model

that considers FRET systems in which the energy transfer

occurs intramolecularly, intermolecularly, or both and pre-

dicts the amount of intermolecular energy transfer as a

function of the degree of aggregation (Eq. 10).

FIGURE 5 Dark-shaded and light-shaded planes represent the planes where

transitional dipole moments of the donor and acceptor are located. The values

uDA, uD, and uA are polar angles used to define relative orientation of the donor

and acceptor and calculate the orientation factor k.
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Let us now consider FRET efficiencies obtained experi-

mentally for the systems where the donor and acceptor are

linked (intramolecular energy transfer) and the systems

where the linked donor and acceptor are coupled with the

receptor (intra- and intermolecular energy transfer). For

CFP-YFP and YFP-CFP fusion proteins, the energy transfer

efficiencies obtained by SE method are 0.44 and 0.33, re-

spectively. For the same fusion proteins coupled with CRF

receptor, the energy transfer efficiencies increase up to 0.6

and 0.46. Using these values of FRET efficiencies in Eq. 10

and assuming that the donor and acceptor concentrations are

the same, the expected values of intermolecular energy

transfer efficiency as a function of the degree of aggregation

can be obtained (Fig. 2, solid curves). Fig. 2 compares these

curves with curves corresponding to several pairs of values of

intramolecular energy transfer efficiencies and intra- plus

intermolecular energy transfer efficiencies as indicated in the

figure caption. As one can see from the figure, the depen-

dence of the energy transfer efficiency on the degree of ag-

gregation is insignificant for our experimental data. If the

receptors form dimers, it is estimated to be between 0.13 and

0.2. When the aggregation state changes from a dimer to

trimer, the FRET efficiency is expected to be increased on

average by ,3% of the dimer value. Further increase in the

aggregation number affects the overall efficiency even less

and, eventually, FRET levels off, reaching a plateau value.

In the cells cotransfected with CRF-CFP and CRF-YFP

vectors, only intermolecular energy transfer is expected to be

observed. In this case, ET occurs between the donor and

acceptor belonging to two different molecular entities

brought together by the receptor aggregation. The measured

FRET efficiency in this system determined by SE method

was found to be ;0.1. This value is slightly lower than the

FRET value expected from the system formed by dimers

(Fig. 2). It seems fair to suggest that the CRF receptor may

not be present in the membrane purely in the dimeric form but

rather coexist with monomers in equilibrium. Since the

values of FRET efficiency do not show significant depen-

dence on the aggregation state of the receptor (Fig. 2), the

aggregates of higher order may potentially be present in the

system as well.

Intermolecular energy transfer is not affected
by fixation

In the system where the energy transfer occurs only via in-

termolecular pathway, FRET efficiency shows very slight (if

not complete) independence on whether it is measured in live

or fixed cells. As one can see from Table 3, in the cells co-

transfected with CRF-CFP and CRF-YFP vectors, the energy

transfer efficiency values are very close in both live and fixed

systems. As mentioned above, fixation has a dramatic effect

on the energy transfer efficiency in the linked donor-acceptor

pairs. In these systems, a significant decrease in the FRET

signal upon fixation is most probably caused by locking the

fluorophores in geometrical conformations unfavorable for

energy transfer to occur. In live cells, dynamics provides

extra degrees of freedom for the linked donor-acceptor pairs,

resulting in temporally averaged isotropic distribution of

orientations. In the case of the intermolecular energy transfer,

a temporally averaged isotropic distribution of orientations

caused by dynamics in live cells has the same overall average

effect on the energy transfer efficiency as a spatially averaged

isotropic distribution of orientations formed upon fixation.

This, in turn, suggests that CRF aggregates allow significant

flexibility in the orientations (dynamically and spatially) of

the fluorophores, and consequently, energy transfer mea-

surements can be reliably done on either live or fixed cells.

In summary, FRET experiments were conducted in the

systems where intramolecular and/or intermolecular energy

transfer is possible. In all the systems studied, intramolecular

component of the energy transfer significantly depends on

whether the experiment is conducted in live or fixed cells.

This experimentally observed phenomenon can be explained

in terms of unfavorable relative geometrical conformation

imposed on the donor-acceptor pair by the fixation proce-

dure. Intermolecular component of the energy transfer shows

no dependence on fixation.

A new dynamic model considering intra- and/or intermo-

lecular FRET suggests that the energy transfer efficiency

only slightly depends on the degree of receptor aggregation.
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