
UC Irvine
UC Irvine Previously Published Works

Title
Fluorescence resonance energy transfer: FRET studies of ligand binding to cell surface 
receptors

Permalink
https://escholarship.org/uc/item/9w18q4w4

Journal
Journal of Fluorescence, 8(1)

ISSN
1053-0509

Authors
Louie, Angelique Y
Tromberg, Bruce J

Publication Date
1998-03-01

DOI
10.1007/bf02758231

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9w18q4w4
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Journal of Fluorescence, Vol. 8, No. I. 1998 

Fluorescence Resonance Energy Transfer: FRET Studies of 
Ligand Binding to Cell Surface Receptors 
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We describe a simple optical system employing fluorescence resonance energy transfer (FRET) to 
identify potential binding domains on the macrophage scavenger receptor for the ligand maleylated 
bovine serum albumin (mal-BSA). Using a plasma membrane vesicle system, we placed donor 
probes on the ligand and acceptor probes in the membrane to determine the distance of bound 
ligand from the cell surface. Two donors and three acceptors were employed. Transfer between 
ligand covalently modified with multiple dansyl molecules and hexadecanoylaminoeosin in the 
membrane yielded a distance of 46.5 + 7.5 ,~.; transfer from the same type of donors to octade- 
cylrhodamine B in the membrane gave a distance of 58.5 _ 3.0 ,~. No transfer was observed 
between ligand mono-labeled with fluorescein and 1,1'-dioctadecyl-3,3,Y,3'-tetramethylindocarbo- 
cyanineperchlorate in the membrane. This suggests that the orientation of maI-BSA bound to the 
receptor places the fluorescein probe too far from the lipid surface to experience energy transfer. 
The distance information identifies a potential Location for the binding site, which can be compared 
to structural information about the receptor and used to extract a binding sequence. 

KEY WORDS: Transmembrane protein; binding site; resonance energy transfer; intramolecular distances; 
modified low-density lipoprotein (LDL) receptor. 

INTRODUCTION 

Transport of  materials into cells can occur by pas- 
sive diffusion or by receptor-mediated or nonspecific en- 
docytosis. The interactions of  drugs in the treatment of  
disease often involves blocking the uptake or binding of 
ligands by particular receptors. Alternatively, specific re- 
ceptors can be exploited as a means for delivering drugs 
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to particular cells. Detailed knowledge of the nature and 
structure of  the binding site on a receptor aids in the 
design of agents to interfere or interact with receptor 
function. 

Identification of binding sites on receptor proteins 
typically involves the generation of  truncation or site 
specific mutants. However, the results from binding 
studies with such mutants can be ambiguous; for in- 
stance, deletion of  a region which is key to structural 
integrity can abolish function but the region may not be 
directly involved with binding. Furthermore, these types 
of  studies may supply primary sequence information re- 
garding the binding site but give no insight to the lo- 
cation of the binding site in the overall protein structure. 
Alternatives to molecular techniques include optical 
technologies such as fluorescence resonance energy 
transfer (FRET) and more sophisticated methods includ- 
ing nuclear magnetic resonance (NMR) and x-ray crys- 
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tallography. FRET offers the advantage of being able to 
study the binding characteristics of an unmanipulated re- 
ceptor in situ while providing some degree of structural 
information. 

Detailed structural information can be derived from 
x-ray crystallography, however, few transmembrane pro- 
teins have been successfully prepared for such studies. 
The transmembrane domain makes it more difficult to 
purify such proteins and removal from the membrane 
can perturb the structure of the protein. NMR is an al- 
ternative means for obtaining structural information, but 
it is limited largely to molecules less than 30 kD in size 
and requires relatively large amounts of purified material 
for study (millimoles of protein). While FRET does not 
yield information at the level of resolution of the afore- 
mentioned techniques, it is well suited to the study of 
transmembrane receptors in their native state. 

FRET has long been utilized as a technique for 
measuring inter- and intramolecular distances. These 
measurements allow determination of such widely vary- 
ing properties as substrate turnover rate in catalysis, 
molecular conformation changes, molecular aggrega- 
tion/complexation, and three-dimensional structure. The 
characterization of membrane receptors by use of FRET 
between fluorescently labeled ligands and the membrane 
surface has been employed most extensively for the IgE 
receptor [4,5,20,21,38] and the nicotinic acetylcholine 
receptor [23,24,35,36] to probe the conformations of 
these receptors with bound ligands. Although the studies 
in the literature, for the most part, provide sufficient ex- 
perimental detail on the collection of data, it is not al- 
ways clear how these data are translated to a distance 
measurement from theory. 

There are a number of solutions to the Forster en- 
ergy transfer problem presented in the literature. Some 
of these are analytical solutions based on approximations 
made with regard to specific cases [10,14,37]; another 
approach is to obtain an exact solution by numerical 
methods such as described by Snyder and Freire. All of 
these solutions have been employed by various research- 
ers to calculate distances from experimental data. A 
search of the literature can be confusing to investigators 
who wish to employ FRET for their own studies given 
this mix of analytical treatments. 

We describe herein a simple optical technique, 
based on FRET, for studying receptor binding sites. The 
technique is described in simple terms and in sufficient 
detail for others to use these methods and utilizes, in a 
comprehensive manner, the key analytical points from 
past papers. We provide the conceptual framework and 
experimental approach to perform FRET in membrane 
systems and clearly outline the mathematical treatment 

of the data to obtain a distance measurement. The ex- 
ample system employed in these studies is the macro- 
phage scavenger receptor, but the techniques described 
are readily extendable to characterize other transmem- 
brane receptors in situ without perturbing their structure. 

The class A macrophage scavenger receptor is a 
trimeric, transmembrane glycoprotein bearing an unu- 
sually broad ligand binding specificity, recognizing cer- 
tain polypurines (polyinosinic, polyguanylic), modified 
albumins (malondialdehyde-modified, maleylated), mod- 
ified low-density lipoproteins (LDL) (oxidized, acety- 
lated), and some other negatively charged molecules [6]. 
The scavenger receptor is proposed to be a rigid stalk 
extending some 400 A above the membrane surface and 
is believed to play a key role in cholesterol accumulation 
during the formation of foam cells, one of the early lipid 
deposition events in atherosclerosis [15,34]. 

For these studies we placed fluorescent donors on 
a scavenger receptor ligand, maleylated bovine serum 
albumin (mal-BSA), and assessed the distance of the 
bound ligand from the plasma membrane surface using 
various membrane-localizing acceptors. 

MATERIALS AND METHODS 

Materials. The fluorescent probes dansyl chloride, 
fluorescein maleimide, DiI (1,1'-dioctadecyl-3,3,3',3'-te- 
tramethylindocarbocyanine perchlorate), HAE (hexade- 
canoylaminoeosin), and ORB (octadecylrhodamine B) 
were from Molecular Probes (Eugene, OR). Phosphati- 
dylethanolamine (diluted 8:0) was from Avanti Polar 
Lipids, Inc. (Alabaster, AL). Thin-layer chromatography 
(TLC) plates and chloroform were from EM Science 
(Gibbstown, NJ), TEA (triethylamine) and BCA protein 
assay reagents were from Pierce Biochemicals (Rock- 
ford, IL). Ethyl acetate, was from Fischer Scientific 
(Pittsburgh, PA). Maleic anhydride, N-ethylmaleimide 
(NEM), DNase I, bovine serum albumin, and all com- 
mon shelf reagents were from Sigma (St. Louis, MO). 
RPMI 1640 medium, fetal bovine serum (FBS), pen- 
strep, and L-glutamine were from GIBCO (Gaithersburg, 
MD). The P388D1 cell line was from the ATCC (Rock- 
ville, MD). 

Maleylation of  BSA [7]. Ninety-two milligrams of 
solid maleic anhydride was added in small aliquots with 
stirring to 10 ml of 10 mg/ml BSA in phosphate-buf- 
fered saline (PBS). The solution was maintained at pH 
8.5-9.0 with 1 N NaOH or by the addition of solid so- 
dium carbonate. After completion of the reaction, as in- 
dieated by stabilization of the pH, the solution was 
dialyzed in PBS, pH 7.4, by four changes. 
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Fig. I. Sample compositions. Sample preparation methods are outlined 
for the five samples employed to calculate the corrected donor emis- 
sions used in distance calculations: S (sample), C (nonspecific binding 
control), B (control for direct interaction between donor and acceptor), 
D (sample for determination of acceptor density), and V (blank). For 
more detail refer to Materials and Methods. 

Fluorescent Labeling of MaI-BSA with Dansyl 
Chloride [30]. Dansyl chloride (5-dimethylaminona- 
phthalene-l-sulfonyl chloride, 20 mM in acetone) was 
added to maI-BSA in PBS at pH 8.0 to give a final 
weight ratio of 100:2. The mixture was incubated for 6 
h at 4~ Conjugates were separated from unreacted 
probes by gel filtration on a Sephadex G-25 column 
equilibrated with PBS, pH 7.4. Degree of substitution 
was determined spectrophotometrically using an extinc- 
tion coefficient of 4500 M -~ cm -~ at 340 nm for dansyl 
amine conjugates [19]. Typical labeling placed 4-7 dan- 
syl molecules per mal-BSA. Protein concentrations were 
determined by the BCA protein assay [29]. 

Maleylation and Fluorescein Labeling of  
BSA. BSA in PBS, pH 7.4, was incubated with a 50% 
molar excess of fluorescein maleimide (1 mg/ml in 
DMF) at room temperature for 1 h. The pH was then 
adjusted to 8.5 and the steps for maleylation were carried 
out as described above. The product was dialyzed in 
PBS, pH 7.4, against three changes. The protein con- 
centration of the final product was determined by BCA 
assay and the degree of  labeling determined spectropho- 
tometrically using an extinction coefficient of  7.08 • 104 
M -~ cm -~ for fluorescenyl maleimide groups at 495 nm 
[19]. 

Fluorescent Labeling of  Phosphatidylethanolam- 
ine. 5-Dimethylaminonaphthalene-sulfonyl phosphati- 
dylethanolamine (dansyl PE) was synthesized by 
reacting 5 mg of dansyl chloride with 200 txl of 25 
mg/ml PE (diluted 8:0 in chloroform) and 100 ~tl of  

TEA. The reaction was monitored by silica gel TLC de- 
veloped using an acidic developing solvent (CHCI3-ac- 
etone-MeOH-acetic acid-H20, 50:20:10:10:5). When 
the reaction was complete the solvent was removed un- 
der nitrogen. Following ethyl acetate-acetone extraction 
the solid lipid material was redissolved in 95:5 CHC13: 
MeOH and applied to 20 • 20 silica gel preparative 
TLC plates. The plates were developed at room temper- 
ature in an acidic solvent system. Unreacted dansyl chlo- 
ride ran as a nonfluorescent (UV excitation), yellow 
band at the solvent front. A fluorescent, brown band of 
unknown content trailed behind this yellow band. Dan- 
syl PE migrated as a broad, yellow, fluorescent (UV ex- 
citation) band following the brown band. After 
development, the major band was scraped off and eluted 
from the gel with CHC13-MeOH-0.2 N HC1, 1:2:0.8. 
Dansyl PE was then extracted to chloroform/methanol 
by the method of Bligh-Dyer as modified by Longmuir 
et al. [27]. 

Cell Culture and Membrane Vesicle Prepara- 
tion. P388DI mouse monocyte-macrophages were 
maintained in RPMI 1640, 10% FBS and subcultured by 
scraping. Each experiment utilized 12 T225 flasks (Co- 
star), yielding about 109 cells. The isolation of plasma 
membranes was performed as described previously [20]. 
Twenty-four hours prior to treatment the growth medium 
was removed and replaced with RPMI 1640, 10% li- 
poprotein-deficient serum in order to maximize the num- 
ber of receptors expressed on the cell surface. 
Lipoprotein deficient serum was prepared as described 
by Robertson [31]. Prepared vesicles were stored at 4~ 
and used within 1 week. Vesicles were distributed to five 
samples as illustrated in Fig. 1. Sample S was incubated 
with dansyl mal-BSA in a 3-fold excess over the esti- 
mated 3 • 10 -1~ mol of receptors per sample; sample C 
was incubated with unlabeled mal-BSA in a 500-fold 
excess and dansyl maI-BSA (3-fold excess); sample D 
was incubated with 0.85 to 1.7 nmol dansyl-PE; sample 
B was incubated with unlabeled mal-BSA in a 500-fold 
excess; and one sample, V, was left untreated. All sam- 
pies were brought to the same volume with PBS. After 
4 h at room temperature or overnight at 4~ with stir- 
ring, the samples were diluted with PBS and centrifuged 
at 25,000g for 45 min at 4~ The resulting pellets were 
resuspended in PBS/azide buffer (10 mM sodium phos- 
phate, 0.15 M NaC1, 0.01% Na azide) or PBS/azide + 
10% EtOH through a 25-gauge needle. Following resus- 
pension free dansyl mal-BSA was added to sample B to 
match the fluorescence intensity of  sample S. 

Spectroscopy. Absorption spectra were recorded 
with a Beckman DU-7 spectrophotometer. Fluorescence 
measurements were conducted at room temperature with 
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an SLM 48000 spectrofluorometer (SLM-Aminco Inc., 
Urbana, IL). Acceptor was titrated into the vesicle sam- 
ples and the fluoresence spectra were measured 1 h after 
each titration. Control samples were employed as fol- 
lows: C was used to correct for contributions from non- 
specific binding of  donor and from acceptor fluoresence 
or vesicular autofluoresence; D was used to determine 
surface density, described later; dansyl mal-BSA was 
added to B to bring its peak fluoresence to the same 
intensity as S and was used to determine quenching of 
donor probe due to direct interaction of  donor and ac- 
ceptor; and V was used to correct for acceptor contri- 
butions or autofluoresence in sample D. Relative 
quantum yield changes were calculated from 

Qd = ~ (1) 
&-I~ 

where Q~ is the quantum yield of the donor and Is, Is, 
and I c are the emission intensities of the the respective 
samples at 510 nm [20]. Using Eq. (1), quantum yield 
of the donor was determined before the addition of ac- 
ceptor (Qd) and at each titration point (Q,,,). 

The density of the acceptor in the membrane plane 
was determined using D, which contained dansyl-PE as 
the donor in the same plane as the acceptor, and V. The 
acceptor concentration in the membrane was calculated 
from 

Q~_.._~, = Io - I v  
(2) 

Qd IoD - lov 

where ID, Iv, IoD, and Iov are the intensities of  the samples 
in the presence and absence of acceptor and 

Q__e = 0.6463 exp (-4.7497c) 
Q. 

+ 0.3537 exp (-2.0618c) (3) 

where c is the surface density of  acceptor per Ro 2 for a 
distance of closest approach between donor and aceeptor 
equal to 0.0. The assumption was made that since both 
donor and aeeeptor lie in the membrane, the distance of 
closest approach goes to zero. In this ease the expression 
for relative quantum yield can be approximated as given 
in Eq. 3 [37]. Ro is the critical transfer distance at which 
one-half the donor decay is due to energy transfer. Val- 
ues of  QJQd from Eq. (2) at each titration of  acceptor 
were applied to Eq. (3) to find the corresponding c. In 
this manner, c could be determined for each molar con- 
eentration of aceeptor added. 

The quantum yield of  the donor was obtained by 
the comparison method using the standard quinine sul- 

fate. Given that quinine sulfate in 0.1 N H2SO 4 at 350- 
nm excitation has Q = 0.7 at 23~ and that fluorescein 
in 0.1 N NaOH at 355-nm excitation has Q = 0.93 at 
20~ the quantum yield of the donor is calculated from 

Q._.! = Fi A2 (4) 
Q2 6 A, 

where Q, = is the quantum yield of  sample n, F, = is 
the area under the fluoresence emission curve for sample 
n, and A, = is the absorption at the excitation wave- 
length for sample n [8]. 

Data Analysis. The Forster distance, Ro, was deter- 
mined from [22] 

R 6 = 8.79 • 10 -5 JKZQD n-4A6 (5) 

The spectral overlap integral between D and A is given 
by J 

fD(kleA(klk 4 
J = d'h (k in nm) (6) 

f f o ( h )  

where fo(k) is the corrected emission of the donor and 
cA(X) is the extinction coefficient of the acceptor. The 
orientation factor for randomly oriented donors and ac- 
ceptors is given by 

K 2 = 2/3 

[9,24] and n = 1.4 is the index of  refraction of the me- 
dium through which energy propogates [20]. 

From Eq. (1) and the surface density values gen- 
erated by Eqs. (2) and (3), a plot of  Q~/Qd versus c could 
be generated. Such a curve can be fitted by a single 
exponential of the form 

Q~ 
= exp (-kc) (7) 

Qd 

where k is a third-order polynomial as follows: 

3 

k = B(RdL) = ]~ ,~,(Ro/Z.)-' (8) 
i = 0  

where L is the distance of closest approach between do- 
nor and acceptor. The parameters ao = -3.448,  cq = 
-0.4021, a2 = 4.136, and cq = -1 .668 were derived 
by numerical methods [33]. B is a constant. Curves of 
QffQa versus c were fit to a single exponential and the 
value obtained for k was substituted into Eq. (8), which 

3 

was iteratively solved for Ro/L. A plot of  y = ]~ 
i = 0  

ai(Ro/L) -i was used to make an initial guess for values of 
Ro/L that produce a y value equal to the determined k. 
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Fig. 2. Spectral overlap of donor and acceptor probes. (a) Corrected 
fluorescence emission spectra for dansyl maI-BSA in PBS (- - -), and 
10% EtOH/PBS (xxx), excitation at 342 nm, and the absorption spec- 
tra for HAE ( .... ) and ORB ( - - - - )  in plasma membrane vesicles. 
(b) Fluorescence emission spectrum for fluorescein maI-BSA in PBS 
(-  - -), excitation at 470 nm, and absorption spectra for DiI ( ). 
Intensities are given as arbitrary units (a.u.). 

RESULTS 

Spectral Overlap of Donor and Acceptor 
Probes. Spectra for the emission of dansyl probes on 
maleylated-BSA bound to NEM vesicles and absorption 
of  HAE and ORB in vesicles are given in Fig. 2a. Spec- 
tra for the emission of  fluorescein-labeled mal-BSA and 
absorption of DiI in NEM vesicles are presented in Fig. 
2b. The emission peak for dansyl is slightly blue-shifted 
in 10% EtOH/PBS compared to the peak in PBS alone. 
Transfer experiments involving the dansyl-ORB pair 
were conducted in PBS/azide buffer containing 10% eth- 
anol in order to facilitate acceptor insertion into the 
membrane. Data for changes in relative quantum yield 

2 

8 

.~. 

"~ 0.5 

400 450 500 550 600 
wavelength (nm) 

Fig. 3. Decrease in donor fluorescence intensity and corresponding 
enhancement of acceptor fluorescence intensity. The relative fluores- 
cence intensities are shown for a representative experiment with the 
dansyl-HAE pair. As acceptor is added there is a decrease in donor 
fluorescence intensity and a corresponding increase in acceptor fluo- 
rescence intensity. Curves shown are corrected against a control for 
nonspecifically bound dansyl maI-BSA. 

of the donor upon addition of acceptor were collected at 
520 nm for both buffer systems, with excitation at 342 
nm for dansyl and 470 nm for fluorescein. Absorption 
maxima for DiI, HAE, and ORB occurred at 550, 525, 
and 555 nm, respectively. 

Spectral Parameters. Quantum yield measure- 
ments resulted in values of 0.71 for dansyl-labeled mal- 
BSA in PBS, 0.297 for dansyl-labeled maI-BSA in 10% 
EtOH/PBS, and 0.104 for fluorescein-labeled maI-BSA. 
These spectral parameters yield Forster distances of 51.1 
/k for the dansyl-HAE pair, 46.4 ]~ for the dansyl-ORB 
pair, and 44.7 .~ for the fluorescein-DiI pair. 

Energy Transfer Measurements. The change in do- 
nor quantum yield as acceptor inserts into the membrane 
is depicted in Figs. 3 and 4 for a representative experi- 
ment with the dansyl-HAE pair. Figure 3 demonstrates 
that the enhancement of  acceptor fluorescence intensity 
follows exactly the decrease in donor fluorescence in- 
tensity, which indicates that energy transfer is occurring. 
In addition, there is no change to the acceptor and donor 
profiles other than intensity, implying that they are the 
same species, which again supports that energy transfer 
is occurring as opposed to a species modifying event 
such as charge transfer. In Fig. 4 the concentration of 
acceptor is given in terms of surface density, calculated 
as described under Materials and Methods. This plot of 
QJQa versus surface density could be fit by the expo- 
nential function predicted for energy transfer: exp(-kC),  
where k was determined to be 1.237. Applying Eqs. (7) 
and (8), this corresponds to a distance of closest ap- 
proach of 41.3 A between donor and acceptor. Five in- 
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Fig. 4. Energy transfer between receptor-bound dansyl maI-BSA and 
acceptors at the membrane surface. The ratio of donor quantum yield 
in the absence (Qa) and presence (Q~) of acceptor HAE is plotted as 
a function of the surface density of the aceeptor (acceptors/Rg). Sem- 
ilog plot from a representative experiment (five separate trials per- 
formed) shows the best exponential fit of the data. 
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Fig. 5. Energy transfer between receptor-bound dansyl maI-BSA and 
acceptors at the membrane surface. The ratio of donor quantum yield 
in the absence (Q~) and presence (Q~) of acceptor ORB is plotted as 
a function of the surface density of  the acceptor (aeeeptors/R:o). Sem- 
ilog plot from a representative experiment (seven separate trials per- 
formed) shows the best exponential fit of the data. 

dependent repeats of  these measurements resulted in an 
average distance of  46.5 +__ 7.5 A (SD). These experi- 
ments were repeated with a second amphipathic accep- 
tor, ORB. In order to facilitate the partitioning of  ORB 
into the membrane bilayer, ethanol was added to the 
vesicle suspensions to a final concentration of 10%. Data 
from a single experiment with the dansyl-ORB pair is 
given in Fig. 5. This plot could be fit to Eq. (7) with a 
decay constant of  0.782, which from Eq. (8), gives a 
distance value of  59.34 ./~. Data averaged over seven 

independent experiments gave a distance of 58.5 ___ 3.0 
A. 

Experiments conducted with fluorescein-DiI show 
no evidence of energy transfer between donor and ac- 
ceptor. No change of donor quantum yield was observed 
upon the addition of the acceptor. To verify that the 
acceptor partitioned into the membrane bilayer, the en- 
hancement of DiI fluorescence as the probe associated 
with this hydrophobic environment was monitored over 
time. DiI was introduced to a solution of membrane ves- 
icles and its fluorescence at 575 nm (excitation, 530 nm) 
monitored at 5-min intervals. Probe association with the 
hydrophobic environment of the lipid bilayer was dem- 
onstrated by a 30% increase in relative fluorescence over 
time, which plateaued after 60 min. 

DISCUSSION 

In order to estimate receptor binding site distance 
from the surface of intact plasma membranes, we have 
considered the fluorescent donor to be a rigid point 
source residing at a fixed location above a semiinfinite 
planar surface. This simplification is not unreasonable 
due to the fact that the receptor is shown to have a rigid 
stalk structure and the binding domain is likely to be 
small and in close proximity to the membrane surface. 
Nevertheless, the degree of biological uncertainty in this 
system is relatively high since our model does not ac- 
count for different types of receptors [1,12,16] and the 
possibility that multiple fluorophores can reside in more 
than one location on the donor. Rather than increasing 
the complexity of our model, we present a straightfor- 
ward mathematical and experimental framework using 
various combinations of  donor-acceptor probes, in order 
to estimate a range of binding distances. 

Experiments are performed in a plasma membrane 
vesicle system in which transmembrane receptors reside 
intact, but the interior of  the vesicles is devoid of  cy- 
toplasmic structures. This provides a more optically 
transparent medium for fluorescence measurements but 
preserves the native environment of  the receptor. A li- 
gand recognized by the receptor is labeled with donor 
and the ligand is allowed to bind. Hydrophobic acceptor 
molecules are titrated to the vesicle samples and these 
partition into the membrane. As the concentration of  ac- 
ceptor in the membrane increases, there is a correspond- 
ing decrease in the quantum yield of  the donor. The 
relative decrease is a fimction of  the surface density of  
acceptors and can be described by a single exponential. 
The decay constant for the exponential, in turn, is a func- 
tion of  the distance between the donor and the acceptors. 
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Thus, a distance measurement can be obtained from a 
simple experiment monitoring the change of donor flu- 
orescence over a range of titration of acceptors to the 
plasma membrane vesicle system. 

In this work, energy transfer measurements with 
dansyl-labeled mal-BSA and two amphipathic acceptors, 
HAE and ORB, place the bound maI-BSA molecules at 
about 47-58 A from the membrane surface. HAE is an 
anionic membrane probe, while ORB is a cationic mem- 
brane probe. O16taining similar distance measurements 
with both acceptor systems supports the validity of using 
an orientation factor of 2/3 and, in addition, suggests the 
absence of any charge-charge aggregation of probes in 
the membrane [ 18]. 

Mal-BSA was labeled at multiple sites by dansyl; 
thus, the distances obtained represent an average loca- 
tion for the various labeling sites (approximate center of 
the BSA molecule). This average is heavily weighted by 
the donors nearer to the surface so it does not represent 
the approximate center of the molecule. More specific 
labeling was achieved with fluorescein maleimide. This 
fluorescein derivative specifically labels thiol groups. 
The sole free cysteine group in BSA lies at position 34 
on the N-terminal end of the ellipsoidal BSA molecule, 
measured to be 140 • 41 ,~, by hydrodynamic and elec- 
tron microscopic methods [26]. Interestingly, measure- 
ments conducted with the monolabeled fluorescein 
maI-BSA failed to exhibit transfer, implying that the flu- 
orescein-labeled residue lay too far from the membrane 
surface to experience resonance energy transfer with the 
acceptor. The orientation of maI-BSA in the binding site 
must then be such that the N terminus is located too far 
from the membrane surface to experience transfer. 

These optical techniques are broadly applicable to 
any receptor-ligand system, as long as the ligand can be 
fluorescently tagged. Recently, two types of class A re- 
ceptors have been identified, types I and II, which are 
similar in structure, a rigid stalk, except for the absence 
of a cysteine-rich domain in the type II receptor 
[2,25,32]. In a rigid stalk model the distance results ob- 
tained here place the binding site in the a-helical coiled- 
coil domain of the receptor. Studies on this class of 
receptor suggest the presence of multiple binding sites 
with differing specificities [3,11,13,17,28]. Previous 
binding studies have focused on the collagen-like do- 
main of the receptor. Traditional mutation experiments 
are difficult to perform in the c~-helical coiled-coil do- 
main since this region is required for structural integrity 
of the receptor. Our experiments indicate that a binding 
site may reside in this region. In recent years a class B 
scavenger receptor has been identified [1,12,16]. Since 
mal-BSA is recognized by two receptor types, our meas- 

urements yield an average distance from the plasma 
membrane surface for the ligand. This could be refined 
to a precise distance in a single receptor system--such 
as membrane vesicles from transfected cells expressing 
only one of the receptors. The preparation of plasma 
membrane vesicles can be applied to any cell type and 
has the distinct advantage of allowing the study of trans- 
membrane proteins in situ. By comparing the distance 
information to the predicted structure of the protein, one 
can identify a position for the binding site which can 
then be compared to the primary structure to extract 
binding sequence information. 

FRET for the determination of binding site loca- 
tion relative to the membrane surface is best suited for 
study of proteins with a somewhat rigid structure. Ex- 
tremely flexible proteins could yield ambiguous results 
since they are likely to assume a wide range of con- 
formations in the course of measurement. Alternatively, 
the acceptor(s) could be positioned at various sites on 
the receptor rather than in the plasma membrane and 
the distance determinations of the donor from these ac- 
ceptors correlated, to construct a more precise struc- 
tural model. 

Probing of receptor-ligand interactions by this ap- 
plication of FRET offers an attractive alternative to tra- 
ditional methods for structure determination which are 
not well suited for transmembrane protein studies. FRET 
has the distinct advantage of allowing observation of the 
wildtype transmembrane receptor in its native environ- 
ment. Distance/interaction information derived by FRET 
can be applied to locate potential binding regions, which 
can be further investigated by biochemical methods, or 
isolated for higher resolution structural determinations. 
FRET is a valuable addition to the repertory of tech- 
niques currently available for the study of receptor struc- 
ture and function. 
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