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ABSTRACT. Fluorescence correlation spectroscopy (FCS) allows the study of interactions of fluorescently
labeled ligand with receptors in living cells at single-molecule detection sensitivity. From the autocorrelation
functions of fluorescence intensity fluctuations, the diffusion time of molecules through the confocal volume
is analyzed, and from that, the molecular weights of free and bound molecules can be calculated. We
have applied FCS to study the receptor diversity for the neuropeptide galanin (GAL) in cultured cells.
FCS measurement of the fluorophore rhodamine-labeled GAL (Rh-GAL) has been performed in 0.2-fL
confocal volume elements of the laser beam. The analysis of autocorrelation functions of Rh-GAL in
solution above cells and at cell membranes demonstrates that the diffusion time of unbound Rh-GAL is
0.16 ms, whereas diffusion times of membrane-bound Rh-GAL are 22 and 700 ms. Because both of the
diffusion times (22 and 700 ms) are much longer as compared to that of unbound Rh-GAL, they correspond
to slow-diffusing complexes when Rh-GAL is bound to the cell membranes. Addition of excess nonlabeled
GAL is accompanied by competitive displacement. Full saturation of the GAL binding is obtained at
nanomolar concentrations. Scatchard analysis of binding data reveal one binding process, assuming one
binding site per Rh-GALr{ = 1). On the other hand, the appearance of two diffusion times, 22 and 700
ms, suggests the existence of two subpopulations of GAL receptor complexes or two subtypes of GAL
receptor not detected before. This makes an important point that FCS permits the identification of receptors,
which were not possible to detect before by conventional binding techniques. The inhibitory effect of
pertussis toxin on the GAL binding considers a G-protein-involved allosteric system, important for the
clarification of essential steps in the G-protein-related signal transduction. This study is of pharmaceutical
significance, since it will provide insights into how FCS can be used as a rapid technique for studying
ligand—receptor interactions in living cells, which is one step forward for large-scale drug screening in
cell cultures.

Ligand binding studies on receptors most often require very high specificity. In this technique, the fluorescence of
the use of radioactively labeled ligands and include several single dye-labeled molecules excited by a sharply focused
washing steps to remove unbound ligand. In certain casesjaser beam is observed. From the fluorescence intensity
the number of receptors is few per cell, and no specific fluctuations, due to variations in the number of molecules
binding is detected because of high background. In addition, in the laser volume element of observation, the average
the half-life of the receptoerligand complex is often shorter  number of molecules can be directly obtained using the
or similar to the time required for separations of unbound intensity correlation function. Furthermore, from the char-
and bound ligand, respectively. Interactions between certainacteristic correlation times, dynamic processes such as
ligands and their different receptor subtypes are, therefore,Brownian motion can be analyzed. This technique was
often overlooked by the conventional equilibrium binding introduced in the early 19704+3), but only recently it has
technique. become applicable to bioscience because of a substantial

Fluorescence correlation spectroscopy (F@&S) powerful increase in sensitivity4), allowing single-molecule analysis
biophysical tool for examining molecular interactions with (5, ). The tiny laser volume elements (0.2 fL) in which the
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molecules that was not possible to detect before by isotopeand all other reagents were from Sigma Chemical Co., St.
labeling. With FCS, one can analyze a mixture of multiple Louis, MO.

components possessing different molecular weights and | apeling of GAL.The synthesis and purification of GAL
different diffusion times, respectively. The beauty of the FCS have been described earlier in detait), Porcine GAL was
technique is that there is no need for separating unboundjapeled with rhodamine at-5L0-fold molar excess of the
from bound ligand 7) to calculate the receptor-bound and reagent. One milligram (0.31 mmol) of porcine GAL was
free-ligand fractions. Moreover, molecular interactions can dissolved in 0.1 M NaHC§) pH 8.9. A total of 0.6 mg (1.3
be analyzed rapidly (25 s) in small volumes (£5 uL). It mmol) of tetramethylrhodamine isothiocyanate (Rh) was
must be mentioned that with conventional binding methods dissolved in dimethylformaldehyde. The Rh solution was
one attempts to concentrate the samples, while with FCSslowly added to the GAL solution during intense stirring,
one can analyze very diluted samples. Thus, it is possible toand the reaction mixture was incubated fb h at room
perform large-scale drug screening both in solutions and in temperature. After 1 h, the reaction was terminated. The
cell cultures using the FCS technique. products were purified by HPLC on a reversed-phage C
The appearance of Alzheimer amylgfdpeptide aggre- column. Four different peptide peaks were eluted, three of
gates in solutioni5) and cerebrospinal fluid of Alzheimer's ~ Which were Rh-labeled products, and one was unreacted
patients {6) has been reported using FCS, and FCS is GAL. The products were analyzed with mass spectrometry,
suggested as a diagnostic tool. FCS has been applied to study/hich revealed that one product was a biRh-GAL (double-
precisely ligane-receptor interactions for the purified acetyl- rhodamine-labeled GAL), and the two other peaks corre-
choline (L7) and serotonin X8, 19) receptors in solution. ~ SPonded to single-labeled GAL derivatives. There are
Using FCS, we have been able to discover a receptor for basically t\_/vo possible |n<_:orporat|on S|_tes for Rh to GAL:
the C-peptide of proinsuling( 20) and for the neuroactive the N terminus of the peptide and th@amino group of Ly®
kavain @) in cultured cells. Recently, we have been able to N the GAL sequence. The double-labeled product was
demonstrate the C-peptide specific binding to macromol- Probably due to incorporation of Rh in both of those
ecules obtained from detergent-solubilized cell materials by POSitions, and the two other labeled products were the single
using FCS, which was not possible to detect befdr, ( |_ncorporat|ons of Rh to Ly and the N terminus, respec-
confirming our discovery that C-peptide binds specifically fively- In our experiment, the LysRh-GAL was used as a
to membranes of intact living cell8), Very recently, the  fluorescence probe.
interaction of the protein p53 with DNA has been studied ~ Cell Culture Insulinoma cells were grown to 50%
using FCS, allowing an understanding of the mechanism for confluency in Gibco RPMI 1640 medium withglutamine
the p53 latencyd1). FCS also allows the study of apoptosis supplemented with fetal calf serum (5%, v/v), penicillin (50
because it has been possible to estimate hydrogen peroxid&/mL), and streptomycin (50 U/mL) in an atmosphere of
concentrations (which causes apoptosis) in apoptotic cells5% (v/v) CQ-enriched air at 37C.
in vivo using FCS, demonstrating how hydrogen peroxide, FCS InstrumentationECS was performed with confocal
produced in apoptotic cells, spreads out and kills neighboring illumination of a laser volume element of 0.2 fL in a
healthy cells 22). ConfoCor instrument (Carl Zeiss-Evotec, Jena, Germany;
Galanin (GAL) is a neuroendocrine peptide that displays Figure 1) as described previousH)(As focusing optics, a
a variety of important biological actions and is thought to Z€iSS Neofluar 40< NA 1.2 objective for water immersion
be implicated in several human disorders such as Alzheimer'sWas used in a epi-illumination setup. To separate excited
disease, depression, and feeding disorders (for references/om emitted radiation, a dichroic filter (Omega 540 DRL
see a review in re23). We have now applied FCS to study P©2) and a band-pass filter (Omega 565 DR 50) were used.
the existence of different subpopulations or subtypes of GAL The Rh-GAL was excited with the 514.5-nm line of an argon
receptors in cultured pancreatic insulinoma cells (Rinm5F). 1aser. The intensity fluctuations were detected by an ava-
Rinm5F cells have been shown to possess the GAL receptor@nche photodiode (EG and SPCM 200) and were correlated
subtype 2 (GALR2)24). Both Rinm5F and Rin14B cell lines  With & digital correlator (ALV 5000, ALV, Langen, Ger-
are derived from the pancreas. Because Rinm5F and Rin148Many). Measurements were performed in solution and on
lines are closely related to each other and Rin14B cell lines cells cultured in Nu.nc champers_ (Nalge Nunc Inc., IL) with
have been shown to express the GAL receptor subtype th'GAL added. With the objective used (40NA 1.2), a

A o : : 0.2-fL volume element was illuminated with dimensions of
(GALR1) in high levels 25), it is possible that the Rinm5F ~ = . .
cell lines can also express GALR1. Therefore, it was of @ = 0.25um andz = 1.25,m. To avoid photobleaching,

interest to study GAL receptor diversity in Rinm5F cell lines. the exciting intensity was adjusted such that the detected

To provide a fluorescence signal, GAL has been labeled by ph?ton lcount rate ddIZd hot exceed 40(BDO0 counts per
the fluorophore rhodamine (Rh). Evidence is presented thatMo'ecy e. pe_r secon D o _ .
GAL is bound to different subpopulations or subtypes of ~FCS Binding Experimen#ll binding studies with FCS

membrane-bound GAL receptors. were carried out on cells cultured in eight-well Nunc
chambers at 20C. Prior to the experiments, cells were
MATERIALS AND METHODS washed % with PBS (NaCl, 137 mM; KClI, 2.7 mM; Kkt

PO, 1.5 mM; NaHPO,»2H,O, 8.1 mM; pH 7.4) and
Materials. The fluorophore rhodamine (tetramethyl- incubated with binding buffer (Hepes, 20 mM; NaCl, 140
rhodamine-5-(and-6)-isothiocyanate) was purchased frommM; KCI, 5 mM; MgCl,, 1.2 mM; NaCQs;, 3.3 mM;
Molecular Probes (Leiden, The Netherlands). Pertussis toxinglucose, 5.5 mM; CaGl 1.8 mM; pH 7.4) containing Rh-
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diffusion of the bound Rh-GAL to membranes on the cell
surface is given by

G(r)y=1+
1 1 1 T |12 1
N@— 20— | TV
1+ L 1+(—) 5 1+L
z Bi
™p ™p

where diffusion timer and diffusion coefficienD are related
ast = w¥/4D, y, is the fraction of membrane-bound Rh-
GAL diffusing with diffusion timer[B;, and (1— Yy is the
fraction of unbound Rh-GAL diffusion with diffusion time
7. The relative fraction of cell-surface-bound GAL ligand
(>yi) is obtained at an increasing concentration of Rh-GAL.
The Scatchard representation of the mass action law is
obtained from

(T—zznyO = zKi(ni _ %)

whereK; andn; are the association constant and the number
of ligand binding sites per receptor molecule, respectively.
L, is the total ligand concentratiofr,, the total receptor
concentration, cannot be determined independently but was

)

Ficure 1. FCS setup. The laser beam from an argon ion laser is calculated from the maximum number of bound ligand
sharply focused via a dichroic mirror and a lens to form a tiny mpolecules at saturation, assuming one binding site for one
confocal volume element (0.2 fL). The laser beam is projected from receptor moleculen(= 1)

below into an eight-well Nunc chamber containing a monolayer of s : . . .
cultured cells and rhodamine-labeled ligand (see magnified dia- (b) D'Smbm_'on of Diffusion T_'me of ngandRecept'or
gram). After excitation of the labeled ligand, emitted light is Complexes with CONTIN Algorithnmstead of evaluating
transmitted via the dichroic mirror, a band-pass filter, and a pinhole discrete diffusion processes with distinct specigsafd their
to a photodetector. The volume element is positioned onto the cell characteristic diffusion timesz4), the dynamic motion of
surface for detection of ligand binding. The dimensions of the laser ; v s otri ;
beam focus and the pinhole together define the confocal volume receptor Com_ple.xes.ln membranes can b‘? dlr.strlbutedlwnh
element. The detector signal is fed into a digital signal correlator, "€9ard to their diffusion times using a distribution function
which computes online in real time the autocorrelation function of P(7p,). To assess the validity of the presence of discrete
the detected intensity fluctuations. ligand—receptor complexes, we analyz&r), representing
the distribution of diffusion times according to an expression

GAL at room temperature. Binding of GAL was measured of multiple components:

after 60 min of incubation of cells in the presence of 5 nM 1 1 / 1 1/2
Rh-GAL. Experiments for binding isotherm were performed Gr)=1+ NJ;P(TD) . o2z | do )
after 60 min of incubation of cells with different concentra- 1+ —\1 + (—) —

tions of Rh-GAL. Specificity of the Rh-GAL binding was Tp, Z/ Tp,

demonstrated by the competitive displacement of bound Rh-

GAL from cell surfaces afte3 h of incubation of 5uM where P(zp) = 3y dy, representing the distribution of
nonlabeled GAL added to cells (postincubation). Specific diffusion time 7p. This represents a model-independent
binding was also demonstrated by the inability of the Rh- analysis of the diffusion processes observed by the correlation
GAL to bind to cell surfaces when cells were preincubated function. For evaluation of the distribution function, the

with nonlabeled GAL for £3 h. In a similar fashion,

competetive displacement was evaluated after pre- and

postincubations with M40, a GAL antagonist. Cells were
pretreated with pertussis toxin fdg/mL) at 37°C for 4 h
under 95% @ and 5% CQ before binding studies were
carried out.

FCS Data Raluation. (a) Brownian Motion of Rh-GAL
and Analysis of LigandReceptor Binding on the Cell
Surface.Fluorescence intensity fluctuations occuring in a
volume element are correlatedi~3), and nonlinear least-
squares minimizatior2@) is used to calculate the parameters
of the intensity autocorrelation functid&(z). G(z) for 3D
diffusion of the unbound Rh-GAL in solution and 2D

CONTIN algorithm was applied2@, 30).

RESULTS

Binding of Rhodamine-Labeled GAL (Rh-GAL) to the Cell
Surfacelntensity autocorrelation functiord(r) of Rh-GAL
in solution and bound to cell membranes are presented in
Figure 2, panels A and B, respectively. Analysis@fr)
demonstrates that the diffusion time,{) of unbound Rh-
GAL is 0.16 ms (Figure 2A). As shown in Figure 2B, there
are two diffusion timeszp, = 22 ms andrp, = 700 ms.
Both therp, and therp, are much longer as compared to the
7p,- The total binding of Rh-GAL to cell membranes is in
the range of 6575%.
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Ficure 2: GAL binding and displacement to the membranes of cultured insulinoma cells. Autocorrelation ful@tipé Rh-GAL (5
nM) free in solution (A) and bound to membranes on the cell surfaces (B). Diffusion tiglear(d corresponding fractiong)( 7p, = 0.16
ms,y; = 35% (A); Tp, = 22 ms,y» = 53% andrp, = 700 ms,ys; = 12% (B).y: is an unbound fractiony, andys are bound fractions. Total
binding is calculated in a percentage as follows: total binding, + ys/y: + Y. + ys. G(7) of displacement of cell membrane-bound
Rh-GAL by a 1000-fold molar excess of nonlabeled GAL (C) and nonlabeled M40 (D) after postincubations. In postincubations, insulinoma
cells were first incubated with binding buffer containing 5 nM Rh-GAL for 60 min, and observed binding was treated as the control. Then,
5 uM nonlabeled GAL or nonlabeled M40 was added to the same cells, incubated for 3 more h, and checked for displacement. In
preincubations, cells were first incubated with binding buffer containipd/5nonlabeled GAL or nonlabeled M40 for 60 min, and then,
5 nM Rh-GAL was added to the same cells and checked for binding during another 3 h.

Saturation of Binding.To test whether the Rh-GAL was specifically displaced afte3 h of incubation with
binding to specific receptors in cell membranes is concentra- nonlabeled GAL (5:M). The autocorrelation function of this
tion dependent and saturable, we carried out binding experi-displacement and its CONTIN distribution are presented in
ments at different concentrations of Rh-GAL. As seen in Figures 2C and 5C, respectively. Similar displacement was
Figure 3, the increasing concentrations of Rh-GAL clearly observed when Rh-GAL binding was studied in the presence
lead to the elevation of binding, and the binding is saturated of a 1000-fold molar excess of nonlabeled M40, a GAL
at nanomolar concentrations. From the Scatchard plot (Figureantagonist (Figure 2D). Moreover, the Rh-GAL was unable
3, insert; eq 2) of the binding isotherm, we obtain the binding to bind to cell membranes within-13 h when cells were
constantKassoc= 0.8 x 10° Mt andn = 1. first preincubated with nonlabeled GAL for 1 h, and then,

Specificity and Kinetics of Binding.o check thatthe Rh-  Rh-GAL was added to the cells, indicating that GAL
GAL binding to the cell membranes is not only ligand receptors are already occupied with nonlabeled GAL. In this
concentration dependent and saturable but also specificallycase, only the nonspecific binding is observed (data not
displaced by nonlabeled GAL, we studied Rh-GAL binding shown). Plotting of the dissociation curve in log scale of
in the presence of a 1000-fold molar excess of nonlabeledthe y-axis (binding) and lineal scale of theaxis (time)
GAL. We incubated the cells with Rh-GAL, and after 60 (Figure 4, insert) showed a straight line, indicating that
min of incubation, we measured binding, treated as control, displacement occurred in monoexponential mode. Further-
and then we added nonlabeled GAL to cells and observedmore, analysis of the dissociation curve yields a dissociation
binding with time course. As shown in Figure 4, with time time (tuissod Of 2700 s and a dissociation rate constémt(o
course, the presence of nonlabeled GAL in cells resulted in calculated askyissoc = 1/7gissoc = 3.7 x 1074 s From
a drop of Rh-GAL binding, and about 75% of total binding knowledge of the dissociation time and tKgssoc(Kassoc=
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Rh-GAL (Figure 2A). Distributions ofp, = 22 ms andrp,

= 700 ms (Figure 5B) correspond to receptor-bound Rh-
GAL (Figure 2B). As expected, in the presence of a 1000-
fold molar excess of nonlabeled GAL, the two peaks €

22 ms andp, = 700 ms) corresponding to ligandeceptor
complexes disappeared due to competitive displacement by
nonlabeled GAL (Figure 5C).

Effect of Pertussis Toxin on the Ligand Bindinghas
been earlier shown in vitro that GAL receptor belongs to a
G-protein coupled receptor famil1). To test whether the
L GAL binding in living cells is also accompanied by G-protein
involvement, we pretreated cells with pertussis toxin. As

80 -

60 -

40 [

Binding (%)

20 +

y(1y) 1R, x 16° M

or YLTIR, shown in Figure 5D, this resulted in complete loss of the
“) . ; = ; : ; : ; slowly diffusing GAL receptor component, leaving a small
1 i i 0
Rh-GAL (nM) component of rapidly diffusing (3 ms) complexes+{15%)

o o that could not be further displaced by addition of excess of
FicurRe 3: GAL binding curve. Binding of Rh-GAL to cell  ynlabeled GAL. However, when pertussis toxin pretreated

membranes of insulinoma cells. Fractional saturation of the _ ;
membrane-bound Rh-GALy) as a function of the ligand concen- cells were exposed to Rh-GAL concentrations of-300

tration (L) in the binding medium. Cells were incubated with M, the rapidly diffusing GAL binding complex increased
binding buffer containing different concentrations of Rh-GAL for t0 45-50%, and this component could be displaced very
60 min. Scatchard plot is shown as an insert. Each data pointrapidly (within 10 min) by addition of unlabeled GAL.
represents the mean of at least six separate measuremgngts. “
bound Iiga_md, 11—y = f_ree ligand, R, = total receptor DISCUSSION
concentration, andl, = total ligand concentration.
% In FCS measurements, the fluorescence intensity fluctua-
" ] tions are recorded from only those molecules that diffuse
] through the confocal laser volume element. The time required
] for the passage of fluorescent molecules through the volume
element is determined by the diffusion coefficient, which is
related to the size of a molecule. Thus, diffusion times
4 obtained from the analysis of fluorescence intensity fluctua-
tions with autocorrelation functions allow one to differentiate
o © & W m oW w w0 w m oW | faster diffusing and slower diffusing molecules as an analogy
Time (min) . .
. for unbound and bound states of ligand molecules, i.e.,
presentation of free ligand and ligandeceptor complexes.
This analogy is generally valid for a molecular size in

80 -

70 -

60 -

Binding (%}

50 -

40|

Binding (%)

30

20 -

1°r o ] solution. It is also valid for a molecular size at the cell
S S T S S S S W membrane under certain conditions. However, in living cells,
20 40 60 80 100 120 140 160 180 200 220 240 under certain conditions, one should not exclude that the

Time (min) difference in the viscosity between the aqueous environment
FIGURE 4: Time course of displacement of Rh-GAL binding by and the plasma membrane may provide a basis for the
nonlabeled GAL. Cells were incubated with binding buffer contain- analogy of unbound to bound ligand. Because the diffusion
ing 5 nM Rh-GAL for 60 min. Then &M nonlabeled GAL was  times of 22 and 700 ms (Figures 2B and 5B) are much longer

added to the cells, and FCS measurements were carried out at tim _ :
intervals as shown in thg-axis. Each data point represents the as compared to 0.16 ms of unbound Rh-GAL (Figures 2A

mean of at least six separate measurements. Log scale for theé?d SA), they correspond to complexes where Rh-GAL is
displacement of the binding process is shown as an insert. bound to GAL receptors.

» o Full saturation of Rh-GAL binding at nanomolar concen-
0.8 x 10° M™% see above), the association rate constant tration (Figure 3) provides evidence for a strong affinity

(kassod Can be obtained as follows: binding site. Both the shape of the Scatchard plot and its
4o value fi = 1) suggest one receptor binding site per GAL.
Kossoc= KassoKdissoc= 3 X 10°M s The 75% displacement of the Rh-GAL binding to cell

membranes by an excess of nonlabeled GAL confirms that
Presentation of LigandReceptor Complexes with Dis- binding is specific for GAL receptors. Moreover, the
tribution of Diffusion TimesA model-independent analysis  specificity of binding was also verified by the fact that Rh-
of the diffusion processes (eq 3) as has been appliedGAL was unable to bind to cell membranes withir3 h,
previously for presenting liganereceptor complexes] is when GAL receptors are already occupied with nonlabeled
presented in Figure 5. There are three peaks that showGAL by 1 h of preincubation of cells with excess nonlabeled
distributions of diffusion times ofrp, corresponding to  GAL. The dissociation rate constant of 3<71074 s™* allows
unbound Rh-GAL and to receptor-bound Rh-GAL, that is, one to conclude that the Rh-GAL binding is long lasting
these three peaks represent three different species of Rhand that GAL binds to receptors with strong affinity.
GAL: one free ¢p,) and two boundip, andzp,). Distribu- Displacement of the Rh-GAL binding by excess nonlabeled
tions of7p, = 0.16 ms (Figure 5A) correspond to unbound M40, a GAL antagonist (Figure 2D), reconfirms the specific-
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Ficure 5: CONTIN distributions of diffusion time®(rp,) of GAL binding and displacement to the membranes of cultured insulinoma
cells. Rh-GAL free in solution (A), binding of Rh-GAL to the cell membranes (B), displacement of membrane-bound Rh-GAL by
postincubation of a 1000-fold molar excess of nonlabeled GAL (C), and inhibition of membrane-bound Rh-GAL by pertussis toxin (D).

ity of the binding. Because M40 antagonizes GAL binding population of receptors, which could be either two subpopu-
from its receptors, this clearly shows that binding observed lations or subtypes of receptors. However, we do not preclude
on the cell membrane occurs via GAL binding sites on a that some of the GAL receptors may bind to other proteins
receptor. or to each other in a higher oligomeric state, thus moving

As compared to conventional binding methods, with FCS, with differential speed. It is less likely that a heterogeneously
one can analyze the affinity and specificity of a ligand and glycosylation of the extracellular part of the receptor or the
subpopulations or subtypes of receptors directly, not includ- internalization of the GAL receptor upon Rh-GAL binding
ing any separation steps. The next important point is that, may relate to two different diffusion times observed by FCS.
since in FCS technique diffusion times of a ligand molecule  This finding makes an important point that FCS permits
and ligand-receptor complexes are used as characteristic the identification of receptors or subpopulations of receptor
parameters for binding analysis, distribution of diffusion complexes that was not possible to detect before by other
times presents a clear-cut appearance of binding complexesonventional binding techniques, convincing one that a FCS
(8). Thus, the appearance of two binding complexes (Figure ligand—receptor interaction can be analyzed quantitatively
5B) through distribution of diffusion times suggests that these on the cell membrane with a sensitivity and spatial resolution
are representations of two different subpopulations of GAL unparalleled so far. Moreover, the discovery of new GAL
receptor complexes or subtypes of GAL receptors. Becausesubtype receptors or subpopulations of receptors may be an
the GAL binding is competitively displaced, these two answer to the question of why the neuropeptide GAL displays
diffusion times represent two different specific interaction multiple functions.
sites on the plasma membrane. Again, this could be explained The fact that exposure of the cells to pertussis toxin
either by two different subtypes of GAL receptor or by one interferes with the GAL binding to its receptors (Figure 5D)
receptor type but in different sets of protein complexes. provides evidence for the involvement of G-proteins in the
Finally, the appearance of two different ligangceptor signal-transduction pathway in living cells. With detailed
complexes clearly suggests that Rh-GAL does not bind to astructural 82) and functional 83) data on G-proteins
single homogeneous population but to a heterogeneousaccumulating, the hypothesis may be considered that a
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G-protein, which interacts with a ligand-activated receptor,
could constitute an allosteric system involving at least two

or possibly several conformational states of both the receptor 10.

and the G-protein. Following interaction with the specific
ligand, certain conformations may become stabilized, which
may affect the interaction with the G-protein.

Pertussis toxin is known to affect a cysteine residue in
the C-terminal chain of the-subunit of the G-protein, which
interacts with loop regions of the membrane-spanning
receptor, thus interfering with the interaction between the
G-protein and the recepto8?). Preincubation of cells with
pertussis toxin in the present study was found to abolish the
binding of GAL to the membrane. This finding may be
explained as the result of allosteric actions according to the
principle of detailed balance, involving at least two or

possibly several conformational states of both the receptor

and the G-protein34). Addition of Rh-GAL at 50 nM and
higher concentrations to cells pretreated with pertussis toxin
reveals a rapidly diffusing GAL receptor complex & 1—3

ms), which, in part, can be displaced within a few minutes
with an excess (xM) of unlabeled GAL (data not shown).

These observations are compatible with the existence of at

least two different GAL receptor complexes corresponding
to two subtypes of GAL receptors or subpopulations of GAL
receptors, one with low affinity and high mobility and
another with high affinity and low mobility. Thus, 22-ms
species correspond to a receptor with low affinity but high
mobility, and 700-ms species correspond to a receptor with
high affinity but low mobility. One of the possible explana-
tions of the inhibitory effects of pertussis toxin on both the
22-ms and the 700-ms species is that GAL would preferably
bind the high-affinity receptor conformation (700-ms spe-
cies), i.e., the receptor in complex with the-@,5,y—GDP
(G-protein—a.,f3,y-subunits-GDP) as well as even bind to

the

low-affinity receptor state (22-ms species) when G-

protein is partly released from receptors. Our results con-
tribute new insight into the molecular mechanism of the
signal-transduction pathway based on studies in living cells
by a new type of molecular spectroscopy (FCS) and are
important for the clarification of essential steps in the
G-protein-related signal transduction.
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