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ABSTRACT: We describe a general approach for the quantitative analysis of the interaction among fluorescent 
peptide ligands (L), receptors (R), and G proteins (G) using fluorescence flow cytometry. The scheme depends 
upon the use of commercially available fluorescent microbeads as standards to calibrate the concentration 
of fluorescent peptides in solution and the receptor number on cells in suspension. We have characterized 
a family of fluoresceinated formyl peptides and analyzed both steady-state and dynamic aspects of ligand 
formyl peptide-receptor interactions in digitonin-permeabilized human neutrophils. Detailed receptor-binding 
studies were performed with the pentapeptide N-formyl-Met-Leu-Phe-Phe-Lys-fluorescein. Equilibrium 
studies showed that GTP[S] caused a loss of binding affinity of approximately two orders of magnitude, 
from -0.04 nM (LRG) to -3 nM (LR), respectively. Kinetic studies revealed that this change in affinity 
was principally due to an increase in the dissociation rate constants from - 1 X s-l (LRG) to - 1 X 
lo-’ s-l (LR). In contrast, the association rate constants in the presence and absence of guanine nucleotide 
( -3  X I O 7  s-l M-l) were statistically indistinguishable and close to the diffusion limit. In the presence 
of guanine nucleotide (LR), the kinetic data were adequately fit by a single-step reversible-binding model. 
In the absence of guanine nucleotides, not all receptors have rapid access to G to form the LRG ternary 
complex. Mathematically, those R that have rapid access to G are either precoupled to R or the association 
of G with R is fast compared to the association of L with R. The physiological consequences of coupling 
heterogeneity are discussed. 

C e l l u l a r  signal transduction proceeds through a sequence 
of events that is initiated via an extracellular ligand-receptor 
interaction. In neutrophils, activation involves the interaction 
of ligand-receptor (LR) complexes with guanine nucleotide 

‘This work was supported by NIH Grants AI19032 and RR01315. 
*To whom correspondence should be addressed. 

binding proteins (G) (Okajima et al., 1985; Lad et al., 1985). 
Rapid interconversions among at least three distinct states of 
the receptor, which have been described as LR, LRG, and 
LRX (a desensitized form of the receptor), have been observed 
(Sklar et al., 1989). In the human neutrophil, the interactions 
ofthe formyl peptide receptor with its G proteins are reversible 
(Okajima et al., 1985; Sklar et al., 1987), but no systematic 
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measurements of the macromolecular assembly of the ternary 
LRG complex have been reported. 

The interactions among ligands, receptors, and G proteins 
have been previously studied by radioligand techniques 
(Neubig et al., 1985; Kim & Neubig, 1985) and analyzed by 
a ternary complex formalism (De Lean et al., 1980; Lee et 
al., 1986) represented as a cycle of stepwise interactions among 
L, R, and G. Radioligand analysis has permitted direct ob- 
servation of a few of the eight rate constants in the model 
(Contreras et al., 1986), and estimates of some of the others 
have been formulated in several systems, notably the a- 
(Neubig et al., 1988) and @-adrenergic receptor systems (De 
Lean et al., 1980). A technical limitation of radioligand 
technology is the separation step that is used to resolve the 
free radioligand from the receptor-bound radioligand. Because 
the affinity of the ternary complex is typically two orders of 
magnitude greater than the binary complex LR and because 
the dissociation rates of LR can be -1 s-’ or greater, the 
detection of LR in radioligand assays has varied from system 
to system. In some cases, it has only been possible to study 
LR in competitive assays where the radioligand is a high- 
affinity receptor antagonist (Neubig et al., 1985). 

We have previously described fluorometric methods used 
to study the binding of fluorescent peptides to cell-surface 
receptors at natural abundance (Sklar et al., 1984, 1987, 
1989a). Several of these methods have the capacity to examine 
binding interactions continuously in homogeneous assays that 
require no separation step. Initially, these techniques were 
applied to whole cells (Sklar et al., 1984) and more recently 
to membranes and permeabilized cells (Sklar et al., 1987, 
1989a) in which receptor4  protein interactions could be 
detected. The first report in permeabilized cells described the 
use of antibodies to fluorescein to discriminate the free and 
receptor-bound ligand (Sklar et al., 1987). However, this 
technique was not effective in examining association interac- 
tions directly and was more appropriate for dissociation. 
Preliminary analysis using fluorescence polarization detection 
did not provide an adequate signal-to-noise ratio to examine 
assembly as a function of ligand concentration (Sklar, 1987). 
This study was therefore undertaken to examine the dynamics 
of ligand, receptor, and G protein interactions in a quantitative 
manner. Permeabilizd neutrophils were used to study these 
interactions since this system allows resolution of the LRG 
and LR receptor states (Sklar et al., 1987). 

Flow cytometry was chosen for these studies because its 
intrinsic ability to resolve free from bound ligand (Sklar et 
al., 1984, 1986; Sklar, 1987) makes it possible to examine 
ligand-receptor interactions over a wide range of ligand 
concentrations. In addition, a new effort at calibration of 
fluorescent reagents for flow cytometry was undertaken be- 
cause the commercial standard previously available was not 
stable and is no longer being produced. Continuing experience 
with fluorescent peptides has made clear the need to insure 
quantitative transfer, detection, and recovery of the reagents. 
Finally, the development of a family of peptides for the formyl 
peptide receptor has revealed unique fluorescence properties 
for several members of the family that depend upon their 
length and the position of the chromophore (Sklar et al., 1990). 

In the development of a calibration scheme, a fluorescein 
solution was used as a primary standard to confirm the number 
of fluorescein equivalents on commerical fluorescent micro- 
spheres and to determine the quantum yield of fluoresceinated 
formyl peptide ligands. The beads were used as a convenient 
daily standard for the fluorometric determination of fluorescent 
peptide concentration and the cytometric quantitation of the 
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amount of bound receptor on cells. These calibration tech- 
niques provided a basis for studying the binding of ligand to 
receptor both at equilibrium and, kinetically, for LRG and 
LR receptor states. The results of these experiments provide 
insight into the regulation of ternary complex assembly and 
disassembly by a guanine nucleotide. In addition, these 
methods should find utility in the analysis of ligand binding 
and macromolecular assembly on cell surfaces. 

EXPERIMENTAL PROCEDURES 

Materials 
Neutrophils and Permeabilized Neutrophils. Human 

neutrophils were prepared by the elutriation method of Tolley 
et al. (1987) and permeabilized as described by Smolen et al. 
(1987) and modified for elutriated cells (Sklar et al., 1987). 
Briefly, stock solutions of digitonin (1 mg/mL in the intra- 
cellular buffer described below) were prepared daily. Neu- 
trophils were suspended at 25 X 106 per mL in the same buffer 
and incubated for 25 min at 37 OC with 15 pg/mL digitonin. 

Fluorescent Formyl Peptides. The hexapeptide CHO- 
Nle-Leu-Phe-Nle-Tyr-Lys-fluorescein’ (FITC isomer I) was 
prepared as previously described (Sklar et al., 1984) or ob- 
tained from Molecular Probes (Eugene, OR). The tetrapeptide 
CHO-Met-Leu-Phe-Lys-fluorescein was obtained from Pen- 
insula Laboratories (Burlingame, CA). The pentapeptide 
CHO-Met-Leu-Phe-Phe-Lys-fluorescein was prepared by the 
rapid mixed anhydride procedure (Muthukumaraswamy & 
Freer, 1987). Deprotection was accomplished with anhydrous 
H F  containing anisole and dimethyl sulfide. Fluorescein was 
introduced by the reaction of the formylated peptide (0.1 
mmol) with 1 equivalent of fluorescein isothicyanate (FITC 
isomer I) in 2 mL of saturated sodium bicarbonate and 0.5 
mL of acetonitrile. Reaction was for 2 h at room temperature, 
and the reaction was stopped by the addition of 0.1 mmol of 
ethanolamine. Purification was by HPLC on a Whatman 
ODS-3 column with gradients of 0.1% trifluoroacetic acid/ 
acetonitrile from 0 to 30%. Aliquots of these peptides were 
stored either in DMSO at concentrations ranging from 100 
pM to 1 mM or as dry powders. 

Buffers. The intracellular buffer described by Smolen et 
al. (1987) (100 mM KCI, 20 mM NaCl, 1 mM EGTA, 30 
mM Hepes, pH 7.3) was supplemented with 0.1% BSA and 
5 mM MgC1, and 1 mM PMSF to stabilize the peptide 
fluorescence. The concentration of Mg permits uncoupling 
of receptors and G proteins in the presence of a guanine nu- 
cleotide. We refer to this buffer as intracellular binding buffer 
(IBB). In earlier studies we used an extracellular buffer 
containing 30 mM Hepes, pH 7.0, 110 mM NaCI, 10 mM 
KCl, 1 mM MgCI,, 10 mM glucose, and 0.1% BSA to stabilize 
the peptide against hydrophobic interactions with the cuvettes 
and transfer pipettes. We use this extracellular medium as 
a dilution buffer (DB) when transferring reagents. 

Miscellaneous Reagents. The polyclonal antibody to 
fluorescein was prepared (Sklar, 1987) and its high-affinity 
binding quantitated as previously described (Levison et al., 
1975). The formyl peptide antagonist tBoc-Phe-Leu-Phe- 
Leu-Phe was obtained from Vega Biochemicals (Tucson, AZ). 
GTP[S] was obtained from Sigma (St. Louis, MO). Fluor- 
escent standard beads were obtained from Flow Cytometry 

’ Abbreviations: CHO, N-formyl group of formylated peptides; DB, 
dilution buffer; FITC, fluorescein 5’-isothiocyanate (isomer I); GTP[S], 
guanosine 5’-0-(3-thiotriphosphate); IBB, intracellular binding buffer; 
&/If, the ratio of the intensities of receptor bound and free peptide; Qr, 
the ratio of the quantum yields of fluoresceinated peptide relative to free 
fluorescein; tBoc, tert-butyloxycarbonyl. 
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Standards Corp. (Research Triangle Park, NC). 

Methods 
Quantitation Strategy. Fluorescein is used as the primary 

standard to verify the calibration of fluorescent microbeads. 
The microbeads are used as daily standards to calibrate re- 
ceptor numbers in flow cytometry and to standardize solutions 
of fluorescent peptides that are made fresh for each series of 
measurements. 

Fluorescein Solutions. Fluorescein (sodium salt, Sigma 
F-6377 lot 107F-3469) was diluted in nanopure water to a 
theoretical stock concentration of 1 mM as determined by mass 
and diluted into TBB, pH 7.3. The absorbance was determined 
over a wavelength range of 600-400 nm with a Perkin-Elmer 
Lambda 4C spectrophotometer (Norwalk, CT). This proce- 
dure was then repeated with IBB, pH 9.0. The experimental 
extinction coefficient of 7.28 X lo4 obtained in IBB at pH 7.3 
was in good agreement with the published extinction coefficient 
of fluorescein of 7.25 X IO4 in water at pH 8.0 (Nash, 1958) 
and within 10% of the values reported for FITC under 
analogous conditions (Haugland, 1989). 

For fluorescence studies, the fluorescein solutions were 
diluted 1 to 100 in DB. Fluorescence was examined in the 
photon-counting mode in an SLM-Aminco 8000 or 8OOOC 
spectrofluorometer (Urbana, IL) outfitted with a cylindrical 
cuvette adapter (Sklar et al., 1990), cylindrical glass cuvette 
(Sienco, Morrison, CO), and a 2 X 5 mm stir bar (Bel-Art, 
Pequannock, NJ). The excitation was at 490 nm, and stray 
light was reduced with a 490-nm, 10-nm bandpass interference 
filter (Corion, Holliston, MA). The emission signal was 
monitored through a 520-nm, IO-nm band-pass interference 
filter (Corion) and a 3-70 OG Corning glass filter (Kopp, San 
Francisco, CA). To avoid phototube saturation and confirm 
linearity, samples were observed at several light levels. 

Verification of Fluorescent Bead Calibration. Calibrated 
fluorescent bead standards, homogeneous in size and 
fluorescence, were obtained from Flow Cytometry Standards 
Corp. (Research Triangle Park, NC). The beads are solid with 
the nominal calibration reported as fluorescein equivalents per 
particle and suspended at nominal densities of 2 X 1 06/mL. 
As a standard, we used the largest and most highly fluorescent 
# 1 beads (9.0-pm diameter, control no. 100188). Calibration 
involved counting the beads and then comparing their 
fluorescence to a known concentration of fluorescein. To count 
the beads, the stock solution was shaken vigorously, and 50 
pL was transferred to a clear 1.5-mL Eppendorf tube in which 
the homogeneity of the solution was inspected. A total of 40 
pL of these beads was transferred with a 100-pL Hamilton 
syringe into 20 mL of isotonic buffered saline and then im- 
mediately counted in a Coulter counter (Hialeah, FL) with 
the amplification and aperture current being set at 1 and 0.5, 
respectively. The concentration of the stock solution was 
determined to be 2.3 X lo6 beads/mL. 

To determine the specific fluorescence of the bead solution, 
10 p L  of bead solution was transferred via a 10-pL Hamilton 
syringe to a cuvette containing 200 pL of IBB. The specific 
fluorescein fluorescence was evaluated by reducing the pH 
below 5 . 5 ,  where fluorescein is nonfluorescent, and was con- 
firmed by determining the fluorescence of unlabeled beads. 
The residual signal (less than 10% of the signal), which rep- 
resents stray light and background fluorescence of the latex 
particles and IBB, was substracted. A value of 2.3 X lo6 
fluorescein equivalents per bead was obtained. 

Linearity of Bead Fluorescence. Flow Cytometry standard 
beads #2, #3, and #4 were calibrated relative to # 1 beads 
by cytometric comparison on a Becton Dickinson Facscan flow 
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cytometer (Mountain View, CA). A total of 50 pL of the bead 
suspension was diluted in 500 p L  of IBB, pH 7.3. Forward- 
scatter and side-scatter parameters were adjusted to resolve 
the singlet bead population, and the mean channel of each bead 
species was quantified with the fluorescein (FL1) detector set 
at either 600, 730, or 800 V. The FLl amplifier was set at 
1 .OO in all cases. Determination of the fluorescence of each 
bead at more than one detector setting allowed for the posi- 
tioning of more than one bead fluorescence level on the same 
scale, as well as allowing for the normalization of fluorescence 
values obtained at different detector settings. Background 
fluorescence was determined at each detector setting with Flow 
Cytometry Standard Corp. # 5  (blank) beads. On the basis 
of the fluorescence of # 1 beads, the #2, #3, and # 4  beads 
yielded values of 5.0 X lo5, 2.3 X lo5, and 5.3 X lo4 fluor- 
escein equivalents per bead, respectively, which were in rea- 
sonable agreement to the nominal values of 4.3 X lo5, l .8 X 
lo5, and 6.4 X lo4 fluorescein equivalents for #2, #3, #4 
beads, respectively. The relative values were independent of 
instrument setting, validating the linearity of instrument re- 
sponse. Lot no. 110989 of # 1 beads was found to agree within 
3% of the original lot. 

Calibration of Fluorescent Peptides. The formyl peptides 
are hydrophobic and relatively insoluble in aqueous media. 
Both absorbance and fluorescence measurements were de- 
termined on the same sample in the same plystyrene cuvette 
(Evergreen, Torrance, CA) to prevent peptide losses in the 
dilution or transfer steps. Peptides were diluted in IBB, pH 
7.3, to a final concentration that was verified spectrophoto- 
metrically, on the basis an extinction coefficient of 8.1 X lo4 
for conjugated FITC at pH 7.3 (Mercola et al., 1972). The 
background fluorescence was determined with an identical 
polystyrene cuvette containing IBB. Peptide solutions of - 100 
nM as verified by absorbance were prepared and compared 
directly to undiluted #1 beads, for which the fluorescein 
equivalent concentration was calculated to be 8.78 nM. In 
this manner, any difference in the quantum yield of the con- 
jugated fluorophore as compared to the free fluorophore could 
be quantitated. Routine calibration of peptide solutions vs 
beads alleviated the need for the otherwise cumbersome daily 
standardization against fluorescein. 

Spectrofluorometric Assays of Ligand Binding to 
Cell-Surface Receptors 

Antibody Method. This assay has been described elsewhere 
(Sklar et al., 1989b). Permeabilized cells were suspended at 
107/mL in IBB (pH 7.3), and 200-pL aliquots were placed 
in the stirred cylindrical cuvette of the SLM 8000 or 8OOOC 
under the same spectral conditions as described for fluorescein 
solutions. The fluorescence was monitored continuously fol- 
lowing the addition of fluorescent peptide (Figure 1). Binding 
was allowed to proceed for the desired period of time, and 
antibody to fluorescein (2 pL, -2500 nM) was added to the 
cuvette. Antibody binds and quenches the free fluorescent 
peptide within 1 s at a rate constant of - lo8 M-' s-I. In 
contrast, antibody recognizes the receptor-bound hexapeptides 
with a half-time of -300 s and with a rate constant of - IO5 
M-' s-*. Fluorescein on the shorter peptides is protected in 
the binding pocket of the cell-surface receptor and is entirely 
inaccessible to antibody to fluorescein (Sklar et al., 1990). For 
all the peptides, the addition of antibody spectroscopically 
discriminates the free and bound ligand. Because GTP[S] 
reduces the ligand affinity, the bound peptide is released and 
quenched by the antibody when GTP[S] is added. The 
fluorescence in the cuvette then falls to background (non- 
bound) levels upon the addition of GTP[S], confirming the 
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suspension was measured with the following formalism. The 
mean fluorescence channel number of ligand binding to the 
cells, M ,  was first determined. In order to convert the mean 
fluorescence channel number to fluorescein equivalents per 
channel requires a comparison with microbeads (typically #4 
beads, where the factor F represents fluorescein equiva- 
lents/channel of the bead standard). To convert from 
fluorescein equivalents per channel to fluorescent peptide 
equivalents per channel, two additional pieces of information 
are needed: the ratio of the quantum yields of the free 
fluorescent peptide as compared to the free fluorescein (Q, = 
0.82, as determined from absorbance and fluorescence mea- 
surements described above) and &/If, the relative intensity of 
the receptor bound as compared to the free ligand in solution 
(Figure 1). The calculation of the average quantity of peptide 
bound to receptor per cell is given by 
B (in ligand bound per cell) = 

M (in mean channels/cell) X 
F (in fluorescein equivalents/channel) X 

1/Qr X lb/zf (1) 
Free Ligand in Equilibrium Binding Experiments. Direct 

measurement of the concentration of free peptide in binding 
experiments was made to verify the amount of residual ligand 
after binding. Aliquots (200 pL) of equilibrated samples were 
removed prior to cytometric analysis and transferred to cyl- 
indrical cuvettes. The microcuvettes were seated in 96-well 
ELISA plates (Nunc, Thousand Oaks, CA), placed on carriers, 
and centrifuged at approximately 15Og for 10 min sediment 
cells in suspension. The fluorescence of these samples was 
examined directly and their concentration then determined by 
comparison to microbead standards in solution. 

Kinetic Cytometric Analysis. Kinetic measurements of 
ligand binding to the neutrophil formyl peptide receptor by 
flow cytometry were performed with the same principles of 
sample preparation and data analysis as in the equilibrium 
measurements. Cell suspensions, equilibrated at  37 OC for 
10 min, were exposed to a calibrated solution of peptide (10 
pL of peptide to 1 mL of lo6 cells/mL), quickly vortexed, and 
then immediately placed on the cytometer, the sample tem- 
perature being regulated with a water jacket to 37 OC. In 
order to acquire binding data kinetically, repetitive histograms 
were acquired sequentially at intervals of 15-60 s, which was 
varied according to the steepness of the binding curve. In- 
dividual concentrations were repeated in duplicate in the 
presence and absence of guanine nucleotides for both “bound” 
and “blocked” cells. Typically, three or four concentrations 
of ligand ranging between 0.5 and 5 nM were tested in a single 
experiment. Histograms of 2000 cells were acquired in 3 s, 
the middle of the interval being picked as the time of acqui- 
sition. Because there is variability from sample to sample in 
the midpoint of data acquisition, specific binding was calcu- 
lated by fitting the “blocked” sample data with a double-ex- 
ponential curve and subtracting the calculated mean channels 
point by point from the “bound” samples (see Figure 5). 
Kinetic measurements of the dissociation of the bound ligand 
from its receptor were performed by diluting 100-pL aliquots 
of cells bound to equilibrium with 0.5 nM peptide into 900 
KL of IBB containing blocking peptide or IBB containing 
blocking peptide and GTP[S], quickly vortexing, and then 
immediately placing the sample on the cytometer. Kinetic data 
were acquired as explained above. 

Analysis of Binding Data. Equilibrium binding data were 
analyzed by nonlinear regression of bound peptide as a function 
of free peptide by the Graph Pad computer program (Mo- 
tulsky, 1987). In the presence of saturating concentrations 

1 
C 

d 
J 

0 40 80 120 160 
Time (seconds) 

FIGURE 1 : Spectrofluorometric detection of ligand binding and 
quenching. Permeabilized neutrophils were monitored spectrofluo- 
rometrically in a stirred cuvette with or without the blocking peptide. 
At time 0, the fluorescent pentapeptide was added. The antibody 
to fluorescein was then added after 60 s of incubation to quench the 
free ligand. The blocked sample traces the curve connected by a and 
d; the bound sample traces the curve connected by b and c. The 
fluorescence values a, b, c, and d can be related to the intensities and 
mole fractions of the fluorescent ligand according the following scheme. 
If is the intensity of free peptide; t b  is the intensity of cell-bound peptide: 
I ,  is the intensity of antibody-bound peptide; and Xb is the mole fraction 
of cell-bound peptide. Then a represents free ligand with intensity 
IB; b represents a combination of free ligand and quenched bound ligand 
where the intensity is given by If(l - &) + IJb; c represents a 
combination of receptor-bound ligand and antibody-bound ligand, 
the intensity being given by IJb + I,( 1 - .&); and d represents the 
ligand bound to antibody where the intensity is I,. By rearrangement 
and substitution, the residual fluorescence of the bound ligand &,/If 
is given by Ib/If = [ ( b  - a)(a - d)/a(a - b + c - d)] + 1 (eq 2). The 
GTP[S]-dependent decrease in fluorescence confirms that the cells 
were permeabilized. 

extent of permeabilization of the cells. 
Quenching within the Receptor Binding Pocket. As reported 

earlier (Sklar et al., 1990), the shorter peptides are quenched 
by their interaction with the binding pocket of the formyl 
peptide receptor, while the fluorescein on the hexapeptides is 
outside of the binding pocket. Because of the quenching, the 
change in quantum yield must be taken into account in the 
cytometric quantitation. As described in the legend to Figure 
1, the antibody to fluorescein is used in the evaluation of the 
relative quantum yields of the free and bound ligand. 

Cytometric Binding Assays 
Equilibrium Binding Assays. The cytometric binding assays 

and their analysis follow the principles described for intact cells 
with the use of a Facscan flow cytometer (Sklar et al., 1984). 
A suspension of permeabilized neutrophils (106/mL) in freshly 
filtered IBB, pH 7.3, was equilibrated in the presence of 
calibrated solutions of the fluorescent peptide (nominal con- 
centrations ranging from 0.01 to 30  nM) for at  least 1 h at  
room temperature in the presence or absence of GTP[S] 
(“bound” samples). Control (“blocked”) samples were made 
by suspending cells in IBB to which had been added excess 
nonfluorescent blocking peptide. As blocking peptides, we have 
used the agonists CHO-Met-Leu-Phe-Phe and CHO-Nle- 
Leu-Phe-Nle-Tyr-Lys (10” M) as well as the antagonist 
tBoc-Phe-Leu-Phe-Leu-Phe (4 X M) with comparable 
results. In all cases, the blocking solution is filtered prior to 
cell addition. It is our experience that the presence of an 
insoluble peptide particulate in the concentrated peptide 
suspensions distorts the cytometric analysis. 

Histograms of the individual suspensions were acquired at 
room temperature in the cytometer, and data were expressed 
as the mean fluorescence channel of the cell suspension. 
Specific binding was calculated from mean fluorescence 
channel values of the bound sample minus the mean of the 
blocked samples. 

Calibration of Ligand Bound per Cell. For each ligand 
concentration, the mean ligand binding per cell, E, in the cell 
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rapidly with G while others (R*) couple with G slowly. The 
adequacy of each model was judged on x2 values, systematic 
errors, the agreement of both equilibrium and dissociation 
behavior with direct measurement, and the consistency of 
receptor sites predicted in the presence and absence of guanine 
nucleotides. In each model, the association rate constants of 
L with R or RG are assumed to be the same. Allowing for 
two independent rate constants for association did not result 
in a significant improvement in the fits (not shown). In judging 
the x2 criteria, it is worth noting that the nucleotide data sets 
are fit to the same single-step mechanism for each model and 
that the contribution of the nucleotide data set to x2 is rela- 
tively model insensitive. 
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of guanine nucleotides (100 pM GTP[S]), data were fit to a 
single site (single rectangular hyperbola); in the absence of 
guanine nucleotides, data were fit to two independent sites 
(double rectangular hyperbola). 

Binding models relevant to the ternary complex analysis 
were evaluated for kinetic experiments performed in the 
presence or absence of guanine nucleotides. These models are 
shown in Scheme I. The coupled differential equations that 
describe ligand binding for each of the models were solved 
numerically by the Gears method by using the Los Alamos 
National Mathematics Library routine SDRVB. Parameter 
estimates were obtained by using the International Mathe- 
matics and Statistics Library routine ZXSSQ based on the 
finite difference Levenberg-Marquardt algorithm for solving 
nonlinear least-squares problems. The analysis was performed 
on a Cray YMP supercomputer at Los Alamos National 
Laboratory. 

In the presence of guanine nucleotides, kinetic and equi- 
librium data were fit to the single-step reversiblebinding model 
(Model I). Data obtained in the absence of nucleotides were 
fit to one of the six models described below and optimized 
simultaneously with the single-step model for data in the 
presence of nucleotides. Model I1 is single-step reversible 
binding in which G is physically coupled to R. Model 111 
involves two simultaneous single-step reversible interactions 
in which R is partitioned between precoupled and uncoupled 
forms. Model IV consists of a sequential two-step reversible 
binding in which L first binds to R and then LRG is formed 
in a second step. Model V is a combination of Models I11 and 
IV in which R is partitioned among receptors that couple (R*) 
or do not couple to G. Model VI represents three of the four 
sides of the complete cyclic ternary complex model. Model 
VI1 is a variation of Model VI in which all R are initially 
uncoupled from G. Upon binding of L, some R can couple 

RESULTS 

Calibration 
Fluorescein. In order to achieve consistency in fluorescence 

measurements, calibration was made in terms of free fluor- 
escein equivalents. The difficulties with this approach are the 
environmentally sensitive absorbance and fluorescence prop- 
erties of fluorescein (Nash, 1958). Since the extinction 
coefficient of fluorescein is known to within -10% as a 
function of pH in aqueous media, the calibration is accurate 
in this range. These issues are discussed in the description of 
the bead standards (Flow Cytometry Standards Corp., 1988). 

Commercial Beads. We verified the behavior of the bead 
standards in terms of their absolute brightness compared to 
fluorescein and their relative brightness compared to one an- 
other. Uncertainties in these measurements are the extinction 
coefficient of fluorescein and the bead density. The pH be- 
havior of the beads and the fluorescein standards are com- 
parable. For semiquantitative purposes, the beads can be used 
as sold. 

Fluoresceinuted Peptides. Peptide solutions were examined 
by absorbance spectroscopy with an extinction coefficient of 
8.1 X lo4 at pH 7.3, a value typical of FITC and several model 
compounds (Mercola et al., 1972). The absorbance spectra 
of the peptides were all comparable. The fluorescence of the 
same peptide solutions in the same cuvettes was calibrated in 
free fluorescein equivalents vs beads in order to calculate the 
relative quantum yield of the fluorescent ligands as compared 
to free fluorescein. Q, values of the tetra-, penta-, and hex- 
apeptides were not statistically different from each other: 0.89 
f 0.05, n = 7; 0.72 f 0.13, n = 3; and 0.79 f 0.09; n = 4, 
respectively. The Q, calculated from multiple determinations 
for all the peptides yielded a mean value of 0.82 relative to 
free fluorescein with a standard deviation of approximately 
10%. The uncertainties arise from the relative difficulty in 
making absorbance measurements on solutions below 0.01 OD. 

Q, values were consistent with fluorescence lifetime mea- 
surements,2 which showed that both modulation and phase 
measurements of fluorescence lifetimes of three of the fluor- 
escent peptides were not statistically different. This might be 
expected, since in all cases these peptides were labeled with 
FITC isomer I, which was conjugated to each peptide through 
a carboxy-terminal lysine residue. 

Fluorescence Quenching upon Binding to the Receptor. 
Quenching of the fluorescence of the peptide ligand after 

Fluorescent lifetimes of the peptides were determined on an SLM 
4800C spectrofluorometer by either modulation (m) or phase (p) mea- 
surements at 30 MHz and are expressed as the average values (in ns) of 
multiple determinations: tetrapeptide 3.72 f 0.13 (m), 3.67 f 0.23 (p); 
pentapeptide 3.64 f 0.10 (m), 3.68 f 0.23 (p); hexapeptide 3.68 * 0.12 
(m), 3.66 f 0.20 (p). 
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Table I :  A Comparison of Peptide Quenching As Determined by 
Cytometric and Fluorometric Methods' 
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method peptide n I d 4  
cytometric tetra 5 0.72 f 0.05 

penta 5 0.54 f 0.04 
hexa 5 1 .oo 

fluorometric tetra 1 1  0.71 f 0.06 
penta 5 0.55 & 0.07 
hexa 6 1.00 f 0.00 

'Cytometric data were analyzed as described in the text, and fluo- 
rometric data were obtained and analyzed as explained in Figure 1. 
Individual quenching values are the means calculated from multiple 
determinations. Cytometric analysis of Ib/Ir for the hexapeptide in all 
cases was taken to be equal to 1 .OO, on the basis of fluorometric data, 
and thus underwent no statistical analysis. In all cases, 10 nM peptide 
was used ( - 2 5  X &) providing for the apparent saturation of the 
high-affinity binding sites. 

100 

l i o  
$ 150 

0 
0 100 200 

Fluorescence (channels1 

FIGURE 2: Cytometric comparison and calibration at equilibrium of 
bound fluorescent peptide with standard fluorescent beads. (A) 
Pentapeptide at concentrations of 0, 0.016, 0.068, and 4.6 nM was 
bound to permeabilized neutrophils by the standard equilibrium binding 
assay and analyzed via flow cytometry. (B) With the same cytometer 
settings as used with the cells, standards beads containing 0 fluorescein 
equivalents/bead or 5.3 X IO4 fluorescein equivalents/bead were 
analyzed cytometrically for fluorescence. From this comparison, 
receptors bound/cell can be calculated as explained under Materials 
and Methods. 

binding to the receptor was determined both cytometrically 
and fluorometrically as shown in Table I. The intensity of 
bound ligand relative to free ligand (Zb/Zf) is unique for each 
of the ligands, and there is excellent statistical agreement 
between the values determined by the two independent 
methods. The fluorometric method (Figure 1) relies upon a 
direct observation of quenching upon binding. In contrast, the 
cytometric method depends upon the assumption that the 
absolute number of sites available to each of the ligands is 
identical a t  saturation of the receptors. Peptide-dependent 
differences in cell-associated fluorescence a t  saturation, as 
determined by equilibrium binding experiments as shown in 
Figure 3, permitted direct measurement of relative quenching. 
The equivalence of the two methods implies comparable 
quantum yields (Q, )  prior to binding. 

Quantitation of Bound Receptor. The quantitation of 
cellular receptor binding by flow cytometry is shown in Figure 
2. In panel A of this figure, increasing fluorescent peptide 
concentration increases cell labeling (from left to right; peaks 
2, 3,  and 4) over cell autofluorescence (peak 1). Cytometric 
analysis of standard beads (Figure 2, panel B) permits the 
calculation of the average amount of bound receptor per cell 
(eq 1). 

t GTP[S] (background) 

-GTP[S] (background) 

0 5 10 15 20 
[free pentapeptide] (nM) 

Log [free pentapeptide] (nM) 

0 5 10 15 20 
[free pentapeptide] (nM) 

FIGURE 3: Pentapeptide equilibrium binding to permeabilized neu- 
trophils. (A) Pentapeptide, in a concentration range from 0.01 to 
30 nM, was bound to cells (106/mL) in the presence or absence of 
the blocking peptide and GTP[S] and analyzed as described for the 
standard equilibrium binding reaction. The total amount of bound 
pentapeptide (expressed as channel number) was plotted as a function 
of the concentration of the total peptide in the reaction. (B) The 
amount of bound pentapeptide, corrected for background, was cal- 
culated as explained under Materials and Methods and graphed as 
a function of the log of the free pentapeptide concentration at 
equilibrium. The concentration of the free pentapeptide concentration 
at equilibrium. The concentration of the free pentapeptide in the 
reaction was determined as explained under Materials and Methods. 
(C) The net amount of pentapeptide bound was calculated and graphed 
as a function of the free pentapeptide concentration at equilibrium. 
The single-site fit for the data of the experiment shown in the figure 
in the presence of nucleotides gave a Kd of 2.53 nM and 66 000 sites. 
In the absence of nucleotides, there were 66 000 sites with a Kd of 
0.04 nM and 6000 sites with a Kd of 2.53 nM. 

Equilibrium Binding in the Presence and Absence of 
Guanine Nucleotide 

The binding of the pentapeptide to permeabilized neutrophils 
was analyzed cytometrically as shown in Figure 3. The results 
are representative of three separate experiments. Panel A 
shows raw channel numbers for binding as a function of ligand 
concentration. There is higher affinity binding in the absence 
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FIGURE 4: Kinetic analysis of pentapeptide dissociation from per- 
meabilized neutrophils. The cytometrically monitored kinetic release 
of the pentapeptide was performed with permeabilized neutrophils 
prebound to equilibrium with 0.5 nM pentapeptide. At t = 0 s, cells 
were diluted IO-fold into IBB containing either the blocking peptide 
alone (0) or the blocking peptide and GTP[S] (A), quickly vortexed, 
and immediately analyzed for their fluorescence. Initial levels of bound 
peptide were determined by diluting bound cells at equilibrium into 
IBB alone, while values for background fluorescence were determined 
by diluting blocked cells in the presence of peptide into IBB. Analysis 
of triplicate determinations yielded k values of 1.06 X 10" f 0.04 
X and 1.43 X 10-I f 0.04 X IO-'?' in the presence and absence 
of nucleotide, respectively. 

of GTP[S]. The blocking protocol was equally effective in 
both the presence and absence of guanine nucleotides, and the 
nonspecific contribution is nearly linear with concentration. 
Ligand binding was corrected for background fluorescence, 
expressed as the concentration of bound pentapeptide, and was 
plotted in panel B vs the log of the free pentapeptide con- 
centration. No high-affinity binding is retained in the presence 
of GTP[S], and the data reveal a second lower affinity site 
of pentapeptide binding in the absence of GTP[S]. 

The data were fit to single sites in the presence and two 
independent sites in the absence of guanine nucleotide. Av- 
eraging two experiments, there are 69 000 f 3000 low-affinity 
sites per cell in the presence of nucleotides with a Kd of 2.6 
f 0.1 nM. In the absence of nucleotides, there are -66000 
sites per cell with a Kd of 0.04 f 0.01 nM. If the Kd of the 
low-affinity sites in the absence of nucleotides, is fixed to 2.6 
nM, there are - 15 000 low-affinity sites. 

Kinetics of Peptide Binding 
Measurements of ligand dissociation by cytometric methods 

are shown in Figure 4. The dissociation halftime is -650 
s in the absence of nucleotides. Analysis of triplicate deter- 
minations yielded a rate constant of 1.06 X 
s-'. In the presence of nucleotides, the dissociation of ligand 
is rapid from a large fraction of receptors that are nucleotide 
sensitive. Analysis of triplicate determinations of these data 
yielded a rate constant of 1.43 X lo-' f 0.04 X lo-' s-I. 
Previous reports of the use of antibody methodology to measure 
dissociation (3-8 s) and more accurate analysis by using the 
restoration of ligand intensity following release from the re- 
ceptor (4-6 s, Sklar et al., 1990) are consistent with an off-rate 
constant of -0.15 s-l. 

The kinetics of pentapeptide binding to permeabilized 
neutrophils were analyzed cytometrically as shown in Figure 
5. Representative histograms and time courses of binding 
from a single experiment repeated three times are shown in 
panels A and B. Data corrected for the contribution of non- 
specific binding (triangles and solid line in panel B) are plotted 
in panels C and D and reflect kinetics in the absence or the 
presence of GTP[S]. The approach to equilibrium in the 
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FIGURE 5: Kinetic analysis of pentapeptide binding to permeabilized 
neutrophils. (A) Data acquisition in kinetic cytometric binding re- 
actions with the pentapeptide at a final concentration of 0.90 nM was 
added to cells (106/mL) at t = 0 s. At 23, 68, and 600 s (in the 
presence and absence of the blocking peptide), 2000 cells were analyzed 
for their fluorescence and expressed as channel number. (B) Channel 
number vs time, showing correction for background fluorescence. At 
t = 0 s, the pentapeptide at a final concentration of 0.90 nM was added 
to cells alone (m) or to cells in the presence of the blocking peptide 
(A), kinetic binding data being collected at the indicated times. The 
blocked data were modeled as described and subtracted from the 
nonblocked data to yield specific pentapeptide bound (0). Duplicate 
analyses were averaged (C) in the absence or (D) in the presence of 
GTP[S], displayed as [receptor bound] vs time, and modeled. The 
final concentrations of the pentapeptide were 6.59 (0), 2.41 (A), or 
0.90 nM (0). 
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absence of nucleotides is slow (panel C) and dependent on the 
ligand concentrations that are in excess of those of the receptor 
and approach saturation. In the presence of nucleotides (panel 
D), binding plateaus rapidly and at levels less than saturation. 

As seen in Figure 5D, the association behavior of ligand in 
the presence of nucleotides is adequately fit by single-step 
reversible binding. The on-rate and the off-rate constants (k+l, 
kI) are 2.84 X lo7 M-' s-l and 0.158 s-I, respectively, the Kd 
calculated from the kinetic analysis is 5.6 nM (at 37 "C) 
compared to the Kd of 2.6 nM (at room temperature) based 
on the equilibrium measurements. Simultaneous fits to the 
data in the absence of nucleotides yielded these observations. 
Models I1 and 111 were judged inadequate because of sys- 
tematic errors and large x 2  values (5.0 X 
Models IV and V were judged inadequate both because of 
systematic errors, x 2  values (2.0 X 
for V), and predicted off-rate constants (9.7 s-l and 0.006 s-l 
for IV and 16 s-I and 0.003 s-l for V). Models VI and VI1 
both fit the data (xz, values: 7.4 X lo4; 1.1 X with little 
systematic error and predict equilibrium and dissociation 
behavior consistent with that observed. 

Model VI provides two classes of receptors, one precoupled 
to G and the other finding G in a separate step. The values 
of the variables for the data set shown are the total receptor 
concentration (0.24 nM); the fraction of RG (= 44%); the 
rates at which ligand binds (k+l  = 2.8 X lo7 s-I) and disso- 
ciates from each form (kI = 0.17 s-I for LR, k-3 fixed ac- 
cording to Figure 4 at 1.06 X s-l, yielding a calculated 
net dissociation in the absence of nucleotides of 7.5 X lo4 d); 
and the interconversion rates between the two forms (k+2 = 
1.9 X 10" s-l and k-, was vanishingly small). Averaging three 
independent experiments, the k+l values were 3.35 X lo7 f 
1.03 X lo7 s-l M-I, and the values were 1.61 X lo-' f 0.60 
X lo-' s-I. In two other experiments, the receptor concen- 
tration was -0.1 nM, similar to the equilibrium experiments. 
The fraction of RG averaged 52% with a range of 42-71%; 
the rate of formation of LRG from LR ( l ~ + ~ )  ranged from 
-0.002 to 0.01 s-l, while the reverse rate was typically two 
orders of magnitude smaller. The predicted number of re- 
ceptors in the presence of nucleotides averaged 83% of those 
determined in the absence of nucleotides. 

Model VI1 provides two classes of receptors, one rapidly 
coupling (38%) and the other slowly coupling to G. For the 
data of Figure 5, k+l = 4.1 X lo7 M-' s-I, with = 0.23 s-l 
and k-, = 0.0025 s-I. In the calculations, k+2 tended to become 
very large, suggesting instantaneous coupling, while kf3 was 
0.03 s-I. On the basis of x2,  predicted off rates, number of 
parameters, and the behavior of k+2, Model VI appears to be 
the more appropriate description of the data. 

DISCUSSION 
Real- Time Approaches to Ternary Complex Dynamics. 

Signal transduction during cell activation is a subsecond 
process. In neutrophils, for example, an elevated level of 
intracellular calcium is detected in seconds following formyl 
peptide binding via a receptor4 protein-PI turnover cascade. 
Phototransduction is a more impressive process from a dynamic 
standpoint, both because photoresponse occur within millise- 
conds and because a single photoreceptor may activate a 
thousand G proteins in a second. These observations require 
that ligand binding, receptor4  protein coupling and uncou- 
pling, and G protein activation all occur in a subsecond time 
frame. This report represents an effort to define a systematic 
new approach to study ternary complex dynamics in ligand- 
receptor systems. The approach begins with the description 
of methodology suitable to a real-time analysis of both 

and 2.6 X 
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equilibrium and dynamic ternary complex interactions by 
fluorescence methods and extends to the characterization of 
a system in which high- and low-affinity receptor states are 
readily identified. 

Calibration. Calibration methodology is central to any 
effort to examine binding interactions. While these methods 
are well-defined for radioligand assays, there have been rel- 
atively few membrane receptor systems where this has been 
accomplished for fluorescence, and even less effort has been 
directed toward cytometric systems that provide exquisite 
discrimination of free and bound ligand. In retrospect, our 
first effort to provide calibration procedures (Sklar et al., 
1989a) was hindered by the use of standards that were not 
stable and by an incomplete appreciation of the difficulty in 
working with hydrophobic reagents that had to survive multiple 
transfer steps. This present effort has been enhanced by the 
introduction of commercial standards that can be used for the 
calibration of both receptor sites and reagents concentrations. 
We have extended these approaches from a single ligand to 
a family of peptides, several of which change fluorescence upon 
interaction with the receptor, and we have provided new 
methods for evaluating the quantum yield of the ligand relative 
to the standard and the free ligand relative to the bound form 
of the ligand. The binding analysis requires knowledge of the 
concentration of ligand that has actually been delivered to each 
assay tube. Errors in the calibration lead to errors in the values 
for total ligand bound. Moreover, systematic errors in free 
ligand measurement, particularly at low ligand concentration, 
can produce significant errors in the binding affinity and the 
shape of the binding curve. With our hydrophobic peptide 
reagents, we have required verification of the peptide con- 
centrations in individual assays tubes, and we described a 
simple small-volume assay technique to meet this need. 

The Permeabilized Neutrophil as a Model System for  
Ternary Complex Interactions. Many receptor systems exhibit 
ligand binding that is regulated by guanine nucleotides in- 
cluding the a2-adrenergic receptor (Neubig et al., 1985, 1988; 
Thomsen et al., 1988), the P-adrenergic receptor (De Lean 
et al., 1980), the muscarinic receptor (Ehlert, 1985; Wong et 
al., 1986), the D2-dopamine receptor (Wreggett & De Lean, 
1984), and the formyl peptide receptor (Sklar et al., 1989a). 
In most of these membrane systems, the coupling between 
receptors and G proteins was heterogeneous with a substantial 
fraction of receptors that formed a ternary complex slowly or 
not at all. In several preparations containing mixed receptor 
states such as the a,-adrenergic receptor (Neubig et al., 1988), 
@-adrenergic receptor (De Lean et al., 1980; Contreras et al., 
1986), and D2-dopamine receptor (Wreggett & De Lean, 
1984), binding data have also been analyzed in ternary com- 
plex models in which a ligand binds to at least a portion of 
the receptor in a precoupled state. In contrast, binding data 
from systems containing muscarinic receptors (Ehlert, 1985; 
Wong et al., 1986) fit models in which the ligand binds to very 
little or no receptor in a precoupled state. 

We previously reported a semiquantitative characterization 
of the formyl peptide receptor in the permeabilized human 
neutrophil where antibodies to fluorescein were used to dis- 
criminate free and bound ligand. This is a system in which 
signal transduction may be incomplete since phosphoinositide 
hydrolysis following ligand binding to the receptor has not been 
reported, although stimulated GTPase activity above high 
background levels similar to that of neutrophil sonicates has 
been observed (Mueller and Sklar, unpublished). In the ab- 
sence of guanine nucleotides, dissociation of nonsaturating 
fluorescent formyl peptide from its receptors on digitonin- 
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permeabilized neutrophils was several hundred seconds. When 
nucleotides were added at saturating conditions, a rapid release 
(half-time 3-8 s) of ligand from 90% or more of the receptors 
was observed. Rapidly dissociating receptors have also been 
detected when the cells were ribosylated with pertussis toxin 
or alkylated with n-ethylmaleimide (Sklar et al., in prepara- 
tion). Consistent with the interpretation of other systems and 
previous biochemical measurements in intact neutrophils ( W a r  
et al., 1989a), the high-affinity (slowly dissociating) binding 
was attributed to the ternary complex LRG and the low-af- 
finity (rapidly dissociating) binding to the binary complex LR. 
These earlier studies suffered from several deficiencies, in- 
cluding the lack of the description of the number of sites, the 
equilibrium binding constant, and the association rate constant. 
The analysis of the dissociation rate constant for the hexa- 
peptide was complicated by the recognition of the receptor- 
bound ligand by the antibody. 

Our first systematic analysis of the equilibrium binding 
interaction by real-time methods is therefore provided by the 
more versatile cytometric approach described in this report 
(Figure 3).  In the presence of guanine nucleotides, the re- 
ceptors are detected as a homogeneous population of -69 OOO 
sites with Kd -3 nM. In the absence of guanine nucleotides, 
a major population of high-affinity sites (& -0.04 nM, 66000 
per cell) coexists with a second site at equilibrium. If the 
analysis of the second site fixes that Kd at the value for LR, 
there is reasonable agreement for the total number of sites in 
the presence or absence of GTP[S]. 

Kinetic Analysis of Ternary Complex Assembly and Dis- 
assembly. A simple reversible model is appropriate for fitting 
ligand-receptor interactions in the presence of guanine nu- 
cleotides. There is agreement between the Kd based on the 
equilibrium and kinetic measurements, and, moreover, the 
off-rate constant derived from the association measurements 
is in remarkably good agreement with direct measurements 
of the dissociation as analyzed by four different methods 
(cytometry, antibody detection of dissociating ligand, 
fluorescence polarization, and restoration of the intensity of 
the quenched ligand upon release from the receptor). 

No simple model adequately describes ligand-receptor in- 
teraction when nucleotides are absent. Neither a single site 
nor independent two-site fits account for all features of the 
data. Only when more complex interconverting models in- 
corporate heterogeneity in the receptors can the data be fit. 
In the ternary complex analysis, this heterogeneity takes the 
form of “coupled” and “uncoupled” receptors. The coupled 
receptors are physically precoupled or rapidly in contact with 
G proteins, and the uncoupled receptors gain access to G 
proteins more slowly or not at all. The coupled receptors 
(4040% of the total) form LRG at a rate indistinguishable 
from the rate at which L binds to R. Computationally, one 
would not expect to distinguish unambiguously rapid coupling 
(half-times less than a second) from precoupling of receptors 
and G proteins. However, Model VI (precoupling) invariably 
fits the data better than Model VI1 (rapid coupling) even 
though there are more variables in the latter model. 

It is also noteworthy that the forward rate constants of 3 
X lo7 M-’ s-I are as large as any reported for interactions of 
molecules of this size with cell-surface receptors (Goldstein 
et al., 1989). While the diffusion limit is formally 1-1.5 orders 
of magnitude greater than the rates reported (Koren & 
Hammes, 1976), the reduction of the rate constants that re- 
strict the entry of a small molecule into a binding pocket. 
Taken together however, the kinetic and static binding mea- 
surements point to the difference in affinity between LR and 

Fay et al. 

LRG as arising principally from the change in the dissociation 
rate constants. 

Implications of Coupling Heterogeneity. Several aspects 
of the results of the computations are noteworthy in the context 
of ternary complex models, particularly the speed and hete- 
rogeneity of the coupling process. Though not necessarily 
identical processes, LR and LRG assemble with a very similar 
rate constant either because R and G coupling are fast com- 
pared to ligand binding or because R and G are precoupled. 
Both interpretations are consistent with the notion that 
transduction can occur in a subsecond time scale and that the 
diffusion of R and G in two dimensions in the membrane 
bilayer also occur in a subsecond time scale. Both the pre- 
coupled and the uncoupled models require fast steps. It has 
been suggested, though not shown directly prior to activation, 
that G proteins bind endogenous GDP. In either the pre- 
coupled or the uncoupled models, endogenous GDP is pre- 
sumed to be released as a prerequisite for the stabilization of 
the ternary complex (LRG). To fit single-site kinetics of LR 
formation, both models would require the rapid release of 
bound GDP, the uncoupled model requiring rapid coupling 
as well. In either model, LR formation would require the 
formation of LRG-GDP, the release of endogenous GDP, the 
binding of GTP[S], and the disassembly of quaternary complex 
(LRG-GTP[S]) all without appreciable delay. Thus, rapid 
formation of either LR or LRG would require not only rapid 
assembly but, in the case of LR, rapid disassembly of the 
ternary complex. Rapid interconversions between LRG and 
LR (a disassembly elicited by GTP[S]) are suggested by the 
data of Figure 4. Preliminary analysis of the disassembly of 
LRG is consistent with subsecond nucleotide binding and 
subsecond quaternary complex stability (Sklar, 1987; Sklar 
et al., 1989b). 

In neutrophil physiology, it has been recognized that there 
is temporal heterogeneity in cell responses to a ligand. For 
instance, actin polymerizes and depolymerizes in -20 s, then 
repolymerizes, all in response to a single high concentration 
of the formyl peptide. A possible signal for this response, the 
G protein dependent generation of PIP, follows the same 
pattern (Eberle et al., 1990). In contrast, responses initiated 
by the leukotriene B, and platelet-activating factor receptors 
are all short lived. These results could be explained on the 
basis of heterogeneous receptor coupling suggested by the 
permeabilized cell if transduction via the other classes of re- 
ceptors makes use of precoupled forms while formyl peptide 
receptors involved both precoupled and slowly coupling 
(minutes) forms. In fact, we previously reported the existence 
of rapidly dissociating formyl peptide receptors identified as 
LR in the early seconds of cell activation that disappeared 
within minutes of ligand binding (Sklar et al., 1989b). 

Flow Cytometric Analysis of Ternary Complex Dynamics. 
While both the general limitations and advantages of flow 
cytometric methods for ligand receptor analysis have been 
addressed previously (Sklar et al., 1984, 1989b; Sklar, 1987), 
there are several unique features relating to the permeabilized 
cell and ternary complex analysis. A notable aspect is that 
LR interactions, even though short lived, can be resolved. This 
is notable because the dissociation half-time of 3-5 s is short 
enough that radioligand assays could suffer from a significant 
loss of bound ligand during the wash step. In a homogeneous 
assay, this appears not to be a significant problem, and we 
routinely detect comparable numbers of receptors in prepa- 
rations with and without guanine nucleotides. An additional 
factor for working with permeabilized cells is the fact that the 
total cell-associated fluorescence arises not only from specific 
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binding to the cellular receptors but also from the volumes 
within individual cells. This “nonspecific binding” is linear, 
as seen in Figure 3, and can be considerable at high ligand 
concentrations. Finally, while the intrinsic time resolution of 
cytometric and fluorometric methods can be comparable, it 
is difficult to inject a sample in commercial cytometers to 
obtain accurate early time points. More extensive spectro- 
fluorometric analysis of binding requires stopped-flow mixing 
and ligands that change quantum yields upon binding. Im- 
proved analytical possibilities, and thus the ability to evaluate 
complex modeling schemes, should make it possible to address 
directly mechanistic issues regarding precoupling or rapid 
assembly of R and G, the rates of nucleotide binding to the 
ternary complex, and the lifetime of the quaternary complex 
prior to G protein activation. 
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