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Mechanism of Agonist and Antagonist Binding to «, Adrenergic Receptors:
Evidence for a Precoupled Receptor-Guanine Nucleotide Protein Complex*

Richard R. Neubig,**¢ Robin D. Gantzos,! and William J. Thomsen?

Department of Pharmacology and Department of Internal Medicine, The University of Michigan,
Ann Arbor, Michigan 48109-0010
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ABSTRACT: The a, adrenergic receptor (AR) inhibits adenylate cyclase via an interaction with N;, a guanine
nucleotide binding protein. The early steps involved in the activation of the a, AR by agonists and the
subsequent interaction with N; are poorly understood. In order to better characterize these processes, we
have studied the kinetics of ligand binding to the a; AR in human platelet membranes on the second time
scale. Binding of the «, antagonist [*H]yohimbine was formally consistent with a simple bimolecular reaction
mechanism with an association rate constant of 2.5 X 105 M~! 57! and a dissociation rate constant of 1.11
X 1073571, The low association rate constant suggests that this is not a diffusion-limited reaction. Equilibrium
binding of the a; adrenergic full agonist [*H]UK 14 304 was characterized by two binding affinities: K,
= 0.3-0.6 nM and K4, = 10 nM. The high-affinity binding corresponds to approximately 65% and the
low-affinity binding to 35% of the total binding. The kinetics of binding of [*H]UK 14 304 were complex
and not consistent with a mass action interaction at one or more independent binding sites. The dependence
of the kinetics on [*H]UK 14304 concentration revealed a fast phase with an apparent bimolecular reaction
constant k, of 5 X 108 M™! s7!. The rate constants and amplitudes of the slow phase of agonist binding
were relatively independent of ligand concentration. These results were analyzed quantitatively according
to several variants of the “ternary complex” binding mechanism. In the model which best accounted for
the data, (1) approximately one-third of the «, adrenergic receptor binds agonist with low affinity and is
unable to couple with a guanine nucleotide binding protein (N protein), (2) approximately one-third is coupled
to the N protein prior to agonist binding, and (3) the remainder interacts by a diffusional coupling of the
a, AR with the N protein or a slow, ligand-independent conformational change of the a; AR-N protein
complex. The rates of interaction of liganded and unliganded receptor with N protein are estimated.

’Ele study of the mechanism of activation and inhibition of
adenylate cyclase by hormone receptors has shown remarkable
progress recently (Gilman, 1984). Reésolution, purification,
and reconstitution of the individual proteins involved in these
reactions has recently been achieved (Asano et al., 1984; May
et al., 1985; Cerione et al., 1986). These advances allow
detailed study of the interactions of the individual components

*This work was supported by NSF Grant DCB-8409333, R.R.N. is
a Hartford Fellow; W.I.T. is a Horace H. Rackham Predoctoral Fellow.
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§ Department of Internal Medicine.
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in a well-defined system. To understand the implications of
such interactions in reconstituted systems with respect to a less
perturbed membrane environment, it would be useful to have
probes that would be applicable in both systems. Extensive
studies of adenylate cyclase activity in native membranes have
resulted in models of the interaction of receptor (R)! and

! Abbreviations: AR, adrenergic receptor; C, catalytic subunit of
adenylate cyclase; GppNHp, guanosine 5’-(8,v-imidotriphosphate); N,,
inhibitory guanine nucleotide binding protein; N protein, guanine nu-
cleotide binding protein; UK 14 304, 5-bromo-N-(4,5-dihydroimidazol-
2-yl)-6-quinoxalinamine; R, receptor; SS, sum of squared residuals;
Tris-HCI, tris(hydroxymethyl)aminomethane hydrochloride; EGTA,
ethylene glycol bis(8-aminoethyl ether)-V,N,N‘N'tetraacetic acid.

© 1988 American Chemical Society
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guanine nucleotide binding protein (N) with the catalytic
subunit of adenylate cyclase (C) (Ross et al,, 1977). In
particular, analysis of the transient kinetics of adenylate cyclase
activation and inhibition have proved enlightening (Tolkovsky
& Levitzki, 1978; Jakobs & Aktories, 1983). Kinetic studies
of the effects of adrenergic agonists on guanine nucleotide
binding and release have also been used in both native (Michel
& Lefkowitz, 1982; Motulsky & Insel, 1983; Murayami &
Ui, 1984) and reconstituted (Asano & Ross, 1984; Brandt &
Ross, 1986) systems.

Equilibrium radioligand binding studies with high-affinity,
high specific activity antagonist compounds are widely ap-
plicable and have substantially advanced our understanding
of receptor mechanisms. By use of radiolabeled antagonists
in competition experiments, the equilibrium binding of agonists
can also be determined indirectly (Stiles et al., 1984) as can
the kinetics (Motulsky & Mahan, 1984). Recent studies of
the time dependence of adrenergic agonist binding to whole
cells have used these competition techniques (Toews et al.,
1983; Insel et al., 1984; Hoyer et al., 1984; Schwartz et al.,
1985, 1987). An approach that has been successfully applied
to studies of the nicotinic acetylcholine receptor is the detailed
kinetic analysis of direct measurements of radiolabeled and
fluorescent agonist binding as a marker for conformational
transitions of that receptor (Boyd & Cohen, 1980a,b; Neubig
et al., 1982; Heidmann et al., 1983). Even transiently popu-
lated receptor states may be detected by this technique.
Similar kinetic approaches have been used in the analysis of
binding of the antagonists QNB (Galper & Smith, 1979) and
IHYP (Ross et al., 1977) to muscarinic and adrenergic re-
ceptors, respectively, and to glucagon (Horowitz et al., 1985)
and nitrendipine (Weiland & Oswald, 1985) binding to their
receptors. Remarkably few studies of direct measurements
of adrenergic agonist binding kinetics have been reported [see
DeLean et al. (1983)], possibly because of the lack of suitable
radioligands. The «, adrenergic receptor has been an exception
in that clonidine derivatives, which are partial agonists, have
proved very useful in direct binding studies (U’Prichard et al.,
1983). The equilibrium binding of an imidazoline «, adre-
nergic full agonist, [JHJUK 14 304, has recently been char-
acterized by ourselves (Neubig et al., 1985) and others (Loftus
et al., 1984; Turner et al., 1985). The availability of this
radioligand and a partially purified plasma membrane prep-
aration from human platelets that is enriched in o, adrenergic
receptors (Neubig & Szamraj, 1986) facilitates the study of
a, agonist binding kinetics. In addition, reconstitution studies
using purified guanine nucleotide binding proteins have es-
tablished the role of N proteins in the high-affinity binding
of a, agonists in this system (Kim & Neubig, 1987).

This paper reports the first detailed kinetic analysis of ra-
diolabeled adrenergic agonist binding in membranes. The
results are consistent with a model in which approximately
one-third of the o, receptor is unable to couple to N;. Of the
remainder, approximately half of the receptor is coupled to
N; prior to agonist binding and the other half becomes coupled
after agonist is present. Parameters for the interaction of the
liganded and unliganded o, AR with the N protein are esti-
mated. This approach of studying direct agonist binding
should prove useful for further studies of factors that affect
receptor—N protein interactions.

EXPERIMENTAL PROCEDURES

Purified platelet plasma membranes were prepared from
human platelet concentrates as described by Neubig and
Szamraj (1986) and stored for up to 6 weeks at =70 °C.
Preparations used in these studies contained approximately
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400-1300 fmol of [*H]yohimbine binding sites per milligram
of protein.

Radioligands. [*H]Yohimbine (75-85 Ci/mmol) and
[*H]UK 14 304 (77-88 Ci/mmol) were obtained from New
England Nuclear. In some experiments using high concen-
trations of radioligands, specific activities were reduced 2-8-
fold by dilution with nonradioactive ligand.

Equilibrium binding measurements were performed in
buffer containing 50 mM Tris-HCl, 10 mM MgCl,, and | mM
EGTA, pH 7.6, essentially as described by Neubig et al.
(1985). In brief, binding of [*H]yohimbine was measured
following incubation for 30-60 min at 23 °C in a reaction
volume of 0.1 mL (1-2 mg of protein/mL). Equilibrium
binding of [*H]UK 14 304 was measured following incubation
for 60-90 min at 23 °C in a reaction volume of 1.0 mL
(0.1-0.3 mg of protein/mL) unless otherwise specified. For
experiments involving [*H]UK 14 304 concentrations of 10 nM
and above, the GF/C filters were soaked in 0.03% poly-
(ethylenimine) to reduce nonspecific binding (Bruns et al.,
1983; Neubig et al., 1985).

Binding Kinetics. The time course of association of radio-
ligands was measured by mixing equal volumes of the platelet
membranes and radioligand in a manual syringe mixer as
described (Boyd & Cohen, 1980a; Neubig et al., 1985).
Reagents were preequilibrated for 3—5 min in a water bath
at 23-25 °C prior to initiating the reaction. The dependence
of nonspecific binding on time of incubation was similarly
determined by adding excess nonradioactive ligand (1075 M
yohimbine or oxymetazoline) to the receptor-rich membranes
prior to the preequilibration period. Specific binding was
calculated by subtracting from the total binding the nonspecific
binding estimated for the same time by a linear least-squares
fit of the nonspecific binding data. Specific binding repre-
sented at least 80% of the total [°’H]yohimbine binding at all
times greater than 1 min. For [*’H]UK 14 304, specific binding
accounted for greater than 50% of total binding at 1 min for
all concentrations. At the later time points and at equilibrium,
specific binding of [*’H]UK 14 304 accounted for 75-95% of
total binding at low concentrations (0.1-3 nM) and 50-70%
at higher concentrations.

Dissociation kinetics were determined by allowing radio-
ligand and «, receptor rich membranes to reach equilibrium
(as indicated above) followed by addition of a small volume
of nonradioactive ligand (1% of total). Aliquots were removed
at the indicated times for determination of specific binding.
Nonspecific binding was determined in parallel samples pre-
treated with nonradioactive ligand prior to addition of radi-
oligand and incubated for the same total amount of time as
the samples for measuring total ligand binding. For [3H]JUK
14 304, more than 95% of specific binding had dissociated by
6 h after addition of competing agonist.

Analysis of Data. Semilogarithmic plots of specific binding
were prepared for association kinetics by plotting In [B, /(B
- B,)] versus time. B, is specific binding at equilibrium; B,
is specific binding at time ¢. The slope of such a plot, k.pq,
is the observed rate constant. This method is valid under the
pseudo-first-order conditions of these experiments in which
no more than 10% of the total radioligand is bound (Weiland
& Molinoff, 1981). Essentially the same results were obtained
with a nonlinear least-squares fit to a single exponential
function. Experiments for which semilogarithmic plots were
not linear were also analyzed by EXPFIT, a nonlinear least-
squares parameter estimation program for fitting multiple
exponential processes (Faden & Rodbard, 1975).2 Most
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Chart I: Models of Agonist Binding Kinetics?
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2 Several models used to analyze the [’H]UK 14 304 binding kinetics
are shown. R represents the «, receptor, D the radioligand, and DR
the ligand-receptor complex. N represents a guanine nucleotide bind-
ing protein. k, and k_, are the forward and backward rate constants,
respectively, for the nth reaction step. R and R’ represent two distinct
noninterconvertible forms of the receptor. These may differ in struc-
ture or simply in their accessibility to coupling proteins. The receptor
designated R’ is associated with the low-affinity non-GTP-sensitive
equilibrium binding. The receptor conformation binding agonist with
high affinity in these models is designated RN because of biochemical
(Smith & Limbird, 1981) and reconstitution (Kim & Neubig, 1987)
evidence for a, receptor-N protein complexes.

[*HJUK 14 304 association experiments were fit best by a
model with two exponential components (four parameter) or
by a model with two exponentials and a constant term (five
parameter). The [*PH]UK 14 304 dissociation kinetics were
also most often fit best by a four-parameter model. The values
from the four-parameter fit were always used for subsequent
analysis. The rate constants for the two exponential binding
components and the percentage of the binding reaction that
occurred during the fast phase of binding were plotted against
radioligand concentration. These secondary plots were used
for comparison to theoretical results predicted for different
models of receptor binding.

Theoretical Models of Binding Kinetics and Nonlinear
Regression Analysis. Data were analyzed according to the
models listed in Chart I. For the models with simple bimo-
lecular binding mechanisms (including either single or multiple

2 This method of analysis of binding kinetics by exponential decom-
position is simply descriptive; it does not assume any specific binding
mechanism. As in studies of chemical kinetics (Czerlinski, 1966),
mechanistic information is obtained by observing the variation in the
rates and amplitudes of the exponential phases with reactant concen-
tration.
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FIGURE 1: Time course of [*H]yohimbine binding. (A) Semiloga-
rithmic plot of specific [*H]yohimbine binding at concentrations of
1 (a), 3 (@), 10 (Q), and 30 nM (@®). B, is specific binding at
equilibrium (60 min), and B, is specific binding at the indicated time.
The lines are linear least-squares fits of the data. (B) Observed rates
of [*H]yohimbine binding, k.., Were determined from the slopes of
lines in (A) and similar experiments and are plotted against con-
centration of radioligand. For each concentration of [*H]yohimbine
(except 20 nM), two or three determinations of kg were done with
values differing by less than the symbol size unless indicated.

binding sites), predicted rate constants were determined ac-
cording to the relation

kobsd =k_+ k+[D] (1)

The term k_ is the unimolecular dissociation rate constant, k.,
is the bimolecular association rate constant, [D] is the free
drug concentration, and k. is the observed rate constant.
Simulations of ligand binding kinetics in the more complex
models were initially performed with an Euler’s method com-
puter program written in Basic for an IBM PC computer to
solve the differential equations numerically. After initial
estimates of the parameters were obtained by comparison of
predicted secondary plots with those observed, parameter re-
finement and statistical comparisons of the models were done
with saaM 29 (Boston et al., 1981). Comparisons of the
models were done by an F test to correct for additional free
parameters as described (Rodbard, 1974).

Miscellaneous. Protein was determined by the method of
Lowry et al. (1951) with bovine albumin as a standard.
Oxymetazoline and UK 14 304 tartrate were kind gifts of
Schering Co. and Pfizer Co., respectively. 1-Epinephrine,
yohimbine, and guanine nucleotides were from Sigma. All
other chemicals were of reagent grade or better from com-
mercial suppliers.
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FIGURE 2: Equilibrium and preequilibrium dissociation of [*H}yo-
himbine. [*H]Yohimbine (30 nM final) and platelet plasma mem-
branes were mixed at 23 °C, and specific binding was determined
at 2, 2.5, and 3 min. To determine preequilibrium dissociation, excess
nonradioactive yohimbine (1075 M) was added to half of the reaction
mixture at 2.5 min. Specific binding was determined at the indicated
times after addition of cold ligand (O). The value indicated for zero
time was the average of the specific binding determined at 2, 2.5, and
3 min. Specific binding at equilibrium was determined 60 min after
addition of [*H]yohimbine. Dissociation was then initiated as above
and specific binding determined at the indicated times following
addition of cold ligand (®). Values are means of duplicate deter-
minations from one experiment representative of four similar ex-
periments. Lines are linear least-squares fits of the data with slopes
of 1.07 X 107% (@) and 0.97 X 1072 (0) s™%.

RESULTS

[*H)Yohimbine Binding Kinetics. The time course of
[*H]yohimbine binding is strongly dependent on ligand con-
centration in the range of 1-30 nM, and semilogarithmic plots
are linear to at least 90% of the extent of reaction, indicating
an exponential approach to equilibrium (Figure 1A). Rate
constants (k,,q) for [*H]yohimbine binding at the various
concentrations were determined from linear least-squares fits
of the transformed data. A secondary plot of k.4 versus
[*H]yohimbine concentration is also linear (Figure 1B). The
forward bimolecular rate constant, k., calculated from the
slope of this line is 1.52 X 10’ M~ min! or 2.5 X 10° M~!
s~!. This rate constant is significantly less than the 10%-10°
M-! 57! expected for a simple diffusion-controlled reaction
(Ferscht, 1977). The intercept of the secondary plot is 1.2
X 1073 57!, which is in good agreement with the directly
measured dissociation rate constant, (1.11 £ 0.08) X 1073 5!
(n=17). The corresponding T, of 10.4 min is consistent with
previous reports, as is the calculated K of 4.8 nM (U’Prichard
et al., 1983; Garcia-Sevilla et al., 1981).

[*H]Yohimbine dissociation was also determined prior to
equilibration of the radioligand. Both equilibrium and pree-
quilibrium dissociation were exponential and exhibited virtually
identical rate constants, 1.07 X 1073 and 0.97 X 1073 s7},
respectively (Figure 2). There was no evidence for a rapid
phase of dissociation to suggest a low-affinity preequilibrium
complex as has been described for [’THJQNB binding to the
muscarinic receptor (Galper & Smith, 1979). GppNHp (107
M) did not affect the kinetics of either association or disso-
ciation of [*H]yohimbine (data not shown).

Equilibrium Binding of [PH]UK 14 304. We have extended
our previous studies of the equilibrium binding of the «, ad-
renergic full agonist [PH]UK 14 304 (Neubig et al., 1985) to
both higher and lower concentrations (0.01-100 nM) to better
define the binding parameters. Figure 3 shows Scatchard plots
of [*H]UK 14304 binding at concentrations of 0.01-2 nM
(Figure 3A) and 0.2-100 nM (Figure 3B). The high-affinity
K4 was 0.46 = 0.13 nM in seven experiments similar to that
in Figure 3A with membranes diluted or washed to remove
contaminating guanine nucleotides. In our previous experi-
ments with ligand concentrations up to 30 nM, the low-affinity
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FIGURE 3: Equilibrium binding of [PH]UK 14304. (A) Platelet
membranes (0.156 mg of protein) were incubated in 10 mL of TME
buffer with 0.01-2.0 nM [*H]UK 14304 for 90 min at 25 °C. Specific
binding was measured as described under Materials and Methods.
A Scatchard transformation of the data is shown with values expressed
as mean £ SD of triplicate determinations. The solid line is a linear
least-squares fit of the data after Scatchard transformation. This
membrane preparation contained 460 fmol!mg of [*H]yohimbine
binding sites (Bp,,). (B) Specific binding of [PHJUK 14304 (0.2-100
nM) was measured in 1-mL aliquots containing 0.118-0.150 mg of
protein in the absence (W) and presence (Q) of 10~ M GppNHp. Data
in the absence of nucleotide are averages of three experiments on a
single membrane preparation each with duplicate determinations, and
binding in the presence of GppNHp is from a single experiment with
duplicate determinations. Binding of [*H]yohimbine to the same
preparation is shown (®). Solid lines are nonlinear least-squares fits
of the data with parameters discussed in the text. The specific activity
of [*'H]UK 14 304 was reduced to 18.8 Ci/mmol by isotropic dilution.

K for [*H]UK 14 304 could not be reliably determined. In
more highly enriched preparations of platelet membranes
(800-1300 fmol/mg of [*H]yohimbine binding sites), it has
been possible to extend these studies to higher concentrations
of radioligand. By use of poly(ethylenimine)-treated filters,
specific binding was 53-60% of total binding at 100 nM, the
highest concentration used in Figure 3B. Also, we have re-
cently shown that, with 100 nM [*'HJUK 14 304, the same
value of nonspecific binding is obtained when three specific
drugs of very distinct structure as the competing ligand are
used: 10 uM oxymetzoline, 10 uM yohimbine, and 100 uM
1-epinephrine (Neubig & Thomsen, 1987). A nonlinear
least-squares fit of the combined data from three experiments
gave K values of 0.9 £ 0.3 nM and 9.9 £ 7.8 nM for the high-
and low-affinity binding, respectively. The estimated B,
values were 700 £ 210 and 430 £ 190 fmol/mg, respectively.
In the presence of 10 uM GppNHp, [*H]UK 14 304 binding
was markedly reduced and was characterized by a K, of 6.8
nM and a B, of 560 fmol/mg. The total [*H]UK 14 304
binding (1130 fmol/mg) was slightly less than the B_,, of 1280
fmol/mg observed for [*H]yohimbine in this membrane
preparation.

[PHIUK 14 304 Association Kinetics. Detailed studies of
the time course of [*HJUK 14 304 binding were performed
over a 300-fold concentration range, 0.1-30 nM. Semiloga-
rithmic plots of specific binding versus time are distinctly
nonlinear (Figure 4).  This is in contrast to the linear
semilogarithmic plots for the antagonist [*H]yohimbine
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FIGURE 4: Semilogarithmic plots of [*HJUK 14 304 association ki-
netics. Specific binding of [*HJUK 14 304 at 23 °C was determined
as described in Figure 3 and under Materials and Methods. Semi-
logarithmic plots of specific binding are shown for the indicated
[PHJUK 14 304 concentrations from 0.3 to 30 nM. B, represents
specific binding at equilibrium, and B, is specific binding at the
indicated time. Values for times up to 5 min are individual deter-
minations while later times are means of duplicate determinations.
Equilibrium points were determined in triplicate. All experiments
were performed with the same preparation of human platelet plasma
membranes. Solid lines are nonlinear least-squares fits of the data
to the two-exponential model with EXPFIT.

(Figure 1A). The time course of [PH]JUK 14304 binding was
fit to two exponential phases of binding (see Materials and
Methods).? Qualitative inspection of the semilogarithmic plots
reveals that the rate of the fast component of binding increases
steadily with concentration (Figure 4). In contrast, the rate
of the slow phase as indicated by the slope of the semiloga-
rithmic plots at later times is relatively independent of ligand
concentration over the entire range of concentrations. These
observations are confirmed when parameter estimates of the
rate constants for the fast and slow phases of binding are
determined by a nonlinear least-squares regression method
(Figure 5B,C). The plots of association rates, k; and k,, were
initially analyzed according to the usual mass action model
with eq 1. The rate constant for the fast phase of binding,
ks, increases linearly with concentration, consistent with a
bimolecular reaction mechanism (see below). The slope of
the secondary plot (i.e., the association rate constant) is 5.0
X 108 M~! s”'. The intercept is 6.5 X 1073 57!, and the cal-
culated equilibrium dissociation constant is 1.3 nM, which is
similar to the previously reported equilibrium K, of 0.9 nM
(Neubig et al., 1985). Analysis of the slow rates, k,, revealed
a slope of 2.7 X 10* M~! s7! and an intercept of 1.03 x 107
s™!. The calculated equilibrium dissociation constant was 38
nM. Although these values appear to agree relatively well with
the measured equilibrium K,’s (Figure 3), there are several
facts suggesting that more complicated mechanisms are in-
volved. First, the slow component of [PHJUK 14 304 binding
appears to be associated with the high-affinity equilibrium
binding (Loftus et al., 1984; Turner et al. 1985) rather than
the low-affinity binding predicted by this analysis. Second,
the amplitudes of the fast and slow phases of agonist binding
are not consistent with the mass action parameters. A model
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FIGURE 6: Dissociation of [*HJUK 14 304 from washed platelet
membranes. [PHJUK 14304 [(m) 0.1 and (Q) 30 nM] was incubated
with platelet membranes for 90 min at 24 °C and then 105 M
oxymetazoline was added to initiate dissociation. One-milliliter aliquots
were filtered at the indicated times, and specific binding, B,, was
calculated as described under Materials and Methods. B, was specific
binding just prior to adding nonradioactive ligand and is 420-450 cpm
for 0.1 nM and 2800-3000 cpm for 30 nM [*H]UK 14 304. Non-
specific binding is 40~-50 cpm for 0.1 nM and 1300-1600 cpm for
30 nM radioligand.

in which fast binding is to receptor with high affinity for
agonist and the slow binding is to low-affinity receptor would
predict a decrease in the percentage of fast binding, A;, from
95 to 60% with increasing ligand concentration rather than
the increase observed here.

[PH)UK 14304 Dissociation Kinetics. Dissociation of
[PH]UK 14 304 at equilibrium (90 min at 23 °C) was mea-
sured for ligand concentrations of 0.1, 0.3, 1, 3, 10, and 30
nM. There was no consistent difference in dissociation kinetics
for the various ligand concentrations, and biphasic kinetics
were always observed (Figure 6). More than 95% of the
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FIGURE 7: Preequilibrium dissociation of [*HJUK 14 304. Platelet
plasma membranes (10.8 mg of protein) were washed after thawing
by resuspension in 60 mL of TME buffer followed by centrifugation
for 30 min at 160000g at 4 °C. Following resuspension to 0.264
mg/mL and warming to 23 °C, an equal volume of 2 nM [*H]UK
14 304 was added. After 6 (O) or 90 (®) min, 10~ M oxymetazoline
was added, and dissociation kinetics was determined. B, was de-
termined from equilibrium binding [2079 cpm (@)] or by interpolation
of specific binding obtained at 5 and 7 min {995 cpm (O)].

specific binding dissociated by 6 h, indicating that virtually
all of the binding of [*H]UK 14304 was reversible. Ap-
proximately one-fourth of the binding dissociated rapidly
(range 19-32%) with half-times of 30-70 s (k; = 0.010-0.022
s71). Although the rates of the rapid dissociation are not
precisely specified by the data, the amplitude (or percentage)
of fast dissociation can be accurately determined from the y
intercept of the slowly dissociating component on semiloga-
rithmic plots. The remainder of the binding dissociated slowly
with half-times of 28—40 min [k.; = (2.8-4.3) X 10™*s7!].
These dissociation kinetics provide additional evidence against
the simple two-receptor model. The amount of slowly disso-
ciating ligand (70-80%) is similar to the amount of rapidly
associating ligand (60-70%) at 1 nM [*H]UK 14 304. The
rate constants determined from the mass action analysis predict
that the rapidly associating ligand should also dissociate
rapidly. This discrepancy is best resolved by postulating
conformational changes in the receptor that lead to slow
agonist dissociation (see below for specific models).

Dissociation of [*H]JUK 14 304 prior to equilibrium was also
studied (Figure 7). After 6 min of association, a time at which
almost all of the binding corresponds to the fast component,
56 £ 5% (n = 3) of the binding dissociated rapidly while in
the same experiments only 35 %= 8% dissociated fast at
equilibrium. Faster dissociation of ligand prior to equilibration
has been observed also for binding of QNB (Galper & Smith,
1979), IHYP (Ross et al., 1977), **I-glucagon (Horowitz et
al., 1985), and §-opiate agonists (Spain & Coscia, 1987). In
all of those cases models were proposed in which an initial
weak binding interaction resulted in a conformational isom-
erization of the receptor to a form with a higher affinity and
a slower dissociation rate.

Nonlinear Least-Squares Analysis of [PHIUK 14304
Binding Kinetics. Because of discrepancies between predictions
of the simple two receptor model and our data, we have an-
alyzed our results according to several additional models. We
used the SAAM kinetic analysis package to perform nonlinear
least-squares fits of the data in order to (1) determine which
model best accounts for our data and (2) obtain quantitative
estimates of the rate parameters.

The choice of models to use in this analysis was based on
previous models used for such receptor systems and on our
current data. The ternary complex model of DeLean et al.
(1980) has been used widely to analyze the equilibrium binding
of agonists to N protein coupled receptors. Also, substantial
biochemical data support its applicability to platelet «, re-
ceptors (Smith & Limbird, 1981; Michel et al., 1981; Kim
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& Neubig, 1987). However, the ternary complex model as
originally formulated cannot account for the complex equi-
librium binding of [*H]JUK 14304 given the measured 50-
100-fold excess of N over a, receptors in human platelet
plasma membranes (Neubig et al., 1985). It has been pointed
out that to account for nonhyperbolic equilibrium binding there
must be nearly equal amounts of receptor and coupling protein
(Wreggett & DeLean, 1984; Neubig et al., 1985; Ehlert, 1985,
Lee et al., 1986), so one must invoke structural heterogeneity
or functional compartmentation of the a, receptor or N protein
to account for the observed equilibrium binding of a, agonists
in platelet membranes. Severne et al. (1987) have come to
similar conclusions regarding the 3, adrenergic receptor in
bovine muscle. Thus the models we discuss to account for the
[PH]UK 14 304 association and dissociation kinetics include
two or more populations of receptor.

The simplest such model (model I in Chart I) consists of
two independent receptors with mass action mechanisms. Even
though model I cannot account for the association and dis-
sociation kinetics, it was also analyzed by the nonlinear re-
gression method for statistical comparison to the other models.
Model 1V represents a combination of two noninterconvertible
populations of receptors, one of which (R’) is incapable of
coupling to an N protein and follows a mass action mechanism
while the other (R) follows the complete cyclic ternary complex
mechanism of DeLean et al. (1980). Models II and III include
the “uncouplable” receptor (R’) combined with subsets of the
ternary complex model in which the interaction of receptor
(R) with N protein either occurs after (model II) or before
(model IIT) agonist binding.

The three most complete sets of association kinetics (301
time points from three experiments each at 0.1, 0.3, and 1 nM,
two experiments at 3 and 10 nM, and one experiment at 30
nM) were combined and fitted to each of the models under
consideration. The number of independent kinetic parameters
ranged from four in model I to nine in model IV. The receptor
concentrations for each data set were also allowed to vary,
introducing three additional free parameters. Two parameters
were constrained in the initial fitting. The slow dissociation
rate constant (i.e., k_; in model I, k_, in model II, and k_; in
models IIT and IV) was kept in the observed range [(2.8-4.3)
X 107™*s7']. The fraction of low-affinity receptor (R’/Ry) was
fixed at 0.36 for all models in accord with the equilibrium
binding data [Figure 3 and Neubig et al. (1985)].

Models II and IV gave the best fits upon analyzing the
complete data set [sum of squared residuals (SS), 4.87 and
4.76, respectively]. Models I and III gave significantly greater
residuals, 12.7 and 9.0, respectively (p < 0.01). There was
deviation of the theoretical values from the data at the highest
concentrations (10 and 30 nM) probably because different
membrane and radioisotope dilutions were used. Consequently,
we fit the data for the lower [PH]UK 14 304 concentrations,
0.1-3 nM, to the models. Model II gave the best fit (SS 0.584)
and model IV (SS 0.664) the next best (Figure 8). Models
I and III again were significantly worse in fitting the data (SS
1.12 and 0.815, respectively) with p values of less than 0.01
compared to either model II or model IV. The parameters
from fitting the partial data set were not substantially different
from those with the whole set, so the latter were used. Thus,
a ternary complex model which includes an interaction of
agonist-occupied receptor (DR) with N protein provides the
best quantitative approximation of «, agonist binding kinetics
over a wide concentration range.
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FIGURE 8: Nonlinear least-squares fits of [*H]UK 14 304 association
kinetics. Specific ["JH]UK 14 304 binding at concentrations of 0.1
(0), 0.3 (@), 1 (O), and 3 (W) nM is compared with theoretical
predictions of model II (dashed line) and model IV (solid line). The
parameter values for the two models were derived from fitting the
entire association kinetic data set (301 time points). The parameters
of model IV are shown in Table I.
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FIGURE 9: Kinetics of [PH]UK 14 304 association in the presence and
absence of GppNHp. (A) The time course of binding of 1 nM [PH]JUK
14304 in the absence (@, O) and presence (M, O) of 10~ M GppNHp
was measured as described in Figure 4 and under Materials and
Methods. Nonspecific binding (O, O) was not affected by GppNHp.
(B) Specific binding in the absence (®) of GppNHp was calculated
as in Figure 4. Specific GppNHp-sensitive binding (A) was calculated
by subtracting binding in the presence of GppNHp from bindirig in
the absence of GppNHp for each time point. Semilogarithmic plots
of specific binding in the absence (@) of 10> M GppNHp and
calculated GppNHp-sensitive binding (A) are shown. Solid lines are
theoretical curves for double-exponential processes with parameters
obtained by nonlinear least-squares analysis of the data. Parameters
for specific binding in the absence of GppNHp were 4; = 53%, k;
=6.5% 10357, and &, = 0.98 X 107 s! and for GppNHp-sensitive
binding were A; = 65%, k; = 4.8 X 107 57!, and k, = 0.77 X 107
s~!. These data are single (0—5 min) or duplicate (5-40 min) values
from one experiment which has been performed 3 times with com-
parable results.

Effects of Guanine Nucleotides on [PH|UK 14 304 Asso-
ciation and Dissociation. Of the two models that best fit the
a, agonist association kinetics, only model IV predicts that
the DRN complex will be included in the fast component of
agonist binding. In order to assess the role of N proteins in
the fast and slow agonist binding, we studied the effect of a
saturating amount of guanine nucleotide (10 xM GppNHp)
on [*H]UK 14 304 binding kinetics. First, we measured the
association kinetics of 1 nM [*’HJUK 14 304 in the presence
and absence of nucleotide. The equilibrium binding was re-
duced by 80 £ 3% by nucleotide (Figure 9A). The time
course of binding in the presence of GppNHp was fast, but
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FIGURE 10: Effect of GppNHp on [*H]UK 14 304 binding prior to
equilibrium, Two nanomolar [’H]UK 14 304 was mixed with an equal
volume of prewarmed platelet membranes (0.175 mg/mL). At the
indicated times, 1-mL aliquots were removed, diluted in 5 mL of TM
buffer, and filtered. Nonspecific binding was determined in parallel
samples to which 2 X 10~ M oxymetzaoline had been added to the
membranes prior to prewarming. Nonspecific binding was 320 cpm
and was not affected by Gp?NHp. Specific binding in the absence
(m) and presence (O) of 10 M GppNHp is shown. At five (4), 15
(0), and 30 (©) min after binding was initiated, GppNHp was added
to give a final concentration of 10~ M. Specific binding was measured
at 0.5, 1, 1.5, and 5 min and the additional indicated times after
addition of nucleotide. Theoretical simulations of the experiment
according to the parameters determined for model IV (solid lines)
and model II (dashed lines) are shown.

the small amount of binding (100~400 cpm) precluded a de-
tailed analysis. “Guanine nucleotide sensitive binding” ac-
counted for approximately 80% of total binding and was de-
fined as [*H]UK 14 304 binding in the absence of nucleotide
minus binding in the presence of nucleotide for each time (i.e.,
binding in the presence of nucleotide was used to define
“nonspecific” binding). A semilogarithmic plot comparing
total specific [’H]JUK 14 304 binding (filled circles) and
guanine nucleotide sensitive binding (open triangles) is shown
in Figure 9B. The nucleotide-sensitive binding exhibits fast
and slow components nearly identical with those seen for total
specific binding [4; = 45 + 18%, k; = (8.6 & 5.8) X 107 57},
and &, = (0.6]1 £ 0.17) X 1073 s7!; » = 3]. Thus it appears
that both the fast and the slow binding of [SH]JUK 14 304
involve a, receptor-N protein interactions. Indeed, all of the
slow binding and a substantial amount of the fast binding are
eliminated in the presence of 10 uM GppNHp.

To more directly assess the contribution of N proteins to
the fast binding, we measured the effect of GppNHp on
[*H]UK 14 304 binding prior to equilibrium. Figure 10 shows
that 10 uM GppNHp added 5, 15, or 30 min after [*H]JUK
14304 was mixed with platelet membranes produced a prompt
reduction in binding to the level seen when GppNHp was
added before the agonist. To test the predictions of models
IT and IV with respect to effects of guanine nucleotides, we
performed a simulation of this experiment using the SAAM
modeling program. To model the effects of addition of nu-
cleotide, the concentration of N protein was reduced to zero,
the DRN complex was rapidly converted to DR, and the
simulation was allowed to proceed. With the parameters for
models IT and IV which best fit the association kinetics, model
IV accurately predicted the binding time course in the presence
of nucleotide (Figure 10, solid line). Model II failed to account
for the marked decrease in the equilibrium binding and, in fact,
predicted a further increase in agonist binding when nucleotide
was added at the preequilibrium times (Figure 10, dashed line).
These results suggest that model IV best accounts for both
the association time course and the nucleotide effects on
agonist binding. The guanine nucleotide sensitivity of the fast
[*H]UK 14 304 binding indicates that there is a substantial
“precoupling” of the platelet «, receptor with an N protein
prior to agonist binding. Thus, a complete cyclic ternary
complex model (i.e., model IV) is necessary to account for our
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data.

DiscussIoN

In this paper we present a detailed study of the kinetics of
agonist and antagonist binding to «, adrenergic receptors. The
goal of these experiments was to utilize information obtained
from the time course of ligand binding to suggest models of
the interaction of a, adrenergic receptors with the intracellular
effector system. This is one of the first applications of such
an approach to adenylate cyclase linked receptors in mem-
branes. From these data we conclude that approximately
one-third of the a, adrenergic receptor in human platelet
membranes is unable to couple to N proteins, one-third is
coupled prior to agonist binding, and another one-third be-
comes coupled upon addition of agonist. Rate constants for
the interaction of liganded and unliganded «, receptors with
the N protein are estimated.

The binding of the antagonist [*H]yohimbine appears to be
relatively simple. The time course of binding is well described
by a single exponential process over a 30-fold range of con-
centrations. In addition, the secondary plot of kg versus
[*H]yohimbine concentration is linear, and the equilibrium
dissociation constant calculated from the derived forward and
backward rate constants is in good agreement with the directly
determined K. However, two features suggest that the binding
of [*H]yohimbine may not be completely described by a simple
bimolecular association reaction. First, the association rate
constant determined from these studies is 2.5 X 10° M~ 571,
This is more than 3 orders of magnitude lower than the the-
oretical diffusion limit for a bimolecular reaction in aqueous
solution, 10° M1 s™!, It is possible that this discrepancy is due
to the fact that the a, receptor is membrane bound, but as-
sociation rate constants much closer to the diffusion limit have
been observed for other membrane receptors. An association
rate constant of 3 X 107 M~! s™! was reported for the nicotinic
acetylcholine receptor at 4 °C (Boyd & Cohen, 1980a,b) as
was a rate constant of 1.5 X 107 M1 s™! for the insulin receptor
at 24 °C (Cuatrecasas, 1971). The second aspect of the data
that is not entirely consistent with a simple bimolecular as-
sociation model is the nonzero intercept for the semilogarithmic
plot at 30 nM [*H]yohimbine (Figure 1A). Though the de-
viation from zero is small (0.15), this observation was con-
sistent, and preliminary data at higher [*H]yohimbine con-
centrations have revealed an even larger deviation. The
combination of a slow association rate constant and a rapid
component of binding at higher ligand concentrations (i.e., the
nonzero intercept) is suggestive of a conformational change
in the receptor. Attempts to provide further evidence for an
antagonist-induced conformational change by studying the
preequilibrium dissociation kinetics, though, have not con-
firmed this possibility (Figure 2).

The results reported here for [*H]yohimbine kinetics are
similar to the limited information available in the literature.
In the only study to report the rate of [*H]yohimbine asso-
ciation at more than one concentration, Woodcock and
Johnson (1982) obtained a forward rate constant of 5.2 X 103
M-1s71, These authors utilized rat renal cortical membranes
and [*H]ychimbine over a concentration range of 1-5 nM. In
several studies on human platelet membranes, similar forward
rate constants were estimated from association kinetics de-
termined at a single [*H]yohimbine concentration (Garcia-
Sevilla et al., 1981; Limbird et al., 1982). Thus the antagonist
kinetics appear most consistent with a bimolecular binding
mechanism with a slow rate constant, but further studies of
the discrepancies indicated above may elucidate more complex
aspects of the mechanism of [*H]yohimbine binding.
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Table I: Nonlinear Least-Squares Fitted Parameters for Model IV4

statistical measured experimental
parameter fit value procedure
ky Mgy 3.2 x 108
ko (s7H 0.11
Ky, (nM) 33 41 UK competition for
yohimbine binding
(+GppNHp)*
kN (s71) 9.5 x 1073
ko (s7h 3.2 %107
k; 4.0 x 108
ky 57V 43 %X 10%¢ (2.8-4.3) X slow UK dissociation
10
K4 (nM) 0.11
k4N (s7) 3.5 % 1074
ko, 571 2.6 X 1074
Kqy(app) 0.19 0.46 £ 0.13 equilibrium UK binding
(nM) (high affinity)
k/ (Mg 7.2 x%x10¢
ko (s 0.017 0.01-0.02  fast UK dissociation
K, (nM) 2.4 99 +78 equilibrium UK binding
(low affinity)
R’/Ry 0.36° 0.36 equilibrium binding

¢The best fitting parameters for [*H]UK 14 304 binding according
to model IV are indicated. Definitions of the parameters are as in
Chart I. Experimental measurements which independently provide es-
timates of the parameters are also shown. The rates for the
receptor-N protein interaction k, and k, are expressed as first-order
rate constants in which the N protein concentration is included. This
assumes only that the available N protein concentration is constant
during the experiment. Ky(app) (see text footnote 3) indicates the ap-
parent affinity of the agonist for couplable a, receptor. It includes
contributions from Ky, Ky, k4V, and k_,. °Neubig et al. (1985).
“Constrained to measured value.

As might be expected from the complex equilibrium binding
of @, agonists, the kinetics of binding of [*H]UK 14304 are
much more complex than those observed for [*H]yohimbine.
At no concentration of the full agonist was the binding time
course exponential. The nonhyperbolic equilibrium binding
rules out models including a single receptor undergoing a
ligand-promoted conformational change since such models
invariable predict hyperbolic equilibrium binding functions
(Boyd. & Cohen, 1980a; Weiland & Oswald, 1985). The same
is true for the ternary complex model in the presence of excess
N protein (Wreggett & DeLean, 1984; Neubig et al., 1985;
Ehlert, 1985; Lee et al., 1986). The model which best ac-
counted for the [*H]UK 14 304 equilibrium binding and the
association and preequilibrium dissociation kinetics was model
IV. This model is a combination of an “uncouplable™ low-
affinity receptor binding agonist by a mass action mechanism
(R’) and another form of the receptor (R) which interacts with
N; by a cyclic ternary complex mechanism.

In this model a receptor conformational change or coupling
to Nj occurs prior to ligand binding at low agonist concen-
trations. As discussed by others (Lancet & Pecht, 1976; Boyd
& Cohen, 1980a; Weiland & Oswald, 1985), such models
result in slow rate constants which are nearly independent of
ligand concentration as seen here. The GppNHp-sensitive,
slowly dissociating component of the fast [*H]JUK 14 304
binding can be accounted for by the rapid binding of agonist
to the preexisting RN complex.

The parameters derived from the nonlinear least-squares
analysis of the association kinetic data are shown in Table I.
Several of the parameters estimated from the fitting of the
association kinetics have also been determined independently
from dissociation or equilibrium binding experiments. The
low-affinity binding in the absence of GppNHp was estimated
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by nonlinear least-squares regression to a two binding site
model® to have a K of 9.9 = 7.8 nM (Figure 3). The fitted
value of 2.4 nM is within that relatively large range. The
equilibrium binding of [PH]UK 14304 in the presence of
GppNHp has been determined both directly (Figure 3) and
by competition methods (Neubig et al., 1985). The direct
method revealed a K of 6.8 nM, but only 44% of the [*H]-
yohimbine sites were detected. These values are similar to the
fitted value of K,” and the percentage of R’. The competition
data, with a K, of 41 nM, appear to predominantly reflect the
binding to R for which the fitted value is 33 nM. The rate
constant for the fast [’HJUK 14 304 dissociation also agrees
well with the fitted value of k_,’. The predicted value of the
overall high-affinity binding constant, Ks(app), is 0.19 nM.
Although we have a relatively accurate experimental deter-
mination of this value, the fitted value is out of the measured
range. The discrepancy is less than a factor of 2.5, but it
suggests that either the estimate of the affinity of R for N,
k4/ k-4, or the affinity of ligand for the RN complex, Ky, is
off by a small amount.

The extent of coupling of receptors (R), guanine nucleotide
binding proteins (N), and the catalytic subunit of adenylate
cyclase in membranes has been an unresolved question. In
detergent solutions there is considerable evidence for an R-N
complex (Limbird et al., 1980; Smith & Limbird, 1981; Michel
et al.,, 1981). Solubilization of membrane proteins in the
absence of agonist results in loss of subsequently measured
high-affinity agonist binding while preincubation of mem-
branes with agonist prior to solubilization results in high-af-
finity agonist binding being retained. Methods to determine
the state of interaction of R, N, and C in membranes are much
less well developed. Radiation inactivation (Schlegel et al.,
1979), kinetic modeling of adenylate cyclase activation
(Tolkovsky et al., 1982), modeling of the equilibrium binding
of agonists and antagonist (Wreggett & DeLean, 1984; Ehlert,
1985), and trapping of a putative receptor—N protein complex
(Nerme et al., 1985) have all been used. It has been suggested
on the basis of equilibrium binding studies that the state of
coupling of R and N may depend on the type of receptor and
conditions of the assay, including the type of cation present
(Na* versus Tris*) (Ehlert, 1985). Coupling of muscarinic
acetylcholine receptors to N may be favored by the presence
of Tris and the absence of Na*. D, dopamine receptors may
be coupled even in the presence of Nat (Wreggett & DeLean,
1984). The conditions of our measurements (Tris buffer with
Na* absent) are those that have been suggested to favor
coupling of muscarinic receptors and N. According to our
results using binding kinetics, the fraction of “couplable” re-
ceptor (R) that is precoupled is equal to k, N/ (kN + k_4) or
0.57. This corresponds to 37% of the total «, receptor pop-
ulation. The excellent fit of the effect of GppNHp on pree-
quilibrium [*H]UK 14 304 binding strongly supports the ex-
istence of the precoupled RN complex.

Since agonist binds to RN 300-fold more tightly than to R,
the interaction of agonist-occupied receptor with N protein
must be of similarly higher affinity. The values of k4/V and
k,N in this model indicate that agonist increases the rate of
association of R and N, and those for k_, and k_, indicate that
agonist slows RN dissociation. The association is increased

3 In the presence of excess N, model 1V predicts an equilibrium
binding function that follows a two-site mass action equation. The low-
affinity dissociation constant is Ky’. The high-affinity equilibrium
binding constant is

Kq(app) = Kgs(1 + 4N/ k_y) /(kaN ks + Ky / Ka3)
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30-fold and the dissociation decreased 10-fold. Although the
estimates of k4 and k_, are probably more reliable than those
for k, and k_,, the changes are large enough to be significant.

The estimated values of the bimolecular rate constants for
[*H]UK 14304 [(3-7) X 106 M~! s7!] are more than an order
of magnitude faster than that observed for [*H]yohimbine.
They are only a factor of 2—4 less than the bimolecular as-
sociation rate constants seen for acetylcholine binding to
nicotinic receptors (Boyd & Cohen, 1980a,b) and nitrendipine
binding to calcium channels (Weiland & Oswald, 1985). We
cannot resolve the fast phase of binding into multiple com-
ponents even using rapid mix quench techniques (Neubig &
Thomsen, 1987), providing additional evidence that all of these
processes have rate constants close to 5 X 105 M s7. Thus,
the fast phase of [P H]UK 14 304 binding appears consistent
with a bimolecular interaction of ligand with the preexisting
receptor conformations.

The exact mechanism of the slow, ligand-independent step
in [PH]UK 14 304 binding cannot be definitively specified. The
ligand-independent step could be due to a slow diffusional
interaction of the receptor and N protein; however, the rate
constant of approximately 1073 s7! (T, /2 = 690 s) observed for
the slow binding is less than that expected for a pure diffusional
interaction. Assuming a platelet surface area of 14 um?, 270
receptors per platelet (McFarlane & Stump, 1982), a 50-fold
excess of N (Neubig et al., 1985), and a membrane vesicle
radius of 0.1 um,* there would be on average 120 N; proteins
and 2.4 receptors per vesicle. Even when a relatively low
diffusion constant of 2 X 107!} cm?/s similar to that measured
for band 3 protein (Fowler & Branton, 1977) and estimated
for the turkey erythrocyte 8 adrenergic receptor (Hanski et
al., 1979) is used combined with a small target size of 5 A,
a diffusion time constant of 31 s (k = 32 X 1073 s7) is obtained
from eq 4 of Rhodes et al. (1985). This assumes perfect
irreversible trapping of the proteins, so a diffusional interaction
with significant orientational constraints or incomplete trapping
could possibly account for the slow binding kinetics. We have
recently completed studies of the dependence of the fast and
slow rate constants for [*H]UK 14304 binding on temperature
(Gantzos & Neubig, 1988). The slow rate constant is much
more temperature sensitive than the fast rate constant, and
an Arrhenius plot of the slow rate shows a “break” at 17 °C,
the phase transition temperature of platelet membrane lipids
(Lohse et al., 1986). These data are consistent with the hy-
pothesis that the fast binding depends on diffusion in an
aqueous environment while the slow phase depends on protein
translation in a membrane environment. Additional studies
involving alterations of the concentration of the receptor and
N protein, or other approaches to alter the membrane envi-
ronment, to change the rate of R and N interactions may be
necessary to provide conclusive evidence for a diffusional basis
for the slow ligand binding. The studies reported here provide
the experimental paradigm for testing these hypotheses.

The results in this paper relate to the N protein dependent
high-affinity binding of «, agonists to their receptor. The
functional significance of this high-affinity binding has not
been definitively established. For many N protein coupled
receptors it has been suggested that the high-affinity N protein
linked receptor conformation is the funtionally important one
(Stadel et al., 1980). Arguments have also been made that
the low-affinity receptor is functionally active (Ross et al.,
1977), largely based on the correlation between the low-affinity
binding constants and the effective concentrations of agonist

4 M. Zamorski and R. R. Neubig, unpublished observations.
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in functional studies. In pre-steady-state studies of a;-mediated
inhibition of platelet adenylate cyclase, we have found evidence
that the high-affinity receptor conformation is the one linked
to receptor function.> Thus the mechanism of receptor-N
protein interactions studied in this paper is likely to be related
to receptor function.

The studies reported here represent one of the first appli-
cations of a kinetic analysis of adrenergic agonist binding in
membranes. The binding kinetics provide much more detailed
information regarding the receptor mechanism than does
equilibrium binding alone. The results suggest that the fast
component of agonist binding is due in part to precoupled RN
complex and the slow component of binding is due to a lig-
and-independent conformational transition of the o, adrenergic
receptor that may be related to a diffusional interaction of
receptor and N;. This approach to the study of N protein
linked receptors should prove to be a useful tool for gaining
a better understanding of agonist-receptor—effector interac-
tions.
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ABSTRACT: The membrane form of the variant surface glycoprotein (mfVSG) is anchored in the plasma
membrane of Trypanosoma brucei by a dimyristoylphosphatidylinositol residue connected via a glycan to
the COOH-terminal amino acid. The glycoprotein molecules are tightly packed, forming a coat that is
impenetrable to lytic serum components. Lateral diffusion of mfVSG was measured by the fluorescence
recovery after photobleaching technique. mfVSG labeled on the cell surface with rhodamine-conjugated
anti-VSG Fab fragments showed a diffusion coefficient of 1 X 107! cm?/s at 37 °C and of 0.7 X 10710
cm?/s at 27 °C. About 80% of the molecules were mobile. Affinity-purified mfVSG molecules implanted
into the plasma membrane of baby hamster kidney cells exhibited a similar mobility to that found in the
trypanosome coat [D = (0.4-0.7) X 1071% cm?/s at 4 °C]. Phospholipid mobility in the plasma membrane
of trypanosomes was characterized by a diffusion coefficient of 2.2 X 10~° cm?/s at 37 °C. It is concluded
that mfVSG mobility in the surface coat of the parasite is rapid and comparable to that of other mem-

brane-bound glycoproteins but slower than that of phospholipids.

African trypanosomes, exemplified by Trypanosoma brucei,
are unicellular eucaryotic flagellates that parasitize the blood
and tissues of their mammalian host. The entire cell surface
is covered by a coat that consists of a single glycoprotein
species, designated the variant surface glycoprotein (VSG).
Every cell has the potential to express a large number of
different VSG’s, thereby enabling the parasite to evade the
host’s immune response (Borst, 1986).

About 107 VSG molecules are considered to be arranged
at the surface of each cell in a tightly packed single layer of
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homodimers separated by a mean distance of about 40 A
(Cross, 1975; Auffret & Turner, 1981; Freymann et al., 1984;
Jackson et al.,, 1985). The N-terminal two-thirds of the
molecule form a domain that carries the antigenic determinants
accessible to antibodies in live cells. Although the amino acid
sequence of the N-terminal domain from different VSG’s is
not homologous, all of these proteins, nevertheless, appear to
assume a similar, rodlike shape that is attributable to a bundle
of four long a-helices per dimer (Freymann et al., 1984;
Metcalf et al., 1987; Jihnig et al., 1987). VSG’s are anchored
in the membrane by a dimyristoylphosphatidylinositol residue
connected via a glycan and an ethanolamine to the COOH
terminus (Holder, 1983; Ferguson & Cross, 1984; Ferguson
et al., 1985; Jackson & Voorheis, 1985). In this membrane
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