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SUMMARY

Rapid activation of guanine nucleotide-binding protein (G pro-
tein)}-mediated signal transduction mechanisms occurs in many
tissues. The human neutrophil provides a useful model for study-
ing the mechanisms of these fast processes. Fluorescent chem-
otactic tetrapeptide and pentapeptide exhibit 30-50% quenching
of fluorescence upon binding to the neutrophil formyl peptide
receptor, and their binding affinity is strongly regulated by the G
protein G.. We used rapid kinetic spectrofiuorometric methods
to study the assembly and disassembly of the ternary complex
of ligand, receptor, and G protein in digitonin-permeabilized

human neutrophils. Binding was studied up to 20 nm ligand,
where the half-time for association was 1.2 sec. The rate con-
stant of association was near that for diffusion-limited reactions
of ligands and proteins, 2 X 10" M~ sec™". The rate of uncoupling
of formyl peptide receptor from G protein in the presence of high
concentrations of guanine nucleotide was =5 sec™ (i.e., t; of
0.14 sec). Thus, disassembly of the formyl peptide receptor-G
protein complex occurs in the millisecond time domain and may
be faster than the next step in the signal transduction process.

G protein-coupled receptors are involved in many cellular
responses (1, 2). These range in type from proliferative to
endocrine to inflammatory to neuronal (3, 4). Although many
of these responses take place on the minute time scale, activa-
tion of neutrophils and stimulation of ion channels can occur
within seconds or less (5, 6). A great deal is known about the
structure (7) and mechanism (8) of G protein-coupled receptors.
However, the precise rates and sequence of steps between
binding of an agonist to a receptor and activation of the G
protein are not known.

The time course of conformational changes of purified G
proteins has been determined by measurements of intrinsic
fluorescence (9, 10) and the kinetics of nucleotide binding and
hydrolysis (11, 12). However, these in vitro phenomena have
much slower half-times, in the range of tens of seconds to
minutes. Activation of ion channels by G proteins has been
monitored on the subsecond time scale by functional measure-
ments (5). Also, the rapid kinetics of adenylyl cyclase activation
by S-adrenergic receptors (13) and inhibition by «,-adrenergic
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receptors (14) show time constants in the 1-2-sec™' range (t,
0.69-0.35 sec). A limitation of these measurements is that they
cannot assess the ligand binding state of the receptor before
and during activation of the functional response.

The formyl peptide receptor in neutrophils has proven to be
a very useful system for studying G protein-coupled receptor
mechanisms, because direct spectroscopic measurements of the
binding of fluorescein-labeled formyl peptides have been pos-
sible since 1984 (15). Because the affinity of agonist ligands for
G protein-coupled receptors is greatly altered by an interaction
of the receptor with the G protein, the conformational state of
the receptor can be monitored by studying agonist binding (16—
19).! In particular, a pentapeptide (FSPEP) is especially favor-
able for spectrofluorometric binding studies because the fluo-
rescence of the ligand is quenched ~50% upon binding to its
receptor (20).

In this report, we utilize rapid kinetic spectrofluorometric
methods to address the speed of ternary complex assembly and
disassembly. The guanine nucleotide-stimulated conforma-

'R. G. Posner, S. P. Fay, M. D. Domalewski, and L. A. Sklar. Real-time
spectrofluormetric analysis of ternary complex dynamics: the kinetics of signal
transduction. Submitted for publication.

ABBREVIATIONS: G protein, guanine nucleotide-binding protein; F4PEP, fluorescent tetrapeptide, formyi-Met-Leu-Phe-Lys-fluorescein; FSPEP,
fluorescent pentapeptide, formyl-Met-Leu-Phe-Phe-Lys-fluorescein; GTPYS, guanosine 5’-O-(3-thiojtriphosphate; SS, sum(s) of squared residuals;
HEPES, 4-2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N N’ ,N’-tetraacetic acid.
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tional change that results in functional uncoupling of the G
protein and receptor occurs with a rate constant of ~=5 sec™
(tw, 0.14 sec), the limit of resolution with currently available
fluorescent ligands.

Materials and Methods

F4PEP was from Peninsula Laboratories (Belmont, CA) and FSPEP
was a gift from Dr. Richard Freer (Medical College of Virginia, Rich-
mond, VA); they were prepared as described previously (20). Digitonin
was from Sigma and a fresh suspension was prepared daily for permea-
bilization of neutrophils as described below. Other reagents were as
described previously (20).!

Permeabilized neutrophils or neutrophil membranes. Human
neutrophils were purified by centrifugal elutriation and were permea-
bilized with digitonin as described previously (19).! The extent of
permeabilization was determined by assessing the ability of guanine
nucleotide to reduce FSPEP binding. Generally, if the binding was
reduced by <80-90% the cells were not used. For two experiments,
neutrophil membranes were prepared as described (21).

Rapid kinetic measurements. A Biologic (Grenoble, France)
SFM-3 stepping motor-driven stopped-flow mixer with a cuvette light
path of 2.5 mm was installed in a SLM 8000 fluorimeter. Excitation of
fluorescein was at 490 nm, using a double-excitation monochromator
with a slit of 8 nm to provide maximal throughput. A 520-nm band-
pass filter (Corion, Holliston, MA) and a Corning 3-70 cut-off filter
were used between the cuvette and the photomultiplier tube instead of
the emission monochromator. The theoretical mixing dead-time of the
instrument in this configuration is 3 msec. Experiments examining the
quenching of fluorescein by high concentrations of an antifluorescein
antibody showed an experimental dead-time of 15 msec at the flow
rates used for the formyl peptide binding experiments (data not
shown).? Data acquisition was triggered at the end of plunger movement
and data were collected at 20-50-msec time intervals by using the fast
time base mode of the SLM software. Although the SLM software can
collect data at 1-msec time intervals, signal averaging is much improved
with intervals of 20 msec or more.

Binding was measured at 37° in an intracellular binding buffer
containing 100 mM KCI, 20 mM NaCl, 1 mm EGTA, 30 mm HEPES,
pH 7.3, 0.1% bovine serum albumin, 1 mM phenylmethylsulfonyl fluo-
ride (added fresh from a stock solution in ethanol), and 5 mm MgCl..
Permeabilized cells or membranes were maintained on ice until they
were ready to be loaded into the rapid-mixing apparatus. Samples were
equilibrated for at least 5 min at 37° in the apparatus and then the
data were collected as rapidly as possible. Generally, 5-15 data traces
were collected for each condition. The first one or two “shots” were
usually discarded because the signal was not stable, due to lack of
equilibration of fluorophore throughout the apparatus.

FOPEP association kinetics. Cells (2 x 10’/ml, ~1 nM receptor)
in intracellular binding buffer were loaded into the rapid-mixing ap-
paratus, equilibrated for at least 5§ min at 37°, and then automatically
mixed with an equal volume of buffer containing 4-40 nM FSPEP (2-
20 nM final concentration). Quenching of the FSPEP fluorescence upon
binding to the receptor showed the time course of ligand binding.

Guanine nucleotide-mediated dissociation of FSPEP. A con-
centration of 2 nM FSPEP was added to cells (2 X 10'/ml) or membranes
(~1 nM FPEP binding sites) on ice. The mixture was then loaded into
the rapid-mixing apparatus, equilibrated for at least § min at 37°, and
then automatically mixed with an equal volume of 2 X 10™* M GTP+S.
The increase in fluorescence reflects loss of quenching of the FSPEP
fluorescence as the FSPEP dissociates from the receptor.

Double-mixing experiments. For the combined association and
dissociation binding measurements (see Fig. 3), 4 nM FAPEP was mixed

? Quenching of 1 nM fluorescein by antibody (1/40 dilution, final concentra-
tion) proceeded with a rate constant of 33 sec™! and a half-time of 21 msec (data
not shown). This demonstrates that the hardware and software are capable of
measuring very fast processes.
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in the rapid-mixing apparatus with an equal volume of cells (4 x 10"/
ml). A 200-ul delay line was added after the first mixer so that the
peptide could bind to the cells for a defined period of time before
nucleotide was added. Sufficient reaction mixture was mixed to fill
both the delay line and the cuvette. After the reactants had been in the
delay line for 60 sec, the reaction mixture was forced into the second
mixer, where an equal volume of 2 X 10 M GTP~S was added to
initiate dissociation. Because of limitations of the data acquisition
software, data from the association phase of the binding were collected
in separate shots from the dissociation phase data.

Data analysis. For the association kinetics, the fluorescence de-
crease was fit to a one- or two-exponential decay using unweighted
nonlinear least squares fits in GraphPAD InPlot (San Diego, CA). A
single-exponential function adequately described the data for the time
period measured (0-30 sec).

For dissociation kinetics, the increase in fluorescence was first fit to
the simple exponential rise equation:

F = Fo + AF(1 — e™*«) (1)

The half-time for dissociation of FSPEP was 3—4 sec, virtually identical
to the value of 4 sec reported previously.! To determine whether there
was a limiting step before the exponential dissociation of ligand began,
we needed to define a model for the mechanism of the GTP+S-
stimulated dissociation. Scheme 1 shows the simplest model.

LRG 25 LRG-GTP 2 LR + G*GTP 2% L + R

L is the ligand, R is the receptor, LRG is the ternary complex of ligand,
receptor, and G protein, and G'-GTP is the GTP-bound active form of
the G protein. k,, k,;, and ks are the rate constants for the indicated
steps. The G protein conformational change that results in dissociation
from the receptor (governed by rate constant k,) is simultaneous with
the activation of the G protein (see Discussion for other models). At
very high guanine nucleotide concentrations, the binding step, k,, is
fast.® We solved the differential equations for such a three-step irre-
versible process when the first step is fast, and the result is of the form:

- k’"‘ﬁ - h"'.l'
F F.,+AF[1+——W_*3) ] (@)

where F, is the initial fluorescence level, AF is the amplitude of the
fluorescence increase, k; is the rate constant for the G protein confor-
mational change before the start of dissociation, and A; is the rate
constant for dissociation of L once the receptor has changed to the low
affinity state.* As k; increases to infinity, the lag model (eq. 2) reduces
to the exponential model of eq. 1.

The dissociation data were fit to eq. 1 and then to eq. 2 with all
parameters free to vary. An F test (22) was used to determine whether
the more complex model (eq. 2) produced a better fit of the data than
did the simpler model (eq. 1). A p value of <0.05 indicated a significant
improvement.

Monte Carlo simulations. To more directly assess our ability to
detect short lags, we generated simulated experimental data from eq. 2
with & values of 1, 2.5, and 5 sec™ (tw, 0.69, 0.28, and 0.14 sec,
respectively). The time interval between theoretical points was 50 msec,
as in the experimental data. Random noise was added to the simulations
with the InPlot program. The standard deviation of the Gaussian noise
function was 26% larger than that for the experimental data (0.0087
for Figs. 5 and 7). The “simulated data” were analyzed by nonlinear
least squares analysis as described above for the experimental data.

(scheme 1)

* The time constant for binding would be 0.01 sec at a GTP+8 concentration
g: 107* M if the association rate constant was 10° M~ sec™'. For 10~* M it would

0.1 sec.

¢ There was no significant difference in simulated dissociation curves if the G
probt:in con{g{mltloml change k; and/or the ligand dissociation A, was allowed
to be reversible.
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Results

Mixing 2 nM F4PEP with permeabilized neutrophils in the
rapid-mixing apparatus resulted in a time-dependent decrease
in fluorescence (Fig. 1). This decrease is due to quenching of
the fluorescence of fluorescein as it interacts with the receptor.
We previously showed (20)! that this fluorescence quenching is
blocked when a nonfluorescent peptide (¢-butoxycarbonyl-Phe-
Leu-Phe-Leu-Phe) is added before the fluorescent peptide.
Also, the decrease in fluorescence of FAPEP was dependent on
the presence of cells, inasmuch as it did not happen in buffer
alone (Fig. 1). The binding of FSPEP to permeabilized neutro-
phils could be easily studied at concentrations up to 20 nM
(Fig. 2). The fractional decrease in fluorescence upon binding
to the neutrophils decreased for higher ligand concentrations,
consistent with a saturable binding process. At the highest
concentration tested, 20 nM, the half-time for association was
1.2 sec and the fractional decrease in binding was only 2-3%.
With the excellent reproducibility of mixing and the large
number of data points, it was easy to detect even this small
change in fluorescence. Consistent with binding to the receptor
site, the absolute value of AF saturated at FSPEP concentra-
tions of 2-68 nM. In contrast, F, increased linearly with ligand
concentration, as expected. A second-order plot of the rate
constants of binding (Fig. 2B) revealed an association rate
constant of 2.7 X 10’ M™' sec™’. This is very close to the value
reported previously (19),' indicating that the binding measured
in the stop-flow apparatus is similar to that characterized
previously as being related to the formyl peptide receptor.

The major aim of this work was to determine how rapidly
conformational changes can occur in this receptor-G protein
system. To address that issue, we took advantage of the fact
that guanine nucleotides decrease the binding affinity of chem-
otactic peptides. Fig. 3 illustrates a decrease in fluorescence on
binding of FSPEP, followed by an increase in fluorescence upon
addition of GTP+S (reflecting the decrease in FSPEP binding).

In subsequent experiments, FEPEP was added to the cells in
a batch and allowed to bind, and then only the dissociation

+Buffer

Fluorescence (a u )

l 5 l d 4 - d 1
0 10 20 30 40 50 60

Time (seconds)

Fig. 1. Fluorescence quenching of F4PEP upon binding to the formyl
peptide receptor in permeabilized neutrophils. FAPEP (2 nwm, final con-
centration) was mixed in the Biologic SFM-3 raeu kinetic apparatus at
37° with either permeabilized neutrophils (2 % 10’/ml, final concentration)
(solid line) or buffer (dashed line). Data were coliected at 100-msec time
intervais as described in Materials and Methods. The buffer trace is an
average of four shots and the experimental trace is an average of three
shots. The data are expressed in arbitrary units (a.v.). The haif-time for
the fluorescence decrease in the presence of celis is 9.5 sec.

1.00

Fluorescence
(normalized)
o
a

o
Yol
o

0'85 I '} - el |
0 10 20 30

Time (seconds)

slope
0.5F 2.7x107 M~ 'sec?

Kobs (sec-l)
o o
w >
—

o
N
T

o

o
(S

10 15 20 25
FSPEP (nM)

Fig. 2. Concentration dependence of FSPEP association kinetics in the
rapid-mixing apparatus. A, The indicated concentrations of FSPEP were
mixed with ed human neutrophils (1 x 107/mi, final conoen-
tration) at 37° and the time course of fluorescence change was deter-
mined at 100-msec time intervals, as in Fig. 1. The traces are a

of three or four shots. Solid /ines are nonlinear least squares fits of the
data to an exponential decay. B, The rate constants for FSPEP associ-
ation at each concentration were obtained from nonlinear least squares

fits and are plotted. A linear regression of the secondary plot is shown
with a siope of 2.7 x 107 M~ sec™". This represents the association rate
constant for binding of FSPEP to the receptor.

phase of the binding reaction was studied. This was done to
permit more rapid collection of data and to minimize the time
that cells needed to be maintained at 37° before the measure-
ments. The increase in fluorescence upon addition of GTP~S
did not occur when buffer alone was added to cells with bound
FSPEP (Fig. 4). The half-time for dissociation of the ligand
was 3-4 sec, which is identical to the 4-sec half-time reported
previously for manual mixing experiments.'! The dissociation
half-time and percentage change in fluorescence in the rapid-
mixing experiments were the same for FSPEP that had been
bound for only 60 sec and for ligand that had been bound for
up to 30 min.

Fig. 5, top, shows that guanine nucleotide-stimulated disso-
ciation of FSPEP begins immediately and if there is any lag
before the onset of dissociation it is very small. The data in
this figure are an average of nine shots, and similar data were
obtained in four other experiments. With the signal to noise
ratio in these experiments, we could detect a lag much shorter
than the half-time of dissociation. Fig. 5, top, thin line, shows
a nonlinear least squares fit of the data to a single rising
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Fig. 3. Association and dissociation of F4PEP at 37°. FAPEP (4 nm) and
permeabilized neutrophils (4 x 107/mi) were mixed in the rapid-mixing
apparatus with a 200-u] delay line, which heid the entire reaction mixture.
Fluorescence measurements were triggered either immediately (associ-
ation) or after 60 sec (dissociation). At 60 sec the reaction mixture was
further mixed with an equal volume of buffer containing 2 X 107 m
GTP~S and dissociation was observed. The association data are the
same as in Fig. 1 and were collected every 100 msec; dissociation data
were collected every 30 msec. The dissociation data were multipied by
a factor of 2 for presentation because the samples were diluted 2-fold
when the GTPyS was added. The noise with the dissociation
data was due to the lower FAPEP concentration and the decreased
signal averaging that could be done with 30-msec time points. The half-
time for dissociation of FAPEP was 2.8 sec. During the dissociation
phase, the fluoresence does not go all the way up to the starting level
because not all of the ligand dissociates upon addition of GTP~S.

1.60

+100 uM GTPyS

Fluorescence (a u )

Time (seconds)

Fig. 4. Dependence of FSPEP fluorescence changes on the presence of
QTP~S. FSPEP was mixed at 2 nm with permeabilized neutrophils at 2
x 107 celis/mi. The mixture was loaded into a rapid-mixing syringe and
allowed to warm in the apparatus for 7 min. The mixture with bound
FSPEP was then mixed with an equal volume of either buffer (dashed
line) or 2 x 107 m GTP~S (solid line). Data were collected at 50-msec
time intervals and are averages of four shots for buffer and nine shots
for GTP4S. The thin line through the GTP~S data is a nonlinear least
squares fit to eq. 1 with a half-time of 3.2 sec.

exponential function (eq. 1) with a half-time of 3.4 sec and a
rate constant of 0.20 + 0.05 sec™. We tried to directly estimate
the lag time by fitting the data from the dissociation experi-
ments to eq. 2. The best fit for the data in Fig. 5 had a k; of 21
+ 9 sec™! (ty, 33 msec), with a 95% confidence interval for the
estimate of 2.9-40. The rate of the dissociation phase, k;, was
0.20 £ 0.05 sec™?, corresponding to a t; of 3.5 sec. The fit with
this lag model, however, was no better than that obtained by
assuming that there was no lag (i.e., eq. 1). Fig. 5, top, thick

Experimental data
100 uM GTPyS

2 1.50
L]

—Exponential
—Lag t;,> 0.69 sec

F luorescence

1.40 . A .
0 5 10 15 20
Time (seconds)
1.60

Simulated data
Lag ty/2.0 69 sec
+ noise

2 1.50t
n

—Exponential
—Lag ty,5 0.69 sec

Theoretical fluoresence

1.40 . 1 .
0 S 10 15 20
Time (seconds)

Fig. 5. Lack of lag phase in the rapid kinetics of GTPyS-stimulated

dissociation of FSPEP. Top, the dissociation data for FSPEP from Fig. 4

were analyzed by nonlinear least analysis with both eq. 1 and

eq. 2. Thin line, nonlinear least squares fit of the data to the single-
exponential function (eq. 1). Thick line, bestﬁtoﬂmdatawhanaho

with a half-time of 0.69 sec is introduced (i.e., k. of 1 sec™ in eq. 2).

Bottom, to determine whether a lag of 0.69 sec could be detected,

simulated data were generated according to eq. 2 with a k. value of 1

sw"(tu.owsec)nuuannasewasaddedmaﬂolowedaem

function (thin line) and the lag model (thick line).

line, shows the best fit curve for eq. 2 when k&; is fixed to 1 (i.e.,
the ¢ty of the lag phase is 0.69 sec).® This lag phase includes the
conformational change in the G protein and receptor leading
to dissociation of the RG complex (see Discussion). Our ability
to detect a fast G protein conformational change before ligand
dissociation was examined by simulating results expected for
different values of k,. When k, was 1 sec™ (t4, 0.69 sec) in the
simulated data, there was a clear lag phase observable (Fig. 5,
bottom). The random error added to the simulation was of the
same magnitude as the experimental error in the data set
shown. We also fit the simulated data with both eq. 1 and eq.
2, and it is apparent that the fit with no lag (Fig. 5, bottom,
thin line) does not reflect the simulated data.

We examined the data from the other experiments to see
whether they also showed rapid onset of ligand dissociation
(Fig. 6). The data were fit to both eq. 1 and eq. 2, with a ¢, of
0.69 sec, and the residuals between the fit and the experimental

® This is done by using eq. 2 and setting k, to 1 sec™® (t., 0.69 sec). The other
parameters are allowed to “float.” In this case ks was 0.24 sec™ (ty, 2.9 sec),
which is very close to the value of k for the single-exponential case.
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Fig. 6. Residuals analysis of FSPEP dissociation experiments. Dissociation of FSPEP in the presence of 10~ m GTPyS was measured as in Figs. 4
and 5. The data were fit to either the exponential dissociation model (solid line) or the lag model with k. of 1 sec™* (ty, 0.69 sec) (dashed line), and
then the residuals between the fitted curve and the experimental data were calculated and plotted. The data in A are from the experiment in Figs. 4
and 5. The data in B-D are from three additional experiments. All were done with permeabilized cells with 50-msec time resolution except for B,
which was collected with 20-msec resolution, and C, which was done with neutrophil membranes. In each case, the no-lag case gave more uniformly

distributed residuals, indicating a better fit.

data were calculated. The residuals for the fits to the single-
exponential function (i.e., Fig. 6, solid lines, no lag) were evenly
distributed above and below 0, whereas the fits with the lag
phase of 0.69 sec (Fig. 6, dashed lines) consistently fell below 0
at the early times. In the one experiment in which the data
were collected at 20-msec time intervals, to try to detect a
smaller lag (Fig. 6B), the signal to noise ratio of the data was
slightly worse and the deviation, while still there, was not as
apparent. This analysis shows that, in all experiments, the
resolution of the data was sufficient to detect a k, of 1 sec™
(tw, 0.69 sec) or slower.

To determine the shortest lag that we could detect with our
data, we used all of the data from five experiments on four
different days (each with three to nine replicate kinetic curves).
We fit the data for each experiment to eq. 2 with k&, fixed to
values from 0.5 to 50 sec™ (t., 1.4-0.014 sec). When k; is very
large this reduces to the model with no lag at all (eq. 1). The
“goodness” of the fit was measured by the SS between the
curves and the data. We plotted (Fig. 7) the ratio of the SS in
the full model (eq. 2) to the SS in the simple model (eq. 1). If
the lag model fit the data better, we would expect the SS to
decrease as k; gets closer to the “real” value and then to increase
again as k, gets too large. The SS for the experimental data
never got lower than that of the no-lag case. At a lag rate
constant of 1 sec™’ (t., 0.69 sec) the fit was clearly worse,

consistent with the conclusion of the residuals analysis in Fig.
6. Even a k, of 2.5 sec™! (ty, 0.28 sec) showed a consistent
worsening of the fit. To further test our ability to detect a short
lag, four simulations were done with k; equal to 2.5 sec™ (tu,
0.28 sec). The nonlinear least squares analysis and F test
showed that the lag model was significantly better in two of
the four simulations but not in the other two (F values of 5.7,
5.7, 1.5, and 2.8, with p values of 0.017, 0.018, 0.216, and 0.098,
respectively). We plotted the ratio of SS in the full model to
the SS in the simple model (Fig. 7). This clearly shows a
minimum at 0.28 sec, corresponding to the value of k, of 2.5
sec”’ used in the simulations.

Thus, the conformational change of the G protein that results
in agonist dissociation must occur with a half-time of <0.28
sec. Ligands with faster kinetics of dissociation from the low
affinity form of the receptor would allow even faster measure-
ments and a more precise determination of the rate of G protein
conformational changes.

Discussion

In this paper, we use rapid kinetic spectrofluorometry to
show that G protein conformational changes in permeabilized
neutrophils occur on the 200-msec time scale or faster. This is
much faster than the G protein conformational changes de-
tected by measurements of intrinsic fluorescence of purified G
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Fig. 7. Identification of the shortest lag time consistent with the dissocia-
tion data. The data from Fig. 6 and one additional experiment were fit to
eg. 1 and the SS were determined. They were then fit to eq. 2 with k.
values constrained to 50, 20, 10, 5, 2.5, 1, and 0.5 sec™* (corresponding
to ty, values of 0.014, 0.035, 0.069, 0.14, 0.28, 0.69, and 1.39 sec,
respectively; see Materials and Methods and Results). The SS for fits
with eq. 2 were divided by the SS for the fit to eq. 1, and the ratio was
plotted against k., (W). Error bars, standard error. The same type of
analysis was done for simulated data with a k; of 2.5 sec™" (ty, 0.28 sec)
(D). A smaller value for the SS ratio represents a better fit. There was
no difference between the fits of the experimental data (W) for the simple
model and the lag model when the lag half-times were <0.2 sec. For lag
times of 0.69 or 1.4 sec, the fits were clearly worse than with the simple
model for all five data sets. Even the lag time of 0.28 sec appeared to
slightly worsen the fit. For the simulated data (), the SS clearly de-
creases as the ty, approaches 0.28 sec (which is the value comresponding
to the simulated k of 2.5 sec™"). Thus, any conformational change that
occurs between binding of nucleotide and the onset of FSPEP dissocia-
tion must take place on the 0.2-sec time scale or faster.

Ratio of SS
(complex model/simple model)

proteins (9) and even faster than the changes in transducin in
the presence of rhodopsin (10).

The kinetics of G protein activation in intact cells and
membranes are faster than those with purified G proteins.
Thomsen and Neubig (14) showed that inhibition of adenylyl
cyclase in human platelet membranes by a,-adrenergic receptor
agonists proceeded with a lag of about 1 sec at 30°. Muscarinic
activation of potassium channels in heart shows similar kinetics
(5). The faster rates in more intact systems may be due in part
to an acceleration of GTP hydrolysis when the effector (e.g.,
phospholipase C or cGMP phosphodiesterase) is present (23,
24).

Our rate constant of =5 sec™ (t., 0.14 sec) for the G protein
conformational change appears to be faster than the rate con-
stant of 1 sec™! (¢4, 0.69 sec) for G protein activation in platelets
(5, 14). At least three explanations could account for the rate
of disassembly of the ternary complex in the present studies
being faster than effector activation in the platelet experiments.
First, it could simply be due to the higher temperature (37° in
this work versus 30° for the platelet data). Second, it could be
due to the different receptors involved («,-adrenergic receptors
in platelets and formyl peptide receptors in neutrophils). How-
ever, the same G,;; subtype is used by in both systems (25, 26).
The third possibility-is best discussed in relation to the model
shown in scheme 2.

\ G’-GTP 2 G*-GTP
LRG =5 LRG-GTPL3 LR 5L + R

In this model, there are two steps involved in G protein acti-

(scheme 2)
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vation of an effector. The first is sufficient to uncouple the G
protein from the receptor but the second is required for effector
activation. LRG, LRG-GTP, LR, L, and R are defined in the
same manner as in scheme 1. G’-GTP represents G protein
that has been uncoupled from receptor but not yet fully acti-
vated. G'-GTP represents activated G protein coupled to effec-
tor. G protein activation of effector (step k,) could be slower
than the RG uncoupling (step k;). Such fast uncoupling of G
from R might be important for the catalytic function of the
receptor to activate multiple G proteins. Direct spectrofluoro-
metric measures of G protein activation will help sort out the
order of these events.

The time resolution of the current data is not limited by the
fluorescence technique but by the available ligands. Because
F5PEP dissociates from the low affinity form of the neutrophil
receptor with a half-time of 3 sec, it is hard to detect processes
any faster than one tenth of that or 0.3 sec. Ironically, a lower
affinity ligand with a dissociation half-time of tenths of seconds
could permit detection of G protein conformational changes on
the time scale of tens of milliseconds. Development of such a
ligand is in progress.

The very rapid effects of GTP+vS in these experiments sug-
gest that dissociation of GDP bound to the G protein is not
limiting the reactions being studied. This is consistent with the
concept that the high affinity complex of ligand, receptor, and
G protein involves a G protein with an empty nucleotide
binding site.

The data presented here extend the limits of our knowledge
concerning the speed of G protein conformational changes in a
system other than the highly specialized rhodopsin-transducin
case. Future studies based on this approach with more rapidly
dissociating ligands and spectroscopic measures of G protein
activation should reveal greater molecular detail about these
important signal transduction mechanisms.
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