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A B S T R A C T The oligopeptide chemoattractant re-
ceptor on human polymorphonuclear leukocyte (PMN)
membranes exists in two affinity states. Since guanine
nucleotides regulate the binding affinity and trans-
ductional activity of several other types of receptors,
we examined the effect of nucleotides on the binding
of N-formyl-methionyl peptides to their receptors on
human PMNmembranes. The addition of guanylylim-
idodiphosphate (0.1 mM), a nonhydrolyzable deriva-
tive of guanosine triphosphate (GTP), to PMNmem-
brane preparations reduced the fraction of high-affin-
ity receptors detected in equilibrium binding studies
from 21.3±0.13 to 11.8±0.05% (P < 0.03), without
altering the binding affinities. Since the total number
of receptors remained unchanged, the effect of guan-
ylylimidodiphosphate was to convert a portion of the
receptors from the high-affinity state to the low-affin-
ity state. At the maximal concentration of guanine
nucleotide tested, '50% of the high-affinity sites were
converted to low-affinity sites. The findings obtained
by equilibrium binding were supported by kinetic
studies since the dissociation of the radiolabeled oli-
gopeptide chemoattractant N-formyl-methionyl-leu-
cyl-[3H]phenylalanine from PMNmembranes was ac-
celerated in the presence of guanine nucleotide. The
effect of guanine nucleotides was reversed upon wash-
ing, indicating that affinity conversion is bidirectional.
The guanine nucleotide effects were greatest with non-
hydrolyzable derivatives of GTP followed by GTP
then guanosine diphosphate. Neither guanosine mono-
phosphate nor any adenine nucleotide tested had an
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effect on receptor binding. These data suggest a role
for guanine nucleotides in the regulation of stimulus-
receptor coupling of chemoattractant receptors on hu-
man PMN.

INTRODUCTION

Chemoattractant receptors initiate a number of cel-
lular responses in leukocytes including shape changes,
directed locomotion, lysosomal enzyme secretion, and
superoxide anion production (1). The mechanisms of
stimulus-response coupling for chemotactic factor re-
ceptors on leukocytes are as yet poorly defined. De-
velopment of the tritiated form of the potent oligo-
peptide chemotactic factor N-formyl-methionyl-leu-
cyl-phenylalanine (fMet-Leu-Phe) has provided a
useful probe for uncovering such mechanisms. We
have recently demonstrated that the binding of fMet-
Leu-[3H]Phe to human polymorphonuclear leukocytes
(PMN) membrane preparations is heterogeneous and
consistent with a model postulating the existence of
two classes of the receptor with different affinities for
the chemotactic peptide (2). Heterogeneous chemoat-
tractant binding has also been reported in guinea pig
macrophages and rabbit PMN(3, 4). The two different
affinities of the chemotactic factor receptor in human
PMNmembranes could represent two discrete popu-
lations of receptors or interconvertible affinity states
of the same receptor.

Guanine nucleotides have been shown to be impor-
tant regulators of the activities of several hormone re-
ceptors, such as glucagon (5), a- and B-adrenergic (6),
muscarinic cholinergic (7), and dopaminergic recep-
tors (8). The receptors for a number of neurotrans-
mitters exist in interconvertible high- and low-affinity
states with interconversion regulated by guanine nu-
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cleotides. To determine whether the high- and low-
affinity forms of the chemotactic factor receptor in
human PMNare similarly convertible, we examined
the effect of guanine nucleotides on the binding of
formylated oligopeptide chemoattractants to human
PMNmembrane preparations.

METHODS
Chemicals. N-Formyl-Met-Leu-[3H]Phe (FML[3H]P)' with

a specific activity of 47.6 Ci/mmol was purchased from New
England Nuclear (Biston, MA). FMet-Leu-Phe (FMLP) was
obtained from Sigma Chemical Co. (St. Louis, MO). Guan-
ylylimidodiphosphate (p[NH]ppG) and guanosine-5'-0-3-
thiotriphosphate (GTPyS) were from Boehringer Mannheim
Biochemicals (Indianapolis, IN). Guanosine-5'-triphosphate
(GTP), guanosine 5'-diphosphate, guanosine 5'-monophos-
phate, guanosine 3':5'monophosphate, adenosine 5'-triphos-
phate, adenosine-5' diphosphate, adenosine-5'-monophos-
phate, and adenosine-3':5'monophosphate were purchased
from Sigma Chemical Co. as was 5-adenylylimidodiphos-
phate (p[NH]ppA).

Membrane preparations. PMNmembrane suspensions
were prepared as previously described (2). Briefly, human
PMNwere isolated from peripheral blood by dextran sedi-
mentation followed by Ficoll-Hypaque gradient centrifu-
gation. The contaminating erythrocytes were removed by
three hypotonic lyses and the PMNwere disrupted in Tris-
HCI buffer (50 mMTris-HCI, 10 mMMgCl2, pH 7.7), with
a tissue homogenizer (Tekmar Co., Cincinnati, OH). The
suspension was centrifuged at 200 g for 10 min at 4°C. The
supernatant was decanted and centrifuged at 41,000 g for
10 min at 4°C. The pellet was washed once with incubation
buffer (140 mMNaCl, 1.0 mMKH2PO4, 5 mMNa2HPO4,
0.5 mMMgC92, 0.15 mMCaCI2, pH 7.4).

Binding assays. All experiments were performed at 25°C
and each determination was performed in duplicate. The
mean of the duplicates were used to calculate all data. The
standard error of the mean of the replicates did not extend
beyond the symbols used to represent the data points on the
accompanying figures. The equilibrium binding assay con-
ditions were as previously described (2). The membrane
preparations were kept on ice until assayed, at which time
the preparations were incubated for 15 min with buffer or
p[NH]ppG in order that the temperature of the preparations
be equilibrated at 25°C. The membranes were then incu-
bated with the radioligand for 30 min at 25°C. Nonspecific
binding was defined as the amount of radioligand bound in
the presence of at least 1,000-fold excess of unlabeled ligand.
The highest concentration of the radioligand used was 50
nM and thus 50 uM FMLP was the concentration used to
establish nonspecific binding. Incubation was stopped by
rapid filtration through Whatman GF/C filters (Whatman
Laboratory Products, Inc., Clifton, NJ) followed by four 5-
ml washes with ice-cold incubation buffer. The filters were
then counted in a liquid scintillation counter (Beckman In-
struments, Inc., Fullerton, CA).

'Abbreviations used in this paper: FMLP, N-formyl-
methionyl-leucyl-phenylalanine; GTP, guanosine-5'-triphos-
phate; GTP'yS, guanosine-5'-0-3-thiotriphosphate; HPLC,
high-pressure liquid chromatography; p[NH]ppA, 5-adeny-
lylimidodiphosphate; p[NH]ppG, guanylylimidodiphos-
phate.

To see if any FML[3H]P degradation products could either
contribute to or interfere with the binding of the native
radioligand, several experiments were performed. Super-
natants from membrane preparations containing FML[3H]P,
incubated under binding conditions, were fractionated by
high-pressure liquid chromatography (HLPC) using a uBon-
dapack C18 column (Waters Associates, Milford, MA) and
methanol/acetic acid (0.05 M) as the solvent. The stock
FML[3H]P preparation contained a radioactive peak com-
prising 85% of the applied counts at a position corresponding
to native FMLP. A smaller peak contained -15% of the
counts eluted earlier. Incubation of the FML[3H]P in buffer
alone under binding conditions reduced the native peak to
73%. The native FML[3H]P peak contained -59% of the
counts following incubation with membranes and was ac-
companied by a corresponding increase in the earlier radio-
active peak. Supernatants of membranes made from PMN
pretreated with 1.0 M diisopropylfluorophosphate and con-
taining the protease inhibitors phenylmethylsulfonyl fluo-
ride (1 mM), soybean trypsin inhibitor (0.25 mg/ml), and
a,-antitrypsin (0.25 mg/ml) (9) contained 61% native ligand.
Since some ligand degradation did occur during the binding
assay in the presence or absence of protease inhibitors, the
degradation products formed were tested for their ability
to bind to the membranes and thus compete with the native
ligand. Degradation products formed upon incubation of a
10-fold concentration of membranes with fMet-Leu-(%S)Phe
(sp act - 700 Ci/mmol) were isolated by HPLCand tested
for binding activity to PMNmembranes. The degradation
products, standardized to the same number of counts as the
chromatographed native ligand, contained negligible bind-
ing activity.

Dissociation of FML[3H]P from human PMNmembranes
was assayed by first equilibrating the membranes with
FML[3H]P. Membranes were incubated at 25°C with
FML[3H]P for 30 min, at which time unlabeled FMLPwas
added to give a final concentration of 10-4 M. 150-Ml aliquots
were removed in duplicates at indicated time intervals there-
after and assayed for bound radioligand.

Computer modeling. The data from saturation binding
assays, that is, the amount of radioligand bound vs. amount
of radioligand added, were subjected to nonlinear least
squares curve fitting using a computer method developed
by DeLean et al. (10, 11). This method is based on the law
of mass action and allows the analysis of the binding of a
radioligand to multiple classes of binding sites. The data was
fitted to one- and two-site models successively and a two-site
model was accepted only when the fit of the data was sig-
nificantly improved (P < 0.01). The computer analysis yields
affinity constants and concentrations for each class of recep-
tors. The dissociation constants reported are the geometric
means±SE (10).

RESULTS

Effect of guanine nucleotide on equilibrium bind-
ing characteristics. Membranes were preincubated
with or without the guanine nucleotide (lo M) for
15 min at 25°C and then assayed for radioligand bind-
ing under equilibrium conditions. Fig. 1 shows that
the guanine nucleotide p[NH]ppG reduced the binding
of FML[3H]P to PMNmembrane preparations. Com-
puter analysis of experiments such as that shown in
Fig. 1 revealed that the altered binding isotherm was
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FIGURE 1 FML[3H]P binding isotherms to human PMN
membrane preparations. PMN membranes, treated with
buffer (0) or 10' M p[NH]ppG (A) were incubated with
varying concentrations of FML[3H]P at 25°C for 30 min.
Both isotherms represent two-site fits to the data that were
significantly better than one-site fits (P < 0.01). (0) and
(0) represent nonspecific binding in the presence of buffer
or 10' Mp[NH]ppG, respectively.

due to a decreased number of receptors in the high-
affinity state with a concomitant increase in the num-
ber of receptors in the low-affinity state. Averaging the
results of seven experiments, it was found that in the
absence of p[NH]ppG, 21.3±0.13% of the receptors on
PMNmembranes were in the high-affinity state, but
in the presence of 10' Mp[NH]ppG, only 11.8±0.05%
of the receptors were in the high-affinity states (P
< 0.03) while the total number of receptors remained
unchanged (0.435±0.07 nM for control membranes vs.
0.425±0.06 nM for p[NH]ppG-treated membranes).
All binding isotherms were significantly better fitted
to two-site models than one-site models. The equilib-
rium dissociation constant (KD) for each of the two
affinity states from control and p[NH]ppG-treated
membranes were found to be not significantly differ-
ent by paired t test as well as by the paired Wilcoxon
test (0.66 and 34.7 nM for control; 0.62 and 38.4 nM
for p[NH]ppG treated). Thus, the effect of p[NH]ppG
is to convert receptors originally in the high-affinity
state to those in a low-affinity state. p[NH]ppG exerted
its effect only when present during the receptor bind-
ing assay. Membranes incubated with p[NH]ppG and
then washed to remove the nucleotide regained initial
binding characteristics. The two binding isotherms
were then superimposable (Fig. 2).

When PMN membranes were equilibrated with
FML[3H]P in the presence of 10-4 M p[NH]ppG, the
dissociation of the radioligand was accelerated. In Fig.
3, the filled circles (0) represent the dissociation of
FML[3H]P in the absence of p[NH]ppG from mem-
branes equilibrated with the radioligand in the absence
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FIGURE 2 FML[3H]P binding isotherms to PMNmembrane
preparations following removal of guanine nucleotides. PMN
membranes were incubated with buffer or p[NH]ppG at
25°C. The membranes were then washed and FML[3H]P
binding was assayed. Before removal of p[NH]ppG, binding
isotherms similar to Fig. 1 were obtained. Removal of gua-
nine nucleotides restored FML[3H]P binding to control lev-
els. (0) buffer; (A) p[NH]ppG; (0) and (0) nonspecific bind-
ing for buffer and p[NH]ppG-treated membranes, respec-
tively.

of the guanine nucleotide. The open circles (0) rep-
resent radioligand dissociation in the presence of
p[NH]ppG from membranes equilibrated with the ra-
dioligand FMLP, in the presence of the guanine nu-
cleotide. The rate of dissociation of radioligand in the
second case was accelerated in comparison with the
dissociation rate observed when no guanine nucleotide
was added.

A direct demonstration of the effect of p[NH]ppG
on FML[3H]P binding is shown in Fig. 4. PMNmem-
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FIGURE 3 Dissociation of FML[3H]P from PMNmembrane
preparations. FML[3H]P was bound to PMN membrane
preparations at 25°C for 30 min in the presence of buffer
(0) or 10-4 M p[NH]ppG (0). When the mixtures have
reached equilibrium (30 min at 25°C), 1,000-fold excess
unlabeled FMLP was added to the preparations and the
amount of radiolabel remaining bound to the membranes
was determined at the indicated times thereafter.
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FIGURE 4 Effect of p[NH]ppG on FML[3H]P binding.
FML[3H]P (1 nM) was incubated with PMNmembranes for
30 min at 25°C and 10- M p[NH]ppG was added to the
equilibrated mixture. Binding was assayed at the indicated
times after the addition of the guanine nucleotide as indi-
cated by the arrow.

branes were first equilibrated with 1 nM FML[3H]P
at 25°C (30 min), and then p[NH]ppG was added to
give a final concentration of 10' M. Addition of the
nucleotide alone without excess unlabeled FMLP re-
sulted in an immediate dissociation of a portion of the
bound FML[3H]P to a new equilibrium level.

Dose dependence and specificity of guanine nu-
cleotide effects on FML[3H]P binding. PMNmem-
branes were incubated with varying concentrations of
p[NH]ppG and then FML[3H]P binding was assayed
using 1 nM FML[3H]P. Fig. 5 shows that the inhibition
of radioligand binding is dose dependent. The con-
centration at which p[NH]ppG produced a half-max-
imal effect was 106 M. Similar experiments were per-
formed using GTP and the concentration producing
half-maximal inhibition was 5 X 10-6 M.
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FIGURE 5 FML[3H]P binding to human PMNmembrane
preparations in the presence of varying concentrations of
p[NH]ppG. The membranes were incubated with the indi-
cated concentrations of the nucleotide, then with 1 nM
FML[3H]P for 30 min at 25°C, and specific binding was
determined.

TABLE I
Effects of Nucleotides on High-Affinity FML[3H]P Binding to

HumanPMNMembranes

10 nucleotide- Inhibition'

GTP 68
p[NH]ppG 81
GTP'yS 71
GDP 69
GMP 8
cGMP 0
ATP 0
p[NH]ppA 0
ADP 0
AMP 0
cAMP 0

e PMNmembranes were incubated with 10' nucleotide at 250C
for 15 min and then assayed for FML[3H]P binding in the presence
of the nucleotides. Results are expressed as percent inhibition of
binding of FMLrH]P to membranes preincubated with buffer
alone.

To determine the specificity of the p[NH]ppG effect
on FML[3H]P binding, several other nucleotides were
tested. Table I shows the percent inhibition of
FML[3H]P binding produced by the indicated nucleo-
tides. The adenosine nucleotides: ATP, ADP, AMP,
cyclic (c) AMPas well as the nonhydrolyzable ana-
logue p[NH]ppA did not produce any significant in-
hibition of FML[3H]P binding. The guanine nucleo-
tides GMPand cGMPalso had no effect, while GDP,
GTP, and its nonhydrolyzable analogues, p[NH]ppG
and GTPyS, produced significant inhibition.

DISCUSSION

The binding of FML[3H]P to human PMNmembranes
is heterogeneous and is compatible with the notion that
there are two classes of receptor sites with distinct
affinities (2). The two classes of sites could represent
two distinct and independent populations of receptors
or two interconvertible states of a single population of
receptors. The data presented in this report indicate
that the two classes of binding sites are at least in part
composed of interconvertible states of one population
of receptors. The evidence for this conclusion is based
on the effects of guanine nucleotides on the binding
of FML[3H]P to PMNmembranes. In the presence of
GTP, GDP, or nonhydrolyzable derivatives of GTP,
FML[3H]P binding to PMNmembranes was decreased.
Analysis of equilibrium studies suggested that the de-
creased binding could not be accounted for by a de-
crease in the number of receptors per se. Rather, the
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altered binding isotherm was the result of a decrease
in the fraction of receptors in the high-affinity state.
This decrease in the fraction of high-affinity receptors
coupled with no decrease in the total number of re-
ceptors suggests that in the presence of guanine nu-
cleotides the reduction of high-affinity receptors is due
to the conversion of receptors from the high-affinity
state to those in a low-affinity state. Guanine nucleo-
tides also enhanced the rate of dissociation of FML[3H]P
from PMNmembranes. The effects of the nucleotides
were reversible by washing, indicating interconverti-
bility of the receptor from low to high affinity as well.

Guanine nucleotide regulation of interconvertible
receptor affinity states has been demonstrated in a
number of instances where receptors are coupled to
the enzyme adenylate cyclase (5-8). At the f,-adren-
ergic receptor, guanine nucleotides effect conversion
of receptors from high to low affinity and have been
shown to regulate the agonist-induced formation of a
receptor-guanine nucleotide regulatory protein com-
plex, which is involved in the signal transduction pro-
cess (6). Guanine nucleotides, at a sufficiently high
concentration cause conversion of all the ,B-adrenergic
receptors to a single low-affinity population of recep-
tors. This was not observed for the chemoattractant
receptors, where only half of the high-affinity sites
could be converted to low-affinity. However, the mus-
carinic cholinergic receptor, which appears to be reg-
ulated by guanine nucleotides, has also been reported
not to be completely converted to a homogeneous low-
affinity receptor population by high concentrations of
p[NH]ppG (7). The possibility exists that for the mus-
carinic cholinergic and chemotactic receptors, even
the high concentration of guanine nucleotides used was
not sufficient for the conversion to be completed. Al-
ternatively, a subpopulation of high-affinity receptors
may exist, which are independent of guanine nucleo-
tide control. This contention is supported by the find-
ing that FMLP preincubation increases the fraction
of guanine nucleotide-insensitive high-affinity binding
sites in human PMNmembranes (12). It has also been
shown that human PMNare not a homogeneous pop-
ulation of cells (13) and this heterogeneity could be
reflected in heterogeneous regulation of chemoattrac-
tant receptors on the membranes of these cells.

Nonetheless, the widespread occurrence of guanine
nucleotide modulation of agonist binding has sug-
gested that this property reflects early activation steps
that subsequently result in the observed biological re-
sponses. In the f3-adrenergic system, the formation of
the receptor-guanine nucleotide regulatory protein
complex facilitates the activation of the enzyme ad-
enylate cyclase by the nucleotides, while the musca-
rinic cholinergic receptor has been demonstrated to
inhibit the activation of adenylate cyclase (14, 15).

Although chemoattractants have been shown to pro-
duce an accumulation of intracellular cAMP (16, 17),
attempts to demonstrate a direct activation or inhi-
bition of adenylate cyclase by chemoattractants have
been unsuccessful (18).

Guanine nucleotide regulatory proteins are not
solely involved with modulation of adenylate cyclase
activity. Recently, light activation of rhodopsin has
been shown to result in a guanine nucleotide-regulated
activation of a cGMP phosphodiesterase (19). Thus,
guanine nucleotide regulation appears to be involved
in linking a variety of receptors to the activation or
inhibition of effector enzymes required for the func-
tion of these receptors. The data presented here sug-
gest that guanine nucleotide regulatory protein may
be required for certain aspects of stimulus-receptor
coupling of the chemoattractant receptor. The effector
units to which these receptors may be coupled by nu-
cleotide regulatory proteins remain to be determined.
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