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ABSTRACT. The goal of this study was to elucidate the relationships between early ligand binding/receptor
processing events and cellular responses for the N-formyl peptide receptor system on human neutrophils
as a model of a GPCR system in a physiologically relevant context. Binding kinetics of N-formyl-methionyl-
leucyl-phenylalanyl-phenylalanyl-lysine-fluorescein and N-formyl-valyl-leucyl-phenylalanyl-lysine-
fluorescein to the N-formyl peptide receptor on human neutrophils were characterized and combined
with previously published binding data for four other ligands. Binding was best fit by an interconverting
two-receptor state model that included a low affinity receptor state that converted to a high affinity state.
Response behaviors elicited at 37 by the six different agonists for the N-formyl peptide receptor were
measured. Dose response curves for oxidant production, actin polymerization, and G-protein activation

were obtained for each ligand; whereas all ligands

showed equal efficacy for all three responses, the ED

values varied as much as 7000-fold. The level of agonism and rank order of potencies of ligands for actin
and oxidant responses were the same as for the G-protein activation assay, suggesting that the differences
in abilities of ligands to mediate responses were determined upstream of G-protein activation at the level
of ligand—receptor interactions. The rate constants governing ligand binding and receptor affinity conversion

were ligand-dependent. Analysis of the forward and

reverse rate constants governing binding to the proposed

signaling receptor state showed that it was of a similar energy for all six ligands, suggesting the hypothesis
that ligand efficacy is dictated by the energy state of this ligaedeptor complex. However, the

interconverting two-receptor state model was not

sufficient to predict response potency, suggesting the

presence of receptor states not discriminated by the binding data.

Understanding the relationship between ligand binding and
response generation for GPCRscomplicated by a number
of dynamic events that occur at the level of the receptor.
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1 Abbreviations: BSA, bovine serum albumin; CHO-NLFNYK-FL,
N-formyl-norleucyl-leucyl-phenylalanyl-norleucyl-tyrosyl-lysine-fluo-
rescein; CHO-NLFNYK-TMR, N-formyl-norleucyl-leucyl-phenyl-
alanyl-norleucyl-tyrosyl-lysine-tetramethyrhodamine; CHO-NLF, N-
formyl-norleucyl-leucyl-phenylalanine; CHO-MLF, N-formyl-methio-
nyl-leucyl-phenylalanine; CHO-MLFFK-FL, N-formyl-methionyl-
leucyl-phenylalanyl-phenylalanyl-lysine-fluorescein, CHO-VLFK-FL,
N-formyl-valyl-leucyl-phenylalanyl-lysine-fluorescein; DMSO, di-
methy! sulfoxide; GPCR, G-protein coupled receptor; HSB, buffer
containing 5 mM KCI, 147 mM NacCl, 1.9 mM KO, 0.22 mM
NaHPQO,, 5.5 mM glucose, 0.3 mM MgSQ1 mM MgCh, and 10
mM HEPES, at pH 7.4.

Receptors may exist in active and inactive statesh).
Binding of ligand to the receptor may activate G-proteins,
cause a change in affinity for ligand, and induce receptor
phosphorylation and arrestin binding—<11). Ligand—
receptor complexes may be internalized and recycled to the
cell surface 12—15). Uncovering the roles that each of these
events play in response generation requires studies that focus
on the different temporal aspects of ligand binding, receptor
processing, and response generation.
Much of what is known about GPCRs has been obtained
from purified receptors reconstituted into membranes and
mutationally manipulated receptors expressed in model tissue
culture cell systemsl( 5, 7, 10, 16—19). Whereas these
approaches have revealed much about the physical properties
of receptors and the nature of the molecules involved in
GPCR signaling, they are not well suited to determine how
the early temporal characteristics of ligand/receptor binding
and processing relate to physiologically relevant responses.
The N-formyl peptide receptor on neutrophils is an
excellent system in which to study the roles that the early
(sec-min) receptor-level events play in response generation
in a GPCR system. The N-formyl peptide receptor recognizes
bacterial N-formyl peptides and couples with ggoteins to
elicit inflammatory responses that include chemotaxis,
oxidant production, and degranulatioB0j. A particular
advantage to this system is that the dynamics of receptor/
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ligand binding has been carefully characterized using fluo-

rescently labeled ligands and real time, flow cytometric
methods 21, 22). Recent studies have identified both an
early, low affinity ligand-bound receptor state and a later,
high affinity ligand-bound state2(l—24). In addition, the
Gi-linked actin polymerization and oxidant production of
single cells can be measured in real time with high kinetic
resolution 5—28). While the time scales of actin poly-
merization and oxidant production differ, they are both
relatively short when compared with the time for ligand
binding to reach equilibriun2@, 27—29). Therefore, liganet
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four listed above, and thus CHO-MLFFK-FL has the
potential of exhibiting faster ligand binding kinetics or slower
rate of conversion to the LRstate than CHO-NLFNYK-
FL. There are no previously published data regarding the
binding or response characteristics of CHO-VLFK-FL;
however, studies of N-formyl peptides with valyl in the first
position suggest it would be a relatively weak agonssd (

In addition, we collect actin polymerization and oxidant
production response data for all 6 ligands. We also use an
assay for G-protein activation to demonstrate that the ligand
specific differences in responses are likely determined

receptor binding and processing kinetic parameters, and notupstream of G-protein activation (i.e., at the level of the
equilibrium constants, are likely to be the relevant parametersreceptor-ligand binding kinetics we have measured). Finally,
in controlling these particular cellular response@g, (30). with both the relevant kinetic binding data (rate constants
Thus, the N-formyl peptide receptor system is uniquely suited of Scheme 1) and the response data for all six ligands in
to address the question of how the identified receptor stateshand, we then examine the data for relationships between
and their kinetics of formation relate to cellular responses. the measured rate constants and responses. We note a

To adequately address this question, one needs a groupelationship between the energy state of the low affinity
of ligands that possess different receptligand binding and receptor state and ligand efficacy, and we examine the
processing kinetics and for which responses can be measurechypothesis that the number of low affinity ligand-bound
Short N-formyl peptide sequences that bind to the N-formyl receptors in this system is a predictor of the cellular potency.
peptide receptor with a range of affinities can be readily made

MATERIAL AND METHODS

and fluorescently labeledB1—33). In the pioneering flow
cytometric studies of Sklar and co-workegl) and more
recently in the high time resolution flow cytometric studies
of Hoffman et al. 23) and Waller et al. Z4), it has been
demonstrated that the binding of four N-formyl peptides,
CHO-NLFNYK-FL, CHO-NLFNYK-TMR, CHO-NLF, and
CHO-MLF, at 4 °C can be described by a two-site,
interconverting receptor binding scheme:

Scheme 1
k; kx ke
L+R¢ 8 LR, —» LRy S L+R,
kf kr2

In this scheme, ligand (L) binds to surface receptorg (R
with rate constank; to form low-affinity receptor-ligand
complexes (LR, which convert to high-affinity complexes
(LRy) with rate constarit;. High-affinity complexes are also
formed by ligand binding to high-affinity state receptors)(R
with the rate constark,. Ligand can dissociate from low-
or high-affinity receptor-ligand complexes with rate con-
stantsk; andk,, respectively. At 4£°C, receptor trafficking
is minimized, and the total number of surface receptegs,

Reagents.Standard cellular and ligand buffer, HSB,
contained 5 mM KCl, 147 mM NaCl, 1.9 mM KIRO,, 0.22
mM NaHPQ,, 5.5 mM glucose, 0.3 mM MgSQ 1 mM
MgCl,, and 10 mM HEPES, at pH 7.43g]GTyS was
obtained from Perkin-Elmer Life Sciences (Boston, MA).
50x protease inhibitor cocktail was obtained from BD
Biosciences (San Diego, CA). DMSO was purchased from
Pierce Chemical Co. (Rockford, IL). The peptide WKYMVM-
NH, was synthesized by the Peptide Synthesis Facility of
the University of Michigan. CHO-NLFNYK-FL and CHO-
NLFNYK-TMR were obtained from Molecular Probes, Inc
(Eugene, OR). All other reagents were purchased from Sigma
Chemical Company (St. Louis, MO) and were of analytical
grade. Ligands were stored in stock solutions of31 in
DMSO. For each experiment, an aliquot of ligand in DMSO
was diluted into HSB with 0.1% BSA to give solutions 100-
fold more concentrated than those required for the experi-
ment. BSA was included to minimize nonspecific binding
of ligand to vial surfaces. Final 1 to 100 dilutions of ligands
were made into the cell suspensions for either binding or
response assays.

Neutrophil Isolation and Preparation of Plasma Mem-

equal to the sum of the receptor states described abovepranes.Neutrophils were isolated via the protocol of Tolley
remains constant. Significantly, key rate constants, including et al. 38). Isolated neutrophils were stored at@ in HSB

ki, ki, andky, of Scheme 1 were found to be ligand-dependent.

As reported previously20, 34, 35), the low-affinity recep-

buffer at 1@ cells/mL prior to use (within 1 h).
To isolate plasma membranes, neutrophils were resus-

tor—ligand complex is believed to be the receptor state pended in buffer containing 10 mM HEPES, 0.1 M sucrose,

responsible for signaling. Thus the rate const&ntk, and
ks, which govern the formation and lifetime of the low-
affinity receptor-ligand complex, may be critical for deter-
mining cellular response characteristics.

In this manuscript, we first enlarge our pool of ligands

1 mM EGTA, 1/50 dilution of 5& protease inhibitor
cocktail, pH 7.3 and nitrogen cavitated at 450 psi for 15 min
at 4°C (39). The cavitate was centrifuged for 10 min at 4
°C and 50@ to remove intact cells and nuclei. This
supernatant was centrifuged for 15 min at@ and 8000

for which kinetics have been measured by determining the to remove granules. Finally, the supernatant was centrifuged

binding kinetics for two additional N-formyl peptide ligands,
CHO-MLFFK-FL and CHO-VLFK-FL, in an attempt to

for 30 min at 4°C and 200008. The pellet containing the
plasma membranes was homogenized with 1 mL of 50 mM

expand the range of binding properties studied and determineTris-HCI buffer (pH 7.4) and aliquoted for storage-a70

the wider applicability of Scheme 1. Previously reported °C. Protein quantitation was performed by the Bradford
results indicate that CHO-MLFFK-FL is a more potent ligand method using the Coomassie Protein Assay Reagent (Pierce,
than CHO-NLFNYK-FL @1, 32, 36), the most potent of the  Rockford, IL) with BSA as a standardi@).
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Synthesis and Purification of Fluorescein-Labeled Penta-
peptide and Tetrapeptidéhe pentapeptide CHO-MLFFK-

Waller et al.

ligand was allowed to bind to cells for various periods of
time, and then a large excess of unlabeled liganst (B0-°

FL was synthesized, purified, and characterized as previouslyM CHO-MLF) was added and dissociation of fluorescent

described 24). The tetrapeptide, CHO-VLFK, was synthe-
sized by the Peptide Synthesis Facility of the University of

ligand measured. Dissociation was initiated at different time
scales, after a short time (390 s of binding), or after a

Michigan and was fluorescein-labeled using procedures long time (more tha 2 h ofbinding), to capture the different

similar to that for the labeling of CHO-MLFFK except that
fluorescein succinimidyl ester (Molecular Probes, Inc.

receptor affinity states. Samples were maintained aC4
throughout the duration of the assay.

Eugene, OR) was used instead of fluorescein isothiocyanate. Analysis of Kinetic Binding DataFor each kinetic data

Thin layer chromatographic purification of CHO-VLFK-FL
was analogous to that described for CHO-MLFFK-R4)(

set, nonspecific binding was subtracted and fluorescence
mean channel number converted to ligand bound per cell,

using a solvent system of chloroform/methanol/acetic acid as described for equilibrium binding data. Kinetic binding

(3:1:0.01; viviv) @1, 42).

Equilibrium Binding Assay for Fluorescently Labeled
Ligands.The total number of N-formyl peptide receptors on
the cell surface was measured using &Ctequilibrium
binding assay described by Sklar and Finnég)(and
detailed in Waller et al.Z4). Concentration ranges utilized
were 0.£3 nM for CHO-NLFNYK-FL, 0.025-1 nM for
CHO-MLFFK-FL, and 0.340 nM for CHO-VLFK-FL. In
all binding studies, CHO-NLFNYK-FL binding was also

data for CHO-MLFFK-FL were analyzed as previously
described for CHO-NLFNYK-FL23, 24). Long time (after
1-2 h of binding) dissociation data were best fit to a single-
exponential decay, indicating that the receptors had been
converted to the high affinity state. The decay constant
obtained from these data was ths k> andKgappcalculated
from the equilibrium binding curve were used to calculate
ko = kio/Kgapp With the assumption tha€gapp = Kax. ki, ki
andk, were determined by fitting association data and short-

characterized to confirm agreement with previously published time dissociation data with the interconverting two-site
data @3, 24). Fluorescence bound to cells was measured by binding model (Scheme 1) using MicroMath Scientist
flow cytometry and quantified as fluorescence mean channelsoftware (MicroMath Scientific Software, Salt Lake City,

number. After subtraction of nonspecific binding, the specif-

UT) while holding the values ok, andk;, constant at the

ically bound fluorescence was converted to ligand bound pervalues determined from the long-term dissociation. Valida-
cell using a standard curve of fluorescein-labeled standardtion of the assumptions th&u.p, determined from the

beads and the calibration valu€y, equal to 1.02 and 0.83
for CHO-NLFNYK-FL and CHO-MLFFK-FL, respectively,
as described2d). The calibration valu& was found to be
0.83 for CHO-VLFK-FL by comparison of equilibrium
binding curves with those of CHO-NLFNYK-FL as de-
scribed p4).

The bound receptor data (i.e., the number of receptor
ligand complexes) were described by a one-site model

RiodL]

[LR] N [L] + Kdapp

(1)

where [L] is the ligand concentration, and [LR] is the
concentration of specifically bound receptors per cell. The
total number of surface N-formyl peptide receptdig;, and

the apparent equilibrium dissociation constdtp, were

equilibrium binding curve ank, determined from long-time
dissociation data reflect characteristics of the high affinity
receptor stateR,, is given in Results. CHO-MLFFK-FL
concentrations of 1 and 3 nM were utilized to validate that
the values of the rate constants were independent of ligand
concentration.

Data analyses of CHO-VLFK-FL binding were made with
modified analysis protocols necessitated by the observation
of two receptor states during the long-time dissociation
protocol that indicated the value for the conversion rate
constantky, was small compared with the other fluorescently
labeled ligands studied. In this case, the assumptiorkifagt
from equilibrium binding curves (after-12 h of binding)
was equivalent tdqx was not valid. Thus, the association
binding data from Protocol A for CHO-VLFK-FL were fit
to the interconverting two-site binding model (Scheme 1)

evaluated by minimizing the squared residual of the data using MicroMath Scientist software, while varying all rate

points and model by nonlinear regression in Microsoft Excel.
Incubations of 1 and 12 h did not yield significantly different
estimates for eithelR or Kgappfor CHO-NLFNYK-FL and
CHO-MLFFK-FL, confirming that equilibrium was reached
within 1 h (data not shown). Thus, samples for the equilib-
rium curves were allowed to incubate for-2 h before
measuring bindingR; calculated from these curves indicated
the number of surface receptors available for binding ligand.
The significance 0Kyapp calculated for each ligand will be
discussed below.

Kinetic Binding Assay#\n association protocol (Protocol
A) and dissociation protocol (Protocol B) were used to
monitor the kinetic binding of CHO-MLFFK-FL and CHO-
VLFK-FL, as previously detailed for CHO-NLFNYK-FL
(23, 24). For the association Protocol A, binding of fluores-
cently labeled ligand to cells (x 10° cells/mL) was
measured after a bolus addition of fluorescently labeled
ligand. For the dissociation Protocol B, fluorescently labeled

constants:ki, ki, ks, k2, andks. The values calculated for
k. and ks, from association binding data did not pass the
confidence criteria ratio (that the standard deviation deter-
mined by the software was less than 1/10 of the value of the
rate constant). However, this analysis yielded statistically
significant estimates fok andk.. Next, the short-time and
long-time dissociation data from Protocol B were fit to the
complete two-site binding model with constrained to the
value calculated from association data. Furthermore, due to
the significant presence of both LBnd LR, at the time of
collecting long-time dissociation data, these data needed to
be analyzed with the initial conditions set such that zero time
was the time at which fluorescently labeled ligand was added
(LRs and LR, equaled zero). The dissociation binding data
thus analyzed yielded greater confidence in the later reaction
rate constantsg, ks, k., andk,. An alternative data analysis
scheme was utilized to validate this approach, as described
in the Appendix.
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Response AssayBhree responses were monitored in this  [3*9GTPyS Binding AssayActivation of G-proteins was
study, one proximal and two distal to liganceceptor assayed by measuring the binding &fSJGTP/S to neu-
binding. G-protein activation was measured as the first steptrophil plasma membranes following the protocol most
in the signal transduction cascade after liganeceptor recently outlined by Clark et al44). Neutrophil plasma
binding. Actin polymerization and oxidant production were membranes (35 ug protein) were incubated in the presence
monitored as downstream responses mediated by signalingdf 20 mM Tris-HCI (pH 7.4), 100 mM NacCl, 5 mM Mggl
pathways that diverge after G-protein activation. Actin 1mM EDTA, 1mM dithiothreitol (added fresh), 100M
polymerization is a rapid (seconds) response that does notGDP, 0.1 nM f°S]GTPyS, and varying concentrations of
require calcium mobilization. The oxidant response develops ligand or vehicle (HSB buffer plus 0.1% BSA) in a total
over minutes and is a calcium-dependent pathway. volume of 200uL at 25°C. Binding ove a 1 htime period

Actin Polymerization Assafdynamic actin polymerization ~ W&S Ilnearé thus the incubation time was set at 1 h. Bound
was monitored by right angle light scattering on a spectro- and free { S]GTPVS were separated by vacuum filiration
fluorometer (SLM-Aminco 8100, Urbana, IL) as described hrough glass-fiber filters (No. 32, Schleicher and Shuell)
(27). Cell solutions of 2x 1CP cells/mL HSB plus 1.5 mM in a Brandel cell harvester. Membranes were rinsed four

C&" were incubated at 37C about 10 min prior to assay. timdeig\(l)ith i'\cﬂe';lcocl? 5RO rc?M Tr.is.-HCI, pH 2'4' 5rr1n|\;|.|2/lggl
A baseline of cellular right angle light scatter at 340 nm was an m aCl. Radioactivity retained on the lilters was

collected in a continuously stirred cuvette for the initial 20 co_un_ted_by liquid s_cintillation counting in 4 mL of EcoLume

s, at which time a bolus )(/)f stimulating ligand was added scintillation cocktail (INC, Aurora, OH).¥S|GTPyS pound

and the response monitored for an additional 80 s. Under© r?erpbranesdwas Tedasured ovetr %ran%%é; l'_?ang con-
these conditions, the right angle light scatter signal is centrations and reported as percent above GTRy

inversely related to the F-actin conteB¥). Responses were binding. The maximal amount oFB]GTPYS binding and

: i 0 :
measured over a range of ligand concentrations and quanti-the concentration of ligand that gave 50% maximal response

s : . L EDso) were determined from fits of the data to a sigmoidal
fied both as the maximum magnitude of change in right angle ( ; ; i
light scatter and the maximum rate of change in right angle function using Prism software (GraphPad Software, Inc., San

light scatter. Because there was day-to-day variability in the Dli%%a?é)(;rrelation Analvses of Parametel determine
maximum magnitude of change (likely due to donor vari- Y

ability), data from a particular day was normalized to the if there were linear relationships among the parameters
maxim,um magnitude of response of CHO-NLFNYK-FL on measured, the data of Table 1 were analyzed by generating
that day. The rate of change of right angle light scatter a correlation matrix using Instat software (GraphPad Soft-

L o . ware, Inc.). This analysis evaluated pairs of parameters across
seemed less sensitive to donor variability, thus it was

quantified as fractional change per second. The concentra-a" six ligands to determine if linear relationships existed.

tions of ligands that gave 50% maximal responsessgED The degree of correlation was given as the correlation

were determined from fits of the data to a sigmoidal function coefficientyr, as reported in Table 2. For some combinations
using Prism GraphPad software (San Diego, CA). of parameters, multiple regression analyses were performed

_ _ _ using GraphPad Instat software.

Oxidant AssayOxidant production was measured spec-  Relationships between LigantReceptor Complexes and
trofluorometrically based on protocols described by Hyslop ResponsesTo test for the ability of Scheme 1 to predict
and Sklar 28). Neutrophils at 2< 10° cells/mL HSB plus  yesponse potency, the equations describing the maa@g! (
1.5 mM C&* were incubated at 37C for 10 min, and then  ere utilized to calculate the rate of formation and amount
a 100-fold concentrated cocktail was added to give final of LR, and LR for each experimental concentration of each
concentrations of 1Ag/mL para-hydroxyphenylacetic acid, |igand. For these calculations, the rate constants measured
8 ug/mL superoxide dismutase, andu@/mL horseradish  at 4°C were converted to their 37 equivalents using an
peroxidase. Ligand was added and the fluorescence moni-Arrhenius conversion factor of 8 kcal/mdg3, 51); measure-
tored on a spectrofluorometer (SLM-Aminco 8100, Urbana, ment of CHO-NLFNYK-FL binding kinetics at both 2C
IL) with excitation wavelength of 323 nm and emission and 37°C confirm that this conversion is vali@®). Receptor
wavelength of 400 nm. In this assay, superoxide dismutaseinternalization’ which affects the number of LBut not LR,
converts @~ into H.O,, which reacts with peroxidase and s negligible over the short time during which responses are
para-hydroxyphenylacetic acid to produce a fluorescent generated1). Simulations of LR and LR formation were
diadduct. The fluorescence was calibrated with known performed for each ligand concentration using Mathematica
amounts of HO; solution. Oxidant production was monitored (Wolfram Research, Champaign, IL) and from these data
with the use of a four-sample rotating turret, which allowed the rate of complex formation and the amount of complex
collection of one data point ewer4 s for each of four integrated over time (10 s for actin response and 300 s for
samples. Responses were measured over a range of ligandxidant response) were calculated. “Desesponse” curves
concentrations and quantified both as the total amount of were then generated for measured responses versus calculated
oxidants produced and the maximum rate of oxidant produc- rate or amount of ligandreceptor complex formation and
tion. Because there was some variability in the magnitude the data fit to a sigmoidal function using Prism GraphPad
and rate of response from day to day, data from a particular software (San Diego, CA). To account for uncertainties in
day was normalized to the maximum response (magnitudevalues of the rate constants, predictions were also made for
and rate) of CHO-NLFNYK-FL on that day. The concentra- two limiting cases, high ligandreceptor complex and low
tions of ligands that gave 50% maximal responsess@ED ligand—receptor complex. For example, the rate constants
were determined from fits of the data to a sigmoidal function that govern the magnitude of LRrek;, k., andk. Therefore,
using Prism GraphPad software (San Diego, CA). the prediction for the high LRcase was made with a large
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Table 1: Binding Constants and Responses of Six N-formyl Peptides
liganc? CHO-MLFFK-FL CHO-NLFNYK-FL ~ CHO-NLFNYK-TMR CHO-VLFK-FL CHO-MLF CHO-NLF
binding constants

k (M~1sl) 8.6+ 0.8x 10° (13 7.4+ 05x 1°(16F 3.1+0.2x 10°(16F 4.1+£1.2x10°(5) 1.24+0.4x 107(6)} 4.0+ 1.5x 107(3)

k (s 48+0.4x 102(13) 1.1+ 0.06x 10°1(16) 1.2+ 0.05x 101 (16) 7.8+ 2.0x 102(6) 5.5+ 1.4x 1071 (6) 2.4+ 0.6 (3)

ke (s79) 1.6+0.1x 102(13) 2.4+ 0.1x 102(16) 1.5+ 0.09x 102(16) 1.8+ 0.7 x 104(6) 1.1£0.1x 104(3) 1.0£0.4x 104(2)

ka2 (s79) 6.4+0.9x 1074(13) 9.3+ 1.0x 104(16) 1.3+0.08x 1023 (16) 1.5+ 0.5x 103(5) 1.6+ 0.3x 10°5(2) 1.3+ 0.3x 1075(2)

ke (M~1s79) 15+02x 107(13) 2.14+0.2x 10°(16) 6.2+0.5x 1P (16) 2.3+ 1.0x 1(F(5) 4.7 x 1(?(2) 4.3x 10 (2)

Kas(M)f 5.6 x 107° 15x 108 4x 108 1.9x 108 46x 1078 6.0x 1078

Kax (M)9 44x 101 4.4 x 10710 2.0x 10°° 6.6 x 10710 3.4x 108 3.0x 1077
responses (Ef, M)"

actin rate 2x 101 5x 101 2x 10710 1x 1010 1x10° 2x107°

actin magnitude 3 x 10712 9x 10°%2 4 x 1071t 1x 100 1x10° 2x10°

oxidant rate 1x10% 2 x 10710 1x10° 3x 107° 5x 1078 8 x 1078

oxidant magnitude 2 x 107* 2x 1071 1x10° 4 x10° 3x 108 2x 107

[35S]GTP/S binding 4 x 10°° 2x107° 8x10° 1x 107 2 x10°7 1x 10°®

2 Ligands are listed by order of response sgzBRalues from lowest to highestValues in bold type were determined in this work. Values in
italics were taken from previously published work, as indicate&®inding constants reported by Waller et &4). ¢ Binding constants reported by
Hoffman et al. 23). *Mean + SEM, n in parenthesed.Calculated ask/k.. 9 Determined from equilibrium binding curveKgape Or askq/ke.

h Response ER) values determined in this work. Estimated erroeH$50%.

Table 2: Correlation Matrix for Binding Constants and Respchses

ki
ks 1.0 K
kr 0.986 1.0 Ky
K« —0.452 —0.518 1.0 Kr2
ki —0.730 —0.678 0.356 1.0 K2
K2 —0.237 —0.366 0.380 0.062 1.0 Kds
Kds 0.682 0.777  —0.594 —0.553 —0.717 1.0 Kax
Kax 0.986 0.996 —0.484 —0.630 —0.322 0734 10 AR
ARP 0.934 0.961 —0.632 —0.781 —0.455 0.871  0.932 1.0 AM
AM 0.938 0.958 —0.652 —0.796 —0.429 0.841 0.928 0.997 1.0 OR
OR 0.898 0.918 —0.671 —0.835 —0.441 0.847 0.879 0.989 0.993 1.0 oM
OM 0.987 0.998 —0.512 —0.645 —0.355 0.747  0.999 0.943 0.941 0.900 1.0 GTP
GTP 0.978 0.994  —0.577 —0.635 —0.361 0.754  0.997 0.950 0.950 0.908 0.997 1.0

aCorrelations are given as the correlation coefficienifThose correlations that are high, greater than approximately 0.900, are shown in bold
type.? AR, rate of actin polymerization; AM, magnitude of actin polymerization; OR, rate of oxidant production; OM, magnitude of oxidant
production; GTP,$ S] GTP/S.

value ofks (mean value plus one standard error of the mean) binding of CHO-VLFK-FL was avoided in our equilibrium
and small values fok; and k, (mean value minus one and kinetic binding experiments by using concentrations that
standard error of the mean). Conversely, the simulation for did not exceed 10 nM.

the low LR case was made with large valuesloandk, Kinetic Binding of CHO-MLFFK-FL and CHO-VLFK-FL.
(mean value plus one standard error of the mean) and smallrhe inetics of ligand association were monitored via
values ofks (mean value minus one standard error of the ,rotocol A, as shown in Figure 1 for CHO-MLFFK-FL and
mean). CHO-VLFK-FL. The kinetics of ligand dissociation were
monitored following either a short (330 s) or a long
(hours) period of ligand binding (Protocol B). Ligand
dissociation was initiated by adding CHO-MLF at a 1000-
fold greater concentration than labeled ligand. Figure 2
depicts dissociation of CHO-MLFFK-FL and CHO-VLFK-
FL following a long period of binding. For CHO-MLFFK-
FL, labeled ligand dissociation was slow, as observed by
the small decrease in the number of bound receptors per cell
after addition of CHO-MLF (Figure 2A). Furthermore,
dissociation data collected after even longer periods of ligand
FL and CHO-MLFFK-FL was shown to be linear; however, binding (e.g., 3.5 h) showed evidence of the same slow
for CHO-VLFK-FL, nonspecific binding diverged from a  dissociation rate. This type of dissociation is indicative of
linear fit at concentrations above 15 nM. The reason for this the presence of a single receptor state, and these data were
deviation has not been resolved, but light scattering measure-best fit using a single-exponential decay model to yleld
ments showed it could not be attributed to precipitation of Thus, for CHO-MLFFK-FL (as has been observed with
ligand. At lower ligand concentrations<(@5 nM), the CHO-NLFNYK-FL), only one receptor state was present
magnitude of nonspecific binding for CHO-VLFK-FL cor- after 2 h of binding, which was the same time scale for
responded with the magnitude of nonspecific binding of the collecting equilibrium binding data. Therefore, it was as-
other ligands. Any difficulty in correcting for nonspecific sumed that th&gyappcalculated from equilibrium binding data

RESULTS
Characterization of N-Formyl Peptide Binding Beliar.

Equilibrium Binding of CHO-MLFFK-FL and CHO-
VLFK-FL. The apparent equilibrium constantSgap, for
CHO-MLFFK-FL and CHO-VLFK-FL were found to be
0.04 nM and 4.6 nM, respectively. Consistent with literature
reports @3, 24) a Kgapp Value of 0.4 nM was obtained for
CHO-NLFNYK-FL. Nonspecific binding for CHO-NLFNYK-
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FIGURE 1: Association binding of fluorescently labeled ligands. |aPeled ligands. Short-time dissociation data (dots) and model fits
Kinetic binding data (dots) and model fits (lines) are shown for (lineés) are plotted for I|gafmd bound to the N-formyl peptide
ligand binding to the N-formyl peptide receptor collected via €CePtor: (A) dissociation of 1 "M CHO-MLFFK-FL initiated after
Protocol A. (A) 3 nM CHO-MLFFK-FL and (B) 3 nM CHO- 15, 60, and 90 s of binding. (B) dissociation of 10 nM CHO-VLFK-

VLFK-FL. These data were collected on different days, and thus FL initiated after 2 min of binding. These data were collected on
R differed for each panel. different days, and thuB differed for each panel.

32000 ¥ Bt o is that the receptor state interconversion rate constgrig
25600 [ e small. Thus, theKgyapp reported above calculated with the
equilibrium binding protocol for CHO-VLFK-FL represented

19200

dissociation of ligand from receptor. However, the measured
receptor-ligand affinity increased with longer times of ligand
association, which agreed with the proposed interconverting
two-site binding model.

To validate the existence of a low-affinity receptdigand
400 complex that converts into a high-affinity receptdigand
complex, short-time dissociation binding data were collected

F 2: Long-time dissociation measurements of fluorescentl for CHO-MLFFK-FL and CHO-VLFK-FL (Figure 3). Figure
IGURE 2: -ti i iati u u y . . L ) )
labeled ligands. Dissociation data (dots) and model fits (lines) are 3A depicts the dissociation data for CHO-MLFFK-FL after

shown for ligand bound to the N-formyl peptide receptor. (A) Pinding for 15, 60, or 90 s. There was an initial rapid
Dissociation was initiated by addition of CHO-MLF aft2 h of dissociation of the labeled ligand after the addition of CHO-
Eindi(;‘(%ticgnlol}l\/(l:ﬁgohill\_/l;-zig?é(gngésgoﬁigftigir:]é\gﬁg ig)i/tigtﬁ;\iﬂ MLF, which led into a second stage of more gradual
Y & - : : ; dissociation, indicating the presence of two receptor states.
%‘:SétVL(;ﬁéfeLa 1f'grezgcdhata were collected on different days, and Figure 3B shows dissociation of CHO-VLFK-FL after two
ot panel. > L g
minutes of binding, where the majority of the receptors were
was equal tKqx and was utilized to calculate,, (Kgapp= still in the more rapidly dissociating form.
Kax = Kio/ks2). The kinetic data were fit with the interconverting two-
The dissociation of CHO-VLFK-FL following a long site binding model with the constraints detailed in Methods.
period of binding is shown in Figure 2B. The dissociation For both ligands, the interconverting two-site binding model
of the labeled ligand showed an initial rapid phase of about gave a statistically better fit than a one-site binding model
10-15 s and then a slower phase with dissociation kinetics when comparing the coefficient of determinants obtained
more similar to that observed in Figure 2A for CHO- from the data fits using the Scientist softwa®s,(24). For
MLFFK-FL. These data are indicative of receptors present example, the coefficient of determinants from association
in more than one affinity state. The initial rapid dissociation data of CHO-VLKF-FL fit to two-site binding model was
is attributed to the presence of L,Rhe low-affinity recep- 0.88 versus 0.63 for the same data fit to a one-site binding
tor—ligand complex, while the gradual fluorescence decreasemodel. Thus, the published results for CHO-NLFNYK-FL,
is due to the slower dissociation of the ligand from the higher CHO-NLFNYK-TMR, CHO-MLF, and CHO-NLF 23, 24)
affinity receptor state, LR The implication of the appearance as well as the data presented here for CHO-VLFK-FL and
of different receptor states after this long-time binding period CHO-MLFFK-FL support the interconverting two-site bind-

6500
5200

= a combination of the different receptor affinity states.
g 128007 A Collection of dissociation data after several long-time
#6400 intervals was made. Figure 2B shows long-time dissociation
@ 0 s s s data of CHO-VLFK-FL that were initiated after 3.5 and 5.8
3 0 %0 100 150 h of binding. Both dissociation curves show a rapid decrease
E. 7800 B in the number of bound receptors followed by a slower
o

o

(14

-

3900
2600
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ing model of N-formyl peptide receptor binding and process- unlabeled ligands, CHO-MLF and CHO-NLF, were collected

ing (Scheme 1).

by flow cytometric methods utilizing competitive binding

The rate constants calculated from the kinetic data using protocols 23), we note that these competitive binding
the Scientist software and an interconverting two-site binding protocols have been independently validat@d).( Thus,

model at 4°C for CHO-MLFFK-FL and CHO-VLFK-FL

differences in binding characteristics between ligands cannot

are listed in Table 1. Analysis of the table indicates that both be attributed to differences in methodology.

ligands exhibit similar binding rate constants, with the

exception ofky, for which the CHO-VLFK-FL value is 2

orders of magnitude less than the CHO-MLFFK-FL value.

Comparison of the rate constants governing formation of
LR, the proposed signaling receptor state, showed khat
varies over a 12-fold range, wherdasaries 50-fold among

Thus, the data clearly show that the rate of receptor the six ligands. TheKys values calculated from the rate

interconversion is a ligand-dependent parameter.
Lack of N-Formyl Peptide Binding to FPRL-%We note

constants are similar (less than 10-fold variation, compared
with the 7000-fold variation inKg as discussed below),

that the N-formyl peptide receptor has been cloned and indicating that all the ligandreceptor complexes in the R
homologues have been identified by low-stringency cross- state have similar energies. The rate constknasdk: are

hybridization with a cDNA from this clone (reviewed in ref

highly correlated (Table 2 = 0.986); larger association

45). One of these homologues, FPRL-1, is present in rate constants occur with ligands that also have larger

neutrophils and has been identified as the lipoxinm&ceptor
(46). Because of its low level of expressionZ000 receptors
per cell) and low affinity for N-formyl peptideAy—49), it

dissociation rate constants. This is consistent with each ligand
having a different height to an energy barrier between the
bound and unbound states. A decrease in the barrier height

was not expected to contribute to binding measurementswhile keeping the bound state at an unchanged energy, for

under the conditions of our experiments. However, experi-

example, would increase bothandk: proportionately. The

ments were designed to confirm this expectation. The similar energy states for the lsSRomplex for all ligands may

hexapeptide WKYMVM-NH has been shown to bind
exclusively to FPRL-1, not the N-formyl peptide receptor,
and induce calcium mobilization and oxidant productis®)

If any of the N-formyl peptides utilized in our studies were
capable of binding to FPRL-1, this binding would be
competed off by WKYMVM-NH. Conversely, if the N-
formyl peptides utilized in this study do not bind to FPRL-
1, then the presence of WKYMVM-NHin the binding

be related to the observation that all six ligands were equal
agonistsfor all three responses. This suggests the hypothesis
that ligand efficacy is dictated by the energy state of the
ligand—receptor complex, whereas potency is at least in part
dictated by the kinetics of liganeteceptor binding and
processing. The parameteks and k. were each highly
correlated withKgy, a point to which we will return below.
The receptor conversion rate constaqt, was found to

assays would not affect the binding characteristics of the be highly ligand dependent (varying over a 200-fold range,

N-formyl peptides. Thus, equilibrium binding and kinetic

assays were performed for two N-formyl peptides, CHO-

NLFNYK-FL and CHO-VLFK-FL (that approximately span

Table 1). The ligands affiliate in two groups based on the
value ofk,, CHO-NLFNYK-FL, CHO-NLFNYK-TMR, and
CHO-MLKKF-FL with k¢ ~ 1072 s7%; and CHO-VLFK-FL,

the range of potencies of the four fluorescent ligands) in the CHO-MLF, and CHO-NLF withk, ~ 10% s The
presence and absence of a saturating dose of WKYMVM- implication of this difference is that for CHO-NLFNYK-

NH, (500 nM; 50). The biological activity of WKYMVM-
NH, was confirmed by performing oxidant and right angle
light scatter assays. The Effor oxidant production was
50 nM, consistent with the value of 75 nM reported
previously 60). The EDy for the right angle light scatter
response was 2 nM. The presence of 500 nM WKYMVM-

FL, CHO-NLFNYK-TMR, and CHO-MLFFK-FL, both
affinity states (LR and LR;) will be present at substantial
magnitudes within tens of seconds after ligand binding is
initiated, and after minutes of binding, the majority of the
bound receptors will be in the Listate. For CHO-VLFK-
FL, CHO-MLF, and CHO-NLF on the other hand, the

NH, had no effect on the rate parameters determined for initially formed LR persists for a longer time. For compari-

CHO-NLFNYK-FL or CHO-VLFK-FL, (compared with a
two-tailed, paired t-testh = 4, using GraphPad Instat
software), indicating either that the N-formyl peptides did

son, 1 h ofbinding of CHO-NLFNYK-FL at 4°C produces
~98% bound receptors in the kRtate, while only~30%
of the CHO-VLFK-FL bound receptors are in the { Rate

not bind to FPRL-1 or that FPRL-1 was present at such a after 1 h of binding.

low level that binding was insignificant compared to binding

The forward rate constants for ligand binding tp(Rable

to N-formyl peptide receptor. In either case, the data 1) were similar to those for Kon the order of 19M~1s?%)

confirmed that the rate parameters measured for N-formyl for the fluorescently labeled ligands but 5 orders of magni-
peptides reflected binding to only the N-formyl peptide tude less for the unlabeled ligands, indicating that the
receptor. Likewise, functional responses were a result of fluorescent label may have significantly increased the affinity
binding of the N-formyl peptides exclusively or predomi- of ligand for the R state. The values df, varied over 2
nantly to the N-formyl peptide receptor. orders of magnitude and the resulting calculetggvalues
Interrelationships among Binding Paramete@ombined varied 7000-fold.

in Table 1 are the rate constants obtained in this study with \1aasurement of N-Formy! Peptide-Induced Responses.
those previously published for four other ligands. Data for
the fluorescently labeled ligands CHO-NLFNYK-FL and
CHO-NLFNYK-TMR were collected using methods identi-
cal to those used in this work, and thus we expect the —, . . . "

. . . or the purpose of this report, we will refer to the maximum ability
published data and data reported in _th'_s work to be of 3 ligand to induce a response as “agonism”. The concentration
comparable. Although measurement of binding data for the dependence of the ligands (i.e., &8) will be referred to as “potency”.

Actin Polymerization Elicited by N-Formyl Peptide Stimu-
lation. The ability of each of the six N-formyl peptide ligands
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Ficure 5: Magnitude and rate of oxidant production versus ligand
concentration. The amount of oxidants produced 300 s post-stimulus
i (A) and the maximum rate of oxidant production (B) were
Log [Ligand] (M) normalized to the response level induced by a saturating concentra-

FicURE4: Magnitude and rate of actin polymerization versus ligand tion of CHO-NLENYK-FL. Error bars represent standard error of

concentration. Dose response curves of actin polymerization werethe mean withn = 2 for CHO-NLFNYK-FL, CHO-NLFNYK-
calculated from right angle light scatter data. The magnitude of TMR, and CHO-MLFFK-FL;n = 3 for CHO-VLFK-FL and CHO-

the response was normalized to maximum response induced byMLF; andn = 4 for CHO-NLF.
CHO-NLFNYK-FL (A) and initial rate of actin polymerization was

calcglated from the fis5 s of theresponse and quantified as the plotted versus ligand concentration in Figure 4B siRElues
g?fﬁg”;'e%hnﬂgipfrfcs)recgﬂggsﬂ)l'_Eglg_réﬁrscrspor_e,\?ar:‘}\ls\t(?(’]‘éir‘d errO\Eo_r the rate of actin polymerization are included in Table 1,
and CHO-MLF:n = 5 for CHO-NLFNYK-TMR: andn = 3 for with the same rank order of potencies as magnitude of actin
CHO-VLEEK-FL and CHO-NLF. polymerization. The EE) values determined from the actin
polymerization rate and magnitude were highly correlated
to produce a response was measured. Changes in right angléTable 2,r = 0.997).
light scatter (RALS) have been shown to be inversely  Oxidant Production Elicited by N-Formyl Peptide Stimu-
proportional to actin polymerization via pseudosimultaneous lation. Compared with actin polymerization, the time scale
protocols 26, 27). By monitoring actin polymerization via  of oxidant production was longer. After ligand addition, there
right angle light scattering at 340 nm, it was evident that all was an increase in fluorescence, which corresponded with
six of the ligands stimulated the characteristic biphasic increased @ that reached a plateau by three minutes. The
response; actin polymerization reached a maximum aroundmaximum response for all ligands correspondegd tbl nM
10 s after ligand addition, and subsequently, the actin H,O./5 x 1C° cells, and thus all ligands investigated were
depolymerized over the next-% min (51). equal agonists (Figure 5). Oxidant production was normalized
The magnitude of actin polymerization was normalized to the maximum response induced by CHO-NLFNYK-FL,
to the maximal response induced by CHO-NLFNYK-FL and and the resulting dose response curve plotted (Figure 5A).
the dose response curves for the six ligands plotted (FigureThe maximum rate of oxidant production was also calculated
4A). All of the ligands investigated yielded the same (using SLM-8100 software to calculate the first derivative
maximum value of RALS change, indicating that all of the of the data) and likewise normalized to the maximum rate
ligands were equal agonists for eliciting actin polymerization. of response induced by CHO-NLFNYK-FL and plotted
The concentrations that elicited half of the maximum actin (Figure 5B). The estimated EPvalues are listed in Table
polymerization response, kB for the different ligands are 1. The ERo values determined from the rate and magnitude
listed in Table 1. The rank order of the potencies were as of oxidant production were correlated (Tabler 2= 0.900),
follows: CHO-MLFFK-FL > CHO-NLFNYK-FL > CHO- and were of the same rank order as the rate and magnitude
NLFNYK-TMR > CHO-VLFK-FL > CHO-MLF > CHO- of actin polymerization.
NLF. Activation of G-Proteins by N-Formyl Peptidesolated
The data were also utilized for quantification of the plasma membranes were utilized to measure the abilities of
maximum rate of actin polymerization as estimated by a N-formyl peptides to stimulate G-protein activity measured
linear fit through the initial data points {(b s) after ligand as enhanced binding of radiolabeled GB? Maximum
stimulation. The rates (fractional change per second) areresponses for all ligands were similar, indicating that the
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3004 Is The Binding Model Able to Explain Response Potency?
The correlation matrix of Table 2 indicates the responsgED
§ 2501 values are positively correlated with the binding parameters
3 a0, ® CHO-NLFNYK-FL ki, k;, andKgy. It is |n§q|t|vely reasonablg thelt, and. EDRo
- © CHO-NLFNYK-TMR values would be positively correlated, given thatsliRthe
S sl : g:g\";’tﬁ;‘i?‘ signaling receptor state; the lardegrthe shorter the lifetime
o + CHO-MLF of the LR, complex, and the greater the amount of ligand
& 1008 O CHO-NLF that would be needed to maintain stimulatory levels of LR
complexes. In contrast, a positive correlation betweemd
S e k. ke ul response ER values is not as easily rationalized; the higher

Log [Ligand] (M) ki, the faster LRwould be generated, and one would expect

) ] _ this to decrease the amount of ligand needed to produce half-
Ficure 6: Dose-response curves for ligand-induced G-protein

activation. f5S]GTPyS binding to plasma membranes was measured maximal resgonse. Hhowevélff, an(:]k, rﬁre hot ||nde([j)endent .
(mean+ standard error of the mean) with varying concentrations Parameters but are themselves highly correlated (as previ-

of N-formy! peptides CHO-NLFNYK-FL if = 10), CHO-NLFNYK- ously noted). Given thdt varies over a greater range than
TMR (n = 3), CHO-MLFFK-FL (h = 6), CHO-VLFK-FL (n = ki, its effect on responses appears to dominate. The param-
4), CHO-MLF (= 9), and CHO-NLF ( = 2). The response was  etersk; andk; were each highly correlated witty,, although
quantified as F?erce”ﬁS]GTH’S binding in the absence of ligand ¢ reason behind this correlation is not obvious. However,
(percent basal). we note that a correlation matrix evaluates pairs of param-
degree of agonism is not highly dependent upon ligand eters for linear relationships and would not detect the
structure even at this early step in the signal transduction presence of nonlinear relationships or interactions of param-
cascade (Figure 6). The E§ for the F°S]GTPyS hinding eters.
responses were of rank-order similar to that of the actin and The above statistical analyses were limited in that they
oxidant responses: CHO-NLFNYK-Fk CHO-MLFFK- assessed only linear relationships between parameters and
FL > CHO-NLFNYK-TMR > CHO-VLFK-FL ~ CHO- assumed parameters were independent. Given the observation
MLF > CHO-NLF (Table 1). It is notable that the B3 that ki and k; correlated with each other and witKgy,
for the F°S]GTP/S binding assay were-2 orders of complex interactions of parameters could not be deciphered
magnitude greater than the correspondingdsfor the actin by these simple statistical tests. Thus, a more rigorous test
and oxidant assays, suggesting that post-receptor event®f the ability of Scheme 1 to predict responses was designed.
contribute amplification to responses. Alternatively, assays It was assumed that if LRs the signaling receptor state,
of responses in membranes and intact cells may not bethen responses should be related to the formation af LR
directly comparable. This lower sensitivity of G-protein Thus, the binding parameters of Table 1 were utilized to
activation assays compared to whole cell response assaysimulate formation of LRfor each experimental condition
has been noted for other GPCR systes).( of ligand and concentration as described in Methods.
Interrelationships Among Responses Induced by N-Formyl Response data were then plotted versus the rate of formation
PeptidesAll six N-formyl peptides were equal agonists for  of LRs or the integrated amount of LsRor each condition
the actin and oxidant responses and G-protein activationof ligand type and concentration to generate dassponse
(Figures 4-6). The EL values for the responses (Table 1) curves. Figure 7 depicts representative results for magnitude
varied among the ligands, with the EPrank order of of oxidant production and magnitude of actin polymerization
G-protein activation, actin polymerization, and oxidant versus integrated LRIf responses were directly related to
production correlating highly with each other (Tabler2;  the formation of LR, we would expect all the curves of
ranges from 0.908 to 0.997). If a ligand was better at Figure 7 to coincide; however, the curves are still separated
stimulating one response, it was also better at stimulating by orders of magnitude differences in integrated; kR ues
the other responses. This correlation was not one-to-one,similar to what is seen in plots of responses versus ligand
however. Across the six ligands, the gvalues for actin concentration (Figures—46). The same observation was

polymerization varied over 600-fold (2 10° M to 3 x made from plots of response rates versus rate of formation
1012 M), whereas the ER values for oxidant production  of LR, rate of formation of LR, or integrated amount of
varied over a 10 000-fold range (2 1077—2 x 107 M). LRy (data not shown51). Thus, calculated values of either

For the most active ligands, the Ef¥alues of the two intact ~ LRsor LR, do not adequately account for response behavior.
cell responses were similar (e.g., the gMalues for both This result suggests that whereas the interconverting two-
responses elicited by CHO-MLFFK-FL are approximately receptor state model of Scheme 1 is adequate to describe
107'M). However, for the least active ligand (CHO-NLF)
the EQO.Values for the two respppses differed by 2 orders Multiple regression analysis was utilized to assess the possibility
of magnitude. The greater sensitivity of the actin response of parameter interactions. This analysis determines the ability of the
compared to the oxidant response to CHO-NLFNYK-FL, and data to be fit as a linear combination of independent variables. However,
CHO-MLF has been previously notedd 53—55) all parameters could not be evaluated simultaneously because the
- : . analysis requires there be more “subjects” (in our case, six ligands)
_ The level of agonism and the rank order of potencies of y,an'the number of variables (in our case, 12). In addition, independence
ligands for the actin and oxidant responses were the sameof variables is assumed, but in our case, several variables were
as for the °S]GTP/S binding assay, indicating the differ- correlated. Thus, multiple regression analyses were performed to

ences in abilities of ligands to mediate responses must bedetermine the effect on one response at a time of various combinations
of up to four uncorrelated parameters at a time. In agreement with the

determined upstream of G-protein activation (i.e., at the level correlation matrix, these analyses identifiedk, andKg, as important
of ligand—receptor interactions). contributors to responses, but showed no additional relationships.
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The Relationship Between LBnd Response®ur ob-
servations thak; and k;, rate constants that influence the
levels of LR, correlate with responses supports the evidence
that LR is the signaling receptor state. However, the response
EDso values across all ligands varied over 3®,000-fold,
whereas the values for the rate constadaqtand k. varied
less than 50-fold, indicating that there is not a simple
relationship between the response characteristics and the
forward and reverse rate constants for binding to thst&te.
Thus, we attempted to relate the &B of responses with
the calculated number or rates of formation ofslcBmplexes
using Scheme 1 and taking into account the combined effects

—— CHO-NLFNYK-FL
=¥~ CHO-NLFNYK-TMR
--@- CHO-MLFFK-FL
<&+ CHO-VLFK-FL
—¢— CHO-MLF

-3- CHO-NLF

Magnitude of Actin
Polymerization

104 105 10°

102
Integrated LRs (# /cell sec)

10°

for response data can be seen by examining the values of
the receptor interconversion rate const&pthat dictates

removal of receptors from the presumed signaling stafe (R
to the presumed nonsignaling state,)(Rnd as such is
expected to contribute to ligand potency. One might expect
if LRsis the signaling state of the receptor that a slower rate

of depletion of LR (by conversion to the LRstate) would
coincide with a more active ligand. However, this was not
seen: the least active ligands fell into the class with slower
conversion rate constants.

Thus, while Scheme 1 describes the ligand binding
ehavior well, it is insufficient to predict response potency.
It is notable that the ratios &f/k;, the calculateds for the
lower affinity receptor state, are very similar for the six
ligands studied. This observation suggests that thestde

Our aim in this study was to elucidate the relationships for all ligands are of similar energy level, and we hypothesize
between receptor states and cellular responses in the N<that the similar energy level of the ;Rtate and the similar
formyl peptide receptor system on the neutrophil as a model agonism of the ligands are related. This is consistent with
of a GPCR system in a physiologically relevant context. This the hypothesis that GPCRs can exist in many conformational
is the first rigorous test of how well a kinetic binding model states with differing probabilities, representing an “energy
works to predict response data for a group of ligands that landscape” or “receptor ensemble87( 58) and with data
bind to the same receptor. The level of agonism and the rankthat full agonists for GPCRs drive the receptor into the same
order of potencies of ligands for the actin and oxidant conformational state, whereas partial agonists drive the

responses were the same as that for &G TP/S binding receptor into alternative conformational statds X6, 17).
assay, indicating that differences in abilities of ligands to In the context of the N-formyl peptide receptor, full agonism
mediate responses must be determined upstream of G-proteimay be related to the fact that all six ligands studied are
activation (i.e., at the level of liganrtteceptor interactions).  N-formyl peptides. Partial agonists that do not have N-formyl
Thus, we compared binding rate constants and responsegroups have been identified for the N-formyl peptide receptor
characteristics to understand how ligand binding parameters(61); these partial agonists may prove useful in assessing

= 1.24

g 1.0 of ki, ki, and ks on LRs formation; this approach did not
35 satisfactorily explain our observations for these six ligands,
5§ % even if changes in the rate constants with temperature were
§-§ 0.6 taken into account (Figure 750).

£4a 0.4 An additional example of the lack of Scheme 1 to account
(=]

©

s

101 102 105 10% 105  10¢

Integrated LRs (# /cell sec)
FiGure 7: Magnitude of oxidant production and actin polymeri-
zation versus integrated number of signaling complexes,. LR
Response data of Figures 4A and 5A are plotted versus integrated
LR for each ligand condition as described in Methods. Error bars
for LRs were estimated for high LRand low LR scenarios as
described in Methods.

the binding behavior, it is inadequate to account for response,
data.

DISCUSSION

dictate response characteristics.

The binding of CHO-MLFFK-FL and CHO-VLFK-FL at
4 °C, like the previously studied ligands CHO-NLFNYK-
FL, CHO-NLFNYK-TMR, CHO-MLF, and CHO-NLF, were
best fit by the interconverting two-site binding model given
in Scheme 1, confirming the general applicability of the
model for describing binding of this class of compounds to
the N-formyl peptide receptor. LRis thought to be a
nonsignaling receptor state because a high affinity ligand
receptor complex persists on the cell surface well after
responses have terminatezb). Whereas the presence of a
lower affinity receptor state correlates with the ability of a
ligand to induce responses, the formation of a higher affinity

the relationship between efficacy and the energy level of the
LR; state.

The Nature of LR As noted above, LR the high affinity
receptor state, has previously been interpreted as an inactive
receptor state. Phosphorylation and binding of arrestin to
GPCRs is known to increase receptor affinity for ligand
(7, 11). Whether or not LR measured for the N-formyl
peptide receptor at 4C is a phosphorylated, arrestin-bound
state is not known. However, it is questionable that sig-
nificant phosphorylation could occur at°€, the temper-
ature of the binding studies in which conversion of the
receptor to the LR state can be rather rapidt, (~ 10°%
sec). Perhapky represents a process involving a con-

receptor state correlates with desensitization of responsedormational change of the receptor that renders it acces-

(39. Thus, LR and LR appear to be signaling and
nonsignaling receptor states, respectively.

sible for subsequent phosphorylation reactions. Thus, LR
detected with binding measurements may not be the same
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as the high affinity desensitized receptor state detected bycontaining two or more LRstates with differing abilities to
other methods. activate G-proteins and be converted to they LfBrm.

The strong correlation of response &Malues withKgy Discrimination of these receptor states will rely upon a
prompted a reevaluation of the assumption thag ifRa combination of binding and response data: the data presented
nonsignaling form of the receptor. The rangekqf values here provide a reference point for these future studies and
over all ligands was 7000-fold, similar to the range ofsgD  demonstrate the need to test these possibilities.
values for the oxidant response, and there was a strong
correlation between response gvalues andKy, values ~ APPENDIX

(Table 2r = 0.879-0.999), suggesting that response potency  The analysis of data for CHO-VLFK-FL binding predicted
could be determined by the energy level of thedcBmplex.  that within the 3-5 min in which dissociation data was
The observation that the least active ligands were the slowestgiected, little conversion from low- to high-affinity states
to convert LR to LR further supports the hypothesis that \yoyld have occurred. Thus, an alternative method for
LR, may play a role in signaling. However, we note that analyzing the kinetic binding data of CHO-VLFK-FL was
the formation of LR is highly dependent on conversion from  se 1o validate the values kfandk, evaluated by the full
the LR state; since dissociation of ligand from s model fit. Long-time dissociation data were utilized for this
relatively slow, little re-binding of L to Roccurs. Thus the  analysis. The following assumptions were made for this

formation of LR;is a relevant parameter to track. However, ajternative data analysis. During the time course of the long-
attempts to correlate the Bfvalues of responses and the jme dissociation data collection % min) there was

calculated rates of formation or integrated values of the LR insignificant conversion of LRto LR,. In other words, the
complex (again using Scheme 1 and taking into account the gissociation data could be analyzed as two independent
combined effects Ok, ko, andkc on LR, formation) did receptor states. The second assumption was that the dis-
not explain the differences in the EDvalues for the six  ggciation from the high-affinity state (LRwas relatively
ligands even if changes in the rate constants with temperatureg|q,y (estimates from analysis yielded valueskgf~10-3
were taken into account (data not showf). Nonetheless, -1 Therefore, all of the ligand dissociation monitored over
Kax was highly correlated withs andk, suggesting relation-  he 3-5 min period was attributable to the LBtate of the
ships between the receptor states that have not yet beenaceptor, and LRwould appear as a nondissociating receptor
identified. Taken together, these analyses indicate that whilestate Thus, the long-time dissociation data could be fit with
Scheme 1 describes the ligand binding behavior well and 4 single-site model expressed as a single-phase exponential
suggests a physical basis for the concept of ligand efficacy, gecay with a plateau as a function of tintp (
it is insufficient to predict response potency.

Predicting Response Potendyne possibility to explain LR,pp= LRsexp(— Kt) + LR, 2
the insufficiency of the model in Scheme 1 to predict
response behavior is that there may be receptor states nofyhere LR is the difference between lp measured and
discriminated by the model. Binding modelsuch as that R, where the data plateaus, aKds the decay exponent.
presented in Scheme-Zeflect only the receptor states that  As with other data analysis, LR is the sum of LR and

are necessary to describe the binding data. There may in fac{ R, Due to the assumption that only LRissociation was
be additional receptor states present, but they would not bemonitored,K was assumed to be equalko

detected if the number of receptors in these additional states Thus, by fitting long-time dissociation data of CHO-
is small and/or if the binding kinetics are quite similar to  VLFK-FL to a single phase exponential decay function,
those of other receptor stateS9( 60). In these cases, values ofk, LRs and LR, were obtained. By varying the
inclusion of these additional states in the model would not gmount of time cells were incubated with CHO-VLFK-FL
improve the goodness of fit to the binding data, and therefore pefore initiating dissociation, values of LRnd LR at
their inclusion would not be justified in the development of varying times could be measured. These data fog &Rl

a binding model. This possibility is consistent with studies | R, as a function of time were utilized to calculate the

that show occupancy of relatively few receptors are required conversion rate constar, as they applied to the following
to initiate responses; occupancy of as few as 10% of model:

N-formylpeptide receptors by CHO-NLFNYK-FL is suf-
ficient to induce half-optimal rate of oxidant production, and Scheme 2
10—20 occupied receptors are sufficient to induce half- k
optimal actin polymerization response (29). LR —— LR,

In fact, additional receptor states for GPCRs have been
suggested. Active and inactive states of the receptor haveThus, a plot (LR/LRs) versus time yielded a line with slope
been found to be useful to adequately account for constitu- of k.
tively active mutant receptors and the action of inverse The data are depicted in Figure 8. Panel A shows a single-
agonists in thgg-adrenergic receptor syster @, 58), and exponential decay fit to a dissociation curve, from which
have been suggested by mutant receptor studies in thewas calculated using Equation 2. Panel B shows the ratio of
N-formyl peptide receptor systend)( It is worth pointing LR/LRs at various times after initiating ligand binding; the
out, however, that these additional receptor states have beeslope of this line equalg,. As a result of this alternative
incorporated into equilibrium models, while in our case, we data analysis, a value fd¢ of 2.4 &+ 0.8 x 102 st was
focus on the more physiologically relevant unsteady-state calculated, and this value was within 3-fold of the value
dynamics that are inherent in GPCR signaling. In the context evaluated by fitting the data to the full interconverting two-
of the present work, then, one might consider models site model (7.8t 2.0 x 1072 s1). The value ok calculated
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Ficure 8: Kinetic data analysis for CHO-VLFK-FL. (A) Long-
time dissociation data of 3 nM CHO-VLFK-FL (dots) were fit with
a single-phase exponential decay (line). (B) LR complex ratig/ LR

500

LR (dots) graphed versus time and fit to a line to evaldatfor
CHO-VLFK-FL (n = 6).

from this alternative method was 2470.6 x 10°s™%, and
was within 7-fold of the value evaluated by fitting the data
to the full interconverting two-site model (1.800.7 x 10°*
s1). Thus, the two methods of data analysis agreed well.
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