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ABSTRACT. With the aid of high time resolution kinetic data extracted from a flow cytometer, we determined
that there are two N-formyl peptide receptor states for human neutrophiléGt & low affinity and a

high affinity state. Competitive binding of FMLP, FNLP, and t-BOC with FNLPNTL-FL revealed different
kinetic rate constants for two distinct reactions that control the lifetime of the low affinity ligeewkptor
complex. For these ligands, the rate constant for dissociation of ligand from the low affinity receptor
state (the first reaction) ranges in order of magnitude fron? 191 s1, and the conversion rate constant
from the low affinity receptor state to the high affinity receptor state (the second reaction) ranges from
10“to 102s™L. The antagonist t-BOC differed most significantly from the three agonists by having an
association rate constant for the low affinity receptor on the order oMitG s™1; the value for all three
agonists was on the order of ABI~1 s1. Characterization of the receptor conversion 4&C4revealed

that it is irreversible (or very slow) and independent ep@tein and that neither receptor state is a form

of receptor precoupled to;@rotein. The affinity conversion and the dissociation characteristics of each
receptor state determine the duration of the signaling complex and may contribute to differences in ligand
efficacy.

Understanding ligandreceptor dynamics is an essential variables in the model is to reduce the temperature so
step to understanding the activation of cells by external receptor upregulation and internalization do not occur.
ligands. Activation of human neutrophils by N-formyl While the existence of two receptor states for the N-formyl
peptides via the N-formyl peptide receptor has been exten-peptide receptor at 3T has been well documented (Jesaitis
sively studied (Omann et al., 1987; Baggiolini et al., 1993; et al., 1983, 1988a,b, 1989; Klotz et al., 1994; Klotz &
Lad et al., 1992; Downey, 1994). Of greatest interest is Jesaitis, 1994; Koo et al., 1982; Korchak et al., 1984; Low
understanding binding characteristics at physiological tem- et al., 1981; Painter et al., 1987; Posner et al., 1994; Sklar
peratures, and numerous studies of ligand binding &G37 et al., 1987; Sklar, 1987; Hoffman et al., 1996), there are
have been performed (Jesaitis et al., 1983, 1988a,b, 1989ronflicting reports about the presence of two affinity states
Klotz et al., 1994a,b; Koo et al., 1982; Korchak et al., 1984; at4°C. The following one-site model has been extensively
Low et al., 1981; Painter et al., 1987; Posner et al., 1994; used to describe both dynamic and equilibrium states of
Sklar et al, 1987; Hoffman et al., 1996). These studies N-formyl peptide binding to the N-formyl peptide receptor
indicate that there are two interconverting affinity states of at4°C (Goldman et al., 1986; Korchack et al., 1984; Mueller
the N-formyl peptide receptor, a low affinity signaling form et al., 1991; Sklar et al., 1985a; Tennenberg et al., 1988):
and a high affinity, nonsignaling form. At physiological
temperatures, receptor processing events such as receptor L+R i LR (Model 1)
upregulation and internalization complicate the interpretation S k s
of binding data. Complex binding models have been . .
formulated to take all these processes into account (Sklar,Where R is a homogeneous, monovalent population of
1987: Hoffman et al., 1996). However, to gain confidence surface receptors (nur_nber/cell), L is the fr.ee ligand concen-
in the values obtained for binding rate constants at@y  tration (M), and LR is the number of ligandreceptor

reduced models are helpful. One strategy for reducing the complexes (number/cell) which form \_Nlth an association rate
constant ok: (M~%s™1) and are lost with a dissociation rate
constant ofk (s™1).
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The studies by Zigmond and Tranquillo (1986) and Vitkaus-
kas et al. (1980) were performed in whole cells with tritiated
N-formyl-Nle-Leu-Phe (FNLP}. In both studies, ligand
dissociation data revealed two dissociating components. In
addition, the study by Zigmond and Tranquillo (1986)
determined that the observed rate of accumulation of ligand
in the high affinity compartment was proportional to the
ligand bound to the low affinity compartment. This latter
observation suggests that the high affinity component is
derived from the conversion of the low affinity compartment.

We report here that there are two affinity states of the
receptor for bound N-formyl peptides N-formylnor-
leucylleucylphenylalanylnorleucyltyrosyllysine fluorescein
(FNLPNTL-FL), F-Met-Leu-Phe (FMLP), FNLP, and the
N-formyl peptide receptor antagonist t-Boc-Piw-eu-Phe-
D-Leu-Phe-OH (t-BOC). We show not only that the rate
constants for ligand dissociation are ligand-specific but also
that the rate constant for conversion from a low to a high
affinity receptor state is ligand-dependent. Characterization
of the conversion at 4C revealed that it is irreversible (or
extremely slow) and independent of @otein.

MATERIALS AND METHODS

Isolation of Neutrophils.Human neutrophils were isolated
from citrated blood by the elutriation method of Tolley et
al. (1987). Cells were stored af€ in buffer without added
C&" (HSB) containing 5 mM KCI, 147 mM NacCl, 1.9 mM
KH,PQ,, 0.22 mM NaHPQ,, 5.5 mM glucose, 0.3 mM
MgSO,, 1 mM MgCk, and 10 mM HEPES, at pH 7.4.
Assays and binding studies were performed in HSB with
1.5 mM CacC}.

Equilibrium Binding Assay.An equilibrium ligand binding

assay, described in Sklar and Finney (1982), was used to

determine the number of N-formyl peptide receptors on the
plasma membrane surfacesfR FNLPNTL-FL (Molecular
Probes, Eugene, OR) stocks were made in dimethyl sulfoxide
(DMSO) and were diluted t6<0.1% DMSO in HSB plus
0.1% bovine serum albumin (BSA) vehicle. Cells aix1
10°/mL were equilibrated with 0.25, 0.50, 0.75, 1.0, and 3
nM FNLPNTL-FL in duplicate on ice for 2 h. A flow
cytometer (FACScan, Becton-Dickinson), calibrated with
fluorescein isothiocyanate-labeled beads (Quantum 24, Flow
Cytometry Standards, Research Triangle Park, NC), was use
to quantify fluorescence binding per cell. Neutrophils were
gated on the basis of forward and side scatter parameters
Nonspecific binding was determined in the presence &f 3
10> M FMLP (Sigma Chemical Co.). Data for specific
binding in fluorescein equivalents were converted to FN-
LPNTL-FL number per cell using a conversion factor of 1.22
FNLPNTL-FL equivalents/fluorescein equivalent as deter-
mined in Fay et al. (1991). The calibration of the standard
beads was validated as described by Fay et al. (1991) an
found to be accurate within 6% of the nominal fluorescein
equivalents given by the manufacturer. Thus the nominal
values for fluorescein equivalents per bead provided by the
manufacturer were used for converting mean channel numbe
to fluorescein equivalents per cell. Nonlinear regression of
FNLPNTL-FL bound/cell versus free ligand using the

! Abbreviations: FNLPN-formylnorleucylleucylphenylalanine; FN-
LPNTL-FL, N-formylnorleucylleucylphenylalanylnorleucyltyrosyllysine
fluorescein; FMLP N-formylmethionylleucylphenylalanind§q, equi-
librium dissociation constant; PT, pertussis toxin; t-BOC, t-Boc-Phe-
D-Leu-Phep-Leu-Phe-OH.
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equilibrium solution of Model | yielded the total number of
receptors on the cell surface and the equilibrium dissociation
constant Kg).

Equilibrium Binding Assay for Unlabeled LigandsAn
equilibrium binding assay for determining th€; of an
unlabeled ligand was performed and analyzed using a classic
competitive binding protocol described in Kenakin (1991).
Fractional receptor occupancy of FNLPNTL-FL (at 0.5, 1.0,
or 3.0 nM) was measured in the presence of a range of
concentrations of nonfluorescent ligand after co-equilibration
of binding for 2 h on ice. Data were fit to a single site model
(Model 1) assuming both ligands bind to the same receptor
using

[LR] _
Rot

[L]
Ky

@w+w+m

(1)

where [L] is the concentration of FNLPNTL-FL (M), [A] is
the concentration of unlabeled ligand (M), [LR}Rs the
fractional occupancy of FNLPNTL-FL, andy andKg, are
the equilibrium dissociation constants for FNLPNTL-FL and
unlabeled ligand, respectively.

Pertussis Toxin (PT) Treatment stock of 50ug/mL
PT in 50 mM Tris, 10 mM glycine, 0.5 M NacCl, and 50%
glycerol, pH 7.5, was obtained from Sigma Biochemicals.
Cells were resuspended with and without PT &rhQ in a
sterile, modified Krebs-Ringer buffer with 5.5 mM glucose,
25 mM HEPES, and 6.3 mg/mL cytochronee Controls
and samples with PT (5/0g/mL) were incubated at 37TC
with constant rocking for 2 h. Controls consisted of an
equivalent amount of PT buffer without PT. Following
incubation, cells were then washed in HSB, strained through
nylon mesh to remove aggregates, and resuspended in HSB
at 1¢/mL. Trypan blue exclusion revealed a viability of
>90% following the PT treatment. The efficiency of the
PT treatment was monitored with a right angle light scatter
assay as described in Sklar et al. (1985c¢) and with an oxidant
assay as described in Hyslop and Sklar (1984). At this
treatment level, no right angle light scatter or oxidant
response to 100 nM FMLP stimulation was observed.
Kinetic Binding Data Collection.Four kinetic binding
otocols (A-D), based on methods described in Sklar et
al. (1985a), were used to collect data for determining
association and dissociation rate constants for FNLPNTL-
FL and unlabeled ligands. Binding data were collected on
a flow cytometer, and the assay temperature 8€4+0.4
°C) was maintained by submerging sample tubes in ice
contained in insulated beakers. Protocols A and B were used
to determine the rate constants associated with FNLPNTL-

L binding in the absence of any other ligand, while

rotocols C and D were used to determine rate constants
associated with the binding of an unlabeled ligand in
competition with FNLPNTL-FL.

Protocol A: Association of FNLPNTL-FLCells at 16/
mL in HSB plus C&" were placed on the flow cytometer,
and the flow of cells was initiated to start the internal clock
and obtain baseline values for forward scatter, side scatter,
and cell autofluorescence using LYSIS Il software (Becton
Dickinson). At 10 s, the tube of cells was taken from the
instrument, and 053 nM FNLPNTL-FL was added with
vortexing (the exact time of FNLPNTL-FL addition was
noted). The tube was immediately placed back onto the
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instrument. Data collection resumed in less than 3 s afterthe receptor. ARis the low affinity competitor-receptor

the addition of ligand and was continued for a total of 3
min or until data for approximately 85000 cells were
collected.

Protocol B: Dissociation of FNLPNTL-FLCells at 16/
mL in HSB plus C&" were preincubated with 0:53 nM
FNLPNTL-FL for 10 s, approximately 90 s, and ap-
proximately 2 h. After prebinding, the sample was placed
on the flow cytometer, and the extent of ligand bound for

complex (no./cell); LRand AR, are the high affinity receptor
complexes of bound FNLPNTL-FL and unlabeled competi-
tor, respectively (no./cell); Ris the high affinity receptor
(no./cell); k, (M~* s7) and k, (s72) are the rate constants
for association and dissociation of unlabeled competitor to
the low affinity receptor, respectiveli. and k., are rate
constants for the irreversilsleonversion from low to high
affinity receptor for FNLPNTL-FL and unlabeled ligand,

each designated time was determined. The binding of respectively (3%); k, andk. , are the high affinity receptor

FNLPNTL-FL was interrupted by adding:3 10> M FMLP,
and data were collected for a total of 3 min.

Protocol C: Competitie Association of FNLPNTL-FL and
Unlabeled Ligand. Baseline values for the fluorescence of
cells at 16/mL in HSB plus C&" were taken as in protocol
A. At 10 s, the tube of cells was taken from the flow
cytometer, and an aliquot of premixed FNLPNTL-FL and

dissociation rate constants for FNLPNTL-FL and unlabeled
competitor, respectively (3); k,, andk; , are the high affinity
receptor association rate constants for FNLPNTL-FL and
unlabeled competitor, respectively (Ms1). Differential
equations for this model are detailed in the Appendix.
Estimates for binding rate constants were sensitive to the
type of data collected; for example, association data (pro-

unlabeled ligand were added with vortexing. The tube was tocols A and C) gave reliable estimates (based on the
immediately returned to the flow cytometer, and data were standard error for the estimate) for binding to and dissociation
collected as in protocol A. Concentrations of unlabeled from Rs, while dissociation data following 2 h of ligand
ligand [FMLP, FNLP (Sigma Chemicals), and t-BOC binding (protocols B and D) gave reliable estimates for
(Bachem, CA)] were varied to obtain several different extents dissociation from R Thus to obtain reliable estimates for
of inhibition of FNLPNTL-FL binding. rate constants of FNLPNTL-FL binding, the following
Protocol D: Displacement of Unlabeled Ligand by FN- analysis protocol was developed and utilized for each
LPNTL-FL. Unlabeled ligand (FMLP, FNLP, and t-BOC) donor: (1) Values for the surface receptor number and an
was preincubated with cells at ¥GL in HSB plus C&* equilibrium dissociation constank) associated with R
for up to 125 s and for 2 h before placing on the flow were determined using the°€ equilibrium binding curve
cytometer to obtain baseline values for parameters as indescribed above. (2) The association rate conskarand
protocol A. After 10 s, 0.53 nM FNLPNTL-FL was added, initial estimates ofk, k., andk;, for FNLPNTL-FL were
and data were collected as described in protocol A. determined from fitting association data that were collected
Kinetic Binding Data Analysis.To analyze kinetic data,  as described in protocol A with eqs A-A.3 and A.6-A.8
we developed a protocol to extract and convert data files found in the Appendix. Rate constatisk,, k., andk., were
from the Becton Dickinson FACScan Pascal data format to varied whilek;, was constrained to the value that satisfied
an ASCII format. Data were first converted to DOS-readable the Kyq from 4 °C equilibrium binding k, = k. /Kq).
binary files using OSWEGO software (Oswego, IL), up- (Sensitivity analysis showed that varying the total receptor
loaded to a UNIX platform, and then converted to ASCII. number+ the standard error of the mean did not significantly
Neutrophils were gated with a rectangular mask based onchange the values fd¢ andk;.) (3) The rate constant for
forward and side scatter parameters. Forward scatter, sidadissociation of FNLPNTL-FL from the high affinity receptor,
scatter, and fluorescence data collected during each 200 mg, ; was determined with greater accuracy than in step 2 by
time interval (typically 36-200 cells depending on cell  using data from protocol B in which dissociation was initiated
concentration and flow rate) were averaged. Fluorescenceafter 2 h of binding. The extent of binding at 2 h ()Rvas
values were converted to numbers of bound receptors usingdetermined by averaging the fluorescence of cells before the
the calibration scheme described in the equilibrium binding addition of 3x 105 M FMLP. Since estimates fd¢. from
assay. Nonspecific binding of FNLPNTL-FL was character- step 2 yielded complete conversion from 1@ LR, after
ized in the presence of 8 10> M FMLP, yielding a linear  two hours of FNLPNTL-FL binding (see supporting data in
function with time. Binding data versus time, corrected for Results), the model was simplified to a one-state model
nonspecific binding, were loaded into SimuSolv (Dow involving only the dissociation of L from LR Thus, the
Chemical, Midland, MI), a simulation package that simul- data from Protocol B after 2 h of binding were fit by allowing
taneously solves differential equations and estimates un-only one rate constark;,, to vary whilek;, was constrained
known parameters by maximizing a least log likelihood to equalk,/Kq as previously described. (4) To validate
function. andk; determined in step 2, the rate constants for dissociation
A set of two-site binding models (one for FNLPNTL-FL  of FNLPNTL-FL from the low affinity receptork,, and the
and the other for the unlabeled agonist or antagonist) wasconversion from low to high receptor stat&, were
utilized to fit binding data at 4C: determined by fits to data from protocol B in which
dissociation was initiated after 10 and approximately 90 s
of binding using Model 1l. Rate constanks and k. were
varied whilek; and k;, were held at values determined in
steps 2 and 3.
Rate constants for unlabeled ligands (FMLP, FNLP, and
t-BOC) were determined by analyzing data in which the

Kin kin
L+R, 5 LR LR, TEL +R,

k . K,
A+ Rsfz ARSJ»ARnf;A +R, (Model Iy

where L and A are the concentrations (M) of FNLPNTL-
FL and unlabeled competitor, respectivelys, BRs, ki, and
k. are as defined in model I; Rs the low affinity form of

2 Data fits with models allowing for this step to be reversible yielded
no statistical improvement in the fit. It is possible that there is a very
slow conversion back to the low affinity state.
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unlabeled ligand was in competition with FNLPNTL-FL
(protocols C and D). For each donor, the rate constants for
FNLPNTL-FL were determined as described above and were
then held constant during model fits of competitive binding
data. The analysis protocol for determining rate constants
of an unlabeled ligand was similar to that described for
FNLPNTL-FL. (1) TheKqy for the unlabeled ligand was
determined following the equilibrium binding assay for
unlabeled ligands described in the methods. (2) Competitive
association data was collected following protocol C, knd
andk;, were determined by fitting the data with egs A.1
A.9 (Appendix), allowingk,, k., k,, andk, to vary. (3)
Dissociation rate constants for the unlabeled ligand were
determined with greater accuracy than in step 2 by using
data from the displacement protocol (protocol D). Data
analysis for the displacement of unlabeled ligands FMLP,
FNLP, and t-BOC after=2 h of binding had to be done
iteratively. Simulations with a conversion rate constaat

on the order of 10* s™* showed that the conversion from
the low to high affinity receptor state was not complete after
a 2 h preincubation with unlabeled ligand. Because of this,
estimates for dissociation rate constants from both the low
and high affinity receptor formss;, andk; ,, were possible
using these data, but the initial number of each of those
complexes was unknown. Estimates for the number of AR
and AR, complexes accumulated after 2 h of binding were
obtained by simulation usirlg, from competitive association
experiments, an initial estimate df, from competitive
association experiments, and a value of 1074 s for k.
Displacement data (from a 2 h preincubation with the
unlabeled ligand) were then fit with the two-site model where
the initial values for AR and AR, were estimated as
described. Fit values fde, andk; , were then obtained and
used to recalculate the initial number of ARNd AR,
complexes, and displacement data were again fit to refine
the estimates for the rate constants. This iteration was
continued until there was less than 1% difference in the
calculated and initial values for ARind AR.

The simulation package SimuSolv was used to fit the data.
All data fits were statistically evaluated with residuals and
a nested likelihood ratio that follows the chi-squared
distribution (Seber & Wild, 1989; Mood et al., 1974) and
allows comparison between the models of increasing com-
plexity (e.g., Models | and ).

RESULTS

The Association of FNLPNTL-FL at°€ Is Biphasic The
time course of specific binding of 3 nM FNLPNTL-FL at 4
°C to the N-formyl peptide receptor and the fits with the
one-site model frequently used and our two-site model are
shown in Figure 1, panels A and B, respectively. The one-
site model clearly underpredicts the data in the first 30 s
and overpredicts the data between 30 and 90 s. Evaluatio
of the two fits using residuals and the least log likelihood
function show that a two-site model more accurately

describes the association data. A summary of the rate

constants associated with the binding of 3 nM FNLPNTL-
FL to the N-formyl peptide at 4C is given in Table 1. Rate
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Ficure 1: Typical fits of one-site (panel A) and two-site (panel
B) models for the association of FNLPNTL-FL to human neutro-
phils at 4°C. Data were collected using protocol A (adding 3 nM
FNLPNTL-FL to cells at 1&mL) and were fit as described in
Materials and Methods. All fluorescence data were converted to
number of bound complexes per cell and are corrected for
nonspecific binding. Data are plotted as the total number of LR
complexes per cell ([LR}pin the notation of the appendix) versus
time in seconds.

Table 1: Rate Constants Obtained Using Two-Site Model Fits to
the Binding of 3 nM FNLPNTL-FL at £C

parameter two-site model
k (M~ts7%) 1.1+0.1x 107
k (s™) 6.5+ 0.7 x 1072b
8.0+ 0.3x 1072¢
ke (s79) 2.14+0.3x 1072°b
1.3+0.4x 10°2¢
ki, (M~ts™h) 2.0x 10°¢
ke, (57 7.3+0.4x 104¢
6.4+ 0.5x 1074
Kar (M) 6.6 x 10°°f
Kar, (M) 3.54+2.0x 107199

2 +the standard error of the medrDetermined from association
experiments (protocol A); the number of donors- 12. ¢ Determined
from dissociation experiments (protocol B, prebound 10 and 60
seconds)n = 4. ¢ Determined from dissociation experiments (protocol
B, prebound 2 h)n = 4. ¢For each fit,k;, was constrained to equal
ki./Ka r., WhereKgyg, is the equilibrium dissociation constant measured
for the high affinity statef Kqr, the equilibrium dissociation constant

Tor the low affinity state, was calculated k#k;, wherek; is the average

of the two values reported aboviEKq g, was determined from 4C
equilibrium binding curvesn = 12.

(A—D) were performed over a range of FNLPNTL-FL

constants from association data were determined with theconcentrations. Figure 2 shows a representative experiment

two-site model (Model Il) and the analysis protocol described

utilizing protocol A. Analysis of variance showed no

in Materials and Methods and represent the mean value forconcentration dependence of calculated rate constants over

12 different donors.

To validate that the rate constants reported in Table 1 werell.

not dependent upon the ligand concentration, all protocols

the range 0.53 nM for any of the rate constants in Model
Thus the data were collected primarily with 3 nM
FNLPNTL-FL.
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Ficure 2: Lack of concentration dependence of rate constants

determined from association data £Cl Data were collected using
protocol A and adding 0.5, 1, or 3 nM FNLPNTL-FL. Data from
3 nM duplicates were fit individually with Model Il to obtain rate
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Ficure 4: Dissociation of FNLPNTL-FL after 2 h of binding at 4

°C. Data were collected using protocol B, adding 3 nM FNLPNTL-
FL to cells at 1&mL, and interrupting binding with % 1075 M

200

constants, and average 3 nM rate constants were then computed=MLP 2 h later. In the plot, data collected for the first 20 s represent
These average rate constatns were used to carry out simulationshe quantity of FNLPNTL-FL bound after 2 h. FMLP was added

for initial ligand concentrations of 0.5, 1, and 3 nM (solid lines).

No systematic bias in the simulations with concentration was noted.
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Ficure 3: Typical fits of one-site (panel A) and two-site (panel
B) models for the dissociation of FNLPNTL-FL at*€. Data were
collected using protocol B, adding 3 nM FNLPNTL-FL to cells at
10°f/mL at time zero, and interrupting binding with 3 1075 M
FMLP after 60 s in panel A and after 10 and 60 s in panel B. Data
were corrected for nonspecific binding and fit as described in
Materials and Methods.

FNLPNTL-FL Dissociation Data Cannot Be Accounted
for with a One-Site Model; the Two-Site Model Affords
Estimates for kand k. Dissociation data revealed two
distinct components of dissociation and could not be
explained by a model in which only one receptor affinity
was allowed. Figure 3A shows a fit of these data with a

at 25 s. Data indicate the absence of a low affinity state and are
best fit with a single exponential yielding an average dissociation
rate constant from the high affinity receptor of (6:40.5) x 1074

s (& the standard error of the meam= 4 donors). Data were
corrected for nonspecific binding and fit as described in Materials
and Methods.

were insensitive to the binding rate constants of FMLP
(varied an order of magnitude) due to the excess of FMLP.
The ratio of FMLP to FNLPNTL-FL was 10 000:1.

The FNLPNTL-FL-Stimulated Coarsion of Receptor
from Low to High Affinity Is Irreersible and Is on the Order
of 102s™. Figure 4 gives a representative plot of the first
150 s of dissociation of FNLPNTL-FL from the high affinity
N-formyl peptide receptor after binding of FNLPNTL-FL
at 4°C for 2 h. Data between 0 and 20 s show the extent
of FNLPNTL-FL bound following the 2 h incubation, and
data after 30 s show the dissociation of FNLPNTL-FL
following the addition of 3x 10->M FMLP. The dissocia-
tion data were adequately described with a single exponential,
indicating the absence of a low affinity site and the complete
conversion of receptors to a high affinity state.

From the two-site model, the effect of the magnitude of
the conversion rate constakg, on the depletion of the low
affinity state and the formation of the high affinity state can
be predicted (Figure 5). For conversion rate constants on
the order of 102 s, such as that estimated for the
FNLPNTL-FL-stimulated conversion, a significant number
of both the low and high affinity receptor complexes are
present in the first few minutes of ligand binding, and
estimates folk. obtained from fits to association data and
from fits to dissociation data (collected after interrupted
binding at 10 and 60 s) are reliable. Using association data,
protocol A, we estimated; = 2.1 x 1072 s* and using
dissociation data, protocol B, with binding interrupted at 10
or 60 s, we estimated a value fiyof 1.3 x 1072571 (Table
1). For conversion rate constantd 02 s %, the concentra-
tion of high affinity ligand-receptor complexes formed
within the first 3 min of ligand binding is too low to yield
a good estimate for the conversion rate constant from

one-site model and clearly demonstrated its inadequacy inassociation data, and model fits to data from association and

describing FNLPNTL-FL dissociation after 60 s of binding.
The two-site model, however, yielded a very good fit to the
data (Figure 3B), and mean values fkr and k. were
determined from fits to dissociation after 10 and approx-
imately 60 s of ligand binding (see Table 1). Mean values
for k. andk; from dissociation data were not different than
those estimated from association dgta<( 0.05). Results

dissociation (initiated in the first couple of minutes of
binding) experiments may even yield an estimatekfoof
zero. Examples of this were seen in the fitting of unlabeled
ligands and will be discussed presently.

Association and Dissociation Rate Constants for Ligand
Binding Were Determined for the Agonists FMLP and FNLP
and the Antagonist t-BOCRate constants for the association
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Table 2: Rate Constants Obtained Using Two-Site Model Fits to Competitive Binding Data Collected Using Protocols®C and D

parameter FMLP FNLP t-BOC
ki, M~ts™) 1.2+ 0.4x 10" (n=6)° 4.0+ 15x 10 (n=23) 8.3+ 0.9x 10 (n=3)°
k,, (579 55+ 1.4x 107t (n=6)° 244+ 0.6 h=23) 1.7+ 04 =3p

6.3+ 1.1x 107 (n=3) 24401 n=2)r 1.4+ 08Nn=2)f

ke, (579 1.14+0.1x 10*(n=2) 1.0+ 0.4x 104 (n=2) 3.9+ 2.4x 104 (n=2)
ki, (M~1s7Y) 47¢ 43 250
ke, (S7Y) 1.6+0.3x 1075 (n=2) 1.3+ 0.3x 105 (n=2) 3.8+ 0.3x 10*(n=2)
Kar, (M) 4.9 x 10°8f 6.0x 10°8f 1.9x 10°¢f
Kar, (M) 3.4x 1089 3x 1079 15x 10769

a Rate constants associated with the binding of FNLPNTL-FL were determined for each donor and were held constant during fits to competitive

binding data. Number of donorg)(is indicated. For each donor, assay

was performed in duplicate. Data are gitethe@standard error of the

mean.? Determined from competitive association experiments (protocof Bgtermined from displacement experiments, approximately 90 s
preequilibration (protocol D) Determined from displacement experiments, approximately 2 h preequilibration (protocdd@ng fitting, ki,,

was constrained to equial /Kq,r, WhereKq g, is the equilibrium dissociation constant measured for the high affinity state. The vatyereported

in the table is calculated from the valuelef, and thisKqrg,. fKar, was calculated fronk/k;,. 9 Kqr, was measured from competitive equilibrium

binding data as described in Materials and Methods.
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Ficure 5: Effect of the conversion rate constamt, on the
formation of LR, in the first 160 s of binding at 4C. Simulations
were run using egs A-1A.3 and A.6-A.8 of the two-site model
and holding all parameters constant at the values listed in Table 1
except that ofk.. Values fork, ranged from 10* to 102 st as
indicated in the figure. Solid curves represent the number of low
affinity complexes (LR) formed over time while the dotted lines
represent the number of high affinity complexes g.fRrmed over
time. Simulations run wittk; = 1072 s~ are representative of the
conversion stimulated by FNLPNTL-FL while those run fQr=
104 s ! are representative of the conversion stimulated by FMLP,
FNLP, and t-BOC.

and dissociation of unlabeled ligand, obtained by fitting
Model Il for the simultaneous presence of FNLPNTL-FL
and unlabeled ligand to data collected per protocols C and
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D, are given in Table 2. Typical fits to competitive Fgure6: (A) Typical fits to FNLPNTL-FL association data and
association data collected as described in protocol C andcompetitive association data. Data were collected using protocol

displacement data collected as described in protocol D areA with the addition of 3 nM FNLPNTL-FL to cells at 20nL at

given for FMLP in Figure 6, panels A and B, respectively.

Fits to association and displacement data (for displacement,

time zero @) or protocol C with the addition of 3 nM FNLPNTL-
FL and 100 nM FMLP simultaneously to cells at4@L at time
ero (a). Data were corrected for nonspecific binding and fit as

of prebound unlabeled ligand at approximately 90 s) gave gescribed in Materials and Methods. (B) Typical fits to the

estimates for associatiorki) and dissociation k{,) rate
constants associated with the low affinity receptor (Table
2). Estimates fok., using these two protocols yielded a
rate constant of zero for FMLP, FNLP, and t-BOC. Two
interpretations are consistent with these last data: (1) the
reaction does not occur ag, is identically zero, or (2) the
reaction is insignificant in the time frame of the data
collection. Figure 5 shows the plausibility of the second
interpretation if the magnitude &f, is on the order of 10
sL

Each Ligand Tested Exhibited Two Affinity States and the
Rate Constant for the Corrsion of Receptor from Low to
High Affinity (k and k,) Is Different for Different Ligands
To determine if there were two affinity states for the ligands
FMLP, FNLP, and t-BOC, the displacement protocol (pro-
tocol D) was run for two different preincubation times with

displacement of FMLP by FNLPNTL-FL after FMLP was bound
for 98 s @) or 1.5 h @) before the addition of FNLPNTL-FL.
Data were collected using protocol D with the addition of 3 nM
FNLPNTL-FL to cells at 1&/mL at time zero after pre-incubating
cells at 16/mL with 100 nM FMLP. Data were fit as described in
Materials and Methods and reveal two different rates of FNLPNTL-
FL binding, indicating a shift toward a higher affinity receptor
FMLP complex with an increase in the time of incubation with
FMLP. Data were corrected for nonspecific binding and fit as
described in Materials and Methods.

the unlabeled ligand, approximately 90 s and approximately
2 h. Typical displacement data for prebound FMLP are
shown in Figure 6B. If there were no affinity conversion
of the receptor, the kinetics of displacement would have been
the same for the two incubation times. Data in Figure 6B
clearly indicate that FMLP dissociation is slower after longer
incubation times.
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Table 3: 37°C Rate Constants for FNLPNTL-FL Calculated by the
Arrhenius Dependency of Reaction on Temperature

4°C value 37°C value 37°C values
parameter  (thisworkf  (Arrhenius conv.)  (measured)
k (M~isl)  1.1x 107 5.2x 107 8.4x 107"
k (s 7.3x 1072 3.4x 10" 3.7x 107tP
ke (579 1.7x 102 8.0x 1072 6.5x 1072b
7.0x 1072¢
ki, M~ts)  2.0x 10° 9.4x 10° 8.4 x 107°
ki, (579 6.9x 10 3.2x 1078 4.6x 10°3°
5.0 x 10734

a Average values from Table ®Hoffman et al. (1996)¢ Sklar et
al. (1987h). Sklar et al. (1989).

To determine the rate constant of conversiay,for very
slowly converting receptors as seen with FMLP-, FNLP-,

Biochemistry, Vol. 35, No. 40, 19963053
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Ficure 7: Dissociation of 3 nM FNLPNTL-FL from pertussis
toxin-treated cells. Cells were incubated withu&/mL pertussis
toxin for 2 h at 37°C. Dissociation data were collected using
protocol B, adding 3 nM FNLPNTL-FL to cells at %@L at time

200

and t-BOC-bound receptors, the iterative approach describec?€ro, and interrupting binding with & 10°> M FMLP after 15

in Materials and Methods was necessary. From these fits

and 60 s of ligand binding. Data show the same dissociation

'characteristics as untreated cells (Figure 3B), indicatingpadiein-

we obtained estimates for the rate constants of the affinity independent conversion of the receptor affinity. Data were corrected
conversion for each ligand (Table 2). Results indicate that for nonspecific binding and fit as described in Materials and

k., is on the order of 1¢* s~ for FMLP, FNLP, and t-BOC,

two orders of magnitude smaller than the analogous rate

constant determined for FNLPNTL-FL.
Comparison of Receptor States at 37 antC4 At 37 °C

Methods.

control cells which were incubated for 2 h at 32 without
PT (Figure 3B).

two affinity states of the receptor have been seen, a low pjscuyssiON

affinity form that appears to be LRnd a high affinity form
referred to as LRthat is insensitive to guanine nucleotide

With the aid of high resolution binding data, we deter-

and does not participate in signaling. Presumably an LRG mined that there are two affinity states for the N-formyl
complex exists but is so short-lived that it is not detected in Peptide receptor at 4C and that the rate of conversion to a

typical binding experiments (Neubig & Sklar, 1993). Com-
parision of receptor states at 37 and®@ was made by

high affinity state is ligand-dependent. Our results support-
ing two affinity states are different from a large number of

performing an Arrhenius conversion of rate constants at 4 investigators who have reported that one-site models ad-

°C to their predicted 37C values and comparing these
values with the experimental values at°®7(Table 3). Using

an activation energy of 8000 cal/mol (Sklar et al., 1984c),

Arrhenius conversions of 2C data on FNLPNTL-FL binding
to 37 °C estimates fok;, k., k., andk., yielded values that

were similar in magnitude to rate constants measured at 3

equately describe the affinity of the N-formyl peptide
receptor at £C (Goldman et al., 1986; Korchak et al., 1984;
Mueller et al., 1991; Sklar et al., 1985a; Tennenberg et al.,
1988) but are consistent with the results of Zigmond and
Tranquillo (1986) and Vitkauskas et al. (1980), who observed

stwo affinity states in the binding of tritiated FNLP to rabbit

°C (Hoffman et al., 1996: Sklar et al., 1987, 1989). The neutrophils. There are two plausible reasons that one-site

value fork;, obtained in this manner, however, was an order

of magnitude less than the value lof measured at 37C.

This suggests that whereas the low affinity form of the

receptor may be the same species at 4 anfiG3the high
affinity form may differ in nature.

We then questioned whether, Bbserved at £C might

models have given “adequate” fits to most previous data (i.e.,
no statistical improvement in the fit of data with a two-site
model). First, many previous studies simply determined a
Kg from equilibrium data. Our data show that suclKa
typically reflects only the high affinity form of the receptor.
For FNLPNTL-FL binding, simulations show that the
conversion to the high affinity receptor form is complete

represent an LRG species. We reasoned that if an LRG(999) in less than 45 min at%C. Second, we suggest that

species were observed at 4, PT treatment, which
uncouples G from R, would convert all the receptors tq,LR

the resolution of kinetic data collected previously [typically
one data point every 10 s, e.g., Fay et al. (1991)] was often

so only one receptor state would be observed. However, not sufficient to yield a statistical improvement in the fit
extensive PT treatment did not reduce the binding to a single with a two-site model. Furthermore, we determined that the
state model. Thus neither of the receptor species observedit of the binding model to association data was necessary

at 4 °C represented a receptor precoupled t@fbtein. In
addition, receptor interconversion at@ was not affected

but not sufficient for determining the adequacy of the binding
model, and that dissociation and displacement experiments

by extensive PT treatment, yielding results consistent with afford a distinction between one- and two-site models.

the G-protein-independent receptor conversion observed at

37 °C (Sklar et al., 1989; Hoffman et al., 1996). Figure 7
shows dissociation data of 3 nM FNLPNTL-FL from cells
treated with Sug/mL of PT for 2 h at 37C. For data fits
to PT-treated cellk; was determined from association data
(protocol A) and held constant whilk, k., andk; were
varied. The value folk;, was constrained as previously
described. Estimated values fdy, k, and k. were no
different (p < 0.05,n = 2 donors) than those obtained with

The responses of neutrophils to N-formyl peptides are
initiated and often saturate well before binding equilibrium
has been achieved. Because of this, it is important to
understand the kinetics of the liganteceptor formation in
order to test mechanisms that predict response behavior. In
this study, we determined the binding kinetics of agonists
FNLPNTL-FL, FMLP, and FNLP to both low and high
affinity receptors (Tables 1 and 2). To see if differences in
the sensitivity of a neutrophil response correlate vitls
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for the low affinity receptor, we compared doesesponse
curves for the rate of actin polymerization from Omann and
Sklar (1988) with our measurd€}, values for the low affinity
receptor. Doseresponse curves in Omann and Sklar give
the rank order potency of agonist: FNLPNTL-FLFMLP

> FNLP with corresponding Eé values of 10! M, 3 x
10719 M, and 2x 10° M, respectively. Our work yielded
low affinity receptorKy values consistent with this rank order,
giving 6 nM, 49 nM, and 60 nM for FNLPNTL-FL, FMLP,
and FNLP, respectively, and identical rank ordering for the
high affinity receptorKy values.

We do not expedkq values to be sufficient for predicting
the relative response of different ligands. Since actin
polymerization and oxidant production are initiated within
the first several seconds of ligand binding, dynamic informa-
tion on the duration of a particular ligardeceptor state is
important. In this study, we found that the duration of the
low affinity N-formyl peptide ligand-receptor complex is

Hoffman et al.

et al., 1996) suggest that this quantity is more than sufficient
for generating an actin polymerization response. Similar
actin polymerization response data for cells prebound with
FMLP or FNLPNTL-FL at 4°C for 30 min are given in
Model and Omann (1995). They showed that cells prebound
with FMLP or FNLPNTL-FL were capable of producing
actin polymerization responses after the temperature of the
cell suspension was elevated to 4B. Simulations using
rate constants given in Tables 1 and 2 indicate that for both
ligands there are a sufficient number of L Romplexes
present after 30 min of binding at’€ to generate a response.
However, in preliminary experiments [G. M. Omann and M.
L. Keil, unpublished data], we have extended the time-course
of the Model and Omann (1995) protocol out to 1 h of
prebinding at 4°C with FNLPNTL-FL, where simulations
predicted there were no lsRnd R remaining, and the actin
polymerization response still occurred. Since the actin assay
was performed at 16C, it was unlikely that significant

not governed solely by the dissociation rate constant of the upregulation of new Rcould have occurred to accommodate

ligand but also by the conversion rate from low to high
affinity receptor. Our results yielded a conversion rate
constant on the order of 10s™* for FNLPNTL-FL and 104

st for FNLP, FMLP, and the N-formyl peptide receptor
antagonist t-BOC. This conversion rate constant for FNLP
is consistent with a value of 1.4 10 s™! estimated by
Zigmond and Tranquillo (1986) for tritiated FNLP binding

the response. Thus it appears that,liRalso capable of
signaling a response.

Is LR, the same entity as the high affinity state found at
37°C (Jesaitis & Klotz, 1993; Jesaitis et al., 1984, 1988a,b,
1989; Klotz et al., 1994; Klotz & Jesaitis, 1994)? In this
work we determined that the high affinity state, . not
a G protein-coupled form of the receptor and that the

in rabbit neutrophils. Conversion rate constants for the other conversion itself is also Gorotein insensitive. The latter

ligands have not been previously published.

result is analogous to the; @rotein insensitive conversion

In comparing agonists and antagonist, we note first that of receptor states observed at &7 (Sklar et al., 1989) and

for agonists the values & andk;, were very similar and
the values ok;, andk;, varied by less than a factor of 10,
whereak, andk;,, and alsd. andk.,, varied over two orders
of magnitude. The largest variation was seekgirandk; ,,
which varied from 43 to 2x 10° M1 s™1. Values for the

suggests that the nature of the conversion to the high affinity
state is similar at 4 and 37C. However, the high affinity
receptor at 37C appears to be a nonsignaling form of the
receptor, contrary to our preliminary data cited above. The
order of magnitude difference in the Arrhenius conversion

rate parameters obtained for the antagonist (t-BOC) fell of the value ofk;, with the value measured at 3T (see

within the ranges of those of the agonists exceptkfork;,

Table 3) suggests that there may be a difference in the

for t-BOC was approximately 2 orders of magnitude less biochemical nature of the ligand binding pocket for the high
than that of the agonists, suggesting that the rate of ligandaffinity state at different temperatures. Whether the receptor
binding to the low affinity form of the receptor may be states themselves are biochemically similar is yet to be
important for determining activity. elucidated. It is possible that,Rs a receptor state that

It is noteworthy that binding of the antagonist caused the appears transiently at 3 and is not detected in binding
interconversion of receptor states, a process that one mightstudies at 37C because it is rapidly converted to ,.From
think requires some type of cell activation. However, we analogy with other systems, the desensitized receptor state
note that interconversion of receptor states by agonistsLR, could be a phosphorylated receptor or X could be an
occurred in pertussis toxin treated cells in which receptors arrestin-like molecule. N-formyl peptide receptor phosphor-
were uncoupled from the G protein mediated signal trans- ylation has been shown to occur (Ali et al., 1993; Tardif et
duction pathway. Thus it appeared that although antagonistsal., 1993); however, whether or not LR a phosphorylated
did not bind to receptors in a manner that communicated receptor is not known, and arrestin-like molecules have not
with G proteins, the antagonist did bind in a manner that been identified in neutrophils. Definitive identification of

activated receptor processing pathways.
In order to relate receptefigand complex generation to

the nature of LRand the high affinity form at 37C awaits
more detailed biochemical (versus functional) studies. Un-

responses, it is important to determine the extent to which derstanding the nature of these receptor forms may afford

each receptor state, LBr LR,, is capable of signaling. When

explanations for observed differences in agonist potency that

compared to experimental data from the literature, simula- is unexplained by differences in affinities of the ligand for
tions utilizing conversion rate constants determined in this the receptor and yield insight into the mechanism of the
study yield results that are consistent with the hypothesis conversion of receptor from the active to inactive form.

that LR; is a signaling form. Data from Zigmond and

colleagues (Zigmond & Trangquillo, 1986) demonstrated that, ACKNOWLEDGMENT

after 2 h of FNLP binding at 4C, a chemotactic response

could still be generated. Simulations using rate constants

We thank Anna Waller for help with data analysis.

given in Table 2 and our two-state model indicate that AppeNDIX

roughly one-third of the total receptors remain in thesLR
state after 2 h of FNLP binding at€, and data that relate
LRs complex formation with responses at 3Z (Hoffman

Equations A.+A.9 describe the two-site model (Model
II) and are used to fit FNLPNTL-FL binding data and
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competitive binding data. When there is no competitive
ligand present, the initial value for [A] is equal to zero.

The total (apparent) number of ligandeceptor com-
plexes, [LR}yp is given by

[LR].pp= [LRJ + [LR,] (A1)

The two states of the LR complex are given by

diLRJ

—q = MURJ -k +KILR] (A2
diLR,]
G = KILRI + K LR ]~k [LR] (A3)
The two states of the AR complex are given by

d[AR/]

= KJAIR] — (k, + k)JIAR]  (A4)
d[AR

Tn] =k [AR] + Kk [AIIR,] — k [AR,] (A.5)

Finally, the quantities of free receptor and ligand are given
by

d[R]
— = KILRJ — KILIRJ — k AR J + k. [AR]
(A.6)
d[R]

—= = kLR~ [LIIR ] + kAR ] — k_IAIIR ]
(A.7)

d[L]

i = [KURJ +KILR] + K [LR] -

k [LIR J[n(Av) (V) 1] (A.8)
d[A]
i = [FJAIRJ + k. [AR] + Kk [ARN] —

k AR JIINAY) (V) ] (A.9)
where Av is Avogadro’s numben,is the number of cells in
the assay volume, and is the assay volume in liters.
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