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ample, whether these peptide chemoattractants have
Replacement of N-formyl peptide receptor (FPR) do- binding pockets that extend into the transmembrane

mains with those from a homologous receptor, FPR2, domains. Recent studies suggest that initial contact
resulted in chimeric receptors displaying low binding sites on the extracellular domains of chemoattractant
affinity to fMet-Leu-Phe (fMLF). To characterize fMLF receptors are important for subsequent high-affinitybinding domain, we adopted a ‘‘gain-of-function’’ ap- binding, which requires the transmembrane domainsproach by selective replacement of non-conserved res-

(3-5). A better understanding of the ligand interactionidues in the FPR2 portion of the chimeric receptors
with this class of receptors may facilitate future designwith those from the FPR. This led to the identification
of specific antagonists.of 3 clusters of residues required for high-affinity

In this study, we attempted to identify the structuralfMLF binding. Introduction of 2 positively charged
basis for agonist interaction with the N-formyl peptideamino acids, Arg84 and Lys85, dramatically improved
receptor (FPR), a relatively abundant chemoattractantbinding affinity of one chimeric receptor (Kd from 105
receptor expressed primarily in phagocytes. BindingnM to 1.6 nM). Similarly, restoration of either Gly89/
of the prototype formyl peptide N-formyl-Met-Leu-PheHis90 or Phe102/Thr103 improved the binding affinity of
(fMLF), a chemotactic product primarily secreted byanother chimeric receptor from a Kd of 275 nM to a 2.3

Kd and 3.3 nM, respectively. Increased ligand binding bacteria (6) but also found in mitochondria of mamma-
affinity was accompanied by a gain in calcium mobili- lian cells (7), induces a full range of neutrophil re-
zation capability, suggesting functional coupling to G sponses including chemotaxis, degranulation and gen-
proteins. These results demonstrate the presence of eration of superoxide anions (reviewed in (8)). Due to
structural determinants in the first extracellular loop its small size, fMLF may interact with extracellular as
and its adjacent transmembrane domains that are es- well as transmembrane domains of its receptor. This
sential for high affinity fMLF binding. q 1997 Academic notion has not been thoroughly tested, although pub-
Press lished data suggest that the binding pocket of the FPR

is of limited depth capable of accommodating up to 5
amino acids (9). Molecular cloning of the FPR and
structurally related low-affinity homologues has per-

Leukocyte chemoattractant receptors form a sub- mitted more detailed studies by construction and anal-
group within the G protein-coupled receptor superfam- ysis of chimeric and point mutant receptors (10,11). We
ily (1,2). A large number of chemoattractant receptors report here the use of a ‘‘gain-of-function’’ approach and
interact with short peptide ligands which vary in size the identification of 3 non-contiguous clusters of amino
from 3 to 80 amino acid residues. While the binding acids in the first extracellular loop and its adjacent
sites for biogenic amine receptors and the rhodopsin transmembrane domains that appear to be necessary
have been well characterized, much less is known about for high-affinity binding of fMLF.
the interaction of peptide ligands with G protein-cou-
pled chemoattractant receptors. It is not clear, for ex-

MATERIALS AND METHODS

Construction of mutant receptors. The cDNA sequences of the1 Send correspondence to: Richard D. Ye, Department of Immunol-
ogy, IMM-25, The Scripps Research Institute, 10550 N. Torrey Pines FPR and FPR2 have been described previously (12,13). The chimeric

receptors CH40-86 and CH87-105 were constructed as reported be-Road, La Jolla, CA 92037. Fax: (619) 784-8483. E-mail: ye@
scripps.edu. fore (11). In short, chimeric FPR/FPR2 gene encoding the CH40-86
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was generated by exchange of FPR DNA restriction fragments be-
tween the AvaI and NcoI sites with those of the corresponding FPR2
fragments. The resulting chimeric receptor CH40-86 contains the
FPR2 amino acid sequence between the residues Gly40 and Ala86

in the FPR framework (Fig.1). CH87-105, generated by a similar
approach, contains the FPR2 amino acid sequence introduced be-
tween the residues Met87 and Val105 (Fig. 1). Point mutations were
introduced by PCR, using primers containing appropriate restriction
sites in addition to the mutated bases to facilitate subcloning of
the amplified DNA fragments. For the mutations on CH40-86, DNA
fragments were amplified between the AvaI site encoding Gly40 and
the NcoI site encoding Ala86. For the mutations on CH87-105, DNA
fragment between the NcoI recognition site and the SalI site (Val106)
was amplified by PCR, digested with these two endonucleases and
subcloned into the FPR framework. In some cases site-directed mu-
tants were prepared by the method of Kunkel (14) using M13mp18
and the dut0 ung0 strain of Escherichia coli CJ236. The nucleotide
sequence of all mutants was confirmed by dideoxy DNA sequencing.
Chimeric and mutant receptors were stably expressed in mouse L
cell fibroblasts as described previously (11).

FIG. 1. Mutants based on the FPR/FPR2 chimeric receptors. TheLigand binding assays. Membranes were prepared from trans-
chimeric receptors were constructed between the human FPR (shownfected cells by N2 cavitation and centrifugation (11). For equilibrium
as open cylinders and lines) and FPR2 (shown as closed cylinders andbinding studies, [3H]fMLF at different concentrations was added to
solid lines). The name, dissociation constant, and EC50 for calciumthe membranes (30 mg membrane proteins) in a total volume of 0.2
mobilization are displayed on the right side of each chimera. Theml of bind buffer as described elsewhere (11). The binding data were
sequence of the replaced segments in the chimeras are aligned belowanalyzed with the computer program LIGAND (15) and the dissocia-
each construct, and only the different FPR2 residues are shown.tion constant (Kd), number of sites (Bmax) and nonspecific binding
Putative transmembrane domains are marked underneath thewere determined. After incubating with [3H]fMLF at different con-
aligned sequence. The two asterisks indicate the residues that arecentrations in binding buffer at 47C, the unbound ligand was removed
not present in the chimeric CH40-86, as described in the text.by filtration, the cells were rinsed 3 times with the binding buffer,

lysed with 0.2 M NaOH and the retained radioactivity was measured
by scintillation counting.

expressed on the cell surface as they were able to medi-
Calcium mobilization assay. Functional expression of the mu- ate agonist-specific calcium mobilization (11).tant receptors and their ability to transduce signals were deter-

To identify the structural determinants responsiblemined by the release of Ca2/ from intracellular stores. The cells
for fMLF binding, we compared sequences of the twowere resuspended at 5 1 106 cells/ml in RPMI 1640 medium con-

taining 10% fetal bovine serum and loaded with indo-1 AM (5 mM). receptors in the switched domains. The FPR2 sequence
The change of intracellular calcium concentration was estimated is highly homologous to that of the FPR in the two
by the ratio of the fluorescence intensity at 400 and 490 nM as segments, with only a few non-conserved amino acidsdescribed before (16).

clustered in 3 groups separated by several amino acids
(Fig. 1). These amino acids are located at positions 84/

RESULTS 85, 89/90 and 100-104. We reasoned that if these resi-
dues are essential for fMLF binding, replacement of
the FPR2 sequence by the FPR sequence may restoreConstruction and expression of mutant FPR recep-
the binding affinity. This hypothesis was tested bytors. We previously constructed chimeric receptors by
point mutagenesis of the chimeric receptor cDNA andsequential replacement of the FPR domains with simi-
functional expression and characterization of the resul-lar segments from a homologous receptor, FPR2 (11).
tant receptor in stably transfected cells.This receptor has been recently shown to mediate the

biological functions of lipoxin A4 (17). FPR2 is 69% The role of Arg84/Lys85 in fMLF binding. The chi-
meric receptor CH40-86 lacks 2 amino acids presentidentical in sequence to the of FPR (13), yet it binds

fMLF with nearly 500-fold lower affinity (11). This dis- in the wild-type FPR2 (Met85 and Ala86) (11). We first
examined whether restoration of these two residuescrepancy provides an experimental window for the lo-

calization of the FPR ligand binding domains by an could revive high affinity ligand binding. Addition of
Met85 and Ala86 (M1.0) did not result in high-affinityapproach using chimeric receptors. Of the 10 chimeras

analyzed, 2 displayed low affinity binding properties of fMLF binding, suggesting that residues other than
Met85 and Ala86 contribute more to ligand binding (Ta-the FPR2, which has a Kd of 430 nM for fMLF (11).

The first chimera, CH40-86, contains a segment of 47 ble I). A sequence analysis identified 9 different amino
acids in an FPR2 segment of 47 residues within theresidues (Gly40 to Ala86) from the FPR2 and binds fMLF

with a Kd of 105 nM. For the second chimeric receptor, chimeric receptor CH40-86 (Fig. 1). Of the 9 different
residues Arg84

r Ser84 and Lys85
r Met85 representa 19-residue replacement of the FPR with an FPR2

fragment resulted in an even lower binding affinity for major structural changes of the amino acid side chains.
The positively charged Arg84 and Lys85 are predictedfMLF (Kd Å 275 nM). Both chimeric receptors were
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TABLE I

The Effects of Point Mutations on Ligand Binding

Receptors Residue changes Kd (nM) Bmax (fmol/mg)

CH40-86 None (template) 105.0 { 4.6 435 { 18
M1.0 Restore M85, A86 63.0 { 2.5 894 { 33
M1.1 S84

rR84, M85
rK85 1.6 { 0.1 1692 { 27

M1.2 M85
rK85 34.7 { 1.2 1083 { 49

M1.3 S84
rR84 4.6 { 0.4 1307 { 38

CH87-105 None (template) 275.0 { 14.5 605 { 45
M2.1 E89

rG89, K90
rH90, H102

rF102, I103
rT103 3.3 { 0.3 906 { 28

M2.2 E89
rG89, H102

rF102, I103
rT103 1.8 { 0.1 523 { 8

M2.3 H102
rF102, I103

rT103 3.3 { 0.2 1163 { 17
M2.4 H102

rF102 NB NB
M2.5 I103

rT103 4.5 { 0.3 2381 { 83
M2.6 E89

rG89, K90
rH90 2.3 { 0.1 745 { 6

M2.7 E89
rG89 81.5 { 11.3 907 { 37

M2.8 K90
rH90 63.3 { 5.6 1183 { 48

FPR None (template) 0.95 { 0.06 1125 { 12

Note. Construction and binding analysis of the mutant receptors have been described in the Experimental Procedures. The numbers
presented in this table represent the mean { SE of three determinations. NB, no binding (this mutant, M2.4, was not expressed on the
cell surface). Fluorescence staining with an anti-FPR carboxyl terminal peptide antibody (24) revealed a pattern of perinuclear staining
(data not shown), suggesting improper folding and transport of the M2.4 receptor. Single-letter codes for amino acids are used.

to reside near the end of the second transmembrane Phe102, Ile103
r Thr103; M2.2). To examine whether both

clusters contribute to high-affinity binding, aminodomain (Fig. 1). To examine the function of these two
residues, we prepared mutant receptor M1.1 by resto- acids at positions 89/90 and 102/103 were separately

converted to the FPR sequence. Binding data fromration of the two charged residues. The resultant recep-
tor displayed a nearly wild-type binding affinity for these experiments indicate that either cluster by itself

was sufficient to convey high affinity fMLF bindingfMLF with a Kd of 1.6 nM (Table I). These residues
were then mutated individually. Conversion of Ser84 to (M2.3 and M2.6). Within each cluster, however, the

functions of individual residues vary. While a switchArg resulted in a great increase in binding affinity for
fMLF (M1.3, KdÅ 4.6 nM), whereas conversion of Met85 from Ile to Thr at position 103 dramatically increased

ligand binding affinity (M2.5, Kd Å 4.5 nM), replace-to Lys alone improved ligand binding affinity to a lesser
extent (M1.2, Kd Å 34.7 nM). ment of His102 by a Phe resulted in an apparently aber-

rant receptor unable to express on the cell surface, asLocalization of two other clusters of amino acids that confirmed by direct fMLF binding and fluorescent Abaffect fMLF binding. An earlier analysis of the CH87- staining (not shown). Replacement of individual resi-105 chimeric receptor suggested that replacement of a due at positions 89 and 90 was less effective in improv-19-residue segment of the FPR with that of the FPR2 ing ligand binding affinity (M2.7, M2.8; Table II). Thissignificantly reduced binding affinity for fMLF, regard- latter finding suggests a requirement for both Gly89

less of the presence of Arg84 and Lys85 (Fig. 1 and Table and His90 as a cluster in the first extracellular loop forI). An alignment of the sequences of this segment re- high-affinity interaction with fMLF.vealed seven different residues between the two recep-
tors, of which three non-conservative substitutions Selective reduction in binding affinity for fMLF but

not for tBOC-FLFLF. Replacement of the amino ter-were found at positions 89, 102 and 103 (Fig. 1). In
addition, His90 of the FPR became a similarly charged minal CHO group with tBOC results in a ligand with

antagonistic properties (18). To confirm that the lowerLys but with a quite different side chain in the FPR2-
derived segment of the chimera. These residues form binding affinities displayed by some of the chimeric and

mutant receptors are direct consequences from changestwo non-contiguous clusters located in the first extra-
cellular loop and the proximal portion of the adjacent in the primary structure, we conducted competition

binding assays with four receptors showing signifi-TM3 (Fig. 1). To evaluate the functional role of these
residues in fMLF binding, we mutated all 4 residues cantly reduced affinity for fMLF. Our results indicate

that tBOC-FLFLF was able to compete effectively forto the FPR sequence. The mutant receptor, M2.1, dis-
played near wild-type binding affinity (Kd Å 3.3 nM, binding of fMLF to the mutant receptors with essen-

tially no reduction in binding affinity. In contrast, theTable I). A similar improvement in binding affinity was
observed when three of the four residues were con- binding affinity of these mutant receptors for the ago-

nist fMLF was reduced by 63-105-fold (Table II). Weverted to the FPR sequence (Glu89
r Gly89, His102

r
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TABLE II identify amino acids important for ligand binding by a
‘‘gain of function’’ approach. Two chimeric receptors withBinding Affinities of Selected Mutant Receptors

for fMLF and tBOC-FLFLF low binding affinities were chosen as templates and po-
tentially important non-conservative residues of the

Residue Kd for fMLF Ki for tBOC- FPR2 were converted to the wild-type FPR sequence.
Receptors changes (nM) FLFLF (mM) Analysis of the binding affinity and signaling capability

of these mutant receptors led to the identification of threeFPR (WT) None 1.00 { 0.12 3.25 { 0.76
clusters of residues that contribute to high affinity ago-M1.0 M85/A86 63.00 { 2.50 3.40 { 1.90

M2.7 E89
rG89 81.50 { 11.30 4.70 { 2.80

M2.8 K90
rH90 63.30 { 5.60 0.50 { 0.23

Note. Competition binding assays were performed with mem-
branes containing mutant receptors as described in Table I. Unla-
beled tBOC-FLFLF of various concentrations (0.1-500 mM) were
added to the binding buffer in order to compete with [3H]-fMLF for
receptor binding. Binding was conducted at room temperature for
60 min and data were collected for calculation of the binding affinity.
Binding data presented in this table represent the mean { SE of 3
determinations. WT, wild-type.

were not able to obtain accurate measurements for the
chimeras CH40-86 and CH87-105 due to their very low
binding affinities for fMLF. These data suggest that
the reduction in binding affinities for fMLF seen in the
chimeric receptor is likely a direct effect of the amino
acid substitutions that appeared to selectively affect
agonist but not antagonist binding.

Correlation between reduced ligand binding affini-
ties and calcium mobilization capabilities. Effective
transmembrane signaling requires the interaction of
G proteins with multiple intracellular domains of the
receptor (19). Slight changes in receptor conformation
can lead to dissociation of the receptor from G protein
coupling, preventing transmembrane signal transduc-
tion. We examined several mutant receptors with re-
duced binding affinity for their capability of mobilizing
calcium in response to fMLF stimulation, an event
downstream from receptor-G protein coupling. Dose-
response curves shown in Fig. 2A suggest that all these
mutant receptors were capable of mobilizing Ca2/ from
intracellular stores with the exceptions of M2.4, which
was not expressed on cell surface. Although the extent
of Ca2/ mobilization for each mutant was different,

FIG. 2. fMLF-induced calcium mobilization by the wild-type andthere was a good correlation between the EC50 and Kd
mutant receptors. (A) Ligand concentration-dependent calcium mo-values (R value Å 0.93) (Fig. 2B). These data suggest
bilization. Transfected cells expressing the receptors were stimulatedthat the majority of the mutant receptors retained a with fMLF at various concentrations, and the intracellular free cal-

structure capable of G protein coupling, although cium levels were measured as described in Materials and Methods.
higher agonist concentrations were necessary for maxi- Data from selected mutant receptors, representing a range of differ-

ent binding affinities, are shown in the figure as a function of fMLFmal calcium mobilization due to reduced binding affin-
concentration. Maximal calcium mobilization by each receptor wasities for fMLF.
set as 100%. The symbols are: open circle, wild-type FPR; open
square, M2.1; closed square, M2.6; open triangle, M1.1; closed trian-
gle, M1.2. (see Table I). (B) Correlation of ligand binding affinityDISCUSSION
with calcium mobilization capability. Shown in the figure is the rela-
tionship between fMLF binding, expressed as the Kd values, and thePoint mutagenesis has been widely used as a method
calcium mobilization capability, expressed as the fMLF concentra-for identification of amino acid residues responsible for tions that induce half-maximal calcium mobilization (EC50), for the

receptor-ligand and receptor-G protein interactions. In FPR, FPR2, the two chimeric receptors, and the above mutant recep-
tors.this study, we employed a different approach to positively
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nist binding. These residues are located at the end of ACKNOWLEDGMENTS
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