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ABSTRACT. The CC chemokine, monocyte chemotactic protein, 1 (MCP-1) functions as a major
chemoattractant for T-cells and monocytes by interacting with the seven-transmembrane G protein-coupled
receptor CCR2. To identify which residues of MCP-1 contribute to signaling though CCR2, we mutated
all the surface-exposed residues to alanine and other amino acids and made some selective large changes
at the amino terminus. We then characterized the impact of these mutations on three postreceptor pathways
involving inhibition of cAMP synthesis, stimulation of cytosolic calcium influx, and chemotaxis. The
results highlight several important features of the signaling process and the correlation between binding
and signaling: The amino terminus of MCP-1 is essential as truncation of resiei&$[2+9—76]-
hMCP-1) results in a protein that cannot stimulate chemotaxis. However, the exact peptide sequence may
be unimportant as individual alanine mutations or simultaneous replacement of resitiiestB alanine

had little effect. Y13 is also important and must be a large nonpolar residue for chemotaxis to occur.
Interestingly, both Y13 and {t9—76]hMCP-1 are high-affinity binders and thus affinity of these mutants

is not correlated with ability to promote chemotaxis. For the other surface residues there is a strong
correlation between binding affinity and agonist potency in all three signaling pathways. Perhaps the
most interesting observation is that although Y13A ant9+76]hMCP areantagonistof chemotaxis,

they areagonistsof pathways involving inhibition of cCAMP synthesis and, in the case of Y13A, calcium
influx. These results demonstrate that these two well-known signaling events are not sufficient to drive
chemotaxis. Furthermore, it suggests that specific molecular features of MCP-1 induce different
conformations in CCR2 that are coupled to separate postreceptor pathways. Therefore, by judicious design
of antagonists, it should be possible to trap CCR2 in conformational states that are unable to stimulate all
of the pathways required for chemotaxis.

Chemokines are a family of proteins whose prototypic In the case of macrophages and neutrophils, chemokine
function is to promote the extravasation of leukocytes from binding also triggers cellular activation, resulting in lysozo-
the blood to surrounding tissues in response to inflammatory mal enzyme release and generation of toxic products from
signals (—5). This occurs upon binding of the chemokines the respiratory burst13—15). Unfortunately, the signal
to specific seven transmembrane G protein-coupled receptorstransduction pathways that link binding to these physiological
The binding event is transduced into a variety of intracellular changes in the cell are poorly understood. Likewise, the
changes involved in cell migration, including upregulation molecular details of the liganereceptor interactions respon-
or activation of adhesion protein6-{8), receptor desensi-  sible for inducing signal transduction are also unclear.
tization and internalization9-12), and cytoskeletal rear- Of the more than 30 human chemokines presently known,
rangement and coupling to the cell motility machinet®)( the monocyte chemotactic protein 1 (MCP-has received
a great deal of attention because of its elevated expression
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neutralizing antibodies or other biological antagonists can were verified by electrospray mass spectrometry and differed
reduce inflammation in a number of animal models by no more than 1 Da from the expected value. Protein purity
(28—31). Knockout mice that lack MCP-1 or its receptor, was analyzed by reversed-phase high-performance liquid
CCR2, are also deficient in their ability to recruit monocytes chromatography (RP-HPLC) and averaged 95%5%.
and T-cells to several types of inflammatory lesions Protein concentrations were measured by use of an extinction
(32—35). Finally, LDL*-receptor/MCP-1-deficient and apoB-  coefficient at 280 nm calculated from the amino acid
transgenic/MCP-1-deficient mice show significantly less lipid composition 45).
deposition and macrophage accumulation throughout their Binding AssayBinding was measured with membranes
aortas compared to the WT MCP-1 strai3$,(37). These prepared from two cell lines, THP-1 and CCR2-CHL cells.
findings suggest that the development of reagents that blockEach assay was composed of membranes, 56?ANVICP,
MCP-1 activity would be beneficial in treating inflammatory MCP buffer, protease inhibitors, and test protein. Equilibrium
diseases. To aid such an endeavor, we became interested iwas achieved by incubation at 28 for 90 min. Membrane-
understanding the molecular basis of how MCP-1 binds bound??3-MCP was collected by filtration through GF/B
CCR2 and induces receptor signaling. filters presoaked in poly(ethylenimine) and bovine serum
Previously, several groups demonstrated that deletion ofalbumin (BSA), followed by four rapid washes with ap-
residues at the amino terminus of MCP-1 yields a truncated Proximately 0.5 mL of ice-cold buffer containing 0.5 M NaCl
protein that acts as an antagonist of chemota3&-@0). and 10 mM HEPES, pH 7.4. MCP buffer consists of 50 mM
Other studies identified additional residues that play a role HEPES, pH 7.2, 1 mM Cagl5 mM MgCl, and 0.1% BSA.
in stimulating chemotaxis or cytosolic calcium influx Protease inhibitors include 0.1 mM phenylmethanesulfonyl
(40—42). These studies provided important insight into some fluoride (PMSF), 1uM leupeptin, and 0.35 mg/mL pepstatin.
of the features of MCP-1-induced signal transduction. ~THP-1 cells are a human monocyte cell line (ATCC TIP-
However, a complete examination of the surface-exposed202) that express both CCR1 and CCR2. CCR2-CHL cells
residues that are involved in chemotaxis and other upstreamare Chinese hamster lung cells (ATCC CRL-1657) that have
signaling pathways has not yet been reported. been stably transformed with an expression vector, pSW104,
We set out to measure the contribution of each surface-P€aring the human CCR2b receptor and a neomycin resis-
exposed residue to binding2) and signal transduction (this ~ tance marker plasmid as previously describég).( .
work) by deletion, mutation to alanine, and in some cases Calcium Influx AssayMCP-1-stimulated cytosolic calcium
mutation to other residues. Our intent was to identify and concentration was measured with fura-2 AM- (Molecular
differentiate key residues that contribute to signaling via Probes, Eugene, OR) loaded THP-1 celi(The cells were
“active triggering” versus residues that contribute to signaling cultured as for chemotaxis (described below) and were in
by virtue of binding affinity. Active triggering residues are |09-phase growth, (0:61) x 10° cells/mL. The cells were
those that significantly or completely cripple receptor signal- Washed in loading buffer and resuspended in loading buffer
ing while maintaining high-affinity binding. Such mutations [(2—4) x 10° cells/mL)] containing 2uM fura-2 AM and
change agonist potency to a degree that is disproportionatdncubated at 37C with occasional mixing. After 40 min,
to their effect on binding affinity. Drawing upon the idea C€lls were pelleted, washed with loading solution, and
that seven-transmembrane proteins may adopt mummeresuspendgd in Ringers solution ak 1L0P ceIIs/mI__. Loadlng _
conformational states that are coupled to different postre- buffer consisted of Hanks’ balanced salts solution containing
ceptor pathways, we also investigated whether some of thel0© MM HEPES, pH 7.0, and 3 mM dextrose. Ringers
mutants could selectively stimulate some signaling pathways Solution contains 154 mM NaCl, 5.5 mM KCI, 2 mM Ca(l
but not others. This would imply that it is possible to design 0-1 MM MgCh, 100 mM HEPES, pH 7.3, and 24M
ligands that lock the receptor in particular conformations Sulfinpyrazone. _
that either activate or inhibit specific signaling path-  Individual aliquots of 1x 10° cells in 2.0 mL were
ways. We believe these studies provide new, fundamentalPréwarmed at 37C and then transferred to a quartz cuvette
information regarding chemokine signal transduction and in @ 37 °C water-jacketed cuvette holder with a magnetic
should contribute to the design of novel chemokine antago- stirrer. Proteins to be tested were premixed and added to

nists. the cuvette after a stable baseline was obtained. The samples
were excited at 340 and 380 nm, and 505 nm fluorescence
MATERIALS AND METHODS was monitored in a CM1T11I Spex spectrofluorometer. The

data were collected at 0.5 s intervals. Maximal fluorescence

Choice of Residues for MutagenesResidues were  was obtained by lysing the cells with 0.03% Triton X-100,
targeted for mutation if the fraction of solvent-accessible and minimal fluorescence was obtained after addition of 6
surface area exceeded 33%. Calculations were performednM EGTA and 100 mM Tris base. The ratio of the
within the program GRASP 1.148) using a 1.4 A probe  fluorescence excited at 340 nm versus that at 380 nm was
radius. The maximum solvent-accessible surface area forysed to calculate the calcium concentratiofB)( The
each amino acid was estimated by utilizing GGXGG model integrated total calcium content of the cells 82 s after addition
peptides. The C-terminal residues from 59 to 76 were not of the test protein was used as a measure of protein efficacy.
mutated because others have shown that they are not involved Receptor Signaling Measured by Inhibition of Adenylate
in interactions with the recepto#{). Cyclase: Direct Determination of [CAMPPirect determi-

Preparation of MCP-1 MutantsGene construction, ex- nation of [cCAMP] was done in HEK-293 cells stably
pression, and purification of WT and mutant MCP-1 was expressing CCR2 prepared as described above for the CCR2-
done as previously reported4). The purity and composition ~ CHL cells. HEK-293-CCR2 cells were grown to confluence
of all proteins was carefully characterized. Molecular massesin Ham’s F-12 medium containing 10% fetal bovine serum
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(FBS), 30ug/mL penicillin, 30ug/mL streptomycin, and 250  The cells were incubatedifé h at 37°C. Subsequently the
ug/mL G-418. The cells were washed with phosphate- cells were washed with PBS. Luclite luciferase substrate
buffered saline (PBS) and incubated for 45 min at°g€7 mixture (Packard Instruments, Downers Grove, IL) diluted
with Ham’'s F-12 medium containing 04M adenine and  1:1 with PBS was added to each well and the plates were
50uCi of [2,8-*H]adenine (740 GB¢1.48 TBg/mmol, New read immediately in a 96-well format scintillation counter
England Life Science, Bedford, MA). The cells were (Top Count, Packard Instruments, Downers Grove, IL) set
harvested by treatment with trypstEDTA (0.01 mg/L and for the detection of Luclite as per the manufacturer's
0.011 mM) in C&"/Mg?*-free PBS for 5 min at 37C and instructions. A typical dilution curve consisted of 16 points,
centrifugation at 84€. The cells were washed once and each in triplicate. The standard deviation of each data point
resuspended at % 10° cells/mL in prewarmed 37C Krebs is about 10%.
buffer containing 1 mM isobutyl methylxanthine (IBMX). ChemotaxisThe THP-1-4X line was selected for these
The assay was performed in 96-well 1.2 mL polypropylene studies by repetitive culture and reselection of cells that
round-bottom plates by combining the following to a final passed through chemotaxis filters with MCP-1 as the
volume of 0.55 mL: 35 000 cells, 0.5 mM forskolin, MCP  chemoattractant. Thus, THP-1-4X have enhanced chemotaxis
or mutant MCP, and Krebs buffer containing 1 mM IBMX. toward MCP-1 as compared to their ATCC provided parent
Samples were incubated for 15 min at 7. The reactions  (ATCC TIB-202). The cells were grown in RPMI1640
were terminated by adding 50 of cold 20% perchloric medium (Gibco/BRL, Gaithersburg, MD) containing 10%
acid, incubating at 4C for 10 min, and neutralizing with  fetal calf serum and 5,8M 2-mercaptoethanol. Immediately
185uL of 1 M KOH. The protein precipitate was cleared prior to the assay, the cells were harvested by centrifugation,
by centrifugation at 85§for 15 min. The supernatant (500 washed twice in RBH, and resuspended in RBH at 40°
uL) was then transferred to a dry 1.3 g acidic alumina cells/mL. RBH is RPMI1640 with 1 mg/mL BSA and 10
(activity grade I) column. The columns were washed twice mM HEPES, pH 7.4. The assay was performed in a
with 4 mL of 0.005 M HCI followed by 2 mL of 0.1 M chemotaxis apparatus (Neuro Probe, Inc, Cabin John, MD)
ammonium acetate. The cAMP was eluted with 3 mL of 0.1 equipped with a 96-well fluorescence view plate in the
M ammonium acetate into scintillation vials containing 20 bottom chamber. To each well, 4@ of RBH containing
mL of Beckman Ready Gel scintillation fluid (Beckman, Palo various concentrations of chemokine was added, and the view
Alto, CA) and the radioactive content was measured. plate was fitted with a polycarbonate filter (pore size and
Measurement of the Inhibition of Adenylate Cyclase by thickness= 8 um). A suspension of THP-1-4X cells (100
cAMP-Dependent Luciferase Expressidm create CHO-  uL, 4 x 10P/well) was then added to the top chamber. The
K1-CCR2b-cAMP-Luc-neo-22, CHEK1 cells were simul- chemotaxis apparatus was incubated at@7or 1 h. Cells
taneously cotransfected with a reporter plasmid, the CCR2bremaining in the top chamber were then discarded, the top
receptor-encoding plasmid MCP1b-7 consisting of the CCR2b surface of the filter was washed free of cells, and the plate
receptor cDNA in pSW1044@, 49), and pcDNA3.# neo and filter were centrifuged at 580for 1 min. A 200 uL
vector (Invitrogen, Carlsbad, CA). In the transfection, a 5:5:1 aliquot of liquid was removed from each well, followed by
ratio of reporter, receptor, and neo marker plasmids was usedthe addition of 15Q:L of 4 mM propidium iodide in a 0.1%
The reporter plasmid was derived from pXP30) and aqueous solution of Triton X-100. After incubation for at
consists of a cCAMP response element enhancer, a synthetideast 1 h, plate fluorescence was read in a Millipore Cyto23
pentameric CREB binding enhancer from VIP, and a human reader with excitation and emission wavelengths of 530 and
glycoprotein hormonenx-subunit promoter attached %o 590 nm, respectively.
luciferase cDNA §1, 52). The sequence of the enhancerand  Statistical Significance of Datalhe data were analyzed
promoter region have been deposited in GenBank underfor statistical significance by the use of meafywr plCso.
accession number AF047543 (A.P.-T. and A.K., unpublished Significance is indicated in Table 1 by footnote& < 0.01,
results). The enhancepromoter DNA was inserted in pXP1  highly signicant) ana (p < 0.001, significant). The use of
between theBanHl and Hindlll sites. After the triple pKq and plGo is justified by our examination of the
transfection and clone isolation, a single clone, neo-22, wasdistribution of 441 determinations &% for the WT molecule.
selected. Selection was based on strong stimulation of The data are log-normally distributed, as expected from the
luciferase activity by forskolin, low unstimulated luciferase ratio definition ofKq. Although we have reported the data
expression, and strong inhibition of forskolin-stimulated in a traditional format (nanomolar plus or minus a standard
luciferase activity by treatment with MCP-1. These cells were deviation), the readers should evaluate the significance of
routinely passaged in Ham's F12 medium containing 10% the data by recognizing that this format represents binding
FBS and 25Qug/mL G-418. Sixteen to twenty hours prior and function parameters as nonlogarithmic numbers. Since
to an experiment, the cells were split into 96-well white tissue equilibrium constants and related parameters are continuous
culture plates with 10QuL of Ham’s F12 medium with numbers with no meaning for zero, conversionkgfs to
phenol red omitted (Gibco/BRL, Gaithersburg, MD) and 10% logarithms (fKg or plCso, etc.) would more accurately
FBS with G418 omitted. Dynatech flat-bottom W MicroliFB  represent the accuracy of the data. For example, the reporting
plates were used since they provide lower room light- of data in molar format suggests thakaof 1 nM £+ 1 nM
stimulated autofluorescence than similar plates from other has zero as part of its range. In fact if the data were reported

manufacturers. The plates were seeded at-85 x 10° in their more natural logarithmic form the value would be
cells/well and incubated overnight at 3C. To begin an accurately reported akp = 9.0 + 0.43 63).
experiment, the medium was replaced withy@0of medium Complete Database of ResuliEhis paper describes the

containing the test protein, 0/8M forskolin, 1% DMSO, affinity and signaling ability of 58 point mutants as assessed
and Ham'’s F12 medium (no phenol red) containing 5% FBS. in two different binding assays, two assays of cAMP
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Ficure 1: Representative dosgeesponse curves for the four assays of receptor signaling. (A) Inhibition of forskolin-stimulated cAMP
synthesis as measured by the cAMP responsive luciferase reporter assay. (B) Inhibition of forskolin-stimulated cAMP synthesis as measured
by direct cAMP gquantitation. (C) Stimulation of cytosolic calcium influx. (D) Stimulation of chemotaxis. For the cAMP assays each curve

is representative of at least two and up to 441 curves performed on separate occasions; each data point is the mean of triplicate measurements
with a standard deviation of-510%. The cytosolic calcium data points are the mean of up to 21 repetitions for WT MCP-1 and two for
Y13A*. A single concentratiorrresponse curve was constructed for7\. The standard deviation of each data point is approximately

30%. The chemotaxis curves are representative single curves of data collecteti®oczasions; each data point is the mean of quadruplicate

data points with the standard deviation as shown.

6 Tomiioss D3A+I5A+N6A (making residues -37 alanine) showed
r “ only a 2.4-4.9-fold loss in affinity and a 244.5-fold

7 reduction in C&" influx, cAMP inhibition, and chemotaxis
(Figure 3, Table 1). Efficacy in these assays was also similar
to WT except for a slight decrease relative to WT in the
chemotaxis assay (Figure 1D). Thus the changes in signaling
for these mutants were not statistically different from changes
in binding affinity (Figure 4, Table 1). This contrasts with
[1+9—76]hMCP-1, where binding and signaling are com-
pletely uncorrelated (Figure 4). Thus, although the N-
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Ficure 2: Correlation between ability of various mutants to inhibit nature_of the Sl.de chains appe?“s to be most important.
forskolin stimulated adenylate cyclase as measured by two different Exceptions to this are mutants with more extreme changes
assays: direct CAMP quantitation and luciferase expression. of Val and Thr to Glu. These mutants, VOE and T10E, have
demonstrated the importance of three N-terminal residues,IOWer affinities than the cor_responding alanine mutgtions and
collectively referred to as the ELR motif, on binding and 'OV_Ver potency in the cychc_AM_P a_nd c_hemo_taX|s assays
signaling. To determine if specific residues in the N-terminus (F_|gure 3). Howe_ver,_ re_duct|o_n_|n s!gqallng still correlates
of MCP-1 were also crucial for signaling, we individually with _the changes |n.b|nd|ng affinity, similar to the N-terminal
mutated residues-3L0 to alanine. Surprisingly, none of these 2/anine mutants (Figure 4).

mutations, D3A, I5A, N6A, P8A, VIA, and VIATI0A, Helical Secondary Structure in the N-Terminus Is Not
had more than a 2.5-fold reduction in binding affinity. Critical for Receptor SignalingThe crystal structure of
Likewise, they showed no more than a 7.7- and 4-fold MCP-1 (4) revealed a single turn ofighelix from P2 to
reduction in the potency of cAMP inhibition and chemo- N6 in the N-terminus of MCP-1. In the solution structure
taxis, respectively (Figure 3). Even a triple mutant of determined by NMR, this helix was only transiently formed
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Ficure 3: Stimulation of various postreceptor pathways by MCP-1 mutants. Shown is the ratio of iytB@k,, or ICs versus the value

for WT. (A) Inhibition of forskolin-stimulated cAMP synthesis as measured by direct cCAMP quantitation. The data shown are mean ratios
of experiments performed on from 2 to 25 different days. (B) Inhibition of forskolin-stimulated cAMP synthesis as measured by a cCAMP-
responsive luciferase reporter assay. The data shown are the mean ratios of experiments performed on from 2 to 14 different days. (C)
Stimulation of cytosolic calcium influx in THP-14X cells. The data are the mean ratios of experiments performed on from 2 to 19
different days. Note that [£9—76] did not stimulate calcium influx even at 2(/. (D) Stimulation of chemotaxis of THP-1-4X cells.

The data are the mean ratios of experiments performed on from 2 to 16 different days. Note that Y13A*and@§l did not stimulate
chemotaxis at 10@M and 10uM, respectively.

(55). To probe the importance of secondary structure in this In addition to being an agonist of adenylate cyclase, Y13A
region of the protein, an ISP mutant was constructed with also stimulates cytosolic calcium influx with an E©f 153
the expectation that it would disrupt helix formation. This nM, 45-fold less than WT (Table 1, Figure 1C). We note
mutation reduced binding affinity by only a factor of 1.8 that Y13A is either 46-50% less efficacious than WT or
(Hemmerich et al., submitted for publication). It also reduced the estimate of E§ could be up to 5-fold lower than the
potency in the cAMP assays by 4.7.4-fold and in the actual value because of our inability to reach saturation.
chemotaxis assay by 5.3-fold (Figure 3), levels that are However, even with this caveat, the reduction in binding
statistically similar to the changes in binding (Figure 4). This affinity also seems to fully account for the reduction in
suggests that helical secondary structure in the N-terminus,calcium flux potency (Figure 4C).
like residue identity, is not likely to be important for binding In contrast to the agonist effects on cAMP and calcium,
or signaling. Y13A does not stimulate chemotaxis even at concentrations
Y13 Is an Agonist of cAMP Inhibition and Calcium Influx of 100uM (Figure 1D, Table 1). This concentration is 30 000
but an Antagonist of Chemotaxidf all the mutants, Y13A  times the binding affinity of Y13A for CCR2 on THP-1 cells
showed the largest reduction in binding: 95-fold on THP-1 and 1300 times the Egpredicted from the correlation shown
cells and 160-fold on CCR2-CHL cells (Table 1). In addition, in Figure 4D. The observation that Y13A is a potent agonist
Y13A reduced cAMP inhibition potency by a factor of 300  of at least two other postreceptor signaling pathways makes
740 (Table 1, Figure 1A,B). These alterations in ability to the lack of chemotaxis quite surprising.
inhibit adenylate cyclase are contained within the 95% Y13 can be changed to leucine (Y13L), tryptophan
confidence interval correlating binding affinity with adenylate (Y13W), and phenylalanine (Y13F) with no alteration in
cyclase activity (Figure 4A,B). Thus loss of binding affinity  ability to inhibit adenylate cyclase or stimulate chemotaxis
adequately explains reduction in adenylate cyclase inhibition. that are disproportionate to the loss in binding affinity (Figure
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repeated 3 times. (B) Inhibition by 19—76] and Y13A* of chemotaxis stimulated by 3 nM MCP-1. Shown is the mean of quadruplicate
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3). These data, combined with results from Beall et4) ( disulfide bond between C11 and C36. Of these, K35A
that show small reductions in binding affinity for a Y13l showed the largest effects on binding and signaling. This
mutant, indicate that any large hydrophobic residue can bewas significantly amplified by mutation to Glu, indicating
substituted at this position, but small hydrophobics residuesthat K35 may interact with a negatively charge residue in
cause a significant loss of signaling ability. the receptor §2). Mutation of K38 to Glu only reduced

Additional Important Residues Are in the Core Domain binding by an additional factor of 23, indicating it is
of MCP-1.Other residues also showed effects on signaling; Probably not involved in a salt bridge.
however, they are all proportional to changes in binding  Two additional charged residues also affected binding and
affinity (Figure 3). This includes K35, P37, and K38, which signaling. R24A has the second largest effect on binding
are held in close proximity to the N-terminus by virtue of a affinity (28—35-fold), only surpassed by Y13A (Figure 3,
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Ficure 6: CPK representation of the solution structure of MCP-1
(55) showing the location of residues that affect signaling. Mutations
that cripple signaling are shown in red: Y13A* andH3—76].
Mutations that affect signaling to an extent correlated with binding
affinity are shown in blue: R24, K35A, P37A, K38A, and K49.

Table 1). Similar reductions in activity were observed in all
signaling assays. Like K35, this residue may make an
important ion-pair interaction with CCR2 since mutation to
Glu caused a 30650-fold additional loss of affinity§2). K49
also provides a critical contact with the receptor since
mutation caused a 415-fold loss in binding and similar
losses in signaling potency (Figure 3, Table 1).

Jarnagin et al.

at the extremes of the 35 A groove. We also examined, by
replacement and truncation, the contribution of the amino
terminus to binding since previous work had suggested that
this region was critical for agonisn38, 40, 41). Importantly,

we demonstrated by NMR that none of the mutations
perturbed the structure of the protein, so we could confidently
conclude from the data that these residues are involved in
direct interactions with the receptor. In the present study,
we analyzed the effect of these mutations on receptor
signaling.

Sequence Dependence of Signalivgst of mutations that
affect binding showed correlated changes in receptor activa-
tion as measured in all three signaling pathways, i.e.,
signaling-competent mutations. These include mutations of
R24, K49, K35, and K38 and individual mutations of
residues in the N-terminus. Very different behavior was
observed with two other mutants (Y13A andH3—76]
MCP-1). These proteins (signaling-crippled mutants) ef-
ficiently bind CCR2 but are unable to stimulate some of the
signaling pathways.

As previously reported and reproduced by usi9176]-
MCP-1 has mildly reduced binding affinity but no capacity
to stimulate calcium influx or chemotaxis. Thus the presence
of the amino terminus appears to be an active trigger for
these downstream signaling events. Our data also reveal
additional details about the role of these residues: Mutation
rather than truncation of the amino termind§;(this work)
indicates that the nature of the protein sequence in positions
3—10 has little influence on the ability to signal through the
three pathways investigated here. Gong and Clark-Let@s (
also showed that residue 1 (pyroglutamate in WT) can be
substituted with any of five different acidic and hydrophobic
amino acids with little effect on signal transduction. These

In summary, these studies have identified two classes ofresults are surprising, given that removal of the N-terminus
MCP-1 mutants. Members of one class, which contains theyields a protein that is unable to stimulate chemotaxis and

majority of mutants, have altered signaling capacity to an
extent commensurate with alterations in binding affinity.
Members of the second group, which includes-§t-76]-
MCP and Y13A, have reduced but nonetheless high affinity
for CCR2 but are completely crippled in their ability to
stimulate one or more signaling pathways (thereby defining

calcium. The requirement for thgghelix, observed in the
crystal structure of MCP-1, also does not seem to be crucial
since introduction of a proline in the middle of the helix
does not impair binding or signaling. The low stringency in
the sequence requirements for binding and signaling of
MCP-1 suggests that interactions between the amino terminus

them as active triggering residues). Figure 6 summarizesof MCP-1 and the receptor may involve primarily backbone
many of these observations by mapping the location of the atoms. It also contrasts with other chemokine receptor
two residue classes onto the three-dimensional structure ofsystems that have strong sequence requirements. For ex-

MCP-1. The striking feature of this figure is the clear
segregation of residues involved in active triggering to the
N-terminus (residues-113), the clustering of the rest of the

ample, in interleukin IL-8, replacement of E4, L5, or R6 by
Ala results in a large reduction in both binding (30000-
fold for individual replacements) and loss of calcium

mutants to the core domain of the protein, and the presencesignaling 66). Likewise alanine replacement of P2 in

of two distinct regions separated by 385 A that are

RANTES results in a 5000-fold change in binding to CCR5

necessary for binding and signaling. These results furtherand loss of ability to stimulate calcium influ67).

support and refine the concept of a two-site model for the
interaction of chemokines with their receptors.

DISCUSSION

Since the length of the N-terminus is important, it was
not surprising to find that the addition of extra residues also
affects binding and signaling. Extension by an alanine ([Ala]-
MCP-1) @0) or methionine ([Met]-MCP-1)&2) reduces the
binding affinity for CCR2 on THP-1 cells by 119-fold and

To understand how MCP-1 binds and activates its receptor, 95-fold, respectively. These mutants and acetyl-MCP-1 also
we initiated a mutagenesis study of all surface-exposed show an approximately 300-fold loss of chemotactic potency

residues. In previous work, we identified a long hydrophobic
groove on the surface of MCP-1, bounded by five key

(40; this work). However, in contrast to 19—76] MCP-1,
the reduction in agonist potency correlates well with reduc-

residues that are responsible for approximately 50% of the tion in binding affinity. Again, this is unlike results reported

14.3 kcal mot? binding affinity (82). These residues, Y13,
R24, K49, K35, and K38, define two primarily basic patches

for other chemokines. For RANTES, extension by Met (Met-
RANTES) (68) or chemical modification of the N-terminus



MCP-1 Residues Involved in CCR2 Receptor Signaling Biochemistry, Vol. 38, No. 49, 19996175

to form (aminooxy)pentane RANTES (AOP-RANTESE] How does this happen? It has been suggested that G
results in receptor antagonists that bind with high affinity protein-coupled receptors can assume several different “ac-
but do not induce chemotaxis. tive” conformations depending on the ligand, and this

In summary, the data suggest that affinity alone is determines in part which particular pathways they activate
insufficient for signal transduction and that the length of the (76—79). This multiconformation hypothesis offers a plau-
amino terminus is the most important structural feature for sible explanation for our data. We suggest that specific
agonism of calcium and chemotaxis of MCP-1. We also note molecular features of MCP-1 are required to induce different
that truncation variants of many chemokines have been conformations that couple into distinct postreceptor pathways.
isolated from natural source§(, 61), suggesting that the  The core domain alone (i.e., fB—76]MCP) is able to
sensitivity to the length of the N-terminus may be of general activate G liberating Sy subunits from the heterotrimeric
importance for regulation. For some chemokines, truncation complex; however, without the N-terminal trigger it cannot
increases activity; for others, it decreases activgg) (or drive the formation of a conformation that activates calcium
changes cell specificityg@). Viruses also produce truncation influx. Y13A, on the other hand, is able to induce a
variants 64), presumably to alter or inhibit signaling and conformation that activates both énd the calcium-related
promote viral pathogenesi§y). pathways. However, like ft9—76]MCP, it cannot induce

Implications for CCR2 SignalingOne of the most aconformation that stimulates all the components necessary
interesting findings about [#9—76] MCP-1 is that although ~ for chemotaxis. Amino-terminal derivatives of RANTES
it functions as an antagonist of chemotaxis and calcium, it must selectively activate some pathways and not others.
is able to stimulate inhibition of adenylate cyclase. By AOP-RANTES, for example, is unable to stimulate chemo-
comparison, Y13A is also unable to stimulate chemotaxis, taxis but is able to promote agonist-dependent receptor
but it can promote both calcium influx and adenylate cyclase internalization §0). Finally, it is also possible that certain
inhibition. The question then remains, what G-proteins and viral chemokines §1) have minor sequence modifications
signaling pathways are necessary and sufficient for chemo-such as Y13A that eliminate their ability to signal through
taxis to occur? Adenylate cyclase inhibition and calcium some of the pathways required for chemotaxis, since many
influx are abolished by pertussis toxin (PTX) implicating do not have obvious N-terminal truncations to explain their
the Gy class of G proteins66—68). Since PTX treatment  antagonism. One could even imagine a related scenario where
also inhibits chemotaxis, this suggests thaa@&ivation is they activate some signaling pathways that enhance viral
required for chemotaxis. However, the data on Y13A and propagation but not others that would lead to chemotaxis
[1+9—76] suggest that it is not sufficient. In addition, since and stimulation of the immune response. It is interesting to
[14+9—76] inhibits cyclase but does not stimulate calcium contrast these signaling-crippled mutants with the other class,
influx, calcium must require coupling to something in which in some cases (R24A) have substantially reduced
addition to G or the releaseq3y subunits. Thus, other  affinity but can still couple into the full repertoire of signaling
G-proteins and downstream signaling molecules must bepathways required for chemotaxis. The nature of the con-
involved. In transfected COS cells, CCR2 couples {@@d formational changes that stimulate particular pathways will
Gisas well as (69). In primary monocytes and transfected surely be the subject of further investigation, and our MCP-1
CHO cells, MCP-1 binding stimulates a MAP kinase mutants provide important reagents for such studies.
pathway, probably through {5(70). Since MAP kinase
activation and chemotaxis are blocked by the inhibitor REFERENCES
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