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ABSTRACT: The reported structures of many CC chemokines show a conserved dimer interface along their
N-terminal region, raising the possibility that the quaternary arrangement of these small immune proteins
might influence their function. We have produced and analyzed several mutants of MIP-1â having a
range of dimerKd values in order to determine the significance of dimerization in receptor binding and
cellular activation. NMR and analytical ultracentrifugation were used to analyze the oligomeric state of
the mutants. Functional relevance was determined by receptor binding affinity and the ability to invoke
intracellular calcium release from CHO cells transfected with the MIP-1â receptor CCR5. The monomeric
N-terminally truncated mutant MIP(9) was able to bind the CCR5 receptor with aKi of 600 pM but
displayed weak agonistic properties, while the monomeric mutant P8A still retained the ability to tightly
bind (Ki ) 480 pM) and to activate (EC50 ) 12 nM) the receptor. These data suggest that the MIP-1â
dimer is not required for CCR5 binding or activation. In addition, we identified Phe13, the residue
immediately following the conserved CC motif in MIP-1â, as a key determinant for binding to CCR5.
Replacement of Phe13 by Tyr, Leu, Lys, and Ala showed the aromatic side chain to be important for both
binding to CCR5 and chemokine dimerization.

Chemokines are small, secreted proteins involved in the
recruitment and activation of lymphocytes and phagocytes
during the inflammatory response. They have been implicated
in the progression and modulation of a variety of im-
munological diseases such as arteriosclerosis, rheumatoid
arthritis, and more recently AIDS (for reviews, see refs2-6).
The chemokine superfamily includes more than 40 proteins,
categorized into two major subfamilies (CC and CXC) and
two minor subfamilies (CX3C and C) based on their
conserved N-terminal cysteine patterns (3).

High-resolution structures have been reported for several
chemokines from the various subfamilies, revealing a
conserved monomeric subunit fold for these proteins (7-
16). The conserved Cys motif is preceded by a disordered
N-terminal region of low sequence identity and is followed
by a fold that is similar among chemokines, composed of
three antiparallelâ-strands and a C-terminalR-helix. In all
cases studied, the N-terminal region of the chemokine is

crucial for activity (17-21). Almost all chemokine structures
reveal a dimer, although recently some monomers have been
reported (14, 16, 22-24). Interestingly, the quaternary
structure that has been observed shows a different pattern
of self-association between the CC and CXC subfamilies.
Dimerization of CC chemokines occurs along their N-termini
such that this region becomes buried in an antiparallelâ
sheet. In contrast, the CXC chemokines interact via theâ1
strand, placing the dimer interface on the other side of the
structurally conservedâ sheet from the N-terminus and
leaving the N-terminal region highly solvent exposed.

The different dimer types observed for CC and CXC
chemokines, along with the observation that the two sub-
families bind to completely different receptors, has led to
the question of whether the dimer is a structurally important
unit for chemokine action. Several experiments have ad-
dressed this question for the CXC chemokine IL-8,1 which
imply an active monomer for IL-8 (25), but do not rule out
a role for the dimer (26). The question of dimer versus
monomer is more complicated when considering the CC
chemokines, because the dimer interface directly involves
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the N-terminus, which is itself crucial for activity. Therefore,
experiments that involve mutating dimer interface residues
may affect function either because the dimer is important
for receptor activation or because the mutated residues
themselves are important for function. For instance, N-
terminally truncated CC chemokines have been reported to
have dramatically altered function, often acting as receptor
antagonists (17, 19, 20). It is likely that many of these mutant
chemokines are monomers (1), although it had not been
determined whether the monomeric structure caused the loss
of activity. While several dimer dissociation constants have
been reported to be significantly higher than the nanomolar
biological concentrations of these CC chemokines: 35µM
for RANTES (15) and 33µM for MCP-1 (27), the MCP-1
dimer dissociation constant has been reported by others to
be 500 nM (28). Since cross-linked MCP-1 dimers have been
shown to be active, some have argued in favor of an active
MCP-1 dimer (29). However, the MCP-1 monomer, made
by the Pro8Ala mutation, possesses full activity on the
receptor CCR2b (28).

While most data suggest a role for the chemokine
monomer, the idea of dimerization or aggregation influencing
function cannot be dismissed. Chemokines interact with
glycosaminoglycans on the cell surface and these sugars have
been reported to enhance local chemokine concentrations,
which may increase the degree of multimerization (30). It
has been reported that heparin causes aggregation of several
types of chemokines and also that the presence of cell surface
sugars is necessary for the full anti-HIV action of RANTES
(31). Therefore, it is likely that the cell surface concentration
of chemokines is significantly higher than that found
circulating in the blood, making quaternary structure more
relevant than the dimer dissociation constants obtained in
solution might predict.

To assess the role of dimerization in binding and signaling,
we generated several mutants of MIP-1â, which we predicted
to lack the propensity to dimerize along the N-terminal
interface. Nuclear magnetic resonance (NMR) and analytical
ultracentrifugation were used to assess the dimer dissociation
constant of each mutant, and then each mutant’s ability to
bind to and promote calcium release from CHO cells
transfected with CCR5 was tested.

MATERIALS AND METHODS

Protein Production and Purification.The gene for MIP-
1â was a gift from W. Leonard. The mutants were subcloned
into the Novagen (Milwaukee, WI) pET-32-LIC/Xa or pET-
21 plasmid according to the protocol from Novagen.
However, alterations were made to pET-32-LIC (removal
of the gene for the thioredoxin fusion peptide) to obtain a
vector suitable for expression and purification of the proteins.
Wild-type and all point mutants were expressed in the pET-
32 vector and contained no N-terminal modification. The
DNA for MIP(7) and MIP(8) were subcloned into pET-21d,
which resulted in an N-terminal Met-Ala and a C-terminal
His tag. MIP(9) was constructed with an N-terminal Met
and both with and without a C-terminal His tag. The
functional results obtained from the protein resulting from
both MIP(9) constructs were identical. Electrospray mass
spectrometry produced values consistent with the N-terminal

Met having been removed from MIP(9). Point mutants were
created using the QuikChange (Stratagene, La Jolla, CA)
method, and all constructs were confirmed to be correct by
DNA sequencing. The plasmids were transfected into BL21-
(DE3) cells (Novagen) and the protein produced and purified
as described previously (1), using a modified procedure from
Kuna et al. to refold each mutant (32). Factor Xa (Novagen)
was added to the appropriate samples, and proteolysis was
allowed to proceed for several days. The digested fragments
were separated using the C4 column and lyophilized. For
NMR analysis, the lyophilized protein was taken up in 20
mM sodium phosphate buffer (pH 2.5) with or without the
addition of 150 mM NaCl. In addition, 5% D2O (Isotech,
Miamisburg, OH) was added. For15N relaxation studies, the
concentrations of protein of F13A and P8A were 0.6 and
1.0 mM, respectively. For analytical ultracentrifugation, the
dry powder was taken up in 20 mM trifluoroacetate (pH 2.5)
and 150 mM NaCl and dialyzed overnight in 3500 MW
Slide-A-Lyzer Mini Dialysis Units (Pierce, Rockford, IL)
against 2 L of the same buffer. Buffer was taken from the
last 2 L solution and used in the reference cell in the
centrifuge. Protein concentrations were calculated based on
their UV absorbance at 280 nm, and sample purity was
judged to be greater than 95% by SDS-PAGE, MALDI
mass spectrometry, or both (data not shown). Each mutation
produced a folded protein as judged by15N HSQC spectra
(sample spectra shown in Figure 1).

Cell Culture. A CHO-K1 cell line coexpressing CCR5,
GR16, and apoaequorin was described previously (33) and
used for binding and functional assays. These cells were
cultured using HAM’s F12 medium supplemented with 10%
fetal calf serum (Life Technologies), 100 units/mL penicillin,
100 µg/mL streptomycin (Life Technologies), 250µg/mL
Zeocin (Invitrogen, Carlsbad, CA), and 400µg/mL G418
(Life Technologies).

[ 125I]MIP-1â Binding Assays.CCR5 expressing CHO-K1
cells were collected from plates with Ca2+- and Mg2+-free
PBS supplemented with 5 mM EDTA, gently pelleted for 2
min at 1000g, and resuspended in binding buffer (50 mM
Hepes, pH 7.4, 1 mM CaCl2, 5 mM MgCl2, and 0.5% BSA).
Competition binding assays were performed in Minisorb
tubes (Nunc), using 0.08 nM [125I]MIP-1â (2200 Ci/mmol,
New England Nuclear, Cambridge, MA) as tracer, variable
concentrations of competitors, and 40 000 cells in a final
volume of 0.1 mL. The lyophilized chemokines were
dissolved as 10 mM solutions in sterile phosphate-buffered
saline (PBS) and stored at-20 °C in aliquots. They were
diluted to the working concentrations immediately before use.
Total binding was measured in the absence of competitor,
and nonspecific binding was measured with a 100-fold excess
of unlabeled MIP-1â. Samples were incubated for 90 min
at 27 °C, then bound tracer was separated by filtration
through GF/B filters presoaked in 1% BSA. Filters were
counted in aâ-scintillation counter. Binding parameters were
determined with the PRISM software (Graphpad Software)
using nonlinear regression applied to a single site competition
model.

Calcium Release Assays.Functional response to chemo-
kines was analyzed by measuring the luminescence of
aequorin as described (33). CCR5, apoaequorin, and GR16

expressing cells were collected from plates with Ca2+- and
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Mg2+-free DMEM supplemented with 5 mM EDTA, pelleted
for 2 min at 1000g, resuspended in DMEM at a density of
5 × 106 cells/mL, and incubated for 2 h in thedark in the
presence of 5µM coelenterazine H (Molecular probes,
Eugene, Oregon). Cells were diluted 7.5-fold before use.
Agonists in a volume of 50µL of DMEM were added to 50
µL of cell suspension (33 000 cells), and luminescence was
measured for 1 min in a EG&G Berthold luminometer. For
assaying antagonistic activities, chemokines were added to
cell suspensions 1 min before measuring the functional
response to 1 nM MIP-1â. EC50 values were determined with
the PRISM software (Graphpad Software) using nonlinear
regression.

NMR.NMR spectra were acquired at 25°C on a Varian
Unity Plus 600 MHz spectrometer equipped with az-shielded
gradient triple resonance probe, with the exception of the
spectrum shown in Figure 1B, which was collected on a
Varian Inova 500 MHz spectrometer equipped with anxyz
gradient penta probe. HSQC spectra were collected with 512*
points in the proton dimension and 128* points in the
nitrogen dimension. A spectral width of 8000 Hz was used
in the1H dimension and 1700.68 Hz for15N (for Figure 1B,
6000 Hz for1H and 1600 Hz for15N). The samples were
placed in Shigemi tubes (Allison Park, PA) and the spectra
referenced relative to DSS (34). T1/T2 ratios were determined
using pulse sequences previously described by Tjandra et
al. (35) and Farrow et al. (36) with 15N delays of 21, 121,
301, 501, 761, 1001, and 1251 ms for theT1 experiment
and 32, 48, 72, 80, 96, 144, 160, and 192 ms for theT2. An
additionalT1 data point at 601 ms was collected for P8A.
Sixteen scans were taken for each time delay, with 128
increments in the second dimension. NOE data were col-
lected with and without a 3 s1H presaturation period, and a
delay of 5 s was incorporated between scans. Thirty-two
scans were acquired with 160 increments in the15N dimen-
sion. Each experiment was collected in randomized order
and in an interleaved fashion to minimize experimental error
due to spectrometer drift. The data were processed using the
programs nmrPipe (37) and seriesTab (F. Delaglio, unpub-

lished results). The reportedT1/T2 ratios include only those
residues having an NOE intensity ofg0.6. Peaks from the
WT spectra were identified based on the high-resolution
NMR structure of MIP-1â (11).

NMR was also used to track the dissociation of the MIP-
1â dimer over a range of protein concentrations. The
following peaks were found to both change position in the
transition from the dimer to the monomer and to be easily
identifiable on the HSQC spectra: T9, C12, T31, S32, C35,
S47, V41, and Q37 Nε. These peak heights in the dimer
spectra could be compared to the peak heights of resonances
that had shifted due to dimer dissociation. We compared the
values calculated from the sedimentation equilibrium data
for mutants F13Y and F13L to a series of HSQC spectra
acquired at various protein concentrations to determine the
viability of this method. From this analysis, it became clear
that we could use relative peak intensities to approximate
Kd values that fall in the micromolar range with a reasonable
amount of certainty. While the exchange rate of the amides
could differ between the two states and produce peak
intensities that cannot quantitatively be compared, amide
exchange rates are minimal at the low pH at which we
measure the spectra. The values for mutants L34A and T9D
and for the N-terminally truncated mutants MIP(7) and MIP-
(8) were estimated in this manner, while theKd of all other
mutants reported were rigorously determined, either by
analytical ultracentrifugation or by15N NMR relaxation
measurements.

Analytical Ultracentrifugation.Sedimentation equilibria
data were collected on a Beckmann XL-A analytical ultra-
centrifuge. Data were collected at 25°C and 25 000, 30 000,
and 42 000 rpm. The protein concentrations used were 330
nM, 1 µM, and 10µM for MIP-1â; 10 and 67µM for F13Y;
and 1, 10, and 155µM for F13L. Samples were monitored
at 280 nm for concentrations ofg10 µM and at 220 nm for
330 nM, 1 µM, and 10µM protein concentrations. These
data were fitted to eq 1 by nonlinear progression analysis
using the program Winnonln, which was obtained from the
National Analytical Centrifugation Facility and is useful for

FIGURE 1: HSQC spectra of wild-type MIP-1â (A) and F13A (B) observed at pH 2.5, 20 mM sodium phosphate buffer. The concentration
of wild-type MIP-1â was 800µM and F13A was 1.2 mM. Peaks enclosed in solid boxes correspond to residues involved in dimerization
that are sensitive to dissociation of the MIP-1â dimer. Peaks representing the monomeric form of the protein are encircled with dashed
ovals.
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both detecting multiple equilibria and estimating the value
of the equilibrium constants from the absorbance data. The
total absorbance (At) for a monomer-dimer system at any
distance (r) from the center of the rotor is defined by the
equation

where

Am(r), Ad(r), and Am,0 represent the monomer and dimer
absorbance at any point in the cell and the smallest value of
r, respectively.K2 is defined byAd/Am. B indicates whether
the macromolecule deviates from ideality. The reduced
molecular weight (σ) is related to the true molecular weight
of the monomer (Mp) by the equation

in which Vbar represents the partial specific volume of the
protein andF the solvent density. The partial specific volume
of the solute was calculated from the amino acid composition
and the known volume (determined from the structure)
divided by the molecular weight, which was adjusted for
the ubiquitous presence of the heavy isotope15N. The other
parameters were determined using the program Sednterp
(obtained from the Boston Biomedical Research Institute
RASMB web site) such that the theoretical values forσ
determined for the monomer at 25K, 30K, and 42K rpm were
0.583, 0.839, and 1.64, respectively. Data sets were com-
posed of experiments run at all three speeds and multiple
concentrations for each protein in an appropriate concentra-
tion range. The data were processed using the program
Winnonln using successive iterations to ensure that the data
collected at various speeds and concentrations converged to
a common value for lnK2. Since the parameter having the
most significant impact on the resultingKd was Am,0, the
values determined from the 42 000 rpm runs for this variable
were used in the global fit for each protein. Values for the
global fits are reported in Table 1. After complete analysis,

the simplest equation to which the data fit was the monomer-
dimer equilibrium model for WT, F13Y, and F13L. The
dimerKd values were calculated from the lnK2 determined
by Winnonln using a molar extinction coefficient of 1.23×
105/M, which was determined from the amino acid composi-
tion using the program Sednterp.

RESULTS

NMR is a useful technique to both quantitatively and
qualitatively determine the oligomeric state of MIP-1â. The
HSQC spectrum of wild-type MIP-1â (Figure 1A) contains
peaks for Thr9 and Cys12 that resonate above 9.5 ppm as a
result of their involvement in the chemokine dimer interface
(Figure 2). We have shown that if the protein is mutated to
favor dimer dissociation, these (and other) peaks no longer
appear in the same region of the spectrum, while new peaks
are visible, making it straightforward to identify the presence
of monomer or dimer in the protein sample (1). All spectra
reported here were collected at pH 2.5, due to the formation
by MIP-1â of large aggregates above pH 3.5 that cannot be
observed by NMR (11). Despite the unusually acidic
conditions under which MIP-1â must be structurally ana-
lyzed, data from other CC chemokines show that the dimer
is retained at higher pH (10). Indeed, it has been found for
RANTES that the dimer is tighter at higher pH values (15),
indicating that for our work with MIP-1â we may be
underestimating the dimer affinity. This pH sensitivity affects
several members of the subfamily (38-40).

We have shown by NMR a gradual decrease in the ability
of MIP-1â to dimerize as more residues were removed from
its N-terminus (1). This can be explained by the loss of
several important intersubunit contacts, as increasing portions
of the N-terminus were removed. The truncated mutants are
named MIP (#), in which # indicates the residue number at
the mutant’s N-terminus. The truncated analogues MIP(7),
MIP(8), and MIP(9) were tested for their ability to induce
intracellular calcium release via CCR5. The results were
generally consistent with the data published for other CC
chemokines (17, 19), showing a decrease in receptor activity
with N-terminal truncations (see Table 1). However, the
results of the binding assays show only a small difference
in the ability of the severely truncated analogue, MIP(9), to

Table 1: DimerKd, EC50, andKi Values for MIP-1â and Mutants

dimerKd (µM)e EC50 (nM)e Ki (nM)

MIP-1â 0.73a 4.0( 1.5 0.39( 0.12
P8A monomerb 12.0( 6.7 0.48( 0.18
T9D 30c 250( 150 54( 35
L34A 10c 4.7( 0.6 0.38( 0.10
F13Y 43a,c 6.8( 3.6 0.46( 0.07
F13L 133a,c 670( 460 77( 42
F13K monomera,c 480 290( 170
F13A monomerb >1000 >1000
MIP(7) 200c 760( 40 ND
MIP(8) 200c 480 ND
MIP(9) monomerb 74 ( 7d 0.60
a DimerKd determined by analytical ultracentrifugation.b DimerKd

determined by NMR relaxation experiments.c DimerKd estimated based
on HSQC spectra.d All truncation mutants tested showed very little
calcium release compared to the wild type protein, particularly MIP(9),
which showed almost no calcium release. The EC50 for this mutant
merely indicates the concentration of chemokine for which half of (very
little) calcium release was measured.e Column 2 shows the EC50 for
calcium release and column 3 shows theKi, where lower numbers
indicate higher affinity for CCR5. ND) not determined.

At ) δA + Am(r) + Ad(r) ) δA + Am(r) + K2Am(r)2 (1)

Am(r) ) Am,0 exp[σ(r2 - r0
2)/2 - 2B∑(At - δA)] (2)

σ ) M(1 - VbarF)ω2/RT (3)

FIGURE 2: (A) The interactions made by residue Phe13 (light) with
amino acids of the other subunit (dark) in the MIP-1â dimer. If
any part of the side chain of Phe13 is within 5 Å of anypart of the
side chain of the amino acid of the other subunit, the entire amino
acid side chain is shown. (B) The interactions made by residue
Pro8 (light) with amino acids of the other subunit (dark) in the
MIP-1â dimer. If any part of the side chain of Pro8 is within 5 Å
of any part of the side chain of the amino acid of the other subunit,
the entire amino acid side chain is shown. Data taken from reference
ref 11.
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interact with the receptor compared to the wild-type protein
(see Table 1). The wild-type MIP-1â binds to CCR5 with a
Ki of 390 pM, and MIP(9) binds with aKi of 600 pM.
Therefore, our data indicate that large deletions at the
N-terminus produce weaker agonists until MIP(9), which
appears as a very weak agonist. To determine whether this
loss of activity is due to composition or quaternary structure,
we set out to design other mutants in addition to N-terminal
truncation mutants that may be monomeric.

Analysis of the MIP-1â structure revealed several possible
sites for disrupting the association without deleting the
N-terminus, based on the number of close intersubunit
contacts observed. The aromatic ring of Phe13 from one
monomer closely interacts with the side chains of Leu34 and
Thr9 from the other (Figure 2A). Accordingly, Phe13 and
Leu34 were separately mutated to Ala. Thr9 was mutated to
Asp, both because the ninth position is near the center of
the hydrophobic dimer interface, making Asp likely to be
quite disruptive due to its charge, and also because the very
similar chemokine vMIP-II has an Asp at this position and
has been shown to be monomeric (22). In an additional
attempt to form a monomer, it was observed that Pro8 makes
numerous interactions across the dimer (Figure 2B), so that
residue was mutated to Ala.

Replacing Phe13 with Ala resulted in a completely
monomeric protein, as shown by15N T1 and T2 relaxation
analysis, which yielded aT1/T2 ratio of 3.92( 0.8 (data not
shown). The average15N T1 value,〈T1〉, was 460( 39 ms,
and the average15N T2 value,〈T2〉, was 122( 23 ms. The
28 residues used to calculate the〈T1/T2〉 were selected based
on having NOE values above 0.6, to minimize the contribu-
tion of residues experiencing slow internal motion. The P8A
mutation also successfully disrupted the dimer interface of
MIP-1â, resulting in a monomeric protein, yielding an
averageT1/T2 ratio of 4.0( 0.45 for peaks with an NOE
intensity of g0.6 (data not shown). Twenty-three residues
were used to calculate the〈T1/T2〉. The 〈T1〉 was 455( 37
ms, and the〈T2〉 was 115( 18 ms.

Relaxation analysis is a well-established way to determine
the overall size of a protein or complex (36, 41) and is
particularly useful in determining the chemokine oligomeric
state (1, 22). TheT1/T2 ratios found for F13A and P8A are
quite similar to that found for the monomeric truncated
mutant MIP(9) [3.1( 0.3 (1)] and to that for the monomeric
chemokine vMIP-II [3.2( 0.3 (22)]. In contrast, wild-type
MIP-1â has an average15N T1/T2 ratio of 8.3 and a
correlation time of 8.6 ns, fully consistent with a protein
dimer (1). On a more qualitative level, the F13A mutant
yields an HSQC spectrum typical of a monomeric MIP-1â,
lacking the distinctive Thr9/Cys12 peaks at 9.7 ppm, and
showing the expected additional peaks encircled by dashed
ovals in Figure 1B.

While the F13A mutant is clearly a monomer even at high
concentration, the mutation of Leu34 and Thr9, both of which
interact with Phe13 in the dimer, did not affect dimer affinity
to such a large extent. The L34A mutation resulted in a
protein with a dimerKd near 10µM as judged by observation
of the HSQC spectra under various conditions, while the T9D
mutation produced a protein with a dimer dissociation
constant estimated to be 30µM.

The activity of these dimer interface mutants on the sole
known MIP-1â receptor, CCR5, is shown in Figure 3A,
where productive receptor interaction is determined by
measuring release of intracellular calcium stores. While the
monomer F13A shows almost no activity on the receptor,
the monomer P8A has an EC50 of 12 nM, a value that is
only moderately reduced from the EC50 of 4.0 nM for the
wild-type protein. The L34A mutation that did not greatly
disrupt the dimer results in a protein that shows an activity
similar to that of the wild-type protein, with an EC50 of 4.7
nM. The T9D mutation resulted in an EC50 of 250 nM.

The binding constant of each of these point mutants is
largely consistent with their ability to promote calcium
release (Figure 3B and Table 1). The monomer F13A binds
CCR5 poorly, having a micromolar or worseKi, whereas
the monomer P8A has an averageKi of 480 pM. The slightly
disrupted dimer L34A binds the CCR5 receptor with aKi of
380 pM, while the T9D mutant binds quite poorly in
comparison at 54 nM.

As the F13A mutation abrogated MIP-1â activity on the
CCR5 receptor, Phe13 was also changed to Tyr, Leu, or Lys
to determine which properties of this residue might influence
receptor interaction. The NMR spectra for these mutants
reveal that any change at this position reduces the inherent
potential of the dimer interface to form, as evidenced by the
presence of peaks indicative of the monomeric species
(Figure 4). The effects seen in the HSQC spectra were
confirmed to be the result of monomer-dimer equilibrium
by sedimentation equilibria experiments in the analytical
ultracentrifuge. From the ultracentrifuge data, the average
dimer dissociation constants were calculated to be 730(
300 nM for MIP-1â, 43 ( 9 µM for F13Y, and 133( 31
µM for F13L (see Figure 5 and Table 1). In addition, the

FIGURE 3: Graphs of CCR5 activity (A) and binding (B) for MIP-
1â and several mutants that affect dimerization. Data has been
normalized so that it is displayed as a percent of maximum
luminescence (A) or binding (B) versus the amount of chemokine
added for each species.
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F13K data fit a single species analysis best, confirming that
it does not form a dimer, even at 150µM protein concentra-
tion.

The Phe13 mutants showed a wide range of activity on
the CCR5 receptor (Figure 6A). Interestingly, the relative
ability of these mutants to dimerize qualitatively corresponds
to their relative ability to bind and activate the CCR5
receptor. As noted above, the monomeric F13A mutation

shows almost no detectable ability to activate the CCR5
receptor, largely due to its inability to bind the receptor. At
the opposite end of the range, the conservative mutation
F13Y shows a clear ability to dimerize (although its dimer
affinity is 60-fold lower than that of the wild-type protein).
This mutation binds and activates the CCR5 receptor at near
wild-type levels, having aKi of 460 pM and an EC50 of 6.8
nM (Figure 6, Table 1). The F13L mutation results in a
substantially weaker dimer, and the CCR5 binding and
activation ability of this mutant is quite reduced (Figure 6B),
with an inhibition constant of 77 nM and EC50 of 670 nM.
Finally, the F13K mutation produced a monomeric protein
as judged by its HSQC and analytical ultracentrifuge data.

FIGURE 4: HSQC spectra of 300µM F13Y (A) and 600µM F13K (B) in 20 mM sodium phosphate, pH 2.5 and 150 mM NaCl. Peaks
enclosed in solid boxes correspond to residues involved in dimerization that are sensitive to dissociation of the MIP-1â dimer. Peaks
representing the monomeric form of the protein are encircled with dashed ovals.

FIGURE 5: Analytical ultracentrifugation. The data in the plot
correspond to the 42 000 rpm scan taken of 67µM F13Y. The raw
data points have been plotted to display the absorbance (A280) of
MIP-1â in solution versus position in the cell at equilibrium,
referenced to the first data point [ú,ú0 are the values forr2/2 at
positionr in the cell and the reference position (first data point)].
The solid line indicates the calculated distribution for the theoretical
total absorbance (Acalc) of the protein and the dashed lines represent
the amounts of monomer and dimer found in solution at equilibrium.
The residuals illustrate how well the data fit the monomer-dimer
model as indicated by the small, random dispersion of the data
about zero.

FIGURE 6: Graphs of CCR5 activity (A) and binding (B) for MIP-
1â and the Phe13 mutants. Data has been normalized so that it is
displayed as a percent of maximum luminescence (A) or binding
(B) versus the amount of chemokine added for each species.
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This mutant’s ability to bind and activate the receptor is
correspondingly worse, with a competition binding constant
of 290 nM and an EC50 of 480 nM for CCR5 activation
(Figure 6).

DISCUSSION

Dimer Mutants.In an effort to determine the relevance of
the MIP-1â dimer to its activity, we tested several mutants
of MIP-1â having varying ability to dimerize. The data show
that removing the N-terminus of MIP-1â drastically reduces
both the ability of the mutant to dimerize and the activity of
the mutant on the receptor CCR5. This may indicate the
importance of dimerization on activity or it may be explained
by the “two-site model” (18, 42). In this model, the
N-terminal amino acids of the chemokine are necessary for
activity, while the N-loop amino acids (residues 12-20) are
necessary for binding (43-45). The dimerization state of the
chemokine is not important in the two-site model.

Despite the lack of receptor activation, the tight binding
of MIP(9) shows that a monomer is sufficient for receptor
binding to occur. To ascertain whether the MIP-1â dimer is
important for receptor activation, mutants were designed such
that the N-terminus of the protein would be largely intact,
but the chemokine dimer would be disrupted. We were
successful in disrupting the MIP-1â dimer with several of
our mutations. F13A and P8A are completely monomeric at
high concentrations, while L34A has a mildly reduced
propensity to dimerize.2 T9D still retains a fairly tight dimer
under the low pH conditions of our structural assays,
although we believe the dimer affinity of this mutant would
be significantly reduced under physiological conditions where
the Asp would be expected to be charged.

This set of mutants displayed a great disparity in their
ability to interact with CCR5 but these differences did not
necessarily correlate to the ability of the chemokine mutants
to dimerize. The L34A mutation produced a moderately
disrupted dimer, yet showed no detectable loss in binding
compared to the wild-type protein, and its ability to activate
the receptor was lowered by only 1.2-fold. The P8A mutant
is fully monomeric even at high concentrations, yet showed
only a moderate loss of activity: it requires 3-fold more P8A
than the wild-type protein to reach 50% of maximum signal,
while the receptor binding ability of P8A is only reduced
by 19%. The F13A mutant shows the most dramatic effect
on receptor interaction. This wholly monomeric mutant is
almost completely unable to bind CCR5 with a correspond-
ingly poor ability to cause receptor activation (see Figure 3
and Table 1). The T9D mutant shows significantly reduced
ability to bind and activate the receptor (a reduction in
activity by 63-fold and a reduction in binding by 140-fold),
although the loss of activity is not as great as for the F13A
mutant (Table 1, Figure 3). This effect is difficult to interpret
structurally, however, because the ionization state of the Asp9
is likely different between the necessary conditions for NMR

structural studies and the functional studies. Overall, the large
difference in dimer affinity observed between wild-type MIP-
1â, L34A, and P8A, all of which are quite competent in both
binding and activating CCR5, also suggests that MIP-1â
interacts with CCR5 as a monomer, producing little direct
evidence to suggest a correlation between dimerization and
CCR5 activity. As previously noted, MIP-1â is soluble only
under acidic conditions at the concentrations required for
determination of dimer dissociation constant, while receptor
assays were carried out under standard conditions of low
protein concentration and physiological pH. This does lead
to the possibility that the dimerKd values determined do
not reflect the dimerKd under the conditions of the activity
assays. However, all of our mutants except T9D involve a
nonionizing amino acid designed to break up largely
hydrophobic interactions, so we believe that the dimerKd

values are qualitatively correct even at physiological condi-
tions. Recently, mutants of several CC chemokines were
reported that disrupt aggregation and may be useful in future
studies (46).

Our results with these dimerization mutants of MIP-1â
are largely consistent with work on other chemokines.
Truncation mutants of both RANTES and MCP-1 have been
shown to retain tight binding to their respective receptors
(17, 19). Similarly, an alanine replacement for an aromatic
residue in the N-loop of both these proteins (F12A in
RANTES and Y13A in MCP-1) showed a significant loss
of binding to the chemokine receptor (20, 28), with the most
pronounced effect being the 5000-fold decrease in the ability
of RANTES to bind CCR5. Finally, in a careful analysis of
several structural mutants of MCP-1, Paavola et al. have
recently concluded that MCP-1 likely binds the receptor
CCR2b as a monomer (28).

Phe13 Mutants.Because the F13A mutation produces such
a dramatic disruption in the ability of the protein to bind the
CCR5 receptor, this amino acid seems to be important in
receptor contact. To assess the impact of F13 on function,
we made a series of mutations, including a conservative
aromatic substitution (F13Y), a large hydrophobic substitu-
tion (F13L), and a charged amino acid replacement (F13K).
Qualitatively for the Phe13 mutants, we find the same trend
in ability to dimerize as in ability to activate or to bind the
CCR5 receptor: for dimer affinity, WT> F13Y > F13L >
F13K g F13A; and for CCR5 binding, WTg F13Y >
F13L > F13K > F13A. Despite this interesting correlation,
the order of magnitude of these effects is not equivalent.
For instance, the F13Y dimer affinity is 60 times worse than
the wild-type dimer affinity, yet the binding affinity for
CCR5 is barely distinguishable, 460( 70 pM for F13Y and
390 ( 120 pM for the wild-type.

Our functional data collected on the Phe13 mutants suggest
that the ability of MIP-1â to bind CCR5 depends heavily
on the side chain located at position 13 (Figure 6). If the
aromatic character is retained, as with the F13Y mutation,
binding is consistent with that of wild-type and function is
diminished by only a small amount. However, when an
aliphatic group occupies this space, as with F13L, receptor
binding decreases by greater than 2 orders of magnitude,
and activity decreases proportionally. Changing to a Lys
yields a protein with a further reduced capacity to bind
CCR5, but putting Ala in this position surprisingly has an
even larger effect on binding, making it the least able of the

2 We have previously demonstrated that increasing ionic strength
improves the ability of the protein to dimerize (1). L34A displays a
5-10-fold weaker dimer affinity than the wild-type protein under low
salt conditions, as observed in HSQC spectra (data not shown).
However, in the presence of 150 mM NaCl, the difference between
L34A and wild-type MIP-1â was difficult to quantitate since the values
are near the limit of detection for this method.
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mutants to interact with the receptor (see Figure 6 and Table
1). The variation in binding ability of our Phe13 mutants
indicates that the aromaticity of Phe13 contributes to its
strength of binding. It is interesting to note that most CC
chemokines have a Phe or Tyr in this position, whereas the
CXC chemokines generally contain a Leu, Ile, or Val at this
position. This disparity may partially explain the lack of
cross-reactivity between chemokines of one subfamily and
receptors of another.

The near loss of the side chain at position 13 (replacement
of Phe with Ala) is significantly worse for receptor associa-
tion than the introduction of additional functional groups into
the binding site, indicating a large pocket on the receptor to
be filled by the chemokine. Additionally, the necessity of
having a Phe or Tyr at position 13 for high activity suggests
that the binding pocket on the CCR5 receptor selectively
accommodates an aromatic side chain. At the very least, this
implies a large flexible hydrophobic pocket in the receptor,
and it may also imply the presence of aromatic amino acids
on CCR5 that contribute to chemokine binding. Epitope
mapping (47) and receptor chimeragenesis (48, 49) have
shown that the second extracellular loop (ECL2) of CCR5
is the primary determinant in ligand binding. This loop is
composed of about 30 residues (168-197), seven of which
are aromatic. Indeed, Tyr-184 is located in ECL2 and was
shown by Drajic et al. (50) to be important for MIP-1â and
RANTES binding. In a more recent study, it was found by
some of us that both aromatic and charged residues on the
CCR5 N-terminus contribute to the binding of chemokines
(51). Therefore, it is possible that the binding determinants
of MIP-1â including Phe13 interact with aromatic residues
in CCR5 at either of these two receptor sites.

Why then do the vast majority of CC chemokines form
dimers? Possibly chemokine dimerization is simply an
artifact of the high concentrations required for structural
determination. It is also possible that the dimer may have a
role in binding cell surface sugars. Chemokines are known
to bind glycosaminoglycans, although the effect of this
binding on activity is not well understood. Heparin has been
shown to aggregate dimer-forming CC and CXC chemokines
but not to aggregate a monomeric variant of IL-8 (30). In
addition, the presence of heparan sulfate was shown to
enhance the anti-HIV activity of RANTES (31). An alterna-
tive possibility is that an (inactive) chemokine dimer may
allow tighter control of local concentrations of (active)
chemokine monomer, although the available evidence only
points to an active monomer and does not speak to the
activity or inactivity of the dimer form.

CONCLUSION

It appears likely that the monomeric form of MIP-1â is
responsible for activation of the CCR5 receptor. Our results
indicate that the residues preceding the conserved CC motif
in MIP-1â are involved in activation of the CCR5 receptor
but do not significantly contribute to receptor binding. We
have identified the Phe13 position in the so-called N-loop
region, as crucial for receptor binding by MIP-1â, and show
that mutations at this position can cause a variance of greater
than 3 orders of magnitude in the ability of the resultant
chemokine to bind the CCR5 receptor. This indicates that
amino acids beyond the N-terminus are responsible for
receptor binding, in support of the “two-site model”.
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