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ABSTRACT: MIP-1â, a member of the chemokine family of proteins, tightly binds the receptor CCR5 as
part of its natural function in the immune response, and in doing so also blocks the ability of many strains
of HIV to enter the cell. The single most important MIP-1â residue known to contribute to its interaction
with the receptor is Phe13, which when mutated reduces the ability of MIP-1â to bind to CCR5 by more
than 1000-fold. To obtain a structural understanding of the dramatic effect of the absence of Phe13 in
MIP-1â, we used multidimensional heteronuclear NMR to determine the three-dimensional structure of
the MIP-1â F13A variant. We had previously shown that, unlike the wild-type protein which has been
shown to be a tight dimer, the F13A mutant is monomeric even at high concentrations [Laurence, J. S.,
Blanpain, C., Burgner, J. W., Parmentier, M., and LiWang, P. J. (2000)Biochemistry 39, 3401-3409],
leading to significant changes in the NMR spectra of F13A and the wild-type protein. We have obtained
a total of 940 structural restraints for MIP-1â F13A, and have calculated a family of structures having a
backbone rmsd from the average of 0.55 Å (residues 12-67). A structural comparison of the F13A mutant
with a fully active monomeric variant, P8A, shows that despite some differences in the1H-15N HSQC
spectra the two are nearly identical in NOE distance restraints and in backbone conformation. A comparison
of F13A with the wild-type protein shows largely the same fold, although differences exist in the N-terminal
and loop regions for which the loss of the dimer in F13A can mainly account. A dynamics comparison
confirms greater flexibility in F13A than in the wild-type protein in regions of dimer contact in the wild-
type protein. In an analysis to determine if the large functional effect resulting from the loss of Phe13 is
due to the local side chain change or due to more global structural changes, we conclude that local effects
predominate. This suggests that a strategy for designing tight binding anti-CCR5 therapeutics should
include a Phe-like component.

Chemokines (chemotactic cytokines) form a family of
small immune system proteins that are involved in neutrophil
and monocyte activation and chemotaxis. The family is
further divided into subfamilies that are named on the basis
of the placement of conserved cysteines at the N-terminus
of the protein. The two largest subfamilies are the CC
(containing two contiguous cysteines) and the CXC (contain-
ing an amino acid between the two conserved cysteines)
subfamilies. Due to their vital role in immune processes such
as inflammation and localization of leukocytes, chemokines
not only are necessary for a functional immune system (1),-
but also have been implicated in a wide variety of disorders
ranging from allergic reactions (2) to viral-induced heart
inflammation (3). In addition, a few chemokines, including
MIP-1â,1 the subject of the work presented here, have been
shown to have the ability to inhibit infection by HIV (4-6).

This activity arises from the use by HIV of some chemokine
receptors as entry portals to the cell. The cell surface receptor
CCR5 is a seven-transmembrane G-protein-coupled receptor
that normally binds to CC chemokines such as MIP-1â, MIP-
1R, and RANTES (7, 8). Many strains of HIV are able to
use CCR5 as a coreceptor for entry along with another cell
surface protein, CD4 (4-6), and it is believed that CCR5
facilitates infection by strains of HIV that are crucial for
establishing initial infection (2). However, when chemokine
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ligands such as MIP-1â are bound to CCR5, HIV infection
is blocked, likely via a combination of steric interference
and endocytosis of the receptor (9).

The structures of many CC chemokines, including MIP-
1â (10), MIP-1R (11), and RANTES (12), show a protein
dimer with the dimer interface being located along the
N-terminus of each subunit (Figure 1 shows the structure of
MIP-1â). However, a variant of the CXC chemokine IL-8
was shown to be functional as a monomer (13), leading to
speculation that despite the chemokine propensity to dimer-
ize, the functional chemokine unit may be the monomer. In
CC chemokines, this “active monomer” hypothesis was
supported by work on MCP-1 variants (14) and by our work
on MIP-1â (15). In the latter study, two mutants of MIP-1â
were shown to be particularly important. First, the P8A
variant was shown to be fully monomeric under NMR
conditions and yet to be nearly fully functional, in both its
binding and activation of CCR5. Second, and perhaps more
intriguing, the F13A variant was demonstrated to be a folded
monomer but yet to be almost entirely unable to bind the
CCR5 receptor, having aKi of >1 µM, as compared to aKi

of 0.39 nM for the wild-type protein (15). The functional
importance of the residue at position 13 of MIP-1â was
further demonstrated by a series of mutations at this position

that showed a requirement for a large aromatic group for
the optimal interaction of this chemokine with its receptor.
In addition, the importance of this position for function and
dimerization has also been demonstrated in other CC
chemokines (14, 16-18).

Despite the importance of the chemokine monomer and
in particular of the monomeric F13A variant which with one
point mutant apparently abrogates the CCR5 binding ability
of the chemokine, no structure has yet been reported for a
monomeric form of any of the three human anti-HIV CC
chemokines, namely, MIP-1â, MIP-1R, or RANTES. There
are two reasons why it would be especially desirable to have
structural information for a monomer of these chemokines.
First, the location of their dimer interface at the N-terminus
overlaps closely with the functional regions of the protein:
some of the first nine residues of these chemokines are
believed to be important for activation of CCR5, while the
N-loop region (residues 13-19) has been shown to contain
several of the amino acids that are important for binding the
receptor (14-16, 19, 20). Since each determined structure
is a dimer (with similar regions of the protein important both
to maintaining dimer structure and to chemokine function),
the monomeric form of the protein might show large
differences from the known structures, particularly in these
key regions. Second, and in support of the possibility of
structure differing between the monomer and dimer, the1H-
15N HSQC NMR spectra of the monomeric variants of MIP-
1â are quite different from that of the wild-type protein,
raising the possibility of a structurally changed environment
for many residues (Figure 2).

We have undertaken a structural study of two important
monomeric variants of MIP-1â. We report the full NMR
structure determination of the F13A mutant of MIP-1â. We
also compare the spectra for this mutant to those of the active
monomer P8A and compare the structural features of these
two variants. Finally, we compare the F13A structure to the
known structure of wild-type MIP-1â and analyze the regions
of structure that are retained in the monomeric and dimeric
forms, and the regions in which the structures deviate. In
addition, we address the important question of whether the
loss of CCR5 binding ability of the F13A mutant may be

FIGURE 1: NMR solution structure of MIP-1â (10). Most of the
dimer contacts are in the N-terminal (residues 4-9) and N-loop
(residues 13-19) regions. The side chains of residues F13 and P8
are shown to indicate the sites of mutation in this study.

FIGURE 2: Assigned1H-15N HSQC spectra of MIP-1â F13A (A), P8A (B), and WT (C). Circles are drawn in positions identical to those
of the peaks representing the dimeric form to highlight differences in chemical shifts between the monomer and dimer. The peaks found
at low 1H values (parts per million) are boxed in each spectrum.
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from global structural changes or from local amino acid
interactions. A purely local effect due to the presence or
absence of F13 would suggest the desirability of a similar
moiety in the design of a tight binding anti-CCR5 therapeutic.

MATERIALS AND METHODS

Protein Preparation.Proteins of MIP-1â WT (wild-type),
MIP-1â F13A (called simply F13A), and MIP-1â P8A
(called simply P8A) were expressed inEscherichia coliand
purified following previously reported methods (15). 15N-
and 15N/13C-labeled proteins (1-2 mM) were prepared in
20 mM sodium phosphate buffer (pH 2.5) and 10% D2O for
NMR spectroscopy.

NMR Spectroscopy.All NMR spectra were acquired at
25 °C on Varian INOVA 500 or 600 MHz NMR spectrom-
eters. Chemical shifts were referenced to DSS by the method
of Wishart et al. (21). For comparison of MIP-1â WT, F13A,
and P8A,1H-15N HSQC (22), NOESY-(15N)HSQC (23),
andJ-correlated HNHA (24) spectra were acquired. Chemical
shift assignments of MIP-1â WT were obtained from
previous results (10). For backbone assignments of P8A,
HNCO, HN(CA)CO, HN(CO)CA, HNCA, HA(CACO)NH,
HA(CA)NH, and HCACO spectra were acquired (25). For
backbone assignments of F13A, CBCA(CO)NH (26),
CBCANH, HBHA(CO)NH, and HBHANH spectra were
acquired (25). Side chain assignments of F13A were
determined using TOCSY-(15N)HSQC (27), two three-
dimensional HCCH-TOCSY (28) experiments with{13C, 13C,
1H} and {1H, 13C, 1H} detection, and HCCH-COSY (29).
To obtain aromatic side chain assignments of F13A, an
aromatic HCCH-TOCSY spectrum and NOEs toâ-protons
in NOESY-(15N)HSQC and NOESY-(13C)HSQC (30) spectra
were used. NOE constraints for structure calculation of F13A
were obtained from NOESY-(15N)HSQC and NOESY-(13C)-
HSQC experiments using a mixing time of 150 ms.3JHNHR

coupling constants were calculated from HNHA quantitative
J correlation experiments (24). For stereospecific Hâ assign-
ments andø1 angles, HNHB (31), TOCSY-(13C)HSQC with
a mixing time of 20 ms, and NOE intensity patterns in
NOESY-(15N)HSQC were analyzed. In addition,ø1 informa-
tion for valine and threonine was obtained from13C-{15N}
spin-echo difference CT-HSQC and13C-{13CO} spin-echo
difference CT-HSQC spectra (32).

Structure Calculations.Interproton distance restraints
(1.8-2.7, 1.8-3.3, and 1.8-5.0 Å) were obtained from
grouped peak intensities (strong, medium, and weak) of
assigned NOE cross-peaks. In these restraints, 0.2 Å was
added to the upper bound for each NOE involving HN and
0.5 Å was added for each NOE involving a methyl group.
3JHNHR coupling constants (24) were converted to backbone
φ angle restraints as follows:-60 ( 30° for 3JHNHR e 5.5
Hz, -120 ( 30° for 3JHNHR g 8.5 Hz,-120 ( 60° for 7.0
Hz e 3JHNHR < 8.5 Hz, and-100( 80° for 5.5 Hz< 3JHNHR

< 7.0 Hz.ø1 angles that could be determined from the NMR
data were constrained to 60°, -60°, or 180° with a 30° error
range. With these distance and dihedral angle restraints,
structures were calculated using the simulated annealing
protocol (33, 34) after first using distance geometry and
simulated annealing (35) within the program CNS (36). To
identify possible hydrogen bonds, the calculated structures
and NOEs consistent with secondary structural elements were

inspected and 10 hydrogen bonds were used as restraints in
the later stages of refinement.

Relaxation Measurements and Analysis.15N T1 and T2

relaxation data were acquired by arrays of1H-15N HSQC
with doubly refocused INEPT (37). For MIP-1â F13A, the
used time arrays were 80, 160, 240, 360, 480, 600, 760, and
920 ms forT1 and 16, 32, 48, 72, 96, 120, 152, 184, and
216 ms forT2. For MIP-1â WT, the used time arrays were
20, 60, 120, 250, 360, 520, 760, and 1000 ms forT1 and 16,
32, 48, 80, 96, 112, 144, and 160 ms forT2. These arrays
were randomized and cycled first in each time increment of
the indirect dimension (t1). The relaxation delay was 3 s for
each scan, and 1024 (t2) × 192 (t1) complex data points were
collected.15N-{1H} NOEs were acquired by two arrays of
1H-15N HSQC with single refocused INEPT starting from
15N magnetization (37). Two arrays were cycled with and
without 1H presaturation for 3 s, and two arrayed spectra
were collected in the same manner asT1 andT2 acquisitions.
The total relaxation delay was 6 s, including the presaturation
period.

R1 (1/T1) and R2 (1/T2) values were obtained from the
exponential fit of the data, and NOEs were calculated by
the intensity ratio of the two arrayed spectra. To gain physical
insight into the motion, the simple isotropic Lipari-Szabo
model-free analysis (38, 39) was performed by using the
dynamics software Modelfree 4.0 (40). First, a localτm on
each residue was calculated, and then an averagedτm was
obtained as a bestτm for the protein using only those residues
with an NOE of>0.65. Then, including only localτm values
within one standard deviation of the averageτm, we
calculated a final averageτm. Second, with this fixed average
τm, five different models of the internal motion were used
to fit the relaxation data. Model 1 is a standard Lipari-Szabo
model, including onlySs

2, the order parameter on a pico-
second time scale. Model 2 includesSs

2 and the addition of
a parameter (τe) representing an internal correlation time.
Model 3 includes bothSs

2 and an exchange term on the
millisecond time scale,Rex. Model 4 includes all three
parameters (Ss

2, τe, andRex). Model 5 includesSs
2 andτe as

well asSf
2, an order parameter representing motion on a time

scale∼1 order of magnitude faster than that forSs
2 (40, 41).

Finally, a best model for each residue was selected by
examining SSE (sum of squared errors) of modeling or errors
on parameter values. SSE is defined as (R1 - R1′)2/σR1

2 +
(R2 - R2′)2/σR2

2 + (NOE - NOE′)2/σNOE
2, whereR1′, R2′,

and NOE′ are back-calculated values ofR1, R2, and NOE
andσR1, σR2, andσNOE are experimental uncertainties inR1,
R2, and NOE, respectively.

RESULTS

Comparison of F13A to P8A.We have previously reported
that monomeric variants of MIP-1â have wide-ranging
abilities to function on the MIP-1â receptor CCR5, with the
F13A mutation showing the greatest loss of CCR5 binding
ability, while the P8A mutation results in a nearly fully active
monomer (15). However, comparison of the1H-15N HSQC
spectra of monomeric P8A and monomeric F13A proteins
revealed only minor differences in cross-peaks. To investigate
the backbone of each of these mutants, chemical shift
assignments, consisting of1HN, 15N, 1HR, and 13CR, were
completed.
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Overall, there is a great deal of similarity in the backbone
chemical shifts of F13A and P8A, making it likely that these
two variants share a similar overall structure. As shown in
panels A and B of Figure 2, the1H-15N HSQC spectrum of
F13A is quite similar to that of P8A, but a few variations
can be observed between the two proteins. In a comparison
of weighted average HN and15N chemical shift values (42,
43) for the F13A and P8A variants (Figure 3A), there are
two regions where chemical shift differences are most
prominent: the residues near position 13 (including position
13 itself, which would obviously have different chemical
shifts depending on whether it was an Ala as in the F13A
mutant or a Phe in the P8A mutant) and residue 55 which is
far in sequence from position 13. However, these chemical
shift changes do not confirm local structural differences
between the two MIP-1â variants, as it is possible that side
chain differences cause the chemical shift changes without
alteration of the local backbone conformation.

In light of the several differences in chemical shifts
between the two monomeric variants, we decided to further
analyze the possible structural difference by acquiring
quantitative3JHNHR-correlated HNHA and NOESY-(15N)-
HSQC spectra of those two proteins. The HNHA spectrum
was used to determine the coupling constant between the
HN and HR protons (3JHNHR) (24) of both the F13A mutant
and the P8A mutant. This coupling constant is sensitive to
the backboneφ angle and so is a good indicator of overall
structural similarity between the two variants. We found only
small differences in the3JHNHR values of the two variants in
which the maximum difference is∼1.0 Hz (data not shown),

indicating no significant difference in the secondary struc-
tures for F13A and P8A. A residue by residue analysis of
the NOESY-(15N)HSQC spectra of the two variants revealed
that the two spectra were nearly identical. Figure 4 shows a
portion of those spectra from both the F13A variant and the
P8A variant and reveals essentially the same NOE distance
contacts despite backbone NH chemical shift differences in
the above-mentioned regions in Figure 3A.

In aggregate, our comparison of F13A and P8A in terms
of chemical shift, NOESY distance restraints, and3JHNHR

values leads us to conclude that these two structures are
essentially identical. Therefore, the dramatic activity loss in
the F13A variant as compared to the near-wild-type function
of the monomer P8A is largely due to the local effect of the
loss of the side chain Phe at position 13. The large chemical
shift differences between F13A and P8A are likely not due
to conformational change but are simply due to side chain
effects, particularly from the presence or absence of the Phe
side chain at position 13.

Comparison of Monomer Variants and Wild-Type MIP-
1â. In contrast to a comparison between monomers, there
are large differences between the1H-15N HSQC spectra of
the wild-type MIP-1â and those of monomeric variants such
as F13A and P8A (Figure 2). A comparison of weighted
average HN and 15N chemical shifts (42, 43) of F13A and
WT (Figure 3B) shows large differences over many residues,
especially including the residues at the N-terminus from
residues 6-16; residues 32, 33, and 35; residue 45; and
residues 47-50. We had previously used a comparison of
15N T1/T2 relaxation ratios to determine that the F13A and
P8A mutants are monomeric (15). To confirm here that the
intermolecular contacts in wild-type MIP-1â are clearly lost
in the monomeric mutants, we examined NOESY-(15N)-
HSQC spectra on the residues involved in the dimerization

FIGURE 3: Weighted average chemical shift difference,∆δ(1H, 15N),
in the 1H-15N HSQC spectra shown in Figure 2. (A) Difference
between MIP-1â F13A and P8A. (B) Difference between MIP-1â
F13A and WT.∆δ(1H, 15N) is calculated as|∆ppm of 1H| +
0.2|∆ppm of 15N|, where∆ppm is the chemical shift difference
(42, 43). Residues that come within 5 Å of theother subunit in the
MIP-1â dimer are represented by horizontal bars in panel B.

FIGURE 4: NOESY-(15N)HSQC strip plots of MIP-1â F13A (A)
and P8A (B). The selected residues in strip plots are those that
show significant changes in weighted average chemical shift,∆δ-
(1H, 15N), between the F13A and P8A variants of MIP-1â as shown
in Figure 3A. S14 and S55 of F13A are found on the same strips
due to the almost identical chemical shifts of1H and 15N.
Unassigned peaks are marked with an x.

Comparison of Monomeric MIP-1â Variants Biochemistry, Vol. 40, No. 36, 200110785



(Figure 1). In NOESY-(15N)HSQC strip plots, intermolecular
NOEs on the residues found in the dimer interface of MIP-
1â WT were clearly missing in both F13A and P8A (data
not shown). These missing intermolecular NOEs and previ-
ous ultracentrifugation data and15N relaxation data (15)
confirmed that single-point mutations such as F13A and P8A
abolished dimer formation even at a protein concentration
of 1.0-2.0 mM. As the dimer dissociation constant of wild-
type MIP-1â is 0.73µM (albeit under higher-salt conditions)
(15), the self-binding affinity of each F13A and P8A
monomeric mutant has been reduced more than 1000-fold.

To determine whether the large chemical shift differences
can be related to structural changes between the monomer
and dimer forms of MIP-1â or are due solely to the loss of
dimerization in the wild-type protein, we investigated the
possibility of a correlation between residues showing large
chemical shift changes between F13A and WT and those at
the dimer interface. A comparison of the residues having
protons in close contact (within 5 Å) with the other
polypeptide chain in the dimer structure of wild-type MIP-
1â with the residues having chemical shift differences
between F13A and WT is shown in Figure 3B. This figure
(with an inset showing residues involved in dimer contact)
provides a clear rationale for some of the chemical shift
differences as a primary effect; in the regions where the F13A
mutation has removed MIP-1â dimer contacts, large chemical
shift changes result. However, there were also chemical shift
differences in some residues (such as residues 25, 32, 33,
and 45) that are not directly in the dimer interface, so these
chemical shift changes may not be related simply to the loss
of the dimer in F13A. Therefore, it is possible that confor-
mational change is occurring both at the dimer interface and
outside the dimer region. This suggests that the two mono-
meric forms (F13A and P8A) might be structurally distinct
from WT aside from differences in quaternary structure.
Furthermore, the monomeric form of MIP-1â is likely to be
more relevant to CCR5 binding than the dimeric form since
the receptor-ligand dissociation constant is 3 orders of
magnitude lower than the dimer dissociation constant of the
protein. Therefore, we determined the structure of the F13A
monomeric variant both to obtain an accurate model of
monomeric MIP-1â and to clarify whether the monomeric
structure of MIP-1â has any distinct variation compared to
the wild-type protein.

Structure of MIP-1â F13A.A family of 20 structures was
calculated from the distance, dihedral angle, and hydrogen
bond restraints listed in Table 1. The intraresidue NOE
restraints included only nontrivial NOEs by excluding all
geminal NOEs and vicinal NOEs absent of stereospecific
assignments. Forty-threeφ and 26ø1 dihedral angles were
restrained as described in Materials and Methods. Twenty
hydrogen bond restraints were added at the later stages of
structural refinement, consisting of two restraints (HN-O and
N-O) per hydrogen bond. A total of 940 restraints were
used in the structure calculation, leading to 13.6 restraints
per residue. Few restraints could be obtained for the
N-terminal residues as would be expected, since monomeric
chemokines generally have a disordered N-terminus, and this
variant is also lacking the N-terminal dimer interface. From
residues 12-67, there were 868 restraints, leading to 15.5
restraints per residue in this region. A summary of short-,
medium-, and long-range NOEs per residue is shown in

Figure 5A. The N-terminal region (residues 1-10) of the
protein has the fewest medium- and long-range NOEs, which
is typical of a disordered structure. The region with the next
fewest number of NOEs consists of residues 32-37, which
comprise a loop that in the wild-type protein is involved in
dimer contacts.

In the ensemble of 20 calculated structures (Figure 6A),
there were no NOE violations greater than 0.3 Å and no
dihedral angle violations greater than 0.5°. The backbone
(N, CR, and C) rmsd from the average structure after
superimposition with well-defined secondary structures is
shown by residue in Figure 5B, revealing the highest
uncertainty in the N-terminus of the protein which is
correlated with fewer NOEs as in Figure 5A. This would be
particularly expected for a monomeric variant of MIP-1â,
in which the N-terminal region has lost tight dimer contacts
found in the wild-type protein. Other regions of higher-than-
average deviation from the mean structure include the loop
after the firstâ-strand, and the very C-terminal amino acids
of the protein. When the residues that have a relatively high
rmsd in the F13A structure (Figure 5B) are compared to the
residues found in the dimer interface of MIP-1â WT, the

Table 1: Structural Statistics for the Ensemble of 20 MIP-1â F13A
Structures

all residues
residues
12-67

no. of distance restraints
intraresidue (i - j ) 0) 340 301
sequential (|i - j| ) 1) 223 207
medium-range (|i - j| e 4) 103 97
long-range (|i - j| > 4) 185 179
total 851 784

no. of dihedral angle restraints
φ 43 38
ø1 26 26

no. of hydrogen bonds
(HN-O and N-O)

20 20

no. of total restraints 940 868
no. of total restraints per residue 13.6 15.5
NOE violations

>0.05 Å 1.4( 1.2
>0.1 Å 2.2( 1.6
>0.2 Å 1.8( 1.5
>0.3 Å 0.0( 0.0

dihedral violations
>0.5° 0.0( 0.0

CNS energies (kcal/mol)
NOE 1.08( 1.45
dihedral 0.01( 0.00
bond 0.87( 0.20
angle 23.25( 0.42
improper 0.74( 0.04
van der Waals 5.42( 0.51
total 31.37( 2.08

rmsd from experimental restraints
NOE (Å) 0.0031( 0.0027
dihedral angles (deg) 0.0483( 0.0073

rmsd from ideal geometry
bonds (Å) 0.0009( 0.0001
angles (deg) 0.2813( 0.0025
impropers (deg) 0.0928( 0.0023

Ramachadran analysis (%)
most favored regions 68.4( 4.6
additional allowed regions 30.6( 4.9
generously allowed regions 1.0( 1.2
disallowed regions 0.0( 0.0

atomic rmsd from mean structure (Å)
backbone (residues 12-67) 0.55( 0.29
side chain (residues 12-67) 1.00( 0.44
backbone (residues 12-31 and 38-67) 0.47( 0.18
side chain (residues 12-31 and 38-67) 0.93( 0.41
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poorly defined structural regions in F13A were near the dimer
interface except at the C-terminus. As noted in Table 1, the
average rmsd from the mean structure for residues 12-67
is 0.55 Å for backbone atoms and 1.00 Å for side chain heavy
atoms. When a flexible loop of residues 32-37 is not
counted, the rmsd is reduced to 0.47 Å for backbone atoms
and 0.93 Å for side chain atoms. If only 27 well-ordered
residues (residues 25-29, 40-44, 48-54, and 56-65) are

counted in the rmsd calculation, the backbone rmsd is further
reduced to 0.38 Å, a level of deviation from the average
that is to be expected from a well-defined structure.

The structure of MIP-1â F13A (Figure 6B) shows a clear
chemokine fold, consisting of a largely unstructured N-
terminus (residues 1-10), followed by a long strand/loop
(11-20), leading into a helical turn, and then a three-stranded
antiparallelâ-sheet (residues 25-31, 38-44, and 48-52).
Finally, there is a C-terminalR-helix of residues 57-68. In
the antiparallelâ-sheet fold, several hydrophobic side chain
contacts are found from V25 and Y28 in the first sheet, V40,
V41, and F42 in the second sheet, and V50, C51, and A52
in the third sheet. In the C-terminal helix, V63 forms a
hydrophobic contact with F42 as does W58 with A52. This
hydrophobic core around F42 in the F13A variant is very
similar to that of wild-type MIP-1â and indicates that the
core structure is not disrupted by the loss of dimerization.
As with all members of the CC chemokine family, there are
two disulfide bonds that lend stability to the protein. In the
F13A variant, the stereochemical orientation of the two
disulfide bonds appears to be poorly defined, with the
ensemble of structures showing a mixture of both a left-
handed spiral and a right-handed hook (44). Among all six
prolines in the protein, NOE data indicating the trans
conformation were confirmed for three proline residues at
positions 21, 38, and 54, but the NOE data were insufficient
to suggest an orientation for the prolines in the N-terminal
region at positions 2, 7, and 8. Each structure in the family
of calculated structures showed all trans prolines. For the
family of structures, 99% of the backbone dihedral angles
were in the “most favored” or “additional allowed” regions
of the Ramachandran plot as determined by the program
PROCHECK (45).

Comparison of F13A Structure and Dynamics to Those
of Wild-Type MIP-1â. As noted, there are many large
chemical shift differences between F13A and the wild-type
MIP-1â, potentially indicating significant differences in

FIGURE 5: NOE restraints (A) and backbone rmsd (B) per residue
for the F13A variant of MIP-1â. In panel A, the number of
intraresidue (blank), sequential (striped), medium-range (dotted),
and long-range (dark gray) NOEs are summarized by residue. In
panel B, the rmsd of 20 F13A structures from the average structure
is plotted by residue.

FIGURE 6: Stereoviews of the ensemble (A) and average (B) minimized structures of F13A MIP-1â. In panel A, a family of 20 structures
were superimposed using only well-ordered structural regions. In panel B, a ribbon diagram of the average structure shows secondary
structures.
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structure. A direct comparison of the structure of F13A and
the wild-type MIP-1â (10) was carried out by overlaying
the two structures, first using only well-defined structural
regions. The superimposed structures in Figure 7A show that
the monomeric F13A structure and a monomeric unit of
dimeric wild-type structure are very similar to each other.
The loss of dimerization in the F13A variant apparently does
not affect the core structure found in the wild-type dimer
structure. When the entire structures are compared, the largest
deviations are in the N-terminus (residues 1-15, including
the F13 mutation), every loop region (residues 22-24, 32-
35, 45-48, and 53-56), and the C-terminus. The rmsd of
the minimized average F13A structure from the average wild-
type monomeric unit is plotted in Figure 7B. As indicated
in Figure 7B, major regions with large rmsd values are also
at the dimer interface (the N-terminus, 30’s loop, and 40’s
loop). Therefore, the structural deviation between F13A and
WT appears to be the result of the loss of dimerization.

The poorly defined structural regions in F13A (Figure 5B)
are also a part of the residues that have relatively large rmsd
in comparison with the wild-type MIP-1â structure (Figure
7B). This suggests again that the loss of dimerization causes
poorly defined structure at the dimer interface and increases
the flexibility in the N-terminus and loop regions. Since15N
relaxation parameters (T1, T2, and NOE) can be interpreted
to distinguish between ordered and flexible backbone
conformations, those NMR parameters of F13A and WT
were acquired and relevant dynamics parameters were
derived by following the model-free approach of Lipari and
Szabo (38, 39). In the Supporting Information, the selected
model and parameter values of each model are reported
residue by residue and the experimentally determined values
of T1, T2, and NOE and the calculated values from the model
are also plotted.

The bestτm values are 5.52 ns for F13A and 8.07 ns for
WT, which agree with the molecular sizes of the monomer
and dimer, respectively. By examining five different models
of internal motions (for more information, see the Supporting
Information), we obtained the best values of theS2 ()Ss

2Sf
2)

order parameter. AllS2 values were actually equal toSs
2 (not

requiring the additionalSf
2 term) except at a few N- and

C-terminal residues of WT whereSf
2 parameter values were

less than 1.0.S2 values of MIP-1â and the F13A variant are
plotted as a function of residue in Figure 8 to distinguish
differences in the motional rigidity of backbone amides. Both
proteins were similar in that the first four N-terminal residues
and the last three C-terminal residues were quite flexible and
the middle regions in sequence indicated restricted motions.
In general, theS2 values of the F13A variant were smaller
and more variable than that of the wild-type protein,
indicating larger-amplitude fast internal motion for the F13A
variant. The greater mobility in the N-terminus of F13A
extends up to residue 10; parts of the 30’s and 40’s loops
also showS2 values slightly smaller than that of the wild-
type protein. Another interesting finding is that the extended
N-loop near residue 20 and also in the 40’s loop in both
F13A and the wild-type protein clearly show more flexibility
than the other nonterminus regions of either protein. The
regions of F13A having low order parameters are closely
related to those residues having a large rmsd from the average
structure and are also related to the regions of large deviation
in the superimposition between F13A and the wild-type
protein. Again, this supports our conclusion that the loss of
dimerization results in poorly defined structure and increased
conformational flexibility in the regions of the protein that

FIGURE 7: Superimposition (A) and backbone rmsd (B) between
MIP-1â F13A (red) and WT (blue). NMR average structures of
F13A and WT were superimposed using well-ordered structural
regions. All secondary structures superimpose quite well, but N-
and C-terminal and loop regions do not. The secondary structural
elements in MIP-1â are indicated by the inserted bar diagram in
panel B.

FIGURE 8: Dynamics order parameters (S2) of MIP-1â F13A (A)
and wild-type MIP-1â (B). S2 ) Ss

2Sf
2. Ss

2 andSf
2 are reported in

the Supporting Information, and relaxation data for F13A and WT
and parameter values of model-free analyses are also reported.
However, the need for order parameters on two time scales is
limited, asSf

2 is 1.0 in all residues except a few N- and C-terminal
residues of MIP-1â WT.
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participate in dimerization, particularly the N-terminus and
loop regions in F13A.

DISCUSSION

Analysis of the Region around F13.The region of greatest
interest to us is that around the F13A mutation. All
experimental evidence for CC chemokines points to this
position being the most important mediator of chemokine
receptor binding (14-16, 46), and it is generally accepted
that this N-loop region (residues 13-19) is a critical region
used by CC chemokines to interact with their receptor (16,
20), although we and others have shown that some distal
residues are also involved in chemokine receptor binding
(17, 18, 47). The loss of F13 virtually abrogates the ability
of MIP-1â to bind to CCR5, leading to two alternative
hypotheses regarding the rationale for the unique importance
of Phe at position 13. First, perhaps the effect is a local one,
such that direct interaction by the receptor with F13 provides
a large part of the interaction energy for the tight binding
by MIP-1â to CCR5 (wild-typeKi ) 0.39 ( 0.12 nM
compared toKi > 1000 nM for F13A) (15). Second, the
effect may be more global in nature, such that the loss of
Phe at position 13 alters the structure of the chemokine to
disrupt further-afield contacts in addition to the loss of direct
interaction between F13 and the receptor. We find for
residues near F13 that the backbone is not disturbed from
the active P8A monomeric variant based on both distance
[NOESY-(15N)HSQC] and backbone dihedral angle (3JHNHR)
data. Therefore, it appears that the side chain difference alone
at position 13, rather than any appreciable structural change,
is responsible for the 1000-fold loss in the ability of F13A
to bind the receptor CCR5. This suggests that the contribution
of Phe13 to receptor binding is∼4 kcal/mol.

As mentioned, NMR evidence indicated the possibility of
conformational differences between monomeric variants and
wild-type MIP-1â, and the family of F13A structures we
report have shown minor structural differences with respect
to the wild-type protein, especially in the N-terminal and
loop regions. However, when comparing the active monomer
P8A with the binding-impaired monomer F13A via a careful
analysis of distance restraints, chemical shift, and backbone
φ angles, we show that the structures of P8A and F13A are
very similar to each other. Therefore, it appears that the full
F13A NMR structure presented here is also an accurate
model for the functionally active P8A structure, and so the
minor conformational changes between the monomeric
variants and the dimeric wild-type protein are likely not
important to the functional activity. Therefore, the well-
defined N-terminal and N-loop regions in wild-type MIP-
1â are likely a consequence of the presence of the tight
dimer, but the structural restriction in these regions likely
does not play a key role in biological activity.

Structure and Dynamics of the F13A Mutant.Our NMR
results show that the loss of dimerization by F13A or P8A
mutations is a key factor generating NMR chemical shift,
structure, and dynamics differences between these monomers
and the wild-type protein. Therefore, although large NMR
spectral differences between MIP-1â monomeric mutants and
the wild-type protein were observed, most of the well-defined
regions of structure, includingR-helix andâ-sheets in F13A,
could be superimposed on the structure of the wild-type

protein with little deviation. The effect of the loss of
dimerization on the structure was not as severe as might be
expected from the large chemical shift changes, and it is
therefore likely that a monomeric unit of the determined
structure of the wild-type protein (10) remains an accurate
description of the monomeric molecular form. The poorly
determined regions in the N-terminus and loops in the F13A
structure (showing a large rmsd from the average structure)
indicate the possibility of increased conformational flexibility
compared to WT. This hypothesis was supported by15N
relaxation data and a full dynamics analysis, where decreased
order parameters were observed for dimer interface regions,
including the N-terminus and 30’s loop. The best fit values
of theS2 order parameter were able to describe the backbone
flexibility of the F13A protein itself and its difference from
the wild type without assuming different anisotropic motions
for monomer and dimer proteins.

The overall structural quality of the F13A mutant is likely
influenced by the increased flexibility caused by the loss of
dimer contacts. As shown in Figure 5B, the well-defined
secondary structural regions have rmsd values within 0.4 Å
of the average structure for the family, while the N-terminal
and loop regions, including the extended N-loop, have larger
rmsds. All of these regions consist of residues at or near the
dimer interface.S2 values also showed a less ordered
backbone conformation in the F13A variant than in the wild-
type protein. We have worked with more than 10 monomeric
variants of MIP-1â (refs 15, 47, and48, and unpublished
results) and in general have found monomeric variants of
MIP-1â to have lower spectral quality (possibly indicative
of lower stability) and, in cases where NOESY spectra were
acquired, fewer cumulative distance restraints. This smaller
number of distance restraints is generally consistent with less
precision in the family of structures.

Comparison of F13A to Naturally Occurring Chemokine
Monomers.While most chemokines are dimers under condi-
tions required to determine their structure, several chemo-
kines have been shown to be monomeric under at least some
high-concentration conditions. The structures of several of
these types of chemokines have been determined, including
HCC-2 (49), MCP-3, I-309 (50), eotaxin (51), eotaxin-2 (43),
and MPIF-1 (52). These proteins do not bind the CCR5
receptor, but all show the typical chemokine fold. Each of
these NMR structures exhibits a relatively large rmsd in the
N-terminus, the loop between the first and secondâ-sheets,
and the C-terminus, similar to that observed by us herein
for the F13A variant of MIP-1â. The less ordered charac-
teristics in these regions may therefore be a typical dynamic
property of monomeric chemokines. This motional disorder
has led to similar atomic resolutions among the NMR
structures of these naturally occurring monomeric CC
chemokine proteins; when the disordered N- and C-terminal
regions are excluded, the backbone atomic resolutions of
these proteins are the same as for the F13A variant of MIP-
1â, ranging from 0.4 to 0.6 Å (43, 49-52).

We have previously reported the dynamics (53) and
structural (54) study of vMIP-II, a virally derived chemokine
that is able to bind the HIV coreceptor CCR5 tightly; vMIP-
II binds to CCR5 with an IC50 of 6.2 nM (55). We have
shown that under many solution conditions vMIP-II remains
monomeric (53, 54), although others have crystallized this
protein in the dimer form (56). Since the present F13A
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structure is very similar to wild-type MIP-1â, the previously
reported comparison of a monomeric subunit of MIP-1â
structure with the solution structure of vMIP-II (54) is valid.
However, as seen in Figure 9, despite the fact that the
structures of MIP-1â and vMIP-II show almost perfect
superposition in regions of secondary structure, these proteins
have large differences in the backbone conformation of every
loop in addition to the N- and C-terminus. The dynamics
data for vMIP-II showed flexibility in the 30’s loop between
the first and secondâ-sheets as well as the disorder in the
N- and C-termini, but did not show as much flexibility in
the 40’s loop between the second and thirdâ-sheets and the
50’s loop between the thirdâ-sheet and the helix. This may
suggest that loop conformations are not important to the
receptor binding or that these residues are actually flexible
in the slow exchange time scale without obvious chemical
shift differences. To determine whether loop flexibility and
slow time scale motion is important to binding CCR5, it
would be helpful to have a larger set of determined structures
and dynamics data for monomeric chemokines that are able
to bind CCR5.

Comparison to a Designed IL-8 Monomer.Aside from the
structure of MIP-1â variant F13A presented here, only one
other structure has been reported of a designed monomeric
form of a tight chemokine dimer. The CXC chemokine IL-8
has a dimerKd of 10 µM (57), although this protein is from
a different chemokine subfamily and has a completely
different dimer interface. The dimer interface of IL-8 is
centered on the firstâ-sheet, with additional interactions from
the 30’s loop and the C-terminal helix (58). The monomeric
form of IL-8 was engineered by placement of a chemically
modified L25 in the firstâ-sheet to disallow the H-bonding
required for the dimer interaction (13). The structure of this
monomeric IL-8 showed that the C-terminal helix of residues
67-72 was no longer ordered and the 30’s loop was slightly
disordered or distorted, but that the firstâ-sheet was still

well-ordered despite the loss of the dimer (59). Therefore,
like in the MIP-1â F13A variant, the loss of dimerization in
IL-8 also resulted in poorly ordered structures in some dimer
interface regions of this protein (although due to the different
dimer interface, these regions are not identical to the regions
that lose order upon loss of the CC chemokine dimer). The
retention of structure despite the loss of dimerization in the
first â-sheet of IL-8 where the chemical modification resides
is likely due to the remaining contacts with other secondary
structures, such as the interactions of thisâ-strand with the
adjoiningâ-strand which form part of the canonical chemok-
ine â-sheet.

CONCLUSION

As it is likely that chemokines bind their receptors as
monomers, we have investigated several aspects of both the
structure and dynamics of the chemokine MIP-1â and its
monomeric variants. Structures of the active (P8A) and
inactive (F13A) monomeric variants of MIP-1â were com-
pared by comparing their NMR spectra. In NOESY-(15N)-
HSQC and3JHNHR-correlated HNHA spectra, the two mono-
meric variants were almost identical. Therefore, the activity
difference between these proteins can be explained by the
local side chain effect of an aromatic group at position 13,
suggesting that this single side chain contributes 4 kcal/mol
in interaction energy between MIP-1â and CCR5. Despite
large chemical shift differences between the monomeric
variant and the dimeric wild-type protein, the monomeric
F13A structure could be superimposed on the wild-type
structure except in the N- and C-terminal regions and in loops
that are part of the wild-type dimer interface. We conclude
that the loss of dimerization results in less ordered structures
and increased flexibility in the dimer contact regions without
affecting the core structure.
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