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ABSTRACT: Encoded by Kaposi’s sarcoma-associated herpesvirus, viral macrophage-inflammatory protein-
II (VMIP-II) is unique among CC chemokines in that it has been shown to bind to the CXC chemokine
receptor CXCR4 as well as to a variety of CC chemokine receptors. This unique binding ability allows
vMIP-II to block infection by a wide range of human immunodeficiency virus type I (HIV-1) strains, but
the structural and dynamic basis for this broad range of binding is not known.15N T1, T2 and15N{-HN}
nuclear Overhauser effect (NOE) values of vMIP-II, determined through a series of heteronuclear
multidimensional nuclear magnetic resonance (NMR) experiments, were used to obtain information about
the backbone dynamics of the protein. Whereas almost all chemokine structures reveal a dimer or multimer,
vMIP-II has a rotational correlation time (τc) of 4.7 ( 0.3 ns, which is consistent with a monomeric
chemokine. The rotational diffusion anisotropy,D|/D⊥, is approximately 1.5( 0.1. The conformation of
vMIP-II is quite similar to other known chemokines, containing an unstructured N-terminus followed by
an ordered turn, threeâ-strands arranged in an antiparallel fashion, and one C-terminalR-helix that lies
across theâ-strands. Most of the protein is well-ordered on a picosecond time scale, with an average
order parameterS2 (excluding the N-terminal 13 amino acids) of 0.83( 0.09, and with even greater
order in regions of secondary structure. The NMR data reveal that the N-terminus, which in other
chemokines has been implicated in receptor binding, extends like a flexible tail in solution and possesses
no secondary structure. The region of the ordered turn, including residues 25-28, experiences
conformational exchange dynamics. The implications of these NMR data to the broad receptor binding
capability of vMIP-II are discussed.

Chemotactic cytokines (chemokines) are a family of
proteins active in the immune system that mediate inflam-
mation, chemotaxis, and host defense (1, 2). In addition to
these functions, some chemokines have been shown to inhibit
infection by HIV-1 (3). This activity derives from the
requirement of HIV-1 for a chemokine receptor as a cofactor
for entry into the cell; the binding of some chemokines to
their natural receptor blocks this binding by HIV-1 and

prevents infection (4-8). The chemokines have been sub-
divided into two major subfamilies, based on the placement
of canonically conserved cysteine residues near the N-
terminus: The CC subfamily has contiguous cysteines and
includes such proteins as MIP-1â, MIP-1R, and RANTES.
The CXC subfamily, so named because a single amino acid
separates the conserved cysteines, includes IL-8, PF-4, and
MGSA. Several chemokine receptors have been identified,
and while a particular receptor often will bind several
members of one subfamily, no cross-binding has been
observed between a receptor for one subfamily and a wild-
type mammalian chemokine of the other subfamily, with the
exception of the Duffy receptor in red blood cells, which
binds to selected CC and CXC chemokines (ref9 and
references therein;10).

The lack of receptor cross-binding may have its origins
in the different structures observed for the two subfamilies
of chemokines. Most reported chemokine structures reveal
a multimeric protein, typically a dimer (11-20). However,
despite the fact that the chemokine monomer fold is similar
for both subfamilies, members of the CC subfamily form a
dimer that is structurally distinct from that of members of
the CXC subfamily: with one possible exception (15) the
CC chemokine dimer interface is found at the N-terminus
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(11, 13, 16, 17, 19), while the CXC chemokine dimer
interface is formed by completely different residues, along
the â1 strand near the middle of the protein sequence (12,
14, 20). In recent years the physiologic relevance of the
chemokine dimer has been questioned, as it has been shown
that some CXC chemokines are active after modification that
produces demonstrably monomeric protein (21-24). How-
ever, the presence of a multimeric chemokine at the cellular
surface has been indicated by recent studies that have shown
that cell surface sugars act to locally concentrate chemokines
(25), and that indeed chemokines are most active in blocking
HIV in the presence of heparan or proteoglycans (26). In
addition, some studies directly point to an active multimeric
chemokine (27, 28).

Until recently, data suggested that the distinct activities
of CC and CXC chemokines to engage their cognate
receptors extended to their anti-HIV properties, with certain
CC chemokines (MIP-1â, MIP-1R, and RANTES) being
uniquely able to block HIV strains that use the CCR5 and
CCR3 receptors for entry (4-6), while only the CXC
chemokine SDF-1 could block infection by HIV strains that
utilize the CXC receptor CXCR4 (7, 8). But it was recently
reported that a chemokine encoded by Kaposi’s sarcoma-
associated herpesvirus (29) was the first known wild-type
protein that could bind to both CC and the CXC chemokine
receptors and therefore could block infection by diverse HIV
strains (30, 31). Therefore, this chemokine (called vMIP-II)
is both medically important and biochemically distinct from
other chemokines. vMIP-II is a CC chemokine that shares
greatest sequence identity to human MIP-1R and MIP-1â at
about 40% for each (29). However, despite this overall high
level of identity, the N-terminal amino acids of vMIP-II are
not identical in many positions relative to MIP-1â and MIP-
1R, nor is the N-terminal region of vMIP-II strikingly similar
to that of the CXC chemokine SDF-1 (31). As the N-termini
of chemokines of both subfamilies have been implicated in
function (32-36), this distinct N-terminus likely plays a role
in the unique activity of vMIP-II. As vMIP-II possesses the
most broad anti-HIV capability among chemokines, it has
emerged as a model for potential anti-HIV therapeutics, and
the structural and dynamic basis for its potent activity is of
great interest.

We report the backbone dynamics of the chemokine vMIP-
II, which is the first such report for a CC chemokine and is
only the second report of this type for a protein in the
chemokine family (37). To allow interpretation of the
dynamics data, we also have determined the secondary
structure and fold of the protein, showing that vMIP-II has
the standard chemokine fold that is found for all other
proteins in the family (11-20). However, vMIP-II is unusual
in that it is demonstrably monomeric even under the high
concentrations (∼1 mM) required for NMR measurements.
In addition, while most of the protein is quite ordered on
the picosecond time scale (particularly within regions of
secondary structure), the N-terminus, which is where the
putative receptor binding site resides, is highly disordered.
In addition, the ordered turn preceding strandâ1 undergoes
conformational exchange, even after accounting for global
rotational diffusion anisotropy.

MATERIALS AND METHODS

Production and Purification ofVMIP-II . The gene for
vMIP-II was kindly provided by Dr. Patrick Moore and Dr.
Yuan Chang, Columbia University. vMIP-II was expressed
in the Novagen (Milwaukee, WI) pET32a(+) expression
vector, which allows production of the desired protein along
with a thioredoxin fusion tag. The vector containing the
sequence encoding the mature form of vMIP-II was trans-
formed into BL21(DE3) and an individual colony was
subsequently grown in 1 L of minimal medium containing
15NH4Cl (Martek Biosciences, Columbia, MD) as the only
nitrogen source, and with either13C6-glucose (Isotec, Mi-
amisburg, OH) or unlabeled glucose. Cells were induced at
A550 ) 0.9 by making the cell culture 1 mM in IPTG
(Calbiochem, La Jolla, CA) and harvested by centrifugation
after 3.5 h (for the15N, 13C preparation) or 12 h (for the15N
preparations). The cell pellet was resuspended in 500 mM
NaCl, 20 mM Tris, pH 8, and 10 mM benzamidine and then
passed through a French press two times at 16 000 psi, then
centrifuged at 19000g for 1 h. The resulting pellet was then
resuspended in 15 mL of 5 M guanidine hydrochloride, 500
mM NaCl, 20 mM Tris, pH 8, 5 mM imidazole, and 5 mM
â-mercaptoethanol (overall buffer adjusted to pH 8). The
resuspended protein was centrifuged at 15000g for 30 min
to remove insoluble material. The protein solution was loaded
onto a Ni chelating column (Pharmacia, Piscataway, NJ),
eluted with imidazole, and subjected to refolding (38). The
resulting purified thioredoxin-vMIP-II fusion protein was
then dialyzed against 50 mM Tris, pH 8. Cleavage of the
thioredoxin fusion tag was carried out in 50 mM Tris, pH 8,
and 2 mM CaCl2 with recombinant enterokinase (Novagen).
This results in an N-terminal Ala-Met-Ala on the protein.
The cleaved protein was purified by C4 reversed-phase
chromatography, using a Vydac column (Hesperia, CA) and
the Bio-Logic system (Bio-Rad Hercules, CA). Protein
samples were lyophilized and for NMR samples the protein
was dissolved in 10 mM sodium phosphate, pH 2.5, for all
chemical shift assignments and structural work. For the high-
pH control, one-third of the sample at pH 2.5 was lyophilized
and dissolved in 10 mM sodium phosphate, pH 5.3 (mea-
sured pH of the sample was 5.1). All NMR samples were
made to 5% D2O (Isotec).

NMR Spectroscopy. All spectra were recorded at 25°C
on a Varian UnityPlus 600 MHz spectrometer, equipped with
a z-shielded gradient triple resonance probe. Sample tubes
were from Shigemi Inc. (Allison Park, PA). Chemical shift
referencing is relative to DSS, using the method proposed
by Wishart et al. (39).

The15N HSQC was recorded as a 160*× 512* 2D matrix
in thet1 andt2 dimensions, respectively, wheren* represents
n complex points. H2O flip-back pulses were implemented
to minimize saturation of water (40). Acquisition times in
each dimension were 105.0 (t1) and 64.0 ms (t2), and the
total duration of the experiment was 1.53 h. The data were
apodized alongt2 by using a 90°-shifted squared sine-bell,
truncated at 1% (sin2 175°). Thet1 time domain was extended
to 240* by using mirror-image linear prediction (8 coef-
ficients) (41) and then apodized with an untruncated 90°-
shifted squared sine-bell. Prior to Fourier transform, the data
were zero-filled to a digital resolution of 3.0 (F1) and 5.2
Hz (F2).
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The CBCA(CO)NH spectrum (42) was recorded as a 34*
× 60* × 512* 3D matrix with acquisition times of 22.3 (t1,
15N), 7.1 (t2, 13CR,â), and 63.5 ms (t3, 1HN). The total
acquisition time was 38.4 h. Acquired data were apodized
with a 90°-shifted squared sine-bell in thet3 dimension,
truncated at 1% at the end of the FID, and with a untruncated
90°-shifted squared sine-bell in thet2 dimension after mirror-
image linear prediction was used to extend the data alongt2
to 100*. Thet1 dimension was apodized with an untruncated
90°-shifted squared sine-bell after the data were extended
to 54* by using mirror-image linear prediction. Data were
zero-filled such that the digital resolutions were 15.9 (F1),
44.0 (F2), and 5.3 Hz (F3).

The CBCANH spectrum (43) was recorded as a 33*×
60* × 512* 3D matrix with acquisition times of 21.6 (t1,
15N), 7.1 (t2, 13CR,â), and 63.5 ms (t3, 1HN). The total
acquisition time was 73.7 h. Acquired data were processed
similarly to the CBCA(CO)NH and were zero-filled to yield
digital resolutions of 15.9 (F1), 44.0 (F2), and 5.3 Hz (F3).

The HBHA(CO)NH spectrum (44) was recorded as a 35*
× 62* × 512* 3D matrix with acquisition times of 23.0 (t1,
15N), 15.5 (t2, 1HR,â), and 63.5 ms (t3, 1HN). The total
acquisition time was 42.8 h. Acquired data were processed
similarly to the CBCA(CO)NH and were zero-filled to yield
digital resolutions of 15.9 (F1), 20.8 (F2), and 5.3 Hz (F3).

The HNCO spectrum (45) was recorded as a 39*× 60*
× 512* 3D matrix with acquisition times of 25.6 (t1, 15N),
30.0 (t2, 13C′), and 63.5 ms (t3, 1HN). The total acquisition
time was 44.3 h. Acquired data were apodized with a 90°-
shifted squared sine-bell in thet3 dimension, truncated at
1%, and with an untruncated 90°-shifted squared sine-bell
in thet2 dimension after forward-backward linear prediction
(8 coefficients) (41) was used to extend the data to 100*.
The t1 dimension was apodized with an untruncated 90°-
shifted squared sine-bell after the data were extended to 63*
by using mirror-image linear prediction (8 coefficients). Data
were zero-filled to yield digital resolutions of 15.9 (F1), 10.4
(F2), and 5.3 Hz (F3).

The 13C-separated NOESY spectrum (46) was recorded
as a 32*× 128* × 512* 3D matrix with acquisition times
of 10.6 (t1, 13C), 23.7 (t2, 1H), and 31.7 ms (t3, 1H). The total
acquisition time was 43.5 h. Acquired data were apodized
with a 90°-shifted squared sine-bell in thet3 dimension,
truncated at 1%, and with a 90°-shifted sine-bell in thet2
dimension, truncated at 7%. Thet1 dimension was apodized
with a 90°-shifted sine-bell, truncated at 7%. Data were zero-
filled such that the digital resolutions were 31.4 (F1), 14.1
(F2), and 10.5 Hz (F3).

The15N-separated NOESY spectrum (47, 48) was recorded
as a 32*× 128* × 512* 3D matrix with acquisition times
of 18.8 (t1, 15N), 21.3 (t2, 1H), and 67.4 ms (t3, 1HN). The
total acquisition time was 98.8 h. Acquired data were
apodized with a 90°-shifted squared sine-bell in thet3
dimension, truncated at 1%, and with a 90°-shifted sine-bell
in the t2 dimension, truncated at 7%. Thet1 dimension was
apodized with a 90°-shifted sine-bell, truncated at 7%. Data
were zero-filled such that the digital resolutions were 17.7
(F1), 15.6 (F2), and 7.4 Hz (F3).

The 15N-separated HOHAHA spectrum was recorded as
a 30* × 128* × 512* 3D matrix with acquisition times of
17.6 (t1, 15N), 21.3 (t2, 1H), and 50.5 ms (t3, 1HN). The total
acquisition time was 40.4 h. The dipsi-2rc was used as the

isotropic mixing sequence (49). Acquired data were apodized
with a 90°-shifted squared sine-bell in thet3 dimension,
truncated at 1%, and with a 90°-shifted sine-bell in thet2
dimension, truncated at 7%. Thet1 dimension was apodized
with an untruncated 90°-shifted squared sine-bell after the
data were extended to 50* by using mirror-image linear
prediction. Data were zero-filled such that the digital
resolutions were 26.6 (F1), 23.4 (F2), and 7.4 Hz (F3).

The HNHA spectrum (50, 51), for measurement of3JHNHR,
was recorded as a 58*× 70* × 512* 3D matrix with
acquisition times of 38.0 (t1, 15N), 17.5 (t2, 1H), and 63.5 ms
(t3, 1HN). The total acquisition time was 35.9 h. Acquired
data were apodized with a 90°-shifted squared sine-bell in
the t3 dimension, truncated at 1% at the end of the free
induction decay (FID), and with a 90°-shifted sine-bell in
the t2 dimension, truncated at 7%. Thet1 dimension was
apodized with an untruncated 90°-shifted squared sine-bell
after the data were extended to 98* by using mirror-image
linear prediction. Data were zero-filled such that the digital
resolutions were 11.9 (F1), 15.6 (F2), and 7.9 Hz (F3).
Correction of measuredJ values for1HR flip rates used a
selective1HR T1 value of 240 ms (52) for all residues.

A set of eight 2D constant-time HMQCJ spectra (51, 52),
for measurement of3JHNHR, were collected with dephasing
periods of 45, 60, 80, 100, 120, 140, 160, 170, and 200 ms.
The acquired data matrices contain 38*, 57*, 82*, 107*,
132*, 157*, 195*, and 232* complex points in thet1
dimension and 512* in thet2 dimension. These correspond
to t1 acquisition times of 30.4, 45.6, 65.6, 85.6, 105.6, 125.6,
156.0, and 185.6 ms and at2 acquisition time of 63.5 ms.
Duration of the experiments was 0.7, 1.1, 1.5, 2.0, 2.5, 3.1,
4.0, and 4.9 h, respectively. Mirror-image linear prediction
was used to double the number of points in thet1 time
domain, and then it was apodized with an untruncated 90°-
shifted squared sine-bell. Thet2 dimension was apodized with
a 90°-shifted squared sine-bell, truncated at 1%. All spectra
were zero-filled to a final digital resolution of 2.4 (F1) and
5.2 Hz (F2). J values were obtained by fitting the peak
intensities as a function of the dephasing period as described
previously (51, 52), with a selective1HR T1 value of 240 ms
for all residues. The pairwise root-mean-square difference
between the3JHNHR values as determined from the ct-HMQC
J and HNHA experiments was 0.3 Hz. There was negligible
systematic difference between the two sets ofJ values.

HN Exchange Experiment.The HN exchange experiments
were carried out on an15N-labeled vMIP-II sample lyoph-
ilized from an H2O solution containing sodium phosphate,
pH 2.5 (such that the final sample concentration would be
10 mM sodium phosphate upon rehydration with D2O). The
lyophilized protein was rehydrated with ice-cold D2O and
was added to the NMR tube on ice. The sample was then
inserted in a probe, preequilibrated at 25°C, and allowed to
equilibrate for 3.5 min. The probe was then tuned and the
field was shimmed. A two-scan HSQC with H2O flip-back
pulses (40) was started 5.5 min after the sample was inserted
into the probe. Eight-scan HSQC experiments were started
at 10.9 min and 1.03, 1.74, 4.21, 17.43, and 29.56 h after
the sample was inserted into the probe. The two-scan HSQC
lasted 5.4 min, and each eight-scan HSQC spectra took 50.7
min to acquire. All HSQC data for the exchange experiments
were collected as 64*× 512* matrixes in thet1 andt2 time
domains. Acquisition times were 51.2 (t1) and 73.1 ms (t2).
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The data were apodized with a 90°-shifted squared sine-bell,
truncated at 1%, in thet2 dimension. Thet1 time domain
was extended to 104* by mirror-image linear prediction, prior
to apodization with an untruncated 90°-shifted squared sine-
bell function. Data were zero-filled to 3.3 (t1) and 4.6 Hz
(t2).

Relaxation Measurements. 15N T1, T2, and15N{-HN} NOE
values were determined for 0.8 mM vMIP-II, from two-
dimensional spectra collected using pulse sequences de-
scribed previously by Kay et al. (53), Tjandra et al. (54),
Grzesiek and Bax (40), and Farrow et al. (55). All spectra
were collected as 160*× 512* data matrixes in thet1 andt2
dimensions, with acquisition times of 94.1 (t1) and 64.0 ms
(t2). The15N T1 data were collected with15N delays of 0.02,
0.1, 0.12, 0.18, 0.25, 0.36, 0.52, 0.76, 1.00, and 1.25 s.T2

data were collected using15N delays of 32, 48, 64, 80, 96,
128, 144, 160, 192, and 240 ms. Two spectra were collected
for each15N{-H} NOE data set, one with presaturation of
1HN (NOEspectrum) and one without (reference spectrum).
A relaxation delay of 5 s was used for the reference spectrum,
and a 2 srelaxation delay was followed by a 3 s 1HN

presaturation period for theNOE spectrum.15N T1, T2, and
15N{-H} NOEdata sets were collected twice, several days
apart. The time points for theT1 and T2 data sets were
randomized differently for each set, and interleaved such that
all 10 15N delays were sampled at eacht1 period, to minimize
spectrometer drift effects. Acquisition times were 23.0, 18.3,
and 31.5 h for eachT1, T2, andNOE data set, respectively.
All spectra were apodized in thet2 dimension with a 90°-
shifted squared sine-bell, truncated at 1%. Thet1 time domain
was apodized with a 90°-shifted sine-bell, truncated at 7%.
The spectra were zero-filled to 3.3 (t1) and 5.2 Hz (t2). The
measured15N{-H} NOE values were mathematically cor-
rected by a small factor for incomplete1HN recovery (40).

RESULTS

15N T1, T2, and 15N{-HN} NOE data. 15N T1 andT2 and
15N{-H} NOE values for 66 residues could be determined
out of a total of 74 for vMIP-II. Six unobservable residues
were prolines (Pro11, Pro22, Pro24, Pro33, Pro41, and
Pro70), the resonance of Cys15 was too weak to be observed,
and the chemical shifts of Leu23 were not unambiguously
identified due its position between two proline residues.
Experiments to measure15N T1, T2, and15N{-H} NOEwere
repeated twice, several days apart. The pairwise rms differ-
ences between the two sets of measurements were 2.2%,
2.8%, and 6.4% of the averaged15N T1, T2, and15N{-H}
NOEvalues, respectively, indicating random errors of 1.1%
(T1), 1.4% (T2), and 3.2% (NOE) in the averaged values.
The uncertainties in theT1 andT2 values, as determined from
fitting of the decay curves, were also 1.1% and 1.4%,
respectively. It was recently shown that, due to rf heating
effects caused by the large number of pulses in a15N T2

experiment, it is possible to obtain precise but inaccurate
15N T2 values on a sample with a 100 mM salt concentration
if the relaxation delay is less than approximately 2.5 s (56).
As our salt concentration was only 10 mM, rf heating effects
were less serious (57), and our relaxation delay was 1 s.

An estimate of the rotational correlation time was obtained
from 15N T1/T2 ratios. Provided residues experiencing internal
motions occurring on a time scale slower than 100 ps and/

or conformational exchange dynamics are absent, theT1/T2

ratio is a good measure of the global rotational correlation
time,τc (55, 58-60). Residues experiencing internal motions
with internal correlation times longer than approximately 100
ps were identified by15N{-H} NOE values< 0.65 (58).
Such residues were excluded from this initialT1/T2 analysis.
Residues were identified as undergoing conformational
exchange if they satisfied the following equation (54, 60):

〈T2〉 and 〈T1〉 are the average15N T2 and T1 values,
respectively;T2,n andT1,n are theT2 andT1 values of residue
n; and SD is the standard deviation of (〈T2〉 - T2,n)/〈T2〉 -
(〈T1〉 - T1,n)/〈T1〉, excluding residues with a15N{-H} NOE
< 0.65. Of the 66 residues where a15N{-H} NOE value
could be calculated, 25 (Gly1-Arg10, Asp12-Cys14,
Gly17, Tyr18, Lys20, Arg21, Leu37, Ser39, Lys40, Gly42,
Gly50, Leu69, Ala73, and Arg74) had values less than 0.65,
and of the remaining 40 residues, six (Asn25-Leu27, Asn36,
Cys38, and Ala55) were identified as possibly experiencing
conformational exchange dynamics as indicated from eq 1.
These residues were not included in theτc calculation using
the T1/T2 ratio. The averageT1/T2 ratio from the remaining
34 residues was 3.2( 0.3. Shown in Figure 1 are the15N
T1, T2, and15N{-H} NOE values as a function of residue.
Horizontal dashed lines are drawn at the positions of the
average values ofT1 (485( 30 ms),T2 (152( 13 ms), and
T1/T2 (3.2 ( 0.3), calculated from these 34 residues. The
dashed horizontal line in the graph of the15N{-H} NOE
values is placed at 0.65. The open ovals represent the residues
with 15N{-H} NOE < 0.65, the shaded boxes represent
residues whose15N{-H} NOE g 0.65 but that were
identified by eq 1 as experiencing conformational exchange,
and the solid ovals represent the remaining 34 residues that
were used in the initialτc estimate (15N{-H} NOE g 0.65
and did not satisfy eq 1).

An estimate of the rotational correlation time,τc, was
obtained from minimizing the following equation:

T1,n
obs and T2,n

obs are the experimentally determined15N
relaxation times,T1

calc and T2
calc are the calculated15N

relaxation times, assuming isotropic tumbling and no internal
dynamics,∆ is the estimated uncertainty in theT1

obs/T2
obs

ratio, and the summation is for the 34 residues. The equations
for T1

calc andT2
calc are well-known and are given elsewhere

(55, 58, 59). The spectral density used forT1
calc andT2

calc is
given byJ(ω) ) S2 τc/(1 + ω2τc

2) + (1 - S2)τ/(1 + ω2τ2),
whereτ ) τeτc/(τe + τc), andτe , τc (61). S2 is the order
parameter describing the spatial restriction of the fast internal
motion andτe is the internal motion correlation time. As
residues experiencing only extremely fast internal dynamics
are used in the determination ofτc, the T1/T2 ratio is
insensitive to bothS2 andτe. Therefore, for the minimization
of eq 2 using the subset of 34 residues,S2 was set to 1,τe

was set to 0, and a one-dimensional grid search as a function
of τc was performed. Theτc was 4.7 ns, as determined from
eq 2, andE ) 17. The uncertainty inτc was estimated by
repeatedly deleting 20% of the residues used in eq 2 followed
by recalculation ofτc. The difference between the maximum

(〈T2〉 - T2,n)/〈T2〉 - (〈T1〉 - T1,n)/〈T1〉 > 1.5SD (1)

E ) ∑n(T1,n
obs/T2,n

obs- T1
calc/T2

calc)2/∆2 (2)
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and minimum values in theτc values after 200 such iterations
was 0.2 ns.

Rotational Diffusion Anisotropy. To estimate the magni-
tude of rotational diffusion anisotropy,r ) D||/D⊥, the
equation presented by Schurr et al. (62) was used:r ) (5R′

- 2)/(4 - R′) (62), whereR′ is the ratio of the longest and
the shortest best-fit residue-specificτc. 15N relaxation data
were fit by using the simple isotropic spectral density
function to calculate an apparent, best-fitτc and optimalS2

and τe values for each low-mobility residue. Schurr et al.

FIGURE 1: Diagram of NMR data of vMIP-II, as a function of residue. Shown are HN exchange data, sequential and medium-range1H-1H
NOE distances,3JHNHR values, deviations from random coil chemical shift values of13CR, 13Câ, 13C′, and1HR, and15N T1, T2, T1/T2, and
15N{-H} NOE values. The HN exchange data are represented by circles. Open circles represent amides whose exchange rates are much
faster than the dead time of the experiment (5.5 min) and therefore were not observable in the first spectrum. Solid circles mark residues
whose amides were present 17.4 h after insertion of the sample into the probe. A half-filled circle marks residues whose15N, 1HN HSQC
cross-peak was observable between 5.5 min and 4.2 h after the sample was inserted into the probe but was not seen in the spectrum
measured at 17.4 h. Sequential H-H distances,dRN(i, i + 1), dNN(i, i + 1), and dâN(i, i + 1), are represented on an arbitrary vertical scale
as filled black boxes. Medium-range H-H distances,dRN(i, i + 2), dNN(i, i + 2), anddRN(i, i + 4), are shown as black lines, and the line
thickness reflects the relative H-H NOE cross-peak intensity. Three-bond3JHNHR values are the average of values obtained from the 3D
HNHA spectrum and the HNHA ct-HMQCJ experiment (50, 51). The random coil chemical shifts are relative to DSS (39) and the vertical
scale is in parts per million. The15N T1, T2, and 15N{-H} NOE values were measured as described in the text. Filled ovals represent
residues whose15N{-H} NOE g 0.65 and whose relaxation times did not satisfy eq 1, shaded boxes represent residues whose15N{-H}
NOEg 0.65 but did satisfy eq 1, and open ovals represent residues whose15N{-H} NOE< 0.65. The horizontal dashed lines in the graphs
of T1, T2, andT1/T2 represent the average of the values for those residues whose15N{-H} NOE was greater than or equal to 0.65. The
horizontal dashed line in the graph of theNOEvalues is at 0.65. Horizontal arrows delineate regions ofâ-strands, as deduced from secondary
chemical shift data. The unfilled arrow forâ1 reflects the fact that while chemical shift data and someNOEdata suggest aâ strand in this
region, the presence of a proline at position 33 and HN to HN(i + 1) NOEs from residues 28-30 are inconsistent withâ-strand secondary
structure.
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(62) have demonstrated that if the diffusion tensor of the
protein is axially symmetric, the diffusion anisotropy,r, can
be estimated from the shortest and longest best-fitτc values,
where it is assumed that residues with the shortest and longest
τc values have N-H bonds oriented at 90° and 0° relative
to the principal diffusion axis, respectively. In this case, the
following equation was minimized on a residue-by-residue
basis by using a grid search:

σT1, σT2, andσNOE are the estimated standard deviations in
T1

obs, T2
obs, and NOEobs for a given residue. Starting with

the same 34 rigid residues as above, only residue Tyr18 could
not be fit within 95% confidence limits and was therefore
eliminated. The resulting averages areτc ) 4.7 ( 0.3 ns

and S2 ) 0.87 ( 0.04. Residue Trp31 had the longestτe

value (595 ps), and discounting this outlier, the averageτe

) 44( 35 ps. Shown in Figure 2A,B are the residue-specific,
best-fit τc andS2 values obtained by minimizing eq 3. The
dashed horizontal lines show the level of the average values
for τc andS2, as calculated for the 33 residues. The values
for these 33 residues are shown as solid ovals and those of
the other residues are drawn as open ovals. Of these 33
residues, four residues (Leu16, Asn19, Leu28, and Lys57)
possess the longestτc values, 5.35( 0.05 ns, and eight
residues (Ser30, Trp31, Ser35, Leu46, Cys54, Val62, Val71,
and Thr72) possess the shortestτc values, 4.3( 0.1 ns. The
aboveτc values for vMIP-II gave a value ofr ) 1.5 ( 0.1.
This approach can give a slightly overestimatedr value (62,
63). However, statistically, for a uniform distribution of N-H
vectors in space, the probability of finding an N-H bond
with an angle of 0° relative to the principal diffusion axis is

FIGURE 2: Internal dynamics graphs of apparentτc, S2, Sf
2, Ss

2, and “Rex” values calculated from experimental15N T1, T2, and15N{-HN}
NOE values as explained in the text. (A) Apparentτc values obtained by finding an optimalτc for each residue, in addition toS2 andτe,
using eq 3, assuming isotropic tumbling, and using the simple model-free model spectral density function (61). Filled ovals represent the
residues (33 total) whose apparentτc values were used to calculate the averageτc of 4.7 ( 0.3 ns. The 33 residues had15N{-H} NOE g
0.65 and did not appear to experience significant conformation exchange as indicated by eq 1. The horizontal dashed line is placed at 4.7
ns. Open ovals represent the remaining residues whose relaxation parameters could be fit to within 95% confidence limits. (B)S2 values
determined by the identical method described for panel A. Filled and unfilled ovals follow the same criteria as in panel A. The horizontal
dashed line is placed at 0.83, the average of the values of the 33 residues whose individualS2 values are shown as filled ovals. (C)S2

(models I and II) andSf
2 andSs

2 (model III). Model I used the simple model-free model spectral density function (61), J(ω) ) S2 τc/(1 +
ω2τc

2) + (1 - S2)τ/(1 + ω2τ2), as explained in the text. Model II used the same spectral density function but included an extra relaxation
term in the equation describing15N T2 relaxation: T2

-1 ) T2,DD
-1 + T2,CSA

-1 + “Rex”. Model III used the spectral density equationJ(ω)
) Sf

2Ss
2τc/(1 + ω2τc

2) + (Sf
2 - Sf

2Ss
2)τ/(1 + ω2τ2) (66, 67), which is defined in the text. Filled ovals represent residues whose relaxation

data could be fit to within 95% confidence limits by either model I or II. Open ovals and shaded boxes represent, respectively, theSs
2 and

Sf
2 values of residues that could only be fit with model III. The horizontal dashed line represents the average of theS2 (models I and II)

andSf
2 (model III) values, 0.82, from residues 14-74. (D) “Rex” values shown in reciprocal seconds. The filled ovals represent the six

residues that were indicated by eq 1 to experience conformational exchange dynamics. The unfilled ovals are those residues that also
required a “Rex” term but either had a15N{-H} < 0.65 or were missed by eq 1.

E ) (T1
calc - T1

obs)2/σT1
2 + (T2

calc - T2
obs)2/σT2

2 +

(NOEcalc - NOEobs)2/σNOE
2 (3)

vMIP-II: Dynamics Studies Biochemistry, Vol. 38, No. 1, 1999447



low (probability follows a sinθ distribution) (64). The
longestτc value of 5.35 ns is consequently most likely an
underestimate, thereby yielding an underestimatedr value.
The extent to which these two opposite effects cancel out to
produce the finalr value was not explored here, however.

Backbone Dynamics. In an effort to gain additional insight
on the backbone dynamics of vMIP-II, some conservative
modeling of backbone dynamics was performed. This time,
τc was fixed at 4.7 ns for all residues, isotropic tumbling
was assumed, and the three models used during the mini-
mization of eq 3, in order of increasing complexity, were
(I) fast internal motions of restricted amplitude (65); (II) same
as model I but with the addition of slow conformational
exchange to account for such effects onT2 (55, 59); and
(III) the simultaneous presence of both fast and intermediate
time scale internal motions (66, 67). The spectral density
for model I is given byJ(ω) ) S2 τc/(1 + ω2τc

2) + (1 -
S2)τ/(1 + ω2τ2), whereτ ) τeτc/(τe + τc), andτe , τc. S2 is
the order parameter describing the spatial restriction of the
fast internal motion andτe is the internal motion correlation
time. The spectral density functions for model II are the same
as for model I, and conformational exchange is accounted
for by the addition of the term “Rex” to the equation forT2,
T2

-1 ) T2,DD
-1 + T2,CSA

-1 + “Rex” [quotes are added here as
a reminder that a putativeRex exchange term can sometimes
be explained by anisotropic tumbling rather than by actual
conformational exchange (54, 62, 63)]. The spectral density
function for model III is given byJ(ω) ) Sf

2Ss
2 τc/(1 + ω2τc

2)
+ (Sf

2 - Sf
2Ss

2)τ/(1 + ω2τ2), whereτ ) τsτc/(τs + τc), τc >
τs, Sf

2 is the order parameter for the fast internal motion,Ss
2

is the order parameter for the intermediate time scale internal
motion, andτs is the internal correlation time describing
intermediate time scale motions. Determination of the model
most consistent with the15N relaxation data for a particular
residue was carried out by minimizing eq 3. Minimization
of eq 3 was achieved by using a grid search of the internal
dynamics parameters for each model. Residues whoseT1

obs,
T2

obs, andNOEobsvalues could be fit within 95% confidence
limits by using model I were assigned that model, and those
that could not were then fit with model II. Those that could
not be adequately described by either model I or II were
finally fit with model III. Out of a total of 64 residues that
were modeled, 30 had15N relaxation parameters that could
be fit within 95% confidence limits by model I (Cys14,
Arg21, Ser29, Tyr32, Ser35, Gly42, Val43, Phe45-Thr47,
Arg49-Gln52, Cys54, Asp56, Ser58-Leu69, Val71, and
Thr72), 20 could not be fit by the simple model but needed
an “Rex” term added to the equation forT2 (68) (Leu16-
Lys20, Gln25-Leu28, Thr34, Gln36-Lys40, Ile44, Lys48,
Val53, Ala55, and Lys57), and the backbone dynamics of
14 residues required two time scales to adequately describe
the internal dynamics, i.e., could be fit only by model III,
the extended model-free model (67) (Gly1-Arg10, Asp12,
Lys13, Ala73, and Arg74). The15N T1

obs, T2
obs, and

15N{-H} NOEobs values of Ser30 and Trp31 could not be
adequately approximated by any of the three models. The
results are shown in Figure 2C,D. The solid ovals in Figure
2C represent theS2 values of those residues that could be fit
by either model I or II. The open ovals and shaded boxes
represent theSs

2 andSf
2 values, respectively, of those residues

fit with model III. Figure 2D illustrates the potential
conformational exchange occurring in vMIP-II. The filled

ovals in Figure 2D are those residues that were indicated by
eq 1 to undergo conformational exchange dynamics. The
open ovals required a “Rex” term in theT2 equation for an
adequate fit to the15N relaxation data but did not satisfy eq
1. It has been reported by several investigators that neglect
of moderate levels of rotational anisotropy has little effect
on S2 values but can erroneously suggest the presence of
conformational exchange for a given residue when, in fact,
none exists (54, 56, 60, 62, 63). vMIP-II residues that are
actually experiencing significant conformational exchange
dynamics can be identified by consideringT1/T2 ratios, the
measured anisotropy,r ) 1.5 ( 0.1, and the experimental
correlation time,τc ) 4.7 ( 0.3 ns. Given this anisotropy,
the range ofT1/T2 ratios is expected to be 4.6 if the polar
angle, θ, is 0° and 2.8 if θ ) 90°. Those residues with
experimental ratios that are larger than 4.6 are most likely
actually experiencing significant conformational exchange
dynamics. Recall that 20 residues required an “Rex” term
(model II) for an adequate fit to their relaxation data. Out of
these, eight were found to have ratios greater than 4.6. Six
of these residues are the same ones that were previously
identified as experiencing conformational exchange, accord-
ing to eq 1. Two additional residues, Leu37 and Ser39, have
ratios of 5.2 and 5.0, respectively, and are therefore most
likely experiencing conformational exchange dynamics as
well. The remaining 12Rex residues, however, haveT1/T2

ratios that are between 2.8 and 4.6, and therefore may or
may not be experiencing conformational exchange.

Secondary Structure ofVMIP-II . To interpret dynamics
data in the context of structure, a structural analysis of vMIP-
II was carried out. The 2D HSQC spectrum for vMIP-II is
shown in Figure 3 as a demonstration of the spectral quality.
Most chemokines aggregate at pH values near neutrality, and
NMR studies of these proteins are usually carried out under
acidic conditions (11, 13, 16). Among chemokines whose
structure has been determined, vMIP-II shares the highest
amino acid identity with MIP-1â, the structure of which was
determined at pH 2.5. Therefore, the spectra of vMIP-II were
uniformly measured at pH 2.5. A control HSQC spectrum
measured at pH 5.1 was nearly identical to the spectrum
measured at pH 2.5, with significant changes in chemical
shift in only six charged residues and two amino acids
adjacent to charged residues.2 As it was recently shown that
chemical shifts of dimer interface residues in MIP-1â are
sensitive to dimerization (69), this spectral similarity suggests
(but does not prove) that no significant difference in structure
or dimer type exists between pH 2.5 and 5.1. Location of
the secondary structural elements of vMIP-II was ac-
complished from analysis of backbone chemical shifts and
three-bond H-H J values. The tertiary fold of vMIP-II was
determined from analysis of H-H NOESY data in13C- and
15N-separated 3D spectra.

Backbone chemical shifts (1HN, 15N, 13C′, 13CR, 13Câ, 1HR,
and1Hâ) were determined from a series of 3D heteronuclear
NMR spectra [HNCO, CBCA(CO)NH, CBCANH, and
HBHA(CO)NH] (70). These values are reported in Table

2 A comparison of the HSQC spectrum measured at pH 5.1 and that
measured at pH 2.5 shows eight resonances with a1HN chemical shift
change greater than 0.05 ppm or a15N chemical shift change of more
than 0.5 ppm: Asp2, Asp12, Lys13, Lys57, Ser58, Asp60, Trp61, and
Arg74.
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S1 of the Supporting Information. Several groups have
carefully studied the relationship between chemical shift
values and the secondary structure of a protein (71-74) and
have shown that the chemical shift values of several residues
in combination can be used to predict with some confidence
the secondary structure of the protein. From these data,
vMIP-II evidently has aâ-strand from Leu28 to Thr34 (â1);
a â-strand from Gly42 to Thr47 (â2), and aâ-strand from
Arg51 to Ala55 (â3). In addition, anR-helix is present near
the C-terminus of the protein, involving residues Asp60-
Gln68 (see Figure 1). The N-terminal segment of vMIP-II,
which extends from Gly1 to about residue Arg21, does not
appear to have a region of consistent secondary structure as
judged by chemical shift analysis and15N relaxation data
(vide supra).

Other data can be used in combination with chemical shift
data to provide further structural information. The3JHNHR

coupling constant correlates with the backboneφ angle of a
protein (50, 75) and as such can also indicate secondary
structure. A large coupling constant indicates aφ angle
consistent with aâ-strand, while a small coupling constant
indicates aφ angle consistent with anR-helix. Figure 1 shows
a graphical representation of the3JHNHR coupling constants
(averaged from HNHA and ct-HMQCJ data) that were
obtained from analysis of vMIP-II. These values are con-
sistent with the chemical shift data, particularly in the
confirmation of a C-terminalR-helix.

The 3D15N-separated NOESY spectrum provides a direct
indication of secondary structure and is particularly effective
in delineating the bounds of anR-helix. The H-H NOE
contacts depicted in Figure 1 clearly indicate the presence
both of anR-helix from residues Asp60 to Gln68 and the

presence of a turn from residues Pro24 to Leu27. In addition,
while the chemical shift data indicate that the firstâ-strand
of vMIP-II begins at residue Leu28, the NOESY data show
HN(i) to HN(i + 1) connections until residue Ser30, which
is generally inconsistent with aâ-strand.

The amide exchange lifetime of the backbone of vMIP-II
was also measured and is shown in Figure 1. This type of
experiment provides valuable information about the second-
ary and tertiary structure of a protein, as amide hydrogens
involved in H-bonding and shielded from solvent will
exchange more slowly than solvent-exposed amides (ref76
and references therein). For the predictedR-helix, all but
the N-terminal amide hydrogens of the helix are resistant to
exchange, as expected. In addition, most of theâ-strands
show significant protection from hydrogen exchange, as does
much of the region from Gln25 to Leu27 that is expected to
contain an ordered turn. The loop regions between the
secondary structural units experience more amide exchange
than the secondary structural units themselves.

Both the amide exchange data and the15N-separated
NOESY provide an interesting glimpse of the N-terminus
of vMIP-II, which is the region that has been shown to be
important for receptor activation in other chemokines (32-
36). The NOESY shows many contacts between adjacent
residues in the region from residue Gly1 to Lys13 but appears
to have few long-range contacts. The amide exchange data
show fast exchange rates for most of these early residues of
the protein, except for Leu4 and Gly5. The data indicate a
disordered N-terminus, with high access to solvent, followed
by a region before the firstâ-strand that has moderate
protection of some amides and experiences conformational
exchange dynamics.

FIGURE 3: Two-dimensional1H-15N HSQC [with water flip-back (40)] spectrum of vMIP-II, uniformly labeled with15N (>95%), recorded
at 600 MHz. Cross-peaks connected by arrows correspond to Gln side-chain NH2 groups. Cross-peaks marked with x are impurities.
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In combination, the data accumulated in Figure 1 provide
a picture of the secondary structure of vMIP-II, showing it
to consist of threeâ-strands and a C-terminal helix, similar
to other known chemokine monomeric units (11-20, 77).
However, theâ1 strand may experience an unusual local
structure because of its amino acid composition. Both proline
and glycine have been shown to have a very low propensity
to be found inâ-strands (78), and while Gly42 ofâ2 may
be tolerable because it is at the edge of the strand, putative
strandâ1 has a proline near its center at position 33. The
chemical shift data indicate aâ-strand for residues 28-34,
while H-H NOEdata indicate a strand that does not begin
until residue Ser30 and is consistent with a continuation of
this strand through residue 34. In Figure 1 we show a white
arrow rather than a solid black arrow from residues 28-34
to represent aâ-strand in this region that may deviate from
canonicalâ structure. Overall, the secondary structure of
vMIP-II can be described byâ-strands that extend from about
Ser30 to Thr34 (â1), Gly42 to Thr47 (â2), and Arg51 to
Ala55 (â3). The helix in vMIP-II begins at residue Asp60
and extends to residue Gln68. Interestingly, and unlike most
chemokines, the helix of vMIP-II does not extend to the end
of its C-terminus, but rather is disrupted by a proline at
residue 70, with the remaining four residues apparently
having no defined secondary structure.

Tertiary Fold ofVMIP-II . The tertiary fold of vMIP-II can
be discerned from an examination of the 3D15N-separated
NOESY and 3D13C-separated NOESY spectra. As shown
in Figure 4, clear cross-peaks are visible between the
backbone protons of theâ1 strand with those of theâ2 strand
and between theâ2 strand and theâ3 strand, the pattern of
which dictates the arrangement of an antiparallelâ sheet. In
addition, the side chains of the C-terminal helix of vMIP-II
make several contacts to theâ sheet in a manner analogous
to the contacts made by MIP-1â (11), indicating similar
placement of the helix with respect to the sheet. For example,
Leu69 contacts Trp31, and both Met66 and Lys57 contact
Val43. Overall, based on the positioning in the sequence and
spatial connectivity between the secondary structural ele-
ments of vMIP-II, this protein apparently has a typical
chemokine fold consisting of an N-terminal region without

a consistent, obvious secondary structure, followed by an
ordered turn, then a series of three antiparallelâ-strands, and
concluded by a C-terminalR-helix that in this case is
disrupted before reaching the very C-terminus by the
presence of a proline at position 70.

DISCUSSION

vMIP-II is a Kaposi’s sarcoma-associated herpesvirus-
encoded CC chemokine that interacts with a broad spectrum
of chemokine receptors, having the unique ability to bind
both CC and CXC chemokine receptors at high affinity (30,
31). In conjunction with this property, vMIP-II is able to
block infection by a variety of strains of HIV-1, based on
the utilization by HIV strains of CCR5, CCR3, and CXCR4
as coreceptors (29-31). As there is usually a lack of cross-
binding between receptors of one subfamily and chemokines
of the other main subfamily, the structural characteristics of
vMIP-II that allow its unusual activities are of great interest
both biochemically and as a medically important model for
designing anti-HIV therapeutics. The protein used in our
studies is biologically active, as shown by its ability to bind
the chemokine receptors CCR5 and CXCR4 (unpublished)
although others report that the mature protein begins at Leu4
in our numbering system (31) and that the final arginine is
removed.

VMIP-II Is a Monomer. As previously discussed, the
multimeric state of the functional chemokine is the subject
of some controversy, with most structures revealing a
chemokine dimer (11-20) while biochemical evidence
demonstrates the activity of some chemokine monomers
(21-23). We performed15N relaxation measurements on
vMIP-II and find the rotational correlation time (τc) of vMIP-
II to be 4.7( 0.3 ns. For comparison, theτc of the wild-
type MIP-1â dimer (138 residues) is 8.6 ns (69), while a 60
amino acid, N-terminally truncated monomeric variant of
MIP-1â called MIP(9) has aτc of 4.5 ns (69). The correlation
time for vMIP-II clearly indicates that it exists under our
NMR conditions as a monomeric species. It is possible that
solution conditions could be changed to favor dimer forma-
tion in vMIP-II, as the oligomeric state of other chemokines

FIGURE 4: Arrangement of the antiparallelâ-sheet in vMIP-II. Solid arrows indicate the presence of unambiguous H-H NOEcross-peaks
in either the15N NOESY or the13C NOESY spectrum. A dotted arrow indicates the presence of a peak that could be assigned to the shown
interaction, but whose chemical shift overlap also makes an alternative assignment possible. As noted in the text, chemical shift values
indicate aâ1 strand from residues 28-34, whileNOE resonances show clear cross-strand connections beginning at residue 30.
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has been shown to be dependent on pH (13) and salt
conditions (23, 69, 79). In the case of MIP-1â and its
mutants, the15N HSQC spectrum of the dimer is quite
different than that of the monomeric form (69), and as such
it is likely that a change in oligomeric state of vMIP-II would
lead to a substantially altered15N HSQC spectrum. However,
we preliminarily find that neither an increase in the pH of
the NMR sample nor the addition of sodium chloride leads
to a significantly altered15N HSQC spectrum for vMIP-II.

The existence of an apparently purely monomeric chemo-
kine at high concentrations is atypical but not without
precedent: the solution structure of the CC chemokine
MCP-3 has been described by two groups, one of which
claims that the protein is a monomer (80), with the other
reporting a dimer under similar conditions (15). Similarly,
the CXC chemokine SDF-1 was recently reported to be
monomeric in solution (77), although X-ray crystal studies
revealed a dimer (81). The rotational correlation time of a
protein in solution can be a very reliable indicator of
oligomeric state, particularly when a comparison can be made
with other similar proteins of known oligomeric state.
However, this type of determination requires the use of
isotopically labeled protein and was not carried out for
MCP-3 (15, 80) or SDF-1 (77). As such, our studies are the
first that rigorously determine the rotational correlation time
(τc) of a monomeric chemokine as an indicator of multimeric
state in solution.

Tertiary Fold of VMIP-II . Our investigation shows that
vMIP-II has secondary structural characteristics and an
overall fold similar to other known chemokines. H-H NOE
contacts seen in the15N- and13C-separated NOESY spectra
reveal that the threeâ-strands are arranged in an antiparallel
arrangement and that theR-helix is oriented approximately
perpendicular to the sheet, similar to the fold of MIP-1â.
As the anisotropy of rotational diffusion was estimated to
be 1.5( 0.1, assuming vMIP-II has an axially symmetric
diffusion tensor, additional structural information can be
gained from analysis of the15N T1/T2 ratios, provided (1)
residues with internal motions slower than about 100 ps and
(2) residues experiencing conformational exchange on a
micro- to millisecond time scale are not included (54, 56,
60, 63, 64). TheT1/T2 ratio in this case is a function of the
angle (θ) the N-H bond makes with the principal axis of
diffusion. Accordingly, the15N T1/T2 ratios of theâ-strands
andR-helix are 3.0( 0.2, 3.2( 0.2, 3.1( 0.1, and 3.1(
0.1 for â1, â2, â3, and theR-helix, respectively. These15N
T1/T2 ratios are consistent with the finding from H-H NOE
contacts that theâ-strands are arranged as an antiparallel
â-sheet, and theR-helix is approximately perpendicular to
the â-strands. Asτc,eff ) 4.7 ( 0.3 ns andr ) 1.5 ( 0.1, a
T1/T2 ratio of 2.8 would indicateθ ) 90°, while aT1/T2 of
4.6 would indicateθ ) 0°. The values around 3.0 for vMIP-
II indicate that the principal axis of diffusion lies within a
plane that is approximately perpendicular to the NH vectors
of both theâ-strands and theR-helix, an arrangement that
is consistent with a typical chemokine fold.

Internal Dynamics ofVMIP-II . 15N T1, T2, and15N{-HN}
NOE data were used to estimate the internal dynamics of
vMIP-II. These dynamics parameters correlate well to the
deduced secondary structure of the protein. The order
parameterS2 (andSf

2) provides information on the range of
motion of an N-H vector on a picosecond time scale (58,

61). The value can range from 0 (completely disordered) to
1 (completely rigid). These order parameters for vMIP-II are
shown in Figure 2B,C and their average values, not including
Ss

2 and excluding the first 13 residues, are 0.83( 0.09 and
0.82 ( 0.08, respectively. This average value is similar to
the averageS2 values reported for other proteins (37, 55,
66, 82, 83). In general for vMIP-II, regions of secondary
structure have higher order parameters, with average values
of 0.90( 0.04, 0.88( 0.04, 0.83( 0.05, and 0.85( 0.02
for â-strandsâ1, â2, andâ3 and theR-helix, respectively,
according to the values shown in Figure 2B. The amides of
residues in the intervening regions (excluding the N-
terminus) have an average order parameter of 0.79( 0.12.
The N-terminus has low apparentτc (Figure 2A), low S2

values (Figure 2B), and lowSs
2 values (Figure 2C), which

reveals that this section of the protein is highly mobile, with
the first seven N-H vectors in vMIP-II showing near-
complete disorder. This conclusion is corroborated by the
near random coil chemical shifts and the rapid amide proton
exchange rate in this region (Figure 1). Together, these data
suggest that the N-terminus is extended freely into solution
where it is unrestricted by interactions with the body of the
protein. The region of the ordered turn from residues 25-
28 experiences conformational exchange dynamics but also
displays rather slow amide exchange rates (Figure 1). These
observations suggest that these residues undergo motion on
the millisecond time scale, perhaps with some degree of
correlation.

VMIP-II Structure and Dynamics in Light of Function.
vMIP-II is a monomer, even under concentrated conditions
(0.8 mM protein), as indicated by a rotational correlation
time of 4.7( 0.3 ns. While pH and solution conditions have
been shown to affect dimer affinity in chemokines (13, 23,
69, 79), almost all wild-type chemokines are dimers or
multimers at NMR concentrations (11-20). As evidence has
been presented that some chemokines are active as monomers
(21-24), our results may be interpreted as confirming the
monomeric species as the active form of vMIP-II. On the
other hand, it is possible that this lack of preference for a
particular dimer may allow vMIP-II at the cell surface to
adopt either dimer type, which may account for its unique
ability to cross-bind chemokine receptors. However, the
amino acid sequence of the N-terminal region of vMIP-II is
quite different than other CC chemokines, possessing charged
amino acids near the conserved cysteines, where CC
chemokines usually have hydrophobic or uncharged residues.
This region is important in forming the CC chemokine dimer
interface, and may be responsible for the lack of dimerization
of vMIP-II.

The CXC chemokine IL-8 has previously been analyzed
for its backbone dynamics (37), and although this protein is
a dimer in solution, it exhibits marked similarity to the
dynamics of vMIP-II, particularly at the N-terminus. Both
vMIP-II and IL-8 have highly disordered N-termini that are
characterized by very low order parameters, low15N{-H}
NOE values, and long15N T2 values. In addition, both
proteins exhibit relatively high order parameters in the
regions of secondary structure.

For some proteins, ligand binding results in an increase
in order parameters, indicating a “stiffening” of the protein
(84, 85). Although vMIP-II has broad receptor binding ability
and may use atypical regions in its receptor interaction, two
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regions of chemokines have been postulated to be involved
in receptor binding and activation: the N-terminus of the
protein, comprising approximately the first 8-10 residues
of most chemokines, and the “N-loop”, a region spanning
residues 16-24 (in our numbering system) (32, 34, 36, 86,
87). Some mutational work also implicates the firstâ-strand
in receptor specificity (88, 89). Our dynamics study of vMIP-
II shows that most of the N-terminal amino acids through
Lys13 are quite disordered. However, residues 25-28 are
likely experiencing conformational exchange dynamics on
a microsecond to millisecond time scale and this motion may
have the effect of positioning or exposing the N-loop for
receptor binding. Overall, the N-terminal region of vMIP-II
shows the highest degree of disorder, and binding of vMIP-
II to a receptor may decrease this disorder. In a study of the
PLCγ1C SH2 domain Farrow et al. (55) showed that many
residues in the unliganded SH2 domain required either the
two-time-scale model orRex, while the binding of a phos-
photyrosyl peptide greatly simplified the dynamics of the
domain, largely removing the need forSs

2 and reducing the
number of residues requiringRex.

Conclusions. We report the backbone dynamics and a
structural analysis of the anti-HIV chemokine vMIP-II. The
rotational correlation time of vMIP-II is 4.7( 0.3 ns,
indicating that this chemokine is monomeric even at the high
concentrations required for NMR, which is unusual for
chemokines and may bear on this protein’s ability to cross-
bind chemokine receptors. This protein appears to have a
typical chemokine fold, consisting of an unstructured N-
terminus and three antiparallelâ-strands, followed by a
C-terminal R-helix that lies across the strands with an
orientation near perpendicular. The rotational diffusion
anisotropy of vMIP-II is estimated to be about 1.5. The NMR
data suggest that the N-terminus is extended into solution,
possesses no secondary structure, and experiences a high
degree of mobility. In addition, the ordered turn before strand
â1 undergoes conformational exchange dynamics, perhaps
in a concerted manner. Portions of the N-terminus of vMIP-
II are expected to interact with chemokine receptors and may
form a more ordered structure upon receptor binding.
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