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ABSTRACT: The solution structure of murine macrophage inflammatory protein-2 (MIP-2), a heparin-
binding chemokine that is secreted in response to inflammatory stimuli, has been determined using two-
dimensional homonuclear and heteronuclear NMR spectroscopy. Structure calculations were carried out
by means of torsion-angle molecular dynamics using the program X-PLOR. The structure is based on a
total of 2390 experimental restraints, comprising 2246 NOE-derived distance restraints, 44 distance restraints
for 22 hydrogen bonds, and 100 torsion angle restraints. The structure is well-defined, with the backbone
(N, CR, C) and heavy atom atomic rms distribution about the mean coordinates for residues 9-69 of the
dimer being 0.57( 0.16 Å and 0.96( 0.12 Å, respectively. The N- and C-terminal residues (1-8 and
70-73, respectively) are disordered. The overall structure of the MIP-2 dimer is similar to that reported
previously for the NMR structures of MGSA and IL-8 and consists of a six-stranded antiparallelâ-sheet
(residue 25-29, 39-44, and 48-52) packed against two C-terminal antiparallelR-helices. A best fit
superposition of the NMR structure of MIP-2 on the structures of MGSA, NAP-2, and the NMR and
X-ray structures of IL-8 are 1.11, 1.02, 1.27, and 1.19 Å, respectively, for the monomers, and 1.28, 1.10,
1.55, and 1.36 Å, respectively, for the dimers (IL-8 residues 7-14 and 16-67, NAP-2 residues 25-84).
At the tertiary level, the main differences between the MIP-2 solution structure and the IL-8, MGSA, and
NAP-2 structures involve the N-terminal loop between residues 9-23 and the loops formed by residues
30-38 and residues 53-58. At the quaternary level, the difference between MIP-2 and IL-8, MGSA, or
NAP-2 results from differing interhelical angles and separations.

A superfamily of cytokines that function as mitogens,
activating agents, and chemoattractants for cells involved in
the inflammatory and immune response has been identified
and designated the chemokine superfamily (1). The chemok-
ine superfamily is currently the largest cytokine superfamily
with molecular masses ranging from 6000 to 25 000 Da, but
most of the polypeptides are less than 10 000 Da. The
proteins in the superfamily have been separated into two large
groups based upon whether the first two of four conserved
cysteines are separated by an intervening amino acid (CXC
or R-chemokines) or are adjacent to each other (CC or
â-chemokines). The segregation of these proteins into two
groups has functional significance. In general,R-chemokines
are involved in the recruitment and activation of neutrophils
but not monocytes. Theâ-chemokines are involved in the
recruitment and activation of monocytes, T cells, basophils,
and eosinophils, but not neutrophils. Amino acid sequence
identities between proteins within a family range from 20
to 75%, while identities across families are lower. The
exceptions to the above classification include lymphotactin,
which contains only two cysteines (a single disulfide) and
is a chemoattractant for lymphocytes but not monocytes (2),

and neurotactin, a membrane protein with a unique cysteine
pattern (3).
Macrophage inflammatory protein-2 (MIP-2),1 an

R-chemokine, was first characterized as an 8 kDa, heparin-
binding protein secreted from LPS-activated macrophages
(4, 5). Along with MIP-1R and MIP-1â, these proteins are
among the most abundant proteins secreted after LPS
stimulation of macrophages, constituting about 2.5% of the
proteins in the conditioned medium. Intradermal injection
of MIP-2 elicits a marked inflammatory response character-
ized predominantly by neutrophil infiltration (4, 5). Animal
models of glomerulonephritis (6), arthritis (7), pulmonary
inflammation (8), and sepsis (9) indicate that MIP-2 is
involved in the pathophysiology of these conditions. Anti-
MIP-2 antibodies limit tissue damage and, in the case of
sepsis and pulmonary inflammation, provide partial protec-
tion against death. Deletion of the MIP-2 receptor from mice
confirms that MIP-2 is essential for neutrophil chemotaxis
and provides evidence that MIP-2 is involved in hemato-
poiesis (10). In vitro studies are also consistent with a role
for MIP-2 in hematopoiesis as MIP-2 possesses growth factor
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activities on a number of progenitor cells in the bone marrow
(11-14).
Two human seven transmembrane G protein-coupled IL-8

receptors with 77% amino acid identity have been identified
(15, 16) and designated CXCR1 and CXCR2. Both of these
receptors are activated by and bind IL-8 and GCP-2 with
high affinity (17), but the murine chemokines MIP-2 (18)
and KC (19) and human chemokines MGSA/gro-R, NAP-2,
and ENA-78 (20-22) exhibit high-affinity binding only to
the CXCR2 receptor. Experiments to directly study interac-
tions between chemokines and their receptors are difficult
due to the inability to purify large amounts of soluble G
protein-coupled receptors. A number of investigations have
therefore focused on defining the ligand-binding sites of
chemokine receptors and on defining the receptor-binding
sites of chemokines.
The three-dimensional structures of PF-4 [human (23) and

bovine (24)], IL-8 (25, 26), MGSA [human (27-29) and
rat [CINC/GRO] (30)], NAP-2 (31), MIP-1â (32), RANTES
(33, 34), MCP-1 (35), MCP-3 (36, 37), and SDF-1R (38)
have been determined using NMR spectroscopy or X-ray
crystallography. In all cases, the secondary structure of the
monomer consists of an extended N-terminus, three strands
of antiparallelâ-sheet folded in a Greek key, and a carboxy-
terminalR-helix (reviewed in ref39). The subunit structures
of these proteins show great variability. PF-4 and NAP-2
are tetramers (a dimer of dimers) and all of the others exist
as dimers. For members of theR-chemokine family (MGSA,
IL-8, NAP-2, and PF-4), the two monomers associate to form
an extended six-strandedâ-sheet with most of the subunit-
subunit interactions formed between the firstâ-strand of each
monomer. The tetramers of NAP-2 and PF-4 are formed
by back-to-back association of the extendedâ-sheets of the
two dimers. The solution structures of proteins from the
â-chemokine family show an entirely different quaternary
architecture. The dimer interface of MIP-1â, RANTES, and
MCP-1 is formed by a completely different set of residues
located predominantly at the extended loop of the amino
terminus. This interface gives rise to an elongated, cylindri-
cal molecule in contrast to the globular molecule of
R-chemokines. Fully active monomeric chemokines have
been also observed (40), but the nature of the quaternary
structure of chemokines bound to receptors has not been
characterized.
Murine MIP-2 shares about 40% amino acid sequence

identity with IL-8; therefore, it is not surprising that the two
proteins bind the same receptor (CXCR2) and exhibit
similarities in their function. Nevertheless, significant dis-
similarities are also evident, suggesting that some structural
difference exists between the two chemokines. As part of
the effort to clarify the origin of the different binding
specificities and activities of these chemokines to their
receptors, we have determined a solution structure of murine
MIP-2 at high resolution by using two-dimensional homo-
nuclear and heteronuclear NMR spectroscopy and torsion
angle molecular dynamics calculations.

MATERIALS AND METHODS

Sample Preparation.Recombinant MIP-2 was produced
in the Pichia pastoris expression system as previously
described (18). Two hundred milliliters of buffered glycerol-

complex media (BMGY) contained 1% yeast extract, 2%
peptone, 100 mM potassium phosphate, pH 6.0, 1.34% yeast
nitrogen base (without amino acids), 1.6µM biotin, and 1%
glycerol was used forP. Pastorisgrowth. After 48 h of
growth at 30°C with vigorous shaking, the culture was
pelleted by centrifugation and resuspended in 200 mL of
buffered methanol-complex media in which the 1% glycerol
in BMGY is replaced by 1% methanol to initiate induction.
Methanol was resupplied every 24 h to a final concentration
of 1%. After 72 h, the culture was pelleted at 10 000 rpm
and the supernatant was decanted and passed over a 0.2µm
filter prior to loading onto a Sepharose 6B heparin affinity
column (Pharmacia) equilibrated with 20 mM Tris, pH 7.4,
20 mM NaCl, and 1 mM EDTA. MIP-2 was eluted with a
0.02 to 2.0 M linear NaCl gradient and was>98% pure as
judged by SDS-PAGE. MIP-2 produced in this manner has
been shown by amino acid analysis to have the amino acid
composition of the native protein and to have a molecular
mass of 7845 Da by mass spectrometry. This is in exact
agreement with the predicted molecular mass based on the
amino acid sequence and the loss of four hydrogen atoms
upon formation of two disulfide bonds (18).
NMR samples were prepared by dialyzing the purified

protein against 0.1 M ammonium acetate, lyophilizing the
protein, and dissolving the lyophilized protein in 90% H2O/
10% D2O or D2O. The pH was adjusted to pH 5.25 by
adding microliter increments of DCl or NaOD to a 0.6 mL
sample. The final protein concentration of MIP-2 used for
the detailed NMR analysis was 2 mM.
NMR Spectroscopy. All NMR experiments were carried

out on a Varian UNITY Plus 600 MHz spectrometer
equipped with a 5 mm PFGtriple-resonance probe. The
majority of NMR spectra were recorded at a temperature of
303 K; some experiments were also recorded at 298 K and
308 K to resolve ambiguities. Clean TOCSY (41-43)
experiments were carried out with mixing times of 15, 30,
65, 80, and 100 ms. NOESY (44, 45) experiments were
carried out with mixing times of 50, 100, 150, and 200 ms.
A ROESY (46) experiment was carried out with a mixing
time of 35 ms. A DQF-COSY experiment (47) was also
performed. All spectra were recorded in the phase-sensitive
mode according to the method of States et al. (48), with
spectral widths of 10 kHz in both dimensions. The water
resonance in TOCSY and NOESY spectra was suppressed
by using the WET solvent suppression technique (49).
Twenty millisecond selective pulses with a SEDUCE (50)
profile were employed in these experiments. In other
experiments, low-power preirradiation of the water resonance
was used for solvent suppression.
The spectra were processed and analyzed using Felix 95

(Molecular Simulations, Inc, San Diego, CA). Prior to
Fourier transformation int2, the NOESY and TOCSY data
were multiplied by a weak Lorentzian to Gaussian window
function and zero-filled to yield final spectra of 2 K× 2 K
points. DQF-COSY data were processed using a exponential
weighting int2 and a sine-bell function int1 and zero-filled
to 8 K × 1 K points. Additional suppression of the water
signal was achieved by convolution of the time-domain data.
A 2D 1H-15N HSQC experiment (51) was acquired at

natural abundance. GARP-1 was used to decouple15N
during the acquisition period. The1H and15N carriers were
placed at the water frequency and 119.0 ppm, respectively,
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with spectral widths of 10 kHz (1H) and 6 kHz (15N). The
acquired data consisted of 96 complex data points int1 (15N)
and 2048 complex data points int2 (1H). Zero-filling and
linear prediction were employed to yield a final spectrum
of 2048 (15N) × 2048 (1H).
Slow amide proton exchange with solvent was measured

at 303 K by repeated acquisition of TOCSY spectra, acquired
0.5 h following dissolution of the lyophilized protein sample
in D2O. The total acquisition time for a TOCSY spectrum
was approximately 4 h. Qualitative hydrogen exchange rates
were derived by comparison of amide proton cross-peak
volumes as a function of acquisition time.
Interproton Distance and Stereospecific Restraints. In-

terproton distance restraints were derived from NOEs as-
signed in the 2D NOESY spectrum acquired with a mixing
time of 100 ms. The assigned NOE intensities measured
by volume integration were converted into distances refer-
enced to the long-rangeâ-sheet NOE between CRH and
backbone NH as 3.2 Å (52) and were divided into four
groups with distance ranges of 1.8-2.7 Å (1.8-2.9 Å for
NOEs involving NH protons), 1.8-3.3 Å (1.8-3.5 Å for
NOEs involving NH protons), 1.8-5.0 Å, and 1.8-6.0 Å,
corresponding to strong, medium, weak, and very weak
NOEs. In the case of distance restraints involving methyl
protons, an additional 0.5 Å was added to the upper distance
limit to account for averaging due to the rapid rotation of
the methyl group (53, 54). Stereospecific assignments were
made by observation of intraresidue and sequential NOESY
and ROESY peak intensities (55-57) and from results of
initial structure calculations. If NOEs were observed from
a proton to both methylene protons, which were not
stereospecifically assigned, the weaker NOE was explicitly
used for the restraints. Where appropriate,〈r-6〉 summation
was applied to NOEs involving nonstereospecifically as-
signed methylene protons (58-60).
Dihedral Angle Restraints. Backboneφ angles were

calculated from the3JHN-HR scalar coupling constants

measured from the DQF-COSY spectrum using the method
of Kim and Prestegard (61). Backboneφ angles measured
in this way were only used in structural calculations for
residues within elements of clearly defined secondary
structure, in which case these angles were restrained to values
of -60° ( 30° or -140° ( 30° for R-helix or â-sheet,
respectively. For those residues in which3JHN-HR could not
be measured, theφ torsion angle was restrained to-100° (
80° if the amide proton gave a more intense NOE to the
CRH proton of the preceding residue compared with the NOE
to its own CRH proton (62). Side chains in which HR-Hâ1/
HR-Hâ2 cross-peak intensity ratios were greater than 5 in short
mixing time (15 ms) TOCSY experiments in D2O were
assumed to have aø1 angle between 120° and 360° (33).
Side chains in which both HR-Hâ cross-peaks were weak had
ø1 restrained between 0° and 120°.
Hydrogen Bonding and Disulfide Restraints. Backbone

hydrogen bonds were identified from the pattern of sequential
and interstrand NOEs involving NH and CRH protons,
together with hydrogen exchange rate measurements. An
amide proton with a measurable exchange rate under the
experimental conditions of 303 K and pH 5.25 was consid-
ered as a possible hydrogen bond donor. Only hydrogen
bonds that satisfied both NOE connectivity criteria and
hydrogen exchange rates were used for structure calculations.
Each hydrogen bond identified was defined using two
distance restraints,dH-O ) 1.7-2.0 Å anddN-O ) 2.7-3.0
Å. One distance restraint (dSγi-Sγj ) 2.1 Å) was used to
define the disulfide bonds between residues 9 and 35 and
11 and 51.
Structure Calculations. Structure calculations were carried

out with a torsion angle molecular dynamics protocol (63)
using the program X-PLOR 3.851 (64). Initial structures
consisted of extended strand conformations which were
generated by sequentially placing all atoms along thex-axis
at tenth of an angstrom intervals, withy andz coordinates
set to random numbers between zero and 1. In the first stage,

FIGURE 1: Summary of the sequential NOE connectivities, backbone amide proton exchange rates, and chemical shift index of CRH protons
for MIP-2. The relative strengths of the NOEs are indicated by the thickness of the lines. Slowly exchanging amide protons are indicated
by a solid circle. The chemical shift index of each CRH is indicated by “-”, “0”, or “ +”, corresponding to the indices-1, 0,+1, respectively,
described by Wishart et al. (66).
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the regularized extended strands were subjected to 30 ps of
torsion-angle molecular dynamics at 50 000 K. To facilitate
rotational barrier crossings, the scaling factor for the van
der Waal energy,wvdw, was set to 0.1. The structures were
then subjected to a slow-cooling torsion-angle molecular
dynamics stage in which the temperature was reduced from
50 000 to 1000 K over a period of 30 ps whilewvdw was
linearly increased from 0.1 to 1.0. The NOE and dihedral
force constants were held at 150 kcal mol-1 Å-2 and 100
kcal mol-1 rad-2, respectively. The third stage of the
protocol consisted of a slow-cooling stage from 1000 to 300
K for 6 ps using Cartesian molecular dynamics. During this
stage of the protocol, the NOE and dihedral force constants
were kept at 50 kcal mol-1 Å-2 and 300 kcal mol-1 rad-2,
respectively. Finally, the structures were subjected to 1000
steps of conjugate-gradient minimization. Symmetry re-
straints were applied throughout the torsion angle molecular
dynamics procedure in the form of the X-PLOR noncrys-
tallographic symmetry (NCS) restraint to ensure that the rms
difference between the two monomers within a single dimer
was minimized.
A total of 2246 NOE distance restraints (976 intraresidue,

608 sequential, 238 medium-range, 374 long-range, and 50
intersubunit NOEs) were used. In addition, 100 dihedral

restraints (80φ and 20ø1) and 44 hydrogen-bonding restraints
(from 22 hydrogen bonds) were used. The stereochemical
quality of the ensemble was assessed with the program
PROCHECK (65).

RESULTS AND DISCUSSION

Resonance Assignments.The sequential assignment of the
residues in the1H NMR spectrum was achieved by first
identifying spin systems using TOCSY spectra acquired with
different mixing times and DQF-COSY spectra. This
procedure was followed by assigning identified spin systems
to particular residues in the protein by the observation of
sequential HN-HN, CRH-HN, and CâH-HN NOEs (52).
Ambiguities arising from degenerate chemical shifts were
resolved by recording spectra at different temperatures
ranging from 298 to 308 K. The side-chain NH resonances
of three Asn residues and six Gln residues were not fully
resolved in the1H spectra but could be resolved in a 2D
15N-1H HSQC spectrum (Figure 1S, Supporting Information)
and linked with CâH or CγH resonances by NOEs in the
NOESY spectra.15N and 1H chemical shifts are listed in
Table 1S (Supporting Information).
Secondary Structure and Dimer Formation. The second-

ary structure of MIP-2 was determined from a qualitative
analysis of the sequential, medium-range and some long-
range backbone NOE intensities, backbone scalar coupling
constants, amide proton exchange rates, and chemical shift
analysis of CRH protons. MIP-2 contains a three-stranded
antiparallel â-sheet, characterized by stretches of strong
sequential [dRN(i,i + 1)] NOE connectivities, long-range
backbone NOE connectivities [dNN(i,j), dRN(i,j), anddRR (i,j)],
reduced amide proton exchange rates, and the CRH chemical
shift index of Wishart et al. (66) (Figure 1). The arrangement
of the threeâ-strands into an antiparallelâ-sheet is that of
a Greek key: strand 2 (residues 39-44) is hydrogen bonded
to strands 1 (residues 25-29) and 3 (residues 48-52), as
shown in Figure 2. In addition, a C-terminalR-helix

FIGURE2: Schematic representation of the antiparallelâ-sheet and dimer interface of MIP-2 as determined by analysis of NOE connectivities
and amide proton exchange data. Observed interstrand NOEs are indicated by arrows. Hydrogen bonds predicted from amide proton exchange
and NOE data are indicated by broken lines.

Table 1: Structural Statistics for the Ensemble of 20 Structures and
Atomic Differences to the Mean Structure (Residues 9-69)

rms deviation from experimental
distance restraints (Å)
NOE (2246)+ H-bond (44) 0.031( 0.004

dihedral restraints (deg)
φ angles (80)+ ø1 angles (20) 0.359( 0.073

deviation from idealized covalent geometry
bonds (Å) 0.0030( 0.0003
angles (deg) 0.599( 0.017
impropers (deg) 0.493( 0.020

avg rmsd from mean structure
backbone atoms (N,CR,C) (Å) 0.57( 0.16
all heavy atoms (Å) 0.96( 0.12
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extending from 60 to 67 is well-defined, as characterized
by the observed grouping ofdNN(i,i + 1), dNN(i,i + 2), dRN-
(i,i + 3), dRâ(i,i + 3), anddRN(i,i + 4) NOE connectivities
(Figure 1). Several medium-range NOEs involving residues
24-30, and the observation of a slowly exchanging amide
proton for residue Leu-26, are consistent with MIP-2 forming
a dimer in solution. Strand 1 from theâ-sheet in one
monomer is hydrogen bonded in an antiparallel fashion to
the same strand in the other monomer (Figure 2). As
mentioned above, this quaternary arrangement has been
observed for other CXC chemokines, but is very different
from that of the CC chemokines (reviewed in ref39).
Calculation of the Structure of MIP-2. Structures have

been calculated for the MIP-2 dimer using distance and
dihedral angle restraints generated from NMR data and a
torsion angle molecular dynamics protocol (63). A structure
calculated in this manner was considered to be acceptable if
it had no violation of NOE restraints greater than 0.5 Å, no
dihedral angle violation greater than 5°, no rms deviation of
bonds from ideal values greater than 0.02 Å, and no rms
deviation of angles from ideal values greater than 2.0°.

Several rounds of calculations were performed, adding more
NOEs to each round to resolve ambiguous assignments (67).
In the final round of calculations, an average of 16 restraints
per residue was used. A total of 50 structures were
calculated, and 45 of these were acceptable according to the
above criteria. The structural statistics of the 20 accepted
structures with the lowest overall energies are shown in Table
1, and the superposition of the individual structures on the
average structure is shown in Figure 3. Excluding residues
1-8 and 70-73 at the N- and C-termini of both monomers,
which are poorly defined by the data, the remainder of the
structure is well determined with atomic rms differences with
respect to the mean coordinate positions of 0.57( 0.16 Å
for the backbone (N, CR, C) atoms and 0.96( 0.12 Å for
all heavy atoms (Table 1).
The stereochemical quality and precision of the ensemble

of 20 structures was assessed with the program PROCHECK
(65). With regard to theφ/ψ locations in the Ramachandran
diagram (68), all nonglycine residues from 9 to 69 in all 20
structures lie within the allowed region, wherein 69% of the
residues were in the most favored regions, 23% were in

FIGURE 3: Stereoviews showing best fit superpositions of the backbone atoms of the 20 lowest energy accepted torsion angle molecular
dynamics structures. Resides 9-69 from both subunits are shown in three different orientations.
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additional allowed regions, and 8% were in generously
allowed regions (Figure 4). The precision of the torsion
angles was assessed using PROCHECK by the circular
variance (69-70). The value of circular variance varies from
0 to 1, with a lower value indicating a tighter clustering of
the values about a single mean value. The circular variance
for theφ andψ torsion angles for the majority of the residues
in the structured region (residues 9-69) is low, indicating
that the backbone of the structures is well-defined (Figure
4a), with the exception of residues 9-10, 32, and 35-36.
This implies that these parts of the protein are either relatively
more mobile or are less defined due to chemical shift
degeneracy and/or lack of NOE information. Most side
chains, especially the residues in the nonloop regions of the
protein, are reasonably well-defined as indicated by theø
circular variance which is close to 0. Higher values of
circular variance are observed for charged residues such as
Lys-13, Lys-45, and Lys-61. These charged residues tend
to be located on the surface of the protein as indicated by
the calculated surface accessibility (Figure 4b).
Description of the Structure of MIP-2. A ribbon diagram

of the overall polypeptide fold of the MIP-2 dimer is shown
in Figure 6. As mentioned above, each monomer contains
a three-stranded antiparallelâ-sheet, arranged in a Greek key
motif and packed against a C-terminalR-helix. There are
four cysteines, all of which are involved in disulfide bond
formation: Cys-9 forms a disulfide with Cys-35, which is
part of the 30s turn, and Cys-11 forms a disulfide bond with

Cys-51 of strand 3 of theâ-sheet. At the N-terminus, a
series of nonclassic turns at residues 9-12 and 15-18 make
up a long loop extending from residues 9 to 19. This is
followed by a single 310-helical turn formed by residues 20-
22 that leads into strand 1. Strands 1 and 2 are connected
by a loop (the 30s loop; residues 30-38) which contains no
standard turns but is markedly bent between residues 34 and
35. The conformation of theâ-hairpin (the 40s loop; residues
45-47) connecting strands 2 and 3 is also unusual [φ(i+1)
-84,ψ(i+1) 109; (φ(i+2) 139,ψ(i+2) -30] and is classified as
a distorted type I turn. Strand 3 of theâ-sheet leads into
theR-helix via a loop from residues 53 to 58 (the 50s loop).
In MGSA, theR-helix extends from residue 57 to residue
69 within each subunit, while in IL-8, thisR-helix continues
to the C-terminal residue 73. In the case of MIP-2, residues
68-70 were found to be in a helix-like turn configuration
in 9 out of the 20 torsion angle dynamics structures, and the
R-helix extended from residue 60 to only 67 before fraying
was observed. The secondary structure identified in MIP-2
is summarized in Figure 4c. The solvent accessibilities in
Figure 4b indicate that the antiparallelâ-sheet domains are
either mostly buried or masked by folding of the C-terminal
helix and the N-terminal segment.
As stated above, the NMR data are consistent with MIP-2

forming a dimer in solution. The dimer interface is
principally stabilized by an antiparallelâ-sheet with two
hydrogen bonds between strand 1 from one monomer and
strand 1′ of the other monomer. There is another stabilizing

FIGURE 4: The Ramachandran plot of the distribution ofφ-ψ values for residues 9-69 of 20 MIP-2 structures. The regions denoted as A,
B, L are the most favored; a, b, l, and p are the additional allowed;∼a,∼b,∼l, and∼p are generously allowed. Glycine residues are shown
as triangles.
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interaction between the two helices involving the side-chain
amide of Gln-60 of one monomer and the side-chain amide
of Asn-68 of the other monomer, which serves to maintain
the orientation of the C-terminal helices. There are also
hydrophobic interactions betweenâ-strand 1 of the two
monomers, such as the interaction between the methylene
group of Ser-25 from one monomer with theγ-methyl group
of Thr-29 from the other monomer.

Comparison of the MIP-2 Structure with Other Chemok-
ines. The solution structure MIP-2 is generally similar to
the previously characterized structures of the homologous
R-chemokines IL-8 (25, 26) and MGSA (27-29). As noted
above, however, the C-terminalR-helix of MIP-2 ends at
residue 67, rather than continuing to residue 69 as in MGSA
or the C-terminal residue 73 as in IL-8. A comparison of
the backbone atomic rms deviations between the mean
structure of MIP-2 and the solution structure of MGSA [Note
that we have used the MGSA structure described by
Fairbrother and co-workers (PDB accession code 1MGS
(28)) for this comparison], the solution and X-ray structure
of IL-8, and the X-ray structure of NAP-2 is given in Table
2. MIP-2 and MGSA show a rms deviation between
monomers of 1.11 Å for the backbone atoms of residues
9-68, while the fits of MIP-2 to the structures of NAP-2
and the NMR and X-ray structures of IL-8 are 1.02, 1.27,

and 1.19 Å, respectively. (Note that, for IL-8, residues 7-14
and 16-67 were used. Residue 15 was omitted from the
superposition due to the single amino acid insertion in IL-8;
for NAP-2, residues 25-84 were used.) A comparison of
MIP-2 with the MGSA, NAP-2, and IL-8 (NMR and X-ray)
structures shows that theâ-sheet backbone rms deviation
values were 0.40 Å, 0.41, 0.45, and 0.36 Å respectively.
When the C-terminalR-helix is included, the rms deviation
between MIP-2 and the MSGA, NAP-2, and IL-8 (NMR and
X-ray) structures increases to 0.74, 0.53, 0.57, and 0.52 Å
respectively, which suggests that the packing of the helix
onto the sheet is different among the three proteins. Inclusion
of the loop residues 53-59 significantly increases the rms
deviation values between MIP-2 and the MSGA, NAP-2,
and IL-8 (NMR and X-ray) structures to 1.10, 0.91, 1.02,
and 0.93 Å, respectively. Inclusion of the loop residues 30-
38 and the N-terminal residues 9-24 results in more modest
increases in the rms deviation values, while inclusion of the
residues making up the 40s loop has little impact on the rms
deviation values.

Generally, rms deviation values made at the dimer level
are larger than those made at the monomer level. Analysis
of the structures with the program PROMOTIF (71) indicates
that much of this increase arises from differences in
positioning of the helix on top of theâ-sheet. In MIP-2,
the distance of closest approach for the helices is 13.4 Å,
which is exactly midway between the distance observed in
the IL-8 X-ray structure (11.7 Å) and the distance observed
in the IL-8 NMR structure (15.1 Å). In the MGSA structure,
this distance is 11.4 Å, whereas it is 10.7 Å in the NAP-2
structure. In addition, the helix interaxial angle in MIP-2 is
145° whereas this angle is 172° in the NMR structures of
IL-8 and MGSA, 164° in the X-ray structure of IL-8, and
154° in NAP-2. The dimeric structure of MIP-2 appears to
most closely resemble one of the dimers of PF-4; in this
protein, the analogous helices have an interhelical distance
of 13.7 Å and an interaxial angle of 154°. The structural
basis for these differences in quaternary structure is still
unclear (see ref39 for discussion), but it is unlikely that
they play a major role in determining receptor specificity
since the monomeric forms of several CXC chemokines have
been shown to be fully functional (40, 72).

FIGURE 5: A summary of the ensemble geometry for residues 9-69 of MIP-2 as defined by PROCHECK. (a) Circular variances for the
dihedral angle distributionsφ, ψ, ø1 andø2, and combinationsφ-ψ andø1-ø2. The larger the black area on the dial the greater the spread.
(b) Solvent accessibility of each residue in MIP-2. The dark regions correspond to surface residues, while the lighter ones represent buried
residues. (c) Schematic of the secondary structure of MIP-2, averaged across all the members of the ensemble.

FIGURE 6: Ribbon diagram of the averaged minimized structure
of the MIP-2 dimer.
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The superposition of the MIP-2 monomer solution struc-
ture with the MGSA, IL-8 (NMR and X-ray), and NAP-2
structures is presented in Figure 7. The backbone deviations
following such an overlay identify significant differences
between these structures for the N-loop (which includes the
ELR and CXC motifs and the turn at residues 15-19), the
30s loop, the 50s loop, and the C-terminalR-helix. Like
MGSA, the ELR motif is more restrained in MIP-2 than in
IL-8 as supported by NOEs between sequential amide protons
involving residues 6-9; the corresponding residues in IL-8
do not have sequentialdNN NOEs (73). Significant differ-
ences are observed for other N-loop residues: Val-18 of
MIP-2 is replaced by the bulkier Ile in MGSA and NAP-2
and by Phe in IL-8; Asp-19 of MIP-2 is replaced by the
bulkier His in MGSA, IL-8, and NAP-2. In addition, the
size of the 15-19 loop is smaller (one residue shorter) in
MIP-2 as compared with IL-8. The net result of these
changes is different steric packing between this peptide
segment and the sheet and the helix, and a pronounced kink
at residues 18 and 19 in the N-loop of MIP-2.
Residue Cys-9 in the CXC motif of the N-loop is linked

to the 30s loop (residues 30-38, MIP-2 numbering) via a
disulfide bond. Inspection of Table 2 and Figure 7 reveals
that the orientation of the 30s loop in MIP-2 is most similar
to the orientation seen in MGSA. The orientation of this
loop in IL-8, particularly in the IL-8 NMR structure, is most
dissimilar to the MIP-2 structure. The change in the
conformation of the N-loop resulting from the different
packing arrangement of residues 18-19 in MIP-2 may be
at least partially responsible for the different orientation of
the 30s loop in MIP-2 versus IL-8. It is also interesting to
note that in the NMR and X-ray structures of IL-8, hydrogen
bonds are observed between His-33 (IL-8 numbering) and
either Gln-8 (NMR) or Glu-29 (X-ray), which are absent in
MIP-2, MGSA, and NAP-2. On the other hand, the
interaction between the amide proton of Gln-8 (Gln-10 in
MIP-2) and the buried side chain of Glu-38 (Glu-39 in MIP-
2) that is observed in the NMR and X-ray structures of IL-8
is preserved in MIP-2. This interaction, which is also seen
in the structures of MGSA and NAP-2, has been shown to
be responsible for the large downfield chemical shift of the
amide proton of this glutamine residue that is observed in
CXC chemokines that have been examined to date by NMR,
including MIP-2 (74).
The change in the conformation of the N-loop may also

have an impact on the orientation of the 50s loop. While
Cys-11 in the CXC motif is not linked directly to the 50s

loop, it does form a disulfide bond with Cys-51 immediately
adjacent to this loop. In addition, there are several noncon-
servative changes in the amino acid sequences of the 50s
loop among the various chemokines that likely contribute
to the different orientations of the 50s loop that can be seen
in Figure 7.
Structure and Function.It has been shown that IL-8 and

GCP-2 bring about chemotaxis and activation of neutrophils
through high-affinity binding to at least two distinct receptors,
CXCR-1 and CXCR-2 (15-17). MIP-2 also induces chemo-
taxis in human neutrophils. In contrast to IL-8, MIP-2 binds
with high affinity to CXCR-2, but with low affinity to
CXCR-1 (18). This observation is similar to results of
binding studies with MGSA, NAP-2, and ENA-78. Struc-
ture-activity studies of these chemokines have been used
to define regions responsible for biological activity. Results
from these studies indicate that the monomer is sufficient
and the ELR motif is essential for receptor binding and
activation (75-78). A mutant of MIP-2 in which the first
four residues were deleted was shown to exhibit high-affinity
binding to the murine homologue of the IL-8 receptor, yet
required a 10-fold increase in concentration relative to wild-
type MIP-2 to achieve a maximal chemotactic response (18).
This observation suggested that the four deleted residues do
not participate in receptor binding, but are involved in the
activation of the receptor. A second mutant of MIP-2 in
which Glu-6 and Arg-8 were each mutated to alanine bound
to the receptor weakly, if at all, and demonstrated that the
murine receptor also requires the ELR motif for receptor
binding and activation. In IL-8, this region has been shown
to be flexible by 15N relaxation studies (79), and it is
disordered in the solution structure. The disorder of the ELR
region in MIP-2 is not as great as IL-8 in part due to the
presence of NOE correlations between Arg-8 and His-34.
Thus, the orientation of the flexible 30s loop may have a
role in the presentation of the ELR motif to the receptor.
This may also be the case for the more structurally
heterogeneous 50s loop, although a clear demonstration of
this hypothesis awaits further analysis.
Sequence analysis of the six chemokines that exhibit high-

affinity binding to CXCR-2 identified a 600 Å2 surface
consisting of conserved residues Glu-6, Leu-7, Arg-8, Cys-
9, Cys-11, Thr-14, Gly-32, Cys-35, Glu-39, Cys-51, and Pro-
54 which may form part of the receptor-binding site (18).
Another area of high sequence homology consists of residues
Lys-21 and Lys-65 which, together with the basic residue at
position 61 (which is not invariant as it is an arginine in

Table 2: Superpositions of MIP-2, MGSA, IL-8, and NAP-2 Monomers (Dimers)

rmsd (Å)a of MIP-2b vs

residuesc
MIP-2

(backbone)
MIP-2

(heavy atoms)
MGSAd

(backbone)
IL-8(NMR)e

(backbone)
IL-8(X-ray)f

(backbone)
NAP-2g

(backbone)

â-sheet (25-29, 39-44, 48-52) 0.15( 0.03 0.54( 0.06 0.40 0.45 0.36 0.41
â-sheet+ R-helix (25-29, 39-44, 48-52, 60-68) 0.21( 0.05 0.66( 0.06 0.74 0.57 0.52 0.53
â-sheet+ R-helix+ 50s (25-29, 39-44, 48-68) 0.22( 0.05 0.68( 0.06 1.10 1.02 0.93 0.91
â-sheet+ R-helix+ 50s+ 40s (25-29, 39-68) 0.22( 0.05 0.70( 0.05 1.07 1.00 0.92 0.90
â-sheet+ R-helix+ 50s+ 40s+ 30s (25-68) 0.44( 0.12 0.81( 0.08 1.12 1.13 1.02 0.99
â-sheet+ R-helix+ 50s+ 40s+ 30s+ N-term (9-68) 0.49( 0.13 0.90( 0.10 1.11(1.28) 1.27(1.55) 1.19(1.36) 1.02(1.10)

a The RMSDs are calculated from a best fit superposition between residues 9 and 68 of MIP-2 and the corresponding residues of MGSA (9-68),
IL-8 (7-14 and 16-67), or NAP-2 (25-84). Comparisons at the monomer level are listed first followed by comparisons at the dimer level (in
parentheses).b Average structure of 20 structures.cResidues numbered according to MIP-2 sequence.d PDB accession code 1mgs.ePDB accession
code 1il8.f PDB accession code 3il8.g PDB accession code 1nap.
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IL-8 and a lysine in the other chemokines), form a highly
positively charged region on the surface of the protein (Figure
8). Additional positive charges in this region in MIP-2
include Lys-45 (which is a serine in IL-8 but is conserved
in the other chemokines) and Arg-17 (which is not con-
served). This positively charged region may be involved in

binding negatively charged moieties on the receptor. Al-
ternatively, this region may be involved with binding the
sulfate groups in heparin sulfate proteoglycans and, hence,
have a role in presentation to the receptor or in the dynamics
of protein binding in vivo. It is interesting to note in this
regard that various chemokines may have differential selec-

FIGURE 7: (A) Best fit superpositions of backbone atoms of a single monomer from the mean MIP-2 coordinates (red) on the (a) MGSA
(blue), (b) IL-8 (NMR) (green), (c) IL-8 (X-ray) (purple), and (d) NAP-2 (orange) structures; (B) alignment of the primary sequences of
R-chemokines MIP-2, MGSA, NAP-2, muKC, ENA-78, IL-8 and GCP-2. The residue numbers of MIP-2 are shown on the top. The ELR
motif is in italics, and the conserved cysteines are in bold.
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tivities for glycosaminoglycan families (81). Furthermore,
IL-8, MCP-1, MIP-1R, and RANTES have been shown to
oligomerize in the presence of heparin, suggesting that
glycosaminoglycans may indeed have a role in raising the
local concentration of chemokines or in the way chemokines
interact with their receptors (81).
An alignment of chemokines that bind to CXCR-1 is not

possible because IL-8 is the only identified chemokine with
high-affinity binding to this receptor. Nonetheless, sequence
differences between IL-8 and MIP-2, MGSA, KC, NAP-2,
and ENA-87 must account for receptor specificity. A
previous analysis identified 14 residues that have differences
in charge, aromaticity, and geometric constraints (e.g., amino
acids involving glycine or proline) among IL-8 and the other
chemokines (18). One interesting observation is that seven
out of these 14 residues are located between residues 13-
24 (MIP-2 numbering). As described above, this is the
region where significant structural differences are observed
between MIP-2, MGSA, IL-8, and NAP-2. This is also in
agreement with recent mutagenesis experiments to identify
important residues for binding to CXCR-1 (82-84). NMR
experiments involving15N-labeled IL-8 and a peptide
comprising the 40 N-terminal residues of CXCR-1 identified
interactions between this peptide and residues Gln-8, Thr-
12, Lys-15, Phe-17, His-18, Lys-20, Phe-21, Ser-44, Gln-
48, Leu-49, Cys-50, and Val-61 of IL-8 (85). All of this
earlier work is consistent with the structural results presented
here in identifying those regions of theR-chemokines that
confer receptor specificity. The availability of1H and15N
resonance assignments and a solution structure for MIP-2
will now allow potential interactions with the receptor and
other molecules to be probed directly.

SUPPORTING INFORMATION AVAILABLE
1H chemical shift assignments of MIP-2 at pH 5.25 and

303 K (5 pages) and1H-15N HSQC spectrum of MIP-2
recorded at 600 MHz. Ordering information is given on any
current masthead page.
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