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Abstract

MIP-2/CXCL2 is a murine chemokine related to human chemokines that possess the Glu-Leu-Arg
(ELR) activation motif and activates CXCR2 for neutrophil chemotaxis. We determined the
structure of MIP-2 to 1.9Å resolution and created a model with its receptor murine CXCR2 based
on the coordinates of human CXCR4. Chemokine-induced migration of cells through specific G
protein-coupled receptors is regulated by glycosaminoglycans (GAGs) that oligomerize
chemokines. MIP-2 GAG-binding residues were identified that interact with heparin disaccharide
I-S by NMR spectroscopy. A model a GAG:MIP-2:CXCR2 complex that supports a 2:2 complex
between chemokine and receptor was created. Mutants of these disaccharide-binding residues
were made and tested for heparin binding, in vitro neutrophil chemotaxis, and in vivo neutrophil
recruitment to the mouse peritoneum and lung. The mutants have a 10-fold decrease in neutrophil
chemotaxis in vitro. There is no difference in neutrophil recruitment between wild-type MIP-2 and
mutants in the peritoneum but all activity of the mutants is lost in the lung supporting the concept
that GAG regulation of chemokines is tissue-dependent.

Chemokines orchestrate leukocyte recruitment to sites of injury or infection. Some
chemokines, particularly CXCL12, have roles during embryonic development (1).
Chemotaxis is a complicated process that can be simplified into three events. First,
chemokines are involved in transcytosis through the endothelium from the site of cellular
secretion (2–5). Second, chemokines bind and activate specific G-protein coupled
chemokine receptors (GPCRs) to initiate integrin-mediated adhesion and transmigration (6,
7). Finally, neutrophils respond to a chemokine gradient through the same GPCR to migrate
through the matrix to the site of chemokine release (8). The interactions of
glycosaminoglycans (GAGs) and chemokines regulate these individual processes (9, 10).
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The chemokine superfamily is classified into four families based on the presence or absence
of intervening amino acids between two conserved cysteines near the N-terminus that form
disulfides with other cysteines in the protein sequence. Chemokines from three (CXC, CC,
CX3C) of the four families essentially have the same monomeric structure, but tend to differ
in their dimeric structure. The chemokine in the fourth family (XC) lacks one of the two
cysteines, and forms two interconverting structures, a canonical chemokine monomer and a
monomer with four β-strands lacking a C-terminal α-helix (11).

Chemokines activate their GPCRs in a family-dependent manner. While there may be a
number of chemokines within a family that activate the same receptor, chemokines from
different families never activate the same receptor. Structures of chemokines from all four
families have been solved with most having a monomeric or dimeric structure, but higher
oligomers up to a decamer have been determined (12, 13). The dimeric chemokines from
each family are sufficiently different to explain family specificity, but most functional
studies indicate that the activating chemokine is a monomer (14). There is also some
evidence chemokine receptors can be activated by monomers and dimers, but monomers and
dimers have different receptor affinities and activating properties, with the monomer having
a higher binding affinity and eliciting most biological effects (15–17). More recently,
structures of linear forms of oligomeric chemokines have been determined and proposed to
have important roles in chemotaxis (13, 18–21). In contrast to the many structures available
for chemokines, only one chemokine receptor (CXCR4) structure is available. CXCR4 was
co-crystallized with two small molecule antagonists and is a dimer in five different space
groups (22).

The interactions of chemokines with proteoglycans and glycosaminoglycans (GAGs)
regulate biological activity (9, 10) but the mechanisms that lead to regulation are still
unclear. GAGs enhance dimerization or oligomerization of chemokines (23–25) and may
present chemokines to their receptors (4). It has also been suggested that GAG-mediated
linear (as opposed to globular) oligomerization is important for presentation to receptors
under flow conditions in the endothelium (19, 26). GAG-mediated oligomerization of
chemokines (23–25) has also been proposed to mediate a chemokine gradient within the
matrix that is necessary for chemotaxis (8). The functional effects of GAG-deficient mutant
chemokines have been investigated in vitro and in vivo but the results are confounding (24,
27–29). The in vitro activities vary depending on chemokines. Some GAG-deficient mutants
are as active as WT (30, 31), whereas GAG-deficient mutants of other chemokines are
approximately 1000-fold less active (24). The in vivo activities also vary from increased cell
recruitment (e.g., for CXCL8) to no activity at all (e.g., CCL2, CCL4, and CCL5) (30, 32)
but, generally, there is no correspondence to the in vitro effects.

In the present study we determined the X-ray structure of MIP-2 to resolve whether the four
monomers in the asymmetric (33) make linear oligomers recently reported for CCL4(34),
CCL5 (21), CXCL10 (18, 26) and CXCL12 (13), speculated to be important for the function
of chemokines (19). We were also interested in the interface between MIP-2 and murine
CXCR2 (mCXCR2), and the structural and functional aspects of regulation by GAGs. A
model of mCXCR2 was created based on the structure of human CXCR4 (22) and the
MIP-2 X-ray structure to analyze the potential binding surface of MIP-2 and CXCR2. We
also used NMR to identify MIP-2 residues that interact with a heparin disaccharide and
developed a model of the GAG:MIP-2:CXCR2 complex. The GAG-binding residues
identified by NMR were mutated to alanine and tested for in vitro chemotaxis and neutrophil
recruitment to the mouse peritoneum and lung. We observe differences of GAG-deficient
mutants between in vitro chemotaxis and the in vivo results, as well as differences of GAG-
deficient mutants in in vivo neutrophil recruitment to the peritoneum and lung. This study
was compared to neutrophil recruitment from CXCL8 GAG-deficient mutants to the murine

Rajasekaran et al. Page 2

Biochemistry. Author manuscript; available in PMC 2013 July 17.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



peritoneum and lung (30, 31). This comparison of two chemokines in the ELR subfamily
leads us to conclude GAG regulation is tissue- and chemokine-dependent and could differ
dramatically in its effects, suggesting markedly different mechanisms.

EXPERIMENTAL PROCEDURES

Cloning, expression and purification of wild type and mutant MIP-2 in E. coli

For crystallization, recombinant MIP-2 was purified from Pichia pastoris with minor
modifications of a protocol described previously (35). The P. pastoris clone expressing
MIP-2 was grown at 30°C to an A600 of 2–6 in BMGY medium. For induction, the cells
were transferred to BMMY media and induced at 30°C with 1% methanol every 24h for
72h. The protein was secreted into the medium and purified directly using a cation-exchange
SP-sepharose column equilibrated with 25mM Tris-HCl, pH 7.4 and eluted with a linear
gradient of 0–1M NaCl. The protein was further purified by size exclusion chromatography
on a S75-sepharose column equilibrated with 0.1M ammonium acetate. The purified protein
was concentrated to a final concentration of 10 mg/ml and used for crystallization.

For solution and functional studies, wild-type (WT) and mutants were made in E. coli.
MIP-2 cDNA was cloned into pET-32a(+) between KpnI and NcoI sites, and expressed as
an N-terminal His-tag and thioredoxin (Trx) fusion MIP-2 protein. The fusion protein carries
an enterokinase cleavage site between the N-terminal tag and MIP-2. The cloning was
designed to avoid any additional amino acids at the N-terminus of MIP-2 after enterokinase
cleavage. MIP-2 carrying GAG-deficient mutations were generated using the multi-site
mutagenesis kit (Stratagene). All clones were sequenced and transformed into BL21-Gold
(DE3) E. coli cells for expression and purification. The protein expression was induced with
1mM IPTG at 37°C. N-terminal His-tag and thioredoxin (Trx) fusion MIP-2 protein was
purified on a His Trap HP column (GE Healthcare) in a buffer containing 25mM Tris-HCl
pH 7.4, 150mM NaCl, 5mM imidazole and EDTA-free protease inhibitor cocktail. The
purified protein was dialyzed against enterokinase cleavage buffer (20mM Tris-HCl, pH 7.4,
50mM NaCl, 2mM CaCl2) and digested with enterokinase (Novagen) for 2–4hr at room
temperature. The enterokinase-cleaved MIP-2 protein was collected in the flow through
while the His-Trx product (and uncleaved protein) remained on the His Trap HP column.
Fractions containing MIP-2 were pooled and were further purified on an YMC-Pack ODS-A
C18 reverse phase-HPLC column equilibrated with 1% trifluoroacetic acid. The protein was
eluted with a linear gradient of 0–55% acetonitrile. Purified MIP-2 was lyophilized and
resuspended in sterile double distilled water. Due to the absence of aromatic amino acids, far
UV absorbance using the formula 144 × (A215-A225) was used to determine protein
concentration (36).

Crystallization, data collection, and processing

MIP-2 crystals were obtained by vapor diffusion in a hanging drop. An equal ratio of 10mg/
ml of protein was mixed with reservoir solution containing 0.1M Tris, pH 8.5, and 30% PEG
3350. The crystals grew in 3 days and were briefly soaked in paratone oil (Hampton
Research) as a cryo-protectant prior to X-ray diffraction data collection. Data from a single
crystal were collected on an R-AXIS++ IV detector (Rigaku) to 1.9Å resolution at the
Macromolecular X-ray Crystallography Facility at the Yale School of Medicine. The data
set was processed and scaled using the HKL-2000 software package (37).

Structure determination and refinement

The structure of MIP-2 was solved by molecular replacement using the IL-8 structure (PDB
code 3IL8) as a search model (38) and the program Molrep (39). The asymmetric unit
contained two independent dimers. Model building and crystallographic refinement were

Rajasekaran et al. Page 3

Biochemistry. Author manuscript; available in PMC 2013 July 17.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



carried out using the programs Coot (40) and Refmac (41), respectively. A bulk-solvent
correction was applied with restrained individual B-factor refinement. The two dimers were
refined and water molecules were added, resulting in a R and Rfree of 18.8% and 22.6%,
respectively. The program PROCHECK (42) was used to check the model. All back bone
torsion angles were within allowed regions of the Ramachandran plot (PDB code 3N52).
Data and refinement statistics are shown in Table 1.

15N-labeled MIP-2 and NMR spectroscopy

For labeling with 15N, E. coli cells were grown in M9 minimal media containing 1.0 g/liters
of 15NH4Cl (98% 15N) and purified as described above. The lyophilized protein was
dissolved in 0.1M ammonium acetate, pH 6.0 and 5% D2O for NMR studies. Samples for
NMR spectroscopy contained 300μM of 15N-MIP-2 with varying concentrations (0–
2.4mM) of heparin disaccharide I-S (Sigma). Experiments were carried out at 25°C in a
Varian INOVA 600 MHz spectrometer with a 5-mm triple resonance probe equipped with
triple-axis (XYZ) pulsed magnetic field gradients. All pulse sequences were taken from the
Varian BioPack user library. Spectra were processed and analyzed using the programs
nmrPipe (43) and Sparky 3.114. Assignment of resonance peaks was done using 15N-
NOESY-HSQC NMR spectra of MIP-2 and previously published resonance assignments
(44). Absolute NMR chemical shift change of each residue for the disaccharide titration.
were calculated with a normalizing factor of 6.5 adapted from Mulder et al (45).

Heparin sepharose and cation exchange chromatography

One hundred micrograms of WT and mutant MIP-2 proteins were loaded onto a 1ml heparin
sepharose column (GE Healthcare) or 1ml SP-sepharose cation exchange column (GE
Healthcare) in 20mM Tris-HCl, pH 7.4 buffer and eluted with a 25ml linear gradient (0–1M
NaCl in 20mM Tris-HCl, pH 7.4 buffer) at a flow rate of 0.5ml/min. The protein was
monitored by absorbance at 215nm, and the concentration of NaCl was determined using an
in-line conductivity meter (46).

Structural alignments and models

The Cα comparison of dimers in the asymmetric unit (ASU) was performed using LSQKB
from the CCP4 suite. For structural superposition the secondary structure matching (SSM)
algorithm in CCP4 package was used. The model of the murine CXCR2 structure was
created by homology modeling using the sequence and structure of CXCR4 (without the T4
lysoyme coordinates inserted between 229 and 230 of CXCR4) (22) in the SWISS-MODEL
server (47). The sequence identity of the CXCR2 model generated with the CXCR4
template (without the N-terminal region not modeled in CXCR4) had an identity of 36%
(Figure S4). The structure of CXCR2 was modeled from amino acid 40–329. The dimer of
CXCR2 was obtained by aligning the monomer model of CXCR2 onto the CXCR4 template
dimer. The orientation of the dimeric MIP-2 crystal structure relative to CXCR2 is derived
from knowledge of each protein’s binding site, ELR for MIP-2 and the CXCR2 cavity as
defined by the location of two antagonists for CXCR4. The MIP-2 GAG-binding site was
determined by NMR and mutagenesis experiments. Positioning the GAGs was based on a
similar model of CXCL8 (30, 48), which has basic residues at the α-helix. The MIP-2
molecule in the MIP-2:heparin oligosaccharide complex was aligned to the MIP-2 molecule
in the CXCR2:MIP-2 complex to obtain the tertiary complex of GAG:MIP-2:CXCR2. The
electrostatic potential maps were calculated from PyMol (49).
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Measurement of endotoxin

The concentration of endotoxin in the recombinant proteins was measured using the
Pyrogene Recombinant Factor C Endotoxin Detection system (Cambrex) following
manufacturer’s instructions. All the proteins (20μg) had less than 1 EU of endotoxin.

In vitro chemotaxis of BM derived Neutrophils

8–10 weeks old female BALB/c were obtained from the Jackson Laboratory and housed in
the Yale animal facility until the day of experiment. Murine bone marrow cells were
harvested from femurs and tibias. Neutrophils were isolated from bone marrow by
discontinuous percoll gradient as previously described (50). Chemotaxis was assayed in
MultiScreen 96-well filtration plates (Millipore) of 3μm pore size. A total of 75 × 103 cells
were placed in the upper chambers, chemokines were placed in the lower wells at different
concentrations, and incubated for 2h at 37°C. The bottom wells containing the migrated
cells (100μl) were transferred to a 96-well plate and mixed with an equal volume of cell
titer-Glo reagent from a cell viability assay kit (Promega). The cell number was measured by
luminescence and the experiments were performed in triplicates.

Peritoneal cell recruitment

Female BALB/c mice (8–10 weeks old) were injected intra-peritoneally with 100μl of 0.9%
NaCl (lipopolysaccharide (LPS)-free) or LPS-free chemokine diluted in 0.9% NaCl. At 4h
post injection the mice were sacrificed with CO2. Peritoneal lavage was performed 3 times
with 5ml HBSS, and the lavages were pooled for individual mice. Cells were centrifuged at
1500 rpm for 5min, and washed twice in HBSS. The cells were stained with PE anti-mouse
CD45 (leukocyte common antigen, Ly-5, e-biosciences, 12-0451) and APC anti-mouse
Ly-6G (Gr-1) neutrophil specific antibodies (e-biosciences 17-5931) at concentrations
recommended by the manufacturer for fluorescence-activated cell sorting analysis.

Broncho-alveoar lavage (BAL)

Female BALB/c mice (8–10 weeks old) were intranasally administered with 1 or 10μM of
WT-MIP-2 or GAG-deficient MIP-2 mutants in 0.9% NaCl. After 4hrs, 3 lavages of 0.5ml
were collected. The BAL fluids were pooled and immediately processed for differential cell
counts. The differential cell counts were performed on cytocentrifuge preparations stained
with HEMA 3(r) stain set (Fisher Scientific Company, MI). A minimum of 200 cells were
counted for the differential cell count. For all mice experiments, the use and care of animals
were approved by the Institutional Animal Care and Use Committee at Yale University.

Statistical analysis

All data were analyzed using Prism 4 software (GraphPad, San Diego, CA, USA). The
Student two-tailed t test was used for statistical analysis.

RESULTS

The X-ray structure of MIP-2

A preliminary study of MIP-2 crystals indicated there were four subunits in the asymmetric
unit and a self-rotation function identified the presence of a non-crystallographic 2-fold axis
(33). Possible solutions include a globular tetramer similar to structures of CXCL4, CXCL7
and CXCL10 with 2-fold or 222 symmetry (18, 51, 52). Another solution is two independent
dimers similar to the NMR structure of the MIP-2 dimer (44). Another possibility included a
linear structure similar to the CXCL10 and CCL5 tetramers (18, 21), CCL4 or the CXCL12
decamers (13, 34). Given the recent interest on the role of linear oligomerization (beyond a
dimer) on chemotaxis, we were interested in determining the structure of MIP-2. The MIP-2
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X-ray structure was solved to 1.9Å. The crystallographic statistics are shown in Table 1. The
space group has two independent dimers in the asymmetric unit (Figure 1A). The structure
of MIP-2 has the typical chemokine fold and dimerizes similar to other CXC chemokines.
Using only Cα atoms and the Superpose module in the CCP4 (53), two MIP-2 dimers in the
asymmetric unit were compared to each other and have a root mean square deviation (rmsd)
of 0.54Å (Figure 1B). There were no contacts between the dimers. We calculated the surface
electrostatic potential for both the MIP-2 monomer and dimer and found a highly
electropositive potential with the exception of the dimeric interface, which is hydrophobic,
and the loop prior to the C-terminal α-helix that is electronegative due to D53 and E55
(Figure 1C). CXCL8 has a similar electropositive potential on the outer part of the helices
but an electronegative potential between the helices due to glutamic acid residues at
positions 63 and 70 (Figure 1D).

Comparison of the X-ray and NMR structure

For comparison of the X-ray and NMR structures (44), a representative model of the NMR
ensemble determined by Cluster and domain composition (OLDERADO) was used. This
OLDERADO program automatically clusters ensemble members into conformationally-
related subfamilies and the centroid of the largest cluster is selected as the “most
representative” model (54). Use of this method to select the model eliminates the loss of the
most important conformations for molecular function represented in subsets of models
within the final ensemble (54). Cα atoms derived from the MIP-2 X-ray and NMR
structures (44) were superposed with a RMSD of 2.3Å. While the sheets superpose well,
most deviations are found at the N–terminal sequences, 30s and 40s loops, and the C-
terminal α-helix (Figure S3). In a recent comparative study of NMR and X-ray derived
structures of the same protein, the RMSD of the compared structures is usually between 1.5
and 2.5Å and the β-strands, on average, match better than helices (55). Apart from the
flexible regions, the structures are well conserved. The minimum and maximum distance of
the receptor activation ELR motif in the two subunits of the NMR and X-ray MIP-2 dimer
are between 42–49Å and 32–42Å respectively (see following section).

A three-dimensional model of the MIP-2 and mCXCR2 complex

We generated a model of mCXCR2 (residues 40–329) based on the coordinates of human
CXCR4, a dimer in five different space groups (22). The electrostatic potential of dimeric
mCXCR2 is shown in Figure 2A. To analyze the feasibility of a dimeric structure for
CXCR2, the electrostatic potential for the dimeric interface was explored for any
unfavorable electrostatic interactions that would exclude the formation of a receptor dimer.
The extracellular regions consisted of an electropositive potential from amino acids K279
and R277 interacting with D198. The intracellular regions had electrostatic interactions
between R158 from one subunit with the electronegative dipoles at the C-terminal ends of
helices 3 and 5 (Figure 2A, bottom panel). Due to the 2-fold symmetry these interactions
occur twice, providing additional free energy for the formation of the dimer. Once the
electrostatic potential for the dimeric form was shown to be feasible, the electrostatic
potential of the chemokine dimer and receptor as well as distances between the dimer
binding regions of each subunit for MIP-2 and CXCR2 were examined. The N-terminal
region of MIP-2 is highly electropositive from residues R8, K12 and R17 and has one
electronegative amino acid E7. The electrostatic potential from these residues complement
two regions from mCXCR2 binding pocket, the electronegative potential contributed by
E41, E197, D273, E286 D289, D290, D292 and electropositive residue K293 (Figure 2B
right panel). The minimum and maximum distances of atoms in the ELR between monomers
were 32Å and 42Å (42Å–49Å for the NMR structure), respectively. For CXCR2, the
minimum and maximum distances from one binding site to the other ranged from 32Å and
49Å, respectively. These distances overlap and are consistent with the electrostatic
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complementarity of the MIP-2 ELR motif and the receptor binding sites. This analysis
supports a 2:2 complex where each ELR could interact at the transmembrane binding pocket
of each CXCR2 subunit. We note this model does not formally exclude MIP-2:CXCR2
models with a 1:1, 1:2, or 2:1 stoichiometry. In this regard, we note human CXCL8 studies
functioning in vitro and in vivo as a monomer and dimer but models with human CXCR1
and CXCR2 are not described (16, 56, 57).

Mapping the interaction of heparin disaccharide with MIP-2 by NMR spectroscopy

We were interested to determine the effects of glycosaminoglycan on the structure and
function of the MIP-2/CXCR2 model. We first attempted to co-crystallize MIP-2 with
various lengths of heparin (disaccharides, tetrasaccharides, and hexasaccharides) but all
attempts were unsuccessful. The tetrasaccharides and hexasaccharides led to immediate
precipitation. Attempts to soak MIP-2 crystals with an unsaturated heparin disaccharide I-S
(α-4-deoxy-l-threo-hex-4-enopyranosyluronic acid-2-sulfate-(1→4)-d-glucosamine-N-
sulfo-6-sulfate), a common model disaccharide to structurally model GAG interactions
(Figure S1) (58, 59), were also unsuccessful. We therefore used the previously assigned
chemical shifts of MIP-2 for heparin disaccharide binding experiments (44). 1H-15N-HSQC
spectra were collected from solutions containing 300μM MIP-2 with various concentrations
of heparin to probe chemical shift changes induced by addition of the disaccharide. Figure
3A shows the 1H-15N-HSQC spectrum of MIP-2 overlaid with spectra obtained from
mixtures containing MIP-2:heparin disaccharide mixed in four different molar ratios (1:2,
1:4, 1.8 and 1:16). In this titration experiment the overall chemical shifts (and structure) of
MIP-2 is maintained as seen in the overlay of the spectra. For each resonance peak observed
in the apo-MIP-2 spectrum a corresponding peak occurs in each of the four spectra from the
MIP-2:disaccharide titration. A number of peaks showed a concentration dependent change
in resonance positions. Comparison of the absolute change in NMR chemical shift for each
residue in the MIP-2:disaccharide complex (Figure 3B) reveals major changes in three
regions: (1) the N-loop preceding the 310 helix, (2) two glycines of the 40s loop, and (3) a
basic region on the C-terminal alpha helix (Figure 3C). These three groups of residues
cluster to a region comparable with the binding site of heparin disaccharide in CXCL8 (46).
Of these residues, the charged surface residues D19, K21, K61, K65 and K69 lie close to
one another within a monomeric unit and are presumably being directly affected by
disaccharide binding (Figure 3C). On the other hand changes in G46 and G47 may be due to
indirect effects such as loop dynamics during binding as these are situated away from the
major patch. Four alanine mutants were generated using combination of residues: (1) K61,
K65 and K69 (3K-MIP-2); (2) K21, K61, K65, and K69 (4K-MIP-2); (3) D19, K61, K65,
and K69 (3K1D-MIP-2); and (4) D19, K21, K61, K65 and K69 were (4K1D-MIP-2).
Mutants of G46 and G47 were not made due the presumption that these chemical shifts were
from indirect effects such as loop dynamics during binding.

Affinity of MIP-2 mutants to heparin

The specific heparin-binding affinity of the WT and each of the MIP-2 mutants was assessed
by specific and non-specific sepharose chromatography as described by Kuschert and
colleagues (46). The sodium chloride concentration required to elute the mutant proteins
from a heparin-sepharose column was determined and compared to WT, yielding ΔNaClHep,
where Δ[NaCl]Hep= [NaCl]Hep WT − [NaCl]Hep mutant. WT MIP-2 eluted from the heparin
sepharose column at 0.51M NaCl. The four MIP-2 mutants eluted at much lower NaCl
concentrations with the triple lysine mutant (3K-MIP-2) and quadruple lysine mutant (4K-
MIP-2) eluting at 0.18 M and 0.17 M of NaCl, respectively. The addition of the aspartate to
alanine mutant to each of the lysine mutants, 3K1D-MIP-2 and 4K1D-MIP-2, resulted in
elution at 0.21M and 0.26M NaCl, respectively. To measure the non-specific, electrostatic
interactions of the four mutants, the amount of NaCl required to elute mutants from a SP-
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sepharose column was compared to WT, yielding ΔNaClS, where Δ[NaCl]S = [NaCl]S WT
− [NaCl]S mutant. The specificity of the interaction with heparin (ΔΔ[NaCl] = Δ[NaCl]H −
Δ[NaCl]S) was determined as previously described (46) and all values for heparin binding,
non-specific interactions, and the specificity values are show in Table 2. Substitution of
lysines in the helices of the 3K–MIP-2 mutant decreased the affinity. The addition of a
lysine (K21A) and aspartate (D19A) mutations to the 3K-MIP-2 mutant (3KD1-MIP-2, 4K-
MIP-2, and 4KD1-MIP-2) does not have much effect on specificity compared to 3K-MIP-2
alone.

Model of GAG:MIP-2:CXCR2 complex

The disaccharide site provided a starting point to model a larger GAG. The placement of the
lysine residue on the wild type MIP-2 allowed us to build GAG:MIP-2 interface across the
two helices as shown in Figure 4, similar to what was previously predicted (48). To create
the trimeric complex of a octadecameric glycosaminoglycan (alternating 2-N-sulfated, 6-O-
sulfated α-D-Glc, and 2-O-sulfated β-L-IdoA repeating monosaccharides), MIP-2, CXCR2,
the two complexes (GAG:MIP-2 and MIP-2:CXCL2) were superimposed using only the
MIP-2 coordinates. The GAG was analyzed for potential effects on MIP-2 binding to
CXCR2. First, the GAG interactions with MIP-2 do not interfere with the N-terminal region
and the 30’s loop responsible for receptor binding, nor with ELR motif involved in receptor
activation. Second, the GAG stabilizes the MIP-2 dimer and promotes the 2:2 stoichiometry
between MIP-2 and CXCR2,

In vitro and in vivo migration activities of MIP-2 mutants

An in vitro migration assay was used to examine the chemotactic activity of WT and MIP-2
mutants in recruiting bone marrow derived neutrophils. A full dose-response experiment for
bone marrow derived neutrophils was performed (Figure 5A). The study shows significant
decreases in chemotaxis at 10nM from all four mutant (3K-MIP-2, 4K-MIP-2, 3K1D-
MIP-2, and 4K1D-MIP-2) chemokines relative to WT MIP-2 (Figure 5A). At 100nM, WT
and mutants reach an equivalent maximum of neutrophil chemotaxis. The EC50s of the
MIP-2 mutants are approximately 50nM, 10-fold higher than the WT MIP-2 with an EC50 of
5nM. This effect is similar to in vitro chemotaxis studies of CC chemokine GAG-deficient
binding mutants. RANTES GAG-deficient mutants have an EC50 1000-fold greater
compared to WT, and MCP-1 and MIP-1β GAG-deficient mutants have a 10-fold increase
in EC50 relative to their respective wild type proteins (24). Similarly, CXCL8 GAG-
deficient mutants have a 10-fold increase in EC50 in vitro chemotaxis activity compared to
WT (30).

We next tested the heparin-binding mutants of MIP-2 for recruitment of neutrophils to the
mouse peritoneum and lung. In previous dose-response study, 0.5μg of MIP-2 elicited the
maximum recruitment of PMNs to the peritoneum 4h after injection (60). A dose of 0.1μg
or 0.3μg of LPS-free WT or only two mutant proteins 3K-MIP-2 and 4K1D-MIP-2
(representing the areas of GAG binding identified by NMR titration) was injected into the
peritoneum to determine the effect on neutrophil recruitment. (Figure 5C and Figure S2).
Only neutrophils as determined by FACS analysis were measured (Figure 5B). Unlike the in
vitro neutrophil migration assays that showed a 10-fold difference for all mutants, the in
vivo experiments resulted in equal amounts of neutrophils after injection of WT MIP-2 or
either of the two mutants (Figure 5C), suggesting that binding of GAGs is unnecessary for in
vivo migration to the peritoneum.

We also tested the same two mutants and WT MIP-2 on neutrophil recruitment to the lung.
We confirmed the results of Tanino et al that there is very little neutrophil recruitment to the
lung at 1μM WT MIP-2 (30). At 10 μM WT MIP-2, however, there was significant
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increased neutrophil recruitment while the two mutants remained totally inactive (Figure
5D). This result was unlike the instillation of CXCL8 GAG-deficient mutants that resulted
in an increase in PMN infiltration compared to WT CXCL8 (30). One of the CXCL8
mutants, K64A/K67A/R68A, has mutant residues similar to those of the mutant 3K-MIP-2
(K61A/K65A/K69A). These unexpected major differences between MIP2 and CXCL8
underscore the need to fully characterize GAG-chemokine structural and functional
interactions.

DISCUSSION

Most but not all experiments support a chemokine monomer activating a receptor during in
vitro chemotaxis but the role of monomers, dimers, or higher oligomers in vivo leads to
confounding results when compared to the in vitro studies or to in vivo studies of other
chemokines (24, 29–31, 61). Glycosaminoglycans are involved in chemokine function in
vivo and would provide a reasonable explanation for the different observations if GAGs
displayed a consistent effect. The roles of these heterogeneous molecules, composed of
various small compounds linked to form larger molecules of various sizes, add to the
complexities in understanding chemokine biology and its regulation. For example, GAGs
oligomerize chemokines, which leads to either activation or inhibition of receptors (24, 30).
The endothelial cells produce and coat the cell surface with GAGs promoting interactions
with chemokines that bind to leukocytes and begin the process of rolling on the endothelium
prior to extravasation (62). GAGs also protect N-terminal sequence from proteolysis that
converts most chemokines from an agonist to an antagonist (63–66), supporting a role for
maintaining the activated state of chemokines. In this study we focused on the role of GAGs
on murine MIP-2, produced a model of the interface of MIP-2 with GAGs and the CXCR2
receptor, assayed the in vitro chemotactic activity and in vivo recruitment of neutrophils by
wild-type MIP-2 and GAG-deficient mutants to the lung and peritoneum.

MIP-2 crystal structure and a model of the MIP-2:CXCR2 interface

Linear oligomerized forms of chemokines have been proposed to be important in the
mechanism of in vivo cell recruitment (10–14). These oligomerized forms could be as short
as a tetramer for CCL5 (24, 67) and CXCL10 (20) or as long as a decamer found in a crystal
forms of CCL4 (34) and CXCL12 (13). Our interest in determining the structure of MIP-2
was partly based on a crystal form with four subunits in the asymmetric unit (33), suggesting
it may form an additional oligomer chemokine. The X-ray crystal structure of MIP-2,
however, consisted of two independent dimers with no structural similarity to the linear
forms of chemokine oligomers (13, 20, 21). We compared the X-ray and NMR structure
(44) and found very high structural similarity with the largest differences at the 30’s and
40’s loops, and the C-terminal helices (Figure. S3). The larger changes were at the helices
rather than the β-sheet, consistent with an analysis of protein structures determined by both
NMR and X-ray crystallography (55).

We were also interested in exploring the structural relationship between MIP-2 and its
receptor mCXCR2. Given the difficulty in making accurate models of GPCRs based on the
current number of available structures of GPCRs (68), we resorted to making a rudimentary
model of CXCR2 and examining both the stoichiometry of the MIP-2:CXCR2 and the
MIP-2 interface with the receptor and GAGs. A model of mCXCR2 was created based on
the CXCR4 structure (68). The two sequences share 31% identity and have similar locations
for cysteines that make disulfides in the extracellular region of CXCR4 (Figure S4). Based
on the alignment with CXCR4, Cys 38 covalently bonds with Cys 285, and Cys 195 makes
the second extracellular disulfide with Cys 118 in CXCR2. The model was created by
replacing the CXCR4 residues with those of CXCR2 and by deleting the T4 lysozyme in the
intracellular loop 2 (ICL2) that helps with crystallization. The electron density for the first
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39 amino acids in CXCR4 is missing indicating this region is flexible. Therefore we could
not model these residues for mCXCR2. The extracellular regions consisted of an
electropositive potential from amino acids K279 and R277 interacting with D198. The
intracellular regions had electrostatic interactions between R158 from one subunit with the
electronegative dipoles at the C-terminal ends of helices 3 and 5. The transmembrane helices
at the interface were, as expected, hydrophobic. Although this is a rudimentary model, we
could not identify any regions that would be electrostatically repulsive and prevent dimer
formation but these criteria do not eliminate a monomeric mCXCR2 as a functional subunit.
The feasibility of a dimeric mCXCR2 was supported by experimental studies on human
CXCR2 indicating this receptor is a ligand-independent dimer (69, 70). Having established a
potential dimeric form for mCXCR2, knowledge of the binding sites for both chemokine
and receptor was important in positioning the MIP-2 dimer and mCXCR2 in a proper
orientation for interactions. The ELR signaling motif between the two subunits has a
minimum and maximum distance of 32Å distance of 42Å, respectively. The more flexible
N-terminal domain of the NMR structure provides distances of 42Å to 49Å. A similar
analysis between the mCXCR2 binding pockets provides minimum and maximum distances
of 32Å and 49Å, respectively, supporting a 2:2 stoichiometry. The maximal distance and
volume of the binding site (3309Å3) for the receptor are consistent with accommodating the
ELR motif within the MIP-2 N-terminal sequence AVVASELR. The length of this flexible
peptide of MIP-2 is also consistent with the depth of the CXCR2 binding pocket (1177Å)
and larger hexadecameric peptide antagonist (CVX15) complexed to CXCR4 in the crystal
structure (22). The known orientation of MIP-2 binding to mCXCR2 dimer is also important
in the analysis of electrostatic complementarity between chemokine and receptor. Figure 2B
reveals a remarkable complementary that identifies residues potentially involved in these
interactions. In addition, the unmodeled mCXCR2 N-terminal region important for
chemokine binding contains seven electronegative residues and two lysine residues,
resulting in a electronegative potential absent in the model that would complement MIP-2
even greater than shown in Figure 2.

The functional significance of the MIP-2:CXCR2 model remains unknown but a MIP-2
dimer is supported by studies of other CXC chemokines. A disulfide-locked dimer of
CXCL12 induces some but not all of the signaling pathways of the WT protein in cellular
studies (17). CXCL8 is more complicated because it activates both the human CXCR1 and
CXCR2 receptors. A cellular study showed monomeric CXCL8 mutant is more active than a
disulfide-locked dimer mutant in mediating a range of signaling pathways using CXCR1,
but there is little difference between CXCL8 monomer and dimer using CXCR2. This was
evident despite a ~5–6-fold higher affinity of the mutant monomer than the locked-dimer for
both receptors, with WT CXCL8 having a Kd values between those of mutant monomer and
locked-dimer for both hCXCR1 and hCXCR2 (71). In vivo neutrophil recruitment to the
mouse lung by the monomer mutant or dimer mutant (or WT) were both necessary for
activity, but the maximum number of recruited neutrophils is dependent on different doses
and time points after instillation for WT and each mutant (31, 56). It is worthwhile noting
another possibility for these different in vivo results between MIP-2 and CXCL8. MIP-2 and
CXCL8 are potent and weak agonists for mCXCR2, respectively, with a Kd of 2–5 nM (35,
72, 73) for MIP-2 and a Kd of 65–400 nM for CXCL8 (73–75). Nonetheless, mCXCR2 is
presumed to be the receptor that mediates human CXCL8 in published mice studies due to
the inability of mCXCR2−/− mice to respond to CXCL8 (73, 74). However, a murine
homologue of human CXCR1 has been cloned but role of CXCL8 as an agonist is
controversial with one study showing no CXCL8 (75) and another study reporting a Kd of
~10 nM (and a Kd of 643 nM for MIP-2) (76). If murine CXCR1 and CXCR2 form
heterodimers, as shown for human receptors (70), CXCL8 might target this complex in mice
in these cross-species experiments using a human chemokine and a murine receptor. It may
be necessary to re-evaluate the murine receptor for human CXCL8 activities in mice.
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Structural and functional consequences of MIP-2 GAG-binding residues

The GAG-binding site of MIP-2 is also of interest in addressing the role of GAGs in MIP-2
mediated effects. Attempts to co-crystallize or soak various sizes of heparin with MIP-2
were unsuccessful. We therefore identified residues involved in interactions with heparin
disaccharide I-S. Chemical shifts upon binding of disaccharide by MIP-2 occur at lysine
residues in the C-terminal helix (residues 61, 65, and 69) as well at residues D19 and K21.
Mutagenesis of residues 19 or 21 to alanine has no significant effect in heparin binding
studies, in vitro neutrophil chemotaxis, and neutrophil recruitment in vivo relative to only
the three lysine mutations at the of α-helix (3K-MIP-2). A model of the binding interface
between GAGs and MIP-2 in the context of mCXCR2 is presented in Figure 4. The GAG-
binding site across the two helices that would stabilize the dimer (48) and are distal to the N-
terminal receptor binding region and the ELR activation motif. Having established the
GAG:MIP-2:CXCR2 interface, it was important to understand the functional consequence of
GAG-deficient mutants in vitro and in vivo. The in vitro EC50 of the GAG-deficient mutants
are approximately 10-fold greater than wild-type, suggesting these mutants are slightly
impaired in activating the receptor. This result is also supported by reduced Akt
phosphorylation of the mutants (Figure S5).

The results from the in vivo studies were particularly interesting. There was no difference in
neutrophil recruitment between the GAG-deficient mutants and wild-type MIP-2 in the
peritoneum. Installation of WT and mutants to the lung, however, led to a dramatically
different result. At the highest dose, the GAG-deficient mutants were unable to recruit any
neutrophils, clearly establishing an important role for GAGs in MIP-2-mediated neutrophil
recruitment to the lung. Based on these results the functional role of the GAG-binding site is
tissue-dependent, presumably due to different forms of GAGs biosynthesized in each tissue
(77) and their roles in the varying processes during migration to individual tissues. For
example, GAGs could affect chemokines during transcytosis and binding to the vasculature
(4), the steepness of the chemokine gradient (56), the kinetics of GAG interactions (30), the
regulation of GAGs on the activating form (monomeric, dimeric, or oligomeric) of a
chemokine (31), and the signaling intensity (78).

Comparison of the in vivo effects of the MIP-2:GAG studies with those in CXCL8 is also
informative (30, 31). In the work of Tanino et al one of the GAG-deficient mutants, TM-
CXCL8 (triple mutant of CXCL8) replacing two lysine residues and one arginine on the α-
helix with alanine residues, is very similar to the 3K-MIP-2 mutant. The other mutant is a
single mutant at the end of the helix (R68A). Both the single and triple GAG-deficient
mutants of CXCL8 lead to dramatically enhanced neutrophil recruitment, the opposite of the
MIP-2 mutants. In another in vivo study of CXCL8 single alanine mutants at the same
locations were in delivered to the lung and peritoneum. Neutrophil recruitment to the lung
was enhanced but to the peritoneum was slightly decreased relative to WT CXCL8 (31).
Comparison of in vivo results in the peritoneum and lung between the current study on
MIP-2 and previous studies with CXCL8 highlight different mechanisms involving GAGs
on two similar chemokines in the ELR subfamily with GAG-binding sites on the α-helix.
One likely explanation is the two “similar” GAG-binding sites are recognized by different
tissue-dependent GAGs. The other mechanism, noted above, is that different cCXCR2
complexes may serve as the target receptors.

In summary, we have identified GAG-binding residues and verified the importance with
functional studies of mutants. The in vivo MIP-2 data indicate GAG-deficient mutants have
no difference in peritoneal neutrophil recruitment compared to WT but are unable to recruit
neutrophils to the lungs. These results are in contrast to GAG-deficient CXCL8 mutants that
show a decrease in the peritoneum and a dramatic increase in neutrophil recruitment in the
lung (30, 31), and also highlight the subtleties of GAG interactions with ELR chemokines
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and the subsequent regulation of chemokine activity in different tissues. We developed a
model of the GAG:MIP-2:CXCR2 and cited chemokine studies of dimeric chemokines
involved in receptor interactions with different affinities and signaling activity (16, 17, 71).
We suggest an additional function of the GAG-stabilized 2:2 complex. This complex most
likely forms at the site of MIP-2 secretion where the chemokine concentration would be
highest, favoring formation of dimers by mass action and the presence of GAGs. At this site
recruited cells must change their function, ceasing migration (also due to lack of an
increasing chemokine gradient) and initiating other activities associated with the innate
response and wound healing. GAG stabilization of the 2:2 stoichiometry could be involved
by preventing migration by the monomeric MIP-2, or limiting signaling pathways to only
those that would be necessary for altered neutrophil functions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Tertiary structure of MIP-2. A, Four molecules present in the asymmetric unit are
represented as cartoons and colored uniquely. Monomers in blue and cyan form one dimer,
and the pink and yellow monomers form the other dimer. B, Ribbon structures of
superposition of Cα atoms of two dimers in the asymmetric unit of the MIP-2 X-ray
structure (RMSD 0.54Å). The superposition was based on matching the secondary structures
and calculating an rmsd of the entire structure. C, The electrostatic potential surface of
MIP-2. The electronegative region is shaded red and the blue color represents electropositive
region. Side chains for D53 and E55 are shown with stick figures for each subunit. D, The
electrostatic potential of CXCL8. Side chains for E63 and E70 are shown with stick figures
in each subunit. MIP-2 in C is neutral between the helices with increased negative potential
in the same location for CXCL8. The side chains for Figures 1C and 1D are the source of the
electronegative potential for MIP-2 and CXCL8, respectively.
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Figure 2.
Model of murine CXCR2 dimer bound to MIP-2 dimer. A, Murine CXCR2 was modeled
using SWISS-MODEL server with CXCR4 as template (PDB code:3ODU) and is colored
based on secondary structure. The electrostatic potential of the dimer interface is shown in
the lower panel. Each monomer surface potential complements the other subunit. B, The
orientation of the MIP-2 crystal structure above CXCR2 (A and B represent monomers) is
derived from knowledge of the binding sites of each protein. The distance between the
binding site cavity for each subunit of CXCR2 receptor overlaps with the distance between
each ELR in the MIP-2 dimer. Monomers of MIP2 are represented as ribbon structures (dark
blue and cyan), with the side chains of ELR motif as sticks (orange). The CXCR2 and
MIP-2 were rotated 90° in opposite direction and the electrostatic potential calculated to
reveal the potential interacting surfaces (right panel). ELR motifs in the MIP-2 dimers are
circled and the arrows in the CXCR2 model represent the potential binding cavity.
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Figure 3.
NMR spectroscopic studies of murine MIP-2 and heparin disaccharide interaction. A, NMR
chemical shift changes induced by titration of heparin disaccharide I-S. 1H-15N-HSQC
spectra of 300μM 15N-MIP-2 (blue) are overlaid with spectra from molar ratios of 15N-
MIP-2 to disaccharide of 1:2, 1:4, 1:8, and 1:16 (orange, red, green, and pink), respectively.
Peak labels indicate peaks for the uncomplexed (apo) protein. B, Absolute NMR chemical
shift change of each residue for the disaccharide titration. Absolute NMR chemical shift
change for each ratio are calculated as (((|Nppm-bound − Nppm-apo|) + (|Hppm-bound −
Hppm-apo| × 6.5))/2). Uncomplexed 15N-MIP-2 compared to 15N-MIP-2:heparin
disaccharide I-S ratios of 1:2 (orange), 1:4 (red), 1:8 (green), and 1:16 (pink). Changes in
NMR chemical shifts for proline residues are reported as zero as they lack an amide proton.
Regions of secondary structure are indicated below with block arrows representing β regions
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and zigzags representing helical regions. C, The chemical shifts are mapped and the residues
are shown as sticks on a ribbon diagram of the crystallographic dimeric (green and blue
monomers) structure of MIP-2.
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Figure 4.
GAG:MIP-2:CXCR2 interface model. The interface of heparin oligosaccharide, MIP-2
chemokine, and CXCR2 is shown in the model. The octadecameric heparin oligosaccharide
encompasses the MIP-2 dimer over the helices. The monomers of MIP-2 are represented as
ribbons (dark blue and light blue) with the side chains of heparin-interacting residues and
the ELR motif as sticks (pink and orange, respectively). The heparin oligosaccharide MIP-2
model was aligned to MIP-2 of the MIP-2:CXCR2 complex (Figure 2) to obtain the tertiary
model complex. The heparin oligosaccharide:MIP-2 interaction stabilizes MIP-2 dimer and
does not interfere with binding to CXCR2.
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Figure 5.
In vitro and in vivo chemotaxis effects of MIP-2 GAG-deficient mutants. A, In vitro
chemotaxis of neutrophils in response to WT and MIP-2 mutants at various concentrations.
The migrated neutrophils were measured by luminescence represented as relative
luminescence unit (RLU). The graph represents the mean of three different experiments
done in triplicate (***, p < 0.0001; *, p < 0.01). B, C and D, Effects of GAG-deficient
mutations of MIP-2 in vivo. B, Representative FACS analysis of neutrophils (CD45+GR-1+)
recruited to the peritoneum in response to 300ng IP injection of WT. C, Percentage of
neutrophils recruited to the peritoneum in response to WT, 3K-MIP-2, and 4K1D-MIP-2. D,
Percentage of neutrophils recruited in BAL in response to instillation of 1μM or 10 μM of
WT MIP-2 or GAG-deficient mutants 3K-MIP-2, and 4K1D-MIP-2. The in vivo data
represent the mean number of neutrophils from six female BALB/c mice of 8–10 weeks of
age.
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Table 1

Summary of data-collection and refinement statistics for MIP-2.

Data statistics

Space group P212121

Unit-cell parameters (Å)

a 41.76

b 59.45

c 99.35

Resolution (Å) 1.9

No. of reflections 101689

Unique reflections 20213

Completeness (%) 99.9 (100)

Redundancy 5.0 (5.0)

Rmerge (%)a 3.9 (10.1)

I/σ(I) 30.443(14.927)

Solvent content (%) 37

No of Protein molecules in ASU 4

Refinement statistics

No. of reflections 19059

Rfactor (%)b 18.7

Rfree (%)b 22.5

No. of protein atoms 2038

No. of water molecules 263

Average B factors (Å2) 45.6

R.m.s.d. from ideal values

Bond lengths (Å) 0.030

Bond angles (°) 2.459

Ramachandran statistics (%)

Most favored 96.5

Favored 3.5

Additionally allowed

Disallowed

Values in parentheses are for the high-resolution shell (1.97–1.90Å).

a
Rmerge = 100×ΣhΣi|(h)l−〈(h)〉|/ΣhΣi〈(hi)〉, where I is the observed intensity, and 〈I〉 is the average intensity of multiple observations of

symmetry-related reflections.

c
R = Σ||Fo|−|Fc||/Σ|Fo|. Rfactor and Rfree were calculated using the working and test reflection sets, respectively. 5% of the entire reflection was

randomly taken as a test set.
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