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ABSTRACT. Monocyte chemotactic protein 2 (MCP-2) is a CC chemokine that utilizes multiple cellular
receptors to attract and activate human leukocytes. MCP-2 is a potent inhibitor of HIV-1 by virtue of its
high-affinity binding to the receptor CCR5, one of the major coreceptors for HIV-1. Although a few
structures of CC chemokines have been reported, none of these was determined with the N-terminal
pyroglutamic acid residue (pGlul) and a complete C-terminus. pGlul is essential for the chemotactic
activity of MCP-2. Recombinant MCP-2 has GInl at the N terminus;-1%%6 of which cyclizes
automatically and forms pGlul. The chemotactic activity of such MCP-2 mixture, which contains 12
15% pGlul-form and 8588% GInl1-form protein, is~10 times lower when compared with that of fully
cyclized MCP-2 preparation. Therefore, this chemokine is practically inactive without pGlul. We have
determined the complete crystal structure of MCP-2 that contains both pGlul and an intact C-terminus.
With the existence of pGlul, the conformation of the N-terminus allows two additional interactions between
the two subunits of MCP-2 dimer: a hydrogen bond between pGlul and Asn17 and a salt bridge between
Asp3 and Argl8. Consequently, both pGlul are anchored and buried, and thereby, both N-terminal regions
are protected against protease degradation. We have also observed not previously reported extended helical
nature of the C terminal region, which covers residues B8

Chemokines are important mediators of inflammatory and chemokine subfamily copurified with MCP-1 and MCP-3
immunological responses. On the basis of the positions of from human osteosarcoma and mononuclear cell supernatants
first two cysteine residues, most chemokines belong to either(6). MCP-2 shares-60% amino acid identity with MCP-1
the CXC or CC subfamily ¥—3). Although the major and MCP-3, and~30% identity with other CC chemokines
biological function of chemokines is believed to be their such as MIP-&, MIP-13, and RANTES. Because of its
capacity to induce leukocyte migration and activation, capacity to interact with multiple receptors, MCP-2 chemo-
accumulating evidence suggests critical roles of chemokinesattracts and activates a variety of leukocyte populations. In
in development, hematopoiesis, lymphocyte trafficking and addition to sharing CCR1 with MIPel, RANTES and MCP-
homing, angiogenesis, and malignancy. Chemokines bind and3, and CCR2b with MCP-1 and MCP-3, MCP-2 binds and
activate seven transmembrane G protein-coupled cell surfaceactivates CCR57). Therefore, like other CCRS5 ligands such
receptors, some of which, CCR5 and CXCR4 in particular, as MIP-Io, MIP-13, and RANTES, MCP-2 is also a potent
are major coreceptors used by HIV-1 to enter and infect inhibitor of HIV-1 strains that use CCR5 as a coreceptor.
human cells4, 5). Therefore, the cognate chemokine ligands  The structures of several CX@15) and CC (6—22)
for CCR5 and CXCR4 are host derived anti-HIV-1 proteins chemokines have been solved. The common features of CXC
by competitively occupying the HIV-1 coreceptors. Mono- and CC chemokines include a central three-stranded anti-
cyte chemotactic protein 2 (MCP2s a member of the CC  parallel 8-sheet, an overlying C-terminal-helix, and two
disulfide bridges (Figure 1). Although the structures of
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Ficure 1: Architecture of MCP-2 monomer and secondary structure assignment. Helices are shown as orange sphstisads are
shown as blue arrows. Cysteine side chains and disulfide bonds are shown in yellow. The figure was made using BOBSTRIPT (

of MCP proteins. To address the biological significance of describedZ4). Crystals of MCP-2 grew in hanging drops at
pGlul in MCP-2, we have cloned and expressed this well-controlled room temperature. The drops contained equal
chemokine with N-terminal GIn1 igscherichia colipurified volumes of reservoir and protein stock solutions. The protein
the recombinant protein to homogeneity, and chemically stock solution contained 3 mg/mL protein in 10 mM Tris-
converted GInl at the N-terminus into pGlwy). We found HCI (pH 8.0), and the reservoir solution contained 40%
that pGlul is essential for the chemotactic activity of MCP-2 ammonium sulfate in 50 mM Tris-HCI (pH 7.5). The
and that it protects the N-terminal region against protease bipyramid hexagonal microcrystals appeared in 1 h, and they

degradation Z4). reached the final size (0.2 0.25 x 0.55 mm) in 2 weeks.
The protein crystallized in hexagonal space grB6@2 with
EXPERIMENTAL PROCEDURES one MCP-2 molecule in the asymmetric unit and diffracted

ed 10 2.0-A resolution. The unit cell dimensions were= b =

q 61.01 A andc = 114.93 A. The solvent content of the
(24). All mass spectra were measured on an Esquire LC/ crglstals was 63%, and the Matthews numbé)(was 3.6
MS ion trap mass spectrometer (Bruker Daltonic, Bremen, A /Da (Matthews, 1968). The data set was collected from a
Germany) with direct infusion of the diluted HPLC fractions Single crystal at 100 K with an ADSC Quantum4 CCD

(1/30 dilution in 1/1 acetonitrile/water containing 0.1% System mounted on synchrotron beamline X9B at the
formic acid) at a flow rate of &L/min. For the average of National Synchrotron Light Source in Brookhaven National

more than 100 spectra, the error on the relative molecular L@boratory (Upton, NY). Mineral oil (Sigma M3516) was
mass of a 10-kDa protein should bd. Da or smaller. Figure used as the; cryoprotectant and suspension medium to mount
2, panel a is the averaged profile spectrum (averages of 238th.e crystal in the cryo loop. Data processing was carried out
spectra). The deconvolution of the averaged profile spectrumWith the HKL2000 suite25). The data set consisted of 9060
(Figure 2, panel b) shows the relative molecular masses ofunique reflections, within the resolution range of 20.0 to 2.0
both MCP-2 forms. The theoretical average relative molec- A reduced from a total of 38 808 measurements and was
ular mass for MCP-2 with GIn1 at the N terminus is 8910.4, 99.0% complete. The intern&factor between symmetry-
whereas it is 8893.3 for the protein with the N-terminal related reflections was 5.6% (Table 1).
pGlul. According to the peak intensities in Figure 2, panel  Crystal Structure Determination and Refinemefhe
b, 15% of the MCP-2 is spontaneously converted into the crystal structure of MCP-2 was solved by molecular replace-
pGlul-form. For a second preparation of recombinant MCP- ment with the program AMoRe26). The search model was
2, 12% of the purified chemokines was spontaneously a single molecule of MCP-11Q) without solvent. The
converted into the pGlul-form (data not shown). solution from molecular replacement after rotation and
Crystallization and Data CollectiorThe chemical conver-  translation search consisted of a single molecule and had a
sion of the recombinant MCP-2 was performed as previously correlation coefficient of 0.53 and a crystallograpRifactor

Mass Spectrometr\Recombinant MCP-2 was express
in E. coli and purified with HPLC as previously describe
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150 (a) 11148 MS (#1 - #238) Table 2: Summary of Human MCP-2 Structure Refinement
1.25] 12738 no. reflections for refinemefee 8555/471
' no. least-squares parameters 2793
& no. residues/(non-H) atoms 76/624
e 100 no. water oxygen atoms 89
X final RredR for | =20(1) 0.299/0.229
2 0.75] sero final RyedR for all data 0.320/0.244
g rms deviation from ideal geometry (A)
€ 0501 bond length 0.008
= 892.0 1485.9 angle distance 0.029
025 estimated coordinate error (&) 0.22
1 e averageB-factor (A2)
7436 1 Lh, 1783.1 OVera"h 49.2
0.001—1 . . . L i i
y main chain 41.7
800 1000 1200 1400 1600 mlz side chain =34
water 59.8
(b) golo4 MS (#1 - #238) Ramachandran plot statistics
4 residues in most-favored regions 65 (95.6%)
. residues in additional allowed regions 3 (4.4%)
S . aFrom Luzzati plot.
X
2 . .
2 was continued by the addition of water molecules and further
2 adjustment of side chains that showed deviation from the
electron density. After each round of refinement, the entire
"] 88933 model was inspected with thé=¢ — F. andF, — Fc maps.
Water molecules wittB-factors higher than 80 Awere
rejected. The refinement of the model with integrated water

8640 8860 8380 8900 8920 8940 8960 8980 %00 molecules clearly defined the position of the last five residues
FiGURe 2: Mass spectra of MCP-2: (a) Recombinant protein at the C terminus and the conformation of pGlul. Final

purified by reversed phase HPLC was subjected to electrospray . ; B
ion trap mass spectrometry. The averaged profile spectrum of 238ref|nement was performed with the program SHELXL-97

spectra is shown. (b) Deconvolution of the averaged profile (28), against all data within the resolution range of 20.0 to

spectrum (see panel a) shows the relative molecular masses of bot2.0 A, using the least-squares block-diagonal matrix tech-
MCP-2 forms. For a second preparation of recombinant MCP-2, nique. After the structure was completed, all water molecules
12% of the purified chemokines was spontaneously converted into\yere verified with a series of omit mapsy30 water

the pGlul form (data not shown). molecules were removed and verified each time. The model
building and adjustment were carried out with the O graphics
package 29). The final structure contains all non-hydrogen

Table 1: Crystal Data and Experimental Details for Human MCP-2

crystal shape hexagonal bipyramid atoms of the full-length polypeptide chain and 89 water
g[))gségléjru&%nsmns (mm) P601'2225 0.25x 0.55 molecules. The model refinement and final statistics are
unit cell dimensions (A) a=b=61.01,c=114.93 summarized in Table 2.

molecules/asymmetric unit 1

solvent content (%)(ilD 63 RESULTS AND DISCUSSION

matthews number (#Da) 3.6

X-ray source X9B, NSLS, BNL Complete Structure of Human MCP-Buman MCP-2
temperature (K) 100 exists in two isoforms, MCP-2Lysand MCP-2Glgs, with
g%ss‘gf\fg’é‘rg&ﬂ)ections 2'308808 identical patterns of receptor interaction and biological
unique reflections 9060 activity (24). We have determined the crystal structure of
overall completeness (%) 99.0 MCP-2GIn that contains 76 amino acid residues and 89
overallRsym (%) 0.056 water molecules at 2.0-A resolution. The accuracy of the
:g::zugg%om?(j/e)te”ess (%) 035'06 atomic positions versus the resolution derived from the
,astshem,;y(m,) > 34 Luzzati plot shows a coordinate error 6f0.22 A. As

indicated by the Ramachandran pl&Q), all main-chain
dihedral angles are found in favorable regions. All atoms
are in good agreement with the final electron density
of 0.43. The model of MCP-2, containing residues 2 to 71, contoured at 1.@ except for the side chains of Phe71 and
was built and was initially refined with the program X-PLOR  Leu74 in the C-terminal region. All water molecules have
(27) against data in the resolution range 8.0 to 2.0 A. The densities above 1.6 in the final &, — F. map.

refinement was started with the rigid-body procedure and The architecture of the human MCP-2 monomer is similar
was continued using simulated annealing. After the first to that of other previously reported CC chemokines, such as
round of refinement, th&, — F. map showed the density MCP-1 (17, 19), MCP-3 0), MIP-15 (18), RANTES (16,

for pGlul and that for five residues at the C-terminus. Since 21, 22), and eotaxin31). The secondary structure elements
the new density was not readily interpretable at this stage, of human MCP-2 are organized with the topolog$:0—

the pGlul and five C-terminal residues were not built. The gN1—£1—/52—/33—0ol (Figure 1). Residues 3to 7 in MCP-2
uncertain segments of the model were checked and adjustedorm a short3;0-helix followed by an irregulaN1-strand
with simulated annealed omit maps. Further model building (residues 9-11) that is linked tg31 via an extended loop

22,03 to 2.00 A.
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nase 85, 36). The roles of pGlul have been proposed to
form a hydrogen bond with C-terminal residues or participate
in substrate binding. For instance, the N- and C-termini of
luteinizing hormone-releasing hormone interact with each
other via the formation of a hydrogen bond between the
pyrrolidone carbonyl group of pGlul and the glycinamide
group @4). Such interaction is critical for the formation of
receptor binding conformation of the hormone. In onconase,
pGlul not only forms a hydrogen bond with Val96 in the
C-terminal 5-sheet but is also part of the active site for
substrate binding36). A recombinant onconase with an
N-terminal methionine (Met0) proceeding GInl showed
decreased cytotoxicity and enzymatic activity, while cleavage
of Met0 and cyclizing GInl to reform pGlul reconstituted
the cytotoxicity and ribonucleolytic activity of this enzyme
(35).

pGlul of MCP-2 is Essential to the Conformation of

FicUrRe 3: Sequence alignment of human CC chemokines. ResiduesN-TerminusThe N- and C-termini are far apart in a single

conserved in all four MCPs are shaded. The N-terminal residue,
pGlul, is marked with an “X”. The amino acid sequence identity
of MCP-2 is 62% with MCP-1, 57% with MCP-3, and 55% with
MCP-4. The highest sequence identity among CC chemokines is
71% between MCP-1 and MCP-3.

(residues 1224). f1 (residues 2531), 52 (residues 46
45), andj33 (residues 5653) fold into a three-stranded
antiparallel3-sheet, which is part of a Greek key motif and
is followed by the C-terminal helixxl (residues 5874).
Two disulfide bridges between four cysteine residues (Figure
3) show a left-handed spiral conformation (Figure 1). The
first bridge, Cys1%+Cys36, coupleg’ N1 with the hairpin
loop betweerf1 and32, and the second one, CysiQys52,
connectsfN1 and 33 (Figure 1). Therefore, the disulfide
bonds, as in other CC chemokines, play an important role
in stabilizing thes-structure of MCP-2. The stabilization of
the MCP-2(-structure is also assisted by the side chain of
GIn46, which forms hydrogen bonds with the carbonyl
oxygen of GIn23 and with NH1 of Arg24. GIn46 is located
in the turn betwee2 and$3, whereas GIn23 and Arg24
are at the beginning of1. Similar interactions can be
predicted for MCP-2Lys, where Lys46 should be able to
form a hydrogen bond with GIn23, although the interaction
between Lys46 and Arg24 is not favorable. This finding is
consistent with the results of biological assays, which have
demonstrated that the two variants of human MCP-2 do not
differ significantly in their function 24).

pGlul is Essential for the Chemotactic Adty of MCP-
2. We have previously demonstrated that the chemotactic
activity of the recombinant MCP-2 with N-terminal GIn1 is
10 times lower than that of the pGlul versid¥d). In this

molecule of MCP-2 (Figure 1). Therefore, pGlul cannot form
a hydrogen bond with a C-terminal residue as observed for
onconase where pGlul folds back against the N-terminal
o-helix (36). In MCP-2, pGlul points forward such that its
pyrrolidone carbonyl group points to the same direction as
the carboxylic side chain of Asp3. Thus in dimeric MCP-2,
the N-terminus of one subunit is able to form a hydrogen
bond and a salt bridge with residues in the loop following
BN1 in the other subunit (Figure 4, panel a, and Figure 5,
panel a, this work), in addition to an identical set of six
hydrogen bonds between the two subunits previously reported
for MCP-1 (19). Four of these six hydrogen bonds are
between the main-chain atoms of 1le9 and Cys11 on both
BN1-strands, of which the average distance &0 A (Figure

4, panel b). The fifth hydrogen bond is between the hydroxyl
groups of Thr10 from both monomers with a distance of
2.65 A (Figure 4, panel b), and the sixth is between the
carbonyl oxygen atom of Ser6 and the amide nitrogen atom
of Cys52 (not shown for clarity). Furthermore, a water
molecule is present within the hydrogen bond distance to
the carbonyl oxygen of lle9 and the amide nitrogen of Cys11
in both subunits (Figure 4, panel b). Although the water-
bridged interactions have also been reported for MCIP9Y, (
the two interactions involving pGlul and Asp3 in one subunit
with Asnl17 and Arg18 in the other have not been observed
in any other MCP structures, in which pGlul is either absent
or replaced with GIn1.

Figure 5, panel a, schematically represents the MCP-2
dimer showing the secondary-structure features and Figure
5, panel b, illustrates the alignment of three MCP dimers
derived from their crystal structures, including MCP-2 (this

study, we have established that before the chemical conver-work) and the I-form (with a monomer in the asymmetric

sion of GIn1 to pGlul, there is 888% GIn1-form and 12
15% pGlul-form in the recombinant protein (Figure 2),
indicating that 12-15% of the GIn1l cyclizes automatically
and form pGlul, which is consistent with the 10-fold lower
chemotactic activity when compared with 100% cyclized
MCP-2. We therefore conclude that pGlul is essential for
the chemotactic activity of MCP-2 and that this chemokine
is practically inactive without it.

The N-terminal pGlul is essential for the biological
activity of many proteins such as peptide hormones thy-
rotropin-releasing hormone32, 33), luteinizing hormone-
releasing hormone3@), and a cytotoxic ribonuclease onco-

unit) and P-form (with a dimer in the asymmetric unit)
MCP-1 (19). Unlike the MCP-2 structure, both MCP-1
structures were determined with N-terminal GInl. The
superposition was done via optimizing the alignment of one
subunit. Although in general, MCP-2 is very similar to the
P-form MCP-1 and less similar to the I-form, striking
conformational differences have been revealed at the N-
termini between the three MCPs. The N-termini of MCP-1
do not have a unique conformation, as evidenced by the

2 The I-form of MCP-1 contains a monomer in the asymmetric unit,
and the P-form has a dimer in the asymmetric unit.
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Ficure 4: Final model of MCP-2 dimer withRo — Fc electron density map contoured at &.0The two subunits are distinguished with

“filled” and “open” bonds. The electron density map is illustrated as a green net. The dotted lines represent hydrogen bonds and salt
bridges. (a) The N-terminal residues from pGlul to Ser6 of one subunit interact with residues Asn17 and Arg18 from the other subunit. (b)
Part of the subunit-subunit interaction involves residues 9 to 11 from both subunits and a water molecule shared by the two subunits. (c)
The structure of C-terminal residues from Asp68 to Pro76 illustrates that the C-terminal helix of MCP-2 extends to Leu74. The figures
were made using BOBSCRIPBY).

different conformation of the I-form and P-form protein. away from the loop followingSN1 of the other subunit
However, the N-termini of both I- and P-form MCP-1 point (Figure 5, panel b). In contrast, the N-terminal regions of
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MCP-1 P-form
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Glnl Glnl

MCP-1 P-form
MCP-1 I-form

Ficure 5: Putative dimers of chemokines. (a) Stereoview of the MCP-2 dimer showing the secondary structure features. The two subunits
are distinguished with two colors. The N- and C-termini are labeled. (b) Stereoview showing the superimposed crystal structures of MCP
dimers, including MCP-2 (red) and the I- (green) and P-form (violet) MCR9). (Superposition is made on the basis of one subunit to
illustrate the conformational difference at the N-termini as well as the variability of the dimers. The figures were made using BOBSCRIPT

37).
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FiGure 6: Main-chain atomic temperature facto&factors) of MCP-2 (this work) and two forms of MCP-19). In addition to the N-
and C-termini, two regions of MCP-2 (residues-1584 and 46-50) display increased mobility. The arrows dengtstrands, and helical

regions are marked as bars.

MCP-2 dimer are anchored to the loops following il

region 15-24 is correlated with an even higher mobility of

strands. Therefore, we conclude that pGlul is essential tothe N-terminal region because the N-terminus is anchored

the conformation of N terminus, which allows the N-terminal
interaction with the other subunit, and thus, both N-terminal
regions are protected against protease degradation.
Mobility of the Polypeptide Chain and C-Terminal Helix.
Our MCP-2 structure provides the first complete structure
of any MCP protein with its native pGlul at the N-terminus
and a 4.5-turn helix at the C-terminus (Figures 1 and 4).
The mobility of a polypeptide chain can be indicated by the
B-factors of the main chain atoms (Figure 6). MCP-2 has
increased mobility in both the N- and C-terminal regions.
In addition, two regions, residues-124 and 46-50, display
higher-than-average mobility. The first region is the loop
betweenfN1 and 1, and the second region is the turn
between$2 and 3. The higher-than-average mobility in

to this loop (region 1524, Figure 4, panel a, and Figure
5). Such correlation is not observed for MCP-1 because the
N-terminus points away from the loop followirtiN1 (Figure

5, panel b, and Figure 6). The mobility in region-480
propagates into the C-terminal helix, of which the last helical
turn (region 7%74) and residues Lys75 and Pro76 show
the highest mobility (Figure 6). The side chain of Lys75 has
multiple conformations and those of Phe71 and Leu74 are
not well-defined (Figure 4, panel c), most likely because the
C-terminal region of MCP-2 is not involved in intermolecular
interactions. In the crystal structures of MCP-1, the last five
residues at the C-terminus of P-form and the last six residues
at the C-terminus of I-form are missind9). The NMR
structures of MCP-11(7) and MCP-3 20, 23) did not show
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the helical nature of region 7#174. Although the C-terminal
structure has previously been determined for AOP-RANTES
(16, 21, 22) and MIP-13 (18), the C-terminus in these two
proteins is six residues shorter than that of MCPs (Figure 3)
and, therefore, has only three turns. The three-turn C-terminal
helix of AOP-RANTES has been observed in both crystal
(22) and NMR (16, 21) structures and that of MIPALhas
been defined by NMR onlyl@). Therefore, it is evident that
the C-terminus of CC chemokines is completely helical, an
observation that may be functionally important.

pGlul, Dimerization, and N-Terminal Protection in MCP-
2. The crystal structure of MCP-2 reveals a “four-legged”
architecture (Figure 5, panel a). Two of the four legs are the
negatively charged C-termini. The side chains of GIn23,
Arg24, GIn46, and Arg47 in the two subunits form another
two legs. Because the two variants of MCP-2Jsys1d MCP-
2Glny use same receptors and exhibit identical biological
activity (24), the number of charges on these two legs may
not necessarily be important for their function. Although the
physiological significance of this four-legged architecture
remains unresolved, our dimeric structure does shed light
on the protease stability of MCP-2. We have previously
demonstrated that N-terminal pGlul protects the N terminal
region against degradation by CD26/dipeptidyl peptidase IV,
an aminopeptidase able to cleave PKaa bonds24). The
crystal structures of MCP-2 (this work) and MCP-19(
suggest that with pGlul, the N-termini of dimeric MCP are
involved in subunit-subunit interactions (Figure 4, panel a,
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