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ABSTRACT Stromal cell-derived factor-1a (SDF-1a ) is
a member of the chemokine superfamily and functions as a
growth factor and chemoattractant through activation of
CXCR4/LESTR/Fusin, a G protein-coupled receptor. This
receptor also functions as a coreceptor for T-tropic syncytium-
inducing strains of HIV-1. SDF-1a antagonizes infectivity of
these strains by competing with gp120 for binding to the
receptor. The crystal structure of a variant SDF-1a
([N33A]SDF-1a ) prepared by total chemical synthesis has
been refined to 2.2-Å resolution. Although SDF-1a adopts a
typical chemokine b-b-b-a topology, the packing of the
a-helix against the b-sheet is strikingly different. Comparison
of SDF-1a with other chemokine structures confirms the
hypothesis that SDF-1a may be either an ancestral protein
from which all other chemokines evolved or the chemokine
that is the least divergent from a primordial chemokine. The
structure of SDF-1a reveals a positively charged surface ideal
for binding to the negatively charged extracellular loops of the
CXCR4 HIV-1 coreceptor. This ionic complementarity is
likely to promote the interaction of the mobile N-terminal
segment of SDF-1a with interhelical sites of the receptor,
resulting in a biological response.

Chemokines are the largest superfamily of cytokines and are
characterized by four conserved cysteines that form two
disulfide bonds. Two major families have been defined based
on the presence (CXC, or a-chemokines) or absence (CC, or
b-chemokines) of an intervening amino acid between the first
two cysteines. Proteins within the same family share a high
degree of sequence homology and can compete for binding to
the same receptor. Stromal cell-derived factor 1a (SDF-1a) is
unusual in this respect. On the basis of sequence analysis,
SDF-1a is equally divergent from both chemokine families,
although it shares the a-chemokine CXC motif (1). However,
the SDF-1a sequence is conserved remarkably across species.
A single Ile3 Val difference at position 18 results in 99%
sequence identity between human and murine SDF-1a; other
chemokines have interspecies identities that range between 60
and 85%. Furthermore, the gene for SDF-1a is located on
chromosome 10 whereas all other human a- and b-chemokine
genes localize to chromosomes 4 and 17, respectively (2).
Deletion of this gene in mice is lethal; the mice die perinatally
and have a severe defect in the cardiac ventricular septum (3).
No other chemokine (or chemokine receptor) has been re-
ported to be of such vital developmental importance. Al-
though chemokines hitherto have been observed to be induced
by inflammatory stimuli, SDF-1a mRNA is expressed consti-

tutively in almost all organs (4, 5), and its levels are unaltered
during inflammation (6). Moreover, no other mammalian
chemokine has been known to compete with SDF-1a for
binding to the CXCR4 receptor. These findings suggest that
SDF-1a is unique among a- or b-chemokines.

Chemokines and their receptors are involved in HIV patho-
physiology (7). The M-tropic, non-syncytium-inducing strains
of HIV-1 appear to be involved in the primary infection. These
strains use CCR5 as the coreceptor for viral entry and are
inhibited by the physiological agonists of CCR5: macrophage
inflammatory protein 1a (MIP-1a), MIP-1b, and regulated on
activation, normal T cells expressed and secreted (RANTES)
(7). The conversion of M-tropic to T-tropic HIV syncytium-
inducing strains precedes the precipitous drop in CD41 T-cells.
The T-tropic HIV strains that infect T-cells use CXCR4, and
infection of these T-cells is inhibited by SDF-1a (8).

In light of the unusually low sequence homology to other
chemokines, a role in essential developmental processes, and
inhibition of syncytium-inducing HIV-1 strains (8, 9), we have
subjected SDF-1a to crystallographic analysis. Here we de-
scribe the 2.2-Å crystal structure of [N33A]SDF-1a, a variant
of human SDF-1a .

MATERIALS AND METHODS

Preparation of [N33A]SDF-1a. The N33A variant of
SDF-1a was prepared by total chemical synthesis by using
native chemical ligation of the N-terminal peptide (1–33) and
C-terminal peptide (34–67) (refs. 10 and 11). The thioacid
peptide (SDF-1a (1–33)-a-COSH) could not be generated
readily on the standard a-thiocarboxylate resin because of the
presence of an asparagine at the ligation site. Alanine, there-
fore, was substituted for asparagine. The two peptides were
ligated as described, resulting in the full-length [N33A]SDF-1a
variant (11). This variant is identical to wild-type SDF-1a in
receptor-binding properties and biological activity (11).

Crystallization and Data Collection. [N33A]SDF-1a (12
mg/ml) was crystallized by vapor diffusion against 1.9 M
ammonium sulfate and 0.1 M Tris (pH 8.5). Crystals belonged
to space group P212121 with cell dimensions a 5 38.84 Å, b 5
50.47 Å, and c 5 64.72 Å. Because crystals larger than 0.15 mm
appeared twinned, we harvested the smaller crystals in solu-
tions of 2.2 M ammonium sulfate and 0.1 M Tris (pH 8.5). For
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data collection, crystals were equilibrated with cryoprotectant
(in 25% glycerol in mother liquor) for 10–15 min and were
frozen rapidly in a stream of N2 at 2160°C. Diffraction data
were collected on a RAXIS-IIC image plate detector (Rigaku,
Tokyo) with a Rigaku RU200 rotating anode x-ray generator
and at beamline X12B of the National Synchrotron Light
Source at the Brookhaven National Laboratories on a MAR-
Research (Hamburg) 300-image plate-detection system. Data
were processed by using DENZO and SCALEPACK (12).

Structure Determination. Heavy atom derivatives were pre-
pared by soaking crystals in 10-mM solutions of KAuCl4 (3
days) or K2PtCl4 (30 min) or KAuCl4 and K2PtCl4 (3 days in
KAuCl4 and 30 min in K2PtCl4). Crystals for the platinum
derivatives were preequilibriated in phosphate buffer (pH 7)
before heavy atom soaking. Heavy atom positions were located

by Patterson methods by using the CCP4 (13) and PHASES (W.
Furey, Univ. of Pittsburgh) packages. MLPHARE (14) was used
to refine heavy atom positions and to calculate initial phases
followed by iterative solvent flattening and density modifica-
tion protocols incorporated in DM (15).

Model Building and Refinement. Two protein chains, one
for each monomer in the crystallographic asymmetric unit,
were built into density by using the modeling program O (16).
The initial model was refined by using conjugate gradient and
simulated annealing methods incorporated in XPLOR (17). The
final refined model contained 989 protein atoms and 66 water
molecules, with an Rfree of 28.5%.

Structural Comparisons. Superposition of SDF-1a on the
other known chemokine structures (from the first cysteine to
the C-terminus) was performed by least squares minimization

FIG. 1. (A) Structure of the SDF-1a dimer with the secondary structure assignments for monomer 1 based on the program INSIGHTII (Biosym
Technologies, San Diego) shows the extended N-terminal loop proceeding into the single turn of a 310 helix and strands b1, b2, and b3 followed
by the C-terminal helix packing almost orthogonally to the three-stranded antiparallel b-sheet. (B) The IL-8 dimer is shown to highlight the
differences between the IL-8 and SDF-1a dimers.

Table 1. Data collection, phasing, and structure refinement statistics

Native KAuCl4 K2PtCl4 KAuCl4yK2PtCl4

Wavelength, Å 0.95 1.04 1.54 1.54
Resolution limit, Å 2.0 2.0 2.5 2.5
Measured reflections 22,469 234,964 31,058 25,236
Unique reflections 7,600 9,129 4,846 4,753
Completeness, % 97.6 99.0 99.3 97.8
Overall Iys(I) 9.3 10.1 5.4 7.0
Rsym, % 4.6 4.4 9.0 6.7
Riso, % — 19.0 20.6 21.8
Sites, no. — 1 1 2
Rc,isom — 0.50 0.74 0.51
Rc,anom — 0.65 — —
Phasing power — 2.71 1.52 2.74
Refinement statistics

Resolution range, Å 5–2.2
R-valueyRfree, % 22.5y28.5
rms deviation

Bond length, Å 0.010
Bond angles, degrees 2.0
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of the differences as incorporated in the program LSQMAN (16).
An initial framework for the superposition consisted of the
residues Cys-9, Cys-34, Cys-50, and Trp-57 in SDF-1a and the
equivalent residues in the other chemokines.

RESULTS AND DISCUSSION

Structure of SDF-1a. The structure of SDF-1a was deter-
mined by multiple isomorphous replacement and anomalous
dispersion combined with solvent flattening and density mod-
ification (Table 1). The SIRAS phases calculated with the gold
derivative did not permit an unambiguous interpretation of

electron density maps. However, on inclusion of phases from
the platinum derivative and the gold-platinum double deriva-
tive, secondary structural features and the loops connecting
them were more clearly visible. A solvent content of 40% was
assumed to improve the phases with several rounds of solvent
flattening and density modification. The final model had a
crystallographic R-factor of 22.5% (Rfree 5 28.5%). There
were two monomers in the asymmetric unit that associated to
form a noncrystallographic dimer, similar to but not identical
to interleukin (IL)-8 (18) (Fig. 1). Electron density for the
entire polypeptide chain (residues 1–67) was observed for one
of the two monomers with only the side chains of Val-3 and
Arg-8 being undefined. For the second monomer, continuous
density was observed only for residues 9 to 64. The monomers
each had the conventional chemokine topology consisting of
three antiparallel b-strands (b1, residues 24–31; b2, residues
35–42; and b3, residues 45–49) followed by a C-terminal
a-helix (residues 56–64) that was packed against the b-sheet.
In addition, there was a single turn of a 310 helix (residues
19–22) that preceded the first b-strand (Fig. 1). The overall
rms difference between the two monomers was 1.2 Å, based on
Ca atoms; the largest conformational difference was found in
a loop composed of residues 29–37. An example of the electron
density for both monomers in this region, displayed as an
2Fo-Fc omit map, is shown in Fig. 2. Chemokines are known to
be predominantly in the monomeric form at physiological
concentrations, and monomeric analogs are biologically active
(19, 20). Moreover, sedimentation equilibrium and NMR
studies of SDF-1a have indicated that this chemokine is a
monomer even at high concentrations (21). The monomer of
SDF-1a with electron density for the entire polypeptide was
used for all subsequent analysis and discussion.

Comparisons with Other Chemokine Structures. Although
the topology of SDF-1a is similar to other chemokines, there
are significant structural differences. Pairwise rms differences
between SDF-1a and the a- and b-chemokines ranged be-
tween 2.0–2.2 Å and 1.9–2.2 Å, respectively (Table 2). These
differences are substantially greater than those observed be-
tween all other known chemokine structures. The pairwise rms
deviation among the b-chemokines MIP-1b (22), monocyte
chemoattractant protein 1 (23), and RANTES (24) ranged
between 1.2 and 1.4 Å; a similar comparison for the a-che-
mokines IL-8 (18), neutrophil-activating peptide 2 (25), plate-
let factor-4 (PF-4) (26), and gro-a/melanoma growth-
stimulating activity (27) resulted in pairwise rms deviations
that ranged from 1.0 to 1.9 Å. The source of the large rms
difference of SDF-1a with respect to the other chemokines
largely was caused by the orientation and packing of the a-helix
in relation to the b-sheet. An overall superposition of the eight
chemokine structures is given in Fig. 3A and shows that the
largest differences are at the N-terminal region and the
C-terminal helix. The angle between the helix and the axis

FIG. 2. 2Fo-Fc omit map contoured at 1 s between residues 25 to
41 that make up b strands 1 and 2 and the interconnecting loop. The
electron density for monomer 1 (A25 to A41) is drawn in green and
monomer 2 (B25 to B41) is drawn in white. This figure was created with
the graphics program O (16).

Table 2. Pairwise analysis of known chemokine structures

Molecule SDF–1a IL-8 NAP-2 PF-4 MGSA MIP-1b MCP-1 RANTES
SDF-1a — 2.0y48 2.0y51 2.0y51 2.0y45 2.0y51 1.9y45 2.2y51
IL-8 27% — 1.0y56 1.5y56 1.7y56 1.6y51 1.2y50 1.5y48
NAP-2 21% 46% — 1.2y56 1.6y57 1.5y49 1.7y63 1.3y47
PF-4 19.4% 32% 51.4% — 1.7y45 1.9y50 1.7y50 1.9y48
MGSA 22.3% 42% 57% 31.4% — 1.6y41 1.6y47 1.6y48
MIP-1b 21% 22.2% 13.2% 12% 12% — 1.3y50 1.3y52
MCP-1 16.4% 21% 17.1% 14% 11.4% 37% — 1.4y54
RANTES 24% 24% 10% 11.4% 12.3% 50% 23.2% —

The least squares superposition was done by using the Ca atoms of the four CXC chemokines IL-8 (18), NAP-2 (25), PF-4
(26), and MGSA (27), and the three CC chemokines MIP-1b (22), MCP-1 (23), and RANTES (24). The initial framework
of residues used for the alignment consisted of Cys-9, Cys-34, Cys-50, and Trp-57 in SDF-1a and their counterparts in the other
chemokines. The upper quadrant of the table lists the rms difference followed by the total number of aligned residues in the
superposition for each pair of chemokines. Percentage sequence identities are shown in the bottom quadrant in bold lettering.
The rms difference was calculated with the LSQMAN option in O (16).
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FIG. 3. (A) Diagram of the superimposed monomers of SDF-1a (cyan), gro-a/melanoma growth-stimulating activity (red), neutrophil-activating
peptide 2 (yellow), platelet factor 4 (green), IL-8 (pink), RANTES (white), monocyte chemoattractant protein 1 (ochre), and MIP-1b (blue),
highlighting differences at the N-terminal region and the C-terminal helix. (Figure generated with the graphics program INSIGHTII). The Ca
superposition was based on LSQMAN (16) with an initial framework of Cys-9, Cys-34, Cys-50, and Trp-57 in SDF-1a and their equivalent counterparts
in the other chemokines. The angle of the helix with respect to the b-sheet was measured by using the Ca from the three residues 49 (from b3),
54 (from the beginning of the helix), and 66 (from the end of the helix) in SDF-1a. The equivalent residues were used for measuring the angles
in the other chemokine structures. (B) Packing of the C-terminal helix and relevant side chains in SDF-1a (green). The ribbon diagram of the a-helix
of IL-8 (purple) and RANTES (orange) is shown for reference. The van der Waals interactions involving Tyr-61 are believed to be pivotal in the
‘‘open’’ orientation of the helix of SDF-1a.

FIG. 4. Electrostatic potential map of (A) the SDF-1a monomer, (B) the gro-a/SDF-1a chimera based on the SDF-1a structure, (C) the
gro-a/SDF-1a chimera based on the gro-a structure (27), and (D) gro-a. The chimera for B and C is based on results from Crump et al. (21) and
has the sequence KPSVSLSYRC PCRFFESHIH PKNIQHLKIL NTPNCAQTEV IATLKNGRKA CLNPASPIVK KIIEKMLNSD KSN, where
the underlined residues are from SDF-1a and the remaining residues are gro-a. The electrostatic potential was calculated by using DELPHI (Biosym
Technologies) and displayed with INSIGHTII. For the calculation, lysine and arginine side chains were assigned an overall charge of 11.0, histidine
was assigned an overall charge of 10.5, and aspartic acid and glutamic acid were assigned an overall charge of 21.0. The regions of positive potential
are shown in blue, and the regions of negative potential in red. In A, region I consists of residues Lys-24, His-25, Lys-27, and Arg-41; region II consists
of Pro-10, Phe-13, Val-18, Val-27, Leu-29, Val-39, Leu-42, Val-49; and region III consists of Arg-12, Glu-15, His-17, and Arg-47.
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defined by the b-strands was '90° for SDF-1a and was 70–85°
for the other a- and b-chemokines. Although the N-terminal
CXC motif in SDF-1a places this protein in the a-chemokine
family, the angle between the helix and b-strands was more
similar to the b-chemokines RANTES and MIP-1b. These two
chemokines had angles of 80° and 83°, respectively. Because of
its orientation, the helix in SDF-1a also adopts a more open
conformation (Figs. 3 A and B). For instance, a region
encompassing the a-helix (residues 55–65) of SDF-1a had a
solvent accessible area of 741 Å2 as compared with 690 Å2 and
657 Å2 for RANTES and IL-8, respectively. To minimize the
effects of the different side chains, the same ranking order was
maintained when only the solvent accessible surface area of the
main chain atoms for this region was calculated. The greater
solvent exposure of the SDF-1a helix was caused by packing of
the aromatic side chains of Trp-57 and Tyr-61. The indole
nitrogen of Trp-57 formed a hydrogen bond with the carbonyl
of Val-18, and Tyr-61 formed van der Waals interactions with
Leu-26 in SDF-1a (Fig. 3B). The interactions of these bulky
side chains forced the helix to move further away from the core
of the protein and resulted in a helical conformation that was
different from that of other chemokines. Tyr-61 appears to be
particularly important for the movement of the helix away
from the core. The two other chemokines with a helical
orientation most similar to that of SDF-1a (MIP-1b and
RANTES) also had a tyrosine at the equivalent position. In
contrast, IL-8 and monocyte chemoattractant protein 1 had a
valine and serine, respectively, at this position. It is, therefore,
apparent from this analysis that SDF-1a has an N-terminal
CXC motif most similar to a-chemokines and a C-terminal
helix most similar to b-chemokines.

Presumed Receptor Binding Site. The three-dimensional
structure of SDF-1a also is essential for understanding the
receptor interactions that result in growth factor and chemoat-
tractant activities (1, 28). The interactions with the receptor
are particularly important in light of the role of CXCR4 in
HIV-1 infection (29) and the ability of SDF-1a to inhibit viral
entry via CXCR4 (8, 9). Mutational analysis has indicated that
the N terminus is involved in receptor binding and biological
activity (8, 21), which is consistent with the critical role of the
N terminus for all other examined chemokines (7). However,
the N terminus alone is insufficient for receptor binding and
activation (30). These studies indicate that additional binding
sites on the ligand are required for chemokine receptor
binding. For SDF-1a, a second binding site consisting of an
RFFESH motif (residues 12–17) has been identified (21).

The recognition and affinity between chemokines and their
receptors is thought to be initiated by charge complementarity
(31, 32). In this regard, SDF-1a is one of the most basic
chemokines, with an overall charge of 18. The corresponding
net charge of the extracellular regions of CXCR4 is 29.
Analysis of the electrostatic potential of SDF-1a revealed a
surface of high positive potential that arises from the clustering
of the basic residues Lys-24, His-25, Lys-27, and Arg-41 (Fig.
4A). Although the side chain of Arg-8 was not observed and,
therefore, was not included in the calculation, the orientation
of the Cb for its side chain indicates that the guanidinium group
could extend into this region and further increase the positive
potential. Adjacent to this positively charged region is an
extended hydrophobic crevice consisting of residues Pro-10,
Phe-13, Val-18, Val-27, Leu-29, Val-39, Leu-42, and Val-49,
which is f lanked by Arg-12, Glu-15, His-17, and Arg-47. The
pattern of a hydrophobic surface surrounded by a constellation
of ionic residues appears to be a common characteristic of the
chemokines. In IL-8 and murine MIP-2, such a combination of
hydrophobic and charged residues has been proposed to be
involved in receptor binding (31, 32). Unlike the prototypical
G protein-coupled receptors, such as the b-adrenergic and
rhodopsin receptors that have extracellular regions that do not
appear to participate in ligand or cofactor binding (33), the

extracellular loops of chemokine receptors play a crucial role
in ligand binding and recognition (7, 34). It is, therefore, likely
that the extracellular loops of CXCR4 form extensive inter-
actions with the charged residues and hydrophobic surface,
thereby promoting interactions of the highly mobile N-
terminal region of SDF-1a with the interhelical transmem-
brane sites of the receptor.

A recently reported chimera of gro-a and SDF-1a was
observed to have equivalent activity in a Ca21 mobilization
assay as wild-type SDF-1a (21). To assess the role played by the
positively charged groups of SDF-1a in receptor binding,
electrostatic potential maps were calculated for SDF-1a , the
gro-a/SDF-1a chimera and gro-a (Fig. 4). Because there is no
structure of the gro-a/SDF-1a chimera, it was modeled in the
context of both the SDF-1a (Fig. 4B) and gro-a (Fig. 4C)
structures. Analysis of the electrostatic potential maps re-
vealed that the region of high positive potential (defined as
region I in Fig. 4A) is retained in the chimera and that this
region is of lower potential and covers a smaller area in gro-a.
These results suggest that the positive electrostatic potential
may contribute to receptor binding and activation. Further-
more, it is interesting to note that three other molecules that
interact with CXCR4 are positively charged (35, 36). The V3
loop of gp120 from T-tropic strains of HIV-1 have a high net
positive charge relative to V3 sequences from M-tropic strains
(37). Two small molecule antagonists belonging to distinct
chemical families share properties that also suggest that these
molecules mimic the surface of SDF-1a that exhibits a positive
electrostatic potential. One antagonist is a bicyclam derivative
containing a cluster of eight amines that inhibits SDF-1a
responses at submicromolar concentrations (35). The other
antagonist is N-a-acetyl-nona-D-arginine amide, a polypeptide
consisting of nine D-arginine residues with protected N and C
termini that is active at micromolar concentrations (36). Both
of these compounds are able to inhibit CXCR4-mediated entry
of HIV-1. It is tempting to speculate that the compounds
interact with the negatively charged extracellular loops of
CXCR4.

Conclusions. SDF-1a displays relatively large structural
differences with respect to other chemokines. These differ-
ences are consistent with the low sequence homology between
SDF-1a and other chemokines and indicate that SDF-1a is
equally divergent from both a- and b-chemokines. The N-
terminal CXC sequence of SDF-1a places this protein in the
a-chemokine family whereas the conformation and packing of
the C-terminal helix is most similar to b-chemokines. These
observations support the proposition that SDF-1a may define
a new subfamily and may be most closely related to the
evolutionary ancestor of the chemokine superfamily (1).

In most cases of HIV-1 infection, the decrease in CD41 T
cells and the development of clinical symptoms of AIDS
follows the conversion of HIV-1 from M-tropic to T-tropic
strains. The arrangement of hydrophobic and ionic groups in
the SDF-1a structure along with further mutational analysis
will provide the basis for the rational design of new classes of
molecules that exhibit receptor antagonism and inhibit
CXCR4-mediated HIV-1 viral entry. These CXCR4 antago-
nists may prove, therefore, to be useful in delaying the onset
of disease.
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