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The three-dimensional structure of stromal cell-derived
factor-1 (SDF-1) was determined by NMR spectro-
scopy. SDF-1 is a monomer with a disordered
N-terminal region (residues 1-8), and differs from
other chemokines in the packing of the hydrophobic
core and surface charge distribution. Results with
analogs showed that the N-terminal eight residues
formed an important receptor binding site; however,
only Lys-1 and Pro-2 were directly involved in receptor
activation. Modification to Lys-1 and/or Pro-2 resulted
in loss of activity, but generated potent SDF-1 antagon-
ists. Residues 12—17 of the loop region, which we term
the RFFESH motif, unlike the N-terminal region, were
well defined in the SDF-1 structure. The RFFESH
formed a receptor binding site, which we propose to
be an important initial docking site of SDF-1 with its
receptor. The ability of the SDF-1 analogs to block
HIV-1 entry via CXCR4, which is a HIV-1 coreceptor
for the virus in addition to being the receptor for SDF-1,
correlated with their affinity for CXCR4. Activation of
the receptor is not required for HIV-1 inhibition.
Keywords chemokines/G-protein coupled receptors/
nuclear magnetic resonance spectroscopy/protein
synthesis/stromal cell-derived factor-1

Introduction
Stromal cell-derived factor-1 (SDF-1) was originally

but SDF-1 is produced constitutively (Shirozt al.,
1995). Consistent with it vitro activities, anSDF-1 —/—
mouse has severely deficient myelopoiesis and lympho-
poiesis (Nagasawat al., 1996) The apparent effects of
SDF-1 on early cells suggests that it could have unique
functions such as in the trafficking or homing of lympho-
cytes and hemopoietic cells (Aiutt al., 1996). Further-
more, both SDF-1 (Shirozat al, 1995) and its receptor
(Federsppielet al., 1993) are expressed widely outside
the lympho-hemopoietic system suggesting that it could
have fundamental roles in other tissues.

SDF-1 was found to be the ligand for a chemokine-like
receptor (Bleulet al, 1996a; Oberlinet al, 1996),
that had been identified previously and called HUMSTR
(Federsppielet al., 1993) or LESTR (Loetscheet al.,
1994). It has been renamed CXC chemokine receptor 4
(CXCRA4), following the conventions established for the
nomenclature of chemokine receptors. This receptor has
also been identified as a coreceptor (termed Fusin) for
syncytia inducing (Sl) forms of HIV (Fengt al., 1996).
SDF-1 inhibits the entry and replication of Sl forms of
HIV-1 (Bleul et al., 1996a; Oberliret al,, 1996). A distinct
chemokine receptor CCR5 is a coreceptor for non-Sli
forms (Zhanget al, 1996) and there appears to be a
switch in coreceptor usage from CCR5 to CXCR4 during
AIDS progression (Connaet al, 1997).

Chemokines are divided into two classes according to
the relative position of the first two cysteine residues.
In the CC chemokines, e.g. RANTES and monocyte
chemoattractant protein-1 (MCP-1), the two cysteines are
adjacent whereas in the CXC chemokines, e.g.
interleukin-8 (IL-8) and growth related protein (GRO),
the first two cysteines are separated by one residue
(Baggiolini et al., 1997). The CC chemokines promote
the recruitment of various types of leukocytes, whereas
the CXC chemokines are more cell type-specific and
activate predominantly neutrophils or T lymphocytes.
SDF-1 belongs to the CXC family, but its average sequence
identity with other human CXC chemokines and to the
CC chemokines is only 27% and 22%, respectively. Its
structural and functional relationship to other chemokines
is unknown.

The human SDF-1 gene is located on chromosome 10
(Shirozuet al,, 1995), whereas the other CXC chemokines
are clustered on chromosome 4, and CC chemokines on

described as a secreted product of a bone marrow stromachromosome 17 (Baggioliet al,, 1997). Two alternatively

cell line (Tashiroet al, 1993), and subsequently by spliced SDF-1 mRNAs encode SDI&-168 residues), and
expression cloning as a pre-B cell stimulating factor that SDF-13 (72 residues); the four additional residues being
partially replaced the need for stromal cells for iheitro located at the C-terminus (Shiroat al, 1995). A form
generation of B cells (Nagasaved al, 1994). SDF-1 is  that had been processed at the C-terminal end to generate
a member of the chemokine family of pro-inflammatory a 67 residue protein was purified from stromal cells and
mediators and is a potent chemoattractant for T cells, we have called this form SDF-1 (Bleet al, 1996b) In
monocytes and lympho-hemopoietic progenitor cells. The contrast to other chemokines, which average 69% identity
expression of most chemokines is induced by cytokines, between human and mouse, SDF-1 is identical between
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these species, except for a single conservative change: Val
to lle at position 18 (Shirozet al, 1995). This identity
suggests a fundamental role for SDF-1.

In this study we have determined the structure of SDF-1
and evaluated the structural requirements for its diverse
activities. The solution structure of SDF-1 provides the
basis for addressing the structural features which are
essential for function. Many aspects of the molecular
biology and physiology of SDF-1 are unique, so we cannot
assume that rules established for other chemokines apply.
For IL-8 the key receptor binding sites are in the N-terminal
region and the loop succeeding the CXC motif, however,
the two disulfide bridges are also important as they help
provide the scaffold that stabilizes the active conformation
(Clark-Lewis et al, 1994; Rajarathnanet al, 1994a).
Structure—activity relationships of the chemokines studied
to date indicate that this scaffold hypothesis is applicable
to members of both the CXC and CC chemokine classes.
SDF-1 antagonists were identified, which not only
inhibited SDF-1 function, but also HIV-1 replication and
thus indicating that receptor triggering is not required for
inhibition of Sl forms of HIV-1. On the basis of these
studies we propose a two-step mechanism for the binding
of SDF-1 and activation of CXCRA4.

Results and discussion

Description of the solution structure of SDF-1

The solution structure of the 67 residue form of SDF-1
was determined from NMR data by the dynamic simulated
annealing method (Nilgest al.,, 1988) using the program
X-PLOR (Brunger, 1993). Thirty structures were calcu-
lated that satisfied the NMR distance and angular restraints
and a stereoview of the backbone atoms is shown in
Fig. 1. The structure of SDF-1A) A stereoview of a superimposition F'glj're 1A. The quality of _th? final struqture; is very high
of the 30 simulated annealing structures of SDF-1 on the average as judged by small deviations from idealized covalent
structure. The RMS deviation for residues 9-65 between all 30 geometry and good fit to the experimental NMR data
structures and the average structure is 0.35 A for backbone and 0.96 A (Table I). The structure of SDF-1 is well defined except

for heavy atoms.E) A schematic diagram showing the restrained B _ . . _ N
minimized average structure of SDF-1 created with the program for the N- and C-terminal residues, 1-8 and 66-67,

MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt and Murphy, respectively. SDF-1 adopts a chemokine-like fold con-
1994). sisting of three anti-parallgB-strands and an overlying
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15N(_1f T ) .
Table I. Structural statistics and atomic r.m.s. differences for 30 N—"H HSQC spectrum indicate that the N-terminal

calculated SDF-1 structures region is mobile, and not involved in inter-subunit inter-
actions (data not shown). In addition, no NOE contacts
All (796)2 0.027 = 0.001 analogous to those that are found in chemokine dimers of
Intgrh-(rﬁts;c]i}f I(icjglniresiaveragéd) 0,039 = 0.015 either CC or CXC class were detected. This suggests that
Sequential | = 1) 0024 + 0.003 both SDF-1 and SDFflare active as monomers.
Long (j-j| > 5) 0.029 + 0.015 ) _ _
Inter-residue R averaged Comparison of SDF-1 with other chemokines
Long 0.025 + 0.008 Chemokine structures that have been solved to date have
'”tir"":‘“fs'd“e (centre averaged) 0020 0o a common tertiary fold that consists of an N-terminal
Enor (kcal/molp 200 =+ 19 region, a loop region that follows the CXC or CC
Epiue (kcal/moly 149 =+ 0.3 motif, three antiparalle3-strands in a Greek key like
ErepeL (kcal/molP 0.06 =+ 0.05 arrangement, and a C-termimalhelix. Several structural
Deviations from idealized geometry features are unique to SDF-1 and distinguish it from other
Bonds (A) 0.0031+ 0.0001 h Ki Fi 2). Diff tin th
Angles () 0530 + 0.008 chemokines (Figure 2). Differences are apparent in the
Improper (°) 0.368 =+ 0.007 packing _of the hydrophob|_c core and this is evident when
Atomic r.m.s. differences (&) we consider Trp57 which is highly conserved among CC
Backbone atoms (9-65) 035+ 01 chemokines and also present in IL-8. In SDF-1, Trp57
Heavy atoms (9-65) 0.96 = 0.09

makes extensive NOE contacts with residues of the 3
aThe r.m.s. deviation of the experimental restraints (A) is calculated helix (Arg20, Val23), the firsB-strand (Leu26), and the

with respect to the upper and lower limits of the input restraints. N-terminal loop (Val18). In contrast, in other chemokines,
PThe values foiEyog and Epye are calculated from a square Trp57 is oriented away from the firfi-strand and is

well patential with 2 force canstant of 50 keal ”}b‘&z and o packed predominantly against the side chains of residues
200 ke ML s ot i a e onsent o i the N.terminal lop (Figure 2A). These diferences n he
times the value used in the CHARMM force field. hydrophobic core are reflected in the relative orientation of
“The values for bonds, angles and impropers show the deviation from thea-helix to the rest of the protein: in SDF-1 it is aligned
ideal values based on perfect stereochemistry. more parallel to thep-strands, whereas in all other

dR.m.s. differences of the 30 final simulated annealing structures

superimposed on the average structure. chemokines it is orthogonal to tHgstrands (Figure 2B,

C and D). The packing requirements of the helix in SDF-1
are fulfilled by Trp57, Tyr61 and Leu62, which interact
a-helix (Figure 1B). The well ordered regions include an with residues of the first and secolfidstrands. Packing
extended loop (Argl2 to Alal9) which leads into & 3  of the hydrophobic side chain of Leu55, which is part of
helix (Arg20 to Val23). The firsf3-strand (24 to 30) is  the turn preceding thea-helix in SDF-1, also influences
connected by a type Il turn (31 to 34) to the second the hydrophobic core and the orientation of the helix.
B-strand (37 to 42) and the second and tifirdtrands (47 Interestingly, in all other chemokines, the residues at
to 51) are connected by a type | turn (43 to 46). A type position 55 are smaller (e.g. Ala), and also tend to be
I turn (52 to 55) connects the thirf-strand and the  either charged (e.g. Asp) or polar (e.g. Ser).
C-terminala-helix (58 to 65). SDF-1 is a highly basic protein with 21% of the total

SDF-13, was also characterized by NMR and the data residues being arginine, lysine or histidine. Analysis of
indicated that like SDF-1 it is well defined between the electrostatic potential at the molecular surface revealed
residues 9 and 65. There was no significant change infurther differences between SDF-1 and other chemokines
either secondary or tertiary structure as a consequence ofFigure 3). In SDF-1, positive surface charges are clustered
the five residue C-terminal extension that distinguishes along the first and secon@-strands and thex-helix

SDF-13 from SDF-1. displays a predominantly negative surface charge. With
CXC chemokines, a positively charged surface is clustered
SDF-1 and SDF-1f are monomers in the C-terminala-helix, whereas the CC chemokines

Dimerization is a characteristic feature of chemokines show no obvious pattern in the clustering of charges. The
(Fairbother and Skelton, 1996), and is not required for positive surface charge in IL-8 has been proposed to be
activation of the receptor (Rajarathnaet al, 1994b; critical for heparin binding (Rogt al, 1996). SDF-1 has
Clark-Lewiset al, 1995). We therefore examined SDF-1 been shown to bind heparin with higher affinity than either
for its propensity to dimerize. Molecular weight determin- IL-8 or MCP-1 (Bleulet al, 1996b), suggesting that the
ation by sedimentation equilibrium indicated that SDF-1 surface charge distribution of SDF-1 could provide an
and SDF-B are both monomers at physiological ionic optimal binding site for heparin or other cell-surface
strength and pH 5.0 and 7.0. In all CXC chemokines glycosaminoglycans.

examined to date, the dimer interface involves the first

B-strand. The absence of slowly exchanging amide protonsN-terminal residues determine SDF-1 activity

for Leu26, 1le28 or Asn30 in the fir§d-strand of SDF-1 To determine the structural requirements for function, the
indicates that it does not form a CXC-like dimer interface  SDF-1 analogs described in Figure 4 were synthesized
(data not shown). In contrast, in most CC chemokines, and assayed for their ability to bind SDF-1 receptors and
the N-terminal region constitutes the dimer interface. toinduce functional activation of the receptor by measuring
However, the absence of slowly exchanging amide protonsinduction of intracellular calcium levels. The results for
for the N-terminal residues and the observation of all the analogs prepared in this study are summarized in
relatively intense peaks for both Val3 and Leu5 in the Table Il. In all chemokines studied to date, N-terminal

6998



Structure of SDF-1/dissociation of binding and function

Fig. 2. Comparison of SDF-1 with other chemokines. Ribbon outlinesA):§DF-1; B) IL-8 (Rajarathnanet al, 1995); C) RANTES (Fairbrother
et al, 1994); and D) GRO (Skeltoret al., 1995). Trp57 and the residue that corresponds to Leu26 of SDF-1 are shown in white to indicate the
difference in their relative positions. Residues 1 to 8 in SDF-1, 1 to 3in IL-8, 1 to 7 in RANTES and 1 to 5 in GRO, are not shown for clarity.

residues preceding the first cysteine have been shownbinding, and thus was similar to 2—67 in its activity profile.
to be critical for both receptor binding and functional However, the ornithine derivative retained significant bind-
activation. ing and activity. This indicates that in SDF-1 an arginine
The role of the N-terminal region of SDF-1 was at the N-terminal position cannot provide the necessary
evaluated by preparing a set of analogs with sequentialinteractions to activate the receptor but the smaller orni-
N-terminal truncations (Table Il). SDF-1 (2—-67), which is thine side chain is tolerated. Determining the basis for
missing only the N-terminal lysine, lacked the ability to the difference will require analysis of more analogs.
trigger CXCR4 signaling. Subsequent deletions resulted Substitution of a glycine for proline at position 2 results
in analogs which were inactive. Despite their inability to in complete loss of activity, but affinity for the receptor
induce receptor activation, two analogs 2-67 and 3-67,is only ~3-fold less than native SDF-1. It is likely that
retained significant binding affinity for the receptor (Table the increased conformational flexibility of the glycine and/
Il shows theKys of the analogs; a high affinity corresponds or the loss of interaction with the proline side-chain
to a lowerKy). Thus the N-terminal residue is critical for  prevents the conformational change in the receptor that
receptor activation but not binding. To examine further accompanies triggering. However, when the N-terminal
the functional importance of residues 1 to 8, single region was extended by the addition of a glycine residue,
substitution analogs of full-length SDF-1 were prepared. the potency of the resulting analog, SDF-Gly (Figure 4),
Two analogs with replacements of the N-terminal lysine was higher than native SDF-1. This suggests that the alpha
were prepared, K1R, and one with ornithine, a non-natural amino group of native SDF-1 is not important for function,
amino acid which differs from lysine in being shorter by and therefore the lysine side chain is likely to form the
one methylene group. The K1R analog resulted in a critical interactions. Furthermore, the results suggest that
dramatic loss in functional activity, but still retained the backbone of the N-terminal region is partly exposed,
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Fig. 3. Comparison of the surface charge distribution of chemokines. Shown is the surface electrostatic poteAjdbfL; C) GRO;

and O) RANTES. B) A tracing of the backbone of SDF-1 with the same orientation as (A), (C) and (D). A section of the first and second
B-strands with the first strand running from left to right is shown in each panel. The electrostatic potential at the surface was calculated using the
Poisson—Boltzman equation implemented in GRASP (Nichetllal, 1991). Colors indicate the calculated electrostatic potential, with blue for

positive and red for negative charge.
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SDF nos 1 5 10 15 20 25 30 35 40 45 50 55 60 65 70
SDF-18 KPVSLSYR CPC RFFESH VARANVKHLKILN TPNCALQIVARLK NNNRQVCIDPKLKWIQEYLEKALNKRFKM
SDF-1 KPVSLSYR CPC RFFESH VARANVKHLKILN TPNCALQIVARLK NNNRQVCIDPKLKWIQEYLEKALN
SDF-Gly Gttt iie it teiies et et taeee et tete e e e e,

SDF K1R Rttt it it ittt tr ettt eatoas setseteeettnee teteeeeeataaee e

SDF K1Orn P

SDF P2G N

SDF V3I S

SDF AQA 0 N

SDF Y7H ...... Ho o it ettt t et et ettt e

SDF Y7A ... A e e e i e et e et e et ettt et e e

SDF R8K ....... K i it it i ittt teiiee et i e e e cecsesserssssrnsssne
IP10H1 KPVSL CPC ISISNQPVNPRSLEKLEIIPASQFCPRVEIIATMKKKGEKACLNPESKAIKNLLKAVSKEMSKRSP
IP10H2 KPVSLSYR CPC RFFESH VNPRSLEKLEIIPASQFCPRVEIIATMKKKGEKACLNPESKAIKNLLKAVSKEMSKRSP
IP10 VPLSRTVR CTC ISISNQPVNPRSLEKLEIIPASQFCPRVEITIATMKKKGEKRCLNPESKATIKNLLKAVSKEMSKRSP
GROH1 KPVSLSYR CPC LQTLQG TIHPKNIQHLKILN TPNCAQTEVIATLKN.GRKACLNPASPIVKKIIEKMLNSDKSN
GROH2 KPYSLSYR CPC RFFESH IHPKNIQHLKILN TPNCAQTEVIATLKN.GRKACLNPASPIVKKIIEKMLNSDKSN
GRO ASVATELR CQC LQTLQG IHPKNIQSVNVKSPGPHCAQTEVIATLKN.GRKACLNPASPIVKKIIEKMLNSDKSN
IL8H1 KPVSLSYR CPC IKTYSK FHPKFIKELRVIE TPNCANTEIIVKLSD GRELCLDPKENWVQRVVEKFLKRAENS
IL8H2 KPVSLSYR CPC RFFESH FHPKFIKELRVIE TPNCANTEIIVKLSD GRELCLDPKENWVQRVVEKFLKRAENS
IL-8 SAKELR CQC IKTYSKPFHPKFIKELRVIESGPHCANTEIIVKLSD.GRELCLDPKENWVQRVVEKFLKRAENS

Fig. 4. Sequence alignment of SDF-1 analogs. Shown are the sequences o3SBBR-1 (67 residue form), and the indicated analogs. SDF-1/
chemokine chimeras are given the appropriate chemokine name followed by H1 or H2. For the chimeras the parts of the sequence corresponding to
SDF-1 are underlined. The parent chemokines are given for comparison. GRO is also termeGRGSA (Baggioliniet al., 1997).

because, if the N-terminus is buried then it would not unlikely that the tyrosine forms specific bonding inter-
accommodate additional residue(s). Thus, in these experi-actions to the receptor, and its role is more likely to be
ments four analogs were identified; 2—67, 3—67, K1R and steric and/or conformational. SDF-1, like other CXC
P2G, with high affinity for the receptor, but with low chemokines, has an arginine immediately preceding the
receptor signaling. All four analogs had modifications of N-terminal cysteine. Because the integrity of this arginine
the lysine and/or proline suggesting that these two residuesis essential for chemokine binding to CXCR1 and CXCR2
comprise the receptor activation motif of SDF-1. Of the (Clark-Lewiset al,, 1995), we prepared an SDF-1 analog
four only P2G induced no detectable signaling, and as with a conservative replacement. This analog, R8K, had
this analog had the highest binding affinity (Figure 5 and only an ~5-fold lower potency and binding affinity indicat-
Table I1), it was selected for studies aimed at determining ing that in contrast to other CXC chemokines, arginine
its antagonist properties. P2G inhibited SDF-1-induced was not absolutely required.

chemotaxis of CEM cells (Figure 5C). To analyze further the role of the N-terminal region in

The effects of substitutions in the 3 to 8 region in the determining SDF-1 function we designed chimeras of
N-terminal region were less dramatic, and the potency of SDF-1 with other CXC chemokines; interferon-inducible
the analogs approximately corresponded to their binding protein-10 (IP10), IL-8 and GRO. These chemokines
affinity. Interestingly, the potency of SDF-1 V3l was are functionally unrelated to SDF-1 and bind different
increased ~3-fold compared with native SDF-1. As with receptors. The relatively low similarity of SDF-1 with
SDF-Gly, the binding of the V3l analog was slightly these chemokines suggests that chimeras can be used to
higher than native SDF-1, but the difference was not determine whether alternative chemokine frameworks can
significant. This suggests that the introduction of iso- provide the required context for the N-terminal region of
leucine, which has a larger non-polar side chain, facilitates SDF-1. In addition, by ‘cutting and pasting’ additional
receptor activation. The findings with this analog and SDF-1 residues to generate more complex chimeras, a
SDF-Gly suggest that the activity of native SDF-1 can be role for other regions of SDF-1 can be identified. This
enhanced. Thus, despite the conservation of the SDF-1chimera approach has been successfully used for defining
structure between species, SDF-1 can readily accom-the structural elements of chemokines that are important
modate changes to its structure, suggesting the feasibilityfor function (Clark-Lewiset al, 1994). The sequences
of engineering analogs or small molecule ligands with of the chimeras characterized in this study are shown
high affinity. in Figure 4.

Residues 4, 5 and 6 were changed simultaneously inthe A GRO hybrid with the N-terminal region of SDF-1
analog [A4, Q5, A7] SDF-1, and activity was significantly (1-8) (GROH1, Figure 4) was prepared and assayed for
decreased relative to native SDF-1. Binding was also SDF-1 activities. Surprisingly, GROH1 was only 7-fold
decreased but only ~3-fold. Thus these residues are notless active than SDF-1 in inducing calcium. This hybrid
essential for binding or function, but they affect the ability also had residues 25—-33 which includesftkitern between
of the N-terminal residues to induce activation. To examine p-strands 1 and 2, as this had been shown to be a
the role of tyrosine 7 analogs with histidine or alanine conformational requirement for IL-8 and the two molecules
replacements were prepared. Both analogs were active share structural similarity (Figure 2). However, subsequent
but Y7H was almost fully potent, whereas the Y7A was experiments demonstrated that this turn is not critical for
significantly weaker than SDF-1. This suggests that it is SDF-1 activity (not shown). A construct, IP10H1, that
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Table Il. Summary of SDF-1 structure—activity studies -
c 100 +
Analog? [Ca®t); Binding HIV é o
EC30 (nMp Kq (NM)© ICs0 (NM)4 - i
L ol
SDF-1 1.1 36+ 1.6 79 a
SDF-18 1.0 22+ 1 40 & 4ol
SDF1 2-67 >10 000(A) 20+ 9 uD -
SDF1 3-67 UD(A) 46+ 11 uD £ 20
SDF1 4-67 ub 340+ 112 ubD o
SDF1 5-67 uD 390+ 210 uD & °r
SDF1 6-67 ub 410+ 134 ub
SDF1 7-67 ub 470 6 ub o 12
SDF1 8-67 ub 490+ 269 ub 2
SDF1 9-67 ub ubD ub g 10+
c
SDF-Gly 0.3 3 £038 79 b 8r
K1R >10 000(A) 13 £7 794 °
K10m 5.4 5.8+ 3.5 631 & °r
o Ll
P2G UD(A) 9 +1 562 2
V3l 03 27+ 15 63 8 el
AQA 25 9 +5 355 o
Y7A 7.8 15 =0 708 6 of
Y7H 35 3.2+ 0.7 112 2
R8K 45 18 +7 794 : : : : :
400 |- l
IP1OH1 154 917+ 118 ND a50 | C
IP10H2 6.5 57+ 25 ub L e —’é"ﬁ
IP10 ub ub ub @ 300 %]
GROH1 7.5 51+ 11 ND S emf 7
GROH2 1.1 10+ 1 446 B aof N
GRO ub ub ubD o
.g) 150 |- 1o
=
IL8H1 >10 000 ubD ub 100 |
IL8H2 10 000 ub ubD
IL8 uD uD uD or Q0o
0 L 1 1 1 L
aThe sequences for the indicated analogs are shown in Figure 4. Control -10 -9 -8 7 6 -5
bThe effective concentration for 30% of maximum (EC30) rate of Concentration (Log M)
induction of intracellular free calcium was determined from the dose—
response curves. Fig. 5. Functional activity of SDF-1 analogsA) Receptor binding of
“The dissociation constant&{ = SD) are the mean of three different SDF-1 analogs. Competition binding fo?f]SDF-1 of: SDF-1 @);
competition binding experiments. P2G (O); GROH1 (A); GROH2 (A); GRO (0J); and SDF-1 (1-8)
%The analogs were itrated in the HIV infectivity assay and the HIV (m). Non-specific binding was subtracted and the results are presented
inhibition was determined by titration of each analog. as a percentage of maximal c.p.m. bound in the absence of competitor.
UD, undetectable; ND, not done; A, antagonist. (B) Induction of intracellular free calcium by SDF-1 analogs. Shown

is the rate of change of fluorescence of Fura-2, a vital dye with a

_ ; ; _ calcium dependent fluorophore, at the indicated concentration of
had only the N-terminal region and Prol10 of SDF-1 had SDF-1 @) IP10HL (): IP10H2 @) and P2G 0). (C) Chemotaxis

significant SDF-1 activity (Figure 5B), suggesting that it ;ynibition by SDF-1 analogs. SDF-1 (3 M) was added to all the
is the N-terminal region of SDF-1 that is important. The pottom wells, and P2G{) and SDF-1 (9-67)[()), were added to the

proline between the first two cysteines (the X in CXC) bttom wells at the indicated concentrations. The contg) (s with
was included in all the chimeras. The role of this residue SPF-1 alone.
is yet to be determined but the nature of the side chain
does not appear to be important for other CXC chemokines chemotaxis (not shown). Thus the peptides do not assume
(Clark-Lewis et al, 1994). In contrast a similar IL-8 the conformation(s) necessary for binding to the receptor,
chimera (Figure 4) with the SDF-1 N-terminus and the implying that the protein scaffold, and/or receptor binding
turn of SDF-1 (31-33) was inactive. Nevertheless, the sites, is important for determining the optimal conform-
results with the GRO and IP10 chimeras demonstrate ation of the N-terminal region for it to bind to the receptor.
the importance of the N-terminal region in determining
receptor binding and activity and suggest that it is the Identification of a second binding site: the RFFESH
major functional determinant of SDF-1. motif

Because of the critical role of the N-terminal region of The chimeras with the N-terminal domain of SDF-1 were
SDF-1 in receptor activation and function, the activity of active, but less potent than native SDF-1. To test whether
peptides corresponding to the N-terminal segment were additional residues of SDF-1 are required for maximal
evaluated. Two peptides, SDF-1 (1-8) and SDF-1 (1-9), potency we made further chimeras. The loop region that
had no detectable chemoattractant activity (not shown) or links the CXC motif to the 3:10 turn (Figure 2) is required
binding to CEM cells. The results for binding of SDF-1 for receptor binding of IL-8 (Clark-Lewi®t al, 1994),
(1-8), are shown in Figure 5A. In addition they did not and for selectivity for CXCR1 and CXCR2 (Lowman
show synergy with the truncated analogs in binding or in et al, 1996). Residues 12-17 (the RFFESH sequence) in
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the corresponding loop region of SDF-1 (Figure 1) have
some unusual features compared with the corresponding
region of other chemokines. For example, residue 12 is
an arginine, whereas a hydrophobic residue is usually
found at this position and is important for activity of CXC
chemokines. The remainder of the loop, except for Phel4,
is solvent-exposed. To determine the effect of this region
an IP10 chimera (IP10H2), with the RFFESH motif and
the N-terminal domain of SDF-1, was synthesized (Figure
4). The potency of IP10H2 was 21-fold higher than
IP10H1, which did not have the RFFESH maotif (Figure 5B
and Table Il). Furthermore, the binding affinity was 16-
fold higher. Compared with native SDF-1, the IP10H2
chimera was 6-fold less potent and had 14-fold lower
affinity. A GRO chimera (GROH2) that contained both
the N-terminal region and RFFESH, was equivalent to 1000
SDF-1 in potency, but had ~3-fold lower affinity for
CXCR4. The RFFESH motif resulted in an ~5-fold
increase in the binding of the chimera. The corresponding
IL-8 chimera was inactive. Chemokine chimeras con-
taining only RFFESH from SDF-1 have not been tested.
However, as the results in Table Il indicate that there is
an absolute requirement for the N-terminal region for
binding and activity, it is unlikely that the RFFESH
motif alone would lead to activity in the absence of the
N-terminal region. The results with the chimeras indicate
that the N-terminal region and the RFFESH region contain SDFB
'ngFcintact residues that are essential for fully functional I ,d& S SbF
-1, 0 s 1 1 " 1 n 1T
The results with the chimeras indicate that the structural 0 8 10 s 20
core of SDF-1 can be substantially replaced by the Dissociation Constant (nM)
framework of two other chemokines that have only 17%
(IP10) or 25% (GRO) identity with SDF-1. The failure of Fig. 6. Effect of SDF-1 analogs on HIV-1 replication: correlation with

P receptor binding.A) The inhibition of HIV-1 by SDF-1 @); SDF-13
the IL-8 structural core to support SDF-1 binding could O): P2G (): and GROH2 {.). The control {J) had no chemokine

be due to incompatibilities (e.g. steric or electrostatic) added. B) Correlation of HIV inhibition with binding. The 16,
between the new framework in the chimera and CXCRA4. values for HIV-1 inhibition are plotted against thg values for the

The functional difference between native SDF-1 and the indicated analogs. The IC50 atg values (Table Il) were calculated
GRO and IP10 chimeras could be due to either slight from the titration curves for inhibition of HIV-1 and binding,
incompatibilities between the new framework and CXCR4, respectively.

or suboptimal conformation of the binding motifs. It is

paradoxical that features of the three-dimensional struc- coreceptor for HIV-1 entry into target cells (Bleeat al.,
ture, that distinguish SDF-1 from other chemokines, are 1996a; Oberlinet al, 1996). To determine the HIV-1
not critical for binding or activation of CXCR4. However, inhibition by the SDF-1 analogs indicated in Table I,
we have only examineth vitro assays that are sensitive they were tested using CD4HeLa cells and a Sl HIV-1

to interactions with CXCR4, and therefore these structural isolate. The readout measured the transcriptional activity
features of SDF-1 may be required for interactions with of viral LTR driven constructs, as the induced transcription
physiologically important partners other than CXCRA4. For of viral genes has been shown to correlate with level of
example, the clustering of positive charges in SDF-1 is infection. The concentration required for 50% of maximal
apparently not critical for CXCR4 binding, because the inhibition (ICs)) was 80 nM for SDF-1. SDFfi was
two other chemokine core structures have different charge consistently ~2-fold more potent in its inhibitory activity.
distributions yet support the functional motifs of SDF-1. The antagonist analog, PG2, inhibited HIV-1, and its
However, it is possible that the positively charged surface weaker potency compared to SDF-1, reflected its lower
is important for binding to heparin or other glycosamino- affinity for CXCR4 (Figure 6). The K1R antagonist analog
glycans. This could be important for SDF-1 physiology, also had significant inhibitory activity. Thus the most
but in this study we have focused am vitro activities potent SDF-1 agonists and antagonists inhibited SI HIV-1.
that result from CXCR4 activation, and therefore the Taking into account all the analogs that had significant
structural features that are involved in interactions with inhibitory potency (Figure 6B and Table Il), there was a

100 -

B Galactosidase (%)
3

K1R

K10

P2G

V3l
S5A,L6Q,S7A
Y7A

Y7H

R8K

GROH2

600

400

HIV-1 inhibition IC50 (nM)

CO00D>OBEXI+POS®

otherin vivo substrates have not been addressed. strong correlation with binding affinity for CXCR4, but
not with induction of signaling.

Inhibition of HIV-1 by SDF-1 agonists and The observation that SDF-1 antagonists inhibit HIV-1

antagonists entry is in keeping with findings that CC chemokine

The ability of native SDF-1 to inhibit HIV-1 replication  antagonists inhibit entry of NSI forms of HIV-1. In general,
arises because the virus has adopted CXCR4 (fusin) as aHIV inhibition by the SDF-1 analogs correlated well with
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A B c

Fig. 7. A model for interaction of SDF-1 with CXCR4. A schematic depicting the interaction of SDF-1 with the receptor is shown. CXCR4 is

shown with the seven helices represented as cylinders, which are connected by the surface and cytoplasmic loops. The N-terminal and C-terminal
segments of the receptor, and the N- and C-terminus of SDF-1, are annotated as N and C. SDF-1 is shown as a MOLSCRIPRAjliagliaaie$

the receptor and ligand separately prior to any interaction between theB)yvimd{cates interaction of the SDF-1 RFFESH loop (site 1) with the
N-terminal segment of the receptor. The contact region is shown in blue. Two of the helices are truncated [compare with (A)] to highlight the
binding groove of the receptoiCf Shows the N-terminal region (site 2) of SDF-1 bound in groove at the top of the helices (orange). Binding of the
N-terminal region results in activation of the receptor, which is depicted in (C) by the change in conformation of the receptor helices compared
with (B).

their affinity for CXCR4. However, the concentration of A model for SDF-1 receptor interactions

SDF-1 required for inhibition was 40-80 nM, which is Based on these results we propose a two site model for
significantly higher than that required for receptor sig- SDF-1 binding to CXCR4 (Figure 7). Our two-site model
naling or binding. The concentration of RANTES required for SDF-1 receptor interactions is also compatible with
to inhibit NSI HIV-1 was significantly higher than the current knowledge of the structure—function of other
receptor Kgs (Arenzana-Seisdedost al, 1996). Many chemokines, and we suggest that it will be a general
factors are likely to affect this including the viral isolate, model for this family of chemoattractants. A two-site
the length of time it has adapted to tissue culture, and the model has been proposed for C5a, an unrelated mediator
cells used. Furthermore it is likely that a higher level of thatbindsadistinctseven transmembrane segment receptor
receptor occupancy is required for HIV-1 inhibition than (Siciliano et al, 1994). The two receptor binding sites
for receptor signaling. The binding results (Figure 5A) are contained in SDF-1 (1-17) that has the sequence:
indicate that at a concentration of SDF-1 of 80 nM, which KPVSLSYR-CPC-RFFESH. The results show that the

gives 50% inhibition of HIV-1, CXCR4 is almost saturated. RFFESH site is important for optimal binding, but is not
The basis for the requirement for saturation is likely to sufficient for receptor activation, and we hypothesize that

be the complex kinetics of the interaction between the IS rfgio'r& t(Sits 1\3Vmakes trt‘ef[hiqittiﬁ.l cotntact with the
virus and its coreceptors; the gp120 must interact with re.?.e? grD§:-1% )l'(. N stuggesd tﬁ. I'[S step Isdert\)/esl_lils an
both CD4 and CXCR4, but only a few gp120 coreceptor :?el)iathat permi?scaltr:]gezse?(; ?r?e m(l)?esbeupriggurecegt(;resi?e
contacts are required for entry. This means that close .toln the subsequent step (B to C), the N-terminal residues.
me}X|maI occupancy would be needed to prevent m'ultl— bind to a groove amongst the F\elices which induces a
point attachmen; to the cell, anq he_nc_e entry of the VIrus. change in the conformation of the receptor transmembrane
. The result.s with the antagonist '!‘d'cate that signaling helices that allows intracellular G-protein binding and
is not required for HIV-1 replication. The molecular

hani £ inhibiti ¢ viral entry i tvet cl It signaling of cellular function (Farrenst al., 1996). The
mechanism ot innibition ot viral entry 1S not yet clear. It -y terminal region (site 2), which is disordered in solution,

seems likely from these results that the virus is using the ocomes structured during binding and establishes contacts
CXCR4 as an anchoring site rather than mimicking the \yith the receptor groove. Nevertheless, addition of a Gly
functl_on_and _hence binding of SDF-1. It is unlikely that asidue to SDF-1 did not affect activity and some of the
the binding sites for SDF-1 and the gp120 are the same, N-terminal residues could be modified with minimal
but they could overlap. SDF-1 could inhibit by a steric change in function. This suggests that the bound form of
hindrance mechanism that prevents interaction with the the N-terminal region is not completely buried within the
receptor. It is noteworthy that SDR31which is bulkier  transmembrane region, but rather is bound in a shallow site.
because of the extra C-terminal residues, was 2-fold better Receptor activation requires Lys-1 and Pro-2 within the
than SDF-1 at inhibiting virus. However, addressing the N-terminal region. Modifications to Lys-1 and Pro-2 result
question of the nature of the viral CXCR4 binding sites in antagonists because the variants can no longer induce
will require further studies. the conformational change in the receptor that is required
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for activation. Changes to other residues result in func-
tional molecules of variable potency, and therefore it
seems that only the Lys Pro is directly involved in receptor
activation. Structure—function studies of the IL-8-related
chemokines indicate that a three residue motif, ELR, is
the activation motif (Clark-Lewiset al, 1994). Like
SDF-1, for MCP-1, MCP-3 and RANTES the N-terminal
two residues comprise the activation site (Gaetgal.,
1996; J.-H.Gong and I.Clark-Lewis, unpublished). All

Structure of SDF-1/dissociation of binding and function

2D and 3D heteronuclear experiments: natural abundalfFegHSQC
and 13C-edited HMQC-NOESY on a 4 mM protein sample 4H,0;
IH-15N HSQC and 3D!™N-edited NOESY-HSQC of alfN]val and
[**N]Leu-labeled SDF-1 (Zhangt al.,, 1994).

Structure calculations

NOE cross-peak intensities were classified as strong, medium, weak or
very weak, corresponding to upper distance restraints of 2.8, 3.5, 4.0
and 5.0 A respectively, on the basis of 50 ms and 150 ms NOESY

spectra. These were distributed as 188 long range, 82 medium range,
240 sequential and 256 intra-residue NOEs. Upper limits for non-

chemokines studied have separate binding sites, which arestereospecifically assigned methyl and methylene protons were corrected

located either side of the CXC or CC motif, although the
precise extents of these sites have not been determined i
all cases.

We have proposed that the N-terminal region of CXCR4
interacts with the RFFESH of SDF-1, by analogy with
other chemokine receptors. Thus, for CXCR1, CXCR2
and CCR2 an important role for the N-terminal region
has been demonstrated (LaRadaal., 1992; Monteclaro
and Charo, 1996). For IL-8, the loop site corresponding
to the RFFESH of SDF-1, binds the N-terminal segment
of the receptor (LaRosat al, 1992). The details of the
nature of the binding pocket are unknown and therefore
a variation of the model whereby other surface loops
participate in ligand binding, as is the case with CCR5
(Farzanet al.,, 1997), has not been excluded.

Future experiments based on this model will lead to a

appropriately with center averaging. In addition, 0.5 A was added to the
upper boundary to correct for higher intensity for distances involving
r?nethyl protons. Restraints involving aromatic ring protons were treated
with <R~®> averaging. Backbone angles were calculated from a high
resolution DQF-COSY spectrum. Stereo-specific assignmentsyand
restraints were obtained from the analysis of coupling constants
in DQF-COSY spectrum and the relative intensities of the NOEs from
the NH and the gto Cg protons in a 50 ms NOESY spectrum collected
in D,O. x? torsion angles for leucine residues were obtained from
analysis of intra-residue NOEs between thea®d G; and G,H protons
after establishing the corregt’. Hydrogen-bonding restraints were
identified on the basis of observing slow exchanging amide protons in
a TOCSY spectrum recorded within 4 h of dissolving the proteini®D
The solution structure of SDF-1 was determined using the dynamic
simulated annealing method using the program X-PLOR (Nikgesl.,
1988; Brunger, 1993). A total of 770 inter-proton distance, 93 dihedral
angle and 34 hydrogen-bond restraints were used in the structure
calculations corresponding to 15.2 restraints per residue for the well
ordered region (9-65) of the protein. In the final 30 structures there
were no NOE violation>0.3 A or dihedral angle violations>5°.

more detailed understanding of the molecular mechanismsaAnalysis of the @) backbone torsion angles using the program

of the interaction of SDF-1 and HIV-1 with CXCRA4.

Nevertheless this study has provided the basis for the
design of second generation SDF-1 agonists and antagon

ists with potential uses in bone marrow transplantation
and AIDS.

Materials and methods

Chemical synthesis
SDF-1, SDF-8 and all the SDF-1 and chemokine related proteins were

PROCHECK (Lakowskiet al., 1991) revealed that for the structured
region (residues 9 to 65), 85% of residues were in the most favored ‘core’
region of the Ramachandran plot, and 15% were in the ‘allowed’ region.
Cytosolic free calcium measurements

Phytohemagglutinin activated human peripheral blood lymphocytes or
CEM cells, a human T cell line, was used for SDF-1 assays. Cells were
loaded with Fura-2 acetoxymethyl ester (0.4 nmol pet délls), then
washed and stimulated with a chemokine, and the change in fluorescence
was recorded as a function of time and the rate of change in tHe[Ca
determined (von Tscharnet al., 1986).

synthesized by step-wise solid phase methods using tBoc protection Chemotaxis assay

chemistry. After hydrogen fluoride deprotection, the polypeptides were
folded, purified as described previously (Clark-Leves al, 1994).
[**N]val and ['®N]Leu were incorporated as the isotopically labeled
tBoc derivative (Cambridge Isotope Laboratories, Andover, MA). Purity

Cell migration was evaluated by using Boyden microchambers (Neuro-
Probe, Cabin John, MD). Samples were diluted into RPMI medium
containing BSA (10 mg/ml) and HEPES (25 mM). Twenty-fiy
samples were added to the bottom well of micro Boyden chambers. The

of the products was assessed by ion-exchange HPLC and mass spectrowells were covered with a polycarbonate Nucleopore filtepuf8 pore
metry. The measured mass of each of the final products, as determinedsize) and then 5Ql of a suspension of CEM cells (10%ml) was
by electrospray mass spectrometry, was consistent with the average massdded to the upper wells suspended in the above bufferr Rfte at

calculated from the atomic composition.

Sedimentation equilibrium ultracentrifugation

37°C in a humidified atmosphere, cells that had migrated into the bottom
wells were counted. All determinations were performed in triplicate. The
background was the mean number of cells migrating in medium alone.

These studies were carried out on a Beckman Spinco Model E analytical

ultracentrifuge using absorbance optics. Sedimentation runs were carried'2°l-labeling of SDF-1 and receptor binding

out at a concentration of ~0.5 mg/ml in 50 mM sodium phosphate, An extensive search was conducted for cell lines that gave reproducible
100 mM sodium chloride and at pH 5 and 7. Molecular weights saturable binding. Although CXCRA4 is very widely expressed, we found
from sedimentation data were determined as described previously that most cells, including activated T cells, from peripheral blood, Jurkat
(Rajarathnarret al, 1994b). The data indicated a single mass species T cells, CXCR4-transfected HEK 293 cells, had high levels of non-
and the calculated molecular weights for SDF-1 (7800 at pH 5.0; and receptor-specific binding. SDF-1 is extremely basic (pl 11.5), and platelet
7800 at pH 7.0) and for SDFBL(8500 at pH 5.0; 9000 at pH 7.0), factor 4, which is another basic chemokine-related protein, also had high
within experimental error, were consistent with the expected weight for non-specific binding, suggesting that this feature could be the basis for
the monomers (SDF-¥ 7835; SDF-B = 8526). this observation.

The CEM T cell line was found to give reliable saturable SDF-1
binding and was used for all the binding studies. This line has been also
used for assays of CXCR4 mediated HIV-1 infection (Gervetixal.,
1997). The binding of the analogs was determined by competition for
binding of129-labeled SDF-1. SDF-1 was labeled using lactoperoxidase.
One mCi (3.7 Mbq) of N3 (ICN, Biomedicals, Irvine, CA) and fig

NMR spectroscopy

NMR experiments were performed on a Varian Unity 600 MHz and
Varian Inova 500 MHz spectrometers at 30°C. Samples for NMR were
2 mM protein, in2H,0 or 90% HO/10% 2H,0, containing 20 mM
sodium acetate, 1 mM sodium azide and 1 mM DSS, pH 2.

resonances .were assigned from standard two-dimensional
sequences (Whbrich, 1986). Ambiguities in chemical shift assignments
and overlap of the cross-peaks in the 2D-TOCSY and NOESY experi-
ments were resolved by collectifg NMR data at different temperatures
(20-40°C), salt conditions (0—200 mM NacCl) and from the following

pulse of lactoperoxidase (80-150 U/mg; Sigma Chemical Co., St Louis, MO)

were added to pig of SDF-1, in 50ul of 0.5 M sodium acetate, pH 6.5,

at room temperature for 3 min. To stop the reaction saturated tyrosine
(150 pl) was added and the labeled SDF-1 was separated from the free
label by Sephadex G-25 chromatography. For binding assays, cells
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(2x10%) were maintained at 4°C for 30 min in the presence of
4 nM X-labeled SDF-1, and increasing concentrations of unlabeled
competitor (10%° to 10> M), in 200 pul RPMI medium, containing

HEPES (25 mM), BSA (10 mg/ml) and sodium azide (0.1%). The cell-

Farrens,D.L., Altenbach,C., Yang,K., HubbellW.L. and Khorana,H.G.
(1996) Requirement of rigid-body motion of transmembrane helices
for light activation of rhodopsinScience274, 768-770.

Farzan,M., Choe,H., Martin,K.A., Sun,Y., Sidelko,M., Mackay,C.R.,

associated c.p.m. was determined by immediately separating the cells Gerard,N.P., Sodroski,J. and Gerard,C. (1997) HIV-1 entry and

through a 2:3 mixture of diacetylphthalate and dibutylphthalate. The
specifically bound c.p.m. were calculated by subtracting the non-
specifically bound c.p.m. (the c.p.m. bound in the presence of 100-fold
molar excess of unlabeled SDF-1) from the total c.p.m. that was bound
to the cells. Dissociation constant&y(values) were determined by
Scatchard analysis.

HIV-1 replication

Assays were performed using a clonal CD#leLa cell line with a
stably integratedacZ gene under the control of the HIV-1 LTR (Clavel
and Charneau, 1994). This CHATR-lacZ cells, 1.510* per well in

96 microtiter trays, were cultured with 2%0 infectious supernatants of
HIV LAl in the presence of various concentrations of test SDF-1 analog
in triplicate. After 24 h galactosidase was measured in cell lysates.
Cells were lysed in 10Qul of a buffer containing 0.125 % NP-40,
60 mM NgHPQ,, 40 MM NaHPQO,, 50 mM 2-mercaptoethanol, 2.5 mM
EDTA and 100pl of 80 mM sodium phosphate pH 7.4, 10 mM
MgCl,, 50 mM B-mercaptoethanol, and then 6 mM chlorophenol fed-

macrophage inflammatory protein-1 beta-mediated signaling are
independent functions of the chemokine receptor CCR5BIol.
Chem, 272, 6854-6857.

Federsppiel,B., Melhado,|.G., Duncan,A.M.V,, Delaney,A., Schappert,K.,
Clark-Lewis,l. and Jirik,F.R. (1993) Molecular cloning of the cDNA
and chromosomal localization of the gene for a putative seven-
transmembrane segment (7-TMS) receptor isolated from human spleen.
Genomics16, 707-712.

Feng,Y., Broder,C.C., Kennedy,P.E. and Berger,E.A. (1996) HIV-1 entry
cofactor: Functional cDNA cloning of a seven-transmembrane G
protein-coupled receptoB&cience272 872-877.

Gervaix,A., West,D., Leoni,L.M., Richman,D.D., Wong-Staal,F. and
Corbeil,J. (1997) A new reporter cell line to monitor HIV infection
and drug susceptibilityin vitro. Proc. Natl Acad. Sci. USA94,
4653-4658.

Gong,J.-H., Uguccioni,M., Dewald,B., Baggiolini,M. and Clark-Lewis,I.
(1996) RANTES and MCP-3 antagonists bind multiple chemokine
receptorsJ. Biol. Chem.271, 10521-10527.

galactopyranoside monosodium salt added. The mixture was incubatedKraulis,P.J. (1991) MOLSCRIPT: A program to produce both detailed

for 20 min at 37°C and the absorbance at 570 nM measured.
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