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The N-terminus of stromal cell-derived factor 1
SDF-1) is known to be a critical site for CXCR4 recep-
or binding and signaling. However, the functional
ole of other regions, in particular the C-terminal he-
ix of SDF-1, has yet to be defined. In this study, we
esigned and synthesized a peptide model of SDF-1
ontaining its N- and C-terminal regions. The attach-
ent of the C-terminus of SDF-1, which by itself had
o activity in receptor binding and signaling, dramat-

cally increased the effect of the N-terminal fragment
n inducing chemotaxis and intracellular Ca21 influx
n sup T1 cells compared with the peptide containing
nly the N-terminal sequence. The enhancement in
ctivity was not due to the increase in receptor affinity
s the N,C-terminal peptide did not show higher
XCR4 binding than the N-terminal peptide. On the
ther hand, the intracellular Ca21 influx activated by
he N,C-terminal peptide, but not the N-terminal pep-
ide, was completely abolished by the addition of hep-
rin, suggesting that the C-terminal fragment of the
eptide binds glycosaminoglycans (GAGs) and exerts
n effect to modulate biological activity. These data
aise the possibility that the C-terminus in native
DF-1 is one of interaction sites with GAGs and may be
ssociated with biological function of SDF-1. Further-
ore, this study demonstrates an approach for the

esign of novel agonists or antagonists of other che-
okine receptors that possess enhanced biological

ctivity. © 1999 Academic Press

Stromal cell-derived factor-1 (SDF-1), a protein of 67
mino acids, is a member of the CXC chemokine sub-
amily of pro-inflammatory mediators and a potent
hemoattractant for T cell, monocytes and CD341 he-
opoietic progenitor cells (1). The critical role of SDF-1

n embryonic development is indicated by the observa-
ion that mice lacking the SDF-1 gene die in utero with
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evere defects in the ventricular septum of the heart
nd in the development of pre-B cell and myeloid pro-
enitors (2, 3). As the only physiological ligand identi-
ed so far for the chemokine receptor CXCR4, SDF-1

nduces chemotaxis and cytoplasmic calcium flux in
any cells. Interestingly, defects observed in mice

acking CXCR4 are identical to those lacking SDF-1,
uggesting a monogamous relationship between SDF-1
nd CXCR4 (2). CXCR4 also serves as one of the prin-
ipal coreceptors for human immunodeficiency virus
ype 1 (HIV-1) by mediating the entry of T-cell-tropic
irus strains (4). It is known that HIV entry via CXCR4
an be inhibited by SDF-1 (5, 6).
Given the fundamental role of SDF-1 in normal cell

hysiology and pathology of HIV infection, it has been
he subject of intensive structure-function studies. The
hree-dimensional structure of SDF-1 has been deter-
ined by both NMR spectroscopy and X-ray crystallog-

aphy (7, 8). With an overall folding pattern similar to
ther chemokines such as MIP-1b, RANTES and IL-8
9), the structure of SDF-1 consists of three major
omains: the N-terminus with mostly extended con-
ormation, a central core region of three antipar-
llel b-sheet, and the C-terminal amphiphilic a-helix.
tudies of synthetic peptides derived from SDF-1
-terminus and SDF-1 mutants demonstrate that
-terminal residues play a critical role in CXCR4 rec-

gnition and signal transduction (7, 10). Analysis of the
tructure of SDF-1 reveals a cluster of positive charge
esidues in the central b-sheet region that is hypothe-
ized to be involved in electrostatic interaction with the
egative charge residues located at the N-terminus
nd second extracellular loops of CXCR4 (8). By con-
rast to the functional importance of the N-terminus
nd putative role of the central b-sheet region, the
-terminal helix of SDF-1 is still poorly understood in

erms of its relevance to SDF-1 biological function. An
mportant question that remains to be addressed is
hether the C-terminus contributes to the biological

unction of SDF-1 or merely serves as a structural
emplate.
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In this study, we designed and analyzed a synthetic
eptide containing both N- and C-termini of SDF-1 as

minimized model to probe the functional role of
DF-1 C-terminus. The attachment of the C-terminus
o the N-terminus generated a new peptide with sig-
ificantly higher activity in activating chemotaxis and
a21 mobilization of T cells compared with the peptide

ontaining only the N-terminal region. Studies of the
echanism of the activity-enhancing effect by the
DF-1 C-terminus led to a model for the functional role
f this region. These results also suggested a general
pproach to design novel chemokine analogs with en-
anced biological activity.

XPERIMENTAL PROCEDURES

Peptide synthesis. The peptides were prepared by solid phase
ynthesis using Fmoc-strategy on a 430A peptide synthesizer (Ap-
lied Biosystems, Foster City, CA) and a 9050 Pepsynthesizer Plus
Perseptive Biosystems, Cambridge, MA), as described previously
11, 12). Crude peptides were purified by preparative reverse phase
igh performance liquid chromatography using a Dynamax-300Å C18

5 cm 3 21.4-mm-i.d. column with flow rate of 9 ml/min and two
olvent systems of 0.1% TFA/H2O and 0.1% TFA/acetonitrile. Frac-
ions containing the appropriate peptide were pooled together and
yophilized. The purity of the final products was assessed by analyt-
cal reverse-phase high-performance liquid chromatography, capil-
ary electrophoresis and matrix-assisted laser desorption/ionization
ime-of-flight mass spectrometry.

Chemotaxis. Migration of T cells (sup T1 cells) was assessed in
isposable Transwell trays (Costar, Cambridge, MA) with 6.5-mm-
iameter chambers and membrane pore size of 3 mM. The peptides
ere prepared with sterile water, diluted in 0.5% BSA RPMI 1640,
nd added to the lower well. To the upper wells 100 ml of sup T1 cells
t 1 3 107 cells/ml were added. For antibody inhibition, the mono-
lonal antibody 12G5 (R & D Systems, Minneapolis, MN) was pre-
ncubated with the cells at 10 mg/ml for 15 min at 4°C. The antibody
as also added to the lower wells at the same concentration. After

ncubation at 37°C and 5% CO2 for 4 h, cells that migrated to the
ower wells were counted.

Intracellular calcium measurements. Following a modified proce-
ure published by others (10, 13), sup T1 cells were cultured in the
PMI 1640 medium containing 10% FBS. For Ca21-mobilization
tudies, 5 3 106 cells/ml were loaded with the fluorescent dye Fura-2
2 mM, Molecular Probes, Eugene, OR) in Hanks’ balanced salt
olution (140 mM NaCl, 5 mM KCl, 10 mM Hepes pH 7.4, 1 mM
aCl2, 1 mM MgCl2, 1 mg/ml glucose and 0.025% BSA) at 37°C for 30
in. The same buffer was used to wash the cells three times before

he addition of peptides at the indicated concentrations. Cells were
esuspended to a concentration of 30–40 3 106 cells/ml and 1.5–2 3
06 cells were tested. [Ca21]i was measured by using excitation at 340
nd 380 nm on a fluorescence spectrometer (Perkin–Elmer LS50).
alibration was performed by using 10% Triton X-100 for total
uorophore release and 0.5 M EGTA to chelate free Ca21. Intracel-

ular Ca21 concentrations were calculated by using the fluorescence
pectrometer measurement program.

ESULTS

Design of peptides containing N- and/or C-termini of
DF-1. To study the functional role of the SDF-1
-terminus, we synthesized peptides containing this

egion and analyzed their interaction with the CXCR4
43
eceptor. The structure of SDF-1, like those of other
hemokines, displays three distinctive regions, a cen-
ral core of b-sheet flanked on both sides by an ex-
ended N-terminus and a C-terminal helix (Fig. 1a) (7,
). A minimized peptide model of SDF-1, termed NCT-
ide, was designed by deleting the large central b-sheet
egion and joining the N- (residues 1–14) and
-termini (residues 56–67) with a four-glycine linker

Fig. 1b). The use of this linker is to allow the N- and
-terminal fragments to adopt a spatial orientation
imilar to the native protein structure. It is hypothe-
ized that this model peptide may mimic two important
omains of the SDF-1 protein, the N-terminal region
nown to be the major site of receptor binding and
ignaling (7, 10) and the C-terminal helix whose func-
ion has yet to be defined. For comparison, two control
eptides, termed NT-tide and CT-tide, were also syn-
hesized containing only the N- (residues 1–14) and
-termini (residues 56–67), respectively.

Chemotactic activity of the designed SDF-1 peptide.
he synthetic SDF-1 peptides were tested for their
bility to induce migration of T lymphocytes. It was
ound that the N-terminal peptide NT-tide induced

FIG. 1. The N- and C-termini of SDF-1 (a) mimicked by a designed
odel peptide, NCT-tide (b). NCT-tide consists of N- (residues 5–14)

nd C-termini (residues 55–67) of SDF-1, which is linked by four
lycines. The amino acid sequence of the peptide is as follows:
SYRCPCRFF-GGGG-LKWIQEYLEKALN. Two control peptides NT-
ide and CT-tide were synthesized containing the N- (LSYRCPCRFF)
nd C-termini (LKWIQEYLEKALN) of SDF-1, respectively.
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ose-dependent chemotaxis of sup T1 cells, reaching
he peak of 14 3 104 in 106 cells at the concentration of
mM (Fig. 2). After that, the chemotaxis of sup T1 cells
as sharply decreased with higher concentrations of
T-tide. This activity curve of the peptide was consis-

ent with that of native SDF-1 protein whose activity
lso showed a similar concentration-dependent pat-
ern in control experiments (data not shown). The
-terminal peptide CT-tide did not show any effect in

hemotaxis induction. However, it was interesting to
nd that NCT-tide, which contains both N- and
-terminal regions of SDF-1, had significantly en-
anced chemotaxis of sup T1 cells. It induced dose-
ependent migration of cells which reached the maxi-
um of 21 3 104 in 106 cells at 10 mM and then slowly

eclined after that concentration. The potent effect of
CT-tide was in marked contrast to the much weaker
ctivity of NT-tide and complete lack of effect of
T-tide. The chemotactic activity of NCT-tide was re-
uced upon the addition of an anti-CXCR4 monoclonal
ntibody 12G5 (14) in a similar manner to that of the
DF-1 protein (Fig. 3). These results suggested that
he designed NCT-tide, like native SDF-1, mediates
trong chemotaxis via CXCR4.

Signaling activity of the designed SDF-1 peptide.
he widely different chemotactic activities of SDF-1
eptides implied their varied abilities to activate
eceptor-signaling pathways. To confirm this, we mea-
ured the effect of the peptides in triggering intracel-
ular Ca21 influx in sup T1 cells (Figs. 4a–4c). As
xpected from the chemotaxis assay, the SDF-1
-terminal peptide CT-tide was completely inactive
hile the N-terminal peptide NT-tide could only
eakly induce calcium influx. In contrast, at the same

FIG. 2. Migration of sup T1 cells activated by SDF-1 peptides.
eptides were added in the lower well of Transwell tray at the

ndicated concentration, while 106 cells were added in the upper well.
fter incubation at 37°C for 4 h, cells in the lower well were counted.
he data shown here are representative of at least three independent
xperiments.
44
mM) NCT-tide containing both N-
nd C-termini of SDF-1 induced a significant intracel-
ular calcium influx. These data are consistent with
hose from chemotaxis experiments described above.
aken together, they suggest that the C-terminal re-
ion of SDF-1, which by itself has no effect on CXCR4
eceptor activation, can dramatically enhance the effi-
iency of signal transduction activated by the N-ter-
inus of SDF-1.

Mechanism of activity-enhancing effect of SDF-1
-terminus. We wanted to understand how the at-

achment of SDF-1 C-terminus promotes the biological
ctivity of the N-terminal peptide. The first possibility
e considered was that the addition of this C-terminus
ight increase the binding affinity of the peptide to-
ard the receptor. To test this, we studied the compe-

ition binding of peptides with mAb 12G5 to CXCR4
eceptors on CEM cells. It was found that NCT-tide
isplayed no higher, but only somewhat comparable
XCR4 binding compared with the N-terminal peptide
T-tide (data not shown). These results clearly argued
gainst the possibility that the C-terminus of SDF-1
ould promote the receptor binding of the N-terminus.
n view of this, we carried out further experiments to
earch for other potential mechanisms. In a number of
hemokines such as MCP-1 and IL-8, the C-terminal
elix is known to mediate glycosaminoglycan binding
hich modulates the biological activity of these chemo-
ines by recruiting the chemokine and stabilizing its
nteraction with a receptor (15, 16). SDF-1 can bind
eparin with higher affinity than MCP-1 or IL-8 (17).
owever, the binding sites in SDF-1 for heparin and its
iological relevance to SDF-1 function have not yet
een established. Here we hypothesized that the

FIG. 3. Selective inhibition of anti-CXCR4 mAb 12G5 to chemo-
axis induced by SDF-1 and NCT-tide. The migration of sup T1 cell
ctivated by SDF-1 (50 nM) and NCT-tide (5 mM) was examined in
he absence or presence of monoclonal antibody 12G5 (10 mg/ml). The
ata shown in figure are the mean 6 SD of at least three different
xperiments.
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-terminal fragment of NCT-tide might bind heparin
nd influence the activity of the peptide. This was
ested in experiments in which soluble heparin was
sed to inhibit the signal induced by the peptides.
nterestingly, the addition of heparin completely abol-
shed the strong intracellular Ca21 influx of sup T1
ells activated by NCT-tide (Fig. 4e). As a control, the
a21 influx activated by the N-terminal peptide NT-

ide was not affected by heparin (Fig. 4d). These data
upport the notion that the significant enhancement in
ignaling and biological activity of NCT-tide is due to
inding to glycosaminoglycans.

ISCUSSION

SDF-1 is a chemokine molecule that has critical
hysiological functions. Like other chemokines, SDF-1
ainly consists of three distinct structural regions:
-terminus, central b-sheet core, and C-terminus (7, 8).

FIG. 4. Intracellular Ca21 influx in CXCR4 expressing cells activ
2 mM) and treated with 50 mM of NT-tide (a), NCT-tide (b) or CT-tide
oncentration of NT-tide (d) and NCT-tide (e) mixed with heparin at
f similar results from three experiments.
45
revious studies have established the essential role of
he SDF-1 N-terminus as the major site for direct in-
eraction with the receptor and signal transduction (7,
0). By contrast, the functional role of the b-sheet
egion and C-terminus of SDF-1 is less clear. It has
een suggested that a cluster of positive charge resi-
ues on the b-sheet is important for SDF-1 binding to
he receptor (8). The putative role of these positive
harge residues was tested in our recent study using
ynthetic peptides (manuscript submitted). Here in
his study, we investigated the functional role of the
DF-1 C-terminus by designing a minimized SDF-1
eptide model mimicking the native N- and C-termini.
e found that this peptide containing both N- and
-termini possessed significantly higher biological ac-

ivity in inducing calcium influx and chemotaxis in sup
1 cells compared with the control peptide containing
nly the N-terminus of SDF-1. This suggested that the
-terminal fragment, which by itself has no activity,

d by SDF-1 derived peptides. Sup T1 cells were loaded with Fura-2
. For heparin inhibition, sup T1 cells were stimulated with the above

final concentration of 1 U/ml. Data shown here are representative
ate
(c)
the
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erved to augment the activity of N-terminal fragment
n the designed peptide. The activity-enhancing effect
f the C-terminus in the peptide was not due to the
ncrease in receptor binding, but most likely its binding
o heparin. These results from the peptide model, in
onjunction with the information that native SDF-1
rotein has high affinity for heparin (17), tend to sug-
est a possible role of SDF-1 C-terminus. It is conceiv-
ble that the N- and C-termini of SDF-1 engage
n separate interactions with the CXCR4 receptor
nd glycosaminoglycans, respectively. Whereas SDF-1
-terminus is not directly involved in CXCR4 recogni-

ion, its binding to heparin or other glycosaminogly-
ans could help present the ligand on the cell surface
nd stabilize its association with the receptor. It is
oted that, concomitant with the completion of this
tudy, others have recently reported the binding of the
rst b-strand of SDF-1 to heparan sulfates (18). There-

ore, it may be likely that the association with glycos-
minoglycans is mediated by multiple sites on SDF-1.
Chemokines are commonly known to bind GAGs in-

luding heparin. The C-terminal helices have been
hown to be the GAG binding site in both CXC chemo-
ines such as IL-8 (15) and PF-4 (19) and CC chemo-
ines such as MCP-1 (16) although MIP-1a has been
uggested to use a different site for GAG association
20). The involvement of the C-terminus of SDF-1 in
AG interaction as suggested by this study is consis-

ent with the observation of other chemokines de-
cribed above. However, this study could not rule out
he possibility that other regions, particularly the cen-
ral b-sheet that contains a number of positive charge
esidues may also contribute to GAG binding. Further
xperiments will be necessary to establish the role of
he C-terminus and/or other sites in GAG binding. The
elationship between binding to GAGs and biological
ctivity in vitro and in vivo varies among different
hemokines. In some chemokines such as MIP-1a and
CP-1 (16, 20), GAG binding is not required for sig-

aling and chemotactic activity in vitro. However, in
ther chemokines, the C-termini are critical for maxi-
al biologic potency, which at least in part is due to

nteractions between the a-helices and GAGs. For ex-
mple, it has been shown that binding to heparan
ulfate or heparin enhances neutrophil responses to
L-8 (15). A more recent study has further demon-
trated that the intact C-terminus of IL-8 is required
or the endothelial cells binding, transcytosis, and in-
uction of neutrophil emigration (21). A similar obser-
ation has been made with another CXC chemokine
F-4 where the heparin-binding C-terminus of PF-4

nfluences its neutrophil activity (22) and angiostatic
ctivity (19). As to SDF-1, a recent study has indicated
he lack of effect of SDF-1 binding to heparan sulfates
n CXCR4 signaling (18). Further experiments are
eeded to delineate the role of heparin binding for in
itro and in vivo biological function of SDF-1.
46
The most interesting observation from this study
as that the covalent linkage of the heparin-binding
-terminus of SDF-1 dramatically increased the bio-

ogical effect of its N-terminus derived peptide. This
ovel finding may have general implication for the
esign of highly potent peptide analogs of chemokines.
ince the N-termini of chemokines are believed to be
he main receptor binding and signaling domains, they
ave been the focus for studies of peptide and other
mall molecule analogs. However, the activities of such
nalogs mimicking only the N-terminal fragment are
ften less than optimal as in the case of the N-terminal
eptide in this study and can be enhanced by attach-
ent of other functional parts of the protein such as

he C-terminus. As the interaction between cytokines
nd GAGs has been suggested to retain cytokines at
he target sites and protect them from enzymatic cleav-
ge (23, 24), it is conceivable that the addition of
-terminus or other heparin-binding motifs to a
hemokine-mimicking analog may increase not only its
otency in vitro but also in vivo efficacy. While in this
tudy a chemokine analog with enhanced agonistic ac-
ivity was shown, a similar approach should be appli-
able to the design of chemokine antagonists. Such
ntagonistic analogs could potentially be used to in-
ibit chemokine receptors such as CCR5 and CXCR4
hat are involved in HIV entry. RANTES is a natural
hemokine ligand of CCR5 and has been shown to
otently block CCR5-mediated HIV infection (25).
t is interesting to note that the anti-HIV activity of
ANTES is regulated by the heparan sulfate proteo-
lycans on the cell surface (26). Thus, it can be envi-
ioned that the attachment of a GAG-binding motif to
ntagonists of CCR5 or CXCR4 may present a novel
pproach to the design of anti-HIV inhibitors with
igher biological potency.
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