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Full-length CXCL4 chemokine and a peptide derived from its carboxyl-terminal domain exhibits signifi-
cant antiangiogenic and anti-tumor activity in vivo and in vitro by interacting with fibroblast growth fac-
tor (FGF). In this study we used NMR spectroscopy to characterize at a molecular level the interactions
between CXCL4 (47–70) and FGF-2 identifying the peptide residues mainly involved in the contact area
with the growth factor. Altogether NMR data point to a major role of the hydrophobic contributions of the
C-terminal region of CXCL4 (47–70) peptide in addition to specific contacts established by the N-terminal
region through cysteine side chain. The proposed recognition mode constitutes a rationale for the
observed effects of CXCL4 (47–70) on FGF-2 biological activity and lays the basis for developing novel
inhibitors of angiogenesis.

� 2009 Elsevier Inc. All rights reserved.
Introduction

The CXCL4 chemokine (ancient terminology CXCL4) is synthe-
sized not only in platelets or megacaryocytes but also in different
other cell types including monocytes, T-cells or neutrophils [1].

Both full-length CXCL4 and a peptide derived from its carboxyl-
terminal domain display a strong anti-angiogenic activity in vitro
[2–5] and in vivo [6,2,5]. They suppress growth of various tumors
[7,8] and metastasis [9] in vivo. This effect is related to their anti-
angiogenic action and not to tumor cell proliferation [6,8,9,7].
Although CXCL4 is one of the first agents discovered to have an
antiangiogenic action in ex-vivo systems [2], the specific receptor
mechanisms that transduce the antiangiogenic signal of CXCL4
are still poorly understood. More recently, CXCL4 has been de-
scribed to bind the chemokine receptor CXCR3-B [10]. Among of
the other effects described of the molecule is notably a immuno-
modulatory function on T-cells [11].

We have previously shown that the CXCL4 C-terminal region
47–70, named CXCL4 (47–70), exhibiting significant antiangio-
genic and anti-tumor activity in vivo and in vitro, is the minimal
sequence required for angiogenesis inhibition [4,12,5]. CXCL4
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(47–70) inhibits endothelial cell proliferation, migration and tube
formation. Furthermore it shows in vivo activity when injected in
mice xenografted with U87 glioma [7]. Shorter amino-acid se-
quences derived from CXCL4 (47–70) are not able to do so. CXCL4
(47–70) is also able to interact with FGF-2 and to form a 1:1 com-
plex [4,12].

In this study, we used NMR spectroscopy to evidence direct
interactions of CXCL4 (47–70) with FGF-2 and characterize the res-
idues mainly involved in the contact area. Altogether NMR data
point to a major role of the hydrophobic contributions of the C-ter-
minal region of CXCL4 (47–70) peptide in addition to specific con-
tacts established by the N-terminal region through cysteine side
chain.

Materials and methods

Protein and peptide synthesis. Recombinant human FGF-2 was
synthesized and purified as previously described [13]. CXCL4
(47–70) peptide: N47GRKIC52LDLQ56AP58LYKKIIKKLLES70, the mu-
tants C52S and Q56R, and CXCL4 (47–58) and CXCL4 (58–70) pep-
tides were purchased from Thermo Hybaid (Ulm, Germany).

NMR samples preparation. CXCL4 (47–70), the mutants C52S
and Q56R and the shorter fragments CXCL4 (47–58) and CXCL4
(58–70) were dissolved at 0.9 mM peptide concentration in
30 mM water phosphate buffer, 50 mM NaCl, pH 7 and have
been analysed by 1H 1D and 2D NMR techniques at different
temperatures in the range 280–298 K. To all peptide solutions,
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except for C52S and CXCL4 (58–70) preparations, DTT was added
at a final concentration of 4.2 mM in order to avoid the forma-
tion of dimers through the formation of disulphide bridges be-
tween the free cysteines.

For the NMR analysis of the bound peptides, samples of 42 lM
FGF-2 in the presence of 0.9 mM peptides in 30 mM deuterated
buffer phosphate (95% D2O, 5% H2O), 4.2 mM DTT, 50 mM NaCl
and pH 7.0 were prepared and analysed at 280 K.

NMR spectroscopy. All NMR spectra were recorded on a Bruker
DMX 500 MHz NMR Spectrometer equipped with a triple resonance
probehead, incorporating gradients in the z-axis. In order to assign
proton resonances 2D-TOCSY, ROESY and NOESY spectra were re-
corded using standard sequences for each analysed peptide
[14,15]. A spin lock time of 80 ms was used for TOCSY, mixing times
of 150 and 250 ms were used for ROESY and NOESY spectra. Longitu-
dinal relaxation times T1 of the peptide resonances were measured
in the presence of FGF-2 protein with the standard inversion recov-
ery method. Data points (32 K) were acquired to cover a sweep width
of 10 ppm and a relaxation delay of 6.5 s was used. Data were ana-
lysed using Bruker Topspin software. T1 values were found to be
rather constant along the peptide side chains in a range of 0.4–
0.7 s, except for longer T1 observed for aromatic protons of Y60
showing T1 values of 1.7 and 2.0 s, respectively.

For the acquisition of STD NMR experiments a 1D pulse se-
quence incorporating a T1q filter to remove disturbing protein sig-
nals was used [16]. Spectra were recorded with a spectral width of
6510 Hz and 32 K data points. On-resonance irradiations were per-
formed at different frequencies in the methyl (�236, �150 Hz) re-
gions and off resonance irradiation was performed at �20,000 Hz,
using a series of Gaussian pulses with a 1% truncation and 50 ms
duration to give different total saturation times of 2, 2.5, 3, 4,
Fig. 1. STD NMR spectra of CXCL4 (47–70) (WT), C52S and Q56R mutants peptides in th
C52S mutant (C) and Q56R mutant (E) peptides in the presence of 43 lM FGF-2 in 30 mM
at 280 K on a 500 MHz Bruker spectrometer. 1H NMR STD spectra of CXCL4 (47–70) (B
reference spectra (21:1 peptide: FGF-2 ratio, 4.5 s irradiation at �236 Hz). The assignme
4.5 s. The selective saturation of the protein was checked by col-
lecting a STD control spectrum in the same experimental condi-
tions on the ligand alone which did not show any signal, thus
excluding direct excitation of the peptide resonances. The duration
of the T1q filter was 30 ms. STD NMR spectra were acquired with a
total of 128 transients in addition to 32 scans to allow the sample
to come to equilibrium. STD spectrum was obtained by subtrac-
tion, through phase cycling, of saturated fid from the reference
one, obtained with off resonance irradiation.

Results and discussion

We and others have previously shown that CXCL4 and CXCL4
(47–70) are able to form complexes with FGF-2 as evidenced by
biochemical and biophysical techniques [3,4,12]. In particular, gel
seeving chromatography and differential centrifugation clearly evi-
denced molecular masses compatible with a 1:1 complex between
CXCL4 (47–70) and FGF-2 [12].

In an attempt to evidence direct interactions of CXCL4 (47–70)
with FGF-2 and characterize the structural basis and the nature of
binding interactions of CXCL4 peptides with FGF-2, different NMR
experiments were performed. Saturation Transfer Difference (STD)
NMR methods [16] were applied in order to map the peptide resi-
dues making direct contacts with FGF-2. The STD spectra of CXCL4
(47–70) and its C52S and Q56R mutants in the presence of FGF-2
are shown in Fig. 1. In order to attribute the STD signals 2D experi-
ments were recorded in the experimental conditions used for the
interaction studies (water solution, pH 7). The assignment of the
peptide resonances has been previously reported both in 30% TFE
and in water at pH 3.4 [12] and the authors observed very few
non-sequential NOEs connectivities in aqueous solution. The NMR
e presence of FGF-2. Reference 1H NMR spectra of 0.9 mM CXCL4 (47–70) (WT) (A),
buffer phosphate (95% D2O, 5% H2O), 4.2 mM DTT, 50 mM NaCl and pH 7.0 recorded
), C52S mutant (D) and Q56R mutant (E) in the same experimental conditions of
nt of the STD signals is reported, an asterisk marks signals due to impurities.
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spectra at pH 7.0 showed an extensive spectral overlap which ham-
pered the complete 1H assignment of residues 50–51, 53 and 62–68.
The analysis of the ROESY experiments showed only intra-residue
and sequential cross-peaks, in line with previous results.

The STD spectrum of CXCL4 (47–70) peptide in the presence of
FGF-2 indicates that both aliphatic and aromatic groups receive
saturation transfer from the protein, giving rise to STD NMR sig-
nals. In particular some signals could be unambiguously attrib-
uted to Y60 aromatic protons and C52 Hb (Fig. 1), while the
main STD signals around 0.85 ppm, originating from methyl pro-
tons of leucines and/or isoleucines and the one at 2.9 ppm, rela-
tive to Y60 Hb and/or He protons of lysines, could not be
specifically assigned due to spectral overlap and to the presence
of a high number of this kind of residues in the peptide sequence.
A similar pattern of STD signals was observed in the spectra of
both mutants (Fig. 1D and F) suggesting that the interaction of
the three peptides with FGF-2 protein is mainly mediated by
hydrophobic groups.

Along CXCL4 (47–70) sequence two regions, rich in leucines,
isoleucines and lysines are present, namely 50–55, close to the
interacting residue C52 and 59–68, close to the interacting residue
Y60. In order to better localize the protein interaction site on PF4
sequence two shorter peptides, covering the N-terminal region,
CXCL4 (47–58), and C-terminal region, CXCL4 (58–70), were syn-
thesized and characterized by NMR. The analysis of the STD spectra
of the two shorter fragments (Fig. 2) and the comparison with data
obtained for the whole length CXCL4 (47–70), suggests that the C-
terminal I, L, K rich region (residues 59–68) is the one mainly in-
volved in direct FGF-2 interaction. The N-terminal fragment CXCL4
Fig. 2. STD NMR spectra of CXCL4 (47–70), CXCL4 (47–58) and CXCL4 (58–70) peptides
peptide in the presence of 43 lM FGF-2 in 30 mM buffer phosphate (95% D2O, 5% H2O
spectrometer. 1H NMR STD spectra of CXCL4 (47–70) (B), CXCL4 (58–70) (C) and CXCL4 (4
FGF-2 ratio, 4.5 s irradiation at �236 Hz). The assignment of the STD signals is reported
(47–58) maintains however the ability to interact with the protein
through C52 and A57 side chains (Fig. 2D).

Altogether the NMR data describing CXCL4/FGF-2 interaction
point to a major role of the hydrophobic contributions of the C-ter-
minal region of CXCL4 (47–70), mediated by Y60 and leucines and/
or isoleucine residues, in addition to specific contacts established
by the N-terminal region through the cysteine side chain.

The observation that C52 side-chain contributes to CXCL4 (47–
70) interaction with FGF-2 is in agreement with biological data on
endothelial cells in which the C52S mutant does not compete for
FGF-2 receptor binding or biological activity in all assays we have
examined at concentrations up to 100 lM. This indicates that C52
is critical for the biological activity at least at the studied concen-
trations. The presence of a free cysteine seems to be important also
for the biological activity of other proteins such as VEGF-C. Indeed,
mutation of Cys in VEGF-C abolished its interaction with VEGFR2,
only favoring binding to VEGFR3 [17].

NMR data clearly indicate the presence of direct interaction of
CXCL4 (47–70) with FGF-2, however the question remains whether
this interaction could represent the basis of the inhibition of FGF-2
biological activity evidenced in different assays [5]. Indeed binding
studies with 125I-FGF-2 in bovine capillary endothelial cells evi-
denced a CXCL4 (47–70) concentration dependent inhibition of
FGF2-2 binding to the receptor with a maximum inhibition at
10 lM (half maximum inhibition 4 lM to low affinity binding sites
and 2 lM to high affinity sites). This is in line with the inhibition of
FGF-2 induced endothelial cell proliferation, migration and tube
formation in vitro or ex vivo in the rat aortic ring assay. Further-
more, CXCL4 (47–70) inhibited FGF-2-induced signaling and
in the presence of FGF-2. (A) Reference 1H NMR spectrum of 0.9 mM CXCL4 (47–70)
), 4.2 mM DTT, 50 mM NaCl and pH 7.0 recorded at 280 K on a 500 MHz Bruker

7–58) (D) in the same experimental conditions of reference spectrum (21:1 peptide:
.
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strongly inhibited the rate of 125I-FGF-2 internalization in BCE cells
in a time-dependent manner [4]. It is worth mentioning that up to
now we could not evidence a direct interaction of CXCL4 (47–70)
with FGF receptors (data not shown). Altogether these data rein-
forces the view that CXCL4 (47–70) inhibits FGF-2’s biological
activity by associating directly with the growth factor. However,
this must be stated with caution since more recently a new variant
of the chemokine receptor CXCR3, called CXCR3-B, able to interact
with CXCL4 has been identified [10]. At present it is not established
whether CXCL4 (47–70) is also able to interact with CXCR-3B.

NMR data indicate that CXCL4/FGF-2 interaction surface mainly
involves aromatic (Y60) and hydrophobic side chains, located in
the C-terminal region of CXCL4 (47–70) peptide (I63, I64, L67
and L68). Previous structural studies CXCL4 (47–70) pointed to
the presence of an amphipathic helical structure in the C-terminal
part of the peptide [12]. In this hypothesis the peptide side-chains
identified by STD NMR studies would define a hydrophobic surface
patch that could contact FGF-2 surface. The analysis of the crystal
structure of FGF-2/FGFR complex [18] indicates that hydrophobic
interactions dominate the interface between FGF-2 and D2 Ig-like
domain of the receptor. Indeed, L165, A167, P169, and V248 of
the D2 domain interact hydrophobically with the FGF-2 apolar res-
idues Y24, F31, Y103, L140, and M142, which form a flat solvent-
exposed hydrophobic surface. The mentioned FGFR residues are
well conserved among the mammalian FGFRs, indicating that this
hydrophobic interface represents a highly conserved interaction
site for FGF family members [19]. On this basis, it seems possible
to hypothesize that CXCL4 (47–70) peptide may exert its FGF-2
antagonist activity by mimicking, with Y60 and leucine and/or iso-
leucine residues, the hydrophobic ligand-binding region of D2,
thus competing with FGFR for the binding to FGF-2.

Interestingly it has been previously reported that the CXCL4
mutant, lacking the lysine residues needed for heparin binding, re-
tains the amphipathic alpha-helical structure, present at the car-
boxyl terminus in WT CXCL4 protein [8]. It is worth mentioning
that this analogue lacks affinity for heparin but possesses potent
angiostatic and anti-tumor activity. Our results are in agreement
with these findings suggesting that the C-terminal portion of
CXCL4 contains independent structural determinants for FGF-2
recognition and anti-angiogenic activity.

It is to emphasize that these data should be taken with caution
with regard to full-length CXCL4. Indeed, CXCL4 (47–70) is struc-
turally different from CXCL4 to some extent. In CXCL4 (47–70)
two a-helices are present (residues 47–53 and residues 57–67)
[12], while in full-length CXCL4 a single longer C-terminal a-helix
is present at the level of residues 57–70. Furthermore, C52 is re-
duced in CXCL4 (47–70), but disulphide bonded in full-length
CXCL4. However it is worth mentioning that the distal hydrophobic
domain is conserved in full-length CXCL4 and thus could be in-
volved in the interaction with FGF-2.

In conclusion, NMR results identified the amino acid residues
involved in the direct interaction of CXCL4 (47–70) with FGF-2
and the proposed recognition mode constitutes a rationale for
the observed effects of CXCL4 (47–70) on FGF-2 biological activity
and lays the basis for the development of novel inhibitors of
angiogenesis.
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