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ABSTRACT. Many chemokines have direct suppressive activity in vitro and in vivo on primitive
hematopoietic cells. However, few chemokine-derived peptides have shown a significant activity in
inhibiting hematopoiesis. Interestingly, a peptide derived from theS®4sequence of the CXC chemokine
platelet factor 4 (PF4) produced a-380% inhibition of proliferation of murine hematopoietic progenitors
(CFU-MK, CFU-GM, and BFU-E) in vitro, at concentrations of-360-fold lower than PF4. The aim of

the present work was to define the structural parameters and motifs involved in conferring biological
activity to the peptide PF4(3458). Both structural predictions and determinations revealed a new helical
motif that was further localized between residues 38 and 46. This helix was necessary for binding of the
peptide and for permitting the functional DLQ motif at position-%6 to activate the putative receptor

site. Peptides lacking either the helical or the DLQ motif were devoid of inhibitory activity on the
hematopoietic progenitors in vitro. However, among inactive peptides, only those having the helical motif
counteracted the inhibition induced by the active peptide PF4§84. This suggested that the helix might

be required for peptide interactions with a putative receptor site, whereas the DLQ motif would be implicated
in the activation of this receptor. These results identify for the first time the dual requirements for the
design of chemokine-derived peptides with high suppressive activity on hematopoiesis, as well as for the
design of molecules with antagonistic action.

Chemokines are 7080-residue proteins containing 4 tory protein-2x (MIP-20), andy-interferon-inducible protein
conserved cysteines. On the basis of the relative position of (IP10), as well as for the CC chemokine MlB:1The
the two first cysteinesl), these molecules were subdivided molecular mechanisms underlying the growth-inhibitory
into four families, designated CXXXC, CXC, CC, and C. effects of these chemokines are not yet well-understood.
They have been implicated in different activities, including Therefore, structure(s¥unction(s) studies of these cytokines
modulation of inflammation, hemostasis, angiogenesis, andwill be helpful in determining the mechanism(s) by which
cell proliferation. In addition, some chemokines possess anthese chemokines act on hematopoiesis.

inhibitory activity toward the proliferation of immature CXC chemokines exhibit high homology in amino acid

hematopo?etic stem anq progenitor C?HS in v[trp and in vivo sequences (2045%), especially in the carboxy-terminal

82_5)' This gimatop0|et|c—supﬁre53||:{e actmtyh has lbeeln region which confers basic heparin-binding activities to these
emonstrated for some CXC chemokines, such as plate Eztproteins. Three-dimensional conformations of PF4 and many

factor 4 (PF4},interleukin-8 (IL8), macrophage inflamma- other CXC chemokines have been solved and show general

- - - - - i structural identity §, 7). Each monomer has a flexible
T This work was supported in part by UniveisReerre et Marie Curie

and the CNRS to UMR7631 and by the Foundations Simone et Cino N-terminal region fqllowed .by three anﬂpargll,é#strands
Del Duca and Bettencourt-Schueller to IVS. and a carboxy-terminat-helix. The ELR motif of the IL8
* To whom correspondence should be addressed. ¥88 1 45 26 ligand has been shown to be required for specific interaction
21 98. Fax: +33 1 42 82 94 73. E-mail: jcaenivs@club-internetfr. yyith either of the two IL8 receptor proteins on the surface
*Institut des Vaisseaux et du Sang. . i .
s Universife Pierre et Marie Curie. of neutrophils 8—10). The ELR motif is conserved in all
I'nstitut Pasteur. IL8-related chemokines with neutrophil activating properties,
S'TFLSTItUte c;thematcilc_)gyt. g ¥ 1o thi . but not in PF4, IP10, or CC chemokines. Instead, PF4
ese autnors contriputea equally 1o this work. H : :
1 Abbreviations: AAS, aplasic anemia serum; BSA, bovine serum Com"_’“ns the DLQ _motlf, WhICh has been shown _to be
albumin; CD, circular dichroism; CSI, chemical shift index; IL8, required for the activity of this chemokine. Two copies of
interleukin-8; IP10y-interferon-inducible protein 10; MIP, macrophage  this DLQ motif are located at positions-B and 54-56 of

inflammatory protein; PF4, platelet factor 4; rmGM-CSF, recombinant (ha PF4 sequence. Receptors for almost all chemokines have
murine granulocyte-macrophage colony stimulating factor; rmiL-3, b identified d h to be cl ical t
recombinant murine interleukin-3; rmSCF, recombinant murine stem O€€N 1aentilied and shown 10 be classical seven-ransmem-

cell factor; TFA, trifluoroacetate; TFE, trifluoroethanol. brane-domain receptors coupled to G protéit).(In contrast,
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Table 1: Amino Acid Sequences of PF4(388)-Related Peptide PF4(34—58) _peptld_es was d_etermmed through mass estima-
Substrates tion and amino acid analysis.
peptides sequence Colony Assays of Hematopoietic Progenitors
reference PF4(3458) PHSPTAQLIATLKNGRKISLDLQAP
PFA(37-58) PTAQLIATLKNGRKISLDLOAP Cell Pr_eparation.Tota! bone marrow cells obtaingd from
A [Ala®,Pré¥|(34-58) PHSATPQLIATLKNGRKISLDLQAP Balb/c mice were used in the present study. The miee3-6
[Ala37](34—58) PHSATAQLIATLKNGRKISLDLQAP week-old males, were purchased from IFFA CREDO Labo-
[Ala®,Ala*"](34-58) AHSATAQLIATLKNGRKISLDLQAP ratories (L'Arbresle, France) and maintained under standard
PF4(34-56) PHSPTAQLIATLKNGRKISLDLQ housing conditions with water and commercial rodent chow.
g PFA(3453) PHSPTAQLIATLKNGRKISL After the mice were killed by cervical dislocation, the femurs

PF4(34-58)DLE PHSPTAQLIATLKNGRKISLDLEAP
PF4(34-58)DLN PHSPTAQLIATLKNGRKISLDLNAP

@ Modifications in the N-terminal (A) and in the C-terminal (B)
regions are underlined.

were removed and the total bone marrow was expelled with
5 mL a-medium (Eurobio, Paris, France).

CFU-MK AssayMegakaryocytes and their progenitor cells
were studied using a plasma clot systet)( Briefly, 2 x
1 nucleated marrow cells were cultured in triplicate in Petri
PF4 has not been shown yet to bind to any characterizeddishes (35 mm) in a total volume of 1 mL containing 1%
chemokine receptor, with the possible exception of the Duffy BSA (Sigma, St. Quentin Fallavier, France), 10% bovine
antigen (2). citrated plasma (GibCo, Cergy-Pontoise, France), 104

In the last few years, several efforts have been made inM 2-mercaptoethanol (Sigma), 0.34 mg CaQ@Prolabo,
the study of active chemokine-derived peptides, as well as Paris, France), 15 U penicillin plus 14 streptomycin, and
of antagonistic molecules in the nanomolar range. For 10% pig aplasic anemia serum (AAS). Synthetic peptides
instance, several linear and cyclic peptides correspondingwere incubated at 37C in a humidified atmosphere of 5%
to the N-terminal sequence of IL8, NAP2, or PF4 have been CO,. After 7 days of incubation, the dishes were fixed, using
tested, but none had functional activity at concentrations 1% paraformaldehyde, and stained for acetylcholinesterase
under the millimolar rangel@); neither were they active in  to determine the number of colonies derived from CFU-MK.
a receptor-binding assag,(13). Significant inhibition of  |dentification of colonies was performed as previously
hematopoiesis was observed with peptides derived from thedescribed 14). A CFU-MK-derived colony was defined as
C-terminal region of PF4, but only when used at high a group of three or more cells. Megakaryocytes and CFU-
concentrations, and the effect was reversed in the presenceVK were counted using a computerized automatic image
of heparin. analysis 16). Briefly, the analysis system was based on

The ability of the derived peptides to retain the full activity acetylcholinesterase staining, specific stain for murine bone
of the whole molecule is usually limited by the loss of the marrow megakaryocytes, and an image-capturing instrument
native functional structure. In a recent study it was shown equipped with a computer program.
that a peptide corresponding to the-&B sequence of PF4 BFU-E and CFU-GM Assay8FU-E and CFU-GM were
inhibited myeloid colony formation at concentrations as low assayed using a methycellulose system as previously de-
as 22 nM; that is, 30 times lower for CFU-MK and 60 times  scribed (4). 1 x 10° nucleated marrow cells/mL were plated
lower for CFU-GM and BFU-E than those required for the in a semisolid medium containing 0.8% methylcellulose, 10%
intact PF4 moleculeld). We report here on the structural AAS, 1 x 104 M 2-mercaptoethanol, 10 ng/mL rmSCF,
characterization and activity of several modified PF434 10 ng/mL rmGM-CSF, and 10 ng/mL rmlIL-3 for BFU-E
58) peptides which were designed to identify the sequencesand CFU-GM assays. Quadruplicate cultures for each assay
and structural motifs implicated in the hemosuppressive were incubated at 37C in a humidified atmosphere of 5%
activity of the peptide. Moreover, some of the described CO,. BFU-E colonies £3 clusters of 20 cells each) and
peptides may have interesting applications as agonists oICFU-GM colonies £50 cells) were counted under an
antagonists of chemokine activities. inverted microscope after 5 days of incubation.
Statistical AnalysisResults were expressed as the mean
EXPERIMENTAL PROCEDURES +SEM for data from 3 or more separate experiments.

Reagents and Growth FactorfRecombinant murine Secondary Structure PredictioRredictions of the helical
granulocyte-macrophage colony stimulating factor (rmGM- content of the PF4-derived peptides were performed using
CSF) was provided by Beite Kaito (Paris, France), and the AGADIR algorithm (7). This procedure allows calcula-
recombinant murine stem cell factor (rmSCF) and recom- tion of the helicity per residue and the total helicity of the
binant interleukin-3 (rmlL-3) were providedybR & D peptides, while considering short-range interactions in dif-
(Oxford, United Kingdom). Both growth factors were diluted ferent conditions of solvent, temperature, and pH.
in PBS+ 0.01% bovine serum albumin (BSA) and stored  Circular Dichroism.Circular dichroic (CD) spectra were
at—20°C. 2,2,2-Trifluoroethyl alcohoth,OH (99 atom %D) recorded on a Jobin-Yvon Mark IV which was linked to a
and deuterium oxyde (99.97 atom %D) were purchased fromPC microprocessor. Optical cells were placed in a thermo-
Euriso-top (CEA, France). stable cell holder. Measurements in the far-UVv (3260

Peptide Synthesi®eptides were synthesized using Merri- nm) range were performed either in,® or in an HO/
field solid-phase methodologyl%) and purified by HPLC trifluorethanol (TFE) mixture. Spectra were the average of
using a Gg column and a 8-.80% linear acetonitrile gradient ~ five consecutive scans recorded at a scan rate of 0.2 nm/s.
in 0.1% trifluoroacetic acid (TFA). Amino acid sequences  Measured spectra were corrected for the buffer baseline
of the peptides are shown in Table 1. The concentration of and were smoothed. Results are expressed as mean residue
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ellipticity [0]r (degcnr-dmol 1), which is related to the ia 40 50 58
molar circular dichroismAe by the following relationship: Human HOBTAQLIATLKNGRKICLDIL
[0]r = (3298 x A¢€)/N, whereN is the number of residues. Bovine TH LLATKKTGRKICLDO
Analysis for prediction of secondary structures from the CD Ovine LH LIATLKTGRKICLDO
recorded spectra was performed as described elsewi@re ( Porcine IH LIATLKKGHKICL
Fourier Transform-Infrared Spectroscogyfrared spectra Rat HCAVEQLIATLENGSKICK

were recorded using a Bomem FTIR spectrometer (MB- Figure 1: Alignment of the PF4 sequence -388 derived from
series) which was linked to a PC microprocessor. The different species. Prolines forming the motif P¥¢Xaa)-Pro*>m

peptides were placed at 26 into an infrared cell with CaF  are highlighted. Open boxes indicate the Xsaa-GIrf® motif
_ for each species3(—35).

plates and a 5@m path-length spacer. For each spectrum,

50 scans were collected at resolution of 4érand were
added. During data acquisition, the spectrometer was con-
tinuously purged with dry B to eliminate the spectral
contribution of atmospheric water. Prior to sample prepara-
tion, the TFA counterions were discarded as described ;
elsewhere 19) in order to eliminate their strong =€0 ployed an MLEV-17 pulse sequence for the spin-lock and

: ; — 80 ms mixing time with an effective radio-frequency field
stretching-absorption band near 1673 énMeasurements ) . -
were performed in BO/TFE-d, mixtures (25 and 50%) for s_treng]EthglO kHz. NOESZ eg;;enmenﬁsgl ysllng amixing q
peptide concentrations of 10 mg/mL. time o ms were recorded for sequential assignment an

Prior to curve fitting, a straight baseline passing through structure determinationJy-wa_coupling constants were
. ' f DQF- Y usi igital uti fl.2

the ordinates at 1750 and 1500 ¢rhwas subtracted. Second- mze/?)?: red from DQF-COSY using a digital resolution o 5
derivative spe(_:tra, accompanied by_ 5'data'P°"?t Sa\_frtsky Total helical content was obtained from conformational
GO'?Y smoothing, were calculated_ in order to identify the shifts calculated by adding ati-proton upfield shifts in
positions of the component pa}r_lds in the specﬂf&(l’hesg . helical segments, divided by the total number of peptide
wavenumbers were used as initial parameters for curve fitting bonds and 0.38 ppm, which is the average value estimated
with Gaussian component peaks. Position, bandwidth, andfor 100% hel.icity (30)7
amplitude of the peaks were varied until (i) the resulting '
bands shifted by no more than 2 thnfrom the initial RESULTS
parameters, (ii) all of the peaks had reasonable half-widths ) ) )
(<20-25 cnt?), and (iii) good agreement between the Analysis of the PF4(3458) amino acid sequence among

calculated sum of all components and the experimental five different species (Figure 1) reveals the existence of a
spectra was achieved?(> 0.99). highly conserved 4653 segment containing only three

mutations at positions 45, 47, and 49 flanked on its N- and
C-termini by two variable motifs: the P¥b(Xaa)-Pro*st
pattern ( < 4) and the Aspf-Xaa-GIrf® tripeptide (DXQ
motif), respectively. The DLQ motif was shown to be
essential for the suppressive activity of the human PF4
) . molecule 86), whereas the Pro-(XaalPro patterns were
_ Proton NMR Experiment§he samples were solubilized  opqeryed in many biologically important peptide and protein
in 10 mM aqueous buffer at pH 7. The measured pH values goqences (3840). Because it was observed that the PF4-
after the samples’ dissolving varied between 5.1 and 6.1. 34 5g) peptide inhibits the proliferation of progenitor cells
TFEd; was then added to obtain a 20% v/v THEHO at concentrations 3660-fold lower than the PF4 molecule
solution. The final peptide concentrations varied from 2.2 (14), we speculated that both the motifs and the central
to 3.5 mM. sequence might participate in the inhibitory effect of the PF4-
AllNMR measurements were obtained on a Varian Unity (34—58) peptide.
500, later upgraded to INOVA, spectrometer operating ata  Secondary Structure of the PF4(388) Peptide.In an
proton frequency of 500 MHz and interfaced to a Sun Ultra attempt to characterize the structural parameters which might
station. The sweep width was 5000 Hz. Spectrain TRHEO/H  pe involved in biological activity of the PF4(348) peptide,
mixtures were recorded at 2% and referenced to the the AGADIR method {7) was used to predict the helical
internal residual methylene resonance of TdpEat 3.95 ppm propensity of PF4(3458)-derived peptides.
relative to external DSS at 0 ppm. Noticeably, the 3439 sequence contains two conserved
The OH-resonance of @ or of TFE4d, was suppressed proline residues separated by either one, two, or four different
by selective irradiation during the relaxation delay, and in amino acids. Considering the peculiar properties of this
the case of NOESY during the mixing time, as well, using amino acid residue in protein8§), we have investigated
the transmitter in the coherent mod&). All 2D-data were the secondary structure of human PF4(38) peptides in
collected in the phase-sensitive mode using the States which the motif Pré*-(Xaa)-Pro®>™ was either deleted or
Haberkorn method2b). A total of 400-512 FIDS of 2K its size () varied. Figure 2A indicates that when the number
complex data points were collectedtiwith 16—32 scans/ of amino acid residues separating the two prolines increases
increment, and zero-filling was applied in both dimensions (2 < n < 4) or when the N-terminal sequence is deleted,
prior to Fourier transformation to form a matrix of 4K the helicity values per residue of the resulting peptides
2K. These data were then processed with shifted sine-belldecrease. However, it could be observed that the size of the
window functions in both dimensions. Pro**-(Xaa)-Pro®>™ motif produced the largest effect. In-

The phase-sensitive two-dimensional double-quantum-
filtered correlated spectroscopy (DQF-COS¥ZpH) and total
correlated spectroscopy (clean-TOCSZ2Y (28 were used
for spin-systems assignment. The TOCSY experiment em-

The obtained components (amide | band) were assigned
to particular structures on the basis of several rep@@s-(
23), and their relative contents were estimated by dividing
the areas of individual peaks by the whole area of the
resulting amide | band.
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FIGURE 2: Secondary structure prediction of PF4{3B) peptide. (A) Helicity per residue calculated for peptides with3Ppéaa)-

Pro®>™ motifs (4 = n = 2) or truncated on the Niterminal. (B) Variation of the total-helicity value of peptides with B¢(Xaa)-Zaa>™"

motifs. (C) Helicity per residue calculated for motif peptides exhibiting lower total-helicity values. (D) Helicity per residue calculated for
peptides in which the DLQ motif was either deleted or modified.

terestingly, lower values of the helicity per residue were of the total peptide helicity values for the peptides with motifs
obtained for both the porcine and rat PF4{%8) peptides,  Pro**-(Xaa)-Za&>™" (Zaa = Pro, Gly, Ala, Arg, or Asp,
which contain the Pi&-(Xaa)-Pro® pattern (Figure 1). These  for example) revealed the following: (i) proline residue
observations suggest that the Pr(Xaa)-Prc®” motif plays in position 35tn plays a key role in conformation of PF4-
a key role in the conformation adopted by the human PF4- (34—58)-derived peptides, and (ii) the AGADIR method
(34—58) peptide, either by participating in the stability of detects the existence of two helical segments in the PF4-
its conformation or by favoring an adequate conformation (34—58) peptide which are located on both sides of the
involved in its biological activity. minimum (positions 4142) observed for the total helicity
As shown in Figure 2A, the peptide helicity of the PF4- of the Prd*(Xaa)-Ala®>"" motif (Figure 2B) or the helicity
(34—58) molecule was mainly due to the nature of the-38  per residue of the P#(Xaa)-Pro® " motif (Figure 2C).
48 segment. In an attempt to determine the role of this Because of the importance of the DLQ motif in the
particular fragment, we investigated the secondary structurebiological activity of both the human PF4 molecuB$) and
of PF4(34-58) peptides in which the residue Ptavas the PF4(34-58) peptide 14), the secondary structure of PF4-
shifted at different positions. Figure 2B indicates that when (34—58) analogues in which this motif was either deleted
this residue shifts toward the C-terminal, the total helicity or modified was also explored. Figure 2D indicates that
value of the resulting peptide decreases, reaches a minimunueletion of the C-terminal IR—Prd® sequence (the sequence
for proline at positions 4142, and then increases to return containing the DLQ motif) produced only small variations
to its original value. Moreover, the helicity value per residue, in the helicity values per residue of the PF4(&D) peptide.
which followed the same variation as the total helicity, Interestingly, the same effects were also observed for the
revealed that the constraints introduced by the proline residuePF4(34-58) peptides in which the DLQ motif was modified.
vary, depending upon its position within the-388 sequence  Together, these results suggest that although the DLQ motif
(Figure 2C). This conclusion was reinforced by the replace- is involved in the biological activity of the PF4(348)
ment of Pré>™" by alanine (a strong-helix promoter), which ~ peptide, the C-terminal I%&—Prcd*® sequence probably does
induced a marked effect on the calculated total peptide not participate in the secondary structure of this peptide.
helicity of PF4(34-58) peptides with motifs PPé-(Xaa),- Alternatively, this sequence containing the DLQ motif might
Ala®*" (Figure 2B). Furthermore, comparison of the variation constitute an independent domain.
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Ficure 3: Secondary structure predictions of PF4{58) peptides

tested in inhibition assays. The helicity per residue values calculatedB —*- PF4(34-58)
by the AGADIR method were plotted as a function of the residue =~ PRA(37-55)

. . . . —+—[Ala37,Pro39]34-58
number. The various peptides are described in Table 1. 10 e [Ala37]34-58

—-=—[Ala34,Ala37]34-58

On the basis of these considerations, different PF4(34 100 4
58)-derived peptides were designed and synthesized (Table
1). Both their biological activity and their secondary structure
were measured and compared to those of the reference PF4-
(34—58) peptide.

Biological Actwity of PF4(34-58) Peptide Derniatives.
The predicted secondary structure of synthetic peptides
(Figure 3), using the Agadir method, clearly underlined large 80 1
differences in their propensity to organize helical structure.
Accordingly, the inhibitory activity of those peptides was 50T
examined in a proliferation assay for murine hematopoietic
progenitors in order to test the hypothesis that this type of “zom' o1 '”';)‘1 o o oo 1000
secondary structure and/or other parameters might participate ' ' ' .
in the biopotency of the corresponding molecules.

Importance of the N-Terminal MotifAnalysis of data  PFa4s0)
in Figure 4A-C revealed large differences in the bio- —o- PF4(37-58)
potency of peptides [AM,Pra®|(34—58), [Ala®"](34—58), 120 ~ ~+~[Ala37,Pro39]a4-58
[Ala34 Ala3")(34—58), and PF4(3758). Whereas a 22 nM A aTIad.ss
concentration of the PF4(3468) peptide was required to nor B
exert a significant inhibitory effect on the number of CFU-
GM, CFU-MK, and BFU-E cells, it was found that doses as
high as 10-fold of that of peptide [At§Prc*®|(34—58) were
needed to produce the same effect. Moreover, deletion of
the N-terminal Pr&#—Ser® tripeptide sequence decreased by
a factor of 30 the inhibitory activity of the PF4(3B8)
peptide in the same proliferation test. Together, these obser-
vations underlined the importance of the Pr(Xaa)-Prco*’ 8o
motif in favoring an optimal peptide conformation for a 501
suppressive activity of the progenitor cells. When the pep-
tides [Al&"](34—58) and [Al&4 Ala®’](34—58) were tested, 40— H— e !
it was observed in contrast that 100-fold lower doses were ~ *®* % o o o e 0w
sufficient to inhibit the proliferation of progenitor cells

: 39 Ficure 4. Structure-function relationship of the N-terminat-helix
(Figure 4A-C). Because replacement of Pty Ala*® in of peptide PF4(3458). Effect of a dose range of PF4(388)

the peptide [AI&',Pro*’](34—58) amplified considerably the  anajogues on the proliferation of CFU-MK (A), CFU-GM (B), and
biopotency of those resulting molecules, these data stronglyBFU-E (C) colonies. Values are expressed as m&aSEM of
suggest that the helical structure of the peptide segmentquadruplicate determinations obtained from three separate experi-

mori ween resi 4 and 47 (Figure 2B rednents. One hundred percent (100%) corresponds to the number of
comprised between residues 34 and (Figure 2B) appea edg;lomesderlvedfrom CFU-MK colonies (75 colonies/2L(® cells

to be essential for_ their activities. This conclusion_ is plated for culture), CFU-GM (84 coloniesi 10° cells plated for
supported by the differences observed for the predicted culture), and BFU-E (64 coloniesi 10 cells plated for culture)
secondary structures of those peptides (Figure 3). in nontreated control cultures.

(3
=
—

80 +

70 +

CFU-GM (% control)

©
=]
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70 +
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™ FIGURE 6: Respective roles of the-helix and the DLQ moitif in

Ficure 5: Structure-function relationship of the C-terminal DLQ  the pF4(34-58) peptide. For the competition assay, cultures were
motif of the peptide PF4(3458). Effect of a dose range of peptides  grown in the presence of 22 nM of the active, reference peptide

with C-terminal deletions or modified DLQ on the proliferation of = pr4(34-58), mixed with an excess of a modified inactive peptide

CFU-MK colonies. Culture and determination of the number of (22 to 220 nM). Culture and determination of the number of CFU-
CFU-MK colonies was performed as described under Figure 4. One \ik colonies was performed as described under Figure 3. One

hundred percent (100%) corresponds to the number of coloniesyndred percent (100%) corresponds to the number of CFU-MK

derived from CFU-MK colonies (75 coloniesf2 10 cells plated colonies (70 colonies/Z 1 cells plated for culture) in nontreated
for culture) in nontreated control cultures. Similar inhibition profiles  -gntrol cultures. P < 0.01 vs control cultures in the absence of
for each peptide were obtained for both CFU-GM and BFU-E.  any peptide.

Characterization of the C-Terminal DLQ MotifThe for suppression of progenitor proliferation in vitro (Figure
possible role of this motif was investigated by testing the 6). A mixture of the native PF4(3458) peptide (22 nM)
biopotency of PF4 peptides in which the DLQ motif was and an excess of an inactive peptide{220 nM), resulting
either deleted or modified (Table 1B). Deletion of the from a depressed helicity or a deleted DLQ motif, was added
C-terminal Asp*—Pro® resulted in a marked attenuation, by to the cultures. The peptide PF4(383), from which the
a factor of 30, of the inhibitory potency of the truncated DLQ motif was deleted, competed in a dose-dependent
peptide PF4(3453) on the proliferation of CFU-MK (Figure  manner with the reference peptide PF4(38). A competi-

5), as well as on the other hematopoietic progenitors CFU- tion value of 50% was achieved at doses as low as 110 nM
GM and BFU-E (results not shown). The reduced activity of peptide PF4(3453) which corresponds to a 1:5 ratio for
of this peptide was essentially attributed to the deletion of active:inactive peptide. Moreover, inhibition of CFU-MK
the DLQ motif, because the peptide PF4(36) which proliferation by PF4(3458) was fully abolished by a 10-
contains this motif inhibited the formation of hematopoietic fold excess of PF4(3453). Interestingly, the peptide PF4-
colonies at concentrations similar to that of the reference (34—58)DLN was also able to compete with the reference
PF4(34-58) (Figure 5). Replacement of the DLQ motif by peptide PF4(3458) as the truncated PF4(353). Indeed,
DLE or DLN decreased the capacity of modified peptides half and full competitions were observed at 1:5 and 1:10
to inhibit the proliferation of hematopoietic progenitors ratios for active:inactive peptide, respectively. In contrast,
(Figure 5). When compared to the reference peptide, 30-the peptides PF4(3758) and PF4(3756), with the intact
fold higher concentrations of the peptide containing the DLE DLQ motif but a decreased helicity, were not able to interfere
modification were required to obtain the same inhibitory with the activity of the reference peptide. No competition
effect. In contrast, the modification of DLQ to DLN was observed, even at a 220 nM concentration of PF4(37
completely abolished the activity of PF4(388), at least 58),which corresponds to a 1:10 ratio of active versus inactive
for a 650 nM concentration, which is 30-fold higher than peptide.

the reference concentration for PF4{3B). Given that the Conformational Analysis of Modified PF4(348) Pep-
predicted helicity of those PF4(348) peptide derivatives  tides. To provide structural support for these in vitro and
with a deleted or modified DLQ motif was not expected to predictive data, the PF4(3468) peptide derivatives were
change compared to the reference peptide (Figure 2D), thisanalyzed by CD, FTIR, and NMR spectroscopies at low TFE
demonstrates that the chemokine-specific DLQ motif plays concentrations.

a specific role in peptide PF4(3%68) activity on the CD AnalysisThe far-UV CD spectra of all PF4 analogues
progenitor cells. In particular, the charge and/or the volume recorded in TFE £10%), pH 7.0, 20°C (Figure 7A)

of residue side chain in position 56 (Ghappeared to be  displayed a weak minimum at 222 nm-belices) and a
required for the recognition of the DLQ motif or for its strong minimum at 200 nm (unordered structures). Addition
interaction with a putative receptor. of 25% TFE strongly modified the profile of these CD spectra

Functional Cooperation between the N- and C-Terminal (Figure 7B), because molar ellipticity decreased at both 208
Motifs. The above results show that both the predicted and 222 nm and increased at 190 nm, reflecting the
a-helix element and the DLQ motif are required for full stabilization of ordered structures over the random-coil
hematopoietic inhibitory activity of the chemokine-derived structures 7).

PF4(34-58). The functional relationship between the helical  The estimation of secondary structures from CD spectra
unit and the DLQ motif was examined in a competition assay of those PF4 peptides were performed by using different



9618 Biochemistry, Vol. 39, No. 31, 2000 Lecomte-Raclet et al.

A 1,0150 zfo nf 270 = Table 3: Frequency and Quantitative Contribution of Each

Component Spectral Band to the Total Amide | Contour of Each
PF4(34-58) Analogue

0,0 1

[Ala®4Ala®  [Ala®,Pro9 PF4 PF4 PF4
R (34-58) (34-58) (34-58) (34-53) (37-58)
5 1682 1682 1682 1682 1682
3 (1.5) (5.5) (3.0) (3.0) (2.0)
% 20 1670 1672 1672 1674 1672
—— PF4(37-58) (23.0) (11.0) (14.0) (8.5) (17.0)
""" PF4(34-58) 1660 1662 1661 1662 1661
30 - :::33;]':4‘:::’““ (9.0) (16.0) (17.7) (24.0) (14.0)
o [AIa34,AIa3T]34-58 1650 1651 1650 1648 1650
(32.0) (21.5) (25.5) (30.0) (32.5)
0 Wavetength (v 1638 1637 1638 1637 1637
s (16.0) (38.5) (28.5) (17.0) (24.5)
o 1628 1627 1627 1628 1627
B " eraron (18.0) (7.0) (11.5) (16.5) (10.0)
351 ' Lo PF4(34-58) a2 The numbers indicated in parentheses represent the percentage of
254 o [Ala37,Pro38]34.58 each component calculated from FTIR spectra recorded in aqueous TFE/

H2O (25%) using curve-fitting procedure20—23).

—=—[Ala37]34-58

_'g ——[Ala34,Ala37]34-58
% 08 Table 4: Helical Content of PF4(3468)-Derived Peptidés
S8 peptides %o-helix
ok I v PF4(37-58) 15
PF4(34-58) 25
251 [Ala® Ala37(34—58) 26
35 v . PF4(34-53) 35
“180 200 220 240 260 PF4(37-56) 20

Wavelength (nm)

a2The percentage values ofhelix were determined from NMR
FIGURE 7: CD spectra of PF4(3458) peptides. Far-UV CD spectra  experiments performed on peptides in aqueous TREAA0%) by using
of peptides in HO (A) and 25% TFE (B) are shown as mean molar the method described in Experimental Procedures (30).

residue ellipticity A¢/N) versus wavelength (nm). Measurements
were performed at 28C for a 40uM concentration of peptides.

of several studies of peptide chains in proteins and peptides
(20—23), the assignment of these bands can be summarized
as follows: The 1626 and 1636 cfncomponents are
generally attributed t@-sheet structure2{, 41, 42), whereas

Table 2: Relative Abundance of Secondary Structure Elements in
PF4(34-58) Analogue%

peptides a-helix g-sheet p-tun aperiodic the bands in the 16901670 cnt! region contain contribu-
PF4(37-58) 13 42 5 40 tions from both turns or bends afidsheet structuresi3—
[F,)A'T:§§g:g3§])(34—58) ig gg 11 jg 45). However, on the basis of FTIR studies of both model
[A|a37]'(3 4-58) 19 35 6 40 polypeptldes_ and proteins with very highsheet contents
[Ala%,Ala¥"](34—58) 18 35 5 42 (42, 46—48), it can be deduced that the bands around 1683

1 .
aThe numbers shown were calculated from CD spectra recorded in and 1673 cr, together with the band at 1663 chare

aqueous TFE/BD (25%) using 5 methods as described in Experimental indicative Of_rES|dueS engag_ed ”_1 turns or bends as We_” as
Proceduresl(g). Although intrinsic values varied from one evaluation ~Of a-type helical structures with distorted hydrogen bonding
method to another, the variation observed within each peptide was (45, 49, 50. The amide | band at 1651 ctharises generally
always the same. from o-helices 21, 51). The remaining bands, situated
outside the amide | region, are due to specific vibrations of
methods (Table 2). Unexpectedly, the data indicated that theamino acid side chaingtg, 52, 53.
modifications produced only a slight change in the secondary Table 3 summarizes the contribution of each band to the
structures of the PF4(3468) peptides. However, it could total amide | contour determined by curve-fitting procedures
be observed that peptides with a reduced biological activity, (20—23). Upon the basis of these data, the analyzed peptides
peptides [Ald’,Pro*®|(34—58) and PF4(3%58), were char-  could be classified into 3 groups, as compared to the refer-
acterized by a low percentagethelix and also by different  ence peptide: (i) the peptides PF4{&B) and [Al&* Ala®7]-
percentages of-sheet as compared to other PF4(58) (34-58), which are characterized by high proportions for
analogues. both the 1651 and 1672 or 1662 cthbands and a low per-
FTIR AnalysisFigure 8A-E shows the infrared spectra centage for the 1637 crhband, (ii) the peptide [AK,Pro-
of PF4(34-58) peptides (25% TFH,/D,0) obtained inthe  (34—58), which shows a decrease of the 1651 tinand
1700-1500 cm* region (amide | and Il bands) and also and a high percentage of the 1637 ¢rband, and (iii) the
the component spectral bands that are used to fit the spectrunpeptides PF4(3%58) and PF4(3756), which exhibit a high
of each peptide. For the analysis of the privileged secondaryincrease of the 1651 cthband and a minor change in the
structures adopted by the PF4{388) analogues, only the 1637 cn1! band. These observations can be used to explain
more informative amide | band was analyz@®)( the differences observed in the inhibitor properties of these
Figure 8A—E reveals that the broad amide | contour of PF4(34-58) analogues.
each spectrum is composed of eight bands at 1696, 1683, NMR Analysis.To better characterize the privileged
1672, 1662, 1651, 1636, 1626, and 1617 &n®n the basis  secondary structures adopted by the PF4{28) peptide, a
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Ficure 8: The amide | and amide Il bands of the FTIR spectra of PF4E8) peptide analogues. The measured (- - -) and curve-fitting
(—) spectra of peptides PF4(3%8) (A), [Ala®’,Prd9|(34—58) (B), [Ala®4Ala®"](34—58) (C), PF4(3#58) (D), and PF4(3453) (E) in

25% TFE are shown with the component bands resulting from the analysis (see Experimental Procedures). Measurenf&tis at 25
D,O/TFE-d; mixtures (25%) were performed for a 10 mg/mL concentration of peptides.

1530 1550 1570 1590

few PF4(34-58)-derived peptides were analyzed by NMR. chemical shift index method (CSI%%, 56), these segments
Signals were assigned by the standard two-stage procedur€Thr®®—Lys* and Al&°—Lys*®) must be helical in the 20%
outlined by Withrich (54). From the amide protons, TOCSY TFE:H,O mixture (Table 4). On the basis of the intensity of
experiments allowed identification of almost all the side- the induced shifts, it can be inferred that the stability of the
chains protons. Their sequential assignments were obtainedx-helix differs from one peptide to an other. Hence, the
from NOESY experiments. The detailed chemical-shift peptides could be classified into two groups. The most stable
assignments are included in the Supporting Information. The a-helix is found for peptides PF4(3468), PF4(34-53), and
presence of a fraction of molecules in an ordered conforma- [Ala3* Ala®’)(34—58), whereas for peptides PF4(338) and
tion is supported by the analysis of the following NMR PF4(3756), the shorter helix is less stable.

parameters: (i) chemical shifts, (ii) coupling constants, and (i) 3Jun-ne Ccoupling constants are representative of the
(iii) NOE interactions. average conformation in solution. In TFEMBI mixtures,

(i) a-Proton secondary chemical shifts obtained for the RMN line widths are known to be broadened, leading to an
five peptides are significantly negative throughout the frag- overestimation otJys—n. values that is emphasized for small
ment Th#—Lys* of peptides PF4(3458), PF4(34-53), and values or to the vanishing of the connectivity peak in the
[Ala®4 Ala®"](34—58) and for the fragment Afa—Lys* of DQF-COSY spectrum. Consequentl§Jyu—-ne coupling
peptides PF4(3758) and PF4(37#56) (Figure 9). Using the  constants could not be used to determine the length and
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observed for residues involved in fragments3thiys*® of
peptide PF4(3458) are associated with the presence of
medium-range NOEs, such dgN(i, i+3), do(i, i+3), and
dNN(i, i+2), that are characteristic of helical conformation.

DISCUSSION

Peptides corresponding to different amino acid sequences
derived from either the N- or the C-terminal region of PF4,
or of other chemokines1@, 57, 58), were previously
described. Noticeably, the activity of these peptide fragments
was found only similar or diminished when compared to the
original chemokine. PF4(3458) was the first chemokine-
derived peptide described with increased multilineage inhibi-
tion of hematopoietic progenitord4). This peptide, derived
from the central region of PF4, impaired myeloid colony
formation at concentrations 3®0-fold lower than the intact
chemokine molecule. Moreover, the inhibition induced by
the peptide PF4(3458) was independent of the heparin-
binding properties of PF4, suggesting a newly found pathway
in the suppression of hematopoiesis. By using predictive
methods and a combination of spectroscopic techniques to
define secondary structure, we have determined structural
parameters and defined motifs which appear to be involved
in conferring biological activity to this peptide. Moreover,
on the basis of these considerations, we were able to design
new molecules derived from the PF4(3488) sequence and
with either diminished or enhanced biological potencies in
a multilineage assay on hematopoiesis suppression.

The rationale for such an approach was that in the5g}
fragment of PF4, two successive motifs could be predicted.
From the N- to C-terminus, a-helical stretch spanned from
residue Thi®to residue Ly¥ and the DLQ(54-56) tripeptide
tag situated at the C-terminus of the peptide. thleelical
motif appeared to be functionally essential because modifica-
tions of its extent on the N-terminus had significant effects
on the inhibitory action of the resulting peptides. A shift of
Pro*’ to position 39 resulted in a decrease of the helicity of
the modified peptide which produced a marked loss of its
hematopoietic-suppressive activity. On the other hand,
replacement of PR3 or Pré* and Pré® by an alanine in the
peptide [Al&",Prc¥|(34—58), which seems to favor an

Ficure 9: Secondary chemical shifts of protons versus sequence extended o-helicity, was accompanied by a significant

for the peptides PF4(3458), PF4(34-53), [Ala®4 Ala®"]|(34—58),
PF4(3758), and PF4(3456). The chemical shifts of & are
compared to those chemical shifts of the amino acid in a random
coil. As defined by Wishart et al56, 56), the difference between
the random coil values and that of the amino acid in the peptide
can indicate the structural environment of that amino aeitiélix

or 3-sheet).

the helix stability. However, for all the peptides, except
for the peptide PF4(3756), which could not be further
analyzed due to gel formation, smalf&k-n, values are
observed for residues Ala-Asn*’ of PF4(34-58), for
residues Al&—Lys*® of [Ala®4Ala®’(34—58), and for
residues Al&—Lys* of PF4(34-53). In the peptide PF4-
(37—-56), smaller values are measured for residues®Ala
Asn*” and Ard®—Leuws. These small values 88yn-nq. may

be indicative of partial helical conformation.

(iif) A schematic diagram summarizing the various con-
nectivities observed in the NOESY spectra for the PF4(34
58) peptides in the TFEAD mixture is shown in Figure
10. It can be seen that sequenti®dN(i, i+1) interactions

increase in the biopotency of the new peptide. This supported
a correlation between the-helix of the peptide and its
inhibitory effect on the hematopoietic progenitors. Moreover,
the stability of thisa-helix was dependent upon the P¥o
Xaa-Zaa-Pr¥ tetrapeptide motif, because its deletion or
truncation from the N-terminal end of the reference peptide
led to a complete loss of activity. The importance of this
motif was clearly illustrated with peptides PF4(358) and
PF4(3756), which were not able to compete with the intact
reference peptide sequence in the suppressive bioassay on
hematopoietic progenitors. The second motif is the C-
terminal DLQ(54-56) tripeptide, whose importance for the
activity of the native PF4 has been previously suggested by
others 86). Indeed, either its modification to DLN or its
deletion abolished the biopotency of the original PF4{34
58) peptide. However, the N-terminathelical motif deleted
from the DLQ tag [peptide PF4(3463)] was still able to
compete with reference peptide PF4(&B) in the bioassay.

In light of these dual effects, we can conclude that both
the a-helical element and the DLQ motif play complemen-
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PF4 - 3JN0€ coupling constants in Hz and NOEs PF4 - 3JNa coupling constants in Hz and NOEs
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Ficure 10: Summary ofH—!H NOE connectivities an@Jyn—no CONNectivities obtained for the PF4(388) peptides.

tary roles for the expression of full hematopoietic inhibitory It is worth noting that the three-dimensional structure of
activity of the PF4(3458) chemokine-derived peptides. native PF4 indicates a fold consisting of a C-termunddelix
Considering that (i) among the inactive peptides, that is, preceded by three antiparaljgisheets in the central region
PF4(34-53), PF4(3758), and PF4(3756), only peptide (7). Moreover, the DLQ motif at position 5456 is located
PF4(34-53) deleted of the DLQ motif competes with the very close to thex-helix formed by the C-terminal residues
reference peptide, and (ii) this peptide has a helix length and61—70. Because PF4(3468) presents an inhibitory activity
stability comparable to that of peptides PF4(%8) and which is more potent than native PF44], it can be
[Ala®4 Ala®’](34—-58), it could be hypothesized that the concluded that the peptide PF4(388) may mimic a cluster
a-helical segment might be essential for interaction with a of functional sites in PF4 characterized by the proximity of
putative receptor site, while the DLQ motif might possibly a DLQ motif to ana-helix.
participate in the direct activation of this receptor. Noticeably, ~ Modeling of peptide PF4(3458) may in the future
a similar two-step model has been proposed for the inter- indicate whether the relative position of the defined func-
action of IL8 with its receptors59). Several groups have tional parameters is similar to the cluster in the native
reported that this chemokine contains two domains important chemokine. This will allow the design of new synthetic
for its activity. One of these sequences corresponds to thechemokine mimetics with highly suppressive multilineage
ELR motif (8, 60), which may play a role similar to that of  activity on hematopoiesis. On the other hand, mimetics
DLQ (36). A cluster of hydrophobic residues participates in |acking the DLQ motif should also be considered in the
IL8 recognition for IL8 receptors and may be essential for design of molecules with antagonistic activity.
receptor binding affinity §1, 62).

In the three-dimensional structure of native PF4, the PF4- ACKNOWLEDGMENT
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concentrations, the corresponding peptide fragment adopts
an o-helical structure in its central region. It is now SUPPORTING INFORMATION AVAILABLE
established that addition of low-TFE-percentage:water solu-
tion to peptides favors sample organizations with conforma- Tables offH NMR data. This material is available free of
tions which are dictated by their amino acid sequences. It charge via the Internet at http://pubs.acs.org.
should be kept in mind that TFE does not simulate the protein
environment 63). This a-helix organization, already ob- REFERENCES
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