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Abstract: The tetrapeptide N-Acetyl-Ser-Asp-Lys-Pro (AcSDKP), an inhibitor of haematopoietic stem cell
proliferation, reduces in vivo and in vitro the damage to the stem cell compartment resulting from treatment
with chemotherapeutic agents or ionizing radiations. In order to provide new molecules likely to improve the
myeloprotection displayed by this tetrapeptide, we have prepared a set of analogues of AcSDKP. These
compounds are derived from the parent peptide by substitution or modification of the N- or of the
C-terminus, or substitution of side chains. We report here that almost all investigated analogues retain the
antiproliferative activity reducing in vitro the proportion of murine Colony-Forming Units Granulocyte/
Macrophage (CFU-GM) in S-phase and inhibiting the entry into cycle of High Proliferative Potential
Colony-Forming Cells (HPP-CFC). This shows that the polar groups of Ser, Asp or Lys are critical for the
expression of biological activity, but that the modification of the N- or C-terminus mostly yielded com-
pounds still retaining antiproliferative activity and devoid of toxicity. The efficacy of AcSDKP analogues in
preventing in vitro the primitive haematopoietic cells from entering into cycle makes these molecules new
candidates for further in vivo investigations. Copyright © 2001 European Peptide Society and John Wiley &
Sons, Ltd.
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INTRODUCTION

A complex and tightly regulated balance between
the opposing effects of stimulatory and inhibitory
growth signals regulates the cell cycle status of
haematopoietic progenitors and stem cells. The te-
trapeptide N-Acetyl-Ser-Asp-Lys-Pro (AcSDKP) orig-
inally isolated from foetal calf bone marrow has

been identified as a physiological negative regulator
of primitive haematopoietic cell proliferation [1]. It
inhibits selectively in vitro, as well as in vivo, the
entry into DNA synthesis of haematopoietic cells
[1,2], protecting them from the toxicity of anticancer
drugs [3–5].

The use of such haematopoietic growth inhibitors
has been proposed in order to allow higher doses of
chemotherapeutic agents, resulting, in turn, in in-
creased tumour responses or cures. Accordingly, it
has been reported that animals treated with lethal
doses of cytotoxic agents showed significantly
higher haematopoietic recovery when AcSDKP was
given at an appropriate time relative to chemother-
apy administration [6,7]. Promising preliminary

Abbreviations: ACE, angiotensin converting enzyme; Ant, an-
thranilyl; Coum, 2-(7-dimethylamino-2-oxo-2H-chromen-4-yl)-ace-
tyl; IBCF, isobutyl chloroformate; PfpOH, pentafluorophenol; Suc,
succinyl.
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sults of the first clinical trials, which demonstrated
a reduced neutropenia in cancer patients receiving
AcSDKP and chemotherapeutic agents, have al-
ready been reported [8].

In our search for a better understanding of the
relation between structure and activity, we have
designed and studied structural analogues of the
parent peptide, especially peptides with modified
side chains [9] and peptide backbone in which the
amide bond was reduced to methylene amino bond
[10,11]. The current study was undertaken to fur-
ther develop the structure-activity study of the pep-
tide by exploring the N- or C-modification or
replacement of some of the side chains (Figure 1).

The use of peptides as drugs is hampered by the
fact that they have an extremely short half-life ow-
ing to the activity of degradative enzymes, and thus,
this limits their efficacy and usefulness. This study
is aimed at providing molecules with better biologi-
cal properties.

The in vitro biological study of these analogues
was undertaken with two assays using two different
populations of haematopoietic cells, such as the
murine high proliferative potential colony-forming
cells (HPP-CFC) and colony-forming units granulo-
cyte/macrophage (CFU-GM) to select the best candi-
dates for further in vitro and in vivo investigations.

MATERIALS AND METHODS

The synthetic AcSDKP was kindly provided by
IPSEN-Biotech (Paris, France). AcS-D-DKP, where
L-Asp was replaced by its enantiomer, was synthe-
sized in our laboratory, as previously described
[9]. The synthesis of the three pseudopeptides
(AcS�DKP, AcSD�KP and AcSDK�P), as well as
those of the C-modified analogues (AcSDKPyr and
AcSDKP-NH2) have been reported previously [10],
and the biological activities of four of them have
been studied before [11].

Chemistry

All protected amino acids were purchased from
Bachem AG or Novabiochem and are of L-configura-
tion, except where otherwise stated. Thin-layer
chromatography (TLC) were run on silica gel pre-
coated plates (60 F-254, Merck). Protected peptides
were purified by column chromatography on Merck
silica gel 60 (40–63 �m), and characterized by their
FAB or LSI mass spectrum. Mass spectra were ob-
tained using a Kratos MS 80 mass spectrometer,
using a xenon FAB gun with glycerol, thioglycerol,
or nitrobenzyl alcohol as a matrix. High perfor-
mance liquid chromatography (HPLC) purifications
were performed on a C-18 Beckmann Ultrasphere
column (5 �m, 10×250 mm), using either a gradi-
ent or an isocratic elution with a mixture of acetoni-
trile and water containing 0.1% TFA at a flow rate of
3 mL min−1. Elution was monitored by recording
absorbance at 215 nm. The fractions were pooled,
concentrated and lyophilized. Pure peptides were
characterized by their high resolution LSI mass
spectrum recorded on a Fisons (VG ZabSpec-T)
mass spectrometer. HPLC analysis for purity con-
trol was performed on a Waters Nova-Pak column
C-18 (4 �m particle size, 3.9×150 mm), with a
solvent system consisting of a binary system of
water and acetonitrile containing 0.1% TFA at a 1
mL min−1 flow rate, with monitoring at 215 nm.
The solvent programmes involved the following lin-
ear gradients: (1) 0–50% acetonitrile over 50 min,Figure 1 Analogue formulae.
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(2) 0–80% acetonitrile over 40 min. k � values are
reported in these two solvent systems.

Typical Procedures

Acidolysis. The protected peptide was dissolved in a
1/1 mixture of DCM and TFA (10–30 equivalent).
After stirring for 1–2 h at room temperature for
deprotection of Boc, and overnight at 4°C for final
deprotection when Ser(OBut) needs to be cleaved, the
solvents were removed in vacuum after dilution with
DCM. The trifluoracetate salt was generally tritu-
rated with a mixture of dry ether and petroleum ether
(1/3, v/v) and dried under vacuum for several hours.

Hydrogenolysis. The protected peptide was dissolved
in either ethanol or methanol/water (9/1) for final
deprotection, except for the Arg-3 analogue, where
acetic acid had to be used to get the fully protected
peptide into solution. To this solution was added
10% Pd/C (about 20% by weight). The reaction was
stirred under an atmosphere of hydrogen at atmo-
spheric pressure and room temperature for 5 h in the
case of Z deprotection or overnight for final deprotec-
tion. The catalyst was removed by filtration through a
pad of Celite and the filtrate concentrated under
reduced pressure.

Coupling reactions. Mixed anhydride method. The
N-protected amino acid was dissolved in tetrahydro-
furan (5 mL/mmol). To this solution, cooled to
−15°C, was added NMM (1 equivalent) and IBCF (1
equivalent). After 5 min, the temperature was low-
ered to −20°C, and the cooled solution of C-pro-
tected amino acid or peptide (1.1 equivalent),
dissolved in a minimum amount of DMF or DCM, was
added along with NMM (1.1 equivalent) in the case of
the trifluoracetate salt. After 1 h at −10°C, the
temperature was allowed to warm up to room tem-
perature. Completion of the reaction was monitored
by TLC. The reaction mixture was then concentrated
under reduced pressure, the residue was taken up
with ethyl acetate and 5% citric acid. The organic
layer was washed with water, 5% sodium bicarbon-
ate, water, brine and dried over sodium sulphate.
Evaporation of the solvent yielded the crude product,
which was either purified through column chro-
matography, or used in the next step when homoge-
neous by TLC.

Acetylation reaction. The N-deprotected peptide or
its trifluoroacetate salt was dissolved in DMF (2
mL/mmol). Acetylimidazole (1.1 equivalent) was
added to the solution, cooled on an ice bath. Tri-
ethylamine (1.1 equivalent) was added in the case of

the salt. The reaction mixture was stirred at room
temperature. Completion of the reaction was moni-
tored by TLC. The reaction mixture was evaporated
down, and the residue was taken up with 0.5 N HCl
and ethyl acetate. The organic layer was washed with
water until the pH was 7, with brine then was dried
over sodium sulphate. Evaporation of the solvent
yielded the crude product, which was purified
through column chromatography before the last de-
protection step.

Biology

Bone marrow from normal 9–11 week-old CBA/J
mice was used as the source of haematopoietic bone
marrow cells (BMC). BMC were obtained by flushing
the content of tibias and femurs with Dulbecco’s
medium or �-medium (Gibco-Life Technology, Cergy
Pontoise, France).

CFU-GM assay. The assay was carried out ac-
cording to slightly modified procedures described
previously by Wierenga and Konings [12]. BMC were
incubated in �-medium (3×106 cells mL−1) for 7 h
at 37°C in a 5% CO2 humidified atmosphere, either
with culture medium as control or with AcSDKP or
analogues (2×10−9 M final concentration). AcS-D-
DKP was used systematically as a negative control.
Hydroxyurea (HU, 200 �g/mL final concentration) or
culture medium was then added to a duplicate cul-
ture for a 1-h incubation. Cells were washed twice
and plated out for the colony-forming assay. BMC
(4×104) in 1 mL of complete medium (�-medium
containing 30% foetal calf serum, 2 mM L-glu-
tamine, 100 U mL−1 penicillin, 100 �g mL−1 strep-
tomycin) supplemented with 0.8% methylcellulose,
10% pokeweed mitogen-stimulated spleen-condi-
tioned medium as source of growth factors were
plated in 35-mm polystyrene culture dishes. Qua-
druplicate cultures were incubated for 8 days at
37°C in a fully humidified atmosphere with 5% CO2.
The colonies were counted using an inverted micro-
scope. Groups of more than 50 cells were counted
as colonies. For each condition, the proportion of
cells in S-phase was estimated from the difference
in the number of colonies between cells treated with
HU and those treated without it and the percentage
of inhibition in the presence of AcSDKP, or the
analogue was calculated. The whole experiment was
repeated three times. The effect of the addition of
AcSDKP or analogues versus control was evaluated
through an analysis of variance performed on
the proportion of cells in S-phase, taking into
account the matching of data arising from the same
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experiment, the intra- and inter-experiment varia-
tions of the data and the number of comparisons
performed through Dunnett’s t-test. The potential
cytotoxicity of the analogues on CFU-GM was evalu-
ated by comparing the number of CFU-GM derived
from BMC incubated with or without the molecule.

HPP-CFC assay. This assay was carried out ac-
cording to the procedure described by Robinson et
al. [13]. BMC were incubated in Dulbecco’s medium
(5×106 cells mL−1) for 2 h at 37°C, either with
culture medium as control or with 3-h conditioned
medium of bone marrow cells from mice sublethally
irradiated 7 days before as a crude source of stimu-
lators. AcSDKP or analogues (2×10−9 M final) or
medium, as stimulation control, was added at the
beginning of the incubation. Cytosine arabinoside
(AraC, 50 �g mL−1 final concentration) or culture
medium was then added for a 1-h incubation. Cells
were washed twice prior to HPP-CFC assay. Two mL
of complete medium (Dulbecco’s medium contain-
ing, 20% horse serum, 2 mM L-glutamine, 100
U mL−1 penicillin, 100 �g mL−1 streptomycin) sup-
plemented with 10% conditioned medium from the
WEHI 3B myelomonocytic leukemic cell line, 10%
conditioned medium from L929 fibroblast cell line
as source of growth factors, and 0.5% melted agar
(Bactoagar, Difco, Detroit, Michigan, USA) were dis-
tributed into 55 mm diameter non-tissue culture
grade plastic petri-dishes as the underlayer. BMC
(6×104) in 2 mL of complete medium, supple-
mented with 0.3% melted agar, were then plated
over the prepared underlayers. Quadruplicate cul-
tures were incubated for 14 days at 37°C in a fully
humidified atmosphere, with 5% CO2. Twelve hours
before the end of the culture, cells were stained by
adding 1 mL of a 1 mg mL−1 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-phenyltetrazolium chloride (INT,
Sigma, Saint Quentin Fallavier, France) solution in
saline. HPP-CFC macroscopic colonies defined as
those in excess of 1 mm were scored. For each
condition, the proportion of cells in S-phase was
estimated from the difference in the number of
colonies between cells treated with AraC, and those
treated without it and the percentage of inhibition
in the presence of AcSDKP or the analogue was
calculated. The whole experiment was repeated
three times. The effect of stimulating medium ver-
sus control and of the addition of AcSDKP or ana-
logues versus stimulating medium alone, was
evaluated through an analysis of variance per-
formed on the proportion of cells in S-phase, using
Dunnett’s t-test. The potential cytotoxicity of the
analogues on HPP-CFC was evaluated from inde-

pendent experiments by comparing the number of
HPP-CFC derived from BMC incubated with or with-
out the molecule, but in absence of conditioned
medium from regenerating BMC.

RESULTS

Synthesis of Peptides (Figure 2)

All the syntheses have been realized step by step
using mainly the mixed anhydride methodology
[14], except for the dimers, where two tetrapeptide
fragments were assembled. �-amino groups were
protected with Boc, the side chain groups and the
C-terminus with benzyl alcohol-derived protecting
groups in the case of 2, 3, 4 (Figure 2(A)); �-amino
groups were protected with Fmoc; side chain groups
and C-terminal carboxy groups were protected with
tert-butyl alcohol-derived protecting groups in the
case of 5, 6, 7 (Figure 2(B)).

The homoserine was introduced as the benzyl
ether derivative [15]. The acetylation of the N-temi-
nal amino group was efficiently and selectively per-
formed, as already described [10] by treatment with
acetylimidazole in DMF. Final deprotection through
hydrogenolysis with 10% Pd/C in MeOH yielded 2. A
stepwise synthesis of the Arg-3 analogue was real-
ized, with its side chain being protected by nitra-
tion, the final hydrogenolysis step was run in neat
acetic acid as the protected peptide was poorly solu-
ble in alcohol.

The synthesis of CoumSDKP (2-(7-dimethyl-
amino-2-oxo-2H-chromen-4-yl)-Acetyl-SDKP) 8 has
been described in detail in [16]. The incorporation of
the anthranilyl residue was accomplished by treat-
ing the partially protected tetrapeptide with its hy-
droxybenzotriazolylester as described in [17] (Figure
2(B)). The dimer head-to-tail 9 resulted from the
coupling of the tetrapeptide III with the compound
II bearing Fmoc protection on the N-terminus, ben-
zyl alcohol-derived protecting groups on the side
chains, the C-terminus, of which being activated
through its pentafluorophenylester (Figure 2(C)).
This pentafluorophenylester was prepared by treat-
ment with a complex obtained from DCCI and
PfpOH [18]. The dimer head-to-head 10 results
from the DCCI-coupling of the tetrapeptide III with
the tetrapeptide V, the protected precursor of 7,
followed by acidolysis of the compound by TFA (Fig-
ure 2(D)).

Crude peptides were purified by preparative re-
verse phase HPLC using mixtures of water and
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acetonitrile containing 0.1% TFA as an eluant. The
purified peptides were characterized by their HR-
FAB mass spectrum, and their purity were checked
by HPLC analysis in two systems of solvents (Table
1). It is worth noting that most of the modifications
yielded compounds with similar retention times,
that is to say that they have the same polarity as
AcSDKP, but the introduction of a bulky lipophilic
group such as Boc, Fmoc and Coum gave com-
pounds (4, 5 and 8) with quite a different retention
time.

Biological Activity

As previously reported, AcSDKP inhibits in vitro, at
nanomolar concentrations, the entry into S-phase
of cell cycle of two types of murine primitive haema-
topoietic cells: CFU-GM and HPP-CFC [12,13].
Thus, the biological activity of AcSDKP analogues
was investigated by measuring their effect on the
proliferative state of these cells. In order to make a
more complete discussion, we have compiled in
Tables 2 and 3 the activities of the analogues de-
scribed here as well as those of the analogues
reported in [11]. These molecules were designed to
be resistant to ACE hydrolysis and differ from the
parent peptide by exhibiting modifications of the

backbone (methylene amino bonds: AcS�DKP,
AcSD�KP and AcSDK�P), or amidation of the C-
terminus (AcSDKP-NH2). We also included the ac-
tivity of the analogue with D-Asp-2, which was
always used as a negative control [9,11,19].

Both C-terminus modified peptides, AcSDKPyr
and AcSDKP-NH2, significantly reduced the propor-
tion of CFU-GM in S-phase (56 and 61%) (Table 2),
and were also found to be potent in the inhibition of
HPP-CFC entry into cell cycle (57 and 51%) (Table
3).

All the N-terminus substituted peptides, BocS-
DKP, FmocSDKP, AntSDKP, SucSDKP and CoumS-
DKP were found to be active in both experimental
assays. A significative decrease of CFU-GM propor-
tion in S phase, similar to that measured for AcS-
DKP, and equal to 56, 53, 66 and 68% was reported
for BocSDKP, FmocSDKP, AntSDKP and SucSDKP
(Table 2). Similarly, 51, 59, 52 and 53% of inhibi-
tion of HPP-CFC entry into S phase was observed
respectively for BocSDKP, FmocSDKP, AntSDKP
and SucSDKP (Table 3). However, a slight loss of
efficacy was observed for the compound in which
the acetyl has been substituted for the fluorescent
coumaryl residue (CoumSDKP) (42% for CFU-GM
and 37% for HPP-CFC compared with 69% for
AcSDKP in both assays).

Figure 2 Synthesis of the analogues. (A) synthesis of Boc-SDKP; (B) synthesis of Fmoc-, Ant- and Suc-SDKP; (C) synthesis
of dimer 9; (D) synthesis of dimer 10.
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Figure 2 (Continued)

The analogue in which the serine residue has
been replaced by homoserine was shown to retain
the inhibitory activity reducing proliferation to
61% and 69% for respectively CFU-GM (Table 2)
and HPP-CFC (Table 3).

The modification of charge and length of the
side chain of lysine-3 achieved by the replacement
of this residue by arginine maintained the biologi-

cal activity of the resulting compound (AcSDRP) in
the HPP-CFC assay (Table 3), while AcSDRP was
found to be less efficient to inhibit the entry into
S phase of CFU-GM (Table 2).

The dimer 10 (head-to-head) and dimer 9 (head-
to-tail) were shown to exhibit a significant inhibi-
tion of HPP-CFC proliferation (74% and 86%,
respectively). These inhibitory potencies were
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Table 1 Analytical Properties of the Analogues

Compound Formula HPLCdMSa

k �2Found Calc.b k �1

AcSDKP 1 C20H33N5O9 9.510.4
AcHseDKP 2 C21H35N5O9 502.2519 502.2513 10.4 9.5
AcSDRP 3 C20H33N7O9 516.2429 516.2418 11.6 9.7
BocSDKP 4 C23H39N5O10 12.7546.2775 546.2775 17.5
FmocSDKP 5 19.0C33H41N5O10 668.2921 668.2931 30.2
AntSDKP 6 C25H36N6O9 10.9565.587c 565 13.6
SucSDKP 7 9.3C22H35N5O11 546.2412 546.2411 11.0
CoumSDKP 8 C31H42N6O11 13.6674.71c 675 19.1
Dimer 9 C36H60N10O15 874.4396 872.4239 12.6 10.0
Dimer 10 C40H64N10O18 10.8974.4556 972.4400 14.5

a LSI-HRMS; b calculated for (M+H)+, except for 9 and 10 where (M+2H)2+ was observed;
c (M+H)+ and (M+Na)+ FAB-MS; d C-18 RP-HPLC in two conditions, cf. Materials and
Methods.

Table 2 Effect of AcSDKP Analogues on the Proportion of CFU-GM in S-phase

CFU-GM analysisAnalogues

Control With various analogues With AcSDKP

p% cells in Inhibition% cells in % cells inInhibition
(%)S-phase(%)S-phase S-phase

NS 12.8AcS-D-DKP 61(a) 33.2 36.2 −9*
61 0.01 9.3 72AcHseDKP 2 33.0 12.9
41 NS 10.6 7020.8AcSDRP 3 35.3

6911.80.015616.938.54BocSDKP
11.8 695 38.5 18.2 53* 0.01FmocSDKP
11.8AntSDKP 6 38.5 13.0 66 0.01 69

6812.538.57 0.01SucSDKP 11.8 69
6911.80.0142*22.338.58CoumSDKP

AcSDK-Pyr 36.0 15.8 56 0.01 10.2 72
0.01 10.2AcSDKP-NH2 (a) 36.0 13.9 7261

6112.80.01709.833.2(a)AcS�DKP
0.01 12.8AcSD�KP (a) 33.2 7.3 6178
0.01 12.8AcSDK�P (a) 33.2 9.9 6170
NS 10.6 70Dimer 9 35.3 18 49

76 0.05 10.6Dimer 8.535.3 7010

(a) Results from Gaudron et al. [11].
* Significantly different from AcSDKP, p�0.05; NS, non-significant.

found to be significantly higher than the one mea-
sured for the parent tetrapeptide (Table 3). The
dimer 10 showed also a good inhibitory effect on
CFU-GM, whereas dimer 9 proved to be less effi-
cient as the 49% inhibition extent is lower and not
significant, probably owing to the large dispersion of
the number of colonies between the three experi-
ments.

The analogue AcS-D-DKP, in which the L-Asp has
been replaced by D-Asp was shown to be completely
devoid of activity in the two assays.

Moreover, none of the analogues incubated with
BMC induced any change in the number of colonies
in both assays derived from treated BMC (Table 4).
This indicates the absence of cytotoxic activity of all
these compounds.
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Table 3 Effect of AcSDKP Analogues on the Entry into S-phase of HPP-CFC

HPP-CFC analysisAnalogues

With AcSDKPControl With various analogues

% cells in Inhibition% cells in p % cells inInhibition
S-phase (%)S-phase S-phase(%)

48AcS-D-DKP (a) 30.9 26.6 14* NS 16.1
AcHseDKP 2 33.8 10.6 7369 0.01 9.0
AcSDRP 3 30.7 11.3 63 0.01 4417.1
BocSDKP 4 25.2 12.4 4251 0.01 14.5
FmocSDKP 5 26.0 5810.6 59 0.01 10.8
AntSDKP 6 26.0 12.5 5852 0.01 10.8
SucSDKP 7 26.0 12.3 53 0.01 10.8 58
CoumSDKP 8 34.4 21.8 6937* 0.01 10.5
AcSDK-Pyr 34.4 14.7 57 0.01 10.6 69
AcSDKP-NH2 (a) 34.4 16.9 51 0.01 10.6 69
AcS�DKP (a) 30.0 11.8 4761 0.01 16.0
AcSD�KP (a) 33.8 11.5 6666 0.05 11.6
AcSDK�P (a) 33.8 15.1 6655 0.01 11.6
Dimer 9 34.4 4.8 86* 0.01 6910.6
Dimer 10 30.7 8.0 74* 0.01 4417.1

(a) Results from Gaudron et al. [11].
* Significantly different from AcSDKP, p�0.05; NS, non-significant.

Table 4 Lack of Effect of AcSDKP Analogues on the Number of HPP-CFC and CFU-GM Colonies

Analogues CFU-GM number/HPP-CFC number/
3×104 plated BMC 4×104 plated BMC

Control With analogueWith analogue Control

AcSDK-Pyr 29.9�1.9 28.5�2.5 68.6�1.5 65.2�3.0
AcHseDKP 2 27.5�1.0 57.9�1.927.4�1.3 60.9�2.6
AcSDRP 3 25.1�1.1 55.8�7.124.8�2.5 62.8�4.2
BocSDKP 4 26.2�1.1 61.5�3.824.1�1.2 61.7�0.9
FmocSDKP 5 26.5�0.7 26.5�3.2 61.7�0.9 61.6�3.2
AntSDKP 6 26.5�0.7 26.5�3.5 61.7�0.9 58.3�3.0
SucSDKP 7 26.5�0.7 64.1�4.025.2�2.6 61.7�0.9
CoumSDKP 8 29.9�1.9 27.5�1.8 61.7�0.9 58.3�2.5
Dimer 9 29.9�1.9 53.5�3.225.1�2.2 62.8�4.2

52.8�1.2Dimer 10 25.1�1.1 23.7�1.4 62.8�4.2

Colony numbers were determined after 8 or 14 days of culture respectively for CFU-GM and HPP-CFC.
Values represent the mean�S.E. of three or four separate experiments.

DISCUSSION

Efficacy of chemotherapy regimens is limited by two
inter-related problems, namely drug toxicity and
multi-drug resistance. Myelosuppression increases
the patient’s susceptibility to severe infections and
compromises the achievement of the planned

chemotherapy. Attempts to increase dose intensity,
therefore, require effective haematopoietic support
to ensure prompt restoration of normal haemato-
poiesis. The use of inhibitors of haematopoiesis
could allow the development of new therapeutic
strategies concerning myeloprotection during treat-
ments of cancer. In fact, the quiescence of normal
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haematopoietic stem cells induced by their prolifera-
tion inhibitor protects them from the toxicity
of anticancer drugs, and consequently, provides
reduction of marrow failure. The tetrapeptide
AcSDKP belongs to the family of negative regulators
of haematopoiesis. Its myeloprotective properties
against cytotoxic drugs are well-established models,
suggesting its clinical use as a marrow protector
during cancer therapy.

To investigate the structural requirements en-
abling AcSDKP-derived compounds to inhibit the
proliferation of primitive haematopoietic cells, we
have altered different sites of the molecule namely:
the C-terminus or N-terminus, and some of the side
chains. We also investigated the effect of dimerization
on the activity as dimerization sometimes results in
different activity.

The intact biological activity of the two analogues
of AcSDKP modified on the C-terminal residue of
proline (AcSDKP-NH2 and AcSDKPyr), shows clearly
that this amino acid is not essential for the antipro-
liferative activity. These data are in complete agree-
ment with our former results, showing that removal
of the C-terminal proline did not affect biological
activity [9,19].

Considering the small size of the molecule, it was
thought important to study the influence of varying
the size as well as the polarity of the N-substituent,
as we needed fluorescent and conjugated analogues
used as tools for studying the molecular mechanism
of the peptide. Results from Tables 2 and 3 concern-
ing compounds 4–7 indicate that none of the struc-
tural modifications at the N-terminus abolished the
biological activity. Substitution of the N-terminal
acetyl by bulky lipophilic N-amino protecting groups
such as Boc or Fmoc had no significant influence
upon activity. The same was found for anthranilyl-
and succinyl-substituted SDKP although the
molecules have a different net charge. However,
replacement of the acetyl residue by the lipophilic
fluorescent coumaryl residue resulted in partial loss
of inhibitory activity. These results showed that most
of the substitutions were tolerated yielding com-
pounds still active.

The two dimers 9 and 10 display surprisingly
inhibitory activity as the parent peptide. In fact, it is
well known that the dimerization of biological factors
leads often to some modification of their activity.
Thus, the pentapeptide GlpGluAspCysLys, an an-
other inhibitor of primitive haematopoietic cell prolif-
eration, yields upon dimerization a compound
exhibiting very potent opposite stimulatory effect
[20]. Moreover, it has been reported that only the

monomeric form of macrophage inflammatory
protein-1� (MIP-1�) belonging to the family of
haemoregulatory factors is able to inhibit haemato-
poietic stem cell proliferation [21]. In our case, the
inhibitory activity is retained with a slightly better
potency. These dimers can be viewed as either N- or
C-substituted analogues, so these findings further
confirm the previous ones, that is to say, that neither
the C-terminal proline nor the N-terminal acetyl
group are crucial for biological activity.

All these biological data obtained with the com-
pounds resulting from structural modifications of C-
and N-terminus of AcSDKP are consistent with our
previous studies, which have shown that the tripep-
tide sequence SDK play a pivotal role in the expres-
sion of biological activity [9,19].

The lack of inhibitory effect of the isomeric ana-
logue AcS-D-DKP shows the importance of the as-
partic residue. It has been previously reported [11]
that the modification of AcSDKP peptide backbone
by introducing aminomethylene in place of amide
group yielded pseudopeptides: Ac-Ser-�(CH2-NH)-
Asp-Lys-Pro (AcS�DKP), Ac-Ser-Asp-�(CH2-NH)-
Lys-Pro (AcSD�KP), Ac-Ser-Asp-Lys-�(CH2-N)-Pro
(AcSDK�P), still retaining full antiproliferative activ-
ity and displaying metabolic stabilility towards An-
giotensin Converting Enzyme involved in the
catabolism of AcSDKP. Further modification of the
backbone by introducing an increasingly popular
�-homo amino acid (3-aminopentanedioic acid) in
place of Aspartic acid gave a compound with an extra
methylene between the alpha carbon and the carboxy
group. The corresponding peptide was found com-
pletely inactive in the CFU-GM assay (36.1% CFU-
GM in S-phase with this analogue versus 34.5% in
the control). These results suggest that the expres-
sion of the activity results from a given relationship
between the hydroxy, carboxy and amino functions
borne by the side chains of Ser, Asp and Lys.

To ensure that the results obtained were not biased
by a toxic effect of the studied compounds, the
analysis of the number of colonies derived from bone
marrow exposed to the studied molecules was per-
formed. It appeared that all AcSDKP analogues are
devoid of toxic effect at the concentration which
effectively inhibits the proliferation of CFU-GM and
HPP-CFC.

Taken together, the present study reveals the sig-
nificant antiproliferative activity of various AcSDKP
analogues with substantially various structural
parameters. Consequently, some of these newly de-
veloped active analogues of AcSDKP could turn out
to be useful therapeutic agents offering suitable
clinical efficacy.
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SDKP): étude en phase I-II d’un inhibiteur de
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