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A Conformationally Frozen Peptoid Boosts CXCR4 Affinity and

Anti-HIV Activity**
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The chemokine receptor subtype CXCR4 belongs to the G-
protein coupled receptors (GPCRs) and is, together with its
natural ligand CXCL12 (or SDF-1), a central part of the
signaling system in the human body. Its functions range from
stem-cell trafficking during embryogenesis, through cardio-
vascular, hematopoietic, and brain development, to signaling
in the nervous and immune system.[“s] Furthermore, CXCR4
is one of two major coreceptors used by the human
immunodeficiency virus (HIV) for cell entry and CXCR4-
using viruses are critical for the pathogenesis of AIDS.®!
Hence, CXCR4 represents a valuable therapeutic option for
multiple diseases, such as inflammation, cancer,”” and HIV/
AIDS.' The recent approval of the CXCR4 antagonist
AMD?3100 (Mozobil) as a drug for stem-cell mobilization
paves the way for development of further compounds that
target CXCRA4 related diseases."''! However at present, none
of the FDA-approved anti-HIV drugs target the CXCR4
receptor.
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One of the most interesting classes of CXCR4 antagonists
is derived from the naturally occurring bicyclic peptide
polyphemusin II which was modified in a stepwise fashion
into monocyclic T140.'"2 The monocyclic T140 and its
derivatives are inverse agonists and therefore additionally
offer the advantage of selectivity towards CXCR4 over other
CXCR4 antagonists which function as partial agonists, for
example, AMD3100."% In our efforts to develop high-
affinity CXCR4 ligands as suitable probes for molecular
imaging™ " we extended our studies through ligand-based
design using conformational considerations and structure—
activity relationships (SAR). Herein we describe CXCR4
antagonists with picomolar affinity, their binding mode, and
their capacity to inhibit the HIV infection of cells.

The pioneering work of Fujii et al. demonstrated that the
peptidic CXCR4 antagonist T140 can be downsized from
14 amino acids into a head-to-tail cyclized pentapeptide with
a binding affinity (ICs,) of 8 nm (FC131; 1a).'! This peptide
was further modified into the N-methylated analogue cyclo(-
p-Tyr'-D-[NMe]Arg>-Arg>-Nal*-Gly>-)  (Nal =L-3-(2-naph-
thyl)alanine) 1b resulting in even higher affinity (ICs,=
3 nm, Figure 1)."! This is the highest CXCR4 binding affinity
known to date for compounds with the cyclopentapeptide
scaffold.

R2 1a: Xaa? = L-Arg; R' = H; R = C(=NH)(-NH,)
1b: Xaa? = D-Arg; R' = Me; R? = C( NH)(-NH,)

. 1c: Xaa? = p-Orn; R = Me; R2 =
C D- Tyr 1 Xaa?
O H-N
Gly® NH
N'H [¢] s
L-Ar

N, g
o) H
XY e

Figure 1. Constitutionally similar cyclic pentapeptides exhibiting
different conformational behavior because of the introduction of an
N-methyl group and different chirality in position 2.

Despite its high affinity, the NMR spectrum of this N-
methylated peptide (1b) exhibits two conformations in slow
equilibrium. The major one exhibits a conformation similar to
1a and was assumed by Ueda et al.' to be the bioactive
conformation. We determined the two conformations of 1¢
(IC5y=6+1nM) in water by NMR spectroscopy to obtain
detailed insight into the different binding modes with addi-
tional help of molecular modeling. For these experiments we
used the ornithine? (Orn?®) derivative instead of Arg” as it was
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previously modified for our molecular imaging study.!>7 It
can be assumed that this substitution has no influence on the
backbone conformation; subsequently, we constructed
ligands with even greater affinity by using a peptoid motif
that exhibits one single conformation.

The structure of the major 1¢ conformer, as investigated
in water, is virtually the same as the one elucidated earlier for
1b in DMSO (Figure 2)."”! The only major difference

o-Tyr o-Tyr

Gl
¥ Gly

Figure 2. The major (trans amide bond between p-Tyr' and p-Orn?,
orange) and minor (cis, blue) conformations of 1c exhibit a similar
overall conformation of the peptide backbone except for the orienta-
tion at the N-methyl amide between b-Tyr' and p-Orn? which is flipped
from trans to cis. Both structures are the most representative con-
formations taken from their unrestrained MD trajectories in explicit
water (see Supporting Information for more details). All aliphatic
protons were omitted for clarity.

between these two structures is the preferred orientation of
the peptide bond between Nal' and Gly’. The minor
conformation exhibits a cis peptide bond at the N-methyl-
ation site, which can be already concluded from the strong
ROE intensity (ROE =rotating frame nuclear Overhauser
effect) between the two H® atoms of Tyr' to Orn® (see
Supporting Information). This result demonstrates that the
allylic strain induced by the introduction of the N-methyl
group is strong enough to cause a flip from a trans to a cis
peptide bond.”!

As shown in Figure 2, the side chains of Tyr' and Orn? lie
next to each other in solution and are inclined towards each
other. A similar behavior had been observed in Somatostatin
peptides where hydrophobic clustering is the main driving
force for the preferred side-chain orientation.”’) These
preliminary conformational studies prompted the design of
new analogues in which the Orn (or Arg) side chain was
shifted from the a-carbon to the adjacent nitrogen atom
assuming that this change into a peptoid® can be assumed to
result in a structure, where the peptide bond (cis-trans) would
be frozen in its trans conformation. Such a conformational
impact of the peptoid motif in combination with enhanced
biological properties has been observed previously.!

For the synthesis of the peptoids, D-Orn was replaced by
D-Ala and aminoalkyl residues were introduced to its N* atom
by the Fukuyama-Mitsunobu reaction on solid support in
combination with standard Fmoc chemistry (Fmoc=9H-
fluoren-9-ylmethoxy)carbonyl).?! Specifically, an o-nitroben-
zensulfonyl (0-nosyl; Ns) protected amine is alkylated with an
alcohol under Mitsunobu conditions. After deprotection of
the Ns group the secondary amine is acylated using 2-(7-aza-
1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
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fluorophosphate (HATU). The linear pentapeptides were
then cyclized in dilute solution using diphenylphosphoryl
azide (DPPA) and NaHCO;. Deprotection with trifluoro-
acetic acid (TFA) and subsequent HPLC separation yielded
the pure peptides (Table 1). Aminoalcohols were tert-butoxy-
carbonyl (Boc) protected prior to alkylation and 7-amino-
heptan-1-ole was synthesized according to procedures descri-
bed in literature.>*")

Table 1: Values for binding affinity to CXCR4 (ICs) and anti-HIV activity
(ECso) of synthesized compounds.

Comp n R R? ICso [nM] ECso [nM]®)
1b - N-Me-p-Arg 3 66+5.7
2 4 Me H 0.94+0.1 n.d.

3 5 Me H 1.64+03 n.d.

4 6  Me H 0.3+0.2 5343.7
5 7 Me H 2.4+0.8 n.d.

6 6 H H 10049 n.d.

7 6 H Me 94438 979+ 84
8 6 Me H 0.04-£0.02 29415
AMD 3100 6514371 365+35.0

[a] Measured against [*IJFC131. Mean value of at least three experi-
ments. [b] Mean values =+ standard deviations of 3-5 infection assays.
[c] Taken from Ref. [19]. [d] The amine group in the N-alkyl chain is
exchanged for a guanidine group. [e] Measured against ['*]SDF1-0.."!

Determination of the CXCR4 binding affinities of pep-
toids 2-8 (see Supporting Information) revealed that they all
have at least twofold higher affinity towards CXCR4 than the
parent peptide 1¢ (Figure 3 and Table 1) regardless of their N-
alkyl chain length, n in Table 1. D-Ala was exchanged with L-
Ala (7) and Gly (6) in the backbone of the most active ligand
4. Both derivatives exhibited two orders of magnitude lower
affinity, indicating that the methyl group and its chirality in
the p-Ala side chain is important for keeping the conforma-
tion close to the bioactive one.

N

D-Tyr' NA.Xaa?
HoN
H04©71 of),R
B ﬁN n:-_r?
H-N ‘;o H  NHp
0 H-N N—(
Gly’ NH
N'HO
L-Arg®
H

(e}
LY

Figure 3. Peptoids with varying N-alkyl length and different chirality.
See Table 1 for additional information.

Compound 4 has a subnanomolar affinity, which is nearly
20-fold higher than 1¢. On the NMR time scale 4 has a single
conformation that corresponds to the all-frans form of 1¢; the
alkylated amide bonds of 4 and 1¢ have a similar orientation
(Figure 4). This result confirms the assumption that the all-
trans conformation of 1c is the bioactive one,™ and the Tyr'
side chain and the N-alkyl group are arranged in a stacked
conformation. The stacking leads to an upfield shift of the
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Figure 4. Compound 4 exhibits only one conformation in contrast to
its N-methylated parent peptide 1c. The Tyr' side chain and the N-alkyl
residue form a hydrophobic interaction stabilizing the trans conforma-
tion. All aliphatic protons are omitted for clarity .

proton signals on the second carbon from the backbone amide
to 0 =0.58 and 1.17 ppm compared to the signals of y protons
in an average arginine at ¢ =1.56 ppm. Furthermore, the
peptide bond Nal-Gly in 4 is flipped so that the carbonyl
oxygen atom points in the opposite direction to that of 1c
(Figure 4).

In a final optimization step the guanidine group was
reintroduced in the peptoid aminoalkyl chain. This resulted in
compound 8 having an additional almost 10-fold increase in
affinity compared to 4 making it the most affine CXCR4
ligand reported to date.

To rationalize the ultra-high affinity displayed by the
synthesized peptoids, docking studies (Figure 5) were carried
out on the most active ligand 8 using the recently published X-
ray structure of CXCR4 bound to the CVXI15 peptide
(protein data bank (PDB) code: 30E0).*! The best binding
mode obtained with the docking program Glide places 8 in
the receptor region occupied by CVX15 (See Figure 2a in
Supporting Information for a comparison) with its Tyr'
residue establishing a well oriented m—m interaction with
F189 and a H-bond with the Y190 backbone CO (Figure 2 in
Supporting Information). The adjacent N-alkylated Ala? is
optimally oriented to place the long guanidinoalkyl chain
towards a negatively charged region of the receptor (see
Figure 3 in Supporting Information). This results in strong
ionic interactions of the terminal guanidine group with D262
and E277. Interestingly, the same interaction pattern is
established by Argl4 of the crystallized CVX15 peptide
(see Figure 2a in Supporting Information). Consistent with
the SAR data, the CXCR4 affinity of these peptoids depends
on the length of the N-alkyl chain and on the nature of the
terminal positively charged group. The almost 10-fold higher
affinity of 8 in comparison with 4 should be ascribed to the
ability of the guanidine group to establish a double salt bridge
with the E277 and D262 residues. For the D262 residue,
mutagenesis data outlined that its mutation abrogates the
antagonistic activity of bicyclam compounds.”! The hydrogen
bonding and electrostatic interactions are also established by
Arg® of 8 which makes polar contacts with D97 and D187

www.angewandte.org
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D97

Figure 5. Binding conformation of peptoid 8 in the CXCR4 crystal
structure as calculated by using the software Glide. The receptor is
represented as light-green sticks and ribbons. The ligand is repre-
sented as orange sticks. Hydrogen bonds are represented as yellow
dashed lines. For clarity, only interacting residues are shown.

while Nal* is embedded in the inner portion of the receptor
making a well-oriented cation—t interaction with R188.
Noteworthy, such a contact is further reinforced by the
establishment of an H-bond between the Nal* carbonyl
oxygen atom and the R188 guanidine group of the receptor.

Although the peptoid structures can be considered close
structural analogues of compound 1a—c, the introduction of a
well-defined (trans) conformation of the Tyr'-N-alkylated
Ala? amide bond allows the ligand to make contact with a
receptor region that was previously unexplored by the parent
compounds (see Figure 5 and 2b in Supporting Information).
This contact most probably accounts for the enhanced affinity
of 8.

The extremely high binding affinity motivated us to
explore the capacity of this compound to inhibit HIV
infection. For this purpose we used a full HIV-replication
assay validated for the discovery and the analysis of the
efficacy of HIV inhibitory molecules.* This assay is based on
HIV-permissive cells that express the HIV receptor CD4 and
the CXCR4 co-receptor and contain a reporter gene activated
by HIV infection to express a red fluorescent protein.

All tested compounds inhibited infection of the reporter
cells by HIV-1(LAI) (Table 1), a prototypical virus strain that
uses CXCR4 for entry.”'! Compounds 4 and 8, which have the
highest affinity to CXCR4 also showed strongest anti-HIV
activities, with ECyy values of (53+3.7) and (29+1.5) nm,
respectively. Compound 7, which has the lowest affinity to
CXCR4 also showed the lowest anti-HIV activity, which was
over 30-limes lower than the anti-HIV activity of compound 8.
Compounds 4, 8, and 1b all exhibited higher anti-HIV activity
than AMD3100. All compounds failed to inhibit infection of
CCRS5-expressing reporter cells by HIV-1 (ADS), an HIV-1
isolate that enters cells through the CCRS5 coreceptor,
when tested in HIV permissive cells that express the CCR5
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coreceptor (see Figure 1 on page 6 of the Supporting Infor-
mation). This result confirms specificity of the tested com-
pounds for HIV-1 CXCR4-using HIV-1 variants.

In conclusion, we succeeded in restricting the conforma-
tion of a known CXCR4 ligand into a single active con-
formation by using a peptoid motif. In combination with
structure—activity relationship studies the binding affinity was
optimized to be 400 to 1500-fold higher than compounds
currently under clinical development, such as KRH-1636 or
AMD3100. AMD3100 is approved by the FDA for treatment
of non-Hodgkin lymphoma and multiple myeloma.?>!
Together with the advantages of modified cyclic peptides as
drugs (e.g. biocompatible metabolism, high stability against
enzymatic degradation, selectivity profile®>*") this molecule
has the potential to be a promising candidate for future
medical applications in CXCR4 related diseases.””!
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