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ABSTRACT: The chemokine receptor CXCR4 is a critical
regulator of inflammation and immune surveillance, and it is
specifically implicated in cancer metastasis and HIV-1
infection. On the basis of the observation that several of
the known antagonists remarkably share a C2 symmetry
element, we constructed symmetric dimers with excellent
antagonistic activity using a derivative of a cyclic pentapep-
tide as monomer. To optimize the binding affinity, we
investigated the influence of the distance between the
monomers and the pharmacophoric sites in the synthesized constructs. The affinity studies in combination with docking
computations support a two-site binding model. In a final step, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
was introduced as chelator for (radio-)metals, thus allowing to exploit these compounds as a new group of CXCR4-binding peptidic
probes for molecular imaging and endoradiotherapeutic purposes. Both the DOTA conjugates and some of their corresponding
metal complexes retain good CXCR4 affinity, and one 68Ga labeled compound was studied as PET tracer.

’ INTRODUCTION

CXCR4 is one of the most prominent members of the
chemokine receptor family and a central component of the
communication pathways in the body. This seven-transmem-
brane G-protein coupled receptor (GPCR) and its natural ligand,
the stromal cell-derived factor (CXCL12; formerly known as
SDF1) are part of a signaling system involved in cell migration
of organogenesis, hematopoiesis, inflammation, and immune
response.1 Because of this central role, the CXCR4�CXCL12
interaction is involved in various severe diseases like cancer, HIV,
and autoimmune diseases that are seemingly independent at first
glance. The therapeutic potential of CXCR4 antagonists has
already been shown for the treatment of HIV infection, cancer,
and rheumatoid arthritis.2�5 Other potential therapeutic uses of
CXCR4 antagonists have been described for asthma, the mobi-
lization of stem cells for stem cell transplantations, and the
attenuation of pain, and they are also discussed for the treatment
of neurological diseases.6 Our focus is to find an approach for
personalized medicine for cancer by providing tools for diagnosis
and treatment. CXCR4 is involved in three fundamental stages of
various cancer types (e.g., in lung, breast, prostate, ovarian, colon,

melanoma, brain cancers): primary tumor growth, migration of
cancer cells, and establishment of metastases. In result CXCR4 is
overexpressed in more than 70% of cancers, generating the need
for personalized treatment through a combination of diagnosis
and treatment.

As part of our ongoing effort to develop high affinity CXCR4
binding ligands for molecular imaging and endoradiotherapeutic
purposes, we were interested in introducing DOTA, a chelator
often used for a wide variety of medically interesting metal ions.7

Because functionalization of a given ligand is often accompanied
by a significant reduction in binding affinity, we explored again
the concept of dimerization (multimerization) to compensate for
potential impairment of binding affinity.8�11

The concept of polyvalency, and herein more specifically
dimers, is particularly interesting in the case of CXCR4 due to
the peculiar structure of the receptor which was first hypothe-
sized to contain two neighboring binding sites, one responsible
for the affinity and the other for signaling function.12
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On the other hand, several known CXCR4 antagonists like
the FDA approved drug Mozobil (AMD3100 1; Scheme 1)
contain a C2 symmetry element,13 and its success story has
sparked the development of further excellent ligands.14 Not only
1 and its derivatives exhibit this C2 symmetry element but
also other small molecules (e.g., dipicolylamine-zinc(II)
compounds; 2) as well as peptidic dimers (e.g., S1D 3) that
have been found independently (Scheme 1).15,16 Although the
structure and thus its exact symmetry has not been fully revealed,
the orphan drug CTCE-9908 is also a dimeric peptidic CXCR4
antagonist.5,17 While many of the above-cited ligands would well
fit in the “two-site model” of the receptor, it is well-known that
CXCR4 can form homo- and heterodimers, and this has to be
considered as an alternative explanation why some symmetric
dimers have superior binding properties in comparison to their
monomers.18 However, the spacing of the ligand-binding sites in
the crystal structure of dimeric β2-adrenergic receptor matches
the ∼40 Å distance, and this was recently demonstrated to be
approximately the same in the CXCR4 dimers,19 thus suggesting
that the formation of a functional 2:2 SDF-1:CXCR4 com-
plex might be plausible, while for smaller ligands the same is
unimaginable and the “two-site model” of the receptor seems to
be the most reliable hypothesis.

However, the functional importance of dimerization remains
incompletely characterized, although a considerable body of data
suggests that it has important in vivo pharmacological effects.
Besides these CXCR4-specific considerations for the construc-
tion of dimeric ligands, dimers and higher multimers have been
used in other fields of medicinal chemistry.10,11,20,21 Especially in
molecular imaging, we and others could demonstrate the power
of the multivalency approach to improve target/ligand interac-
tion and thus imaging contrast.8,22

As a starting point for our ligand development, we have chosen
4 (FC131, Scheme 2), which was developed by Fujii et al. by
downsizing of polyphemusin II.23�25 It combines high CXCR4
affinity with the commonly low toxicity of peptides and a high
stability toward enzymatic degradation associated with cyclic
pentapeptides.25,26 Additionally, this class of ligands are believed
to have less side effects when used as pharmaceuticals as they are
inverse agonists, especially in comparison with 1, which is a
partial agonist.4,27 In a very recent study, it could be shown that

using very long spacers with length approximately from 20 to
80 Å� can have positive effects on binding affinity.28 In this study,
evidence was provided that two CXCR4 receptors can be
addressed by two ligands in one large molecule when they are
separated by a long spacer. In contrast, our studies of ligand
oriented design focus on dimers connected by shorter spacers to
mimic known ligands. Here two (different) binding sites in the
same monomer can be addressed (see below).

After further modifications of 4, including anN-methylation
for affinity enhancement and the elucidation of a side chain
suitable for additional modifications, we selected cyclo(D-Tyr1-
D-[NMe]Orn2-Arg3-Nal4-Gly5) (D-[NMe]Orn = Nα-methyl-
D-ornithine; Nal = L-3-(2-naphthyl)alanine) 7 for our dimer-
ization studies.29,30 Because the side chain of D-[NMe]Orn2 is
the “least important residue” in this peptide and is quite
amenable to acylation, we used D-[NMe]Orn2 as anchor point
for dimerization.31

Herein we describe the synthesis of dimers and evaluation of
the optimal distance between the monomeric units. Subsequent
comparison of the affinity improvement with otherC2 symmetric
CXCR4 ligands in combination with the exchange of supposedly
important pharmacophoric residues gives hints on a different
binding mode originating from the design of 4. Finally DOTA is
introduced to the dimers as chelator allowing preparation of
(radio-)metal ion complexes of peptides with promising poten-
tial for therapeutic and diagnostic applications. The recent
advent of the first and unique X-ray structures of CXCR4
receptor alone and in complex with the antagonist small mole-
cule IT1t and the cyclic peptide CVX15 give us the opportunity
to model the interaction of the cyclic peptide monomer 7 and the
dimeric peptide 10 with the receptor.19

’RESULTS

Synthesis. Monomeric, N-methylated cyclic pentapeptides
were synthesized according to established procedures.32 Glycine
was attached to the resin to avoid racemization during the
cyclization step and to allow for easier cyclization due to turn
preformation caused by the N-terminal D-amino acid.33 The
peptide chain was elongated until ornithine with standard Fmoc
solid phase peptide synthesis (SPPS). Nα-2-Nitrobenzenesul-
fonyl (nosyl; Ns) protected Nδ-Boc-D-ornithine was synthesized
as building block because the Ns group activates the Nα for fast
on-resinN-methylation.32,34Nα-Alloc-Nδ-Fmoc-D-ornithine was
used in branched peptides 6, 8, and 9 to modify the side chain.
Alloc was cleaved after acylation of the side chain and the Nα

Scheme 1. Dimeric CXCR4 Antagonists 1�3 Scheme 2. the Original Cyclic Pentapeptide FC131 4 and
Our Derivative 7 Used for Dimerization
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reprotected with Ns and then N-methylated (Scheme 3). After
cleavage of the Ns group, D-tyrosine was attached using HATU
and subsequently the linear peptide was cyclized and deprotected
to yield the pure peptide after HPLC separation.
Peptide monomers were dimerized by coupling in DMF

solution, with DIEA and 0.5 equiv of the corresponding diacid.
The distance between the monomers was varied by using linear
diacids with 3�16 carbon atoms. In contrast to this procedure,
dimer 11 with one active and one inactive monomer was built by
coupling the inactive monomer with a 10-fold excess of glutaric
acid to suppress dimerization. After HPLC purification, the active
monomer was attached in a second step in equimolar amounts.
To allow the introduction of functional moieties into the

dimeric peptides, trifunctional linkers were used. Two diacid
building blocks were synthesized to vary the distance between
the two peptidic units that contain an additional amine for the
introduction of further spacing and DOTA units. They were
constructed on solid support containing tris(t-Bu)DOTA con-
nected via an 6-aminohexanoyl unit to aspartic acid or homobeta-
aspartic acid, respectively. The symmetric homobeta-aspartic acid
unit was built from the standard L-aspartic acid used for SPPS
containing Fmoc and t-Bu protection by introducing the

methylene group via the Arndt�Eistert homologization.35 The
protected aspartic acid was reacted with diazomethane, and the
silver-catalyzed Wolff rearrangement gave the homobeta-amino
acid (Scheme 4). For both aspartic acids, the second acid group
was protected with allylbromide so that this allyl group can be
cleaved orthogonally to the t-Bu groups of tris(t-Bu)DOTA. The
free DOTAmoiety was then obtained in the final acidic deprotec-
tion step with HCl. The peptidic linkers were constructed by
attaching the aspartic acid building blocks to the resin followed by
standard SPPS to attach 6-aminohexanoic acid and tris(t-
Bu)DOTA and Pd-catalyzed allyl deprotection before the linker
was cleaved from the resin and purified by HPLC (see Supporting
Information).
The monomeric peptide units were coupled with the DOTA

labeled linkers described above, deprotected, and if required also
transformed into the corresponding In3+ chelate in an one-pot
reaction (see Supporting Information).
Biological Results. Compound 5 was resynthesized and

tested to ensure the comparability of our testing system with
the one used in literature (Table 1).29 The inactive monomer
6 was generated by exchanging the crucial arginine residue
isosterically with the uncharged citrulline. It also carries the

Scheme 3. Synthesis of the Nα-Methylated, Branched, Cyclic Pentapeptidesa

aReagents: (i) 20% piperidine, NMP; (ii) Fmoc-AA, TBTU, HOBT, DIEA, NMP; (iii) Pd(PPh3)4, PhSiH3, DCM; (iv) NsCl, collidine, NMP;
(v)MeOH, DIAD, PPh3, THF; (vi) DBU, 2-mercaptoethanol, NMP; (vii) Fmoc-AA, HATU, HOAt, DIEA, NMP; (viii) 20%HFIP, DCM; (ix) DPPA,
NaHCO3, DMF; (x) 95% TFA, 2.5% TIPS, 2.5% H2O.

Scheme 4. Construction of Diacidic Building Blocks Shown Exemplary for the Homo-Bβ-Aspartic Acid Linker
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acetylated ornithine moiety to stay as close as possible to the
acylated motif present in the dimers. In 7, the less important
arginine was exchanged by ornithine to conserve the number of
carbon atoms in the side chain and simultaneously generate an
amine that allows acylation and dimerization having an IC50 of
6 nM. Modification of the ornithine side chain by acylation
impairs the binding affinity so that 8 and 9 are more than 10-fold
less active than 7.
The dimers 10�20 were used to elucidate the optimal spacer

lengths, with 11 being an exception as it contains one active and
one inactive peptide unit which was used to investigate the
binding mode. The optimal distance of the dimers is not well-
defined, with a broad range of 5�10 carbon atoms in the spacer
and an affinity of 2�4 nM. 15 has the best binding affinity with
2 nM, which is more than 30 times more active than the acetylated
monomer 8 and had 3-fold higher activity than the monomer 7
from which it was synthesized. The mixed dimer 11 has an IC50

of about 20 nM, which is almost in themiddle of the affinity range
between the less affine monomers 8 and 9 and the better dimers
with two active peptide moieties. The dimers with an additional
glycine spacing unit 18�20 do not reach the activity level of the
most active dimers but are still 10 times more affine than the
acylated monomers.

The dimers additionally containing the DOTAmoiety 21�28
have a wide range of affinities ranging from nearly 10 nM to
almost 100 nM (Table 2) depending on the spacer and the
chelation with indium. With the exception of the dimers 23 and
24, the indium chelates show a higher CXCR4 affinity than their
free DOTA counterparts. The most active compounds, 25�28,
contain an additional glycine spacer which corresponds in
combination with the DOTA conjugated spacer to the length
found in the best dimer 15.
25 was labeled with 68Ga, and the labeled tracer was used for

initial in vivo evaluation in OH1 h-SCLC tumor bearing nude
mice. Biodistibution studies carried out 60 min after the intra-
venously injection of the labeled compound into the tail vain of
mice (Table 3). Attention being focused on the experimental
tumor and on CXCR4 bearing organs, such as spleen and liver,
because it is known that high CXCR4 mRNA expression is
observed. At 60 min pi, the liver was the organ with the highest
accumulation of radioactivity (44.3 ( 5.5%ID/g).36 Relatively
high accumulation was also observed in lung (2.1( 0.3%ID/g),
spleen (4.0 ( 0.6%ID/g), and kidney (3.3 ( 0.5%ID/g). The
accumulation of the radioactivity in the tumor (2.1( 0.5%ID/g)
was higher than in the blood (1.9 ( 0.3%ID/g) and the muscle
(0.4 ( 0.1%ID/g). Co-injection of a natGa containing CXCR4
specific PET tracer (compound 2c ref 31) resulted in lower
tumor uptake with a reduction of approximately 50%, demon-
strating retention of 68Ga-25 in the experimental tumor by
CXCR4-binding. The increased kidney uptake under blocking
conditions also confirms competition of tracer binding to CXCR4
receptors by the cold peptide. On the basis of the suboptimal
biodistribution, specificity of binding of the new tracer to CXCR4
receptors was demonstrated in a competition study by coinjection
of an excess of cold receptor ligand in one mouse. In such cases, i.
e. when the biodistribution of a tracer is found to be suboptimal,
we suggest demonstrating further in vivo data, such as metabolic
stability or specificity of binding, only on a very small number or
cohort of animals and to refrain from aiming to quantify further
in vivo values with limited or no further scientific impact with high
accuracy. Although only one animal has been used, a quantitative
blockade is always a clear indicator for high specificity of binding.
As a consequence of reducing the uptake in the tumor by
blockade, the majority of the tracer is now directed and retained
in organs known to typically retain (basic) peptides, such as
somatostatins, i.e. the kidneys and the spleen.
In parallel with biodistribution studies, PET imaging of 68Ga-25

was performed to visualize the uptake in the various organs. The
PET images were in accordance with the data from the ex vivo
biodistibution. As revealed by organ analyses, high accumulation
of 68Ga-25 was obtained in the liver, however, still allowing
visualization of the tumor.

’DISCUSSION

To compare the effect of dimerization, compounds 8 and 9
were synthesized having an acylated amine at the ornithineNδ of
the monomer. Compound 8 is less affine by a factor of 10 in
comparison to 7, with the free amine showing that the basic
group at this position has positive effects, even so, it is the most
unimportant side chain. To be able to exclude effects of the
spacing unit toward binding affinity, compound 9 was synthe-
sized carrying a glutaric amide at the ornithine side chain. This
compound shows even less affinity toward CXCR4 than the

Table 1. Monomeric and Dimeric CXCR4 Ligands and IC50

Valuesa

L

compd R m n IC50 [nM]

5 Gua 2 ( 2

6b Ac 1000

7 H 6 ( 1

8 Ac 60 ( 20

9 Gma 67 ( 5

10 0 3 4 ( 2

11c 0 3 19 ( 7

12 0 2 12 ( 8

13 0 4 4 ( 1

14 0 6 3 ( 1

15 0 8 2 ( 1

16 0 11 4 ( 7

17 0 14 33 ( 17

18 1 1 8 ( 5

19 1 2 6 ( 2

20 1 3 14 ( 2
aMean value of at least two 2 experiments. b inactive monomer (i).
cmixed dimer with one active (a) and one inactive monomer (i).
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acetylated peptide, demonstrating that the spacer itself does not
contribute beneficially to binding affinity (Table 1).

In comparison with the acetylated monomer 8, all dimers,
connected by a diacid with less than 16 carbon atoms, show an
enhanced affinity (Table 1). Dimer 10 spaced by glutaric acid has
a more than 10-fold higher affinity than monomer 9 with just
glutaramide attached, showing that not the spacer but the second
peptide unit is responsible for enhanced affinity. The optimal
distance between the two peptides has a broad spacer range of
5�10 carbon atoms with an IC50 of 2�4 nM and no distinct
minimum, suggesting some flexibility of the dimers. However,
when the distance is further increased to 13 or 16 atoms, the
affinity becomes lower.

We further investigated if two identical binding pockets are
addressed by the dimers by exchanging an important pharma-
cophoric group of the monomer. Arg3 of 8 was substituted by
L-citrulline (Cit), which leads to a complete loss of affinity of the
monomer 6. However, the combination of one active with one
inactive cyclopentapeptide gives the asymmetric dimer 11,
which is less affine than the corresponding symmetric dimer
10 but exhibits more than three times better affinity than
compound 9, which carries the same spacing group but without
a second peptide unit. Hence, the guanidine group of the
second peptide is beneficial for binding affinity but not as
essential as in the first binding pocket. This in turn shows that
both binding pockets are not identical, as the second one can
also bind cyclic pentapeptides but does not require the same

Table 2. Dimeric DOTA Labeled Peptides and Their IC50 Values
a

compd X n M IC50 [nM]

21 0 98( 13

22 0 In3+ 76( 22

23 1 31( 14

24 1 In3+ 81( 8

25 Gly 0 39( 2

26 Gly 0 In3+ 15( 3

27 Gly 1 17( 7

28 Gly 1 In3+ 13( 5
aMean value of at least 3 experiments.

Table 3. Biodistribution of 68Ga-25 in OH1 Bearing-Tumor
Nude Mice 60 min pia,b

organ

unblockeda

(n = 5)

blockeda,b

(n = 1)

blood 1.87( 0.29 2.1

heart 1.14( 0.19 2.5

lung 2.11( 0.27 11.0

liver 44.31( 5.56 43.0

pancreas 0.81( 0.29 1.4

spleen 3.98( 0.60 15.6

kidney 3.26( 0.51 34.8

adrenal

glands

1.48( 0.20 2.6

stomach 1.04( 0.39 4.1

intestine 1.30( 0.42 3.0

muscle 0.37( 0.07 1.0

OH1 tumor 2.08( 0.48 1.1

tumor/heart 1.81( 0.22 0.5

tumor/liver 0.05( 0.01 0.02

tumor/

kidney

0.63( 0.09 0.03

tumor/

muscle

5.96( 2,36 0.5

aData are expressed as % ID/g tissue( SD. bBlocking was achieved by
coinjection of 100 μg/mouse of a natGa-tracer (compound 2c in ref 31).
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pharmacophoric groups. This also shows that the enhancement
of affinity is not due to the increase of local concentration of
active peptide monomers because the mixed dimer 11 should
then have an affinity similar to monomer 9 with just the
glutaramide spacing unit. Additionally, the only slightly higher
affinity of dimers in comparison with the monomer 8 would
rather fit with a binding mode of the second peptide moiety to a
subsite on the receptor than to the simultaneous binding of two
identical binding pockets.10,20

An explanation for this behavior is revealed when the origins of
the starting cyclic pentapeptide 4 and its derivatives used for
dimerization are considered (Scheme 5). Both polyphemusin II
and its shortened analogue T140 are rich in basic and aromatic
amino acids of which the four most important residues were
combined with a glycine to yield 4 (three of these residues are
boxed on the left side of Scheme 5).23 Therefore, the simplest
explanation why dimerization leads to a better affinity for
derivatives of polyphemusin II is that the surrounding area of
the initially addressed binding pocket of 4 has additional sites for
beneficial interaction with aromatic and basic groups which are
addressed by the second peptide unit of the dimer with a more
unspecific binding mode. This hypothesis is further supported by
many other CXCR4 antagonists that typically consist of at least
one basic and one aromatic moiety.37 Therefore peptides 8 and 9
are less affine as they cannot address these other binding sites for
additional beneficial interaction because of the missing second
peptide unit. This binding mode with one main binding pocket
and a smaller contribution to receptor affinity from the second
peptide unit with a subsite differs from the binding mode of 1. In

this case, both cyclen moieties are essential for affinity as the
monomer does not show any affinity.3

To further support this hypothesis, additional docking studies
were performed. Analysis of the recently published X-ray crystal
structures of CXCR4 receptor bound to an antagonist small
molecule IT1t (PDB codes 3ODU, 3OE6, 3OE8, and 3OE9)
and a cyclic peptide CVX15 (PDB code 3OE0) reveals that the
receptor conformations are substantially identical with CVX15
occupying the great majority of the binding cleft and the low-
molecular-weight IT1t ligand occupying just a portion of the
same site.19 Because the CVX15 and our compounds are both
cyclic analogues of the horseshoe crab peptide polyphemusin II,
molecular docking studies of the NMR solution structure of
monomeric cyclopentapeptides 7 (see Experimental Procedures
for further details) were attained on the structure with PDB code
3OE0.

In line with the rational design behind the synthesis of
polyphemusin II-mimic small peptide 7, the best binding pose
suggested by the docking software Glide strongly resembles the
experimental binding mode of CVX15 (Figure 1a).38 In parti-
cular, the ligand Tyr1 makes contacts with F189, Y190, and
V196, while the Orn2 residue points outward establishing an
ionic interaction with D187 in extracellular loop II (ELII)
(Figure 1b). The latter interaction explains why its acetylated
analogue 8 and compound 9, featuring a glutaric amide at the its
side chain, are less potent binders than 7 (Table 1). Notably, the
projection of Orn2 toward the external part of the receptor is also
consistent with the choice of this residue as the attachment point for
the synthesis of dimeric compounds (10�20). Other important
interactions are observed for Arg3 residue, which establishes a

Scheme 5. Schematic Comparison of Polyphemusin II (Upper Part) and a Dimeric Ligand (Lower Part)a

aAromatic amino acids are highlighted in red and basic in blue. The boxed regions of polyphemusin II are assumed to correspond to the arrangement of
the pharmacophoric groups in the dimer in this model.
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H-bond with T117 and an ionic interaction with D171 while the
adjacent Nal4 residue is embedded in a hydrophobic pocket made
up by Y190, F199, Q200, and H203 (Figure 1b).

Subsequently, molecular modeling studies were also per-
formed to unravel the binding mode of the dimeric compounds
10. Because the CXCR4 receptor was crystallized in a dimeric
form, we first investigated whether our dimeric compounds could
occupy the two binding sites of the receptor dimer. Such an
hypothesis was immediately confuted by the distance between the
two sites (≈ 40 Å), which cannot be spanned even by dimer 17,
which bears the longest linker. Truly, this was already suggested
by the binding data, which demonstrated that compounds
10�20 do not bind two identical receptor clefts. The only
other possibility is provided by the existence of the two
neighboring binding sites in the CXCR4 monomer (namely
site one and two) as previously suggested by NMR experiments
and radioligand binding assays and recently confirmed by X-ray
crystallography.12,39 While site two is in the fully solved trans-
membrane bundle region, site one is located in the extracellular
portion (N-terminus and extracellular loops), which unfortu-
nately has been only partially solved. Thus, while the interac-
tions of our peptides with site two can be exactly modeled, only
a general picture of the binding of 10 to site one can be depicted.

Beside the above-described intrinsic difficulties, docking calcu-
lations of the dimeric ligands would be highly error prone due to
the extreme flexibility of both the compounds and of the N-term-
inal fragment. Therefore, in our modeling studies, we started from
the assumption that one cyclopentapeptide (Table 1) in

compounds 10 would bind site two in the same fashion as that
of the corresponding monomeric form (see above). Thus, the
dimeric compound 10 was constructed starting from the
calculated 7/CXCR4 complex by adding the corresponding
linker and the second cyclopentapeptide (Table 1). The built
complex was then subjected to a Monte Carlo search of all the
energetically feasible conformations of both the linker and
peptidic portions in the receptor context. This simulation
resulted in twomain conformation families in which the peptide
occupying site one alternatively points toward ELII, TMII, and
TMII or toward TMIV and TM5 (Figure 2). In both cases, the
intrinsic flexibility of the CXCR4 site one would suggest that
this receptor region could plastically adapt to the different
dimeric cyclopentapeptides depending on their linker length
(see Table 1). Additionally, in both suggested conformations,
the Arg3 residue of the peptide occupying site one forms
Coulombic interactions with negatively charged regions of the
receptor, and this would be in line with SAR data, demonstrat-
ing that substitution of Arg3 with L-citrulline leads to a loss in
affinity (compound 11).

DOTA moieties were introduced via trifunctional linkers to
enable molecular imaging and endoradiotherapeutic uses. Their
corresponding indium chelates were prepared as the structure of
these complexes is closer to the finally desired (radio-)pharma-
ceuticals than the nonchelated DOTA compounds. Additionally,
previous studies on CXCR4 antagonists have already shown the
importance of metal ion chelates toward binding affinity in
comparison with their nonchelated analogues.16,40 All eight pos-
sible permutations of the peptide with and without an additional
glycine spacer, the two linkers, as well as the free DOTA unit, and
its indium chelate were synthesized and tested for their affinity
(Table 2).

As expected, the dimers lose affinity through the introduction
of the DOTA moiety but are suited for imaging and treatment of
CXCR4 related diseases. For every pair of metal-chelated and
nonchelated dimer, there is a significant difference in binding
affinity showing the importance of metal ions which is often
observed.31,41 With exception of the dimers 23 and 24, the
indium chelates show better affinity, which also supports our
hypothesis for the binding mode that positive charges are
beneficial toward receptor binding. Furthermore, the DOTA
conjugated dimers with an additional glycine spacer have the best

Figure 1. Binding conformation of 7 in the CXCR4 crystal structure as calculated by using Glide. The receptor is represented as light-green sticks and
ribbons. The cocrystal polyphemusin analogues (a) and the ligand (a and b) are represented as magenta and orange sticks, respectively. H-bonds are
represented as yellow dashed lines. For clarity reasons, only interacting residues are shown.

Figure 2. Alternative binding conformations (a and b) of 10 in the
CXCR4 binding site. The ligand is represented as orange sticks, while
receptor as light-green ribbons and a surface are colored according to its
electrostatic potential from red (negative) to blue (positive).
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affinities as the distance between the twomonomers corresponds
to the dimer with the best affinity 15. The affinities of the two
best compounds 26 and 28 are not only about 4-fold higher than
the acylated monomer 8 but they are additionally suited for
imaging purposes showing the beneficial impact of the dimeric
approach.

The main goal of this study was the synthesis of a library of
peptides with high affinity toward CXCR4 with a view to use
them as potential radiotracers for noninvasive molecular detec-
tion of primary tumors as well as targeted metastases. 25 was
labeled with 68Ga and evaluated in first in vivo studies in tumor
bearing mice. Although a tumor uptake of up to 2% ID/g
(Table 3) allowed visualization of the human tumor xenograft
by PET imaging, the high liver accumulation of 68Ga-25 renders
it an unsuitable radiotracer for the detection of primary tumors
and their metastases, particularly in the liver and the surrounding
organs (Figure 3).

In summary, we succeeded in the development of DOTA
labeled multimeric peptides that bind with high affinity to CXCR4
receptors. Initial in vivo studies with a 68Ga-labeled dimer for
mapping CXCR4 receptors that are directly involved in organ
specific metastasis allowed delineation of a CXCR4-expressing
human xenograft but also demonstrated high unspecific uptake
by the liver. Although this phenomenon was already observed
for other radiolabeled CXCR4, ligands it is currently unclear
whether this unsuitable behavior could be overcome by a further
increase of the hydrophilicity of the dimer.

’CONCLUSION

Starting from an acetylated monomeric CXCR4 antagonist
with an IC50 of 60 nM, several peptidic dimers were synthe-
sized by optimizing the distance between the monomers
which enhanced the affinity 30-fold. A possible explanation
for the enhanced binding affinity is a subsite binding of the
second peptide unit near to the main binding pocket. This is
suggested by our structural elucidation of the pharmacophoric
groups in the dimers and a comparison of the dimeric struc-
ture with the 18 amino acid containing polyphemusin II,
which served for the development of the original cyclic
pentapeptide. This hypothesis could be further supported by
molecular modeling using the recently published crystal
structure of CXCR4. Eight DOTA labeled dimers were
synthesized using two specially designed linker building
blocks. By introduction of the DOTA moiety in combination
with a metal-ion, dimers with a high potential for molecular
imaging and endoradiotherapeutic purposes were designed.
Subsequently 68Ga-25 was synthesized and evaluated in
respect to its imaging characteristics which showed subopti-
mal biodistribution due to its high lipophilicity.

’EXPERIMENTAL PROCEDURES

Chemicals and Instruments.All commercially available chemical
reagents were used without further purification. Technical solvents were
distilled before use.

Tritylchloride-polystyrene-resins (TCP resins) were purchased from
PepChem and amino acid derivatives from Iris Biotech GmbH, Nova-
Biochem, Merck, Bachem, Neosystem, and Aldrich, while all other che-
micals were bought from Aldrich, Fluka, andMerck if not stated otherwise.

N-Methylpyrrolidone (NMP) was obtained from BASF and used
without further distillation. Dry solvents were purchased from Aldrich,
Fluka, and Merck. Dry dichloromethane was distilled from calciumhy-
dride under argon and kept over 4 Å molecular sieve. Water for RP-
HPLC was filtered through a 0.22 μm filter (Millipore, Millipak40).

RP-HPLC analyses were performed using using an Amersham
Pharmacia Biotech €Akta Basic 10F equipped with an an Omnicrom
YMC column (4.6 mm � 250 mm, 5 μm C18, 1 mL/min). The eluent
was a linear gradient from water (0.1% trifluoroacetic acid (TFA)) to
acetonitrile (ACN; 0.1% TFA) over 30 min and detection at 220 and
254 nm. The retention time (Rt) of the analytical RP-HPLC is given in
min, with the gradient in percentage of acetonitrile. Purities were
determined at 220 nm with the Unicorn software package and are given
relative to their starting compound.

Semipreparative RP-HPLC was done on a Beckman System Gold
equipped with high pressure module 125, UV-detector 166, and using an
Omnicrom ODS-A C18 (120 Å, 5 μm, 250 mm � 20 mm) column in
combination with the same solvents as stated above.

NMR spectra were recorded on a Bruker Avance 250 or Bruker DMX
500 at 298K. The chemical shifts are reported in ppm on the δ scale
relative to the solvent signal used. 13CNMR-spectra were recorded using
1H-broad band decoupling. Pulse programs were taken from the Bruker
library or written by members of our group. Samples were prepared in
tubes with a diameter of 5 mm using 0.5 mL of deuterated solvent with a
final concentration of approximately 20�50 mM. The resulting spectra
were processed on a workstation using Bruker TOPSPIN 1.3 software.

ESI mass spectra were recorded on a Finnigan LCQ in combination
with a Agilent/HP 1100 RP-HPLC system using a Omnicrom YMC
ODS-A C18 column (120 Å, 3 μm, 125 mm� 2 mm) with a flow rate of
0.2 mL/min. The eluent was a linear gradient from water to acetonitrile
with 0.1% formic acid over 20 min with detection at 220 nm.

Figure 3. (A) PET dynamic imaging (0�110 min pi) of OH1 tumor
bearing nude mouse using 68Ga-25, (maximum intensity projection,
MIP). (B) Time�activity curves for tumor, heart, liver, kidney, and
muscle.
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All tested compounds exhibited g95% purity determined with RP-
HPLC-(MS).
Loading of TCP-Resin. Peptide synthesis was carried out using

TCP-resin (0.9 mmol/g) following standard Fmoc-strategy. Fmoc-
Xaa-OH (1.2 equiv) were attached to the TCP resin with
N,N-diisopropylethylamin (DIEA; 2.5 equiv) in anhydrous DCM
(0.8 mL/g resin) at room temperature for 1 h. The remaining trityl
chloride groups were capped by addition of 1 mL/g (resin) of a solution
ofMeOH, DIEA (5:1; v:v) for 15min. The resin was filtered and washed
5 times with DCM and 3 times with MeOH. The loading capacity was
determined by weight after drying the resin under vacuum and ranged
from 0.4 to 0.9 mmol/g.
On-Resin Fmoc Deprotection. The resin-bound Fmoc peptide

was treated with 20% piperidine in NMP (v/v) for 10 min and a second
time for 5 min. The resin was washed 5 times with NMP.
Standard Amino Acid Coupling. A solution of Fmoc-Xaa-OH

(2 equiv), 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetra-
fluoroborate (TBTU) (2 equiv), hydroxybenzotriazole (HOBt; 2 equiv),
and DIEA (5.2 equiv) in NMP (1 mL/g resin) was added to the resin-
bound free amine peptide and shaken for 60 min at room temperature
and washed 5 times with NMP.
o-2-Nitrobenzenzesulfonyl (nosyl, o-Ns) Protection. A so-

lution of o-Ns-Cl (5 equiv) and collidine (10 equiv) in NMP (1 mL/g
resin) was added to the resin-bound free amine peptide and shaken for
15 min at room temperature. The resin was washed 3 times with NMP
and 3 times with dry THF.
N-Methylation under Mitsunobu Conditions. A solution of

triphenylphosphine (5 equiv), diisopropyl azodicarboxylate (DIAD;
5 equiv) and MeOH (10 equiv) in dry THF (1 mL/g resin) was added
to the resin-bound o-Ns protected peptides and shaken for 10 min at
room temperature. The resin was filtered off and washed 3 times with
dry THF and 3 times with NMP.
On-Resin o-Ns Deprotection. For o-Ns deprotection, the resin-

bound o-Ns-peptides were stirred in a solution of mercaptoethanol (10
equiv) and DBU (5 equiv) in NMP (1 mL/g resin) for 5 min. The
deprotection procedure was repeated one more time, and the resin was
washed 5 times with NMP.
Amino Acid Coupling to Hindered Amines. A solution of

Fmoc-Xaa-OH (2 equiv), 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HATU; 2 equiv), 1-hydroxy-7-
azabenzotriazole (HOAt; 2 equiv), andDIEA (4 equiv) inNMP(1mL/g
resin) was added to the resin-bound peptides and shaken for 3 h at room
temperature and washed 5 times with NMP.
Allyloxycarbonyl (Alloc) and Allyl Deprotection. Pd(PPh3)4

(0.125 equiv) in dry DCM (0.5 mL/g resin) was added to the resin-
bound Alloc peptide followed by an addition of phenylsilane in dry
DCM(0.5mL/g resin) and shaken for 1 h. The resin was washed 5 times
with DCM.
Peptide Cleavage from the Resin. For complete cleavage of the

peptides from the resin, they were treated three times with a solution of
DCM and hexafluoroisopropanol (HFIP; 4:1; v:v) at room temperature
for half an hour and the solvent evaporated under reduced pressure.
Cyclization. To a solution of peptide in DMF (1 mM peptide

concentration) and NaHCO3 (5 equiv) diphenylphosphoryl azide
(DPPA; 3 equiv) was added at room temperature (RT) and stirred
overnight or until no linear peptide could be observed by ESI-MS. The
solvent was evaporated to a small volume under reduced pressure and
the peptides precipitated in saturated NaCl solution and washed two
times in HPLC grade water.
Dimerization by Acylation in Solution. Fully deprotected

peptides were stirred with HATU (1.1 equiv) and DIEA (2.2 equiv)
and the corresponding acid (1 equiv) in DMF (10 mM peptide
concentration) for 30 min at RT. The solution was directly purified
by HPLC separation.

Removal of Acid Labile Side Chain Protecting Groups.
Cyclized peptides were stirred in a solution of TFA, water, and TIPS
(95:2.5:2.5) at RT for 1 h or until no more protected peptide could be
observed by ESI-MS and precipitated in diethylether and washed two
more times.
Removal of DOTA t-Bu Groups. To the coupling solution with

the dimerized peptides the same volume of conc HCl was added on an
ice bath under vigorous stirring. The deprotection was carried out at RT
and monitored for completeness by ESI-MS every 30 min and stopped
by neutralizing with conc NH4OH on an ice bath.
Chelation of Indium with DOTA Ligands. The solution with

the deprotected DOTA-dimers was treated with InCl3 (5 equiv)
dissolved in 5 M aqueous NH4Cl of the same volume as the total
deprotection solution. After 15 min of stirring at RT, the solution was
subjected to HPLC purification.
Receptor Binding Assays. Competition studies were performed

on Jurkart cells using cyclo(-D-Tyr1[125I]-Arg2-Arg3-Nal4-Gly5) (125I-
CPCR4) as radioligand. In brief, cells were resuspended in PBS/0.2%
BSA. A total of 200 μL of the suspension containing 400000 Jurkat cells
were incubated with 25 μL of the tracer solution (containing 3.1 kBq,
approximately 0.1 nM) and 25 μL of the test peptides at different
concentrations of 10�11 to 10�5 M. Nonspecific binding was determined
in the presence of 1 μM cold cyclo(-D-Tyr1Arg2-Arg3-Nal4-Gly5). After
shaking for 2 h at RT, the incubation was terminated by centrifugation at
1300 rpm for 5 min. Cell pellets were washed twice with cold PBS. Cell
bound radioactivity was determined by using a 1480 Wizard3 gamma-
counter from Wallac (Turku, Finland). Experiments were repeated 2�3
times in triplicate. IC50 values of the compounds were calculated by
nonlinear regression using GraphPad Prism (GraphPad Prism 4.0 Soft-
ware, Inc., San Diego, CA, USA). Each data point is the average of three
determinations.
Labeling with 68Ga. 68Ga-25 was selected for an initial in vivo

study. For this purpose, Gallium-68 (e+ = 89%, t1/2 = 68.1 min, Eβ+max =
1.90 MeV) was eluted from a commercially available Ge-68/Ga-68
generator (iThemba, South Africa) by dilutedHCl. The fraction with the
highest activity, approximately 1.2 mL with >80% of the entire eluted
activity, was used for labeling of 25 using a commercially available fully
automated labeling module (Gallelut-Synthesizer, Scintomics GmbH,
F€urstenfeldbruck, Germany). After the pH of the eluate was adjusted
with a suitable amount of HEPES (4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid) (930 μL, 600 mg HEPES/0.5 mL H2O), 35 μg
(15 nmol) of the peptide was added. After reaction for 5 min at 95 �C,
quality control of the product was carried out by radio thin layer
chromatography (TLC) on Silica gel 60-plates using 0.5 μL of product
solution on two different TLC systems: (a) eluent TLC-1, 0.1M sodium
citrate (5.89 g trisodium citrate dihydrate in 200 mL ultrapure water);
eluent TLC-2, (1/1, v/v) methanol/1 M ammonium acetate (15.46 g
ammonium acetate in 200mLultrapure water). Using theTLCmethod 1,
the product and Ga-colloid stay at the starting point, whereas free Ga3+

moves with front. Using the TLC method 2, uncomplexed Ga-species
stay at starting point, whereas the labeled peptide moves with the front.
The quality control of the labeled peptide was also achieved by RP-
HPLC. HPLC analysis was performed on a Semi RP18 Multosphere
Column (250 mm � 100 mm) applying a linear gradient system at a
5 mL/min flow rate from 49% B to 60% B in 20 min, where solvent A =
aqueous ammonium formate 0.2 M and solvent B = MeOH. The
detection of the peptides was performed via a UV detector at 220 nm.
Biosdistribution Studies. Athymic nudemice (approximately 30 g)

were obtained from Charles River, Germany. The animals were inocu-
lated subcutaneously into the right flank with OH1 h-SCLC cells (5 �
106 cells/animal). Tumors were allowed to grow for three weeks. Tissue
distribution studies of the 68Ga labeled tracer carried out after the
intravenous administration of 0.1 mL [∼70 μCi (∼2.6 MBq), 0.7 μg of
total peptide] of the radiolabeled product via the tail vein and the
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animals (n = 5) were sacrificed 1 h pi. Subsequently, the tissues and
organs were weighted, the radioactivity was counted in a 1480 Wizard3
gamma-counter from Wallac (Turku, Finland), and the % ID/g of each
organ or tissue was calculated. Specificity of binding was demonstrated
by coinjection of a natGa-tracer (compound 2c, ref 31) (100 μg/mouse;
n = 1).31

PET-Camera Imaging. Mice (∼30 g) were anaesthetized using
isoflurane anesthesia and injected with 80�90 μCi (∼3 MBq, 1.4 μg of
total peptide) of 68Ga-25 via the tail vein in a volume of 300 μL of PBS.
For the blocking experiments, mice were coinjeced with 50 μL (100 μg)
of natGa-tracer (compound 2c, ref 31) complex in a total volume of
300 μL. PET scans were performed using an Inveon Siemens PET
scanner, and dynamic imaging was performed immediately after the
time of injection with acquisition times: 5 � 60 s, 5 � 300 s, 6 �
600 s, 1� 120 s, and a total duration being 110 min (Figure 3A). Analysis
of tracer kinetics was performed by drawing a circular region of interest
(ROI) in the tumor, heart, liver, kidney, and muscle. The average of the
accumulated radioactivity in the ROI was calculated in Bq/mL and time
activity curves were plotted, representing the radioactivity in the organs of
interest versus time (Figure 3B). For blocking experiments, dynamic
images were obtained using acquisition times of 5 � 60 s, 5 � 300 s,
and 1� 600 s, with a overall sorter imaging period of 40 min. All images
were reconstructed by a two-dimensional ordered subsets expectation
maximum (2D-OSEM) algorithm, and no correction was applied for
attenuation. Images analysis was done using Inveon software. The results
were calculated as Bq/mL.
Solution Synthesis. General Amine Protection Procedure. To a

0.2M solution of amino acid andNa2CO3 (0.5M), the same volume of a
0.2 M reagent solution in THF was added and stirred at RT for 1 h. The
THFwas evaporated under reduced pressure, the aqueous phase washed
once with diethylether and acidified with conc HCl to pH 1, and the
product extracted with EtOAc. The combined organic layers were dried
(Na2SO4), filtered, concentrated, and dried in vacuo.
Boc Deprotection. First 3�8 mmol of Boc protected amino acid were

dissolved in 10 mL of DCM and 5 mL of TFA added slowly. Then the
solution was stirred at RT for 45min and the solvent evaporated in vacuo
to yield the crude product ready for reprotection.
Nα-Ns-Nδ-Boc-D-Ornithine. Nδ-Boc-D-ornithine (1.51 g, 6.5 mmol)

was protected with o-nitrobenzenesulfonylchloride (NsCl) (1.44 g, 6.5
mmol) and gave a slightly yellow, sticky oil as sufficiently pure product
(2.43 g, 90%). 1H NMR (250 MHz, DMSO-d6): δ 12.72 (s, 1H), 8.46
(d, 1H), 8.01 (m, 1H), 7.93 (m, 1H), 7.86 (m, 2 H), 6.78 (t, 1 H), 3.85
(m, 1H), 2.85 (m, 2H), 1.38 (m, 13H). 13CNMR(125MHz,DMSO-d6):
172.3, 147.7, 134.4, 133.8, 132.9, 130.3, 124.5, 110.7, 77.9, 56.2, 29.7,
28.7, 26.4. Rt (10�100%): 18.6 min. m/z calcd for C16H23N3O8S,
417.12; found, 440.1 [M + Na+].
Nα-Alloc-Nδ-Boc-D-Ornithine.Nδ-Boc-L-ornithine (0.49 g, 2.1mmol)

was protected with allyl chloroformate (0.22 mL, 2.1 mmol) and gave a
slightly yellow, sticky oil as sufficiently pure product (0.53 g, 80%). 1H
NMR (250 MHz, DMSO-d6): δ 12.52 (s, 1H), 7.49 (d, 1H), 6.78 (t,
1H), 5.91 (br m, 1H), 5.30 (dd, 1 H), 5.19 (dd, 1 H), 4.48 (m, 2H), 3.91
(br m, 1H), 2.91 (m, 2H), 1.81�1.40 (br m, 4H), 1.38 (s, 9H). 13C
NMR (63 MHz, DMSO-d6): 174.4, 156.5, 156.1, 134.1, 117.4, 77.9,
65.1, 60.2, 54.1, 28.8, 26.7, 14.6. Rt (10�100%): 16.7 min.m/z calcd for
C14H24N2O6, 316.16; found, 339.3 [M + Na+].
Nα-Alloc-Nδ-Fmoc-D-Ornithine. Nα-Alloc-Nδ-Boc-D-ornithine (0.36 g,

1.68 mmol) was subjected to Boc deprotection and subsequently re-
protected with Fmoc-OSu (0.567 g, 1.68 mmol) and gave a white foam
as sufficiently pure product (0.61 g, 89%). 1HNMR (500MHz, DMSO-
d6): δ 12.5 (s, 1H,), 7.9 (d, 2H), 7.7 (d, 2H), 7.5 (d, 1H), 7.4 (t, 2H),
7.32 (t, 2H), 7.28 (m, 1H), 5.9 (m, 1H), 5.3 (d, 1H), 5.2 (d, 1H), 4.5 (d,
2H), 4.3 (d, 2H), 4.2 (t, 1H), 3.9 (m, 1H), 3.0 (d, 2H), 1.7 (m, 1H), 1.5
(m, 3H). 13C NMR (125MHz, DMSO-d6): 174, 156.0, 155.9, 144, 141,
133, 128, 127.0, 126.9, 125.1, 125.0, 120.1, 119.9, 65, 64, 53.54, 53.50,

47, 28, 26.Rt (10�100%): 21.9min.m/z calcd for C24H26N2O6, 438.18;
found, 461.5 [M + Na+].

(9H-Fluoren-9-yl)methyl (R)-1-(Carbonyl)-3-(tert-butoxycarbonyl)-
propan-2-ylcarbamate. The product was obtained similar to a general
procedure given in literature.35 Nα-Fmoc-aspartic acid(tBu)OH (2.0 g;
4.9 mmol; 1equiv) was dissolved in anhydrous THF (20 mL). NEt3
(0.74 mL; 5.4 mmol; 1.1 equiv) and ethylchloroformate (0.52 mL; 5.4
mmol; 1.1 equiv) were added sequentially at �15 �C. Stirring was
continued for 15 min, and then the solution was allowed to warm up to
0 �C. In the meantime,N-methylnitrosourea (2.5 g; 24.3 mmol; 5 equiv)
was stirred in ice-cold Et2O (20 mL) and 40% KOH (20 mL; ice-cold)
was added dropwise until complete dissolution. The yellow diazo-
methane solution in Et2O was added dropwise at 0 �C to the amino
acid solution, and it was then allowed to warm up to RT and stirred for
another 2.5 h. Excess diazomethane was decomposed by dropwise
addition of HOAc. The solution was washed with satd NaHCO3, satd
NH4Cl, and brine. The organic layer was dried (Na2SO4) and evapo-
rated under reduced pressure. The resulting diazo ketone was dissolved
in water/dioxane (1:5; v/v; 160 mL). After addition of silver benzoate
(0.12 g; 0.5mmol; 0.1 equiv), themixture was sonicated in an ultrasound
bath until complete conversion (30 min) monitored by TLC (MeOH/
DCM, 1:20; Rf, 0.1�0.2). After evaporation of dioxane under reduced
pressure, the solution was acidified with 5% HCl and the precipitate
extracted with EtOAc (three times). The organic layer was dried
(Na2SO4) and evaporated under reduced pressure and the crude
product purified by flash chromatography (MeOH/DCM, 1:20; Rf,
0.1�0.2) to yield 1.3 g (3.1 mmol; 63% yield). 1H NMR (250 MHz,
DMSO-d6): δ 12.2 (s, br, 1H,), 7.90 (d, 2H), 7.69 (dd, 2H), 7.42 (t, 2H),
7.33 (m, 3H), 4.27 (m, 3H), 3.59 (m, 1H), 2.41 (m, 4H), 1.38 (s, 9H).
13C NMR (75 MHz, DMSO-d6): 172.49, 170.24, 144.35, 141.19,
128.07, 127.51, 125.63, 120.56, 80.39, 65.80, 60.20, 47.17, 45.81,
28.13. Rt (10�100%): 23.5 min. m/z calcd for C24H27NO6, 425.18;
found, 448.1 [M + Na+].

(9H-Fluoren-9-yl)methyl (R)-1-((Allyloxy)carbonyl)-3-(tert-butoxy-
carbonyl)propan-2-ylcarbamate. The product was obtained similar
to a procedure given in literature.42 (9H-Fluoren-9-yl)methyl (R)-1-
(carbonyl)-3-(tert-butoxycarbonyl)propan-2-ylcarbamate (0.98 g; 2.3
mmol; 1 equiv) was stirred with allyl bromide (5.52 mL; 6.4 mmol;
2.8 equiv) and DIEA (0.78 mL; 4.6 mmol; 2 equiv) in ACN (4.6 mL)
at 45 �C for 1 h. The reaction was monitored by TLC MeOH/DCM
(1:20; v/v). The solution was allowed to reach RT. After addition of
ethylacetate (EtOAc; 20 mL), the organic layer was washed with satd
KHSO4, satd NaHCO3, and half-satd NaCl, dried (Na2SO4), and
evaporated under reduced pressure to yield 0.77 g (1.7 mmol; 74%
yield). 1H NMR (250MHz, CDCl3): δ 7.76 (d, 2H,), 7.58 (d, 2H), 7.40
(t, 2H), 7.31 (m, 2H), 5.91 (m, 1H), 5.63 (d, 1H), 5.32 (m, 1H), 5.24
(d, 1H), 4.60 (d, 2H), 4.36 (m, 3H), 4.21 (m, 1H), 2.66 (m, 4H), 1.45
(s, 9H). 13C NMR (75 MHz, CDCl3): 143.91, 141.29, 131.84, 127.67,
127.04, 125.08, 119.95, 118.57, 66.86, 65.38, 47.21, 45.13, 39.26, 38.08,
28.05. Rt (10�100%): 27.6 min. m/z calcd for C27H31NO6, 465.22;
found, 488.3 [M + Na+].

(9H-Fluoren-9-yl)methyl (S)-1-((Allyloxy)carbonyl)-3-(carbonyl)pro-
pan-2-ylcarbamate. The product was obtained similar to a procedure
given in literature.42 (9H-Fluoren-9-yl)methyl (R)-1-((allyloxy)carbonyl)-
3-(tert-butoxycarbonyl)propan-2-ylcarbamate (0.77 g; 1.65 mmol) was
dissolved in DCM (4 mL), and TFA (2 mL) was added and stirred for
2 h at RT. After evaporation to dryness, the solid was dissolved in satd
NaHCO3, washed with ether, and acidified (pH 2) with HCl (5%) to
form a white precipitate that was extracted two times with EtOAc. The
organic layer was washed with acidified water (HCl, pH 1), dried
(Na2SO4), and evaporated under reduced pressure to yield 0.58 g (1.4
mmol; 85% yield). 1H NMR (250 MHz, CDCl3): δ 7.75 (d, 2H,), 7.68
(s, 1H), 7.57 (d, 2H), 7.40 (t, 2H), 7.31 (m, 2H), 5.89 (m, 1H), 5.66 (d,
1H), 5.28 (m, 2H), 4.60 (d, 2H), 4.38 (m, br, 2H), 4.22 (m, 1H), 2.62
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(m, 4H). 13C NMR (75 MHz, CDCl3): 143.69, 141.33, 131.60, 127.77,
127.10, 125.00 120.01, 118.87, 67.25, 65.65, 47.13, 44.47, 37.87, 37.64.
Rt (10�100%): 22.0 min. m/z calcd for C23H23NO6, 409.15; found,
432.2 [M + Na+].
Nα-Fmoc-L-aspartic Acid (t-Bu) Allylester. The product was obtained

similar to a procedure given in literature.43Nα-Fmoc-L-aspartic acid (β-t-
Bu ester) (0.103 g; 2.50 mmol; 1equiv) was stirred with allyl bromide
(6.0 mL; 7.0 mmol; 2.8 equiv) and DIEA (0.78 mL; 5.0 mmol; 2 equiv)
in ACN (5.0 mL) at 45 �C for 100 min. The reaction was monitored by
TLCMeOH/DCM (1:20; v/v). The solution was allowed to reach RT.
After addition of EtOAc (40mL), the organic layer was washed with satd
KHSO4, satd NaHCO3, and half-satd NaCl, dried (Na2SO4), and
evaporated under reduced pressure to yield 1.01 g (2.24 mmol; 90%
yield). 1HNMR (250MHz, CDCl3): δ 7.74 (d, 2H,), 7.58 (m, 2H), 7.38
(t, 2H), 7.29 (t, 2H), 5.89 (m, 1H), 5.81 (d, 1H), 5.32 (d, 1H), 5.23 (d,
1H), 4.56 (m, 3H), 4.37 (m, 3H), 4.23 (m, 1H), 2.86 (m, 2H), 1.42 (s,
9H). 13C NMR (75 MHz, CDCl3): 170.62, 170.00, 155.98, 143.91,
143.73, 141.29, 131.49, 127.71, 127.07, 125.13, 119.98, 118.80, 81.89,
67.28, 66.30, 50.61, 47.10, 37.79, 28.03. Rt (10�100%): 27.8 min. m/z
calcd for C26H29NO6, 451.20; found, 474.3 [M + Na+].
Nα-Fmoc-L-aspartic Acid (OH) Allylester. The product was obtained

similar to a procedure given in literature.43Nα-Fmoc-L-aspartic acid (β-t-
Bu) allylester (1.01 g; 2.23 mmol) was dissolved in DCM (4 mL), and
TFA (2 mL) was added and stirred for 1 h at RT. After evaporation to
dryness, the solid was dissolved in satdNaHCO3, washed with ether, and
acidified (pH 2) with HCl (5%) to form a white precipitate that was
extracted two times with EtOAc. The organic layer was washed with
acidified water (HCl, pH 1), dried (Na2SO4), and evaporated under
reduced pressure to yield 0.77 g; 1.94 mmol; 87% yield. 1H NMR (250
MHz, DMSO): δ 7.90 (m, 2H,), 7.83 (m, 1H), 7.70 (d, 2H), 7.42 (m,
2H), 7.32 (m, 2H), 5.87 (m, 1H), 5.30 (d, 1H), 5.18 (m, 1H), 4.58 (d,
2H), 4.45 (m, 1H), 4.26 (m, 3H), 2.70 (m, 2H). 13C NMR (75 MHz,
CDCl3): 171.85, 171.29, 144.22, 141.20, 132.72, 128.11, 127.540, 125.66
120.59, 118.03, 66.24, 65.52, 51.02, 47.07, 36.32. Rt (10�100%): 22.0
min. m/z calcd for C22H21NO6, 395.14; found, 418.1 [M + Na+].
Glutaric Acid Mono Amide (Sodium Salt). The ammonium salt was

synthesized via a modified protocol found in literature and then replaced
with sodium ions.44 Glutaric anhydride (0.50 g; 4.4 mmol) was dissolved
in DCM (10 mL) and insoluble glutaric acid filtered off. Aqueous
ammonium hydroxide was heated to 70 �C and the gas bubbled through
the stirred DCM solution. After precipitation of a white solid, the
ammonia was heated for another 30 min and the DCM solution stirred
overnight. The white solid was filtered, washed two times with DCM
(10mL), and dried to yield 0.58 g (3.9mmol; 89%) of glutaric acid mono
amide ammonium salt. The ammonium salt was dissolved in water
(10 mL) and treated with an equimolar amount of sodium hydroxide
(0.16 g) and lyophilized to yield the sodium salt. 1H NMR (250 MHz,
DMSO-d6): δ 7.31 (s, 1H,), 6.63 (s, 1H), 2.03 (q, 4H), 1.65 (m, 2H).
1,4,7-Tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclodode-

cane-10-acetic Acid. (Tris(t-Bu)DOTA) was synthesized according to
procedures given in the literature.45

NMR Spectroscopy and Computational Studies. NMR
Spectroscopy. Nuclear magnetic resonance (NMR) experiments were
recorded with a 20 mM concentrated sample in aqueous 50 mM
acetate buffer pH 4.5 at 280K on a Bruker DMX600 spectrometer
(Bruker Biospin, Rheinstetten, Germany). Spectra were referenced
relative to external DSS.46 Water suppression was achieved with a
WATERGATE sequence.47 1H,1H-TOCSY (80 ms mixing time) and
1H,1H�COSY experiments were used for chemical shift assignment of
all proton resonances using standard procedures.48 Sequential assign-
ment was accomplished by throughbond connectivities from hetero-
nuclear multibond correlation (HMBC) spectra.49 The 1H,1H E-COSY
experiment was used for the extraction of homonuclear coupling
constants.50 For the extraction of distance information, ROESY

experiments (150 ms mixing time) were recorded. 8k and 512 data
points were recorded in the direct and indirect dimension,
respectively.51 For the E-COSY experiment, 2k data points were
recorded in the indirect dimension.

Molecular Dynamics Simulation. The GROMACS 4.0.352 software
package (www.gromacs.org), was used to perform the MD simulations.
All scripts for subsequent analysis were packaged with GROMACS. The
OPLS-AA force field was used for the molecular dynamic simulations.
Rigid SPC water was the water model used. Remaining solute bonds were
constrained by the SHAKE algorithm and temperature and pressure
control was executed by Berendsen coupling.53 A cubic simulation box
with periodic boundary conditions was employed, along with PME
(rcoulomb = 1.1 nm) for electrostatic and with a cut-off distance (rvdw =
1.1 nm) for Lennard-Jones nonbonding interactions. All of the MD
simulations were established and performed using the following proce-
dure. The molecules were built with SYBYL (SYBYL 7.3, Tripos
International, 1699 South Hanley Rd., St. Louis, Missouri 63144, USA),
placed at the center of a cubic simulation box, and a steepest descent
energy minimization in vacuo was conducted. The box was then solvated
with water molecules. Steepest decent energy minimization was used to
remove bad van derWaals contacts between atoms. This was followed by
a series of equilibration steps of 50 fs starting at 50 K (position restraints
at 250000) and going in 50 K steps toward 300 K (no position restraints)
while lowering the position restraints in each step by a factor of 10 except
for the last step, where it was lowered by a factor of 25. These short
simulation was performedwith temperature coupling (τT= 0.1 ps;Tref is
equal to the simulated temperature) and no pressure coupling and used
the output of the previous step as input. An additional equilibration step
at 300 K with temperature coupling (τT = 0.1 ps; Tref = 300 K) and
isotropic pressure coupling (τP = 0.5 ps with reference pressure of
1.01325 bar and 4.5 � 10�5 compressibility) was done for 100 fs.
Following the short equilibrations the long simulations for analysis were
run for a total simulation time of 100�150 ns with otherwise the same
specifications as the last equilibration step.

Docking.The crystal structure with PDB code 3OE0was downloaded
from the RCSB Protein Data Bank.

This file contains a single unit of the CXCR4 receptor cocrystallized
with the cyclic peptide CVX15, which is structurally similar with the
cyclopentapeptides antagonist used in this study. The 3OE0.pdb crystal
structure was prepared using the “Protein Preparation Wizard” panel of
Schr€odinger 2010 molecular modeling package.54 In particular, using the
“preprocess and analyze structure” tool, the bond orders were assigned,
all the hydrogen atoms were added, the disulfide bonds were assigned,
and all the water molecules in a distance greater than 5 Å from any
heterogroup were deleted. Using Epik 2.0 a prediction of the hetero-
groups ionization and tautomeric states was performed.54 An optimiza-
tion of the hydrogen-bonding networkwas performed using the “H-bond
assignment” tool. Finally, using the “impref utility”, the positions of the
hydrogen atoms were optimized by keeping all the heavy atoms in place.

Glide is a grid-based ligand docking with energetics approach and
searches for favorable interactions between ligands and receptors. The
shape and properties of the receptor are represented on a grid by
different sets of fields that provide progressively more accurate scoring of
the ligand pose. These fields are generated as preprocessing steps in the
calculation and hence need to be computed only once for each receptor.
For the grid generation of the CXCR4 receptor, the binding site was
defined using the native CVX15 ligand cocrystallized with the receptor.
This box gives a more precise measure of the effective size of the search
space. However, ligands can move outside this box during grid mini-
mization. The Cartesian coordinates of the inner box, X, Y, and Z length
were set to 30 Å.

These grids were used to dock both the trans and cis conformations
of peptide 7 as experimentally determined by NMR, distance geo-
metry, and subsequent molecular dynamics (restrained MD). The
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conformational space of the ligand is defined by Glide by several lowest-
energy poses that are subjected to a Monte Carlo procedure that
examines nearby torsional minima. This procedure is needed in some
cases to properly orient peripheral groups and occasionally alters
internal torsion angles. The default value (1.00) for the van der Waals
radii scaling factor was chosen, which means no scaling for the nonpolar
atoms was performed (no flexibility was simulated for the receptor). In
the present study, the extra-precision (XP)mode of GlideScore function
was used to score the obtained binding poses. The force field used for the
docking was the OPLS-2005.55

Conformational Search. The 7/CXCR4 complex obtained from
docking studies was used as a starting point to build the 10/CXCR4
complex, which was then subjected to conformational sampling calcula-
tions. In particular, the structure of 10 was built and optimized with
MacroModel within the Schr€odinger Maestro package, keeping also the
second cyclopentapeptide in its trans conformation. Macromodel supplies
eight search algorithms: torsional sampling, serial torsional sampling,
systematic torsional sampling, mixed torsional/low-mode sampling, low-
mode sampling, serial low-mode sampling, large-scale low-mode sam-
pling, and mixed torsional/large-scale low-mode sampling. Among them,
the large-scale low-mode sampling method was used as it implements
techniques to reduce thememory requirements so that it can be applied to
large systems such as protein�ligand complexes. The calculations were
performed with OPLS-2005 force field in a water solvent model. The
energy window for saving structures was set to 5.02 kcal/mol. Each
conformational search included 10000 iterations. The rmsd cutoff value
was set at 0.5 Å to avoid retrieving redundant conformations. When each
search was finished, 100 representative ligand/receptor conformations
were retained by the ligand heavy-atom rmsd analysis. In this way, lower
energy and relatively diverse ligand conformation ensembles were generated.
Pictures of the modeled ligand/receptor complexes were rendered with the
UCSFChimera package from the Resource for Biocomputing, Visualization,
and Informatics at the University of California, San Francisco.56
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