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ABSTRACT:
Combination of the CXCR4 inverse agonist T140 with N-terminal CXCL12 oligopeptides has
produced the first nanomolar synthetic CXCR4 agonists. In those agonists, the inverse agonistic
portion provides affinity whereas the N-terminal CXCL12 sequence induces receptor activation.
Several CXCR4 crystal structures exist with either CVX15, an inverse agonist closely related to
T140 and IT1t, a small molecule; we therefore attempted to produce another CXCL12 oligopeptide
combination with IT1t. For this purpose, a primary amino group was introduced by total synthesis
into one of the methyl groups of IT1t, serving as anchoring point for the oligopeptide graft. The
introduction of the oligopeptides on this analog however yielded antagonists, one compound
displaying high affinity. On the other hand, the aminosubstituted analogue itself proved to be an
inverse agonist with a binding affinity of 2.6 nM compared to 11.5 nM for IT1t. This IT1t-like
analog is hitherto one of the most potent non peptidic CXCR4 inverse agonist reported.
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GRAPHICAL ABSTRACT:

An amino functionalized analog of the CXCR4 ligand IT1t is of higher affinity and inverse
agonistic potency on CXCR4-CAM receptor N119S than IT1t.
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INTRODUCTION
Chemokines and their family of receptors1 mediate several cellular functions; they are key players
to initiate and direct cell movement, an essential event in embryogenesis, hematopoiesis and
angiogenesis.1 CXCL12 and its cognate chemokine receptors CXCR4 and also CXCR72 have been
implicated in a variety of essential physiological and pathophysiological processes. Besides their
normal physiological roles, they participate in inflammatory diseases3,4 such as rheumatoid
arthritis,5 HIV infection,6,7 cancer dissemination8 and the WHIM syndrome (Warts,
Hypogammaglobulinemia, Immunodeficiency, and Myelokathexis),9,10 prompting to develop
novel pharmacological entities to modulate or repress their functions.11
CXCL12 behaves as a CXCR4 agonist on several signaling pathways,12 like the Gi/o and β-arrestin
pathways,13 regulates the retention of hematopoietic stem cells and progenitor cells in the bone
marrow niche.14 Therefore, the development of synthetic CXCR4 agonists is of great relevance for
the mobilization of hematopoietic stem cells, since this approach could sidestep the use of
antagonist, which leads to harmful unwanted effects in long-term use.
CXCR4 is quite pertinent in cancer and to date more than 23 types of cancer have been shown to
overexpress the CXCR4.15 Such CXCR4-positive cancer cells profit from this expression,16
metastasize rapidly and are homing towards tissues highly expressing CXCL1217 (i.e. lymph nodes
and liver) and the bone marrow which then support their survival and protect these cancer cells
from chemotherapeutic agents.
Owing to the pivotal role of this chemokine couple18 CXCL12 and CXCR4 in the spread and
progression of different types of cancer, targeting the CXCL12/CXCR4 axis could be critical for
metastatic phenotypes19 and could have a major impact on the chemotherapy potential on
metastases 20 or even cancer stem cells.21
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We recently reported the discovery and characterization of a low nanomolar class of synthetic
peptidic CXCR4 agonists that mobilize REH cells (pre B-lymphocytes), a leukemia cell line. 22,23
Those molecules are promising drug candidates with the potential for widespread benefits to
metastatic cancer patients. However, while those compounds present great topological and
pharmacological information, they do not exhibit appropriate pharmacokinetic (PK) properties.24
It has been extensively shown previously that the N-terminal end of CXCL12 alone is mainly
responsible for the induction of chemotaxis on stem/progenitor cells and previous SAR studies on
the N-terminal pharmacophore showed the importance of several residues25 and their contribution
to the activation of the signaling cascade of CXCR4 including chemotaxis.26
The C-terminus end of CXCL12 plays a crucial role in the initial recognition of the chemokine
receptor27 and is particularly important for stabilization of the interactions between CXCR4 and
CXCL12.28
Throughout electrostatic interactions with negatively charged residues from the N-terminal tail of
CXCR4, the C-terminus of CXCL12 controls potency29 and contributes to regulate CXCL12
orientation.30
Based on both this two-step interactions model of the CXCR4/CXCL12 couple where only the Nterminus of CXCL12 leads to conformational change allowing therefore activation of the
intracellular signaling pathways of CXCR4,31 we aimed to develop a new scaffold to design more
stable agonists through structure-based drug design.
Pharmacological studies on a new class of orally bioavailable, highly potent CXCR4 antagonists
and crystallographic structural studies have highlighted the potential of IT1t32 as a scaffold
(Scheme 1) for agonists design.33
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On this background, we set out to develop highly potent chemotactic CXCR4 agonists with
improved biopharmaceutical properties by anchoring an improved CXCL12 N-terminus peptide
onto a functionalized IT1t scaffold.
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RESULTS
Chemistry of novel IT1t-like molecules
In the course of SAR studies on the IT1t molecule and based on the literature, we attempt to modify
the gem-dimethyl in the beta position of the endocyclic isothiourea. We substituted one of the two
methyl groups with either an amino or a guanidino function, in order to insert a functional amino
group for future CXCL12 N-terminus peptide anchoring.
Herein, we describe the synthesis and characterization of novel IT1t-like molecules.
The incorporation of an aminomethyl group posed synthetic challenges. As a potentially general
route for exploration, we first envisioned a synthetic route starting the synthesis of a functionalized
protected triamine. Our attempts focused on the formation of a suitable triamine on which the
endocyclic thiourea ring could be constructed. As such, the first successful synthetic route to
racemic 6 is outlined in Scheme 1 with the formation of a key target intermediate functionalized
protected triamine. This synthesis favors the use of stable intermediates compared to the use of
propellants (polynitro or polyazido) usually described in the literature for different polyamines.34,35
We also avoided high pressure, high temperature hydrogenation and provided a more secure way
to generate the polynitrogenated intermediate.36 Thus, the functionalized protected triamine was
formed by reaction of commercially available methyl methacrylate with freshly prepared Ntosyliminobenzyliodinane. The aziridine ring formed was converted in the intermediate 2 with two
hidden amino functions. Addition of tosyl chloride fully protected the residual free amino group.
Reduction of the amide group followed by protection of the resulting amine gave the key
intermediate 6, which after Birch reduction gave racemic mono-protected triamine 7. The addition
of carbon disulfide afforded the cyclic thiourea 8 in a 51% yield (2 steps). The formation of the
second 5-membered ring was achieved with 1,3 dichloroacetone in acetonitrile under reflux,
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providing alkyl chloride 9. The penultimate intermediate was obtained via nucleophilic substitution
with dicyclohexylthiourea using Finkelstein reaction in situ. Deprotection of the protected amine
bis isothiourea gave the final product 11, with an overall yield of 6.5% (Scheme 2).
Compound 11 was guanidinylated using Goodman reagent, followed by successive deprotection
under acidic conditions (Scheme 2).
Compound 11 and its guanidinylated (12) analog were characterized via 1D- and 2D-NMR
experiments and their biological activity assessed using several assays.

Biological characterization of IT1t-like molecules
Binding affinities for human CXCR4 receptor were determined by inhibition of

125

I-CXCL12

binding in HEK293 membranes stably expressing the human HA-tagged CXCR4 receptor as
previously described.22 Each compound was tested in an 8-point curve radioligand-binding assay
to determine its IC50 value.
The competition curves of specific binding to human CXCR4 receptor obtained for compound 11
and IT1t show that compound 11 possesses a better binding profile than IT1t with a IC50 of 2.6 ±
0.06 nM (Figure 1) compared to 11.5 ± 1.8 nM for IT1t. Knowing that compound 11 is a racemic
mixture, it is probable that only one of the two enantiomers possesses higher affinity.
In the CXCR4-IT1t complex described by Wu and coworkers,33 the gem-dimethyl of IT1t seems
to be in close proximity with Glu2887.39 (Ballesteros-Weinstein numbering)37 from the TMD7 of
hCXCR4, which is also implicated in a salt bridge with the protonated imidazothiazole. Since the
insertion of a positive charge increases potency and efficacy, it could be conceivable that the amino
group from compound 11 forms an additional salt bridge within the binding pocket. 2 ns molecular
dynamics (MD) simulations suggest one of the isomers of compound 11 could form an additional
8

at

This is the accepted (postprint) version of the following article: Mona CE, et al. (2016). Org Biomol Chem. doi:
10.1039/c6ob01484d,

which

has

been

accepted

and

published

in

its

final

form

http://pubs.rsc.org/en/content/articlelanding/2016/ob/c6ob01484d

salt bridge with the side-chain of residue D2887.39, but rarely short enough to form a direct H-bond
(4.8 ± 0.7 Å) (Figure 2, A). A water-mediated H-bond was observed (not shown). The simulation
of the other isomer indicates it could form an H-bond with the sidechain of residue D187ECL2
(Figure 2, B).
The presence of localized charge seems to be preferred over charged bidentate guanidinium, as the
guadininium compound (12) showed no affinity gain with an IC50 of 9.1 ± 2.9 nM. MD simulations
of the two isomers of compound 12 suggest that with one of them, the guanidinium does not form
additional interactions with the receptor and rather interacts with water molecules within the
binding pocket (Figure 2, C). With the other enantiomer, the guanidinium could form new Hbonds with D1714.60, H1133.29 and T1173.33 but the H-bond between the imidazothiazole and
D2887.39 is lost (Figure 2, D). Based on MD simulations and the first set of separated peptide
conjugates (see below), we speculate that one of the isomers of 11 (most likely that presented in
Figure 2, B) should possess a higher affinity. Regarding 12, our model suggests different binding
poses, which should translate in different affinities. However, given that both isomers make Hbonds with the receptor in their respective poses, it is difficult to predict which complex would be
the most stable.
We first tested our molecules into agonist mode on both Gαi activation (Figure S1, A†) and βarrestin-2 recruitment (Figure S1, B†) to ensure that the introduction of a functional charge did not
induce any agonist behavior. As expected, no agonistic behavior was detected in this assay
paradigm for IT1t, 11 and 12. We then determined whether these newly synthesized molecules
could act as functional antagonists on CXCR4. Receptor antagonism was determined by measuring
inhibition of Gαi recruitment in HEK293 transiently transfected with Gαi-91-RlucII, Gβ1, and
GFP10-Gγ1. Cells were incubated with fixed concentrations of antagonists between 10 and 100 nM
9
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before stimulation with increasing concentrations of CXCL12 (ranging from 10–13 to 10–7 M). The
ability of our newly synthesized IT1t-like molecules to inhibit the Gαi response induced by
CXCL12 was monitored and quantified. IT1t, 11 and 12 inhibited the Gαi response induced by
CXCL12, however compound 11 shifted the response at significantly lower concentrations. Values
of pA2 extrapolated using the Schild/Gaddum equation were found to be 6.8 ± 2.3 nM for IT1t, 0.4
± 0.3 nM for 11 and 8.2 ± 3.1 nM for 12. As chemotaxis is one of the most important properties of
the chemokine family, we tested the ability of these new molecules to antagonize CXCL12 action
on a physiological assay, CXCL12-triggered cell migration.
Chemotaxis is a complex physical process that depends on both the physicochemical properties of
the chemoattractant and the stability of the system's established gradient.38 To fully characterize
our ligands, inhibition of CXCL12-induced chemotaxis was assessed with pre-B lymphocytes
(REH cells) in transwell migration assays. When assessing antagonist activity, 1 nM of CXCL12
was placed in the bottom chamber, and antagonist at increasing concentrations was placed in the
same compartment as CXCL12. IC50 values were found to be 55.9 ± 17.3 nM, 23.6 ± 7.1 nM, and
34.7 ± 11.5 nM for IT1t, 11 and 12, respectively (Figure 3).
During the above functional tests, we observed a slight increase of the BRET signal in the Gαi
assay (Figure S1, A†); this could be related to a reduction of the basal activity of the CXCR4
receptor and led us to believe that the new compounds may act as inverse agonists rather than
neutral antagonists.
To test this hypothesis, we used the previously reported CXCR4 constitutively active mutant
(CAM), N119S,39 for validation, with the largely described inverse agonist T14039,40 as a positive
control. Our results showed indeed a decrease in the constitutive activity in both the Gαi (Figure
4, A) and β-arrestin (Figure 4, B) assays, thus validating the fact that those ligands behave, in fact,
10
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as inverse agonists. Potency to reverse the basal Gαi activity of the CAM receptor were found to
be 11.3 ± 4.0 nM, 53.0 ± 31.1 nM, 55.7 ± 39.3 nM and 6.22 ± 4.61 nM for T140, IT1t, 11 and 12
respectively. Interestingly, compound 11 was found to be as efficient as T140 with an Emax of 103
± 9 % whereas IT1t and compound 12 were only able to reverse the CAM activity of 77.0 ± 8.8 %
and 80.6 ± 9.2, respectively.
Similar behavior was found on β-arrestin-2 recruitment with EC50 for T140, IT1t, 11, and 12 of
respectively 0.33 ± 0.31 nM, 1.51 ± 1.60 nM, 0.26 ± 0.29 nM, and 3.05 ± 2.73 nM. Surprisingly,
all the compounds were found to be as efficient as T140 to reverse the CAM activity on β-arrestin2 recruitment.
Altogether, these data confirm that analog 11 is a new potent CXCR4 inverse agonist with an
interesting functional group for peptide anchoring.
It is not surprising that IT1t and IT1t-like molecules acts as inverse agonists since it was reported
that 85% of reported neutral antagonists are in fact inverse agonists41 when tested on CAM receptor
or on receptor with basal activity.
Since CXCR4 plays a crucial role in the WHIM syndrome9,10 which is associated to an increased
basal CXCR4 signaling activity, IT1t and IT1t-like molecules could be a great asset for drug
discovery in this particular disease.

C-terminal attachment of CXCL12 N-terminus on analog 11
Fully characterized compound 11 on biological assays was then attached on resin on the C-terminus
of an immobilized CXCL12 N-terminus decapeptide (Scheme 3).
To do so, we used a non-conventional strategy with Ellman’s DHP resin42,43 to anchor compound
11 onto CXCL12 N-terminus peptide. First, through side chain attachment, we coupled the
11
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dipeptide Fmoc-L-Ser(OH)- L-Ala-OAllyl (14) under microwave irradiation, then elongated the
peptide using standard Fmoc/t-Bu SPPS to obtain the decapeptide protected on its C-terminal by
an allyl ester. After stepwise solid-phase peptide synthesis, the decapeptide was deprotected on its
C-terminus using palladium and phenylsilane, then 11 was coupled using HATU and DIPEA. The
target compounds were obtained in a 1/1 diastereoisomeric mixture that was separated by HPLC
afterwards.
We first examined the binding properties of both diastereoisomers on the human CXCR4 receptor.
IC50 values were found to be 0.49 ± 0.13 nM for CXCL12, 334 ± 67 nM for compound 16 and 111
± 20 nM for compound 17 (Figure S2†), thus exhibiting a loss of affinity of nearly 30- and 10-fold
for compounds 16 and 17, respectively.
Biological studies were done using the Gαi activation assay in the agonist paradigm. Cells were
stimulated with increasing concentrations of compounds 16 and 17 (10–11 to 10–5 M) and we
monitored the ability of these compounds to activate Gαi. Despite their agonist moiety, both
diastereoisomers failed to induce Gαi response at concentrations up to 10-5M (Figure S3†).
Since cell migration was shown to be an integrative pathway involving multiple downstream
activation cascades, we then performed Transwell migration assay in the agonist paradigm to
observe whether compounds 16 and 17 could activate other pathways than the Gαi pathway.
Unfortunately, those compounds were not able to trigger any migration of REH cells (Figure S4†).
In the light of these results, we performed the same assays in an antagonist paradigm to investigate
whether our compounds behaved as antagonists and were able to inhibit the Gαi response induced
by CXCL12 as well as the CXCL12-triggered migration of REH cells. In the Gαi assay, compound
16 and 17 were found to be antagonists at the CXCR4 receptor with a pA2 value of 171 ± 108 nM
and 85 ± 25 nM respectively. These values were higher than the pA2 value of 11 alone. This
12
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antagonist behavior was also found in the migration assay were both compounds 16 and 17
inhibited CXCL12-induced migration with an IC50 of > 2,000 nM and 914 ± 443 nM, respectively
(Figure 5). With the CXCR4-IT1t complex described by Wu et al., 33 and with the recent homology
model with CXCL12 based on the published crystal with the viral chemokine v-MIPII,44
highlighting the subpockets implicated in the two-step binding of CXCL12, we can observe that
IT1t occupies the same region as the N-terminus of CXCL12. IT1t is involved in several
interactions with charged residues of the CXCR4 receptor like Asp972.63 and Glu2887.39 that occurs
to interact with the N-terminus Lysine of CXCL12.44 Since the C-terminus hybrids retain higher
affinity to CXCR4 than the N-terminus decapeptide of CXCL1226 and since compound 11 seems
to behave similarly to IT1t, it is plausible that compound 11 drives the binding of the hybrids
molecules 16 and 17 and places the N-terminus of CXCL12 in a mismatch position for activation.

N-terminal attachment of CXCL12 N-terminus on analog 11
In the light of these results and based on recent structural data44 showing that IT1t occupies a similar
position in the crystal than the activation responsible dipeptide Lys-Pro,

23,45

respectively in

position 1 and 2 of the N-terminal chain of the CXCL12, we focused on another strategy to graft
compound 11, our most potent inverse agonist, in place of the N-terminus dipeptide Lys-Pro
(Scheme 4). Using a bromoacetate strategy, we firstly synthesized the des-Lys-Pro N-terminus
octapeptide of CXCL12 using Rink Amide resin.
When the stepwise solid-phase peptide synthesis was completed, the octapeptide N-terminal was
deprotected with piperidine in DMF. Simultaneously, we freshly prepared the symmetric 2bromoacetic anhydride using bromo acetic acid and N,N-Diisopropylcarbodiimide (DIC). Simple
addition of the anhydride mixture onto the resin with stirring for 30 minutes provided the bromo
13
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intermediate, subsequent SN2 substitution with compound 11 and DIPEA provided the pure
diastereoisomeric mixture of N-terminus modified hybrids (Compound 18).
Pharmacodynamic studies were assessed using the same assays as previously described in agonist
mode. Firstly, we assessed the binding affinity of compound 18. This C-terminus hybrid binds with
an IC50 of 22.2 ± 1.6 nM (Figure S5†).
Gαi recruitment using BRET-based assays showed no activation whatsoever of the CXCR4
receptor (Figure S6†). We then performed Transwell migration assays and observed that this
hybrid was not able to induce REH chemotaxis (Figure S7†).
In the light of these results, we performed the same assays in an antagonist paradigm to investigate
whether compound 18 behaved as an antagonist and was able to inhibit the Gαi response induced
by CXCL12 as well as the CXCL12-triggered migration of REH cells. In the Gαi assay, compound
18 was found to be an antagonist at the CXCR4 receptor with a pA2 value of 8.51 (3.07 ± 2.2nM),
this value was found to be closer to the pA2 of the value of 11 alone (Figure S8†).
The reverse attachment of CXCL12 N-terminus on compound 11 led to a significantly increase of
affinity which tends to support that the N-terminus of CXCL12 may be placed in a more optimized
position in the receptor. However, since no activity was observed, the hybrid seems to block the
CXCR4 receptor in an energy minimum stabilizing an inactive state of the receptor (Figure S9†).
Furthermore, it has been shown that Lys1 of CXCL12 is highly important for the activation of
CXCR446 and as compound 11 seems to occupy the same binding pocket,44 it is likely that
compound 11 may block the activation hot spot and that the hybrid is behaving like analog 11.
Furthermore, our recent works suggest that Lys1 of CXCL12 breaks the interaction between
D2887.39 and Y1163.32, leading to an increased separation between TMD3 and TMD7 through an
interaction of its ε-NH with the side chain of Y116 and its N-terminus with D288 . We believe
3.32

7.39

3
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a hybrid molecule that leads to similar interactions, possibly with the CXCL12 N-terminus-derived
moiety forming a salt bridge with D288 while the imidazothiazole of IT1t interacts with Y116 ,
7.39

3.32

could present agonistic properties . Future experiments will focus on exploring this hypothesis.
23, 45
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CONCLUSIONS
Throughout this study, we have optimized a synthesis of amino- and guanidine-functionalized IT1t
analogues, using a safe and robust synthesis of triamines. Very few methods are reported for the
synthesis of this kind of compounds and this constitute a new versatile synthetic way for
polynitrogenated compounds. Next, we revealed the inverse agonistic behaviour of IT1t and IT1tlike molecules on the CXCR4 receptor. We discovered that the insertion of a positive charge either
by amino methyl or guanidino methyl gave potent inverse agonists, which opens the way for
subsequent optimization of this class of molecules. Moreover, insertion of primary amine and a
localized positive charge on the gem-dimethyl moiety increased the inverse agonist behavior
compared to the reported IT1t. This molecule could be used as a tool to explore the structural
features of the CXCR4 receptor.
We have described two types of hybridization with our compound. However, further hybrids design
should be done to use analog 11 as a scaffold for agonist design.
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EXPERIMENTAL SECTION
Synthetic procedures
Reagents were purchased from Sigma Aldrich. Solvents were purchased from Fischer and used as
received. Reactions were carried out under inert atmosphere of dry argon in oven-dried glassware.
Reactions were monitored using thin-layer chromatography (TLC).
TLC was performed on glass plates SIL 60 G-25, UV254, 0.25mm, 20 x 20 cm (Canadian Life
Science, Peterborough, ON).
Amino acids, TFA and DIPEA were purchased from Chem-Impex. DMF was stored over
3Å molecular sieves. Peptide synthesis was performed in 6 mL polypropylene cartridge with 20µm
PE frit from Applied Separations (USA). Peptides were shaken ( ̴ 180 rpm) on a New Brunswick
Scientific orbital shaker.
Preparative purifications were made on a Waters preparative HPLC system paired with an ACE 5
C18 column. Analytical HPLC were performed on a Water H Class Acquity UPLC coupled with
a SQ Detector 2 and a PDA eλ detector and paired with a Acquity UPLC BEH C18 column, 1.7µm,
2.1 x 50 mm. Diastereoisomer separation was assessed on a Waters Mass-trigggered preparative
HPLC system paired with a x-SELECT CSH Prep C18 5µm column coupled with a SQ Detector
2 and a PDA eλ detector.
Chromatography and MS spectra were recorded on a Waters UPLC-MS system, and compounds
were dissolved in a mixture of acetonitrile and 0.1% TFA in water.
NMR spectra were recorded in deuterated solvents on a Bruker AC300 NMR or a Varian 300 NMR
or a Varian 600. NMR chemical shifts are reported in ppm (parts per million) and coupling
constants (J) in Hertz. The abbreviations for peak multiplicities are described as follows: s (singlet),
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d (doublet), dd (doublet of doublets), t (triplet), q (quartet), qt (quintet), m (multiplet) and bs (broad
singlet).
2D experiments were performed on a Varian 600 MHz spectrometer equipped with a Z-axis pulsedfield gradient triple resonance probes.
HRMS were performed on a Bruker MaXis 3G high resolution Q-ToF.
Synthesis

of

(Z)-(6,6-dimethyl-5,6-dihydroimidazo[2,1-b]thiazol-3-yl)methyl

N,N'-

dicyclohexylcarbamimidothioate or IT1t.
Synthesis of IT1t was done according to the paper of Thoma et al.

Synthesis of N-tosyliminobenzyliodinane47 (Compound 1)
To a cooled suspension (temperature below 10 ˚C) of p-toluenesulfonamide (20.52 g), potassium
hydroxide (16.80 g) and dry methanol (500 ml) under stirring was added iodobenzene diacetate
(38.4 g) by portions. The resulting yellow colored solution was allowed to warm to room
temperature and then stirred for 3 h. 300 mL of iced water was poured into the reaction mixture
and the light yellow suspension was stirred overnight. The light yellow solid was isolated by
filtration and filtered on a Büchner funnel. The solid was washed with ether at least three times (3x
100 mL) to remove residual iodobenzene then dissolved in boiling methanol (150 mL) and
recrystallized in a freezer overnight. A pale yellow solid was then obtained by filtration. Yield
81% (36.2g recovered).
1

H NMR (300MHz, DMSO-d6): δ 7.69 (d, 2H), δ 7.45 (m, 3H), δ 7.3 (m, 2H), δ 7.05 (d, 2H), δ

2.27 (s, 3H)
13

C NMR (300MHz, DMSO-d6): δ142.6, 142.1, 137.8, 131.4, 130.1, 128.5, 126.3, 128.1, 126.3,

95.6, 21.7
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Synthesis of methyl 2-methyl-1-tosylaziridine-2-carboxylate48 (Compound 2).
To a solution of dry acetonitrile (120 mL), molecular sieves 4Å (8.4 g) and Cu(OTf)2 (1.01 g, 0.1
eq., 2.79 mmol) under stirring was added methyl methacrylate (3 mL, 1 eq., 28.17 mmol) and by
portions PhINTs (1) (12.63 g, 1.2 eq., 33.86 mmol).
The reaction mixture was stirred at room temperature overnight.
The pale green crude solution was filtered on a pad of silica, and then washed in a hexane-ethyl
acetate mixture (1:1). The filtrate was evaporated to dryness to give a brown oily solution, which
was then purified by flash chromatography using ethyl acetate-hexane (30:70).
The desired product was obtained as an off white crystal.
Yield: 78% (6.7 g)
1

H NMR (300MHz, DMSO-d6): δ 7.78 (d, 2H, J=8.1Hz), δ 7.46 (d, 2H, J=8.0Hz), δ 3.65 (m, 3H,),

δ 2.79 (d, 2H, J=7.5Hz), δ 2.41 (s, 3H), δ 1.73 (s, 3H)
13

C NMR (300MHz, DMSO-d6): δ 167.6, 143.8, 135.8, 129.2, 126.4, 52.1, 45.6, 20.3, 14.3

MS (ES+) m/z (M+H)+ 270.78 (M+Na)+ 292.76

Synthesis of 3-amino-2-methyl-2-(4-methylphenylsulfonamido)propanamide (Compound 3).
Methyl 2-methyl-1-tosylaziridine-2-carboxylate (4.5 g, 16.7 mmol) of compound 2 was dissolved
in ammonia (7M in methanol, 20 eq., 40 mL)49. The mixture was heated in a sealed tube at 65 ˚C
overnight. After cooling to room temperature, the solvent was removed under vacuum and the
crude product used in the next step without further purification (mean conversion: 85%).
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1

H NMR (300MHz, DMSO-d6): δ 7.73 (d, 2H, J=8.2Hz), δ 7.36 (d, 2H, J=8.1Hz), δ 7.17 (d, 2H,

J=10.1Hz), δ 3.65 (bs, 2H), δ 3.34 (bs, 2H), δ 2.65 (dd, 2H, J=13.5Hz), δ 2.37 (s, 3H), δ 1.10 (s,
3H)
13

C NMR (300MHz, DMSO-d6): δ 174.6, 142.2, 140.6, 129.3, 126.2, 63.0, 49.5, 20.9, 19.8

Synthesis of 2-methyl-2,3-bis(4-methylphenylsulfonamido)propanamide (Compound 4).
To a slurry of 3-amino-2-methyl-2-(4-methylphenylsulfonamido)propanamide (4.53 g, 16.7 mmol)
in water (40 mL) was added NaOH (0.4 g, 0.6 eq., 10 mmol) to adjust the pH to 10 followed by
dropwise addition of a solution of p-toluenesulfonyl chloride (3.80 g, 1.2 eq., 20.04 mmol) in
acetone (10 mL) simultaneously with NaOH (0.4 g, 0.6 eq., 10 mmol) to maintain a pH of 10. The
reaction mixture was heated at 45 ˚C for one hour and once the starting material was consumed;
the pH was adjusted to 2-3 with 6M HCl.
The reaction mixture was then extracted with ethyl acetate (3x80 mL), the organic phases washed
with brine (3x40 mL) then pooled, dried with dry MgSO4 and concentrated under vacuum.
The oily residue was dissolved in ethyl acetate to perform a solid deposit and then, the crude
product was purified by flash column chromatography using ethyl acetate: hexane (90:10). The
desired product was obtained as a bright white crystal. Yield: 71% (5.03 g)
1

H NMR (300MHz, DMSO-d6): δ 7.68-7.59 (m, 4H), δ 7.40-7.31 (m, 6H), δ 7.20 (d, 2H,

J=16.1Hz), δ 2.83 (s, 2H), δ 2.39 (s, 3H), δ 2.37 (s, 3H), δ 1.16 (s, 3H)
13

C NMR (300MHz, DMSO-d6): δ 174.0, 146.6, 143.4, 141.1, 138.2, 130.5, 130.3, 127.4, 127.3,

62.1, 50.7, 21.9, 20.6
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Synthesis

of

N,N'-(3-amino-2-methylpropane-1,2-diyl)bis(4-methylbenzenesulfonamide)

(Compound 5).
Borane tetrahydrofuran complex (1M solution in THF, 18.8 mL, 2 eq., 18.8 mmol) was added to a
round-bottom flask containing 2-methyl-2,3-bis(4-methylphenylsulfonamido)propanamide (4 g,
9.4 mmol) at 0 ˚C. The reaction mixture was kept at 0°C until hydrogen evolution stopped, then
refluxed overnight. After cooling to room temperature, the solvent was removed under vacuum and
the crude product was co-evaporated at least three times with methanol. Completion was checked
by UPLC-MS and the crude product was used directly in the next step without further purification
(Conversion rate: 99%).

Synthesis of tert-butyl (2-methyl-2,3-bis(4-methylphenylsulfonamido)propyl)carbamate
(Compound 6).
To a stirred mixture of tert-butyl (2-methyl-2,3-bis(4methylphenylsulfonamido)propyl) carbamate
(3.87 g, 9.4 mmol) and triethylamine (5 mL, 4 eq., 37.6 mmol) in DCM (40mL) was added di-tertbutyl dicarbonate (4.10 g, 2 eq., 18,8 mmol). The resulting solution was stirred at room temperature
for at least 3 hours. The reaction was monitored by TLC until completion.
Once completed, the reaction mixture was extracted with ethyl acetate, the organic phases washed
with HCl 1M and brine then gathered, dried with dry MgSO4 and concentrated in vacuo.
The oily residue was dissolved in DCM to perform a solid deposit, then the crude product was
purified by flash column chromatography using ethyl acetate: hexane (1/1). The desired product
was obtained as a white powder. Yield: 73% (3.5 g)
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1

H NMR (300MHz, CDCl3): δ 7.72 (dd, 4H, J=8.6Hz, J=6.4Hz), δ 7.29 (m, 4H), δ 5.37 (t, 1H,

J=7.6Hz), δ 5.31 (s, 1H), δ 3.97 (dd, 2H, J= 11.4Hz), δ 2.95 (m, 2H), δ 2.42 (d, 6H, J=3.3Hz), δ
1.43 (s, 9H), δ 1.14 (s, 3H)
13

C NMR (300MHz, CDCl3): δ 153.2, 143.5, 143.4, 139.4, 136.5, 129.7, 129.6, 126.9, 126.8, 83.1,

69.6, 57.8, 48.5, 27.5, 21.4, 19.3

Synthesis of tert-butyl (2,3-diamino-2-methylpropyl) carbamate (Compound 7).
The Birch reaction was conducted in a three-necked round-bottom flask with a dry ice condenser,
a gaseous NH3 inlet and a stopper for sodium addition, using THF freshly distilled over sodium and
benzophenone. Ammonia (90 mL) was condensed at -78 ˚C then Na (1.8 g, 20 eq., 7.83 mmol) was
added and the solution turned immediately dark blue. A solution of (6) (2 g, 3.91 mmol) in dry
THF (12 mL) was added to the reaction mixture.
After consumption of the starting material (not detectable after 1 h by UPLC-MS and TLC), the
unreacted Na was quenched with a mixture of THF/Methanol (1/1) (30 eq. of Methanol, 4,75 mL)
until discoloration of the mixture. Upon discoloration, ammonia was evaporated under a flow of
air, until the pH of the airflow was neutral. The reaction mixture was then dissolved in water until
complete dissolution of precipitate then evaporated in vacuo. The resulting aqueous phase
(acidified to a pH around 6-7 with HCl 1M) was extracted with ether (5x 15 mL). The aqueous
phase was lyophilized and the following reaction was started without further purification
MS (ES+) m/z (M+H)+ 204.85
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Synthesis of tert-butyl ((4-methyl-2-thioxoimidazolidin-4-yl) methyl) carbamate (Compound
8).
A solution of the above crude materials containing tert-butyl (2,3-diamino-2-methylpropyl)
carbamate (794 mg, 1 eq., 3.89 mmol) in DCM (20mL) was cooled down to 0 ˚C then carbon
disulfide (520 µL, 2.2 eq., 8.56 mmol) was slowly added50. The reaction mixture was refluxed
overnight. Once completed, the solvent was evaporated and the oily residue purified by flash
chromatography from DCM 100% to DCM-Methanol (98: 2). The desired product was obtained
as a pale yellow powder. Yield: 51% for 2 steps (489 mg)
1

H NMR (300MHz, DMSO): δ 7.98 (d, 2H, J=14.2Hz), δ 6.94 (t, 1H, J=5.5Hz), δ 3.43-2.95 (m,

4H), δ 1.37 (s, 9H), δ 1.11 (s, 3H)
13

C NMR (300MHz, DMSO): δ 179.8, 154.5, 76.4, 61.0, 51.7, 45.5, 26.6, 21.9

Synthesis of tert-butyl ((4-methyl-2-thioxoimidazolidin-4-yl)methyl)carbamate (Compound
9).
A solution of tert-butyl ((4-methyl-2-thioxoimidazolidin-4-yl)methyl)carbamate (186 mg, 1 eq.,
0.76 mmol), 1,3-dichloro acetone (161 mg, 0.9 eq., 1.27 mmol) and acetonitrile (2 mL) was
refluxed for 4 hours50. The reaction was monitored by UPLC-MS. Once completed, the crude was
basified with saturated NaHCO3 to a pH around 7-8 then extracted three times with ether (3*4 mL).
The organic layer was washed with brine, dried over dry MgSO4 and concentrated in vacuo. The
product was then dried overnight in vacuo. The product was used without further purification with
a mean purity of 80%. Yield: 80% (192 mg). Purity: 80% (UPLC-UV).
1

H NMR (300MHz, DMSO): δ 6.86 (t, 1H, J=5.7Hz), δ 6.14 (s, 1H), δ 4.54 (dd, 2H, J=12.3Hz), δ

3.65 (dd, 2H, J= 9.5Hz) δ 2.99-3.16 (m, 2H), δ 1.40 (s, 9H), δ 1.21 (s, 3H)
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C NMR (300MHz, DMSO): δ 166.3, 156.5, 132.4, 102.8, 78.2, 53.9, 48.8, 37.7, 28.6, 25.7

Synthesis of (Z)-tert-butyl ((3-(((N,N'-dicyclohexylcarbamimidoyl)thio)methyl)-6-methyl5,6-dihydroimidazo[2,1-b]thiazol-6-yl)methyl) carbamate (Compound 10).
To a solution of tert-butyl ((4-methyl-2-thioxoimidazolidin-4-yl)methyl) carbamate (100 mg, 1 eq.,
0.31 mmol) in acetone was added TBAI (30 mg, 0,25 eq., 0.079 mmol) followed by K2CO3 (136
mg, 3 eq., 0.95 mmol) and dicyclohexylthiourea (78 mg, 1 eq., 0.31 mmol). The reaction mixture
was then heated at 55 ˚C for 1 hour and monitored by UPLC-MS. After consumption of the starting
material, the crude was evaporated then dissolved in DCM and washed with citric acid 1M. The
aqueous phase was concentrated in vacuo and the product purified by preparative HPLC. The
compound was purified at a 230 nm wavelength using a 10-45% gradient of acetonitrile with 0.1%
TFA. Yield: 30%
1

H NMR (300MHz, DMSO): δ10.40 (bs, 2H), 9.29 (bs, 2H), δ 7.30 (t, 2H, J=8.4Hz), δ 6.84 (s,

1H), δ 4.59 (dd, 2H, J= 15.2Hz), δ 4.25 (dd, 2H, J=11.1Hz), δ 3.74 (bs, 2H), δ 3.34 (m, 3H), δ 2.79
(m, 2H), δ 1.85-1.05 (m, 20H), δ 1.45 (s, 3H), δ 1.39 (s, 9H)
13

C NMR (300MHz, DMSO): δ 149.9, 141.5, 137.2, 112.1, 91.4, 59.4, 53.5, 37.3, 35.9, 34.0, 28.5,

13.1, 12.0, 9.1, 5.4, 4.5
MS (ES+) m/z (M+H)+ 523.0
HRMS: m/z calculated for C26H43N5O2S2 : m/z calculated 522.2931 (MH+), m/z observed:
522.2952 (MH+).

Synthesis

of

(Z)-2-((6-(ammoniomethyl)-6-methyl-5,6-dihydroimidazo[2,1-b]thiazol-3-

yl)methyl)-1,3-dicyclohexylisothiouronium (Compound 11).
24

at

This is the accepted (postprint) version of the following article: Mona CE, et al. (2016). Org Biomol Chem. doi:
10.1039/c6ob01484d,

which

has

been

accepted

and

published

in

its

final

form

http://pubs.rsc.org/en/content/articlelanding/2016/ob/c6ob01484d

To a solution of (10) (49 mg, 0.094 mmol) was added hydrogen chloride solution 4 M in dioxane
(4 eq., 95 µL, 0.38 mmol). The reaction mixture was stirred for 30 minutes, then the product
precipitated in ether. The resulting precipitate was dissolved in water and dried under vacuum to
remove the residual traces of ether, then lyophilized. If the product was not purified at the previous
step then the aqueous phase was purified on a preparative HPLC system at 232 nm and 260nm
using a 5-30% gradient of acetonitrile with 0.1% TFA.
All fractions containing the desired product were lyophilized and analyzed by UPLC-MS in a in a
50mM ammonium formate buffer.
1

H NMR (300MHz, DMSO): δ 9.27 (bs, 2H), δ 8.42 (bs, 3H), δ 6.87 (s, 1H), δ 4.60 (dd, 2H, J=

15.3Hz), δ 4.34 (dd, 2H, J= 11.7Hz), δ 3.74 (bs, 2H), δ 3.28 (dd, 2H, J= 14.4Hz), δ 1.83-1.06 (m,
20H), δ 1.57 (s, 3H)
13

C NMR (300MHz, DMSO): δ 169.3, 160.9, 158.7, 156.6, 131.5, 110.8, 78.8,72.9,56.7, 55.2, 53.4,

47.9,32.5, 31.4, 28.5, 24.8, 23.9
HRMS: m/z calculated for C21H35N5S2 : m/z calculated 422.2407 (MH+), m/z observed: 422.2409
(MH+).

Synthesis

of

((Z)-(6-(guanidinomethyl)-6-methyl-5,6-dihydroimidazo[2,1-b]thiazol-3-

yl)methyl N,N'-dicyclohexylcarbamimidothioate (Compound 12).
To a solution of (11) (30 mg, 1 eq., 0.07 mmol) in DCM (2 mL) was added Et3N (2 eq., 24 µL,
0.14 mmol) followed by Goodman reagent 51(1 eq., 24 mg, 0.07 mmol). The mixture was stirred at
r.t. for 4 hours. After completion, DCM was evaporated and the mixture was diluted with water
and purified on a mass-triggered preparative HPLC system using a 5-20% gradient of acetonitrile
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with 0.1% formic acid. All the fractions containing the desired product were lyophilized and
analyzed by UPLC-MS and NMR.
1

H NMR (300MHz, DMSO): δ 9.29 (d, 4H, J=25.6Hz), δ 8.48 (t, 1H, J=6Hz), δ 7.63 (bs, 3H), δ

7.39 (s, 1H), δ 6.90 (s, 1H), δ 4.65 (dd, 2H, J=15.1Hz), δ 4.28 (dd, 2H, J=11.3Hz), δ 3.79-3.55 (m,
9H), δ 1.85-1.09 (m, 21H), δ 1.55 (s, 3H)
13

C NMR (300MHz, DMSO): δ 169.9, 161.2, 159.3, 159.1, 158.2, 131.5, 118.6, 116.6, 111.4, 72.4,

56.9, 55.0, 53.7, 48.4, 32.7, 32.7, 31.6, 29.1, 28.3, 25.1, 24.9, 24.3
HRMS: m/z calculated for C22H37N7S2 : (MH+) 464.2625, m/z observed: (MH+) 464.2630.

Synthesis

of

(S)-allyl

2-((S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(tert-

butoxy)propanamido)propanoate (Compound 13).
In a 35 mL microwave vial equipped with a magnetic stir bar, L-Alanine allyl ester hydrochloride
(500 mg, 1 eq, 3.87 mmol) was dissolved in DMF (15 mL), followed by DIPEA (4.05 mL, 6 eq,
23.22 mmol). After complete dissolution, Fmoc-O-tert-Butyl-L-serine (2.37 g, 1.6 eq, 6.19 mmol)
was added to the reaction mixture followed by HATU (2.35 g, 1.6 eq, 6.19 mmol) and HOAt (843
mg, 1.6 eq, 6.19 mmol). The mixture was subjected to MW irradiation (CEM Discover Microwave
S-Class) three times for 28 minutes at 40W and at 50 ˚C.52 The reaction mixture was then poured
on ice in an Erlenmeyer flask followed by 3 mL of water. The suspension was further filtered on a
Büchner funnel. The precipitate was washed three times with water then dissolved in ethyl acetate,
dried over anhydrous magnesium sulfate, filtered then evaporated.
The oily residue was dissolved in methanol to perform a solid deposit, then the crude product was
purified by flash column chromatography using ethyl acetate: hexane (wavelengths: 264nm and
254nm). Yield: 60% (1.15 g)
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1

H NMR (300MHz, DMSO): δ 7.50 (d, 2H, J=7.5Hz), δ 7.34 (d, 2H, 7.2Hz), δ 7.133 (d, 2H,

J=7.5Hz), δ 7.04 (d, 2H, J=7.2Hz), δ 5.70- 5.56 (m, 1H), δ 5.51 (s, 1H), δ 5.09- 4.97 (m, 2H),
δ 4.38-4.31 (m, 3H), δ 4.12 (d, 2H, J= 6.9Hz), δ 3.96 (t, 2H, J=6.9Hz), δ 3.57-3.54 (m, 1H),
δ 3.12 (t, 1H, J= 8.4Hz), δ 1.33 (s, 2H), δ 1.17 (d, 3H, J=7.2Hz), δ 0.97 (s, 9H)
13

C NMR (300MHz, DMSO): δ 172.0, 169.7, 155.8, 143.5, 141.0, 131.3, 127.5, 126.8, 124.9,

119.7, 118.5, 74.2, 66.9, 65.7, 61.5, 53.9, 48.1, 46.9, 27.1, 18.2
MS (ES+) m/z (M+H)+ 496.2 (M+Na)+ 518.0

Synthesis

of

(S)-allyl

2-((S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-

hydroxypropanamido)propanoate (Compound 14).
1.15 g of compound 12 was dissolved in a 10 mL solution of TFA: DCM: TIPS (50: 50: 5). The
reaction mixture was stirred at room temperature for 1 h. Once completed, the reaction mixture
was evaporated under vacuum then extracted with ethyl acetate. The organic phase was washed
with NaOH 1M until a complete neutralization of the residual TFA followed by washes with brine.
The organic phase was then dried under MgSO4, filtered on a Büchner funnel and concentrated
under vacuum. Yield: 88% (899 mg)
MS (ES+) m/z (M+H)+ 440.1 (M+Na)+ 462.0
1

H NMR (300MHz, DMSO): δ 8.68 (d, 1H, J=6.8Hz), δ 8.38 (d, 2H, 7.5Hz), δ 7.76 (d, 2H, J=8Hz),

δ 7.41 (dt, 2H, J=7.3Hz), δ 5.82- 6.00 (m, 1H), δ 5.28 (dd, 2H, J=17.2Hz, J=10.5Hz), δ 4.64- 4.55
(m, 2H), δ 4.38-4.23 (m, 4H), δ 4.16 (q, 1H, J= 6.8Hz), δ 3.94 (bs, 3H), δ 3.69-3.53 (m, 2H), δ
1.36-1.33(m, 3H)
13

C NMR (300MHz, DMSO): δ171.4, 169.5, 167.3, 155.3, 143.2, 140.1, 131.7, 127.0, 126.4, 124.7,

119.5, 117.0, 65.1, 64.2, 64.1, 61.1, 56.5, 47.1, 46.0, 16.3, 16.0
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HRMS: m/z calculated for C24H26N2O6Na : 461,1683 (MNa+), m/z observed: 461,1692 (MNa+).

Synthesis of Nα, ε-bis-Boc-L-lysine53 in solution (Compound 14).
L-lysine hydrochloride (2 g, 1 eq., 10.95 mmol) was dissolved in 20 mL of water, then NaHCO3
(2.76 g, 3 eq., 32.84 mmol) was added. The mixture was cooled to 0 ˚C, then Boc anhydride (2.86
g, 2 eq., 26.2 mmol) in THF was added. Then the reaction mixture was stirred at room temperature
for 12 h. After 12 h, 2 equivalent of Boc anhydride were added at 0 ˚C and the mixture was stirred
for an additional 12 h at room temperature. At the end of the reaction, THF was removed under
reduced pressure and the aqueous layer washed with diethyl ether to remove organic impurities.
The resulting aqueous layer was acidified to pH 4−5 using citric acid solution 1M then extracted
with DCM. The organic layer was then washed with brine and dried with dry MgSO4. The organic
layer was removed under reduced pressure to obtain the compound in quantitative yield.
1

H NMR (300MHz, CDCl3): δ 10.48 (s 1H), δ 6.26 (s, 1H), δ 5.31 (d, 2H, J= 7.8Hz), δ 4.74 (bs,

1H), δ 4.09-4.29(m, 1H), δ 3.09 (s, 2H), 1.64-1.83 (m, 6H), δ 1.43 (s, 18H)
13

C NMR (300MHz, CDCl3): δ 176.0, 156.0, 155.6, 79.8, 79.1, 52.9, 39.9, 31.8, 29.2, 28.2, 22,2

HRMS m/z calculated for C16H30N2O6Na : 369.1996 (M+Na+), m/z observed: 369.2009 (M+Na+).

Synthesis of Ellman DHP resin42 from Merrifield chloromethyl resin54 for C-terminal
attachment of Compound 11.
In a round bottom flask was added NaH (60%, 1.4 g, 5 eq., 35 mmol) and THF (30 mL). The
solution was cooled down to 0 ˚C then 3,4-dihydro-2H-pyran-2-ylmethanol (3.62 mL, 5 eq., 35
mmol) was added. The reaction was allowed to warm up to room temperature and stirred for 2 h.
After 2 h, a thick light yellow suspension was obtained. 60 mL of dry DMF was further added to
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obtain an orange opaque solution. In a 250 mL glass peptide-shaking vessel, Merrifield
chloromethyl resin (5 g) was washed with DMF (60 mL) then drained followed by the addition of
the orange solution. The reaction mixture was vented frequently especially during the first hour.
More DMF (60 mL) was further added then the dark brown suspension was shaken at room
temperature overnight. The resin was drained and washed with DCM (80 mL), DMF/water 1:1 (4x
80 mL), DMF (3x 80 mL) and DCM (3x 80 mL). The resin was briefly dried in vacuo and brought
onto the next step as is.

Side chain attachment of (S)-allyl 2-((R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3hydroxypropanamido)propanoate on Ellman DHP resin.
In a 10 mL glass shaking vessel, (S)-allyl 2-((R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl) amino)3-hydroxypropanamido) propanoate was added to a solution of Ellman DHP resin (250mg). The
suspension was flushed with argon and R-(-)-Camphorsulfonic acid (23mg, 0.4eq, 0.10mmol) was
added. The mixture was shaken at room temperature overnight. The resin was drained and washed
for 3 minutes with DCM (8 mL), IPA (8 mL), DMF (8 mL) and DCM (8 mL) (3x each). The resin
was washed with ether (3x 8 mL) and dried in vacuo overnight.
Loading was controlled by UV measurement (λ=301nm and 290nm) of dibenzofulvene using
spectrophotometer and Cuvette: Hellma 104-QS, Suprasil Quartz Z600288 10mm, 200-2500 nm
(Loading= 0.3867mmol/g). Synthesis was pursued with standard Fmoc/t-Bu protected amino acids
purchased from Chem Impex at the highest purity available.
Syntheses were performed using Fmoc-N-protected amino acid (3 eq.) in the presence of [O-(7azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate] HATU (3 equiv.), N,Ndiisopropylethylamine (9 eq.) in DMF (1.5 mL) for at least 2 hours. Fmoc deprotection was
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performed using 50% Piperidine in DMF for 20 minutes. Deprotection after proline coupling was
performed under microwave irradiation using 2% DBU 2% Piperidine in DMF. The resin was
subjected to MW-irradiation (CEM Discover Microwave S-Class) for 20 minutes at 100W and at
a temperature of 75°C. After each coupling and deprotection, Kaiser test was done to monitor
completion.

General procedure for allyl protecting group removal.
Dry DCM was vented under nitrogen for 30 minutes then 2 mL of DCM was added to Allyl Cterminus protected peptide. Pd(Ph3)4 (0.5 eq.) was added to the resin followed by 10 equivalents
of phenylsilane. The reaction mixture was vented for a couple of minutes under nitrogen, then
placed on an orbital shaker for at least 2 hours. The reactant mixture turned dark brown. After 2
hours, the resin was drained and washed with DMF (3x 3 mL) and three cycles alternatively
washing with 2-propanol (3 mL) or DCM (3 mL). The resin was further washed for 3 cycles of 5
minutes with a 0.02M solution of sodium diethyl dithiocarbamate trihydrate in DMF (turning
almost instantaneously pale yellow) followed by three regular cycles of washes with 2-propanol (3
mL) or DCM (3 mL). The resin was briefly dried in vacuo and brought on to next step as is. UPLC
was used to monitor full deprotection of the C-terminus of the resin.

Standard procedure for the synthesis of the decapeptide, compound 16 and 17
Fmoc-L-Ser-L-Ala-Allyl ester DHP resin (0.3867 mmol/g, 0.1 g) was deprotected with 50%
piperidine/DMF for 20 min and reacted with a Fmoc N-protected amino acid (3 eq.) in the presence
of HATU (3 eq.), N,N-diisopropylethylamine (9 eq.) in DMF (1.5 mL) for at least 2 hours. The
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resin was washed after each coupling and deprotection step by shaking 5 min in DMF (2x 3 mL)
and three cycles alternatively washing 2-propanol (3 mL) or DCM (3 mL). In order to continue the
synthesis of the chimeras and to anchor compound 11, last coupling was done using Nα, ε-bis-BocL-lysine. N-terminus Boc protected peptides were then deprotected on their C-terminus position
following the general procedure for allyl protecting group removal. Compound 11 was coupled to
the peptides using HATU and DIPEA in a 1/1 proportion to avoid side reactions.
Peptides were cleaved using 95% TFA, 2.5% TIPS, 2,5% H2O for at least 2 hours to provide a
mixture of diastereoisomers 16 and 17.
The resin suspension was filtered through cotton wool and the peptide precipitated in a 50 mL
falcon tube in Tert-butyl methyl ether at 0 ˚C. The suspension was centrifuged to a pellet for 20
minutes at 1500 rpm and the filtrate was removed by decantation. The pellet was placed under high
vacuum to remove residual traces of solvent. Alternatively, the pellet was dissolved in water and
lyophilized to a powder. Diastereoisomeric mixture was then purified on a Waters Mass-triggered
preparative HPLC system paired with a x-SELECT CSH Prep C18 5µm column using a 10-25%
gradient of acetonitrile with 0.1% Formic Acid. Pure diastereoisomers were characterized on mass
spectra (Waters UPLC system) followed by lyophilization of pure fractions and subsequently
dissolved in distilled water prior to use.
HRMS m/z calculated for C70H115N19O14S2: 755.9229 (M+2H+)/2, m/z observed: 755.9256
(M+2H+)/2

Standard procedure for the synthesis of the octapeptides for N-terminal attachment.
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Firstly, Fmoc-L-Ala-OH (3 eq.) was attached on Rink amide resin using [O-(7-azabenzotriazol-1yl)-1,1,3,3-tetramethyluronium hexafluorophosphate] (HATU) and N,N-diisopropylethylamine (3
eq.) in DMF. Loading was controlled by UV measurement (λ=301nm and 290nm) of
dibenzofulvene using spectrophotometer and Cuvette: Hellma 104-QS, Suprasil Quartz Z600288
10mm, 200-2500 nm (Mean Loading= 0.45 mmol/g). Synthesis was pursued with standard Fmoc/tBu protected amino acids

(3 eq.) in the presence of [O-(7-azabenzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate] HATU (3 equiv.), N,N-diisopropylethylamine (9 eq.) in
DMF (5 mL). After each coupling, Kaiser test was done to monitor completion. Deprotection was
assessed using 50%Piperidine in DMF for 20 minutes.

Incorporation of Bromoacetic acid linker.
Symmetric 2-bromoacetic anhydride was prepared using bromoacetic acid (10 eq., 35.4 mg, 0.255
mmol) and N,N-Diisopropylcarbodiimide (5 eq., 19.7 µL, 0.127 mmol) in DCM. The mixture was
stirred at r.t for 15 minutes. The solution of freshly prepared symetric 2-bromoacetic anhydride
was added onto the N-terminus deprotected resin and stirred for 30 minutes to provide the bromointermediate. Completion of the reaction was monitored by UPLC MS.

Attachment of compound 11 of the octapeptides in N-terminus position (Compound 18).
Compound 11 was coupled to the peptides using standard type 2 nucleophilic substitution in the
presence of DIPEA in DMF. Compound 11 (1.5 eq. 16.2 mg, 0.038 mmoles) and DIPEA (6 eq.,
26.4 µL, 0.152 mmoles) were added to the bromo intermediate and the mixture was stirred at r.t
overnight to provide compound 18.
Peptide was cleaved using 95% TFA, 2.5% TIPS, 2,5% H2O for at least 2 hours.
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The resin suspension was filtered through cotton wool and the peptide precipitated in a 50 mL
Falcon tube in tert-butyl methyl ether at 0 ˚C. The suspension was centrifuged to a pellet for 20
minutes at 1500 rpm and the filtrate removed by decanting. The pellet was placed under high
vacuum to remove residual traces of solvent. Alternatively, the pellet was dissolved in water and
lyophilized to a powder. Peptides were then purified on a Waters Mass-triggered preparative HPLC
system paired with a x-SELECT CSH Prep C18 5µm column using a 10-25% gradient of
acetonitrile with 0.1% Formic Acid. The pure peptides were characterized by UPLC followed by
lyophilization of pure fractions and subsequently dissolved in distilled water prior to use
HRMS m/z calculated for C61H99N17O13S2: 671.8598 (M+2H+)/2, m/z observed: 671.8612
(M+2H+)/2

Bioassays
Cell culture.
HEK293 cells stably expressing CXCR4 tagged with Hemagglutinin (refered as HA-CXCR4) were
cultured in Dulbecco's Modified Eagle Medium supplemented with 10% FBS and 100 IU/mL
penicillin, and 100µg/mL streptomycin in a 5% CO2 atmosphere. Cells stably expressing hCXCR4
were grown using puromycin (3 µg/mL) as a selection agent. At a conﬂuence of 95% in 10 cm
diameter Petri dishes, cells were readily used for binding assays.

Binding affinity.
Competitive binding assays, as previously described using

125

I-CXCL12 were assessed to obtain

IC50 values. HEK293 cells stably expressing hCXCR4 were washed with PBS and subjected to a
freeze–thaw cycle. Broken cells were then gently scraped in resuspension buffer (50 mM Hepes,
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pH 7.4, 1 mM CaCl2, and 5 mM MgCl2), centrifuged at 3500 RPM for 15 min at 4 °C, and
resuspended in binding buffer (50 mM Hepes, pH 7.4, 1 mM CaCl2, 5 mM MgCl2, 140 mM NaCl,
and 0.1% BSA). For competition binding assays, 1 µg of receptor protein were incubated for 1 h at
room temperature in binding buffer with 0.03 nM [125I]-CXCL12 as a tracer and increasing
concentrations of ligand in a final volume of 500µL. Bound radioactivity was separated from free
ligand by filtration, and a gamma counter quantified receptor-bound radioactivity. Radioligand
binding assays were collected in triplicate and are presented as means ± SEMs.

In vitro chemotaxis.
Transwell cell migration assays were performed on acute lymphoblastic B-cell leukemia (also
known as REH cells). Cells were first washed using RPMI medium, and 100000 cells, suspended
in 25µL medium containing RPMI medium with 0.2% BSA. 100000 cells were seeded per well on
a 96-well migration assay plates (5 µm pore size polycarbonate membrane; Neuroprobe ChemoTx
system). Dilutions of the various peptides (in RPMI medium + 0.2% BSA) were added to the
bottom chamber in a final volume of 29 µL. Neuroprobe ChemoTx system were incubated for 3h
at 37 °C in a 5% CO2 atmosphere. Subsequently to incubation, the migrated cells located in the
lower chamber were counted using a BIORAD T10 automated cell counter. Data were compiled
and represented as the percentage of the 100000 cells initially seeded onto the plate that have
migrated to the bottom chamber of the plate. Maxima of migration values were calculated from 3
independent experiments, each performed in triplicate.

BRET experiments
G protein activation.
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To monitor direct G protein activation, we used the previously described protocol for G-protein
activation55. For our experiment, we used the biosensors Gαi-91-RlucII, Gβ1, and GFP10-Gγ1.
Biosensors were co-transfected with human HA-CXCR4 or HA-CXCR4 N119S in HEK293 cells
using polyethylenimine in 100-mm dishes seeded with 3 × 106 cells. 24h post-transfection, 100000
cells per well were distributed in a 96-well microplate.
48 hours after transfection, cells were washed with HBSS complemented with 0.1% BSA and then,
incubated with various concentrations of CXCL12 or chimeras (10–12 to 10–5 M) for 7 minutes and
then completed with coelenterazine-400A to a final concentration of 5µM. Plate read out were
obtained using a M1000 plate reader where the BRET2 filters were set to monitor the emission
ratio (ratio of GFP10 emission at 515 nm over emission of RlucII at 400 nm)
EC50 values were calculated from three independent experiments, each performed in triplicate.

pA2 experiments monitored by BRET.
Gαi-91-RlucII, Gβ1, and GFP10-Gγ1 were cotransfected with human HA-CXCR4 in HEK293 cells
using polyethylenimine in 100-mm dishes seeded with 3 × 106 cells. 24h post-transfection, 100,000
cells per well were distributed in a 96-well microplate. 48 hours after transfection, cells were
washed with HBSS complemented with 0.1% BSA and then, incubated for 7 minutes with various
concentrations of CXCL12 (10–12 to 10–5 M) and fixed concentrations of antagonists between 10
and 100 nM.
All wells were completed with coelenterazine-400A to a final concentration of 5µM and plates
were immediately read out on a M1000 plate reader where the BRET2 filters.
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pA2 values were calculated from 3 independent experiments each performed in triplicate using
Schild method and the equation log (dose ratio – 1) = log([B]) – log(kB). Schild curves were
plotted using GraphPad Prism 6 and pA2 values were obtained when log (dose ratio – 1) = 0

β-arrestin2 recruitment assay.
BRET-β-arrestin2 recruitment experiments, were done like described previously with G protein
activation. Briefly, HEK293 cells were co-transfected with CXCR4-RLuc3 or CXCR4-RLuc3
N119S and GFP10-β-arrestin-2. 48 hours after transfection, cells were incubated with various
concentrations of CXCL12 or chimeras (10–12 to 10–5 M) for 20 minutes and then completed with
coelenterazine-400A. Plate read out were obtained using a M1000 plate reader where the BRET2
filters were set to monitor the 515 nm/400 nm emission ratio.
EC50 values were calculated from three independent experiments, each performed in triplicate.

Molecular dynamic simulations
The isomers of compound 11 and 12 were manually generated from the crystal structure of IT1t
using the “Build” function in PyMOL (The PyMOL Molecular Graphics System, Version 1.7
Schrödinger, LLC.) and parametrized for the Gromos 54A7 forcefield using the Automated
Topology Builder.56 The ligands were manually docked in the CXCR4 receptor by superposition
over the IT1t molecule in the crystal structure of CXCR4 in complex with IT1t33 (PDB code 3oe6).
The receptor-ligand complexes were solvated using the SPC water model.57 Sodium and chlorine
atoms were added at random positions, replacing water molecules, to keep the net charge of the
system at 0 and provide an approximate concentration of 150 mM NaCl. The GROMACS
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software58-61 was used to run the MD simulations with the Gromos 54a7 forcefield. Simulations
were performed for a total of 2 nanoseconds (with 2 femtoseconds time steps) under NPT
conditions, using the V-rescale thermostat and Berendsen barostat.62 The systems were gradually
heated from 0 K to 310 K during the first 500 picoseconds. Position restraints were applied to the
backbone atoms of the receptor during the MD simulations.
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SCHEMES

Scheme 1. IT1t synthetic strategy.
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Scheme 2. IT1t-like molecules synthetic strategy.
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Scheme 3. C-terminus attachment.
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Scheme 4. N-terminus attachment.
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FIGURES

Figure 1. Competition binding assay with 125I-CXCL12 of CXCL12, IT1t, compounds 11 and 12
on HEK293 cells stably expressing the human HA-tagged CXCR4 receptor.
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Figure 2. Snapshots of MD simulations showing interactions of each enantiomer of analogs 11
(A-B) and 12 (C-D).
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Figure 3. CXCL12-induced chemotaxis assay. Inhibition of CXCL12-induced migration by IT1t,
compound 11 or compound 12 was assessed with pre-B lymphocytes using Transwell migration
assays.
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Figure 4. Effect of CXCl12, T140, IT1t, compounds 11 and 12 on HEK293 cells expressing the
constitutively active mutant of the human HA-tagged CXCR4 receptor (CXCR4-N119S). A.
Concentration-response curves for the Gαi pathway and B. Concentration-response curves for βarrestin-2 recruitment.
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Figure 5. CXCL12-induced chemotaxis assay. Inhibition of CXCL12-induced migration by
compounds 16 and 17 was assessed with pre-B lymphocytes using Transwell migration assays.
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