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ABSTRACT: A novel class of dehydro-f-proline-containing peptidomi-

(0]
metics, designed to be effective as a,f, integrin ligands, has been developed 0
on the basis of the fundamental requirements for the interactions of these = H
transmembrane receptors with bioactive ligands. Dehydro-#-proline ring has N * N /U\ N
R H H

been synthesized through an original pathway, involving ring closing
metathesis of a diallylamino derivative. The synthesized products showed to

be effective and selective as @,f, integrin antagonists and displayed ICq, o4 B1/VCAM-1 ICsq (NM)
values in the nanomolar range in cell adhesion inhibition assays and in (S)-13a >1000
VCAM-1-induced phosphorylation of extracellular-signal-regulated kinases. OH

(R)-13a =10%3

Significant activity was observed also toward the homologous integrin a,f3,,
while they did not display any activity toward selected members of f,, f3,,
and f; families. A strong dependence on the stereochemistry of the heterocyclic central core could be observed. The great
importance of a,f, integrin in chronic inflammatory and autoimmune diseases suggests a possible exploitation of these ligands as
lead compounds for therapeutic tools development.
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he importance of cell—cell and cell-matrix interactions in most important role lies in the mediation of T lymphocyte
the regulation of cellular events has prompted the migration into the gut in inflammatory bowel disease (IBD)
comprehension of the mechanisms regulating the activity of subtypes of Crohn’s disease.”
cell-surface molecules, as well as the synthesis of new ligands The pivotal role of a,f, integrin has been clearly
mimicking the recognition sequences present in extracellular demonstrated in tumor angiogenesis associated with chronic
matrix proteins.’ a,-Integrins are noncovalent heterodimeric inflammation, suggesting that this condition may promote the
glycoprotein transmembrane receptors constitutively expressed angiogenetic switch in tumors.® ' @, is also involved in the
on the surface of leukocyteS,2 which contribute to inflammatory recruitment of progenitor cells, the multipotent cells derived
reactions. In particular, integrin a,8; (VLA-4) plays a from bone marrow stem cells, in the formation of new blood
fundamental role in leukocyte trafficking, activation, and vessels.'' Because of its overexpression in melanoma cells, a3,
migration across the blood—endothelial barrier during inflam- may also be considered a marker for predicting metastatic
matory responses, through binding of its natural ligands, the risk. >
vascular cell adhesion molecule-1 (VCAM-1, CD106), and the Upon FN or VCAM-1 binding, integrin a,f; forms clusters
alternatively spliced portion of the type III connecting segment on the cell surface termed focal adhesions that act as links
of fibronectin (FN).> The second member of this subfamily, between the extracellular matrix and the actin cytoskeleton and
integrin @,f,, is important in lymphocyte homing to mucosal activate focal adhesion kinase. This latter activates an integrin-
tissue by adhering to the gut mucosal address cell adhesion induced signaling cascade that involves the extracellular
molecule (MAdCAM), even if it also recognizes VCAM-1 and regulated kinase (ERK), which, in turn, promotes cell
EN.*3 proliferation and migration.13
Dysregulation of the inflammatory reaction leads to the On these bases, molecules able to interfere in a,f;, and/or
pathogenesis of chronic inflammations and autoimmune a,f; binding may represent useful tools for chronic
diseases such as asthma, rheumatoid arthritis, multiple sclerosis,
and Crohn’s disease.® a,f, integrin contributes to the Received: March 23, 2015
infiltration of leukocytes into the islets of Langerhans in type Accepted: May S, 2015
I diabetes and in demyelinating in multiple sclerosis, but its Published: May 5, 2015
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inflammations, autoimmune diseases, and cancer therapy. Up to
now, only the anti-a, monoclonal antibody Natalizumab'* and
the anti-a,/3, antibody Vedolizumab' have reached the market.
Natalizumab is currently applied for Crohn’s disease'® and
multiple sclerosis therapy, although it has been observed to
induce in a few cases the development of progressive multifocal
encephalopathy (PML) leading to patient death.'” Vedolizu-
mab was recently approved for the treatment of ulcerative
colitis and Crohn’s disease.'®

Aside monoclonal antibodies, a number of small molecules
recognized as selective or dual ligands for a,f, and a,f, have
been reported in the literature."

Many of them are cyclic®®*! or linear peptides,”>** designed
starting from the LDV and IDS recognition sequences of a,f3,
with fibronectin and VCAM-1, respectively, or from the LDT
recognition sequences of a,f, with MAdCAM, often elongated
with particular capping moieties.”* Because of the similarity of
the tripeptide recognition sequences (LDV for CS-1 peptide of
fibronectin vs LDT), small molecules designed starting from
these fragments often shown dual affinity. MAdCAM specificity
for a,f3; is conferred by a protruding loop in its second domain,
whose effect is quite complex to reproduce with small
molecules.

Following this approach, tyrosine and phenylalanine
derivatives showing great affinity for the receptor were
discovered.”>*® Finally, the challenge to overcome peptide
limitations was achieved with the preparation of bioactive
peptidomimetic ligands.””*® Anyway, a clear model for the
design of potential ligands is still elusive. Although the crystal
structure of the a,f, binding fragment of VCAM-1 is
available,”” 3D models,®® in silico screening,31’32 and 3D
QSAR studies® have been reported to understand the binding
mode of natural or synthetic bioactive ligands to a,f,. In
general, fundamental features for effective ligand—receptor
interaction are the presence of a carboxylate group, a donor of
H-bond as an amide moiety in the central part of the molecule
and a lipophilic chain mimicking the leucine side chain present
in the LDV recognition sequence.”” Moreover, the presence of
4([(N-2-methylphenyl)ureido]-phenylacetyl motif (PUPA)
greatly enhances bioactivity, as observed for compound
BIO1211 (Figure 1).>*

Following a very common trend in bioactive peptide
research, proline derivatives’>*® and other five-membered
heterocycles®” have been used as central cores in the
preparation of peptides and peptidomimetics designed to be
a,p ligands, affording excellent results of affinity. Recently, the
term “privileged structure” has appeared frequently in the
literature to define recurring structural elements that are likely
to facilitate binding with biological targets, inducing ordered
spatial disposition of side chains.*® The cyclic structure of
proline is known to give particular conformational rigidity to
peptides, due to the reduced allowed rotations,® and for this
reason, the use of proline and its analogues as conformational
restraints or rigid cores in peptidomimetics has been extensively
explored. Among the number of modified structures, f-proline
has received great attention since the substitution of an a-
amino acid with the corresponding f-analogue in key positions
of a bioactive sequence represents a successful approach to
obtain mimetics overcoming the low bioavailability limitations
of natural peptides.*”*' Moreover, unsaturated amino acids
have been also explored, and 3,4-dehydroproline (Dhp), the
analogue of proline having a double bond between Cf and Cy,
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Figure 1. General structure of the designed dehydro-f-proline
containing a,f, ligands and of bioactive ligand BIO1211.

showed to induce changes in structures and biological
properties of collagen, proteins, and peptides.**

We have recently developed the synthesis of enantiopure 3,4-
dehydro-f-proline, with the purpose to obtain useful scaffold
for the synthesis of bioactive compounds.* By adding the
proper phamacophoric groups, these heterocycles may indeed
be transformed into purported a,f, integrin ligands. The aim of
this study is indeed the synthesis of peptidomimetics and the
evaluation of their affinity/selectivity toward a,f; integrin
compared to a,f; integrin and other integrin families.

To explore this possibility, two different structures have been
designed, by changing the substitution pattern of the 3,4-
dehydro-B-proline core (Figure 1). The two families of
compounds have been synthesized starting from a common
intermediate, the N-(Z)-allylamino ester 1, whose preparation
in enantiomerically pure form has been already reported by
us.”® The isopropyl and the cyclohexyl groups have been
inserted on the heterocycle in order to mimic the lipophilic
leucine side chain.

For the preparation of compounds belonging to the family A
(Scheme 1), the allylamino moiety in (Z)-1 was treated with 1-
isocyanato-2-methylbenzene to introduce the phenylureido
group and to protect the nitrogen in view of the following
steps (70—90% vyield). The ring closing metathesis of
diallylamine (Z)-2 was then performed to create the dehydro-
P-proline ring. As already verified in our previous studies,
Grubbs—Hoveida II generation catalyst is the better working
catalyst for this reaction.

Compound 3, obtained in 60—65% yield exclusively as trans-
amide isomer, was then transformed into the corresponding
free acid 4 by treatment with TFA in DCM at room
temperature, which was obtained in almost quantitative yield.
Two coupling reactions with HBTU/DIPEA, the first with 4-
(aminomethyl)aniline and then the second between the
obtained compound 5 with mono fert-butyl-malonate, afforded
the ester 6 in 75% yield, which was finally transformed into the
free acid 7 by treatment with TFA. The protocol was
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Scheme 1. General Synthetic Route to @, Ligands: Class A
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“Reactions and conditions: (a) l-isocyanato-2-methylbenzene, DCM, r.t, 6 h, yield 70—90%; (b) Grubbs—Hoveida II catalyst (3% mol), MTBE,
reflux, 3 h, yield 60—65%; (c) TFA, DCM, r.t. 12 h, yield >90%; (d) 4-(aminomethyl)aniline, HBTU, DIPEA, DCM, r.t, overnight; (e) mon-otert-
butyl malonate, HBTU, DIPEA, DCM, r.t, 2 days, yield 75% (2 steps); (f) TFA, DCM, r.t. 12 h, yield >90%.

Scheme 2. General Synthetic Route to VLA-4 Ligands: Class B¢

ANF o O
" Pz a MGOMN/\/ b Meo)J\/U\N c MeO)J\/U\

N
R % —_— _— // _— y/
)I\ RO R):i R
Buo” O o 0

BuO
1a R=iPr ‘Buo” O u HO
1b R=cyclohexyl 8a,b 9a,b 10a,b
[ o o 0 0 o o d/
HOMN Meo™ o Meo™ Ao
Y / /
R f R e R
(e} -~ (¢} — o
HN HN HN
HN HN HzN/
: /Eo )io
13ab | HN : 12ab  HN 11a,b

O &

“Reactions and conditions: (a) methyl malonyl chloride, TEA, DCM, r.t, 3 h, yield 90—95%; (b) Grubbs—Hoveida II catalyst (3% mol), MTBE,
reflux, 3 h yield 80—95%; (c) TFA, DCM, r.t. 12 h, yield >90%; (d) HBTU, DIPEA, DCM, 4-(aminomethyl)aniline, r.t, overnight, yield 75—85%;
(e) 2-methylbenzene isocyanate, DCM, r.t, 6 h, yield 80—88%; (f) K,CO;, THF/H,O, r.t. 2 h, yield >90%.

Table 1. Inhibition of Jurkat Cell Adhesion by Dehydro-g- Table 2. Inhibition of Cell Adhesion through Alternative
proline-Containing Peptidomimetics Integrins by Most Effective a8, Antagonists, (R)-13a and
(R)-13b
entry compd a,$1/VCAM-1 ICy, (nM)“
1 (8)-7 110 £ 9 ICso (nM)“
2 (R)-7 250 + 12 compd  a,f,/MadCam-1°  ay8,/FN° @, ,/ICAM-1¢  a,f3,/FN®
3 ($)13a >1000 (R)-13a 270 + 33 >1000 >1000 >1000
4 (R)-13a 10+3 (R)-13b 343 + 26 >1000 >1000 >1000
S (8)-13b >1000

“Experiments were conducted in quadruplicate and were repeated at
least three times. “Performed on RPMI8866 cells. “Performed on K-

“Experiments were conducted in quadruplicate and were repeated at 562 cells. “Performed on Jurkat cells. “Performed on SK-MEL-24 cells.
least three times. BIO1211 (Figure 1, ref 34) was used as reference

compound, inhibiting the adhesion with an ICs, of 7.6 nM.

6 (R)-13b 62 + 11

yield. Treatment of 8a,b with Grubbs—Hoveida catalyst allowed
to obtain dehydro-f-proline 9a,b in yields ranging from 80% to

performed both on the (R) and (S) enantiomers separately, 95%, as a trans/cis mixture of amide isomers depending on the
thus allowing to obtain enantiopure ligands (R)-7 and (S)-7. alkyl substituent (80/20 for 9a; 70/30 for 9b). The spatial

For the preparation of peptidomimetic ligands belonging to arrangement of the malonic chain for the two conformers was
the second family B (Scheme 2), the N-(Z)-allylamino ester determined through ROESY experiments.43 Removal of the
la,b was protected at the nitrogen through coupling with tert-butyl ester without affecting the methyl malonate was

methyl malonyl chloride to afford amide (Z)-8a,b in 90—95% obtained by treatment with TFA, to give 10ab in almost
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Figure 2. Compounds (R)-13a and (R)-13b prevent VCAM-1-induced phosphorylation of ERK1/2. Jurkat cells were serum-starved in RPMI-1640
containing 1% FBS for 16 h; cells were then preincubated with compounds (R)-13a (A) and (R)-13b (B) for 60 min in suspension. The cells were
kept in suspension (Ctrl) or plated on VCAM-1 coated wells. After 60 min, cells were lysed, and lysates were analyzed by Western blot using an
antibody directed against phosphorylated ERK1/2 (pERK1/2) or total ERK1/2 (tERK1/2). Representative Western blots show that control cells
plated on VCAM-1 had a much stronger signal for pERK1/2 than control cells (Ctrl). Preincubation with compound (R)-13a caused a significant,
concentration-dependent decrease in the amount of pERK1/2 in Jurkat cells, while (R)-13b reduced VCAM-1-induced ERK1/2 phosphorylation
significantly only at the concentration 1077 M. Densitometric analysis of the bands (mean + SEM; n = 6); the amount of pERK1/2 is normalized to
the tERK1/2. **¥p < 0.001 versus Ctrl; *p < 0.05, ™p < 0.01, #p < 0.001 versus VCAM-1 60’ (Newman—Keuls test after ANOVA).

quantitative yield. Coupling with 4-(aminomethyl)aniline in the
presence of HBTU and DIPEA afforded amide 11a,b in 75—
85% yield. Since the presence of PUPA was required to increase
affinity toward VLA-4, the aniline moiety was then treated with
1-isocyanato-2-methylbenzene. Compound 12a,b, obtained in
80—88% vyield, was then treated with sodium carbonate to
remove the methyl ester protection. Free acid 13ab was
isolated in almost quantitative yield.

The protocol was performed starting from the enantiopure
allylamines (R)-1a and (S)-1a having the isopropyl substituent
and from the enantiopure allylamines (R)-1b and (S)-1b having
the cyclohexyl side chain. The enantiopure ligands (R)-7 and
(S)-7, (R)-13a and (S)-13a, and (R)-13b and (S)-13b,
belonging to both families A and B, were then evaluated for
their affinity for a,f, integrin, by cell adhesion inhibition assays
using Jurkat cells in the presence of VCAM-1 (Table 1), as
previously described.*"** For both compounds of the class A,
enantiopure (R)-7 and (S)-7, a moderate affinity could be
observed since both values of IC, were in the 1077 M range
(Table 1, entries 1-2), thus suggesting that the class A
designed structure is not optimal for ligand—receptor
interaction, not depending on the configuration of the
stereocenter on the dehydro-g-proline ring.

On the contrary, for compounds belonging to the class B, a
strong dependence of the bioactivity on the ring substituent
stereochemistry could be detected since both (S)-13a and (S)-
13b (entries 3 and S) turned out to be completely inactive,
while the opposite (R)-13a and (R)-13b enantiomers,
especially (R)-13a, displayed excellent affinity for integrin
a,p, (entries 4 and 6). ROESY experiments* were performed
in order to evaluate the conformations of 13a and 13b. Lack of
significative signals, except for trivial ones, suggested an almost
linear disposition of the molecules, as could be expected on the
basis of structural restraints. This is in agreement with the
preferred conformatlon reported for other active a,f-integrin
ligands.***” Since only one stereocenter is present in the
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molecule, further computational minimization in solvent box
would not add any useful explanation for the observed different
recognition by the receptor of (R) and (S) enantiomers, giving
of course the same result for both enantiomers.

In the absence of a reliable model for docking, the
experimental evidence suggests that the spatial disposition of
the alkyl group of the dehydro-f-proline ring in the (R)
enantiomer should be more favorable than the one assumed by
the same chain of the (S) enantiomer. Comparing bioactive
molecule BIO1211 with 13a,b (see Figure 1), we hypothesize
that the alkyl group could mimic the lipophilic leucine or valine
side chains.

The most bioactive compounds (R)-13a and (R)-13b were
then examined for their integrin selectivity in cell-based
adhesion assays involving different integrins.

As noted in Table 2, both compounds did not display any
activity toward selected members of f3;, f,, and f; families. As
regards the homologous integrin .3, (R)-13a and (R)-13b
displayed significant activity; however, a noteworthy selectivity
toward @,f, integrin can be highlighted.

Finally, we investigated the most effective compounds, (R)-
13a and (R)-13b, on VCAM-1l-induced phosphorylation of
ERK1/2 in Jurkat cells.

It has been described that o,f integrins activate focal
adhesion kinase (FAK). Focal adhesion kinase can activate ERK
via two pathways. First, FAK can recruit C3G and RAP1, which
induces B-Raf activity and ERK activation. The second pathway
involves the growth-factor-receptor-bound-2 and son-of-seven-
less complex, which activates Ras—ERK.'® In agreement with
this hypothesis, Brown et al.** have reported that VCAM-1
induces ERK phosphorylation in Jurkat cells expressing a,f3,
integrin, through the RAF family of serine/threonine kinases, as
sorafenib, a selective B-Raf inhibitor prevents this effect.

Jurkat cells were serum-starved in RPMI-1640 containing 1%
fetal bovine serum (FBS) for 16 h; thereafter, they were
preincubated with compounds (R)-13a or (R)-13b for 60 min

DOI: 10.1021/acsmedchemlett.5b00125
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in suspension and plated for 60 min on VCAM-1 or poly-L-
lysine (used as nonspecific substrate). In cells exposed to
VCAM-1, a significant, concentration-dependent increase in
phosphorylated ERK1/2 was observed 60 min after VCAM-1
exposure (Figure 2). On the contrary, poly-L-lysine exposure
was not able to induce any increment in ERK1/2
phosphorylation (data not shown). (R)-13a was more effective
than (R)-13b in reducing VCAM-1-induced ERK1/2 phos-
phorylation (Figure 2). ICy,, obtained in a separate set of
experiments in which Jurkat cells were exposed to different
concentrations of (R)-13a or (R)-13b was 10 and 131 nM,
respectively (see Supporting Informations).

Taken together, these results are in agreement with data of
cell adhesion assays, thus confirming that (R)-13a is the most
effective a,f, antagonist of the peptidomimetics here
investigated capable to maintain a significant selectivity toward
a,f3; integrin.

In conclusion, a novel class of dehydro-f-proline-containing
peptidomimetics, designed to be effective as a,f; integrin
ligands, has been developed on the basis of the fundamental
requirements for the interactions of these transmembrane
receptors with bioactive ligands. To this purpose, dehydro-$-
proline ring has been synthesized through an original pathway,
involving ring closing metathesis of a diallylamino derivative.
Appendages to the central core have been selected on the basis
of previous experience and on the basis of information from the
literature. The synthesized products have been tested in cell
adhesion inhibition assays and in assays aimed to ascertain the
effect of these purported a,f, antagonists. A specific
compound, (R)-13a, resulted to be a good integrin ligand,
showing ICs, in the nanomolar range. A strong dependence on
the stereochemistry of the heterocyclic central core could be
observed, thus suggesting a preferred disposition of the
lipophilic chain for (R) enantiomers. The great importance of
a,p, integrin (VLA-4) in chronic inflammation, autoimmune
diseases, and inflammation related to cancer suggests a possible
exploitation of these ligands as lead compounds for therapeutic
tools development.
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