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Synthesis and Conformational Analysis of Cyclotetrapeptide Mimetic 3-Turn
Templates and Validation as 3D Scaffolds
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The initial event that is essential for modulating a biological re-
sponse is molecular recognition between a ligand and a recep-
tor. For peptide or protein ligands, recognition generally in-
volves the interaction of restricted portions of the outer 3D
surface with a complementary surface on the receptor. Peptide
backbones generally serve as scaffolds for the key side chains
that participate in the interaction. Very often, the backbones
adopt secondary structure motifs, y- or f-turns, or various
kinds of helices. As a consequence, the bioactive compounds
can, in principle, be substituted by smaller, simpler molecules
that mimic the folded architectures.”

In particular, cyclic peptides have been widely used as tem-
plates for the design of turn-like structures."? However, small
cyclic tetrapeptides® are difficult to synthesize, and they usual-
ly display mixtures of conformers due to cis/trans isomerization
of peptide bonds. Conversely, larger cyclic penta- and hexa-
peptides are easier to prepare, but they retain significant back-
bone flexibility."”

Concerning peptidomimetic and nonpeptidic scaffolds,
several examples of cyclic, bicyclic, and spirocyclic compounds
have been reported as turn-mimicking structures. Nevertheless,
several cases have met with more limited success when the
turn itself contains most of the pharmacophore elements.!'*®
Therefore, cyclic peptides maintain their appeal as templates
for applications in medicinal chemistry.

In the last few years, it has been reported that cyclic tetra-
peptide structures enlarged by the introduction of a f-amino
acid may render the structures easier to synthesize and confor-
mationally more stable.”’ Very recently, we further customized
a cyclotetrapeptide structure by implementation of a partially
modified retro-inverso® (PMRI) sequence. A 1,2-diamine was
used as [}-amino acid analogue, and a malonic acid completed
the sequence.” Conformational analysis revealed that the
PMRI models containing an unsubstituted diamine exhibit no-
table flexibility. In contrast, the presence of a chiral, substituted
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1,2-diamine (compound 1, Figure 1) rendered the backbone
more rigid, inducing f-turn structures and showing alternative
conformations with respect to those of previously reported cy-
clotetrapeptide mimetics.”
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Figure 1. Structures of the partially modified retro-inverso cyclic tetrapeptide
models 1-4.

Herein we describe the syntheses and conformational analy-
ses of all stereoisomers of PMRI cyclotetrapeptide models of
the general sequence cyclo-[BPhe-y(NHCO)Ala-(NHCO)Gly-
Phe], obtained by introducing a chiral (S)- or (R)-1,2-diamine!"”
as a p?-amino acid mimetic, (S)- or (R)-phenylalanine, (S)- or (R)-
alanine, and a malonyl residue (Figure 1). Furthermore, we pro-
vide preliminary validation of these compounds as effective
scaffolds for the design of molecules with predictable 3D dis-
plays of the pharmacophores, useful for targeting specific bio-
active conformations. As a prototypic example, we used those
models for testing some selected novel RGD peptidomimetic
compounds capable of interfering with integrin receptors.

We prepared models 1-4 as shown in Scheme 1, with the re-
maining being the enantiomers. The cyclic tetrapeptide ana-
logues were prepared by solid-phase coupling of two dipep-
tide analogues 6 and 7. Fragment 6 was prepared by a stan-
dard solution-phase procedure by coupling Fmoc-Phe-OH and
Boc-protected diamine 5, " obtained, in turn, by reduction
of Boc-PheNH, with BH,;!"? The dipeptide was deprotected
with dimethylamine (DMA), and the resulting crude product 6
was used without purification. Wang resin pre-loaded with ala-
nine was treated with Meldrum’s acid under microwave irradia-
tion (MW) at 300 W. The complete conversion of resin-support-
ed alanine to the dipeptide acid 7 was monitored by Kaiser’s
test. The solid-phase coupling of 7 with 6 afforded the tetra-
peptide 8. Subsequent cleavage from the resin with trifluoro-
acetic acid (TFA) and scavengers gave 9, which was subjected
to cyclization by treatment with diphenylphosphorylazide
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Scheme 1. Synthesis of partially modified retro-inverso cyclic models 1-4.

(DPPA). After 48 h, the cyclic tetrapeptide analogues were iso-
lated in 55-70% vyield (cyclization step) by semipreparative RP-
HPLC, and were 92-95% pure as determined by analytical RP-
HPLC. The presence of stereoisomers originating from epimeri-
zation was excluded on the basis of HPLC-ESMS and 'H NMR
analyses.

The 3D structures of models 1-4 were investigated by NMR
spectroscopy and molecular dynamics (MD) simulations. The
NMR analysis was conducted using standard techniques at
400 MHz in the biomimetic medium [DgDMSO/H,0 8:2;1"% (the
compounds were nearly insoluble in water). For 1 and 3, the
analyses generally confirmed the results previously obtained in
[DIDMSO,”” with few differences. In any case, their conforma-
tional features are discussed herein for comparison.

For each peptide, '"H NMR data revealed a single set of reso-
nances, indicative of conformational homogeneity or a fast
equilibrium.”! COSY analysis allowed unambiguous assignment
of the resonances. Variable temperature (VT)-'HNMR experi-
ments were used to deduce the presence of H bonds involving
amide protons (Table 1).'"" For 1, 3, and 4, the comparatively
low AS/AT values of diamine NH? and NHP (Figures 1, and 2)
with respect to PheNH and AlaNH suggest the presence of sec-
ondary structures in equilibrium, alternatively stabilized by
H bonds involving NH® or NHP, whereas for 2, only the NH®
amide proton seems to be H bonded.

Table 1. AJ/AT values [ppbK™'] of amide protons for 1-4 determined by
VT-"H NMR.

Compd PheNH AlaNH NH2®! NHPE!
1 —5.0 —6.0 +1.2 -1.3
2 —6.0 —56 —45 -20
3 -35 —4.1 -13 —04
4 -39 -28 —0.75 —-1.5

L T(\L
Homﬂwio_o

6
DCC/HOBY B"C\ % M /H( o TFF:

[a] Determined in [DgJDMSO/H,O (8:2) at 400 MHz over the range T=

298-338 K. [b] NH? and NH®, see Figures 1 and 2.
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Molecular backbone conformations were investi-
gated by 2D ROESY. The full list of ROESY cross-
peaks is given in the Supporting Information (S.l.).
The analyses indicated that the cyclic tetrapeptide
analogues adopt all-trans conformations of the w
bonds, deduced from the absence of Ha,—Ha,,,
cross-peaks, indicative of cis peptide bonds. Struc-
tures consistent with the spectroscopic analyses
were obtained by restrained MD, using the distances
obtained from ROESY as constraints, and minimized
with the AMBER!™ force field, with e=4xr. Simula-
tions were conducted in vacuo by using a set of 50
random structures generated by an unrestrained
high-temperature MD. The structures were subjected
to restrained MD with a scaled force field, followed
by a high-temperature simulation with full restraints.
Finally, the system was gradually cooled, and the
structures were minimized. The conformations with
the lowest internal energy and the fewest number
of violations of the experimental data were selected
and analyzed (Figure 2 and S.l.).

The vast majority of the structures calculated for 1 and 2 by
restrained MD did not show any violations of the restraints,
and were well ordered. For 3 and 4, on the other hand, the
computations essentially gave two families of structures, 3a/
3b and 4a/4b (Figure 2), with nearly the same energy, differ-
ing exclusively by the opposite orientation of PheNH, and
AlaNH, respectively, each showing some constraint violations.

Figure 2. Representative lowest-energy structures of 1-4 calculated by
ROESY-restrained MD with the fewest violations of ROESY data.
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As expected, for 1 and 3, the analyses confirmed the results
previously obtained in [Dg]DMSO.”

To estimate the dynamic behavior of the cyclopeptides in
water, and in particular to determine secondary structures sta-
bilized by H bonds, the structures derived from ROESY were
analyzed by unrestrained MD for 10 ns in a box of explicit,
equilibrated water molecules. During the simulations, the
structural features deduced by ROESY were maintained, and
the examination of the trajectories revealed the occurrence of
H bonds in agreement with VT-NMR analysis, not explicitly re-
vealed by ROESY.

The representative structure of 1 calculated by ROESY-re-
strained MD in Figure 2 is compatible with a type | f-turn cen-
tered on Phe-diamine, and a second one centered on Ala-dia-
mine. This structure shows no H bonds. However, analysis of
the trajectories of the unrestrained MD revealed the presence
of the two p-turn conformations in equilibrium, with NH* and
NHP either alternately or simultaneously engaged in explicit
H bonds with COP and CO?, respectively (S.L.).

Concerning compound 2, the ROESY-derived conformation
shows a distinct H bond between NH® and CO? as anticipated
on the basis of VI-NMR, and an overall type Il $-turn conforma-
tion on Ala-diamine (Figure 2). This conformation was very
stable during the unrestrained MD simulation.

The occurrence of two slightly different structures for 3 and
4 reflects the observation of contradictory ROESY cross-peaks
between H'/H? protons and PheNH or AlaNH (Figure 2). In 3,
both AlaNH and PheNH show strong cross-peaks with H', and
this situation is compatible with the structure 3a. On the other
hand, PheNH also gives a cross-peak of medium intensity with
H2. Moreover, while AlaNH gives a medium cross-peak with
AlaHo, PheNH gives a strong cross-peak with PheHa. These
observations are compatible with the structure 3b, showing
PheNH reversed relative to its position in 3a. Both 3a and 3b
are compatible with a type | B-turn on the Ala-diamine frag-
ment, and 3a manifests an explicit H bond between NH® and
CO®. Compound 3b is also compatible with a type | -turn on
Phe-diamine. The two structures 3a/3b reasonably represent
conformers in equilibrium. However, 3b shows fewer distance
violations and a structure more compatible with VT-NMR data,
which are suggestive of two H bonds on both NH* and NH®.
Unrestrained MD simulations performed on 3a confirmed the
stability of the H bonded structure. The unrestrained MD per-
formed on 3b show the Hbonded structures involving NH?
and/or NHP (S.L.). The simulations failed to reproduce the inver-
sion of PheNH; evidently, this rotation is slow relative to the
time selected for the simulation.

In a similar manner as with 3, for compound 4 the strong
cross-peaks between H? and both AlaNH and PheNH account
for the structure 4a, compatible with a type | f-turn centered
on Phe-diamine. On the other hand, the cross-peak of medium
intensity between AlaNH and H', and the strong cross-peak be-
tween AlaNH and AlaHa account for the structure 4b,
(Figure 2) characterized by a reversed orientation of AlaNH,
compatible with a type | B-turn centered on Phe-diamine, and
a second one on Ala-diamine. As for 3a/3 b, the two structures
4a/4b likely represent conformers in equilibrium. During the
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unrestrained MD performed on 4a and 4b, analysis of the tra-
jectories revealed the presence H bonded structures involving
NH? and NHP® (S.1), as suggested by VT-NMR data.

In summary, compounds 1 and 2 show stable preferred
backbone conformations, although 1 presents modest residual
flexibility. The diastereomers 3 and 4 exhibit two slightly differ-
ent conformers a and b in equilibrium; nevertheless, the over-
all 3D displays of the side chains are almost coincident. Nota-
bly, the different stereoisomers tend to adopt a similar 3D
structure, with a f-turn centered on Ala-diamine and a second
B-turn on Phe-diamine (with the exception of 2), regardless of
the stereochemistry assortment. This observation is not trivial;
indeed, it is generally observed that the stereochemistry inver-
sion of a distinct residue in a cyclic peptide leads to alternative
secondary structures.*® % This difference can be ascribed to
the peculiar structure of the mimetics. Apparently, the PMRI cy-
clotetrapeptides show a strong tendency to stabilize type | or
type Il B-turn conformations involving the diamine amide pro-
tons.

It is accepted that the conformation of a cyclic peptide is
scarcely controlled by the precise nature of the residues.*®"
Therefore, the B-turn templates 1-4 and the respective enan-
tiomers 5-8 can be used as topologically defined scaffolds for
the design of biologically active compounds that having their
pharmacophoric side chains in precise and well-defined diverse
spatial arrangements. A schematic topographic depiction of
the eight stereoisomeric PMRI cyclotetrapeptide models, sim-
plified according to the Dunitz-Waser concept,®'” is shown
in Figure 3. Relevant distances (in A) between the Cp} atoms of
the residues and H bonds are also shown.

To endorse the effectiveness of the novel PMRI scaffolds in
medicinal chemistry, we used a selection of the models de-
scribed above for the design of some unprecedented RGD
peptidomimetic compounds capable of interfering with integ-
rin receptors."® Integrins are a large family of heterodimeric
transmembrane receptors involved in cell-cell adhesion and in
the adhesion of cells to proteins of the extracellular matrix,
such as fibronectin and vitronectin, as well as in signal trans-
duction. Integrins are also involved in many major diseases, in-
cluding cancer, asthma, thrombosis, osteoporosis, and risthe-
nosis. Among the various kinds of integrins, a,f;-integrins are
generally considered privileged targets for anticancer therapy.

Many types of integrins, including a,f3;, bind their ligands by
recognition of the same tripeptide motif: the Arg-Gly-Asp
(RGD) sequence. As a consequence, many RGD-like ligands
have been reported as a,[3;-integrin inhibitors. Massive SAR in-
vestigations of ligands based on peptide, peptidomimetic, or
nonpeptide scaffolds have given detailed structural informa-
tion about ligand-receptor interactions."***'¥ More recently,
the crystal structure of the extracellular section of the receptor,
with a cyclic RGD peptide bound to the active site, has been
disclosed,”™ providing the opportunity to design novel antago-
nists based on the receptor-bound conformation of the RGD
tripeptide !

In essence, the criteria for designing effective a,f;-integrin
inhibitors reside in specific reciprocal orientations and distan-
ces between the Asp and Arg side chains, and in the orienta-
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Figure 3. Schematic topographic depiction of the PMRI cyclotetrapeptide
models 1-4 and the respective enantiomers 5-8, with the distances (A) be-
tween the Cf} atoms indicated. Large grey arrows show the pseudo-axial or
pseudo-equatorial disposition of the side chains (Ca-Cf vectors). Thin
arrows indicate the H bonds.

tion of a third aromatic pharmacophore flanking Asp. Also, the
presence of secondary structures in RGD ligands has often
been correlated with specificity."*?? For this purpose, based
on models 1-3 and 7, we substituted Ala and Phe with Asp
and Arg, respectively, to give the stereoisomeric cyclic PMRI
RGD analogues 9-12 of general sequence cyclo-[fPhe-y-
(NHCO)Asp-y(NHCO)Gly-Arg]l ~ (or  cyclo-[BF-4p(NHCO)D-y-
(NHCO)GR] in brief; Table 2). For this preliminary investigation,
models 1 and 2 were selected on the basis of their compara-
tively higher conformational stability, while models 3 and 7
were tentatively chosen for comparison.

We tested the activity of 9-12 as integrin antagonists by
measuring the percent inhibition of fibronectin adhesion to
the a,ps-integrin-expressing cell line SK-MEL-24 (human malig-

nant melanoma).”® Fibronectin was immobilized on each well
of a standard assay plate. Cells were pre-incubated with the cy-
clopeptides and dispensed on the wells. After removal of non-
adherent cells, the number of adherent cells was quantified by
fluorimetry. The activity of potential antagonists was deter-
mined by the number of adherent cells relative to the control.
Table 2 shows the sequences of RGD mimetics 9-12, the corre-
sponding parent models 1-3, and 7, and the inhibitory activity
(%) of 9-12, at a concentration of 107°m, toward o, f;-integrin-
mediated cell adhesion. The activity of the well-known o, f3;-in-
tegrin antagonists Ac-DRGDS™” and GRGDNP™¥ assayed
under the same conditions, was also measured as a positive
control. For the inhibitory activity at various ligand concentra-
tions, see the S.I.

Statistical analysis reveals that all the compounds display
significant and concentration-dependent potency in blocking
SK-MEL-24 cell adhesion (S.l). The biological activities of the
four peptides vary radically (10>11>12~9), although the
constitution of the peptides is identical. This observation con-
firms the anticipation that compounds based on the PMRI cy-
clotetrapeptide models behave as topologically distinct struc-
tures. These results can be tentatively rationalized by compar-
ing the topographic depiction of the parent models 1-3 and 7
(Figure 3) with the structural requisites reported for o, f3;-integ-
rin inhibitors (the conformations of 9-12 have not been reex-
amined”). An illustrative model of the bioactive conformation
of a prototypic o,fs-selective cyclopentapeptide ligand"*?® is
shown in Figure 4A.**?" The simplified Dunitz-Waser sketch,
Figure 4B and the relevant distances between the pharmaco-
phoric groups and between the C atoms are also presented.

For the noteworthy conformational freedom of the side
chains, the precise disposition of the pharmacophoric groups
of a cyclopeptide in solution and in the bioactive conformation
can be very different. For this reason, the 3D structure of a
cyclopeptide is often characterized by the disposition of the
CB atoms with respect to the cyclopeptide scaffold.>8>16.1%
Therefore, the use of topographic models, such as those de-
picted in Figures 3 and 4B, can be very useful to compare the
structures of different compounds.

Compound 10 shows the best activity as an inhibitor of in-
tegrin-mediated adhesion; it is inferior, but still comparable to
that of the reference compound Ac-DRGD (Table 2). It can be
perceived that 10 (see model 2, Figure 3) shows a compara-
tively higher topological similarity with the prototypic pharma-

cophore (Figure 4B) in compari-

Ac-DRGDS, and GRGDNP.

Table 2. Inhibition of a,Bs-integrin-mediated SK-MEL-24 cell adhesion of fibronectin in the presence of 9-12,

son with the other compounds
(see models), both in terms of
the orientations and distances
between the Cp atoms. The

Ligand Structure Model Inhibition [%]

9 oyclo-1(5)-BF-p(NHCO)D-(NHCO)GRI ] 3213 lower activities displayed by 11
10 cyclo-[(R)-BF-p(NHCO)D-p(NHCO)GRI 2 5542 and 12 seem to be correlated
1 cyclo-[(S)-BF-y(NHCO)D-y(NHCO)G-(R)-R] 3 43+1 with a short distance between
12 cyclo-[(S)-BF-y(NHCO)-(R)-D-y(NHCO)GR] 7 3542 the CB atoms of ASp and Arg,
) Ac-DRGDS - 69+1 and the diamine (models 3 and

- GRGDNP 40+3 . 1
7, Figure 3). Interestingly, com-
f:]elzfstermined at a compound concentration of 107°m; values represent the mean +SEM of three experi- pound 9 shows the lowest in-
. hibitory activity, despite having
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Figure 4. Models of the bioactive conformation of the o, f3;-selective ligand
cyclo-[RGDf(NMe)V], along with A) the distances (A) between the pharmaco-
phores, and B) between the C§ atoms of Asp, p-Phe, and Arg.

a similar disposition of Asp and Arg side chains with respect to
10 (based on the comparison of the parent models 1 and 2),
highlighting the role of the aromatic pharmacophoric group of
the diamine.

In conclusion, we have presented cyclotetrapeptide mimetic
B-turn templates based on the retro-inverso concept, and we
have described their conformational and topological features.
The 3D structures are largely dominated by the tendency of
the diamine residue to stabilize f-turn structures. As a conse-
quence, the various stereoisomers can be viewed as diverse
scaffolds assembled on a common p-turn template, which can
find applications in medicinal chemistry. To confirm the as-
sumptions, we prepared a selected set of RGD peptidomimet-
ics based on the structures of the scaffold models. The biologi-
cal assay gave evidence for a clear relationship between the
supposed 3D structures of the RGD mimetics and the experi-
mental activities as inhibitors of integrin-mediated cell adhe-
sion.

Experimental Section

General methods. Unless stated otherwise, standard chemicals
were obtained from commercial sources and used without further
purification. Analytical RP-HPLC was performed with an ODS
column (4.6 um particle size, 100 A pore diameter, 250 mm, DAD
210 nm) using a linear gradient of H,O/CH,CN (9:1—2:8) over
20 min at a flow rate of 1.0 mLmin~', followed by 10 min isocratic
H,O/CH;CN 2:8. Chiral HPLC analysis was performed on a Chiralcel
ODH column [046cm () x 25cm (/)], n-hexane/2-propanol
85:15, at 0.8 mLmin~". Semipreparative RP-HPLC was performed
on a C;g column (7 pm particle size, 21.2x150 mm) with a linear
gradient of H,0/CH,;CN (7:3—100% CH,CN) over 15 min, at a flow
rate of 12 mLmin~". Fluorimetry to evaluate the number of adher-
ent cells was performed with a Victor2 multilabel counter. 'H NMR
spectra were recorded at 400 MHz at room temperature with 5-
mm tubes, using 0.01 M peptide. Chemical shifts (3) are reported
relative to the solvent peak. VT-'H NMR experiments were per-
formed over the range T=298-348 K; 2D spectra were acquired in
the phase-sensitive mode and processed using a 90° shifted,
squared sine-bell apodization. '"H NMR resonances were assigned
from 2D gCOSY and 2D ROESY spectra; gCOSY experiments were
recorded with a proton spectral width of 3103 Hz. ROESY experi-
ments were recorded with a mixing time of 300 or 350 ms with a
proton spectral width of 3088 Hz. Materials for bioassays were pur-
chased from Invitrogen (Carlsbad, CA, USA) and Cambrex (Walkers-
ville, MD, USA). SK-MEL-24 (human malignant melanoma) cells
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were obtained from American Type Culture Collection (ATCC, Rock-
ville, MD, USA). Plates (96-well) were obtained from Corning, New
York, NY, USA. The Victor2 multilabel counter was obtained from
PerkinElmer (Waltham, MA, USA).

Synthesis of 6. HOBt (0.12 g, 0.9 mmol) was added to a stirred so-
lution of Fmoc-Phe-OH (0.29 g, 0.75 mmol) in 9/1 CH,Cl,/DMF (9:1,
10mL) at room temperature. After 10 min, 5"%®" (0.19¢,
0.75 mmol, 94% pure by chiral HPLC analysis, see General meth-
ods), EDCI-HCI salt (0.19 g, 0.9 mmol) and TEA (0.15 mL, 1.1 mmol)
were added while stirring at room temperature. After 3 h, the mix-
ture was diluted with CH,Cl,, and the solution was washed with
0.5m HCl, and saturated Na,CO,. The organic layer was dried over
Na,SO,, and the solvent was removed at reduced pressure. The
protected dipeptide was isolated by crystallization from CH,Cl,/
Et,0 (0.39 g, 83 %, 85% pure by RP-HPLC). ESMS m/z: 620.3 [M+1];
calcd: 620.3. The crude protected dipeptide was treated while
under magnetic stirring with 2m DMA in THF (5 mL) at room tem-
perature. After 30 min, the solution was evaporated at reduced
pressure, and the treatment was repeated. The residue was triturat-
ed in n-hexane. The dipeptide 6 (0.23 g, 96%, 82% pure by RP-
HPLC) was used without further purification. ESMS m/z: 398.3
[M+1], calcd: 398.2.

Synthesis of 9. Wang resin pre-loaded with alanine (0.5g,
0.6 (mmol Ala)g™") was suspended in DMF (4 mL) and treated with
Meldrum’s acid (0.36 g, 2.4 mmol). The suspension was heated by
MW irradiation at 300 W. After 90 min, the resin was filtered and
washed with MeOH, DMF, and CH,Cl, (5 mL each), and the proce-
dure was repeated twice. The complete conversion of resin-sup-
ported Ala to the resin-bound dipeptide acid 7 was monitored by
Kaiser's test.

The resin-bound dipeptide 7 was suspended in CH,Cl, (5 mL) and
treated with 6 (0.24 g, 0.6 mmol), DCC (0.13 g, 0.7 mmol), and
HOBt (0.10 g, 0.8 mmol). The mixture was mechanically shaken for
6 h. The mixture was then filtered, and the resin was washed with
MeOH, DMF, and CH,Cl, (5 mL each). The washing procedure was
repeated twice.

Peptide cleavage. The resulting resin-bound 8 was suspended in a
mixture of TFA (5 mL), H,O (0.15mL), TIPS (0.1 mL), and PhOH
(0.15 g), and mechanically shaken at room temperature. After 2 h,
the mixture was filtered, the resin was washed twice with 10% TFA
in Et,O (5 mL), and twice with Et,0. The collected filtrates were
evaporated, and the residue was precipitated from ice-cold Et,O.
The resulting precipitate was centrifuged at 4000 rpm (ALC Centri-
fugette 4206), and the crude solid peptide-TFA salt 9 was crystal-
lized from MeOH/Et,0 (0.14 g, 80%, 82% pure by RP-HPLC). ESMS
m/z: 455.3 [M+1]; calcd: 455.2.

Cyclization to 1-4. The peptide-TFA salt 9 (0.14 g, 0.24 mmol) was
dissolved in dry DMF (60 mL) and treated, while under magnetic
stirring, with NaHCO, (0.25 g, 3 mmol) and DPPA (0.17 g, 0.6 mmol)
at room temperature. After 72 h, the mixture was filtered, and the
solvent was distilled at reduced pressure. The residue was diluted
with H,0 (5 mL), and the mixture was extracted with EtOAc (4x
20 mL). The collected organic layers were dried over Na,SO,, and
the solvent was evaporated at reduced pressure. The oily residue
was purified by semipreparative RP-HPLC to afford the cyclopepti-
des 1-4 (0.58-0.73 g, 55-70% yield, 92-95% pure by RP-HPLC).
ESMS m/z: 437.3 [M+1]; calcd: 437.2.

Conformational analysis. The restrained MD simulations were con-
ducted using the AMBER" force field with a distance-dependent
e=4xr. A 100-ps simulation at 1200 K was used for generating 50
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random structures that were subsequently subjected to a 20-ps re-
strained MD with a 50% scaled force field at the same tempera-
ture, followed by 20 ps with full restraints (distance force constant:
7 kcalmol ™' A?), after which the system was cooled over 10 ps to
50 K. Due to the absence of Ha; and Ha,, ; ROESY cross-peaks, the
 bonds were set at 180° (force constant: 16 kcalmol~'A?). Only
ROESY-derived constraints were included in the restrained MD.
H bond interactions as well as torsion angle restraints were exclud-
ed. ROESY intensities were classified as very strong, strong,
medium, and weak, and were associated with distances of 2.3, 2.6,
3.0, and 4.0 A, respectively. Geminal couplings and other clear cor-
relations were discarded. The resulting structures were minimized
with 3000 cycles of steepest descent and 3000 cycles of conjugat-
ed gradient (convergence: 0.01 kcal A="mol™"). The structures that
showed the lowest internal energy and the fewest violations of the
experimental data were selected and analyzed. MD simulation in
explicit water was performed for 10.0 ns at 298 K using the AMBER
force field in a 30x30x30 A® box of standard TIP3P models of
equilibrated water,””? with a minimum solvent-solute distance of
2.3 A, at constant temperature and pressure (Berendsen scheme,®®
bath relaxation constant: 0.2).

Cell adhesion assays. SK-MEL-24 cells were routinely grown in
minimal essential medium (MEM) supplemented with 10% fetal
bovine serum, nonessential amino acids, and sodium pyruvate.
Cells were kept at 37°C in a 5% CO, humidified atmosphere.
Plates (96-well) were coated by passive adsorption with fibronectin
(10 pgmL™") overnight at 4°C. Cells were counted and exposed to
the drug at three different concentrations (107, 10°%, and 107*m)
for 30 min at room temperature to allow ligand-receptor equilibri-
um. Stock solutions (107%m) of the assayed compounds were pre-
pared in 33% DMSO and 66 % phosphate-buffered saline (PBS) (v/
v), and were further diluted with PBS alone. Control cells were ex-
posed to the same concentration of DMSO (vehicle). At the end of
the incubation time, the cells were plated (50000 cells per well)
and incubated at room temperature for 1 h. All the wells were
then washed with PBS to remove the nonadherent cells, and the
hexosaminidase substrate, 4-nitrophenyl-N-acetyl-f3-p-glucosami-
nide (50 pL, dissolved at 7.5 mm in 0.09m citrate buffer solution,
pH 5, and mixed with an equal volume of 0.5% Triton X-100 in
H,0), was added. This product is a chromogenic substrate for 3-N-
acetylglucosaminidase that is transformed in 4-nitrophenol, the ab-
sorbance of which is measured at 1=405nm. As previously de-
scribed,””” there is a linear correlation between absorbance and en-
zymatic activity. It is therefore possible to identify the number of
adherent cells in treated wells, interpolating the absorbance values
of the unknowns in a calibration curve. The reaction was blocked
by adding 100 uL stop solution (50 um glycine, 5um EDTA,
pH 10.4), and the plate was read in a multilabel counter. Experi-
ments were carried out in triplicate. All data are expressed as the
mean +SEM for the number of experiments indicated. Statistical
comparisons were made by ANOVA and post hoc Dunnet’s or Tur-
key’s tests with differences of p <0.05 considered significant. Data
were analyzed using Prism 5.0 software (GraphPad Software Inc.,
San Diego, CA, USA).
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