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Pin1 catalyzes the cis-trans isomerization of pThr-Pro or pSer-
Pro amide bonds of various proteins involved in several physio/
pathological processes. In this framework, recent research
activity is directed toward the identification of new selective
Pin1 inhibitors. Here, we developed a set of peptide-based Pin1
inhibitors. Direct-binding experiments allowed the identification
of the peptide-based inhibitor 5k (methylacetyl-l-alanyl-l-
histidyl-l-prolyl-l-phenylalaninate) as a potent ligand of Pin1.
Notably, 5k binds Pin1 with higher affinity than Pin4. The
comparative analysis of molecular models of Pin1 and Pin4 with
the selected compound gave a rational explanation of the
biochemical activity and pinpointed the chemical elements

that, if opportunely modified, may further improve inhibitory
potency, pharmacological properties, and selectivity of future
peptide-based parvulin inhibitors. Since 5k showed limited cell
penetration and no antiproliferative activity, it was conjugated
to a polyarginine stretch (R8), known to promote cell
penetration of peptides, to obtain the R8–5k derivative, which
displayed antiproliferative effects on cancer cell lines over non-
tumor cells. The effect of R8 on cell proliferation was also
investigated. This work warrants caution about applying the R8
strategy in the development of cell-penetrating antiproliferative
peptides, as it is not inert.

Introduction

In the superfamily of molecular chaperones, peptidyl-prolyl cis-
trans isomerases (PPIase) represent unique members since they
do not use cofactors, such as ATP, to promote their activity, but
they rather bind to target proteins through conformational

changes that interfere with proline isomerization.[1] Among the
various subfamilies, Parvulins represent the smallest family of
PPIases, comprising NIMA interacting protein 1 (Pin1) and
parvulin-14 (Par14), also known as Pin4. Pin1 encompasses a C-
terminal phosphorylation-dependent catalytic domain and a N-
terminal WW domain, and catalyzes the cis-trans isomerization
of pThr-Pro or pSer-Pro amide bonds of substrate proteins.[2]

Pin1 is the only enzyme that catalyzes the isomerization of
phosphorylated substrates in humans.[3] By altering the ratio of
cis-trans conformers of phosphorylated proteins, Pin1 can
regulate several kinase signaling processes. Some of the
important Pin1 substrates include cyclin D1, NF-kB, and p53.[4–6]

Overexpression of Pin1 is implicated in various types of cancers,
including hepatic, esophageal, rectal, and prostatic cancers.[7]

Owing to the critical role of Pin1 in cell cycle regulation, with
increased expression in cancers, it represents an attractive
target for developing new chemotherapeutic agents.[8] Pin4 has
been found in both the cytosol and the nucleus. It lacks the
basic pocket needed for selection of pSer/Thr-Pro substrates.[1]

Pin4 presents the conserved isomerase and chaperoning
activity characteristic of most PPIases; nevertheless, the exact
cellular functions remain cryptic. Of note, Pin4 associates with
insulin receptor substrate 1 (IRS-1), enhancing insulin-induced
IRS-1 phosphorylation and metabolic functions.[9] The PPIase
domains of Pin1 and Pin4 show 35% sequence identity and
more than 50% homology. The loop regions are different in
terms of length between β1 and α1 (extended in Pin1) as well
as between α3 and β3 (extended in Pin4).[10] There is also a long
basic loop in these isoforms, which serves as a substrate
binding site and isomerization catalytic site in Pin1, while in
Pin4 the function remains unclear. Phosphorylation of Ser7 and
Ser9 of Pin4 by the PKB/Akt kinase in a Crm1-dependent
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pathway, regulated by 14-3-3 protein, promotes the migration
of phosphorylated Pin4 from the nucleus to the cytosol.
Cytoplasmic localization contributes to silence protein’s func-
tion initiating proteasomal degradation.[10] Additionally, Pin4
does not accelerate the cis-trans interconversion of pSer/Thr-Pro
bonds typical of Pin1 preferring Arg–Pro moieties.[11] Pin4 is
phosphorylated at Tyr122 in tumor cells expressing the fusion
protein F3-T3, promoting the formation of a F3-T3-Pin4 axis,
responsible of an increased oxidative stress in cancer cells.[12,13]

Medicinal chemistry research is now moving toward the
development of small peptides that could mimic physiological
behaviors.[14] This holds true with regards to the synthesis of
potential Parvulin inhibitors.

Accordingly, the protected peptide Suc� Ala� Glu� Pro� Phe-
pNitroanilide (1, Figure 1) was developed as a potential Pin1
inhibitor, prototypic of a new class of potential anticancer
agents.[15] Non-peptidic small-molecule Pin inhibitors include
Juglone (2), PiB (3), halogenated phenyl-isothiazolone (TME-
001, 4) (Figure 1). The best results in terms of selective Pin1
inhibition were obtained in cancer cells using novel biomimetic
cyclic peptides more potent than small-molecule inhibitors,
since these latter lack significant effectiveness and/or
specificity.[15] Indeed, most of the known Pin1 inhibitors show a
weak selectivity over Pin4, that is equally overexpressed in
cancer cells.[16] Nevertheless, most of the potential inhibitors of
Pin1 and Pin4 so far reported have no effects in cells due to low
membrane permeability.[17] The principal strategies employed
for improving cell permeability of peptides may include
cyclization[18,19] or conjugation with an octaarginine (R8) tag,
which has been proved to favor cellular internalization.[20] In
fact, cell-penetrating peptides (CPPs), such as R8, can transport
into the cell a wide variety of biologically active conjugates
including antiproliferative peptides.[20] This has been explained

with the formation of a pore (barrel-stave), which results from
the formation of bundles by amphipathic R-helical peptides.[21]

R8-conjugates have been proven to penetrate both U87 and
GL261 glioma cell lines, displaying sustained release and
revealing minimal toxicity when administered in mice.[22] More-
over, a Smac/R8 peptide demonstrated to better accumulate
into the cells, due to higher internalization, with respect to
Smac alone, improving cell sensitivity to the drug.[23,24] Also in
several cases, these adducts demonstrated high stability at
physiological pH and an increased release of drugs. In this
framework, with the aim of developing new inhibitors against
Pin1, a set of new analogues of Ala� Gly� Pro� Phe (with general
structure 5; Figure 1) used as early molecular template, were
designed, synthesized and functionally characterized. Molecular
docking analyses were performed to highlight the differences in
the binding mode of selected compounds, respect to the
starting template typified by the general structure 5, against
both Pin1 and Pin4. Computational study evidenced critical
structural determinants governing the activity of our com-
pounds. In addition, to test the biological effects of new
selected oligopeptides they were conjugated with a polyargi-
nine stretch (R8) at their N-terminus. The new conjugates were
tested to determine their inhibitory potency toward Pin1 and
Pin4 as well and to determine their antiproliferative activity in
cancerous A549, MCF7, HCT116, LNCaP, PNT2 and non-cancer-
ous AC16 cell lines.

Results and Discussion

Design and synthesis of compounds

In order to identify new oligopeptide inhibitors of Pin1 protein,
we designed a new set of tetrapeptides, starting from the well-
known substrate of the catalytic site of PPIases (N-terminus
acetylated (Ac) Ala� Gly� Pro� Phe, see 5a in Table 1). The
docked pose of 5a in complex with Pin1 (Figure 2) showed
some relevant interactions of the ligand within Pin1 binding
site, targeting Arg-rich region (R68 and R69) belonging to the
long loop between β1 and α1 motif, through the acetyl group
of N-terminus and the carbonyl-group of Gly. This binding
mode suggested the replacement of the Gly residue of 5a with
a series of long chained amino acids to obtain derivatives
potentially able to maximize the interactions with the Pin1
binding site (Table 1). The synthesis of compounds 5a–p, with
Ac� Ala at N-terminus linked to different amino acids (Table 1)
was accomplished by employing solution-phase synthesis.
Scheme 1 describes the synthetic route to compounds 5a–o. A
convergent approach between Phe� OMe and N-Boc� Pro to the
Pro� Phe dipeptide (6), followed by Boc deprotection, was
performed.[25] For the synthesis of compound 9, Ala� OMe·HCl
was initially converted into Ac� Ala� OMe by using AcCl in DCM.
The obtained compound was then hydrolyzed at the ester
functionality to 9 in basic conditions and used in the next
steps.[26] Amine 6 was used as the starting point for the
coupling reaction with different amino acids to obtain com-
pounds 7a–c,e–g,i,k,l–n. The subsequent N-deprotection fur-

Figure 1. Known Pin Inhibitors (compounds 1–4) and general structure 5 of
the title compounds 5a–p.
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Table 1. Structures of compounds 5a–p and their affinity for Pin1 and Pin4 enzymes.

Compd Structure Pin1 KD [μM][a] Pin4 KD [μM][a]

5a 6.09�4.47 N/D

5b 6.11�3.74 N/D

5c 53.63�18.85 N/D

5d 30.49�9.03 N/D

5e N/D N/D

5f N/D 18.61�11.47

5g N/D N/D

5h 4.50�2.47 N/D

5 i 70.17�30.70 28.19�7.00

5 j 22.37�11.25 N/D

5k 0.45�0.30 5.70�2.89
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nished intermediates 8a–c, 8e–g, 8 i, 8k, 8 l–n, that, coupled
with 9, furnished the compounds 5a–c, 5e–g, 5 i, 5 l–n. In the
same experimental conditions, when coupled with 9, 8k
provided the derivative 10k. The removal of the tert-butyl
group of 5e by exposure to TFA, gave 5f. With the same
procedure, 5d was obtained starting from 5c. To obtain 5k, the
Mtr group of the intermediate 10k was cleaved under acidic
conditions. The deprotection of compounds 5g and 5 i by

catalytic hydrogenation provided 5h and 5 j, respectively. By
using a similar approach, the compound 5p was obtained as
reported in the Scheme 2. N-Boc-D-proline 11 was reacted with
N-methyl-phenylalanine providing dipeptide 12. The subse-
quent Boc removal furnished 13, that was coupled with N2-
(acetyl-L-alanyl)-N6-((benzyloxy)carbonyl)-L-lysine, leading to
compound 15, which underwent to a final Cbz-deprotection.

Table 1. continued

Compd Structure Pin1 KD [μM][a] Pin4 KD [μM][a]

5 l 14.06�13.29 N/D

5m 62.51�15.85 N/D

5n N/D N/D

5o N/D N/D

5p N/D N/D

[a] Data are the mean�S.D. of three independent experiments; N/D: KD values not determined or could not be accurately determined in the concentration
range used.

Figure 2. (A) Docked pose of compound 5a (orange sticks) bound to Pin1 (cyan cartoon). (B) 2D interaction diagram of 5a docking pose interaction with the
key residues in Pin1 catalytic site. Interacting residues in the binding site are represented by lines, while the catalytic tetrads are represented by sticks (H59,
H157, C113, and T152). For sake of clarity, H157 was reported as HIE157 (HIE stands for tautomeric histidine ɛ-nitrogen) in the ligand interaction diagram
according to the protein preparation output. H-bonds are illustrated by grey dotted lines (right panel). Pictures were generated by PyMOL (The PyMOL
Molecular Graphics System, v1.8; Schrödinger, LLC, New York, 2015) and by ligand interaction diagram available in Maestro.
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Inhibition assays and structure-activity relationships (SARs)

The ability of compounds 5a–p to interact with the recombi-
nant human 6His-tagged-Pin1, 6His-tagged-Pin4 (hereafter Pin1
and Pin4, respectively) was analyzed by direct-binding assays
by using Enspire-label free technique.[27]

KD values determined are reported in Table 1. Among the
conceived derivatives of compound 5a (Ala� Gly� Pro� Phe) used
as starting template, which provides a KD in the low micromolar
range (~6 μM), compounds 5b and 5h, in which the Gly
residue is replaced by a Val and a Ser respectively, possess a
similar or a slightly increased binding affinity to Pin1 (Table 1).
On the other hand, the introduction of long-side chain residues,
such as Arg (5d), Glu (5e), Lys (5 j), Met (5 l), Gln (5m), Orn (5o–
n) decreased the binding affinity of the resulting derivatives for
Pin1, indicating that the affinity is reduced as the steric
hindrance of the residues increases. In line with this evidence,
compounds 5c, 5e, 5f, 5g and 5 i show a very little or no
binding affinity to Pin1. However, the replacement of Gly in 5a
with His in 5k, provides a significant increase of the binding

affinity to Pin1. Indeed, the affinity of 5k toward Pin1 is in the
range of 0.45 μM, which is about 10-fold tighter than the
affinity of 5a toward the same protein (6.09 μM) (Table 1),
suggesting that the imidazole ring can stabilize the complex by
additional interactions. The presence of D� Pro into compound
5p, analogous of 5 j, abrogates the interaction with Pin1.

Peptides 5e, 5 i and 5k bind to Pin4, in a dose-dependent
manner, reaching the steady state and showing KDs in the
micromolar range (Table 1). Comparing the KD values obtained
for Pin1 and Pin4, it seems that Pin4 better allocates bulky
residues before the Pro than Pin1. Indeed, compounds 5e and
5 i bind Pin4 better than Pin1. Compound 5k efficiently binds
Pin4, while showing a KD of about 12-fold lower for Pin4 with
respect to Pin1, suggesting a lower contribution of the
imidazole ring in stabilizing the complex.

Scheme 1. Synthesis of oligopeptides 5a–l. i) appropriate N-protected amino acids for 6, or compound 9 for 8a–c, 8e–g, 8 i, 8k, 8 l–n, EDCI, HOBt, DIPEA, dry
DCM, 12 h; ii) TFA, DCM, 0 °C, 1 h; iii) piperidine, DCM, 25 °C, 3 h; iv) H2, Pd/C, EtOAc/MeOH, rt, 12 h.

Scheme 2. Synthesis of compound 5p. i) methyl L-phenylalanine for compound 11 or N2-(acetyl-L-alanyl)-N6-((benzyloxy)carbonyl)-L-lysine for compound 13,
EDCI, HOBt, DIPEA, dry DCM, 12 h; ii) TFA, DCM, 0 °C, 1 h; v) H2, Pd/C, EtOAc/MeOH, rt, 12 h.
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Molecular modeling studies

Among the conceived compounds, 5k showed the highest
affinity against Pin1, leading to the most promising compound
of the series. Molecular modeling studies highlighted the
different interactions in Pin1 and Pin4 binding sites. As
expected, 5k is able to perfectly accommodate the Pro residue
into the catalytic cleft formed by the catalytic tetrad (Figure 3,
H59, H157, C113, and T152 in Pin1; H42, H123, D74, and T118 in
Pin4) in both enzymes. Regarding Pin1 enzyme, the binding
analysis revealed that compound 5k showed a stronger pattern
of interaction compared to Pin4. In fact, 5k in Pin1 strongly
targeted the Arg-rich region (R68 and R69) belonging to the
long loop between β1 and α1 motif that is absent in Pin4
(Figure 3A). Moreover, His residues of 5k established H-bonds
with the backbone of Q129 and the sidechain of Q131. The Phe
residue is accommodated in a hydrophobic sub-pocket com-
posed of L122, F125, and M130 (Figure 3A). As for the Pin4
enzyme, compound 5k established limited contacts within the
binding site. In fact, we observed only H-bonds with the side
chain of K75 and the backbone of S89. Hydrophobic inter-
actions were observed between the Phe of 5k and residues
M85 and M90 of Pin4 (Figure 3B). Accordingly, due to the

absence of the mentioned loop in Pin4, compound 5k lacks
relevant affinity for this enzyme, as highlighted by in silico
investigation. Furthermore, the different pattern of interactions
with the enzymes, combined with the docking score evaluation
(5k into Pin1-7.665 kcal/mol; 5k into Pin4-4.417 kcal/mol),
strongly supports the experimentally determined different
affinity against the two enzymes (see Table 1).

Investigation of 5a–p activity in cell-based assays and
preparation of R8 conjugated peptides

Oligopeptides 5d, 5f–k, structurally and chemically diversified
among them, were tested in cancer cell lines to evaluate the
potential anti-proliferative activity. As shown in Figure 4, no
significant effects were registered in cells treated with com-
pounds at 100 μM compared to the untreated cells, used as
control, likely because of their poor cell permeability (Figure 4).
Therefore, the best compounds 5k and 5 i (which bind both
Parvulins) were chosen for a more in-depth analysis, while the
well-known polyarginine-based sequence (octaarginine, R8) as
CPP. The R8 stretch was added at N-terminus and each peptide
was synthesized through the Fmoc-based solid phase method-

Figure 3. Docked poses of compound 5k (magenta sticks) within Pin1 (cyan cartoon, panel A) and Pin4 (green cartoon, panel B). Interacting residues in
binding sites are represented by lines and the catalytic tetrads by sticks (H59, H157, C113, and T152 in Pin1; H42, H123, D74, and T118 in Pin4). For the sake of
clarity, H157 in Pin1 was reported as HIE157 (HIE stands for tautomeric histidine) in the ligand interaction diagram according to the protein preparation
output. H-bonds are illustrated by grey dotted lines. Pictures were generated by PyMOL (The PyMOL Molecular Graphics System, v1.8; Schrödinger, LLC, New
York, 2015) and by Ligand interaction diagram available in Maestro.
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ology (see Materials and Methods for details). LC-MS analysis
confirmed the identity of peptides (Figure S1).

Investigation of R8–5 i and R8–5k activity in vitro and in
cell-based assays

To assess the effects of R8 stretch on the affinity of peptides
toward Pin enzymes, direct binding assays were carried out
(Figure 5). Noteworthy, the addition of a polyarginine tail at N-
terminus significantly increased the affinity of peptides to Pin4,
whereas negligible effects were observed for Pin1. In particular,
testing the peptides at low concentrations (from 0 to 2.0 μM)
against Pin1, we found that R8–5 i does not reach saturation,
preventing an accurate determination of KD in these exper-
imental conditions, in agreement with a KD of about 70 μM
determined for the parent compound (5 i). On the contrary, the
peptide R8–5k binds Pin1 in a concentration-dependent and
saturable manner, showing a KD value of 0.13�0.02 μM, in line
with the KD determined for 5k to Pin1 (see Table 1). Notably,
the R8 conjugated peptides bind Pin4 with a higher affinity
than unconjugated compounds, showing KD values of 0.56�
0.02 μM and 0.22�0.05 μM for R8–5 i and R8–5k, respectively,

suggesting that the arginines may participate in the stabiliza-
tion of the complex by forming additional interactions.
However, the R8 tag, used as control in the binding assays,
does not bind both Parvulins, in the range of concentrations
tested. All together, these results suggested that the driving
force of the interaction is mediated by the specific peptide
sequence, and for Pin4, the positioning of the peptide in the
catalytic pocket could allow the arginine tail to stabilize the
complex with further interactions. The two peptides (R8–5 i and
R8–5k) were also tested for the anti-proliferative activity against
different cancer cell lines, where Pin proteins are over-ex-
pressed, using 3-(4,5-dimethyl thiazole-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) cell assay. This preliminary analysis
showed that these peptides reduced the cell proliferation of
about 50–60%, in all cancer cells tested, already after 24 h of
induction at 10 μM concentration and the effect persisted up to
48 h (Figure 6 A–C). In contrast, a non-significant anti-prolifer-
ative activity, less than 20%, was evidenced in AC16 non-tumor
system (Figure 6E). Similar results were also detected in
PNT2 cell line that constitutes the normal prostate epithelium
immortalized with SV40 model (Figure 6F).

The effect of the R8 tag was also tested to evaluate if the
biological activity observed for the compounds tested could be

Figure 4. A549, HCT116 and MCF7 were treated with selected oligopeptides without R8 (100 μM) and cell viability was detected by MTT assay. Results are
presented as percentage of vitality of control (untreated cells) and represent mean�S.D. of three independent experiments.

Figure 5. Binding curves of R8–5 i, R8–5k and R8 compounds against Pin1 (A) and Pin4 (B) proteins. Experiments were carried out using the Label-free
Corning® Epic® technology. N/D: KDs not determined or could not be accurately determined in the concentration range used in the assays.
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ascribed to the R8 alone. R8, tested at 10 μM, reduced the cell
proliferation of about 20–30% on HCT116 cells treated for 24 h
(Figure 7), which is much less than that observed upon R8–5 i
and R8–5k treatment (~60%) in the same experimental
conditions. These data demonstrated how the observed anti-
proliferative effect of R8–5 i,k is also due to the presence of R8
stretch. Despite the literature claims about the R8 tag,[20,23,24]

these data confirm that R8 tag may not be appropriate to
improve cell permeability of antiproliferative agents since it is
not totally inert. A further evaluation of the biological effect of
R8 conjugated oligopeptides and R8 alone was performed by a
cytofluorimetric analysis in HCT116 cells. HCT116 cells were
treated with R8–5 i, R8–5k and R8 alone at 10 μM. As shown in

Figure 8, in agreement with MTT assays, oligopeptides block
cell proliferation by stopping cells in G1 phase. Indeed, we
observed a slight increase of cells within G1 phase when
HCT116 cells were treated with R8–5 i and R8–5k (66.4% and
61.2%, respectively) compared to control and R8 treated cells
(about 50.5% and 57.4%, respectively) after 48 h (Figure 8).

Conclusion

By combining molecular modelling, chemical synthesis and
biological investigation, we discovered new peptide-based Pin1
inhibitors. Sixteen new compounds were synthesized and
tested against Pin1 and Pin4 through direct-binding assays.
Compounds 5b, 5h, 5k, and 5 l showed high Pin1 inhibitory
activity, and compounds 5g and 5k displayed significant
binding to Pin4. In particular, the oligopeptide 5k showed an
inhibitory potency of Pin1 in the high nanomolar range,
whereas a lower affinity was determined for Pin4 (12-fold).
Docking studies revealed significant interaction between 5k
and Pin1 active site and highlighted the differences in the
binding mode of the selected compound, against both Pin1
and Pin4. Since the molecule did not show antiproliferative
activity, probably due to low cell penetration as demonstrated
for other peptide molecules, to evaluate the effects of peptide
5k in cancer cells, cell permeability of compounds 5k was
attained by R8 conjugation. Conjugation of the peptides with
an arginine tail at the N-terminus significantly reduced their
selectivity toward Pin1 and Pin4. When tested on cancer cell
lines, R8–5k showed an encouraging anti-proliferative effect
after 24 h of treatment that lasts up to 48 h, without any
notable effect on non-cancer cells. However, we found out that
the R8 fragment was responsible, at least in part, of the
antiproliferative effect of R8–5k and R8–5 i, indicating that R8 is

Figure 6. Different cell lines were treated with oligopeptides conjugated with a poly-arginine stretch (10 μM) for 24 h and 48 h and cell viability was measured
by MTT assay. Results are presented as percentage of vitality of control (untreated cells), and represent mean�S.D. of three independent experiments.

Figure 7. HCT116 cells were treated with R8 (10 μM) for 24 h and cell
viability was detected by MTT assay. MTT results are presented as percentage
of vitality of control (untreated cells), and represent mean�S.D. of three
independent experiments.

ChemMedChem
Research Article
doi.org/10.1002/cmdc.202200050

ChemMedChem 2022, 17, e202200050 (8 of 14) © 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 01.06.2022

2211 / 245602 [S. 44/50] 1



not the most appropriate tool for improving cell permeability of
antiproliferative peptides in our experimental conditions. Fur-
ther research efforts are ongoing aiming at improving cell
penetration and antiproliferative action of our peptide-based
Parvulin inhibitors.

Experimental Section

General chemical information

Unless otherwise specified, materials were purchased from com-
mercial suppliers and used without further purification. Reaction
progress was monitored by TLC using silica gel 60 F254 (0.040–
0.063 mm) with detection by UV. Silica gel 60 (0.040–0.063 mm) or
aluminum oxide 90 (0.063–0.200 mm) were used for column
chromatography. 1H NMR, and 13C NMR spectra were recorded on a
Varian 300 MHz, spectrometer by using the residual signal of the
deuterated solvent as internal standard. Splitting patterns are
described as singlet (s), doublet (d), triplet (t), quartet (q), quintet
(p), and broad (br); the value of chemical shifts (d) are given in ppm
and coupling constants (J) in Hertz (Hz). ESI-MS spectra were
performed by an Agilent 1100 Series LC/MSD spectrometer. Yields
refer to purified products and are not optimized. All moisture-
sensitive reactions were performed under argon atmosphere using
oven-dried glassware and anhydrous solvents.

Methyl L-prolyl-L-phenylalaninate (6). According with published
procedure, compound 6 was obtained as a colorless oil.[25]

Acetyl-L-alanine (8). According with published procedure compound
8 was obtained as a colorless oil.[26]

General procedure i) To a solution of the corresponding carboxylic
acid (1 eq, 0.04 mmol) in dry DCM (5 mL) at 0 °C, EDCI (1.2 eq,
0.048 mmol), HOBt (1.5 eq, 0.06 mmol) and DIPEA (4 eq, 0.16 mmol)
were added. After 10 min, the corresponding amine (1.2 eq, 0.048)
was added. The mixture was allowed to warm room temperature
and stirred for 12 h. Solvent was removed and the pure compound

was obtained after flash chromatography by using a gradient of n-
hexane:EtOAc from 90 :10 to 50 :50.

Methyl (tert-butoxycarbonyl)glycyl-L-prolyl-L-phenylalaninate (7a).
The title compound was obtained according with general proce-
dure i) by reacting 6 with Boc-Gly-OH. Colorless oil, 87% yield. 1H
NMR (300 MHz, CDCl3) δ 7.44–6.91 (m, 5H), 5.36 (s, 1H), 4.77 (m, 1H),
4.57–4.39 (m, 1H), 4.05 (q, J=7.1 Hz, 1H), 3.89–3.73 (m, 1H), 3.73–
3.51 (m, 3H), 3.31–3.05 (m, 2H), 2.98–2.79 (m, 1H), 2.39–2.16 (m, 1H),
1.97 (s, 2H), 1.91–1.77 (m, 1H), 1.77–1.61 (m, 1H), 1.39 (d, J=10.7 Hz,
6H), 1.26–1.04 (m, 2H). ESI-MS: 456 [M+Na]+

Methyl (tert-butoxycarbonyl)-L-valyl-L-prolyl-L-phenylalaninate (7b).
The title compound was obtained according with general proce-
dure i) by reacting 6 with Boc-Val-OH. Colorless oil, 56% yield. 1H
NMR (300 MHz, CDCl3) δ 7.43–6.83 (m, 6H), 5.23 (d, J=9.3 Hz, 1H),
4.74 (m, 1H), 4.53 (m, 1H), 4.22 (m, 1H), 3.81–3.53 (m, 4H), 3.46 (m,
1H), 3.17–2.94 (m, 2H), 2.41–2.12 (m, 1H), 2.06–1.68 (m, 4H), 1.40 (m,
9H), 1.01–0.69 (m, 6H). ESI-MS: 476 [M+Na]+

Methyl N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-Nω-((4-methoxy-2,3,6-
trimethylphenyl)sulfonyl)-L-arginyl-L-prolyl-D-phenylalaninate (7c).
The title compound was obtained according with general proce-
dure i) by reacting 6 with Fmoc-Arg(Mtr)-OH. White solid, 32%
yield. 1H NMR (300 MHz, CDCl3) δ 7.72 (d, J=7.5 Hz, 2H), 7.55 (d, J=
7.3 Hz, 2H), 7.41–6.98 (m, 10H), 6.77 (d, J=7.3 Hz, 1H), 6.48 (s, 1H),
6.25 (m, 2H), 5.89 (m, 1H), 5.34–5.21 (m, 1H), 4.81–4.56 (m, 1H),
4.53–4.04 (m, 5H), 3.85–3.29 (m, 8H), 3.27–2.81 (m, 3H), 2.76–2.45
(m, 8H), 2.22–0.94 (m, 9H). ESI-MS: 890 [M+Na]+.

tert-Butyl (S)-4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-((S)-2-
(((R)-1-methoxy-1-oxo-3-phenylpropan-2-yl)carbamoyl)pyrrolidin-1-yl)-
5-oxopentanoate (7e). The title compound was obtained according
with general procedure i) by reacting 6 with Fmoc-Glu(OtBu)-OH.
White solid, 25% yield. 1H NMR (300 MHz, CDCl3) δ 7.83–7.69 (m,
2H), 7.57 (dd, J=7.5, 4.3 Hz, 2H), 7.44–6.99 (m, 9H), 5.65 (d, J=
8.7 Hz, 1H), 4.80 (q, J=6.6 Hz, 1H), 4.67–4.47 (m, 2H), 4.40–4.26 (m,
2H), 4.18 (t, J=7.0 Hz, 3H), 3.69 (s, 3H), 3.67–3.57 (m, 2H), 3.23–2.94
(m, 2H), 2.42–2.15 (m, 3H), 1.99–1.77 (m, 4H), 1.44 (s, 9H). ESI-MS:
706 [M+Na]+.

Methyl O-benzyl-N-(tert-butoxycarbonyl)-L-seryl-L-prolyl-L-phenylalani-
nate (7g). The title compound was obtained according with general

Figure 8. Representative graphs of cell cycle distribution. HCT116 cells were treated with oligopeptides at 10 μM for 48 h. Cells were evaluated as SSC-A/FSC-A
and for PI-A intensity.
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procedure i) by reacting 6 with Boc-Ser(OBn)-OH. White solid, 50%
yield. 1H NMR (300 MHz, CDCl3) δ 7.71 (m, 1H), 7.36–6.80 (m, 10H),
6.48 (d, J=7.4 Hz, 1H), 5.24 (s, 1H), 5.01–4.99 (m, 1H), 4.74–4.47 (m,
3H), 4.44–4.19 (m, 2H), 3.82–3.40 (m, 7H), 3.00–2.62 (m, 2H), 2.17–
1.69 (m, 7H), 1.27–1.24 (m, 4H). ESI-MS: 576 [M+Na]+.

Methyl N6-((benzyloxy)carbonyl)-N2-(tert-butoxycarbonyl)-L-lysyl-L-
prolyl-D-phenylalaninate (7 i). The title compound was obtained
according with general procedure i) by reacting 6 with Boc-
Lys(Cbz)-OH. Colorless oil, 83% yield. 1H NMR (400 MHz, CDCl3) δ
7.51–6.99 (m, 8H), 6.70 (d, J=7.3 Hz, 2H), 5.25 (d, J=8.7 Hz, 1H),
5.20–4.96 (m, 3H), 4.77 (q, J=6.1 Hz, 1H), 4.60–4.30 (m, 2H), 3.81–
3.54 (m, 4H), 3.53–3.38 (m, 1H), 3.28–2.98 (m, 4H), 2.32–2.10 (m, 1H),
2.04–1.85 (m, 2H), 1.52 (s, 8H), 1.41 (s, 9H). ESI-MS: 661 [M+Na]+.

Methyl Nα-(((9H-fluoren-9-yl)methoxy)carbonyl)-Nτ-trityl-L-histidyl-L-
prolyl-L-phenylalaninate (7k). The title compound was obtained
according with general procedure i) by reacting 6 with Fmoc-
His(Trt)-OH. White solid, 86% yield. 1H NMR (300 MHz, CDCl3) δ 9.21
(d, J=8.4 Hz, 1H), 7.85–7.43 (m, 4H), 7.45–6.93 (m, 22H), 6.70 (d, J=
10.4 Hz, 1H), 6.05–5.83 (m, J=10.7 Hz, 1H), 5.07–4.80 (m, 1H), 4.77–
4.43 (m, 2H), 4.41–3.93 (m, 3H), 3.50 (d, J=17.1 Hz, 3H), 3.42–3.07
(m, 2H), 3.15–2.79 (m, 5H), 2.54 (s, 1H), 2.24–1.88 (m, 3H), 1.90–1.52
(m, 2H). ESI-MS: 879 [M+H]+.

Methyl ((benzyloxy)carbonyl)-L-methionyl-L-prolyl-L-phenylalaninate
(7 l). The title compound was obtained according with general
procedure i) by reacting 6 with Cbz-Met-OH. White amorphous
solid, 47% yield. 1H NMR (300 MHz, CDCl3) δ 7.46–6.87 (m, 10H),
5.51–5.29 (m, 3H), 5.02 (d, J=14.2 Hz, 2H), 4.40 (s, 1H), 4.01 (s, 1H),
3.83–3.66 (m, 3H), 3.20 (d, J=36.4 Hz, 2H), 2.87 (s, 1H), 2.76–2.60 (m,
2H), 2.54–2.42 (m, 3H), 2.38 (s, 1H), 2.24 (d, J=16.9 Hz, 2H), 2.06 (t,
J=22.5 Hz, 3H). ESI-MS: 542 [M+H]+.

Methyl N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-N5-trityl-L-glutaminyl-
L-prolyl-L-phenylalaninate (7m). The title compound was obtained
according with general procedure i) by reacting 6 with Fmoc-
Gln(Trt)-OH. White oil, 60% yield. 1H NMR (300 MHz, CDCl3) δ 7.75
(d, J=7.4 Hz, 2H), 7.64–7.46 (m, 2H), 7.44–6.88 (m, 24H), 5.51 (d, J=
8.6 Hz, 2H), 5.29 (d, J=0.4 Hz, 2H), 4.83–4.66 (m, 2H), 4.54–4.00 (m,
5H), 3.68 (s, 2H), 3.22–2.96 (m, 2H), 2.93–2.79 (m, 1H), 2.52–2.16 (m,
1H), 2.13–1.32 (m, 6H), 1.31–1.09 (m, 1H). ESI-MS: 870 [M+H]+.

Methyl (5-(((benzyloxy)carbonyl)amino)-2-((tert-
butoxycarbonyl)amino)pentanoyl)-L-prolyl-L-phenylalaninate (7n).
The title compound was obtained according with general proce-
dure i) by reacting 6 with Boc-Orn(Cbz)-OH. Colorless oil, 83% yield.
1H NMR (400 MHz, CDCl3) δ 7.59–6.95 (m, 10H), 6.70 (d, J=6.6 Hz,
1H), 5.39–4.95 (m, 4H), 4.91–4.62 (m, 1H), 4.64–4.32 (m, 2H), 3.64
(dd, J=19.1, 8.4 Hz, 5H), 3.44 (d, J=4.4 Hz, 1H), 3.35–2.88 (m, 5H),
2.51–1.76 (m, 6H), 1.78–0.98 (m, 9H).

tert-Butyl 2-(((S)-1-methoxy-1-oxo-3-phenylpropan-2-
yl)carbamoyl)pyrrolidine-1-carboxylate (12). Starting from 11, the
title compound was obtained according with general procedure i).
White solid, 98% yield. 1H NMR (300 MHz, CDCl3) δ 7.36–6.94 (m,
5H), 4.79 (s, 1H), 4.38–3.99 (m, 1H), 3.62 (s, 3H), 3.47–3.12 (m, 2H),
3.04 (d, J=6.0 Hz, 2H), 2.36–1.58 (m, 5H), 1.59–1.18 (m, 9H).

Procedures for Boc and Fmoc deprotection

General procedure ii for Boc deprotection: To a solution of the Boc-
protected amino acid (1 eq, 0.04 mmol) in dry DCM (10 mL) at 0 °C,
10% TFA was added dropwise. The mixture was stirred at 0 °C for
1 h. Then, it was diluted with DCM (5 mL) and a saturated aqueous
solution of NaHCO3 was added until neutralization. The mixture was
partitioned between water and DCM; the organic layer was dried

with Na2SO4, filtered, and evaporated in vacuo. The crude product
was used without further purification.

General procedure iii for Fmoc deprotection: To a stirred solution of
Fmoc-protected amino acid (1 eq, 0.1 mmol) in DCM (10 mL), a
20% solution of piperidine in DCM was added and the mixture
stirred for 3 h at room temperature. The solvent was removed, the
residue was washed multiple times by a co-evaporation with DCM
(3×20 mL), to obtain the pure compound; if not pure, the crude
residue was further purified through flash chromatography by
using DCM/MeOH (20 :1 v/v) as eluent.

Methyl glycyl-L-prolyl-L-phenylalaninate (8a). Starting from 7a, the
title compound was obtained according with general procedure ii).
Colorless oil, 75% yield. 1H NMR (300 MHz, CDCl3) δ 7.40 (d, J=
7.5 Hz, 1H), 7.29–6.84 (m, 6H), 4.91–4.64 (m, 1H), 4.50 (d, J=6.9 Hz,
1H), 3.80–3.52 (m, 3H), 3.49–2.70 (m, 4H), 2.40–2.15 (m, 1H), 2.10–
1.41 (m, 5H), 1.30–1.07 (m, 1H). ESI-MS: 334 [M+H]+.

Methyl L-valyl-L-prolyl-L-phenylalaninate (8b). Starting from 7b, the
title compound was obtained according with general procedure ii).
Colorless oil, 76% yield. 1H NMR (300 MHz, CDCl3) δ 7.39–6.84 (m,
7H), 4.93–4.63 (m, 1H), 4.64–4.47 (m, 1H), 3.68 (m, 1H), 3.64 (s, 3H),
3.57–3.34 (m, 2H), 3.34–2.80 (m, 2H), 2.36–2.19 (m, 2H), 2.15–1.56
(m, 2H), 1.44–1.08 (m, 2H), 1.08–0.66 (m, 6H).

Methyl Nω-((4-methoxy-2,3,6-trimethylphenyl)sulfonyl)-L-arginyl-L-prol-
yl-L-phenylalaninate (8c). Starting from 7c, the title compound was
obtained according with general procedure iii). Colorless oil, 100%
yield. 1H NMR (300 MHz, CDCl3) δ 7.32–6.85 (m, 5H), 6.44 (d, J=
20.1 Hz, 3H), 4.84–4.54 (m, 1H), 4.46–4.43 (m, 1H), 3.89–3.51 (m, 6H),
3.56–3.30 (m, 2H), 3.28–2.81 (m, 2H), 2.77–2.36 (m, 5H), 2.31–1.70
(m, 6H), 1.74–1.06 (m, 5H). ESI-MS: 667 [M+H]+.

tert-Butyl (S)-4-amino-5-((S)-2-(((R)-1-methoxy-1-oxo-3-phenylpropan-
2-yl)carbamoyl)pyrrolidin-1-yl)-5-oxopentanoate (8e). Starting from
7e, the title compound was obtained according with general
procedure iii). Purification by column chromatography (DCM/MeOH
(20 :1 v/v) furnished the title compound. Colorless oil, 85% yield. 1H
NMR (300 MHz, CDCl3) δ 7.34–7.02 (m, 5H), 4.90–4.75 (m, 1H), 4.58–
4.40 (m, 1H), 3.70 (s, 3H), 3.28–2.88 (m, 2H), 2.53–2.18 (m, 8H), 2.16–
1.72 (m, 6H), 1.42 (s, 9H). ESI-MS: 462 [M+H]+.

Methyl O-benzyl-L-seryl-L-prolyl-L-phenylalaninate (8g). Starting from
7g, the title compound was obtained according with general
procedure ii). Colorless oil, 49% yield. 1H NMR (300 MHz, CDCl3) δ
7.30– 7.10 (m, 10H), 6.48 (d, J=7.4 Hz, 1H), 5.24 (s, 1H), 5.01- 4.99
(m, 1H), 4.74–4.47 (m, 2H), 4.44–4.19 (m, 2H), 3.82–3.40 (m, 5H),
3.00–2.62 (m, 2H), 2.17–1.69 (m, 4H), 1.27–1.24 (m, 3H). ESI-MS: 454
[M+H]+.

Methyl N6-((benzyloxy)carbonyl)-L-lysyl-L-prolyl-L-phenylalaninate (8 i).
Starting from 7 i, the title compound was obtained according with
general procedure ii). Colorless oil, 64% yield. 1H NMR (400 MHz,
CDCl3) δ 7.40–7.04 (m, 10H), 6.96 (s, 1H), 5.41 (s, 1H), 5.05 (d, J=
4.4 Hz, 2H), 4.94–4.64 (m, 1H), 4.52 (s, 1H), 3.71 (d, J=11.6 Hz, 1H),
3.65 (s, 3H), 3.40 (t, J=31.4 Hz, 2H), 3.26–2.95 (m, 6H), 2.21–2.07 (m,
2H), 1.95–1.87 (m, 4H), 1.72–1.39 (m, 4H).

Methyl Nτ-trityl-L-histidyl-L-prolyl-L-phenylalaninate (8k). Starting
from 7 i, the title compound was obtained according with general
procedure iii). Colorless oil, 100% yield. 1H NMR (300 MHz, CDCl3) δ
8.59 (d, J=8.1 Hz, 1H), 7.44–6.87 (m, 21H), 6.61 (dd, J=16.5, 1.1 Hz,
1H), 4.85–4.80 (m, 1H), 4.68–4.52 (m, 1H), 3.83–3.57 (m, 2H), 3.53 (s,
3H), 3.45–3.23 (m, 1H), 3.24–2.54 (m, 4H), 2.48–1.90 (m, 4H), 1.86–
1.57 (m, 1H), 1.55–1.23 (m, 1H).

Methyl L-methionyl-L-prolyl-L-phenylalaninate (8 l). Starting from 7 l,
the title compound was obtained according with general procedure
ii). White amorphous solid, 92% yield. 1H NMR (300 MHz, CDCl3) δ
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7.35–7.02 (m, 5H), 6.80 (s, 1H), 4.77 (s, 1H), 4.40 (s, 1H), 4.00 (d, J=
12.8 Hz, 2H), 3.73–3.58 (m, 3H), 3.41 (d, J=33.0 Hz, 2H), 3.10 (s, 1H),
2.86–2.63 (m, 2H), 2.49–2.26 (m, 4H), 2.26–1.93 (m, 5H), 1.84 (s, 1H),
1.71 (s, 1H). ESI-MS: 429 [M+ Na]+.

Methyl N5-trityl-L-glutaminyl-L-prolyl-L-phenylalaninate (8m). Starting
from 7m, the title compound was obtained according with general
procedure iii). Purification by column chromatography (DCM/MeOH
(20 :1 v/v) furnished the title compound. White amorphous solid,
89% yield. 1H NMR (300 MHz, CDCl3) δ 7.43–7.05 (m, 20H), 7.00–6.87
(m, 2H), 4.85–4.65 (m, 1H), 4.42 (dd, J=8.1, 3.3 Hz, 1H), 3.64 (s, 3H),
3.20–2.90 (m, 4H), 2.89–2.70 (m, 1H), 2.64–2.41 (m, 1H), 2.35–2.20
(m, 1H), 1.94 (s, 4H), 1.89–1.67 (m, 2H), 1.66–1.44 (m, 2H).

Methyl ((S)-2-amino-5-(((benzyloxy)carbonyl)amino)pentanoyl)-L-prol-
yl-L-phenylalaninate (8n). Starting from 7n, the title compound was
obtained according with general procedure ii). White amorphous
solid, 98% yield. 1H NMR (400 MHz, CDCl3) δ 7.61–6.61 (m, 10H),
5.34 (d, J=49.8 Hz, 1H), 5.03 (d, J=15.9 Hz, 2H), 4.93–4.05 (m, 3H),
3.95–2.42 (m, 10H), 2.35–0.93 (m, 10H).

Methyl Nα-(acetyl-L-alanyl)-Nτ-trityl-L-histidyl-L-prolyl-L-phenylalani-
nate (10k). The title compound was obtained by reacting 8k and 9
according with general procedure i). Colorless oil, 100% yield. 1H
NMR (300 MHz, CDCl3) δ 9.09 (d, J=8.4 Hz, 1H), 7.50–6.79 (m, 18H),
6.80–6.50 (m, 1H), 6.39 (dd, J=21.2, 7.4 Hz, 1H), 4.98–4.73 (m, 1H),
4.74–4.43 (m, 2H), 4.40–4.11 (m, 1H), 3.68–2.51 (m, 9H), 2.32–1.45
(m, 6H), 1.42–0.83 (m, 4H).

Methyl D-prolyl-L-phenylalaninate (13). According with general
procedure ii), the title compound was obtained starting from 12. 1H
NMR (300 MHz, CDCl3) δ 8.17–7.90 (m, 2H), 7.38–7.04 (m, 5H), 5.36–
5.20 (m, 1H), 4.88–4.71 (m, 1H), 4.67 (s, 1H), 3.80 (s, 3H), 3.31–2.72
(m, 3H), 2.27–1.52 (m, 4H).

Methyl N2-(acetyl-L-alanyl)-N6-((benzyloxy)carbonyl)-L-lysyl-D-prolyl-L-
phenylalaninate (14). According with general procedure iii), the title
compound was obtained was obtained from 13 coupled with N2-
(acetyl-L-alanyl)-N6-((benzyloxy)carbonyl)-L-lysine, previously syn-
thesized. 1H NMR (300 MHz, CDCl3) δ 8.32 (d, J=8.4 Hz, 1H), 7.71 (d,
J=7.1 Hz, 1H), 7.50–6.97 (m, 10H), 6.62–6.53 (m, 1H), 5.91–5.82 (m,
1H), 5.20–4.52 (m, 6H), 3.89–3.42 (m, 5H), 3.20–2.70 (m, 4H), 2.35–
1.71 (m, 8H), 1.76–0.93 (m, 8H).

Removal of Cbz protecting group

General procedure iv. A stirred solution of Cbz-protected amino acid
(1 eq.) in MeOH (3 mL) was subjected to a hydrogen flux under Pd/
C catalysis for 12 h. The mixture was filtered and pure compound
used without further purification.

Methyl acetyl-L-alanylglycyl-L-prolyl-L-phenylalaninate (5a). Accord-
ing with general procedure i) the title compound was obtained by
reacting 8a with 9. Colorless oil, 74% yield. 1H NMR (300 MHz,
CDCl3) δ 7.55 (s, 1H), 7.41 (d, J=7.8 Hz, 1H), 7.30–6.99 (m, 5H), 6.84–
6.53 (m, 1H), 4.95–4.40 (m, 2H), 4.11–3.72 (m, 2H), 3.60 (s, 3H), 3.52–
3.23 (m, 3H), 3.21–2.80 (m, 3H), 2.45 (s, 1H), 2.24–1.64 (m, 5H), 1.52–
1.05 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 172.9, 172.1, 170.8, 170.1,
167.6, 136.2, 128.9, 128.5, 128.3, 126.8, 59.8, 53.1, 52.2, 48.4, 46.4,
42.1, 37.5, 28.2, 24.3, 23.1, 18.9. ESI-MS: 469 [M+Na]+.

Methyl acetyl-L-alanyl-L-valyl-L-prolyl-L-phenylalaninate (5b). Accord-
ing with general procedure i) the title compound was obtained by
reacting 8b with 9. Colorless oil, 93% yield. 1H NMR (300 MHz,
CDCl3) δ 8.25 (d, J=9.4 Hz, 1H), 7.67 (t, J=18.5 Hz, 1H), 7.40–6.86
(m, 5H), 6.51 (t, J=20.9 Hz, 1H), 4.99–4.60 (m, 4H), 3.97–3.29 (m,
5H), 3.25–2.68 (m, 2H), 2.43–1.55 (m, 8H), 1.53–0.50 (m, 9H). 13C
NMR (75 MHz, CDCl3) δ 172.4, 171.7, 171.5, 170.9, 169.9, 136.3,

128.9, 128.3, 126.7, 59.7, 55.4, 53.9, 51.9, 48.4, 38.1, 31.5, 29.2, 24.8,
23.2, 19.9, 19.3, 17.9. ESI-MS: 511 [M+Na]+.

Methyl N2-(acetyl-L-alanyl)-Nω-((4-methoxy-2,3,6-trimeth-
ylphenyl)sulfonyl)-L-arginyl-L-prolyl-L-phenylalaninate (5c). According
with general procedure i) the title compound was obtained by
reacting 8c with 9. Colorless oil, 80% yield. 1H NMR (300 MHz,
CDCl3) δ 8.12 (s, 1H), 7.66 (d, J=41.5 Hz, 1H), 7.39–6.85 (m, 5H), 6.74
(dd, J=23.5, 7.2 Hz, 1H), 6.64–6.16 (m, J=30.8 Hz, 3H), 5.30–5.20
(m, 1H), 4.96–4.26 (m, 4H), 3.80–3.36 (m, 7H), 3.32–2.77 (m, 4H),
2.83–2.35 (m, 6H), 2.36–1.82 (m, 8H), 1.86–0.93 (m, 7H). 13C NMR
(75 MHz, CDCl3) δ 172.2, 172.1, 171.5, 170.7, 170.5, 158.4, 156.3,
138.6, 135.8, 128.8, 128.5, 127.0, 124.7, 111.6, 60.0, 55.4, 54.1, 53.4,
52.1, 49.9, 48.6, 47.7, 37.5, 29.3, 24.9, 24.1, 23.6, 23.2, 19.4, 18.3, 11.9.
MS: 545 [M+H]+.

Methyl acetyl-L-alanyl-L-arginyl-L-prolyl-L-phenylalaninate (5d). Start-
ing from 5c, the title compound was obtained according with
general procedure ii). Pale yellow amorphous solid, 90% yield. 1H
NMR (300 MHz, CD3OD) δ 7.30–7.20 (m, 5H), 4.70–4.15 (m, 5H),
3.86–3.67 (m, 1H), 3.56–2.88 (m, 11H), 2.38–1.46 (m, 11H), 1.45–0.87
(m, 6H). 13C NMR (75 MHz, CD3OD) δ 173.8, 172.9, 171.8, 170.6,
157.2, 136.52, 128.9, 128.1, 126.5, 65.5, 59.9, 54.2, 51.2, 50.5, 49.2,
46.7, 40.6, 36.8, 29.1, 27.9, 24.4, 24.2, 20.9, 16.3, 14.0. ESI-MS: 546 [M
+H]+.

tert-Butyl (S)-4-((S)-2-acetamidopropanamido)-5-((S)-2-(((R)-1-meth-
oxy-1-oxo-3-phenylpropan-2-yl)carbamoyl)pyrrolidin-1-yl)-5-oxopenta-
noate (5e). The title compound was obtained by reacting 8e and 9
according with general procedure i). White amorphous solid, 67%
yield. 1H NMR (300 MHz, CDCl3) δ 7.75 (d, J=8.6 Hz, 1H), 7.37 (d, J=
7.4 Hz, 1H), 7.29–7.01 (m, 5H), 6.44 (d, J=7.5 Hz, 1H), 4.94–4.79 (m,
1H), 4.78–4.47 (m, 4H), 3.87–3.64 (m, 1H), 3.62 (s, 3H), 3.02 (dd, J=
7.5, 6.7 Hz, 2H), 2.34–2.13 (m, 4H), 2.12–1.93 (m, 2H), 1.90 (s, 3H),
1.77–1.57 (m, 2H), 1.39 (s, 9H).

(S)-4-((R)-2-Acetamidopropanamido)-5-((S)-2-(((S)-1-methoxy-1-oxo-3-
phenylpropan-2-yl)carbamoyl)pyrrolidin-1-yl)-5-oxopentanoic acid
(5 f). Starting from 5e, the title compound was obtained according
with general procedure ii). White amorphous solid, 75% yield. 1H
NMR (300 MHz, CDCl3) δ 8.00–7.49 (m, 1H), 7.38–6.90 (m, 3H), 6.90–
6.64 (m, 1H), 5.38–5.20 (m, 1H), 5.09–4.34 (m, 3H), 3.82–3.43 (m, 3H),
3.02 (dd, J=15.0, 6.2 Hz, 1H), 2.58–2.18 (m, 2H), 2.20–1.47 (m, 6H),
1.50–0.46 (m, 13H). ESI-MS: 519 [M+H]+.

Methyl N-(acetyl-L-alanyl)-O-benzyl-L-seryl-L-prolyl-L-phenylalaninate
(5g). Starting from 8g in presence of compound 9, the title
compound was obtained according with general procedure i).
Colorless oil, 55% yield. 1H NMR (300 MHz, CDCl3) δ 7.80–7.54 (m,
1H), 7.41–6.79 (m, 10H), 6.43 (t, J=18.9 Hz, 1H), 5.15–4.85 (m, 1H),
4.80–4.15 (m, 5H), 3.85–3.37 (m, 7H), 3.07–2.57 (m, 2H), 2.17–1.58
(m, 7H), 1.48–0.89 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 172.3, 171.6,
170.8, 169.8, 169.5, 137.5, 136.3, 129.1, 128.4, 128.3, 127.7, 127.3,
126.7, 73.1, 70.1, 60.1, 53.3, 52.0, 50.4, 48.6, 47.7, 37.7, 28.7, 24.4,
23.1, 19.2. ESI-MS: 567 [M+H]+.

Methyl acetyl-L-alanyl-L-seryl-L-prolyl-L-phenylalaninate (5h). Starting
from 5g, the title compound was obtained according with general
procedure v). Colorless oil, 72% yield. 1H NMR (300 MHz, CDCl3) δ
7.93 (d, J=8.4 Hz, 1H), 7.41 (d, J=7.8 Hz, 1H), 7.30–7.01 (m, 5H),
6.70 (d, J=7.6 Hz, 1H), 5.06–4.91 (m, 1H), 4.81–4.64 (m, 2H), 3.85–
3.78 (m, 2H), 3.69–3.64 (m, 3H), 3.63 (s, 3H), 3.09–2.89 (m, 2H), 2.19–
1.80 (m, 5H), 1.32 (d, J=7.0 Hz, 1H), 1.23 (d, J=6.8 Hz, 2H). 13C NMR
(75 MHz, CDCl3) δ 172.4, 172.0, 171.7, 170.2, 170.1, 136.1, 129.0,
128.0, 127.0, 64.0, 60.3, 53.5, 52.3, 52.1, 48.6, 47.8, 37.8, 29.2, 24.5,
23.2, 19.6. ESI-MS: 477 [M+H]+.

Methyl N2-(acetyl-L-alanyl)-N6-((benzyloxy)carbonyl)-L-lysyl-L-prolyl-L-
phenylalaninate (5 i). Starting from 8 i in presence of compound 9,
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the title compound was obtained according with general procedure
i). Pale yellow amorphous solid, 85% yield. 1H NMR (300 MHz,
CDCl3) δ 8.26 (d, J=8.6 Hz, 1H), 7.60 (d, J=7.3 Hz, 1H), 7.41–6.81
(m, 10H), 6.52–6.47 (m, 1H), 5.86–5.80 (m, 1H), 5.18–4.49 (m, 6H),
3.86–3.37 (m, 5H), 3.21–2.72 (m, 4H), 2.35–1.71 (m, 8H), 1.76–0.93
(m, 8H). 13C NMR (75 MHz, CDCl3) δ 166.8, 166.4, 166.3, 165.6, 164.9,
151.4, 131.7, 131.0, 123.7, 123.1, 122.8, 122.6, 121.5, 61.0, 54.6, 48.4,
46.7, 44.6, 43.2, 42.5, 35.0, 32.8, 26.9, 24.0, 23.6, 19.6, 17.9, 16.3. ESI-
MS: 674 [M+Na]+.

Methyl acetyl-L-alanyl-L-lysyl-L-prolyl-L-phenylalaninate (5 j). Starting
from 5 i, the title compound was obtained according with general
procedure v). Pale yellow amorphous solid, 20% yield. 1H NMR
(300 MHz, CD3OD) δ 7.43–7.00 (m, 5H), 4.75–4.20 (m, 5H), 3.86–3.70
(m, 1H), 3.63 (s, 3H), 3.35–3.21 (m, 5H), 3.16–2.75 (m, 5H), 2.20–2.10
(m, 1H), 1.82–1.20 (m, 10H). 13C NMR (75 MHz, CD3OD) δ 173.7,
172.9, 171.8, 170.8, 136.4, 129.4, 128.8, 128.1, 127.6, 126.5, 59.8,
54.1, 53.3, 51.1, 50.5, 36.8, 30.4, 29.1, 24.4, 21.6, 20.8, 16.2. ESI-MS:
518 [M+H]+.

Methyl acetyl-L-alanyl-L-histidyl-L-prolyl-L-phenylalaninate (5k). Start-
ing from 10k, the title compound was obtained according with
general procedure ii). Yellow amorphous solid, 62% yield. 1H NMR
(300 MHz, CDCl3) δ 8.40–7.65 (m, 3H), 7.62–6.97 (m, 6H), 6.90–6.43
(m, 2H), 5.09–4.28 (m, 4H), 3.83–3.29 (m, 4H), 3.26–2.62 (m, 5H),
2.29–1.39 (m, 7H), 1.43–0.84 (m, 3H). 13C NMR (75 MHz, CDCl3) δ
172.5, 171.8, 170.4, 170.1, 136.4, 135.7, 129.2, 129.0, 128.4, 126.9,
60.3, 53.8, 52.2, 50.8, 48.7, 47.4, 37.5, 29.4, 24.7, 23.1, 19.2. ESI-MS:
527 [M+H]+.

Methyl acetyl-L-alanyl-L-methionyl-L-prolyl-L-phenylalaninate (5 l).
Starting from 8 l in presence of compound 9, the title compound
was obtained according with general procedure i). Colorless oil,
59% yield. 1H NMR (300 MHz, CDCl3) δ 7.90 (d, J=8.7 Hz, 1H), 7.51–
6.77 (m, 6H), 6.37–6.30 (m, 1H), 5.02 (dd, J=14.1, 7.9 Hz, 1H), 4.94–
4.31 (m, 3H), 3.95–3.44 (m, 5H), 3.31–2.86 (m, 2H), 2.68–2.30 (m, 2H),
2.20–1.80 (m, 11H), 1.20–1.08 (m, 3H). 13C NMR (75 MHz, CDCl3) δ
172.1, 171.7, 171.1, 170.8, 169.9, 136.2, 129.1, 129.0, 128.3, 126.8,
59.8, 53.6, 52.0, 49.1, 48.5, 47.7, 37.8, 32.3, 29.8, 29.6, 28.8, 24.8, 23.2,
19.4, 15.5. ESI-MS: 521 [M+H]+.

Methyl acetyl-L-alanyl-L-glutaminyl-L-prolyl-L-phenylalaninate (5m).
Starting from 8m, the title compound was obtained according with
general procedure i) in presence of 9 and subsequent removal of
Trt group in acidic conditions according to procedure ii). White
amorphous solid, 3% yield. 1H NMR (300 MHz, CDCl3) δ 7.43–6.84
(m, 7H), 6.66 (s, 1H), 5.00–4.67 (m, 1H), 4.54 (dd, J=7.9, 2.9 Hz, 1H),
4.39–3.98 (m, 2H), 3.83–3.35 (m, 5H), 3.33–2.88 (m, 2H), 2.52–1.69
(m, 10H), 1.44–0.66 (m, 6H). ESI-MS: 518 [M+H]+.

Methyl 2-(2-acetamidopropanamido)-5-
(((benzyloxy)carbonyl)amino)pentanoyl)-L-prolyl-L-phenylalaninate
(5n). The title compound was obtained by reacting 8n and 9
according with general procedure i). White solid, 57% yield. 1H
NMR (300 MHz, CDCl3) δ 8.14 (t, J=22.5 Hz, 1H), 7.49 (d, J=7.3 Hz,
1H), 7.37–6.83 (m, 9H), 6.59 (dd, J=24.0, 7.6 Hz, 1H), 5.63–5.35 (m,
1H), 5.33–5.19 (m, 1H), 5.14–4.50 (m, 6H), 3.81–3.36 (m, 5H), 3.22–
2.78 (m, 4H), 2.27–1.79 (m, 7H), 1.78–0.97 (m, 7H). 13C NMR (75 MHz,
CDCl3) δ 172.1, 171.7, 171.5, 170.8, 170.2, 156.6, 136.8, 136.1, 129.1,
128.9, 128.4, 128.3, 127.9, 127.8, 126.8, 66.2, 59.9, 53.7, 53.4, 52.0,
49.9, 48.4, 47.7, 40.4, 37.9, 29.4, 29.0, 24.8, 24.5, 23.1, 19.7.

Methyl 2-(-2-acetamidopropanamido)-5-aminopentanoyl)-L-prolyl-L-
phenylalaninate (5o). Starting from 5n, the title compound was
obtained according with general procedure v). White solid, 89%
yield. 1H NMR (300 MHz, CDCl3) δ 8.50 (s, 1H), 8.07 (d, J=9.7 Hz,
1H), 7.48 (d, J=5.6 Hz, 1H), 7.39–7.00 (m, 5H), 6.84 (d, J=17.6 Hz,
1H), 5.12–4.20 (m, 8H), 3.89–3.47 (m, 5H), 3.26–2.57 (m, 4H), 2.42–
1.18 (m, 12H). 13C NMR (75 MHz, CDCl3) δ 172.1, 171.8, 170.6, 170.1,

135.7, 129.7, 128.8, 128.6, 127.2, 60.3, 54.5, 52.4, 50.2, 48.2, 47.7,
37.3, 30.3, 29.6, 28.9, 25.2, 23.4, 19.8.

Methyl acetyl-L-alanyl-L-lysyl-D-prolyl-L-phenylalaninate (5p). Starting
from 14, the title compound was obtained according with general
procedure v). Colorless oil, 12% yield. 1H NMR (300 MHz, CDCl3) δ
7.51–7.00 (m, 5H), 4.85–4.16 (m, 5H), 3.96–3.70 (m, 1H), 3.53 (s, 3H),
3.25–3.11 (m, 5H), 3.06–2.65 (m, 5H), 2.21–2.11(m, 1H), 1.92–1.30 (m,
10H). 13C NMR (75 MHz, CDCl3) δ 172.6, 172.3, 171.0, 170.7, 136.4,
130.2, 129.7, 129.2, 128.4, 126.9, 59.9, 53.7, 51.5, 48.6, 47.0, 37.8,
30.9, 28.0, 24.3, 23.1, 22.4, 18.5.

Computational details

Ligands and protein preparations: Peptides were generated using
tools available in Maestro (Maestro release 2018, Schrödinger, LLC,
New York, NY, 2018) and minimized by MacroModel (MacroModel
release 2018, Schrödinger, LLC, New York, NY, 2018) employing
OPLSAA 2005 as force field.[28] For simulating the effects derived by
the solvent the GB/SA model was employed, selecting ‘‘no cutoff’’
for non-bonded interactions. PRCG technique with 5000 maximum
iterations (threshold for gradient convergence=0.001) was used.
The resulting structures were treated by LigPrep (LigPrep release
2018, Schrödinger, LLC, New York, NY, 2018) for identifying the
most probable ionization state at cellular pH value (7.4�0.5). The
3D structures of human Pin1 and Pin4 were downloaded from the
Protein Data Bank (PDB IDs 2XP4[29] and 3UI5,[30] respectively) and
imported in Maestro suite 2018. Water molecules, ions and
compounds used for crystallization were removed, while the
ligands were kept. The resulting structures were prepared using
protein preparation wizard protocol to obtain suitable starting
structures for further computational experiments as described
previously.[31,32]

Molecular docking studies

Molecular docking investigation was performed using Glide soft-
ware (Glide release 2018, Schrödinger, LLC, New York, NY, 2018)
employing Glide standard precision (SP) method as scoring function
as previously performed by us.[33–36] Energy grids were prepared,
using the default value of the protein atom scaling factor (1.0 Å),
within a cubic box centered on the crystallized ligands. After grid
generation, the peptides were docked and the number of docked
poses entered to post-docking minimization was set to 5000, and
the Glide SP score was evaluated.

Synthesis of R8 conjugated peptides and protein preparation

R8 conjugated peptides were manually synthesized on solid phase
on Wang resin (loading 0,3 mmol/g, 125 mg, scale peptide syn-
thesis 0,0375 mmol) following the Fmoc (N-9-Fluorenylmeth-
yloxycarbonyl) strategy and using Oxyma/DIC and HATU/Collidine
as coupling agents as reported in the literature.[37]

All the steps of peptide synthesis are briefly reported:
1. 125 mg of Wang resin were swollen with 1 mL of DCM (2 cycles

of 30 min).
2. Attachment of the first amino acid on the Wang resin by

treatment with 1 mL solution of Fmoc-aa-OH (1 eq), Meth-
ylimidazole (0.75 eq) and MSNT (1 eq) in DCM under stirring for
12 h at rt.

3. Acetylation step with a solution of 30% Ac2O and 5% of DIPEA
in DMF under stirring for 3 h at rt.

4. Deprotection of the Fmoc protecting group by using a solution
of 40% Morpholine, 4% DBU in DMF for 5 min and 20%
Morpholine and 2% DBU in DMF for 10 min.
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5. Double coupling steps using first 1 mL solution of Fmoc-aa-OH
(1 eq)/Oxyma (1 eq)/DIC (1 eq.) in DMF and then 1 mL solution
of Fmoc-aa-OH (1 eq)/HATU (1 eq)/Collidine (2 eq) in DMF,
under stirring for 45 min at rt.

6. Cleavage of peptides from the resin by using a mixture of 95%
TFA, 2.5% H2O and 2.5% TIS under stirring for 3 h at rt.

For the esterification of the carboxyl group at the C-terminus, crude
peptides were solubilized in CH3OH at the final concentration of
0.01 M in the presence of SOCl2 (4-fold excess). The reaction was
left under stirring for 48 h at rt and monitored by analytical HPLC.

Peptides were purified on a WATERS 2545 preparative system
(Waters, Milan, Italy) fitted out with a WATERS 2489 UV/Visible
detector, applying a linear gradient of CH3CN/0.1%TFA in H2O/0.1%
TFA from 5 to 70% of in 15 min, at a flow rate of 15 mL/min on a
Jupiter C18 (5 μm, 150×21.2 mm ID) column. MS characterization
of the peptide was performed using an ESI-TOF-MS Agilent 1290
Infinity LC System coupled to an Agilent 6230 time-of-flight (TOF)
LC/MS System (Agilent Technologies, Cernusco sul Naviglio, Italy).
The LC Agilent 1290 LC module was coupled with a photodiode
array (PDA) detector and a 6230 time-of-flight MS detector, along
with a binary solvent pump degasser, a column heater and an
autosampler. LC-MS characterization of the peptide was performed
using a C18 Waters xBridge column (3 μm, 4.6×5.0 mm), applying a
linear gradient of CH3CN/0.05%TFA in water 0.05% TFA from 5 to
70% of in 15 min, at a flow rate of 0.2 mL/min. R8–5 i, LC-MS:
1931.09 [M+H]+; R8–5k, LC-MS: 1805.09 [M+H]+. The relative
purity of peptides was calculated as the ratio of peak area of the
target peptide and the sum of areas of all detected peaks from the
UV chromatograms at 210 nm. The purity of all peptides was>
95%. The concentration of the peptides, lacking tryptophan and
tyrosine residues was determined via the Scopes method,[38] in
which the absorbance of the peptide bond was monitored at
205 nm by NanoDrop200c UV-Vis spectrophotometer. Recombinant
His6-tagged-Pin1 and His6-tagged-Pin4 (named Pin1 and Pin4,
respectively), were efficiently expressed in BL21(DE3) E. coli cells,
purified to homogeneity and characterized following protocols
reported in literature.[39] Protein concentration was determined by
reading the absorbance at 280 nm using a NanoDrop2000c UV-Vis
spectrophotometer (Thermo Scientific, USA). For the LC-MS analysis
of proteins a C4 Phenomenex (3 μm, 4.6×50 mm) column was
used, applying a linear gradient of Solvent B from 15% to 70% in
20 min at a flow rate of 0.2 mL/min. MS analyses were performed
under standard mass spectrometry conditions.

Direct binding assays

Binding assays were performed using the Corning Epic label-free
technology on the EnSpire Multimode Plate Reader, as previously
reported (PerkinElmer, Rodgau, Germany).[40] Briefly, Pin immobiliza-
tion on the optical biosensors was accomplished by adding 150 μg/
mL protein in 20 mM sodium acetate, pH 5.5, using a 12-channel
Thermo Scientific matrix multichannel equalizer pipette followed by
overnight incubation at 4 °C. The microplate was subsequently
washed three times with phosphate-buffered saline (PBS, 0.5%
DMSO, pH 7.4) buffer. After the washing steps, samples coated on
wells were equilibrated in the assay buffer (PBS, 0.5% DMSO,
pH 7.4) for 4 hours (30 μL) and subsequently a baseline was
recorded. After another washing step, 15 μL of peptides were
dispensed in the plate wells. Peptides were diluted with the assay
buffer (PBS, 0.5% DMSO, pH 7.4) at a working concentration of
1 mM (500 μM final concentration in the plate) and then further
diluted in the assay buffer directly in a 384-well polypropylene
plate for a total of twelve different concentrations. The final
readings were taken over a period of 1 h. The difference between

the last baseline measurements and the maximum signal was used
to determine the KD value. Graphs were generated using GraphPad
PRISM® v5.01.

Cell based assays

Cell culture and cell lines: Human Cardiomyocyte AC16, lung
carcinoma A549, human colon carcinoma HCT116, breast cancer
MCF7 cell lines (purchased from ATCC, Milano, Italy) were cultured
in Dulbecco’s Modified Eagle Medium (DMEM; EuroClone, Milano,
Italy), supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Sigma-Aldrich, St Louis, USA) antimicrobials (100 U/mL
penicillin, 100 μg/mL streptomycin, 250 ng/mL amphotericin-B),
and 2 mM L-glutamine (EuroClone); prostate cancer LNCaP cell line
(ATCC) were grown in RPMI 1640 media plus 10%FBS, 100 U/mL
penicillin, 100 μg/mL streptomycin, 250 ng/mL amphotericin-B, and
2 mM L-glutamine. The cell lines were routinely checked for
mycoplasma contamination.

Antiproliferative assay: Cell viability was determined in AC16, A549,
HCT116, MCF7, LNCaP and PNT2 cell lines using Thiazolyl Blue
Tetrazolium Bromide [(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide] (MTT; Sigma-Aldrich) assay, following manufacturer’s
instructions. Cells were seeded in a 48-well plate at a density of 3×
104 cells/well and treated, in triplicate, with synthesized peptides at
a single concentration of 10 μM for 24 and 48 h. MTT solution was
added at 0.5 mg/mL for 3 h, the purple formazan crystals were
dissolved in DMSO and absorbance. Absorbance was read at a
wavelength of 570 nm with a TECAN M-200 reader (Tecan,
Männedorf, Switzerland).

Cell cycle: For cell cycle analyses, HCT116 cells were plated (2×
105 cells/mL) in multiwells in triplicate and after treatment were
harvested with PBS, centrifuged at 1200 rpm for 5 min, and
resuspended in 500 μL of a hypotonic solution containing 1×PBS,
0.1% sodium citrate, 0.1% NP-40, RNAase A, and 50 mg/mL PI. After
30 min at room temper-ature (RT) in the dark, samples are acquired
on a BD Accuri TM C6 flow cytometer sys-tem (BD Biosciences).

Supporting Information Summary

The Supporting Information contains HPLC and LC-MS analysis
of purified R8–5 i and R8–5k peptides, along with representa-
tive 1H/13C NMR spectra of compounds 5 i and 5k.
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