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Abstract: Thymidylate synthase (TS) is a prominent drug target for different cancer types.
However, the prolonged use of its classical inhibitors, substrate analogs that bind at the active
site, leads to TS overexpression and drug resistance in the clinic. In the effort to identify anti-TS
drugs with new modes of action and able to overcome platinum drug resistance in ovarian cancer,
octapeptides with a new allosteric inhibition mechanism were identified as cancer cell growth
inhibitors that do not cause TS overexpression. To improve the biological properties, 10 cyclic peptides
(cPs) were designed from the lead peptides and synthesized. The cPs were screened for the ability
to inhibit recombinant human thymidylate synthase (hTS), and peptide 7 was found to act as an
allosteric inhibitor more potent than its parent open-chain peptide [Pro3]LR. In cytotoxicity studies
on three human ovarian cancer cell lines, IGROV-1, A2780, and A2780/CP, peptide 5 and two other
cPs, including 7, showed IC50 values comparable with those of the reference drug 5-fluorouracil, of
the open-chain peptide [d-Gln4]LR, and of another seven prolyl derivatives of the lead peptide LR.
These promising results indicate cP 7 as a possible lead compound to be chemically modified with
the aim of improving both allosteric TS inhibitory activity and anticancer effectiveness.

Keywords: cyclic peptides; enzyme inhibition; thymidylate synthase inhibitors; allosteric inhibitors;
anticancer agents; ovarian cancer

1. Introduction

Human thymidylate synthase (hTS) is a homodimeric protein involved in the folate metabolic
pathway. It catalyzes the reductive methylation of 2′-deoxyuridine-5′-monophosphate (dUMP) to
2′-deoxythymidine-5′-monophosphate (dTMP) using the cofactor N5,N10-methylentetrahydrofolate
(mTHF) [1]. It also regulates protein synthesis by interacting with its own mRNA as well as the mRNAs
of other proteins involved in cell cycle and cell death [2–5]. hTS is largely expressed in different cancer
types such as colorectal cancer, pancreatic cancer, and mesothelioma [6–9]. Thus, it is an important
drug target for different cancer types. The clinically approved 5-fluorouracil (5-FU, the prodrug
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of 5-fluoro-2′-deoxyuridine-5′-monophosphate), raltitrexed (RTX) [10], and pemetrexed (PMX) [11]
are TS-directed drugs acting as folate cofactor analogs. However, their prolonged use leads to hTS
overexpression and results in drug resistance [12]. Our studies are focused on ovarian cancer, a severe
pathology that affects 5% of women of all ages. The starting therapy relays on platinum drugs in
combination with paclitaxel or doxorubicin. However, approximately 70% relapse due to insurgence
of platinum drug resistance [13]. The resistant cancer type shows higher than normal levels of proteins
involved in the replication pathways, including hTS, and cross-resistance with anti-hTS drugs [14–16]
The above-mentioned anti-hTS drugs become ineffective. Therefore, we aimed at overcoming such a
resistance mechanism by discovering new anti-TS drugs with modes of action different from those of
the substrate or cofactor analogs.

To this aim, we previously identified some small peptidic inhibitors that mime a portion of the
monomer–monomer interfacial region in the hTS dimer and bind therein [17–21]. More precisely, from a
parent peptide, C20, whose sequence came from the interface region of hTS (Figure 1A), we synthesized
a series of octapeptides. Two of them, LR (Leu1-Ser2-Cys3-Gln4-Leu5-Tyr6-Gln7-Arg8) and its more
rigid diastereomer [d-Gln4]LR, proved to be allosteric inhibitors of the dimeric enzyme by stabilizing
its di-inactive form, thus reducing the protein catalytic activity (Figure 1B) [17,21].
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Figure 1. (A) Monomer of hTS (in red cartoon, PDB: 3N5E) with, highlighted in green, the region
corresponding to the C20 peptide. (B) Crystal structure of the complex of hTS with the LR peptide
(PDB: 3N5E). (C) Close-up on the cone-shaped binding cavity of the LR peptide in the interface between
the two hTS monomers. (D) View from below of the cone-shape binding cavity, highlighting the
helical-type conformations assumed by the LR peptide. The two monomers of hTS are represented in
red and cyan cartoons; the LR peptide is represented in green ribbon.

These peptides induced cancer cell growth inhibition in both platinum-sensitive and -resistant
ovarian cancer cells. Fluorescence resonance energy transfer (FRET)-based target engagement
experiments proved the binding of LR to TS in cells with good target specificity. In lysates of
HEK293T cells, 2.5 micromoles/L of LR bound hTS, whereas only 30 nanomoles/L of the inhibitor
interacted with other targets [19]. Proteomic experiments allowed the characterization of some proteins
that are modulated by the peptides and that characterize the mechanism of action. We observed that
the difference in binding sites between these peptides (allosteric) and such classical TS-active-site
inhibitors as PMX and RTX goes together with a different protein set modulation by the drugs [22].
This also held true for the proline derivatives that we designed after the LR peptide (see below),
a finding that points to a conserved mechanism of action in cells of LR and its proline mutants [20].
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This protein set modulation was observed in different types of ovarian cancer cell models such as
A2780, A2780/CP, IGROV-1, 2008, and C13* [17,20,21].

Closely connected with the intracellular activity is the low metabolic stability of the LR peptide [23].
Although a relatively fast proteolytic degradation did not prevent it from engaging the hTS target [19]
and exhibiting an effect on cancer cell growth, we still expect higher activity from an increase
in biostability.

An important drawback in the design of peptidic inhibitors of protein–protein interactions is
that peptides are often more conformationally disordered when excised from the stabilizing context
of their protein interface domain. The larger the disorder, the lower the affinity (i.e., the higher the
binding ∆G◦) for the targets [17]. Thus, identifying a bioactive conformation with a low conformational
disorder may be crucial to improving peptide activity.

The crystal structure of the hTS/LR complex showed that the peptide binding site has the shape
of an inverted cone (highlighted in green in Figure 1C,D), narrower at the top and broader at the
bottom, where the LR peptide arranges with a longer extended portion that involves residues from
Leu1 to Leu5 and a helical turn that involves the last three residues at the C-terminus. To improve
the activity of the LR and [d-Gln4]LR octapeptides, we sequentially mutated residues 1 to 7 to
proline, and examined the conformational and functional consequences of the introduction of this
rigidifying residue in three regions, namely, near the C- and the N-termini and in the central portion of
the peptides [20]. According to circular dichroism (CD) spectroscopic evidence, peptides [Pro1]LR,
[Pro2]LR, and [Pro3]LR shared with LR the long-extended geometry of residues from 1 to 5 and
similar tendencies to form compact helical turns that involve the residues near the C-terminus.
Molecular dynamics simulations on [Pro2]LR showed that such a conformational preference resulted
from intramolecular hydrogen bonds between CO(Gln4) and NH(Gln7) and between CO(Arg8) and,
as donors, NH(Cys3) and NH(Gln4). On the other hand, mutation to proline at positions 5 and especially
6 and 7 generated peptides with lower propensities for assuming ordered secondary structures, with a
distorted β-turn that included the Pro6 residue likely stabilized by a hydrogen bond between CO(Gln4)
and NH(Gln7). Finally, consistently with the presence of such a rigidifying residue as proline at central
positions, for [Pro4]LR and [Pro5]LR CD suggested a β-turn-like structure. Overall, the seven tested
proline-mutated octapeptides showed conformational propensities similar to those of the starting
peptide, LR, but more compact and ordered shapes. This structural feature, possibly combined with a
stabilization versus peptidase degradation, may explain the stronger inhibition of ovarian cancer cell
growth shown by [Pro3]LR and [Pro4]LR relative to the lead peptide, LR [20].

Altogether, these observations on proline mutants confirm the value of these peptides as potential
anticancer compounds. They also represent a starting point to develop new peptides that could enhance
the positive features observed, in particular the lower structural flexibility and higher metabolic stability
while maintaining the allosteric mechanism of hTS inhibition of the linear peptides, by binding at the
protein interface. These features are expected to ensure a reduced hTS activity and also a reduced
protein level even in platinum drug-resistant ovarian cancer cells. With this aim, we decided to
move from linear peptides to cyclic peptides (cPs) that are known to show lower flexibility than the
corresponding linear peptides and higher stability towards peptidase attack than the corresponding
linear peptides [24,25]. In addition, peptide cyclization is known to improve such pharmacokinetic
properties as membrane permeability and bioavailability [26] that are important general features for
drug-like compounds. In the present work, we designed cPs involving 5–8 amino acid (AA) closures
corresponding to the turn at the C-terminus of the LR peptide and an extended 0–2 AA chain at the
N-terminus (see Figure 2). These cPs were synthesized, and their enzyme and cancer cell growth
inhibition properties detected. Our work successfully allowed the identification of one important hit
compound showing both hTS allosteric inhibition and cancer cell growth inhibition and other peptides
with IC50 below 10 µM towards all ovarian cancer cells tested.
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previously performed on the linear peptide LR, and its restrained proline derivatives [Pron]LRs.

2. Results and Discussion

2.1. Design of Cyclic Peptides

The design of 10 new cyclic derivatives was performed according to the conformational studies on
LR (Leu1-Ser2-Cys3-Gln4-Leu5-Tyr6-Gln7-Arg8) and its more rigid d-Gln4 diastereomer, [d-Gln4]LR,
and Pro3 derivative, [Pro3]LR. Since the C-terminus of these three peptides folds in a helical-type
conformation occupying the basis of the conic binding cavity (Figure 1C,D), and in order to maintain
the inhibition mechanism, we wanted to preserve this peculiar binding cavity for the new cyclic
peptides giving them a noose-knot shape (Figure 2). Disulfide bonds are largely adopted for initial
attempts to explore the efficacy of newly designed cPs [27]. The cPs’ delivery to the cancer cells is
expected to happen using the peptides as such or by delivery through the SAINT-PhD system that we
successfully adopted in our previous work with the linear peptides [17–20]. In this latest case, the cPs
were complexed with the polymeric molecules of the delivery system, protected by protease attack
and other chemical modifications up to when they were released intracellularly [17,21,23,28].

The cPs’ design aimed at exploring the functional consequences, in terms of both hTS
inhibition and cytotoxicity, of such structural determinants as the relative sizes of the “linear”
N-terminus-containing portion and of the C-terminus-containing cycle as well as the conformational
rigidity of the latter. Peptides 1 and 2 (Figure 3) are the direct cyclic derivatives of the
open-chain peptide LR with, respectively, six-amino-acid and seven-amino-acid cycles. In peptide 1
(Leu-Ser-c[Cys-Gln-Leu-Tyr-Gln-Arg-CAM]), the aminoacidic sequence of LR was left unaltered and
the Cys3 was bound in a 6-term cycle with the Arg8 derivatized for this purpose at the C-terminus
with a subunit of cysteamine (CAM). In contrast, in peptide 2 (Leu-c[Cys-Ala-Gln-Leu-Tyr-Gln-Cys]),
in order to expand the cyclic peptide in a 7-term ring, an alanine was introduced in position
3 and the cycle was generated by connecting Cys2 with Cys8, which replaced the original Ser2

and Arg8, respectively (Figure 3). Peptides 3–5 derived from the cyclization of [d-Gln4]LR
(Leu-Ser-Cys-d-Gln-Leu-Tyr-Gln-Arg). Peptide 3 (Leu-Ser-c[Cys-d-Gln-Leu-Tyr-Gln-Arg-CAM])
is the direct diastereomer of peptide 1 at Gln4. To evaluate the importance of the cycle
dimension, in peptide 4 (Leu-Ser-c[Cys-d-Gln-Leu-Tyr-Gln-Cys]) a 6-term ring was obtained by
replacing Arg8 of the linear peptide with Cys, leaving unaltered Cys3. In contrast, in peptide 5
(Leu-Ser-c[Cys-d-Gln-Leu-Tyr-Cys]-Arg), a constrained 5-term ring was generated by introducing
a cysteine in position 7 and leaving unaltered the original terminal arginine residue (Figure 3).
Starting from the partially constrained [Pro3]LR (Leu-Ser-Pro-Gln-Leu-Tyr-Gln-Arg), peptides 6–10
were designed and synthesized preserving Pro3. In peptide 6 (Leu-c[Cys-Pro-Gln-Leu-Cys]-Gln-Arg),
the Ser2 was replaced with a cysteine and a 5-term cycle was generated with a residue of
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cysteine introduced at position 6 in the place of the original tyrosine. Moreover, in order to
evaluate the influence of the ring size in these Pro3 derivatives, we explored the expansion of
the ring into 6-term, 7-term, and 8-term cycles (peptides 7, Leu-c[Cys-Pro-Gln-Leu-Tyr-Cys]-Arg, 8,
Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Cys], and 9, Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Arg-CAM], respectively).
To this end, the second residue of cysteine necessary to generate the disulfide bond with Cys2 was
introduced to replace Gln7 of the peptide [Pro3]LR (peptide 7) or the terminal Arg8 (peptide 8).
In peptide 9, the Arg8 was derivatized for this purpose at the C-terminus with a subunit of CAM.
Finally, in order to evaluate the importance in these cPs of the involvement of the N-terminus portion in
the cycle, we generated the fully annular peptide 10 (c[Cys-Ser-Pro-Gln-Leu-Tyr-Gln-Cys]) by replacing
both Leu1 and Arg8 with Cys (Figure 3).
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2.2. Chemistry

The linear peptides were synthesized according to published methods [29] using Fmoc chemistry
with a Syro XP multiple peptide synthesizer (MultiSynTech GmbH, Witten, Germany). Wang’s resin
(for the synthesis of peptides 2, 4–8, and 10) or (CAM)-2-chlorotrityl resin (for the synthesis of peptides 1,
3, and 9) were used as the solid support [30]. The linear peptides were grown with deprotection/coupling
cycles until the desired resin-bound peptide was completed. Coupling was performed using
Fmoc-protected amino acids and diisopropylcarbodiimide (DIPCDI) and hydroxybenzotriazole (HOBt)
as coupling reagents in dimethylformamide (DMF) at room temperature for 1.5 h. Deprotection was
achieved with 40% of piperidine in DMF. The linear peptides were unbounded from the resin using a
mixture of trifluoroacetic acid (TFA), water, phenol, and triisopropylsilane (TIPS) at room temperature
for 1 h. Finally, the cyclization was performed solubilizing the linear purified analog in a mixture
of H2O, DMSO, and TFA and reacted at room temperature for one day [31]. Both linear and cyclic
peptides were purified by preparative HPLC (Scheme 1).
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2.3. Human Thymidylate Synthase Inhibitory Activity

All synthesized cPs were screened for the ability to inhibit hTS and the results are reported in
Table 1, where they are compared with the parent peptides, LR, [d-Gln4]LR, and [Pro3]LR [18,20].
All cPs showed higher water solubility than the parent linear peptides, and were first screened at
500 µM. Then, for the active ones, IC50 was measured reaching concentrations up to 3 mM. In the case
of the linear peptides, we could only test the compounds up to 100 µM.

To track structure–activity relationships (SARs) and gain information about the relevant structural
features that influence the inhibition potency, we analyzed the biological data as reported below.
The derivatives of LR with a 6-AA cycle, cP 1 (Leu-Ser-c[Cys-Gln-Leu-Tyr-Gln-Arg-CAM]), and a 7-AA
cycle, cP 2 (Leu-c[Cys-Ala-Gln-Leu-Tyr-Gln-Cys]), were 30- and 12-fold less active than LR, respectively,
with IC50s versus hTS of 2125 and 900 µM. cPs 3 (Leu-Ser-c[Cys-d-Gln-Leu-Tyr-Gln-Arg-CAM]),
4 (Leu-Ser-c[Cys-d-Gln-Leu-Tyr-Gln-Cys]), and 5 (Leu-Ser-c[Cys-d-Gln-Leu-Tyr-Cys]-Arg), derived
from the diastereomer [d-Gln4]LR with 6-, 6- and 5-AA ring closures were inactive at 500 µM. Because
cP 3 is the analog of cP 1 with D-Gln4, contrary to what was found with the corresponding open-chain
octapeptides, the D-chirality of Gln4, with the associated slightly larger rigidity, did not favor the
anti-hTS activity of these 6-AA-ring cyclic peptides. Low, if any, inhibitory activities were also found
with three out of the four cyclic analogs of [Pro3]LR, that is, with cPs expectedly featuring a narrower
conformational freedom at Pro3, near the “knot”, relative to the corresponding Gln cyclic peptides.
Peptides 6 (Leu-c[Cys-Pro-Gln-Leu-Cys]-Gln-Arg) and 9 (Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Arg-CAM]),
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with 5- and 7-AA rings, respectively, were inactive at 500 µM both at room temperature and at 37 ◦C.
On the other hand, a modest inhibitory activity (hTS IC50 of 856 µM) was detected for peptide 8
(Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Cys]), the 7-AA-ring cP that differed from cP 2 for the Ala-to-Pro
replacement at position 3. Given the similar activity between cP 2 and 8, we must conclude that the
Pro3 near the “knot” does not contribute to improving hTS inhibition of these 7-AA-ring cPs. Among
the cPs derived from [Pro3]LR, peptide 7 (Leu-c[Cys-Pro-Gln-Leu-Tyr-Cys]-Arg), featuring a 6-AA
ring, shows an inhibitory potency (hTS IC50 of 148 ± 40 µM) quite comparable with those of the
lead peptides, LR and [d-Gln4]LR (Table 1). The kinetic inhibition pattern of cP 7 was thus further
investigated and, in keeping with the inhibition behavior of the parent lead peptides [17,21], found to
suggest an allosteric mechanism, with apparent values of KI and KI

′ similar to the IC50 value, namely,
120–150 µM (Figure S1, Supplementary Materials).

Table 1. hTS inhibitory activity of the previously assessed peptides LR, [d-Gln4]LR, and [Pro3]LR
and the new cyclic peptides 1–10. The assay was performed under stirring to prevent precipitation
of the peptides and at room temperature (20–22 ◦C). To improve solubility, peptides inactive at room
temperature were also tested at 37 ◦C.

Compound Primary Sequence % in hTS a

(IC50 in µM) a

LR Leu-Ser-Cys-Gln-Leu-Tyr-Gln-Arg (75) b

[d-Gln4]LR Leu-Ser-Cys-d-Gln-Leu-Tyr-Gln-Arg (68) b

[Pro3]LR Leu-Ser-Pro-Gln-Leu-Tyr-Gln-Arg 25% at 100 µM c

1 Leu-Ser-c[Cys-Gln-Leu-Tyr-Gln-Arg-CAM] 25% at 400 µM and r.t. under stirring
(2125)

2 Leu-c[Cys-Ala-Gln-Leu-Tyr-Gln-Cys] 36% at 400 µM and r.t. under stirring
(900)

3 Leu-Ser-c[Cys-d-Gln-Leu-Tyr-Gln-Arg-CAM] N.I. at 500 µM and r.t.
N.I. at 500 µM and 37 ◦C under stirring

4 Leu-Ser-c[Cys-d-Gln-Leu-Tyr-Gln-Cys] N.I. at 500 µM and r.t.
N.I. at 500 µM and 37 ◦C under stirring

5 Leu-Ser-c[Cys-d-Gln-Leu-Tyr-Cys]-Arg N.I. at 500 µM and r.t.
N.I. at 500 µM and 37 ◦C under stirring

6 Leu-c[Cys-Pro-Gln-Leu-Cys]-Gln-Arg N.I. at 500 µM and r.t.
N.I. at 500 µM and 37 ◦C under stirring

7 Leu-c[Cys-Pro-Gln-Leu-Tyr-Cys]-Arg
76% at 500 µM, 59% at 100 µM and r.t. under stirring

(148)
Allosteric inhibition profile (see Figure S1)

8 Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Cys] 38% at 500 µM and r.t. under stirring
(856)

9 Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Arg-CAM] N.I. at 500 µM and r.t.
N.I. at 500 µM and 37 ◦C under stirring

10 c[Cys-Ser-Pro-Gln-Leu-Tyr-Gln-Cys] 50% at 500 µM and r.t. under stirring
(474)

N.I., No inhibition; r.t., room temperature. a standard error is ±20% of the value; b Ref. [18]; c Ref. [20].

Finally, the fully cyclic peptide 10 (c[Cys-Ser-Pro-Gln-Leu-Tyr-Gln-Cys]) showed an hTS IC50 of
484 µM, and was thus a slightly better inhibitor than the similar (except for the first two residues)
7-AA-ring cP 8 (Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Cys]), and a slightly worse inhibitor than cP 7
(Leu-c[Cys-Pro-Gln-Leu-Tyr-Cys]-Arg) that differs from cP 10 in the size of the cycle and in the N- and
C-terminus residues.

In general, moving from the linear peptides to their cyclic analogs, the structural change is relevant.
Indeed, as the data reported in Table 1 show, the types of cyclization we performed turned out to be
rather detrimental for the inhibitory activity towards the hTS target. This suggests that the ring closure,
even with the different features considered in the design, was complex and that the cPs could not fit
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properly into the cone-shaped interface binding site. Importantly, compound 7 shows an interesting
allosteric inhibition of hTS.

cP 7 represents the most active compound stemming from the SAR analysis, and its inhibition is
specific as demonstrated by the allosteric inhibition. On the other hand, it is clear that small changes in the
structures reflect large changes in the overall structural profile and this causes a significant activity decrease.

2.4. Cytotoxicity

To evaluate the inhibition of cancer cell growth by the 10 cPs, we transfected them up to 50 µM into
three ovarian cancer (OC) cell lines, namely, IGROV-1, A2780, and their cisplatin-resistant counterparts
A2780/CP. These cell lines were chosen to compare the cytotoxicities of the cPs with those of the
open-chain peptides LR, [d-Gln4]LR, and [Pron]LR [17,20,21]. We selected A2780 and its platinum
drug-resistant cell counterpart A2780/CP to observe if the new anti-hTS inhibitors could overcome
platinum drug resistance. IGROV-1 is typically expressing higher than normal hTS levels, showing a
lower sensitivity to 5-FU, a prodrug inhibitor with a different biological mechanism compared to the
peptides [20,22]. The three cell lines were considered a sufficient representative number of cancer cell
models for our screening purposes. We first attempted to deliver the cPs directly to the cancer cells,
but we could not observe any inhibitory effect (data not shown). For the transfection experiments,
we employed the same peptide delivery system, SAINT-PhD, previously used in the cellular assays of
the open-chain peptides [17,20,21]. Dose–response curves for all compounds are shown in Figures 4
and 5, whereas the corresponding IC50 values are represented as vertical bars in Figures 6 and 7.Molecules 2019, 24, x FOR PEER REVIEW 9 of 17 
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Figure 4. Dose–response curves of the effect of the cyclic peptides on cell growth of IGROV-1 cells. Panel
A: 5 (blue triangles up), 3 (red triangles down), 9 (red triangles up), 7 (blue squares), 2 (red diamonds),
6 (red squares), 1 (blue triangles down). Panel B: [d-Gln4]LR (red hexagons), 10 (blue diamonds),
4 (blue circles), 8 (red circles). Data are mean values with standard deviation. Statistical significance
by two-sided Student’s t-test and ANOVA followed by Tukey’s multiple comparison test, * p < 0.05;
** p < 0.01; *** p < 0.001.

Quite at variance with the TS-inhibitory activities, peptide 5 (Leu-Ser-c[Cys-D-Gln-Leu-Tyr-Cys]
-Arg) was the most effective among the 10 tested cPs against all three cell lines, with IC50 values
lower than 10 µM, comparable with those of its open-chain parent, [d-Gln4]LR, and lower than 5-FU
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(Figures 6A and 7). cPs 3, derived from [d-Gln4]LR, and 9, 7, and 10, all derived from [Pro3]LR,
showed intermediate cytotoxicities versus IGROV-1 cells at 10 and 25 µ M; cPs 2, 6, 1, 4, and 8
were the least active versus these cells. However, the A2780 and A2780/CP cell lines were much
more sensitive to all of the 10 cPs except 6, the peptide derived from [Pro3]LR with a 5-AA cycle
(Figure 5B). As with the IGROV-1 cells, peptide 5 was the most potent one, together with peptide 9
(Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Arg-CAM]) in the case of the cisplatin-resistant line. Compounds 4, 5,
8, and 9 showed IC50 values lower than 10 µM and comparable with those of the reference drugs 5-FU,
LR, and [d-Gln4]LR for at least one of the cell lines. The other four peptides, 2, 3, 7, and 10, showed
IC50 values below 25 µM versus at least one of the cell lines (Figure 7A,B).

All tested compounds show a higher cytotoxic activity towards one or more cancer cell lines than
hTS inhibition potency, thus supporting the idea that more targets and off-targets may be involved in
the complex cellular environment. A role in increasing the cellular growth inhibition activity is quite
certainly played by the increase in intracellular concentration of peptides relative to the extracellular
concentration—for peptide LR with C13 cells, we found the intracellular concentration to be 15 times
larger than the extracellular one when delivered through the SAINT-PhD system [23]. This ratio
depends on both the thermodynamics of cellular internalization (i.e., the factors that affect the chemical
potential of the peptide in the different compartments inside and outside cells) and the kinetics of
peptide degradation, the latter being more relevant within cells than in the extracellular medium where
they are protected from degradation by inclusion into the SAINT-PhD delivery system [23].
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Figure 5. Dose–response curve of the effect of the cyclic peptides on the cell growth of A2780 (panel A)
and A2780/CP (panel B) cell lines: 5 (blue triangles up), 9 (red triangles up), 4 (blue circles), 8 (red
circles), 10 (blue diamonds), 7 (blue squares), 2 (red diamonds), 3 (red triangles down), 1 (blue triangles
down), 6 (red squares). Data are mean values with standard deviation. Statistical significance by
two-sided Student’s t-test and ANOVA followed by Tukey’s multiple comparison test, * p < 0.05;
**; p < 0.01; *** p < 0.001.



Molecules 2019, 24, 3493 10 of 16

1 

 

 

Figure 6. IC50 values for the inhibition of cell growth of IGROV-1 human ovarian cancer cells by the
tested peptides. IC50 values of the 10 cyclic peptides (panel A, green bars) and of the 7 prolyl peptides
(panel B, dark cyan bars) compared with 5-FU, LR, and [d-Gln4]LR. Values are means ± SD of three
separate experiments performed in duplicate.
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Figure 7. IC50 values of the cyclic peptides on cell growth of A2780 (A) and A2780/CP (B) human
ovarian cancer cell lines. Values are means ± SD of three separate experiments performed in duplicate.

3. Conclusions

TS is one of the best-known anticancer targets. Its classical inhibitors bind at the substrate
or cofactor binding pockets. However, upon prolonged treatment in the clinic, these inhibitors
induce drug resistance mechanisms also related to TS overexpression. Ovarian cancer resistant to
platinum drugs shows cross-resistance with classical hTS inhibitors; therefore, treatments with these
drugs cannot circumvent the resistance problem. We previously identified some octapeptides that
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allosterically inhibited hTS without causing its cellular overexpression. Among them, peptide LR and
its diastereomer [d-Gln4]LR were the most interesting ones. The X-ray crystallographic structure of the
hTS/LR complex provides conformational details on the binding mode of LR at the protein interface,
showing that it occupies a conic space region. The occurrence of an allosteric inhibition was confirmed
by the inhibition pattern. To produce more potent inhibitors by decreasing the conformational disorder
of these peptides, we first mildly rigidified the open-chain LR peptide by introducing a proline residue
along its sequence and then designed 10 cyclic peptides from either LR, [d-Gln4]LR, or [Pro3]LR. Most
of the synthesized peptides preserved one or the other of the residues that contributed to increase the
TS inhibitory activity and cancer cell growth inhibition, namely, D-Gln4 and Pro3.

Peptides 7 (Leu-c[Cys-Pro-Gln-Leu-Tyr-Cys]-Arg), 8 (Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Cys]),
and 10 (c[Cys-Ser-Pro-Gln-Leu-Tyr-Gln-Cys]) are the three best hTS inhibitors among the 10 tested cPs.
All of them feature, at position 3, a proline residue, which, in contrast with the D-Gln4 residue, can
rigidify the conformations of the three cyclic peptides in a way that is useful for inhibiting hTS. Their
cycles include, in order of increasing anti-hTS activity, 6 (cP 7), 8 (cP 10), and 7 AA (cP 8). The cycle size,
therefore, is not a strong structural predictor of the inhibitory activity, provided it is larger than 5 AA
(non-inhibiting cPs 5 and 6). Complementarily, an extended N-terminus portion in these noose-knot
peptides, here either absent (cP 10) or consisting in only one residue (cPs 7 and 8), does not seem to be
relevant for their abilities to inhibit hTS.

Of the two cPs with a 5-AA ring, peptide 6, inactive versus hTS, was also almost non-cytotoxic
towards the three cell lines employed. On the other hand, peptide 5, also inactive as an hTS inhibitor at
the tested concentrations, was the most cytotoxic among the 10 cPs.

The differences between the hTS inhibitory activities and the cytotoxicities are due to many factors
that may influence the activity of a drug during the different steps of the membrane penetration
process and target engagement. The IC50s determined from cell growth inhibition were systematically
lower, or much lower, than those associated with hTS inhibition. The characterization of the cellular
mechanism of action is however beyond the scope of this preliminary note. The efficiencies of all
mentioned factors that may influence the cPs’ intracellular activity are likely determined by structural
descriptors of the cyclic peptides that are different from those that control their affinities towards
recombinant hTS. For example, different cyclic peptides may accommodate differently into the delivery
system vesicles, thus yielding SAINT-PhD/cPs complexes with different chemical potentials that are
completely unrelated to the affinities of the cPs for hTS. Or, again, as is the case with the [Pron]LR
relative to the LR peptides [20–22], different cyclic peptides may be differently prone to intracellular
degradation by peptidases and, hence, the observed lack of quantitative correlation between the hTS
inhibitory activities and the cytotoxicities.

While these results stimulate many questions concerning the efficiency of cellular internalization
and intracellular stability and the intracellular mechanism of action of the cPs, questions that are
being addressed in scheduled experiments, our first screening of these 10 cPs leaves us with a cP,
compound 5, that was active against all cancer cells with IC50s lower than 10 µM, and a cP, compound
7, that inhibited cancer cell growth and was by far the best hTS inhibitor. Thus, while compound 5
may give us hints about the structural requirements necessary to achieve good activity towards cancer
cells, compound 7 can be considered a starting lead useful for the further chemical optimization of
hTS-inhibiting cyclic peptides.

4. Materials and Methods

4.1. Synthesis and Purification

4.1.1. Linear Peptides

Linear LR analogs were synthesized using a Syro XP multiple peptide synthesizer (MultiSynTech
GmbH, Witten, Germany). Chemicals and solvents were purchased from Sigma Aldrich (St. Luis, MO,
United States). Wang resin preloaded with the C-terminal amino acid or (CAM)-2-chlorotrityl
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resin were used as a solid support for the synthesis of the derivatives. Fmoc-amino acids
(4 equivalents) were sequentially coupled to the growing peptide chain using DIPCDI and HOBt
(N,N’-diisopropylcarbodiimide/1-hydroxybenzotriazole) (4 equivalents) as activating agents at room
temperature for 1 h. Deprotection of the Fmoc-growing peptide was performed with 40% piperidine in
DMF followed by the coupling with the subsequent amino acids. Deprotection and coupling cycles
were repeated until the desired peptide-bound resin was completed. The protected peptide-resin was
treated with reagent B (trifluoroacetic acid (TFA), H2O, phenol, and TIPS 88:5:5:2 v/v; 10 mL per 0.2 g
of resin) [30] at room temperature for 1.5 h. After filtration of the resin, the solvent was concentrated
in vacuo and the residue triturated with ethyl ether. Crude peptides were purified by preparative
reversed-phase HPLC using a Water Delta Prep 3000 system with a Jupiter column C18 (250 × 30 mm,
300 A, 15 µm spherical particle size, Waters Corporation, Milford, MA, United States). The column was
perfused at a flow rate of 20 mL/min with a mobile phase containing solvent A (5%, v/v, acetonitrile in
0.1% TFA) and a linear gradient from 0 to 50% of solvent B (60%, v/v, acetonitrile in 0.1% TFA) over
25 min for the elution of peptides. Analytical HPLC analyses were performed on a Beckman 116 liquid
chromatograph equipped with a Beckman 166 diode array detector (Beckman Coulter, Brea, CA, United
States). Analytical purity of the peptides was assessed using a Zorbax C18 column (4.6 × 150 mm,
3 µm particle size, Agilent, Santa Clara, CA, United States) with the above solvent system (solvents A
and B) programmed at a flow rate of 0.7 mL/min using a linear gradient from 0% to 100% B over 25 min.
All analogs showed ≥95% purity when monitored at 220 nm. Molecular weight of final compounds
was determined by a mass spectrometer ESI Micromass ZMD-2000 (Waters Corporation, Milford, MA,
United States) and similar to the MS spectra already reported [21].

4.1.2. Cyclic Peptides (1–10)

To carry out and assess peptide cyclization, we followed a chemical procedure previously adopted
by some of us for the synthesis of cyclic urotensin II analogs [31]. In short, the respective linear purified
peptides were dissolved in a mixture of H2O, DMSO, and TFA (75:25:0.1 v/v) at the concentration of
1mg/mL and stirred at room temperature for 24 h. We monitored the reaction by analytical HPLC,
mass spectrometry, and the Ellman test, being careful to prevent the final Ellman’s test solution to
become acidic [32]. After partial evaporation of the solvent, the product was purified by preparative
HPLC as mentioned above to yield the desired cyclic compound (Supplementary Materials).

Leu-Ser-c[Cys-Gln-Leu-Tyr-Gln-Arg-CAM-] (1)
15% yield. Retention time (Rt): 8.63 min. ESI-MS [M + H]+ calcd: 1067.513; found: 1068.006.
Leu-c[Cys-Ala-Gln-Leu-Tyr-Gln-Cys] (2)
30% yield. Rt: 11.08 min. ESI-MS [M + H]+ calcd: 939.407; found: 939.852.
Leu-Ser-c[Cys-D-Gln-Leu-Tyr-Gln-Arg-CAM-] (3)
13% yield. Rt: 8.66 min. ESI-MS [M + H]+ calcd: 1067.513; found: 1067.974.
Leu-Ser-c[Cys-D-Gln-Leu-Tyr-Gln-Cys-] (4)
18% yield. Rt: 12.47 min. ESI-MS [M + H]+ calcd: 955.402; found: 955.402.
Leu-Ser-c[Cys-D-Gln-Leu-Tyr-Cys-]Arg (5)
29% yield. Rt: 10.74 min. ESI-MS [M + H]+ calcd: 983.444; found: 983.904.
Leu-c[Cys-Pro-Gln-Leu-Cys-]Gln-Arg (6)
25% yield. Rt: 8.42 min. ESI-MS [M + H]+ calcd: 958.460; found: 958.756.
Leu-c[Cys-Pro-Gln-Leu-Tyr-Cys-]Arg (7)
18% yield. Rt: 9.33 min. ESI-MS [M + H]+ calcd: 993.465; found: 993.561.
Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Cys-] (8)
22% yield. Rt: 12.47 min. ESI-MS [M + H]+ calcd: 965.422; found: 966.074.
Leu-c[Cys-Pro-Gln-Leu-Tyr-Gln-Arg-CAM] (9)
10% yield. Rt: 9.11 min. ESI-MS [M + H]+ calcd: 1078.331; found: 1078.251.
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c[Cys-Ser-Pro-Gln-Leu-Tyr-Gln-Cys] (10)
25% yield. Rt: 9.23 min. ESI-MS [M + H]+ calcd: 939.370; found: 939.730.

4.2. Thymidylate Synthase Purification, Characterization, and Inhibition

hTS was purified as previously reported [21]. The enzyme solution was thawed the day of the
experiment and the enzyme concentration was determined by UV−Vis spectroscopy (Varian Cary
100, Agilent, Santa Clara, CA, USA) using ε280 = 89000 M−1 cm−1 and Mr = 74 229. The thawed
protein solution was kept constantly at 4 ◦C. In this condition, the enzyme was able to reproduce
normal kinetic activity values (KM dUMP = 10−12 µM, KM mTHF = 4−6 µM, kcat = 0.8−0.9 s−1).
The peptide solution was mixed or vortexed in order to help solubilization; the precise concentration
was determined through UV−Vis spectroscopy. A stock solution of mTHF was prepared in carbonate
buffer. The stock was prepared in the range of 5 to 6 mM. A stock solution of dUMP was prepared in
bidistilled water in the range of 10−12 mM. Peptide inhibitors were tested without incubation with hTS
in phosphate buffer, pH 6.9, at 25 ◦C. A 1 mL amount of assay buffer consisted of 50 mM TES, pH 7.4,
containing 25 mM MgCl2, 6.5 mM HCHO, 1 mM EDTA, 75 mM β-mercaptoethanol (β-ME), 0.120 mM
dUMP, and 0.060 mM mTHF. Following the addition of the enzyme (300 nM) and inhibitor mixture,
the absorbance was monitored at 340 nm in a UV−Vis spectrophotometer for 3 min. In the control
sample, an equal aliquot of enzyme alone was added. hTS activity inhibition percentages (I%) values
were measured at 0.100−3000 µM concentration of inhibitor. The concentration of the peptide that
showed the 50% activity inhibition was measured for the most active peptides. The kinetic inhibition
pattern was studied for compound 7 [12]. The inhibition values are expressed as mean ± SEM; n = 3.

4.3. Cell Lines

The IGROV-1, A2780, and A2780/CP human ovarian cancer cell lines [33] were grown as monolayer
in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum and 50 µg/mL gentamycin
sulfate (Euroclone, Devon, UK). Cultures were equilibrated with humidified 5% CO2 in air at 37 ◦C.
The cDDP-resistant variant A2780/CP cell line, derived from the parent A2780 cell line, is about 10-fold
resistant to cDDP and was developed by monthly exposure to cDDP, followed by chronic exposure to
stepwise increases in cDDP concentration. All studies were performed in Mycoplasma negative cells, as
routinely determined with the MycoAlert Mycoplasma detection kit (Lonza, Walkersville, MD, USA).

4.4. Treatment with Peptides in Presence of SAINT-PhD Delivery System

Treatment with each peptide was performed according to the standard transfection protocol
of the SAINT-PhD delivery system (Synvolux Therapeutics, Leiden, Netherlands) [17,21,23,28,34].
Complexes of peptide (µg) with SAINT-PhD (µL) were prepared at appropriate ratios corresponding
to the approximate µM concentrations indicated. For each protein sample, complexes were prepared
as follows: for the treatment of a 24-well plate, the appropriate amount of each peptide was diluted
in HBS, then SAINT-PhD was pipetted into the solution without vortexing; then, the mixture was
incubated for 5 min at room temperature, and filled up to 500 µL with serum-free medium. The culture
medium was aspirated from the cells, the SAINT-PhD/peptide complex was added to the wells and
incubated 4 h (37 ◦C, 5% CO2). Afterward, complete RPMI was added to reach the appropriate volume
for maintaining the cell culture for the duration of the experiments.

4.5. Cytotoxicity Assay of Peptides

Cell growth was determined using a modified crystal violet assay [35]. On selected days, the tissue
culture medium was removed, and the cell monolayer fixed with methanol and stained with 0.2%
crystal violet solution in 20% methanol for at least 30 min. After being washed several times with
distilled water to remove excess dye, the cells were left to dry. The incorporated dye was solubilized
in acidified isopropanol (1N HCl: 2-propanol, 1:10). After appropriate dilution, absorbance was



Molecules 2019, 24, 3493 14 of 16

determined spectrophotometrically at 540 nm. The extracted dye was proportional to cell biomass.
The percentage of cytotoxicity was calculated by comparing the absorbance of cultures exposed to the
drug to unexposed (control) cultures.

4.6. Statistical Analysis

Data indicate mean values and standard deviation. In addition, p-values were calculated with
the two-sided Student’s t-test and ANOVA followed by Tukey’s multiple comparison test. * p < 0.05,
** p < 0.01; *** p < 0.001.

Supplementary Materials: The following supplementary material are available online. Figure S1: Allosteric
inhibition profile for peptide 7; Mass spectra and analytical HPLC chromatograms of the final cyclic peptides.

Author Contributions: Conceptualization, R.G., P.S. and M.P.C.; Methodology, M.S., R.L., and G.M.; Software,
P.L.; Formal Analysis, G.P.; Investigation, S.P., R.G., M.S., D.D., R.L., G.M., and A.L.; Resources, M.P.C.; Data
Curation, G.P.; Writing—Original Draft Preparation, P.L., M.P.C., G.P., G.M., and R.G.; Writing—Review and
Editing, M.P.C., P.L., G.P., G.M., D.D., and R.G.; Visualization, P.L.; Supervision, M.P.C.; Project Administration,
M.P.C.; Funding Acquisition, M.P.C.

Funding: This work was supported by the Italian Association for Cancer Research (AIRC)-DROC 10474 project
and AIRC IG 16977.

Acknowledgments: The authors wish to thank E.M.J.J. Berns and J. Hellman, Department of Medical Oncology,
Erasmus University Medical Center—Cancer Institute, PO Box 2040, 3000 CA, Rotterdam, Netherlands, for
providing the cancer cell lines.

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the design, execution,
interpretation, or writing of the study.

References

1. Carreras, C.W.; Santi, D.V. The Catalytic Mechanism and Structure of Thymidylate Synthase. Annu. Rev.
Biochem. 1995, 64, 721–762. [CrossRef] [PubMed]

2. Chu, E.; Cogliati, T.; Copur, S.M.; Borre, A.; Voeller, D.M.; Allegra, C.J.; Segal, S. Identification of in vivo
target RNA sequences bound by thymidylate synthase. Nucleic Acids Res. 1996, 24, 3222–3228. [CrossRef]
[PubMed]

3. Chu, E.; Koeller, D.M.; Casey, J.L.; Drake, J.C.; Chabner, B.A.; Elwood, P.C.; Zinn, S.; Allegra, C.J.
Autoregulation of human thymidylate synthase messenger RNA translation by thymidylate synthase.
Proc. Natl. Acad. Sci. USA 1991, 88, 8977–8981. [CrossRef] [PubMed]

4. Chu, E.; Voeller, D.; Koeller, D.M.; Drake, J.C.; Takimoto, C.H.; Maley, G.F.; Maley, F.; Allegra, C.J. Identification
of an RNA binding site for human thymidylate synthase. Proc. Natl. Acad. Sci. USA 1993, 90, 517–521.
[CrossRef] [PubMed]

5. Liu, J.; Schmitz, J.C.; Lin, X.; Tai, N.; Yan, W.; Farrell, M.; Bailly, M.; Chen, T.; Chu, E. Thymidylate synthase as
a translational regulator of cellular gene expression. Biochim. Biophys. Acta Mol. Basis Dis. 2002, 1587, 174–182.
[CrossRef]

6. Taddia, L.; D’Arca, D.; Ferrari, S.; Marraccini, C.; Severi, L.; Ponterini, G.; Assaraf, Y.G.; Marverti, G.;
Costi, M.P. Inside the biochemical pathways of thymidylate synthase perturbed by anticancer drugs: Novel
strategies to overcome cancer chemoresistance. Drug Resist. Updates 2015, 23, 20–54. [CrossRef]

7. Rose, M.G.; Farrell, M.P.; Schmitz, J.C. Thymidylate Synthase: A Critical Target for Cancer Chemotherapy.
Clin. Colorectal Cancer 2002, 1, 220–229. [CrossRef]

8. Wilson, P.M.; Danenberg, P.V.; Johnston, P.G.; Lenz, H.-J.; Ladner, R.D. Standing the test of time: Targeting
thymidylate biosynthesis in cancer therapy. Nat. Rev. Clin. Oncol. 2014, 11, 282–298. [CrossRef]

9. Li, Q.; Boyer, C.; Lee, J.Y.; Shepard, H.M. A novel approach to thymidylate synthase as a target for cancer
chemotherapy. Mol. Pharmacol. 2001, 59, 446–452. [CrossRef]

10. Jackman, A.L.; Taylor, G.A.; Gibson, W.; Kimbell, R.; Brown, M.; Calvert, A.H.; Judson, I.R.; Hughes, L.R. ICI
D1694, a quinazoline antifolate thymidylate synthase inhibitor that is a potent inhibitor of L1210 tumor cell
growth in vitro and in vivo: A new agent for clinical study. Cancer Res. 1991, 51, 5579–5586.

http://dx.doi.org/10.1146/annurev.bi.64.070195.003445
http://www.ncbi.nlm.nih.gov/pubmed/7574499
http://dx.doi.org/10.1093/nar/24.16.3222
http://www.ncbi.nlm.nih.gov/pubmed/8774904
http://dx.doi.org/10.1073/pnas.88.20.8977
http://www.ncbi.nlm.nih.gov/pubmed/1924359
http://dx.doi.org/10.1073/pnas.90.2.517
http://www.ncbi.nlm.nih.gov/pubmed/8421684
http://dx.doi.org/10.1016/S0925-4439(02)00080-7
http://dx.doi.org/10.1016/j.drup.2015.10.003
http://dx.doi.org/10.3816/CCC.2002.n.003
http://dx.doi.org/10.1038/nrclinonc.2014.51
http://dx.doi.org/10.1124/mol.59.3.446


Molecules 2019, 24, 3493 15 of 16

11. Shih, C.; Chen, V.J.; Gossett, L.S.; Gates, S.B.; MacKellar, W.C.; Habeck, L.L.; Shackelford, K.A.;
Mendelsohn, L.G.; Soose, D.J.; Patel, V.F.; et al. LY231514, a pyrrolo[2,3-d]pyrimidine-based antifolate that
inhibits multiple folate-requiring enzymes. Cancer Res. 1997, 57, 1116–1123. [PubMed]

12. Sayre, P.H.; Finer-Moore, J.S.; Fritz, T.A.; Biermann, D.; Gates, S.B.; MacKellar, W.C.; Patel, V.F.; Stroud, R.M.
Multi-targeted antifolates aimed at avoiding drug resistance form covalent closed inhibitory complexes with
human and Escherichia coli thymidylate synthases. J. Mol. Biol. 2001, 313, 813–829. [CrossRef] [PubMed]

13. Mullen, M.M.; Kuroki, L.M.; Thaker, P.H. Novel treatment options in platinum-sensitive recurrent ovarian
cancer: A review. Gynecol. Oncol. 2019, 152, 416–425. [CrossRef] [PubMed]

14. Scanlon, K.J.; Kashani-Sabet, M. Elevated expression of thymidylate synthase cycle genes in cisplatin-resistant
human ovarian carcinoma A2780 cells. Proc. Natl. Acad. Sci. USA 1988, 85, 650–653. [CrossRef] [PubMed]

15. Kelland, L.R.; Kimbell, R.; Hardcastle, A.; Aherne, G.W.; Jackman, A.L. Relationship between resistance
to cisplatin and antifolates in sensitive and resistant tumour cell lines. Eur. J. Cancer. 1995, 31A, 981–986.
[CrossRef]

16. Marverti, G.; Ligabue, A.; Paglietti, G.; Corona, P.; Piras, S.; Vitale, G.; Guerrieri, D.; Luciani, R.; Costi, MP.;
Frassineti, C.; et al. Collateral sensitivity to novel thymidylate synthase inhibitors correlates with folate cycle
enzymes impairment in cisplatin-resistant human ovarian cancer cells. Eur. J. Pharmacol. 2009, 615, 17–26.
[CrossRef] [PubMed]

17. Pela, M.; Saxena, P.; Luciani, R.; Santucci, M.; Ferrari, S.; Marverti, G.; Marraccini, C.; Martello, A.; Pirondi, S.;
Genovese, F.; et al. Optimization of peptides that target human thymidylate synthase to inhibit ovarian
cancer cell growth. J. Med. Chem. 2014, 57, 1355–1367. [CrossRef]

18. Tochowicz, A.; Santucci, M.; Saxena, P.; Guaitoli, G.; Trande, M.; Finer-Moore, J.; Stroud, R.M.; Costi, M.P.
Alanine mutants of the interface residues of human thymidylate synthase decode key features of the binding
mode of allosteric anticancer peptides. J. Med. Chem. 2015, 58, 1012–1018. [CrossRef]

19. Ponterini, G.; Martello, A.; Pavesi, G.; Lauriola, A.; Luciani, R.; Santucci, M.; Pela, M.; Gozzi, G.; Pacifico, S.;
Guerrini, R.; et al. Intracellular quantitative detection of human thymidylate synthase engagement with
an unconventional inhibitor using tetracysteine-diarsenical-probe technology. Sci. Rep. 2016, 6, 27198.
[CrossRef]

20. Saxena, P.; Severi, L.; Santucci, M.; Taddia, L.; Ferrari, S.; Luciani, R.; Marverti, G.; Marraccini, C.; Tondi, D.;
Mor, M.; et al. Conformational Propensity and Biological Studies of Proline Mutated LR Peptides Inhibiting
Human Thymidylate Synthase and Ovarian Cancer Cell Growth. J. Med. Chem. 2018, 61, 7374–7380.
[CrossRef]

21. Cardinale, D.; Guaitoli, G.; Tondi, D.; Luciani, R.; Henrich, S.; Salo-Ahen, O.M.H.; Ferrari, S.; Marverti, G.;
Guerrieri, D.; Ligabue, A.; et al. Protein-protein interface-binding peptides inhibit the cancer therapy target
human thymidylate synthase. Proc. Natl. Acad. Sci. USA 2011, 108, E542–E549. [CrossRef]

22. Genovese, F.; Gualandi, A.; Taddia, L.; Marverti, G.; Pirondi, S.; Marraccini, C.; Perco, P.; Pela, M.; Guerrini, R.;
Amoroso, M.R.; et al. Mass spectrometric/bioinformatic identification of a protein subset that characterizes
the cellular activity of anticancer peptides. J. Proteome Res. 2014, 13, 5250–5261. [CrossRef]

23. Cannazza, G.; Cazzato, A.S.; Marraccini, C.; Pavesi, G.; Pirondi, S.; Guerrini, R.; Pelà, M.; Frassineti, C.;
Ferrari, S.; Marverti, G.; et al. Internalization and stability of a thymidylate synthase peptide inhibitor in
ovarian cancer cells. J. Med. Chem. 2014, 57, 10551–10556. [CrossRef]

24. Martí-Centelles, V.; Pandey, M.D.; Burguete, M.I.; Luis, S. V Macrocyclization Reactions: The Importance of
Conformational, Configurational, and Template-Induced Preorganization. Chem. Rev. 2015, 115, 8736–8834.
[CrossRef]

25. Driggers, E.M.; Hale, S.P.; Lee, J.; Terrett, N.K. The exploration of macrocycles for drug discovery—An
underexploited structural class. Nat. Rev. Drug Discov. 2008, 7, 608–624. [CrossRef]

26. Pauletti, G.M.; Gangwar, S.; Siahaan, T.J.; Aubé, J.; Borchardt, R.T. Improvement of oral peptide bioavailability:
Peptidomimetics and prodrug strategies. Adv. Drug Deliv. Rev. 1997, 27, 235–256. [CrossRef]

27. Chan, L.Y.; Gunasekera, S.; Henriques, S.T.; Worth, N.F.; Le, S.J.; Clark, R.J.; Campbell, J.H.; Craik, D.J.;
Daly, N.L. Engineering pro-angiogenic peptides using stable, disulfide-rich cyclic scaffolds. Blood
2011, 18, 6709–6717. [CrossRef]

28. Haÿ, E.; Buczkowski, T.; Marty, C.; Da Nascimento, S.; Sonnet, P.; Marie, P.J. Peptide-based mediated
disruption of N-cadherin-LRP5/6 interaction promotes Wnt signaling and bone formation. J. Bone Miner. Res.
2012, 27, 1852–1863.

http://www.ncbi.nlm.nih.gov/pubmed/9067281
http://dx.doi.org/10.1006/jmbi.2001.5074
http://www.ncbi.nlm.nih.gov/pubmed/11697906
http://dx.doi.org/10.1016/j.ygyno.2018.10.023
http://www.ncbi.nlm.nih.gov/pubmed/30409489
http://dx.doi.org/10.1073/pnas.85.3.650
http://www.ncbi.nlm.nih.gov/pubmed/3422447
http://dx.doi.org/10.1016/0959-8049(95)00198-0
http://dx.doi.org/10.1016/j.ejphar.2009.04.062
http://www.ncbi.nlm.nih.gov/pubmed/19446547
http://dx.doi.org/10.1021/jm401574p
http://dx.doi.org/10.1021/jm5011176
http://dx.doi.org/10.1038/srep27198
http://dx.doi.org/10.1021/acs.jmedchem.7b01699
http://dx.doi.org/10.1073/pnas.1104829108
http://dx.doi.org/10.1021/pr500510v
http://dx.doi.org/10.1021/jm501397h
http://dx.doi.org/10.1021/acs.chemrev.5b00056
http://dx.doi.org/10.1038/nrd2590
http://dx.doi.org/10.1016/S0169-409X(97)00045-8
http://dx.doi.org/10.1182/blood-2011-06-359141


Molecules 2019, 24, 3493 16 of 16

29. Benoiton, N.L. Chemistry of Peptide Synthesis, 1st ed.; CRC Press: Boca Raton, FL, USA, 2005; ISBN
9781574444544.

30. Sole, N.A.; Barany, G. Optimization of solid-phase synthesis of [Ala8]-dynorphin A. J. Org. Chem.
1992, 57, 5399–5403. [CrossRef]

31. Marzola, E.; Camarda, V.; Batuwangala, M.; Lambert, D.G.; Calo’, G.; Guerrini, R.; Trapella, C.; Regoli, D.;
Tomatis, R.; Salvadori, S. Structure-activity relationship study of position 4 in the urotensin-II receptor ligand
U-II(4-11). Peptides 2008, 29, 674–679. [CrossRef]

32. Ellman, G.L. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 1959, 82, 70–77. [CrossRef]
33. Beaufort, B.M.; Helmijr, J.C.A.; Piskorz, A.M.; Hoogstraat, M.; Ruigrok-Ritstier, K.; Besselink, N.; Murtaza, M.;

van IJcken, W.F.J.; Heine, A.A.J.; Smid, M.; et al. Ovarian Cancer Cell Line Panel (OCCP): Clinical Importance
of In Vitro Morphological Subtypes. PLoS ONE 2014, 9, e103988. [CrossRef]

34. Synvolux Products. Available online: https://www.synvoluxproducts.com/saint-protein/ (accessed on
24 September 2019).

35. Marverti, G.; Ligabue, A.; Lombardi, P.; Ferrari, S.; Monti, M.G.; Frassineti, C.; Costi, M.P. Modulation
of the expression of folate cycle enzymes and polyamine metabolism by berberine in cisplatin-sensitive
and-resistant human ovarian cancer cells. Int. J. Oncol. 2013, 43, 1269–1280. [CrossRef]

Sample Availability: Samples of the compounds are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/jo00046a022
http://dx.doi.org/10.1016/j.peptides.2007.07.025
http://dx.doi.org/10.1016/0003-9861(59)90090-6
http://dx.doi.org/10.1371/journal.pone.0103988
https://www.synvoluxproducts.com/saint-protein/
http://dx.doi.org/10.3892/ijo.2013.2045
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Design of Cyclic Peptides 
	Chemistry 
	Human Thymidylate Synthase Inhibitory Activity 
	Cytotoxicity 

	Conclusions 
	Materials and Methods 
	Synthesis and Purification 
	Linear Peptides 
	Cyclic Peptides (1–10) 

	Thymidylate Synthase Purification, Characterization, and Inhibition 
	Cell Lines 
	Treatment with Peptides in Presence of SAINT-PhD Delivery System 
	Cytotoxicity Assay of Peptides 
	Statistical Analysis 

	References

