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ABSTRACT: LR and [D-Gln
4
]LR peptides bind the monomer-monomer interface of human thymidylate synthase and inhibit can-

cer cell growth. Here, proline-mutated LR peptides were synthesized. Molecular dynamics calculations and circular dichroism spec-
tra have provided a consistent picture of the conformational propensities of the [Pro

n
]-peptides. [Pro

3
]LR and [Pro

4
]LR show im-

proved cell growth inhibition and similar intracellular protein modulation than LR. These represent a step forward to the identifica-
tion of more rigid and metabolically stable peptides. 

INTRODUCTION 

Human thymidylate synthase (hTS) is a homodimeric protein 
involved in the folate metabolic pathway. In its active form, 
hTS converts 2‘-deoxyuridine-5’-monophosphate (dUMP) to 
2’-deoxythymidine-5’-monophosphate (dTMP) in the presence 
of the cofactor N5,N10-methylentetrahydrofolate (mTHF). 
hTS also regulates protein synthesis, by interacting with its 
own as well as with the mRNAs of other proteins involved in 
the cell cycle.

1–4
 This observation has made hTS an important 

drug target for fighting cancer.
5–7

 However, prolonged dosage 
of clinically approved drugs such as 5-fluorouracil (5FU, pro-
drug of 5-fluoro-2’-deoxyuridine-5’-monophosphate), ral-
titrexed

8
 and pemetrexed (PMX)

9
, folate-cofactor analogs, 

leads to hTS overexpression, resulting in drug resistance.
10

 To 
prevent and combat such resistance mechanism, drugs with 
new modes of action are needed.  

The design of peptides mimicking portions of interfacial re-
gions in the assemblies of multimeric proteins has led to the 
identification of inhibitors binding at the protein-protein inter-
faces.

11–14
 Following this concept, we have previously synthe-

sized a series of peptides derived from the parent C20 peptide, 
a sequence coming from the monomer-monomer interface re-
gion of hTS (Figure 1). Our approach has resulted in the dis-
covery of the lead LR peptide and its diastereomer [D- 

Gln4]LR acting with an allosteric inhibition profile against 
homodimeric hTS, engaging the protein in the cellular envi-
ronment and leading to cancer cell growth inhibition without 
increasing hTS levels.

15,16
 Mass spectrometric proteomic stud-

ies on cancer cells with the mentioned peptides have led to the 
identification of a panel of proteins, namely TS, dihydrofolate 
reductase (DHFR), heat shock protein HSP 90-alpha (HSP90), 
mitochondrial heat shock protein 75 kDa (TRAP1), bifunc-
tional purine biosynthesis protein PURH (ATIC) and trifunc-
tional purine biosynthetic protein adenosine-3 (GART), whose 
modulation is associated with the peptidic inhibitors activity.

17
 

Clinically approved drugs and peptidic inhibitors share a 
common target, hTS, but they show different effects on the 
proteomic profiles of cancer cells. The modulation of the pro-
tein panel so far identified can be considered a marker of the 
intracellular effects these peptides exert.

17
  

The crystal structures of the complexes of hTS with two pep-
tides, LR (PDBid: 3N5E) and CQLYQRSG (PDBid: 4FGT), 
confirm their binding at the monomer-monomer interface of 
hTS interacting with the Ala181-Ala197 loop (sequence resi-
due numbers are taken from 4FGT) in the inactive form.

18
 In 

these complexes, the peptides adopt folded, helical-type con-
formations, a finding further confirmed by circular dichroism 
(CD) and molecular dynamics (MD) simulation experiments.

19
 

With respect to the parent peptide, LR, [D-Gln4]LR, presents 
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 2

enhanced rigidity, a tendency to assume an α-helical confor-
mation and a stronger cellular growth inhibition.  

With the aim to move towards more rigid peptides maintaining 
this mechanism of inhibition at the biochemical and cellular 
levels, we have performed the proline scanning of the LR pep-
tide and have investigated the conformational preferences of 
the mutants by a combined experimental and computational 
approach based on CD spectroscopy and MD. It is well known 
that tumors express higher TS levels than normal tissues and 
that ovarian tissue is among those with the highest levels of 
TS expression.

20
 An enhanced expression of the TS cycle has 

been associated with cross-resistance to 5-fluorouracil (5-FU) 
and methotrexate (MTX) in cisplatin-resistant human ovarian 
carcinoma cell lines.

21-24
 and in other tumour types after cis-

platin-based chemotherapy. 
25,26

 Therefore, the inhibition pro-
file of these LR peptide derivatives against recombinant hTS 
as well as their activity at the cellular level against ovarian 
cancer cells has been evaluated. These peptides represent a 
step forward towards the development of more rigid, biochem-
ical stable and active peptides. 

 

 

Figure 1. (a) Monomer of hTS taken from PDBid 3N5E. The 
region corresponding to the C20 peptide is colored in green. 
(b) Crystal structure of the complexes of LR peptide (in yel-
low) with hTS (with the two monomers colored in pink and 
blue, respectively) (PDBid: 3N5E). The protein in the two im-
ages has been rotated by 90° around the vertical axis of the 
image.  

RESULTS AND DISCUSSION 

Inhibitory activities and conformational propensities. The 
eight proline derivatives ([Pro

1
]LR to [Pro

8
]LR) have been 

tested against recombinant hTS (Table S1, Figure S1). They 
showed, at 100 µM, percentages of inhibition between 24% 
and 56%, similar to their parent peptide LR.

15
 [Pro

2
]LR is the 

most active among proline mutants.  

The propensity of a peptide to assume a secondary structure in 
the proximity of a target protein molecule reduces the entropic 
penalty associated with the loss of translational degrees of 
freedom due to complexation with the protein, and usually in-
creases its affinity for the target and thus its activity.

19
 To in-

vestigate the conformational propensities behind the biological 
activities of these peptides, we performed MD simulations and 
CD experiments. 20 ns MD simulations were run on peptides 
[Pro

2
]LR and [Pro

6
]LR, taken as cases representative of Pro-

mutated octapeptides carrying in their sequence a proline resi-
due near the N and the C terminus, respectively. The two mu-
tated peptides in the MD equilibrated complexes with hTS 
showed structural similarities with the LR reference peptide in 
the crystal structure of the complex with hTS (Figure 2).

19
  For 

all of them, the conformation of the N-terminus region was 
extended. Given the absence of intra-peptide hydrogen bond-
ing interactions, this portion is disordered in all peptides, 

though less likely for [Pro
2
]LR. The decrease in the inner de-

grees of freedom of this peptide is indeed due to the presence 
of the proline cycle at position 2. On the other hand, LR, 
[Pro

2
]LR and [Pro

6
]LR exhibited turns that involved the resi-

dues near the C terminus, and at least two of them showed in-
tramolecular hydrogen bonds. Within peptide [Pro

6
]LR, only 

CO(Gln
4
) and NH(Gln

7
) were hydrogen bonded to each other. 

This likely stabilizes a distorted β-turn that includes the Pro
6
 

residue. On the contrary, intramolecular hydrogen bonds be-
tween CO(Gln

4
) and NH(Gln

7
) as well as between CO(Arg

8
) 

and the two NH(Cys
3
) and NH(Gln

4
) in the [Pro

2
]LR deriva-

tive promote the formation of a compact helical turn. Notably 
in the crystallographic structure of its complex with hTS, the 
LR peptide exhibits a longer extended portion that involves 
residues from Leu

1
 to Leu

5
, while a turn involves only the last 

three residues at the C terminus. Consistently, no intramolecu-
lar hydrogen bond could be identified; only CO(Leu

5
) and 

NH(Gln
7
) were within hydrogen bond distance, but in an un-

favorable orientation (N-H-O angle = 115°).  

 

 

Figure 2. Stereo view of the superimposition of peptides LR, 
[Pro

2
]LR and [Pro

6
]LR. The figure combines the X-ray dif-

fraction structure of peptide LR (PDBid 3N5E; C atoms of the 
backbone in magenta) and the 20 ns MD structures of the 
[Pro

2
]LR (C atoms of the backbone in green) and [Pro

6
]LR 

(C atoms of the backbone in yellow) peptides in their com-
plexes with hTS (PDBid 3N5E). N atoms are shown in blue, O 
in red, H in white. For clarity purposes, only the backbones 
and the prolines side chains of the peptides are shown. The 
black and dark-red dotted lines represent hydrogen bonds in 
[Pro

2
]LR and [Pro

6
]LR, respectively.  

 

These findings provide clues for interpreting the CD spectra of 
peptides [Pro

1
]LR to [Pro

7
]LR obtained in distilled deionized 

water (DDW), in a 1:4 v/v mixture of DDW and trifluoroetha-
nol (TFE) and in TFE, a solvent known to induce ordered sec-
ondary structures (Figures 3 and S2). We simulated the meas-
ured spectra as linear combinations of the CD signatures of 
several secondary structural motifs (Figure S3, Table S2). 
Contributions from unordered regions, characterized by nega-
tive bands with minima around 198 nm, dominate the spectra 
of all peptides in water. The spectra of all of them except 
[Pro

6
]LR feature a positive band between 220 and 235 nm 

attributable to an electric-dipole allowed tyrosine transition 
that couples with chiral backbone transitions.

27
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 3

Consistently with the MD structural information on [Pro
6
]LR, 

contributions from a type IB-β-turn as well as an unordered 
region account for the spectra observed for the peptides 
[Pro

6
]LR and [Pro

7
]LR in TFE, where the effect of TFE as a 

structure-inducing medium is rather weak. The spectra of pep-
tides LR, [Pro

1
]LR, [Pro

2
]LR and [Pro

3
]LR in TFE show 

similar shapes, with a positive band with maximum near 196 
nm and two negative bands with minima near 206 and 227 nm. 
Our attempts to simulate them in terms of standard spectra for 
secondary structural motifs met with poor results. However, 
consistent with MD structural findings, the above features are 
reminiscent of the CD spectrum of a 3(10)-helix.

28
 We there-

fore simulated the spectra of these peptides as combinations of 
the spectrum of [Pro

3
]LR in TFE, assumed to correspond to a 

3(10)-helix spectrum, and those of the other structural motifs 
in Figure S2. The results in Table S2 suggest a strong similari-
ty among the structural propensities of the four above men-
tioned peptides, with a pronounced structure-inducing effect of 
TFE and only a minor tendency to increased disorder as the 
mutated position moves towards the N terminus. Finally, the 
spectra of the peptides that have proline at central positions, 
[Pro

4
]LR and [Pro

5
]LR, show similarities with the spectra of 

the peptides mutated near the N and the C terminus, i.e., a pos-
itive band with maximum at 199 nm, about 3 nm to the red of 
the 3(10)-helix bands of peptides [Pro

1
]LR to [Pro

3
]LR, and a 

broad negative band that extends towards 240 nm. To simulate 
them, we had to combine contributions from three different β-
turn structural motifs, thus suggesting for these peptides a β-
turn-like structures, consistent with the presence of a rigidify-
ing residue such as proline at positions 4 and 5. 

 

Figure 3. CD spectra of peptides LR, [Pro
2
]LR and [Pro

6
]LR 

in water and TFE (circles) and their simulation as combina-
tions of secondary structural motif CD signatures (solid lines). 

 

Overall, mutation to proline at positions 5 and, especially, 6 
and 7 generates peptides with lower propensities to assume 
ordered secondary structures in TFE. The spectra in TFE and 
the solvent mixture suggest that the peptides that bear proline 
near the N terminus are more ordered and, taking a 3(10)-type 
helical conformation rather than a β-turn-like conformation, 

are likely more compact than the peptides mutated near the C 
terminus. This suggestion is supported by calculations ad-
dressing the rigidness of the two peptides representative of the 
insertion of proline near the N and C terminus, [Pro

2
]LR and 

[Pro
6
]LR, as well as their compactness (Figure 4). The root-

mean-square deviation (RMSD) of the backbone C-alpha at-
oms of the two Pro-peptides during the first 3ns of the MD 
simulations were 0.03 ± 0.01 nm (Figure 4a). In [Pro

2
]LR, the 

value of the RMSD remained stable in the first 12 ns of simu-
lation and increased to 0.04 ± 0.01 nm in the last 8 ns of simu-
lation. The RMSD value of [Pro

6
]LR showed a wider fluctua-

tion, raising up to 0.12 ± 0.02 nm between 5 and 12 ns of sim-
ulation, and stabilizing to a value of 0.075 ± 0.01 nm in the 
last 8 ns. This result confirms that [Pro

2
]LR is more rigid than 

[Pro
6
]LR. Noteworthy [D-Gln

4
]LR, a peptide more active 

and ordered than the parent LR, exhibited an RMSD 0.075 ± 
0.02 nm, similar to [Pro

6
]LR.

29 
The calculated radius of gyra-

tion in Figure 4b suggests that [Pro
6
]LR is characterized by a 

larger surface area than [Pro
2
]LR. More specifically, while 

the radius of gyration of [Pro
2
]LR was stably around 0.43 nm, 

the radius of gyration calculated for [Pro
6
]LR increased from 

0.45 nm at 3 ns to 0.53 nm at 12 ns, and then it remained 0.47 
± 0.02 nm in the last 8 ns. Once again, this is quite similar to 
the 0.48-0.49 nm gyration radius found for [D-Gln

4
]LR. 

 

Figure 4. (a) RMSD calculated for the Cα carbon atom posi-
tions of the three peptides: [D-Gln

4
]LR (in black), [Pro

6
]LR 

(in red) and [Pro
2
]LR (in blue). (b) Radius of gyration (Rg) 

calculated for the two peptides, [Pro
6
]LR (in red) and 

[Pro
2
]LR (in blue). MD simulations were performed on pep-

tides in their complexes with hTS (PDBid 3N5E).  

The peptides carrying the proline mutation near the N termi-
nus are slightly more ordered than the peptides with proline 
near the C terminus. These inferences likely stem from the ri-
gidifying effect of the mutation in the extended and conforma-
tionally looser region at the N terminus. However, this de-
crease in disorder is intrinsic and is expected to occur both in 
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 4

the free and in the bound peptide; thus, it is not expected to 
generate any entropy-related gain in affinity towards hTS. In 
conclusion, the propensity of the peptides [Pro

1
]LR to 

[Pro
7
]LR to arrange residues from 3 to 7 in a compact turn, 

either of β or of 3(10)-helical types, likely correlates with their 
similar activities versus hTS, as the inverted cone geometry of 
the hTS monomer-monomer interface binding region provides 
optimum space for such compact turns. (Figure S4). 

Biological activity. For cancer cell growth inhibition studies 
we selected three human ovarian carcinoma cell lines, 2008 
(cisplatin-sensitive), C13*(cisplatin-resistant phenotype show-
ing high expression levels of the folate-cycle enzymes, TS and 
DHFR

24
 ) and IGROV-1 (cisplatin-sensitive), because ovarian 

cancer tissue is among those with the highest levels of TS ex-
pression linked to drug sensitivity.

20
 Peptides [Pro

1
]LR to 

[Pro
7
]LR were tested against the above cancer cell models 

using the SAINT-PhD delivery system. [Pro
3
]LR, [Pro

4
]LR 

and [Pro
7
]LR resulted to be the most active ones (Figure 5a 

and Table S3). The percentages of cell viability were calculat-
ed by comparing cell cultures exposed to the peptides for 72h 
versus untreated control cultures. Their effectiveness were 
compared with those of the lead peptides, LR and [D-

Gln
4
]LR, as well as that of 5FU, taken as a reference drug. 

The cisplatin-sensitive cell line 2008 showed the greatest sen-
sitivity to all tested peptides, its survival being about 20-25% 
lower than that of the cisplatin-resistant counterpart, the C13* 
cells, and of the IGROV-1 cells (Figure 5a). The IC50 values of 
the [Pro

n
]- peptides are in the range 0.96-1.57 µM towards 

2008 cells (orange histograms in Figure 5b) and in the ranges 
3.55-8.1 µM and 4.32-12.1 µM towards C13* (grey histo-
grams) and IGROV-1 (yellow histograms) cells, respectively. 
With respect to LR and 5FU, the [Pro

n
]-peptides showed im-

proved growth inhibition on 2008 cells (IC50 = 0.96-1.57 µM 
vs 4.6 and 6 µM), and a slightly, but consistently better growth 
inhibition on C13*cells (IC50 = 3.55-8.1 µM vs 9.5 and 12.1 
µM growth inhibition compared to LR and 5FU (IC50 values 
are in the range 3.55-8.1 µM for proline mutated peptides and 
9.5 and 12.1). Finally [Pro

3
]LR and [Pro

7
]LR showed better 

growth inhibition than 5FU and LR on IGROV-1 cells (IC50 = 
6.2, 4.32, 10.6 and 8.2 µM, respectively for [Pro

3
]LR, 

[Pro
7
]LR, LR and 5FU). We reason that the overall improved 

cytotoxicity of the [Pro
n
]-peptides relative to the parent LR 

peptide could be ascribed to the proline pyrrolidine ring limit-
ing the conformational freedom of the LR analogues and gen-
erating a secondary amide bond in the peptide backbone able 
to reduce their susceptibility to peptidase action.

30-31
  

Thus, the general higher cytotoxic effect of the [Pro
n
]- pep-

tides with respect to LR and in particular the effect on 2008 
cells could be in part explained by an increase in the half-life 
of the peptides in the cell assay conditions. 

To verify a possible correlation between cytotoxicity and in-
tracellular TS inhibition, we evaluated the effects of 
[Pro

3
]LR, [Pro

4
]LR and [Pro

7
]LR on the TS activity of 

IGROV-1 cells.
32

 Following incubation with [Pro
3
]LR and 

[Pro
4
]LR at 5µM, the intracellular TS activity decreased by 

25%, a result similar to that of 5FU at the same concentration. 
On the other hand, at the same concentration, [Pro

7
]LR inhib-

ited the enzyme activity by more than 30% (Figure 5b, Table 
S3, Figure S5). LR showed a similar effect against 2008 and 
C13* cell lines (TS activity decreased in the range 20-40% at 
10 or 20 µM).

19
 Thus, the observed inhibition of intracellular 

TS activity by the three peptides confirms that TS is one of the 
target of the here described peptides. 

 

 

 

 

Figure 5. (a) Dose-response curve of 2008, C13* and 
IGROV-1 cell growth after 72 h exposure to [Pro

3
]LR (blue 

squares), [Pro
4
]LR (red squares), [Pro

7
]LR (black squares), 

5FU (dark red diamonds), LR (golden triangles down), [D-

Gln
4
]LR (green triangles down). Cell survival percentages are 

the mean ± S.E.M. of three separate experiments performed in 
duplicate. (b) The combo graph of the percentage of TS activi-
ty inhibition in IGROV-1 cells treated for 72 hr (red scatter 
graph) and IC50 against 2008 (orange histograms), C13* (gray 
histograms) and IGROV-1 (yellow histograms) human ovarian 
cancer cell lines. For the percentage of TS activity inhibition 
IGROV-1 cells were treated with 5µM of 5FU or peptides 
(transfected by SAINT-PhD system). Percentage are calculat-
ed by comparison with the TS activity in IGROV-1 cells un-
treated, used as control. For LR, it is reported the value 
against 2008 cells at 10 µM.

19
 TS activity inhibition percent-

age and IC50 values are the mean ± S.E.M of three independent 
experiments.  

Evaluation of protein expression associated with peptides 

inhibition activity. For a deeper exploration of the cellular 
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 5

mechanism of these peptides, the evaluation of the protein set 
modulation associated with their activity was analyzed. A 
quantitative analysis of the expression of proteins TS, DHFR, 
TRAP, and HSP90 has been carried out on IGROV-1 cancer 
cells following treatment with peptides [Pro

3
]LR and 

[Pro
4
]LR. PMX was considered as drug of reference because 

it binds to hTS active site and it shows a well known inhibition 
mechanism

9,15
. The analysis was performed via western blot 

and results compared with the results previously obtained with 
the lead LR and [D-Gln

4
]LR.

15
 The changes in the expression 

levels of the four proteins after treatment with PMX and with 
peptides [D-Gln

4
]LR, [Pro

3
]LR and [Pro

4
]LR are shown in 

Figures 6 and S6. The quantitative data were represented 
through heat-map (Figure 6a) and histograms respectively, 
thus giving a comprehensive visualization of the changes.  

The results obtained in the treatments with the peptides 
showed that proteins TS, DHFR and HSP90 were similarly 
modulated in IGROV-1 cells. TS is the known target of LR 
and its derivatives while DHFR is the second enzyme in the 
thymidylate cycle. PMX caused a modulation of the expres-
sions of these three proteins different from those of the three 
peptides. Similar results have been observed in comparison 
with LR and also in other cell lines.

15
 [Pro

4
]LR showed the 

typical protein profile defined for LR and [D-Gln
4
]LR.

15
 

[Pro
3
]LR exhibits the same trend as [Pro

4
]LR, except for 

TRAP1, a mitochondrial chaperone associated with chemo-
resistant and anti-apoptotic phenotypes,

33
 that shows an unex-

pected up regulation with respect to the control. TRAP1 was 
down regulated by [Pro

4
]LR and [D-Gln

4
]LR in IGROV-1 

cells and the same behavior was detected also with LR in 
IGROV-1 and other cell lines.

15
 We performed a statistical 

analysis of the results to assess the significance of the ob-
served changes. The modulation of each protein expressions 
by each cell treatment is represented in the boxplots of Figure 
6b. The highest modulation of expression levels is observed 
for TS and DHFR after treatment with PMX (TS.PMX and 
DHFR.PMX couples median =3.0 and 4,7, mean =3.1 and 4.8, 
respectively). All the other pairs have median and mean ex-
pression values lower than 1.5. Thus, treatment with PMX 
produces the strongest data difference effect. The analysis 
points out that PMX and the peptides have different proteins 
set expression. We interpret this difference as a consequence 
of different mechanisms of hTS inhibition that is then translat-
ed in a different behavior at the cellular level, as previously 
highlighted by a comparison between LR, [D-Gln

4
]LR and 

PMX 
15

 and the similarity between the proline mutated pep-
tides and the leads. 

CONCLUSIONS 

We have discovered two derivatives, [Pro
3
]LR and [Pro

4
]LR, 

showing stronger inhibition on ovarian cancer cell growth with 
respect to the lead peptide LR, better than or comparable with 
5FU. CD spectroscopic evidence on the investigated [Pro

n
]-

peptides, supported by the MD simulations performed on 
[Pro

6
]LR and [Pro

2
]LR, has shown conformational propensi-

ties similar to those of LR and its more rigid and active de-
rivative, [D-Gln

4
]LR, but  more compact shapes. A similarity 

between the inhibition of the catalytic activity of the recombi-
nant protein and of the intracellular TS activity is observed, 
thus supporting the hypothesis that the observed effect on can-
cer cells is attributable, at least partially, to hTS inhibition. 

 

 

Figure 6. (a) Heat map of the protein expression modulation 
profile of the tested compounds in IGROV-1 human cisplatin-
sensitive ovarian cancer cell line. Each expression value is 
standardized by subtracting the corresponding value in the 
control sample (ctr or SAINT). The scale in the legend illus-
trates the extent of up (red)- and down (green)-regulation. (b) 
Boxplot representation of the expression level modulation of 
each protein (HSP90, TRAP1, TS, DHFR) due to each treat-
ment ([Pro

3
]LR, [Pro

4
]LR, [D-Gln

4
]LR and PMX). The la-

bels along the x-axis are composed in the format “pro-
tein.treatment” and the boxplots are ordered according to de-
creasing median values. The horizontal dashed red line at 
y=1.0 represents the control samples (ctr or SAINT).  

ANOVA test using the multiple comparisons method of Tuk-
ey-HSD (Honest Significant Differences) (Figure S7) definite-
ly confirmed the results obtained with the statistical analysis.  

 

Like LR and [D-Gln
4
]LR, these peptides do not induce intra-

cellular hTS overexpression and cause modulation of a pro-
teins set that is similar to that observed for the two reference 
octapeptides,

15
 and statistically significantly different from 

that obtained with PMX. This provides further support to the 
claim that the cellular mechanism of action is similar for all 
the studied peptides, but different from that of PMX. Notably 
the introduction of proline likely stabilizes the peptides vs the 
peptidase degradation, thus increasing their intracellular con-
centration and activity. For all the mentioned reasons, the LR 
proline analogs represent a step forward towards the identifi-
cation of more active and metabolically stable anticancer pep-
tides. These peptides may show a broader cancer cell inhibi-
tion activity also against those cancer cells expressing high 
hTS levels such as nasopharynge

25 
and human gastrointen-
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stinal
  
cancer cells

26 from patients treated with cisplatin- and 
5FU-based chemotherapy. 

EXPERIMENTAL SECTION 

General. Amino acid derivatives, reagents, and solvents were 
purchased from Sigma Aldrich (Steinheim, Germany) or 
Bachem (Bubendorf, Switzerland). The purity of the tested 
compounds has been assessed by reverse-phase high-
performance liquid chromatography (RP-HPLC). All com-
pounds showed >95% purity. Exact mass was recorded with 
an Agilent ESI-Q-TOF 6520 instrument. 

Peptide synthesis. All peptides were synthesized with an au-
tomatic solid phase peptide synthesizer Syro II (Biotage, Upp-
sala Sweden) using Fmoc/tBu chemistry.

34
 A preloaded 4-

Benzyloxybenzyl alcohol resin (Wang resin) was used as a 
solid support for the synthesis of LR derivatives replaced with 
Pro in position 1 to 7 while [Pro

8
]LR was obtained starting 

from H-Pro-2-chlorotrityl resin, a solid support useful to min-
imize diketopiperazine formation.

35
 The Fmoc protecting 

group was removed by treatment with 40% v/v piperi-
dine/dimethylformamide (DMF). All the Fmoc amino acids (4 
equiv) were coupled to the growing peptide chain by using 
HATU (4 equiv) in DMF in the presence of an equimolar con-
centration of 4-methylmorpholine (NMM), and the coupling 
reaction time was 1h. To improve the analytical profile of the 
crude peptide, capping with 3:1 v/v acetic anhydride (0.5M in 
DMF) and NMM (0.25M in DMF), 2mL/0.2 g of resin, was 
performed at each step. The protected peptide-resin was treat-
ed with reagent B

36
 (trifluoroacetic acid (TFA)/H20/ phe-

nol/triiso-propylsilane 88:5:5:2; v/v; 10 mL/0.2 g of resin) for 
2h at room temperature. After filtration of the resin, the sol-
vent was evaporated in vacuo and the residue triturated with 
ether. Crude peptides were purified by preparative reverse 
phase HPLC to yield a white powder after lyophilization. 

Peptide Purification. Crude peptides were purified by prepar-
ative reversed-phase HPLC using a Water Delta Prep 3000 
system with a Jupiter column C18 (250 x 30 mm, 300 ang-
strom, 15 mm spherical particle size). The column was per-
fused at a flow rate of 20 mL/min with a mobile phase con-
taining solvent A (0.1% TFA in DDW), and a linear gradient 
from 5 to 50% of solvent B (60%, v/v, acetonitrile/0.1% TFA 
in DDW) 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 de-
tector. Analytical purity of the peptides were determined using 
a Luna C18 column (4.6 x 100 mm, 3 µm particle size) with 
the above solvent system (solvents A and B) programmed at a 
flow rate of 0.5 mL/min using a linear gradient from 0% to 
80% B over 25 min. All analogues showed ≥ 95% purity when 
monitored at 220 nm. Accurate mass of final compounds were 
determined using an Agilent 6520 ESI/Q-TOF mass spectrom-
eter and the data obtained are reported as supporting infor-
mation (Figures S8-S23). 

hTS purification and enzymatic assay. hTS was purified as 
previously reported.

37
 Protein inhibition studies were per-

formed as already reported.
18

 Details are reported in the Sup-
plementary Information. 

CD studies. All CD spectra were measured with a Jasco spec-
tropolarimeter. Each spectrum is the average of 2-6 acquisi-
tions. Experiments were performed as already reported

11
. 

More details are reported in Supplementary Information. 

MD simulations. MD simulations were conducted with the 
software GROMACS

38 
applying parameters and protocols as 

already reported for previously studied similar systems.
27

 De-
tails are reported in the Supplementary Information. 

Cell line growth and cytotoxicity evaluation. 2008, C13*, 
and IGROV-1 human ovarian carcinoma cell lines were grown 
in RPMI 1640 medium (Lonza) containing 10% heat-
inactivated fetal bovine serum. The cells were incubated at 
37°C under 5% CO2 for at least 24h before treatment with the 
peptides. Treatments were performed as already reported.

24
 

Details are reported in Supplementary Information. 

Cellular TS activity evaluation. The catalytic activity of TS 
after cell incubation with proline mutated LR peptides was de-
termined by measuring the amounts of 

3
H released during the 

TS catalyzed conversion of [5-
3
H]dUMP to dTMP.

32
 Details 

are reported in the Supplementary Information. 

Protein extraction and Western Blot analysis for protein 

semi-quantification. Identification and semi-quantification of 
TS, DHFR, TRAP1 and HSP90 has been performed as already 
reported.

16
 Details on the protein extraction, molecular biology 

and western blot analysis are reported in the Supplementary 
Information. 

Statistical analysis. Details are reported in Supplementary 
Information. 
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5FU, 5-fluorouracil; CD, circular dichroism; DDW, distilled de-
ionized water; DHFR, dihydrofolate reductase; DMF, dimethyl-
formamide; DMSO, dimethyl sulphoxide; dUMP, 2’-
deoxyuridine-5’-monophosphate; HSP90, heat shock protein HSP 
90-alpha; hTS, human thymidylate synthase; IC50, inhibitor con-
centration reducing enzyme activity of 50% or inhibitor concen-
tration able to reduce cell line growth of 50%; Km, Michaelis-
Menten constant; MD, molecular dynamics; mTHF, 
N5,N10methylentetra-hydrofolate; PMX, pemetrexed; RMSD, 
root-mean-square deviation; TFA, trifluoroacetic acid; TFE, tri-
fluoroethanol; TRAP1, heat shock protein 75 kDa, mitochondrial; 
TS, thymidylate synthase. 
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