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HYL derived from the venom of the solitary bee Hylaeus signatus (Hymenoptera: Colletidae) is an
«-helical antimicrobial peptide with 16 residues. To explore whether HYL can be applied in anti-tumor
therapy, we synthesized HYL and further modified its structure by using a solid-phase synthesis method,
and then evaluated their antitumor activities. Firstly, we identified the key residues of HYL by alanine
scanning strategy, and then a series of stapled peptides were synthesized by hydrocarbon stapling
strategy without destroying the key residues. All the stapled peptides of HYL showed significant
HYL . . improvement not only in «-helicity, but also in antitumor activity and protease resistance when
‘;‘{aHﬁggalepet?élede compared to the parent peptide HYL. The results showed that hydrophobicity and amphiphilicity are
Hydprocal?bgn stapling strategy important factors affecting the antitumor activity of HYL, and the stapling strategy can significantly affect
Antitumor activity the proteolytic stability and helicity of HYL. What's more, we find that the stapled peptides HYL-14, HYL-
Solid-phase synthesis 16 and HYL-18 show a promising prospect for novel anti-tumor drug development.
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Cancer is predicted to be the most important barrier to
increasing life expectancy in the 215 century [1,2]. Almost one-
sixth of deaths resulted from cancer, accounting for 8.8 million
globally [3]. Lung cancer is the leading cause of cancer death
among males, followed by liver and stomach cancer [1]. Current
treatments for cancer include chemotherapy, radiotherapy, sur-
gery, palliative care and immunotherapy, however, the overall
survival rate of cancer patients still remains low [4,5]. Therefore, it
is urgent to discover more effective agents to improve the overall
survival rate of cancer patients.

Recently, «v-helical peptides have emerged as a compelling new
therapeutic modality to treat cancer [6]. Venoms of hymenopteran
insects are one of the important sources of «-helical peptides. A
new hexadecapeptide sequence (GIMSSLMKKLAAHIAK) named
HYL has been discovered in the venom of the solitary bee Hylaeus
signatus (Hymenoptera: Colletidae), which belongs to «-helical
peptides [7]. Nesuta et al. prepared a set of HYL analogues to
increase its antimicrobial activity by lysine (Lys) and hydrophobic
amino acid substitution strategies, and several analogues exhibited
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significantly greater antimicrobial activity compared to HYL [7].
The helical wheel projection of HYL is showed in Fig. 1 [8]. We
synthesized the peptide HYL by a solid-phase synthesis method
and it exhibited significant antitumor activity against human non-
small cell lung adenocarcinoma A549 (10.01 wmol/L), human
hepatic adenocarcinoma HepG2 (14.71 wmol/L) and human
colorectal adenocarcinoma HCT116 (22.89 mol/L) in vitro. How-
ever, the natural peptides have poor proteolytic stability and easily
lose their biologically relevant conformation when crossing
membranes and entering the cellular environment [9]. Therefore,
we expect to further improve the antitumor activity, conforma-
tional rigidity and proteolytic stability of HYL by structural
modification.

Stapled «-helical peptides have experienced exponential
growth in recent years, mostly due to their potential as drug
candidates and biological tools [10-12]. The helical conformation
of stapled peptides can be stabilized by a side-chain to side-chain
covalent linker [13,14]. Generally, stabilization of helix has been
fulfilled through side-chain constraints by covalent connection of
two side-chain residues with Ru-catalyzed olefin metathesis,
lactam-bridging, disulfides, lactams, triazoles and others [15-24].
Among them, the all-hydrocarbon stapled peptide strategy
developed by Verdine et al. has been considered as a promising
stapling strategy to improve the activity and property of peptides
[25,26]. Our group improved the antitumor activity and proteolytic
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HYL: GIMSSLMKKLAAHIAK

Fig. 1. The helical wheel presentation of HYL. The yellow points to the hydrophobic
residues, and the blue points to the positively charged hydrophilic residues. The
purple points to non-charged polar residues, the light blue points to the histidine
(His) and the gray represents other residues.

stability of host-defense peptide hymenochirin-1B effectively by
using the hydrocarbon stapling strategy [27,28].

Here, we report the synthesis of HYL by a solid-phase synthesis
method and its structural modification by alanine scanning and
hydrocarbon stapling strategies to improve its antitumor activity
and proteolytic stability.

Firstly, we synthesized HYL by using a solid-phase synthesis
method and found it had significant antitumor activity (Fig. S1 in
Supporting information). Then, we further synthesized HYL-1 to
HYL-13 (Table 1) by alanine scanning strategy to determine the key
residues of HYL. To improve the antitumor activity and proteolytic
stability of HYL, we also synthesized its analogues HYL-14~HYL-18
by using hydrocarbon stapling strategy without destroying the key
residues. As shown in Scheme 1, the all-hydrocarbon stapled
peptides were prepared using an Fmoc solid-phase peptide
synthesis procedure with Rink Amide MBHA resin as the solid
support [28]. 5-Chloro-1-|bis(dimethylamino)methylene]-1H-
benzotriazolium 3-oxide hexafluorophosphate (HCTU) was used
as a coupling reagent. 2-(7-Azabenzotriazol-1-yl)-N,N, N'N'-
tetramethyluronium hexafluorophosphate (HATU), 1-hydroxy-7-
azabenzotriazole (HOAT) and N,N-diisopropylethylamine (DIEA)

Table 1
Amino acid sequences, MS data and physical properties of HYL and its analogues.®

Peptide Sequence (N — C) MS (Caled.)®  MS (found)® NC¢
HYL GIMSSLMKKLAAHIAK-NH, 1696.98 1697.00 +4.1
HYL-1 AIMSSLMKKLAAHIAK-NH, 1711.00 1711.02 +4.1
HYL-2 GAMSSLMKKLAAHIAK-NH; 1654.94 1654.95 +4.1
HYL-3 GIASSLMKKLAAHIAK-NH, 1636.98 1636.99 +4.1
HYL-4 GIMASLMKKLAAHIAK-NH, 1680.99 1681.00 +4.1
HYL-5 GIMSALMKKLAAHIAK-NH, 1680.99 1681.00 +4.1
HYL-6 GIMSSAMKKLAAHIAK-NH, 1654.94 1654.95 +4.1
HYL-7 GIMSSLAKKLAAHIAK-NH, 1636.98 1636.99 +4.1
HYL-8 GIMSSLMAKLAAHIAK-NH, 1639.93 1639.94 +3.1
HYL-9 GIMSSLMKALAAHIAK-NH, 1639.93 1639.94 +3.1
HYL-10 GIMSSLMKKAAAHIAK-NH, 1654.94 1654.95 +4.1
HYL-11 GIMSSLMKKLAAAIAK-NH, 1630.96 1630.98 +4.0
HYL-12 GIMSSLMKKLAAHAAK-NH; 1654.94 1654.95 +4.1
HYL-13 GIMSSLMKKLAAHIAA-NH;, 1639.93 1639.94 +3.1
HYL-14 GIMSSLMKKLSsAHISsK-NH,  1806.08 1806.09 +4.1
HYL-15 GIMSSLMKSsLAAS5IAK-NH, — 1682.00 1682.01 +3.0
HYL-16 GIMSSLMSsKLASsHIAK-NH,  1748.02 1748.03 +3.1
HYL-17 GIMSS5LMKSsLAAHIAK-NH, 1732.03 1733.20 +3.1
HYL-18 GIMSsSLMSsKLAAHIAK-NH,  1732.03 1733.00 +3.1

2 Bold letters show amino acid residues replaced.

b The mass spectrum was deconvoluted using the software ChemBioDraw Ultra
12.0, resulting in the monoisotopic mass.

¢ Monoisotopic molecular masses of synthetic peptides measured by internally
calibrated ESI-Q-TOF MS were manually calculated from the m/z values of multiple
(2x, 3%, and 4x) charged molecular ions found in their mass spectra.

4 Net charges (NC) at pH 7 were calculated using Innovagen’s peptide property
calculator (http://www.innovagen.se/custom-peptide-synthesis/peptide-proper-
ty-calculator/peptide-property-calculator.asp).

were used for coupling of (S)-N-Fmoc-2-(4-pentenyl)alanine (Ss).
After the linear peptides assembly was completed, the olefin-
containing peptides were stapled using Grubbs' first-generation
catalyst. The peptides were cleaved off from the resin and globally
deprotected with reagent K (TFA/H,O/EDT/thioanisole/phenol =
82.5:5:2.5:5:5).

Precooled diethyl ether was added to precipitate crude
peptides, and then peptides were purified by semi-preparative
RP-HPLC. Matrix-assisted laser desorption/ionization time-of-fight
mass spectroscopy (MALDI-TOF-MS) was employed to confirm the
molecular weight of peptide, and the measured molecular weight
of each peptide was consistent with the theoretically calculated
value.

The growth-inhibitory activities of peptides were evaluated by
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay against three cancer cells, including A549,
HCT116 and HepG2 [29]. As shown in Table 2, we can determine the
key residues, namely, isoleucine (Ile), leucine (Leu) and methionine
(Met), which significantly affect the antitumor activity of HYL by
comparing with the antitumor activity of the parent peptide HYL.
They are all hydrophobic amino acids, suggesting that hydropho-
bicity has an important effect on the anti-tumor activity of HYL.
Moreover, the retention time (RT) of HYL-1 to HYL-13 also proved
the importance of hydrophobicity to antitumor activity of HYL,
because of the longer the RT, the more hydrophobic the effect
peptide is. We also found that the charge did not have a significant
effect on the anti-tumor activity of HYL, however, the substitution
of lysine (Lys) and histidine (His) enhanced the anti-tumor activity
of HYL (HYL-9, HYL-11). This result may be due to the increase in
hydrophobicity of HYL-9 and HYL-11. Replacement of Lys at
different positions had different effects on the anti-tumor activity
and RT of HYL. The antitumor activity and the RT of HYL, HYL-8 and
HYL-13 showed no significant change, while HYL-9 showed
improvement in both anti-tumor activity and RT. This indicates
that Lys at different positions plays different roles in the whole
peptide.

To improve the antitumor activity and proteolytic stability of
HYL, we further designed a series of stapled peptides without
destroying the key residues. We substituted pairs of Ss at theiand i
+4 positions that accommodate one turn of the «-helix to obtain
HYL-14~HYL-18 [30,31]. All the stapled peptides showed growth-
inhibitory activity to 0.5-15.3 folds than that of the parent peptide
HYL (Table 3) [32,33]. By comparing the RT of stapled peptides
HYL-14 to HYL-18, we find that hydrophobicity is an important
reason for the increase of stapled peptides activity. By comparing
RT and sequences of the stapled peptides HYL-14 and HYL-15, we
find that amphiphilicity may be another important factor in
determining anti-tumor activity.

Circular dichroism (CD) spectroscopy was used to investigate
the secondary structure and structural changes of HYL and the
stapled peptides in PBS buffer and membrane-like milieu,
respectively. The CD spectroscopy provides a typical signature
for a-helices with a maximum near 190 nm and double minima at
208 nm and 222 nm, indicating that HYL displayed a random coil
conformation in PBS buffer (Fig. 2A) [34]. It is worth mentioning
that the stapled peptides HYL-14 to HYL-18 exhibited 9.0%-64.6%
helicity in PBS buffer (Table 3), indicating that the hydrocarbon
stapling strategy can effectively enhance the helicity of HYL in PBS
buffer. In addition, there are significant differences in the helicity of
stapled peptides, suggesting that stapling position is an important
factor affecting the helicity of peptides in PBS buffer. By comparing
the helicity of HYL and stapled peptides in PBS buffer and
membrane-like milieu (Table 3 and Fig. 2), we find that different
solution environment has significant influence on the helicity of
HYL and its analogues, however, the helicity of the stapled peptides
HYL-14 to HYL-18 showed no significant change in membrane-like
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Scheme 1. Solid-phase synthesis of stapled peptide HYL-14. Conditions: (i) 20% piperidine in DMF 5 min (2 times), 35°C; (ii) Fmoc-AA-OH (4 equiv.)/HCTU (4 equiv.)/DIEA (4
equiv.), 1h, 35°C; (iii) Fmoc-Ss-OH (4 equiv.)/HATU (4 equiv.)/HOAT (4 equiv.)/DIEA (4 equiv.), 2 h, 35 °C; (iv) 6 mmol/L 15 Grubbs', catalyst, DCE, 2 h, 35 °C; (v) reagent K (TFA/

H,O/EDT/thioanisole/phenol =82.5:5:2.5:5:5), 3 h, 35°C.

Table 2
The antitumor activity of HYL and its alanine scanning sequences.

Peptide @ RT (min)® ICs0 (mol/L)

A549 HepG2 HCT116
HYL 15.784 10.01 +£0.34 14.71 +0.42 22.89+0.22
HYL-1(G) 14.101 19.72+0.38 30.78 £0.24 47.25+0.33
HYL-2(I) 13.769 39.57+0.12 >50 >50
HYL-3(M) 13.968 28.97 +0.27 >50 >50
HYL-4(S) 15.281 6.01+0.15 10.66 +0.25 18.50+0.22
HYL-5(S) 14.990 532+047 7.57 +0.18 12.75 +0.26
HYL-6(L) 13.307 >50 >50 >50
HYL-7(M) 13.876 28.32+0.28 >50 >50
HYL-8(K) 15.557 15.17+0.34 17.09 +0.26 19.81+0.20
HYL-9(K) 16.451 4.75+0.33 8.04+0.27 7.22+0.21
HYL-10(L) 13.218 >50 >50 >50
HYL-11(H) 16.806 5.18 +0.37 735+0.34 799 +0.22
HYL-12(I) 13.782 >50 >50 >50
HYL-13(K)  15.381 11844017 1684028  16.80+0.34

@ The letters in brackets represent the amino acid residues of HYL substituted by
alanine.

b Retention time (RT) was determined on a Vydac C;s column using an elution
gradient of solvents from 10% to 90% CH3CN/H,0/0.1%TFA over 25 min at a flow rate
of 1 mL/min.

milieu. In addition, there is no significant correlation between the
antitumor activity and helicity by comparing the antitumor
activity and helicity of HYL and the stapled peptides.

In order to further understand the role of stapling strategy, we
compared the proteolytic stability of HYL and its analogues HYL-
14, HYL-16 and HYL-18 by measuring their susceptibility toward
chymotrypsin degradation at room temperature in PBS buffer (pH

Table 3
The a-helicity (%) and antitumor activity of HYL and stapled peptides.

7.4) with monitored by HPLC [35,36]. In Fig. 3A, we can see that the
half-life (t1/) of HYL is 0.36 h. As expected, hydrocarbon-stapled
peptides possessed higher protease resistance and the ¢/, of HYL-
14, HYL-16 and HYL-18 is 0.77h, 2.23 h and 5.27 h, respectively.
These results demonstrated the obvious superiority of the
hydrocarbon-stapled peptides over the linear peptides with
respect to protease resistance. Meanwhile, we also found that
the stapling position near the N-terminal was more conducive to
the improvement of the protease resistance than that of the C-
terminal by comparing the protease resistance of the stapled
peptides HYL-14 to HYL-18 (Fig. 3 and Fig. S2 in Supporting
information).

To further research the selectivity of these peptides on cancer
cells, we evaluated the growth-inhibitory activities of HYL, HYL-14,
HYL-16 and HYL-18 against two normal cells, namely, human
umbilical vein endothelial cell (HUVEC) and human normal kidney
cell 293T (Table S2 in Supporting information) [29]. The experi-
ments procedure was performed just same as the growth
inhibition of peptides against tumor cells. The results showed
that the stapled peptides increased in normal cells toxicity, but
they still remained the selectivity towards cancer cells over normal
cells. The increased toxicity might be due to the high hydropho-
bicity produced by six additional methylene and two olefinic
carbons to increase their toxicity to human normal cells. However,
this situation may be resolved by addition of polar character or
glycosylation into the sequence as our previous work [28]. The
modification of stapled peptides is ongoing, and the present study
mainly focused on the improvement of anti-tumor activity of
parent peptide HYL.

To explore the action mechanism of stapled peptide HYL-14, we
used fluorescein isothiocyanate (FITC)-labeled HYL-14 to study its

Peptide RT (min) Helicity? IC50 (mol/L)
PBS® WEF¢ A549 HepG2 HCT116

HYL 15.784 - 79.5 10.01 +0.31 14.71 £0.42 22.89+0.22
HYL-14 18.499 34.2 84.7 1.36+0.35 1.67+£0.25 1.61+0.27
HYL-15 22.738 64.6 781 3.17+0.33 3.38+0.26 2.52+0.42
HYL-16 17.542 16.4 85.5 2.36+0.23 2.45+0.22 1.90+0.35
HYL-17 17.433 19.7 99.8 5.56 +0.41 9.70+0.50 1.54+£0.32
HYL-18 17.504 9.0 80.5 2.38+0.38 2.67+0.29 148 +0.15

2 The percent of helicity was calculated based on the [0]2, value [32,33].
b The helicity of peptides in PBS buffer at pH 7.4.

¢ The helicity of peptides in membrane-like milieu (2,2,2-trifluoroethanol (TFE):water = 1:1). The peptides were dissolved in solutions at a final concentration of 50 p.mol/L.

4 HYL displayed a random coil conformation in PBS buffer.
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Fig. 3. (A) The proteolytic stability of HYL, HYL-14, HYL-16 and HYL-18 incubated in
chymotrypsin solution (0.5ng/mL in 50 mmol/L PBS buffer, pH 7.4) at a final
concentration of 0.1 mmol/L. Date points are displayed as the mean value SEM of
three independent experiments. The percent of residual peptide was monitored by
analytic HPLC. (B) Structures of the linear template peptide HYL and stapled
peptides HYL-14, HLY-16 and HYL-18. The green represents peptide chain, the blue
points to the hydrophobic carbon chains.

localization in HCT116 cells [37]. As shown in Figs. 4A and B, the
flow cytometry assay suggests that the stapled peptide HYL-14
continued to enter the cell within two hours. Also, FITC-HYL-14
was significantly concentrated in the cell nucleus after 2h,
indicating that HYL-14 can enter into the nucleus quickly
(Fig. 4C). However, the action mechanism of HYL-14 needs further
study.

We reported the antitumor activity of antibacterial peptide HYL
for the first time, and identified its key residues on antitumor
activity by alanine scanning strategy. Based on these findings, we
designed and synthesized 18 peptides and found that the
hydrocarbon stapling strategy effectively improved the antitumor
activity, helicity and proteolytic stability of HYL. The stapled
peptides HYL-14, HYL-16 and HYL-18 show a promising prospect
for novel anti-tumor drug development.

A 20K

o

600+
- Control
15K 550

M 2h
500
1.0K

Count

MFI

4504

K 400+

w0l ]

o e 100 0t control 1h 2h

FITC-HYL-14 DAPI stained nucleus

Fig. 4. (A) Peptide uptake by the cancer cells HCT116. The peptide FITC-HYL-14 was
mcubated with the cells for 1 h, 2 hat 37 °C. The data are expressed as the mean + SD
of three experiments. (B) Mean fluorescence intensity (MFI) of FITC positive cells.
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