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Introduction

A number of vital biological processes are mediated by
protein-protein interactions (PPIs),"* which generally feature
large and complex surfaces. Stabilized amphiphilic helical
peptides®” were broadly utilized to modulate PPIs, thanks to
their enhanced proteolytic resistance and cell penetration.®
However, when addressing intranuclear targets,” one major
problem is the nucleus translocation efficiency of stabilized
peptides.'® Therefore, investigating the correlation between
different physicochemical properties of peptides and their cell
penetration or nucleus translocation will underlie generation
of helices with higher nucleus accumulation. Parang et al.
reported that homochiral cyclic peptides composed of Trp and
Arg could be used as efficient nucleus-targeting molecular
transporters.”* Cardoso et al. elucidated the molecular require-
ments for proteins to target the nucleolus."> However, criteria
of evaluating the nucleus translocation efficiency of stabilized
amphiphilic helices are still not well studied.

Recently, we developed a helix nucleating template based
on cross linked aspartic acids (terminal aspartic acid, TD)
(Fig. 1)."* Unlike most nucleating strategies, the on-tether
N-terminal amino group is preserved to enable further modi-
fications. In addition, the TD strategy increases permeability
mainly via conformation constraining rather than lipophilicity
tuning.’® Thus, the TD strategy provides a good platform to
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therapeutics. For helical peptides stabilized by N-terminal crosslinked aspartic acid, correlations between
their penetration efficiency/nucleus translocation and physicochemical properties were studied. An
increase in hydrophobicity and isoelectric point will promote cellular uptake and nucleus translocation of
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Fig. 1 Correlations between physicochemical properties and cell pene-
tration or nucleus translocation for terminal aspartic acid (TD) stabilized
helices.

study how mutations in short helices affect their cell
penetration and translocation into the nucleus.

Herein, a panel of amphipathic helical peptides were syn-
thesized and investigated. We first quantified the per-
meability of these peptides and determined their membrane-
penetration mechanism using fluorescence activated cell
sorting (FACS). Then based on the analysis of confocal
imaging data, we obtained relative nucleus accumulation
of the peptides. Finally, the correlation between cell
penetration/nucleus translocation and theoretical physico-
chemical coefficients were evaluated. As a brief summary of
this study, residues like Trp, Phe and Arg are more favoured
than His, Met, Val, and Tyr for cell penetration or nucleus
translocation. The hydrophobicity and isoelectric point of
helical peptides are the driving forces for their cell pene-
tration and nucleus accumulation. This study helps to under-
stand and predict cell penetration or nucleus translocation of
TD stabilized helical peptides, and may also help in design-
ing more efficient cell penetrating or nucleus targeting
helical peptides.'>*®
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Results and discussion

A typical amphiphilic peptide 0 was chosen as our model tem-
plate as most helical PPI modulators are amphiphilic (Fig. 2).
Cationic amino acids are of great importance for nuclear
uptake.'® In addition to peptides’ formal charges, Walensky
et al. recently reported that for stapled peptides, staple place-
ment, optimal hydrophobicity and helical contents count
for peptides’ cellular uptake synergistically.'” Collectively, we
focused on the mutations of basic and hydrophobic amino
acids in the model peptide (Arg and Leu) to investigate the
impact of physicochemical properties on cell penetration or
nucleus translocation. We synthesized peptide (Table S1 and
Fig. S11) analogues as shown in Fig. 2. These peptides exhibit
a helical conformation according to circular dichroism (CD)
spectroscopy (Fig. 2). A Leu containing peptide (0) favours
helical conformations compared to peptides composed of
other hydrophobic amino acids.

Then MCF-7 cells were treated with our peptides and the
peptides’ cellular uptake was quantified by FACS (Fig. 3A). For
peptides with basic amino acid mutations, the penetration
ranking is Arg (0) > Lys (2-K) ~ His (2-H), while for those with
hydrophobic amino acid mutations, the penetration ranking is
Trp (3-W) > Phe (3-F) > Leu (0) > Tyr (3-Y) > Val (3-V) ~ Met
(3-M). The ranking is consistent with the previous reports of
Trp and Arg as penetration-promoting residues.'®'® The
natural linear peptide Oy, showed low cell penetration com-
pared to the cyclic counterpart (Fig. 3A). Since cell membrane
compositions differ between cell lines,®° cellular uptake by
HEK293T was then examined for comparison (Fig. 3B). The
results on two cell lines were basically consistent (Pearson cor-
relation coefficient = 0.975, p < 0.01), suggesting that the cell
penetration of TD stabilized helices is closely related to resi-
dues. Notably, for TD peptides, no clear correlation can be
observed between the helicity of peptides and their cellular
uptake, suggesting that factors other than the rigidity of
peptides contribute more to cell penetration.

Then we investigated the mechanism responsible for cellu-
lar uptake using a series of inhibitors as shown in Fig. 3C and
Table S2.1 Amiloride (1, inhibitor of macropinocytosis) and
Nystatin (4, inhibitor of caveolae-mediated endocytosis) induce
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Fig. 2 Peptide sequences, circular dichroism spectra and calculated
helicity (%) of peptides in 35% CH3zCN/PBS (10 mM, pH 7.4, 298 K, con-
centration normalised). Dap = 2,3-diaminopropionic acid, FITC = fluo-
rescein isothiocyanate, PBS = phosphate buffer saline.

460 | Org. Biomol. Chem., 2017, 15, 459-464

View Article Online

Organic & Biomolecular Chemistry

>
8
w

e g ]
gm- gﬂ)ﬁ—
g )1 A S

Q& A A
AR O af Nt N Aot Sfafa Pt Aot
150
c — 0
- —_— 3.
g 100 - . . 1 Amiloride
2 x ol 2 Heparin
= - 3 NaN, + 2-deoxyglucose
E 4 Nystatin
2 50 5 Sucrose
5

N v o ™ o

Fig. 3 Cellular uptake of peptides. Normalised mean fluorescence
intensity (MFI) of (A) MCF-7 and (B) HEK293T cell lines treated with pep-
tides (5 pM, 310 K, 1 h). All values were normalised to that of 0 (5 pM,
310 K, 1 h). (C) Effects of various inhibitors on the internalization of 0
and 3-W (MCF-7, 5 uM, 310 K, 1 h). All values were normalised to that of
0 or 3-W without inhibitors, respectively. Error bars represent the stan-
dard error of mean from more than two independent experiments.
*p < 0.05, **p < 0.01, and ***p < 0.001.

no decrease in cellular uptake, suggesting that the penetration
of peptides is macropinocytosis and caveolae-mediated endo-
cytosis independent. Reduction in penetration in cells treated
with heparin (2) suggests the importance of the electrostatic
interactions of peptides with the negatively charged phospho-
lipid membrane. Also, reduced cellular uptake was observed
upon a combination treatment with sodium azide and deoxy-
glucose (3) and sucrose (5) suggesting a mixed mechanism
mainly involving clathrin-mediated endocytosis. The mecha-
nism of cell penetration is different from the previous results
of helical peptides,*"** which enter cells mainly via a macro-
pinocytotic mechanism.

Then we examined the cellular distribution of our peptides
using confocal imaging (Fig. 4A). In general, peptides showed
a stronger fluorescence intensity in the cytosol than the
nucleus, suggesting that the nucleus membrane is indeed a
barrier for nucleus accumulation of peptides. Then, nucleus/
cell fluorescence ratios (N/C) in cross section were obtained
using Image]. The N/C of peptides in the whole cell was then
estimated and is summarized in Fig. 4B. Comparatively, a gap
between N/Cs is not as significant as that between cell
penetrations. Furthermore, we obtained the relative nucleus
accumulation (Fig. 4C) by multiplying the above ratios with
the mean cellular uptake obtained by FACS in Fig. 3A. Similar
to the case of cell penetration, there is no observed correlation
between the helicity of TD stabilized peptides and their
nucleus targeting capacity. Furthermore, Trp (3-W), Phe (3-F),
and Arg (0) are favourable for nucleus translocation, while Tyr
(3-Y) is not."" Consistency between cellular uptake and nucleus
accumulation (Pearson correlation coefficient = 0.992, p < 0.01)

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Nucleus translocation of peptides. (A) Confocal microscopy
images of the MCF-7 cells incubated with peptides (5 pM) at 310 K for
4 h. Scale bar, 20 ym. (B) Quantification of the ratio of the peptides
fluorescence intensity per pixel into nucleus versus cell (N/C) using
ImageJ. Results were presented as the ratio found per peptide for more
than 10 cell population, from more than two independent experiments,
and then calculated according to the function in the main text. Error
bars represent the standard error of mean. (C) Estimated nucleus mean
fluorescence intensity normalised to 0.
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of these peptides suggests that nucleus translocation is largely
dependent on the amount of peptides penetrated into the
cells. Thus, the residues favourable for cell penetration are
generally favourable for nucleus accumulation.

Then we analysed the correlation between biophysical pro-
perties’”” and cell penetration and nucleus translocations.
Properties including hydrophobicity (H) and isoelectric point
(IP) were obtained for each peptide using calculating tools
(Fig. 5A).* Finally, the cell penetration and the estimated
nucleus accumulation obtained above were plotted against the
estimated hydrophobicity and isoelectric point to investigate
their correlations (Fig. 5B and C). For peptides with the same
IP (peptide 0, 3-F, 3-M, 3-V, 3-W, 3-Y), strong positive corre-
lations between the hydrophobicity and cell penetration (R* =
0.88) or nucleus accumulation (R* = 0.91) are observed
(Fig. 5B). While for peptides whose basic residues were
mutated, the isoelectric point shows a correlation with cell
penetration (R*> = 0.69) or nucleus translocation (R* = 0.81)
(Fig. 5C). Furthermore, correlation analysis including all stabil-
ized peptides derives no clear correlation between IP/H alone
and penetration/nucleus translocation, (Fig. S2}) indicating
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Fig. 5 Correlation between physicochemical properties and nucleus
accumulation of peptides. (A) Theoretical physicochemical parameters
of peptides. Correlation between (B) H (hydrophobicity, R? = 0.88), (C) IP
(isoelectric point, R? = 0.69) and cell penetration of peptides.
Correlation between (D) H (hydrophobicity, R? = 0.91), (E) IP (isoelectric
point, R? = 0.81) and nucleus translocation of peptides.
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that multiple regression might be suitable for correlation
analysis. Accordingly, the relationship between physico-
chemical properties and cell penetration/nucleus accumu-
lation was set up via binary regression [normalised cell pene-
tration (NCP) (%) = —564.5 + 512.4 x H + 37.2 x IP, R* = 0.89;
normalised nucleus translocation (NNT) (%) = —824.9 +
721.0 x H+ 51.7 x IP, R* = 0.92]. The involvement of Oy, leads
to the reduction of R* in two component regression analyses
(R* = 0.76 for NCP, R*> = 0.84 for NNT), suggesting that the
correlation might be more suitable for TD stabilized peptides.

To sum up, higher hydrophobicity and IP are
favourable factors for peptides’ cell penetration and nucleus
translocations.

To further test the hypothesis, we introduced two Trp/
Arg-rich helical peptides, 4-R and 4-W (Fig. 6A and S37), and
obtained their cell penetration and nucleus translocation
(Fig. 6B-D and S4t). For peptide 4-W, higher hydrophobicity
than 3-W generates higher cell penetration and nucleus trans-
location, while for 4-R, even higher nucleus accumulation,
which features nucleolus accumulation,'® is observed despite

A 4R FITC-p-A (iso-D B[R x) [ HE 1 -NH:
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Fig. 6 Further evaluation of Arg and Trp rich peptides. (A) Theoretical
physicochemical parameters of peptide 4-R and 4-W. (B) Confocal
microscopy images of the MCF-7 cells incubated with peptides (5 pM) at
310 K for 4 h. Scale bar, 20 pm. (C) Normalised mean fluorescence
intensity (MFI) of MCF-7 lines treated with peptides (5 pM, 310 K, 1 h). All
values were normalised to that of 3-W (5 pM, 310 K, 1 h). Error bars rep-
resent the standard error of mean from two independent experiments.
(D) Estimated nucleus mean fluorescence intensity normalised to 3-W.

462 | Org. Biomol Chem., 2017, 15, 459-464

View Article Online

Organic & Biomolecular Chemistry

its lower hydrophobicity. The extraordinary jump in nucleus
penetration might be explained by the IP beyond 12.6,
accompanied by a change of the nucleus targeting mechanism.
Furthermore, the excellent cell penetration, nucleus translo-
cation, and low toxicity (Fig. S5t) of 4-R and 4-W make them
applicable for cellular delivery of cargos.

To sum up, increasing the hydrophobicity or isoelectric
point of stabilized helices promotes their cell penetration and
nucleus accumulation. Accordingly, mutations increasing their
integral hydrophobicity and/or isoelectric point could be made
to improve their cell penetration and nucleus translocation
efficiency.

Experimental
Materials

All solvents and reagents used for solid phase peptide syn-
thesis were purchased from commercial suppliers including
GL Biochem (Shanghai) Ltd, Shanghai Hanhong Chemical
Co., J&K Co. Ltd, Shenzhen Tenglong Logistics Co., or Energy
Chemical Co., and were used without further purification
unless otherwise stated.

Synthesis and characterization of peptides

Peptides were synthesized on Rink amide MBHA resin using
manual Fmoc/tBu solid-phase peptide synthesis (SPPS)."?
Coupling reactions were performed using 2-(1H-6-chlorobenzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
or  1-hydroxybenzotriazole  (HOBt)/N,N'-diisopropylcarbo-
diimide with N, bubbling. The allyl ester and allyl carbamate
were removed using Pd(PPh;), (0.1 eq.) and N,N-dimethyl-
barbituric acid (4 eq.) twice in dichloromethane for 2 h.
Cyclization was performed on the resin using benzotriazol-1-
yl-oxytripyrrolidinophosphonium hexafluorophosphate/HOBt/
N-methylmorpholine (2:2:2.4 eq.) in DMF. Fluorescein iso-
thiocyanate (FITC) labelling was performed on the resin with a
solution of FITC (isomer I, 4 eq.) and N,N-diisopropyl-
ethylamine (14 eq.) in N,N-dimethylformamide overnight.
Finally resins were cleaved with 95% (v/v) trifluoroacetic acid
(TFA)/triisopropylsilane/H,O (95:2.5:2.5) for 2 h. After air
removal of most of the TFA, the products were triturated with
hexane/diethyl ether (1:2), and then the precipitate was dis-
solved in CH3;CN/H,O. Crude peptides were purified on a
RP-HPLC (Waters 600, Agilent Zorbax SB-Aq: 4.6 x 250 mm,
220 nm & 254 nm) and confirmed by MS (Shimadzu LC-MS
2020).

Circular dichroism spectroscopy

CD spectra were obtained using a Chirascan plus circular
dichroism spectrometer. Peptides were dissolved in 10 mM
35% CH3;CN/PBS (pH 7.4, 10 mM, pH 7.4, 298 K) at a concen-
tration of 50 pM. Parameters used in the experiment are as
follows: wavelengths from 250 to 190 nm were measured with
a resolution of 0.5 nm, a response of 1 s, a bandwidth of 1 nm,

and a scanning speed of 20 nm min~'. Each spectrum

This journal is © The Royal Society of Chemistry 2017
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represents the average of two scans and smoothed using
ProData Viewer by Applied Photophysics with a smooth
window of 10. CD data were presented as the mean residual
ellipticity [0] in deg em® dmol™". Concentrations were deter-
mined as mentioned in general information. The percentage
of helicity was theoretically calculated based on the equation:"
Helicity% = [0],22/[0]max X 100, where [0]max = (—44 000 + 2507T)
(1 — k/n) for k = 4.0 and n = number of amino acid residues in
the peptide, T = 298 K.

Flow cytometry analysis

Adherent cells were seeded in 24-well plates and allowed to
grow for 48 h in medium supplemented with 10% FBS. The
cells were then treated with FITC-labelled peptides (5 pM
without or with inhibitors, inhibitors are shown in Table S27)
in FBS-free medium for 1 h at 310 K. The peptide solution was
removed and the cells were collected and washed with phos-
phate buffer saline (PBS) three times. Cellular mean fluo-
rescence intensities were measured using a flow cytometer (BD
FACSCalibur).

Confocal microscopy imaging

The adherent cells were seeded in 24-well plates on coverslips
and allowed to grow for 48 h in medium supplemented with
10% FBS until experiment. The cells were then treated with the
FITC-labelled peptide for 4 h at 310 K in the presence of 5%
CO, followed by washing with PBS and fixed with 4% para-
formaldehyde in PBS for 25 min at room temperature. Then the
coverslips were mounted on slides upside down with mount-
ing medium (VECTASHIELD) containing 4',6-diamidino-2-
phenylindole (DAPI). The samples were imaged using a con-
focal microscope (Zeiss, LSM510 META). Acquired images were
then analysed by using open source software image]. The N/C
in the cross section could be obtained using Image].

To estimate the N/C of the whole cell, we simplified the
nucleuses and cells into uniformly fluorescent spheres. We set
the radius of the nucleus and the whole cell as 7 and R respect-
ively. Also, we set the fluorescence (amount of peptide) per
unit distance of the nucleus and the whole cell as Af and AF.
Thus the N/C in the cross section could be expressed as:

nr? x Af?
TR? X AF?

Accordingly, the N/C of the whole cell is:

4 3 3 3
37 xAf \/W
4 7R2 X AF?

—nR® x AF®
3

Theoretical physicochemical parameters

Hydrophobicity (H) was calculated using HeliQuest*® (effects
of FITC were omitted, f-Ala were replaced by Gly). The isoelec-
tric point (IP) was calculated using GenScript. IsoAsp and 2,3-
diaminopropionic acid (Dap) were replaced by Asn and Ala
respectively. Linear regression was conducted using SPSS 22.0
(IBM).
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Cell viability

The adherent cells were seeded in 96-well plates and allowed
to grow in medium supplemented with 10% FBS overnight.
The cells were incubated with a serial dilution of peptides at
310 K in 5% FBS containing media for 48 h supplied with
5% CO,. Then, 20 pL of the 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT) reagent was added and
incubated at 310 K for 4 h. The absorbance of the formazan
product was measured at 490 nm by using a microplate reader
(Perkin Elmer).

Conclusions

In this report, we studied the factors contributing to the cell
penetration and nucleus translocation of N-terminal cross-
linked aspartic acid stabilized amphiphilic peptides. The pep-
tides penetrate cells via a mixed mechanism. Addition of resi-
dues like Trp, Phe and Arg, and increasing the hydrophobicity
or isoelectric point of stabilized peptides will improve their
cell penetration and nucleus translocation. Finally, the derived
peptides with high cell penetration and nucleus translocation
are potentially applicable for drug delivery. This study helps to
understand and predict the cell penetration and nucleus trans-
location of stabilized helical peptides.
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