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We report the synthesis of a series of distancetmag aryl and vinylaryl cross-linkerf®r
constructing stapled peptides containing cysteiaes,i+7 positions. Langevindynamic:
simulation studies helped to classify these crogsets into two categories: the rigid cross-
linkers with narrower S-S distance distribution ahé flexible cross-linkers with wider S-
distance distribution. The stapled Noxa BH3 peptidith the flexible distance-matching cross-
linkers gave the highest degree of helicity as welthe most potenthibitory activity again:
Mcl-1. However, the stapled peptides with the highgdrophobicity showed the most effici
cellular uptake. Together, this work illustrate® tivergent nature of binding affinity a
cellular uptake, and the vital importance of chogsappropriate crod@kers in constructin
stapled peptides with the drug-like properties.

2014 Elsevier Ltd. All rights reserved

1. Introduction

Constraining peptides via side chain cross-linkiag served
as an effective means to reinforce peptide helites. side chain
cross-linking strategy, also referred to as “peptthpling”, has
been successfully employed in designing peptidedathibitors
of the protein-protein interactions that are histlty considered
undruggablé? In stabilizing peptide helices, earlier non-cowale
approaches relied on the use of the salt bridhes-n stacking'
or the catione interaction® while the covalent ones were built
upon the lactam rifigor the disulfide bridgé.More recently,
other covalent linkages generated through olefitathesis, 1,3-
dipolar cycloaddition reactioris? and cysteine alkylatioh'
have renewed the interest in developing the sidéncb@ss-
linked peptides (“stapled peptides”) as potentialgdcandidates
for the various biological target$!® For example, we reported a
simple side chain cross-linking chemistry basedhendistance-
matching biaryl cross-linkerd,and successfully employed this
strategy in designing the cell-permeable and piytieally stable
stapled Noxa BH3 peptides as potent Mcl-1 inhibitBrehe
stapled peptide-based dual inhibitors of Mdm2/Mdfand a
dual-active stapled peptide that binds to the @hitesll domain of
HIV capsid protein as well as the envelop glycoprotgpl20
and inhibits HIV-1 virus entry and assembly.

Despite their success, the limited cell permeabitfy the
stapled peptides remains to be a major challengergreting the
intracellular protein-protein interactions. Sevgralameters such
as helicity, amphipathicity, charge, and hydrophithihave been

shown to be important for peptide cell permeabifif;” %%
While the amino acid residues are crucial to thgsmmchemical
properties of a stapled peptide including its pelimeability, the
effect of the cross-linker structure has not begstesnatically
investigated, particularly with regard to the lengtid flexibility
of the cross-linkers. It has been shown that the Bgpss-linkers
exhibited stronger effect in stabilizing helicalnéormation than
the flexible oneé' However, in many instances the flexible
cross-linkers may be preferred because they capt ddathe
subtle distance variation between the amino acié sidains,
especially upon binding to its target. Importandypoor choice
of a rigid cross-linker may constrain the staplegptge in the
inactive conformations. In our previous studies, designed a
pair of rigid distance-matching cross-linkéfsnamely, 4,4
bisbromomethyl-biphenyl (Bph) and 6;bis-bromomethyl-[3,3
bipyridine (Bpy) and showed that the attachment joii Bnd Bpy
to the cysteines located iai+7 positions of the NoxaB-(75-93)-
C75A peptide dramatically increased the biologmetivity and
cellular uptake of the Noxa BH3 peptid&sTo probe the effect
of cross-linker structure on physicochemical prtiperof the
stapled Noxa BH3 peptides, here we synthesized assefie
simple aryl and vinylaryl cross-linkers with varyinigngth,
rigidity, and hydrophobicity. The effect of crossKer structure
on stapled peptide conformation was investigatedciogular
dichroism. The inhibitory activity against Mcl-1 wdetermined
using a competitive fluorescence polarization (EB3¥ay. The
uptake of these stapled peptides into HelLa cellsamatyzed by
fluorescence activated cell sorting. The resuiticiated that the
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conformational flexibility of the cross-linkers celated well
with the inhibitory activity while the hydrophobicityorrelated

with the extent of cellular uptake. /_._._\Br Br/—Q—O—\Br Br

2. Results and Discussion Bph (1) Bpy (2)

In designing cross-linkers for stapling reaction hwithe /_*_\ A /_/_Q_\_\
dicysteine-containing Noxa BH3 peptide, we decidedtoose Br Br
structures that contain the benzylic or allylic ioide groups
because of their enhanced reactivity in the nudidiap
substitution reaction with the cysteine thiols comedato the H (Q Q
alkyl bromides’ In the Langevin dynamics simulation study, the
S-S distances between the cysteines locatégtat positions of
the helical Noxa peptide exhibited a Gaussian digtioh in the B
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Figure 1. (A) Ribbon diagram of the Noxa BH3 peptide helix S-S distance / A

with the S-S distance between the two cysteines ldcattgi+7
positions marked. (B) Calculated S-S distance itlision of the
NoxaBH3 peptide using Langevin dynamics simulation.

Figure 2. (A) Structures of cross-linkeds8. (B) Calculated S-S
distance distributions of th&methyl cross-linkers using the
Langevin dynamics simulations.

Based on this result, we designed 6 new cross-lin{@8 3) NOz H,, Pd/C NH2 1) NaNO,, HCI !
whose end-to-end distances fall in this range intmtdto Bph ™ /©:OM 8% /@om 2K Me@iOMe
(1) and Bpy ) reported previously (Figure 2A). Langevin ¢ ¢ ¢ 3a ¢ 84% 3b
dynamic simulations indicated that compared to Bpld Bpy,
cross-linkers3-5 exhibited narrower Gaussian distributions with
the slightly longer median S-S distances (~12 A)levicross- _PdCzn NBS AIBY Q Q
linker 6 showed a much broader distribution with the similar Hzo(/fcf)wne ool
median S-S distance, indicating its high flexigil{Figure 2B). P o 31% OMe

The S-S distance distribution @fwas in a range significantly 3
shorter than that of the BH3 peptide (compare Fi@ido 1B). _ CHOn .
On the other hand, cross-linkrexhibited a narrower Gaussian * H3P04/HBr/HOAc Q Q
distribution with the median S-S distance of 10.8Ffg(re 2B), 36% Br 4 Br
the closest to that of the BH3 peptide (Figure 1B).

A_mong si>_< new cross-linkers, co_mpouﬁdis_commercially DDQbenzene_ 6
available while the rest can be readily synthesinezhort routes _*_ _*_
(Scheme 1). Briefly, cross-linké was prepared in 5 steps with ~ Br 5%
the key step to be the palladium-catalyzed redectiwmo-
cougling to generate the 1,1’-biphenyl i_ntermed'&te(s_chem_e d) C 1) DIBAUTHF < >
la): 'I_'he dlhydrophenqnthrene cross-lmldaqus obtained in Me0,C—7 COZMe 2) PBryjether
36% vyield by treating dihydrophenanthrene with pamaglde- 4%
hyde and a mixture of phorphoric acid, HBr and aceitid
(Scheme 1b). Subsequent oxidationddfy DDQ produced the NH, 1 PA(OAc), SPhos, CS,CO, N
phenanthrene cross-linkér(Scheme 1c). Thp-phenylene-3,3'- J@[ ? _toluene, 120°C KCE Ij\
bis(allyloromide) 6 was derived from dimethyl-1,4-phenylene- Me Br  2)NBS, cat. AIBN, CCly, reflux N
diacrylate through the functional group inter-carsi@ns with an 1% Br Br
overall yield of 64% (Scheme 1d). Finally, the phEine cross-  geheme 1. Synthesis of the distance-matching cross-linkers.
linker 8 was prepared in two steps involving the reciprocal
Buchwald-Hartwig amination reactidtfollowed by bromination
with NBS with an overall yield of 11% (Scheme 1e).

With the cross-linkers in hand, we then performezigtapling

reactions with the dicysteine-containing Noxa BH3 jukptTwo
conditions were employed depending on cross-lingkrslity.

e)

A 1:1 mixture of acetonitrile/ammonium bicarbonatéfer, pH
8.5, was used for cross-linkets3 and 7 while DMF was used
for cross-linkergl-6 and8 together with DIEA as the base. Based
on HPLC analysis, all cross-linking reactions reacbempletion



within 2 hours. After HPLC purification, the identsieof the
stapled peptides were confirmed by ESI-MS analyEablé 1).

Table 1. ESI-MS characterization of the cross-linked Nox4d3B
peptided

Name Sequence Calculated Found
mass mass
Noxe-1  AAC'LRRIGDC'VNLRQKLLN 2375.3 2375.0
Noxe-2  AAC’LRRIGDC?*/NLRQKLLN 2377.3 2377.0
Noxe-3  AAC’LRRIGDC*VNLRQKLLN 2435.4 2435.0
Noxe-4  AAC'LRRIGDC*VNLRQKLLN 2401.4 2400.8
Noxe-5  AAC’LRRIGDC®VNLRQKLLN 2399.3 2398.8
Noxe-6  AACPLRRIGDC®VNLRQKLLN 2351.3 2351.0
Noxe-7  AAC’LRRIGDC'VNLRQKLLN 2375.3 2375.0
Noxe-8  AACPLRRIGDC®NLRQKLLN 2401.3 2401.2

#Peptides were acetylated at the N-termini and aeitiat the C-termini.
C*®denotes L-cysteine alkylated with cross-linkes.

Next, we examined the secondary structures of thplest
Noxa BH3 peptides using far-UV circular dichroism (CDhe
CD spectra displayed two minima at 222 nm>{t transition)
and 199-204 nmza>xn* transitions), respectively (Figure 3A).
While the minima at 222 nm 5, showed small variations,
large changes inf,,s were observed (Figure 3). Since the ratio

3

With the structural understanding, we then measuhed
inhibitory activities of the stapled Noxa BH3 pep8dearrying
the various cross-linkers against Mcl-1 and congbateem to
that of the linear peptide using a competitive BRag (Table 2).
All stapled peptides showed higher inhibitory acgivihan the
linear one. Among them, Noxa-and 6 showed the highest
inhibitory activity, consistent with their CD signags displaying
the highest #.,J[ 8.0s ratios. Intriguingly, Noxa# also showed
good inhibitory activity despite the fact that gwlates the most
in the mean S-S distance in comparison to the adtielical
peptide (Figure 2B). This could be attributed to additional
hydrophobic interaction formed between the biphegmgup and
the hydrophobic binding pocket of the McL.

Table 2. Inhibitory activity of the cross-linked Noxa BH3
peptide8

of [f2J[ .05 can be used to determine the relative amount of

3, ando-helices in a conformational ensemble value close
to 0.4 indicates &,4-helix while a value of 1.0 indicates an
helix?® In PBS buffer, Nox2 and 6 showed the highest
[8224] B a0sratios (Figure 3B), indicating these two peptideyy ma
have the highest-helical content in the series.
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name Amin (NM) (G222 [Aaos [G222/[ 208
Noxa 199 -4.1 -8.8 0.46
Noxa-1 202 -5.5 -12.3 0.45
Noxa-2 202 -6.5 -11.2 0.58
Noxa-3 201 -3.9 -7.2 0.55
Noxa-4 201 -4.3 -8.2 0.53
Noxa-5 201 -4.3 -8.5 0.51
Noxa-6 204 -3.7 -6.5 0.57
Noxa-7 204 -5.2 -11.4 0.46
Noxa-8 204 -5.1 -9.5 0.54

Figure 3. Circular dichroism analyses of the Noxa BH3 peptides
(A) CD spectra of the stapled Noxa peptides alonp tié linear
peptide. (B) Table showing absorption miniméy,, [ 20s and
[8224] B 20¢ Values for all peptides. The peptides were dissblve
in PBS buffer at 50 uM concentrations.

Name Sequence & (M)
Noxa AACLRRIGDCVNLRQKLLN 355 + 96
Noxa-l AAC'LRRIGDC*VNLRQKLLN 71+8
Noxa2 AAC?LRRIGDC?VNLRQKLLN 411
Noxa-3 AAC’LRRIGDC?*VNLRQKLLN 183 +30
Noxa4 AAC’LRRIGDC*VNLRQKLLN 148 3
Noxa5 AAC°LRRIGDC®VNLRQKLLN 71£3
Noxa-6 AACPLRRIGDC®VNLRQKLLN 49+8
Noxa-7 AAC’LRRIGDC'VNLRQKLLN 78+5
Noxa8 AACPLRRIGDC®NLRQKLLN 111 +23

#Competitive FP assay was performed three timestaim the average
ICso value along with the standard deviation.

To determine the hydrophobicity of the stapled Npratides
carrying various cross-linkers, we subjected thesgiges to the
reverse-phase HPLC and compared their retentiorstifigure
4A). As expected, the stapled peptides carrying rbatem-
containing cross-linkers such as Nd&a-3, and 8 showed
shorter retention times, whereas the stapled peptdetaining
pure phenyl and vinylphenyl cross-linkers such agadNband -
5-7 gave longer retention times, indicating higher
hydrophobicity. Since peptide stapling generallyade to
increased cellular uptake, we prepared the N-terminal
fluorescein-conjugated stapled Noxa BH3 peptidesp-Naxa-
1-8, and measured their cellular uptake by fluoreseeutivated
cell sorting (FACS) analysi§.Among the cross-linked peptides,
Fluo-Noxad, and 5-7 were taken into the HelLa cells most
efficiently after 2 hour incubation at 37°C (FigudB). The
uptake tread appears to correlate well with the Ipldobicity of
the peptides (Figure 4A), and not with the peptiddicite
(Figure 3B). While the conformation, charge andropthobicity
are three key parameters in determining peptiden@ability?’
the trend observed here is attributed to peptiddrdphobicity
because of their identical sequences and smallocmational
variations. Similar phenomena have been observedthin
literature; for example, the uptake of the cell gteating peptide
PFVYLI was driven by hydrophobiciy, and the arginine-to-
alanine substitutions in the stapled Noxa BH3 peptidelted in
the enhanced cellular uptake.

3. Conclusion
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In conclusion, we have designed and synthesizedes s#
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63 um, 60 A)'H NMR spectra were recorded with Inova-300, -
400 or -500 MHz spectrometers and chemical shiftsewer
reported in ppm using either TMS or deuterated esuly as
internal standards (TMS, 0.00; CRCI7.26; CROD, 3.31;
DMSO-ds, 2.50). Multiplicity was reported as follows: s =
singlet, d = doublet, t = triplet, g = quartet, mmiltiplet, brs =
broad. Electrospray LC-MS analysis was performedriomigan
LCQ Advantage lonTrap mass spectrometry coupled with
Surveyor HPLC system. Noxa peptide was purchased from
GenScript (Piscataway, NJ). The fluorescein-labeledsztinked
peptides were synthesized as reported previd@i§ligptides were
purified using a Gilson semi-preparative reversesphblPLC
system equipped with Phenomeney Glumn with a flow rate
of 5 mL/min and a gradient of 10-90% acetonitrilglHwhile
monitoring at 220 and 254 nm. Analytical HPLC was perfed
using Kinetex Gz column (250 x 4.6 mm) with a flow rate of 1.0
mL/min and a gradient of 10-90% acetonitrilgZHover 15 min
with UV-vis detection wavelength set at 220 and 254 nm

4.2. Langevin Dynamics simulation

The Langevin dynamics simulation was carried outngisi
Hyperchem 8.0. The structures were minimized usindp@m99
force field prior to dynamics simulation. The simtibns were
set up to last 1000 ps with 1-ps time step at 30Bé#éth S
methylated peptide and ti&methylated cross-linkers were used
in the simulation. The distance between the twausw@foms was
monitored throughout the simulation. The unimodatributions
were observed for all structures and the numbeopfacmations
was plotted to the S-S distance. The median S-8rdistfor the
cross-linkers and the peptide was calculated frangthaph.

4.3. Synthesisof cross-linkers

Figure 4. (A) HPLC traces of the stapled Noxa BH3 peptides-2-Methoxy-4-methylani|in¢3a).29 To a solution of 5-methyl-2-

(B) FACS analysis of HelLa cells after treatment with |\
fluorescein-labeled stapled Noxa BH3 peptides at G7dr 2
hours. The normalized mean fluorescence is platt¢ide graph.

distance-matching aryl and vinylaryl cross-linkéhat can be
employed to prepare stapled peptides containingeityes at
i,i+7 positions. The end-to-end distance distributiomsutated
using Langevin dynamics suggested that these &rdess can
be classified into two categories: the rigid craekdrs with
narrower S-S distance distribution such3as and the flexible
cross-linkers with wider S-S distance distributiostsasl-2 and
6-8. CD measurements indicated that stapled peptidegimz
cross-linker2 and6 gave the highest degreeaihelicity due to
their closest match in mean S-S distance to thvenduelical
peptide. Stapled peptides No2aand 6 also showed the most
potent inhibitory activity against Mcl-1, presumalilue to their
highest helicity. On the other hand, Nakand 7 showed the
most efficient cellular uptake, which was attribute their
highest hydrophobicity. Taken together, this wollsirates the
vital importance of choosing appropriate crossdisk in
constructing stapled peptides with the desired phgiemical
properties. Most notably, the divergence of in avitnhibitory
activity and cellular uptake may potentially makeifficult to
predict the in vivo activity of the stapled peptde

4, Experimental section
4.1. General
Solvents and chemicals were purchased from the cooahe

sources and used directly without further purificati Flash
chromatography was performed with SiliCycle P60 aitiel (40-

nitroanisole (1.0 g, 6 mmol) in 100 mL EtOH was ad@el g
10% Pd/C. The mixture was stirred at room tempeeatnder a
hydrogen balloon for 1.5 h. The reaction mixture wthen
filtered through a layer of Celite and the solvesats evaporated
to give the titled compound (0.70 g, 85% vyielth: NMR (400
MHz, CDCLk) § 6.6 (m, 3H), 3.81 (s, 3H), 3.63 (brs, 2H), 2.25 (s,
3H).

2-lodo-5-methylanisole3p).”® To a solution of3a (550 mg, 4
mmol) in 3 mL concentrated HCI at 0°C was added Na{820
mg, 4.6 mmol; dissolved in 5 mL,B), and the mixture was
stirred at 0 °C for 1 h. A solution of KI (950 mg,75mmol;
dissolved in 10 mL kD) was added dropwise at 0 °C, and the
mixture was slowly warmed up to room temperature dgéin
with stirring. The mixture was extracted with ethardathe
combined organic layers were washed with brine, ddedr
anhydrous MgS§) and evaporated under reduced pressure. The
residue was purified by silica gel flash chromatpbsa(hexane
as eluent) to give the titled product as colorleis$0.826 g, 84%
yield): "H NMR (400 MHz, CDCJ) 6 7.62 (d,J = 7.9 Hz, 1H),
6.65 (s, 1H), 6.55 (dl = 7.9 Hz, 1H), 3.87 (s, 3H), 2.33 (s, 3H).

2,2"-Dimethoxy-4,4’-dimethyl-1,1'-bipheny8d).”® To a mixture

of 10% Pd/C and Zn powder (100 mg, 1.2 mmol) in mL
water/acetone (1:1) was addad (100 mg, 0.4 mmol), and the
resulting mixture was stirred at room temperatureroight. The
desired product was obtained after silica gel flash
chromatography as a white solid (45 mg, 46% yield)NMR
(400 MHz, CDC}): 6 7.08 (d,J = 7.6 Hz, 2H), 6.77 (d] = 7.6,
2H), 6.73 (s, 2H), 3.71 (s, 6H), 2.35 (s, 6H).



4,4'-Bis(bromomethyl)-2,2"-dimethoxy-1,1"-bipheny(3).*° A

5

residue was subjected to silica gel flash chromajoy

mixture of 3c (50 mg, 0.2 mmol), NBS (71 mg, 0.4 mmol) and usingl0% ethyl acetate/hexanes as eluent to affioedtitled

AIBN (6.5 mg, 0.04 mmol) in 2 mL C¢was refluxed for 8 h.
After cooling down, the mixture was dissolved in CE@hd
filtered. The filtrate was evaporated under reduessure, and
the residue was recrystallized with G@exanes to give titled
product as pale yellow crystals (25 mg, 31% yieft): NMR

(400 MHz, CDCY) 6 4.55 (s, 4H), 3.79 (s, 6H), 6.99 (s, 2H), 7.03

(d,J = 5.0 Hz, 2H), 7.19 (d] = 5.0 Hz, 2H).

2,7-Bis(bromomethyl-9,10-dihydrophenanthréfe® A mixture
of dihydrophenanthrene (1.0 g, 5.5 mmol), parafddeiayde
(0.735 g, 24.5 mmol), 1.1 mL 85% phosphoric aci®2b mL
48% HBr, and 2.2 mL 30% HBr in acetic acid was heaite80
°C under nitrogen for 21 h. Afterwards, the reactiorture was
refluxed for 5 h before cooling down to room tempara The
gray solid was collected and washed with 5 mL acetdhe.
crude solid was recrystallized from benzene/hexamegve the
titted compound (360 mg, 36% vyieldd NMR (400 MHz,
CDCly) 6 2.86 (s, 4H), 4.51 (s, 4H), 7.27 (s, 2H), 7.32J¢;
8.0 Hz, 2H), 7.70 (d) = 8.0 Hz, 2H).

2,7-Bis(bromomethylphenanthre(®: A mixture of 4 (360 mg,
1.0 mmol), DDQ (315 mg, 1.4 mol) in 3 mL dry benzenasw
refluxed for 18 h. The solution was filtered througHayer of
neutral alumina while still hot and rinsed with ha@nkene. The
filtrate was evaporated under reduced pressure ladesidue
was crystallized from benzene/hexanes to give thkedti
compound as pale-colored crystals (270 mg, 75% yielH):
NMR (400 MHz, CDC}) ¢ 8.64 (d,J = 8.6 Hz, 2H), 7.88 (dJ =
8.6 Hz, 2H), 7.67—7.73 (m, 4H), 4.72 (s, 4H).

p-Phenylene-3, 3’-bis(allylbromide)6)®* To a solution of
dimethyl-1,4-phenylenediacrylate (0.5 g, 2.0 mmai) 10 mL
THF at -78°C was added dropwise DIBAL (1.2 M in talee10
mL), and the mixture was stirred overnight. The tieacwas
quenched by adding water followed by saturated amunoni
chloride before extraction with ethyl acetate. Thigaaic layer
was separated, dried with MgfOand concentrated under
reduced pressure to affopdphenylene-3,3’-bis(allyl alcoholpas
white flakes (330 mg, 85 % vield}4 NMR (300 MHz, CDCJ) ¢
4.21-4.23 (m, 4H), 6.33-6.40 (m, 2H), 6.56-6.61 (k), Z.35
(s, 4H). To a solution gb-phenylene-3,3'-bis(allyl alcohol) (15
mg, 0.08 mmol) in 2 mL anhydrous ether at 0 °C wdded

product (15 mg, 20% yieldfH NMR (500 MHz, CDCJ) J 8.26
(d, J = 8.5 Hz, 2H), 8.23 (dJ = 2.0 Hz, 2H), 7.91 (dd] = 8.5,
2.0 Hz, 2H), 4.77 (s, 4H).

4.4, Peptide Cross-Linkingby 1, 2,3and 7:

Cross-linking reactions were carried out by inculmtiNoxa
peptide with 1.5 equiv of or 2 or 3 or 7 in acetonitrile/50 mM
NH,HCGO; (1:1), pH 8.5, at a final peptide concentrationlof
mM. The mixture was incubated at room temperaturelff-2

hours. The reaction was monitored by mass spectrgntter

completion, solvents were evaporated and excess ranabuhe

cross-linkers was removed by washing with diethyl etfide

cross-linked peptides were purified by preparativé ElIP

4.5, Peptide Cross-Linking by 4, 5, 6 and 8:

Cross-linking reactions were carried out in eppehdabes by
incubating Noxa peptide with 1.5 equiv4f5, 6, or8 in DMF at
a peptide concentration of 10 mM. 20 equivalent®IiEA were
added and the reaction was allowed to continue foour. The
reaction mixture was diluted in ether to precipittte peptide.
The cross-linked peptides were purified by prepeeatiPLC.

4.6. Circular dichroism spectr oscopy

Circular dichroism spectra were recorded with a JASE5
CD spectrometer at room temperature using a 0.1atmlpngth
cuvette. The spectra were recorded in the waveleragtge of
185-250 nm and averaged over 3 scans with a resolofi 0.5
nm, a bandwidth of 1.0 nm and a response time of #he
sensitivity and scan rate of the spectrometer wetréos100 mdeg
and 50 nm/min, respectively. All peptides were digsd in PBS
to the final concentration of 50 uM. The mean resiéllipticity
was plotted.

4.7. FP assay and FACS analysis

FP assays and FACS analyses were performed as @escrib

previously™®
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