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of stapled peptide inhibitors of
the p53-Mdm2 interaction: an assessment of
synthetic strategies and activity profiles†
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All-hydrocarbon, i, i+7 stapled peptide inhibitors of the p53-Mdm2 interaction have emerged as promising

new leads for cancer therapy. Typical chemical synthesis via olefin metathesis results in the formation of

both E- and Z-isomers, an observation that is rarely disclosed but may be of importance in targeting PPI.

In this study, we evaluated the effect of staple geometry on the biological activity of five p53-reactivating

peptides. We also present strategies for the modulation of the E/Z ratio and attainment of the

hydrogenated adduct through repurposing of the metathesis catalyst.
Introduction

Short peptides oen lack well-dened secondary structures
when excised from the native protein environment. In order to
retain the native conformation of the peptide, chemists have
rationally developed amyriad of cyclisation strategies. One such
method relies on the use of distance-matching tethers that
covalently link two amino acid side chains (e.g. Cys,1–9 Lys,10–15

Trp,16–18 and Met19). Alternative stabilisation strategies such as
alkene,20–25 oxime,26,27 1,2,3-trizole,28–30 hydrazide,31 alkyne,32

spiropyran,33 as well as mixed cross-linkages have also been
published.34,35 The resultant macrocycles oen possess
enhanced proteolytic resistance, specicity and potency,
making them ideal pharmacological agents.36–38 Chief among
these targeted therapeutic advances is the ability of cyclic
peptides to modulate the previously believed “undruggable”
protein–protein interactions (PPI) because of enhanced cellular
uptake.36

The disruption of the protein–protein interaction between
p53 and its negative regulator Mdm2 comprises one of the most
studied areas in cancer therapy. The E3 ubiquitin ligase Mdm2
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is overexpressed in a number of cancer cell lines, leading to loss
of p53 function and uncontrolled cellular proliferation.37–39

Compounds targeting the p53-Mdm2 complex may restore p53
transcriptional activity by blocking the ubiquitination and
proteasomal degradation functions of Mdm2.38,40–44 Several
classes of molecules have since been developed, mimicking the
conserved a-helical region of the Mdm2 binding domain of
p53.45–48

We recently published a series of stapled peptides guided by
computer simulations that specically targeted the p53-Mdm2
binding groove.46 These peptides all contained an i, i+7 staple
and a conserved Phe-Trp-Leu triad which docked inside the
hydrophobic cle of Mdm2. The peptides were synthesised and
tested in a T22 p53 reporter assay as a mixture of E/Z isomers.
Helically stabilised Mdm2 binding peptide sMTide-02 in
particular had demonstrated promising levels of p53 tran-
scriptional response. We reasoned an isomeric mixture was not
a requirement for biological activity and that a targeted
synthesis of the more active isomer would serve as a more
economical manufacturing route.

To our knowledge, an assessment of optimal E/Z isomer ratio
has not been critically examined for bioactive stapled peptides.
In fact, the lack of available characterisation data has made
cross-comparisons and reproduction of biochemical and bio-
logical activities difficult.49,50 Amongst the growing body of
research on a-helix stabilisation via i, i+7 hydrocarbon stapling,
only a handful of studies have looked at the inuence of
geometric isomerism on a-helicity and biological activity.49,51,52

The collective published results highlight sequence and target-
dependent activity. Wallbrecher et al. reported comparable
cellular activity for both E- and Z-ATSP-7041 in SJSA-1 cells.49

However in the case of stapled MEP-N, a 2-fold difference in
Chem. Sci., 2019, 10, 6457–6466 | 6457
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View Article Online
antimicrobial activity was observed against Staphylococcus
aureus and E. coli, with the Z-isomer being more effective
against the former but less active against the latter.51 In this
paper, we assess the effects of metathesis conditions (catalyst
structure, solvent and temperature) on E/Z selectivity of p53-
reactivating peptides and provide initial analysis of biophys-
ical and biological properties of the diastereopure, stapled
peptide isomers. A synthetic strategy for the attainment of
saturated all-hydrocarbon stapled peptides is also presented.
Results and discussion
Solid-phase peptide synthesis (SPPS) of sMTide-02

Our rst objective was to synthesise the parent peptide sMTide-
02 using conventional Fmoc solid phase peptide synthesis.23,53

Three SPPS conditions were trialled (Fig. 1), exploring different
combinations of PEG-based resins (H-Rink Amide Chem-
Matrix® or H-Ramage ChemMatrix®) and activation methods
(HATU/DIPEA or HOAt/DIC). Following iterative rounds of
amino acid coupling and Fmoc deprotection, the peptide was N-
capped and subjected to several metathesis cycles before TFA-
mediated cleavage from the resin. Overall, higher yields of
crude peptide were obtained with the utilisation of the Ramage
resin (0.53 mmol g�1 loading, 50% yield) as opposed to the
recommended Rink Amide resin (0.59 mmol g�1 loading, 36%
yield).23,53 HOAt was found to be more soluble in NMP relative to
HATU, hence use of HOAt in conjunction with DIC has an added
advantage of achieving higher concentrations of the reacting
solutions. Despite the same peptide active ester being formed
under both coupling conditions, we noted a cleaner reaction
prole with the use of HOAt/DIC.

In all cases, 2 pairs of stapled peptide adducts with approx-
imately 1 : 1 ratio could be observed in the HPLC
Fig. 1 Fmoc-based solid-phase peptide synthesis (SPPS) and RP-HPLC

6458 | Chem. Sci., 2019, 10, 6457–6466
chromatograms. The 2most intense peaks had identical masses
([M] + 44 Da), which corresponded to the unexpected, incom-
plete decarboxylation of the tryptophan protecting group.
Conversely, the masses of the more hydrophobic peaks
corroborated well with the expectedm/z of the desired E/Z olen
isomers. Complete decarboxylation was successfully achieved
by overnight treatment of the peptide with aqueous acetic acid
followed by lyophilisation. Alternatively, use of side-chain
unprotected Trp during SPPS also led to the desired product
without oxidation or alkylation of the indole group.
(E)-sMTide-02 is more active than (Z)-sMtide-02

Ring closing metathesis (RCM) is a reversible, thermodynamic
process that constitutes the key step of stapled peptide
synthesis. First propounded by Villemin and Tsuji in 1980,54,55 it
is now routinely used in macrocycle formations owing to the
exceptional functional group compatibility of the olen
metathesis catalysts. Stereoselectivity of the reaction is largely
dependent on the degree of conformational strain introduced
by the all-hydrocarbon linker. In the case of sMTide-02, stapling
led to both E- and Z-isomers in almost equal ratios, which is
consistent with a previous report.23 To further explore the role of
olen geometry on the bioactivity of the stapled peptide, sepa-
ration of the geometric isomers was attempted by conventional
reverse-phase HPLC. Aer multiple rounds of purication, the
two closely-eluting isomers were fully separated.

The geometric conguration of the 2 isomers was deter-
mined by 1H NMR spectroscopy. The earlier-eluting isomer of
sMTide-02 ðt0R ¼ 22:12 minÞ gave an olenic proton signal at
5.21 ppm with a distinctive, centrosymmetric doublet of triplets
splitting pattern [3J(–CH]CH–) ¼ 11.0 Hz, Fig. S11, ESI†] and
was assigned the Z-conguration. Conversely, the later-eluting
chromatograms of sMTide-02.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Structures of ATSP-7041 and lysine-containing, C-terminal
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sMTide-02 isomer ðt0R ¼ 22:37 minÞ showed olenic protons at
5.31 ppm with a 3J coupling constant of 15.4 Hz, which corre-
sponded to an E-conguration.

The peptides were assessed for their a-helical content and
binding affinity to Mdm2. P53 reporter and LDH release assays
were also conducted to measure the ability of the peptides to
activate p53 in T22 cells and to disrupt cell membranes. The
latter assays were performed in the presence of 2% serum to
mimic physiological conditions. As seen from Table 1, cell
membranes remained intact aer treatment with both
geometric forms of sMTide-02 (entries 1–2). In comparison to
the Z-isomer, (E)-sMTide-02 showed approximately 2-fold
improvement in both binding and p53 activation despite
similar levels of a-helicity.

Additional cell permeable, p53-reactivating stapled peptides
were synthesised to increase the test set size (Fig. 2). ATSP-7041,
a progenitor of the rst stapled a-helical peptide entering
clinical trials, is a dual inhibitor of MDM2/MDMX developed by
Aileron Therapeutics.56 VIP82 was previously identied by our
research group as ideal for further development (high p53
induction, negligible LDH release).57 It is modelled aer the
sMTide-02 template sequence and contains solubilising lysine
residues at the N-terminus as well as a C-terminal extension
(ENF) for additional binding to a secondary pocket of MDM2.58

Both peptides, together with sMTide-02, were conrmed to be
cell permeable and acting through the specic inhibition of
Mdm2.57 VIP116 and VIP115, with varying numbers of N-
terminal lysine residues, were also synthesised to assess the
effects of locally concentrated cationic charges.

As with the case of sMTide-02, all peptides were recovered as
E/Z-mixtures and the individual isomers were carefully sepa-
rated by reverse-phase HPLC. Except for ATSP-7041 (entries 3–4)
in which the alkene geometry of the isomers could be assigned
(Fig. S12, ESI†), the olenic protons of remaining peptide pairs
(entries 5–10) were not resolved in the 1H NMR spectra. Since we
were able to resolve late-sMTide-02 and ATSP-7041 as E-isomers,
Table 1 Adjusted retention timeðt0RÞ determined using the formula t0R
determined by competitive fluorescence anisotropy titrations; biologic
perturbation effects measured using an LDH assay

Entry Peptide t0RðminÞ Net charge

1 (Z)-sMTide-02 22.12 �1
2 (E)-sMTide-02 22.37 �1
3 (Z)-ATSP-7041 23.96 �1
4 (E)-ATSP-7041 24.44 �1
5 Early-VIP82 18.64 0
6 Late-VIP82 18.88 0
7 Early-VIP116 19.69 �1
8 Late-VIP116 19.96 �1
9 Early-VIP115 18.09 +1
10 Late-VIP115 18.25 +1
11 Reduced-sMTide-02 23.66 �1
12 Reduced-ATSP-7041 25.94 �1
13 Reduced-VIP82 19.68 0
14 Reduced-VIP116 20.88 �1
15 Reduced-VIP115 19.03 +1

This journal is © The Royal Society of Chemistry 2019
we believe the late eluting VIP peptides are also E in congu-
ration on the basis that neutralisation of dipole effects would
render the E-isomer less polar than the Z-isomer. For the
purpose of this paper, the isomers are dened as early- or late-
eluting, according to their adjusted retention times t0R:

Except for VIP116 where the late isomer was �1.8-fold more
efficient in p53 reactivation, no signicant differences in p53
activation levels or correlation to a-helicity were observed for
the remaining peptides pairs. Whilst adjustment of the overall
charge from 0 to +2 oen leads to enhanced cell permeability of
stapled peptides,59 we observed in this study that accumulation
of localised positive charges can lead to undesired membrane
disruption. VIP115, containing 3 consecutive N-terminal lysine
residues and a net charge of +1, gave rise to signicant amounts
of LDH leakage whereas VIP82 (with 2 N-terminal lysines and
¼ tR � t0; helicity determined by circular dichroism spectroscopy; kd
al activity determined by T22 p53 reporter assay and cell membrane

a-Helicity kd (nM) p53Act (mM) LDH50 (mM)

70.8 113.1 � 0.01 8.29 � 0.19 ND
72.7 63.19 � 0.01 3.64 � 0.22 ND
77.6 32.68 � 0.01 1.80 � 0.57 ND
68.7 11.03 � 0.01 2.77 � 0.23 ND
28.6 94.45 � 0.01 4.13 � 0.10 ND
38.5 65.47 � 0.01 3.38 � 0.73 ND
42.1 84.44 � 0.01 �5.63 ND
49.4 52.39 � 0.01 3.14 � 0.38 ND
52.6 95.81 � 0.01 �3.16 80.99 � 1.80
36.7 84.48 � 0.01 �2.24 129.8 � 15.39
71.2 209.5 � 0.02 1.58 � 0.45 ND
69.5 112.9 � 0.01 2.77 � 0.30 ND
41.4 215.9 � 0.02 3.13 � 0.73 ND
52.8 113.7 � 0.01 5.22 � 0.23 ND
45.1 227.0 � 0.03 �3.33 82.93 � 2.17

extended sMTide-02 analogues.

Chem. Sci., 2019, 10, 6457–6466 | 6459
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a net charge of 0) and other peptides (net charge of �1) acti-
vated intracellular p53 with negligible nonspecic cytotoxicity.
Stereoselective synthesis of the late stapled peptide isomer

Few papers in the stapled peptide literature report the E/Z ratio
or discuss the implications of isomerism.49,51,52 In our case, and
likewise observed by Mangold and Grubbs,52 no apparent rela-
tionship between the helicity and staple isomer type could be
observed. Although a previous report has demonstrated negli-
gible differences between the binding and cellular activities of
E/Z isomers of related MDM2-binding peptides in SJSA-1 cells,49

we observed �1.6 to 2.2-fold improvements in binding and p53
activation for the late isomers of VIP116 and sMTide-02. For this
reason, we targeted the synthesis of the more hydrophobic, late
isomer of these peptides only.

A previous report had described the synthesis of stereopure
Z-peptide isomers using chelating ruthenium catalysts.60 Ster-
eoselectivity was attributed to steric clash between the catalyst
ligands and the approaching olen. Similarly, by systematically
varying different aspects of the existing metathesis protocol, we
Table 2 Catalyst effect on E/Z-selectivity of p53-activating stapled pep

Entry Peptide Catalyst Solvent Temperature

1 sMTide-02 1 DCE rt
2 sMTide-02 1 THF rt
3 sMTide-02 1 PhMe rt
4 sMTide-02 1 DCE 50 �C
5 sMTide-02 2 DCE rt
6 sMTide-02 2 DCE 50 �C
7 sMTide-02 3 DCE rt
8 sMTide-02 3 DCE 50 �C
9 sMTide-02 4 DCE rt
10 sMTide-02 4 DCE 50 �C
11 ATSP-7041 1 DCE rt
12 ATSP-7041 2 DCE 50 �C
13 VIP116 1 DCE rt
14 VIP116 2 DCE 50 �C

a Percent conversion¼ product/(product + starting material) as determined
late isomers of sMTide-02 have Z and E congurations respectively. c Num

6460 | Chem. Sci., 2019, 10, 6457–6466
reasoned that optimum conditions for attaining stapled peptide
late isomers could be achieved.

For this study, only ruthenium-based catalysts were consid-
ered as molybdenum-based catalysts tend to be air- and
moisture-sensitive. Moreover, complete inert conditions are
more difficult to achieve in a manual SPPS format.61,62 sMTide-02
was used as the model substrate. As illustrated by Table 2 (entry
1), subjection of the linear, side chain-protected peptide to three
rounds of olen metathesis using Grubbs-I catalyst (1) in DCE
resulted in 96% conversion to the desired product with 41% E-
selectivity. THF and toluene (entries 2–3) were tolerated by cata-
lyst 1 on resin but resulted in lower conversion and E-selectivity.

Use of catalyst 2 afforded stapled sMTide-02 in 98% yield
aer three metathesis cycles, with complete reversal of olen
selectivity (entry 5). In comparison to their Grubbs counter-
parts, isopropoxy-containing Hoveyda–Grubbs catalysts 3 and 4
had lower reactivity but similar diastereoselectivity (entries 7
and 9). For all catalysts tested, increasing the reaction temper-
ature to 50 �C increased the reaction efficiency but had little
impact on stereoselectivity. Notably, the E/Z ratio of the stapled
peptide products remained constant from cycle to cycle for all
tides

Conversiona (%)
Selectivityb (early isomer : late
isomer)

1 RCMc 2 RCM 3 RCM 1 RCM 2 RCM 3 RCM

75 92 96 57 : 43 55 : 45 59 : 41
31 57 72 67 : 33 65 : 35 66 : 34
45 85 92 67 : 33 64 : 36 65 : 35
82 96 97 61 : 39 58 : 42 55 : 45
68 94 98 23 : 77 23 : 77 23 : 77
98 >98 >98 24 : 76 21 : 79 22 : 78
20 33 51 61 : 39 62 : 38 62 : 38
57 82 91 63 : 37 61 : 39 59 : 41
61 77 85 23 : 77 24 : 76 23 : 77
87 >98 >98 27 : 73 25 : 75 25 : 75
N/A N/A >98 N/A N/A 61 : 39
N/A >98 N/A N/A 15 : 85 N/A
N/A N/A >98 N/A N/A 50 : 50
N/A >98 N/A N/A 16 : 83 N/A

by reverse phase HPLC. b Determined by reverse phase HPLC. Early and
ber of RCM cycles.

This journal is © The Royal Society of Chemistry 2019
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catalyst/solvent/temperature combinations trialled. These
results imply that certain steps of the metathesis catalytic cycle
had been rendered irreversible, most likely due to ethylene loss
from agitation of the resin by gas bubbling.

Interestingly, Mangold and Grubbs also observed some of
the highest levels of E-selectivity when bis-mesityl N-heterocy-
clic carbine-containing ruthenium catalysts 2 and 4 were used
for i, i+7 stapling.52 The peptides studied were distinctively
different: one was venom-derived and two were based on the
helical binding domain of the NOTCH transcription factor
complex. Macrocycle ring size and inherent activity of the
catalyst appear to be the dominant drivers of stereoselectivity,
but we cannot completely rule out sequence dependency since
side chain interactions will also inuence conformational
biasing in the transition state.

Given that second-generation catalyst 2 was highly active
towards E-selective metathesis of sMTide-02, additional exper-
iments were performed on related p53-reactivating stapled
peptides. As a direct comparison, ATSP-7041 and VIP116
(representative lysine-containing peptide with a �1 net charge)
were treated with both Grubbs rst-generation catalyst (1) and
the optimised Grubbs second-generation catalyst (2) conditions
at 50 �C. Use of catalyst 1 led to >98% conversion to stapled
ATSP-7041 and VIP116 aer 3 metathesis cycles (entries 11 and
13, Table 2), with respective late-isomer selectivity of 39 and
50%. As expected, metathesis with catalyst 2 provided the
stapled peptides in >98% yield aer 2 metathesis cycles, and
Table 3 Tandem ring-closing metathesis/hydrogenation study

Entry Peptide Catalyst
Macrocyclisation
conditions

1 sMTide-02 2 2 RCM, DCE, 50 �Cb

2 sMTide-02 2 2 RCM, DCE, 50 �C
3 sMTide-02 2 2 RCM, DCE, 50 �C
4 sMTide-02 2 2 RCM, DCE, 50 �C
5 sMTide-02 2 2 RCM, DCE, 50 �C
6 sMTide-02 2 2 RCM, DCE, 50 �C
7 sMTide-02 2 2 RCM, DCE, 50 �C
8 sMTide-02 2 2 RCM, DCE, 50 �C
9 sMTide-02 2 2 RCM, DCE, 50 �C
10 sMTide-02 2 2 RCM, DCE, 50 �C
11 sMTide-02 1 3 RCM, DCE, 50 �C
12 sMTide-02 3 3 RCM, DCE, 50 �C
13 sMTide-02 4 2 RCM, DCE, 50 �C
14 VIP116 2 2 RCM, DCE, 50 �C
15 VIP116 2 2 RCM, DCE, 50 �C
16 ATSP-7041 2 2 RCM, DCE, 50 �C
17 ATSP-7041 2 2 RCM, DCE, 50 �C

a Percent conversion¼ product/(product + starting material) as determined
analysis, an additional aliquot of reagents was added to the reaction mixt

This journal is © The Royal Society of Chemistry 2019
with an improved $83% selectivity for the late isomer (entries
12 and 14, Table 2).
Hydrogenated sMTide-02 is more active than olenic sMTide-
02

Thus far, we have attempted to address the inherent isomerism
of i, i+7 stapled peptides by modulating the product ratio
through catalyst control. Perhaps a more straightforward
approach would be to remove the isomers altogether. This
would also obviate the need for olen geometry assignment
which is oen not trivial.

Despite demonstrated successes of sequential macro-
cyclisation and hydrogenation, from the seminal work of
Blackwell and Grubbs to on-resin strategies proposed by
Schafmeister and Whelan,20,21,63 a structure search of the liter-
ature revealed a single incident of an i, i+7 stapled peptide
bearing a saturated hydrocarbon bridge.64 Moreover, the staple
was introduced into the peptide sequence as a pre-assembled
diaminodiacid building block and not formed by intra-
molecular cyclisation of 2 alkenyl groups.

Intrigued by an apparent underutilisation of the two-step
metathesis/reduction protocol, we subjected resin-bound (E)-
sMTide-02 to a transfer hydrogenation and probed the robust-
ness of the literature conditions. We favoured the method out-
lined by Schafmeister et al.21 as the experiment could be
conducted on-resin using standard laboratory techniques,
without the requirement for sealed tubes or pressure
Transfer hydrogenation
conditions

Conversiona (%)

T ¼ 2 h T ¼ 4 h T ¼ o/n

TPSH,c pip., NMP, 60 �C 17 29 39
NaBH4, MeOH, rt 0 0 6
NaBH4,

c MeOH, rt 0 0 11
Bu4NBH4,

c MeOH, rt 1 12 42
Bu4NBH4,

c MeOH, 50 �C 16 40 45
Et3SiH,c rt 0 0 23
PhSiH3,

c rt 1 1 1
Ph2SiH2,

c rt 0 0 0
PMHS,c rt 3 6 11
Et3SiH,c 50 �C 13 45 82
Et3SiH,c 50 �C 44 59 84
Et3SiH,c 50 �C 16 31 75
Et3SiH,c 50 �C 19 57 78
TPSH,c pip., NMP, 60 �C N/A N/A 45
Et3SiH,c 50 �C N/A N/A 76
TPSH,c pip., NMP, 60 �C N/A N/A 39
Et3SiH,c 50 �C N/A N/A 90

by reverse phase HPLC. b Solvent exchange required. c Aer each HPLC
ure.
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equipment. Accordingly, resin-bound, side-chain protected
stapled sMTide-02 (synthesised using the optimum conditions
from the previous catalyst study) was pre-swelled in NMP then
treated with 2,4,6-triisopropylbenzenesulfonyl hydrazide (TPSH)
and piperidine at 60 �C for 2 hours, resulting in the formation of
a more hydrophobic species. Despite iterative treatments with
fresh reagents, the reaction only proceeded to 39% conversion
(entry 1, Table 3). Nevertheless, the reaction mixture was sub-
jected to reverse-phase purication and sufficient material was
attained for bioactivity validation. To our surprise, further
improvement in cellular potency was achieved with the satu-
rated form of sMTide-02 (Fig. 3), prompting us to explore
whether the hydrogenation effect is applicable to other peptides.
Synthesis of saturated stapled peptides via a one-pot
metathesis/transfer hydrogenation

In light of the experimental ndings that saturated stapled
peptides may have advantages over the corresponding unsatu-
rated forms, there appears to be an unmet need for an efficient
method for their preparation. NHC-containing ruthenium
complexes are known to be viable pre-catalysts for the direct
and transfer hydrogenation of alkenes, however these systems
are generally limited to polarised C]C bonds.65 More recently,
a tandem metathesis/hydrogenation reaction was published by
Connolly et al. in which the use of ruthenium metathesis
Fig. 3 Titration of sMTide-02 analogues onto T22 p53 reporter cells in
the presence of 2% serum.

Fig. 4 Representative MD trajectory structures of sMTide-02 analogues a
assumed to be similar between the peptides and therefore omitted from

6462 | Chem. Sci., 2019, 10, 6457–6466
catalysts in conjunction with sodium borohydride led to the
hydrogenation of unactivated alkenes.66 Besides the broad
reactant scope, the reaction could be carried out in a single pot
at ambient temperature. In an attempt to expand the utility of
the method, the described solution-phase conditions were
carried out on resin.

Following 2 metathesis cycles using catalyst 2 at 50 �C,
sodium borohydride (2 equivalents) and MeOH (1/20 volume)
were added to the same reaction pot (entry 2, Table 3). The
reduction of stapled sMTide-02 was monitored by periodic
HPLC/MS analysis. Aer overnight reaction, only trace amounts
of the desired product could be detected. Addition of excess
reagents (entry 3) had no effect on product conversion whereas
use of the more soluble tetrabutylammonium borohydride
(entry 4) afforded the alkane product in an improved 42% yield.
Increasing the reaction temperature to 50 �C resulted in faster
conversion rates but the reaction had plateaued at �40–45%
conversion (entry 5).

The mechanism of the transfer hydrogenation likely
proceeds via a metal–dihydride species, with sodium borohy-
dride acting as the hydride donor.66 Considering that organo-
silanes are widely employed in SPPS as the reductant in
palladium-mediated deallylations, we decided to substitute
silanes for tetrabutylammonium borohydride. Our search of
the literature revealed precedence for the use of triethylsilane
in solid-supported, sequential metathesis/hydrogenation.67,68

The microwave irradiation conditions described by Mata and
co-workers were optimised for a,b-unsaturated ester substrates
whereas Jida et al. focused on peptides with allylic ethers. To
the best of our knowledge, concomitant metathesis/
hydrogenation of internal, unactivated alkenes has not been
attempted.

Unlike the borohydride conditions where methanol was added
to solubilise the reducing agent, organosilanes can be introduced
neat. Evaluation of various silanes revealed triethylsilane to be the
optimum reductant (entry 6, Table 3). Use of phenylsilane,
diphenylsilane or polymeric PMHS in conjunction with catalyst 2
provided low yielding products (entries 7–9). With all else being
equal, increasing the reaction temperature of triethylsilane
reduction to 50 �C drastically increased product conversion from
nd their calculated average binding free energies. Entropy change was
the calculations.

This journal is © The Royal Society of Chemistry 2019
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23 to 82% (entry 10). To our delight, other common ruthenium
metathesis catalysts also demonstrated compatibility with the
one-pot metathesis/hydrogenation set up (entries 11–13).

Having identied suitable conditions for the on-resin
hydrogenation of sMTide-02, we also examined the utility of
the one-pot protocol using stapled VIP116 and ATSP-7041. Both
peptides were rst subjected to conventional TPSH conditions
(entries 14 and 16, Table 3). Again, the reaction had plateaued at
�40%. Under our optimised conditions, hydrogenated VIP116
and ATSP-7041 were obtained in 76 and 90% yield, respectively
(entries 15 and 17).
Fig. 5 (A) p53 accumulation in mouse spleen tissues after treatment with
allograft tumours after treatment with VIP116 analogues or controls. Each
2–4). Scale bars represent 50 mm. Immunostaining quantification was pe

This journal is © The Royal Society of Chemistry 2019
The peptides, along with reduced VIP82 and VIP115, were
subjected to the same biological assays as their unsaturated
counterparts (Table 1, entries 12–15). Higher kd values were
observed, but their diminished binding to Mdm2 did not lead to
an attenuation in their ability to reactivate p53. In all cases, the
reduced analogues exhibited similar % helicity, LDH50 values and
were no less active than the corresponding alkenyl derivatives.

For each peptide trio tested, the reduced form consistently
displayed the highest kd value whereas the late-isomer the lowest.
In an attempt to understand the structural basis for these binding
results, molecular dynamics (MD) simulations of sMTide-02-
VIP116 analogues or controls. (B) p53 accumulation in mouse B16-F10
image is representative of 5 different images taken of each sample (n¼
rformed using inverted images in ImageJ.70
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Mdm2 complexes were performed. The shortest peptide sMTide-
02 was chosen to minimise variations in energies due to transient
interactions of the exible peptide regions with Mdm2. The
calculated average binding free energies of the isomers were in
qualitative agreement with the experimental binding affinity
trend (Fig. 4), however the differences were not signicant enough
for any conclusive structure–activity relationship to be drawn.
Staple effects are more prominent in animal models

Thus far, we have relied on cellular assays to evaluate the p53
activation efficiency of stapled peptide analogues. By tran-
sitioning to animal models, we wished to further validate these
ndings. Animal studies were conducted using (E)-ATSP-7041
(progenitor of the rst stapled peptide in clinical trials, the
structure of which was determined using the published X-ray
data69) as the positive control. The solubility of the representa-
tive stapled peptides (sMTide-02, VIP116 and ATSP-7041) was
assessed by the addition of Hanks' balanced salt solution
(HBSS) to peptide solutions in DMSO. All isomers of ATSP-7041
could be dissolved easily. The other stapled peptides immedi-
ately precipitated out from solution but upon standing at room
temperature with occasional trituration, VIP116 became solu-
bilised in HBSS buffer aer 2–3 hours. Hence VIP116 analogues
were assessed in the pharmacodynamics study, with 2% DMSO
in HBSS buffer as the vehicle control.

C57BL/6 mice bearing allogra tumour (B16F10 melanoma
cells) were administered with the controls or VIP116 peptides
(40 mg kg�1) via intraperitoneal injection. 6 hours post injec-
tion, spleen and tumour tissues were harvested and p53 stabi-
lisation was detected by immunohistochemistry (IHC) staining
(Fig. 5). In the absence of peptide, negligible amount of brown
staining was detected in the spleen and a small percentage of
positive cell population was observed in tumour tissues.
Compared to the vehicle control, mice treated with (E)-ATSP-
7041 and early-VIP116 showed increased p53 expression levels
and p53 positive cell population in both spleen and tumour
tissues. Late-VIP116 and reduced-VIP116 led to even stronger
p53 immunopositive staining. Overall, the allogras results
were in good agreement with the spleen samples.

Differences between the in vitro and in vivo data could be
observed however. For instance, the p53Act values of (E)-ATSP-
7041 and late-VIP116 were roughly the same and about 1.8-
fold higher than that of early- and reduced-VIP116, but in the
allogra tumour model, reduced-VIP116 was found to be as
active as late-VIP116 and 4-fold more efficient in reactivating
p53 than (E)-ATSP-7041 and early-VIP116. These results cannot
be easily explained without further investigation, but are likely
due to pharmacokinetics and bioavailability reasons. This also
highlights the danger of eliminating compounds based solely
on in vitro binding data and the need to develop more predictive
tools for cellular uptake and stability for peptide macrocycles.
Conclusions

We hypothesised that changes in the atomic arrangement of the
cross-link of p53-reactivating stapled peptides would have an
6464 | Chem. Sci., 2019, 10, 6457–6466
impact on binding since the hot spot residues resided on one
helical face and the chemical brace was oriented towards the
protein. Differences in biophysical and biological properties
were especially apparent between the E/Z-isomers of sMTide-02
and VIP116. We reasoned the late isomer, with improved
cellular activity, would be a better candidate to take forward for
development. Thus we systematically screened metathesis
conditions and found that the use of NHC-containing ruthe-
nium catalysts favoured the formation of the desired, more
hydrophobic i, i+7 stapled peptide isomer. Notably, isomer
differences in VIP116 had a marked effect in animal
experiments.

We further established a one-pot metathesis/reduction
protocol to generate the corresponding hydrogenated
peptides. Introduction of triethylsilane to the metathesis
mixture effectively redirected the active ruthenium species to
catalyse the hydrogenation of internal, unactivated olens.
Such chemical modications obviate the oen non-trivial tasks
of stapled peptide isolation in a xed ratio or isomer charac-
terisations and might offer a more economical manufacturing
route. Despite being the weakest binders, the reduced peptides
induced comparable p53 activity to their olen counterparts in
the cellular assays. Again, enhancement in p53 activity was
observed in mice for the VIP116 analogue. These observations
could not be explained by differences in a-helical content but
may be a result of favourable membrane translocation due to
increased hydrophobicity,71 enhanced endosomal escape and/
or p53 activation through binding to Mdmx.

Preliminary results provide sufficient evidence to warrant
further investigation of the therapeutic use of sMTide-02 and
VIP116 templates which are actively being explored in our
laboratory. Our ndings also highlight the importance of
identifying the impact of E/Z isomer and saturated analogues of
all-hydrocarbon stapled peptides. Although this work focused
solely on i, i+7 Mdm2-binding stapled peptides, the chemical
strategies presented herein for the modulation of E/Z-ratio and
one-pot metathesis/reduction are expected to be amenable to
other stapled peptides and should be considered for other
pathways modulated by a-helical stapled peptides.
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