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Synthesis and Conformational Studies of a Stable
Peptidomimetic B-Hairpin Based on a Bifunctional
Diketopiperazine Turn Inducer.

Leila Vahdati,“” Roberto Fanelli,” Guillaume Bernadat,’® Isabel Correia,® Olivier
Lequin,® Sandrine Ongeri,*b and Umberto Piarulli**

The design, synthesis and conformational studies of a new B-hairpin mimic, 2, are described in
this paper. The design towards hairpin 2 is based on the assembly of the bifunctional DKP-1 as
a B-turn inducer, a peptidomimetic strand, namely 5-amino-2-methoxybenzhydrazide, to
stabilize the formation of B-sheets, and finally a tetrapeptide sequence, GV VI, containing the
hydrophobic residues Val, Ile and Gly. The synthesis of hairpin 2 was performed in solution
while the formation of the B-hairpin in protic solvents was proven by NMR investigations ("H
and "*C chemical shifts, vicinal coupling constants and ROEs) and corroborated by
computational studies (Monte-Carlo conformational search, molecular dynamics and DFT

calculations).

Introduction

In the field of peptidomimetic foldamers, much effort has been
focused on the design and synthesis of conformationally
constrained compounds that mimic or induce specific
secondary structural features of peptides and proteins.! In fact,
short linear peptides are inherently flexible molecules,
especially in aqueous solution, and as such are often poor
mimics of the secondary structures (turns, a-helices, B-sheets)
found on the surfaces of folded proteins. In particular, B-sheets
are ubiquitous in protein tertiary and quaternary structure, and
are involved in protein dimerization and oligomerization,
protein—protein and peptide

aggregation.” The formation of peptide and protein aggregates

interaction, and protein
through the interaction of [B-sheets has increasingly drawn
attention since it occurs in many widespread human diseases,
such as AIDS, cancer, Alzheimer’s disease, prion diseases, and
other amyloid-related diseases. In the case of amyloid-related
diseases, the protein aggregation process involves a secondary
structure  transition B-sheet
conformation, leading to cross B—sheet structure formation with
B-strands perpendicular to the long fibril axis.®> PB-Strands
interact through edge-to-edge hydrogen bonding to form
extended layers and through face-to-face hydrophobic or van
der Waals interactions to form layered sandwich-like
structures.® Besides backbone hydrogen bonding, side chains
from adjacent layers can form hydrophobic contacts or
knob-hole interactions.

from unordered/a-helix to

Several approaches have been used to inhibit the aggregation of
proteins, either by stabilizing native conformations or by

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013

preventing B-strand intermolecular interactions using [-sheet
binders.’ Natural and synthetic B-hairpins,® and more recently
macrocyclic B-sheet mimic structures,” have been designed and
used as B-sheet binders and inhibitors of aggregation. In these
structures, two peptide sequences or one peptide and one
peptidomimetic are held together in a suitable position to form
two interacting P-strands by the use of a reverse-turn mimic
where the peptide chain folds back upon itself, or forcing them
into cyclic derivatives. One of the two strands is normally
composed of amino acid residues important for stabilizing
intra- and intermolecular interactions involved in aggregation
and amyloid formation.

Recently, some of us reported a bifunctional diketopiperazine
(DKP) scaffold 1 (Figure 1) derived from L-aspartic acid and
(S)-2,3-diaminopropionic  acid, bearing the amino and
carboxylic acid functionalities in a cis relationship.® As such,
this derivative can be seen as B-turn mimic and promoter of
antiparallel B-sheets.

COOH
(33-amino acid
H. o)
N
o N__Ph
p2-amino acid
NHBoc
1)

Figure 1 Structure of the bifunctional diketopiperazine scaffold 1 (DKP-1)
highlighting the conformationally constrained BZ—B3 dipeptide sequence
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DKP-1 was introduced into peptidic sequences and their
conformation investigated by NMR and computational studies
revealing the formation of B-hairpin mimics involving 10-
membered H-bonded rings and a reverse turn of the growing
peptide chain.® The same conformation was observed in
oligomers of DKP-1, mimicking B-bend-ribbon structures.’

In this paper we report the synthesis and the conformational
studies of the acyclic B-hairpin mimic 2, where DKP-1 is linked
to a peptidomimetic and a tetrapeptidic arm.

Results and Discussion

Our design towards a stable hairpin 2 (Figure 2), which could
interact and eventually act as a B-sheet binder and aggregation
inhibitor, involved assembling the bifunctional DKP-1
mentioned above, a peptidomimetic strand to stabilize the
formation of B-sheets and finally a suitable peptide sequence
for binding to the aggregating protein. Although DKP-1 is able
to stabilize hairpin structures when introduced between two
peptide sequences,® the choice to substitute one of the peptide
sequences by a peptidomimetic strand was aimed at increasing
the resistance to proteolysis of the molecule vis a vis of its
potential use in biological assays as proyein aggregation
inhibitor. As peptidomimetic strand, we decided to incorporate
into our sequence 5-amino-2-methoxybenzhydrazide, which is
a part of the B-strand mimic (“Hao” unit) reported by Nowick
and co-workers.” The introduction of  5-amino-2-
methoxybenzhydrazide into B-strand mimics was shown, by
some of us, to be extremely effective in the formation of
intermolecular [B-sheets with the terminal parts of HIV-1
proteases and in the inhibition of their dimerization, as well as
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to increase the proteolytic stability with respect to proteases.''

Finally, as for the peptide sequence, four residues were
introduced, chosen from the classical hydrophobic residues
(Val, Ile, Gly) encountered in natural B-sheet structures, and in
particular in the hydrophobic sequences playing a crucial role

in promoting and stabilizing the protein aggregation.'?

Peptidomimetic strand
(¢}

MeO
Lo 0
NEQLH,N HJ\CHs
0° o
HN
o N-gn \_) o N o
L I
ISPeS

B-Turn
mimic
IVVG tetrapeptide strand
Figure 2. Structure of p-hairpin mimic 2, highlighting the peptidic,

peptidomimetic and B-turn mimic components.

Synthesis

The synthesis of hairpin 2 was conveniently realized according
to Scheme 1. Boc-5-acetamido-2-methoxy benzhydrazide 3 was
prepared according to a published procedure.Errore. Il
segnalibro non & definito." Treatment of 3 with TFA and
coupling to Boc-Val-OH afforded the peptidomimetic strand 4
in good yield.

0 0
N N_ cH
\/ N \N 3
H H H T
o o)

o) o)
HC. N NHBoc HsC N N : o
3 - 3! ~ H
N ~ MeO
IACREE RS R S G Sy
OMe @ OMe b N__Ph
3 4 NHBoc 5
o) o) o) o)
N N_ _cH N N_ cH
~ 3 ~ 3
N N N N
N N hig N N g
H o O o] o] o]
>N MeO H. 0 MeO
—_— N
c N Ph — C)
o) ~ v = 9 N Ph CF3C00
6; X = lle-Boc ~~ 3
&L\[ 4 7 X=llevalB ° 0 T
NH-X ; X = lle-Val-Boc E

8; X = lle-Val-Val-Boc

9; X = lle-Val-Val-Gly-Boc

Scheme 1. Synthesis of hairpin 2. (a) TFA, CH,Cl,, 0 °C, 2h; Boc-Val-OH, HBTU, HOBt, DIPEA, DMF, room temperature, 24h; (b) TFA, CH,Cl,, 0 °C, 2h; 1, DMTMM(BF,),
NMM, DMF, 0 °C to room temperature, overnight; (c) TFA, CH,Cl,, 0 °C, 1h; HATU, HOAt, DIPEA, Boc-lle-OH, DMF, 0 °C to room temperature, overnight; (d) TFA,
CH,Cl,, 0 °C, 1h; HATU, HOAt, DIPEA, Boc-Val-OH, DMF, 0 °C to room temperature, overnight; (e) TFA, CH,Cl,, 0 °C, 1h, HATU, HOAt, DIPEA, Boc-Val-OH, DMF, 0 °C to
room temperature, overnight; (f) TFA, CH,Cl,, 0 °C, 1h, HATU, HOAt, DIPEA, Boc-Gly-OH, DMF, 0 °C to room temperature, overnight; (g) TFA, CH,Cl,, 0 °C, overnight.
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After Boc deprotection, the peptidomimetic strand was ready
for chain elongation with the cis-DKP-1 hairpin mimic,
prepared according to a procedure developed in our
laboratories.® Unfortunately the coupling reaction between the
scaffold DKP-1 and the peptidomimetic strand provided
compounds 5 in a poor yield (< 20%) using the common
coupling reagents for sterically hindered systems, such as
HATU and HOAt. An investigation of alternative coupling
HOBtEDC.HC1 or 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
[DMTMM(C])] both in DMF and DCM afforded the desired

compound in a somewhat erratic way, and in low yield (34 and

agents was then undertaken:

25%, respectively). On the other hand, cyanuric chloride with
N-methylmorpholine or DIPEA'® as a base did not lead to the
formation of the compound.'* Satisfactory results were obtained
with the triazine-based reagent DMTMM(BF,) in the presence
of N-methylmorpholine in DMF," which was successfully used
for the coupling of natural and unnatural sterically hindered
amino acids and for fragment condensation. In this way, the
coupling product 5§ was obtained in a 45% yield.

The construction of the lower peptidic arm was then performed
via solution peptide synthesis using Boc protected amino acids.
In each coupling step, the Boc protected amino acid was
introduced using HATU and HOAt in DMF, leading to the
formation of the expected compound in high yields.

NMR Conformational analysis

As we anticipated in the introduction, diketopiperazine scaffold
1 can be seen as a conformationally constrained dipeptide
formed by a B and a B*-amino acid (see Figure 1). Extensive
investigation on B-peptides indicated that these are able to
adopt stable secondary structures such as helices and sheets.'®
In particular, the stabilization of B-peptide-hairpins sequences
was shown to occur in oligo-B-peptides containing the dipeptide
sequence formed by a p*-amino acid (C2-substituted) followed
by a p-amino acid (C3-substituted).!” The intramolecular
hydrogen bonding pattern involves the formation of a 10-
membered H-bonded ring between the C=O of the B*-amino
acid and the NH of the p*amino acid. The same structural
feature was observed when DKP-1 was introduced in short
peptide sequences (e.g. Val-Ala-DKP-1-Val-Ala)® or in
foldamers composed of repeating units of DKP-1.° In the case
of compound 2, the use of a longer peptide sequence on one
arm and of a fB-strand peptidomimetic, which was reported to
act mainly in constrained cyclic structure, did not grant the
formation of a stable hairpin.

The conformation of 2 was analysed in a protic solvent, which
is more challenging for intramolecular hydrogen bond
formation in comparison with aprotic organic solvents such as

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013

chloroform. Unfortunately, 2 turned out to be poorly soluble in
aqueous solution but could be solubilised in methanol at
millimolar concentrations.

Complete 'H and '*C resonance assignments were obtained
from the analysis of 2D 'H-'"H TOCSY and ROESY, and 2D
'H-13¢C HSQC and HMBC experiments (Table 1). Most
experiments were recorded at 298 K as the 'H spectra exhibited
good chemical shift dispersion at this temperature. However the
hydrazide proton NH, showed a broad signal and NH. was
broadened beyond detection. Cooling the sample down to
270 K gave rise to peak sharpening of hydrazide protons and in
particular the NH, proton could be observed. Notably, weak
additional resonances could be detected on the spectra,
corresponding to a second set of chemical shifts. This minor
species, representing less than 5%, turns out to be in
equilibrium with the major form, as exchange peaks were
observed on 2D ROESY spectra between the NH protons of
two forms. The origin of this exchange phenomenon was not
characterized but could be due to a rotation of 180° about the
Ar-NH or Ar-CO bonds, occurring in slow exchange on the 'H
NMR time scale.

The conformational analysis of 2 was based on 'H and '*C
chemical shifts, vicinal coupling constants and ROEs. The 'Ho
and "“Co chemical shift deviations (CSD), defined as the
shifts
corresponding random coil values, are good descriptors of
backbone conformational space for each residue.'® All Val and

differences between experimental chemical and

Ile residues are characterized by downfield shifted Ho protons
(positive CSD values between +0.21 and +0.78 ppm) and
upfield shifted Co carbons (negative CSD values between —4.4
-2.5 ppm), indicating that extended conformations
predominate (Table 2).

and

Table 2. Chemical shift deviations (CSD) of aliphatic residues of 2 in
methanol

Residue NH (ppm) Ha (ppm) Co (ppm)
Val® 041 043 -2.5
Val® 0.66 0.21 -2.5
Ile* 0.55 0.49 2.6
Val’ 0.55 0.78 —4.4

The vicinal *Jynna coupling constant also yields direct
information on the main chain ¢ dihedral angle, through the
Karplus relationship. The coupling constants of the four
aliphatic residues (Table 3) exhibit large values (8.8-9.4 Hz
range), reflecting ¢ angle values around —120°, as expected for
B-strand conformations.

New J. Chem., 2013, 37, 1-3 | 3
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Table 1. 'H NMR and C-NMR chemical shifts of 2 (1.4 mM) in CD;OH at 298 K

Val’ Hyd Amb Hs
H Hp
N _N )j\
Asp® : N N~ “CHs
H He Ha
o 0 O He
HN
Ph
o N \) Vo
H G B
N NH
N \I(\N/U\/ 2
5 H
Dapa (¢]
lie* Val®  va?  Gly'
Residue O NH SH® SHP d Other protons (ppm) 5 CO 5cC* 5CP 8 Other carbons (ppm)
(ppm) (ppm) _ (ppm) (ppm)  (ppm)  (ppm)
Gly' 3.78 - 167.6 42.1 - -
Val® 8.36 4.59 2.13 vy CH; 0.87,0.89 173.1 59.7 32.5 vCH; 19.7, 18.0
Val® 8.60 4.37 1.91 vy CH; 0.85, 0.84 173.4 59.7 329 vy CH3 19.0, 195
Ile* 8.52 4.72 1.78 vCH, 1.55, 1.11; y CH; 0.89; 174.0 58.5 38.3 v CH; 26.0; y CH; 16.2; 8 CH;
CH; 0.86 11.6
Dapa’ 8.67 4.09 3.85, CH, 5.39, 3.98; Bn ~ (7.34, 7.33, 166.9 57.6 40.1 CH,47.6; Bn 129.8, 129.1,
3.76 7.31) 129.0, 136.5
Asp® 8.44 4.40 3.30, - 168.3 52.8 37.8 YCO 171.1
2.86
Val’ 8.51 4.94 2.05 vy CH; 1.01, 1.00 169.3 57.8 329 YCH; 194,194
NH,.-NH, 11.59%, - -
10.83
Amb 9.82 H; 7.18; Hy4 7.88; He 8.22; OCH3 162.8 C;120.2; C, 155.2; C5 113.5;
(Ha) 4.03 C4127.0; C5 133.9; Co 124.2;
OCHj; 57.1
Acetyl CH;2.13 171.5 CH; 23.9
* Observed at 270.4 K only
Finally, the analysis of Ho-HN ROE correlations (Fig. 3)
reveals strong sequential and medium intraresidual Ho-HN
ROEs, which is characteristic of extended backbone
o conformations. Evidence for the formation of a B-hairpin came
Asp® HH%]\% j J\CH from the observation of numerous long-range ROEs between
= H fil 8 the two P-strands. Indeed, 11 interstrand ROEs could be
) detected, involving both backbone and sidechain protons (Fig.
: /\_/ 3). The set of ROEs indicates that Tle* and Val’ residues face
",:,l‘;]")\ NH, together and that Val* makes contacts with the aromatic ring.
I 3 A weak ROE observed between the hydrazide proton NH, and
4 Val® amide proton further supports the formation of an
lle Val? Gly? . . . .
Val® y antiparallel B-sheet, the anomalously low intensity being due to

Figure 3. Chemical structure of 2 showing the assigned ROEs. ROE cross-peaks
were integrated to extract interproton distances and were grouped into three
classes: black plain arrows, distances below 2.8 A; grey plain arrows, distances
between 2.8 and 3.8 A; dashed arrows, distances above 3.8 A. Residue
abbreviations: Amb, 5-amino-2-methoxybenzoyl; Dapa = 2,3-diaminopropionic
acid; Hyd, hydrazide.

the short transverse relaxation time of NH, proton.

A close inspection of ROE-derived distances revealed the
existence of preferred conformers of hydrazide/amide bonds on
either side of the aromatic unit. The distances between NH, and
H,, Hg protons are consistent with the preferred orientation of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013

the acetamido group depicted in Fig. 3. Furthermore, the ROE
between hydrazide NH, proton and methoxy protons supports

New J. Chem., 2013, 37, 1-3 | 4
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the formation of a hydrogen bond between the two groups (Fig.
3). Finally, the long-range ROE between the aromatic Hg
proton and the Gly' Ha protons is not expected in a regular B-
sheet and can be ascribed to fraying at the N-terminus of the -
strand.

We next examined the temperature dependence of amide proton
chemical shifts as it can provide information on the network of
hydrogen bonds and their relative stabilities (Table 3).

Table 3. Temperature coefficients and coupling constants for NH protons of
2 in methanol

Residue AS/AT (ppb/K) J (0.3 Hz)
Val® -6.5 8.8
val® -6.0 9.2
Ile* 94 9.4
Dapa’ -4.2 3.8
Asp® -8.2 <2
val’ -8.2 9.4
NH, n.d. bs*
NH, -45 bs*
NH. 5.4 bs*

* bs (broad signal)

New Journal of Chemistry

ARTICLE

lifetime of key hydrogen bonds, see Figure 4) exhibited rather
good stability.
Delightfully,

observed several times over the course of the dynamics, with

completely extended conformations were
coexistence of the 4 key hydrogen bonds and formation of the
expected 10, 14, 10 and 14-membered pseudorings (Figure 5).
The hydrogen bond network and the dihedral angles for the p?
and B*-aminoacids (6 = —62 and 61° respectively), indicate that
the hairpin geometry observed in 2 is in agreement with

previous examples of hairpins® and foldamers’ of DKP-1.

Amide protons that are engaged in intramolecular hydrogen
bonds typically exhibit small temperature dependence
(ASyn/AT > —4.5 ppb/K) in aqueous' and alcoholic solvents®
while those that are not intramolecularly hydrogen-bonded
usually exhibit largely negative values of their temperature
coefficients. The amide protons of Ile*, Asp® and Val’ exhibit
the strongest variations, as expected for solvent-exposed
groups. In contrast, the NH, and NH, protons near the aromatic
unit, together with the amide proton of Dapa’, have the smallest
variations. However these temperature coefficients tend to be
slightly higher than expected and that of Val® amide proton falls
within intermediate values. Altogether this analysis suggests a
partial engagement in intramolecular hydrogen bonds and is
indicative of an equilibrium between the major B-hairpin
conformation and minor open conformations.

Finally, we investigated whether the stabilization of the B-sheet
conformation could result from intermolecular association at
high concentration. The comparison of 1D 'H spectra recorded
at 1.4 mM and 80 uM concentrations does not show significant
changes in chemical shifts and linewidths, ruling out the
possibility of aggregation in the mM range.

Computational studies

Molecular modelling was employed in order to evaluate the
propensity of compound 2 to adopt a hairpin structure in water.
A Monte-Carlo conformational search using OPLS_2005
molecular mechanics force field with an implicit GBSA
solvation model®' yielded an initial hairpin-like geometry of
this molecule. Stability of this structure was further studied by
molecular dynamics and DFT calculations.

Although the open end of the molecule seemed to fluctuate (in
agreement with the conclusions from the NMR studies), the
overall hairpin structure of the compound (evaluated by the

This journal is © The Royal Society of Chemistry 2012
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Figure 4. Evolution of the number of key hydrogen bonds for the hairpin
structure over the molecular dynamics trajectory (1 us)

Average angle and distance values over the molecular dynamics
trajectory were found in good agreement with coupling
constants and ROE intensities measured (see supporting
information).

Figure 5. Hairpin structure of 2 observed during OPLS_2005/GBSA molecular
dynamics in water and refined at the B3LYP/6-31G* level.

A discrepancy existed between the average distance from H®
proton belonging to the 5-acetamido-2-methoxy
benzohydrazide moiety to H* in Val® residue and the strength of
the corresponding signal on the ROESY spectrum. However,
this result can be accounted for by the locally dynamic
character of the molecule, since 10% of the time, this distance

J. Name., 2012, 00, 1-3 | 5
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actually drops below 2.8 A. This study indicated that
extrapolation of major structural characteristics found by NMR
in methanol to aqueous conditions was a reasonably safe
assumption.

Conclusions

In summary, in this paper, the synthesis of a B-hairpin mimic,
based on the bifunctional diketopiperazine scaffold DKP-1 as
an efficient P-turn inducer, a peptidomimetic arm and a
tetrapeptide arm was described. The formation of a stable -
hairpin in protic solvents was proven by NMR investigations
and corroborated by computational studies. This work provides
a proof that DKP-1 is able to stabilize B-hairpins conformations
in acyclic structures notwithstanding the elongation of the arms
linked to the scaffold and the replacement of a peptidic arm by
a peptidomimetic arm. Pharmacomodulations of the peptidic
sequence and the peptidomimetic arm can be now envisaged in
order to design suitable B-hairpin mimics as inhibitors of
specific protein-protein interactions involving [3-sheet structures
such as those encountered in protein aggregation.

Experimental Section

Materials and methods.

All manipulations requiring anhydrous conditions were carried
out in flame-dried glassware, with magnetic stirring and under a
nitrogen atmosphere. All commercially available reagents were
used as received. Anhydrous solvents were purchased from
commercial sources and withdrawn from the container by
syringe, under a slight positive pressure of nitrogen. Reactions
were monitored by analytical thin layer chromatography using
0.25 mm pre-coated silica gel glass plates (DURASIL-25
UV254) and compounds visualized using UV fluorescence,
aqueous potassium permanganate or ninhydrin. Flash column
chromatography was performed according to the method of
Still and co-workers using Chromagel 60 ACC (40-63 pm)
silica gel. Melting points were obtained in an open capillary
apparatus and are uncorrected. Proton NMR spectra were
recorded on a spectrometer operating at 300 MHz or at 400.16
MHz. Proton chemical shifts are reported in ppm (8) with the
solvent reference relative to tetramethylsilane (TMS) employed
as the internal standard. The following abbreviations are used to
describe spin multiplicity: s = singlet, d = doublet, t = triplet, q
= quartet, m = multiplet, br = broad signal, dd = doublet of
doublet. Carbon NMR spectra were recorded on a spectrometer
operating at 75 MHz or at 100.63 MHz, with complete proton
decoupling. Carbon chemical shifts are reported in ppm (3)
relative to TMS with the respective solvent resonance as the
internal standard. Infrared spectra were recorded on a standard
FT-IR and peaks are reported in cm™'. Elemental analyses were
performed using a Perkin Elmer 2400 Series II CHNS/O
Analyzer. High resolution mass spectra (HRMS) were
performed on a hybrid quadrupole time of flight mass
spectrometer equipped with an ESI ion source.

6 | J. Name., 2012, 00, 1-3

Syntheses.

General procedure A for deprotection reactions:

To a solution of the N-Boc-protected amino acid or peptide in
CH,Cl, (0.13 M) was added a half volume of TFA and the
reaction was stirred at r.t. for 1-3 h. The solvent was
evaporated, toluene (2x) was added followed by evaporation,
and then ether was added and evaporated to afford the
corresponding TFA salt.

General procedure B for coupling reactions:

The N-protected amino or peptide acid (3 equiv) was dissolved
in DMF (0.1 M) under a nitrogen atmosphere and the solution
was cooled in an ice bath. HOAt (3 equiv), HATU (3 equiv)
and DIPEA (5 equiv) were then added. The solution was stirred
at 0 °C for 1 h and then the solution of the TFA salt in DMF
was added. The reaction was stirred at 0 °C for 30 minutes to 1
h and at r.t. overnight. Volatiles were removed under reduced
pressure and the residue was diluted with EtOAc, washed with
1M KHSO, (2x) or citric acid (10% solution), aqueous NaHCO;
(2x) and brine (1x), dried over Na,SO,, and the solvent was
evaporated under reduced pressure to afford the crude product.

General procedure C for coupling reactions:

DMTMM (BF,) (lequiv) and NMM (3 equiv) were added to a
solution of the N-protected amino acid in DMF (0.1 M), under a
nitrogen atmosphere and at 0 °C. After 30 min, a solution of the
TFA salt of the peptide in DMF was added and the reaction
mixture was stirred at 0 °C for 1 h and at r.t. overnight.
Volatiles were removed under reduced pressure and the residue
was diluted with EtOAc and consecutively washed with 1 M
KHSO, (2x) or citric acid (10% solution), aqueous NaHCO;
(2x) and brine (1x), dried over Na,SO, and the solvent
evaporated under reduced pressure to afford the crude product.

Compound 4:

Compound 3 (500 mg, 1.54 mmol) was deprotected according
to general procedure A. The corresponding trifluoroacetate salt
and Boc-Val (369.3 mg, 1.7 mmol, 1.1 equiv) were dissolved in
DMF (15 mL). DIPEA (3.4 mL, 19.25 mmol, 12.5 equiv),
HBTU (645 mg, 1.7 mmol, 1.1 equiv) and HOBt (229.7 mg, 1.7
mmol, 1.1 equiv) were successively added to the reaction flask.
The reaction mixture was stirred under argon at room
temperature for 24 h. Volatiles were then removed under
reduced pressure and the residue was dissolved in EtOAc (200
mL), and washed with 10 % aqueous citric acid (50 mL), and
K,COj; (50 mL, 10% w/w). The organic phase was dried over
Na,SO,, filtered and concentrated under reduced pressure. The
crude product was purified by flash chromatography on silica
gel (EtOAc/cyclohexane 80:20). Product 4 was obtained as a
white solid (453 mg, 69 %). Mp: 136-140 °C; 'H NMR (400
MHz, CDCl;) & 12.15 (d, 1H, J=7.0 Hz), 11.42 (d, 1H, J=7.0
Hz), 8.82 (s, 1H), 8.47 (d, 1H, J=7.0 Hz), 8.11 (s, 1H), 7.02 (d,
1H, J=7.0 Hz), 5.60 (d, 1H, J=8.7 Hz), 4.79 (m, 1H), 4.08 (s,

This journal is © The Royal Society of Chemistry 2012
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3H), 2.19 (s, 3H), 2.02 (m, 1H), 1.48 (s, 9H), 0.88 (m, 6H); °C
NMR (100 MHz, CDCl;) 6 169.0, 165.8, 158.2, 156.0, 153.6,
133.2, 125.9, 122.8, 117.8, 112.0, 79.6, 57.1, 56.6, 33.4, 28.5,
24.7, 17.9; IR ... 3314, 2969, 1712, 1658, 1492, 1245, 1168;
MS (ESI Positive) m/z 445 [M+23]".

Compound 5.

Compound 4 (0.056 mmol,
according to general procedure A. The TFA salt was then

1.1 equiv) was deprotected

coupled to DKP-1 20 mg, 0.051 mmol, 1 equiv) according to
general procedure C, affording 5 (16 mg, 45%) as a white solid
after purification by flash chromatography (CH,Cl,/CH;0OH:
96:4 to 95:5). Ry 0.36 (CH,Cl,/CH;OH: 94:6); '"H NMR (400
MHz, CD;0D) § 8.01 (d, J=2.5 Hz, 1H), 7.82 (dd, J=9.0, 2.5
Hz, 1H), 7.36-7.19 (m, 5H), 7.10 (d, J=9.0 Hz, 1H), 5.35 (d,
J=15.1 Hz, 1H), 4.60-4.45 (m, 1H), 4.39 (d, J=6.8 Hz, 1H),
4.14 (d, J=15.1 Hz, 1H), 3.94 (s, 3H), 3.85 (t, J=4.0 Hz, 1H),
3.77-3.54 (dd, J=16, 4 Hz , 2H), 3.07 (dd, J=14.6, 8.3 Hz, 1H),
2.80 (dd, J=14.6, 8.3 Hz, 1H), 2.27-2.22 (m, 1H), 2.10 (s, 3H),
1.45 (s, 9H), 1.06 (t, J=7.4 Hz, 6H); *C NMR (100 MHz,
CD;0D) & 172.2, 171.7, 171.5, 167.8, 165.8, 158.0, 155.6,
129.9, 129.2, 128.9, 126.8, 124.2, 113.3, 60.5, 58.9, 56.9, 53.9,
48.5, 42.3, 41.9, 31.4, 28.8, 23.6, 19.7, 18.6; IR .0 3283,
2927, 1646, 1541, 1494, 1465, 1250, 1165, 1020; ESI+ MS m/z
718.20 [M+23]*; Anal. Calcd for Cj3Hy4sN,O¢-1.5H20: C
56.49, H 6.71, N 13.57; found C 56.77, H 6.70, N 12.79.

Compound 6.

Compound 5 (0.172 mmol, 1 equiv) was deprotected according
to general procedure A. The resulting TFA salt was then
coupled to Boc-Ile-OH (0.26 mmol, 3 equiv) according to the
general procedure B affording 7 (54 mg, 78%) as a white solid
after purification by flash chromatography (CH,Cl,/CH;OH:
95:5). Rg: 0.2 (CH,CL,/CH;OH: 94:6); 'H NMR (400 MHz,
CD;0D) 6 7.98 (d, 1H, J=2.5 Hz), 7.83 (dd, 1H, J=9.0, 2.5 Hz),
7.46-7.25 (m, 5H), 7.11 (d, 1H, J=9.0 Hz), 5.35 (d, 1H, J=15.1
Hz), 4.54 (d, 1H, J=8.2 Hz), 4.42 (t, 1H, J=4.2 Hz), 4.28 (d, 1H,
J=7.9 Hz), 4.09-4.00 (m, 2H), 3.94 (s, 3H), 3.81 (dd, 2H, J=7.0,
4.1 Hz), 3.15 (dd, 1H, J=16.3, 4.2 Hz), 2.90 (dd, 1H, J=16.3,
4.2 Hz), 2.21-2.12 (m, 1H), 2.11 (s, 3H), 1.78-1.70 (m, 1H),
1.58-1.49 (m, 1H), 1.37 (s, 9H), 1.12 (d, 3H, J=6.8 Hz), 1.06 (d,
3H, J=6.8 Hz), 0.92-0.88 (m, 6H); "C NMR (100 MHz,
CD;0D) § 174.9, 172.1, 171.5, 171.4, 168.2, 167.3, 166.2,
157.8, 155.6, 136.8, 133.4, 129.9, 129.2, 129.0, 126.8, 124.3,
121.3, 113.3, 80.7, 60.1, 58.7, 58.4, 56.8, 53.2, 40.7, 39.1, 38.8,
32.0, 28.7, 25.9, 23.5, 19.6, 19.1, 16.2, 11.6; IR ,,..: 3282,
2958, 2931, 1652, 1534, 1493, 1247, 1159, 737; HRMS Calc
for C4oHs6NgO o [M+Na]™ (831.4017): found 831.4019

Compound 7.

Compound 6 (0.056 mmol, 1 equiv) was deprotected according
to general procedure A. The resulting TFA salt was coupled to
Boc-Val (0.17 mmol, 3 equiv) according to the general
procedure B affording 8 (42 mg, 83%) as a white solid after
purification by flash chromatography (CH,Cl,/CH;0H: 95:5).
Rf: 0.15 (CH,Cl,/CH;OH: 94:6); Mp 182-185 °C; 'H NMR
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(400 MHz, CD;0D) & 8.05 (d, J=2.5 Hz, 1H), 7.89 (dd, J=9.0,
2.5 Hz, 1H), 7.38-7.26 (m, 5H), 7.14 (d, J=9.0 Hz, 1H), 5.39 (d,
J=15.1 Hz, 1H), 4.90 (d, J=8.5 Hz, 1H), 4.68 (d, J=9.0 Hz, 1H),
4.39 (t, J=4.2 Hz, 1H), 4.08-4.05 (m, 1H), 4.03-3.96 (m, 4H
(CH; + 1H)), 3.87 (dd, J=19.2, 6.4 Hz, 2H), 3.76-3.72 (m, 1H),
3.25 (dd, J=16.8, 4.7 Hz 1H), 2.87 (dd, J=16.8, 4.7 Hz, 1H),
2.11 (s, 3H), 2.09-2.04 (m, 1H),, 1.99-1.94 (m, 1H), 1.83-1.77
(m, 1H), 1.64-1.57 (m, 1H), 1.37 (s, 9H), 1.20-1.11 (m, 1H),
1.06-1.01 (m, 6H), 0.93-0.86 (m, 12H); *C NMR (100 MHz,
CD;OD) & 174.6, 174.2, 171.6, 171.1, 170.4, 168.4, 167.0,
164.2, 158.3, 155.6, 136.7, 133.7, 130.0, 129.2, 129.1, 127.0,
124.4, 120.9, 113.4, 80.4, 61.6, 58.7, 58.0, 57.8, 57.0, 53.1,
47.7, 40.3, 38.3, 38.2, 32.8, 31.8, 28.7, 28.0, 26.1, 23.6, 19.9,
19.7, 19.3, 18.8, 16.2, 11.5; IR .. 3314, 2946, 2833, 1653,
1541, 1495, 1249, 1165, 1025; HRMS Calc for C45HgsNoNaO
[M+Na]" (930.4701): found 930.4697

Compound 8.

Compound 7 (0.028 mmol, 1 equiv) was deprotected according
to general procedure A. The resulting TFA salt was coupled to
Boc-Val (0.11 mmol, 3 equiv) according to the general
procedure B affording 8 (21 mg, 74%) as a white solid after
purification by flash chromatography (CH,Cl,/CH;O0H: 95:5).
Ry 0.2 (CH,Cl,/CH;OH: 94:6); "H NMR (400 MHz, CD;0D) &
8.10 (d, J=2.5 Hz, 1H), 8.02 (dd, J=9.1, 2.5 Hz, 1H), 7.36-7.28
(m, 5H), 7.16 (d, J=9.1 Hz, 1H), 5.41 (d, J=15.2 Hz, 1H), 4.98
(d, J=8.5 Hz, 1H), 4.76-4.71 (m, 1H), 4.39-4.42 (m, 2H), 4.13
(d, J=6.2 Hz, 1H), 4.08 (d, J=4.4 Hz, 1H), 4.03-3.97 (m, 4H),
3.92-3.88 (m, 1H), 3.77-3.69 (m, 2H), 3.30-3.28 (m, 1H), 2.88
(dd, J=17.2, 4.6 Hz, 1H), 2.11 (s, 3H), 2.08-2.01 (m, 2H), 1.99-
1.92 (m, 1H), 1.83-1.76 (m, 1H), 1.59-1.52 (m, 1H), 1.41 (s,
9H), 1.15-1.07 (m, 1H), 1.02-0.98 (m, 6H), 0.93-0.83 (m, 18H);
3C NMR (100 MHz, CD;0D) § 174.2, 174.0, 173.5, 171.5,
171.1, 169.1, 168.4, 167.0, 162.5, 158.0, 155.5, 136.6, 133.8,
130.0, 129.2, 129.0, 127.2, 124.5, 124.4, 120.2, 113.5, 804,
61.1, 59.7, 58.6, 57.7, 57.2, 55.9, 52.9, 47.5, 43.8, 40.2, 38.3,
37.9, 33.0, 32.5, 31.9, 28.7, 26.2, 23.7, 19.9, 19.8, 19.6, 19.3,
19.0, 18.3, 17.3, 16.2, 13.1, 11.6; IR .0 3629, 1653, 1541,
779, 653; HRMS Calc for CsoH7yN;(NaO,, [M+Na]+
(1029.5385): found 1029.5381.

Compound 9.

Compound 8 (0.028 mmol, 1 equiv) was deprotected according
to general procedure A. The resulting TFA salt was coupled to
Boc-Gly (0.11 mmol, 3 equiv) according to the general
procedure B affording 9 (23 mg, 77%) as a light yellow solid
after purification by flash chromatography (CH,Cl,/CH;OH:
96:4 to 93:7). R 0.2 (CH,ClL/CH;OH: 94:6); '"H NMR (400
MHz, CD;0D) $ 8.29-8.24 (m, 2H), 7.35-7.28 (m, 5H), 7.17 (d,
J=9.1 Hz, 1H), 5.36 (d, J=15.2 Hz, 1H), 5.01 (d, J=8.9 Hz, 1H),
4.57 (d, J=7.3 Hz, 1H), 4.44-4.37 (m, 1H), 4.12 (d, J=4.1 Hz,
1H), 4.07-4.02 (m, 4H), 3.97-3.84 (m, 3H), 3.81-3.69 (m, 3H),
3.36-3.32 (m, 1H), 2.88 (dd, J=17.0, 4.1 Hz, 1H), 2.20 (s, 3H),
2.11-1.98 (m, 3H), 1.87-1.73 (m, 2H), 1.63-1.50 (m, 2H), 1.43
(s, 9H), 1.16-1.07 (m, 1H), 1.03-0.98 (m, 6H), 0.93-0.86 (m,
12H), 0.82-0.79 (m, 6H); *C NMR (100 MHz, CD;0D) &
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174.0, 173.0, 172.3, 171.7, 171.0, 168.6, 168.5, 167.0, 162.1,
155.4, 136.7, 134.3, 130.0, 129.2, 129.0, 126.8, 124.2, 119.5,
113.4, 80.5, 59.4, 59.1, 58.5, 57.7, 57.6, 57.2, 52.8, 47.6, 45.0,
42.9, 40.2, 38.4, 37.6, 33.4, 33.2, 33.1, 28.7, 26.3, 24.2, 19.7,
19.5, 19.4, 18.9, 16.3, 11.7; IR ,,..: 3293, 2967, 2926, 1641,
1630, 1551, 1364, 1225, 1159, 841; HRMS Calc for
Cs,H,;N|,NaO,; [M+Na]* (1086.5702): found 1086.5747.

Compound 2.

Compound 9 (0.008 mmol, 1 equiv) was deprotected according
to general procedure A affording 2 (8 mg, 66%) as a white
solid. Mp 187-189 °C; 'H NMR (400 MHz, CD;0D) & 8.22 (d,
1H, J=4 Hz), 7.91 (dd, 1H, J=12.0, 4.0 Hz), 7.36-7.30 (m, 5H),
7.19 (d, 1H, J=12 Hz), 5.35 (d, 1H, J= 16 Hz), 4.97 (d, 1H, J=4
Hz), 4.63 (d, 1H, J=4 Hz), 4.48 (d, 1H, J=8 Hz), 4.41 (t, 1H, J=
4Hz), 4.12-4.07 (m, 2H), 4.04 (s, 3H), 3.89-3.77 (m, 4H), 2.91-
2.88 (m, 1H), 2.86-2.84 (m, 1H), 2.14 (s, 3H), 2.10-2.04 (m,
2H), 1.93-1.86 (m, 1H), 1.80-1.75 (m, 1H), 1.59-1.52 (m, 2H),
1.16-1.11 (m, 1H), 1.04-1.01 (m, 6H), 0.92-0.83 (m, 18H); *C
NMR (100 MHz, CD;0D) 6 174.1, 173.0, 171.7, 171.2, 170.8,
169.4, 168.7, 168.5, 167.4, 167.0, 162.8, 155.7, 136.7, 133.8,
130.0, 129.2, 129.0, 127.2, 124.3, 120.1, 113.6, 65.1, 59.9,
59.8, 59.7, 58.5, 58.0, 57.8, 57.2, 54.7, 52.8, 47.7, 41.8, 40.2,
38.4, 37.9, 33.0, 32.9, 32.7, 32.5, 30.4, 26.1, 23.8, 19.8, 19.7,
19.6, 19.4, 19.2, 18.3, 16.2, 11.6; IR . 3278, 2968, 2936,
1642, 1624, 1544, 1469, 1290, 1130; HRMS (ESI*, MeOH):
[M+Na]*.(986.5071): found m/z: 986.5075

NMR spectroscopy.

Lyophilized 2 was dissolved at a concentration of 1.4 mM in
550 uL of CD;OH (Eurisotop, Saint-Aubin, France). NMR
experiments were recorded on a 500 MHz

equipped with a TCI '"H/"*C/"N cryoprobe. NMR spectra were

spectrometer

processed with Topspin 2.0 software (Bruker) and analysed
with Sparky program.?? 'H and '*C resonances were completely
assigned using 1D 'H WATERGATE, 2D 'H-'H TOCSY
(MLEV17 isotropic scheme of 66 ms duration), 2D 'H-'H
ROESY (300 ms mixing time), 2D 'H-"*C HSQC, and 2D 'H-
3C HMBC spectra. 'H and "°C chemical shifts were calibrated
using the solvent residual peak (CHD,OH, & 'H 3.31 ppm,
8 '3C 49.5 ppm). The chemical shift deviations were calculated
as the differences between observed chemical shifts and
random coil values reported in methanol for 'H (8 'Ho 4.23
ppm for Ile and 4.16 ppm for Val, unpublished data) and in
water for '*C resonances.'® The temperature gradients of the
amide proton chemical shifts were derived from 1D 'H
WATERGATE spectra recorded between 271 and 303 K.
Vicinal coupling constants were extracted from 1D 'H
WATERGATE spectrum at 298 K. ROE cross-peaks were
integrated using Sparky and converted into distances using the
ROE correlation between the benzyl diastereotopic methylenic
protons as a reference (1.8 A).

Computational methods.

Molecular mechanics studies were carried out using

MacroModel from Schrédinger software suite.”> An arbitrary

8| J. Name., 2012, 00, 1-3

initial conformation of 1 was energy-minimized using
conjugate gradient method®* with OPLS_2005 force field” and

GBSA as an implicit water solvation model.*®

Convergence
criterion was set to 0.05 kJ-mol™"- A™! on energy gradient.

An unconstrainted conformational search was then performed
starting from this structure and using MCMM (Monte Carlo
Multiple Minima) method?’ with the same force field, solvation
model and convergence criterion. 100,000 conformations were
generated, energy-minimized and deduplicated, resulting in
1583 unique conformations within a sliding energy window of
21 kJ/mol (~5 kcal/mol).

Clustering of these results using centroid linkage method with
0.66 A merge distance threshold (as suggested by Kelley
penalty function)® yielded 69 representative conformations.
Conformations exhibiting the maximum number of hydrogen
bonds participating in the structure of a hairpin (3 out of the 4
possible) were selected, and the most extended one (based on
the radius of gyration with the benzyl group excluded) within
this group was retained.

This conformation was subjected to a 1 us-long molecular
dynamics at 310 K using the same force field and solvation
model as above. Geometry optimization at the B3LYP/6-31G*

1° with water PCM solvation model®® using Gaussian®' was

leve
performed on the first frame where simultaneous formation of
the 4 key hydrogen bonds occurred. *J(HY-H®) coupling
constants were calculated according to the Karplus equation®
from dihedral angles averaged over the trajectory. Figure 4 was
plotted using gnuplot.*® Figure 5 was prepared with PyMOL

and rendered using POVRay.**
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