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Abstract: The polyproline Il helix (PPIl) is increasingly rec-

ognized as an important element in peptide and protein
structures. The discovery of pertinent PPIl peptidomimet-
ics is of great interest to tune physical properties of the
targeted structure. A series of silaproline oligomers from
dimer to pentamer were synthesized. CD studies, NMR
spectroscopy and molecular modeling revealed that the
ribbon preferentially populates the polyproline type Il sec-
ondary structure in both [D]chloroform and [D,MeOH.
The characteristics of this new lipophilic PPIl-like helix
were determined.

- /

Proline residue promotes the formation of helical extended
secondary structures in proline-rich region (PRR) such as the
polyproline type Il helix (PPII)."" Although only 10% of all pro-
tein adopt this type of conformation, they are essential to bio-
logical activity.” Most PPIl helices contain four residues and
are present in about half of the proteins of known structure.”
PPII helices are directly involved in a wide range of molecular
functions including signaling, transcription, and immune re-
sponse, as examples. The major and best known functional
role of PPIl structures is to mediate protein interactions.” The
most commonly studied example is the binding of PRR by SH3
domains.”’ Another important role of PPIl is related to cell pen-
etrating peptides (CPPs) that appear as promising tools for cel-
lular targeting.®

The typical PPIl is a left-handed helix with all peptide bonds
in trans configuration (w=180°) and dihedral angles (¢, )=
(—75°+145°), leading to a semi-extended structure, with
a highly solvated backbone and no intramolecular hydrogen
bonds.”” Although the PPII helix conformation was first identi-
fied in polyproline,”? peptides that do not contain proline resi-
dues but share similar ¢, 1 and @ angles are defined as a PPII
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helixes. Thus, the designation “PPII helix” is somewhat mislead-
ing, since proline may be absent from this structure® and
amino acids such as glycine, asparagine, alanine, glutamine,
valine, aspartic acid, histidine and lysine contribute to PPII heli-
cal conformations.” PPII structure contains three residues per
turn aligning every third residue on the same face of the helix,
with a pitch of approximately 10 A per turn. A few crystal
structures are available for oligoproline and side chain deriva-
tives, therefore most structural information on such secondary
structures come from studies by CD"” and NMR spectroscopy
in solution." Nevertheless, polyproline sequences can also
adopt an unusual right-handed helix, named PPI, with all
amide bonds in the cis configuration. This type of structure
(¢, ¥)=(—75°+160°) is energetically unfavorable in aqueous
medium and is not encountered in a biological context.”>'?
Moreover, owing to its cyclic structure, proline mediates slow
isomerization between cis/trans conformations depending on
the environment (solvent, temperature)™ and cis conforma-
tions are often encountered.

The biological properties of such structure have recently
stimulated chemists to synthesize PPIl mimics as potential che-
motherapeutic agents.™ While a-helices or B-turn mimics
have been largely studied in the past, few approaches have
been described that emulate the PPIl structure.™ Polyimide-
based foldamers,® Ser-Pro dipeptide oligomer mimic"” or tri-
cyclic Pro-Pro mimic,"® triproline mimics"” and PTAAs®” are
among current PPIl structural mimics, designed to modulate
physical properties such as water solubility. In this context,
a few years ago, we developed a silicon-containing proline sur-
rogate, silaproline (Sip)?" that promotes higher lipophilicity
with an octanol-water coefficient of Sip 14 times greater than
that of Pro. The introduction of silaproline in model peptide
sequences induced similar conformational properties to that of
proline.”? We also showed that the envelope conformation is
of CP-endo type in solid state within the Sip-Ala dipeptide,
while the CP-exo puckering of the Sip ring is favored in solution
due to the absence of intermolecular packing forces. The five
membered ring of silaproline assumes a skewed conformation,
which is uncommon in the proline pyrrolidine ring.” Replace-
ment of proline by silaproline in bioactive peptides resulted in
analogues with similar receptor affinity and in vivo bioactivity
while improving resistance to enzymatic degradation.”>? On
the other hand, replacement of Pro by Sip in the hydrophobic
face of a Pro-rich amphipathic CPP peptide did not disturb the
secondary structure and greatly enhanced the cellular uptake
of the peptide by 20-fold.”™ Recently, we described the synthe-
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sis of polydisperse homopolysilaprolines of different lengths by
ring opening polymerization of N-carboxyanhydride with Pro-
OBn as initiator, where the benzyl group serves as an NMR ref-
erence.’™ We now report the synthesis and characterization of
short L-silaproline oligomers using CD and NMR spectroscopy,
and molecular modeling and ab initio calculations to describe
polysilaproline helical mimetics.

Oligomers 2-5 (Figure 1) were synthesized in solution using
a step-by-step strategy from the appropriate N-Boc-protected
monomer 1. To be consistent with the previously synthesized
polydisperse polymers,”® Pro was chosen as C-terminal residue
and OBn as capping group.
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Figure 1. Silaproline building block and oligomers 2-5.

Dimer 2 was obtained in solution by coupling equimolar
amounts of N-Boc silaproline 1 with proline benzyl ester hydro-
chloride salt in the presence of triethylamine. Chain extension
was achieved by selective Boc-deprotection of the dimer and
coupling with monomer 1 to afford trimer 3 after N-deprotec-
tion. Oligomers 4 and 5 were synthesized in a similar fashion
(Figure 2).
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Figure 2. Strategy of oligomer syntheses. A) HBTU/TEA/DMF; B) TFA.

The presence of the Boc group caused a rotamer effect that
resulted in the presence of conformers for the N-protected
monomer 1 as observed in the NMR spectra both in chloro-
form and in methanol. Recording 1D NMR spectra at various
temperatures in [DgJDMSO emphasized this phenomenon (see
the Supporting Information). As such, structural studies were
restricted to the free amine oligomers 2-5.

We first started our investigations by recording the far-Uv
(190-260 nm) CD spectra of oligomers 2-5 in methanol. These
data indicated a change in conformational preferences while
increasing oligomer length (Figure 3A). Overall they shared
similar shapes with negative maxima and positive maxima in
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the 203-208 and 220-230 nm ranges, respectively. The per res-
idue molar ellipticity of these extrema increased and was red-
shifted with the oligomer’s length. Pentamer 5 exhibited a typi-
cal PPIl signature with a negative maximum at 207 nm and
a positive maximum at 229 nm while proline oligomers mainly
adopted PPI helical folds in methanol, with two negative
maxima at 200 and 232nm and a positive maximum at
215 nm. Increasing the temperature from 20 to 55°C did not
modify the shape of the CD spectrum of oligomer 4 in metha-
nol with only a very slight decrease of the extrema showing
the high stability of silaproline oligomer structures (Figure 3 B).
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Figure 3. A) CD spectra in MeOH (0.1 mm) for oligomers 2 (green), 3 (blue),
4 (pink), 5 (violet). Molar ellipticity was normalized for concentration and per
residue at 20 °C. B) CD signals of tetramer 4 at variable temperature (25, 35,
45 and 55°Q).

NMR studies were performed in [Dlchloroform and in
[D,JMeOH for oligomers 2-5. Combining COSY and ROESY,
3C HSQC and "*C HMBC experiments allowed assignments of
all 'H and C resonances. The best solubility and NMR spectra
resolution of oligomers were observed in [D,JMeOH. In both
solvents, we observed strong NOEs between the *CH() and
°CH(i+ 1) proton for all oligomers (Figure 4). This correlation is
characteristic of the trans conformation of the peptide bond
(w~180°) of the PPIl secondary structure. Except for dimer 2,
a single “trans conformer” was detectable on the 'H NMR spec-
tra of the longer oligomers both in chloroform and methanol.
Dimer 2 exhibited a cis/trans isomerization of the amide bond
between silaproline and proline. About 7% of the cis isomer
was found as measured by 'H and *Si NMR in both solvents
(Figure 4). In methanol, silaproline in H-Sip-Pro-OBn induced
more trans isomerism of the peptide bond than proline in
H-Pro-Pro-OBn (93 and 85 %, respectively). While for high mo-
lecular weight proline oligomers (n=3-5) the percentage of
peptide bonds in trans conformation remained quasi-constant
(90%), the cis conformer was not detected in silaproline oligo-
mers starting from the trimer.””? Despite many efforts, crystalli-
zation assays were not successful, consistent with difficulties in
obtaining crystals of polyproline helices by others.”®

In this context, NOEs were used as restraints for NMR solu-
tion structure calculations using a typical simulated annealing
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Figure 4. A) '*Si NMR spectrum of dimer 2 in CD,0D at 298 K. B) ROESY
spectrum of dimer 2 in CD;0D at 298 K. NOE correlations between “CH()
and “CH(i+1) in the cis conformer (600 MHz spectrometer, mixing

time =300 ms).

protocol with AMBER 11.%% The solution structures of 2, 3, 4
and 5 in methanol were solved using 4, 12, 18 and 24 unam-
biguous restraint distances, respectively. Figure 5 shows the 20
lowest-energy NMR structures calculated for each compound.
As expected, the Sip oligomers converged towards PPIl struc-
tures. The root mean square deviations (RMSD) on all heavy
atoms were 0.03, 0.31, 0.18 and 0.40 A for 2, 3, 4 and 5, respec-
tively, when the OBn capping group was omitted. Average
values of the backbone dihedral angles for the Sip residue in
the polysilaproline helix were ¢=-745(+8.9)° and
1P =143.6(+13)° after optimization of the NMR structures
using the B3LYP/6-31+G(d,p) method. This PPII helix is a left-
handed helix with an axial translation of 3.2 A composed of
three residues per turn, with all peptide bonds in trans config-
uration (w=170-175°).

To conclude, we successfully synthesized silaproline oligo-
mers in solution using a step-by-step strategy. We showed that
they adopt a PPII helical structure both in chloroform and in
methanol. Interestingly, only 7% of cis isomer for the Sip-Pro
dipeptide was observed in methanol and was not detectable
for longer oligomers. Considering the interesting biological
properties previously observed when Sip residues were incor-
porated in peptide sequences (e.g., cellular uptake enhance-
ment, resistance to proteolysis), short silaproline PPIl helical
moieties may represent promising drug delivery systems.

Experimental Section
Peptide synthesis

Materials and reagents were of the highest grade commercially
available and were used without further purification. Reactions
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Figure 5. A) NMR solution structures of dimer 2 (green), trimer 3 (cyan),
tetramer 4 (pink) and pentamer 5 (purple). B) Overlay of the structures of
compounds 2-5 optimized by DFT. C) Axial view of the tetramer 4 PPII
helical structure. Hydrogen atoms and the disordered OBn C-terminal
moiety are omitted for clarity.

were monitored by thin-layer chromatography using TLC Silicagel
60 F,, from Merck. Compounds were visualized by UV, phospho-
molybdic acid (PMA), and ninhydrin. Flash chromatography was
performed using SiliaFlash P60.

NMR spectrometry

NMR samples contained 10 mm of compounds 2-5 dissolved in
CDCl;, in CD;0D and in [D¢gIDMSO for the monomer. All spectra
were recorded on a Bruker AVANCE Il 600 MHz spectrometer
equipped with a 5mm quadruple-resonance probe (‘H, °C, "N,
3'P). Homonuclear 2D spectra DQF-COSY and ROESY were typically
recorded in the phase-sensitive mode using the States-TPPI
method as data matrices of 128-512 real (t;)x2048 (t,) complex
data points; 16-64 scans per t; increment with 1.5 s recovery delay
and spectral width of 6009 Hz in both dimensions were used. The
mixing time was 300 ms for the ROESY experiments. In addition,
2D heteronuclear spectra *C HSQC and "C HMBC were acquired
to fully assign the oligomers (8-32 scans, 128-256 real (t;)x 1024-
2048 (t,) complex data points). Spectra were processed and visual-
ized with Topspin 3.0 (Bruker Biospin) on a Linux station. Matrices
were zero-filled to 1024 (t,)x 2048 (t,) points after apodization by
shifted sine-square multiplication and linear prediction in the F1
domain. Chemical shifts were referenced to the solvent.

Computational methods

NOE cross-peaks were integrated and assigned within the
NMRView software.’” The volume of a ROE between methylene
pair protons was used as a reference of 1.8 A. The lower bound for
all restraints was fixed at 1.8 A and upper bounds at 2.7, 3.3 and
50A, for strong, medium and weak correlations, respectively.
Pseudo-atom corrections of the upper bounds were applied for un-
resolved aromatic, methylene and methyl proton signals as de-
scribed previously.®" Structure calculations were performed with
AMBER 11 in three stages: cooking, simulated annealing in
vacuum. The cooking stage was performed at 1000 K to generate
100 initial random structures. SA calculations were carried out for
20 ps (20000 steps, 1 fs long). First, temperature was raised quickly
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and maintained at 1000 K for the first 5000 steps, then the system
was gradually cooled from 1000 to 100 K from step 5001 to 18000
and finally the temperature was brought to 0K during the 2000
remaining steps. For the 3000 first steps, the force constant of the
distance restraints was increased gradually from 2.0 to
20 kcalmol ™" A. For the rest of the simulation (step 3001 to 20000),
the force constant was kept at 20 kcalmol™A. The 20 lowest
energy structures with no violations >0.3 A were considered as
representative of the peptide structure. Representation and quanti-
tative analysis were carried out using Ptraj, MOLMOL®? and PyMOL
(Delano Scientific). DFT geometry optimizations (see the Support-
ing Information) were carried out within the ab initio Gaussian
code,”™ using the hybrid B3LYP functional, and an all-electron
Gaussian basis set 6-31g(d,p). SCF convergence was set to 1075,

CD spectroscopy

Samples were dissolved in a spectrophotometric grade MeOH at
100-200 um. CD experiments were carried out using a Jasco J815
spectropolarimeter. Spectra were recorded in MeOH using a 1 mm
path length CD cuvette, over a wavelength range of 190-260 nm,
at 20-55°C. Continuous scanning mode was used, with a response
of 4.0 s with 0.05 nm steps and a scan speed of 100 nmmin~'. The
signal-to-noise ratio was improved by acquiring each spectrum
over an average of two scans. Baseline was corrected by subtract-
ing background from the sample spectrum.

Preparation of Boc-(L)Sip-OH from H-(L)Sip-OH

To a solution of H-(L)Sip-OH-HCI (391 mg, 2 mmol) dissolved in
a 1:1 mixture of THF/water (12 mL), NaHCO; (336 mg, 4 mmol) and
Boc,0 (373 mg, 4 mmol) were added consecutively at 0°C. After
30 min, the solution was stirred, overnight, at room temperature.
The resulting mixture was extracted with ether. The aqueous layer
was acidified to pH 4-5 by addition of 10% acid citric solution at
0°C and then extracted with CH,Cl,. The organic phase was dried
(MgSO,) and evaporated under reduced pressure to yield Boc-
(L)Sip-OH as a colorless oil (92% vyield); 'HNMR (600 MHz,
[DgIDMSO, 298 K): 6=4.51 (d, J=10.4 Hz, 1H; Hoa), 2.76/2.62 (dd,
J=14.4Hz, 2H; H4/8’), 1.39 (s, 3H; Boc), 1.28 (dd, /=104 Hz, J=
15 Hz 1H; HP), 1.04 (dd, J=2.8 Hz, J=15Hz 1H; Hf'), 0.21 (s, 3H;
CH4(SD), 0.20 ppm (s, 3H; CH4(SD); *C NMR (150 MHz, [DJDMSO,
298 K): 0=174.6, 155.1, 78.2, 58.7, 34.1, 27.7, 159, —3.1 ppm;
HRMS (ESI-MS): m/z 282.1138 calcd for Cy;H,;NO,NaSi [M+Na]*;
found 282.1136; [a]®=—28 (c=0.5, CHCl,).

Preparation of Boc-(L)Sip-(L)Pro-OBn

Boc-(L)Sip-OH (259 mg, 1 mmol) was dissolved in DMF (10 mL) and
HBTU (417 mg, 1.1 mmol) was added. Then H-(L)Pro-OBn-HCI
(241.5 mg, 1 mmol) was added to the solution. Finally triethylamine
(1.1 mmol) was added dropwise to the solution (pH 8-9). The re-
sulting mixture was stirred at room temperature, overnight. DMF
was concentrated under reduced pressure. The resulting residue
was dissolved in EtOAc (20 mL) and then the solution was washed
successively with 10% citric acid solution (10 mL) and saturated
aqueous NaHCO; (10 mL). The organic layer was dried over MgSO,,
filtered and concentrated in vacuo. The crude was purified by flash
chromatography (EtOAc/cyclohexane 7:3) to afford colorless oil
(378 mg, 0.85 mmol, 85 %).
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General procedure for N-deprotection

TFA (2 mL) was added to the peptide and the solution was stirred
for 5 min. The excess TFA was then concentrated in vacuo and the
resulting TFA salt was directly used for the next coupling as de-
scribed for the synthesis of Boc-(L)Sip-(L)Pro-OBn.

Dimer (2)

This was synthesized according to the procedure described for the
preparation of Boc-(L)Sip-(L)Pro-OBn.

'HNMR (600 MHz, [D,JMeOD, 298 K): & (trans conformer)=5.17/
5.13 (d, J/=12.1 Hz, 2H; OCH,Bn), 4.56 (dd, J=5.2 Hz, 8.7 Hz, 1H;
Ha Pro2), 4.35 (dd, J=7.3 Hz,10.9 Hz, 1H; Ha Sip1), 3.68 (ddd, J=
6.4 Hz,9.9 Hz,16.3 Hz, 1H; HO Pro2), 362 (ddd, J=
6.9 Hz,9.9 Hz,16.3 Hz, 1H; H®' Pro2), 2.42/2.75 (d, J=14.3 Hz, 2H;
H8/6’ Sip1), 2.31 (m, 1H; HP Pro2), 2.05 (m, 2H; Hy/y' Pro2), 1.99
(m, TH; HP' Pro2), 1.54 (dd, J=7.3 Hz, 14.9 Hz, 1H; Hp Sip1), 0.88
(dd, J=10.9 Hz,14.9 Hz, 1H; Hp' Sip1), 0.38/0.34 ppm (s, 6H; Si CH;
Sip1); 0 (cis conformer)=5.26/5.23 (d, J=12.1 Hz, 2H; OCH,Bn),
4.71 (dd, J=3.7Hz6.4Hz, 1H; Ha Pro2), 390 (dd, J=6.9 Hz,
11.3 Hz, TH; Ha Sip1), 3.62/3.51 (m, 2H; HO/d' Pro2), 2.42/2.75 (d,
J=14.6 Hz, 2H; H6/d’ Sip1), 2.36 (m, 2H; HP/P’ Pro2), 1.96 (m, 1H;
Hy Pro2), 1.79 (m, 1H; HY' Pro2), 1.59 (dd, J=6.9 Hz, 14.8 Hz, 1H;
HB Sip1), 0.91 (dd, J=11.3 Hz,14.8 Hz, 1H; HpB' Sip1), 0.36/0.30 ppm
(s, 6H; Si CH5 Sip1); *C NMR (150 MHz, MeOD-d4, 298 K): 6 =172.9,
169.6, 68.0, 61.0, 60.6, 48.0, 34.1, 29.9, 25.9, 15.2, —3.1 ppm; HRMS
(ESI-MS): m/z 347.1791 caled for C,gH,,N,0,Si [M+H]"; found
347.1771.

Tetramer (4)

This was synthesized according to the procedure described for the
preparation of Boc-(L)Sip-(L)Pro-OBn.

'HNMR (600 MHz, [D,JMeOD, 298K): 6=534 (dd, J=
3.4 Hz,10.8 Hz, 1H; Ha Sip2), 5.16/5.12 (d, J=12.2 Hz, 2H; OCH,Bn),
498 (dd, J=3.7Hz, 10.8Hz, 1H; Ha Sip3), 4.50 (dd, J=7.0 Hz,
10.8 Hz, 1H; Ha Sip1), 4.44 (dd, J=4.1 Hz, 8.6 Hz, 1H; Ha Pro4),
3.75 (ddd, /=72 Hz9.9 Hz, 16.0 Hz, 1H; H3 Pro4), 3.68 (ddd, J=
6.6 Hz,9.8 Hz, 16.0 Hz, 1H; Hd' Pro4), 3.15/3.00 (d, J=13.3 Hz, 2H;
H&/8" Sip3), 3.00/2.95 (d, J=13.2 Hz, 2H; H3/d" Sip2), 2.76/2.42 (d,
J=14.5Hz, 2H; H6/d" Sip1), 2.23 (m, 1H; HP Pro4), 2.03 (m, 2H;
Hy/y' Pro4), 1.98 (m, 1H; HB' Pro4), 1.66 (dd, J=7 Hz, 15.0 Hz, 1H;
Hp Sip1), 1.33 (dd, J=10.8 Hz, 15.0 Hz, 1H; Hp Sip2), 1.26 (dd, J=
10.8 Hz, 15.1 Hz, 1H; HP Sip3), 1.14 (dd, J=3.4 Hz, 15.0 Hz, TH; Hp’
Sip2), 1.00 (dd, J=3.7 Hz, 15.1 Hz, 1H; HB’ Sip3), 0.94 (dd, J=
10.8 Hz, 15.0 Hz, 1H; Hp' Sip1), 0.39/0.35 (s, 6H; Si CH; Sip1), 0.28/
0.25 ppm (s, 12H; Si CH; Sip2, Sip3); *C NMR (150 MHz, [D,JMeOD,
298 K): 6=176.3, 174.1, 1733, 171.8, 67.9, 61.3, 60.3, 60.0, 47.9,
36.6, 36.7, 34.1, 30.0, 259, 149, 14.5 142, —25, —-2.7, -3,
—3.1 ppm; HRMS (ESI-MS): m/z 629.3011 calcd for C;oH,oN,O5Sis
[M+H]"; found 629.3023.
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