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Abstract: We have previously reported the synthesis of enantiopure B,y-diamino acids
and relevant short o/y-peptide containing such building blocks. Complete NMR studies,
together with molecular modeling, highlighted the ability of a ,y-diamino acid to induce
various intramolecular turns. In this paper, we describe for the first time the formation of
a dimeric structure constituted by o/y/a-tripeptide and stabilized by intermolecular
interactions. A structural model is proposed based on extensive NMR measurements.
Introduction

The design and construction of peptidomimetic foldamers is a challenging yet potentially
highly rewarding work that contributes to the development of functional structures,
biomaterials and bioactive compounds. Indeed, tremendous artificially versatile peptidic
architectures based on unnatural amino acids have proved that they are potent mimics of
natural folding patterns such as helices, sheets and turns [1-7]. In this domain, B-peptides
have been long-investigated [8,9], y-peptides, in contrast, have been more recently
developed but are interesting as well [10—14]. The constrained forces to stabilize the three
dimensional structure are including (but not limited to) hydrogen bonds, stereoelectronic
interactions, local conformational control or solvophobic effects [15,16]. Nevertheless,
although intermolecular interactions are important as well (for amyloid fibrils or for
biologically active nanotubes [17,18] for instance), they are far less studied [19-25]. In
our group, we have been dedicated on construction of structurally diverse [,y-diamino
acids [26]. When included in short peptides, they act as turn inducer to construct stable
structures or optimize bioactive molecules [27-31]. In this work, we show that another
tripeptide with different configuration (Figure 1) does no longer form any intramolecular
hydrogen bond but induces intermolecular interaction. According to various NMR studies,

specially DOSY [32], we reveal herein the dimeric structure of this new hybrid tripeptide.
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Figure 1. Structure of previous tripeptides with hydrogen bonding and of tripeptide
of this work.
Results and discussion

1. Synthesis

B,y-Diamino acid 1 was synthesized following our previously reported protocol
[31]. Dipeptide 2 was synthesized through coupling compound 1 with L-Val-OMe in 80%
yield. After hydrogenation in the presence of 10 wt. % Pd/C, it reacted with Cbz-Leu-OH

to give rise to tripeptide 3 in 68% yield (Scheme 1).
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Scheme 1. Synthesis of a/y/a-tripeptide 3
2. Classical NMR studies
!H NMR in CD3;0H and CDCl;
We then embarked on detailed structural studies of o/y/a-tripeptide 3. It is soluble in
both methanol and chloroform. When 'H NMR spectroscopy was performed in

methanol-ds, large spectral dispersion was observed in both HN and aliphatic regions.



Extensive NMR data (NOESY, COSY, HSQC) allowed the assignment of proton and
carbon resonances, but the absence of long-range NOE correlation implies that no stable
folded conformation exists. When performed in CDCl; and at low concentration, the 'H
NMR spectrum showed a decreased spectral dispersion. However, we noticed that, in a 50
mM solution of tripeptide 3 in CDClIs, eight HN peaks were present, corresponding to two

populations interconverting in the slow exchange regime (Figure 2).
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Figure 2. '"H NMR spectra of a 50 mM solution of tripeptide 3 in CD;OH (upper) and
CDClI; (bottom) at 300 K (aliphatic regions were removed for clarity).

2D NMR in CDCl;

2D NMR spectroscopies (COSY, NOESY and 'H-'"N-HSQC) were then undertaken
to allow the complete proton assignment in the HN region (Figure 2, bottom). All 2D
NMR experiments were performed using a 50 mM solution of tripeptide 3 in CDCls.
Exchange correlations were detected in the NOESY spectrum, reflecting the dynamic
equilibrium between the two populations (Figure 3, left). Additionally, a significant N
chemical shift difference between the amides and the carbamate groups was found in
'H-""N HSQC (Figure 3, right), which is consistent with our HN assignments. In addition
to severe overlaps, aliphatic resonances were strongly broadened by the chemical
exchange and were not fully assigned, except for the methyl ester and fert-butyl groups

that displayed sharp singlets.
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Figure 3. Exchange correlations observed in the HN-HN region of the NOESY spectrum
of tripeptide 3 (360 MHz, 300 K, /eft). N-carbamate and N-amide are circled with red and
blue squares respectively in the 'H-'>N HSQC spectrum of tripeptide 3 (400 MHz, 273 K,
right).

Concentration dependence

The spectral exchange could be due to a conformational equilibrium between two
monomeric states of peptide 3. Alternatively, it could result from an oligomerization
process. To gain some insights into the molecular dynamics of peptide 3, we recorded
proton spectra at different concentrations ranging from 5 mM to 100 mM in CDCl3
(Figure 4). When the concentration was below 10 mM, a single population was identified.
Meanwhile, we noticed that no HN resonance was observed at > 7 ppm, suggesting that
no intramolecular H-bond was present according to our previous work [27,29].
However, when the concentration was higher than 10 mM, a second set of proton
resonances (denoted Hi’) raised at significantly higher chemical shifts. These findings
pointed out the formation of new species stabilized at high concentrations, presumably
oligomers, which encompass peptides with well-defined structures rather than a

conformational equilibrium between monomeric species [33].
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Figure 4. Variable-concentration '"H NMR spectra of a solution of tripeptide 3 in CDCI; at
300 K (250 MHz). From bottom to top: increasing concentration from 5 mM to 100 mM.

Temperature dependence

Besides, the behavior of tripeptide 3 at variable temperature was investigated. 'H
NMR spectra were recorded in a 50 mM solution of tripeptide 3 in CDCIz for
temperatures ranging from 260 K to 320 K (Figure 5), which clearly demonstrated that a
low temperature favors the formation of oligomeric species. Temperature was increased
and decreased showing that the observed phenomenon was reversible which excludes the
possibility of a degradation. T-coefficients AJ/AT were calculated to discriminate
H-bonded (exchange-protected) and solvent-exposed HNs (see supporting information
Table 1). All T-coefficients were very small for the monomer (absolute value of (3.9+2.6)
ppb/K on average), which is consistent with the absence of intramolecular H-bond
denoted previously. In contrast, much larger |[A6/AT] (18.7, 18.3, 12.0 ppb/K for H8’,
H17°, H3’ respectively) were obtained for the oligomer in HN region. Such large
temperature dependences prove that NH groups are initially shielded from solvent
(hydrogen bonded or buried) and are transferred to exposed environments when the
temperature is raised. This can be due either to dissociating aggregates or to unfolding

species. [34].
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Figure 5. Variable-temperature '"H NMR spectra in a 50 mM solution of tripeptide 3 in

CDCls. From bottom to top: decreasing temperature from 320 K to 260 K then increasing
back to 320 K (400 MHz).

When the temperature is decreased from 320 K to 260 K, the proportion of oligomer
increases (exemplified by H17’, blue arrow) (cf. Figure 6 and table 2 in supporting
information) whereas the proportion of monomer decreases (exemplified by H17, purple
arrow). When temperature is increasing back to 320 K, the proportion of oligomer
decreases whereas the proportion of monomer increases. The larger line shapes observed
at high temperature are due to a faster chemical exchange between the two states which is
getting closer to the intermediate regime. The coalescence temperature could not be
reached in CDCls.

When possible, the amounts of monomer and oligomer at each temperature have
then been determined based on the integration of each amide resonance (See supporting
information Table 2). The measured population followed a sigmoidal variation as a
function of temperature. Data were fitted to the Boltzman equation using a
Levenberg-Marquardt algorithm, as implemented in the Origin® software (Figure 6):

A—A
y(M) = —orr t 42,

where A; and A represent the population limits of the oligomer at low and high
temperature respectively, Tm is the temperature at which half of the oligomer is
dissociated and T accounts for the temperature range of this process. The following values
have been obtained for the tripeptide 3 at 50 mM in CDCls:

=091.2+3.1)%



Ar=(277+3.9)%

Tu=(2919+ 15K

1=(105+£1.9)K

According to these data, the monomeric form accounts for ~10% of the tripeptide 3
at low temperature whereas ~25% of the oligomer is still present at high temperatures.
This reveals the relative stability of the oligomer in CDCIl; although the melting

temperature was ~292K.
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Figure 6. Sigmoidal fitting of the fractions of oligomer-3 in a 50 mM solution of
tripeptide in CDCIs, between 260 K and 320 K. Oligomer populations were found

identical when the temperature was raised or lowered.

As no intermediate oligomeric species were detected, the equilibrium between
monomer and oligomer may be considered as simple two-states interconversion.
Oligomer stability was assessed by performing a DMSO titration (see supporting
information) [35]. 20 pL of DMSO-ds were successively added to a 500 pL solution (20
mM) of tripeptide 3 in CDCls. The number of 'H resonances decreased significantly when
40 uL DMSO were added, which again demonstrated the existence of oligomers in CDCl3
that are not stable in DMSO, presumably due to the disruption of intermolecular hydrogen
bonds.

3. DOSY experiment and calculations

Knowing the existence of a peptide oligomer in CDCl3, we decided to record DOSY
experiments to determine the degree of oligomerization. To avoid solvent self-convection
effects that interfere with the measurement of diffusion coefficients [36], we chose the
1,2-dichlorobenzene-ds (0-DCB-dy) instead of CDCls. '"H NMR spectrum was performed
using a 5 mM solution due to the limited solubility of the tripeptide 3 in this solvent.

However, the same oligomerization process was observed in 0o-DCB-dy, since two sets of



resonances were also observed for the amide protons with chemical shifts very close to
those obtained in CDClIs (Figure 7).
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Figure 7. Comparison of '"H NMR spectra of tripeptide 3 in DCB (5 mM, 273 K) and
CDCI; (50 mM, 300 K). Resonances chosen for DOSY calculations were indicated by

brackets.

Diftusion coefficients (D) were calculated using the following function [37]:

In 1(9) = | ~(vg®)D (A - g)] +1n(lo)
where 1(g) is the signal intensity measured in the DOSY experiment, as a function of the
gradient strength g. I(g) also depends on the diffusion coefficient D, the gyromagnetic
ratio “y’ (rad.T".s") and the delays & and A are fixed in the DOSY pulse sequence. The
values obtained for In I(g) were displayed as a function of g” for several resonances and
then fitted with a linear curve (see supporting information). The diffusion coefficients
are readily extracted from the slope of these curves. HN resonances were discarded from
the analysis, since they are subject to chemical exchange. In addition, some aliphatic
protons were also not considered due to severe resonance overlaps. Finally, we were able
to measure the diffusion coefficients D with a good accuracy for four aliphatic resonances
of tripeptide 3, either in the monomeric or in the oligomeric state (Table 1). These values
allowed us to calculate two averaged D with RMSD values:
Doligo = 1.277x107'° £ 0.013 m?/s and Dinono = 1.443x107'% + 0.025 m?%/s.

Table 1 1D-Diffusion coefficients of selected proton resonance

monomer oligomer

assignment
Howme | Hisu | H15 | H22 Howme |H'wu| H'15 H'22

average average
S (ppm) | 3.57 |1.46|0.90|0.64 353 [1.44| 1.05 | 0.70

Ds (1010
m?/s)

142 |1.42|1.48|1.45|1.443+0.025 | 1.26 |1.29| 1.29 1.27 |1.277+0.013




The average D value obtained for the oligomer is only slightly smaller than the one
measured for the monomeric tripeptide 3, with a Dmono/Doligo ratio of 1.13. Considering
spherical shapes for the monomer and the oligomer, this would result in a mass ratio
Motigo/Mmono of 1.45, which falls well below the value expected for a dimer (Mdimer/Mmono
= 2). However, compared to spherical particles, ellipsoid particles display diffusion
coefficients smaller by the shape factor F [37,38]. The shape factor F corresponds to the
ratio f/fo, where f is the friction coefficient of the molecule and fy the friction coefficient
of a hard sphere with equivalent mass. F can be expressed as a function of the axial ratio
p of the particle (see Figure 8):

F=(1-p»)Y2/{p??n[1 + (1 — p?)1/2]}, for prolate ellipsoid (p < 1)

or F= (p?—1)Y2/{p?/? tan™*{(p? — 1)1/2]}, for oblate ellipsoid (p > 1)

To gain some insights into the structure of the peptide 3 assemblies, we calculated the
theoretical Foligo/Fmono ratio for oligomers increasing in size, using the experimentally

determined Dmono/Doligo ratio and the following equation:

_1/3

Foligo _ Dpono y <Moligo>
Fnono  Dotigo \Mimono
Foligo/Fmono ratio spreads between 0.9 to 0.5 for oligomers ranging from dimer to
decamer. Whatever the size of the oligomer is, the shape factor Foiigo should be therefore
lower than the shape factor of the monomer. This means that the oligomer is more
compact. It is however improbable that the monomeric tripeptide 3, for which no defined
structure has been found, possesses a high aspect ratio. With p values of 3 and 1 for the
monomer and the oligomer, shape factors are equal to 1.1 and 1 respectively, which is
consistent with a dimer (Foligo/Fmono=0.9). For a trimer, using the measured Dmono/Doligo
ratio, a value of 0.78 would be obtained for Foligo/Fmono. This would imply a p axial ratio
and not aspect ratio greater than 6 for the monomer which is unlikely. These
measurements of diffusion coefficient are then consistent with the formation of a dimer at

high concentration and low temperature.
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Figure 8. left panel : F values derived from the experimentally determined D ratio
and calculated for oligomers increasing in size (from a dimer to a decamer). Right panel:

F as a function of the axial ratio p of the particle.

4. Further conformational analysis and hypothesis on dimeric structure

The further step investigation was carried out at 240K with using a 200mM sample in
CDCIs. At this temperature and using such a high concentration, we observed solely the
dimer. Extensive NMR studies allowed the complete assignment of proton and carbon
resonances. Impressively, several ROE correlations between long-range protons were
extracted from the ROESY spectrum (Figure 9). As we have confirmed the absence of

intramolecular H-bond, the observed ROEs resulted from intermolecular interactions.
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Figure 9. ROEs observed in ROESY spectrum of a 200 mM solution of tripeptide 3 in
CDCls (400 MHz, 240 K).

Indeed, exclusively four HN resonances were observed for dimeric structure, which
means that the dimeric structure is symmetric. Considering the distances network deduced
from the ROESY spectrum, the two monomers presumably adopt an anti-parallel
orientation with the Cbz group close to the valine of the other molecule. This arrangement
is in good agreement with a lower shape factor for the dimer compared to the monomer
[38]. By taking into account the amide protons displaying high T-coefficients, we hence
propose that the dimer is stabilized by six intermolecular hydrogen bonds (Figure 10)
involving the HN from L-Val residue and both NH from the [3,y-diamino acid residue
(T-coefficients are respectively 13.0, 19.2 and 18.0 ppb/K). Such a role of the central
B,y-diamino acid in the peptide dimerization would also explain why the *Jueni7
measured for the dimer (9.3 Hz) significantly differs from the value obtained for the

monomer (*Jue-n17 =8.6 Hz).
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Conclusions

In this work, we observed that a short hybrid peptide sequence incorporating a
B,y-amino acid is able to self-assemble into oligomer in solution. After a detailed
structural investigation by NMR, in particular by DOSY and ROESY NMR, we have thus
highlighted an anti-parallel dimeric structure stabilized by six intermolecular H-bonds.
Such dimeric structures are very original and very stable due to the increased hydrogen
bonds donor and acceptor present in a [3,y-diamino acid residue. Further studies are under
investigation in our lab to use this template for antimicrobial peptide and amyloid

inhibitors design.
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