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Abstract: The conformational control of molecular scaffolds
allows the display of functional groups in defined spatial
arrangement. This is of considerable interest for developing
fundamental and applied systems in both the fields of biology
and material sciences. Peptides afford a large diversity of
functional groups, and peptide synthetic routes are very
attractive and accessible. However, most short peptides do
not possess well-defined secondary structures. Herein, we
developed a simple strategy for converting peptide sequences
into structured y-lactam-containing oligomers while keeping
the amino acids side chain diversity. We showed the propensity
of these molecules to adopt ribbon-like secondary structures.
The periodic distribution of the functional groups on both sides
of the ribbon plane is encoded by the initial peptide sequence.

Since the pioneering works of Gellman!"! and Seebach,?
various foldamers have been developed based on different
building blocks, which are mostly derived from natural a-
amino acids, including f-, y-, and -amino acid derivatives.?!
Peptide-like foldamers allowed the construction of numerous
folded architectures, mainly determined by periodic secon-
dary structures stabilized by intramolecular hydrogen bonds
(for example, 14-, 12, 10/12-helix). The first generation of
foldamers consisting of homogeneous backbones was
enlarged by heterogeneous backbones containing two differ-
ent types of subunits, typically a combination of a-, -, and y-
amino acid residues.! B- or y-turn motifs have also been used
for generating oligomers with well-defined secondary struc-
ture orchestrated by recurrent conformationally restrained
motifs.>® Early works showed that sequential peptides with
periodic Pro-X and X-Pro dipeptides (with X = Aib, Ala, or
D-Ala residues) adopted preferentially 3-bend ribbon con-
formations, which are considered as a subtype of 3,,-helix.”
Theoretical studies using helical parameters and Ramachan-
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dran plots confirmed that successive p-turn dipeptide mim-
etics in proteins give rise to flat or twisted ribbon structures,
depending on the type of pB-turns.”l Along with this trend,
oligomers containing periodic [3- or y-turn dipeptide mimetics
have been shown to retain the intrinsic conformational
properties of their monomeric units within the oligomer,
thus displaying regular secondary structures.!!

Herein, we propose a strategy to generate novel folded
architectures based on a-amino-y-lactam derivatives (Agl-
AA, with AA,=amino acid), so-called Freidinger’s lac-
tams,”” % widely used as type IT B-turn inducers in relevant
bioactive peptides.'!] This strategy has several advantages.
First, only a-amino acids are used as starting material,
enabling easy access to these new foldamers and the
possibility of using conventional solid-phase peptide synthesis
(SPPS) methods. Second, the structurally constrained blocks
are generated in the course of the SPPS, avoiding the
preparation of each dipeptide lactam unit prior to the
construction of the oligomers. Solid-phase methods for the
on-line synthesis of peptides containing a single a-amino-y-
lactam unit have been reported.!'” However, these methods
required the synthesis of the lactam precursors in solution
prior to their incorporation on the solid support. Therefore,
we developed a method on solid support that relies on a direct
conversion of target peptide sequences with alternating
methionine and a-amino acid residues into a folded (Agl-
AA,)-based oligomers, via a key multicyclization step
(Scheme 1). For that purpose, different oligomers alternating
five-membered ring lactams (Agl) either with aromatic, basic,
or the combination of aromatic/basic amino acids (AA,),
were synthesized and their ability to fold into a well-defined
conformation was investigated.

Thus, a series of a-amino y-lactam oligomers of different
lengths 10a—c, 11a—¢, and 12a—c were generated from peptide
sequences alternating methionine and phenylalanine or
arginine residues (Scheme 1; see the Supporting Information
for experimental procedures). All of the precursor peptide
sequences were synthesized on Rink amide resin according to
Fmoc/tBu microwave-assisted solid-phase peptide synthesis
(SPPS).["¥1 The free N-terminal amino group of the tetra, octa,
and dodecapeptides H-(Met-AA,),-NH-Rink amide were
capped by 2-bromobenzyloxycarbonyl group to afford com-
pounds la—¢, 2a—¢, and 3a-c, respectively, that will subse-
quently undergo multi-lactamization. Prior to the solid phase
synthesis of Agl-AA, oligomers 7a-c, 8a—¢, and 9a—c by
a multicyclization reaction, we first optimized the experimen-
tal conditions of y-lactam ring formation'” on solid support
using the model Ac-Met-Phe-NH-Resin (Supporting Infor-
mation). The conversion of the supported dipeptide unit (Ac-
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Scheme 1. A) Synthesis of Z(2-Br)-(Agl-AA)),-NH, 10a—c, 11a—c, and 12a—c on Rink amide-PS resin.
Conditions i) SPPS: coupling: Fmoc-AA-OH (4 equiv), HBTU (4 equiv), DIEA (8 equiv), DMF; deprotection:
Pip/DMF (20:80); ii) Z(2-Br)-OSu (3 equiv), NMM (3 equiv), DMF. iii) Mel (30 equiv), DMF/DCM (1:1), 24 h
or 48 h. iv) 5% DBU in DMF/DCM (1:1), 48 h. v) TFA, 2 h. B) Series of (Agl-AA)) oligomers and
abbreviations used for a-amino-y-lactam residue; C) Diastereoisomers 15 and 16.

Met-Phe-NH-Resin) into its sulfonium salt by iodomethane
treatment (30 equiv) in a 1:1 mixture of DCM/DMF followed
by an intramolecular N-alkylation reaction in a solution of
5% DBU in 1:1 DCM/DMF afford, after trifluoroacetic acid
(TFA) treatment, the desired Ac-Agl-Phe-NH, (compound
15). Under these conditions, the risk of epimerization of the
C-terminal phenylalanine residue was investigated. For that
purpose, the diastereoisomer Ac-Met-D-Phe-NH, and its
corresponding Ac-Agl-pD-Phe-NH, (compound 16) were syn-
thesized (Supporting Information). After cleavage of the two
diastereoisomers 15 and 16 from the resin by TFA treatment,
comparison of the HPLC and LC/MS analyses of these
compounds showed that no epimerization has occurred
(Supporting Information, Scheme S1). Using the optimized
conditions of methylation, 1a—c and 2a—c were converted into
their sulfonium salt for 24 h, whereas longer peptides 3a—c
were reacted for 48 h, to afford compounds 4a—¢, 5a—¢, and
6a—c respectively. Afterward, methionine sulfonium inter-
mediates were subjected to multi-intramolecular N-alkylation
reaction. The multicyclization step provided an almost total
conversion of the shorter linear peptide sequences (4a—c, Sa—
¢) into the supported cyclized sequences 7a-¢, 8a—¢ within
48 h. For peptides 6a—c, a second cycle of methylation and
cyclization was necessary to reach a total conversion into
compounds 9a-c. Completion of both methylation and
cyclization reactions were monitored by LC/MS analysis of
the crude peptide cleaved from an aliquot of resin. Simulta-
neous removal of protecting groups and cleavage of the
oligomers from the solid support by TFA treatment yielded
crude Agl-AA, oligomers 10a—c, 11a—c, and 12a—c¢ with
a purity ranging from 50% to 80%. All of the final
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compounds were then puri-
fied by preparative HPLC for
structural studies (Support-
ing Information).

FT-IR, NMR, and CD
spectroscopic studies were
performed to characterize
the conformational prefer-
ence of the (Agl-AA))-
based oligomers in solution.

First, extensive NMR
studies of the different
series of compounds dis-
solved in various solvents
were performed. The NMR
spectra of the hydrophobic

N Nk

ot 5 oligomers 10a-12a were
\Q“(D) i, recorded in  [Ds]pyridine
° and CD;OH while the

amphipathic 10b-12b and
cationic 10c-12¢ series were
studied in CD;OH and in
aqueous media at pH 6.3
(Supporting Information,
Figures S3-S8). Combination
of two-dimensional homo-
(COSY, TOCSY, and
ROESY) and heteronuclear
(**C and "N-HSQC) experiments allowed us to assign the 'H,
B¢, and "N resonances of compounds (Supporting Informa-
tion, Tables S1-S9). Stereospecific assignments of the non-
equivalent diastereotopic methylene groups of the lactam
rings and the phenylalanine/arginine side chains where
determined based on the intensities of the intra-residue
NOE and the *J(H,,Hg) and *J(H,Hy) coupling constants
(Supporting Information, Figure S2). We detected stronger
intra-residue NOE intensities between H, and the downfield
Hg, and the upfield H, protons of the lactam ring than
between H, and the corresponding Hy and H,,. Similarly, for
the phenylalanine and arginine residue methylene groups,
stronger NOE intensities were measured between H, and the
upfield Hy protons than between H, and the upfield Hg
protons, associated to small *J(H,Hy) and large *J(H,Hg)
vicinal coupling constants (Supporting Information,
Tables S11,S13).

The conformational preferences of the hydrophobic
oligomers 10a-12a were investigated in detail. Well-dis-
persed spectra for all of the compounds were obtained in
[Ds]pyridine, despite the repetitive nature of the sequences.
Obviously, we observed a lower signal dispersion in CD;OH,
preventing the complete resonance assignment for the longer
oligomer 12a. Furthermore, numerous *J(HyH,), *J(H,.H),
and 3J(HQ,H[,,/) vicinal coupling constants could be accurately
measured in [Ds]pyridine, while in CD;OH, numerous signals
overlapped. Nevertheless, we identified the same character-
istic NOE patterns in both solvents, involving unambiguous
medium- and long-range NOE correlations, weak NHi/
Hy(i—2), medium NHi/H,(i—-2), and weak H,i/H(i—3),
which provided evidence of conformational preferences of
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Figure 1. a) Nomenclature of the Agl-AA, oligomers protons and characteristic NOE correlations of the (Agl-

» o

AA)), oligomers. “Strong”,

the oligomers (Supporting Information, Figures S9-S10 and
Tables S22-S24). Moreover, we detected stereospecific NOE
connectivities between the prochiral methylene groups of the
v-lactam rings and phenylalanine side chains, which have
been used to derive valuable stereospecific restraints. The
calculated lowest-energy conformations of the (Agl-Phe), ¢
adopted a well-defined p-ribbon structure composed of
successive B-turns stabilized by C=0(i)--HN(i + 3) hydrogen
bonds forming a 10-membered pseudocycle (Figure 1).

The convergence of the NMR structures was obviously
lower at both extremities, in particular for the longest
oligomers (Supporting Information, Table S25). The typical
average backbone torsion angle ¢ and  values were 36° and
—111° for the Agl residues, and —119° and 37° for the Phe
moieties, respectively (Supporting Information, Table S26). It
is noteworthy that the g~ rotamer, which is strongly preferred
for the phenylalanine side chains in Agl-Phe oligomers (y; ~
—47°), owing to the steric clashes induced by the contiguous vy-
lactams rings, is also the most populated in natural peptides
(Supporting Information, Table S27). This is highlighted by
strong Ha/Hf and medium Ha/Hf}' intra-residue correlations,
stereospecific NOE connectivities with the y-lactam cycles, as
well as by the *J(H,, H;;) and *J(H,, Hy) values of about 5.0
and 10.8 Hz, respectively. The similar NOE pattern along the
various Agl-Phe sequences in both [Ds]pyridine and CD;OH
showed that the sequence length and the nature of the solvent
have little to no influence on the overall topology of the {3-
ribbon structure (Supporting Information, Tables S22,S23).
The structures established by NMR showed that all the side
chains of Agl-Phe building blocks were periodically distrib-
uted in defined spatial arrangements on both sides of the
ribbon-like structure (Figure 1). Side chains belonging to
[Agl-Phe] and [Agl-Phe],., are aligned and separated by
a distance of approximately 9 A. A similar arrangement was
found in azidoproline-containing oligoproline systems that

www.angewandte.org

medium”, and “weak” NOEs are shown in plain, dashed, and dotted arrows,
respectively. Typical sequential, medium, and long-range NOEs are in blue, red, and green, respectively.

b) Superimposition of the 20 lowest-energy NMR solution structures of the Agl-Phe oligomers 10a, 10b, and
10c in [Ds]pyridine. The N-terminal capping and hydrogen (except amide protons) have been omitted for
clarity. c) Typical hydrogen-bond networks stabilizing the ribbon structures of the (Agl-AA,), oligomers.
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were post-functionalized for
biological or material appli-
cations.' In the case of Agl-
AA, oligomers, a large
diversity of  functional
groups could be easily intro-
duced thanks to the initial
Met/AA, peptide sequence,
thus providing a large vari-
ety of structured oligomers
without further post-func-
tionalization.

The mid infrared (MIR)
absorption spectra (4000—
400cm™')  were  then
recorded in CHCI; solution
to sustain the presence of
intramolecular hydrogen
bonds that stabilize the
repeating f3-turn conforma-
tion in Agl-Phe oligomers.
The frequencies of both the
amide A v(NH) and amide I
vibrations v(CO) are classi-
cally downshifted when the hydrogen bonds are strength-
ened.™ In the v(NH) region (3600-3100 cm™), oligomers
10a-12 a exhibited two main amide contributions, one above
3450 cm ! and one below 3350 cm !, corresponding to non-
hydrogen bonded and hydrogen bonded NH, respectively
(Figure 2). According to the NMR structures, the intensity of
the H-bonded amide band (vyz(NH)) increased with the
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Figure 2. FTIR spectra of compounds 10a-12a at 1 mm in CHCl,.
Compound 10a is indicated by a plain line, 11a by a dashed line, and
12a by a dotted line. A) Amide A and B)amide | region

oligomer length, owing to an increase in the intramolecular
H-bonding rate. The downshift of the vyz(NH) band position
to lower frequencies, along with the increase of the oligomer
size (from 3340 to 3306 cm '), suggests a cooperative effect
with stronger hydrogen bonds. In the free amide range (above
3400 cm ™), the complex band with two maxima at 3474 and
3461 cm ' is consistent with the presence of free N-H of the C-
terminal amide and free NH-terminal urethane. In the
amide I region (1800-1600 cm™"), while the high frequency
band around 1697 cm™' was assigned to intra-cyclic C=O
group (v, (CO)), not engaged in H-bond, the band near
1660 cm™" corresponded to the amide C=O group engaged in
H-bond (vyp(CO)). As expected, we observed a concomitant
increase of the intensity bands of both vy;(CO) and v, (CO)
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with the oligomer length. In agreement with the vyg(NH)
behavior, the vyg(CO) band position was downshifted when
the oligomer lengths increased, while the position of v.,(CO)
band position remained almost unchanged. The vy(CO) and
vus(NH) behaviors appeared deeply correlated, supporting
the progressive establishment of an intramolecular hydrogen
bonding network when the size of the oligomer increased.

The deconvolution v(CO) and v(NH) bands of the
oligomers (Supporting Information, Figure S11) allowed us
to quantify the ratios between the free and H-bonded amide
species (Supporting Information, Tables S30-S32). It is note-
worthy that the ratios obtained from IR data were similar
with those expected for oligomers adopting a f-ribbon
structure. For example, in (Agl-Phe), (compounds 10a-
12a), the percentages of bound NH determined from IR
experimental analysis increased with the oligomer length
from 50% (n=2)to 75% (n=06), as expected from the NMR
data. We globally found a good correlation between the ratio
of free and H-bonded NH and C=O in the structures
calculated under NMR restraints and estimated from IR
analysis.

In the next step, we addressed whether the amphipathic
(Agl-Phe/Arg), 10b-12b and cationic (Agl-Arg), 10c-12¢
oligomers also adopted a ribbon structure in methanol and in
water. First, an IR absorption study of compounds 11b and
11¢, as amphipatic and cationic model oligomers in D,O was
carried out. While strong absorption bands of the solvent
prevented the interpretation of the amide A region; we
observed for both compounds a complex band with three
main components in the amide I region (Supporting Infor-
mation, Figure S12). The low and high frequency shoulders at
1690 and 1653 cm™' corresponded respectively to v.(CO)
and v;;3(CO), and the main contribution at 1673 cm™' was
assigned to guanidinium vibration." The band deconvolution
indicated the presence of similar proportions of the free NH
amides and H-bonded NH amides in D,0O compared to Agl-
Phe tetramers in CHCl; (Supporting Information, Fig-
ure S13), suggesting that the Agl-AA, amphipathic and
cationic tetramers still adopted a folded structure involving
hydrogen bonds in D,0.

Afterwards, we carefully searched for the characteristic
NOE pattern detected for the 10a-12a (Agl-Phe), oligomers
in [Ds]pyridine and CD;0OH, in the ROESY spectra of the
amphibatic (Agl-Phe/Arg), 10b—12b and cationic (Agl-Arg),
10 c-12 ¢ oligomers in both CD;OH and water (pH 6.3). All of
the 'H, "*C, and "N resonances of the two series of oligomers
were assigned in CD;OH, while significant signal overlaps in
H,0/D,0 prevented the complete assignment of resonances
of the (Agl-Phe/Arg),, and of the repetitive (Agl-Arg)s,i,
oligomers. Despite the low quality of these spectra, a notable
amount of typical NOEs were also found in CD;OH and in
water (Supporting Information, Tables S28,S29).

Furthermore, we performed a circular dichroism
(CD)study on aliphatic oligomers 10a-12a in CH;OH, and
in both CH;OH and water for amphipatic 10b-12b and
cationic oligomers, 10c-12¢ (Figure 3; Supporting Informa-
tion, Figures S36,S37). We observed similar signatures
regardless of the nature of the oligomers (hydrophobic,
amphipathic, or polycationic), with a large negative band at
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Figure 3. A) CD spectra of (Agl-Phe) dimer (plain line), tetramer
(dashed), and hexamer (dotted) in methanol at 20°C. B) CD spectra of
(Agl-Phe)g in red, (Agl-Phe/Arg), in purple, and (Agl-Arg)g in blue.
Spectra were recorded in methanol (dashed) and in water, pH 6.3
(plain lines).

about 224 nm and a slight shoulder around 208 nm in CH;OH
(Figure 3B). In water, amphipatic and cationic compounds
displayed similar CD signatures with a slightly shifted
minimum near 222 nm. There was also a maximum at about
193 nm that was not observed in CH;OH, owing to the strong
absorption of the solvent at this wavelength. These data
indicate that (Agl-AA,)-based oligomers share a similar
conformation in CH;OH and in water, and importantly, point
out the stability of amphipatic and cationic oligomer struc-
tures in aqueous media. Interestingly, the per-unit molar
ellipticity value of the minimum did not increase markedly
with the number of monomers, supporting the idea that the
ribbon structure was governed by each pre-organized Agl-
AA, p-turn unit which was retained within the oligomers
(Figure 3 A). Considering the Agl-Phe series, we only noticed
a slight increase of the Cotton effect at 224 nm between the
dimer 10a and the tetramer 11 a, with no significant difference
between 11a and the hexamer 12a. These results are
consistent with the FTIR data (Figure 2). Indeed, whereas
amide I band of tetramer 11a and hexamer 12a presented
similar band shapes, the dimer 10a band exhibited a high
frequency shoulder, suggesting an enhanced dispersion of
hydrogen bond strengths. Furthermore, both vys(CO) and
vye(NH) band positions of the dimer are upshifted compared
to others oligomers, also supporting weaker intramolecular
H-bonds in this case. In this context, although the dimer
presents more heterogeneous H-bonding strengths than the
longer oligomers, no strong cooperative effect with the
oligomer size occurred for the Agl-AA, ribbon.

Finally, considering the FTIR, CD, and NMR data in
water together, we could conclude that the Agl-AA, amphi-
patic and cationic series retained the f-ribbon structure in
aqueous media.

In conclusion, we have developed a straightforward and
unprecedented way to obtain c-amino-y-lactam-based fol-
damers from simple peptide sequences by alternating methio-
nine and a-amino acid residues in a 1:1 pattern. Interestingly,
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the key step of multicyclization of the peptide sequence
proceeds on solid support with a complete conversion into the
a-amino-y-lactam oligomer. Conformational investigations
by NMR, FTIR, and CD showed the ability of these oligomers
to fold into a well-defined repeating-turn secondary structure
stabilized by (i, i + 3) inter-residue hydrogen bonds in solu-
tion. The periodic distribution of side chains on both sides of
the plane of the ribbon was controlled by the initial peptide
sequence. Such compounds allow the display of functional
groups in defined spatial arrangement. The strategy could be
considered for converting a whole target peptide sequence, or
only a desired part of a peptide sequence, into structured
peptide scaffolds for specific applications including antimi-
crobial or cell-membrane permeable compounds. Agl-AA,
oligomers could be also used as scaffolds for multivalent
biological targeting.
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