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Abstract: The development of novel
folding oligomers (foldamers) for bio-
logical and biomedical applications re-
quires both precise structural informa-
tion and appropriate methods to detect
folding propensity. However, the syn-
thesis and the systematic conformation-
al investigation of large arrays of oligo-
mers to determine the influence of fac-
tors, such as chain length, side chains,
and surrounding environment, on sec-
ondary structure can be quite tedious.
Herein, we show for 2.5-helical NN'-
linked oligoureas (y-peptide lineage)

characterization can be accelerated by
using high-resolution magic-angle-spin-
ning (HRMAS) NMR spectroscopy.
This was achieved by monitoring a
simple descriptor of conformational
homogeneity (e.g., chemical shift dif-
ference between diastereotopic main
chain CH, protons) at different stages
of oligourea chain growth on a solid
support. HRMAS NMR experiments
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were conducted on two sets of oligo-
ureas, ranging from dimer to hexamer,
immobilized on DEUSS, a perdeuterat-
ed poly(oxyethylene)-based solid sup-
port swollen in solvents of low to high
polarity. One evident advantage of the
method is that only minute amount of
material is required. In addition, the
resonance of the deuterated resin is
almost negligeable. On-bead NOESY
spectra of high quality and with resolu-
tion comparable to that of liquid sam-
ples were obtained for longer oligo-
mers, thus allowing detailed structural
characterization.

that the whole process of foldamer

Introduction

Biotic and abiotic oligoamide foldamers have attracted con-
siderable attention in recent years.'*! We and others have
shown that the urea moiety, by its capacity to form auto-
complementary hydrogen bonds can be substituted for the
amide linkage to generate open-chain oligomers that self-or-
ganize at the molecular level through either local conforma-
tional preferences or remote intrastrand interactions to form
new structural patterns.””) Enantiopure N,N'-linked oligo-
ureas with proteinogenic side chains of general formula H-
[NH-PCH(R)-*CH,-N'H-CO-],-NH, are peptide backbone
mimetics belonging to the y-peptide lineage. In solution,
they adopt a well-defined 2.5-helical fold, reminiscent of the
v*-peptide 14-helix. The structure is stabilized by hydrogen
bonds closing both 12- and 14-membered rings and is char-
acterized by a stable (+4)-synclinal arrangement around the
ethane bonds. The predictability of 2.5-helix formation sug-
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gested us that the oligourea backbone could be used as a
template to elaborate functional mimetics of bioactive heli-
cal a-polypeptides. In particular, short-chain oligoureas de-
signed to mimic globally amphiphilic a-helical host-defense
peptides were found to be effective against both gram-nega-
tive and gram-positive bacteria.[’! However, both the precise
understanding of the factors that govern helix formation
and the control of the structure are necessary if these mole-
cules are to be envisaged as tools in biology. With the aim
to speed-up the characterization of oligourea foldamers, we
have now explored the possibility to directly monitor helix
formation of oligoureas bound to a solid support at different
stages of chain growth by using high-resolution magic-angle-
spinning (HRMAS) NMR spectroscopy. HRMAS NMR
spectroscopy is a powerful technique to investigate the
structure and mobility of immobilized species including nat-
ural oligomers, such as a-peptides.”™ Herein, we present
the synthesis and HRMAS NMR conformational analysis of
two series of N,N'-linked oligoureas covalently bound to
DEUSS,' a perdeuterated poly(oxyethylene)-based solid
support. Advantages shared by DEUSS and its correspond-
ing nondeuterated version POEPOP!" include: 1) high
swelling capacity in organic solvents and aqueous environ-
ment, 2) high quality on-bead NMR spectra, and 3) a resolu-
tion close to that of liquid samples. DEUSS resin was intro-
duced by us to facilitate detailed HRMAS NMR studies, the
signal intensity of the oxyethylene protons in DEUSS being
reduced by two orders of magnitude (i.e. to the level of at-
tached molecules) in comparison to POEPOP.['®]

Results and Discussion

Design and preparation of DEUSS-immobilized oligoureas:
Two series of immobilized model oligoureas ranging from
dimer (1.1, 2.1) to hexamer (1.5, 2.5) have been prepared by
stepwise assembly on the amino functionalized DEUSS
resin 4 (Figure 1). Compounds in the first series (1.1-1.5)
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Figure 1. The two series of DEUSS-bound oligoureas prepared for HRMAS NMR analysis. The residue num-

bering scheme used throughout the paper is indicated.

with alternating side chains of Ala, Val, and Phe were syn-
thesized for comparison with oligoureas previously studied
in solution.’*? To investigate possible sequence effects on
folding, oligoureas in the second series were exclusively
composed of aliphatic side chains.
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syntheses were per-
formed on a 2.5 umol scale by
using succinimidyl {2-{[(tert-bu-
toxy)carbonyl]amino}-2-X-eth-
yljcarbamates or succinimidyl
{2-{[(9H-fluoren-9-ylmethoxy)-
carbonyl]amino}-2-X-ethyl} car-
bamates as previously described
(Scheme 1).1%%) At the end of
the synthesis, the resins were
washed with CH,CIl, and diethyl
ether, and dried under high
vacuum before swelling in the
appropriate deuterated solvent
for HRMAS NMR analysis. Be-
cause the oligourea-DEUSS
resins were analyzed directly at
the end of the synthesis without
the possibility to further purify
the oligomers, it was mandatory
to keep coupling and deprotec-
tion yields extremely high
during the whole synthesis.
Whereas the use of N-Fmoc-
protected (Fmoc=9-fluorenyl-
methoxycarbonyl) building
blocks proved unsatisfactory
with the presence of many im-
purities detected by HRMAS
NMR analysis, the Boc (Boc=
tert-butoxycarbonyl)  strategy
gave very good results with no
significant impurities visible in
the HRMAS NMR spectra re-
corded.®

Chain length dependence and
capping effect: Resin-bound
oligoureas 1.1 to 1.5 and 2.1 to
2.5 bearing either a free or a
Boc-protected amino terminal
end were swollen in [D;]MeCN
and analyzed by HRMAS
NMR spectroscopy at 300K
using a combination of DIPSI2
(t,=60 ms), 'H-C HSQC and
NOESY (r,=300ms) experi-
ments. Samples were spun at 6—
7 kHz. Qualitative comparison
of spectra was very informative.
The quality and the dispersion
of the signals were found to
depend on both the sequence and the length of oligoureas
studied. Whereas resonances of diurea 1.1 were readily as-
signed (portions of DIPSI2 and 'H-*C HSQC spectra of
1.1b are shown in Figure 2a), complete spin-system assign-
ment of intermediate triurea 1.2, tetraurea 1.3, and pentaur-
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Scheme 1. Preparation of the two series of DEUSS-immobilized N,N'-
linked oligoureas 1 and 2.

ea 1.4 proved to be very difficult due to lower quality spec-
tra, poor signal dispersion, and/or missing resonances. The
problems of missing resonances and poor spectrum resolu-
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tion can be ascribed to a lack of mobility of the oligomeric
chain, to aggregation, and/or to the presence of different
conformations in equilibrium. Such difficulties have been
encountered previously during HRMAS analyses of resin-
bound peptides on various types of solid support.’!:4 In
contrast, nicely resolved spectra were obtained for DEUSS-
bound hexaurea 1.5a swollen in [D;]MeCN. DIPSI2 and
'"H-*C HSQC measurements allowed the assignment of
proton resonances for all residues. The fingerprint NH/*CH
and N'H/“CH region in the DIPSI2 experiment is shown in
Figure 2b. Almost all crosspeaks were properly resolved.
The "H-"C HSQC experiment was extremely useful to con-
firm chemical shifts of diastereotopic “CH protons. The se-
quence-specific assignment of all resonances was achieved
by NOESY experiments (mixing time 7,,=300 ms) and was
deduced from the strong N'H(i+1)~NH(i) NOE connectivi-
ties within urea bonds. HRMAS analysis of resin-bound oli-
goureas 2 was less problematic and spin systems of all resi-
dues were observed in compounds 2.1-2.5. Again, resolution
and signal dispersion of 'H-?C HSQC spectra increased
with the length of the oligomers to reach a maximum for
hexaureas 2.5a and 2.5b (see Figure 2c). It is worth noting
that all N'H(i+1)-NH(i) NOE correlations were observed
in 2.5b (see Supporting Information).

We previously reported that the chemical shift difference
(A0) between diastereotopic “CH protons is a useful de-
scriptor of the conformational homogeneity of helical N,N'-
linked oligoureas. In the case of a 2.5-helical heptaurea, Ad
values as high as 1.5 and 1.3 ppm have been measured for
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Figure 2. Parts of the 500 MHz DIPSI2 (top) and 'H-"*C HSQC plots (bottom) of DEUSS-bound oligoureas: a) 1.1b, b) 1.5a, and c) 2.5b recorded in
[D5]MeCN at 300 K. H-*C and H—C cross-peaks in the 'H-*C HSQC plots are indicated in blue and green, respectively.
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central residues in [Ds]pyridine (300 K) and [D;]methanol
(300 K), respectively.®*l This parameter can also be used to
compare oligomers differing in both length and sequence. In
this study, it was possible to extract Ad values for oligoureas
1.5a, 1.5b, 2.1a-2.5a, and 2.5b from their DIPSI2 and
"H-"C HSQC spectra. Examination of AJ values of residues
1 and 2 in oligomers 2.1a-2.5a revealed a dramatic change
(e.g. from 0.34 to 1.25 ppm for residue 2) as the length of
the chain increased from four to five residues (Figure 3).
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Ad lppm
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sl il sl

2.1a 2.2a 2.3a 2.4a 2.5a

Figure 3. Variation of the chemical shift differences (Ad) between gemi-
nal “CH protons of residues 1 (grey bars) and 2 (white bars) as a function
of chain length. Ad values were extracted from DIPSI2 and 'H-"C
HSQC spectra of oligoureas 2.1a-2.5a recorded in [D3]MeCN at 300 K.

This increase in Ad with a single-residue chain-length in-
crement is much sharper than previously observed in solu-
tion for another sequencel™ and suggests, that in this case, a
five residue length is an absolute requirement for helix nu-
cleation.

The effect of capping the free amino group on the chemi-
cal shift differences (Ad) between geminal “CH protons has
been examined in both sequences. The Ad values were mea-
sured for residues 1-6 in oligoureas 1.5a, 2.5a (Figure 4a),
1.5b and 2.5b (Figure 4b).
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Figure 4. Effects of sequence and capping of the free amino group on the
chemical shift differences (Ad) between geminal “CH protons in oligour-
ea hexamers: a) A0 values are reported for residues 1-6 in hexamers
1.5a (triangles) and 2.5a (circles); b) Ad values are reported for residues
1-6 in hexamers 1.5b (triangles) and 2.5b (circles). Ad values were ex-
tracted from DIPSI2 and 'H-"C HSQC experiments recorded in CD;CN

at 300 K.
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As shown in Figure 4a, 1.5a and 2.5a display an almost
identical Ad signature, typical for helix-forming oligoureas,
with Ad values for central residues 2-4 above 1.2 ppm. In
agreement with previous studies in solution, the first and pe-
nultimate residues exhibit somewhat lower values
(~1 ppm), whereas the amino terminal residue is character-
ized by almost no diastereotopy of its methylene protons.
When examining N-capped hexamers, the situation is clearly
different between the two sequences, oligourea 2.5 being
more sensitive to capping than 1.5. This is particularly strik-
ing for the penultimate residue, which exhibits a 0.33 ppm
shift towards higher Ad values in the case of 2.5b, while in
the 1.5 series, the same residue is not sensitive to capping.
Finally, all residues in 2.5b exhibit slightly higher Ad values
than in 1.5b thus suggesting that 2.5b might adopt a more
stable 2.5-helical conformation than 1.5b. Overall, these re-
sults suggest that, if applied to a larger set of oligourea se-
quences, this approach can be used to delineate the relation-
ship between side chain structure and 2.5-helix stability in
oligourea foldamers.

Influence of the solvent: Among the many parameters that
may affect the folding propensity and the conformational
stability of oligoureas, the solvent is one of the most impor-
tant. It also one of the easiest to vary during HRMAS NMR
studies of grafted oligoureas, by simply filtering, rinsing, and
drying the resin prior to change the solvent. Furthermore, it
is possible to include solvents in which oligoureas are poorly
soluble as long as high swelling of the resin is maintained.
Previous structural analysis of a oligourea heptamer in solu-
tion suggested that the 2.5-helix is more stable in pyridine
than in methanol.”® To further document the influence of
the solvent on the folding propensity of oligoureas, we have
now undertaken HRMAS NMR analysis of DEUSS-sup-
ported hexaurea 2.5a in aprotic solvents ranging from low
(pyridine) to high (DMSO) polarity as well as in protic sol-
vents (MeOH, H,0). DEUSS!" like POEPOP!" and other
PEG-cross-linked resins (e.g., PEGA,” SPOCC,”” Chem-
Matrix®!) and PEG-grafted resins (e.g. PEG-PS,?* Tenta-
Gel,”! PVAg-PEG™)) display optimal swelling capacity in a
variety of nonpolar and polar solvents including water, and
are thus particularly well suited for studying solvent effects
by HRMAS NMR spectroscopy.”*”!

In pyridine, acetonitrile, methanol, and DMSQO, signals
were well dispersed and complete spin-system assignment
was readily achieved from DISPI2 and 'H-"C HSQC experi-
ments. Both 'H and “C chemical shifts of 2.5a swollen in
[Ds]pyridine are collected in Tables S1 and S2 of Supporting
Information. Parts of the 'H-C HSQC plots with assigned
H-°C correlations in all four solvents are shown Figure 5.
However, spin system assignment of 2.5a swollen in water
was hampered by the poor dispersion of the signals (see the
Supporting Information).

We were able to measure AJ values between geminal
“CH protons with precision for all six residues in all solvents
except water. A AJ signature typical of the helical fold was
observed in pyridine, acetonitrile, methanol, and even

Chem. Eur. J. 2008, 14, 3874 —3882
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Figure 5. Parts of the 500 MHz 'H-"*C HSQC plot showing H-“C correla-
tion for all six residues of 2.5a swollen in pyridine, acetonitrile, methanol,
or DMSO.

DMSO, with the highest Ad values being observed for resi-
dues 2-4 (A6 >1 ppm) (Figure 6).
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Figure 6. Solvant effect on the chemical shift differences between geminal
“CH protons of residues 1-6 in oligourea 2.5a at 300 K.

In water, Ad values could not be determined with confi-
dence due to the lack of spectrum resolution (limited signal
dispersion and line broadening). Examination of the 'H-*C
HSQC plot revealed that Ad values do not exceed 0.4—
0.6 ppm (see the Supporting Information). Overall the
HRMAS NMR spectrum of 2.5a in D,O is likely to reflect
equilibrium between partially folded/unfolded conforma-
tions, and demonstrate the lower propensity of uncapped
hexaurea 2.5a for helical folding in aqueous solution.

In pyridine, acetonitrile, methanol, and DMSO, the Ad
values obtained for the amino terminal residue 6 (between
0.21-0.51 ppm) was much lower than the values for other
residues in the sequence. This is compatible with helix fray-
ing at the amino terminal end. Comparison of AJ values all

Chem. Eur. J. 2008, 14, 3874 —3882
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along the main chain was very instructive to rank the sol-
vents according to their propensity to stabilize 2.5-helical
folding of hexaurea 2.5a. The following order was inferred
from AJ values reported in Figure 6: pyridine > acetoni-
trile > methanol > DMSO > water. In good agreement with
the results previously obtained in solution, the Ad values ob-
served here for 2.5a confirm that pyridine is the solvent that
stabilizes helical folding the most. It is worth noting that Ad
values obtained by HRMAS NMR spectroscopy for 2.5a
swollen in CD;0OD compare very well with those previously
extracted by NMR spectroscopy in CD;OH for another
hexaurea sequence consisting of Val, Ala, and Tyr side
chains (i.e. compound 3 in reference [5c]).[*!

To gain more information about the three-dimensional
structure of DEUSS supported hexaurea 2.5a swollen in
pyridine, NOESY experiments were acquired at 300 K with
a mixing time of 300 ms (Figure 7). The sequence-specific
assignment was deduced from the strong N'H(i+1)—NH()
NOE connectivities (see Figure 7c¢).

Inspection of medium-range interesidue NOEs was partic-
ularly informative. The presence of all possible (i=1 to 4)
NH(})/PCH(i+2), and N'H(i))/’CH(i+2) NOE connectivities
as well as of two cross peaks between NH(?) and the down-
field “CH(i+2) was highly consistent with 2.5a adopting a
2.5 helical fold in pyridine (Figure 7). This characteristic
NOE pattern is a common feature of all oligoureas found to
adopt a 2.5-helical structure.**

Conclusion

By this study, we have shown that HRMAS NMR spectros-
copy is a practical technique for screening and studying the
preferential conformations of biotic N,N'-linked oligoureas.
One of the major advantages of this approach is that only
minute amounts of material, that is, typically 1-2.5 uymol of
immobilized oligoureas, are required. Our motivation to use
DEUSS, a perdeuterated PEG-crosslinked resin previously
developed in our laboratories, for oligourea attachment
stemmed from: 1) its high swelling properties in a wide
range of polar and nonpolar solvents, 2) the good resolution
of HRMAS NMR spectra of compounds bound to DEUSS
compared to other solid-supports, and 3) the remarkable re-
duced intensity of the oxyethylene proton signal compared
to POEPOP, its nondeuterated version. Detailed HRMAS
NMR analysis in CD;CN of a series of DEUSS-bound oli-
goureas differing in either chain length, sequence, or cap-
ping mode revealed a number of interesting features. Al-
though the signal resolution of DEUSS-bound oligourea
spectra remains lower than that observed for oligoureas by
liquid-state NMR spectroscopy in corresponding solvents,
(i.e. coupling constants cannot be extracted from HRMAS
NMR spectra) the signals were sufficiently dispersed for
complete spin-system identification and sequence assign-
ment. In addition, chemical shifts of diasterotopic “CH pro-
tons were readily extracted from DISPSI2 and 'H-"C
HSQC experiments and provided reliable qualitative infor-
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Figure 7. Representative sets of NOE connectivities observed for 2.5a in [Ds]pyridine at 300 K. a) NOESY
plot (z,,=300 ms) showing all inter-residue NH(i)/CH(i4+-2) (blue) and N'H(i)/*CH(i+2) (pink) (i=1, 2, 3, and
4) as well as some N'H(i)/*CHg;(i4-2) crosspeaks (green). These i/i+2 NOE connectivities are consistent with
2.5a adopting the canonical 2.5-helical structure of oligoureas. b) The corresponding part of the TOCSY plot
(T, =60 ms) is shown for comparison. c) Part of the NH/NH region of the NOESY plot (z, =300 ms) of 2.5a
recorded at 300 K. All interresidue NH(i))/N'H(i+1) NOEs (orange) are observed and were used for sequence
assignment Residues are numbered consecutively from 1 to 6 as displayed in Figure 1.

mation about folding propensity of oligoureas. In the com-
pound 2 series, a single-residue chain-length increment from
tetramer to pentamer was found sufficient to promote 2.5-
helix nucleation, thus, suggesting that five residues represent
the minimum chain length to stabilize the 2.5-helical fold.
Whereas in the uncapped series sequence variation had neg-
ligible influence on helix propensity of hexaureas, a signifi-
cant sequence effect was observed in the N-Boc-protected
series. Hexaurea 2.5b with aliphatic side chains displayed
for example systematically higher Ad values than 1.5b. This
approach based on AJ value determination is very promis-
ing to screen larger arrays of resin-bound oligoureas and to
further delineate the requirements for helix formation (e.g.,
relationship between 2.5-helix formation and the structure
of side chains and primary sequence). The influence of the
surrounding environment, that is, the solvent, on 2.5-helix
population was also investigated. In the case of hexaurea
2.5a, although helix formation was maximized in a low
polar environment (pyridine), significant helix population
was retained in both protic and polar aprotic media
(MeCN >MeOH >DMSO). The low resolution of the spec-
trum in D,O precluded detailed insight of the structure of
2.5a in water. According to estimated AJ values, uncapped
hexaurea 2.5a is likely to be only partially folded in aqueous
environment, thus suggesting that capping and/or longer
chain length are required to increase helix propensity. This
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though helicity in water is in-
trinsically weaker than in other
polar and apolar solvents, sever-
al strategies inspired by work
on a- and P-peptides,' ! to
design oligoureas with a high
level of helicity in aqueous
media are worth being evaluat-
ed in the future. These include:
1) the formation of salt bridges
between overlapping side chains, 2) the maximization of
electrostatic interactions with the helix macrodipole, and 3)
the incorporation of residues with increased backbone pre-
organization.

As exemplified by the analysis of hexaurea 2.5a swollen
in pyridine, HRMAS NMR NOESY experiments allowed
extraction of most medium range (i)—(i+2) NOE correla-
tions associated with the 2.5-helical structure. This result
demonstrates that HRMAS NMR analysis of oligoureas is
not limited to qualitative structural description based on the
determination of AJ values but is a powerful technique to
gain detailed structural information on oligoureas by inte-
gration of distance restraints.

Experimental Section

Synthesis of oligoureas immobilized on DEUSS: Assembly of oligoureas
1 and 2 was carried out on a 2.5 umol scale starting from DEUSS 4!
and using succinimidyl-2-[(tert-butoxycarbonyl)amino]-2-substituted ethyl
carbamates."® For each coupling step, a solution of the appropriate car-
bamate (5equiv) in DMF (300 uL) and diisopropylethylamine (DIEA;
10 equiv) were added subsequently to the resin. The suspension was
shaken for 2h at room temperature and a double coupling was per-
formed systematically. At the end of the reaction, the resin was washed
with DMF (6x300 pL). The Boc group was removed by treatment with
TFA (300 pL, 2x5 min) and the resin was washed with CH,Cl,, iPrOH,
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and DMF. The final ureas on solid support were washed with CH,Cl, and
diethyl ether, and dried under vacuum at 50°C for 12 h.

HRMAS NMR spectroscopy: The identification of amino acid spin sys-
tems and sequential assignment were made by using a combination of
HRMAS TOCSY,* NOESY,*" and HSQCP? experiments. HRMAS 1D
and 2D NMR spectra were obtained on a Bruker Avance 700 MHz spec-
trometer equipped with for 4 mm 'H/”C/*'N/"H HRMAS gradient probe
or on a Bruker DSX 500 MHz spectrometer equipped with for 4 mm
HXMAS4 ('"H/X, X tuned to *H) or with for HXY ("H/X/Y, X tuned to
5C and Y tuned to ?H) probe. The samples (3-5 mg) were packed into a
4 mm HRMAS rotor and solvents were added to the resin directly inside
the rotor. Samples were spun at 6-7 kHz. The spectra were acquired at
300 K and referenced to the peak of the solvent. All 2D homonuclear
spectra were recorded in pure phase mode by using the States-TPPI
method. Homonuclear spectra were recorded with 2048 data points in ¢,
and 256 or 512 increments in ¢). Typically 8 or 32 scans per increment
were accumulated. A spectral width of 5482.46 Hz was used for the
proton. TOCSY data were recorded with a DIPSI2®*! sequence of 60 ms.
Through-space dipolar connectivities were obtained from NOESY spec-
tra by using mixing times from 300 ms. All 2D heteronuclear spectra
were recorded in the pure phase mode by using the States-TPPI or Echo-
Antiecho TPPI method. 'H-C HSQC spectra were recorded with 1024
or 2048 data points in t2 and 256 or 512 increments in ¢;. The number of
scans accumulated for "H-"*C HSQC were 32 or 44. Sweep widths for 'H
and "C dimensions were 5482.46 Hz and 12722 Hz, respectively. The
samples were swollen in [Ds]pyridine, [Dg]DMSO, CD;CN, CD;0D and
D,0.
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