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Residual Dipolar Couplings in Short Peptidic Foldamers: Combined
Analyses of Backbone and Side-Chain Conformations and Evaluation of
Structure Coordinates of Rigid Unnatural Amino Acids
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Although residual dipolar cou- 1
plings (RDCs) have been estab-
lished in the NMR structure de-
termination of biomacromole-
cules in solution for several
years,l"? their potential for the
investigation of small molecules
has not been fully explored due
to difficulties in the evaluation
of internal dynamics and con-
formational averaging. Thus, RDCs have been mostly employed
for the determination of configurations in rigid or cyclic com-
pounds®™® or for the structure refinement of cyclic peptides.”®
Only very recently could configurations in more flexible open-
chain systems be elucidated.”'” To our knowledge, RDC appli-
cations addressing short linear peptides, however, have been
restricted to the systematic elucidation of the conformational
preferences of individual natural amino acids;"'? neither the
conformations of short linear peptides nor the influence or the
structure of cyclic unnatural amino acids have been analyzed
in detail by RDCs. Since certain unnatural amino acids, for ex-
ample, B-amino acids, are known to induce strong conforma-
tional preferences in peptides, foldamers containiing -amino
acids are promising targets for structural investigations sup-
ported by RDCs. In particular, the rigid cis-B-aminocyclopro-
panecarboxylic acid™ (cis-3-ACC) stabilizes even short peptide
sequences,”"” and high activities and selectivities have been
found in medicinal chemistry™'® and asymmetric organocatal-
ysisl'”! for cis-B-ACC containing peptides. However, the struc-
tural analysis of these peptides by NMR and CD methods es-
tablished for peptides comprised of natural amino acids has
been problematic due to difficulties in assigning parameters
for the unnatural building blocks and due to a missing body of
reference compounds.

To fill this gap, NMR solution studies on tripeptides 1 and 2
(Scheme 1) are presented here. RDCs were applied as a quality
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Scheme 1. H-(L)-Pro-¥-(L)-Pro-OBn 1, H-(L)-Pro-(L)-Pro-¥-OBn 2 (for conformational analysis) and Ac-¥-NEt, 3 (for

the parameterization of cis-3-ACC); ¥ =(—)-cis-3-ACC.

check for the different cis-3-ACC parameterizations for molecu-
lar dynamics (MD) simulations and to detect preferences in
proline side-chain conformations. Furthermore, the use of cis-
B-ACC as an alignment probe allowed for the analysis of the
peptide backbone.

In structural studies of small molecules and nonstandard
amino acids, the appropriate parameterization of these com-
pounds is essential for reliable MD simulations. The hydrogen
positions, which are addressed by various NMR-derived re-
straints, especially influence the results of MD calculations.
Since a crystal structure of the enantiomer of 3 (Scheme 1) was
available,"® 3 was used as a model compound for 1 and 2 in
order to generate a parameterization of cis-3-ACC. For this pur-
pose, two sets of coordinates for 3 were prepared, one with
the Dundee PRODRG2 Server™ and the second one from the
crystal structure™ by a subsequent DFT equilibrium geometry
calculation resulting in significantly different hydrogen posi-
tions (see the structures in Figure 1). As RDCs provide in princi-
ple the potential to check the quality of coordinates in rigid
molecules, both (-ACC structures were fitted to a set of six
experimental RDCs of the rigid -ACC moiety with the PALES
software;?*?"! these RDCs had been determined from the well-
resolved 1D 'H and "H-">C PE.HSQC spectra® of samples of 2
in CDCl; and in a strained polydimethylsiloxane (PDMS)/CDCl;,
gel” A comparison of the experimental and the back-calculat-
ed RDCs of the two coordinate sets is presented in Figure 1.

Besides demonstrating that the set of experimental data is
accurate and the configuration of cis-B-ACC is correct, the sig-
nificantly better Q factor of the X-ray-derived coordinates (Fig-
ure 1B) indicates their congruence with the actual structure in
solution. The coordinate file generated by PRODRG2, on the
other hand, can be rejected; in addition to a poor Q factor, a
significantly different alignment tensor was calculated, which
would lead to the erroneous evaluation of further RDCs. How-
ever, the PRODRG2 structure can be improved by an energy
minimization calculation, leading to results similar to the crys-
tal structure (see the Supporting Information).
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Figure 1. Experimental and back-calculated RDCs for cis-3-ACC with struc-
ture coordinates A) according to the Dundee PRODRG2 server' or B) de-
rived from a crystal structure."® The Q factors allow for the identification of
the correct amino acid structure.

The impact of such small differences in hydrogen positions
on the conformational analyses of short peptides is illustrated
by MD calculations on 2 (Scheme 2). The slightly changed

v, = 335°

Scheme 2. Conformational changes of 2 caused by different $-ACC parame-
terizations derived from A) PRODRG2 or B) an X-ray structure of 3. In both
cases, the 50 structures with the lowest NOE energies are displayed, fitted
on the N, C, and CO of Pro 2. The C-terminal benzyl protecting group is
omitted for the sake of clarity.

proton coordinates in the two different parameterizations not
only lead to an erroneous peptide backbone but also to differ-
ent proline side-chain conformations. Upon applying the cor-
rect parameterization, the most obvious changes occur in the
backbone angles ¥, and 8 (from 57° to 335° and from 243° to
221°, respectively) and in the flip of the side-chain conforma-
tion of Pro2 from down to up. The overall conformational al-
teration affects significantly the relative position of Pro1 and f3-
ACC, which is essential for the structural interpretation of the
organocatalytic properties of unprotected 2.'” In the structural
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studies of small molecules such as 2, it is essential to check
whether the experimental NMR parameters originate from one
prevalent conformation or are averaged over several coexisting
or interconverting conformations. As criteria for the predomi-
nant adoption of a well-folded form of short linear peptides, it
has been proposed that no NOE restraints are violated and all
interproton distances below 3.5 A that occur in more than half
of the calculated structures give rise to observable NOEs.'"" In
addition, the dominant population of a particular conformation
can be evidenced experimentally by unusual large or small
*Jun values.”? Interestingly, in both structures shown in
Scheme 2, the two NOE criteria are fulfilled; this indicates one
conformation for 2. But only with the correct parameterization,
does the experimental § angle derived from 3JHN,Hﬁ agree with
the calculated structure (Supporting Information). This example
shows impressively that RDCs can be used as a tool to evalu-
ate the correctness of the coordinates of rigid unnatural amino
acids in solution, which is a crucial prerequisite for reliable
restrained MD simulations, especially for short peptidic foldam-
ers.

Inspired by the excellent performance of cis-f-ACC in the
RDC back-calculation, we used cis-B-ACC as a probe for molec-
ular alignment, and thus exploited the potential of RDCs as a
source of conformational information for the structure refine-
ment of short peptidic foldamers. In principle, the reported ap-
plications of (3-ACC-containing foldamers in medicinal chemis-
try and organocatalysis suggest conformational investigations
should be performed at room temperature. Since the degrada-
tion of 2 into the Pro-Pro-diketopiperazine is observed even at
273 K, 1 was selected for structural investigations with RDCs.
At 300 K, the NOE interpretation of 1 was severely hampered
by exchange processes involving the amide proton of 3-ACC,
which impeded NOE interpretation at this prominent position
in the NOE network. In this case, RDC data are expected to be
particularly valuable, because they allow for the determination
of the orientation of vectors in the different amino acids rela-
tive to the alignment tensor.

Even in foldamers, linear tripeptides are very likely to show
remaining internal dynamics or, even more seriously, several
interconverting conformations; these situations would lead to
a complex averaging of the experimental NMR parameters, in-
cluding RDCs. In order to find out if parts of 2 were conforma-
tionally restricted enough to reduce the influence of conforma-
tional averaging to a minimum, and thus, to allow for RDC in-
terpretation, the conformational stability of 1 was investigated
at 240 K, and the resulting structure analyzed according to the
NOE and Jcriteria discussed above. The NOE-restrained MD
simulations indicated a surprisingly limited conformational flex-
ibility as far as rotations around the backbone angles a and 3
are concerned (see Figure 2A for nomenclature and Figure S3
for the calculated structure ensemble). The predominance of
the conformation shown in Figure S3 at 240 K was revealed by
the fulfillment of all the NOE restraints and by observable
NOEs for all interproton distances below 3.5 A. The unexpected
stability of the f angle was experimentally confirmed by the
unusual *Jy.5°" of 9.69 Hz (Supporting Information). At 300 K,
small changes in the chemical shifts (<0.07 ppm, except for

441

www.chembiochem.org


www.chembiochem.org

COOBn

NOE= «

34 NOE (H"-H) 31
_~NOE H"-H")

experimental NOE
ratio: 1.65

NOE
ratio 1

NOE
NOE (H".H'(2)) ratio,
N P
|experimental NOE NOE (H -H')
ratio: 0.25

NOE(H "W )
NOE(H (2) -HY)

| experimental enmental NOE
ratio: 1 15

experlmenta\ NOE

ot ratio: <0 035 ._a-r’

for the rotation around a, as it
is the only a-relevant RDC that
is practically independent of the
proline side-chain conformation.
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investigated by RDC analysis
was mapped by calculating
structures of 1 without any dis-
tance restraints. The alignment
tensors for these structures
were then determined by the
six RDCs within the rigid cis-f3-
ACC residue, and the two RDCs
relevant for o and § were back-
calculated and checked against
experimental values. Figure 2
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Figure 2. A) Conformational information on the angles o and 3 in 1 derived from B) NOEs, C) 3JHN—H[3 and D) RDCs.
The black bars mark angle regions in agreement with the experimental parameters.

the amide proton), a qualitatively identical NOE intensity pat-
tern and the slight decrease in the 3JHN,H3 (from 9.69 Hz to
8.89 Hz) showed that this conformation was still preferred and
only slightly loosened at higher temperatures. The formation
of an intraresidual hydrogen bond, which is hinted at by IR
spectroscopy at room temperature,"® corroborates this confor-
mation. On the other hand, the orientations of Pro1 and the
benzyl protecting group are less defined. Therefore, only those
RDCs solely affected by rotations around the angles o and 3
(with respect to the alignment probe cis-B-ACC) can be inter-
preted without significant conformational averaging, and thus,
were used for a structural refinement of the backbone confor-
mation of 1.

Based on this structural model of 1 and cis-3-ACC as an
alignment probe, RDC information was gathered on the angles
a and P, which describe the orientation of the adjacent parts
of the peptide relative to the probe (Figure 2A). For the angle
B, *Dunwp was determined from 1D 'H spectra, and 'Dcquq
within Pro3 (from PEHSQC spectra) was chosen as the sensor
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360 tails). Order parameters, which
al take remaining internal dynam-
ics into account, had not been
included in the RDC interpreta-
tion so far. Therefore, the good
agreement of the RDC data
with other NMR parameters, which are each dynamically aver-
aged in different ways, can be interpreted as further proof of a
considerably stable core conformation of 1 in CDCl; at room
temperature.

Focusing on the backbone rotations around o and 3, we
applied the RDC data in MD simulations with the software
system CNS (Crystallography & NMR System).” Our set of
eight RDCs (supplemented by the a-relevant 'Dessa 'Deoos
and 2Dys,.ne3) Were used as the restraints on the basis of the
alignment tensor determined for cis-f-ACC. For comparison,
we quantified the a- and p-relevant NOE contacts, as far as
this was possible, for the exchange-affected NOEs and applied
them as distance restraints in separate calculations. The result-
ing structures (presented in Figure 3) show similar o and f
values and a remarkable correspondence of the entire confor-
mation for both parameter sets. The reduced conformational
flexibility of the RDC-derived structures compared to that of
the NOE-derived structures can be explained by the limited
precision with which the NOEs could be obtained due to ex-
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Figure 3. Comparison of A) NOE- and B) RDC-derived structures of 1 at room
temperature. In both cases, the 40 structures with the lowest energies are
presented, which are based on a/f-relevant NOEs or RDCs only.

change contributions; this required the use of relatively large
error bounds for NOEs. In contrast, the RDCs could be deter-
mined very precisely. This example shows that, even in short
linear peptides at natural abundance, conformational informa-
tion can be derived from RDCs in the case of a conformational-
ly stable compound and the presence of a reliable probe for
molecular alignment.

Besides providing information on the peptide backbone, in
principle, RDCs can also be used to gain insight into proline
side-chain conformations. In order to cancel the influence of
variable backbone conformations on the proline RDCs, sepa-
rate alignment tensors were calculated for Pro1 and Pro3. As a
result, the RDC analysis reflects the averaging of the proline
side-chain conformations only and should allow for the detec-
tion of preferences. Based on a two-state model assumption
for proline conformations (“up”=“down”, Figure 4A),??”
structures of 1 were calculated in which J coupling restraints
forced the proline residues into one of the two conformations.
These structures were used to establish the conformation-

dependent correlations of experimental and back-calculated
proline RDCs (10 for Pro 1 and six for Pro 3) displayed in Fig-
ure 4B and C.

For Pro3, the excellent match of the down conformation
and the experimental RDCs (Figure 4C) indicates a distinct
preference of this conformation, which is supported by an
analysis of scalar coupling constants.”® For Pro1 on the other
hand, the Q factors are poor for both the up and down confor-
mations (0.686 and 0.747, respectively, Figure 4B). It can be
optimized to 0.363 by assuming an equilibrium up/down pop-
ulation of 53:47, which is in agreement with the J analysis of
Pro1.”® The significantly larger Q factor of Pro1 compared to
that of Pro3 can be explained by the presence of fast internal
motion at single sites in Pro1 or the population of other con-
formations beside up and down.

In summary, we have presented an RDC-based approach to
select appropriate structures for the force-field parameteriza-
tion of rigid nonstandard amino acids. Conformational analyses
of H-(L)-Pro-(L)-Pro-W¥-OBn show that even slight alterations in
the proton positions of unnatural amino acids can lead to sig-
nificant deviations in backbone and side-chain conformations.
In the presence of cis-B-ACC as a probe for molecular align-
ment, RDCs allowed us to obtain conformational information
on the backbone of the short linear peptide H-(L)-Pro-W-(L)-
Pro-OBn, being especially valuable if the NOE analysis is affect-
ed by chemical exchange. In addition, RDCs were employed to
detect the preferences of proline side-chain conformations.

This study shows that even in the case of short linear pep-
tides with unnatural amino acids, RDCs at natural abundance
can provide essential structural information. This example
demonstrates that the RDC approach can be expanded to
open-chain structures not only in the case of configuration de-
termination, but also in the field of conformational analyses. In
the context of B-ACC, RDC-supported conformational studies
are expected to help establish the structure activity/selectivity
relationships of neuropeptide Y (NPY) analogues, integrin li-
gands and organocatalysts that have been developed with this

A) amino acid.
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