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VCD studies on cyclic peptides
assembled from L-a-amino acids

and a trans-2-aminocyclopentane-

~or trans-2-aminocyclohexane carboxylic
“acid

E. Vass,? U. Strijowski,’K. Wollschliager,® I. M. Mandity,€ G. Szilvagyi,?

M. Jewginski,?¢ K. Gaus,® S. Royo,” Z. Majer,? N. Sewald® and M. Hollési?*

The increasing interest in peptidomimetics of biological relevance prompted us to synthesize a series of cyclic peptides
comprising trans-2-aminocyclohexane carboxylic acid (Achc) or trans-2-aminocyclopentane carboxylic acid (Acpc). NMR
experiments in combination with MD calculations were performed to investigate the three-dimensional structure of the
cyclic peptides. These data were compared to the conformational information obtained by electronic circular dichroism (ECD)
and vibrational circular dichroism (VCD) spectroscopy. Experimental VCD spectra were compared to theoretical VCD spectra
computed quantum chemically at B3LYP/6-31G(d) density functional theory (DFT) level. The good agreement between the
structural features derived from the VCD spectra and the NMR-based structures underlines the applicability of VCD in studying
the conformation of small cyclic peptides. Copyright (©) 2010 European Peptide Society and John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article
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Introduction

There is an increasing interest in the synthesis and conformational
analysis of peptides containing f-amino acids. A great number of
B-amino acids occur naturally and display biological activity [1].
The presence of -amino acids in peptide structures sometimes
results in physiologically highly active compounds isolated from
plants and marine organisms [2]. It was shown by several groups
that linear peptides exclusively composed of B-amino acids
form a number of stable secondary structures such as sheets
and helices [3-7]. Kessler and coworkers designed carbohydrate
derived B-amino acids that show the ability to constrain linear
backbone conformations or form distinct 8- or y-turn structures
[8]. Incorporation of a distinct 8-amino acid in cyclic RGD peptides
results in the stabilization of the overall secondary structure [9].
Peptides containing S-homo-amino acids often exhibit retarded
metabolism and are sometimes stable against aminopeptidases
[10]. Raines and coworkers incorporated g-amino acids into an
enzyme to replace an existing B-turn and increase conformational
stability [11].

B-Aminocycloalkane carboxylic acids represent a subgroup
of B-amino acids. (1R,25)-2-aminocyclopentane carboxylic acid
(cispentacin) proved to be an antibiotic protecting against
Candida infections [12]. Oligomers consisting of cyclic f-amino
acid residues [e.g. (1R,2R)-2-aminocyclohexane carboxylic acid
(trans-Achc) or (1R2R)-2-amino cyclopentane carboxylic acid
(trans-Acpc)] have been studied by Gellman and coworkers [13,14].

Cyclic B-amino acids have found a broad application in chemistry
and peptide synthesis [15-18]. Similar to proline, they have a
special role in peptides and proteins stabilizing folded structures
[19,20].

Folded structures centered at 8-amino acids cannot form Cqo
or C; intramolecular H-bondings (IHBs) frequently occurring in
B- or y-turns, respectively. However, IHBs of larger ring size
(Cg, Cy1, Cyp, etc.) are possible. Qualitative comparison of the
amide A region of the IR spectra in CH,Cl, of the N-isobutyryl
methylamide derivatives of trans-Achc and trans-Acpc indicated
that the trans-Acpc derivative is more prone to Cg IHB formation
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than the trans-Achc derivative [21]. The NH stretching contribution
to the amide A band of the Cg H-bonded derivatives of trans-Achc
and trans-Acpc appears at 3357 and 3306 cm™', respectively,
suggesting that the C=0 and H-N in the trans-Achc model are
not oriented as favorable for a strong hydrogen bond as in the
trans-Acpc derivative.

The FT-IR spectra of the diasteromeric cis-(1R,25)-2-
aminocyclopentane carboxylic acid (cis-Acpc) oligomers have
been studied in CH,Cl, and DMSO [22]. DMSO is well known
to destabilize weak IHBs. On the basis of its absence or decreased
intensity in the FT-IR spectra in DMSO, the band at approximately
1645 cm~" in CH,Cl, was assigned to repeats of Cg IHBs.

Vibrational circular dichroism (VCD) has become a well-known
area of chiroptical spectroscopy over the past decades [23,24].
A wealth of vibrational transitions commonly occurs in the IR
spectrum that are associated with a VCD band with a particular
sign and intensity. IR and VCD spectra can be calculated directly
using ab initio quantum chemical calculation programs such as
Gaussian [25].

In the field of polypeptides and proteins, VCD spectroscopy can
be appliedforrevealing the presence of protein periodic secondary
structures such as «-helix and S-structure and evaluating their
relative contribution [26]. VCD spectral characteristics of B-
turns in linear and disulfide-cyclized tetrapeptides and longer
natural and model sequences have been studied [24,27,28]. Lovas
and coworkers studied the VCD spectra of disulfide bridged
Ac-cyclo-(Cys-Xxx-Yyy-Cys)-NH, cyclic peptides, where Xxx and
Yyy are amino acids, which were previously found to occur in
different types of B-turns preferentially [28]. Diem and coworkers
reported the VCD spectra of cyclo-(-Gly-Pro-Gly-p-Ala-Pro-) [29]
and small disulfide-cyclized g-turn models [30]. They suggested
that IR spectra with the amide | bands in the 1670-1690 cm™'
frequency region and the corresponding broad positive couplet-
type VCD signal are associated with a type Il B-turn whereas
a positive—negative-positive shaped amide | VCD signal was
proposed for type | B-turns [30]. Keiderling and coworkers [31]
and Polavarapu and coworkers [32] reported that linear type
II" B-turns have a negative couplet-type amide I' VCD signal
in the 1670-1890 cm™' region. The role of 2-aminocycloalkane
carboxylic acids in inducing the adoption of unique H-bonded
pseudo-turns in peptides has not yet been investigated in detail.
Acpc and Achc occur in cis- and trans-form that increases the
number of the possible H-bonded structures.

Strijowski and Sewald described the synthesis and structural
studies on a series of cyclic peptides containing either cis- or trans-
Acpc or cis- or trans-Achc moieties [33]. In this article, we report
electronic circular dichroism (ECD), VCD and NMR spectroscopic
investigations of cyclic peptides containing trans-Acpc and trans-
Achc residues (Table 1). The main goal of this work was to enlarge
the knowledge of the H-bond-forming and turn-stabilizing ability
of the above cyclic f-amino acids.

Materials and Methods
Synthesis and Purification of the Peptides

Chemicals and solvents were obtained from Sigma-Aldrich
(Hamburg, Germany) or Acros (Geel, Belgium). All amino acids and
the Cltresin were purchased from Iris Biotech GmbH (Marktredwitz,
Germany) or ACT (Cambridgeshire, UK).

Analytical RP-HPLC was carried out on a Thermo Separation
Products system consisting of a UV-6000 diode array detector

VASS ETAL.
Table 1. Cyclic peptides comprising trans-Acpc or trans-Achc
moieties
Code Sequence?®
Hcp cyclo-(-lle-Asp-Ser-trans-Acpc-Leu-Asn-)
Hch cyclo-(-lle-Asp-Ser-trans-Achc-Leu-Asn-)
Pcp cyclo-(-Asp-Ser-trans-Acpc-Leu-Asn-)
Pch cyclo-(-Asp-Ser-trans-Achc-Leu-Asn-)
3 trans-Acpc= trans-(1S,25)-2-aminocyclopentane carboxylic acid;
trans-Achc= trans-(15,25)-2-aminocyclohexane carboxylic acid.

and a P-4000 pump equipped with a Phenomenex HPLC Guard
Cartridge system (C12;4 x 3.00 mm) and a PhenomenexJupiter4 n
Proteo 90 A column (C12;250 x 4.60 mm). Preparative RP-HPLC was
carried out on a Thermo Separation Products system consisting of
a UV-1000 detector and a P-4000 pump equipped with a Vydac
high-performance guard column (C18) and a Phenomenex Jupiter
10 1 Proteo 90 A column (C12; 250 x 21.20 mm).

MALDI-TOF mass spectra were recorded on a Voyager DE
instrument (PerSeptive Biosystems, Weiterstadt, Germany), with
2,5-dihydroxybenzoic acid as the matrix.

The synthesis of trans-Acpc and trans-Achc was performed
according to the procedure developed by Davies etal. [34].
The amino acids were Fmoc protected using 9-fluorenylmethyl
succinimidyl carbonate according to Milton etal. [35] to give
Fmoc-trans-Acpc-OH and Fmoc-trans-Achc-OH, respectively.

The synthesis of the peptides Pch and Hch (Table 1) containing
trans-Achc was performed as published previously [33]. The
linear precursors of all peptides were obtained by solid phase
peptide synthesis on Clt resin preloaded with leucine according
to the Fmoc chemistry using TBTU as coupling reagent. The
linear peptides were cleaved from the resin using a solution
of 1% TFA in dichloromethane and cyclized in solution under
pseudo-high-dilution conditions using a dual syringe pump to
avoid dimerization and HATU as coupling reagent [36]. After
deprotection of the permanent protecting groups with 95% TFA,
2.5% triisopropyl silane and 2.5% water, the peptides were purified
by RP-HPLC using TFA/acetonitrile/water elution gradients. The
purified peptides were analyzed by MALDI-TOF MS (Supporting
Information).

NMR Studies and MD Simulations

The peptides were dissolved in DMSO-ds at a concentration
of 4-10mm, and NMR spectra were recorded at 300K and
processed using XWINNMR software (Bruker). NMR experiments
were performed to obtain information on conformationally
relevant parameters such as proton-proton distances using ROE,
coupling constants and temperature gradients of the HN chemical
shift to identify possible IHBs. The details of the NMR experiments
are given in Ref.33; the full NMR data are compiled in the
Supporting Information. The assignment of the diastereotopic -
protons and the population of different rotamers of torsion angle
x1 as calculated by Pachler’s equations [37] using 3Jg = 2.60 Hz
and 3J, = 13.56Hz is given in the Supporting Information.
The proton-proton distances were used as constraints for the
generation of an initial structure for MD calculations. All structural
calculations and MD simulations were carried out using the
Insightll Software package (Accelrys, San Diego, USA) and the
GROMACS3 software package. The simulations were performed
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using the force field with automatic evaluation and cluster
analysis of the trajectories. Starting structures were generated by
torsion angle variation (¢ with 60° increment) under experimental
constraints and resulted in 3600 conformers. The structural
dynamics was simulated in a cubic solvent box with periodic
boundary conditions (@ = 3.5 A, 300 DMSO molecules) for 10 ps
with constraints and for 1.2 ns in a free MD simulation. Snapshots
of the trajectory were clustered. All structures correspond to the
investigated proton-proton distances within an error margin of
about 10%.

For validation, the structure of Hch was recalculated using
the workflow described by Guthohrlein etal. [38]. The starting
structure for MD calculations was obtained by distance geometry
calculations. One thousand structures fulfilling the experimental
distance restraints derived from the ROE spectrum were generated
using the program Xplor-NIH [39]. The two central structures
obtained by cluster analysis (41 and 31%) were used as starting
structures in restrained MD simulations (2.5 ns, stepsize 2fs,
truncated octahedral solvent box) using the GROMOS software
package [40], with the force field GROMOS 45a3d [41]. The two
trajectories were clustered according to their torsion angles (every
10th structure, deviation +60°) [38]. The central structures were
applied as starting structures in unrestrained MD calculations
(10 ns, stepsize 2 fs, truncated octahedral solvent box), resulting
in two different structure proposals after a final torsion angle
clustering.

ECD Spectroscopy

ECD spectra in TFE were recorded on a Jasco J-810 spectropo-
larimeter using 0.2 mm quartz cells and concentrations of 1.19,
1.10,2.82 and 2.30 mm for Hep, Heh, Pcp and Pch, respectively. The
raw spectra were subsequently smoothed by the Savitzky-Golay
algorithm [42].

VCD Spectroscopy

VCD spectra at a resolution of 4 cm~" were recorded in DMSO-dg
solution with a Bruker PMA 37 VCD/PM-IRRAS module connected
to an Equinox 55FT-IR spectrometer. The ZnSe photoelastic
modulator of the instrument was set to 1600 cm~" and an optical
filter with a transmission range of 1960-1250cm~' was used
in order to increase the sensitivity in the amide I-Il spectral
region. The instrument was calibrated for VCD intensity with a CdS
multiple-wave plate. A CaF; cell of 0.2 mm pathlength and peptide
concentrations of 10 mg ml~' (15.3 mm for Hcp, 15.0 mm for Hch,
18.5 mm for Pcp and 18.0 mm Pch) were used. In order to improve
the S/N ratio, the spectra were averaged for 7 h (corresponding
to ~24 500 accumulated interferograms). Baseline correction was
achieved by subtracting the spectrum of the solvent obtained
under the same conditions. IR spectra were calculated from the
single-channel DC spectra of the sample and solvent, respectively.

The theoretical VCD spectra were computed with the Gaussian
03 quantum chemical software package [25] at B3LYP/6-31G(d)
DFT level of theory, using an integral equation formalism-
polarizable continuum model (IEF-PCM) solvent model for DMSO,
based on geometries optimized at the same quantum chemical
level. The VCD spectra were simulated from the calculated rotatory
strengths and wave numbers (scaled by a factor of 0.97) with
Lorentzian curves of 16 cm™~" half-width at half-height values.

In the case of Hcp and Hch, the structures obtained by the
NMR analysis were directly used as starting geometries for the DFT
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Figure 1. ECD spectra of Hcp, Hch, Pcp and Pch recorded in TFE.

optimizations, whereas in the case of Pcp and Pch the NMR-based
geometries were slightly modified (supposing a C;; H-bonded
¥ B-turn between the CO group of Leu and the NH group of Asp
instead of a non-H-bonded 8-turn).

Results and Discussion

ECD Spectroscopy

The ECD spectra in TFE of the peptides Hcp, Hch and Pcp show
a negative band near 200 nm and a positive one below 190 nm
(Figure 1). In the spectrum of the trans-Acpc hexapeptide Hcp,
the positive band appears at approximately 185 nm, whereas
in the case of the other peptides this band is much weaker
and its position cannot be determined. The ECD spectra of the
above three cyclic peptides are influenced more strongly by the
trans geometry of the Acpc or Achc moieties than by the cyclic
B-amino acid ring and the size of the macrocycle. The trans-
Acpc or -Achc moieties appear to lock the local conformation
of the -Ser-trans-(15,25)-Acpc-Leu- or -Ser-trans-(15,25)-Achc-Leu-
segment. The ECD spectrum of the cyclic pentapeptide Pch
comprising a trans-Achc moiety is significantly different. The main
feature of the spectrum is a negative band at 184 nm accompanied
by a shoulder at approximately 200 nm and a weak negative band
at 222 nm.

Structures Determined by NMR Spectroscopy and MD Calcu-
lations

For cyclic penta- or hexapeptides comprising a cis- or trans-Achc
moiety, NMR experiments have been performed earlier in DMSO-
de solution [33]. In peptide Pch where trans-configured Achc is
incorporated, no predominant secondary structural element could
be located. In the peptide Hch, the structure of which has been
previously reported [33], the ring is big enough and trans-Achc
occupies position i + 1 of a B-turn-like structure (Cy; conformer,
¥B-turn) with the sequence Ser-trans-Achc-Leu-Asn. This turn
is stabilized by a strong hydrogen bond Ser CO < Asn NH as
proven by the positive value of A§/AT (+0.6 ppb K~1). However,
frequency calculations at DFT level failed to confirm this structure
proposal.

Thus, structure analysis was repeated with a modified workflow,
where the structures are clustered according to the torsion
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Figure 2. NMR structures, overlays of (a) Pcp (red) and Pch (blue), (b) Hcp (green) and Hch (black) and schematic representations of the secondary

structure motifs found in (c) Hcp and (d) Hch.

clusters in the peptide backbone [38]. This method overcomes
insufficiencies of conventional clustering according to the root
mean square deviation of atomic coordinates in regard to the
separation of different secondary structure motifs. Two structure
proposals were obtained in this manner. The first one is similar to
the previously calculated structure of Hch [33], but the second one
differs from it, which allowed DFT-based geometry optimization
and the calculation of VCD spectra. Further discussions of the
hexapeptides are thus based on this second structure proposal.

An overlay of the hexapeptide structures is shown in Figure 2b.
The structure proposals for the two hexapeptides Hcp and Hch
show a B-turn with Asnin i+ 1 and lle in i 4 2 position (Figure 2c
and d). In Hep, the S-turn is distorted but resembles type |, in Hch
it is of type II'. The cyclic amino acid trans-Acpc in Hcp occupies
the i + 2 position of an H-bonded Wa-turn. A similar ¥S-turn is
presentin Hch, butitis distorted and thus, a Cy; H-bonding cannot
be observed.

The pentapeptides Pcp and Pch are flexible according to NMR
and MD calculations and show no pronounced turn structure.
However, the backbone conformation is similar in both peptides
(Figure 2a).

VCD Spectroscopy

The FT-IR and VCD spectra of cyclic peptides Hcp, Hch, Pcp and Pch
were measured in DMSO-ds. The FT-IR spectra are dominated by an
intense amide | band between 1668 and 1679 cm~' accompanied
by a definite short-wavenumber shoulder (Figure 3a). The amide Il
band near 1536 cm~' also features a short-wavenumber shoulder.
The band or shoulder at approximately 1717 cm~" was tentatively
assigned to the v, vibration of the side-chain COOH group of
Asp. The common feature of the FT-IR spectra of cyclic peptides
comprising a trans-Acpc moiety (Hcp and Pcp) is the somewhat
better separation of the amide | band from the v,(COOH) band
that is an indication of the less fixed local conformation of the Asp
side chain that is not involved in strong IHB. The amide | band of
the Asn side chain is not separated from the main amide | band of
the backbone contribution.

The VCD spectra of the cyclic peptides in DMSO-ds are
dominated by a negative amide | couplet between 1653
and 1682 cm~" accompanied by a negative amide Il band at
approximately 1500cm~' and a weaker positive band near
1550 cm~" (Figure 3b). In the spectrum of Hcp, the negative
amide Il band is much more intense than the negative wing of the
amide | couplet. In the VCD spectrum of Pcp, the negative band of

the couplet is more intense and two positive bands are present. In
all VCD spectra, the negative amide Il band is more intense than
the positive one.

The cyclic models Hcp and Hch differ from Pcp and Pch in the
size of the macrocycle. Hcp and Pcp contain trans-Acpc, whereas
Hch and Pch contain trans-Achc. The common feature of the four
cyclic peptides is the trans-configuration of the cyclic -amino
acids. The amide | and Il regions of their VCD spectra appear to
be determined by the trans-configuration of the Acpc and Achc
moieties.

The calculated VCD spectra are in agreement with the measured
ones concerning both the negative sign of the amide | couplet
and the negative sign of the dominant amide Il band (Figure 3b).
The pattern of the weak bands, which can be assigned to the
Veo Vibrations of the COOH group overlapping with the higher
frequency amide | modes is slightly different in the spectra of
the cyclic hexapeptides Hcp and Hch. Contrary to this, a well-
defined negative v, band can be calculated at approximately
1751 cm™" in the spectra of the cyclic pentapeptides Pcp and
Pch. The carboxylic v, band, however, is not seen in the
experimental VCD spectra (Figure 3b), which indicates a less
definite orientation of the COOH group leading to cancellation of
its VCD contribution.

Comparison of the Measured ECD and VCD Spectra

It is difficult to compare the ECD and VCD spectra because they
were measured in TFE and DMSO-ds, respectively. ECD spectra
cannot be measured in DMSO because of its high absorbance
below approximately 250 nm. The intensity of the negative band
at approximately 200 nm is different in the spectra of Pcp, Hcp
and Hch that, together with the different position and intensity
of the positive band, may be a sign of different population of
similar backbone conformers. The ECD spectrum of the cyclic
pentapeptide Pch significantly differs from the ECD spectra of
the other three peptides (Figure 1) that can be explained by a
significantly different peptide backbone in TFE. Contrary to this,
the VCD spectra in DMSO-ds of all four peptides are similar. It
is probable that the VCD spectra are more influenced by the
trans-configuration of the Acpc or Achc moieties, whereas the
ECD spectra in TFE reflect a possible difference in the backbone
conformation in the latter solvent.

Structures Derived from the Calculated VCD Spectra

In general, there is good agreement between the measured VCD
spectra and those calculated for an NMR-based conformation

wileyonlinelibrary.com/journal/psc  Copyright © 2010 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 3. FT-IR (a) and VCD spectra (b) of Hcp, Hch, Pcp and Pch. Experimental spectra (obtained in DMSO-ds) and calculated VCD spectra are shown with

solid and dotted traces, respectively.

of Hcp (Figure3). Figure4 clearly demonstrates the close
similarity between the structures obtained by NMR/MD and the
conformations used for the calculation of the VCD spectra by DFT
methods. Hcp features a distorted, non-H-bonded S-turn similar
to type | (B 1) encompassing residues Asn and lle and a Cy; H-
bonded y/B-turn encompassing Ser and trans-Acpc (Figure 4 and
Supporting Information).

The VCD spectrum calculated for an optimized structure of Hch
based on NMR data is in agreement with the experimental one
(Figure 3). This structure features H-bonded type II' 8-turn and a
¥B-turn without IHB, where the trans-Achc is situated in the i + 2
position (Figure 4 and Supporting Information).

The calculated conformation of Pcp is practically identical with
that of Pch (Figures 2a and 4 and supporting information). The

structures shown in Figure 4 differ only slightly with respect to
amide bond orientations. The trans-Acpc and trans-Achc moieties
of Pcp and Pch, respectively, are involved in ¥S-turn having a
Cq1 H-bonding. Other backbone H-bonds are not formed. Side-
chain IHB is possible but not likely because of the strong acceptor
character of DMSO.

Conclusion

Two cyclic hexapeptides (Hcp and Hch) and two cyclic pen-
tapeptides (Pcp and Pch) comprising trans-Acpc or trans-Achc,
respectively, have been synthesized. NMR studies in DMSO-dg were
performed to obtain information on conformationally relevant pa-
rameters such as proton-proton distances using ROE, coupling

|
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Figure 4. Overlay of the structure proposals of the cyclopeptides based on NMR spectroscopy in combination with MD calculations (blue) with the

DFT-optimized structures used for the calculation of VCD spectra (gray).

constants and temperature gradients of the HY chemical shift to
identify possible IHBs. The proton-proton distances were used
as constraints for the generation of an initial structure for MD
calculations.

The ECD spectra of the peptides Hcp, Hch and Pcp in TFE
show a characteristic negative band near 200 nm and a positive
one below 190 nm (Figure 1). The ECD spectra of the three cyclic
peptides are influenced more strongly by the trans geometry of
the Acpc or Achc moieties. Contrary to this, the ECD spectrum in
TFE of the constrained cyclic pentapeptide Pch is determined by
the dominant conformation(s) of the peptide backbone.

The NMR and VCD spectra were measured in DMSO-dg at
relatively high concentrations (4-10 and 18 mm, respectively).
In this solvent, aggregation is not probable even at these high
concentrations. This allows the comparison of the dominant NMR-
based backbone conformations with those which were most
suitable for calculating the VCD spectra. The calculated DFT-
optimized VCD geometries of Hcp and Hch are very similar to
those obtained by NMR/MD calculations (Figure 4). Both structures
feature B-turns encompassing Asn and lle and pseudo-S-turns
(¥B-turns) comprising trans-Acpc and trans-Achc, respectively.

The flexible NMR-based backbone conformation of the cyclic
pentapeptides Pcp and Pch is similar but lacks a definite H-bonded
B- or ¥B-turn. Contrary to this, the structures that yield the best
fit between the experimental and calculated VCD spectra feature
Cqq H-bonded vB-turns (Figure 4). The NMR- and VCD-based
backbone conformations of Pcp and Pch are somewhat different,
but the differences are mostly limited to the orientation of one
peptide bond (between the Ser and Acpc or Achg, respectively;
Figure 4). In summary, the same sign pattern of the amide |
and Il VCD bands in the experimental VCD spectra of the four
models suggests that the VCD spectra in DMSO are determined
by the trans-configuration of Acpc and Achc, respectively, and
the local conformation of the v 8-turns formed. The method used
for calculating the VCD spectra is powerful enough to give rise
to a good agreement between the experimental and calculated
spectra.
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