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Abstract

Action of biologically active compounds requires proper spatial structure, and sometimes controversial requirements
should be fulfilled at the same time. Cyclosporin, widely used to prevent allograft rejection, is an example because it
should cross through a cell membrane and form a complex with a target protein inside the cell. This difficulty is overcomed
by flexibility of the molecule. Cyclosporin A was widely studied, and it is known to have multiple conformations in polar
media such as water and methanol. However, detailed characterization of all these conformers is difficult: their lifetime is
too long for MD simulations, analysis of NMR spectra is hampered due to severe signal overlap, and IR spectroscopy
gives parameters averaged over all conformers. This paper presents characterization of conformational equilibrium of
cyclosporin C dissolved in dimethylformamide. High-resolution NMR spectra recorded at 700 MHz allowed
distinguishing most of observed amide proton signals. Existence of several intramolecular hydrogen bonds over the whole
set of conformers was supposed; in most cases, however, these bonds are disrupted. Kinetics of a conformational transition
is evaluated. Obtained results are in agreement with what is known about cyclosporin A, but can give new information on

the role of additional H-bond donors (there are six of them in CsC vs. five in CsA) in the observed chain flexibility.
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1 Introduction

Cyclosporins, and more generally, cyclic peptides remain
interesting and promising objects due to their diverse prop-
erties. Binding the tail of a peptide chain to its head leads
to dramatic changes in the molecular dynamics and bio-
chemical properties: it becomes resistive to proteolytic en-
zymes and to denaturation caused by high temperatures;
the conformational space covered by the molecules is re-
duced significantly so that the affinity to target proteins
increases [1]. Cyclic peptides such as gramicidin [2] or
artificial compounds studied in [3] can possess amphipath-
ic properties providing them ability to permeate into cell
membranes and serve thus as antimicrobial agents.

The question of membrane permeability is of special
interest since it defines the bioavailability of drugs which
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should find their target molecules in the cytoplasm. A
recent study of cyclosporin A (CsA) using MD simulation
has shown that it is conformational flexibility which al-
lows the peptide molecule to move across hydrophobic
interior of the membrane and then exit from it into aque-
ous environment [4].

Cyclosporin A has many natural analogues, most of
which differ from CsA in one or two sites by alteration of
amino acid or N-methylation state. Substitution of threo-
nine for the aminobutyric acid (Abu2) residue yields cy-
closporin C (CsC), one of congeners which still has some
immunosuppressive activity, though weaker than that of
CsA. It is capable of binding to cyclophilin and was shown
also to have antiviral effect against vaccinia virus [5].
Whereas CsA molecule contains five potential hydrogen
bond acceptors (four NH groups and one OH group in
residue Bmtl), CsC has an additional hydroxyl group in
Thr2. One can expect that appearing of new OH groups
may rearrange the pattern of H-bonds defining the structure
of the peptide ring, influencing its dynamics and hydro-
phobic properties. Our aim was to observe its conforma-
tional behavior in dimethylformamide as an example of a
polar medium by NMR spectroscopy.
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64 2 Results and Discussion

65 Measurements were carried out on a Bruker Avance 11 500 and
66 Avance III HD 700 spectrometers. Sample concentration was
67 1 mM. A series of one-dimensional "H NMR spectra was
68 recorded at different temperatures from 14 to 40 °C. At least
69 20 signals of amide protons can be observed in the low-
70 temperature spectrum obtained at the frequency of
71 500 MHz. Exact counting is hampered by the fact that as the
72 temperature rises, new weak peaks appear or overlap with
73 their neighbors, while other broadens. A short series of spectra
74 obtained at 700 MHz allowed better observing some weak
75 signals overlapping with the major ones due to a better spec-
76 tral resolution. Finally, 31 signals were analyzed. To deter-
7 mine which amino acids gave these peaks, 2D TOCSY and
78 nuclear Overhauser effect spectra were also obtained (500 and

79 700 MHz TOCSY at 25 °C, 500 MHz NOESY at 37 °C , and
80 700 MHz ROESY at 15, 25, and 32 °C). Part of the TOCSY
81 spectrum is shown in Fig. 1.

As a result, the peaks were distinguished into nine groups
containing from 1 to 5 exchange-correlated members each.
Assignment, where possible, was achieved using TOCSY
(correlation with two peaks in the middle of the spectrum
points to Hx and Hf3 of threonine; valine is recognized by
its Hf3 signal nearly at 2 ppm and two close Hy peaks; alanine
has a typical strong signal of 3 methyl group—see an example
in Fig. 1). Dependence of the chemical shifts on the tempera-
ture allowed calculating the value of Ad/AT. Results are pre-
sented in Fig. 2.

It can be seen from the spectra that many peaks belonging
to the same exchanging position appear in quite distant spec-
tral regions, which may differ by 1 and even 2 ppm; this is
especially prominent in groups a and b. Second, intensities of
most signals vary in a relatively narrow range, and there are a
few peaks having a decreased intensity. In particular, signal
no. 3 in the spectrum obtained at 25 °C (bottom spectrum in
Fig. 2) has the relative intensity of 53% if the peak is 30 (in
fact, overlap of several signals) is assumed to be 100%, but all

Fig. 1 Correlation of amide and 2.0 1.5 1.0
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Fig. 2 Exchange-correlated NH
signals of cyclosporin C in DMF
and temperature dependence of
the peak positions. Letters a—f'
stand for the groups of
interconverting signals (a, ¢, d, f,
Ala7, and Ala8; b, Val5; line 11, e,
Thr2). The residual signal of
DMF in all three spectra is placed
at the same position for clarity
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101 other peaks in this case are smaller and tend to have the inten-  the crowded regions (3.4—3.8 ppm) can also be assigned to 114
102 sity of about 27-34% or 21-24%. Six peaks have integrals < sarcosine from 1D spectra due to their typical doublet 115
103 17%; these are the peaks which become more prominent at  shape with a large splitting up to 16 Hz. Obtained partial 116
104  increased temperature due to an increase in their size or to the assignment for alanines 7 and 8, Thr2, Val5, and Sar3 is 117
105  fact that they leave the overlapping region (nos. 1, 6, 10, 15,  presented in Table 1. 118
106 17, and 24 belong to at least four different groups). Lines 5, To characterize the observed signals in the NH reso- 119
107 11, and 19 have no observable exchange counterparts. nance region, we measured their chemical shifts at differ- 120
108 Chemical shifts of alpha-protons of valine span the  ent temperatures (with high-field signals of the peptide’s 121
109  range of 0.4 ppm and of threonine, 0.25 ppm. Sarcosine  side chains assumed fixed). Most of them were found to 122
110 can also be recognized by comparing TOCSY (where ithas ~ show moderate or fast temperature-dependent behavior [6]. 123
111 a typical signal shape) and DQF-COSY spectra with  Signals with AS/AT> 6 ppb/K are marked with empty cir- 124
112 ROESY, which shows negative signals (NOE) between  cles, while those with AS/AT<3 ppb/K are marked with 125
113 the geminal CH, protons. Several signals standing outside  filled circles. Note that “slow” signals are often met among 126
Q3 t1.1 Table1 'H chemical shifts of some residues of CsC in different conformers (based on TOCSY recorded at 700 MHz, 25 °C). Low-field signal of DMF
is set to 8.02 ppm. Numbering corresponds to Fig. 1
tl.2  Ala NH Hax Hp Thr NH Hax Hp Hy Val NH Ho HpB Hyl Hy2
t1.3 7.08 4.44 1.27 7.37 4.98 4.08 1.06 7.57 4.82 2.36 1.00 0.87
tl4 1 6.64 4.53 1.27 7.68 4.89 4.12 1.14 1 8.04 4.65 235 1.07 0.95
tl.5 2 6.69 448 1.30 2 6.80 5.05 4.06 1.04 2 691 4.80 2.12 0.99 0.93
t1.6 3 7.75 433 1.35 3 8.08 5.14 398 1.16 3 6.69 5.00 2.11 1.00 0.95
t1.7 4 6.95 445 1.27 Sar Hal Hx2 4 7.85 4.59 2.08 0.97 0.92
t1.8 5 6.83 447 1.28 4.92 3.81 5 8.72 4.73 2.07 1.08 1.04
t1.9 6 8.61 4.23 1.40 1 5.20 3.74 6 8.69 4.45 2.06 1.03 0.92
t1.10 7 7.65 4.93 1.12 2 5.12 3.67
t1.11 8 742 4.95 1.22 3 5.10 4.40
t1.12 4 4.71 4.09
t1.13 5 4.74 3.53
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127  weak ones (6, 13, 24, 28, 29, and a component of the signal
128  group 30), while all “fast” signals are strong. This finding
129  correlates with the investigation of a cyclic hexapeptide by
130 NMR and molecular dynamics reported in [7]. It was found
131 that in chloroform, the peptide had generally more H-
132 bonds than in DMSO, and only one H-bond was relatively
133 stable in both media. Evidently, the situation with cyclo-
134  sporin in polar media such as DMF is similar: most of
135  amide protons are not involved in intramolecular hydrogen
136 bonds. Conformations with additional bonded amide pro-
137  tons (6b Val; 3a Ala; 24¢ and 29¢ which can be assigned to
138 Thr) also exist, but at a small population level.

139 In principle, chemical exchange rate can be calculated
140  from 2D exchange spectra, but this requires measurement
141  of both 2D integrals of diagonal and cross-peaks and cor-
142 responding signals in 1D spectra at various temperatures
143 [8, 9]. We made a rough estimation for the exchange pair
144 (25-31, group f, Ala). Very few exchange cross-peaks were
145  observed at 15 °C in the spectrum obtained at 700 MHz;
146  the interconversion process is frozen. The exchange rate is
147  on the order of 0.5 s~ ' for the process 31 — 25 at 25 °C and
148 increases to ~1.4 s~ ! at 37 °C, which is consistent with a
149  high free energy barrier (on the order of 75 kJ/mol). This is
150  most probably cis-trans isomerization of peptide bonds,
151  and it is supported by multiple NOE effects observed be-
152 tween CHo protons (Fig. 3; note that the signals having the
153 large splitting in the F2 axis should belong to Sar3). The

leftmost signal at 5.7 ppm can be recognized as Mle9 by
the cross-peak showing the cis-bond between Mle9 and
Mlel0; the same signal can be observed for cyclosporins
A, C, and also B and D dissolved in chloroform (unpub-
lished data; chemical shifts of CsB and D may be
downloaded from BMRB entries 27752 and 27779).
Hence, there is a conformer in DMF which resembles the
major conformer existing in a polar media at least by the
configuration of residues 9, 10, and the nearest sites.

3 Conclusions

Cyclosporin C in polar media behaves similarly to CsA
and experiences a complex system of conformational
changes. Distribution of arising conformers is nonuniform:
while most of the amide 'H signals have the integrals with-
in a narrow range, approximately one-quarter of them has a
reduced intensity. Lesser number of signals shows a slow
temperature dependence, which means that intramolecular
hydrogen bonds of the peptide are mostly disrupted and
point into the solvent. The fraction of the molecules having
an increased number of intramolecular H-bonds is small
and corresponds to the mentioned minor NH signals.
Weakening of the bond Cs =0 « H-N, and disruption of
the [3-sheet was supposed in [10] according to FT-VCD
optical studies. This finding is supported by our data since

Fig. 3 Part of 2D ROESY

spectrum of CsC in DMF
obtained at 700 MHz, 32 °C, with
the mixing time of 300 ms. Both
NOE and exchange peaks are
observed (NOE peaks are green;
exchange, blue). The NOE
between Hx protons of Mle9 and
Milel0 is shown with an arrow;
this cross-peak is also seen for
CsC and CsA in chloroform.
Some signals of Sar3 are also
shown: NOEs in pairs Hxl-Ho2
(green squares) and exchange
between different conformers (red
squares)

305K

ROESY 300 ms @@ [

Mie9 — Mie10

@ Springer

5.0 4.5 4.0

154
155
156
157
158
159
160
161
162

163

164
165
166
167
168
169
170
171
172
173
174
175
176
177



AUTHOR'S PROOF

178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

195
196

197

198
199
200
201
202
203

239

BioNanoSci.

JrlID 12668_ArtID 641_Proof# 1 - 04/05/2019

the mentioned signal has several other exchange counter-
parts (group e) having somewhat larger AS/AT values
(peak 23 with AS/AT=4.4 ppb/K; peak 11 with 7.8 ppb/
K), and still, residues 2 and 5 are those which show amide
protons which remain hydrogen-bonded in some of the
conformers.

Information on transformation rates and energy barriers
may be useful for carrying out MD simulations. Increasing
temperature of the system and decreasing the force con-
stants for peptide bonds (angle w) were necessary in [4]
to cover the accessible conformational space in a reason-
able time (trajectory duration was 250 ns). It would be
helpful in simulations of this kind to know the number
and fraction of conformers and their spectroscopic pecu-
liarities (large down- or up-field shifts of NH resonances
and involvement of atoms in H-bonds) to compare simula-
tion results with an experiment.
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