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onformational stability of coiled-
coil peptides with a single stereogenic center of
a peripheral b-amino acid residue†

Monika Szefczyk, *a Katarzyna Ożga, a Magda Drewniak-Świtalska,a

Ewa Rudzińska-Szostak, a Rafał Hołubowicz,b Andrzej Ożyhar b

and Łukasz Berlicki *a

The key issue in the research on foldamers remains the understanding of the relationship between the

monomers structure and conformational properties at the oligomer level. In peptidomimetic foldamers,

the main goal of which is to mimic the structure of proteins, a main challenge is still better

understanding of the folding of peptides and the factors that influence their conformational stability. We

probed the impact of the modification of the peptide periphery with trans- and cis-2-

aminocyclopentanecarboxylic acid (ACPC) on the structure and stability of the model coiled-coil using

circular dichroism (CD), analytical ultracentrifugation (AUC) and two-dimensional nuclear magnetic

resonance spectroscopy (2D NMR). Although, trans-ACPC and cis-ACPC-containing mutants differ by

only one peripheral stereogenic center, their conformational stability is strikingly different.
Introduction

The main inspiration for the development of foldamers, arti-
cial oligomers with a strong tendency to adopt a well-dened
thermodynamically stable conformation in solution, were
proteins. It was assumed that it might be possible to design
similar but unnatural oligomers that fold into compact and
specic conformations leading to new types of molecules with
interesting properties and useful applications.1 Much research
has been undertaken on articial scaffolds capable of
mimicking naturally occurring structural motifs, i.e. coiled-
coils.2,3 The “bottom-up” approaches use de novo designed fol-
dameric helices to obtain higher-order structures, usually by the
segregation of hydrophilic and lipophilic side chains in the
helical conformation.4 In the “top-down”methods, a previously
characterized a-amino acid sequence of known secondary/
tertiary/quaternary structure is applied directly in the design
of peptides with nonnatural backbones intended to form helix
bundles.5–7 The crucial step in the design is the identication of
new backbones with well-dened structural preferences. Oli-
go(b-amino acids), named b-peptides, were rst proved to meet
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this criterion and have been widely studied i.e. in terms of
folding properties.8–10 In addition, b-peptides show improved
stability in enzymatic degradation and have various biological
activities, e.g. antimicrobial.11 It was soon proved that a very
useful approach for the development of foldamers is the
introduction of unnatural amino acids into a-peptides in the
process called foldamerization.12,13 In terms of peptidomi-
metics, apart from widely studied foldamers based on higher
homologues of a-amino acids,14 there have been also studied
the sequences containing a-aminoisobutyric acid (Aib),15–17 oli-
goureas,18 azapeptides,19 a-hydrazido-peptides,20 polyamides,21

and others.22–24 Foldamerization of sequences using b-amino
acids shows two main advantages, namely, it improves both the
conformational and proteolytic stability of peptides.25–27

Importantly, retaining activity28 and binding affinity29–31 of the
modied peptides aer a / b replacement is usually possible.
A wide range of possible applications of the reported a,b-
peptides prompted extensive studies on the inuence of con-
strained residues on secondary structure formation, mainly in
terms of improving their conformational stability and chosen
properties.32–34

The inuence of constrained b-amino acid residues on
secondary structure formation could also potentially have
a destructive effect. Analysis of the analogues with conforma-
tional stability signicantly lower than that of the original
oligomer could provide knowledge of the folding propensities
of the studied oligomers as well as indicate properties of indi-
vidual monomers. It is worth noting that the reason for the
conformational instability upon substitution could be at least of
two types: (a) steric impairment of the side chain with the rest of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the structure, particularly the hydrophobic core, or (b)
propensity of the individual amino acid to induce the requested
conformation. Examples of the rst mentioned case have
already been published for coiled-coils35,36 and other tertiary
structures.37 The second case we endeavor to discuss in this
paper. Therefore, we report the analysis of the coiled-coils
formed by the incorporation of cyclopentane-based b-amino
acid in the peripheral parts of peptide. Single and double
substitution with trans- and cis-2-aminocyclopentanecarboxylic
acid (ACPC) of the coiled-coil model peptide was applied at
positions that do not interfere with its hydrophobic core. Ob-
tained peptides are evaluated using circular dichroism (CD),
analytical ultracentrifugation (AUC), and two-dimensional
nuclear magnetic resonance spectroscopy (2D NMR).
Results and discussion

To investigate the inuence of peripheral modications with 2-
aminocyclopentanecarboxylic acid (ACPC) isomers on the
formation and stability of helices, we have designed a model
peptide 1 representing a coiled-coil structure (Fig. 1A). The
coiled-coil is a structural proteins motif in which two to seven a-
helices are coiled together, usually with a (hpphppp)n repeat
pattern, commonly denoted as abcdefg.38 Hydrophobic residues
(h) at positions a and d are essential to form the tight knobs into
hole packing and control the oligomer state of the coiled-coil,
while polar residues (p) at positions e and g are necessary for
the formation of salt bridges between the helices. Positions b, c,
and f are also responsible for the stability of coiled-coils.3

Following these general principles that govern the design of
coiled-coil motifs, we endeavored to construct a trimeric coiled-
coil with three heptad repeats to be a model peptide 1 (Fig. 1A).
Therefore, isoleucine was incorporated at positions a and d, as
it is a hydrophobic residue that ensures trimer formation.39

Lysine and glutamic acid were introduced at positions e and g,
respectively, as they can ensure additional stabilization of the
Fig. 1 (A) Helical wheel representing the model coiled-coil peptide 1. (B)
trans-aminocyclopentanecarboxylic acid (trans-ACPC) residues and the
(cis-ACPC) residues. (C) An example of the application of stereochemic
signs.44

© 2022 The Author(s). Published by the Royal Society of Chemistry
structure by the formation of salt bridges. Alanine was chosen
to occupy positions b and c, because it is a small, helix-favoring
amino acid that prevents undesirable inuences of side-chain
interactions. Glutamine, a charge-neutral polar amino acid, or
tryptophan, a UV chromophore, was incorporated at the most
external position f. Furthermore, both ends of the peptide were
capped with a glycine residue, and the sequence was appended
with a two-residue sequence outside the helical region, in
reference to similar peptides previously described.40 Addition-
ally, the N-terminus was acetylated to reduce the net charge.

Subsequently, model peptide 1 was subjected to further
modications. To examine the inuence of a/ cyclic b residue
replacement, peripheral regions of model peptide 1 were
substituted with (a) trans-(1S,2S)-aminocyclopentanecarboxylic
acid (trans-ACPC) residue, well-known helix-promoting and
-stabilizing amino acid41–43 or (b) (1S,2R)-cis-amino-
cyclopentanecarboxylic acid (cis-ACPC) residue, following the
rules of stereochemical patterning. The stereochemical
patterning approach is based on the dihedral angle pattern for
repeating units and species that the signs of the torsions
anking the amide moiety (c][f) should be the same sign (–][–
or +][+) to promote helix formation (Fig. 1C).44 This strategy has
been successfully applied to incorporate cis-ACPC residues into
different peptide sequences.45,46 Also, previous studies showed
that the most favorable was to employ the S,S enantiomer to
a / trans-ACPC substitution, since this replacement occurs in
a-helix-forming segments (aR region of f,c plot).47,48 Subse-
quently, the ACPC isomers were introduced: (a) in the position
outside the main structure of the coiled-coil (peptides 2 and 5),
(b) in the outer position of the core of the coiled-coil (peptides 3
and 6), (c) both in the positions outside and in the outer posi-
tion of the coiled-coil (peptides 4 and 7) (Fig. 1B).

We used circular dichroism (CD) spectroscopy to elucidate
the secondary structure (Fig. 2) and stability (Fig. 3) of the
synthesized peptides in phosphate buffer. The model peptide
1 has two minima at l ¼ 208 and 222 nm with the ratio of
Sequences of designed peptides, where the red pentagon denotes the
inverted pentagon denotes the cis-aminocyclopentanecarboxylic acid
al patterning in the design of fragment of peptide 6 based on the c][f

RSC Adv., 2022, 12, 4640–4647 | 4641
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Fig. 2 CD spectra of the studied peptides in phosphate buffer. Cpep ¼
80 mM, Cbuffer ¼ 0.05 M, pH ¼ 7, T ¼ 20 �C.
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R(q222/q208) close to 1, which conrms the presence of a-helix
structure.49 Introduction of only one trans-b residue (peptides 2
and 3) does not change the position of the minima compared to
the model peptide 1 and does not have a signicant inuence
on the R(q222/q208) and molar ellipticity values. The a / trans-
ACPC residue replacement at both ends of the sequence
(peptide 4) resulted in a slight decrease in the molar ellipticity
value compared to the peptides mentioned above and the
position of two minima was also preserved. In the spectra of
peptides 5 and 6, where a single a / cis-ACPC residue
replacement was introduced, a more signicant decrease in the
molar ellipticity values can be observed, compared to peptide 1,
and two shallow minima at l ¼ 208 and 222 nm. The intro-
duction of cis-b residue at both ends (peptide 7) caused total
disruption of the helix structure, since only a minimum at
204 nm is present in the CD spectrum, indicating a random coil
formation.50
Fig. 3 Thermal unfolding curves of the studied peptides followed by
CD signal at 222 nm in phosphate buffer with calculated melting
temperatures indicated in the legend. Cpep ¼ 80 mM, Cbuffer ¼ 0.05 M,
pH ¼ 7.

4642 | RSC Adv., 2022, 12, 4640–4647
Conformational stability was determined based on CD
measurements in phosphate buffer and was followed in the
range of 190–240 nm by a gradual increase in temperature from
4 to 98 �C (Fig. S2†). Thermal unfolding curves followed at
222 nm were used to determine the melting temperatures
(Fig. 3). The model coiled-coil peptide 1 is very stable in the
phosphate buffer with a cooperative melting transition at
temperature 75 �C. A singular a / trans-b residue replacement
was shown to have an inuence on a,b-peptides stability, since
the melting temperatures calculated for peptides 2 and 3 are
lower compared to the model peptide 1, however still very high
(more than 60 �C). Furthermore, the introduction of two trans-
b residues (peptide 4) still preserves a stable helical structure.
On the other hand, even a singular peripheral a / cis-b modi-
cation has a dramatic inuence on the stability of the
peptides. Themelting temperatures obtained for peptides 5 and
6 are signicantly lower compared to other peptides studied.
Data for peptide 7were not obtained as the CD spectrum did not
indicate a-helical fold.

In summary, a / trans-b residue replacement does not
signicantly inuence the stability of the peptides in buffer,
although a / cis-b residue replacement caused the disruption
of the structure.

The peptides modied with trans-ACPC or cis-ACPC were
subjected to sedimentation velocity (SV AUC) and sedimenta-
tion equilibrium (SE AUC) analytical ultracentrifugation to
determine their oligomerization states and the effect of
unnatural amino acids incorporation on the stability of the
oligomeric forms. Peptides 1, 2, 3, and 4 existed in solution as
trimers with sedimentation coefficients 0.90–0.93 S, as deter-
mined by the SV AUC (Table 1, Fig. S3†). In addition to trimers,
the sedimentation coefficient distributions (c(s)) indicate that
low molecular weight components (0.25–0.30 S, 1200–1400 Da)
were also present. This could be elongated monomers, which
due to their shape would have higher frictional ratios and
underestimated molecular weights.51 The apparent molecular
weight (MWapp) of 4 was much higher than the MWms of
a putative trimer. We conclude that this discrepancy was caused
by a tendency of 4 to aggregate. Notably, this made SE AUC
analysis impossible, as the peptide aggregated before equilib-
rium could be attained at any speed. For the other peptides, the
trimeric state was conrmed using SE AUC. The data obtained
using this technique were tted to models of single species,
monomer-dimer, monomer-trimer, or monomer-tetramer
equilibria. The best ts with MWapp compliant with MWms

were obtained for the monomer-trimer model for all peptides
(Table 1).

The incorporation of trans-ACPC did not signicantly affect
the self-affinity of peptide 1 � log Ka of the monomer-trimer
equilibria was around 10 for all variants tested. In contrast,
substitution with cis-ACPC signicantly decreased the stability
of the obtained peptides compared to model peptide 1. The
sedimentation coefficient distributions (c(s)) obtained using SV
AUC transitioned from more or less regular distributions indi-
cating the presence of trimers to wide irregular distributions
indicating the presence of a mixture of loosely bound mono-
mers, dimers, and trimers in the case of 5 and 6, or to a mixture
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the results of sedimentation velocity (SV AUC) and sedimentation equilibrium (SE AUC) analytical ultracentrifugation. SV
AUC was conducted at 20 �C at 50 000 rpm, SE AUC was carried out at 20 �C at 20 000, 35 000 and 48 000 rpma

Peptide MWms [Da]
�v
[ml g�1]

SV AUC SE AUC

s [S] s20.w [S] MWapp [Da] n s20:w ½S� f/f0 Oligomer log Ka MWapp [Da] n

1 2713.13 0.76619 0.914 0.950 8182 3.02 0.904 1.314 Trimer 10.0 2814 1.04
2 2767.22 0.77225 0.913 0.950 8301 3.00 0.902 1.289 Trimer 9.95 2923 1.06
3 2696.14 0.77439 0.926 0.964 7995 2.97 0.936 1.227 Trimer 10.4 2941 1.09
4 2821.31 0.77807 0.905 0.943 9395 3.33 0.984 1.373 —
5 2767.22 0.77225 0.650 0.677 5768 2.08 0.677 1.420 Trimer 8.81 2335 0.85
6 2696.14 0.77439 0.680 0.708 6254 2.32 0.708 1.419 Trimer 8.57 2655 0.98
7 2821.31 0.77807 0.422 0.440 3283 1.16 0.481 1.459 Trimer 6.91 3172 1.12

0.846 0.881 9315 3.30

a MWms – Molecular Weight determined using mass spectrometry. MWapp – apparent molecular weight. n – quotient of MWapp and MWms. �v –
partial specic volume. s – sedimentation coefficient. s20,w – sedimentation coefficient corrected for water, 20 �C. s20:w – weight averaged s20.w.
f/f0 – frictional ratio. Ka – association constant.
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of monomers and trimers dominated by monomers in the case
of 7 (Table 1). The frictional ratio for cis-peptides increased from
1.22–1.37 to around 1.45. This indicates that the hydrodynamic
drag increased, supposedly as a result of the more elongated
conformation of the peptides. SE AUC analyses indicated that
the monomer-trimer model is still valid for the cis-peptides. The
self-affinity was smaller compared to the trans-peptides as
indicated by the decrease in log Ka from 10 to 8.81 (5) 8.57 (6),
and 6.91 (7).

In summary, the AUC results showed that foldamerization
did not inuence the oligomeric state of the studied peptides.
However, substitution with cis-ACPC signicantly decreased the
stability of the obtained peptides compared to model peptide 1,
as was also shown by the CD results.
Fig. 4 The averaged structures of peptides 2 and 3 calculated on the
basis of restraints derived from 2D NOESY: side view (A and C) and top
view (B and D) for 2 and 3, respectively.
NMR studies

The peptides with trans-ACPC substitution (2 and 3) were
chosen for detailed NMR analysis. The unambiguous assign-
ment of nearly all resonances (Tables S2 and S3†) was possible
based on the analysis of 1H NMR (Fig. S4 and S7† for 2 and 3
respectively), TOCSY (Fig. S5 and S8†), and 2D NOESY (Fig. S6
and S9†) spectra measured in water solution (pH ¼ 7). In both
cases, a signicant number of non-sequential inter-proton
contacts were identied. Most of the contacts detected were of
type i–i + 3 or i–i + 4, suggesting the presence of a a-helical
structure consistent with other experiments. Contacts, which
were not possible within a helix, were considered to be inter-
helical. Based on NMR-derived restraints, the three-
dimensional structures of peptides 2 and 3 were calculated
(Fig. 4, Table S4†).

As expected, peptides 2 and 3 adopt a well-dened coiled-coil
conformation in water solution (Fig. S13†). Positioning of the
isoleucine residue side chains forms a hydrophobic core, while
the rest of the side chains are exposed to solvent. Although the
trans-ACPC residue is placed at the end of the helices, its
position is well-dened. Cyclopentane incorporated in trans-
ACPC does not contribute to the formation of a hydrophobic
core as it is directed toward the solvent.
© 2022 The Author(s). Published by the Royal Society of Chemistry
1H NMR spectra of cis-ACPC mono-substituted peptides 5
and 6 (Fig. S10 and S11†) showed a signicant decrease in the
dispersion of chemical shis of proton signals and broadening
of resonance lines if compared to their trans-ACPC-substituted
analogues 2 and 3. Two-dimensional TOCSY and NOESY
spectra were also recorded for these peptides. However, signal
broadening and overlapping disable the precise spectral anal-
ysis, suggesting the absence of a well-dened structure, which is
clearly visible in the comparison of the representative
RSC Adv., 2022, 12, 4640–4647 | 4643
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Fig. 5 Zoomed-in fragments of minimized models of peptides con-
taining trans-ACPC (sequences 2 and 3, panels A and C, respectively)
and cis-ACPC (sequences 5 and 6, panels B and D, respectively). ACPC
residues are shown in green, and hydrogen bonds are shown as green
dotted lines.
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fragments of 2D NOESY spectra recorded for cis-ACPC (6) and
trans-ACPC-containing peptides (3) (Fig. S12†). The picture
given by NMR measurement is consistent with the CD data and
indicates only partial folding of peptides containing the cis-
ACPC residue.

Moreover, we have modelled the lowest energy conforma-
tions of peptides 2, 3, 5 and 6 in order to analyze network of
hydrogen bond around b-amino acid residues (Fig. 5). Trans-
ACPC residue present in the structures of peptides 2 and 3
forms hydrogen bonds analogous to those observed in a-helix,
thus it is stabilizing the helical structure (Fig. 5A and C,
respectively). However, the set of hydrogen bonds formed by cis-
ACPC present in peptides 5 and 6 is different (Fig. 5B and D,
respectively). Intra-residue hydrogen bond is observed in both
cases, and the network of inter-residue hydrogen bonds is
affected. Moreover, the b-amino acid residue, due to its con-
strained conformation, directs neighboring residues (Ac of
peptide 5 and Gly–Tyr of peptide 6) outside the helix.

Conclusions

Although there are several studies on the effect of substitution
of b-amino acids on conformational stability of secondary,
tertiary or quaternary structures,35,48,52 the comparison of
analogues containing units of various stereochemistry are rare,
and concerns only single a-helix.53 Here, we applied well-
understood coiled-coil structure as a model for better under-
standing of effects of trans-ACPC and cis-ACPC substitutions on
4644 | RSC Adv., 2022, 12, 4640–4647
its conformational stability. However, both trans-ACPC and cis-
ACPC can be used as building blocks for construction of various
helical structures,7,45,54 their effect on a-helix-based coiled-coil is
signicantly different, as shown in the combined picture
derived from all the applied experimental techniques. In
particular, CD analysis indicate large difference in conforma-
tional stability expressed by Tm values ranging from approxi-
mately 40 �C to 60 �C for cis-ACPC and trans-ACPC substituted
peptides respectively. The difference in conformational stability
was also observed in NMR measurements, as only spectra of
trans-ACPC-based peptides showed numerous non-sequential
inter-proton contacts allowing building of consistent model.
Moreover, AUC measurements conrmed the trimeric structure
of all peptides. Importantly, these detailed structural studies
indicate that introduced b-amino acid residues do not interfere
with hydrophobic core of the coiled-coil or form any direct inter-
helical interactions. Therefore, the striking difference of
conformational stability between the corresponding trans-ACPC
and cis-ACPC mutants is a direct result of their ability to
promote helical conformation or not. The insight in confor-
mational preferences of these arrangements was achieved by
further molecular modelling studies that revealed that cis-ACPC
intra-residue hydrogen bond (C]O/H–N) degrades the
network of hydrogen bonds stabilizing the helix, while trans-
ACPC adjusts well to a-helix structure.

It is worth to underline that pairs of peptides 2 and 5, as well
as 3 and 6 differ only by one stereogenic center, while their
conformational stability are signicantly different. Moreover,
the discussed changes are introduced at the peripheries of the
helices; thus long-range propagation of this effect is observed.
Therefore, the small change related to the modulation of the
folding propensity of a single amino acid residue has dramati-
cally changed the folding of the coiled-coil structure. In
summary, the concept of studying analogues with conforma-
tional stability signicantly lower than that of the original
oligomer can be considered to the be complementary to widely
studied foldamers and provide a better understanding of the
folding properties of various oligomers.

Experimental section
Peptide synthesis

All commercially available reagents and solvents were
purchased from Lipopharm.pl, Sigma-Aldrich, or Merck and
used without further purication. Fmoc-(1S, 2R)-2-amino-
cyclopentanecarboxylic acid (Fmoc-cis-ACPC) was synthesized
according to the known protocol.55 Fmoc-(1S, 2S)-2-amino-
cyclopentanecarboxylic acid (Fmoc-trans-ACPC) was purchased
from Synnovator, Inc. The peptides described were obtained
with an automated solid-phase peptide synthesizer (Biotage®
Initiator + AlastraTM) using rink amide AM resin (loading:
0.59 mmol g�1). Fmoc deprotection was performed using 20%
piperidine in DMF for 3 + 10 min. A double coupling procedure
was achieved with 0.5 M DIC solution and 0.5 M OXYMA solu-
tion (1 : 1) in DMF, for a-amino acids 2 � 15 min and for b-
amino acids 30 min, at 75 �C. The acetylation reaction was
carried out using a mixture of NMP/DIPEA/acetic anhydride
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00111j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 2
:5

7:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(80 : 15 : 5). The cleavage of the peptides from the resin was
accomplished with the mixture of TFA/TIS/H2O (95 : 2.5 : 2.5)
aer 3 h of shaking. The crude peptide was precipitated with
ice-cold Et2O and centrifuged (10 000 rpm, 15 min, 4 �C). The
peptides were puried using preparative HPLC (Knauer Prep)
with a C18 column (Thermo Scientic, Hypersil Gold 12 m,
250 mm � 20 mm) with a water/acetonitrile (0.05% TFA) eluent
system.

Analytical high-performance liquid chromatography (HPLC)

Analytical HPLC was performed using a Kinetex 5m EVO C18
100A 150 � 4.6 mm column. Program (eluent A: 0.05% TFA in
H2O, eluent B: 0.05% TFA in acetonitrile, ow 0.5 mL min�1): A:
t ¼ 0 min, 90% A; t ¼ 30 min, 10% A.

Mass spectrometry (MS)

Mass spectra were recorded using a WATERS LCT Premier XE
high-resolution mass spectrometer with an electrospray ioni-
zation and time-of-ight (TOF) detector.

Circular dichroism (CD)

CD spectra were recorded using a JASCO J-815 spec-
tropolarimeter at 20 �C between 250 and 190 nm in water with
the following parameters: 0.2 nm resolution, 1.0 nm bandwidth,
20 mdeg sensitivity, 0.25 s response, 50 nm min�1 scanning
speed, 5 accumulations, 0.02 cm cuvette path length. The CD
spectra of the buffer alone were recorded and subtracted from
the raw data. Typically, samples were prepared by dilution of
a peptide stock solution at a concentration of 1.3 mM. CD
intensity is given as the mean residue molar ellipticity (q [deg �
cm2 � dmol�1]). The melting temperatures of the studied
peptides were determined by a method described previously.56

Temperature denaturation measurements using CD

To examine the thermal unfolding of the peptide, stock solu-
tions were diluted to 80 mM and two types of measurements
were performed: (1) in the range of 190–240 nm and (2) at
222 nm in phosphate buffer pH ¼ 7, 0.05 M. The temperature
increased from 4 to 98 �C in increments of 2 �C. Ellipticity
measurements were recorded with a 1 mm path length cuvette
and other parameters remained unchanged.

Analytical ultracentrifugation (AUC)

The weighed portions of the peptides were dissolved in PBS
(7.74 mM Na2HPO4, 2.26 mM NaH2PO4, 137 mM NaCl, 2.7 mM
NaCl, pH 7.4) at room temperature for at least 15 minutes in an
Eppendorf Thermomixer at 500 rpm and subsequently centri-
fuged at 14 000g for 5 minutes at room temperature. The super-
natants were collected and the concentrations of the peptides
were calculated from absorbance values measured at 280 nm
(A280) and molar extinction coefficients of 6990 M�1 cm�1. Sedi-
mentation velocity (SV AUC) and sedimentation equilibrium (SE
AUC) analytical ultracentrifugation experiments were conducted
at 20 �C using a Beckman Coulter ProteomeLab XLI analytical
ultracentrifuge and an An-60Ti rotor. Partial specic volumes of
© 2022 The Author(s). Published by the Royal Society of Chemistry
the peptides were estimated using SEDNTERP57 (available at
http://www.jphilo.mailway.com/download.htm, 6th April 2020)
and corrected for the presence of ACPC, N-terminal acetyl and C-
terminal aminemoieties using publishedmolar increment values
of chemical groups.58 Density and viscosity of PBS were estimated
using SEDNTERP. SV AUC was conducted in cells containing
charcoal-lled Epon centerpieces with 2 sector-shaped channels
for 400 mL of 100 mM peptides in PBS. The samples were centri-
fuged overnight (approximately 20 h) at 50 000 rpm with
continuous collection of A280 with 0.003 cm resolution. The time-
corrected data59 were tted to a continuous sedimentation coef-
cient distribution (c(s)) model60 using SEDFIT soware (avail-
able at https://sedtsedphat.nibib.nih.gov/soware/default.aspx,
6th April 2020). The ts of 150 sedimentation coefficient values
between 0 and 3 S were calculated alternately using simplex and
Marquardt–Levenberg algorithms. The quality of the ts was
estimated using RMSD values. A p-value for regularization was set
at 0.95. SE AUC was conducted at 20 000, 35 000 and 48 000 rpm
in cells containing charcoal-lled Epon centerpieces with 6
square channels for 100 mL of approximately 50 mM peptides. For
peptide 7, an additional experiment was conducted for 50, 75 and
100 mM peptide samples at 38 000, 41 000, and 45 000 rpm to
better describe its properties. The scans of intensities of light at
280 nm were collected separately for reference and sample
channels in stepmode with 0.001 cm resolution and 10 replicates
per scan. Scans representing the peptide solutions at equilibrium
were processed using GUSSI (available at http://
biophysics.swmed.edu/MBR/soware.html, 6th April 2020)61

and analyzed using SEDPHAT (available at https://
sedtsedphat.nibib.nih.gov/soware/default.aspx, 6th April
2020) using single species, monomer-dimer, monomer-trimer
and monomer-tetramer equilibrium models. The ts were
calculated alternately using simplex and Marquardt–Levenberg
algorithms. The nal t was performed using a simulated
annealing algorithmwith default settings. The accuracy of the ts
was followed using global RMSD values.
Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance. NMR experiments were per-
formed on a Bruker Avance™ spectrometer operating at 600.58
MHz for 1H, equipped with a 5.0 mm PA BBO probe. The NMR
spectra at temperature 298 K were recorded in 10% D2O/water
and adjusted to pH 7 by NaOH solution. The temperature was
controlled to �0.1 K. TOCSY and NOESY experiments were
performed for chemical shi and structure assignment. All
NMR spectra were acquired with suppression of the solvent OH
signal using a 3-9-19 pulse sequence with gradients. Typical
TOCSY – homonuclear Hartman (Hahn transfer using the
mlev17 sequence for mixing using two power levels for excita-
tion and spinlock) and 2D NOESY were recorded in phase-
sensitive mode with the spectral width of 6127 Hz in both
dimensions using 2048 data points and relaxation delay of 2 s.
These spectra were acquired with 1024 increments of 16 scans
for the TOCSY and 80 scans for 2D NOESY. Mixing times were
set at 80 ms and 250 ms for the TOCSY and 2D NOESY experi-
ments, respectively. Data were acquired and processed using
RSC Adv., 2022, 12, 4640–4647 | 4645

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00111j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 2
:5

7:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Topspin 3.1 (BrukerBioSpin, Rheinstetten, Germany). The pro-
cessed spectra were assigned with the help of the SPARKY
program.62

NMR structure calculation. The NMR structure generation
was performed in Xplor-NIH v. 2.41.1 program.63 Initially, 100
random conformations were generated from the model struc-
ture of a trimer containing three identical chains using the
pdbTOPSF protocol. NMR-derived interproton contacts were
classied by standard method with upper distance limits:
strong 2.5 Å, medium 3.5 Å and weak 5 Å, and the lower distance
limit was set to 1.8 Å. The contacts between the protons
belonging to the side chains of vicinal residues that are not
likely for the helix structure were used as interhelical distance
restraints, and the rest contacts were used as intrahelical
distance restraints. For the b-amino acid also 2 backbone
torsions were restraint to match the previous experimental
data64 with a tolerance of 30 degree deviation. Standard simu-
lated annealing protocols implemented in Xplor-NIH were used
composed of the following steps: (1) high temperature
dynamics (3500 K, 800 ps or 8000 steps), (2) simulated anneal-
ing performed from 3500 K to 25 K with 12.5 K step, at each
temperature short dynamics was done (100 steps or 0.2 ps); (3)
gradient minimization of nal structure. Finally, the top ten
lowest energy structures were superimposed and averaged.

Molecular modelling. Models of peptides 2, 3, 5 and 6 were
prepared using Discovery Studio Visualiser v20 on the basis of the
experimental structure of a de novo designed coiled-coil (pdb:
4dzk).40 The starting trans-ACPC conformation in peptides 2 and 3
was taken from the crystal structure of the peptide containing
trans-ACPC residues that mimics a-helical structure (pdb: 3f50),7

while the cis-ACPC conformation in peptides 5 and 6 was applied
from the crystal structure of the helical peptide containing cis-
ACPC at a terminal position (pdb: 7ad0).53 The prepared models
were then submitted to minimization using the GROMACS so-
ware (available onWCSS,Wrocław, Poland) applying the Amber03
force eld extended with noncanonical amino acids.65 The box
denition and the solvation of the system were performed using
gmx editconf and gmx solvate methods with the spc216 water
model. The minimization of the system was performed applying
the steepest descent algorithm with 5000 maximum number of
steps and PME electrostatic until Fmax < 1000 kJ mol�1 nm�1. For
every peptide the model converged in less than 400 steps. Mini-
mization was followed by two-phase equilibration: 100 ps (50 000
steps) under the canonical ensemble (NVT) and 100 ps (50 000
steps) under the NPT ensemble.
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