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The construction of -amino acid-containing peptides that fold to tertiary structures in solution remains
challenging. Two model miniproteins, namely, Trp-cage and FSD, were scanned using a constrained
B-amino acid in order to evaluate its impact on the folding process. Relationships between forces stabiliz-
ing the miniprotein structure and conformational stability of analogues were found. The possibility of a
significant increase of the conformational stability of the studied miniproteins by substitution with the
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B-amino acid at the terminus of a helix is shown. On the basis of these results, f-amino acid containing-
peptide analogs with helical fragments substantially altered by the incorporation of several constrained
B-amino acids were designed, synthesized and evaluated with respect to their structure and stability. The
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Introduction

The construction of f-amino acid containing peptides that fold
into well-defined structures in solution has attracted much
attention in recent years." Numerous studies have indicated
the possibility of the formation of secondary structures with
various geometries and properties. In particular, confor-
mationally constrained, cycloalkane-based p-amino acids are
of interest due to their significant structuring effect combined
with good synthetic availability.> Folding propensities are
related to the applied sequence pattern and the stereo-
chemistry of neighboring amino acid residues. The theory of
the so-called ‘stereochemical patterning’ indicates that the
combination of chosen types of amino acid residues with a
tendency for specific ¢ and y dihedral angles, in a chosen
sequence pattern results in the formation of a predictable sec-
ondary structure.’ If the signs of these angles flanking amide
bonds match, a helical structure is formed. Therefore, second-
ary structure formation is considered to be well predictable,
and several examples with various sequence patterns, includ-
ing af, aap, and aapp, have been described.”

However, building p-amino acid-containing peptides
adopting higher order structures remains challenging.” The
number of studies is very limited and related to the modifi-
cation of only three small proteins that form hydrophobic
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smallest known B-amino acid-containing peptide with a well-defined tertiary structure is described.

cores, as well as a few examples of metal-binding or disulfide
rich miniproteins.® Villin headpiece subdomain (VHP),” the B
domain of protein G (GB1)® and betabellin-14 ° are examples
of miniproteins with a hydrophobic core, which is considered
to be the major driving force for the folding of native globu-
lar proteins. Gellman and coworkers tested a single substi-
tution of four positions of VHP, indicating the possibility of
the formation of a native-like structure. For four ¢rans-(1S,2S)-
2-aminocyclopentanecarboxylic acid (¢rans-ACPC) substituted
VHP structures, it was proven that the impact of this
mutation is generally destabilizing and position-specific as
AT, values (difference between substituted and native mini-
proteins) were in a range of —15 to 0.3 °C. In the case of beta-
bellin-14, two positions have been tested by substitution with
six various p-amino acids. It has been shown that the incor-
poration of a B*-open chain residue leads to hydrophobic core
disruption, while cyclopentane-based f-amino acid (cis-ACPC)
substitution induced conformational mismatch between
interacting backbones. Only modification by cyclohexane-
based p-amino acid resulted in full conservation of the ter-
tiary structure. Most extensive studies have been performed
on the GB1 model, wherein several modifications using
f-amino acids were introduced. Substitution of the helical
fragment of GB1 by B*-open chain or trans-ACPC residues
results in a significant decrease of conformational stability,
as indicated by lowering of the T, value by 11-26 °C. It was
concluded that these modifications are enthalpically unfavor-
able and entropically favorable. Interestingly, in the above-
mentioned studies, no p-amino acid-modified miniprotein
has shown increased conformational stability compared to its
native counterpart.

This journal is © The Royal Society of Chemistry 2021
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f-Amino acid-containing peptides exhibit great potential for
various applications'® due to predictable and highly stable
conformations, as well as the possibility of incorporation of a
wide range of various functional groups in side chains. In par-
ticular, several types of biological activities'' have been evi-
denced for this class of compounds, including antimicrobial
activity,”> inhibition of protein-protein interactions,"
agonism/antagonism of GPCR,'* and antiangiogenic activity.'®
Moreover, catalytic activity has also been shown."®

Taking into account the possible high potential of the
extended, protein-like structures of f-amino acid-containing
peptides, further studies towards a better understanding of
folding processes are of high importance. In this paper, we
explore the methodology of building p-amino acid-containing
peptide foldamers based on systematic scanning of helical
fragments with constrained p-amino acids, namely, trans-
ACPC. Two model miniproteins are used in order to possibly
draw general conclusions.

Results and discussion

The miniproteins Trp-cage'” and FSD,'® incorporating helical
and extended structures stabilized by hydrophobic interactions
in the protein core, were selected (Fig. 1). Trp-cage consists of
an o-helical fragment, a short 3;-helix and a poly-proline
helix. The van der Waals interactions of the tryptophan side
chain with proline residues are crucial for miniprotein tertiary
structure stabilization. The FSD miniprotein was designed de

View Article Online
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novo and it contains two extended fragments and an a-helix.
n-7 stacking is a major interaction between phenylalanine resi-
dues that form the hydrophobic core. Importantly, the small
size of the chosen models (sequence lengths of 20 and 28
amino acid residues) makes them relatively sensitive to substi-
tutions; therefore, the influence of B-residues could be evalu-
ated well. Moreover, differences in miniprotein construction
including the size and positioning of the helical fragment (N-
versus C-terminal for Trp-cage and FSD, respectively) as well as
different types of interactions stabilizing the hydrophobic core
could allow us to draw general conclusions regarding the effect
of f-amino acid substitution.

The scan of the a-helical fragment of Trp-cage with trans-
ACPC (peptides 2-9, Tables S1 and S2t) was performed in
order to investigate the impact of single substitutions on the
conformational stability (Table 1, Fig. 2). The CD spectrum of
peptide 2 showed two minima which are characteristic of
a-helix-like structures. In the case of the CD spectra of pep-
tides 4-6 and 9, the major peak at 205 nm is accompanied by
a less intense band at 220 nm or 215 nm for structures 4-6
and 9, respectively. Therefore, the helical conformation of pep-
tides 4-6, which are substituted in the central part of the helix,
is affected more than in the case of peptide 2, which is modi-
fied at the N-terminus. Their CD spectra are also analogous to
those observed for trans-ACPC substituted helical peptides
reported previously.' The trans-ACPC substitution of the
C-terminal part of the Trp-cage helix (peptide 9), which is in
the central part of the whole sequence, appears to destabilize
the structure, as the major signal and the shoulder are of

Fig. 1 NMR structures of the model miniproteins: Trp-cage (PDB id 1L2Y)'” (A) and FSD (PDB id 2FSV)*® (B). The main chains are shown as ribbons
colored from blue (N-terminus) to red (C-terminus), and the side chains forming the hydrophobic cores are shown as sticks colored by atoms.

This journal is © The Royal Society of Chemistry 2021
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Table 1 Sequences and melting point temperatures (T,,, values) of Trp-
cage (1), FSD (16) and their p-amino acid-containing analogs 2—15 and

17-29, respectively

No. Sequence Tm [°C]

1 NLYIQWLKDGGPSSGRPPPS 44.0 1.3
2 @ LYIQWLKDGGPSSGRPPPS 356 +1.5
3 N@YIQWLKDGGPSSGRPPPS n/a

4 NL@IQWLKDGGPSSGRPPPS 37.2+4.4
5 NLY@QWLKDGGPSSGRPPPS 46.6 +1.1
6 NLYI@WLKDGGPSSGRPPPS 41.9+1.3
7 NLYIQ@LKDGGPSSGRPPPS n/a

8 NLYIQW@KDGGPSSGRPPPS n/a

9 NLYIQWL@DGGPSSGRPPPS 39.3+2.2
10 @NLYIQWLKDGGPSSGRPPPS 54.2+1.3
11 OLY®QWLKDGGPSSGRPPPS 49.5+1.9
12 NLY@QWL@DGGPSSGRPPPS 38.0+2.3
13 LY@ QWLEDGGPSSGRPPPS 47.1+3.6
14 OLYI@WL@DGGPSSGRPPPS “

15 ONLY@QWLEDGGPSSGRPPPS 38.3+4.2
16 QQYTAKIKGRTFRNEKELRDFIEKFKGR 55.7+£3.0
17 QQYTAKIKGRTFRNEKELRDFIEKFKG@ 61.3+1.9
18 QQYTAKIKGRTFRNEKELRDFIEKFK@R 58.3+3.3
19 QQYTAKIKGRTFRNEKELRDFIEKF@GR 66.3+1.4
20 QQYTAKIKGRTFRNEKELRDFIE@FKGR 41.7+£2.9
21 QQYTAKIKGRTFRNEKELRDFI@KFKGR 51.9+3.9
22 QQYTAKIKGRTFRNEKELRDF@EKFKGR n/a

23 QQYTAKIKGRTFRNEKELR@FIEKFKGR n/a

24 QQYTAKIKGRTFRNEKEL@DFIEKFKGR n/a

25 QQYTAKIKGRTFRNEKE@RDFIEKFKGR n/a

26 QQYTAKIKGRTFRNEK@LRDFIEKFKGR n/a

27 QQYTAKIKGRTFRNEKELRDFI@KF@GR 50.2 +1.5
28 QQYTAKIKGRTFRN@KEL@DF@EKFKGR n/a

29 QQYTAKIKGRTFRNEKEL@DF@EKF@GR n/a

All peptides are C-amidated and N-acetylated; pentagons denote trans-
ACPC. “Measurement of the T, value was not possible due to peptide
precipitation; n/a - the Ty, value is not available due to the lack of sig-
moidal transition in the observed CD dependence.

similar intensity, but shifted towards lower wavelengths. The
CD spectra of peptides 3, 7, and 8 indicate unordered struc-
tures. The CD spectral analysis result is consistent with the
observed temperature dependences, which were of sigmoidal
shape allowing the measurement of melting points for pep-
tides 2, 4-6 and 9 (Table 1 and Fig. S11).” Most of these pep-
tides showed T, values that were slightly lower than that of
the parent peptide 1, with the exception of peptide 5, where
the substitution of Ile4 resulted in a T,, = 46.6 °C. The
observed increase of the Ty, value for peptide 5 is a result of
the combination of a few phenomena: (a) similar size and
character (hydrophobic) of trans-ACPC and Ile side chains; (b)
outside position in the three-dimensional structure of Trp-
cage, and (c) position in the sequence close to the N-terminus,
which does not affect the critical stabilizing interaction of the
Trp6 residue. Therefore, the position of ¢rans-ACPC substi-
tution correlates well with the conformational stability of the
peptide. Modification of residues forming the hydrophobic
core (Leu2, Trp6 and Leu?) led to the loss of the tertiary struc-
ture. Mutations of other residues of the helix only slightly
decreased (or kept constant) the conformational stability of
Trp-cage. Interestingly, the addition of a trans-ACPC residue at
the N-terminus of the Trp-cage miniprotein led to a significant

4274 | Org. Biomol. Chem., 2021,19, 4272-4278
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Fig. 2 CD spectra of the Trp-cage (1) and its trans-ACPC mono-sub-
stituted analogs (peptides 1-5 — panel A, peptides 5-10 — panel B)
measured in phosphate buffer solution at pH 7.0 (293 K).

increase in the T, value (compound 10, T}, = 54.2 °C). The CD
spectrum of peptide 10 (Fig. 2B) is very similar to the CD spec-
trum of the parent peptide 1, indicating that this mutation
does not influence the conformation of the molecule.
Therefore, the enhanced conformational stability of peptide 10
can be attributed to the structuration of the end of the helix by
the conformationally constrained trans-ACPC residue, which
also promotes helical folding. Moreover, the terminal position
of this f-amino acid does not affect the interactions stabilizing
the tertiary structure.

The results of the ¢rans-ACPC scan of the FSD miniprotein
(peptides 17-26) were considerably different (Table 1 and
Fig. 3 and S37). Only the C-terminal substitutions (peptides
17-21) led to conformationally stable miniproteins. Notably,
peptides with mutations at the last three positions (17-19)
showed CD spectra with a shape similar to that of the parent
peptide 16, but their absolute MRE values were higher, which
indicated a higher helical content. These peptides also exhibi-
ted significantly increased conformational stability in compari-

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 CD spectra of FSD (16) and its trans-ACPC mono-substituted
analogs (peptides 16—21 — panel A, peptides 22—26 — panel B), measured
in phosphate buffer solution at pH 7.0 (293 K).

son with the reference structure 16. The most stable derivative
19 exceeded the Ty, value of the original peptide 16 by approxi-
mately 10 °C (T, = 55.7 °C versus 66.3 °C for 16 and 19,
respectively). On the basis of these observations, it could be
concluded that the substitution of FSD at positions 26-28 by
trans-ACPC leads to the structuration of the C-terminal frag-
ment, enhancing the stability of the helical fragment. These
modifications do not interfere with the interactions between
the secondary structures. Therefore, in both studied cases, it
was possible to indicate the positions at the end of helical
structures that led to significant conformational stabilization
of the whole miniprotein.

The CD spectra of peptides 20 and 21, with trans-ACPC sub-
stitutions at positions 23 and 24 which are close to the center
of the helix, are slightly different from those of the parent
peptide 16. The minimum at 206 nm is deeper, while the
signal at 220 nm is less intense. This change of the CD spectral
shape could be related to the conformational changes intro-
duced by trans-ACPC substitution in the middle of the helix.
These changes still allow the formation of a tertiary structure,

This journal is © The Royal Society of Chemistry 2021
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although they are characterized by lower T, values (42 and
52 °C for peptides 20 and 21, respectively).

Peptides 22-26 with trans-ACPC substitutions at positions
16-22 were found to be conformationally unstable. The CD
spectra were characterized by the shift of the minimum
towards lower wavelengths, while the CD signal temperature
dependences did not show the characteristic sigmoidal shape.

The observed differences in trans-ACPC scan results
between the two studied miniproteins are most probably the
consequence of different packing of the hydrophobic core and
interactions stabilizing this core. In the case of Trp-cage, the
van der Waals interactions between the central Trp side chain
and the surrounding lipophilic residues allow minimal
changes to the structure. In the case of FSD, the face-to-edge
n-n stacking between the side chains of Phe12 and Phe21 is
the key miniprotein stabilizing interaction, and any substi-
tution to the sequence between these residues (or close to
Phe21) changes their relative positioning and destabilizes their
interaction.

Subsequently, on the basis of the performed scan results,
miniproteins with the conformation of helical fragments sig-
nificantly altered by the incorporation of several trans-ACPC
residues were designed. In the case of Trp-cage, positions 1,
3-5 and 8 can be substituted. The application of the axfaxafp
sequence pattern, which has already been shown to provide
stable helical structures,* resulted in peptides 13 and 14 with
three f-amino acid moieties. Two sequences with two trans-
ACPC residues, namely, compounds 11 and 12, were also syn-
thesized. Moreover, one sequence (peptide 15), which explored
the possibility of an N-terminal extension of the peptide, was
prepared. The CD spectra of peptides 11-15 showed very
similar shapes, although with variable intensities of the peaks
(Fig. 4).

The presence of two bands at around 206 and 220 nm of
different intensities in the CD spectra suggests the presence of
a-helix-like structures. The majority of these peptides showed
thermal denaturation curves typical of cooperatively folded

-10000

MRE [deg cm? dmol]

-20000

250
A [nm]

T T T T T
200 210 220 230 240

Fig. 4 CD spectra of peptides 11-15 and reference peptide 1 dissolved
in phosphate buffer solution at pH 7.0 (293 K).
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proteins (Fig. S2t), with the exception of peptide 14, which pre-
cipitated during measurements. The melting temperature for
peptide 13 was slightly higher than that observed for the
parent peptide 1. Comparison of the T, values of partially sub-
stituted peptides 11 and 12, which differ significantly, indi-
cates that N-terminal substitutions are stabilizing while substi-
tutions closer to the protein core are destabilizing, which, in
total, combine to contribute to small differences observed in
the Ty, values for peptides 1 and 13.

Analogous trials for the construction of FSD analogs were
undertaken. Consistent with the scan results, only peptides
with substitutions in regions 24-28 in the sequence gave pep-
tides that fold, namely, derivative 27. Peptides 28 and 29 with
trans-ACPC incorporated at positions close to the miniprotein
core were found to be conformationally unstable.

In order to gain insight into the folding process of trans-
ACPC substituted analogs, a detailed analysis was performed
for unsubstituted peptide 1, monosubstituted oligomer 5, di-
substituted compound 11 and trisubstituted compound 13.
Monitoring the CD signal (MRE at 222 nm) as a function of
the denaturant (guanidine hydrochloride) and temperature
provides a dependence that allows the determination of the set
of thermodynamic parameters of unfolding (AG, AH, TAS, C,
and m, Fig. 5 and S41).® The enthalpy of unfolding (AH)
decreases with an increasing number of trans-ACPC substi-
tutions, indicating that the intramolecular interactions are dis-
turbed by these modifications. On the other hand, rigidifica-
tion of the peptide structure by increasing the number of con-
strained f-amino acid residues causes a decrease in entropy.
Therefore, the trans-ACPC residue preorganizes the structure of
the peptide, which is in agreement with previously observed
helix-promoting properties. However, the changes in the two
abovementioned components of the free energy of folding
balance each other out, and the values of AG° and equilibrium
constant K (Fig. S41) remain similar for the analyzed peptides
indicating similar conformational stability.

The three-dimensional structure in solution of the most
stable analog 13 has been analyzed in detail using NMR tech-
niques. All 1H resonances of this miniprotein have been
assigned using 2D TOCSY and NOESY spectra (Table S3,
Fig. S10, S11 and S137). Numerous nonsequential interproton
contacts covering the whole sequence were found and they
indicated a well-folded structure. In particular, regular i—(7 +
3) contacts spanning residues 2 to 11 confirmed the presence
of an a-helix-like structure (Table S4, Fig. S67). In this region,
contacts HA(i) — HN(7 + 3) or HB(i) — HN(i + 3) (if the p-amino
acid is at the i position) were detected with the exception of
the interaction between trans-ACPC2 and trans-ACPC5, where
HB(2)-HA(5) contact was observed. Long distance contacts
were observed between the Trpé6 side chain and Gly11, Pro12,
Arg16 and Pro18, as well as between the Tyr3 side chain and
Pro18 (Fig. S12f). Secondary chemical shifts for the Ha
protons of peptide 13 (Fig. S5t) were found to be negative for
nearly all the residues except Gly15, Arg17 and Pro18, indicat-
ing the formation of helical structures analogous to those
found in Trp-cage, where a-helix, 3;4-helix and polyproline

4276 | Org. Biomol. Chem., 2021,19, 4272-4278
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Fig. 5 CD signal at 222 nm monitored as a function of guanidine
hydrochloride concentration and temperature for peptide 13 (experi-
mental data are shown as dark green circles, while fitted thermodynamic
parameters for the folding equilibrium are represented by the surface)
(A), and the chart showing the comparison of AH and TAS values calcu-
lated for selected peptides (B).

helix are present.”! Using NMR-derived constraints, the three-
dimensional structure of peptide 13 was modeled using X-plor
NIH software (Table S51).>> A well-ordered structure with sec-
ondary elements arranged in a manner similar to that
observed for the original Trp-cage was obtained (Fig. 6 and
S77). The hydrophobic core of miniprotein 13 contained the
side chains of Trp7, Tyr4, and Pro19 and partially Pro13 and
Leu3. The Trp6 side chain was sandwiched between Pro13 and
Pro19. The major difference between peptide 13 and Trp-cage
is observed in the construction of the helical part, and also the
shift of N-terminal part in relation to the C-terminal part and
the different conformation of the Tyr4 side chain could be
noticed (Fig. S81). The N-terminal part of the peptide forms a
helical structure that is analogous to that reported by
Gellman and coworkers for a peptide with the axfaxafp
sequence pattern.”® A regular network of hydrogen bonds
NH(7)---O=C(i — 4) was observed for residues 2-9. The last
turn of this helix was disturbed, and the Asp10-GIn7 hydrogen

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Average NMR-derived structure of peptide 13. Hydrogen bonds
are shown as orange thin lines, and the carbon atoms of f-amino acid
residues are shown in green.

bond was very weak, while Gly12-Trp7 was additionally
formed. In summary, although the three-dimensional struc-
ture of peptide 13 was well-defined, the observed small confor-
mational changes, i.e., relative shifts of the secondary struc-
tures or some weaker hydrogen bonds, may contribute to the
lower AH values measured for this peptide compared to the
native Trp-cage.

Conclusions

In summary, we performed a detailed analysis of the possi-
bility of incorporation of constrained f-amino acid residues in
the helical fragments of two miniproteins, namely, Trp-cage
and FSD. Trans-ACPC scans revealed different results for the
two studied miniproteins, indicating that the possibility of
trans-ACPC substitution is related to the nature of the inter-
actions that stabilize the hydrophobic core. The van der Waals
interactions in the Trp-cage core were not significantly affected
by the changes introduced by helix modifications, while the
n-7 interactions in the FSD core were damaged by the struc-
tural changes resulting from trans-ACPC incorporation into the
core side of the helix. On the other hand, in both cases, it was
possible to indicate the substitution, which led to considerably
increased conformational stability of the miniproteins, i.e., the
trans-ACPC residue added to the N-terminus of the Trp-cage
helix (compound 10) or included in the C-terminal part of FSD
(peptide 19).

Finally, on the basis of the scan results, we were able to con-
struct a miniprotein analogous to Trp-cage with a fully modi-
fied helical fragment according to the aoafacaf sequence
pattern (peptide 13) with conformational stability similar to
that of its native counterpart. The detailed CD measurements

This journal is © The Royal Society of Chemistry 2021
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in combination with structural NMR analysis provided insights
into the contribution of the stabilization factors. The incorpor-
ation of trans-ACPC residues rigidified the structure and pre-
organized it for folding, decreasing the change in entropy.
However, the ¢rans-ACPC incorporation also caused structural
disturbances that decreased intramolecular stabilizing inter-
actions (AH). Notably, compound 13 is the smallest known
f-amino acid-containing peptide that folds into a well-defined
tertiary structure. We hope that the presented results will con-
tribute to a better understanding of p-amino acid-containing
peptide folding and provide a basis for the construction of
more extended structures.
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