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The Phe-incorporated cyclic peptide [cyclo(-Phet-oxazoline?-p-Val®-thiazole*-Ile®-oxazoline®-p-Val’-
thiazole®-)] is in a conformational equilibrium between square and folded forms in solution. In the folded
form, a CH---t interaction between the Phe! aromatic ring and the Oxz? methyl group is observed. We
endeavored to control the local conformation and thus modulate the CH---1t interaction and flexibility of
the Phe' side chain by controlling the electronic substituent effects at the 4-position of the aromatic ring
of the Phe! residue. The effect of the 4-substituent on the global conformation was indicated by the
linear relationship between the conformational free energies (AG®) determined through NMR-based
Electron-donating substituents, which had relatively
strong CH-- 7 interactions, promoted peptide folding by restraining the loss in entropy. Local control by
the 4-substituent effects suggested that the Phe side chain exerts an entropic influence on the folding of
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Introduction

The conformational energy is an important factor when inter-
preting a variety of phenomena. The conformational free energy
(AG®) combines enthalpy (AH®) and entropy (AS°) into a single
value, but the entropic term generally accounts for only a small
portion of the AG® value; the enthalpic term is dominant. We
previously performed a structural analysis of a cyclic peptide
containing oxazoline (Oxz) and thiazole (Thz) as a heterocycle,
cyclo(-Xaa'-Oxz>p-Val*>-Thz*-1le’>-Oxz®p-Val’-Thz®-).* When the
backbone of this cyclic peptide folds at the two Oxz rings, it is
stabilized by four intramolecular hydrogen bonds, so the
enthalpy term greatly contributes to the spontaneous folding.**®
On the other hand, the entropic term is also important for
molecular recognition, and receptor affinity can reportedly be
improved by minimizing the loss in entropy needed to fold an
active conformer.”™*?

In the present study, to focus on the contribution of the
entropic term to peptide folding, we attempted local control of
the Phe’ side chain orientation (x space) mediated by the CH: -
m interaction using a Phe'-incorporated cyclic peptide (4),
cyclo(-Phe'-Oxz*-p-Val*-Thz*-1le>-Oxz®-p-Val’-Thz?-), as a scaf-
fold (Fig. 1). In solution, peptide 4 is in an equilibrium between
its “square” form, in which the peptide backbone is open, and
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its “folded” form (Fig. 2), where a CH---7 interaction between
the aromatic ring of the Phe' residue and methyl group of the
Oxz® ring is observed.® We introduced the following substitu-
ents at the 4-position of the Phe(X)' aromatic ring of peptide 4:
[X: OCH; (1), CH; (2), C(CH3); (3), F (5),1(6), C1(7), Br (8), CF;3 (9)
and NO, (10)] (Fig. 1). With the exception of peptides 4 and 5,

Peptide No. 1 2 3 4 5
X OCH,4 CH, C(CHa), H F
Hammett Constant (c) ~ —0.268 -0.197 -0.170 0 0.062
Peptide No. 6 7 8 9 10
X I cl Br CF, NO,
Hammett Constant(c) (180 0.227 0.232 0.540 0.778

Fig. 1 Chemical structure of Phe(X)-incorporated cyclic peptide, 4-
substituents (X) in each peptide (1-10) and their Hammett constants
(0).2% Peptides 4 and 5 were synthesized previously.?* Peptides 1-3 and
6-10 are newly synthesized.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Folded form

Square form

Fig. 2 Conformational equilibrium between the square and folded
forms of Phe(X)-incorporated cyclic peptide. Carbon, nitrogen, oxygen
and sulfur atoms and the aromatic ring of Phe residue are represented
in gray, blue, red, yellow and light blue, respectively.

these peptides were all newly synthesized. Electronic substit-
uent effects are often used in the studies of non-covalent
interactions, and modulation of the CH: -7t interaction is
expected in the present study as well. In other words, indirect
modulation of the Phe' side chain dihedral angle by the 4-
position substituents may become possible. Here we describe
the structural characterization of peptides 1-10 based on X-ray
diffraction, circular dichroism (CD) spectroscopy and variable
temperature (VT) "H NMR measurements. We then used esti-
mated thermodynamic parameters (AH°, AS® and AG°) to
address the local control of CH---m interactions and the asso-
ciated flexibility of the Phe side chain by the 4-position
substituents and their effects on global conformational
equilibrium.

14-19

Results and discussion
Crystal structures

The X-ray structures of 2, 3, 6, 7, 8 and 9 are shown in Fig. 3.
Peptides 2, 6, 7 and 8 were crystallized in acetonitrile (CH3CN)
solution. Within the crystal, the peptide backbone of 2 was
folded at the two Oxz rings, and the two Thz rings faced each
other. The asymmetric units of 6, 7 and 8 each contained two
independent molecules, but because their structures were
similar, only molecule A is shown in Fig. 3. The crystal struc-
tures of 6, 7 and 8 also exhibited structural features very similar
to 2, and all four folded forms were stabilized by four hydrogen
bonds: N[Phe(X)"]-H---0"(0xz®), N(p-Val*)-H---O(Thz®), N(1le”)-
H---0Y(0xz®) and N(p-Val”)-H:--O(Thz") (Table S4t). By contrast,
the peptide backbones of 3 and 9 were in the square form,
which unfolded such that the Oxz and Thz rings were separated
from one another. Crystals of 3 and 9 were grown in CH;CN and
acetone (Ac,0) solution, respectively. A water molecule was held
at the center of the peptide ring of 3 by four hydrogen bonds,
and similarly, an Ac,O molecule was held at the center of the
peptide ring of 9 by two hydrogen bonds (Table S4+).

The superimposition of all the folded forms, including the
previously determined folded X-ray structures of 4 (ref. 2) and
5,% is shown in Fig. 4. Each molecular fitting was carried out for
the peptide backbone of 4 to that of 2, 5, 6, 7 or 8 [root mean
square deviation (RMSD) = 0.074 A, 0.100 A, 0.099 A, 0.084 A
and 0.072 A, respectively]. Overall, the crystallographic folded
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forms were remarkably similar, except for the side chain
moieties of the Phe(X)' residue. The observed side chain dihe-
dral angles x1 (N-Ca-CB-Cy) of Phe(X)" are listed in Table 1.
Although all x1 angles adopted a ¢rans conformer, the aromatic
planes of 2 and 4 had positive values and were oriented toward
the methyl group of Oxz”, whereas the aromatic rings of 5-8 had
negative values and were oriented away from the methyl group
of Oxz”. Furthermore, the distances between the methyl group
of Oxz*> and the Phe(X)' aromatic ring were estimated by
surveying the CH---m contacts for the six-membered -
system®”*' (Table 1). The CH---7 contacts of 2 and 4 were
determined to be 3.233 A and 2.893 A, respectively, but in 5-8
the methyl groups of Oxz> were located outside the m-orbital of
the Phe(X)' aromatic ring, and CH---w contacts were not
observed. These results suggest that the more electron-rich aryl
groups of 2 and 4 can interact with the methyl group of Oxz?,
whereas peptides 5-8, which have more electron-poor aryl
groups due to their electron-withdrawing substituents, cannot.
On the other hand, because the X-ray structures of both 3, which
bears a relatively strong electron-donating substituent
[C(CH3)3], and 9, which bears a relatively strong electron-
withdrawing substituent (CF;), assumed the square form, no
clear correlation between their conformation and the 4-
substituent of Phe(X)" residue was exhibited in the crystals. In
these square forms, the aromatic rings of the Phe(X)" residue
were oriented toward the alkyl groups of the Ile® side chain, but
no CH:---m contact by its alkyl groups was observed. The x1
angles of the Phe(X)" side chains in 3 and 9 also adopted the
trans conformer, and few differences in the y1 angle were
observed among the crystal structures due to the 4-substituents.

CD spectra

We measured the temperature dependence of the CD spectra for
peptides 1-10 in CH;CN solution at 273-333 K. Their spectral
changes as temperature was increased in 10 K steps are shown
in Fig. 5. In earlier spectral data, a square form was assigned
when [6],45 was negative and a folded form was assigned when
[6]245 was positive.>® In the present study, the CD spectra for all
peptides showed characteristics of the folded form at 273 K, and
the increasing temperature led to reductions in [f],,45. Further-
more, a single isosbestic point was observed at around 230 nm
in all spectra. These observations suggest that increasing
temperature leads to a conformational change from the folded
to the square form due to weakening of four intramolecular
hydrogen bonds, N[Phe(X)']-H---Oy(Oxz°%), N(p-Val’)-H---
O(Thz®), N(1le®)-H---Oy(Oxz*) and N(p-Val”)-H---O(Thz*), which
contribute to stabilizing the folded form. However, none of the
peptides exhibited a negative [#],4s, even at 333 K. No significant
difference was observed in the temperature dependence of the
CD spectra in CH;CN solution for any of the peptides, including
peptides 3 and 9, which had square X-ray structures. While
a crystal structure represents a specific energy state, the struc-
ture observed in solution is an average structure based on the
abundance of each possible conformation. Therefore, dispar-
ities between the solution and crystal structures may arise, as
peptides 3 and 9.

RSC Adv, 2024, 14,1062-1071 | 1063
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Phe(CH,)"

Phe(Cl)!

Fig.3 Crystalstructures of 2, 3, 6, 7, 8 and 9. Carbon, nitrogen, oxygen, sulfur and halogen atoms are represented in black, blue, red, yellow and
green, respectively. The dashed lines represent hydrogen bonds. Peptides 2, 3, 6, 7 and 8 were crystallized as CH3zCN solvated forms, but the
CH3zCN molecules are not shown because they are not involved in any hydrogen bonds. The asymmetric units of 6—8 each contained two
independent molecules (molecule A and B), but because their conformations were similar, only molecule A is shown.
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Fig. 4 Superimposition of the folded crystal structures of 2, 4, 5, 6
(molecule A), 7 (molecule A) and 8 (molecule A). Molecular fitting was
carried out for the peptide backbone, which showed that the back-
bones of 2, 5, 6, 7 and 8 differed from 4 with the RMSD = 0.074, 0.100,
0.099, 0.084 and 0.072 A, respectively. The crystal structures of 4 and
5 are taken from previous reports.>®* The aromatic ring of the Phe
residue (4) and the methyl group carbon (2), fluorine (5), iodine (6),
chlorine (7) and bromine (8) atoms are represented in blue, gray,
yellow, purple, green and pink, respectively.

Table 1 Summary of the crystal structures of 2—9

Peptide x1 (°) CH:---7 contact’ (A)
Folded form

2 172.31 3.233°
4° 160.23 2.893°
54 —169.75 ND

6 — molecule A —177.82 ND

6 — molecule B —179.15 ND

7 - molecule A —173.90 ND

7 — molecule B —171.95 ND

8 — molecule A —172.84 ND

8 — molecule B —174.26 ND
Square form

3 166.20 ND

9 175.41 ND

% x1 is the dihedral angle in the side chain of the Phe(X)" residue, N-Co—
CB-Cy. ’ The CH---m contacts were estimated using the method
described by Umezawa et al.>*'  This crystal structure is taken from
a previous report.> ¢ This crystal structure is taken from a previous
report.’ ¢ The distances between yH of Oxz> and the aromatic ring of
the Phe(X)" residue.

NMR-based quantification of the conformational equilibrium

The conformational equilibrium constants (K) of the peptides
were determined with a previously described method® using the
chemical shifts of Thz protons at various temperatures in
CH;CN-d;. The enthalpy (AH®) and entropy (AS°) were obtained

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from a linear van't Hoff plot (In K versus 1/T), after which the
Gibbs free energy (AG°) was evaluated as AG® = —RT In K. These
thermodynamic parameters (AH®, AS® and AG3¢s k) are listed in
Table 2. The folding of all peptides was enthalpically favorable
and entropically unfavorable. It is reasonable that the AH°
values were negative because four hydrogen bonds stabilizing
the conformation are formed during folding. Peptide 3 exhibi-
ted the highest AH® value (—13.09 k] mol "), while 9 exhibited
the second highest AH® value (—14.27 kJ mol™'). This may be
related to the fact that only these two crystal structures were
square forms. In comparison, among the folded crystal struc-
tures, the AH° values of 2 (—14.89 kJ mol ') and 4
(—14.99 kJ mol™ "), which have the potential for CH---7 inter-
actions between the Phe(X)" aromatic ring and the Oxz> methyl
group were slightly higher than those of 5 (—15.65 k] mol ), 6
(—15.62 k] mol "), 7 (—15.73 k] mol ") and 8 (—15.66 k] mol ).
These findings suggest that the CH---7 interaction does not
contribute to the stability of the folded form.

Plots of the temperature versus AG°, AH° or TAS® for all
peptides are shown in Fig. 6. The AG° values of all peptides at
every measured temperature exhibited negative or zero values,
except for 10 at 333 K, which displayed a slightly positive AG®
value (0.31 k] mol ). In previous CD measurements, a slight
negative band appeared at 245 nm for peptides with a AG° value
of approximately 1.0 k] mol™', and a clear negative band
emerged for peptides with a AG® value of approximately
2.0 k] mol™" or higher.®® Therefore, a robust correlation
between the AG® value and the CD spectra was observed. The
folding process of 1-3 had |AH°| > |TAS°| at all measured
temperatures, which indicates they were able to fold sponta-
neously (AG® < 0). During the folding of 4-9, the |TAS®| value
neared the |AH°| value as the temperature increased, and the
AG° value became zero at 333 K. In the folding process of 10, the
|AH®| and |TAS°| were equal at 323 K, and no spontaneous
folding (AG° > 0) was observed at 333 K. Thus, peptides with
electron-withdrawing substituents appear to be more strongly
influenced by the entropy term during the folding process than
peptides with electron-donating substituents.

We also examined the 4-substituent effect on conformation
using the linear relationship between the AG3¢s x and the
Hammett constant o (ref. 22) (Fig. 7). With the exception of 4-6,
there was a very good linear correlation (R* > 0.98) between
AG30g x and o, though even when 5 and 6 were included, the
correlation coefficient was >0.90. The most significant depar-
ture from this correlation arose with the unsubstituted peptide
4. This peptide was more difficult to fold by 0.39 k] mol~" than
the Hammett substituent effects would predict. The observed
linear correlation suggests that the peptide folding was
dependent on the electronic properties of the Phe(X)" aromatic
ring. However, as described above, the CH:--7 interactions
between the Phe(X)" aromatic ring and the Oxz> methyl group
did not contribute enthalpically to the peptide folding, and in
fact no correlation between the AH® value and o constant was
indicated. We therefore focused next on the entropic term and
examined the temperature dependence of the vicinal coupling
constants (*]) for the Phe(X)" side chain.

RSC Adv, 2024, 14,1062-1071 | 1065
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Fig.5 Temperature dependence of the CD spectra for peptides 1-10. The CD spectra for 5 were taken from a previous report.® The spectra were
measured every 10 K in CHzCN solution at 273-333 K. The isosbestic point and the direction of spectral change with increasing temperature are

represented by red and black arrows, respectively.
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Table 2 Thermodynamic parameters of peptides 1-10

Peptide  AH° (k) mol™") AS°(JK 'mol™")  AGSs k (k] mol ™)
1 —14.48 —41.37 —2.15
2 —14.89 —42.90 —2.10
3 —13.09 —37.00 —2.07
4° —14.99 —45.06 —-1.57
5 —15.65 —46.51 —-1.79
6 —15.62 —45.74 —1.99
7 —15.73 —46.70 —1.81
8 —15.66 —46.46 —-1.81
9 —14.27 —42.40 —1.64
10 —15.69 —48.05 -1.37

“ The thermodynamic parameters of 4 are taken from a previous report.®

Restriction of the Phe(X)" x1 dihedral angle

As shown in Fig. 8, the side chains of the amino acids within the
peptides usually adopt one of three dihedral angles x1 (N-Co—
CB-Cy) [-60°, gauche(—); —180°, trans; or 60°, gauche(+)], which
are separated by relatively low energy rotational barriers.>*** The
two vicinal coupling constants (*/,; and *J,p,) of the Phe(X)"
residue deliver dihedral angles §1 (Ho-Co—~CB-HP1) and 62
(Hoa—Ca~CB-Hp2), respectively (Fig. 8). In all peptides at 298 K,
these two angles were assumed to be gauche(—) and trans based
on observations of one large (>11 Hz) and one small (>6 Hz) %],
coupling constant for the Phe(X)' residue. Additionally, the
respective assignments of 61 and 62 were determined by
comparing the rotating-frame Overhauser effect (ROE) cross-
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Fig. 7 Hammett plot of the AGSqg k values vs. ¢ constants. A very
strong linear correlation (R? > 0.98) was observed when 4—6 were
excluded, and even when 5 and 6 (blue markers) were included, the
correlation coefficient was >0.90. Peptide 4 (red marker) was more
difficult to fold by 0.39 kJ mol~* than the Hammett substituent effects
would predict.

peaks between the NH and HP and between the Ho and Hf in
the Phe(X)" residues. The ROE intensities of the two Hp reso-
nances with NH (dng; and dyg,) were nearly equal. On the other
hand, when comparing the ROE intensities of the two HPf
resonances with Ha. (d,5, and d,p,), d,p1 Was stronger than d,g,.
As an example, the ROE cross-peaks between NH and Hf and
between Ho and HP in the Phe(OCH;)" residue in peptide 1 are

2
ol 1 2 '3 4 . 1l5 }
* 1 + - o
o . ¢ * *
2+ PO PO < F -~ L o—* P
+—* p—* +* T ¢
_4 - - X -
— -6 -+ AG° L - L L
‘1__ e - TAS° L L |
(@) % AHo
E -10 | - r r
—e
_10 T e 5 + o L
- 12 ° ° LK S
Y hae. SN | s 2 - X XX X x X - - P —e .
Sl e AR —] . ® [ r e I e
MoK p — KK R .
8) 16 } L ’> KKK *—K—R
<] L L L . L L L . L L . L \ . L L L . L L L n N . L
~ 2
B 0 6 o= N 7 —*t T 8 — I 9 o *r 10 - —1
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Fig. 6 Plots of the temperature dependences of AG®, AH® and TAS® for peptides 1-10. The data for 4 were taken from a previous report.®
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xl >91
Hﬁ1 Cy HﬁZ 62 Hm Cy H[i2
NH NH NH
x1=-60° x1=-180° x1=160°
gauche (-) trans gauche (+)

Fig.8 Three low-energy conformations around x1 (N-Ca—CB—-Cy)in
an amino acid residue and the dihedral angles 61 (Ha—Ca—-CB-Hp1)
and 02 (Ha—Ca—CB-HB2) related to the vicinal coupling constants
(*J.p1 and 2J,,p0) for the Phe(X)! residue. x1 (trans), 61 [gauche(+)] and 62
(trans) observed with all peptides in CDsCN solution at 298 K are
shown in the central conformation.

shown in Fig. 9. These observed features of the ROE cross-peaks
enabled us to assign 61 and 62 as gauche(—) and trans, respec-
tively, and to ultimately conclude that the x1 angles for the
Phe(X)" side chains in all peptides are trans at 298 K.

The temperature dependence of the vicinal coupling
constants (*/,5; and */,p,) and geminal coupling constants
(*Jp1p2) for Phe(X)" residues are shown in Fig. 10. Naturally, the
geminal coupling constants did not exhibit temperature
dependence, whereas the vicinal coupling constants were clas-
sified into those exhibiting large or small temperature depen-
dences. The vicinal coupling constants for 1, 2, 4 and 5 did not

i
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change much with increasing temperature; in particular, those
of 1 did not change at all from 273 K to 293 K. For peptides 3, 6,
7, 8, 9 and 10, the *],4, value increased and the %/,5, value
decreased with increasing temperature. For peptides 3, 6, 7, 8
and 10, the two constants were equal (7.8 Hz) at 333 K, whereas
for peptide 9, the constants were equal at 323 K, and *J,,3; was
larger than *J,3, at 333 K. Equality between *J,5; and /.,
means that the 61 and 62 angles are equal. These observations
suggest that the x1 angles of Phe(X)" in peptides 3, 6, 7, 8,9 and
10 change from trans to gauche(+) with increasing temperature.
In other words, the Phe(X)" side chains in these peptides are
more flexibility than those in peptides 1, 2, 4 and 5.

The relationship between the ¢ constants and the flexibility
of the Phe(X)" side chains (except for peptide 3) allows us to
conclude that the flexibility of the Phe(X)' side chain is
controlled by the CH---m interactions between the Phe(X)"
aromatic ring and the Oxz®> methyl group. Peptides 6-10,
bearing substituents with relatively small o values, have little or
no CH---m interaction, which increases the flexibility of the
Phe(X)" side chain. By contrast, the Phe(X)" side chains of 1, 2, 4
and 5, bearing substituents with relatively large ¢ constants, are
fixed by the CH:--7 interaction. As shown in Table 2, the
entropic costs of folding peptides 6, 7, 8 and 10, which have
flexible Phe(X)" side chains, was higher (AS® = —46 to —49 J K"
mol ') than entropic cost of folding peptides 1 and 2, which
have less flexible Phe(X)" side chains (AS® = —41.37 and —42.90
J K" mol ™", respectively). These findings are consistent with
our observations. On the other hand, there were discrepancies

T

F1
(ppm),

3.0+

dyp1 (NH/HB1)

S
8

|
.

dys2 (NH/HB2)

324

P —— W —

3.4+

dypy (Ho/HBL)

0

i

dys; (Ha/HB2)

8.0 75 7.0

T
6.5 6.0 55 50
F2 (ppm)

Fig.9 ROE cross-peaks between NH and Hp (dngp: and dngz) and between Ho and HB (d,p1 and d,g) of the Phe(OCH5) residue in peptide 1. The
intensities of dyg: and dgz are equal, while the intensity of d,g; is stronger than that of d,g».
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Fig.10 Plots of the temperature dependences of the germinal coupling constant (2.][51[52) and vicinal constants (3Jam and 3‘-](1[52) for peptides 1-10.

The data for 4 were taken from an earlier report.®

between the flexibility of the Phe(X)" side chain and AS°® for
peptides 3, 4, 5 and 9. Even though the flexibility of the Phe(X)"
side chains of 4 and 5 was low, the entropic costs of folding were
AS° = —45.06 and —46.51 ] K~' mol ™", respectively. The devi-
ations from the linear relationship between the ¢ constant and
AG° value in these two peptides (Fig. 7) may be due to the
entropic cost of folding, which was larger than expected. There
was also no correlation between the flexibility of the Phe(X)"
side chains and AS° values for peptides 3 and 9. Although the
Phe(X)" side chains of 3 and 9 showed flexibility, they had the
lowest and second lowest folding entropic cost among all
peptides (AS° = —37.00 and —42.40 ] K" mol ", respectively).
In the folding of 3 and 9, the contribution of the enthalpic term
was smaller than with the other peptides (AH® = —13.09 and
—14.27 kJ mol ™, respectively). These results indicate that for
peptides 3 and 9, there is a correlation between the ¢ constant
and AG° value (Fig. 7), but this correlation may be a coinci-
dence. The thermodynamic folding mechanism for these two
peptides may differ from that of the other peptides.

Conclusion

Using a Phe-incorporated cyclic peptide as a scaffold, we
controlled the CH---7 interaction of substituents in the 4-
position of the aromatic ring of the Phe residue and, accord-
ingly, the flexibility of Phe side chain. We also investigated in
detail the contribution of the entropic term to the peptide's
folding. During the folding process in these peptides, four
intramolecular hydrogen bonds contribute to the enthalpic

© 2024 The Author(s). Published by the Royal Society of Chemistry

term. In addition, CH---m interactions between the Phe(X)"
aromatic ring and Oxz> methyl group appear to develop in the
folded form. However, this CH: -7 interaction does not make an
enthalpic contribution to peptide folding, but does appear to
affect the entropic term. The relatively strong CH:---7 interac-
tions in peptides bearing electron-donating substituents reduce
the flexibility of the Phe(X)" side chains, resulting in a relatively
small entropic cost to folding. By contrast, because less CH:--7
interaction is observed in peptides bearing electron-
withdrawing substituents, the flexibility of the Phe(X)" side
chains increases the entropic cost, making the peptides more
difficult to fold. These findings, although containing some
contradictions, were confirmed to some extent by the linear
correlation between the ¢ constant and the AG® value.

Experimental

Peptide syntheses

The Thz unit (Boc-p-Val(Thz)-OMe) was synthesized as previ-
ously described.?®?¢ The linear peptide Boc-Phe(X)-allo-Thr-p-
Val-Thz-Ile-allo-Thr-p-Val-Thz-OMe was synthesized using 1-
hydroxybenzotriazole (Watanabe Chemical Ind. Ltd., Hir-
oshima, Japan) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (Watanabe Chemical Ind. Ltd.,
Hiroshima, Japan) in a liquid phase. All 4-substituted phenyl-
alanines were purchased from Watanabe Chemical Ind. Ltd.
(Hiroshima, Japan). Macrocyclization was performed using
benzotriazolyloxy-tris(pyrrolidino)phosphonium hexa-
fluorophosphate (Watanabe Chemical Ind. Ltd., Hiroshima,
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Japan) in the presence of 4-dimethylaminopyridine (Nacalai
Tesque, Kyoto, Japan). Two Oxz rings were formed by reacting
the Phe(X)-allo-Thr and Ile-allo-Thr moieties with bis(2-
methoxyethyl)Jaminosulfur trifluoride (Deoxo-Fluor) (Sigma-
Aldrich Co. LLC, St. Louis, USA).>” The synthesis and charac-
terization of 1, 2, 3, 6, 7, 8, 9 and 10 are detailed in the ESL}

X-ray diffraction

Peptides 2, 3, 6, 7 and 8 were crystallized in CH;CN, and peptide
9 was crystallized in Ac,O. X-ray diffraction data for 2 were
collected with a Bruker Smart APEXII (Bruker Corp., Massa-
chusetts, USA). X-ray diffraction data for 3, 6, 7, 8 and 9 were
collected with a Rigaku CrysAlisPro (Rigaku Corp., Tokyo,
Japan). The structure of 2 was solved using SHELXS-97 (ref. 28)
and refined using SHELXL-97.”® The structures of 3, 6, 7, 8 and 9
were solved using SHELXT?® and refined using SHELXL-2018/
3.%° The crystal data have been deposited with the Cambridge
Crystallographic Data Center under deposition numbers
2289960, 2289964, 2289961, 2289963, 2289962 and 2289965,
corresponding to peptides 2, 3, 6, 7, 8 and 9, respectively. The
crystal data for the six peptides are given in the ESIL}

Circular dichroism

CD spectra were measured using a JASCO 500A dichrograph
(JASCO, Tokyo, Japan) with a 1 cm quartz cell at room temper-
ature. The spectra were scanned in the range of 200-280 nm at
a speed of 5 nm min~* with a 0.1 nm interval for uptake to
a computer. Data were averaged over each 1 nm and plotted.
The temperature dependence of the CD spectra in CH3;CN
solution was assessed at 273-333 K. Peptide concentrations
were about 0.04 mM.

'H NMR

"H NMR spectra were recorded on an Agilent DD2 600 MHz
NMR spectrometer (Agilent Technologies, California, USA).
Peptide concentrations were about 5.0 mM in CH3;CN-d;.
Chemical shifts were measured relative to internal tetrame-
thylsilane at 0.00 ppm. The protons were assigned using two-
dimensional correlated spectroscopy (2D-COSY) and rotating-
frame Overhauser effect spectroscopy (ROESY; mixing time =
500 ms). VI-'"H NMR measurements were made every 10 K from
273 K to 333 K. The assignment lists and 1D, 2D-COSY and
ROESY spectra for 1, 2, 3, 6, 7, 8, 9 and 10 are given in the ESL.}

NMR-based quantitative studies

The conformational equilibrium constants (K) (Fig. 2) of the
peptides were determined using the chemical shifts of Thz
protons measured with VI-'H NMR.® When the Thz rings were
face to face in the folded form, the chemical shifts for the Thz4
and Thz8 protons appear in a higher magnetic field than those
in the square form due to the ring-current effects of the Thz®
and Thz” rings, respectively. The chemical shifts of Thz protons
thus reflect the conformational changes. The K values of the
peptides were estimated using eqn (1),
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K= (65 - 60bs)/(6obs - 6F) (1)

where 0,ps is the chemical shift of the Thz protons in the
equilibrating peptide, ds (=8.09 ppm) is the chemical shift of
the Thz protons in T3ASC as a square reference peptide,* and g
(=7.35 ppm) is the chemical shift of the Thz protons in dASC as
a folded reference peptide.*” The chemical structures of T3ASC
and dASC are given in the ESL

The enthalpy (AH®) and entropy (AS°) were determined from
a linear van't Hoff plot, after which the Gibbs free energy (AG°)
at each temperature was calculated using eqn (2).

AG® = AH®° — TAS® = —RTIn K (2)
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