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ABSTRACT: We designed and synthesized two dodecapeptides, Boc-(L-Leu-L-Leu-Aib-p-Leu-p-Leu-Aib),-OMe (5) and Boc-L-
Leu-L-Leu-Aib-(p-Leu-p-Leu-Aib),-L-Leu-L-Leu-Aib-OMe (6), that contain equal amounts of L-Leu, p-Leu, and achiral Aib
residues. The conformations of peptides 5 and 6 in the crystalline state were studied using X-ray crystallographic analysis. Peptide
S formed a left-handed (M) a-helical structure, whereas peptide 6 was composed of a combination of fused (M) a-helical and
right-handed (P) 3,y -helical structures. In solution, roughly equivalent amounts of (P) and (M) helices were present in S,
whereas the (M) a-helix was present in 6 as its dominant conformation.

B INTRODUCTION

De novo peptide design is important in various fields such as
biology, medicinal chemistry, and organic chemistry. It is often
necessary to fold such peptides into specifically required
structures. For example, helical peptides are used as protein—
protein interaction inhibitors and organocatalysts.' Therefore, a
variety of methods for controlling helical structures have been
investigated, including the use of nonproteinogenic amino acids
such as f-amino acids,” a,a-disubstituted a-amino acids (a-
dAAs),” and cross-linked side chains.” In particular, a-amino-
isobutyric acid (Aib), which is the simplest and most commonly
used a-dAA, can stabilize the helical structures of short peptides,
and the combined use of natural L-amino acids (L-AAs) and Aib is
useful for enhancing peptide functionality.” We have performed
various topological studies examining the structures of
heterochiral peptides containing L-Leu, p-Leu, and achiral Aib
residues. For example, we recently reported that the accurate
design of hybrid peptides containing appropriate combinations
of L-Leu, p-Leu, and achiral Aib residues is extremely useful for
constructing short helical peptides that form specific novel
conformations; i.e., we designed and synthesized three
diastereomeric heterochiral hexapeptides, Boc-L-Leu-L-Leu-Aib-
p-Leu-p-Leu-Aib-OMe (1) (Boc = tert-butoxycarbonyl; OMe =
methyl ester), Boc-L-Leu-D-Leu-Aib-L-Leu-D-Leu-Aib-OMe (2),
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and Boc-L-Leu-D-Leu- Aib-p-Leu-L-Leu-Aib-OMe (3), and studied
their preferred conformations in the crystalline state.’ Peptide 1
folded into a left-handed (M) 3,,-helix, 2 folded into a turn structure,
and 3 folded into an S-shaped turn structure. Furthermore, the
dodecapeptide Boc-(1-Leu-p-Leu-Aib),-OMe (4), which is an
elongated version of 2, exhibited an altered conformation in which
the turn structure had been replaced by a (P) a-helical structure
(Figure 1).°! Thus, combining heterochiral peptides is another
effective way to construct peptides with specific conformations.

In the present study, we aimed to develop novel peptide struc-
tures using the heterochiral hexapeptide segments 1 and ent-1. As
a result, we designed and synthesized two dodecapeptides, Boc-
(-Leu-L-Leu-Aib-p-Leu-p-Leu-Aib),-OMe (5) and Boc-L-Leu-L-
Leu-Aib-(p-Leu-p-Leu-Aib),-L-Leu-L-Leu-Aib-OMe (6), the
latter of which consists of a combination of the enantiomeric
heterochiral hexapeptides 1 and ent-1 (Figure 2), and analyzed
their conformations in the crystalline state and in solution.

B RESULTS

Synthesis of the Peptides. The dodecapeptides
Boc-(1-Leu-L-Leu-Aib-p-Leu-p-Leu-Aib),-OMe (5) and
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Figure 1. X-ray diffraction structures of the heterochiral peptides 1—4. The structures of 1—3 were reprinted from ref 6a. Copyright 2010 American
Chemical Society. The structure of 4 was reprinted from ref 6d. Copyright 2013 American Chemical Society.
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Figure 2. Chemical structures of peptides § and 6.

Boc-L-Leu-L-Leu-Aib-(p-Leu-p-Leu-Aib),-L-Leu-L-Leu-Aib- after de(})rotecuon of the Boc protecting group in the hexapeptide

OMe (6) were synthesized using conventional solution-phase 1-NH, ™ or ent-1-NH,, the resulting N-terminal-free hexapeptide

methods involving a hexapeptide-fragment condensation strat- was coupled with the hexapeptide acid 1-COOH to give

egy in which 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide dodecapeptide 5 (28%) or 6 (35%), respectively.

(EDC) hydrochloride and 1-hydroxybenzotriazole (HOBt) hydrate X-ray Diffraction Analysis. Peptides § and 6 formed crystals

were employed as coupling reagents (Scheme 1). That is to say, suitable for X-ray crystallographic analysis after slow evaporation
8598 DOI: 10.1021/acs.joc.5b01541
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Scheme 1. Synthesis of Dodecapeptides 5 and 6
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of N,N-dimethylformamide (DMF)/H,O (for §) or 2-butanone/
n-hexane (for 6) at room temperature. The crystallographic
parameters of 5 and 6 are summarized in the Supporting
Information.” The peptides’ backbone and side chain torsion
angles and intra- and intermolecular hydrogen-bond parameters
are summarized in Tables 1 and 2, respectively.

A left-handed (M) a-helix in which the N-terminal L-Leu(1)
and C-terminal Aib(12) residues had been flipped was detected
in the asymmetric unit of Boc-(1-Leu-L-Leu-Aib-p-Leu-p-Leu-
Aib),-OMe (5) (Figure 3). The mean ¢ and y torsion angles of
amino acid residues 2—11 were +57.5° and +48.5°, respectively,
which are close to those of an ideal (M) a-helix (+60° and +45°,
respectively).” The values of the flipped ¢ and y torsion angles
of residue 1-Leu(1) were —94.7° and —24.3°, respectively, and
those of residue Aib(12) were —50.5° and —45.1°, respectively.
The o-helix molecule contained one i < i + 3 type and eight
i <= i+ 4 type hydrogen bonds; i.e., hydrogen bonds were detected

between H-N(4) and C(1)=0(1) [N(4)--0(1) = 3.11 A],
between H-N(5) and C(1)=0(1) [N(5)--0(1) = 3.06 A],
between H-N(6) and C(2)=0(2) [N(6)--0(2) = 3.01 A],
between H-N(7) and C(3)=0(3) [N(7)--O(3) = 3.09 A],
between H-N(8) and C(4)=0(4) [N(8)--O(4) = 2.83 A],
between H-N(9) and C(5)=0(S5) [N(9)--0(5) = 2.92 A],
between H—N(10) and C(6)=0(6) [N(10)--0(6) = 3.15 A],
between H-N(11) and C(7)=0(7) [N(11)-~-O(7) = 2.91 A},

and between H—N(12) and C(8)=0(8) [N(12)--O(8) =3.02 A].
In packing mode, successive helical molecules were connected b
intermolecular hydrogen bonds to form head-to-tail aligned chains.
The dodecapeptide Boc-L-Leu-L-Leu-Aib-(p-Leu-p-Leu-
Aib),-L-Leu-L-Leu-Aib-OMe (6) formed a fused helical structure
containing both an (M) a-helical segment (1-Leu(1) to Aib(6))
and aright-handed (P) 3,¢-helical segment (p-Leu(7) to L-Leu(12))
(Figure 4a). Figure 4b,c shows the two fused helices of opposite
chirality that comprise 6 (the (M) a-helix in blue and the (P)
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Table 1. Selected Torsion Angles (@, ¢, w, and y; [°]) for
peptides 5 and 6 (determined by X-ray crystallographic analysis)

torsion angle [deg]

residue ¢ W @ 1
Boc-(1-Leu-L-Leu-Aib-p-Leu-p-Leu-Aib),-OMe (5)

L-Leu(1) —947 -243 —168.4 65.7
1-Leu(2) 388 60.5 173.0 ~157.5
Aib(3) 515 50.5 1727 -
p-Leu(4) 67.8 423 ~179.1 1759
p-Leu(S) 62.1 45.1 —178.5 —1742
Aib(6) 53.7 516 179.0 -
1-Leu(7) 57.0 s1.1 177.1 —537
L-Leu(8) 54.1 54.6 175.8 —586
Aib(9) 552 480 1747 -
p-Leu(10) 733 407 —1783 617
p-Leu(11) 613 407 —1747 175.9
Aib(12) -50.5 —45.1 177.0 -

Boc-1-Leu-1-Leu-Aib-(p-Leu-p-Leu-Aib),-L-Leu-L-Leu-Aib-OMe (6)
1-Leu(1) 582 355 1712 -79.0
L-Leu(2) 5.8 50.9 177.7 —63.6
Aib(3) 53.1 517 172.4 -
p-Leu(4) 68.4 330 ~178.1 67.6
p-Leu(s) 71.0 4538 —1764 612
Aib(6) 55.0 37.0 178.0 -
p-Leu(7) 87.3 —4.9 —=172.2 64.5
p-Leu(8) —60.8 -317 178.7 39.6
Aib(9) —552 273 1792 -
-Leu(10) —54.0 —30.4 ~178.5 —74.6
1-Leu(11) —64.0 207 —1786 —62.8
Aib(12) 452 484 179.8 -

3,o-helix in magenta). The mean ¢ and y torsion angles of the
(M) a-helical molecule, composed of amino acid residues 1—6,

DOI: 10.1021/acs.joc.5b01541
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Table 2. Intra- and Intermolecular Hydrogen-Bond
Parameters of Peptides S and 6

donor  acceptor distance [A] angle [deg]  symmetry operation
Boc-(1-Leu-L-Leu-Aib-p-Leu-p-Leu-Aib),-OMe (5)
N,~H o, 311 120 %z
N;—H (o 3.06 171 X9z
N,—H 0, 3.01 174 %z
N,—H 0O, 3.09 167 Xz
Ne—H o, 2.83 164 %,z
Ny—H o, 2.92 171 %z
N,p-H O 3.15 161 X9,z
N,,—H 0O, 291 168 Xz
Nj,—-H Oy 3.02 167 X9z
N,—H 0, 2.83 145 Vy—x 1=y +z
N,-H Oy’ 2.78 121 YVi—x 1=y, +2
N,—-H 0, 3.19 117 YVo—x 1=y h+z
Boc-L-Leu-L-Leu-Aib-(p-Leu-p-Leu-Aib),-L-Leu-L-Leu-Aib-OMe (6)
N,—H Oy 3.16 161 %2
N;—H O, 3.02 160 X9,z
N,—H 0, 3.01 177 %z
N,—H O, 3.07 148 X9,z
Ny—H o, 313 104 Xz
Ng—H O 291 155 Xz
No—H o, 2.98 166 X9,z
Ny, —H o, 2.94 156 X9,z
N;,—H Oy 297 160 X9,z
N,-H 0, 2.98 160 %z
N,—H Oy 3.03 143 %1+y1+z
N,-H oy 2.88 164 N1+yl+z
N,—H 0,/ " 2.94 129 %y 1+z

“The amino acid numbering begins at the N-terminus of the peptide
b
chain. “Oy, = the oxygen of 2-butanone.

were +60.3° and +45.7°, respectively, and those of the (P) 3,o-
helical molecule, composed of amino acid resides 8—11, were
—58.5° and —27.5°, respectively. The C-terminal Aib(12) residue
was flipped, and its ¢ and y torsion angles were +45.2° and +48.4°,
respectively. In regard to the intramolecular H-bonds, four i « i +
3 type and five i < i + 4 type hydrogen bonds along with one i < i +
S type hydrogen bond were detected in 6; ie., hydrogen bonds
were detected between H—N(4) and C(0)=0(0) [N(4)--O(0) =
3.16 A], between H-N(5) and C(1)=0(1) [N(5)--O(1) = 3.02 A],
between H-N(6) and C(2)=0(2) [N(6)-~-O(2) = 3.01 A], between
H-N(7) and C(3)=0(3) [N(7)--O(3) = 3.07 A], between
H—N(8) and C(4)=0(4) [N(8)--O(4) = 3.13 A], between
H-N(8) and C(5)=0(5) [N(8)--O(5) = 2.91 A], between
H—N(9) and C(4)=0(4) [N(9)--O(4) = 2.98 A], between
H-N(10) and C(7)=0(7) [N(10)---O(7) = 2.94 A], between

H-N(11) and C(8)=0(8) [N(11)--O(8) = 2.97 A], and
between H—N(12) and C(9)=0(9) [N(12)---O(9) = 2.98 A].
The helical molecules were connected by two hydrogen bonds
and formed chains with a head-to-tail alignment.7

Conformational Analysis in Solution. The infrared (IR)
spectra of peptides 5 and 6 in the 3200—3500 cm ™" region (NH-
stretching region) were measured at a peptide concentration of
5.0 mM in CDC, solution (Figure S). In the spectra of § and 6,
the weak bands at 3432 cm™ for § and 3436 cm™ for 6 were
assigned to solvated free peptide NH groups, and the strong
bands at 3310 cm ™" for 5 and 3305 cm ™" for 6 were assigned to
peptide NH groups with N—H:--O=C intramolecular hydrogen
bonds. These spectra were very similar to those of the helical
peptides in solution.”

The CD spectra of peptides 5 and 6 were measured in 2,2,2-
trifluoroethanol (TFE) and in 1:1 TFE/PBS buffer solution
(Figure 6). In both solutions, the spectrum of peptide 3 displayed
positive maxima at around 208 and 222 nm, indicating that it
possessed a left-handed (M) helical screw sense.'® Furthermore,
on the basis of its R value (60,,,/6,05), peptide 6 formed the
a-helix as its dominant conformation (R = 0.61 in TFE solution,
R=0.75in 1:1 TFE/PBS solution).”* On the other hand, peptide
S did not show the characteristic maxima of a helical structure,
which suggested that roughly equivalent amounts of (P) and (M)
helices were present in S.

Bl DISCUSSION

The dodecapeptide Boc-(1-Leu-L-Leu-Aib-p-Leu-p-Leu-Aib),-
OMe (5) folded into an (M) a-helix in the crystalline state, even
though it contained equal amounts of L-Leu and p-Leu residues.
This was probably due to flipping of the L-Leu(1) residue, which
was considered to have been caused by the side-chain repulsion
between the L-Leu(1) and p-Leu(10’) residues that occurs in
packing mode when the torsion angles of the L-Leu(1) residue
are positive. The first three amide protons from the N-terminus
(N(1)—H to N(3)—H) are not usually involved in hydrogen
bonds in a-helical peptides. Therefore, the N-terminal L-Leu(1)
residue has a greater tendency to flip than the other amino acid
residues involved in hydrogen bonds in S (Figure 7). Thus, the
chirality of the dipeptide segment p-Leu(10)-p-Leu(11) seems
to exert more control over the torsion angles of the N-terminal
sequence than the chirality of the N-terminal L-Leu(1) residue,
and the energetically favorable (M) helical conformer might
be preferentially packed into the crystalline conformer. In
solution, peptide 5 formed a mixture of (P) and (M) helices. We
previously reported that the heterochiral dodecapeptide Boc-(1-
Leu-Aib-p-Leu-Aib);-OMe folded into an (M) a-helix in the
crystalline state and formed a mixture of (P) and (M) helices
in solution.*® Thus, the insertion of achiral Aib residues between

Figure 3. X-ray diffraction structure of § as viewed (a) perpendicular to its helical axis and (b) along its helical axis. The DMF molecule has been omitted.
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Figure 4. (a) X-ray diffraction structure of 6 as viewed perpendicular to its helical axis. The 2-butanone molecule has been omitted. (b) Color-coded
image showing the two helical structures present within 6. The (M) a-helical structure (L-Leu(1) to Aib(6)) is shown in blue, and the right-handed (P)
3 o-helical structure (p-Leu(7) to L-Leu(12)) is colored magenta. (c) View along the helical axes of the (M) a-helix and (P) 3,y helix.
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Figure S. FTIR spectra of peptides S (green) and 6 (blue) in CDCly
solution. The peptide concentration was 5.0 mM.

L-Leu and D-Leu residues is capable of controlling an (M) a-helix
in the crystalline state but cannot control the helical screw direc-
tion in solution. Therefore, peptide S, which has Aib residues be-
tween L-Leu-L-Leu and p-Leu-D-Leu segments, also has structural
properties similar to those of the dodecapeptide Boc-(1-Leu-Aib-
p-Leu-Aib);-OMe.

On the other hand, the dodecapeptide Boc-L-Leu-L-Leu-Aib-
(p-Leu-p-Leu-Aib),-L-Leu-L-Leu-Aib-OMe (6) formed a fused
molecule containing both (M) and (P) helical structures; i.e., the
segment containing residues 1—6 (1-Leu-L-Leu-Aib-p-Leu-p-
Leu-Aib) formed an (M) a-helix, and the segment composed of
residues 7—12 (p-Leu-p-Leu-Aib-L-Leu-L-Leu-Aib) formed a (P)
3 o-helix. In both segments, the chirality of the final Leu dipeptide
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affected the helical screw sense of the segment; i.e., the presence
of a p-Leu-p-Leu fragment in the first L-Leu-L-Leu-Aib-p-Leu-D-
Leu-Aib segment induced a left-handed screw sense, whereas the
presence of an L-Leu-L-Leu fragment in the p-Leu-D-Leu-Aib-L-
Leu-1-Leu-Aib segment resulted in a right-handed screw sense.
Thus, dodecapeptide 6, which contained a pair of enantiomeric
hexapeptide segments, was composed of a combination of fused
(M) and (P) helical structures. Balaram, Karle, and co-workers
previously reported that the tetradecapeptide Boc-L-Val-L-Ala-L-
Leu-Aib-1L-Val-L-Ala-L-Leu-p-Val-p-Ala-p-Leu-Aib-p-Val-p-Ala-
D-Leu-OMe, which is composed of a combination of homochiral
L- and D-heptapeptide segments, also forms a structure containing
fused (P) and (M) helical segments.sc’11 In the latter tetra-
decapeptide, the (P) helix is formed by the L-peptide segment and
the (M) helix is formed by the p-peptide segment. The results of
this study indicate that it is possible to construct helical structures
that contain helices with the opposite screw sense using a com-
bination of heterochiral peptide segments. In solution, peptide 6
formed an (M) a-helix as the preferred conformation, indicating
that the two consecutive D-Leu-D-Leu-Aib segments strongly
affected the (M) helical screw direction of the peptide.

B CONCLUSION

We synthesized two dodecapeptides, Boc-(1-Leu-L-Leu-Aib-n-
Leu-p-Leu-Aib),-OMe (5) and Boc-L-Leu-L-Leu-Aib-(p-Leu-p-
Leu-Aib),-L-Leu-L-Leu-Aib-OMe (6), the latter of which consists
of a combination of the enantiomeric heterochiral hexapeptide
segments 1 and ent-1, and analyzed their conformations in the
crystalline state. In the crystalline state, peptide § folded into an
(M) a-helix, and peptide 6 formed a structure containing fused
(M) and (P) helical segments. Thus, combining enantiomeric
heterochiral peptide segments can facilitate the development of

DOI: 10.1021/acs.joc.5b01541
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Figure 6. CD spectra of dodecapeptides S (green) and 6 (blue) in (a) TFE and (b) 1:1 TFE/PBS (pH 7.2) solution. The peptide concentration

was 0.1 mM.

a)

The flipped L-Leu(1) residue

Figure 7. (a) X-ray structure of § as viewed along its helical axis. The flipped L-Leu(1) residue is shown as a ball-and-stick model and a green-colored
tube. (b) Packing of molecules of S in the crystalline state. The flipped L-Leu(1) and p-Leu(10’) residues are shown as ball-and-stick models, and

hydrogen bonds are indicated as red dashed lines.

specific folded structures. Our results will aid the design of
peptide mimics and peptide-based crystal engineering studies.

B EXPERIMENTAL SECTION

Synthesis of the Peptides. Hexapeptide 1 was synthesized in
accordance with ref 6a. A solution of hexapeptide 1 (302 mg, 0.4 mmol)
and 1 M aqueous NaOH (1.0 mL, 1.0 mmol) in MeOH (S mL) was
stirred at room temperature for 12 h. Then the solution was neutralized
with 1 M aqueous HCl, and MeOH was evaporated. The aqueous
solution was extracted with AcOEt and dried over Na,SO,. Removal of
the solvent afforded hexapeptide carboxylic acid 1-COOH (296 mg,
>99% yield) as colorless crystals, which were used for next reaction
without further purification. Trifluoroacetic acid (1 mL) was added
to a solution of hexapeptide 1 or ent-1 (302 mg, 0.5 mmol) in CH,Cl,
(5 mL) at 0 °C, and the resulting mixture was stirred at room tem-
perature for 1 h. Removal of the solvent afforded the crude N-terminal-
free hexapeptide 1-NH, or ent-1-NH,, which was used without further
purification. A mixture of EDC (96 mg, 0.5 mmol), HOBt (67 mg,
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0.5 mmol), DIPEA (174 uL, 1.0 mmol), the above C-terminal-free
hexapeptide 1-COOH, and the above N-terminal-free hexapeptide
1-NH, or ent-1-NH, in CH,Cl, (4 mL) was stirred at rt for 2 days,
and then the solution was washed with 3% aqueous HCI, 5% aqueous
NaHCOj;, and brine and dried over MgSO,. After removal of the
solvent, the residue was purified by column chromatography on silica gel
(n-hexane/AcOEt = 1:4) to give dodecapeptide 5 from 1-COOH and
1-NH, (154 mg, 28%) and dodecapeptide 6 from 1-COOH and ent-1-
NH, (193 mg, 35%).
Boc-(L-Leu-L-Leu-Aib-p-Leu-p-Leu-Aib),-OMe (5). Colorless
crystals, mp 252—254 °C. [a]}' = —33.1 (¢ 0.5, MeOH). IR (CDCl,,
cm™t): 3432, 3310, 2959, 2873, 1729, 1658, 1532, 1468. '"H NMR
(400 MHz, CDCl,): & 8.16—8.04 (m, 2H), 7.97—7.86 (brs, IH), 7.74—
7.59 (m, 6H), 7.42—7.32 (m, 2H), 6.01—5.90 (br s, 1H), 4.38—4.28 (m,
1H), 4.19-3.92 (m, 6H), 3.87—3.79 (brs, 1H), 3.65 (s, 3H), 1.92—1.38
(m, 57H), 1.03—0.82 (m, 48H). 3C NMR (100 MHz, CDCL,): 5 176.8,
176.3, 176.1, 175.1, 173.6, 173.2, 173.1, 156.1, 80.2, 57.1, 56.9, 55.8,
54.1, 53.7, 53.1, 52.5, 52.1, 40.1, 39.8, 39.5, 38.1, 28.3, 27.3, 25.1, 25.0,
249,247, 24.6, 23.8, 23.6, 23.5, 23.4, 23.2, 21.6, 21.5, 21.3, 21.0, 20.9,
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20.7, 20.6. [HR-ESI(+)] (m/z): caled for C,oH;50N,0;5 [M + HJ,
1377.9695; found, 1377.9688.

Boc-L-Leu-L-Leu-Aib-(p-Leu-p-Leu-Aib),-L-Leu-L-Leu-Aib-OMe
(6). Colorless crystals, mp 148—150 °C. [a]}} = —4.4 (c 0.5, MeOH). IR
(CDCl,;, cm™): 3436, 3305, 2958, 2870, 1729, 1657, 1526, 1474. 'H
NMR (400 MHz, CDCl,): § 8.27—7.00 (m, 11H), 5.71-5.62 (br s, 1H),
4.38—3.74 (m, 8H), 3.65 (s, 3H), 1.93—1.45 (m, 48H), 1.41 (s, 9H),
1.07—0.80 (m, 48H). *C NMR (100 MHz, CDCL,): § 176.7, 176.5,
175.7, 175.4, 174.3, 174.1, 173.8, 173.7, 172.9, 172.8, 80.2, 56.9, 56.6,
55.9, 54.9, 53.9, 53.4, 52.5, 52.4, 52.2, 41.4, 40.2, 39.8, 39.6, 39.2, 37.8,
28.3,27.4,26.8, 26.5, 25.2, 25.0, 24.9, 24.8, 24.6, 24.5, 24.4, 23.7, 23.5,
23.4, 23.3, 23.2, 23.1, 22.6, 21.6, 21.4, 21.2, 21.1, 21.0, 20.8. [HR-
ESI(+)] (m/z): caled for C,oH,oN,015 [M + H]*, 1377.9695; found,
1377.9726.
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