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In order to investigate the effect of bulky /-substituents on the conformational preference in «, 5-dehydroamino acid
residues, three kinds of tripeptides containing (Z)-f -phenyldehydroalanine, (Z)-8-(1-naphthyl)dehydroalanine, or (2)-8-
(1-pyrenyl)dehydroalanine residue were synthesized: Boc—Ala-A”AA-Val-OMe (Boc, t-butoxycarbonyl; Ala, L-alanine;
AZAA, (2)-f-aryldehydroalanine; Val, L-valine; OMe, methoxy). Their conformations in solution were investigated using
"HNMR spectroscopy. The solvent accessibility of the NH resonances and the nuclear Overhauser effect (NOE) indicated
that the three peptides in CDCl; form a type II S-turn conformation supported by hydrogen bonding between CO (Boc)
and NH (Val). From a conformational energy calculation, the three kinds of AZAA residues were also shown to favor a

type I

-turn conformation. In each fB-turn, the orientation of the aryl plane was found to be non planar relative to the

C%=CP-CY plane, suggesting that a steric interaction between the -aryl group and the peptide backbone leads to the

internal rotation angles preferred for the S-turn backbone.

a,fB-Dehydroamino acid (unsaturated) residues are natu-
rally present in many peptides having biological activity as
well as in some proteins./— When these residues are intro-
duced into a peptide composed of saturated residues, the bio-
logical activity and conformation change remarkably. This
is mainly based on the presence of a C*=C# double bond
that gives not only a specific chemical property, but also an
inherent conformational preference. Thus, dehydroresidues
attract much interest as an important element for effectively
designing specific secondary structures in peptide chemistry.

Their conformational preference is mainly ascribed to the
structural feature of the double bond, e.g., the planarity
around C?=C# and the trigonal geometry on C%. In ad-
dition, the size of the £-substituent in dehydroresidues (X
in Chart 1) affects their conformational preference. When
a dehydroresidue is introduced into a small saturated pep-
tide (mostly, di- or tripeptides), its conformation depends
on the 3-substituent as follows. (Z)-f-Phenyl-a,f-dehy-
droalanine (A%Phe) residue having a B-phenyl group fa-
vors a f-turn conformation." (Z)- a,f-Dehydroleucine
(AZLeu) residue having a B-isopropyl group also induces
a f-turn conformation.'®' On the other hand, dehydro-
alanine (A Ala) without a £-substituent adopts an extended

~NH-Ca-CcO-
{
CBH
I
X

Chart 1. «a,(-Dehydroresidue.

conformation,'>'% and induces an inverse y-turn in the pre-

ceding residue.'>'® Peptides containing (Z)- or (E)-2-amino-
2-butenoic acids (AZAbu or AEAbu) with a S-methyl group
tend to take an extended conformation.!” On the other hand,
little is known about the conformational preference in de-
hydroresidues having a larger [-substituent than a phenyl
group. Such a f-substituent effect on the conformational
preference in dehydroresidues is important for rationally de-
signing a wide variety of secondary structures and bioactive
peptides containing [ -functional groups.

For this purpose, we adopt here three kinds of tripeptides
1—3 containing AZPhe, (Z)-f-(1-naphthyl)dehydroalanine
(A%?Nap), and (Z)- - (1-pyrenyl)dehydroalanine (A#Pyr)

-NH-C-CO- -NH-C-CO- -NH-C-CO-
@ a a'
o Q5 o5
AZPhe A%Nap A?Pyr

Boc—Ala—A?Phe-Val-OMe 1
Boc-Ala-A?Nap-Val-OMe 2
Boc-Ala-A?Pyr—Val-OMe 3
(Boc, t-butoxycarbonyl; Ala,L-alanine; Val, L-valine;
OMe, methoxy)

Chart 2.
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residues, respectively (Chart 2). Tripeptides containing a
AZ?Phe residue at the second position, an analog of peptide
1, have been found to take a -turn conformation in both the
solid state and in solution.*~® We intend to reveal whether
tripeptides 2 and 3 having more bulky S-substituents, 1-
naphthyl and 1-pyrenyl groups, retain such a -turn struc-
ture. In addition, the naphthyl and pyrenyl groups would
expand the m-conjugation system, compared with the phen-
yl group. According to theoretical studies,'®!? dehydro-
residues have large torsional barriers about the N-C¢ and
C%-CO bonds due to m-conjugation between C*=C# and the
amide group. These barriers remarkably affect the confor-
mational preference. Thus, we also note the effect of the
ft-conjugation size on the conformational preference in the
(Z)-B-aryldehydroalanine (A“AA) residue. Peptides 1—3
have been synthesized, and their conformations have been
investigated by 'HNMR studies, such as NH accessibility
and nuclear Overhauser effect (NOE), and conformational
energy calculation.

Experimental

Spectroscopy. '"HNMR spectra were recorded on a Varian
XL-200 spectrometer (200 MHz). The pulse sequence was 6.0-
us pulse width, 5.0-s acquisition time, and 8.0-s delay time. A
Hitachi H-90 spectrometer was also used for 90-MHz 'H NMR.
Most of the spectra were determined at 23 °C for CDCl; solutions
of 20 mM peptide concentrations (1 M=1 moldm™>). All of the
chemical shifts were expressed as ¢ downfield from internal tetra-
methylsilane (TMS). The temperature dependence was observed in
the range of 23—38 °C. A difference NOE experiment was carried
out on an XL-200 spectrometer using the standard Varian software
library. Each NH resonance on the main chain of the peptides was
irradiated. The typical acquisition parameters were a 12.0- us pulse
width, a 5.0-s acquisition time, a 4.0-s delay time, and 200—500
accumulations.

Conformational Energy Calculation.  An empirical confor-
mational energy calculation was carried out using structural and
energy parameters based on the ECEPP system.”” The parameters
for the A“Phe residue were determined in previous studies.”**? On
the other hand, no available parameters for the A“Nap and A“Pyr
residues have been reported. To obtain qualitative information con-
cerning the conformational preference in the A“Nap and A”Pyr
residues, a tentative adaptation was used. The atomic coordinates
and partial charges of the 3-aryl group in 1-naphthylalanine?® and
1-pyrenylalanine®® were used for those of the B-aryl group in the
A*Nap and A?Pyr residues, respectively, while those of the A“Phe
moiety, except for the S-phenyl group, were used for the A“Nap
and A”Pyr residues. The twofold rotational barriers were taken to
have the same values as the A“Phe residue: 10 kcal mol ™" about the
N-C“ bond, 8 kcalmol™" about the C*~CO, and 6.4 kcal mol ™!
about the C8—CY .'*!529 The program PEPCON, written by M.
Sisido® for a conformational-energy calculation?” and graphics?”
of a given peptide, was modified to be applicable to -aryldehy-
droalanine-containing peptides.

The conformational energy of peptides 1-—3 was calculated for
Ac-Ala— A“AA-NMA (Ac, acetyl; NMA, N-methylamide). Here,
all combinations of the energy minima in Ala and A% AA residues
were used as the starting conformations. Minimization was carried
out for five variables (Paia, Yala, Pazans Yazans> A0d ) azp4) Using
the Simplex algorithm (Chart 3). Based on crystallographic data

Conformation of 3-Aryldehydroalanine Peptides
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CHg
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Chart 3.

of the A?Phe—containing peptides,*® each amide group was fixed
to the frans conformation (w=180°), and each AZAA side chain
(1) was fixed to 0°. The minimized conformations were also ex-
pressed by the conformational letter code®™ that divides 16 regions
in conformational space. A similar energy minimization was also
carried out on Ac—-Ala-A?AA-Val-OMe with ten variables (aia,
Yalas Pazans Unzan» XoaZan> Pvats Wal, X1 val, Z2val, a0d Y3, val) us-
ing all combinations of the energy minima in the Ala, A“AA, and
Val residues as the starting conformations.

Synthesis. Peptides 1—3 were synthesized in a similar manner
to a previously reported procedure.®?!*? pL-B-(1-naphtyl)serine
(napSer) and DL-S-(1-pyrenyl)serine (pyrSer) were synthesized ac-
cording to the preparation of DL-£ -phenylserine.?” Boc-Ala—OH,
H-napSer—OMe, H-pyrSer—-OMe, and TosOH-H-Val-OMe
(TosOH, p-toluenesulfonic acid) were prepared by the standard pro-
cedure. Amino acid couplings were performed by a mixed-anhy-
dride method®**" or a dicyclohexylcarbodiimide (DCC)-hydroxy-
benzotriazole hydrate (HOBt) method.’?® The AZAA residue was
introduced according to Ref. 34. All of the final peptides 1—3
were checked by 'HNMR and IR spectroscopy, thin-layer chro-
matography (TLC), and gel permeation chromatography (GPC), as
well as elemental analysis. TLC was carried out on precoated sil-
ica plates in the following solvent systems: (A) ethyl acetate, (B)
chloroform—methanol (9: 1), and (C) 1-butanol—acetic acid—water
(4:1:1). GPC was recorded on a Tosoh HLC-803D equipped with
G1000-, G2500-, G3000-HLX columns in series, using tetrahydro-
furan (THF) as an eluent. A single spot in the TLC and a single
peak in the GPC were obtained for each of peptides 1—3.

Boc-Ala-A%Phe-Val-OMe 1. Peptide 1 was synthesized
according to Refs. 6, 21, and 22. Mp 154 °C; Rf, 0.78; RZ, 0.57;
R}:, 1.0; GPC retention time=25 min. Found: C, 61.63; H, 7.61;
N, 9.18%. Calcd for C23H33N3Os: C, 61.73; H, 7.43; N, 9.39%.
IR (NaCl) 3250 (NH), 1740 (C=0), 1700 (C=0), 1650 (C=0), 1620
(C=0), and 1520 cm™' (NH). 'HNMR (200 MHz) 6=0.97 (dd,
6H, 2xCHj3 Val), 1.42 (s, 9H, 3xCH3 Boc), 1.43 (d, 3H, CH3 Ala),
2.22 (m, 1H, CPH Val), 3.74 (s, 3H, OCHs), 4.24 (m, 1H, C*H
Ala), 4.61 (dd, 1H, C*H Val), 5.08 (d, 1H, NH Ala), 6.91 (d, 1H,
NH Val), 7.2—7.5 (m, 6H, phenyl H+HP A?Phe), and 7.83 (s, 1H,
NH AZPhe).

H-napSer—OMe. 1-Naphthalenecarbaldehyde (35 g, 0.23
mol) and Gly (9 g, 0.12 mol) were suspended in 1,4-dioxane. To
the mixture was added a 6 M NaOH solution (30 mL, 0.18 mol) at 5
°C with vigorous stirring. After the mixture became homogeneous,
it was first stirred at 5 °C for 30 min, and then at 15 °C for 1 h
to precipitate a white solid. After the mixture was left standing at
room temperature for 48 h, the resulting solid mass was treated with
a 6 M HClI solution (20 mL) under cooling at 0 °C, and broken up
with a stirring rod. To the mixture was added water (50 mL); it
was then stirred at 0 °C for 24 h, and neutralized with a 3 M NaOH
solution under cooling at 0 °C. The resulting solid was collected,
washed successively with water, methanol, and diethyl ether, and
dried in vacuo. The yield for the crude product was 20 g (77%).
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The crude product (17 g, 0.07 mol) was dissolved in a 6 M HCl
methanol solution (100 mL), and then refluxed at 65—70 °C for
72 h. The solvent was evaporated, and the residue was suspended
in a 5% NaHCOs solution, and extracted with ethyl acetate. The
extract was washed with 5% NaHCOs3, and 10% NaCl solutions,
and then dried over MgSO,. Evaporation of the solvent gave white
crystals: Yield 10 g (60%); mp 130—134; Rf, 0.34; R7, 0.50 Ry,
0.66. IR (NaCl) 3100 (NH), and 1740 cm™"' (C=0). "HNMR (90
MHz) 6=1.8—2.4 (br.s, 2H, NH,), 3.76 (s, 3H, OCH3), 3.95 (m,
1H, C%H), 5.83 (d, 1H, CP# H), and 7.3—8.2 (m, 7H, naphthyl H).

Boc-Ala—napSer—-OMe. Boc-Ala—OH (0.96 g, 5.1 mmol)
and H-napSer-OMe (1.2 g, 4.8 mmol) were dissolved in N,N-di-
methylformamide (10 mL) containing HOBt (0.81 g, 5.3 mmol).
To the mixture was added DCC (1.1 g, 5.3 mmol) at 0 °C. The
mixture was stirred at 0 °C for 2 h, and then at room temperature
for 24 h. The solvent was evaporated, and to the residue was added
ethyl acetate. The insoluble part was filtered off, and the filtrate
was washed with 10% KHSO4, 10% NaCl, 5% NaHCOs, and 10%
NaCl solutions, and dried over MgSQ4. After evaporation of the
solvent, the residue was recrystallized from ethyl acetate/hexane:
Yield 1.7 g (86%); mp 80—83 °C; Rf, 0.75; Rf, 0.54; Rf, 0.96.
IR (NaCl) 3350 (NH), 1740 (C=0), 1670 (C=0), and 1510 cm ™"
(NH). "HNMR (90 MHz) 6=1.15 (dd, 3H, CH; Ala), 1.40 (s, 9H,
3xCH3 Boc), 3.88 (d, 3H, OCH3), 4.09 (m, 1H, C*H Ala), 4.82
(d, 1H, NH Ala), 5.02 (m, 1H, C*H napSer), 6.05 (s, 1H, cfH
napSer), 6.95 (dd, 1H, NH napSer), and 7.3—8.1 (m, 7H, naphtyl
H).

Boc-Ala—napSer-OH.  Boc—Ala—napSer—-OMe (1.7 g, 4.1
mmol) was dissolved in methanol (5§ mL)/1,4-dioxane (5 mL). To
the solution was added a 1 M NaOH solution (5.3 mL, 5.3 mmol) at
0 °C. The mixture was stirred at 0 °C for 30 min, neutralized with
a 5% KHSOj4 solution, and concentrated in vacuo. The remaining
solution was diluted with a 5% NaHCOj3 solution, and then washed
with diethyl ether to remove any remaining ester. The aqueous
solution was acidified with a 5% KHSOs solution, and extracted
with ethyl acetate. The extract was washed with a 10% NaCl
solution, and dried over MgSO,: Yield 1.6 g (95%); mp 112—115
°C; R, 0—0.07; R?, 0.03—0.12; R, 0.94. IR (NaC1)3350 (NH),
1720 (C=0), 1670 (C=0), and 1510 cm™~" (NH). '"HNMR (90 MHz)
6=1—1.3 (m, 3H, CH3 Ala), 1.32+1.38 (s+s, 9H, 3xCH; Boc),
4.15 (m, 1H, C“H Ala), 5.05 (d, 1H, NH Ala), 6.24 (s, 1H, CAH
napSer), and 7.2—8.2 (m, 8H, NH napSer+naphthyl H).

Boc-Ala-A%Nap Azlactone. Boc—Ala—napSer—OH (0.78
g, 2.0 mmol) was dissolved at O °C in acetic anhydride (3.0 mL)
containing sodium acetate (0.21 g, 2.5 mmol). The mixture was
stirred at room temperature for 24 h. After evaporation of the
solvent, the residue was dissolved in ethyl acetate. The solution
was washed with 5% NaHCOs;, and 10% NaCl solutions, and then
dried over MgSO4. Evaporation of the solvent gave a yellow solid:
Yield 0.64 g (90%); mp 148—151 °C; Rf, 0.88; R?, 0.85; RF, 0.96.
IR (NaCl) 3330 (NH), 1790 (C=0), 1700 (C=0), 1650 (C=0), and
1500 cm™" (NH). "HNMR (90 MHz) 6=1.45 (s, 9H, 3 x CH; Boc),
1.55 (d, 3H, CH; Ala), 4.80 (m, 1H, C*H Ala), 5.16 (d, 1H, NH
Ala), and 7.4—8.9 (m, 8H, naphthyl H+H” A?Nap).

Boc— Ala—A”Nap- Val-OMe 2. To a solution of
Boc—-Ala-A%Nap azlactone (0.31 g, 0.86 mmol) in THF (10 mL)
was added TosOH-H—-Val-OMe (0.26 g, 0.86 mmol) and N-meth-
ylmorpholine (85 uL, 0.90 mmol) at 0 °C. The mixture was stirred
at 0 °C for 2 h, and at room temperature for 48 h. After evapora-
tion of the solvent, the residue was dissolved in ethyl acetate. The
solution was washed with 5% KHSOs, 10% NaCl, 5% NaHCOs,
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and 10% NaCl solutions, and dried over MgSOs. The product was
purified by eluting through a silica-gel column with ethyl acetate:
Yield 0.15 g (34 %); mp 159—162 °C; Rf, 0.81; RE, 0.57; Rf,
0.99; GPC retention time=25 min. Found: C, 65.26; H, 7.32; N,
8.24%. Calcd for C27H3sN306: C, 65.17; H, 7.09; N, 8.45%. IR
(NaCl) 3300 (NH), 1740 (C=0), 1680 (C=0), 1650 (C=0), 1610
(C=0), and 1520 cm™' (NH). '"HNMR (200 MHz) §=1.01 (dd,
6H, 2xCHj3 Val), 1.21 (d, 3H, CH3 Ala), 1.33 (s, 9H, 3xCH3 Boc),
2.26 (m, 1H, CPH Val), 3.76 (s, 3H, OCH3), 4.03 (m, 1H, C*H
Ala), 4.68 (dd, 1H, C*H Val), 4.78 (d, 1H, NH Ala), 7.02 (d, 1H,
NH Val), 7.41 (s, 1H, NH A*Nap), and 7.4—8.0 (m, 8H, naphthyl
H+H? AZNap).

Boc—Ala-AZPyr—Val-OMe 3.
a similar manner to peptide 2.

H-pyrSer—OMe. 1-Pyrenecarbaldehyde (4.0 g, 17 mmol)
and Gly (0.69 g, 9.2 mmol) were suspended in 1,4-dioxane. To
the mixture was added a 1 M NaOH solution (15 mL, 14 mmol)
at 5 °C with vigorous stirring. The mixture was stirred at room
temperature for 140 h. A subsequent procedure was carried out in a
similar manner to H-napSer-OMe. H—pyrSer-OMe was obtained
as yellow crystals: Yield 0.42 g (15%); mp 117—124 °C; R;‘, 0.12;
RF,0.32, R, 0.67. IR (NaCl) 3350 (NH), and 1730 cm™' (C=0).
"HNMR (90 MHz) 8=2.2 (brs, 2H, NHy), 3.55+3.70 (s+s, 3H,
OCH3), 4.10 (m, 1H, C*H), 6.04 (t, 1H, C*H), and 7.8—8.4 (m,
9H, pyrenyl H).

Boc—-Ala-pyrSer—-OMe. Yield 80%; mp 98—101 °C; R}‘?,
0.76; R]‘?, 0.40; Rfc, 0.96. IR (NaCl) 3350 (NH), 1730 (C=0), 1660
(C=0), and 1500 cm™" (NH). "HNMR (90 MHz) §=1—1.5 (m,
12H, 3xCH3 Boc+CH3 Ala), 3.40+3.76 (s+s, 3H, OCH3), 4.1 (m,
1H, C*H), 3.7—4.4 (m, 2H, NH Ala+C?H pyrSer), 6.4 (br.s, 1H,
cfua pyrSer), 7.2 (br.s, 1H, NH pyrSer), and 7.8—8.6 (m, 9H,
pyrenyl H).

Boc-Ala-pyrSer—OH. Yield 80%; mp 124—130 °C; R;‘, 0—
0.07; Rj'?, 0.05—0.13; R}:, 0.89. IR (NaCl) 3400 (NH), 1710 (C=0),
1660 (C=0), and 1510 cm ™' (NH). '"HNMR (90 MHz) §=0.8—
1.5 (m, 12H, 3x CH; Boc+CHj3 Ala), 4.2 (m, 1H, C*H Ala), 5.2 (d,
1H, NH Ala), 5.7 (br.s, 1H, C*H pyrSer), 6.2—6.5 (m, 1H, cPH
pyrSer), 7.4 (m, 1H, NH pyrSer), and 7.8—8.6 (m, 9H, pyreny! H).

Boc-Ala—A“Pyr Azlactone.  Yield 64%; mp 209—218 °C;
R, 0.88; RE, 0.86; R7, 1.0. IR 3370 (NH), 1780 (C=0), 1680
(C=0) 1640 (C=0), and 1500 cm™' (NH). '"HNMR (90 MHz)
6=1.5 (s, 9H, 3xCH;s Boc), 1.6 (d, 3H, CH; Ala), 4.85 (m, 1H,
C“H Ala), 5.18 (d, 1H, NH Ala), and 7.9—9.4 (m, 10H, pyrenyl
H+HA A%Pyr).

Boc-Ala-A”Pyr-Val-OMe 3.  Yield 40%; mp 195—199 °C;
R, 0.82; RZ, 0.57; Rf, 0.98; GPC retention time=25min. Found:
C,67.49; H, 6.52; N, 6.86%. Calcd for C33H3;N306H,0: C, 67.22;
H,6.67; N, 7.12%. IR (NaCl) 3250 (NH), 1730 (C=0), 1680 (C=0),
1620 (C=0), and 1510 cm™" (NH). '"HNMR (200 MHz) 6=1.05
(dd, 6H, 2xCHj3 Val), 1.25 (s, 9H, 3xCH3 Boc), 1.26 (d, 3H, CH;
Ala), 2.29 (m, 1H, CPH Val), 3.79 (s, 3H, OCHs3), 4.05 (m, 1H,
C%H Ala), 4.73 (dd, 1H, C®H Val), 4.76 (d, 1H, NH Ala), 7.07 (d,
1H, NH Val), 7.52 (s, 1H, NH A%Pyr), and 7.95—8.25 (m, 10H,
pyrenyl H+HP AZPyr).

Peptide 3 was synthesized in

Results and Discussion

Hydrogen-Bonding Mode. The presence of hydro-
gen-bonded NH resonances has usually been confirmed by
measuring the degree of solvent exposure of each NH group
in a given peptide. In the present study, two criteria were
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used: (i) the temperature dependence of the NH chemical
shifts,* and (ii) the solvent dependence of the NH chemical
shifts in CDCl3-(CD3),SO mixtures.*®

The NH resonances in peptides 1—3 could be assigned
straightforwardly. AZAA NH appeared as a singlet at a low
field (7.4—7.8 ppm). On the other hand, Ala NH appeared
as a doublet at a relatively high field (4.7—5.0 ppm), charac-
teristic of urethane NH.>—*® The remaining doublet NH res-
onance was assigned to Val NH. Table 1 summarizes the NH
chemical shifts and their temperature coefficients (d6/dT).
In each peptide, Val NH gave the smallest temperature coeffi-
cient, which belongs to that for solvent-shielded protons (<3
ppb K~1).4D This indicates that Val NH has a solvent-shielded
nature due to intramolecular hydrogen bonding. The same
tendency was also observed in experiment (ii). As shown
in Fig. 1, Ala NH and A“AA NH resonances in CDCl; for
each peptide were markedly shifted to a lower field upon

Table 1. '"HNMR Parameters for NH Groups in Peptides
1—3 in CDCl; at 23 °C

Paramter Residue 1 2 3
K Ala 5.08 478 476
(ppm) AZAA 7.83 7.41 7.52
Val 6.91 7.02 7.07
Jxscan Ala 6.6 6.0 6.3
(Hz) Val 8.1 8.3 8.3
dé /dT Ala 33 2.9 a)
(—ppbK™1) AZAA 47 32 2.1
Val 24 2.1 14

a) The value could not be determined due to overlap of NH and
Val C#H resonances.

10 L T T T T T T T T

6 (ppm)

/) S T S R
0 10 20 30 40 50

(CD,),SO (vol %)

Fig. 1. Solvent dependence of NH chemical shifts for pep-
tides 1 (@), 2 (O), and 3 (A) in CDCI3—~CD3), SO mixtures.

Conformation of B-Aryldehydroalanine Peptides

v |
I i
(Boc:C)i—(A 1 a)js1—(AZAA)4p—(N:Val)js3

Chart 4.

adding a strong hydrogen-bond accepting (CD3),SO. On
the other hand, the Val NH resonance was less affected by
adding (CD3);SO. All of the NH chemical shifts changed
monotonically up to a (CD3),SO concentration of 40% (v/v),
suggesting that no major conformational change occurred in
the present experiment.*® Consequently, both experiments
(i) and (i1) indicate that all the peptides 1—3 form a specific
conformation supported by an intramolecular hydrogen bond
with the Val NH group.

Linear small peptides containing a AZPhe residue at the
(i+2)th position have been shown to form a §-turn confor-
mation with an intramolecular hydrogen bond between the
C=0 (i) and NH (i+3) groups.5=® Similarly, peptides 1—3
containing a AZAA residue at the second position showed in-
tramolecular hydrogen bonding with NH of the Val residue at
the third position. Accordingly, peptides 1—3 should form a
[3-turn conformation supported by a hydrogen bond between
C=0 (Boc) and NH (Val): Chart 4.

NOE Studies. To obtain further information concerning
the main-chain conformations, difference NOE experiments
were carried out.. NOEs are usually observed for proton
pairs that are <3 A apart, and can generally be used to
probe specific conformations in peptides.*® Figures 2 and 3
show the 'HNMR spectra of peptides 1 and 2, as well as
the corresponding difference NOE spectra obtained by the
irradiation of each NH resonance, respectively. All of the
NOEs observed were positive, suggesting that the condi-
tion 7c <1 is satisfied.**** The NOE data are summarized
in Table 2. For all of the peptides, a remarkable NOE
(ca. 8—11%) was observed for Ala C*H upon the irradi-
ation of the AZAA NH resonance. Such NOEs indicate
WPaa~120°430°,%5%9 which corresponds to standard values
for the (i+1)th residue in a type II S-turn conformation. A
similar CZ;H-N;;»H NOE was observed in their analogous
peptides, Boc—Phe—AZPhe-X-OMe (X=Val, Ala, and Leu)
4.9 that favor a type II S-turn conformation in CDCl; es-
sentially. Thus, peptides 1—3 should take a type Il S-turn
conformation in CDCl;.

On the other hand, peptides 1—3 gave small NOEs, sug-
gesting other conformations. First, the irradiation of the
Ala NH and AZPhe NH resonances led to small NOEs on
the AZPhe NH and Ala NH resonances, respectively. Such
an N, H-N;»,H NOE was also observed in peptides 4.° In
a peptide that takes the standard type I f-turn, the obser-
vation of such an NOE is not expected due to the longer
interproton distance of N H-Ny,H (4.5 A),*® thus sug-
gesting that peptides 1-—3 in CDCI; contain a conformation
with a shorter N;.H-N;;,H distance: e.g., a-type II (-
turn where an N;, H-N;,H distance less thanr 3.0 A% is
considered, since peptide 4 (X=Val) takes a typé Il S-turn
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(a) Ala NH
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(b) AZPhe NH *
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Fig. 2. '"HNMR spectrum (bottom) of peptide 1 in CDCl; and the difference NOE spectra obtained by irradiation of (a) Ala NH, (b)
A”Phe NH, and (c) Val NH resonances.
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Fig. 3. 'HNMR spectrum (bottom) of peptide 2 in CDCl; and the difference NOE spectra obtained by irradiation of (a) Ala NH, (b)
AZNap NH, and (c) Val NH resonances.
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structure in the solid state.® Secondly, the irradiation of Val  in CDCl; take a type Il S-turn as a major conformation, and
NH led to NOEs on a aromatic H and C#H resonances in the  other conformations as minor ones, while all conformations
AZAA residue, suggesting the presence of partially extended  are averaged by a rapid equilibrium among themselves.

conformations.® Therefore, strictly speaking, peptides 1—3 Conformational Energy Calculation.  Based on the
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above 'HNMR results, the three kinds of AZAA residues
were found to have essentially the same conformational fea-
ture, in which a tripeptide containing a AZAA residue at the
second position favors a type Il S-turn as a major conforma-
tion. Here, the experimental results were discussed on the ba-
sis of the conformational energy on Ac—Ala—AZAA-NMA.
Table 3 shows the energy-minimized conformations giving
the lowest-energy to fifth-energy ones. AE. is the energy
difference per residue from the lowest energy. The three
kinds of AZAA residues showed a tendency to favor a type
Il or type I'B-turn conformation (B or B*). In particu-

Table 2. NOEs Observed for Peptides 1-—3 in CDCl;

Resonance Resonance %NOE
irradiated observed 1 2 3
Ala NH Ala C*H 2.7 1.7 1.89
Ala CPH 13 12 112
A2AA NH 1.5 1.5 1.49
A’AANH  AlaNH 1.7 1.7 2.0
Ala C®H 114 87 11.3
Aromatic H and 4.9 3.1 7.6
CPHin AZAA
Val NH 09 19 13
Val NH AZAA NH 14 28 1.6
Aromatic H and 6.7 6.9 5.1
CPH in AZAA
Val C°H 40 47 3.1
Val CPH 28 28 22
Val C"H 04 07 0.5

a) The irradiation of Ala NH resonance slightly contained that of
Val C?H resonance due to partial overlap of both resonances.

Table 3. Energy- Minimized Conformations  for
Ac-Ala~A“AA-NMA
A’AA CLC? Ala APAA AEces”
) ¢ ¥ p° kcalmol™!
A’Phe CB* —69 99 126 —11 137 —(9.32)
CB -85 126 —126 12 45 0.63
AB ~71 —41 —125 13 43 074
AB* —83 —49 125 —13 135 0.84
EB* —154 155 126 —13 136 0.87
A?Nap CB* —70 98 126 —11 314 —(9.06)
CB —84 77 —126 13 46 030
HB —80 —92 —125 12 248 0.3
CB —83 125 —127 13 49 064
AB —71 —41 —126 14 47 0.72
A?Pyr CB* —-70 98 126 —11 313 —(8.92)
CB —80 97 —125 13 247 0.8
AB* —74 —45 126 —14 112 0.46
CB -83 126 —126 12 49 0.5
CB* —-70 99 127 —12 116 0.69

a) Conformational letter code. b) AE.s=(E—Ep)/2: Ey is the
lowest energy, which is shown in the parentheses. ¢) When y,=0,
aromatic C2 carbon is defined as the eclipsed position relative to
C?%, as shown in Chart 1.

Conformation of [5-Aryldehydroalanine Peptides

lar, the lowest-energy conformation in all cases was found
to be a type II f-turn supported by a hydrogen bond be-
tween C=0 (Ac) and NH (NMA), as shown in Figs. 4 and
5. (These type Il S-turns are slightly different from the
standard one:*” @pla=—60°, Ya1a=120°, Przaa=80°, and
Wazaa=0°.) A similar energy calculation was carried out on
Ac-Ala—AZ AA-Val-OMe, corresponding to the experimen-
tal sequence. Similarly to Ac~Ala-~AZAA-NMA, the three
kinds of peptides showed type II 5-turns as the lowest-energy
conformation: for AAA=A “Phe, Pala=—71°, Ya1a=97°,
Pazpne=124°, Ypzpne=—9°, 1o Azphe=138°, ¢va=—81°, and
Yva=125°; for A“Nap, Paa=—70°, Pa1a=97°, Paznap=125°,
YnzNap=—9, X2, A7Nap=314°, Pva=—82°, and yny=129°; for
AZPyI‘, ¢Ala=_7007 1/)Ala=97o, ¢A2Pyr=1250’ 'I/JAZPyr=*9°,
Jo,a7pyr=314°, ¢va=—81°, and Yy =127°. This prediction
agrees well with the result of an NMR study. Experimentally
as well as theoretically, the three kinds of tripeptides favor a
type II S-turn conformation. Thus, dehydroresidues having
such f-substituent sizes as 1-naphthyl and 1-pyrenyl groups
should retain the type I f-turn conformation preferred for

[=]
0|
o

Fig. 4. The lowest-energy conformation of peptide 1. The
dot line (2.1 A) shows a hydrogen bond between CO (Ac)
and NH (NMA).

0 F 5

Fig. 5. The lowest-energy conformation of peptide 2. The
dot line (2.1 A) shows a hydrogen bond between CO (Ac)
and NH (NMA).
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the AZPhe residue. In these B-turns, aryl group was found
to be non planar (y>#0° or 180°) relative to the ca=Ch-Cr
plane, irrespective of the aryl size. This suggests that a
steric interaction between the f-aryl group and the peptide
backbone leads to the internal rotation angles for the S-turn
backbone.”'?

In the above calculation, the torsional barriers about the
N-C%, C%~CO, and C#—C” bonds in the A”?Nap and AZPyr
residues were taken to be equal to those in the AZPhe residue.
Accordingly, the effect of the sr-conjugation size on the tor-
sional barriers was not explicitly involved. However, the
similarly in the conformations of peptides 1—3 should indi-
cate that the effect of the st-conjugation sizes is small in the
present system. The reason for this may be that the AZAA
residue is non-planar. Figure 6 shows the dependence of the
x> angle in AZAA residues on the conformational energy of
peptides 1—3 with the lowest-energy backbone (type II -
turn). In peptide 1, the planar orientation of the phenyl group
(»=0° or 180°) showed an extremely high energy, compared
with the most stable one (y»=—40° or 140°), thus being re-
garded as being energetically prohibited. This tendency is
more prominent in peptides 2 and 3, since steric interactions
between the f-aryl group and the peptide backbone are en-
hanced due to the more bulky aryl groups. The non-planarity
of the AZAA residues can also be supported experimentally.
In the crystal structures of several AZPhe-containing pep-
tides, the y» values of the AZPhe residues were 20°—60°
848 or 140°—155°.%°" A NOE study of the 1-naphthyl-
ethylene derivatives with one methyl group on the ethylene
indicated that they are essentially non-planar.®” Thus, this
prohibited coplanarity between the §-aryl plane and ce=Ch

N
o

-
(8]
T

0
-

T — s ————

Conformational energy (kcal mol™)
S

o . Jo 1 1
-180 -120 60 O 60
X 2 (deg)

Fig. 6. Dependence of aryl orientation (> angle) on relative
conformational energy of peptides 1 (—), 2 (---), and 3
(--++) with the lowest-energy backbone (type II S-turn).
Minimum energy for each case was set to 0 kcalmol™".
When y»=0, aromatic C2 carbon was defined as the eclipsed
position relative to C%, as shown in Chart 1.
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should weaken the m-conjugation effect in the f-aryl group.

The AZPhe residue also has a specific conformational
space for its side chain:?"* Its side-chain freedom would
be smaller than those for naturally occurring amino acids,
such as Phe, Asp, Glu, and Lys, because the variable side-
chain dihedral angle is regarded as being single due to pro-
hibited rotation about the C?=C# double bond. Thus, the
AZPhe residue has been expected to be unique residues for
spatially- and regularly-arranging a -phenyl group on its
peptide backbone. The present findings should mean that
another bulky /-substituent can be arranged regularly on a
peptide backbone having a conformational feature similar
to the AZPhe residue. Thus, S-substituted «,f-dehydro-
alanine-containing peptides will be useful to provide a rigid
molecular frame for regularly arranging 5 -functional groups,
and to design functional bioactive peptides.

We thank Dr. A. Yoshino of the Department of Applied
Chemistry, Nagoya Institute of Technology, for his valuable
technical assistance in the NMR measurement.
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