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ABSTRACT: A sequential polypeptide containing Z-dehydrophenylalanine (~ 2 Phe) residues, 
poly[Lys(Z)-~ 2Phe-Aib], was synthesized to realize a highly stable helical backbone for regularly 
arranging the fi-substituents of dehydroresidues. The polypeptide was prepared by polymerizing 
the corresponding tripeptide with diphenylphosphoryl azide and fractionated into different 
molecular weight (MW) species. The polypeptides showed CD profiles with exciton couplets around 
276nm in chloroform, in trimethyl phosphate, and in trifluoroacetic acid, indicating that fi-phenyl 
groups are arranged regularly along the right-handed helical backbone having high conformational 
stability. Average main-chain conformations in solution of a series of peptides (X-~ 2 Phe-Aib). 
(n=2, 3, 4, and >4) were estimated by considering conformational energies, an9 experimental 
and theoretical CD amplitudes at the same time. Oligopeptides Boc-(Ala-~2 Phe-Aib).-0Me 
(n=2---4) were shown to form a right-handed 310-type helix that contains 3.2-3.3 residues per 
turn. The polypeptide also formed a right-handed helix but, with increasing MWs, this helix 
deviatt';d from that of oligopeptides and showed a tendency to form an a-type helix. 

KEY WORDS Z-Dehydrophenylalanine / Sequential Polypeptide / CD 
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cc,/j-Dehydroamino acid residues are present 
naturally in many peptides having biological 
activity and in some proteins. 1 - 5 These res
idues in (poly)peptides have been found to 
influence main-chain conformations due to 
the presence of C" = CP double bonds having 
inherent structural features: i.e., plarnarity 
around the C" = cP and trigonal geometry of 
C". For Z-cc,/j-dehydrophenylalanine (A 2 Phe), 
this residue favors the formation of P-turn 
structures in small peptides. 6 

portant element for optimally-designing not 
only P-turn, but also helical backbones. 

Also, the A 2 Phe residue is expected to have 
a specific conformational space for its side 
chain. In particular, side-chain freedom will be 
smaller than those for naturally occurring 
amino acids such as Phe, Glu, and Lys, 15 - 17 

because of prohibited rotation about C" = cP 
double bonds. Thus, such P-substituted cc,P
dehydroalanines attract much interest as 
unique residues to provide a rigid and regular 
molecular frame for arranging P-substituents 
along a peptide backbone. 

-NH-C-C0-
11 

<t:J;°'" 
Recently, linear oligopeptides containing two 
or three A 2 Phe residues have been found in 
helical structures. 7 - 14 Thus, A 2 Phe is an im-
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To demonstrate the rigidness of the mo
lecular frame of P-substituted cc,/j-dehydroala
nines, we synthesized sequential oligopeptides 
containing helicogenic A 2 Phe and a-aminoiso
butyric acid (Aib) residues6 : 
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9H3 
(CH3 ) 3COCO-(NH-9H-CO-NH-s-co-NH-9-co)n-OCH3 

C~3 <Q>C'H CH3 

Boc-(Ala-~zPhe-Aib)n-OMe n=2--4: I-n18 

(Boe, t-butoxycarbonyl; OMe, methoxy) 

The peptides I-n formed a right-handed helix, 
which has the 310-helical-type [i...-(i + 3)] H
bonding pattern, and the A zPhe side chains 
are arranged regularly along the helix. 

To extend this study, we used the corre
sponding sequential polypeptide: 

~H3 
-[NH-CH-CO-NH-C-CO-NH-C-C0]-

1 - II I 

'!;2)Q)C'H CH3 

iHz\Q) 

poly[Lys(Z)-A zPhe-Aib] II 
[Lys(Z), N'-[(benzyloxy)carbonyl]-L-lysine] 

Little is known about the synthesis and con
formational analysis of sequential polypeptides 
containing A zPhe residues. Our purpose is to 
design and synthesize a polypeptide having 
helically- and regularly-arranged A zPhe side 
chains, and investigate its conformation. The 
conformation was estimated by CD measure
ment, and theoretical CD and conformational 
energy calculations. The conformation of 
peptides I-n was reexamined by the same 
methods. On the basis of these results, the so
lution conformation of the sequential poly
peptides is discussed. 

EXPERIMENT AL 

Materials 
Polypeptide II was prepared by polymeriz

ing the corresponding tripeptide, H-Lys(Z)
A zPhe-Aib-OH, with diphenylphosphoryl azide 
(DPPA). 19 The N-protected peptide, Boe-
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Lys(Z)-A zPhe-Aib-OH III, was synthesized 
by a similar manner for the preparation of 
Boe-Ala-A zPhe-Aib-OH. 18 . All intermediates 
including peptide III were checked for purity 
by 1H NMR and IR spectroscopy, thin-layer 
chromatography (TLC), and gel permeation 
chromatography (GPC). Solvent systems for 
TLC were (A) ethyl acetate, (B) chloroform
methanol (9: 1), and (C) n-butanol-acetic 
acid-water (4: 1: 1). GPC was recorded on 
a Tosoh HLC-803-D equipped with G 1000-, 
G2500-, and G3000-HXL columns in series, 
using tetrahydrofuran eluent. Single spots in 
the TLC and single peak in the GPC were 
obtained. The molecular weight (MW), num
ber-averaged MW (M.), and weight-averaged 
MW (Mw) for polypeptide were estimated by 
GPC with reference to polystyrene standards. 
mp, TLC, GPC, and spectral data for peptide 
III and other intermediates were as follows. 

Boc-Lys(Z)-AzPhe Azlactone: mp 134-
1350C; RJA=0.85; Rf8 =0.75; R,r=0.96; 
GPC retention time=23.4min. 1H NMR (..5, 
ppm from tetramethylsilane (TMS) in CDC13): 

7.4-8.2 (5H, m, aromatic protons AzPhe), 7.3 
(5H, s, aromatic protons Lys(Z)), 7.2 (lH, s, 
CPHA zPhe), 5.1 (2H, s, benzyl protons Lys(Z)),-
5.1 (lH, br, NHCa Lys(Z)), 4.7 (2H, m, NHC' 
and caH Lys(Z)), 3.2 (2H, m, C'H 2 Lys(Z)), 
1.3-2.0 (6H, m, (CH 2hCa Lys(Z)), and 1.5 
(9H, s, 3 x CH3 Boe). IR (cm - 1 , NaCl): 3350 
(NH), 1790 (C=O), 1680 (C=O), 1600 
(C = N), and 1520 (NH). 

Boc-Lys(Z)-AzPhe-Aib-OMe: mp 157-161 
RfA=0.70; RJB=0.73; Rfc= 1.0; GPC 

retention time=23.2min. 1H NMR (..5, ppm 
from TMS in CDC1 3): 7.5 (lH, s, NH AzPhe), 
7.2-7.5 (l lH, m, aromatic protons, and CPH 
AzPhe), 7.2 (lH, s, NH Aib), 5.3 (lH, br, 
NHCa Lys(Z)), 5.1 (2H, s, benzyl protons 
Lys(Z)), 5.0 (1 H, br, NHC' Lys(Z)), 4.1 (1 H, 
m, caH Lys(Z)), 3.7 (3H, s, methoxyl protons), 
3.2 (2H, m, C'H2 Lys(Z)), 1.3-2.0 (6H, m, 
(CH2) 3Ca Lys(Z)), 1.6 (6H, d, 2 x CH3 Aib), 
and 1.5 (9H, s, 3 x CH3 Boe). IR (cm - 1 , NaCl): 
3320 (NH), 1680 (C=O), and 1520 (NH). 
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Boc-Lys(Z)-A 2 Phe-Aib-OH: gradually de
composed at 88-105°C; Rf A= 0----0.11; Rf8 = 
0.35; R.rc=0.89; GPC retention time=23.0 
min; 1H NMR (b, ppm from TMS in CDC13): 

8.2 (IH, br, NH A2 Phe), 7.4 (IH, br, NH Aib), 
7.2-7.5 (l IH, m, aromatic protons and CflH 
A2 Phe), 4.8-5.4 (3H, br, 2 x NH Lys(Z) and 
COOH), 5.1 (2H, s, benzyl protons Lys(Z)), 
4.2 (lH, m, caH Lys(Z)), 3.2 (2H, m, C'H2 

Lys(Z)), 1.6--2.0 (6H, m, (CH2hCa Lys(Z)), 
1.6 (6H, s, 2 x CH3 Aib), and 1.4 (9H, s, 3 x CH3 

Boe). IR (cm - 1 , NaCl): 3300 (NH and OH), 
1690 (C=O), and 1520 (NH). 

Polymerization 
Boc-Lys(Z)-A2 Phe-Aib-OH was dissolved 

in formic acid and allowed to stand for 5 h 
at room temperature. The formic acid was 
evaporated in vacuo and the residue was 
dissolved in 5% NaHCO 3 aqueous solution. 
Solution pH was adjusted to ca. 6 with 5% 
KHSO4 aqueous solution, and the white 
precipitate was collected and dried in vacuo. 

To a mixture of the above H-Lys(Z)-A 2Phe
Aib-OH (92 mg, 0.18 mmol) and dimethyl 
sulfoxide (0.1 mL) were added DPPA (42µL, 
0.2 mmol) and N-methylmorpholine (24 µL, 
0.2 mmol) at 5-10°C. The mixture was stirred 
vigorously at 5-10°C for 2 h, and stirring was 
continued for 48 h at room temperature. To 
the mixture was added a large volume of water, 
and the precipitate was collected by centrifuga
tion. The precipitate was washed with water 
and then methanol, and dried in vacuo. The 
obtained polypeptide was fractionated into 
three species of low (11-L), middle (11-M), and 
high (11-H) MWs by chromatography on a 
column of Sephadex LH-60/N,N-dimethylfor
mamide. Their Mn/polydispersity indices (Mw/ 
Mn)/yields were 5.2 x 103 /l.6/9mg for 11-L, 
9.0 x 103/2.2/9mg for 11-M, and 2.0 x 104 /2.4/ 
2.4 mg for 11-H. The three 1 H NMR spectra 
in CDC13 were almost the same: i5 (ppm from 
TMS), 9.5 (IH, br, NH A2 Phe); 7.8-8.2 (2H, 
br, NH Aib and NH Lys(Z)); 6.5-7.6 (1 IH, 
br, aromatic protons and CflH A 2 Phe); 5.4 (IH, 

848 

br, NHC' Lys(Z)); 5.0 (2H, br, benzyl protons 
Lys(Z)); 4.2 (IH, br, caH Lys(Z)); 3.2 (2H, br, 
C'H2 Lys(Z)); 1.0--2.2 (12H, br, (CH 2hCa 
Lys(Z) and 2 x CH 3 Aib). 

Measurements 
1 H NMR spectra were recorded using a 

Varian XL-200 spectrometer (200 MHz) and 
Hitachi R-90 spectrometer (90 MHz). Mea
surements were carried out with a CDC13 

solution of 5-20 mg ml - 1 . CD and UV spectra 
were simultaneously recorded using a JASCO 
J-600. The measurements were carried out with 
a chloroform, trimethyl phosphate (TMP), or 
chloroform/trifluoroacetic acid (TF A) solution 
of [ A 2 Phe] = 3 x 1 o- 5 M. The concentration 
of the A 2Phe residue was determined by maxi
mum absorbance around 275 nm. The molar 
extinction coefficient per A zPhe residue for 1-4 
(c274 = 1.8 x 104 ) was used. 18 Chloroform, 
TMP, and TF A were purified by distillation 
before use. 

Energy and Theoretical CD Calculations 
Empirical conformational energy calcula

tions were carried out using structural and 
energy parameters based on ECEPP system. 20 

The parameters for A 2 Phe residue were de
termined in the previous study. 18 The two
fold rotational barriers in a A zPhe residue 
were taken to be IO kcal mol - 1 for the cp an
gle, 8kcalmo1- 1 for the t/J, 21 - 23 and 6.4kcal 
mol- 1 for the x2 . 23 The program PEPCON, 
written by Sisido24 for conformational energy 
calculation and graphics25 of a given peptide, 
was modified to be applicable to A 2 Phe
containing peptides. By this program, the 
main-chain energy contour map for a A zPhe 
residue was calculated. This map essentially 
resembled that reported by Ajo et al.,6 •23 •26 

whose map reflects experimental structural 
data of A 2 Phe-containing peptides well. 6 

Conformational energy of polypeptide II 
was calculated for Ac-(Ala-A 2 Phe-Aib)8-

NMA (Ac, acetyl; NMA, N-methylamide), 
where Ala was used instead of Lys(Z) to 
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simplify calculation. 27 - 29 Based on many 
crystallographic data of A zPhe-containing 
peptides, 6 - 11 • 1 3 all amide groups were fixed to 
the trans conformation ( w = 180°) and each 
AzPhe side-chain (x 1) was fixed to 0°. Two 
methods were used to predict the conformation 
of polypeptide II. One is to calculate the 
main-chain energy contour map by changing 
all </J and ijJ at 5° ( or at I O for expanded contour 
map). In each (¢, i/1), the x2 angle in AzPhe 
residue was taken as the value that gives the 
minimal conformational energy. The other, 
developed by Oka, 30•31 is to search all possible 
helical conformations by stepwise expansion of 
the sequential peptides (Ala-A zPhe-Aib ) •. 
In the first step, energy minimization for the 
tripeptide, Ac-Ala-AzPhe-Aib-NMA, was car
ried out. Here all combinations of energy 
minima of Ala, A zPhe, and Aib residues 
(5 x 20 x 7) were used as starting conforma
tions. The second step was minimization for 
the hexapeptide having two repeating units of 
Ala-A zPhe-Aib, i.e., Ac-(Ala-A zPhe-Aib )i
NMA. Here all minima in the first step were 
used as starting conformations of the second 
step. Also, the third step was the minimiza
tion of Ac-(Ala-AzPhe-Aib)cNMA using all 
minima in the second step as starting con
formations of the third step. Finally, the 
minimization of Ac-(Ala-AzPhe-Aib)s-NMA 
was carried out using all minima in the third 
step. All minimizations were carried out for six 

RESULTS AND DISCUSSION 

CD Studies 
UV absorption spectra of the polypeptides 

showed an intense band around 276nm (data 
not shown), referred as "band I" previously18 

and assigned to a A zPhe transition. The band 
gave essentially the same profile as observed 
for oligopeptides 1-2 to 1-4. This indicates that 
the transition properties of A zPhe residue do 
not change for the polypeptides and oligopep
tides. 

Figure I shows the corresponding CD 
spectra of polypeptides 11-H, 11-M, and 11-L 
as well as peptides 1-2 to 1-4 recorded in chloro
form. The molar ellipticity in the ordinate is 
expressed with respect to the concentration of 
A zPhe residue. Peptides 1-2 to 1-4 showed 
strong exciton couplets with a negative peak 
at longer wavelengths. These couplets have 
already indicated that peptides 1~2 to 1-4 form 
a right-handed helix that has 310-helical type 
H-bonding pattern and contains more than 
three residutJs per turn. 18 

Polypeptides 11-H, 11-M, and 11-L showed 
exciton couplets with the same sign as that of 
peptide 1-4. Obviously, the transition moments 
of band I in the polypeptides are arranged in 

1x105.--~-~-~--~-~-~ 

variables, </J Ala, 1/f Ala• qJ f<,ZPhe• 1/f f<,ZPhe• X2,t..zPhe• 5x 104 

</J Aih• and i/1 Aib, using the Simplex algorithm. 
The conformations were also expressed by the 
conformational letter code that divides 16 m 0r----;-'rr->--;---~-------i 

regions in conformational space. 32 

Theoretical CD spectra were calculated by 
the exciton chirality method. 33 Only the low 
energy n-n* transition around 276 nm of 
A zPhe residue was considered. The detailed 
calculation procedure is described in the pre
vious study. 18 
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-5x 104 

-1x105c,,---~-~--~-~-~-__, 
240 280 320 360 

Wave length (nm) 

Figure 1. CD spectra of 11-H (-), 11-M (-----), 11-L 
( · · · · · ), 1-4 (- · -), 1-3 (~), and 1-2 (-----) in chloro
form. 
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1x105--~-----~---

5x 104 

-5x 104 

-1x105 

-1.5x105 
200 250 300 350 

Wave length (nm) 

Figure 2. CD spectra of 11-H (-), 11-M (-----), 11-L 
(· · · · ·), 1-4 (-·-), 1-3 (-), and 1-2 (-----) in TMP. 

a similar manner to peptide 1-4, i.e., along a 
right-handed helical main chain. These helical 
conformations for the polypeptides were also 
supported by 1H NMR data in CDC13 : their 
A zPheNH and AibNH resonances appeared at 
ca. 9.5 ppm and at ca. 8.0 ppm, respectively. 
These positions correspond to those of intra
molecularly H-bonding NH resonances in 
peptides 1-2 to 1-4 with a helical structure in 
CDC13 . 18 

The amplitude of exciton couplet for poly
peptide 11-H with the longest chain lengths 
was markedly larger than those for the other 
polypeptides and peptide 1-4. Amplitude in
crease with chain length was also observed 
in TMP more prominently (Figure 2): ampli
tudes were 8.8 x 104 for peptide 1-4, 9.8 x 104 

for 11-L, 16 x 104 for 11-M, and 20 x 104 for 
11-H. 

This chain-length dependence on CD ampli
tudes might be interpreted as follows. First, 
the increase of chain lengths enhances the 
structural stability of peptides (X-A zPhe-Aib )., 
because CD amplitudes, in general, tend to 
increase with decreasing irregularity and 
thermal fluctuations in a specific conforma
tion. Secondly, conformational changes, e.g., 
helix interconversion, are induced by variation 
of chain lengths. Theoretical amplitudes (A1) 

estimated by theoretical CD calculation are 
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sensitive to the spatial arrangements of A zPhe 
chromophores along a helix. 18 In particular, 
A1 increases with screw angle (r) between 
ca=Cll vectors of the nearest AzPhe pair(s), 
e.g., on changing from 310-helical (three 
residues per turn, i.e., r = 0°) to ()(-helical (3.6 
residues per turn, i.e., r = 60°) main chains. 

Helical Stability 
Relative helical stabilities for polypeptides 

are discussed from the effect of adding a helix
destabilizing solvent (TF A) on their CD 
spectra. Figures 3(a) and 3(b) show CD spectra 
of polypeptides 11-L and 11-H in chloroform/ 
TF A mixtures with varying TF A content. With 
TF A content increasing, the CD patterns for 
both polypeptides shifted to longer wave
lengths gradually. This red shift is responsible 
for the red shift of the corresponding absorp
tion band I. The shift of the band I may be 
induced by high polarity or strong H-bond 
donating nature of TF A, because this band is 
assigned to an intramolecular charge-transfer 
interaction between styryl and carbonyl groups 
in the A zPhe residue. 34 However, the transition 
properties in the presence of TF A should be 
similar to those in the absence of TF A, because 
the absorption profile did not change essenti
ally in the absence of and presence of TF A. 
Accordingly, the change of CD spectra with 
adding TF A can be ascribed to qualitative 
conformational change induced by TF A. 

The exciton couplets observed for polypep
tides 11-L and 11-H in chloroform were retained 
in chloroform/TF A mixtures, and interestingly 
in 100% TFA. Namely, helical structures of 
the polypeptides remain to some degree even 
in 100% TF A. Solvent-induced conforma
tional transitions were reported for poly(L-1-
and L-2-naphthylalanine )s. 30 The two poly
peptides had a helical conformation in 1,2-
dichloroethane, but at TFA content of 3-5 
vol% or more, poly(L-1-naphthylalanine) 
changed to an extended P-structure and poly
(L-2-naphthylalanine) did to a randomly 
coiled conformation. Therefore, poly[Lys(Z)-

Polym. J., Vol. 27, No. 8, 1995 
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1x105~-~------~--~-~ 

350 
-1x105~-~---,-,'-~-~-...,.....,~-~--=--" 

240 280 320 
Wave length (nm) 

Figure 3(a). CD spectra of 11-H in chloroform/TFA 
mixed solvents. TFAcontent (v/v %): 0 (······), 0.5 (-----), 
I(-), 5 (-·-), 20 (· · · · ·), 50 (-----), and 100 (-). 

Bx104~-~------~--~-~ 

-Bx 104 ~--'----,-,'~-~---,--,_~-~--=--" 
240 280 320 350 

Wave length (nm) 

Figure 3(b). CD spectra of 11-L in chloroform/TFA 
mixed solvents. TFA content (v/v %): 0 (······), 0.5 (-----), 
2 (-), 5 (-·-), 20 (· · · · ·), 50 (-----), and 100 (-). 

Li 2 Phe-Aib J forms a much more stable helix 
than poly(naphthylalanine)s that consist of 
saturated amino acids. 

The amplitudes of exciton couplets for 
polypeptides 11-L and 11-H decreased with 
increasing TF A content. Figure 4 plots mini
mal [0] in exciton couplets ([0Jmin) against 
TF A content. For polypeptide 11-L, [0Jmin in
creased moderately with TFA content. For 
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Figure 4. Dependence ofTFA content on [0Jm,n for 11-H 
(e), and 11-L (D). 

polypeptide 11-H, [0Jmin increased drastically 
in TFA content of0-1.5 v/v¾ and moderately 
above 2.0 v /v¾. In particular, at TF A content 
of 2-100 v/v¾, [0Jmin variation of poly
peptide 11-H was similar to that of polypeptide 
11-L. From a comparison of the two curves, we 
cannot conclude that the helical stability for 
polypeptide 11-H is much higher than that for 
polypeptide· 11-L. Consequently, the increase 
of CD amplitudes with chain lengths should 
be ascribed not only to enhancement of helical 
stability, but also to helical interconversion 
induced by increasing chain length. 

Estimation of Helical Type 
Conformational energies and theoretical CD 

spectra were calculated to estimate the spatial 
arrangements of Li 2 Phe residues or average 
helical main chains in the peptides (X-Li 2 Phe
Aib)". Figure 5 shows the main-chain contour 
map. The conformational space was restricted 
severely to right- or left-handed helical regions, 
which correspond to the a- or 310-helix. Table 
I shows energy-minimized conformations listed 
from the lowest-energy to higher-energy ones. 
LiE,es is the energy difference per residue from 
the lowest energy. All conformations with 
LiE,es < 1.90 kcal mol - 1 showed the letter code 
AAA or A* A* A*, indicating that the polypep
tide tends strongly to form common helices 
such as the a- and 310-helix. The results of 
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Figure 5 and Table I might reflect high helical 
stability indicated in the CD spectra in 100% 
TFA. The lowest-energy conformation was 

180 I I 

120 

60 

,-.. 
OJ) 

"0 0 '-' 

-s. 

-60 

-120 

found to be a right-handed helix (AAA), as 
shown in Figure 6. This conformation is 
stabilized by 310-helical-type and a-helical
type H-bonds, i.e., (Aib;)CO<---NH(Ala;+ 3), 

(Aib;)CO<---NH(d 2 Phe; +4), and (d 2Phe;)CO+
NH(Aib;+4), indicating that the polypeptide 
forms a right-handed 310- and/or a-helix. Here 
fJ-phenyl groups are helically arranged and the 
center-to-center distance between the nearest 
phenyl pairs is 6.1 A. The second low-energy 
conformation was a left-handed helix, which is 
destabilized due to its relatively high energy 
(dE,es = 0.88 kcal mol - 1 ). 

Theoretical CD spectra were calculated on 
the basis of the spatial d 2 Phe arrangement for 
a given helix. The number (n) of repeating units 
(Ala-d 2 Phe-Aib) for polypeptide II was taken 
to be 8: CD spectrum divided by n was almost 

-180 '-------'----'----'-----'----'----' 
-180 -120 -60 o 60 120 180 the same in n 8. CD spectra calculated for 

¢ (deg) the right-handed helical regions in Figure 5 

Figure 5. Main-chain energy contour map for Ac-(Ala-
8zPhe-Aib)s-NMA. The contours are drawn in 0.5-
kcal[ mol(per residues)] - 1 increments from the energy 
minimum point (-56°, -48°). 

showed exciton couplets with negative peaks 
at longer wavelengths, and those for the 
left-handed helical regions showed exciton 

Table I. Energy-minimized conformations• for Ac-(Ala-8zPhe-Aib)s-NMA 

Conformational Ala 8 2Phe Aib 8£"' 
b 

letter code 

4> l/t 4> l/t X2 4> l/t kcalmol- 1 

AAA -76 -41 -52 -34 139 -53 -47 0.00 

A*A*A* 55 51 49 51 40 54 50 0.88 
AAA -70 -42 -54 -29 55 -53 -42 1.02 
A*A*A* 54 55 46 52 119 54 49 1.33 
FAA -76 144 59 23 40 50 45 1.94 

• All minima with 8£"' < 2.0 kcal mo!- 1 are shown. h £ 0 = 108.9 kcal mo!- 1 • 8£"' = (£- £ 0)/24. 

0-

0 5 

Figure 6. Lowest-energy conformation of Ac-(Ala-8 2 Phe-Aib)8-NMA in Table I. 
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couplets with the opposite sign. Thus, the 
experimental CD patterns indicate that the 
sequential peptides (X-A 2 Phe-Aib)n are in 
right-handed helices. This is supported by the 
right-handed helix of the global minimum in 
Table I. 

As described before, theoretical amplitudes 
of exciton couplets (At) depend on A 2 Phe 
arrangements, particularly on the screw angle . 
r. Thus, the average A2 Phe arrangement or the 
average helical main chains can be predicted 
by searching the (¢, VJ) on which At agrees 
with the experimental amplitudes of exciton 
couplets (Aexp). For example, searching for 
polypeptide 11-H in chloroform was carried 
out as follows. At for Ac-(Ala-A 2 Phe-Aib )8-

NMA was calculated fixing all ¢ to a given 
value (-70°, -65°, -60°, -55°, -50°, or 
-45°) and changing all VJ at 0.5° from - 70° to 

0 

-10 

-20 

-30 OJ) 
Q,I 

"O 
'-' 

-s. -40 

-50 

-60 

-70 ~-~--'------'----'"'...,.__-=--......._,__-'----LI 
-90 -BO -70 -60 -50 -40 -30 -20 

¢ (deg) 

Figure 7(a). Expanded main-chain energy contour map 
represented by thin solid lines. The contours are drawn in 
0.5-kcal[mol(per residues)]- 1 increments from the energy 
minimum point ( +) of ( - 56°, -48°). Bold solid contours 
represent (A) O;<--H;+ 3 (N) (3whelical-type H-bonding) 
distance, and (B) O;<--H;+ 4 (N) (ix-helical-type H-bonding) 
distance. The contours are drawn in 0.1-A increments from 
1.7 (the innermost contours) to 2.1 A. Dashed lines 
represent main chains to reproduce Aexp in chloroform 
for 11-H (e), 11-M (.A.), 11-L (.), 1-4 (0), 1-3 (L), and 
1-2 (D). The four plots of 11-M, 11-L, 1-4, and 1-3 overlap 
each other. 
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0°. For each ¢, VJ for which At is closest to 
Aexp ( = 1.5 X 105) was sought. 

( <P, VJ) pairs to reproduce A exp for poly
peptides and oligopeptides are plotted on the 
energy contour map for right-handed regions 
in Figure 7(a) (in chloroform) and in Figure 
7(b) (in TMP). Contour lines of the 0;+-- H; + 3 

(N) (3whelical-type H-bonding) and 0;+-
H;+4(N) (a-helical-type H-bonding) distances 
are superimposed on Figure 7. Here average 
0+-- H(N) distances were calculated for all 
0;+--H;+iN) and O;+--H;+ 4(N) pairs in 
Ac-(Ala-A 2 Phe-Aib)8-NMA, changing all ¢ 
and VJ at 1 °.Asa result, two kinds ofH-bonding 
conformations, 310- and a-helices, were sep
arated in distinct regions on (¢,VJ) space. 

For oligopeptides 1-2 to 1-4 in chloroform 
or in TMP, three kinds of plots appeared close 
to each other. These main chains correspond 
to a right-handed helix with 3.2-3.3 residues 

0 
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-30 OJ) 
Q,I 

-S. -40 

-50 

-60 

-70 '----'---'-----'-----=""----=--......._,__---'--_ ___w 

-90 -BO -70 -60 -50 -40 -30 -20 

¢ (deg) 

Figure 7(b). Expanded main-chain energy contour map 
represented by thin solid lines. The contours are drawn 
in 0.5-kcal[mol(per residues Jr 1 increments from the 
energy minimum point ( +) of ( - 56°, -48°). Bold solid 
contours represent (A) O;+--H;+ 3(N) (3 10-helical-type 
H-bonding) distance, and (B) O;<--H;+ 4 (N) (ix-helical-type 
H-bonding) distance. The contours are drawn in 0.1-A 
increments from 1. 7 (the innermost contours) to 2.1 A. 
Dashed lines represent main chains to reproduce A.,P in 
TMP for 11-H (e), 11-M (•), 11-L (.), 1-4 (0), 1-3 (L), 
and 1-2 (D). 
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per turn. (This helix should replace the "3.13 10-

helix" reported in the previous study, 18 be
cause At therein was erroneously represented 
as half the correct At.) By superimposing their 
plots on the energy contour map, probable 
conformations for peptides 1-2 to 1-4 should 
fall on an area around (-55, -33°). These 
helical conformations are in a 310-helical-type 
H-bonding region. 

In common CD calculations including the 
above CD calculation, all irregularities and 
thermal fluctuations of a given conformation 
are usually excluded, although such factors 
should reduce CD amplitudes calculated for 
the fixed conformation. In fact, helical poly
peptides containing arylalanines show smaller 
experimental CD amplitudes relative to the 
theoretical ones calculated for fixed con
formations. 2 7 - 29 This is mainly considered to 
be due to thermal fluctuation in the polypep
tides. Thus, the actual helices of (poly)peptides 
1-n and II may comprise not only the helices 
estimated here, but other types of helices that 
shows larger At. Namely, At in Figure 7, speak
ing roughly, increases with helical type chang
ing from 3.2-3.3 residues to more residues per 
turn, i.e., from 310-helical-type to a-helical
type H-bonding regions. Accordingly, actual 
helices may range from a 310-helix around 
(-55°, -33°) up to an a-helix. 

The 1H NMR study 18 indicated that peptides 
1-2 to 1-4 in CDC13 havea3 10-helical H-bond
ing pattern, but not a-helical pattern. There
fore, average main-chain conformations for 
oligopeptides 1-2 to 1-4 should be in a helix 
with a 310-type helix with 3.2-3.3 residues per 
turn. 

For polypeptides 11-L and 11-M in chloro
form, (¢, i/1) plots to . reproduce the Aexp 

appeared at regions similar to those for the 
oligopeptides. Thus, the two polypeptides in 
chloroform also form a right-handed helix with 
3.2-3.3 residues per turn, similarly to oligo
peptides 1-2 to 1-4. The plot for polypeptide 
11-H in chloroform deviated from those for 
polypeptides 11-L and 11-M. This direction of 
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deviation is from 310- to a-helical regions. It 
was observed more prominently in TMP that 
the helical type changes with increasing chain 
length, as in Figure 7(b). Namely, helix inter
conversion in peptides (X-A 2Phe-Aib)n is in
duced by increasing chain length. 

Helix interconversion has been found in 
Aib-containing peptides36•37 : e.g., in peptides 
p-bromobenzoyl-(Aib-Ala)m-OMe. The hexa
peptide (m = 3) is in a complete 310-helix, but 
the decapeptide (m = 5) and dodecapeptide 
(m = 6) are in an a-helix. On the other hand, 
interconversion in peptides (X-A 2Phe-Aib )" 
occurs at least at chain lengths above the 
dodecapeptide (n = 4). According to a modified 
Zimm-Bragg-type model, 38 the chain length to 
induce the 310/a-helical transitions increases 
with peptide composition of Aib residues that 
favor the 310-helical conformation. A 2Phe 
residues also tend to form 310-helical-type 
bonds as observed in several A 2Phe-containing 
oligopeptides. 6 - 13 Consequently, that the 
transition length for (X-A 2Phe-Aib). is longer 
than that for (Aib-Ala)m may be related to 
increase in 310-helical-type H-bonding residues 
(Aib and A2Phe). 

However, we cannot determine whether the 
helix interconversion in question occurs 
drastically at certain chain lengths or gradually 
with increasing chain length, because the 
studied polypeptides have polydispersity in 
MWs, and MWs are not absolute. Further, the 
equilibrium between 310- and a-helices or 
presence of 310/a-helix mixtures cannot be 
denied. At least, we claim that polypeptide II 
changes its average helix type (A 2Phe spatial 
arrangement) with increasing chain length. To 
clarify helix interconversion in A 2Phe-contain
ing peptides, our current efforts are directed 
toward conformational analysis of other 
sequential oligopeptides without Aib residues. 

CONCLUSIONS 

We synthesized the sequential polypeptide, 
poly[Lys(Z)-A 2Phe-Aib ], to design peptides 
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containing helically-arranged 2Phe side chains, 
and investigated its solution conformation 
based on CD analysis and conformational 
energy calculation. Experimentally and theor
etically, this polypeptide was found to form a 
highly stable right-handed 310- or ex-type helix. 
Here {3-phenyl groups tightly-bound to the 
backbone are arranged regularly along the 
helical axis. This will be useful for designing 
a highly stable helical backbone on which /3-
substituents of dehydro residues are regularly 
arranged. 
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