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ABSTRACT: Theoretical conformational analysis was carried out for Ac-(L-Ala-o-Ala)12 -

NHMe, a model polypeptide of gramicidin A, using ECEPP and the conformational energy 
minimization procedure. Through the analysis, the hypothesis on the interaction in polypeptide 
molecules was used. Calculated results showed that right-handed p4·6-helical structure is the most 
stable conformation, and that p6·2-helical and ex-helical structures are also stable conformations. 
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Gramicidin A is a linear pentadecapeptide 
with the alternating L- and D-hydrophobic 
amino acid sequence, L-Val-Gly-L-Ala-D-Leu

L-Ala-o-Val-L-Val-o-Val-L-Trp-o-Leu-L-Trp
D-Leu-L-Trp-D-Leu-L-Trp, and also forms 

transmembrane channels which select trans
port cations across the lipid bilayer. 1 - 3 Four 

helical models of gramicidin A were proposed, 

and two of them have been experimentally 

observed. That is, the head-to-head /36-helical 

dimer at the amino termini4 was detected 
by conductance study5 , CD and 1H NMR 
measurements in organic solvents4 and 13C 
and 19F NMR measurements in phosphatidyl

choline vesicles.6 The antiparallel double

stranded /J-helix7 was also detected by IR and 
CD measurements in alcohol and dioxane7 

and X-ray diffraction measurements in crystal 

state.8 •9 

Copolypeptides and cooligopeptides com

posed of alternating L- and D-amino acids were 

synthesized and their conformations in so-

t To whom all correspondence should be addressed. 
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lutions and solid states were experimentally 
investigated, and several kinds of singie10 - 16 

and double13 - 21 stranded conformations were 
experimentally proposed. 

Helical conformations of polypeptide chains 

with alternating L- and D-residues were 
theoretically analyzed,22 -zs and several kinds 

of single- and double-stranded helical confor

mations were investigated. Ramachandran 

and Chandrasekaran22 theoretically proposed 

the LD-ribbon structures and LD3 ({34), LD4 (/J6 ), 

and LD5(/J8 )-helical structures based on anal

ysis of the possible backbone/backbone hy
drogen-bonds of poly(L-Ala-o-Ala). Through 

grid analysis, it was found that the most sta

ble conformation among them is LD3-helix 
(/34-helix). Hesselink and Scheraga23 theoreti
cally analyzed six helical conformations (i.e., 
ix-helix, Lo-ribbon, and LD-helix (/36-helix) 
and their enantiomers) of (L-Ala-o-AlakL

Ala with conformational energy minimiza
tion procedure. They showed that ix-helix is 
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the most stable conformation among six hel
ical conformations and also indicated that 
poly(L-Ala-o-Ala) can adopt an a-helical con
formation. De Santis et al. 24 investigated the 
helical conformations of the regular enanti
omeric sequence using the eigenvalue-eigen
vectors solutions of the Eyring-transforma
tion matrix, and proposed the Rp4.8, Rp6.2, 
Rp8.2, Lp4.8, Lp6.2 and Lp8.2-helices (their 
notation Rpx and Lpx correspond to right
and left-handed /?-helices, respectively), and 
/3-R,, /3-L, and R,-L, structures. Colonna
Cesari et al. 25 calculated the conformational 
energy of the single- and double-stranded 
helical conformations of (L-Ala-o-Ala)8 with 
conformational energy minimization proce
dure. They obtained the a-helix as the most 
stable single-stranded conformation among 
a-helix, 7roL4 ·4 -helix({34·4 -helix) and noL6 ·3-he
lix(f36·3-helix). Venkatachalam and Urry26 cal
culated the conformational energies of left
and right-handed /36 -helices of pentadecapep
tide having the sequence corresponding to 
gramicidin A with 384 side-chain confor
mational combinations, and showed that the 
left-handed head-to-head dimer is more sta
ble structure than the right-handed one. 

Theoretical conformational analysis of Ac
L-Ala-o-Ala-NHMe was carried out by Oka 
and Nakajima,27 to show that L-Ala-o-Ala 
sequence indicates a trend forming bend con
formations, and type II /3-bend conformation 
is the most stable conformation among them. 
Calculated results27 also showed that Ac-L
Ala-o-Ala-NHMe has many stable confor
mations as shown in Table II of reference 
27 (37 minimum conformations with /1£ < 
3 kcal mo1- 1) and there are no specific con
formations having dominantly high statis
tical weight with intra-sequence interactions 
in L-Ala-o-Ala sequence (ex., statistical weight 
of the lowest-energy conformation is 0.192). 

To obtain basic information on the native 
structure of gramicidin A which is stablilized 
by intra- and intermolecular interactions, 
single-stranded helical conformations of 
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poly(L-Ala-o-Ala) were theoretically analyzed 
by the conformational energy minimization 
procedure taking into consideration all intra
molecular interactions in this paper. This ana
lysis is based on the hypothesis which has been 
shown for peptide, polypeptide and protein 
systems.28 

THEORETICAL 

All conformational energy calculations were 
carried out with ECEPP. 29 Minimization was 
carried out with the Powell algorithm30 until 
conformational energy did not change by more 
than 0.00 I kcal mo! - 1 between successive iter
ations. During minimizations, all ¢, 1/J, and x' 
for L-Ala an<l o-Ala residues were allowed to 
vary. All other backbone dihedral angles were 
fixed at 180'. 

Two sets of starting conformations were 
used. The first set was obtained by the fol
lowing method. All minimum energy con
formations of Ac-L-Ala-o-Ala-NHMe (/1£ < 
5 kcal mo! - 1 ) 27 were used as the starting 
conformations of the peptide having two 
repeating units of L-Ala-o-Ala, i.e., Ac-(L
Ala-o-Ala)i-NHMe. During minimization, 
the corresponding dihedral angles of each 
repeating unit (for example, ¢ L-Ala in the first 
repeating unit and ¢ L-Ala in the second unit) 
were treated as a common variable of mini
mization; that is, the condition of helical 
conformation, was used. Then, all mini
mum-energy conformations of Ac-(L-Ala-o
Ala)i-NHMe (/1£ < !Okcalmol- 1) were used as 
starting conformations for the mm1m1zation 
of conformational energy of Ac-(L-Ala-o
Ala)iz-NHMe. 

Selection of the starting conformations in 
the first set is based on the hypothesis shown 
for the peptide, polypeptide and protein sys
tems. 28 That is,(]) the primary ensemble of the 
stable conformations of polypeptides is pri
marily decided by the short-range interactions, 
and (2) relative stabilities of these confor
mations are changed, and the particular con-
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formations are stabilized by medium- and 
long-range interactions. Through this method 
(the three-steps method), missing the stable 
conformations by trapping the local minimum 
caused by the tremendous atomic overlaps at 
the primary stage of minimization could be 
avoided and minimization could be effectively 
carried out by saving computation time. 

The second set was selected by the follow
ing method. Conformational energy of Ac
( L-Ala-o-A la) 12-NHMe was calculated by 
changing ¢ L-Ala and t/; L-Aia at 15° intervals 
and fixing ( cp D-Ala, t/; o-Ala) tO the energy min
ima of Ac-o-Ala-NHMe (i.e., (84C, -80°), 
(-54°, -57°), (151°, -73°), (74°, 45°), (154°, 
-153°), (158°, 58°), (-64'', -178°), and 
( - 78°, 64°)), and fixing XI LAia and XI o-Ala 

= 60° and all other dihedral angles to 180°. 
54 local minimum conformations in ( ¢ L-Aia, 

t/; L-A1a) space were selected as starting con
formations. 

Energy minimizations were carried out for 
all conformations in the above two starting• 
conformaion sets with the condition of a heli
cal conformation. 

A bend ( occurring at i + 1 and i + 2th res
idues) is defined as a conformation in which 
R 7 A (R is the distance between ith ca and 
i+ 3th ca atoms.) and also classified into elev
en types given in Table I of ref 31. A polar 
hydrogen atom and an oxygen or nitrogen 
atom with an interatomic distance of less than 
2.3 A are regarded to be hydrogen-bonded. 
Conformational space is devided into 16 re
gions with the conformational letter codes 
shown in Figure 1 of ref 32. The confor
mational energy per whole molecule, '1.E, is 
defined by '1.E = E- £ 0 , where £ 0 is the value 
of E at the global minimum on the potential 
energy surface of the particular molecules, and 
'1.E,es is defined by '1.E,es = '1.E/m, where m is 
number of residues of the molecule. W-helix is 
defined as a helix which has a spiral structure 
with x residues per turn. 

RESULTS 

Stable Conformations of Ac-(L-Ala-o-Ala)z
NHMe 
A total of 35 energy minima of Ac-(L-Ala-

Table I. Calculated minimum energy conformations• of Ac-(L-Ala-D-Ala)12-NHMe 

11£"' 
b 

Conformational Helix' nd he <PL-Ala i/JL-Ala </Jo-Ala i/Jo-Ala letter code 
kcalmol- 1 

type 

CD* 0.00 p46 (R) 4.57 1.24 -83 72 153 -75 
CE* 0.19 f36 2 (L) 6.22 0.74 -97 76 159 -168 
A*A* 0.23 ()( (L) 3.59 1.48 54 51 66 37 
AA 0.24 ()( (R) 3.59 1.48 -66 -37 -54 -51 

CE* 0.66 13s.s (L) 5.55 0.89 -88 65 147 -163 
EE* 1.09 13s 2 (L) 8.21 0.64 -148 119 155 -144 
EE* 1.14 1310.2 (L) 10.20 0.52 -154 138 154 -151 
EE* 1.25 1312.2 (L) 12.17 0.43 -157 149 155 -156 
AD* 1.87 13s.o (L) 4.98 1.49 -76 -35 156 -89 
CA* 1.93 rro (L) 4.01 2.17 -68 105 77 48 
CD* 2.07 p43 (R) 4.30 2.15 -71 96 150 -39 

• All minima with /1£"' < 2.5 kcal mol- 1 are shown, but only the lowest-energy minimum in each helix-group 
constituted by the helices with common number of residues per turn is presented. For ()(-helices, right- and left
handed helices are shown. 

b £ 0 = 24.07 kcal mol- 1• /1£"' =(£-£0)/24. 
' Helix sence is abbreviated as R or L for right- or left-hand, respectively. 
d Number of residues per turn. 
e Rise per residue. 
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o-Ala)z-NHMe was found in /1£ < 10 kcal 
mol - 1• The lowest-energy conformation is 
the CC* conformation with ( ¢ LAia, tf; L-A1a, 

120 

60 

-::3- 0 

-60 

-120 

-120 -60 
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c/Jn-Ala, l/lo-Aia)=(-96°, 72°, 75°, -103°). This 
conformation was obtained from the second 
and fifth low-energy conformations of Ac-

0 60 120 180 

</> 
(a) 

(b) 
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(c) 

-60 

10 
-120 

-60 0 60 120 180 

</> 
(d) 

Figure 1. Energy contour (</J, i/1) maps of L-Ala residue of Ac-(L-Ala-o-Ala)12-NHMe at 15" intervals 
for the specified ( </J, i/1) of D-Ala residue with the condition of helical conformation and fixing all x1 = 60°. 
£min is the minimum energy in each map. (a): (<PD-Ala• i/lD-Alal=(84°, -80°), £min=c40.86kcalmol- 1 . (b): 
(<PD-Ala• i/lD-Ala)=(l51°, -73°), £min=45.4Jkcalmol- 1• (c): (<PD-Ala• i/lD-Ala)=(l54°, -153°), £min= 
60.49 kcal mol- 1 • (d): (<PD-Ala• i/lD-Aial =( -54°, -57°), £min =40.91 kcal mol- 1 . 
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L-Ala-o-Ala-NHMe, that is CC* (-83°, 79°, 
84°, - 78°) and CF* (-84°, 76°, 74°, 
-143°), respectively. The second low-energy 
conformation is CD* (-84°, 73°, 147°, 
- 71)) obtained from the third conformation 
of Ac-L-Ala-o-Ala-NHMe with CD* (-80°, 
83°, 153°, -49°). The most stable conforma
tion of Ac-L-Ala-o-Ala-NHMe, CA* (-71°, 
99°, 77°, 36°) is slightly destabilized to the 
4th conformation of Ac-(L-Ala-o-Ala)z
NHMe, CA* (-73°, 98°, 77°, 42°) with 
!iE = 1.89 kcal mo1- 1. These results indicate 
that the low-energy conformations stabilized 
by the short-range interactions change their 
conformations by additional further-range 
interactions and also change their relative 
stabilities. 

Local Minima in (<PL-Ala, I/IL-Ala) Maps of Ac
(L-Ala-o-Ala)12-NH Me for the Specified 
Backbone Conformation of D-Ala Residue 
Four typical (¢, 1/1) maps of the L-Ala 

residue of Ac-(L-Ala-o-Ala)12-NHMe with 
the Specified Values of ( cp o-Ala, 1/J o-Ala) = (84°, 
-80°), (1518, -73°), (154°, -153°), and 
( - 54°, - 57°) under the condition of helical 
conformation are shown in Figures la, lb, le, 
and ld. The global minimum is found in the o 
region of Figure la, i.e., (<PL-Ala, I/IL-Ala, <Po-Ala, 
l/lo-A1a)=(- l50°, 75°, 84°, -80°), and its con
formational enrgy is 40.86 kcal mo1- 1. This 
global minimum conformation forms a left
handed p4· 5 -helix. Figure I indicates that the 
low-energy regions of L-Ala residues depend 
on the conformation of o-Ala residues, and 
that they are fairly different from the low
energy regions in (¢, 1/1) space of poly(L
Ala). 33 ·34 Figures 1 a, I b, and le also indicate 
that a low-energy trough exists in the CE*, 
DE*, EE*, EC*, and DE* regions along the 
edge of high-energy regions in ( cp L-Ala, 1/1 L-Ala, 
<Po-Ala, 1/1 o-Ala) conformational space. As al
ready mentioned in the THEORETICAL sec
tion, 54 local minima found in the ( cp L-Aia, 1/J L-Aia, 
cp o-Ala, 1/1 o-A1a) space were the starting confor
mations of energy minimization of Ac-(L-Ala-
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o-Ala)12-NHMe. 

Stable Conformations of Ac-(L-Ala-o-Alab
NHMe 
In Table I, all stable conformations of Ac

(L-Ala-o-Ala)12-NHMe with !iE,e, < 2.5 kcal 
mol- 1 are shown, but only the lowest-energy 
conformation in each helix-group constitut
ed by the helices with common number of 
residues per turn is presented with one ex
ception that both of right- and left-handed 
a-helix are shown. 

The lowest-energy conformation is CD* 
with (<PL-Ala, 1/J L-Ala, <Po-Ala, 1/J u-Ala) = ( - 83°, 72°, 
153°, - 75°), and its enantiomer is DC* 
with ( -152°, 75°, 83°, - 72°) and their en
ergy differences !iE,e, = 0.07 kcal mol - 1. Both 
of them are /f·6 -helices composed of consec
utive bend conformations, i.e., type IV bend 
at L-Ala-o-Ala and o-Ala-L-Ala dipeptide se
quences. The CD* conformation is the right
handed helix shown in Figure 2a (All molec
ular diagrams in this paper are described by 
PEPMOD program.35 ), and its enantiomer 
D*C conformation is a left-handed helix. 
The CD* conformation is the third low
energy conformation (li£=0.34kcal mol- 1) of 
Ac-L-Ala-o-Ala-NHMe27 and the second low
energy conformation (liE,e, = 0.02 kcal mol - 1) 
of Ac-(L-Ala-o-Ala)z-NHMe. Small change of 
dihedral angles of L-Ala and o-Ala residues 
was found between Ac-L-Ala-o-Ala-NHMe 
and Ac-(L-Ala-o-Ala)1z-NHMe, i.e., (!icp L-Ala, 
/il/JL-Ala, /icfJo-Ala, /il/Jo-Ala)=(-3°, -JJ 0 , 0°, 
- 26°). The CD* conformation is stabiliz
ed by two kinds of hydrogen bonds, 
(L-Ala;+s)NH · · · OC(o-Ala;) and (o-Ala;+ 2)
NH · · · OC(o-AlaJ The DC* conformation 
is the 8th low-energy conformation (Ii£= 
1.00 kcal mol- 1) of Ac-L-Ala-o-Ala-NHMe27, 
and no DC* conformations were found 
for Ac-(L-Ala-o-Ala)zNHMe. The 5th confor
mation (CF*) of dipeptide shifts to the CC* 
conformation (the lowest-energy conforma
tion of Ac-(L-Ala-o-Ala)z-NHMe) by inter
unit interactions with change in their dihedral 
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(a) 

(b) 

Figure 2. Helical conformations found in relatively low-energy regions. (a): Right-handed p4·6 -helical 
conformation with lowest-energy. The <p and 1/1 of L-Ala and o-Ala residues are ( - 83", 72 , 153', - 75 ) 
and the corresponding conformational letter code is CD*. (b): Left-handed /36·2-helical conformation with 
!1£"'=0.l9kcalmol- 1 , (-9T, 76', 159', -168) and CE*. 
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angles (A¢ L-Ala, Al/IL-Ala, A¢ D-Ala, Al/I D-A!a) = 
( -12°, -4°, I 0 , 40°). With further-range 
inter-unit interactions in Ac-(L-Ala-o-Ala)12 -

NHMe, the CC* conformation shifts to 
the DC* conformation with change of their 
dihedral angles (-56°, 3°, 8°, 31°). The DC* 
conformation is stabilized by two kinds 
of hydrogen bonds (o-Alai + 5) NH· · · OC 
(L-Ala) and (L-Ala;+ 2)NH · · · OC (L-Ala;). 

The third low-energy conformation is a left
handed p6·2-helix whose backbone confor
mation is CE* (-97°, 76°, 159°, -168°) with 
AE,c, = 0.19 kcal mol - 1 (Figure 2b) and its en
antiomer (right-handed p6·2-helix) is the 4th 
low-energy conformation, i.e., EC* ( -159°, 
169°, 96'', - 76°), with AE,e, =0.21 kcal mol- 1• 

Above the EC* backbone conformation of the 
L-Ala-o-Ala sequence in the left-handed p6·2-
helix is found the 7th low-energy conformation 
(A£=0.96kcalmol- 1) of Ac-L-Ala-o-Ala
NHMe.27 Moreover, several stable p6-helices 
were also found along the low-energy trough 
stretched in CE*, DE*, EC*, and ED* regions 
Of ( qJ L-Ala, 'P L-A!a, qJ o-A!a, 'P o-A!a)-Space Within 
AE,es < 0.5 kcal mol- 1 (see Figure le). Dis
tributions of -NH and -CO groups along the 
helical axis in these helices are changed with 
slight change of backbone dihedral angles. 

Left- and right-handed oc-helices were found 
at AE,e, = 0.23 and 0.24 kcal mol - 1 as the 5 
and 6th low-energy conformations, respec
tively. 

In relatively high-energy regions (0.5 
AE,e, 2. 5 kcal mol - 1 ), seven groups of /3-
helices were found (Table I). The left-handed 
/35 ·5-helix with AE,e, = 0.66 kcal mo! - 1 has 
smaller inside-radii of helix-cylinder than that 
of left-handed p6·2-helix with AE,es = 0.19 
kcal mol - 1 • Both these /3-helices exist in the 
CE* region and difference between their back
bone dihedral angles, (A¢ L-Ala, Al/IL-Ala, 
A¢ D-Ala, Aljl D-A!a), is small, i.e., (9°' - 11 °' - 12°' 
5°). These results indicate that inside-radii of 
helix-cylinder, which works as ion channel in 
gramicidin A, is sensitively changed by the 
small change of backbone dihedral angles in 
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the CE* region. In the energy range of 
l.0<AE,es<l.3kcalmol- 1 , /38 ·2 -, /310 ·2 - and 
/312 ·2 -helices were found, and all of them sit
uated in the EE* region. Moreover, three 
helices composed of /3-bend structure were 
found in the energy range of 1.8 < 
AE,e,<2.1 kcalmol- 1 • The left-handed /35 ·0 -

helix with AE,es = 1. 87 kcal mol - 1 has type-
11' bend at o-Ala-L-Ala sequence and the 
-NH and -CO groups of this helix are situated 
inside and outside the helix, respectively. Two 
helices with AE,e, = 1.93 and 2.07 kcal mql - l 

have type-II bend at L-Ala-o-Ala sequences. 
The former helix corresponds to the Lo-ribbon 
structure proposed by Ramachandran et al. 22 

and the latter one is right-handed /34.3-helix 
which can be considered a special case of y
helix found by conformational analysis on 
poly(Val-Pro-Gly-Gly). 36 

Energy difference between enantiomers for 
each helix is small, i.e., 0.07, 0.02 and 
0.0 I kcal mol - 1 per residue for {34·6 , f36 ·2 and oc
helices, respectively. These results indicate that 
the number of residues (24) used in this work is 
enough for the analysis of relative stabilities of 
helical conformations. 

DISCUSSIONS 

Comparison with the Experimental Results on 
Synthetic L-D Copolypeptides 
By using NMR and IR spectroscopies16 ·19 

and X-ray single-crystal diffraction anal
ysis, 18·20 the conformational characteristics of 
Boc-(L-Val-o-Val)n-OME (n=4, 6 and 8) were 
investigated. Lorenzi et al. reported that Boc
(L-Val-o-ValkOMe forms a double-stranded 
antiparallel /35 ·6-helix as one of the stable 
conformations in cyclohexane and chloroform 
solutions. 19 Moreover, they showed that Boc
(L-Val-o-ValkOMe forms right- and left
handed /34·4 -helices and the double-stranded 
left-handed antiparallel /35 ·6 -helix in chlo
roform solutions, 16 but that only right- and 
left-handed {34·4 -helices are found for Boc-(L
Val-o-Val)8-OMe in chloroform solutions. 16 
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Benedetti et al. 18 •20 showed that Boc-(L-Val-D
ValkOMe forms a double-stranded left
handed antiparallel p5 ·6 -helix in the crystal 
state. The crystal structure of Boc-(L-Phe-D
PhekOMe was determined by X-ray diffrac
tion analysis21 and also a double-stranded 
right-handed antiparallel /J5 ·6 -helix, was pro
posed. 

Conformations of poly(y-benzyl-L-glu
tamyl-y-bnzyl-o-glutamate) (abbreviated as 
poly(BLG-BDG)) in solution and solid state 
were analyzed by using NMR, CD and IR 
spectroscopies11 ·12 ·14·15 ·17 and X-ray and elec
tron diffraction measurements10·13 by Heitz et 
al. They reported that poly(BLG-BDG) takes 
a p4·4 -helix in dioxane, chloroform and DMF 
at high temperature11 ·12 ·14•15, and that the p4·4 -

helix is one of the stable conformations in the 
crystal state10 •13 , but that double-stranded P
helices and the ix-helix are also stable confor
mations in dioxane, chloroform and dichlo
romethane at low temperature or at high 
concentrations. 11 •12 •14 •15 ·17 

Above experimental results correspond to 
our theoretical results. That is, the right
handed p4·6-helix is the lowest-energy confor
mation and left-handed p4·6 -helix is the sec
ond low-energy One (~£res= 0.07 kcaJ moJ - I). 
Good agreement between experimental and 
theoretical results indicates that peptides com
posed of alternating D- and L-amino acid 
sequences essentially have the tendency to 
form the p4·6-helix within intra-molecular in
teractions. However, the energy differences 
between p4·6-helix and othe conformations are 
not so significant, i.e., ~£res= 0.19, 0.21, 0.23, 
and 0.24 kcal mol- 1 for left- and right-handed 
p6 ·2-helices, and left- and right-handed ix-he
lices, respectively. These results show that the 
above helical conformations besides p4·6-helix 
can also exist depending on external con
ditions. 

Comparison with Experimental Results on 
Gramicidin A 
Urry et al. proposed the head-to-head /16 -
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helical dimer at the amino termini4 as a model 
of gramicidin A in phospholipid bilayer mem
branes, and this conformation was detected by 
experimental works such as CD and NMR 
measurements4 ·6 and conductance study5 . As 
shown in Table I, p6·2-helical conformations 
are stable conformations of Ac-(L-Ala-D
Ala)12-NHMe, and energy difference from the 
lowest-energy conformation (p4·6-helix) is not 
so large (~Eres=0.19 and 0.21 kcalmol- 1 for 
left- and right-handed p6·2-helices, respec
tively). These results indicate that the intra
molecular interactions of Ac-(L-Ala-o-Ala)12-

NHMe can express basic conformational pref
erence on the backbone structure of grami
cidin A molecule, and that the native structure 
of gramicidin A is stabilized by the additional 
precise side-chain/ side-chain and intermolec
ular interactions with lipid molecules in mem
branes. 

As already mentioned in the RESULTS 
section, the theoretical results show that sev
eral /J6-helices can exist as stable confor
mations, and also that they are distributed in 
the neighboring region in ( qJ L-A\a, if; L-Ala, qJ D-A\a, 

if;o-A1a) space with close energy values, i.e., 
0.27<~£,e,<0.40. However, arrangements of 
carbonyl and amino groups along the inner 
helix-wall were different among these /36-he
lices. These results suggest that the mechanism 
of cation-selection and transport through the 
membrane can be explained by confor
mational varieties of /16-helices. 

Comparison with the Previous Theoretical 
Results 
Stable conformations of (L-Ala-o-Ala)a 

were theoretically analyzed by Ramachandran
Chandrasekaran, 22 Hesselink-Scheraga 23 

and Colonna-Cesari et al.25 by the procedure 
of conformational energy calculations. Sev
eral helical structures (ix-helix, /14-, /16-, and 
p8-helices, and LD-ribbon structures) were 
proposed as stable conformations of (L-Ala
o-Ala)"' Hesselink-Scheraga23 and Col
onna-Cesari et al. 25 used the optimization-
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Table II. Relative conformational energies• of helical conformations 

Helix 
Ramachandran
Chandrasekaran b 

Hesselink- Colonna-Cesari 
This work 

Scheraga' et a/.d 

o:-helix (R)' 

o:-helix (L) 
p4-helix (R) 

p4-helix (L) 
f/6-helix (R) 
/j6-helix (L) 

/j8-helix (R) 
/j8-helix (L) 

0.0 

0.75 

2.6 

0.09 
0.00 

2.55 
2.52 

0.00 

0.61 (/J4 4 ) 

0.63 (/J" 3) 

0.24 
0.23 
0.00 (/J4 6 ) 

0.07 (p4 6 ) 

0.21 (f/6·2) 

0.19 (fi6 2) 

1.13 <P"·2) 

1.09 (P" 2l 

• Relative conformational energy (kcal mol - 1 ) per residue. 
h From ref 22. 
' From ref 23. 
d From ref 25. 
' Helix sense is abbreviated as R or L for right- and left-hand, respectively. 

procedure and showed that the 0(-helix is the 
moist stable conformation. The former re
sults show that fi6-helical conformations is 
less stable than 0(-helical ones with f1.Eres = 
2.52 kcal mol - 1, and the latter ones also 
show that /34·4 - and fi6· 3shelical conforma
tions are less stable than 0(-helical one with 
f1.E,es=0.61 and 0.63kcalmol- 1, respectively. 
Ramachandran-Chandrasekaran22 showed 
that the {34-helix is the most stable conforma
tion among {34-, fi6-, and /J8 -helices and the 
Lo-ribbon structure. However, conforma
tional energy of the 0(-helical structure was 
not presented in their results, and the con
formational energies were not optimized in 
their calculations. Calculated results of the 
above three works are summerized in Table 
II with our calculated results. 

Our calculated results show that {34·6-helix is 
the most stable conformation for Ac-(L-Ala-o
Ala)12-NHMe, and that left-handed fJ6 ·2-helix 
and right-handed 0(-helix are also stable with 
small energy differences, i.e., /),.£res= 0.19 and 
0.24 kcal mol- 1, respectively. Moreover, our 
results also correspond to the experimental 
results that the {34-helix is a stable confor
mation for poly(L-Val-o-Val) and poly(BLG
BDG) and it can be transformed to the 0(-helix 
with change in temperature. 
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The universality of the method used in 
searching for stable helical conformations is 
very important for analyzing the relative sta
bilities of helical conformaion. Previous three 
works22 ·23 ·25 are based on the assumption that 
helical structures are essentially stabilized by 
hydrogen bonds. Either the particular helical 
conformations speculated by the patterns of 
hydrogen-bond formation or those corre
sponding to the estimated helical parameters 
such as n (number of residues per turn) and 
h(the rise per residue) were analyzed. In this 
work, we used no assumptions of previous 
theoretical works on helical structures, but 
only the hypothesis for the hierarchy on in
teractions in polypeptide molecules mentioned 
in the THEORETICAL section. That is, we 
selected all starting conformations found as 
stable ones for both L-Ala and o-Ala residues 
with intra-residue interactions, and searched 
for the helical conformations by stepwise ex
pansion of the interaction-level from short
range to long-range. Good agreement between 
theoretical and experimental results indicates 
the validity of the hypothesis used in this work. 
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