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I. INTRODUCTION 

Proteins and enzymes of all living systems 
contain L-amino acids. The natural preference 
for the L-configuration of the amino acid in the 
biological macromolecules is still a riddle. On 
the other hand, the occurrence of D-amino 
acids along with L-amino acids in most of the 
peptide antibiotics is quite common. For ex- 
ample, enniatin B, c(L-methylvaline-D-hydrox- 
yisovaleric acid), , and valinomycin, c(L-valine- 
D-hydroxyisovaleric acid-D-valine-L-lactic 
acid)3, are both cyclic peptides; gramicidin A is 
a linear pentadecapeptide, with L- and D-amino 
acids occurring alternately (of course, taking 
into consideration the potential equivalence of 
Gly to a D-amino acid) - Formyl-L-Val-Gly-L- 
Ala-D-Leu-L-Ala-D-Val-L-Val-D-Val-L-Trp-D- 
Leu-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-ethano- 
lamide. Also, for example, D-Ala and D-G~u oc- 
cur in peptidoglycan. 

During biosynthesis, the direct incorporation 
of D-amino acids into the peptide antibiotics is 
generally not known. Instead, only their L-iso- 

mers are initially used and then converted into 
D-configuration by the action of enzymes, 
known as amino acid racemases.' Since the dis- 
covery of alanine racemase by Wood and Gun- 
salus,* several amino acid racemases have been 
found in various bacteria, as reviewed by Meis- 
ter.3 

In the course of the last two and a half dec- 
ades, extensive studies, theoretical as well as ex- 
perimental, on polypeptides with all L-amino 
acids have given rise to several types of stable 
secondary structures, including the well-known 
a-helix, 3,0-helix, triple-helical coiled coil of 
collagen and the parallel and antiparallel fi- 
structures. Some of these molecular conforma- 
tions may, however, be precluded in the incor- 
poration of one or more D-amino acids in the 
otherwise all L-residue polypeptide chain. 
Many theoretical and experimental studies have 
explored the possible helical structures to iden- 
tify a polypeptide chain containing both L- and 
D-amino acids. The conformational analysis of 
the structural features of polypeptides with 
strictly alternating L- and D-amino acids was 

* 
** Currently at Department of Biological Sciences, Purdue University, West Lafayette, Indiana. 
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first reported by Ramachandran and Chandra- 
~ e k a r a n . ~  Since then, apart from the orthodox 
a - h e l i ~ , ~  several novel helical structures have 
been proposed, and their conformational char- 
acteristics have been determined using empiri- 
cal energy calculations in the authors’ labora- 
tory6 and e l se~here .~ . ’  

Recently, many of these predictions have 
been well supported and substantiated by ex- 
perimental studies in solution and in the solid 
state. The details of the theoretical results, the 
experimental evidence of agreement, and, 
hence, the combined contribution towards un- 
derstanding the structural and functional as- 
pects of ionophoric antibiotics - particularly 
gramicidin A - will be described in the follow- 
ing pages. 

The second section will include the details of 
theoretical studies on novel single and double 
helices of polypeptides in which I>- and D-amino 
acids alternate. It is indeed a phenomenal ob- 
servation that the synthetic polymer, poly(y- 
benzyl-LD-glutamate) (PBLDC), can exhibit a 
variety of helical structures, depending mainly 
on its environment, both in solution and in the 
solid state. Much experimental evidence per- 
taining to this polymer has been accumulated 
in recent years from NMR, CD, and IR studies 
in solution and X-ray and electron diffraction 
analyses in the solid state. Results from the 
above investigations are described in the third 
section of this review. The next section is de- 
voted to the structural and functional aspects, 
currently available from theoretical and experi- 
mental studies, of the ionophore gramicidin A. 

Throughout this article, the main focus will 
be to describe the conformational features of 
polypeptides with strictly repeating m-se- 
quences. These results may, however, be ex- 
trapolated to structures which deviate, either 
minimally or substantially, from such a strict 
repetition. 

It is customary to denote the strictly alternat- 
ing polymer (of say Ala) as poly(L-Ala-D-Ala) 
or, in short, poly(LD-Ala) and the randomly 
distributed copolymer as poly(e,D-Ala). For the 
sake of uniformity, we will use poly(m-Ala) 
for the alternating polymer. 

CRC Critical Reviews in Biochemistry 

Considering the regular structure with alter- 
nating L- and D-amino acids, denoted by (LD), 

where n is the degree of polymerization, the re- 
peating unit in such cases is a pair of peptide 
units (or residues) with alternating configura- 
tions at the a-carbon atoms. Following the 
usual practice, the peptide units should always 
be in the trans planar configuration, unless oth- 
erwise specified. The two pairs of dihedral an- 
gles (4L,4)L)  and (+09yo) will suffice to describe 
the conformation of the polymer in its helical 
state. The conformational angles are defined 
according to the recommendations of the 
IUPAC-IUB Commission.* This review will be 
confined to those helices which have internal 
hydrogen bonds which involve the amide and 
carbonyl groups of the peptide units. 

The essential nature of the resultant confor- 
mation, for polypeptides containing alternate 
L- and rp-amino acids, has been derived by ap- 

d theories of peptide conforma- 
structures stabilized by regular 

N H .  . .O hydrogen bonds between neighboring 
peptide units are the well-known 310-,a-r and 
o-helices, either right- or left-handed. The ex- 
istence of such structures has, however, been 
doubtedx0 under the presumption that steric 
hindrance between the side chains of L- and D- 
residues would disrupt the helix. To resolve the 
question as to whether D-peptides can ex- 
ist in a-helical form, ink and Scheraga’ 
carried out conformational energy calculations 
using the procedure employed by Ooi et al.” 
Thus, the values of dihedral angles + and ly and 
the x’s have been assumed to be the same for 
each residue. The bond angles, bond lengths, 
and planar trans peptide groups have been 
maintained fixed and a poly(arnino acid) chain 
of n LD-pairs has been treated. The conforma- 
tional energy function includes contributions 
from internal rotations and nonbonded, elec- 
trostatic, and hydrogen bond interactions. The 
computations show that the energy of a regular 
repeating sequence of m-alanine is -7.9 kcall 
mol per residue, approximately the same as that 
for a right- or left-handed a-helix (denoted as 
ap and (aM) which is comparable to the energy 
per residue in the a-helical region of poly-~-  
alanine - -8.0 and -7.7 kcal/mol for ap and 
aM, respectively.5 

From similar calculations on poly(LD-valine), 
po~y(LD-phenyla~anine), and poly(LD-lysine an- 
alogue), namely poly(LD-am~noheptanoic acid), 
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it has been shown that p o ~ y ~ L ~ ~ p e p t ~ d e s ~  would 
a - h e ~ ~ c a ~  conformation~s the ap- 

tides are in local 
~ i n i ~ ~  of energy le to  that of the 
r i g ~ t - ~ a n ~ e d  a-helix of po~~-L~pept ides .  Since 
these are not the global ~ ~ n ~ ~ a  for PO~Y-LD- 
pegtides, it has b suggested5 that ~ Q ~ Y - L D -  
p e ~ t ~ d e s  might be to  form stable structures 
c o ~ ~ ~ e t e ~ y  different from a-helical conforma- 
tion. 

Of the other two possible helices, namely 3,"- 
and rr-helices, which occur in the neighborhood 
of the a-helical region, the latter can be elimi- 
nated for the poly-m-peptides, since the side 
chain-side chain interactions between the L- and 
 residues are sterically unfavorable. This is 
due mainly to the low axial rise per residue (1 .O 
A) of the rr-helix. On the other hand, the 3,,,- 
helix seems to be a stereochemically satisfactory 
model. ]It is, however, expected that the a-helix 
would be energetically more stable than the 3,,,- 
helix, as is always true with the poly-L-peptides. 

.N ~~P~~~~~~~ 

. §l 

Wamachandran and C h a n d r a ~ e k a r a n , ~ , ~  us- 
ing semiempirical energy calculations, have pre- 
dicted that single helical conformations other 
than the a- or 310-helix may exist, and one or 
more of these might readily be applicable to the 
structure of gramicidin A.7 For steric reasons, 
such helical models can only be built with 
strictly repeating m-sequences. Recently, Blout 
and colleagues'* have proposed possible double 
helical structures as models for poly-m-pep- 
tides based on their solution studies on grami- 
cidin A. 

in con ven tion 

Before discussing the methodology and de- 
tails of the novel helices common only to poly- 
LD-peptides, we shall first describe the types of 
hydrogen bonding patterns6 in single helices of 
poly-L-peptides. This is essential in order to ap- 
preciate the differences between the two types 
of helices. 

Considering only right-handed helices, hy- 
drogen bonds can occur between a donor (NH) 
or an acceptor (CO) group, in peptide unit 1 
and an acceptor or  a donor group, in peptide 
unit j, in a polypeptide chain containing either 
all L- or all D-residues. Thus, there are two 
types of hydrogen bonds which are denoted6 by 

Type A: j + 1 

Type B: 1 + j 
j = 2 ,  3,4,5.. . 

The arrow indicates the direction from the do- 
nor to the acceptor unit. Whereas the type A 
hydrogen bond occurs in the well-known 3,0-, 
a- ,  and n-helices, corresponding to j = 3, 4, 
and 5, respectively, the type B hydrogen bond 
is stereochemically impossible in any polypep- 
tide helix with all L- or all D-residues. 

The situation is quite different in the case of 
poly-LD-peptides. Ramachandran and Chan- 
drasekaran6 have shown that the two pairs of 
conformational angles, (+L,v)L) and (+D,v)D)? 

suitably chosen to be in their respective /3-re- 
gions, could readily produce satisfactory helical 
structures stabilized by systematic hydrogen 
bonds between the peptide units. Such a helix 
consists of successive NH (or CO) groups point- 
ing in opposite directions, nearly parallel to the 
helical axis. This arrangement leads to the for- 
mation of adjacent N . . .O  hydrogen bonds 
alternating between type A and type B. These 
authors6 have designated the new helices as LD- 
helices and, following their nomenclature, a 
schematic representation of the helix and the 
hydrogen bonding pattern is illustrated in Fig- 
ure 1 .  

It may be seen that the hydrogen bonds occur 
between donor and acceptor groups in LD-unitS 
1 and k and, hence, the helix is denoted by the 
symbol LDk. The corresponding right- and left- 
handed structures are designated as LDkP and 
L D ~ ~ ,  respectively. The various kinds of Lo-hel- 
ices and their hydrogen-bonding patterns, to- 
gether with the number of atoms in the ring 
formed by the hydrogen bond, are listed in Ta- 
ble 1. An interesting feature is that the type A 
hydrogen bonds are always between D-peptide 
units and, similarly, the type I3 hydrogen bonds 
are only between L-peptide units for one sense 
of twist of the helix and vice versa for the other 
sense of twist. If the two L-  and D-amino acids 
in the repeating unit are of the same kind, the 
right-handed helix and its inverse conformation 
(the corresponding left-handed helix) are iso- 
energetic. These two are mirror images of each 
other. 

ation is of to-  
~ a m a ~ h a n d r a n  and Chandrasekaran6 and 

Urry' have initially considered cyclic structures 
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I 
R 

n II / I  

Right -handed helix type 

Hydrogen bonds 

FIGURE 1 .  Schematic representation of hydrogen bonding pattern in right-handed single helices ( L D ~  
for poly-LD-peptides. The Lr+Lk and D,+D, NH. . .O bond are shown by dotted lines. (Adapted from 
Ramachandran, G. N. and Chandrasekaran, R., Ind. J .  Biochem. Biophys., 9, 1 ,  1972. With permis- 
sion.) 

TABLE 1 

Types of Hydrogen Bonds in Various Right-handed Single-helical Structures 
for Poly-LD-peptides 

H-bond type A 

Peptide 
units 

Helix linked r e  
LDI Da-D, 10 
LDI D,+DI 16 
LD4 D4+D, 22 
LD. D.+D, 28 

H-bond type B Number of 
L D - u n i t s  

Peptide per turn (n) 
units 

linked r' 
L-LZ 8 b  2.1 
LI+L3 14 2.3 
LI+L.l 20 3.2 
LI+LS 26 4.1 

L. Number of atoms in ring formed by the hydrogen bond. 
This hydrogen bond is stereochemically not possible. 

which have an integral value of n and for which 
the unit height h is zero. Because of symmetry 
considerations, cyclization is readily possible 
when the dihedral angles of the repeating LD- 
unit are (+,y) for the L-residue and (-+,--tp) for 
the D-residue. Subsequently, as the chain is 
wound up or down (i.e., h # 0), it gives rise to 
helical structures with systematic hydrogen 
bonds between the N H  and CO groups, as de- 
picted in Figure 1. The allowed conformations 
of the L,D-unit characterized by (QL,tpL) and 
( Q D , t p D )  have been studied in the entire region 
of the four-dimensional conformational space 
at intervals of 10" in order to generate the de- 
sired LD,-helices having k = 3, 4, and 5 ,  values 
of n close to  2 ,  3, and 4, respectively, and also 
possessing good hydrogen bonds. 

To build the poly(LD-Ala) chain, the stand- 

ard dimensions of planar trans peptide unit and 
the Ala side group, with methyl hydrogens in 
the staggered positions, have been used. The 
bond angle r(N-C"-C) has been generally re- 
tained at the standard value of 110" and varied 
only when necessary. The helical parameters 
have been evaluated using the matrix method 
d e s c r i b e d  b y  R a m a c h a n d r a n  a n d  
Sasisekharan.' For conformations with satis- 
factory hydrogen bonds, the total energy per re- 
peating LD-unit has been calculated by taking 
into account the nonbonded and electrostatic 
interactions, hydrogen bonds, and torsional po- 
t e n t i a l ~ . ~ , ' ~  

in view of the equivalence between the right- 
and left-handed LD-helices mentioned earlier, 
the conformational features of only the right- 
handed helices are described here. Of the three 
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short contact between a carbonyl oxygen and 
an H" atom in the neighboring turn have led to 
the elimination of the LDs-helix as a possible 
ionophore. Similarly, despite its extreme stabil- 
ity and good stereochemistry, the LD,-helix has 
also been ruled out for this purpose owing to 
the narrowness of its central core. This leaves 
only the LD,-helix as a possible model for ion- 
ophoric LD-peptides. This aspect is discussed in 
a later section with respect to the structure and 
function of gramicidin A. Also, Urry' has in- 
dependently proposed very similar single hel- 
ices, called nLD-helices, for the structure of the 
ion-conducting channel of gramicidin A. 

kinds of LD-helices stereochemically possible 
(viz., LD3, LD4, and LD5 (Table I ) ,  although LD4 
and LD5, which have n around 3.15 and 4.10 
and h about 1 .55  and 1.2 A, respectively, can 
be easily built with the standard value of 110" 
for T), the LD,-helix requires a considerable de- 
crease in this bond angle to 106". This is neces- 
sary in order to form satisfactory hydrogen 
bonds. This helix corresponds to values of n 
and h close to 2.3 and 2.4 A, respectively. 

c. Properties of Lo-helices 
The structural features of the low-energy 

conformations which are stabilized by the type 
A-type B NH.  . .O  hydrogen bonds are listed in 
Table 2. It may be noted that the two types of 
hydrogen bonds are not exactly equivalent but 
are, in general, of nearly the same energy. 

An analysis of Table 2 shows that, as one 
goes from LD3 to LD5, the ranges of the dihedral 
angles which are generally in the P-regions of 
the corresponding L- and D-residues are signifi- 
cantly reduced. Beyond L D ~  the helices become 
wide and shallow ( h  < 1 A) and are unstable 
due to severe steric repulsions6 between atoms 
in neighboring turns. 

Among these three helices, the LD3-helix is 
more tightly wound about the helical axis, as 
the bond angle T is only 106", than others and 
has the lowest energy, -9.7 kcal/mol per resi- 
due (Table 2). This may be compared with 
-10.4 kcal/mol per residue for the right- 
handed a-helix of poly-L-alanine. l 4  The LD4-he- 
lix is slightly less stable (-9.0 kcal/mol per res- 
idue) than the LD,-helix. However, the mini- 
mum energy of the LD5-helix is rather high 
(-7.1 kcal/mol per residue), indicating substan- 
tial reduction in its relative stability. 

A persistent feature in all these helices is the 
presence of a large central core (in contrast to 
its absence in the conventional all L- or all D- 
helices, namely the 3,0-  and a-helices), whose 
size increases with n. The actual radii are ap- 
proximately 0.6,  1.7, and 2.8 A for L D ~ - ,  L D ~ - ,  
and LDs-helices, respectively. These and other 
characteristics of the LD-helices6 are summa- 
rized in Table 3. A perspective diagram of the 
LD4-helix is shown in Figure 2. 

Kamachandran and Chandrasekaran6 have 
discussed the ion-binding abilities of these hel- 
ices in terms of the inner core sizes. The large 
size of the central hole as well as the inherent 

2. Lo-Ribbon Structure 
This structure is one of the various types of 

the LD-helices (Table l) ,  designated as LD2-he- 
lix. It has a peculiar feature in that the hydro- 
gen bond with a ring of of eight atoms is ster- 
eochemically impossible in the peptide chain. 
Consequently the LD2-structure with alternating 
L- and D-residues has only one systematic hy- 
drogen bond for every two residues. The hydro- 
gen bonding scheme produces a folded chain 
structure, called the LD-ribbon,6 due to its rib- 
bon-like appearance (Figure 3), and its inverse 
structure is called the DL-ribbon. The ribbon 
structure has approximately twofold symmetry. 
However, the best hydrogen bonds occur when 
the twist angle for an LD-unit is around 160" 
( ~ ~ 2 . 2 ) .  The hydrogen bonds are all between 
NH and CO groups of D-peptide units in the 
LD-ribbon structure, while all the hydrogen 
bonding groups belong to the L-peptide units in 
the DL-ribbon structure. Moreover, these hy- 
drogen bonds are approximately in the same di- 
rection as the length of the ribbon. The peptide 
units not taking part in the hydrogen bonding 
scheme have their planes nearly at right angles 
to the plane of the ribbon, thereby making the 
free N H  or CO groups alternately point up and 
down. 

The Lo-ribbon structure6 is, in fact, formed 
essentially by the repetition of a favorable LD- 
bend, also known as the p-turn (or DL-bend for 
the DL-ribbon)." The energy values for the LD- 

ribbon of poly(LD-Ala) have been computed6 
following the method of Ramachandran and 
Sa~isekharan,~ as described earlier for LD-hel- 
ices. Both right- and left-handed models for all 
the combinations of ( + L , t p L )  and (+D,tpD) in the 
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Characteristics 
Value of T(N-C"-C) (") 
Ranges of dihedral angles (") cov- 
ering up to 1.2 kcal/mol above 
the minimum energy 

n 

Lowest energy (kcal/mol per LD- 

Maximum length for 15 residues 

Radius of the inner core (A) 

h (A, 

unit) 

(1) 

LDI 
106 

4= -100to-80 
V J L  100to115 
4D 110 to 130 

V J D  -65 to -85 
2.30 
2.40 

-19.4 

18.0 

0.6 

L.D, 
110 

-1 12 to -102 
112 to I24 
140 to 152 

-124 to -134 
3.15 
1.55 

-17.9 

12.6 

1.7 

LDs 
110 

-128 to -120 
144 to 152 
132 to 142 

-142 to -148 
4.10 
1.20 

-14.2 

9.0 

2.8 

a", 
110 

-65 to -40 
-65 to -40 
-65 to -40 
-65 to -40 

3.6 
1.5 

-17.0 

22.5 

0.0 

3,u-or 
110 

-70 to -50 
-35 to -10 
-70 to -50 
-35 to -10 

3.3 
1.7 

-13.5 

28.5 

0.0 

FIGURE 2. A perspective diagram of the LD,-helix. Small circles indicate hydro- 
gen, medium circles carbon, and large circles oxygen atoms; striated circles indicate 
nitrogen atoms. NH.  ' '0 hydrogen bonds are shown by dashed lines. The symbols 
L and D denote the configurations at the a-carbon atoms. 
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FIGURE 3.  
Figure 2. 

A perspective diagram of the LD-ribbon structure. Atoms are represented as in 

allowed conformational space have been con- 
sidered in these calculations. 

a. Properties of the Ribbon Structure 
The structural features of the low-energy 

conformations of the LD-ribbon6 are summa- 
rized in Table 4. The number of LD-units per 
turn is always greater than two, indicating that 
the structure is not completely extended, but is 
slightly twisted. The axial rise per LD-unit is ap- 
proximately 4.3 A.  As shown in Table 4, the 
major conformational difference between the 
right- and the left-handed structures is associ- 
ated with A+ = 70" and A y  = -75" in the ori- 
entation of the D-peptide unit, which runs 
across the length of the ribbon, whereas the 
orientation of the L-peptide unit remains prac- 
tically the same. Of the two conformers, the 
right-handed structure has a lower minimum 
energy of -1 1 .O kcal/mol per LD-unit (or -5.5 
kcal/mol per residue), almost 0.8 kcal/mol per 
LD-unit below the other. For an isolated single 
chain of poly-LD-peptide, the ribbon structure 
may not be a very favorable conformation, as 
its minimum energy is significantly higher than 
either the a-helix or any one of the LD-helices 
mentioned before. On the other hand, Rama- 
chandran and Chandrasekaran'j have argued 
that since one set of NH and CO groups for 
every two residues is freely exposed and not in- 
volved in intramolecular hydrogen bonds, this 
loss in energy may be readily compensated by 
complementary association between individual 
chains, particularly in the solid state. The re- 

sulting structure would then be analogous to 
the molecular packing of the classical /3-struc- 
ture with all ~ - r e s idues .~  The regularly stacked 
LD-ribbons in polar solvents would, however, 
be disrupted by the solvent-solute interactions 
unless large hydrophobic L- and D-side groups 
shield the intermolecular N H .  . .O hydrogen 
bonds. 

b. Relative Stabilities of the Classical Helices, 
LD-helices, and the Ribbon Structure 

The detailed conformational analyses' of 
the a-helix, LD-helices, and the ribbon structure 
for poly(LD-Ala), modeled for poly-LD-pep- 
tides, converge to almost similar inferences on 
their relative stabilities. This agreement is re- 
markable in view of the differences in the po- 
tential functions and in the methods employed. 
Hesselink and Scheraga5 have suggested that 
the a-helix is by far the most stable structure 
for the isolated molecules of poly(LD-Ala). 
Also, both the analyses have yielded the mini- 
mum energy for the LD- or DL-ribbon to be ap- 
proximately -5.5 kcal/mol per residue, thereby 
showing that, in isolation, this structure is def- 
initely less favorable. This does not imply that 
the ribbon structure is excluded for the poly- 
mer. Instead, as mentioned earlier, this model 
may derive additional stability by the stacking 
of the ribbons connected via intermolecular 
NH . . .O hydrogen bonds. 

Hesselink and Scheragas have computed the 
energy of the LD4-helix alone, and not of the 
other two members ( L D ~  and L D ~ )  in the LD-he- 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



November 1978 133 

TABLE 4 

Characteristics of the Low-Energy Conformations of the LD-ribbon Structure of Poly (LD-Ala) 

Ribbon 

Right-handed 

Left-handed 

Connormational angles( ") 

O L  

- 60 
-60 
-55 
-55 
-60 

-65 
-60 
-60 
-60 
-70 

1c)L 

100 
95 

100 
105 
105 

100 
110 
110 
100 
100 

90 

65 
70 
60 
55 
60 

135 
I25 
125 
140 
135 

Y D  

45 
45 
45 
45 
45 

-35 
-40 
-35 
-40 
-30 

lix family. Ramachandran and Chandrase- 
karan,6 who have analyzed the features of all 
of the helices, have shown that the LD-helix is, 
in general, energetically more stable than the 
LD-ribbon but is definitely less stable than the 
a-helix. This deduction is in complete agree- 
ment with the results of Hesselink and Scher- 
aga.' The stabilities decrease from I , D ~  through 
LD5 in that order, according to  the results of 
Ramachandran and Chandrasekaran'j which 
were derived from the energies of the molecules 
in their isolated states (Table 2) ;  however, it is 
not wise to interpret this observation further to 
determine the most favorable model for the 
polymers. It is quite possible that once a partic- 
ular helix is nucleated, due to  environmental 
conditions (such as solvent, temperature, etc.) 
the helix thus nucleated would thereafter con- 
tinue to grow. In this way, helices other than 
those corresponding to minimum energy can be 
expected to be observed. Such experimental ob- 
servations have been reported by Spach and as- 
sociate~'~." in recent years on the synthetic pol- 
ymer PBLDG. These will be described in 
Section 111. 

3. Double Helices 
Recently, from solution studies on gramici- 

din A, Blout and colleagues12 first proposed 
novel double helices as possible structures for 
this ionophore. Subsequently, the results of X- 
ray and electron diffraction analyses" of 

Helical 
parameters 

n 

2.17 
2.17 
2.22 
2.22 
2.17 

-2.13 
-2.10 
-2.14 
-2.16 
-2.13 

h 
(A, 

4.24 
4.23 
4.20 
4.22 
4.26 

4.28 
4.32 
4.37 
4.37 
4.29 

Hydrogen 
bond 

D I  - D, 

! 
('4) 

3.00 
2.97 
2.89 
2.92 
3.03 

2.94 
2.94 
2.90 
2.91 
3.04 

(") 

27 
27 
25 
25 
27 

26 
28 
23 
24 
23 

Energy 
(kcal/mol per LD- 

unit) 

- 1  1 .O 
-11.0 
-11.0 
-11.0 
-10.8 

-10.2 
-10.2 
-10.1 
-10.0 
-9.9 

PBLDG have indicated that this polymer can 
also exist in one or more double helical forms. 
Previously, double helices were a unique f,$a- 
ture only for polynuc1eotidesl8 and polysac- 
charides. l9 Venkataram Prasad and Chandra- 
sekaranZo have discussed in great detail the 
conformational characteristics of different pos- 
sible types of double helices for poly-LD-pep- 
tides. A brief outline of the conformational 
analysis of the double helix as given by these 
authorsZo follows. 

The double helix is formed essentially by the 
association of two conformationally identical 
poly-LD-peptide strands wound about a com- 
mon helical axis. The two chains interact 
through NH . . .O  hydrogen bonds between the 
N H  and CQ groups, similar to the situation in 
conventional polypeptide s t r u c t ~ r e s . ~  As in the 
single-chain LD-helix, succesive NH (or CQ) 
groups are pointed in opposite directions rela- 
tive to the helical axis. There are two possible 
ways of intertwining the two strands coaxially 
to form the double helix. In one case, the 
strands have opposite polarities and are related 
by a twofold symmetry perpendicular to  the 
common helical axis, as observed in the famous 
Watson-Crick DNA double helix.ls In the 
other, the polarities of the strands are the same. 
The two resulting models are generally referred 
to as the antiparallel and parallel double hel- 
ices. In the former model, the hydrogen bonds 
are systematically formed between L-residues of 
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FIGURE 4. Hydrogen-bonding pattern in double helices of poly-LD-peptides. The 
interchain N H .  . '0 bonds are shown by dotted lines. (a) The antiparallel double 
helices A,, A,, As, and A6 correspond to j = 3,  4, 5 ,  and 6 ,  respectively, and the 
hydrogen bonds are formed between L and D peptide units. Because of dyad sym- 
metry, the hydrogen bonds marked 1 and 2, as well as 3 and 4, are equal. (b) In the 
parallel double helices P, and P,, having j = 3 and 4, respectively, the interchain 
hydrogen bonds link peptide units L to 
B. V. and Chandrasekaran, R., Int. J .  
permission.) 

and D-residues of the other and vice 
he case of the parallel model, these 

bonds are only between like residues (L to I, and 
D to D). The very nature of this pattern is rem- 
iniscent of the P-sheet structures of poly-L-pep- 
tides. In fact, the new double helices can be al- 
ternatively conceived of as being generated by 
wrapping two strands of a p-structure around a 
cylinder so that its surface is lined with N H .  . - 
.O=C groups. This scheme imposes a con- 
straint on the pitch of the helix to vary within 
a narrow range of about 18 to 12 A.  

In Figure 4 are shown the hydrogen bonding 
patterns that occur in the antiparallel and par- 
allel double helices. ydrogen-bonded duplexes 
are possible in each kind only for four different 
values of j (namely 3, 4, 5 ,  and 6) for the re- 
peating unit L,D, in this diagram. Accordingly, 
the a n t ~ p a ~ a ~ ~ e ~  models are designated as A3, 
A,, As, and A, and the corresponding parallel 
models as P,, P,, P5, and P,. This is done in 
conformity with the notation employed for LD- 
helices.' While the repeating unit LkDk in the 

L and D to D. (From Venkataram Prasad, 
Peptide Protein Res., 10, 129, 1977. With 

second strand is related to L ~ D ~  in the first 
strand by a local dyad for the antiparallel 
model (Figure 4a), such a symmetry is absent 
for the parallel model (Figure 4 
models, LkDk of the second strand is hydrogen 
bonded to LD,, as well as L ~ D ~ ,  of the first 
strand. As the pitch remains almost the same in 
all of them, the diameter of the double helix 
increases p ~ o p o r ~ i o n a ~ e ~ y  with the value of j .  
Consequently, a large empty core is an essential 
and common aspect in all these double helices, 
as was also reported for en-helices.6 

The procedure employed for building the 
double helix is, due to the presence of two 
strands, slightly more complica~ed than for the 
single-stranded LD-helices. Therefore, the basic 
principles ~ n d e r ~ y i n g  the generation of the ~ O U -  

blle helix will be briefly mentioned.20 
The input parameters, such as the dimensions 

of the peptide unit, are essentially the same as 
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in detail, as their properties are implicitly re- 
lated to the corresponding left-handed helices 
obtained by mirror symmetry. 

those in the LQ-helix calculations previously de- 
coordinates (r,B,z) of the repeating 

the first chain for given (+=,yL) and 
(+n,yD), which are nearly in the /3-regions of the 
respective L- and D-residues, are computed in 
the helical system in which the x-axis passes 
through the first a-carbon atom, using the gen- 
eral matrix m e ~ h o d ~ g  and the helical parameters 
n and h are evaluated. lif these are within the 
range amenable for the formation of all the 
four interchain hydrogen bonds, marked 1 ,  2 ,  
3, and 4 in Figure 4, the coordinates of addi- 
tional peptide units spanning more than a turn 
of the helix are computed. The double helix is 
then generated by a p p r o ~ r i a t e ~ y  ~nterspers~ng 
the second-strand coaxial with the first, usi 
rotat~on (A@ about, and a translation 
along, the helical axis. Consequently, if (r,B,z) 
are the c o ~ r d ~ n a t e s  of L ~ D ~  in the helical system, 
the corresponding coordinates of L ~ D ~  will be 

for the a n ~ i ~ a r a ~ ~ e ~  chain 
8, z+ Az) for the paral- 

For the double helix having satisfactory hy- 
drsgen bonds, 12 peptide units in each strand 
with Ala side group   me thy^ hydrogens in stag- 
gered positions) a t  successive a-carbon atoms, 
a ~ t e ~ n a t e ~ ~  in L- and D - c o n f ~ g ~ r ~ t ~ Q n s ,  have 
been consideredz0 to  compute the total energy. 
The method is very similar to that employed for 
the LD-helices previously described. Contribu- 
tions from ail those ~ n t e r a c t ~ ~ n s  arising from 
the repeating unit L , D ~  within itself and with the 
rest sf the double helix have been summed up 
to ~ e ~ e r ~ ~ n e  the total energy per m-uni t  of the 

of ces 
~ e n k a t a r a m  Prasad and Chandrasekaran” 

have demons~rated that stereochemically satis- 
factory models s f  all of the four types of anti- 
parallel double helices (Ag, A4, As, and As) can 
be generated. On the other han 
find that P3 and P4 are 
the parallel double helix family are impossible. 
The d ~ f f ~ c u ~ ~ y  is mainly due to severe short con- 
tacts between the two strands in the latter. 

The relevant conformationa~ features giving 
ranges of dihedral angles, helical parame- 
etc. for the six allowed models of double 

helices are s~mmarized in Table 5; the mini- 
mum energy values as well as the inner core ra- 
dii are also listed. 

An important characteristic, inferred from 
the values of the inner core radii, is that all ~ Q U -  

ble helices, like single helices (LD-helices), pos- 
sess large central empty cores. Their sizes, by 
virtue of the hydrogen-bonding pattern, in- 
crease from & to A, (or from PJ to P6) in that 

er from 0.9 to 4.4 A. The core sizes of A, 
A, are comparab~e 

examination of the 
C“ and Gp atoms indicate that 

h o s t  p e r ~ e n d ~ c ~ ~ a r  

helices A4 and P4 are 

I charac~er~s~ics  of the 
ns of the antiparallel 

and parallel double helices of ~ o l y ~ ~ ~ - A ~ a ~  are 
listed in Tables 6 and 7, respectively~ In the an- 
~ i p a r a ~ ~ e ~  models, the m ~ n ~ m u m  energies are 
-29 Btcalhol per LD-unit for A3 and approxi- 

S ED3, LD4, and LDs, 

to the helical axis, as in the m-helices. 

factory, but are always nonlinear. 
Another ~ ~ p o ~ t a n t  

~ o r r e ~ a t ~ o ~  between 4= 
rvation is a Strong 
yo and the relative 
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A B 

FIGURE 5. Perspective diagram of the double helix of poly-LD-peptides. (A) Antiparallel model Ad; (B) parallel model Pa. 
The interchain hydrogen bonds are marked by dashed lines. The symbols L and D denote the configurations at the a-carbon 
atoms. The atoms are represented as in Figure 2. (From Venkataram Prasad, B. V. and Chandrasekaran, R. Int. J .  Peptide 
Protein Res., 10, 129, 1977. With permission.) 

population of conformers in each type of anti- 
parallel double helix.*O The general trend is 
such that as $L decreases, the corresponding tpD 
increases in magnitude. Consequently, the 
greater the difference in magnitude between the 
two, the larger the number of sterically allowed 
conformations. A, and A., follow this relation- 
ship and record more of conformations in the 
allowed conformational space (Table 6 )  than 
the other two types (A5 and As), which show a 
smaller difference in the +L- and qh-values, 
thereby resulting in less conformations. 

In the case of the parallel double helices, the 
minimum energies of the two permissible 
models, P, and P4 (analogous to A, and A4), 
are seen from Table 7 to be -23 and -20 kcall 
mol per LD-unit, respectively. The actual low 
energies vary from - 19 to -23 kcal/mol per LD- 
unit. The number of allowed conformations is 
much smaller than for the corresponding anti- 
parallel analogues. This is due mainly to the 
difficulty encountered in making all the hydro- 
ge,n bonds equally satisfactory. The distribution 

of conformational angles is again very similar 
to the behavior of the antiparallel models. 

Two important aspects of the hydrogen 
bonding pattern, present only in the parallel 
double helices are worth reporting. The first 
pertains to the exi:tence of short contacts in the 
region 2.0 to 2.2 A between an Ha atom in one 
strand and a carbonyl oxygen atom just above 
it in the other strand. The orientations of the 
relevant Cu-Hu bonds and the carbonyl groups 
are suggestive*O of weak CH . . .O  hydrogen 
bonds similar to observations in the structures 
of polyglycine 11'' and collagen." The second 
aspect refers to the fact that the backbone 
N H .  . -0 hydrogen bonds are at an angle to the 
axis of the helix, which is considerably more 
pronounced than in the antiparallel family. 
This can be easily visualized from Figure 5. 

The implication of these double helical struc- 
tures to the polymorphism reported for 
PBLDG'6.17 and the studies on gramicidin A" 
will be discussed in the following sections. 
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111. EXPERIMENTAL STUDIES ON 
PQLY (y-BENZUL-LD- GLUTAMATE) 

Several properties of polypeptides with alter- 
nating L- and D-amino acids have been deter- 
mined in detail from experiments both in solu- 
tion and in the solid state, mostly on the 
synthetic polymer, poly(y-benzyl-LD-gluta- 
mate). Among the experimental methods, 
ORD, CD, IR, and NMR spectroscopy have 
liberally contributed, in conjunction with theo- 
retical studies, to the elucidation of the variety 
of structures exhibited by this polymer in dif- 
ferent solvents. In addition, X-ray and electron 
diffraction analyses of films or fibers in the 
solid state have confirmed many of the above 
results. These studies will be described in this 
section. 

As our concern will be mainly with the struc- 
tural features of PBDLG, we will restrict our- 
selves to the relevant information provided by 
the solution and solid state studies. Therefore, 
certain aspects, such as the chemical synthesis 
of any of the polymer systems, will be omitted. 
For such details, the reader may refer to the 
original papers. 

Although many of the structural characteris- 
tics worked out from conformational analysis 
are based on a strictly alternating L- and D-pri- 
mary sequence, solution studies clearly indicate 
the occurrence of helical structures even for co- 
polymers in which the repetition of the LD-se- 
quence is violated. Therefore, these examples 
will be discussed as the need arises. 

Before considering the actual details, a word 
of caution about the nomenclature of the alter- 
nating polymer of y-benzyl glutamate is in or- 
der. The LD- and DL-polymers are quite differ- 
ent in that the N-terminal position in these 
molecules corresponds to an L- and a D-residue, 
respectively. Hence, their helical senses, in an- 
ticipation of the results to be described shortly, 
are not the same in many instances. Since, for 
an infinite chain length, both right-handed and 
the corresponding mirror image, left-handed 
helical forms are isoenergetic (from conforma- 
tional energy calculations) we will primarily 
concentrate on the characteristics of the helical 
structures and will somewhat disregard the 
sense of the helix arising from the difference be- 
tween the LD- and DL-polymers which are syn- 
thesized. 

A. Preliminary Studies on Copolypeptides with 
Randomly Distributed L- and D-Residues 

One of the crucial problems in all these stud- 
ies is, of course, the chemical synthesisz3 of the 
polymer in which the L- and D-amino acids are 
incorporated in a strictly alternating fashion. It 
was not until 1974 that a racemization-free syn- 
thesisz4 of the alternating LD-polymer of y-ben- 
zyl glutamate could be achieved with the use of 
2-hydroxyphenyl esters. Prior to this, consider- 
able interest also existed in understanding the 
properties of polypeptides containing both L- 
and D-amino acids in different proportions. For 
example, as recently as 20 years ago, Downie et 
al.25 studied the variation of the molar rotation 
[m’lD with the ratio L/(L + D) in different sol- 
vents and concluded that PB(D,L)G may exist 
in a helical conformation. They also showed the 
helical sense to be right-handed for the polymer 
molecules with less than 30% of D-residues. 
Doty and LundbergZ6 reached the same conclu- 
sion from their calculations on the rotatory dis- 
persion of a right-handed a-helix of PB(D,L)G. 

Hydrodynamic ~ t u d i e s ~ ~ ~ * ~  of PB(D,L)G in 
N,N-dimethylformamide (DMF) revealed that 
the polymer could exhibit two forms, A and B 
(referred to as DL-A and DL-B), of identical mo- 
lecular weight which are characterized by dif- 
ferent intrinsic viscosities, as well as primary 
structures. The two forms have been obtained 
by the polymerization of the N-carboxyanhy- 
dride using aprotic initiators - form A in ben- 
zene and form B in dioxane or DMF. Form A 
has been found to be flexible in DMF and, in 
fact, has some helical structure in chloroform 
as shown by a transition in viscosity in mixed 
so1vents.28 On the other hand, form B is like a 
rigid rod in DMF with axial ratio proportional 
to mass and its behavior is very similar to the 
hydrodynamic behavior of PBLG.z7,z8 From 
stability measurements, it has been established 
that form B is not a mixture of PBLG and 
PBDG, which would otherwise form a trival ex- 
planation for these observations. These results 
have been confirmed by dielectric absorption 
studies and Kerr-effect measurements in ethyl- 
ene dichloride 

Detailed X-ray studies on the molecular con- 
formations of PB(D,L)G have been conducted 
by Tsuboi et alO3O They demonstrated that a fi- 
ber diagram of 50-50’70 PB(D,L)G with an av- 
erage degree of polymerization (DP) of 192 
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composition of the growing chain in D- and L- 
residues is random and, hence, there is no heli- 
cal conformation. However, as soon as a cer- 
tain number of residues (not less than four) of 
the same kind are incorporated in a sequence, 
a seed helix is formed whose handedness will be 
right for L and left for D. Once the seed helix 
is initiated, during the final stages of copoly- 
merization, it continues to grow by the predom- 
inant incorporation of one type of monomer 
units over the other. 

With this background, we shall now return 
to the structural investigations on PBDLG for 
which steric interactions were originally consid- 
ered to be less favorable for any conventional 
helical We shall describe, in what 
follows, the various experimental results avail- 
able on regular structures proposed for this pol- 
ymer. 

contains most of the strong reflections, but not 
some of the weak off-meridional reflections, 
characteristic of PBDG fibers. They also ob- 
served better crystallinity with higher molecular 
weight samples. Hence, they argue that in the 
PB(D,L)G fiber there are many fairly large crys- 
tallites, in addition to a less crystalline portion. 
Incidentally, this observation is similar to that 
reported later for the a-helical form of PBLG.31 

By monitoring the polarized infrared spectra 
of a wide variety of PB(D,L)G samples, Tsuboi 
et al.30 have confirmed that the samples are not 
just mixtures of PBLG and PBDG. Variation 
of the L/D ratio from 1:0 (i.e.y PBLG) to 
0.5:0.5 (Le., PB(D,L)G with equal proportion 
of L- and D-residues) in the copolymer has re- 
sulted mainly in two distinct types of spectral 
changes, A and B. Those of type A, which are 
concerned with relatively weak bands of un- 
known origin, occur soon after the fraction of 
D-amino acids is increased from zero; the other 
type, dealing with the amide I, 11, 111, and V 
bands characteristic of a-helix, occur when the 
fraction of D-monomers approaches 50%. 
Thus, based on the correlations between amide 
band frequency and conformation, the type B 
spectral changes have been associated with an 
increase in the disordered form or, conversely, 
a decrease in the a-helical form. Similarly, the 
spectral changes of type A have been inter- 
preted as a possible conversion of a “regular” 
a-helix corresponding to that of pure PBLG to 
a “perturbed” or “distorted” helix of right- 
handedness as the D-resihes are incorporated. 

by com- 
bining the X-ray and infrared results, that 
PB(D,L)G film consists of three parts, namely, 
a regular a-helical region, a perturbed helical 
region, and a disordered region. From an esti- 
mation of the fraction of amino acids in Gach 
fragment by measuring the infrared absorption 
intensities of certain bands undergoing spectral 
changes of type A (say 563 cm-’) or  type B (say 
613 cm-I), these authors30 have reported that 
the regular a-helical content decreases rapidly 
with the increase of D-residues. 

In order to rationalize these observations, 
Tsuboi et al.30 have proposed a model for the 
mechanism of polymerization, which is a mod- 
ifisation of that of Wada32 from dielectric dis- 
persion studies of PB(D,L)G in ethylene dichlor- 

e. At the beginning of polymerization, the 

It has, therefore, been 

B. cr,,-Helix 
1. ORD and CD Studies 

Heitz and SpachZ3 have conducted ORD and 
CD studies on PBDLG prepared using the ac- 
tive ester method. However, racemisation dur- 
ing polycondensation could not be prevented, 
which resulted in polymers with about 53% D- 
residues and 47% L-residues. Hence, it has been 
interpreted that the primary structure is essen- 
tially the repetition of a DL-sequence, but with 
some randomly distributed D-D defects. The op- 
tical rotation [aID obtained for PBDLG samples 
is high and negative in DMF and in helicogenic 
solvents such as chloroform, dioxane, and m- 
cresol. On the other hand, the A and B forms 
of random PB(D,L)G give values of [ @ I D  near 
zero. 

From a comparison of the calculated value 
of [m‘l, with that obtained by linear extrapola- 
tion by Downie et al.25 in DMF and m-cresol, 
Heitz and SpachZ3 have suggested the presence 
of a high proportion of the left-handed helical 
conformation in PB(D,L)G. This has been fur- 
ther substantiated by a fairly good agreement 
between the observed rotatory dispersion and 
the calculated curvez6 for a left-handed helix of 
PB(D,L)G. The Moffitt parameters a. and bo 
are -445 and 427 for the observed curve and 
-680 and 500 for the calculated. 

Taking a value of b, equal to zero as indica- 
tive of the absence of any helical structure and 
a value of + 600 for a fully left-handed a-heli- 
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TABLE 8 

DLG and PBEDG Samples in 

Dioxane CHCI, DMF Pyridine Benzene 

Sample [ 0 1 ~ ~ ~ ~ ~  bo falsq62s bo Ia15q62J bo la15q625 bo 6 0 3 ~ ~ ~ ~ ’  bo 

DL., I +19.0 -160 +24.2 -125 +10.0 -90 
ED,., I1 -15.8 +80 -25.0 +I35 -13.1 +I05 -31.2 +I40 -27.4 +I75 
LD,.,BII -15.4 + I 3 0  -24.8 +I80 -9.4 +I00 -24.1 + 130 
DL,, HV +31.0 
DL-7 -39.0 +400 

Adapted with permission from Heitz, F. and Spach, G.,Macrornolecules, 8 ,  740 ,1975. Copyright by the American 
Chemical Society. 

a s s u ~ ~ n ~  the abse 
cture, a value of + 

indicate the presence of a mixture of 50Q7~ left- 
anded helices and 

case of a ~ i x t u r e  
and the rest ~ ~ g h t - ~ a n ~ e ~ .  

specimen studied by Heitz and 
D,L)G polymer is at Beast par- 

tially helical and mostly left-handed. 
uch a suggestion is also s u ~ p ~ r t e ~  
s ~ e c t r u ~  of a sol~tion in chl~roforpn. 

CD § ~ e c t r u ~  is in a ~ r e e ~ e n t  with a ~ e ~ t - h ~ n d ~ d  

~ o ~ y ~ e r ~  This is more so as the optical rotation 
of DE,,, I, and its mirror images, LD,,, HI and 
LD,,, 111, are oppos~te in sign and of nearly the 
same order. The actual 
turn ~nd~ea te  that DL,,, 
r ~ ~ h ~ - h a n ~ e d  and LD,,, 

these results u n e ~ ~ i ~ o c a ~ ~ y  confirm 
e of helical structures f ~ r  the var- 

arise from an ex- 
o an excess of one 

helical sense 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



November 1978 143 

electron diffractograms. The patterns are 
suggestive of minor deviations from regular a- 
helical structure. The meridional reflectip at 
1.47 A and a streak on a layer line at  5.6 A are 
the prominent features. Thus, the aDr-helix'6 
consists of 3.8 residues per turn (n) and an axial 
rise 2f 1.47 A per residue (h) instead of 3.6 and 
1.5 A observed for the conventional a-helix. 
The interchain spacing corresponds to about 
15.2 A as measured from the X-ray or electron 
diffraction pattern. 

because there are 2n-2 interacting side chains as 
compared with 2n-4 in the other screw sense. In 
these interactions, the nearest neighbors in- 
volved are the Cp atoms of the nth L-residue 
and the (n-3)th D-residue in the right-handed 
helix or the (n+ 3)th D-residue in the other hel- 
ical sense. 

a. Infrared Spectra 
Heitz et a1.I6 have obtained infrared spectra 

for films of PBDLG synthesized by the racem- 
isation-free technique. The spectra show char- 
acteristic bands at  3290 cm-' (amide A), 1664 
cm-' (amide I), and 1550 cm-' (amide 11). The 
infrared dichroism is also the same as that ex- 
pected for the a-helical conformation. 

Heitz and Spach3, also have recorded the 
spectra of this polymer in helicogenic solvents 
such as dioxane. The characteristic bands (Ta- 
ble 9) in dioxane are very similar to those ob- 
served in the solid state. The bands observed 
for PBLG and for the random forms DL-A and 
DL-B are also listed in Table 9 for comparison. 
The amide 1 band for PBDLG occurs at a 
slightly higher wave number than that found in 
PBLG and is almost the same as that found for 
random PB(D,L)G. The amide I1 band position 
corroborates the existence of an a-helix as no 
absorption at  1535 cm-I, characteristic of a ran- 
dom is found. 

b. X-ray and Electron Diffraction 
From moderately oriented films of pure sam- 

ples of PBDLG of molecular weight 30,000 or 
higher, Heitz et a1.I6 have recorded X-ray and 

TABLE 9 

Infrared Characteristics (cm-*) of Various Poly(pbenzy1 
glutamate) Samples in Dioxane and in the Solid State 

Sample Amide I Amide I1 

PBLG 1652 1545 
DL A and B 1660- 1662 1550 
DL-7 1660 1554 
PBDLG a-helical 1665 1552 
PBDLG a-helical (solid state) 1664 1550 
PBDLG LD,-helical 1648 1548 
FBDLG LD,-helical (solid 1645 1540 
vale) 

Adapted with permission from Heitz, F. and Spach, C., 
Macromolecules, 8, 740, 1975. Copyright by the American 
Chemical Society. 

c. NMR Spectra 
The existence of a-helical structures in both 

the statistical and alternating copolymers has 
been demonstrated from 100-MHz NMR spec- 
tra36 and confirmed in great detail using high- 
resolution NMR studies at  270 MHz.,' 

In recent years, it has been well established 
that the a-CH and NH protons of polypeptides 
undergo significant and characteristic down- 
field and upfield shifts, respectively, when tran- 
sition occurs from a-helix to a random c0i138-41 
and that in organic solvents the helix and coil 
exhibit separate resonances for these protons in 
the transition region.36 Bovey et al.36 have em- 
ployed this technique to examine the confor- 
mations of three samples - DL-7, which is 
PB(D,L)G containing D- and L-residues in the 
ratio 53:47, DL-A, and DL-B(vide supra). The 
100-MHz spectra recorded in CDCl, are all 
found to be indistinguishable, for these samples 
within the probable experimental error. These 
authors have also observed that the positions of 
the two a-CH and the two NH peaks in CDC13 
and subsequent changes in their positions and 
intensities due to the addition of TFA (a strong 
helix-breaker) are very similar to the behavior 
of helical poly(y-benzyl-L-glutamate) in similar 
solvents. Thus, it has been concluded36 that 
PB(D,L)G is capable of forming a-helical struc- 
tures in CDCl,. 

Paolillo et aL4* reached the same conclusion, 
but they observed in the a-CH region an unu- 
sual secondary peak at  3.65 ppm. This has not 
been clearly assigned but seems to be related to 
the increase of D-residue amount in a right- 
handed L-polymer helix. These authors sus- 
pected that this peak is due to some distortion 
of the regular a-helices. 

Heitz et al.,' could resolve the ambiguities 
with the use of copolymers prepared by the ra- 
cemisation-free technique and of the high-reso- 
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lution 270-MHz NMR spectrometer. They ob- 
tained the spectra of several samples of PBDLG 
and PB(D,L)G in chloroform, dioxane, and di- 
methyl formamide. The chemical shifts of the 
NH and a-CH protons at room temperature in 
CDCL/O.S% TFA which they reported are 
listed in Table 10 and the spectra are compared 
in Figure 6. The spectrum of DL-A with its a- 
CH main peak at 3.94 ppm is very similar to 
that of PBLG but with considerable differences 
in the side-chain spectrum. This is attributed to 
some conformational heterogeneity in DL-A im- 
plying that the polymer is composed of rigid 
helical blocks linked by more flexible parts, as 
in the block model proposed earlier.27 The sec- 
ondary peak at 3.65 ppm, originally reported 
for P B ( D , L ) G , ~ ~  is also observed for LD 80/20 
with a spectrum resembling that of PB(D,L)G. 

CRC Critical Reviews in Biochemistry 

TABLE 10 

Chemical Shifts of the NH and a-CH Protons of Various 
Poly(y-benzyl glutamate) Samples in CDCl,/0.5% TFA 

Chemical shifts d (ppm) 

Samples N H  0-CH 

PBLG 8.23 3.92 
DL-A 8.1 3.94 
LD 80/20 8.25 3.91 + 3.66 
LDL 8.71 + 8.31 
DL-7 8.50 3.92 + 3.83 + 3.655 
LD I1 8.56 3.82 + 3.655 
LD,., 111 8.56 3.82 + 3.655 

3.91 + 3.83 + 3.70 

Reprinted with permission from Weitz, F., Cary, P. D., and 
Crane-Robinson, C. ,  Macromolecules, 8, 745, 1975. Co- 
pyright by the American Chemical Society. 

PBLG 

FIGURE 6. 270-MHz NMR spectra of several samples of PB(D.L)G at 18OC in 
CDCI3/0.5% TFA. (Reprinted with permission from Heitz, F., Cary, P. D., and 
Crane-Robinson, C . ,  Macromolecules, 8, 745, 1975. Copyright by the American 
Chemical Society.) 
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As the primary sequence in LD 80120 is (L,-D,- 
L ~ )  so that (n i- p):m is 80:20, the secondary 
peak at 3.65 ppm is said to have its origin in 
the introduction of D-residues into an ~-poly- 
mer (or vice versa). 

An interpretation of the peak at 3.65 ppm 
does not follow immediately from a measure- 
ment of the relative intensities of the two a-CH 
peaks at 3.95 and 3.65 ppm, as this ratio is the 
same in LD 80/20 and the 52/48 sample of Paol- 
ill0 et aL4’ The analysis of the distribution of 
peaks and their intensities in the other four pe- 
riodic copolymers in Table 10 provides a more 
exact explanation to the origin of the 3.65-ppm 
peak.,’ The intensity of this peak (Figure 6) 
gradually increases for LDL (the repeating se- 
quence is L-D-L), DL-7, and LD,,, in that order 
as D- (or L-) residues are introduced up to 50% 
into a chain initially formed by L- (or D-) resi- 
dues. This behavior suggests that this peak 
arises due to the introduction of D- (or L-) resi- 
dues into an L- (or D-) chain while the confor- 
mation remains helical. 

It is thus obvious that although the 3.65 ppm 
is absent in PBLG, its intensity gradually in- 
creases as the amount of regularly alternating 
sequences increases until, in LD,,, 111, it consti- 
tutes half the total a-CH area. As both right- 
and left-handed helices are present for this pol- 
ymer,,, Heitz et al.” have proposed that the 
3.65-ppm peak must be due to the combined ef- 
fect of D-residues on right-handed helices and 
L-residues on left-handed helices (i.e., on the 
“wrong sense”). Similarly, the 3.83 ppm, 
which corresponds to 3.95 ppm in PBLG, must 
be due to L-residues on right-handed helices 
and D-residues on left-handed helices (i.e., on 
the “correct sense”). On the basis of these pro- 
posals, these authors have explained all the ob- 
served features in the spectra of the various 
samples. They have also confirmed the earlier 
s u g g e ~ t ~ o ~ s ~ ~  that PB(D,L)G essentially takes up 
a-helical structure in CDC13/0.5% TFA. 

eitz et a1.j’ have also suggested that multi- 
ple a-CH peaks would be present in the NMR 
spectra of D,L-copolymers since the environ- 
ments of a-CH groups of L- and D-residues are 

6 - t  the same in right- or left-handed a-helical 
tion. For example, in the right- 
odel, the D-residue has its a-CH close 

to two NH groups, while it is close to two CO 
s in the L-residue. As an alternative sug- 

gestion, different side chain, rather than main 
chain, conformations are implicated to explain 
the observed chemical shifts. Since the basis of 
the a-CH chemical shifts has not yet been deter- 
mined unequivocally, Heitz et aL3’ have con- 
cluded that the probable distortions in the a- 
helical conformation cannot be established 
from NMR spectra. 

C .  nnz-Helix and aDz-nDz Transition 
The existence of an LD3-helix for PBDLG has 

been shown experimentally both in the solid 
statea6 and in ~ o I u t i o n . ~ ~ * ~ ~  The helix is also de- 
noted as the ~ ~ ~ ~ - h e l i x ,  where the superscript 
defines approximately the number of peptide 
units per turn, or, in short, is denoted as the 
n,,-helix. Although three different types of 
LDk-helices have been predicted to be possible 
from conformational analysis,6 PBDLG is 
found to exist only as an LD,-helix. 

1. X-ray and Electron Diffraction 
X-ray patterns from fibers of a-helical 

PBDLG, heated to 120°C under vacuum and 
cooled to room temperature, indicate an expan- 
sion of the hexagonal lattice from the a-helical 
value of a = 15.2 to 17.0 A and $strong meri- 
dional reflection of spacing 2.33 A.16 The elec- 
tron diffractograms are also quite similar and 
exhibit several other meridional and near-meri- 
dional reflections. Analysis of the diffracto- 
grams yields the helical parameters, n = 2.2 di- 
peptide units and h = 2.33 A. These are 
consistent with the LD,-helix (Table 3) and not 
with any of the well-known single helices com- 
posed of only L- (or D-) residues. 

2. Infrared Spectra 
Infrared spectrai6 of oriented samples, the 

same as those used in X-ray analysis, are shown 
in Figure 7. The corresponding spectrum of the 
a-helical form is also shown for comparison. It 
may be seen that the dichroic effects for the 
amide A and amide I bonds are similar to those 
of the a-helix, whereas the amide I1 band shows 
almost no dichroism. 

As is evident from the LD3 (or nDL) model, the 
two peptide units of the LD-repeat do not have 
the same orientation relative to the helical axis. 
Consequently, from the atomic coordinates of 
this model and the directions of the transition 
moments of the peptide units the re- 
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2 W 

3 500 3000 ' IROO 1600 1400 

FIGURE 7. Polarized infrared spectra of PBDLG. Upper spectrum corresponds 
to ao,-helical structure and lower spectrum to LD,-helix. Continuous line represents 
the spectrum For electric vector parallel to the direction of stroking, and the dashed 
line represents the electric vector perpendicular to the direction of stroking. (From 
Neitz, F., Lotz, B., and Spach, G., J .  Mol. B i d ,  92, 1 ,  1975. With permission.) 

sultant dichroic ratio for the amide I1 band is 
expected to be very small (D(I/DI = 1.6) for a 
perfectly oriented sample and smaller still when 
considering disorder in the fiber axis direc- 
tions.I6 The observed value of unity (Figure 7) 

n,,-helix. On the other hand, the dichroic ratios 
Dll/DI for amide A and amide H bands are of 
the order of 14, but the expe~~menta~ values are 
much lower due to the distr~but~on of orienta- 
tions in the sample0l6 

vents such as d~oxane has been den~ons t r a t ed~~~  
As the solution is heated from 
positions of the amide I and HI 
frared spectrum at 95°C resemble those ob- 

a ~ r e e ~ e ~ t  with that expecte 

The existence of n,,-helix for P 

e solid state (Figure 7) for 
elical conformatio~. Since 

cessive carbonyl (or W H )  groups in the LDt-he- 
irections (Figure 
polymer in this 

conformation should be quite low, and from 
dipole moment measurements in solution this is 
shown to be true.33 

3. ORD and CD Studies 
eitz and have reported that both 

D and the CD are modified (Figures 8 
and 9) as the a-helical sample LD,,, HI undergoes 
transconformation to the nDL form due to heat 
 rea at men^. The transition not only causes a 
change of sign of the CD, but also shifts the 
extremum corresponding to the peptide n-n* 
transition from 222 to 227 nm. These two fea- 
tures indicate the presence of dissymmetry in 
the nD,-helix, as in the a-helix. 

The origin s f  optical activity in the n,,-helix 
has been att~ibuted, probably, to a favored hel- 
ical sense which should arise mainly from the 
number of ~ ~ d r o g e n  bonds formed in one heli- 

the In a sample Q 9 

e W-t~rminal residue has 
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0 

-23- 

- 5 0 -  

- 9 5 -  

1 1 1 -~ 

30C 3 30 400 450 500 Xnm 

FIGURE 8. Optical rotatory dispersion curves of PBLDC (sample LD,., 11) in dioxane (concen- 
tration 0.5Vo) at 25, 70, and 90°C. (Reprinted with permission from Heitz, F. and Spach, G .  
Macromolecules, 8,740, 1975. Copyright by the American Chemical Society.) 

+ 0.5 

0 

0.5 

22'C q 

91°C 

1 1 I 1 I 

22Q 240 A nm 

FIGURE 9. Temperature effect on the CD spectra of PBLDG (sample LD,., 11) in 
dioxane (concentration 0.03%). 6 in deg cm2 dmol-'. (Reprinted with permission 
from Heitz, F. and Spach, G., Macromolecules, 8, 740, 1975. Copyright by the 
American Chemical Society.) 
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figuration, the left-handed n,-helix can have 
2n-3 hydrogen bonds including the terminal 
NH2 and COOH groups, whereas it can have 
only 2n-5 for the right-handed helix. Hence, 
there is preference for the former. 

CRC Critical Reviews in Biochemistry 

4. NMR Spectra 
Heitz et al.37 have monitored the a D L - n D L  

transition by heating LD,,, I1 and LD,,, I11 sam- 
ples from 18 to 86°C and recording the proton 
spectra in dioxane at 270 MHz. Both samples 
exhibit a new peak at 4.45 ppm, the former 
sample in the entire temperature range, while 
the latter only at the highest temperature. For 
the LD,,, I1 sample, the area of this peak is 
found to increase with temperature, thereby in- 
dicating a corresponding increase in the propor- 
tion of the n,,-helix. No such peak has, how- 
ever, been observed for the PBLG sample either 
at 18 or at 86°C as it does not take up the 
form. 

The addition of TFA to dioxane results in a 
decrease in the area of the peak at 4.45 ppm 
and also a simultaneous increase in the a-CH 
peak at 3.8 ppm, which is characteristic only of 
a helical structure. Hence, it follows that the 
4.45-ppm peak is not due to the formation of a 
random coil but to a novel helix, which is pos- 
sible only with a polymer with strictly alternat- 
ing L- and D-residues, such as the nD,-heliX. 
Whereas the a-CH protons lie alternately be- 
tween two CQ bonds and two NH bonds in the 
@,-helix, they are always positioned between 
an adjacent NH and CQ bonds in the nD,-heliX. 
This difference in environment is probably re- 
sponsible for the occurrence of the 4.45-ppm 
peak.j7 

It is remarkable that the aD, to nDL transcon- 
formation takes place even in the solid state, 
which involves a transition between two basi- 
cally different patterns of hydrogen bonding. 
In contrast to the 13-member hydrogen-bonded 
ring system in the a,,-helix, there are alter- 
nately 14- and 16-member hydrogen-bonded 
ring systems in the nD,-heliX and, hence, all the 
hydrogen bonds are ruptured during the transi- 
tion effected by heat treatment. In this process, 
there is almost 180" rotation around the axis 
defined by the a-carbon atoms of every other 
peptide unit in the aor-helix. In turn, the overall 
conformation at every a-carbon atom is altered 
from the original a-helical to alternating /3+ and 
/3- conformations (the + and - corresponding 

to L- and D-residues in their respective /%re- 
gions) as required by the chemical sequence. 
During this conversion, the helical sense re- 
mains unaltered. The transformation may be- 
gin at one end of the helix and then gradually 
move on along the chain.86 The conversion will, 
however, be inhibited due to steric hindrance 
arising, for example, from a succession of two 
or more residues of the same configuration. 

D. o,,-HeliX 
When casting solutions of PBDLG, for ex- 

ample, in dioxane, or dimethyl formamide, that 
contains a small amount of water, Weitz et a1.I6 
have always obtained only unoriented films. 
The infrared spectrum of these films differs 
from those of aDL- or nD,-helices. It is charac- 
terized by an amide A band at 3290 cm-I with 
a satellite at 3350 cm-I; the amide I and 11 bands 
are at 1676 and 1532 cm-', respectively. This 
spectrum closely resembles that of the o-form 
of poly(/J-benzyl-~-aspartate).~~~~~ 

Also, the electron diffraction pattern16 ex- 
hibits a hexagonal symmetry with a spacing of 
13.6 A, which is different from, and actually 
intermediate between, thfse observed with say-  
ples in the aD,-(13.2 A) and nD,-(14.75 A) 
forms, as may be expected for an w,,-helix. 
The pattern is consistent yith an axial rise per 
residue of 1.32 to 1.37 A, which is again in 
agreement with an o-helical structure. 

E. Double Helices 
On the basis of very recent X-ray, electron 

diffraction, and infrared studies, Heitz et al.46 
and Lotz et al.I7 have obtained evidence to pro- 
pose that, in addition to @,- and nDL-struc- 
tures, several double-helical structures (origi- 
nally postulated for gramicidin A)l* are equally 
possible for PBDLG. Analogous to Urry's no- 
menclat~re ,~ Lotz et al." have designated the 
double helices as nnnD,, where n is the number 
of amino acid residues per turn in each helical 
chain. 

1 .  A, or P3 Double Helix 
After heating an oriented sample of PBDLG, 

initially present either in aoL- or LD3(I14'4~~)- 
modification, to 220°C, Lotz et al.17 could pro- 
duce a new diffraction pattern. The equatorial 
reflectio2s indicate a hexagonal lattice wjth a 
= 18.2 A as compared to 15.2 and 17.0 A for 
the aDL- and LD3-structures, respectively. Also, 
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~ A4 OR P4 @r&22) 

METHYLENE 
D I  C I M R I  DE 

l3O.C 220Y DISSOLUTION AND 
RECASTING FROM XUA LD3 A3 OR PJ 

w & 4  1 m;f) 
COLLI DINE 

10.8) 
'6 olnDL 

FIGURE 10. 
B. ,  Colonna-Cesari, F . ,  Heitz, F . ,  and Spach, G., J .  Mol. B i d .  106,915, 1976. With permission.) 

Experimental conditions used to obtain the various crystalline modifications of PBDLG. (From Lotz, 

the axial rise per repeating dipeptide unit is 4.02 
A in the new form, as compared to  2.97 and 
2.33 A in a D L -  and L~~-hel ices .  The correspond- 
ing first-layer line spacings, linked to  the pitch 
of the helix, are 5.63, 5.6, and 5.12 A. 

The infrared spectrum of this new form 
closely resembles those of conventional /3-struc- 
t u r e ~ . ~ ~  The band observed at  1630 cm-I and a 
shoulder at 1690 cm-' are typical of the two 
components of the amide I band of intramole- 
cularly hydrogen-bonded pleated sheet struc- 
tures. Based on these details, the pattern has 
been identified with a double helical s t ru~ tu re , ' ~  
in which each strand has 5.6 residues per turn, 
designated as nn56DL. This double helix is the 
same as either A3 or P,," the features of which 
were described in Section 11. 

Lotz et a1." have suggested that both antipar- 
allel and parallel double helices are possible 
structures for nn5 6 D L .  The Fourier transforms 
calculated by them for both models are in good 
agreement with the observed intensity data. 
However, these authors prefer the antiparallel 
model, since it is in accordance with the pres- 
ence of a shoulder at 1690 cm-I in the infrared 
spectrum, which is usually associated with an- 
tiparallel arrangement of 

2. A, (or P4), As, and A, Double Helices 
These three double helices are derived mainly 

from the A3- (or P3-) form, always by implying 
an organic solvent, either by exposure to it or 
its vapors or by dissolution and recasting. A 
schematic representation of the experimental 
conditions to obtain the various crystal- 
line modifications of PBDLG is shown in Fig- 
ure 10. The different double helical forms in so- 

lution cannot be solely distinguished from their 
respective infrared spectra since they are almost 
identical. On the other hand, by casting these 
solutions into films in the solid state, they can 
be individually characterized by X-ray and elec- 
tron diffraction analy~es. '~  The details are 
given below. 

When PBDLG in the A3 or P3 helical form is 
dissolved and recast in dichloromethylene, the 
new structure produces an X-ray diffractogra? 
suggestive of a hexagons! cell with a = 22.6 A 
and an axial rise of 2.94 A per dipeptide repeat- 
ing unit, corresponding to the double helix A4 
or P4, designated as nn7 2DL-helix. 

Starting with the same A, or P, form dis- 
solved in chloroform or dioxane leads to an en- 
larged hexagonal unit cell with a = 24.7 A. An- 
other modification also exists with an improved 
and oriented sapple yielding *a monoclinic cell 
with a = 25.3 A, b = 24.4 A, and y = 117". 
The spacings provide a lower axial rise of 2.25 
A, which is consistent with the double helix As 
or the so-called nn9 ODL-helix. 

However, diffraction patterns from single 
crystals obtained by controlled evaporation of 
PBDLG in collidine (Figure 10) provideo a still 
enlarged monoclinic cell with a = 26.4 A, b = 
25.6 A, and y = 118'. The axial rise per gipep- 
tide is the lowest, approximately 1.87 A, the 
same as that for As or the nn'0.8DL-helix. 

Lotz et aI.l7 have proposed both antiparallel 
and parallel models, the same as Aq and Pa,'' 
for T[?T7'2DL, but preferred A4 due to steric rea- 
sons. Their choice is in complete agreement 
with the results of Venkataram Prasad and 
Chandrasekaran,20 which were summarized in 
the previous section. The remaining two dou- 
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ble-helical models, according to Lotz et a1.,I7 
are again consistent only with antiparallel struc- 
tures since parallel models are impossiblez0 to 
construct for these cases. 

The conformational features and atomic co- 
ordinates of the various double helical struc- 
t u r e ~ ' ~  are very similar to those describedz0 in 
the previous section. The progressive increase 
in the helical diameter and the related decrease 
in the axial rise per repeat in the family of dou- 
ble helices seem to be quite compatible with the 
size of the solvent molecules appropriate for 
each kind. 

To a first approximation, Lotz et aI.l7 have 
used the system poly@L-Ala) in the Fourier 
transform calculations and found reasonable 
agreement with the observed intensity distribu- 
tion. The rather poor quality of the patterns has 
enabled them to learn very little about the reg- 
ularity of the side-chain conformations in 
PBDLG. Similarly, although the solvent mole- 
cules appear to complex with these double hel- 
ices (inferred from the correlation between the 
solvent size and modification of the helical 
form), a paucity of data has led to no details 
regarding the location of solvent molecules and 
their interactions with the polymer itself. On 
the basis of the solvent-polymer composite 
structure, Lotz et aLL7 have also predicted that 
one of the structures observed by Ascoli et al.48 
for poly(L-Ala-Q-Val) might be a f t f t 9 .ODL-  (or 
As-) helical structure. 

CRC Critical Reviews in Biochemistry 

3. Transconformations o f  PBDLG 
Lotz et a1.I7 have described the various pos- 

sible transconformations which they have hith- 
erto observed using appropriate experimental 
conditions. They also caution that failure to ob- 
serve others might be due to the fact that the 
right experimental conditions have not yet been 
found. 

The transition from the single helix aDL to the 
double helix A, or P3 is generally achieved via 
the intermediate LD3. The a D r - ~ &  transition is 
accomplished by heating the sample in the solid 
state or in solution from room temperature to 
about 130°C. Further heating to 240°C (Figure 
10) leads to the double helix A3 (or P3). In order 
to obtain the other three double helices (A4, AS, 
and As) from A3, the appropriate solvent mol- 
ecules indicated in Figure 10 must be used. The 
conversion within the double helix family is 

also possible in solution. On the other hand, the 
reverse conversion from double to single helix 
is generally not observed in the solid state; such 
a change in solution is, however, possible with 
the use of random-coil-promoting solvents such 
as TFA.17 

IV. STRUCTURAL STUDIES ON 
CRAMICIDIN A 

The primary structure of the polypeptide an- 
tibiotic gramicidin A, given in the first section, 
was originally elucidated by Sarges and Witkop 
in 1965.49.50 Gramkidins B and C are structural 
analogues of gramicidin A. The forms A, B, 
and C are distinguished by the presence of L- 
Trp, L-Phe, and L-Tyr in the 11th position. 
Gramicidin A constitutes the major component 
of the antibiotic synthesized by the bacteria. 

The influence of gramicidins on biological 
membranes has been thoroughly studied .51-56 

Among the membranes investigated are those 
of mitochondria, erythrocytes, and electroplax, 
and in each case it is concluded that gramicidin 
produces a passive permeability of the mem- 
branes to alkali metal ions. Also, it is found 
that gramicidins produce permeability to alkali 
metal ions in lipid bilayers as we11.57-59 Thus, in 
both natural and artificial membranes gramici- 
din has effects somewhat similar to those of 
smaller cyclic antibiotics such as nonactin and 
valinomycin. 

A. Transport Mechanisms 
Two mechanisms have been proposed for the 

selective transport of ions across lipid layer 
membranes of antibiotics. In the carrier mech- 
anism, the ion is sequestered by the antibiotic, 
and the resulting complex diffuses through the 
hydrophobic interior of the membrane. The 
second mechanism involves the formation of 
channels through the membrane which in turn 
provide pathways for the ion transport. It is 
generally agreed that nonactin and valinomy- 
cin60.61 are carriers, while gramicidin, nyastin, 
and alamethicin form transmembrane chan- 
nek6 '  

The general agreement seems reasonable in 
view of the fact that gramicidin A is a linear 
molecule, capable of forming many internal hy- 
drogen bonds, and also in terms of its solubility 
properties in aqueous and hydrocarbon phases. 
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the molecular weight is found to be consistently 
near the monomer value. It may, therefore, be 
expected that in less polar solvents such as lip- 
ids, the proportion of dimer will be apprecia- 
ble. 

Whereas nonactin and valinomycin are soluble 
in both these media, gramicidin is not. There- 
fore, the gramicidin molecules can easily get lo- 
calized and aggregated in a suitable way to 
form transmembrane channels. Further evi- 
dence is obtained from conductance measure- 
ments on gramicidin A-mediated ion flux 
across lipid bilayer membranes which show 
steps of uniform height; this suggests that chan- 
nels are formed and that each channel consti- 
tutes a specific conductance which tends to- 
wards space charge saturation with increasing 
electrolyte concentration. 6z 

By studying the dependence of single-channel 
parameters on membrane thickness and com- 
position, Hladky and Haydorf3 have discov- 
ered that single-channel conductance remains 
almost the same regardless of the type of mem- 
brane used over a wide range of thicknesses and 
compositions. This evidence, supported by the 
measured value of diffusion coefficient for K’ 
ions through the channel, has enabled these au- 
thors to conclude that gramicidin forms a pore 
through the membrane. This pore must possess 
a fixed structure independent of the membrane 
in which it is situated; for example, if the mem- 
brane is thicker than the length of the pore, it 
must presumably thin down locally or “dim- 
ple” when the conductance channel is 
formed.64 From the hydrocarbon thickness of 
the membranes employed in these studies, 
Hladky and H a y d ~ n ~ ~  have estimated the 
length of the pore to be less than 35 A. 

It has been argued by some a u t h o r ~ , ~ ~ . ~ ~  on 
the basis of the relationship between the mem- 
brane conductance and gramicidin concentra- 
tion, that two molecules are required to  form 
the conducting channel. The molecular weight 
data49 for gramicidin A in several organic sol- 
vents suggest that the nature of aggregation is 
entirely solvent dependent and yet clearly indi- 
cate that the dimer is indeed the effective spe- 
cies in gramicidin-mediated ion transport 
across a lipid bilayer. For example, in less polar 
solvents such as dioxane and ethyl acetate, 
gramicidin attains a molecular weight which ap- 
proaches the dimer value even at  low concentra- 
tions. However, in anhydrous aliphatic alco- 
hols, the proportion of monomers is higher.67 
Still, the dimer species is favored for increasing 
the size of solvent alkyl groups. Over a wide 
concentration range in the highly polar TFE, 

B. Confornational Aspects 
Knowledge of the molecular conformation of 

gramicidin will be ‘immensely helpful in under- 
standing its pharmacological, transport, and 
physical properties. Considerable work has 
been done in this direction, and a number of 
models have been reported in the literature. The 
very first proposal was by Sarges and W i t ~ o p ~ ~  
as early as in 1965; they suggested a p-structure 
for gramicidin, purely on the basis of IR evi- 
dence. In this model, two molecules are cycli- 
cally joined head to tail (formyl end to hydroxyl 
end). Features such as steric hindrances be- 
tween bulky side chains and presence of three 
cis peptide bonds per molecule led to a rejection 
of this model. 

In order to explain the functional aspects of 
this antibiotic, on the basis of helix radius and 
total length for fifteen residues, Urry’ elimi- 
nated many of the conventional structures such 
as the a- and 3 ~ h e l i x  as plausible models for 
gramicidin. Instead, he has proposed structures 
such as the L D ~ -  or XLD-heliCeS, also called the 
f i -he l ice~ ,~~ originally formulated in detail by 
Ramachandran and Chandrasekarad and de- 
scribed in Section 11. These LD-helices fulfill the 
requirements of channel formation when two 
of them are coaxially joined head-to-head or 
tail-to-tail or head-to-tail by means of NH-  * -0 
hydrogen bonds. Urry et a1.68 have suggested 
that the gramicidin channel consists of two 
molecules, each having a lipophilic, left- 
handed, LDk-helix, coupled at the formyl ends, 
i.e., joined head to head. Of the two models 
considered,68 namely n4L.0- and rPLo-helices (LDJ 
and L D ~ ) ,  the former has a radius much smaller 
than the radii of some of the ions which are 
readily conducted by gramicidin, as well as a 
total length for the head to head dimer too long 
(about 40 A) to span the lipid bilayer. However, 
the n6LD-helix (LD4) possesses the correct dimen- 
sions (see Table 3) so that the resulting channel 
can account for the passage of various cations 
with the aid of local ion-induced conforma- 
tional fluctuations. These fluctuations result in 
the relaxation of the helical coordinates in 
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which the peptide C=O moieties librate such 
that the oxygen atoms move towards the helical 
axis. The channel then becomes lined with neg- 
ative dipoles as the peptide oxygens satisfy co- 
ordination requirements of the cation while it 
is in the channel. Thus, ion selectivity is pro- 
vided by the size of the channel and by the 
amount of deformation energy involved in the 
peptide libration. If this is true, greater selectiv- 
ity and activation energy for the diffusion of 
ions might be expected. 

CRC Critical Reviews in Biochemistry 

C .  Experimental Studies 
In order to formulate suitable models for the 

s t r u c t u r e  of  g ramic id in  A ,  severa l  
groupsiz.67.7n.7i have examined its conforma- 
tionally related properties through several ex- 
periments involving techniques such as UV, 
ORD, IR, and NMR. Urry et aL7" and Glickson 
et a1.7' sought evidence for n,,-helices for gram- 
icidin A in solution. Although some of these 
observations have been interp~-eted~".~'  to be in- 
dicative of the existence of nLD-helices, alternate 
interpretations have been advanced. Scruti- 
nizing the facts obtained from systematic exper- 
imental studies, Blout and his group'* have pro- 
posed novel double helices for gramicidin A. 
An account of these studies follows. 

I .  Single Helical Models 
UV absorption studies7" have been carried 

out on hydrogenated gramicidin in which the 
interference due to the tryptophan chrornop- 
hores is eliminated. The spectra show marked 
hypochromism in TFE and to a lesser extent in 
dioxane. The observed peptide band at  190 nm 
is an expected feature either for the intramole- 
cularly hydrogen-bonded helical structures or 
for more extended and intra- or intermolecu- 
larly hydrogen-bonded /3-structures. The ab- 
sorption data on the hydrogenated sample are, 
however, interpreted by Urry et aL70 as an in- 
dication of helix formation. However, this en- 
hanced helix formation in polar solvents such 
as TFE on hydrogenation of aromatic residues 
cannot be ruled out6' when it pertains to the 
conformation of natural gramicidin. In other 
words, the helix formation may be a feature of 
hydrogenated gramicidin in TFE, but it may 
not be the case for unhydrogenated gramicidin. 

The solvent effects on the CD spectra of 
gramicidin A6'.'0 are shown in Figure 11. The 

spectrum in anhydrous n-propanol (Figure 
11A, Curve 11, which is concentration inde- 
pendent, shows intense bands centered at  about 
230 and 195 nm with [el,, values of about -1.6 
x lo4 and + 3.9 x lo4, respectively. This pattern 
bears considerable similarity both in sign and 
magnitude to the spectra of model homopoly- 
mers in the /3 -~0nfo r rna t ion .~~ .~~  Moreover, the 
positive bands in the aromatic region (255 to 
3 10 nm) in the spectrum indicate a largely struc- 
tured form. The complexity of the negative CD 
bands may be due to the tryptophan residues in 
this ordered  onf formation.^^ 

In a more polar solvent as TFE, the spectrum 
of hydrogenated gramicidin shows two positive 
extrema at  224 and 212 nm and a negative ex- 
tremum at 194 nrn, which is somewhat red- 
shifted from the a-helix positions of 222, 208, 
and 190 to 192 nm.7n Consequently, these fea- 
tures are interpreted as characteristic of left- 
handed However, Isbell et al.67 have 
reported that the CD spectrum recorded in pro- 
panol reduces progressively by the addition of 
water (Curves 2 and 3) and the final spectrum 
resembles that in TFE (Curve 4) and is very sim- 
ilar to that obtained for N-acetyl-Trp-amide in 
band location, sign, and magnitude. Hence, 
they argue that in anhydrous n-propanol, the 
spectrum is indicative of an ordered structure 
and the residual dichroism observed at  limiting 
water content arises completely from the con- 
tributions by intrinsic tryptophan residues 
rather than from the conformation of the back- 
bone as interpreted by Urry et al.7" On this ba- 
sis, the CD spectrum in TFE should reflect the 
unstructured form of gramicidin A. 

On the other hand, the behavior of gramici- 
din A in anhydrous dioxane (Figure 11B) is ex- 
tremely concentration dependent. At low con- 
centration, the CD spectrum (Curve 3) is 
remarkably similar to that observed in pro- 
panol (Figure 11A). At very high concentra- 
tions, the spectrum is inverted (Curve 1). This 
is very similar to the spectrum recorded for 
poly-L-Trp c h r o m o p h o r e ~ . ~ ~  At intermediate 
concentration, the spectrum (Curve 2)  appears 
to be an average of those at  low and high con- 
centrations. According to Isbell et al. ,67 Curves 
1 and 3 of Figure 11B are probably indications 
of two extremes of conformational equilib- 
rium. If that were the case, Curve 2 could easily 
be matched by adding approximately equal 
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A 

FIGURE 1 1 .  Circular dichroism of gramicidin A at 22°C. (A) in different solvents: 
(1) n-propanol, 1.0 mg/ml; (2) 95% v/v n-propanol:water, 0.94 mg/ml; (3) 75% v/v 
n-propanol:water, 0.75 mg/ml; (4) TFE, 1.12 mg/ml. (B) in anhydrous dioxane at dif- 
ferent concentrations. (1) 4.86 mg/ml; (2) 1.16 mg/ml; (3) 0.8 mg/ml. (From Isbell, 
B. E., Rice-Evans, C.,  and Beaven, G. H. FEBSLett., 25, 192, 1972. With permission.) 

contributions of the two extreme forms. Even 
at  lower concentrations, as already mentioned, 
from molecular weight data,67 gramicidin A ex- 
ists in dimer form. Hence, the concentration 
dependence of the CD spectrum in dioxane ap- 
pears to be related to the dimerization. 

The formation of dimer species of gramicidin 
A at higher concentrations in dioxane is also 
supported by concentration-dependent IR spec- 
t r ~ m . ~ ~  The decrease in the relative intensity of 
the 1650 cm-' band and the simultaneous in- 
crease in that of the 1630 cm-' band with in- 
creasing concentration are again suggestive of 
the formation of dimer species. Since the spec- 
tra characterized by a strong 1630 cm-' band 
and a resolved 1680 cm-' band with a shoulder 
at  1650 cm-I are generally accepted to be indic- 

ative of an antiparallel / j-struct~re, '~ Isbell et 
al.67 have proposed a /3-structure to the dimer 
species. Although the broad amide I1 transition 
at  1545 cm-' could be used in favor of an a- 
helical structure, the evident complexity and 
possible solvent effects make the assignment of 
the 1545 cm-' band rather vague.67 

Glickson et al.71 have carried out NMR stud- 
ies (220 MHz) to obtain evidence for the no- 
helical conformation of gramicidin A. Any 
conclusion from these studies depends upon the 
accuracy with which the assignment of the 
peaks can be made. Due to the complex nature 
of the gramicidin A spectra in DMSO, only one 
fourth of the possible N H  peaks have been 
uniquely identified and the corresponding 
NH-CH coupling constants determined.71 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



154 CRC Critical Reviews in Biochemistry 

From these values, the conformational angles 
(+I about N-C* bonds have been estimated by 
using the empirical  relationship^^^ between cou- 
pling constants and dihedral angles. Certainly, 
the large coupling constants experimentally 
measured are well outside the range associated 
with the a-helical form. Thus, according to 
Glickson et a1.,7' the dihedral angles, +, are 
around 160", compatible with the values neces- 
sary for the construction of nLD- (or /3-) helices. 

All the conclusions drawn by Urry and co- 
w o r k e r ~ ~ ~ . "  are based on the observations in 
relatively more polar solvents such as TFE and 
DMSO in which gramicidin A is not likely to 
form dimer species. Thus, the relevance of their 
conclusions may be questioned. However, it 
must be kept in mind that the biological envi- 
ronment for gramicidin is a heterogeneous mix- 
ture of polar and nonpolar regions. 

2. Double Helical Models 
Blout and  colleague^'^^^^^^^ have conducted 

extensive solution studies on four different con- 
formational species of gramicidin which have 
been physically isolated from a single nonpolar 
solvent system such as methanol, ethanol, or 
dioxane. They have reported that nLD-heliCeS as 

models for gramicidin are not fully consistent 
with some of the experimental data and, in or- 
der to explain the observations, have postulated 
double helices. The details of these double hel- 
iceszo were described in Section II. 

The four species isolated are designated 1 2, 
3,  and 4 in increasing order of mobility in thin- 
layer chromatography. Veatch et a1." have ob- 
served multiple spots in the two-dimensional 
thin-layer Chromatography which clearly repre- 
sent interconversion among the various confor- 
mational states of these species. A similar ob- 
servation was also as early as 1965. 
The characterization of these species has been 
done using CD, IR, and NMR.'* 

The CD spectra'* for these four species in 
dioxane and 2-propano1 (solvents in which 
gramicidin is known to form dimer~)~'sRow in- 
teresting characteristics, as shown in Figure 12. 
The spectra for species 1 and 2, in either sol- 
vent, are almost similar. The spectrum of spe- 
cies 4 is approximately the mirror image of that 
of species 1 and 2. In contrast, species 3 has a 
spectrum which differs significantly from the 
rest. 

The IR spectrum12 also differentiates species 
3 from 1, 2, and 4. It shows a distinct peak at 
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A B 

FIGURE 12. Circular dichroism spectra of gramicidin isolated species (A) from 200 to 250 nm in dioxane ( . . . )l; (.-)2; ( 
- )3; (--)4 and (B) from 190 to 250 nm in 2-propanol (. ' .)1+2; (- )3; (--)4. (Reprinted with permission from Veatch, W. 
R., Fossel, E. T., and Blout, E. R., Biochemistry, 13,5249, 1974. Copyright by the American Chemical Society.) 

1680 cm-I for species 3, whereas for others it is 
absent. Peaks common for all the species are 
those at 1545 cm-' (amide $1) and 1633 cm-' 
(amide I). Moreover, the spectra of species 1 
and 2 are again very similar. 

The proton nuclear magnetic resonance 
(pmr) spectra" (100 MHz) of these four iso- 
lated species are shown in Figure 13. Species 1, 
2, and 4 have very similar peaks at 9.4 and 9.5 
ppm which are assigned to the resonances of in- 
dole amide protons, whereas species 3 has a ma- 
jor peak at 9.4 ppm and a smaller peak at 9.0 
ppm. There are also significant differences 
among the isolated species in the region above 

, which are assigned to the resonances of 
yl protons of the valine and leucines adja- 

cent to tryptophan residues. Species 4 lacks the 
resolved peak near 0.3 ppm observed for spe- 
cies I and 2, and species 3 has three well-re- 
solved peaks at 0.7,0.3, and 0.1 ppm. 

Specific conformational details of each of 
ese species have been inferred from the above 

observations. The 1680-cm-' peak in the IR 

spectrum and the nature of the CD spectrum 
indicate that species 3 has a hydrogen bonding 
pattern as in antiparallel B-structures. There- 
fore, Veatch et a1.I2 have proposed antiparallel 
double helices (for example, A, or A4) for this 
species. This proposal is well supported by X- 
ray diffraction data. Gramicidin crystallized 
from methanol has P2, symmetry with two 
asymmetric units per unit cell, each containing 
a gramicidin dimer. As for the other three spe- 
cies, they have proposed parallel double helices, 
species 1 and 2 having opposite handedness to 
that of species 4. The IR spectra of these three 
species are very similar and indeed are indica- 
tive of parallel (3-hydrogen bonding. The rLD- 
helix, which is, after all, essentially similar to a 
rolled-up parallel B-structure, can account for 
all the observed facts as well as the latest double 
helices proposed by Veatch et a].'* However, 
the formyl proton resonance attributes asym- 
metry for species 2, which should suggest pos- 
sible head-to-tail aggregation of the nLD-helices. 
For such an aggregation, it is difficult to con- 
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T I I 

A 

9.5 99 85 8.0 7.5 
PPrn 

B 

FIGURE 13. The 'H NMR spectra of gramicidin isolated species in dioxane-ds (100 MNz). The curves a, b, c, and d 
correspond to species 1, 2, 3, and 4. (A) 0- to 9-ppm region and (B) expanded downfield region of 7.5 to 9.5 ppm. (Reprinted 
with permission from Veatch, W. R. ,  Fossel, E. T., and Blout, E. R., Biochemistry, 13, 5249, 1974. Copyright by the 
American Chemical Society.) 

ceive a mechanism of dimerization in which tri- 
mers and tetramers are ruled 

In order to examine the nature of aggregation 
of gramicidin molecules in different solvents, 
Veatch and B l ~ u t ~ ~  have measured kinetic and 
eq~~l ibr ium constants from the solution data 
obtained by circular dichroism, fluorescence in- 
tensity, fluorescence polarization, and quanti- 
tative thin-layer chromatography. It has al- 
ready been mentioned that gramicidin 
aggregates as dimers in relatively nonpolar sol- 
vents, as evidenced from molecular weight mea- 

s u r e m e n t ~ . ~ ~  It has been noted that decreasiqg 
solvent polarity strongly favors the aggregated 
species, and the decay time of these species is 
sufficiently long for them to be physically iso- 
lated.77 The large values of dimerization con- 
stant and, hence, the greater stabilization in 
nonpolar solvents are suggestive of dimers with 
a substantial number of intermolecular hydro- 
gen bonds. It is quite interesting to note that all 
the species are found to be dimers on the mea- 
sured dimerization constants in ethanol at a 
concentration of 0.05 M, which implies the 
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replaced by marked chemical shift nonequival- 
ence. This heterogeneity is attributed partly to 
the existence of a mixture of conformationally 
different dimers in the solvent. In addition, 
some of the heterogeneity may be due to carbon 
atoms residing in chemically equivalent, but 
magnetically nonequivalent, environments. 
This magnetic nonequivalence would result 
from possible nonaveraging among different 
conformational states in the relatively rigid di- 
mer states. On the contrary, the spectrum of 
species 3 in 2-propanol is sharper and more sim- 
ple, indicating that a single conformational di- 
mer, suggested to be an antiparallel double he- 
lix,i2 is predominant. 

The spin lattice relaxation (T,) measure- 
m e n t ~ ’ ~  supplement the conclusion drawn from 
other studies and provide a good account of the 
motion of various carbon atoms in the mole- 
cule. Using the theory of Doddrell et al.79 for 
the relation between Ti and isotropic molecular 
rotation, which is indicated by correlation time 
T R ,  Fossel et al.78 have determined T R  values for 
the a-carbon atoms in gramicidin A in DMSQ- 
d6 and methanol-d, solvents. The normalized 
+R values (taking into consideration the viscos- 
ity of the solvent) in DMSO-ds range from 0.4 
to 2.5 nsec, whereas in methanol-d, they are 
about 25 nsec. The observation that these nor- 
malized TR-values in gramicidin A change about 
an order of magnitude going from DMSQ to 
methanol has a bearing on the structure of the 
molecule in both solvents. The values of T R  in 
DMSO, when compared with TR values of ran- 
dom coils of peptides, establish that their flexi- 
bilities are essentially very similar. In contrast, 
the T R  values in methanol compare very well 
with those found for polypeptides in the helical 
states, thereby suggesting a more rigid structure 
for gramicidin A in methan01.’~ 

presence of only about 2% monomer. The ag- 
gregation rates for the isolated species in non- 
polar solvents are generally found to  be very 
slow, indicating the formation of more complex 
dimer structure than perhaps the head-to-head 
aggregation of single helices. 

No significant changes, either in the dimeri- 
zation constant or in the species mole fraction, 
have been observed when the formyl proton in 
gramicidin is replaced by a methyl group in N- 
acetyldesformyl gramicidin. This invariance 
shows that none of the isolated species is ener- 
getically destabilized relative to  the average 
monomer conformation in ethanol. Also, it 
contradicts the observation of Urry7 that such 
a substitution would destabilize head-to-head 
helical dimers due to steric hindrance of the two 
methyl groups which, in turn, would disrupt the 
interhelix hydrogen bond pattern. Also, the 
measured concentration dependence of the rate 
of forward aggregation proves that the dimeri- 
zation is a rate-limiting process. This precludes 
the possibility of higher order aggregation. 
These results are thus quite inconsistent with 
head-to-head, or head-to-tail, dimerization of 
n,,-helices. 

The NMR spectral studies and spin lattice re- 
laxation measurements by Fossel et al.78 shed 
some light on the structure of the aggregated 
species of gramicidin and the structure of the 
monomer which is favored only in more polar 
solvents. These studies have been carried out in 
two solvents - DMSO-d6, in which the mole- 
cules are mostly in monomer state, having little 
or no regular structure, and methanol-d,, in 
which the molecules are mostly in the dimer 
state. The i3C NMR spectra of grami~idin’~ at 
67.88 MHz in DMSO-d6 show several reso- 
nances resolved in the upfield region which 
were originally unresolved at  20.0 and 25.16 
MHz. The various chemical shifts have been 
shown to agree very well with those of the cor- 
responding resonances in simple model mole- 
cules such as N-acetyl amino acid amides in the 
same solvent. This close correspondence indi- 
cates an averaging of environments through rel- 
atively rapid rotation around most bonds. In 
methanol-d,, in contrast to  the behavior in 
DMSO-d6, there is no such close correspond- 
ence of chemical shifts to  those of the model 
molecules. In this solvent, the largely homoge- 
neous chemical shifts in DMSO-d6 have been 

V. CONCLUSION 

On the basis of theoretical conformational 
analysis, the poly-LD-peptides have been shown 
to adopt novel structures such as LDk single hel- 
ices and antiparallel (A,) and parallel ( P k )  coax- 
ial double helices, apart from the classical sin- 
gle helices. This vast conformational freedom 
is especially due to the presence of L- and D-res- 
idues in alternation. The common feature of all 
these novel helices is the presence of a large cen- 
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tral core; in that respect, they can be good 
models for the antibiotic ionophore gramicidin. 
The Ca-CP bond in these structures is nearly 
perpendicular to the helix axis, suggesting that 
these novel helices are feasible for poly-LD-pep- 
tides with bulkier side chains as well. However, 
the conformational flexibility may not be as 
much as is reported for the poly-LD-peptides 
with an alanine side chain. The region that is 
allowed for poly(L-Ala-D-Ala) must be very 
general, and perhaps not all this region is per- 
missible for the peptides with bulkier side 
chains. 

In the double helices, particularly in A3 and 
A+ the available conformational space is quite 
large. The pattern of hydrogen bonding permits 
the formation of each of these double helices 
over a significant range of pitch (9.8 to 1 1  A>. 
In this respect, double helices have more con- 
formationally allowed freedom and space than 
single helices. The type of double helical struc- 
ture adopted by a poly-LD-peptide is strongly 
dependent on the size of the solvent molecules. 
The actual conformation of the polymer is fur- 
ther influenced by the nature of the amino acid 
side chain. 

CRC Critical Reviews in Biochemistry 

Experimental studies on PBDLG have shown 
that, under suitable conditions,this polymer 
can take up most of these structures. It has also 
been demonstrated that transconformations 
among these helices are easily inducible. This 
enormous conformational versatility that is ex- 
hibited is unprecedented in the field of polypep- 
tides, both synthetic and natural. The confor- 
mational flexibility and transconformations 
among these structures may be attributed to the 
fact that these helices ( L D ~ ,  Ak, and Pk) have 
similar 4 and y~ angles, all in the same stable /3- 
region. Energy-wise, transition from one con- 
formation to another does not seem to be un- 
convincing. The stability of single helices must 
not be compared with that of double helices as 
the two models are completely different. How- 
ever, the conformational energy in a single 
strand of the double helix is similar to that cal- 
culated for the single helix (about -18.0 kcall 
mol per LD-unit). The interconversion among 
the different types of double helices can be eas- 
ily speculated from the distribution of confor- 
mational energy values. There are conforma- 
tions in each of these types with similar energy 
values. 

For gramicidin A, LD3 and LD4 from the sin- 
gle helix family and A3 and A4 from the double 
helix family can be good models. The ion-trans- 
ducting activity of the gramicidin is believed to 
involve a dimeric structure with dimension re- 
quired to span the lipid bilayer membrane. The 
proposed head-to-head aggregation of LD4 hel- 
ices satisfies the requirement of length and pore 
size for the formation of channels through lipid 
bilayer membranes. However, the evidence put 
forward for the LD,-helix from solution studies 
(UV, NMR, CD) by Urry and his group is also 
interpreted convincingly by others to be con- 
trary. Thus, it is possible to determine the CD 
and IR results for gramicidin as to be inter- 
preted both for and against LD* helices. The 
coupling constant measurements from NMR 
studies also cannot provide a decisive prefer- 
ence for one model over the other. This is solely 
because the +-angles correlated with coupling 
constants are similar both for single and double 
helices. 

The NMR studies along with correlation time 
( T ~ )  measurements clearly indicate that in polar 
solvents gramicidin A in its monomeric state 
has no regular structure. The NMR spectra and 
kinetic and equilibrium constant measurements 
on the isolated gramicidin species in nonpolar 
solvents strongly suggest the formation of a 
complex dimer structure such as the coaxial 
double helices rather than head-to-head aggre- 
gation of single helices. The structures A3 and 
A4 (or P3 and P4) satisfy the criteria regarding 
the dimensions required to be a transmembrane 
channel. 

From what has been stated above, it may be 
concluded that the structure of gramicidin A is 
not unique, mostly because it is highly solvent 
dependent. In the biological environment, 
which is a heterogeneous mixture of both polar 
and nonpolar regions, gramicidin A in its di- 
meric form as a transmembrane channel can ex- 
ist either as a head-to-head aggregation of two 
single helices or as a coaxial double helix. A de- 
cisive preference for one of the models is a dif- 
ficult proposition at present. Detailed crystal 
structure investigation may provide a solution 
to this problem. 
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