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Summary. Ion-induced chemical shifts in the carbonyl carbon 
resonances of synthesized and verified (1-13C)D-Val8 gramicidin 
A and (1-13 C)D_Leul4 gramicidin A are utilized in combination 
with the previously determined location of the ion binding sites 
of the gramicidin A channel (using the carbonyls of L-residues) 
to determine that the helix sense of the gramicidin A channel 
is left-handed. Having resolved the handedness issue, the loca- 
tion of the ion binding sites (which are fundamental to under- 
standing the mechanism of ion transport) are further delineated 
with the results indicating two sites separated by just over 20 ~. 
Furthermore, the demonstration that the divalent barium ion 
interacts at the binding site while not being transported through 
the channel is used to argue that the mechanism of monovalent 
v s .  divalent cation selectivity is due to the positive image force 
contribution to the central barrier. 

Key Words helix sense �9 gramicidin channel �9 binding sites 
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Introduction 

The primary structure of  gramicidin A, HCO-L- 
Val 1-Gly2-L-Ala3-D-Leu4-L-AlaS-D-Val6-L-ValT-D - 
ValS-L-Trp9-D-Leul~ 11-D-Leu~2-L-Trp ~ 3_D_ 
Leu14-L-TrplS-NHCH2CH2OH, was determined 
by Sarges and Witkop [21] and verified by Gross 
and Witkop [10]. The effect of  gramicidin A (GA) 
in inducing ionic conductance across lipid bilayer 
membranes was first shown in the pioneering stud- 
ies of Mueller and Rudin [i 6], and the interesting 
on-off  step conductances exhibited by gramicidin 
A, which reflect the formation and disruption of  
a conducting transmembrane structure, were first 
observed by Hladky and Haydon [12]. 

Conformations of  peptides comprised of  alter- 
nating L- and D-amino acid residues have been in- 
dependently proposed by Ramachandran and 
Chandrasekharan [18, 19] and by this Laboratory 
[23, 29]. Also in the original papers [23, 29] this 
Laboratory specifically proposed the dominant 

structure of  the gramicidin A channel to be that 
of  two left-handed rC6,D-helices which dimerized by 
head-to-head (formyl end to formyl end) hydrogen 
bonding. Due to the hydrogen bonding pattern be- 
tween turns of the helices, the name was changed 
to t-helices [24, 25] and most technically the pro- 
posed channel structure was termed a single- 
stranded fl63-helix [30]. Subsequently Veatch and 
Blout and colleagues described parallel and anti- 
parallel double stranded/?-helices for Gramicidin 
A [9, 36, 37], and the central question became 
which was the correct channel structure, one of  
the head-to-head dimerized single stranded t-he- 
lices or one of  the double stranded parallel or anti- 
parallel t-helices. 

While conformational energy arguments were 
presented as not being conclusive in deciding be- 
tween the single stranded and double stranded t -  
helices of  gramicidin A [7], the effects of chemical 
modification of gramicidin A on transport proper- 
ties, including the original head-to-head malonyl 
dimer [4, 29], charged derivatives [1-3, 6], and the 
effects of  the N-acetyl derivative [22, 23], were the 
basis for concluding that the end-to-end, and spe- 
cifically the head-to-head, hydrogen bonded single 
stranded t-helices were the dominant channel- 
forming structure of  gramicidin A in planar bi- 
layers. It is now well accepted that this is the domi- 
nant structure for gramicidin A in the lipid bilayer 
membrane [2, 39], and even the crystal structure 
of  gramicidin A complexed with K + and with Cs + 
[14], though yet at low resolution, yields a tubular 
structure with a length and radius which is within 
tenths of  an A of the previously proposed single- 

6 3  stranded f13 3 -helical channel [24, 25, 30]. 
While tl~e details of  the ionic mechanisms of  

transport are being determined such as the binding 
constants for a number of  monovalent cations [8, 
13, 20], the rate constants for sodium ions moving 
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Fig. 1. Single stranded head to head dimerized /?6 3_ hel ix o f  3,3 
Gramcidin A. Wire models of (A) left- and (B) right-handed 
helix structures of a gramicidin A channel. The amino acid 
side chains are represented by methyl groups in order to display 
the peptide backbone more clearly. Also shown for each helix 
is a scale indicating the position of the L- and D-amino acid 
carbonyl oxygens in the channel along with the 1-1sC chemical 
shifts previously reported for the formyl, VaP, Trp 9, Trp ~ ,  
Trp ~3, and Trp ~5 carbonyl carbons in the presence of sodium 
and thallium ions [31]. Note that the positions for the D-Leu TM 
and D-Val 8 carbonyl oxygens are marked with dotted lines 

in and out of  the channel [34, 35], the location 
and number of binding sites within the channel 
[31] and the rates of ion movement within the 
channel [11], there is an important structural detail 
that has yet to be proven. This is the helix sense 
of the channel. Is it left-handed as originally pro- 
posed [23, 29] or is it right-handed? There is evi- 
dence favoring the left-handed structure. For 
example, the circular dichroism spectrum of grami- 

cidin A incorporated as the channel state into 
phospholipid structures would be consistent with 
a left-handed structure [15, 32], yet this is not con- 
clusive as the required detailed calculations have 
not been carried out. 

Given the single-stranded E-helical structures, 
the handedness can be demonstrated by determin- 
ing the combination of L- and D-amino acid residue 
carbonyls which occur at the ion binding site. This 
is demonstrated in Fig. 1. In Fig. 1 A is the left- 
handed channel structure and below it are the ion- 
induced chemical shifts of  1-13C enriched L-amino 
acid residues of  gramicidin A which localize the 
binding sites [31]. In Fig. 1 B, however, is the right- 
handed channel structure and the location of sites 
should this be the helix sense. The important thing 
to note is that the D-amino acid residues that have 
carbonyls at the binding site differ depending on 
the helix sense. If the structure is left-handed, the 
D-Leu 14 carbonyl is near the binding site, whereas 
if the structure is right-handed, the D-Val 8 car- 
bonyl is at the binding site. The present manuscript 
reports the ion-induced carbon-13 chemical shifts 
of  two isotopes of the channel, (1-13C) D-Leu 14 
gramicidin A and (I -13C)D-Val 8 gramicidin A. The 
results confirm the helix sense of the channel and 
the general channel structure, allow determination 
of the distance between sites, add evidence to the 
absence of binding sites between the two located 
sites, and provide additional information on the 
basis of  monovalent vs. divalent ion selectivity. 

Abbreviations 

TFA - trifluoroacetic acid 
DCC - dicyclohexylcarbodiimide 
Et3N - triethylamine 
D M F  - dimethylformamide 
P20 s - phosphorus pentoxide 
C/M/A - chloroform/methanol/glacial acetic acid 
HPLC - high performance liquid chromotography 
tlc - thin layer chromotography 
TloAc - thallium acetate 

Materials and Methods 

Syntheses 

Boc-L- Vall-Gly2-L-Ala3-D-Leu 4-L-AlaS-D - VaI6-L - Val%D - Val 8- 
L- Trp9-D-Leul ~ Trpt l-D-Leut 2-L- Trp13-(1-13 C)D-Leu14-L - 
TrpIh-NHCHzCH20H (I) and Boc-L-VaP-Gly2-L-Ala3-D - 
Leu4-L - A la 5-D- Val 6-L- Val 7- (1-13 C ) D- ValS-L - Trp 9-D-Leul o_L_ 
Trpl l-D-Leu12-L- Trp13-D-Leul ~-L- Trp1S-NH C H2 CH2 0 H ( II). 
The synthesis of analog I was carried out on a Vega-Model 
50 Solid Phase Peptide Synthesizer using Boc-Trp-Resin (2.5 g). 
The resin used contained a total of 1.45 mmol of Boc-Trp-OH 
(0.58 mmol/g) esterified to a 1% cross-linked resin (Peninsula 
Laboratories, Inc., San Carlos, Calif.). The synthesis of analog 
II was also carried out on the Vega-Model 50 using Boc-Trp- 
Resin (2.5 g) containing a total of 1.475 mmol of Boc-Trp-OH 
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(0.59 mmol/g) esterified to a 1% cross-linked resin. The follow- 
ing steps used previously for the synthesis of isotopically labeled 
gramicidin A [17] were performed to incorporate each amino 
acid: (1) washing with CHzC12 (3x 3 rain), 40ml;  (2) 33% 
TFA, 6% anisole, 5% 1,2 ethanedithiol in CHzC1 z (3 x 13 min), 
35 ml; (3) washing with CHzC12 (6 x 3 rain), 40 ml; (4) 5% 
di-isopropylethylamine in CHzC12 (3 X 6 rain) 40 ml; (5) wash- 
ing with CH2C1 z (6 x 3 rain), 40 ml; (6) 2.5-fold excess Boc- 
amino acid, 2.5-fold excess DCC in CHzC1 z and reacted for 
6 hr; (7) washing with CH2C1 z (3 x 3 rain), 40 ml; (8) washing 
with EtOH (3x3min) ,  40ml;  (9) washing with CHzC1 z 
(6x3  rain), 40 ml; (10) 1.5-fold excess of Boc-amino acid, 
1.5-fold excess of DCC in CHzC12 and reacted for 3 hr; (11) 
washing with CHzC1 z (3 x 3 rain), 40ml;  (12) washing with 
EtOH (3 x 3 rain), 40 ml; (13) check by Kaiser test, to estimate 
completeness of reaction; (14) washing with CHzC12 (3 • 3 rain) 
40 ml; (15) acetylation with 10 eq. acetic anhydride and 5 eq. 
Et3N in CHzClz (60 rain) to terminate any unreacted chains; 
(16) washing with CHzC12 (6 • 3 min), 40 ml, and continue at 
step 2 for the next Boc-AA coupling. It was necessary to first 
dissolve Boc-D-Leu-OH and Boc-Trp-OH in a minimum vol- 
ume of DMF and then dilute with CHzCI/for  coupling. 

The Boc-VaP...TrplS-resin (4.39 g for analog I and 4.23 g 
for analog II) was suspended in a mixture of methanol (100 ml) 
plus distilled ethanolamine (50 ml) in a sealed flask and stirred 
at 60 ~ for 40 hr. The resin was filtered, washed with methanol 
and dried. Methanol was removed from the filtrate; the peptide 
was precipitated by the addition of water; the precipitate was 
filtered, washed with H20 , and dried (1.23 g for analog I and 
1.42 g for analog II). Further treatment of the resin with etha- 
nolamine under the same conditions proved to remove the re- 
maining peptide from the resin. 

Desformyl-(1-13C)D-Leu14 Gramicidin A (III) and Desformyl- 
(1-13C)D-Val 8 Gramicidin A (IV). In a solution of 33% TFA, 
5% 1,2 ethanedithiol, and 6% anisole in CHzCl 2 (50 ml), the 
Boc-gramicidin was stirred for 1 hr under nitrogen atmosphere. 
The solvent was removed under reduced pressure and the pep- 
tide dried over P205 and NaOH in a vacuum desiccator. The 
peptide in TFA salt form was taken in methanol (25 ml) and 
passed through a column of AG 50 W-X2 (H + form) ion-ex- 
change resin (50 ml) which had previously been equilibrated 
with methanol. Ion exchange ehromotography was done at 
6 ~ The unreacted gramicidin was eluted with methanol 
(500 ml) and elution was continued with 2.0 N methanolic-am- 
monia (1600 ml MeOH+320 ml concentrated ammonium hy- 
droxide) to obtain 680 mg of III and 1.04 g of IV. 

Formyl-(1-13C)D-Leulr Gramicidin A (V) and Formyl-(1- 
13C)D-ValS-Gramicidin A (VI). The desformyl-gramicidin A 
was dissolved in 95-97% formic acid (9.3 ml for III and 14.3 
for IV) and cooled to 0 ~ with ice-water. While stirring, acetic 
anhydride (2.7 ml for III and 4.2 ml for IV) was added by drops 
over a period of 20 min. Stirring continued for 30 rain at 0 ~ 
and 4 hr at room temperature. The solvent was removed and 
the residue dried over PzO5 and NaOH. Dried peptide was 
taken in methanol (9 ml for V and 14 ml for VI) and treated 
with 1 N NaOH (1.8 ml for V and 2.7 ml for VI) for 1 hr. The 
reaction mixture was passed through a column of AG 50W-X2 
(H + form) ion-exchange resin (50 ml) and eluted with methanol 
to obtain 362 mg of formulated (1-13C)D-Leu14-gramicidin A 
and 401 mg of formylated (1-I 3C)D_ValS_gramicidi n A. The for- 
myl peptide was purified by preparative tlc using a solvent 
system of C/M/A (85:15:3) for plate developing. The tlc band 
with an Rz value corresponding to that of natural gramicidin 
A was separated and the peptide extracted with 15% MeOH 
in acetone. The solvent was removed, the residue taken in a 
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Fig. 2. HPLC of (A) synthetic (1-13C)D-Leu 14 gramicidin A; 
(B) synthetic (1-13C)D-ValS-gramicidin A; and (C) the natural 
gramicidin A'  mixture showing the A, C and Ile analogs. The 
chromatographs were performed on a DuPont Zorbax ODS 
analytical column using 10% water in methanol solvent system 
at room temperature 

small volume of methanol, and the peptide precipitated by the 
addition of water. The precipitate was filtered, washed with 
water and dried to obtain 140 mg of formyl-(1-13C)D-Leu14- 
gramicidin A and 68 mg of formyl-(1-13C)D-Va18 gramicidin 
A. For removal of silica gel, the formyl-gramicidin A was taken 
in 3 ml of methanol and loaded on a column of LH-20 Sepha- 
dex. A flow rate of 22.5 ml/hr and fractions of 5.0 ml gave 
95 mg of pure formyl-(1-i3C)D-leu14-gramicidin A and 34 mg 
of pure formyl-(l-13C)D-Va18-gramicidin A. 

Characterization 

In Fig. 2 HPLC data of the two synthetic formyl gramicidin 
analogs are compared with that of natural gramicidin (ICN 
Pharmaceuticals, Inc.). The solvent system, 10% H20 in MeOH 
gave the optimum resolution. A DuPont Zorbax ODS analyti- 
cal column (4.6 m m x  25 cm), at room temperature was used. 
The retention time for the synthetic analogs paralleled exactly 
that of the Vall-gramicidin fraction in the natural material. 
TLC gave a single spot in C/M/A (85:15:3) with an R~ value 
the same as that of natural GA. 

To further assess the purity of the synthetic gramicidin, 
the carbon-13 magnetic resonance spectra at 30 ~ in dimethyl- 
d 6 sulphoxide (Merck, Sharp & Dohme, Montreal, Canada) 
was observed. The spectra are presented in Fig. 3 along with 
a corresponding spectrum for the natural gramicidin A', and 
were obtained on a JEOL PFT-100 pulse-Fourier transform 
spectrometer operating at 25 MHz with an internal deuterium 
lock and complete proton noise decoupling. 

Phospholipid Packaging 

The (1-13C)D-Va18 GA (V) and the (I-13C)D-Leu14 GA (VI) 
were separately incorporated into L-~-lysotecithin (Avanti Bio- 
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Fig.& Carbon-13 nuclear magnetic resonance spectra at 
25 MHz of (A) (i-  13C)D_LeuI 4 gramicidin A; (B) (1-13C)D.ValS 
gramicidin A; and (C) the natural gramicidin A'  mixture in 
dimethyl-d6-sulphoxide at 30 ~ Assignments are shown for 
the spectrum of the natural gramicidin [9]. The intense signal 
in the low field region of the two synthetic gramicidins corre- 
sponds to the enriched 1-13C carbonyl carbon of each analog 

chemicals, Birmingham, Ala.) structures as described previously 
[32, 33]. Each sample was heated for at least 20 hr at 70 ~ 
with 0.5 mM NaC1 present. After heat incorporation, the correct 
gramicidin channel forming state [15, 32, 33, 38] was confirmed 
by circular dichroism as seen in Fig. 4. Also, the sodium-23 
chemical shift at 0.5 mM NaCI was determined for these samples 
and was found to be indicative of  interaction with the channel 
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Fig. 4. Circular dichroism spectra of phospholipid packaged: 
(A) (1- t 3C)D.Le u ~4 gramicidin A, and (B) (1- t 3C)D_Val8 grami- 
cidin A, with both showing the characteristic spectrum of the 
channel state 

state. The concentration of the gramicidin associated with the 
phospholipid was determined by dispersion of an aliquot of 
each sample in methanol and observing the ultraviolet spectra, 
using an ~2s2 of 22,500 liter/mol-cm as the standard. The chan- 
nel concentrations determined were 3.43 mg  for (I-13C)D-Val 8 
GA and 3.37 mM for (1-13C)D-Leu 14 GA. 

Carbon-13 Nuclear Magnetic Resonance 

The carbon-J3 nuclear magnetic resonance spectra of the phos- 
pholipid incorporated gramicidins were obtained on a JEOL 
FX-100 pulse-Fourier transform spectrometer also operating 
at 25 MHz with internal deuterium lock and complete proton 
noise decoupling. The spectra were accumulated at 70 ~ in 
order to increase the mobility of the sample so as to facilitate 
observation of the 13C enriched backbone carbonyl. However, 
especially in the case of the (I -13C)D-Val8 GA, the signals were 
very broad and weak; therefore, no exponential window func- 
tion was applied to the free induction decay before the Fourier 
transform and each observation pulse given was 90 ~ with repeti- 
tion times allowing for complete relaxation before the next 
pulse. These accumulation parameters favorably affected both 
the signal width and the signal-to-noise ratio of  the backbone 
carbonyl. 

The procedure for the ion titration of the channels was 
followed as previously reported [31]. The carbon-13 enriched 
carbonyl chemical shift having no ion interaction is taken as 
the spectra in the presence of 0.5 mM NaCt. For single sodium 
ion occupancy, the NaC1 concentration was raised to 100 raM; 
for thallium ion, 83 mM TloAc was added to the samples, and 
for barium ion 0.2, 0.4, 0.6, 0.8 and 1.0 M concentrations were 
obtained by additions of barium chloride. 

Results and Discussion 

As demonstrated in Materials and Methods, the 
syntheses have been verified by thin-layer chroma- 
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tography, by high performance liquid chromatog- 
raphy (see Fig. 2) and by carbon-13 nuclear mag- 
netic resonance spectra in dimethyl sulfoxide (see 
Fig. 3), and the incorporation of the channel state 
into lysolecithin structures was verified by the cir- 
cular dichroism spectra (see Fig. 4) and the sodi- 
um-23 magnetic resonance chemical shift at 0.5 mM 
NaC1. Therefore for both carbon-13 isotopes of 
gramicidin A, the channel state was clearly ob- 
tained. 

The results of  the carbon-13 magnetic reso- 
nance studies on the ion-induced carbonyl carbon 
chemical shifts are shown in Fig. 5. It is apparent 
in Fig. 5B that neither 99 mM NaC1, 83 m s  TIOAc, 
nor 1.0 M BaC12 causes any shifting or dramatic 
broadening of the Val 8 carbonyl carbon resonance. 
In Fig. 5A the Leu ~4 carbonyl carbon resonance 
shows a detectable shift with 99 mM NaC1, a sub- 
stantial shift due to TIOAc, and a large shift with 
broadening due to 1.0 M BaC12. The downfield 
shift moving under the lipid carbonyl resonance 
was seen on titrating by 0.2 M steps with BaCI2. 
Interestingly, the circular dichroism spectra are es- 
sentially unchanged by any of the ion additions 
demonstrating that the channel state is retained 
in all cases in the presence of ions. Thus it can 
be concluded that the Val 8 carbonyl is not located 
at an ion binding site, whereas the Leu ~4 carbonyl 
is clearly at a cation interaction site. 

Helix Sense of the Gramicidin A Channel 

As previously demonstrated with six different 
isotopically labeled gramicidin A preparations, 
namely 13C-formyl, (1-13C)L-Vall, (I-t3C)L-Trp9, 
(1-13C)I--Trp11, (1-13C)L-Trpt3 and (1-1ac)L- 
Trp ~5 [31], and as shown in Fig. 1, the cation bind- 
ing sites are symmetrically related and are seen 
to be centered between the Trp a~ and Trp 13 car- 
bonyls but most proximal to the Trp 1~ carbonyl. 
With the helix sense of the channel being right- 
handed as shown in Fig. 1 B, the Val 8 carbonyl 
is found between the Trp 11 and Trp 13 carbonyls 
and, as such, would be optimally placed for an 
ion-induced chemical shift of  its carbonyl carbon 
resonance. Concommitantly, the Leu t4 carbonyl 
would be outside of the binding site region and 
would not be expected to exhibit ion-induced shifts 
of  its resonance. The absence of any shift in the 
carbonyl carbon resonance of the Val 8 residue, 
argues against the right-handed helix as a possible 
structure. If the helix were left-handed as shown 
in Fig. 1 A, the Val 8 carbonyl would be well re- 
moved from a binding site and the L e u  14 carbonyl 
would be found between the Trp 9 and Trp t~ car- 

A. ~3C-D.Leu ~4 G r a m i c i d i n  A B. 13C-DVel8 G r a m i c i d i n  A 

~i 0.5 mM NoCI [~ 
99 mM NQCI II 

Fig. 5. Carbon-13 nuclear magnetic resonance spectra at 
25 MHz of the carbonyl carbon region (177-165 ppm) of phos- 
pholipid packaged: (A) (1J3C)D-Leu14 gramicidin A, and (B) 
(1-tac)o-Val8 gramicidin A channels. Chemical shifts are given 
with respect to external hexamethyldisiloxane. The broad high 
field resonances correspond to the 1-1 a C enriched peptide back- 
bone carbonyls, and the low field peak is due to the lysolecithin 
carbonyl carbon. Shown for each is the effect of the addition 
of sodium, thallium, and barium ion upon the chemical shift 
of the enriched position. The spectra observed in the presence 
of 100 mM NaC1 (b) are uppermost with those observed in the 
presence of 83 rnM T102C2H 3 (c) and i M BaC12 (d) shown 
below, respectively. Each spectrum is shown overlayed with 
a reference spectrum in which the sodium ion concentration 
is 0.5 mM (a) and where the change in chemical shift of the 
peptide carbonyl is taken as zero. Note that the lipid carbonyl 
does not exhibit an appreciable change in chemical shift for 
any case. All spectra were accumulated at 70 ~ 

bonyls, not optimally placed but within the range 
where an ion-induced shift might be observed. In- 
deed clear shifts in the Leu 14 carbonyl carbon reso- 
nance are observed for thallium ion and for barium 
ion. Thus the ion-induced chemical shift data with 
thallium and barium ions, both the absence of any 
observed shift in the Val s carbonyl carbon reso- 
nance and the observation of a shift in the Leu 14 
carbonyl carbon resonance, demonstrate the helix 
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Fig. 6. Thallium ion-induced chemical shifts (o) of the 1-13C 
L-amino acid residues as previously reported [31] for the left- 
handed helical structure of the gramicidin A channel. The posi- 
tions along the helix axis of the carbonyl oxygens are indicated. 
Thallium ion induced chemical shifts for the (a-13C)D-Leu jr 
and the (a-13C)D-Val 8 carbonyl carbons are shown with an 
x on the plot. The left ordinate is for the L-residue chemical 
shifts and the right ordinate indicates the shift for the o-residues 

sense of the gramicidin A channel to be left- 
handed. 

The general aspects of the backbone structure 
of the gramicidin A channel have now been com- 
pletely determined by experimental results and 
have been shown to be as originally proposed [23, 
29], i.e., the head-to-head (amino end to amino 
end) dimerization of two monomers [1-4, 6, 22, 
29, 39] each in the left-handed #6.3 helical confor- 
mation (this manuscript). The original considera- 
tions which led to the proposal of the left-handed 
helix over the right-handed helix [23, 29] were the 
apparent lesser crowding of the eight L-amino acid 
side chains in the left-handed helix as compared 
to the six D-amino acid side chains and the facile 
dimerization of the left-handed helices. Calcula- 
tions are currently in progress (C.M. Venkatacha- 
lam and D.W. Urry, work in progress) using the 
complete side chains in order to attempt quantita- 
tion of these factors and any others that may be- 
come apparent. 

crucial to understanding the mechanism of ion 
transport by gramicidin A and at this stage clearly 
demonstrates the existence of two sites. 

Monovalent vs. Divalent Ion Selectivity 

While divalent cations are not transported by the 
gramicidin A channel, there is transport data 
which indicates that calcium ions and barium ions 
do interact to decrease the single-channel currents 
[5]. The interaction of barium ion with the Leu 1~ 
carbonyl, demonstrated in this report, as well as 
the interaction observed with the 1-13C Trp ana- 
logues of gramicidin A (work in progress) indicate 
that the divalent ion can enter the ion binding site. 
Since the interaction of divalent ions with the bind- 
ing site of the lipid incorporated channel state is 
intact, it is necessary to look for other reasons 
as to why divalent ions are not transported. It has 
already been proposed that the lipid dielectric con- 
stant, which contributes most markedly to the cen- 
tral barrier but much less at the binding sites, is 
responsible for the lack of divalent ion conduc- 
tance [26, 27]. The free energy height of the central 
barrier for sodium ion is between 8 and 9 kcal/ 
mole [28, 34]. If we assume that half of this barrier 
is due to the low dielectric constant of the lipid 
membrane and utilize the charge squared depen- 
dence for the free energy of solvation then the cen- 
tral barrier could be expected to be greater than 
20 kcal/mole for divalent ions and the divalent ion 
conductance would be less by a factor of 10 -8 
or more. Thus it is quite easy to understand the 
exclusion, for example, of calcium ion while sodi- 
um ion with the same radius is transported. 

This work was supported in part by the National Institutes 
of Health, Grant No. GM-26898, and we wish to thank Dr. 
K.U. Prasad for invaluable advice on the synthesis procedures. 

Location of  the Ion Binding Sites 

With the demonstration of the left-handed helix 
sense and with a 1.5 to 1.6 ~ translation along 
the helix axis for each L-D dipeptide pair [7, 25], 
the distance between ion binding sites is just 
slightly more than 20A. A value of 21A for the 
separation of ion binding sites has been reported 
for crystals of gramicidin A complexed with K + 
and with Cs + [14]. As shown in Fig. 6, the addition 
of the zero ion induced chemical shift for the Val 8 
carbonyl carbon resonance, when added to the pre- 
vious data for the formyl and Val 1 carbonyls [31], 
further limits the possibilities for intervening bind- 
ing sites for the ions and conditions considered 
here. This data, locating the ion binding sites, is 

References 

1. Apell, H.-J., Bamberg, E., Alpes, H., Lfiuger, P. 1977. For- 
mation of ion channels by a negatively charged analog of 
gramicidin A. J. Membrane Biol. 31:171-188 

2. Bamberg, E., Apell, H.-J., Alpes, H. 1977. Structure of the 
gramicidin A channel: Discrimination between the L, D, and 
the helix by electrical measurements with lipid bilayer mem- 
branes. Proe. Natl. Acad. Sci. USA 74:2402-2406 

3. Bamberg, E., Apell, H.J., Bradley, R., Hfirter, B., Quelle, 
M.-J., Urry, D.W. 1979. Formation of ionic channels i n  
black lipid membranes by succinic derivatives of gramicidin 
A. J. Membrane Biol. 50:257-270 

4. Bamberg, E., Janko, K. 1977. The action ofa  carbonsubox- 
ide dimerized gramicidin A on lipid bilayer membranes. Bio- 
chim. Biophys. Acta 465:486-499 

5. Bamberg, E., Lduger, P. 1977. Blocking of the gramicidin 
channel by divalent cations. J. Membrane Biol. 35:351-375 

6. Bradley, R.J., Urry, D.W., Okamoto, K., Rapaka, R.S. 



D.W. Urry et al. : GA Channel Helix Sense, Binding Sites 231 

1978. Channel structures of gramicidin: Characterization 
of succinyl derivatives. Science 200: 435-437 

7. Chandrasekaran, R., Venkataram Prasad, B.V. 1978. The 
conformation of polypeptides containing alternating L- and 
D-amino acids. CRC Crit. Rev. Biochem. 5:125-159 

8. Eisenman, G., Sandblom, J., Neher, E. 1978. Interactions 
in cation permeation through the gramicidin channel Cs, 
Rb, K, Na, Li, TI, H and effects of anion binding. Biophys. 
J. 22(2):307 340 

9. Fossel, E.T., Veatch, W.R., Ovchinikov, Y.A., Blout, E.R. 
1974. A 13C nuclear magnetic resonance study of gramicidin 
A in monomer and dimer forms. Biochemistry 
13: 5264-5275 

10. Gross, E., Witkop, B. 1965. Gramicidin IX. Preparation 
A, B, and C. Biochemistry 4:2495-2501 

11. Henze, R., Neher, E., Trapane, T.L., Urry, D.W. 1982. 
Dielectric relaxation studies of ionic processes in lysole- 
cithin-packaged gramicidin channels. J. Membrane Biol. 
64:233-239 

12. Hladky, S.B., Haydon, D.A. 1972. Ion transfer across lipid 
membranes in the processes of gramicidin A: I. Studies of 
the unit conductance channel. Biochim. Biophys. Acta 
274: 294-312 

13. Hladky, S.B., Urban, B.W., Haydon, D.A. 1979. Ion move- 
ments in pores formed by gramicidin A. In: Membrane 
Transport Processes. C.F. Stevens and R.W. Tsien, editors. 
Vol. 3, p. 89. Raven Press, New York 

14. Koeppe, R.E., II, Berg, J.M., Hodgson, K.O., Stryer, L. 
1979. Gramicidin A crystals contain two cation binding sites 
per channel. Nature (London) 279:723-725 

15. Masotti, L., Spisni, A., Urry, D.W. 1980. Conformational 
studies on the gramicidin A transmembrane channel in lipid 
micelles and liposomes. Cell Biophys. 2: 241-251 

16. Mueller, P., Rudin, D.O. 1967. Development of K + - N a  + 
discrimination in experimental biomolecular lipid mem- 
branes by macrocyclic antibiotics. Biochem. Biophys. Res. 
Commun. 26: 398-404 

17. Prasad, K.U., Trapane, T.L., Busath, D., Szabo, G., Urry, 
D.W. 1982. Synthesis and characterization of 1-13C-D. 
Leul 2,14 gramicidin A. Int. J. Pept. Protein Res. 19:162-171 

18. Ramachandran, G.N., Chandrasekharan, R. 1972. Studies 
on dipeptide conformation and on peptides with sequences 
of alternating L and D residues with special reference to 
antibiotic and ion transport peptides. In: Progress in Pep- 
tide Research. S. Land, editor. Vol. 2, pp. 195-215 Gordon 
and Breach, New York 

19. Ramachandran, G.N., Chandrasekharan, R. 1972. Confor- 
mation of peptide chains containing both L- and D-residues : 
Part I-Helical structures with alternating L-and D-residues 
with special reference to the LD-ribbon and the LD-helices. 
Ind. J. Biochem. Biophys. 9:1-11 

20. Sandblom, J., Eisenman, G., Neher, E. 1977. Ion selectivity, 
saturation and block in gramicidin A channels: I. Theory 
for the electrical properties of ion selective channels having 
two pairs of binding sites and multiple conductance states. 
J. Membrane Biol. 31 : 383-417 

21. Sarges, R., Witkop, B. 1964. Gramicidin A: IV. Primary 
sequence of valine and isoleucine gramicidin A. J. Am. 
Chem. Soc. 86:1862-1863 

22. Szabo, G., Urry, D.W. 1979. N-acetyl gramicidin: Single- 
channel properties and implications for channel structure. 
Science 203: 55-57 

23. Urry, D.W. 1971. The gramicidin A transmembrane chan- 

nel: A proposed ~Z(L ' D) helix. Proc. Natl. Acad. Sci. USA 
68: 672-676 

24. Urry, D.W. 1972. A molecular theory of ion conducting 
channels: a field dependent transition between conducting 
and nonconducting conformations. Proc. Natl. Aead. Sci. 
USA 69:1610-1614 

25. Urry, D.W. 1973. Polypeptide conformation and biological 
function fl-helices (~L. D -helices) as permselective transmem- 
brahe channels. In: Conformation of Biological Molecules 
and Polymers - The Jerusalem Symposia on Quantum 
Chemistry and Biochemistry, V. Jerusalem, Israel Academy 
of Sciences, pp. 723-736 

26. Urry, D.W. 1978. Basic aspects of calcium chemistry and 
membrane interaction: On the messenger role of calcium. 
Ann. N. Y. Aead. Sci. 307:3-27 

27. Urry, D.W. 1979. Molecular perspectives of monovalent 
cation selective transmembrane channels. In: International 
Review of Neurobiology. J.R. Smythies and R.J. Bradley, 
editors. Vol. 21, pp. 311,334. Academic Press, New York 

28. Urry, D.W. 1982. On the molecular structure and ion trans- 
port mechanism of the gramicidin transmembrane channel. 
In: Membranes and Transport 1981. A. Martonosi, editor. 
Plenum, New York (in press) 

29. Urry, D.W., Goodall, M.C., Glickson, J.D., Mayers, D.F. 
1971. The gramicidin A transmembrane channel: Charac- 
teristics of head to head dimerized ~(L, D) helices. Proc. Natl. 
Acad. Sci. USA 78:1907-1911 

30. Urry, D.W., Long, M.M., Jacobs, M., Harris, R.D. 1975. 
Conformation and molecular mechanisms of carriers and 
channels. Ann. N.Y. Acad. Sci. 264:203-220 

31. Urry, D.W., Prasad, K.U., Trapane, T.L. 1982. Location 
of monovalent cation binding sites in the gramicidin chan- 
nel. Proc. Natl. Acad. Sci. USA 79:390-394 

32. Urry, D.W., Spisni, A., Khaled, M.A. 1979. Characteriza- 
tion of micellar-packaged gramicidin A channels. Biochem. 
Biophys. Res. Commun. 88: 940-949 

33. Urry, D.W., Spisni, A., Khaled, M.A., Long, M.M., Ma- 
sotti, L. 1979. Transmembrane channels and their charac- 
terization in phospholipid structures. Int. J. Quantum 
Chem.: Quantum Biology Syrup. 6:289 303 

34. Urry, D.W., Venkatachalam, C.M., Spisni, A., Bradley, 
R.J., Trapane, R.L., Prasad, K.U. 1980. The malonyl gra- 
micidin channel : NMR-derived rate constants and compari- 
son of calculated and experimental single-channel currents. 
J. Membrane Biol. 55:29-51 

35. Urry, D.W., Venkatachalam, C.M., Spisni, A., L/iuger, P., 
Khaled, M.A. 1980. Rate theory calculation of gramicidin 
single channel currents using NMR-derived rate constants. 
Proc. Natl. Acad. Sci. USA 77:2028-2032 

36. Veatch, W.R., Blout, E.R. 1974. The aggregation of grami- 
cidin A in solution. Biochemistry 13:5257-5264 

37. Veatch, W.R., Fossel, E.T., Blout, E.R. 1974. The confor- 
mation of gramicidin A. Biochemistry 13: 5249-5256 

38. Wallace, B.A., Veatch, W.R., Blout, E.R. 1981. Conforma- 
tion of gramicidin A in phospholipid vesicles: Circular di- 
chroism studies of effects of ion binding, chemical modifica- 
tion, and lipid structure. 20:5754-5760 

39. Weinstein, S., Wallace, B., Blout, E.R., Morrow, J.S., 
Veatch, W. 1979. Conformation of gramicidin A channel 
in phospholipid vesicles: A ~3C and 19F nuclear magnetic 
resonance study. Proc. Natl. Acad. Sci. USA 76:4230-4234 

Received 9 February 1982 


