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Is the Gramicidin A Transmembrane Channel Single-Stranded or

Double-Stranded Helix? A Simple Unequivocal Determination

Abstract. Thallium ion—induced carbonyl carbon chemical shifts were compared
for all of the L-residue-peptide carbonyl carbons of the gramicidin A transmembrane
channel. Molecular structures were deduced by using the argument that helically
equivalent and equally proximal carbonyls would exhibit essentially equivalent ion-
induced chemical shifts. The transmembrane channel was found to be a head-to-
head dimer with the structure of a left-handed, single-stranded B-helix.

It is well-accepted that the gramicidin
transmembrane channel is a dimer (/-0).
However, actively concerned research
groups differ in their opinions about the
structure of the ion-conducting dimer (7—
13): is the structure one of single-strand-
ed helices dimerized end to end, oris it a
double-stranded helix? The gramicidin
channel was the first ion-selective trans-
membrane channel to be characterized.
Knowledge of the channel structure and
ionic mechanism provides an under-
standing of lipid membrane permeation
in terms of the basis for selectivity be-
tween anions and cations, between
monovalent and divalent ions, and
among monovalent ions; it provides fun-
damental information on the repulsion
between ions at fixed distances and the
relative solvation power of peptide car-
bonyls and water; it demonstrates that in
the selective passage of ions through a
channel the largely dehydrated ion is
used, and it shows the relative impor-
tance of lipid (positive image force) and
partial dehydration barriers to passage
through the lipid bilayer. Unambiguous
data presented in this report exclude
double-stranded helices as possible
structures of gramicidin in phospholipid
and further identify the ion-binding sites
within the channel. These data, when
combined with previous results on the
same system, demonstrate that the chan-
nel is specifically the left-handed, single-
stranded @-helix, dimerized head to
head.

The approach involves eight separate
syntheses of gramicidin A. In each syn-
thesis, one different L-residue carbonyl
is 90 percent enriched with carbon-13.
The eight syntheses are required in order
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that each L-residue carbonyl can be used
as a reporter group. The relevant princi-
ple is that structurally equivalent, sym-
metry-related carbonyl carbon nuclei in
a helix exhibit essentially the same sensi-
tivity to ion occupancy within the helix.
Accordingly, an ion-induced chemical
shift exhibited by one carbonyl must also
be exhibited by a symmetry-related

1.5 .

-1.0 L 1 1 L 1 1 1
200 220 240 260

A (nm)

Fig. 1. Unique circular dichroism spectrum of
gramicidin A incorporated into lysolecithin
membranes, and the effect of thallium ion
binding. The molar ratio of gramicidin A to
lysolecithin was 1:15. (Curve a) The channel
reference spectrum with 0.5 mM NacCl; (curve
b) effect of 83 mM thallium acetate; (curve c)
the circular dichroism spectrum of gramicidin
A in association with lysolecithin micelles
before heat incorporation results in the forma-
tion of gramicidin-lysolecithin bilayers (/8).
Incorporation results in a unique circular di-
chroism spectrum which is only slightly per-
turbed by thallium ion binding; [0], mean
molar residue ellipticity; A, wavelength.

(symmetrically equivalent) carbonyl that
is equally proximal to the ion. The pres-
ent communication is a report of thallium
ion—-induced carbonyl carbon chemical
shifts for [(1-'3C)L-Val'lgramicidin A,
[(1-*C)L-Ala’]gramicidin A, [(1-"C)r-
Ala’lgramicidin A, and [(1-BC)L-Val}-
gramicidin A. These results combine
with previously determined (//) thallium
ion-induced carbonyl carbon chemical
shifts of [(1-"*C)L-Trp’lgramicidin A,
[(1-"*C)L-Trp''gramicidin A, [(1-3C)L-
Trp"l-gramicidin A, and [(1-®C)L-
Trp'*lgramicidin A to define the helical
structure required by the data.

The primary structure of gramicidin
A is HCO-L-Val'-Gly?-L-Ala*-p-Leu*-1-
Ala’- p -Val’ L -Val’- p -Val®- ¢ - Trp® -
D -Leu'%- L -Trp'- p -Leu'?- L -Trp'? -
Leu'-L-Trp'>-~NHCH,CH,OH as shown
by Sarges and Witkop (/4). The carbonyl
carbons of the L-residues at positions 1,
3, 5, and 7 were labeled with carbon-13,
and the synthetic gramicidins were pro-
duced as reported for [(1-"*C)p-Leu!>'4]-
gramicidin A (/5). The syntheses of
gramicidin A’s with labeled carbonyl
carbons in L-residues 9, 11, 13, and 15
was verified (/6). Each gramicidin A was
separately incorporated into lysolecithin
phospholipid structures (/7). This heat-
induced incorporation results in the for-
mation of bilayer sheets and vesicles
(18). The evidence that this system con-
tains the channel state is extensive. Dur-
ing the many-hour time course of heat
incorporation of gramicidin A into the
phospholipid, the motions of the lipid
aliphatic carbons become slowed, and a
unique circular dichroism pattern devel-
ops (Fig. 1). Until the unique circular
dichroism pattern is obtained, there is
little sodium-23 interaction as measured
by nuclear magnetic resonance (NMR)
longitudinal (T,) and transverse (T,) re-
laxation studies. The ion interaction that
does develop is competitively blocked
by silver ion and thallium ion (17, 19),
which competitively block alkali metal
ion transport through the channel (20,
21). The energy of activation for sodium-
23 interaction (17, 19, 22) and for channel
transport of sodium ion are essentially
the same (23). The interaction of the
lysolecithin-packaged gramicidin A with
Ca’" and Ba’" has the same binding
constants (1 to 10M™") (24, 25) as were
determined from the effect of these diva-
lent ions on channel transport (26). Four
rate constants determined by sodium-23
NMR resonance T, and T, studies can be
used with Eyring rate theory to calculate
the sodium ion currents through the
channel over substantial ranges of ion
activity (three decades) and of trans-
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Fig. 2. Carbon-13 nuclear magnetic resonance spectrum (25 MHz) of (A) [(1-"*C)L-Ala’lgramicidin A in dimethylsulfoxide. (B) [(1-"*C)L-
Val’]Gramicidin A incorporated into lysolecithin-gramicidin bilayer sheets (18).

mermbrane potential (50, 100, 150, and
200 mV) (22, 27). Furthermore, the
unique circular dichroism pattern (Fig. 1)
is the same as that obtained for lecithin
membranes (28, 29) and has in that sys-
tem been defined as the channel state on
the basis of the circular dichroism pat-
tern in lecithin of active and nonactive
derivatives of gramicidin A (29). Thus, it
can be concluded that the channel state
is obtained in this system.

Carbon-13 NMR spectra of the (1-
3C)-enriched gramicidins were mea-
sured at 25 MHz on a spectrometer
(JEOL FX-100) equipped with a 10-mm
multinuclear probe under conditions of
complete proton noise decoupling. A
representative spectrum of synthetic [(1-
BC)L-Ala’]gramicidin A in dimethylsulf-
oxide is given in Fig. 2A, where all
resonances are assigned and the en-
riched carbonyl carbon resonance is
seen as the intense signal at 172.2 ppm.
Each synthetic gramicidin was packaged
into lysolecithin structures in H,O at 0.5
mM NaCl (17). In each case, the ion-
interacting channel state was verified by
circular dichroism spectra, as shown in
Fig. 1, and by the sodium-23 NMR
chemical shift at 30°C. The concentra-
tion of incorporated channels was deter-
mined by ultraviolet spectrophotometry
and found to be approximately 3 mM for
all samples. Ions were introduced to the
samples by adding dry thallium acetate
or BaCl, - 2H,0 salts to the NMR tube.

The spectra of lysolecithin-packaged
gramicidins were accumulated at 70°C to
facilitate observation of the broad signal
of the peptide with the labeled carbonyl
carbon. A representative spectrum of the
phospholipid-packaged channel may be
seen in Fig. 2B where the enriched car-
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ethanolamine end only to the aqueous interface. Spectra A through E s
induced by thallium ion. These values are listed in Table 1 and used
(Curves a) 0.5 mM NaCl; (curves b) 83 mM thallium acetate; (curves c)

Fig. 3. Carbonyl re-
gion of carbon-13
NMR spectra of (1-
13C)-enriched grami-
cidin A molecules in-
corporated into lyso-
lecithin-gramicidin A
bilayers (18). (A) [(1-
BCO)L - Val']Gramici-
din A; (B) [(1-"*C)L-
Ala’]gramicidin A; (C)
[(1-BC)L - Ala’]grami-
cidin A (inset shows
resonance of L-Ala’
carbonyl after remov-
al of lipid carbonyl
resonance); (D) [(1-
BO)L - Val’lgramici-
din A; (E) [(1-®C)L-
Trp®lgramicidin A; (F)
[(1-B3C)L-Trp!!'] gram
icidin A; (G) [(1-*C)L-
Trp"*Jgramicidin A; (H)
(1-3C)-L-Trp"]-gram-
icidin A; (@) [1-*C)L
- Val'lgramicidin A;
and () [(1-B0O)-
L-Trp'®]gramicidin A.
Spectra I and J show
the ion-induced car-
bonyl carbon chemi-
cal shift due to 1M
BaCl,. Although bari-
um ion does not pass
through the charinel,
it does interact with
the ethanolamine end
of the structure, in-
ducing chemical shifts
in carbonyls of resi-
dues 9, 11, 13, 14, and
15; but it does not
perturb the formyl
end as monitored with
the L-Val' carbonyl
carbon. This indicates
accessibility of the
how the chemical shift
in the plots in Fig. 4.
1M BaCl,. As reported

earlier (11), residues 9, 11, 13, and 15 exhibit chemical shifts, but residues 1, 3, 5, and 7 exhibit

no thallium ion~induced chemical shift under identical conditions.
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Table 1. Peptide carbonyl carbon chemical shifts for lysolecithin-packaged (1-'*C)-enriched
gramicidin A. The chemical shift (3), in parts per million, was measured with respect to the
lysolecithin -(CH,),- resonance at 29.1 ppm from external hexamethyldisiloxane.

3 (ppm)
Condition S
Val' Ala® Ala’ Val’ Trp® Trp"! Trp"? Trp'®
+0.5 mM Na* 171.4 171.6 173.1 171.7 169.5 170.3 170.1 171.9
+83 mM TI* 171.4 171.6 173.1 171.7 170.0 171.9 171.3 172.2
A* 0 0 0 0 0.5 1.6 1.2 0.3

*The error is less than 0.1 ppm as determined by multiple incorporations and spectral characterization.

Fig. 4. Wire models of possible
channel structures aligned with an
abscissa for placing the experimen-
tal ion-induced chemical shifts of
each of the r-residue carbonyl car-
bons. (A) Antiparallel, double-
stranded-B’-%-helix, showing the
contradiction with the structure
that while residues 9, 11, 13, and 15
exhibit ion-induced chemical shifts,
equally proximal and helically
equivalent carbonyl carbons of resi-
dues 1, 3, 5, and 7 do not exhibit
ion-induced chemical shifts. There-
fore, this cannot be the structure.
(B) Parallel, double-stranded B-he-
lix showing an asymmetric ion
binding pattern. This is inconsistent
with the symmetric single-channel
current-voltage curves, with the
demonstration of two ion-binding
sites, with the exposed ends of the
structure to the aqueous interface
and with D-residue 8 and 14 thalli-
um ion-induced carbonyl carbon
chemical shifts indicated as X on
the plots (see text for further dis-
cussion). This structure also cannot
be the dominant functional channel.
(C) Single-stranded B-helical chan-
nel. Thallium ion-induced carbonyl
carbon chemical shifts plotted from
the data in Fig. 3 and Table 1 for the
left-handed, single-stranded B$3-
helix of gramicidin A. There are
two binding sites, related by a two-
fold symmetry axis perpendicular
to the channel axis which would
give rise to symmetric single-chan-
nel current-voltage curves (30, 31)
and which are consistent with the
sodium-23 NMR studies showing
two binding sites (22, 27). The for-
myl end is buried, and the ethanol-
amine end is at the aqueous inter-
face; this is consistent with the data
of Fig. 3, I and J, and (/0). The left-
handed helical sense is demonstrat-
ed by the thallium ion-induced car-
bonyl carbon chemical shifts of D-
residues 8 and 14 (/2). These data
are included as the X’s. This struc-
ture is therefore deducible entirely
on the basis of ion-induced carbon-
yl carbon chemical shifts to be the
channel structure.

1-13Cc 5

1-13C s

1-13C 5 (L-Res)

A Antiparallel, double-stranded 8-helix

12 8 4 4 8

12

15

1

7 3 F F 3

7

1

Position of carbonyl oxygen

g

15°

1 - 13C 5 (D-Res)

bonyl carbon of residue 7 is seen as the
signal just upfield from the lipid carbonyl
resonance. Chemical shifts for all lipid
incorporated spectra are given with re-
spect to the fatty acid -(CH,),- at 29.
ppm from external hexamethyldisilox
ane. The change in chemical shift of the
enriched gramicidin carbonyl carbon on
addition of ion was measured by overlay-
ing reference spectra (0.5 mM Na()
with spectra obtained in the presence of
83 mM TI' or IM Ba®* so that the lin
shapes of the enriched peptide carbonyl
resonances were superimposed. The
chemical shift was then measured as th
difference in the sharp lipid carbony
carbon resonances, which did not inal
cases exhibit a change in chemical shift
on addition of ion. In the case of the [(I
BC)L-Ala’|gramicidin A, where the pep
tide and the lipid carbonyl carbon rese
nances overlap, a spectrum of lysoleci
thin-packaged natural-abundance “Cle
beled gramicidin A was subtracted from
the spectrum of the enriched sample in
order that the [(1-'3C)L-Ala’]carbonjl
carbon might be resolved (see insetin
Fig. 3C).

Carbon-13 NMR spectra of the car
bonyl regions for each of the L-residu
carbonyl carbons are given in Fig. 3.
Parts A through D of Fig. 3 are the dat
for the carbonyl carbon resonances of L-
residues 1, 3, 5, and 7; these show m
thallium ion—induced chemical shift on
addition of 83 mM TI°. In contrast, &
shown in parts E through H of Fig. 3, the
carbonyls of L-residues 9, 11, 13, and l§
show large chemical shifts. The chemic
shifts of these helically equivalent I-
residue carbonyls are all given in Tabk
1. The values may now be plotted fur
double- and single-stranded B-helices.h
Fig. 4A, an assumed antiparallel doubl
stranded B7-*-helix is shown in a wit
model with the carbonyl oxygens aligni
along the abscissa above. A plot of th
thallium ion-induced chemical shifs
demonstrates the contradiction that th
peptide carbonyls of residues 11 and I}
show large chemical shifts, near |
ppm, whereas the helically equivalen
peptide carbonyls of residues 3 and
which reside in the same segment if
helix, show no significant chemical shif.
This contradiction applies regardless o
the number of residues per turn in th
double-stranded helix. Accordingly, it
antiparallel double-stranded B-helix ca
not be the channel structure.

In Fig. 4B is shown the wire modeldfi
parallel double-stranded B-helix
above it are plotted the thallium o
induced carbonyl carbon chemical shift.
These data require a single binding sitei
the ethanolamine half of the helix. O
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the contrary, two binding sites with dif-
ferent binding constants have been ob-
served for the binding of Na™ to this
channel state (27), and as shown in parts
land J of Fig. 3, only the ethanolamine

end is accessible to Ba’" interaction, -

indicating that the formyl end cannot be
at the aqueous interface as required for
the parallel double-stranded helix. Addi-
tionally, such an asymmetric binding
would give rise to asymmetric single-
channel current-voltage curves (30),
whereas the dominant state of the chan-
el exhibits single-channel current-volt-
age curves that are symmetric (37). In
lecithin vesicles with an identical circu-
lar dichroism pattern, it has been shown
by Weinstein et al. (10) that the formyl
end is buried in the lipid and not accessi-
ble at the aqueous interface. Finally,
data are available (/2) on the thallium
in-induced chemical shifts of carbonyl
arbon resonances of [(1-'*C)p-Val®|gra-
micidin A and [(1-'*C)p-Leu'*]gramici-
din A, which are included as the X’s in
Fig. 4B. While not helically equivalent to
Lresidue carbonyls, these D-residue car-
bonyls are helically equivalent to each
other and are also susceptible to ion-
induced chemical shifts, which must be
consistent with the L-residue data as to
location but not as to sign and magni-
tude. The p-residue data are not consist-
ent with the L-residue data for the paral-
kl double-stranded structure (Fig. 4B).
Thus, the double-stranded helices are
not the channel state of interest.

InFig. 4C the data of Fig. 3, A through
H, are plotted for the single-stranded -
kelix. In this case, two symmetrically
rlated binding sites are observed, as
required by the symmetric single-chan-
el current-voltage curves (30, 31), as
required by the previous demonstration
of two binding constants (the difference
between the tight and weak binding con-
stants being repulsion between ions on
double occupancy) (27), and as required
by the exposure of the ethanolamine end
tothe aqueous interface and by the bur-
ied formyl end [demonstrated in (/0) and
by Fig. 3, I and J].

Inaddition, ion-induced carbonyl car-
bon chemical shifts can be used to deter-
mine helical sense of the single-stranded
sructure. This has been done with [(1-
"Op-Val*jgramicidin A and [(1-*C)p-
Lewlgramicidin A (/2). Examination of
the structure of the single-stranded helix
shows that for the left-handed helix the
rsidue 14 carbonyl is in the binding-site
wgment of the channel, whereas the
rsidue 8 carbonyl is well removed from
the binding site segment (Fig. 4C). For
tie right-handed single-stranded B-helix,
the reverse is the case; the residue 8
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carbonyl carbon is at the center of the
binding site segment, and the residue 14
carbonyl is well removed from the seg-
ment. The observed thallium ion-in-
duced chemical shifts for residues 8 and
14 are also included as X’s in Fig. 4C,
where they are correct for the left-hand-
ed helical sense.

Thus, ion-induced carbonyl carbon
chemical shifts have provided a com-
plete resolution of the issue of the single-
versus double-stranded helix for the
channel state of gramicidin A and have
determined the helical sense. It should
be emphasized that this is the description
of the major ion-conducting state of
gramicidin in lipid bilayers and in no way
counters the excellent solution and solid-
state studies of polymerized L-D struc-
tures, including the gramicidins, which
can occur in the double-stranded helical
state.

DAN W. URRY
TiNna L. TRAPANE
Kari U. PrasaD
Laboratory of Molecular Biophysics,
University of Alabama School of
Medicine, Birmingham 35294
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Abnormal Ion Permeation Through

Cystic Fibrosis Respiratory Epithelium

Abstract. The epithelium of nasal tissue excised from subjects with cystic fibrosis
exhibited higher voltage and lower conductance than tissue from control subjects.
Basal sodium ion absorption by cystic fibrosis and normal nasal epithelia equaled
the short-circuit current and was amiloride-sensitive. Amiloride induced chloride ion
secretion in normal but not cystic fibrosis tissue and consequently was more effective
in inhibiting the short-circuit current in cystic fibrosis epithelia. Chloride ion—free
solution induced a smaller hyperpolarization of cystic fibrosis tissue. The increased
voltage and amiloride efficacy in cystic fibrosis reflect absorption of sodium ions
across an epithelium that is relatively impermeable to chloride ions.

Theoretical considerations (/) and ex-
perimental evidence (2) indicate that salt
and water absorption are important in
the regulation of the volume of liquid on
the surface of proximal airways. A major
driving force for volume absorption is
active Na' transport by surface epitheli-
al cells (2). This process is electrogenic
[generates a transepithelial electric po-
tential difference (PD)] and accounts for

most of the basal short-circuit current
(Isc) of epithelial preparations in vitro.
Nasal and bronchial epithelia of subjects
with cystic fibrosis (CF) are character-
ized in vivo by three abnormalities that
reflect altered ion transport or perme-
ability and may be linked to deranged
surface liquid metabolism, thickened
mucus, and recurrent pulmonary infec-
tion (3): (i) the basal transepithelial PD is
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