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ABSTRACT  Six sgntheses of gramicidin A have been carried
out, each with 90% "3C enrichment of a single carbonyl carbon
these being the formyl, Val-1, Trp-9, Trp-11, Trp-13, and Trp-15
carbonyl carbons. Each gramicidin A was incorporated as the
channel state into phospholipid structures, and the chemical shift
of the carbonyl carbon resonance was monitored by '>*C NMR as
a function of ion concentration. Plots of Na*- and TI*-induced
chemical shifts as a function of carbonyl location in the channel
indicate two symmetrically related binding sites centered at the
tryptophan carbonyls and separated by 23 A. The absence of ion-
induced chemical shifts for the formyl and Val-1 carbonyl carbon
resonances indicates that there is no binding site midway through
the channel but rather a central free-energy barrier for ion transit
through the channel.

Ion-induced chemical shifts of the tryptophan carbonyl carbon
resonances at 100 mM Na* verify that the tight binding constant
(K. =70 M~Y), observed with 2Na NMR, results from binding
within the channel. This observation and the lateral, triangular
distribution of the coordinating Trp-9, -11, and -13 carbonyls com-
bine to provide an experimental demonstration that the carbonyls
of the walls of the channel directly coordinate the ion, successfully
competing with the polar solvent. With the binding sites verified
and localized, it is possible to conclude that the transport mech-
anism for Na* is well represented by the case of the two-site model
[D. W. Urry, Venkatachalam, C. M., Spisni, A., Liuger, P. &
Khaled, M. A. (1980) Proc. Natl. Acad. Sci. USA 77, 2028-2032].

It is now well accepted (1-3) that the molecular structure of the
gramicidin transmembrane channel is as first proposed in this
journal in 1971 (4, 5). As demonstrated with space-filling models
in Fig. 1, two monomers of gramicidin A (6, 7),
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L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-HNCH,CH,OH,

each in the single-stranded B53-helical conformation (5, 8-12),
associate formyl end to formyl end by means of six intermolec-
ular hydrogen bonds. As such, the channel has a 2-fold sym-
metry axis perpendicular to the channel (helix) axis. The di-
ameter of the channel is 4 A, and the channel length is 25 A
(Trp-11 oxygen to Trp-11 oxygen) to 30 A (Trp-15 oxygen to Trp-
15 oxygen).

Interest in the gramicidin channel arises for many reasons.
It is the first ion-selective transmembrane channel of known
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Fic. 1. Space-filling model of the gramicidin A transmembrane
channel. (4) Side view looking along the 2-fold symmetry axis of the
structure comprised of two helical monomers associating formyl end
to formyl end by six intermolecular hydrogen bonds and depicted as
spanning the lipid layer of a lipid bilayer. (B) Channel view showing
a 4-A-diameter channel and the tryptophan-11, -13, and -15 carbonyls
directed outward into the aqueous solution.

molecular structure that is essentially impermeable to anions
and multivalent cations and-has substantial selectivity among
monovalent cations (13); it exhibits high single-channel ion
fluxes—e.g., 10" Na* per sec at 25°C, 100 mV, and 1. M NaCl
(14, 15)—giving a single-channel conductance of the order of
10 pS, which is similar to that of physiological channels (16); and
it exhibits many additional and more subtle features similar to
those of physiological channels, such as concentration depen-
dence of permeability ratios, saturation effects (and even max-
ima) in conductance on increasing ion concentration, monova-
lent cation-competition and -blocking effects (17-19), divalent
cation damping of single-channel currents (20), and multivalent
anion-screening effects (21).

Qualitatively, the mechanism of ion transport and of selec-
tivity has been described as arising from a libration of peptide
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moieties, which allows the oxygen of the carbonyl to librate into
the channel, lining it with partial negative charges, decreasing
the diameter of the channel and providing for direct lateral co-
ordination of the monovalent cation, which passes through the
channel with two coordinate water molecules, one preceding
and one following it through the channel (12). As there is no
structural counterpart for moving the positive end of the pep-
tide dipole moment into the channel, anions cannot enter. Fur-
thermore, although the single wall of the helix with its carbonyls
is viewed in this qualitative description as sufficient to lower
the ion self-energy of a monovalent cation, it is considered to
be insufficient to shield a divalent cation from the effects of the
low-dielectric-constant lipid surrounding the channel (12, 22).
As to ion occupancy of the channel, models of one-ion, two-ion,
three-ion, and four-ion occupancy have been considered
(23-28, 17, 18), but the uniqueness of even a set of rate constants
for a given model has not been established (29). Accordingly,
it is necessary to devise means of directly observing the ion lo-
cations within the channel to determine the correct occupancy
model.

Recently it has been demonstrated that gramicidin A chan-
nels can be packaged in phospholipid structures (30, 31), that
binding and rate constants can be determined by using *Na
NMR (26, 27, 32), and that these constants can be used within
the framework of Eyring rate theory for introducing voltage
dependence to calculate the single-channel currents as a func-
tion of concentration and transmembrane potential (26, 27).
Even so, it has not yet been possible to deduce unambiguously
the number of binding sites in the channel. Again, completion
of an understanding of the mechanism of channel transport is
blocked by the lack of information on the number and location
of the ion-binding sites within the channel. In the present re-
port, binding sites are defined for Na* and T1*.

MATERIALS AND METHODS

13C Enrichment of the Peptide Carbonyl Carbons of Gra-
macidin. Four syntheses of gramicidin A containing [1-'3C]Trp-
9, [1-3C]Trp-11, [1-'*C]Trp-13, or [1-1*C]Trp-15, respectively,
were carried out by the solid-phase method. The details of syn-
thesis of gramicidin A by this method and the verification of
structure will be presented elsewhere. The indicated carbonyl
carbons were enriched -to 90% '°C. The [formyl-'*C]- and
[1-'3C]Val-1-containing gramicidins were prepared from natu-
ral gramicidin, in the former case by deformylation and refor-
mylation with ['3C]formic acid and in the latter case by
deformylation, removal of the Val-1 residue by Edman degra-
dation, recoupling with 90% [1-'*C]Val-1, and reformylating,
The natural gramicidin contains about 70% gramicidin A, 10%
gramicidin B and 20% gramicidin C. Residue 11 is Phe for gram-
icidin B and Tyr for gramicidin C. All six products were verified
by ®C NMR spectra, circular dichroism spectra, and by high-
performance reverse-phase liquid chromatography.

Phospholipid Packaging of Gramicidin Channels. Each *C-
enriched gramicidin was incorporated into phospholipid struc-
tures comprised of L-a-lysolecithin (Avanti Biochemicals; lot
no. LPC-18) by heating at 70°C for 20 hr in the presence of 0.5
mM NaCl as described (30, 31). The circular dichroism spectra
of [1-13C]Val-1-containing natural gramicidin and [1-'3C]Trp-
11-containing gramicidin A are shown in Fig. 2 (curves a and
b), where the curves are seen to superimpose perfectly except
for small differences near 200 nm, which may arise due to the
presence of some gramicidins B and C in the [1-'*C]Val-1-con-
taining natural gramicidin. Seen as curve c is the gramicidin
associated with lysolecithin micelles but not in the channel
state. The nonchannel state represented by curve c is converted
to the channel state represented by curves a and b by the ex-
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F1c. 2. Circular dichroism spectra of [1-'*C]Val-1-containing nat-
ural gramicidin (curve a), and [1-'*C]Trp-11-containing gramicidin A
(curve b), with both having the spectrum characteristic of the channel
state. Curve c is the spectrum obtained before heat incorporation into
the lipid of the phospholipid. This state shows neither perturbation of
the lipid layer, nor ion interactions; when in the state represented by
curves a and b, the lipid layer becomes relatively immobilized, and the
ion interactions exhibit a set of properties similar to those of the chan-
nel in the black lipid membrane studies.

tended heating at 70°C. In this state, ion interaction such as the
2Na chemical shift at 0.5 mM NaCl and other properties satisfy
the numerous criteria established as evidence of the channel
state (30, 31, 33). The channel concentration was about 3 mM.

13C NMR. The *C NMR spectra were obtained at 70°C on
aJEOL FX-100 instrument operating at 25 MHz. The reference
13C NMR spectra were obtained in the presence of 0.5 mM
NaCl. The sodium concentration was then raised to 100 mM,
which is the concentration for optimizing single-ion occupancy
based on binding constants, of about 50 M~ for the tight site
and 1 M™! for the weak site, determined at this temperature.
This is the concentration used for monitoring the chemical shift

.induced in the '3C-enriched carbonyl C-1 resonance by Na*.

The next addition was 3.3 mM thallium acetate. With both the
tight and weak binding constants for TI* being about 2 orders
of magnitude greater than for Na*, (ref. 34; unpublished data),
TI* displaces Na* and, with Tl and channels both about 3 mM,
results in a '3C carbonyl resonance chemical shift that ap-
proaches that of single-ion occupancy by T1*. Increasing the T1*
concentration to 83 mM gives the effect of approaching double
occupancy on the carbonyl carbon chemical shift.

RESULTS

13C NMR spectra for the Na*-induced chemical shifts are seen
in Fig. 3. As the lipid carbonyl carbon chemical shift is un-
changed by any of the ion additions considered here, it can serve
as a sharp nearby reference signal for the peptide carbonyl car-
bon resonance, which is much broader because of the limited
mobility of the peptide backbone. Addition of 100 mM NaCl
had no effect on the chemical shift of the formyl and Val-1 car-
bonyl carbon resonances (Fig. 3 A and B). Fig. 3C shows a very
small chemical shift of the Trp-9 carbonyl carbon resonance, but
in Fig. 3D there is a large shift, about 1 ppm, of the Trp-11
carbonyl carbon resonance on addition of 100 mM NaCl. A sub-
stantial shift is still apparent in Fig. 3E for the Trp-13 carbonyl



392 Biophysics: Urry et al.

LIME S B S B B B S e e e e o o B

A B
/IV
Mol v\\ww%

D

21

T

[ PO T PR T TR R I P S e | J PR WU P PR PO [ TN S S NP PR PR 't 1 1
175 173 171 169 167 165 163 175 173 171 169 167 165 163 161
ppm

Fic. 3. !3C NMR spectra of the carbonyl carbon region. Chemical
shifts are given with respect to external hexamethyldisiloxane. The
sharp peak at low field (174 ppm) is due to the unenriched lipid car-
bonyl carbon, and the broader peak at higher field is the *3C resonance
of the specified polypeptide backbone carbonyl carbon which has been
enriched to 90%. In each case, a reference curve (labeled 1) is included
in which the sodium ion concentration is 0.5 mM, and this curve is
compared with that (labeled 2) obtained in the presence of 100 mM
NaCl. (A) [1-'3C]Formyl-containing natural gramicidin showing no
perturbation of the formyl carbonyl carbon resonance on raising the
NaCl concentration. (B) [1-!*C]Val-1-containing natural gramicidin
again showing no perturbation of the enriched carbonyl carbon reso-
nance: (C) [1-*C]Trp-9-containing gramicidin A showing little or no
perturbation. (D) [1-*C]Trp-11-containing gramicidin A showing a
large, 1-ppm, downfield shift on increasing the NaCl concentration.
(E) [1-*C]Trp-13-containing gramicidin A showing a 0.8-ppm down-
field shift. (#) [1-'*C]Trp-15-containing gramicidin A showing a 0.2-
ppm downfield shift for 100 mM NaCl.

carbon resonance. Thus, we were able to localize the Na*-bind-
ing site to a position between the Trp-11 and Trp-13 carbonyl
carbons. Due to an ion occupancy of =0.8—0.9 for the channel,
the chemical shift for.completely filling the channel (i.e., for
double occupancy) would be greater than 2 ppm for the Trp-11
carbonyl carbon resonance. -

13C NMR spectra for the TI*-induced chemical shifts showed .

no discernible chemical shift of the formyl and Val-1 carbonyl
carbon resonances on addition of 83 mM thallium acetate (Fig.
4 A and B). However, in the case of TI*, the Trp-9 carbonyl
carbon resonance (Fig. 4) did show.a significant ion-induced
chemical shift (about 0.5 ppm). The chemical shift increased to
1.6 ppm for Trp-11 (Fig. 4D), then decreased somewhat for Trp-
13, and became quite small again for Trp-15 carbonyl carbon
resonances. Thus, again the monovalent cation-binding site was
found to be localized between the Trp-11 and Trp-13 carbonyls.
With the expected ion occupancy of about 1.6 ions per channel
or about 0.8 per site, again a chemical shift of about 2 ppm for
the most proximal carbonyl is the value that would result from
complete occupancy.

The ion-induced chemical shifts of Figs. 3 and 4 were plotted
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Fic. 4. '3C NMR spectra of phospholipid-packaged gramicidin
channels showing the carbonyl carbon region. Chemical shifts are
given with respect to external hexamethyldisiloxane. The lipid car-
bonyl carbon resonance, which exhibits no shifting for any of the ion
additions considered here, serves as a convenient sharp reference peak:
at 174 ppm. The spectra are compared for 0.5 mM NaCl (spectrum 1)
and 83 mM thallium acetate (spectrum 2). (A) [1-'*C]Formyl-contain-
ing natural gramicidin showing no shifting of the formyl carbony! car- -
bon resonance on addition of T1*. (B) [1-'3C]Val-1-containing natural-
gramicidin showing no T1*-induced shifting of the Val-1.carbonyl car-.
bon resonance. (C) [1-'*C]Trp-9-containing gramicidin A showing a
0.5-ppm T1*-induced chemical shift. (D) [1-'3C]Trp-11-containing
gramicidin A showing a 1.6-ppm T1*-induced chemical shift. (E) [1-

SC]Trp-13-containing gramicidin A with a 1.2-ppm downfield shift on
addition of 83 mM T1*. (F) [1-'3C]Trp-15-containing gramicidin A with
a 0.3-ppm T1*-induced chemical shift.

(Fig. 5) as a function of position along the channel. In Fig. 5A
are seen the locations of the carbonyl carbons and in Fig. 5B
is the spatial distribution of the carbonyls seen in side view.
With the 2-fold symmetry axis perpendicular to the channel
axis, the six separate carbonyl carbon enrichments provide data
on 12 locations distributed along the channel. With the point
of view that the chemical shift in the carbonyl carbon resonance
results from interactions at the carbonyl oxygen, the position
of the carbonyl oxygen was plotted as a function of the ion-in-
duced chemical shift in Fig. 5C. It is apparent that the cation
binding for both TI* and Na* is localized with two sites sepa-
rated by about 23 A and with no binding midway through the
channel.

A comparison of the carbonyl carbon resonance chemical
shifts induced by 3.3 mM and 83 mM TI" is of interest because
atlow concentration the tight site would be saturated and at high
concentration the weak site would be more than 50% occupied.
Both the low and high concentrations of TI* caused the largest
shift in the Trp-11 carbonyl carbon resonance. For the incor-
poration of [1-*C]Trp-11-containing gramicidin A, the actual
channel concentration was 2.8 mM. With a tight binding con-
stant of about 1 X 10° M~ and a weak binding constant of about
50 M~ for TI* (ref. 17; unpublished data), at 3.3 mM TI* the
channel occupancy would be 1.1-1.2 ions with essentially com-



Biophysics: Urry et al

D 151311 9 | HCO. | 9 Il 13 15
T LI | T T T T T L T 1 {
[ 28k *

—0
1
O—, 13
*HCO -E’e
[] ;—0 TI*
HCO *~q
o—* e
1 A 1 1 L ' '} L A 1 1 1 Il
5 | | 5 9 13

Fig. 5. Distribution of carbonyls in the gramicidin channel and
plot of ion-induced chemical shifts. (A) Carbonyl carbon positions. (B)
Spatial distribution of carbonyls in the gramicidin channel, including
position of the T1* ions. (C) Plot of cation-induced carbonyl carbon
chemical shifts in ppm: & (in absence of ion) — & (in presence of ion).
o, T1* binding (double occupancy; 83 mM); 0, Na* binding (single oc-
cupancy; 100 mM). (D) Carbonyl oxygen locations. Note that the formyl
and Val-1 carbonyls are unperturbed by the presence of 100 mM Na*
and 83 mM T1*, indicating that there is no appreciable ion occupancy
in the central 7-8 A of the channel. The plot in C shows the binding
sites to be separated by 23 A for T1* and 24 A for Na*. The helix sense
of the channel is taken to be left-handed (4, 5).

plete saturation of the tight site. The observed chemical shift
was 1.1 ppm. At 83 mM TI* the channel occupancy would be
about 1.6, and the observed chemical shift was 1.6 ppm. Al-
though it is fortuitous that the magnitude of the chemical shift
coincided with the ion occupancy, the result demonstrates that
the tight and weak sites are at the same location in the channel.
These results are due to the 2-fold symmetry of the channel
structure and the rapid exchange between sites with an obser-
vation frequency of 25 MHz.

DISCUSSION

Monovalent Cation Binding to Carbonyl Carbons. Enniatin
B, a cyclohexadepsipeptide of alternating L and D residues with
3-fold symmetry, is an instructive cyclic correlate of the gram-
icidin-channel structure, which has 6.3 residues per turn and
alternating L and D residues. The crystal structure of the En-
niatin B-K* complex (35) shows the carbonyls pointing in al-
ternate directions, parallel and antiparallel to the 3-fold molec-
ular axis in analogy to the gramicidin-channel structure in which
the carbonyls point parallel and antiparallel to the channel axis;
of particular interest is that in the crystal structure of the En-
niatin B-K* complex, the carbonyl oxygens directly coordinate
the cation. This provides an opportunity to evaluate the 3C
chemical shifts expected with direct peptide carbonyl coordi-
nation of the bare cation.

In methanol solution, it has been demonstrated that forma-
tion of the Enniatin B-K™ complex causes the peptide carbonyl
carbon resonances to shift downfield 1.5 ppm (36). Thus, the
observed ion-induced shifts, of the Trp-11 carbonyl carbon res-
onance of 1.0 ppm and 1.6 ppm for Na* and T1*, respectively,
with the shift for full occupancy expected to be 2 ppm argue for
direct coordination of the bare cation by the carbonyl oxygens.

Proc. Natl. Acad. Sci. USA 79 (1982) 393

The lesser shifts shown by the other carbonyl! carbons are due
to their helical arrangement, placing them at somewhat larger
distances from the cation. This situation is depicted in Fig. 6,
which is an end-on view looking from the solution end of the
channel, with the distances in A of the Trp carbonyl oxygens
from the midpoint of the channel given in parentheses. The
double circle represents the mean position of the helical back-
bone atoms, and the peptide carbonyl oxygens are shown li-
brated toward the helix axis as previously depicted for the li-
bration mechanism (12). What Fig. 6 shows is that the Trp
carbonyl oxygens surround the bare cation laterally, with room
for water preceding and following the cation in the channel. An
important point to be made is that the carbonyls of the channel
are able to compete with water, even with the proximity of the
membrane lipid, and to do so with binding constants of the order
of 102 to 10* M ™!, Therefore, it is not required that more water
be in the channel to increase the dielectric constant; the car-
bonyls themselves, when they have the proper orientation due
to the local peptide conformation, can provide a greater free
energy of solvation than water. This is consistent with the re-
alization that, while the dielectric constant of water is about 80,
the dielectric constant of N-methylacetamide, a model for the
peptide moiety, is about 180 (37). This is also consistent with
the NMR-observed chemical shifts. Whereas the carbonyl car-
bon resonances shift downfield on complexation with the cation
because of a loss of electron density surrounding the carbonyl
carbon, the resonance of the 2Na nucleus on going from water
into the channel shifts some 20 ppm upfield (26, 27), indicating
the greater electron density accessible to the cation in the chan-
nel as compared to aqueous solution.

On the Location of the Binding Sites and the Magnitude of
Ion—Ion Repulsion. While the structure of the cation-containing
channel within a lipid membrane has not been determined by
diffraction methods, a crystal structure of gramicidin A at low
resolution has been obtained for the K™ and Cs* complexes (3).
The apparent length and diameters of the helical structure are
within tenths of an A of the channel structure described some
10 years ago (ref. 5; ref. 12, table of B ; helix parameters). In
the crystal structure, the cation-binding sites are seen to be
within the end-to-end aligned helices and to recur with sepa-
rations of 21 A and 5 A, but it is not possible to say whether this
indicates two sites straddling the midpoint of the channel and
separated by 5 A or whether it is two sites separated by 21 A

Trps

(11.0)

Fic. 6. Channel view from the aqueous solution as in Fig. 1B. Note
that the carbonyl oxygens surround the monovalent cation. The num-
bers in brackets are the distance in A from the 2-fold symmetry axis
of the channel to the particular Trp oxygen.
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and located near the entrance to the channel. If the crystal struc-
ture is relevant to the channel, then it can be expected on the
basis of the data in Figs. 3, 4, and 5 that the latter is correct,
and the refined crystal structure is awaited with interest to see
whether the sites are as demonstrated here in phospholipid
structures. The slightly greater distance of 23-24 A between the
two sites as reported here may be due to the proximity of the
lipid and the greater flexibility near the end of the helical struc-
ture; it could be that it is more appropriate to plot the ion lo-
cation with respect to the carbonyl carbon rather than the car-
bonyl oxygen, or it could be that the dipeptide repeat distance
is closer to 1.5 A than to 1.6 A.

With the same location being observed for the tight site for
Na* at 100 mM and TI* at 3.3 mM as for the weak site which
is largely occupied at 83 mM TI*, it is apparent that the sites
are structurally identical and related by the 2-fold symmetry
axis. This requires that the difference between binding con-
stants arises from the repulsion experienced by the second ion
due to the presence in the channel of the first ion. The best
experimental estimates of the Na* binding constants for the
malonyl-bis-desformyl-gramicidin channel (where the two
monomers are covalently linked by a malonyl bridge between
the NH,-terminal amino groups), is K}, = 70 M™! and K{/ = 1
M~ at 30°C (27). The repulsion is similarly reflected in the off
rate constants, kig = 3 X 10%/sec and kg = 2 X 107/sec (27).
Thus, it appears that the free energy of repulsion, between two
Na* separated 24 A by a single file of water and laterally co-
ordinated by carbonyls, is 2.5 kcal/mol. This gives a repulsion
constant of about 60 keal-A/mol. It is interesting to note that
similar differences between equivalent binding constants have
been reported by Eisenman et al. in analyses of transport prop-
erties for both TI* and K* (17, 34).

Although there is yet much to be completed for a thorough
understanding of the mechanism of channel transport as ex-
emplified by the gramicidin channel—such as the facilitated on
rate for the second ion (26) and the dispersion of single-channel
currents (unpublished data) that have been proposed to arise
from changes in side-chain rotameric states altering the ener-
getics of libration (38) and such as the rate constant for jumping
between sites during single occupancy, which has been esti-
mated in the case of TI* by means of dielectric relaxation studies
(39)—what is now defined for the first time is the location of
two binding sites within a transmembrane channel and an es-
timate of the repulsion attending double occupancy.
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