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ABSTRACT Nuclear Magnetic Resonance (NMR) 2Tl spectroscopy has been used to monitor the binding of TI* to
gramicidins A, B, and C packaged in aqueous dispersions of lysophosphatidylcholine. For 5 mM gramicidin dimer in the
presence of 100 mM lysophosphatidylcholine, only ~50% or less of the gramicidin appears to be accessible to T1*.
Analysis of the 2*T1 chemical shift as a function of TI* concentration over the 0.65-50 mM range indicates that only
one TI* ion can be bound by gramicidin A, B, or C under these experimental conditions. In this system, the TI*
equilibrium binding constant is 582 + 20 M~! for gramicidin A, 1949 + 100 M ' for gramicidin B, and 390 + 20 M~
for gramicidin C. Gramicidin B not only binds T1* more strongly but it is also in a different conformational state than
that of A and C, as shown by Circular Dichroism spectroscopy. The **TI NMR technique can now be extended to
determinations of binding constants of other cations to gramicidin by competition studies using a Tl probe.

INTRODUCTION

The gramicidin family of linear polypeptides represents a
set of well-defined transmembrane ion channels (Ander-
sen, 1984). These channels are ideally selective for mono-
valent cations and partially selective among the different
monovalent cations (Myers and Haydon, 1972; Eisenman
et al,, 1976; Urban et al., 1980), which move through the
channels in single file (Finkelstein and Andersen, 1981).
The intimate chemical interactions between the passing
ions and the gramicidin channel can be probed through
studies of single-site analogues in which individual amino
acids of the parent gramicidin A molecule are substituted
(Mazet et al., 1984). Thus the single-file transport of ions
in the gramicidin channel system can be investigated at the
molecular level in greater detail than is currently feasible
for any other transmembrane channel.

The parent gramicidin A molecule from Bacillus brevis
has the amino acid sequence (Sarges and Witkop, 19654)
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formyl—L—Val—Gly—L—Ala—D—Leu—L—
1 2 3 4
Ala—D—Val—L—Val—D—Val—L—
5 6 1 8
Trp—D—Leu—L—Trp—D—Leu—L—
9 10 11 12

Trp—D—Leu—L—Trp—ethanolamine.
13 14 15

Analogues having single amino acid substitutions are
available either from B. brevis (Gregory and Craig, 1948)
or by total chemical synthesis (Prasad et al., 1982) or
semisynthesis (Morrow et al., 1979; Weiss and Koeppe,
1985). This paper will focus on the three naturally occur-
ring gramicidins produced by B. brevis that differ only in
the amino acid at position 11: gramicidins A, B, and C,
having Trp, Phe, and Tyr, respectively, at position 11
(Sarges and Witkop, 19656). The carbonyl carbon of
residue 11 is near the tight cation binding site of gramici-
din, as determined by C-13 Nuclear Magnetic Resonance
(NMR) spectroscopy (Urry et al., 1982). The formyl-
to-formyl single-stranded 8%*-helical dimer (Urry, 1971)
has now been firmly established by spectroscopic and
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chemically labeling techniques (Urry et al., 1971; Bam-
berg et al., 1977, Weinstein et al., 1979; Urry et al., 1983)
as the structure of the ion-transporting gramicidin channel.
In this model, the side chains of gramicidin do not directly
contact the passing ions; an aromatic side chain at position
11 extends over an area about 5-10 A away from a cation
coordinated to the carbonyl of residue 11. Nevertheless,
individual side chains can dramatically influence the con-
ductance properties of gramicidin channels.

When the single-channel conductances of gramicidins
A, B, and C are compared in phosphatidylcholine or
glycerol monooleate membranes at a variety of permeant
ion activities (Bamberg et al., 1976), gramicidins A and C
exhibit similar conductances, whereas the conductance of
gramicidin B channels is consistently about a third lower
than gramicidin A or C. This lower conductance when Phe
is present at position 11 remains a challenge for theoretical
treatments (Jordan, 1982) and molecular dynamics simu-
lations (MacKay et al., 1984) of ion permeation through
gramicidin channels. To obtain more insight about the
reason for the lower conductance of gramicidin B, and to
place constraints on possible kinetic models for single-file
transport, we have sought to measure accurately equi-
librium cation binding constants for gramicidins A, B,
and C.

A number of factors indicate that the thallous ion (T1*)
is a convenient and relevant ion for studies of equilibrium
binding to gramicidins: (@) T1* is transported through the
channel. Its ionic radius is intermediate in size between
Na* and Cs*, which are also transported. (b) T1* is more
strongly bound to gramicidins than are the alkali cations.
Low concentrations of TI* inhibit transport of K* or Na*
(Neher, 1975; Andersen, 1975). The tighter binding of T1*
means that binding constants can be determined with
greater precision, and differences among gramicidin ana-
logues can be measured with greater confidence. The
overall binding constant for TI* to a naturally occuring
mixture of gramicidins A, B, and C has been shown to be
500-1000 M~! (Veatch and Durkin, 1980; Hinton et al.,
1982). (¢) *T1 NMR spectroscopy provides an extraordi-
narily sensitive probe of the environment of T1*, since the
observed chemical shift varies over a range of 1,000 ppm
(Briggs et al., 1980). Thus, the equilibrium between free
and gramicidin-bound TI1* can be measured with high
precision.

The conformation of gramicidin is known to be quite
sensitive to environment (Urry, 1973; Urry et al., 1975;
Wallace et al., 1981). We therefore packaged the grami-
cidins in phospholipid structures, dispersed in aqueous
solutions, before the Tl-binding measurements. The lyso-
phosphatidylcholine system described by Urry and co-
workers (Spisni et al., 1979) is convenient because rela-
tively high gramicidin concentrations can be achieved for
good NMR sensitivity. Circular dichroism (CD) spectros-
copy indicates that the conformation of gramicidin A in
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L-a-Lysophosphatidylcholine (lyso-PC) dispersions is
likely to be quite similar to that in bilayer membranes and
vesicles (Urry et al.,, 1979). Gramicidin B, however, has a
different conformation to that of A (Prasad et al., 1983).
This paper reports the results of 2*T1 NMR investigations
of the T1* binding constants for gramicidins A, B, and C in
lyso-PC environments.

MATERIALS AND METHODS

Materials

Mixtures of gramicidins A, B, and C were purchased as “gramicidin D”
from Sigma Chemical Company (St. Louis, MO) or as “gramicidin”
from U.S. Biochemical Corporation (Cleveland, OH). The individual A,
B, and C components were separated on a 0.78 x 240 cm column of
Chromosorb LC-5, a phenyl reversed phase 37—44 um pellicular packing
(Johns—Manville, Denver, CO), using a multi-step 70-h water-methanol
gradient, as previously described (Koeppe et al., 1985). The gramicidins
were further purified on Sephadex LH-20 (Pharmacia Fine Chemicals,
Piscataway, NJ). Gramicidin concentrations were determined by vacuum
drying to constant weight, and verified by UV spectroscopy (€50 = 20,840
M-, 15,260 M~', and 18,600 M~' for gramicidins A, B, and C,
respectively). The relative amounts of the A, B, and C components were
assayed by analytical HPLC (Koeppe and Weiss, 1981). The three
samples used for NMR spectroscopy consisted of (81% C, 19% A), (92%
A, 8% C) and (87% B, 13% A).

Lyso-PC from egg yolk, containing primarily palmitic and stearic acids
at position one, was obtained from Sigma and was used without further
purification. Thallous nitrate from Alfa Products (Danvers, MA) was
recrystallized twice from H,O and dried to constant weight at 90°C, 40
mm Hg. Water was deionized and then glass distitled. All other chemicals
were reagent grade.

NMR Samples and Measurements

Gramicidin was incorporated into lyso-PC micelles using the procedure of
Urry (Urry et al,, 1979; Spisni et al., 1979; Hinton et al., 1982). The
samples prepared in this manner from very pure gramicidins produced
solutions that were remarkably clear, unlike those obtained from the
commercial mixture of gramicidins. Samples for NMR spectroscopy in 5
mm tubes were prepared by adding 0.1 ml of degassed aqueous TINO, to
0.4 ml of a lyso-PC plus gramicidin suspension, to yield 5 mM gramicidin
dimer, 100 mM lyso-PC, and the desired T1* concentration. For TI*
concentrations below 6 mM, samples of 1.5 ml total volume in 10 mm
NMR tubes were used. Following the recording of initial spectra,
additional samples having intermediate T1* concentrations were prepared
by pairwise mixing of previous samples. All samples in NMR tubes were
maintained at 68°C for the duration of a set of experiments.

Aliquots of selected samples were diluted 100-fold with distilled water
for the CD measurements over the 200-300 nm range using a spectrome-
ter (model J-500A; Jasco Inc., Easton, MD).

The **T]1 NMR spectra were recorded at 34°C, using a spectrometer
modified for pulsed-FT operation (model HFX-90; Bruker Instruments
Inc., Billerica, MA) with a temperature-controlled probe. The gramicidin
induced shift of the **T1* ion resonance frequency was determined as a
function of the TI* ion concentration at constant gramicidin A, B, or C
concentration. Under the conditions of the experiments, the T1* ions were
in rapid exchange between “free” and gramicidin-bound states and only
one resonance signal was observed for each sample. To correct for the
lyso-PC-induced shift in the **T1* resonance frequency, the shift
produced by lipid samples devoid of any gramicidin was subtracted from
the shift due to the gramicidin-containing phospholipid. All chemical
shifts are referenced to that of the T1* ion in water at infinite dilution with
downfield shifts assigned positive values.
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Data Analysis

One can express the interaction of the T1* ion with the gramicidin dimer
(Gr,) incorporated into micelles by the following equilibria:

TI* + Gr, — TI*Gr, (1)
K, = [TI"Gr,]/[T1"] [Gr,] 2
and
TI* + TI*Gr, = TI,**Gr, 3)
K, = [T,**Gr,]/[TI*] [TI*Gr,). (4)

For T1* ions rapidly exchanging between “free” and bound states, the
observed chemical shift, 84, is given by

dos = X10¢ + X101 + Xab2s 5)

where x;, x;, and x, are the mole fractions and &, 8,, and 4, are the
chemical shifts of the free, single and doubly bound complexes, respec-
tively.

One must extract from the experimentally determined 2*T1* chemical
shifts, the equilibrium binding constants (K, and K,) and the bound
chemical shifts (3, and &,). The procedure followed for obtaining these
parameters was that of Johnston et al. (1975).

Since no gramicidin sample was entirely pure, the experimental
chemical shift data for each sample were corrected for the shift produced
by the minor gramicidin component. The highest purity sample, grami-
cidin A (92% A and 8% C), was used as the basis for correcting all of the
samples in the following manner. The analysis of the chemical shift data
of the gramicidin A sample gave values for K, and §,. Assuming thesc
values to be approximately equal to those for pure gramicidin A, the
chemical shift contribution of gramicidin A to the gramicidin C sample
(81% C and 19% A) was calculated point by point and subtracted from
the observed chemical shift data for the gramicidin C sample. The K, and
4, parameters were then obtained for the corrected gramicidin C sample.
These values for the gramicidin C sample were then used to correct the
gramicidin A data and to calculate new values of X and 8, for gramicidin
A. The new values for gramicidin A were then used again to correct the
gramicidin C data. This iterative correction procedure was continued
until constant values were obtained that represent K, and 4, for pure
gramicidins A and C. The final values for pure gramicidin A were then
used to correct the data for the gramicidin B sample (87% B and 13%
A).

The accurate determination of binding constant values from experi-
mental curves relating chemical shift and metal ion concentration is a
difficult task. Deranleau (1969) has shown that ~75% of the saturation
curve is required to show the correspondence between the equation of the
model and the equation fitting the data. The concentration of the metal
ion (TI*) must be corrected for ionic strength effects. The extended
Debye-Huckel equation (Bockris and Reddy, 1970) was used to deter-
mine the activity coefficient of T1*. One must be concerned about the
effective concentration of gramicidin dimer that is accessible to T1* in
these lipid systems. These points will be illustrated using the data for
gramicidin A (uncorrected for the 13% of gramicidin C that it
contained).

RESULTS

The lipid correction for Tl* binding to lyso-PC in the
absence of a gramicidin is very small, even at low ionic
strength (Fig. 1). Thus for TINO; and lyso-PC, one need
not be concerned about specific adsorption of TI* to the
lipid surface at low ionic strength. Such an effect could
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FIGURE 1 Lipid correction curve with the associated chemical shift

data for gramicidin A for comparison.

have increased the local cation concentration in the vicinity
of the channel mouth (Andersen, 1983).

Table I contains the best fit values of K, as a function of
the lowest T1* ion concentration used in the analysis. The
fits are characterized by the Q factor, which measures the
“best-fit” to the experimental data [Q = 27_, (84 — 0ca1)’].
For all of these fits, the gramicidin concentration was the
analytical value of 5 mM dimer. As one can see from this
table, the experimental data can apparently be fit very well
when the lowest T1* ion concentration is ~6 mM. How-
ever, as one includes lower T1* ion concentration data, the
fit becomes precipitously worse (i.e., the value of Q gets
very large). This illustrates the problem of not covering a
large enough portion of the saturation curve (i.e., not using
low enough TI* ion concentrations). This problem is so
serious that one can appear to get a very good fit (Q =
0.22) to the data for T1* = 8 mM using an erroneous two K
model with the parameters K, = 1,317M~, K, = 5.7M"'*
6, = 57.3 ppm and §, = 7.9 ppm. The key to being able to
rule out this fit to a two K model is the fact that the

TABLE 1
APPARENT BINDING CONSTANT, X, (M~'), AND Q AS
A FUNCTION OF THE LOWEST T1*
CONCENTRATION USED IN THE CALCULATION*

T1* e 0
mM M!

8 932 0.271
6 980 0.307
4 1442 5.03
3 1980 20.4

2 2100 72

1 1700 190
0.65 1449 327

*The analytical gramicidin A dimer concentration of S mM was used in
these calculations. No activity coefficient correction was made for the
T1* ion in obtaining these values.
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predicted chemical shift of the 1:1 complex (8, = 57.3
ppm) is much less than the experimentally observed chemi-
cal shift at the lowest T1* ion concentration used (71 ppm
at 0.65 mM TI*). The low cation concentration points are
crucial for the selection of a particular binding model.

As previously mentioned, it is necessary to make an
activity coefficient correction to the TI* concentration for
each solution. Using the extended Debye-Huckel equation
(Bockris and Reddy, 1970) to determine the activity
coefficient of the TI* ion, the effective concentration of the
T1* ion in each solution was calculated. The data in Table
I were corrected for the activity coefficient; however, the
best fit was still poor using the analytical gramicidin
concentration. Using all of the TI1* ion concentration data
(i.e., including the lowest analytical value of 0.65 mM), the
two-site model produced a better fit (Q = 24.9) than did
the one-site model (Q = 505), but with K, > K. The only
satisfactory fits to the data were found when the analytical
gramicidin dimer concentration was reduced to a mini-
mized effective concentration for the calculation. Table II
contains the data for gramicidin A that illustrates this
point with the one K model using T1* ion concentrations
corrected by activity coefficients. As can be clearly seen,
the Q value minimizes as the effective concentration is
lowered to about half of the analytical dimer concentration
of 5 mM (actually a value of 2.4 mM was obtained for the
value of gramicidin A when correction was made for the
13% of gramicidin C in the sample). For gramicidins B and
C, the effective concentrations of the dimer that gave the
best fits to the data were 1.5 and 2.7 mM, respectively. An
experiment was also performed with gramicidin A at an
analytical concentration of 3 mM. A best fit analysis of
these data was obtained with an effective dimer concentra-
tion of 1.47 mM, again about half of the actual concentra-
tion. This fit gave values of K, and §, that were in very good

TABLE II
BINDING CONSTANT, K (M), O, AND & (PARTS PER
MILLION) CALCULATED AS A FUNCTION OF
EFFECTIVE GRAMICIDIN DIMER CONCENTRATION
WITH T1* CORRECTED FOR ACTIVITY
COEFFICIENT

Gramicidin A dimer

(mM) 5.0 30 26 2.5 24 20

K, (0.65SmM)M™' 1802 1164 846 767 721 532

Q (0.65 mM) 505 16.7 396 1.88 2.15 6.36
4 (0.65 mM) ppm 658 91.6108 113 119 150
K, (0.65mM) M~! 496 696*

K, (0.65 mM) M~! 837 2.58*

Q (0.65 mM) 249 2.26*

5, (0.65 mM) ppm 118 118*

8, (0.65 mM) ppm 19.9 —8.62*

*This calculation was terminated before it reached the best fit values to
show the direction that it was proceeding. If the calculation is allowed to
go to completion, K, goes to zero and &, becomes an extremely large
negative number.
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agreement with those obtained with the system using an
analytical dimer concentration of 5 mM. Thus, four sepa-
rate experiments have all indicated that the effective
gramicidin concentration must be lowered to fit the data.

The process of varying the effective dimer concentration
proved to be crucial in fitting the data for the 2Tl
chemical shift in the presence of all of the gramicidins. In
all experiments, a minimum was observed in the depen-
dence of Q on effective gramicidin concentration. An
example of this is shown in Fig. 2 for gramicidin C.

The theoretical curves that best fit each of the gramici-
dins are shown in Fig. 3. The curves in Fig. 3 are all
three-parameter fits in which K, é,, and the effective
gramicidin concentration were optimized. The effective
gramicidin concentration was in each case ~50% of the
analytical concentration for A and C and somewhat lower
for B. Attempts were made to include a second binding site
with characteristic K, and 8, parameters in each of the fits.
In all of the two-site fits K, tended toward zero (<10 M™")
and §, assumed unrealistic negative values. Therefore, the
possibility of two simultaneously bound TI* ions per grami-
cidin dimer was excluded for the experimental conditions
described here. The T1* binding constants, K, obtained by
the “best-fit” procedure are 582 + 20, 1949 + 100, and
390 + 20 M~! for gramicidins A, B, and C, respectively, at
34°C. The associated bound chemical shifts, 8,, are 127 =
2, 43 + 2, and 93 + 2 for gramicidins, A, B, and C,
respectively.

DISCUSSION

Thallium exhibits unusual electrophysiological and mag-
netic resonance properties which render the T1* cation a
remarkable probe for mechanistic studies of Na* and K*
gates and pumps in biological membranes. Tl is a
convenient nucleus for NMR because of its high natural
abundance (70.5%), its excellent relative receptivity (0.136
relative to 'H), and its lack of a quadrupole moment.

1.74
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1.6 3

1.53 ] P
... ‘,'
.. .
1.50 ] . e
e,

T — v
230 243 260 275 290
GRAMICIOIN-C DIMER (mM)

FIGURE 2 Q factor as a function of effective gramicidin C concentra-
tion. The minimum Q occurs at 2.7 mM gramicidin C dimer, or 54% of
the analytical concentration.
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FIGURE 3 Theoretical curve fits to the *T1 chemical shift data for
gramicidins A, B, and C.

Furthermore, the 2°TI chemical shift is extremely sensitive
to the chemical environment.

T1* substitutes with high affinity at the K* binding sites
of the Na* = K* ATPase of human erythrocytes (Cavieres
and Ellory, 1974), and TI* is actively transported into
erythrocytes in exchange for internal Na*. TI1* is also the
most permeable ion in the K* channel of squid (Hagiwara
et al., 1972) and binds more strongly than Na* or K* to
the Na* channel of nerve membrane (Henderson et al.,
1974). In the case of gramicidin, 1072 M TI* is 50 times
more permeable than 1072 M K* (Eisenman et al., 1976).
However, Na* or K* currents through gramicidin chan-
nels are depressed by traces of T1*. In symmetric mixtures
of Na* and T!*, the conductance depends on the ratio of
[T1*]/[Na*] and for 1 M total salt passes through a
minimum at ~2% thallium (Neher, 1975; Andersen,
1975). This “mole-fraction-dependent™ behavior provides
an example of complex interactions among different
cations and gramicidin channels (Andersen, 1978).

The fact that T1* binds more strongly than Na* or K* to
gramicidins can be exploited to obtain accurate cation
association constant comparisons among closely related
gramicidins. Thus T1* is a useful probe for determining the
relationships between ion affinities and single-channel
conductances for the gramicidin family. Of course, the
detailed transport mechanism may be different for dif-
ferent cations, and so further single-channel studies with
TI* and equilibrium studies with Na* and K* will be
required.

The results of the “best-fit” analysis show that only one
TI1* ion is bound by gramicidin A, B, or C incorporated into
lyso-PC. Furthermore, a comparison of the equilibrium
binding constants indicates that the Tl* binding constant
for gramicidins A and C are similar, whereas that of B is
larger by a factor of about three. It is of interest to note
that the order of increasing equilibrium binding constants,
gramicidin C < gramicidin A < gramicidin B is the same
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as that for the retention times, and therefore the polarity,
of the gramicidins found in reversed phase chromatogra-
phy (Koeppe and Weiss, 1981). The difference in equilib-
rium binding constants among the A, C, and B components
suggests that the energy profile at the channel entrance is
significantly altered for gramicidin B in the lyso-PC
environment. The CD spectra of gramicidins A, B, and C
incorporated into the lipid environment show that A and C
are in a very similar conformational state with that of B
being different. Our CD results for A and B are in
agreement with those of Prasad et al. (1983) for synthetic
gramicidin B. Since the conformational and TI* binding
properties of B are different than those for A or C in the
lyso-PC environment, one might expect to observe signifi-
cant differences in the single channel conductances of these
gramicidin analogs. Single-channel conductance studies of
the Na* and K* ions with gramicidins A, B, and C have
shown that the conductance of gramicidin B is ~60-70% of
that of gramicidin A, while A and C have about the same
conductance at NaCl concentrations of 0.1-1.0 M (Bam-
berg et al., 1976). The single channel conductance of Na*
(1 M, 200 mV, 25°C in diphytanoyl-PC) through grami-
cidins A, B, and C was found to be 15.4, 8.2, and 15.5 pS,
respectively (Mazet et al., 1984). Unless one is certain that
the channel state is the same in the conductance and
equilibrium binding experiments, correlations between
transport and binding must be cautiously made.

The magnitude of the equilibrium binding constant
determined for gramicidin-A (582 M™') is in agreement
with the value range of 500-1,000 M ! determined by an
equilibrium dialysis method at 23°C with gramicidin A
incorporated into vesicles of dimyristoyl-PC (Veatch and
Durkin, 1980). The equilibrium dialysis experiment also
showed only one T1* ion bound by the gramicidin dimer, in
agreement with our results. Levitt (1978) predicted that
only one Tl* ion would be bound by gramicidin with a
binding affinity of 400-500 M ~". Previously, we measured
an equilibrium binding constant for the Tl* ion with a
commercial mixture of gramicidins incorporated into
micelles using the 2°TI NMR technique (Hinton et al.,
1982). A one-binding-site model was used to fit the data
and a value of 900 M~! was obtained for the equilibrium
binding constant at 30°C. The gramicidin mixture used in
the earlier experiments was composed of ~85% A, 10% B,
and 5% C. The results presented here for gramicidin A are
consistent with those determined previously for the grami-
cidin mixture, and the precision of the analysis is now
much improved.

The importance of using the effective concentration and
not the analytical gramicidin concentration for the data
analysis is obvious. However, the factors that determine
the effective concentration in lipid dispersions are not well
understood. It has been shown, however, that this type of
lipid system can form complex mixtures of bilayers upon
the addition of gramicidin (Spisni et al., 1983; Killian et
al., 1983). Perhaps it is within the bilayers that some of the
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gramicidin becomes inaccessible. Several different grami-
cidin A experiments showed the effective concentration
ranged from ~2.4 to 3.0 mM with an analytical concentra-
tion of 5 and 1.47 mM with an analytical concentration of
3 mM. The binding constant remained the same in each
case. Slight variations in the phospholipid and in the
incorporation of gramicidin are probably responsible for
the differences observed in the effective concentrations. It
is not our belief that the effective concentration differences
reflect upon intrinsic differences in molecular properties of
the gramicidins. The data indicate that, for the concentra-
tions of gramicidin and lyso-PC that were used, only about
half of the total gramicidin and only one end of each dimer
is available for cation binding at any one time. The process
by which only part of the gramicidin becomes available for
cation binding would seem to be a dynamic one since Urry
et al. (1982) have observed only one '*C-carbonyl reso-
nance signal for singly labeled, '*C-enriched gramicidin
incorporated into lyso-PC both in the presence and absence
of cation binding. These *C-NMR experiments indicate
that the two ends of a gramicidin dimer are equivalent on
the NMR time scale. This dynamic behavior is supported
by the dielectric relaxation studies of Henze et al. (1982),
who found intrachannel ionic translocation from the site at
one end to that on the other proceeds with a rate constant
of 4 x 10° s~'. Taken together, the Tl and "*C data
indicate that a single bound T1* ion is in dynamic equilib-
rium between the two ends of the channel.
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