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ABSTRACT Thermodynamic parameters for the binding of the monovalent cations, Li*, Na*, K*, Rb*, Cs*, NH,*,
TI*, and Ag*, to gramicidin A and for the binding of TI* to gramicidin C, incorporated into lysophosphatidylcholine,
have been determined using a combination of TI-205 nuclear magnetic resonance spectroscopy and competition
binding. The thermodynamic parameters, enthalpy and entropy, are discussed in terms of a process involving the
transfer of cations from an aqueous to amide environment.

INTRODUCTION

The gramicidin family of linear polypeptides represents a
biologically viable channel system of related peptides in
which specific changes in structure can be correlated with
cation binding selectivity and transport. The interaction
between the transported ions and the gramicidin channel
can be studied using analogs in which individual amino
acids of the parent molecule, gramicidin A, are substituted.
Gramicidin A, from Bacillus brevis, has the amino acid
sequence

formyl—L—Val—Gly—L—Ala—D—Leun—1L—

)]

2 k] 4

Ala—D—Val—L—Val—D—Val—L—
5 6 7 8

Trp—D—Leu—L—Trp—D—Lev—L—
9 10 11 12
Trp—D—Leu—L—Trp—ethanolamine
13 14 15

It has been shown that the polarity and the position of a
particular amino acid side chain in the gramicidin
sequence can have a pronounced effect on the channel
transport and selectivity (Morrow et al., 1979; Mazet et
al., 1984; Russell et al., 1986). With the use of analogs,
cation binding and transport by the gramicidin channel can
be studied at the molecular level in more detail than is
currently possible for other transmembrane channel sys-
tems. Two analogs, available from B. brevis, that have
single-amino acid differences at position 11 are gramici-
dins A and C. Gramicidins A and C have Trp and Tyr,
respectively, at position 11 (Sarges and Witkop, 1965).
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Position 11 is a critically located site for cation binding at
the channel entrance (Urry, 1982). The 8°* helical dimer
of Urry (1971), as presented by Etchebest and Pullman
(1985), is shown in Fig. 1 for gramicidins A and C. In this
figure, an ion diffuses through water to the channel
entrance in step 1, binds to the channel entrance in step 2
and then is transported through the channel in step 3, with
steps 4 and 5 being the reverse of steps 2 and 1. Although
the side chains of gramicidin do not come into direct
contact with the transported ions, an aromatic side chain at
position 11 extends over an area of ~5-10 A away from a
cation bound to the carbonyl residue and can dramatically
influence the transport properties of the channel. There-
fore, analogs with single-amino acid substitution at posi-
tion 11 provide models for investigating the relationship of
cation binding and transport to channel structure.

In order to directly compare the cation binding or
transport properties of analogues, it is important that the
analogs form the same type of channel in a lipid environ-
ment. Circular dichroism spectroscopy has proven to be an
appropriate technique for interrogating the channel forms
of gramicidin analogs in various lipid systems (Wallace et
al., 1981; Wallace, 1986; Spisni et al., 1979; Prasad et al.,
1983; Spisni et al., 1983). As shown in Fig. 2, the circular
dichroism spectra of gramicidins A and C incorporated
into lyso-PC dispersions are very similar. Consequently, it
appears to be appropriate to assume that the channel
conformation of the two analogues is similar enough to
make legitimate comparisons of their cation binding and
transport properties.

This paper reports the results of a TI-205 nuclear
magnetic resonance (NMR) spectroscopic determination
of the thermodynamic parameters for the binding of the
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T1* cation by gramicidins A and C incorporated into
lyso-PC dispersions. The enthalpy and entropy for the
binding process will be discussed with respect to the effect
of single-site substitution on cation binding and transport.
Through the combination of TI-205 NMR spectroscopy
and competition binding effects, the thermodynamic
parameters for the binding of other monovalent cations
(i.e., Li*, Na*, K*, Rb*, Cs*, NH,", and Ag™*) have been
determined for gramicidin A. The enthalpy and entropy of
binding these cations will be discussed with respect to their
similarity to the enthalpy and entropy of transfer of cations
from one solvent to another. The relationship between the
thermodynamic parameters for binding and transport
through the channel will be considered.

MATERIALS AND METHODS

Mixtures of gramicidins A, B, and C were purchased as gramicidin D
from Sigma Chemical Company, St. Louis, MO and from U.S. Biochem-
ical 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,
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FIGURE 2 CD spectra of gramicidins A and C at 35°C.
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FIGURE 1 A schematic drawing of a
gramicidin dimer within a lipid environment
showing an approaching cation and the posi-
tions of the five steps involved in the trans-
port process. The difference in gramicidins
A and C at position 11 in a monomer is also
indicated. The gramicidin dimer is that of
Etchebest and Pullman (1985).

Denver, CO), using a multi-step 70 h water-methano! gradient, as
previously described (Koeppe et al., 1985). The gramicidins were further
purified on Sephadex LH-20 (Pharmacia Fine Chemicals, Div. of Phar-
macia Inc., Piscataway, NJ). Gramicidin concentrations were determined
by vacuum drying to constant weight and verified by UV spectroscopy.
The relative amounts of the A and C components were assayed by
analytical HPLC (Koeppe and Weiss, 1981). The samples used for the
NMR experiments consisted of (92% A, 8% C) and (81% C, 19% A).

Lyso-PC from egg yolk, containing primarily palmitic and stearic acids
at position one, was obtained from Sigma Chemical Co. and used without
further purification. Gramicidin was incorporated into lyso-PC disper-
sions using the procedure of Urry (Urry et al., 1979; Spisni et al., 1979).
This procedure, as employed in our laboratory, has been described
previously in detail (Hinton et al., 1982, 19864).

Thallous nitrate, from Alfa Products, Morton Thiokol Inc., (Danvers,
MA), was recrystallized twice from water and dried to a constant weight
at 90°C, 40 mm Hg. All other chemicals were reagent grade.

The T1-205 NMR spectra were obtained as a function of temperature
with a JEOL FX90Q spectrometer (JEOL USA, Electronoptics Div.,
Peabody, MA). The technique used for obtaining the thermodynamic
parameters for the binding process involves measuring the Ti*—205
chemical shift as a function of the concentration of the thallous ion
concentration in the presence of a constant concentration of gramicidin.
The equilibrium constant for the binding of the thallous ion to the
gramicidin channel is obtained from a theoretical analysis of the relation-
ship between the chemical shift and the cation concentration. The
calculated equilibrium constants are corrected for the effective ionic and
gramicidin concentration. A correction is also made for the concentration
of the minor gramicidin component in each sample so that the equilibrium
constant values obtained are for the specific gramicidin analog and not
the mixture of A and C. Details of this technique are in the literature
(Hinton et al., 1986a).

The enthalpy for the equilibrium binding process is obtained from the
slope of the line resulting from a plot of R In K as a function of the
reciprocal of the absolute temperature, see Fig. 3. The entropy at a given
temperature is then obtained from the thermodynamic relationship:
—RTInK = AG = AH — TAS.

An inspection of Fig. 3 reveals that the data points for each analog at
the temperature extremes appear to not correlate very well with the data
obtained at the other temperatures. This may indicate a difference in the
lipoprotein system at these temperatures. Additional experimental evi-
dence for this is provided by the fact that the effective gramicidin
concentration and the chemical shift of the thallium-gramicidin complex,
both factors that are obtained in the analysis of the data, (see Hinton et
al,, 1986a for a description of these factors) at these temperatures are
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FIGURE 3 Plots of RInK as a function of 1/7 for gramicidins A and C
with Tl

different from those at the intermediate temperatures. Consequently, in
obtaining the thermodynamic parameters, the data at these two tempera-
tures were not used.

The competition binding, T1-205 NMR technique used to determine
the equilibrium binding constants for other monovalent cations has been
described in detail in a previous paper (Hinton et al., 19865). This method
involves measuring the T1-20S NMR chemical shift in the gramicidin-
lipid system as a function of the concentration of the competing monova-
lent cation. The observed TI* chemical shift is related to the equilibrium
binding constant of the added monovalent cation through the equation
(Steinhart and Reynolds, 1969; Forsen and Lindman, 1982)

Bobe = (n[Gr2)0nKn) /(1 + Kn[TI} + K[C)). ey

In this equation, J, is the TI-205 NMR chemical shift, n is the number of
binding sites on gramicidin, [Gr;] is the effective gramicidin dimer
concentration. The parameters associated with T1* binding are &y, the
chemical shift of the bound T1* ion in the gramicidin complex, Ky, the
equilibrium binding constant and {T1], the activity of the T1* ion. Finally,
[C] and K, are the activity and equilibrium binding constant of the added
monovalent cation, respectively.

Circular dichroism spectra were obtained over the 200-300 nm range
using a Jasco J-500A spectrometer (Jasco Inc., Easton, MD). The spectra
were digitized and drawn by a computer.

RESULTS AND DISCUSSION

From the data presented in Fig. 3, the AH for the T1* ion
binding process for gramicidins A and C is —7.2 kcal/mol
and —3.9 kcal/mol, respectively. The value for A S at
34°C for gramicidins A and C is —11 eu and —1.1 eu,
respectively. From the signs of the thermodynamic param-
eters, it is obvious that the binding process is favorably
driven by the enthalpy and not the entropy. The difference
in enthalpy change between gramicidins A and C shows
that there is stronger binding of the Ti* ion at the channel
entrance with Trp at position 11 than with Tyr at the same
position. Eisenman and Horn (1983) suggest that a high
channel binding affinity enhances the permeability
through the channel. If that is correct, one would predict
the permeability of the T1* ion through the gramicidin A
channel to be greater than through the gramicidin C
channel. Unfortunately, such data for the T1* ion do not
appear to be available in the literature. However, it has
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been shown (Bamberg et al., 1976; Mazet et al., 1984) that
the single-channel conductance of the Na* ion is about the
same for gramicidins A and C. This is in agreement with
preliminary results concerning the determination of the
equilibrium binding constants for the Na* ion with grami-
cidins A and C using a combination of TI-205 NMR
spectroscopy and competition binding developed in this
laboratory (Hinton et al., 19865). The equilibrium binding
constants at 34°C are 31.6 M~ and 30.2 M~' for the
binding of the Na* ion to gramicidins A and C, respec-
tively.

The change in entropy during the binding process
involves a number of factors that include: (@) the partial
dehydration of the cation at the channel entrance, (b)
coordination of the cation with the carbonyl oxygen atoms
at the channel entrance, and (c) constraint of the normal
motion of the amino acid groups at the channel entrance.
Assuming the dehydration and hydration processes to be
thermodynamically equivalent for gramicidins A and C,
then factors 2 and 3 are most important in determining the
difference in entropy for the two systems. The fact that the
change in entropy is more positive for gramicidin C than
for gramicidin A suggests that the bound TI* ion has more
freedom to move and/or there is less constraint of motion
of the amino acid groups at the channel entrance with
gramicidin C ion than with gramicidin A. Since the
enthalpy change is more negative for gramicidin A than for
gramicidin C, indicating stronger cation binding, one
would predict a larger negative entropy change with
gramicidin A than with gramicidin C (i.e., the ion is more
tightly bound by A and, consequently, the motional con-
straint on the binding groups at the channel entrance is
larger).

Perhaps the most important use of the thermodynamic
parameters obtained for the binding of the TI* ion to the
gramicidin channel is in the determination of the same
parameters for the binding of any other cation using a
combination of T1-205 NMR spectroscopy and competi-
tion binding (Hinton et al., 198654). Using this procedure,
described in the previous section, equilibrium binding
constants were determined for the monovalent cations, Li*,
Na*, K*, Rb*, Cs*, NH,*, and Ag* at four temperatures,
34, 40, 45, and 50°C. Table 1 contains the thermodynamic
parameters for the binding of these cations to gramicidin
A. The binding enthalpies were obtained from the slopes of
the lines obtained from plots of RIn K versus 1/7T, as
shown in Fig. 4 for several of the cations. Again, the
change in entropy associated with the binding process was
calculated at 34°C using the thermodynamic relationship:
AS = (AH/T) + RInK.

Although a comparison of equilibrium binding con-
stants, at a given temperature, for a group of cations is
informative, the results may be misleading. This can be
illustrated by considering two cations with different bind-
ing properties (e.g., different binding enthalpies). Plots
of —R In K versus 1/7 for the two cations would produce
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TABLE 1
THERMODYNAMIC PARAMETERS FOR CATION BINDING

Cation T K AH AS

°C M Kcal/M cal/degM

Li 34 29.6 -3.070 -3.27
40 26.8
45 25.2
50 22.8

Na 34 31.6 —3.537 —4.66
40 294
45 27.2
50 23.4

K 34 58.4 —4.876 —-7.80
40 52.2
45 434
50 39.9

Rb 34 49.0 -4.00 -5.30
40 42.5
45 379
S0 35.8

Cs 34 48.3 —4.100 -5.65
40 42.8
45 38.2
50 33.8

NH, 34 824 —6.100 -~11.1
40 730
45 61.2
50 50.4

Ag 34 1163 —7.700 -11.1
40 947
45 810
50 609

Tl 34 506 -7.200 —-11.1
38 457
40 424
43 389
45 364
48 323
52 259

(CH,;),N M 25.0

two lines of different slope. If, fortuitously, one only
determined equilibrium binding constants at the tempera-
ture at which lines intersect, the equilibrium binding
constants would be the same. This point can be illustrated
with the equilibrium binding constant (K) data obtained
for the monovalent cations. As shown in Fig. 4, a compari-
son of the data for the K* and NH,* cations indicates that
at the highest temperature the equilibrium binding con-
stants are quite similar, however, they are significantly

FIGURE 4 Plotsof ~-RInK as

£-200 a function of 1/T for gramicidin
» Q\D\S\O A with the Li, K, NH,, and Ag
-34.00 cations.

0 305 340 315 320 325 330
1000/7

different at the lowest temperature. The high temperature
result would certainly not represent the true binding
difference for the two cations. Consequently, the use of the
thermodynamic parameters, enthalpy and entropy, pro-
vides a better opportunity for obtaining a true comparison
of the binding difference between the monovalent cations.

To understand the differences in the thermodynamic
parameters associated with the binding of the monovalent
cations, it is logical to try to relate them to some physical
property of the cations, since only the cation changes in
these systems. The enthalpy of binding reflects the
strength of the interaction between the cation and the
binding ligand. If one assumes that this interaction is
predominately electrostatic in nature (i.e., ion-dipole) and
that the cations are very electropositive, as is the case with
the Group I cations, then the interaction energy is related
to the reciprocal of the radius of the cation. Fig. 5
illustrates this relationship in which the enthalpy of solva-
tion for the Group I cations in water and dimethylform-
amide (DMF) is plotted as a function of the reciprocal of
the cation radius. DMF was chosen because the carbonyl
group is involved in cation binding in much the same
manner as the carbonyl groups at the channel entrance of
gramicidin are involved in cation binding. As predicted, the
solvation enthalpy decreases with increasing cation radius
in both solvents. However, this simple relationship does not
seem to exist for the equilibrium binding enthalpies deter-
mined for the gramicidin ligand. In fact, quite the opposite
is found. The data contained in Table I show that, in
general, the binding enthalpy increases as the size of the
cation increases.

The reason the enthalpies for the binding of the Group I
cations to gramicidin do not correlate with the cation
radius, as one might predict, lies in the fact that the
binding enthalpy is associated with a change in solvation
environment. The cation is transferred from an aqueous to
an amide solvation environment during the binding pro-
cess. The binding enthalpy measured is, therefore, quite
similar to the enthalpy of transfer of a cation from one
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FIGURE 5 Plots of the solvation enthalpy as a function of the reciprocal
of cation radius for water and DMF.
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solvent to another. Fig. 6 contains a plot of the single-ion
enthalpies of transfer of the Group I cations from water to
DMF at 25°C (Cox, et al., 1974) as a function of the
reciprocal of the cation radius. In general, the relationship
is one of increasing enthalpy of transfer with increasing
cation radius. There are several very important character-
istics of this relationship: (@) The enthalpy of transfer for
the Li* and Na* cations is almost the same but quite
different from those of the other Group I cations; (b) The
K* cation has the largest enthalpy of transfer among the
Group I cations and; (¢) The Rb* and Cs* cations have
enthalpies of transfer that are almost the same but smaller
than that of K* and greater than those of Li* and Na*.
Several factors influence the enthalpy of transfer but it is
often very difficult to isolate one mechanism as being
responsible for a particular value. The factors which
influence the enthalpy of transfer are: (@) born-type ion-
dipole electrostatic interactions; (b) specific interactions
between the ion and solvent, such as hydrogen-bonding and
Lewis acid-base interactions; (c) the breaking of solvent-
solvent hydrogen bonds; (d) the strengthening of hydrogen
bonds in the surface about a hydrophobic ion; (e) the
formation of hydrogen bonds between the water molecules
in the first and second hydration sphere of cations and; ( f)
mutual polarizability or dispersion forces between ion and
solvent. The enthalpy of transfer for the Group I cations is
certainly not a smooth function of a cation property, such
as the radius. It appears obvious that competition among a
number of contributing factors is responsible for deter-
mining the value for a specific cation.

Because the binding enthalpies determined for interac-
tion of the Group I cations with gramicidin can be
perceived as being similar to an enthalpy of transfer from
an aqueous to amide environment, a comparison of this
data with that for the water-DMF system is of interest.
Fig. 6 shows a comparison of the two sets of enthalpies as a
function of the reciprocal of the cation radius. The similar-
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FIGURE 6 Enthalpy of transfer of the Group I cations from water to
DMF and enthalpy of binding of the Group I cations to gramicidin. The
enthalpy of binding is assumed to be similar to an enthalpy of transfer of
the cations from water to an amide environment.
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ity between the two data sets is striking. It provides
confidence that the binding enthalpies determined for the
gramicidin system are reasonable in value and consistent
with the complex behavior of the solvation and/or com-
plexation of the Group I cations.

Consequently, the experimental observations that: (a)
the K* cation has the largest binding enthalpy; (5) the Rb*
and Cs* cations have binding enthalpies that are the same,
within experimental error, while being smaller than that
for K* but greater than those for Li* and Na* and; (c) the
binding enthalpies of Li* and Na* are very similar in
magnitude but significantly smaller than those of the other
cations appear to accurately represent the intricate balance
of factors that determine the strength of interaction
between gramicidin and these monovalent cations. Assum-
ing the binding enthalpy to be similar in character to an
enthalpy of transfer provides an explanation for why the
values determined for the gramicidin system are relatively
small. Since the solvation enthalpies of the Group I cations
with water and amides, such as DMF, are very similar in
magnitude and since the enthalpies of transfer from water
to DMF are quite small, one would, therefore, anticipate
the binding enthalpies to be rather small. Furthermore, the
cations bound at the gramicidin entrance still have some
water molecules in the solvation sphere. Therefore, it is
suggested that the binding enthalpy should be smaller than
the transfer enthalpy, which represents the change in
enthalpy in the transference of a cation from one pure
solvent to another. Studies of single-ion enthalpies of
transfer of cations from water to mixed aqueous organic
solutions provide support for this suggestion (Fuchs and
Hagan, 1973).

The NH,*, T1* and Ag* cations were found to have
significantly larger binding enthalpies than the Group I
cations. The larger binding enthalpies are a manifestation
of the greater electron polarizability of these cations. This
tighter binding to the channel entrance is the reason that
the TI*, Ag*, and, to some extent, NH,* cations have the
ability to block the transport of the Group 1 cations
through the gramicidin channel. The experimentally deter-
mined binding enthalpies for the monovalent cations pro-
vide supporting evidence for the theoretical predictions of
Eisenman indicating that the permeability of the grami-
cidin channel increases as the magnitude of the channel
binding affinity for a cation increases (Eisenman and
Horn, 1983). The higher permeability of the NH,*, TI*,
and Ag* cations, relative to the Group I cations, would
then be associated with their larger binding enthalpies.

It is interesting to note that the {CH,) N* cation has the
smallest equilibrium binding constant of all of the monova-
lent cations investigated. According to the permeability
argument of Eisenman and Horn (1983), the (CH;),N*
cation should be relatively impermeable. The size of the
cation (i.e., the cation radius is 3.47 A) would also tend to
prohibit it being transported even if the binding constant
were larger. It has been shown experimentally that the
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permeability of this cation is very low (Meyers and Hay-
don, 1972).

The change in entropy associated with the binding of
monovalent cations to gramicidin can be related to the
absolute single-ion entropy of transfer of cations from
water to DMF (Abraham, 1972) in a manner similar to
that used for the binding enthalpy change. Fig. 7 shows the
relationship between the transfer entropy, the entropy
change for binding and the reciprocal of the cation radius.
The analogous nature of both relationships suggests that
the processes related to cation transfer and binding are
similar. The relatively small values of the change in
entropy with cation binding are consistent with the values
for the entropy change related to the transfer of the cations
from water to DMF.

The experimental thermodynamic data obtained for the
binding of monovalent cations to the gramicidin A channel
indicate that the driving force for binding is enthalpic and
not entropic. The relationship between the change in
enthalpy and entropy for the Group I cations, as shown in
Fig. 8, implies that the stronger the binding, the greater the
entropic force opposing it. It is clear that the binding of
monovalent cations to the gramicidin channel is complex,
involving a number of competing factors and cannot be
related in a simple manner to a single property of the
cation.

Insufficient quantities of gramicidin C have prevented
similar cation binding studies to be made with this ana-
logue of gramicidin.
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