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Table III: Composition of Transcarboxylase and Its Subunits

AA residues  fraction of

component M, per molecule  26S TC®
1.38g 12000 123 0.130
5Sg 120 000 1094 Y 0.576
6Sg, 144 000 1340 0.706
128y 360000 33420 0.294
268 TC 1224 000 11382 1.000

@ Transcarboxylase is abbreviated TC. b Zwolinski et al. (1977).

during binding, the change in the total a helix of trans-
carboxylase would not be sufficient to be detected. Likewise,
if a-helix formation were involved in the 1.3Sg subunit when
the carboxyl transfer occurs between the substrate sites on the
5Sg and 12Sy subunits, it might not occur in the 1.3Sg in the
static situation when transfer is not occurring (Table III).

It is clear from our results that there is a very significant
change in the secondary structure of the 2.5Sy monomer when
they associate and form the hexameric 12Sy subunit. There
is a 19% increase in « helix, an 8% decrease in antiparallel
B sheet, and 7% decrease in other or random structure (no.
8 compared to no. 9 of Table II). It is interesting that
Zwolinski et al. (1977), in considering models for the ar-
rangement of the six polypeptides of the 128y subunit, sug-
gested that in forming the isologous binding of the 128y
subunit distortion would be necessary. Perhaps the presently
observed changes in secondary structure are a reflection of this
distortion. However, they also postulated distortion of the 5Sg
subunit during assembly of the enzyme, and such a change
has not been detected by our CD measurements. Again it is
possible, though perhaps unlikely, that there are compensating
changes in secondary structure between the respective subunits
that balance so that the sum of the secondary structures of
the complete enzyme does not differ greatly from the sum in
the individual subunits.
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Thallium-205 Nuclear Magnetic Resonance Study of the
Thallium(I)-Gramicidin A Association in Trifluoroethanol’

G. L. Turner, J. F. Hinton,* and F. S. Millett

ABSTRACT: Association of the thallous ion with gramicidin
in 2,2,2-trifluoroethanol has been investigated by thallium-205
NMR spectroscopy. The data obtained suggest that the
gramicidin dimer has two strong binding sites and one or more
weak binding sites. Association constants for the strong

Gramicidin A, a pentadecapeptide isolated from Bacillus
brevis, is known to form channels which assist the passive
transport of cations across membranes (Hladky & Haydon,
1972; Krasne et al., 1971). Significant effort has been directed

tFrom the Department of Chemistry, University of Arkansas, Fay-
etteville, Arkansas 72701. Received July 8, 1981. We gratefully ac-
knowledge the support of the National Science Foundation through
Grant PCM-7827037.

binding sites were found to have the same value. From the
temperature dependence of the strong binding site association
constants, values for the association enthalpy and entropy of
-2.13 £ 0.12 kcal/mol and +5.45 £ 0.04 eu, respectively, were
obtained.

at the study of ion association of gramicidin A in membrane
systems (Myers & Haydon, 1972; Bamberg, & Lauger, 1974;
Neher, 1975; Sandblom et al., 1977; McBride & Szabo, 1978;
Urry et al,, 1979, 1980; Veatch & Darkin, 1980; Venka-
tachalam & Urry, 1980). Work has also been performed on
the solution conformations of gramicidin A (Glickson et al.,
1972; Urry et al.,, 1972, 1975; Fossel et al., 1974; Veatch et
al., 1974; Veatch & Blout, 1974; Heitz et al., 1979; Igbal &
Weidekamm, 1980; Sychev et al., 1980) and ion—gramicidin
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complexes (Byrn, 1974; Urry, 1978; Cornelis & Laszlo, 1979;
Kowalsky, 1979).

As part of a general research program aimed at using 20Tl
NMR spectroscopy as a probe for studying ion-transport across
membranes, we report here the results of an investigation of
the complexation of the TI* ion by gramicidin A in tri-
fluoroethanol solution. Trifluoroethanol was chosen as the
solvent because the conformation of gramicidin in this solvent
is thought to be more nearly like that of the channel state of
gramicidin in membranes and model membrane systems (Urry
et al.,, 1972). It was of interest to determine the extent of
complexation of TI* by gramicidin in these solutions since
previous work with Na* and K* showed almost no interaction
with gramicidin in trifluoroethanol solution (Urry, 1978). It
was also important to explore the possible differences between
the complexation of TI* by gramicidin in solution as opposed
to complexation of TI* by gramicidin incorporated into a
membrane system.

Thallium is a very good NMR probe for studies of the role
of potassium ions in biological systems. The chemical prop-
erties of the two ions are sufficiently alike so that TI* can
replace K* in several enzymes. The utility of TI* as a probe
in biological systems and in complexation studies has been
described elsewhere (Hinton & Briggs, 1979; Briggs et al.,
1980; Hinton & Metz, 1980).

Materials and Methods

Thallium acetate (TIOAc) was obtained from Alfa and was
multiply recrystallized from water and then dried at 90 °C
and 40 mmHg for 24 h in a vacoum oven. 2,2,2-Trifluoro-
ethanol was obtained from Aldrich Chemical Co. A com-
mercial preparation of gramicidin was obtained from ICN
Pharmaceuticals containing approximately 85% of gramicidin
A. Veatch & Blout (1974) investigated the commercial
preparation as well as the pure form-of gramicidin A and found
the dimer equilibrium parameters were essentially identical.
On the basis of this study, we have assumed that our results
are not compromised by using the commercial preparation.
All samples were prepared in a glove box under dry nitrogen
and sealed in 5-mm NMR tubes under about 0.8 atm of dry
nitrogen.

The NMR spectrometer used to obtain the 2°T] resonance
frequencies has been previously described (Hinton & Briggs,
1979; Hinton & Metz, 1980). All chemical shifts are refer-
enced to the resonance frequency of the TI* ion in water at
infinite dilution. Downfield shifts are assigned positive values.
The chemical shift of the 2°TI nucleus was determined as a
function of gramicidin concentration. The total concentration
of TIOAc was 0.012 M for all but one sample where the
TIOACc concentration was 0.005 M. Only one resonance signal
was observed in every solution, indicating fast exchange be-
tween all of the possible chemical environments for the TI*
ion.

All of the calculations were performed on a Commodore
Pet Series 2001 microprocessor equipped with 32 KB RAM.

Results

With the 29°T]1 chemical shift data obtained from the

“titration” of the T1* ion with gramicidin, we hoped to be able
to answer a number of questions: (1) Is there a strong com-
plexation of the TI* ion by gramicidin. (2) How many strong
binding sites are there in gramicidin. (3) What are the
thermodynamic parameters for the complexation?

Figure 1 contains a summary of all of the data obtained at
298 °C with the 25Tl chemical shift plotted as a function of
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FIGURE 1: Plot of the thallium chemical shift as a function of the
mole ratio of total available thallium concentration (i.e., total thallium
concentration minus the TI*OAc™ ion pair concentration) to the
gramicidin dimer concentration. The inset is the same plot but with
an expanded parts per million scale. The same mole ratio scale is
used for both plots. The temperature is 298 K. The open circles are
experimental data, and the solid line with filled circles represents the
theoretical curve of the strong binding sites only.

the mole ratio of the total available T1* concentration to the
total gramicidin dimer concentration. The dimer concentration
was used instead of total gramicidin because it has been shown
that at the concentrations of gramicidin used in nonpolar
solvents similar to trifluoroethanol, the dimer form of gram-
icidin is the dominant species (Urry et al., 1975; Veatch et
al.,, 1974; Veatch & Blout, 1974). A cursory examination of
the data reveals a number of very important features of this
system. First, it is seen that the chemical shift changes by
about 360 ppm in going from a solution containing no gram-
icidin to one containing a mole ratio of TI* to gramicidin dimer
of about 0.2. This enormous chemical shift change clearly
indicates a strong interaction between the T1* ion and gram-
icidin. There also appears to be three distinct regions in the
data: (1) from pure TIOQAc solution to a mole ratio of 8, there
appears to be only a small effect on the chemical shift due to
the presence of gramicidin, (2) from a mole ratio of 8 to about
3, the chemical shift changes more with the addition of in-
creasing amounts of gramicidin, and finally, (3) at a mole ratio
of below 3 to the smallest ratio studied, 0.2, there is a pre-
cipitious change in the chemical shift.

Having determined that there was strong interaction be-
tween T1* ions and gramicidin dimers at ratios lower than 3:1
of available T1* ion to gramicidin dimer, it was then necessary
to determine what type of complexation model would fit the
data and to determine the thermodynamic parameters for the
process. The experimental data used for the model fitting
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Table I: Binding Constants as a Function of Temperature

temp (K) K, (M) temp (K) K, MY
298 566 + 29 314 453+ 20
303 544 + 31 316 452+ 21
309 504 + 41 322 449 + 27

procedure were for ratios less than 1 to ensure that an excess
of gramicidin was present.

Since the gramicidin dimer presents identical ends to the
solution for complexing ions (Urry et al., 1971; Urry, 1971,
Weinstein et al., 1979), we chose a two-site binding model for
each dimer compatible with models suggested by Sandblom
et al. (1977) and Laszlo (Cornelis & Laszlo, 1979), for ex-
ample. The pertinent equilibrium expressions are as follows:

TI* + OAc™ =2 TI*OAc™
[TI*OAc]yTi*oac-

= 1
' [TI*)yr+[OACTvore
TI* + Gr, 2 (TI*Gr,)
[TI*Gr]v (1% 61y
Ky = — (2)
[Tl ]‘Y'rl*[Gl'z]‘YGr2
TI* + (T1+Gr2) = (T122+Gr2)
[T12*Gra)y 11,26y
K, 3)

[T ]y [TI*Gra]y (ri*6ry

where the 4’s represent the activity coefficients of the species
involved in the equilibria.
Equations 1-3 may be combined to yield

K— 1"X1’X3_X4 (4)
P X CryadX + Xy + Xy

X,

K, = 5)

2= Xiy2lGrs - (X, + X,/2)Ci] (

X

K, = e (6)

ZXIXSCT'Yt

where Cp = stoichiometric TIOAc concentration, Gr, =
stoichiometric gramicidin dimer concentration, and X), X3, and
X, refer to the mole fractions of TI*, (T1*Gr,), and (T1,**Gr>),
respectively. It was also assumed that the activity coefficients
of Gr,, TI*Gr,, T1,2*Gr,, and TI*OAc™ were unity because of
partial charge cancellation or because the species was not
charged. The activity coefficients for T1* and OAc™ were
calculated from the Debye-Hueckel equation (Bockris &
Reddy, 1970).

The observed chemical shift of the 25Tl nucleus is given by

Eobsd = X161 + X252 + X363 + X464 (7)
where 8,, 8,, 85, and 8, represent the chemical shifts of the T1,
TI*OAc", (T1*Gr,), and (T1,2*Gr,) species, respectively. If
one now assumes that since both ends of the dimer are the

same, 8, is equal to §,, then the chemical shift expression
becomes

Bobsd = X181 + (1 = Xy = X3 — X)d; + (X3 + X4)d, (8)
Letting
X, + X, = (4 + BX,)/C )

where

TURNER, HINTON, AND MILLETT

A = Ogpg = 6, (10)
B =4§,-9 (11)
C= 63_62 (12)

one can write K, as
1-X - [(4+BX)/C]

K= T @as o acme
or
-Dx1/D*- 4E(4 - )
X = 2F (14)
where
D =K/ Crvs24+ C+ B 15
E = K ,Crv.X(C+ B) (16)

The values of K, §;, and &, have been determined as a
function of temperature in a manner described elsewhere (J.
F. Hinton, G. L. Turner, and F. S. Millett, unpublished re-
sults); hence, X, can be calculated by assuming a value for
&, based upon an extrapolation of the experimental data.

Another equation containing only the mole fraction, X;, may
be obtained as (see Appendix)

(K Crv: KoK X, +
[KiCr?v. 3K, + 2C12. K K KGry + Ky 2K Gl X +
[K1Crval + Crva KK Gry — Kpvi’K3Cr? + KyyeCr +
2K K3Cry. Gray) X2 + [KyviGry - Ky Cr + 11X, - 1 =
0 (17)

Values of K, and K are varied to solve eq 17 by the New-
ton-Ralphson iterative method (Dence, 1975) until the X
obtained is in agreement with that obtained from eq 14. When
the average values for K, and K are used, mole fractions X,
and X, may then be calculated. The value of &,y is then
calculated for each data point [i.e., (T1*/Gr,) ratio]. The
whole process is then repeated (i.e., a new value for d; is chosen
for use in eq 14, and new values for K, and K; are obtained)
until the § minimum in the standard deviation between ex-
perimentally and theoretically determined data points is ob-
tained.

The fit of the calculated observed chemical shift as a
function of the (T1*/Gr,) ratio to the experimental points is
shown in Figure 1. The solid line with filled circles is the
theoretical curve, and the open circles are the experimental
data. The fit of the model (i.e., two strong binding sites with
equal K values) appears to be quite good for the region where
no weak association occurs. There is one other criteria used
to check the model calculations, and that is the relationship
between the theoretically determined chemical shift value for
d; and temperature. Other studies (Hinton & Briggs, 1979;
Hinton & Metz, 1980) have shown that the chemical shift of
thallium complexes is a linear function of the temperature.
Figure 2 is a plot of the theoretically determined complex shift,
85, as a function of temperature, and the linearity is apparent.

The values obtained for K, (K; = K3) as a function of
temperature are found in Table I. A plot of In K'vs. 1/T is
shown in Figure 3. From this plot the thermodynamic pa-
rameters AH = -2.13 £ 0.12 kcal/mol and AS = +5.45 =
0.04 eu were obtained. The magnitude and sign of these
thermodynamic parameters appear to be consistent with sim-
ilar types of ion-ionophore complexes (Kauffmann et al., 1976;
Lamb et al., 1979; Popov & Lehn, 1979; Shamsipur et al,,
1980).
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FIGURE 3: Plot of In K as a function of the reciprocal of the absolute
temperature.

The positive value obtained for AS suggests the liberation
of solvent molecules during the complexation process. How-
ever, the data obtained provide evidence that suggest that some
trifluoroethanol remains associated with the TI* ion in the
gramicidin channel, as suggested previously (Urry et al., 1975).
The calculated resonance frequency of the complexed TI* ion
at 49 °C in trifluoroethanol is 51 905 300 Hz compared to a
value of the experimentally determined resonance frequency
of the intact TI*—gramicidin dimer complex in dioxane at the
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same temperature of 51 880400 Hz (Hinton et al., 1981). The
higher resonance frequency in trifluoroethanol strongly sug-
gests that the TI* ion is still partially solvated at the binding
site of gramicidin.

Although the location of the binding sites in the dimer
channel was not determined in this work, 2*Na (Cornelis &
Laszlo, 1979) and 2°°T1 (Hinton et al., 1981) NMR studies
indicate that the strong binding sites are near the mouth of
each end of the channel. The X-ray studies of Koeppe et al.
(1979) also lend support to this proposed location. Theoretical
calculations (Eisenman et al., 1978; Levitt, 1978) on the
gramicidin system gave results in agreement with this model,
although they differ on the number of weak binding sites.

The presence of weak binding sites in the channel is indi-
cated by the results shown in Figure 1. In the mole ratio range
of about 2-8, there is strong evidence of multiple occupancy
of the channel (i.e., more than two ions per dimer). It appears
that the binding of ions in the channel under these conditions
undergoes a general weakening.

Caution should be observed in trying to extrapolate too far
the results obtained on solutions to the gramicidin contained
in membranes since it has been shown that the binding of
cations to gramicidin A in solution (Urry, 1978) is not con-
sistent with the passage of cations through the gramicidin A
channel in membranes (Bamberg & Lauger, 1977). Indeed,
it appears that the dimer that forms the membrane channel
may be a minor species in solution (Sychev et al., 1980).

The accuracy of the results presented here could suffer
because the conformation of gramicidin A is temperature and
concentration dependent (Urry et al., 1975). However, we
have attempted to minimize this influence by studying a
relatively narrow temperature range and only calculating
equilibrium constants for the higher concentration region.
Circular dichroism patterns have indicated that with these
temperature and concentration ranges the conformational
changes of gramicidin A are less drastic.

Finally, it should be mentioned that we examined several
other theoretical systems to try to reproduce the experimental
data in the low mole ratio range, but none gave nearly as good
agreement as the two strong binding site model.

Conclusion

The gramicidin A dimer in trifluoroethanol appears to have
two strong binding sites accessible to the TI* ion near the ends
of the channel dimer. The thermodynamic parameters ob-
tained for this binding process are AH = -2.13 £ 0.12
kcal/mol and AS = +5.45 £ 0.04 eu. The thermodynamic
parameters would also suggest partial solvation of the TI* ion
being bound in the channel. Evidence for weak binding in the
channel has also been obtained at high ratios of TI* to gram-
icidin dimer,

Appendix

The equilibrium expressions for the two binding site model
of the gramicidin dimer along with the coupled ion pairing of
TIOACc are given as '

TI* + OAc™ = TI*OAc
[TI*OAC yritoac

= (Al
' [Ty [OAC ] voae
Tl+ + Gr2 =1 (T1+Gl'2)
[TI*Grolymi*ery)
K2 = " (A2)
[T ]y1+[Gralvar,
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TI* + (TI*Gr,) = (T1,2*Gry)

_ [T1,**Gr,) Y (T1,#*Gry)
[T ]y [TI*Gro)v ity

where the ¥'s represent the activity coefficients of the species
involved in the equilibria. Letting C; = stoichiometric TIOAc
concentration, Gr, = stoichiometric gramicidin dimer con-
centration, and X;, X3, and X, refer to the mole fractions of
TI*, (TI*Gr,), and (T1,*Gr,), respectively, A1-A3 can be
expressed as

K; (A3)

I_XI_XJ“X4

K; B XiCrya(Xy + X5 + X)) (Aa4)
K, = = (AS)
X Crye[Cry - (X5 + X, /2)Cq]
K; = - (AS6)
2X,.X:,Crvs

where it has been assumed that the activity coefficients of Gr,,
TI*Gr,, T1,2*Gr,, and TITOAc™ are equal to unity and the
activity coefficients of TI* and OA¢™ are calculated from the
Debye—Hueckel equation (Bockris & Reddy, 1970).

Under the assumption that both ends of the dimer are the
same, the chemical shift of both sites should then be equal.
The expression for the observed chemical shift is then given
as

Oobsd = X101 + (1 = Xy — X3 — X)d, + (X3 + Xy)é; (A7)
where 8,, 6,, and &; represent the chemical shifts of the TI™,

TI*OAc, and (T1""Gr,) (n = 1 and 2) species, respectively.
Solving eq A7 for X; + X, yields

A + BX,
X+ X, = —t (A8)
C
where
A = Ogbsa ~ 62 (A9)
B =4§,-§ (AIO)
C= 63 - 62 (Al 1)

Substituting eq A8 into eq A4 yields
1-X, - [(4+ BX,)/C]

K, = (A12)
[X12 + (X4 + BXIZ)/C]CT'Yiz
Solving eq A12 for X, gives
-D +1/D*-4E(4-C)
X, = 5E (A13)
where
F = KICT'YiZ(C + B) (AIS)

To derive an expression for X, using just the equilibrium
expression is accomplished in the following method. Equation
A6 is expressed as

Xy = 2K X, X3Cry (A16)
Substituting eq A16 into eq A5 and solving for X; yields

TURNER, HINTON, AND MILLETT

- Kyv.X,Gr,
Kyv:2X2K3Cr? + Ky X, Cr + 1

X; (A1T)

Substituting eq A16 and A17 into eq A4 and solving for X,
gives the final result:

[KICT3'Y:£4K2K3]X14 +
[K:Cr¥v+’K; + 2Cr2y. K KoK Gry + Kyva 2K Crll X, +
[KiCrys? + Crvs K KyGry ~ KpviK3Cr? + Kyy.Cr +
2K,K3Cry 2 Gr X2 + [KyyaGry - KyvuCr + 11X, - 1 =
0 (A18)

Equation A18 can readily be solved for X, by using the
Newton—Ralphson iterative method (Dence, 1975).
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Thallous Ion Interaction with Gramicidin Incorporated in Micelles
Studied by Thallium-205 Nuclear Magnetic Resonance'

J. F. Hinton,* G. Young, and F. S. Millett

ABSTRACT: A study has been made of the interaction between
the thallous ion and gramicidin dimers incorporated into
micelles by using 2°T1 NMR spectroscopy. The chemical shift
data obtained are interpreted in terms of a model in which the

'I:lallium-ZOS NMR spectroscopy has been shown to be a
very sensitive probe for studying the interaction between an-
tibiotics and the thallous ion in solution (Hinton & Briggs,
1978; Briggs et al., 1980; Briggs & Hinton, 1978a,b) and in
the solid state (Hinton et al., 1981a). Recently, we have
investigated the complexation of the thallous ion by gramicidin
A in dioxane (Hinton et al., 1981b) and in trifluoroethanol
solutions (Turner et al., 1981) using 2T1 NMR. Gramicidin
A is a linear polypeptide antibiotic that has been very well
characterized for its ability to form ion-selective membrane
channels (Hladky & Haydon, 1970, 1972; Krause et al., 1971;
Mueller & Rudin, 1967; Myers & Haydon, 1972; Neher,
1975; Sandblom et al., 1977). In membranes the channel is
formed by gramicidin dimers (Tosteson et al., 1968; Goodall,
1970; Urry et al., 1971; Bamberg & Lauger, 1973; Zingsheim
& Neher, 1974; Veatch et al., 1975; Veatch & Stryer, 1977)
connected by N-terminal to N-terminal interaction (Goodall,
1971; Urry et al., 1971; Bamberg et al., 1977; Bamberg &
Janko, 1977, Bradley et al., 1978; Szabo & Urry, 1979; Apell
et al,, 1977; Morrow et al., 1979; Weinstein et al., 1979, 1980).

It was of interest to study the interaction between the
thallous ion and gramicidin incorporated into micelles by using
the 2°T1 NMR technique for several reasons: (1) to compare
the results with those obtained previously in trifluoroethanol
and dioxane solutions; (2) to compare the NMR results with
those obtained by equilibrium dialysis (Veatch & Durkin,
1980) and electrical measurements (Eisenman et al., 1978;
Levitt, 1978; Hladky et al., 1979) where gramicidin was in-
corporated in a membrane; (3) to obtain the number of strong

t From the Department of Chemistry, University of Arkansas, Fay-
etteville, Arkansas 72701. Received July 13, 1981. We wish to ac-
knowledge the support of the National Science Foundation through
Grant PCM-7827037.

dimer has only one tight binding site. The binding constant
for this site was determined to be 900 M™! at 30 °C. The
thallous ion also appears to be partially solvated in the channel.

binding sites per dimer channel; (4) to determine the binding
constant; (5) to try to determine the extent of hydration of
the ion in the channel.

Materials and Methods

Gramicidin was incorporated into lysolecithin micelles by
using the procedures of Urry (Urry et al., 1979; Spisni et al.,
1979). L-a-Lysolecithin from egg yolk, containing primarily
palmitic and stearic acids at position one, was obtained from
Sigma Chemical Co., St. Louis, MO, and was used without
further purification. Gramicidin was obtained from ICN and
was a mixture composed of approximately 85% gramicidin A,
10% gramicidin B, and 5% gramicidin C. Thallium nitrate
from Alfa was twice recrystallized before use.

Lysolecithin was weighed under N, atmosphere and sus-
pended in 3 mL of degassed water. This suspension was
sonicated in an ice bath under N, flow for 3 min with a
Branson W-185 cell disruptor fitted with a microtip. Gram-
icidin was added under N, atmosphere to give a lyso-
lecithin:gramicidin ratio of approximately 10:1. The suspen-
sion was shaken until all of the gramicidin was dispersed and
then sonicated for 6 min in an ice bath under N, flow. Sam-
ples were then heated in a water bath, with agitation, for 15
h at 68 °C.

Samples for 2°T1 NMR spectroscopy were prepared by
diluting aliquots of the lysolecithin-gramicidin suspension with
0.2 M TINO, degassed aqueous solution to give the desired
TINO; and gramicidin concentrations. Samples were stored
at 68 °C until placed in the spectrometer.

For each gramicidin-containing sample an aqueous TINO,
solution at the same TI* concentration was prepared. The
resonance frequency of this samples was used as the “free”
ion resonance frequency for that TINO; concentration in
calculating the gramicidin induced shift.
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