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Abstract 

The two independent NMR experiments were performed to investigate the interaction between CaCI 2 and the gramicidin A (GA) ion 
transport channel, using 13C-enriched GA and GA molecules incorporated into dodecylphosphocholine (DPC) micelles. The chemical 
shifts of C-13 labeled carbonyl carbons vs. CaC12 concentration demonstrate that Ca 2 ÷ and CI-  ions interact as an ion pair within the GA 
structure with the Ci-  ion located near the position of the carbonyl group of the Trp ~ residue some 5.5 h, from the mouth of the GA 
helix, and the Ca z+ ion bound at the position of the carbonyl group of the Trp ~5 residue some 2.5 ,~ from the entrance to the helical pore. 
The measurements of the 35C1 line-widths and transverse relaxation times illustrate that the interaction occurs between CI- ions and GA 
in DPC when in CaC12 solution, that no interaction is detected between C1- ions and GA in DPC when in NaCI solution, and that the 
interaction between C1- ions and GA in DPC when in MgC12 solution is much weaker than in CaC12 solution. In short, a CI- ion can 
enter the GA when it is paired with a divalent Ca 2÷ ion; and Ca 2+ and CI-  ions as a pair exchange rapidly with sites of the GA dimer. 
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I.  Introduct ion  

Gramicidin A (GA), a linear pentadecapeptide, HCO- 
L-Vall-Gly 2-L-Ala3-D-Leua-L-AlaS-D-Val6-L-ValT-D-Val 8- 
L-Trp9-D -Leu10-L-Trp11-D-LeuI2-L-Trp13-D-LeuI4-L-TrpIS- 

NHCH2CH2OH, produced by Bacil lus  brevis, forms a 
transmembrane ion-channel [1,2]. A structure of  the GA 
membrane-spanning channel was originally proposed to be 
single-stranded fl6'3-helices, head-to-head (N-terminus to 
N-terminus) dimerized by six hydrogen bonds with the 
helices in the left-handed helical sense by Urry and co- 
workers [3,4], and a structure was identified by two-dimen- 
sional NMR in negatively charged sodium dodecyl sulfate 
(SDS) micelles [5] and in neutral dodecylphosphocholine 
(DPC) miceUes [6] to be the same as the structure previ- 
ously described in lysophosphatidylcholine (LPC) vesicles 
by Urry and co-workers [7,8] except that in the micelles 
the structure is right-handed. 

The GA transmembrane channel as a model for the 
biological channels has received much attention; however, 
there are still areas of  disagreement, such as the molecular 
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mechanism of ion selectivity by the GA channel. It was 
shown early that the GA channel is essentially imperme- 
able to calcium ions and chloride ions [9]. But CaCI2 does 
affect the magnitude of the single-channel current of 
monovalent cations and does change the current-voltage 
characteristic from an almost linear to a strong saturating 
behavior. These findings were interpreted to mean that the 
GA channel conductance was affected by the interaction of 
a divalent ion at or near its entrance [10]. The Ca 2÷ ion 
binding sites were located at the position of  the Trp 15 
residue of  the peptide channel, using the 13C-enriched 
carbonyl carbon gramicidin A incorporated into LPC vesi- 
cles. The hypothesis whereby the divalent ion was pre- 
sented from crossing through the GA channel was the 
repulsive image force; this force is proportional to the 
square of  ion charge [1 i,12]. According to the dependence 
of  the spin-lattice relaxation rates of  the GA protons on 
Mn 2+ ion concentration, it was inferred that Mn 2÷ ions 
were bound at the channel mouths about 6.4, 8.6, and 8.8 

( + 2  A) away from the carbonyl oxygen atoms of  
D-Leu 12'j4'l° residues, using GA molecules incorporated 
into SDS detergent micelles [13]. In this case, the argu- 
ment concerning the impermeability of the divalent cations 
in the GA channel was that the size of  the divalent cation, 
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retaining its hydrated shell, was too large to enter the pore. 
The effect of the negatively charged surface of SDS 
detergent micelles on the ion interactions of the GA chan- 
nel in SDS micelles has yet to be properly evaluated. 

In the present study, titrations were carried out using 
13C-NMR and 35C1-NMR methods with gramicidin A and 
~3C-labeled gramicidin A incorporated into DPC micelles. 
By comparison with the results of the NaC1 titration of the 
GA channel in DPC micelles, the interaction between 
CaC12 and the peptide channel has been demonstrated by 
13C chemical shifts and by 35C1 line-width and 35C1 trans- 
verse relaxation studies as a function of CaC12 concentra- 
tion. Based on the conformation of the GA channel in DPC 
micelles as a right-handed, single-stranded,/3-helical dimer 
[6], the binding sites and the binding constants of Ca z÷ 
and CI- ions were evaluated by analysis of the ~3C- and 
35CI-NMR data. 

of 15 W was applied continuously for broad-band decou- 
piing of protons. The 35CI-NMR spectra were performed at 
9.7 MHz at room temperature (25 + I°C). The experimen- 
tal conditions were carried out with 30/zs pulse widths for 
90 ° and 2 s for an interval time. The transverse relaxation 
times were measured by the spin-echo method using the 
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (90 ° 
~ ( ~  z ~  180 ° ~ r) , ) .  The data were collected from 14 
different loop numbers to determine the decay of the 
signal. The transverse relaxation time Tzf of 100 mM 
CaC12 in D20, 28 ms, was used as reference for free C1- 
ions. 

3. Results and discussion 

3.1. The structure verification 

2. Materials and methods 

The samples of enriched [ 1 - 13 C]Trp ~ l GA, [ 1-13 C]Trpl3 
GA, and [1-13C]Trp 15 GA for 13C-NMR study were syn- 
thesized and verified in this laboratory, as previously 
described [11,14]. The gramicidin samples for the 35C1- 
NMR study were purchased from Nutritional Biochemicals 
Corporation (Cleveland, OH) as a mixture of gramicidin 
A, B, and C, then purified by gel filtration over a Sephadex 
LH-20 column using methanol for elution. The dodecyl 
phosphocholine, purchased from Avanti Polar-Lipid (Bir- 
mingham, AL), was employed to form lipid micelles. All 
chemicals used were of optical grade. 

2.1. Sample handling 

The appropriate amounts of gramicidin A (J3C-enriched 
gramicidin A or [Val-1] gramicidin A) (0.006 M) and 
dodecyl phosphocholine (DPC) (0.2 M) were mixed in 1 
ml of 2,2,2-trifluoroethyl alcohol (TFE) at 25°C for 2 h. 
Then TFE was removed, and 0.7 ml of water (D20, 
99.83%) was added to the samples. After being sonicated, 
the samples were incubated in a water bath at 70°C for 3 
days. Next, the samples were centrifuged, and the super- 
natant was extracted for the NMR study. The conformation 
of the gramicidin molecules incorporated into DPC mi- 
celles was assessed by circular dichroism (CD), and the 
concentration of the GA channel in the supernatant was 
determined by absorbance measurements, using a molar 
extinction coefficient 45 000 cm-l  M- l  in methanol at 
280 nm, as previously described [7]. 

2.2. NMR measurements 

The J3C-NMR spectra were obtained at 25 MHz and 
25 + I°C, using 8 k data points, 20 /zs 90 ° pulse, a delay 
time of 2 s, and a 5000 Hz spectral width. An input power 

The CD spectra (Fig. 1) of the GA molecules incorpo- 
rated into DPC micelles in D20 without CaCI 2 (solid line) 
and with 2 M CaC12 (dashed line) indicate that the confor- 
mation of the GA molecules in DPC micelles is the same 
as that of malonyl GA molecules in DPC micelles [6]; this 
conformation was identified to be a right-handed, head-to- 
head, single-stranded, fl63-helical dimer by NOE spatial 
connectivities. The CD spectra also suggest that the con- 
formation of gramicidin A in DPC micelles fully saturated 
with CaC12 is identical to that in the ion-free state. Ac- 
cordingly, no conformational change was considered when 
calcium chloride ions interacted with gramicidin A in DPC 
micelles. 

I/  ,nm, 

~._ ~ C  mlcelles + 2 MCaCI 2 In D20 

Fig. 1. Circular dichroism spectra of gramicidin A incorporated into DPC 
micelles in D20 without CaCI 2 (A, solid line) and with 2 M CaCI 2 (B, 
dashed line) that were recorded by a Cary 60 spectropolarimeter at room 
temperature using a 0.1 mm optical length. The spectra show the same 
conformation of gramicidin A in DPC micelles in the absence of and in 
the presence of the calcium chloride ions. 
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3.2. 13 C chemical shifts induced by CaC12 

It has been shown that the ion-induced chemical  shift of  
carbonyl carbons on ]3C-NMR is a sound method with 
which to determine the carbonyls involved in ion binding 
[15] and to locate the binding sites of  the G A  channels, 

using C-13 labeled gramicidin A incorporated into lipid 
vesicles [11,14]. The same method was also employed here 
to study the interaction between CaCI 2 and the G A  chan- 
nels, using 13C-labeled gramicidin A incorporated into 
DPC micelles. 

In Fig. 2A, the two 13C-NMR spectra are overlapped: 
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Fig. 2. 13C-NMR spectt~ obtained at 25 MHz and 25°C. (A) The two overlapped spectra of [1-t3C]Trpll gramicidin A incorporated into DPC micelles in 
the presence of 0 mM (a) and 2.25 M (b) CaC12. The signal of the carbonyl carbon of Trp i t residue shifts 0.71 ppm to a higher field from 0 mM to 2.25 M 
CaC12. (B) The two overlapped spectra of [1-]3C]Trp15 gramicidin A in DPC micelles in 5 mM (a) and 3.7 M (b) CaCI 2. The signal of the carbonyl carbon 
of Trp ]5 residue shifts 0.64 ppm to a lower field from 5 mM to 3.7 M CaC12. All of the signals of the DPC micelles exhibit no detectable shift in both 
spectra A and B. 
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one is the spectrum of the 13C-enriched carbonyl carbon 
[ 1 - 1 3 C ] T r p  11 gramicidin A without CaCI 2 (a); the other is 
the spectrum of the same sample in the present of 2.25 M 
CaC1 z (b). All of the resonance signals of the spectra are 
assigned. The small signal in the low field is from the 90% 
t3C-enriched carbonyl carbon of gramicidin A, and the 
lower intensity of the signal is due to the ratio of grami- 
cidin A to lipid (1:33). The spectra show that the signal of 
the carbonyl carbon of gramicidin A in the Trp ~1 position 
shifted 0.71 ppm to a higher field (or a lower frequency), 
called negative shift, while the signals of DPC micelles 
exhibited no shift when the concentration CaC12 was 
increased from zero to 2.25 M. In Fig. 2B, to the contrary, 
the signal of the carbonyl carbon of [1-13C]Trp 15 grami- 
cidin A shifted 0.64 ppm to a lower field (or a higher 
frequency), called positive shift, on increasing the concen- 
tration of CaCI 2 from 5 mM to 3.7 M. The CaC12 titration 
study was carried out by ~3C-NMR experiments, using 
13C-enriched carbonyl carbons of [1-13C]Trpll'13'15 grami- 
cidin A molecules in DPC micelles. The chemical shifts of 
the C-13 labeled carbonyl carbons were measured by 
reference to the signal of the fatty acid chain, C4-C 9, at 
29. i0 ppm since the resonance signals of DPC micelles did 
not shift with the CaC12 concentration. The chemical shifts 
(/16) were plotted as a function of the concentration of 
CaCI 2 (Fig. 3). 

Important information was obtained from this plot: (1) 
the carbonyl carbon of [1-13C]Trp II gramicidin A shifted 
to a higher field as the CaC12 concentration was increased; 
this negative shift has never been observed before in the 
monovalent cation titrations [8,14], nor in the CaCI2 titra- 
tions using C~3-1abeled tryptophan gramicidin A incorpo- 
rated into LPC vesicles [11]. (2) The carbonyl carbon of 
[l-13C]Trp 13 gramicidin A has a small, almost negligible 
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negative shift ( - 0 . 0 7  ppm), on increasing the CaC12 
concentration. This is very different with the monovalent 
cation titrations, in which the carbonyl carbon of [l- 
13C]Trpl3 gramicidin A exhibits a large positive shift as a 
function of the ion concentration [8,14]. (3) As the CaCI 2 
concentration is raised, the carbonyl carbons of [l- 
13C]Trpl5 gramicidin A and [l-13C]Trpll gramicidin A 
have symmetric chemical shifts in opposite direction, com- 
pared with the chemical shifts of carbonyl carbon of 
[1 -13C]Trp l3  gramicidin A. 

According to the right-handed structure of gramicidin A 
in DPC micelles, the positions of the carbonyl carbons of 
Trp 1j'13'15 residues are buried in the DPC micelles and the 
distances of the carbonyl oxygen atoms of Trp 11'13"15 
residues to the mid-point of the channel are about 7.1, 8.6, 
and 10.2 A based on the repeating distance of 1.51 A/di-  
peptide [16]. The carbonyl oxygens of the peptide residues 
will liberate into the channel to form ion-peptide interac- 
tions of the type N-C = O • • • Ca 2÷ (or CI)  at the binding 
site when ions enter the single-file channel; this is in 
agreement with the experimental observations on solid-state 
NMR [17,18] and the molecular dynamic computations 
[19,20]. Therefore, the chemical shifts of the c l3-enriched 
carbonyl carbons are induced by the interaction between 
ions and the peptide at the binding sites. 

From the NMR chemical shift concept, if the electron 
density around the magnetic nucleus is reduced, the 
deshielding leads to a lower field shift (or a higher fre- 
quency shift); otherwise, increasing the electron density 
will result in a higher field shift (or a lower frequency 
shift). In Fig. 3, it seems clear that the chemical shift of the 
carbonyl carbon in Trp 1~ position is induced by a nega- 
tively charged ion, and the chemical shift of the carbonyl 
carbon in Trp 15 position is induced by a positively charged 
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Fig. 3. The chemical shift, A6 (ppm), of J3C-enriched carbonyl carbons of Trp j 1,13,J5 gramicidin A induced as a function of CaCI 2 concentration. The 
resonance of the carbonyl carbon of the Trp II residue shifts to a higher field and that of the Trp 15 residue shifts to a lower field when CaC12 concentration 
is increased. They have symmetric chemical shifts in opposite directions. The resonance of the carbonyl carbon of the Trp 13 residue almost remains 
unshifted as the CaCI 2 concentration increases (see text for details). 
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ion since the electron density of  the carbonyl carbon 
(C = O) would be increased by an anion and decreased by 
a cation. The explanation in this case is that Ca 2+ and C1- 
ions enter the GA channel as a pair, the Ca 2÷ ion is bound 
at the Trp ~5 position, but the C1- ion is bound at the Trp ]l 
residue so that the carbonyl carbons of  [1-13C]Trp u and 
[l-t3C]Trp 15 gramicidin A have mirrored chemical shifts. 
The carbonyl carbon of  the Wrp 13 residue is in a neutral 
position, and the small negative shift could be affected by 
the C1- ion due to its larger size. 

3.3. Analysis of the lS C chemical shifts 

The data analysis employed to determine the binding 
constants of  the GA channels for Ca 2+ and CI -  ions is 
based on the two equations which have been used before 
[21,22]. The equation for double occupancy is given by 

Cl C2 

a ~ =  ~TT a~t + ~TT a~ w (1) 

where C l and C 2, respectively, are the concentrations of  
singly and doubly occupied channel molecules; C T is the 
concentration of  the total channel molecules, and A6 t and 
A~ w are the chemical shifts affected by the singly and 
doubly occupied states. For the binding constant for the 
singly occupied state, K ~=C 1 / (2 [X]C  o) and for the 
binding constant for the doubly occupied state, K~ = 
2C2/ (  [ X]C l) where [X]  is the concentration of  free ions 
and C O is the concentration of  the empty channel molecules. 
For single occupancy, the equation is given by 

a s =  c, (2) 
CT 

where ~b is the maximal ]3C chemical shift for each 
sample, and for the binding constant, K b = CI/([X]Co) 
where C O = C T -  Cl; and [X]  = IX]  x -  C l ( [X]  T is the 
total ion concentration). After many calculations using 
estimated constants, the best fitting values were searched 
and the curves were plotted by computer as shown in Fig. 
4. 

From this analysis, it is found that the analytical curves 
for double occupancy fit well for both the chemical shift 
data for [1-13C]Trp H and for [1-13C]Trp15 gramicidin A. 

The average deviations between the best fitted curves for 
double occupancy and the chemical shifts of  the carbonyl 
carbons of  Trp l~ and Trp 15 residues are 4.5% and 5.7%; 
however, the average deviations between the best fitted 
curves for single occupancy and the data for Trp It and 
Trp is residues are 15.7% and 16.4%. Consequently, dou- 
ble occupancy is considered relevant to the interaction 
between CaCI 2 and gramicidin A in DPC micelles. It is 
also found that the binding constants, Kb k and K~', ob- 
tained from the analysis of  the chemical shifts of [1- 
13C]TrpH gramicidin A are 1 2 0 / M  and 6 / M  for CI-  
ions, and from the analysis of the chemical shifts of 
[1-13C]Trp ]5 gramicidin A are 1 8 0 / M  and 6 / M  for Ca 2+ 
ions since the chemical shifts of  [ 1-13C]Trpll gramicidin A 
in DPC micelles was considered to be induced by C1- ions 
and that of  [1-13C]Trp]5 gramicidin A was taken as due to 
Ca 2+ ions. The two binding constants for the doubly 
occupied state are an identical 6 / M .  And the two binding 
constants for the singly occupied state, 1 2 0 / M  and 180/M,  
are also similar, that is, the two dissociation constants for 
the singly occupied state, 1 /K~ are very close: 8.3 mM 
for [I-13C]TrpII gramicidin A and 5.6 mM for [l-13C]Trp 15 
gramicidin A. Therefore, the binding constants, K~ and 

0 . 8  

13C-Trp Is GA 

[ 0 . 4  

ooe~ee  A 

0 - . . . . . .  B 

"~ .. 

• i.. - 0 . 4  
"~" tsC T r p  II G A  

- 0 . 8  t , * , i l l i l  , , , , , L , , I  t i i , I , _ , , L  , , , , , , , , I  

1 . 0  1 0 1 0  2 l 0  s 10  4 

[CaClz] (raM) 

Fig. 4. The data analyses of the t3C chemical shifts of the carbonyl carbons of Trp II and Trp '5 gramicidin A vs. CaCI 2 concentration: one for single 
occupancy (A) and one for double occupancy (B). The average deviations between the A8 of [1-]3C]TrptI and [1-t3C]T~ Is gramicidin A and the 
analytical curves of the double occupancy are 4.5% and 5.7%; and these between the A 8 of [ 1-13 ClTrp] I and [ 1 - 13 C]Trpls gramicidin A and the analytical 
curves of the single occupancy are 15.7% and 16.4%. 
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K~, for C1- ions are the same as those for Ca 2+ ions; this 
is consistent with the contention that Ca 2+ and C1- ions 
enter the GA channel as an ion pair. This perspective can 
be tested by directly observing the CI-  interaction by 
NMR relaxation methods. 

3,4. Measurement of 35Cl line-width 

The observable NMR relaxation rates or line-widths are 
determined by the rate at which the nuclei exchange 
between different environments, by the distribution of the 
nuclei among the different environments, and by the intrin- 
sic relaxation rates at each environment. From the relax- 
ation rates, the information on field gradients and molecu- 
lar mobility at the binding sites can be obtained. Using 
35C1 as  a probe, the interaction between the anion and the 
GA channel can be observed and the binding constants for 
both the singly and doubly occupied states can be esti- 
mated by means of 35CI-NMR. The 35CI-NMR study of the 
line-width as a function of C I  concentration utilized four 
titrations (Fig. 5): (A) the CaC12 titration of free DPC lipid 
micelles in D20; (B) the NaC1 titration of gramicidin A 
incorporated into DPC micelles in D20; (C) the MgC12 
titration of gramicidin A incorporated into DPC micelles in 
D20; and (D) the CaCI 2 titration of the gramicidin A 
incorporated into DPC micelles in D20. The concentra- 
tions of the GA channels of the samples for B, C, and D 
were confirmed to be an essentially identical 2 mM by 
absorbance at 280 nm. The titrations were run from 10 
mM to 1.2 M with 16 data points. 

The line-width was measured at half-height of the NMR 
absorption curve and the line-width is related to the trans- 
verse relaxation time, T2*, as At,= 1/TrT 2. Plotting 
the35C1 line-width At, vs. CI-  ion concentration shows 
that the line-width of CI-  ions in DPC micelles without 
gramicidin A (A) remains about 17 Hz on increasing the 
CaC12 concentration, which was taken as a reference 
value. In the NaC1 titration, the 35C1 line-width observed 
for gramicidin A in DPC micelle (B) is also narrow (22.6 
Hz) and also remains unchanged as the NaCI concentration 
is changed. Compared with the reference, the narrow and 
stable line-width in (B) is due to the CI-  ions in the free 
state, with no influence from the CI-  ions of a bound state. 
This is in agreement with the earlier study: no single-chan- 
nel current due to C1- ions was observed from the GA 
channel in planar lipid bilayers bathed in a NaCI solution 
[9]. It is also consistent with the 13C chemical shifts 
onI3C-NMR using C]3-1abeled gramicidin A incorporated 
in DPC micelles; there is no carbonyl carbon chemical 
shift induced by CI-  ions in NaC1 solution. However, in 
the CaC12 titration, the 35C1 line-width obtained for grami- 
cidin A in DPC micelles (D) is much broader than that for 
DPC micelles without gramicidin A (A), and broader than 
that in the NaC1 titration (B). 

The broader line-width in (D) decreases as CaCI 2 con- 
centration is increased. The relaxation time of the 
quadrupolar nuclei depends on the magnitude of the 
quadrupolar coupling constant ((e2qQ)/h) and the modu- 
lation of the correlation time (z~). As the values of the spin 
quantum number, I, and the quadrupolar moment, eQ, are 
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Fig. 5. The 35C1 line-widths of the four samples as a function of the CI concentration: (A) the CaCI 2 titration of the free DPC micelles in D20; (B) the 
NaCI titration of gramicidin A in DPC micelles in D20; (C) the MgCI 2 titration of gramicidin A in DPC micelles in D20; and (D) the CaCI 2 titration of 

35 
gramicidin A in DPC micelles in D20. The curves fitting the " C1 line-width data are plotted using the calculations of the line-width analysis (see text for 
details). 
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constants for the 35C1 nuclei, the % of the C1- ions bound 
by the peptide channels is increased due to the slow-tum- 
bling of the GA channels. The interaction between the CI- 
ions and the peptide channels and the interaction between 
the C1- and Ca 2÷ ion pairs in the GA channels would 
result in a larger value of the electric field gradient, eq, for 
the bound CI- ions (see next section). The increases in % 
and eq will cause a broader line-width or a shorter relax- 
ation time as given by 

1 1 3(2I+3)/---- '~)[l+~2~(e2qQl~'c 

TT = ~-2 = 40 / ~ 7  --- ] ) I ' - ~  ] (3) 

3.5. Analysis of  the 35 Cl line-widths 

Based on the Z3C chemical shift analysis, the double 
occupancy model is relevant for analysis of the line-widths. 
Usually the observed line-width is composed of the three 
partial line-widths in the different states: 

AVob s = PfAvf + PtAvt + Pw Avw (4) 

where Avf is the line-width of C1- ions in the free state; 
Avt and Av w are the line-widths of C1- ions for the singly 
and doubly occupied states; and Pf, Pt, and Pw are the 
probabilities of the C1- ions occurring in the free, singly- 
occupied, and doubly-occupied channel states. The proba- 
bility of the ions in the free state, Pf, is equal to [ X ] / [  X] T 
where [ X ] and [ X ]T are the concentrations of the free ions 
and the total ions. Since the total GA channel concentra- 
tions of the sample B, C, and D were identified as 2 mM 
and the titrations were carried out from 10 mM to 1.2 M, 
the values of Pf (= [X] / / [X]T)  can be taken as one. 
Accordingly, Eq. (4) can be written as 

Avob,~ -- Avf = Pt Av, + P~ av~ (5) 

It may be noted for the double occupancy model in the 
absence of an applied field that there are three occupied 
states in the GA channels: oo, xo (or ox), and xx [11]. The 
binding constant for the singly occupied state, K~, is 
involved in oo ,~ xo or oo ** ox while the binding con- 
stant at the doubly occupied state, K~, is related to 
xo ~ xx or ox ¢~ xx. According to this model, C l = 
2ktb[ X]Co, C 2 = 1/2(  K~[ X]C~), C r = C O + C l + C2, and 
[ X ] T = [ X ] + C  1 + 2 C  2, where C o , C 1 and C 2, respec- 
tively, are the concentrations of empty, singly-occupied, 
and doubly-occupied channel molecules, and C T is the 
concentration of the total channel molecules, as previously 
described [21]. Thus, Pt = C1/[X]T, Pw = 2 C 2 / [ X ] T  and 
Eq. (5) can be written as 

C1 2C2 
Al-'ob s -- a v f  = ~ Alp t + ~ Alp w (6) 

When the ion concentration is very high, the C l / [  X ]v ~" 
2C2/[X]  T = 0 then normally Avob s ---- Avf, but in the pre- 
sent case, as seen in Fig. 5 and discussed below, even 

though the concentration is very high such that one would 
expect AVob s = Av e, there is an additional line broadening, 
defined as AWait. 

In Fig. 5, however, it is found that at the high ion 
concentration of 1.2 M, the AVob ~ for titration D is still 
larger than that for the titration B by about 30 Hz, i.e., 
AVob ~ > Avf, because the line-width for titration B is only 
affected by C1- ions in the free state. The analysis of the 
13C chemical shifts suggests that the CI- and Ca 2÷ ions 
interact with the GA channel as an ion pair for the CaCI 2 
solution; hence, the difference between the line-widths for 
titration B and D at high concentration was considered to 
be caused by ion pairing. Since charges contribute to the 
electric field gradient, eq, with an r -3,  distance depen- 
dence and the ion pair charges occur at very short dis- 
tances, this will have a large influence on the line-width or 
the relaxation time. Therefore, the equation for fitting the 
35C1 line-width for gramicidin A in DPC micelles in CaC12 
solution would be 

C 1 2 C  2 
AVob s -- A v r -  aVpair = [ X]v Art + ~ avw (7) 

where a%air is the increase in line-width due to the CI- 
and Ca e+ ion pair in the peptide channels. 

After setting Av e and Avoair properly, the best theoreti- 
cal fit to the 35C1 line-width was searched and plotted by 
inputting the estimated constants, K~, K~, Av t, and zav w. 
The binding constants, K~ and K~', for gramicidin A in 
DPC micelles in the CaCI 2 titration were evaluated from 
this analysis to be 120/M and 4 / M  for C1- ion. The 
average error between the fitted curve and the experimen- 
tal data is less than 3%. A similar number, 140/M, is 
obtained when plotting the reciprocal of the excess 
linewidth using the high concentration linewidth as the 
reference and taking the negative x-axis intercept as the 
reciprocal of the binding constant. The binding constants, 
K~ and K~, are essentially identical to those determined 
by the analysis of 13C chemical shifts on 13C-NMR. Clearly, 
the analyses of 35C1 line-width also demonstrate that there 
is an interaction between CI- ions and gramicidin A in 
DPC micelles when in the presence of calcium ion. The 
fitting of the 35C1 line-width for gramicidin A in DPC 
micelles for the NaC1 titration is a straight line and the two 
binding constants, K~ and K~, are both smaller than 
10-4//M. This is consistent with the view that there is no 
interaction between C1- ions and gramicidin A in DPC 
micelles when in NaC1 solution. 

In the MgCI 2 titration (Fig. 5C), the 35C1 line-width of 
gramicidin A in DPC micelles in MgCI 2 is narrower than 
in CaC12, but broader than in NaCI; and the 35C1 line-width 
decreases when the concentration of MgCI 2 is increased. 
The binding constants, K~ and K~' for gramicidin A in 
DPC micelles in MgCI 2 were determined by the line-width 
analysis to be 18/M and 1 /M for C1- ions. Comparing 
with the line-widths for titrations B and D, the interaction 
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between C1- ions and gramicidin A in DPC micelles also 
occurs in MgC12, but this interaction is much weaker than 
that in CaC12. This is in agreement with the single-channel 
current observations [10]: the effect of blocking the action 

on the GA channel by adding MgC12 is much weaker than 
by adding CaC12. Therefore, the interaction between CI- 
ions and the GA channel in the presence of magnesium 
ions is also part of the reason for the blocking. 
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Fig. 6. The 35C1 transverse relaxation times measured by the spin-echo method using the CPMG pulse sequence, a 2 mM channel concentration of 
gramicidin A in DPC micelles in D20 and a 2 M ion concentration. In 2 M CaCI z (A), the insert shows that the 35C1 transverse magnetization is composed 
of the broad and narrow components, and the ratio of the broad component to the narrow component is determined from exp(8.380)/exp(7.872) as 1.66 
(62%:38%). In 2 M NaC1 (B), the insert shows that the35Cl transverse magnetization is essentially a single and narrow component since the broad 
component is only 6% of the narrow component given by exp(6.259)/exp(9.045). The two experiments were carried out with the same parameters and 

with the same conditions. 



20 N. Jing, D.W. Urry / Biochimica et Biophysica Acta 1238 (1995) 12-21 

3.6. 35C1 transverse relaxation time study 

The 23Na transverse relaxation times (T 2) in the pres- 
ence of GA molecules in LPC vesicles have been obtained 
by means of the CPMG pulse sequence [23-26]. Crucial 
information has been found in those studies. (1) The 
transverse magnetization of 23Na 3/2-nuclear spin was 
composed of a broad (or fast) component and a narrow (or 
slow) component given by 

 = 0(06exp(  t+04ex ( )) 
when a 3 mM concentration of GA channels is present in 
LPC vesicles. The ratio of the broad component to the 
narrow component is about 1.5 (60% to 40%). (2) A 
narrow and single-component decay for 23Na transverse 
magnetization was observed in LPC vesicle in the absence 
of GA channels as though all Na 2+ ions were in free state 
and o92r? << 1. (3) Using the fast and slow transverse 
relaxation times, T~ and T;', the 23Na ion correlation time, 
~'c, was calculated by the expression due to [26] 

1 1 1 
1 +  (l + o92,g) 

1 1 1 1 
+ 

T 2' T2f (1 +4o927?) (1 + o92~,2) 

where T2f is the transverse relaxation time of free Na + 
ions. The reciprocal of the correlation time, r c, was de- 
duced to be the off-rate constant, ko~f, for ions leaving the 
GA channels from the doubly occupied state. 

Drawing from the previous studies [25,27], the 35C1 
transverse relaxation times (T 2) were measured by the 
same methods to identify the interaction between C1- ions 
and the GA channels in CaC12 solutions and in NaC1 
solutions. Each 35CI-NMR experiment was performed with 
the same parameters at the same conditions, using 2 mM 
concentration of GA channels in DPC micelles in I)20 
plus 2 M ion concentration. The results show that the 35(71 
transverse magnetization in CaC12 solutions is composed 
of the two components (Fig. Fig. 66A). The ratio of the 
broad (or fast) component to the narrow (or slow) compo- 
nent is 1.66 (62% to 38%), calculated from the intercepts, 
exp(8.380)/exp(7.872). The fast transverse relaxation time 
(T~) is 3.1 ms, and the slow transverse relaxation time (T~') 
is 8.6 ms. On the other hand, the 35C1 transverse magneti- 
zation in NaC1 solutions is a narrow and single-component 
decay since the broad component is only 6% of the narrow 
component as obtained from the ratio of intercepts, 
exp(6.259)/exp(9.045) (Fig. 6B). The transverse relax- 
ation time (T 2) in NaC1 is 14.1 ms, the same as the value 
measured from the line-width. Finally, the 35C1 ion correla- 
tion time, ~'~, in CaCI 2 solution was calculated to be 
2 .3-10  -8 s. However, in DPC lipid micelles, two pro- 
cesses contribute to the correlation time, r~ (unpublished 

data): one is the channel reorientation time, r r, which was 
obtained by 31p-NMR to be 4.1 • l0 -8 s; the other is the 
ion occupancy time in the channel, ~'b" The off-rate con- 
stant from the doubly occupied state, ko~f, for C1- ions in 
CaC12 is the reciprocal of r b, and the magnitude of koWff is 
determined from ( 1 / r  c - l / ~ -  r) to be 1.9. 107/s. This 
result further confirms that the interaction between C1- 
ions and gramicidin A in DPC micelles does occur in 
CaC12, but not in NaC1; and it also shows that the koWff for 
C1- ion in CaC12 is close to that of Na + ion in gramicidin 
A in DPC micelles (2 .8 .10T/s)  (Jing and Urry, unpub- 
lished data) and in LPC vesicles (2.1 • 10T/s) [25]. How- 
ever, Cl-  ions cannot pass through the GA channel form- 
ing a measurable anion current because C1- ions can only 
enter and exit the channel as the Ca 2+. • • C1- ion pair. 

3.7. Implication for  the Interaction between CaCl 2 and the 
GA channel 

By two independent NMR studies, it is shown clearly 
that the CI-  ion binds in the channels. By the carbon-13 
induced carbonyl carbon chemical shift, C1- binding is at 
the position of the carbonyl group of Trp l~ residue about 
5.5 A away from the mouth of the channel and Ca 2+ 
binding is at the position of the carbonyl group of Trp 15 
residue about 2.5 A away from the entrance of the pore 
when the C1- ion and the Ca 2 ÷ ion enter the GA channel 
as an ion pair. Normally anions cannot pass through the 
GA channel to form a measurable single-channel current 
[9]; this was confirmed by the ~3C chemical shift studies in 
NaC1 solution, in which no negative chemical shift induced 
by C1- ions was observed [8,14]. It was also supported by 
the 35C1 line-width study by the NaC1 titration. The reasons 
for the GA channel discriminating against anions were 
proposed as follows: in terms of the libration theory, the 
structure of the GA channel is energetically favorable to 
the interaction site for cations, but not for anions because 
the carbonyl oxygens with their large negative dipoles 
rotate into the channel; and the entrance to the channel 
itself presents a negative potential attracting cations and 
repulsing anions [12,28] again due to the carbonyl oxy- 
gens. For the same reason, the theoretical calculations 
proposed a high energy barrier at the channel entrance that 
blocks anion transport [29]. Interestingly, the interaction 
between C1- ions and gramicidin A in DPC micelles at the 
position of Trp ~ residue is observed when a CI-  ion is 
paired with a Ca 2 ÷ ion. This observation suggests that the 
unfavorable binding energy and the energy barrier at the 
channel entrance for anions could be modified by the Ca 2 ÷ 
ion coming with the C1- ion making it possible for an 
anion to enter the GA channel. 

The evidence that C1- and Ca 2+ ions as an ion pair 
bind and exchange rapidly with gramicidin A in DPC 
micelles is considered to be related to the phenomenon that 
CaC12 blocks the single-channel current for monovalent 
cations and disrupts the linear current-voltage relationship 
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[10]. The critical factors of  blocking the action of  the GA 
channel by adding CaC12 are suggested to be that: (1) 
according to the analysis of  the 13C chemical  shifts, the 
binding constants, K~ and K~', for gramicidin A in DPC 
micelles exhibited by monovalent  cations are in the ranges 
4 0 - 8 0 / M  and 2 . 5 - 4 / M ,  respectively [30]; however, the 
constants for CaCI 2 are 1 2 0 - 1 8 0 / M  and 6 / M ,  i.e., Ca 2÷ 
and C1 ions as an ion pair have a more favorable 
interaction with the GA helix than the monovalent  cations 
do. (2) The center of  the binding site of  the GA channel 
for monovalent  cations is between the carbonyl groups of  
the Trp ~J and Trp 13 residues and the distance between the 

two binding sites is about 16 ,~ [30]; and, a C1- ion is 
bound near the carbonyl group of  the Trp l~ residue and the 
distance between the two bound C1- ions is about 15 ,~; 
hence, C1- ions when ion-paired with Ca 2÷ and monova- 
lent cations have about the same binding position in the 
GA channel. Therefore, it is argued that Ca 2+ and C1- 
ions as an ion pair have a stronger ability to compete with 
monovalent  cations for the binding interaction and the 
probabili ty of  the monovalent  cations to occupy the bind- 
ing sites in the GA channels will be largely decreased 
when CaC12 is added to a monovalent  ion solution. As a 
result, the single-channel current of  monovalent  cations is 
decreased, and the current -vol tage  curve is saturated. 
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