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I.

Introduction

The magnitude of alkali metal ion currents that pass
through the gramicidin A transmembrane channel
in accessible ranges of ion activities and common
applied potentials are in the approximate range of
106-5 to 10s ions/s (1-5). This is the range also found
for channels from higher organisms (6). With the
low voltage dependence of the off-rate constant for
gramicidin A channels, in the absence of an applied
potential (that is. under convenient circumstances
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for most NMR studies) and particularly at high ion
concentrations, the off-rate constants would also be
in the range of 106 5 to 10 8 /s. For those favorable
cases where it can be demonstrated that the reciprocal of the ion correlation times. r~x, is dominated
by the off-rate constant, k p // (7,8), this means that
an optimal NMR observation frequency, i>o, for the
determination of the off-rate constant would also be
in the 10e 5 to 108 Hz range. More specifically for
the alkali metal ions it appears that TC can be determined for spin 3/2 nuclei when 1.5 < (l4-w2rc2)^200
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where u> = 2wi/$. These are just the observation
frequencies for which studies of the alkali metal ions
can be carried out with commercially available NMR
spectrometers.

While each alkali metal ion presents different issues to be considered, the casual perspective that
the small electric quadrupole moment, for example, of 133Cs (0.003 as opposed to 0.14 for 23Na)
would preclude effective use of this nucleus for relaxation studies is not borne out by the experimental results. This is most likely primarily due to the
electric field gradient enhancing effect of the Sternheimer antishielding factor (9). As will be reviewed
below, NMR relaxation studies of each of the alkali
metal ions (7Li, 23Na, 39K, 87Rb and 133Cs) allow
estimates of binding constants. The spin 3/2 nuclei
(23Na, 39K and 87 Rb), allow for reasonable estimates
of ion correlation times when interpreted as ion occupancy times, Tf,, with r^1 = k o //. The ion binding
constants determined at high ion concentration and
the occupancy times also determined at high ion
concentrations can be used to calculate reasonable
currents and conductance ratios for the three ions
(10). Studies on 7Li (spin 3/2) result in the least effective calculation of currents but even these values
can be used to calculate currents that are within a
factor of two or three of the experimental currents
(11). Of particular interest is spin 7/2 133Cs. On
interaction with the gramicidin A transmembrane
channel this ion exhibits two phenomenological components in the transverse relaxation which, when
analyzed with the spin 3/2 formalism of Bull, yield
correct ion occupancy times (12). The assessment
of correct occupancy times is due to the capacity to
calculate correctly the single channel currents over a
wide concentration range, and it is due to the observation that at high ion activities the ion occupancy
time and binding constant are essentially the same
for spin 7/2 133Cs as for spin 3/2 87Rb. This is as
required since Rb + and Cs + exhibit similar magnitudes of single channel currents (2-4,13,14). Thus an
emerging aspect of using NMR relaxation methods
for the study of ion interactions with the gramicidin
A transmembrane channel is not only the advancement of our understanding of channel transport but
also the demonstration of the efficacy of relaxation
studies on each of the alkali metal ions.

-

I S 56 pS

40

.:„!!:;

20. I

60

1111 i i M i i i

2 sec

Figure 1. Lower part: Single channel conductance
trace of HPLC purified Gramicidin A in a diphytanoyl phosphatidylcholine/n-decane membrane at
20° C, 100 mV for 1 M KC1. A step up is the
"turning on" of a single channel and a step down is
the "turning off" of a single transmembrane channel
formed from two Gramicidin A molecules as shown
in Figure 2. Upper part: Histogram of the frequency
of occurrence of single channel conductance plotted
as a function of the magnitude of the single channel conductance. The most probable single channel
conductance, about 60% of all of the events, is between 16 and 18 pS (17 pS ± 1.5 pS). At 100 mV
this is a flow of just over 107 ions/s. Reproduced
with permission from reference 16.
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II.

A.

The Gramicidin A Transmembrane Channel: Phenomenology, Structure and Ion Binding Sites
Channel Transport Phenomenology

Before proceeding to the ion NMR studies it is helpful to have a clear picture of channel transport phenomenology, of channel structure, and of the location of ion binding sites within the channel. The
approach to the characterization of channel transport phenomenology is due to the original contributions of Mueller and coworkers (15). A planar
lipid bilayer (a black lipid membrane) is formed in a
small hole separating two water-filled chambers; the
planar lipid bilayer makes the resistance to charge
movement between the two chambers quite high.
When a single channel spans the lipid bilayer membrane, a current passes through the single transmembrane channel that is sufficiently large to result
in readily measured current steps. On dividing the
single channel current, t, in amperes (coulombs/s)
by the applied potential in volts, the single channel conductance is obtained which is usually given
in picosiemens (pS). The single channel conductance
steps due to gramicidin A channels turning "on" and
"off' for 1 M KC1, 20°C, 100 mV and diphytanoyl A
histogram giving the frequency of occurrence of single channel conductance steps for over 1500 events is
given in Figure 1A. The most probable conductance
steps are 17 ± 1.5 pS which represent about 60% of
the events. The distribution of conductance states
rather than a single conductance level has been proposed to arise from different side chain distributions
for the channel state even though there is no direct
contact of permeant ion with side chain (17).
B.

Channel Structure

There is now general agreement that the gramicidin A channel structure is as proposed in 1971
(18,19,20). The primary structure of gramicidin A is
HCO - T,Val1-Gly2-L-Ala3-D-Leu4-L-Ala5-D-Val6L-Trpi:i D-Leu14-L-Trp15-NHCH2CH20H (21,22).
L-Trp13-D-Leuu-L-Trp15-NHCH2CH20H (21,22).
As depicted in Figure 2, two molecules of gramicidin
A, each in a single stranded /?-helix with 6.2 to 6.3
residues/turn associate head to head (formyl end to
formyl end) by means of six intermolecular hydrogen
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bonds to form a continuous helical structure. Along
the helix axis is a channel approximately 4A in diameter and 26A in length which contains a single file
of water molecules. Since the lateral coordinating
groups for an ion in the channel are the electronegative carbonyl oxygens of librated peptide moieties,
the channel is selective for cations; and as the single lateral helical wall surrounded by lipid provides
insufficient solvation for divalent cations but quite
satisfactory solvation for monovalent cations, the
channel is impermeable to multivalent cations but
selective for monovalent cations with currents for
example for one molar K + (see Figure 1) of 17 pS
x 0.1 volt = 1.7 picoAmp or 1.7 x 10~12 coulombs
s-Vl.6 x l-19coulombs ion"1 = 107 ions/s (23).

C.

Location of Ion Binding Sites

By means of a series of gramicidin A syntheses
in which one carbonyl carbon at a time was 90%
carbon-13 enriched, it has been possible to incorporate the channel state of synthetic singly carbonyl
carbon labelled gramicidin A into a suspension of
lipid bilayers and to use carbon-13 nuclear magnetic
resonance to monitor the single carbonyl and to look
for ion induced carbonyl carbon chemical shifts. In
Figure 3 are the experimental ion induced carbonyl
carbon chemical shifts plotted as a function of the
location of the carbonyl in the channel structure for
sodium ion and for thallium ion (24,25). A pair
of localized, symmetry-related binding sites are observed just inside each entrance to the channel. In
the following NMR relaxation studies, the difference
between longitudinal and transverse relaxation rates
for ions in aqueous suspension of lipid (i.e. in the
absence of channels) and in the presence of channels in the lipid are used to obtain binding and rate
constants. The sites responsible for the very substantial increases in relaxation rates on addition of
channels are depicted in Figure 3. The lipid used
was lysophosphatidyl-choline which on appropriate
heat incubation with gramicidin A converts to lipid
bilayers containing the channel state (26).
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Figure 2 A. Space filling model of the Gramicidin A transmembrane channel schematically shown spanning
the lipid layer of a lipid bilayer membrane. B. End view showing the channel through which monovalent
cations can pass from one side to the other of the lipid bilayer membrane. It is through this channel that ions
pass at currents of 107 ions/s or more.

III.

A.

Estimating Binding Constants
using Longitudinal Relaxation
Data
Excess Longitudinal Relaxation Rate
Plots

Under conditions of fast exchange between aqueous
solution and a binding site, the experimental longitudinal relaxation rate, Ri = 1/Ti where Ti is the
longitudinal relaxation time, is given by

where Pf and P;, are the mole fractions of ions free in
solution and at a binding site, and K\f = l/Tx/ and
Rii, = 1/TK, are the relaxation rates and times for
the ion when free in solution and when bound. Since
P/ + Pj = 1, the excess longitudinal relaxation rate,
(Ri - Rif), that is the change in relaxation rates due
to the addition of binding sites, becomes
- Rlf) = Pb(Rlb - Rlf)

(2)

With the total concentration of binding sites indicated as CT and for the case where the unoccupied

binding site concentration is negligible with respect
to the total ion concentration, Mey, James and Noggle (27) derived the expression

(«i -

1 MeT + K{

-l

ft/)- C=;;,
i,
T{Ru -

(3)

For a single binding site a plot of (Ri - Ri/) * versus
gives a straight line. Since (Ri - Ri/)" 1 = 0,
= K^1, that is, the negative x-axis intercept
obtained from the extrapolated straight line gives
the reciprocal of the binding constant, K^" .
For the gramicidin A transmembrane channel, as
shown in Figure 3, there are two structurally identical binding sites. But due to repulsion between
ions when there are two ions in the channel (double occupancy), the binding constant for achieving
double occupancy, i.e. for the binding of the second
ion, is weaker than the binding constant for entry of
the first ion in the channel (single occupancy). The
binding process for entry of the first ion is characterized by the tight binding constant, K£ and the
process for entry of the second ion in the channel
is characterized by the weak binding constant,. K™.
As shown in Figure 4A for the interaction of sodium
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Figure 3. Upper part: Wire model of Gramicidin A transmembrane channel showing backbone atoms, 0carbons and hydrogen bonding between turns within each monomer and between monomers at the head to
head (formyl end to formyl end). Lower part: Plots of ion induced carbonyl carbon chemical shifts for sodium
ion (o) and for thallium ion (•). The observation of the ion induced carbonyl carbon chemical shifts determines
the location of the ion binding sites just inside each mouth of the channel. Adapted with permission from
reference 25.
ion with the channel, the excess longitudinal relaxation rate (ELR) plot is distinctly non-linear (7). If
only the high concentration (high ion activity) range
were accessible, e.g, from 0.5 to 1.0 molal activity, a
binding constant of 2.6/M would be obtained from
the reciprocal of the negative x-axis intercept. If
only the low ion activity range were measured, e.g.
from 0.02 to 0.20 molal activity, then a binding constant of 30/M would have been obtained. These
intercepts are taken as reasonable comparative values for the weak and tight binding constants (11).

cally two components which, when treated like the
two transverse relaxation components apparent under similar conditions for spin 3/2 nuclei, yield quite
appropriate ion correlation times.) The excess longitudinal relaxation rate data as a function of cesium
ion activity is given in Figure 4B (29). The limiting
slope at high molal activities gives a negative x-axis
intercept indicating a weak binding constant, Kf of
4.2/M while the slope at low ion activity indicates
a tight binding constant, Klb of 60/M.

Another ion for which complete titration curves
are possible is I33 Cs. Even though this is a spin 7/2
nucleus, on the basis of theoretical analyses (28) it
is generally appreciated that there is one sufficiently
dominant longitudinal relaxation component so that
the James-Noggle analysis, initially considered appropriate to spin 3/2 nuclei, can be utilized for spin
5/2 and spin 7/2 nuclei. (As will be shown below
for 133Cs interaction with the gramicidin A channel,
transverse relaxation data exhibit phenomenologi-

B.

Explicit Consideration of the Complete Expression for the Experimental Longitudinal Relaxation Rate

The excess longitudinal relaxation rate values plotted in Figure 4 for a given ion activity are calculated
with respect to the longitudinal relaxation rate in
the system of water plus phospholipid at the same
ion activity. This is quite satisfactory for sodium
and for cesium ions as their interaction with the
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Figure 4 A. Excess longitudinal relaxation rate (ELR) plot for 23Na ion interaction with 3 mM channels.
The reciprocals of the negative x-axis intercepts for the low and high molal activity limits provide estimates
for the tight, K\ and weak, K™, binding constants, respectively. The values are 30/M and 2.6/M. Adapted
with permission from reference 7. B. ELR plot for 133Cs ion interaction with 3 mM channels. The binding
constants are estimated to be Kj ~ 60/M and K™ a. 4.2/M. Adapted with permission from reference 29.
phospholipid without channels is relatively weak.
It is important, however, to consider the complete
expression for the experimental longitudinal relaxation rate
Ri = PfRu

+ PtRi{l) + PtRu + PwRiw

(4)

where P^, P< and Pu, are the mole fraction of ions
bound to phospholipid, to channel tight site and
to channel weak site, respectively, and Ri(£), Ru

and Riw are the corresponding relaxation rates at
the above noted sites (30). For 0.5 molal activity ion chloride the approximate longitudinal relaxation rates in water, in water plus phospholipid,
and in water plus phospholipid plus channel are,
respectively, 0.027/s, 0.056/s and 0.089/s for 7Li;
0.019/ms, 0.021/ms and 0.067/ms for 23Na; and
0.087/s, 0.102/s and 0.704/sec for 133Cs The factors
by which the longitudinal relaxation rates increase
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on going from water to water plus phospholipid and
from water plus phospholipid to water plus phospholipid plus channels, respectively, are 2.07 and 1.6
for 7 Li, 1.1 and 3.2 for 23 Na, and 1.15 and 6.9 for
133
Cs. The larger the factor on addition of channels,
particularly when compared to the factor for going
from water to water plus phospholipid, the more
favorable the data for analysis in terms of binding
constants. The data for 133 Cs are clearly the most
favorable in spite of its small electric quadrupole
moment and the data for 7 Li are clearly the least
favorable.
By considering stepwise the increasing complexity of the system, i.e., by first analyzing the change
in longitudinal relaxation time on addition of phospholipid (Ri = PfRi/+ ?i Ri{£)) and solving for
P / , P g and Ri(£)), and then by adding the channel
in the phospholipid, it is possible to fit the data in
Figure 4 to determine Pt, Ru, Pw and Ri w . The
binding constants, of course, are obtained from P<
and Pw along with P / and P^, and Ru and Ri^
are found to be different. In general R itu > Rn
by a factor of two or three, presumably due to the
contribution on double occupancy of one ion to the
electric field gradient of the other ion. While the
complete fit may give the best values of K\ and Kf
for a given set of data there is not a well-defined
local minimum in the fit to the data due to the four
parameters required. Because the variation in values for Rit and R\w can arise from subtle variations
in the titration, comparisons between data on different ions have this added uncertainty. For each of
the ions the complete expressions have been used;
for comparison between ions, however, it was considered most reliable to use the James-Noggle intercept approach which for multiple binding processes
does not explicitly contain the differences in relaxation rates at the different sites (11). The values so
obtained are given in Table I (7,8,10,29,30).

IV.

A.

Estimating Ion Correlation
Times Using Transverse (and
Longitudinal) Relaxation Data
F o u r E x p e r i m e n t a l Cases of Observable Lineshapes for Alkali M e t a l
Ions

The experimentally observable lineshapes and the
differing analyses of the results required to deter-

Table I. Binding Constants for Alkali Metal Ion Interactions with the Gramicidin A Transmembrane
Channel.
Ion

KS

K?

Reference

7

25/M
30/M
~50/M a
(~60/M) 6
60/M

0.77/M
2.6/M
8.3/M
3.9/M
4.2/M

(30)
(7)
(10)
(8)
(29)

Li

23

Na+

33 K +
87

Rb+
Cs +

133

"The estimate of Kj for K + was not obtained from
ELR data but rather was estimated from the concentration dependence of Trp 11 carbonyl carbon
chemical shifts.
*The estimate of Klb for R b + was not obtained from
ELR data but was taken to be the same as for Cs +
as both these ions have similar values for K£.
mine rate constant data may be considered according to the magnitude of w 2 r 2 . There are four experimental cases to delineate (see the Figure 5).
The reality, of course, is a continuous spectrum
of possible results beginning with the extreme narrowing condition ( w 2 r 2 < < 1) and progressing to
is as large as several hundred.
situations where
The study of alkali metal ion interactions with the
gramicidin A transmembrane channel involves consideration of each of the four cases, and for three of
the four cases the magnitude of rate constants relative to channel transport can be obtained. Case 1
The Lorentzian Line Shape
The Lorentzian line shape can be characterized
by the ratio of the total line width at one-eighth
of the total peak height to the total line width at
one-half of the peak height i.e. fi/s/^i/2 = V? =
2.65. The situation that generally gives rise to a
Lorentzian lineshape is the extreme narrowing condition where w 2 r 2 < < 1. This situation is further
verified by demonstrating that Ti = T2, i.e.,

lo5

(5)

and by demonstrating that Ti and T2 are independent of magnetic field strength, that is independent
of observation frequency, VQ = w/2ir. In the case of
23
Na with a 23.5 kG field, rc < < 6x 1O~9 s. This
case obtains for all of the alkali metal ion chlorides
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Four Experimental Cases
Case!
Extreme narrowing condition
simple Lorentzian curve

Case 2
Non- Lorentzian,two components
less differentiated

-100%

Case 3
Distinct broad + narrow
components

Case4
Narrow component only
approximates Lorentzian curve
broad component too broad to observe

-40%

Figure 5. Four experimental classes of resonance lines obtained when quadrupolar nuclei interact with binding
sites under conditions of rapid exchange. In each case the analysis of the transverse relaxation process can
proceed differently. See text for detailed discussion. Adapted with permission from reference 11.
in water. Fortunately it does not obtain in the presence of channels as the magnitude of the quadrupolar coupling constant, x5 would have to be known in
this case before the magnitude of TC could be determined.
Case 2 A Non-Lorentzian Line Shape (but not
clearly multiple Lorentzian)
This case occurs when W2T2 ~ 1. Ti is found to
differ from T2 and the fi/s/^i/2 ratio is found to be
greater than \fl. Using the formalism of Bull (31),
Rose and Bryant (32) presented an approximate expression for the ratio of the excess transverse relaxation rate, AR2 to the excess longitudinal relaxation

rate, AR2 i.e.,
*2f

0.6 + 0.4(1 + WT2C)~X

1.6(1

(6)
+ (1 + U22,2\-l
T2C)

0.4(1

(7)

Of course the inverse of the transverse relaxation
time, I/T2, is the experimental transverse relaxation rate in the presence of channels, R2, and R2/
is the transverse relaxation rate for the ion free in
solution or for the chosen reference state which for
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our cases will be in the presence of lipid R2(£) but
in the absence of channels.
Potas8ium-S9 An example of this case is shown
in Figure 6 (10); it results from the interaction of
1 M K+ with 0.3 mM channels at 30° C and an
observation frequency of 4.65 MHz. With Ti = 15.3
ms, T 2 = 7.3 ms, Ti(£) = 55 ms and T2(£) = 50 ms,
the value of AR2/ ARi is 2.48. By eqn. 7, plotted
in Figure 7B, the value of the ion correlation time,
re, is 3.89 x I0~8 s. With the observation frequency
for 39K of 4.65 x 106 Hz, the value of w2r2 would be
1.29, i.e., in the range of one. As will be seen below
for 23Na, the resonance for 1 M NaCl at 30° in the
presence of 3 mM channels obviously comprises two
components, yet the ion correlation time is 4.8 x
10~8 s, only 20% greater than for the potassium
case. The reason, therefore, that 39K observation of
1 M KC1 interaction with the channel is an example
of Case 2 is the low observation frequency used for
39
K, being nearly one-sixth that used for 23Na.
Case 8 Observation of Both Broad and Narrow
Components
The observation of both broad and narrow components can occur when w2rc2 is substantially larger
than one. For the composite resonance line, of
course, ^i/s/^i/2 is significantly greater than y/l,
and Ti is found to be larger than T 2 . Each substituent component, however, is found to be well
represented by a Lorentzian function. As shown by
Bull (31), the decay of the transverse magnetization,
My, is given for spin 3/2 nuclei by

MT{t) = Mr(0)[0.6exp(-r/r|) +0.4exP(-r/T^')]
(8)
where T 2 is the relaxation time of the broad (fast)
component and T'2 is that of the narrow (slow) component, and the corresponding transverse relaxation
times are R'2 and R'2'. An expression for the very useful ratio of the excess transverse relaxation rates,
AR'2, and AR'2', due to Bull (31) is
AR'2
AR'2'

R'2 - R• 2 /
R'2 - R2f

where R 2 /, is the transverse relaxation rate for the
reference state which is commonly the ion in an
aqueous solution. The conditions for which eqn.
(9) and eqn. (7) are applicable are: 1) for rapid

exchange between two sites where one site is represented by the extreme narrowing condition (e.g. an
ion free in solution) and the second site is not under the extreme narrowing condition (i.e. the binding site), 2) for the occupancy time of the ion in
the site which is shorter than the relaxation time
of the ion bound in the site, and 3) for a situation
where the mole fraction of free ion, P/, is sufficiently
greater than that of the bound ions, P6, that P/ may
be taken as one. For the applications demonstrated
here the reference state is taken as the transverse relaxation rate of the same concentration of ion in an
aqueous solution plus lipid, R 2 (l), such that the excess transverse relaxation rate of interest is that due
to the addition of channels, that is, the situation for
ion in the aqueous solution plus lipid is sufficiently
close to the extreme narrowing condition for that
assumption to be used.
There are three means of measuring T'2 and T2
when two components are reasonably discernible.
They are 1) curve resolution, 2) the null method
and 3) the spin echo method. Each approach is represented below by an alkali metal ion. Curve resolution is exemplified by 23Na data, the null method
by 87Rb data and the spin echo method by 133Cs
and 7Li data.
a. Sodium-S3 The resonance line obtained for 1
M NaCl at 30° in the presence of 3 mM channels
is given in Figure 8A (7) and the resolution into
a broad component with 60% of the total intensity
(area) and a narrow component with 40% of the total intensity. This is in accordance with eqn. (8).
The full line width at half intensity for the broad
component, vXj2, is 325 Hz giving a value for R2 =
3
(KV'1/2) of 1.02 x 10 /s. The full line width at half
intensity for the narrow component, v"j2, is 16 Hz
giving a value for R2 [=*v"i2) of 50.3 s. The relaxation rate in the presence of lipid but the absence
of channels, R2(^), is 31.4/s. By eqn. (9) the ratio
would be 52.3 and the sodium ion correlation time
would be 4.8 x 10~8 s (33-35). With an observation frequency for 23Na of 26.4 X 106 Hz the value
of o>2r2 would be 63, i.e., substantially greater than
one.
b. Rubidium-87 A stack of spectra using the 180°
- r - 90° pulse sequence is given in Figure 9 for 2
M RbCl at 30° in the presence of 3.16 mM channels (8). The T values were chosen in order to null
one component and leave the other component from
which a line width can be determined. With this
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Lysolecithin Packaged Gramicidin A
0.3 mM Channels; IMKCI
39

K Longitudinal and Transverse Relaxation at 30°C

=7.3 msec

T( - 15.3msec

PRFTI80°-T-901>

pulse interval, T (msec)

Figure 6. Longitudinal and transverse relaxation data for 39K ion interaction (1 M KC1) with 0.3 mM
Gramicidin A channels. This data is analyzed by eqn. (7), perhaps with the aid of Figure 7B, to determine
the ion correlation time. This is an example of Case 2 of Figure 5. Reproduced with permission from reference
10.
method both the longitudinal and transverse relaxation times can be obtained for each component as
Ti = TVJUJJ/0.69. It is interesting to note that the
difference in T\ and T" is only 15% whereas there
is a 500% difference in T2 and T'2'. This makes the
latter data very useful in estimating an ion correlation time. With R'2 = 6.62 x 103/s and R'2' = 1.33 x
103/s, as obtained from Figure 9, and with R2(£) =
526/s, the ratio of the excess transverse relaxation
rates for the two components becomes 7.6. By eqn.
(9) or using the plot of this equation in Figure 7A,
this ratio gives a value for rc of 1.35 x 10~8 s. With
an observation frequency of 32.6 x 10~8 Hz for 87Rb
<jJ2Tg would be 7.6. This is greater than one and the
same magnitude as the ratio itself.
c. Cesium-ISS Even though 133Cs is a spin 7/2
rather than a spin 3/2 nucleus, phenomenologically
on interaction with the gramicidin A transmembrane channel two components are observed in the
133
Cs resonance, just as occurs for the spin 3/2 nuclei. Furthermore it will be shown below that the

inverse of the ion correlation time is the off-rate constant and that the off-rate constant at high ion concentration and the weak binding constant (determined above) are sufficient to calculate the single
channel currents at high ion concentration for Na+
K+ and Rb + . It becomes possible, therefore, to see
if eqn. (9) can be used for 133Cs data to obtain an
approximately correct value for the ion correlation
time. If a reasonable value for the cesium ion single channel current can be obtained using eqn.(9),
then it must be giving approximately correct values
of rc for spin 7/2 133Cs. Data for 133Cs is given in
Figure 10 (12). Using the spin echo approach with
a Carr-Purcell-Meiboom-Gill pulse sequence, at 30
mM CsCl a plot of the log of the transverse magnetization versus time shows two relaxation processes,
a fast process with a characteristic time of T'2 = 1.2
ms and a slow process with a T 2 of 23 ms. Similarly at high concentration, 1.5 M CsCl, two components are observed with T'2 = 98 ms and T 2 =
286 ms. Additionally as may be seen in Figure 11
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Figure 7 A. Plot of eqn. (9) for each of the alkali metal ions for a 23.5 kG magnetic field. The observation
frequency is given as the abscissa at the top of the graph. For any desired frequency simply translate the
curve horizontally to the desired frequency as read at the top of the graph. B. Plot of eqn. (7) for each of the
alkali metal ions. Reproduced with permission from reference (11).
(29) using the null approach for 210 mM CsCl, two
dominant components are observed. A third narrow
line is observed but its intensity is so small as not to
contribute significantly to the transverse magnetiza-

tion. With T2/ = T2(€) = 5 s the ratios of the excess
transverse relaxation rates for 30 mM, 210 mM and
1.5 M CsCl are 19.2, 12, and 2.76, respectively. The
value of 12 for the ratio from Figure 11 is simply
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-1000

-1000

1000

Figure 8 A. 23 Na resonance line for 1 M NaCl at 30° in the presence of 3 mM channels which is comprised
of both narrow and broad Lorentzian components. The solid curve is the experimental curve and the dashed
curve is the sum of the resolved narrow and broad components shown in B. The ratio of areas of the broad
to narrow components is 60/40 in accordance with eqn. (8). R'2 = nv[/2 = 1021/s and R" = nv",2 = 50.3/s.
These values by eqn. (9) and a value for R 2 / = ^{i) of 31.4/s result in a rc of 48 ns.
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Gramicidin Channel in Pnospholipid Bilayers
3.16 mM Channels, 2 M RbCl
87,

Rb Longitudinal Relaxation at 30°C

0.483

PRFT 180° - T -90"

pulse interval, T (msec)

5 KHz

Figure 9. A stack of inversion-recovery (180° - r - 90°) spectra for 87Rb (2 M RbCl) in the presence of 3.16
mM channels. At the null for the narrow and then the broad component the line width at half intensity can
be determined for the remaining component. R'2 = fffj^ — 6.6/ms and R2' = xv'ln — 1-33 ms. With
= 526/s, a value of rc is calculated by eqn. (9) to be 1.35 x I0~8 s.
the ratio of the line width of the broad component
divided by the line width of the narrow component,
i.e., v\jilv\i2.
In sequence the rc values would be
8
5.7 x 1CT s, 4.5 x 1(T8 s and 1.69 x 10~8 s. The
intermediate value obtained for 210 mM CsCl would
be due to contributions from a mixture of singly and
doubly occupied channel states (note the binding
constants determined above), whereas the 30 mM
data would more nearly represent the singly occupied state and the 1.5 M data the doubly occupied
state. The values of o/2r2 for 30 mM, 210 mM and
1.5 M CsCl are 21.8, 13.6 and 1.9, respectively. As
is apparent from Figure 10 on raising the concentration to 1.5 M CsCl, the fast component has become
closer in magnitude to the slow component. (With •
the small value of a;2r2 for 1.5 M CsCl one could
wonder whether Case 2 might not be also applicable. In this regard it should be appreciated that
eqn.(7) depends on the approximation that Rj =
0.6R'2 -(- 0.4R". As is apparent from the intercept of
Figure 10B, the two phenomenological components
do not compare in intensity with a 60/40 ratio and

therefore eqn.(7) is not applicable.) It will be shown
below that the 1.5 M data is sufficient to calculate
reasonable currents at high ion concentrations and
in fact, the rc values at low and at high ion concentrations can be used to calculate reasonable currents
over the entire concentration range (12).
d. Lithium-7 Among the alkali metal ion nuclei considered here as suitable for characterizing
ion transport through the GA channel, the 7Li nucleus is the least favorable. This is the situation for
two major reasons: Firstly the small electric quadrupole moment, Q, and the smallest Sternheimer
antishielding factor (9,36,37), i^. (see Table II)
mean that the quadrupolar relaxation mechanism,
which would be proportional to Q(l — 7oo)j may
only be one of the mechanisms contributing to nuclear relaxation. Another important mechanism is
likely dipole-dipole relaxation (38,39,40). Secondly
of the alkali metal ion nuclei, 7Li has the highest
observation frequency, that is the largest gyromagnetic ratio. As may be seen in Figure 7 this means
that it would be most suitable for Group 1 compara-
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Figure 10. Decay of the transverse magnetization (spin echo experiment using the Carr-Purcell-Meiboom-Gill
sequence) for 30 mM (part A) and 1.5 M CsCl (part B) in the presence of 3 mM channels. In both cases
In Mr is found to be comprised of two components. As discussed in the text, the two decay constants for
this spin 7/2 nucleus can be used to calculate an ion correlation time using the formalism for spin 3/2 nuclei
(eqn. 9) and the ion correlation time can be used to calculate single channel currents to the same degree of
accuracy as for the spin 3/2 nuclei: 23Na, 39K and 87Rb (10, 11, 12).
tive studies where the ion correlation time would be
shorter than for the other ion. Considering the relationship demonstrated below as given in eqn.(18),
this would be most favorable for situations where
the off-rate constant for Li+ would be larger than
for the other alkali metal ions. For the GA channel the inverse is the case as the lithium ion single
channel current is more than an order of magnitude
smaller than that of Rb + and Cs + , that is, lithium
ion has the smallest off-rate constant of the alkali
metal ions.
With these problems and limitations in mind it
is yet of interest to see what the spin echo method
would give for the ion correlation time when approx-

imated using eqn.(9). The data are given in Figure
12 in the presence of 3 mM channels for 1 M LiCl;
R2, is 4.35/s and R'2' is 0.25/s. With a value for R2(£)
of 0.083/s the Bull ratio, AR2,/AR'2', becomes 25.6
which by Figure 7 or eqn.(9) gives an ion correlation
time of 2.2 x 10~8 s. This differs by a factor of five
(500%) from the value that would give the correct
lithium ionic current and the correct ionic conductance ratios with respect to the other alkali metal
ions. Initially it was thought that obtaining a calculated current using NMR-derived binding and rate
constants, which was within a factor of ten (1000%)
of the electrically measured current, would constitute a successful effort. Now for the spin 3/2 nuclei
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Lysolecithin Packaged Gramicidin A'
. 0 0 3 M (GA)2 .0.2IM CsCI
l33
Cs Longitudinal Relaxation at 30°C
0.01

T =1.02sec

PRFT 180°- T -90°
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\$0Hi
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0.620
0.635
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Figure 11. Partially relaxed Fourier transform data for 133 Cs using the inversion- recovery approach with 210
mM CsCI in the presence of 3 mM channels. By carefully examining the null region there is seen to be a single
dominant intense narrow component and a broad component. A third narrow component is also observed,
but it is of such low intensity that it would not contribute significantly to the data of Figure 10. Reproduced
with permission from reference 29.
23

Na, 39 K and 8 7 Rb, it has been found that the error
is closer to 10% (10,11). The success for these three
alkali metal ions suggest a closer look at the 7 Li
data with the consideration of including the dipoledipole relaxation mechanism. Rewriting eqn.(l) for
the transverse relaxation rate and including both
the dipole-dipole (DD) and quadrupolar (Q) relaxation mechanisms gives
R2 = PfR2f

+ Pb(R2b{Q) + RU{DD))

(10)

Following Bull (31) and writing the ratio for the two
components observed in the spin echo experiment
(see Figure 12), the ratio in eqn.(9) becomes
B% - Rv

-

(11)

with the ratio equalling the same expression as the
right hand side of eqn.(9). As R 2) is so much larger
than R'2' which is itself greater than P6 R'24(DD), we
consider only the narrow component Rj(,(DD) which
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Time (sec)
Figure 12. Spin echo (CPMG) experiment for 1 M LiCl in the presence of 3 mM channels. A fast and a slow
proceas are observed with the relaxation rates R'2 = 4.35/s and R'2' = 0.25/s. The value for R2(£) is 0.083/s.
These data are considered in terms of the quadrupolar relaxation mechanism using eqn. (9) and in terms of
both quadrupolar and dipole-dipole relaxation mechanisms being operative using eqns. (11) and (12). See
text for discussion. Reproduced with permission from reference 11.
concerns the spin +1/2 to -1/2 transition. Utilizing
the formalism for spin 1/2 nuclei (41,42),

20
&T,

(12)
The molal activity of 1 M LiCl would be 0.78. With
the binding constants of Table I the mole fraction
of bound ions, Pj would be 3.42 x 10"3 s and for rc
to approximate the correct current, R26(DD) would
be 47/s. In the case of eqn.(12) the fluctuation of
the dipole-dipole interaction would be that due to
the ion entering and leaving the channel. As before,
taking the excess with respect to the system without channels, i.e. R2W replacing R 2 /, and using a

value of 2.34 x 1046/cm6 for £,*. 6 , the value of re
which simultaneously fits eqn.(12) and eqn.(9) with
the ratio as defined in eqn.(ll) becomes 1.18 x 10~T
s. This is by choice the number that will give the
correct current; the question therefore is whether
the distance for Z^-rJ6 is reasonable. This distance
would be equivalent to four hydrogen nuclei at a distance from the lithium nucleus of 2.4A which is not
unreasonable.
The ion correlation times as obtained above for
each of the alkali metal ions are given in Table II. Case 4 Near-Lorentzian Line Shape Because
Broad Component too Broad to Observe
In this case the relaxation for the broad component is so fast that its relaxation has largely occurred during the delay time before the instrument
begins accumulation of data. While ^i/s/^i/2 m a v
approximate y/l , a major test for this situation is
that the values of Ti and T 2 are dependent on the
magniture of the magnetic field, i.e. on observation
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Table II. Ion Correlation Times for Alkali Metal Ion Interactions with the Gramicidin A Transmembrance
Channel.
Ion

Electric quadrupole
moment, Q

Sternheimer antishielding factor6,
7oo as (1 - 700)

7

Li+

23

Na+

39K+
87

Rb+

133 Cs +

-0.03

0.74

0.022

0.14-0.15
0.14
0.13
-0.003

5.1

0.714
2.013
6.266
0.333

18.3
48.2
111

2.2 X 10"8 s
(1.18 X 10"7 s)
4.8 x 10~8 s
3.89 x 10~8 s
1.35 x 10~8 s
1.69 x 10~8 sc

°The Sternheimer antishielding factor values are due to Schmidt et. al. (36).
'Obtained on introduction of the dipole-dipole relaxation mechanism for 7Li with the rc chosen to give the
correct off-rate constant (see eqn.18). The test for this is whether the distance dependence obtained for Li-H
internuclear distances for the ion in the channel is reasonable. The value is equivalent to four hydrogen nuclei
each at 2.4A from the lithium nucleus. This is a reasonable value.
c
Assuming that eqn. (9), which was derived for spin 3/2 nuclei (32), is applicable to 133Cs which is a spin
7/2 nucleus.
frequency. This differentiates Case 4 from Case 1.
Another means is to integrate the signal and compare its intensity to that of a standard as shown in
Figure 13 (11). For 20 mM NaCl the signal is integrated in the presence of lipid and this intensity
is compared to that of 20 mM NaCl when channels
have been added to the system. As seen in Figure
13, in the presence of channels only 40% of the intensity found for 20 mM NaCl is observed. This
means that the ion correlation time is long, which
would relate to a slow off-rate constant.
An attempt to estimate an exchange rate is possible if this remaining narrow component is treated
as that of a spin 1/2 nucleus. For the case of rapid
exchange in terms of chemical shift, v.
V — Pfl/f

(13)

where vj and I/J, are the chemical shifts for the free
and bound ion. It is convenient to take as the reference chemical shift that of the ion free in solution,
i.e. Vf — 0, and Pj and I/J can be determined from a
titration of chemical shift versus ion concentration.
In terms of line width one can write
2

(14)

where v^ ,2 and v\ ,2 are the line widths for the free
ion and tne bound ion. The latter is obtainable from
fitting the data in a linewidth versus ion concentration plot. Combining eqns. (10) and (11) gives
"1/*

=

f

-vf

(15)

Vb

Thus a plot of vx /2 versus v can be fitted and the
non-linearity due to the third term in eqn. (15) gives
the value of k 0 //. From the sodium ion data k 0 //
was found to be 3 x 105/s (33-35). This is the offrate at low concentrations due to the singly occupied
state of the channel and is designated k'^y. Thus
when the off-rate constant is so slow that the broad
component is not observed, it might be determinable
in a standard type of line shape analysis (43,44). For
the 23Na data the upper limit for a determinable
rate constant by this means is about 106/s.
B.

I n t e r p r e t a t i o n of Ion Correlation
Times as Ion Occupancy Times

There are a number of possible contributions to the
ion correlation times, that is, of possible sources of
fluctuating electric field gradient. These are: r r .
the reorientation correlation time; TUH. vibrations
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A . 20 mM NaCI +
ly sophosphatidy Icholine

100%

B . 20 mM NaCI +
lysophosphatidylcholine
+ 3mM channels

40%

Figure 13. Integration of 20 mM NaCI in the presence of the lipid, lysophosphotidylcholine, which is taken as
the reference for 100% of resonance intensity, and of 20 mM NaCI in the presence of the same amount of lipid
plus 3 mM channels where the resonance intensity has been found to be reduced to 40%. This is diagnostic
of Case 4 in Figure 5. See text for discussion. Reproduced with permission from reference 11.
or oscillations in the ligand field of (,he ion at its
binding site; r,.;,, the central barrier correlation time,
i.e. the time for jumping from one site to "the other
within the channel; and n the ion occupancy time
for the channel binding site. The relationship is:

,-L + l.

(16)

r r , the reorientation correlation time As the nuclei
are oriented with respect to the magnetic field, the
rotation of the system containing the binding site
with its electric field gradient constitutes a fluctuating electricfieldgradient as sensed by the spinning
nucleus. In the case of gramicidin A channels packaged in lysophosphotidylcholine bilayer membranes
with dimensions of several tens of nanometers (45),
the reorientation correlation time would be the order of 106/s (46). Since the ion correlation times
measured above for the alkali metal ion interactions
with the gramicidin A channel are all some two or-

ders of magnitude shorter, ryT1 would not contribute
significantly to r" 1
Tvib, vibrations of the ligand field. One means of

addressing this possible source of fluctuating electric
field gradient is to examine the temperature dependence of TC and to determine whether the thermodynamic properties could be those of a vibrational
process. The temperature dependence of rc is plotted in Figure 14 (7) as -lnrc versus T~1(°K). Using
Eyring rate theory formalism, the slope gives a AJ2*
of 5.9 kcal/rriole and from the value at 303 K AS* is
found to be -5.4 cal/mole-deg. Now for a vibrational
process the statistical mechanicalexpression for entropy using a harmonic oscillator partition function
is written,
.Si = R
(17)
A vibrational frequency that would have an entropy
of 5.4 cal/mole.deg would have a correlation time
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Figure 14. Temperature dependence of -lnrc plotted versus T" 1 (°K) for 1 M NaCl in the presence of 3 mM
channels. The data results in a linear plot indicating a AH* of 5.9 kcal/mole and a AS* evaluated at 303 K
using Eyring rate theory, of -5.4 cal/mole-deg. These values are inconsistent with ligand field vibration as a
source of fluctuating electric field gradient but are consistent with an energy barrier for channel transport.
See text for discussion. Reproduced with permission from reference 7.
— (2jri/i) 1 of tenths of a picosecond. As the
quantities obtained for the alkali metal ions are in
the range of nanoseconds, it is argued that fluctuations of the ion ligands are not the source of the
nuclear spin relaxation. Also the enthalpy for a vibrational process would be more than an order of
magnitude smaller than 5.9 kcal/mole. The latter
is more appropriate to the magnitude of a reaction
barrier for a fast process, for example, for aflowof
107 ions/s.
Tct, central barrier correlation time. A jumping

of the ion within the channel from one binding site
to another could provide a fluctuating electric field
gradient because an ion at the head to head junction
could experience a different electric field gradient
than an ion at a binding site. By this mechanism
an ion could experience a fluctuating electric field

gradient with a correlation time for an ion passing
over the central barrier. This possible contribution
can be addressed by considering two channels which
differ primarily in the rate at which the ions pass
over the central barrier. The two channels are the
gramicidin A channel and the malonyl gramicidin
A channel. In the latter case the formyl moieties
are removed from gramicidin A and two molecules
are tied together by the malonyl moiety, CO-CH21
CO. The single channel currents of the malonyl GA
channel are smaller than for the GA channel. Also
from dielectric relaxation studies the rate for thallium ion passage over the central barrier, k<;& is 4 X
106/s for the malonyl GA channel (47) whereas it
is greater than 5 x 107/s for the GA channel (48).
These values differ by more than an order of magnitude, yet for sodium ion the value of TC is 48 ns in
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both cases (7,33-35). This indicates that the jump
over the central barrier, i.e. the ion translocation
between the sites within the channel, is not affecting Tc.
Tf,, the ion occupany time. When the rate at
which the ion exchanges between site and solution
is faster than the relaxation rate at the site, i.e.
Ru,, the process of entering and leaving the channel
constitutes a fluctuation in the electric field gradient
experienced by the ion. The characteristic time for
the process would be the ion occupancy time, and
the inverse of the ion occupancy time would be the
off-rate constant, r^ 1 = k 0 //. By the process of
elimination above, it has been deduced that TC for
this system is actually rj, that is,
— Koff

(18)

for the alkali metal ion interactions with the Gramicidin A transmembrane channel.
The rate constants, therefore, obtained for the
alkali metal ions are summarized in Table III.

V.

Calculation of Gramicidin A
Single Channel Currents Using NMR Derived Binding
and Rate Constants

It is possible with only the weak binding constant,
K™, and the weak off-rate constant, k™,, to obtain quite reasonable values for the single channel currents and for the conductance ratios. This
is the case directly for 23Na, 39K and 87Rb. It is
also the case for 133Cs assuming that the two phenomenological components in the transverse relaxation of this spin 7/2 nucleus can be treated as a spin
3/2 nucleus. And we have noted above that inclusion of the dipole-dipole relaxation mechanism with
the quadrupolar relaxation mechanism would give
reasonable lithium-hydrogen internuclear distances
with a correlation time capable of calculating the
experimental currents. Also it is possible to calculate the single channel currents at a given applied
potential over large ion activity ranges, e.g. from 10
mM activity to several molal activity. This requires
NMR-derived estimates of K™, k« / / , K'b and k*off
for all of the alkali metal ions and in addition it requires dielectric relaxation data for the rate of intrachannel ion translocation, i.e. for the rate over the
central barrier. This has been done for the sodium

ions (23). Here for brevity, however, the high ion
activity approximation will be used.
A.

Approximate Calculation for High
Ion Activities

For sodium ion the off-rate constant for single ion
occupancy of the channel, k' ,j, is approximated as
3 x 106/s. This would result in too small a flow
of ions to be measurable. In this case thefirstion
in the channel is electrically silent and it is necessary only to consider the probability of the singly
occupied state, Xs, and the probability of the doubly occupied state, Xd, with Xs + Xd — 1- To a
good approximation, when a potential (positive on
the entry side) is applied, the entry barrier may be
taken as rate limiting. The current, i, over that
barrier is written
t = forward rate — backward rate

(19)

and

KIf
(20)
Writing e/ and e& for the exponential powers, recognizing that Kfk™{} = k£,', and that X* = 1 + [Me+]
KH" 1 and that Xd = [Me+] K?(l+ [Me+] Kf)~\
eqn. (20) becomes
I

(21)

=

At one molal ion activity [Me+] = 1 and the expression is simply
t —-

_

€i
e )ions/s

(22)

With the known structure in Figures 2 and 3, the
distances between binding site and exit barrier, £&,
and between solution and entry barrier, if, are approximately 3A and the total distance across the
channel, 2d, is taken as 30A. z is the charge on the
ion, i.e. one; F is the Faraday (23 kcal/mole-volt);
E is the applied potential (0.1 volt); R is the gas
constant (1.987 cal/mole-deg); and T is the absolute temperature (303 K) such that the Eyring factor (ee'-V>) equals 0.78. Thus with the values in
Table I for Kf and Table III for k™//5 the currents
are calculated at one molal ion activity. These values are listed in Table IV. To convert from ions/s to
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Table III. Rate Constants for Alkali Metal Ion Interactions with the Gramicidin A Transmembrane Channel.
Ion

S

off

7

Li+

23

Na +

3 x 105/s
(~50mM NaCl)

39K+
87

Rb+
133
Cs+

1.4 x 107/s
(30mM CsCl)

K

o//

Reference

4.5 X 107/s
(0.85 x 107/s)a
2.1 x 107/s

(11)

2.6 X 107/s
7.4 x 107/s
5.9 x 107/s
(>1.5MCsCl)

(10)
(8,11)
(11,12)

(7,33,35)

"Obtained on introduction of the dipole-dipole relaxation mechanism for 7Li with the re chosen to give the
correct off-rate constant (see eqn.18). The test for this is whether the value obtained for Li-H internuclear
distances for the ion in the channel is reasonable. The value is equivalent to four hydrogen atoms each at 2.4
A from the lithium nucleus. This is not an unreasonable value.
Table TV. Approximate Calculation of Single Channel Currents and Conductances.
Ion

Single channel"
current
i(ions/s)

Li+
Na +
K+
Rb+
Cs+

0.29
1.18
1.81
4.59
3.72

X 107d
x 107
x 107
x 107
x 107

Single channel6
conductances
7(PS)
4.6
19
29
73
56

Conductance Ratios
7 (Me)/ 7 (Na)'

:

calc'd

expt'l

0.25

0.24
1
~2
>3
>3

1
1.5
3.9
3.2

"The single channel current at one molal activity is given by eqn. (22); i = 0.78 K^k^ // /(I + K%) ions/s.
*The single channel conductance, 7 = ix 1.6 X 1019 ampere/0.1 volt.
"The conductance ratios vary with lipid and with ion activity. The ratios with respect to that of sodium ion
for Rb + and Cs + are generally slightly greater than 3 with that for Rb + being about 10!% greater than that
for Cs+.
"'Single channel current for Li+ was obtained using a value for TC that had been chosen on addition of the
dipole-dipole relaxation mechanism to give a correct current. The test as to the appropriateness of the value
is the reasonableness of the Li-H internuclear distances necessary for that rc. The value for the sum over
distances (see eqn.12) is not unreasonable.
coulombs/s or amperes, the value for ions/s is multiplied by 1.6 x 10"19 coulombs/ion. On division
of the current in amperes by the applied potential,
0.1 volt, the conductance, 7, is obtained in Siemens
(fi" 1 ). The values are usually given as picosiemens
(pS). These values are also given in Table IV as are
the calculated conductance ratios given with respect

to the conductance of the sodium ion 7(Na).
The electrically measured most probable single
channel conductances have been determined using
diphytanoyl phosphatidylcholine/n-decane membranes at 100 mV and 30° for 1 M KC1 (0.605 molal
activity) to be 26 pS (49) and for 1 M CsCl (0.544
molal activity) to be 48 pS (29). The calculated sin-
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gle channel conductances using eqn.(21) are 27 pS
for potassium ion and 51 pS for cesium ion. The calculated single channel conductance for KC1 is within
4% of the experimental value and that for GsCl is
within 6% of the experimental measurement of this
conductance. The calculated single channel conductance ratios are also remarkably close to the experimental conductance ratios (2-4,13,14) as listed in
Table IV. These results provide a sound basis for
utilizing NMR relaxation studies to determine binding and rate constants relative to channel transport
processes when single channel currents are in the
range of 10 6 5 to 108 ions/s.
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