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Thermodynamic View of Activation Energies of Proton Transfer in Various
Gramicidin A Channels

Anatoly Chernyshev and Samuel Cukierman
Department of Physiology, Loyola University Medical Center, Maywood, lllinois 60153 USA

ABSTRACT The temperature dependencies (range: 5-45°C) of single-channel proton conductances (g,,) in native grami-
cidin A (gA) and in two diastereoisomers (SS and RR) of the dioxolane-linked gA channels were measured in glycerylmo-
nooleate/decane (GMO) and diphytanoylphosphatidylcholine/decane (DiPhPC) bilayers. Linear Arrhenius plots (In (g,,) versus
K~") were obtained for the native gA and RR channels in both types of bilayers, and for the SS channel in GMO bilayers only.
The Arrhenius plot for proton transfer in the SS channel in DiPhPC bilayers had a break in linearity around 20°C. This break
seems to occur only when protons are the permeating cations in the SS channel. The activation energies (E,) for proton
transfer in various gA channels (~15 kd/mol) are consistent with the rate-limiting step being in the channel and/or at the
membrane-channel/solution interface, and not in bulk solution. E, values for proton transfer in gA channels are considerably
smaller than for the permeation of nonproton currents in gA as well as in various other ion channels. The E, values for proton
transfer in native gA channels are nearly the same in both GMO and DiPhPC bilayers. In contrast, for the dioxolane linked gA
dimers, E, values were strongly modulated by the lipid environment. The Gibbs activation free energies (AG?) for protons in
various gA channels are within the range of 27-29 kd/mol in GMO bilayers and of 20-22 kd/mol in DiPhPC bilayers. The
largest difference between AG? for proton currents occurs between native gA (or SS channels) and the RR channel. In general,
the activation entropy (AS¥) is mostly responsible for the differences between g,, values in various gA channels, and also in
distinct bilayers. However, significant differences between the activation enthalpies (AH?) for proton transfer in the SS and RR

channels occur in distinct membranes.

INTRODUCTION

Gramicidin A (gA) is a pentadecapeptide whose primary
structure consists mostly of an alternating sequence of -
and L-amino acids. The association via six intermolecular
H-bonds between the amino termini of two gA moleculesin
the plane of a lipid bilayer causes the formation of an ion
channel that is selective to monovalent cations (Hladky and
Haydon, 1972; Koeppe and Andersen, 1996; Urry, 1971).
Disruption of those intermolecular H-bonds results in the
dissociation of gA monomers with the loss of channel
activity. Two gA molecules have been covalently linked
with various chemical groups (Bamberg and Janko, 1977,
Cukierman et a., 1997; Rudnev et al., 1981; Stankovic et
a., 1989; Urry, 1971). In lipid bilayers, these proteins also
formed ion channels whose average lifetimes in the open
state were considerably longer than native gA channels.
Such observations are consistent with the notion that ion
channels formed by native gA molecules have a dimeric
structure in lipid bilayers. One important advantage of
studying single channels of covalently linked gA dimersis
that the linkers can be modified by changing or adding
simple chemical groups, and the functional consequences of
those modifications can be investigated at both the experi-
mental and theoretical levels (Stankovic et al., 1990; Arm-
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strong et al., 2001). The relative simplicity of synthetic
covalently linked gA dimers provides an interesting and
important tool to inquire into the nature of structure-func-
tion relationships in ion channels.

In our laboratory, gAs have been covalently linked with
a dioxolane group (Cukierman et a., 1997; Quigley et a.,
1999). Because of the presence of two chiral carbonsin the
dioxolane linker, the SS or the RR versions of dioxolane-
linked gramicidin A channel can be synthesized (Stankovic
et al., 1989). It has been demonstrated that both the SS and
the RR dioxolane-linked gA dimers form ion channels in
lipid bilayers. Most interestingly, however, is the fact that
their channel properties differ in several meaningful and
insightful ways (Armstrong et al., 2001; Cukierman et al.,
1997; Cukierman, 1999, 2000; Godoy and Cukierman,
2001; Quigley et a., 1999, 2000; Stankovic et al., 1989). In
particular, our laboratory has been focusing on studies of the
single-channel conductance to protons (g,) in the SS and
RR dioxolane-linked gA dimers. The major experimental
differences between these diasterecisomers are: 1) gy is
2—-4-fold larger in the SS than in the RR dimer; 2) although
in the SSthere is alinear relationship between log (g,) and
log ([H]), such relationship for the RR is more complex and
seems to be consistent with proton binding to the channel;
and 3) although the open state of the SS channel is stable in
lipid bilayers made of either glycerylmonooleate/decane
(GMO) or a mixture of phosphatidylethanolamine (PE) and
phosphatidylcholine (PC), the open state of the RR channel
is not. The RR channel inactivates within a few minutes
after forming a channel in the lipid bilayer (GMO or PEPC
in decane). Such inactivation, however, does not occur
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when the channel is studied under conditions in which
alkaline metal s are the conducting cations (Armstrong et al.,
2001).

The analysis of the temperature dependence of single-
channel conductances always provides essential information
on the physicochemical characteristics of ionic permeation
inside channels (Akeson and Deamer, 1991; DeCoursey and
Cherny, 1998; Jordan, 1999; Miller 1988). Our goal in this
study was to further our understanding of proton transfer in
the SS and in the RR dioxolane-linked gA dimers by deter-
mining the activation energies of g, in the temperature
range of 5-45°C. To evaluate the energetic consegquence of
inserting a SS or RR dioxolane linker between two gA
molecules, the temperature dependence of g, in native gA
channels was also examined under the same experimental
conditions. Because g,, in the dioxolane-linked or native gA
channelsis significantly modulated by the lipid composition
of the bilayer (Cukierman et al., 1997; Godoy and Cukier-
man, 2001; Quigley et al., 1999; Phillips et a., 1999), the
temperature effects on g,, were measured in gA channels
reconstituted in either glycerylmonooleate (GMO) or in
diphytanoylphosphatidylcholine (DiPhPC) bilayers.

MATERIALS AND METHODS
Bilayer set-up

Planar lipid bilayers were formed from a decane solution (60 mg/ml) of
either GMO (NuCheck Co., Elysian, MN) or DiPhPC (Avanti Lipids,
Alabaster, AL). Planar bilayers were formed on a 100-um-diameter hole
separating two agueous compartments. The thinning of the bilayer was
monitored by eye inspection and/or by capacitance measurements. The
bilayer chamber was nested inside a hollow aluminum block. The temper-
ature during the experiments was set and controlled by circulating water at
the appropriate temperature (Isotemp Circulator 3016, Fisher Scientific,
Chicago, IL) inside the metal block. The temperature was constantly
monitored throughout the experiments within an accuracy of 0.1°C by a
small thermistor probe (YSI 427, Yellow Springs Instruments, Yellow
Springs, OH) immersed in the bilayer chamber.

gA channels

The synthesis, purification, and characterization of dioxolane-linked gA
channels were previously described (Quigley et a., 1999; Stankovic et al.,
1989). The native gA channels used in this study were purchased from
Fluka (Milwaukee, WI). gA channels were added from a methanol stock
solution (~10~8 M) that was routinely stored at ~—15°C.

Single-channel current measurements

Single ion channel currents were measured by voltage clamping the lipid
bilayer using an Axopatch 200B (Axon Instruments, Union City, CA). For
native gA channels, constant DC voltage steps (to 50 or 100 mV) were
applied across the membrane. For the covalently linked gA dimers, voltage
clamp ramps from 0 to ~100 mV were applied in ~5 s. Clampex 8.1
software (Axon Instruments) was used for applying voltages and recording
single-channel currents. Within this voltage range and using 1 M HCI
solutions, current-voltage relationships for proton currentsin the SS or RR
channels are ohmic. For each temperature, at least five distinct single-
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channel measurements were obtained from at least two distinct lipid
bilayers. Most experiments in this study consisted in measuring proton
currents in 1 M HCI bulk solution. In other experiments, single-channel
conductances to K™ (gx) were measured in a 1 M KCI solution. Experi-
mental points in this study are shown as mean = SEM. In most plots, the
error bars of the experimental points are smaller than the size of the
symbols. Ratios between the standard deviation and the mean of a given set
of measurements (g, at a given temperature) were typicaly in the 2-8%
range.

Analysis

Experimental results were analyzed using Sigmaplot 6.0 (SPSS, Chicago,
IL). The single-channel conductances for the SS and RR channels in this
study were measured from the linear portion of 1-V plots (usually between
the voltages of 0 and ~75 mV). Single-channel conductances for native gA
channels were measured at 50 or 100 mV. The experimental points were
plotted as In (gy) versus LT (Arrhenius plots), and the linear relationships
were calculated according to

0= Qe ) )

where Q is the preexponential factor (see below), E, is the activation
energy, and R and T are the gas constant and absolute temperature,
respectively.

It can be shown (Guerasimov et a., 1974; Berry et al., 2000) that a
thermodynamically related Eyring rate equation for the activated complex
state can be written as

KT AS —AH} ZFAV
Ki =X, &P g | &P\ 17 | &Pl T ) @

where ky, is the rate constant for proton transfer in agiven gA channel (see
below), x isthe transmission coefficient (assumed to be 1), k and h are the
Boltzmann and Planck’s constants, respectively, z is the proton valence, F
is the Faraday constant, AV is the transmembrane voltage, and AS, and
AH? are the entropy and enthalpy of activation, respectively. To evaluate
AS and AH? at a 0 mV, both sides of Eq. 2 are multiplied by the
elementary charge (€), and following differentiation with respect to voltage
at V = 0 (note that proton current |, = ek,):

5. Al el 212 o

Two other useful thermodynamic relationships are

E,= AH? + RT (4)
AG = AH: — TAS, (5)

where AG} is the free energy of activation. These energies relate to the
transition to the activated state of the rate-limiting step for proton transfer
in gA channels. Assuch, AH” is closely related to the energy barrier height
of the activated-state complex, and the entropy of activation (AS) relates
to the ratio between the number of available configurations of the activated
complex to those of the reactants (Guerasimov et a., 1974; Berry et a.,
2000).

The various energies of activation (free, enthalpy, and entropy) for the
activated complex were calculated using Egs. 1-5. E, was determined
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experimentally from the slope of Eg. 1 above, and (di/dV), - o was
calculated at 298 K according to

()., () ®
av/,_, \[H]

where [H] = [H]pux = 1 M for GMO bilayers. Notice that ki, in Eq. 2 has
the dimension of a second-order rate constant (s X M)~ * whereas the right
side of Eq. 2 has apparently the dimension of s™* (Jordan, 1979; Norris,
1971).

Because DiPhPC bilayers are positively charged in our experimental
conditions, [H] at the membrane-channel/solution interfaceis not [H] . (1
M in this work) as with a GMO bilayer but a considerably smaller
concentration (~58 mM at the channel-bilayer/solution interface (see
Godoy and Cukierman, 2001, for calculations). Therefore, the fact that g
in various gA channelsin GMO is larger than in DiPhPC bilayersat 1 M
[H]puk Must take into consideration that gA channels in these two bilayers
effectively see different concentrations of protons at the channel’s mouths.
Once this effect is factored in, g, of gA channels in DiPhPC bilayers
become considerably larger than in GMO membranes (see Fig. 6 in Godoy
and Cukierman, 2001). Consequently, for DiPhPC bilayers, [H] in Eq. 5is
0.058 M.

Some additional remarks

The thermodynamic treatment of our data is general and independent of a
specific molecular model. Some possibilities for the rate-limiting step of
proton transfer in gA channels include 1) the reorientation of water mol-
ecules inside the pore of the channels as in atypical Grotthuss mechanism
(see Discussion) and/or 2) entry/exit of protons from the channel (Phillips
et al., 1999). It is assumed that the generality of our treatment extends to
these processes. Also in thisregard, it should be noted that the transmission
coefficient for proton diffusion or water reorientation is not known.

Implicit in Eq. 3 is that there is no volume change upon the transition
to the activated state; i.e., the change in the internal energy (AU?) of the
system is given essentially by AH% (Guerasimov et a., 1974).

The kinetic theory of the activated state (Eq. 2) does not predict alinear
relationship in Arrhenius plots. Not only is T present in the factor (KT/h),
but the activation entropy itself is usualy a function of T (Berry et dl.,
2000). Apparently, the enthal pic component term in Eq. 2 [exp(—AH#/RT)]
dominates the temperature dependence of k. It has been argued that
deviations from linearity in Arrhenius plots are, in general, too small to be
detected experimentally (Guerasimov et a., 1974).

RESULTS

Fig. 1 shows representative single-channel recordings of
native gA channelsin DiPhPC bilayers at a transmembrane
voltage of 50 mV and at three different temperatures. Asthe
bath temperature increased, gy, increased from 650 pS (top
recording) to 825 pS and 1138 pS (middle and bottom
recordings, respectively). The single-channel current re-
cordings shown in this as well asin the other figures of this
paper were from distinct ion channels in various bilayers
(see Materials and Methods). Proton currents in response to
voltage clamp ramps are shown in Fig. 2 for the SS channel
at various temperatures (see legend). The current-voltage
relationships within that voltage range are ohmic. It should
be remarked, however, that in 1 M HCI and for voltages
larger than ~100 mV, the proton currents are supralinear in
both GMO and in DiPhPC bilayers (results not shown). The
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FIGURE 1 Representative single-channel recordings of native gA in
DiPhPC bilayers at various temperatures in 1 M HCI solutions. Upward
deflections of the current trace are channel openings. The vertical calibra-
tion bar applies to al recordings. The transmembrane voltage was 50 mV.
Single-channel recordings were originally filtered at 1 kHz and digitized at
5 kHz.

RR channel has a qualitatively similar temperature depen-
dence as the SS channel, showing a monotonic increase in
0y with temperature and displaying supralinearity in the
current-voltage relationships for voltages above ~100 mV
(results not shown) for both types of bilayers. Although the
dependence of gy, on temperature is qualitatively similar for
the various gA channels, there are meaningful quantitative
differences.

Fig. 3 shows Arrhenius plots (In (g,) versus U/T) for
native gA channels and for the diasterecisomers SS and RR
of the dioxolane-linked gA channels. The open and filled
circlesin al graphs were obtained in GMO and in DiPhPC
bilayers, respectively. Linear regression lines and correla
tion coefficients are also shown for the various plots (see
legend). Within the temperature range of 5-45°C, the sin-
gle-channel proton conductances in gA are consistently
larger in GMO than in DiPhPC bilayers (Fig. 3, graph gA).
This result is in disagreement with measurements by Phil-
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FIGURE 2 Current-voltage relationships in the SS diasterecisomer of
the dioxolane-linked gA channel at various temperatures in DiPhPC bilay-
ers. Temperatures and single-channel conductances were (from top to
bottom): 44.0°C and 1034 pS, 24.5°C and 798 pS, and 16.0°C and 540 pS.
Currents were low-pass Bessel-filtered at 2 kHz and digitized at 8 kHz.

lips et al. (1999) who worked in different experimental
conditions (GMO/hexadecane and 0.1 M HCI concentra-
tions). The Arrhenius plots for gA show that although g, is
larger in GMO than in DiPhPC bilayers, the slopes of the
temperature dependencies in different bilayers are basically
the same. The activation energies for proton transfer in gA
in different bilayers as calculated by regression analyses
using Eq. 1 are (mean = SEM) 15.59 = 0.63 kJmol
(3.73 = 0.15 kcal/mal) for GMO and 15.34 £ 0.96 kJ/mol
(3.67 £ 0.23 kcal/mol) for DiPhPC bilayers. The two gA
plotsin Fig. 3 have no meaningful signs of departure from
linearity.

A different experimental result was reported by Urry et
al. (1984) for the temperature dependence of g, within a
temperature range similar to that shown in Fig. 3. These
authors have shown that native gA channels reconstituted in
DiPhPC/decane bilayersand in 1 M KCl, have a break (at a
temperature of ~27°C) in the Arrhenius plot for gx. This
bresk defined two distinct activation energies for K* per-
meation inthe gA channel (Fig. 3in Urry et al., 1984): alow
one a high temperatures (>27°C, ~17 kJmol or 4.06
kcal/mol) and a higher one at low temperatures (<27°C,
~25 kJmal or 5.98 kcal/mol). In view of the significant
implications for the break in linearity of Arrhenius plots for
Ok (Urry et a., 1984, Fig. 3) but not for g, in native gA
channels (Fig. 3, gA), we have revisited the temperature
dependence of g, in DiPhPC/decane bilayersin 1 M KCI.
Single-channel recordings of gA in 1 M KCI solutions are
shown in Fig. 4 at various temperatures (transmembrane
potential was 100 mV). The g, vaues were 12.2 pS (at
9.9°C), 22.7 pS (at 24.3°C), 27.1 pS (at 29.7°C), and 38.4
pS (at 37.4°C). In Fig. 5, the temperature dependence of g,
is plotted. Our own experimental measurements of g, at
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FIGURE 3 Temperature dependencies of gy, for native gA, SS, and RR
dioxolane-linked gA dimers: O, measurements in GMO bilayers, @, in
DiPhPC bilayers. The regression lines are as follows (x is [In(1000/K)]):
for gA, —1.872x + 12.961 (r = 0.990, O) and —1.842x + 12.776 (r =
0.970, @); for the SS channel, —2.162x + 13.993 (r = 0.997, O), —1.443x
+ 11.519 (r = 0.988, @ for T > ~293 K), and —4.000x + 20.108 (r =
0.972, @ for T < ~293 K) and for the RR channel, —1.821x + 11.969 (r =
0.984, O) and —2.554x + 14.490 (r = 0.985, @). Errors of linear fittings
are mentioned in text and Table 3.

various temperatures were well fit by a straight line. The
activation energy for K permeation in native gA channels
is 30.04 £ 0.41 kJmol (7.18 = 0.10 kcal/mal), which is
almost twice as large as for H* (see Discussion). Thus, our
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FIGURE 4 Recordings of single gA channelsin DiPhPC bilayersin 1 M
KCI at various temperatures. The membrane voltage was 100 mV. Upward
deflections are single-channel openings. Channel currents were originally
low-pass Bessel-filtered at 100 Hz and for illustration purposes digitally
filtered at 20 Hz. The vertical calibration bar applies to al recordings. The
1-ms calibration bar applies to the recordings at the bottom of the figure.
To keep al panels in this figure at the same scale and the figure within a
reasonable size, additional and overlapping openings of gA channelsin the
two upper panels are not completely resolved.

own experimental observations suggest that there are no
significant departures from linearity in Arrhenius plots for
either g, or gk in the temperature range of 5-45°C in native
gA channels and in DiPhPC/decane bilayers.

As with native gA channels, the SS dioxolane-linked
dimer aso has alinear Arrhenius plot in GMO membranes.
Noticethat g,, valuesin GMO are consistently larger thanin
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FIGURE 5 Arrhenius plot of g« in 1 M KCI in DiPhPC bilayers. The
regression line is —3.608x + 15.236 (r = 0.999).

DiPhPC at all temperatures (Fig. 3, SS). This observation is
in qualitative agreement with gA data. However, the acti-
vation energy for proton transfer in the SS in GMO mem-
branes is 18.00 = 0.43 kJmol (4.30 = 0.10 kcal/mol),
which is larger than for native gA. The temperature depen-
dence of In (gy) for the SS in DiPhPC membrane has a
break at ~20°C. This break defines two lines with distinct
slopes corresponding to activation energies of 12.01 + 0.48
kJmol (2.87 = 0.11 kcal/mol) for temperatures >20°C and
of 33.30 + 2.22 kJ/mol (7.96 = 0.53 kcal/mal) for temper-
atures <20°C. This break in the Arrhenius plot for the SSin
DiPhPC bilayers prompted us to address the generality of
this phenomenon for other permeating cations. Conse-
quently, the temperature dependence of gy for the SS chan-
nel was also evaluated in DiPhPC bilayers. Fig. 6 shows
representative recordings of various SS channels at distinct
temperatures: at 5°C (top recording), gx is ~8 pS, which
increases to 12.8 pS (24.3°C, middle panel) and 20 pS
(30.0°C, bottom recording). Because the SS channel under
these experimental conditions does not show frequent clo-
sures (at a filter frequency of 100 Hz), g« vaues were
usually measured at the time of incorporation of the channel
in the bilayer. Fig. 7 shows that the Arrhenius plot for gy
does not have a break in linearity as demonstrated in Fig. 3
for the SS with permeating protons. The corresponding
activation energy for K* permeation in the SS channel in
DiPhPC hilayers is 18.02 = 1.40 kJmol (431 £ 0.33
kcal/mal). Interestingly, thisis about the same as for proton
transfer in the SS channel in GMO bilayers. Our preliminary
conclusion at this point is that the break in linearity of
Arrhenius plots for the SS channel in DiPhPC bilayers
appears to be limited to experimental conditions in which
protons are the permeating cations.

The temperature dependency of g, for the RR dimer is
quite different from the SS (Fig. 3, RR). The previous
observations that g,, values are considerably smaller in the
RR than in the SS or gA (at room temperature, see Arm-
strong et al., 2001; Cukierman, 2000; Quigley et a., 1999)
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FIGURE 6 Single SS channelsin DiPhPC bilayersin 1 M KCl at several
temperatures. The membrane voltage was 100 mV. The same vertical
calibration bar applies to al recordings. Single-channel recordings were
low-pass Bessel filtered at 100 Hz and for the purpose of this illustration
were digitally low-pass filtered at 20 Hz. See text for description.

are now extended to awider temperature range (Fig. 8). The
activation energy for proton transfer in the RR in GMO
(15.16 + 0.86 kJmal or 3.62 = 0.21 kcal/moal) is consid-
erably lower than in the SS and about the same as gA in
GMO. In DiPhPC bilayers, however, the activation energy
for proton transfer in the RR (21.27 £ 1.30 kJ/mol or
5.08 = 0.31 kcal/mol) is considerably larger than in GMO
bilayers. In contrast to native gA channels, the activation
energies for proton transfer in both the SS and RR channels
are strongly influenced quantitatively and qualitatively by
the lipid environment.

DISCUSSION

The novel experimenta results in this study relate to the
measurements of activation energies of proton transfer in
native and dioxolane-linked gA channels in distinct lipid
bilayers. We have shown that in general, and within the
temperature range of 5-45°C, there is a typical Arrhenius
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FIGURE 7 Arrhenius plot of g, in the dioxolane-linked SS dimer in
DiPhPC bilayers. The regression line is —2.305x + 10.108 (r = 0.958).

relationship for the various gA channels studied in this
work. The exception is the SS dioxolane-linked gA channel
reconstituted in DiPhPC bilayers whose data could not be
adequately fit by a single straight line. The rest of the
discussion is divided in three parts. First and second, the
activation energies for ion diffusion in water and in biolog-
ical channels will be addressed. Third, the activation ther-
modynamics of proton transfer in gA channels will be
discussed.

Activation energies for ionic diffusion in water

The activation energy for proton transfer in water is signif-
icantly smaller than for the diffusion of any other ion, or for
the self-diffusion of water. The E, for proton transfer in bulk
water is 11.29 kJmol (Table 1). The E, vaues for the
aqueous diffusion of Ca?*, K™, for example, and for water
self-diffusion are 14.62, 16.74, and 18.41 kJmol, respec-
tively (Table 2). These results together with the well known
fact that proton mobility in water cannot be predicted (even
approximately as with other ions) by classica hydrody-
namic relationships (Stokes' slaw) suggest that proton trans-
fer in water has a unique character. Historically, proton
transfer in water has been rationalized by a hop and turn
mechanism (also known as the Grotthuss's mechanism).
Once a proton approaches the O of a water molecule, it
eventually forms a new OH covalent bond, releasing one
H™ from one of the two original OH covalent bonds in that
water molecule. The released proton is then shared between
two adjacent water molecules ((Hs0) ™). This hopping step
propagates along the H-bonded chain of water molecules
causing the proton to be transferred across the entire water
chain. As the proton hops, the orientation of the dipole
moments of all water molecules attain aconfiguration that is
approximately 180° opposite to that found in the beginning
of the process (see for example Fig. 1 in Godoy and Cuki-
erman, 2001). For another proton to be transferred in the
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FIGURE 8 The data points in Fig. 3 were regrouped in this figure with the aim of illustrating in the same lipid bilayer the single-channel proton
conductances of various gA channels. The expressions for the regression lines are the same as mentioned in Fig. 3. @, B, and A, g, in native gA, SS, and

RR channels, respectively.

same direction along the water chain, it is necessary for the
water molecules to flip back to their original configuration
(turn step, Bernal and Fowler, 1933; Conway et al., 1956;
Nagle and Tristam-Nagle, 1983; Pomés and Roux, 1996,
1998). The rate-limiting step for proton transfer in agueous
solution has been attributed to the turn step (reorientation of
water molecules, Bernal and Fowler, 1933; Conway et al.,
1956).

The contrasting behavior between the E, for water rota-
tion and proton mobility over a wide range of temperatures
was one of the factors that allowed Agmon (1995, 1996) to
propose that water rotation is not the rate-limiting step in
proton transfer. Water molecules in bulk are usually tetra-
hedrally coordinated (each water donates to and accepts two

TABLE 1 Activation energies for proton transfer

E, (kJmoal)

GMO DiPhPC

gA 15.59 15.34
SS 18.00 12,0177, 33.30-"
RR 15.16 21.27
gA* 20
ACMT 75HT, 11347
0.1 mM HCI* 11.29
1M HCI* 10.79

HT, high-temperature range (>20°C); LT, low-temperature range (<20°C,
this work).

*Measured in GMO/cholesterol bilayers (Akeson and Deamer, 1991).
"Macroscopic proton currents measured across macropatches of alveolar
cell membranes (DeCoursey and Cherny, 1998). LT and HT were calcu-
lated for temperatures lower or higher than 20°C, respectively.

*Weast, 1990.
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H-bonds from adjacent water molecules). For water rotation
to occur, at least three H-bonds must first be broken. It has
been estimated that the total energy of these H-bondsis ~57
kJ/mol, which is ~5-fold the E, for proton transfer in water
(~11 kJmol, Table 1). On the other hand, an E, of ~11
kJ/mol is approximately the energy of one H-bond between
the first and second solvation shells of a (HzO)™ cation
(Agmon, 1996). It has been proposed that the disruption of
this H-bond limits the transfer of protons in water (Agmon,
1996). This idea has recently received significant support
from computational studies of an excess proton in bulk
water (Day et al., 2000; Schmitt and Voth, 1999).

Because gramicidin channels are water-filled pores con-
taining a one-dimensional chain of water molecules (Levitt,
1984; Finkelstein, 1987; Pomes and Roux, 1996), it is of
interest to examine what happens with proton transfer in
such systems. Proton transfer in an isolated H-bonded chain
of nine polarizable (PM6 model) water molecules was stud-
ied with classical molecular dynamics simulations in the
presence or absence of an excess proton (Pomés and Roux,
1998; Pomes, 1999). Proton hopping is essentially activa
tionless whereas the free energy for reorientating nine water
moleculesis ~32 kJmol. Thisfigure is ~3-fold larger than
in bulk water).

In conclusion, there are significant qualitative and quan-
titative differences between the rate-limiting steps for pro-
ton transfer in bulk water and in computational studies with
one-dimensional water wires. Although in the former (water
has a coordination number of 3—4), the energy for disrupt-
ing a H-bond between waters in the first and second solva-
tion shells of (H;0)™ agrees with the E, for proton transfer
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TABLE 2 Activation energies for several
nonproton conductivities
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favored. In general, and in qualitative agreement with ionic
diffusion in water, the activation energies for proton transfer

in gA channels are lower than with nonproton permeation in

Ea
SR Ca?*-release channel* 26
SR K*-selective channel 20-50
Ca?"-activated K™ channel* 30
Voltage dependent Na™ channels® 28

gA or in other ion channels. Although typical activation
energiesfor protons are under 20 kJ/mol, activation energies
for permeation of alkaline cations and Ca?* arein the range
of 20-50 kJ/mol. DeCoursey and Cherny (1998) measured

Onain OA (36-44)", 21/, (19 and 31)**
Ok ingA (A7HT 25Ty, 20l

gk in gA** 30.04

gk in SS* 18.02

K88 14.62

Ca? ™88 16.74

H,O™ 18.41

DeCoursey and Cherny (1998) should be consulted for a more compre-
hensive compilation of results of various other channels.

*SR, sarcoplasmic reticulum; Ca?* channelsin lipid bilayers (Sitsapesan et
al., 1991).

"Measurements performed in lipid bilayers with akaline metals (Miller,
1988).

*Patch-clamp measurements (Grygorczyk, 1987).

SPatch clamp measurements (Milburn et al., 1995).

125Na-NMR measurements in membrane vesicles with native and phenyl-
alanine analogs of gA (Hinton et al., 1993).

IHIadky and Haydon, 1974 (GMO bilayers).

**19 and 31 kJ/mol in GMO and in dioleoyllecithin bilayers, respectively
(Bamberg and Lauger, 1974).

"M easurements done in DiPhPC bilayers (Urry et a., 1984). A break in
the Arrhenius plot around 300 K was shown in that study. HT and LT were
estimated by us for temperatures higher or lower than 27°C, respectively.
*This study (DiPhPC bilayers).

SSActivation energies of K and Ca** conductivities in dilute aqueous
solutions (limiting conductivities, Robinson and Stokes, 1959).

T emperature dependence of the self-diffusion coefficient of water (Eisen-
berg and Kauzman, 1969).

in bulk water, in aone-dimensional apolar water wire (water
has a coordination number of 2—3), the reorientation of the
total dipole moment of a one-dimensional water chain
seems to be the rate-limiting step of proton transfer.

Activation energies for ionic permeation in
biological channels

In Tables 1 and 2, the activation energies for proton and
some nonproton permeation in various ion channels are
shown. In compiling these data, studies of reconstituted ion
channels in simple well-defined lipid bilayer systems were

the E, for macroscopic proton currents in macropatches of
cell membranes from alveolar epithelia Their measured E,
(see Table 1) for protons is significantly larger than in
various gA channels reported here, and by Akeson and
Deamer (1991). The basic mechanism by which protons
permeate those epithelial channels is not known, and one
possibility is that proton transfer in those channels may not
be mediated by a typical water wire mechanism discussed
above.

Activation energies for protons in gA channels
GMO bilayers

To visualize the effects of temperature on various gA chan-
nels in the same type of lipid bilayer, data in Fig. 3 were
replotted in Fig. 8. The left and right graphs of this figure
show Arrhenius plots for the various gA channelsin GMO
and DiPhPC bilayers, respectively. Even though g,, in the
RR channel is considerably smaller than in the SS (or native
gA channels) over the entire temperature range of this study,
the activation energy for proton transfer in the RR channel
in GMO membranes is smaller than for the SS or native gA
channels (Table 1). The activation enthalpy (which parallels
E,) is smdler in the RR than in native gA or SS channels
(Table 3). Thus, the smaller g, in the RR channel can be
explained by a considerably larger activation entropy (more
negative, see Eq. 2 and Table 3) in the RR than in the SS or
native gA channels. It seems that it is this entropy that
causes a larger AG. for the RR in relation to the other gA
channels (Table 3). A qualitative model that could account
for differences in activation energies between the RR and
the SS or native gA channelsis, as an example,

< C*

> <
)
U< 0O

7

TABLE 3 Activation enthalpies, entropies, and Gibbs free energies for proton currents in various gA channels

AHZ (kImol) AS (JK - mol) AGE (kJmol)
GMO DiPhPC GMO DiPhPC GMO DiPhPC
gA 13.11 = 0.63 12.86 + 0.96 —4561 = 2.17 —23.05 = 2.17 26.70 = 0.02 19.73 = 0.02
SS 1552 = 0.43 9.54 = 0.48 —37.15* 1.60 —34.12 = 1.60 26.59 = 0.06 19.70 = 0.07
RR 12.68 = 0.86 18.79 + 1.30 —54.24 = 3.37 —9.21 + 3.37 28.85*+0.14 21.53 = 0.06

The figures shown in this Table for the SS channel in DiPhPC bilayers are those corresponding to the low-activation-energy region of the Arrhenius plot
(temperatures >20°C). Vaues are expressed as mean = SEM. Standard errors were calculated from the SEMs of Arrhenius plots (see Fig. 3 and text).
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In the kinetic scheme above, A to D are four conformational
states of the RR channel in which proton transfer does not
occur. Ultimately, these states define conformations of the
water wire inside the RR channel that cannot transfer pro-
tons via a Grotthuss mechanism. This would have the effect
of increasing the entropy of proton transfer in the RR in
relation to other gA channels. On the other hand, C* is a
conformational state in which protons are transferred along
the water wire (hop and turn steps) and can be reached only
from the C state. We postulate that the smaller g, in the RR
channels is accounted for by a larger number of A---D
states in the RR than in native gA or SS channels, and not
by a larger activation enthalpy. In fact, our molecular dy-
namic models with the dioxolane-linked gA channels (Yu,
Cukierman, and Pomes, manuscript in preparation) show
that the dihedrals immediately adjacent to the RR dioxolane
linker have stable configuration states that are not shared by
the SS dioxolane in gA-linked channels. Some of these
conformations (A- - -D) could change the H-bonding pattern
between channel and channel waters in such a way as to
compromise the Grotthuss mechanism in the pore.

The AG}, values for proton transfer in the SS and gA
channels are nearly the same in GMO (as well as in
DiPhPC, see below) bilayers (Table 3). The activation en-
tropies and enthalpies however, are not. The AS), is more
negative in the native gA than in the SS channel. In native
gA channels, we would expect several conformational states
that result from the dynamics between two free gA mono-
mers. On the other hand, the SS dioxolane would constrain
the dynamics between the two gA molecules. This could
have the effect of reducing the number of possible confor-
mational states that do not transfer protons along the water
wire in the SSin relation to native gA channels. In fact, the
original ideafor developing the dioxolane-linked gA dimers
was that the SS dioxolane provides a continuous and con-
strained transition between the right-handed B-helices of
two gA molecules (Stankovic et al., 1989).

On the other hand, AH? islarger for the SSthan for native
gA channels. The presence of two extra oxygens in the
dioxolane in middle of the SS channel is likely to enhance
the negative electric field in the middle of the pore, in
relation to native gA channel. This could stabilize the water
molecules in the middle of the channel and hamper the turn
step in a Grotthuss mechanism, thus increasing AHZ,

In GMO bilayers and at 298 K, the enthal pic components
[exp(—AHYRT)] are ~5.06 X 103 (gA), 1.91 x 103
(SS), and 6.01 x 103 (RR). The entropic components
[exp(AS/R)] are 4.14 x 103 (gA), 1.15 X 10 2 (SS), and
1.47 X 1073 (RR). For native gA channels, the contribu-
tions of the enthalpic and entropic components to proton
transfer (Eq. 2) are about the same. For the SS channel, the
enthalpy of proton transfer activation is more rate limiting
than the entropic component. The entropic component for
proton transfer activation in the RR channel is more impor-
tant than the activation enthalpy.
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DiPhPC bilayers

Since the beginning of our studies with the SS and RR
dioxolane-linked dimers, it became clear that the single-
channel properties of these channels were significantly
modulated by the lipid environment (Cukierman, 1999;
Cukierman et al., 1997). These previous observations are
now extended to a wide range of temperatures.

In DiPhPC bhilayers, the SS channel does not show a
typical Arrhenius behavior. This point was thoroughly in-
vestigated in this study, and we are convinced that there is
a clear and significant difference between the activation
energies in high (>20°C, 13.51 kJmol) and low (<20°C,
33.30 kJmol) temperature ranges. These observations were
also confirmed with the conduction of deuterons in the SS
channel (Chernyshev and Cukierman, manuscript in prepa-
ration). Table 3 presents the results of calculations per-
formed at 298 K, and only energies corresponding to the
high temperature range of the SS in DiPhPC bilayers are
shown. The break in linearity is not likely to be related to
phase transitions in DiPhPC/decane bilayers because the RR
and gA channels do not have it. Breaks in linearity in
Arrhenius plots are relatively common. In particular, similar
phenomena have been noticed by DeCoursey and Cherny
(1998) for proton currentsin alveolar epithelia cellsand by
Miller (1988) for the sarcoplasmic reticulum K™ channel. It
islikely that the SS channel in DiPhPC can adopt two stable
and distinct conformations in the low and high ranges of
temperatures. Notice that in the low range of temperatures,
the proton activation energy is comparable to that measured
with alkaline metalsin gA and in other channels (Table 2).
This prompted us to measure the kinetic isotope effect for
proton transfer in different temperatures in the SS in
DiPhPC bilayers. Our preliminary resultsin 1 M DCI show
that the ratio g,,/gp is ~1.3 at temperatures corresponding
to the different E, values. This kinetic isotope effect appears
to be more consistent with a Grotthuss mechanism than with
the hydrodynamic flow of (H;O) " for which a considerably
smaller kinetic isotope effect is expected (see for example,
Conway et al., 1956).

This break in linearity is not shared by Arrhenius plots of
Ok (Fig. 7), suggesting that it is specific to proton transfer.
Whereas more experimental work is necessary to buttress
this preliminary conclusion, it appears that the Grotthuss
mechanism is far more sensitive to the conformational
change occurring with the SS in DiPhPC at different tem-
peratures than the hydrodynamic flow of water and mono-
valent cations.

In DiPhPC bilayers, gA channels have alarger g, thanin
GMO bhilayers. Evidently, thisis aconseguence of areduced
AG!, for proton transfer in DiPhPC bilayers (Table 3). The
predominant factor underlying this reduced AG}, in native
gA and in the dioxolane-linked RR channel is a decrease in
the entropy. The entropic component [exp(AS/R)] for gA
channels increases from 4.14 X 103 (GMO bilayers) to
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6.25 X 10 2 (DiPhPC bilayers), and from 1.47 x 103
(GMO) t0 3.30 X 10~ * (DiPhPC) for the RR channel. In the
SS channel, the entropic component is attenuated by a
relatively smaller amount in DiPhPC bilayers (1.15 X 10 ~2
in GMO, and 1.65 X 102 in DiPhPC). GMO has one oleic
acid chain whereas DiPhPC has two methyl-branched fatty
acid chains. It is possible that the fatty acid chains of
DiPhPC have a larger stabilizing effect on the side residues
of gA channels than in GMO bilayers. It also seems likely
that the viscosity of DiPhPC hilayersis larger than in GMO
bilayers. Both effects would constrain the motion of the side
chain residues in gA channels. This could reduce the num-
ber of possible conformational states in the RR and native
gA channels that would ultimately reflect in a smaller
number of possible configurations of the water chain inside
the channel, favoring an increase of g, in DiPhPC in rela-
tion to GMO hilayers.

Comparison with computational studies

Computational studies by Pomes and Roux (1996) demon-
strated that proton hopping inside a chain of H-bonded
water molecules (water wire) in native gA channels is an
activationless process occurring in the picosecond time
scale. By contrast, the reorientation of the water wire (turn
step in a Grotthuss mechanism) has a free energy of ~16
kJ/mol with PM6 polarizable water models (Schumaker et
a., 2000) and ~9 kJmol with TIP3P water molecules
(Pomes and Roux, personal communication). Interestingly,
the free energy of the reorientation of a column of PM6
waters is comparable to our measurements and cal culations
for AG. in various gA channels in DiPhPC bilayers (Table
3). Despite a significant progress in our understanding of
proton transfer dynamicsin gA channels, the computational
models are incipient and do not consider several factors that
modulate H™ transfer such as the nature of lipid bilayers
(Table 3, see Introduction for references) and the channel-
membrane/solution interfaces (Phillips et al., 1999; Godoy
et a., 2001). It has been recently proposed (Gowen et a.,
submitted for publication) that the rate-limiting step for H*
transfer in gA channelsis not the reorientation of water wire
but the entry/exit rate of protons in the channel. A detailed
discussion of the rate-limiting step for proton transfer in gA
channelsis clearly beyond the scope of this paper. However,
whatever the rate-limiting step may be, the free energy of
activation of said process must be in consonance with data
presented in this paper.

In summary, in this study we have measured the activa-
tion energies for proton transfer in dioxolane-linked gA
channels and in native gA channels in two distinct lipid
bilayers. The E, values for proton transfer in gA channels
are significantly larger than in agueous solutions of 1 M
HCl (Table 1), indicating that the rate-limiting step for
proton transfer in gA channelsis not in the bulk solution but
in the channel or membrane-channel/solution interface (Go-
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wen et al., 2001; Cukierman, 2000; Godoy and Cukierman,
2001). Overal, these activation energies are generaly
smaller than nonproton single-channel conductances attest-
ing to the uniqueness of proton transfer in gA channels. AG},
values for proton transfer in the RR channel are consider-
ably larger than in the SS or native gA channelsin different
lipid bilayers. Our calculations suggest that, in general, the
activation entropy has asignificant rolein determining g, in
gA channels in GMO or DiPhPC bilayers. We expect that
the measurements presented in this study will be useful for
checking the plausibility of models for proton transfer inion
channels or proteins.

We thank Dr. David D. Busath for several insightful discussions on the
subject of this paper.
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