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ABSTRACT To probe protonation dynamics inside the fully open a-toxin ion channel, we measured the pH-dependent
fluctuations in its current. In the presence of 1 M NaCl dissolved in H,O and positive applied potentials (from the side of
protein addition), the low frequency noise exhibited a single well defined peak between pH 4.5 and 7.5. A simple model in
which the current is assumed to change by equal amounts upon the reversible protonation of each of N identical ionizable
residues inside the channel describes the data well. These results, and the frequency dependence of the spectral density at
higher frequencies, allow us to evaluate the effective pK = 5.5, as well as the rate constants for the reversible protonation
reactions: k,,, = 8 X 10° M~ " s and k_ = 2.5 X 10* s~'. The estimate of k., is only slightly less than the diffusion-limited
values measured by others for protonation reactions for free carboxyl or imidazole residues. Substitution of H,O by D,0O
caused a 3.8-fold decrease in the dissociation rate constant and shifted the pK to 6.0. The decrease in the ionization rate
constants caused by H,0/D,0 substitution permitted the reliable measurement of the characteristic relaxation time over a
wide range of D* concentrations and voltages. The dependence of the relaxation time on D* concentration strongly supports
the first order reaction model. The voltage dependence of the low frequency spectral density suggests that the protonation
dynamics are virtually insensitive to the applied potential while the rate-limiting barriers for NaCl transport are voltage
dependent. The number of ionizable residues deduced from experiments in H,O (N = 4.2) and D,O (N = 4.1) is in good

agreement.

INTRODUCTION

Ion channels are membrane-bound proteins that enable cells
to communicate with each other, to sense ligands, and to
maintain their homeostasis. By virtue of their small size and
their ability to span an electrically insulating lipid bilayer
that separates two regions of bulk fluid, channels also pro-
vide the means to study the dynamics of chemical reactions
that might occur in a highly confined region. In this sense,
ion channels can be likened to nanoscale test tubes in which
reaction dynamics are probed by analyzing the frequency
content of the current fluctuations. We report here the use of
an ion channel to study rapid protonation reactions that take
place in its lumen.

Proton transport adjacent to and through membranes and
proteins is of fundamental significance in bioenergetics
(Mitchell, 1961). However, the dynamic character of proton
movement in these environs has been the subject of intense
debate in recent years. There is still a need for experimental
methods to distinguish between highly disparate models for
proton transport in similar systems. We propose here that
ion channels might be useful to study fast chemical reac-
tions associated with ionization and proton transport that
occur adjacent to biological interfaces. For detailed discus-
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sions on proton movement near the surfaces of lipids and
proteins, we refer the interested reader to several reviews
(Deamer and Nicholls, 1989; Gutman and Nachliel, 1990;
Deamer, 1992; Heberle et al., 1994).

In this study, we address the question of how rapidly
protons move in the confines of an open ion channel by
studying the dynamics of ionization reactions that alter the
conducting properties of the channel formed by Staphylo-
coccus aureus a-toxin. The rate constants for proton asso-
ciation and dissociation with specific amino acids that line
the channel lumen are deduced by characterizing the pH
dependence of both the open channel current-voltage rela-
tionship and its current noise.

The analysis of fluctuations in a physical observable has
been used to describe successfully the properties of a wide
variety of systems and to determine the value of several
fundamental physical constants. For example, measure-
ments of the shot noise in vacuum tubes were used to
estimate the electron charge (Schottky, 1918). In some
physical systems, equilibrium, kT-driven fluctuations cause
phenomena that are easily observed without instrumenta-
tion. In particular, density fluctuations of a non-ideal gas at
its critical point can cause light scattering (critical opales-
cence) that is easily visualized with the unaided eye (Stan-
ley, 1971). Interesting and detailed discussions on stochastic
methods and random processes in physical and chemical
systems are found in several excellent textbooks (e.g.,
Gardiner, 1985; van Kampen, 1981; Wax, 1954).

Noise analysis played an important role in postulating the
existence of protein ion channels. Measurements of the
noise spectra performed on biological membranes of differ-
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ent origin (see reviews by Stevens, 1977; DeFelice, 1981;
Neumcke, 1982; Fishman and Leuchtag, 1990) gave support
to the pore hypothesis showing that the current flowing
through an individual channel is ~107 ions/s (Hille, 1992).

The ability to reconstitute single channels into planar
bilayers (Bean et al., 1969) and the development of the
single channel recording technique (Neher and Sakmann,
1976) opened new possibilities for studying the interaction
of chemical compounds (e.g., neurotransmitters, neurotox-
ins, and anesthetics) with a channel, since the analyte would
either block the pore or elicit a change in the gating prop-
erties of the channel. However, even in the absence of
channel-modifying agents, the current through unperturbed
ion channels also exhibits noise and yields information
about ion transport properties of these structures (Sigworth,
1985; Heinemann and Sigworth, 1991).

We studied open channel noise in the pore formed by
a-toxin, one of several protein exotoxins secreted by S.
aureus (Thelestam and Blomqvist, 1988). As a 33.1-kDa
molecular weight monomer it is water soluble, yet sponta-
neously forms large pores in biological membranes (Bhakdi
and Tranum-Jensen, 1991), lipid vesicles (Ikigai and Nakae,
1987), and planar bilayer membranes (Menestrina, 1986).
Experimental evidence suggests that the channel is a ho-
mooligomer (Gouaux et al., 1994) with an internal diameter
between 1.1 and 2.5 nm (Fiissle et al., 1981; Bhakdi et al.,
1984; Menestrina, 1986; Krasilnikov et al., 1992). The
primary sequence of the protein is known (Gray and Kehoe,
1984; Walker et al. 1992), and a recombinant version of the
molecule has been produced in S. aureus (Palmer et al,,
1993), in Escherichia coli (Walker et al., 1992), and in an in
vitro transcription and translation system (Walker et al.,
1992). A suite of genetically engineered mutants of a-toxin
has been produced and is now shedding light on the mech-
anism of channel assembly (Walker and Bayley, 1994).

We measured the fluctuations in current through fully
open a-toxin channels reconstituted into planar lipid bilayer
membranes. A short report, which was restricted to exper-
iments with H,O electrolyfe solutions and mainly addressed
the dependence of low frequency protonation noise on pH,
was published earlier (Bezrukov and Kasianowicz, 1993).
In the present study, we describe the changes in protonation
noise that occur with solvent substitution (H,0/D,0) and
show that a decrease in the reaction rates correlates with the
decrease in mobility of D* compared with that of H*. In
addition, the variation of current noise with applied poten-
tial demonstrates that the ionization-dependent rate con-
stants of electrolyte transport through the channel are volt-
age sensitive while the ionization dynamics themselves are
not. Finally, the pD (—log,o(ap. )) dependence of the pro-
tonation relaxation time shows that the ionization process is
consistent with a first order reaction scheme.

MATERIALS AND METHODS

We used the following reagents: “purum” hexadecane (Fluka, Buchs,
Switzerland), diphytanoyl phosphatidylcholine (Avanti Polar Lipids, Inc.,
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Alabaster, AL), high purity pentane (Burdick and Jackson, Muskegon, MI),
NaCl (Mallinckrodt, St. Louis, MO), citric acid (J. T. Baker, Phillipsburg,
PA), Tris and agarose (Bethesda Research Laboratory, Gaithersburg, MD),
ultrol grade MES or HEPES (Calbiochem, San Diego, CA), and TAPS and
D,0 (Sigma Chemical Co., St. Louis, MO). The water was purified by a
Hydro deionization system (Research Triangle Park, NC) and bidistilled in
a quartz apparatus (Heraues-Schott, Mainz, Germany).

Solvent-free planar lipid bilayer membranes were formed from di-
phytanoyl phosphatidylcholine in pentane on a 50 wm diameter orifice in
a 15 pm thick Teflon partition that separated two chambers (after Montal
and Mueller, 1972). The orifice was pretreated with a 10% solution of
hexadecane in pentane (v/v). Unless otherwise specified, the aqueous
solutions were prepared with 1 M NaCl, 2.5 mM MES or HEPES either in
purified H,O or in D,0, T = (24.0 = 1.5)°C.

The activity of deuterium ion, and thus pD, was estimated using a glass
pH electrode that was calibrated with pH standard buffers. It is known that
the pH-sensitive glass electrode response is Nernstian in D,O solutions, but
there is an offset compared with similar acid concentrations in H,0, such
that pD = pH + 0.4, where pH is the reading of the electrode in a
deuterium aqueous solution (Glasoe and Long, 1960; Covington et al.,
1968; Bates, 1973).

Single channels were formed in the presence of symmetric solutions by
adding <1 ug S. aureus a-toxin to 1.5 ml of aqueous solution in the CIS
chamber while stirring. The time that elapsed between the addition of
protein to the membrane bathing solution and the appearance of a single
channel varied depending upon the solution pH (pD). Specifically, lower
values of pH corresponded to shorter insertion times. We adjusted the
protein concentration to obtain a single channel within 10 min. We occa-
sionally observed channels with a conductance that was about one-half of
the mean value for the particular solution. We excluded these events in our
analysis.

The electrical potential difference across the bilayer was applied with
Ag-AgCl electrodes in 3 M KCl, 1.5% agarose bridges. The applied
potential is defined as positive when it is greater at the side of protein
addition (CIS). The current was amplified by a Dagan 3900 patch-clamp
amplifier (Minneapolis, MN) in the mixed RC mode with a 3901 or 3902
headstage, digitized by a Toshiba/Unitrade PCM recorder (Philadelphia,
PA) onto VHS tape and subsequently transferred to a personal computer
through a Frequency Devices eight-pole Butterworth filter (Haverhill,
MA), the comer frequency of which was set to 3/8 of the sampling
frequency of either an ADALAB A/D board (State College, PA) or a
National Instruments AT-MIO-16X A/D board (Austin, TX). The spectral
density was determined by using a Fast Fourier Transform on 2048 point
vectors. The membrane chamber, headstage, and source of the applied
potential were isolated from external electrical and magnetic noise sources
by a shield fabricated from mu-metal (Amuneal Corp., PA).(Commercial
names of materials and apparatus are identified only to specify the exper-
imental procedure. This does not imply a recommendation, nor does it
imply that they are the best available for the purpose.)

RESULTS AND MODEL

Since the primary sequence of the a-toxin monomer con-
tains 96 ionizable amino acids (Gray and Kehoe, 1984;
Walker et al., 1992), it is hardly surprising that several
properties of the a-toxin ion channel are altered by pH
changes. For example, typical single channel current record-
ings over long time periods illustrated in Fig. 1 show that
the probability of the channel gating to closed states in a
given time interval decreases when the pH is increased from
4.5 to 7.5. However, we choose here to ignore the pH
sensitivity of the gating dynamics of this channel and re-
strict ourselves to the changes in current that occur over
much shorter time scales for which the channel does not
gate and remains in the fully open conformation.
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FIGURE 1 Typical single channel current recordings in the presence of S. aureus a-toxin on the time scale of several min. The arrows indicate the
application of +140 mV across the membrane, which causes a current of ~100 pA to flow. Note that the channels switch or gate between open and different
partially closed states until they access a closed state from which they virtually never recover, unless the potential is reduced. The gating behavior depends
on the pH of the bathing solution. Higher pH corresponds to a greater open state lifetime. These particular recordings illustrate that at higher pH, the channel
stays open ~10 times longer than that at the lower pH value. The aqueous (H,0) solutions contained 1 M NaCl and 2.5 mM MES (pH 4.5), or 1 M NaCl,
2.5 mM MES and 2.5 mM TAPS (pH 7.5). The signals were filtered at 30 Hz.

The current recordings shown in Fig. 2 A illustrate the
formation of single channels, in the presence of H,O aque-
ous solutions, for three different pH values at time scales of
several seconds. Note that the current varies with pH in two
ways. Not only does the mean current decrease when the pH
is increased from pH 4.6 to 7.55, but there is a marked
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FIGURE 2 Single channel current recordings of a-toxin on the time
scale of several seconds. The rapid change in current corresponds to the
spontaneous insertion of a single channel in solutions with three different
pH (or pD) values and either H,O (A) or D,O (B) as a solvent. Note that
the current decreases monotonically with increasing pH (pD) but the
current noise rises at intermediate pH values. The solutions contained 1 M
NaCl and 2.5 mM of a proton buffer (seec Materials and Methods). The
applied potential was +150 mV. The current and time scales indicate 25
pA and 1 s, respectively. The signals were filtered at 1 kHz.

difference in the characteristic noise of the open state of the
channel at the three different pH values. The noise track,
corresponding to the current through the channel at pH 5.9
is wider compared with those at pH 4.6 and 7.55. The single
channel recordings contain background noise from the elec-
trodes and electronics. Nevertheless, the non-monotonic
behavior of the noise generated by the channel itself is
clearly evident.

Fig. 2 B shows that solvent substitution of D,O for H,O
causes distinct changes in the channel current. The decrease
in the ionic current carried by NaCl in D,O is reasonably
consistent with the increased viscosity of D,O compared
with H,O (Kirshenbaum, 1951; Heiks et al., 1954; Swain
and Evans, 1966). However, comparison of the recordings
in Fig. 2, A and B, shows that the pH (pD)-dependent noise
effect persists. Solvent-induced effects will be discussed in
detail later in this paper.

The pH dependence of the mean current and current noise
can be understood in terms of a simple model, which is
presented in Fig. 3. As we proposed earlier (Bezrukov and
Kasianowicz, 1993), we consider the reversible binding of
protons to ionizable residues inside the channel to be the
basis for the observed changes in the channel mean current
and noise (Figs. 2, A and B). Specifically, the binding of a
proton to a single residue induces a change in the electro-
static potential profile in the channel, causing a stepwise
increase in the current carried by the electrolyte, in this case
NaCl. In general, there may be several different types of
such sites. However, for the sake of simplicity, we assume
here that the pK values of the ionizable groups are identical,
that the binding of a proton to each of these sites has the
same effect on the channel current, and that the probability
of a proton binding to a site is independent of the state of the
other N — 1 such sites (see Discussion).

The model describes well the non-monotonic behavior of
the current noise. Indeed, for pH values much less than the
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FIGURE 3 An illustration of the model for protonation reactions. The
fluctuations in the current are caused by the modulation of conductance by
the reversible ionization of N identical residues inside the channel. Ac-
cording to the model, the charge state of the residues controls the potential
barrier for permeant ions (e.g., Na* and Cl7); the protonation of each
residue in the pore increases the current by an identical amount. The
association and dissociation rate constants are k., and kg, respectively.
Only two of the N ionizable residues and only one of the N reaction
equations are shown for visual clarity.

pK, the proton concentration is sufficiently high that the
ionizable residues are virtually always occupied and the
current is at its maximum value. On the other hand, for pH
values much greater than the pK, the proton concentration is
low enough for the residues to be unoccupied most of the
time, which results in the minimum current for a particular
voltage. In both cases, the current noise, which is caused by
the switching of the channel conductance between different
levels, is low. However, for intermediate pH values (pH ~
pK), the residues fluctuate with virtually equal probability
back and forth between the two states of protonation, caus-
ing maximum current noise. (The maximum low frequency
spectral density occurs at [H*] = 2K or pH ~ pK + 0.3; see
Eq. 10.)

Spectral analysis of the current fluctuations permits the
separation of contributions from different noise sources
(Stevens, 1977; DeFelice, 1981). It decomposes the mean
square value of current fluctuations into components at
different frequencies providing a description of the noise in
terms of its spectral density. One useful property of this
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description is that spectral densities from parallel indepen-
dent noise sources add without interference.

The simple model in Fig. 3 makes specific predictions
regarding the dynamics of current fluctuations. Thus, we
expect simple relaxation spectra for current noise. In par-
ticular, if we assume that the ionization dynamics of a single
site are described by a two-state Markov process, we would
expect a Lorentzian spectrum of the form

_ S80) )
S(f)_1+(21rf'r)2’ @)

where S(f) is the current spectral density (in A>/Hz), f is the
frequency (in Hz) and T is the relaxation time constant (or
correlation time) of the system (in s). S(0) is the current
spectral density at zero frequency.

The measurement of the spectral density at pH ~ 6
revealed values significantly larger than the shot-noise an-
ticipated for these currents (Heinemann and Sigworth,
1991). Fig. 4 A illustrates this for the open channel current
of 1.0 X 107'° A at pH 5.9 (Fig. 4 A, top trace). The
measured noise is two orders of magnitude in excess of the
calculated shot noise (~3.2 X 107%° A%/Hz) and Johnson
noise of the channel (~1.0 X 10~%° A%/Hz) and dominates
at frequencies of 20-2000 Hz over the background (Fig. 4
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FIGURE 4 (A) Top trace: the current spectral density of a single a-toxin
channel in 1 M NaCl in H,O, pH 5.8; bottom trace: background spectrum
taken immediately before the spontaneous insertion of a single channel. (B)
The difference spectrum showing that the spectral density is constant at
low frequencies and decreases at higher frequencies. The applied potential
was +150 mV.



98 Biophysical Journal

A, bottom trace). The difference spectrum presented in Fig.
4 B shows a characteristic Lorentzian shape (Eq. 1) for
which the spectrum is flat at low frequencies and decays as
1/f? at higher frequencies. Similar results were obtained
with D,O (Fig. 5, A and B). Note that the corner frequency
is decreased by a factor of ~3 by D,0O/H,0 substitution.

In our model, protonation-induced current fluctuations
are generated in a single ion channel. Thus, the current noise
from simultaneously open channels should be additive. The
current record in Fig. 6 A illustrates the successive insertion
of three channels. Note that the noise increases with the
number of open channels. It is easy to discern that the
amplitude of the noise is proportional to the square root of
the number of channels, as expected for the superposition of
random signals from identical, uncorrelated sources. In-
deed, our measurements show that the low frequency spec-
tral density is directly proportional to the number of chan-
nels (Fig. 6 B).

To quantitate the dependence of noise on pH for single
channels (Fig. 2), we first analyzed the low frequency
portion of the spectra. The magnitude of noise at +150 mV
applied potential averaged in the bandwidth of 200-2000
Hz (H,0; Fig. 7, filled circles) and 40-400 Hz (D,0; Fig.
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FIGURE 5 (A) Top trace: the current spectral density of a single a-toxin
channel in 1 M NaCl in D,0, pD = 6.2; bottom trace: background
spectrum taken immediately before spontaneous channel insertion. (B)
Note that the difference spectrum is shifted to lower frequencies and
greater magnitudes (compared with that for H,0, Fig. 4 B) and shows a
characteristic Lorentzian lineshape indicating a simple relaxation process.
The transmembrane potential was +150 mV.
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FIGURE 6 The current noise from several channels is additive. (A) The
current recordings show the successive, spontaneous formation of three
channels. The width of the noise track clearly increases with the number of
channels. (B) The low frequency spectral density is directly proportional to
the number of open channels, as expected for channels acting as indepen-
dent noise sources. The solution contained 1 M NaCl in D,0, pD = 6.2.
The applied potential was +100 mV.

7, open circles) with the background subtracted is illustrated
in Fig. 7. Note that there is a pronounced and clearly defined
peak in both cases. The noise from the open channel at pH
~ 6 exceeded that of the background by more than an order
of magnitude, whereas at the extremes of pH, it was ap-
proximately equal to the background.

The model illustrated in Fig. 3, which is based on first
order reversible ionization reactions, accounts for our re-
sults. The effect of pH on the current noise spectral density
and conductance of an open a-toxin channel can be de-
scribed by assuming that an amino acid residue inside the
pore can access two distinct states of ionization:

kon
A+H"=H*A, )
kott

where A is an ionizable amino acid, and k_,, and k4 are the rate
constants for the forward and reverse protonation reactions,
respectively. According to the model, the non-ionized state of
the residue A, corresponds to a lower conductance state of the
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Spectral Density (10 “27 A 2/Hz)

pH, pD

FIGURE 7 The pH (pD) dependence of the low frequency spectral
density for H,O (@) and D,0O (O). The lines are the results of a least-
squares fit of Eq. 10 to the data. The H,O data are well described by pK
= 5.5 and Nek¢; = 1.0 X 10° s~ 1. These parameters for D,0 are pK = 6.0
and Nk, = 3.0 X 10% s~ ", Thus, there is a marked shift in the pK and the
dissociation rate constant upon solvent substitution. The solutions con-
tained 1 M NaCl, 2.5 mM of appropriate proton buffers, and the applied
potential was +150 mV.

channel relative to the ionized state H* A. The probabilities
that the site is bound with a proton or not are:

Pua = Tua/(Ta + Tua), €))
Pa = TA/(Ta + Tua), C))

where 7, and 7 4, are the mean times spent in states A and
H™ A, respectively. The mean time the site is occupied by a
proton is given by 1y, = 1/k,g. Since it describes the
residence time of the bound state, it depends on the strength
of the interaction between the site and a proton, and is not
a function of the proton concentration. On the contrary, the
time 7, = 1/(k,, [H*]), which is the mean time for a proton
which reacts with the site to find it, is inversely proportional
to the proton concentration because the collision frequency
is proportional to [H*]. The rate constant &, relating the
proton concentration and 7, is defined by the accessibility
of the site to a proton, which depends on the height of the
potential barrier for association. The equilibrium constant X
is defined by K = 107PX = k /%, .. Thus

Pra = 10°K7PH(1 4+ 10P%PH), 5)
Pa = 1/(1 + 10°%?H), )

For the two state system described in this way, the current
spectral density can be written as (Machlup, 1954):

B 472(Ai)? 1
Slf) = G ¥ ) A+ @) ™

where Ai; is the difference in current between states A and
H™ A, and 7is the relaxation time constant, which is defined by

T = TaTya/(Ta + Tua). ®)
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To generalize this result for the multi-site model pre-
sented in Fig. 3, we note that contributions to the spectral
density from N independent residues add, increasing the
total value by a factor of N. On the other hand, the differ-
ence in current, Ai;, in Eq. 7 is defined as Ai; = (Ai)/N,
where Ai is the total change in current through a completely
ionized and deionized channel.

Thus, for N identical, independently ionizable sites, the
spectral density is inversely proportional to N:

LGN s 1
i) = Not + 1057 (1 5 @) O

In the low frequency limit (f = 0) the spectral density takes
on the simple, frequency-independent form:

4(Ai)*10°KPH
SpH(O) = Nkoff(l + 10pK-pH)3 4 (10)

giving a maximum of the spectral density at pH ~ pK +
0.3.

Thus, by fitting the low frequency spectral density in Fig.
7 using a two parameter least-squares fit allows us to deduce
Nekog and the pK. The difference in current between the
totally protonated and deprotonated states of the channel
was measured directly from the single channel currents at
pH 4.5 and 7.5 and is Ai = 2.0 X 107'' A in 1 M NaCl in
H,0. The two parameter least-squares fit with Nk e = 1.0
X 10° s~ ! and pK = 5.5 is shown in Fig. 7 as the solid line.
The agreement between the simple model illustrated by Fig.
3 and experiment is excellent. We discuss the results with
D,0 later in this paper.

Using characteristic cutoff frequencies for measured
spectra, we can determine the number of ionizable residues,
N. In our model, the mean square value of the current
fluctuations is inversely proportional to the number of sites.
Indeed, large N corresponds to the superposition of many
small events, which averages out the fluctuations. On the
other hand, the mean square fluctuation is the product of the
low frequency power spectral density S,,4(0) and its band-
width f, = (2m7) ™. In essence, Eq. 10 is a consequence of
equating the ensemble and time averages of the current
fluctuations. By rewriting Eq. 10 in terms of 7 and solving
for N, we have

N = 4 (Ai)* T 10°%PHS ,(0)(1 + 10P%PH)Z], (11

where T may be obtained from the inverse frequency at
which the spectral density drops to one-half its low fre-
quency value, S(0) (see Eq. 1). For pH = 5.8, which
corresponds to the maximum intensity of noise, an estimate
of the relaxation time is 7 = 3.1 X 107> s (Fig. 4 A) and
thus N = 3.8. Similar measurements performed for pH ~
6.0 yield an average value of N = 4.2 *= (.7. Using the
estimated value for the pK = 5.5, we find that the mean
time a site is occupied with a proton is 7, = 4 X 10> s,
Since ko is the inverse of Ty, kog = 2.5 X 10* s7L
Finally, we can also deduce a value for the association
constant, k,,, since k., = k,/K = 8 X 10° M~ s™*. These
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measurements completely characterize the dynamics of ion-
izable residue protonation.

The protonation reactions in the presence of H,O are too
rapid to determine a value for 7 over a significant range of
pH. Specifically, because the background noise spectral
density at high frequency increases (see Fig. 4 A), our
estimates of the cutoff frequency were restricted to values of
pH = 5.8 £ 0.3. Using D,0 gave us an advantage here. In
particular, the slowing down of the protonation dynamics
caused by substituting H,O with D,O (compare Figs. 4 B
and 5 B) enabled us to determine the cutoff frequency over
a wider range of pH values. Fig. 8 shows the least-squares
fits of a Lorentzian line (Eq. 1) to the spectral densities at
three values of pD. To allow visualization of the fit to the
data at high frequencies, the spectra shown in Fig. 8 are
smoothed by averaging over a number, P;, of nearest neigh-
bor points. The number of points was increased with the
frequency according to the algorithm P; = (j/50), where the
index j ranges from 1 to 1024.

Fig. 9 illustrates the pD dependence of the relaxation time
T = (2ufo)” !, where f- is the comner frequency of the
Lorentzian defined in Eq. 1. Note that the relaxation time
increases as the pD is increased over the range 5.7 to 6.9 and
saturates at higher pH values, which is predicted by the
model presented in Fig. 3. From Eq. 8, it follows that the
relaxation time approaches the value of the smaller time (7,
or Ty,) as the difference between these times increases.

-
<

(107A° Hz)

Spectral Density

1 2 3 4
Log (Frequency (Hz))

FIGURE 8 The spectral density as a function of pD and frequency. The
decrease in the characteristic cutoff frequencies with increasing pD is
clearly seen. Thus, the relaxation time for the interaction of D™ with the
channel residues is longer for lower bulk D* concentrations. The solid
lines through the data are the least-squares, two parameter fit to a Lorent-
zian (Eq. 1), which is characteristic for a system with a single exponential
relaxation. To allow visualization of the fit at high frequencies, the spectra
were smoothed (see text). The solution contained 1 M NaCl in D,0O, and
the applied potential was +150 mV.
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FIGURE 9 The pD dependence of the relaxation (correlation) time ob-
tained from the fitting procedure outlined in Fig. 8. The relaxation time
increases with pD and approaches a limiting value of 1/k.g. The solid line
illustrates the prediction of Eq. 12 with 7,3, = 1.5 X 10™*s and pK = 6.1.
The latter parameter is in good agreement with that obtained independently
from the low frequency spectral density amplitude data (Fig. 7). The
solutions bathing the channel contained 1 M NaCl in D,0.

Then, for high proton concentrations, the relaxation time is
approximately equal to the time the site is unoccupied 74,
which is relatively short and inversely proportional to the
proton concentration. For the other limiting case, at low
proton concentrations, the site is virtually always unoccu-
pied, and the dwell time in the unoccupied state is much
greater than that in the bound state. It means that the
relaxation time 7 is approximately equal to 7,, Which is
independent of pD.

The solid line through the points in Fig. 9 is a two
parameter least-squares fit to Eq. 12

T = Ta/(1 + 10PKPH)

(12)

with pK = 6.1 and T, = 1.5 10™* 5. This value of the pK
is in good agreement with the value of 6.0 deduced from the
low frequency spectral density (see Fig. 7). The rate con-
stant for dissociation, k. = 6.7 X 10° s™! was determined
from the mean time a D* ion spends on a residue, since
kost = 1/Tya-

As can be seen in Fig. 7, substitution of D,O (Fig. 7, open
circles) for H,O (Fig. 7, filled circles) caused a marked shift
in the pK of ~0.5. In addition, the amplitude of the low
frequency noise increased by a factor of 2. A least-squares
fit of Eq. 10 to the D,0O data with Ai = 1.6 X 107! A,
which is illustrated by the dashed line, shows that the pK
shifted from 5.5 (H,0) to 6.0 (D,0) and that N-k_; de-
creased from 1.0 X 10° s™! to 3.0 X 10* s™!. Using the
value of k,z from fitting the pD dependence of the relax-
ation times, we have N = 4.6. On the other hand, directly
computing the number of residues from Eq. 11 with the pK
value of 6.1 deduced from the least-squares fit shown in Fig.
9 and the data in Fig. 10 for +150 mV (S(0) = 6.01 X
10727 A%Hz, 7 = 1.02 X 10 % s, pD = 6.4), we obtain
N = 3.9. Averaging the results of similar calculations for
different pD values, we have N = 4.1 * 0.6.
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FIGURE 10 The voltage dependence of the noise provides strong evi-
dence that the current fluctuations are generated by equilibrium ionization
reactions. (A) The correlation time is independent of the applied potential.
The solid line shows the average value of the relaxation times. (B)
However, the low frequency spectral density is voltage dependent and
proportional to V27 indicating that the ionization induced conductance
change is voltage sensitive. The solutions contained 1 M NaCl in D,O and
the pD = 6.4.

Fig. 10 A shows that the relaxation time of the protona-
tion reaction is virtually unchanged by the applied potential
over the range 50-200 mV. The deviation of any point from
the average value (Fig. 10 A, solid line) is <10%. Note that
the difference in energy to transfer an elementary charge
through a membrane for 50 and 200 mV is ~6kT. There-
fore, the pH-dependent noise reported here is essentially
described by our equilibrium ionization model and is not
caused by a field-induced ionization. It appears that protons
are not driven by the applied potential to subsequently react
with these ionizable residues.

For simple models of current noise generation by a linear
circuit element with fluctuating conductance, one would
expect a quadratic dependence of the low frequency spectral
density on voltage (DeFelice, 1981). Fig. 10 B shows that
for positive applied potentials, the noise varies as V2. Thus,
the relative contribution of ionization-controlled barriers to
the channel conductance is voltage dependent. We are cur-
rently not in a position to speculate on possible mechanisms
that could account for this particular dependence. Neverthe-
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less, the model in Fig. 3 captures the essence of the proto-
nation-induced noise, since for all positive applied poten-
tials, only one ionization process with pK = 5.5 (H,0) and
pK = 6.0 (D,0) was observed.

DISCUSSION AND CONCLUSIONS

A simple model based on a first order reaction describing
the ionization of sites inside the channel accounts for our
results. The magnitude of the pH-dependent noise exceeds
by 100-fold (at pH 5.8 and pD 6.3) the shot noise expected
for these currents. Protonation-induced conductance fluctu-
ations are also much larger than possible contributions from
anomalous electrolyte conductivity fluctuations related to
high proton mobility (Bezrukov et al., 1989). According to
our model, the channel conductance is modulated by the
reversible charging of sites, which most likely induces
changes in the electrostatic potential profile of the channel
(see also Grigorjev and Bezrukov, 1994). The association
rate constant, k,, was assumed to be diffusion limited. Our
estimates of the relaxation time constants show that the
values for k,, are independent of the proton concentration,
but change in a predictable direction upon substitution of
H,0 by D,0. The ratio of the association rate constants may
be calculated from the ratio of the off rate constants and the
pK shift, ApK = 0.5:

kon/kon = (kets/kge) 10727, 13)

giving a 1.2 reduction in the association rate constant. The
ratio of the mobility of H* in H,O to that of D* in D0 is
1.43 (Kirshenbaum, 1951; Heiks et al., 1954).

It is well to note that since the reaction dynamics preclude
resolution of individual conductance steps, we cannot test
the validity of our simplifying assumption that each residue
contributes equally to the total difference in current, Ai.
Given the likelihood that these sites are close to each other,
it is possible that they interact (see Fig. 6, Bezrukov and
Kasianowicz, 1993). If they do interact, then it is conceiv-
able that the magnitude of the current jump associated with
the ionization of a particular site depends on the state of
occupancy of the other N — 1 sites. If this is the case, it can
be shown that the number of such sites estimated from our
analysis would be different from the actual number of
residues. We believe that the corrections, if any, will be
small, especially since the experiments reported here were
done in concentrated electrolyte solutions (1 M NaCl). Still,
we hope that future experiments will enable us to determine
whether a mean field approach (Tanford and Roxby, 1972)
or a more detailed theory (Bashford and Karplus, 1991;
Gilson and Honig, 1987), which could include interactions
between sites, is sufficient to describe the ionization of
neighboring residues inside this channel at lower electrolyte
concentration.
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Proton mobility near biological surfaces

Although it is known that protons play a central role in
cellular bioenergetics (Mitchell, 1961; Nicholls, 1982), de-
tails of the mechanisms by which proton electrochemical
gradients drive ATP synthetases are still elusive. Several
alternative models to the chemiosmotic hypothesis have
been suggested. Like Mitchell’s scheme, some of these
models assume that the pumping of protons across a mem-
brane is required for ATP production. However, they further
postulate that protons adjacent to a surface do not necessar-
ily equilibrate with those in the bulk aqueous phase. In one
scheme, a putative high resistance pathway to proton move-
ment perpendicular to the membrane is assumed to retard
proton flux to the bulk (e.g., Kell, 1979). Previous experi-
mental evidence demonstrated that there is no such barrier
(Kasianowicz et al., 1987b). Recent experiments with pur-
ple membrane fragments have been interpreted as evidence
for this barrier (Scherrer et al., 1992; Heberle and Dencher,
1992; Heberle et al., 1994).

Other models in which protons are assumed to diffuse
anomalously rapidly parallel to a membrane (Kell, 1979) or
are somehow confined to the membrane surface (Haines,
1983) have been proposed. Teissie and co-workers sought to
test this latter class of models by measuring the apparent
proton diffusion coefficient over centimeter distances along
lipid monolayers (Prats et al., 1986; but see Kasianowicz et
al., 1987a). They claim that the diffusion coefficient of
protons moving in the aqueous phase directly adjacent to the
monolayer is ~20 times greater than that for protons in the
bulk aqueous phase.

It is difficult to reconcile the latter result in light of
experimental evidence to the contrary as reported here and
elsewhere. Virtually all experiments on a variety of systems
have shown that the effective diffusion coefficient for pro-
tons moving in close opposition to different types of bio-
logical surfaces or the rate constant for proton association to
a group adsorbed to a surface is typically less than or equal
to that for protons in the bulk aqueous phase. For example,
Polle and Junge (1989) measured the rate at which the pH in
the narrow aqueous spaces between stacked thylakoids re-
laxes after a light-induced pH jump. Also, Gutman and
co-workers have studied extensively the dynamics of proton
movement in many different environments (Gutman and
Nachliel, 1990; Gutman et al., 1992a,b; Gutman et al.,
1993). In these experiments, an increase in the H" activity
is created with dye molecules that shift their pK upon
illumination. The rapid spatial and temporal movement of
protons is inferred from the relaxation of the fluorescence
lifetime of a pH-dependent probe. Finally, pH-dependent
fluorescent probes attached to well-defined sites on bacte-
riorhodopsin in purple membrane fragments suggest that the
proton movement from the extracellular to the cytoplasmic
side is not anomalously rapid (e.g., Heberle et al., 1994).

We observed protonation events that change the transport
properties of the a-toxin pore in its fully functional state.
Our estimate for &, is similar to the diffusion-limited values
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measured by others for protonation reactions for free car-
boxyl or imidazole residues (Eigen et al., 1960, 1964; Ei-
gen, 1964), which suggests that the state of water in this ion
channel is similar to that in the bulk aqueous phase. It is
interesting to note that despite the large disparity in time
scales between our experimental method and that used by
Gutman and colleagues, the conclusions we draw regarding
protonation dynamics adjacent to the surfaces of biological
molecules are essentially the same.

Comparison with other channels

Hess and colleagues reported that the dihydropyridine-sen-
sitive Ca>* channel exhibited pH-dependent gating (Pietro-
bon et al., 1988). Specifically, they showed that high proton
concentrations lead to channel closure. (Interestingly, the
value of k,, deduced from the experiments of Hess and
colleagues is approximately an order of magnitude greater
than the diffusion-limited rate constant for the reaction of
protons with bases in water (Pietrobon et al., 1988;
Prod’hom et al., 1987).) In this paper, we show that on a
qualitative level, the gating properties of the a-toxin chan-
nel follow a similar pH-dependent gating pattern. As can be
seen in Fig. 1, the probability that the a-toxin channel gates
to the closed state increases when the pH decreases from 7.5
to 4.5. The results may suggest that either the relative
energies of the open and closed states, or the potential
barriers for a transition between these states, are pH sensi-
tive. However, we did not address these questions here.
Rather, we studied the physical cause of the pH-dependent
current reduction in a fully open channel (Fig. 2). We
estimated the number of current steps between the com-
pletely protonated and deprotonated states of the channel
and the times characterizing the transitions between these
states (Figs. 3 and 8, see discussion above). It should be
noted that in contrast to the gating effect in both channels,
the fully open a-toxin pore conductance increases with
decreasing pH.

Recently, a cloned cyclic nucleotide-gated (CNG) chan-
nel was also shown to exhibit pH-dependent conductance
changes (Root and MacKinnon, 1994). Histogram analysis
and the sequential change in its single channel currents
suggested that the proton binding sites of the CNG channel
have identical pKs and are non-interacting, as was previ-
ously proposed for the a-toxin channel (Bezrukov and Ka-
sianowicz, 1993). It is interesting that in contrast to the pH
dependence of the current through single a-toxin channels,
the conductance in the CNG channel decreases when the pH
is lowered. Earlier, evidence was presented suggesting that
pH-induced conductance changes, at least in the case of the
a-toxin channel, are the direct consequence of an electric
field effect and not related to structural changes (Bezrukov
and Kasianowicz, 1993). A similar conclusion was tenta-
tively reached for the CNG channel (Root and MacKinnon,
1994).

To determine the mobility of protons in the lumen of an
ion channel, Gutman and colleagues measured the fluores-
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cence relaxation of pyranine bound to the phoE protein in
aqueous solution (Gutman et al., 1992b). Based on the
assumption that the dye was bound to the center of the
channel lumen, they concluded that the proton diffusion
coefficient is reduced by 50% with respect to that of bulk
water. However, it should be stressed that the precise loca-
tion of the chromophore-binding site was inferred from the
fluorescence lifetime data themselves. Besides, although
this channel is comprised of three monomers embedded in a
lipid bilayer (Jap, 1989), the conformation of the protein
complex in aqueous solution may be different.

Nature of the binding sites

Since the effective pK of the groups that cause pH-depen-
dent current noise in the a-toxin channel is 5.5 for positive
applied potentials, we are tempted to speculate that the
amino acids responsible for the effect are either histidines
(PK = 6.1), glutamic acids (pK = 4.3), or aspartic acids
(pK = 3.9). However, chemical modification of the a-toxin
channel led Menestrina and colleagues (Cescatti et al.,
1991) to conclude that the residues controlling the
pH-dependent /-V relationship are lysines (pK = 10.5). It is
well to note that there are reports of significant environ-
ment-dependent pK shifts for ionizable fluorescent probes
(Chattopadhyay and London, 1988) and for amino acids.
For example, the pK of histidines in several proteins were
shown to range from 5.4 (Cohen et al., 1970) to 8 (Riiterjans
and Pongs, 1971). Even larger shifts are realized when
glutamic acids are placed in an extremely hydrophobic
environment (Urry et al., 1992). In this case, it is natural to
expect a pronounced change in the on and/or off rate con-
stants from those measured for ionizable groups in water. It
is hoped that site-directed mutagenesis coupled with mea-
surements of pH-induced current noise will identify or
exclude which site or sites are the cause of the pH-depen-
dent current modulation in this channel.

Shift in pK values caused by solvent substitution

Studies of the effects of D,O/H,0 solvent substitution on
the pKs of some ionizable amino acids show that for short
oligopeptides, the pK shifts by ~0.4-0.5 pH units (Bundi
and Wiithrich, 1979). Similar findings were reported for
globular proteins (Kalinichenko and Lobyshev, 1976) and
are consistent with the 0.5 pH unit shift we observe in the
pH (pD) dependence of the current noise. However, Goto et
al. (1993) found no D,0/H,0-induced pK shift in the pH-
dependent folding/unfolding transitions of cytochrome c.
Specifically, after correcting the pD value as measured with
a pH glass electrode, they showed that the titration of
cytochrome ¢ in D,O is very similar to that in H,O.

Structural implications

For the past 25 years, it was assumed by others that the
channel formed by a-toxin was a hexamer (Bhakdi et al.,
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1981; Tobkes et al., 1985; Olofsson et al., 1988). However,
recent gel-shift electrophoresis experiments offer compel-
ling evidence that a-toxin adsorbed onto rabbit erythrocytes
forms heptameric complexes that are believed to form the
pore (Gouaux et al., 1994). These results and our analysis
suggest there is at most one site per monomer that elicits the
pH-induced current noise reported here.

lonization noise as a structural probe

Given the difficulty of obtaining and interpreting high res-
olution crystal data for membrane-bound proteins, new
methods of characterizing the structures of such macromol-
ecules are needed. To correlate channel structure and func-
tion, genetic engineering was coupled to measurements of
the steady state conductance and selectivity of the voltage-
dependent ion channel (VDAC) (Blachly-Dyson et al.,
1990). We hope that the analysis of ionization-induced
current noise combined with site-directed mutagenesis and
subsequent targeted chemical modification (Bayley, 1994)
will serve as a useful tool to probe the functional structure
of ion channels.

In addition to determining ion channel functional struc-
ture, there are also technological aspects that might be
addressed with our technique. For example, a thorough
characterization of the residues that line a-toxin channel
lumen, or that of other large pores, might aid the rational
design of genetically engineered mutants with novel prop-
erties. Strategic design of a-toxin mutants has already re-
sulted in the design of pores that can be gated by enzymes
(Walker and Bayley, 1994) and by metal ions (Walker et al.,
1994).
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