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Water transport by the bacterial channel o-hemolysin
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Abstract

This study is an investigation of the ability of the bacterial channel o-hemolysin to facilitate water permeation across
biological membranes. o-Hemolysin channels were incorporated into rabbit erythrocyte ghosts at varying concentrations,
and water permeation was induced by mixing the ghosts with hypertonic sucrose solutions. The resulting volume decrease of
the ghosts was followed by time-resolved optical absorption at pH 5, 6, and 7. The average single-channel permeability
coefficient of a-hemolysin for water ranged between 1.3 X 107!2 cm/s and 1.5X 10712 cm/s, depending on pH. The slightly
increased single-channel permeability coefficient at lower pH-values was attributed to an increase in the effective pore size.
The activation energy of water transport through the channel was low (E, = 5.4 kcal/mol), suggesting that the properties of
water inside the o-hemolysin channel resemble those of bulk water. This conclusion was supported by calculations based on
macroscopic hydrodynamic laws of laminar water flow. Using the known three-dimensional structure of the channel, the
calculations accurately predicted the rate of water flow through the channel. The latter finding also indicated that water
permeation data can provide a good estimate of the pore size for large channels. © 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction cytes, followed by membrane rupture and the release
of hemoglobin (hemolysis).

The bacterial toxin a-hemolysin secreted by Sta- Before the three-dimensional structure of ca-hemo-

phylococcus aureus damages cells by forming large
pores in the cell membrane [1,2]. The subsequent
leakage of molecules and ions from the cell interior
leads ultimately to cell disruption. o-Hemolysin, for
instance, causes rapid osmotic swelling of erythro-
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lysin was solved by X-ray crystallography [3], the
pore-forming properties of the channel, particularly
its pore size, were commonly explored by marker
release studies in small lipid vesicles [4]. In typical
experiments aimed at assessing the pore diameter,
radioactively labeled molecules of various sizes
were enclosed in the vesicles. The cut-off size above
which marker molecules did not penetrate the pore
was used to estimate its approximate dimensions.
Alternatively, the pore size has been predicted from
single-channel conductance measurements of o-he-
molysin incorporated in planar lipid bilayers [5-7].
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This method has the drawback that the correlation
between channel conductance and pore size is not
necessarily straightforward [8].

In this study, the ability of a-hemolysin to facili-
tate water permeation in erythrocyte membranes was
investigated by determining single-channel perme-
ability coefficients for osmotically driven water per-
meation. The dependence of channel activity on pH
was also determined. By comparing the experimental
results to predictions based on the three-dimensional
channel structure [3], it was shown that the single-
channel water permeability coefficient correlates well
with the pore geometry. Although the measurement
of water permeation through channels has typically
been carried out in cases where the biological func-
tion of the channel is water transport [9,10], the re-
sults reported here demonstrate that this approach
can also provide valuable structural information on
much larger pores such as o-hemolysin.

2. Materials and methods
2.1. Materials

Lyophilized o-hemolysin from Staphylococcus
aureus was purchased from Calbiochem (La Jolla,
CA, USA). Aliquots were hydrated in 10 mM so-
dium phosphate buffer (2 pug/ul) at pH 7.2 and stored
at —25°C. The hemolytic activity of the toxin was
assayed according to Bernheimer [11] and was in
the range specified by the vendor. Rabbit blood for
the preparation of red cell ghosts was collected and
stored in glass tubes coated with EDTA. The blood
was washed in isotonic buffer composed of 150 mM
sodium chloride, 5 mM sodium citrate, and 5 mM
HEPES at pH 7.25. After centrifugation at 1000 X g
for 10 min, the white coat on top of the pellet was
removed and the cells were resuspended in a volume
of isotonic buffer necessary to give the original vol-
ume of the blood sample. Samples prepared by this
procedure were stored in the refrigerator until re-
quired for experiments. Chemicals were of analytical
grade and used without further purification.

2.2. Preparation of erythrocyte ghosts

Red blood cell ghosts were prepared according to

the procedure described by Steck and Kant [12]. Sev-
eral ml of washed blood cells were diluted into 25
volumes of chilled buffer composed of 4 mM potas-
sium sulfate, 0.2 mM sodium citrate, and 0.2 mM
HEPES (buffer A) at pH 7.0. The mixture was stirred
on ice for 5 min and then centrifuged at 12000X g
for 8 min. The pellet was washed once more in buffer
A, followed by two additional washing cycles in a
buffer made from 100 mM potassium sulfate, 5 mM
sodium citrate, and 5 mM HEPES (buffer B) at pH
7.0. Throughout the washing cycles, the sample was
always kept on ice or in a chilled centrifuge. The
pellet of the last centrifugation step was diluted
into a volume of buffer B that was required to obtain
the original volume of the blood sample. The ghosts
were sealed by incubation at 37°C for 1 h.

2.3. Measurement of water permeation in unmodified
ghosts

Osmotically induced water permeation was meas-
ured by monitoring the kinetics of volume changes of
ghosts upon dilution into hypertonic solutions [9,13-
15]. This method relies on the linear relationship be-
tween the volume of the ghosts and the reciprocal of
the optical absorbance of the sample. It is further-
more necessary that the ghosts behave as ideal os-
mometers, meaning that their real volume matches
the volume expected from the concentration of the
osmotically active solute. This condition is also
known as the ‘Boyle-van’t Hoff law’ [15]. To test
the validity of this relationship, 200 ul ghosts were
mixed with 2 ml buffer B which contained various
concentrations of the membrane-impermeable solute
sucrose (0, 50, 100, 150, and 200 mM). After equili-
bration (15 min), the absorbance spectrum of each
sample was recorded between 300 nm and 750 nm.
The ratio of the ghost volume after and before
shrinkage, Veq/Vi, was calculated from the internal
solute concentration before (¢;) and after shrinkage

(Ceq) :

I (1)
Vi Ceq Ci+AC

Here, ¢; is the concentration of all the solutes in
buffer B and Ac is the concentration of sucrose
present in the external medium.
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In order to determine the water permeability coef-
ficients of the ghosts, the time-dependence of the
optical absorption at 350 nm was monitored. In a
typical time-resolved experiment, a small aliquot
(150 or 300 pl) of ghosts was mixed with 2 ml hyper-
tonic buffer in a stirred cuvette. The hypertonic buff-
er contained 100 mM sucrose, glucose or polyethyl-
ene glycol (average molecular weight: 400 g/mol) in
buffer B. The resulting volume decrease of the ghosts
was followed for 300 s by recording the optical ab-
sorbance at a wavelength of 350 nm with a Hewlett-
Packard 8452 spectrophotometer (Palo Alto, CA,
USA).

2.4. Measurement of water permeation through
o-hemolysin

To study the effect of a-hemolysin on water per-
meation, ghosts were treated with varying amounts
of the toxin. The concentrations of o-hemolysin were
adjusted to yield a nominal channel to ghost ratio of
100, 200, and 1000. To achieve maximum insertion
of toxin into the ghost membranes, the samples were
incubated at 37°C at pH 7 for 1 h and then main-
tained at room temperature for an additional 12 h.
Before use, the samples were centrifuged at 12000X g

for 8 min and washed twice with buffer B. To assess
the amount of free a-hemolysin after incubation, the
supernatant of the first centrifugation step was as-
sayed for hemolytic activity [11].

Water permeability measurements were carried out
as described above using exclusively 100 mM sucrose
in buffer B as the hypertonic solution. To investigate
the effect of pH on toxin-induced water permeation,
the ghost suspensions prepared at pH 7 were titrated
to lower pH-values (pH 6 and 5) with small amounts
of sulfuric acid. After a waiting period of at least 10
min, water permeation experiments were performed
by mixing ghosts (150 ul) with 2 ml 100 mM sucrose
solutions prepared in buffer B. The pH of the hyper-
tonic buffer was identical to the pH of the ghost
sample. Unless indicated otherwise, all experiments
were carried out at room temperature.

For the determination of the activation energy of
channel-mediated water transport, permeability
measurements were performed at 10, 20, 30, and
40°C. The temperature of the samples was kept at
the desired level with the aid of a circulating water
bath connected to the cuvette holder of the spectro-
photometer. Samples used in the temperature-de-
pendent measurements had a pH of 7 and a channel
to ghost ratio of 200.
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Fig. 1. Relationship between optical absorbance and relative volume of ghosts. Left panel: Spectra of ghost samples after equilibration
in hypertonic sucrose solutions (0, 50, 100, 150, and 200 mM). The uppermost spectrum corresponds to 200 mM sucrose and the low-
est spectrum to 0 mM sucrose. Right panel: Reciprocal of absorbance at 350 nm versus calculated ghost volume at equilibrium (Veq)
divided by the initial volume (7;). The line was calculated by linear regression and confirms the validity of the Boyle-van’t Hoff law.
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3. Results
3.1. Validity of Boyle-van’t Hoff law

If liposomes or cells have the properties of ideal
osmometers, their relative volume after equilibration
in hypertonic solutions obeys Eq. 1 (Boyle-van’t Hoff
law). In this case, a plot of the reciprocal of the
sample’s optical absorbance (which is proportional
to the ghost volume) versus the expected relative vol-
ume at equilibrium (Veq/V;) should yield a straight
line [13]. Fig. 1, left panel shows results in which the
absorbance of equilibrated ghost samples was meas-
ured as a function of sucrose concentrations between
0 and 200 mM. Fig. 1, right panel verifies the ex-
pected linear relationship between the reciprocal of
the optical absorbance at 350 nm and Ve /V;.

3.2. Water permeation induced by various solutes

Fig. 2, upper panel shows the time course of ex-
periments in which water permeation in ghosts was
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Fig. 2. Upper panel: Time course of absorbance (A=350 nm)
of ghost samples (300 pl) diluted into 2 ml hypertonic solution
(100 mM glucose, polyethylene glycol, or sucrose). Lower pan-
el: Absorbance changes from the upper panel on a normalized
scale on which the three curves coincide.

induced by membrane-impermeable solutes such as
glucose, polyethylene glycol (average molecular
weight: 400 g/mol), or sucrose. Due to differences
in refractive index of the hypertonic solutions, the
absorbance versus time traces obtained for the three
solutes differ in their amplitudes, but their time-de-
pendency is essentially identical. This is emphasized
in Fig. 2, lower panel, where the absorbance changes
are displayed on a normalized scale in which the
three curves become virtually indistinguishable.
This finding confirms that the observed process is
indeed water permeation since it is unrelated to the
nature of the osmotically active solute and depends
only on the intrinsic water permeability of the ghost
membranes. Since sucrose produced the largest am-
plitude change, it was used for the following water
permeation experiments with o-hemolysin.

Because the optical absorbance was reciprocally
proportional to the volume of the ghosts, the recip-
rocal of each absorbance versus time trace was fitted
to a single-exponential decay. The resultant rate con-
stant, k, was used to obtain the osmotic water per-
meability coefficient, P, according to the following
equation [13,15,16]:

(I—Veq/ Vi)kVi _ (l—ci/(ci + AC))kV

P = q ¢
f AV Ac 3V Ac

(2)

Here, V', was the molar volume of water and the
term (1—Ve/V;) specified the relative volume change
of the ghosts required to reach osmotic equilibrium
(see Eq. 1). The volume to surface ratio of the
ghosts, V;i/A, was expressed as r/3, where r was taken
to be a radius typical for rabbit red blood cells (3.35
um; [17]). Ac was the difference in solute concentra-
tion between the inside and outside of the ghosts at
the beginning of the experiment.

3.3. Water permeation as a function of toxin
concentration and pH

The rate of water efflux from erythrocyte ghosts
was markedly accelerated by the presence of o-hemo-
lysin (Fig. 3). The increase in permeability attributed
to the presence of a-hemolysin (AP) can be visualized
easily when the permeability coefficient measured in
the absence of toxin is subtracted from that meas-
ured in the presence of toxin. The results for AP
measured at three channel to ghost ratios and three
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Fig. 3. The effect of o-hemolysin on water permeation in
ghosts. Upper panel: Typical absorbance versus time traces at
pH 7 for ghosts with (‘low’: 100 channels per ghost, ‘high’:
1000 channels per ghost) and without o-hemolysin channels
(‘control’). Hypertonic buffer: 100 mM sucrose in buffer B.
Lower panel: Single-exponential fits (circles) to the reciprocals
of the traces shown in the upper panel.

pH-values are summarized in Table 1. Fig. 4 illus-
trates that the increase in permeability is directly
related to the amount of toxin present. Since hemo-
lytic assays of the supernatant from the centrifuga-
tion step after the incubation period did not detect
notable levels of hemolytic activity, it was assumed
that most of the added a-hemolysin was associated
with the ghosts (more than 94% in case of a nominal
channel to ghost ratio of 200, for example). At all
three pH-values, doubling the toxin concentration
from 100 channels/ghost to 200 channels/ghost also
doubled AP. Increasing the toxin concentration from
100 channels/ghost by a factor of 10 to 1000 chan-
nels/ghosts resulted in an increase in AP by a factor
of 7 to 8.

To a lesser extent, the effect of o-hemolysin was
also a function of pH. Comparing the bars in Fig. 4
shows that AP tended to become larger at lower pH-
values. The increase in AP between pH 7 and pH 5
varied between 10% and 37%, depending on toxin

concentration. Overall, the pH-induced changes
were relatively small and only at high channel con-
centrations clearly exceeded the experimental error
(Table 1).

It is noteworthy that even at high toxin concen-
trations, no noticeable sucrose influx into the ghosts
occurred on the time scale of the experiments. If
sucrose entered the ghosts, one would expect to see
a biphasic pattern in which a decrease in absorbance
follows the initial rise. This was clearly not the case
here, although molecules of the size of sucrose
should in principle fit through pores formed by o-
hemolysin channels. Apparently, longer observation
times and/or higher channel concentrations are re-
quired to observe noticeable sucrose permeation in
this type of permeation experiment.

3.4. Water transport as a function of temperature

For the determination of the activation energy of
water transport through o-hemolysin channels, the
rate constants measured at temperatures between
10 and 40°C were used to construct an Arrhenius
plot. Fig. 5 presents a semi-logarithmic plot in which
the differences between the rate constants measured
in the presence and absence of a-hemolysin are plot-
ted against the reciprocal of temperature (pH 7, 200
channels/ghost). The slope of the plot in Fig. 5 was
determined by linear regression and permitted the
calculation of the activation energy, E,
(slope = —E,/R).

Table 1

Channel-induced increase in the osmotic water permeability co-
efficient in ghosts at three channel concentrations and three
pH-values

pH S pH 6 pH 7
APro  1.2£0.1x107™*  1.1+£02X107* 9.0+1.2x1073
APyp  2.1£02x107*  2240.1x107% 1.9%0.1x107*
AP0 9.3+0.5x107%  7.9+0.1x107*  6.8+0.2x107*
Py 1.5£02x10712  1.5£0.2x1072 1.3+£0.2x10712

AP-values are permeability coefficients in cm/s measured in the
presence of a-hemolysin after subtraction of the corresponding
permeability coefficients for passive water permeation deter-
mined in the absence of o-hemolysin. Each entry represents the
average and standard deviation of three repeats. The index
specifies the channel to ghost ratio. The single-channel perme-
ability coefficients, pr, were calculated from APjo and APag
and are expressed in cm?/s.
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Fig. 4. Effect of pH and toxin concentration on the osmotic
water permeability coefficient. AP is the permeability coefficient
measured in the presence of toxin after subtraction of the pas-
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4. Discussion
4.1. Single-channel permeability coefficients

The experimental data presented in the previous
section clearly show that o-hemolysin increases the
permeability of ghost membranes to water. A quan-
titative measure of the ability of channels to facilitate
permeation of water or other solutes is commonly
characterized by the single-channel conductance [18]
or by the single-channel permeability coefficient
[8,10,19,20]. Based on the measured values for AP,
the osmotic single-channel permeability coefficient of
a-hemolysin with respect to water can be calculated
as follows:

pr= APfA/I’l. (3)

For such an assessment it is necessary to know the
ghost surface area (4) and the average number of
channels present in a single erythrocyte ghost (n). If
no red blood cells are lost during the preparation of
the ghosts, the number of ghosts per volume equals

the red blood cell count for rabbit blood which has
been reported to be 6.3 10'% cells/l [21]. Assuming
that all the a-hemolysin added to the ghosts formed
channels, one expects an average number of 100, 200,
and 1000 channels per ghost. These numbers are
upper limits but should provide a valid estimate if
the very high affinity of rabbit blood cells for the
toxin is considered [1], particularly at low toxin con-
centrations. Incomplete channel insertion due to
short incubation was avoided by exposing the ghosts
to toxin for an extended period of time (1 h at 37°C
plus 12 h at room temperature). Control experiments
in which water permeation was measured immedi-
ately after the 37°C incubation period displayed the
same kinetics as experiments in which the same sam-
ple had been kept at room temperature for an addi-
tional 2 h (data not shown). Presumably, most chan-
nels readily inserted during the 37°C incubation
period which is consistent with other reports [1].
After the incubation step, the amount of toxin not
associated with the ghosts was determined by centri-
fuging the samples and assaying the supernatant for
hemolytic activity. Since the detected hemolytic ac-
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Fig. 5. Arrhenius plot for the assessment of the activation en-
ergy of water flow through o-hemolysin channels. Measure-
ments were performed at pH 7 with a channel to ghost ratio of
200. Ak is the rate constant in the presence of channels minus
the rate constant in the absence of channels. Each data point
represents the average of three or four measurements and the
bars indicate the standard deviations.
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tivities were very low, it was concluded that most of
the o-hemolysin was indeed bound by the ghosts.
Finally, it should be noted that potential errors in
the channel to cell ratio due to an overestimate of the
number of incorporated channels will counteract or
partially compensate errors due to cell loss during
the ghost preparation.

As depicted in Fig. 4, the increase in permeability
due to the presence of channels is related to the
number of channels added. At all pH-values, dou-
bling the channel concentration from 100 channels/
ghost to 200 channels/ghost causes an increase in AP
by a factor of two. Increasing the channel concen-
tration by a factor of 10 from 100 to 1000 channels/
ghost yields an increase in AP by a factor of 7 to §,
which is slightly lower than expected. A possible rea-
son for this observation may be incomplete channel
insertion at the higher toxin concentration, despite
the prolonged incubation time. This explanation is
consistent with the finding that channels bind exclu-
sively to high-affinity sites located on the surface of
rabbit erythrocytes at low toxin concentrations [1].
Once these receptor sites are saturated, binding of
additional toxin occurs via absorptive interactions
which are less efficient than the high-affinity sites.
As a result, some of the toxin added at the higher
concentration may bind to the membrane but not
form functional channels. Since a high channel inser-
tion efficiency is required for assessing single-channel
permeability coefficients, only the AP-data obtained
at the two lower toxin concentrations are included in
the following discussion.

At pH 7, AP amounts to 9.0x107> cm/s and
1.9x10™* cm/s for a channel to ghost ratio of 100
and 200, respectively. If the surface area of a ghost is
approximated by that of a sphere with a radius typ-
ical for an erythrocyte (3.35 um, [17]), one obtains a
surface area of 1.4 X 107° cm?, implying that the sur-
face area per channel equals 1.4X107% cm? and
7.0x107° cm?, respectively. According to Eq. 3,
these values yield a single-channel permeability coef-
ficient of 1.3Xx107!2 cm?/s. If pr is converted into the
number of water molecules that pass through one
channel in one second, one obtains 7.8 X 107 mole-
cules under the experimental conditions specified
above.

Typical examples for single-channel permeability
coefficients reported in the literature for water are

9.6x1071% cm’/s for gramicidin A [19], 5.6Xx 10714
cm’/s for certain water transporters found in toad
bladders [10], 6x 107 % cm?/s for the water channel
CHIP 28 [20], 1.5x107 cm?/s for double-length
nystatin [22], 1 X 1013 cm?/s for single-length nysta-
tin [22], and 4.5Xx107* cm?®/s for amphotericin B
[22]. These numbers are up to two orders of magni-
tude smaller than the single-channel permeability co-
efficient estimated for o-hemolysin which is consis-
tent with the much larger pore size of o-hemolysin.

4.2. Permeability coefficients and pore size

How does channel size correlate with the single-
channel permeability coefficient? Water flow through
aqueous channels can be quantified by applying hy-
drodynamic laws of laminar water flow, provided the
dimensions of the pores are large enough to accom-
modate multiple water molecules with properties
similar to those of bulk water. For channels of un-
known size, the activation energy of water transport
can serve as an indicator. The presence of large aque-
ous channels in membranes reduces the energy bar-
rier from energies as high as 10 kcal/mol (a number
typical for passive water permeation across unmodi-
fied bilayers) to values that are characteristic for
water flow in the bulk phase (3-5 kcal/mol;
[23,24]). The measured activation energy of 5.4
kcal/mol for water transport through a-hemolysin
pores implies that the dimensions of the channel
are large and that permeating water has bulk proper-
ties. Similar conclusions were reached by Belmonte et
al. [6] who measured the activation energy for ion
transport through o-hemolysin in planar bilayers.

In order to calculate single-channel permeability
coefficients, Poiseuille’s law can be used to correlate
the number of water molecules that pass through a
pore per second to pore length and radius [22,25].
The assumptions involved in this calculation are
that the pore is static and has the shape of a cylinder.
The single-channel permeability coefficient, py, for a
cylindrical pore of radius r and length / is given by:

RTH

- @)
NV

In the case of a-hemolysin, the choice of a partic-

ular value for r is somewhat arbitrary because the
width of the pore formed by an o-hemolysin hep-

Pt
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tamer is not uniform [3]. The narrowest gaps are
found in the stem region of the channel which has
a length of 52 A and a radius varying between 7 and
12 A. For this reason, two calculations will be car-
ried out using a minimum pore radius of 7 A and an
averaged radius of 9.5 A. The viscosity of water at
room temperature, 1, was taken as 1073 kg/m/s.
Under these conditions, one obtains a single-chan-
nel permeability coefficient of 2.5x 1072 cm?¥/s for a
pore of radius 7 A which is only slightly higher than
the experimental average value of 1.3 107" cm?/s
at pH 7. If a radius of 9.5 A is used, the calculated Pr
is 8.5x107!12 cm?/s which is considerably greater
than the experimental result. As shown in Fig. 6
(dotted line), the extreme sensitivity of the calculated
pr to r makes it difficult to compute accurate single-
channel permeability coefficients based on pore radii.
Nevertheless, a rough estimate can be obtained and
the results indicate that the smaller of the two radii
matches the experimental result reasonably well.
Eq. 4 was developed for pores of macroscopic size
in which the finite radius of water molecules (ry) can
be neglected. For smaller pores, a modified form of
Eq. 4 has been introduced that contains correction

1,2e-11
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Fig. 6. The calculated single-channel water permeability coeffi-
cient (pr) as a function of pore radius. The dotted line was ob-
tained from Poiseuille’s law (Eq. 4) and the solid line was cal-
culated taking into account the molecular dimensions of water
(Eq. 5). The grey area depicts the range of the experimentally
determined single-channel permeability coefficients for o-hemo-
lysin.

terms accounting for steric restrictions of water mol-
ecules entering the pore and increased frictional in-
teractions between water and pore walls [22,26,27]:

=g P03 (5|2 ()

2.09 (%)3—0.95(@)5]. (5)

r

If pr is calculated by Eq. 5 instead of Eq. 4 (Fig. 6,
solid line), one predicts a single-channel permeability
coefficient of 1.5X 1072 cm?/s instead of 2.5x 10712
cm?/s for a pore radius of 7 A and of 5.9x 10712
cm?/s instead of 8.5% 1072 cm3/s for a pore radius
of 9.5 A, respectively (Fig. 6). As expected, these new
numbers are slightly lower than those obtained from
Eq. 4 and the p¢-value calculated for a radius of 7 A
compares favorably to the experimental results.
Overall, these findings provide support for the con-
cept that the physical properties of water inside the
o-hemolysin channel are similar to those of bulk
water since its flow is well characterized by macro-
scopic laws for laminar water flow.

Without any knowledge of the structure of o-he-
molysin, one can get a rough estimate of the pore
size by using experimentally determined water per-
meation rates and calculating a pore radius from
the water permeation rate. When predicting r from
pr by Eq. 4 or 5, one benefits from the fact that even
large uncertainties in the experimental value for p
will cause only minor variations in r (Fig. 6). As a
first approximation, a value of 50 A will be assumed
for the length of the channel, which is the minimum
length required to span both the hydrophobic core
and headgroup region of a typical biological mem-
brane [28]. Knowing that p¢ of the channel has a
value of 1.3Xx107!2 cm?¥/s, one calculates pore radii
of 6.0 A and 6.8 A by using Egs. 4 and 5, respec-
tively. According to the X-ray structure, the latter
radius matches the value for the narrow stem region
but is somewhat lower than proposals based on sin-
gle-channel conductance data (11.4 A; [5]). Again,
the calculated values should be considered a rough
estimate since the following simplifications were in-
volved in this calculation: the structure of the pore
was assumed to be cylindrical, the length of the pore
was somewhat underestimated, and gating properties
of the channel were entirely neglected.
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Although hydrodynamic calculations yield good
agreement between observed and expected perme-
ability coefficients, it is important to note that
many channels are not simply static holes in mem-
branes. Instead they undergo rapid changes between
open and closed or partially closed conformations,
which is commonly referred to as channel gating
[18]. Single-channel permeability coefficients meas-
ured in the permeation experiments described above
should therefore be regarded as average values which
are obtained by sampling the average permeability of
a large ensemble of channels in various configura-
tions. Inspection of single-channel recordings shows
that the lifetime of the open state in o-hemolysin is
much greater than the lifetime of the closed state [7],
implying that this particular channel remains open
most of the time. It is therefore unlikely that gating
leads to an underestimate of the single-channel per-
meability coefficient obtained from the water perme-
ation experiments. For the same reason, the approx-
imation of the channel structure by a static
cylindrical pore in Eqs. 4 and 5 seems justified.

4.3. pH-effects

As revealed by Fig. 4, decreasing the pH from 7 to
5 causes a slight increase of the a-hemolysin-induced
water permeability. The magnitude of this pH-effect
depends to some extent on the amount of o-hemoly-
sin and is most pronounced at high channel concen-
trations. There are several possible ways in which
pH-changes can cause variations in the permeability
coefficient of a channel. Perhaps the simplest explan-
ation is a pH-dependent insertion efficiency of the
channels into the ghost membranes. For example, it
has been reported that lowering the pH from 8 to 4
leads to an enhanced permeability of small unilamel-
lar vesicles by o-hemolysin from Staphylococcus au-
reus [29] and by hemolysin from Escherichia coli [30].
This observation was ascribed to a faster and more
efficient insertion of channels into the bilayers rather
than increased intrinsic channel permeability. It is
unlikely that this effect is responsible for the exper-
imental results reported here. First, the incubation of
a-hemolysin with ghosts was carried out at pH 7 for
all samples. After extended incubation that allowed
ample time for maximum channel incorporation, the
ghosts were washed twice, a procedure which would

have removed any free channels in the supernatant.
In case of samples used for measurements at low pH,
this step was followed by a readjustment of the pH.
Furthermore, control experiments demonstrated that
the pH-effect was reversible (data not shown).

It is also known that changes in pH can affect the
gating properties of channels. Kasianowicz and Bez-
rukov [7,31] noted such an effect when studying sin-
gle-channel currents in o-hemolysin reconstituted in
planar lipid bilayers. At pH 4.5, the frequency at
which short-lived channel closures occurred was
about 10 times higher than at pH 7.5. This effect
would give rise to an overall decrease in the average
single-channel permeability coefficient at lower pH-
values and is therefore inconsistent with the detected
increase.

Finally, pH-induced conformational changes can
modify the geometric shape of the channel and there-
by alter its effective pore size [32]. Similar effects can
be caused by protonation of acidic residues lining the
channel pore which influence the effective channel
pore size for charged solutes by electrostatic interac-
tions. Potential candidates for amino acids inside the
channel with acid/base properties are histidine, glu-
tamic acid, aspartic acid, or even lysine [7,33]. Ka-
sianowicz and Bezrukov [7] found that single-channel
currents of o-hemolysin reconstituted in planar bi-
layers increased by about 15% when the pH was
changed from 7.5 to 4.5. Similar observations were
made by Korchev et al. [34]. Given the substantial
differences in experimental conditions of the planar
bilayer studies and the water permeation experi-
ments, this qualitative agreement of the results is
remarkable. Overall, the most likely explanation for
the pH-dependence of the o-hemolysin-induced
water permeability in ghost membranes appears to
be an increase in the effective pore size at lower pH.
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