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ABSTRACT Scanning microphotolysis (Scamp), a recently developed photobleaching technique, was used to analyze the
transport of two small organic anions and one inorganic cation through single pores formed in human erythrocyte membranes
by the channel-forming toxin aerolysin secreted by Aeromonas species. The transport rate constants of erythrocyte ghosts
carrying a single aerolysin pore were determined to be (1.83 + 0.43) X 1073 s~ for Lucifer yellow, (0.33 = 0.10) X 107 3s™'
for carboxyfluorescein, and (8.20 + 2.30) X 1072 s~ for Ca*. The radius of the aerolysin pore was derived from the rate
constants to be 19-23 A, taking steric hindrance and viscous drag into account. The size of the Ca®™* rate constant implies
that at physiological extracellular Ca?* concentrations (1 mM) the intracellular Ca®* concentration would be elevated to the
critical level of >1 uM in much less than a second after formation of a single aerolysin pore in the plasma membrane. Thus
changes in the levels of Ca?* or other critical intracellular components may be more likely to cause cell death than osmotic

imbalance.

INTRODUCTION

Aerolysin is a member of the family of pore-forming cyto-
lytic proteins employed by many microorganisms and eu-
karyotic cells to attack target membranes (for a review, see
Menestrina, 1994). The protein is secreted by several patho-
genic Aeromonas species as an inactive protoxin comprising
470 residues (reviewed in van der Goot et al., 1994). Pro-
teolytic cleavage at the C-terminus produces the active toxin
(427 residues), which is able to oligomerize and insert into
biological membranes, leading to the formation of well-
defined channels that are thought to cause death by disturb-
ing the ionic and osmotic balance of the cell.
Fluorescence microphotolysis, also referred to as fluores-
cence recovery after photobleaching (Jacobson et al., 1976)
or fluorescence photobleaching recovery (Axelrod et al.,
1976), was initially introduced to study the lateral mobility
of lipids and proteins in cellular membranes (Peters et al.,
1974). The method was later extended to the transport of
fluorescent compounds across membranes in single cells
and organelles (for a review, see Peters and Scholz, 1991).
By application to cells carrying only very few pores it was
shown that fluorescence microphotolysis could be used to
measure transport through single-membrane transporters
(optical single-channel analysis, OSCA; Peters et al., 1990).
OSCA was initially based on microscopic measurements
performed cell by cell. This is a time-consuming procedure
because OSCA requires large numbers of individually mea-
sured values, as does any statistical analysis. Consequently,
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only two types of pores have been studied using OSCA,
those formed by perforin (Peters et al., 1990) and by com-
plement (Sauer et al., 1991), and only a single probe,
Lucifer yellow (LY), has been used.

The ease of data acquisition has recently been greatly
improved (Wedekind et al., 1994) by the development of
scanning microphotolysis (Scamp). In this procedure, a
confocal laser scanning microscope (CLSM) is comple-
mented with a device called the Scamper, which makes it
possible to switch the laser beam on and off during scanning
according to a predefined image mask. As a result almost
any pattern can be bleached into fluorescent samples, and
changes with time can be followed by repetitive confocal
imaging. Because this allows the measurement of transport
after photolysis in up to 100 cells simultaneously, data of
much better quality can be obtained in much shorter times.
What is more, the range of applications of OSCA has
broadened with the availability of increasing numbers of
fluorescent ion indicators and photolabile or caged com-
pounds, which enable single-cell flux measurements of non-
fluorescent transport substrates such as Ca>* (Kubitscheck
et al., 1995).

In the present study, the new technical advances have
been exploited to subject the aerolysin pore in human eryth-
rocyte membranes to single-channel analysis. The fluxes of
two anionic fluorescent dyes of different sizes, LY and
carboxyfluorescein (CF), were measured, as was the flux of
Ca®*, a cation of central physiological importance. The
results have implications for both the structure and function
of the aerolysin pore.

THEORETICAL CONCEPTS

This section briefly summarizes the theoretical concepts of
OSCA described previously in detail (Peters, 1983, 1984;
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Peters et al., 1990). It also provides equations for Ca’*
transport measurements.

Relationship between intracellular concentration
and fluorescence signal

Fluorescent transport substrate

For passive transport into cells dispersed in an infinite
volume, the time development of the internal concentration
c(?) of a particular transport substrate is given by

o(®)—c® .
FOEEONME M

where ¢() is the intracellular concentration at equilibrium,
¢(0) is the intracellular concentration at zero time, and % is
the transport rate constant. If the transport of a fluorescent
transport substrate is measured at low concentrations it can
be assumed that the fluorescence signal F(¢), measured by
confocal microscopy and corrected for dark current and
autofluorescence, is directly proportional to ¢(¢). Then

F(@r) — FO)

R —FO T @

Nonfluorescent transport substrate

If the transport substrate is not fluorescent, its concentration
can be measured by using a suitable fluorescent indicator. In
addition, a photolabile (caged) precursor of the substrate is
required to generate a sudden concentration jump by micro-
photolysis. In this case the analysis is more complex than
with a fluorescent substrate because i) the substrate buffer-
ing characteristics of the indicator dye have to be taken into
account and ii) the relation between concentration and flu-
orescence is nonlinear. The analysis is here presented for
calcium, employing calcium green (CG) as the indicator.

The calcium export by passive diffusion is governed by
the following differential equation:

dCa,,
T_—k'cafree, 3

where the total and free calcium concentrations are desig-
nated by Ca,, and Cag,., respectively. Using the mass
action law describing the binding of calcium to CG, and the
mass conservation equations for CG and Ca, Ca,,, could be
written as a function of Ca,,.. From this, the derivative
dCa,,/dCag., was obtained. Replacing dCa,./dr in Eq. 3 by

dCa/dCas,. * dCag./df, and inserting dCa,/dCay,..
yielded
dCayg, — k * Cag,,
= : ) 4)
dr L+ K, CG
(Kq + Cage)?

where K designates the dissociation constant of the calci-
um-indicator complex, and CG,, the total concentration of
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CG. Approximation of the right-hand side of Eq. 4 up to
second order resulted in a Bernoulli differential equation.
This could be solved by standard means, yielding
Capee() = [b' + & — f]7". (5)

Here, g and f are constants depending on K, and CG,,,,
which were determined by the approximation mentioned
above. b’ is given by f + 1/Ca,..(0). With K; = 0.3 uM for
the dissociation constant of CG (Kubitscheck et al., 1995)
and CG,,, = 20 uM, the concentration used in our experi-
ments, g = 0.2616 and f = 0.455 uM~'. To verify the
validity of the approximation to Eq. 4, Eq. 4 was numeri-
cally integrated with a fifth-order Runge-Kutta method, and
the result was compared to the approximate solution given
by Eq. 5. This control clearly proved the validity of our
approach.

Employing a fluorescent calcium indicator such as CG
the relation between fluorescence signal and Ca®>* concen-
tration is given (Tsien et al., 1984) by

F(t) - Fmin
Cage(t) = K, * m s ©)

where F,;, is the fluorescence signal in the absence of
calcium and F,,,, is the fluorescence signal with an excess
of calcium (i.e., calcium concentration > K;). Insertion of
Eq. 5 into Eq. 6 yields

(Ft) — Fun _ 1
Fmax — F(t) - b eO.2616 kt _ 0.136 (7)

This expression was used to describe our experimental
results using b and X as free fitting parameters.

Relations between rate constant, permeability
coefficient, and flux per single pore

The flux @ of the transport substrate, i.e., the number of
particles transported across the membrane of a vesicle per
time, is given by

®=Pn-A-AC, ®)

where P(n) is the permeability coefficient of the membrane,
here a function of the number of pores per cell, n. A is the
membrane area of the vesicle, and AC is the concentration
difference of the substrate across the membrane. The rela-
tion between permeability coefficient and rate constant,
k(n), is given by

P(n) = k(n) - VIA, €)]
with V being the volume of the cell. Thus

D =V-kn-AC. (10)
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Passive diffusional transport of spherical
molecules through cylindrical pores

In the case of passive, diffusional transport of spherical
molecules through cylindrical pores the rate constant k(n) is
related (Peters, 1984) to the diffusion coefficient D of the
transport substrate in the pore, the effective cross-sectional
area A g of the pore, and the pore length Ax by

D- A,
k(n) = n - il

A v k(1). (11)

Thus, the rate constant k(n) is expected to be directly
proportional to the number of pores per ghost, n, and to
occur in discrete multiples of k(1), the rate constant of
ghosts with a single pore.

Single-channel analysis

In reality k(1) will not have a single value but rather will be
a gaussian distribution around a mean value p, with a
standard deviation o, caused by variations in channel ge-
ometry, cell volume, etc. Therefore we model k(n) by a
gauss function G, (Peters et al., 1990):

G 1
" o,\2w
where o, = \/n* 0,2 and p, = n * u, are the standard
deviation and the mean value of G,. We can assume, fur-
thermore, that the generation of pores is a random process.
Then the distribution P(n) of the pore number n in the cell
population is given by the Poisson distribution

e&km - pa)2204? , (12)

n

P(n) = | e, (13)

where A is the mean value. The probability p(k) is then
given by

p(k) = 2 P(n) - G, (14)

Calculation of the pore radius

Rearrangement of Eq. 11 yields for the effective pore radius

Tetf

Tt = k(1) * Ax + V)/(m - D). (15)

The effective pore radius r.¢ would be only identical with
the true, geometric pore radius r if the probe molecule is
much smaller than r. This is not given in the present case.
However, a radius r, that is corrected for steric hindrance at
the pore entrance and viscous drag inside the pore (but not
for the effect of fixed charges) can be derived from r
(Pappenheimer et al., 1951; Renkin, 1954; Paine and Scherr,
1975) by

r

rif=(1—rﬁo)/®, (16)
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where a is the effective molecular radius of the probe
molecule and k, is a tabulated parameter (Paine and Scherr,
1975).

MATERIALS AND METHODS

Reagents and solutions

Phosphate-buffered saline contained 150 mM NaCl, 5 mM Na,HPO,, pH
7.4. KCl buffer contained 160 mM KCl, 20 mM HEPES, pH 7.4 and “lysis
solution” consisted of 5 mM MgSO,, 0.4 mM acetic acid, pH 4.2. LY and
CF were obtained from Molecular Probes (Eugene, OR). Stock solutions
were 3 mg/ml (LY) and 1 mg/ml (CF) in KCI buffer. The Ca®* transport
solution contained 100 uM CG (Molecular Probes), 1.0 mM [1-(2-nitro-
4,5-dimethoxyphenyl-)-1,2-diaminoethane-N,N,N’, N'-tetraacetic acid
(DMN; Calbiochem-Novabiochem, Bad Soden, Germany), 125 uM CaCl,,
2.0 mM reduced glutathione, 20 mM HEPES, 160 mM KCl. Glutathione
was added following a recommendation of Kaplan et al. (1978) to trap
nitrosoketones that might arise during the photolysis of DMN.

Proaerolysin was purified as described previously (Buckley, 1990). The
protoxin (1 mg/ml) was activated by mixing 10 ul of the pro-aerolysin
stock solution with 1 ul of a trypsin solution (1 mg/ml) and 89 ul of KCl
buffer. The mixture was incubated for 60 min at room temperature and then
stored on ice for further use.

The activity of aerolysin was tested by a hemolytic assay as described
previously (Howard and Buckley, 1982). In short, a geometrical dilution
series of an aerolysin solution of known concentration was prepared
employing a multititer plate. Then to each well an aliquot of a 2%
suspension of washed erythrocytes was given, and the plate was incubated
for 1 h at 37°C. In that time span ghosts that had acquired at least one pore
were lysed, an effect easily recognized by visual inspection of the micro-
titer plate. In wells with an aerolysin concentration sufficiently large to lyse
the erythrocytes a clear red solution was seen, whereas in wells with an
aerolysin concentration too small to cause the generation of at least one
pore per ghost the erythrocytes had settled on the bottom. Thus, the
aerolysin concentration inducing the formation of about one pore per cell
could be easily determined.

Control experiments were performed to make sure that during the
60-min incubation, used routinely for activation of aerolysin, aerolysin was
not degraded. In these experiments the incubation time was reduced to 10
min, and the reaction was then stopped by adding a surplus of trypsin
inhibitor. When employing the hemolytic assay, no differences in activity
were detected between preparations activated for 60 min or 10 min.

Erythrocyte ghosts

Human erythrocyte ghosts were prepared according to the method of
Schwoch and Passow (1973) as recently described (Kubitscheck et al.,
1995). Briefly, 0.7 ml of a 50% (v/v) suspension of washed human
erythrocytes was added to 30 ml of lysis solution and incubated for 15 min
while gently stirring. Then the ghosts were sedimented (16,000 X g, 20
min, 0°C), resuspended in 30 ml KCI buffer, again sedimented, and finally
resuspended in KCl buffer to a final volume of 1.75 ml. At this stage
the ghosts had lost most of their hemoglobin and were still permeable to
small and large molecules. Additional steps depended on whether transport
measurements involved a fluorescent or a nonfluorescent substrate:

i) For experiments involving LY or CF, ghosts were resealed by
incubation at 37°C for 45 min. Aerolysin pores were generated by incu-
bating 100 pl of resealed ghosts with a few microliters of activated
aerolysin solution and KCl buffer in a total volume of 1.0 ml for 20 min at
37°C. The concentration of aerolysin was chosen on the basis of the
hemolytic assay referred to above and amounted to approximately 50
ng/ml. After incubation, the ghosts were washed twice with KCl, and 97 ul
of the suspension was mixed with 3 ul of LY (3 mg/ml) or CF (1 mg/ml).

ii) For measurements of Ca®* transport 0.4 ml of the still-permeable
ghosts kept on ice was mixed with 0.1 ml of Ca®* transport solution. The
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mixture was kept on ice for a further 10 min and then at 37°C for 45 min.
Aerolysin pores were generated by mixing 100 ul of resealed ghosts with
5 ul of activated aerolysin and 895 ul of KCI buffer and incubating the
mixture for 20 min at 37°C. Ghosts were then washed twice with KCl
buffer.

Transport measurements

Transport measurements consisted of three steps: i) acquisition of confocal
images of ghosts in both the fluorescence and transmitted light mode
before photolysis (prebleach images), ii) photobleaching of fluorescent
tracers or release of Ca2*, and iii) acquisition of 5 to 15 fluorescence
images at various times after photolysis (monitor images).

Ghost suspensions were loaded into “microslides,” i.e., flattened glass
capillaries with inner dimensions of 0.05 mm X 1 mm X 30 mm. After 20
min most of the ghosts had spontaneously adsorbed to the lower internal
glass surface. The microslides were then sealed at the ends with silicon
paste and mounted upside down (i.e., the layer of adsorbed ghosts on the
upper side) on glass microslides. A microslide with a layer of adsorbed
ghosts was placed on the stage of a confocal laser scanning microscope
(CLSM or TCS; Leica, Heidelberg, Germany), and the image was focused
so that the focal plane coincided with the center of the ghost layer,
employing a 40-fold oil-immersion objective lens of 1.3 numerical aper-
ture. The depth of focus was adjusted to be <1 pum by means of the
confocal aperture. The 488-nm line of an argon laser was used for excita-
tion, reducing the beam power to a degree at which the reduction of
intracellular fluorescence was <0.5% per image. Care was taken to adjust
the offset and the photomultiplier voltage in such a way that the measured
signal was linearly related to the fluorescence intensity and so that the
dynamic range of the instrument (256 gray levels) was optimally utilized.

Photobleaching of LY or CF was carried out by means of the Scamper
(Wedekind et al., 1994) by placing a small window around each ghost and
then bleaching this window at a sufficiently high laser power (cf. Fig. 1).
Ca®* was released by irradiating the scanned field through the vertical
illuminator with the light of a 100-W high-pressure mercury lamp, isolating
the 366-nm line by appropriate filters. The vertical illuminator was ad-
justed so that irradiated and imaged areas were approximately coincident.
A photo shutter was integrated into the irradiation pathway to limit the
irradiation time to 1/4 s, sufficient to decompose most of the caged
compounds (Kubitscheck et al., 1995).

Data evaluation

To evaluate the images in terms of the time-dependent relative intracellular
fluorescence intensities, we created a special computer program module.
The module allowed us to place an arbitrary number of work windows in
the image using the trackball of the microscope workstation. The work
windows were adjusted to a size of ~2.5 um X 2.5 um, and they were
placed in the centers of individual ghosts. Thus the relative fluorescence
intensity originating from an intracellular volume of about 6 f1 (2.5 pm X
2.5 pm X 1.0 wm) was obtained cell by cell. For analysis of a complete
time series of images it was sufficient to set the work windows once. The
program then automatically scanned through the image stack, extracting
the time-dependent fluorescence data. The values for the intracellular
fluorescence intensities obtained in this manner where then corrected for
photobleaching and dark counts, both of which were minor parameters.

The transport rate constant k was determined for each ghost individu-
ally. In the case of LY or CF the data on the time course of the intracellular
fluorescence were plotted according to Eq. 2 as [F(t) — F (0))/[[F() —
F(0)], and this was fitted by a single-exponential 1 — ¢ %' using a
least-squares minimization routine. In the case of Ca?* transport measure-
ments, the data were plotted according to Eq. 7 as [F(?) — Fpin)/[Frmax —
F()), and fitted by [b - €*2%'5%* — 0.136]7".

The ensembles of k-values, consisting of 130—680 individual values (cf.
Table 1), were plotted in the form of histograms as shown in Figs. 3, 4, and
7. The number of k-values within an interval of Ak = 1 X 1073 s7! (LY,
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FIGURE 1 Scanning microphotolysis experiment to measure the mem-
brane transport of Lucifer yellow (LY), a small hydrophilic fluorescent
organic anion. Resealed human erythrocyte ghosts were treated with a
limiting concentration of aerolysin to create approximately 1 pore/cell and
then immersed in a solution of LY. (a) Confocal fluorescence image of
ghosts before photolysis. Only ghosts without pores, thereby able to
exclude LY, can be recognized. (b) Transmitted light images of the same
field showing all ghosts together with the image mask used for photolysis.
(c) Fluorescence image acquired during the photobleaching process. The
laser beam is switched on only inside the selected areas shown in b. (d—f)
Images taken at 0, 15, and 30 min after photobleaching. The depletion of
ghosts from LY fluorescence and the influx of fresh LY into ghosts can be
recognized.

Ca®*) or 0.1 X 1072 s~ (CF) was counted, and this occupancy p(k) was
plotted versus k. The histograms were then smoothed by applying a mean
filter (n = 7).

RESULTS

Single-channel permeability of the aerolysin pore
to Lucifer yellow and carboxyfluorescein

Resealed human erythrocyte ghosts were exposed to aero-
lysin so that they carried approximately 1 pore/ghost on
average. Then either LY or CF was added to the ghost
suspension. Both tracers are dianions at the conditions em-
ployed, although they differ in molecular weight, shape, and
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TABLE 1 Results of the optical single-channel analysis of
the aerolysin pore in erythrocyte membranes

Lucifer Carboxy-
yellow fluorescein Ca’*
Mean no. of
pores per
cell 1.17 1.00 0.56 1.58
Single-
channel
rate
constant*
o073
s™h) 1.83+043 033+0.10 7.80=*185 8.20*230
No. of
measure-
ments 260 130 170 670

*The rate constant for ghosts with a single pore is given as mean * SD.

effective radius (7.8 A versus 10 A, cf. Table 2). After
equilibration, a small volume of the ghost suspension was
loaded into a microslide, and a confocal laser scanning
microscope equipped for the Scamp method (Wedekind et
al., 1994) was used to generate confocal images of ghosts
adhering spontaneously to the glass-water interface.

This and the rest of the procedure are illustrated for the
case of LY in Fig. 1. Before photolysis, images were taken
in both the fluorescence (Fig. 1 a) and the transmission (Fig.
1 b) modes. Fig. 1 a shows that not all of the ghosts were
permeable to LY, i.e., some did not carry at least one pore.
This was expected and desired. The Poisson distribution
(Eq. 13) predicts, for instance, that the fraction of ghosts
without a pore is ¢! for a mean of 1 pore/ghost. Using the
transmission image as a matrix, a number of ghosts was
selected by enclosing them with small quadratic windows
(Fig. 1 b). Then the Scamp process was initiated. This
involved scanning the specimen at a laser beam power
sufficiently large to cause rapid photobleaching of LY flu-
orescence. Instead of bleaching the scanned area homoge-
neously, the laser beam was only switched on when inside
the selected areas. This can be directly observed in Fig. 1c,
which was acquired during the bleaching scan. Spatially
confined in that manner, photobleaching caused the fluores-
cence inside selected ghosts, but not in the medium sur-
rounding the ghosts, to become largely diminished (Fig. 1
d). The influx of LY into bleached ghosts from the medium
was then monitored by a series of confocal images, exam-
ples of which are shown in Fig. 1, e and f. These show that
the influx kinetics varied considerably among different
ghosts. It may be mentioned here that Fig. 1 contains “only”
13 windows, thus yielding 13 parallel flux measurements.
This was done only so that ghosts and windows could be
displayed at high magnification. Normally much larger
fields were scanned and up to 100 flux measurements made
in parallel.

The images series, consisting typically of a transmission
and a fluorescence scan acquired before photolysis and
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5-15 fluorescence scans acquired after microphotolysis in
an interval of 900 s, were evaluated for the intracellular
fluorescence of single ghosts. Fig. 2 shows experimental
values (symbols) as well as best fits according to Eq. 2
(lines) for three ghosts selected from Fig. 1. The transport
rate constants for the ghosts shown were k = 1.9 X 1073,
3.8 X 1073, and 5.6 X 107% s7', respectively, which
closely correspond to the mean k-values for ghosts with 1,
2, and 3 pores (see below).

When a large number of rate constants had been acquired
in the described manner, a histogram was constructed (Fig.
3) by plotting the number of k-values found within a given
k interval versus k (for details, see Materials and Methods).
The experimental values (bars), consisting of 260 measure-
ments, clearly exhibited discrete peaks, indicative of sub-
populations of ghosts with different pore numbers. The first
two peaks, corresponding to ghosts with 1 and 2 pores,
respectively, are clearly resolved. Peaks corresponding to
higher pore numbers disappear in the noise because the
standard deviation increases (Eq. 12), whereas the occu-
pancy decreases (Eq. 13) with the pore number. The exper-
imental data could be well fitted by Eq. 14 (line). The fit
yielded values (Table 1) for the rate constant of ghosts with
a single pore k(1) = (1.83 = 0.43) * 1073 s™! and the mean
number of pores per ghost of A = 1.17.

The transport of CF was analyzed in the very same
manner. One hundred thirty k-values were collected and
plotted as a histogram (Fig. 4). The experimental values
(bars) showed two peaks that could be fit well by Eq. 14
(line). The transport rate k(1) was found to be much smaller
than that of LY, amounting to (0.33 = 0.10) * 103 s~!
(Table 1).

06

04l

0,2

normalized fluorescence

00L

0 200 400 600 800
time [s]

FIGURE 2 Examples of single-cell measurements to determine the
transport rate constant for LY. A series of confocal images as shown in Fig.
1 was evaluated for the intracellular fluorescence of individual ghosts. The
intracellular fluorescence was plotted as normalized fluorescence, i.e., [F(¢)
— F(O))/[F(») — F(0)], versus time after photolysis (symbols) and fitted by
Eq. 2 (lines). As an example three ghosts are shown with transport rate
constants of 1.9 X 1073 (@), 3.8 X 10> (W), and 5.6 X 1073 (A) s™!,
respectively, which closely correspond to the mean k values for ghosts with
1, 2, and 3 pores (cf. Fig. 3).
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p(k)

k [103s]

FIGURE 3 Optical single-channel analysis of the transport properties of
the aerolysin pore for LY. The transport rate constant was determined for
260 individual ghosts, using the procedure shown in Fig. 2. The number of
k-values found within a given k interval was then plotted versus k (bars).
The k-value distribution shows discrete peaks, indicative of subpopulations
of ghosts with a different number of pores. Only the peaks corresponding
to cells with one or two pores are resolved, whereas peaks corresponding
to higher pore numbers disappear in the noise. Fitting the experimental data
by Eq. 14 (line) yielded a rate constant of ghosts with a single pore of k(1)
= (1.83 = 0.43) * 102 57! and the mean number of pores per ghost, A =
1.17.

Single-channel permeability of the aerolysin pore
for calcium ions

In this case ghosts were loaded during preparation, i.e., after
lysis and before resealing, with both a fluorescent calcium

p(k)

k [103s]

FIGURE 4 Optical single-channel analysis of the transport properties of
the aerolysin pore for carboxyfluorescein (CF), another small hydrophilic
organic fluorescent anion. The transport rate constant was determined for
130 individual ghosts, using the same procedure as in the case of LY. The
distribution of k-values shows discrete peaks, indicative of subpopulations
of ghosts with a different number of pores. Only the peaks corresponding
to cells with one or two pores are resolved, whereas peaks corresponding
to higher pore numbers disappear in the noise. Fitting the experimental data
by Eq. 14 (line) yielded a rate constant of ghosts with a single pore of k(1)
= (0.33 = 0.10) * 10> s™! and the mean number of pores per ghost, A =
1.00.
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indicator (CG) and a caged calcium compound (DMN).
After resealing, ghosts were treated with aerolysin at limit-
ing concentrations. The ghost suspension was loaded into
microslides and imaged in the confocal laser scanning mi-
croscope. At this stage, ghosts could be identified in the
transmitted light image (Fig. 5 a) but hardly in the fluores-
cence image (Fig. 5 b), because the concentration of free
Ca®* was much smaller than the dissociation constant of
CG. Upon illumination of the scanned field by a short pulse
of UV light, Ca®>* was released and the intracellular phases
became fluorescent (Fig. 5 ¢). It may be noted that the
fluorescence varied between ghosts. This has previously
been attributed to nonhomogeneous loading of ghosts with
CG (Kubitscheck et al., 1995). The efflux of Ca’* from
ghosts into the medium was followed in a series of confocal
images, examples of which are shown in Fig. 5, d—f.

FIGURE 5 Fluorescence microphotolysis experiment to measure the
membrane transport of Ca>*, a nonfluorescent inorganic cation. Resealed
human erythrocyte ghosts were loaded with the fluorescent calcium indi-
cator calcium green (CG) and the caged calcium DMN and then treated
with a limiting concentration of aerolysin to create about 1 pore/cell. (a)
Transmitted light images of ghosts. (b) Confocal fluorescence image of
ghosts before photolysis. Little fluorescence can be recognized because
most of the Ca?>* is bound by DMN. (c—f) Fluorescence images acquired at
0, 10, 20, and 30 min after release of Ca®* by a short pulse of UV light.
The release of Ca* inside ghosts and the efflux into the Ca®*-free medium
can be recognized.
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The outlined procedure should only be able to measure
the transport of Ca®>" through the aerolysin pore if i) the
untreated erythrocyte membrane is impermeable to Ca®™,
CG, and DMN and ii) the aerolysin pore is impermeable to
CG and DMN but permeable for Ca%*. The first condition
was tested by loading ghosts with CG and DMN. The ghosts
were imaged in the confocal microscope and Ca®>* was
released by photolysis, without prior treatment with aeroly-
sin. A series of images was acquired and evaluated for the
mean intracellular fluorescence. In the course of 2 h only a
very small decrease of the intracellular fluorescence was
observed (Fig. 6 a), and the decrease in the first 30 min, the
time interval used in the single channel analysis (Figs. 5, 7),
was almost imperceptable. Of course, the erythrocyte mem-
brane contains a very effective calcium pump which, in
principle, could rapidly deplete the ghosts of Ca?* (Kubits-
check et al., 1995). However, the calcium pump was inac-
tive under the conditions used because ATP was absent
(Kubitscheck et al., 1995). The second condition was tested
by loading ghosts with CG and free Ca>*. Ghosts were then
resealed and treated with aerolysin as described above for
the single-channel analysis. After this, ghosts were resus-
pended in the same solution of CG and free Ca®* used for
loading. In the confocal microscope the ghosts were im-
aged, photobleached, and again imaged as described for LY
and CF. Over a time interval of 2 h no influx of CG from the
medium into the bleached ghosts could be detected (Fig. 6
b). In another series of experiments ghosts were at first
loaded with CG and DMN, then resealed and treated with
aerolysin. Finally they were carefully washed with CG-free
and DMN-free buffer. They were then photolysed in the
confocal microscope at different times after transfer into a
DMN-free buffer. The level of intracellular fluorescence
that could be induced (Fig. 6 ¢) remained constant in the
first 2 h after transfer, indicating that the aerolysin pore was
impermeable to DMN.

Having established that both the erythrocyte membrane
and the aerolysin pore were impermeable to CG and DMN
we proceeded in the same way as for LY and CF. A series
of confocal images was acquired and evaluated for the
intracellular fluorescence of individual ghosts. The fluores-
cence values were plotted and fitted according to Eq. 7.
Examples of experimental data and fitted curves are given
in Fig. 7. The three sample curves correspond to k-values of
7.9 X 107,147 X 1073, and 23.2 X 1073 s™" and thus to
ghosts with 1, 2, or 3 pores, respectively. The k-values were
plotted as histogram and fitted by Eq. 14. (Fig. 8).

A complete single-channel analysis was performed for
two different aerolysin concentrations (Fig. 8). At the lower
aerolysin concentration the first peak, representing ghosts
with a single pore, was very prominent (Fig. 8 a) compared
to the second peak, representing ghosts with two pores, and
only very few higher k-values were observed. However, at
the higher aerolysin concentration the second peak appeared
considerably larger, and a continuum at higher k-values was
also observed (Fig. 8 b). The fitting routine yielded a mean
pore number of 0.56 for the lower and of 1.58 for the higher
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FIGURE 6 Control experiments to test whether (a) the erythrocyte mem-
brane is virtually impermeable for Ca>*, and (b, c) both the erythrocyte
membrane and the aerolysin pore are impermeable for calcium green (CG)
and DMN. (a) Ghosts were loaded with CG and DMN, but not treated with
aerolysin. Ca>* was released at time zero and ghosts were repetitively
imaged. The mean intracellular fluorescence was derived from the images
and plotted versus time. Little or no decrease of the intracellular fluores-
cence with time could be recognized, indicating that the erythrocyte mem-
brane was virtually impermeable to Ca®". (b) Ghosts were loaded with CG
and free Ca®*, treated with aerolysin, and resuspended in a solution
containing the same concentrations of CG and Ca®*. Then, a transport
measurement was performed essentially as in the case of LY (Fig. 2). In
contrast to LY, however, the intracellular fluorescence of CG was not
restored after photobleaching, indicating that the aerolysin pore was com-
pletely impermeable to CG. (c) Ghosts were loaded with CG and DMN,
treated with aerolysin, and suspended in a buffer free of CG, DMN, and
Ca?*. At various times after transfer, Ca>* was released in the intracellular
compartments of ghosts by photolysis and the intracellular fluorescence
was derived from confocal images. The same intracellular fluorescence
was always elicited up to 2 h after transfer, indicating that the aerolysin
pore was impermeable to DMN. In all cases shown the symbols represent
the mean of approximately 10 individual values.

aerolysin concentration (Table 1), whereas the single-chan-
nel rate constants were (7.8 = 1.85) X 1073 s~ and (8.20
*+2.3) X 1072 57!, and thus were indistinguishable within
experimental accuracy. This was in perfect agreement with
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FIGURE 7 Examples of single-cell measurements to determine the
transport rate constant for Ca>*. A series of confocal images as shown in
Fig. 5 was evaluated for the intracellular fluorescence of individual ghosts.
The intracellular fluorescence was then plotted plotted as [F(1) — Fy,;, )
[Frax — F(9)] versus time after photolysis (symbols) and fitted by Eq. 7
(lines). As an example, the experimental values (symbols) of three ghosts
are shown with rate constants of 7.9 X 1073 (@), 14.7 X 10™3 (@), and
23.2 X 1073 (A) s™!, respectively, which closely correspond to the mean
k-values for ghosts with one, two, or three pores (cf. Fig. 8)

expectation, strengthening the confidence in the theoretical
concept and its experimental realization, both of which are
considerably more complex in the case of a nonfluorescent
than a fluorescent transport substrate.

DISCUSSION

In the present study recently developed microscopic fluo-
rescence methods were employed to subject the aerolysin
pore in human erythrocyte membranes to an optical single-
channel analysis. The single-channel rate constants obtained
with LY, CF, and Ca®* were used to derive the effective
radius of the aerolysin pore according to Eq. 15. The out-
come of these calculations is given in Table 2. The calcu-
lations assume a homogeneous population of cylindrical
water-filled pores, a condition presumably approximated by
the aerolysin pore (Wilmsen et al.,, 1992; Parker et al.,
1994). The pore radius calculation also assumes that the
transported substrate is a spherical molecule and that it is
much smaller than the radius of the pore. Neither of these
assumptions may be true in our studies. However, the in-
fluence of size of the molecule relative to the pore can be
partially corrected for by taking steric hindrance at the pore
entrance and viscous drag inside the pore into account
according to Eq. 16 (Pappenheimer et al., 1951; Renkin,
1954; Paine and Scherr, 1975). The corrected radius of the
aerolysin pore, derived in this manner, amounted to 23 A,
22 A, or 19 A, using the rate constants of LY, CF, or Ca**
(Table 2).

Interestingly, the corrected pore radius was about the
same when derived from the data for LY and CF, in spite of
the fact that the rate constants for these molecules differed

Volume 70 February 1996

a

} i

“1DN\”HH’WM‘;._ “““ _‘

|

|

”
| \
1
FIGURE 8 Optical single-channel analysis of the transport properties of
the aerolysin pore for Ca%*. (a) and (b) pertain to ghost suspensions treated
with different aerolysin concentrations (about 75 and 150 ng/ml). In both
cases the transport rate constant was determined for a large number of
individual ghosts using the procedure shown in Fig. 7. The number of
k-values found within a given k interval was then plotted versus k (bars).
The k-value distribution shows discrete peaks, indicative of subpopulations
of ghosts with a different number of pores. Only the peaks corresponding
to cells with one opr two pores are clearly resolved, whereas peaks
corresponding to higher pore numbers disappear in the noise. Fitting the
experimental data by Eq. 14 (line) yielded the rate constant of ghosts with

a single pore to be (7.8 * 1.85) X 10735~ (@) and (8.20 % 2.3) X 1073
s~ ! (b) and the mean number of pores per ghost to be 0.56 (a) and 1.58 (b).

p(k)

k[103s71]

by a factor of 5.5. On the other hand, the corrected pore
radius derived from the Ca®" data was slightly smaller. This
may be because the Pappenheimer-Renking correction de-
scribed above does not account for fixed charges on the pore
wall. Previous conductance measurements of the aerolysin
pore reconstituted in planar lipid bilayers suggested a slight
anion preference with a C1 /Na* permeability ratio of 3.6:1
(Wilmsen et al., 1990), and this likely explains the differ-
ences between pore radius values derived from flux of the
two organic anions and Ca’*. In any case, our results
suggest that the aerolysin pore in the erythrocyte membrane
has a radius between 19 and 23 A, in reasonably good
agreement with the estimate of an upper limit of 15 A based
on the permeability of erythrocytes containing aerolysin
channels to peptides of different sizes (Howard and Buck-
ley, 1982).
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TABLE 2 Functional and structural properties of the
aerolysin pore as derived from the optical single-channel
analysis

Lucifer Carboxy-
yellow fluorescein Ca**
Molecular mass (Da) 457 376 40
Diffusion coefficient*
(pm? s™h) 275 217 740
Effective molecular
radius* (A) 78 10 2.9

Single-channel rate

constant (1073

s7h 1.83 0.33 8.0
Flux per pore®

(molecules s™!

mM™h) 72,000 13,000 312,000
Pore radius? (A)

Effective 9.8 5.0 13.2

Corrected 23 22 19

* Lateral diffusion coefficent D in water at 23°C. Values are taken from
Peters et al. (1990) for Lucifer yellow, from Blonk et al. (1992) for
carboxyfluorescein, and from Allbritton et al. (1992) for Ca?*.

* For Lucifer yellow and Ca?* a hydrodynamic radius @ was dervived from
the diffusion coefficient according to a = kT/6mmD. The value for car-
boxyfluorescein was taken from Blonk et al. (1992), who determined an
overall a of fluorescein isothiocyanate by molecular modeling. We assume
here that both a and the diffusion coefficient of flurorescein isothiocyanate
and carboxyflurorescein are virtually identical.

$ At a concentration difference across the membrane of 1 mM.

1 The effective radius was calculated according to Eq. 13 with Ax = 80 A.
The corrected radius was derived according to Eq. 14, taking steric hin-
drance and viscous drag according to Pappenheimer et al. (1951), Renkin
(1954), and Paine and Scherr (1975) into account.

In the cytosol of resting cells the concentration of free
Ca®" is normally kept at a low level (<0.1 uM), and
elevations of Ca®" concentration are tightly controlled in
time and space to regulate a large number of metabolic
reactions (for a review, see Petersen et al., 1994). In con-
trast, the extracellular Ca®>* concentration usually amounts
to >1 mM. Using the results of the present study it is
possible to estimate what effect the insertion of a single pore
into the plasma membrane would have on erythrocyte Ca*
homeostasis. Assuming that the Ca’" concentration differ-
ence across the plasma membrane amounts to 1 mM, ap-
plication of Eq. 10 with V., = 65 fl (Kubitscheck et al.,
1995) yields a flux of about 300,000 calcium ions per
aerolysin pore per second. The corresponding values for LY
and CF are listed in Table 2. This calcium flux rate implies
(Eq. 1) that after insertion of a single aerolysin pore into the
membrane of an erythrocyte ghost, the intracellular calcium
concentration would increase at an initial rate of 8 uM
every second. Ca®* levels would continue to rise rapidly for
several minutes, then increase less rapidly, reaching a con-
stant level about 10 min after the channel was formed (cf.
Fig. 7). In intact erythrocytes, the increase in the intracel-
lular Ca®" concentration would be dampened by Ca’*
export via the plasma membrane calcium pump (PMCA).
However, the maximum pumping rate of the PMCA is only
about 50 calcium ions per active PMCA monomer per
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second, or 40,000 calcium ions per erythrocyte per second,
as determined recently (Kubitscheck et al., 1995). Thus the
total pool of PMCA molecules in the erythrocyte would not
nearly be sufficient to counteract the effect of a single
aerolysin pore. In other cell types, any Ca”* increase would
also be reduced by calcium buffers, which typically are
present at cytosolic concentrations of up to 300 uM (All-
briton et al., 1992), as well as by calcium uptake into
intracellular stores. However, because a sudden and perma-
nent rise in the cytosolic Ca®>* concentration above ~1 uM
is sufficient to rapidly trigger necrotic and apoptotic death
(Orrenius et al., 1989; Nicotera et al., 1994), a single aero-
lysin pore would obviously be an immediate and severe
threat to sensitive cells.

On the other hand, osmotic effects, which are usually said
be the major cause of cell death by pore-forming proteins,
develop much more slowly. For example, in erythrocytes
hemolysis is only 10% complete 25 min after the addition of
enough aerolysin to generate approximately 1 pore/cell (not
shown here). This was determined by measuring the in-
crease in transmission of a 2% erythrocyte suspension at
800 nm (room temperature). Other cell types might be able
to remove aerolysin channels by proteolysis or endocytosis
over such a long time scale and thereby resist death due to
changes in osmotic pressure. Thus our results and calcula-
tions lead to the conclusion that at very low toxin concen-
tration, as it is likely to be in an infected host, cells are more
likely to succumb to a disturbance in intracellular Ca**
homeostasis than to osmotic imbalance.

Finally, it may be pointed out that the results reported in
this paper suggest that OSCA is not restricted to the char-
acterization of aerolysin pores but can be applied to many
other problems. The functional analysis of membrane trans-
porters by electrical measurements of single-channel events
is widely used and has had a decisive impact on membrane
biology (for a review, see Sakmann and Neher, 1991). The
major domain of the electrical signal analysis is the fast
transport of small anorganic ions through transmembrane
channels. The optical single-channel analysis, in compari-
son, can provide data on the transport of small and large,
charged and uncharged, fluorescent and nonfluorescent sub-
strates (Peters et al., 1990; Sauer et al., 1991). Moreover,
OSCA is probably sensitive enough to detect small fluxes
such as those mediated by carriers and pumps, and, based on
fluorescence detection, OSCA should be able to simulta-
neously follow the flux of two or more transport substrates.
On the other hand, the time resolution of OSCA is smaller
than that of electrical recordings and it may be difficult to
pick up by OSCA channel opening and closing.
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