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We demonstrate experimentally that anthrax toxin complexes rupture artificial lipid bilayer mem-
branes when isolated from the blood of infected animals. When the solution pH is temporally acid-
ified to mimic that process in endosomes, recombinant anthrax toxin forms an irreversibly bound
complex, which also destabilizes membranes. The results suggest an alternative mechanism for the

translocation of anthrax toxin into the cytoplasm. [http://dx.doi.org/10.1063/1.4816467]

. INTRODUCTION

Bacillus anthracis infects cells as an A-B toxin. The pro-
cess begins when the B-component (83 kDa protective anti-
gen PAg; protein) binds to receptors on cell membranes'—
and is cleaved by a furin-type protease on the cell surface.
The 63 kg/mol fragment, PAg;, remains receptor bound*>
and forms a nanometer-scale heptameric pre-pore,’ (PAg3)7,
that binds up to three A-components, the 90 kDa lethal fac-
tor (LF), or the 89 kDa edema factor (EF) molecules.” PA¢3
then forms nanometer-scale pores in membranes. This pro-
cess and aggregation of PA receptors triggers endocytosis,®
which delivers the toxin complexes into endosomes. The re-
duced pH in these vesicles’ reportedly promotes the disso-
ciation of toxin complexes from their cell receptors and in-
sertion of PAg; oligomers into the membrane of intraluminal
vesicles.!? A minor fraction of PAg; forms an octamer, which
is less capable of forming channels, more robust in serum, and
less cytotoxic.'-1?

In the cytoplasm, LF and EF exert different deleteri-
ous effects on cells.'*!7 Isolation of cytosolic and mem-
brane fractions of time-course samples from intoxicated
macrophages revealed that EF remained bound to the mem-
brane fraction, while LF was found in the cytosolic fraction.'®
Understanding how they are transported into cells is of signif-
icant interest and the focus of this paper.

Several groups hypothesized that the transport of LF and
EF into the cell requires their translocation through the PAg;
pore,'>2Y which has a diameter of ~1.2-2 nm.?'~>* Previous
electrophysiological studies demonstrated that full-length LF
and EF (~760 amino acids each)?*?’ and their N-terminal
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fragments (LFy and EFy, ~254 amino acids each)?®32 bind
strongly but reversibly to the channel and reduce the pore con-
ductance. Reversal of the LFy-induced channel current block-
ade is kinetically dependent on the bulk pH and transmem-
brane pH gradients.?® It has been suggested that the blocking
and subsequent unblocking of the channel by LFy and EFy is
due to the complete translocation of these proteins through the
channel. However, if these models are relevant to their full-
length analogs, then LF and EF would have to unfold, detach
from the channel, completely transport through the channel,
and subsequently refold into fully functional enzymes in the
cytosol, none of which has been demonstrated.

The transport of biopolymers (e.g., DNA and proteins)
through single nanometer-scale pores, ion channels, and
complex membrane protein machinery is of considerable
experimental and theoretical interest.>** The anthrax toxin
translocase mechanism, however, cannot account for all of
the interactions between LF or EF and the PAg; channel. For
example, anthrax toxin harvested from the blood of infected
animals can be isolated in a complex of PAg3 oligomer, polyg-
lutamic acid-based capsule material, and LF or EE.?#+2%54
This harvested complex has adverse effects when exposed to
macrophages in vitro and when injected into animals.>® In-
terestingly, LF is enzymatically active in a complex with the
PA¢3 channel® and the complex reconstitutes into planar bi-
layer membranes.?* The latter result led to the hypothesis that
the anthrax toxin complex (LF or EF bound to the channel)
might enter the cytoplasm and cause cell intoxication.?

Here, we demonstrate that anthrax toxin can rupture ar-
tificial lipid bilayer membranes. In addition, we show that
transmembrane pH gradient similar to that of an acidified en-
dosome causes recombinant LF or EF to bind essentially ir-
reversibly to the channel. The results suggest an alternative
mechanism in which the anthrax toxin catalyzes the rupture
of the endosomal membrane, thereby releasing the toxins into
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FIG. 1. A schematic illustration of two putative mechanisms for PAg3
channel-mediated LF and EF transport into the cytoplasm. One model sug-
gests that LF and EF thread through the pore.'>?° The results shown here
suggest that anthrax toxin complexes (i.e., LF or EF bound to the PAg3 chan-
nel) rupture membranes. A previous study demonstrated that LF in the com-
plex is enzymatically active.”

the cytoplasm.? Figure 1 illustrates the putative translocase
and rupture mechanisms for LF and EF transport from the en-
dosomal interior to the cytoplasm.

Il. MATERIALS AND METHODS
A. Reagents

Buffered electrolyte solutions were prepared with potas-
sium chloride (KCl, J.T. Baker, Phillipsburg, NJ), morpholi-
noethanesulfonic acid monohydrate (MES, Aldrich, St. Louis,
MO), and deionized water (Millipore Milli-Q Synthesis,
Billerica, MA). The membrane-forming solution contained
diphytanoyl phosphatidylcholine (DiPhyPC, Avanti Polar
Lipids, Alabaster, AL) in pentane (Burdick and Jackson,
Muskegon, MI). Recombinant forms of Bacillus anthracis
PAg3, LF, and EF were obtained from List Biological Lab-
oratories (Campbell, CA) and reconstituted per the man-
ufacturer’s instructions. Hexadecane, poly(allylamine hy-
drochloride) (PAH, 56 kg/mol), poly(styrene sulfonate) (PSS,
70 kg/mol), D- and L-polyglutamic acid (PGlu, 25 kg/mol),
and both chiral forms of poly(lysine) (PLys, 28 kg/mol) were
obtained from Sigma-Aldrich (St. Louis, MO). Ionic cur-
rent recordings were acquired with an Axon Instruments Ax-
opatch 200B patch-clamp amplifier and Digidata 1322 analog
to digital converter that were controlled with Axon pClamp
9 software (Molecular Devices, Sunnyvale, CA). The current
recordings were analyzed with in-house software.

B. Preparation of animal-isolated anthrax toxin

Studies were conducted with B. anthracis Ames spores
prepared as previously described.®>” Briefly, the spores were
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produced in flask cultures of Leighton and Doi medium, har-
vested by centrifugation, washed in sterile water for injection,
and purified on a single-step gradient of 60% Hypaque-76
(Nycomed, Inc., Princeton, NJ), then stored until use at 4 °C
in 1% phenol. The spores were used to challenge naive guinea
pigs, rabbits, and monkeys by the aerosol route.’>

During the terminal stages of infection, blood from the
moribund animals was collected in Vacutainer tubes con-
taining EDTA (Beckton Dickinson, Franklin Lakes, NJ) to
inhibit calcium-dependent protease activity on PA.%° Blood
cells were removed by centrifugation and the plasma was fil-
tered through 0.22 pum syringe filters (Millipore, Billerica,
MA) and stored at 4 °C no longer than 2 days for analysis by
Western blot, fractionation by column chromatography, and
LF protease assays. Aliquots were maintained at —70 °C for
long-term storage.

Filter-sterilized plasma from each infected animal was di-
luted in phosphate buffered saline solution (PBS), and applied
to a Superose 6 size exclusion column (GE Healthcare, Pis-
cataway NJ), at a flow rate of 0.5 ml/min. Capsule from B.
anthracis Ames was prepared as described earlier.%! Purified
capsule, capsule-toxin complex, PA, and LF from fraction-
ated plasma were detected by Western blot> or by methy-
lene blue staining of capsule.®” Plasma fractions were also
subjected to PA capture ELISA with a purified anti-PA an-
tibody (IgG) produced in goats. Lethal toxin complexes in
plasma were captured with the immobilized goat anti-PA and
then assayed for other associated bacterial antigens. Briefly,
wells of microdilution plates (Linbro/Titertek) were coated
with purified goat anti-PA IgG in 0.05 M sodium borate
buffer, pH 9.0, and blocked with PBS containing 0.5% gelatin,
0.3% Tween 20, and 1% bovine serum albumin (PBGT-BSA).
Horseradish peroxidase (HRP)-conjugated monoclonal an-
tibodies to PAgs, PAyy, LF, and capsule (FDF-1B9) were
used as secondary antibodies. The chromogenic substrate 2,
2-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (Sigma,
St. Louis MO) was used, and absorbance was determined with
a Bio-Tek 308 micro-plate reader (Bio-Rad) at 405 nm. LF
protease activity in the Lethal Toxin complexes was deter-
mined as previously described.”” Plasma fractions containing
capsule/anthrax toxin complexes were then used for electro-
physiology experiments on artificial lipid bilayer membranes
described herein.

C. Artificial planar membrane formation

Planar lipid bilayer membranes were prepared similarly
to classical black lipid membrane techniques.®* A two-well
Teflon chamber was separated by a 25 pm thick Teflon parti-
tion. The DiPhyPC bilayer membranes were formed across a
hexadecane-primed 120-um diameter hole in the partition. A
transmembrane potential was applied via two Ag/AgCl elec-
trodes bathed in 3 M KCl and isolated with Vycor glass frits
(Koslow Scientific Company, Englewood, NJ). Each well held
2 ml of buffer (100 mM KCI, 5 mM MES). The stability of
the membrane was verified over 2200 mV before performing
the experiments described herein. The notation pH,; indicates
the pH of the cis and frans solutions, respectively (e.g., pHe|;
7.2|5.5 represents pH,;; 7.2 and pH,yqps 5.5).
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D. Droplet membrane formation

A sample well was formed by drilling a 10 mm hole in
a 75 mm x 25 mm x 1 mm microscope slide and attaching
a #1.5 glass cover slip to one side sealing the hole and cre-
ating a =75 pl volume. The well was filled with 10 mg/ml
DiPhyPC in hexadecane (99.8% purity, Sigma-Aldrich, St.
Louis, MO). The ends of two 76 um diameter Ag wires (A-
M Systems, Carlsborg, WA) were etched using a modifica-
tion of previously described techniques.®*® Briefly, a 50 ml
Pt crucible was filled with a solution of 28% ammonium hy-
droxide. The Ag wire was mounted to a vertical translator
and connected to one electrode of an adjustable step-down
transformer. After connecting the crucible to the other trans-
former electrode, the wire was lowered into the solution so
that 1-2 mm of the wire’s end was submerged in the solution.
The transformer was turned on and adjusted to ~60 V (at
60 Hz) and the wire was manually extracted from the so-
lution at ~1 mm/s. This formed silver tips with a ~10 um
radius of curvature. The tips were then chloridized by im-
mersing them in a bleach solution for several minutes. The
tips were set in separate micropipette holders (Warner Instru-
ments, Hamden, CT), attached to manual translation stages
(Newport, Irvine, CA), and positioned so that the ends of the
tips were immersed in the lipid solution and held ~500 um
apart. A femtopipette tip (Eppendorf, Hamburg, Germany)
delivered 100 wm diameter aqueous droplets to the ends of
each tip. The droplets spontaneously adhered to the end of
each tip and a lipid monolayer assembled at the water-solvent
interface. After waiting several minutes for the monolayer
to form, the droplets were brought into contact with each
other and a bilayer membrane spontaneously formed,®-¢’
as judged by conductance and capacitance measurements.
Each droplet contained the aqueous buffer (100 mM KClI,
5 mM MES) at pH 7.2.

E. Integration of recombinant PAg;
artificial membranes

Ion channels were reconstituted into the planar bilayer
membranes by adding 0.5-1.0 ul of 0.2 mg/ml PAg; (in
10 mM bis Tris phosphate at pH 8.0) to pH 7.2 buffer in
one well (cis chamber). Channel formation was monitored at
450 mV, which drove cations from the cis to the trans cham-
ber. When the conductance exceeded that of 25 channels, the
cis chamber was flushed extensively with fresh buffer to re-
move excess PAgs;. The instantaneous current—voltage (I-V)
relationship was determined at pH 7.2 by averaging over
400 ms of the current time series for each voltage (+150 mV
in 10 mV increments).

F. The pH dependence of PAg; conductance
and LF binding

The pH gradients across PAgz-containing membranes
were first adjusted by perfusing the chambers with buffer at
the desired pH. The instantaneous /-V relationship was de-
termined again to account for pH-induced deviations in the
channel conductance. The LF concentration was increased by
the stepwise addition of a concentrated (=10 uM) LF solu-
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tion. The chambers were thoroughly mixed by stirring. After
the ionic current monitored at V = 450 mV had stabilized,
an instantaneous /-V relationship was acquired for each LF
addition.

G. Effect of EF/ LF present during acidification

Continuous monitoring of the channel conductance at V'
= +50 mV was performed by adjusting the pH and EF or LF
content of the cis solution while maintaining the trans solu-
tion at pH 7.2. In these experiments, PAgs was in the cis cham-
ber (pH 7.2) until a conductance equivalent of ~60 chan-
nels was obtained. After extensive flushing with fresh pH 7.2
buffer, the I-V relationship was measured. After the cis addi-
tion of 1 nM LF, the channel conductance was monitored for
~20 min prior to rinsing the cis chamber with either pH 7.2
buffer or pH 5.5 buffer containing 1 nM LF (created immedi-
ately before perfusion). Each subsequent cis rinsing step was
followed by monitoring the current response for ~20 min. To
facilitate the recovery of channel activity, three 30 s pulses
at V = —50 mV were applied during the monitoring period.
After returning the cis solution to [LF] = 0 and pH 7.2, the
current recordings were monitored for 60 min. The I-V rela-
tionship was measured at the beginning and end of each ex-
periment (pH 7.2 and [LF] ~ 0). This procedure was repeated
for EF.

H. Planar membrane rupture by recombinant proteins

PAg;3-containing membranes were exposed to 1 nM of EF
or LF at pH 7.2. For controls, the EF or LF was flushed from
the cis chamber with fresh pH 7.2 buffer. For acidic condi-
tioning, the EF or LF concentration was maintained at 1 nM
while the pH was lowered to pH 5.5 by perfusing with pH 5.5
buffer containing 1 nM EF or LF. After acidic conditioning,
the EF or LF was removed with fresh pH 5.5 buffer. The pH
of the solution was adjusted accordingly per the experiment.
The membrane rupturing capability was tested by applying a
holding potential for <10 min.

I. Planar membrane rupture by cationic polymers

The effect of ionic polymers was tested by adding a
cationic polymer (PGlu, PSS, PAH, or PLys) to the cis side
of planar bilayer membranes that contain PAg;. The instanta-
neous /-V relationship of the PAg; channels was measured in
the presence of each polymer up to a concentration of 10 nM.
The membrane rupturing capability was tested by applying a
holding potential for <10 min.

J. Planar membrane rupture by animal isolates

Toxins were integrated into planar membranes by pipet-
ting ~5 wul of the purified complex directly over a pla-
nar membrane bathed in pH 7.2 buffer. At least 3 purified
fractions of toxin-capsule complex harvested from guinea
pigs, rabbits, and monkeys were tested. Channel integration
was verified by a detectable increase in the ionic current at
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V = +50 mV, and the /-V relationships and membrane stabil-
ity were tested.

K. Droplet membrane rupture by animal isolates

Toxins were integrated into droplet membranes via a fem-
tojet pipetting system (Eppendorf, Hamburg, Germany). Only
the last fractions of the toxin-capsule complex harvested from
guinea pigs, rabbits, and monkeys were tested because they
were the only samples of low enough density that could be
delivered by the femtojet. Again, the /-V relationships and
membrane stability were obtained.

L. Molecular modeling

Discovery Studio 2.0 (Accelrys, San Diego, CA) was
used to calculate the pKa values for all the ionizable amino
acids in the reported theoretical model of the PAg; chan-
nel pore (PDB code 1V36). The protonated state of the pore
model was constructed and energy was refined using InsightIl
and Discover 3.0 (Accelrys, San Diego, CA). Electrostatic po-
tential surfaces were calculated and visualized using Delphi
and InsightIl (Accelrys, San Diego, CA).

lll. RESULTS

A. Artificial lipid bilayer membrane rupture induced
by anthrax toxin harvested from infected animals

Anthrax toxin harvested from late-stage infected ani-
mals is associated with capsule material.** Previous in vitro
electrophysiology studies involving animal-harvested toxin
demonstrated that the instantaneous /-V relationship of the
reconstituted ion channels in those samples was highly recti-
fying and virtually identical to that of recombinant LF bound
to the PAg; ion channel.*

In this study, 5-10 ul aliquots of toxin-capsule complex
were injected directly over the planar membrane without stir-
ring, instead of mixing into the bathing solution.?* Direct de-
livery of the toxin complex avoided dilution of the sample
and caused more vigorous channel insertion. As expected, the
instantaneous /-V relationship (Fig. 2(a), (o)) shows that the

(a) (b)
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harvested complex initially forms highly rectifying channels
consistent with previously observed behavior for the LF:PAg3
channel complex. Over the next 90 min, the ionic current rec-
tification decreases (Fig. 2(a), open symbols), which suggests
the slow dissociation of components in the anthrax toxin com-
plex under the conditions used here (100 mM KCI, 5 mM
MES, pHy, 7.2|7.2). Similar results were obtained with toxin-
capsule complex isolated from anthrax-infected guinea pigs,
rabbits, and monkeys.

When a constant potential of |V| > 70 mV was applied
within 15 min after injecting the toxin-capsule complex, the
ionic current progressed to the amplifier’s current limit, sug-
gesting that the planar bilayer membranes ruptured (data sim-
ilar to Fig. 2(b)). At positive applied potentials, the strongly
rectified channel had a low current value with little noise at
the onset of the experiment. After several minutes, the cur-
rent noise increased, akin to membrane electroporation.®-"!
Once destabilized, the membrane spontaneously ruptured
(cf. Fig. 2(b), inset).

The anthrax toxin-capsule complex was purified as a long
band that was divided into fractions. The earliest fractions
contained the greatest concentrations of PAg3, highest LF ac-
tivity, and the largest capsule material polymers. All fractions
of the toxin-capsule complex purified from anthrax-infected
rabbits, guinea pigs, and monkeys caused >90% of the pla-
nar membranes to rupture, if a relatively high transmembrane
voltage (e.g., [V| > 100 mV) was applied within 15 min of
injection. The membranes did not rupture if the potential was
applied more than 15 min after injection (data not shown).
The loss of rupture capability is likely caused by the diffusion
of a component into the bulk. In a previous study, when the
toxin was mixed into the 2 ml bathing solution and allowed to
diffuse to the membrane, it did not cause membrane rupture
up to |[V] = 130 mV.>*

B. Effect of pH gradients on recombinant
anthrax toxin

In vivo, a pH gradient across the endosomal membrane
(the endosome interior is acidic with respect to the cytosol)
coincides with the deleterious results of the anthrax toxin.”

FIG. 2. Interaction of animal-harvested anthrax toxin with artificial lipid bilayer membranes. (a) The I-V relationship of anthrax toxin was initially strongly
rectifying (o). The degree of rectification decreased with increasing time after sample addition (10 min ([J), and 90 min (A). Inset: schematic illustration of
LF bound to a PAg3 channel in an artificial lipid bilayer membrane. (b) Ionic current time series recordings and video micrographs (insef) at V = 180 mV
demonstrate that anthrax toxin harvested from infected rabbits causes the membrane to become unstable and eventually rupture (). The grey rods in the
micrographs are Ag/AgCl electrodes, and the solutions contained 100 mM KCl, 5 mM MES at pH 7.2. Capsule material was present in the isolated fractions of

anthrax toxin.
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FIG. 3. The effect of pH gradients on the PAg3 channel instantaneous /-V relationship in the absence and presence of LF (a)—(d). The cis and trans compartments
were buffered at either pH 7.2 or 5.5, as indicated in each panel. The LF concentration in the cis chamber was either zero () or 1 nM (e). Normalized current
for the LF-free (e) and 1 nM LF data (f) highlights relative changes due to pH. Colorization indicates the pH condition as used in (a)-(d), normalized at 10 mV
and 120 mV, respectively. The error bars, which represent the standard deviation (n > 7), are generally smaller than the symbols.

Thus, we attempted to recreate this membrane rupture phe-
nomenon with recombinant EF, LF, and PAg; by examining
the effects of transmembrane pH gradients on anthrax toxin
in artificial lipid bilayer membranes.

In the absence of LF, the pH values of the cis- and trans-
side solutions both markedly affect the channel’s instanta-
neous /-V relationship (Fig. 3, open symbols). Note that the
I-V relationship obtained in the presence of an unphysiologi-
cal pH gradient is superlinear (Fig. 3(c)), whereas those with
physiologically relevant gradients are sublinear (Figs. 3(a),
3(b), and 3(d)). A structural model of the PAg; channel?” pro-
vides a likely explanation for the pH-dependent channel con-
ductance. The charges of ionizable amino acid side chains
near the cap domain pore entrance (His211) and in the cap
lumen (E398, E465, D472) will change as the bulk pH,;
is reduced from 7.2 to 5.5 (Table I). Similarly, His304 and
His310, which are located near the frans pore entrance, will
be affected by shifts in pH. A change in the charges on these
side chains would markedly alter the barriers to ion transport
through the pore.”® Therefore, all PAg; channels were recon-
stituted into the membrane at pHj 7.2[7.2 as a reference point
for channel performance.

The addition of LF to the cis compartment caused a
marked reduction in channel conductance at positive poten-
tials for the pH gradients shown here (Fig. 3, solid symbols).
The degree by which LF reduced the current for negative
potentials depended on the direction and magnitude of the
pH gradient. When only the cis compartment was acidified
(Fig. 3(b)), LF also reduced the conductance for negative volt-
ages. For non-physiological pH gradients (pH 7.2|5.5 and
5.5|5.5, Figs. 3(c) and 3(d), respectively), LF had little ef-
fect on the channel conductance at negative applied poten-
tials, as was observed for symmetric solutions at neutral pH
(Fig. 3(a)). The ability of LF to reduce the pore conduc-
tance at positive and negative potentials is greatest for the

pH gradient that mimics that across an acidified endosome
membrane.

Replacing the solution in the cis chamber with LF-free
buffer caused the dissociation of LF from the channel with
pH gradients of pHg 7.2[7.2, 5.5|5.5, and 7.2|5.5 (data not
shown). In contrast, when the complex was formed at pH
5.5|7.2, the channels remained blocked for >1 h after removal
of LF from the bulk. Thus, despite the slight increase of the
apparent dissociation constant at pH 5.5|7.2, LF and the
channel were essentially irreversibly bound when the proteins
interacted after the pHgs was decreased. This strong bind-
ing directly coincides with a dramatic reduction in channel
conductance at negative potentials that is observed at pH
5.5|7.2 (Fig. 3(b)). Therefore, while the apparent dissociation

TABLE I. Calculated pKa values of residue side chains in the PAg3 channel
lumen.

PAg3 residue pKa of side chain
Asp237 6.28
Glu276 3.61
Asp302 4.40
His304 6.95
Asp308 3.99
His310 7.26
Asp315 3.61
Asp335 345
Glu343 4.30
Glu398 4.89
Asp425 2.81
Asp426 3.79
Glu465 5.53
Asp472 5.14
Glud79 5.83
Glu502 5.95
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FIG. 4. Time course of the PAg3 channel conductance when (a) LF was removed before or (b) maintained [LF] = 1 nM during cis-side acidification. (Top) The
conductance equivalent of ~60 PAg3 channels was reconstituted into a planar bilayer membrane at pHey 7.2|7.2 (black). Then, 1 nM LF was added to the cis
chamber (blue). (Middle) The pHeje 5.5|7.2 gradient was formed by perfusing the cis chamber with pH 5.5 buffer that contained either [LF] = 0 (red) or [LF]
= 1 nM (green). (Bottom) The neutral pH condition (pH¢|; 7.2|7.2) (black) was restored by perfusing the cis chamber with pH 7.2 buffer. If LF was present, the
cis chamber was first purfused with pH 5.5 buffer (red) then pH 7.2 buffer (black). The ionic current was monitored for 220 min after each perfusion and ~60
min after the final perfusion. The applied potential was V = +50 mV. Breaks in the current recordings correspond to ~30 s pulses at V = —50 mV. The periodic
noise corresponds to magnetic stirring during perfusion. (c) Instantaneous /-V measurements and the current rectification ratio (inset) taken at the beginning (O)

and end (,o) of the ionic current series confirm that the complex became essentially irreversibly bound only when maintained [LF] = 1 nM during cis-side

acidification. Similar results were obtained with EF (not shown).

constant determined at positive potentials may characterize
the LF prepore or external binding site, the loss of conduc-
tance at negative potentials may indicate a second, stronger
binding site.

To better understand the essentially irreversible binding
of LF (or EF) to the channel, we monitored the evolution of
this state with continuous ionic current recordings. The effect
of cis-side acidification on the LF:channel complex formed
at pHe 7.2|7.2 is illustrated in Fig. 4. The membrane con-
tained the conductance equivalent of ~60 channels. The ad-
dition of 1 nM LF to the cis compartment markedly reduced
the channel conductance (Fig. 4(a), fop). After removing LF,
the conductance was still low relative to that of the open chan-
nels. Reducing the pHg;; to 5.5 caused the current to slowly
increase (Fig. 4(a), middle), which is consistent with dissoci-
ation of LF (Fig. 8). Brief potential reversals (Fig. 4(a), time
axis breaks) caused a further increase in current, because of
additional dissociation of LF from the channel and/or the re-
versal of channel gating.?* The current increased further when
pH.is was returned to 7.2 (Fig. 4(a), bottom) likely due to the
pH-dependence of the channel conductance (Fig. 3) and addi-
tional LF dissociation. Potential reversals (Fig. 4(a), bottom,
time axis break) again caused the current to increase slightly.
About 30 min after returning the solutions to the initial condi-
tion, the conductance typically recovered to ~90% of the ini-
tial value (cf. Fig. 4(a), O and E). Thus, the number of func-
tional channels in the membrane was conserved, and nearly
all of the complex had dissociated. Using the same experi-
mental protocols, similar results were obtained with EF (data
not shown). No rupture events were observed for membranes
with either recombinant EF or LF bound to the channel pro-
cessed in this manner.

The experiment in Fig. 4(a), however, does not com-
pletely mimic in vivo conditions because the concentration
of LF within the endosome is implied to be zero. A single LF
molecule confined in an endocytotic vesicle (x0.2 fL7*) cor-

responds to a bulk LF concentration of ~8 nM. If the rate con-
stant for association is assumed to be k,, ~ 10° M~! s7!, by
mass action, the complex would reform in ~0.1 s after its dis-
sociation. Given the approximately fourfold increase apparent
dissociation constant at pH 5.5|7.2, acidification of the endo-
some should promote the dissociation of LF from the channel,
as we indeed observed in Fig. 4(a). In the in vitro mimic where
LF is removed prior to acidification, the ~180 LF molecules
initially bound to the ~60 channels equate to ~0.3 aM LF in
the 1 ml chamber; ~10 orders of magnitude below extrapo-
lated [LF]pux. Therefore, the [LF]y,x should be controlled to
better mimic the finite volume of the endosome.

To test this hypothesis, we repeated the experiment to
maintain the [LF]pyx at 1 nM during the acidification of the
cis compartment. Initially, LF caused a significant decrease
in the current flowing through ~60 channels (Fig. 4(b), top).
The channels remained occluded after the cis chamber was
perfused with a pH 5.5 buffer containing 1 nM LF and cy-
cling the applied potential (Fig. 4(b), middle), because the
bulk still contained LF. Surprisingly, removing the LF with
fresh pH 5.5 buffer caused only a minor increase in the current
(Fig. 4(b), bottom), which remained low even after a subse-
quent rinsing with pH 7.2 buffer (Fig. 4(b), e). About 90 min
after re-establishing the initial conditions (pHy 7.2/7.2,
[LF]puk = 0), the final channel conductance was only ~17%
of the initial value (cf. Fig. 4(b), O and e) and similar to the
channel current for 1 nM LF at pH,;; 7.2 (Fig. 4(b), top right).

The sharp contrast between the results in Figs. 4(a) and
4(b) suggests that maintaining the LF concentration during
acidification has a dramatic effect on the anthrax toxin inter-
actions, which is presented more clearly in the channel’s I-V
relationships and rectification ratios. When virtually all of the
LF is removed before acidification (Fig. 4(a)), the shape of the
I-V relationship was not altered significantly by changing the
pH gradient, with the exception of small decrease in the num-
ber of channels (cf. Fig. 4(c), © and ). Thus, LF dissociated
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FIG. 5. Rupture events of planar membranes caused by complexes of either essentially irreversibly bound recombinant (a) LF:PAg3 channel and (b) EF:PAg3
channel. Membrane rupture was also achieved by exposing the channel to the cis addition of the polycations (c) 28 kg/mol poly-L-lysine, and (d) 56 kg/mol
poly(allylamine hydrocholoride). Chirality and cis/trans addition did not inhibit the membrane rupture capability (not shown). The membranes rupture events
are denoted by (f). The solutions on either side of the membrane contained 100 mM KCl and 5 mM MES at pH 7.2. Membrane rupture with irreversibly bound
recombinant proteins was also achievable at pHej; 5.5[7.2 (not shown). The applied potential was |[V| = 120 mV for recombinant proteins or [V| = 50 mV for the

polycations.

from the channels and either diffused into the cis chamber or
translocated through the pores. In contrast, the ion channels
were strongly rectifying (Fig. 4(c), e) when [LF]yyx = 1 nM
during acidification (Fig. 4(b)). The LF was essentially irre-
versibly bound at 450 mV, a potential that presumably initi-
ates LFy translocation.?® 7> Similar results were obtained with
EF (data not shown).

C. Membrane rupture with recombinant anthrax toxin

The irreversibly bound complex of LF:PAg; channel or
EF: PAg3 channel causes planar bilayer membranes to rupture
for |[V/ > 120 mV (Figs. 5(a) and 5(b)). The membranes rup-
tured even after excess LF (or EF) was removed from the bulk
at pH 5.5 (data not shown) or when pH,;; was subsequently
returned to pH 7.2 (data not shown). Over 80% of the mem-
branes ruptured when the recombinant toxin formed an irre-
versible complex (i.e., when LF or EF was in the bulk during
acidification of the cis side.

We challenged recombinant PAg; channels with charged
polymers to determine if they bind to the channel and subse-
quently rupture the membrane. The N-terminii of LF and EF
are relatively rich in cationic residues’® and cationic polymers
interact strongly with the pore.””>”® The polycations PLys and
PAH (up to 10 nM) ruptured membranes for |[V| > 50 mV
(Figs. 5(c) and 5(d)), whereas anionic polymers PSS and PGlu
did not (data not shown). The results suggest that positive
charges on pore-permeant polymers play a key role in the
rupture process, likely by binding to negative charges in the
pore.?>7% As a control, in the absence of PAg; channels, planar
bilayer membranes were unaffected by the charged polymers
and stable for [V/ up to 200 mV.

Out of 70 attempts of inducing membrane rupture with
anthrax toxin harvested from infected animal, recombinant

anthrax toxin, and polycations bound to recombinant PAg;
channels, membrane rupture was achievable at a >90% ef-
ficacy when |V] > 50 mV (28/31 animal isolates, 6/6 recom-
binant LF, 4/5 recombinant EF, 14/15 PLys, and 13/13 PAH).
At applied potentials ~120 mV, the median time to rupture a
planar bilayer membrane was ~1 s.

IV. DISCUSSION
A. Models for anthrax toxin translocation

It has been suggested that LFy and EFy, and by
inference full length LF and EF, are driven completely
through the pore. However, conclusively proving polymer
translocation through nanometer-scale pores is non-trivial.
Polymerase chain reaction amplification demonstrated that
negatively charged polynucleotides are driven electrophoret-
ically through the 2 nm diameter Staphylococcus aureus
a-Hemolysin channel.>**° Support for these measurements
was provided by theories for polymer entry’” and translo-
cation through mathematically defined thin holes*®-4!-44.53
and finite length nanopores.>®*33%33 Experimentally proving
translocation of a trace amount of protein is more difficult,
because there is no means to amplify protein. Fischer and
colleagues claimed that they could detect as few as 100 LFy
proteins (800 aM) at a rate of ~2 s~! with the channel,
while the mean time to detect individual LFy molecules at
that low concentration is ~10° s.8!

LFy translocation through the PAg3
channe]?® 30-32.80.82-87 hag been hypothesized to occur either
by electrodiffusion as charged rods” or via a “Brownian
ratchet.””° Both models make assumptions about how the
energy barriers to LFy transport are overcome. In each,
protein unfolding is assumed to be a limiting barrier. Previous
work suggests, but does not conclusively demonstrate, that
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LFy partially unfolds in a highly acidic environment (pH 2)
and in the presence of guanidinium chloride.?® The Brownian
ratchet model postulates that the energy for translocation
is the protonation/deprotonation-induced conformational
changes in LFy.

Translocation in these models is inferred from the re-
covery of LFy-induced current blockade. The possibility that
LFy dissociates from the channel under those conditions is
dismissed as unlikely.”® In their in vitro experiments, LFy
was typically removed from the bulk solution prior to ad-
justing the pH gradient.”® As we demonstrated here, the pres-
ence of LF in the bulk during acidification markedly changes
the interaction between LF and the channel (Figs. 4(a) and
4(b)). The in vitro pH gradient formation used in the previous
studies varies substantially, but follows two general patterns:
(a) static low pH values on both sides of the membrane (e.g.,
pHg 5.55.5°) or (b) starting with the symmetric acid con-
dition and forming a pH gradient by raising the pH of trans
side either by a base shock or perfusion (e.g., pHg 5.55.5 to
pHge 5.5[7.2%%). Note that the latter is precisely opposite to
what occurs in vivo. If the translocation models are to hold,
they must measure up to experiments with full-length LF and
EF using conditions that accurately mimic the acidification
of the endosome. Moreover, full-length LF and EF are three
times larger than LFy, and have catalytic domains®® that must
remain functional after putative transport.

B. Irreversible binding of anthrax toxin

The results described herein demonstrate that the inter-
actions of the anthrax toxin are more complicated than previ-
ously suggested.’*2> Specifically, the presence of LF and EF
during acidification determines the penultimate binding state.
Prematurely removing LF from the bulk and increasing the
potential to +50 mV slowly reverses the LF-induced current
blockade (Fig. 4(a)), which was also observed with LFy.?®
If the reservoir is large (=2 ml), LF will dissociate from the
complex and become infinitely diluted. Within the endosome
(~0.2 fL), however, the dissociation of a single LF molecule
corresponds to ~8 nM that would cause a rapid re-formation
of the anthrax toxin. A conformational rearrangement in the
structures of LF, EF, and/or the channel at lower pH is likely
responsible for the formation of the irreversible complex
(Fig. 4(b)).

Changes in the protonation state of ionizable amino acid
residues of the anthrax toxin are likely responsible for the
irreversibly bound complex. The pre-pore binding site,’s
however, is not a likely candidate. A decrease in pH would
increase the positive charge on both the channel cap domain
and LF (H211 of PAgs and H229/H197 of LF, Fig. 6) and
thereby favor dissociation (Figs. 4(a) and 8). The coincidence
of the irreversible binding and dramatic reduction in channel
conductance at negatives potentials at pH 5.5[7.2 (Fig. 2(b))
suggests the existence of a second, stronger binding site.
We demonstrated here that recombinant anthrax proteins be-
come irreversibly bound, which leads to membrane rupture
(Figs. 5(a) and 5(b)). Because cationic polymers also produce
these effects, the binding of cationic regions of the N-terminii
of LF and EF to the channel lumen may be a major causative
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FIG. 6. Hypothetical pH-induced changes to the putative binding pocket for
the PAe3 channel and LF. (Left) A top-down view for part of the theoretical
model of the PAgz channel?? and the crystal structure of LF’¢ oriented to
illustrate the proposed binding site. The colored regions correspond to the
subunits shown in the right panel. (Right) A “folded-open” representation of
the LF:PAg3; channel binding pocket that includes a PAg3z dimer and LF. The
space-fill region emphasizes the residues at the binding site. The electrostatic
potentials were computed at (a) pH 7.2, (b) pH 5.5, and (c) their difference.
Negative and positive electrostatic surface potentials are denoted by red and
blue, respectively.

agent of membrane rupture. In addition, because LF bound to
the PAg; channel is biologically and functionally active,? it is
conceivable that this anthrax toxin complex does not need to
dissociate to be an enzymatically active agent in the cytosol.

C. Anthrax toxin and membrane destabilization

The question is whether the electrostatic potential across
the endosomal membrane is sufficient to rupture membranes.
Large transmembrane potentials (|V| > 250 mV) can rupture
solvent containing and “solvent-free” artificial planar lipid bi-
layer membranes.5%-71%-5 The results shown here demon-
strate that voltage-induced membrane rupture can occur at
lower applied potentials with anthrax toxin-capsule complex
(Fig. 2(b)), or LF, EF, or cationic polypeptides bound to the
PAg; channel (Fig. 5).

Over the lifetime of an endosome, the pH inside de-
creases from pH 7.2 to ~pH 4 due to ATP-driven proton
pumps.”® If the proton was the only membrane-permeant
species at steady state, the transmembrane potential, A,
could be as large as 195 mV at T = 37°C, as described
by the Nernst equation.”” However, other ions and their
transporters lower the potential to (27 & 16) mV (positive
inside)’® which is consistent with the expected range esti-
mated through the Goldman-Hodgkin-Katz equation®®®” or
from a kinetic analysis of the known channels and trans-
porters in the membranes.” If we assume the distribution
of the Ay values is Gaussian, then ~2% of the endosomes
will have transmembrane potentials that are sufficiently great
(JV] = 70 mV) that would support the putative LFy or EFy
translocation model or the membrane rupture model sug-
gested herein (Fig. 1).

The larger potential required to rupture artificial lipid
membranes might be due to a need to match the thickness of
the channel’s membrane-spanning region and the bilayer.'®
Artificial membranes are often comprised of one lipid type
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and contain residual solvent that is thinned by an applied
potential.'®! The need to thin an artificial membrane is sup-
ported by the minimum voltage required for anthrax toxin
from animal isolates to rupture droplet (|V| = 180 mV) or pla-
nar membranes (|V| = 120 mV). Droplet membranes should
require a greater force to thin than planar membranes, because
solvent in the reservoir can more rapidly infiltrate the mem-
brane. There is a precedent for voltage-dependent thinning of
artificial lipid bilayers that allows peptides to disrupt mem-
branes. For example, warnericin RK acts like a detergent that
permeabilizes Legionella membranes.'> In DiPhyPC mem-
branes, the polypeptide behaves like poorly defined ion chan-
nels at low potentials. At potentials >60 mV, an erratic con-
ductance leads to membrane rupture, as we observed here
with anthrax toxin (e.g., Figs. 2(b), 5(a), and 5(b)). Because
endosomal membranes are solvent-free, the threshold poten-
tial for anthrax toxin to disrupt them might be significantly
lower or even zero.

Intoxication via membrane destabilization has
precedents.'”® A variety of agents (chitosan,'** cationic
peptides,'®~112 cationic polymers,''*!1* and an HIV gp41
peptide'!®) are used to transfer genes into a cell. In those
cases, osmoticants and lysosomotropic agents draw water
into the endosome, causing it to swell and burst.''® In
addition, various naturally occurring!>!'!7-118 and designer
peptides''®> 120 use a detergent-like action to solubilize,
destabilize, and rupture membranes. '8 12!

D. Hypothetical mechanism

Our results demonstrate that the irreversible binding of
LF or EF to the PAg3 channel causes membrane rupture, likely
due to a second binding site in the channel lumen. The first
60 residues of N terminus-truncated Hisg LFy constructs ap-
parently can access the pore lumen and in part extend past
the trans mouth.'”?> Because the pore is narrow (diameter
<2 nm),?>23123 3 polypeptide in it would likely be an ex-
tended chain. When the unstructured residues of the EF and
LF proteins fill the pore, the cationic regions of EF or LF are
in the proximity of the E335/D343 rings of the channel, the
His residues of LFy (H4 and H10) and EFy (H4) align with
the His rings (H304 and H310) in the pore, and hydrophobic
residues of EFy and LFy are within the membrane-binding
region of the channel, see Fig. 7.

Histidines may play an important role in membrane dis-
ruption. The essentially irreversible binding state of the an-
thrax toxin complex, which is required for membrane rup-
ture by recombinant proteins, occurs when pHg;s is decreased
below the pK, of histidine’s imidazole (6.0). Interestingly,
the addition of a His6-tag increases the binding strength of
LFy by approximately threefold at pHg 5.5/5.57° and re-
stores the binding activity to neutral and negatively charged
mutants of LFx27.'% His residues are also responsible for
pH-dependent rearrangement of proteins, such as the pH-
dependent coil-helix transition of glycinamide ribonucleotide
transformylase,'?® acidic activation of His-rich synthetic pep-
tides aimed at disrupting microbial membranes,'?’ and en-
hancing gene transfer though membrane permeabilization of
human tumor cells.!? 12
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H304 H310

FIG. 7. Protein topology of the disordered N-terminus of EF/LF and the lu-
men of the PAgz channel S-barrel. (Top) Extended chain representation of
the first 30 disordered amino acids (right to left) from the N-terminus of LF.
(Middle) The lumen of the B-barrel from a model of its structure. (Bottom)
Extended chain representation of the first 30 disordered amino acids (right
to left) from the N-terminus of EF. PyMol was used to generate the topolog-
ical representation based on sequences of EF,'2* LE7® and whole model of
(PAg3)7.2% Residues are colored by the following classifications: Marine —
His, Purple — Basic, Yellow — Acidic, Grey — Hydrophobic. Blue and Red de-
note N and O moieties, respectively. The bar represents the membrane span-
ning region of the B-barrel.

There are several potential interactions that may con-
tribute to the destabilization of the membrane spanning region
of the PAg; pore and the membrane. The histidine residues,
H4, and H10 of LF (H4 and H15 of EF) might shuttle protons
to the H303 and H310 residues of PA (Table I). This could cre-
ate a strong interaction between the histidines and the neigh-
boring glutamic acid residues (E302 and E308), with the po-
tential to disrupt the B-barrel structure which in turn could
conceivably give access to the hydrophobic residues on the
PA pore (F313 and F314).

The results herein demonstrate that recombinant anthrax
toxins require a pH gradient similar to that in acidified endo-
somes to rupture the membrane, but anthrax toxin from an-
imal isolates did not. This mechanism for protein-mediated
rupture does not directly account for the membrane rupture by
animal-harvested anthrax toxin at neutral pH, until the effects
of capsule material are considered. The polyglutamic acid
capsule may act as a localized acidic buffer at the LF:PAg3
channel, thereby establishing a localized pH gradient. This is
supported by the time-dependent loss of membrane rupture
capability by animal-harvested toxin (Fig. 2(a)), which we at-
tribute to the diffusion of capsule material and that the anthrax
toxin might not have been processed in a pH gradient in vivo.

V. CONCLUSIONS

We demonstrated that transmembrane pH gradients al-
ter the ion conducting properties of the PAg; channel and
the interactions of LF and the channel. For pH gradients that
mimic those across the endosomal membrane (pHy; 5.5(7.2),
LF binds less strongly to the channel in the absence of bulk
LF, but binds irreversibly to the PAgs channel when LF is
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present in the bulk during acidification. In addition, lipid
bilayer membranes rupture in the presence of a transmem-
brane potential and either anthrax toxin harvested from late-
stage infected animals (Fig. 2(b)), complexes of recombinant
LF:PAg; channel, EF:PA¢; channel, or polycations bound to
the channel (Figs. 5(a)-5(d)).

The membrane rupture mechanism is based on observa-
tions made with anthrax toxins in planar bilayer and droplet
membranes under conditions that mimic the pH gradients
in the process of endosomal acidification. The >80% repro-
ducibility of anthrax toxin-induced membrane disruption with
both full-length recombinant proteins and animal-harvested
samples is compelling.

The results described here should help further elucidate
the mechanism by which LF and EF enter the cytosol. How-
ever, the question remains whether these pathogens do so via
membrane rupture; by unfolding, threading through the PAg3
channel,””7> and refolding in the cytosol; or perhaps by a yet
undetermined process. Nevertheless, the irreversible binding
of LF and EF to the channel puts an additional and significant
constraint on the LF/EF translocation model inferred from N-
terminal fragments.
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APPENDIX: pH DEPENDENCE OF ANTHRAX TOXIN
BINDING CONSTANT

The apparent dissociation constant of LF:PA¢; channel
(Kq ~ 20 pM, pH 7.2|7.2) was estimated from the ratio of
the instantaneous ionic current at V = +70 mV for differ-
ent LF concentrations (Fig. 8, [J). Note that positive poten-
tials were used to estimate the apparent K; for anthrax toxin
because the effect on the channel conductance is more pro-
nounced and less prone to gating. For the pH gradient pHy
5.5|7.2, the K, increased approximately fourfold (Fig. 8, o,
also see inset), which suggests the binding of the two toxins
became slightly weaker as the pH decreased. These results are
consistent with our earlier estimate of the dissociation con-
stant, K4 &~ 40 pM, for pHy; 6.6]6.6.>*?° The pH dependence
of the interaction between LF and the channel shown here and
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FIG. 8. The pH dependence of the LF:PA¢; channel binding constant as es-
timated from the channel conductance at V = 470 mV. The symbols corre-
spond to the pH conditions described in Fig. 3 (pHj 7.2[7.2 O; pHej 5.5[7.2
o). The solid lines are the least-squares best fits of a simple binding equation
for 1:1 stoichiometry (i.e., 1/(1 + [LF]/Ky), where K is the reaction dissocia-
tion constant. (/nset) The pH dependence of K;. The pH in the trans chamber
was 7.2. The dashed line is to guide the eye. The error bars represent the
standard deviation from n = 3-5 membranes.
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