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The proteins that comprise anthrax toxin self-assemble at the mammalian cell surface into a series of toxic
complexes, each containing a heptameric form of protective antigen (PA) plus up to a total of three molecules
of the enzymatic moieties of the toxin (lethal factor [LF] and edema factor [EF]). These complexes are
trafficked to the endosome, where the PA heptamer forms a pore in the membrane under the influence of low
pH, and bound LF and EF unfold and translocate through the pore to the cytosol. To explore the hypothesis
that the PA pore can translocate multiple, cross-linked polypeptides simultaneously, we cross-linked LFy, the
N-terminal domain of LF, via an introduced cysteine at its N or C terminus and characterized the products.
Both dimers and trimers of LFy retained the ability to bind to PA pores and block ion conductance, but they
were unable to translocate across the membrane, even at high voltages or with a transmembrane pH gradient.
The multimers were remarkably potent inhibitors of toxin action in mammalian cells (20- to 50-fold more
potent than monomeric LFy) and in a zebrafish model system. These findings show that the PA pore cannot
translocate multimeric, cross-linked polypeptides and demonstrate a new approach to generating potent

inhibitors of anthrax toxin.

Bacillus anthracis causes pathology in infected human or
animal hosts in part through the concerted action of three
proteins, collectively termed anthrax toxin. The toxin consists
of two enzymatic moieties, termed lethal factor (LF) and
edema factor (EF), and a transport protein, termed protective
antigen (PA), that delivers both LF and EF to the cytosol. LF
is a 90-kDa zinc-dependent metalloprotease that cleaves mi-
togen-activated protein kinase kinases (6, 20, 24), and EF is an
89-kDa calmodulin-dependent adenylate cyclase (12). The in-
tracellular actions of these enzymes impair the functions of
various cells and can lead to the death of infected hosts.

Delivery of LF and EF to the cytosol begins with binding of
PA (83 kDa) to a receptor. Two receptors have been identified:
ANTXRI1 (for anthrax toxin receptor 1; also known as ATR/
TEMS) and ANTXR2 (for anthrax toxin receptor 2; also
known as CMG2) (3, 23). Receptor-bound PA is proteolyti-
cally processed by furin or a furin-like protease (19), resulting
in the removal of a 20-kDa fragment (PA20) from the N
terminus. The remaining, receptor-bound fragment (PA63, 63
kDa) spontaneously oligomerizes, forming a ring-shaped hep-
tamer, called the prepore, which is capable of binding up to
three molecules of LF and/or EF with high affinity (17, 18).
The resulting toxic complexes are internalized, and the low pH
within the endosome promotes a conformational change in the
prepore moiety that allows it to insert into endosomal mem-
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branes and form a pore. The conformational transition of the
prepore to the pore depends on the association of the 282-283
loops of the seven PA63 subunits to form a membrane-span-
ning, 14-stranded B barrel (1, 21, 22).

Recent evidence shows that the pore plays an active,
chaperone-like role in the translocation of LF and EF across
membranes (8, 15). Translocation requires unfolding of the
enzymatic factors (26), and there is evidence that the pH gra-
dient across the endosomal membrane drives the translocation
process (7). The seven Phe-427 residues of PA63 form what we
have termed the Phe clamp, a structure in the pore lumen that
is believed to interact directly with the translocating polypep-
tide chain to promote its passage across the membrane (8).

The PA binding domain of LF, termed LFy, corresponds to
the N-terminal 263 amino acids of LF. LF binds to the pre-
pore with high affinity (K, of ~1 nM), and, when isolated as a
discrete protein, this domain alone can be shown to translocate
through the pore (28). Also, some fusion proteins containing
LFy fused to heterologous proteins are able to undergo PA-
dependent translocation into cells (16, 26) or across planar
lipid bilayers (9, 10, 14, 28). The crystallographic structure of
LF shows LF to be a discrete helix-rich domain with a disor-
dered N-terminal region that is essential for translocation. The
disordered region, corresponding to the first ~30 amino acids
and densely populated with acidic and basic residues, is be-
lieved to enter the pore and initiate N-terminal-to-C-terminal
translocation of LF and EF across the membrane.

Although much has been learned in recent years about the
translocation of anthrax toxin, many questions remain unan-
swered. Here we have addressed the question of whether mul-
timeric, cross-linked polypeptides can be translocated through
the heptameric PA63 pore simultaneously. The finding that
cross-linked forms of the N-terminal domain of LF do not
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FIG. 1. Cross-linking of LFy. (A) Schematic representation of constructs used in this study. The LFy used contained an extra three amino
acids at the N terminus due to the thrombin recognition site. (B) Cross-linked proteins were purified as described in Materials and Methods,
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and stained with Coomassie brilliant blue. WT, wild type; MW,

molecular weight.

translocate led to the discovery that such multimers are potent
inhibitors of anthrax toxin, both in cultured mammalian cells
and in a vertebrate animal model.

MATERIALS AND METHODS

Plasmid construction. The expression construct pET15b-LFy has been de-
scribed previously (9). The mutations A1C and R263C were introduced into LFy
using QuikChange site-directed mutagenesis (Stratagene). The expression con-
struct pET15b-LFy-(Gly,Ser);-Cys was made by amplifying LFy by PCR using a
primer that contained an in-frame addition of (Gly,Ser); repeats followed by a
cysteine residue and stop codon. The DNA sequence encoding a fusion protein
between LFy and the catalytic domain of diphtheria toxin (DTA) was introduced
into pET15b (Novagen) using 5' Ncol and 3" BamHI sites. A small polylinker
containing the restriction sites Xhol, Sacl, and NotI and an additional base to
maintain the reading frame was introduced between the two protein domains. All
constructs were verified by DNA sequencing.

Preparation of proteins. Recombinant LFy and PA were purified as previously
described (9, 27). PA was activated and heptamerized as previously described
(5). Recombinant LF-DTA was expressed in BL21(DE3) Escherichia coli cells
(Novagen). Growth and expression of LF\-DTA were carried out in a 5-liter
Bioflo 110 fermentor (New Brunswick Scientific). Cells were grown at 37°C in
ECPMI1 medium (2) to and optical density at 600 nm of ~5, sparged with a 60%
air-O, mixture, and induced at 30°C with 1 mM IPTG (isopropyl-B-p-thiogalacto-
pyranoside). Bacteria were harvested and lysed with a French press and sonica-
tion in 20 mM Tris (pH 8.5)-1 M NaCl. The lysate was centrifuged at 30,000 X
g, and the supernatant was applied to an Ni*"-chelated Sepharose column
(Amersham Pharmacia). LF\-DTA was eluted from the column using a 35 mM
to 385 mM imidazole gradient. The His, tag was removed from LF-DTA using
bovine a-thrombin (Enzyme Research Laboratories) overnight at room temper-
ature. Thrombin was removed from cleaved LF-DTA using a Q-Sepharose
anion-exchange column (Amersham Pharmacia).

Cross-linking. N-terminal LFy dimers and trimers (using A1C LFy) and
C-terminal LFy dimers (using R263C LFy) and trimers [using LFy-(Gly4Ser)3-
Cys] were formed as follows. Protein was kept at 450 M in 20 mM Tris (pH 8.5),
150 mM NaCl, and 500 pM tris-(2-carboxyethyl)phosphine. The pH of the
solution was lowered to 7.5, and cross-linker (bismaleimidoethane for dimer
formation and tris-[2-maleimidoethyl]amine for trimer formation [both from
Pierce]) was added to protein at a 1:10 molar ratio. The reaction mixture was
incubated at 4°C for 30 min. The addition of cross-linker to protein at a 1:10
molar ratio and incubation at 4°C for 30 min were repeated five times. Finally,
the molar ratio of cross-linker to protein was raised to 1:1, and the reaction
mixture was incubated overnight at 4°C. Dimeric and trimeric proteins were
separated from monomeric protein using size exclusion chromatography over an
S-200 column (Amersham Pharmacia).

Planar lipid bilayer translocation assay. Translocation of LFy variants across
black lipid membranes was measured as previously described (28). Briefly, a lipid
bilayer of diphytanoylphosphatidylcholine was formed across a 0.2-mm-diameter

hole of a Delrin cup. The membrane separated two compartments containing 10
mM MES (morpholineethanesulfonic acid), 10 mM KH,PO,, 10 mM sodium
oxalate, 100 mM KCI, and 1 mM EDTA (pH 5.5). Once membranes were
formed, heptameric PA was added to the cis compartment, and a steady-state
current level was reached (at a transmembrane voltage of +20 mV). LFy was
added to the cis compartment to a final concentration of 10 nM, and blockage of
PA channels was measured by monitoring the decrease in current. The cis
compartment was slowly perfused with a two-syringe system to remove unbound
LFy (Hamilton). The fraction of channels blocked by LFy at any given time was
calculated using the equation F, = I/I,, where F, is the fraction of channels
blocked, I, is the current at any given time, and I, is the steady-state current of
open channels. Data were plotted either as the fraction of channels unblocked as
a function of time or as the maximum percentage of channels blocked.

Translocation was initiated by increasing the voltage to +50 mV and was
monitored by current increase across the membrane. The fraction of channels
unblocked at any given time was calculated using the equation F,, = (I, + I1.)/
(I, + I.), where F, is the fraction of unblocked channels, 7, is the current at any
given time, 1. is the current of blocked channels after addition of LFy, and I, is
the steady-state current of open channels. Data were plotted either as the
fraction of channels unblocked as a function of time or as the maximum per-
centage of channels unblocked.

Cell culture. CHO-K1 cells (ATCC CCL-61) were grown in Ham’s F-12
medium supplemented with 10% fetal calf serum, 500 units/ml penicillin G, and
500 units/ml streptomycin sulfate. Cells were maintained as monolayers and
grown in a humidified atmosphere at 5% CO,.

Inhibition of protein synthesis. A protein synthesis assay was used to measure
the ability of LFy variants to inhibit the translocation of LFy\-DTA into cells
(16). CHO-K1 cells (5 x 10* cells) were incubated with 100 pM PAS83, 100 pM
LFy\-DTA, and various concentrations of either monomeric or multimeric LFy
for 4 h at 37°C. Cells were then incubated with leucine-deficient medium sup-
plemented with 1 pCi of [*H]leucine/ml for 1 h at 37°C and washed with
phosphate-buffered saline. Cells were incubated twice for 10 min each with cold
5% trichloroacetic acid. The protein precipitate was solubilized in 100 pl 0.2 M
KOH and neutralized with an equal volume of 0.1 M HCI. Tritiated protein was
determined by scintillation counting. Fifty percent inhibitory concentrations
(ICsgs) were calculated by fitting data to the equationy = a + (b — a)/[1 +
(x/c)d], where a is the y minimum, b is the y maximum, c is the ICs,, and d is the
slope.

Zebrafish studies. All zebrafish protocols were approved by the Institutional
Animal Care and Use Committee of Children’s Hospital, Boston. Breeding fish
were maintained at 28.5°C on a 14-h light/10-h dark cycle. Embryos were col-
lected by natural spawning, and raised in 10% Hanks saline at 32°C. Wild-type
fish of the AB strain or a transgenic zebrafish line in which endothelial cells were
labeled with enhanced green fluorescent protein (EGFP) [Tg(flil:EGFPY’] (11)
were used in these experiments. Microinjections were carried out as described by
Weinstein et al. (25), with modifications described by Chan and Serluca (4).
Combinations of PA, LFy-DTA, LFy, N-terminal LFy dimer, and N-terminal
LFy trimer were prepared before injection. Phenol red (0.05%) was added under
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FIG. 2. Cross-linked LFy cannot translocate across artificial membranes. (A) Schematic representation of translocation as assessed in planar
lipid bilayers. Binding and translocation of LFy were monitored by conductance. Pores initially form in membranes after addition of heptameric
PAG63. Addition of LF rapidly lowers conductance, mimicking closed channels. Translocation, which is initiated by increasing the voltage to +50
mV, promotes passage of LFy to the trans side of the membrane. (Modified from reference 13 with permission of the publisher.) (B) PA pores
were formed in membranes at a transmembrane voltage of +20 mV and incubated in the presence of 10 nM monomeric or multimeric LFy
constructs. Ion conductance was measured during LFy incubation and perfusion of the cis chamber. (C) PA channels blocked with monomeric or
multimeric LFy were subjected to an increase in transmembrane voltage to +50 mV, and ion conductance was monitored until a steady state was

reached. WT, wild type.

each condition for visibility during injection, and samples were loaded into
microinjection needles. Volumes of 30 nl or less were delivered into the anterior
cardinal veins of embryos anesthetized with tricaine (Sigma) at 48 h postfertil-
ization, resulting in injection of ~50 fmol PA, 11.5 fmol LFy-DTA, and various
amounts of inhibitor (n = 20 per treatment condition). After injection, embryos
were transferred into fresh medium for recovery. Subjects were scored for at-
tenuation of toxin effects under a dissecting scope at 20 h postinjection (hpi) to
allow visualization of EGFP-labeled vasculature. Statistical analysis was con-
ducted with Student’s ¢ test using SigmaStat 3.0 software.

RESULTS

Synthesis and characterization of LFy multimers. Multi-
meric forms of LFy were constructed by introducing Cys res-
idues at either the N terminus (A1C) or the C terminus
[R263C, LF\-(Gly,Ser);-Cys] of LFy (Fig. 1A). Dimers cross-
linked at the N or C terminus were prepared by incubating the
A1C and R263C preparation, respectively, with the cysteine-
reactive bifunctional cross-linker bismaleimidoethane. The
corresponding trimers were generated by incubating the A1C
and LF.-(Gly,Ser);-Cys preparations with the trifunctional
cross-linker tris-[2-maleimidoethyl]amine. Both cross-linking
reagents react with thiols to form nonreducible thioether link-

ages. We were successful in obtaining C-terminal trimers with
the LFy-(Gly,Ser);-Cys preparation (Fig. 1B) but, for un-
known reasons, not with R263C.

The multimers were purified by size exclusion chromatogra-
phy and tested for the ability to undergo PA-dependent trans-
location across planar phospholipid bilayers, according to the
protocol illustrated in Fig. 2A (28). PA63 prepore was added to
one compartment (defined as the cis compartment) of a planar
lipid bilayer apparatus containing 100 mM KCI buffered at pH
5.5, and pore formation was monitored at a transmembrane
voltage of +20 mV. After the conductance plateaued, the cis
compartment was perfused to remove residual PA, and LFy
was added, causing rapid blockage of current as the protein
bound to the pore. Following a second perfusion step to re-
move residual free LFy, we increased the voltage to +50 mV
to induce translocation of bound LFy to the trans compart-
ment. Translocation was manifested by the increase in conduc-
tance as LF exited the pore into the trans compartment.

As shown in Fig. 2B, both dimeric and trimeric forms of LF
were effective conductance blockers, demonstrating that they
retained the ability to bind to the LF/EF sites of the pore.
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FIG. 3. Multimeric LFy is a potent inhibitor of toxin action in cells and in zebrafish embryos. (A) CHO-K1 cells were incubated in the presence
of PA, LF\-DTA, and various concentrations of inhibitor. Toxin translocation was monitored through the incorporation of [*H]leucine into newly
synthesized proteins, and ICy,s were calculated as described in Materials and Methods. (B) Zebrafish embryos were microinjected with PA,
LF\-DTA, and various concentrations of inhibitor (n = 20 for each data point). Protection as described in the text was scored as percent embryo
survival. Inhibition experiments using trimer and dimer doses of 68.5 ng were repeated two times, in which significant increases in the survival of
embryos treated with each multimer were observed (trimer, P < 0.001; dimer, P < 0.001). Statistics were completed using Student’s ¢ test. WT,

wild type. Error bars indicate standard deviations.

Blockage by the monomer or the C-terminally cross-linked
(C-linked) forms was close to 100%, whereas blockage by N-
terminally cross-linked (N-linked) multimers was only ~90%.
Also, blockage by the multimers was more rapid than that by
the monomer, with the C-linked trimer showing remarkably
fast kinetics. Two other C-linked trimers, prepared from LFy-
(Gly,Ser),-Cys or LF\-(Gly,Ser),-Cys, were found to show the
same fast kinetics of blockage as trimer prepared from LFy-
(Gly,Ser);-Cys (data not shown). Finally, blockage by the N-
linked forms was more readily lost during perfusion than that
of the monomer or the C-linked forms (Fig. 2B, see 240- to
270-s time points).

Consistent with earlier findings, raising the voltage to +50
mV induced bound, monomeric LFy to translocate through
the pore (28). Translocation was rapid, with a half-time of
several seconds, and conductance was restored to ~80% of the
original value within a minute. However, none of the LFy
multimers was able to translocate to a significant degree, re-
gardless of the site of cross-linking (Fig. 2C). Furthermore,
translocation did not occur even at a high transmembrane
voltage (+100 mV) or when we applied a transmembrane
proton gradient by raising the pH of the frans compartment to
neutrality (data not shown).

Multimeric forms of LFy are potent inhibitors of toxin ac-
tion on cells. The fact that multimeric forms of LF were
able to bind to the PA pore but did not translocate sug-
gested that they might function as potent inhibitors of toxin
action. Such forms would be expected to bind to LF/EF
binding sites on the PA heptamer more strongly than mo-
nomeric LFy and could potentially form dead-end translo-
cation complexes with the pore, effectively inactivating it.

We therefore measured the ability of the multimers to in-
hibit the PA-dependent action of LF-DTA on CHO-K1
cells. LF-DTA is translocated in an manner analogous to
that of LF and EF (16), and, once in the cytosol, it catalyzes
the ADP-ribosylation of EF-2, causing inhibition of protein
synthesis. The inhibition of incorporation of radiolabeled
leucine into newly synthesized proteins may therefore be
used as an index of toxin action. As illustrated in Fig. 3A,
the LFy multimers gave ICsys of between 15 and 35 pM,
representing a 20- to 50-fold increase in inhibitory activity
relative to monomeric LFy (ICs,, ~700 pM). The two tri-
mers were more potent than the dimers.

Multimers inhibit toxin action in zebrafish. To corroborate
and extend the results from cell culture, we tested the ability of
multimeric LFy to inhibit LF-DTA-induced toxicity in a
zebrafish embryonic vascular model. Coinjection of LF-DTA
and PA induced rapid cell death in zebrafish embryos as early
as 2 hpi, with tissues becoming necrotic by 8 hpi. When injected
singly, neither LF-DTA nor PA produced observable effects
at the latest time point, 20 hpi. Death (0% survival) was scored
as severe necrosis and a complete lack of circulation at 20 hpi.
Survival was defined as minimal to no tissue necrosis and
retention of aortic blood flow. By these criteria, multimeric
LFy protected against LF-DTA effects, whereas monomeric
LFy did not (Fig. 3B).

Since the vasculature is directly exposed to injected toxin,
we examined toxin effects on the endothelium using a trans-
genic zebrafish line in which endothelial cells expressed
EGFP under the control of a fli-I promoter [Tg(flil:
EGFPY*]. Various concentrations of monomeric or multi-
meric LFy were combined with LF-DTA and PA and
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micrographs. Loss of fluorescence in LF\-DTA- and PA-injected panels indicates endothelial cell death.

tested in comparison with controls. At 20 hpi, phenotypic
changes were scored by overall morphology using phase-
contrast microscopy, and changes in endothelial cells were
scored under fluorescence (Fig. 4). A titratable increase in
survival was observed in the presence of multimeric LF but
not monomeric LFy (Fig. 3B). Indeed, in the presence of
multimeric LFy, the vasculature of toxin-injected embryos
closely resembled that of uninjected control fish, especially
in the presence of the LFy trimer (Fig. 4). Thus, multimer-
ization of LFy increased its potency as a toxin inhibitor, not
only in cell culture but also in a vertebrate animal model.

DISCUSSION

Our findings show that dimers and trimers of LFy formed
by chemically cross-linking the N or C terminus do not
translocate and, as a result, are potent blockers of toxin
action. All of the multimers retained the ability to bind to
the PA63 pore in planar phospholipid bilayers and to block
ion conductance by the pore. Multimers cross-linked at the
N terminus were less effective in blocking conductance
(~90% inhibition) than those cross-linked at the C terminus
(~98% inhibition). The C-linked multimers had free, un-
constrained N termini that were apparently able to enter the
pore and interact with the Phe clamp to form a tight seal
against ion passage, as shown earlier with native LF (8).
Cross-linking of the N termini must prevent formation of
this seal or make the seal less tight.

The effect of cross-linking of LFy on its affinity for the pore
could not be easily predicted, because of potentially opposing
effects of increased valence, which should strengthen the in-

teraction, and structural perturbation, which would most likely
weaken it. We did not measure affinity directly, but the dem-
onstration that conductance blockage by the multimers was
complete within a minute and was not rapidly relieved upon
perfusion indicates that cross-linking did not cause a major
decrease in affinity. Conductance blockage was relieved during
perfusion to a greater degree by the N-linked multimers than
by the C-linked forms, suggesting that altering the interaction
of the N termini with the Phe clamp diminishes affinity. These
data support the notion that interaction of the N terminus of
LFy with the Phe clamp increases affinity of the protein for the
pore.

Despite the fact that all of the multimers were able to
bind to the pore and block its conductance, none of them
translocated across the membrane under conditions known
to promote translocation of monomers. There are at least
two possible explanations for the inability to translocate. (i)
Translocation might be restricted by the pore’s physical
dimensions, most likely its diameter at the narrowest point.
There is clear evidence that the tertiary structure of a pro-
tein must be disrupted for translocation to occur (26). Con-
sistent with this, the lumen of the transmembrane 14-strand
B barrel of the pore has been estimated to be on the order
of 15 A, enabling it to accommodate a single a helix or an
extended polypeptide but not a folded domain (7). Even
narrower points in the translocation pathway may exist else-
where in the pore, perhaps at the Phe clamp. Whether two
or more extended polypeptides could be accommodated in
the pore’s B barrel or by the Phe clamp is difficult to predict.
(ii) Translocation might be restricted by the pore’s inability
to pass certain chemical configurations generated by cross-
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linking. Little is known about the ability of the pore to pass
nonpeptidic chemical structures, and it is possible that it
might not accommodate chemical configurations generated
by reaction of the cross-linking agents with the Cys residues
introduced into LFy,.

The mechanism by which translocation is blocked for the
N-linked multimers may differ from that for the C-linked
multimers, and indeed, more than one mechanism may con-
tribute to the inactivity of either class of multimers. Our
finding that N-linked forms of LFy apparently did not in-
teract with the Phe clamp to form a tight seal against ion
flow suggests that the force-generating proton gradient
across the membrane may be dissipated locally. Because the
N termini of the C-linked multimers are unencumbered, one
can envision that the N terminus of an LFy, domain would
enter the pore and interact with the Phe clamp to form a
tight seal to initiate threading of that domain through the
pore. Complete translocation could be limited by inability of
the Phe clamp or the transmembrane 8 barrel to accommo-
date the cross-linked intersection with the partner chain(s)
or to translocate the partner chain in a C- to N-terminal
direction, leading ultimately to a dead-end complex. Thus,
our findings are consistent with the hypothesis that the PA;
pore can translocate no more than a single polypeptide at
once, but why cross-linked forms of LFy do not translocate
remains uncertain.

The ability of LFy multimers to bind to the pore strongly
but not translocate through it makes them potent inhibitors
of toxin action. The dimers were ~20-fold more potent
inhibitors than monomeric LFy in a mammalian cell cul-
ture-based assay, and the trimers were even more potent,
with the C-linked trimer showing the highest potency (~50-
fold greater than that of the monomer). The higher activity
of the trimers may be related to greater avidity for the pore,
based on valence. Two of the multimers were tested in a
zebrafish model and shown to be potent inhibitors of the
chimeric enzymatic effector LF-DTA when coinjected to-
gether with PA. Less than 100 ng of either a dimer or trimer
raised zebrafish survival to >50% under conditions where
140 ng of monomeric LFy caused no increase in survival.
Also, the multimers blocked morphological changes induced
in the zebrafish by the chimeric toxin.

Our data demonstrate successful protection against toxin
action in vivo by multimeric LFy. The need for an effective
means to inhibit anthrax toxin action in unimmunized individ-
uals infected with B. anthracis is well recognized, and our
results offer a new way in which a potent anthrax toxin inhibitor
can be generated by chemically modifying a component of the
toxin. In addition, cross-linked forms of LFy might also elicit
toxin-neutralizing antibodies against LF, giving these forms
dual protective functions.
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