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The protective antigen (PA) protein of anthrax toxin binds to a cellular receptor and is cleaved by cell surface
furin to produce a 63-kDa fragment (PA63). The receptor-bound PA63 oligomerizes to a heptamer and acts to
translocate the catalytic moieties of the toxin, lethal factor (LF) and edema factor (EF), from endosomes to the
cytosol. In this report, we used nondenaturing gel electrophoresis to show that each PA63 subunit in the
heptamer can bind one LF molecule. Studies using PA immobilized on a plastic surface showed that monomeric
PAG63 is also able to bind LF. The internalization of PA and LF by cells was studied with radiolabeled and bio-
tinylated proteins. Uptake was relatively slow, with a half-time of 30 min. The number of moles of LF inter-
nalized was nearly equal to the number of moles of PA subunit internalized. The essential role of PA oli-
gomerization in LF translocation was shown with PA protein cleaved at residues 313-314. The oligomers
formed by these proteins during uptake into cells were not as stable when subjected to heat and detergent as
were those formed by native PA. The results show that the structure of the toxin proteins and the kinetics of
proteolytic activation, LF binding, and internalization are balanced in a way that allows each PA63 subunit to
internalize an LF molecule. This set of proteins has evolved to achieve highly efficient internalization and

membrane translocation of the catalytic components, LF and EF.

Protective antigen (PA), lethal factor (LF), and edema fac-
tor (EF) are three large proteins secreted by Bacillus anthracis
which are collectively known as anthrax toxin (16, 17, 32). The
PA component binds to a specific cell surface receptor (7) and
causes internalization and translocation of LF and EF across
the endosomal membrane to the cytosol (10, 15). EF and LF
contain the catalytic domains of anthrax toxin. EF has adenylyl
cyclase activity (15), and LF is a zinc-dependent metallopro-
tease (12) that is known to cleave at least two targets, mitogen-
activated protein kinase kinases 1 and 2 (6, 33). The combina-
tion of PA and LF, known as lethal toxin, causes lysis of mouse
macrophages within 120 min (8, 11). The PA protein has struc-
turally distinct domains for performing the functions of recep-
tor binding and translocation of the catalytic moieties across
endosomal membranes (17, 25).

The mechanism by which individual toxin components inter-
act to cause toxicity was recently reviewed (17). PA binds to a
specific cell surface receptor (7) and is cleaved at the sequence
RKKR'7 by cellular proteases including furin (13, 21). The
receptor-bound 63-kDa carboxyl-terminal fragment (PA63)
has a site to which LF or EF binds (18). The receptor-bound
PAG63 complex with LF or EF is internalized by endocytosis to
an acidic compartment. The transfer of LF or EF to the cytosol
appears to occur through a channel formed by low-pH-induced
insertion of PA63 into the membrane (34). The formation of
ion-conductive channels by PA63 has been demonstrated in
both artificial lipid membranes (5) and CHO cells (19). A sol-
uble, oligomeric form of PA63 produced in vitro which may
correspond to the membrane channel was demonstrated by
sedimentation equilibrium (16) and gel electrophoresis (16,
30). Electron microscopy showed that the oligomer formed in
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vitro is predominantly a heptamer (20). In a recent study,
residues of PA lining the lumen of the heptameric channel
were identified (3). PA internalized by cells or exposed to low
pH on the cell surface produces oligomers which survive heat-
ing in sodium dodecyl sulfate (SDS) (20).

Injection of lethal toxin produces symptoms in experimental
animals that closely resemble those seen during B. anthracis
infections, and B. anthracis strains lacking only LF have very
low virulence (26). This and other evidence show that the
anthrax lethal toxin is the major virulence factor. The potency
of lethal toxin for animals and cells depends on the amount of
LF delivered to the cytosol. We wished to delineate the inter-
actions of LF and PA which determine the efficiency of the
internalization process. Here, we report that both the mono-
meric and the oligomeric forms of PA63 bind LF in a 1:1 ratio.
The potency of anthrax lethal toxin depends upon the amount
of LF associated with the PA oligomer. In addition, we dem-
onstrate that 50% of receptor-bound PA is internalized in 30
min.

MATERIALS AND METHODS

Reagents and general procedures. Chemicals and resins were purchased from
Pharmacia. '*I-Bolton-Hunter reagent (2,000 Ci/mmol) and '*I-streptavidin (20
mCi/mg) were purchased from Amersham Corp. N-[6-(Biotinamido)hexyl]-3'-
(2'-pyridyldithio) propionamide (biotin-HPDP), maleimide-activated (EZ-Link)
horseradish peroxidase (HRP), and modified avidin-coated plates (NeutrAvidin)
were purchased from Pierce. RAW264.7 cells were obtained from the American
Type Culture Collection. Trypsin and chymotrypsin were purchased from Sigma.

Preparation of PA and LF proteins. For preparation of PA proteins, plasmid
pYS5 (29) or derivatives carrying mutated PA genes were transformed into
B. anthracis UM23C1-1 and grown in FA medium with 20 wg of neomycin per ml
for 16 h at 37°C. PA G735C was constructed by overlap PCR; it retains full
toxicity. PA proteins were purified as described previously (13). For some ex-
periments, PA and LF were radiolabeled with '*°I-Bolton-Hunter reagent.

LF truncated at residue 254 and extended with the sequence GGCGG was
prepared as a fusion to glutathione S-transferase (GST) in the vector pPGEX-KG
according to methods previously described for LF fusion proteins (2). The re-
sulting plasmid pNA86 was transformed into Escherichia coli SG12036 (kindly
provided by Susan Gottesman, National Cancer Institute), which has mutations
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in the gal, lon, and sulA genes. Cultures were grown in super broth to an A4y, of
0.8, and IPTG (isopropyl-B-p-thiogalactopyranoside) was added to a final con-
centration of 1 mM. The culture was grown for an additional 4 h, and bacteria
were pelleted at 4°C. The protein was purified on glutathione-Sepharose 4B resin
(Pharmacia) and cleaved with thrombin. The resulting LF;_,5,-GGCGG protein
was separated from GST by chromatography on a MonoQ column (Pharmacia)
with an NaCl gradient in 10 mM Tricine, pH 8.

Biotinylation of PA. PA G735C was biotinylated with 17 molar equivalents of
biotin-HPDP (Pierce Chemicals) for 90 min at 23°C in 10 mM HEPES-25 mM
NaCl, pH 7.4. Excess reagent was removed by four cycles of concentration and
dilution in an ultrafiltration device (Centricon-30; Amicon, Inc.).

Purification of PA63 oligomer and PA63 oligomer containing biotin. Native
PA (600 p.g) alone or mixed with biotinylated PA G735C (100 pg) was cleaved
with 1 pg of trypsin per ml for 30 min at 25°C in 25 mM HEPES-1 mM CaCl,—
0.5 mM EDTA, pH 7.4. Protease was inactivated by adding 10 pg of 4-(2-ami-
noethyl)-benzenesulfonyl fluoride (AEBSF; Boehringer Mannheim) per ml. The
cleaved PA protein was run on a MonoQ column (Pharmacia) and eluted with an
NaCl gradient in 10 mM BisTrisPropane, pH 9.0. The fraction containing the
PAG63 oligomer was pooled, and protein was assayed with bicinchoninic acid
reagent (Pierce).

Coupling of LF,_,5,-GGCGG to maleimide-activated HRP. Purified LF;_,s,-
GGCGG was coupled to a maleimide-containing HRP. LF,_,5,-GGCGG (1.0
mg) was treated with 0.5 mM dithiothreitol (DTT) in 10 mM HEPES, pH 7.4, for
30 min to fully reduce the sulthydryl residue of the cysteine. DTT was removed
by gel filtration on Sephadex G-25 (PD-10 column; Pharmacia) in 100 mM Na
phosphate-5 mM EDTA, pH 7.6. Maleimide-activated HRP (1.6 mg; Pierce
Chemicals) was added and incubated for 12 h at 23°C. Any remaining maleimide
residues were inactivated by adding DTT to 1 mM for 60 min at 23°C. DTT was
removed by passing the protein through a PD-10 column.

Binding of LF to PA in solution. Gradient Phast gels (4 to 15%; Pharmacia)
were soaked in buffer (0.112 M acetic acid, 0.112 M Tris [pH 6.4], containing
2 mg of 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonic acid
[CHAPS] per ml) for 2 h, blotted to remove excess liquid, and then allowed to
dry in air until they reached their original weight. Buffer strips were made from
2% isoelectric focusing agarose type VIII (Sigma)-0.88 M L-alanine-0.25 M Tris
(pH 8.8), containing 2 mg of CHAPS per ml. Both PA and protease-treated PA
were incubated with LF in a sample buffer of 50 mM 2-[N-cyclohexylamino]eth-
anesulfonic acid (CHES), pH 9.0, containing 2 mg of CHAPS per ml for 30 min
at room temperature. Gels were run for 80 V - h with the Pharmacia Phast gel
program recommended for nondenaturing gels. The gels were stained in Coo-
massie brilliant blue R-250, destained, and dried.

LF binding studies using PA immobilized on 96-well plates. The ability of LF
to bind to PA was measured with LF,_,5,-GGCGG-HRP and the biotinylat-
ed PA G735C immobilized on 96-well plates coated with a modified avidin
(NeutrAvidin plates; Pierce Chemicals). All additions were made in 100-pl
portions, and incubations were at 23°C. Varying concentrations of biotinylated
PA G735C were added to the 96-well plates and incubated for 2.5 h. Unbound
PA was removed by washing four times with 25 mM Tris (pH 7.6)-50 mM
NaCl-0.05% Tween 20-1% bovine serum albumin (BSA) (buffer A). In some
wells, the bound PA was treated for 25 min with 1 pg of trypsin per ml in 10 mM
HEPES, pH 7.4. Trypsin was inactivated by adding 10 wg of soybean trypsin
inhibitor per ml and washing three times with buffer A. LF, ,5,-GGCGG-HRP
was added at 15 pg/ml and incubated for 90 min. The wells were washed four
times with buffer A, and the amount of bound HRP was determined by adding
1 mg of 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) in 100 mM
Na citrate, pH 4.5, and recording the A4 ,s.

Cell culture and cytotoxicity assays. RAW264.7 macrophages were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) with 0.45% glucose,
10% fetal bovine serum, and 2 mM glutamine. LF bound to PA63 oligomer in
various ratios was assayed for toxicity in the macrophage lysis assay with 3-[4,5-
dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide (MTT) to determine via-
bility (28).

Binding and uptake of LF and PA by cells. Binding of LF and PA to
RAW264.7 cells was measured at 4 and 37°C in 12-well plates with radiolabeled
proteins. LF and PA were iodinated with '>>I-Bolton-Hunter reagent to specific
activities of 1.86 X 10° and 1.6 X 10° dpm/pg, respectively, as determined by
densitometry and subsequent counting of Coomassie blue-stained gels. Iodina-
tion with Bolton-Hunter reagent had no effect on the biological activity of PA or
LF. For binding experiments at 4°C, cells were placed at 4°C for 15 min. The
medium was replaced with 4°C minimum essential medium containing Earle’s
salts without bicarbonate and supplemented with 1% BSA and 25 mM HEPES,
pH 7.4, and containing '*°I-PA at 0.1 pg/ml either alone or with 0.5 pg of *’I-LF
per ml. The cells were incubated for 12 h and washed, and the cell-associated
radioactivity was measured. The protocol for binding and uptake at 37°C was
identical, except that DMEM containing 10% serum was used and uptake was
allowed for 2 h.

Cellular internalization of biotinylated PA. The internalization of PA was also
measured by using biotin-labeled PA G735C and '**I-streptavidin as described
by Pinet et al. (27). PA G735C was biotinylated, and a portion was cleaved with
trypsin as described above. RAW264.7 cells in 24-well plates were incubated with
0.5 pg of biotinylated PA G735C per ml in DMEM with 0.45% glucose, 2 mM
glutamine, 1% BSA, and 25 mM HEPES (medium A) for 5 h at 4°C. The cells
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were washed four times with cold medium A to remove unbound biotinylated PA
G735C. Warm medium was added to cause PA internalization for various times.
The internalization of PA was stopped by adding cold medium A containing 0.4
wCi of '®L-streptavidin per ml, and cells were incubated for 1 h at 4°C. The cells
were washed with cold medium A, and radioactivity was determined. Nonspecific
binding was determined by incubating the cells for 15 min in 50 mM glutathione—
75 mM NaCl-10 mM EDTA, pH 7.2, in DMEM containing 1% BSA to remove
surface-bound biotin prior to addition of **I-streptavidin.

RESULTS AND DISCUSSION

Proteolytic cleavage of PA at the furin site, RKKR'®7, either
in solution (16) or on the cell surface (13), leads to the expo-
sure of a high-affinity binding site for LF and EF on the 63-kDa
carboxyl-terminal fragment (PA63). Cleavage of PA also re-
sults in the formation of a defined oligomeric form of PA63
(16), which has been visualized by electron microscopy as a
heptameric ring (20). We and others believe that this hep-
tameric PA63 is a soluble form of the membrane-inserted
channel through which LF and EF translocate to the cytosol
(17, 20). Little is known about the stoichiometry or affinity of
LF and EF binding to PA63. We sought to characterize the
oligomerization of PA63, the binding of LF, and the role of
these events in the internalization process that leads to toxicity.
All the work reported here used LF rather than EF, because
LF is more easily purified. However, previous work showed
that the interactions of LF and EF with PA are qualitatively
identical (16), so it follows that results described here for LF
are likely to apply equally well to EF.

Interaction of LF with PA63 in solution. The interaction of
PAG63 and LF in solution was studied by gel electrophoresis
under nondenaturing conditions. Previous work showed that
the purified PA63 oligomer was most soluble at elevated pH in
CHAPS detergent (16, 30). Because the heptameric PA63 is
very large (calculated molecular weight [MW] = 440,000), gels
with low polyacrylamide concentrations were used to obtain
adequate electrophoretic mobility. An effective electrophoresis
system was developed by modifying commercial gels prepared
on plastic backing (Phast gels; 4 to 15% polyacrylamide gradi-
ent). These gels were soaked in a pH 8.8 buffer containing
CHAPS. Agarose buffer strips containing an alanine solution
that produces a stacking effect were prepared. In this electro-
phoresis system, native PA and LF have high mobility (Fig. 1A,
lanes 1 and 3). PA was cleaved at the RKKR'®” site with low
concentrations of trypsin and then incubated at pH 9.0 with LF
to allow complex formation. The trypsin-cleaved PA in the
absence of LF formed a diffuse, slowly migrating band, sug-
gesting that it had oligomerized either prior to or during elec-
trophoresis (Fig. 1A, lane 2). Addition of LF caused this dif-
fuse band to sharpen and migrate even more slowly (Fig. 1A,
lanes 4 to 6), indicating that LF was binding to the PA63
complex. The change in mobility of LF due to binding to PA63
will be referred to here as a gel shift.

The stoichiometry of binding was estimated by adding in-
creasing amounts of LF to a fixed amount of PA63. No free LF
was observed when the amount of LF was one-half of or equal
to the amount of PA (Fig. 1A, lanes 4 and 5), indicating that all
the LF was associated with the slowly migrating PA63 band.
When the amount of LF was increased to twice that of PA, half
of the LF migrated as free LF (Fig. 1A, lane 6). This result
suggests that the PA63 heptamer is able to bind approximately
an equal weight of LF. The absence of any free LF when the
mass ratio is 1:1 indicates that the affinity of PA63 for LF is
very high.

A more precise measurement of the capacity of PA63 to
bind LF was made by adding amounts of LF that were more
nearly equal to the amount of PA63 (Fig. 1B). In this case,
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FIG. 1. Binding of LF to PA in solution. Increasing amounts of LF were
incubated with PA that had been nicked with trypsin for 30 min at room tem-
perature. Samples were separated on 4 to 15% gradient gels (Phast) and stained
with Coomassie blue. (A) Lane 1, 270 ng of native (unnicked) PA; lane 2, 270 ng
of PA nicked with trypsin; lane 3, 270 ng of LF; lanes 4 to 6, 270 ng of
trypsin-nicked PA and 135, 270, and 540 ng of LF, respectively. (B) Lanes 1 to
6, 270 ng of trypsin-nicked PA and increasing amounts of LF (243, 270, 297, 337,
378, and 405 ng, respectively). The mass ratio of LF to PA is indicated above
each lane. The results are representative of the three analyses performed.

small amounts of free LF first became visible in lane 2, which
contained 270 ng of LF and 270 ng of trypsin-nicked PA, for an
LF/PA mass ratio of 1.0, as labeled in the figure. Because the
MWs of LF and full-size PA are 90,200 and 82,700, respec-
tively, this corresponds to a molar ratio of 0.9. As the amount
of LF was increased further, the band of free LF increased
proportionately, indicating that the slower-migrating PA63 oli-
gomer was saturated with LF. These data suggest that the
PA63 heptamer binds six to seven LF molecules. Symmetry
considerations suggest that the actual number is seven.

The fact that the oligomeric PA63 can bind an equal amount
of LF shows that multiple molecules of LF are binding. Indeed,
the data of Fig. 1 imply that a heptameric PA63 binds approx-
imately seven LF molecules. It therefore appeared probable
that intermediate species containing fewer LF molecules might
exist at low relative concentrations of LF. Alternatively, if LF
binding were highly cooperative, then intermediate species
might not be detectable. To analyze PA63 complexes contain-
ing less than stoichiometric amounts of LF, we used purified
PAG63 because it produces sharper bands in the gel shift system.
PAG63 was obtained by chromatography of trypsin-nicked PA as
described in Materials and Methods. Gel electrophoresis of
mixtures containing limiting amounts of LF with purified PA63
is shown in Fig. 2. As in Fig. 1, saturating amounts of LF
produce a band of free LF near the bottom of the gel (Fig. 2,
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lane “2.0”). Incubation of the PA63 oligomer with limiting
amounts of LF caused formation of PA63-LF complexes with
varying numbers of LF molecules. The intensities of the bands
did not change in direct proportion to their mobilities, imply-
ing that individual LF molecules may not bind independently.
The prominent band observed in all samples with LF/PA ratios
of 0.4 to 2.0 (Fig. 2) may be a complex having equal numbers
of PA63 and LF molecules, presumably seven of each. These
lanes also contain two faint bands above the putative 7:7 com-
plex. These bands may represent complexes containing dena-
tured proteins which can interact but not pack into a compact
structure. A more “open” structure of the same MW would
have lower mobility. The possibility that these bands are a
complex containing five to six LF molecules, and therefore are
less tightly packed, is also possible, although one would expect
such a complex to disappear at higher LF concentrations like
those in the right-hand lanes.

The data from the nondenaturing gels suggest that the PA63
oligomer is able to bind variable numbers of LF molecules up
to a maximum of seven. However, the data do not indicate
which of these PA-LF complexes is biologically active. It is
possible that PA-LF complexes with any number of LF mole-
cules will be active and that the potency may increase with
increasing amounts of LF. The potency of PA63 oligomer
associated with various amounts of LF was resolved in an
another experiment in which the PA63 oligomer complexed
with various amounts of LF was added to the RAW264.7 cells
and incubated for 2.5 h at 37°C. The potency of PA63 oligomer
in lysing RAW264.7 cells increased with increasing amounts of
associated LF (Fig. 3). These results further confirmed the
observation for Fig. 2 that PA oligomer can bind one or more
LF molecules and also showed that the potency of the lethal
toxin depends on the amount of LF bound to PA oligomer.

Role of PA63 oligomerization in binding of LF. For LF to be
delivered to the cytosol of target cells, it must bind to the
receptor-bound, proteolytically activated form of PA, PA63. It
is well established that proteolytic activation of PA is a pre-
requisite for membrane insertion, oligomerization, and LF
binding. However, it is not known whether each of these three
events can occur independently or whether these events must
occur in a particular order. To begin answering these ques-
tions, we determined whether monomeric PA63 is able to bind
LF. Simple measurements in solution cannot answer this ques-
tion because trypsin- or furin-nicked PA oligomerizes rapidly.
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FIG. 2. Determination of multimeric forms of PA-LF complex. Purified
PA63 (468 ng) was incubated with various amounts of LF for 30 min at room
temperature. Samples were separated on 4 to 15% Phast gradient gels. Lanes 1
to 8, increasing amounts of LF (0, 47, 94, 187, 374, 515, 562, and 936 ng,
respectively). The mass ratio of LF to PA is indicated above each lane. The
results are representative of the three analyses performed.
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FIG. 3. Potency of PA oligomer bound to various ratios of LF. Aliquots of
purified PA63 at 10 pg/ml were incubated with various amounts of LF for 30 min
at room temperature. The resulting PA63-LF complexes were serially diluted
and added to the RAW264.7 cells and incubated for 2.5 h at 37°C in a CO,
incubator. The labels on the lines refer to the molar ratios of PA63 to LF during
the preincubation. For the curve “PA-LF,” LF was added at 0.5 pg/ml to all wells
and the indicated concentration of PA63 was added separately. Cell lysis was
determined by MTT assay. The results are representative of the three analyses
performed.

Therefore, we immobilized PA on a plastic surface so as to
prevent its oligomerization after cleavage. This approach was
aided by the availability of PA G735C, a fully toxic mutant
(unpublished results). Because native PA contains no Cys res-
idues, the single Cys residue added at the C terminus provides
a unique sulfhydryl group through which PA can be immobi-
lized in a known orientation. The carboxyl terminus of PA is
involved in receptor binding (31) and is at the opposite end of
the protein from the LF binding site. Therefore, modifications
at the COOH terminus are not expected to have any effect on
trypsin cleavage or LF binding. The single cysteine was reacted
with a sulfhydryl-specific biotinylating reagent, and varying
amounts of the resulting biotinylated PA were then bound to
commercial plastic 96-well plates coated with a modified avidin
and blocked to prevent nonspecific binding. The immobilized,
biotin-PA G735C was treated with trypsin, and the ability to
bind LF was measured with a chemical conjugate of the PA-
binding region of LF with HRP (LF,_,5,GGCGG-HRP). The
binding of the LF conjugate increased approximately linearly
with the amount of PA used as a coating on the 96-well plates
(Fig. 4, monomer), saturating at about 200 to 300 ng/well.
Competition with native LF showed that >90% of the LF,_
254GGCGG-HRP binding was specific. Binding in the absence
of trypsin treatment was less than 20% of the specific, trypsin-
dependent binding (data not shown). Although it might be
argued that some of the immobilized PA63 could assemble
into oligomers, we consider it unlikely that a significant frac-
tion of the tethered PA63 molecules could contact each other
in the precise orientation needed to form oligomers. Further-
more, oligomerization would be highly dependent on the con-
centration of surface-bound PA63, so that there would be an
exponential increase in LF binding versus PA concentration,
and this is not observed. The ability of the LF conjugate to bind
to the immobilized PA protein strongly suggests that mono-
meric PA has high affinity for LF.
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To compare the amounts of LF that bind to PA monomer
and heptamer, a similar experiment was performed with PA63
oligomer formed by mixing native PA and biotinylated PA
G735C at a 6:1 ratio and purifying the oligomer after trypsin
cleavage as described in Materials and Methods. In this case,
each avidin site could bind one heptamer, so that there may be
as much as sevenfold more PA63 bound than in the case where
intact biotin-PA is added and then trypsin treated. Consistent
with this view, the oligomer bound much more LF conjugate
than did monomer (Fig. 4, oligomer). These results show that
both monomeric and oligomeric forms of PA63 can bind LF
and confirm the earlier results that the oligomeric PA63 can
bind multiple LF molecules.

Stoichiometry of PA and LF binding to cells. The results
described above show that LF binds very tightly to PA63 and
that oligomerization of PA63 is not required prior to LF bind-
ing. To determine whether similar events occur on the surface
of cells, we measured the stoichiometry of LF and PA binding
to the mouse macrophage cell line RAW264.7. Cells were
incubated with 0.1 g of ***I-PA per ml alone or in combina-
tion with 0.5 pg of **’I-LF per ml for 12 h at 4°C or 2 h at 37°C,
and cell-associated radioactivity was measured (Table 1). The
amounts of LF bound to the cells were estimated by subtract-
ing the radioactivity in wells containing PA alone. At 4°C, PA
binds, becomes nicked by cell surface furin (13, 21), and then
binds LF. Prior studies show that a 12-h incubation at 4°C leads
to nearly complete nicking of receptor-bound PA (30). If the
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FIG. 4. Binding of LF,_,5,-GGCGG-HRP to PA monomer or oligomer on
enzyme-linked immunosorbent assay plates. PA G735C-biotin (0.01 to 1 pg/well;
monomer) or PA63 made from a 6:1 mixture of PA and PA G735C-biotin (0.01
to 0.1 wg/well; oligomer) was applied as a coating to avidin-coated plates for 3 h
at 23°C. Unbound PA was removed by washing four times with 25 mM Tris, pH
7.6, containing 1% BSA, 0.05% Tween 20, and 50 mM NaCl (buffer A). The PA
G735C-biotin attached to the immobilized avidin (monomer) was treated with
trypsin (100 wl, 1 pg/ml) in 10 mM HEPES, pH 7.4, for 25 min at 23°C. Trypsin
was inactivated by adding soybean trypsin inhibitor (100 wl, 10 wg/ml) and again
washed three times with buffer A. LF,_,5,-GGCGG-HRP (100 pl, 15 pg/ml) was
added to all wells and incubated for 90 min at 23°C. The excess LF; ,s,-
GGCGG-HRP was removed by washing the wells four times with buffer A. The
color was developed with ABTS, and 4,5 was measured in a microplate reader.
Ayps values were corrected for the small activity (<10% of total) in controls
containing excess native LF to compete with LF, ,5,-GGCGG-HRP. Parallel
assays of known amounts of soluble HRP were used to construct a standard curve
by which 4,5 values were converted to nanograms of LF. The experiment was
performed three times with results similar to those shown.
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TABLE 1. Binding of PA and LF to RAW264.7 cells”

ng of toxin/mg of cell protein

Temp (°C) PA/LF ratio
PA LF
4 225 +0.35 222 +0.19 1:0.98
37 9.15 = 0.32 8.32 £ 0.27 1:0.91

“ RAW264.7 cells cultured in 12-well plates were incubated with 0.1 pg of
1251.PA per ml alone or in combination with 0.5 pg of '*’I-LF per ml at 4°C for
12 h or at 37°C for 2 h. Cells were washed four times and solubilized in 0.1 M
NaOH. The amount of LF bound to the cells was determined by subtracting the
radioactivity in wells containing PA alone. Each value is the average of three
individual wells and representative of a typical experiment performed three
times. Nonspecific binding was determined by incubating the cells with nonra-
dioactive PA or LF at 100-fold excess over labeled protein. The specific counts
per minute per well and percentages of nonspecific radioactivity were as follows:
4°C, PA, 1,545 cpm (10.6%), and LF, 1,797 cpm (8.9%); 37°C, PA, 6,381 cpm
(9.0%), and LF, 4,515 cpm (3.47%).

binding interactions identified by the in vitro studies described
above accurately reflect events on cells, it would be expected
that LF would bind in amounts equal to that of PA. Equimolar
binding of LF and PA was indeed observed (Table 1, 4°C data).

A similar analysis was done at 37°C, under conditions where
endocytic uptake of both PA and LF occurs. The amounts of
PA and LF associated with the cells after the 2-h incubation
were fourfold greater than those at 4°C (Table 1), suggesting
that an amount of receptor equal to that on the cell surface is
internalized and replaced every 30 min. The molar amounts of
LF bound and internalized were nearly equal to that of PA.
These data suggest that nearly every molecule of PA binds and
delivers a molecule of LF into endosomes. The rate of inter-
nalization was also measured by a more direct assay to be
described below.

Role of PA63 oligomerization in LF translocation. Although
proteolytic cleavage of PA is essential to toxicity (29) and cleav-
age leads to oligomerization of PA63 (16, 20), it has not been
proven that oligomerization is required for LF translocation
and toxicity. To study the role of oligomerization in productive
internalization, we performed experiments using chymotryp-
sin-nicked, radioiodinated PA. Chymotrypsin-nicked PA can
bind to the cellular receptor, be activated by furin, and bind
LF, but it is biologically inactive (16, 24). Although the gel shift
assay showed that chymotrypsin-nicked PA could form oli-
gomers in vitro (30), assays for oligomer formation on cells
were not reported. The data in Fig. 5 show that chymotrypsin-
nicked PA incubated with cells at 37°C did not produce SDS-
and heat-resistant oligomers. Oligomer was present only in
those cells incubated with native or trypsin-nicked PA. The
inability of chymotrypsin-nicked PA to form stable oligomers
and its lack of toxicity when combined with LF suggest that the
stable oligomer formation seen in cells is an essential step in
delivery of LF to the cytosol.

PA receptor internalization rate. The rate and extent of in-
ternalization of the PA-LF complex are determined largely by
the properties of the PA receptor. Cell surface receptors for
several bacterial toxins have been identified and characterized
(14, 23), but that for PA remains unidentified. The PA recep-
tor appears to be a protein which is present at 2,000 to 50,000
copies per cell (7, 9, 16). Reported dissociation constants av-
erage 10~ M. Because of the unique requirement that recep-
tor-bound PA be cleaved before it can bind LF, the rate of PA
internalization relative to proteolytic activation is a critical de-
terminant of the efficiency of LF delivery to the cytosol. That
is, if internalization of PA were rapid relative to proteolytic
cleavage, then most PA molecules would be endocytosed be-
fore capturing an LF molecule.

INTERACTION OF LF AND PA OF ANTHRAX TOXIN

1857

To investigate the rate of internalization of the PA receptor,
we adopted a sensitive assay utilizing biotinylated PA G735C
(27). Because the trafficking of some receptors is influenced by
the properties of the ligand, it was also of interest to determine
whether uncleaved PA and PAG63 are internalized and traf-
ficked differently. PA G735C was labeled with biotin-HPDP.
Although the Cys substitution in this mutant is in the region
implicated in receptor binding (31), the full toxicity of this
mutant PA shows that receptor binding is unaffected. A por-
tion of the biotin-labeled PA G735C was nicked with trypsin,
and both proteins were incubated with cells. '*I-streptavidin
was used to measure the amount of biotinylated PA G735C
remaining on the cell surface after various periods of internal-
ization. It was found that approximately half the PA entered
cells in 30 to 40 min (Fig. 6). Trypsin nicking had no effect on
the rate of internalization, suggesting that the receptor does
not distinguish between various forms of PA. The rate of in-
ternalization found in this assay correlates well with that esti-
mated from the data of Table 1. This rate of internalization
(3% per min) is very slow compared to that for receptors for
many protein ligands (25% per min) but is similar to the rate
at which diphtheria toxin is internalized (1).

Overview of toxin internalization. The data presented above
provide a basis for refining the description of the interaction of
PA and LF with cells. As described above, the process of toxin
action begins with PA binding to its receptor and being nicked
by furin or another protease at Argl67. Release of the amino-
terminal fragment removes steric hindrance or allows a con-
formational change that creates a high-affinity site for LF or
EF. Nicking of PA appears to be quite slow, with a half-time of
at least 30 min at 37°C (30). The low rate of nicking is not
surprising if furin is the responsible enzyme, because only small
amounts of furin are found on the cell surface compared to the

E —~
+ a
22> £
O O+ (&)
+ + + +
sEixssd
Cels —= [ [+ [+[+]+]-]
Ll < oligomer
- —— <83
— &« 63
R e o 47
- bR 7
e — <20

FIG. 5. Oligomerization of PA on cells. RAW264.7 cells were cultured in
12-well tissue culture plates. '>’I-PA was cleaved with trypsin, chymotrypsin, or
both and then incubated with cells for 3 h at 37°C in DMEM containing 10%
serum and 2 mM glutamine. Cells were washed four times with the same me-
dium, solubilized in SDS sample buffer, heated for 5 min at 95°C, and separated
on 10% polyacrylamide gels in SDS. Volumes containing 900 cpm were loaded
in each lane, and the gel was exposed to X-ray film for 6 days. Lane 1, PA (no
cell incubation); lane 2, chymotrypsin-nicked PA; lane 3, trypsin- and chymot-
rypsin-nicked PA; lane 4, trypsin-nicked PA; lane 5, PA; lane 6, PA partially
nicked with chymotrypsin (no cell incubation; “P” denotes partial digest). The
results shown are representative of the two analyses performed. Numbers at right
show molecular mass in kilodaltons.
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FIG. 6. Internalization of PA. RAW264.7 cells in 24-well tissue culture plates
were incubated for 5 h at 4°C in medium A (see Materials and Methods)
containing 0.5 pg of biotinylated PA G735C per ml, either intact or trypsin
nicked. The cells were washed and then incubated at 37°C for varying periods.
Internalization of PA was stopped by adding cold medium containing !*I-
streptavidin. Cells were washed to remove unbound '#I-streptavidin, and radio-
activity was measured. Nonspecific binding was determined by first stripping
surface biotin by incubation in glutathione prior to addition of 1*I-streptavidin.
The experiment was repeated three times with similar results.

amounts in the trans-Golgi region (22). It was previously as-
sumed that PA internalization was relatively rapid and that
many molecules of PA would therefore be endocytosed with-
out being nicked. The new data presented here include evi-
dence that PA is actually internalized quite slowly. The recog-
nition that internalization, like nicking, is quite slow makes it
evident that PA remains on the cell surface long enough to
become fully nicked. This interpretation is consistent with, and
indeed dictated by, the data in Table 1 showing that nearly
equal amounts of PA and LF are internalized at 37°C. This can
occur only if every PA molecule becomes nicked and then
captures and internalizes an LF molecule.

The next step in toxin action is endocytosis of the PA63-LF
complex. The data do not directly show whether the endocy-
tosed LF-containing species is a monomeric or an oligomeric
PA63. The demonstration that monomeric PA63 can bind LF
shows that oligomerization does not necessarily precede endo-
cytosis. Perhaps the species endocytosed is a mixture of mo-
nomeric and oligomeric PA63-LF species. In the endosome,
acidification leads to membrane insertion of PA63 and LF
translocation to the cytosol (10, 16). An unresolved question
that our data do not address is whether membrane insertion
and oligomerization must occur in a particular sequence. It can
be noted that oligomerization does not appear to be a rate-
limiting step, because dose-response curves do not show the
high cooperativity characteristic of many multimeric systems.

Little is understood about the translocation of LF across the
endosomal membrane. Two types of mechanisms can be dis-
tinguished. In one of these, insertion of the PA63 oligomer into
the membrane would be the driving force which simultaneous-
ly inserts a molecule of LF into the membrane. This mecha-
nism implies that the PA63 oligomer might deliver only a single
LF molecule to the cytosol. The second type of mechanism
would view a preformed PA63 channel as being competent to
translocate multiple LF molecules. Studies with artificial lipid
membranes containing PA63 show that translocation of or-
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ganic cations is voltage dependent and that larger cations can
be forced through by increasing the voltage (4). If LF behaves
similarly to these organic cations and multiple molecules can
be translocated, then a mechanism must exist to transfer LF
from a site at which it is bound with very high affinity on each
PA63 molecule to a site from which it can be forced into the
channel lumen to initiate translocation. Direct measurements
of the translocation efficiency have not been made, so it is not
known whether the amount of LF translocated to the cytosol is
more consistent with the first or the second of these mecha-
nisms.

The anthrax toxin proteins constitute a unique membrane
translocation system which is quite accessible to experimental
study. The proteins are easily expressed and purified, and trans-
location can be measured in simple cytotoxicity assays. The
PA63 channel appears able to translocate a number of dif-
ferent polypeptides (2). For these reasons, the anthrax toxin
proteins provide an attractive model system of membrane
transport, while also providing a basis for the development of
reagents for cell biology and therapeutics.
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