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The protective antigen component of Bacillus anthracis toxins can
interact with at least three distinct proteins on the host cell sur-
face, capillary morphogenesis gene 2 (CMG2), tumor endothelial
marker 8, and β1-integrin, and, with the assistance of other host
proteins, enters targeted cells by receptor-mediated endocytosis.
Using an antisense-based phenotypic screen, we discovered the
role of calpains in this process. We show that functions of a ubiq-
uitous Ca2+-dependent cysteine protease, calpain-2, and of the
calpain substrate talin-1 are exploited for association of anthrax
toxin and its principal receptor, CMG2, with higher-order actin
filaments and consequently for toxin entry into host cells. Down-
regulated expression of calpain-2 or talin-1, or pharmacological
interference with calpain action, did not affect toxin binding but
reduced endocytosis and increased the survival of cells exposed to
anthrax lethal toxin. Adventitious expression of wild-type talin-1
promoted toxin endocytosis and lethality, whereas expression of a
talin-1 mutant (L432G) that is insensitive to calpain cleavage did
not. Disruption of talin-1, which links integrin-containing focal ad-
hesion complexes to the actin cytoskeleton, facilitated association
of toxin bound to its principal cell-surface receptor, CMG2, with
higher-order actin filaments undergoing dynamic disassembly and
reassembly during endocytosis. Our results reveal a mechanism by
which a bacterial toxin uses constitutively occurring calpain-medi-
ated cytoskeletal rearrangement for internalization.
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The ability of pathogenic bacteria and viruses to exploit nor-
mal functions of host cells during pathogenesis is well rec-

ognized (1–3). Host gene functions are exploited also for
interaction of toxins with and entry of toxins into targeted cells, as
well as for later steps along the pathway to pathogenicity (4–7).
Among such toxins are two produced by Bacillus anthracis. Both
toxins include a pore-forming component, named “protective
antigen” (PA), which employs lipid rafts to carry an injurious toxin
moiety—either lethal factor (LF) or edema factor (EF)—into cells
by clathrin-mediated endocytosis (CME) (8–10). The host cell
capillary morphogenesis gene product, CMG2, a type I mem-
brane protein whose primary function in cells remains poorly
understood, has a dominant role in PA binding to the cell surface
and in anthrax toxin lethality; multiple other host proteins, in-
cluding the tumor endothelial marker protein TEM8, the low-
density lipoprotein family member LRP6, and ARAP3, a mul-
tidomain protein having GTPase activity, as well as integrin
complexes which mediate cell–cell attachments, participate in
and promote toxin internalization (11–16). Integrins, CMG2, and
TEM8 are transmembrane proteins containing a highly conserved
extracellular von Willebrand factor type A domain that can
function as a PA docking site (17) and can enter cells along with
the toxin (14, 16). Apoptosis and caspase-1–dependent necrosis
have been implicated as mechanisms underlying the cell death
that occurs following exposure to anthrax lethal toxin (PA-LF)
(18–20).
Calpains, a ubiquitous family of Ca2+-dependent cysteine pro-

teases that regulate functions of substrates by carrying out limited
proteolysis (21), are encoded in mammals by at least 15 distinct
genes (22, 23). Calpain substrates include cytoskeletal proteins,

kinases/phosphatases, membrane-associated proteins, and tran-
scription factors (21), and calpain function has been implicated in
diverse cellular events ranging from the remodeling of cytoskeletal
anchorage complexes to cell-cycle control (24, 25). Additionally,
calpains are exploited by fungal and viral pathogens to facilitate cell
invasion (26, 27) and have been implicated in pathogen-mediated or
toxin-mediated apoptosis or necrosis occurring after infection by
Streptococcus pneumonia, Shigella dysenteriae, Neisseria spp., and
Clostridium septicum (28–31).
Using an antisense-RNA–based phenotypic screen for host

proteins that modulate macrophage killing by anthrax lethal
toxin, we found that B. anthracis toxins exploit the homeostatic
actions of calpains to promote toxin entry into targeted cells.
Here, we report these findings and establish the mechanism un-
derlying this event. We show that internalization of anthrax toxin
complexes is promoted by exploitation of the calpain-dependent
disruption of talin, a calpain substrate that links integrins to the
actin cytoskeleton (32), and further show that interference with
calpain function impedes the association of CMG2-bound PA
with dynamically reassembling actin filaments during endocytosis
of PA. Because chemical interference with calpain function can
mitigate the effects of exposure to anthrax lethal toxin, we suggest
that calpain inhibitors, which have been developed as potential
treatments for a variety of human diseases (33–35), may be useful
in treatment of or prophylaxis for anthrax toxicity.

Results
Reduction in Anthrax Toxin Lethality by Adventitious Expression of
Calpastatin. We used regulated transcription from a lentivirus-
based human EST library to perturb host gene expression glob-
ally and randomly (14, 15, 36, 37) in murine RAW267.4 mac-
rophages and isolated 96 macrophage colonies that survived
exposure to the PA-LF complex under conditions that normally
are lethal. Doxycycline, which represses a modified CMV pro-
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moter controlling expression of ESTs in the library we used (15),
partially reversed the reduced toxin sensitivity observed in sev-
eral of these clones, implying a role for the corresponding ESTs
in the phenotype. One clone (clone 3-12; Fig. 1A) showed a six-
fold higher LD50 in the absence of doxycycline than in its pres-
ence and was selected for further study. PCR amplification and
sequencing indicated that 3-12 cells contain a chromosomally
inserted EST derived from calpastatin (CAST), a cellular down-
regulator of calpain activity (21). The CAST gene sequence,
which, notwithstanding its presence in an EST library, is anno-

tated in GenBank as intronic (IMAGE clone no. 71286), was
inserted in the sense direction relative to the pLEST lentivirus
promoter. The de novo introduction of the 3-12 CAST EST into
parental RAW264.7tTA cells behind the pLEST promoter (15)
reproduced the anthrax toxin-resistance phenotype and increased
the abundance of CAST mRNA and protein (Fig. 1 B–D). Con-
sistent with the known biological role of calpastatin as a highly
specific calpain inhibitor (21), cells expressing the CAST EST
showed decreased cellular calpain activity (Fig. 1E). Collectively,
these findings argue that expression of the 3-12 CAST EST can
down-regulate calpain activity and that such down-regulation is
associated with decreased cellular lethality of anthrax toxin.

Effect of Pharmacological Inhibition of Calpain on Anthrax Toxin
Lethality. Treatment of cells with a cell-permeable synthetic
agent MDL28170, which broadly inhibits the activity of calpains
(38) (Fig. S1), confirmed that calpain function affects anthrax
toxin lethality. RAW264.7 cells exposed to a dose of anthrax lethal
toxin that normally results in <3% cell survival after 4 h of exposure
showed up to 80% survival when treated with MDL28170 either
before (Fig. 2A) or concurrently with (Fig. 2B) toxin exposure.
However, MD28170 failed to protect against toxin lethality
when added 75 min after the cells were exposed to toxin (Fig. 2B),
suggesting that the calpain function exploited for the normal lethality

Fig. 1. Characteristics of expression of CAST EST. (A) Effect of doxycycline
(Dox) on the susceptibility of clone 3-12. Cells were preincubated in the
presence or absence of 1 μg/mL Dox for 2 d and then were seeded at
a concentration of 2 × 104 cells/mL in a 96-well plate containing or lacking
1 μg/mL of Dox. Cells were treated with a mixture containing the indicated
concentrations of PA plus 250 ng/mL LF for 2 d, and an MTT assay was
performed as described in Materials and Methods. Cell viability is shown as
the percent survival relative to treatment without toxin and represented as
mean ± SD. Data are from one representative experiment (n = 3) performed
in quadruplicate. LD50 values of PA for clone 3-12 in the absence and pres-
ence of Dox are 172 ± 13.8 ng/mL and 29.5 ± 2.2 ng/mL, respectively. P <
0.01. (B–D) The CAST EST identified in clone 3-12 was reintroduced into the
pLEST lentiviral vector, yielding pLEST-CAST, which then was used to infect
RAW264.7tTA cells. Selective growth of cells containing pLEST-CAST or the
empty lentiviral vector (pLEST) was accomplished by treating cultures with
800 μg/mL G418. (B) Effect of CAST EST expression on the cytotoxicity of
PA-LF. Pooled pLEST-CAST–infected cells were treated with a mixture of PA
plus LF, as in A. An MTT assay was performed 1 d after toxin treatment. The
percent of cell viability is represented as mean ± SD. Data are from one
representative experiment (n = 3) carried out in triplicate. LD50 values of
PA in pLEST-CAST and pLEST are 10.2 ± 0.8 ng/mL and 2.6 ± 0.1 ng/mL, re-
spectively. P < 0.01. (C) Effect of CAST EST on CAST mRNA expression. Rel-
ative mRNA abundance was quantified by real-time RT-PCR using primers
corresponding to a segment of exons 1–3, as indicated in Materials and
Methods and normalized to β-actin. Data represent mean ± SD of three
independent experiments. **P < 0.01. (D) Abundance of CAST protein. Cell
lysates were analyzed by Western blotting using anti-CAST antibody. The
numbers below the Western blots indicate mean ± SD of relative CAST level
(upper band) normalized to actin from two independent experiments. (E)
Calpain activity in cells infected by pLEST-CAST or pLEST was determined in
total cell lysates using synthetic fluorogenic substrates as described in
Materials and Methods. Data represent mean ± SD of three independent
experiments. **P < 0.01. RFU, relative fluorescence units.

Fig. 2. Effects of calpain inhibition on cellular susceptibility to PA-LF. (A)
Effect of MDL28170 on killing of RAW264.7 cells by PA-LF. MDL28170 (20 or
40 μM) dissolved in DMSO or DMSO alone as a control was added to cells 1 h
before toxin treatment. After cells were incubated with 0.5 μg/mL PA-LF for
4 h, cell viability was assessed by MTT assay, as indicated in Fig. 1. The per-
cent survival relative to cells cultured in the absence of toxin is represented
as mean ± SD of triplicate experiments. Data are from one representative ex-
periment (n = 3). (B) Effect of the time of addition of MDL28170 on PA-LF–
induced cytotoxicity. RAW264.7 cells were treated with 40 μM MDL28170 for
60 min before (♦), concurrently with (▲), or 75 min after (■) exposure of the
cells to toxin. DMSO was added to a final concentration of 0.1% to cells in wells
lacking MDL28170 (●). After cells were incubated for 4 h with serially diluted LF
in the presence of 200 ng/mL PA, an MTT assay was performed. Values shown
are the mean ± SD of experiments performed in triplicate. (C ) Effect of
MDL21870 on PA-LF-mediated cleavage of MEK-2. RAW264.7 cells were in-
cubated in the absence or the presence of 80 μM MDL28170 for 1 h and then
were exposed to 0.5 μg/mL PA-LF for the indicated time. (Left) Cell extracts were
analyzed by Western blotting using anti–N-terminal MEK-2 antibody to detect
intact MEK-2. (Right) Mean ± SD of the relative level of intact MEK-2 normal-
ized to actin from three independent experiments.
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of anthrax toxin is provided soon after toxin exposure. Consistent
with this notion, calpain inhibition also specifically protected
against cleavage of the LF substrate MEK-2 (Fig. 2C), which
normally occurs 1–2 h after exposure of cells to PA-LF (39).
Control experiments showed that MDL28170 had no direct
effect on the enzymatic activity of LF (Fig. S2).

Calpain Dependence of Anthrax Toxin Internalization. The early
steps toward anthrax toxin lethality are binding of the 83-kDa PA
protein (PA83) to receptors on the cell surface, furin-mediated
cleavage of PA83 to generate the 63-kDa PA subunit (PA63),
formation of a heptameric oligomer of PA63, interaction of
heptameric PA63 with EF or LF, and entry of the toxin and re-
ceptor complex into cells by CME (10, 40, 41). A conformational
change in PA structure caused by the acidic pH of endosomes
renders the tertiary structure of the PA63 heptamer resistant to
disruption by the detergent SDS (40, 42). Internalized (SDS-
resistant) PA thus can be distinguished from surface-bound
(SDS-sensitive) PA during electrophoresis on SDS/PAGE gels,
enabling us to determine whether calpain inhibition affects
events that occur before or after the conformational change in
the PA63 heptamer that takes place in endosomes. Western blot
analysis of cell lysates from RAW264.7 macrophages that were
exposed to PA and maintained at 4 °C, which allows binding of
the toxin but prevents endocytosis (40), showed that treatment

with MDL28170 did not detectably alter the amount of SDS-
sensitive (i.e., surface-bound) PA (Fig. 3A). In contrast, calpain
inhibition was associated with a 75% decrease in SDS-resistant
heptameric PA, as assayed after the shift of toxin-exposed cells
for 0.5 h at 37 °C to enable endocytosis (Fig. 3B), arguing that
the actions of calpain that affect anthrax toxicity occur sub-
sequent to binding but before the entry of PA into acidic endo-
somes. Calpain inhibition also delayed endocytosis: the peak for
SDS-resistant PA was seen at 1 h instead of 0.5 h (Fig. 3B).
Consistent with these effects, fluorescence microscopy indi-
cated that the addition of MDL28170 sharply reduced the in-
ternalization of PA and also of integrin β1 (Fig. 3C), which
previously has been shown accompany the toxin during its entry
into cells (16).
Calpain-2 (capn2) is required for proteolysis of cytoskeletal

and focal adhesion proteins, including talin, paxillin, spectrin,
and FAK (43, 44), and colocalizes with lipid rafts (45, 46) in
which both integrin β1 and the PA–receptor complex are redis-
tributed during CME (8, 47). Using lentivirus that produces
shRNA directed specifically against capn2, we investigated
a possible role for capn2 in PA internalization. Knockdown of
capn2 to ∼40% of normal by this shRNA (Fig. 4A) resulted in
an approximate doubling of the LD50 for PA, from 121.9 ± 7.1
ng/mL to 237.4 ± 11.5 ng/mL PA (Fig. 4B). shRNA directed against
capn2 had no detectable effect on PA binding or processing as

Fig. 3. Effect of calpain inhibition on PA internalization. (A and B) RAW264.7 cells were incubated with 80 μM MDL28170 or DMSO control for 1 h. The cells
then were exposed to 0.5 μg/mL PA and maintained at 4 °C for 1 h for binding assays (A) or at 37 °C for the indicated time for internalization assays (B). Cell
lysates were analyzed by Western blotting using anti-PA antibody as described inMaterials and Methods. The SDS-resistant PA oligomer signal was quantified
by normalization against actin, and the resulting value was compared with the signal obtained from DMSO-treated cells at time point 0.5 h (which was
assigned a value of 1.0). The mean ± SD for values obtained in three independent experiments are shown below the lanes in the Western blot in B. (C)
Immunofluorescence analysis of cellular localization of PA and β1 integrin during PA internalization. RAW264.7 cells were preincubated with or without
80 μM MDL28170 for 1 h, followed by exposure to Alexa-Fluor 488–labeled PA in the presence of 0.5 μg/mL anti–β1 integrin-APC (HMβ1–1) antibody at 37 °C
for 20 min. (Left) The cellular localization of PA (green fluorescence) and β1 integrin (red fluorescence) was monitored microscopically. (Right) The intensities
of cytoplasmic PA and β1-integrin signal were quantified by ImageJ analysis as described in Materials and Methods. Data represent mean ± SEM values (n >
30). ***P < 0.001.
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determined byWestern blotting (Fig. 4C). However, like the overall
pharmacological inhibition of calpains by MD21870, shRNA di-
rected specifically against the expression of capn2 resulted in a de-
crease in the amount of internalized PA (Fig. 4D), indicating that
a function provided specifically by capn2 is exploited for endocy-
tosis of PA. In contrast, overexpression of capn2 had no effect on
the endocytosis of PA (Fig. S3), suggesting that endogenous ex-
pression of capn2 is not rate-limiting.

Calpain-Cleavable Talin-1 Promotes Anthrax Toxin Internalization.
The proteolytic actions of calpains have been shown to regulate
dynamically the functions of cell-adhesion complexes containing
integrin and cytoskeletal actin (48–50). The cytoskeletal protein
talin-1 (TLN1), which is highly sensitive to cleavage by capn2, links
integrins to the actin cytoskeleton directly or indirectly by re-
cruiting other actin-binding proteins and regulating focal adhe-
sion complex dynamics (43, 51, 52). Earlier work has shown that
cleavage of talin by capn2 is critical for the disassembly of focal
adhesions and that a tln1−/− cell line is defective in the turnover
of integrins and other protein components of focal adhesion
complexes (32, 43). Although adventitious expression of wild-type
TLN1 in such cells reversed this defect, expression of a TLN1
variant, TLN-L432G, that is insusceptible to capn2 cleavage did
not (32). Our finding that interference with capn2 function de-
creased endocytosis of both PA and integrins raised the possibility
that altered cleavage of TLN1 may be the mechanism underlying
the effects of capn2 on the toxin.
Adventitious expression of TLN1, which had no effect on the

binding of PA to the cell surface or the processing of PA (Fig.
S4), increased the time-dependent appearance of SDS-resistant
PA oligomers (Fig. 5A) and enhanced the lethality of the PA-LF
complex (Fig. 5B) in macrophages, indicating a specific role for
TLN1 in toxin internalization. Neither increased internalization
of PA nor increased killing by lethal toxin was observed in cells

that express a TLN1 mutant, TLN-L432G (32), that is insuscep-
tible to calpain cleavage, indicating that disruption of TLN1 in-
tegrity, which has been shown to be mediated by capn2 (43),
facilitates these TLN1-dependent effects. Moreover, the ability of
shRNA directed against endogenous TLN1 (Fig. S5) to reduce
toxin internalization and lethality (tln1KD; Fig. 5 A and B) argues
that dynamic turnover of focal adhesion complexes, which, as
Franco et al. (32) have shown, requires both the presence and
cleavage of TLN1, has a positive role in endocytosis of the toxin.

Calpain Cleavage of TLN1 Leads to Association of CMG2 and PA with
Triton X-100–Insoluble Actin Filaments. Published experiments by
others aimed at detecting interaction between highly overex-
pressed CMG2 and actin have yielded disparate results (10, 53,
54). In cells expressing a native amount of CMG2, we found that
the addition of PA promotes the association of the toxin/re-
ceptor complex with actin cytoskeleton fractions that remain
insoluble and sediment rapidly in preparations treated with the
nonionic detergent Triton X-100 (54–56), facilitating endocytosis
of both PA and CMG2 (Fig. 6A). Such Triton X-100–insoluble
factions are thought to represent higher-order actin filaments
assembled during the progressive invagination of membranes
that occurs during the formation of endocytic vesicles (57–59).
The Triton X-100–resistant association of CMG2 with the actin
cytoskeleton was minimal in macrophages that had not been ex-
posed to PA and in cells that were maintained at 4 °C after such
exposure (Fig. 6A). However, shifting PA-treated cells from 4 °C
to 37 °C to initiate endocytosis dramatically increased the asso-
ciation of CMG2 and PA63 with the detergent-resistant actin cy-
toskeleton (Fig. 6A). Together, these findings suggest that CMG2
interaction with PA, which was shown earlier to result in the entry
of CMG2 into cells (14, 16), enables CMG2 to exploit mechanisms
that have been reported to disassemble and reassemble actin fila-
ments dynamically during CME (60, 61). Treatment of cells with

Fig. 4. Effect of capn2 deficiency on PA internalization. RAW264.7 cells were infected with lentivirus expressing capn2 shRNA or nontargeting shRNA (nt).
(A) The capn2 mRNA expression determined by quantitative RT-PCR was normalized to the expression of β-actin. Data represent mean ± SD from three
independent experiments. (B) Cellular susceptibility to PA-LF. The cells were exposed for 4 h to a mixture containing the indicated concentration of PA and
200 ng/mL LF; then cell survival was determined by MTT assay. The percent of cell viability is represented as mean ± SD. Data are from one representative
experiment (n = 3) carried out in triplicate. LD50 values of PA in cells infected with lentivirus expressing nt or capn2 shRNA are 121.9 ± 7.1 ng/mL and 237.4 ±
11.5 ng/mL, respectively. P < 0.01. (C) Binding and processing of PA. The cells were exposed to 1 μg/mL PA at 4 °C for 1 h and then were shifted to 37 °C for
10 min. Cell lysates were analyzed by Western blotting using anti-PA antibody. Tub, tubulin. (D) PA-internalization assay. Cells were exposed to 1 μg/mL PA at
37 °C for the indicated time, and cell lysates were analyzed by Western blotting using anti-PA antibody as a probe. (Left) A representative blot. (Right) Relative
abundance of SDS-resistant PA oligomers was quantified by normalization to actin in three independent experiments; data are shown as mean ± SD. **P < 0.01;
***P < 0.001 compared with nt.
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latrunculin A (LatA), which inhibits polymerization of filamentous
actin (62), prior to initiation of PA endocytosis eliminated CMG2
from the detergent-insoluble fractions (Fig. 6A), supporting the
notion that CMG2 internalization is dependent on dynamic rear-
rangement of the actin cytoskeleton.
The above findings, together with the previously known role of

calpains and TLN1 in actin cytoskeletal rearrangements (24, 48),
suggested that the association of CMG2 with the Triton X-100–
resistant actin cytoskeleton would be sensitive to calpain in-
hibition, and this hypothesis was confirmed by evidence that
shRNA directed against capn2 reduced such association (Fig.
6B). Additionally, although adventitious overexpression of TLN1
increased CMG2 linkage to actin, a decrease in linkage sugges-
tive of dominant-negative effects was observed (Fig. 6C) upon
similar overexpression in naive RAW264.7 cells of the TLN1
mutant TLN1-L432G, which is insensitive to cleavage by capn2
(32). shRNA-induced knockdown of TLN1 also reduced CMG2
association with the actin cytoskeleton (Fig. 6C), further imply-
ing that endocytosis of the toxin–receptor complex is mediated

by the turnover of focal adhesion complexes linked by TLN1 to
the actin cytoskeleton. Collectively, these findings and those de-
scribed above argue that the normal biological roles of both
capn2 and TLN1 are exploited to promote the association of
the PA/CMG2 complex to the actin cytoskeleton and endocy-
tosis of the toxin.

Discussion
Calpains are known to affect a wide variety of cellular events,
including migration, differentiation, and apoptosis (21, 48, 63,
64). These ubiquitous proteases also have been shown to enable
rearrangement of the actin cytoskeleton by cleaving multiple
cytoskeletal components, including TLN1, vinculin, and FAK
(24, 48). Microbial pathogens can trigger actin cytoskeleton
rearrangement and/or CME by recruiting adhesion adaptors and
downstream signaling molecules (65–67). Recently, it has been
recognized that microbial pathogens also have evolved more
direct mechanisms to benefit from the actions of calpains, for
example by activating calpains to destabilize intercellular inter-
actions that impede invasion of cells (68, 69). Our findings now
demonstrate that calpain protease actions are exploited for an-
thrax toxin internalization and show that the calpain target for
this event is the cytoskeletal protein TLN1. Unlike the exploi-

Fig. 5. Effect of TLN1 on anthrax toxin internalization and lethality.
RAW264.7 cells (Ctrl) were infected with lentivirus expressing TLN1 shRNA
(tln1KD) to reduce the expression of TLN1. pEGFP-C1–derived plasmids
expressing wild-type TLN1 or mutant TLN1-L432G were introduced by
transfection. (A) Kinetics of PA internalization during knockdown or ad-
ventitious expression of TLN1. Cells were treated with 1 μg/mL of PA at 4 °C
for 1 h and then were shifted to 37 °C for the indicated time. Cell extracts
were analyzed by Western blotting using anti-PA and anti-tubulin anti-
bodies. (Upper) A representative Western blot. (Lower) The bar graph shows
mean ± SD values of relative amounts of SDS-resistant PA oligomer nor-
malized to tubulin in four independent experiments. Statistical significance
was determined by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001. (B)
Cellular susceptibility to PA-LF. Cells were exposed for 4 h to a mixture
containing the indicated concentrations of PA and 500 ng/mL LF, and then
an MTT assay was performed. The percent of cell viability is presented as
mean ± SD. Data are from one representative experiment (n = 3) carried out
in triplicate. LD50 values of PA in Ctrl, tln1KD, TLN1, and TLN1-L432G cells are
50.1 ± 3.6, 137.7 ± 1.6, 28.0 ± 0.7, and 54.6 ± 2.1 ng/mL, respectively. P < 0.01
between Ctrl and tln1KD or TLN1 and between TLN1 and TLN1-L432G. Fig. 6. Effect of TLN1 cleavage by calpain on association of CMG2 with the

actin cytoskeleton. (A) Dependency of CMG2 association with actin cyto-
skeleton on PA endocytosis. RAW264.7 cells were preincubated with or
without 1 μM of LatA for 40 min at 37 °C. After being chilled on ice for
15 min, cells were treated for 1 h with 1 μg/mL PA at 4 °C for 1 h and were
lysed in CSK buffer containing 1% Triton X-100 at 4 °C for 30 min or were
lysed similarly after being shifted to 37 °C for 7 min. Lysates were centri-
fuged at 16,000 × g for 5 min to pellet the actin cytoskeleton. The detergent-
insoluble fractions were analyzed by Western blotting using anti-CMG2,
anti-PA, and anti–β-actin antibodies as probes. The asterisk indicates a band
that we conclude is nonspecific because of its presence in extracts of cells
that have not been exposed to PA. The Western blot shown is representative
of three independent experiments. (B) Effect of capn2 knockdown on CMG2
association with actin cytoskeleton. The detergent-insoluble actin cytoskel-
eton was extracted from capn2 knockdown (capn2) and control (nt) cells as
described in A and was analyzed by Western blotting using anti-CMG2 and
anti–β-actin antibodies as probes. The Western blot shown is from one
representative experiment (n = 3). (C) Effect of knockdown or adventitious
expression of TLN1 on CMG2 association with actin cytoskeleton. The de-
tergent-insoluble actin cytoskeleton was extracted from RAW264.7 parental
cells (Ctrl), TLN1 cells, TLN1-L432G cells, and TLN1 knockdown (tln1KD) cells
as described in A. CMG2 and actin were analyzed by Western blotting. (Left)
A representative blot. (Right) Mean ± SD of relative CMG2 levels normalized
to actin in three independent experiments. **P < 0.01 compared with Ctrl.
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tation of calpain actions by bacterial cells, exploitation of calpain
by B. anthracis toxins is passive: we found no evidence that exposure
of cells to anthrax toxin increases calpain production or activity.
CME in mammalian cells is thought to involve the disas-

sembly—with the assistance a variety of adaptor proteins—of
actin-based focal adhesion complexes and subsequent cycles of
reassembly and disassembly of the components of these com-
plexes to impart increasing curvature to developing endocytic
vesicles (for recent reviews, see refs. 61, 70, and 71). During
these events, β1 integrins and other cell-receptor proteins—and
the ligands bound to them—can be internalized (60, 72, 73);
integrin-mediated signaling is regulated by adaptor proteins that
include TLN1 (74). Previous work (14) has shown that PA
promotes the internalization of the integrin-like CMG2 an-
thrax receptor protein [also known as ANTXR2 (11)], and the
experiments reported here argue that this event depends on
the disassembly and reassembly of actin complexes. Our findings
suggest a model (Fig. 7) in which these repetitive events are
promoted by both TLN1 linkage of focal adhesion complexes to
the actin cytoskeleton and by cleavage of TLN1 by capn2.
Consistent with the proposed role of calpain cleavage in en-

docytosis of the PA/CMG2 complex, calpain inhibition subsequent

to endocytosis of toxin did not affect toxin lethality. This finding
contrasts with the effects of the caspase-1 inhibitor Boc-D-CMK
and the proteosome inhibitor MG132, which interfere with cas-
pase-1 activation and can rescue cells even when added at later
times (75, 76). Although CMG2 is required for rapid killing of
cells in culture by PA-LF (16) and has a dominant role in the
death of animals exposed to anthrax toxin (12, 77), integrins can
assist CMG2 function and enhance cell killing by low doses of toxin
(16). We hypothesize that trafficking of integrin-containing com-
plexes facilitates association of the PA/CMG2 complex with the
actin cytoskeleton during endocytosis. TEM8, one of three cell-
surface receptors for PA identified in mammalian cells, also is an
integrin-like protein (13) that interacts with actin as well as with
cytoskeletal proteins that include TLN1, vinculin, and/or myosin
II (10, 54, 78). However, the actions of calpain and talin in the
experiments reported here are necessarily unrelated to TEM8,
which is not expressed in RAW264.7 cells (16, 79).
FP59, a fusion of the highly toxic ADP ribosylation domain of

Pseudomonas aeruginosa exotoxin A to the PA-binding domain
of LF (80), has been used extensively as an anthrax toxin sur-
rogate effector protein to identify PA receptors and in studies
of PA-mediated toxin internalization using cell death as an end

Fig. 7. Proposed model for calpain-mediated PA endocytosis. (A) Integrin complexes such as α5β1 are dynamically internalized and recycled to the plasma
membrane during the assembly and disassembly of focal adhesion complexes at the cell surface (60). Calpain-mediated cleavage of TLN1 disrupts the linkage
between integrins and the actin cytoskeleton, enabling integrin endocytosis by clathrin-dependent and clathrin-independent mechanisms (70, 82, 83). The
PA/CMG2 complex at the cell surface is internalized by exploitation of mechanisms for clathrin-dependent endocytosis of integrins. During such endocytosis,
the PA/CMG2 complex becomes associated with Triton X-100–insoluble higher-order actin filaments that undergo repeated cycles of disassembly and reassembly
as the developing endocytic vesicles acquire increasing curvature and eventually are excised to form nascent endosomes. (B) Inhibition of capn2 function interferes
with the disassembly of integrin-containing focal adhesion complexes and reduces PA-induced internalization of both integrins and the PA/CMG2 complex.
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point (12, 14, 15, 77). However, during our investigations we
observed that, although uptake of PA bound to FP59 was re-
duced by calpain inhibition, as was uptake of PA bound to LF
(Fig. S6), calpain inhibition by MD28170 did not affect the
survival of cells exposed to the PA-FP59 complex. Moreover,
inhibition by MD28170 increased cellular susceptibility to
Pseudomonas aeruginosa exotoxin A (i.e., PE toxin) (Fig. S6B),
raising the prospect that calpain inhibition may increase the
activity of the Pseudomonas aeruginosa ADP ribosyltransferase
and concurrently, as shown by our results, reduce the entry of
PA. Consistent with this hypothesis, the bovine poly-ADP ribo-
syltransferase protein has been shown to be a target for calpain
proteolysis (81). Thus, disparate actions of calpains on PA-
mediated entry of FP59 and the lethality of the FP59 moiety may
have prevented the effects of calpains on PA entry from being
detected during earlier screens for host genes in assays that
tested the lethality of PA-FP59 (15). In any case, the divergent
effects of calpain inhibition on PA-LF vs. PA-FP59 emphasize
the perils of inferences (77) made about host gene effects on
anthrax toxicity using hybrid toxins that may enter cells similarly
but which kill cells by different mechanisms.
Calpain inhibitors such as MD28170 have been tested in

preclinical animal studies, where they have been shown to pre-
vent motor disturbances in rats subjected to spinal cord injury
(34) and also to prevent amyloid β-induced neuronal death in
mice (33). We suggest that such inhibitors may be of value in
reducing the cellular lethality of exposure to anthrax toxin and
perhaps of exposure of other microbial toxins that also may
depend on the mechanisms we have identified.

Materials and Methods
Cell Culture, Transfection, and Infection. RAW264.7 mouse macrophage cells
were maintained in DMEM (Invitrogen) supplemented with FBS (HyClone)
at 10% (vol/vol) and 100 units/mL penicillin and 100 μg/mL streptomycin.
Plasmid DNA transfection was performed using the FuGENE6 transfection
reagent (Roche). Viral Infection was performed using lentiviral-based
methods (15). The lentiviral constructs pGIPZ targeting capn2 and pLKO.1
targeting TLN1 were purchased from Open Biosystems and Sigma, re-
spectively. RAW264.7 cells were infected with shRNA-expressing lentivirus,
and the infected cells were selected by 4 μg/mL puromycin. EGFP-expression
vectors for TLN1 (wild type and L432G) were purchased from Addgene Inc.
(Addgene plasmid 26724 and 26725, respectively) (32), and the transfected
cells were selected in medium containing 1 mg/mL G418 (Geneticin; Life
Technologies).

Chemicals and Reagents. PA and LF were purchased from List Biological
Laboratories. Calpain inhibitors III (MDL28170) and LatA were purchased
from Calbiochem and Sigma, respectively. Batches of PA and LF had different
potency, accounting for the different amounts used in different experiments,
each of which included control data for the same toxin batch. The fluo-
rescently labeled monoclonal antibody anti–β1 integrin-APC (HMβ1–1) was
purchased from BioLegend. Anti–N-terminal MEK-2 and anti-PA antibodies
were purchased from Santa Cruz Biotechnology, and anti-calpastatin (CAST)
and anti-CMG2 antibodies were purchased from Cell Signaling Technology
and R&D Systems, respectively.

EST Library Screening. Screening of the EST library was performed as described
by Lu et al. (15) with a slight modification. Briefly, RAW264.7tTA cells
established by introducing a gene encoding the tetracycline-repressed
transactivator (tTA) were infected with the pLEST-based human EST library
reported in Lu et al. (15). A pool of cells expressing ESTs was treated with
500 ng/mL PA-LF for 2 d and was grown in toxin-free medium for 10 d.
Surviving clones were picked and expanded. Genomic DNA was extracted
from each clone using the DNeasy kit (Qiagen), and the EST in each clone
was identified by PCR amplification and sequencing.

Expression of the CAST EST in Naive Cells. pLEST-CAST lentivirus was con-
structed by PCR amplification of the CAST EST insert identified in clone 3-12
using the primers ESTF_NheI and ESTR_NheI (15), and the amplified DNA was
cloned using the pLEST vector (15). Naive RAW264.7tTA cells were infected
with lentivirus containing pLEST-CAST or the empty pLEST vector, and the

infected cells were cultured in the presence of 800 μg/mL G418 for 2 wk to
prevent the growth of cells lacking the pLEST constructs prior to testing the
cell pool for sensitivity to anthrax toxin.

Calpain Activity Assay. Calpain activity in total cell lysateswas determined using
a calpain activity assay kit (Biovision) according to the manufacturer’s
instructions. Briefly, RAW264.7 cells were collected and lysed in Extraction
buffer (Biovision). Equal amounts of protein were added to the calpain sub-
strate Ac-LLY-AFC (Biovision). Fluorescence intensity indicating calpain activity
was measured at 400 nm excitation and 505 nm emission wavelengths using
a microplate reader (Infinite 200;TECAN).

Quantitative Real-Time PCR. Total RNA was isolated using the RNeasy kit (Qia-
gen) and then was reverse-transcribed using M-MLV reverse transcriptase (Invi-
trogen) and random primers. Real-time PCR was performed for EGFP using the
Bio-Rad iCycler iQ system (Bio-Rad) with SYBR green detection and the following
primers: CAST: 5′-TCGCAAGTTGGTGGTACAAG for CAST1 and 5′-CTCCCCAAA-
CTTGCTGCTT for CAST2; capn2: 5′-TTGACAATTTTGTGCGGTGT for capn2-1 and
5′-GAAAAACTCAGCCACGAAGC for capn2-2; TLN1: 5′-AATGGCTCCCATCCTG-
TCTCCTTT for tln1-1 and 5′-TCTGCTTCACATACTCCTTGGGCA for tln1-2; β-actin:
5′-CTAAGGCCAACCGTGAAAAG for actin1 and 5′-ACCAGAGGCATACAGGGACA
for actin2; EGFP: 5′-GCAGAAGAACGGCATCAAGGT for EGFP1 and 5′-ACGA-
ACTCCAGCAGGACCATG for EGFP2. Fluorescence threshold values were calcu-
lated using iCycler iQ system software.

Toxin Treatment and Cell-Viability Assay. Cells were seeded in a 96-well plate
at a density of 2 × 105 cells/mL 1 d before toxin treatment. Various con-
centrations of PA combined with a fixed concentration of LF (200 ng/mL)
were added to the wells, and cells were incubated for 4 h at 37 °C. Cell vi-
ability was measured by adding 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide (MTT) (Sigma) to a final concentration of 1 mg/mL for 2 h
at 37 °C. The supernatant was removed carefully before the addition of
50 μL of lysis solution [10% (wt/vol) SDS in 0.01 N HCl]. After cell lysates were
incubated for 30 min at 37 °C, 100 μL of PBS was added. Spectrophotometer
readings at 570 nm were determined using a microplate reader (Infinite 200;
TECAN). Cell viability was normalized to wells lacking toxin. Each data point
shown for MTT assays indicates the mean ± SD value obtained in triplicate
assays done in a representative experiment. At least three such experiments
were routinely carried out.

Immunofluorescence Microscopy. PA protein was labeled with Alexa-Fluor 488
using the protein-labeling kit (A10235; Molecular Probes, Inc.). The potency
of PA after labeling was fully retained as indicated by the MTT assay.
Immunostaining was performed as follows. RAW264.7 cells were pre-
incubated with or without 80 μM MDL28170 for 1 h in serum-free Iscove’s
modified Dulbecco medium (Invitrogen) and then were treated with 1 μg/mL
PA–Alexa-Fluor 488 in the presence of 0.5 μg/mL anti–β1 integrin-APC
(HMβ1–1) antibody for 20 min at 37 °C. Cells were washed thee times in PBS,
fixed in 4% (wt/vol) paraformaldehyde, and examined under a fluorescence
microscope (DM5500 B; Leica). The intensities of cytoplasmic PA and β1-
integrin signals were quantified by ImageJ analysis (US National Institutes of
Health); pixel-intensity values were analyzed in at least 30 cells per condi-
tion. The intensities of background determinations from identically sized
areas of cytoplasm of untreated control cells were subtracted from experi-
mental values. The numbers shown are the arithmetic means of the deltas
and indicate the SEM.

Biochemical Assay of PA Binding and Internalization. Cells were exposed to
1 μg/mL of PA at 4 °C for 1 h for the binding assay and then were shifted to
37 °C for the indicated time for the internalization kinetics assay. After being
washed three times with cold PBS and lysed in RIPA buffer containing
a protease inhibitor mixture (Roche), cell lysates were quantified using
a BCA protein assay kit (Pierce) and were loaded onto 4–12% denaturing
gels (Criterion XT Precast Gel; Bio-Rad). After electrophoresis, and then
transfer overnight to nitrocellulose membranes, membranes were probed
with anti-PA or anti–β-actin antibodies. Quantitative Western blot analysis
of the bands was done using the VersaDoc 1000 instrument (Bio-Rad) or
Odyssey infrared imaging system (LI-COR Biosciences).

Cytoskeleton Isolation. RAW264.7 cells were lysed with cytoskeleton (CSK)
buffer (60mMPipes, 25mMHepes, 10mMEGTA, 2mMMgCl2, and 1%Triton
X-100) containing protease and phosphatase inhibitors (Roche) on ice for 30 min.
Triton X-100–insoluble fractions were pelleted by centrifugation at 16,000 × g for
5 min, washed with CSK buffer, and resuspended in Laemmli buffer.

Jeong et al. PNAS | Published online October 1, 2013 | E4013

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1316852110/-/DCSupplemental/pnas.201316852SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1316852110/-/DCSupplemental/pnas.201316852SI.pdf?targetid=nameddest=SF6


Statistical Analysis. P values were calculated using a two-tailed Student t test
assuming equal variance or two-way ANOVA for comparisons between
multiple cell-line groups. A value of P < 0.05 was considered statistically
significant.
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