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Many bacterial toxins act on conserved components of essential
host-signaling pathways. One consequence of this conservation is
that genetic model organisms such as Drosophila melanogaster can
be used for analyzing the mechanism of toxin action. In this study,
we characterize the activities of two anthrax virulence factors,
lethal factor (LF) and edema factor, in transgenic Drosophila. LF is
a zinc metalloprotease that cleaves and inactivates most human
mitogen-activated protein kinase (MAPK) kinases (MAPKKs). We
found that LF similarly cleaves the Drosophila MAPK kinases
Hemipterous (Hep) and Licorne in vitro. Consistent with these
observations, expression of LF in Drosophila inhibited the Hep�c-
Jun N-terminal kinase pathway during embryonic dorsal closure
and the related process of adult thoracic closure. Epistasis exper-
iments confirmed that LF acts at the level of Hep. We also found
that LF inhibits Ras�MAPK signaling during wing development and
that LF acts upstream of MAPK and downstream of Raf, consistent
with LF acting at the level of Dsor. In addition, we found that
edema factor, a potent adenylate cyclase, inhibits the hh pathway
during wing development, consistent with the known role of
cAMP-dependent PKA in suppressing the Hedgehog response.
These results demonstrate that anthrax toxins function in Dro-
sophila as they do in mammalian cells and open the way to using
Drosophila as a multicellular host system for studying the in vivo
function of diverse toxins and virulence factors.

mitogen-activated protein kinase kinase � c-Jun terminal kinase �
downstream of raf1 � development � cAMP-dependent PKA

Over the past two decades, the fruit f ly Drosophila melano-
gaster has proven to be a powerful model system for

deciphering genetic networks controlling the development and
physiology of metazoan organisms. More recently, advances in
reverse genetics in conjunction with the completion of genome
sequencing have stimulated interest in using Drosophila for
functional analysis of many human disease genes that are
conserved between humans and insects (1–3). Drosophila also
played a pioneering role in the discovery of the innate immune
system and its regulation by the Toll pathway (4). In contrast,
relatively little use has been made of Drosophila in analyzing the
activity of virulence factors produced by pathogens. Because
bacteria often achieve infectivity through the secretion of toxins
that target well conserved components of signaling pathways or
other essential cellular networks, there is a large untapped
potential for exploiting Drosophila in the analysis of toxin–host
interactions. In this preliminary proof-of-principle study, we
examine the activities of two well characterized anthrax toxins in
transgenic Drosophila and compare the in vivo effects of these
toxins to their known effects in human cells.

Anthrax is caused by Bacillus anthracis, a Gram-positive
bacterium that infects primarily herbivores and occasionally
humans. B. anthracis secretes three exotoxins [lethal factor (LF),
edema factor (EF), and protective antigen (PA)] that are
required for its virulence. Anthrax toxins belong to the A�B
subfamily of exotoxins, in which the B subunit (PA) binds to a
host membrane component and promotes the entry of catalytic

A subunits (LF and EF) into host cells (5, 6). PA binds to the
human cell-surface receptors tumor endothelial marker 8 or
capillary morphogenesis protein 2 (7, 8), two related, widely
expressed transmembrane proteins of unknown function (9).
After cleavage by furin proteases, PA becomes activated and
forms a heptameric prepore, which binds three molecules of EF,
LF, or a combination of both, after which the complex undergoes
endocytosis. A pH drop in endocytic vesicles triggers a confor-
mational change in the PA ring, leading to translocation of EF
and LF into the cytosol (5). LF is a zinc metalloprotease that
cleaves six of the seven known human mitogen-activated protein
kinase (MAPK) kinases (MAPKKs) in their N-terminal proline-
rich regulatory domain, which prevents them from binding to
their substrates and thereby inhibits phosphorylation and acti-
vation of downstream MAPKs (10–12). EF, the second catalytic
anthrax toxin, is a Ca2��calmodulin-dependent adenylate cy-
clase with a specific activity �1,000-fold higher than that of
endogenous mammalian counterparts (13). Because bacteria
lack calmodulin, EF becomes active only after entering host
eukaryotic cells, in which it causes an unregulated rise in cAMP
levels.

Both LF and EF play a central role in anthrax pathogenesis,
as demonstrated by the greatly reduced infectivity of B. anthracis
strains lacking either toxin (14). In addition, the isolated toxins
can cause death (LF) or edema (EF) when coinjected with PA.
The best characterized cellular response to LF is in macrophages,
which undergo programmed cell death and lysis after LF expo-
sure (15, 16). There is also evidence that LF induces defects in
permeability of the vascular endothelium, which, in combination
with cytokines produced by dying macrophages, may contribute
to the shock-like death of animals exposed to LF. The cellular
basis for EF action is less well characterized than that of LF, but
it has been reported that EF blocks phagocytosis in monocytes
(17), impairs the function of dendritic cells (18), and inhibits
antigen presentation to T cells (19). In addition, a recent report
examining the systemic effects of EF reveals that this toxin
causes severe tissue damage and multiple organ failure followed
by rapid death in mice (20).

In this report, we analyze the effect of LF and EF expressed
in various tissues during Drosophila development. We found that
LF cleaves the Drosophila MAPKKs Hemipterous (Hep) and
Licorne (Lic) (21, 22) in vitro. Phenotypic analysis of LF
expression during embryonic and imaginal development reveals
that LF inhibits the activities of the MAPKKs Hep and Down-
stream-of-Raf1 (Dsor1) (23). These LF-induced phenotypes

Conflict of interest statement: E.B. holds shares in NovaScape Sciences.

Abbreviations: LF, lethal factor; EF, edema factor; MAPK, mitogen-activated protein kinase;
MAPKK, MAPK kinase; Hep, Hemipterous; HepCA, constitutively activated Hep; Bsk, Basket;
Dsor1, Downstream-of-Raf1; PA, protective antigen; Lic, Licorne; JNK, c-Jun N-terminal
kinase; Hh, Hedgehog; PKAr, regulatory subunit of PKA.

See Commentary on page 3013.

¶To whom correspondence may be addressed. E-mail: karin�office@som-bsb.ucsd.edu,
mkarin@ucsd.edu, or bier@biomail.ucsd.edu.

© 2006 by The National Academy of Sciences of the USA

3244–3249 � PNAS � February 28, 2006 � vol. 103 � no. 9 www.pnas.org�cgi�doi�10.1073�pnas.0510748103



were not observed with a mutant version of LF lacking its
catalytic site (11), consistent with LF functioning by proteolysis
of target proteins. Expression of EF causes phenotypes in the
wing similar to those caused by loss-of-function hedgehog (hh)
pathway mutations, consistent with the known effect of cAMP-
dependent PKA in inhibiting Hedgehog (Hh) signaling (24, 25).
These results validate Drosophila as a multicellular model or-
ganism for analyzing the function of anthrax toxins and possibly
other bacterial or viral virulence factors targeting unknown host
proteins.

Results
Drosophila MAPKKs Are Cleaved by LF. LF is a zinc metalloprotease
that cleaves within the N terminus of six different human
MAPKKs (10–12). A consensus amino acid N-terminal se-
quence was derived consisting of a few basic residues and a
hydrophobic residue preceding the LF cleavage site, followed
immediately by another hydrophobic residue (Fig. 1A). We
searched for this LF recognition motif within Drosophila
MAPKKs and found matches in the N-terminal domains of all
four known MAPKKs. We focused on the three MAPKKs for
which mutant alleles have been characterized (Hep, Dsor1, and
Lic; see Fig. 1 A). To test whether they can be cleaved by LF, Hep,
Dsor1, and Lic proteins were synthesized and radiolabeled in
vitro. Human MAPKK3b protein was used as a positive control,
because it has been shown to serve as a substrate for LF under
our in vitro cleavage conditions (15). Incubation of Hep with LF
generated a smaller product of �44 kDa (Fig. 1B), a size
consistent with cleavage of full-length Hep by LF (Fig. 1B). As

the predicted LF cleavage site in Lic is only 11 aa downstream
from its N terminus, we observed only a slight reduction in the
size of Lic (�1–2 kDa) upon incubation with LF (Fig. 1B).
Although we did not detect a change in the mobility of Dsor1 by
LF under these conditions, it is possible that cleavage takes place
too close to the N terminus (only 6 or 8 aa away) to be detected
by this assay. In vivo analysis of LF function is consistent with this
possibility, because the activities of both Dsor and Hep are
inhibited by LF (see below). Alternatively, cleaved Dsor might
migrate more slowly on SDS�PAGE than expected, or our in
vitro cleavage conditions may not be optimal for this MAPKK.

LF Inhibits Hep�c-Jun N-Terminal Kinase (JNK) Signaling in Vivo. We
tested the in vivo activity of LF by expressing the toxin in specific
cell types in Drosophila using the GAL4�UAS system (26). In
these experiments, we crossed flies carrying a UAS-LF transgene
to a second stock expressing the yeast GAL4 transactivator in
one of a variety of patterns and examined progeny carrying both
transgenes. We first verified that LF was expressed at detectable
levels by preparing protein extracts from heat-induced adult f lies
carrying a UAS-LF transgene and a heat-inducible GAL4 source
(hsGAL4�LF f lies). SDS�PAGE analysis of these extracts fol-
lowed by Western blotting with anti-LF antibodies confirmed
that LF was expressed and detected as a single band with an
apparent molecular mass of 85 kDa (data not shown).

Next, we examined the in vivo effects of expressing LF during
embryogenesis using various GAL4 drivers (such as teashirt-
GAL4, twistGAL4, actinGAL4, or MatGAL4) and observed
nearly complete lethality. For further analysis, we focused on
MatGAL4�LF embryos in which a maternal promoter provides
strong ubiquitous expression of GAL4 in the embryo. Cuticle
preparations of dead MatGAL4�LF embryos revealed a range
of developmental defects. The least severely affected embryos
had a U-shaped phenotype (Fig. 2B; compare with the wild-type
embryo in Fig. 2 A), which is typical of mutations interfering with
dorsal closure, a process wherein lateral epithelial sheets move
dorsally and fuse to cover extraembryonic cells known as the
amnioserosa (27, 28). More severely affected embryos were
greatly reduced in size, had dorsal holes in the cuticle, and lacked
all head skeletal structures (Fig. 2C), which are hallmarks of
more completely disrupted dorsal closure (21). Because Hep
(21), the Drosophila ortholog of mammalian MAPKK7, is a key
component of the JNK signaling pathway that controls dorsal
closure (Fig. 1C), these defects may result from cleavage and
inhibition of Hep by LF. To test this possibility, we assayed
expression of the JNK pathway target gene decapentaplegic (dpp)
in MatGAL4�LF embryos. Induction of dpp expression in
leading-edge epithelial cells (Fig. 2D, brackets) depends on
activity of the Hep�JNK pathway (29, 30). We observed a strong
reduction of dpp expression in leading-edge cells of
MatGAL4�LF embryos (Fig. 2E). In contrast, dpp expression
was unaffected in other regions of the embryo such as the midgut
(Fig. 2 D and E, arrowheads), consistent with previous evidence
that dpp expression in these cells is independent of JNK regu-
lation (29, 30). We also observed severe defects in the F-actin
network in leading-edge cells of MatGAL4�LF embryos (Fig.
2G), which forms a regular line in wild-type embryos (Fig. 2F).
Similar defects have been reported in bsk� embryos (31).
Interestingly, a role in actin stress fibers formation was previ-
ously demonstrated for the mammalian JNK pathway (32).

A process closely related to dorsal closure is also required to
suture imaginal discs along the thoracic dorsal midline during
pupal development, which likewise depends on Hep�JNK sig-
naling (33, 34). We tested whether LF affects thorax closure by
expressing LF under the control of the pannier (pnr) GAL4
driver in the dorsal region (notum) derived from the wing
imaginal disc (35). This region elongates during pupariation to
form the dorsal–medial region of the adult thorax. LF expression

Fig. 1. In vitro cleavage of Drosophila MAPKKs by anthrax LF. (A) A multiple
protein sequence alignment of known LF cleavage sites in human MAPKKs
and cognate sequences in Drosophila MAPKKs. Conserved residues defining
the cleavage motif are denoted in color (blue, basic residues; red, hydrophobic
residues). LF cleavage sites are indicated by arrows. Amino acid residues
flanking known cleavage sites are in parentheses. (B) 35S-labeled MAPKK
proteins were synthesized in vitro and incubated with LF (250 ng) for 1 h.
MAPKK cleavage was analyzed by SDS�PAGE and autoradiography. (C) Sche-
matic diagram of JNK pathway components in Drosophila and mammals
(parentheses) examined in this study. (D) Schematic diagram of RTK�RAS
pathway components. Mammalian homologs appear in parentheses.
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driven by pnrGAL4 caused a dorsal cleft phenotype (Fig. 2I;
compare with wild-type thorax in Fig. 2H), phenocopying hy-
pomorphic hep mutants (33). This phenotype was not observed
when we expressed a form of LF with a mutated catalytic site
(E720C) (11), consistent with dorsal cleft defects being caused
by cleavage of a host target protein. We also tested whether LF
could inhibit ectopic activation of the Hep�JNK pathway by
coexpressing LF with a constitutively activated Hep (HepCA)
(36). Weak expression of HepCA in the posterior region of the
wing using the C-GAL4 driver led to a partial loss of the fifth
longitudinal vein (L5) (Fig. 2 J). When LF was coexpressed with
HepCA, this phenotype was almost completely suppressed (Fig.
2K), indicating that LF acts in parallel to or downstream of Hep.
In addition, we assayed the in situ activation pattern of Basket
(Bsk) using a phosphospecific anti-D-JNK antibody (37) in
C-GAL4�hepCA�LF discs. We found that expression of

HepCA alone in the posterior region of wing discs led to elevated
levels of activated Bsk (Fig. 2L, bracket) and that coexpression
with LF eliminated this activation (Fig. 2M), providing evidence
that LF acts upstream of Bsk. In aggregate, the data indicate that
LF inhibits the JNK pathway in three distinct developmental
settings, most likely by cleaving and inhibiting the Drosophila
MAPKK Hep.

LF Inhibits the Dsor�MAPK Pathway in the Wing Disc. Dsor1, the
Drosophila homolog of human hMEK1 and hMEK2, is a
central component of the canonical RTK�RAS�Dsor�MAPK
pathway (23) (Fig. 1D). Although we could not detect a
mobility shift resulting from LF treatment of Dsor1 in our in
vitro cleavage assay, sequence analysis indicated that Dsor1
should be a good substrate for LF. As mentioned previously,
a possible explanation is that cleavage occurs but is too close
to the N terminus of Dsor1 to be detected by SDS�PAGE
analysis. To determine whether LF can inhibit Dsor1 in vivo,
we expressed LF ubiquitously in the wing pouch using a
wing-specific GAL4 driver (MS1096GAL4 � wingGAL4). The
RTK�RAS�Dsor�MAPK pathway plays a dual role in the wing
in promoting cell survival�proliferation (at basal levels of
signaling) and vein differentiation (strong localized activation)
(reviewed in ref. 38). When expressed at high levels in the wing
disc, LF caused small scooped wings, which were elongated
along the proximal–distal axis (Fig. 3 B and C). Similar

Fig. 3. LF inhibits Dsor�MAPK signaling. (A–D) Adult wings. Stg-
wingGAL4�LF refers to males with three copies of the UAS-LF construct driven
by the MS-1096 ubiquitous wing driver at 29°C. The small wing vein phenotype
(B) has nearly 100% penetrance, and �50% of these individuals also have vein
truncations (not present in the wing shown in B). Mod-wingGAL4 refers to the
MS1096GAL4 driving expression of three copies of the UAS-LF construct in
females at 25°C (A). (D) The Dsor1 allele used is Dsor1rl. Arrow points at a
truncated L5 vein. (E and F) Third-instar imaginal discs stained with an anti-
di-phosphoMAPK antibody. (E) A wild-type (wt) disc, showing localized MAPK
activation in the margin and vein primordial. (F) An MS1096�LF disc, in which
LF suppresses MAPK activation. (G) An MS1096�UAS-Sem wing, in which the
activated allele Sem of the rolled MAPK causes ectopic veins (arrows). This
phenotype is not suppressed by coexpression of LF (H). (I and J) Medial portions
of adult wings, showing ectopic veins (arrows) in C-GAL4�Rafgof wings (I) and
suppression of this phenotype by LF (J).

Fig. 2. LF inhibits Hep�JNK signaling in Drosophila. (A–C) Cuticle prepara-
tions of Drosophila wild-type (wt) (A) or MatGAL4�LF (B and C) embryos.
LF-expressing embryos are similar to Hep�JNK pathway mutant embryos (21,
30). GAL4 drivers indicated in labels in this and subsequent figures are abbre-
viated as G4. Among embryos expressing high levels of LF that have dorsal
closure defects the various phenotypic categories occur at the following
respective frequencies (n � 54): U-shaped (46%), U-shaped with head cuticle
defects and�or dorsal holes (42%), and severe cuticle phenotype (12%). In C
the arrow indicates an anterior dorsal hole in the cuticle. (D and E) in situ
hybridization of Drosophila embryos using a dpp antisense probe. Brackets
indicate leading-edge cells, which express dpp in wild-type embryos (D), but
fail to do so in MatGAL4�LF embryos (E). Arrows point to dpp-expressing
midgut cells, and the asterisk indicates a lateral stripe of dpp expression,
independent of JNK regulation. (F and G) High-magnification views of F-actin
in embryos stained with Alexa Fluor 555-coupled phalloidin. Elongated lead-
ing-edge cells have a sharp and regular F-actin front in wild-type (wt) embryos
(F), whereas in MatGAL4�LF embryos (G) the F-actin front is irregular and
discontinuous. (H and I) Thoraxes dissected from wild-type (wt) (H) and
pnrGAL4�LF (I) adults. LF-expressing individuals display a dorsal cleft pheno-
type typical of Hep viable mutants (33). (J and K) Proximal portions of adult
wings. (J) A C-GAL4�Hep-CA (activated Hep) wing. (K) A C-GAL4�Hep-CA�LF
wing, in which LF suppresses the phenotype induced by Hep-CA. (L and M)
Third-instar imaginal discs stained with an anti-activated JNK antibody. (L) A
C-GAL4�Hep-CA disc. Bracket indicates the posterior domain of GAL4 expres-
sion. (M) A C-GAL4�Hep-CA�LF disc showing reduced JNK activation caused
by LF.
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phenotypes are caused by expressing dominant-negative (DN)
forms of RTK�RAS�Dsor�MAPK pathway components, such
as DN-EGF-R (39, 40), in line with LF inhibiting this pathway.
Another function of the Dsor�MAPK pathway is to promote
wing vein over intervein development, which depends in part
on localized processing of membrane-bound EGF ligands by
the Rhomboid protease (41, 42). Consistent with a role in
inhibiting EGF-R signaling, strong expression of LF with the
wingGAL4 can induce distal vein truncations, and moderate
expression of LF, which has no vein phenotype on its own, also
causes vein loss in heterozygous combinations with recessive
vein-loss mutations such as rhove, vn���, or kniri (data not
shown). We tested whether heterozygous mutations in any of
the four known Drosophila MAPKKs enhanced the effects of
LF in the wing. We found that two loss-of-function Dsor1
alleles (Fig. 3D), but not mutations in hep, lic, or MAPKK4
(data not shown), resulted in a aggravated wingGAL4�LF
phenotype consisting of more pronounced scooped wings and
distal vein truncations (compare Fig. 3 D and A ). This specific
interaction of LF with Dsor1 supports the view that the
observed LF wing phenotype results from reduced RTK�
RAS�Dsor�MAPK signaling. We also assayed the effect of LF
on the in situ activation level of MAPK (MAPK*) (43). In
wild-type wing discs, detectable MAPK* is normally restricted
to the presumptive margin and vein primordia (40, 43) (Fig.
3E). In wingGAL4�LF expressing discs, however, little, if any,
MAPK* was observed (Fig. 3F), suggesting that LF inhibits the
Dsor�MAPK pathway upstream of MAPK. Although the loss
of MAPK* staining in vein primordia of LF-expressing wing
discs appears to be more severe than the resulting adult wing
phenotype, this discrepancy may ref lect the difficulty in
detecting low levels of MAPK* activation in situ. Alternatively,
compensatory developmental mechanisms acting during pupal
development may correct the earlier defects, as has been
observed previously with vein-loss mutants (40). In accord
with the MAPK* staining data, LF did not suppress the ectopic
vein phenotype caused by UAS-rolledSem, an activated allele of
the rolled MAPK (44) (compare Fig. 3 G and H). In contrast,
LF did suppress the strong ectopic vein phenotypes caused by
ectopic expression of rhomboid (41) (data not shown) or an
activated form of Raf (26) (compare Fig. 3 I and J). We
conclude that LF inhibits the RTK�RAS�Dsor�MAPK path-

way downstream of Raf and upstream of MAPK. Consistent
with LF cleaving and inactivating Dsor1, none of the various
LF phenotypes were observed with a catalytically inactive
mutant form of LF (11).

EF Causes hh-Like Phenotypes in the Wing. We also examined the
effect of expressing EF in various cell types. We crossed a stock
carrying a UAS-EF transgene to different GAL4 drivers and
found that EF expression caused lethality with many of the
drivers tested. We obtained surviving adult f lies, however,
when expressing EF under the control of the dppGAL4 driver,
which activates gene expression in a stripe of six to eight cells
between the presumptive L3 and L4 vein primordia in the wing
imaginal disc. These dppGAL4�EF f lies had a reduced spacing
between the L3 and L4 veins and occasional truncations of the
L3 vein (compare Fig. 4B with the wild-type wing shown in Fig.
4A). Similar phenotypes result from weak mutations in the Hh
pathway, which specifies cell fates in the central region of the
wing (45, 46). The Hh-like phenotype caused by EF is con-
sistent with the known inhibitory role of cAMP-dependent
PKA in this pathway. PKA phosphorylates the Cubitus inter-
ruptus transcription factor (Ci) and promotes its ubiquitina-
tion and proteolysis into a transcriptional repressor (CiR),
which inhibits expression of hh target genes (reviewed in ref.
24). Elevated levels of cAMP induced by EF are therefore
expected to inhibit hh signaling through activation of PKA. We
tested whether EF was interfering with the Hh pathway by
reducing the gene dose of hh in f lies expressing EF and found
that such dppGAL4�EF; hh�� individuals exhibited a signif-
icant enhancement of the EF phenotype (Fig. 4C). This
enhanced EF phenotype was not suppressed by coexpression
of the antiapoptotic protein p35 (47) (data not shown),
suggesting that EF causes patterning or growth defects rather
than apoptosis. To confirm that EF acts on the Hh pathway via
PKA, we expressed EF along with the regulatory subunit
of PKA (PKAr) (48), which mediates the cAMP dependence
of PKA activity (49). When expressed alone, PKAr causes
strong phenotypes mimicking ectopic activation of Hh signal-
ing. For example, dppGAL4�PKAr individuals die during late
pupariation, and excavated adults show severe wing (Fig. 4D)
and leg (Fig. 4G) patterning defects (compare with wild-type
limbs in Fig. 4 A and F, respectively). Although EF expression

Fig. 4. EF inhibits PKA-dependent Hh signaling. (A–E) Adult wings. Brackets indicate the distance between longitudinal veins L3 and L4, which is reduced in
dpp-discGAL4�EF wings (B). This phenotype is clearly enhanced in hh heterozygous mutants (C). (D) A dppGAL4�PKAr wing, in which expression of the
regulatory subunit of PKA causes sublethality and severe patterning defects. This phenotype is almost completely suppressed by coexpression with EF (E). (F–I)
Anterior legs of adult males. Expression of the regulatory subunit of PKA causes malformation of legs (G). This phenotype is also suppressed by coexpression with
EF (I). EF expression with other GAL4 drivers causes lethality (apGAL4, ptcGAL4, and dppGAL4 at 25°C), strong composite wing phenotypes (71BGAL4, 1348GAL4,
scaGAL4, MS1096GAL4, and vgGAL4), and small or rough eyes (eyeGAL4 and GMRGAL4, respectively). wt, wild type.
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caused no detectable phenotype on its own in the leg (Fig. 4H)
and only a moderate Hh-like phenotype in the wing (Fig. 4B),
it completely suppressed PKAr-induced lethality and the
associated pupal phenotypes when coexpressed with PKAr
(Fig. 4 E and I). These observations are compatible with the
known effect of cAMP on the regulatory subunit of PKA,
which binds to and suppresses the activity of the catalytic
subunit of PKA (PKAc) under low concentrations of cAMP
but dissociates from PKAc under high cAMP concentrations.
We conclude that EF phenotypes in the wing are likely to be
mediated by its adenylate cyclase activity.

Discussion
B. anthracis and its virulence factors LF and EF have been
intensively studied over the past few years, and, although much
has been learned about the structure of the toxins and their
mode of entry into host cells (5), the link between their
biochemical activities and their physiological effects has re-
mained elusive (6). In this study we examined the effects of
anthrax toxins in the model genetic host, Drosophila. In the
case of LF, we found that two Drosophila MAPKKs are cleaved
in vitro by LF and that the in vivo function of two MAPKK
pathways (Hep�Bsk � MAPKK7�JNK and Dsor�Rolled �
MEK1,2�MAPK) can be blocked by expression of an LF
transgene. Although we have not directly examined the effect
of LF on p38 pathways, we observed strong cuticle phenotypes
in embryos expressing high levels of LF (data not shown).
These severe phenotypes are very similar to those of hep lic
double mutants in which both JNK and p38 activation are
blocked (22). In addition, as shown in Fig. 1B, Lic is a substrate
for LF in vitro. Further analysis will be necessary to determine
the in vivo effect of LF on Lic and MAPKK4.

EF toxin also causes expected patterning defects when ex-
pressed in developing wing imaginal discs. The EF phenotypes
are similar to those caused by mutations reducing Hh signaling
and are likely to be mediated by cAMP-dependent PKA, which
suppresses Hh signaling (46). These initial studies validate
Drosophila as a genetic multicellular model host for analyzing the
function of the LF and EF anthrax toxins.

We note that, while there is strong evidence for LF acting at
least in part by cleaving and inactivating MAPKK targets, this
protease may also have other targets contributing to its lethal
effects (6). Another important question is how LF and EF
toxins cooperate to achieve optimal virulence in the host.
Recent reports indicate that EF and LF can act in either
opposing or synergistic fashions depending on the cellular
context (18, 50). In preliminary experiments, we have observed
other phenotypes caused by expression of LF and EF in various
cell types in addition to the expected phenotypes reported
here. This study therefore provides a starting point for ana-
lyzing potentially novel effects of LF and EF and may lead to
the identification of new targets mediating cooperative effects
of these two toxins.

B. anthracis is not known to infect hosts other than mam-
mals. Consistent with this observation, we found no homolog
of anthrax toxin receptors tumor endothelial marker 8 and
capillary morphogenesis protein 2 encoded by the Drosophila
genome, suggesting that Drosophila is not a suitable model for
infection by anthrax. This is also likely to be true for many
human pathogens, which have evolved to infect mammals via
multiple sequential events, including host recognition, adher-
ence, induction of virulence genes, virulence factor delivery, or
evasion of host defenses. In some cases, however, it has been
possible to infect Drosophila with human pathogens, such as
Vibrio cholerae (51), Pseudomonas aeruginosa (52), or Staph-
ylococcus aureus (53). In contrast to infection with a patho-
genic organism, expression of a single virulence factor, which
affects only a limited set of conserved host targets, is more

likely to produce a specific and interpretable response. Be-
cause many pathogens act on specific protein targets that have
been highly conserved in Drosophila, we anticipate that Dro-
sophila will become a widely used in vivo system for the analysis
of bacterial toxins or viral virulence factors with unknown
activities or unidentified targets. In addition, toxins such as LF
that have multiple host target proteins may be used to simul-
taneously reduce or eliminate the activities of several related
proteins that perform overlapping functions. Thus, pharma-
cogenetic strategies can complement classic loss-of-function
genetics in cases where multiple genes carry out related
functions.

Materials and Methods
In Vitro Cleavage of Drosophila MAPKK Proteins with LF. Hep, Dsor1
and Lic proteins were synthesized and 35S-labeled by incubating
their cDNA plasmids with TnT reticulocyte lysates (Promega).
For the in vitro cleavage assay, 35S-labeled MAPKK proteins
were incubated with 250 ng of LF in 25 �l of assay buffer (25 mM
potassium phosphate, pH 7.4�20 mM NaCl�0.1 mM calcium
chloride�0.1 mM zinc chloride�10 mM magnesium chloride�1
mM DTT�10% glycerol) for 1 h. Samples were analyzed by
SDS�PAGE and autoradiography.

Construction of UAS-LF and UAS-EF Plasmids. LF and EF sequences
were amplified by high-fidelity PCR (Extensor PCR Master Mix
1, ABgene catalog no. 0792�A) from plasmids pLF7 (Lf-wt),
pSJ121F (Lf-E720C), and pSE42 (EF), which were kindly pro-
vided by Steve Leppla (National Institutes of Health, Bethesda),
by using the following primers: LF sense, 5�-CATAGC-
GGCCGCGGCGCCAGCATGGCGGGCGGTCATGGTGA-
TGTA-3�; LF antisense, 5�-GAGCTCTAGATTATGAGGTA-
ATAATGAACTTAATC3�; EF sense, 5�-GATCCTCGAGG-
GCGCCAGCATGAATGAACATTACACTGAGAGT-3�; EF
antisense, 5�-CAGCTCTAGATTATTTTTCATCAATA-
ATTTTTTGG-3�. The bacterial signal sequences comprising
the first 33 aa of the LF and EF proteins were not included and
were replaced by a methionine preceded by an optimal Dro-
sophila Kozak’s sequence (GCCAGC). PCR products were
cloned into the pCR2.1 TOPO vector (Invitrogen) and checked
for proper sequence. LF was then inserted into the pUASt
vector. EF was inserted into a modified version of the pUWT
vector (54) (details available on request), which has an FLP-
excisable white� cassette that prevents leaky expression of the
transgene.

Drosophila Stocks and Crosses. All crosses were grown under
standard conditions at 25°C, except for dppGAL4�EF combi-
nations, which were raised at room temperature. For expression
of LF we used either a UAS-LF2X�FM7 stock or a UAS-LF3X�
FM7 stock. The GAL4 driver lines used included MatGAL4 (55),
pnrGAL4 (35), wingGAL4 known as MS1096GAL4 (56), C-
GAL4 (57), and dpp-discGAL4 (dppGAL4). Dsor1rl and
Dsor1LH110 alleles were kindly provided by N. Perrimon (Har-
vard Medical School), and UAS-Sem was provided by Ilaria
Rebay (University of Chicago, Chicago). UAS-HepCA, Hepr75,
HepG0107, and MAPKK4e01485 stocks were obtained from the
Bloomington Stock Center (Bloomington, IN). For expression of
EF we used a UAS�w��EF UAS-FLP�TM6 stock, and for
epistasis experiments we crossed this dppGAL4 UAS�w��EF
UAS-FLP�TM6 stock to hh2�TM3, hh21�TM3 stocks (obtained
from Bloomington Stock Center) and to a UAS-PKAr stock
(kindly provided by Dan Kalderon, Columbia University, New
York).

In Situ Hybridization and Immunofluorescence. In situ hybridization
on embryos using a digoxigenin (DIG) dpp antisense probe was
performed as described (58). The final detection steps were
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carried out with a sheep anti-DIG antibody, followed by a
donkey anti-sheep Alexa Fluor 555-coupled antibody (Invitro-
gen�Molecular Probes). We detected in situ activation of Bsk
(JNK) by using a primary rabbit anti-active JNK pAb (1�500)
(Promega, catalog no. V7931) followed by incubation with an
Alexa Fluor 555 goat anti-rabbit secondary antibody (Invitro-
gen�Molecular Probes). In situ detection of Rolled activation
(MAPK*) was performed by using a primary mouse anti-
diphosphoMAPK mAb (1�200) (Sigma, catalog no. M9692)

followed by an Alexa Fluor 488 chicken anti-mouse secondary
antibody (1�500, Invitrogen�Molecular Probes). F-actin was
detected by using Alexa Fluor 555-phalloidin (Invitrogen�
Molecular Probes).

We thank Steve Leppla for kindly providing EF, LF, and mutant LF
cDNAs and John Collier and members of the E.B. laboratory for helpful
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