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The Toll signaling pathway is required for the innate immune
response against fungi and Gram-positive bacteria in Drosophila.
Here we show that the endosomal proteins Myopic (Mop) and He-
patocyte growth factor-regulated tyrosine kinase substrate (Hrs)
are required for the activation of the Toll signaling pathway. This
requirement is observed in cultured cells and in flies, and epistasis
experiments show that the Mop protein functions upstream of the
MyD88 adaptor and the Pelle kinase.Mop andHrs,which are critical
components of the ESCRT-0 endocytosis complex, colocalize with
the Toll receptor in endosomes. We conclude that endocytosis is
required for the activation of the Toll signaling pathway.

The innate immune system senses a wide range of pathogens
through distinct pattern recognition receptors (PRRs). The

engagement of these receptors leads to the activation of specific
signaling pathways resulting in the expression of antimicrobial
genes.Drosophila, which lacks an adaptive immune response, relies
on the innate immune system as the major defense mechanism
against pathogens. Systemic immune responses of Drosophila are
regulated by at least two distinct signaling pathways, the IMD (im-
mune deficiency) and the Toll pathways. Signaling through these
two pathways culminates in the activation of different NFκB tran-
scription factors, Relish in the IMD pathway and Dif in the Toll
pathway (1). The binding of these transcription factors to target
promoters leads to the expression of various antimicrobial peptides
(AMPs) in the fat body, the Drosophila analog of the mammalian
liver. Both the IMDandToll pathways are evolutionarily conserved
between insects and mammals. The Drosophila IMD pathway is
homologous to the mammalian tumor necrosis factor receptor
pathway and TRIF-dependent Toll-like receptor (TLR) pathway,
whereas the Toll signaling pathway is similar to the interleukin-1
receptor (IL-1R) and MyD88-dependent TLR pathways (1, 2).
The IMD signaling pathway is activated by the binding of

meso-diaminopimelic acid-type peptidoglycans, which are char-
acteristic of Gram-negative bacteria, to the Drosophila peptido-
glycan recognition proteins PGRP-LC or PGRP-LE (3–5). IMD
is a death domain-containing adaptor and functions downstream
of the PGRPs to activate the Tak1 complex that, in turn, acti-
vates the Drosophila IκB kinase (IKK) complex, consisting of
IKKβ (also known as Ird5) and IKKγ (also known as Kenny)
(6–9). The IKK complex then phosphorylates Relish, the Dro-
sophila p100/p105 NFκB homolog (6). The Relish protein is
processed by the Dredd caspase, and the N-terminal Rel DNA-
binding domain of Relish induces antimicrobial gene expression,
including Attacin and Cecropin genes (10).
The Toll signaling pathway is activated by fungi and bacteria

through a cascade of extracellular proteolytic cleavage events that
culminate in the proteolytic processing of the Spätzle proprotein by
the Spätzle processing enzyme (SPE) (11, 12). The mature Spätzle
ligand binds to the ectodomain of the Toll receptor, and induces
receptor dimerization (13). Activated Toll receptors recruit a pre-
formed plasmamembrane-associated complex consisting ofMyD88
and Tube (14, 15). Pelle, a serine-threonine kinase similar to mam-
malian IL-1R-assocated kinases, is then recruited to the active Toll
receptor by Tube. Signaling through the trimeric complex composed
of MyD88, Tube, and Pelle leads to the phosphorylation of Cactus,

the Drosophila IκB homolog. This phosphorylation is a signal for
Cactus degradation, which leads to the release of the transcription
factor Dif. Dif then enters the nucleus to activate transcription of
antimicrobial genes, including the gene encoding the antifungal
peptide Drosomycin (16, 17). The Toll pathway is also required for
the dorsal-ventral embryonic development in Drosophila (18). The
majority of the intracellular signaling components of the Toll path-
way are shared by both physiological processes. Dorsal, another
Drosophila NFκB homolog, is a critical target of Toll signaling in
dorsal-ventral patterning (19). Whereas Dorsal is not required for
the activation of antimicrobial genes of the Toll pathway in adult
flies, Dif is not required for normal dorsal-ventral patterning during
development (20).
Unlike the Drosophila Toll receptor, the mammalian Toll-like

receptors (TLRs) directly recognize pathogen molecules. This rec-
ognitioncanoccurat theplasmamembrane(TLR4),or inendosomes
(TLR3, TLR7, and TLR9) (21). TLR4 binds to lipopolysaccharide
(LPS) at the plasma membrane, and both TLR4 and LPS traffic to
endosomes, which contain hepatocyte growth factor-regulated tyro-
sine kinase substrate (Hrs) (22). Hrs is a subunit of the endosomal
sorting machinery required for transport (ESCRT) complex, which
facilitates the transfer of cargo proteins to lysosomes for degradation
(23). A recent report indicates that activated TLR4 initiates the
TIRAP-MyD88-dependent NFκB signaling pathway from the
plasma membrane, whereas the TRAM-TRIF-dependent IRF3 sig-
naling pathway is activated from early endosomes (24). Thus, the
subcellular localization and dynamic trafficking ofTLRs are required
to activate distinct innate immunity signaling pathways in mammals.
Here we report the results of a targeted RNAi screen to identify

kinaseandphosphatase genes required for signal-dependentCactus
degradation in theDrosophila Toll signaling pathway. Pelle was the
only kinase identified inour screen.Our screen for phosphatases led
to the identification of mop, a recently discovered member of the
protein tyrosine phosphatase (PTP) family (25). We show that
RNAi knockdown of mop inhibits Spätzle-dependent Cactus deg-
radation inDrosophila S2 cells and induction of AMP genes in vitro
and in vivo. Surprisingly, mutations in the putative PTP domain of
mop do not affect Toll activation by Spätzle. We show that Mop
colocalizes to the early endosome along with Hrs, a subunit of
ESCRT-0 complex. We further demonstrate that Mop, Toll, and
Hrs are present in the same complex. We conclude that the endo-
cytosis machinery is required for signal-dependent Cactus degra-
dation and AMP induction. Thus, endosomes play an essential role
in Drosophila Toll activation.
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Results
Identification of Novel Components of the Toll Signaling Pathway.
The Drosophila Toll pathway has been extensively characterized in
both the dorsal-ventral patterning of the early Drosophila embryo
and in the innate immune response.However, the signal-dependent
regulation of Cactus degradation downstream of the Pelle kinase in
the Toll pathway is not understood. To identify components of the
Toll pathway that function upstream of Cactus degradation, we
developed a luciferase-based RNAi screening system inDrosophila
S2 cells.Thefirefly luciferase genewas fused to theC terminusof the
Cactus ORF (Cact-Luc), and the fusion protein stably expressed
under the control of theActin 5C promoter (Fig. 1A). Activation of
the Toll pathway with recombinant mature Spätzle protein, which
contains the C-terminal 106 amino acid residues, induced rapid
degradation of both chimeric Cact-Luc and endogenous Cactus
protein (Fig. 1B andC and Fig. S1A), and activation ofDrosomycin
transcription within 30 min (Fig. S1B).
A dsRNA library, containing 563 dsRNAs targeting all known

and predicted Drosophila kinase and phosphatase genes, was
screened in stable S2/Cact-Luc cells. The library was analyzed
twice to identify genes required for Spätzle-dependent Cact-Luc
degradation. Among the 476 specific dsRNAs designed against

Drosophila kinases, pelle dsRNA was the only one that resulted in
reproducible inhibition of signal-dependent reduction of theCact-
Luc luciferase activity. We also screened 87 dsRNAs that target
Drosophila phosphatase genes and identified two dsRNAs inhibi-
ted Spätzle-dependent Cact-Luc degradation, one of which (4D8)
was confirmed by using an independent dsRNA from another
RNAi library (Fig. 1B). The 4D8 dsRNA targets a recently iden-
tified Drosophila gene myopic (mop), which was implicated in
epidermal growth factor receptor (EGFR) signaling (25). Two
additionalmop dsRNAs (i and ii) targeting different regions of the
mop gene also significantly inhibited Spätzle-dependent reduction
of luciferase activity in the Cact-Luc cells (Fig. 1C). Consistent
with the Cact-Luc luciferase assay, mop knockdown by these two
dsRNAs caused strong inhibition of signal-dependent degradation
of the endogenous Cactus protein in S2 cells (Fig. 1D). We con-
clude that mop is required for Cactus degradation in response to
Spätzle induction of the Toll signaling pathway.

Mop Is Required for the Toll, but Not the IMD Pathway. To compare
the function ofmop in the twoDrosophila innate immune response
pathways, we analyzed the induction of antimicrobial peptide genes
downstream of the Toll or IMD pathway in S2 cells. The activity of
the Toll signaling pathway was monitored by using a Drosomycin-
luciferase reporter. As expected from previous studies, mature
Spätzle protein efficiently activates the Drosomycin reporter (13)
(Fig. 2A). Pelle knockdown byRNAi decreased the induction of the
reporter from 18.2-fold to 2.1-fold. Three different dsRNAs tar-
geting nonoverlapping regions of theORF (i and ii) and the 3′UTR
(iii) of the mop gene also markedly inhibited the induction of the
Drosomycin reporter (Fig. 2A). Consistent with the requirement of
mop inCactus degradation,we conclude thatmop is required for the
induction of antimicrobial genes of the Toll pathway.
We further analyzed the induction of antimicrobial peptide

genes in S2 cells by quantitative RT-PCR (qRT-PCR). Consistent
with the results obtained with the Drosomycin reporter, dsRNAs
against pelle and mop significantly decreased the induction of the
endogenous Drosomycin gene by Spätzle (Fig. 2B). We also ex-
amined the expression of IM1, another Toll-specific gene. In-
duction of the endogenous IM1 by Spätzle was strongly reduced by
two different dsRNAs against mop, similar to the effect observed
with the pelle knockdown (Fig. 2C).
To determine whether mop is also required for the IMD path-

way, S2 cells were stimulated by the peptidoglycan contaminant
present in LPS and the induction of the IMD-specific antimicro-
bial gene, Cecropin A1 (CecA1), was assayed by qRT-PCR. As
expected, RNAi targeting ird5, the Drosophila IKK homolog that
functions in the IMDpathway, strongly inhibitedCecA1 activation
by peptidoglycan (Fig. 2D). By contrast, both dsRNAs targeting
mop efficiently knocked down protein expression, but they did not
affect CecA1 induction through the IMD pathway (Fig. 2D). We
conclude that the Mop protein functions specifically in the Toll
innate immunity signaling pathway.
We have demonstrated thatmop is required for efficient Spätzle-

dependent Cactus degradation, indicating that it functions up-
stream in the Toll signaling pathway. Two adaptors, MyD88 and
Tube, and one kinase, Pelle, are known to be required downstream
of the Toll receptor activation and upstream of Cactus degradation.
To identify the position of Mop in the Toll signaling pathway, we
examined the requirement of Mop in cells activated by over-
expressing specific components of the pathway. As expected, tran-
sient expression of MyD88 or Pelle alone was sufficient to acti-
vate the Drosomycin reporter in S2 cells (Fig. 2E). Consistent
with previous reports (26), activation of theDrosomycin reporter
in response to exogenous MyD88 or Pelle was strongly inhibited
by pelle dsRNA. In contrast, mop RNAi did not inhibit Droso-
mycin reporter activation by MyD88 or Pelle even though the
mop was efficiently knocked down (Fig. 2E). We conclude that

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Phosphatase dsRNAs

4D8

Cactus

Mop

Tubulin

Cactus-LuciferaseP(Act5C) RenillaP(copia)Hsp70
 pA

SV40
pAA

0%

20%

40%

60%

80%

100%

120%

140%

None pelle mop(i) mop(ii)

- Spz
+ Spz

dsRNA:

GFP pelle mop(i) mop(ii)

B

C D
Spz: -    +   -   +   -    +   -    +

dsRNA:

R
em

ai
ni

ng
 C

ac
t-L

uc
 A

ct
iv

ity
R

em
ai

ni
ng

 C
ac

t-L
uc

 A
ct

iv
ity

pelle
dsRNA

*

Fig. 1. Mop is required for Spätzle-induced Cactus degradation. (A) A sche-
matic diagram of the Cact-Luc construct. The Cactus-firefly luciferase chimera
is driven by the Actin 5C (Act5C) promoter. The Renilla luciferase, which is
controlled by the copia promoter, serves as an internal control. (B) The deg-
radation of Cact-Luc protein was determined by measuring the luciferase ac-
tivity before and after one-hour Spätzle (Spz) stimulation in S2/Cact-Luc cells
pretreated with individual dsRNA targeting Drosophila phosphatase genes.
pelle dsRNA (green bar), which served as a positive control, inhibited the
degradation of Cact-Luc. Two candidate phosphatase genes (blue bars) were
identified in theprimary screen. (C) S2/Cact-Luc cellswere treatedwithdsRNAs
targeting GFP (control), pelle, and two different regions of mop (i and ii) to
silence the expression of endogenous proteins. The degradation of Cact-Luc
was determined as in B. (D) Similar to C, except wild-type S2 cells were used.
RNAi treated cells were divided into two groups, and onewas stimulatedwith
Spätzle for 20 min. The levels of Cactus and Mop were detected by immuno-
blottingwith antibodies specific toCactus,Mop, and tubulin, respectively. GFP
dsRNAwas used as a negative control. Data are reported as mean ± SD (*, P <
0.01; compared with the no Spz control).
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Mop functions at the same level or upstream of MyD88 in the
Toll signaling pathway.

mop Functions in the Toll Pathway in Vivo. To address the functions
of Mop in vivo, twoDrosophila lines (f02540 and d10921) carrying
transposons inserted in the 5′UTRand thefirst intron ofmopwere
obtained from the Exelixis collection at Harvard Medical School.
Mutant homozygous larvae did not survive beyond the second
instar stage, consistent with the observation that mop plays an
essential role during development (25). Two mutant mop alleles
were isolated through imprecise excision of a transposon inserted
in the first intron. One mutant allele lacks the entire second exon,
and the other is deleted for both first and second exons. The le-
thality of these mutant lines could be rescued by amop transgene,
indicating that mop is an essential gene.
We then generated transgenic flies carrying a mop dsRNA

construct driven by the Gal4 UAS promoter (27). Ubiquitous ex-
pression of Gal4 with the Actin or Tubulin driver in UAS-dsRNA
(mop) flies also resulted in lethality, indicating that mop dsRNA
efficiently reduced mop expression in vivo. An Hsp70-GAL4 line
was used to induce mop dsRNA, and heat shock treatment effi-
ciently knocked down the protein level of Mop (Fig. 3C). RNAi
and control flies were pricked with Gram-positive bacteria (Mi-
crococcus luteus), and the induction of Drs transcription was sig-
nificantly inhibited by mop RNAi (Fig. 3A). Similar inhibition of
Drs induction was observed when mop dsRNA was expressed in
the fat body by the c564-Gal4 driver (Fig. 3A). In contrast, ex-
pression ofmop dsRNA in the fat body did not affect the induction
of Attacin by Escherichia coli (Fig. 3B). Consistent with results

obtained with cultured S2 cells, we conclude thatmop is required
for Toll activation but not for the IMD pathway in the fly.

Bro1 Domain of Mop Is Required for Toll Signaling. The mop gene
encodes a putative phosphatase of the protein tyrosine phospha-
tase (PTP) family. In addition to C-terminal PTP domain, Mop
contains a conserved N-terminal Bro1 domain, which implicates
endosomal localization. Mop was recently reported as an endo-
somal protein (25). We detected the endogenous Mop protein
present in punctate and round structures throughout the cyto-
plasm (Fig. S2A). Exogenous Flag-tagged Mop was also localized
to round vesicular structures (Fig. S2B). The majority of the Mop
vesicles were positive for Hrs-GFP and Hrs-Flag proteins, a sub-
unit of the ESCRT-0 complex, and Rab5, an early endosomal
protein (Fig. S2 C–E). In addition, the Mop protein did not
colocalize with markers for the endoplasmic reticulum, the Golgi
apparatus, lysosomes, or mitochondria (Fig. S3).
To investigate the role of the conservedBro1 andPTPdomainsof

Mop in the Toll signaling pathway, wild-type or mutant Mop pro-
teins were stably expressed in S2 cells. Initially, we examined the
subcellular localization of these epitope-tagged proteins (Fig. 4A).
A point mutation in the putative phosphatase catalytic domain,
C1733S, did not alter the subcellular distribution of Mop. The
mutant protein was present in endosomes and colocalized withHrs-
GFP. Surprisingly, a mutant Mop protein lacking the entire N-
terminal Bro1 domain (ΔBro1) also localized to endosomes as did
Hrs-GFP. In addition, deletion of the C-terminal PTP domain
(ΔPTP) did not affect the subcellular localization of Mop. The
human Mop ortholog, HD-PTP, was recently shown to be an
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Fig. 2. Mop is required for the Toll, but not the IMDpathway. (A) RNAi targetingGFP (control),pelle, and three different regions ofmop (i, ii, and iii) was used to
knock down endogenous proteins. To measure Drosomycin induction, the Drs-Luc plasmid was transfected into the RNAi-treated cells, which were then stim-
ulated with Spätzle (Spz) for 20 h followed by luciferase assays. The luciferase activity was normalized to unstimulated GFP RNAi treated cells treated with the
same dsRNA. (B) S2 cells were treated with dsRNA against GFP, pelle, or two nonoverlapping regions ofmop (i and ii). RNAi-treated cells were stimulated with
Spätzle for 6 h before RNA isolation and cDNA synthesis. The relative levels ofDrosomycinmRNAweremeasuredby real-timequantitative PCR (qPCR). (C) Similar
toB, except IM1primerswereused in theqPCRanalysis. (D) RNAi-treated cells (GFP, ird5, ormop)were stimulatedwith LPS for 3hand lysed to isolateRNA forqRT-
PCR by using primers specific to CecA1 (Upper). The efficiency ofmop RNAi was confirmed by immunoblotting with a Mop-specific antibody (Lower). (E) RNAi
treatment usingGFP,pelle, ormopdsRNAswas carriedout in S2 cells. TheDrs-Luc reporter plasmidwas transfected into theRNAi cells togetherwith empty vector
or expression constructs for MyD88 or Pelle. Cells were collected 20 h after transfection for luciferase assays (Upper) and immunobloted by using an anti-Mop
antibody to confirm RNAi efficiency (Lower). *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared with the GFP RNAi Spz control.
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endosomal protein (28), and we find that the HD-PTP protein
colocalized with the human Hrs-GFP in HeLa cells (Fig. S4).
However, when expressed in S2 cells, HD-PTP displayed a diffuse
localization in the cytoplasm and did not colocalize with Hrs (Fig.
4A). Similar to theDrosophila homolog, the endosomal localization

of HD-PTP in HeLa cells does not require either the Bro1 or PTP
domain (Fig. S4). We conclude that neither the Bro1 nor PTP do-
main is required for the localizationMoporHD-PTP toendosomes.
Next we examinedwhether themutantMopproteins or theHD-

PTP protein can function in the Toll signaling pathway. The pro-
tein level of endogenous Mop was reduced with a dsRNA [mop
(iii)] targeting the predicted 3′ UTR region of endogenous mop,
which is not present in the exogenous mop and HD-PTP tran-
scripts. Treatment of cells with this dsRNA, but not GFP dsRNA,
inhibited induction of the Drosomycin reporter by Spätzle in the
untransformed S2 cells and in S2 cells bearing the stably integrated
empty expression vector (Figs. 2, A and 4B). Expression of the
wild-type Mop-HA protein fully rescued the inhibition of endog-
enous mop knockdown (Fig. 4B). We conclude that mop(iii)
dsRNA inhibits Toll pathway activation specifically through mop
and not through an off-target effect. Remarkably, the point mu-
tation in the putative phosphatase catalytic motif, C1733S, did not
affect the ability of themop transgene to rescue the knockdown of
the endogenous mop. This result is further supported by the
finding that mutant mop lacking the entire PTP domain can also
rescue the inhibition of Toll pathway activation observed upon
knockdown of the endogenous Mop protein (Fig. 4B). We con-
clude that the putative phosphatase activity ofMop is not required
for its function in the Toll pathway. In contrast, the Bro1 domain
was necessary for rescuing the inhibition caused byRNAi targeting
the endogenous mop. In addition, expression of HD-PTP did not
rescue the inhibition ofDrosomycin reporter activation by Spätzle
(Fig. 4B). This observation is consistent with our finding that HD-
PTP does not localize to endosomes in S2 cells (Fig. 4A). All of
these exogenous expressed proteins were present at similar levels
in stable cells (Fig. 4C). Therefore, the inability to replace the
function of endogenous Mop is not due to poor expression.

Role of Endosomes in Toll Signaling. The observation that the Mop
protein colocalizes with Hrs in endosomes prompted us to address
the possible involvement of Hrs in Toll signaling. As shown in Fig.
5A, Hrs RNAi by two nonoverlapping dsRNAs (i and ii) inhibited
Spätzle-dependent Cact-Luc degradation in a manner similar to
that observed with pelle RNAi. Knocking down Hrs also inhibited
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duction, a Drs-Luc reporter plasmid was transfected into the RNAi-treated cells, which were then stimulated with Spätzle for 20 h followed by luciferase
assays. (C) Protein extracts prepared from Spätzle-stimulated cells in B were analyzed with immunoblotting by using anti-HA and anti-Flag antibodies, re-
spectively. Membranes were reblotted with anti-tubulin antibody as a control. *, P < 0.01; **, P < 0.001.
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the degradation of endogenous Cactus protein uponToll activation
(Fig. 5B). These observations are consistentwith the hypothesis that
endocytosis is required for Toll pathway signaling and suggest that
an early step of endocytosis is required for proper signaling.
The Toll receptor is present at the plasma membrane in early

Drosophila embryos (29, 30). The requirement of endosomal
protein for Cactus degradation led us to examine the subcellular
distribution of the Toll receptor itself. HA-tagged Toll protein
localizes to the plasma membrane and to intracellular punctate
and round structures in S2 cells. Notably, significant colocalization
of intracellular Toll protein with Mop was observed (Fig. 5C). To
determine whether Toll interacts with endosomal proteins, Flag-
tagged Hrs was expressed together with HA-tagged Toll and Mop
in S2 cells. Anti-Flag antibodywas used to immunoprecipitateHrs.
Both Toll andMop were present in the Hrs immunocomplex (Fig.
5D).Weconclude that theToll receptor,Mop, andHrs are present
in the early endosomal complex (ESCRT-0).

Discussion
The Toll signaling pathway is essential for the Drosophila innate
immune response to infections by fungi or Gram-positive bacteria
(1).Most of theToll signaling components were identified through
genetic screens for mutants defective in embryonic dorsal-ventral
patterning. Here we describe Mop, a putative protein tyrosine
phosphatase, as a regulator of the Toll pathway. Mop is an endo-
somal protein that colocalizes with Hrs, a subunit of the ESCRT-
0 complex. Knocking down mop by RNAi inhibits Toll pathway
activation both in vitro and in vivo. Epistasis studies show that
Mop functions upstream of MyD88 and Pelle, at the same level as
the Toll receptor. We also demonstrate that Hrs is required for
signal-dependent Cactus degradation and that Hrs is present in
a complex together with Mop and the Toll receptor. Our findings
strongly suggest endocytosis plays an essential role in Drosophila
Toll signaling.
Mopcontains two conserveddomains, anN-terminalBro1domain

and a C-terminal PTP domain. AlthoughMop ortholog has not been
identified in theyeast genome, theBro1domain itself is evolutionarily
conserved from yeast to humans. The yeast Bro1 protein is a com-
ponent of the ESCRT machinery and is localized to endosomes
through the interaction with Snf7, an ESCRT-III subunit. Bro1
recruits the Doa4 deubiquitinating enzyme to endosomes and also
functions as a cofactor to activateDoa4, which removes the ubiquitin

moiety of ubiquitinated membrane proteins before the cargos in-
vaginate intoMVBvesicles.Thepresenceof theBro1domain inMop
suggests thatMop is an endosomal protein, which is supported by our
data. However, mutant Mop protein lacking the entire Bro1 domain
(Mop ΔBro1) still localizes to endosomes. The C-terminal region of
the yeast Bro1 protein, outside the Bro1 domain, also contributes to
itsendosomal location(31). It is likely that theMopprotein is targeted
to endosomes through the nonconserved sequences between two
domains and/or the Bro1 domain. This hypothesis is consistent with
our finding thatHD-PTP, the humanMop homolog, is endosomal in
HeLa cells but is distributed throughout the cytoplasm inDrosophila
S2 cells. Although Mop ΔBro1 localizes to endosomes, it cannot
complement the function of wild-type Mop in Toll pathway activa-
tion. The Bro1 domain may target Mop to the specific endosomal
domain or recruit other proteins involved in endocytosis or signaling.
We have also found thatMop proteins bearing amutation in the

putative phosphatase catalytic motif or missing the phosphatase
domain can substitute for the endogenousMop protein, indicating
that the putative phosphatase activity is not required for Toll sig-
naling. Our immunoprecipitation experiments show that Hrs,
Mop, andToll are present in the same complex.Mopmay act as an
adaptor to interact with different proteins to facilitate endocytosis.
During the preparation of this work, Mop was reported as an
endosomal protein required for EGFR signaling during photore-
ceptor differentiation in Drosophila eye imaginal disk (25). Ge-
netic evidence suggests that activated Drosophila EGFR is
ubiquitylated and sorted through the endocytosis machinery for
lysosomal degradation by a mechanism similar to the mammalian
EGFR (32). Amop allele carrying a point mutation in the putative
phosphatase catalyticmotif functions as well as thewild-type allele
in EGFR signaling of eye discs (25). These observations show that
the putative phosphatase activity ofMop is not required for Toll or
EGFR signaling. A recent paper demonstrated that the Human
Mop homolog, HD-PTP, does not possess enzymatic activity (33).
The Toll signaling pathway has been characterized extensively

during Drosophila embryonic development. The Toll protein has
been shown to be present at the plasma membrane in the syncytial
blastoderm (29, 30). The majority of MyD88 and Tube also lo-
calize to the plasma membrane. However, a significant fraction of
these could be detected as punctate structures in syncytial embryos
(14, 30, 34). By contrast, Pelle is distributed throughout the embyo
(14). Mop and Hrs are required for Spätzle-dependent Cactus

α-Mop α-HA Overlay

Toll-HA
(transfection)

Staining
antibody:

Spz: -    +    -   +   -    +   -    +
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dsRNA: GFP pelle Hrs(i) Hrs(ii)

Tubulin

A

B

C

Hrs
Flag

Mop
HA

Toll
HA

(IB: Flag)

(IB: HA)

etasyL GgI

galF-itna
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Fig. 5. Endosomes and Toll signaling. (A) S2 cells stably expressing the Cact-Luc chimeric protein were treated without or with dsRNAs targeting GFP, pelle,
or Hrs (i or ii). Degradation of Cact-Luc was measured by luciferase assays after 1 h of Spätzle stimulation. The remaining luciferase activity was normalized to
that of unstimulated cells. (B) S2 cells treated with GFP, pelle, or Hrs (i or ii) dsRNAs were stimulated with Spätzle for 20 min. Cell lysates were resolved by SDS/
PAGE and analyzed by immunoblotting with a Cactus-specific antibody. The membrane was reprobed with an anti-tubulin antibody as a loading control. (C)
S2 cells were transfected with a Toll-HA expression plasmid and then stained with anti-Mop (red) and anti-HA (green) antibodies. Toll-HA was detected at the
plasma membrane and in intracellular vesicles. The yellow signals indicate the locations where Toll-HA and endogenous Mop are colocalized. (D) Protein
extracts prepared from S2 cells transfected with Hrs-3xFlag, Mop-HA, and Toll-HA expression plasmids were used in immunoprecipitation experiments with
either anti-Flag antibody or control IgG. Cell lysates and precipitated proteins were resolved by SDS/PAGE followed by immunoblotting with anti-HA (Upper)
or anti-Flag (Lower) antibodies.
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degradation, and both are essential endosomal proteins. These
observations suggest that endocytosis of the Toll receptor is nec-
essary for normal Toll signaling. Expression of chimeric Tube or
Pelle proteins fused to the N-terminal 90 amino acid residues of
Src activates Toll signaling without ligand binding in Drosophila
embryos (14). The N-terminal region of Src contains a bipartite
targeting sequence including the myristylation signal, and the Src
protein is known to shuttle between the plasma membrane and
endosomes (24). It is possible that the signal is initiated from
endosomes under those experimental conditions.
Endocytosis is a dynamic process that regulates various signal-

ing pathways in both a positive and negative manner. Mutations in
theDrosophila tumor suppressor gene lethal giant discs (lgd) result
in endosomal defects and overactivation of the Notch signaling
pathway (35–37). In addition to the Toll signaling, endocytic
pathway is required for EGFR activation and Wingless signaling
(25, 38). Mammalian TLR4 induces TRAM-TRIF-dependent
IRF3 activation from endosomes after initiating the TIRAP-
MyD88-dependent NFκB signaling at the plasmamembrane (24).
The findings that Mop and Hrs are required for Toll signaling
suggest that endocytosis has an evolutionarily conserved role in
Drosophila Toll and mammalian TLR4 signaling. However, it is
interesting to note that endocytosis is required for IRF3, but not
NF-κB signaling in mammalian cells, but is required for NF-κB
signaling in Drosophila.

Materials and Methods
Plasmid Constructs and dsRNAs. The firefly luciferase coding sequence was
joined in-frame to the 3′ end of the cactus ORF in the pPAC2 vector, which
contains the Drosophila Act5C promoter and Hsp70 polyadenylation site. A

DNA fragment containing the Renilla luciferase gene driven by the copia
promoter and followed by the SV40 polyadenylation site was then inserted
into the SacI site to generate the Cact-Luc plasmid. Other plasmids and
dsRNAs are described in SI Materials and Methods.

RNAi Screen of Drosophila Kinase and Phosphatase Genes. A library containing
563 dsRNAs targeting all known or predicted Drosophila kinase and phos-
phatase genes was provided by Lawrence Lum (University of Texas South-
western Medical Center). In addition, 178 dsRNAs against kinase genes were
synthesized from DNA templates of a Drosophila RNAi library (Open Bio-
systems) by using MEGAscript T7 RNA Synthesis Kit (Ambion) and purified
with MEGAclear Purification Kit (Ambion). RNAi screening was carried out in
96-well format. For details, see SI Materials and Methods.

Fly Stocks and Infection. The pWIZ-mop-dsRNA plasmid was used to generate
transgenic fly lines (27). The expression of mop dsRNA was controlled by the
UAS-GAL4 system. For details on infection, see SI Materials and Methods.

Immunofluorescence Staining. S2 cells were fixed, permeablized, and in-
cubated overnight with the appropriate antibodies. Samples were mounted
in Vectashield medium with DAPI (Vector Laboratories) and imaged by using
a Zeiss LSM 510 META laser scanning confocal microscope. See SI Materials
and Methods for details.

Other detailed methods are provided in SI Materials and Methods.
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