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The Toll family of receptors is required for innate immune response
to pathogen-associated molecules, but the mechanism of signaling
is not entirely clear. In Drosophila the prototypic Toll regulates
both embryonic development and adult immune response. We
demonstrate here that the host protein Spatzle can function as a
ligand for Toll because Spatzle forms a complex with Toll in
transgenic fly extracts and stimulates the expression of a Toll-
dependent immunity gene, drosomycin, in adult flies. We also
show that constitutively active mutants of Toll form multimers that
contain intermolecular disulfide linkages. These disulfide linkages
are critical for the activity of one of these mutant receptors,
indicating that multimerization is essential for the constitutive
activity. Furthermore, systematic mutational analysis revealed that
a conserved cysteine-containing motif, different from the cysteines
used for the intermolecular disulfide linkages, serves as a self-
inhibitory module of Toll. Deleting or mutating this cysteine-
containing motif leads to constitutive activity. This motif is located
just outside the transmembrane domain and may provide a struc-
tural hindrance for multimerization and activation of Toll. To-
gether, our results suggest that multimerization may be a regu-
lated, essential step for Toll-receptor activation.

U pon infection, insects mount a rapid but rather nonspecific
response. This insect antimicrobial response is similar to the
mammalian innate immune response (1-7). The recognition re-
ceptors of the innate immune system have limited diversity and are
designed to recognize pathogen-associated molecules such as lipo-
polysaccharides and peptidoglycans, which are common molecules
found in groups of microorganisms. Toll and Toll-like receptors
(TLRs) are a conserved family of recognition receptors in insects
and mammals (5, 6). The Toll family of receptors is essential for
innate immunity, but it is unclear how the receptors interact with
microbial substances and host ligands.

In Drosophila, the prototypic Toll receptor was first identified as
an essential component for embryonic development (8). Subse-
quently, Toll was also shown to be essential for the induced
expression of a subset of antimicrobial peptides during antifungal
and anti-Gram-positive bacterial responses (9, 10). The regulation
of the anti-Gram-negative bacterial response depends on a second
pathway called the Immune deficiency (Imd) pathway, which
controls the expression of another subset of antimicrobial peptides
(2-4,11). The induced expression of antimicrobial peptides through
these two pathways is critical for Drosophila to survive microbial
infections (12).

The mechanism by which Toll receptors transmit the signal of
infection across the cell membrane is not clear. Many components
of the Toll pathway in the Drosophila innate immune response have
been identified. The extracellular components include a peptidogly-
can recognition protein (PGRP-SA), a serine protease (Perse-
phone), a serine protease inhibitor (Necrotic), and a putative ligand
(Spétzle) (13-16). The intracellular components include two adap-
tor proteins (MyD88 and Tube), a kinase (Pelle), and a transcrip-
tion factor (Dif) (9, 17-20).

We show here that the host protein Spitzle binds to Toll in
transgenic fly extracts and activates a Toll-dependent immunity
gene, drosomycin, suggesting that Spétzle is a ligand for Toll in vivo.

www.pnas.org/cgi/doi/10.1073/pnas.0307062101

Constitutively active mutants of Toll form multimers. The multim-
ers contain disulfide linkages, which are critical for the constitutive
activity. We also show that a separate cysteine-containing motif
likely provides structural information to modulate the multimer-
ization and activity of the receptor. Together, the results suggest
that multimerization may be a regulated, essential step for Toll-
receptor activation.

Materials and Methods

Fly Stocks and P Element Transformation. The Toll'®® line was
maintained with X-linked male lethal and TM3 balancer chromo-
somes, as described (21). Transgenic flies were generated by
coinjecting 1 mg/ml of P element plasmid and 0.3 mg/ml of the
turbo transposase plasmid into y w embryos. The chromosomal
locations of the transgenes were determined by mating with double
balancer flies and scoring for segregation. Meiotic recombination
was performed by crossing two transgenic lines located on homol-
ogous chromosomes, collecting offspring to establish individual
lines, and assaying for the presence of both transgenes based on
protein expression of the constructs.

Molecular Cloning and Mutagenesis. The FLAG, MYC, and VS5 tags
were placed at the C termini of Spétzle and Toll. The FLAG
sequence was contained in the 3" PCR primer and was fused in
frame with the last codon of Toll. The MYC and V5 clones were
generated by fusing the last codons of Toll and spdtzle in frame with
the tag sequences through a BamHI site. The fusion clones were
first generated in pBluescript and then subcloned into the
pGem3ActinSC or pUAST vector. Site-directed mutagenesis of
Toll at the cysteine-containing motif was performed on a 700-bp
pBluescript clone encompassing the region. The Stratagene
QuikChange mutagenesis kit was used on a double-stranded DNA
template. The confirmed mutants were then subcloned back to the
full-length Toll cDNA by using the Stul and PfIml sites. The AN2
to AN6 deletion mutants were constructed by PCR amplification of
the appropriate regions of the Toll cDNA. The 5" end points of the
constructs correspond to aa 210,472, 656, 743, and 802, respectively.
The PCR products were cloned into a pBluescript vector containing
a 5’ fragment of Toll, which encodes the first 34 aa and spans the
extracellular signal sequence. At the junctions, the fusion constructs
contain an Xbal site as the linker. The AC1 and AC2 constructs
contain the tag sequence fused at aa 1,002 and 870, respectively.
Mutagenesis of the AN6 constructs was performed similarly, by
using pBluescript—-ANG as a template. The SpétzleAN contained the
N-terminal 21 aa fused to the C-terminal 106 aa. A HindIII site was
introduced at the junction.

Immunoprecipitation and Western Blots. Tissue-culture cells or adult
flies were homogenized in the lysis buffer [SO mM Hepes,
pH 7.5/150 mM NaCl/1.5 mM MgCl,/1 mM EGTA/10%
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glycerol/1% Triton X-100/0.5 mM PMSF/protease inhibitor mix-
ture P2714 (Sigma)]. The homogenates were incubated on ice for
10 min and subsequently spun at 15,000 X g for 10 min at 4°C. The
supernatants were then taken as extracts. For Western blots, the
extracts were separated by SDS/PAGE and transferred to Milli-
pore Immobilon-P membrane. The membrane was treated with 5%
nonfat dry milk in Tris-buffered saline at room temperature for 1 h
and then incubated overnight with primary antibody at 4°C in
Tris-buffered saline plus 0.25% Tween 20 (TBST) and 5% nonfat
dry milk. The membrane was washed four times with TBST and
incubated with secondary antibody in TBST plus 5% milk for 1.5 h
at room temperature. After washing the membrane four times with
TBST (10 min each time), the signal was developed by using
chemiluminescence detection (NEN, NEN104). M2 antibody (F-
3165, 1:5,000 dilution, Sigma), c-Myc antibody (SC-40, 1:200 dilu-
tion, Santa Cruz Biotechnology), and V5 antibody (R960-25,
1:5,000 dilution, Invitrogen) were used as primary antibodies. The
secondary antibody was horseradish peroxidase-conjugate, anti-
mouse antibody (W4021, Promega).

Immunoprecipitation was performed by using 200 ul of extract,
which is equivalent to approximately four flies. The extracts were
precleared for 30 min with 40 ul of 50:50 protein G beads (no.
17-0618-01, Amersham Biosciences) in lysis buffer with a final
volume of 500 ul. The supernatants obtained were incubated with
antibodies at 4°C for 1 h. Forty microliters of protein G beads in lysis
buffer was added and incubated for another hour. The beads that
contained the immunocomplex were collected by centrifugation,
washed three more times with lysis buffer, and used for subsequent
SDS/PAGE analysis. Transfection, Northern blot, and luciferase
activity assays were conducted as described (22).

Results

A Truncated Spéatzle Multimerizes and Interacts with Toll. Activity
assays in transgenic flies show that a truncated Spétzle can activate
a Toll target gene (Fig. 14). Spitzle is an upstream component of
Toll. The full-length Spitzle is cleaved during activation, and the
mature C-terminal polypeptide is the active moiety in injection
assays (14, 16, 23, 24). We generated a truncated version called
SpéatzleAN that resembles the mature polypeptide. V5- or Myc-
epitope-tagged, full-length Spétzle and SpétzleAN were expressed
in transgenic flies by the Gal4-UAS system. The yolk protein 1
(YP1)-Gal4 was used to direct the expression in adult female fat
bodies (18). Expression of SpitzleAN in transgenic flies led to
increased expression of drosomycin, an antifungal gene that is
activated by the Toll pathway (Fig. 1A4). This result shows that in
vivo expression of a truncated Spétzle in adult flies can mimic
microbial induction of the Toll pathway. The full-length Spétzle,
however, did not have the same effect of inducing drosomycin
expression.

We then examined whether Spitzle could form homomultimers,
which is the case for many ligands, such as epidermal growth factor
and transforming growth factor B (25, 26). For this purpose, we
generated recombinant fly lines that contained both UAS-Spitzle-
Myc and UAS-Spitzle-V5. We also generated similar fly lines
containing the two tagged SpatzleAN. After mating these Spitzle
lines with the YP1-Gal4 line, transgenic flies expressing the fusion
proteins were used for extract preparation and coimmunoprecipi-
tation (co-IP) experiments. Our results demonstrate that both
tagged forms of SpitzleAN are present in the precipitated complex
(Fig. 1B), suggesting the formation of SpatzleAN homomultimers in
vivo. However, our data on the multimerization of full-length
Spitzle was inconclusive (data not shown).

Co-IP assays showed that SpétzleAN interacts with Toll in
transgenic fly extracts (Fig. 1C). We generated FLAG-tagged,
wild-type Toll transgenic flies and crossed them with the
SpiétzleAN-V5 transgenic flies to establish stable lines. After
mating the individual or combined Spétzle and Toll lines with the
YP1-Gal4 line, flies containing all of the transgenes were used
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Fig. 1. SpatzleAN multimerization and interaction with Toll. (A) Northern
blots of female transgenic lines containing YP1-Gal4 and UAS-SpéatzleV5 (Spz)
or UAS-SpatzleANV5 (SpzAN). drosomycin or ribosomal protein 49 (rp49)
probes were used for hybridization. Two independent Spz (lanes 1 and 2) and
four independent SpzAN transgenic lines (lanes 3-6) were assayed. The Can-
tonS (CS) wild-type flies, Toll’% mutant flies, and YP1-Gal4 (Gal4) flies were
included for comparison. It can be seen that SpzAN can activate drosomycin
expression efficiently. (B) Co-IP assays of fly lines containing SpatzleANVS5,
SpatzleANMyc, or both. The control line used was Gal4 (lane 4 in each panel).
Antibodies used for Western blot or IP are as indicated. The proteins were
separated on an SDS/15% PAGE gel. g indicates the immunoglobulin bands,
and the arrows indicate SpatzleAN, which runs as an ~20-kDa protein. The
blot shows that the two tagged proteins form a complex in the extract
(bottom panel). (C) Co-IP assay of transgenic lines containing the indicated
constructs crossed with YP1-Gal4. Lanes 1 and 5 were from two independent
crosses of SpatzleANV5 with YP1-Gal4. Lane 4 was from Gal4 control flies.
Antibodies used for Western blot or IP are as indicated. Toll-FLAG runs as a
175-kDa protein. Co-IP was detected only when both proteins were present in
the same fly extract (bottom panel, lane 3).

for extract preparation and co-IP assays. Our results showed that
co-IP of the complex could be detected only when Toll-FLAG
and SpéatzleAN-V5 were present in the same flies (Fig. 1C). Thus,
we conclude that the truncated form of Spétzle interacts, directly
or indirectly, with the Toll receptor. Because SpétzleAN acti-
vates a Toll target gene, forms a homomultimer, and interacts
with Toll, we postulate that the proteolytically processed Spétzle
likely functions as a ligand for Toll in vivo during immune
responses.
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Constitutively Active Toll Proteins Form Multimers. Receptor mul-
timerization is a widely used mechanism to transmit signals of
extracellular stimulations to the cytoplasm (25). To examine
whether multimerization can occur for Toll, we took advantage of
the Toll'%® gain-of-function mutation. Toll'® contains a point
mutation and is a ligand-independent, constitutively active receptor
in the embryo and the adult (9, 27, 28). We generated transgenic fly
lines that expressed different combinations of FLAG- or Myc-
tagged wild-type Toll and mutant Toll'®, The extracts obtained
from these Gal4-UAS flies were then used for co-IP experiments.

The wild-type Toll and Toll'% proteins have different mobility on
SDS gels due to differential glycosylation (27, 29), and they can be
distinguished conveniently (Fig. 24, bracket). We found that both
tagged versions of the Toll'® proteins were present in the immu-
noprecipitated complex (Fig. 24, arrow), suggesting the formation
of homomultimers. However, we did not detect any wild-type Toll
multimerization. The Toll-Toll'® combination also showed no
multimerization. These results suggest that multimerization can be
detected by co-IP only when all subunits in the receptor complex are
in an active conformation.

To search for other constitutively active forms of Toll and study
their multimerization, we generated and analyzed a series of
deletion mutants. The activities of these deletion mutants were
examined by a drosomycin-luciferase reporter assay in transiently
transfected S2 cells (22, 30). A AN1 construct was designed as the
full-length protein plus two additional amino acids after aa 34 by
means of an added Xbal linker; therefore, the construct is not a
deletion and is not included here. We found that the AN2-ANS
constructs that retained the various lengths of the extracellular
leucine-rich repeats (LRR) of Toll did not display a significant
change in the activity of regulating drosomycin (Fig. 2 B and C). In
contrast, the deletion mutant AN6, which, in addition to the
deletion of LRR also has a deleted cysteine-containing motif,
displayed a high constitutive activity. The AN6 construct has the
same C-terminal sequence as the previously described ALRR
construct (27, 30) but a shorter N terminus (34 aa versus 100 aa)
that still includes the extracellular signal sequence. Although both
ALRR and ANG6 exhibit constitutive gene regulatory activities, our
serial deletion analysis suggests that it is not the deletion of LRR
but the removal of the cysteine-containing motif that leads to the
increase in receptor activity.

Analysis of C-terminal Toll deletions shows that the Toll/IL-1
resistance (TIR) domain is essential for the activity of regulating
target genes. The two constructs AC1 and AC2 also contained
the Toll'% point mutation, because we expected a loss of activity.
Although Toll'®-AC1 had the nonconserved C-terminal tail
deleted, we found this construct to be active, whereas Toll!P-
AC2, which had the tail and most of the TIR domain deleted,
showed a complete loss of activity (Fig. 2D). These results
indicate that the TIR domain is essential for receptor function,
consistent with previous reports (31, 32). Although the C-
terminal tail was not essential in our assay, a previous report
showed that there might be a weak inhibitory function associated
with this region (31). This discrepancy in findings may be
explained by the differences in the reporters used and in our use
of Toll'%-mutation-containing constructs.

Overall, our deletion analyses demonstrated that ANG6 is the
only mutant that showed constitutive activity in activating droso-
mycin. Therefore, we performed a co-IP assay by using two
tagged versions of AN6 in transiently transfected S2 cells to test
for multimerization. We found that the two differentially tagged
ANG proteins formed complexes in the extract (Fig. 2E). Thus,
analysis of Toll'® and TollAN6 together suggests a strong
correlation between receptor multimerization and increased
gene regulatory activity.
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Fig.2. Multimerization of constitutively active Toll mutants. (A) Co-IP assays

of recombinant fly lines containing various combinations of epitope-tagged
Toll and Toll'% constructs. Two independent lines of Toll-FLAG/TollMyc (lanes
1 and 2), one line each of Toll-FLAG/Toll'%Myc and TollMyc/Toll'°FLAG
(lanes 3 and 4), and two independent lines of Toll"%°FLAG/Toll"%Myc (lanes 5
and 6) were used for the assay. Toll'% is more highly glycosylated than
wild-type Toll and runs as a bigger protein (indicated by the brackets) (27, 29).
The bottom panel shows that when both copies of tagged Toll'% are present,
significant co-IP can be observed (indicated by the arrow). We did not observe
any substantial complex formation for wild-type Toll, even after repeated
trials. (B) Schematic representation of a Toll dimer. The extracellular LRR, the
cysteine-containing motif (CCM), and the intracellular TIR domain are as
labeled. The N-terminal deletion constructs all contain the first 34 aa fused
with different lengths of C termini by a Xbal linker. The arrows indicate the
approximate fusion points of the deletions (see Materials and Methods). AN1
is the same as the full-length protein except it contains a linker after aa 34,
and, therefore, it is not included here. (C) Gene regulation by the N-terminal
deletion constructs. N-terminal deletion constructs were expressed under the
control of the Actin5C promoter, and their gene regulatory activities were
assayed by cotransfection in S2 cells. The drosomycin-luciferase reporter was
cotransfected, and the relative luciferase activity based on the Actin5C vector
control is shown. All transfection results represent the average of three
independent experiments. (D) Cotransfection assay of the C-terminal deletion
constructs. These two deletion constructs also contain the Toll'% point mu-
tation. The constructs were generated in the pUAST vector, and Actin5C-Gal4
and drosomycin-luciferase plasmids were included in the cotransfection.
These two constructs contain the Myctag, and, therefore, the Myc-tagged Toll
and Toll'% constructs were included for comparison. (E) Co-IP assay of V5-and
Myc-tagged ANG6 in transfected S2 cell extracts. The cell extracts (lanes 1-3) and
immunoprecipitates of V5 antibodies (lane 4-6) were analyzed by SDS/PAGE.
Anti-Myc antibody was used for the Western blot. The blot shows that the
region containing the transmembrane and cytoplasmic domains is sufficient
for multimerization.

The Constitutively Active Toll Multimers Contain Disulfide Linkages.
To gain support for the idea that multimerization is critical for
constitutive activity, we first analyzed how the multimers were
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Fig.3. Disulfide linkages in constitutively active Toll complexes. (A) Western
blot of Myc-tagged protein extracts from various fly strains in native gel. The
Toll or Toll'% protein extracts from adult female flies, as well as Gal4 fly
extracts (lane 1), were separated on a 4-15% gradient native acrylamide gel
(Bio-Rad). Some samples were treated with B8-ME as indicated before loading
onto the gel. The arrow indicates a complex of ~750 kDa in the Toll'% extract
(lane 4). After B-ME treatment, both Toll and Toll'% behaved as ~500-kDa
proteins. We cannot determine whether these proteins represent monomers,
dimers, or bigger complexes, because the apparent size of a protein on native
gel depends on many factors, such as charge, shape, and other associated
proteins. (B) Western blot of transgenic fly extracts in denaturing gel. The
transgenic fly extracts, with or without p-ME treatment as indicated, were
analyzed. Only Toll'% forms a complex under nonreducing condition, and the
size indicates a probable homodimer (lane 4, arrow). There is no commercially
available high-molecular-weight marker at this range for denaturing gels, and
we were not able to calculate the size of the complex more accurately. (C)
Western blot of transfected S2 cells extracts. The extracts were analyzed by
using denaturing SDS gels and Western blotting, and by using anti-V5 anti-
bodies. Only the AN6, not the inactive AN4, forms a disulfide-linked complex.
The size indicates that it is probably a homodimer (lane 4, arrow).

formed. The tagged proteins in transgenic fly extracts were exam-
ined by native PAGE (Fig. 34). In the Toll'® extract there was a
distinctively bigger complex of around 750 kDa (Fig. 34, lane 4,
indicated by arrow). This Toll'® complex formation depended on
disulfide linkage because p-mercaptoethanol (3-ME) treatment of
the extract before gel analysis abolished the band (Fig. 34, lane 5).
Wild-type Toll and B-ME-treated Toll'®° both ran approximately as
500-kDa proteins. Under nondenaturing conditions, the biophysical
properties and the association with other proteins contribute to the
apparent size of a protein. We do not yet know the composition of
this complex. Nonetheless, the presence of a bigger complex in the
extracts of Toll'® but not of Toll is consistent with our co-IP results.
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Denaturing gel analysis showed that the Toll!® complex contains
at least a homodimer linked by intermolecular disulfide bonds (Fig.
3B). We performed experiments similar to those described above
but used denaturing conditions by boiling the transgenic extracts in
SDS loading buffer, either in the presence or the absence of B-ME.
The extracts were then analyzed by SDS/PAGE. Under such
conditions, all noncovalently bound proteins should be dissociated.
We observed that only Toll'® formed a detectable complex (Fig.
3B, arrow). This complex contained disulfide linkages. However,
because it is much bigger than the denaturing gel markers, we could
not determine its exact size. Because we suspected it to be a
homodimer of Toll'%®, we performed the same denaturing gel
experiment for AN6, which is much smaller. We detected a AN6
complex under nonreducing conditions in S2 cell extracts after
transient transfection (Fig. 3C, lane 4, indicated by arrow). The size
of this complex, ~80 kDa, appears to be that of a homodimer
because the monomer is ~40 kDa. The AN4-truncated control
protein, which is not active, did not form such a complex (Fig. 3C,
lanes 1 and 3). Because we used denaturing conditions, we could not
determine whether the native Toll proteins form dimers or tetram-
ers. Therefore, we conclude that constitutively active forms of Toll
exist in vivo as homomultimeric complexes that contain disulfide
linkages.

Disulfide Linkages in the Multimers Are Essential for the Constitutive
Activity. To determine whether multimerization is critical for the
constitutive activity of Toll, we used site-directed mutagenesis and
single amino acid-deletion strategies aimed at disrupting the disul-
fide linkages. The full-length Toll protein has 18 cysteine residues
in its extracellular domain and 1 cysteine in its intracellular domain.
The ANG6 protein has only 1 extracellular cysteine, in addition to the
cysteine in the intracellular domain (Fig. 44). We established
various mutants of AN6 by deleting or mutating its two cysteines.
The activities of various mutants were determined by transient
transfection in S2 cells by using the drosomycin-luciferase reporter
assay (Fig. 4B). Our results showed that the intracellular cysteine
(C892) by itself is not essential for the activity of AN6. Mutating or
deleting the extracellular cysteines, as in the mutants AN6C34A and
ANGSS, caused partial reduction of the activity. Removing the two
cysteines simultaneously caused a total loss of activity, demonstrat-
ing that these two cysteines are critical but act redundantly for ANG6.

Gel analysis shows that the formation of disulfide-linked
complexes correlates with the activity of gene regulation (Fig.
4C). Extracts containing the various AN6 proteins were obtained
from transiently transfected cells and analyzed by SDS/PAGE in
the absence of B-ME treatment. All of the proteins also con-
tained V5 tags and were detected by Western blots. Mutating or
deleting the extracellular cysteine, as in the mutants AN6C34A
and ANG6SS, caused significant reduction of complex formation.
However, some residual disulfide-linked complexes were still
detectable, correlating with the observed reduced but still
substantial activities of these constructs (Fig. 4B). The intracel-
lular cysteine mutation (C892A) did not cause a detectable
change in complex formation or activity. Removing both cys-
teines, as in mutants AN6C34/892A and AN6SSC892A, led to a
complete loss of complex formation, consistent with a complete
loss of activity observed for these constructs. Although we
cannot completely rule out that the point mutations disrupted
the overall protein structure of ANG, it appears unlikely to us,
because all of the constructs had similar expression levels and
single mutations did not disrupt the activity. These results
suggest that constitutively active Toll proteins form multimers
through disulfide linkages critical for regulating drosomycin-
luciferase activity.

The Conserved Cysteine-Containing Motif Provides Structural Infor-

mation for Self-Inhibition. Deleting or mutating the highly con-
served cysteine-containing motif, as in AN6 or Toll'%, leads to

Hu et al.
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Fig. 4. Disulfide linkages in ANG6 are critical for the constitutive activity. (A)
Schematic representation of the AN6 construct. It contains the first 34 aa of
Toll fused with its own C terminus at residue 802. The whole fusion protein
contains only two cysteines, labeled as C34 and C892. (B) drosomycin-
luciferase activities of various AN6 constructs. Activities were assayed by
transient transfection by using the drosomycin-luciferase reporter. Cysteine-
to-alanine mutations in the constructs at the specified sites are as labeled. The
SS constructs contain the first 33 aa, and C34 has been deleted. (C) Western
blot of S2 cell extracts. S2 cell extracts containing the various constructs with
V5 tags were analyzed by SDS/PAGE and Western blotting. All samples were
previously boiled in SDS buffer without B-ME. The arrow indicates the mono-
mers, and the bracket indicates the disulfide-linked complexes. Our results
indicate that the disulfide linkages are critical for constitutive activity.

constitutive gene regulatory activities. This observation suggests
that the extracellular domain, particularly the cysteine-containing
motif, serves as a self-inhibitory module for the Toll receptor
activity. To examine this theory, we analyzed this motif by system-
atic mutagenesis.

We changed the cysteine-781 to serine, a conservative amino acid
substitution, and changed more than one of the cysteines to
tyrosines simultaneously (Fig. 54). Transgenic flies harboring the
wild type (781C) and the different mutants were expressed in vivo
under the Gal4-UAS system and analyzed by examining the RNA
levels of endogenous drosomycin. We found that the 781Y protein
caused a high level expression of drosomycin. The 781Y mutation
is the same mutation as the ethyl methanesulfonate-induced Toll!%,
and its drosomycin-activating ability is comparable to that of the
original Toll'® mutant flies (Fig. 5B). The 781S, as well as the
double and triple tyrosine mutants, also stimulated the expression
of the target gene. The expression level of the Toll constructs driven
by the Gal4-UAS system is not the only cause that activates the
pathway; the drosomycin expression levels in the 781C wild-type
construct lines were similar to those in wild-type flies.

To show that the high activities were not rare coincidences of the
specific mutations tested so far, we generated 10 more single amino
acid substitutions at the 781 position and all combinations of
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Fig. 5. The cysteine-containing motif as an autoinhibitory module. (A)

Cysteine-containing motifs of a Toll dimer. The numbering of the cysteine
residues is indicated. The two disulfide bonds are speculative, but possible,
according to the structure of a related protein, glycoprotein 1ba (28, 38, 39).
(B) Northern blot of mutants of the cysteine-containing motif. The Toll-781C
is wild type, and other amino acid substitutions are as indicated. The proteins
were expressed in transgenic flies by using the YP1-Gal4-UAS system. The
expression of drosomycin and rp49 was analyzed by Northern blotting. Three
independent 781C lines (lanes 3-5) and two independent lines of each of the
other mutants were assayed (lanes 6-13). The CS and Toll'% flies were
included for comparison (lanes 1 and 2, respectively). (C) Transfection assays of
cysteine-781 mutants. The cysteine-781 was changed to other amino acids as
indicated, and the activities of the mutants were assayed by cotransfection
with a drosomycin-luciferase reporter in S2 cells. The Toll-781* contains a stop
codon and, therefore, should produce a truncated protein. (D) Transfection
assays of single or multiple cysteine-to-tyrosine mutants. Single or multiple
cysteine-to-tyrosine changes were introduced into the wild-type Toll, and the
activities were assayed by transfection as described for C. The mutations of
the four cysteines in any combination, including quadruple mutation, have
the same result of constitutive receptor activation. Overall, these data show
that the cysteine-containing motif is an autoinhibitory module.

cysteine-to-tyrosine changes in the four positions, including a
quadruple mutation. These mutants were tested in transfection
assays in S2 cells (Fig. 5 C and D). The drosomycin-luciferase
reporter assays demonstrated that all these mutants were equally
active. Therefore, the four cysteines have equal functions, and
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changing any one in any way leads to constitutive activation. It
seems unlikely to us that the single-point mutants such as Toll!%
and Toll’? (27) use the unpaired cysteines to interact with other
proteins. Instead, we postulate that these four cysteines are essential
to maintain a structure that counteracts the Toll-receptor activity,
possibly through inhibiting multimerization (Figs. 2B and 5A4).

Discussion

Our results obtained from analyzing Spitzle and Toll in trans-
genic fly extracts show that the host protein Spitzle can function
as a ligand for Toll because Spitzle forms a complex with Toll
in transgenic fly extracts and stimulates the expression of a
Toll-dependent immunity gene in adult flies. These findings are
consistent with a recent report demonstrating that a truncated
form of Spitzle purified from a viral expression system can bind
to the ectodomain of Toll in vitro (16). The report also showed
that a dimer of cleaved Spitzle interacts with two Toll ectodo-
mains and that injecting the cleaved Spétzle can stimulate
drosomycin expression (16).

The formation of multimeric complexes of Spétzle and Toll in
this study suggests that induced receptor multimerization may be a
mechanism for Toll activation. By using an extracellular epidermal
growth factor receptor and an intracellular Toll-receptor fusion
construct, it has been shown that induced multimerization of this
fusion protein by the epidermal growth factor ligand can activate
the Toll pathway (33). Evidence from the studies of mammalian
TLRs also suggests that multimeric complex formation is possible
(32, 34-37). For example, complex formation can be detected by
expressing TLR4 in transfected cells (36). However, induced mul-
timerization of TLRs has not been shown convincingly, suggesting
that Toll proteins may have a low affinity toward each other.

In the cases of constitutively active Toll mutants, our results
demonstrate that disulfide linkages may stabilize the multimers and
cause increased expression of a Toll-dependent immunity gene.
There is concern that expression of constitutively active mutant
receptors to a higher level may cause aggregation and that the
aggregation can occur at other steps not related to activation. By
using site-directed mutagenesis we showed that in AN6 the disulfide
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linkage-dependent multimerization is essential for the activity,
dissipating some of these concerns. Moreover, the ethyl methane-
sulfonate-induced Toll'® and other gain-of-function fly strains
demonstrate that at physiological levels these mutants also cause
constitutive activity.

The highly conserved cysteine-containing motif, which is located
just outside the transmembrane domain and is different from the
cysteines involved in the intermolecular linkage, may form a
self-inhibitory module to regulate Toll activity. Systematic mu-
tagenesis suggests that the constitutive activity does not result from
a freed cysteine that forms a disulfide bond with a neighboring
protein. Instead, the cysteine-containing motif may form two
disulfide bonds to maintain a rigid structure (28, 38, 39). We
postulate that this structure may provide steric hindrance, prevent-
ing the wild-type Toll from forming stable multimers and becoming
active. Thus, disassembling the structure by deletion or mutation
may permit the subunits to come close together. Under the right
subcellular environment, the disulfide bond formation may stabilize
the multimer, leading to stimulation of the pathway. Interestingly,
the wild-type Toll-9 protein lacks the full complement of cysteines
within this motif and exhibits similarly high drosomycin-stimulating
activity (22, 40), indicating that a wild-type Toll member can use
such a mechanism to regulate the signaling pathway.

It is possible that multimerization and formation of disulfide
linkages are part of the activation mechanism of the wild-type Toll
receptor. We tested for this activation mechanism of the tagged
wild-type Toll constructs in adult flies after stimulating the pathway
by septic injury, by combining with SpétzleAN, or by combining
with a Necrotic mutation. After assaying for complex formation by
using co-IP and nonreducing SDS gel, we did not observe an
increase in multimerization. One possible explanation is that the
amount of induced multimerization in vivo is lower than the
detection limits of the assays. Nonetheless, further analysis based on
the results presented in this report should help to elucidate the
mechanism of Toll-receptor activation.
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