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Cytokine Spatzle binds to the Drosophila
immunoreceptor Toll with a neurotrophin-like
specificity and couples receptor activation
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Drosophila Toll functions in embryonic development and innate
immunity and is activated by an endogenous ligand, Spatzle
(Spz). The related Toll-like receptors in vertebrates also function
in immunity but are activated directly by pathogen-associated
molecules such as bacterial endotoxin. Here, we present the crystal
structure at 2.35-A resolution of dimeric Spz bound to a Toll ecto-
domain encompassing the first 13 leucine-rich repeats. The cystine
knot of Spz binds the concave face of the Toll leucine-rich repeat
solenoid in an area delineated by N-linked glycans and induces
a conformational change. Mutagenesis studies confirm that the
interface observed in the crystal structure is relevant for signaling.
The asymmetric binding mode of Spz to Toll is similar to that of
nerve growth factor (NGF) in complex with the p75 neurotrophin
receptor but is distinct from that of microbial ligands bound to the
Toll-like receptors. Overall, this study indicates an allosteric signal-
ing mechanism for Toll in which ligand binding to the N terminus
induces a conformational change that couples to homodimeriza-
tion of juxtamembrane structures in the Toll ectodomain C terminus.

Toll receptor | Spz ligand | crystallography | mass spectrometry |
isothermal titration calorimetry

Both Toll and Spiitzle (Spz) were originally identified in screens
that detected genes required for dorsoventral axis formation
of Drosophila melanogaster embryos (1). Toll is a transmembrane
receptor with a composite leucine-rich repeat (LRR) ectodomain,
a single-span transmembrane region and an intracellular signal-
ing domain, the Toll/Interleukin-1 receptor domain or TIR. Sub-
sequently, Toll and Spz were shown to mediate antibacterial and
antifungal responses in adult flies and larvae (2-5). A related
family of molecules, the Toll-like receptors (TLRs), was later dis-
covered in vertebrates, and these receptors also function in innate
immunity (6-10). Unlike Drosophila Toll, which is activated by the
endogenous ligand Spz, the TLRs are pattern-recognition recep-
tors that respond directly to pathogen-associated molecules such
as double-stranded RNA (11, 12). An exception to this mecha-
nism of detection is TLR4, which requires the coreceptor MD-2
to recognize lipolysaccaharides from Gram-negative bacteria (13).
Spz resembles mammalian growth factors and particularly the
neurotrophin family, such as nerve growth factor (NGF). Spz is
synthesized in an inactive form with a signal peptide that drives
secretion, an N-terminal prodomain of varying size depending on
the splicing process (14) and a C-terminal active fragment of 106
amino acids (C106). The latter adopts a dimeric cystine-knot
(CK) structure, a fold very similar to that of NGF (15-19). Spz is
activated by maternal signals or immune challenges that trigger
specific protease cascades, stimuli that lead to endoproteolytic
processing. Before cleavage, the prodomain is thought to mask
the receptor-binding site by a mechanism reminiscent of the ac-
tivation of the chymotrypsin zymogen and coagulogen, a clotting
factor from the horseshoe crab (20). Activation-induced pro-
teolysis causes a conformational change that exposes critical
determinants for Toll binding on C106 that are masked by the
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prodomain before proteolysis (20). The prodomain is released
from C106 upon Toll binding (21).

Previous biochemical studies suggest that initial activation of
dToll, like the TLRs, requires ligand-induced dimerization of
two receptor ectodomains (21-23). Ion mobility mass spec-
trometry and electron microscopy reveal that the full-length Toll
ectodomain and Spz C106 form both 1:1 and 2:2 complexes al-
though small amounts of a 2:1 stoichiometry can also be detec-
ted. This work also indicated that the binding site for Spz is
located at the N terminus of the Toll ectodomain. Deletion
mutations that truncate the ectodomain are constitutively active
(24), and thus the ectodomain has an autoinhibitory function
similar to that of vertebrate TLR4 (25). Binding of Spz relieves
this inhibition, enabling homodimerization of the receptor and
signaling to occur. Several lines of evidence suggest that the ex-
tracellular juxtamembrane region is directly involved in receptor
homodimerization (24, 26, 27). For example, receptors with mu-
tations of cysteine residues in the juxtamembrane capping struc-
ture are constitutively active, and the resultant unpaired cysteine
forms intramolecular disulphide bonded dimers. In contrast to
the TLRs, dToll signaling displays negative cooperativity so that
the receptor responds over a wide range of ligand concentrations
(reviewed in ref. 28).

In vertebrates, the neurotrophin family have essential de-
velopmental functions in neuronal survival, axon targeting, and
connectivity and, in adult life, in learning, memory, and cognition
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(29). The NTs signal through three distinct receptors (NTRs)—
p75" R tyrosine receptor kinase (Trk), and Sortilin—and a
shared downstream target is the activation of NFkB (30-32).
Crystal structures are available for several complexes of verte-
brate neurotrophins and their receptors that reveal distinct
modes of binding and activation for different combinations of
receptors and neurotrophins (33-36). In Drosophila, there are no
canonical homologs of these receptors, but a recent study shows
that the Toll and Spz paralogues (dToll6/7 and DNT1/2, re-
spectively) fulfill these functions in the insect (37). This finding
suggests that Drosophila Toll receptors may be mechanistically
more similar to the vertebrate NTRs than to the TLRs. How-
ever, other studies show that dToll7 can also mediate antiviral re-
sponses to vesicular stomatitis virus and thus has a dual function in
the nervous and immune systems (38).

To further understand the mechanism of Toll signaling, we
crystallized and solved the structure of a complex of the Toll
ectodomain and Spz. This structure reveals a mode of binding that
is strikingly similar to that of NGF and p75™"® but different from
that observed for the ligands of the mammalian TLRs. This ar-
rangement suggests that ligand binding induces a secondary
homodimerization of the receptor ectodomain and provides a
molecular explanation for the observed negative allostery of the
dToll signaling pathway.

Results

Overall Structure of a Partial Toll Ectodomain Bound to Spz C106. We
present the crystal structure at 2.35-A resolution of the N-ter-
minal cap and first 13 LRRs of the ectodomain (Tolly;3-VLR)
in complex with a Spz C106 dimer (Fig. 1). The receptor-li-
gand complex crystallized in space group C2 with one Spz
C106 dimer and a single Tolly13—-VLR in the asymmetric unit.

The overall structure of Tolly;3—~VLR adopts the shape of a
curved solenoid that is relatively flat and binds Spz at its con-
cave side within the first 10 LRRs (Fig. 1). The interface covers
a total surface buried area of about 1,590 A” (Table S1). There are
28 hydrogen bonds and 16 salt bridges that stabilize the com-
plex on the concave side (Tables S2 and S3). Spz C106 interacts
via its cystine-knot structure in an asymmetric binding mode
that is reminiscent of the neurotrophin NGF bound to the re-
ceptor p75~NT® (36). Like NGF, Spz forms an interface located at
the “seam” of the ligand’s dimeric structure, with each protomer
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contributing different epitopes to the complex. The proximal
chain possesses a large continuous interface of 1,144 A2, which is
over twice the size of the distal chain’s interaction surface (533
A2) and displays two areas of contact centered around Q62 and
Q74 that form hydrogen bonds with Toll residues from LRR6 and
LRR7 and the cap, respectively. The cystine-knot protomers su-
perimpose on each other with an rmsd of 1.2 A over 390 atoms as
a consequence of this asymmetry in contrast to 0.5 A in the
unbound structure of Spz. Binding to Toll distorts the cystine-
knot structure as is also seen in NGF/p75™®R (36).

Ligand Binding Induces Conformational Changes in the Toll
Ectodomain. We next investigated whether Spz induces confor-
mational changes in the LRR solenoid of Toll. The first 201
residues of unbound Toll (39) and Spz C106 (19) were super-
imposed onto the corresponding regions of Tollyi3—~VLR-Spz
(Fig. 2). Toll leucine-rich repeat N-terminal domain (LRRNT)
up to LRR6 (residues 28-228) superimposed with an rmsd of 0.9
A over 1,240 atoms. The main shifts are observed in LRRNT in
a region that also displayed high-temperature factors in the apo-
structure. Upon ligand binding, residues from the N-terminal
a-helix and adjacent loop are displaced by up to 4.6 A for D40
and 3.6 A for E61. The latter is involved in a salt bridge with Spz
residue K15 in the complex structure whereas the former would
clash with the wing of the distal Spz protomer at residues 80-86 if
it adopted the same conformation as in the uncomplexed structure.

Spz Protrudes from the N-Terminal End of Toll. The cystine-knot
structure of Spz displays very low B-factors in complex with Toll
compared with its structure in isolation due to stabilization
through numerous polar contacts (Tables S2 and S3). The struc-
ture solution with refolded Spz (19) as a template for molecular
replacement, which does not account for the Trp loops, had C-
alpha clashes in the wings and was rejected in the packing test.
Only the cystine-knot structure could be assigned in the electron
density of the crystal structure of the complex. Both the trypto-
phan loops (residues 1940 in the proximal chain and residues 21—
39 in the distal one) and the wings of Spz comprising the hairpin
structures protruding between the first and the second strands
(proximal residues 77-92 and distal ones 77-90) are invisible in
the crystal structure. The missing Spz lobes are nevertheless
physically present and intact as shown by SDS/PAGE analysis of

Fig. 1. Toll-Spz overall structure and ligand
binding mode. (A) Schematic representation in
two orientations (side view and concave view)
with color-coded areas for Toll and Spz C106
dimer. The first N-acetylglucosamine residue of
the glycan structures attached to Asn residues
at positions 80, 140, 270, 346, and 391 is shown
in light cyan spheres. (B) Space-filling models
highlight the spatial restriction provided by the
presence of the glycosylations. (C) Schematic rep-
resentation of Spz C106 with the four-stranded
antiparallel B-sheet labeled A-D and the two miss-
ing regions, the Trp loop, and the wing of each
protomer indicated by dashed lines and corre-
sponding missing residue numbers. The disulfide
bonds of the cystine residues involved in the knot
motif are shown along with the intermolecular
bond involving Cys-98 of each chain. (D) Space-fill-
ing model of the Spz cystine-knot domain as ob-
served in the complex structure, color-coded by
polypeptide chain in Upper. In Lower, the same
orientation highlights the footprint left by Toll
across the dimeric surface of the ligand (interface
colored in magenta for the proximal chain and pink
for the distal one). (E) The asymmetry of the bind-
ing to Toll is represented by color-coding Toll resi-
dues thatinteract with Spzin either green or yellow
depending on which chain that they contact.

Toll LRRNT
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Fig. 2. Conformational changesinduced A Tl —
by ligand binding and crystal packing. .

(A) Ribbon representation of Tollye (res- %%

idues 28-228 in cyan) superimposed on
Tolly13-VLR (magenta-gray) -Spz (green-
yellow) reveals that conformational
changes occur mainly in the Toll LRRNT

region. The encapsulated close-up view CK dimer
shows a 4.6-A shift of the Ca atom of 1oy, Fz A

D40 and a 3.6-A shift for E61, which C{é;:é; VLR
brings it in close proximity to Spz. (B) &', LRRCT

Ribbon representation of the Tollyis— f
VLR-Spz complex superimposed on
refolded Spz (black) (19) and a homology

RS Model
based
‘»d Jon NTs

C106

model of Spz based on NGF reveal steric hindrance by Toll LRRNT in the position of the wings. Arrows indicate potential repositioning of the wings.

dissolved crystals (Fig. S1). Moreover, the absence of electron
density results in a gap in the crystal lattice in the region that
would be occupied by these protrusions (Fig. S2).

We therefore tested different possible orientations of Spz’s
lobes by generating homology models based either on refolded
Spz or on mammalian neurotrophins (NTs) (Fig. 2B). Using an
NT-based model, both wings could be accommodated within
the crystal lattice whereas the distal Trp loop clashed with the
position of the VLR leucine-rich repeat C-terminal domain
(LRRCT) of a symmetry-related receptor. Attempts to improve
molecular models of this area using Phenix Morph (40) were not
successful.

Mutagenesis of Spz Interface Residues. Next, we used site-directed
mutagenesis to determine whether Spz residues in the binding
interface are required for signal transduction. Mutants were ex-
pressed as TEV-cleavable constructs to facilitate the endoproteo-
lytic processing required for activation of the ligand. To evaluate
proper protein folding we verified the disulphide bonding pat-
terns and protease resistance of the mutant proteins. The puri-
fied TEV-cleaved mutants were tested in an S2 cell culture assay,
which measures the activation of a drosomycin promoter reporter
construct (41).

A number of mutations that are surface-exposed failed to
produce stable protein as judged by limited proteolysis with
trypsin (R11E, L16A, N34A, N35A, and Q40R) or failed to purify
on nickel columns (D26A, D27A, E85A, and D87A). On the
other hand, the mutants R14A/K15A and D55R, located in
different areas within the cystine-knot structure (Fig. 34), were
suitable for the S2-based signaling assay. The double mutant
R14A/K15A changes two consecutive positively charged residues
from the first beta-strand into alanines. R14 forms salt bridges
with Toll E51 and E53 and a hydrogen bond with R66. The
flexible side chain of K15 was modeled in alternative positions in
which it is either involved in a salt bridge with E61 or in an H
bond with the hydroxyl group at position 6 of the first N-acetyl-D-
glucosamine (NAG) residue attached to N8O (Fig. 3B). The
R14A/K15A mutation abolished signaling almost completely
(Fig. 3D), which confirms the importance of this region for sig-
naling and indicates a possible role of Toll glycosylation in ligand
binding. We also tested a charge reversal mutation, D55R, chosen
because an arginine is present at this position in mammalian
NTs. This residue does not play a role in binding to TrkA, bult\} in
proNGF and NT3, it forms a salt bridge with D134 of p75N™®
(Fig. S3). D55 is located in the loop following the second beta-
strand of the cystine-knot structure, and the mutant Spz protein
is severely defective in signaling (Fig. 3C).

The Toll/Spz Complex Resembles a Heterodimer of NGF and p75"™.
In contrast to TLR4-MD-2 bound to the partial agonist lipid IVa
(42) and TLRS bound to flagellin (43), both of which are
monomeric in solution but form into functional dimers upon
crystallization, the crystal packing of Toll/Spz does not reveal
a potentially relevant dimerization interface. The packing in-
stead shows a ligand-mediated head-to-tail organization, an

Lewis et al.

arrangement that could not be adopted by the full-length trans-
membrane receptor (Fig. S2). Modeling of a 2:1 Toll-Spz complex
also proved impossible (Fig. S4). Indeed, the symmetrical binding
surface on the other side of the ligand is not available for cross-
linking a second Toll molecule because of steric hindrance be-
tween receptor chains, as is seen in some neurotrophin receptors.
In fact, the Toll-Spz complex has remarkable similarity to the
asymmetric dimer of NGF/p75SNTR (36). On the other hand, the
observed mode of binding is distinct to that seen with NGF and
NT3 bound to the TrkA receptor (33-35) and the proNGF-
p75N™® complex (44), which are symmetrically cross-linked.

An array of techniques, including gel-filtration chromatogra-
phy, analytical ultracentrifugation (AUC), and mass spectrometry
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Fig. 3. Mutagenesis of Toll/Spz interface residues observed in the crystal
structure. (A) Position in the interface of residues targeted for mutation:
R14, K15, and D55 (boxed) and their symmetry-related counterpart on the
other protomer. (B and C) Detailed views of the interactions between R14,
K15, and D55 and the Toll ectodomain. (D) Spz mutants are defective in
signaling. White bars indicate activity of 100 nM protein before protease
cleavage and black bars after. Data are shown as relative luciferase induction
and represented as mean + SD (error bars).
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Fig. 4. Ligand-binding and dimerization abilities of Toll truncations. All
constructs containing at least the N-terminal 399 residues are able to bind Spz
C106 according to a range of biophysical techniques. White and gray triangles
indicate VLR capping structures, black triangles native Toll N- and C-caps. The
Spz construct is represented before and after TEV processing, which leaves
an additional glycine residue at the N terminus of C106. The constructs
Tolly13-VLR and active Spz C106 have been used for crystallography.

unequivocally define the stoichiometry of the complex. Analytical
gel filtration shows that Tolly;3—VLR is a monomer of 77 kDa and
that the complex with Spz C106 is a heterodimer of 93 kDa. This
conclusion is confirmed by AUC, experiments that also reveal that
Tolln;3~VLR is heterogeneous (Fig. S5B). Mass spectrometry
confirms that variable levels of glycosylation cause the ob-
served heterogeneity.

Ligand Binding Is Required for Receptor Homodimerization. As li-
gand binding does not directly cross-link the receptor, we sought
to identify regions of the Toll ectodomain required for di-
merization using deletion mutagenesis (Fig. 4). We assessed
the stoichiometry and Spz binding capacity of a number of
N- and C- terminal truncations. We generated, among others,
a construct called VLR-Tollcs that contained an N-terminal
VLR capping structure (residues 1-82) (45) fused to the Toll
ectodomain at the region C-terminal to LRR6 (residues 231-
802). Interestingly, neither Tollyg—VLR nor its C-terminally
truncated counterpart VLR-Tollcg, were able to form a stable
complex with Spz, as shown by gel-filtration (Fig. S54) although
a small shift of elution position in the presence of Spz might
indicate the formation of transient interactions, as reported
previously. AUC and mass spectrometry analysis confirmed these
data with the characterization of a heterogeneously glycosylated
monomeric species of about 92 kDa and the absence of dimers
(Fig. S5C). The properties of Tolly—VLR and VLR-Tollgg
contrast with full-length Toll ectodomain and longer C-terminal
truncations such as Toll*®, which are able to bind ligand and to
homodimerize (Fig. 4). Taken together, these data suggest
that the N-terminal domain is required indirectly for dimerization
of the receptor and formation of an active signaling complex.

We have also studied the stoichiometry and binding affinity of
Spz for Tolly;3—VLR using isothermal titration calorimetry
(ITC). In previous work, we carried out similar experiments us-
ing the full-length and Toll®® ectodomain, experiments that
revealed complex behavior (46). Specifically, different values of
affinity and stoichiometry were obtained depending on whether
the receptor or ligand was being titrated. By contrast, ITC
experiments with Spz and Tolln;3-VLR produced a stoichiometry
of 1:1 and an affinity of about 50 nM irrespective of which
component was titrated (Fi ig. 5 and Table S4). Therefore unlike
full-length Toll and Toll’E, Tolly;s~VLR forms a simple bi-
molecular complex with sz whereas fulllength Toll and Toll>®
undergo secondary dimerization when Spz is bound.

20464 | www.pnas.org/cgi/doi/10.1073/pnas.1317002110

Discussion

The crystal structure of the complex presented in this study
defines the molecular basis of Toll and Spz recognition. The
binding mode revealed in this high-resolution structure is sig-
nificantly different from that proposed previously on the basis of
electron microscopy (47). However, the quality and resolution
(30 A) of those images were poor, and the electron-density en-
velope defined could accommodate the arrangement revealed in
this study. The structure is, however, consistent with our more
recent study (39) that indicated that two discontinuous regions of
interaction with the LRR solenoid are required for stable bind-
ing. In that study, mutagenesis of three residues in the N-terminal
cap (C34, C43, and C45) led to only a partial reduction in
Toll-signaling function. These residues do not interact with
Spz although other cap residues, notably E61, do constitute
a binding hot spot.

The binding mode of Spz observed in our structure 1s s1m11ar
to that of mammalian NTs, particularly the NGF/p75™™® com-
plex as they share not only a similar asymmetric arrangement but
also the same stoichiometry of one cystine-knot dimer for one
receptor chain (36). As with full length Toll/Spz, dimeric re-
ceptor complexes of NGF/ p75NT may also be formed in solu-
tion (48). The total buried surface area in the Toll-Spz complex
is larger than that observed in neurotrophin receptor complexes.
The binding surface is enclosed by glycan structures, one of
which is found in direct contact with the ligand. Interestingly,
receptor glycans also play important roles in NT binding, both by
directly interacting with ligand and indirectly by determining the
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Fig. 5. Isothermal titration calorimetry of the Toll/Spz complex. Purified Spz
C106 was titrated into the ITC measuring cell containing Tolly;3-VLR protein,
which results in the formation of a complex of one truncated ectodomain
binding a single Spz dimer with a dissociation constant between 30 and 50 nM,
comparable with the affinity of full-length ectodomain. In the reciprocal ti-
tration in which Tolly13-VLR was injected into Spz C106, a complex with the
same stochiometry and dissociation constant was observed. A summary table of
the thermodynamic parameters and a typical experiment is shown in Table S4.
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correct conformation of the receptor (33-36). We also conclude
that Spz binding cannot trigger receptor dimerization within
a symmetrical 2:1 complex as is the case for NT-bound Trk re-
ceptor and proNGF or NT3-bound p75N™ because of major
steric hindrance caused by the pronounced curvature of the Toll-
receptor chains on the one hand (Fig. S3), and the concave
binding mode of the cystine knot, on the other. It is likely that
the 2:1 stoichiometry detected at low levels by mass spectrometry
represents asymmetrically occupied receptor dimers present in
trace amounts compared with major populations of 1:1 and 2:2
complexes (47).

In contrast to NTs whose structures have been described in
free (49) and receptor-bound forms, Spz appears to be highly
disordered both in its inactive form (22) and in complex with
Toll. The Trp loops between the first and second p-strand and
also the “wings” (the hairpin structure between the third and
fourth strand of the cystine knot) are not resolved in the struc-
ture (Fig. 1). Both these protrusions that should be located at the
top of the Spz dimer are not detected in electron density despite
being intact and having enough space within the crystal lattice
(Fig. S2). In the neurotrophins, the cystine knot is well de-
fined, and only the prodomains are disordered. Although mature
NGF signals via TrkA receptor to stimulate trophic functions,
proNGF, like the TNF receptor, triggers p75™ ' ® activity that leads
to apoptosis. Interestingly, the %rodomain regions in the crystal
structure of the proNGF-p75N"™ complex are mostly disor-
dered whereas the wing structures have undergone confor-
mational changes compared with mature NGF (44). Unlike
proNGF, proSpz cannot bind Toll although it is conceivable that
it can stimulate another receptor in Drosophila that is yet to be
characterized. Previous studies have suggested flexibility in these
regions of Spz C106 (19, 20). In particular, we showed that
mutagenesis at the tryptophan residue W29F within the Trp
loop did not affect Toll binding and activity whereas we
established that it disrupted stable association between the Trp
loop and the prodomain of unprocessed Spz (20). Thus, the Trp
loop fulfills a negative regulatory role rather than being involved
in binding to Toll. Moreover, we have shown that binding of
processed Spz to the entire ectodomain of Toll leads to the
dissociation of the prodomain (21). There is no experimental
evidence to suggest that association of the prodomain with C106
following endoproteolytic cleavage of Spz has any functional
consequences for signaling. Therefore, the role of the prodomain
and the underlying mechanism of signaling differ significantly
between NGF and Spz.

The Drosophila genome encodes nine Toll paralogues, but
only Tolll, -7, and -8 are known to play a role in innate immu-
nity. By contrast, the 11 human TLRs all function in immunity
and respond by binding directly to pathogen-associated lipids,
proteins, or nucleic acids. The interaction described here be-
tween Toll and Spz is significantly different from the ligand-
binding modes of the Toll-like receptors, including protein
binding to TLR4 (13, 45) and TLRS (43). Whereas binding to
Toll occurs at the concave surface of the LRR solenoid, binding
of MD-2 to TLR4 and flagellin to TLRS involves both concave
and particularly the ascending lateral LRR surfaces. It is not
clear whether the invisible lobes of Spz interact with Toll in the
context of the full-length receptor. The mechanisms of TLR4
and TLRS5 dimerization involve both ligand-receptor and re-
ceptor—receptor interactions in 2:2 complexes. Receptor di-
merization occurs at ascending lateral and convex sides of the
ectodomains that are either overlapping or downstream of
the ligand-binding interface for TLR4 and TLRS, respectively.
The comparison between the ligand binding and dimerization
capacities of the constructs used for Toll and TLRs highlights
common features as well as significant structural differences. For
TLRA4, residues 27-227 were sufficient for MD-2 binding but not
dimerization (45). The truncations that were used in the struc-
tural characterization of TLRS spanned over the LRRNT and
the first 6, 12, and 14 LRRs, encompassing residues 22-181, 342,
and 390, respectively. The first construct was too short to form

Lewis et al.

a stable complex with its ligand flagellin, the second one bound
flagellin but did not encompass the dimerization interface, and
the third one, although monomeric in solution, adopted a tail-to-
tail dimeric packing in the crystal structure. In the case of dToll,
it is likely that binding of Spz at the N terminus induces a con-
formational change that enables a secondary homodimerization
interface at the C terminus of the receptor ectodomain.

With the exception of Toll 9, the Drosophila Toll paralogues
are more related to each other than they are to the TLRs. A
recent study has shown that two of them, Toll6 and Toll7, fulfill
the function of neurotrophin receptors in the insect nervous
system (37). The ligands for Toll6 and -7 are two Spz paralogues
called DNT1 and DNT2 (50). Toll6 and -7 are activated pro-
miscuously by DNT1 and -2 and, like Tolll and vertebrate neu-
rotrophin receptors, signal activation of NFxB. Although there is
considerable sequence divergence of Toll6/7 and DNT1/2 from
Tolll and Spz, it is likely that they signal by a similar molecu-
lar mechanism.

In previous work with full-length Toll ectodomain, we found
that, even at high molar ratios of Spz, a mixture of 2:2 and 1:1
complexes is formed, a reflection of the observed negative allo-
stery. We also used electron microscopy of negatively stained
samples to reconstruct images of both 1:1 and 2:2 complexes
(47). Although the resolution of these images is very low, they
indicate the presence of receptor homodimerization interfaces at
the juxtamembrane region and at the N terminus close to the Spz
binding site, producing an overall configuration similar to that
seen in the TLRs. In the present study, the Toll/Spz complex is
a heterodimer, and we could find no evidence for homodimeri-
zation of the receptor, even in the crystal structure, which is
a dense environment that can reinforce weak interactions as
observed for TLR4 (42) and TLRS (43). Taken together, the
available data indicate that the N-terminal region is involved in
an allosteric mechanism responsible for receptor dimerization at
the C terminus.

To elucidate the molecular mechanism of negative coopera-
tivity in Toll-Spétzle recognition, crystal structures of complexes
with different stoichiometries are required. The strategy of re-
ceptor truncations is well suited for this purpose.

Methods

Generation of Toll Truncations. Toll-VLR constructs encompassing Toll residues
1-228 and 1-397, respectively, were generated as fusions with residues Asn-
133 to Thr-201 of hagfish VLR B.61 by PCR. Toll truncations carried a 5’-BamHI
and a 3’-Nhel restriction site. The LRRCT of VLR B6.1 was generated with a 5'-
Nhel and a 3’-Agel cloning site. The Fc domain of human IgG1 was amplified
with a 5’-Agel site followed by a TEV cleavage site and 3'-Notl site. Primers are
listed in the Table S5. The Toll, VLR, and Fc fragments were digested with the
corresponding restriction enzymes. The three products were then ligated to
form a single Toll-VLR-Fc insert that was introduced into the BamHI and Notl
sites of the pFastBac-1 transposition vector (Bac-to-Bac; Invitrogen).

Protein Expression and Purification. Fc-tagged Toll N-terminal truncations and
His-tagged Spz were produced in a baculovirus expression system. The
procedure for Spz preparation has been described elsewhere (21). Toll-VLR
constructs were expressed in Sf9 insect cells (Invitrogen). The supernatant
was collected by centrifugation 3 d after infection and concentrated using
the Centramate tangential flow filtration system (Pall Filtron). It was loaded
onto HiTrap protein A HP column (GE Healthcare). Purified protein was
eluted in 0.1 M sodium citrate, pH 3.0. The Fc fusion was cleaved with TEV
protease (51). The digestion products were separated by protein A affinity
chromatography. Toll-VLR constructs were further purified by size-exclusion
chromatography in 100 mM NacCl, 20 mM Tris-HCI, pH 7.0.

Crystallization of Tolly;3—-VLR-C106 Complex. Both proteins were produced in
a lepidopteran expression system and thus have near native N-linked gly-
cosylation (52). Enzymatic deglycosylation was not required. Crystals were
obtained with the vapor diffusion method in 15% PEG 8000, 0.1 M Tris pH
7.5, 0.1 M MgCl,, with protein concentration of 4.7 mg/mL. Five weeks later,
crystals were sequentially soaked in 10%, then 20% glycerol cryoprotectant
solution and mounted in 20-um nylon cryoloops (Hampton Research) before
being immersed in liquid nitrogen for storage and diffraction. Crystals
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belong to the space group monoclinic C2. The structure was determined by
molecular replacement using as templates structural models for Spz (19) and
Toll derived from a shorter truncation Tollye-VLR (39) along with homology
models for the extra seven LRRs. The structure has been deposited in the Pro-
tein Data Bank with the PDB ID code 4BV4. See SI Methods for further details
and Table S6 for X-ray diffraction data collection and refinement statistics.

Site-Directed Mutagenesis. Site-directed mutagenesis was performed using
the QuikChange Il kit (Stratagene). The primers are listed in Table S5. The
mutagenized inserts were sequenced and then recloned into fresh pcDNA3.1
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(+) or pFastBac-1 backbones. Mutations did not affect protein expression
levels as assessed by Western blot detection.
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