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The Drosophila Toll receptor is activated by the endogenous
protein ligand Spätzle in response tomicrobial stimuli in immu-
nity and spatial cues during embryonic development. Down-
stream signaling is mediated by the adaptor proteins Tube, the
kinase Pelle, and the Drosophila homologue of myeloid differ-
entiation primary response protein (dMyD88). Here we have
characterized heterodimeric (dMyD88-Tube) and heterotrim-
eric (dMyD88-Tube-Pelle) death domain complexes. We show
that both the heterodimeric and heterotrimeric complexes form
kidney-shaped structures and that Tube is bivalent and has sep-
arate high affinity binding sites for dMyD88 and Pelle. Addi-
tionally we found no interaction between the isolated death
domains of Pelle and dMyD88. These results indicate that the
mode of assembly of the heterotrimeric dMyD88-Tube-Pelle
complex downstream of the activated Toll receptor is unique.
The measured dissociation constants for the interaction
between the death domains of dMyD88 and Tube and of Pelle
and a preformed dMyD88-Tube complex are used to propose a
model of the early postreceptor events inDrosophilaToll recep-
tor signaling.

The bifunctional Toll pathway inDrosophila is indispensable
for embryonic development and the innate immune response
to Gram-positive bacteria and fungi (1). Toll is a Type I trans-
membrane receptor (2) whose architecture consists of N-ter-
minal leucine-rich repeats, a transmembrane helix, and aC-ter-
minal TIR2 domain. It is activated by direct binding of the
ligand Spätzle (3) that is cleaved from its inactive pro-form by
the serine protease Easter during development (4) and by
another serine protease, Spätzle-processing enzyme, during
Toll-dependent antimicrobial and fungal responses (5). Activa-
tion of the Toll pathway during development sets in motion a
series of events that culminate in the translocation of the Rel/

NF-�B family member Dorsal into the nucleus and the activa-
tion of the zygotic genes twist and snailon the ventral side of the
embryos and the deactivation of zerknullt and decapentaplegic
on the dorsal side (6), whereas activation resulting from an
immune challenge leads to the nuclear translocation of the
Dorsal-related immunity factor (Dif) and the subsequent tran-
scription of many genes including those encoding the antimi-
crobial peptides Drosomycin and Metchnikowin (7, 8). In
mammals, an immune response is mounted as a result of chal-
lenge by a variety of pathogen-associated molecular patterns
with the activation of a homologous Toll-like receptor pathway
of which approximately 11 distinct members have been identi-
fied (9).
Signaling from the activated Toll receptor to the relevant

transcription factors relies on interactions between adaptor
proteins that associate with the TIR domain of Toll and subse-
quently influence interactions between other downstream
components of the pathway. In Drosophila, the immediate
post-receptor events are context-dependent; during an innate
immune response, for example, the proteins involved are
dMyD88, Tube, and Pelle (10), whereas an additional zinc fin-
ger adaptor, Weckle, is required for dorsoventral patterning of
the embryo (11). These adaptors with the exception of Weckle
all have an interaction motif belonging to the death domain
(DD) superfamily, and additionally dMyD88 possesses a TIR
domain (12) and Pelle a kinase domain (13). One model of the
signal transduction events downstream of the Toll receptor
posits that upon activation dimeric Toll recruits a membrane-
localized dMyD88-Tube DD-DD heterodimer (14) via interac-
tions between the TIR domains of Toll and dMyD88. This het-
erotrimeric complex then recruits Pelle, which undergoes
autophosphorylation (15). Pelle then phosphorylates Toll and
Tube (14) before being released from the complex. There is
evidence that both Cactus and Dorsal are targets of activated
Pelle (16, 17), and a possible scenario is that Pelle, or a currently
unidentified kinase, phosphorylates Cactus, which releases
Dorsal, and then Dorsal in turn is phosphorylated and enters
the nucleus (18). An alternativemodel for the early events in the
Toll pathway that was proposed before the role of dMyD88 was
known suggests that a presignaling complex consisting of the
TIR domain of Toll, Pelle, and Tube exists and that Spätzle
binding and subsequent Toll dimerization results in the
transphosphorylation of Pelle followed by the cascade of events
as described previously (19).
From the preceding, DD-DD interactions are crucial for the

transduction of the signal from the activated Toll receptor. The
canonical death domain revealed initially by the NMR solution
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structure of the Fas DD has a six-helix bundle fold (20, 21).
Three-dimensional structures of the heterodimeric Pelle-Tube
DD-DD (22) and the CARD-CARDApaf-1-Procaspase-9 com-
plexes have been solved crystallographically. On the basis of the
different interactions comprising the interface of these struc-
tures and the interactions obtained by superimposing Pelle
onto Procaspase-9 of the Apaf-1-Procaspase-9 complex, three
types of interactions were defined. Type I interactions, typified
by the CARD-CARD interface, involve charge-charge contacts
between the second and third helices of Apaf-1 and the first and
fourth helices of Procaspase-9. Type II interactions are
observed in the Pelle-Tube DD interface in which helix 4 of
Pelle interacts with a groove formed by three helices (helices 1,
2, and 6) of Tube, and the C-terminal tail of Tube interacts with
a groove on Pelle created by helices 2, 3, and 5. Type III inter-
actions are a combination of Type I and Type II and are char-
acterized by contacts between helix 3 of Apaf-1 with the loops
between the first and second helices and third and fourth heli-
ces of Tube (23). Additionally a docking model of the Fas-
FADD DD revealed that a hexameric complex was possible
implying that death domains have the potential for forming
multivalent interactions (24). This prediction has been substan-
tiated by the only oligomeric DD-DD structure to date, the
PIDD-RAIDD complex (25). This asymmetric complex con-
sists of five PIDD and seven RAIDD molecules, and the inter-
actions at the different interfaces belong to the three types
described previously (24) suggesting that such interactionsmay
be sufficient to define the assembly of DD-DD complexes.
Regarding theDDcomplexes involved inToll signaling, solu-

tion data (26, 27) strongly suggest a 1:1 interaction between
Pelle and Tube. The crystal structure of the Pelle-Tube com-
plex, although prepared from a heterodimeric DD solution,
revealed a tetramer in the asymmetric unit consisting of two
Pelle-Tube heterodimers arranged in a linear array (P1:T1:P2:
T2) (22). We have suggested, given the bivalent nature of the
Tube DD, that the T1:P2 interface observed crystallographi-
callymay be the binding site for othermembers of the complex.
In the present study we used a variety of biophysical tech-

niques including analytical ultracentrifugation, isothermal
titration calorimetry, and small angle x-ray scattering to probe
the nature and affinity of the DD complexes involved in postre-
ceptor Toll signaling. We suggest a model for the immediate
postreceptor events.

EXPERIMENTAL PROCEDURES

Sample Preparation—The expression and purification of
Pelle DD and Tube DD has been described previously (27). The
expression and purification of the death domain of Drosophila
MyD88 was similar to that of Pelle DD and Tube DD with the
exception that protein expression was done using Rosetta
(Novagen) cells. TheMyD88-Tube DD complex was formed by
adding a slight molar excess of dMyD88 DD to purified Tube
DD, and the resulting protein solution was concentrated and
loaded onto a Superdex-75 (AmershamBiosciences) size exclu-
sion column and eluted with 20 mM Tris, 20 mM NaCl, 5 mM
dithiothreitol, pH 7.5. The heterotrimeric Pelle-Tube-MyD88
DD complex was made by adding excess purified Pelle DD to
purified dMyD88-Tube DD. For small angle x-ray scattering

(SAXS) measurements excess Pelle DD was removed using a
Superdex-75 size exclusion column as done before for the
dMyD88-Tube complex.
Analytical Ultracentrifugation—Sedimentation equilibrium

and sedimentation velocity measurements were performed
using aBeckmanXL-Aanalytical ultracentrifuge equippedwith
absorbance and interference optics. Sedimentation equilibrium
experiments on the dMyD88-Tube complex were performed
using 180-�l sample volumes and three concentrations (0.04,
0.02, and 0.01 mg/ml obtained by serial dilution of a solution
obtained as a single peak from a size exclusion column). This
provided a powerful constraint in data analysis as the ratio of
the concentrations of Tube and dMyD88 was fixed at 1.0.
Absorption (230 and 280 nm) and interference data were
acquired at three rotor speeds (13,000, 19,000, and 25,000 rpm)
using an An60-Ti (Beckman Coulter) rotor after the time taken
for the attainment of equilibrium (48 h) at each speed. The
molar absorptivities of Tube and dMyD88 DD at 230 and
280 nm were determined using the Edelhoch (28) method.
Partial specific volumes, buffer density, and viscosity were
calculated using SEDNTERP, and the data were analyzed
with SEDPHAT (29). Sedimentation equilibrium experiments
were also performed using protein concentrations of 0.1mg/ml
for both the dMyD88-Tube and the dMyD88-Tube-Pelle com-
plexes. Sedimentation velocity data for the Tube-dMyD88 (0.1
mg/ml) DD complex and a mixture of the Pelle and dMyD88
(0.2mg/ml) death domainswere obtained using a rotor speed of
60,000 rpm and the interference optical system. Typically 100
scans were acquired every 2 min, and the data were analyzed
using the program SEDFIT (30).
Isothermal Titration Calorimetry—The association con-

stants characterizing the binding of Tube to dMyD88 and of
Pelle DD to a Tube-dMyD88 complex were obtained from
measurements made on a Microcal VP-ITC microcalorimeter
at 20 °C. Protein concentrations for the Tube-dMyD88 interac-
tion were 5 and 50 �M and for Pelle binding to Tube-dMyD88
were 4.86 (Pelle) and 119 �M. Data were reduced using the
Origin software package and then analyzed using SEDPHAT
(31).
SAXS—X-ray scattering data of theTube-dMyD88 andPelle-

Tube-dMyD88 complexes in solution were collected at 4 °C at
the Synchrotron Radiation Source (Daresbury, UK) using sam-
ple-to-detector distances of 1 and 4.5 m. Protein concentra-
tions ranged between 2.5 and 10 mg/ml for the Tube-dMyD88
complex and 2.5 and 5 mg/ml for the Pelle-Tube-dMyD88
complex. The scattering data at both detector distances for
each sample were merged, and the Fourier transform method
implemented in the program GNOM (32) was used to calcu-
late the radius of gyration (Rg) and the maximum molecular
dimension (Dmax) via the distance distribution function P(r).
The scattering profiles were then used in ab initio shape resto-
rations using the program GASBOR (33). Eighty independent
shape reconstructions were performed for each complex
assuming no symmetry constraints. The resulting shapes were
then aligned, averaged, and filtered using the DAMAVER (34)
and SUPCOMB (35) packages. Docking of the high resolution
Pelle-Tube DD structure (Protein Data Bank code 1D2Z) into
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the low resolution SAXSmodelwas performedusing the SITUS
suite of programs (36, 37).

RESULTS

The Tube-dMyD88 DD Complex Is Stable—Tube and
dMyD88 each contain a DD, a structural motif that associates
via homotypic interactions in which DD-DD interactions are
formed exclusively. Immunoprecipitation experiments
revealed a substantial interaction between the death domains of
Tube and dMyD88 (10). To determine the oligomeric state of
the Tube-dMyD88 DD complex we performed sedimentation
velocity experiments on a solution of these proteins obtained as

a single peak from a Superdex-75
(AmershamBiosciences) size exclu-
sion column. Fig. 1a shows the
experimental profiles; the sedimen-
tation coefficient distribution, c(S);
and the residuals obtained after fit-
ting the data with SEDFIT (30). The
r.m.s.d. of the fit was 0.005, and the
recovered frictional coefficient was
1.49. The c(S) distribution shows a
single peak at 2.55 S corresponding
to a molecular mass of 36 kDa. The
recovered molecular mass is within
3% of the molecular weight calcu-
lated from the sequence assuming a
1:1 DD-DD complex. The molecu-
lar weight obtained from the sedi-
mentation velocity experiments was
confirmed by sedimentation equi-
librium experiments (Fig. 2) per-

formed on multiple concentrations of the complex and three
rotor speeds. Additionally sedimentation equilibriummeasure-
ments performed on higher concentrations (0.1mg/ml) yielded
results identical to those at low concentrations and to that
obtained from analysis of the sedimentation velocity data. The
sedimentation coefficient of the Pelle-Tube DD complex (27)
was 2.54 S, which, within experimental error, is identical to that
of the Tube-dMyD88 complex suggesting that the shape
adopted by these heterodimers is similar. The hydrodynamic
radius of the Tube-dMyD88 complex calculated from the value
of the sedimentation coefficient is 3.37 nm. If the complex is
modeled as an oblate spheroid having a degree of hydration of
0.4 mg/ml, the maximum linear dimension is 9.8 nm, whereas
for a prolate spheroid the value is 17.3 nm.
dMyD88 Binds Tube with High Affinity—Having established

that the isolated death domains of dMyD88 and Tube form a
stable complex in solution we sought to determine the strength
of the association. The only published data detailing the
strength of the interaction between death domain complexes is
that of Schiffman et al. (26) who reported a Kd value of 0.64 �M
for the interaction between an N-Tube (residues 1–257) and
N-Pelle (residues 1–208) DD construct. The measured Kd
obtained using isothermal titration calorimetry for the Pelle-
Tube DD complex used in the present work was 0.5 �M (data
not shown), which is similar to that obtained for the larger
complex. An estimate of the Kd for the interaction between the
death domains of Tube and dMyD88 was obtained from sedi-
mentation equilibrium data collected at three concentrations
and utilizing multiple rotor speeds and optical detection meth-
ods. Data were analyzed with global implicit mass conservation
constraints as implemented in the program SEDPHAT (29).
Fig. 2 shows the sedimentation equilibrium profiles obtained
for two concentrations (0.04 and 0.02mg/ml) of the Pelle-Tube
DD complex and the local r.m.s.d. of the fits. The data are of
excellent quality, and theKd value obtained was 32 nM. To eval-
uate the reliability of the recovered Kd values, F-statistics and
the error surface projection method implemented in SED-
PHATwere used to calculate the critical �2 value; theKd values

FIGURE 1. Sedimentation velocity profiles, the residuals after fitting, and the c(S) distribution for the
dMyD88-Tube (a) and the Pelle-Tube-dMyD88 (b) death domain complexes. The sedimentation coeffi-
cient of the heterodimeric complex was 2.55 S, and the recovered molecular mass was 36 kDa, whereas for the
heterotrimeric complex the sedimentation coefficient was 3.24 S, and the molecular mass was 46 kDa. The peak
at 1.42 S (b) is due to excess Pelle DD. P, Pelle; T, Tube.

FIGURE 2. Sedimentation equilibrium profiles of the dMyD88-Tube death
domain complex. Shown are interference (c and e) and absorbance data at
280 (a) and 230 nm (b and d) that were acquired at rotor speeds of 13,000,
19,000, and 25,000 rpm and sample concentrations of 0.04 (a– c) and 0.02
mg/ml (d and e). Data were analyzed with global implicit mass conservation
constraints, and the local r.m.s.d. of each fit is shown in the corresponding
plot. The residuals after fitting are shown below the exponential curves for
each panel.
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were then subsequently fixed at successively non-optimal val-
ues, and the �2 was recalculated. This analysis suggested that
the Kd value of 32 nM obtained was an upper limit and that the
binding was likely to be stronger. To obtain a more accurate
estimate for the strength of the interaction between the death
domains of dMyD88 and Tube we used isothermal titration
calorimetry. Fig. 3a shows the binding isotherm fitted to a sin-
gle site model in SEDPHAT (31). The Kd value obtained from
this analysis was 1.2 nM with a �H value of �8.98 kcal/mol and
a stoichiometry of 1:1.2. Thus, the interaction between the
death domains of dMyD88 and Tube is of very high affinity and
is greater, by more than 2 orders of magnitude, than that
between the death domains of Tube and Pelle.
Pelle DD Binds to the dMyD88-Tube DD Complex with High

Affinity—The heterotrimeric complex comprising the Pelle,
Tube, and dMyD88 death domains was obtained by adding a
slight excess of purified PelleDD to a purified preexistingTube-
dMyD88. Sedimentation velocity measurements were per-
formed on the resulting solution to confirm the presence of the
heterotrimer. The c(S) distribution (Fig. 1b) obtained from an
analysis of this data shows two peaks at 1.42 and 3.24 S. The
corresponding molecular masses from a c(M) analysis were 14
and 46 kDa, which are within 9 and 8% of themolecular weights
calculated from the sequence of the Pelle DD and the Pelle-
Tube-dMyD88 death domains, respectively. The molecular
weight of the dMyD88-Tube-Pelle complex was also confirmed
using sedimentation equilibrium experiments (data not shown)
and is, within experimental error, identical to that derived from
the sedimentation velocity data. The r.m.s.d. of the fit was
0.005, and the value of the frictional coefficient was 1.42. The
hydrodynamic radius of the heterotrimeric Pelle-Tube-
dMyD88 complex, calculated from the sedimentation coeffi-
cient value is 3.55 nm. The maximum linear dimension for a
prolate and oblate spheroid assuming a degree of hydration of
0.4mg/ml were 16.85 and 10 nm, respectively. The dissociation
constant for the interaction between Pelle DD and the Tube-
dMyD88 death domain complex was determined by isothermal
titration calorimetry (Fig. 3b). Data were fitted to a single site
model and theKd value obtained was 51 nM, and�Hwas�9.54
kcal/mol. Thus, the binding of Pelle DD to the Tube-MyD88
DD complex is cooperative and is enhanced approximately

12-fold relative to the binding of the isolated PelleDD to theDD
of Tube.
No Interaction between the Pelle and dMyD88 Death

Domains—An interaction between the death domains of
dMyD88 and Pelle has been implied by several studies (12, 38).
We used sedimentation velocity to assess the extent of the
interaction between these death domains in vitro. Fig. 4a shows
the experimental sedimentation profiles of a solution contain-
ing a mixture of Pelle and dMyD88 death domains and the c(S)
distribution after fitting. The peak in the c(S) distribution is at
1.41 S, which corresponds to a molecular mass of 16 kDa. The
recovered frictional coefficient was 1.59, and the r.m.s.d. of the
fit was 0.009. The c(S) analysis assumes that all sedimenting
particles have the same weight average frictional coefficient, a
condition thatmay not be valid for the Pelle and dMyD88 death

FIGURE 3. Isothermal titration calorimetry of the interactions between
the death domains of Tube and dMyD88 (a) and between the death
domains of Tube-dMyD88 DD and Pelle (b). The data after subtraction of
the buffer control are shown (E) as are the fit to a single site model and the
resulting residuals.

FIGURE 4. Sedimentation velocity profiles of solution containing a mix-
ture of the Pelle and dMyD88 death domains. Data analysis with a c(S)
distribution yields a sedimentation coefficient of 1.41 (a) and molecular mass
from a c(M) analysis of 16 kDa. The c(s,fr) analysis (b) indicates two compo-
nents having molecular masses of �12 and 16 kDa corresponding to the
death domains of Pelle (P) and dMyD88, respectively.

Death Domain Interactions in Toll Signaling

33450 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 48 • NOVEMBER 28, 2008



domains. A subsequent two-dimensional analysis, c(s,fr) (39),
was performed in which this scaling restriction is lifted. The
r.m.s.d. from the c(s,fr) analysis was 0.006, and the peak in the
c(S) distribution appears to have two components having
molecularmasses of�12 and 16 kDa (Fig. 4b). These data show
that the death domains of Pelle and dMyD88 do not interact.
Pelle-Tube-dMyD88 Heterotrimer Displays a Kidney-shaped

Conformation—The structures adopted by the Tube-dMyD88
DDcomplex or the heterotrimeric Pelle-Tube-dMyD88DDcom-
plexes are not known. Regarding the Tube-dMyD88 DD interac-
tion, it has been shown that two mutations, K87E and R126E, in
the Tube DD prevent formation of the Tube-dMyD88 DD com-
plex (14). Although these residues are on a surface that is opposite
to the sites of interaction between the Pelle-Tube DD (P1:T1)
there are no structural data to exclude the possibility that in the
heterotrimeric Pelle-Tube-dMyD88 DD complex dMyD88 binds
in a manner that bridges the Pelle-Tube DD. Information about
the shapes adopted by the heterodimeric dMyD88-Tube and the

heterotrimeric Pelle-Tube-dMyD88
DD complexes was obtained from
small angle scattering data collected
over a wide angular range (Fig. 5, a
and b). The value for Rg, an indicator
of molecular compactness, for the
Tube-dMyD88 complex is 2.68 �
0.01 and 3.12 � 0.01 nm for the
Pelle-Tube-dMyD88 trimer. For
comparison, the theoretical Rg
value for the Pelle-Tube DD com-
plex, based on its crystal structure
(Protein Data Bank code 1D2Z), is
2.1 nm. Because Tube (20.5 kDa) is
the common component of the
Pelle-Tube and Tube-dMyD88
complexes, the larger Rg value of
the Tube-dMyD88 complex is
likely to be a reflection of the
increased mass of dMyD88 (16.7
kDa) relative to Pelle (12.6 kDa)
resulting in an extension at the
periphery of the Tube-dMyD88
complex relative to the crystallo-
graphic Pelle-Tube structure.
The distance distribution func-

tions, P(r) (see Fig. 5, a and b, insets),
confirm the size differences between
the Tube-dMyD88 and Pelle-Tube-
dMyD88 complexes. The P(r) func-
tion provides an estimate of theDmax
of both complexes, and these values
are 8.0� 0.5 and 9.2� 0.5 nm for the
Tube-dMyD88 and Pelle-Tube-
dMyD88 complexes, respectively.
The SAXS data suggest that there is
limited flexibility between the con-
stituent monomer protein cores; this
is expected in view of the high affin-
ity interaction between the Tube-

dMyD88 and Pelle-Tube-dMyD88 complexes.
For visualization of the three-dimensional conformation

of the Tube-dMyD88 heterodimer and the Pelle-Tube-
dMyD88 heterotrimer ab initio shape reconstructions of the
Tube-dMyD88 heterodimer and the Pelle-Tube-dMyD88
heterotrimer were performed on the basis of the SAXS data
(see Fig. 5, c and d). Although both models can be described
as having kidney-shaped structures, there are differences in
the curvature and shape of the cleft in both models. These
models also suggest that the binding of Pelle DD to the Tube-
dMyD88 DD complex occurs on the larger of the two
domains (Tube) seen in the Tube-dMyD88 complex. The
SAXS bead model of the Pelle-Tube-dMyD88 heterotrimer
was converted into a volumetric map, and rigid body docking
of the Pelle-Tube DD heterodimer was performed using the
six-dimensional search and filtering methodology imple-
mented in the CoLoRes program (36). This docking proce-
dure revealed that dMyD88 binds to the opposite side of

FIGURE 5. X-ray scattering profiles of the Pelle-Tube-dMyD88 death domain heterotrimer (a) and the Tube-
dMyD88 death domain heterodimer (b) are shown (S�2 Sin(�)/�, where � is the scattering angle and � the
wavelength 0.154 nm). The inset shows the distance distribution functions for both complexes from which
maximum particle dimensions of 9.2 (heterotrimer) and 8.0 nm (heterodimer) are obtained. Two orthogonal
orientations of the ab initio models of the heterotrimeric (c) and the heterodimeric (d) complex are shown. The
superimposition of the SAXS-derived model of the Pelle-Tube-dMyD88 heterotrimer with the high resolution
x-ray structure of the Pelle-Tube death domain heterodimer (e) is shown. The Tube death domain is colored red.
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Pelle on Tube to form an almost linear Pelle-Tube-dMyD88
death domain heterotrimer (Fig. 5e).

DISCUSSION

Information transfer via Toll and the homologous Toll-like
receptor pathway requires the recruitment of adaptor mole-
cules that associate with the TIR domain of these receptors and
propagate the signal to downstream components. In Drosoph-
ila a core set of adaptors, dMyD88, Tube, and Pelle, constitute
the immediate postreceptor molecules involved in both devel-
opment and the response to infection. In mammals, the Toll-
like receptor pathway utilizes four other adaptors in addition to
a direct homolog of dMyD88 (40). The association of dMyD88,
Tube, and Pelle into a heterotrimeric signaling complex results
from homotypic interactions involving their death domains,
and we used biophysical methods to characterize the strength
of these interactions and to probe the structures adopted by
these death domain complexes.
The Kd values obtained calorimetrically (1.2 nM) and from

sedimentation equilibrium analysis (32 nM) reveal that the
binding of the death domains of Tube and dMyD88 is a very
high affinity interaction. These data rationalize the finding that
prior to signaling through Toll dMyD88 is found as a complex
with Tube (14). Unexpectedly given the measured Kd value for
the interaction between the isolated death domains ofTube and
Pelle (26), we found that the binding of Pelle to a preformed
Tube-dMyD88 complex resulted in 12-fold enhancement of
the binding affinity. This implies that the binding of Pelle
DD to the dMyD88-Tube DD complex is cooperative and
additionally that either the Tube-Pelle interface has changed
relative to that observed crystallographically or that the
binding of dMyD88 to Tube affects the dynamics of the res-
idues involved in Tube DD binding to the Pelle DD. The
implications of the high affinity interaction between Pelle
DD and the dMyD88-Tube DD complex with regard to Toll
signaling will be discussed.
There are conflicting reports regarding the composition of

the putative presignaling complex. A model of Toll signaling
(19) suggests that Pelle (in associationwithTube) interactswith
Toll (15, 19) or is membrane-localized prior to Toll activation.
Spätzle binding and the resulting dimerization of Toll results in
a high local concentration of Pelle that leads to its activation by
transphosphorylation. Activated Pelle phosphorylates Toll and
Tube, is released, and phosphorylates downstream compo-
nents. Sun et al. (14), however, found that dMyD88 directs
Tubemembrane localization and that the dMyD88-Tube com-
plex preferentially binds to activated Toll. The mechanism
by which the dMyD88-Tube complex is localized to the
membrane is unknown. Recent reports have shown that
myristoylation of the TIR-domain-containing adapter-in-
ducing interferon-�-related adaptor molecule (41) and a
phosphatidylinositol 4,5-bisphosphate binding domain on TIR
domain-containing adapter protein (42) allows membrane
recruitment, and consequently there may be an unidentified
molecule inDrosophila or a sequence in dMyD88 that performs
a similar function. By using co-transfection assays Sun et al. (14)
also noted that the recruitment of Pelle into a Tube-dMyD88
complex resulted in Pelle autophosphorylation. Although the

observed autophosphorylation could be a result of the concen-
trations of Pelle used in these assays, and thus independent of
trimer formation, it was postulated that the presignaling com-
plex is devoid of Pelle and that the recruitment of Pelle to Toll
occurs after formation of the heterotrimeric Toll-dMyD88-
Tube complex. Our finding of a high affinity interaction
between the death domains of Pelle and TubewhenTubeDD is
already bound to dMyD88 DD suggests that death domain
interactions are entirely sufficient to drive assembly of the het-
erotrimeric presignaling complex immediately downstream of
Toll. Additionally specificity of heterotrimer assembly is guar-
anteed by ensuring that both Pelle and dMyD88 interact only
with Tube and not with each other.
Although Drosophila and human MyD88 are homologues

there are significant differences in the way that they function.
Notably unlike dMyD88, hMyD88 is not localized to the mem-
brane in unstimulated cells. A sequence alignment of the two
proteins reveals that residues required for recruitment of
MyD88 by both Tube and Toll are only partially conserved.
Additionally there are extensions at both theN andC termini of
dMyD88 that have low sequence complexity and thus may not
form a fixed tertiary structure. The C-terminal extension in
particular is highly basic and could serve a function similar to
that of the N-terminal region of the human Mal adaptor to
localizeMyD88 to themembrane by interactingwith phosphoi-
nositides or other phospholipids (42, 43). The results presented
here also show that the dMyD88-Tube dimer binds constitu-
tively to Pelle in solutionwith high affinity. In the embryo, how-
ever, it appears that the concentration of the heterotrimeric
dMyD88-Tube-Pelle complex is small or alternatively that the
dMyD88-Tube heterodimer is unable to bind Pelle in the
unstimulated condition suggesting that membrane localization
sequesters the interaction site for Pelle on the Tube death
domain. Thus, there are two plausible models of signal trans-
duction. The first is that the membrane-associated dMyD88-
Tube heterodimer is released or reoriented as a result of inter-
actions between the TIR domains of dMyD88 and activated
Toll. This event unmasks the binding site on Tube for Pelle
allowing its recruitment into the postreceptor complex and ini-
tiating downstream signaling (see Fig. 6). Alternatively a mem-
brane-localized dMyD88-Tube-Pelle complex (Fig. 6c) could
bind to the activated Toll such that transphosphorylation of the
kinase domains of Pelle and subsequently other downstream
signaling events occur.
Another distinct property of hMyD88 is that it is constitu-

tively dimeric with its dimerization mediated by the death
domains.3 In the absence of a vertebrate Tube homologue,
hMyD88 associates with the death domains of the interleukin-1
receptor-associated kinases, the vertebrate homologue of Pelle,
to form oligomeric assemblies,3 a property similar to that
observed in the PIDDosome, an activating complex for
Caspase-2 (25). This suggests that in theDrosophila postrecep-
tor pathway death domain complexes may be simpler oligo-
meric assemblies than those that mediate mammalian innate
immune responses. On the other hand it is to be expected that

3 P. Motshwene, M. C. Moncrieffe, and N. J. Gay unpublished data.
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two dMyD88-Tube heterodimers or dMyD88-Tube-Pelle het-
erotrimers will associate with each activated receptor complex,
and this process of recruitment may display allosteric charac-
teristics. Thus it is possible that stepwise assembly of the sig-
naling complex promotes the formation of further homotypic
interactions between the death domains of Pelle analogous to
those seen in the PIDDosome (25) (Fig. 7). As shown, homo-
typic interactions between the death domains of dMyD88 and
Pelle are possible. Interestingly if one assumes that the
dMyD88-Tube interface is a Type I interface and that theTube-
Pelle interface is Type II as observed crystallographically, then a
Type III interface is only generated at the geometric center
where Tube-Tube contacts are likely to occur. Thus, the assem-
bly of the signaling oligomeric death domain complex in Dro-

sophila, unlike the PIDDosome,
would appear to utilize predomi-
nantly only two types of interfaces,
Type I and Type II.
The sedimentation coefficient

values of the heterodimeric Tube-
dMyD88 and the heterotrimeric
Pelle-Tube-dMyD88 allow esti-
mates of the shapes these com-
plexes adopt in solution to be
made by modeling them as prolate
or oblate ellipsoids. Model selec-
tion is aided by comparing the
dimensions of the long axis pre-
dicted from the sedimentation
data with the SAXS-derived Dmax
values. This suggests that both the
Tube-dMyD88 and the Pelle-
Tube-dMyD88 complexes are best
modeled as oblate ellipsoids.
Shape reconstructions of the

Pelle-Tube-dMyD88 DD trimer obtained from the SAXS
data and the subsequent fitting of the known three-dimen-
sional structure of the Pelle-Tube complex into this model
has provided insights into how the constituent components
are assembled. Our SAXS data are consistent with an almost
linear death domain arrangement (in the form of a kidney-
shaped complex), indicating that interactions between the
monomer cores of the Pelle and dMyD88 death domains are
unlikely.
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