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Abstract

MyD88, IRAK4 and IRAK2 are critical signaling mediators of the TLR/IL1-R superfamily. Here
we report the crystal structure of the MyD88: IRAK4: IRAK2 death domain (DD) complex, which
surprisingly reveals a left-handed helical oligomer that consists of 6 MyD88, 4 IRAK4 and 4
IRAK2 DDs. Assembly of this helical signaling tower is hierarchical, in which MyD88 recruits
IRAK4 and the MyD88: IRAK4 complex recruits the IRAK4 substrates IRAK?2 or the related
IRAK1. Formation of these Myddosome complexes brings the kinase domains of IRAKSs into
proximity for phosphorylation and activation. Composite binding sites are required for recruitment
of the individual DDs in the complex, which are confirmed by mutagenesis and previously
identified signaling mutations. Specificities in Myddosome formation are dictated by both
molecular complementarity and correspondence of surface electrostatics. The MyD88: IRAK4:
IRAK2 complex provides a template for Toll signaling in Drosophila and an elegant mechanism
for versatile assembly and regulation of DD complexes in signal transduction.

Toll-like receptors (TLRs) and receptors for pro-inflammatory cytokines IL-1 and IL-18
share a common TIR domain in their intracellular region and belong to the TLR/IL1-R
superfamily 1,2. TLRs recognize pathogen-associated molecular patterns (PAMPS) to initiate
protective immune responses 3,4. The molecular pathways for these receptors are complex
and their dysregulation is associated with many human diseases in the immune system such
as inflammatory disorders 5,6, autoimmune diseases ’-10 and allergy 11 as well as diseases
beyond the immune system such as cancer 12, insulin resistance 13, atherosclerosis 14,15, and
painful neuropathy 16,

Signal transduction is initiated by the approximation of the receptor TIR domains upon
binding of PAMPs and cytokines 1. This leads to the recruitment of intracellular TIR-
containing adaptors such as MyD88, Mal/TIRAP, TRIF and TRAM 17, MyD88 i critical for
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signaling responses of IL-1, 1L-18, and all TLRs except TLR33,17-19_In addition to its C-
terminal TIR domain, MyD88 contains an N-terminal death domain (DD) and a short
intermediate domain (ID). Through the DD, MyD88 interacts with IRAKS, including
IRAK1, IRAK2, IRAK4 and IRAK-M, which are characterized by an N-terminal DD and a
C-terminal Ser/Thr kinase or kinase-like domain 3,20,21, Eventually, the ensuing pathway
activates transcription factors NF-xB, AP-1, and IRFs to elicit anti-pathogen responses and
inflammation 3,17 22, Targeted deletions in mice have identified IRAK1, IRAK2 and IRAK4
as essential positive players and IRAK-M as a critical negative regulator in the pathway 23—
26 In humans, inherited MyD88 and IRAK4 deficiencies cause recurrent, often life-
threatening infections by pyogenic bacteria 27,28,

Structure determination

To elucidate the molecular basis of DD-mediated TLR/IL-1R signaling, we co-expressed
DDs of MyD88 and IRAKs. MyD88 DD interacted with IRAK4 DD to form a binary
Myddosome complex that eluted from a gel filtration column with a molecular mass of
135.4 kDa (0.5% error) as measured by multi-angle light scattering (MALS) (Supplementary
Fig. 1). Furthermore, a ternary Myddosome complex that also contains IRAK2 DD were
formed and eluted with an apparent molecular mass of ~180 kDa.

We crystallized the MyD88: IRAK4: IRAK2 DD complex and determined its structure at
3.4 A resolution using multiple heavy atom derivatives that included Au, Hg, Pt, Se and Ta
cluster (Supplementary Table 1, Supplementary Fig. 2). Because the IRAK4 DD structure is
known 29, we used it as a model to identify 14 DD structures in the experimental electron
density map. We then distinguished the DD molecules as MyD88, IRAK4 and IRAK2 using
the Se positions (Supplementary Table 2). The final atomic model comprises 6 MyD88, 4
IRAK4, and 4 IRAK2 DD molecules. The observed stoichiometries in the crystal agree well
with the measured and the apparent molecular masses of the binary MyD88: IRAK4 and the
ternary MyD88: IRAK4: IRAK2 complexes (Supplementary Discussion 1), the gross
staining intensities of the DDs in the complexes on SDS-PAGE (Supplementary Fig. 3) and
a previous study showing the 6:4 stoichiometry when the MyD88: IRAK4 complex became
slightly “stripped” under a mild mass spectrometry condition 30.

Overall structure of the complex

The ternary Myddosome complex forms a tower-shaped structure of about 110 A in height
and about 70 A in diameter (Fig. 1a). It contains approximately four layers, with MyD88 at
the bottom two layers, IRAK4 in the middle layer and IRAK?2 at the top layer. The center of
the MyD88 layers has a sizable cavity (Supplementary Fig. 4), in agreement with the
prominent depression in the EM structure of the MyD88: IRAK4 complex 39,

The six helical bundle structures 31 of MyD88, IRAK4 and IRAK2 DDs containing helices
H1 to H6 each have their distinct features (Fig. 1b) with MyD88 being the most dissimilar
(Supplementary Table 3). MyD88 has a short H3 and an extraordinarily long H6 from
residue 99 to the end of the construct at residue 120, which includes part of the intermediate
domain (ID, residues 110-154). MyD88s, a splice variant of MyD88 that does not contain
the 1D, did not interact with IRAK4 nor activate NF-xB 32,33, Our structure suggests that the
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DD boundary of MyD88 does not end until about residue 120 and deletion of the MyD88 ID
would result in a truncated DD. For the loop regions, MyD88 has the longest H1-H2 loop,
shortest H3-H4 loop and the longest H4-H5 loop, and IRAK4 has the longest H2-H3 loop.
The MyD88 structure explains the disruptive phenotypes of mutations AE52 and L93P in
children suffering from life-threatening pyogenic bacterial infections 28 (Supplementary Fig.
5).

The ternary complex forms a helical oligomer

To our surprise, the MyD88: IRAK4: IRAK2 complex is a single stranded left-handed helix
of DDs, starting from the six molecules of MyD88 (M1-8), continuing with the four
molecules of IRAK4 (141-#) and ending with the four molecules of IRAK2 (121-%) (Fig. 1c,
1d). In the helical oligomer, the adjacent individual DD molecules are related by a rotation
of 98 + 2 ° and a translation along the helical axis of about 6 A. This approximate helical
symmetry provides a quasi-equivalent environment for each DD molecule in the ternary
complex. The DD molecules complete almost four turns, with approximately 3.7 DD
molecules per turn.

If we cut open the structure from the side and lay the molecules flat, the locations of the
DDs form a staggered hexagonal pattern (Fig. 1d). Each molecule has maximally six
immediate neighboring DDs in this two-dimensional representation. This remains true even
in the rolled up three-dimensional structure, because a given DD has limited contacts with
DDs beyond the immediate vicinity. The helical assembly can also be represented in a
similar helical wheel used to show amphipathic a-helices in protein structures (Fig. 1e). The
nature of a helical assembly dictates that molecules at either ends of the helix are less
ordered or perhaps exhibit less occupancy than the central molecules. This can be shown by
the temperature factor distribution in the ternary complex (Supplementary Fig. 6).

Composite binding sites and interaction specificity

The interactions in the helical assembly can be classified into three types. Type | and type Il
mostly mediate interactions between the layers while type Il represents contacts between
adjacent DD molecules in the helical spiral (Fig. 2a—2e, Supplementary Fig. 7).
Superposition of the three type I interaction pairs, MyD88: MyD88, MyD88: IRAK4, and
IRAK4: IRAK2, showed that they are highly similar to one another (Supplementary Fig. 8).
Likewise, the three kinds of type Il interaction pairs and the five kinds of type Ill interaction
pairs superimpose well (Supplementary Fig. 8). The type I interaction is formed by H2 and
H3 on one DD and H1 and H4 region on the other DD. The type Il interaction is formed
from two opposite edges of the DDs, centered around the H4-H5 loop on one DD and
around the H1-H2 loop on the other DD. The type Il interaction is formed between H3 of
one DD and an edge of the other DD composed of the H1-H2 and H3-H4 loops. The type |
and type Il interactions are more extensive in buried surface areas than the type Ill
interaction (Supplementary Fig. 7).

During signaling, MyD88 molecules are first recruited to activated receptors and
oligomerized. This then forms the “seeds” for inducing assembly of the complex.
Recruitment of a downstream molecule requires direct interaction with the composite
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binding site of 3 molecules via all three types of interactions, type Il with an Nt molecule,
type | with an (N+1)1" molecule and type 111 with an (N+3)™ molecule (Fig. 2a). For
example, the first IRAK4 molecule (141) interacts with three MyD88 molecules (M3, M* and
M®) simultaneously during its recruitment (Fig. 2b, 2c), explaining the requirement of
MyD88 oligomerization in signal-dependent IRAK4 recruitment. We confirmed the
importance of all three sites in this IRAK4: MyD88 interaction using structure-based
mutagenesis, which identified R12, V16, R20, E69, T76 and N78 of IRAK4 (Supplementary
Fig. 9a, 9b), and V43, A44, E52, Y58, 161 and R62 of MyD88 (Supplementary Fig. 9a, 9¢)
as critical residues. The importance of MyD88 residues E52 and Y58 is consistent with
previous mutational studies of MyD88 in IRAK4 recruitment and NF-kB signaling 34.
Similarly, recruitment of the first IRAK2 molecule would require interaction with the
composite binding site of three IRAK4 molecules (141, 142, 14%) through type I, 11, and 111
interfaces (Supplementary Fig. 9a, 9d, 9¢). The importance of these sites in the IRAK2:
IRAK4 interaction were also confirmed by structure-based mutagenesis, which identified
Y6, W62, M66 and R67 of IRAK2 (Supplementary Fig. 9d) and F25, Q50, F51, R54, and
A95 of IRAKA4 (Supplementary Fig. 9e) as critical residues.

The IRAK4: MyD88 and the IRAK2: IRAK4 interactions are quite different, providing the
specificity in Myddosome formation. At the MyD88: IRAK4 interface, the uniquely long
H1-H2 loop of MyD88, including residues V43 and A44, interacts with R47, Y48, H52,
D73, and T76 of IRAK4 (Fig. 2b, 2c, Supplementary Fig. 7). There is no such corresponding
interaction between IRAK2 and IRAKA4. At the IRAK2: IRAK4 interface, there is a
reciprocal interdigitation of the surfaces. Y6, W62 and M66 of IRAK2 insert into a region
surrounded by F25, P28, Q29, Q50, R54, E92, F94, A95 and P96 of IRAK4. Conversely,
Q50 and R54 of IRAK4 insert into a region surrounded by 15, Y6, L8, S10, L13, R58, E59
and W62 of IRAK2 (Fig. 2d, 2e, Supplementary Fig. 7). The equivalent inserted residues at
the IRAK4: MyD88 interface are R12, F72 and T76 of IRAK4 and Y58 and R62 of MyD88,
which are not only different but also much less interdigitating in the interaction.

The specificity in Myddosome formation may also be elucidated from analysis on the
surface charge and shape complementarity between the layers of DD molecules. Inspection
of the top and bottom surfaces of MyD88 layers suggested that the charge complementarity
between these surfaces is weak (Fig. 2f). In addition, the shape complementarity scores (Sc)
35 hetween MyD88 DDs (such as the type 11 and type 11 interactions) are in the range of 0.3
and 0.4, the lowest among all the interactions in the complex (Supplementary Fig. 7). The
relatively poor charge and shape complementarity may explain the observed variable
stoichiometry of MyD88 in the binary Myddosome complex 30 (Supplementary Discussion
1).

In contrast to the weak complementarity between the top and bottom surfaces of MyD88, the
bottom surface of IRAK4 matches well with the top surface of MyD88 both in charge
complementarity (Fig. 2f) and in shape complementarity as shown in the Sc scores
(Supplementary Fig. 7). The top surface of IRAK4 has good charge complementarity (Fig.
2g) and shape complementarity (Supplementary Fig. 7) with the bottom surface of IRAK2,
resulting in specific recruitment of IRAK2. Because of the incompatibility between the top
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and bottom surfaces of IRAK2, only one layer of IRAK2 can assemble into the helical
oligomer (Fig. 29).

Hierarchical and sequential assembly

Our reconstitution experiments suggest the presence of hierarchy in formation of the helical
signaling tower in the Myddosome (Supplementary Fig. 10). MyD88 DD and IRAK4 DD
formed a stable complex while IRAK2 DD did not form a stable complex with either
MyD88 or IRAK4 alone. Instead, IRAK2 DD interacts with the MyD88: IRAK4 complex.
These data support the concept that IRAK4 recruitment to MyD88 is an event upstream to
IRAK2 recruitment in the TLR/IL-1R signaling pathways. IRAK1 DD did not express in
any of our reconstitution experiments; however previous data showed that IRAK4 and
IRAK1 did not directly associate and that addition of MyD88 permitted assembly of a
complex containing both IRAKSs 32,36 In the ternary complex, it has been shown that
IRAK4 auto-phosphorylation occurs first and that IRAK4 activation is critical for IRAK1
and IRAK2 phosphorylation and activation 36. In IRAK4-deficient mice, neither IRAK1 nor
IRAK2 could be recruited to the TLR signaling complexes 24. While IRAK4 is absolutely
required for MyD88-dependent signaling 24, IRAK1 and IRAK2 play somewhat redundant
roles 2°. Our sequence alignment showed that IRAK2 residues critical for interaction with
the MyD88: IRAK4 complex are conserved in IRAK1 (Supplementary Fig. 9a), confirming
the biological observation.

It has been shown that in solution, MyD88 DD can form oligomers under a high protein
concentration in a reversible manner 39 while IRAK4 DD is a monomer in solution. This
indicates that when brought into proximity during TLR/IL-1R signaling, the weak MyD88
oligomer would be stabilized and acts as an initial platform for IRAK4 recruitment and
subsequently IRAK1 and IRAK2 recruitment (Fig. 3a). In turn, IRAK4 recruitment further
stabilizes the MyD88: IRAK4 complex, a notion supported by our mutagenesis results. The
IRAKA4 residue F25 participates in both type Il interaction with IRAK2 and type Il
interaction with its neighboring IRAK4. Unexpectedly, the F25D mutation not only
impaired the ability of IRAKA4 to pull down IRAK2, but also weakened the ability of IRAK4
to pull down MyD88 (Supplementary Fig. 9e), suggesting that a stabilized type Il
interaction among IRAK4 DDs is important for Myddosome assembly. A most possible
mode of DD assembly during signaling is a sequential assembly starting from clustered
MyD88 then to IRAK4, then to IRAK2. The composite binding sites provided by the initial
segments of the helical oligomer would provide a platform for concerted recruitment of
IRAK4 and IRAK2 DDs, in a highly cooperative “chain” reaction (Fig. 3a, Supplementary
Discussion 2).

If we place the ternary Myddosome complex next to the TIR domains of TLR/IL1-Rs with
the C-terminal helices of MyD88 pointing towards the cellular membrane, the C-terminal
TIR domains of MyD88 molecules would be poised to interact with clustered receptor TIR
domains and other TIR-containing adaptors such as TIRAP/MAL (Fig. 3b). Given that 4
MyD88 molecules are minimally required to form one layer in the helical assembly, it is
likely that dimerization of TLR/IL1-Rs per se is not efficient for inducing signaling. It has
been shown that TLRs can be recruited to lipid rafts upon stimulation 37, which would favor
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higher order receptor oligomerization to facilitate Myddosome assembly. The clustered
IRAK4 kinase domains can then undergo auto-phosphorylation. In the crystal structure of
the ternary complex, IRAK4 DDs and IRAK2 DDs pack closely against each other. The C-
terminal tail of IRAK4 DD points toward the IRAK2 DD layer, while the C-terminal tail of
IRAK2 DD points toward the IRAK4 DD layer. This arrangement would then bring the
kinase domains of IRAK4 to the proximity of IRAK1 or IRAK2 to allow efficient
phosphorylation by IRAK4 (Fig. 3b). These observations explain why a splice variant of
IRAK1 that does not have an intact kinase domain 38 and two splice isoforms of IRAK2 that
lack functional DDs 39 are negatively regulators in TLR/IL-1R signaling. It has been shown
that once phosphorylated, IRAK1 or IRAK2 leaves the Myddosome and interacts with
TRAF6 to elicit Lys63-linked polyubiquitination and downstream signaling 40,41, We
speculate that IRAK-M, a negative regulator of the TLR pathway, builds next to the IRAK2
layer of the ternary complex to prevent IRAK2 or IRAK1 dissociation and signaling.

Implications on formation of the dMyD88: Tube: Pelle complex

The mammalian TLRs are orthologues of the Drosophila Toll receptor, which is activated
by the endogenous protein ligand Spétzle in response to microbial stimuli in immunity and
spatial cues during embryonic development 42. Intracellular signaling of Toll is mediated by
dMyD88, Tube, and the kinase Pelle 43. A recent study suggested that Tube, although not
having a kinase domain, is a homologue for the mammalian IRAK444. Structural homology
search using DALI 4° supports this conclusion because IRAK4 DD is most similar to Tube
DD while IRAK2 DD is most similar to Pelle DD (Supplementary Table 4).
Characterization of the DD interactions among these three Drosophila signaling proteins
have also shown an unexpected parallel in the order of the assembly; formation of the
dMyD88: Tube binary complex is the most stable (Kp = 1.2 nM) and Pelle interacts much
more preferentially with the dMyD88: Tube complex (Kp = 51 nM) than with Tube alone
(Kp = ~0.5 uM) 46

The organizational similarity prompted us to model the structure of the Drosophila
Myddosome. Unlike the oligomeric MyD88: IRAK4: IRAK2 complex, the dMyD88: Tube:
Pelle ternary complex in solution is 1: 1: 146, Superposition of the known structure of the
Tube: Pelle DD complex 47 onto a pair of type 11 IRAK4: IRAK2 interaction showed that
they superimpose well with a slight orientational difference (Fig. 4a), suggesting a
conservation of this interaction between Drosophila and mammals. Superposition of Tube
DD with IRAK4 DD in a type 1l IRAK4: MyD88 interaction pair created a Tube: MyD88
complex that simulates the Tube: dMyD88 interaction. Combining this model with the
structure of the Tube: Pelle complex created an elongated molecule with MyD88 and Pelle
at either side of Tube (Fig. 4b). The shape of the ternary complex model is similar to the
kidney shaped outline of the dMyD88: Tube: Pelle complex derived from small angle X-ray
scattering (SAXS) 46,

The validity of the ternary complex model is supported by published mutations, R34E,
K87E and R126E of Tube and D113K, D163K, D166K, and D169K/D170K of dMyDa88,
that prevented interaction between Tube and dMyD8848. R34, K87, and R126 reside on the
side of Tube modeled to interact with dMyD88, while D163, D166, and D169/D170
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(equivalent to G97, D100, and L103/E104 of MyD88) are located on the surface of MyD88
modeled to interact with Tube (Fig. 4b, 4c). There is no equivalent of D113 of dMyD88 in
MyD88 because it is located in a 6-residue insertion in the already long H1-H2 loop, which
directly interacts with Tube in the model. As in the IRAK4: MyD88 complex (Fig. 2f), there
may also be charge complementarity in this Tube: dMyDD interface.

Notably, the structure of the Tube: Pelle complex shows a large surface burial of about
1,000 A? to allow 1:1 complex formation. This is provided by the C-terminal loop extension
of Tube to enlarge the type Il interface 47. A similar situation may also apply to the Tube:
dMyD88 interaction; Tube has a 5-residue insertion in the H4-H5 loop and a long insertion
in the H2-H3 loop that forms a pair of helices (H2” and H2”) in addition to the insertion in
the H1-H2 loop of dMyD88 (Fig. 4b, 4c), all of which may increase the interaction surface
and strength for the 1:1 complex formation. There is no direct interaction between dMyD88
and Pelle in our model of the complex, which is consistent with earlier biochemical studies
46, It appears that a conformational change or a loss of entropy at the C-terminal loop
extension of Tube may have been induced upon dMyD88 interaction to enhance the ability
of the dMyD88: Tube complex to interact with Pelle. In summary, Drosophila and mammals
use a similar three-player system with different stoichiometry in Toll or TLR/IL-1R
signaling. It is possible that upon oligomerization of dMyD88 by activated Toll, an
oligomeric form of the dMyD88: Tube: Pelle complex may be formed to allow auto-
activation of the Pelle kinase. The apparent, higher complexity of the MyD88: IRAK4:
IRAK2 complex may represent a more cooperatively controlled signaling system to
accommodate the more complicated biology in mammals.

Common helical oligomers for DD assembly

Comparison with the PIDD: RAIDD complex that forms the core of the PIDDosome for
caspase-2 activation 49, surprisingly showed that the three types of interfaces in the
Myddosome are similar to those observed in the PIDD: RAIDD complex despite the
different apparent oligomerization schemes (Fig. 4d). Superposition of analogous
interactions showed that the type I, Il and Il interactions differ by rotational differences of
25.8°,19.9° and 34°, respectively. The conservation of the three types of interactions may
be indicative of evolution of primordial DD interaction pairs as well as general match of
shape concavity and convexity in these interfaces as dictated by the six helical bundle fold.

The MyD88: IRAK4: IRAK2 complex structure prompted us to re-inspect the structure of
the PIDD: RAIDD complex. We discovered that the PIDD: RAIDD complex may be seen as
a double stranded left-handed helical oligomer (Fig. 4e—4g). One strand has three PIDD DD
and three RAIDD DD molecules and the other strand contains two PIDD DDs and four
RAIDD DDs, leading to the 5: 7 stoichiometry of the PIDD DD: RAIDD DD complex. The
relationship between a double-stranded and a single-stranded oligomer appears to be quite
simple: when the two-dimensional representation is rolled up with one notch down, the
arrangement turns from a double-stranded oligomer to a single-stranded oligomer
(Supplementary Fig. 11). This versatility explains how the PIDD: RAIDD complex and the
MyD88: IRAK4: IRAK2 complex use similar interaction surfaces to create structures of
different helical symmetries and stoichiometries.

Nature. Author manuscript; available in PMC 2010 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal.

Page 8

A significant fraction of proteins in all kingdoms exists in the form of helical oligomers,
which have been studied extensively by electron microscopy (EM) 0. However, helical
symmetry is rarely known in signal transduction. In the case of the MyD88: IRAK4: IRAK2
complex, the relative small size prevents detailed studies by EM and its tendency to be
heterogeneous makes crystallization difficult. Yet helical symmetry seems to be especially
suitable for regulating the pathway and the strength in signal transduction because
complexes with helical symmetries can be evolved to accommodate variable number of
binding partners with specificity. In addition, assembly of such complexes is sensitive to the
number of receptors that are activated and the degree of their aggregation so that a threshold
for eliciting complex formation can be set for the signaling processes. Many more signaling
proteins may function as helical oligomers, including other DD superfamily members such
as CARD, Pyrin and DED.

METHODS SUMMARY

Methods

The DDs of human MyD88, IRAK4 and IRAK2 were co-expressed in E. coli and co-
purified by Ni-NTA affinity resin followed by gel filtration chromatography. Crystals grew
at 20°C at a protein concentration of about 1 mg/ml using 50 mM Tris-HCI at pH 8.0, 100-
250 mM MgCly, and 8-15% ethanol.

Protein Expression, Purification, and Crystallization

The DDs of human MyD88 (residues 20-117), IRAK4 (residues 4-106), and IRAK2
(residue 1-112) were co-expressed in E. coli. Both MyD88 and IRAK4 DDs were fused to a
C-terminal His-tag. The MyD88: IRAK4: IRAK2 complex was purified by Ni-NTA affinity
resin and Superdex 200 gel filtration chromatography. The protein concentration for
crystallization is about 1 mg/ml. Crystals appeared at 20 °C in hanging drops in conditions
of 50 mM Tris at pH 8.0, 100-250 mM MgCls, and 8-15 % ethanol. The MyD88: IRAK4
complex was co-expressed in E. coli with the exact same constructs except that IRAK2 gene
was not included. The complex was purified with the same method described above. For
mutagenesis, all tagged or non-tagged proteins were expressed similarly. In order to obtain
sufficient amount of soluble MyD88 for analysis, a longer MyD88 construct containing
residues 20-154 (MyD88-long) was used for expression. In order to distinguish the IRAK2
band from the MyD88-long and IRAK4 bands on SDS-PAGE, the non-tag version of
IRAK2 was fused to two ubiquitins at the N-terminus.

Mutational Analysis of Complex Formation in Vitro

Site-directed mutagenesis was performed using the Quikchange kit. All mutations were done
on the tagged protein and were confirmed by DNA sequencing. For the co-expression
constructs and the His-tagged constructs, the expressed proteins were mixed with the resin
and subjected to three times of wash with 60 mM immidazole. The resin was then mixed
with non-tagged protein lysates at room temperature for 1 hr, and then washed again with
three times of 60 mM immidazole. The samples were eluted with 200 mM immidazole and
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subjected to SDS-PAGE. The gels were stained with Coomassie blue. The complex
formation was determined by the ability of the mutant proteins to pull-down other DDs.

Structure Determination and Model Building

Diffraction data sets were collected at the X29 and X25 beamlines of NSLS and the 24-1D-E
beamline of APS, and processed using HKL200051. To obtain initial phases, extensive
heavy atom screenings were done with gold, mercury, platinum and tantalum compounds
and selenomethione substituted crystals were obtained. Phases for initial model building
were obtained by multiple isomorphous replacement using the program SOLVE 52, with one
gold, two mercury, one platinum, one selenium, and one tantalum derivatives. The electron
density was modified and extended by the program RESOLVE %2, With heavy atom
positions and the expected structural homology between the three DDs, six MyD88, four
IRAK4, and four IRAK2 molecules can be identified and built accurately. There is one
ternary Myddosome complex per crystallographic asymmetric unit with a solvent content of
~72 %. The models were subjected to repeated rounds of building with Coot 3 and
refinement with CNS 4. The model was also subjected to TLS refinement by the program
Phenix 2°. Residues 94 to 112 of IRAK2 were not visible in the electron density maps. The
structure was analyzed using the CCP4 suite %6, the ProtorP server 57, and the Dali server 45,
All figures were made using PyMOL 58,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of the ternary Myddosome complex
a, A ribbon diagram of the structure, with the 6 MyD88 molecules in cold colors, the 4

IRAK4 molecules in earth-tone colors and the 4 IRAK2 molecules in warm colors. b,
Superposition of MyD88 DD (cyan), IRAK4 DD (yellow) and IRAK2 DD (magenta).
Helices H1 to H6 and the H1-H2, H2-H3 and H4-H5 loops are labeled. c, Surface diagram
of the complex with each subunit labeled using the same color coding as in a. M: MyD88;
14: IRAK4; 12: IRAK2. d, Planar arrangement of the complex. e, The helical symmetry is
shown in a helical wheel representation with each ball representing a molecule and looking
down the helical axis. Each molecule is labeled as an integer sequentially from M1 to 122,
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Figure 2. Composite interactions and specificity in the ternary complex
a, Schematic representation of a composite binding site. The Nt (N+1)1, and (N+3)th

molecules provide type I1b, Ib and I11b surfaces to interact with the type lla, laand Illa
surfaces of a downstream molecule, respectively. b, A composite binding site for IRAK4
(yellow) formed from three MyD88 molecules (M3, M#, and M®) through type I, Il and 111
interactions. c: Enlargement of the square in b. Note that the unique H1-H2 loop of MyD88
is critical for Myddosome assembly. d, A composite binding site for IRAK2 (purple) formed
from three IRAK4 molecules (141, 142, and 144) through type 1, 11, and 111 interactions. e,
Enlargement of the square in d. f, Good charge complementarity between IRAK4 and
MyD88 and poor charge complementarity between the top and bottom surfaces of MyD88.
g, Good charge complementarity between IRAK2 and IRAK4 and very poor charge
complementarity between the top and bottom surfaces of IRAK?2.
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Figure 3. Model of sequential assembly upon TLR/IL 1-R signaling
a, Upon ligand binding, TLR/IL-1Rs, including the cytoplasmic TIR domains, are dimerized

or oligomerized. This results in the recruitment of other TIR containing adaptor proteins. In
this case, MyD88 is recruited to the receptor complex and the death domain is oligomerized.

In the presence of IRAK4, the death domain of IRAK4 (141) can be recruited to the
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oligomerized MyD88 DDs through the three interfaces (M3, M4, M6) and quickly forms the
binary Myddosome complex. Downstream kinases (IRAK2 in this case, but IRAK1 as well)
can then be recruited in a similar fashion and signaling is triggered. b, A model of the TLR

receptor signaling complex that recruits the MyD88: IRAK4: IRAK2 complex with proteins

drawn in scale. TLRs: cyan and green (PDB code 3FXI for the extracellular domain of

TLR4 and PDB code 2J67 for the TIR domain of TLR10). MD2: yellow and magenta (PDB
code 3FXI in complex TLR4). Orange: the MyD88: IRAK4: IRAK2 complex. Red: the
IRAK4 kinase domain (PDB code 2NRU). Blue: the IRAK2 kinase domain using that of

IRAKA4.

Nature. Author manuscript; available in PMC 2010 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Linetal.

Page 16

Lower strand Higher strand Both strands

Figure 4. Common ar chitecturein Drosophila Toll signaling and DD assembly in general
a, Superposition of Tube: Pelle (green and cyan) and IRAK4: IRAK2 (yellow and brick red)

complexes. b, A model of the dMyD88: Tube: Pelle complex in both ribbon and surface
representations. Pelle is colored in cyan. Tube is colored in green except that the H2-H3
loop insertion (H2” and H2”) is in blue and the H4-H5 loop is in yellow. The model of
dMyD88, obtained based on the MyD88 DD structure but without modeling the insertion in
the H1-H2 loop, is colored in magenta except that the H1-H2 loop is in red. ¢, Enlargement
of the dMyD88: Tube interface. Residues important for dMyD88: Tube complex formation
are shown in sticks. Note that the real H1-H2 loop of dMyD88 is 6 residues longer than that
in the model. d, Superposition of the type I, Il, and Il interactions in the MyD88: IRAK4:
IRAK2 and the PIDD: RAIDD complexes. The resultant angular differences are labeled. e,
Planar arrangement of the PIDD: RAIDD complex. R: RAIDD; P: PIDD. Subunits in one
strand of the double helix are labeled as R and P while those in the other strand are labeled R
and P’. f. The helical symmetry is shown in a helical wheel representation with each ball
representing a molecule and looking down the helical axis. Note that two helical strands are
present in the complex. g, Surface representations of the two helical strands in the PIDD:
RAIDD complex. The lower strand is about 5 A lower than the higher strand, but they can
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be superimposed well. The lower strand (left) plus the higher strand (middle) equals the
PIDD: RAIDD complex (right).
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