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Homotypic interactions of death domains (DD) mediate complex formation between MyD88 and IL-1
receptor-associated kinases (IRAKs). A truncated splice variant of MyD88, MyD88s, cannot recruit
IRAK-4 and fails to elicit inflammatory responses. We have generated recombinant DD of MyD88 and
IRAK-4, both alone and extended by the linkers to TIR or kinase domains. We show that both MyD88
DD variants bind to the linker-extended IRAK-4 DD and pull-down full-length IRAK-4 from monocyte
extracts. By contrast, residues up to Glu116 from the DD–kinase connector of IRAK-4 are needed for strong
interactions with the adaptor. Our findings indicate that residues 110–120, which form a C-terminal extra
helix in MyD88, but not the irregular linker between DD and TIR domains, are required for IRAK-4 recruit-
ment, and provide a straightforward explanation for the negative regulation of innate immune responses
mediated by MyD88s.

� 2009 Elsevier Inc. All rights reserved.
Engagement of Toll-like receptors (TLRs) and IL-1 receptor (IL-
1R) enforces multimerization [1] and recruitment of adaptors such
as MyD88 through homotypic interactions of their cytosolic TIR
domains [2,3], which in turn recruits IRAK-1 and 4 (reviewed in
[4]). Formation of MyD88�IRAK-1�IRAK-4 multimers triggers a cas-
cade of (auto)phosphorylation reactions that culminates in activa-
tion of NF-jB/AP-1, and transcription of multiple genes that
regulate inflammatory responses [5]. MyD88–IRAK complex for-
mation relies on homotypic interactions of death domains (DD),
which belong to a large superfamily of a-helical modules [6].

The crystal structure between DDs of the Drosophila kinase Pelle
and its adaptor Tube [7], which function downstream of Toll
engagement in insects, provided first structural information about
homotypic DD-mediated complex formation. However, although
the Toll ? MyD88 ? Tube ? Pelle cascade is functionally equiva-
lent to that of TLR ? MyD88 ? IRAK-4 ? IRAK-1 (Fig. 1A and Refs.
[8,9]), there are major differences between mammalian and insect
ll rights reserved.
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immune responses. Most relevant, mammals lack a Tube ortholog,
whose role appears to be assumed by IRAK-4 [9–14]. A recent
study confirmed that IRAK-4 is part of a stable complex with IL-
1R and MyD88 formed upon IL-1 stimulation [15].

The truncated splice variant p.Glu110_Leu154del MyD88,
termed MyD88 short (MyD88s), is overexpressed in monocytes
upon continuous stimulation with LPS or proinflammatory cyto-
kines [16,17]. MyD88s is unable to recruit IRAK-4, and accordingly
downregulates inflammatory responses to multiple stimuli [11]
(see Fig. 1B for the schematic domain organization of MyD88 and
IRAK-4). It has been proposed that these findings imply a critical
role for the DD–TIR linker of the adaptor in kinase recruitment.

Here, we have used recombinant truncated variants of MyD88
and IRAK-4 to show that IRAK-4 recruitment to IL-1R�MyD88/
TLR�MyD88 complexes requires interactions mediated by the
C-terminal helix from the adaptor DD and the DD–kinase linker
of IRAK-4, similar to those observed in Tube�Pelle.
Materials and methods

Materials. B-PER� was from Pierce, Glu-C and chymotrypsin
from Roche Diagnostics, Ni–NTA–agarose matrix from QIAGEN,
PVDF membranes and centrifugal filter devices from Millipore,
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Fig. 1. Comparison of Toll/TLR-mediated innate immune responses in insects and
mammals. (A) Schematic representation of complex formation downstream of Toll
(insects, left panel) and TLR (mammals, right panel). Notice that insects possess a
second non-enzymatic adaptor, Tube; IRAK-4 appears to assume this scaffolding
role in the mammalian system. (B) Domain organization of human MyD88 and
IRAK-4. Numbers indicate approximate domain boundaries (see also Supplemen-
tary Fig. 1). The structure of truncated variants generated in the current study is
also given; encircled letters H and F represent tags attached to these recombinant
forms (6� His and FLAG, respectively). Notice that the natural truncated variant,
MyD88s, lacks the last helix of the death domain from the adaptor along with most
of the DD–TIR linker.
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and autoradiography films from Agfa-Gevaert. Molecular weight
markers were purchased from Invitrogen. The detergent screen
kit was from Hampton Research. All other chemicals, of the highest
purity grade available, were purchased from Sigma–Aldrich or
Merck.

Bioinformatics analysis and modeling. Sequences were aligned
using ClustalW (http://www.ebi.ac.uk/clustalw/) and the prelimin-
ary alignment manually corrected based on available structural
information [7,18], secondary structure predictions (http://
cubic.bioc.columbia.edu/predictprotein/), and order/disorder pro-
pensities. Homology modeling was performed using SWISS-MOD-
EL (http://swissmodel.expasy.org//SWISS-MODEL.html) and the
structures of murine IRAK-4 (PDB: 2A9I) or Pelle DDs (1D2Z_C).
Protein–protein interaction surfaces were predicted with the PPI
server (http://www.bioinformatics.leeds.ac.uk/ppi_pred). Struc-
ture figures were generated with PyMOL (http://www.pymol.org).

Cloning and mutagenesis. The limits of truncated MyD88 and
IRAK-4 forms used in the current work are indicated in Fig. 1B
and Supplementary Table 1. All fragments were designed as opti-
mized synthetic genes, generated by oligonucleotide assembly,
and cloned into plasmid pET-3a at Entelechon. An IRAK-4(L) vari-
ant truncated at Lys125 was generated with the QuickChange�

Site-Directed Mutagenesis Kit (Strategene) and primers IRAK-
4_K125stop_fwd (50-CGAACACTCTGCCGTCTTAAGAGGCGATTACTG
TG-30) and IRAK-4_K125stop_rev (50-CACAGTAATCGCCTCTTAAGA
CGGCAGAGTGTTCG-30). (The introduced stop codon is in bold).

Protein expression, renaturation, and purification. Escherichia coli
BL21(DE3) or derivatives thereof were grown in LB medium con-
taining appropriate antibiotics following standard protocols. Cells
were disrupted with B-PER (100 ll/ml culture), supplemented with
10 mM MgCl2, 20 mM 2-mercaptoethanol (2-ME), and 1 U/ml
DNase I. After centrifugation at 10,000g the pellet was washed with
the same volume of B-PER solution containing 200 mM NaCl,
20 mM 2-ME, 1 mM EDTA, and 10 mM imidazole, resuspended in
wash/binding buffer (25 mM sodium phosphate, pH 7.8, 300 mM
NaCl, 10 mM 2-ME, 500 lM EDTA, 0.5% (w/v) b-octylglucoside),
and insoluble proteins extracted with urea.

MyD88(L) was recovered from the soluble fraction of
BL21(DE3)pLysS cells, and was purified using Ni–NTA–agarose ma-
trix. Other recombinant proteins as well as mixtures of urea-dena-
tured MyD88 and IRAK-4 variants were refolded at 4 �C essentially
following the fractional factorial protein-folding screen [19]. After
centrifugation, protein solutions were buffer-exchanged and puri-
fied by metal affinity chromatography (MyD88 variants and their
complexes) or by ion-exchange chromatography on Q-Sepharose
(IRAK-4 variants). Protein concentrations were determined either
with the BCA protein assay kit (Pierce) or from the absorbance at
280 nm using absorption coefficients given in Supplementary
Table 1.

Monocyte isolation and culture. PBMC were isolated and cultured
to a density of 106 cells/ml as previously reported [20]. The super-
natant was then removed and adherent cells (2 � 106 per well)
were cultured in the same medium supplemented with 10%
heat-inactivated fetal bovine serum. Monocytes were lysed at
4 �C using ice-cold Cell Lysis Buffer (10 mM imidazole, pH 7.3,
500 mM NaCl, 0.5% Triton X-100, 0.2 mM sodium orthovanadate,
0.2 mM PMSF, and 2 mM NaN3). Cellular debris was removed by
centrifugation at 15,000g, and the supernatant was aliquoted and
stored at �20 �C until further use.

SDS–PAGE and Western blotting. Proteins were separated on
SDS–Tris–Tricine polyacrylamide gels using a Bio-Rad apparatus.
Gels were either stained with Coomassie Brilliant Blue or silver,
or transferred to PVDF membranes using a fully submerged trans-
fer cell (Bio-Rad). For immunoblotting, membranes were blocked
in TBS containing 5% skim milk, incubated for 1 h at room temper-
ature with the primary antibody, and thoroughly washed with TBS;
membranes were similarly treated with the secondary antibody.
The following antibodies were used at indicated dilutions: mouse
anti-His monoclonal antibody (Amersham Biosciences; 1:3000),
mouse anti-FLAG� M2 (Sigma–Aldrich; 1:3000), goat anti-human
IRAK-4 polyclonal antibody (R&D Systems; 1 lg/ml), goat anti-
mouse IgG horseradish peroxidase conjugate (Pierce; 1:5000),
and donkey anti-goat conjugate (R&D Systems; 1:1000). Blots were
revealed with SuperSignal chemoluminescence system (Pierce)
according to the manufacturer’s instructions and exposed to auto-
radiography films.

Limited proteolysis. Protein samples were incubated at 25 �C
with Glu-C or chymotrypsin (enzyme:protein ratio, 1:100). Ali-
quots were taken at various times, and reactions stopped by adding
Laemmli sample buffer and incubating at 95 �C for 5 min.

Binding assays in solution. Purified recombinant proteins were
mixed at 37 �C, and then incubated for 15 min with excess Ni–
NTA–agarose matrix. After centrifugation at 800�g, the matrix
was thoroughly washed with binding buffer containing 10 mM
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imidazole. Specifically bound proteins were finally eluted with
binding buffer supplemented with up to 500 mM imidazole. Alter-
natively, purified MyD88(S) or MyD88(L) were incubated with
cytosolic extracts from human monocytes, and treated as above.
Pulled-down monocyte proteins were detected with an anti-hu-
man IRAK-4 polyclonal antibody.
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Fig. 2. Formation of a stable MyD88(L)�IRAK-4(L) heterodimer in solution. (A)
Various amounts of IRAK-4(L) were incubated with 1 lg purified MyD88(L) for 2 h
at 37 �C. Next, equal volumes of Ni–NTA matrix were added to these mixtures. After
centrifugation, the affinity matrix was thoroughly washed with 10 mM imidazole
before eluting specifically bound proteins with Laemmli sample buffer. Protein
fractions were analyzed by Western blot using anti-FLAG (upper panel) or anti-6�
His (lower panel) antibodies. (B) A mixture of urea-denatured IRAK-4(L) and
MyD88(L) (input) was refolded by rapid dilution. After centrifugation to remove
insoluble material (pellet), proteins that specifically bind Ni–NTA–agarose were
eluted with increasing imidazole concentrations.
Results and discussion

Expression of death domains from MyD88 and IRAK-4

Inspection of a structure-based sequence alignment of MyD88
and IRAK-4 DDs indicates that residues Ile109 to Lys119 in mamma-
lian MyD88 are highly similar to those of Drosophila Pelle (Supple-
mentary Fig. 1). This observation and the results of secondary
structure predictions allow us to predict with high confidence that
MyD88 possesses a seventh, C-terminal helix, in addition to the
conserved framework of six antiparallel helices observed in Tube
[7], as well as in IRAK-4 [18], and in other DD superfamily mem-
bers from e.g. caspases and their adaptors.

To analyze the contributions of globular/unstructured regions
of human MyD88 and IRAK-4 to complex formation, we cloned,
overexpressed and purified to homogeneity ‘‘short” and ‘‘long”
variants of their DDs (Fig. 1B). Purity and authenticity of recombi-
nant proteins were assessed by SDS–PAGE (Supplementary
Fig. 2A), Western blotting with appropriate anti-tag monoclonal
antibodies (Supplementary Fig. 2B and C) and MALDI-TOF analysis
of tryptic digests.

Dynamic light scattering analysis revealed that these recombi-
nant MyD88 and IRAK-4 variants form large aggregates in solution
(not shown). However, several independent observations strongly
suggest that these aggregates contain properly folded DDs. (1)
Most of the sixteen refolding conditions routinely tested were suc-
cessful with all recombinant proteins. (2) Glu-Xxx scissile peptide
bonds within the irregular C-terminal tails but not the globular
death domains in MyD88(L) and IRAK-4(L) are susceptible to
Glu-C cleavage (Supplementary Fig. 3). According to the distances
migrated by digestion products in SDS–PAGE, the C-terminal resi-
dues of stable fragments are Glu143 (MyD88) and Glu116 in IRAK-4.
Finally, (3) IRAK-4(S) crystallizes under conditions similar to those
reported for its murine counterpart [18].

This strong tendency to self-aggregation is consistent with
observations of large discrete cytosolic aggregates formed by full-
length MyD88 overexpressed in diverse cell lines [21–24]; a recent
work demonstrates that the entire non-TIR region is responsible
for this pronounced cytosolic aggregation [25]. Our findings are
reminiscent of in vivo TLR oligomerization to form large ‘‘recepto-
somes”, which in turn recruit MyD88 [1].

Isolated DDs of MyD88 and IRAK-4 form a stable complex in solution

It has not been unambiguously established whether additional
cofactors are necessary for MyD88-mediated IRAK recruitment
in vivo. In initial assays we observed only partial complex forma-
tion (Supplementary Fig. 4), apparently because aggregation of
individual DDs interferes with heterodimer formation in vitro.
However, using low protein concentrations and specific non-ionic
detergents (Supplementary Fig. 5) allowed quantitative formation
of the MyD88(L)�IRAK-4(L) complex in solution, as demonstrated
by pull-down of increasing amounts of IRAK-4(L) by the Ni–NTA
matrix (Fig. 2A). Interestingly, at low IRAK-4 concentrations no
heterocomplex was detected, and the MyD88(L) linker was par-
tially cleaved by a contaminating protease. Degradation was pre-
vented at higher IRAK-4(L) concentrations that support complex
formation, suggesting protection of the linkers in the heterodimer.
To confirm complex formation while minimizing interference of
aggregation, we refolded mixtures of urea-denatured MyD88(L)
and IRAK-4(L) by rapid dilution. We could identify several condi-
tions in which the soluble MyD88(L)�IRAK-4(L) complex was quan-
titatively recovered by metal affinity chromatography. Based on
the condition that gave best results, we established a larger-scale
refolding procedure in which a protein mixture containing a slight
molar excess of MyD88(L) is incubated O.N. in 50 mM sodium
phosphate, pH 7.0, 264 mM NaCl, 11 mM KCl, 2.2 mM MgCl2,
2.2 mM CaCl2, 440 mM sucrose, 1 mM GSH, and 0.1 mM GSSG. This
co-renaturation procedure allows reproducible generation of the
MyD88(L)�IRAK-4(L) heterodimer (Fig. 2B), providing a simple
means for analysis of DD-mediated complex formation. Notably,
the MyD88(L)�IRAK-4(L) complex bound more tightly to the metal
affinity matrix than the free adaptor DD, pointing to formation of
dimers or higher order aggregates of the heterodimer. In this re-
gard, MyD88 is known to dimerize following receptor recruitment
in vivo [26], and recent evidence indicates that enforced adaptor
dimerization suffices to trigger signaling [27]. We conclude that
the C-terminal TIR (MyD88) and kinase modules (IRAK-4) are dis-
pensable for kinase recruitment.

The DD-TIR linker of MyD88 is not required for IRAK-4 recruitment

To determine whether the interdomain connectors of MyD88
and IRAK-4 are required for complex formation, we performed
experiments essentially as described above, but replacing the
‘‘long” forms of the recombinant proteins by their linker-less coun-
terparts. First, we demonstrated that MyD88(S) forms a stable
complex with IRAK-4(L) (Supplementary Fig. 6A). To verify the
ability of isolated MyD88 DD to bind full-length IRAK-4 we incu-
bated purified MyD88(L) or MyD88(S) with increasing amounts
of human monocyte extracts. After addition of Ni–NTA matrix, spe-
cifically bound proteins were identified via immunoblotting with
an anti-human IRAK-4 polyclonal antibody. The results of this
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experiment demonstrate quantitative, saturable binding of natural
IRAK-4 by both truncated forms of MyD88 (Fig. 3), corroborating
that the DD–TIR linker of the adaptor (residues 121–158) is not re-
quired for kinase binding.

Previous results with the truncated variant MyD88s had indi-
cated that adaptor residues 110–154 are strictly required for
IRAK-4 recruitment in vivo [11,17]. This apparent contradiction
strongly suggests that MyD88 residues Glu110 to Gln120 (DD helix
a7) play a major functional role in this regard. In support of this
hypothesis, mutation p.Tyr116Cys in murine MyD88 results in re-
duced immune responses to several pathogen-associated ligands
[28].

Residues up to Glu116 from the DD–kinase linker of IRAK-4 are
required for MyD88 binding

We next analyzed whether the IRAK-4 linker was required for
complex formation with the adaptor. IRAK-4(S) bound only weakly
to the DD-only form of MyD88 (compare intensity of bands in the
anti-FLAG Western blots; Supplementary Fig. 6A and B), and simi-
lar results were obtained with MyD88(L) (not shown). These find-
ings indicate that the DD–kinase connector of IRAK-4 is important
for heterodimer formation. To define the linker region needed for
complexation, we compared accessibility of this polypeptide
stretch to proteolytic attack in the presence and absence of
MyD88(S). Similar to the experiments performed for protein char-
acterization (Supplementary Fig. 3), we incubated the
MyD88(S)�IRAK-4(L) complex with Glu-C for various times. Pres-
ence of the adaptor completely abolished proteolysis of the
Glu116–Ala117 peptide bond, while the Glu143–Leu144 site was
hydrolyzed as in free IRAK-4(L), albeit with slower kinetics (Sup-
plementary Fig. 7A, upper panel). By contrast, chymotrypsinolysis
of free and adaptor-bound IRAK-4(L) was essentially identical
(Supplementary Fig. 8), indicating that the Phe127–Glu128 site is
not protected in the MyD88�IRAK-4 complex. Finally, we verified
normal complex formation with an IRAK-4 variant truncated after
Lys125 (Supplementary Fig. 7B).

In conclusion, DD–kinase linker residues in IRAK-4 up to at least
Glu116, but not beyond Lys125, are critical for recruitment by
MyD88. Additional support for our hypothesis comes from the
observation that an extended polypeptide stretch from Tube lo-
cated downstream of the globular death domain is ‘‘clamped” be-
tween helix a7 and the main globular DD of Pelle [7].
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Fig. 3. MyD88 DD pulls down natural IRAK-4 from monocyte extracts. Fixed
amounts (2 lg) of MyD88(L) (A) or MyD88(S) (B) were added to increasing
quantities of cytosolic extracts from human monocytes. After incubation with Ni–
NTA–agarose and centrifugation, the supernatants (S) were precipitated with five
volumes of cold acetone, while specifically bound proteins (B) were recovered with
Laemmli buffer after thoroughly washing the affinity matrix. Samples were
analyzed by Western blotting with an anti-IRAK-4 antibody.
A model of MyD88�IRAK-4 heterodimer

To rationalize on a structural basis the topological equivalence
of MyD88–Pelle and IRAK-4–Tube pairs suggested by the results
discussed above, we generated 3D models for DDs of human
MyD88 and IRAK-4 (Fig. 4A and B). Although residues involved in
intermolecular contacts in the Pelle�Tube heterodimer are gener-
ally not conserved in mammalian MyD88/IRAK-4 (Supplementary
Figs. 1 and 3B), a model of their putative complex could be con-
structed by combining features of equivalent Pelle–Tube [7] and
RAIDD–PIDD type II DD interfaces [29] (Fig. 4C). This model is also
supported by predictions of surface areas of MyD88 and IRAK-4
DDs that are important for protein–protein interactions (Supple-
mentary Tables 2 and 3). Along these lines, it is noteworthy that
the Pelle–Tube interface shows considerable plasticity, as revealed
by significant differences between the two independent complex
molecules found in the asymmetric unit.

In support of our model, we notice that adaptor dimerization
would not interfere with IRAK-4 recruitment, in line with experi-
mental observations. Furthermore, the relative location of binding
sites suggests that MyD88 would not directly interact with IRAK-1,
similar to what has been demonstrated for the Drosophila
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Fig. 4. Model of DD-mediated IRAK recruitment to MyD88. (A and B) 3D models of
DDs from human MyD88 and IRAK-4. a-Helices and the N- and C-termini are
marked. Selected residues within the two highest scoring patches identified by PPI-
Pred are indicated with their side chain atoms, colored and labeled yellow and
green (MyD88) or blue and pink (IRAK-4), respectively. The highest scoring patch in
MyD88 is a cluster of polar/aromatic residues from helices a2/a3 and their
connecting loop; it appears to represent the MyD88–MyD88 interaction area, as
replacement of Phe56 by an asparagine impairs DD-mediated dimerization of the
adaptor [26]. The second highest-scoring patch is predicted to be the IRAK-4
binding surface. For IRAK-4 DD, the predicted MyD88-interactive region was also
identified as the second highest-scoring area. The most likely protein–protein
interaction site for this domain involves a distinct cluster of N-terminal and
adjacent residues from helices a1 and a4. This patch, topologically equivalent to the
IRAK-4 binding site on MyD88, might represent the IRAK-1 – interaction region. (C)
Docking model of the putative MyD88�IRAK-4 heterodimer. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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MyD88�Tube�Pelle heterotrimer [9,30]. Structural and functional
investigations now in progress should refine this model and iden-
tify residues critical for formation of the MyD88�IRAK-4�IRAK-1
complex.
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