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Interleukin 1 (IL-1) receptor-associated kinases (IRAKs) are serine/
threonine kinases that play critical roles in initiating innate immune
responses against foreign pathogens and other types of dangers
through their role in Toll-like receptor (TLR) and interleukin 1 receptor
(IL-1R) mediated signaling pathways. Upon ligand binding, TLRs and
IL-1Rs recruit adaptor proteins, such as myeloid differentiation
primary response gene 88 (MyD88), to the membrane, which in turn
recruit IRAKs via the death domains in these proteins to form the
Myddosome complex, leading to IRAK kinase activation. Despite
their biological and clinical significance, only the IRAK4 kinase
domain structure has been determined among the four IRAK family
members. Here, we report the crystal structure of the human IRAK1
kinase domain in complex with a small molecule inhibitor. The
structure reveals both similarities and differences between IRAK1
and IRAK4 and is suggestive of approaches to develop IRAK1- or
IRAK4-specific inhibitors for potential therapeutic applications. While
the IRAK4 kinase domain is capable of homodimerization in the
unphosphorylated state, we found that the IRAK1 kinase domain is
constitutively monomeric regardless of its phosphorylation state.
Additionally, the IRAK1 kinase domain forms heterodimers with the
phosphorylated, but not unphosphorylated, IRAK4 kinase domain.
Collectively, these data indicate a two-step kinase activation process
in which the IRAK4 kinase domain first homodimerizes in the
Myddosome, leading to its trans-autophosphorylation and activa-
tion. The phosphorylated IRAK4 kinase domain then forms hetero-
dimers with the IRAK1 kinase domain within the Myddosome,
leading to its subsequent phosphorylation and activation.
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Currently, four members of the IL-1 receptor-associated ki-
nase (IRAK) family have been identified: IRAK1 (1),

IRAK2 (2), IRAK3 (3) (also called IRAK-M), and IRAK4 (4).
IRAK family members share a conserved domain architecture (Fig.
1A) consisting of an N-terminal death domain (DD) followed by
either a C-terminal kinase domain (KD) (IRAK1 and IRAK4) or
pseudokinase domain (IRAK2 and IRAK3). IRAK1 also contains a
proline/serine/threonine-rich domain (ProST) in between the DD
and the kinase domain while IRAK1, IRAK2, and IRAK3 have a C-
terminal region important for the recruitment and activation of the
downstream effector TNF receptor-associated factor 6 (TRAF6) (5).
IRAK1 was identified through coimmunoprecipitation with IL-

1 receptor (IL-1R) (1). Signaling through IL-1Rs and most Toll-like
receptors (TLRs) requires the adaptor myeloid differentiation pri-
mary response gene 88 (MyD88) (6). MyD88 is comprised of two
protein–protein interaction domains, an N-terminal DD followed by
a Toll/IL-1R homology (TIR) domain (7). Upon ligand-mediated
receptor activation, MyD88 is recruited to TIR-containing receptors
through homotypic TIR–TIR domain interactions. Subsequently,
DD–DD interactions between MyD88 and IRAK4 facilitate the
recruitment of IRAK4 to the receptor complex. Additional DD–DD
interactions between IRAK4 and IRAK2, and possibly between
IRAK4 and IRAK1, facilitate the formation of the MyD88/IRAK4/
IRAK1 Myddosome (8, 9). The Myddosome complex functions to
promote IRAK4 dimerization, trans-autophosphorylation, and acti-
vation (10). IRAK4 then phosphorylates IRAK1 to first prime its

activity, enabling subsequent IRAK1 autophosphorylation in its ac-
tivation loop to become fully activated (11).
Active IRAK1 undergoes further autophosphorylation, lead-

ing to hyperphosphorylation of the ProST region. This hyper-
phosphorylation induces IRAK1 to dissociate from the Myddosome
and associate with the downstream effector TRAF6 (1, 12). TRAF6
activation and ubiquitination of IRAK1 trigger the initiation of a
transcriptional program mediated by NF-κB and activator protein 1,
leading to the induction of proinflammatory and immunomodula-
tory cytokines, such as IL-1β, TNF-α, IL-6, and IL-18. Additionally
TLR7, TLR8, and TLR9 can induce IFN-α production in plasma-
cytoid dendritic cells upon viral infection (13, 14). TLR7- and TLR9-
mediated IFN-α production requires the MyD88–IRAK4–IRAK1
complex, and both IRAK4 and IRAK1 kinase activities are essen-
tial (15).
To date several physiological substrates for IRAK1 have been

clearly identified, including IRAK1 itself, the adaptor protein
Tollip (16), the E3 ligase Pellino (17, 18), and the transcription
factor IRF7 (15). Phosphorylation of IRAK1 and Tollip has been
shown to weaken the IRAK1–Tollip interaction and promote the
dissociation of IRAK1 from the Myddosome. IRAK1 can interact
and phosphorylate Pellino proteins, which promotes Pellino-
mediated polyubiquitination of IRAK1. The ubiquitin-binding do-
main of NEMO (also known as IKKγ) binds to polyubiquitinated
IRAK1, bringing together the IRAK1–TGF-beta activated kinase 1
(TAK1)–TRAF6 complex and the NEMO-IKKα-IKKβ complex to
activate NF-κB signaling (19, 20). IRAK1 can interact with and
phosphorylate IRF7, leading to IRF7 translocation into the nucleus
and induction of type I IFN gene transcription (15).

Significance

Innate immune signaling has an essential role in inflammation,
and dysfunction of signaling components in these pathways
contributes to autoimmunity and cancer. Interleukin-1 receptor-
associated kinase (IRAK) family members are key mediators of
signal transduction by Toll-like receptors and Interleukin-1 re-
ceptors in innate immunity and therefore serve as potential
therapeutic targets for these diseases. The crystal structure of
the IRAK1 kinase domain in complex with a small molecule in-
hibitor reveals important structural details of the kinase that
provide insights into the design of selective IRAK inhibitors.
Characterization of IRAK1 heterodimerization with the up-
stream kinase IRAK4 suggests a mechanism of IRAK1 activation
by IRAK4.
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Innate immune signaling has an essential role in inflammation,
and the dysregulation of signaling components of this pathway is
increasingly being recognized as an important factor in cancer
initiation, progression, and metastasis, as well as in autoimmu-
nity. However, among the four IRAKs, only the IRAK4 kinase
domain structure has been determined, both alone and in com-
plex with various inhibitors (10, 21–30). No structural in-
formation is currently available for IRAK1. In this report, we
present the crystal structure of the human IRAK1 kinase do-
main, which provides important insights into inhibitor binding as
well as homo- and heterodimerization with IRAK4.

Results
Proteolytic Screen Enables IRAK1 Crystallization and Structure
Determination. The construct of the WT IRAK1 kinase domain
(residues 194 to 530) (Fig. 1A) was designed based on sequence
alignment with the published crystallizable construct of the
IRAK4 kinase domain (30). It contains an N-terminal His-tag
followed by a tobacco etch virus (TEV) cleavage site, and the
protein was expressed using a baculovirus-mediated insect cell
expression system. After the first-step affinity purification using
HisPur Cobalt affinity resin (Fig. 1B), the His-tag was removed
(Fig. 1C), and the protein was further purified by gel filtration (Fig.
1D). Initially, we used 150 mM NaCl for the purification, but the
protein was not stable and often precipitated. Using differential
scanning fluorimetry (31) to assess the IRAK1 melting temperature
(Tm) under different solution conditions, we found that a higher salt
concentration (500 mM) improved the protein stability (Fig. S1).
The molecular mass of the IRAK1 kinase domain construct
without the His-tag is 37.3 kDa. The protein was shown as a single
peak from the gel filtration profile, with a tendency to degrade
into two fragments of about ∼30 kDa and <10 kDa as assessed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). These two fragments comigrated with the full-length
construct on gel filtration chromatography (Fig. 1D), suggesting
that the two fragments are still associated with each other in so-
lution. Extensive crystallization trials failed to produce any crys-
tals, likely due to degradation and the resulting heterogeneity.
Because the two proteolytic fragments comigrated together, as

well as with the full-length kinase domain, we attempted to im-
prove the homogeneity of the sample by limited proteolysis to
promote crystallization. We screened 12 proteases and found
that treatment with clostripain, which cleaves after arginine
residues, generated two cleaved products that appeared to mi-
grate on SDS-PAGE at the same positions as the fragments from
autodegradation (Fig. 2A). Mass spectrometry analysis, together
with the molecular weights of the fragments, suggested that
the cleavage site by clostripain is R450. Notably, R450 locates
near the beginning of a long insertion in IRAK1 (residues 449 to
475) relative to IRAK4. This entire insertion is present in the

proteolyzed protein, as shown by peptide mapping using mass
spectrometry (Fig. S2), but is partly disordered in the structure.
To enable crystallization, we identified the optimal clostripain:

IRAK1 ratio, incubation time, and temperature and carried out
crystallization trials with the small-molecule compound JH-I-25
(23). A crystal hit was identified from the Molecular Dimensions
PACT screening kit, followed by crystallization optimization.
SDS-PAGE of dissolved crystals confirmed that the crystals con-
tained proteolyzed IRAK1 (Fig. 2B). JH-I-25 is a dual IRAK1/
4 inhibitor, with an IC50 of 9.3 nM and 17.0 nM for IRAK1 and
IRAK4, respectively, as measured by Invitrogen Lantha (IRAK1)
and Z′-LYTE (IRAK4) assays. Differential scanning fluorimetry
showed that the compound stabilized IRAK1 by ∼8 °C in Tm,
from 45 °C for IRAK1 to 53 °C for the IRAK1/JH-I-25 complex
(Fig. S3). Diffraction data were collected to 2.3 Å resolution using
synchrotron radiation, and a molecular replacement solution was
obtained using an apo-structure of the IRAK4 kinase domain as a
model (PDB ID code 2NRU) (Table S1). There are two IRAK1
molecules (chain A and B) per crystallographic asymmetric unit.
Subsequent model building and refinement were carried out in
Coot (32) and Phenix (33).

Structural Differences Between IRAK1 and IRAK4. The IRAK1 struc-
ture in complex with an inhibitor exhibits the canonical two-lobe (N
and C lobes) architecture of protein kinases (Fig. 3 A and B).
Similar to IRAK4, an ordered αB helix precedes the kinase domain
and packs against the concave surface of the central five-stranded
β-sheet of the N-terminal lobe through hydrophobic interactions
(Fig. 3 B and C). The C-lobe is predominantly α-helical. The N- and
C-terminal lobes are connected by the hinge region, which partially
forms the binding site for ATP. The inhibitor JH-I-25 can be un-
ambiguously modeled in the electron density map and occupies the
ATP-binding site (Fig. 3B). Although the IRAK1 kinase domain
only shares 31% sequence identity with IRAK4, its overall structure
is highly similar to that of IRAK4, with root-mean-square deviation
(rmsd) values of 1.42 Å over the Cα positions of the 245 corre-
sponding residues in IRAK4 (PDB ID code 2NRU) (30) (Fig.
3C). Three regions are disordered in the structure, residues 243 to
247 in chain A and 244 to 248 in chain B at the loop between
β3 and αC, residues 367 to 382 within the activation loop, and
residues 449 to 460 in A and 449 to 463 in B at the long insertion
between αG and αH (Fig. 3B). Despite being largely disordered,
the IRAK1 activation loop is natively phosphorylated at S373,
S375, S376, and T381, as shown by liquid chromatography
tandem-mass spectrometry (LC/MS/MS) (Fig. S2). It should be
noted that the disordered activation loop (residues 367 to 382)
situates away from the inhibitor-binding site (Fig. 3B).
IRAK1 shows four major local structural differences from

IRAK4 (Fig. 3 C–E). First, although β1 in IRAK1 aligns well

Fig. 1. IRAK1 expression and purification. (A) Domain organizations of
IRAK1 and IRAK4. DD, death domain; ProST, proline/serine/threonine-rich
domain. (B) SDS-PAGE of the first-step Co-affinity purification. MW, molec-
ular weight. (C) SDS-PAGE of the sample before and after His-tag removal by
TEV protease treatment overnight at 4 °C. (D) Gel filtration profile of His-tag
removed IRAK1 on a Superdex 75 10/300 column and the corresponding SDS-
PAGE of the elution fractions. The degraded IRAK1 fragments coeluted with
the nondegraded construct band.
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Fig. 2. Proteolytic screening of the IRAK1 kinase domain construct. (A) SDS-
PAGE of purified IRAK1 treated with various proteases at a 1,000:1 (wt/wt)
ratio at 37 °C for 1 h. (B) SDS-PAGE of purified IRAK1 before clostripain
treatment and IRAK1 from washed crystals.
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with IRAK4, a long loop in IRAK4 (residues 181 to 191) con-
necting αB and β1 is replaced by a short loop in IRAK1 (residues
213 to 217). This difference leads to a more solvent exposed ATP-
binding pocket in comparison with IRAK4. Second, the loop that
connects αD with αE in IRAK1 is one residue longer than in
IRAK4. Importantly, this loop, together with αD, forms the ATP
front pocket. There are two cysteine residues within this loop in
IRAK1, C302, and C307, which could be used to develop covalent
kinase inhibitors. C302 of IRAK1 is conserved in IRAK4 as C276,
but the locations of these residues are significantly different due to
conformational differences in the αDE loop (Fig. 3C). Residue
C307 is conserved between human and murine IRAK1, but resi-
due C302 is not. Third, there is a seven-residue insertion in the
IRAK1 activation loop compared with IRAK4, and this region is
largely disordered. The most notable change is the extra insertion
sequence (residues 447 to 482) after helix αG in IRAK1. While
the beginning part of the insertion is disordered in our structure,
residues 463 to 476 form a helix, denoted here as αGH.
Previous biochemical data suggested that IRAK1 is sequen-

tially phosphorylated, first at T209 to weakly activate the kinase,

and then at T387 to fully activate the kinase (11). Recombinant
full-length IRAK1 expressed in insect cells has been reported to
be fully phosphorylated (11). In contrast, our construct lacking the
DD is not phosphorylated at either T209 or T387. However, the
kinase adopts an active conformation, as defined by the presence of
an assembled regulatory spine and the salt bridge between K239 of
β3 and E259 of αC (Fig. 3D). In addition, the recombinant IRAK1
kinase domain showed similar kinase activity as the recombinant
IRAK4 kinase domain while the kinase-dead IRAK1 mutant
(D340N) did not show any significant kinase activity (Fig. S4A).
The side chain of T209 formed intimate interactions with sur-
rounding atoms (Fig. S4B) and would likely require conformational
changes in IRAK1 for phosphorylation to occur. On the other
hand, T387 is highly exposed to solvent, and its phosphorylation is
unlikely to significantly alter the conformation (Fig. S4C). It is
unclear why IRAK1 would assume an active conformation in the
absence of phosphorylation at T209 and T387. It may be possible
that, for the kinase domain alone, such phosphorylation at T209
and T387 is not required for IRAK1 activation. However, in the
context of full-length IRAK1, previous data suggest that the
N-terminal death domain exerts autoinhibition to the kinase do-
main (34). Therefore, it remains plausible that T209 and T387
phosphorylation is required to release this autoinhibition.

IRAK1/Inhibitor Interactions. The overall sequence identity among
the IRAK family members is ∼30%; however, the residues lining
the ATP-binding pocket share 90% identity between IRAK1 and
IRAK4. A unique feature of the ATP pocket in the IRAK family is
a tyrosine gatekeeper residue (Y288 in IRAK1 and Y262 in
IRAK4) (30). In IRAK1, Y288 participates in a polar interaction
network with the catalytic lysine K239 from β3, E259 from αG, and
D358 from the Asp-Phe-Gly (DFG) motif to stabilize the DFG-in
active conformation (Fig. 4A). The gatekeeper residue controls
access to a preexisting ATP back pocket. A small gatekeeper resi-
due enables inhibitors to access the ATP back pocket to gain more
potential selectivity. In the IRAK family, the presence of a bulky
tyrosine gatekeeper residue blocks access to this back pocket. Since
this tyrosine gatekeeper is exclusive to the IRAK family, it may be
explored to develop IRAK family-specific inhibitors.
Indeed, the inhibitor JH-I-25 forms a π–π stacking interaction

with the gatekeeper residue Y288 and hydrogen bonds (H-bonds)
with the hinge region and the catalytic lysine K239 (Fig. 4B). At the
back of the ATP pocket, the pyrazole moiety of the inhibitor forms
H-bonds with the carboxylate group of D358 and a water molecule,
which also forms H-bonds with catalytic K239, gatekeeper Y288,
and E259. The amide linker of the inhibitor forms a single H-bond
interaction with L291 of the hinge region. The morpholine tail of
the inhibitor interacts with a water molecule, which forms H-bonds
with D298 and S295. When the IRAK1/JH-I-25 complex structure
is superimposed with IRAK4, the critical ligand interacting residues
in IRAK1 are conserved in sequence and aligned in structure with
IRAK4 (Fig. 4B and Fig. S5A), clearly explaining why JH-I-
25 shows similar potency to both IRAK1 and IRAK4. However, the
ATP front pockets are different between IRAK1 and IRAK4 (Fig.
S5B). The front pocket of IRAK1 is very open while the front
pocket of IRAK4 is largely closed (Fig. 4 C and D). Therefore,
IRAK1-specific inhibitors may be obtained by extending the in-
hibitor further into the front pocket. Additionally, IRAK1 has two
Cys residues that may be utilized for the development of covalent,
IRAK1-specific inhibitors (Figs. 3C and 4E).

Unlike the IRAK4 KD, the IRAK1 KD Is a Monomer. Previous data have
shown that unphosphorylated IRAK4 forms a dimer and that
this dimerization is required for efficient trans-autophosphor-
ylation (10). IRAK4 dimerization is affected by the phosphory-
lation state of the kinase, and phosphorylated IRAK4 is
monomeric in solution. To determine whether phosphorylation
plays a similar role in IRAK1, we first dephosphorylated the
IRAK1 kinase domain with λ-phosphatase. Dephosphorylated
IRAK1 was analyzed by LC/MS, and no phosphorylation was
detectable in the treated sample. Dephosphorylated IRAK1 showed

Fig. 3. Structure of inhibitor-bound IRAK1. (A) Chemical structure of the
dual IRAK1/4 inhibitor JH-I-25 used in the cocrystallization. (B) A ribbon di-
agram of IRAK1 in complex with the inhibitor. The secondary structures are
labeled, and the JH-I-25 inhibitor is shown with carbon atoms in magenta,
nitrogen atoms in blue, and oxygen atoms in red, superimposed with its
electron density in gray. IRAK1 is in green with the exception of the long,
gray-colored IRAK1-specific insertion. (C) Superposition between IRAK1
(green) and IRAK4 (pink, PDB ID code 2NRU). The main differences between
these two kinase domains at the αBβ1 loop, the αDE loop, and the αGH in-
sertion are labeled. The different locations of C302 of IRAK1 and its se-
quence-conserved counterpart C276 of IRAK4 are indicated. (D) The
regulatory spine and the K239-E259 salt bridge both indicate an active
conformation of IRAK1. (E) Sequence alignment between IRAK1 and
IRAK4 at four regions with significantly different structures.
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an experimental molecular mass of 38.9 kDa as measured by mul-
tiangle light scattering (MALS), closely approximating the 37.8-kDa
theoretical molecular mass of the IRAK1 monomer (Fig. 5A).
Similarly, both natively and in vitro phosphorylated IRAK1 elutes
from a size exclusion column at a position corresponding to mo-
nomeric IRAK1 (Fig. 5A). Therefore, unlike IRAK4, the IRAK1
kinase domain is monomeric regardless of its phosphorylation state,
which is suggestive of a distinct activation mechanism. While IRAK4
dimerization can facilitate its own autophosphorylation and activa-
tion (10), IRAK1 activation is dependent on the upstream IRAK4.
To understand why the IRAK1 kinase domain cannot exist as a

dimer, we compared the IRAK1 structure with the IRAK4 dimeric
structure (PDB ID code 4U97) (10) (Fig. 5 B and C). In the
IRAK4 dimer, a large interaction surface is formed by helix αEF
from each monomer and helix αG from one monomer and loop
αHI from another monomer, and mutations at the interaction
surface dramatically decrease both dimer formation and auto-
phosphorylation. In the IRAK4 dimer, residues L360 and R361 in
helix αEF of one monomer contribute to a large buried surface area
through both hydrophobic and polar interactions with L360 and
Y371 of another monomer. The αEF helix in IRAK1 has a one-
residue insertion and swings further out from the C-lobe. When we
superimposed two IRAK1 monomers onto the IRAK4 dimer, the
αEF helices clashed with each other. The polar interaction was also
missing in IRAK1 due to replacing Y371 of IRAK4 with F408 of
IRAK1. In addition, the IRAK1 αG helix was shifted by ∼5 Å
compared with IRAK4, and would clash with the αH-αI loop from
another IRAK1 molecule. Besides the steric hindrance, the highly
negatively charged surface on helix αG used in IRAK4 dimerization
was not conserved in IRAK1 (Fig. 5B). The negatively charged
residues in helix αG were substituted with either positively charged
or hydrophobic residues although the αH-αI loop has the similar
positive charge pattern in comparison with IRAK4. In particular,
the charge pair interactions between D398 and K440 and between
D405 and K443 in IRAK4 have been replaced by the incompatible
K435-R504 and A442-R507 pairs in IRAK1. Together, these ob-
servations suggest that IRAK1 is likely incapable of assembling into
a face-to-face homodimer similar to that observed for IRAK4.

IRAK1 Heterodimerizes Weakly with Phosphorylated, but Not
Unphosphorylated, IRAK4. To determine whether IRAK1 may
heterodimerize with IRAK4, we used native PAGE to assess the
interaction between the kinase-dead IRAK1 kinase domain
(D340N) and both unphosphorylated and phosphorylated full-

length IRAK4 (Fig. 6A). As with IRAK1 shown in Fig. 1D, the
recombinant IRAK1 kinase domain protein used here also con-
tained both full-length and degraded fragments. The IRAK1
kinase domain had a high predicted isoelectric point of 8.6 and did
not migrate into the resolving gel of the native PAGE alone.
Conversely, IRAK4 had a predicted pI of 5.2 and migrated as
a distinct band in both its unphosphorylated and phosphory-
lated forms (Fig. 6B). Addition of IRAK1 to unphosphorylated
IRAK4 did not alter the migration of IRAK4 in the native PAGE.
However, the addition of IRAK1 to phosphorylated IRAK4
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Fig. 4. Detailed mode of inhibitor interaction. (A) A hydrogen-bonding network around the IRAK1 gatekeeper residue Y288 near the head of the inhibitor.
(B) Interactions of IRAK1 with JH-I-25. IRAK1 residues are labeled in green while the corresponding IRAK4 residues are shown in pink. (C) Surface diagrams of
IRAK1 (Left, green) and IRAK4 (Right, pink) at the tail of the inhibitor pocket, showing the openness of IRAK1 and closeness of IRAK4. (D) Superimposed
IRAK1 and IRAK4 at the region of the ATP front pocket showing that an insertion in IRAK4 and distinct loop conformations are responsible for the difference
in the openness of this region. (E) Side chain directions of C302 and C307 in IRAK1 may allow design of covalent inhibitors, but the side chain direction of
C276 of IRAK4 may not.

Fig. 5. IRAK1 kinase domain is a monomer in solution in both phosphorylated
and unphosphorylated states. (A) Gel filtration profiles and multiangle light
scattering measurement showed that the IRAK1 kinase domain is a monomer
in different states, different from the dimeric state of the IRAK4 kinase domain
in the unphosphorylated form. The green track on the top marks the mea-
sured molecular mass of the dephosphorylated IRAK1 kinase domain. mAU,
absorption units. (B) Sequence alignment between IRAK1 and IRAK4 at the
IRAK4 dimerization interface. Important IRAK4 dimerization residues are in-
dicated by triangles. (C) A model of a hypothetical IRAK1 homodimer would
have caused clash in several dimerization elements including the αG and the
αEF regions.
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resulted in a change in the migration behavior of IRAK4 (Fig. 6B).
The appearance of this new migrating species was accompanied by
a reduction in the amount of IRAK1 present in the top of the gel.
As no ATP was present during the native PAGE experiment, the
new band likely corresponds to a complex between IRAK1 and
phosphorylated IRAK4, rather than any new phosphorylation
products.
We propose that this interaction between phosphorylated

IRAK4 and IRAK1 occurs most efficiently once unphosphory-
lated inactive IRAK1 is recruited to the Myddosome through
death domain interactions. Because our earlier structure solution
was performed on the MyD88/IRAK4/IRAK2 death domain
complex (9), we coexpressed MyD88 DD, full-length IRAK4,
and the DD and kinase domain region of IRAK1. We found that
these three recombinant proteins comigrated on a gel filtration
column (Fig. 6C), confirming formation of the MyD88/IRAK4/
IRAK1 Myddosome. Our data that only the phosphorylated
IRAK4 kinase domain interacts with the IRAK1 kinase domain
contradict a previous report which detected interaction of
overexpressed kinase-dead IRAK4 with death domain deleted
IRAK1 in 293T cells (34). However, endogenous IRAK4 is
expressed at a high level in 293T cells, which might have phos-
phorylated overexpressed kinase-dead IRAK4 to enable its inter-
action with the IRAK1 kinase domain. Consistently, overexpressed
kinase-dead IRAK4 did not interact with death domain deleted
IRAK1 in RAW 264.7 cells (34).

Discussion
With both IRAK1 and IRAK4 kinase domain structures avail-
able, it is now possible to attempt structure-guided design of dual
IRAK1/4 or IRAK1- or IRAK4-specific inhibitors. IRAK1 and
IRAK4 share a conserved ATP-binding pocket with a unique
tyrosine gatekeeper residue, which provides a great opportunity
to develop dual IRAK1/IRAK4 inhibitors. Since both IRAK1

and IRAK4 kinases functionally participate in the same signal-
ing pathway, dual kinase inhibitors might provide more robust
inhibition of NF-κB signaling in comparison with IRAK1- or
IRAK4-specific inhibitors. On the other hand, there is evidence
that differential inhibition of IRAK1 or IRAK4 may selectively
influence the different downstream pathways that also include
MAP kinase activation. With the presence of death domains in
these kinases, IRAKs have also been shown to play important
scaffolding functions independent of their kinase activities. In
this regard, modulation of the death domain interactions may
offer an alternative and complementary approach in the devel-
opment of therapeutics against IRAK-dependent inflammatory
outputs.
Recently, IRAK1 activation and overexpression have been

reported in myelodysplastic syndrome (MDS) and acute myeloid
leukemia (AML) (35), and a high level of IRAK1 expression
correlated with reduced overall survival (35). IRAK1 is also
overexpressed and hyperphosphorylated in a subset of breast
cancers: in particular, triple-negative breast cancer (TNBC) (36).
An IRAK1-specific inhibitor could provide a therapeutic treat-
ment for these IRAK1 overexpression and overactivation con-
ditions. Our structure provides several insights into the design of
IRAK1-specific inhibitors. First, although it is difficult to dis-
tinguish IRAK1 from IRAK4 within the ATP pocket, the region
near the front of the ATP pocket is different between IRAK1
and IRAK4 (Fig. 4 C and D). IRAK1 is open in this region while
IRAK4 is more closed in this region, limiting the length of the
inhibitors that can be bound to IRAK4. Cysteine residues C302
and C307 of IRAK1, which are adjacent to the ATP pocket,
could also be utilized to develop irreversible IRAK1 inhibi-
tors. In contrast, the cysteine residue C276 of IRAK4 has its
side chain pointed down, away from the ATP pocket (Figs. 3C
and 4E).
Our studies further reveal mechanisms of kinase activation

within the Myddosome (Fig. 7). Upon IL-1 or TLR stimulation,
the adaptor protein MyD88, which has TIR and DD protein–
protein interaction domains, is recruited to the membrane
through TIR–TIR domain interactions. MyD88 then uses its DD
to recruit downstream kinases IRAK4 and IRAK1 to form the
Myddosome (9). At resting state, cellular concentrations of
IRAK4 are low to prevent ligand-independent IRAK4 activation
via dimerization, and IRAK1 forms a complex with Tollip to

Fig. 6. IRAK1 interacts weakly with phosphorylated IRAK4. (A) IRAK1 and
two forms of IRAK4, unphosphorylated (left lanes, “IRAK4”) and phos-
phorylated (shown as an encircled P; right lanes, “IRAK4-P”) on an SDS-
PAGE. (B) IRAK1 and two forms of IRAK4, unphosphorylated (left lanes,
“IRAK4”) and phosphorylated (right lanes, “IRAK4-P”) on a native PAGE,
showing the shifted band containing IRAK1 and phosphorylated IRAK4. (C)
Gel filtration profile (Left) and SDS-PAGE (Right) of the peak fraction for
the reconstituted complex of the MyD88 death domain (DD), full-length
(FL) IRAK4, and His-MBP–tagged IRAK1 containing the DD and the kinase
domain.
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Fig. 7. A schematic diagram of IRAK activation within the Myddosome
shown here for the IL-1 receptors. Upon ligand binding, IL-1 receptor (IL-1R)
and IL-1 receptor accessary protein (IL-1RAcp) recruit MyD88, which in turn
recruits the upstream kinase IRAK4 and then the downstream kinase
IRAK1 or IRAK2. IRAK4 recruitment leads to increased local concentration of
the kinase domain, leading to its dimerization and trans-autophosphor-
ylation. Phosphorylated IRAK4 dissociates from the dimer to interact with
and phosphorylate IRAK1 or IRAK2, leading to the first step of its activation.
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block IRAK1 phosphorylation. Upon recruitment, the local
concentration of IRAK4 is dramatically increased, promoting
dimerization, trans-autophosphorylation, and activation, with
subsequent dissociation of phosphorylated IRAK4 into mono-
mers. Previous data suggest that the IRAK1 kinase domain is
autoinhibited by the N-terminal death domain and the C-ter-
minal TRAF6-binding domain through intramolecular interac-
tions (34). Unlike the IRAK4 kinase domain, our data suggest
that the IRAK1 kinase domain cannot be activated by homo-
dimerization. Instead, the IRAK1 kinase domain forms a het-
erodimer with the phosphorylated IRAK4 kinase domain (Fig.
6B). Phosphorylation by IRAK4 may then allosterically activate
IRAK1 (37), and further IRAK1 autophosphorylation results in
full IRAK1 activation and execution of the pathway.

Materials and Methods
Protein Expression and Purification. The human IRAK1 kinase domain (residues
194 to 530) was expressed in insect cell. Protein was purified with HisPur Cobalt
Resin (Thermo Scientific) followed by size-exclusion chromatography. For re-
constitution of theMyD88/IRAK4/IRAK1Myddosome, N-terminal His-MBP human
IRAK1 (residues 1 to 524), His-tagged humanMyD88 death domain (residues 20 to
117), and full-length human IRAK4 were coexpressed in insect cells. The complex
was purified with Ni–NTA resin, followed by anion exchange and size-exclusion
chromatography. Further details can be found in SI Materials and Methods.

Limited Proteolysis Screen. Proteases were purchased fromHampton Research
and prepared as stock solutions according to the manufacturer’s instructions.
For the limited proteolysis screen, 10 μg of recombinant IRAK1 was in-
cubated with 0.01 μg of different proteases at 37 °C for 1 h. The reaction was
stopped by adding SDS-PAGE sample buffer, followed by boiling at 95 °C for
10 min. The samples were analyzed by SDS-PAGE.

Crystallization, Data Collection, and Structure Determination. The IRAK1 kinase
domain protein was mixed with the JH-I-25 compound at a 1:3 molar ratio,

and the mixture was incubated with clostripain at a 1,000:1 molar ratio at
room temperature for 1 h before setting up crystallization trays. Crystals
were obtained by hanging drop vapor diffusion at 16 °C by mixing equal
volumes of the protein and the reservoir solution containing 20%
PEG3350, 200 mM CaCl2, 100 mM Hepes at pH 7. Crystals were harvested,
cryoprotected with reservoir solution supplemented with 25% (vol/vol)
glycerol, and flash-frozen in liquid nitrogen. Data collection was per-
formed at the Advanced Photon Source using Northeastern Collabora-
tive Access Team (NE-CAT) beamlines 24-ID-C and 24-ID-E. Data were
processed by XDS (38), and a molecular replacement solution was
obtained from Phaser (33) using the IRAK4 kinase domain structure
(PDB ID code 2NRU) as a searching model. Subsequent model building
and refinement were carried out in Coot (32) and Phenix (33). Struc-
ture was validated by Molprobity (39). Figures were generated using
PyMOL (40).

Multiangle Light Scattering (MALS). For molecular mass determination by
MALS, protein samples were injected into a Superdex 200 (10/300 GL) gel
filtration column equilibrated with the gel filtration buffer. The chroma-
tography systemwas coupled to a three-angle light scattering detector (mini-
DAWN TRISTAR) and a refractive index detector (Optilab DSP) (Wyatt
Technology). Data were collected every 0.5 s with a flow rate of 0.5 mL/min.
Data analysis was carried out using ASTRA V.
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