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MyD88 couples the activation of the Toll-like receptors and
interleukin-1 receptor superfamily with intracellular signaling
pathways. Upon ligand binding, activated receptors recruit
MyD88 via its Toll-interleukin-1 receptor domain.MyD88 then
allows the recruitment of the interleukin-1 receptor-associated
kinases (IRAKs). We performed a site-directed mutagenesis of
MyD88 residues, conserved in death domains of the homolo-
gous FADD and Pelle proteins, and analyzed the effect of the
mutations onMyD88 signaling. Our studies revealed thatmuta-
tion of residues 52 (MyD88E52A) and 58 (MyD88Y58A) impaired
recruitment of both IRAK1 and IRAK4, whereas mutation of
residue95 (MyD88K95A) only affected IRAK4 recruitment. Since
all MyD88 mutants were defective in signaling, recruitment of
both IRAKs appeared necessary for activation of the pathway.
Moreover, overexpression of a green fluorescent protein (GFP)-
tagged mini-MyD88 protein (GFP-MyD88-(27–72)), compris-
ing the Glu52 and Tyr58 residues, interfered with recruitment of
both IRAK1 and IRAK4 by MyD88 and suppressed NF-�B acti-
vation by the interleukin-1 receptor but not by the MyD88-in-
dependent TLR3. GFP-MyD88-(27–72) exerted its effect by
titrating IRAK1 and suppressing IRAK1-dependentNF-�Bacti-
vation. These experiments identify novel residues of MyD88
that are crucially involved in the recruitment of IRAK1 and
IRAK4 and in downstream propagation of MyD88 signaling.

MyD88 was first discovered during studies addressing the
differentiation of mouse myeloid cells in response to growth-
inhibitory stimuli (1). Subsequent investigations revealed that
MyD88 possesses a modular organization (2), with an amino-
terminal death domain (DD),3 found in proteins involved in cell
death (3, 4), and a carboxyl-terminal Toll-interleukin-1 recep-
tor (TIR) domain, present in the intracytoplasmic tail of recep-

tors belonging to the Toll-like receptor (TLR)/interleukin-1
receptor (IL-1R) superfamily (5). MyD88 also has an interme-
diate domain (ID) that is crucial in TLR signaling due to its
interactionwith IRAK4 (6). The role ofMyD88 as a signal trans-
ducer was first shown in the pathways triggered by the activa-
tion of IL-1R (7, 8) andTLR4 (9). Further studies showed that all
TLRs, with the sole exception of TLR3, and the IL-1R family
utilize the adaptor protein MyD88 to initiate their signaling
pathway (10).
By virtue of its modular organization, MyD88 critically

bridges activated receptor complexes to downstream adaptors/
effectors. Upon activation, MyD88 is recruited through its TIR
domain by the homologous domain of the activated TLR/IL-1R
(11, 12). MyD88, in turn, has been shown to interact with a
family of downstream kinases, namely IRAK1 (13), IRAK2 (7),
IRAK-M (15), and IRAK4 (16), through the interaction of its
DD with the respective DDs present in the amino-terminal
region of IRAKs (17). At this stage, this multimeric complex is
competent to elicit the propagation of the signal downstreamof
the receptor(s). Although MyD88 recruits IRAK-1 via DD-DD
interactions, its recruitment of IRAK-4 appears to be rather
unusual. Burns et al. (6) first demonstrated that an alternatively
spliced variant of MyD88 (MyD88s), lacking the ID domain,
failed to interact with IRAK-4, suggesting that residues located
in both the DD and ID of MyD88 are crucially involved in the
recruitment of IRAK-4. Nevertheless, no information is avail-
able on the specific residues in theDD inMyD88 required for its
interaction with either IRAK1 or IRAK4.
The DD was initially defined as the region of homology

between the cytoplasmic tails of the FAS/Apo1/CD95 and TNF
receptors required for their induction of cytotoxic signaling
(18, 19). In analogy with other DD-containing proteins, this
domain in MyD88 is also involved in the formation of homo-
meric and heteromeric interactions. Herein, we have under-
taken an alanine-scanning mutational analysis to identify
amino acids that are required for downstream signaling and
might participate in the homomeric and heteromeric interac-
tions. Our studies revealed that MyD88E52A and MyD88Y58A
mutants are strongly impaired in the recruitment of both
IRAK1 and IRAK4, whereas theMyD88K95Amutant is deficient
in recruiting IRAK4. These findings identify residueswithin the
DD of MyD88 crucially involved in the formation of higher
order complexes containing IRAK1 and IRAK4 and required
for the propagation of the TLR/IL1-R signaling pathways.
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EXPERIMENTAL PROCEDURES

Plasmids—Expression vectors for FLAG-tagged MyD88
or Myc-tagged MyD88, Myc-tagged IRAK1-kinase-dead
(IRAK1KD) (K239S) and Myc-tagged IRAK4KD (K213A/
K214A) were constructed by inserting PCR-generated cDNA
fragments in the mammalian expression vectors p3X-FLAG
and pCDNA3-N2-Myc, respectively. All site-directed muta-
tions were inserted by PCR using oligonucleotides containing
the mutated residue. Constructs for GFP-MyD88 fusion pro-
tein expression were obtained by subcloning cDNA encoding
each protein into pEGFP-c1 vector. All constructs were con-
firmed byCycle Sequencing (BMRGenomics, Padua, Italy). For
the NF-�B reporter assays, the NF-�B luciferase and Renilla
luciferase constructs were used according to the manufactur-
er’s instructions (Promega Italia S.r.l., Milan, Italy).
Cell Culture and Transfections—The human embryonic kid-

ney (HEK) 293T and HeLa cell lines were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (Invitrogen) and grown at 37 °C in a humidified
atmosphere containing 95% air and 5% CO2. For co-immuno-
precipitation of FLAG-MyD88/Myc-MyD88, HEK293T cells
were first cultured in 10-cm diameter dishes and then trans-
fected by the calcium phosphate method with 4–5 �g of the
appropriate plasmids. To detect FLAG-MyD88 associated with
Myc-IRAK1KD or Myc-IRAK4KD and GFP-MyD88-(27–72)
associated with Myc-IRAK4KD, Myc-IRAK1KD, or Myc-
MyD88, HEK293T cells were cultured in 6-cm diameter dishes
and transfected by Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. For immnunofluorescence
analysis, HeLa cells were cultured in 3-cm diameter dishes and
transfected with constructs for GFP or GFP-MyD88-(27–72)
expression by FuGENE 6 reagent (Roche Applied Science)
according to the manufacturer’s instructions.
Co-immunoprecipitation Assay—HEK293T cells were col-

lected 20 h after transfection, washed in ice-cold PBS, and lysed
in buffer containing 50 mM Hepes, pH 7.4, 150 mM NaCl, 1%
Nonidet P-40, 20mM �-glycerophosphate, 2 mM dithiothreitol,
1 mM Na3VO4, and protease inhibitors. After incubating for 10
min on ice, cell lysateswere centrifuged at 10,000� g for 10min
at 4 °C, and cytosolic fractions were collected for immunopre-
cipitation. Cell extracts (1mg of total proteins) were precleared
by incubation for 1 h with protein G-Sepharose beads (Sigma)
under constant shaking at 4 °C. After preclearing, cell extracts
were incubated with 2 �g of mouse anti-FLAG M2 (Sigma) or
rabbit anti-GFP antibodies (Molecular Probes) for 1 h under
constant shaking at 4 °C. Concurrently, protein G-Sepharose
beads or protein A-Sepharose beads were presaturated with
0.1% bovine serum albumin (Sigma) in PBS in the same condi-
tions for 1 h. After incubation, the beads were washed twice
with lysis buffer and then further incubated with cell extracts
containing the antibodies for 1 h at 4 °C under constant shak-
ing. Sepharose bead-bound immunocomplexes were washed
three times in lysis buffer and eluted in SDS-PAGE sample
buffer for Western blot analysis.
Western Blot Analysis—Cell extracts or immunoprecipitated

proteins were diluted in SDS sample buffer, as described above,
and boiled for 5 min. Proteins were separated on 8–10% SDS-

PAGE gel and transferred to polyvinylidene fluoride Immo-
bilon-Pmembranes (Millipore S.p.A., Vimodrone, Italy) using a
semidry blotting apparatus (Bio-Rad). Membranes were satu-
ratedwith 5% nonfat drymilk in PBS containing 0.1%Tween 20
for 1 h at room temperature and incubated overnight at 4 °C
with the following primary antibodies: mouse anti-Myc and
rabbit anti-Erk2 (1:1000 dilution; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), mouse anti-FLAGM2 and mouse anti-�
tubulin (1:3000 and 1:1000 dilution, respectively; Sigma), and
rabbit anti-GFP antibodies (1:1000 dilution;Molecular Probes).
Secondary anti-mouse IgGs conjugated to horseradish per-
oxidase (Amersham Biosciences) were incubated with the
membranes for 1 h at room temperature at a 1:10,000 dilution
in PBS containing 0.1% Tween 20. Immunostained bands were
detected by chemiluminescence (Santa Cruz Biotechnology).
NF-�BReporter Assay—HeLa cells (1� 105) were cultured in

12-well plates and transfectedwith 0.5�g of anNF-�B-depend-
ent luciferase reporter gene andRenilla luciferase reporter gene
(4 ng) as an internal control together with the constructs for
expression of MyD88 mutants or GFP-MyD88 fusion proteins
by using the FuGENE 6 reagent according to the manufactur-
er’s instructions. Twenty-four h after transfection, the cells
were stimulated or not with 30 ng/ml IL-1� (R&D Systems,
Minneapolis, MN) or 100 �g/ml poly(I-C) (Invivogen, San
Diego, CA) for 6 h. After rinsing with PBS, the cells were har-
vested in two tubes and lysed separately. For biocounter lumi-
nometer analysis, the cells were lysed in 250 �l of passive lysis
buffer (dual luciferase reporter assay system; Promega Italia
S.r.l., Milan, Italy) for 15 min at room temperature. Cell lysates
were cleared for 30 s by centrifugation at top speed in a refrig-
erated microcentrifuge and transferred to a fresh tube prior to
reporter enzyme analysis. Ten�l of cell lysates weremixedwith
100 �l of luciferase assay reagent II (Promega), and the NF-�B-
firefly luciferase activity was determined using a biocounter
luminometer. For the assessment of Renilla luciferase activity,
100 �l of Stop & Glo� reagent were added to the same sample.
For all samples, the reporter data were normalized for transfec-
tion efficiency by dividing firefly luciferase activity by that of the
Renilla luciferase. Data are expressed as mean -fold induc-
tion� S.D. from aminimum of three separate experiments. To
analyze the expression of the MyD88 mutants or GFP-MyD88
fusion proteins, HeLa cells were lysed in 30 �l of buffer (50 mM

HEPES, pH 7.4, 15 mM MgCl2, 150 mM NaCl, 15 mM EGTA,
10% glycerol, 1% Triton X-100, protease inhibitor mixture
(Sigma), 20mM �-glycerophosphate, 2 mM dithiothreitol, 1 mM

Na3VO4). Cells were centrifuged at 10,000 � g for 10 min, and
the resulting supernatants were diluted in SDS sample buffer
for Western blot analysis of levels of wild type or mutated
MyD88 or GFP-MyD88 fusion proteins, respectively.
Immunofluorescence Microscopy—HeLa cells were cultured

in 3-cm diameter dishes and transfected with constructs for
GFP or GFP-MyD88-(27–72) expression by FuGENE 6 reagent
(Roche Applied Science) according to the manufacturer’s
instructions. Twenty h after transfection, HeLa cells expressing
GFP or GFP-MyD88-(27–72) were stimulated with 20 ng/ml
IL-1� for 20 min at 37 °C. The cells were fixed at room temper-
ature for 10 min with 4% paraformaldehyde in PBS and perme-
abilized at room temperature for 30 min with 0.5% Tween 20,
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10% goat serum, 1% bovine serum albumin in PBS. After two
washes in PBS, the samples were incubated overnight at 4 °C
with anti-p65 NF-�B antibodies (1:500 dilution in PBS with 1%
goat serum; Santa Cruz Biotechnology). Cells were washed
three times with PBS and incubated for 1 h at room tempera-

ture with secondary antibodies (1: 500 dilution in PBS; Jackson
ImmunoResearch Laboratories). Hoechst dye (0.1 �g/ml;
Sigma) was added during the last 10 min of incubation to stain
the nuclei. Slides were mounted in Mowiol 4-88 reagent
(Calbiochem).

FIGURE 1. Effect of mutations in MyD88 on NF-�B signaling in HeLa cells. A, alignment of MyD88 DD with homologous protein domains. Conserved amino
acids of the hydrophobic core are shown in open boxes; similar polar or hydrophobic residues are displayed in gray, whereas conserved Ser/Thr residues are
shown in light gray; underlined residues form �-helical motifs according to NMR or x-ray structures; residues in boldface type are the ones selected for
mutagenesis studies. B, NF-�B activity monitored by luciferase reporter assay. HeLa cells were transiently transfected with wild type (WT) or mutant MyD88
constructs together with NF-�B reporter constructs expressing firefly luciferase and a control plasmid expressing Renilla luciferase. After 24 h, the cells were
harvested, and luciferase activity was measured in soluble extracts as described under “Experimental Procedures.” Data were normalized for transfection
efficiency by dividing firefly luciferase activity by that of the Renilla luciferase. Data are expressed as a percentage of wild type � S.D. from a minimum of three
separate experiments. Statistical significance was determined by Student’s t test. *, p � 0.01; **, p � 0.05. C, expression levels of wild type or mutated MyD88
in transfected HeLa determined by Western blotting with either anti-FLAG- or anti-Myc-specific antibodies. Cell extract loading was normalized with anti-Erk2
antibodies (lower panel).
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Densitometry and Statistical Analysis—Densitometric anal-
ysis of the Western blots was performed using underexposed
images from 3–5 experiments and analyzed by ImageQuant
version 5.0 software. Statistical significance was determined
using the two-tailed Student’s t test.

RESULTS

Identification of Residues within the DD of MyD88 That Are
Required for Its Activity—In order to delineate the relevant res-
idueswithin theDDofMyD88 required for self-association and
for interaction with downstream components of the pathway,
we performed site-directed mutagenesis of selected residues.
Previous mutagenesis studies carried out on FADD DD (20)
and Pelle DD (21) highlighted the importance of polar/charged
amino acids located on helices �2, �3, and �5 and loops �2-�3
and �4-�5 for the association with their partners Fas DD and
Tube DD. For the alignment of human and mouse MyD88 and
IRAK1 DD with homologous protein domains, we used the
ClustalW algorithm (22) (Fig. 1A). A structural alignment of
the DD of homologous proteins was performed using the avail-
able crystallographic/NMRdata and the Swiss-Pdb viewer (23).
The amino acids shown in boldface type (Fig. 1) in human
MyD88 were substituted with alanine or asparagine (Arg81),
and the effect on protein function was tested by assaying down-
stream activation of NF-�B caused by overexpression of
MyD88 in the HeLa human cell line. Co-transfection of wild
type or mutant MyD88 with a reporter construct containing
NF-�B-responsive elements upstream of the firefly luciferase
gene confirmed that wild type MyD88 triggers activation of
NF-�B even in the absence of exogenous stimuli (Fig. 1B) (24).
On the other hand, several mutations strongly affected MyD88
function. The E52A/E53A, Y58A, andK95Amutations reduced
NF-�B activation by almost 60% (Fig. 1B, gray bars), whereas
the R81Nmutationwas slightly less effective. The otherMyD88
mutants analyzed activated NF-�B to a similar extent as wild
type MyD88. All of the MyD88 proteins tested were expressed
at comparable levels (Fig. 1C). Remarkably, single substitution
ofGlu52 orGlu53 to alanine indicated that the first glutamic acid
residue (Glu52) is the one required for full function of MyD88,
whereas E53A behaved similarly to the wild type protein. These
results indicate that residues Glu52 (predicted in helix �2),
Tyr58 (predicted in helix �3), and Lys95 (predicted in helix �5)
are required for MyD88 activity.
Mutations in MyD88 DD Affect Recruitment of IRAK1 and

IRAK4—Death domains have six anti-parallel �-helices,
arranged in a Greek key structure (25). TheDD can fold to offer
different surfaces of homomeric interactions (26). In the case of
MyD88, the DD self-associates and also binds to the DDs of

IRAKs (7, 8, 16). To determine which of these functions were
disrupted in the MyD88 loss-of-function mutants, we first
tested their ability to recruit wild type MyD88 by a co-immu-
noprecipitation assay (28). HEK293T cells were co-transfected
with FLAG-tagged wild type or mutated MyD88 and wild type
Myc-tagged MyD88. Cell extracts were immunoprecipitated
with anti-FLAG antibodies, and association with the wild type
protein was tested by detecting Myc-MyD88 in the immuno-
precipitates. Remarkably, none of the mutations impaired
MyD88 self-association (Fig. 2, A and B), demonstrating that
theGlu52, Tyr58, and Lys95 residues are not required forMyD88
self-association.
Next, we tested whether the signaling-defective MyD88

mutants were impaired in their ability to associate with IRAK1
and IRAK4. Since the interaction between MyD88 and these
kinases is rapid and transient, it can be reproducibly detected
only by expressing kinase-dead IRAK1 and IRAK4 (IRAK1KD
and IRAK4KD) (8, 16). Hence, wild type or mutant FLAG-
tagged MyD88 proteins were co-expressed with either Myc-
tagged IRAK1KD (Fig. 2C) or IRAK4KD (Fig. 2E), and cell
extracts were immunoprecipitated with anti-FLAG antibodies.
We observed a strong interaction between wild type MyD88
and IRAK1KD or IRAK4KD (lane 1 in Fig. 2, C and E). By con-
trast, MyD88E52A/E53A, MyD88E52A, and MyD88Y58A were
impaired in the recruitment of both IRAK1KD (Fig. 2C) and
IRAK4KD (Fig. 2E). In line with its ability to elicit NF-�B acti-
vation, MyD88E53A behaved like the wild type protein in the
recruitment of both IRAKs (Fig. 2, C and E). Interestingly,
mutation of the Lys95 residue exerted a different effect on
MyD88 interaction with the two kinases. Indeed, whereas it
strongly bound to IRAK1KD (Fig. 2, C and D), MyD88K95A
interacted less efficiently than the wild type protein with
IRAK4KD (Fig. 2, E and F). These findings highlight novel
amino acid residues, within the DD of MyD88, that are crucial
for the recruitment of IRAK1 and IRAK4 but not for its
self-association.
Identification of the MyD88 DD Region Required for the

Recruitment of IRAK1—Our results suggested that residues
52–95 define a subregion of the MyD88 DD domain required
for the interaction with IRAK1 and IRAK4. To determine
whether expression of different regions of MyD88 DD affected
IL1-R signal transduction, we produced a series of GFP-MyD88
fusion proteins containing portions of this domain, as schemat-
ically represented in Fig. 3A. We reasoned that these chimeric
proteins might exert a dominant-negative effect on the endog-
enousMyD88 by titrating out IRAKs without triggering NF-�B
activation. Using a reporter gene assay, we testedwhether over-

FIGURE 2. Mutations in MyD88 DD affect protein self-association and recruitment of IRAK1 and IRAK4. A, HEK293T cells were transfected with Myc-
MyD88 in combination with wild type (first lane) or mutated (second through sixth lanes) FLAG-MyD88. Twenty h after transfection, cells were collected, and
self-association of MyD88 was assessed by co-immunoprecipitation. Cell extracts were immunoprecipitated (I.P.) with anti-FLAG antibodies, and the immu-
noprecipitated proteins were then analyzed by Western blotting with either anti-FLAG- or anti-Myc-specific antibodies to detect association. The mutations in
FLAG-MyD88 increase MyD88 self-association about 2.5 times in comparison with the wild type protein. B, densitometric analysis of the effect of MyD88
mutants used in A on MyD88 dimerization. C–E, HEK293T cells were transfected with either Myc-IRAK1KD (C) or Myc-IRAK4KD (E) in combination with wild type
(first lane in C and E) or mutated (second through sixth lanes in C and E) FLAG-MyD88. Twenty h after transfection, the cells were harvested, and the interaction of
MyD88 with IRAKs was determined by co-immunoprecipitation. Cell extracts were immunoprecipitated with anti-FLAG antibodies, and the immunoprecipitated
proteins were then analyzed by Western blotting with either anti-FLAG- or anti-Myc-specific antibodies to reveal the interaction. MyD88 mutants (E52A/E53A, E52A,
and Y58A) strongly interfere with recruitment of IRAK1 and IRAK4 by MyD88 (densitometric analysis, D and F). Densitometric data in B, D, and F are expressed as a
percentage of the wild type � S.D. from a minimum of three separate experiments. Statistical significance was determined by Student’s t test. *, p � 0,01; **, p � 0.05.
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expressed GFP or GFP-MyD88 fusion proteins were able to
interfere with IL-1-mediated activation of NF-�B. We found
that GFP-MyD88-(27–72), GFP-MyD88-(30–66), and GFP-
MyD88-(44–110) significantly reduced IL-1-dependent activa-
tion of NF-�B (by approximately 40, 30 and 25%, respectively;
p � 0.01; Fig. 3B). Remarkably, the effect of the GFP-MyD88
DDproteinswas specific, since they did not inhibit activation of
NF-�B by the MyD88-independent (29) poly(I-C)/TLR3 path-
way (Fig. 3B). By contrast, GFP-MyD88-(27–45), MyD88-(40–
72), andGFP-MyD88-(68–172) did not exert significant effects
on either IL-1-dependent or poly(I-C)-dependent activation of
NF-�B (Fig. 3B). Similar amounts of chimeric proteins were
expressed in the samples (Fig. 3C). Since GFP-MyD88-(27–72)
exerted the strongest inhibition of NF-�B transcriptional activ-
ity, which relies on its translocation from cytoplasm to the
nucleus (30), we also tested whether overexpression of GFP-
MyD88-(27–72) interfered with the subcellular localization of
the p65/NF-�B protein. In non-stimulated cells, p65 was local-
ized exclusively in the cytoplasm (Fig. 4, A and C). Stimulation
with IL-1� for 20 min caused the translocation of p65 into the
nucleus of GFP-transfected cells (Fig. 4B). However, in cells
expressing GFP-MyD88-(27–72) (Fig. 4, G and H), we found
that significant amounts of p65 remained in the cytoplasm after
IL-1� treatment (indicated by the arrows in Fig. 4D). Taken
together, these results suggest thatGFP-MyD88-(27–72) atten-
uates MyD88-dependent activation of NF-�B, probably byFIGURE 3. Chimeric GFP-MyD88 proteins differentially affect NF-�B sig-

naling. A, GFP-MyD88 fusion proteins are schematically depicted. B, NF-�B
activity monitored by luciferase reporter assay. HeLa cells were transfected
with GFP or GFP-MyD88 fusion protein constructs together with NF-�B
reporter constructs expressing firefly luciferase and a control plasmid
expressing Renilla luciferase. Twenty-four h after transfection, the cells were
left untreated or were stimulated with either 30 ng/ml IL-1� (dark bars) or 100
�g/ml poly(I-C) (gray bars) for an additional 6 h. At the end of incubation, the
cells were harvested, and luciferase activity was measured in soluble extracts
as described under “Experimental Procedures.” NF-�B-driven firefly luciferase
reporter activity was normalized to the control Renilla luciferase activity, as

described above. Activities are plotted as percentage of GFP � S.D. of at least
three experiments for each fusion protein. GFP-MyD88-(27–72), GFP-MyD88-
(30 – 66), and GFP-MyD88-(44 –110) significantly reduced IL-1-dependent
activation of NF-�B. *, p � 0.01 (n � 3). C, expression levels of GFP-MyD88
fusion proteins in transfected HeLa cells as determined by Western blot with
anti-GFP antibodies. aa, amino acids.

FIGURE 4. GFP-MyD88-(27–72) interferes with the subcellular localiza-
tion of the p65/NF-�B protein. Immunofluorescence analysis of the effect of
GFP-MyD88-(27–72) on nuclear translocation of endogenous NF-�B p65.
HeLa cells were transfected with GFP or GFP-MyD88-(27–72) (panels E and F
and panels G and H, respectively). Twenty h after transfection, the cells were
left untreated (panels A, E, I, and O and panels C, G, M, and Q) or treated with 20
ng/ml IL-1� for 20 min (panels B, F, L, and P and panels D, H, N, and R). Cells
were fixed, blocked, and stained with anti-NF-�B p65 antibodies (red) and
Hoechst (blue) for nuclear staining. Nuclear NF-�B p65 is observed 20 min
after treatment with IL-1� in the cells expressing GFP, but it is held back in
the cytoplasm in those expressing GFP-MyD88-(27–72) (indicated by an
arrow in D).
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exerting a dominant negative effect on MyD88 function in live
cells.
GFP-MyD88-(27–72) Binds IRAK1 and Interferes with Re-

cruitment of IRAK1 and IRAK4 byMyD88—To further investi-
gate the inhibitory effect of GFP-MyD88-(27–72) on MyD88
signaling, we analyzed its ability to bind full-lengthMyD88 and
IRAK1/4 by co-immunoprecipitation assays. GFP or GFP-
MyD88-(27–72) were co-expressed in HEK293T cells with
MyD88, IRAK1KD, or IRAK4KD. Western blot analysis
showed that GFP-MyD88-(27–72) strongly interacted with
IRAK1KD (Fig. 5A), whereas it bound very weakly to either
IRAK4KD (Fig. 5A) or full-lengthMyD88 (Fig. 5A). The associ-

ation of GFP-MyD88-(27–72) with
IRAK1KD was comparable with
that of full-length MyD88 (Fig. 5B),
suggesting that the miniprotein
folded correctly and maintained
the original structure. This result
suggests that this region of MyD88
is sufficient to associate with
IRAK1. To test whether the inhib-
itory effect of GFP-MyD88-(27–
72) was due to its ability to titrate
out IRAK1, we performed co-
immunoprecipitation assays be-
tween MyD88 and IRAK1KD in
HEK293T cells expressing either
GFP or GFP-MyD88-(27–72). As
shown in Fig. 6A, GFP-MyD88-
(27–72) was able to significantly
inhibit (p � 0.01) IRAK1KD re-
cruitment by MyD88 by �70%.
This effect was specific, because
in similar experiments, GFP-
MyD88-(27–72) did not interfere
with MyD88 self-association (Fig.
6B). To test whether inhibition of
IRAK1 recruitment also affected
the interaction of MyD88 with
IRAK4, we co-expressed all com-
ponents of the complex together
with GFP or GFP-MyD88-(27–
72). Co-immunoprecipitation as-
says of MyD88 with IRAK1KD
and IRAK4KD in HEK293T cells
showed that GFP-MyD88-(27–72)
also prevents the recruitment of
IRAK4 by MyD88 (Fig. 6C).
GFP-MyD88-(27–72) Inhibits

IRAK1-dependent Activation of NF-
�B—If GFP-MyD88-(27–72) inhibits
IL-1 signaling through titration of
IRAK1, it should also interfere with
the activation of NF-�B elicited when
this kinase is overexpressed (8, 31).
Using a reporter gene assay, we
observed that overexpression of
wild type or kinase-dead IRAK1

induces NF-�B activation (Fig. 7A). Strikingly, in both cases,
co-expression of GFP-MyD88-(27–72) strongly inhibited
IRAK1-induced NF-�B activation, whereas GFP did not
exert any effect. Similar amounts of GFP or GFP-MyD88-
(27–72) and wild type or kinase-dead Myc-IRAK1 were
expressed in the samples (Fig. 7B). In similar experiments,
wild type and kinase-dead IRAK4 were unable to induce
NF-�B activation in HEK293T cells (data not shown). These
results confirm that the region of the MyD88 DD comprised
between residues 27 and 72 is required for the recruitment of
IRAK1 and for the subsequent activation of the downstream
pathway.

FIGURE 5. GFP-MyD88-(27–72) interacts with IRAK1. A, HEK293T cells were transfected with GFP or GFP-
MyD88-(27–72) in combination with Myc-IRAK4KD (lanes 1 and 2) or Myc-IRAK1KD (lanes 3 and 4) or Myc-
MyD88 (lanes 5 and 6). Twenty h after transfection, the cells were collected, and the interaction of GFP-MyD88-
(27–72) with Myc-IRAK4KD, Myc-IRAK1KD, or Myc-MyD88 was assessed by co-immunoprecipitation. Cell
extracts were immunoprecipitated (IP) with anti-GFP antibodies, and immunoprecipitated proteins were ana-
lyzed by Western blot with either anti-GFP or anti-Myc antibodies to detect association. GFP-MyD88-(27–72)
strongly interacts with IRAK1 (lane 4). Densitometric analysis of the degree of interaction of GFP-MyD88-(27–
72) with Myc-IRAK4KD, Myc-IRAK1KD, or Myc-MyD88, respectively, is shown and is expressed as -fold induction
with respect to MyD88. Statistical significance of the effects observed is indicated as follows. *, p � 0.01 (n � 3).
B, HEK293T cells were transfected with Myc-IRAK1KD in combination with GFP (lane 1), GFP-MyD88 (lane 2), or
GFP-MyD88-(27–72) (lane 3). Twenty h after transfection, the cells were collected, and the interaction of GFP-
MyD88 and GFP-MyD88-(27–72) with Myc-IRAK1KD was assessed by co-immunoprecipitation. Cell extracts
were immunoprecipitated (IP) with anti-GFP antibodies, and immunoprecipitated proteins were analyzed by
Western blot with either anti-GFP or anti-Myc antibodies. Densitometric analysis of the interaction of GFP-
MyD88 and GFP-MyD88-(27–72) with Myc-IRAK1KD is shown and is expressed as -fold induction with respect
to GFP-MyD88.
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DISCUSSION

MyD88 is an adaptor protein that plays a crucial role in
innate immunity (10). MyD88 is required for the intracellular

signaling triggered by stimulation of
most TLR/IL1R receptors. Although
it is generally accepted that MyD88
acts by recruiting the kinases IRAK1
and IRAK4 through interaction
between their respective DDs, the
specific residues involved in such
interactions have not been deter-
mined yet.Herein,we identified three
residues that are required for the
interaction of MyD88 with IRAK1
and/or IRAK4 and whose substi-
tution strongly impairs MyD88-de-
pendent activation of NF-�B. Our
results provide strong evidence that
the region of the DD of MyD88
composed of residues 27–72 (pre-
dicted �1, �2, �3, and NH2-termi-
nal �4 helices) is required for the
recruitment of IRAK1. Moreover,
we demonstrate that overexpres-
sion of this region in cells titrates
out IRAK1 and specifically pre-
vents MyD88-dependent signal-
ing. On the other hand, mutation
of Lys95 in the predicted �5 helix
only affects recruitment of IRAK4.
Thus, our results provide the first
evidence of single site-specific
substitution in the DD of MyD88
that selectively interferes with
downstream components of its
signaling pathway.
A recent crystallographic study

on RAIDD DD and PIDD DD has
demonstrated that the DDs can
form three types of asymmetric
interactions that generate eight dif-
ferent interfaces or complexes (26).
Based on previous nomenclature
(32), these homomeric and hetero-
meric surfaces were named type I (a

and b), type II (a and b), and type III (a and b) (26). By analogy
with these DD-containing proteins, MyD88 might form higher
order oligomers in which each monomeric domain can be

FIGURE 6. GFP-MyD88-(27–72) interferes with recruitment of IRAK1 and IRAK4 by MyD88. A, HEK293T cells were transfected with Myc-IRAK1KD alone
(lane 1) or in combination with FLAG-MyD88 (lanes 2 and 3) in the presence of GFP (lanes 1 and 2) or GFP-MyD88-(27–72) (lane 3). Twenty h after transfection,
the cells were collected, and the effect of either GFP or GFP-MyD88-(27–72) on the interaction of FLAG-MyD88 with Myc-IRAK1KD was evaluated by co-
immunoprecipitation. Cell extracts were immunoprecipitated (IP) with anti-FLAG antibodies, and the immunoprecipitated proteins were then analyzed by
Western blotting with either anti-FLAG or anti-Myc antibodies to detect association. GFP-MyD88-(27–72) strongly interferes with recruitment of IRAK1 by
MyD88 (lane 3). Densitometric analysis of these results is depicted. GFP-MyD88-(27–72) significantly inhibited IRAK1KD recruitment by MyD88 (*, p � 0.01; n �
3). B, HEK293T cells were transfected with Myc-MyD88 alone (lane 1) or in combination with FLAG-MyD88 (lanes 2 and 3) in the presence of GFP (lanes 1 and 2)
or GFP-MyD88-(27–72) (lane 3). Twenty h after transfection, the cells were harvested, and the effect of either GFP or GFP-MyD88-(27–72) on MyD88 self-
association was assessed by co-immunoprecipitation. Cell extracts were immunoprecipitated with anti-FLAG antibodies, and immunoprecipitated proteins
were analyzed by Western blotting with either anti-FLAG or the anti-Myc antibodies to detect MyD88 self-association. GFP-MyD88-(27–72) does not interfere
with MyD88 self-association (lane 3). Densitometric analysis of these results is shown. C, HEK293T cells were transfected with Myc-IRAK1KD and Myc-IRAK4KD
alone (lane 1) or in combination with FLAG-MyD88 (lanes 2 and 3) in the presence of GFP (lanes 1 and 2) or GFP-MyD88-(27–72) (lane 3). Twenty h after
transfection, the cells were collected, and the effect of either GFP or GFP-MyD88-(27–72) on the interaction of FLAG-MyD88 with Myc-IRAK1KD and Myc-
IRAK4KD was evaluated by co-immunoprecipitation. Cell extracts were immunoprecipitated with anti-FLAG antibodies, and the immunoprecipitated proteins
were then analyzed by Western blotting with either anti-FLAG or anti-Myc antibodies to detect interaction. GFP-MyD88-(27–72) strongly interferes with
recruitment of IRAKs by MyD88 (lane 3).

FIGURE 7. GFP-MyD88-(27–72) interferes with activation of NF-�B induced by overexpression of IRAK1.
A, NF-�B activity monitored by luciferase reporter assay. HeLa cells were transfected with GFP or GFP-MyD88-(27–
72) together with NF-�B firefly luciferase, Renilla luciferase, and wild type (WT) Myc-IRAK1 (dark gray) or kinase-dead
(KD) Myc-IRAK1 (light gray) constructs. Twenty-four h after transfection, the cells were harvested, and luciferase
activity was measured in soluble extracts, as described under “Experimental Procedures.” NF-�B-driven firefly lucif-
erase reporter activity was normalized to the control Renilla-luciferase activity, as described above. Activities are
plotted as mean -fold induction � S.D., compared with control only transfected with NF-�B firefly luciferase and
Renilla luciferase constructs of at least three experiments. GFP-MyD88-(27–72) significantly reduces NF-�B activity
induced by overexpression of Myc-IRAK1WT or Myc-IRAK1KD (*, p � 0.01; **, p � 0.05). B, expression levels of GFP,
GFP-MyD88-(27–72) and Myc-IRAK1WT or Myc-IRAK1KD in transfected HeLa as determined by Western blotting
with anti-GFP or anti-Myc antibodies. Cell extract loading was normalized with anti-tubulin (lower panel). GFP-
MyD88-(27–72) exerts a dominant negative effect on IRAK1-induced activation of NF-�B.
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engaged in three types of interactions, named type I–III. These
interfaces can form either homo- or heteroassociation to yield a
large multimeric complex competent for signaling.
By following the proposed type of interaction for RAIDD-

PIDD complex (26), the residues Glu52 and Tyr58 ofMyD88 are
comprised in a type Ib interface, which asymmetrically inter-
acts with a type Ia interface; analogously, the corresponding
residues Leu136 and Gln142/Tyr814, respectively, in RAIDD-
PIDD (Fig. 1A) disrupted in vitro complex assembly following
their mutation.
Theoretically, the region encompassing the residues Glu52–

Tyr58 could interact with a type Ia surface of MyD88 itself,
IRAK1, or IRAK4. However, our results suggest that in the case
of MyD88, this type Ib surface recruits IRAK1. This is sup-
ported by the evidence thatmutations in these residues strongly
reduce the recruitment of IRAKs but do not impair MyD88
self-association. Moreover, a mini-MyD88 protein encompass-
ing these residues associates with IRAK1 but not with IRAK4.
Although GFP-MyD88-(27–72) is an artificial chimeric pro-
tein, it appeared to fold properly, because its ability to associate
with IRAK1 was comparable with that of full-length MyD88.
Our co-immunoprecipitation experiments indicate that res-

idue Lys95 of MyD88 is required for the association between
MyD88 and IRAK4. By following the alignment depicted in Fig.
1A, the residues of RAIDD and PIDD corresponding to Lys95
are Ala186 and Gln859, respectively, and lie in the �5-�6 loop.
Both Ala186 of RAIDD and Gln859 of PIDD are exposed to sol-
vent, and Gln859 results in participation in a type I heteromeric
interaction with the Gln125 residue of RAIDD, which is located
at the end of the�1 helix (26). Thus, based on these findings and
our new experimental results, wemight speculate thatMyD88-
IRAK4 heteromeric association also occurs via an extended
type I interface comprising the �5-�6 loop.
A previous study reported that the first 172 residues of

MyD88 are required for the interaction with IRAK4. This
region contains the whole DD and ID and a small portion of the
TIR domain (6). However, neither the isolated DD nor the ID
was sufficient for this interaction, suggesting that the binding
region is composed of residues spanning both the DD and the
ID or that the ID induces a change in the conformation of the
DD that is required for association with IRAK4 (6). Our results
are compatible with both models proposed in the previous
study and suggest that Lys95 is one of the residues in theDD that
are crucial for the recruitment of IRAK4. Since Lys95 is replaced
by a leucine in mouse MyD88, it is possible that the hydropho-
bic contribution of the lysine, rather than its charge, is impor-
tant for this interaction. Crystal structure analyses of MyD88-
IRAK complexes will be required to fully elucidate the mode(s)
of interaction between these proteins.
While this manuscript was in preparation, it was reported

that children with recurrent pyogenic infections display
MyD88mutations in the DD or TIR domain of the protein (33).
Interestingly, one of the TIR mutations (the heterozygous mis-
sense mutation R196C) was within the heptapeptide MyD88-
(196–202) (i.e.Ac-RDVLPGT-NH2) thatwe previously showed
to be critically involved in promoting dimerization of the TIR
domains of MyD88 (34). Intriguingly, von Bernuth and co-
workers (33) have also found that a homozygous in-frame

MyD88 deletion (i.e. E52 del) provokes functional MyD88 defi-
ciency due to defective IRAK4 recruitment. Although they did
not reportwhether IRAK1 is similarly affected, our present data
indicate thatMyD88E52A is defective in the recruitment of both
IRAK1 and IRAK4.Moreover, the region composed of residues
27–72 preferentially associates with IRAK1 and not IRAK4. It is
possible that mutation of Glu52 also affects the region of inter-
action with IRAK4, possibly due to their common presence in
an extended heteromeric type Ib interface similar to that
described in the RAIDD-PIDD model (see Fig. 3D in Ref. 26).
Since our mutagenesis study has identified a MyD88 loss-of-
function mutation found in patients, it is possible that Tyr58
and Lys95 are additional residues that, if mutated, cause defec-
tive MyD88 signaling and might pave the way for selected
genetic analyses of these residues in patients affected by other
immunological disorders.
The work presented herein is based on structural/functional

analyses of MyD88 and on site-directed mutagenesis of resi-
dues potentially involved in protein-protein interactions.
Although most of our experiments are performed in trans-
fected cells overexpressing recombinant proteins, several
observations indicate that the conclusions that can be reached
with this approach are physiologically relevant. First, a previous
study using the same approach with the TIR domain of MyD88
has allowed us to identify a region composed of residues 196–
202 that are required for MyD88 function (34). These results
were then independently confirmed by other investigators (35).
Remarkably, a small cell-permeable peptide encompassing
these amino acids specifically inhibits MyD88 function also in
live cells (34). To our knowledge, this peptide is currently the
only commercially available MyD88-specific inhibitor and has
contributed to defining the role of TLR/MyD88 function in
several cellular and physiological systems (36–39). Second, a
synthetic molecule mimicking the structure of this peptide
reproduced the effect on MyD88 dimerization and specific
inhibition of IL1-R-mediatedNF-�B activation both in live cells
and animals (28). Third, two of the three mutations (Glu52 and
Arg196) identified in immunologically deficient children by von
Bernuth and co-workers (33) have been anticipated by our
structural/functional and mutagenesis analyses (this work)
(28), strongly indicating the validity of this approach. Thus, the
results presented herein, which point to Glu52, Tyr58, and Lys95
as crucial residues for MyD88 signaling, might provide the
rational basis for the design of new cell-permeable peptides or
synthetic molecules that specifically suppress TLR/MyD88-
mediated responses. Since aberrant regulation of this pathway
is relevant for several inflammatory and autoimmune diseases
(40, 41), it may be predicted that the development of specific
inhibitors of this pathway will be valuable for a novel therapeu-
tic approach of such diseases (14, 27).
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