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Myeloid differentiation protein 88 (MyD88) is a key signaling
adapter in Toll-like receptor (TLR) signaling.MyD88 is also one
of the most polymorphic adapter proteins. We screened the
reported nonsynonymous coding mutations in MyD88 to iden-
tify variants with altered function. In reporter assays, a death
domain variant, S34Y, was found to be inactive. Importantly, in
reconstituted macrophage-like cell lines derived from knock-
out mice, MyD88 S34Y was severely compromised in its ability
to respond to all MyD88-dependent TLR ligands. Unlike wild-
type MyD88, S34Y is unable to form distinct foci in the cells
but is present diffused in the cytoplasm. We observed that
IRAK4 co-localizes with MyD88 in these aggregates, and thus
these foci appear to be “Myddosomes.” The MyD88 S34Y loss-
of-function mutant demonstrates how proper cellular localiza-
tion of MyD88 to the Myddosome is a feature required for
MyD88 function.

Toll-like receptors (TLRs)4 are a part of the innate immune
system and play a critical role in host defense against a variety of
pathogens. Ten functional TLRs in humans and 12 inmice have
been identified to date (1). Each TLR recognizes different cate-
gories of evolutionarily conserved patterns called pathogen-as-
sociated molecular patterns in microbes. For example, TLR4
recognizes lipopolysaccharide (LPS) from the cell walls of bac-
teria, whereas CpG-rich DNA from bacteria and viruses acts as
the ligand for TLR9.
Much of the diversity of TLR pathways can be attributed to

differential use of the TIR domain-containing adapter proteins.
There are four adapter proteins: MyD88, MyD88 adapter-like
(Mal), also called TIR domain-containing adapter protein
(TIRAP), TIR domain-containing adapter-inducing interfer-
on-� (TRIF), and TRIF-related adaptor molecule (TRAM).

MyD88 is a key adapter protein involved in signaling from all of
the TLRs except TLR3 and the TRIF-mediated arm of TLR4
signaling. Thus, depending on its use, TLR pathways can be
divided into MyD88-dependent and MyD88-independent
pathways. The engagement of a particular TLR by its ligand
triggers a signaling cascade, which culminates in the secretion
of various proinflammatory cytokines and interferons.
MyD88 is a 296-amino acid protein with a modular domain

structure. In addition to the N-terminal TIR domain, it has a
death domain at its C terminus. The crystal structure of the
MyD88 death domain has recently been resolved, and it reveals
that MyD88 exists in oligomeric form in solution (2). These
oligomers of MyD88 can recruit the death domains of interleu-
kin-1 receptor-associated kinase (IRAK)4 and IRAK2 to form
a ternary complex called the Myddosome.
The importance of single nucleotide polymorphisms (SNPs)

in TLR-related proteins has recently been brought to the fore-
front, with many studies implicating SNPs in disease suscepti-
bility and outcome (3–7). Mal and MyD88 are the most poly-
morphic of the four adapter proteins, andMal has received the
most scrutiny in this regard (8–10). However, other than a
study by Von Bernuth et al., where children with MyD88 defi-
ciencies were shown to have recurrent pyogenic bacterial infec-
tions (11), studies on MyD88 variants have been scarce. The
central role of MyD88 in TLR signaling thus warrants a deeper
understanding of the effects of SNPs on the activity/function of
MyD88.
In this study we have screened the six nonsynonymous poly-

morphisms in the coding region of MyD88 with the aim of
identifying polymorphisms that alter the function of MyD88.
We identify and characterize a death domain variant, S34Y, that
is completely inactive in all MyD88-dependent TLR signaling.
We further show that this mutant has a localization pattern
different from that of wild-type (WT) MyD88 and is unable to
form Myddosomes with IRAK4 and IRAK2.

EXPERIMENTAL PROCEDURES

Plasmids and Site-directed Mutagenesis—The plasmids
pEFBOS-MyD88-HA (12), pCMV-IRF5-FLAG (13), NF-�B
luciferase, interferon-stimulated response element (ISRE)
luciferase, and Renilla luciferase (14), and the retroviral vector
pMSCV2.2-IRES-GFP (15) have been described elsewhere.
The different variants of MyD88 (in pEFBOS-MyD88-HA and
pMSCV2.2-ISRE-GFP background) were generated by using
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the QuikChange site-directed mutagenesis kit (Stratagene)
according to the manufacturer’s instructions. Cerulean-tagged
IRAK4 and citrine-tagged MyD88 were cloned into a vector
that was modified from the original pCLXSN backbone from
Imgenex (16). All of the expression constructs were verified by
sequencing.
Luciferase Reporter Assay—HEK293T cells were seeded in a

96-well plate at a density of 20,000 cells/well and transfected the
next day with either NF-�B or ISRE luciferase reporter (40 ng),
Renilla reporter (40 ng), and the indicated amounts of either
pEFBOS-MyD88 (WT) or the different variants using Gene-
juice (EMDBiosciences, SanDiego, CA). In the case of the ISRE
reporter assay, interferon response factor 5 (IRF5) (5 ng) was
co-transfected. Twenty-four hours after transfection, reporter
gene activity was measured using the Dual Luciferase Assay
System (Promega). The thymidine kinase Renilla luciferase
reporter values were used to normalize the data for transfection
efficiency.
Retroviral Transduction of Immortalized Macrophage-like

Cell Lines—The immortalized MyD88-deficient macrophage-
like cell line has been described elsewhere (17). The retroviral
vectorMSCV2.2 (15) carrying eitherHA-taggedWTMyD88 or
MyD88 S34Y was used to transduce MyD88-deficient cells.
This retrovirus transcribes GFP from an internal ribosomal
entry sequence (IRES) element. The positive cells were thus
sorted based on GFP expression, and the expression of the
MyD88 proteins was compared by immunoblotting with
anti-HA antibody.
Enzyme-linked Immunosorbent Assay—WT, MyD88-defi-

cient, and MyD88-deficient cells expressing WT MyD88 or
MyD88 S34Y were seeded into 96-well plates at a density of
25,000 cells/well and stimulated overnight with TLR ligands at
the indicated concentrations. TNF-� in the supernatants was
measured using ELISA kits fromR&DSystems according to the
manufacturer’s instructions. The same supernatants were also
assessed for IFN-� levels as described (18).
I�B-� Degradation and MAPK Activation Assays—WT,

MyD88-deficient, and MyD88-deficient cells expressing WT
MyD88 or MyD88 S34Y were seeded into a 6-well plate at a
density of 2 � 106 cells/well. The next day, the cells were stim-
ulated with either PAM2CSK4 (10 nM) or R848 (20 �M) for the
indicated time intervals. Cell lysates were run on an SDS dena-
turing gel, transferred to a nitrocellulose membrane, and
immunoblotted with either anti-I�B-� antibody or anti-phos-
pho-p38 antibody (Cell Signaling Technology). Anti-GAPDH
(Advanced Immunochemicals) or anti-total p38 antibodies,
respectively, were used to reprobe the membranes to check for
equal loading of the gels.
IRAK1 Degradation Assays—Cells were plated in a 6-well

plate at a density of 2 � 106 cells/well and stimulated the next
day with either PAM2CSK4 (10 nM) or R848 (20 �M) for the
indicated time intervals. Cell lysates were run on a denaturing
gel andWestern blottedwith anti-IRAK1 antibody (Cell Signal-
ing Technology). GAPDH was used as an internal loading
control.
Confocal Microscopy Imaging—HEK293T cells were seeded

in 35-mm glass bottom tissue culture dishes (Mat Tek Corpo-
ration) at a density of 250,000 cells/dish. Next day, the cells

were transiently transfected with the indicated plasmids.
Twenty-four hours later, live cells were imaged on a Leica SP2
AOBS confocal laser-scanning microscope. A sequential scan
was conducted for co-localization studies to rule out any possi-
bility of cross-talk between the different fluorophores.
Recruitment of MyD88 to Cell Membrane—A MyD88-defi-

cientmacrophage-like cell linewas infectedwith retrovirus car-
rying either MyD88 (WT)-citrine or S34Y-citrine. The positive
cells were sorted by flow cytometry and then allowed to recover
for 2–3 days. The cells were seeded in 35-mm glass bottom
tissue culture dishes at a density of 250,000 cells/dish. The next
day, they were stimulated with either LPS (100 ng/ml) or
poly(I�C) (20 �g/ml).
Fluorescence Energy Resonance Transfer (FRET)—HEK293T

cells were seeded in 35-mm glass bottom tissue culture
dishes at a density of 150,000 cells/dish. Next day, the cells
were transiently transfected with the indicated plasmids.
FRET between the respective proteins was calculated by
measuring sensitized emission (SE) fluorescence using the
FRET SE wizard on the Leica SP2 confocal laser-scanning
microscope. In each case, cerulean-tagged protein acted as
the donor fluorophore whereas the citrine-tagged protein
functioned as the acceptor fluorophore. Excitationwavelengths
for the donor and acceptor were 405 nM and 514 nM, respec-
tively. The FRET efficiency is shown as a color-coded scale of
values between 0 and 100%. The average of three selected
regions of interest was used to quantitate the FRET efficiency
for each sample.

RESULTS

S34Y Overexpression Fails to Activate Both NF-�B and IRF5-
dependent ISREReporters—HumanMyD88has six nonsynony-
mous SNPs in its coding region (Fig. 1A). When expressed in

FIGURE 1. Transient expression of MyD88 S34Y is unable to activate
NF-�B and IRF-5 dependent ISRE reporters. A, schematic of MyD88 domain
structure depicting the position of the various nonsynonymous SNPs is
shown. B, HEK293T cells were transfected with HA-tagged versions of either
WT MyD88 or the different variants of MyD88, and expression levels were
checked using anti-HA antibody. C, HEK293T cells were transfected with the
indicated MyD88 construct and either NF-�B luciferase (left) or ISRE-lucif-
erase � IRF5 (right). Twenty-four hours later, luciferase activity was measured in
cell lysates. Renilla luciferase values were used to normalize for transfection effi-
ciency. Results are reported as a mean of triplicate determinations � S.D. (error
bars). The graphs are a representative of three (left) or two (right) independent
experiments. DD, death domain; WB, Western blotting.
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HEK293T cells, all mutants are expressed at levels similar to
WT MyD88 (Fig. 1B), indicating no intrinsic protein stability
defect. To identify variants with altered function, we initially
screened all knownSNPs inNF-�B reporter assays inHEK293T
cells. WT MyD88, when overexpressed, can drive the NF-�B
reporter by itself. As evident in Fig. 1C (left panel),mostMyD88
variants exhibited activity comparable with (L35V, L74M,
K115N, V178I) or slightly reduced from (R98C) that of WT
MyD88. One of the variants, S34Y, however, was completely
inactive in driving the NF-�B reporter. Additionally, we tested
the activity of theMyD88 variants in IRF5-mediated ISRE lucif-
erase reporter assays. IRF5 is a transcription factor whose acti-
vation is dependent onMyD88. Similar to the NF-�B luciferase
assay, WT MyD88 and all variants except S34Y were able to
activate the ISRE reporter (Fig. 1C, right panel). S34Ywas com-
pletely compromised in its ability to drive the ISRE luciferase
reporter.
S34Y Is Unable to Restore Function in Immortalized MyD88-

deficient Macrophage-like Cell Line—To study these polymor-
phisms in a MyD88-deficient background, we transduced an
immortalized MyD88-deficient macrophage cell line (17) with
a retrovirus MSCV2.2 (15) carrying an HA-tagged version of
either WT MyD88 or S34Y. This retrovirus transcribes GFP
from an IRES element, thus making the positively transduced
cells fluorescent. Western blotting with an anti-HA antibody
confirmed comparable levels of expression of WTMyD88 and
S34Y (Fig. 2A). When stimulated with the different TLR
ligands, immortalized WT cells responded to all the tested
ligands (Fig. 2B) and secreted appreciable amounts of the cyto-
kine TNF-�. On the other hand, MyD88 knock-out cells could

not mount a response to any ligand (LPS, PAM2CSK4, CpG, or
R848) except poly(I�C), which is a TLR3 ligand and signals inde-
pendently of MyD88. As expected, MyD88 knock-out cells
expressing WT MyD88 behaved just like the WT cell line and
responded to all ligands (Fig. 2B). In contrast, cytokine produc-
tion in cells expressing S34Y was completely ablated when
stimulated with any of the MyD88-dependent ligands. They
could, however, respond just as well as the other cell lines to the
TLR3 ligand poly(I�C). A similar pattern was seen in the case of
another proinflammatory cytokine, IL-6 (data not shown). To
test whether MyD88-independent pathways are functional in
S34Y-expressing cells, we measured IFN-� production upon
LPS stimulation, which is mediated primarily by the adapter
TRIF. The cells expressing the mutant S34Y were able to pro-
duce IFN-� at levels similar toWT cells (Fig. 2C). Hence, S34Y
impairs only MyD88-dependent TLR signaling, whereas cyto-
kine production by MyD88-independent pathways remains
unaffected.
NF-�B and MAPK (p38) Activation Is Impaired in Macro-

phages That Express MyD88 S34Y—TLR engagement leads to
the activation of a variety of transcription factors like NF-�B,
AP-1, and IRFs (19), as well as mitogen-activated protein
kinases (MAPKs) (20), although NF-�B is the predominant
transcription factor involved in MyD88-dependent signaling.
I�B-� is the inhibitor of NF-�B, and its degradation via ubiq-
uitination implies activation of NF-�B.We thus tested the acti-
vation status of NF-�B in the cell lines expressing WTMyD88
or S34Y. Immortalized WT, MyD88-deficient, MyD88-defi-
cient cells expressingWTMyD88or S34Ywere stimulatedwith
either PAM2CSK4 (a TLR2 ligand) or R848 (a TLR7 ligand).

FIGURE 2. MyD88-deficient macrophages expressing S34Y have impaired cytokine production. A, MyD88-deficient macrophages were infected with an
IRES-GFP-expressing retrovirus MSCV2.2, carrying HA-tagged versions of either WT MyD88 or the mutant S34Y. The positive cells were sorted based on GFP
expression, and the expression levels of the proteins were checked using an anti-HA antibody. B, cells were stimulated overnight with the indicated TLR ligands,
and the levels of TNF-� in the culture supernatants were analyzed by ELISA. Results are reported as a mean of triplicate determinations � S.D. (error bars). The
graph is a representative of three independent experiments. C, same supernatants (only LPS stimulation) were analyzed for IFN-� levels by ELISA. Results are
reported as a mean of triplicate determinations � S.D. The graph is a representative of three independent experiments.
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These two ligands were selected based on the localization pat-
tern of their receptors. TLR2 is a cell membrane receptor,
whereas TLR7 is an endosomal TLR. Thus, using these ligands
gives a complete picture of MyD88-dependent signaling from
both sites: cell surface as well as the endosome. The immortal-
ized WT cells responded to both PAM2CSK4 and R848 and
could degrade I�B-� starting as early as 10 min (Fig. 3A).
MyD88-deficient cells, however, did not respond to either
ligand, and we could see no degradation of I�B-� in these
cells. The cells expressing WT MyD88 behaved like the WT
macrophages and could degrade I�B-� starting at 10 min.
On the other hand, the cells expressing S34Y were com-

pletely deficient in their ability to degrade I�B-� when stim-
ulated with either PAM2CSK4 or R848 (Fig. 3A).
Having demonstrated that S34Y-expressing cells exhibit

impairedNF-�B activation, wewonderedwhether this defect in
response included impairedMAPK activation.We selected p38
MAPK as a prototype of MAPK activation and examined its
phosphorylation status as a marker for its activation. Phosphor-
ylation of p38MAPK followed the same pattern as NF-�B acti-
vation, and S34Y-expressing cells did not phosphorylate p38
upon stimulation with either PAM2CSK4 or R848 (Fig. 3B).
Thus, S34Y is a nonfunctional mutation that renders MyD88
completely defective in signaling.
Signaling through MyD88 S34Y Does Not Lead to the Forma-

tion of a Functional Signaling Complex—Once a TLR is acti-
vated by its respective ligand, MyD88 recruits IRAK1 and
IRAK4 to the receptor complex through death domain interac-
tions. IRAK4 then phosphorylates and activates IRAK1, which
can then autophosphorylate itself. This hyperphosphorylated
formof IRAK1 then undergoes ubiquitination-mediated degra-
dation (21, 22). These phosphorylation and degradation events
are thus hallmarks of an active signal transduction pathway.
We initially hypothesized that the S34Y mutant MyD88 is

unable to bind either IRAK1 or IRAK4. However, co-immuno-
precipitation assays in HEK293T cells revealed that the pres-
ence of the S34Ymutation does not affect the ability of MyD88
to bind either IRAK1 or IRAK4 (data not shown). We thus
tested whether the activation signal is effectively relayed to the
downstream effectors by analyzing the degradation of IRAK1.
Treatment with either PAM2CSK4 or R848 results in degrada-
tion of IRAK1 as early as 5 min, in the WT immortalized cells
(Fig. 4). As expected, the MyD88-deficient cells are not able to
form an active signalosome and hence cannot degrade IRAK1.
MyD88-deficient cells expressing WT MyD88 behaved simi-
larly to WT cells and could respond to both of the tested
ligands. The cells expressing S34Y, however, were unable to
degrade IRAK1 upon stimulation with PAM2CSK4 or R848.
Hence, even thoughMyD88 S34Y is able to interactwith IRAK4

FIGURE 3. I�B degradation and MAPK (p38) activation are impaired in macrophages that express MyD88 S34Y. A, NF-�B activation was examined by
assessing I�B degradation. Cells were plated in a 6-well plate and stimulated with either 10 nM PAM2CSK4 or 20 �M R848 for the indicated time intervals. Cell
lysates were made, run on a gel, transferred to nitrocellulose membrane, and blotted (IB) with an anti-I�B antibody. GAPDH levels served as an internal loading
control. B, same cell lysates were also analyzed for p38 MAPK activation by examining phosphorylation of p38 using anti-pp38 antibody. Total p38 MAPK levels
acted as an internal loading control.

FIGURE 4. Macrophages expressing S34Y are unable to degrade IRAK1
effectively. IRAK1 degradation was examined in the reconstituted cell lines
as a marker of an active signal complex formation. Cells were plated in a 6-well
plate and stimulated with either 10 nM PAM2CSK4 or 20 �M R848 for the indi-
cated time intervals. Cell lysates were made, run on a gel, transferred to nitro-
cellulose membrane, and blotted (IB) with an anti-IRAK1 antibody. GAPDH
levels served as an internal loading control.
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and IRAK1, these interactions are not functional or occur at a
level that is much reduced compared with WT MyD88 (as
immunoprecipitation assays are not reliably quantitative), and
thus the activation signal is not conveyed to the downstream
effectors.
Having shown that MyD88 S34Y is completely defective in

signaling through the TLRs, we next sought an explanation for
this phenotype. Co-immunoprecipitation assays in HEK293T
cells did not reveal a defect in the ability of MyD88 S34Y to
interact with any of the known binding partners of MyD88
(data not shown).
S34Y Has a Different Localization Pattern than WT MyD88—

Because the S34Y mutation did not seem to affect any interac-
tions, we next tested whether MyD88 S34Y has a localization
pattern different from that ofWTMyD88. In 1998, Jaunin et al.
demonstrated that WTMyD88, when expressed in HeLa cells,
is localized in fibrillar aggregates (23). A number of other
groups reported similar findings, including our own group (24,
25). Indeed,we found thatwhen citrine-taggedWTMyD88was
expressed in HEK293T cells, it localized to aggregates or dis-
tinct foci in the cytoplasm, with almost no diffuse cytoplasmic
expression (Fig. 5A, upper panels). S34Y, however, was com-
pletely diffuse in the cytoplasm, with no aggregate structures
(Fig. 5A, lower panels). To confirm that the aggregates we see in
the case of WT MyD88 are indeed oligomeric complexes of
MyD88, we carried out FRET analysis with cerulean- and cit-
rine-tagged MyD88 (WT). Both cerulean- and citrine-tagged
MyD88 localized to the condensed structures in the cell, and a
very strong FRET signal could be observed between the two
differentially tagged WT MyD88s (Fig. 5B). In contrast, ceru-
lean and citrine-tagged S34Y co-localized in the cytoplasmwith

a complete absence of aggregates. In this case, the FRET effi-
ciency was significantly lower than the WT experimental set,
thus demonstrating that the S34Ymutation affects the ability of
MyD88 to form its own oligomeric complexes.
Some recent studies suggest that the activity/function of

MyD88 might be related to its correct subcellular targeting or
the ability to aggregate in the cytoplasm. A study by Nishiya
et al. demonstrated that the signaling function of MyD88 is
dependent on its correct cellular localization, and the entire
non-TIR region of MyD88 is responsible for its correct local-
ization (26). They further show that the deletions or trunca-
tions in this region that change the localization ofMyD88,mak-
ing it diffusely expressed in the cytoplasm, also render MyD88
inactive in NF-�B reporter assays. Hence, in accordance with
previously published reports, we show that proper localization
ofMyD88 is indispensable for its function. In addition, we show
that a naturally occurring loss-of-function mutation of MyD88
changes the subcellular localization of MyD88.
S34Y Does Not Traffic to the Cell Membrane—When citrine-

tagged MyD88 (WT) or S34Y is expressed in MyD88-deficient
macrophages, they both retain their characteristic localization
pattern. WT MyD88 is present in condensed aggregates
whereas S34Y is diffused cytoplasmic (Fig. 6A, left panel). To
investigate ligand-dependent MyD88 recruitment to the site of
activation, we stimulated the cells with the TLR4 ligand, LPS.

FIGURE 5. Unlike WT MyD88, S34Y does not form oligomeric aggregates.
A, citrine-tagged WT MyD88 or S34Y (green) was transfected into HEK293T
cells. The next day, live cells were imaged using standard confocal proce-
dures. B, HEK293T cells were transiently transfected with the indicated plas-
mids. FRET between cerulean- and citrine-tagged WT MyD88 or cerulean- and
citrine-tagged S34Y was calculated by measuring SE fluorescence using FRET
SE wizard on the Leica SP2 confocal laser-scanning microscope. The FRET
efficiency is shown as a color-coded scale of values between 0 and 100%.

FIGURE 6. S34Y does not traffic to the cell membrane. A, macrophages
expressing either citrine-tagged MyD88 WT or S34Y were imaged using
standard confocal microscopy. The cells were either left untreated (left panel)
or stimulated with LPS (100 ng/ml) for 45 min (right panel). B, HEK293T cells
were transfected with cerulean-tagged Mal either by itself or in conjunction
with citrine-tagged WT MyD88 or S34Y. The next day the cells were imaged
using standard confocal microscopy procedures. C, HEK293T cells were tran-
siently transfected with the indicated plasmids. FRET between Mal and WT
MyD88 or S34Y was calculated by measuring SE fluorescence using FRET SE
wizard on the Leica SP2 confocal laser-scanning microscope. The FRET effi-
ciency is shown as a color-coded scale of values between 0 and 100%.
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Forty-fiveminutes after stimulation,MyD88 could be observed
at the cell membrane (Fig. 6A, right panel). Thismobilization of
MyD88 requires activation by a MyD88-dependent ligand, as
poly(I�C), a TLR3 ligand, failed to inducemobilization (data not
shown). However, no change could be observed in S34Y-ex-
pressing cells. LPS stimulation did not lead to S34Y trafficking
to the membrane (Fig. 6A, right panel).
We also tested the co-localization of MyD88/S34Y with

the adapter Mal. When WTMyD88 is co-expressed with Mal/
TIRAP, it relocalizes from the condensed foci to the cell mem-
branewhere it co-localizeswithMal (25).Wehad similar obser-
vations whenwe transiently transfectedMal-ceruleanwithWT
MyD88-citrine. Instead of being localized to distinct foci in the
cytoplasm, MyD88 was co-localized at the cell membrane with
Mal (Fig. 6B). As a control, we co-expressed Mal D96N with
WT MyD88. Mal D96N is a naturally occurring mutation of
Mal that interferes withMyD88 binding (27). As expected, Mal
D96Nwas unable to trafficWTMyD88 to the membrane (data
not shown). In the case of S34Y, co-expressed with Mal, S34Y
retained its diffuse cytoplasmic expression and did not get
recruited to the membrane. Because co-immunoprecipitation
assays did not reveal a defect in the binding of MyD88 S34Y
withMal, we employed FRET analysis to shed some light on the
interactions between Mal and MyD88 S34Y. WT MyD88 and
Mal co-expression resulted in a strong FRET signal limited to
the cell membrane, the site of interaction (Fig. 6C). In contrast,
S34Y and Mal generated a comparatively weaker FRET signal,
in the cytoplasm. Thus, even though S34Y interacts withMal in
the cytoplasm, it is unable to be recruited to themembrane, the
functional site for Mal- and MyD88-dependent receptor acti-
vation. The recruitment of WT MyD88 but not S34Y to the
membrane illustrates the fact that the observed aggregates of
MyD88 are functional oligomers and not merely an artifact of
overexpression.
MyD88 S34Y Fails to Assemble into Myddosomes—Recently,

the crystal structure of the MyD88-IRAK4-IRAK1 death
domain complex has been determined (2). These three proteins
are present in a ternary complex consisting of six MyD88, four
IRAK4, and four IRAK2 death domains. These oligomeric
structures have been named “Myddosomes” by the authors.We
hypothesized that the foci thatWTMyD88 seems to localize to
(Fig. 5A) may be Myddosomes, and the S34Y mutation ablates
the ability of MyD88 to form these oligomeric structures.
According to Lin et al., the assembly of the Myddosome is a
sequential process (2). Although the MyD88 death domain by
itself is able to form oligomers at high concentration, IRAK4
and IRAK2 death domains are monomeric in solution. How-
ever, in the presence of MyD88, IRAK4 is oligomerized and
forms a complex with oligomeric MyD88. This then acts as a
platform for recruitment of IRAK2 and IRAK1. The authors
believe that this hierarchical assembly is essential for bringing
the IRAKs into a proper conformation for their phosphoryla-
tion and activation (2). In our study, when cerulean-tagged
IRAK4was expressed in HEK293T cells, it was present diffused
in the cytoplasm (Fig. 7Ai). However, when we co-expressed
citrine-tagged WT MyD88, we observed co-localization of
IRAK4 with MyD88 in distinct foci which we believe are Myd-
dosomes (Fig. 7Aii). In contrast, whenMyD88 S34Y was co-ex-

pressed with IRAK4, we observed both proteins to co-localize
in the cytoplasm and have a diffuse expression pattern (Fig.
7Aiii). Similar observations were made for IRAK2 and MyD88
(WT or S34Y) co-localization (data not shown). Thus, in agree-
mentwith Lin et al., we show that IRAK4 and IRAK2 co-localize
withMyD88 and formMyddosomes. The S34Ymutation abro-
gates the ability of MyD88 to form these oligomeric structures.
To confirm the formation of a complex betweenMyD88 and

IRAK4, we examined the occurrence of FRET between IRAK4

FIGURE 7. S34Y fails to assemble into a Myddosome. A, cerulean-tagged
IRAK4 (red) was transfected either by itself (i) or in conjunction with citrine-
tagged WT MyD88 (ii) or S34Y (iii) (green) into HEK293T cells. The next day, the
cells were imaged using sequential scanning, and co-localization of the two
proteins was assessed. These images are representative of at least three inde-
pendent experiments. B, HEK293T cells were transiently transfected with the
indicated plasmids. FRET between IRAK4 and WT MyD88 or S34Y was calcu-
lated by measuring SE fluorescence using FRET SE wizard on the Leica SP2
confocal laser-scanning microscope. The FRET efficiency is shown as a color-
coded scale of values between 0 and 100%. C, FRET efficiency for both the
samples (IRAK4-WT MyD88 and IRAK4-S34Y) was obtained by calculating the
average efficiency of different regions in each FRET image. This experiment is
a representative of two independent experiments.
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and WT MyD88. Cerulean-tagged IRAK4 and citrine-tagged
MyD88 were used as the donor and acceptor, respectively. A
strong FRET signal was detected between IRAK4 and WT
MyD88 in the regions of co-localization (Fig. 7B, upper panels).
Three different regions of interest in the FRET efficiency image
were selected, and their average was used to denote the FRET
efficiency of the sample (Fig. 7C). FRET between WT MyD88
and IRAK4 occurred at a very high efficiency of 36%. Because
the efficiency of FRET is inversely proportional to the distance
between the twoparticipating proteins, such a high FRET signal
implies that IRAK4 andWTMyD88 interact strongly with each
other and are present in a complex. Similar FRET experiments
with the mutant MyD88 S34Y, however, yielded quite a low
FRET signal (Fig. 7B, lower panels) with an average efficiency of
8% (Fig. 7C), suggesting that though both IRAK4 and S34Y are
present diffused in the cytoplasm, they are not in close proxim-
ity and do not form a functional complex, required for the func-
tion of MyD88.

DISCUSSION

TLRs are critical formounting an effective immune response
against invading pathogens. The signaling cascade that ensues
upon ligand recognition is marked by finely orchestrated
molecular interactions between the receptor and the adapters,
as well as various downstream kinases and effector molecules.
SNPs in the coding regions of proteins involved in such a sig-
naling pathway can sometimes alter the functional properties of
the protein, thus affecting the outcome of the signal transduc-
tion pathway. HumanMyD88 has six nonsynonymous SNPs in
its coding region, making it one of the most polymorphic TLR
adapter proteins. However, the effect of these SNPs on the
function of MyD88 remains poorly understood. In our study,
we have screened these SNPs with the hypothesis that some of
them may alter the signaling potential of MyD88. We report
that one of the polymorphisms, S34Y, which lies in the death
domain of MyD88, is a complete loss-of-function variant of
MyD88. Of note, we did not observe a dramatic phenotype in
MyD88 R98C, in contrast to results reported elsewhere (28).
Cellular biological studies of signalingmolecules are typically

done in easily transfectable cells, like HEK293T, which have
little in commonwith the innate immune cells they are thought
to represent. Typically, studies in HEK293T cells are inherently
compromised due to the presence of the WT alleles. Using
immortalized macrophages from MyD88 knock-out animals,
we have successfully reconstituted both fully functional macro-
phage cell lines and mutant macrophage lines using viral
expression systems. These extensive studies have shown that
effector cells are extraordinarily destabilized by both the
absence ofMyD88 (as would have been predicted) and by S34Y.
Indeed, some of themost important effector functions, in addi-
tion to the activation of NF-�B and its associated downstream
genes (such as TNF-�), were clearly compromised by the
expression of S34Y, including p38 activation downstream from
TLRs 2 and 7. When one takes into account the variety of
immune defects that we have documented in macrophages
expressing S34Y, it is no surprise that S34Y appears to be a rare
mutation, rather than a true “polymorphism,” and is similar in
incidence to MyD88 deficiency (11). Indeed, we screened 267

samples from healthy individuals and 105 DNA samples from
children with meningococcal sepsis and failed to find a single
individual in either group with even a single mutant allele (data
not shown). Although knock-out mice with MyD88 deficiency
seem to survive well in our “clean” animal facilities, there seems
to be little question that in real life, functional MyD88 is a
necessity.
The death domain (and the intervening region between the

death and TIR domains) of MyD88 has earlier been implicated
in the proper localization of MyD88 (26). Nishiya et al. demon-
strated that the entire non-TIR region of MyD88 is important
tomaintain the distinct and condensed pattern ofMyD88 local-
ization. In fact, there have been other reports that illustrate
similar findings, that indeed MyD88 is present in aggregate
structures in the cytoplasm (23, 25). Furthermore, this seems to
be a characteristic of MyD88 that is conserved across species
(29). A recent study by Liu et al. show that zebrafish MyD88 is
also expressed as large condensed spots in the cytoplasm of
cells, and this observation is reproducible in different cell lines.
Moreover, there seems to be a correlation between the localiza-
tion and function of MyD88. Both Nishiya et al. and Liu et al.
find that deletions or mutations that change the expression
pattern ofMyD88 from condensed spots to diffuse cytoplasmic
localization also affect the function of MyD88, making it inac-
tive in signaling. In view of all these studies, we compared the
localization pattern of WT MyD88 and the variant S34Y. As
expected, WT MyD88 was localized to large condensed spots,
in the cytoplasm. However, S34Y had a completely different
pattern of expression. It was present diffused in the cytoplasm
and did not form any aggregates.
The condensed spots thatMyD88 seems to localize to have as

yet not been associated with any subcellular organelle or struc-
ture. In light of the report by Lin et al. we propose that these
aggregate structures are Myddosomes, helical oligomers of
MyD88, IRAK4, and IRAK2 or MyD88, IRAK4, and IRAK1.
However, there is currently no method to study the exact stoi-
chiometry of IRAK4/IRAK2/MyD88 aggregates inside the cell,
and hence we cannot formally demonstrate that these aggre-
gates are Myddosomes. The presence of fluorescent oligomers
is reminiscent of the ability to view other large protein assem-
blies devoted to innate immunity, such as the ability to view
pyroptosome formation using fluorescent constructs of ASC
that are expressed in the presence of an NLR and caspase 1 (the
so-called “speckle” assay) (30). Consistent with the findings by
Lin et al. we show that MyD88 by itself is present in aggregates
whereas IRAK4 is diffusely expressed in the cytoplasm. How-
ever, on co-expressing them, IRAK4 co-localizes to these dis-
tinct foci along with MyD88. Most importantly, the mutant
MyD88 S34Y is unable to formMyddosomes with IRAK4. The
crystal structure of theMyddosomes resolved by Lin et al. used
just the death domains of the three proteins involved. We, on
the other hand, have employed full-length proteins in all our
studies and show for the first time the formation of Myddo-
somes in cells. More importantly, we identify a natural loss of
function mutation in MyD88 that disrupts its ability to form
Myddosomes.
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