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Abstract 

Background:  A universal adaptor protein, MyD88, orchestrates the innate immune response by propagating signals 
from toll-like receptors (TLRs) and interleukin-1 receptor (IL-1R). Receptor activation seeds MyD88 dependent forma-
tion of a signal amplifying supramolecular organizing center (SMOC)—the myddosome. Alternatively spliced variant 
MyD88S, lacking the intermediate domain (ID), exhibits a dominant negative effect silencing the immune response, 
but the mechanistic understanding is limited.

Methods:  Luciferase reporter assay was used to evaluate functionality of MyD88 variants and mutants. The dimeriza-
tion potential of MyD88 variants and myddosome nucleation process were monitored by co-immunoprecipitation 
and confocal microscopy. The ID secondary structure was characterized in silico employing I-TASSER server and 
in vitro using nuclear magnetic resonance (NMR) and circular dichroism (CD).

Results:  We show that MyD88S is recruited to the nucleating SMOC and inhibits its maturation by interfering with 
incorporation of additional components. Biophysical analysis suggests that important functional role of ID is not sup-
ported by a well-defined secondary structure. Mutagenesis identifies Tyr116 as the only essential residue within ID 
required for myddosome nucleation and signal propagation (NF-κB activation).

Conclusions:  Our results argue that the largely unstructured ID of MyD88 is not only a linker separating toll-interleu-
kin-1 receptor (TIR) homology domain and death domain (DD), but contributes intermolecular interactions pivotal in 
MyD88-dependent signaling. The dominant negative effect of MyD88S relies on quenching the myddosome nuclea-
tion and associated signal transduction.
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Background
Innate immune system provides the forefront host 
defense against invading pathogens. Pattern recogni-
tion receptors (PRRs) recognize molecules characteris-
tic for pathogens enabling rapid response to emerging 
threats [1, 2]. Toll-like receptors (TLRs), TLR1-10, play 
an eminent role among PRRs [3]. TLRs send warn-
ing signals in response to a diverse range of pathogen 

specific molecules including bacterial lipopeptide 
(TLR2 associated with TLR1 or TLR6), lipopolysac-
charide (TLR4), bacterial flagellin (TLR5), viral dsRNA 
(TLR3), viral or bacterial ssRNA (TLR7 and TLR8) and 
CpG-rich unmethylated DNA (TLR9) [4]. Despite func-
tional diversity, TLRs share common structural organi-
zation and all involve intracellular Toll-interleukin-1 
receptor (TIR) domains for signal transduction [5]. TIR 
domains are even more universal. They are additionally 
involved in signal transduction by interleukin-1 family 
receptors and constitute functional domains of a num-
ber of cytosolic adaptor proteins, which link receptors 
and intracellular events. Five TIR-domain-containing 
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adaptor proteins are involved in inflammatory signal 
transduction: myeloid differentiation primary response 
88 (MyD88), MyD88-adaptor-like (MAL; known as 
TIRAP), TIR-domain-containing adaptor protein 
inducing IFNβ (TRIF; known as TICAM1), TRIF-
related adaptor molecule (TRAM; known as TICAM2) 
and sterile-alfa and armadillo motif-containing protein 
(SARM) [6].

MyD88 is the central adaptor of innate immunity, inte-
grating signaling via IL-1 receptor (IL-1R) and all TLRs, 
except TLR3. MyD88L (long) contains three domains: the 
N-terminal death domain (DD), the central linker region 
known as the intermediate domain (ID) and the C-termi-
nal TIR domain [7]. MyD88-dependent signaling relies 
on an assembly of a supramolecular organizing center 
(SMOC), a unique multiprotein complex, known as the 
myddosome [8, 9]. The SMOC is formed in response to 
pathogen mediated stimulation of TLRs/ligand medi-
ated stimulation of IL-1 receptor [10]. Intracellular TIR 
domains of stimulated receptors transiently interact with 
TIR domains of MyD88 providing a nucleation point for 
DD-mediated assembly of the myddosome. Homotypic 
interactions among MyD88 death domains constitute the 
core of the myddosome which recruits DD-containing 
IRAK kinases (IRAK4, IRAK1/2) by virtue of hetero-
typic DD interactions. Myddosome formation initiates 
the phosphorylation cascade which propagates the sig-
nal into the nucleus via activation of NF-κB and activator 
protein 1 (AP-1) ultimately leading to the production of 
inflammatory mediators.

Timely immune response is essential to combat the 
invading pathogens, but excessive or chronic inflam-
mation may have devastating consequences to the host. 
Efficient, multilevel control is embedded into the innate 
responses and includes, among others, switching of 
splicing variants with opposing functions [11]. Human 
MyD88 gene maps to chromosome 3p21.3-p22 and con-
tains five exons [12, 13]. The first exon encodes a com-
plete DD (amino acids 1–109; GenBank no. U70451), the 
second exon encodes the ID (110–155) and the last three 
exons encompass the TIR domain (156–296). Two major 
splice variants of MyD88 have been identified: full length 
protein MyD88L and a shorter variant, MyD88S (short), 
missing exon 2 which results in an in-frame deletion of 
entire ID. MyD88L is the primary functional product at 
short stimulation times and transduces the activating sig-
nals. MyD88S is detected only at continuous stimulation 
with bacterial products or proinflammatory cytokines 
[14, 15] and acts as a dominant negative regulator of 
IL-1β and LPS-induced NF-κB activation, silencing the 
prolonged immune response. Reportedly, the antago-
nistic activity of MyD88 splicing variants is related to 
their differential ability to recruit IRAK4 [16]. Failure 

to recruit IRAK4 to the myddosome precludes IRAK1/
IRAK2 phosphorylation terminating the signal.

Recognition of the opposing functional roles of MyD88 
splicing variants is not supported by mechanistic under-
standing. In contrast to relatively well-established role 
of DD and TIR domains in MyD88 activity, the involve-
ment of ID is poorly understood at the structural level. 
Crystal structure of a myddosome fragment (complex 
of DDs of MyD88, IRAK4 and IRAK2; PDB ID: 3MOP) 
[9] and cryo-EM structure of helical filament of MyD88 
DDs (PDB ID: 6I3N) [17] have only defined the arrange-
ment of the initial part of ID. Here, using domain frag-
mentation and mutational analysis coupled to functional 
characterization in myddosome formation and signal 
transduction assays, and biophysical approaches, we 
define the mechanistic role of ID in myddosome assem-
bly. Assessing the intermolecular interactions guiding the 
nucleation of the myddosome, we provide the mechanis-
tic rationale for the dominant negative effect of MyD88S.

Results
Intermediate domain (ID) has essential function 
in MyD88‑dependent signaling
It has been demonstrated earlier, that myddosome sign-
aling converges at NF-κB activation and that MyD88L 
overexpression in a cell results in spontaneous myddo-
some assembly and signaling even in the absence of 
receptor stimulation [18]. To assess the functional char-
acteristics of MyD88 domains we used a well validated 
overexpression-coupled NF-κB reporter assay [19–23]. 
Tested domains and their combinations (Fig.  1A) were 
overexpressed in MyD88-defficient HEK293-I3A cell 
line [20] to exclude the potential influence of endog-
enous MyD88. Overexpression of MyD88L, contain-
ing DD, ID and TIR domains, resulted in stimulation of 
NF-κB driven reporter expression while overexpression 
of MyD88S, containing only DD and TIR domains, had 
no effect (Fig.  1A) despite reaching protein expression 
levels comparable to MyD88L (Fig.  1B). These results 
demonstrate that the ID is essential for spontaneous 
MyD88 signaling in the absence of receptor stimula-
tion. Overexpression of TIR domain itself had no effect 
on NF-κB-driven reporter expression. Overexpression 
of the C-terminal part of MyD88 (IDTIR) containing ID 
and TIR domains had no effect on transgene expression, 
demonstrating that ID domain is not sufficient to induce 
spontaneous myddosome assembly. We were unsuccess-
ful in overexpressing the DD itself in our system (Fig. 1B), 
but earlier study demonstrated that it is insufficient to 
induce NF-κB-responsive promoter [24]. Overexpression 
of N-terminal part of MyD88 (DDID) containing DD and 
ID resulted in stimulation of reporter expression com-
parable to that obtained at overexpression of MyD88L, 
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demonstrating that ID appended DD is sufficient to 
nucleate kinetically driven myddosome assembly, while 
TIR domain is dispensable in this process (the assay does 
not account for upstream signaling where TIR domains 
are indeed essential) [25, 26].

Only a small fragment of ID mediates its function 
in myddosome assembly
Having demonstrated the essential role of the ID in 
myddosome assembly we wanted to gain mechanis-
tic insight. To delineate the regions of functional sig-
nificance, consecutive fragments of ID were substituted 
with alanine residue stretches of corresponding length 

(Fig.  2B) and overexpressed in the context of MyD88L 
while monitoring NF-κB-responsive reporter gene 
expression. All tested mutants were expressed at com-
parable level as demonstrated by Western Blot (Fig. 2C). 
Overexpression of all, but two, tested mutants induced 
the reporter expression at the level comparable to 
MyD88L (Fig. 2A) suggesting that the amino acid compo-
sition of the major part of ID is irrelevant for its function 
in sustaining downstream signaling. Only alanine sub-
stitution of residues Gln114-Leu118 (Ala2) significantly 
affected the reporter expression, compared to the wild 
type MyD88L—the mutant has lost its ability to activate 
the reporter. The activating potential of Glu110-Cys113 

Fig. 1  Intermediate domain (ID) of MyD88 is essential for downstream signaling. A Effect of overexpression of different domains of MyD88 and 
their combinations (depicted schematically to the left) in HEK293-I3A (MyD88−/−) cells on NF-κB-driven reporter expression. The response was 
normalized to MyD88L signal. Values are presented as means ± SD from triplicates. Statistical significance was determined by Student’s t-test 
(**p < 0.001). # indicates no expression. B Semiquantitative analysis of transgene expression by Western Blot (α-Flag). α-Tubulin was used as the 
loading control

Fig. 2  Residues Gln114-Leu118 mediate ID function in MyD88 dependent signaling. A Stretches of consecutive residues (indicated in panel B) in 
MyD88 ID were exchanged to alanine and the effect of mutant overexpression on NF-κB driven reporter expression was evaluated in HEK293-I3A 
cells. Response was normalized to MyD88L. Values are presented as means ± SD from triplicates. Statistical significance was determined by Student’s 
t-test (*p < 0.05, **p < 0.001). B Conservation of MyD88 ID across species and residues selected for alanine substitution. C Level of transgene 
expression in experiment shown in (A) determined by Western blot. α-tubulin was used as the loading control
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(Ala1) mutant was slightly reduced compared to the wild 
type, but the effect barely reached statistical significance. 
This demonstrates that despite the conserved nature of 
the intermediate domain of MyD88 (Fig.  2B), only resi-
dues Gln114-Leu118 have a significant role in myddo-
some formation. Deletion of Gln114-Leu118 (ΔAla2) 
had a similar effect on transgene expression as the ala-
nine substitution—the deletion mutant lost its ability to 
activate the reporter, again signifying the role of Gln114-
Leu118 in myddosome assembly.

The effect of alanine substitution of residues Gln114-
Leu118 (Ala2) or deletion of said residues (ΔAla2) was 
comparable to the effect of MyD88S (where ID is com-
pletely absent) and in fact the empty vector control. 
These results suggest that residues Gln114-Leu118 pro-
vide the majority of interactions within the intermediate 
domain necessary for myddosome assembly and down-
stream signaling in tested conditions.

ID is largely unstructured
Interspecies sequence conservancy of ID could suggest 
a conserved structure of this domain. To the contrary, 
our observation that the amino acid sequence of the 
major part of ID is irrelevant to its function suggested its 
unstructured nature. To address this apparent inconsist-
ency we characterized the folding of ID in more detail.

In silico prediction of the structure of ID (as a 46 amino 
acid residues isolated peptide) of MyD88 with I-TASSER 
[27–29] suggested primarily flexible random coil organi-
zation. Only the initial 14 amino acid residues (corre-
sponding to Glu111-Glu124 of MyD88L) were predicted 
to assume an α helical fold consistent with prior crystal 
and cryo-EM structures of MyD88 DD, were the several 
initial residues of ID were defined as a continuation of 
the C-terminal α helix of DD.

To evaluate in silico predictions we synthesized a 
peptide corresponding to the intermediate domain of 
MyD88 (Glu110-Gly155) and assessed its structure 
in solution. The hydrodynamic radius of the peptide 
determined by size exclusion chromatography was dif-
ferent in native and denaturing conditions. Partition 
coefficients (KAV; 0.697 and 0.649, respectively) and 
related Stokes radii (RS 2.03 and 2.43 nm, respectively) 
indicated structure relaxation in denaturing conditions, 
suggesting that some internal interactions stabilize the 
structure of the peptide in native conditions (phosphate 
buffered saline) (Fig. 3A).

Circular dichroism (CD) spectrum of ID in PBS was 
typical of an intrinsically disordered peptide with a deep 
minimum at c.a. 200  nm. Nonetheless, the spectrum 
could have been deconvoluted into 60% share of disor-
dered structure, but also 25% of beta strands, suggesting 
that ID is characterized by some secondary structure ele-
ments. Accordingly, a CD spectrum recorded at denatur-
ing conditions showed higher ellipticity in the range of 
210–230 nm indicating increased disorder (Fig. 3B).

1H NMR monitored hydrogen–deuterium exchange 
experiment demonstrated that the secondary structures 
within ID are not stable in over a dozen minutes time-
scale. 1D proton NMR spectrum of ID peptide in water 
showed a complicated signal from amide protons while 
the signal disappeared almost completely when the pep-
tide was dissolved in 91% D2O signifying that all the 
amide hydrogens freely exchange for deuterium (Fig. 3C). 
This suggests that none of the amide protons within ID is 
involved in intermolecular hydrogen bonds stable in over 
a dozen minutes timescale.

Collectively, our results argue that the structure of 
isolated ID is primarily a random coil with residual and 
unstable secondary structure elements.

Fig. 3  Structural characterization of ID. A Size exclusion profiles of 46 amino acid peptide corresponding to ID (Glu110-Gly155) of MyD88 suggest 
that the peptide is characterized by a secondary structure which is affected by a chaotropic agent. B Circular dichroism suggests a primarily 
intrinsically disordered nature of ID with low content of secondary structures which may by further unfolded in presence of a chaotropic agent. C 
Amide region of 1H NMR spectrum of ID in water (top) and 91% D2O (bottom). Deuterium exchange of amide protons is seen as hydrogen signal 
disappearance. A fragment of the aliphatic region is shown for reference (right)—aliphatic hydrogens do not exchange, signal remains unaffected
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Substitution of only five residues in the ID of MyD88L 
mimics the dominant negative effect of MyD88S
The robust overexpression model of myddosome 
assembly is useful for evaluating the downstream 
effects, but poorly resembles the physiological triggers 
involved in myddosome formation. This is especially 
evident when TIR domain is considered, which is not 
required for signaling in the overexpression model, but 
was previously demonstrated indispensable in receptor 
mediated signaling [25, 26]. Therefore, we re-evaluated 
the effect of MyD88(114–118)Ala (Ala2) in recep-
tor triggered myddosome formation model (Fig.  4D). 
Tested MyD88 construct and NF-κB-driven reporter 
were co-transfected into HEK293 cells. Wild type cells 
were used to allow the detection of dominant negative 
effect of MyD88S (a model of MyD88 isoform switch-
ing). The transfected cells were stimulated with IL-1β 
or TNFα to distinguish MyD88-dependent and -inde-
pendent effects, respectively.

The level of reporter gene expression in IL-1β stimu-
lated, empty vector transfected control cells reflects 
endogenous MyD88 signaling in wild type cells (Fig. 4A). 
Overexpression of MyD88L above the endogenous level 
has only little effect on IL-1β induced transgene expres-
sion demonstrating that the endogenous signaling is 
already close to saturation. MyD88S overexpression has 
a dominant negative effect dose dependently reducing 
IL-1β induced transgene expression. Also MyD88(114–
118)Ala (Ala2) overexpression dose dependently reduced 
IL-1β induced transgene expression at the level com-
parable to MyD88S, demonstrating that substitution 
of Gln114-Leu118 in the ID of MyD88L is sufficient to 
mimic the dominant negative effect of MyD88S. Overex-
pression of randomly selected mutant, MyD88(129–133)
Ala (Ala5) had no effect, again demonstrating that amino 
acid composition of the major part of ID is irrelevant for 
its function.

MyD88 independent TNFα signaling was evaluated 
in parallel, to control for even transduction with the 

Fig. 4  MyD88(114-118)Ala (Ala2) mimics the dominant negative effect of MyD88S. A Effect of overexpression of indicated MyD88 variants on 
IL-1β (10 ng/ml) and TNFα (100 ng/ml) induced stimulation of NF-κB responsive reporter expression tested in the presence of endogenous MyD88 
in HEK293T cells. Data are normalized to the response of empty vector transfected and cytokine stimulated cells, and are shown as means ± SD 
of triplicate samples. Statistical significance was determined by Student’s t-test (*p < 0.05, **p < 0.001). B Effect of overexpression of indicated 
Flag-tagged MyD88 variants on the phosphorylation state of selected MyD88 effectors in HEK293-I3A cells. C Interaction of MyD88 variants 
(Flag-tagged) with endogenous IRAK4 was analyzed by co-immunoprecipitation on anti-Flag beads and evaluated using anti-Flag and anti-IRAK4 
antibodies. D Diagram of simplified MyD88 signaling
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reporter plasmid and for unspecific effects of overexpres-
sion of MyD88 variants on the overall cell metabolism. 
Neither of tested MyD88 variants had significant effect 
on MyD88 independent TNFα pathway, supporting the 
specific nature of the effects induced by tested variants 
within IL-1β pathway.

To further support the specific, myddosome forma-
tion related nature of the effects of tested MyD88 vari-
ants on reporter gene expression we looked at the activity 
of effector proteins involved in classical MyD88 signal-
ing. The total level of cellular IRAK4, a kinase directly 
downstream MyD88 in myddosome assembly, has not 
been affected by overexpression of any tested MyD88 
variants in MyD88 deficient cells (Fig.  4B). Overexpres-
sion of MyD88L induced IRAK4 phosphorylation, con-
sistent with the known ability of MyD88L to initiate 
myddosome formation, recruitment and activation of 
IRAK4. Overexpression of MyD88(129–133)Ala (Ala5) 
resulted in phosphorylation of IRAK4 comparable to that 
induced by MyD88L demonstrating that the mutant is 
able to recruit and activate IRAK4 in a manner compara-
ble to the wild type. Overexpression of MyD88S induced 
no IRAK4 phosphorylation consistent with the inability 
of this splicing variant to induce myddosome signaling. 
Phosphorylation of IRAK4 has neither been detected 
upon overexpression of MyD88(114–118)Ala (Ala2) con-
sistent with the observation that this mutant does not 
sustain myddosome signaling. Moreover, unlike MyD88L 
and MyD88(129–133)Ala (Ala5), neither MyD88S nor 
MyD88(114–118)Ala (Ala2) were able to recruit IRAK4 
kinase in a pulldown assay (Fig.  4C). This demonstrates 
that lack of phosphorylation of IRAK4 upon overex-
pression of the latter two variants of MyD88 is associ-
ated with compromised physical interaction of relevant 
MyD88 variants and IRAK4. These results collectively 
suggest that switching of MyD88 splicing variants medi-
ates regulation of myddosome signaling by affecting the 
very initial step of myddosome complex formation—
recruitment and activation of IRAK4.

IRAK1 kinase is recruited directly downstream of 
IRAK4 within the spatial organization of the myddosome. 
MyD88L overexpression resulted in phosphorylation of 
IRAK1 and resultant depletion of non-phosphorylated 
kinase (Fig. 4B), both consistent with the nucleating effect 
of MyD88L in myddosome formation. MyD88(129–133)
Ala (Ala5) had similar effect on IRAK1 phosphorylation 
as the wild type MyD88L. Contrary, overexpression of 
MyD88S had no effect on IRAK1 phosphorylation con-
sistent with inability of MyD88S to induce phosphoryla-
tion of IRAK4. The effect of MyD88(114–118)Ala (Ala2) 
overexpression on IRAK1 phosphorylation was compa-
rable to that of MyD88S, again demonstrating that sub-
stitution of only five residues in the ID of MyD88L is 

sufficient to mimic the effect of physiological ID removal 
in MyD88S.

Overexpression of both MyD88L and MyD88(129–133)
Ala (Ala5) induced phosphorylation of IκBα, the pri-
mary regulator of NF-κB (Fig.  4B), demonstrating that 
the signal initiated upon kinetically driven myddosome 
assembly, and propagated by IRAK kinase phospho-
rylation indeed converges at NF-κB activation. Again, 
overexpression of either MyD88S or MyD88(114–118)
Ala (Ala2) had no effect on the phosphorylation state of 
IκBα, consistent with the fact that neither MyD88S nor 
MyD88(114–118)Ala (Ala2) induced phosphorylation of 
downstream IRAK kinases.

Tyr116 is the central functional residue 
within the intermediate domain of MyD88L
We demonstrated above that at most five out of 46 resi-
dues constituting MyD88L ID are essential for myddo-
some assembly. To dissect the functions of particular 
residues within functionally relevant Gln114-Leu118 
fragment we again employed alanine scanning cou-
pled NF-κB reporter assay. Single residue mutants 
MyD88(Q114A), K115A, I117A and L118A stimulated 
transgene expression at the level of MyD88L demonstrat-
ing that these residues are dispensable in ID function 
(Fig.  5A, B). Only MyD88(Y116A) resulted in signifi-
cant reduction in transgene expression compared to the 
wild type (MyD88L), demonstrating the essential role of 
Y116 in mediating ID function. The effect of Y116A was 
less pronounced compared to that of MyD88(114–118)
Ala (Ala2) suggesting that in the absence of Y116 other 
residues in the vicinity may partially compensate its func-
tion. However, the primary role of Y116 is corroborated 
by the fact that A116Y completely rescues the phenotype 
of MyD88(114–118)Ala (Ala2) to that of the wild type 
(MyD88L).

The initial eight residues of ID (Glu110-Ile117) are 
defined in the crystal structure of the myddosome [9] 
providing clues concerning the structural role of Y116. 
The fragment of ID defined by the electron density sup-
ports homotypic interactions of MyD88 DDs. In fact, the 
intermolecular interactions within ID are contributed 
only by Y116 participating in the network of hydrogen 
bonds with Arg32 and Glu104 of adjacent MyD88 DDs 
(Fig.  5C). To evaluate the involvement of these interac-
tions in myddosome signaling we tested the ability of sin-
gle, double and triple mutant overexpression to stimulate 
NF-κB driven reporter. MyD88(R32A) and E104A were 
compromised in their ability to activate NF-κB respon-
sive promoter compared to MyD88L and demonstrated 
activity similar to MyD88(Y116A). Double mutants 
(Y116A, R32A) and (Y116A, E104A) were further com-
promised compared to the single mutants. The triple 
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mutant was characterized by the lowest activating poten-
tial, demonstrating the importance of the hydrogen bond 
network around Y116 in myddosome nucleation. How-
ever, the activity of none of the mutants reached the level 
of MyD88(114–118)Ala (Ala2) or MyD88S again dem-
onstrating that adjacent residues (Gln114, Lys115, Ile117 
and Leu118) may partially compensate the function of 
the hydrogen bond network involving Y116.

Functional ID is not essential for homotypic MyD88 
interactions
The dominant negative effect of MyD88 variants lack-
ing functional ID requires homotypic interaction with 
MyD88L. To evaluate this requirement, HA-tagged 
MyD88L was co-expressed with tested Flag-tagged 
MyD88 variants, the putative complexes were pulled 
down using anti-Flag beads and analyzed for putative co-
immunoprecipitation of MyD88L using α-HA. Expect-
edly, HA-MyD88L co-precipitated with Flag-MyD88L 

demonstrating that the native complex is stable at assay 
conditions and that tagging does not interfere with the 
interaction (Fig.  6A). MyD88S was able to pull down 
MyD88L from the cell lysate suggesting that ID is dis-
pensable for the interaction. Correspondingly, all tested 
mutants within ID, regardless their ability to induce 
myddosome dependent signaling, were effective in pull-
ing down MyD88L from the cell lysate (Fig.  6A), again 
suggesting that ID is dispensable for heterodimerization 
(and possibly hetero-oligomerization) of MyD88 vari-
ants. Further, isolated TIR domain was not effective in 
pulling down MyD88L, suggesting that homotypic TIR/
TIR interactions, if relevant at all, have only transient 
nature and that myddosome nucleation is guided primar-
ily by interaction of DDs. The latter conclusion is cor-
roborated by the fact that a construct containing only DD 
and ID (DD-ID) was able to pull down MyD88L. Unfor-
tunately, we were unable to obtain detectable expression 
of Flag- or HA- tagged DD to test its presumed ability to 

Fig. 5  Hydrogen bond network around Tyr116 facilitates myddosome dependent signaling. A Induction of NF-κB-driven reporter expression 
in HEK293-I3A cells by overexpression of indicated MyD88 variants. Response was normalized to wild type MyD88L. Values are presented as 
means ± SD from triplicate samples. Statistical significance was determined by Student’s t-test (*p < 0.05, **p < 0.001). B Transgene expression in 
experiment shown in panel A was analyzed by Western blot. α-tubulin was used as a loading control. C The hierarchical myddosome assembly (PDB 
ID 3MOP). Intermolecular hydrogen bond network around Tyr116 mediating the homotypic interactions of adjacent MyD88 protomers are shown 
in close-ups
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pull down MyD88L. However, we show that DD-ID(Ala2) 
pulls down MyD88L, again demonstrating that the abil-
ity to initiate myddosome nucleation is distinct from 
the capability to sustain signaling. A simple explanation 
would require MyD88S mediated termination of myddo-
some nuclei expansion, however Flag-MyD88S is able to 
pull down HA-MyD88S (Fig. 6B) demonstrating that the 
mechanism of signal termination is more complex.

The above findings suggest that ID is dispensable for 
myddosome nucleation defined as MyD88 homotypic 
interactions involving at least dimerization and possi-
bly further oligomerization, which our co-immunopre-
cipitation assay does not allow to distinguish.

Fig. 6  ID controls myddosome maturation. A Homotypic interactions of MyD88 variants. HA-tagged MyD88L was co-expressed with indicated 
(left) Flag-tagged MyD88 variants. Co-immunoprecipitation on anti-Flag beads was evaluated using α-HA Western blot. B Same as in panel A, but 
HA-tagged MyD88S was used. C Formation of supramolecular organizing centers (SMOCs; indicated by arrowheads) by indicated (top) MyD88 
variants. mCherry labeled MyD88 variants were overexpressed in HEK293-I3A cells and imaged by confocal microscopy. Colocalization with 
GFP-labeled IRAK4 was evaluated. D mCherry fusion does not affect the NF-κB responsive promoter activating ability of overexpressed MyD88 
variants. Values are presented as means ± SD from triplicate samples. Statistical significance was determined by Student’s t-test (**p < 0.001). E 
Transgene expression in experiment shown in panel D analyzed by Western blot. α-tubulin was used as the loading control



Page 9 of 15Pustelny et al. Cell Communication and Signaling           (2022) 20:10 	

Functional ID is essential for the formation of myddosome 
supramolecular organizing centre (SMOC)
MyD88 signals through nucleation of myddosome SMOC 
which propagates the receptor activation on the cascade 
of IRAK kinases. To follow SMOC formation by confo-
cal microscopy we tagged tested variants of MyD88 with 
mCherry. The activity of tested variants of chMydD88 
in NF-κB reporter assay was comparable to nonlabelled 
counterparts (Fig.  6D), demonstrating that labelling 
had no significant effect on signalling. Overexpression 
of chMyD88L in HEK293-I3A cells resulted in granular 
pattern of red fluorescence while mCherry showed even 
cytoplasmic distribution (not shown) indicating MyD88L 
mediated SMOC formation (Fig.  6C). C-terminal GFP 
tagged IRAK4 (only DD was used to avoid autophos-
phorylation induced dissociation of IRAK4 from the 
myddosome) co-localized with chMyD88L, demonstrat-
ing recruitment of the kinase to the myddosome. When 
mCherry-tagged MyD88S was overexpressed, uniform 
cytoplasmatic distribution was observed demonstrat-
ing that ID is essential for SMOC formation (Fig.  6C). 
Consequently, distribution of IRAK4 was also uniform 
(Fig. 6C) and NF-κB responsive promoter remained silent 
(Fig. 6D). Tested fusion protein variants had comparable 
expression (Fig.  6E) demonstrating that the distribution 
effects are concentration independent. chMyD88(114–
118)Ala (chAla2) mimicked the uniform cytoplasmic 
distribution of MyD88S, again demonstrating the essen-
tial role of residues Gln114-Leu118 within the ID. Corre-
spondingly, the distribution of co-expressed IRAK4 was 
also uniform and NF-κB responsive promoter was silent. 
chMyD88(129–133)Ala (chAla5) has shown granular dis-
tribution characteristic for MyD88L. IRAK4 co-localized 
to the granules corresponding with uncompromised 
activity of this mutant in induction of NF-κB responsive 
promoter. In fact, the activity of tested MyD88 variants 
in SMOC induction correlated with NF-κB activation, 
suggesting that SMOC is a prerequisite in myddosome 
signalling, and again demonstrating that Gln114-Leu118 
constitute the central functional residues within ID.

Given the limitations of HEK293-I3A cell model we 
verified the role of ID in myddosome nucleation using 
immune cells. Murine macrophage cell line RAW264.7 
and primary cells, human monocyte-derived mac-
rophages (hMDMs) differentiated from peripheral blood 
mononuclear cells (PBMCs) were transfected with plas-
mids encoding tested mCherry-labeled MyD88 vari-
ants and the distribution of the transgene was analysed 
by fluorescence microscopy. Expectedly, chMyD88L was 
characterized by granular distribution consistent with 
SMOC formation (for hMDMs see Fig. 7, for RAW264.7 
see Additional file 1: Fig. S1A). Similarly, the distribution 
of chMyD88(129–133)Ala (chAla5) in immune cells was 

identical (granular) as that observed earlier in HEK293-
I3A cells. In turn, chMyD88S and chMyD88(114–118)
Ala (chAla2) both showed uniform cytoplasmic distribu-
tion suggesting impaired ability of SMOC formation. This 
finding again corresponded to observations in HEK293-
I3A cells. Furthermore, in RAW264.7 cells, the granular 
distribution of MyD88 variants correlated with NF-κB 
activation (Additional file 1: Fig. S1B; the effect was not 
tested in hMDMs due to limited amount of human mate-
rial). Overall, our results demonstrate that ID, and in par-
ticular amino acids 114–118 are essential for myddosome 
nucleation and associated signal transduction. The effect 
is visible irrespective the cell line used for experiments 
and in particular is observed in primary human immune 
cells, a model most physiologically relevant for investiga-
tion of Myd88 signalling.

MyD88S stalls the growth of myddosome nuclei
The dominant negative effect of MyD88S may be mecha-
nistically explained by an essential role of ID in myddo-
some nuclei expansion (oligomerization of MyD88 [8]). 
To test this assumption we investigated the impact of 
MyD88S on the formation of MyD88L overexpression 
associated SMOCs. When chMyD88L was co-expressed 
with GFP-labelled MyD88S uniform cytoplasmatic distri-
bution of green fluorescence was observed comparable to 
the distribution of chMyD88S overexpressed alone, indi-
cating that MyD88S is not tethered to MyD88L granules. 
In fact, uniform cytoplasmic distribution of chMyD88L 
red fluorescence with no indication of granulation was 
observed, indicating that MyD88S is not only incapable 
of SMOC nucleation itself, but additionally exhibits dom-
inant negative effect over MyD88L (Fig. 8A).

We hypothesized that MyD88S incorporation into the 
myddosome nuclei stalls further growth of myddosome 
SMOC (recruitment of additional MyD88 molecules). To 
test this assumption we used myddosome nuclei expan-
sion assay (Fig.  8B). Flag-MyD88L was co-expressed 
with either HA-MyD88L or HA-MyD88S in HEK293-
I3A cells. Complexes were pulled down on α-HA mag-
netic beads and in each case contained both HA and Flag 
labelled components as indicated by Western Blot, again 
demonstrating that the ID is not essential for homotypic 
interactions of MyD88 molecules. The capability of fur-
ther growth of such obtained myddosome nuclei was 
tested by incubation with excess of chMyD88L. Signifi-
cantly, only HA-MyD88L/Flag-MyD88L, but not HA-
MyD88S/Flag-MyD88L was able to recruit chMyD88L 
(Fig.  8C). This result directly demonstrates that incor-
poration of MyD88S into myddosome nuclei stalls the 
growth of myddosome SMOC providing the rationale for 
the dominant negative effect of MyD88S in myddosome 
mediated signalling.
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Fig. 7  MyD88 ID is essential for myddosome formation in human primary macrophages. mCherry labeled MyD88 variants (indicated on top of the 
figure) were overexpressed in human monocyte-derived macrophages (hMDMs) differentiated from peripheral blood mononuclear cells (PBMCs) 
and imaged by fluorescence microscopy. Formation of supramolecular organizing centers (SMOCs) is indicated by arrowheads. Diffuse distribution 
of the transgene with no indication of SMOC formation is evident for MyD88S and Ala2

Fig. 8  MyD88S stalls MyD88L overexpression associated myddosome SMOC formation. A chMyD88L overexpression associated formation of 
myddosome SMOC (granular distribution—refer to Fig. 6C) is hindered by simultaneous overexpression of GFP-MyD88S. Labeled MyD88 variants 
were overexpressed in HEK293-I3A cells and imaged by confocal microscopy. B Schematic representation of myddosome nuclei expansion assay. 
Myddosome nuclei containing HA-MyD88L and either Flag-MyD88L or Flag-MyD88S are isolated by immunoprecipitation and contacted with 
Flag-chMyD88L. Note that the depicted complex stoichiometries are arbitrary chosen and are not determined in the experiment. C MyD88L/
MyD88L, but not MyD88S/MyD88L myddosome nuclei are capable of growth by incorporation of additional MyD88L molecules—Western Blot 
analysis of experiment schematically explained in panel B 
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Discussion
The universal adaptor molecule, MyD88, propagates 
major activation signals driving the innate immune 
response. In turn, its alternative splicing variant, MyD88S 
quenches the response upon prolonged exposure to stim-
uli [30]. In this study we provided mechanistic insight 
into the above functional observations.

MyD88 is a modular protein, where DD acts as a mul-
timerization platform and a bait for cytoplasmic IRAK 
kinases, while TIR domain provides interaction with 
membrane receptors. Thereby, MyD88 bridges the sig-
nal recognized at the membrane with intracellular effec-
tors. DD and TIR domain are separated by 46 amino-acid 
long ID encoded by exon 3, the only fragment missing 
in MyD88S. As such, ID was attributed a role of a steric 
spacer separating the functions of DD and TIR. Here 
we demonstrated that ID is not only a spacer, but con-
tains functional residues. Alanine scanning revealed 
that substitution of residues Gln114-Leu118 mimics 
the dominant negative effect of MyD88S. In fact, ala-
nine substitution of a single residue, Tyr116, was suffi-
cient. Careful analysis of available structural data on the 
myddosome [9, 17] suggests a mechanistic explanation. 
The C-terminal helix of MyD88 DD is longer compared 
to classical DD fold and the helix extends over the N-ter-
minal part of ID, beyond the globular fold of the DD. 
Within the extension, Tyr116 provides homotypic inter-
actions with adjacent DDs, a feature which importance 
was overlooked in prior analysis [9], likely because of 
seemingly more pronounced, extensive homotypic inter-
face of the core DDs. Here, we demonstrated that the 
hydrogen bond network connecting Tyr116, Arg32 and 
Glu104 of adjacent MyD88 subunits of the myddosome is 
central to signal propagation. Substitution of any of those 
residues with alanine compromised MyD88-mediated 
signal transduction. The importance of Tyr116 in MyD88 
signaling is supported by in vivo data. Random germline 
mutagenesis identified Y116C to diminish the response 
to pathogen-associated stimuli in mice [31].

Inability of certain MyD88 mutants and variants to 
sustain signaling does not explain the dominant nega-
tive effect of those variants in presence of MyD88L. Upon 
interaction with activated membrane receptors, MyD88L 
seeds the myddosome supramolecular organizing center 
(SMOC) where increased molecular crowding drives sig-
nal amplification. Prior to this study it was unclear how 
does MyD88S quench the potentially damaging inflam-
matory backlash. It has been demonstrated that unlike 
MyD88L, MyD88S is unable to bind IRAK4 [16], but 
this observation does not explain the dominant negative 
effect of MyD88S in the presence of MyD88L. Such effect 
would require incorporation of the former isoform into 
the myddosome resulting in termination of its assembly. 

We have shown via direct co-immunoprecipitation that 
indeed MyD88L interacts with MyD88S (as well as all 
the signaling deficient mutants evaluated in this study) 
and that the interaction is mediated by DD and not TIR 
domain. This last observation is consistent with the fact 
that mammalian TIR domains form only transient inter-
molecular interactions [32]. One could speculate that 
MyD88L/MyD88S interaction terminates myddosome 
outgrowth and indeed co-expression of GFP-MyD88S 
hinders MyD88L associated SMOC formation observed 
as a speckled pattern of mCherry-MyD88L in confocal 
microscopy. Nonetheless, questions remain: how does 
MyD88S terminates the singling while it is able to recruit 
MyD88L and why MyD88S hinders SMOC formation if 
it recruits both MyD88L and MydD88S as shown by co-
immunoprecipitation. To answer these questions we had 
to overcome the inherent limitation of simple co-IP assay, 
that is its insensitivity to stoichiometry. Using myddo-
some nuclei expansion assay we demonstrated that 
(MyD88L)n nuclei are easily extended with additional 
MyD88L molecules while MyD88Lx/MyD88Sy nuclei are 
unable to incorporate additional MyD88L molecules. 
This experiment demonstrated that MyD88S exhibits a 
capping effect. Mixed dimers (or possibly small multim-
ers) of MyD88L and MyD88S are observed in the experi-
ment, however MyD88S containing nuclei are incapable 
of further outgrowth thus terminating the signaling.

Interestingly, a comparable scenario was adapted by 
speckle-type POZ protein (SPOP) to quench Toll-like 
receptor induced response. SPOP is a nuclear ubiquitin 
ligase adapter protein, however TLR stimulation leads 
to its nucleus-cytoplasm translocation and binding to 
MyD88 which blocks NF-κB activation, an effect not 
involving ubiquitination, but rather inhibition of mature 
myddosome formation [33].

Overall, our functional data and prior structural infor-
mation [9, 17] allow to propose a consistent model of 
MyD88S mediated termination of myddosome signaling. 
By virtue of homotypic DD interactions, MyD88 nuclei 
(dimers/oligomers) recruit further MyD88 molecules to 
form helical assemblies capable only of unidirectional 
extension. Heterotypic DD interactions recruit IRAK 
effector kinases which propagate the signal. Incorpora-
tion of MyD88S into MyD88 nuclei precludes further 
homotypic and heterotypic DD interactions thus termi-
nating both the myddosome SMOC assembly and signal 
propagation.

Conclusions
We provided the mechanistic understanding of the role 
of Myd88S in restricting the nucleation of the myddo-
some complex and associated signal transduction. We 
demonstrated that the largely unstructured ID of Myd88 
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is essential for productive nucleation of the myddosome 
and that Tyr116 is the only functionally vital residue 
within ID. Dominant negative splicing variant of Myd88, 
MyD88S binds the early myddosome nucleation interme-
diates and exerts a capping effect restricting incorpora-
tion of further components thus terminating the signal 
transduction.

Materials and methods
Cell culture
Human HEK293 and RAW264.7 cell lines were obtained 
from the European Collection of Cell Cultures. MyD88 
KO HEK293 cell line (HEK293-I3A) was a kind gift 
from R. Jerala (Department of Biotechnology, National 
Institute of Chemistry, Ljubljana, Slovenia). Cells were 
cultured in minimal DMEM medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (Lonza). Cells 
were maintained at 37  °C in a humidified atmosphere 
containing 5% CO2.

Human monocyte-derived macrophages (hMDMs) 
differentiated from peripheral blood mononuclear cells 
(PBMCs) were isolated as described previously [34]. 
Briefly, PBMCs were obtained from human blood using 
lymphocyte separation medium (Pancoll, PanBiotech, 
Germany) density gradient yielding a fraction enriched 
in monocytes. Cells were seeded on 24-well plates (Corn-
ing, USA) in RPMI-1640 medium supplemented with 
10% heat-inactivated autologous human plasma and 
50  μg/ml gentamicin. After 24  h, non-adherent PBMCs 
were removed by washing with complete medium, and 
adherent cells were cultured for 7  days under standard 
conditions (37 °C, 5% CO2) with fresh medium changed 
every 2 days.

Blood was obtained from the Red Cross (Krakow, 
Poland), which de-identifies blood materials as relevant 
for human subject confidentiality assurance. As such, this 
study adheres to relevant exclusions from human subject 
approval.

Plasmids
DNA encoding full length MyD88 (MyD88L), MyD88 
alanine mutants (Ala1-9), and IRAK death domain 
(Arg20-Ala104) with N-FLAG (MDYKDDDDK) or 
N-HA (MYPYDVPDYS) tags was synthesized by Gen-
script and cloned into pcDNA3.1 for overexpres-
sion. Other constructs were obtained by site-directed 
mutagenesis using the method described by Edelheit and 
colleagues [35] and primers summarized in Additional 
file  1: Table  S1. Fluorescent protein fusions were pre-
pared by appending genes encoding mCherry or Turbo 
GFP using restriction free cloning [36]. NF-κB driven 
firefly luciferase and Renilla luciferase constructs were 
obtained from Promega.

NF‑κB reporter assay
HEK293 and HEK293-I3A cells were seeded in 24-well 
plates at the density of 2 × 105 cells/well. 24  h later the 
cells were transfected with tested plasmid DNA using 
the Lipofectamine 2000 (Invitrogen, USA). 0.5 µg of plas-
mid DNA per well was used, including 0.05 µg of tested 
MyD88 variant encoding plasmid or an empty vector con-
trol and 0.45 µg of the reporter vectors (0.4 µg of firefly 
and 0.05 µg of Renilla luciferase encoding plasmids). 24 h 
after transfection the cells were either left untreated or 
were stimulated for 6 h with 10 ng/ml IL-1β (PromoKine) 
or 100 ng/ml TNFα (PromoKine). 48 h post-transfection 
the cells were lysed using Passive Lysis Buffer (Promega, 
USA), and firefly and Renilla luciferase activities were 
determined using Dual Luciferase Reporter Assay System 
(Promega, USA). Data are presented as relative luciferase 
activities (firefly / Renilla) and expressed as a percentage 
of activity of full length protein (MyD88L). Mean ± SD 
data of triplicate samples and representative of at least 
three independent experiments is shown.

Analysis of expression and phosphorylation profiles
HEK293-I3A cells were seeded in 24-well plates at the 
density of 2 × 105 cell/well. 24  h later the cells were 
transfected with 0.5  µg of plasmid DNA using Lipo-
fectamine 2000 (Invitrogen, USA). 48 h later cells were 
lysed in RIPA buffer containing protease inhibitors 
(Sigma-Aldrich) and phosphatase inhibitors (Calbio-
chem). Total cell proteins (10 µg) were separated by 12% 
SDS-PAGE and transferred to PVDF membrane (Ther-
moScientific). MyD88 variants were detected using anti-
FLAG monoclonal antibody (Sigma-Aldrich; F3165). 
Phosphorylated and unphosphorylated proteins were 
detected using rabbit mAb anti-IκB (Abcam; E130), 
mAb anti-phosphoIκB (pSer32) (Abcam; EPR3148), 
pAb anti-IRAK4 (Cell Signaling; PA5-20,018), mAb 
anti-phosphoIRAK4 (pThr345/pSer346) (Cell Signal-
ing; D6D7), mouse mAb anti-alpha tubulin (Abcam; 
DM1A). HRP-conjugated polyclonal goat anti-mouse 
IgG (Santa Cruz Biotechnology; SC-2005) and poly-
clonal goat anti-rabbit IgG (Abcam; AB6721) were used 
as secondary antibodies.

Co‑immunoprecipitation
HEK293-I3A cells were co-transfected with plasmids 
encoding N-terminal HA-MyD88L (1  µg) and tested 
N-terminal Flag-MyD88 variants (1  µg). 48  h later cells 
were lysed by sonication in lysis buffer (50  mM Tris–
HCl pH 7.4, 0,1% CHAPS, 150 mM NaCl) with protease 
inhibitor cocktail (Sigma-Aldrich). The lysates were 
clarified by centrifugation. 0.3  mg of total cell proteins 
was incubated overnight with anti-FLAG beads (Sigma-
Aldrich) at 4  °C with gentle agitation. The beads were 
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washed 5 times with lysis buffer to remove impurities, 
the complexes were eluted with 0.1 mM glycine pH 3.0. 
The eluted fraction was separated on 12% SDS-PAGE 
and analyzed by Western blot using anti-FLAG (Sigma 
Aldrich; F3165), anti-HA (Cell signaling; C29F4) or anti-
IRAK4 (Cell Signaling; PA5-20,018) and relevant HRP-
conjugated secondary antibodies.

Myddosome nuclei expansion assay
HEK293-I3A cells were transfected with a plasmid 
expressing Flag-mCherry-MyD88L or co-transfected 
with plasmids expressing Flag-MyD88L and either HA-
MyD88L or HA-MyD88S. After 48 h, cells were lysed by 
sonication in lysis buffer and the lysates were clarified 
by centrifugation. Lysates from co-transfection (0.3  mg 
of total cell protein) were incubated with anti-HA beads 
(Thermo Scientific) for an hour at RT. Lysates containing 
Flag-mCherry-MyD88L were added (0.3 mg of total cell 
proteins) and incubated overnight at 4 °C with gentle agi-
tation. The samples were washed and analyzed by West-
ern blot (anti-FLAG and anti-HA) exactly as described 
for co-immunopreciptiation.

NMR
2.2  mg of synthetic peptide corresponding to resi-
dues Glu110-Gly155 of human MyD88L (GenBank no. 
U70451) was dissolved in 200  µl of H2O and 20  µl of 
D2O was added to the sample to provide the lock signal 
and 1H NMR spectrum was acquired. The deuterium 
oxide (2000  µl) was added and 1H NMR spectrum was 
acquired. Spectra were recorded at 300 K using a Bruker 
Avance 600 MHz spectrometer.

Size exclusion chromatography
Synthetic peptide corresponding to ID of MyD88L (1 mg/
ml; 100  µl) was analyzed by size exclusion chromatog-
raphy in PBS with or without 9  M urea using Superdex 
200 GL column (GE Healthcare Life Sciences) at 0.7 ml/
min. Partition coefficients KAV and Stokes radii (RS) 
were calculated using calibrated retention coefficients as 
described elsewhere [37].

Circular dichroism
CD spectra were recorded in PBS with or without 9  M 
urea using J-710 spectropolarimeter (Jasco) in the range 
of 190–250  nm and averaged over five acquisitions. 
Recorded data were converted to molar residual ellip-
ticity units as described elsewhere [38]. The second-
ary structure composition was estimated using CDPro 

spectrum decomposition software [39] running CON-
TINLL algorithm on SDP48 reference spectrum data set.

Secondary structure prediction
The structure of ID (Glu110-Gly155) of MyD88 was 
predicted using iterative threading assembly refinement 
as implemented in I-TASSER server and described else-
where [27–29]. The model with the highest confidence 
was selected for discussion.

Confocal microscopy
HEK293-I3A and RAW264.7 cells were seeded in 
35  mm glass-bottom dish at density 5 × 105 cell/well. 
24  h later the cells were transfected with tested plas-
mids using Lipofectamine 2000 (Invitrogen, USA). 
24 h after transfection the cells were washed with 1 ml 
PBS and the nuclei were stained with Hoechst 33,258 
(ThermoScientific) for 10 min at 37 ºC. The cells were 
washed with PBS, fixed with 4% PFA and visualized 
using Zeiss LSM880 scanning microscope (mCherry: 
ex. 543  nm, em. 600–680  nm; GFP: ex. 488  nm, 
em. 500–540  nm; Hoechst 33258: ex. 405  nm, em. 
420–460 nm).

Fluorescence microscopy
Human macrophages seeded in 24-well plate at den-
sity 3 × 105 cell/well were transfected with tested plas-
mids using Lipofectamine 2000 (Invitrogen, USA). 24 h 
after transfection the nuclei were stained with Hoechst 
33,342 (ThermoScientific) for 10  min at 37 ºC and the 
culture medium was changed. The cells were visualized 
using Leica DMi8 fluorescent microscope (mCherry: 
ex. 543  nm, em. 600–680  nm; Hoechst 33342: ex. 
350 nm, em. 460–490 nm).

Statistical analysis
GraphPad Prism 5.0 was used for statistical analysis. 
Significance of differences between treatment groups 
was determined using Student’s t-test. p < 0.05 was set 
as the threshold for significance (*p < 0.05, **p < 0.001). 
Bar charts show means ± SDs of three independent 
experiments.

Abbreviations
DD: Death domain; dsRNA: Double-stranded RNA; ID: Intermediate domain; 
IL-1: Interleuin-1; IL-1R: IL-1 receptor; IRAK: Interleukin-1 receptor associated 
kinase; MyD88: Myeloid differentiation primary response 88; NF-κB: Nuclear 
factor kappa-light-chain-enhancer of activated B cells; PDB: Protein Data Bank; 
PRR: Pattern recognition receptor; SMOC: Supramolecular organizing center; 
ssRNA: Single-stranded RNA; TIR: Toll-interleukin-1 receptor homology domain; 
TLR: Toll-like receptor.



Page 14 of 15Pustelny et al. Cell Communication and Signaling           (2022) 20:10 

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12964-​021-​00811-1.

Additional file 1. Supplementary Figure S1. Myd88 ID is essential for 
nucleation of myddosome supramolecular organizing center (SMOC) in 
murine macrophage cell line RAW264.7. (A) Indicated mCherry labeled 
MyD88 variants (top) were overexpressed in RAW264.7 cells and imaged 
by confocal microscopy. Myddosome nucleation is indicated by arrow-
heads. (B) Plasmids overexpressing indicated MyD88 variants were trans-
fected into RAW264.7 together with plasmids encoding NF-κB-responsive 
promoter driven luciferase reporter gene. Induction of reporter expression 
was monitored. Response was normalized to wild type MyD88L. Values are 
presented as means±SD from triplicate samples. Statistical significance 
was determined by Student’s t-test (*p<0.05, **p<0.001). Supplementary 
Table S1. Primers and constructs used in the study.
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