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Abstract

Background: Higher-order self-assembly of proteins, or “prion-like” polymerisation, is now emerging as a simple and robust
mechanism for signal amplification, in particular within the innate immune system, where the recognition of pathogens or
danger-associated molecular patterns needs to trigger a strong, binary response within cells. MyD88, an important adaptor
protein downstream of TLRs, is one of the most recent candidates for involvement in signalling by higher order self-
assembly. In this new light, we set out to re-interpret the role of polymerisation in MyD88-related diseases and study the
impact of disease-associated point mutations L93P, R196C, and L252P/L265P at the molecular level.

Results: We first developed new in vitro strategies to characterise the behaviour of polymerising, full-length MyD88 at
physiological levels. To this end, we used single-molecule fluorescence fluctuation spectroscopy coupled to a eukaryotic cell-
free protein expression system. We were then able to explore the polymerisation propensity of full-length MyD88, at low
protein concentration and without purification, and compare it to the behaviours of the isolated TIR domain and death
domain that have been shown to have self-assembly properties on their own. These experiments demonstrate that the

presence of both domains is required to cooperatively lead to efficient polymerisation of the protein. We then characterised
three pathological mutants of MyD88.

Conclusion: We discovered that all mutations block the ability of MyD88 to polymerise fully. Interestingly, we show that, in
contrast to L93P and R196C, L252P is a gain-of-function mutation, which allows the MyD88 mutant to form extremely stable
oligomers, even at low nanomolar concentrations. Thus, our results shed new light on the digital “all-or-none” responses by

the myddosomes and the behaviour of the oncogenic mutations of MyD88.

Keywords: MyD88, Polymerisation, Prion-like, Disease-associate point mutations, Single molecule, Eukaryotic cell-free

expression

Background

In the innate immune system, dedicated germline
encoded receptors known as pattern recognition recep-
tors (PRRs) recognise pathogens from all major classes
of invading microorganisms, as well as other endogen-
ous danger-associated molecular patterns. The Toll-like
receptors (TLRs) are a major family of PRRs whose
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signalling pathways culminate in the activation of tran-
scription factors that mediate innate immune responses
and therefore have a crucial regulatory function in main-
taining health and eradicating disease [1]. TLRs recruit
different combinations of the four key adaptor proteins
(TRIE, TRAM, Mal and MyD88) [2]. MyD88 is the least
polymorphic adaptor and has evolved under purifying
selection, confirming its role as an essential and
non-redundant protein in host survival [3]. This implies
a crucial role in signalling. Patients with MyD88 muta-
tions such as the L93P and R196 point mutations
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present a primary immunodeficiency syndrome charac-
terised by greater susceptibility to pyogenic Gram-posi-
tive bacterial conditions [4—6], which often result in
life-threatening infections. Somatic mutations in MyD88
have also been found which contribute to human malig-
nancies for both chronic lymphocytic leukaemia and
more commonly diffuse large B cell lymphoma [7]. In
particular, the L252P point mutation (also referred to as
L265P in previous studies) was discovered to be driving
the promotion of malignant cell survival in many lymph-
oma patients [4].

MyD88 is recruited to TLR4 through another adaptor
protein, Mal. Upon receptor oligomerisation [2], Mal
acts as a nucleation platform for the downstream re-
cruitment of MyD88 through homotypic interactions be-
tween their respective Toll-interleukin-1 receptor (TIR)
domains [8]. MyD88 also possesses a death domain
(DD) (amino acids 1-110) that binds to and recruits the
downstream kinases, IRAK2 and IRAK4 [9]. The DDs of
MyD88, IRAK2 and IRAK4 co-assemble into the
well-defined “myddosome”. The structure of the Myddo-
some was solved by crystallography [9-11] and shows a
helical organisation of six to eight DD of MyD88, four
IRAK2 and four IRAK4 DD molecules [9]. However, as
only the DD of MyD88 was used in these studies, the
spatial localization of the TIR domain of MyD88 and its
role in the myddosome assembly could not be deter-
mined. In parallel, recent studies demonstrate the role of
the TIR domain in the self-assembly of MyD88. Ve et al.
discovered that the recombinant isolated TIR domains
of Mal and MyD88 can self-organise into helical fila-
ments at high protein concentrations and have solved
the structure of this assembly by cryo-electron micros-
copy [12]. The TIR filaments of both Mal and MyD88
have self-replicating propensity [12]. Again, these studies
were conducted on isolated TIR domains and the impact
of the DD is unknown.

Overall, a growing list of “prion-like” polymers have been
found within the proteins of the innate immune system,
namely RIPK1, RIPK3 [13], mitochondrial antiviral-signalling
protein (MAVS), and apoptosis-associated speck-like protein
containing caspase recruitment domain (CARD) (ASC)
[14-16]. A novel paradigm is emerging, recently termed
“signalling by cooperative assembly formation” or SCAF
[17-19], whereby the response of the innate immune system
is driven through the polymerisation of adaptor proteins, cre-
ating a highly non-linear amplification of the signal. Interest-
ingly, the term “prion-like” has been used for the helical
assemblies of MAVS and ASC to describe the self-catalysis of
polymerisation. In the case of “conventional” prions, the as-
sembly in filaments is linked to a large change in secondary
structure, with the creation of stacking (-sheet. For MAVS
and ASC, the polymerisation is not seeded and sustained by
unfolding of the monomer, and the proteins appear to retain
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their native folded conformation. Intriguingly, many adaptors
with prion-like properties contain two domains, both with
self-assembly properties. For example, in the case of ASC,
the PYD and CARD domains can both form filaments separ-
ately, and the structure of the full-length ASC protein upon
polymerisation is still unknown [20, 21]. Similarly, for
MyD88, both DD-myddosome and TIR filament structures
have been solved but the interplay between the two domains
and their contribution to both processes are unknown.

To characterise the contribution of self-association
propensities of the full-length MyD88, we used a com-
bination of single-molecule fluorescence microscopy
techniques and “in-vitro” protein expression. This en-
abled us to characterise the behaviour of full-length
MyD88 compared to that of the individual domains, at
low concentrations and without purification. We ob-
served that the presence of the two domains is necessary
to efficiently lead to protein polymerisation. Both do-
mains participate in giving MyD88 its “prion-like” pro-
pensity, providing auto-inhibition in the system and
ultimately creating a large range of concentrations where
the protein is metastable. Using the same system, we
studied the effect of three disease-associated point muta-
tions, one mutation in the DD (L93P) and two within
the TIR domain (R196C and L252P). All three mutations
affect the ability of MyD88 to form full-size polymers.
However, in contrast to the two pyogenic bacterial
disease-associated point mutants, L93P within the DD
and R196C within the TIR domain, the L252P mutant
dramatically enhances MyD88 self-association. Indeed,
this point mutant forms well-defined and extremely
stable oligomers at 40-fold lower concentration than the
wild-type protein. Therefore, pathological mutations in
MyD88 can lead to both loss and gain of function by
modulating the ability of the protein to self-assemble.

Results

First, it was necessary to look at the self-assembly of
full-length MyD88. Because both the TIR domain and
the DD have the ability to self-assemble, the contribu-
tion of both domains in the behaviour of the full-length
protein was of interest. Full-length MyD88 is difficult to
express and purify recombinantly in E. coli, presumably
due to its polymerisation propensity. Here we expressed
the proteins in vitro, at controlled low concentrations,
and studied their self-association in undisturbed samples
using single-molecule counting techniques. More pre-
cisely, we used an in vitro translation system derived
from Leishmania tarentolae [22] (Leishmania tarentolae
extract, LTE). This eukaryotic system enables the rapid
production of proteins (typically within 2 h) and the ana-
lysis of protein-protein interactions in a system orthog-
onal to the human proteome. By controlling the
concentration of DNA priming the expression system,
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we can tune the final expression levels of proteins and
co-express proteins at controlled ratios. We have tested
this combination on a variety of biological systems and
have demonstrated that the flexibility of cell-free protein
expression is a great asset to study protein self-assembly
[20, 23-26].

To determine the aggregation and oligomerisation
propensity of proteins, we have developed diverse
“counting” methods based on single-molecule fluores-
cence techniques. In single-molecule fluorescence spec-
troscopy, rare protein complexes can be easily detected
in a background of monomers and their size can be eval-
uated by simply counting the number of fluorophores
present in each complex. As we demonstrated recently
in our study of the prion-like behaviour of ASC, these
counting methods are well suited to study the heteroge-
neous processes of protein oligomerisation and polymer-
isation [20]. To visualise MyD88 and its mutants, the
proteins were expressed as fusions with genetically
encoded GFP or mCherry fluorophores and could be
measured directly upon expression without further label-
ling, purification or enrichment steps. The levels of
fluorescence obtained provided a direct readout of pro-
tein expression levels, after careful calibration with GFP/
mCherry protein controls.

First, constructs containing the TIR domain alone (res-
idues 159-296), death domain alone (residues 1-117, to
include crucial part of the intermediate domain (ID))
and full-length MyD88, each fused to GFP at the
N-terminus were expressed in LTE. After expression,
samples were directly measured on a confocal micro-
scope. A 488-nm laser was focused into the sample, cre-
ating a small focal volume, through which proteins
could freely diffuse due to Brownian motion. In the
range of concentrations used, multiple fluorophores are
always present in the focal volume and as proteins con-
stantly exchange in the detection volume, we ultimately
interrogate a large number of proteins. Fluctuations of
fluorescence intensity were recorded using high-speed
single-photon counters; typical fluorescence time-traces
obtained are shown in Fig. la.

At low concentrations, both the TIR and death domains
are required for efficient polymerisation of MyD88

The fluorescence time-traces obtained for the full-length
and separate domains of MyD88 exhibit very distinct
characteristics. For TIR domain alone (Fig. 1a, in green),
the fluctuations of intensity around the average value are
limited (+ 500 photons/ms); however, for the death do-
main (Fig. 1a, in blue), small bursts of intensities (> 1500
photons/ms above background) can be detected. These
fluorescence peaks correspond to entries of single pro-
tein complexes, increasing the local number of proteins
for a brief period of time. The amplitude and duration of
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the deviations from average are linked to the number of
proteins co-diffusing in a single complex and the phys-
ical size of the diffusion complex. For full-length
MyD88, we observe extremely bright and long-diffusing
bursts of fluorescence, as shown in red.

The simplest analysis to quantify the presence of protein
complexes is to calculate the average brightness of the dif-
fusing species [20, 27, 28]. The brightness parameter B is
calculated from the measured intensity values (J) as

- 2
B_ (Standard deviation (1)) 1)

average (/)

The main advantage of this B parameter is that it is in-
dependent of protein concentrations—in the absence of
self-association, the B values should be constant as a func-
tion of expression levels, and increases of B values report
on the formation of complexes. Variation of the final levels
of protein expression was achieved by using serial dilu-
tions of the priming DNA template in our cell-free expres-
sion system, with lower DNA concentrations resulting in
lower protein concentrations. For each experiment, fluor-
escence over time was recorded and the brightness par-
ameter was calculated and plotted as a function of protein
concentration. As shown in Fig. 1b, all three constructs
display self-association compared to the GFP control. TIR
alone forms relatively small oligomers, and the
concentration-dependence shows that TIR domains
self-assemble at approximately 50 nM. The DD construct
forms larger assemblies by itself and the concentration de-
pendence shows a sharp increase into self-assembly at 60
nM. The full-length protein displays much higher bright-
ness values, with the concentration for self-assembly into
polymers at approximately 120 nM.

The average of the brightness values measured above
threshold (> 150 nM) can be normalised by the mono-
meric sfGFP control. As shown in Fig. 2a, the average
diffusing complexes formed by TIR and DD are small
(approximately four and eight times brighter than mono-
meric GFP), while the full-length MyD88 has a greatly
increased B value (100-fold larger). As the samples are
heterogeneous, the precise number of proteins in the as-
semblies cannot be inferred directly using the average
brightness value; however, it indicates that the TIR, DD
and full-length (FL) MyD88 all form oligomers, with the
full-length protein forming much larger species.

To characterise these assemblies in more detail, we
performed fluctuation correlation spectroscopy (FCS)
experiments (Fig. 2b), which report on the physical size
of the diffusing particles. In the case of heterogenous
samples with different brightnesses, the larger, brighter
species contribute more (to the square of the oligomer
size) to the autocorrelation function (G(r)) than less
bright, monomeric species. Here, a model of a single
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Fig. 1 The domains of MyD88 exhibit different oligomerisation propensities, with only the full-length protein forming polymers. a Schematic
diagram of single-molecule counting experiments, demonstrating the distinction between the oligomeric protein sizes measured, as the green
fluorescently tagged protein complexes excited by a 488-nm laser diffuse freely in and out of the focal volume. The schematic diagrams reflect
the fluorescence time-traces obtained. The diffusion of an oligomer equates to the same number of fluorophores moving through the confocal
volume, creating a burst of fluorescence in the time-trace being directly proportional to the size of the oligomer. For GFP-tagged MyD88 TIR
domain, small fluctuations in intensity are recorded around the average fluorescence value, as expected for a low-order oligomer such as a dimer
(for example, if 20 proteins are detected simultaneously, the exit/entry of a single protein causes a decrease/increase of signal of only 5%). The
GFP-tagged MyD88 DD shows larger bursts of fluorescence correlating with these death domains forming higher order oligomeric complexes. As
seen by the fluorescent time traces, N-terminally GFP-tagged full-length MyD88 shows extremely large filamentous polymers of MyD88 diffusing
through the confocal volume. b The B parameter (brightness) correlates with the number of oligomers detected in typical time-traces as a
function of protein concentration (nM), for the TIR domain (green), DD (blue) and wild-type full-length MyD88 (red). Protein concentrations range
from 0 to 320 nM. Monomeric GFP (black) is included as a control. Inset: expansion of the signals obtained for the individual domains, over a
lower concentration range. Fluorescence intensity time traces in a are representative traces obtained at > 200 nM protein concentrations. Values
in b are from approx. 30 dilution experiments with the various protein concentrations and corresponding brightness values obtained plotted

diffusing species fit the monomeric GFP, TIR, DD and consistent with the findings by Ve et al. that MyD88 TIR

FL data well. Fits were not improved by the addition of
further components to the model. The average hydro-
dynamic radii obtained are plotted in Fig. 2c and nor-
malised to sfGFP. Qualitatively, this data agree with the
previous results, with the TIR, DD and FL protein com-
plexes progressively increasing in average size. For the
full-length protein, the FCS data show the presence of
large species, probably higher order polymers. The aver-
age diffusion time is around 100-fold slower (i.e. hydro-
dynamic radius 100-fold larger) than that of sfGFP
alone, suggesting that the higher order species are com-
posed of >100 monomeric units. Note that the mono-
meric unit of GFP-fused FL. MyD88 would have a radius
~ 1.4x larger than sfGFP.

Comparisons of the brightness values and FCS data
obtained confirm that in our hands, the TIR domain
species are low-order oligomers (Fig. 2a-c), at concentra-
tions >50nM (Fig. 1b). The absence of large events is

alone does not spontaneously polymerise [12]. Similarly,
our data obtained on the separate death domain demon-
strates that it too consistently forms small oligomers,
with a hydrodynamic radius eight to ten times larger
than monomeric GFP. This data complements previous
myddosome data that shows assemblies of six to eight
MyD88 DDs [29]. At our concentrations (< 300nM),
only full-length MyD88 is able to form very large assem-
blies, with a hydrodynamic radius 100-fold larger than
sfGFP. Interestingly, the two domains seem to cooperate
in the formation of higher order structures, and the
full-length assemblies are much larger than the sum of
the two individual domain oligomers. This cooperativity
also appears to delay the self-assembly of the full-length
protein, as the self-assembly transition occurs at higher
protein concentrations (120 nM vs 50 nM). Overall, our
in vitro results are consistent with the recent single mol-
ecule fluorescence microscopy studies by Latty et al. [29]
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Fig. 2 Characterisation of oligomerisation of the TIR and death domains alone and full-length MyD88. a Increase of apparent brightnesses of
diffusing species. Values of B parameters obtained for expressions at protein concentrations > 150 nM were averaged and normalised to the sfGFP
monomer control. Clearly, the data show that only full-length MyD88 (red) is capable of forming large complexes, while the TIR domain (green)
or the death domain (blue) form smaller oligomers. Inset: Expansion of the values obtained for TIR and death domains compared to sfGFP
control. b FCS data in solution. Control based on GFP monomer (black). Correlation curves obtained for the TIR domain (green), death domain
(blue) and full-length MyD88 (red). A clear shift in diffusion time can be seen between the full-length protein and the separate domains. FCS
curves are representative traces from three repeated measurements. ¢ Hydrodynamic radius normalised by the sfGFP control (black) calculated for
the domains and full-length MyD88, indicating the increase of approximate physical size of the oligomeric species. Values are mean + SD from
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demonstrating the formation of both smaller (approxi-
mately six MyD88 complexes) and “super” myddosomes
at the cell surface. Our single-molecule traces show
clearly the presence of anomalously bright events with >
100 proteins co-diffusing simultaneously.

MyD88 aggregation is a concentration-dependent, self-
templated polymerisation event
Figure 1b shows that the aggregation of full-length
MyD88 is a concentration-dependent process and re-
veals a sharp transition in behaviour at around 120 nM.
To confirm that MyD88 filaments can template the
conversion from a soluble, monomeric species to a fibril-
lar form, we used a two-colour seeding assay (Fig. 3a).
Briefly, full-length MyD88 tagged with mCherry was
expressed at a concentration at which filaments readily
form (~250nM). Filaments were enriched by gentle
spinning and sonication before being added to solutions
containing MyD88 tagged with GFP expressed across a
range of concentrations, as previously described.
Self-templating was then investigated by two-colour
single-particle coincidence spectroscopy. For these ex-
periments, two lasers (488 nm and 546 nm) are focused
on the same focal volume, allowing both mCherry and
GFP-tagged proteins to be detected at the same time. A
typical fluorescence time-trace demonstrating two
colour-coincidence experiments with MyD88 is shown
in Fig. 3a. The initial expression of GFP-tagged MyD88
is at subcritical concentrations. In the absence of
mCherry-tagged MyD88 sonicated filaments (“seeds”),
the GEP trace shows little fluctuation confirming that
MyD88 is monomeric at this concentration. The

mCherry-tagged MyD88 seeds were then added to the
mixture and were detected in the mCherry channel. If
GFP is recruited to the mCherry seeds, the presence of
coincident bursts of fluorescence in both channels re-
sults. Indeed, within 20's, large bursts of fluorescence in
the GFP channel were seen and found predominantly to
coincide with the presence of mCherry peaks, indicating
that MyD88-GFP is recruited to the MyD88 mCherry
seeds (Fig. 3b). Moreover, with time, the events detected
in the GFP channel became brighter than those in the
Cherry channel, indicating that the GFP-tagged MyD88
grow off the mCherry-tagged MyD88 seeds.

Figure 3c shows that seeding of MyD88 polymerisation
occurs over a large range of concentrations. This is par-
ticularly obvious within the range of sub-threshold con-
centrations, where polymerisation does not normally
take place on the timescale of our experiment. Ultim-
ately, this allowed us to define the critical concentration
for the polymerisation of FL. MyD88. Below this critical
concentration (10nM), full-length MyD88 does not
polymerise, even in the presence of seeds. In the
supercritical zone (>120nM), full-length MyD88 can
spontaneously polymerise, but addition of seeds in-
creases the effect and the plateau in brightness values
is reached earlier. A large metastable zone (10-120
nM) exists, where the tendency of MyD88 to poly-
merise on its own is low in the timescale of our ex-
periment, but can be catalysed by the presence of the
polymeric seeds.

Biologically, the existence of this metastable zone is im-
portant, as it shows that rapid amplification of MyD88 sig-
nalling can be achieved through seeding. The “in vitro”
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seeding experiments testing the self-replication propensity of full-length MyD88 filaments. Full-length MyD88 is expressed in an mCherry-tagged
version above its supercritical concentration to create filaments, which are gently spun and washed, then sonicated to increase the number of
fragments. These “seeds” are then mixed in a sample expressing GFP-tagged full-length MyD88 at sub-critical concentrations. b Example of
fluorescence time trace for MyD88 at 10 nM concentration. Unseeded sample demonstrating a monomeric time trace profile (above) with the
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seeding is the introduction of MyD88 filaments; however,
in vivo, seeding can be triggered by upstream proteins such
as the recruitment of MyD88 through Mal nucleation. The
depth of the metastable zone is also important: if this zone
is too narrow, the system would respond too fast, initiating
the highly effective pro-inflammatory innate immune re-
sponse prematurely. A large metastable zone is therefore
more physiologically desirable [30].

Disease-associated point mutations abrogate MyD88s
ability to optimally polymerise

Having established that full-length MyD88 can undergo an
active polymerisation process, we then investigated whether
pathological point mutations could affect this protein

polymerisation propensity. Hence, the L93P, R196C and
L252P point mutations were individually introduced into
the GFP-tagged full-length MyD88. Once again, expression
of tagged MyD88 by the cell-free translation system was
used and fluorescence time-traces were measured and plot-
ted as distributions of fluorescence intensities.

In Fig. 4a, typical fluorescence time-traces obtained
when all proteins were expressed at 150 nM concentra-
tions reveal a different profile for the mutants, compared
to the wild-type (WT) protein, with a loss of the brighter
objects for all mutants. This is confirmed by the FCS data
that demonstrate a reduction in sizes of the larger protein
species, compared to the WT protein (Fig. 4b). Brightness
profiles of the full-length MyD88 mutants were compared
to those obtained for the isolated domains (Fig. 4c, d, e).



O’Carroll et al. BMC Biology (2018) 16:149 Page 7 of 16

A 25000 L93P B
20000
15000
1
i L93P R196C L252P
0 * %k % %
0 50000 100000 150000 18000 - =
_ —
2 25000 R196C
3 20000 16000 4
2 15000
o 10000 14000 4
2> 5000 _
(7] 0 ww o
S 0 50000 100000 150000 =0 12000
- -t
[=
< 25000 L252pP 53' 10000 A
O 20000 c 5
c s 2
g 15000 %3 8000 -
@» 10000 ER
2 5000 E ‘E’
) ° = 6000 A
i 0 50000 100000 150000
4000 -
Full Length
25000
20000 2000 A
15000 -
10000 0 - T r T
5°°g Myds8 FL L93P R196C L252P sfGFP
0 50000 100000 150000 Mutant Mutant Mutant
Time (mSec)
100000 1 100000

MyD88 WT Full L th ==MyD88 WT Full Length
10000 + - W mend 10000 -=MyD88 DD domain

—MyD88 TIR domain —MyD88 R196C Mutant
—MyD88 L93P mutant —MyD88 L252P Mutant

n

=

c i 1000

g 1000 —GFP Foldon ==GFP Foldon

o

k]

=~ 100 o 100

[}

o]

£

3 104 10

1 1 v .l .
0 5000 10000 15000 20000 0 5000 10000 15000 20000

Fluorescence Intensity (Photons) at 150nM
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concentration of 150 nM. As in Fig. 1, the diffusion of an oligomer equates to the same number of fluorophores moving through the
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polymerisation propensity similar to the MyD88 TIR domain alone. d Fluorescence intensity histogram demonstrating that the R196C and
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The full-length MyD88 L93P mutant polymerisation pro-  polymerisation profiles show a behaviour in between those
file roughly mimics that of a MyD88 TIR domain alone, of MyD88 DD alone and full-length MyD88. This suggests
while the full-length R196C and L252P mutant that the two point mutants have a higher tendency to
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oligomerise than the isolated DD, but they do not support
the formation of the higher order assemblies observed
with the WT protein. Overall, it appears that the point
mutations decrease the capacity of the domains to con-
tribute to polymerisation, possibly through impairing
homotypic protein-protein interactions (PPIs).

L252P mutants form stable oligomers at a 40-fold lower
concentration than wild-type MyD88

We then examined the behaviour of the mutants as a
function of protein expression, taking advantage of the
control one can exert with the cell-free translation sys-
tem. Figure 5a shows the differences in polymerisation
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profiles exhibited by the mutants at the same low 3 nM
concentrations. This contrasts with the profiles in Fig. 4,
obtained at 150 nM. At this low concentration, we do
not detect the presence of large objects for WT MyD88
or for any of the mutants and the traces obtained for
WT, L93P and R196C MyD88 suggest the presence of
mainly monomeric species. In contrast, L252P still
seems able to oligomerise, as indicated by the presence
of fluorescence bursts. To confirm this unexpected ef-
fect, the oligomerisation thresholds of the mutant
MyD88 proteins were measured and analysed by plotting
the B parameter as a function of protein concentration
(Fig. 5b). In the case of R196C and L93P, the B values
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Fig. 5 Mutations in same domain lead to contrasting disease phenotypes; cancer-causing L252P mutation lowers threshold for MyD88
oligomerisation. a Fluorescence time-traces obtained at 3 nM protein concentration of the disease-associated point mutants in the full-length
MyD88 protein, as well as full-length wild-type MyD88, demonstrating the stability of the L252P point mutant. b The B parameter (brightness)
correlates with the number of oligomers detected in typical time-traces as a function of protein concentration (nM). ¢ Fluorescence intensity
histogram demonstrating the stable L252P oligomer still forming at 3 nM, in comparison to the other constructs. Fluorescence time-traces in a
are representative traces obtained at 3 nM protein concentrations, ¢ is the representative fluorescence intensity histogram. Values in b are from
approx. 60 dilution experiments with the various protein concentrations and corresponding brightness values obtained plotted. Fluorescence
intensity values at 3 nM are statistically significant with P < 0.0001 between L252P mutant values and the other mutants
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never reach those of the wild-type protein, indicating
that the pathological point mutants alone cannot propa-
gate polymerisation, no matter what concentration of
protein is achieved (within the range of our experiment).
The L252P mutant also never formed the large aggre-
gates that are observed with WT MyD88 when
expressed within our system. Strikingly though, at very
low concentrations, where WT MyD88 and the other
disease-associated point mutants exist only as mono-
mers, the L252P mutant still forms stable low-order
oligomers (Fig. 5b). The threshold for oligomerisation is
extremely low (approximately 2nM), in the subcritical
zone of WT MyD88. Interestingly, this threshold con-
centration correlates with the concentration above which
WT MyD88 can be caused to polymerise by seeding
(Fig. 3c), suggesting that the L252P oligomers could be
acting as an activated form of MyD88 [7].

The presence of L252P oligomers had been postu-
lated previously based on from computational model
studies [31], which predicted the existence of these
oligomers at levels that are physiologically present in
inactivated cells, i.e. without expression upregulation
upon receptor-ligand binding and activation. This fits
well with our observations and our data confirm the
existence of these extremely stable low-order oligo-
mers of MyD88.

Mutations within the same domain can lead to
contrasting protein properties

Our data also show a drastic difference in the behaviour
between L252P and R196C mutants, even though both
residues are located within the same TIR domain. Differ-
ences in oligomerisation pattern could potentially ex-
plain the differences in the related pathologies, with the
L252P protein producing stable oligomerisation at low
concentrations leading to cancer, while the R196C pro-
tein producing a lack of oligomerisation/polymerisation
propensity, leading to a dampening of the innate im-
mune response to bacterial infection. However, these are
not the only differences uncovered between these
disease-associated mutants. The L252P mutation is a
dominant mutation, whereas L93P and R196C are both
recessive mutations. Because primary immunodeficiency
only affects homozygous or compound heterozygous
carriers of the point mutations L93P and R196C, we
hypothesised that polymeric propagation could be res-
cued by the presence of the wild-type protein. To test
this, GFP-tagged mutants and mCherry-tagged WT
MyD88 were co-expressed in LTE and subjected to our
brightness assay. The brightness parameters for the mu-
tants obtained through single or co-expression could
then be compared (Fig. 6a). In the case of L93P and
R196C, the GFP brightness value is significantly larger

upon co-expression, indicating that higher order
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polymers of the mutant MyD88, when expressed with
WT FL mCherry MyD88, were forming. Indeed, examin-
ation of the fluorescence time-traces reveals the pres-
ence of coincident peaks (Fig. 6b—d), showing that WT
MyD88 can recruit the mutants into its polymers. The
overall degree of polymerisation is still lower than in the
case of the wild-type protein alone, but the ability of the
system to form large objects may be sufficient to restore
normal signalling.

In contrast, the brightness of L252P upon co-expression
is unchanged (Fig. 6a), indicating that the mutant species
oligomerises regardless of whether the wild-type protein is
present. Furthermore, few coincident peaks were detected
(Fig. 6d), showing that WT MyD88 does not recruit this
mutant into its polymers as readily as L93P and R196C
(Fig. 6b, ). The differential incorporation of the mutants
into the wild-type polymers correlates well with what is
observed at the physiological level. Heterozygous patients
carrying the L93P or R196C mutations do not suffer from
the recurrent bacterial infections. The wild-type protein
polymerisation, as well as the incorporation of the mu-
tants into the polymerising wild-type protein, albeit at
suboptimal levels (Fig. 6a), may be sufficient to propagate
signalling efficiently. Impairment of polymerisation and
subsequent signalling is only observed in the absence of
wild-type MyD88, as would be the case for homozygous
and compound heterozygous carriers (i.e. both alleles of
the gene harbour mutations such as L93P and R196C) [4,
5]. In the case of L252P, a distinct population of
finite-sized oligomers seems to always exist, irrespective of
the presence of WT MyD88 (Fig. 6a, d). This would cor-
relate with the fact that both the heterozygous and homo-
zygous patients suffer from associated cancers [32].

L252P can seed WT MyD88 and recruit IRAK4

To test whether small oligomers of L252P could serve as
seeding events for WT MyD88, we again used our seeding
assay. Here, WT Myd88 full-length tagged with mCherry
was expressed as a monomeric protein (Fig. 7a, grey
traces). Upon addition of separately expressed GFP-L252P,
peaks are detected in the red channel (Fig. 7a, black
traces) indicating that WT MyD88 is now self-associating.
As shown in Fig. 7b, only L252P, and not L93P or R196C,
is able to induce an increase in WT MyD88 brightness
and therefore induce MyD88 polymerisation.

An important question about the L252P oligomers is
whether they are signalling competent. In vivo and cell
data support this hypothesis. Studies have demonstrated
that IRAK4 inhibition promoted killing of ABC DLBCL
lines harbouring MyD88 L252P, by down-modulating
survival signals, including NF-kB [33]. The established
link between the L252P mutation and the occurrence of
cancer allows us to hypothesise that the stable oligomers
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formed by this mutant may be all that is required for
constitutive signalling.

In our system, we tested the ability of the L252P mutant to
recruit IRAK4, as a proxy for its ability to signal. GFP-tagged
WT MyD88 and mutants was added to a solution of
His-tagged IRAK4. IRAK4 was fluorescently labelled during

synthesis in the LTE system by addition of bodypi-lysines.
GFP-nanotrap presenting sepharose beads were used to
immuno-precipitate the GFP-tagged MyD88 constructs. The
beads-bound fraction were then treated at 95°C to release
the proteins from the GFP-nanotraps. This treatment results
in unfolding of GFP and loss of fluorescence of the MyD88
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constructs, but does not affect the fluorescence of the
bodypi-labelled IRAK4. Therefore, the amount of the IRAK4
that has been co-immunoprecipitated can be detected easily
on a SDS-page gel scanned for fluorescence. This experiment
shows that L252P is capable of recruiting IRAK4 to the same
extent as the WT MyD88. On the contrary, L93P and
R196C have a reduced capacity to recruit IRAK4 compared
to WT MyD88. This supports the idea that L252P could act
as an activator of MyD88. Further validation in vivo will be
required to fully characterise the mechanisms leading to en-
hanced NFkB signalling observed in previous studies [34].

Discussion

Full-length MyD88 biophysical behaviour

Here, we studied the contribution of the domains and the
effect of physiological mutations on the biochemical and
biophysical behaviour, in particular on the polymerisation
propensity of MyD88, a key protein in TLR pathways. To
characterise the formation of protein assemblies, we utilise
single molecular fluorescence spectroscopy, as this tech-
nique has the unique ability to quantify oligomers and
track conformational changes at a single protein level.
Through utilising cell-free eukaryotic expression, we can
co-express proteins together in their known complexes,
allowing the native and physiological PPIs to occur. We
can also control expression and, therefore, distinguish
thresholds, aggregation propensity, and self-propagating
behaviour.

When we first compared the isolated domains with the
full-length protein, we demonstrated that only full-length
MyD88 is capable of forming large objects in a
concentration-dependent, self-templated manner. Trad-
itionally, the biochemical studies of MyD88 and other adap-
tors have mainly focused on the role of the isolated
domains, partly due to the difficulty of purifying the
full-length proteins. From the study of these isolated do-
mains, two mechanisms of self-assembly have been de-
scribed. For many years, TIR domain associations, which
are weak and transient, have been seen as contributing little
to the oligomerisation status of signalling proteins [35, 36].
However, the recent cryoEM structure of Mal TIR domain
in filamentous form [12], as well as single-molecule imaging
in live macrophages [26], demonstrated that upon specific
ligand binding, TIR-containing proteins cooperatively as-
semble into large multi-protein complexes [12, 29]. The
TIR domain of MyD88 was also demonstrated to polymer-
ise but only upon seeding by Mal filaments. On the other
hand, the DD has been known to participate in the forma-
tion of the higher order helical assembly of the myddo-
some, a signalling complex that also includes the DDs of
IRAK?2 and IRAK4. Our data using the isolated domains re-
capitulate those findings (Fig. 2). We show that the TIR do-
mains alone are present as small, low-order oligomers, no
matter what concentration of protein is expressed and that
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these TIR domain oligomers never combine to form large
signalosomes on their own (Figs. 1 and 2). In our system,
MyD88 DD is able to form well-defined oligomers, consist-
ent with previous results [11]. Interestingly, the DD appears
to exhibit concentration-dependent “all-or-none” mono-
meric to oligomeric behaviour, albeit at a much lower scale
than full-length MyD88 (Fig. 1b inset). This threshold is po-
tentially driving the assembly of the Myddosome, with the
mutants of the DD affecting its formation and function.
The behaviour of the isolated domains is in stark contrast
to the full-length protein, which has a tendency to form
large complexes even at these low concentrations (Fig. 1).
Both the TIR and death domains can drive oligomerisation,
but the combination of the two domains is required for effi-
cient polymerisation. Our seeding assay also reveals a large
zone of concentrations where the full-length protein is
metastable. We hypothesise that the presence of the two
domains contributes to the creation of this metastable zone.
Having two domains has been demonstrated to create
auto-inhibition within full-length proteins so as to hinder
spontaneous assembly. Comparing spontaneous aggrega-
tion of full-length MyD88 with the isolated domains reveal
that monomeric full-length is more stable, with a character-
istic critical concentration for aggregation (C,) around 150
nM, compared to CCTIR = CCDD ~ 50 nM. This seems to in-
dicate that the presence of the two domains creates an
auto-inhibitory system that is less prone to self-activation.

Pathological point mutations lead to both loss and gain
of function

Previous studies have uncovered the impact of disease-as-
sociated point mutations of MyD88 in regard to the het-
erotypic protein-protein interactions that occur with the
other components of the signalling pathway [4, 37, 38].
Here, we characterised the polymerisation propensity of
three pathological mutants in comparison to wild-type
full-length MyD88. All point mutants showed a reduced
ability to form polymers compared to the WT protein.
However, studying the concentration-dependence of the
aggregation process reveals striking differences. Both L93P
and R196C have an increased C. for self-assembly com-
pared to the wild-type, indicating a loss of function. In
contrast, the C. for L252P is greatly decreased and
self-assembly occurs at much lower concentration, point-
ing at a gain-of-function mutation.

Recently, Ve et al. demonstrated that the R196 mutant
completely abolished Mal TIR-induced assemblies of
MyD88 TIR, as well as the ability of full-length MyD88 to
cluster in HEK293 cells. We wished to uncover the impact
of the R196C mutation alone in regard to the homotypic
interactions that underlie the self-association of full-length
MyD88. Our data demonstrates that a R196C point muta-
tion alone reduces MyD88'’s ability to homotypically inter-
act and polymerise as seen with the wild-type protein. The
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R196C mutant has also been found to have reduced PPIs
with other TIR domain-containing signalling proteins [4],
further reducing its ability to signal.

The L93P mutation is localised in the death domain
(DD). As the highly conserved L93 side chain is buried, the
L93P mutation, as well as affecting the helix formation,
would disrupt the hydrophobic core of the DD [9]. The
view is that this point mutation renders the DD
non-functional and prevents optimal binding to upstream
signalling proteins, as well as fully abrogating binding to
downstream signalling proteins, such as the kinases like
IRAK4 [4] that propagate the signal. This has been proven
in regard to the myddosome (“DD” alone complex) and our
pull down data of the full-length MyD88 WT and mutants
with IRAK4 is consistent with this (Fig. 7). In our system,
L93P is unable to form polymers to the same extent as
wild-type MyD88 and behaves similarly to the isolated TIR
domain. Although L93P and R196C occur in the two differ-
ent domains of MyD88, one in the DD and the other in the
TIR domain, they both cause autosomal recessive MyD88
deficiency that results in life-threatening, recurrent pyo-
genic bacterial infections. We show that at the molecular
level the two proteins behave similarly, as they both exhibit
a reduced ability to polymerise and can both be partially in-
corporated (“rescued”) by the presence of the wild-type
protein. This may explain the recessive character of the dis-
ease, as only homozygous or compound heterozygous car-
riers display the disease phenotype.

On the other hand, it is intriguing that although both
R196C and L252P occur in the same TIR domain, one
gives rise to recurrent bacterial infections associated
with the immunodeficiency, while the other results in
lymphoma. So far, computational methods have been
used to characterise the conformational effects of the
L252P mutation [7, 34, 39]. Molecular dynamics simula-
tions revealed that the L252P mutation allosterically
quenched the global conformational dynamics of the
TIR domain and readjusted its salt bridges and dynamic
community network. The dampened motion restricts its
ability to heterodimerise with other TIR domains,
thereby curtailing physiological signalling. Interestingly,
the mutation was also predicted to enhance signalling by
stabilising the core of the homodimer interface of the
MyD88-TIR domain [31]. It must be noted that these
models were established before the elucidation of the
structure of the filament. Our experimental results show,
for the first time, that L252P forms extremely stable
oligomers compared to the wild-type protein as well as
to the other mutants we have studied. We could observe
oligomers when the protein was expressed at concentra-
tions as low as approximately 3 nM. As suggested, the con-
formational dynamics of cancer-associated MyD88-TIR
domain mutant L252P seem to allosterically tilt the land-
scape toward homo-oligomerisation in vitro, which would
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propagate a signal independent of the TLR receptor activa-
tion [34].

Conclusions

Our observations that pathological mutations have pro-
found effects on self-assembly illustrates that prion-like
polymerisation is a fundamental mechanism of intracellu-
lar communication within the innate immune system. De-
velopment of drugs that can interfere with the higher
order oligomerisation and polymerisation of adaptor pro-
teins would therefore be a novel advancement in medi-
cine, with the potential to function as anti-inflammatory
as well as anticancer agents. The MyD88 L252P (also re-
ferred to as L265P) mutation is implicated in almost 100%
of Waldenstrom’s macroglobulinemia (WM) cases, 2—10%
of chronic lymphocytic leukaemia (CLL) cases, 69% of cu-
taneous diffuse large B cell lymphoma (DLBCL) cases,
and 38% of primary central nervous system lymphoma
(PCNSL) cases [39-41]. The activated B cell-like (ABC)
subtype of diffuse large B cell lymphoma (DLBCL) re-
mains the least curable form of this malignancy, with less
than a 40% cure rate [42]. L252P mutation in MyD88 was
identified in tumour samples from 49 of 54 patients with
the incurable form of the disease. Since 2016, testing for
MyD88 was added to the essential recommendations for
initial work-up of lymphoplasmacytic lymphoma/Walden-
strom’s macroglobulinemia (LPL/WM) in the National
Comprehensive Cancer Network (NCCN) Guidelines.
Based on the strong link between the mutation and can-
cer, we can hypothesise that the increase in oligomerisa-
tion we observe has a physiological impact. Therefore, the
stable signalling oligomers created by MyD88 L252P
would be an enticing target from a therapeutic standpoint.

Materials and methods

Preparation of LTE

Cell-free lysate was collected from Leishmania tarentolae
(LT) as per Johnston & Alexandrov [22, 43, 44]. Leishmania
tarentolae Parrot strain was acquired as LEXSY host P10
from Jena Bioscience GmbH, Jena, Germany, and cultured
in the TBGG medium containing 0.2% v/v penicillin/strepto-
mycin (Life Technologies) and 0.05% w/v hemin (MP Bio-
medical). LT cells were harvested through centrifugation at
2500xg, washed twice by resuspension in 45 mM HEPES
(pH 7.6) containing 3 mM magnesium acetate, 100 mM po-
tassium acetate, and 250 mM sucrose. Cells were resus-
pended to 0.25g cells/g suspension and incubated under
7000 kPa nitrogen for 45 min, then lysed by rapid release of
pressure in a cell disruption vessel (Parr Instruments, USA).
Through sequential centrifugation at 10,000xg and 30,000xg,
the cell-free lysate was clarified and 10 uM anti-splice leader
DNA leader oligonucleotide was added. The cell-free lysate
was then desalted into 45 mM HEPES (pH 7.6) containing
100 mM potassium acetate and 3 mM magnesium acetate.
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The LTE was supplemented with a coupled translation/tran-
scription feeding solution and snap-frozen until required for
further experimentation.

Gateway plasmids for cell-free protein expression
Full-length MyD88, MyD88 TIR domain (amino acids 159—
296), MyD88 DD (amino acids 1-117), and all of the other
proteins from the pathway were cloned into the Gateway
destination vectors: N-terminal GFP-tagged (pCellFree_G03),
N-terminal mCherry-tagged (pCellFree_GO05), C-terminal
eGFP-tagged (pCellFree_G04) or C-terminal mCherry-
cMyc-tagged (pCellFree_G08), facilitating cell-free expression
[45]. The Gateway PCR cloning protocol was used and entry
clones were generated with PCR primers to attBl and
attB2 sites (forward primer: 5'GGGGACAAGTTTGT
ACAAAAAAGCAGGCTT (nnn);g_»5 3, reverse primer:
5'GGGGACCACTTTGTACAAGAAAGCTGGGTT
(nnnn);g_55 3°) [46].

Cloning point mutations

Primers were designed and ordered through IDT. Cloning
was conducted as per Phusion® High-Fidelity DNA Polymer-
ase protocol with full-length MyD88 N-terminal GFP tagged
(pCellFree_G03) and C-terminal mCherry-cMyc tagged
(pCellFree_GO08) as donor construct. All mutant sequences
were verified by the Ramaciotti UNSW Sequencing Facility.

MyD88 Mutant L93P GTAGGCCGACTGCTCGAGCTGCCTACCAAGCTGG

Forward GCCGCGAC

MyD88 Mutant L93P AGAGGCGCCAGGGCGTCCCTGCCA

Reverse

MyD88 Mutant R196C  CGACTGAAGTTGTGTGTGTCTGACTGCGATGTCC
Forward TGCCTGGCACC

MyD88 Mutant R196C  ATAGTTTGTCTGTTCCAGTTGCCGGAT

Reverse

MyD88 Mutant L265P  GGTGCCCATCAGAAGCGACCAATCCCCATCAAGT
Forward ACAAGGCAATG

MyD88 Mutant L265P  TGGAGAGAGGCTGAGTGCAAATTT

Reverse

In vitro protein expression

All proteins were expressed through the addition of LTE lys-
ate to DNA template (in a ratio of 1:9) for 2.5 h at 27 °C and
0.5h at 37 °C. For protein dilution titrations, the concentra-
tion of DNA template was varied using serial dilutions with
nuclease-free H,O covering ranges from 600 nM stock to 50
nM concentrations correlating with protein concentrations
of 300 to 0 nM. One microlitre of the diluted DNA was used
to prime 9 pL of LTE. Samples were processed immediately
for either fluorescence microscopy analysis, seeding experi-
ments, or AlphaScreen assay.
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Single-molecule fluorescence spectroscopy
Single-molecule spectroscopy was performed as described
in previous studies by Sierecki et al. and Gambin et al.
[23, 26]. The proteins were labelled with genetically
encoded fluorophores (GFP and mCherry) facilitating
fluorescence spectroscopy under a confocal microscope
directly in the cell-free expression mixtures, without any
purification steps. Two overlapping lasers excite the GFP
and mCherry fluorophores, creating a small detection vol-
ume in which GFP and mCherry fluorescence emitted by
proteins is recorded on single-photon-counting detectors.
Due to Brownian motion, the proteins freely diffuse, con-
stantly entering and exiting the detection volume of the
microscope and creating fluctuations in the fluorescence
intensity. The number of photons collected versus the
time of the measurements is obtained as raw data. Then
the amplitude and frequency of the fluorescence fluctua-
tions are quantified to characterise the oligomerisation
status of the proteins [47].

N-terminal trimeric foldon and GFP-foldon (both
known to be trimeric proteins and used as a known size
control) were expressed for quantification of the intensity
measurements. A 488-nm laser beam was focused in the
sample volume using a 40x/1.2 NA water immersion ob-
jective (Zeiss). The fluorescence of eGFP was measured
through a 525/20-nm band pass filter, and the number of
photons collected in 1 ms time bins (/(£)) was recorded.
The proteins were diluted 10 times in buffer A.

The fluorescent time-trace I(f) obtained shows the
presence of intense bursts of fluorescence, with values
well over the typical fluctuations of I(¢). The presence of
these bursts increases the standard deviation of the dis-
tribution. To compare the aggregation at different con-
centrations, we used the B parameter, this being
independent of the protein concentration and can be
written as:

Standard deviation (I))*

B!
average (/)

Single-molecule fluorescence spectroscopy: seeding
experiments

In this assay, full-length MyD88 was expressed as an
mCherry-tagged protein. The aggregates were spun
down and sonicated, and then added to a solution of
monomeric GFP protein. We directly detected the re-
cruitment of the GFP monomer to the seed with
two-colour coincidence measurement, by detecting the
simultaneous presence of a signal in the GFP (green)
and mCherry (red) channels. mCherry-tagged seeds of
full-length MyD88 were expressed in LTE by the
addition of the template DNA in 10 pL lysate, generating
a final concentration of ~30nM protein. To produce
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the seeds, the samples were then spun down at 13,000xg
for 5min. Eighty percent of the supernatant was dis-
carded, and the solution was sonicated for 1 min in a
water bath. During sonication, GFP-tagged full-length
MyD88 was expressed, as previously described using ser-
ial dilutions to generate a range of GFP-tagged protein
concentrations from ~ 25 to 0 nM and diluted ten times
before being placed under the microscope. Two lasers
(488 nm and 561 nm) were focused in solution with a
40x/1.2-NA water-immersion objective (Zeiss). Fluores-
cence was collected and separated with a 565-nm di-
chroic mirror; fluorescence from GFP was passed
through a 525/20-nm band-pass filter, and fluorescence
from mCherry was filtered by a 580-nm long-pass filter.
The fluorescence of the two channels was recorded sim-
ultaneously in 1-ms time bins. Fluorescence time-traces
were recorded for 180 s.

Single-molecule fluorescence spectroscopy: co-expression
experiments

MyD88 point mutations with N-terminal-tagged eGFP
were co-expressed with full-length MyD88 C-terminally
tagged with mCherry-cMyc in the respective ratios of 20
and 40 nM of DNA template, in 10 uL of LTE for 2.5h
at 27 °C and 0.5 h at 37 °C, then measured on the micro-
scope and analysed as per all single-molecule spectros-
copy experiments described above.

GFP pulldown

MyD88 WT and point mutations with N-terminal-tagged
eGFP were expressed as described above. IRAK4 FL-HIS
tagged (labelled with bodypi) was expressed separately.
After 2.5 h expression, MyD88 proteins and IRAK4 protein
samples were mixed at a ratio of 1:1 and incubated at 27 °C
for 30 min. NaCl was added to a final concentration of 200
mM. Ten microlitres of GFP nanotrap beads was added to
a MyD88-IRAK4 sample of 50 pL. and incubated at room
temperature for 15-20 min (while shaking). The sample
was spun down at 1000 rpm for 2 min. Supernatant was re-
moved and beads were washed six times (Add 200 pL of 1x
PBS, resuspend beads, spin down: 1000 rpm for 2 min, re-
move wash solution from above beads). Before addition to
gel, 1x LDS was added and samples were boiled at 95°C
for 5min with GFP denatured but bodypi (IRAK4-HIS)
remaining visible on the gel.

Experimental design

For all experiments represented in Figs. 1, 2, 3, 4, 5 and 6,
samples were repeatedly expressed in aliquots from the same
batch of LTE lysate. Repeats were carried out on different
days and within different samples of the expression lysates.
The extent of variation found was reported in the standard
deviations. P values were obtained following ANOVA using
the Holm-Sidak multiple comparison test. As the values
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represent the size of the oligomers and the impact of do-
mains and mutations, this was appropriate to assess the sig-
nificance of these values when compared.

Abbreviations

ASC: Apoptosis-associated speck-like protein containing a CARD;

B: Brightness; CARD: Caspase recruitment domain; DD: Death domain;

FCS: Fluorescence correlation spectroscopy; FL: Full-length; GFP: Green
fluorescent protein; ID: Intermediate domain; IRAK: Interleukin-1 receptor-
associated kinase; LTE: Leishmania tarentolae extracts; MAVS: Mitochondrial
antiviral-signalling protein; MyD88: Myeloid differentiation primary response
88; PCH: Photon counting histogram; PPI: Protein-protein interaction;

PRR: Pattern recognition receptor; PYD: Pyrin domain; TIR domain: Toll/
interleukin-1 receptor domain; TLR: Toll-like receptor; WT: Wild-type

Consent to participate
The authors declare that consent to participate was not required for this
studly.

Funding

This work was supported by a grant from the National Health and Medical
Research Council (NHMRC) of Australia (grant number APP1100771 to Y.
Gambin, E. Sierecki; 1107804 to B. Kobe and T. Ve). Y. Gambin is supported
by Australian Research Council Future Fellowship (grant FT110100478) and
Discovery project (grant DP130102396). BK is NHMRC Principal Research
Fellow (1110971).

Availability of data and materials
https://figshare.com/articles/ALL_RAW_DATA_FOR_Pathological_mutations_
differentially_affect_the_self-assembly_and_polymerisation_of_the_
the_immune_system_signaling_adaptor_molecule_MyD88/7313642

Authors’ contributions

AOC and BC carried out the cell-free experiments. BC cloned mutant
proteins. DH and AB contributed the cell-free reagent and other reagents. AOC,
BC, JB, AM, JC and JS performed single-molecule experiments, brightness, PCH,
FCS and coincidence analysis of data. TV and BK contributed their expertise in
Mal and MyD88 and directed experiments. ES, YG and AOC designed the study.
AOC, YG, ES, TV and BK drafted the manuscript; all authors read and approved
the final manuscript.

Ethics approval and consent to participate
The authors declare that ethics approval was not required for this study.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'EMBL Australia Node in Single Molecule Science, University of New South
Wales, Kensington, NSW 2052, Australia. ?Institute for Molecular Bioscience,
University of Queensland, QLD, Brisbane 4072, Australia. *Institute for
Glycomics, Griffith University, QLD, Southport 4222, Australia. 4School of
Chemistry and Molecular Biosciences, and Australian Infectious Diseases
Research Centre, University of Queensland, QLD, Brisbane 4072, Australia.

Received: 9 August 2018 Accepted: 15 November 2018
Published online: 24 December 2018

References

1. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity.
Cell. 2006;124(4):783-801.

2. O'Neill LAJ, Bowie AG. The family of five: TIR-domain-containing adaptors in
toll-like receptor signalling. Nat Rev Immunol. 2007;7(5):353-64.

3. Fornarino S, Laval G, Barreiro LB, Manry J, Vasseur E, Quintana-Murci L.
Evolution of the TIR domain-containing adaptors in humans: swinging
between constraint and adaptation. Mol Biol Evol. 2011;28(11):3087-97.


https://figshare.com/articles/ALL_RAW_DATA_FOR_Pathological_mutations_differentially_affect_the_self-assembly_and_polymerisation_of_the_the_immune_system_signaling_adaptor_molecule_MyD88/7313642
https://figshare.com/articles/ALL_RAW_DATA_FOR_Pathological_mutations_differentially_affect_the_self-assembly_and_polymerisation_of_the_the_immune_system_signaling_adaptor_molecule_MyD88/7313642
https://figshare.com/articles/ALL_RAW_DATA_FOR_Pathological_mutations_differentially_affect_the_self-assembly_and_polymerisation_of_the_the_immune_system_signaling_adaptor_molecule_MyD88/7313642

O’Carroll et al. BMC Biology

20.

22.

23.

24.

25.

26.

(2018) 16:149

Von Bernuth H, Picard C, Jin Z, Pankla R, Xiao H, Ku C-L, et al. Pyogenic
bacterial infections in humans with MyD88 deficiency. Science. 2008;
321(5889):691-6.

Picard C, Von Bernuth H, Ghandil P, Chrabieh M, Levy O, Arkwright PD, et al.
Clinical features and outcome of patients with IRAK-4 and MyD88
deficiency. Medicine. 2010,89(6):403.

Netea MG, Wijmenga C, O'Neill LAJ. Genetic variation in toll-like receptors
and disease susceptibility. Nat Immunol. 2012;13(6):535-42.

Ngo VN, Young RM, Schmitz R, Jhavar S, Xiao W, Lim K-H, et al.
Oncogenically active MYD88 mutations in human lymphoma. Nature. 2011;
470(7332):115-9.

Fitzgerald KA, Palsson-McDermott EM, Bowie AG, Jefferies CA, Mansell AS,
Brady G, et al. Mal (MyD88-adapter-like) is required for toll-like receptor-4
signal transduction. Nature. 2001;413(6851):78-83.

Lin S-C, Lo Y-C, Wu H. Helical assembly in the MyD88-IRAK4-IRAK2 complex
in TLR/IL-1R signalling. Nature. 2010;465(7300):885-90.

Burns K, Martinon F, Esslinger C, Pahl H, Schneider P, Bodmer J-L, et al.
MyD88, an adapter protein involved in interleukin-1 signaling. J Biol Chem.
1998,273(20):12203-9.

Motshwene PG, Moncrieffe MC, Grossmann JG, Kao C, Ayaluru M,
Sandercock AM, et al. An oligomeric signaling platform formed by the toll-
like receptor signal transducers MyD88 and IRAK-4. J Biol Chem. 2009;
284(37):25404-11.

Ve T, Vajjhala PR, Hedger A, Croll T, DiMaio F, Horsefield S, et al. Structural
basis of TIR-domain-assembly formation in MAL-and MyD88-dependent
TLR4 signaling. Nat Struct Mol Biol. 2017;24(9):743.

Li J, McQuade T, Siemer AB, Napetschnig J, Moriwaki K, Hsiao Y-S, et al. The
RIP1/RIP3 necrosome forms a functional amyloid signaling complex
required for programmed necrosis. Cell. 2012;150(2):339-50.

Hou F, Sun L, Zheng H, Skaug B, Jiang Q-X, Chen ZJ. MAVS forms functional
prion-like aggregates to activate and propagate antiviral innate immune
response. Cell. 2011;146(3):448-61.

Franklin BS, Bossaller L, De Nardo D, Ratter JM, Stutz A, Engels G, et al. The
adaptor ASC has extracellular and ‘prionoid” activities that propagate
inflammation. Nat Immunol. 2014;15(8):727-37.

Lu A, Magupalli VG, Ruan J, Yin Q, Atianand MK, Vos MR, et al. Unified
polymerization mechanism for the assembly of ASC-dependent
inflammasomes. Cell. 2014;156(6):1193-206.

Nimma S, Ve T, Williams SJ, Kobe B. Towards the structure of the TIR-
domain signalosome. Curr Opin Struct Biol. 2017;43:122-30.

Vajjhala PR, Ve T, Bentham A, Stacey KJ, Kobe B. The molecular mechanisms
of signaling by cooperative assembly formation in innate immunity
pathways. Mol Immunol. 2017,86:23-37.

Nanson JD, Rahaman MH, Ve T, Kobe B. Regulation of signaling by cooperative
assembly formation in mammalian innate immunity signalosomes by
molecular mimics. Semin Cell Dev Biol. 2018; Academic Press. https//www.
sciencedirect.com/science/article/pii/S1084952117304238?via%3Dihub.
Gambin Y, Giles N, O'Carroll A, Polinkovsky M, Hunter D, Sierecki E. Single-
molecule fluorescence reveals the oligomerization and folding steps driving
the prion-like behavior of ASC. J Mol Biol. 2018;430(4):491-508.

Dick MS, Sborgi L, Ruhl S, Hiller S, Broz P. ASC filament formation serves as a
signal amplification mechanism for inflammasomes. Nat Commun. 2016;7:11929.
Mureev S, Kovtun O, Nguyen UT, Alexandrov K. Species-independent
translational leaders facilitate cell-free expression. Nat Biotechnol. 2009;27(8):
747-52.

Sierecki E, Stevers LM, Giles N, Polinkovsky ME, Moustaqil M, Mureev S, et al.
Rapid mapping of interactions between human SNX-BAR proteins
measured in vitro by AlphaScreen and single-molecule spectroscopy. Mol
Cell Proteomics. 2014;13(9):2233-45.

Sierecki E, Giles N, Bowden Q, Polinkovsky ME, Steinbeck J, Arrioti N, et al.
Nanomolar oligomerization and selective co-aggregation of a-synuclein
pathogenic mutants revealed by single-molecule fluorescence. Sci Rep.
2016;6:37630.

Leitao A, Bhumkar A, Hunter DJ, Gambin Y, Sierecki E. Unveiling a selective
mechanism for the inhibition of a-Synuclein aggregation by B-Synuclein. Int
J Mol Sci. 2018;19(2):334.

Gambin Y, Ariotti N, McMahon K-A, Bastiani M, Sierecki E, Kovtun O, et al.
Single-molecule analysis reveals self assembly and nanoscale segregation of
two distinct cavin subcomplexes on caveolae. elife. 2014;3:e01434.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

Page 16 of 16

Digman MA, Dalal R, Horwitz AF, Gratton E. Mapping the number of
molecules and brightness in the laser scanning microscope. Biophys J. 2008;
94(6):2320-32.

Sierecki E, Giles N, Bowden Q, Polinkovsky ME, Steinbeck J, Arrioti N, et al.
Nanomolar oligomerization and selective co-aggregation of alpha-synuclein
pathogenic mutants revealed by single-molecule fluorescence. Sci Rep.
2016;6:37630.

Latty SL, Sakai J, Hopkins L, Verstak B, Paramo T, Berglund NA, et al.
Activation of toll-like receptors nucleates assembly of the MyDDosome
signaling hub. elife. 2018;7:¢31377.

Wu H. Higher-order assemblies in a new paradigm of signal transduction.
Cell. 2013;153(2):287-92.

Zhan C, Qi R, Wei G, Guven-Maiorov E, Nussinov R, Ma B. Conformational
dynamics of cancer-associated MyD88-TIR domain mutant L252P (L265P)
allosterically tilts the landscape toward homo-dimerization. Protein Eng Des
Sel. 2016;29(9):347-54.

Avbelj M, Wolz O-O, Fekonja O, Bencina M, Repi¢ M, Mavri J, et al. Activation
of lymphoma-associated MyD88 mutations via allostery-induced TIR domain
oligomerization. Blood. 2014;124(26):3896-904.

Kelly PN, Romero DL, Yang Y, Shaffer AL, Chaudhary D, Robinson S, et al.
Selective interleukin-1 receptor-associated kinase 4 inhibitors for the
treatment of autoimmune disorders and lymphoid malignancy. J Exp Med.
2015;212(13):2189-201.

Loiarro M, Volpe E, Ruggiero V, Gallo G, Furlan R, Maiorino C, et al.
Mutational analysis identifies residues crucial for homodimerization of
myeloid differentiation factor 88 (MyD88) and for its function in immune
cells. J Biol Chem. 2013;288(42):30210-22.

Xu Y, Tao X, Shen B, Horng T, Medzhitov R, Manley JL, et al. Structural basis
for signal transduction by the toll/interleukin-1 receptor domains. Nature.
2000;408(6808):111-5.

Bryant CE, Symmons M, Gay NJ. Toll-like receptor signalling through
macromolecular protein complexes. Mol Immunol. 2015;63(2):162-5.
Vyncke L, Bovijn C, Pauwels E, Van Acker T, Ruyssinck E, Burg E, et al.
Reconstructing the TIR side of the Myddosome: a paradigm for TIR-TIR
interactions. Structure. 2016;24(3):437-47.

Li C, Zienkiewicz J, Hawiger J. Interactive sites in the MyD88 toll/interleukin
(IL) 1 receptor domain responsible for coupling to the IL13 signaling
pathway. J Biol Chem. 2005;280(28):26152-9.

Treon SP, Xu L, Yang G, Zhou Y, Liu X, Cao Y, et al. MYD88 L265P somatic
mutation in Waldenstrom'’s macroglobulinemia. N Engl J Med. 2012;367(9):
826-33.

Takano S, Hattori K, Ishikawa E, Narita Y, Iwadate Y, Yamaguchi F, et al.
MyD88 mutation in elderly predicts poor prognosis in primary central
nervous system lymphoma: multi-institutional analysis. World Neurosurgery.
2018;112:e69-73.

Schrader AM, Jansen PM, Willemze R, Vermeer MH, Cleton-Jansen A-M,
Somers SF, et al. High prevalence of MYD88 and CD79B mutations in
intravascular large B-cell lymphoma. Blood. 2018;131(18):2086-9.

Pulvino M, Liang Y, Oleksyn D, DeRan M, Van Pelt E, Shapiro J, et al.
Inhibition of proliferation and survival of diffuse large B-cell lymphoma cells
by a small-molecule inhibitor of the ubiquitin-conjugating enzyme Ubc13-
Uev1A. Blood. 2012;120(8):1668-77.

Kovtun O, Mureev S, Jung W, Kubala MH, Johnston W, Alexandrov K.
Leishmania cell-free protein expression system. Methods. 2011;55(1):58-64.
Johnston WA, Alexandrov K. Production of eukaryotic cell-free lysate from
Leishmania tarentolae. Methods Mol Biol. 2014;1118:1-15.

Gagoski D, Mureev S, Giles N, Johnston W, Dahmer-Heath M, Skalamera D,
et al. Gateway-compatible vectors for high-throughput protein expression
in pro-and eukaryotic cell-free systems. J Biotechnol. 2015;195:1-7.
Walhout AJM, Temple GF, Brasch MA, Hartley JL, Lorson MA, Van den
Heuvel S, et al. GATEWAY recombinational cloning: application to the
cloning of large numbers of open Reading frames of ORFeomes. Methods
Enzymol. 2000;328:575-92.

Gambin Y, Polinkovsky M, Francois B, Giles N, Bhumkar A, Sierecki E.
Confocal spectroscopy to study dimerization, oligomerization and
aggregation of proteins: a practical guide. Int J Mol Sci. 2016;17(5):655.


https://www.sciencedirect.com/science/article/pii/S1084952117304238?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1084952117304238?via%3Dihub

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	At low concentrations, both the TIR and death domains are required for efficient polymerisation of MyD88
	MyD88 aggregation is a concentration-dependent, self-templated polymerisation event
	Disease-associated point mutations abrogate MyD88s ability to optimally polymerise
	L252P mutants form stable oligomers at a 40-fold lower concentration than wild-type MyD88
	Mutations within the same domain can lead to contrasting protein properties
	L252P can seed WT MyD88 and recruit IRAK4

	Discussion
	Full-length MyD88 biophysical behaviour
	Pathological point mutations lead to both loss and gain of function

	Conclusions
	Materials and methods
	Preparation of LTE
	Gateway plasmids for cell-free protein expression
	Cloning point mutations
	In vitro protein expression
	Single-molecule fluorescence spectroscopy
	Single-molecule fluorescence spectroscopy: seeding experiments
	Single-molecule fluorescence spectroscopy: co-expression experiments
	GFP pulldown
	Experimental design
	Abbreviations

	Consent to participate
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	Author details
	References

