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Summary

Toll-like receptors (TLRs) mediate evolutionary served immune responses against
invading microorganisms by recognizing specific hogen-associated molecules. Major
inflammatory pathways elicited upon engagement bRJ and interleukin-1 receptor (IL-1R)
proceed through the bipartite adaptor, MyD88. Tdaptor is comprised of an N-terminal death
domain (DD, residues THrto GIn** in the human protein) and a C-terminal Toll-IL-{RR)
domain (GId* to Prd%9), connected by a long, unstructured linker. TLR®®3 and IL-
1R-MyD88 complexes bind protein kinases IRAK-1 a&htb trigger a phosphorylation cascade
that eventually culminates with NEB activation and downstream transcription of pnod anti-
inflammatory genes. This inflammatory responsetuim, is down-regulated by the catalytically
disabled member of the family, IRAK-M, although threechanisms underlying this process are
currently unknown. In addition, although it is knowhat formation of MyD88¢IRAK complexes
depends upon homotypic interactions of their delatimains, the architecture of these complexes
also remains in dispute. A truncated splice varairthe adaptor, MyD88s, which lacks residues
Glu**®to Leu™, cannot recruit IRAK-4 and fails to elicit inflanatory responses.

In the present work, with the aim of elucidating timteractions between MyD88 and
IRAK proteins in the TLR/IL-1R signaling pathwayevinave cloned, overexpressed, purified and
characterized recombinant proteins comprising tegtddomains of MyD88, IRAK-1, IRAK-M
and IRAK-4, both alone and extended by the linkerQ-terminal TIR or kinase domains,
respectively. Using these recombinant fragmentshawe shown that the DDs of MyD88 and
IRAK proteins form large aggregates in solutionatidition, we have demonstrated that the death
domain of the adaptor is able to interact with Emdomains from IRAK-M and IRAK-4. Of
particular note, both forms of recombinant MyD88 able to bind to the linker-extended variant
of IRAK-4 death domain and pull down native, fudhigth IRAK-4 from monocyte extracts.

Specifically, we show that residues GftGIn'?°

including the C-terminal helix7 of MyD88,

but not the irregular DD-TIR linker, are requirent IRAK-4 recruitment, while residues up to
Lys''® in the DD—kinase linker of IRAK-4, and not beyorate needed for strong interactions
with the adaptor. Further, we demonstrate thaduesi beyond GI& in the MyD88 DD-TIR

linker, at least, are dispensable for IRAK-M birglito MyD88. Altogether, the current findings
can be integrated in a model for sequential asseofhinembrane-proximal MyD88 complexes,
as we propose, and provide a straightforward espiam for the negative regulation of innate

immune responses mediated by MyD88s.






Resumen

Los receptores tipo Toll (TLR) median las respuesiamunes evolutivamente
conservadas contra microorganismos invasores, oe@do moléculas especificas asociadas a
patégenos. Los mecanismos inflamatorios mas impi@saque se activan tras la uniéon de los
TLR y el receptor de interleukina-1 (IL-1R) procade través del adaptador bipartito, MyD88.

20an la

Este adaptador se compone de un dominio globular(@Biduos N-terminales THGIn
proteina humana), y un dominio C-terminal Toll-IR-{TIR) (GIu™%-Prc*®®), unidos entre si por

un conector largo y carente de estructura secundaws complejos TLReMyD88 e IL-
1R+MyD88 se unen a las proteinas quinasas IRAK4 para desencadenar una cascada de
fosforilacion que culmina eventualmente con lavaction de NF<B y la transcripcion de genes
pro- y anti-inflamatorios. Esta respuesta inflamata su vez, esta regulada negativamente por el
miembro cataliticamente inactivo de la familia, IRM, aunque los mecanismos que subyacen a
este proceso se desconocen actualmente. Asimisamquea es sabido que la formacion de los
complejos MyD88¢IRAK se basa en las interaccionesdtipicas entre sus dominios DD, la
arquitectura de estos complejos también permanecéisputa. Una variante truncada del
adaptador, MyD88s, carente de los residuos'&leu™, no puede reclutar IRAK-4 y es incapaz
de producir respuestas inflamatorias.

En el presente trabajo, con el objetivo de elucldarinteracciones entre MyD88 vy las
proteinas IRAK en la ruta de sefalizacibon de TLR/R, hemos clonado, sobreexpresado,
purificado y caracterizado proteinas recombinagtescomprenden los dominios DD de MyD88,
IRAK-1, IRAK-M e IRAK-4, tanto solos como extendisipor el conector entre los dominios DD
y los dominios C-terminales TIR o quinasa, respaatente. Utilizando estos fragmentos
recombinantes, hemos demostrado que los dominiodd®las proteinas MyD88 e IRAK forman
grandes agregados en disolucién. Ademas, hemosstiatio que el dominio DD del adaptador
es capaz de interaccionar con dominios similaredlRéd-M e IRAK-4. De especial relevancia
es que ambas formas recombinantes del DD de MybB8apaces de unirse a la variante de
IRAK-4 extendida por el conector, y reclutar proteiRAK-4 nativa y completa, procedente de
extractos de monocitos. Especificamente, hemos stemdo que los residuos G14GIn'?° que
incluyen la hélice C-terminat7 pero no el conector irregular DD-TIR, son nedesapara el
reclutamiento de IRAK-4, mientras que los residhesta Lys™ en el conector DD-TIR de
IRAK-4, y no méas alla, son necesarios para estableteracciones fuertes con el adaptador.
Ademas, hemos demostrado que los residuos del toori@D-TIR de MyD88, como minimo a
partir de GId*, son prescindibles para la unién del adaptador|B#K-M. En conjunto, los
resultados aqui presentados pueden integrarse emadgelo de ensamblaje secuencial de
complejos de MyD88 proximos a la membrana, comopgmemos, y proporcionan una

explicacién directa a la regulacion negativa desfauesta inmune innata mediada por MyD88s.
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1.1.1 Overview of the Innate Immune System

Although we are constantly in contact with potehtigathogenic microorganisms, we
rarely become ill. This is because the microorgasishat penetrate the epithelial surface of the
body are initially recognized and attacked by deéemechanisms that do not require a prolonged
period of exposure, as they do not depend on theatkexpansion of lymphocytes in response to
certain antigens. These defense mechanisms actdiately after infection and are part of the
innate immune response. Moreover, the innate imnsystem plays a critical role in controlling
infections during this first period, because thisra delay of four to seven days before the initial
adaptive immune response takes place [1]. Unténtg, it was thought that the innate immune
system was not specific [2]. The specificity of theate immune system was shown, however,
with the initial description iDrosophila melanogastesf the Toll gene product, involved in both
antifungal defense and dorsoventral developmetmsacts [3-8]. The innate immune system is
activated not only in the presence of microorgasismt also as a result of external damage such
as burns, contusions, bone fractures and wounds$9lvell as internal changes that accompany
tumor formation [10]. This defense mechanism issen¢ in all multicellular organisms and is
phylogenetically conserved [11].

The main cells involved in the innate immune resgoare those of the myeloid lineage,
among them Antigen Presenting Cells (APCs) suchmasocytes (macrophages precursors),
dendritic cells and neutrophils; although the lateek antigen presenting ability, they possess
phagocytic activity. Natural killer (NK) cells, d¢¢mphoid origin, appear also to be involved in
innate immune defense against intracellular patheg&lacrophages and neutrophils, besides
being the first line of defense against many commdgroorganisms, are crucial in initiation and
subsequent direction of the adaptive immune sysamh.also in removing pathogens captured by
this type of response [1].

To initiate an inflammatory immune response, malages and neutrophils count on cell
surface receptors able to recognize and bind tomommelements of many different pathogens.
These receptors are crucial for antigen recogndiwh, therefore, are essential at the initial tage

of the immune response.

1.1.2 Cell Surface Receptors of the Innate Immune System

A number of cell surface receptors can specificaligognize molecular structures
collectively referred to as pathogen-associatedemgér patterns (PAMPS) [1]. Among these

receptors, it is worth mentioning the macrophag@moae receptor, exclusive to these cells; the
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scavenger receptors, which bind to many chargexhdig; CD14 and LBP (lipopolysaccharide-
binding protein), which are found mainly in monaeytand macrophages [1]; and the Toll-like
receptors (TLRs), expressed in monocytes, dendritits, and other mucosal and endothelial
cells. TLRs have been identified in plants and matsmas proteins homologous to the
Drosophila Toll protein [8], and major inflammatory responses tadkie place after infection
evolve through these receptors [12].

1.2.1 General Aspects of TLRs

Toll-like receptors are transmembrane proteinshefInterleukin-1 (IL-1) Receptor (IL-
1R) family. This family of receptors belongs, inrtuto a superfamily that includes receptors of
the proinflammatory cytokines IL-1 and IL-18, artkir co-receptors [3-8]. TLRs have an N-
terminal, ligand-binding, extracellular domain withveral LRR (Leucine-Rich-Repeat) motifs, a
transmembrane domain, and a well-conserved inttdael C-terminal domain through which
they interact with signal transduction proteinsisTRALR cytoplasmic domain is homologous to
the cytoplasmic domains of e.g. human IL-1R &rdsophilaToll, and it is thus termed TIR
(Toll-IL-1 Receptor) domain [5, 11, 13-15].

1.2.2 TLR Classification

In humans, at least ten TLRs of known functionesent, all of them with the ability to
recognize specific ligands and activate an inflatemyaimmune response [16]. These receptors
are expressed in a wide range of cell types, imatuchacrophages, dendritic cells, B-cells, some
T-cell types, and even in non-immune cells sucfibasblasts and epithelial cells [11, 14]. These
receptors, either as monomers or as homo/heteroslimes specialized in the recognition of
different PAMPs [17]. TLRs can be both intra andrasellularly expressed, depending on the
ligands they recognize. In this manner, TLRs resjida for detection of bacterial products and
endogenous ligands (TLRs 1, 2, 4, 5 and 6) areesgpd on the cell surface, while those able to
detect viral components (TLRs 3, 7, 8 and 9) acatkd at the endosome membranes (Table 1.1)
[14, 18]. Noteworthy, some TLRs can recognize l@gmrthat are neither structurally nor
functionally related with each other. TLR4, for exale, recognizes a number of exogenous
ligands such as bacterial lipopolysaccharides (La&@) respiratory syncytial virus fusion protein,

but also self-proteins such as fibronectin and bkatk proteins [14] (Table 1.1).
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Table 1.1 Some of the proposed ligands for the défent TLRs identified. The ligand for
TLR10 remains unknown up to date. ND, Not determind¢SP, Heat Shock Protein.

TLR Bacterial Ligand Endogenous Ligands

TLR1/2 Triacylated lipoproteins [19] ND

TLR2 Lipoteichoic acid [20], Peptidoglycan [21] HSP-60]220 [23-25], -90 [26]
Diacylated lipoproteins [19],

TLR2/6 Zymosan [27, 28]

ND

Fibronectin [35], HSP-22 [36], HSP-60 [22,

TLR4 Lipopolysaccharide [15, 29-34] 37, 38], HSP-70 [23-25], HSP-90 [26]

TLR5 Flagellin [39] ND

TLR9 CpG maotifs [40, 41] DNA [42, 43]

TLR Viral Ligands Endogenous Ligands
TLR2 Hemagglutinin [44] ND

TLR4 F-protein (respiratory syncytial virus ) [45] ND

TLR3 dsRNA [46] MRNA [47]

TLR7/8 ssRNA [48-50] ssRNA [51, 52]
TLR9 CpG motifs [53-56] DNA [57, 58]

TLR activation can lead, through transcription Nl Factor kappa B (N&B) to
production of inflammatory cytokines or even of timsilatory molecules, which activate the
adaptive immune system [59, 60]. The mechanisnwutiir which these molecules are produced
downstream of TLR ligand recognition are knownlesTLR signaling pathway, which is briefly

explained below.

Engagement of TLRs allows activation of differeignaling cascades, which are crucial
for the innate immune response to work properly.[B&tivation of almost all TLRs, with the
exception of TLR3 [61], stimulates an intracellukgnaling pathway that involves the initial
recruitment of the adaptor protein Myeloid Diffetiation Factor 88 (MyD88). There are also
alternative, MyD88-independent pathways, but treagespecific for TLR3 and TLR4 receptors
[62, 63]. Both MyD88-dependent and independent aigg pathways culminate with the
induction of proinflammatory cytokines and intedis [64].

1.3.1 MyD88-Independent Signaling Pathway

The MyD88-independent signaling pathway, specific TLR3 and TLR4, relies on
protein adaptors other than MyD88, such as TRIR (@dmain-containing adapter inducing IFN-
B) and TRAM (TRIF-related adaptor molecule), as veallithe interferon regulatory factors (IRF)
3 and 7, which induce type | IFN expression andigagatory molecules [55, 65]. This signaling
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pathway is involved in the late phase of NB-and mitogen-activated protein kinase (MAPK)
activation [66, 67], as well as in the transcriptiof target genes such as type | interferons [68,

69], which are critical for proper anti-viral aadti-bacterial responses [70, 71].

1.3.2 MyD88-Dependent Signaling Pathway

The MyD88-dependent signaling pathway is charamteriby the recruitment of the
bipartite adaptor MyD88, upon TLR interaction witk corresponding ligand and subsequent
receptor multimerization [72-74]. This adaptor teas a C-terminal TIR domain that interacts
with the membrane proximal TIR domain of the TLRdaan N-terminal death domain (DD),
responsible for the recruitment of Interleukin)¢lL receptor-associated kinases (IRAK) 1 and 4,
via homotypic DD interactions [75]. High protein mmntrations due to the formation of
MyD88¢IRAK-4.IRAK-1 multimers trigger a complex oczede of phosphorylation reactions,
conceptually similar to the induced proximity megisan of caspase activation (reviewed in [76,
77]). As a result of this cascade, hyperphosphtioyleof IRAK-1 occurs at several positions of
the DD-Kinase linker [78]. MyD88 plays a crucialledn this pathway, because it mediates a
close interaction of the two related IRAK molecuylegich is essential to allow IRAK-4 to
phosphorylate IRAK-1 [79]. This probably triggel@AK-1's own kinase activity, resulting in
multiple autophosphorylation events [80]. Conforimadl changes induced thereupon eventually
allow IRAK-1 to bind to the signal transducer TRAH&mMor Necrosis FactofTNF) Receptor-
Associated Factor 6) [62, 81], and to dissociatamfrits membrane-proximal complex with
MyD88 [82]. The IRAK-1/TRAF6 complex can then aetie downstream targets [82, 83],
through three different signaling pathways thautetp the balance between cellular viability and
inflammation [14, 84]. These pathways are the IKihibitor of NF«B kinase) pathway, the
MAPK pathway, and the PI3K (Phosphatidylinositol I8inase)/Akt (also known as Protein
Kinase B) pathway [85, 86]. These signaling pattsvayiminate in the nuclear localization of
NF-kB/AP-1 (Activating Protein-1) and the transcriptiohseveral genes that regulate pro- and
anti-inflammatory responses [81, 87] (Figure 1ltlis important to emphasize that IRAK-1 is not
only phosphorylated but also degraded upon IL+hugttion [88, 89]. IRAK-1 degradation leads
to a shutdown of the IL-1 response, initiating gateve feedback loop in this signaling pathway
[88, 90].

a) IKK signaling pathway

IKK proteins initiate a kinase activation cascadenhich two kinases, IKkr e IKK-B,
which form the IKK dimer, are activated and phogptaie an inhibitory protein known as
inhibitor of NF«B (I«B)-a. Under normal conditionskB-a binds to NFkB to form a cytosolic

complex that inhibits NReB nuclear translocation. Phosphorylation ofBia causes its
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degradation, upon which NkB is released and translocated to the nucleuseotétl, where it
activates transcription of several genes respamsibr the expression of proinflammatory
cytokines such as TNé&:IL-1p, IL-6, and IL-12 [14, 84] (Figure 1.1).

b) MAPK signaling pathway

The MAPK pathway is initiated with the activatiohMAPKKK (MAPK Kinase Kinase)
proteins. These proteins phosphorylate MEK 1/2 dgeh-activated or extracellular signal-
regulated protein kinase kinase -MAPKK-) which, turn, activates ERK 1/2 (extracellular
signal-regulated kinase 1/2). This signaling pathwalminates with AP-1 nuclear translocation.
Although the response of this pathway to LPS thhouge TLR4 receptor is not well
characterized yet [91], it is known that AP-1 aatign requires TRAF6 activation in endothelial
cells [92], while it requires a serine/threoninadse termed TLP-2 (Tumor Progression Locus-2)
in macrophages [93]. TLP-2 acts as a MAPKKK ultiehatinducing ERK 1/2 activation and the
subsequent AP-1 nuclear translocation, thus madglaéhe expression of proinflammatory genes
[91] (Figure 1.1).

c) PI3K signaling pathway

PI3Ks constitute a family of kinases classifiedtlimee subfamilies according to their
structure and specific substrates. The most thdvgustudied of these subfamilies is the one
known as class | PI3Ks, which are activated byutailreceptors and mediate phosphoinositide
phosphorylation [94]. The phosphorylated lipidicogicts act as a second messenger that
activates a wide variety of mediators including ARwhich is responsible for kB-a
phosphorylation and subsequent NB-activation (Figure 1.1).

Ligand
TLR
(Extracellular matrix)
(Cytosol)
MyDS88
PDK IRAK-1
% IKK-OlIKK-B @ Rat/Tlp2  (MAPKKK)
Akt
e MEKI1/2 (MAPKK)
IxB-a
/'NF_KB @ ERKI12 (MAPK)
(Nucleus) Inflammatory response
Proteosome TNF-a, IL-6, IL-8...
degradation

Figure 1.1 Schematic representation of TLR/MyD88-deendent signaling pathwaysThe illustration
covers the IKK, MAPK and PI3K signaling pathwaysieh initiate with the recruitment of MyD88 to
TLR and culminate in the nuclear localization ofRB7AP-1 (see text for more details). (Based on [85])
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TLR/MyD88/IRAK system, common to almost all TLR<hi$ pathway plays a critical role in the

The axis of the MyD88-dependent signaling pathwasy,it has been discussed, is the

regulation of inflammation, antiviral response aubsequent activation of the adaptive immune
response, but has also been implicated in autoirendiseases. Downstream signaling in this
pathway strongly relies on protein-protein intei@ts through their different domains, TIRs and
DDs. The latter motifs are among the most importdomains involved in protein-protein

interactions, and pertain to a larger superfamilgtaucturally related domains, termed the DD

superfamily.

The DD superfamily is one of the largest and masiied domain superfamilies [95], and
comprises four subfamilies: the death effector dam@®ED) [96], the caspase recruitment
domain (CARD) [97, 98], the pyrin domain (PYD) [989], and the death domain (DD)
subfamilies [98]. All these domains share a sixda¢lbundle fold, as revealed by X-ray
diffraction and/or NMR structural studies of at deaone member of each subfamily.
Representative structures of each subfamily arengim Figure 1.2: the FADD DED [100] (Fig.
1.2a), the RAIDD CARD [101] (Fig. 1.2b), the NALAYD [102] (Fig. 1.2c) and the Fas DD
[103] (Fig. 1.2d). Although this six-helical bundfeld is evolutionarily conserved in many
multicellular organisms from insects to mammalgjividual subfamilies also exhibit distinct
structural and sequence characteristics. While sprotins are composed only of motifs from
the same DD superfamily (e.g. FADD), most often 8perfamily domains are found within the
protein combined with other adapter motifs (e.g.0M8), or domains with catalytic activity (e.g.
caspase 8, IRAK-1) [104].

Proteins that belong to the DD superfamily usuplby critical roles in the assembly of
molecular complexes and subsequent “proximity ieduactivation”. Indeed, formation of these
complexes drives quite different physiological ms®es such as apoptosis via caspase activation
[76], or innate immune responses through trans{gimylation of IRAK proteins. Interactions
between DD superfamily members are usually homotype. only domains within the same
subfamily interact with each other [104]. The mainuctural features of each subfamily are

described below.

a) DED subfamily

DEDs have two conserved surface features thandissh them from other members of
the DD superfamily. The first one is a conservedjrbgen-bonded charge triad involving Arg
and Asp residues in helix H6 and its preceding Ifid}5], and a negatively charged residue in

helix H2 [106]. These hydrogen bonds are likelyolwed in maintaining the organization of the
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Fas DD FADD DED C RAIDD CARD NALP1 PYD

Figure 1.2 Ribbon diagrams of selected modules ofaeh subfamily within the DD
superfamily. The DED domain of FADa), the CARD domain of RAID¥b), the PYD domain

of NALP1 (c) and the DD domain of Fa&l) are represented in approximately the same
orientation. (Modified from [104]).

side chains, which may be functionally importarit.id also possible that they play a local
structural role in maintaining the conformationtlos DED region. The second conserved feature
is a hydrophobic patch formed mostly by residueselix H2, used extensively in DED-DED

interactions [104].

b) CARD subfamily

CARD domains are unique because the helix H1 témdwse either bent or broken into
two separated helices. The orientation and len§tbewveral helices may be somewhat different
among the different CARDs, but one important featis that the surfaces of CARDs are
polarized with both basic and acidic surfaces, Winay be used for protein-protein interactions.
Unlike other DD subfamilies, it is possible that RBs, at least those that form the prodomains of
some caspases, do not possess the ability foestalitassociation but are rather mostly involved
in interactions with other CARDs [104].

c) PYD subfamily

PYD domains, although possessing also the classiicéielical bundle fold, are special in
that they have an altered helix H3. This helix barcompletely or partially replaced by a flexible,
elongated loop, as in the PYD domain of NALP1 (Fig2c). Since helix H3 seems to play a
critical role in protein-protein interactions inethDD superfamily [107, 108], PYD-PYD

interactions could significantly differ from clasal modes of interaction in the DD superfamily.

d) DD subfamily
DD domains are involved in protein-protein intefags and have a strong tendency to
aggregate. This is why many so far available stinest of isolated DDs were determined under

non-physiological conditions such as extreme pH@ndith “disaggregating” mutations. The
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NMR structures of Fas DD [103, 109] and FADD DD 910Q10], as well as the crystal structures
of IRAK-4 DD [111] and RAIDD DD [112] are some exatas available. While they all exhibit
the six-helical bundle fold, there are some vasiaiin the lengths and relative orientations of the
helices. Moreover, because of the low sequencdasitgiamong DDs, the surface features of
these DD structures are entirely different, and thiay be responsible for their specificity in
protein-protein interactions [104].

The adaptor MyD88 and the kinases of the IRAK fgmdrucial in the downstream
signaling of the TLR/MyD88/IRAK system and the manbject of the work presented here,
belong to this DD subfamily.

1.5.1 Protein Adaptor MyD88

MyD88 was discovered during studies addressingdifierentiation of mouse myeloid
cells in response to growth inhibitory stimuli [11&lthough the role of MyD88 as a signal
transducer was first shown in the pathways triggdme the engagement of IL-1R [74, 114] and
TLR4 [30], further studies showed that all TLRsttwihe sole exception of TLR3, utilize this
adaptor protein to initiate their signaling pathWay5s].

Structurally, MyD88 possesses a C-terminal TIR dom@omprising residues from
GIu™® to Prd® in humans) that interacts with other TIR domaimteining molecules such as
TLRs, and an N-terminal death domain (residues fidm’ to GIn?% that binds other death
domain-containing molecules, such as members ofRAK family [11] (see also section 1.5.2).
These domains are connected through a long polgeepith no regular 3D-structure, sometimes
termed “intermediate domain” (ID) (Figure 1.3a).

It is known that MyD88 is an essential adaptor fieediating the phosphorylation of
IRAK-1 by IRAK-4 [79]. The functional importance ahis adaptor in innate immune defenses

Figure 1.3 Schematic representation of human MyD8&tructural organization. a) WT
human MyD88 comprises a DD (residues from*Thw GInt?9), a long linker sometimes termed
“intermediate domain”, ID (residues from Glhto GIU™°, both excluded), and a TIR domain
(residues from GRI° to Prd*®. b) MyD88s, a splice variant of MyD88, lacks residdesm
Glu'*to Led™ both included.
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was recently illustrated by ratdyD88 point mutations identified in individuals that aneyhly
susceptible to infection with pyogenic bacteria gJL1Although it is generally accepted that
MyD88 acts by recruiting kinases IRAK-1 and 4 thgbunteractions between their respective
DDs, the specific residues involved in such inteo@s have been only partially characterized.
Remarkably, an alternatively spliced variant of My@(MyD88s), lacking residues Gid to
Leu** (Figure 1.3b), failed to interact with IRAK-4, sygsting that residues located in both the
DD and ID of MyD88 are crucially involved in kinagecruitment [79]. On the other hand,
studies based on site-directed mutagenesis of My88&ded strong evidence that MyD88 DD
residues 27 to 72 are required for the recruithneniRAK-1 [117]. These data are indirectly
supported by the fact thawo naturally occurring mutations in the MyD88 DB34Y and R98C)
have recently been shown to be dysfunctional inrdsteam signaling [118].

Most studies on the subcellular localization of M@have shown that the protein is
present as condensed forms in the cytoplasm, ssictlisarete foci, fibrillar aggregates, and
inclusion bodies [119-122]. It has been also fotmat aggregated structures of MyD88 have
irregular morphologies and do not reside in knovamtipular organelles. Furthermore, some
authors report that both DD and ID regions are ireduo form these structures [121]. However,
because overexpressed MyD88 automatically indu@sthddomain-dependent activation of
downstream signaling pathways [30, 121, 123, 1i244,still not known whether such condensed

distributions are artifacts due to the high protmncentrations achieved during overexpression.

1.5.2 IL-1 Receptor Associated Kinase Family

As explained above, TLR-bound MyD88 rapidly resigbme serine/threonine kinases of
the Pelle subfamily, termed IRAKs [125-132], in s#oproximity to the membrane. The term
IRAK originally referred to a serine/threonine-siiiedinase, currently known as IRAK-1, which
could be coprecipitated in an IL-1-inducible manméth the IL-1R [133, 134]. Four different
mammalian IRAK proteins have been identified, wattcrucial role in the signaling pathways
initiated by members of the TLR/IL-1R family [745,7135, 136]. These four IRAKs are termed
IRAK-1 [80], IRAK-2 [74], IRAK-M (also known as IRK-3) [137] and IRAK-4 [75, 138].
Human IRAK-1, IRAK-2 and IRAK-4 are ubiquitously gressed, whereas human IRAK-M is
only detectable in monocytes and macrophages indutible manner [80, 139].

Structurally, IRAK family members share a similarganization (Figure 1.4). They
contain an N-terminal DD followed by a long linkarconserved kinase domain, and a C-terminal
stretch that contains binding sites for TRAF6 (gtder IRAK-4) [78, 140]. IRAK-1 contains
three TRAF6 interaction motifs, whereas IRAK-2 eported to have two, and IRAK-M contains
only one TRAF6 interaction motif [141]. IRAK-4 laskthis C-terminal sequence and it is
therefore unclear whether it could interact withAF®. The DD is vital for signaling since it
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Figure 1.4 Domains of the human receptor-associatédnases (IRAKs). Each member has a
death domain, a long DD-kinase linker, a consekredse domain, and a C-terminal region, with
the exception of IRAK-4 which lacks the C-terminagion. (Modified from [142]).

interacts with MyD88 [74], further discussed ints&as 1.7.2b and c. The DD-kinase linker, of
lower similarity, is rich in serines, prolines atideonines. The IRAK-1 linker, which has been
reported to be hyperphosphorylated [78], contaime potential PEST sequences that may
facilitate its degradation. By contrast, IRAK-2, ian does not display these sequences, is not
degraded [143]. The kinase domain in all IRAK males possesses a functional ATP binding
pocket with an invariant lysine residue, criticat the catalytic activity [144]. In addition, they
have a tyrosine residue at the centre of the ATEibg site, called the gatekeeper residue, which
controls access to a pre-existing internal hydrbjhpocket at the back of the ATP-binding site
[145]. This feature is exclusive to the IRAK famibf kinases [146]. Whereas IRAK-1 and
IRAK-4 contain a functional catalytic site with dtical aspartate residue (D340 in human IRAK-
1 and D311 in human IRAK-4, Figure 1.4), this resids changed into an asparagine in IRAK-
M, which renders this kinase inactive [137, 147hc8 this critical aspartate residue is also
changed into a serine in IRAK-2, it was first besid that this kinase was also inactive [137].

However, a recent study demonstrated that IRAK ¢hisymatically active [148].

a) IRAK-1

IRAK-1 was the first member of the IRAK family teliscovered, and shown to play a
role in IL-1 signaling [80]. This kinase, a prot@ifn712 amino acids in length and a molecular mass
of ~85 kDa, is ubiquitously expressed in humand, zas been shown to undergo phosphorylation
upon TLR stimulation. Phosphorylation of IRAK-1dssential for downstream signaling [82, 114],
and some residues appear to be of critical impoetam this regard (Figure 1.4). Phosphorylation
of IRAK-1 takes place in a series of steps. It hasn shownin vitro, that IRAK-1 is initially
phosphorylated at THF, a functionally critical residue as its mutaticsmpletely disrupts kinase
activity. Phosphorylation of TH results in a conformational change in the kinasmain of
IRAK-1 that allows subsequent phosphorylationstidilg Thf®’, a critical residue that has been

suggested to be a potential target for phosphaoyléty IRAK-4 (Figure 1.4) [78].
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b) IRAK-2

In 1997, a 65-kDa protein of 590 amino acids sliasgequence and functional similarity
to IRAK-1 was discovered and named IRAK-2 (Figurel)l Initial reports showed that
overexpressed IRAK-2 activated NB, and that IRAK-2 DD was required for this actyisince
a truncated IRAK-2 variant lacking the whole DDlddli to activate NkeB [74]. Further evidence
that IRAK-2 played a role in the TLR pathway emergéhen it was shown that IRAK-2 interacts
with MyD88, TRAF6 and TIRAP (TIR domain-containingdaptor protein)/Mal (MyD88-
adaptor-like), a critical adaptor protein actingaaknker between MyD88 and TLR2/4 [74, 149-
151].

It has long been thought that IRAK-1 and IRAK-4 e¢he only active members of the
IRAK family. However, some studies revealed the am@nce of IRAK-2 in TLR-induced NkB
activation. Ten years after its discovery, studidth vaccinia virus showed that A52, an
important protein for virus virulence [152], inteta with IRAK-2 and TRAF6, but not with
IRAK-1, inhibiting TLR-mediated NReB signaling [153]. Recently, it has been proposed the
active-site lysine residue in the protein kinasedsumain, common to all IRAKSs, is sufficient for
IRAK-2 to act as an active enzyme, since ianvitro kinase assay showed that IRAK-2 is
phosphorylated upon stimulation with a TLR2 ligafidi8]. These findings thus revealed a
potential crucial role for the IRAK-2 kinase activin TLR-mediated NReB activation, although

its mechanism of action remains uncertain.

c) IRAK-M

IRAK-M is a protein of 596 amino acids with a maksr mass of 68 kDa (Figure 1.4),
whose expression is limited to monocytes and maeoes [137]. While the other members of
the IRAK family share many structural features, RM is unique, as it is the only member of
this family that lacks kinase activity, working asnegative regulator of TLR signaling [136].
Initial reports on IRAK-M showed that, upon overesgsion, it was able to activate MB-and to
restore NF«B activation when expressed in cells lacking IRARER7]. It was therefore assumed
that IRAK-M was a positive regulator of TLR-medidtdF«B signaling. However, macrophages
derived from IRAK-M knockout mice display enhancactivation of IL-1/TLR signaling [136,
154], thus suggesting a negative role for this kamiember.

Additionally, it has been shown that IRAK-M is iflved in different processes, such as
osteoclastogenesis control [131, 147] and monokysasophagues tolerance to endotoxins [126,
132] in patients with acute coronary syndrome [12RAK-M has been also described as an
essential element for cancer tolerance shown bytumiltrated monocytes/macrophagues [125].
In terms of its regulation, our group showed thhBltFfo plays an important role in this process
[129].
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d) IRAK-4

Human IRAK-4, the most recently discovered membethe IRAK family, is a 460
amino acids protein with a molecular weight of 32ak[138]. It is the closest human homologue
of the DrosophilaPelle protein, a kinase involved in signaling dotseesm of the Toll pathway
during embryonic development and also essentiaingct immunity [80, 155]. The key role of
IRAK-4 in TLR signaling was revealed through studigith knockout mice. Indeedisak4(-/-)
animals were shown to be fully resistant to LPSioetl septic shock, and lacked a cytokine
response when challenged with various TLR ligarielgthermore, IL-1-induced NkB was
severely defective in cells lacking IRAK-4, and L-iP8uced NF«B activation was delayed [75].

IRAK-4 plays a critical role in meditating N&B activation through initially interacting
with MyD88 [79] (see sections 1.7.2b and c). Adieh IRAK-4 presumably phosphorylates
IRAK-1, leading to the autophosphorylation and\atibn of IRAK-1 itself. It has been shown
that IRAK-4 also induces degradation of IRAK-1 []15&hich indicates that IRAK-4 acts in a
negative feedback loop to regulate the MyD88-depeh@athway. It is also noteworthy that, to
date, IRAK-4 is one of the few IL-1/TLR signalinggpeins to be implicated in human disease, as
a group of patients with recurrent infections ango@r inflammatory response were found to
have an inheritetRAK4 deficiency [157-160].

As discussed above, stimulation of TLRs by micrbl@amponents results in the
upregulation of specific proinflammatory cytokinesd chemokines, which ultimately leads to
pathogen control and clearance. However, when theslecules are produced in excess they
induce serious systemic disorders leading to sewersplications and even death. Bacterial
sepsis, autoimmune disorders, and chronic inflararyadiseases are examples of hyperimmune
conditions arising from excessive, dysregulatedviigtof the innate and adaptive immune
systems [161]. It is therefore not surprising thechanisms have evolved for modulating TLR-
mediated responses. Some well-characterized negegyulators of TLR signaling are briefly

described below (Figure 1.5).

a) IRAK-M

As discussed above, IRAK-M is expressed only in ongtes and macrophages, and is
upregulated upon stimulation with TLR agonists [[L3A direct relationship between IRAK-M
protein levels and induction of a tolerance statecancer cells in human tumor-infiltrating
monocytes has been established [125]. Althouglinthibitory mechanism of IRAK-M is unclear,
it appears to block formation of the IRAK-1/TRAF6maplex, but not recruitment of IRAK-1 to
MyD88 [136]. Therefore, IRAK-M can inhibit dissotian of IRAK-1 and IRAK-4 from TLRs
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by either blocking their phosphorylation or by sdliatmg the TLR/MyD88/IRAK-4 complex, so
TRAF6 is excluded and signaling to MiB- and/or MAPKs cannot proceed. However, a novel
role for IRAK-M as a specific negative regulator DER2-induced p38 activation has recently
been shown [162]. Regardless of the mechanism tibraclRAK-M mediated inhibition is
stronger in human monocytes previously exposed.® ligands or tumor cells [125, 132].

b) SOCS-1

SOCS-1 is a member of the SOCS (Suppressor Of @ygdkignaling) family of proteins
induced by cytokines, which negatively regulatesRT&ignaling pathways by an up to date
unknown mechanism [163]. SOCS-1 might function bycking IRAK-1 activation, but recent
data suggest that it negatively regulates signaliagTLR2 and TLR4 through degradation of
TIRAP [164]. Alternatively, two recent studies indte that SOCS-1-dependent inhibition of TLR
signaling is indirect and occurs by blocking ormesing type | IFN autocrine/paracrine signaling
after TLR-mediated IFN/[ secretion [165, 166].

c) TOLLIP

Toll interacting protein (TOLLIP) is an adaptor @i that interacts with the cytoplasmic
TIR domain of several TLRs, including TLR2 and TLRocking their ability to induce NkB
activation [167, 168]. Overexpression of TOLLIPuks in formation of a complex with IRAK-1,
consequently inhibiting IL-1-induced signaling bpdking IRAK-1 phosphorylation [168].

d) MyD88s

MyD88s, an alternatively spliced variant of MyD88at lacks residues from Gil to
Leu*, both included (Figure 1.3b), is overexpressemhimocytes upon stimulation with LPS or
proinflammatory cytokines [169]. This variant isalnte to recruit IRAK-4 and therefore inhibits
IRAK-4-mediated IRAK-1 phosphorylation. This impaitPS-induced NkB activation, and

decreases the inflammatory response to severalls{ir9].

e) SIGIRR/TIR8 and ST2/T1

In addition to cytoplasmic molecules, membrane-lobproteins such as SIGIRR/TIR8
and ST2/T1 may also play a role in modulating Tlghaling. The single immunoglobulin IL-
1R-related protein (SIGIRR) is an orphan receptat does not induce NEB activation, as it
possesses an intracellular TIR domain that lacksamino acids essential for signaling by IL-1R
[170, 171]. SIGIRR is expressed in different cgpds ranging from epithelial cells to immature
dendritic cells, but it is not expressed in macam#s, fibroblasts, or endothelial cells. Although
the exact mechanism by which SIGIRR functions islear, it appears to be recruited by TLR4 to
block signaling by sequestering IRAK-1 and TRAFG11172]. In a similar manner, ST2/T1, a
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Figure 1.5 Negative regulation of TLR signaling.IRAK-M has been postulated to inhibit
dissociation of the IRAK-1:IRAK-4 complex from theceptor. MyD88s blocks association of
IRAK-4 with MyD88. SOCS-1 is likely to associatetiRAK-1 and inhibit its activity. TOLLIP
inhibits autophosphorylation of IRAK-1. Transmemiareceptors, such as SIGRR and ST2L,
also downregulate TLR signaling by blocking MyD&BAK-1/4 activation or sequestering
MyD88, respectively. (Modified from [11]).

membrane-bound member of the IL-1 receptor farmmigy inhibit IL-1R- and TLR4-mediated
signaling, but not TLR3 signaling, by sequesterthg TIR-containing adaptors MyD88 and
TIRAP [173].

The TLR/MyD88/IRAK system has been thoroughly stadlin recent years. Despite the
biological importance of DDs, the crystal structoféghe monomeric Pelle DDsTube DD complex
in the Drosophila Toll pathway was the only structure available froinis system [174]. In
addition, the NMR solution structure of MyD88 TIRmain [175, 176], and the crystal structures
of IRAK-4 kinase domain [145, 146] and DD [111] lkeaalso been determined. However, studies
on MyD88-IRAK-4 interactions came out only very eady (2009) [177], and the crystal
structure of the MyD88¢IRAK-4+IRAK-2 complex wassjureleased in 2010 [178]. The main
features of these structures are discussed in detaé below.

1.7.1 Structure of Individual Domains of MyD88/IRAKs

a) Solution structure of MyD88 TIR domain
To date, out of the MyD88 domains, only the C-tevahi TIR domain has been

structurally characterized in isolation. The twosncecently reported structures of this module,
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Figure 1.6 NMR solution

structure of human MyD88

TIR domain. Ribbon drawing of

the NMR structure of human

MyD88 TIR domain, residues
157-296. The notation of the
secondary structures PA-BE,

aA-aC, andaE) is based on that BB loop
of TLR TIR domains [179-181].

(From [175]).

aC’ ¥

released in 2009, were determined in solution byRN$pectroscopy [175, 176]. Although these
structures were solved under different experimesdabitions, their overall folding is essentially
identical. It should be noted that the isolated M$EYIR domain exists as a monomer in
solution, while some TIR domains have been reportetbrm dimers when crystallized [179,
180]. In this regard, although full-length MyD88 kmnown to form aggregates (see above),
aggregation seems to be mediated via homotypicaictiens between death domains [73, 182].
The MyD88 TIR domain structure comprises a cerfiratranded paralleg-sheet BA-
BE) surrounded by 4-helices ¢A-aC andaE) (Figure 1.6). The global fold is similar to that
previously observed in the crystal structures &® @omains of receptors TLR1, TLR2, TLR10,
and IL-1RAPL [179-181] (PDB codes: 1FYV, 1FYW, 2J@&hd 1T3G, respectively); MyD88
TIR domain exhibits the highest sequence similatdyTLR2 [175]. Previous studies have
indicated that three short sequence motifs, terbmdes 1-3, are conserved between the TIR
domains [183]. Of these, the box 2 motif, whichides in the so-called BB loop region (Sér
Ala®® of the human MyD88 TIR domain) (Figure 1.6), h&s suggested to be important for
specific TIR-TIR interactions [33, 181].

b) Crystal structure of IRAK-4 kinase domain

The crystal structure of the kinase domain of IRAKas been recently reported by two
separate groups both as the non-liganded, active émd complexed with different inhibitors
[145, 146]. These structures reveal structuralfesttypical of both Ser/Thr and tyrosine kinases.
The structural analysis revealed extra orderedduesi extending from the N-terminus of the
kinase domain, found to be important for proteipression as well as for kinase activity, and
demonstrate that the ATP-binding site in IRAK-4 has a deep pocket in the back, but does have
a prominent front pocket [145]. As predicted froeggence analysis, the gatekeeper residue at the

ATP-binding site is a tyrosine, a unique featuréhef IRAK family.
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Figure 1.7 Schematic representation of

IRAK-4 DD. The hexahelical bundle

structure is shown with colored-coded
helices, and the tail regions and
interconnecting loops denoted in gray. N-
and C-termini are represented by the
letters N and C, respectively. (From
[111]).

c) Crystal structure of IRAK-4 DD
The crystal structure of mouse IRAK-4 DD, solved 2005, reveals a compact,

hexahelical domain (helicesl-6, Figure 1.7) [111], similar to other previousihiaracterized
members of the family such as the FADD DD [109].

Several features of the protein are noteworthyr&ieea highly structured N-terminal tail
preceding helibal, which engages in several hydrogen bonds withathie connecting helices4
anda5. A rigid tail is also observed at the C-terminpstentially required for orienting the C-
terminal kinase domain so that proper moleculaogation can take place [111]. Furthermore,
the structure shows an ordered loop between twbefnajora-helices ¢2 anda3), apparently
unique to IRAK-4 [111], which could preclude intetians of IRAK-4 similar to those seen in

DrosophilaTubesPelle complex (see section 1.7.2a).

1.7.2 Multimeric Structures

a) Crystal structure of Tube DDe<Pelle DD

The Drosophila Toll pathway is conceptually similar to the mamraaliTLR/IL-1R
system (Figure 1.8). IBrosophilg a heterotrimeric complex of MyD88, Tube and Peilediates
the orthologous Toll pathway [184], which is im@ort for immune responses against fungal
infection [7], as well as for dorsoventral pattegn{185]. While Pelle is the functional orthologue
of IRAK, Tube is an adapter protein that has nonterpart in mammals. MyD88, Tube and Pelle
all contain a DD, and assemble via DD-mediated aut#ons.

In 1999, the crystal structure of the binary compbetween DDs of thérosophila
kinase Pelle and its adaptor Tube [174] providedfittst structural information about homotypic
DD-mediated complex formation (Figure 1.9). Pregigugenetic experiments had demonstrated
that Tube functions upstream of Pelle [186], sutingshat Tube is the link between the receptor
and the kinase. Tube acts as a bridge between MyBBRh interacts directly with Toll, and

Pelle, which signals downstream for the nucleandi@ation and activation of the NB

46



orthologue Dorsal, the key event in dorsoventrattgpaing. On the other hand, sequence
comparisons indicate that Pelle is most closelgteel to IRAK-4 among the members of the
IRAK family [138]. Moreover, it has been proposduitt signal-induced Pelle activation leads to
the phosphorylation of Toll, Tube, and Pelle itseHllowing the dissociation of the
TolleTubesPelle membrane proximal complex that ferimmediately upon receptor activation.
Dissociation of the receptor complex would allowl®eand likely Tube, to disengage from the
transmembrane receptor after activation, and toenioto the cytoplasm where they are required
to mediate signal transduction [187].

The crystal structure of Tube DD+Pelle DD showd tihath components of the complex
exhibit the six-helix bundles characteristic of h® superfamily (helicesl-06, Figure 1.9)
[174]. Regardless of the details of the interactitre most remarkable aspect is perhaps its
asymmetry, considering what might have been exgefiie homotypic interactions. The first
interface involves the4 helix and the following loop of Pelle, which caat the helixa6 and the
loops al-02 anda5-06 in Tube. Most strikingly, the C-terminal tail dfube sits in a narrow
groove formed by a cavity between the Pelen5 anda2-03 loops to form a second interface
that contributes significantly to strengthen thieiaction [174]. Both loops are rather small and
lack secondary structure or polar contact pairhiwithem. However, in this second interface,
three Tube residues with bulky hydrophobic siddérehéle'®®, Leu'™, and Led™) are involved in

the interaction (Figure 1.9b). Interestingly, it shdbeen shown that Pelle, which lacks

Insects Mammals

MyD$8  MyDSS8

IRAK-4
Kinase

Tube

Pelle IRAK-1
Kinase Kinase

Figure 1.8 Conservation and divergence of TLR-mediad innate immune response in
insects and mammalsSchematic representation of complex formation feife ligand binding

to transmembrane receptors Toll (insects, lefffldR (mammals, right). A second non-enzymatic
adaptor in insects, Tube, seems to be replaceRAK44 in mammals.
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Pelle death domain  Tube death domain

Figure 1.9 Three-dimensional crystal structure oDrosophila Tube DD<Pelle DD complex. a)
The six-helix bundle fold of both components of doenplex is shown with Pelle in magenta and
Tube in green. Inserted heliced andaB of Tube-DD are marked with h) Electrostatic surface
representation of the TubeePelle dimer. Pelle spldyed with its electrostatic surface potential
(left) and a magenta ribbon (right), and Tube ipresented as a green ribbon (left) or its
electrostatic surface potential (right). Noticetthiae C-terminal tail of Tube-DD contributes
significantly to the interaction interface. Hydragldic residues of this carboxy-terminal end that
are in contact with Pelle, as well as charged tesicbf Pelle surrounding the above region, are
labeled on the respective surfaces. (Modified fftiid]).

the C-terminal sequence of the kinase domain aKlRAloes in mammals, seems to interact
with DrosophilaTRAF1 through its DD [188].

b) Stoichiometry of the MyD88¢IRAK-4 complex

Although the Toll-MyD88-Tube-Pelle cascade is fimetally equivalent to that of TLRs-
MyD88-IRAKs (Figure 1.8) [184, 189], there are nraftifferences between mammalian and
insect immune responses. Most relevant, mammaisaldabe orthologue, whose role appears to
be assumed by IRAK-4 [79, 138, 184, 190-192]. luklétehas recently been reported that DDs of
IRAK-4 and MyD88 form a large oligomeric structusrmed the Myddosome [177]. The results
of analytical ultracentrifugation, mass spectromeaind small angle X-ray scattering studies
suggest that the DDs of human MyD88 and IRAK-4 adde into defined structures having 7:4
or 8:4 stoichiometries, in a two-layer structuréhva ring of seven or eight MyD88 subunits and a
second layer of four IRAK-4 subunits, although tason was too low to determine the

arrangement of the subunits in the complex.

c) Crystal structure of the MyD88 DD+IRAK-4 DD+IRAK-2 DD ternary complex

The recently reported crystal structure of the MBBAK-4¢IRAK-2 DD complex
[178] represents a milestone in structural immualalgy, and elucidated in particular some of the
guestions regarding the architecture and stoichtignod this complex. The structure, determined
at 3.4 A resolution, revealed a single strandeft;hiended helix of DDs with a tower-shaped

arrangement of four layers (Figure 1.10). The matirthis helical assembly therefore dictates
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Figure 1.30 Structure of the ternary Myddosome comiex. a) Ribbon diagram of the structure,
with the six MyD88 molecules in cold colors, theifdRAK-4 molecules in earth-tone colors and
the four IRAK-2 molecules in warm colois) Surface diagram of the complex with each subunit
labeled using the same color coding agap M, MyD88; 14, IRAK-4; 12, IRAK-2.c) Planar
arrangement of the complex. (From [178]).

that molecules at both ends of the helix are ledsred or perhaps exhibit less occupancy than
the central molecules.

The crystal structure of the MyD88¢IRAK-4¢|IRAK-2 DDromplex reveals that
Myddosome assembly is nucleated by oligomerizatbrsix MyD88 DDs, which form the
“bottom” two layers of the structure (M1-6). Thrdugn unknown mechanism, four IRAK-4 DDs
are subsequently incorporated into the complexniiog the middle layer (141-4), and this forms
a docking site for four IRAK-2 DDs (121-4) to shajte top layer (Figure 1.10). The hierarchical
assembly of this “signaling tower” seems to brifg tkinase domains of IRAKs into close
proximity for trans-phosphorylation and activatidinis study also showed that the affinity of the
MyD88 DD oligomer for IRAK-4 DDs exceeds that faRAK-2 DDs, apparently due to a better
charge complementarity.

As a conclusion, it can be stated tBabsophilaand mammals use a similar three layer
system with different stoichiometries in Toll or RUL-1R signaling: unlike the oligomeric
MyD88¢IRAK-4+IRAK-2 complex, the MyD88sTubesPellermnary complex in solution possesses
a 1:1:1 stoichiometry [193].

Several lines of evidence indicate that TLR-mediafathways are implicated in
inflammatory and immune disorders. Production @ifffammatory cytokines such as I3;1IL-
6, TNFo and IL-12 is a major process stimulated upon Ttivation [194]. Secreted cytokines,

however, induce a positive feedback in the immugstesn, which could cause severe
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immunopathology if uncontrolled. We conclude tmgreduction with a brief outline of some of
the conditions in which MyD88 or IRAK proteins anvolved.

Several diseases have been associated to MyD88.ekample, development of
atherosclerosis observed in apolipoprotein E-deficmice is rescued by introduction of MyD88
deficiency, indicating that the TLR-mediated pathwa responsible for the development of
atherosclerosis [195, 196]. Also, the MyD88-depengmthway has been implicated in allograft
rejection [197], and MyD88-deficiency is shown trease the risk of diabetes in mice [198].
Finally, it has been reported that children wMlyD88 mutations that affect either the DD or the
TIR domain of the protein present recurrent pyogémfiections [116].

IRAK family members have also been related to wemianflammatory and infectious
diseases [199]. For example, IRAK-M overexpressiaa been shown to be involved in several
conditions such as in sepsis [132], acute corosgngdrome [127, 200], cancer [125, 201], and
osteoporosis [147].

Since aberrant regulation of TLR/MyD88/IRAK pathwdg relevant for several
inflammatory and autoimmune diseases [202, 203is iikely that specific inhibitors of this
pathway would constitute valuable tools for noverapeutic approaches [204, 205]. Given the
essential and universal role of IRAK family membeas signaling molecules in TLR/IL-1R
responses, interference with IRAK activity is adpepas a therapeutic strategy. For instance,
synthetic peptides, corresponding to the bindirig between IRAK-1 and TRAF6, have been
successfully used to block NEB activation [141]. Moreover, drugs/inhibitors tatmng
individual IRAKs could be used for certain IL-1/TLBathways in specific contexts, while not
affecting the entire IL-1/TLR system.

Therefore, a deep understanding of the structugdrozation of the complexes formed
by components of the TLR/MyD88/IRAK system is eds#rio develop therapeutic drugs in the
future, which could up- or downregulate this patiwdnenever needed.
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2. Objectives







The main goal of this work is to elucidate the noalar bases of the TLR-MyD88-IRAK

signaling pathway, as part of the immune systerpahticular, we set the following objectives:

1) Establishment of expression and purification protecfor the different functional
domains of the adaptor MyD88 and the kinases IRAKAll IRAK-4, as well as of the
negative regulator IRAK-M.

2) Setting up protocols for obtaining purified commexbetween the death domains of
MyD88 and the different IRAK recombinant variants.

3) Determination of the regions (globular domain vikdir) necessary for the formation of
stable complexes between MyD88 and IRAK proteins.

4) Determination of the mechanisms by which IRAK-Mysan inhibitory role in immune
responses:; competition with IRAK-4 for MyD88 bindivs. MyD88IRAK-1 complex

stabilization.

5) Crystallization and structure resolution of the M3@and IRAK isolated DDs, as well as

of their complexes.
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3. Materials and Methods







To design and produce the MyD88 and IRAK recomhiiemgments of interest, several

aspects needed to be considered such as the lemgihp acid composition, presence of
hydrophobic stretches, and secondary structurdefpblypeptides. These factors influence the
correct assembly, solubility properties and puaificn possibilities of each peptide, and are the
main focus of this section.

3.1.1 Sequence Alignments and Secondary Structure Predion

Before deciding the synthesis of selected reconmbifeagments we performed a
thorough analysis of the amino acid sequences dD88y IRAK-1, IRAK-M, IRAK-4, which
were also compared to tlgrosophila melanogastefube and Pelle proteins. These sequences
were retrieved using the sequence retrieval syg®RRE) from the Swiss-Prot database [206],
with the following accession numbers: Q99836 (hunidyD88), P51617 (human IRAK-1),
Q9Y616 (human IRAK-M), Q9NWZ3 (human IRAK-4), Q8R2K(mouse IRAK-4), P22812
(Drosophila melanogastefube) and Q05652D( melanogastePelle). The propensity to form
globular domains (order/disorder) was analyzed v@flobPlot [207], DISOPRED [208] and
IUPred [209]. Next, to determine the boundariegjlobular domains, amino acid sequences of
MyD88 and IRAK-4 from various species, togethertwihose ofDrosophila Tube and Pelle,
were aligned according to the structural informatavailable at the moment [111, 174], using
ClustalWw [210]. Finally, to disfavor gaps or insens within the secondary structure elements,
the secondary structure was predicted with thernarog JPred [211] and PSIPRED [212]. The
results of these combined analyses are summanizégpendix Il. Putative interactions sites in
MyD88 and IRAK-4 death domains, predicted with PPéd, are given in Appendices Il and 1V,
respectively.

3.1.2 Cloning of Death Domains

Synthetic genes coding for the fragments of intenese designed to maximize the odds
of heterologous expression Escherichia coli and all sequences were optimized in terms of
codon usage and mRNA secondary structure. Sel&etgohents included six to eight amino acid
residues N-terminally from the start of the firsegicteda-helix of each death domain, and C-
terminally from the end of the last helix. They weermed MyD88(S) IRAK-1(S), IRAK-M(S)
and IRAK-4(S), respectively (see Table 4.2 in R&3uln addition, similar constructs coding for
both the globular death domains and the DD-TIR (I@8Por DD-kinase linkers (IRAK proteins)

! The C-terminus of MyD88(S) differs from the prevityuseported natural form, MyD88s, which lacks
residues 110 to 157.
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were generated. These fragments were termed MyD8BRIAK-1(L), IRAK-M(L), and IRAK-
4(L), respectively. To help protein detection andrification, N-terminal 6xHis, c-MYC
(EQKLISEED) and FLAG® M2 (DYKDDDDK) tags were indiied in MyD88, IRAK-M and
IRAK-4 variants, respectively. The main physicoqtiieal parameters of the resulting
recombinant fragments are summarized in TableRe2(lts).

All eight synthetic genes coding for the differevariants of death domains were
generated via oligonucleotide assembly. The reguffiagments were digested with restriction
enzymedNdel andBamH|, and ligated into the corresponding sites of Tiigoromoter region of
the expression plasmid pET-3a (Novagen, Schwalb@einmany). This plasmid containsb&
coding sequence, which confers resistance to allipi¢see Appendix V for the full pET-3a
restriction map). Oligonucleotide synthesis andeagdy, as well as cloning in the expression
vector, were performed at Entelechon GmbH (Heidglb&ermany). The DNA sequences of

these artificial genes are shown in Appendix VI.

Site-directed mutagenesis is a technique for géngrahanges over a double-stranded
nucleotide sequence. The methods used in thistigaéisn basically involve a polymerase chain
reaction (PCR) using a supercoiled plasmid vectaemplate and two synthetic oligonucleotide
primers containing the desired mutation. During P@Rusands to millions of copies of the
mutated DNA sequence are generated. The templédtetipe) plasmid, which is methylated in
almost all E. coli strains, is then removed by digestion wiitpn I, a DNase specific for
methylated DNA. The new (mutant) DNA is not methgthand remains intact in the reaction.

3.2.1 Primer Design

Mis- or nonsense mutants were designed based arutheotide sequences of expression
plasmids coding for either MyD88(L) or IRAK-4(L)nd according to the codons most frequently
used byE. coli. The mutants generated are given in Figure 3id,they were termed MyD88
R81E, MyD88 1109X, MyD88 Y116C, MyD88 E143X, IRAKH92R, IRAK-4 V105X, IRAK-4
N110X, and IRAK-4 K115X (see Table 4.2 in Resutis the main physicochemical parameters
of these constructs).

The mutagenic oligonucleotides were designed cernisig that both mutagenic primers
(sense and antisense) must contain the desiredtiomutand anneal to the same sequence on
opposite strands of the plasmid (sequences showiabite 3.1). In addition, we had to consider

that primers should be between 25 and 45 bases &inge shorter primers could bind DNA
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a) MyD88(L) nucleotide sequence
5'-catcaccaccatcaccacacctcttctctgccactggctgcactgaacatgegtgtacgtegtegtctgteeetgt

tcctgaacgtacgtacccaggttgctgcagactggactgcactggctgaagagatggacttcgaatacctggaa
MyD88 R81E
atccgtcagctcgaaactcaggcagatccaactggtegtctgectcgatgcatggcagggtc gtecaggtgeate
MyD88 1109X
tgttggtcgtcfgctcgaactgctcaccaaactgggtcgtgacgatgtgctcctggaactgggtccgtctatcgag
MyD88 Y116C
gaagactgccagaaatacatcctgaaacagcagcaggaagaagccgagaaaccactgcaggttgcagcetg

MyD88 E143X .
ttgacagctctgtaccacgtacggctgaactggcetggtatcaccactctcgatgacccactgggtcacat-3'

b) IRAK-4(L) nucleotide sequence

5'-gactacaaagacgacgacgataaaggcactccgtctacctacgtacgttgcctgaacgtaggtctcatccgea
aactgagcgacttcatcgacccacaggaaggttggaaaaaactggcagttgccatcaaaaaaccgtctggtga
tgaccgttacaaccagttccacattcgtcgtttcgaagctctgectgcagactggcaaatctccgacttctgagcetee

IRAK-4 E92R
tgtttgactggggtaccacgaactgtaccgtaggtgatctggttgatctgctcatccagaacgagttctttgctcca

IRAK-4 V105X IRAK-4 N110X IRAK-4 K115X
gcttctetectgctgccagatgcagticcgaaaactgcgaacactctgecgtctaaagaggcegattactgtgea
gcagaaacagatgccgttttgcgacaaagaccgtaccctgatgactccagttcagaacctcgaacagagctac
atgccaccggattcctettctccagagaacaaaagcectggaagtatccgatacccegtttccactctttctecttcta

cgagctgaaaaacgtcaccaacaacttcgatgaacgtccgate-3'

Figure 3.1 Generated mutations over the MyD88(L) ath IRAK-4(L) nucleotide sequences.

a) Nucleotide sequence of MyD88(L) highlighting geated mutations. Triplets modified by site-
directed mutagenesis (corresponding to®Arte®, Tyr''® and GId*) are colored as the mutants
generated from their replacement, shown next tonth® Nucleotide sequence of IRAK-4(L)
highlighting generated mutations. Triplets modifieg site-directed mutagenesis (corresponding
to GIu?, Val'®, Asn'® andLys') are colored as the mutants generated from teplacement,
shown next to them.

nonspecifically, and longer primers increase thelilhood of secondary structure formation,
lowering the efficiency of the mutagenesis reacti®eacondly, the desired mutation should be in
the middle of the primer with ~10-15 bases of adrreequence on both sides, and should
preferably end in one or more C or G bases. Findily primer melting temperature.{jTshould
be> 78°C. The value of I, the temperature at which 50% of the DNA duplessdciates into
single-stranded, can be estimated by Equationvdhé&re N is the primer length in bases, %GC is
the number of G's and C's in the primer as a p&gerof the total number of bases (optimally
40%), and % mismatch is the number of bases inptimaer that do not match the dsDNA

template as a percentage of the total number @fshas

Tm = 81.5+0.41(%GC)- %_’— % mismatch Equation 3.1
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Table 3.1 Designed MyD88 and IRAK-4 primer sequencefor site-directed mutagenesis.
Mutated triplets are shown in capital letters amdlarlined. The specific nucleotides replaced
within the codons are shown in bold and underlir@tie original sequences of MyD88(L) and
IRAK-4(L) are given in Figure 3.1).

Mutation Primer Sequence Tm (°C)
MyD88 Sense 5’-cgatgcatggcagg@AA ccaggtgcatctgttgg-3’ 28.33
R81E Antisense  3’-gctacgtaccgtccd@T T ggtccacgtagacaacc-5’
MyD88 Sense 5’-cctggaactgggtccgtdtAA taggaagactgccag-3’ 28.40
1109X Antisense  3’-ggaccttgacccaggca@d T atcctictgacggtc-5’
MyD88 Sense 5’-ggaagactgccagaa&lCatcctgaaacagcag-3’ 29.20
Y116C Antisense  3’-ccttctgacggtctttA Gtaggactttgtcgte-5’
MyD88 Sense 5’-ctgtaccacgtacgggdtAActggctggtatcacc-3’ 81.60
E143X Antisense 3’-gacatggtgcatgcoydiTgaccgaccatagtgg-5’
IRAK-4 Sense 5’-ctgctcatccagadCGT ttctttgctccagcttctectee-3’ 28.65
E92R Antisense  3’-gacgagtaggtctt@CAaagaaacgaggtcgaagagagg-5’
IRAK-4 Sense 5’-ctcctgctgccagatgCRAA ccgaaaactgcgaacacte-3’ 28.65
V105X Antisense  3’-gaggacgacggtctacdi T ggcttttgacgcttgtgag-5’
IRAK-4 Sense 5’-gcagttccgaaaactgdch Aactctgccgtctaaagag-3’ 29.00
N110X Antisense  3’-cgtcaaggcttttgacgkTT tgagacggcagatttctc-5’
IRAK-4 Sense 5’-cgaacactctgccgtdtAAgaggcgattactgtg-3’ 80.44
K115X Antisense  3’-gcttgtgagacggcaderl Tctccgctaatgacac-5’

Primers (50 nmol each, purified by HPLC) were sgsthed at Invitrogen
(www.invitrogen.com). The resulting lyophilized piect was dissolved in bidistilled water to a
final concentration of 200 ngl., from which working dilutions at 100 ng. were prepared.

3.2.2 PCR Conditions

PCR site-directed mutagenesis was performed usiagQuikChang®' Il Site-directed
Mutagenesis kit (Stratagene), following manufaatarmstructions. Two reactions were prepared
for each mutant, using from 10 to 50 ng of tempRA. The volumes and reagents used for the

mutagenesis of 50 ng of DNA template were as fadtow

5 uL 10X reaction buffer (supplied by the manufactyrer

5uL (50 ng) dsDNA templatep(MyD88(L)or pIRAK-4(L)

6.25uL (125 ng)sensgrimer(20 ngfiL)

6.25uL (125 ng)antisenserimer (20 ngiL)

1 puL dNTP mix

ddH,O to a final volume of 5QL

1 uL PfuUltra HF DNA polymerase (2.5 WL) (added just before the
start of the PCR reaction)
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PCR reactions were carried out using the GeneAmER FSystem 9700 (Applied

Biosystems) or the MultiGene Mini (Labnet) therrogtler, with the following parameters:

Segment #ofcycles T (°C) Time

1 1 95 30s
95 30s
2 16 55 1 min
68 5 min
3 - 4 ©

To digest the parental (nhon-mutated) supercoil&@Nds each amplification reaction was
mixed thoroughly with L of theDpn | restriction enzyme (10 WL), and incubated at 37°C for
1h.

The reaction products were then transformed intol-Blue supercompetent cells
(Stratagene) according to the transformation puidtadetailed in section 3.3.2, with some
modifications: 5uL of Dpn I-treated DNA were used for transformation, anchdfarmed cells
were spread onto an LB/agar plate (see Appendix fotl composition) with 100ug/mL
ampicillin, 80pg/mL X-gal and 20 mM IPTG, in order to perform thieie-white color screening
test. This color screening for recombinant plasm&svailable when transforming host cells
containing thdaclqgZDM15 gene on the F’ episome (such as the XL1-Blue gtraith a plasmid
providing a-complementation (such as the pET-3a plasmid usee)hWhenlacZ expression is
induced by IPTG in the presence of the chromogsulistrate X-gal, colonies without the desired
insert are stained blue while those containingrpids with the insert of interest remain white.

3.2.3 DNA Extraction and Sequencing

To verify the mutant DNA sequence, single whiteoog¢s from the transformed XL1-
blue cells plate (see section 3.2.2) are inoculated 5 mL LB (see Appendix VII for
composition) containing 100 pg/mL ampicillin. Theltare was grown overnight at 37°C, and
cells were collected by centrifugation at 3,§00r 10 min. The mutated DNA was then extracted
with the Wizard® Plus SV Minipreppurification kit (Promega), following the manufats
protocol.

Mutated DNA sequences were verified using a T7 erimompatible with the T7
promoter of pET-3a (see Appendix V) (reactions qenied by Dr. Mercé Miquel, DNA
Sequencing platform of the CID-CSIC, Barcelona,igpa
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3.3.1 Escherichiacoli Strains

Heterologous expression of the recombinant proteams performed in different strains of
One Shot®E. coli competent cells, from Invitrogen: BL21(DE3), BLPHE3)pLysS and BL21
Star™(DE3)pLysS. Thesk. coli strains contain & prophage (DE3), carrying the T7 RNA
polymerase gene and theld@ promoter. In the transformed pET vector construitts, cloned
genes are under control of theld@promoter and expression is repressed until IPT@dtidn of
T7 RNA polymerase from thiac promoter. The pLysS plasmid codes for T7 lysozyaeatural
inhibitor of the T7 polymerase, which is constiely expressed. Therefore, tHe. coli
BL21(DE3)pLysS and BL21Star™(DE3)pLysS strains@sed to minimize low-level expression
of potentially toxic gene products before IPTG iotion. The BL21Star™(DE3)pLysS strain also
carries a mutatethe gene (nel3J, which encodes a truncated RNase E variant. modified
enzyme lacks the ability to degrade mRNA, resultimgn increase in mRNA stability.

In terms of antibiotic resistance, all theBe coli strains are resistant to ampicillin.
BL21(DE3)pLysS and BL21 Star™(DE3)pLysS strains algo resistant to chloramphenicol,
since they contain a C&marker.

3.3.2 Transformation of Competent Cells

Transformation of competent cells was performechgisihe heat shock method, as
follows:

1. Competent cells were allowed to thaw on ice.

2. Ten ng of plasmid DNA were added to the cells ifaminar-flow hood or on a
cleaned bench surface next to a Bunsen burnemaret gently.

3. The tubes were incubated on ice for 30 min, thext-Brocked at 42°C for 45 seconds,
and incubated on ice for at least 2 additional min.

4. Two hundred and fifty ul SOC medium (see Appendix fér composition) were
warmed to 37°C and then added to the cells.

5. The cells were incubated at 37°C for 1 h with cansagitation at 225 rpm.

6. Afterwards, the samples were centrifuged at 3500 fgqr 1 min, the supernatant was
discarded, and the pellet was slowly resuspend&@ jul SOC medium.

7. The entire transformation was spread onto a prenedr LB/agar plate with the

appropriate antibiotics, which was incubated owgrhiupside down, at 37°C.
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The antibiotic concentrations used in all mediatighout this work were 100 pug/mL
ampicillin (for all strains) and 34 pg/mL chlorangpticol (additionally, for BL21(DE3)pLysS
and BL21 Star™(DE3)pLysS strains).

3.3.3 Preparation of Starter Cultures

Bacterial starter cultures for protein overexpra@ssivere prepared as follows:

1. A single colony was picked from a freshly grownnstormation plate with a sterile
pipet tip, and inoculated into 50 mL LB medium aining the appropriate antibiotics.

2. The culture was grown overnight at 20°C with consgaitation at 225 rpm.

3. Next morning, either larger cultures or glyceralcsts were prepared as explained in

the following sections.

3.3.4 Preparation of Glycerol Stocks

E. coli strains can be stored for years at -80°C in a nmediontaining 15% glycerol.
These glycerol stocks of bacterial cells contairthmgy plasmid of interest were generally prepared
as follows:
1. Five-hundred-microliter aliquots were taken frora #giarter culture (section 3.2.3) and
added to 0.5 mL of a 30% glycerol solution in LBeydously sterilized.
2. The tubes were gently mixed, quickly frozen in ldjunitrogen, and stored at -80°C
until needed.
3. To prepare a starter culture from a glycerol stecglycerol stock vial was allowed to
thaw and inoculated into 50 mL LB medium (previguslutoclaved), with the
appropriate antibiotics. The culture was then &eats explained in section 3.2.3, for

preparing starting cultures.

3.3.5 Preparation of Larger Cultures

After preparing a starter culture either by inotinkg a single colony or from a glycerol
stock preparation, larger cultures were obtainethbyfollowing procedure:
1. The starter culture was diluted into 500 mL LB medi with the appropriate
antibiotics, in a 2-L flask.
2. The culture was grown at 37°C with constant shakdih@25 rpm until the optical
density at 600 nm (&, was 0.4-0.8 (indicating the beginning of the exgial

growth phase). LB medium was used as a blank F&xq} measurements.
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3.

Protein expression was then induced by adding OM8 WATG. The culture was

incubated at 20°C for 6 h with constant agitatian2a5 rpm, to ensure sufficient
aeration.

Cells were harvested by centrifugation at 4¢p@fr 15 min at 4°C. The supernatant
was removed and cell pellets were either storeeB@C or lysed as explained in

section 3.4.1.

Proteins overexpressed H. coli were always extracted by chemical cell lysis, and

unfolded proteins were then renatured using diffeselutions, as explained below.

3.4.1 Extraction of MyD88 and IRAK Recombinant Fragments

Both MyD88 and IRAK proteins were extracted by dghis. Cell membranes were

disrupted with detergents, as follows:

1.

Frozen cell pellets were resuspended in B-PER® emtagThermo Scientific)
supplemented with 10 mM Mg&I120 mM 2-mercaptoethanol (2-ME), 1 mM EDTA,
200 mM NaCl and 10 mM imidazole. From now on, B-RERagent with these
additives will be referred to as B-PER (see Appendi, approximately 10QuL B-
PER were used per 1 mL culture).

Once resuspended, 1 unit/mL DNase | was addecetontkture, which was incubated
at room temperature for 30 min under agitation.

Mixtures were then centrifuged at 13,9d0r 15 min at 4°C, the supernatant extracted,
and the resulting pellet resuspended again inaimevolume of B-PER as in step 2.
The pellet from the ¥ B-PER extraction was then resuspended in extradiicfer
(see Appendix VII), supplemented with increasingmities of urea (from 2 to 8 M).

Samples were taken after each extraction stepufitrdr analysis by gel electrophoresis.

See Table 4.1 (Results) for the expression an@&tidn conditions used for each protein.

3.4.2 Renaturation of Recombinant Proteins

In many cases, expression of recombinant proteink.icoli leads to formation of

insoluble inclusion bodies (IBs). In general, folgliinsoluble proteins into a biologically native

conformation, although technically challenging, hide advantage of working with large

guantities of essentially pure protein. To refalddluble proteins, some features regarding the

tested renaturing solutions must be taken into @wucoThe folding solution should favor
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formation of the native state while minimizing aggation of folding intermediates. Polar
additives such as arginine, osmolytes, deterganis,chaotropes can minimize aggregation and
increase the yield of biologically active materfdll3]. Other factors affecting formation and
stability of the folded state are pH, redox envimamt, ionic strength, protein concentration, and
the presence or absence of specific ligands.

Here, in order to search for the proper foldingdittons, 50uL of recombinant proteins
fully unfolded in an 8-M urea solution were added960uL of each of the 16 unique folding
solutions of the fractional factorial protein-faidi screen prepared in house essentially following
the work of N. Armstrong and co-workers [214] withinor modifications, such as the use of
lauryldimethylamineN-oxide (LDAO) as detergent, at a concentration ¢f tM, instead of
lauryl maltoside. The final protein concentratiam these solutions was of 0.1 mg/mL (see
Appendix VIl for the formulation of these bufferdylixtures were incubated overnight at 4°C on
a rocker, then centrifuged at 13000 rpm for 10 nonremove precipitated material, and
supernatants were analyzed by SDS-PAGE. SuitabttFemnditions were noted and renatured
proteins were buffer-exchanged and purified byegithffinity or ion-exchange chromatography
(sections 3.5.1 and 3.5.2, respectively). Oncenthst significant factors had been identified, the
folding conditions were optimized for larger scalenaturation experiments. These were
performed essentially as for the initial screensrotein solutions were added drop-wise to the
most suitable Foldlt solution(s) under continuotisisg. IRAK-4(S) was alternatively renatured
by overnight dialysis against 20 mM Tris-HCI, pH)8100 mM NaCl, 5 mM 2-ME, 1 mM

LDAO. The specific renaturing conditions used icleaase are shown in Table 4.1 (Results).

Recombinant fragments of MyD88 and IRAK proteingavpurified by a combination of
one or several of the following purification techues: metal affinity chromatography in batch or
by HPLC using prepacked columns (MyD88 variants dtsd complexes), ion-exchange
chromatography (for IRAK proteins), and size-exmuschromatography (to separate MyD88
aggregates from non-aggregated forms and the MyB8®&e-4 complex(es) from its

components).

3.5.1 Purification of MyD88 and its Complexes by Affinity Chromatography

This purification step is based on the interactbmickel ions, bound to a specific resin,
with the 6xHis tags present at the Ntdrminal ends of MyD88 recombinant fragments. The
matrix used in this investigation was Ni-NTA agapsom Qiagen. Nitrilotriacetic acid (NTA) is

a tetradentate chelating agent that occupies fbtireosix ligand binding sites in the coordination
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Figure 3.2 Schematic representation of the interaiin between neighboring residues in the
6xHis tag and the Ni-NTA matrix. Nitrilotriacetic acid (NTA) is a tetradentate cathg
adsorbent that occupies four of the six ligand inigaites in the coordination sphere of the nickel
ion, leaving two sites free to interact with thedxtag. (From [215]).

sphere of the nickel ion, leaving two sites freenteract with the 6xHis tag of the recombinant
MyD88 variants (Figure 3.2). The matrix is then twed and bound proteins are eluted with
increasing concentrations of imidazole, which camdbo Nf* and therefore disrupt protein to
matrix interactionsAffinity chromatography was performed either in dfator by FPLC using

prepacked columns mounted on an AKTA Explorer Sy(6E Healthcare).

Purification procedure with Ni-NTA agarose

The batch procedure entails binding the proteirth® Ni-NTA resin in solution. This
strategy is fast and promotes efficient bindinghef 6xHis-tagged protein, especially when the
6xHis tag is not fully accessible or when the prote the lysate is present at a very low
concentration. The batch purification procedureduiee MyD88 purification is described below
(see Appendix VIl for buffers compositions):

1. The extracted protein mixture (section 3.4) wasitdd in binding buffer to a final
concentration of 0.2 mg/mL and added to the Ni-Nagarose matrix, previously
equilibrated with binding buffer, and gently mixegl shaking (200 rpm on a rotary
shaker) for 3-4 h, at 4°C. 1 mL of Ni-NTA agarosaswised for every 5 mg protein,
corresponding to 25 mL of the initial bacterialtoné.
¢ For Ni-NTA agarose matrix equilibration, 2 mL ofetiNi-NTA agarose slurry (for

every mL of Ni-NTA agarose matrix to be used) weipetted into an empty
Eppendorf tube and centrifuged at §30r 2 min. The supernatant was removed
and binding buffer was added to the matrix. Thetunx was gently mixed by
inverting, centrifuged, and the supernatant disaérd

2. The protein mixture was centrifuged at §0for 2 min, and the supernatant was
collected (non-bound fraction).

3. The matrix was washed with 10 volumes of wash buffentrifuged for 2 min at

800y, and the supernatant collected (wash fraction).
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4. Specifically bound proteins were finally elutedrfrahe affinity matrix with 5 volumes
of elution buffer (containing 500 mM imidazole). dmixture was centrifuged for 2

min at 80@ and the supernatant was collected in differemtifvas (elution fractions).
Samples were taken after each extraction stepuftrdr analysis by gel electrophoresis.

Alternatively, the Ni-NTA matrix was first settledt the bottom of an empty PD-10
column, and the procedure continued as describezkab

3.5.2 lon-Exchange Chromatography of IRAK Proteins

lon chromatography is based on the ionic (Coulojnipieractions of analyte ions with a
stationary phase displaying oppositely charged tfanal groups. Retention of the analyte is
related to its affinity to the ion exchanger insithe column. Cation exchange matrices retain
positively charged cations using a negatively chdrgtationary phase, while anion exchange
resins hold anions using a positively charged @taty one. Usually, samples are loaded under
low ionic strength conditions and bound proteirss thien eluted using a buffer with higher ionic
strength.

In this work, IRAK-4(S), IRAK-1(S) and IRAK-M(S) pteins were purified, when
necessary, by anion exchange chromatography oru@sjmary ammonium)-Sephar88eFast
Flow matrix (GE Healthcare). The followed proceduvas similar as for batch and column
purification on Ni-NTA agarose (section 3.5.1), kuith the following specificities (see Appendix

VIl for buffers compositions):

1. The Q-Sepharose matrix was equilibrated with eopation buffer. One mL of Q-
Sepharose matrix was used for every 5 mg protetire tourified.

2. The protein fraction to be purified was dilutedd®.2 mg/mL in equilibration buffer.

3. The matrix was washed and proteins eluted with likgation buffer, supplemented
with increasing concentrations of NaCl (from 10G6® mM).

Samples were taken after each extraction stepuftrdr analysis by gel electrophoresis.

3.5.3 Size-Exclusion Chromatography

Size-exclusion chromatography is a purification moelt in which particles of different
sizes pass through a stationary phase at diffestas. As a result, particles of a solution are
separated by size rather than by molecular weightthe solution travels down a column filled
with a porous matrix, small particles enter intce tpores, while larger particles cannot.

Consequently, larger molecules elute faster from dablumn than smaller particles. Typically,
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when an agueous solution is used to transportdhglke through the column, the technique is
known as gel filtration chromatography.

In this work, gel filtration chromatography was dgde separate MyD88(L) and MyD88
E143X monomers from other multimeric forms, as vesdl MyD88(L)*IRAK-4(L) and MyD88
E143XIRAK-4(L) complexes from non-complexed forn@el filtration chromatography was
performed using a HiPrep 16/60 Sephacryl S-200 HRgisolution column (GE Healthcare)
connected to an FPLC system. The column was alwaghed first with distilled water, and then
equilibrated with gel filtration buffer (see Appéxd/Il for composition) before use. The column
was calibrated with six standard samples of knowategular weight: Blue Dextran (to determine
the void volume (Vo) of the column; M2000 kDa), g-amylase (M 200 kDa), alcohol
dehydrogenase (M150 kDa), albumin (M66 kDa), carbonic anhydrase (M9 kDa) and
cytochrome C (M12.4 kDa).

The quotients between elution volumes of standaodems (Ve) and Vo were plotted
against the logarithm of the molecular weights tahdard proteins. All samples (standards and
newly characterized MyD88/IRAK fragments and compke thereof) were dissolved in gel
filtration buffer. In this manner, the Mf the different eluted fractions of a sample dobk
calculated with the calibration curve created tais tbuffer, as a reference. The initial sample
volume to be injected into the column was kept 12 fhL at an initial concentration of 1-3
mg/mL, and gel filtration was performed at a constthow of 0.5-2 mL/min. Samples were
examined by absorbance readings at 280 nm throtighewrocess, and elution fractions were

collected manually.

Knowledge of the protein concentration is importaor most biochemical and
biophysical studies. In this work, protein concatitms were either determined with the BE&A
protein assay kit (Pierce) following manufactureifstructions, or in most cases, by the
absorbance of aqueous protein solutions at 280A3g9)( a faster and cleaner technique. When a
higher concentration of a protein was needed, filttedion devices were used to reduce sample
volumes by separating larger solutes from otheremdés of lower molecular weight. These
ultrafiltration devices were used not only for @iot concentration but also for protein dialysis

and separation. These techniques constitute the toiic of this section.

3.6.1 Determination of Protein Concentration from the Ab®rbance at 280 nm

Absorbance assays are fast and convenient, sinaddittonal reagents or incubations are

required, and no protein standard needs to be me&pahis method is mostly used to monitor
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fractions from pure proteins, since any non-proteamponent of the solution that absorbs
ultraviolet (UV) radiation will interfere with thassay. Proteins in solution absorb UV radiation
with absorbance maxima at about 280 and 200 nntideeponds are primarily responsible for
the peak at around 200 nm, and amino acids witmatio rings are the primary reason for the
absorbance peak at about 280 nm. The relationdhgbsorbance to protein concentration is
linear over a large concentration range, and igrdehed by Lambert-Beer's Law (given in
Equation 3.2), where A is the absorbance, at angiwavelength of light, ¢ is the molar
concentration of solute in the solution being meadue is the molar extinction coefficient,
expressed in Mcm™, and | is the path length of the sample (distahaglight travels through the

sample contained in an analytical cell), expresseun.

A = ecl Equation 3.2

Absorbance was measured at 280 nm with either t#e/id Cary 100 Bio dual beam
spectrophotometer (Varian), using 1f0-quartz micro cuvettes with a 1-cm path length
(Hellma), or the Nanodrop ND-1000 spectrophotométérermo). As blank buffer we used the
one in which the protein to be measured was dissol¥¥rom the Ay value obtained, protein
concentration was calculated using the theoretibabrption coefficients and molecular weights
given in Tables 3.1 and 3.2, and applying Equaigh Although protein concentration can be
monitored by collecting data at a single waveler(ggually 280 nm), a complete UV spectrum
(e.g. in the range of 240-320 nm) was usually meodrso that information about protein quality
could be gathered, and distortions due to the poesef contaminating substances absorbing at

close wavelengths (for example, DNA or RNA, absoghkat 260 nm) could be excluded.

3.6.2 Ultrafiltration of Protein Solutions

Protein solutions are often required to be cone¢etk and/or buffer-exchanged for
further use. This can be done by ultrafiltratiofiet is far gentler to labile macromolecules than
other techniques such as precipitation. This tephmiis very efficient because it can
simultaneously be used for protein buffer-exchandgsalting, concentration, or removal of
materials of low molecular weight from a solutionneacromolecules. When using commercially
available ultrafiltration devices, a centrifugalrde is applied to force the passage of small
molecules through a membrane that contains pores définite size. Retention and product
recovery are a function of a variety of other fastancluding the molecular shape and size of the
molecule, electrical characteristics, sample commagon and composition, operating conditions,
and device or system configuration. Neverthelels, nominal molecular weight limit of a

membrane has proven to be an effective generatatamli of membrane performance for globular
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proteins. This limit indicates that most dissolvadlecules with lower molecular weights will pass
through the membrane while proteins of higher mdaoveight will be retained.
Here, in order to separate MyD88 and IRAK protegjos their complexes) from other

buffer components, three different ultrafiltratidevices were used:

1. Centricon devices (Millipore): for initial proteisolution volumes of up to 2 mL and
desired final volumes of 40 pL or higher (Figurd&aj.

2. Amicon Ultra-15 devices (Millipore): for initial vames of up to 15 mL and final
recovery volumes of 200 pL or higher (Figure 3.3b).

3. Microcon devices (Millipore): for initial proteinodution volumes of up to 500 pL and

final recovery volumes of 10 pL or higher (Figur8@.

The above mentioned devices contain a low-adhestinlose membrane with a specific
nominal weight limit according to its pore size.d@ading on the protein or complex to be
retained, the most frequently used membranes hiauihad molecular weight limits of 3, 10 or 30
kDa. For safety margin, the cut-off of the selectedmbrane was usually well below the
molecular weight of the macromolecule to be conegat/desalted. Since these membranes
contain trace amounts of glycerin, they were alwargsrinsed with distilled water prior to use.

Ultrafiltration was always performed at 4°C followgi manufacturer’s instructions.

Figure 3.3 Ultrafiltration devices used for protein concentration and dialysis.Ultrafiltration

of protein solutions was performed with devicestaoring a low adhesion cellulose membrane
with a specific pore size. The protein solutiorb® concentrated or buffer-exchanged is loaded
into the upper part of the device. When centrifygaedcromolecules larger than the membrane
pore size will be retained on top of the devicejlevsmaller molecules will pass through the
membrane to the bottom part of the device. Depgndmthe initial volume of protein solution
and on the final concentration desired, three difie devices where used (all from Millipore):
Centricon devices, for initial protein solution uoies of up to 2 mL and desired final volumes of
40 pL or higher;b) Amicon devices, for initial volumes of up to 15 nand final recovery
volumes of 200 pL or higher; @) Microcon devices, for initial protein solution wohes of up to
500 uL and final recovery volumes of 10 uL or higl{¢odified from [216]).
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3.7.1 Protein Separation by SDS-PAGE

Sodium dodecy! sulfate-polyacrylamide gel electagkis (SDS-PAGE) is a common
technique used to separate proteins accordingtoealectrophoretic mobility, which is a function
of molecular mass if they are previously denatusedi homogeneously charged using the
detergent sodium dodecyl sulfate (SDS), a stromicidetergent. Thus, this relatively simple
technique allows for the estimation of the molecuofass of a protein and/or its domains. Further,
SDS-PAGE is routinely used to assess the purityrotein samples and the progress of a
fractionation or purification procedure. In thisidy, SDS-PAGE was performed as follows (see
Appendix VII for buffers compositions):

Proteins to be analyzed were previously denatuneldeaenly negatively charged so they
could be separated primarily by mass. This wasraptished by treating the proteins with sample
buffer (which contains 2% (w/v) SDS) and heatingnthat 95°C for 10 min in a heating block.
The sample buffer includes the bromophenol blueadyerell, which facilitates supervision of the
electrophoresis process. In some cases, the séuifée additionally contained a reducing agent,
usually 200 mM DTT, in order to reduce disulfidende and ensure disruption of tertiary and
quaternary protein structures.

To obtain optimal resolution, the gels were prepasith a “stacking” gel cast over the
top of the “separating” gel. The separating gedpamsible for the separation of polypeptides by
size, was approximately 5 cm in length. The stagksprepared with a lower concentration of
acrylamide, lower pH and different ionic contenarththe separating gel. It included the sample
wells, and allowed the loaded protein samples t@dieentrated into a thin layer before they
reached the separating gel. Gels were mounted &fina Protean 3 electrophoresis system
(BioRad), and electrophoresis was performed witeqadte buffers. (Please note that different
buffers are used as cathode and anode in TrisAErgystems). Generally, 5-10 pg protein were
loaded in each well, with equal sample volumesdaiy of 30 pL. Novex Sharp (Invitrogen)
molecular weight marker was loaded in one wellpiider to determine the molecular weight of
the proteins being analyzed. Once samples weredbado the wells, the proteins were forced to
move through the gel matrix by applying a differepotential (80 V at first, and 100-120 V once
the front end had reached the separating gel).trafgworesis was usually performed until the
front end reached the end of the gel (2 h approvdiya

In some occasions, in particular to verify compfexmation, samples were run under

native conditions, using the gel, buffer and sansplmpositions specified in Appendix VII.

71



Coomassie blue or Silver staining methods, or feared to nitrocellulose or PVYDF membranes

Once separated by electrophoresis, proteins wireraietected directly in the gel using

for analysis by Western blotting. These detecti@thods are described in the following sections.

3.7.2 Protein Gel Staining

To visualize protein bands in a gel, two differpnbtein staining techniques were used,
depending on the sensitivity needed: Coomassie btaming, usually sensitive enough for
regular purposes; and silver staining, of highesgiity.

a) Coomassie Blue Staining

Coomassie dye is the most popular reagent for istpiprotein bands after gel
electrophoresis. In acidic solutions, Coomassie loipes to basic and hydrophobic residues of
proteins being able to detect, for most proteisdesav as 50-100 ng per band in a mini-gel [217].
Coomassie blue staining was performed as follows @&ppendix VIl for the composition of

solutions used):

1. The polyacrylamide gel was rinsed once with gdhh a suitable container, not much
larger than the gel itself.

2. Enough Coomassie stain solution was added to ¢beegel, which was incubated on
a rocking table for 30-60 min at room temperature.

3. Atfter discarding the Coomassie stain solution, gkéwas rinsed twice with dd©@
and incubated in destaining solution | on a rockaige. The incubation took place for
30 min, at room temperature, and the solution viees tdiscarded. This step was
repeated twice.

4. Destaining solution | was then removed and replagitidl destaining solution 1. The
gel was incubated in this solution at room tempegaton a rocking table, until the
blue protein bands stood out against a clear backgk. The solution was changed as

many times as necessary.

b) Silver Staining

Silver staining is a highly sensitive method foted#ing proteins in polyacrylamide gels.
With this technique, metallic silver is depositeatamthe surface of a gel at the location of the
protein bands. Proteins bind silver ions and, wihese are reduced under appropriate conditions,
a visible image of protein bands is achieved. Tmisthod is 100-fold more sensitive than
Coomassie blue staining [218], although it requisesonsiderably more tedious procedure,

described below (see Appendix VII for the compaositdf solutions used):
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1. The polyacrylamide gel was rinsed once with gdhh a suitable container, not much
larger than the gel itself.

2. The proteins were fixed in the gel by incubatingixative solution for at least 1 h.

3. After this time, the fixative solution was discaddend the gel was washed three times
in 30% (v/v) ethanol (about 20 min each).

4. The gel was then reduced by incubation in a 0.020v)( sodium thiosulfate
(N&;$S;03) solution for 1 min.

5. The NaS;0; solution was discarded and the gel was washed thmes with ddHO
(about 1 min each).

6. The gel was then incubated with silver stainingisoh for 1 h.

7. After this time, the staining solution was remowed! the gel was washed three times
with ddH,O (about 1 min each).

8. The gel was then incubated in developer solutiotil time protein bands became

visible and, at this point, the reaction was stappéh fixative solution.

3.7.3 Protein Immunodetection by Western Blot

The Western blot (WB) is a technique used to detpetific proteins after separation by
gel electrophoresis. After SDS-PAGE, proteins atectmphoretically transferred to an
appropriate nitrocellulose or PVDF membrane, ambed with an antibody specific to the target
protein (the primary antibody). The membrane istineubated with another antibody (secondary
antibody), directed at a species-specific portibthe primary antibody. The secondary antibody
is usually linked to a reporter enzyme such asdradish peroxidase (HRP), which in turn reacts
with a chemiluminescent agent, and the reactiodymbproduces luminescence in proportion to
the amount of protein. An image of the antibodiesirid to the blot can then be created by
chemiluminescent detection methods.

In this work, mouse anti-His monoclonal antibodyE(Glealthcare) was used for the
detection of recombinant MyD88 fragments, which taom an N-terminal 6xHis tag. IRAK-4
fragments, containing an N-terminal FLAG® M2 tagyY(®WDDDDK), were detected with mouse
anti-FLAG® M2 monoclonal antibody (Sigma-Aldriciyatural IRAK-4 from monocyte extracts
(see section 3.8) was detected with anti-human IRApBolyclonal antibody (R&D Systems).
Lastly, mouse anti-MYC monoclonal antibody (Sigmiai#ch) was used for detecting IRAK-M
proteins, which have an N-terminal c-MYC (EQKLISEEfag. Rabbit HRP-linked anti-mouse
polyclonal antibody (Dako) was used, in all casas, the secondary antibody. Protein
immunodetection was performed following the progediescribed below (see Appendix VII for

the composition of used buffers):
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1. Proteins were separated by SDS-PAGE (section 3.7.1)

2. When using a PVDF membrane, this was soaked in Ifd@#anol for a few seconds
until its appearance changed from opaque to semsfrarent.

3. Atransfer “sandwich” was prepared using the Miraris-blot cell system (BioRad):

« For each gel to be transferred, four pieces of Wihatpaper (about the size of the
gel), one piece of nitrocellulose or PVDF membrand two sponges were pre-wet
in transfer buffer.

» The gel and pre-wet materials were stacked as shwigure 3.4 and air bubbles
were removed by carefully rolling a clean glassefip over the surface of each
layer in the stack.

4. The transfer tank is filled with transfer bufferdathe sandwich is placed inside the
tank with the membrane oriented to the anode aedgt#i to the cathode, so that
proteins would migrate from the gel to the membyandhe presence of an applied
electric field.

5. An ice block and a stirring magnet are added iheottansfer tank, which is placed on
a magnetic stirrer at 4°C. The electrodes are ttmpled and the electrophoretic
transfer is performed at 400 mA for 2 h, with camststirring.

6. When the transfer is finished, the apparatus iasdismbled and the membrane is
incubated with blocking solution containing no B8A a rocking table, either for 1 h
at room temperature or overnight at 4°C. In thisinga, the non-specific binding of

the antibody to the membrane is prevented.

Nitrocellulose / PVDF
membrane
4— Polyacrylamide gel

/

Figure 3.4 Schematic representation of the “sandwit’ assembly for transferring
proteins to a synthetic membrane.The polyacrylamide gel containing the proteins
separated by SDS-PAGE is in contact with the nillatose or PVDF membrane, which
is located facing the anode. The membrane andrggblaced between two filter papers,
and these in turn are located between two sporideswhole system is immersed in a
tank filled with Transfer Buffer (Appendix VII). Bteins, which are negatively charged
because of the bound SDS, migrate towards the ambda an electric field is applied,
being retained in the membrane.




7. The membrane is then incubated with the primaryibady for 1 h at room
temperature on a rocking table.

» For MyD88 detection, mouse anti-His monoclonal laody (GE Healthcare) was
diluted 1:3000 in blocking solution.

e For recombinant IRAK-4 detection, mouse anti-FLAG® monoclonal antibody
(Sigma-Aldrich) was diluted 1:3000 in blocking stidun.

¢ For IRAK-M detection, mouse anti-MYC monoclonal iaody (Sigma-Aldrich)
was diluted 1:5000 in blocking solution.

8. The blocking solution is removed and the membrangashed six times (about 5 min
each) with Tris-buffered saline solution (TBS).

9. The membrane is incubated on a rocking table, for with Polyclonal Rabbit Anti-
Mouse Immunoglobulin/HRP (Dako), at room tempemtdthe antibody was diluted
1:10000 in blocking solution.

10. The antibody-containing solution is removed anrel tiembrane is washed six times
with TBS (about 5 min each).

To develop the WB, a chemiluminescence reactiocaisied out using the Immobilon
Western Chemiluminescent HRP Substrate (Millipdi@)owing the manufacturer’s instructions.
During the chemiluminescence reaction, horseragishoxidase covalently coupled to the
secondary antibody, and therefore indirectly torttambrane-bound target proteins, catalyzes the
oxidation of luminol, a light-emitting reaction. Eted photons are usually captured on a Curix
RP 2 Plus photographic film (AGFA) placed over thembrane, in a dark room, and using G334
and G139 (AGFA) as fixating and developing reagem¢spectively. Different films were
exposed to the membrane for increasing periodsnoé. tAlternatively, the emitted light was
detected using the KODAK Image Station 4000MM P@argestream Molecular Imaging),
equipped with a CCD camera, to capture digital iesagf the Western blot.

Peripheral blood mononuclear cells were isolataminfrblood of healthy donors by
centrifugation on Ficoll-Hypaque Plus (Amersham d8iences), as previously reported [125,
132]. Cells were initially cultured for 2 h to argdty of 16 cells/mL in Dulbecco’s Modified
Eagle Medium (D-MEM, Gibco/Invitrogen) supplementeith antibiotics (100 IU/mL penicillin
and 100ug/mL streptomycin). The supernatant was then remi@rel adherent cells (2x°1per
well) were cultured in the same medium supplemeniti¢d 10% of heat-inactivated fetal bovine

serum. Purity of all cultures was verified by CDstdining.
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(PBS) at a concentration of abouf t@lls/mL, washed, and finally incubated at 4°C36rmin

To prepare monocyte lysates, cells were resuspemdedld phosphate-buffered saline

with ice-cold cell lysis buffer (see Appendix Vibrf buffers compositions) with gentle rotation.
Cellular debris was then removed by centrifugatri5,00Q9 for 30 min, and the supernatant

was aliquoted and stored at -20°C until further. use

To evaluate MyD88 affinity for the different IRAKr@ieins, several experiments were
performed. In some cases, proteins were directtybiated in binding buffer and then purified
with Ni-NTA agarose. In other cases, protein wergt lenatured in 8 M urea and then incubated
in a proper renaturing solution, prior to Ni-NTAaagse purification. The specific procedures
followed in each case are described below (see AgipeVIl for the composition of buffers

used).

3.9.1 Binding Assays Performed with Soluble MyD88/IRAK-4 Recombinant
Fragments

To qualitatively assess IRAK-4 affinity for deatlordain-containing fragments of
MyD88, equimolar amounts of the purified recombin@noteins of interest were mixed in
binding buffer at 37°C for 2 h. After this time,ethmixtures were incubated for 15 min with
excess Ni-NTA agarose matrix previously equilibdaite the same buffer, and then centrifuged at
800y. The matrix was then thoroughly washed with wasfign and specifically bound proteins
were finally eluted with the same buffer supplenednivith up to 500 mM imidazole (see section
3.5.1). The same binding assays and purificatiocgufures were performed simultaneously with
IRAK-4 recombinant fragments alone to exclude npeeffic binding of IRAK-4 fragments to
the NIi-NTA agarose matrix. To verify complex fornea, samples of IRAK-4 only and
MyD88+IRAK-4 were subjected to SDS-PAGE and analyegéher by protein staining or WB
methods (sections 3.7.2 and 3.7.3). In some expetsn samples were alternatively separated
using anti-His tag monoclonal antibody coupled tagmetic microbeds (Miltenyi Biotec),
following the manufacturer’s instructions.

Alternatively, various amounts of IRAK-4(L) werecimbated in binding buffer with 1 pug
of purified MyD88(L) for 2 h, at 37°C. Equal volusmef Ni-NTA agarose matrix were then
added to these mixtures and further incubated Somin. Mixtures were centrifuged to recover
the affinity matrix, which was thoroughly washedhwvash buffer, containing 10 mM imidazole,
before eluting specifically bound proteins with wethg sample buffer. Protein fractions were

analyzed by WB using anti-FLAG or anti-6xHis mormwl antibodies.
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3.9.2 Demonstration of Recombinant MyD88 Interaction with Natural Full-
Lenght IRAK-4 Kinase

Fixed amounts (2 pg) of purified MyD88(S) or MyD8B(were incubated with
increasing quantities of cytosolic extracts fronftumed human monocytes (from 1 to 100 ug of
total monocyte proteins). After incubation at rodemperature for 30 min, Ni-NTA agarose
matrix was added to the mixtures, and samples werdrifuged at 80§ for 2 min. The
supernatants were precipitated with 5 volumes ¢ ecetone, and specifically bound proteins
were recovered with reducing sample buffer afterdbghly washing the affinity matrix with cell
lysis buffer. Samples were subjected to SDS-PAGEaralyzed by WB, using a human IRAK-4
affinity-purified polyclonal antibody (R&D Systems)

3.9.3 Detergent Screening to Enhance MyD88(L)-IRAK-4(L) @mplex Formation

Clusters of hydrophobic residues on the proteinfaser can promote non-specific
aggregation and interfere with complex formatiothwahysiologically relevant partners, even if
they are present in molar excess. The additionilaf, iological detergents can enhance protein
solubility and promote complex formation by disttdp these non-specific hydrophobic
interactions. To explore whether non-ionic detetgerould enhance MyD88¢IRAK-4 complex
formation in vitro, 24 different detergents from Detergent Screeiddmn{pton Research) were
added to equimolar mixtures of recombinant MyD884hH IRAK-4(L) variants (see Appendix
IX for a detailed formulation of the used deterggnten pL of each detergent were used per 100-
pL aliquot of the MyD88(L)/IRAK-4(L) mixture. Eackample was incubated for 3-4 h with equal
amounts of Ni-NTA matrix on a rotary shaker, at@7and treated as described above (section
3.5.1).

3.9.4 Co-renaturation of MyD88 and IRAK Recombinant Domains

As another approach for demonstrating complex ftona equimolar amounts of
MyD88 and IRAK variants were separately denaturel M urea, mixed in various proportions,
and subjected to the fractional factorial foldirgeen, essentially as described in section 3.4.2.
After overnight incubation at 4°C, the pH was atgdsto 7.0 with concentrated sodium
phosphate and excess Ni-NTA matrix equilibratedhi@ appropriate renaturing condition was
added. Samples were incubated for 30 min at roonpeeature, and then the affinity matrix was
treated as described in section 3.5.1 to recovecitgally bound proteins. For larger-scale

experiments, protein mixtures were added drop-wiséhe most suitable renaturing condition
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found in the factorial screen, and treated as ab®aeples of all eluted fractions were analyzed
by WB (see section 3.7.3).

Alternatively, a fixed amount of MyD88(S) (10 pg)asv incubated with increasing
guantities of IRAK-4(L) (from 1 to 20 pg) in 8 M e, and mixtures were co-renatured by rapid
dilution in Foldlt condition 5 (with sodium phospgbhgpH 7.0 instead of MES). Soluble proteins
were pulled down with Ni-NTA matrix, and treateddescribed above. A similar experiment was
conducted with approximately molar equivalent amswif IRAK-4(S) (from 0.58 to 11.63 pg).

Samples of all eluted fractions were analyzed bytéfa blot.

3.10.1 Dynamic Light Scattering

Dynamic light scattering (DLS) is a non-invasivehrique for measuring the size of
macromolecules and small particles typically in $ibmicron size range. Particles and molecules
in suspension undergo Brownian motion, which isseduby the large number of solvent
molecules continuously colliding with the much lkargarticles, which consequently move in a
random manner. If the particles or molecules dwnihated with a laser, the intensity of the
scattered light fluctuates at a rate that is dependpon the size of the particles (smaller pasicl
move faster). The particle diameter that is meakure DLS experiments is called the
hydrodynamic diameter, and refers to how a partdiffuses within a fluid. The diameter
obtained by this technique is that of a sphere lilatthe same translational diffusion coefficient
as the particle being measured. The translatidiffalsion coefficient depends not only on the
size of the particle core, but also on any surfstcecture, as well as on the concentration and
nature of ions in the solution [219].

In this work, purified proteins to be analyzed wérst centrifuged and filtered to remove
dust particles from the solution, and then subged¢te DLS. Twenty pL of each protein at 0.1
mg/mL were measured in a 100-pl quartz micro ceveling a Zetasizer Nano S instrument
(Malvern Instruments Ltd), equipped with a He-Ne laser (633 nm). The results were evaluated

with built-in software.

3.10.2 Limited Proteolysis

Purified recombinant proteins or their complexesrevencubated at 25°C with
endoproteinases Glu-C or chymotrypsin at a 1:10f/me to protein ratio. Additionally, free
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MyD88(L) was digested at 37°C with endoproteinasg-@ at a 1:200 enzyme to protein ratio.

The procedures followed for each enzyme digestierdascribed below.

a) Glu-C digestion

Approximately 50ug of the proteins of interest were buffer-exchanggd 100 mM
ammonium bicarbonate, pH 7.9, and concentrateditmbvolume of 350 uL using ultrafiltration
devices (see section 3.6.2). A 40-puL aliquot waserafrom each sample before adding
endoproteinase Glu-C, and incubated with 8 pL dficeng sample buffer (see Appendix VII) at
95°C for 10 min. Five hundred ng of sequencing graadoproteinase Glu-C (Roche) were added
to the remaining protein samples, and mixtures warebated at 25°C in a heating block for up
to 8 h. Forty-uL aliquots were taken during theediipn process, usually from 5 min to 8 h. The
reactions were stopped by immediately adding 8 u&oreducing sample buffer to each aliquot
and heating the tubes at 95°C for 10 min. All s&@siplere subjected to SDS-PAGE and WB
analysis, using appropriate antibodies (see se@i@rB). The same protocol was followed for
MyD88(S)*IRAK-4(L) Glu-C digestion. Prior to the pariment, the complex was prepared using
50 ug of IRAK-4(L) and an equimolar amount of MyD88(&jd purified with Ni-NTA agarose

(see section 3.5.1).

b) Chymotrypsin digestion

Fifty pg of the proteins to be digested were buffiechanged into chymotrypsin digestion
buffer (100 mM ammonium bicarbonate, pH 7.9, 10 mdCL) and concentrated to a final
volume of 350 pL, using ultrafiltration devicesgssection 3.6.2). Aliquots were taken from each
sample before adding the protease, and incubatetiOfanin with 8 pL of 6X reducing sample
buffer, at 95°C. Five-hundred ng of chymotrypsigusncing-grade (Roche) were then added to
the remaining samples and incubated for up to 18 & heating block, at 25°C. Forty-uL aliquots
were taken during the digestion process at varimoss (from 5 min to 8 h). The reactions were
stopped by immediately adding 8 pL of reducing denuffer to each aliquot and heating the
tubes at 95°C for 10 min. All samples were subpedte SDS-PAGE and WB analysis, using

appropriate antibodies (see section 3.7.3).

c) Arg-C digestion

Proteins of interest were buffer-exchanged into-8rdigestion buffer (100 mM Tris-HCI
pH 7.6, 10 mM CagG) and concentrated to a final volume of 260 pLngsiltrafiltration devices
(see section 3.6.2). Thirty pL activation solut{®® mM DTT, 5 mM EDTA) were added to the
concentrated sample, and a 30-pL aliquot was tfkemthis mixture and mixed with 3 pL of 0.5

M EDTA. Sequencing-grade endoproteinase Arg-C (BRpaas resuspended in a solution
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containing 50 mM Tris-HCI pH 8.0, 10 mM CaCbh mM EDTA, at a final concentration of 0.1
pg/mL. Eight pL of this Arg-C aliquot were addedthe protein sample at a final enzyme to
protein ratio of 1:200. Arg-C digestion was allowedoroceed at 37°C for up to 8 h in a heating
block, and 30-pL aliquots were taken at variouseinffrom 5 min to 8 h). All aliquots were
immediately mixed with 3 pL of 0.5 M EDTA, in ordéo stop proteolysis. Alternatively, the
digestion was stopped by adding 6 pL of 6X redusagiple buffer to all aliquots, instead of
EDTA, and the mixtures were heated for 10 min ineating block, at 95°C. All samples were
subjected to SDS-PAGE (see section 3.7.1) and ¢lewere stained with Coomassie Brilliant

Blue (see section 3.7.2).

3.10.3 Surface Plasmon Resonance Studies

For surface plasmon resonance (SPR) studies, deeadting partner (the ligand) is
attached to the surface of a sensor chip, and #henlution containing the other interaction
partners (the analytes) is allowed to pass overctiaed surface. Binding of molecules to the
sensor surface generates a response that is pooadrto the bound mass, and changes in the
amount of bound protein can be detected on theosengface. The response is measured in
resonance units (RU) and is directly proportiomattte concentration of biomolecules bound to
the surface.

One approach for attaching biomolecules to theasarfof the sensor chip is the high
affinity capture, where the molecule of interestattached by non-covalent interaction with
another molecule, which is in turn covalently imntiabd to the chip surface. In this work, all

SPR studies were performed at 25°C, using SendprNOA (GE Healthcare).

a) Sensor Chip NTA

This sensor chip has a glass surface covered withifarm thin layer of gold, and a
covalently bound layer of carboxymethylated dextnaslecules to protect samples from contact
with the metal layer. This dextran surface alsot@ims immobilized NTA (manufactured by

ligand
NTA ‘o _His Figure 3.5 Ni*-NTA interaction
N"":?N'I H|'.|sis with polyhistidine-tagged ligands.
i Nickel ions form a chelation bond
COO" CH,CO0 between NTA immobilized on the
surface and polyhistidine tags on the
ligand. (From [220]).
Chip surface
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Qiagen), which chelates metal ions such a$’,Nireating coordination sites that bind to

polyhistidine-tagged ligands (Figure 3.5).

b) Protein immobilization procedure

All SPR studies were carried out at the Institut Bielogie Structurale (Grenoble,
France), under the supervision of Dr. Nicole ThsleAll experiments were performed on a
Biacore® X system (GE Healthcare), which contaiwe flow cells (Fcl and Fc2), using the
built-in BIAevaluation software. First, before imbitization, proteins of interest were diluted in
SPR running buffer (see Appendix VII), previouslytefed through a 0.45um pore-size
membrane, and all protein solutions were centriduge 13,000 rpm for 10 min. The chip was
washed by passing 20 of 350 mM EDTA through Fcl and Fc2, at a flow28fuL/min. Then,
to allow capture of histidine-tagged proteins, seface of the sensor chip NTA was activated
with Ni** by passing 2QL of 500 uM NiCl, through both flow cells. Then, 4@ His-tagged
protein solution were passed over the surface efcthip (through Fc2 only) in SPR running
buffer, at a constant flow of 2@L/min. After stabilization of the signal, 4L of analytes were
injected through both flow cells, in SPR runnindfey at a constant flow of 20L/min. Binding
was detected and registered during the experim@ntgledure and sensorgrams were analyzed
with the provided software. To remove any nidkek and bound proteins remaining on the NTA
surface, the chip was regenerated after each asalysle with 60uL of 350 mM EDTA along
with other different solutions. See Table 4.3 (Rs$dor a summary of all experimental set-up

steps used for SPR analysis.

3.10.4 Analytical Ultracentrifugation

Analytical ultracentrifugation (AUC) is a techniqueed to analyze biological molecules
in solution, in specially designed centrifuges, ethican, for instance, separate the different
multimeric states of a given biological moleculeheTsedimentation rate of the molecule is
monitored continuously to obtain the molecular veigrofile of the species observed, from
which the multimeric state(s) of this molecule dae determined. This technique is also very
helpful for studying protein-protein interactions solution. In AUC analysis, sedimentation
velocity is much more frequently used than sediewgon equilibrium, since it can be applied to a
wider range of biological systems. Sedimentatioloaity is a method that measures the rate at
which molecules move towards the bottom of the ioalesponse to a high speed centrifugal force
generated in a centrifuge. This sedimentation pateides information about both the molecular
mass and shape of the molecule(s) under study.

Sedimentation velocity experiments were performenl @ ProteomeLab™ XL-I

Analytical Ultracentrifuge, equipped with an 8-ma&n-50 Ti Rotor and cells with double-sector
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centerpieces of 12 mm optical path length and sepmhndows (Beckman-Coulter Instruments).
For the first measurements, a wavelength and radah at 280 nm was acquired at 20°C at a
rotor speed of 3000 rpm. Afterwards, sedimentatielocity was performed at 20°C at a rotor
speed of 42000 rpm, overnight, at 280 nm. The thraif the scan was ~1.5 min per radial scan
at a given wavelength per cell, and samples weadyaed with SEDFIT [221]. Each sample was
dissolved in a different solution, which was usexd aptical reference for that sample (see
Appendix VII for the composition of each buffer d¥eThe loading volume (~45QL) was
identical for the reference and sample chamberghef double-sector centerpiece, and a
counterbalance was used in one cell to providdeaerce for calibrating radial distances and to
balance the opposing cell. Major sample and budferacteristics are summarized in Table 4.4
(Results). The density and viscosity of the ultraidiugation buffers were calculated from their

respective compositions, and the partial speciitime and molecular weights of the proteins

were calculated based on the amino acid compositiging the software SEDNTERP [222].

3.11.1 Protein and Complex Preparation for Crystallization

Crystallization tests were performed with proteimgles that were previously dialyzed
against HEPES or Tris-based buffers (see Appendiusing Amicon Ultra-15 ultrafiltration
devices (Millipore), and concentrated to final cemirations of 1-10 mg/mL using these and
Microcon ultrafiltration devices (Millipore), forurther concentration (section 3.6.2). Samples
were either dialyzed directly after Ni-NTA purifiten (section 3.5.1), or separated into
monomers, dimers and multimers by FPLC procedwesipn 3.5.3), prior to dialysis.

3.11.2 Finding Optimal Crystallization Conditions for Crys tal Growth

Screenings to find optimal crystallization conditsofor crystal growth were performed
by hanging-drop and sitting-drop vapor-diffusionthuels (see Figure 3.6). Hanging-drop vapor-
diffusion trials were set up in 24-well ComboPlategGreiner), using siliconized glass coverslips
(18 mm diameter) to cover each well, and silicoreage (Bayer) to seal the plates. Alternatively,
EasyXtal 15-Well (formerly 24-Well) Tool plates Wwistandard X-Seal crystallization supports
(both from Qiagen), which minimize evaporation grdlongs the reuse of reservoir solutions,
were used for hanging-drop experiments. Sittingadvapor-diffusion trials were set up in 24-
well Linbro Plates (Hampton Research), using ChyGtaar sealing tape (Hampton Research) to

seal the plates.
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a) Protein solution + b) Protein solution +
Reservoir solution Reservoir solution

[

H0

Reservoir solution

Hanging-drop Sitting-drop

Figure 3.6 Hanging- and sitting-drop vapor diffusion crystallization methods.Hanging- and
sitting-drop vapor diffusion methods entail a degptontaining purified protein, buffer and
precipitants, which is allowed to equilibrate agtia larger reservoir containing the same buffer
and precipitants. Initially, the droplet of proteialution contains an insufficient concentration of
precipitant for crystallization, but as water vapes from the drop and transfers to the reservaoir,
the precipitant concentration increases to a lepémal for crystallization. Both methods require
a closed system, and differ in the vertical origataof the protein solution drop within the
system.a) Diagram of the hanging-drop method, in which tmepdhangs from a cover slice
placed on top of the reservoly) Diagram of the sitting-drop method, in which thetgin drop
sits on a pedestal above the reservoir solutionp™olumes varied from 1 to 3 pL and could
have different volume ratios between the proteth@wstallization solutions. (Modified from [223)]).

Initial screenings were performed using reagemm fCrystal Screens 1 and 2 (Hampton
Research) and Morpheus™ MD1-46 (Molecular DimersiorCrystallization reagents from
ProPlex™ MD1-38 were also used for some crystdibnaassays (see Appendix X for a detailed
list of used crystallization solutions). Proteiduimns were centrifuged at 13,06r 2-5 min to
remove all suspended particles before setting egtystallization experiments. Regardless of the
used system, one drop of concentrated proteinisolfi-2 pl) was mixed with one drop of
crystallization solution, of equal volume. Maniptiida of the drop volume ratio is one of the
commonly used strategies for optimizing the cryig@ion conditions. In this study, initial
screenings were performed usingll of protein solution and L of crystallization solution for
a final drop volume of ZiL. In all cases, this final drop was allowed to iérate over a
reservoir containing 0.5-1 mL crystallization sadatin a Rumed 3201 incubator (Rumed), at a
constant temperature of 20°C. Drops were periogicdiserved under a Nikon SMZ800 zoom

stereomicroscope equipped with a digital camera.

3.11.3 Crystal-quality Optimization Methods

Crystallization is a phase transition phenomenast ttan be illustrated by a phase

diagram showing which state (soluble, crystallireamorphous) is stable under a variety of
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Figure 3.7 Schematic illustration of a protein solbility phase diagram. Adjustable parameters
include precipitant or additive concentration, phtldemperature. The four most commonly used
crystallization methods are represented: (i) miatob, (ii) vapor diffusion, (iii) dialysis and (iv)
free interface diffusion. Each involves a differeatite to reach the nucleation and metastable
zones, assuming the adjustable parameter is padiptoncentration. The filled black circles
represent the starting conditions. Two alternatitarting points are shown for (iii) and (iv)
because the undersaturated protein solution caaiocogither protein alone or protein mixed with
a low concentration of the precipitating agents.e Téolubility curve is defined by the
concentration of protein in the solution that is @quilibrium with that in crystals. The
supersolubility curve separates conditions undeichvthe crystallization solution remains clear
from those under which spontaneous nucleation, eplsaparation or amorphous precipitation
occurs. (From [224]).

physico-chemical parameters. The phase diagranbtained experimentally by varying two
parameters at a time. In a typical crystallizatirase diagram (Figure 3.7), four regions can be
distinguished: an area of very high supersaturatidrere the protein will precipitate; an zone of
moderate supersaturation, where spontaneous nodeatll take place; an region of lower
supersaturation just below the nucleation zone,raviceystals are stable and may grow, but no
further nucleation will take place (referred totlas metastable zone, this region is usually best fo
growth of large, well-ordered crystals); and an emsdturated area, where the protein is fully
stable in solution and will never crystallize [2287].

Crystallization proceeds in two phases: nucleaijanprerequisite) and growth. The
optimal conditions for nucleation may not be thensaas for crystal growth: nucleation occurs
when the solution is supersaturated, whereas atdgn@wvth of crystals is optimal in a state of
lower supersaturation, corresponding to the mdtéestzone (Figure 3.7). Once a critical nucleus
has formed, growth follows spontaneously [227-228). examining the crystallization phase

diagram and solubility properties of a protein, uaderstanding may be gained to optimize the
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process of crystal growth. The four commonly usegtallization methods (microbatch, vapor
diffusion, dialysis and free interface diffusionjopeed through the phase diagram following
different routes. In the vapor diffusion methodk throtein solution is initially undersaturated and
gradually reaches supersaturation by equilibratitth a solution containing the crystallization

agents (see Figure 3.7).

a) Pre-growth optimization techniques

Sometimes in a crystallization test, the systerfaisfrom the nucleation zone and no
crystals are allowed to form. However, very oftercess nucleation occurs, resulting in the
formation of numerous low-quality crystals [230kdess nucleation can be bypassed by inserting
formed nuclei directly into the metastable zonejciwhensures the presence of only one or a
limited number of nuclei that can then grow integka single crystals. The best way to achieve
this is by seeding the metastable zone with alremdwn small crystals (macro-seeding),
microcrystals or an ordered precipitate (micro-#&gpd of the same protein [229, 231, 232].

In this study both macro- and micro-seeding teaméqwere employed. For macro-
seeding procedures, which involve seeding withblésgingle crystals, a loop was used to move
the crystal form the drop it grew in, to a new nseble drop. For micro-seeding, in which the
seeds are too small to be viewed directly, a hdiiber was used to touch a crystal and pick some
microcrystals from the contact. The hair was thiegaked through the new drops, dispensing the
seeds as a dilution series (see Figure 3.8).

Other parameters that can be varied to influenee dtystallization process are the
concentration of the precipitant agent, the volwhthe reservoir, the ratio between the volumes
of protein and crystallization solutions in the pirthe pH of the crystallization solution, the use
of additives such as detergents, and the sizeetiistallization drop. In this study, 1:2, 1:1,
1.5:1, 2:1 and 3:1 protein to crystallization smlntratios were tested, in final drop volumes of 1-

3 UL, and the reservoir volume was varied fromt0.5 mL.

b) Seedlng
Tool
Seeding
Tool
>
Drop —» w
‘ T

Drop—>
Dlrectlon
Crystal of streak

Figure 3.8 Micro-seeding technique for growing progin crystals. A hair or fiber is used to
pick some microseeds from a drop, and dispense thesugh a new dro@) Seeding tool used
to pick up the seed$) Microseeds are first collected from the originabpl by contactc)
Microseeds are spread on a new drop by passiripgrethrough it. (From [233]).
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b) Post-growth optimization techniques

The crystal harvesting and data collection techesqdescribed in sections 3.11.4 and
3.11.5 below can distort the crystal lattice anckréase the mosaicity of the crystal, ultimately
resulting in a lower data resolution. To overcors fproblem, frequently associated with an
incorrect manipulation of the crystal and ice fotm@ on its surface, the crystal can be submitted
to an annealing procedure before data collectionthis study, crystals were sometimes annealed
by the flash-annealing technique [234], in whick tiold nitrogen stream that is directed to the
crystal during data collection (Figure 3.9, sect®tl.5) is blocked for a few seconds. In this
manner, the cryoprotectant is allowed to homogesigodistribute through the crystal before

cooling it down again to the temperature of lignitfogen.

3.11.4 Crystal Harvesting and Cryopreservation

To overcome the radiation damage associated wibim+emperature data collection,
cryogenic conditions are nowadays almost always.ugethis method, crystals are flash-cooled
to cryogenic temperatures, usually near 110 K [28BH maintained at this temperature during
data collection. It is essential to cool the criysthile preventing ice formation on its surface,
which may produce high backgrounds due to watettestrag, and without distorting the crystal
lattice or increasing its mosaic spread. This ikieed by modifying the liquid layer with
reagents known as cryoprotectants, which effegtiy@event ice formation when added at an
appropriate concentration. The most frequently usgdprotectants are 10-30% (v/v) glycerol,
10-30% (v/v) ethylene glycol, and 25-35% (v/v) pailyylene glycol (PEG) 400. The use of
glucose, 2-methyl-2,4-pentanediol (MPD), or xylit@s also been reported [236]. In this study,
cryoprotectants were selected by comparing theitondn which a particular crystal was grown
to the conditions of the Crystal Screen Cryo kiaufipton Research); the selected cryoprotectant
was the one used in the most similar conditionhas kit. Crystals were collected directly from
the drop with either nylon loops (Hampton Reseamhl).ithoLoops™ (Molecular Dimensions)
of the appropriate size. After a brief immersiontle cryoprotectant solution, the crystal was
quickly placed in liquid M where the loop containing the crystal was insem#o a magnetic
vial. Crystals grown in Morpheus™ crystallizatioonditions (Molecular Dimensions) were
directly frozen in liquid N, since their formulations include cryoprotectagemts. All crystals

were maintained in liquid Nuntil data collection.

3.11.5 X-Ray Diffraction Data Collection

To obtain the diffraction patterns, the loop comitag the crystal was mounted on a

goniometer head under a steady stream of liquidtdNprevent crystal decay during data
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Figure 3.9 Typical X-ray diffraction unit. Example taken from 1D14-4 (ESRF). The X-ray
source consists of a tube having a filament, whicts as a cathode opposite to a water cooled
anode. A high voltage is passed through the filgraad high energy electrons are produced. The
sample holder is a needle that holds the crystagléice while the X-ray diffractometer takes
readings. The detector is a transducer that cabataumber of photons that collide into it. This
photon counter gives a digital readout in numbeplodtons per unit time. The crystal can be
rotated during measurements, and a liquicfkeam is directed to it at all times to keeppitc

collection. The crystal was aligned in a beam afa)(s and diffraction data was collected with a
coupled X-ray detector as the crystal was rotatél the goniometer (see Fig. 3.9). An image
was taken at each angle of rotation, usually betw@&-1 degrees, depending on the cell
constants and crystal quality (mosaicity), as dised below.

In this study, all diffraction measurements werefqgrened at the European Synchrotron
Radiation Facility (ESRF), in Grenoble (France)jngsthe ID-29, ID-23, BM-16 or ID-14
beamlines, equipped with different detectors (s&ail$ in Table 3.2).

Table 3.2 Main characteristics of the ESRF beamlireeused for X-ray diffraction analysis of
protein crystals.

. Minimum Maximum

Beamline  Energy (keV) beam size (uf) beam size (uf) Detector
ID14-1 13.27 (fixed) 50x50 300x300 ADSC Q210 CCD
ID14-2 13.294 (fixed) 50x50 200x200 ADSC Q4 CCD
ID23-1 5-20 (tunable) 10x10 30x45 ADSC Q315R CCD
ID23-2 14.2 (fixed) 8x5 8x5 MarMosaic225 CCD
ID29 6-20 (tunable) 10x10 75x30 Pilatus 6M
BM16  6.5-17 (tunable) 100x100 200x200 ADSC Q210r CCD
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group, unit cell parameters, and it orientationhwrespect to the X-ray beam. With this

Collecting a full data set from a single crystajuees previous knowledge of its space

information, an adequate strategy for data coldectian be established, determining the optimal
rotation angle(s) for data collection (the lowee ymmetry, the greater the rotation angle). In
this study, a small number of diffraction data watally collected for each crystal (usually two
images, at perpendicular angles). These initialgesawere useful for evaluating the crystal
qguality and anisotropy, in the first place, andedeitining basic crystallographic information
(possible space group and cell constants) forlad&ih collection. Data collection was controlled

with the beam-line control computer using the Mx@udftware [237].
3.11.6 Diffraction Data Processing: Integration and Data Reduction

For the mathematic analysis of crystal diffractidata, it is useful to consider the
diffracted beams as resulting from reflections oystal planes. Each reflection can be labeled
with a value (hkl) corresponding to the Miller inds of the lattice planes [238]. In this work, the
intensities corresponding to each reflection wereithined with MOSFLM [239], following the
steps briefly summarized below.

First, the space group, crystal orientation and cell dimensions were determined with
the autoindexing option and initial data (usuallyeoor two images). This unit cell was then
refined with data from at least two images or ggoopimages separated by 90°, and all frames
were integrated to obtain the whole set of I(hktgnsities. Finally, these intensities were reduced
to the corresponding structure factor modu#éiskl), which contain information from all atoms
within the asymmetric unit of the crystal. The sture factor F(hkl) is a mathematical function
describing the amplitude and phase of a wave diffchfrom crystal lattice planes, characterized
by Miller indices (hkl). This function is defined liequation 3.3, where (x,y,z) are the coordinates
of the individual atoms of the unit cel|,i§ the scattering factor of the atom j, and Nhis total
number of atoms contained in the crystal unit belthis study, structure factors were calculated
using the CCP4i program suite [240] and, in paldicithe SCALA program [241].

F(hkl) = TN, f,-ez“‘(“xi“‘yi*'zi) Equation 3.3

The three-dimensional electron density map detexchifrom an X-ray diffraction
experiment, is the Fourier transform of the streetiactors. This function is defined by Equation
3.4, where p(xyz) is the electron density functiona point of the unit cell given by the
coordinates (x,y,z), corresponding to a diffractexhm with Miller indices (hkl), and(hkl)

represent the phases of the structure factors J=(hkl
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p(xyz) = %Zh Yk LilF(hkD)| cos 2m(hx + ky + lz — ®(hkl)) Equation 3.4

The electron density map describes the contentiseofinit cells averaged over the whole
crystal. However, to calculate an electron densitgp, both amplitudes and phases of the
diffracted X-rays are needed, and the phases cdimekperimentally measured. This is known
as the phase problem, and the resolution of a airygtucture necessarily starts with the

calculation of an appropriate set of pha®éskl).

3.11.7 Crystal Structure Determination

As mentioned above, solving the phase problem d¢suaial step for crystal structure
determination. In this study, we attempted to sohesphase problem by molecular replacement,
a method in which a similar known structure is ugedlerive initial phase value®d,J). This
method is also known as Patterson search. Ther&attdunction P(u,v,w) is essentially the
Fourier transform of the intensities rather tham skructure factors, and it is defined by Equation
3.5, where coordinates (u,v,w) represent the diffees between the coordinates (x,y,z) of each

pair of atoms in the crystal: usXxy, V=Yi-Y2, W=2-2,.
P(u,v,W) = 3 Yk SiIF(hkl)|2 e ~2Zrithutkv+iv) Equation 3.5

The Patterson function simplifies the informatioan@ined in the electron density
function (Equation 3.4), since the term containimg phases is removed and the amplitudes of the
structure factors are replaced by their squarese Patterson function can be calculated
immediately from the available experimental datéefisities), and the information provided by
the maxima of this function corresponds to thetiedapositions between each pair of atoms in
the structure. If Patterson maps are generatetthéodata derived from both the unknown and the
similar, known structures, the correct orientatiom position of the unknown molecule within its
unit cell can be inferred, since both maps shoeldlbsely correlated. Fortunately, the molecular
replacement search in a six-dimensional space earstially divided into two independent three-
dimensional searches: a rotation and a translaganch.

In the rotation function, the unknown Patterson nmpgompared to Patterson maps
derived from the known similar structure in diffeterientations. The R-factor (R) is a measure
of the agreement between the crystallographic mdégl) and the experimental X-ray
diffraction data (B¢, and it is used to score the rotation functione R-factor can be calculated
from Equation 3.6, where F is the structure factmg the sums extend over all the reflections
measured and their calculated counterparts. Thieekigcorrelation is obtained when the two

structures (known and unknown) are in similar dagons.
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R= —Z“:Z"T;:Sa'd Equation 3.6

The second step of the molecular replacement séatble translation function, in which
the oriented model is correctly positioned by ttatiisg it to the correct coordinates within the
asymmetric unit. This is accomplished by moving thedel, calculating a new Patterson map,
and comparing it to the unknown-derived Pattersap.m

Once the phasing models are correctly orientedtearélated, the phases derived from
them can be used to calculate electron density mesesl to build and refine an atomic model of
the unknown structure. The quality of an electr@msity map depends on the quality of the

diffraction data collected, especially on the oftai resolution.

Three-dimensional models were generated with SWIEREL server [242] and
depicted with the MIFit 8 program (http://code.gteogom/p/mifit). Model quality was assessed
with PROCHECK [243], and structure figures weregated with PyMOL [244].
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4. Results







4.1.1 Sequence Comparisons Indicate the Presence of a 8eth C-Terminal Helix in
the Death Domain of MyD88, in Addition to the Consered Six-Helix Bundle

Despite notable similarities in immune responsdssects and mammals, there also exist
important differences. To study complex formatie@tvieen human MyD88 and IRAK proteins,
and to analyze the contributions of the correspumndylobular/unstructured regions to this
process, we cloned and overexpressed the deathirdorofthese proteins, both alone and
extended by the full-length linkers to their C-témal TIR or kinase domains (see Figure thila
schematic representation of domain organization atrdcture of generated variants). To
determine the boundaries of the globular domains, @amino acid sequences of MyD88 and
IRAK-4 from different vertebratespecies were aligned with the help of availablecstral
information on murine IRAK-4 death domain [111] ahé Tube<Pelle complex [174]. The results

of the combined analysis are summarized in AppehdBf particular note, residues 1féto Lys"®

MyD88 15 L 296
MyDs8(s) (i DBP-120
MyDSS(L) (i BBp—1s7

MyD88s

IRAK-1 712
TRAK-1(S)

IRAK-1(L)

TRAK-M
IRAK-M(S)

IRAK-M(L)

IRAK-4 460

IRAK-4(S) (F;
@—ss

Figure 4.1 Schematic representation of domain orgamation in human MyD88 and IRAK
proteins. Numbers indicate approximate domain boundariesseghof MyD88 death domain
correspond to the structure-based alignment giveAgpendix Il. The structure of truncated
variants generated in the current study is showlovbéheir corresponding native proteins;
encircled letters H, M and F point to the N-ternhitegs attached to these recombinant forms
(6xHis, ¢c-MYC and FLAG, respectively). Also repraged is the natural truncated variant

MyD88s, which lacks the last helix of the death damfrom the adaptor along with most of the
DD-TIR linker (see text for details).

IRAK-4(L) (¥
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in human MyD88 are highly similar to those@fosophilaPelle, in striking contrast to the rather
low sequence conservation throughout the DD supeisfa This observation and the results of
secondary structure predictions allow us to predithh high confidence that MyD88 possesses a
seventh, C-terminal helix, in addition to the camsd framework of six antiparallel helices
observed in Pelle [174], as well as in death dom&iom murine IRAK-4 [111]ProsophilaTube
[174], Fas [103] and FADD [109, 245].

4.1.2 Expression and Characterization of MyD88 and IRAK Death Domains

“Short” and “long” variants of MyD88 and IRAK-ddadomains were expressedbn
coli cells and purified as described in Materials andhidds. A summary of protein expression,
renaturation and purification conditions is givenTiable 4.1, and an SDS-polyacrylamide gel of
the eight purified recombinant proteins is showrFigure 4.2 (see also Table 4.2 for the main
physicochemical parameters of these recombinagirfeats).

In our preliminary expression experiments we ndatiteat preparations of the linker-
extended forms of the studied proteins underwemtdd proteolysis upon longer incubation at 4

°C. Analysis of these fractions revealed molecutasses ranging between those of the “L” and

Table 4.1 Summary of expression, renaturation and yrification conditions for MyD88 and
IRAK recombinant fragments generated in the currentinvestigation. The most frequently
used E. coli strains and conditions for the expression of MyD@& IRAK recombinant
fragments are indicated, as well as the prefereedturation and purification conditions for each
variant (see text for further details). IB, inclusibodies.

Construct Host Localization Renaturation and purification conditions

BL21(DE3) or BL21 Foldlt condition 18’ /Affinity

MyD88(S) Star™(DE3)pLysS Insoluble (IB) chromatography on Ni-NTA
BL21 Soluble - .
MyD88(L) Star™ (DE3)pLysS (cytosol) - /Affinity chromatography on Ni-NTA
IRAK-1(S) BL21 Soluble -/Anion-exchange chromatography on Q-
Star™(DE3)pLysS (cytosol) Sepharose
BL21 Foldlt condition &/Anion-exchange
IRAK-L(L) Star™(DE3)pLysS Insoluble (1) chromatography on Q-Sepharose
IRAK-M(S) BL21(DE3) Soluble -/Anion-exchange chromatography on Q-
(cytosol) Sepharose
FoldIt condition &/Anion-exchange
IRAK-M(L) BL21(DE3) Insoluble (IB) chromatography on Q-Sepharose
Dialysis against low-salt buffer*/Anion-
IRAK-4(S) BL21(DES) Insoluble (IB) exchange chromatography on Q-Sepharose
. ) . _
IRAK-4(L) BL21(DE3) Insoluble (IB) Foldlt condition &/Anion-exchange

chromatography on Q-Sepharose

@similar results were obtained in Foldlt conditiod®&imilar results were obtained in FoldIt condition 16.
©Similar results were obtained in Foldlt conditions739, 13 and 149Similar results were obtained in
FoldIt conditions 3, 6, 9, 10, 11 and 12. *Dialyligfer: 20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 5 mM 2
ME, 1 mM LDAO.
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Figure 4.2 Overexpression of human death domains dm MyD88 and IRAK proteins.
Approximately 5 ug of each of the recombinant grteised in this investigation were resolved
in a 12% SDS-Tris-Tricine polyacrylamide gel anairstd with Coomassie Brilliant Blue.
Samples were applied as follows: lane 2, MyD88[aje 3, MyD88(S); lane 4, IRAK-1(L); lane
5, IRAK-1(S); lane 5, IRAK-M(L), lane 6, IRAK-M(S)lane 7, IRAK-4(L), lane 8, IRAK-4(S).
All samples were incubated with reducing Laemmlifénu Lane 1 contains the Novex® Sharp
Pre-stained Protein Molecular Weight Standard {togien); the corresponding molecular masses
are given in kDa. Notice that all proteins migrapproximately as expected from their theoretical
masses (see Table 4.2).

“S” variants, and degraded forms of MyD88(L) andAKR4(L) were recognized by the
corresponding anti-tag monoclonal antibody (datast@wn). These findings suggested that the
linker regions are notably more accessible to pigte attack than the N-terminal globular

domains, and indirectly confirm correct foldingtbé recombinant proteins.

Table 4.2 Major physicochemical parameters of recotrinant proteins generated for the
current study. Protein parameters were calculated using the PmatP&ol from the proteomic
server EXPASYy [246]. All MyD88 and IRAK proteins meerecombinantly expressed i coli
M, (Da), calculated relative mass expressed in Daltgn, theoretical isoelectric point,
extinction coefficient at 280 nm, measured in watad expressed in g/mol/cm.gh (0.1%),
theoretical absorbance of a 1-g/L solution of ganeein at 280 nm.

Construct N-residue C-residue Tag M, (Da) pl € (g/mol/cm)  Ag (0.1%)

MyD88(S)* Thr’ GIn™ 6xHis 12,621 6.05 13,980 1.108
MyD88(L) Thr'’ Met™’ 6xHis 16,521 5.29 13,980 0.846
IRAK-1(S) Gly* Ala None 10,894 7.98 30,480 2.798
IRAK-1(L) Gly™ Asr?!! None 21,661 8.40 46,980 2.169
IRAK-4(S) Thr° Lys'” FLAG 12,446 5.03 15,470 1.243
IRAK-4(L) Thr® lle™® FLAG 21,429 4.98 18,450 0.861
IRAK-M(S) Thrt Led®  c¢c-MYC 11,701 5.26 24,980 2.135
IRAK-M(L) Thr* Asn'®  ¢c-MYC 17,788 5.21 26,470 1.488
MyD88 R81E Thr’ Met™’ 6xHis 16,495 5.05 13,980 0.848
MyD88 1109X Thr Sef® 6xHis 11,130 6.30 12,490 1.122
MyD88 Y116C Thr’ Met™’ 6xHis 16,462 5.29 12,490 0.759
MyD88 E143X Thr'’ Ala'* 6xHis 14,957 5.65 13,980 0.935
IRAK-4 E92R Thr® lles FLAG 21,456 5.25 18,450 0.860
IRAK-4 V105X Thr® Ala'* FLAG 12,122 4.83 15,470 1.276
IRAK-4 N110X Thr® Ala% FLAG 12,618 5.03 15,470 1.226
IRAK-4 K115X Thr® Sef FLAG 13,131 5.03 15,470 1.178

'The C-terminus of MyD88(S) differs from the prexstyureported form, MyD88s, which lacks residuestb1157.
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Figure 4.3 Preferential cleavage of interdomain likers in recombinant proteins suggests
correct folding of MyD88 and IRAK variants. Approximately 50 pg of IRAK-1(LJa), IRAK-
M(L) (b), IRAK-4(L) (c) and MyD88(L)(d), were digested with 500 ng endoproteinase Glu-C in
100 mM ammonium bicarbonate buffer, pH 7.9. Pulifsamples of IRAK-4(S) andMyD88(S)
were loaded along samples of panelandd, respectively. Additionally, the same amount of
MyD88(L) was digested with endoproteinase Arg-Caat:200 enzyme to protein rat{e), as
described in Materials and Methods. Samples wésentat the indicated times and subjected to
SDS-PAGE for Coomassie Blue Staining (CBB). MyD88énd IRAK-4(L) samples were also
immunoblotted with anti-FLAG q; lower panel) or anti-Hisd( lower panel) antibodies,
respectively. The sequences of C-terminal linkerthé TIR (MyD88) and kinase domains (IRAK
variants) are given on top of each panel; putaBWe C (a-d) and Arg-C(e) cleavage sites are
indicated with black arrowheads. The sequence efTibe tail is also shown along with the
linker residues of IRAK-4(d), and the polypeptide stretch from Tube that engdgemajor
contacts with the death domain of the kinase Rellmoxed. Additionally, the C-terminal end of
the sequence missing in MyD88s is indicated in [sath@nde. Notice that, in all cases, a stable
fragment of an apparent molecular mass slightlyéighan the corresponding linker-less variant
is generated. Based on the distances migrated dse thtable proteolytic fragments, their most
likely C-terminal residues are Gfi or GIu*?® (IRAK-1, panela), GIu'® or GIu"® (IRAK-M,
panelb), GIu™® (IRAK-4, panelc), GIu**® (MyD88, paneH) and Arg*® (MyD88, panek). Notice
that dimers of intact and proteolytically modififarms of IRAK-4(L), but not MyD88(L), are
detected by immunoblotting (compare parcedsdd).
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To directly verify that residues from the C-terniinails of the “long” variants are
unstructured and thus more prone to proteolysistrested samples of MyD88(L), IRAK-4(L),
IRAK-1(L) and IRAK-M(L) with endoproteinase Glu-Qoif several timesThe results of this
analysis confirmed preferential cleavage of Glu-X6cissile peptide bonds within the irregular
linker peptides (Figure 4.3a-d; potential cleavages within the tails are marked with black
arrowheads). According to the distances migrated tbg cleavage products in SDS-
polyacrylamide gels, the C-terminal residues of #iable fragments formed upon limited
proteolysis appear to be Gtt (MyD88), Glu?® and/or GI&*® (IRAK-1), GIu'*® and/or GId*®
(IRAK-M) and GIu*® (IRAK-4). We note, however, that upon prolongedubation (> 6 h) a

111 and/or

shorter form of MyD88 started to accumulate, intlian cleavage of the GHtf-Glu
Glu**-Asp'*? peptide bonds. Additionally, and in order to obtai truncated variant of MyD88
containing only a few residues of the DD-TIR linkéree MyD88(L) was digested at 37°C with
endoproteinase Arg-C at a 1:200 enzyme to protgio,ras described in Materials and Methods
(see Fig. 4.3e). Only the A¥§Thr'** peptide bond of the DD-TIR linker, but none of #eg-
Xxx linkages of MyD88(L) DD, was cleaved after &hincubation, indirectly confirming correct

folding of MyD88(L).

4.1.3 Purified Death Domains of MyD88 and IRAK-4 Form Large Aggregates in
the Absence of Detergents

In preliminary experiments we noticed that preparet of MyD88 and IRAK-4 variants
undergo unspecific aggregation even in the presehceducing agents (Figure 4.4). To further
assess the size and polydispersity properties db&8yand IRAK-4 recombinant fragments,

dynamic light scattering (DLS) was performed onstheurified samples. The results of this

a) 50— b)

6xHis 50— .

o el ) -
30— N 30—

20— G = -—
20— | — — 15
15— 10 - -
10— - FLAG

1 2 3 4 5 1 2 3 4 5

Figure 4.4 Human MyD88 and IRAK-4 death domains hag a strong tendency to form
aggregatesFifty ng of the recombinant proteins were separéte SDS-PAGE and transferred to
a PVDF membrane for WB analysis. Samples in lan2sol both panels were incubated with
non-reducing Laemmli buffer, and samples in langs & both panels were incubated with
reducing Laemmli buffer. Molecular masses are giventhe left, in kDaa) MyD88 samples
probed with anti-6xHis antibody. Lanes 1 and 4, N@[L). Lanes 2 and 5, MyD88(S)) IRAK-

4 samples probed with anti-FLAG antibody. Lanesndl 4, IRAK-2(L). Lanes 2 and 5, IRAK-
4(S). Notice that dimers are formed even in redwsaadples, pointing to an exacerbated tendency
to homodimerization.
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analysis also revealed that these recombinant fofrdeath domains form large aggregates in
solution (up to one-hundred monomers), even in fnesence of relatively large urea
concentrations (see Figure 4.5).

Gel filtration studies also showed that MyD88(L)sha strong tendency to form large
aggregates in solution (see Figure 4.6). In thesdies, the void volume (Vo) and elution
volumes (Ve) of known globular proteins were useglot a standard curve of Ve/Vo against
MW, as explained in Materials and Methods (sect®8.3), and the theoretical Ve of an
MyD88(L) monomer was estimated to be ~ 78.5 mL (&égure 4.6a). When analyzing
MyD88(L) samples, however, most of the protein wasind to elute around 40 mL,
corresponding to MW of ~ 330 kDa (19 to 20 monorpeeven though the running buffer
contained 0.198-OG. These results confirm that MyD88(L) is mogtynd in aggregated forms
(see upper panels in Figure 4.6b). This strongaeog of MyD88(L) to self-aggregate seems to
be reduced only when using low protein concentnatfe 0.5 mg/mL, see lower panel in Fig. 4.6b).

When performing gel filtration analysis on the amavariant truncated at Giti, MyD88
E143X, (see Supplemental Figure 1, Appendix XBtrang tendency to form large aggregates in
solution was observed as well. As seen in Supplémhdtigure 2 (Appendix Xl), the Ve of
MyD88 E143X monomers was estimated to be ~ 80.7 amd most of the protein eluted at
around 44 mL (corresponding to a MW of ~ 240 kDbowt 17 protein monomers). MyD88
E143X was also found to form large aggregatesgitdri concentrations (3.3 mg/mL), since part
of the protein was eluted at ~ 39 mL, correspondm@ MW of 350 kDa (~ 25 monomers).
Generally, the poor solubility of these variantsuléng from their tendency to form large
aggregates in solution was overcome with the amiditif mild detergents, as seen later on in
Figure 4.8 for MyD88(L)*IRAK-4(L) complex studies.
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Figure 4.5 DLS analysis of purified recombinant preeins. The results of MyD88(L)a),
MyD88(S) (b), IRAK-4(L) (c) and IRAK-4(S)(d) DLS analysis are given as intensity (%) against
particle size (diameter, given in nm). Notice ttalt four recombinant proteins form large
aggregates of molecular diameter ranging betwe@nab@ 700 nm, which would correspond to
particles containing up to several hundred-thousaakkcules each.
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Figure 4.6 Gel filtration analysis of recombinant MyD88(L) samples. a)Standard curve for
MW determination. The ratios of the elution volunfgg) of p-amylase, alcohol dehydrogenase,
albumin, carbonic anhydrase and cytochrome C dweMe of blue dextran (void volume, Vo)
were plotted against their known MW, and the VewfD88(L) was calculated from its MW
(table cells in red)o) Different examples of MyD88(L) FPLC analysis ruraglow of 2 mL/min.
MyD88(L) is normally eluted at ~ 40 mL corresporglito a MW of ~ 330 kDa (19 to 20
monomers) at concentrations of 2 and 6 mg/mL (uped middle panels). As expected,
MyD88(L) aggregates are reduced when using lowetepr concentrations<(0.5 mg/mL, lower
panel), as indicated by a major elution peak aD~mL, corresponding to a MW of 31.86 kDa
(MyD88(L) dimers).

4.2.1 The Isolated Death Domains of MyD88 and IRAK-4 Forma Stable Complex
in Solution

Although the bipartite adaptor, MyD88, is knownrézruit IRAK proteingn vivo, it has
not been unambiguously established whether additi@ofactors are necessary for kinase
binding. To verify that the death domain of MyD88ffkes to recruit IRAK-4, we took
advantage of the presence of an N-terminal polightig tag in our recombinant constructs of the
adaptor. MyD88(L) was incubated with an equimolaroant of purified IRAK-4(L), purified
with Ni-NTA agarose matrix, and purification framtis were analyzed by SDS-PAGE and
Western blotting, as explained in Materials and lMds. As a control, the same amount of
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Figure 4.7 Formation of MyD88(L)*IRAK-4(L) heterodimer in solution. Equimolar amounts
of purified MyD88(L) and IRAK-4(L) were incubateah ibinding buffer and purified with Ni-
NTA agarose as explained in Materials and Methbidsi-bound (NB), wasw) and elution (EI)
fractions were collected and separated by SDS-PAGB&Eeins on the gel were either stained with
Coomassie Brilliant Blue (CBB) (upper panel) omsterred onto a nitrocellulose membrane for
Western blot analysis using anti-FLAG monoclonaltady (lower panel).

IRAK-4(L) was treated in a similar manner. IRAK-4(Was pulled down by the affinity matrix in
the presence but not in the absence of MyD88(ldicating death domain-mediated formation of
the MyD88(L)*IRAK-4(L) complex (Figure 4.7). Howernewe observed only partial complex
formation, apparently because forces holding tagesiggregates of individual components were
strong enough to effectively interfere with heténoer formationin vitro.

To identify conditions that could enhance complexrfationin vitro we analyzed the
influence of several experimental variables (éngubation time and temperature, as well as ionic
strength) on MyD88(L)-IRAK-4(L) complex formatiorAs expected, and in line with the
negative effect of aggregation discussed above, pootein concentrations had the highest
positive impact on heterodimer formation. We altadied the effects of 24 unique non-ionic
detergents on MyD88(L) and IRAK-4(L) complexati@md the results of this screen showed that
several detergents notably enhance complex formddee Figure 4.8). Thus, combining low
protein concentrations with the use of detergr®G and G.Es in binding, wash and elution
buffers resulted in quantitative formation and fication of a stable MyD88(L)*IRAK-4(L)
complex in solution.

In other experiments, we incubated increasing amsowh IRAK-4(L) with a fixed
quantity of MyD88(L), and fractions purified withifNITA agarose were analyzed by Western
blotting with anti-His and anti-FLAG antibodies ¢tire 4.10a). The results of this experiment
confirmed specific binding of the kinase death dmnta the adaptor, MyD88. Interestingly, at
low IRAK-4 concentrations no heterocomplex was cdief@, and the MyD88(L) DD-TIR linker
was patrtially cleaved by a contaminating prote&@sgradation was prevented at higher IRAK-
4(L) concentrations that support complex formatisaggesting protection of the linkers in the
heterodimer. These findings were verified with Hedp of an anti-His tag monoclonal antibody
coupled to magnetic microbeds. Again, the deathaiorof the kinase was pulled down in the

presence but not in the absence of MyD88(L) (datashown).
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Figure 4.8 Several non-ionic detergents support fonation of stoichiometric
MyD88(L)sIRAK-4(L) complex. Aliquots containing equimolar amounts of purified/DB3(L)
and IRAK-4(L) wereincubated with detergents from Detergent Scredtalnpton Research) and
purified with Ni-NTA agarose, as described in M&ky and MethodsElution fractions were
analyzed by SDS-PAGE and stained with CoomassiltiaBti Blue. The used detergents (see
Appendix 1X) and their critical micellar conceniais are as follows: Lane 1,4E, (0.08 mM);
2, CoEg (0.11 mM); 3, n-dodecyp-D-maltoside (0.17 mM); 4, sucrose monolaurateQQriV);

5, CYMAL-6 (0.56 mM); 6, TRITON X-10¢0.90 mM); 7, CTAB (1.00 mM); 8, deoxy BigChap
(2.40 mM); 9, n-decyp-D-maltoside (1.80 mM); 10, LDAO (2.00 mM); 1CYMAL-5 (2.40
mM); 12, ZWITTERGENT 3-12 (4.00 mM); 13, nonf#D-glucoside(6.50 mM); 14, 1-s-octyl-
B-D-thioglucoside (9.00 mM); 15, DDAO (10.4 mM); 16{ECAMEG (19.5 mM); 17, n-
ocytanylsucrose (24.4 mM); 18, Hepf#b-thioglucoside (30.0 mM); 19, n-octHD-glucoside
(24.5 mM); 20, CYMAL-3 (34.5 mM); 21, CHEGALO (35.0 mM); 22ZWITTERGENT 3-10
(40.0 mM); 23 MEGA-8 (79.0 mM); 24, n-hexyp-D-glucoside(250.0 mM).

4.2.2 The Death-Domains of MyD88 and IRAK-4 Can Be Co-reatured to Form a
Stoichiometric Complex

To confirm heterodimer formation while minimizingterference of aggregation effects,
we subjected mixtures of MyD88(L) and IRAK-4(L) preusly denatured in 8 M urea to
renaturation trials by rapid dilution in refoldisglutions of the FoldIt Screen shown in Appendix
VIII. Following this procedure, we found severalnditions in which apparently equimolar
amounts of MyD88(L) and IRAK-4(L) remained in sotut after removal of chaotropic agents,
and which could be quantitatively recovered by inaffinity chromatographyBest results were
obtained in Foldlt solution 5 (Figure 4.9, see Apgig VIII), which was employed for larger-
scale experiments (using sodium phosphate pH &@dd of MES). In these experiments, a
protein mixture containing a slight molar excessviyfD88(L) was incubated in the presence of
reduced and oxidized glutathione, and soluble r@teras recovered with Ni-NTA agarose, as
detailed in Materials and Methods (Figure 4.10t)e Tesults of this experiment demonstrated
formation of MyD88(L)IRAK-4(L) heterodimer bgo-renaturation of its components, providing

a simple means for analysis of death domain-mediizienplex formation.
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Figure 4.9 MyD88(L) and IRAK-4(L) co-renaturation trial by rapid dilution in refolding
solutions. Aliquots containing equimolar amounts of purifiddyD88(L) and IRAK-4(L),
previously denatured in 8 M urea, were diluted acte of the 16 folding solutions of the FoldIt
Screen and incubated overnight at 4 °C on a ro&amples were then centrifuged to remove
precipitated material, supernatants were analyze®DS-PAGE and stained with Coomassie
Brilliant Blue. Best results were obtained in sios 2, 5 and 9, in which a significant fraction of
IRAK-4(L) remained in solution after centrifugatioapparently complexed with MyD88(L).
FoldIt solution 5 was chosen for larger-scale expents. The composition of each renaturing
condition tested can be found in Appendix VIII.
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Figure 4.10 The isolated death domains of MyD88(LAnd IRAK-4(L) form a stable complex

in solution. a) Increasing amounts of IRAK-4(L) were incubatedhaitug purifiedMyD88(L) in
binding buffer supplemented with 80 mMJEy and 0.7%B-0OG, as explained in Materials and
Methods. Equal volumes of Ni-NTA agarose matrixevadded to these mixtures and specifically
bound proteins were eluted with Laemmli sample dwufProtein fractions were separated by
SDS-PAGE, blottedbnto PVDF membranes, and analyzed by Western [imiguanti-FLAG
(upperpanel) or anti-6xHis (lower panel) monoclonal aatites. Notice that increasing amounts
of IRAK-4(L) are retained in the matrix, indicatinfprmation of MyD88(L)*IRAK-4(L)
heterodimersb) IRAK-4(L) and MyD88(L) were denatured in 8 M ureaixed in an equimolar
proportion, and refolded by rapid dilution in remation solution, as detailed in Materials and
Methods. Insolublematerial was removed and soluble proteins werefipdriwith Ni-NTA
agarose using increasing imidazole concentratiSasaples were analyzed by SDS-PAGE and
stained with Coomassie Brilliant Blue (CBB).
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4.2.3 The Unstructured Death Domain-TIR Linker of MyD88 Is Not Required for
IRAK-4 Recruitment

After having demonstrated the formation of stabkath domain-mediated complexes of
MyD88 and IRAK-4, we wished to determine whether timstructured interdomain connectors of
these proteins are required for complex formatida. this end, we performed experiments
essentially as described above, but replacingltre” forms of the recombinant proteins by their
linker-less counterparts. First, we analyzed wheliigD88(S) was able to form a stable complex
with IRAK-4(L). This was indeed the case, as IRA{:/Acould be pulled down with Ni-NTA

matrix in the presence of the death domain-onlynfof the bipartite adaptor (Figure 4.11a).
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B) 15—l &
. B A & B B [<RAK-4S)
10—
WB: FLAG
15—
~ w——— — - |<MyDS3(S)
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0.6 145 29 44 58 87 11.6 ug IRAK-4(S)

Figure 4.11 The death domain-TIR linker of MyD88 isnot required for kinase recruitment,
but the DD-kinase linker of IRAK-4 is important for heterodimer formation. a) A fixed
amount of MyD88(S) (1@g), was incubated with increasing quantitiesRAK-4(L) (from 1 to
20 ug) in 8 M urea, and mixtures were co-renaturedapyddilution in the same solution used for
MyD88(L) / IRAK-4(L) co-renaturation (see Figureldb). After centrifugation to remove
insoluble material, Ni-NTA agarose was added to thgpernatant. The affinity matrix was
thoroughly washed and specifically bound proteimse recovered with elution buffer. Samples
of the eluted fractions were analyzed by SDS-PAG& immmunoblotted with anti-FLAG (upper
panel) or anti-6xHis (lower panel) monoclonal aatlites. Notice saturabl@nding of IRAK-4(L)

to the death domain-only variant of the adaptodjcating thatMyD88 linker residues G-
Met™®’ do not contribute significantly to heterodimfarmation. b) A similar experiment was
conducted with approximately molar equivalamounts of IRAK-4(S) (from 0.58 to 11.638)).
Notice that, by contrast to the linker-containifoym of the kinase, much lower quantities of
IRAK-4(S) are pulled down bivlyD88(S), indicating that residues from the DD-lgadinker of
IRAK-4 are important foheterodimer formation.
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4.2.3.1 The Isolated Death-Domain of MyD88 Interacts with Mitive IRAK-4

To verify the ability of recombinant death domaimyovariants of MyD88 to pull down
the natural full-length kinase, IRAK-4, we mixed rifed MyD88(L) or MyD88(S) with
increasing amounts of human monocyte extracts idtiads described in Materials and Methods
(section 3.8). After incubation of these mixturadwiNi-NTA matrix, specifically bound proteins
were separated on SDS-polyacrylamide gels, traresfan PDVF membranes, and subjected to
immunoblotting with an anti-human IRAK-4 polyclonahtibody. The results of this experiment
demonstrate quantitative, saturable binding of ratlRAK-4 by the recombinantly expressed
death domain of the adaptor (Figure 4.12).

Of particular note, the fact that both recombinaatiants of MyD88 death domain
interact with natural IRAK-4, corroborates that BB-TIR linker of the adaptor is not required
for kinase recruitment. Incomplete pull-down of IRA by MyD88(S) (compare left panels in
Fig. 4.12a and Fig. 4.12b) probably results from liigher tendency to self-aggregation of this
recombinant variant. Further, the apparent conttaati with the reported inability of MyD88s to

interact with IRAK-4 [79] suggests involvement olyBI88 helixa7 in kinase recruitment.
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1 10 50 100 1 10 50 100 (Mg, total
S B protein)
IRAK-4 WB

Figure 4.12 The death domain of MyD88 pulls down raral IRAK-4 from monocyte
extracts. Human monocytes were cultured in DMEM, and cytasplioteins were extracted by
incubationin ice-cold Cell Lysis Buffer with gentle rotatiat 4°C for 30 min. Fixed amounts (2
ug) of MyD88(L) (a) or MyD88(S)(b) were added to increasing quantities of these estfiom

1 to 100ug total monocyte proteins). After incubation atmotemperature for 3fin, Ni-NTA
agarose matrix was added to this mixture and sawpbee centrifuged. Theupernatants (labeled
“S”) were precipitated with 5 volumes of cold agepwhile specificalljpound proteins (labeled
“B”) were recovered with Laemmli buffer after thoaighly washing thaffinity matrix with Cell
Lysis Buffer. Samples were resolved on 12% TriseBlg-SDS polyacrylamide gels,
electroblotted into PVDF membranes, and analyzedM@sternblotting with an anti-IRAK-4
polyclonal antibody. Notice that left and right p#are derived fronseparately loaded SDS-
polyacrylamide gels to avoid running-over of saraple
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4.2.3.2 SPR Analysis of DD-Mediated MyD88—IRAK-4 Interactins

In an attempt to quantitate the strength of DD-raedl IRAK-4—MyD88 interactions, we
performed a surface plasmon resonance (SPR) asalysing Sensor Chip NTA and the
recombinant variants expressed and purified asridbescabove. A total of four SPR tests were
performed with MyD88(S) as the ligand, immobilizedhe sensor chip surface via its N-terminal
polyhistidine tag, and IRAK-4(L) as the analyte,described in Materials and Methods (Section
3.10.3). Different concentrations of MyD88(S) amAK-4(L) were used, as seen in Table 4.3
(see also Figure 4.13a-d and legend for detailg)eXclude any responses due to non-specific
interactions between IRAK-4(L) and the surfacehs sensor chip, MyD88(S) was injected only
to Fc2, at concentrations of either 187 nM (teste 3) or 837 nM (test 4), and IRAK-4(L) was
then injected to both Fcl and Fc2 at concentratianging from 1.33 pM (Test 1) to 55.2 nM
(Test 4). However, and as seen in Figure 4.13eydladive responses obtained for MyD88(S)
were not in agreement with the input protein cotregions, being equal in tests 1-3 (panels a-c)
and higher in test 4 (panel d). Moreover, IRAK-9 firesented higher affinity for the reference
channel, with no MyD88(S) attatched to it (Fcl,whadn red in all panels of Figure 4.13), than

b) c)
_ Test 1 30000 Test 2 30000 Test 3
= 28000 1 28000
= Fc2
8 1.33 uM © 26000 4 26000 4
c Fc2
o 24000 24000 |
o Fel
w
2 Fel 22000 I 22000
¥ yoas 187nM 276 nM
20000 + 187 nM pi.33 ul : 20000 . . £ - - . 20000 T67nM A& 138 nM . i
0 200 400 600 800 1000 0 150 300 450 600 750 900 200 400 600 800 1000
Time (s) Time (s) Time (s)
d) e) f)

300001 Test 4 6000 3000
=)
R aaiiad 4500 2250
o 26000
@ F2 3000 1500
g 24000
8 22000 Fet 1580 i
x 20000 837m AE;{;- 2nM . . D 0

0 200 400 600 800 12 3 4

Time (s) Test Test
Figure 4.13 Surface plasmon resonance studies of M88(S)-IRAK-4(L) interactions. Four
different SPR tests were performed, using Sensdp QITA (GE Healthcare), previously
activated with Ni*. All experiments were performed at 25 °C in SPRnimg buffer (see
Appendix VII), as described in Materials and Metbaatd) Response over time plots, obtained
for tests 1- 4, respectively. MyD88(S) injectiopsiple triangles) proceeded only through Fc2 at
the following concentrations: 187 n{d-c), 837 nM(d). IRAK-4(L) injections (yellow triangles)
proceeded through both Fcl and Fc2, at the follgwioncentrations: 1.33 pk&), 276 nM(b),
138 nm(c), 55.2 nM(d). e) Comparison of the responses obtained with MyD88{S¢sts 1- 4
(only Fc2 shown). Note that the obtained respomsae not in agreement to the used MyD88(S)
concentrationsf) Comparison of the responses obtained with IRAK}4(Lboth flow cells of
each test. Note that higher responses were obtaimedgh Fcl (without MyD88) than through
Fc2 (containing the adaptor). Y-axes in all panetscate the obtained response, in Resonance
Units (RU), as shown ifa) and(d).
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Table 4.3 Summary of experimental set-up and soluins used for SPR analysis of
MyD88(S)-IRAK-4(L) interactions. A total of four tests were performed using MyD8B&ad
IRAK-4(L), in running buffer (see text). All prote$ and solutions were passed at a flow rate of
20 pL/min. MyD88(S) was passed through Fc2 only, whHR&K-4(L) was injected through both
Fcl and Fc2. The following reagents were usedeafdtiowing concentrations: EDTA, 350 mM;
NiCl,, 500 mM; MgC}, 3 M; GdnHCI (Guanidine hydrochloride), 6 M.

Protocol steps Test 1 Test 2 Test 3 Test 4
(1) Wash 20 uL EDTA 20 uL EDTA 20 uL EDTA 20 uL EDTA
(2) Surface activation 20 pL NiCh 20 pL NiCh 20 pL NiCh 20 pL NiCh
(3) Ligand 40 pL MyD88(S) 40 pL MyD88(S) 40 uL MyD88(S) 40 uL MyD88(S)
immobilization (187 nM) (187 nM) (187 nM) (837 nM)
o 40 L IRAK-4(L) 40 pL IRAK-4(L) 40 pL IRAK-4(L) 40 pL IRAK-4(L)
(4) Analyte injection (1.33 M) (276 M) (138 nM) (55.2 M)
. GOULEDTA, g4 | epTa,  SOHLEDTA g5 | EDTA,
(5) Regeneration 40 pL MgCh, 20 uL GdnHCl 20 pL GdnHCl, 20 uL GdnHCl
20 uL GdnHCl H 10 pL GdnHCI H

for the MyD88(S)-coated channel of the chip (Fe2,green, in the same figure), even when
extensively coating the sensor chip with high comegions of MyD88(S), as in test 4. This lack
of detectable MyD88—IRAK-4 interactions probablysults from the high tendency of the
proteins to self-aggregate, and the absence ofciegllagents in the SPR running buffer (see
Appendix VII for composition). Further, MyD88(S) sidues important for interactions with

IRAK-4(L) may not be accessible due to the adapt@ntation on the surface of the chip.

4.2.4 Residues up to Sét*in IRAK-4 DD-Kinase Linker Are Required for MyD88
Binding

We have prevoiusly shown that IRAK-4(S) bound owigakly to the DD-only form of
MyD88 (compare intensity of bands in the anti-FLA@nels of Fig. 4.11a and Fig. 4.11b), and
similar results were obtained with MyD88(L) (datat rshown), indicating that the DD-kinase
connector of IRAK-4 is important for complex forrwat. To verify whether the DD-TIR linker
of kinase IRAK-4 was required for complex formatiaith MyD88, and encouraged by our
previous findings (Figure 4.10a), we compared aibdisy of this polypeptide stretch to
proteolytic attack in the presence or absence dD88(S). Similar to the experiments described
above for protein characterization (Figure 4.3), im@uibated Ni-NTA-bound MyD88(S)*IRAK-
4(L) complex with Glu-C for various times. Presenaf the adaptor completely abolished

17 peptide bond, while the more C-terminal Ehieu™* site was

proteolysis of the Gii*Ala
hydrolyzed as in free IRAK-4(L), although with slewkinetics (Figure 4.14, compare with
Figure 4.3c). In line with our previous observatiplinker residues were in general protected to a
greater extent in the complex, and substantial ansoof uncleaved IRAK-4(L) remained after 8

h incubation with the protease.

106



Results
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Figure 4.14 Residues up to GI1® in IRAK-4 linker are protected from proteolytic at tack in
the complex with MyD88.The equimolar MyD88(S)*IRAK-4(L) complex, obtainad described
in the legendor Figure 4.11, was immobilized in Ni-NTA agarosmiffer-exchanged into 100
mM ammonium bicarbonate buffer, pH 7.9, and incubatétd endoproteinase Glu-C at 25 °C
for the indicated timesSamples were centrifuged to separate soluble fratnixfbound material,
and the latter was analyzed by SDS-PAGE and Webtetting with anti-FLAG (upper panel) or
anti-His (lower panel) antibodies. Lane 9 in th@eippanel contains frdRAK-4(L) treated with
the same amount of Glu-C for up to 8 hours; theesmonding lane in the lowganel contains
0.8 g free MyD88(S). Notice that the GlAla™’ peptide bond is not cleaved in MyD88-bound
IRAK-4(L), indicating protection of these residuaghe complex.

a) 55— W t € (IRAK-4(L)),
45—
34— - & o o e s
! (IRAK-4(S)),
P e oo oW i(IMK_4(D
e eaoccoaacea
0 € IRAK-4(S)
WB: FLAG
b) 35— < DI
TFEEFRETL o
34_’ - - - - - - ) e
- B .- - - ((LIRL\I_\"KWZ
- ; TRAK-4(L)
€ TRAK-4(S)
WB: FLAG 4
0O 5 10 15 20 30 45 60 t (min)

Figure 4.15 Similar kinetics of chymotrypsin cleavge of free and complexed IRAK-4(L).
Samples of free IRAK-4(LYa) and MyD88(S)*IRAK-4(L) complexb) containing the same
amount of the kinase domain were buffer-exchangedli)O mM ammonium bicarbonate buffer,
pH 7.9, with 10 mM CaGJ andincubated with sequencing-grade chymotrypsin é&t@%nzyme
to protein ratio, 1:100for the indicated times. Samples were analyzed legtéfn blotting with
anti-FLAG antibody. Lane 10 in both panels contains untrelRédk-4(S).
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Figure 4.16 Residues beyond SEf in IRAK-4 linker do not contribute to complex
formation with MyD88. Equimolar amounts of MyD88(S) and the kinase vdrilRAK-4
K115X, were denatured in 8 M urea and co-renatimrdebldit solution 5 (see Appendix VII). Ni-
NTA matrix was added to the mixture and processedieacribed in Materials and Methods. Non-
bound (NB), wash (W) and elution (El) fractions wemnalyzed by SDS-PAGE and
immunoblotted with anti-FLAG (upper panel) or aHis (lower panel) monoclonal antibodies.
Unimpaired complex formation of these two protdimdicates that IRAK-4 residues C-terminally
of Set** are dispensable for binding to the adaptor.

In other experiments, we incubated aliquots of IRAK) alone and of
MyD88(S)*IRAK-4(L) complex with chymotrypsin. In ith case, however, cleavage patterns of
free and adaptor-bound IRAK-4(L) were essentiatlgntical (Figure 4.15), indicating that the

128

scissile peptide bond PéGIu*?®is not protected in the MyD88+IRAK-4 complex.

Next, with the aim of verifying the kinase residuegolved in complex formation with
MyD88, we expressed and purified the IRAK-4 K115Xtemt, truncated at LyS (Supplemental
Figure 1, Appendix XI), and studied its abilityacomplex with MyD88(S). Equimolar amounts of
MyD88(S) and IRAK-4 K115X were denatured in 8 M air@nd co-renatured in Foldlt solution 5
(see Materials and Methods and Appendix VII). NiANmatrix was then added to the mixture
and specifically bound proteins were eluted wittré@asing imidazole concentrations. All samples
were analyzed by SDS-PAGE and immunoblotted witli-RIDAG (Figure 4.16, upper panel) or
anti-His (lower panel) monoclonal antibodies. Theamed results showed thistyD88(S) and
IRAK-4 K115X can form a stable complex in solutiondicating that IRAK-4 residues C-

terminally of Set'* are dispensable for binding to the adaptor.
4.2.5 MyD88<IRAK-4 Complexes Form Large Aggregates in Saition

In previous expression and characterization expErim we have repeatedly noticed that
recombinant MyD88 and IRAK-4 variants undergo umsjeaggregation even in the presence of
reducing agents (see Figures 4.7 and 4.8). To afisessize and aggregation properties of these
proteins and their complexes, AUC analysis washarrtemployed. Different conditions and
protein concentrations (with .8 values ranging from 0.1 to 1) were used for thedtof
MyD88(S), MyD88(L) and IRAK-4(L) individual proteB) as well as MyD88(S)*IRAK-4(L),
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MyD88(L)*IRAK-4 K115X and MyD88(L) IRAK-4(L) (Figue 4.17). A summary of the
conditions used for each sample, as well as thairad results can be seen in Table 4.4.
Complexes were obtained by mixing individual comgrts directly into the cell or by
renaturation in Foldlt condition 5, and were presly verified by SDS-PAGE. In addition, the
results of an electrophoretic analysis of MyD88[RAK-4(L) and MyD88(L)*IRAK-4 K115X
samples under native conditions are shown in Supgi¢al Figure 3, Appendix XI. Interpretation
of the results was complicated by very weak sigfimlssome cases, no data analysis could be
performed), with typical signal-to-noise ratios28. (Notice that, for a proper analysis, signal-to
noise ratios above 20 are usually required). Prghalbo related to this issue, the results of these
experiments were difficult to reproduce accurateimpare results obtained for identical samples
in Figure 4.17b). In spite of these technical peofd, which seem to be inherent to the nature of
the analyzed samples, the obtained results shdweedhese MyD88 recombinant forms of death

domains not only form large aggregates individublhly also when in complex with IRAK-4.
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Figure 4.17 AUC analysis of MyD88 and IRAK-4 recommant fragments and their
complexes.AUC tests were performed using sedimentation vigloas detailed in Materials and
Methods. a) Analysis of MyD88(S)sIRAK-4(L) obtained either bynixing the individual
components directly into the cell (Complex 1), dtea previous co-renaturation in FoldlIt
condition 5 (Complex 2). The individual componepfsthe complex were also analyzdu).
Analysis of MyD88(L)IRAK-4 K115X (Complex 3) at fierent concentrations and including
some replicatesc and f) Identical aliquots of MyD88(L) analyzed in differteruns.d and e)
MyD88(L)*IRAK-4(L) (Complex 4) analysise) Analysis of MyD88(L)*IRAK-4(L) (Complex 4)

at different concentrations. All analyses were @anked at 10°C except for (a), run at 20°C. See
Table 4.4 for a list of all species found in eaample.
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Table 4.4 Main characteristics of samples and buffe used for AUC analysis.Buffer density
and viscosity were calculated from their respectwepositions. Protein partial specific volumes
were calculated using SEDNTERP [222] (see Tabldat.®ther protein parameters). Two identical
aliquots (al.) of MyD88(L) and complexes 1 and thpkes were used. C1, MyD88(S)*IRAK-4(L)
Complex 1, obtained by mixing individual componer@2, MyD88(S)*IRAK-4(L) Complex 2,
obtained by renaturation; C3, MyD88(L)*IRAK-4 K11530omplex 3; C4, MyD88(L)*IRAK-4(L)
Complex 4; AUC buffer, buffer in which proteinstie analyzed are dissolved (see Appendix VII).

Sample

MyD88
(S)

MyD88
L)

IRAK-4
L

C1

Cc2

C3

C4
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Sample

AZBC

0.94

0.464
(al. 1)

0.464
(al. 2)

0.788
0.9
0.4

0.22

0.354

0.44

0.247
@al. 1)

0.247
@l. 2)

0.356
@l. 1)

0.356
@l. 2)

0.642
@l. 1)
0.642
@l. 2)

0.315
(al. 1)

0.315
(al. 2)
0.425
(al. 1)
0.425
(al. 2)
0.692
(al. 1)
0.692
(al. 2)

V bar
(mL/mg)

0.733

0.729

0.729

0.726

0.729

0.729

0.729

0.729

0.729

0.729

0.729

0.729

0.729

0.729

0.729

0.729

0.729

0.729

0.729

0.729

0.729

AUC Density Viscosity

buffer

Buffer
1

Buffer
2

Buffer
2
Buffer
3
Buffer
4
Buffer
4
Buffer
5
Buffer
5
Buffer
5
Buffer
2

Buffer
2

Buffer
2

Buffer
2

Buffer
2
Buffer
2

Buffer
2

Buffer
2
Buffer
2
Buffer
2
Buffer
2
Buffer
2

(g/mL)

1.0762

1.0121

1.0121
1.0407
1.0762
1.0762
1.0723
1.0723
1.0723

1.0120

1.0120

1.0120

1.0120

1.0120

1.0120

1.0121

1.0121
1.0121
1.0121
1.0121

1.0121

(cp)

1.501

1.034

1.034
1.44
1.501
1.501
2.064
2.064
2.064

1.034

1.034

1.034

1.034

1.034

1.034

1.034

1.034
1.034
1.034
1.034

1.034

Results (found species)

0.6 S (33%), 3.0 S (4%), 6.2 S (11%), 9.7 S
(8%), 15.4 S (8%), 20.3 S (9%), 39.2 (27%)
(Fig. 4.17a)

0.8 S (35%), 2.7 S (18%), 4.0 S (9%), 5.5 S
(8%), 7.5 S (8%), 13.0 S (7%), 24.9 S (3%),
36.2 S (3%), 60.6 S (8%fFig. 4.17¢)
0.3S(23%),1.9S (48%), 4.1 S (13%), 9.9
S (5%)(Fig. 4.17f)

0.5-S (25%), 2.2 S (24%), 3.7 S (33%), 8.7
S (18%)(Fig. 4.17a)

0.1S(67%), 1.1 S (2%), 1.9 S (10%), 2.9 S (7%),
3.6S (8%),4.7 S (3%), 6.7 S (3Fp. 4.17a)

0.7 S (13%), 2.1 S (24%), 3.4 S (37%), 4.6 S
(13%), 7.7 S (7%), 14.9 S (4%8)ig. 4.17a)

Not analyzed

0.6 S (24%), 11.7 S (27%), 27.7 S (7%),
39.4 S (8%), 83.1 S (34%)

0.1S (93%), 1.1 S (5%), 3.9 S (1%), 15.2
S (1(%)(Fig. 4.17a)

Not processe(Fig. 4.17b)

1.2 S (35%), 2.7 S (10%), 5.2 S (8%), 9.0 S
(8%), 15.8 S (8%), 22.0 S (5%), 30.0 S
(5%), 53.5 S (19%Fig. 4.17b)

1.3 S (62%), 3.2 S (14%), 8.8 S (20%), 20.6
(3%) (Fig. 4.17b)

0.7 S (22%), 2.2 S (29%), 3.4 S (6%), 5.2 S
(8%), 8.4 S (8%), 13.4 S (8%), 23.9 S (5%),
29.3 S (2%), 47.1 S (9%¥Fig. 4.17b)

0.2S (50%), 1.2 S (43%), 3.6 S (G%Y. 4.17b)

Not analyzed

1.7 S (41%), 3.6 S (14%), 7.2 S (13%), 11.7
S (4%), 16.4 S (7%), 28.3 S (6%), 52.6 S
(11%) (Fig. 4.17d)

0.5S (5%), 1.7 S (46%), 3.8 S (11%), 6.3
(9%), 10.1 S (8%), 17.2 (6%Fig. 4.17d)

1.8 S (55%), 4.2 S (18%), 8.2 S (11@F)g.
4.17d)

Not analyzed
0.4S (4%), 1.2 S (87%), 4.5 S (4Fay. 4.17€)

04 S (1%), 1.4 S (96%), 6.3 S (1. 4.17€)
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Indeed, and in line with our previous results (Begires 4.7-4.9), AUC analysis revealed
a high tendency of the individual proteins to fotarge aggregates in solution. MyD88(S)
analysis revealed several species, the most rdleras at 39.2 S (indicating the presence of
aggregates with up to 40 monomers), although thgkawas very polydisperse (Figure 4.17a).
Several oligomeric states were found as well wheadyaing MyD88(L). Although they could not
be analyzed individually due to the large numbesp#cies observed in aliquot 1 (Figure 4.17c),
most protein in aliquot 2 was found as 1.9 S, @poading to an 18-kDa globular protein, most
likely the MyD88(L) monomer (Figure 4.17f). FinallRAK-4(L) analysis also revealed several
different species, which could be interpreted aseneers (0.5 S), dimers (2.2 S), tetramers (3.7
S) and higher aggregates (8.7 S) (Figure 4.17a).

AUC analysis of MyD88(S)*IRAK-4(L) samples (compéex1 and 2) revealed several
different species (Figure 4.17a). Most protein, beer, was found as large aggregates (11.7 S
and 83.1 S). Aggregation was also detected in MYDSBRAK-4(L) (Complex 4). Although the
majority of the protein sediments at ~1.7 S, cqroesling to a 16-kDa globular protein (probably
not complexed protein), other peaks are observeeBa@ S (53-kDa globular protein, probably
corresponding to an elongated heterodimer) andehigadimentation coefficients (Figure 4.17d
and e). Importantly, diminished aggregation wascted when performing AUC analysis on
MyD88(L)sIRAK-4 K115X (Complex 3), as seen in Figu4.17b.

The strong tendency of MyD88 and IRAK-4 recombin@ragments to form large
aggregates when in complex was also demonstratéPhZ analysis of MyD88(L)sIRAK-4(L)
and MyD88 E143X<IRAK-4(L) (MyD88 E143X<IRAK-4(L) amplex formation had been
previously demonstrated, as shown in Supplementguré& 4, Appendix Xl). Samples were
injected at relatively low concentrations of 0.5dah9 mg/mL, respectively, and analyzed as
explained in Materials and Methods. Using the dditined from the standard curve given in

AU

0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00 4

——  [MyD88(L)sIRAK-4(L)]= 0.5 mg/mL
—— [MyD88 E143-Stop-IRAK-4{L)]= 0.9 mg/mL

1:1 Complex
MyD88(L)<IRAK-4(L)
MyD88 E143X-IRAK-4(L)

MW (KDa) Ve, (mL)
38.007 67.7
36.443 68.3

=

4 =~ S50 60 70 = mL

Figure 4.18 FPLC analysis on MyD88(L)sIRAK-4(L) and MyD88 E143X-IRAK-4(L)
complexes. MyD88(L)*IRAK-4(L) (in red, injected at 0.5 mg/mLand MyD88 E143X-IRAK-
4(L) (in blue, injected at 0.9 mg/mL) eluted mosdly~ 40 mL, corresponding to a MW of ~ 323
kDa (8 to 9 monomeric complexes). Expected elwiolnmes for 1:1 complexes were calculated
from the standard curve given in Figure 4.6a.
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Figure 4.6a, the elution volumes were estimateteds7.7 mL for MyD88(L)*IRAK-4(L) and
68.3 mL for MyD88 E143X<IRAK-4(L) monomeric comples. As seen in Figure 4.18, both
complexes were found to elute at around 40 mL,esponding to a MW of ~ 325 kDa (8 to 9

monomeric complexes, assuming a globular arranggmen

4.2.6 Recombinant Death Domain-Only Variants of MyD88 CarBe Crystallized

To unveil the structural basis of MyD88-IRAK compldormation, we performed
crystallization trials on MyD88(L), MyD88 E143X an&®AK-4(L) recombinant fragments, as
well as on their complexes, with the aim of growangstals that are large and ordered enough for
X-ray crystal analysis. Individual proteins wergeessed, extracted and purified as described in
sections 3.3-3.5, and their complexes were usudibpined by co-renaturation (section 3.9.3).
Crystallization experiments were conducted manualsing the hanging-drop method, as
explained in Materials and Methods (see AppendifoiXa detailed list of all used conditions).
Drops were allowed to stand at 20°C in a Rumed ¥2€ibator, and observed periodically under
a Nikon SMZ800 zoom stereomicroscope. Althoughrgdanumber of trials were performed,
diffracting protein crystals were only obtained forcomplexed MyD88(L) and MyD88 E143X.
These crystals were grown in different conditist®wn in Table 4.5, although only the best hits

are described here.

Table 4.5 Summary of crystallization conditions usg on MyD88 recombinant fragments.All
crystals were grown at 20°C using the hanging-angbthod. Monomers, dimers and aggregates
refer to gel-filtration samples (see Figure 4.6 &ugpplemental Figure 2). Crystallization solutions
are shown by the name of the used screen and tubber, using the following abbreviations: SS1,
Structure Screen Box 1; SS2, Structure Screen Bo#12 Morpheu$” Box 1; M2, Morpheu$”
Box 2. The detailed compositions of these solutiasswell as of HEPES and Tris-based buffers,
can be found in Appendix X.

.. Protein . :
Protein Cw:;?lljliz:rflon concentration Pr\%ilj%?)(luﬁ)o n Crystals
(mg/mL) H

MyD88(L) M2-2 5 0.75/0.75

MyD88 E143X $S2-28 4.3 1/0.5
(Monomers)

MyD88 E143X
(Dimers) SS1-36 4.2 0.5/1 Y

MyD88 E143X

(Aggregates) SS52-28 4.8 0.5/1

r...
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Unfortunately, crystals were only poorly reproddejband no clear common patterns
were found in terms of preferred precipitant agestsl pH values. Selected crystals were
analyzed using synchrotron radiation at the ESR#littas (Grenoble, France), using 20%
glycerol as cryoprotectant, when necessary. Althoag/stals were generally small (0.05-0.1
mm) and, in most cases, diffracted X-rays only podhey were established to be protein crystals
as they presented typical protein diffraction page(see Supplemental Figure 5, Appendix XI).
No complete diffraction sets of these crystals ddu# collected due to their small sizes and/or

their extreme anisotropy.

Figure 4.19 Orthogonal images of diffraction pattens obtained from MyD88 E143X
crystals. All crystals were grown as described in text andl&at.5.a) Diffraction patterns of
MyD88 E143X (crystal 1), obtained at orthogonal iposs. This crystal presents ordered
diffraction patterns and a full data set at a nesmh of 1.8 A was collectedb) Diffraction
patterns of MyD88 E143X (crystal 2), obtained ahogonal positions. This crystal also presents
ordered diffraction patterns and a full data sea aesolution of 2 A was collected. Diffraction
patterns were measured at the ESRF beamline ID281Ziped with a MarMosaic225 CCD
detector.
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MyD88 E143X crystals grown from apparently monomefrystal 1) or aggregated
fractions (crystal 2), respectively, were obtainadsolution 28 of the Structure Screen 2
crystallization kit. Since they presented orderdfiattion patterns (see Figure 4.19), a full data
set of each crystal was collected at ESRF bean®8-2 (at resolutions of 1.8 and 2 A,
respectively) usinghe parameters given in Table 4.6.

Indexing of crystals 1 and 2 allowed us to estabiisat they are orthorhombic and both
pertain to the C222 or related space groups. Tterrdaed cell constants (see Table 4.6) suggest
that asymmetric units of these crystals containth vabout 80-90% probability, 3 protein
molecules and 42% of solvent content. These strestwere tried to be solved by molecular
replacement, using the recently reported crystaicgires of MyD88 DD in complex with the
death domains of IRAK-4 and IRAK-2 [178], and alssing truncated models derived from other
reported DDs structures, such as the Fas/FADD deatmain assembly [247] and the
uncomplexed RAIDD DD [112] and Pelle DD [248] (P@Bdes: 30Q9, 3MOP, 2071 and 1IK7,
respectively). Unfortunately, no solution has beebtained so far, suggesting a major
rearrangement of the six-helix bundle during thegldime needed for crystallization, perhaps

similar to the more compact Pelle structure presiipveported by Xiao and co-workers [248].

Table 4.6 Summary of used and calculated parameterduring data collection of MyD88
E143X crystals.Crystals obtained from monomeric (crystal 1) andragated (crystal 2) forms
of MyD88 E143X, were analyzed using X-ray diffractiat ESRF beamline 1D-23-2. Complete
data sets were collected at maximum resolutionsl.8f and 2 A, respectively. The main
parameters used for data collection are shown.rdted cell constants are defined by vectrs
b and ¢ (forming the edges of the parallelepiped), and dhgles between these vectars
(betweerb andc), # (betweera andc), andy (betweera andb).

Crystal 1 Crystal 2

Wavelength 0.8726 A Wavelength 0.8726 A
Transmission 100% Transmission 100%
Exposure Time 10 s Exposure Time 10s
# Collected images 360  # Collected images 120
Oscillation range (Ad) 1° Oscillation range A) 1°
Sample to detector distance 210 cm Sample to detector distance 238 cm
Space group C222 Space group C222
a=87.26 A a=87.23A

b=97.19 A b =96.99 A

Unit cell constants €= igfsoé Unit cell constants €= 10;297 0}‘:’\
B =90° B =90°

v =90° vy =90°

114



Results

4.3 Interactions Between MyD88 and IRAK-M Recombinant \ariants

4.3.1 The Linker-Extended Versions of MyD88 and IRAK-M Form a Stable
Complex in Solution

To verify that MyD88 is able to recruit IRAK-M, sitar to what we have previously
shown for IRAK-4, we took advantage of the N-teratibxHis tag present in our MyD88
recombinant fragments. MyD88(L) was firstly incubditwith an equimolar amount of purified
IRAK-M(L). Excess Ni-NTA agarose matrix was thendad to this mixture, and treated as
described in Materials and Methods (section 3.5All)fractions of the purification procedure
were recovered and analyzed by SDS-PAGE and CoderasBiant Blue staining. As a control,
the same amount of IRAK-M(L) was treated in a samiinanner. IRAK-M(L) was pulled down
by the affinity matrix in the presence but not Ire tabsence of MyD88(L) (except for some
unspecific interaction), indicating formation ofetiMyD88(L)sIRAK-M(L) complex (Figure
4.20). As with IRAK-4(L), we observed only partiasbmplex formation, probably because a
fraction of the individual components form aggregahat do not dissociate in the presence of the
binding partner, thus effectively interfering whisterodimer formatiom vitro.

In other experiments, to confirm heterodimer forioratvhile minimizing interference of
aggregation effects, we subjected mixtures of MyB&nd IRAK-M(L) previously denatured in
8 M urea to renaturation trials by rapid dilutionriefolding solutions of the FoldIt Screen (see
Appendix VIII). Following this procedure, we fourskveral conditions in which apparently
equimolar amounts of MyD88(L) and IRAK-M(L) remathen solution after removal of

chaotropic agents, and which could be quantitativetovered by metal affinity chromatography.

20— IRAK-M(L)
15— “\MyD88(L)
MyD88(L) - % - + + + + +

NB W1 W2 W3 EI NB W1 W2 W3 El

Figure 4.20 Formation of MyD88(L)*IRAK-M(L) heterodimer in solution. Equimolar
amounts of purified MyD88(L) and IRAK-M(L) were inbated for 2 hours abom temperature
in binding buffer (see Appendix VII) and then Ni-NTagarose matrix was added to tmscture.
After centrifugation to remove non-bound materidBj, the matrix was washed several times
with binding buffer (W) and specifically bound peats were finally recovered with elution
buffer (El). Samples were separated by SDS-PAGE stimiched with Coomassie Brilliant Blue
(MWs given in kDa, on the left). Notice that, dedsmome unspecific interaction between IRAK-
M(L) and the Ni-NTA agarose matrix, much larger nitées of IRAK-M are bound to the matrix
in the presence of MyD88(L) indicating MyD88(L)*IRAM(L) complex formation.
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a) b)
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Figure 4.21 MyD88 and IRAK-M(L) co-renaturation tri als by rapid dilution in refolding
solutions. Aliquots containing equimolar amounts of purifilRIAK-M(L) and either MyD88(L)

or MyD88(S), previously denatured in 8 M urea, wigreubated overnight at 4 °C on a rocker
with each of the 16 folding solutions of the Fol&8ktreen (Appendix VIII). Samples were then
centrifuged to remove precipitated material, anpesoatants were analyzed by SDS-PAGE and
stained with Coomassie Brilliant Blua) MyD88(L) and IRAK-M(L) co-renaturation trials)
MyD88(S) and IRAK-M(L) co-renaturation trials. No& that, in both cases, best results were
obtained in FoldIt solutions 2, 5, 9, 10 and 14,which apparently equimolar amounts of
MyD88(L)/(S) and IRAK-M(L) remained in solution aft centrifugation. Molecular weights,
determined with Novex® Sharp Pre-stained Proteinelgldar Weight Standard, are given on the
left of each gel, in kDa.

Best results were obtained with FoldIt solution$,29, 10 and 14 (see Appendix VIII), as seen in
Figure 4.21a. When the same procedures were repaaieg MyD88(S) instead of the linker-
extended version of the adaptor, similar resultsewabtained (Figure 4.21b). Using a slightly
modified FoldIt solution 9 (containing sodium phbape pH 7.0 instead of MES), we performed a
larger-scale refolding experiment by incubating@tgin mixture containing a slight molar excess
of MyD88(L) in the presence of reduced and oxidighatathione (see Materials and Methods).
The supernatant was incubated with excess Ni-NT#agg and bound proteins were recovered
with elution buffer. The results of this experime(gdhown in Figure 4.22) demonstrate

MyD88(L)sIRAK-M(L) heterodimer formation by co-renaturation of its components.

20— ; IRAK-M(L)
~— =
15 _p , : “\MmyDs8(L)
MyD88(L) - - - + + + + +

NB W1 W2 W3 EI NB W1 W2 W3 El

Figure 4.22 The linker-extended variants of MyD88 and IRAK-M form a stable complex.
Equimolar amounts of IRAK-M(L) and MyD88(L) were mitured in 8 M urea, and refolded
together by rapid dilution in Foldlt conditiod (see Appendix VIII). After centrifugation to
remove insolublenaterial, Ni-NTA agarose was added to slwpernatant and specifically bound
proteinswere recovered with elution buffer (see Appendix)Vas explained in Materials and
Methods. Non-bound (NB), wash (W), and elution (f#ictions were analyzed by SDS-PAGE
and stained with Coomassie Brilliant Blue (MWs givie kDa, on the left). As in Figure 4.20,
much larger quantities of IRAK-M(L) are bound tcetimatrix in the presence of MyD88(L)
indicating MyD88(L)sIRAK-M(L) complex formation.
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4.3.2 Residues Beyond Gl in the DD-TIR Linker of MyD88 Are Not Required
for IRAK-M Recruitment

After having demonstrated the formation of a stédWd88(L)sIRAK-M(L) complex, we
wished to analyze the importance of the unstrudtid®-TIR linker of the adaptor protein in
complex formation. With this aim, we performed esipents essentially as described above, but
replacing MyD88(L) by the variant with a shortenker, MyD88 E143X, which had been
previously shown to be fully functional in termsI&AK-4 binding (see Supplemental Figure 4,
Appendix Xl). First, we analyzed whether MyD88 EX4Bas able to form a stable complex with
IRAK-M(L) in binding buffer (see Appendix VII foramposition). This was indeed the case, as
IRAK-M(L) could be pulled down with Ni-NTA matrixn the presence of the truncated form of
the bipartite adaptor (Figure 4.23a). The sameliseswere obtained when repeating the same
experiments in Foldlt condition 9 (see AppendixIMtr composition), indicating that residues
beyond GId*in the DD-TIR linker of MyD88 are not required foeterodimer formation (Figure
4.23b).

a) 20—

R Gl A % /IRAK-M(L)
15§ “\MyD88 E143X
MyD88 E143X - - - - - + + + + +
NB W1 W2 W3 EIl NB W1 W2 W3 El
b 20—+ 3
) : - s/ RAKML)
15— ; : “\MyD88 E143X

MyD88 E143X - = = = - + + + + +
NB W1 W2 W3 EI NB W1 W2 W3 EI

Figure 4.23Residues beyond GIt*® in the DD-TIR linker of MyD88 are not required

for IRAK-M recruitment. Equimolar amounts of purified MyD88 E143X and IRAKL)
were incubated for 2 hours atom temperature in binding buffer (see Appendix)\(R) or
denatured in 8 M urea and refolded by rapid dilutio FoldIt condition9 (see Appendix VIII)
(b). Ni-NTA agarose matrix was added to batlixtures and non-bound (NB), wa$W) and
elution (EIl) fractions were analyzed by SDS-PAGH atained with Coomassie Brilliant Blue
(MWs given in kDa, on the left). Despite some umde interaction between IRAK-M(L) and
the Ni-NTA agarose matrix, much more quantitiedhef kinase are bound to the matrix in the
presence of MyD88 E143X, indicating MyD88 E143X<IRM(L) complex formation. Notice
that unspecific interactions are diminished whestgins are allowed to co-renature, as compared
to simple mixing of the two components in bindingfbr.
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Although the innate immune responses in insectsnagutimals share many similarities,
and for instance the Toll-MyD88-Tube-Pelle cascadfinctionally equivalent to that of TLRs-
MyD88-IRAKs [184, 189], they also present importalifferences. Most notably, mammals on
the one hand possess several relatives of theekiPelle, termed IRAK proteins, but on the other
lack a true Tube ortholog. In fact, the role thas tadaptor plays in insects appears to be assumed
in mammals by one of the IRAK members, IRAK-4 (rgf&9, 138, 184, 190-192] and Figure
1.8).

Previous investigations on the interface betweenddath domains (DD) d@rosophila
Pelle and its adaptor, Tube, indicated that twoomeggions of the latter are critical for complex
formation: (i) exposed DD residues mostly donated by helicksaanda5 and their connecting
loop, and (ii) ashort polypeptide stretch within the non-structu@derminal extension to this
globular domain, which inserts between heland the N-terminus of Pelle DD [174]. Similar
interactions have been observed in other compléateeen members of the death domain
superfamily. For example, (Both thea-helical DED module and the irregular C-terminal td
PEA-15, an important modulator of the ERK/MAP kiegmthway, are required for ERK binding
[96], and (ii) a short stretch preceding the Fas deathailois required for recruiting the bipartite
adaptor of the extrinsic apoptotic pathway, FADEYR Altogether, these findings suggest that
several members of the DD superfamily combine amtons mediated by globular domains and
unstructured linkers for specific heterodimer fotiom

In line with these findings, and in particular highting the connection between the
death domains of the Toll and TLR pathways, we halbserved a previously unrecognized
similarity between mammalian MyD88 abtosophilaPelle. Indeed, a detailed inspection of the
sequence alignments of MyD88 and IRAK-4 death dasméiom various species (Appendix I1),
prepared considering the results of secondary tsteigrediction methods (see Appendices llI-
IV), revealed that MyD88 possesses a seventh, i@ital 3, helix, in addition to the conserved
framework of six antiparallel helices previouslysebved in death domains from murine IRAK-4
[111] and Drosophila Tube [174], as well as in Fas [103] and in FADD 91@45]. It is
particularly striking that residues C-terminallytwlix a6 in MyD88 (Il to Lys'*in the human
adaptor) are highly similar to those DfosophilaPelle, in contrast to the rather low sequence
conservation throughout the DD superfamily.

In turn, this observation suggested an arrangeofehe mammalian MyD88 DD+IRAK-

4 DD heterodimer similar to that observed in thestal structure of the PelleeTube complex

[174], and prompted us to study complex formatietween human MyD88 and IRAK proteins,
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and to analyze the contributions of the correspadjlobular and unstructured regions to this
process. To this end, we cloned, overexpressedpariied the death domains of MyD88 and of
all known IRAK proteins (with the exception of IRAK), both alone and extended by the full-
length linkers to their C-terminal TIR or kinasenti&ins (see Figure 4.1 and Appendix XI).

Although all eight initial constructs used in tligidy had been similarly optimized, we
observed significant differences in expressiondgeind solubility of recombinant proteins, even
between “long” and “short” variants of the sametem For instance, MyD88(L) but not
MyD88(S) could be recovered from the cytosolic fiat of BL21(DE3)pLysS cells (see Table
4.1), most probably because of the stronger terydefiche DD-containing only recombinant
variant to self-aggregate, as indicated by anaytittracentrifugation, gel filtration ardlynamic
light scattering analyses of these MyD88 recombiricagments (see Figures 4.4, 4.6 and 4.17,
and Appendix Xl). The higher solubility of MyD88(lsuggests that the DD-TIR linker is largely
responsible for adaptor solubility in the cytosolthe absence of activating stimuli and receptor
engagement. How would inclusion of this unstruduirgerdomain/linker enhance solubility of
the adaptor DD? It is tempting to speculate thé telatively long peptide covers, at least
transiently, a hydrophobic patch on the globulamtdedomain that mediates unspecific
aggregation. Residues with aliphatic side chairthiwithe MyD88 linker, and in particular the
well-conserved Lel#®, val*®, val*** and Val*® are likely candidates for interacting with an
apolar surface on the N-terminal DD. It is partizly noteworthy that residue LEQis strictly
conserved in mammals, and conserved or conseriyatieglaced by lle/Val in other vertebrates.
Further, position 134 is always occupied by vatinésoleucine. This high degree of conservation
within an otherwise flexibly disordered region psito an important functional role. In line with
these observations, the designed recombinant vavigD88 E143X, truncated at Gftf and thus
containing the hydrophobic residues mentioned abwas recovered from the cytosolic fraction
of BL21(DE3)pLysS cells, similar to the linker ertked variant MyD88(L) (data not shown). In
turn, interactions of the DD-TIR linker of the adapwith the DD module would locate these two
globular domains in close proximity, forming a savhat "closed" structure and thus avoiding its
untimely recruitment by the TIR domains of IL-1RTLRs, and concomitant activation of
downstream IRAK kinases (see below).

The strong tendency of the studied MyD88 recomtinariants to form large aggregates
in solution is consistent with previous findings ofassive aggregation observed in other
overexpression experiments of the bipartite adag#twost notably, studies on the subcellular
localization of MyD88 have shown that the proteg pgresent as condensed forms in the
cytoplasm, such as discrete foci, fibrillar aggtegaand inclusion bodies [119-122] (see Figure
5.1). Although most of the reported work suggekest taggregation of full-length MyD88 is
essentially mediated by homotypic interactions leetwits death domains [73, 182], a recent

work presents evidence indicating that the entme-TIR region (i.e., DD and linker) is required
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to form these aggregate structures [121]. Our fo viesults, however, support a more important
role of the DD module in this regard.

Interestingly, the situation is exactly oppositethie case of IRAK proteins, as the DD-
only recombinant variants IRAK-1(S) and IRAK-M(®t not their linker-extended counterparts,
were expressed as soluble proteing&ircoli (see Table 4.1). It would seem that the unstredtur
DD-(pseudo)kinase linkers are prone to aggregatedtion per se Along these lines, most
reported aggregation-prone motifs are rictgibranched aliphatic and aromatic residues as well
as in hydroxyl-containing Ser/Thr residues, butveladower-than-expected proportion of charged
residues [250]. These features are observed inDibekinase linker of human IRAK-1. In
particular, the Sé¥-Serf** stretch is predicted as an aggregation "hot spptAggrescan [251]
(http://bioinf.uab.es/aggrescan/), which almost clya matches the region of maximum
aggregation propensity within the linker identifidy ProA (http://www.abl.ku.edu/ProA/),
Ser*-Phe*,

Figure 5.1 Overexpressed MyD88 is localized in theytoplasm as large condensed forms)
Micrographs of mouse embryonic fibroblasts expres¢iemagglutinin-tagged MyD88. MyD88
was found in discrete foci scattered throughoutctesol, as identified with FITC-cholera toxin
B (CTB) (extracted from [119]h) HEK293 cells were transfected with yellow fluorestprotein
(YFP)-tagged MyD88 and visualized by inverted flemrence microscopy. Notice that MyD88-
YFP is expressed as a condensed form in the c@mplaxtracted from [120]k) Confocal image

of HEK293T-MyD88-YFP cells stained with Alexa Flu584-conjugated CTXb (cholera toxin B
subunit) (extracted from [121]§l) Ultrathin sections of HelLa cells transfected wilhg-tagged
MyD88. Cytoplasmic aggregates (open arrows) andeancaggregates (closed arrows) were
observed in transfected cells (extracted from [LZR¢gfer to cited publications for details.
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In the case of the pseudo-kinase, the linker regsoparticularly rich in aliphatic /
aromatic residues, and Aggrescan identifies stedise*>Ala™*°, Thr*%val**’, and Led*®lle**®
as potential hot spots for aggregation, while Pnod@xima were predicted between residues 120-
134 and 146-156. In the case of IRAK-4, howeve,ghesence of the linker did not influence the
solubility of the different recombinant variants hoth the DD-only and the linker-extended
variants were repeatedly recovered from the indelfitactions in overexpression experiments
(see Table 4.1). The fact that our IRAK-4(S) recorabt fragment is expressed in inclusion
bodies is in striking contrast with the recent worfkLasker and co-workers, in which IRAK-4
DD could be expressed as a soluble proteirk.ircoli [111]. A possible explanation for this
contradiction comes from the fact that the recombirform designed by Lasker and co-workers
comprises residues 1-113, and thus includes a fxa @olar residues C-terminally of the DD
module (e.g. TH® and Tht'Y), compared to our designed variant IRAK-4(S). Heere although
the formation of IBs has been found to be affettganany factors (e.g. the amino acid sequence
of the recombinant protein, the induction tempertthe culture condition, the rate of protein
production and folding, and the availability of essal chaperones [252-256]), it has been
recently proposed that other factors besides amamb composition and high concentrations of
overexpressed protein, play a major role in foromatf such aggregated structures [257]. The
lack of a thorough understanding of the formatiériBs in E. coli make it difficult to predict
whether a recombinant protein will be soluble, ipdiyt or completely deposited into IBs.

For urea-extracted fractions of MyD88 and IRAK nedmnant fragments, most of the
sixteen refolding conditions routinely tested wergcessful and large quantities of properly
folded recombinant proteins could be recoveredis taner. These findings suggest that these
aggregates contain properly folded DDs and/or edike folding intermediates that are easily
forced into the correct 3D conformation in the prese of specific chaotropic agents and
detergents. In this regard, of course, the fadt #iflathese DDs are single-domain, athelical
proteins with a rather simple topology, and whichaiddition lack disulfide bridges, greatly
facilitates adoption of the proper 3D configuratidborrect folding of these fragments was
directly demonstrated by the fact that only Gluoécissile peptide bonds within the irregular C-
terminal tails of the linker-containing variantsMD88 and IRAK proteins, but not those within
their globular death domains, are susceptible toGkleavage (Figure 4.3). The ultimate proof
of the native-like conformation of recombinantlypegssed DD variants of MyD88 was the
demonstration of specific interactions with natutRIAK-4 kinase from monocyte extracts
(Figure 4.12).

In line with our current findings, aggregation teeen also found in other members of the
DD superfamily (see Figure 5.2): (i) DED-depend@daments were detected in the cytoplasm of
cells overexpressing caspase-8 or FADD, and thggeegates were almost completely insoluble

in two commonly used non-ionic detergents, NP-4@ dmiton X-100 [258]. Further, (i)
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Figure 5.2 Aggregation is a common feature of membe of the DD superfamily. a) HeLa
cells transfected with the DED-containing prodomah caspase-8, fused to GFP, and
immunostained. A distinctive cytoplasmic filameetwork can be observed (from [258)). The
same cells were transfected with the DED domaifRADD either fused to GFP (left panel) or
without any epitope tag (right panel). Numerousarfients could also be detected by
immunostaining (from [258])c) NIH-3T3 cells were transfected with a GFP fusiaiotein
consisting of the prodomain region of caspase-a photographed using a fluorescence
microscope. The CARD-GFP fusion protein appearetisgsete filamentous structures inside the
nucleus (from [259])d) Fluorescence confocal micrographs of HelLa cellgressing a bcll10
truncated protein, containing only the CARD domailatice the clear pattern of discrete and
interconnecting cytoplasmic filaments exhibited tys form, resembling the DED filaments
shown in(a) (from [260]). e) COS cells were transfected with a GFP construntaining the
CARD domain of caspase-2, directly fused to thepass domain. Cells were fixed and analyzed
by confocal microscopy. As it can be observed,@#d&RD-containing GFP fusion protein forms
large aggregates in the cytoplasm (from [261)])HEK293T cells transfected with a FLAG-
tagged RAIDD-CARD construct were fixed, immunostain and observed by fluorescence
microscopy. The RAIDD-CARD appears as an extendilamentous network within the
cytoplasm, sometimes appearing as lariat structaresnd the nucleus (from [262]) PC12
cells transfected with a pCDNAS3 vector encoding BBIwere fixed, stained and visualized by
confocal microscopy. Overexpressed RAIDD is loaalizoredominantly within a perinuclear
cytoplasmic region, forming aggregates of a sphésbape (left panel). Of note, this RAIDD-
induced aggregates are relatively insoluble, asstme cells transfected with rat RAIDD and
briefly exposed to detergent still showed a petlieaic immunostaining pattern (right panel),
indicating that these RAIDD aggregates are redistadetergent extraction (from [263]).

overexpressed caspase-2 and its isolated CARD mdduh large aggregates that are visualized
as discrete dot- or filament-like structures byflscence microscopy [259, 261]. Likewise, (iii),

similar CARD-dependent filamentous or sphericalraggtes have been reported for its adaptors,
RAIDD [262, 263], and bcl10 [260]. Of particulartegthe recently presented crystal structure of

the oligomeric RAIDD-DD+PIDD-DD complex reveals amtricate asymmetric arrangement of
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seven RAIDD and five PIDD death modules [264], tawill be discussed below. Finally, and
highlighting the possibility of reverting multimegtion with minimal structural changes, (iv)
FADD aggregates at neutral pH in solution while domservative point mutant F25Y remains
monomeric even at high protein concentrations [Pd®].

Given that TLR engagement is followed by receptdigomerization to form
“receptosomes” that in turn recruit MyD88 [72], atitht overexpressed MyD88 automatically
induces death domain-dependent activation of dowast signaling pathways [30, 121, 123,
124], we consider that multimerization of our re¢dnant proteins reflects tha vivo signaling

pathway.

Although it is generally accepted that MyD88 acysrecruiting protein kinases of the
IRAK family through interactions between their resfive DDs, it has not been unambiguously
established whether additional cofactors are nacg$er MyD88-mediated IRAK recruitmein
vivo, and the specific residues involved in such imtéoas have been only partially
characterized. Our current findings directly camfithat the DD alone, eventually extended by the
more N-terminal portion of the linkers suffices fmmplex formatiorin vitro. These findings, in
turn, strongly suggest that the bipartite adaptone can recruit IRAK-4 and IRAK-M to its
membrane-proximal complexes with IL-1R / TLR vivo (see Figures 4.10, 4.20 and 4.22).
Further, our results unambiguously establish thatG-terminal TIR (MyD88) and kinase (IRAK)
domains are dispensable for complex formation.

In the absence of added detergents, we have reheateserved only partial complex
formation between MyD88(L) and IRAK-4(L) (Figure73, probably because aggregation of
individual DDs interferes with heterodimer formatim vitro. As previously discussed for the
individual components, large aggregates of purifidgD88IRAK-4 complexes were also
observed by gel filtration and AUC analyses (segufgs 4.17 and 4.18). Notably, a decreased
tendency for aggregation was observed when comiibgxahe linker-extended recombinant
variant of the adaptor with the truncated varidRAK-4 K115X, and also the linker-extended
variant of IRAK-4 with the truncated variant MyD8BL43X, suggesting that residues beyond

15 in the kinase linker, and Gfii in the adaptor, may play an important role intgiro

Lys
aggregation.

In order to limit formation of large aggregates, w@mbined the use of low protein
concentrations and specific non-ionic detergentgjufeé 4.8), which allowed quantitative
formation of the MyD88(L)*IRAK-4(L) complex in sdlion (see Figure 4.10a). Interestingly, and
as can be seen in this figure, no heterocomplexdetected at very low IRAK-4 concentrations,

and the MyD88(L) linker was partially cleaved byantaminating protease. Since degradation

126



was prevented at the higher IRAK-4(L) concentratidhat support complex formation, our
results suggest protection of the linkers in theD@8(L)sIRAK-4(L) heterodimer (discussed
below). In addition, we have established co-reraditoin of MyD88 and either IRAK-4 or IRAK-

M recombinant death domains as a novel method donptex formation, providing a simple
means for analysis of DD-mediated interactions ehiinimizing the effects of aggregation (see
Figures 4.10b and 4.22). Notably, the MyD88(L)*IRAKL) complex bound more tightly to the
metal affinity matrix than the free DD of the adaptpointing to formation of dimers or higher
order aggregates of the heterodimer. In this regegreviously mentioned, MyD88 is known to
dimerize following receptor recruitmemt vivo [73], and recent evidence indicates that enforced
adaptor dimerization suffices to trigger signaljhg4].

In our studies to determine whether the interdoncaimector of MyD88 is required for
complex formation with IRAK proteins, we have derawated not only that IRAK-M is able to
associate with MyD88 (Figures 4.20 and 4.22), st ¢hat residues beyond Gttiof the DD-
TIR linker of the adaptor are not required for cdempformation with IRAK-M (see Figure 4.22).
IRAK-M interactions with MyD88 are of particulartarest, as the pseudo-kinase has been shown
to play an inhibitory role in the TLR/IL-1R signali pathway [136]. However, the mechanism(s)
underlying this inhibitory function of the pseudm#se are still speculative. In this regard,
several studies suggest that IRAK-M does not preU@AK-1 or IRAK-4 recruitment to the
TLR/IL-1R-MyD88 complexes, but inhibits dissociatioof the activated kinases from the
receptor complex and therefore blocks LPS-induc€&eBl activation [85, 125, 127, 129, 130,
132, 136, 147, 200, 2659RAK-M has been recently speculated to bind to IRAKwhich does
not contact MyD88 in the reported crystal structdoeprevent IRAK-2 or IRAK-1 dissociation
and signaling [178]. In fact, most IRAK-4 residueported to interact with MyD88 by Lin and
co-workers [178] are not conserved in IRAK-M, exicpprhaps for a limited similarity at the type
Il interface (see Figure 5.3), which would inditgctupport this theory. On the other hand, our
results unambiguously establish that IRAK-M is aolénteract directly with MyD88, in line with

12 BRCLNVGLIRKLSDFIDPQEGWKKLAVAIKKPSGD 45 IRAK-4
+ +G + + D D GW+ LA ¥ D

21 PPALLGELCAVLDSCDGALGWRGLAERLSSSWLD 54 IRAK-M

46 DRYNQEHIRBFEALLQTGKSPTSELLEDWGHETHE 78 IRAK-4
+R E s GKS T ELL+ W N

%5 - =--=--- VRHIEKYVDQGKSGTRELLWSWAQKN 80 IRAK-M

Figure 5.3 Partial sequence comparison between humdRAK-4 and IRAK-M. Notice that
most IRAK-4 residues reported by Wu and co-worlerse involved in type I (in yellow), type I
(in purple) and type Il (in green) interactionstvMyD88 [178] are not conserved in IRAK-M.
This observation suggests that IRAK-M does not catmpvith IRAK-4 for MyD88 binding (see
text). Conserved residues are written between daguences. Similar residues are marked with +.
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previous work showing specific MyD88—-IRAK-M intettaans [137]. Future studies are needed to
clarify if IRAK-M down-regulates TLR signaling byompeting with kinases IRAK-1 and IRAK-
4 for MyD88 binding, or if all three kinases candimultaneously attached to the adaptor.
Focusing more specifically on the analysis of MyBBBAK-4 interactions, we first
demonstrated that the full DD-TIR linker of MyD88 dispensable for IRAK-4 binding, as
MyD88(S) forms a stable complex with IRAK-4(L) (kige 4.11a), and pulls down the natural
kinase from monocyte extracts (Figure 4.12). Previtesults had indicated that residues 110 to
154 of MyD88 are strictly required for interactiopstween IRAK-4 and the adaptor. Indeed, the
truncated variant MyD88, MyD88s, lacking residuda'®&-Leu'**, is unable to recruit the kinase
to the IL-1R complex (see refs. [79, 169] and Figdrl). The missing stretch in MyD88s
comprises the C-terminal extsahelix of the adaptor death domain and almost treptete DD-
TIR linker. One possible explanation for the ingityi of this linker-less variant is that
juxtaposition of DD and TIR domains compromises KRA recruitment because the TIR domain
covers an important binding site on the death donodithe adaptor, thus interfering with DD-
mediated heterodimer formation. We note, howevert kack of the interdomain linker does not
impair heterodimerization of MyD88 and MyD88s [16%urther, our modeling experiments
suggest that the two globular domains would renfeiity independent in MyD88s, and the TIR
domain would not approach the putative IRAK-4-bimgdsite on the adaptor moiety (see below).
In light of current structural and functional evide for theDrosophila TubesPelle complex
[174], our observation of similar binding to IRAKEY both MyD88(S) and MyD88(L) strongly
suggests an alternative explanation, namely, ti&tQ-terminal helix of MyD88 death domain
and surrounding residues (Gflto GInt®®) play a major role in IRAK-4 recruitment. In suppof
our hypothesis, the mutated variant Y116C in murMgD88 results in reduced immune
responses to several pathogen-associated ligaB6$. [2 is important to stress that the residue

?.28

topologically equivalent to Tyt® in Pelle, Tyt?, engages in van-der-Waals interactions with the

Tube tail [174]. Finally, we note that the aromafir'*®

and surrounding residues are conserved
in MyD88 from different species (see Appendix #dlso supporting a functional role of hetiX.
Although the affinity of IRAK-4 death domain for ND88 could not be assessed by SPR
due to non-specific binding of IRAK-4(L) to the face of the sensor chip (Figure 4.13),
incubation of purified MyD88(L) or MyD88(S) with ameasing amounts of human monocyte
extracts demonstrated quantitative, saturable bindif natural IRAK-4 by the recombinant
death-domain of the adaptor (Figure 4.12). As noewetil before, the fact that both recombinant
forms of MyD88 interact with native IRAK-4 corrolaies that the DD-TIR linker of the adaptor
(residues 121-158) is not required for kinase Wigdincomplete pull-down of the downstream
kinase by MyD88(S) probably results from the highendency to self-aggregation of this
recombinant variant (see Figure 4.5), and/or frartigl unfolding of helixa7 in the absence of

most of the DD-TIR linker.
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On the other hand,the DD-only variant of the adgpityD88(S), bound only weakly to
IRAK-4(S), as compared to IRAK-4(L) (Figure 4.1indicating that the DD-kinase connector of
IRAK-4 is important for heterodimer formation. Tulvesidues of the linker that engage in
important interactions with Pelle are located ji8tto 20 positions downstream of the globular
death domain (see [174]; this stretch is boxedigufe 4.3c). In a similar manner, residues of the
PEA-15 tail involved in ERK binding are clustereabat 30 to 40 positions from the end of the
globular DED moiety [96]. Therefore, we speculatieat IRAK-4 residues proximal to the helical
death domain might also be critical for complexniation, while the more C-terminal region
could be less relevant in this regard. Indeed, Gldigestions of the MyD88(S)*IRAK-4(L)
complex showed that presence of the adaptor coefplabolishes proteolysis of the GitiAla*’
peptide bond, while the more C-terminal 8fLeu" site is hydrolyzed as in free IRAK-4(L),
albeit with slower kinetics (compare Figures 4.3ada4.14). On the other hand,
chymotrypsinolysis of free and adaptor-bound IRAKY4 proceded following essentially
identical kinetics (see Figure 4.15), indicatingttthe PhE’-Glu'?® site is not protected in the
MyD88¢IRAK-4 complex. Further, and since the trulechvariant IRAK-4 K115X was able to
form a stable complex with both MyD88(S) and MyDi8B8(see Figure 4.16 and Appendix Xl),
we conclude that residues up to tyjsn the DD-kinase linker of IRAK-4, and not beyorate
critical for recruitment by MyD88.

With the aim of gaining more insight on the struetwf MyD88 and IRAK death
domains, as well as on their interactions, we peréa crystallization trials of several of the
expressed recombinant fragments. However, althpugtein crystals of MyD88(L) and MyD88
E143X have been obtained (Tables 4.5 and 4.6, &iguir9, and Appendix Xl), only crystals of
the truncated form showed diffraction patterns mrdeenough for data collection, most probably
because residues beyond &tin the DD-TIR linker of the adaptor are flexiblysdrdered and
therefore interfere with regular lattice formatiohnalysis of the obtained data suggested the
presence of three protein molecules in the asynienatit of MyD88 E143X crystals, in line with
our previous observatioms MyD88 having a strong tendency for self-aggregatHowever, we
have not been yet able to solve these structurendigcular replacement, probably because of
unfolding of the DD upon prolongued incubation @m temperature, as previously reported for
the protein kinase Pelle [248]. Awaiting new, dirig crystallographic results, we propose a
docking model of the MyD88-IRAK-4 heterodimer, dissed below.

Although our biochemical and biophysical observaticon MyD88 interactions with
IRAK proteins have not be yet supported by clegstallographic results, we wondered whether

available structural and functional information ltbbe used to generate a docking model of the
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MyD88¢IRAK-4 heterodimer (see section 3.12 in Matlsrand Methods). The results discussed
above strongly suggested a topological equivalarfcélyD88-Pelle and IRAK-4-Tube pairs
[174], and would in particular imply that IRAK-4itaesidues are “clamped” between hediX
and the main globular death domain of the adapt@ $imilar manner as Tube binding to Pelle
[174] (see Appendix Il and compare Figures 1.9 au2@d). Nevertheless, it must be stressed that
several residues involved in important intermolacwontacts in the TubesPelle heterodimer are
not conserved in IRAK-4sMyD88 (see Appendix Il).rRnstance, GItf (Tube) and Arf (Pelle)
form a salt bridge in th®rosophilacomplex, but are replaced by proline and alaninief®an
IRAK-4 and MyD88, respectively. Further, only twb the six basic residues that surround the
tail-binding cleft in Pelle are conserved in MyD&8nally, the tail sequences of Tube and IRAK-
4 appear to be only marginally related (see FiguBe). These differences, altogether, preclude a
straightforward adoption of the TubesPelle struetas template for modeling the mammalian
MyD88¢IRAK-4 complex.

The Tube-Pelle interface belongs to type Il of theee topologically distinct DD-DD
interfaces [267]. The recently solved crystal due of the heterocomplex between death
domains of RAIDD and PIDD [264] demonstrated thmse interfaces represent most, if not all,
possible interaction modes within the death donmiperfamily. Importantly, the structural
analysis revealed different subtypes within eacthee interaction forms. It is also noteworthy
that the Pelle-Tube interface shows consideralalstigity, as revealed by significant differences
between the two independent complex molecules fdonthe asymmetric unit [174]. Closer
examination of the RAIDD-PIDD type Il interface eals that a basic arginine side chain at the
C-terminal end of RAIDD helix4 forms a strong salt bridge with an aspartatée&5b-a6 linker
in PIDD. Interestingly, these residues possess teoparts in MyD88 (Ar) / IRAK-4 (GIu™).
However, residues that follow the latter glutamate not polar/charged as in PIDD but
aromatic/aliphatic (Phe-Phe-Ala in the human kijaS&ey closely resemble the topologically
equivalent Tube triplet, Létf-Phé“~Sef*®, of which Ph&"” and Sef*® are critical for Pelle
binding [174]. Thus, it is conceivable that the MBBIRAK-4 heterodimer combines elements
from both RAIDD-PIDD and Pelle-Tube type Il intecks. Along these lines, we notice that the
nature of type | contacts differs between the pgpaae-9 CARDe+Apaf-1 CARD complex, which
is mediated by complementary electrostatic field88], and the network of hydrophobic and
hydrogen bond interactions that stabilize the togigially equivalent RAIDD DD<PIDD DD
interface [264].

Unbiased predictions of surface areas of MyD88 HRWK-4 death domains that are
important for protein-protein interactions also oyt our model. For MyD88, the PPI-Pred
server identified the cluster of polar aromaticidaes donated by helicag2, a3, and their
connecting loop, as the most likely protein-protkinding site (see Appendix IIl). This region

includes residue PRt which has been shown to be implied in DD-mediatgaptor dimerization
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Figure 5.4 Hypothetical model of death domain-medi&d heterocomplex formation between
MyD88 and IRAK-4. a andb) Three-dimensional models of death domains fromdmuivyD88

and IRAK-4. Majora-helices and the N- and C-termini of both modulesraarked. The highest
scoring patch in MyD88 appears to correspond to Nyd@88—-MyD88 interaction area, as
replacement of PA&by an asparagine is known to impair DD-mediatedp#at dimerization
[73]. On the other hand, replacement of /by a cysteine compromises immune responses
against several pathogen-related molecules [286¢l0se distance to the last residue included in
the second highest patch (88rand the fact that the residue topologically eglémt in Pelle,
Tyr'?® engages in van-der-Waals interactions with thieeTiail in the Tube<Pelle complex [174],
suggests that it belongs to the IRAK-4 binding acefc) Putative MyD88¢IRAK-4 heterodimer,
modeled on the basis of the type Il interface olesin the RAIDD+PIDD structure [264]. The
structures of Pelle DD free in solution [269] aralibd to the adaptor, Tube [174], are essentially
identical; similar observations have been made dmparing the structures of free [112] and
PIDD-bound [264] RAIDD death domains. Thereforeattiedomain-mediated heterodimerization
would appear to occur without major structural reagements, as an assemblage of rather rigid
modules. In all panels, selected residues withenttvo highest scoring patches identified by PPI-
Pred are indicated with their side chain atomspreal and labeled yellow and green (MyD88) or
blue and pink (IRAK-4), respectively.

[73] (these residues are clustered on "top" of iwecule in Figure 5.4a). In line with our
hypothesis, Arfl ranked on top of the second highest scoring patbich also included nearby
polar / aliphatic residues from helix4, but also a number of basic side chains from the

neighboring helixal (Arg?® Arg®, Arg®), as well as the more distant $&rimportantly, the
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close distance of Ty to this serine residue, and the fact that theluestopologically equivalent
in Pelle (Tyt?®® engages in van-der-Waals interactions with thé@eTtail in the TubesPelle
complex [174], suggests that it belongs to the IRAKinding surface.

For IRAK-4 DD, the expected MyD88-interactive regiovas also identified as the
second highest scoring area (see Appendix V). Tagon includes Gfi and neighboring
exposed aromatic side chains (Ph@hé&%), and several charged or aromatic exposed residues
from helix al (e.g., Ly$", Asp™ Phé> see Figure 5.4b). Interestingly, the most likptptein-
protein interaction site for this domain (to thghtiin Figure 5.4b) involves a distinct clusteiof
terminal (e.g., Arlf, Cys?) and nearby residues from heti (e.g., Val®, Leu®) but in particular
from a4 (e.g., GI&°, Phé? Asp’® and Thf°. This patch is thus topologically equivalent ke t
IRAK-4 binding site on MyD88.

To verify that the MyD88-IRAK-4 interactive modedsmpatible with a type Il interface,
we superimposed our models of MyD88 and IRAK-4 Hedbmains on those of the
corresponding RAIDD+PIDD heterodimer. Inspectionttodé generated structure after rigid-body
refinement revealed that the predicted interactimars be simultaneously satisfied in the putative
MyD88 DD+IRAK-4 DD complex (Figure 5.4c). In suppaf our model, we notice that adaptor
dimerization would not interfere with IRAK-4 rectmient, in line with experimental
observations. Given that the structures of Pelle fitd2 in solution [269] and bound to the
adaptor, Tube [174], are essentially identical, #rat similar observations have been made by
comparing the structures of free [112] and PIDD#mby264] RAIDD death domains, death
domain-mediated heterodimerization appears to ogithout major structural rearrangements, as
an assemblage of rather rigid modules.

There is ample experimental supporting a scaffgldisle for death domains of IRAK
proteins, while the actual catalytic function isrfpemed by the C-terminal kinase domain.
Indeed, truncated IRAK-1 and 4 variants that cdarafishe death domain, eventually extended by
the linker to the kinase domain have a potent megr@iominant effect in overexpression
experiments [74, 138]. On the other hand, deletdbiRAK-1 DD abolishes all downstream
signaling activities [270]. In this regard, the TIMR/D88-IRAK system represents a counterpart to
the Fas-FADD-procaspase-8/10 extrinsic apoptotibvpay, where the bipartite adaptor, FADD,
regulates formation of the multimeric death-indgcaignaling complex (DISC) by binding Fas
via death domain-mediated interactions. Two maskédferent crystal structures of the complex
between DDs from Fas and FADD have been recendggmted. In one of the structures, Scott
and co-workers show a Fas*FADD DD complex with teataeric arrangement of four FADD
DDs bound to four Fas DDs, in which Fas providésahtacts [271] (see Figure 5.5a). In striking
contrast, Wang and co-workers reported later aFHAd3P death domain complex composed of

two layers, with five Fas DD molecules in the “updayer and five FADD DD molecules in the
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b)

5 Fas DDs

d)

IRAK2

MyD8E

MyD88

Figure 5.5 Different arrangements of death domain éterodimers. a) Tetrameric arrangement
of the Fas/FADD DD complexes reported by Scott emdvorkers [271]. Contacts between the
complexes are solely mediated by Fas molecules. KaseFADD DD complex is displayed in
green (Fas) and blue (FADD) ribbons, while the rging three complexes are colored red,
magenta and blue (the latter, in surface represenjab) Alternative FaseFADD DD complex
composed of two layers, with five Fas DD molecuteshe “upper” layer and five FADD DD
molecules in the “lower” one, reported by Wang aodworkers [247]. The Fas molecules are
shown in warm, and the FADD DD molecules in coldoce ¢) Model of the MyD88¢IRAK-4
DD complex proposed in this work, in which only twdyD88+IRAK-4 heterodimers are
sufficient to allow cross-phosphorylation and aation of the kinase moieties of adaptor-bound
IRAK-4. MyD88 and IRAK-4 molecules are shown in plerand green, respectively. Notice the
topologically equivalence with the arrangement a§ end FADD DD modules shown (a), as
opposed to the Fas*FADD and MyD88¢IRAK-4¢|IRAK-2 Dddmplexes shown ifb) and (d),
respectively.d) Ribbon diagram of the MyD88¢IRAK-4+IRAK-2 DD comaxt reported by Lin
and co-workers [178], composed of 6 MyD88 molec(iesold colors), 4 IRAK-4 molecules (in
earth-tone colors) and 4 IRAK-2 molecules (in waiors), in a tower-shaped arrangement. The
planar arrangement of the complex is also shown.
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“lower” one [247] (see Figure 5.5b), similar to tkeyered structure of the oligomeric PIDD
DD<RAIDD DD complex [264]. Similar to this seconcagsFADD DD complex, the recent
structure of the MyD88¢IRAK-4¢|IRAK-2 DD complex mented by Lin and co-workers reveals a
tower-shaped structure composed of four layers][{8& Figure 5.5d). In this arrangement, 6
MyD88 DD molecules form the two bottom layers, AlR4 DD molecules comprise the middle
layer, and 4 IRAK-2 DD molecules form the top layelowever, the existence of two very
different experimental structures of FaseFADD DDmpbexes suggests that the molecule
arrangement of MyD88 and IRAK-4 DD molecules prambby Lin and co-workers is only one
possible solution, and not necessarily the mogivegit from a physiological point of view, in
particular in cases of low cytosolic concentratiofigVlyD88 and/or IRAK kinases. In fact, our
proposed arrangement of MyD88 and IRAK-4 DD modidamore similar to the crystal structure
of the FassFADD DD complex proposed by Scott angdvodkers, since only two MyD88: IRAK-

4 heterodimers are sufficient to allow cross-phosplation and activation of the kinase moieties
of adaptor-bound IRAK-4 (see Figure 5.5c¢). Thisustinre entails a much more simple
arrangement of molecules, probably more suitabteércontext of natural membrane association.
Structural and functional investigations now in gness should refine this model and identify
residues of both moieties involved in heterodimamfation, as well as in recruitment of the

downstream kinase IRAK-1.
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6. Conclusions







1) The death domains (DDs) of the human adaptor, My288 of the (pseudo)kinases
IRAK-1, IRAK-4 and IRAK-M can be expressed as hetegous proteins ikscherichia

coli.

» Both DD-only variants and forms C-terminally exteddy different lengths of the
linkers to the TIR or (pseudo)kinase modules, respaly, were overexpressed at

high yields and purified to homogeneity.

2) Renaturation of urea-denatured inclusion bodiemalllarge quantities of recombinant

DD variants of MyD88 and IRAK proteins to fold intieeir native-like conformations.

* Only Glu-Xxx scissile peptide bonds within the gtgar C-terminal tails of the
linker-containing variants of MyD88 and IRAK pratsi but not those within their

globular death domains, are susceptible to Glue@wlge.

« Both the DD-only variant of the adaptor, MyD88(&)nhatured form urea-solubilized
inclusion bodies, and the linker-extended form MgR8 pull down natural, full-

length IRAK-4 from human monocyte extracts.

3) The isolated death domains of MyD88 and IRAK pruddiend to form large aggregates

in solution.

* MyDB88(S) has a stronger tendency for self-aggregatian the linker-containing
variant of the adaptor, suggesting that the DD-[iiRer is important for adaptor
solubility in the cell cytoplasm.

* The linker-extended recombinant variants IRAK-18nd IRAK-M(L) have a
stronger tendency for self-aggregation than theddly-variants of the proteins,
suggesting that the unstructured DD-(pseudo)kitiakers are prone to aggregate

formationper se

» The combined used of specific non-ionic detergantslow protein concentrations

decreases formation of large aggregates betwesa DiBs.

4) Co-renaturation of MyD88 and IRAK recombinant ded¢imains results in correct
protein folding, and could be established as a Inmet¢hod for complex formation.
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5) The isolated death domains of MyD88 and IRAK-4 sijlg interact with each other.

Both forms of recombinant MyD88 bind to the linkettended variant of IRAK-4

death domain.

Residues G%GIn'®, which include the C-terminal hela of MyD88, but not the
irregular DD-TIR linker, are required for IRAK-4ariitment, which explains the
inability of naturally-occurring truncated variavlyD88s (lacking residues Gitf-
Leu™ to recruit the kinase to the IL-1R complex.

Residues up to Ly¥ in the DD—kinase linker of IRAK-4, and not beyoiade
needed for strong interactions with the adaptad, therefore IRAK-4(S) (residues

Thr®-Lys'”) does not form a stable complex with the adaptor.

6) Our experimental results and the topological edaivae of MyD88-Pelle and IRAK-4—

7

Tube pairs suggest a possible MyD88¢IRAK-4 comptewhich the kinase tail residues

are “clamped” between heli/ and the main globular death domain of the addptar

similar manner as Tube binding to Pelle.

The MyD88°IRAK-4 heterodimer appears to combineralats from both RAIDD-
PIDD and Pelle-Tube type Il interfaces.

We propose an arrangement of MyD88 and IRAK-4 DQduies in which only two
MyD88¢IRAK-4 heterodimers are sufficient to allowoss-phosphorylation and

activation of the kinase moieties of adaptor-bolRAK-4.

IRAK-M is able to associate with MyD88 through irgetions between their death

domains.

Residues beyond Gitfin the MyD88 DD-TIR linker, at least, are dispeligafor
IRAK-M recruitment by the adaptor.

The inhibitory role of IRAK-M on innate immune respses does not seem to result
from competition with IRAK-4 for complex formatiomith MyD88, as IRAK-4

residues in contact with MyD88 are not conserveldRiliK-M.

Rather, IRAK-M might exert its inhibitory role byabilizing the MyD88-IRAK-1

complex.



1)

2)

3)

Los dominios DD de la proteina adaptadora humand)88, y de las (pseudo)quinasas
IRAK-1, IRAK-4 e IRAK-M se pueden expresar como fgioas heterélogas en

Escherichia coli

» Tanto las variantes compuestas Unicamente por rainits DD, como las formas
extendidas en el extremo C-terminal por difereft@gmentos del conector DD-TIR
o DD-(pseudo)quinasa, respectivamente, se sobresaqon en grandes cantidades y

se purificaron a homogeneidad.

La renaturalizacion de los cuerpos de inclusiomalesalizados con urea permite el
plegamiento de grandes cantidades de las variaetesnbinantes de MyD88 e IRAK

DDs, en sus conformaciones nativas.

» Solo los enlaces peptidicos Glu-Xxx que se encaprén los conectores irregulares
C-terminales de las variantes extendidas de MyDBRAK, pero no aquellos que se
encuentran en sus dominios globulares, son sublaptie ser hidrolizados por la

proteinasa Glu-C.

e« Tanto la variante compuesta Unicamente por el DD adeptador, MyD88(S),
renaturalizada a partir de cuerpos de inclusiénbili#ados en urea, como la forma
extendida por el conector, MyD88(L), reclutan lainasa IRAK-4 natural de

extractos de monocitos humanos.

Los dominios globulares aislados de MyD88 y deplateinas IRAK tienden a formar

grandes agregados en disolucion.

« MyDB88(S) tiene una mayor tendencia a la auto-agiégaque la variante del
adaptador extendida por el conector, lo que sugiere el conector DD-TIR es

importante para la solubilidad de MyD88 en el déasma celular.

e Las variantes recombinantes IRAK-1(L) e IRAK-M (lextendidas por el conector,
tienen mayor tendencia a la auto-agregacion queadaantes de estas proteinas que
contienen Unicamente el dominio DD, lo que sugégre los conectores carentes de
estructura secundaria DD-(pseudo)quinasa son psopera la formacion de

agregadogper se

» Eluso combinado de detergentes no ibnicos espesifi de bajas concentraciones de

proteina, disminuye la formacion de grandes agegadtre estos dominios DD.
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4) La co-renaturalizacion de los dominios DD recombiaa de MyD88 y las proteinas
IRAK permite el plegamiento apropiado de las gras, y se ha podido establecer como

un nuevo método para la formacién de complejos.
5) Los dominios DD aislados de MyD88 e IRAK-4 interiac@n fuertemente entre si.

» Las dos formas recombinantes de MyD88 se unenvariante del dominio DD de

IRAK-4 extendida por el conector.

+ Los residuos G°GIn'%, que incluyen la hélice C-terminaf de MyD88 pero no el
conector irregular DD-TIR, son necesarios paraeelutamiento de IRAK-4, lo que
explica la incapacidad de la variante natural taglacMyD88s (que carece de los

residuos GIU%Leu™* para reclutar la quinasa al complejo IL-1R

+ Los residuos hasta LS en el conector DD-quinasa de IRAK-4, y no mas, @t
necesarios para establecer interacciones fuertesladaptador y, por tanto, IRAK-

4(S) (residuos ThrLys'") no forma un complejo estable con el adaptador

6) Nuestros resultados experimentales y la equivaetagioldgica de los pares MyD88-
Pelle e IRAK-4-Tube sugieren un posible complejoD88¢IRAK-4, en el cual los
residuos de la cola de la quinasa se insertan kenbélicea? y el dominio principal DD

del adaptador, de manera similar a la unién de TtohePelle.

e . El heterodimero MyD88¢IRAK-4 parece combinar edeos de las superficies de
contacto de tipo Il de RAIDD-PIDD y de Pelle-Tube.

e Proponemos una disposicién de los dominios DD d®8&8ye IRAK-4 en la cual
s6lo dos heteodimeros MyD88¢IRAK-4 son suficiemiaga permitir la fosforilacién

cruzada y activacion de los dominios quinasa dieAd&<-4 unida al adaptador.
7) IRAK-M es capaz de asociarse a MyD88 a través edaciones entre sus dominios DD.

« Los residuos mas alla de &Rien el conector DD-TIR de MyD88, como minimo,

son dispensables para el reclutamiento de IRAK-Mgbadaptador.

» El papel inhibidor de IRAK-M en las respuestas ingslinnatas no parece deberse a
la competicion con IRAK-4 por la formacion del cdejp con MyD88, ya que los

residuos de IRAK-4 en contacto con MyD88 no estarservados en IRAK-M.

 En cambio, IRAK-M podria ejercer su papel inhibidestabilizando el complejo
MyD88-IRAK-1.
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Structure and Classification of Amino Acids

A. Amino Acids with Electricaly Charged Side Chains

@® Fositive (® Negative

» Side chain charge at physiological pH 7.4

Positive Negative
Ls A N r ! > )
Arginine Histidine Lysine Aspartic Acid Glutamic Acid
(Arg) Q (His) @ (Lys) @ (Asp) 0 (Glu) G
&o pka2.03 A’O pka 1.70 &OPKB 215 "O pKa 195 &O pKa2.16
(@] (@] @]
NH, NH, NH, NH,
pKa 9.00 pka9.09 pnaaw pKa 9.66 pKa 9.58
pKz 37
=z @]
x NH
NH \/pKaGM @ O
'-IQN <s @ N H pKa4.15
@ NH 2 pKa 1067
pKa12.10
B.  Amino Acids with Polar Uncharged Side Chains C. Special Cases
Serine Threonine Asparagine Glutamine Cysteine Selenocysteine  Glycine Proline
(Ser) e (Thr) o (Asn) m (GlIn) Q (Cys) @ (Sec) 0 (Gly) @ (Pro) 0
phazls pha2-20 Hazio PRz pKal "‘ phats Ly pKa 234,4/ pKawsA/
“Io 70} o o
O pKa 1047
NH
pmmza pgcﬂo pKa 9.58 NH
pKa 8.14
D.  Amino Acids with Hydrophobic Side Chain
Alanine Isoleucine Leucine Methionine Phenylalanine Tryptophan Tyrosine Valine
(Ala)o (lle) 0 (Leu) o (Met) @ (Phe) G (Trp) @ (Tyn) o (Val) o
P*azlﬁ pKa21B “K‘n“ m““‘ A/ pKa2.27
DKIZ 32
A/ pKa 226
pka 233 O
O NH, NH,
phgw pKa934 PKUM plh?SZ
NHz pKa!.nB
pKa 9.60 pKa 95.5
NH,
pKa9.71
OH
pka 10.10

pKa Data: CRC Handbook of Chemistry, v. 2010

Dan Cojocarl, Department of Medical Biophysics, University of Toronto 2008
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Structure-Based Sequence Alignment of Death Domairfrom MyD88 and IRAK-4

Numberings on top of the alignments correspondhéohiuman proteins. The inserted sequence in2he3
loop of Tube has been omitted for simplicity; timits of this insertion are indicated by residuégeqg in
lower-case letters. The positions of major helige®en below the sequences of Tube, Pelle and IRAK-4
follow DSSP analysis of reported structures (PDB cdde®Z and 2A9I, respectively). Residues conserved
in all DDs from MyD88 and IRAK-4 are white with reshading; also marked in Tube and Pelle. Similar
residues in helix.7 from Pelle and MyD88 are white with blue shadi@®ther conservative substitutions are
shaded in grey. The C-terminal end of death donmaitruncated variant MyD88s is indicated. Relevant
mutants in MyD88 are marked with arrows: replacen@nPhé&® in the human cofactor to Asn (mutant
MyD88-Ipr) prevents adaptor dimerization, while atign Tyr'®*-Cys in mouse MyD88 (mutant Lkd)
results in reduced immune responses to variousogathassociated ligands. Residues that engage in
important intermolecular contacts in Tube and Pelle bold and underlined. TETNGEetraodon
nigroviridis. XENLA: Xenopus laevisXENTR: Xenopus tropicalis

20 = 30 40 . 50 V¥ 60
MyD88_HUMAN TSSLPEAARNMRYRRRRS LEENVRTQVAADGTALAEEMDF . . . . . . . EYEEIROEETQ. . .
MyDBB_BOVIN LSSLPLAAMNVRVRRRISSTLFLNVRAPVAADYTVLAEAMDF . ... ... EYLEIQQLEKY. ..
MyD88_MOUSE MFSIPLVANVGVRRRI#S LFELNPRTPVAADQTLLAEEMGF. . . . . .. EYLEIRELETR. ..
MyD88 RAT LFSLPLVAIRNVGVRRRISSLELNPRTTAAADYTSLAEEMGF. ... ... EYBREFREFEETR . . .
MyD88_CHICK LHSVPMVAMNYGVRRRISGLYLNPRAATAADQTALAEKLGH. . . . . . . DYLEIRRLEAL. ..
MyD88 XENLA MNSIPLVAIMNY TVRHRISCLYLNPDAVVAADTRLAEEMGY. . ... .. DYLEIRNFQRY. ..
MyD88_TETNG LFKIPLVASNMS FRKKIGLYLNPRNAVAADGMALAEAMGE . . . . . . . TYLEIKNYETS. . .
dpPelle (29-77) DNTMAIRLIAPLPVRAQMCAHLDAL. . . . DVJOQLATAVKL. . . . . YPDOVEQISSQKO. . .
1p2z — T YD Gt
dTube (28-104) SRNTELRRVEENDIYREAKILDEE....SCNRELMSIIPKGmeYTAQDVFQIDEAANRLP
1p2z — R — @D G —

10 20 . 30 40 50 . 60
IRAK4_HUMAN TPETYVRCENVGETRKESDFIDPQ. . . . EGEKKIAVATKKPSGDDRYNQFHIRRFEALLQ.
IRAK4_BOVIN TASTYVRCWSLGLIRK#SDFIDPQ. . . . EGUKKLAVAIKKPSGDDRYNQFHIRRFEALLQ.
IRAK4_MOUSE TPSTYIRNINVGILREKISDEFIDPQ. . . . EGUKKLAVATIKKPSGDDRYNQFHIRREFEALLQ .
IRAK4 RAT TPSTYVRSWNVGILRKISSDEIDPOQ. . . . EGQKKLAVAIKKPSGDDRYNQFHIRRFEALLQ .
IRAK4_CHICK TAATYVRSIWRYGLLROIADLLDPQ. . . . EGUKRLAAATTDPAGESRYSQAHIRREEAFVQ .

IRAK4_XENTR
IRAK4_ TETNG

. EGKKIAVNIMKPSGEARYSQFHIRREFEGTVQ.

TPSTYVRNI#SHGMHROIADLLDPQ. . .
S - ERQIKETIVSIRKPNGDFRYSQHHVRREAGLPA.

TSATYIRNWMSYSLRROWMSDILDPQ. . .

2a91 P - et P
MyD88s

70 . 80 . 90 . 100 . 11 ¥ 120
MyD88_HUMAN . . ADPRGRIMADAZIOGRPG. . . . ASHGRIBLELWTK . . LORDDVIBLELGPSIEENCOESYI LKQ
MyD88_BOVIN . .ADPRSRIMDDIIORRPG. . . . ASlYGRIBLELI#AK . . LGRDD ELGPSIEESCQL$4I LKQ
MyD88_MOUSE . . PDPRSIMDANIOGRSG. . . . AS\YGRISLELMATL . . LDRE DIMKELKSRIEEBCOSLCKQ
MyD88_RAT . . PDERR SLIADANIOGRSG. . . . SSIYGRISLELIAAL . . LDREDIMYELKDRIEEBCORS4IRNQ
MyD88 CHICK . . PDPARALIREERNQSRCPG. . GATIYGOWRLELI#RQ . . LGRHDVIRLELGGSVEESC LRERK
MyD88 XENLA . . PDSEMKILM#EDIEKKCFR . . . AT\YGGI#LEM#KK . . MERNDIMTDLGPLIEABCM®4LEKK
MyD88_TETNG . . VNPQVMVISEAIOARST . . . EAT\YGKISL,SVIASG . . VERNDVIREDLOP I LDEBVRIS4OEKV
dPelle (78-132) RGRSASNEFNIJGGQOYN. . . . HIFOTRFALFKRLKLHNAMRIBIKD. . YVSERLH®YIPRS
1p2z
dTube (105-155) PDQSKSQMMIDEJKTSGKLNERPIGVIILOLIV OAELFSAADFVALDFLNE
1D2z a4 as a6

i 70 i 80 a 92 100
IRAK4 HUMAN TGKSP CTGG DVDL T ONEFFAPASHILLPDAVEK
IRAK4_BOVIN IGKSP CT\GDISVDI#VONEFFAPASIELLPDAVPK
IRAK4 MOUSE TGKSP CT\%GDI#VDLI#VOI ELFAPATILLPDAVPQ
IRAK4 RAT TGKSP CT\YGDI#VDIMTQIELFAPATIMLLPDAVPQ
IRAK4 CHICK MGKSP| CT\YGDI#VDLI RNQFLAPASIBLLPEAVGM
IRAK4_XENTR MGKSP| CTWYODIRK DLI#OKNGFSAAASILL.PAKNTE
IRAK4_TETNG QGKSP CT\YGEMVDMIAKNNSLLAAVTMLLPDAIPA
2A9T T, a
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Putative protein-protein interaction sites in MyD88 death domain

Interactions were predicted with PPI-Pred. Only thestpoobable binding site (left columns) and theoselc

highest scoring patch (right columns) are givere ¥n top-scoring residues in each region are stedlo
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Putative protein-protein interaction sites in IRAK-4 death domain
Interactions were predicted with PPI-Pred. Only thestpoobable binding site (left columns) and theoselc
highest scoring patch (right columns) are givere ¥n top-scoring residues in each region are stedlo

Residue Rank  WERY FROE Residue Rank  SrnieRY FROES
valll 10 N-term Lys21 2 ad

Argl2 2 N-term Asp24 5 ad

Cysid 1 N-term Phe2s 6 al

Leuld 3 N-term ' Pro28 11 ol- 02 M
Asnls 4 N-term A G2 15  al-a2 /
Vall6 6 ol K Gly31 16 02 8
Leul8 7 al 1 Lys34 14 o2 8
lle19 11 ol 5 Asn91l 10 o5- a6 5
Arg20 12 ol | Glu92 9 a5- a6 |
Ser68 15 o4 N Phe93 13 ob5- a6 N
Glu69 16 ol D Phe94 8 06 D
Leu71 14 ol r|\| Ala95 7 ab r|\|
Phe72 9 ol G Pro96 12 06 G
Asp73 13 ol Ser98 8 ab

Thri7é 5 a4 Leusds 1 a6

Leuic0 8 a6 Vallo5 4  DD-kinase

149






pET-3a Restriction Map

pET-3a-d Vectors

Cat. No. The pET-3a-d vectors carry an N-terminal T7-Tag”sequence and BamH | cloning site. These
pET-3a DNA 69418-3 vectors are the precursors to many pET family vectors; the pET-23a-d(+) series corresponds to
pET-3b DNA 69419-3 pET-3a-d but incorporates several additional features. Unique sites are shown on the circle map.
pET-3c DNA 69420-3 Note that the sequence is numbered by the pBR322 convention, so the T7 expression region is
pET-3d DNA 69421-3 reversed on the circular map. The cloning/expression region of the coding strand transcribed by

T7 RNA polymerase is shown below.

pET-3a sequence landmarks EcoR 1(4638)

T7 promoter 615-631 Apo 1(4638)

T7 transcription start 614 Cla 1(24)

T7+Tag coding sequence  519-551 Aat 1l4567) Hind lli29) Bpu1102 1(458)

T7 terminator 404-450 Ssp l(4449) BamH I(510)
pBR322 origin 2814

bla coding sequence 3575-4432 Sca l(4125) Nde 1(550)

Xba [(588)
The maps for pET-3b, pET-3c and pET-3d Byl lle46)
are the same as pET-3a (shown) with the Pst 1(3890) SgrAl(87)
following exceptions: pET-3b is a 4639bp

plasmid; subtract 1bp from each site beyond

BamH | at 510. pET-3c is a 4638bp plasmid;

subtract 2bp from each site beyond BamH | gam1105 I(3545)
at 510. pET-3d is a 4637bp plasmid; the

BamH | site is in the same reading frame as

in pET-3c. An Nco | site is substituted for

the Nde | site with a net 1bp deletion at

position 550 of pET-3c. As a result,Nco | HoiE 1(3338)
cuts pET-3d at 546. For the rest of the sites,
subtract 3bp from each site beyond position
551 in pET-3a. Nde | does not cut pET-3d.

Pvu 1(4015)

Sph 1(843)
EcoN 1(903)
Sal 1(928)
PshA 1(993)

(4%15[)3‘))3 Eag I(1216)
Nru I(1251)
ApaB 1(1329)

BspM 1(1331)

AlwN 1(3168)

Bsm 1(1636)
Ava 1(1702)
Msc 1(1723)
Bpu10 1(1858)

BscG 1(1912)

BspLU11 1(2752)
Afl 1112752)

Sap 1(2636)

Bst1107 1(2523)

BsaA 1(2504)

Tth111 1(2497)

BsmB 1(2393)

Pvu 11(2343)

T7 promoter primer #69348-3

T7 promoter

Bglll —_—— Xbal rbs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA
Nde | T7-Tag BamH | Bpu1102 |

TATACATATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCAC%CTGAGCAATAACTAGCATAA
MetAlaSerMetThrGlyGlyGInGIinMetGlyArgGlySerGlyCysEnd T7 terminator primer #69337-3

PET-3d PET-3b ...GGTCGGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAA
Neol ..GlyArgAspProAlaAlaAsnLysAlaArgLysGluAlaGluLeuAlaAlaAlaThrAlaGluGInEnd
...TACCATGGCTAGC... pET-3c,d ..GGTCGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAA
MetAlaSer... ..GlyArglleArgLeulLeuThrLysProGluArgLysLeuSerTrpLeuLeuProProLeuSerAsnAsnEnd

T7 terminator

CCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

pET-3a-d cloning/expression region

Novagen (www.merck-chemicals.com)
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DNA Sequences of MyD88 and IRAK Recombinant Fragmen

All inserts cloned at thBldel andBamHI sites of the T7 promoter region of the exprassiasmid pET-3a

Synthetic
gene

MyD88(S)

MyD88(L)

IRAK-1(S)

IRAK-1(L)

IRAK-4(S)

IRAK-4(L)

IRAK-M (S)

IRAK-M
(L)

DNA sequence (5’-3’)

catcaccaccatcaccacacctcttctctgccactggctgcactgagtgtir gtegtegtctgteectgttectgaacgtacgta
cccaggttgctgcagactggactgcactggctgaagagatggacticgeggaaatccgtcagctcgaaactcaggce gate
caactggtcgtctgctcgatgcatggcagggtcgtccaggtgcatgtgitgtgctcgaactgctcaccaaactgggtcgigac
gatgtgctcctggaactgggtcecgtctatcgag
catcaccaccatcaccacacctcttctctgccactggcetgcactgagtgticgtegtegtctgteectgttcctgaacgtacgta
cccaggttgctgcagactggactgcactggctgaagagatggacticgegiaaatccgtcagctcgaaactcaggeegate
caactggtcgtctgctcgatgcatggcagggtcgtccaggtgcatgtgtitgtgctcgaactgctcaccaaactgggtegigac
gatgtgctcctggaactgggtecgtctatcgaggaagactgccagatatmmaacagcagcaggaagaagccgagaaace
actgcaggttgcagctgttgacagctctgtaccacgtacggctgadgtggtcaccactctcgatgacccactgggtcacatg
catatgggcgcccagcacttcctgtacgaggttccaccgtgggtaatgtutacaaagttatggacgcgcetggaaccggctg
actggtgtcagtttgcagccctcatcgttcgcgatcagaccgaactgtgggaacgttctggtcagcgeactgegtctgttetgt
ggccgtggatcaaccgcaacgctcgtgttgcagacctggtgcacatgetatgcagctgctgegtgctegtgatatcatcac
cgcatggcatccgecggegtaaggatce
catatgggtgcgcagcacttcctctacgaagtaccaccgtgggttatititacaaagtgatggacgecctggaaccggctga
ttggtgccagttcgcagcegctgatcgttcgcgaccagaccgaactgtmtghacgctctggtcagegtaccgegtetgtgctct
ggccgtggatcaaccgcaacgcgcgtgtcgecgatctggtgcacattaagatgcagetgetgegtgetcgtgacatcatcac
cgcttggcatccgecggeaccactgecgtctccgggtactaccgetimmaggeagceattccggetccggecagaageggaag
cgtggtctccgegtaaactgecgtectctgcgagceactttectgtctattigcaggctctcagacceattctggtccggaastgg
gtctcgttccgtetccggcectcetetgtggecgecgecaccatctccagttcagcaccaaaccaggeccggagagctetytaag
cctgetgcagggtgcacgtecegtteeegttttgctggecactgtgegagagtggcacgcacaactaaggatcc
gactacaaagacgacgacgataaaggcactccgtctacctacgtatrgtngtaggtctcatccgcaaactgagegacttca
tcgacccacaggaaggttggaaaaaactggcagttgccatcaaaattgatgaccgttacaaccagttccacattcgtcg
tttcgaagctctgctgcagactggcaaatctcecgacttctgagetimagtygggtaccacgaactgtaccgtaggtgatctggtt
gatctgctcatccagaacgagttctitgctccagcettctctcetgeugptgaagttccgaaa
gactacaaagacgacgacgataaaggcactccgtctacctacgtatpgttygtaggtctcatccgcaaactgagcgacttca
tcgacccacaggaaggttggaaaaaactggcagttgccatcaaaattggtgaccgttacaaccagttccacattcgtcg
tttcgaagctctgctgcagactggcaaatctcecgacttctgagetigagtygggtaccacgaactgtaccgtaggtgatctggtt
gatctgctcatccagaacgagttctttgctccagcettetctectgetgtgaagttccgaaaactgcgaacactctgecgtctaaag
aggcgattactgtgcagcagaaacagatgccgttttgcgacaaagamtgtagactccagttcagaacctcgaacagagcta
catgccaccggattcctcttctccagagaacaaaagcctggaagtatmmpgittccactctttctecttctacgagctgaaaaac
gtcaccaacaacttcgatgaacgtccgatc
catatggaacagaaactgatcagcgaagaagatctgacgctgcigticgatcagcgcetgctgggcegaactgtgegelgtte
tggacagctgtgatggtgcactgggttggcgtggtctggctgaacgtdttcttggetcgacgtgcgtcatatcgagaaatacg
tcgatcagggcaaatccggtactcgtgagetgctctggtcttgggcgeagaaaaaccattggcgacctectgcaggtactgca
ggaaatgggtcaccgtcgtgcaatccacctgatcaccaactatggtigtamggatce
catatggaacagaactgatctccgaagaggatctgacgctgctdiigagccagetctgctgggtgaactgtgegeagtactg
gactcttgtgatggtgcactcggttggcgtggtctggcagaacgtettacictggetggatgtccgtcacatcgagaaatacgtt
gaccagggcaaaagcggtactcgtgaactgctgtggtcttgggcceaymamaccatcggtgacctgetccaggttctgcag
gaaatgggtcatcgtcgcgctatccacctgatcaccaactacggygtgttcgtccgagaaatcctaccaggaaggtegttte
ccgaacatcctcttcaaagaaaccgctaacgtgactgttgacaaegtgoggaacacaacgagaaaggcegtactgctcaaat
cctctatcagcttccagaacatcattgaaggtacccgtaactaaggatcc

153






Buffers and Solutions

All solutions prepared in distilled water, unleggsified otherwise.

Abbreviations:

2-ME: 2-mercaptoethanoEDTA: Ethylenediaminetetraacetic aciBMSF: Phenyl-methyl sulphoxide.
SDS: Sodium dodecyl sulfatelEMED: Tetramethylethylenediamingris: 2-Amino-2-(hydroxymethyl)propane-
1,3-diol.g-OG: n-octyl$-D-glucopyranoside

BACTERIAL CULTURE MEDIA

LB (Luria Bertani) medium
1% (w/v) Tryptone

0.5% (w/v) Yeast extract
1% (w/v) NaCl

pH 7.0

SOB (Super Optimal broth) medium
2% (w/v) Tryptone

0.5% (w/v) Yeast extract

10 mM NacCl

2.5 mM KCI

10 mM MgCh

10 mM MgSQ

pH 7.0

SOC (Super Optimal broth with Catabolite repressior) medium
20 mM Glucose in SOB medium

LB/Agar
1.5% (w/v) Agar in LB medium

CELL CULTURE MEDIA

PBS (Phosphate Buffered Saline)

137 mM NaCl
22.7 mM KCl
10 mM NaHPO,
2 mM KH,PO,
pH 7.4

Cell Lysis Buffer

10 mM Imidazole

500 mM NacCl

0.5% (v/v) Triton X-100

0.2 mM Sodium orthovanadate
0.2 mM PMSF

2 mM Sodium azide

pH 7.3
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PROTEIN EXTRACTION

B-PER solution

10 mM MgCh

20 mM 2-ME

1 mM EDTA

200 mM NacCl

10 mM Imidazole

B-PER® reagent (Thermo Scientific) up to final vole

Extraction buffer

25 mM Sodium phosphate
200 mM NacCl

10 mM 2-ME

500uM EDTA

0.5% (wW/v)B-OG

pH 7.8

Ni-NTA PURIFICATION OF RECOMBINANT FRAGMENTS

Binding buffer

25 mM Sodium phosphate
300 mM NacCl

5 mM 2-ME

0.5%p-0G

pH 7.8

Wash buffer

25 mM Sodium phosphate
300 mM NacCl

5 mM 2-ME

0.5%p-0G

10 mM Imidazole

pH 7.8

Elution Buffer

25 mM Sodium phosphate
300 mM NacCl

5 mM 2-ME

0.5%pB-0G

500 mM Imidazole

pH 7.8

FPLC PURIFICATION OF RECOMBINANT FRAGMENTS

Gel filtration buffer

20mM Tris pH 7.4
100 mM NacCl
0.1%pB-0G
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GEL ELECTROPHORESIS UNDER DENATURING CONDITIONS

Sample buffer

50 mM Tris-Cl

2% (w/v) SDS

10% (v/v) Glycerol

0.01 % (v/v) Bromophenol blue
pH 6.8

Reducing sample buffer

50 mM Tris-Cl

2% (w/v) SDS

10% (v/v) Glycerol

200 mM DTT

0.01 % (v/v) Bromophenol blue
pH 6.8

Tris-tricine gels:

Separating

12% (v/v) Bis-acrylamide

1M Tris

0.1% (w/v) SDS

10% (v/v) Glycerol

0.15% (w/v) Ammonium persulfate
0.047% (v/v) TEMED

pH 8.45

Stacking

4.5% (v/v) Bis-acrylamide

0.75 M Tris

0.07% SDS

0.06% (w/v) Ammonium persulfate
0.12% (v/v) TEMED

pH 8.45

Cathode buffer

0.1 M Tris
0.1 M Tricine
0.1% (w/v) SDS

Anode buffer

0.2 M Tris-ClI
pH 8.9
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Tris-glycine gels:

Separating

12 % (w/v) Bis-acrylamide

0.375 M Tris

0.2% (w/v) SDS

0.05% (w/v) Ammonium persulfate
0.05% (v/v) TEMED

pH 8.8

Stacking

9.36 % Bis-acrylamide

0.2 M Tris

0.16 % (w/v) SDS

0.04% (w/v) Ammonium persulfate
0.08% (v/v) TEMED

pH 7.0

Running buffer

25 mM Tris
192 mM Glycine
0.1% (w/v) SDS

GEL ELECTROPHORESIS UNDER NATIVE CONDITIONS

Native sample buffer

50 mM Tris-ClI

10% (v/v) Glycerol

0.01% (v/v) Bromophenol blue
pH 6.8

Separating

11% Bis-acrylamide

0.5 M Tris

0.022% (w/v) Ammonium persulfate
0.055% TEMED

pH 8.8

Stacking

4.5% (v/v) Bis-acrylamide

375 mM Tris

0.06% (w/v) Ammonium persulfate
0.12% (v/v) TEMED

pH 8.8

Running buffer

25 mM Tris
192 mM Glycine
0.1% (w/v) SDS
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PROTEIN GEL STAINING

Coomassie Blue Staining:

Coomassie stain solution

10% (v/v) Acetic acid
50% (v/v) Methanol
0.25% (w/v) Coomassie dye R-250

Destaining solution |

10% (v/v) Acetic acid
50% (v/v) Methanol

Destaining solution Il

10% (v/v) Acetic acid
7% (v/v) Methanol

Silver staining:

Fixative solution

30% (v/v) Ethanol
10% (v/v) Acetic acid

Silver staining solution

0.2% (w/v) Silver nitrate
0.02% (v/v) Formaldehyde

Developer solution

6% (w/v) Sodium carbonate
0.05 % (v/v) Formaldehyde
0.0004% (w/v) Sodium thiosulfate

WESTERN BLOT

Transfer buffer

0.05 M Tris
0.4 M Glycine
0.5% SDS
20% Methanol

Blocking solution
5% (w/v) Non-fat dry milk in TBS

TBS (Tris-buffered saline)

10 mM Tris
100 mM NacCl
pH 7.0
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SURFACE PLASMON RESONANCE

SPR running buffer

25 mM Sodium phosphate
200 mM NacCl

0.0005% (v/v) Surfactant P20
50 uM EDTA

pH 7.8

ANALYTICAL ULTRACENTRIFUGATION

Buffer 1

25 mM Sodium phosphate
300 mM NacCl

0.5%p-0G

1 M Imidazole

pH 7.8

Buffer 2

25 mM Sodium phosphate
300 mM NacCl

5 mM 2-ME

0.5%p-0G

500 mM Imidazole

pH 7.8

Buffer 3

20 mM Tris
1 M NacCl
pH 8.0

Buffer 4

9.69 mM Sodium phosphate
12.248 mM Tris pH 8.0
728.68 mM NaCl
0.1938%3-0G

387.6 mM Imidazole

pH 7.8

Buffer 5

25 mM Sodium phosphate
264 mM NacCl

11 mM KCI

2.2 mM MgC}

2.2 mM CaC}

440 mM Sucrose

pH 7.0
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Foldlt Screen

Abbreviations:
DTT: Dithiothreitol. EDTA: Ethylenediaminetetraacetic acilGSH: Reduced glutathioneGSSG:
Oxidized glutathione.MES: 2-(N-morpholino)ethanesulfonic acidPEG335Q Polyethylene glycol
(molecular weight: 3350 DaJris: 2-Amino-2-(hydroxymethyl)propane-1,3-diol.

FoldIt

PEG335( Guanidine

Polar & Nonpolar

# Buffer Salt @ wh)  HCI Cation/ Chelator Additives
1 55mMTris pH8Z 264 mMNacCl, 11 mMKC 0.055% O mM 1.1 mM EDTA none ‘
2  55mMMESpH6! 1056mMNaCl, 044mKClI  none 550 mM 22mMMgCh,22mMCaGl none ‘
3 55MMMESPH6! 1056mMNaCl, 044mMCl 0.055% 550 mM 1.1 mM EDTA Sigom";ﬂ'\f_il:;xsi
4 S5mMTrispH8: 264mMNaCl, 11mMKC none  OmM  22mMMgCh22mMcag 40 MM S”C.rc.’si
550 mM L-Arginin
5 55mMMESpH6! 264 mMNaCl, 11mMKC none 0OmM 22mMMgCh,22mMCaG 440 mM Sucros#
6  55mMTris pH8.Z 1056 mMNaCl, 044mKICl 0.055% 550 mM 1.1 mM EDTA 440 mM Sucros#
7  55mMTris pH82Z 1056mMNaCl, 044mKCl none 550 mM 22mMMgCh,22mMCaCl 550 mM L-Arginin#
8 S55mMMESpH6! 264 mMNaCl, 11mMKC 0.055% 0 mM 1.1 mM EDTA 550 mM L-Arginin#
9 55mMMESpH6! 264 mMNaCl, 11mMKC 0.055% 550 mM 22mMMgCh22mMCaCGl 440 mM Sucros#
10 55mMTris pH8.:Z 1056mMNaCl, 044mKICI  none 0 mM 1.1 mM EDTA 440 mM Sucros#
11 55mMTris pH8:Z 1056mMNaCl, 044mKICI 0.055% 0 mM 22mMMgCh,22mMCaGl 550 mM L-Arginin#
12 55mMMESpH6! 264 mMNaCl, 11mMKC none 550 mM 1.1 mM EDTA 550 mM L-Arginin#
13 55mMTrispH8: 264 mMNaCl, 11mMKC none 550 mM 1.1 mM EDTA none ‘
14 55mMMESpH6! 1056mMNaCl, 044mKICI 0.055% 0 mM 22mMMgCh,22mMCaGl none ‘
15  55mMVIMESpH6! 1056mMNaCl,04mKCl  none 0 mM 1.1 mM EDTA 5A:cf)omn|:/|'v||_-SAl:;:1?:i
16 55mMTris pH8: 264mMNaCl, 11 mMKC 0.055% 550 mM 22mMMgCh22mMCag F00 MM Sucros
550 mM L-Arginin
FO:” VFOOILdr:e 0.1 M DTT SOMrZ?fO';%“eW' 100 mM GSH 1GOS";'\G" Ligand Protein
1 950l 10w - - - upto 10 mM  ~50 pL
2 950l - 10ul oul 10w - ~50 puL
3 950l - - oul 10w upto 10 mM  ~50 pL
4 950l 10w 10ul - - - ~50 puL
5 950l - - oul 10w upto 10 mM  ~50 pL
6 950l 0w 10ul - - - ~50 puL
7 950l 0w - - - upto 10 mM  ~50 pL
8 950l - 10ul oul 10w - ~50 puL
9 950l 0w - - - - ~50 puL
10 950l - 10ul oul 10 upto 10 mM  ~50 pL
11 950l - - oul 10 - ~50 puL
12 950l 104l 104l - - upto 10mM  ~50 pL
13 950l - - oul 10 - ~50 puL
14 950l 104l 104l - - upto 10mM  ~50 pL
15 950l 1104l - - - - ~50 pL
16 950l - 10ul oul 10 upto 10mM  ~50 pL

(modified from the work of N. Armstrong and co-werk [214])
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Detergent Screen 1 Formulation (Hampton Research)
Abbreviations:
CMC, Critical micelle concentratioddW , Molecular Weight in Da.

Reagent # Detergent Description MW (Da) CMC (mM)
1 CiEy nonaethylene glycol monododecyl ethe  ~583 0.05
2 CioEg octaethylene glycol monododecyl ether 538.8 0.11
3 n-Dodecyl$-D-maltoside dodecylB-D-maltopyranoside 510.6 0.17
4 Sucrose monolaurate lauric acid sucrose ester 524.6 0.30
5 CYMAL-6 cyclohexyl-hexylp-D-maltoside 508.5 0.56
6 TRITON X-100 nonaethylene glycol octylphenol ether 650 0.90
7 CTAB cethyltrimethylammonium bromide 364.46 1.00
8 Deoxy BigChap N’N'bis'i&?{iﬁ‘;ﬁ’:nr:‘if:pro'[’y')' 862.1 1.40
9 n-Decyl$-D-maltoside decyl$ D-maltopiranoside 482.6 1.80
10 LDAO lauryldimethylamine oxide 229.41 2.0
11 CYMAL-5 cyclohexyl-pentylg-D-maltoside 494.5 5.0
12 ZWITTERGENT® 3-12 3- (dodecyldimethylammonio)propane-1 335.6 40

sulfonate
13 Nonyl-B-D-glucoside B-D-glucopyranoside 306.4 6.50
14 lth?ozr;tt):llcf;ge octyl-B-Dthioglucopyranoside / OSG ~ 308.4 9.00
15 DDAO N,N-dimethyldecylamineg-oxide 201.35 10.40
16 HECAMEG methyl-60-(N-heptylcarbamoyljs-D- 555 19.50
glucopyranoside
17 n-Ocytanylsucrose n_OCtanoy;i_j5(;2;222!;’;05yl&_|} 468.5 24.40
18 n-Heptyl$-D-thioglucoside n-heptyl$-D-thioglucopyranoside 294.4 30
19 n-Octyl{$-D-glucoside octyl-3-D-glucopyranoside / BOG 2924 20
20 CYMAL-3 cyclohexyl-propylp-D-maltoside 466.5 34.5
21 CHEGA- 10 ;;’g:giﬁg&‘lgﬁgyr:;je 3775 35
29 ZWITTERGENT® 3-10 3-(decyldimethylammonio)propane-1- 3075 40
sulfonate
23 MEGA-8 (octanoyIN-methylglucamide 321.4 79
24 n-Hexyl$-D-glucoside hexyl$-D-glucopyranoside 264.3 250

Hampton Research Corp. (www.hamptonresearch.com)
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Crystallization Conditions

Abbreviations:

Alcohols. 1,6-Hexanediol; 1-Butanol; 1,2-Propanediol (raa®mi2-Propanol; 1,4-Butanediol; 1,3-
Propanediol. Ethylene glycols, Diethileneglycol;  efnyleneglycol; Tetraethyleneglycol;
Pentaethyleneglycol. Monosaccharides, D-Glucose; dnMse; D-Galactose; L-Fructose; D-Xylose; N-
acetyl-D-glucosamineAmino acids L-Na-glutamate; Alanine (racemic); Glycine; LysitCl (racemic);
Serine (racemic)Bicine: N,N-Bis(2-hydroxyethyl)glycineBuffer 1 (1.0 M, pH 6.5): Imidazole; Sodium
cacodylate; MES (acid); Bis-Tri®uffer 2 (1.0 M, pH 7.5): Sodium HEPES; MOPS (aciBuffer 3 (1.0
M, pH 8.5): Tris (base); BicineCarboxylic acids. Na-formate; Ni-acetate; NaCitrate; NaK-Tartrate
(racemic); Na-oxamateCTAB: Cetyltrimethylammonium bromidd®ivalents: MgCl,; CaCl EDO_P8K
(60 %): Ethylene glycol; PEG 8KGOL_P4K (60%), Glycerol; PEG 4KHalogens NaF; NaBr; Nal.
HEPES: 2-(4-(2-Hydroxyethyl)-1-piperazinyl)ethanesulforicid. MES: 2-(N-morpholino)ethanesulfonic
acid. MME : Monomethylether. MOPS: 3-(N-Morpholino)-propanesulfonic acidMPD: 2,4-Methyl
pentanediol MPD_P1K_P3350(75%), MPD (racemic); PEG 1K; PEG 33399PS (Nitrate Phosphate
Sulfate): NaNO03; Na2HPO4; (NH4)2SOR550MME_P20K (60%): PEGMME 550; PEG 20KPEG:
Polyethylene glycol (molecular weight in Da. 1.5KK 4and 8K, in KDa). Tris: 2-Amino-2-
(hydroxymethyl)propane-1,3-digi-OG: n-octyl$3-D-glucopyranoside

Buffer Formulation pH
20 mM Tris
Tris-based buffer 100 mM NacCl 7.4
0.1%pB-0G
10 mM HEPES
100 mM NacCl
HEPES-based buffer 0.19%6-0G 7.2
0.1 mM DTT
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Tube # Salt Buffer pH Precipitant
1 0.02 M Calcium chloride 0.1 M Sodium acetate 4.6 30 % v/iv MPD
2 0.2 M Ammonium acetate 0.1 M Sodium acetate 4.6 30 % w/v PEG 4K
3 0.2 M Ammonium sulfate 0.1 M Sodium acetate 4.6 25 % wliv PEG 4K
4 None 0.1 M Sodium acetate 4.6 2.0 M Sodium formate
5 None 0.1 M Sodium acetate 4.6 2.0 M Ammonium sulfate
6 None 0.1 M Sodium acetate 4.6 8 % wiv PEG 4K
7 0.2 M Ammonium acetatt 0.1 M Tri-sodium citrate 5.6 30 % w/v PEG 4K
8 0.2 M Ammonium acetatt 0.1 M Tri-sodium citrate 5.6 30 % viv MPD
9 None 0.1 M Tri-sodium citrate 5.6 20 % v/v 2-Propanol, 20% w/v PEG 4K
10 None 0.1 M Tri-sodium citrate 5.6 1.0 M Ammonium dihydrogen phosphate
11 0.2 M Calcium chloride 0.1 M Sodium acetate 4.6 20 % v/v 2-Propanol
12 None 0.1 M Sodium cacodylate 6.5 1.4 M Sodium acetate
13 0.2 M Tri-sodium citrate 0.1 M Sodium cacodylate 6.5 30 % v/v 2-Propanol
14 0.2 M Ammonium sulfate 0.1 M Sodium cacodylate 6.5 30 % w/v PEG 8K
15 0.2 M Magnesium acetat 0.1 M Sodium cacodylate 6.5 20 % w/v PEG 8K
16 0.2 M Magnesium acetat 0.1 M Sodium cacodylate 6.5 30 % viv MPD
17 None 0.1 M Imidazole 6.5 1.0 M Sodium acetate
18 0.2 M Sodium acetate 0.1 M Sodium cacodylate 6.5 30 % w/v PEG 8K
19 0.2 M Zinc acetate 0.1 M Sodium cacodylate 6.5 18 % w/v PEG 8K
20 0.2 M Calcium acetate 0.1 M Sodium cacodylate 6.5 18 % wiv PEG 8K
21 0.2 M Tri-sodium citrate 0.1 M Na HEPES 7.5 30 % v/iv MPD
22 0.2 M Magnesium chlorid 0.1 M Na HEPES 7.5 30 % v/ v 2-Propanol
23 0.2 M Calcium chloride 0.1 M Na HEPES 7.5 28 % v/v PEG 400
24 0.2 M Magnesium chlorid 0.1 M Na HEPES 7.5 30 % v/v PEG 400
25 0.2 M Tri-sodium citrate 0.1 M Na HEPES 7.5 20 % v/v 2-Propanol
26 None 0.1 M Na HEPES 7.5 0.8 M K/Na tartrate
27 None 0.1 M Na HEPES 7.5 1.5 M Lithium sulfate
0.8 M Na dihydrogen phosphate/
28 None 0.1 M Na HEPES 7.5 0.8 M K dihydrogen phosphate
29 None 0.1 M Na HEPES 7.5 1.4 M Tri-sodium citrate
30 None 0.1 M Na HEPES 75 2 % vi/v PEG 400, 2.0 M Ammonium
sulfate
31 None 0.1 M Na HEPES 7.5 10 % v/v 2-Propanol, 20% w/v PEG 4K
32 None 0.1 M Tris 8.5 2.0 M Ammonium sulfate
33 0.2 M Magnesium chlorid 0.1 M Tris 8.5 30 % w/v PEG 4K
34 0.2 M Tri-sodium citrate 0.1 M Tris 8.5 30 % viv PEG 400
35 0.2 M Lithium sulfate 0.1 M Tris 8.5 30 % w/v PEG 4K
36 0.2 M Ammonium acetatt 0.1 M Tris 8.5 30 % v/v 2-Propanol
37 0.2 M Sodium acetate 0.1 M Tris 8.5 30 % w/v PEG 4K
38 None 0.1 M Tris 8.5 8 % w/v PEG 8K
39 None 0.1 M Tris 8.5 2.0 M Ammonium dihydrogen phosphate
40 None None - 0.4 M K/Na Tartrate
41 None None - 0.4 M Ammonium dihydrogen phosphate
42 0.2 M Ammonium sulfate None - 30 % w/v PEG 8K
43 0.2 M Ammonium sulfate None - 30 % w/v PEG 4K
44 None None - 2.0 M Ammonium sulfate
45 None None - 4.0 M Sodium formate
46 0.05 M Potassium None - 20 % wiv PEG 8K
dihydrogen phosphate
47 None None - 30 % w/v PEG 1.5K
48 None None - 0.2 M Magnesium formate
49 1.0 M Lithium sulfate None - 2 % w/v PEG 8K
50 0.5 M Lithium sulfate None - 15 % w/v PEG 8K
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Tube # Salt Buffer pH Precipitant
1 0.1 M Sodium chloride 0.1 M Bicine 9.0 30 % v/v PEG 550 MME
2 None 0.1 M Bicine 9.0 2.0 M Magnesium chloride
3 None 0.1 M Bicine 9.0 2% v/v1,4-Dioxane/10 % w/v PEG 20,000
4 0.2 M Magnesium chloride 0.1 M Tris 8.5 3.4 M 1,6-Hexanediol
5 None 0.1 M Tris 8.5 25 % vlv Tert-butanol
6 0.01 M Nickel chloride 0.1 M Tris 8.5 1.0 M Lithium sulfate
7 1.5 M Ammonium sulfate 0.1 M Tris 8.5 12 % v/v Glycerol
g 0-2MAmmonium dihydroger ;) oo 85 50 % viv MPD
phosphate
9 None 0.1 M Tris 8.5 20 % v/v Ethanol
10 0.01 M Nickel chloride 0.1 M Tris 8.5 20 % w/v PEG 2000 MME
11 0.5 M Ammonium sulfate 0.1 M NaHEPES 7.5 30 % viv MPD
12 None 0.1 MNaHEPES 7.5 10 % w/v PEG 6000, 5% v/v MPD
13 None 0.1 MNa HEPES 7.5 20 % v/v Jeffamine M-600
14 0.1 M Sodium chloride 0.1 MNaHEPES 7.5 1.6 M Ammonium sulfate
15 None 0.1 M NaHEPES 7.5 2.0 M Ammonium formate
16 0.05 M Cadmium sulfate 0.1 M NaHEPES 7.5 1.0 M Sodium acetate
17 None 0.1 MNaHEPES 7.5 70 % viv MPD
18 None 0.1 MNaHEPES 7.5 4.3 M NaCl
19 None 0.1 MNaHEPES 7.5 10 % w/vPEG 8000, 8 % v/v Ethylene glycol
20 None 0.1 M MES 6.5 1.6 M Magnesium sulfate
0.1 M Potassium phosphate
21 01 M| Sodium| phosphate 0.1 M MES 6.5 2.0 M NaCl
22 None 0.1 M MES 6.5 12 % w/v PEG 20,000
23 1.6 M Ammonium sulfate 0.1 M MES 6.5 10 % v/v Dioxane
24 0.05 M Caesium chloride 0.1 M MES 6.5 30 % v/v Jeffamine M-600
25 0.01 M Cobalt chloride 0.1 M MES 6.5 1.8 M Ammonium sulfate
26 0.2 M Ammonium sulfate 0.1 M MES 6.5 30 % w/v PEG 5000 MME
27 0.01 M Zinc sulfate 0.1 M MES 6.5 25 % viv PEG 550 MME
28 None 0.1 M NaHEPES 7.5 20 % w/v PEG 10,000
29 0.2 M Potassium sodium tartr: 0.1 M Na citrate 5.6 2.0 M Ammonium sulfate
30 0.5 M Ammonium sulfate 0.1 M Nacitrate 5.6 1.0 M Lithium sulfate
31 0.5 M Sodium chloride 0.1 M Nacitrate 5.6 4 % vlv Polyethyleneimine
32 None 0.1 M Nacitrate 5.6 35 % v/v Tert-butanol
33 0.01 M Ferric chloride 0.1 M Nacitrate 5.6 10 % v/v Jeffamine M-600
34 0.01 M Manganese chloride 0.1 M Na citrate 5.6 2.5 M 1,6-Hexanediol
35 None 0.1 M Na acetate 4.6 2.0 M NacCl
36 0.2 M Sodium chloride 0.1 M Na acetate 4.6 30 % v/iv MPD
37 0.01 M Cobalt chloride 0.1 M Na acetate 4.6 1.0 M 1,6-cl
38 0.1 M Cadmium chloride 0.1 M Na acetate 4.6 30 % v/iv PEG 400
39 0.2 M Ammonium sulfate 0.1 M Na acetate 4.6 30 % w/v PEG 2000 MME
40 2.0 M Sodium chloride None None 10 % w/v PEG 6000
41 0.01 M CTAB None None 0.5 M NacCl, 0.1 M Mgd
42 None None None 25 % viv Ethylene glycol
43 None None None 35 % v/v Dioxane
44 2.0 M Ammonium sulfate None None 5 % v/v 2-Propanol
45 None None None 1.0 M Imidazole pH 7.0
46 None None None 10 % w/v PEG 1000, 10 % w/v PEG 8000
47 1.5 M Sodium chloride None None 10 % v/v Ethanol
48 None None None 1.6 M Sodium citrate pH 6.5
49 15 % w/v Polyvinylpyrolidone None None None
50 2.0 M Urea None None None

Molecular Dimensions (www.moleculardimensions.com)
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Tube # Ligand Buffer pH Precipitant

1 0.06 M Divalents 0.1 M Buffer 1 6.5 30.0% P550MME_P20K

2 0.06 M Divalents 0.1 M Buffer 1 6.5 30.0% EDO_P8K

3 0.06 M Divalents 0.1 M Buffer 1 6.5 30.0% GOL_P4K

4 0.06 M Divalents 0.1 M Buffer 1 6.5 37.5% MPD_P1K_P3350
5 0.06 M Divalents 0.1 M Buffer 2 7.5 30.0% P550MME_P20K

6 0.06 M Divalents 0.1 M Buffer 2 7.5 30.0% EDO_P8K

7 0.06 M Divalents 0.1 M Buffer 2 7.5 30.0% GOL_P4K

8 0.06 M Divalents 0.1 M Buffer 2 7.5 37.5% MPD_P1K_P3350
9 0.06 M Divalents 0.1 M Buffer 3 8.5 30.0% P550MME_P20K

10 0.06 M Divalents 0.1 M Buffer 3 8.5 30.0% EDO_P8K

11 0.06 M Divalents 0.1 M Buffer 3 8.5 30.0% GOL_P4K

12 0.06 M Divalents 0.1 M Buffer 3 8.5 37.5% MPD_P1K_P3350
13 0.09 M Halogens 0.1 M Buffer 1 6.5 30.0% P550MME_P20K

14 0.09 M Halogens 0.1 M Buffer 1 6.5 30.0% EDO_P8K

15 0.09 M Halogens 0.1 M Buffer 1 6.5 30.0% GOL_P4K

16 0.09 M Halogens 0.1 M Buffer 1 6.5 37.5% MPD_P1K_P3350
17 0.09 M Halogens 0.1 M Buffer 2 7.5 30.0% P550MME_P20K

18 0.09 M Halogens 0.1 M Buffer 2 7.5 30.0% EDO_P8K

19 0.09 M Halogens 0.1 M Buffer 2 7.5 30.0% GOL_P4K

20 0.09 M Halogens 0.1 M Buffer 2 7.5 37.5% MPD_P1K_P3350
21 0.09 M Halogens 0.1 M Buffer 3 8.5 30.0% P550MME_P20K

22 0.09 M Halogens 0.1 M Buffer 3 8.5 30.0% EDO_P8K

23 0.09 M Halogens 0.1 M Buffer 3 8.5 30.0% GOL_P4K

24 0.09 M Halogens 0.1 M Buffer 3 8.5 37.5% MPD_P1K_P3350
25 0.09 M NPS 0.1 M Buffer 1 6.5 30.0% P550MME_P20K

26 0.09 M NPS 0.1 M Buffer 1 6.5 30.0% EDO_P8K

27 0.09 M NPS 0.1 M Buffer 1 6.5 30.0% GOL_P4K

28 0.09 M NPS 0.1 M Buffer 1 6.5 37.5% MPD_P1K_P3350
29 0.09 M NPS 0.1 M Buffer 2 7.5 30.0% P550MME_P20K

30 0.09 M NPS 0.1 M Buffer 2 7.5 30.0% EDO_P8K

31 0.09 M NPS 0.1 M Buffer 2 7.5 30.0% GOL_P4K

32 0.09 M NPS 0.1 M Buffer 2 7.5 37.5% MPD_P1K_P3350
33 0.09 M NPS 0.1 M Buffer 3 8.5 30.0% P550MME_P20K

34 0.09 M NPS 0.1 M Buffer 3 8.5 30.0% EDO_P8K

35 0.09 M NPS 0.1 M Buffer 3 8.5 30.0% GOL_P4K

36 0.09 M NPS 0.1 M Buffer 3 8.5 37.5% MPD_P1K_P3350
37 0.12 M Alcohols 0.1 M Buffer 1 6.5 30.0% P550MME_P20K

38 0.12 M Alcohols 0.1 M Buffer 1 6.5 30.0% EDO_P8K

39 0.12 M Alcohols 0.1 M Buffer 1 6.5 30.0% GOL_P4K

40 0.12 M Alcohols 0.1 M Buffer 1 6.5 37.5% MPD_P1K_P3350
41 0.12 M Alcohols 0.1 M Buffer 2 7.5 30.0% P550MME_P20K

42 0.12 M Alcohols 0.1 M Buffer 2 7.5 30.0% EDO_P8K

43 0.12 M Alcohols 0.1 M Buffer 2 7.5 30.0% GOL_P4K

44 0.12 M Alcohols 0.1 M Buffer 2 7.5 37.5 % MPD_P1K_P3350
45 0.12 M Alcohols 0.1 M Buffer 3 8.5 30.0% P550MME_P20K

46 0.12 M Alcohols 0.1 M Buffer 3 8.5 30.0% EDO_P8K

47 0.12 M Alcohols 0.1 M Buffer 3 8.5 30.0% GOL_P4K

48 0.12 M Alcohols 0.1 M Buffer 3 8.5 37.5% MPD_P1K_P3350
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Tube # Ligand Buffer pH Precipitant
1 0.12 M Ethylene Glycols 0.1 M Buffer 1 6.5 30.0% P550MME_P20K
2 0.12 M Ethylene Glycols 0.1 M Buffer 1 6.5 30.0% EDO_P8K
3 0.12 M Ethylene Glycols 0.1 M Buffer 1 6.5 30.0% GOL_P4K
4 0.12 M Ethylene Glycols 0.1 M Buffer 1 6.5 37.5% MPD_P1K_P3350
5 0.12 M Ethylene Glycols 0.1 M Buffer 2 7.5 30.0% P550MME_P20K
6 0.12 M Ethylene Glycols 0.1 M Buffer 2 7.5 30.0% EDO_P8K
7 0.12 M Ethylene Glycols 0.1 M Buffer 2 7.5 30.0% GOL_P4K
8 0.12 M Ethylene Glycols 0.1 M Buffer 2 7.5 37.5% MPD_P1K_P3350
9 0.12 M Ethylene Glycols 0.1 M Buffer 3 8.5 30.0% P550MME_P20K
10 0.12 M Ethylene Glycols 0.1 M Buffer 3 8.5 30.0% EDO_P8K
11 0.12 M Ethylene Glycols 0.1 M Buffer 3 8.5 30.0% GOL_P4K
12 0.12 M Ethylene Glycols 0.1 M Buffer 3 8.5 37.5% MPD_P1K_P3350
13 0.12 M Monosaccharides 0.1 M Buffer 1 6.5 30.0% P550MME_P20K
14 0.12 M Monosaccharides 0.1 M Buffer 1 6.5 30.0% EDO_P8K
15 0.12 M Monosaccharides 0.1 M Buffer 1 6.5 30.0% GOL_P4K
16 0.12 M Monosaccharides 0.1 M Buffer 1 6.5 37.5% MPD_P1K_P3350
17 0.12 M Monosaccharides 0.1 M Buffer 2 7.5 30.0% P550MME_P20K
18 0.12 M Monosaccharides 0.1 M Buffer 2 7.5 30.0% EDO_P8K
19 0.12 M Monosaccharides 0.1 M Buffer 2 7.5 30.0% GOL_P4K
20 0.12 M Monosaccharides 0.1 M Buffer 2 7.5 37.5% MPD_P1K_P3350
21 0.12 M Monosaccharides 0.1 M Buffer 3 8.5 30.0% P550MME_P20K
22 0.12 M Monosaccharides 0.1 M Buffer 3 8.5 30.0% EDO_P8K
23 0.12 M Monosaccharides 0.1 M Buffer 3 8.5 30.0% GOL_P4K
24 0.12 M Monosaccharides 0.1 M Buffer 3 8.5 37.5% MPD_P1K_P3350
25 0.10 M Carboxylic acids 0.1 M Buffer 1 6.5 30.0% P550MME_P20K
26 0.10 M Carboxylic acids 0.1 M Buffer 1 6.5 30.0% EDO_P8K
27 0.10 M Carboxylic acids 0.1 M Buffer 1 6.5 30.0% GOL_P4K
28 0.10 M Carboxylic acids 0.1 M Buffer 1 6.5 37.5% MPD_P1K_P3350
29 0.10 M Carboxylic acids 0.1 M Buffer 2 7.5 30.0% P550MME_P20K
30 0.10 M Carboxylic acids 0.1 M Buffer 2 7.5 30.0% EDO_P8K
31 0.10 M Carboxylic acids 0.1 M Buffer 2 7.5 30.0% GOL_P4K
32 0.10 M Carboxylic acids 0.1 M Buffer 2 7.5 37.5% MPD_P1K_P3350
33 0.10 M Carboxylic acids 0.1 M Buffer 3 8.5 30.0% P550MME_P20K
34 0.10 M Carboxylic acids 0.1 M Buffer 3 8.5 30.0% EDO_P8K
35 0.10 M Carboxylic acids 0.1 M Buffer 3 8.5 30.0% GOL_P4K
36 0.10 M Carboxylic acids 0.1 M Buffer 3 8.5 37.5% MPD_P1K_P3350
37 0.10 M Amino acids 0.1 M Buffer 1 6.5 30.0% P550MME_P20K
38 0.10 M Amino acids 0.1 M Buffer 1 6.5 30.0% EDO_P8K
39 0.10 M Amino acids 0.1 M Buffer 1 6.5 30.0% GOL_P4K
40 0.10 M Amino acids 0.1 M Buffer 1 6.5 37.5% MPD_P1K_P3350
41 0.10 M Amino acids 0.1 M Buffer 2 7.5 30.0% P550MME_P20K
42 0.10 M Amino acids 0.1 M Buffer 2 7.5 30.0% EDO_P8K
43 0.10 M Amino acids 0.1 M Buffer 2 7.5 30.0% GOL_P4K
44 0.10 M Amino acids 0.1 M Buffer 2 7.5 37.5% MPD_P1K_P3350
45 0.10 M Amino acids 0.1 M Buffer 3 8.5 30.0% P550MME_P20K
46 0.10 M Amino acids 0.1 M Buffer 3 8.5 30.0% EDO_P8K
47 0.10 M Amino acids 0.1 M Buffer 3 8.5 30.0% GOL_P4K
48 0.10 M Amino acids 0.1 M Buffer 3 8.5 37.5% MPD_P1K_P3350
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Tube # Salt Buffer pH Precipitant
1 None 0.1 M Tris 8.0 25% viv PEG 350 MME
2 0.1 M Calcium acetate 0.1 M MES 6.0 15% v/v PEG 400
3 0.1 M Lithium chloride 0.1 M Na HEPES 7.5 20% viv PEG 400
4 None 0.1 M Tris 8.0 25% v/v PEG 400
5 None 0.1 M MES 6.5 15% v/v PEG 550 MME
6 0.2 M Sodium chloride 0.1 M Na/K phosphate 6.5 25% w/v PEG 1000
7 0.1 M Ammonium sulfate 0.1 M Tris 7.5 20% w/v PEG 1500
8 0.2 M Ammonium sulfate 0.1 M Sodium acetate 5.5 10% w/v PEG 2000 MME
9 0.2 M Sodium chloride 0.1 M MES 6.0 20% w/v PEG 2000 MME
10 0.1 M Potassium chloride 0.1 M Tris 8.0 15% w/v PEG 2000 MME
11 None 0.1 M Na HEPES 7.5 25% w/v PEG 2000 MME
12 0.2 M Sodium acetate 0.1 M Sodium citrate 5.5 5% wi/v PEG 4000
13 0.2 M Lithium sulfate 0.1 M Tris 7.5 5% w/v PEG 4000
14 0.1 M Calcium acetate 0.1 M Sodium acetate 4.5 10% w/v PEG 4000
15 0.2 M Sodium acetate 0.1 M Sodium citrate 5.5 10% w/v PEG 4000
16 0.2 M Sodium chloride 0.1 M MES 6.5 10% w/v PEG 4000
17 0.1 M Magnesium chlorid 0.1 M Na HEPES 7.5 10% w/v PEG 4000
18 None 0.1 M Na HEPES 7.0 10% w/v PEG 4000/10% v/v 2-Propanol
19 0.2 M Ammonium acetatt 0.1 M Sodium acetate 4.0 15% wiv PEG 4000
20 0.1 M Magnesium chlorid 0.1 M Sodium citrate 5.0 15% w/v PEG 4000
21 None 0.1 M Sodium cacodylate 6.0 15% w/v PEG 4000
22 0.15 M Ammonium sulfat 0.1 M MES 6.0 15% w/v PEG 4000
23 None 0.1 M Na HEPES 7.0 15% w/v PEG 4000
24 0.1 M Magnesium chlorid 0.1 M Na HEPES 7.0 15% w/v PEG 4000
25 0.15 M Ammonium sulfats 0.1 M Tris 8.0 15% w/v PEG 4000
26 None 0.1 M Sodium citrate 4.5 20% w/v PEG 4000
27 0.2 M Ammonium acetatt 0.1 M Sodium acetate 5.0 20% wi/v PEG 4000
28 0.2 M Lithium sulfate 0.1 M MES 6.0 20% w/v PEG 4000
29 None 0.1 M Tris 8.0 20% w/v PEG 4000
30 0.15 M Ammonium sulfat 0.1 M Na HEPES 7.0 20% w/v PEG 4000
31 None 0.1 M Sodium citrate 5.6 20% w/v PEG 4000/20% v/v 2-Propanol
32 0.2 M Sodium chloride 0.1 M Tris 8.0 20% wi/v PEG 4000
33 None 0.1 M Sodium cacodylate 5.5 25% w/v PEG 4000
34 0.15 M Ammonium sulfat 0.1 M MES 55 25% wi/v PEG 4000
35 None 0.1 M Sodium cacodylate 6.5 25% w/v PEG 4000
36 0.2 M Potassium iodide 0.1 M MES 6.5 25% w/v PEG 4000
37 0.2 M Sodium chloride 0.1 M Na HEPES 7.5 25% w/v PEG 4000
38 None 0.1 M MES 6.5 10% w/v PEG 5000 MME/12% v/v 1-

Propanol

39 0.1 M Potassium chloride 0.1 M Na HEPES 7.0 15% w/v PEG 5000 MME
40 0.2 M Ammonium sulfate 0.1 M Tris 7.5 20% w/v PEG 5000 MME
41 0.1 M Magnesium chlorid 0.1 M MES 6.0 8% wi/v PEG 6000
42 0.15 M Sodium chloride 0.1 M Tris 8.0 8% w/v PEG 6000
43 None 0.1 M Sodium citrate 5.5 15% w/v PEG 6000
44 0.1 M Magnesium acetat 0.1 M Sodium cacodylate 6.5 15% w/v PEG 6000
45 None 0.1 M MES 6.5 15% w/v PEG 6000/5% w/v MPD
46 0.1 M Potassium chloride 0.1 M Na HEPES 7.5 15% w/v PEG 6000
a7 None 0.1 M Tris 8.5 15% w/v PEG 6000
48 None 0.1 M Tris 8.5 20% w/v PEG 6000
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Tube # Salt Buffer pH Precipitant
1 0.1 M Magnesium acetat 0.1 M Sodium acetate 4.5 8% wiv PEG 8000
2 None 0.1 M Sodium citrate 5.0 8% w/v PEG 8000
3 0.2 M Sodium chloride 0.1 M Sodium cacodylate 6.0 8% w/v PEG 8000
4 None 0.1 M Na HEPES 7.0 8% w/v PEG 8000
5 None 0.1 M Tris 8.0 8% w/v PEG 8000
6 0.1 M Calcium acetate 0.1 M Sodium cacodylate 5.5 12% w/v PEG 8000
7 None 0.1 M Sodium phosphat¢ 6.5 12% w/v PEG 8000
8 0.1 M Magnesium acetat 0.1 M MOPS 7.5 12% w/v PEG 8000
9 0.2 M Sodium chloride 0.1 M Na HEPES 7.5 12% w/v PEG 8000
10 0.2 M Ammonium sulfate 0.1 M Tris 8.5 12% w/v PEG 8000
11 None 0.1 M Sodium citrate 5.0 20% w/v PEG 8000
12 0.2 M Ammonium sulfate 0.1 M MES 6.5 20% w/v PEG 8000
13 None 0.1 M Na HEPES 7.0 20% w/v PEG 8000
14 0.2 M Lithium chloride 0.1 M Tris 8.0 20% w/v PEG 8000
15 0.1 M Magnesium acetat 0.1 M MES 6.5 10% w/v PEG 10000
16 None 0.1 M Na HEPES 7.0 18% w/v PEG 12000
17 0.1 M Sodium chloride 0.1 M Tris 8.0 8% w/v PEG 20000
18 None 0.1 M Na HEPES 7.0 15% w/v PEG 20000
19 None 0.1 M MES 6.5 0.5 M Ammonium sulfate
20 None 0.1 M Sodium acetate 5.0 1 M Ammonium sulfate
21 None 0.1 M MES 6.5 1 M Ammonium sulfate
22 None 0.1 M Tris 8.0 1 M Ammonium sulfate
23 None 0.1 M Sodium acetate 5.0 1.5 M Ammonium sulfate
24 None 0.1 M Na HEPES 7.0 1.5 M Ammonium sulfate
25 None 0.1 M Tris 8.0 1.5 M Ammonium sulfate
26 None 0.1 M Sodium acetate 5.0 2 M Ammonium sulfate
27 None 0.1 M Na HEPES 7.0 2 M Ammonium sulfate
28 None 0.1 M Tris 8.0 2 M Ammonium sulfate
29 1 M Potassium chloride 0.1 M Na HEPES 7.0 1 M Ammonium sulfate
30 None 0.1 M Sodium acetate 5.0 2 M Sodium formate
Sl None 0.1 M Tris 7.5 3 M Sodium Formate
32 None None 7.5 0.8 M Na/K hydrogen phosphate
33 None None 7.0 1.3 M Na/K hydrogen phosphate
34 None None 6.5 1.6 M Na/K hydrogen phosphate
35 None 0.1 M Na HEPES 7.5 1 M Sodium acetate
36 None 0.1 M Na HEPES 7.0 1 M Sodium citrate
37 None 0.1 M Sodium citrate 6.0 2 M Sodium chloride
38 None 0.1 M MES 6.5 1 M Lithium sulfate
39 None 0.1 M Tris 8.0 1.6 M Lithium sulfate
40 None None 6.0 1.4 M Sodium malonate
41 None 0.1 M Tris 8.0 1.2 M Na/K tartrate
42 None 0.1 M MES 6.5 1.6 M Magnesium sulfate
43 None 0.1 M Sodium acetate 5.0 2% w/v PEG 4000/15% v/v MPD
44 50 mM Calcium acetate 0.1 M Sodium cacodylate 6.0 25% viv MPD
45 None 0.1 M Imidazole 7.0 50% v/iv MPD
46 50 mM Magnesium chloric 0.1 M MES 6.5 5% w/v PEG 4000/10% v/v 2-Propanol
47 0.2 M Ammonium acetatt 0.1 M Na HEPES 7.5 25% v/v 2-Propanol
48 0.1 M Sodium chloride 0.1 M Tris 8.0 5% v/v MPD/15% v/v Ethanol
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Supplemental Figures
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Supplemental Figure 1Overexpression of MyD88 E143X and IRAK-4 K115X truncated
variants. ~500 ng of each protein were analyzed by SDS-PAG# teansferred to a PVDF
membrane for WB analysis. Novex® Sharp Pre-stawedein Molecular Weight Standard was
used to determine the molecular masses, given & kne 1, MyD88 E143X variant probed
with anti-6xHis antibody. Lane 2, IRAK-4 K115X varit probed with anti-FLAG antibody.
Notice that both proteins migrate approximatelyeapected from their theoretical masses (see
Table 4.2).

AU AU
0.70 0.80
0.60 [MyD88 E143-Stop]= 1.8 mg/mL 0.70 [MyD88 E143-Stop]= 2.2 mg/mL
0.60
0.50 0.50
0.40 0.40
0.30 0.30
0.20 0.20
0.10 0.10
0.00 0.00
30 40 50 60 70 80 mL 40 50 60 70 80 mL
AU
0.70
0.60 [MyD88 E143-Stop]= 3.3 mg/mL

MyD88 E143X MW (KDa) Ve, (mL)
Monomers 13.980 80.7

40 50 60 70 80 mL

Supplemental Figure 2Gel filtration analysis of MyD88 E143X variant. FPLC analyses were
performed on MyD88 E143X at a flow of 2 mL/min. M§B E143X monomers were calculated
to elute at ~ 80.7 mL, using the standard curvemyivn Figure 4.4a. In all cases, MyD88 E143X
was eluted at ~ 44 mL, corresponding to a MW of RB@ (~ 17 protein monomers). At higher
concentrations (bottom-right panel), an elutionkp@apeared at ~ 39 mL, corresponding to a MW
of ~ 350 kDa (~ 25 monomers).

173



' B
< IRAK-4(L)

' <« IRAK-4 K115X
B <« MyDs8(L) < MRSl
1 2 3 1 2 3

Supplemental _Figure 3 Electrophoretic analysis of MyD88(L)IRAK-4(L) and
MyD88(L)*IRAK-4 K115X complexes under native conditons. MyD88(L)*IRAK-4(L) (a) and
MyD88(L)*IRAK-4 K115X (b) complexes were obtained by co-renaturation in fotndition

5, as explained in Materials and Methods (see Agigevilll for composition). Samples were run
in a Tris-glycine gel, pH 8.8, 11% acrylamide, atailed in Appendix VII. Samples were applied
as follows:a) lane 1, MyD88(L); lane 2, IRAK-4(L); lane 3, MyD@8°IRAK-4(L) complex.b)
lane 1, MyD88(L); lane 2, IRAK-4 K115X; lane 3, M¥B(L)*IRAK-4 K115X complex.

30—
. == <« IRAK-4(L)
15— [P <« MyD88 E143X

NB 10 10 30 30 30 500 500 500 Imidazole (mM)

Supplemental Figure 4 Formation of MyD88 E143X<IRAK-4(L) complex in solution.
Equimolar ammounts of MyD88 E143X and IRAK-4(L) weincubated for 2 hours at room
temperature in binding buffer (see Appendix Vildaimen Ni-NTA agarose was added to this
mixture. After centrifugation to remove non-boundterial (NB), proteins were washed and
recovered from the matrix using increasing imidazzdncentrations. Samples were separated by
SDS-PAGE and stained with Coomassie Blue Staimilagice that IRAK-4(L) is pulled down by
MyD88 E143X, indicating MyD88 E143X*IRAK-4(L) congx formation.
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Supplemental Figure 50rthogonal images of diffraction patterns obtainedfor MyD88(L)
and MyD88 E143X crystals.All crystals were obtained as described in Reqsk& Table 4.5).
a) Diffraction patterns of an MyD88(L) crystal, obtath at orthogonal positions. Although poor
diffraction is observed for this crystal, it pretertypical protein diffraction patternd)
Diffraction patterns of an MyD88 E143X crystal, ainted at orthogonal positions. Although this
crystal yields poor diffraction results, it alsoepents typical protein diffraction patterns.
Diffraction patterns were obtained at the ESRF bigeniD23-1, equipped with an ADSC Q315R
CCD detector.
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