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Abstract

The forkhead-associated (FHA) domain recognizes phosphothreonine (pT) with high
specificity and functional diversity. TIFA (TRAF-interacting protein with a FHA
domain) is the smallest FHA-containing human protein. Its over-expression was
previously suggested to provoke NF-kB activation, yet its exact roles in this signaling
pathway and the underlying molecular mechanism remain unclear. Here we identify a
novel phosphorylated threonine site, threonine 9 (pT9), on TIFA and show that this
phosphorylation site binds with the FHA domain of TIFA, leading to TIFA
oligomerization and TIFA-mediated NF-kB activation. Detailed analysis indicated that
unphosphorylated TIFA exists as an intrinsic dimer, and that the FHA-pT9 binding
occurs between different dimers of TIFA. In addition, silencing of endogenous TIFA
resulted in attenuation of TNFo-mediated downstream signaling. We therefore
propose that the TIFA FHA-pT9 binding provides a previously unidentified link
between TNFa stimulation and NF-xB activation. The intermolecular FHA-pT9

binding between dimers also represents a new mechanism for the FHA domain.

Running title: TIFA oligomerizes via FHA-pT to activate NF-kB

Keywords: FHA domain/NF-kB/phosphothreonine/TIFA/TNFo-mediated signaling
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Chapter 1. INTRODUCTION

1.1 FHA domain

1.1.1 Conserved folding

The forkhead-associated (FHA) domain, discovered in 1995 (24) and first suggested to

bind phosphoproteins in 1998 (59), is known to recognize phosphothreonine (pT)

specifically to exert its function (15, 52). Although the sequence homology among

different FHA-containing proteins is relatively low, the structural architecture of FHA

domains is highly conserved. It consists of a six-stranded and a five-stranded P—sheets,

forming a B-sandwich. The B strands are connected by loops which, though varying greatly

in length, are responsible for recognition of the specific pT-ligand (Sup. Figure 1).

Supplementary Figure 1. Left: Despite sharing low sequence homology, all known FHA
domains adopt a strikingly similar tertiary fold: a twisted B sandwich consisted of one
B sheet with six anti-parallel strands and the other sheet with five mixed B strands. The
hydrophobic side chains are buried in between these two large B sheets (35, 41). Right:

1
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The superimposition of yeast RAD53 FHA1 (magenta) and FHAZ2 (yellow), human CHK2
FHA (cyan), and plant KAPP FHA (green). Side chains of five mostly conserved residues
near the phospho-recognition surface are drawn (35).

This functional domain serves not just a solely protein-protein interaction platform but an

important activation/inhibition module that participates in establishing or maintaining

several essential cellular mechanisms such as DNA damage repair, cell cycle checkpoints,

signal transduction, and transcriptional regulations in both eukaryotes and prokaryotes (41).

Furthermore, the mechanism of FHA-phosphoprotein binding varies greatly among

different FHA-containing proteins. The structure, specificity, mechanism, and biological

functions of FHA domains have been summarized in recent reviews (35, 41).

1.1.2 Ligand specificity

The ligand specificity for FHA domain is referring to the amino acid residues surrounding

the pT site that are directly recognized by the FHA domain. The most common ligand

specificity follows the “pT=+3 rule”, where the primary determinants of binding are the pT

residue and the residue at the +3 position, which could be a hydrophilic type (eg., Aspartic

acid) or a hydrophobic type (e.g., Leucine/Isoleucine/Valine) (15, 16, 32, 36). However, as

more examples become available, more variations have been found. In addition, even the

same FHA domain may have more than one type of ligand specificity. For example, the

FHA1 domain of S. cerevisiae Rad53 has been shown to bind to ligands with Aspartic acid
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(D) (8, 16), Isoleucine (I) (42), and Threonine (T) (29) at the pT+3 positions. In another

report, the FHA/BRCT-repeat architecture of Nbsl (Nijmegen breakage syndrome) was

shown to bind the diphosphorylated pSDpTD motif of MDC1 (mediator of DNA damage

checkpoint protein 1) (38).

1.1.3 Mechanisms of FHA function

The “mechanism” of FHA function here is defined as how, at the protein level, the FHA

domain binds to its biological ligand and confers its biological function. Based on recent

reports, the FHA domain appears to be highly diversified in this aspect also. The simplest

situation of the mechanism is that a monomer of the FHA domain binds with a different

monomer of its biological ligand intermolecularly (mechanism a) (Sup. Figure 2). An

example in this category is the Ki67 FHA — phosphoNIFK (nucleolar protein interacting

with the FHA domain of pKI-67) binding. The structure of the Ki67 FHA complexed with

fragment 226-269 of NIFK (tri-phosphorylated) shows highly extended interactions

beyond the pT site (7), such that it is clear that this is a monomer-monomer complex

between two different proteins. The second mechanism is that a monomer of FHA domain

binds with another monomer of the same FHA domain intermolecularly to enhance

homo-dimerization (mechanism b) (Sup. Figure 2). A well characterized example in this

category is mammalian CHK2, where the FHA-pT68 binding-dependent dimerization has
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been well established (2, 31, 72). In the absence of phosphorylated Thr68, weak FHA-FHA

interactions (31) and dimer crystallization (9) was also possible. Thus the reciprocal

binding of CHK2-FHA domains was suggested to co-operate with the intermolecular

interaction mediated by pT68—FHA for the increase of overall avidity for CHK2

dimerization (9). The third mechanism involves intramolecular binding between an FHA

domain and a pT site within the same protein molecule (mechanism ¢) (Sup. Figure 2).

This mechanism was first discovered for the FHA domain of Mycobacterium tuberculosis

Rv1827, where the intramolecular FHA-pT22 binding switches the FHA domain to a

closed conformation and blocks its phospho-independent interaction with three proteins

(49). A similar mechanism was also observed for the Odhl (oxoglutarate dehydrogenase

inhibitor) protein of Corynebacterium glutamicum (3).

Mechanism a Mechanism b Mechanism c

pThris
\

N-terminal

X
C-terminal
Glude””

Supplementary Figure 2. Mechanism (a): The ribbon diagram of a representative
structure of Ki67-FHA (residues 4 - 99) (blue) and hNIFK226 - 269 (red) with three
phosphorylated residues (side chain atom of pSer230 in yellow, pThr234 in magenta, and
pThr238 in green) (7). Mechanism (b): Schematic representation of the CHK2***R dimer

4
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with the two protomers colored in red and blue. The yellow spheres indicate the
approximate positions of the pThr phosphate group (32). Phosphorylation on Thr68
stabilizes weak FHA-FHA interactions that occur in the unphosphorylated species to form a
high affinity CHK2 dimer (9). Mechanism (c): A cartoon representation of the
phosphorylated Odhl structure, where residues Met1 to Glu9 are represented in gray,
Pro10 to Ala39 are in purple; and the side chain atoms of the phosphothreonine anchoring
in the FHA domain are in brown. The binding of the phosphorylated N-terminal part of Odhl
to its own FHA domain corresponds to a new autoinhibition mechanism (3).

While in mechanisms b-c the pThr site is always located at a site N-terminal to the FHA

domain, a new report shows that the FHA domain of MDC1 binds to phosphorylated

Thr98, a residue located at the integral part of the FHA domain (40). If further confirmed

by biophysical analyses, this could represent yet another new mechanism.

1.2 TRAF-interacting protein with a FHA domain (TIFA)

TRAF-interacting protein with a FHA domain (TIFA) was first identified as a TNF

receptor associated factor 2 (TRAF2) binding protein in 2002 and named as TRAF2

binding protein (T2BP) (28). Later T2BP was reported to bind to TRAF6 as well, and

renamed as TIFA (61). Consisting of 184 amino acids, TIFA is the smallest FHA

domain-containing protein in human. The binding of TRAF2 to TIFA requires the TRAF

domain of TRAF2 and almost the entire protein of TIFA (residues 1-162 with FHA domain

included) (28). The binding region of TIFA to TRAF6 was mapped to the C-terminus of

TIFA, with a consensus binding sequence XXPXEXX-(aromatic/acidic) and binding site at

glutamic acid 178 (E178) (61) (Sup. Figure 3), indicating different binding mechanisms in
5
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TIFA-TRAF2 and TIFA-TARF6 interactions. The site for TRAF2 binding, however, has

not yet been mapped. TIFA has been found to bind to IRAK-I(interleukin-1

receptor-associated kinase-1) and TIFA itself in oligomerization as well (61).

r-—-» mTIFA 174 S 181
. hTIFA 174 ss 101
hCD40 231 QEBQ 238

349

1 47 104 184  hRaNK 312 QuE

hIRAK 732

Supplementary Figure 3. The interaction site for TRAF6 has been mapped to be glutamic
acid 178 (E178) at the C-terminus of TIFA (61).

709

In the absence of tumor necrosis factor o (TNFa) stimulation, TIFA over-expression in

HEK 293T cells has been shown to activate the master transcriptional factors AP-1

(activator protein 1) and NF-kB (nuclear factor kappa-light-chain-enhancer of activated B

cells) (28), and in the latter case, both TRAF2 and TRAF6 are required as demonstrated by

RNAI experiments (17). In addition, TIFA over-expression has been shown to activate

both NF-kB and JNK (c-Jun amino-terminal kinase) in the absence of cytokine

IL-1 (interleukin-1p), possibly through its enhancement of TRAF6 binding to IRAK-1. In

a follow-up report, TIFA was shown to promote oligomerization and ubiquitination of

TRAF6, leading to activation of IkB kinase (IKK) based on in vitro studies (17) (Sup.

Figure 4). Mutation of TRAF6 E178 residue, on the other hand, abolished the binding of

TIFA to TRAF6 and the ensuing activation of NF-kB (61).
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TIFA E1/Ub
Q‘ TRIKA1
— Mb IKK Activation
TRAF6 n
Activated

TRAF®6 Ligase

Supplementary Figure 4. TIFA forms oligomers upon stimulation of cells with NF-xB
agonists. The oligomerized TIFA then binds TRAF6 to promote TRAF6 oligomerization and
ubiquitination which subsequently activate the TRAF6 Ub ligase and downstream IKK (17).

Since NF-kB activation turns on the transcriptions of many genes relevant to inflammation

regulations, all these data have suggested a direct involvement of TIFA in TNF-mediated

immune responses. It is thus important to further study the physiological functions of TIFA,

particularly the roles of TIFA on regulating NF-«B. Furthermore, although FHA domain of

TIFA is not required in TIFA-TRAF6 interaction (28, 61), it has been shown that

perturbations in FHA domain interfere with TIFA induced IKK and NF-«xB activations (17,

61). Altogether, this suggests that an intact FHA domain is important to the biological

functions of TIFA, and identification of interaction partner(s) of TIFA-FHA will certainly

assist us to understand more about the roles of FHA domain in TNF signaling.

1.3 TNF receptor associated factors (TRAFS)

TNF-mediated cell survival against tumor is a vital response from the immune system, and

TRAF proteins are key molecules involved in TNF signaling (11, 55). Mammalian TRAF
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is a protein family with 7 members (TRAF1-6 (11), and TRAF7 (71)) that participates the
signal transduction of TNFR (tumor necrosis factor receptor) and IL-1R/TLR
(interleukin-1 receptor/toll-like receptor) super families. All TRAFs except TRAF7 have a
conserved TRAF domain at the C-terminus (also named as meprin and TRAF homology or
MATH domain) (55), which is important for TRAF self-association and binding to
receptors (62). There are one RING (really interesting new gene) domain and several zinc
finger (ZF) motifs located at the N-terminal portion and one coiled coil (CC) region in the
middle of TRAF2-7. The structures of TRAF domains, RING and partial zinc finger

domains of TRAF2 (51, 81) and TRAF6 (74, 75) have been solved (Sup. Figure 5).

TRAF2 —[E]—l ZF | cC|—{ TRAF |— 502
178 233304 342 356 478
TRAF6 —{ R} ZF[ZF|-{ €€ | TRAF '— 523

70 108 151204 259288 347 355 TRAE2 TRAF6

Cell membrane

¥ i\ Active site Cys QQ" UeviA %
(o) 7S ™

LA Ubc13 BX QA
TRAF6 (B, D) /L Lys124 s;
£ oat\ ~ 4/
?o S W
~300 A - %
UeviA

TRAF2 TRAF6 + Ubc13 + Uev1A



Huang, Chia-Chi Flora

Supplementary Figure 5. Top left: Functional domains of TRAF2 and TRAF6 (13). Top
right: Structures of TRAF-C domains of TRAF2 and TRAFG6. Both global structures mainly
contain B-sheets (51). Bottom left: Atomic model of full-length TRAF2 built from the
current solved partial structures of TRAF2 (PDB: 1CA4, 1CA9, 3M06, 3M0OA, 3MOD, 3KNV)
(81). Bottom right: A dimeric TRAF6/Ubc13/Uev1A complex built based on the dimeric
TRAF6 N-terminal domains structures (PDB: 3HCS, 3HCT, 3HCU) (75).

In addition, several post-translational modifications of TRAF2 and TRAF6 have been

reported to be involved in TNFa signaling. Upon TNFa stimulation, TRAF2 undergoes

K48- and K63-linked ubiquitination (21, 58, 69). The phosphorylation status of TRAF2

has also been identified in some works (5, 33, 63, 77, 78, 79 ). Among the several

phosphorylation sites characterized, threonine 117 (T117) at the RING domain of TRAF2

has been reported to be TNFa-dependent. NF-kB activation has been attenuated when

T117 was rendered to unphosphorylatable alanine (33). Subsequent report has identified

the kinase responsible for this phosphorylation to be PKCe (protein kinase C) (34). On the

other hand, TRAF6 has been suggested to be polyubiquitinated at its RING domain to

activate the ubiquitin (Ub) E3 ligase activity (17). It has also been reported that TRAF6

transduces signals when oligomerized. It activates the transforming growth factor

p—activated kinase (TAK1) when TRAF6 was artificially oligomerized without IL-1

stimulation (4, 65). In addition, TRAF2 and TRAF6 over-expression has been observed in

pancreatic cancer (PANC-1 cell line) and leukemia (ALL cell line), respectively (64, 68).

TRAFG6-deficient mice are defective in IL-1 signaling (39, 48). TRAF3 has been reported

capable of inhibiting TARF2-mediated non-canonical NF-xB activation and promoting the
9
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activities of TRAF6 (22). Moreover, cells from TRAF2 and TRAFS double knockout mice

demonstrate severely impaired TNFa-induced NF-kB activation, implying that TRAF5

may compensate for TRAF2 deficiency (60).

1.4 TNFo-mediated NF-xB activation

The activation of the transcriptional factor NF-kB mediated by cytokine TNFa has been

one of the three well-established inflammatory signaling pathways (30). Phosphorylation

and ubiquitination are two major post-translational modifications in the NF-xB pathway.

Phosphorylation has been shown to regulate IkB and NF-xB (23) while

proteasome-independent K63-linked polyubiquitination has been documented for various

components in the NF-kB signaling pathway (1). Recent evidence shows the existence of

two branches of NF-kB pathways (canonical and non-canonical), leading to either cell

death protection or lymphatic tissue development (6, 53). The classic scheme of canonical

signaling transduction for TNFo-induced NF-kB activation is summarized as follows (Sup.

Figure 6, Left). When inflammatory stimulation occurs, TNFa trimers will bind to the

extracellular domains of TNFR on the cell membrane and cause the intracellular domains

of receptors to trimerize. Although TRAF2 has been reported to be a double-edged sword

in this pathway, and exactly how the signals are propagated at this stage of signal cascade

is not well-understood yet, it is known that TRAF2 oligomerizes and interacts with the
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trimeric TNFR or the CD40 cytoplasmic domain with high affinity (30). Subsequently,

TRAF6 will oligomerize as well to activate its ubiquitin E3 ligase activity and to catalyze

K63-linked polyubiquitination in conjunction with the Ubcl3-UevlA E2 complex

(ubiquitin-conjugating enzyme E2 13-ubiquitin-conjugating enzyme E2 variant 1A, the

complex is also known as TRIKA1) at its RING domain (17). Ubiquitinated TRAF6 is

then recruited to the TRIKA2 complex, which contains TAK1 and the Ub receptor TAB2

(TAK1-binding protein 2) (65). Once the protein kinase TAKI1 is activated, it will

phosphorylate one of the two catalytic IKK subunits, IKK[, at key serine residues within

the activation loop, thereby activate the whole IKK complex including IKKa and one other

essential subunit NEMO (NF-«kB essential modulator) (1). Activated IKK will in turn

phosphorylate 1kB, the inhibitor of NF-xB, and thus facilitate the degradation of IxB by

proteosome. Once IkB is removed, NF-kB heterodimers will be free to enter the nucleus

to turn on several downstream inflammatory responsive genes that will ultimately lead to

cell survival.

1.5 Inflammatory signaling

The important defense mechanisms in the human body against infection, injury, and

immunological challenges comprise the innate and adaptive immunities. Other than the

TNFo/TNFR pathway mentioned in section 1.4, there are two other important signaling

11
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pathways that mediate inflammatory responses through the recognition of IL-1f and

lipopolysaccharide (LPS) by IL-1R and TLR4, respectively (Sup. Figure 6, Right). The

biological functions of TNFR, IL-1R, and TLR are very similar, which is quite

remarkable given the fact that they belong to different structural classes. IL-1f, also

known as catabolin, is a human pro-inflammatory cytokine protein that is produced by

monocytes and activated macrophages as a precursor protein. It has to be proteolytically

processed by caspase 1 (interleukin-1 convertase) to turn into its active mature form. As

an important mediator of the inflammatory response, how IL-1R-mediated signals link to

the downstream protein kinase cascades has been studied extensively (25). Members of

the MAP3K (mitogen-activated protein kinase kinase kinase) family, including TAK1

(25), MEKK1 (MAPK/ERK kinase kinase 1) (4), MEKK2 (80), MEKK3 (73), NIK

(NF-kB-inducing kinase) (43), and Tpl2 (tumor progression locus 2) (14), are critical in

this process. Upon receptor engagement, IL-1R forms a heterodimer with IL-1 receptor

accessory protein (IL-1RAcP), which functions as a co-receptor. IRAK 1 and 2 then

transmit downstream signals by serving as adapter proteins as well as protein kinases to

recruit TRAF6 to the IL-1 receptor complex via an interaction with IL-1RACcP.

Oligomerization of TRAF6 and subsequent formation of TAKI1/MEKK3 signaling

complexes then relay the signal via NIK to IKK, leading to NF-xB activation (25). In a

similar fashion, TLR4 signaling occurs on dimerization of the TLR4 upon LPS binding.
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Once TLR4 goes through conformational change, adaptor protein myeloid differentiation
88 (MyD88), a member of the TIR (toll/interleukin-1 receptor) family, is recruited (12).
This will then lead to subsequent recruitment of IRAK4, IRAK1, and IRAK?2 that will
phosphorylate and activate TRAF6, which in turn polyubiquitinate TAK1 to facilitate the
binding of TAKI1 to IKKp (61). As mentioned previously, despite total absence of
chemical and structural similarities, occupancy of IL-1R and TLR leads to activation of

NF-«B signaling that ultimately elicits acute and chronic inflammatory responses.

. . IL-1 TLR-igands
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NF-kB

nucleus

Supplementary Figure 6. Left: The classical pathway of TNFo/TNFR-mediated activation
of NF-kB (13). Right: The signaling is triggered through the recognitions of IL-1 and LPS
by IL-1R and TLR4, respectively, and is then propagated by members of IRAK and MAP3K
families (47). Although belonging to different structural classes, signaling mediated by

these three receptors all lead to the activation of IKK and NF-«B.
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1.6 Other proteins relevant to TIFA

The signaling involving TIFA gets more complicated when TIFAB, a TIFA-binding and
inhibiting protein, was recently discovered by the same group who identified TIFA (45)
(Sup. Figure 7). TIFAB seems to bind to TIFA and causes conformational changes on
TIFA. The conformational changes likely disrupt TIFA-promoted TRAF6
oligomerization, which in turn blocks the TIFA-mediated NF-xB activation (44). The

impact of TIFAB on TIFA- mediated AP-1 activation, however, is still unknown.
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Supplementary Figure 7. TOP: Sequence alignment of human and mouse TIFAB with
human and mouse TIFA (45). Bottom: Schematic diagram of ZCCHC11L protein (46).
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Other than TIFAB, ZCCHCI11L, a novel zinc finger protein, has also been identified to

interact with TIFA and modulate TLR signaling (46). Locating in the nucleus most of the

time, ZCCHCI11L is translocated into the cytoplasm in response to LPS and bound to

TIFA. Over-expression and RNAi experiments have indicated that ZCCHCI11 functions

as a negative regulator of TLR-mediated NF-xB activation after LPS treatment. The

N-terminal region (ZCCHC11S) including CCHC-type Zn-finger motif has been mapped

to be sufficient for suppression of NF-kB (46).

1.7 Significances

The main focuses of this work is to study the biological functions of TIFA and to

determine the involvement of TIFA in inflammatory signaling pathways. Although the

studies of Takatsuna et al. (61) and Ea et al. (17) have previously established the key

function of TIFA in its interaction with TRAF®6, several issues still remain inconclusive.

For example, TIFA has been suggested to be phosphorylated as unpublished result (61),

but no data has been reported subsequently. Also, the integrity of the FHA domain of

TIFA has been suggested to be required for downstream activation of NF-xB (17, 61),

but little information about the molecular basis of TIFA phosphorylation and

oligomerization were unveiled. Therefore, in this thesis, we aimed to characterize the

phosphorylation status of TIFA and depict its functional consequences. In addition to
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study the molecular mechanism of TIFA, we also tried to confirm the TIFA-TRAF2

binding in vivo as well as to map the sites important for this interaction. One other

emphasis of this work is to study the biochemical properties of TIFA in vitro and

hopefully to solve its full-length structure using X-ray crystallography.

As a result, we identified threonine 9 (T9) as a novel phosphorylation site of TIFA and

showed that the phosphorylation level of T9 increased upon TNFa treatment. Based on in

vivo and in vitro evidences, we concluded that TIFA-FHA binds to this phosphorylated T9

(pT9) site, and that TIFA-FHA/pT9 binding directs TIFA self-association and promotes

NF-kB activation through the oligomerization process. Further biophysical analyses

indicate that TIFA-FHA/pT9 binding occurs between dimers of TIFA, leading to

oligomerization. We also observed in vivo the speckle formation of oligomerized TIFA

which co-localizes with TRAF6, and the increase of the TIFA protein level upon

stimulation by TNFo.. Moreover, our studies suggest that the TNFo-mediated signaling is

attenuated when endogenous TIFA is knocked-down. Accordingly, we proposed that

FHA/pT9 binding of TIFA is a critical link between TNFa stimulation and NF-xB

activation. Our findings provide not only a new molecular insight into the TNFa-mediated

signaling pathway but also a new functional mechanism of FHA-containing proteins.

Considering NF-«B is constitutively activated in most cancers, the information gathered on
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TIFA could thus lead to some potential therapeutic windows. Together with the

corresponding structural studies, this work may further shed light on the FHA domain

researches since most of the solved human FHA structures to date are only domains and

none of them is from a full-length protein. Should the full-length structure of TIFA to be

solved in the near future, it will be a good demonstration about how FHA domain fits into

a full-length protein. Furthermore, structural information regarding full-length TIFA and

its interaction partner(s) could serve as another good model to elucidate some significant

issues lingering in FHA research field, such as the mechanism of substrate recognition and

binding specificity.
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Chapter 2. RESULTS

2.1 Identification of phosphorylation at Thr9 on TIFA

To elucidate the function of TIFA, it is important to first identify the biological ligand of
the FHA domain of TIFA. On the basis of the known mechanisms of FHA-pT binding, and
considering that there are five Thr residues at the N-terminus of TIFA (T2, T9, T12, T14,
and T19) (Figure 1A), we hypothesized that one of these Thr residues could be
phosphorylated and then recognized by the FHA domain of TIFA. In order to validate our
hypothesis, we first analyzed the phosphorylation status of exogenously expressed
Flag-TIFA derived from HEK-293T cells using in vivo pull-down assay in combination
with mass spectrometry (MS) analysis. The MS data, with 80% sequence coverage,

revealed that Flag-TIFA was clearly phosphorylated at Thr9 (T9) (Figure 1B).

2.2 Phosphorylation status of pT9

Because both TNFa stimulation and TIFA over-expression can activate NF-xB (28, 61), it
is likely that T9 phosphorylation is correlated with TNFa-elicited signaling. We thus used
the recently developed NanoPro™ immunoassay (18, 50) to examine the effect of TNFa
treatment on T9 phosphorylation. The method involves separation of cell lysates in the
capillary isoelectric focusing step, followed by analysis of specific protein isoforms (i.e.,

different phosphorylation forms of TIFA) using conventional immune-detection (50).
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As shown in trace 1, Figure 1C, the exogenously expressed Myc-TIFA, revealed by the

anti-Myc antibody, exhibited a major peak at pl 4.75. This was close to the theoretical pl

value of 4.92 deduced by the Scansite data base (http://scansite.mit.edu/calc_ mw_pi.html).

Among the several smaller peaks detected, the one with pl 4.63 was consistent with

singularly phosphorylated TIFA, since addition of one phosphate group is expected to

decrease pl by 0.12. Treatment of TNFa also led to increase of the peak with pI 4.63 (traces

2), suggesting phosphorylation at one single amino acid residue. However, TNFa did not

have such effect on the T9A mutant (traces 3 and 4). When traces 1-4 were repeated in the

presence of alkaline phosphatase (traces 5-8, respectively), only one single peak at pl 4.75

was observed. These results support that the exogenously expressed TIFA was

phosphorylated (at T9 based on the MS result), and that the phosphorylation increased upon

TNFo treatment.

The subsequent question would be whether we can also observe the same

TNFa—stimulatable pT9 phosphorylation on the endogenous TIFA proteins. In order to

answer this question, we raised a mouse monoclonal antibody (mAb) against

bacterial-expressed full-length TIFA protein and used it to examine endogenous TIFA

through the same NanoPro immunoassay. In Figure 1D, the endogenous TIFA from 293T

cells showed the same results as that seen in Figure 1C (comparing traces 1-4 in Figure 1D
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with traces 1, 2, 5, 6, in Figure 1C). Of note, since the endogenous TIFA was not tagged,

the pl values differed slightly from those in Figure 1C.

In vitro kinase assay was then used to further confirm that TIFA T9 phosphorylation is
TNFo-dependent. We incubated recombinant TIFA with TNFa-stimulated cell extracts in
the presence of [y-"“PJATP. All the TIFA proteins were then immobilized by anti-His beads,
separated by SDS-PAGE and visualized by auto-radiography. As shown in Figure 1E, the
band intensity of **P-labeled His-TIFA increased when TNFa stimulated cell extract was
used, relative to that from control cells (lanes 3, 4 in Figure 1E). On the other hand, there
was no TNFa-dependent increase in the band intensity for the T9A mutant (lanes 6, 7 in
Figure 1E), indicating that TNFa-increased TIFA phosphorylation most likely occurs at T9.
In the control lanes 1, 5, 8, and 9, no **P-labeled TIFA band was observed when the sample
was treated with phosphatase, or when TIFA protein or cell lysates was omitted. Taken
together, the results in this section strongly support that the TIFA phosphorylation at Thr9

residue occurs in a TNFa-dependent manner.

2.3 Search for potential kinase
To explore the kinase that mediates the TNFa-dependent T9 phosphorylation, cells were

treated with caffeine, a general inhibitor for the PI3K pathway, or kinase inhibitor cocktails
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for AKT, IRAK, TAK, and PKC before TNFa treatment. Autoradiography (Figure 1F)

showed that caffeine, AKT and PKC inhibitors (Go 6976 and Go 6983), but not IRAK or

TAK inhibitors, decreased the level of TNFa-induced phosphorylation of His-TIFA

wild-type (WT), while none of these inhibitors affected the basal phosphorylation level of

TO9A. These results suggest the involvement of Ser/Thr kinases in the PI3K-AKT signaling

pathway in T9 phosphorylation.

2.4 Interaction of TIFA-FHA and TIFA-pT9

As mentioned in section 2.1, we hypothesize that one of the TIFA N-terminus Thr residues

could be phosphorylated and recognized by TIFA-FHA, and it was suggested that TIFA can

associate with each other to form homo-oligomers (61). Therefore, we then examined

whether the phosphorylated T9 binding to TIFA-FHA is the basis of TIFA-TIFA

self-association. Flag-tagged WT TIFA and Myc-tagged TIFA (WT or mutants) were

over-expressed in HEK 293T cells. The Myc—tagged WT TIFA was detected in the

anti-Flag pull-down (Figure 2A, lane 1). To provide further support that TIFA-TIFA

association occurs in a phosphorylation-dependent manner, we incubated anti-Flag antibody

pulled-down samples with phosphatase and found a reduced interaction between Myc- and

Flag-tagged WT TIFA (lane 2). This reduction of interaction, however, can be rescued by

EDTA which blocks the phosphatase activity (lane 3). In contrast, the T9A mutant was
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marginally detected under the same conditions, with or without phosphatase (lanes 4-6),

supporting that T9 phosphorylation is critical for the TIFA self-association.

We next tested whether FHA mutants impair the TIFA-TIFA association. On the basis of

sequence alignment of different FHA domains shown in Figure 2B, we replaced two of the

highly conserved Arg51 and Asn89, and a non-conserved but potentially important Lys88

(due to its charge neighboring to the conserved Asn89), with Ala. As shown in Figure 2C,

Gal-tagged mutant TIFA could no longer be detected in the anti-Flag immunoprecipitants,

indicating that each of the three residues is essential for the TIFA-TIFA interaction. Similar

result was observed in previous study using a GSOES66A double mutant (61), although the

role of pT9 was not then known.

To further support the results of immuno-precipitation experiment, a direct evidence to

demonstrate the binding between the FHA domain and the pT9 residue of TIFA would be

valuable. Hence we proceeded to evaluate the binding in vitro using isothermal titration

calorimetry (ITC). The expressed His-tagged WT TIFA and two FHA mutants were

purified by a nickel-column and then analyzed for association with a synthetic

pT9-containing peptide spanning residues 1-14 of TIFA. As shown in Figure 2D (panel II),

ITC showed that the pT9-peptide binds to the unphosphorylated recombinant WT TIFA
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with a K4 of 50 £ 1.3 pM (stoichiometry N = 1.04). In contrast, ITC could not detect

binding for the corresponding unphosphorylated peptide with WT TIFA (panel I), or

binding for the pT9-peptide with mutants R51A and R51AK88A (panels II-IV). These

results reinforce the notion that the TIFA self-association is mediated through binding of

pT9 to the FHA domain of TIFA.

2.5 Expression and purification of recombinant TIFA

For subsequent structural studies and assays, full-length human TIFA c¢cDNA has been

cloned into several different expression vectors containing HIS or GST tag(s). Several

expression and purification trials (Table 1 and 2) have been carried out trying to find the

optimal working conditions for recombinant TIFA protein using the E.coli system and the

Ni-NTA columns. As a result, full-length human TIFA protein turned out to be quite

sensitive to salt concentrations (Figure 3A), buffer pH, temperatures of purification

environment, and centrifugation speed. As shown in Table 1, the best expression vector

screened is pET43.1 with a C-terminal HIS tag and the expression host cells are BL21

Codon Plus (RIPL). The optimal IPTG induction amount used is 600 puL per liter of cell

culture that reached an O.D. of 0.7. After induction, the incubation temperature for the

culture would be lowered from 37°C to 16°C to allow more time for the newly translated

proteins to fold correctly.
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In terms of optimal purification conditions for the full-length TIFA protein (Table 2), we
found that TIFA would not precipitate in Tris buffer with a pH range of 7.5 to 8.5, and it
could only tolerate salts with a concentration range from 200mM to 250mM. TIFA has to
be purified and kept at low temperature (4°C) all the time. It would remain stable in both
low (0.5mg/mL) to high (16mg/mL) protein concentrations as long as the centrifugation
speed during the concentration step did not exceed 3000rpm. The proteins have to be
re-suspended frequently to avoid high local concentration at the bottom of the amicon tubes.
TIFA protein can easily precipitate when any of the purification conditions mentioned
above were not met. Based on the secondary structure prediction (Figure 3B), Circular
dichroism (CD) analysis (Figure 3C), and HSQC TROSY analysis (Figure 3D), TIFA
contains many loop regions (approximately 66% of the whole protein) at both its core and
its two termini. These unstructured regions are probably the causes for protein instability.
Although 1-D NMR spectrum (Figure 3E) suggested that full-length TIFA WT protein had
appropriate folding in phosphate buffer (pH 6.5) as well, tiny signals representing partial
degradation were observed in the HSQC TROSY spectrum (Figure 3D) of the protein
sample with high concentration. Moreover, the peak signals on TIFA HSQC spectrum were
not well distributed and scattered. Instead, a lot of peaks were clustered in the middle of the
spectrum suggesting that, in agreement with the CD spectrum and secondary structure

prediction, the full-length TIFA contained a lot of random coils. We therefore tried to
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remove these flexible regions at both termini (Table 3) hoping to render the protein stable.

However, purification of these truncated TIFA showed no improvement in protein stability

(Figure 3F). At the end, we decided to proceed with the structural and all other necessary

studies using the full-length TIFA (in pET43.1 construct) purified with the optimized

conditions mentioned previously.

2.6 Recombinant TIFA exists as intrinsic dimer in solution

As a hallmark of the TRAF family, oligomeric formation appears to be critical for TNFa

signaling (4, 26, 54). Since TIFA is able to promote oligomerization of TRAF6 (17), the

self-associated TIFA may serve as building blocks for oligomerization. This in turn raises a

question whether the quaternary state of TIFA may exist in high-ordered protein

architecture. The recombinant TIFA has been reported to exist in trimers (61), even though

the vast majority of FHA domains are known to exist as monomers (41). Unexpectedly,

results from our experiments using FPLC (Figure 4A) or AUC (Figure 4B) indicated that

unphosphorylated TIFA WT existed as a 46 kD intrinsic dimer which was stable between

pH 7.5 and 8.5 (Table 2) in a range of protein concentrations (Figure 4C). This finding

suggests that the TIFA self-association observed in Fig. 2 represents an oligomer formation

(dimer associates with dimer) through FHA-pT9 interaction rather than a dimer formation

(monomer associates with monomer). To further investigate the dimerization mechanism of
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TIFA, we performed FPLC and AUC again to analyze three mutants T9A, R51A, and

R51AK88A (RK mutant) (Table 9). Since these mutants showed reduced self-association

(Figure 2A & 2C), they should not remain as stable dimers if the self-association reflected

the formation of dimers. As the mutants still exist as dimers in Figure 4A-B, the results

provide further support that TIFA exists as intrinsic dimers in solution. In addition, the fact

that the peptide-protein complex in Figure 4D (panel III) remained as dimer suggests that

the dimeric interface does not involve the pT-FHA binding sites so that the dimer is not

disrupted by the pT9-peptide. Finally, we found that TIFA WT still dissociates into

monomers in non-reduced condition (Figure 4E), excluding involvement of disulfide bond

in the intrinsic dimer. Taken together, our results suggest that unphosphorylated TIFA

forms intrinsic dimers in solution, and that the binding between FHA and pT9 of TIFA in

vivo likely occurs “intermolecularly” between dimers. This represents a new mechanism for

the FHA domain function.

2.7 Crystallization of recombinant TIFA

After obtaining pure and stable TIFA proteins, the next phase of this work would be to

determine the structural basis of free TIFA and functionally significant TIFA-pT9 peptide

complex and attributing such information to TIFA’s biological functions. Since full-length
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TIFA appears to be a dimer in solution, its total molecular size impeded us from solving its

structure by using NMR. X-ray crystallography was therefore employed.

As mentioned in section 2.5, tremendous efforts were spent on reproducing and optimizing

the tricky purification conditions of full-length TIFA protein. Confirmed by MS analysis

(Figure 5A), batches of native TIFA proteins with concentrations ~15mg/mL and purities

greater than 95% were then sent for robotic screenings to find initial crystallization

conditions. Also, numerous refinements and additive screenings were carried out manually

for the four listed crystallization conditions that grew microcrystals (Table 4). As a result,

TIFA protein can crystallize using sitting vapor diffusion method at 4°C in buffers

containing 0.1M Tris-Base (pH ranging from 8.0 to 9.0), 10% PEG1500, 10% EtOH, and

0.1M ATP disodium salt as an additive. The crystal packing seemed to favor only one

dimension, thus the crystals appeared to be thin but long (Figure 5B). These “rod” shape

crystals were quite small and they diffracted weakly. In order to enlarge the sizes and refine

the qualities of the crystals, several crystallization techniques such as macroseeding and

microseeding have been applied. Unfortunately, TIFA crystals can only be grown in low

temperature. These crystals had to be manipulated in cold room, snap-froze and kept in

liquid nitrogen prior to in-house X-ray and synchrotron radiation shootings. To prevent ice

formation on the crystals that would normally generate ice rings and affect the data
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resolution, skillful looping of crystals and tolerance of low temperature were required.
Apart from the temperature disadvantage, our crystallization buffer conditions consisted of
ethanol, which is least favoured by crystallographers as EtOH evaporated easily once it was
in contact with the air. The crystallization condition could thus be highly variable and hard
to be reproduced. Altogether, the complexities of the purification and crystallization
conditions make every single crystal acquired costly and precious. Moreover, the
precipitant of our crystallization buffer could not protect TIFA crystals from radiation
damage during data collection. Therefore, an ideal cryo-protectant had to be applied to the
crystals. After trials of different methodologies like oil microbatches and serial dilutions
were performed, the best cryo-protectant found for TIFA crystals is 28-32% of PEG1500
(Table 5). Up to this point, we managed to grow native crystals that can diffract to 2.3 A
(Figure 5B and Table 8). Although it is possible to determine the partial structure using the
molecular replacement (MR) method, this resolution is not sufficient for us to see the
flexible loop regions. On the other hand, less than 50% of our unsolved structure could find
models for molecular replacement. Available models are scarce and they all share low
sequence homology (Figure 5C). Taken together, these drawbacks make the phase problem
almost unfeasible to solve by the molecular replacement method. In order to solve the phase

problem encountered, multi-wavelength anomalous dispersion (MAD) strategy was applied.
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Heavy atom soaking is one approach carried out. Native crystals were soaked with different
heavy-atom reagents (Table 6 and Figure 5D) hoping to generate anomalous signals. In
addition to the heavy atom soaking method, selenomethionine (Se-Met) labeled TIFA
protein was expressed, purified (Figure 5E), and crystallized (Table 7). However, Se-Met
labeled crystal appeared to be even smaller and harder to grow than the native protein
crystals (Figure 5B). In order to collect high quality X-ray diffraction data for these small
crystals, only the synchrotron radiation equipped with fluorescence scans in multiple
wavelengths as well as an intense X-ray source could satisfy the need. Synchrotron
beamlines with distinguishing features such as high photon flux and narrow beam size were
also helpful to needle/rod-shaped TIFA crystals. Since the advance collecting mode allowed
the beam to move gradually along the long axis of the targeted crystal during data collection
(Figure 5F), the X-ray exposed regions could be changed and the radiation damage of the

whole crystal could be minimized.

To date, several data sets with acceptable qualities have been collected at SPring-8
beamline 44XU in Japan or NSRRC beamline 13B1 in Hsin-Chu. The best resolution
obtained for the Se-Met labeled crystal so far is 3.0 A (Table 8). However, the phase
problem has not yet been solved and only ambiguous models for the core regions of TIFA

could be calculated. In short, correct phase plus data sets with higher resolutions and, more
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importantly, better qualities are what we’re trying to achieve before the structural details of

TIFA can be unraveled and a clear and defined model can be computed.

2.8 Oligomerization status of native TIFA

To provide further support that pT9-FHA binding does promote TIFA oligomerization, we

next evaluated the molecular weight of native TIFA proteins using non-denaturing gels. We

examined over-expressed Myc-tagged or Flag-tagged TIFA and mutants from mammalian

HEK 293T cells and found that native T9A and RKN mutants of TIFA protein migrated

faster than the WT protein during electrophoresis, suggesting that the mutations repressed

the formation of oligomeric TIFA (Figure 6A). We also performed in vitro kinase assay

and analyzed the native samples. As a result, the recombinant His-TIFA WT protein that

had been phosphorylated by TNFa-treated cell lysates up-shifted to a larger molecular

weight whereas the PBS-treated control WT and both T9A samples remained in lower

molecular weight (Figure 6B), suggesting that TNFa-induced TIFA Thr9 phosphorylation

is important to TIFA oligomer formation.

Next, we employed immunostaining to study the role of FHA-pT9 binding in TIFA

oligomerization in cells. U20S cells were transfected with Gal-tagged WT TIFA or its

various mutants. Out of our expectation, there was a particularly significant result from the
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IFA study. As shown in the top panel of Figure 6C (column I, row 1), a number of discrete

punctate spots recognized by anti-Gal (indicated by white arrows) were found in the

peri-nuclear region of the cytoplasm of U20S cells (representing possible protein

aggregates or oligomers) transfected with WT Gal-TIFA. In parallel experiments in which

cells were transfected with T9A or FHA domain mutants (columns II-V, row 1), no

aggregates of Gal-TIFA were observed.

This unreported aggregation/oligomerization formation of exogenously expressed TIFA

WT proteins behave similarly to what have been observed for members involved in the

same inflammatory signaling pathway, including TRAF6, IRAK, sequestosome 1/p62, etc.

(20, 56, 57, 66, 67, 76). Studies have demonstrated that these punctuate spots were the sites

where ubiquitinated TRAF6 co-localized with IRAK, sequestosome, and proteasome (20,

56, 57, 66, 67, 76). Accordingly, we extrapolated that the speckles observed in cells

exogenously expressing TIFA could be part of the whole protein complex. Indeed, the

confocal section (Figure 6D) showed that, when TIFA WT and Flag-tagged TRAF6 were

co-expressed, most of the punctuate spots of TIFA (column I) co-localized with that of

TRAF6 (column II) in the cytoplasm of the cells (indicated by white arrows) (column IV).

These findings suggest that intermolecular FHA-pT9 interactions between TIFA dimers are

crucial for TIFA/ TRAF6 oligomerization.
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2.9 TIFA-mediated activation of NF-xB

Previous reports showed that over-expression of exogenous TIFA can activate NF-xB

without the stimulation of TNFa (17). It was also demonstrated that the oligomeric forms

of TIFA can activate IKK (17), and that interaction of TIFA with TRAFG6 is indispensable

for NF-xB activation (61). In order to validate previous findings, we first measured and

compared the activation levels of NF-kB for endogenous and exogenous TIFA with and

without TNFa treatment using a luciferase-based reporter assay (Figure 7A). The result

indicated that NF-kB can be highly activated in the absence and presence of TNFa in HEK

293T cells over-expressing exogenous TIFA. However, for the endogenous case, NF-«xB

can only be activated upon TNFa stimulation.

Given that TIFA-TIFA interaction occurs via pT9-FHA binding between TIFA dimers

leading to oligomerization, we subsequently tested whether the pT9-FHA interaction is

necessary for NF-kB activation. HEK 293T cells were transfected with the NF-kB

luciferase reporter together with expressing plasmids encoding the wild-type TIFA or its

various mutants. As shown in Figure 7B, the NF-kB-driven luciferase activity was much

lower in cells co-transfected with the unphosphorylatable T9A or the FHA domain mutant

R5TAK88ANE9A (RKN) when compared with that of WT TIFA. In line with previous

observation (61), the NF-kB activity mediated by E178 A mutant was also drastically
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decreased, which supports that TRAF6 binds to TIFA via E178. Considering that a

remarkable feature of NF-kB activation is its translocation into the nucleus, we then

monitored the subcellular localization of endogenous NF-kB affected by exogenously

expressed TIFA. In agreement with the reporter assay, Gal-tagged WT TIFA in U20S cells

did promote the nuclear translocation of NF-kB (Figure 6C, column I, row 2). Such a

nuclear translocation of NF-kB was not observed when T9A, R51A, K88A, or RSTAK88A

was transfected (Figure 6C, columns II-V, row 2). Altogether, our results suggest that

FHA-pT9 binding is required for TIFA-mediated activation of NF-«xB.

2.10 Extracellular stimulation augments TIFA protein amount

The above results provide mechanistic insight for the effect of exogenously expressed TIFA

in leading to NF-xB activation. These results, along with previous reports, suggest that the

functional role of TIFA is broad based. Our work has mainly focused on the role of

pT9-FHA binding in NF-xB activation, and it is beyond the scope of this work to further

examine the effect of pT9-FHA interaction on every network that mediates NF-xB

activation. However, based on what we had observed, we speculated that a

concentration-dependent phenomenon may be involved in NF-kB signaling since the

presence of large amount of exogenous TIFA, TRAF2, or TRAF®6 is sufficient to activate

NF-«kB without the stimulation of cytokines. To test this hypothesis, we used the
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monoclonal anti-TIFA antibody to monitor the endogenous TIFA protein amount after

various stimulations. As shown in Figure 7C, the amount of endogenous TIFA protein

increased in the first 15 minutes upon treatment with TNFa, interleukin-1f (IL-1p), and

lipopolysaccharide (LPS). The protein amounts kept increasing until 12 hours, while no

change in the TIFA amount was observed in the control set with PBS treatment. In parallel,

the levels of phospho-IkB (pS32/pS36) and NF-kB also increased (second and third rows of

Figure. 7C). The results therefore indicated that external inflammatory stimulations affect

the cellular levels of TIFA proteins.

Since NF-xB plays important roles in transactivation of a panel of genes (23), it is

necessary to find out if the promoted TIFA amount a consequence of transcriptional activity

up-regulated by NF-kB. The transcriptional level of TIFA under the same stimulatory

condition was accessed through semi-quantitative RT-PCR. Briefly, total RNA of the cells

treated by TNFa in the same time scales was extracted, and cDNA was synthesized in the

presence of oligo (dT) and reverse transcriptase. PCR reactions were then carried out using

the synthesized cDNA as templates. As presented in Figure 7D, the mRNA levels of

endogenous TIFA did not change between the PBS control group and the TNFa-treated

sample group, no matter in low or high amplification cycle numbers. This result indicated
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that the change in endogenous TIFA protein amount upon TNFa treatment was mainly due

to post-translational modification, instead of up-regulation of transcription of tifa gene.

2.11 Silencing of endogenous TIFA

In order to establish the significance of TIFA protein in NF-kB signaling in vivo, small

interfering RNA (siRNA) was used to silence the endogenous TIFA in HEK 293T cells,

which was down to approximately 20% of the original level (Figure 7E). Reporter assay

and Western blot analysis were performed again to examine NF-xB activation while

endogenous TIFA was silenced in HEK 293T cells. When compared with those in positive

controls using non-transfected cells or cells transfected with scramble RNA, the

TNFa-induced activation of NF-kB (Figure 7F upper bar graph) or elevation level of

phosphorylated IxkB and total NF-kB proteins (Figure 7F lower bar graphs) were reduced

to a level similar to the PBS control for the TIFA-silenced group. Similar attenuation of

TNFo-mediated signaling was also observed when endogenous TIFA was silenced in the

human acute monocytic leukemia cell line, THP-1 (Figure 7G). These findings altogether

demonstrate that TIFA is necessary, and the FHA-pT9-induced TIFA oligomerization is

important, for TNFa-mediated NF-xB activation.

2.12 Interaction of TIFA and TRAF2
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From previous studies carried out by Kanamori et al., TIFA was shown to bind to TRAF2

in mammalian-two-hybrid (MTH) assay and co-immunoprecipitation (Co-IP) experiments.

They have also tried to narrow down the interaction regions by constructing truncated TIFA

and TRAF2 in different lengths. As a result, they concluded that TIFA-TRAF2 interaction

requires the TRAF domain of TRAF2 and almost the entire TIFA (FHA domain plus C

terminus). However, the exact binding sites for TIFA-TRAF2 interaction have not been

mapped and the biological significance of such interaction has yet been established. Thus,

as a side project, we also tried to study the involvement of TIFA in TRAF2 signaling

regulation. First of all, we confirmed TIFA-TRAF?2 interaction in vivo by performing Co-IP

experiment (Figure 8A) as well as immunofluorescence assay (IFA) (Figure 8B). For

Co-IP experiment, Flag-tagged TIFA and TRAF2 were over-expressed in HEK 293T cells.

TRAF2 protein was detected in the anti-Flag pull-down (Figure 8A). The overlapping of

red and green fluorescence intensity signals shown in the confocal section (Figure 8B) also

suggested co-localization of Flag-TIFA and TRAF2 proteins in the cytoplasm of HEK 293T

cells. Once again, in line with Figure 6C and 6D, red punctate spots representing possible

aggregation/oligomerization of exogenous TIFA were observed in the cytoplasm.

To map site(s) on TRAF2 that are important for TIFA-TRAF2 association, sequence of

TRAF2 TRAF domain was aligned with human NIFK protein (Figure 8C). Four residues
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on TRAF2 were rendered to Ala, Asp, Glu, Cys individually or in combinations using

site-directed mutagenesis (Table 10). Among the four residues chosen, Thr349 and Ser 378

aligned with two phosphorylated threonine (Thr234 and Thr238) residues on hNIFK that

are important for Ki67-NIFK interaction. MTH assays were subsequently carried out by

over-expressing GAL4-TIFA (bait) and VP16-TRAF2 (prey) fusion constructs with a

luciferase reporter plasmid in HEK 293T cells. Luciferase signals would be detected when

GAL4 DNA binding domain of the bait protein interacted with the VP16 activation domain

of the prey protein. According to the results of the MTH assay (Figure 8D), interaction

between GAL4-TIFA WT and VP16-TRAF2 T349AS378A mutant were severely impaired,

indicating that these two residues are crucial to TIFA-TRAF?2 interaction.

Next, we tried to identify the phosphorylation status of exogenous Flag-TRAF2 protein

immunoprecipitated from mammalian cells that were treated with TNFo.. The mass analysis

revealed thirteen phosphorylation sites including T7, S11, S102, S123, S160, S162, T188,

T226, S274, S318, S327, T401 and S408 on TRAF2 (Figure 8E). Phosphorylation on S11

of TRAF2 was later on suggested to be essential for TNFa-induced secondary and

prolonged IKK activation by another research group (5). No phospho-modifications,

however, were observed on T349 and S378 so far.
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Since partial structure of TRAF2 was solved by X-ray crystallography already, we have

also looked at the locations of T349 and S378 on the structure. Prior to that, we have

examined the size of exogenous full-length TRAF2 protein immunoprecipitated from HEK

293T cells using AUC. It turned out to be a dimer in solution (Figure 8F). Interestingly, the

solved TRAF domain of TRAF2 appeared to be a trimer in crystal. The overall structure of

the trimeric TRAF2 TRAF domain looks like a flower bouquet with TNF receptor binding

sites on the edge of the flower pedals (top) and T349 and S378 on the top of the stem (in

between a-helix and the core of TRAF domain) (Figure 8G).

In summary, T349 and S378 are two sites on TRAF2 that seemed to be important for

TIFA-TRAF2 interaction. Nevertheless, further studies are required to validate whether

these two sites interact with TIFA in a TNFa- and phosphorylation-dependent manner.

Mechanisms regarding the regulation of such interaction will be investigated as well in the

near future.
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Chapter 3. DISCUSSION AND CONCLUDING REMARKS

In this study, we first identified phosphorylation of TIFA at Thr9 and demonstrated its

up-regulation upon TNFa treatment. We next showed that TIFA-FHA binds directly to this

pT9 site and this binding drives TIFA self-association and promotes NF-kB activation.

Importantly, we found that recombinant TIFA protein exists as a dimer and the pT9-FHA

binding likely occurs between individual TIFA dimers, by which the oligomerization of

TIFA is promoted. We subsequently showed that speckles formed by oligomerized TIFA

co-localizes with TRAF6 in vivo. Finally we demonstrated that the protein level, but not

the mRNA of TIFA gene is up-regulated by TNFo stimulation. In parallel, we also

validated TIFA-TRAF?2 interaction in vivo and mapped T349 and S378 residues on TRAF2

to be important for such interaction. The regulation mechanism and functional

consequences of such interaction, however, will be investigated in future studies.

On the basis of the results presented here, we proposed a working model for the function of

TIFA as shown in Figure 9. In this model, external stimulation by TNFa (possibly also

IL-1B and LPS) activates a kinase (yet to be identified but may be a serine/threonine kinase

involved in the PI3K-AKT pathway) that phosphorylates Thr9 of TIFA. Phosphorylation

of TIFA T9 residue then triggers binding by TIFA FHA domain, which occurs between

dimers (AA, BB, CC...) in the fashion of AA-BB-CC-..., leading to oligomerization of
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TIFA. Since TRAF6 is constitutively bound with E178 residue at the c-terminus of TIFA,

the oligomerization of TIFA consequently induces TRAF6 oligomerization which in turn

enhances the E3 ligase activity of the RING domain of TRAF6 and activates the

downstream signaling (17). Thus, this newly defined mechanism has important

translational implications, particularly inflammatory responses in mammalian cells.

Using MS, NanoPro immunoassay, and in vitro kinase assay, we confirmed the T9

phosphorylation and semi-quantified its changes responding to TNFa stimulation. These

assays also showed that, in addition to T9, there are other basal phosphorylations for both

exogenous and endogenous TIFA (trace 1 in Figure 1C-D). However, it is not clear

whether these basal phosphorylations are specific. It remains to be established the exact

kinases responsible for the TNFa-induced phosphorylation of T9 and the basal

phosphorylation of TIFA. Furthermore, because the pT9-FHA binding plays a pivotal role

not only in mediating TIFA self-association/oligomerization but also in provoking TRAF6

oligomerization/NF-kB activation, antagonizing such a putative kinase may intervene with

the TNFa-related inflammation.

Considering the activation of an unknown kinase which phosphorylates TIFA T9 residue

upon stimulation as an “on” switch of the signal cascade, it is rational to hypothesize the
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existence of another unknown regulatory mechanism that terminates the transduction.

Among the several phosphatases involved in the inflammatory signaling pathways, protein

phosphatase 4 (PP4) has been suggested to directly interact with the TRAF domain of

TRAF6 in a LPS-dependent manner. PP4 has also been shown to exert a negative role on

LPS-induced and TRAF6-mediated NF-«xB activation by suppressing the ubiquitination of

TRAF6 (10). Altogether, these results have made PP4 one potential candidate as the “off”

switch of the signal transductions initiated by cytokines/LPS (Sup. Figure 8). To test this

hypothesis, the first future experiment to carry out will be to confirm if PP4 interacts with

TIFA upon stimulations and to examine the time kinetics of such interaction.

LPS/TLR4 (other stimuli?)
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Supplementary Figure 8. An unknown phosphatase may serve as the “off” switch of the
signal cascade by removing the phosphorylation on T9 to impair the oligomerization of
TIFA, hence the oligomerization of TRAF6 and the subsequent activation of NF-«kB.

As mentioned in the introduction section, the mechanisms of FHA domain function appear

to be highly diversified (41). Up to date, three major mechanisms have been characterized

and they are summarized here once again: a) a monomer of the FHA domain binds the pT

residue(s) of a different monomer of its biological ligand intermolecularly (7), b) a

monomer of FHA domain binds with the pT residue of another monomer of the same FHA

protein intermolecularly to enhance homo-dimerization (9, 31, 72), and c) intramolecular

binding between a FHA domain and a pT site within the same protein molecule (3). Since

the model for the aggregation of TIFA does not represent any of the above mechanisms,

we therefore propose that a new mechanism for FHA domain functions is uncovered - the

unphosphorylated FHA domain-containing protein exists as an intrinsic dimer that

oligomerizes via the intermolecular FHA-pT bindings between dimers. Interestingly, the

FHA domain of both human and mouse Mediator of DNA Damage Checkpoint 1 (MDC1)

protein was recently shown to exist as an intrinsic dimer in solution and in crystals (27, 37,

70).

The study of Takatsuna et al. (61) has established the key function of TIFA-TRAF6

interaction (61), which has been fully supported by our results in Figure 6D and Figure
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7B. However, one relatively minor point in their report is inconsistent with one finding in

our work. In their study, GST-tagged N-truncated TIFA protein was able to pull-down

Flag-tagged wild-type TIFA and promote NF-kB activation, whereas our T9A mutant was

not capable of either. Such discrepancy for the requirement of N-terminus portion of TIFA

(a.a. 1-46) in TIFA functions may be due to the functional delineation by domain deletion

or by site-specific residue substitution. Despite the minor discrepancy mentioned, one

interesting and consistent observation was perceived throughout our study. Unlike TIFA

T14A and T19A with which the single mutations have disturbed the expression yield or

stability of the protein, TIFA amount seemed to be boosted when Thr12 was mutated to

alanine. Coincide with the enhanced interaction between TIFA WT and TIFA TI12A

mutant, the level of NF-kB activation was relatively unaffected when over-expressing

T12A in cells (Sup. Figure 9). These preliminary data have suggested that Thr12 may play

a negative role in regulating TIFA oligomerization. Since TIFAB has been demonstrated as

a TIFA interacting protein (45) as well as a negative regulator of TIFA-mediated NF-xB

activation (44), we would like to find out if TIFAB has anything to do with Thrl2.

Interestingly, the phosphorylated interacting partner of the FHA domain of TIFAB hasn’t

been identified. In addition, TIFAB is short of the first 8 amino acids at its N-terminus

when compared to TIFA and it contains neither the corresponding Thr9 nor Thr12 (Sup.

Figure 7). Thus, we will first try to see if TIFA Thrl2 is phosphorylated under
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non-stimulated condition. If so, we will next determine if TIFA-TIFAB interaction is

phosphorylation- and FHA domain-dependent. If not, then it is still worth the effort to map

the TIFA-TIFAB interaction region on both proteins and to investigate the regulatory

mechanism of TIFAB on TIFA-mediated oligomerization using structural studies.
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Supplementary Figure 9. Left: TIFA T12A expression and its association with other TIFA
seemed to be enhanced. Right: Mutating Thr12 into alanine did not impair the
TIFA-mediated NF-«xB activation.

On the other hand, how TNFa stimulation directs TIFA protein amount is also a worthy

topic for further study. Since the transcriptional level of TIFA was not elevated after

TNFo stimulation, one possible process triggering the augmentation of TIFA amount

could be prevention of degradation, which could possibly be correlated with the

phosphorylation-induced oligomerization of TIFA. Understanding the detailed mechanism

of these processes can be a key to decipher the dominant positive nature involved in most
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of the TRAF members (26, 67). Given the existence of basal-level phosphorylation, it will

also be interesting to see whether such stimulation-independent phosphorylation of TIFA

correlates with the homeostasis of the total TIFA pool in cells.

Furthermore, in view of the fact that TIFA seems to play a critical role in the master

signaling pathway of NF-kB activation, whether the tifa gene is essential for inflammatory

response elicitation and/or other diseases is a crucial issue. So far, the involvement of

TIFA in diseases can be linked to several types of cancers, such as leukemia (68),

pancreatic cancer (64), and breast cancer (data not shown), in which TRAF6, TRAF2, and

TIFA are screened to be highly expressed, respectively. On the other hand, three cases of

an autosomal recessive TIFA mutation in human patients have been reported. Preliminary

data has shown that this deficiency in TIFA may compromise the immune system so the

patients developed chronic sinusitis, and are prone to invasive bacterial infection and

pneumonia (data not shown). Future effort therefore will be spent on examining the

molecular mechanism behind this TIFA deficiency using the EBV-B cells obtained from

the patient. A mouse model with tifa being knocked-out will also be generated to study the

relevant clinical consequences in more depth.
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Finally, detailed atomic structures of free full-length TIFA dimer or full-length TIFA

complexed with a pT9-peptide, when available, will be very valuable to interpret molecular

mechanisms of the signaling pathway. Once the structure of free full-length TIFA is solved,

we are aiming to mutate the residues responsible for dimerization formation. So far, one

possible scenario to explain why TIFA forms unique intrinsic dimers in solution is that this

dimer formation not only speeds up the oligomerization process, but also serves as a

platform for interactions with much larger binding partners such as TRAF2 and TRAF6. It

will thus be interesting to see what functional consequences will result from the disruption

of TIFA dimer. Moreover, before we identify the responsible kinase of pT9, we’re also

working on generating a full-length pT9-containing recombinant TIFA in vitro using the

native peptide ligation method (31). In order to do so, a relatively stable N-truncated TIFA

will need to be constructed prior to the ligation. We also need to make sure that Cys15

residue does not form intramolecular disulfide bond with other cysteine residues in TIFA

before we can conjugate the pT9-containing peptide onto it. If we ever manage to succeed

in obtaining phosphorylated recombinant TIFA, our next move will be to reconstitute

TIFA oligomerization in vitro and hopefully to solve the structure of full-length TIFA in

complex with phosphorylated full-length TIFA. This will be a much more challenging task

than complexes of small phosphopeptide, but the information generated will definitely be

of great help in terms of understanding the molecular basis of the function of TIFA. Most
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importantly, it will provide us chances to design regulatory compounds against NF-xB

activation and properly manage inflammatory response, autoimmune diseases, viral

infection, and cancer development.

Overall, our work herein, along with previous reports, has provided a mechanistic insight

for TIFA oligomerization and the critical role of TIFA in NF-xB activation. The TIFA

pT9-directed oligomerization of molecules involved in TNFa-mediated inflammatory

responses may have a broad impact in understanding the mammalian immunity. Further

studies will be required to address the specific roles of TIFA in the entire network, or

family of networks, between external stimulation and NF-kB activation. Nevertheless, our

results have provided a basis for future studies into these significant issues.
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Chapter 4. MATERIAL AND METHODS

Cell culture. The human embryonic kidney (HEK) 293T cell line and human
osteosarcoma cell line U20S were cultured in Dulbecco’s modified Eagle medium
(DMEM) (Gibco). The human acute monocytic leukemia cell line THP-1 was cultured in
Roswell Park Memorial Institute medium (RPMI-1640) (Gibco). All media were
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco), 200 mM
L-glutamine (Gibco), 100U/mL penicillin (Gibco), 100 pg/mL streptomycin (Gibco), and
1% sodium pyruvate (Gibco). Cells were kept in 37 °C incubator with 5% CO,. Cells
were starved by replacing the complete media with serum-free DMEM 8§ to 10 h prior to

the addition of 50 ng/mL of TNFa at indicated time points.

TIFA and TRAF2 plasmids. All the plasmids involved in this study, including:
Flag-tagged pCMV-Tag2a (Stratagene), pcDNA3.1-Myc (EQKLISEEDL) (Invitrogen),
pNF-kB-Luc (Clontech), His-tagged pET43.1a (Novagen), His-tagged pET28a (Novagen),
His-tagged pET-Duet (Novagen), GST-tagged pGEX-4 (Promega), Gal-tagged pBIND
(Promega), VP16-pACT (Promega), pBIND-Id (Promega), pACT-MyoD (Promega) and

pGSluc (Promega) were obtained from commercial sources.
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Antibodies. The anti-TIFA monoclonal antibody (mAb) was produced by the core facility
at IBC, Academia Sinica. Other mAbs used in the current study are: anti-Flag (Sigma),
anti-Myc (Millipore), anti-Gal (Abcam), anti-B-actin (GeneTex), anti-His (Signal Chem),
anti-pIKKa (pT23) (Abcam), anti-plkB (pS32/pS36) (Santa Cruz) and anti-NF-xB p65
(Millipore). The polyclonal antibodies used in this work are: anti-NF-kB p65 (Santa Cruz),
HRP-conjugated anti-mouse IgG (Millipore), FITC-conjugated anti-mouse IgG (Millipore),

and rhodamine-conjugated anti-rabbit IgG (Millipore).

Site-directed Mutagenesis. Point mutations in TIFA and TRAF2 cDNA sequences were
introduced by PCR-based, site-directed mutagenesis (QuickChange™ mutagenesis kit,
Stratagene) according to standard procedures. The original amino acids were switched to
desired ones using PfuTurbo™ DNA polymerase (Invitrogen) and the mutant
oligonucleotide primers. A Dpn | endonuclease (NEB) specific for methylated and
hemimethylated DNA was applied to select for mutation-containing synthesized DNA as it

can only digest the parental DNA template. All mutants were verified by DNA sequencing.

NanoPro™ immunoassay. The method involves separation of cell lysates in the capillary
isoelectric focusing step, followed by analysis of specific protein isoforms (i.e., different

phosphorylation forms of TIFA) using conventional immune-detection (50). Cells were
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collected and centrifuged at 1.0 krpm for 5 min. The cell pellet was then re-suspended in
250 pL Bicine/CHAPS lysis buffer plus 1X DMSO inhibitor mix'™ and 1X aqueous
inhibitor mix ™. The cell lysates were cleared by centrifugation at 13.2 krpm for 1 h at 4
°C. When indicated, 5 mg total cell lysate was incubated with alkaline phosphatase
(Fermentas) together with 10X reaction buffer and incubated at 37 °C for 1 h. Final
supernatants were transferred to a fresh tube and snap-frozen with liquid nitrogen.
Nanofluidic proteomic immunoassay was performed with NanoPro-1000 system. Cell
lysate was diluted to 2X of final protein concentration in Bicine/CHAPS buffer in the
presence of DMSO inhibitor mix™™ and 20 mM DTT. Diluted Cell lysate was combined
with an equal volume of IEF™ buffer solution (50% v/v pH 3-10 Pre-mix solution, 50%
v/v Servalyte pH 3-6), 1 uM pl standard 4.4, and 1 uM pl standard 5.5. The charge-based
separation was performed in a capillary at 45,000 uW for 40 min and immobilized by 80
sec irradiation with UV light. After separation and immobilization, the sample was
incubated with primary antibody for 120 min. Each over-expressed sample was then
incubated with HRP-conjugated goat-anti-mouse IgG for 1 h. Endogenous sample was
detected by biotin-labeled goat-anti-rabbit IgG for 1 h followed by 10 min incubation with
SA-HRP-conjugated antibody. Chemiluminescence signal for the target proteins was
detected by adding Luminol and Peroxide XDR detection reagents and analyzed by the

Compass software.
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In vitro kinase assay. After washing with PBS, TNFa-stimulated or non-stimulated 293T
cells were lysed with CHAPS lysis buffer. The cell lysates were pre-cleaned with sheep
anti-mouse IgG M-280 dynabeads™ (Invitrogen) at 25 °C for 30 min then incubated with
the recombinant His-tagged TIFA WT or T9 mutant in a buffer containing 40 mM HEPES,
pH 7.5 and 20 mM MgCl,), 100 uM ATP and y-**P ATP (1 mCi/mL) (Perkin Elmer) at 37
°C for 30 min. His-TIFA was pulled-down with M-280 dynabeads™ coated with anti-His
mAb. The reaction was terminated by addition of SDS sample buffer and heating at 95 °C

for 10 min prior to SDS-PAGE.

Co-immunoprecipitation analysis. The protein coding sequences of TIFA ¢cDNA were
sub-cloned into the expression vector pCMV-Flag or pcDNA3.1-Myc. HEK 293T cells (~2
x 107) were co-transfected with 3 pg of the expression vectors containing Flag-TIFA and
Myc-TIFA using JetPEI™ (Polyplus transfection). After 36 h, cells were lysed with TNE
buffer containing 10 mM of Tris-HCI (pH 7.8), 1% NP-40, 0.15 M NaCl, I mM EDTA, 1
mM PMSF and 1X protease inhibitor cocktail. An amount of 6.5 ug of anti-Flag mAb was
pre-coated with M-280 dynabeads™ overnight at 4 °C. The cell lysates were incubated
with anti-Flag-dynabeads™ at 4 °C overnight. The protein-beads complex was then
washed with TNE buffer and 1X TBST buffer. The immunoprecipitants were then eluted

using 50 pg of the 3X Flag peptide (Sigma) and subjected to Western blot analysis.
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Western blotting. For Western blotting, cell lysates were separated by 15% SDS-PAGE
and transferred onto PVDF membrane (Perkin Elmer). The membranes were then blotted
with primary antibody at 4 °C overnight followed by HRP-conjugated anti-mouse IgG. The

blotted protein bands were revealed by the ECL system (Millipore).

Mammalian-two-hybrid (MTH) assay. TIFA and TRAF2 cDNA were cloned into GAL4
DNA binding domain-containing vector (pBIND) and VP16 activation domain-containing
vector (pACT). 3 ug of these two plasmids were then transfected together with 3 ug of
reporter plasmid pGSluc (Promega) into 70% confluent HEK 293T cells seeded in 6-well
plates. After 48 hours of incubation, the luciferase reporter activity was measured with the

Dual-Luciferase Reporter Assay System (Promega).

Native PAGE experiment. For native PAGE experiment, cells were lysed using the
NativePAGE™ (Invitrogen) sample buffer in the presence of 10% DDM and 5% Digitonin.
After centrifugation at 4 °C for 1 h, the whole cell lysates were separated by gradient
PAGE (4-16%). A buffer containing 0.5 M Tris-Base, pH 9.2, and 0.5 M glycine was used
for protein transfer. After transfer, PVDF membrane was incubated in 20 mL of 7.5%
acetic acid for 15 min at room temperature to fix the proteins. The membrane was

subsequently rinsed with methanol and deionized water to remove the residual Coomassie
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G-250 dye. Finally, TIFA proteins were detected by Western blot analysis using

mouse-a-Flag Ab or mouse-a-Myc Ab.

NF-xB activation assay. 293T cells in 6-well plates were transiently transfected with 1.5
ng of the TIFA WT or mutant expression plasmids together with 1.5 pg of the
pNF-kB-Luc reporter. After 36 h, cells were lysed with 1X Passive Lysis Buffer (Promega)
and 20 pL of cell lysates were dispensed into the 96-well plate followed by addition of 100
uL of Lyophilized Luciferase Assay Substrate (LARII) (Promega) and 100 uL of Stop &
Glo Reagent (Promega). The luciferase activity was measured as relative luminescence
unit (RLU). When indicated, Western blot analysis for the total cell lysate was carried out
in parallel in order to justify the expression levels of each sample. The firefly luciferase
readings were then normalized to the internal renilla luciferase readings as well as the

corresponding band intensities of the samples.

Immunofluorescence assay (IFA). An amount of 7 x 10° U20S cells seeded on coverslips
were transfected with 3 pg of TIFA or mutants vectors. Thirty-six hours post transfection,
cells were washed with cold PBS and fixed with 4% paraformaldehyde (Electron
Microscopy Sciences) for 30 min. Cells were permeabilized with 0.2% Triton X-100 and

blocked with PBS containing 10% BSA, then incubated with primary antibodies,
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fluorescence-labeled secondary antibodies, and DAPI sequentially. The fluorescence image

sections were taken by Zeiss LSM 510 confocal microscopy.

RNA extraction, cDNA synthesis, and RT-PCR. Total cell contents from HEK293T
cells were collected and re-suspended in 200 pL PBS after TNFa treatment. Isolation of
total RNA was then performed using High Pure RNA Isolation Kit (Roche) according to
manufacturer’s instructions. First strand cDNA was prepared with SuperScript™ II reverse
transcriptase (Invitrogen) and oligo-dT(20) primer as suggested by manufacturer’s
guidelines. 5 pg of total cDNA was then subjected to specific amplification by PCR with
Taq DNA polymerase (New England Biolabs). Endogenous TIFA cDNA was amplified
with primers TIFA-RT-f (5'-AAC AGC TGA AGA GAG TTC ACT GAC TCC C-3') and
TIFA-RT-r (5'-GTG TCT ATA CAG CAT CTA CAG AGC TCT TCA TCC-3'") using the
following protocol: 95 °C / 5 min, 32 or 40 cycles of [95 °C / 45 sec — 58 °C / 35 sec — 72
°C /60 s], and 72 °C / 10 min. GAPDH cDNA was amplified with primers GAPDH-RT-f
(5'-GCC AAA AGG GTC ATC ATC TC-3") and GAPDH-RT-r (5'-GGC CAT CCA CAG
TCT TCT-3") using the following protocol: 95 °C / 5 min, 25 or 33 cycles of [95 °C / 45
sec — 55 °C/ 10 sec — 72 °C /30 s], and 72 °C / 10 min. Amplified cDNA products were
then separated by agarose electrophoresis, revealed by EtBr staining, and subjected to

analysis.
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RNA interference. 200pmol of double-stranded siRNA oligomers (Invitrogen)
corresponding to the sequence of TIFA (UCAGGACAAACAGGUUUCCCGAGUU) or
scramble control oligomers (Invitrogen) were transfected into HEK 293T or THP-1 cells.

Cells were collected after 72 hours of incubation.

Recombinant TIFA purification. Various human TIFA WT and mutants were expressed
as His fusion proteins in Escherichia coli BL21 Codon Plus and affinity purified with
nickel resin (Millipore). Approximately 30 mg of purified recombinant His-TIFA were
applied to a HilLoad 16/60 Superdex 75 pg column or a Superdex 75 10/300 GL column
(GE Healthcare). The separated fractions were analyzed on 15% SDS-PAGE and proteins
were visualized by Coomassie Brilliant Blue Staining. Protein concentration was measured
using Bradford dye (BioRad). Standard molecular weight marker proteins were analyzed

under the column conditions described above.

Protein crystallization. The purified native and selenium-labeled TIFA proteins were
crystallized at 4°C from a solution containing 0.1M Tris-Base, pH 8.0 to 9.0, 10%
PEG1500, 10% EtOH, and additives 0.1M ATP disodium salt or 3.0M NDSB-195 using
the sitting vapour diffusion method. The crystals belong to space group p321 with cell

dimensions of a=41.21 A, b=41.21 A, ¢=178.91 A and a=90°, p=90°, y=120°.
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Circular dichroism (CD) spectroscopy. CD spectra were collected in 50 mM sodium
phosphate (pH 8.0), 200 mM NaCl using a Jasco J-815 spectropolarimeter (Jasco, Tokyo,
Japan) with 1-mm path length. Experiments were performed at 25 °C and maintained by
circulating water baths. The spectra were collected in the range of 190 to 240 nm and
corrected for the buffer background. The data was calculated/fitted using CDSSTR method

(variable selection method: reference set 7).

1-D NMR and HSQC TROSY experiment. 1-D NMR and HSQC experiments were
carried out on Bruker UltraShield Plus (600 MHz/ 54 mm Plus) equipped with Smm Z
gradient TXI (‘H/"C/"°N) CryoProbe at Genomic Research Center, Academia Sinica.
"N-'H heteronuclear single quantum correlation (HSQC) spectra were recorded by using
"*N-labeled recombinant TIFA protein samples dissolved in 50 mM sodium phosphate (pH

6.5), 200 mM NaCl and 5% D,O.

Mass (MS) spectrometry. The phosphorylation sites were analyzed using high resolution
and high mass accuracy nanoflow LC-MS/MS on an LTQ-FT (Linear quadrupole ion
trap-Fourier transform ion cyclotron resonance) mass spectrometer (Thermo Fisher

Scientific) with procedures described previously (19).
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Isothermal titration calorimetry (ITC) analysis. ITC experiments were performed using
a MicroCal iTC200 instrument (Northampton, US). Two TIFA N-terminal peptides, i.e.,
MTSFEDADTEETVT or MTSFEDAD(pT)EETVT (2 mM), were used to titrate TIFA
protein (100 uM) at 25 °C in the calorimeter cell (0.2044 mL) with automatic injections of
1.6 pL each time. With the use of software provided by the manufacturer, each peak
corresponding to the injection was integrated and corrected with baseline. The titration
heat had been calculated to eliminate the effect of heat generated from diluting the ligand
into buffer. Thermal data was fitted to a two-independent-site binding model to yield the

value of the equilibrium dissociation constant (Ky).

Analytical ultra centrifugation (AUC) analysis. Sample and buffer were loaded into
12-mm standard double-sector Epon charcoal-filled centrepiece and mounted in an An-60
or An-50 Ti rotors of a Beckman-Coulter XL-I analytical ultracentrifuge (Fullerton, US).
The rotor speed was 40,000 rpm at 20 °C. The signal was monitored at 280 nm. The partial
specific volume of TIFA protein is 0.724. The raw experimental data was analyzed by
Sedfit (http://www.analyticalultracentrifugation.com/default.htm) and the plots of c(s, fr)

and molecular mass versus the s-value were generated by MATLAB (MathWork, Inc.).
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Chapter 5. FIGURES

Figure 1. Enhancement of TIFA phosphorylation by TNFa stimulation.

Figure 1A. TIFA domain structure and sequence alignment of different TIFA

orthologues.

pT9 R51 K88 N89 E178
1 184
~ - el e — o . —
Human 1 MTSFEDADQIEETVTCLQOQMTY 20
Chimpanzee 1 MTSFEDADQEETVTCLOMTY 20
Marmoset 1 MSSFEDADQEEETVTCLQITYV 20
Rabbit 1 MSSFEDADNEETVWTCLOMTW 20
Mouse 1 MSTFEDADQEETVTCLQMT I 20
Cattle 1 MSSFEDADQIEEMVTCLQMTL 20
Horse 1 MSSFEDADQEETLTCLQMTY 20
Chicken 1 MTSFEEDEQUEETATCLHMTF 20
Frog 1 MDETLNVDRREQTLTCLTLTM 20
Salmon 1 MELSHTMEREELMTCLQ IQL 20

Figure 1. (A) Schematic overview of TIFA domain structure (top) and N-terminal
sequence alignment of different TIFA orthologues from the indicated organisms (bottom).
Over-expressed human Flag-TIFA protein is phosphorylated at threonine 9 (colored in
dark gray).
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Figure 1B. MS spectrum of TIFA peptide containing pT9.
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Figure 1. (B) The MS? spectrum of peptide containing pT9 in TIFA. The precursor ion

827.2816"" is from ADPMTSFEDAD(pT)EE.
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Figure 1C. Phosphorylation status of over-expressed TIFA.

pTIFA TIFA
4 A
S a5
(1) |wT a63 /\ +PBS
463 475
(2) |wT NOWAN + TNFa
4.76
(3) |ToA 464 |\ + PBS
4.76
475
5) |lwr A + PBS/PPtase
475
(6) |wT N X + TNFa/PPtase
4.75
4.75
+ TNFo/PPtase
(8) |Toa N o

42 44 46 48 50 52 (o))

30
20
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0

Myc-TIFA WT WT T9A T9A WT WT T9A T9A
PBS + - + - + - + -
TNFo = + = + = + - +
PPtase = = = = 4 4 <+ 4+

% phos.

Figure 1. (C) NanoPro™ immunoassay demonstrates the phosphorylation status of
over-expressed Myc-tagged TIFA WT and T9A mutant with or without TNFa and
phosphatase treatment. The peaks at pl 4.75 and pl 4.63 are assigned to unphosphorylated
TIFA and singularly phosphorylated TIFA, respectively. The bar graph in the lower panel
represents the ratios of peak areas of singularly phosphorylated TIFA over total TIFA in

percentage. The results represent mean * SD from at least 3 independent experiments.
60



Huang, Chia-Chi Flora

Figure 1D. Phosphorylation status of endogenous TIFA.

pTIFA TIFA
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(4) A\ ~ +TNFo/PPtase
44 46 48 50 52 54 (py

Figure 1. (D) NanoPro™ immunoassay of endogenous TIFA. The conditions were the

same as those in (C). The pl values differ from the peaks in (C) due to lack of the Myc tag.
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Figure 1E. In vitro kinase assay.

TNFo = = = =
Lysate + + <+ <+

WT(mg) - 10 30 30 30 = = = 30
T9A(Mg) = = = =

PPtase = = = = + = - + .

Lane 1 2 3 4 5 6 7 8 9

Figure 1. (E) Recombinant TIFA or T9A mutant were incubated with [y->’P]JATP and
lysates from cells treated with or without TNFa for 30 min. During incubation, alkaline

phosphatase (PPtase) was added as indicated. The reaction mixtures were separated by

SDS-PAGE and the bands were revealed by autoradiography.
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Figure 1F. Identification of kinase for TIFA T9 phosphorylation.
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Figure 1. (F) The experimental conditions were the same as those in (E) except the
inclusion of caffeine or inhibitor cocktails for AKT, IRAK, TAK, or PKC (Go 6976 and

Go 6983).
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Figure 2. pT9 and FHA domain are required for TIFA self-association.

Figure 2A. TIFA pT9 is important for TIFA-TIFA association.
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Figure 2. (A) The Flag-tagged WT and Myc-tagged WT and T9A were co-expressed in

HEK 293T cells. The anti-Flag coated Dynabeads’™ was used in immunoprecipitation (IP).

The co-precipitated proteins were detected by anti-Myc antibody in immunoblotting. The

whole cell extracts (WCE) used as IP inputs are shown in the right panel. PPtase or EDTA

was included as indicated.
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Figure 2B. Sequence alignment of different FHA domain proteins.

TIFA 47 VKFEBRINSNIBHYTFQD - » - - KAV - = v = = = v = & F 70
CHK2 113 YWFEIRADKS - BEYCFDE- - - - PLLKRTDKYRTYEKKEIF 144
RADS3 * 66 WTFEANPA - BEDYHLGN- - - ISRL- -+~ =+« - F 89
DUN1 56 TTIESRS-BOVILSE- - - -PDl-c-v-ono.. A 78
MDC1 54 NVVERIMPD - BISVALPF - - - -PS|-=-=-u.... A 76
KI67 27 CLFEJRG IE-BD IRIQL- -« - PVV. - oo oo C 49
KAPP 208 VKLEMIVSP - SDLALKD - - - - SEV - =« -+« + . A 230
ODHI 68 TTAEIHHPE - SDIFLDD - « - - VTV - o oo oo : A 90
RNFS 38 VTVEIRHGF G - VTYQLVSKICPLMI = = « = = = = = « C 64
TIFA 71 SLOLFKKFNSSVLSFE- - -+« =+« | MSKKTHL I v 98
CHK2 145 RIFRE- - - - - - VGPKNSYIAYIEDHSERIGTFV - NTEL 174
RADS3* 90 QILLG -« -+« -+« EDGNLLLND | SplllG TWL - N6Q K 115
DUN1 79 EFHLL- - -QMDVDNFQRNL INVIDKSERIGTF | - NGNR 111
MDC1 7T EIEIL- - - - - - - AWDKAP ILRDCGS[MIGTQILRPPK 105
KI67 80 KIEN - - » « o @000 HEQEAILHNFSSplIPTOQV - NGSYV 75
KAPP 231 Q1 TWN- &0 STKFKWELVDMGS TLV-NSHS 258
ODHI 91 EFRIN- =+« .« - - .. EGEFEVVDVGS[MIGTYV - NREP 116
RNF8 66 VLKAON:- - -/~ .ol . PEGQWT IMDNKS[HG vwL - NRAR 91

Figure 2. (B) Sequence alignment of the conserved pT-contacting residues within the FHA
domain of different FHA domain-containing proteins. Conserved residues among
homologues are colored in light gray. The residues chosen for mutation in this work are

labeled in dark gray. RADS53 % : RADS53 FHAL.

65



Huang, Chia-Chi Flora

Figure 2C. TIFA FHA domain is important for TIFA-TIFA association.

IP: a-Flag WCE

Flag-TIFA  WT WT WT WT WT WT WT WT WT WT
Gal-TIFA' WT RKN R51A K88A N89A WT RKN R51A K88A N89SA

i ———— F % % T
oot [ a8 &1

Figure 2. (C) The effect of FHA domain mutations on the self-association of TIFA. The
experiments were performed as described in (A), except that the co-precipitated TIFA and

its mutants were detected by anti-Gal antibody. RKN: RSTAK88ANS9A.
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Figure 2D. In vitro binding of TIFA with pT9 peptides.
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Figure 2. (D) ITC analysis of the in vitro binding of TIFA WT and its R51A and

R51AK88A (RK) mutants with the T9-peptide [ MTSFEDADTEETVT"] or pT9-peptide

['MTSFEDAD(pT)EETVT']. Binding was observed only when the WT TIFA was

incubated with the pT9-peptide.
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Figure 3. Expression and purification of recombinant TIFA.

Figure 3A. Salt concentration screening for recombinant TIFA purification.

[NaCl] 50mM 100mM 150mM 200mM 250mM 300mM

Figure 3. (A) Screenings of optimal purification conditions for full-length recombinant
TIFA WT protein. The wash 1 (W1) buffer contained 50mM Tris-HCI (pH 8.0), various
concentrations of NaCl (as indicated), and 40mM Immidazole. The contents of wash 2
(W2) buffer and elution (E) buffer were the same as that of W1 buffer except 80mM and
400mM Immidzaole were used, respectively. TIFA protein remains stable in a very narrow

range of salt concentrations, from 200mM to 250mM.
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Figure 3B. Human TIFA secondary structure prediction.

1 HTSFEDADTEETYTCLOMTYYHPGOLOCG [FOSTSFHEEELPSSEY. 46

47  VEFGRNSNICHYTFODEQVSRVOFSLOLFEEFNSSVLSFEIENMSE 92

93  ETHLIVDSELGEYLWEMDLPYRCHMYEFGEYOFLMEEEDGESLEFFE 138

139 TOFILSPRSLLOENNWEPHEPIPEYGTVSLCSSQSSSPTEMDENES 184

Figure 3. (B) Prediction of the secondary structure of human TIFA protein using Jpred.
[B-sheets regions are labeled as “E” in orange color and a-helices regions are labeled as
“H” in magenta color. Unstructured turns or random coils are indicated by dashes “-”
Residues of TIFA FHA domain are highlighted in blue color, but the structural boundary

for the conserved FHA domain folding is predicted to be the region shadowing in light

green color.
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Figure 3C. CD analysis of recombinant TIFA.
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Figure 3. (C) CD analysis of recombinant TIFA. Data was calculated and fitted using

CDSSTR method (variable selection method: reference set 7). About 24% of the structure

was predicted to be B-sheets, 7% to be a-helices, 12% to be turns and 54% to be random

coils.
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Figure 3D. HSQC TROSY spectrum of recombinant TIFA.
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Figure 3. (D) Two HSQC TROSY spectra of recombinant TIFA WT protein in different
protein concentrations were overlaid. The concentration of the protein sample (Red batch)
was 2.5 fold greater than the other batch (Blue batch), thus the intensity for the new
spectrum improved nearly 7 fold. A few tiny signals appeared only in highly concentrated
Red batch suggested potential partial degradation of the sample (signal detected because it
was intensified due to the increased protein concentration). Most peaks matched well
(rough peak count: ~200) and the peak distribution pattern suggested that TIFA protein has

conformation (3-sheets: scattered peaks, random coils: in the middle).
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Figure 3E. 1-D NMR spectrum of recombinant TIFA.

10 9 8 7 6 5 4 3 2 1 rpm

Figure 3. (E) 1-D NMR spectrum of recombinant TIFA WT protein. Tris buffer was
exchanged to phosphate (NaH,POs) buffer during sample preparation. However, Tris
buffer was accidentally mixed into D,O while adjusting the salt concentration, thus a large
Tris reaction peak was observed at around 4 ppm. The peaks enlarged at the region of 6~10
ppm suggested that several NH groups were protected by the structure thus the folding

seemed fine for the TIFA WT protein.
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Figure 3F. Purification of truncated TIFA.
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Figure 3. (F) Purification of full-length and truncated TIFA proteins that have His-tag at
different positions. Full-length recombinant TIFA with the His-tag at the C-terminus
seemed to achieve the best expression yield, purity, quality (least degradation observed)

and stability.
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Figure 4. TIFA exists as an intrinsic dimer in solution.

Huang, Chia-Chi Flora

Figure 4A & B. Size-exclusion chromatography and AUC analysis of recombinant

TIFA WT and mutants.
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Figure 4. (A) Size-exclusion chromatography (HiLoad 16/60 Superdex 75 pg column) and

(B) AUC analysis show that recombinant TIFA and mutants exist as dimers in solution.
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Figure 4C. Recombinant TIFA in different concentrations.
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Figure 4. (C) Recombinant TIFA WT appeared as a dimer from low (0.5 mg/mL) to high
(2 mg/mL) protein concentrations in size-exclusion chromatography (Superdex 75 10/300

GL column).
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Figure 4D. AUC analysis of recombinant TIFA with peptides.
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Figure 4. (D) AUC analysis of WT recombinant TIFA alone (I), with the T9-peptide (II)
or pT9-peptide (III). The concentration of TIFA WT used was 10 mM and the peptides

were presented at a molar ratio of 1:10 (protein: peptide).
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Figure 4E. TIFA not dimerize through disulfide bonds.

His-TIFA WT T9A

BME 4+ - + -
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Figure 4. (E) TIFA remained in the monomeric form on SDS-PAGE in a non-reduced

condition, demonstrating that TIFA did not dimerize through disulfide bonds.
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Figure 5. Crystallization of recombinant TIFA.

Figure 5A. Purification and MS analysis of full-length TIFA.

1 - Marker

2 - Crude lysate

3 - Flow through after Ni binding
4 - Wash (Binding buffer only)
5-Wash 1 (Immidazole 40 mM)
6 - Wash 2 (Immidazole 60 mM)
7 - Wash 3 (Immidazole 80 mM)
- _ 8 - Elution (Immidazole 400 mM)

25kD

TRAF-interacting protein with a forkhead-associated domain [Homo sapiens]
Sequence Coverage: 72%
1 MTSFEDADTE ETVTCLOMTYV YHPGQOLQCGI FQSISFNREK LPSSEVVKFG
51 RNSNICHYTF QDKQVSRVQF SLOLFKKFNS SVLSFEIKNM SKKTNLIVDS

101 RELGYLNKMD LPYRCMVRFG EYQFLMEKED GESLEFFETQ FILSPRSLLQ
151 ENNWPPHRPI PEYGTYSLCS SQSSSPTEMD ENESLEHHHH HH

Figure 5. (A) Purified full-length recombinant TIFA WT protein was digested by enzymes
trypsin together with chymotrypsin and analyzed by MS. With a purity greater than 95%
and a peptide sequence coverage of 72%, human TIFA WT protein obtained was

confirmed to contain no mutation(s) and was then used for crystallization.
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Figure 5B. Native and Se-Met TIFA protein crystals.

Native TIFA Native TIFA Native TIFA

= e =

Native TIFA Native TIFA

Se-Met TIFA Se-Met TIFA

Figure 5. (B) Native and Se-Met labeled TIFA crystals in different crystallization

conditions all appeared to be thin but long (needle/rod shape).
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Figure 5C. Low sequence homology between FHA proteins.

65 116 600 664
Rad53 FHA1 Kinase FHA2
(yeast)
55 112
Dunf FHA Kinase 513
(yeast)
112
Chk2 - FHA Kinase 543
(human)
26 76
Kie7 \
(human) i \
TIFA 46 103
184
(human) il

821

3256

Figure 5. (C) For molecular replacement, only less than 40% of TIFA may find a few models

(other solved FHA domain structures, indicated in blue color) that share low sequence

homologies.
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Figure 5D. Heavy atom soakings for native TIFA crystals.

Native TIFA + AuCl, Native TIFA + AuClI,

Native TIFA + AuCl, Native TIFA + AuCl,
Native TIFA + CH,BrHg Native TIFA + C,H,HgNaO,S

Figure 5. (D) Native TIFA crystal soaked in crystallization buffer with additive (ATP),
cryo-protectant (22% PEGI1500) and heavy atom (ImM AuCl;, CH3;BrHg or

CyHoHgNaO,S) for the time indicated.
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Figure 5E. Purification and MS analysis of Se-Met TIFA.

Se-Met Se-Met TIFA with 7 Met replaced
M TIFA
—_— 23017.2
_+1 adduct

g = + 2 adduct

= =

B i

g =

E = ~+ 3 adduct

25kD s
.| | #4adduct

Mass, amu

Match to: gi|33563370 Score: 7846

TRAF-interacting protein with a forkhead-associated domain [Homo sapiens]

Sequence Coverage: 66%

1 mSFEDADTE ETVTCLOQMTV YHPGQLQCGI FQSISFNREK LPSSEVVKFG
51 RNSNICHYTF QDKQVSRVQF SLQLFKKFNS SVLSE‘EIKIE SKKTNLIVDS
101 RELGYLNHP LPYRCMVRFG EYQFIHEKED GESLEFFETQ FILSPRSLLQ
151 ENNWPPHRPI PEYGTYSLCS SQSSSPTEMD ENES

Se-Met identified: M1, M90, M109, M126

Figure 5. (E) Purified Seleno-methionine (Se-Met)-labeled recombinant TIFA protein was
digested by enzymes trypsin together with GluC and analyzed by MS. It was confirmed
that four among a total of seven methionine residues in TIFA have been labeled with

selenium. The Se-Met TIFA protein was further subjected to crystallization as well.
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Figure 5F. Diffraction patterns of different TIFA crystals.

Native TIFA + AuCl, Native TIFA + AuCl,

Se-Met TIFA Se-Met TIFA

Figure 5. (F) Native TIFA crystals soaked with heavy atom Au or Se-Met labeled TIFA
crystals mounted in cryo-loops (left) were subjected to synchrotron radiation. The advance
collecting mode allowed the beam to move gradually along the long axis of the targeted
crystal during data collection. Red squares indicate the regions exposed to radiation.

Diffraction patterns (right) for these crystals.
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Figure 6. TIFA pT9-FHA interaction is required for TIFA oligomerization.

Figure 6A. Oligomerization status of TIFA WT and mutants.

WCE WCE
Myc-TIFA WT T9A Flag-TIFA WT RKN

a-Myc a-Flag
AB0 kD |-
—> L ndl B
242 kD|- ™} ¢

’-‘_ 242 kD
146 kD . 146 kDI & W |

Figure 6. (A) The exogenously expressed Myc-TIFA, Flag-TIFA, and their T9A and RKN
mutants were separated by native gel and detected by Western blot. Arrows indicate the

major bands.
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Figure 6B. In vitro Kinase assay with native gel.

TNFo = = =+ + = +
Lysate + + + + + +
WT(mg) = 20 20 20 = = = 20

TO9A(mg) = = = = 2020 20 =
PPtase = = = # = = =+ .

146 kD
—>

66 kD
o

20 kD q H

Lane 1 2 3 4 5 6 7 8

Figure 6. (B) Autoradiography of native gel shows that the phosphorylated His-TIFA WT
in TNFa-treated cell lysate was up-shifted to a larger molecular weight (indicated by

arrows). No signal was detected when samples were treated with alkaline phosphatase.
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Figure 6C. Immunostaining of TIFA WT and mutants.

T9A R51A K88A

(1) (IV)

Gal (1)

NF-xB

DAPI

Merge

Figure 6. (C) U20S cells ectopically expressing Gal-tagged TIFA/mutants were fixed and
incubated with anti-Gal and anti-NF-xB antibodies followed by FITC-conjugated
anti-mouse IgG and rhodamine conjugated anti-rabbit IgG. The nuclei were counterstained
with DAPI. The fluorescence images were obtained by a Zeiss LSM 510 confocal

microscope. White arrows indicate the aggregations/speckles of Gal-TIFA WT.
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Figure 6D. Co-localization of TIFA and TRAF6 in vivo.

Gal TRAF6 DAPI

() (In (i) (IV)

Figure 6. (D) Co-localization of Gal-TIFA WT and Flag-tagged TRAF6 is indicated by
white arrows in the superimposed images. The experimental condition was the same as that

in (C) except Flag-TRAF6 was recognized by anti-TRAF6 antibody.
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Figure 7. The pT9-FHA binding is involved in TNFa-mediated activation of NF-kB.

Figure 7A. NF-xB activation induced by exogenous TIFA/TRAF2.
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Figure 7. (A) Comparison of activation levels of NF-kB mediated by endogenous

TIFA/TRAF2 or over-expressed TIFA/TRAF2 with or without TNFa stimulation.
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Figure 7B. NF-kB activation mediated by over-expressed TIFA WT and mutants

WCE

Myc-TIFA WT T2A T9A
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Figure 7. (B) HEK 293T cells were transfected with a NF-kB luciferase reporter together
with TIFA WT or its various mutants. NF-kB activation was evaluated by luciferase
activity assays. The bar graph represents fold changes of normalized relative luminescence
unit (RLU). The results are mean + SD from at least 3 independent experiments. Western

blotting on the right shows the expression profiles of mutants used in the experiments.
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Figure 7C. Amount of endogenous TIFA augments upon stimulations
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Figure 7. (C) Changes in the level of endogenous TIFA upon TNFa, IL-1f3, and LPS
stimulations. HEK293T cells were pre-starved at least 8 hours and stimulated. Treated cells
were then harvested at different post-incubation time, lysed, and subjected to WB analysis.
WB shows the endogenous TIFA protein amount after different inflammatory stimulation
in the time course manner. Phospho-IkB (pS32/pS36) and NF-kB (p65) were used as

stimulation controls.
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Figure 7D. TIFA mRNA level remains the same upon TNFa stimulation.
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Figure 7. (D) EtBr staining of amplified cDNA by semi-quantitative RT-PCR in two
different reaction cycles, representing the relative TIFA mRNA transcription levels of
TNFo-stimulated cells. A house keeping gene, GAPDH was used as control. Bar graphs in
the lower panel show the quantification of band intensity of the above EtBr staining for
TIFA. Standard deviations were calculated from at least 3 independent experiments. PBS,

non-treatment control.



Figure 7E. Silencing of TIFA with siRNA.

WCE

SiRNA = = Ctrl TIFA
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Figure 7. (E) HEK293T cells were transfected with TIFA siRNA or scramble RNA (Ctrl).

The efficiency of RNA interference was verified by Western blot from at least 3

independent experiments and plotted as the bar graph shown on the right.
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Figure 7F. Attenuation of NF-xB activation in HEK 293T cells with TIFA silenced.
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Figure 7. (F) HEK 293T cells receiving TIFA siRNA or scramble RNA (Ctrl) were

co-transfected with a NF-kB luciferase reporter and then stimulated with TNFo as

indicated. NF-kB activation was evaluated by luciferase activity assays. The untreated

groups were set as 1. The cell lysates were also analyzed by Western blot. The bar graphs

below represent the fold changes of phosphorylated kB (pS32/pS36) and total NF-xB

(p65) proteins after TNFo treatment.
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Figure 7G. Attenuation of NF-kB activation in THP-1 cells with TIFA silenced.
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Figure 7. (G) The experimental conditions for siRNA transfection were the same as those

described in (E) except the cell line used was THP-1 (human acute monocytic leukemia

cell line). The bar graphs represent the fold changes of phosphorylated IKKa (pT23) and

phosphorylated IxB (pS32/pS36) after TNFa stimulation.
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Figure 8. Interaction of TIFA and TRAF2

Figure 8A. Validation of TIFA-TRAF2 interaction.

WCE IP: a-Flag
TIFA = - - + - TIFA - - + -
TRAF2 - - - - + TRAF2 - - - +
Flag-TIFA = + - - + Flag-TIFA - + - +
Flag-TRAF2 - - + + - Flag-TRAF2 - - + -

a-Flag (TRAF2) | a-TRAF2 —

a-Flag (TIFA) | —— ——

Figure 8. (A) Immunoprecipitation/Co-immunoprecipitation experiment to confirm

TIFA-TRAF?2 interaction in vivo.
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Figure 8B. Co-localization of TIFA and TRAF2 in vivo.

— TRAF2-Alexa 488
— Flag-TIFA-Alexa 594
— DAPI

Figure 8. (B) Co-localization of over-expressed Flag-TIFA WT and non-tagged TRAF2 in
the cytoplasm of HEK293T cells using confocal microscopy (indicated by white arrows in
the superimposed images). The experimental condition was the same as that in Fig. 6(C)
and Fig. 6(D) except TRAF2 was recognized by anti-TRAF2 antibody followed by Alexa
488-conjugated anti-mouse IgG and Flag-TIFA was recognized by anti-Flag antibody
followed by Alexa 594-conjugated anti-rabbit IgG. The nuclei were counterstained with

DAPI.
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Figure 8C. TRAF2 domain structure and sequence alignment with hNIFK.
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Figure 8. (C) Schematic overview of TRAF2 domain structures (top) and C-terminal

sequence alignment of TRAF2 with hNIFK (bottom). Two sites of TRAF2, T349 and S378,

that aligned with the two important phosphorylated threonine residues of NIFK (pT234 and

pT238) are indicated in black boxes. Two other known phosphorylation sites on hNIFK are

highlighted in yellow.
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Figure 8D. MTH assay for TIFA WT and TRAF2 mutants.
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Figure 8. (D) Mammalian Two-Hybrid assay for TRAF2 mutants. T349 and S378 on

TRAF2 are two important sites for TIFA-TRAF2 interaction.
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Figure 8E. TRAF2 phosphorylation sites identified by MS analysis.

1 maaas{i}re EJELLQPGFS KTLLGTELEA KYLCSACRNV LRRPFOAQCG
51 HRYCSFCLAS ILSSGPQNCA ACVHEGIYEE GISILESSSA FPDNAARREV
101 E)eavcesp GCTWKGTLKE Y{SJHEGRCP LMLTECPACK GLVRLGEKER
151 HLEHECcPES){E)rucrarc ceavvimne veexrr{I}p ccoxxxiPRE
201 KFQDHVKTCG KCRVPCRFHA IGCLHIJEGE KQQEHEVQWL REHLANMLLSS
251 VLEAKPLLGD QSHAGSELLQ RCSJEx{i] trENMIVCVLE REVERVAMTA
301 EACSRQHRLD (DKIEAS]X VQQLERSIGL KDLAMADLE(Q KVLEMEASTY
351 DGVFIWKISD FARKRQEAVA GRIPAIFSPA FYTSRYGYKM CLRIYLNGDG
401 [T¥rcTHS]F FVVMKGPNDA LLRWPFNQKV TLMLLDQWNR EEVIDAFRPD
451 VTSSSFQRPV NDMNIASGCP LFCPVSEMEA KNSYVRDDAI FIKAIVDLTG
501 L

Phosphorylation sites identified: T7, $11, $102, $123, S160, S162,
T188, T226, S274, S318, S327,
T401, S408

Figure 8. (E) A total of thirteen TRAF2 phosphorylation sites were identified by MS
analysis. The matched peptides are highlighted in bold red and the identified sites are

boxed in dark and light blue.
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Figure 8F. AUC analysis of exogenous full-length TRAF2.

MW=3604 (Peplide's Peak)
m = Rs=1.39

;”.-l S-Value=0.7

MW=95000 (Dimeric form)
Rs=3.87
S-Value=6.4

Figure 8. (F) AUC analysis suggests that over-expressed full-length TRAF2 is a dimer in

solution.
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Figure 8G. Structure of TRAF2 TRAF domain.

top view

side view

Figure 8. (G) Top and side views of the structures of human TRAF2 TRAF domain solved
by Hao Wu’s group (PDB: 1CA4) using X-ray crystallography. Positions of residues T349

and S378 are indicated as yellow sticks and red labels.
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Figure 9. Proposed TIFA oligomerization model.

TNFa/TNFR

Figure 9. The proposed model for TIFA oligomerization that first takes place via
intermolecular FHA-pT9 binding between TIFA dimers upon TNFoa stimulation, then

leads to TRAF6 (labeled as T6) oligomerization and subsequent NF-kB activation .
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Chapter 6. TABLES
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Table 1. Expression conditions for recombinant TIFA. The optimal conditions are

highlighted in red color.

of cell culture

of cell culture

Expression pET28a (N and pET-Duet (N- PGEX-4T1 (N- pET43.1 (C-
vectors C-terminal His) terminal His) terminal GST) | terminus His)
Host cells BL21 BL21
(DE3) (Codon Plus)
. L Minimal (M9) Minimal (M9)
Media LB Minimal (M9) +N15 + Se-Met
1mL of 1M 600uL of 1M
IPTG amounts IPTG into 1L IPTG into 1L

Incubation 370C 16°C
temperatures

Expression > fAhfs

lengths
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Table 2. Purification conditions for recombinant TIFA. The optimal conditions are

highlighted in red color.

[Salt] 50mM 100mM 150mM | 200mM | 250mM | 300mM
pH 6.5 7.0 7.5 8.0 8.5 9.0
Temperatures 4oC 25°C
Buffers Tris Base Phosphate

Reducing agent p-ME (5mM)

Glycerol (10%) +10%
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Table 3. Different truncation constructs for recombinant TIFA. (E: expression yield. S:

solubility and stability. +: protein expressed in large quantity or remained stable in

solution. —: proteins not expressed, expressed in low yield, degraded, or precipitated. ? :

not yet tested. red highlight: not yet constructed.)

pET28a E :’ﬁﬁ:{% site PET43.1 E| s
HIS-1~184-HIS + GST-1~135 1~184-HIS | + | +
HIS-1~163 - GST-18~135 1-135-HIS | + | -
HIS-11~163 =+ GST-1~150 11~135-HIS | - | -
HIS-11~163-HIS == GST-18~150 18~135-HIS | - =
HIS-1~150 -+ 1-150-HIS | + | -
HIS-11~150 + 11~150-HIS | + | -

18~150-HIS | - -

1~163-HIS | ?2 | ?

11~163-HIS | 2 | ?
pET-Duet pGEX-4T1 PpYES-2CT | E | s
HIS-1~184 + TRAF2 GST-1~184 1~184-HIs | 2 | 2
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Table 4. Screenings of crystallization conditions for native TIFA. The optimized

Huang, Chia-Chi Flora

conditions that can reproduce proteins crystals are highlighted in red.

Buff 0.1~0.2M 0.1~0.2M 0.1~0.2M 0.1M
utters Immidazole malate SPG MES Tris-Base
6.5,7.0,7.5,
pH 7.5,8.0,8.5 19,0580, [ 528515 80,85 90,
e ' 9.5,10.0
4°C, 8°C, 16°C,
Temperatures 4°C, 20°C 40C, 20°C 4°C, 20°C 200C, 250C
5,10, 15%
PEG1500
PEG 1-2% 7.5~27.5% "120412%8 4,6,8,10%
PEG 8000 PEG 1500 PE’G 20000 PEG8000
3,4,5%
PEG10000
EtOH N/A N/A N/A 5,10, 15, 20%
Glycerol N/A N/A N/A 10%
o 0.1M ATP
Additives . N/A N/A disodium salt
P 0.5uL
i 6, 8,10, 12, 15,
Concentrations | 12mg/mL 14mg/mL 14mg/mL 16, 18mg/mL
Hanging vs. Hanging Hanging Hanging Hanging
Sitting Sitting Sitting Sitting Sitting
0.5u1: 1.0u | 22Ut 1.0ul
) 0.8ul : 1.0ul
Protein: 1.0ul : 1.0ul 0.8ul : 1.0ul
. 1.0ul : 1.0ul 1.0ul : 1.0ul
Reservoir e 1.5ul : 1.0ul 1.0ul:1.0ul | o
(Ratio) I 2.0ul : 1.0ul 1.5ul : 1.0ul D
2.0ul : 1.0ul 2.0ul : 1.0ul
DA 2.0ul : 2.0ul
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Table 5. A lot of different cryo-protectants in different percentages were screened for both

native and Se-Met labeled TIFA crystals. PEG1500 (ideal percentage highlighted in red

color) has provided best cryo-protection for the crystals so far.

Ethylene 2-Methyl-2.4-

Glycol pentanediol Glycerol PEG1500
10, 15, 20, 25, | 15, 22, 26, 27, 28~32,
0 o y y ’ 3 ] 1 ] ] ’
20, 30, 100% | 10,15, 25, 100% 30, 100% 33-36, 50%

Perfluoropolyether
PFO-X125/03

Paraffin Qil

Silicon Qil

Al's Qil

50%

100%

100%

100%
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Table 6. Native TIFA crystals were soaked in crystallization buffers containing different

Huang, Chia-Chi Flora

heavy atoms. MAD data sets have been collected for those highlighted in red color.

Heavy atom Au
(Native TIFA)

Heavy atom Pt
(Native TIFA)

Heavy atom
Hg
(Native TIFA)

Gold (l) Potassium Cyanide

Potassium
Tetrachloroplatinate (ll)

Ethyl Mercuric Phosphate

Potassium Tetrachloroaurate (ll1)

Ammonium
Tetrachloroplatinate (lI)

Ethylmercurithiosalicylic Acid,
sodium salt

Sodium Tetrachloroaurate (lll)

Potassium
Hexachloroplatinate (IV)

Mercury (ll) Potassium lodide

Gold (Ill) Chloride

Potassium
Tetranitroplatinate ()

Ethylmercury Chloride

Gold Chloride

Potassium
Tetracyanoplatinate (ll)

Mercury (ll) Cyanide

Gold Potassium Bromide

Dichloroethylenediamine
Platinum (ll)

Methylmercury (ll) Bromide

Potassium
Hexabromoplatinate (IV)

Platinum Potassium
Thiocyanate
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Table 7. Optimized conditions for crystallization of Se-Met labeled TIFA were highlighted

in red color.

Methods Additives (Se-Met TIFA) Protein: Additive (Ratio)
microseeding 0.1M Praseodymium (lll) Acetate 1.0ul : 0.2uL
macroseeding 0.1M Taurine 1.0ul : 0.3uL
microbatch 30% viv Glycerol 1.0ul : 0.5uL
3.0M NDSB-195 1.0uL : 0.7uL
2.0M NDSB-211 1.5uL : 0.5uL
2.0M NDSB-221 1.5uL : 1.0uL
40% viv n-Propanol
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Table 8. Statistics of two best data sets collected from native and Se-Met labeled TIFA

protein crystals.

Native TIFA Crystal Se-Met TIFA Crystal

Data collection
Space group P321 P321
Cell dimensions

a. b, c(A) 41.21 41.21 17891 41.21 41.21 178.91

o, B,y (%) 90.00 90.00 120.00 90.00 90.00 120.00
Wavelength 0.9 0.979247 0.97893 0.96400
Resolution (A) 2.3 3.0 3.0 3.0
Completeness (%o) 99.8 99,9 99,4 99,4
Redundancy 8.4 7.9 7.8 7.7
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Table 9. All TIFA mutants in different vectors for different experiments.

pcDNA3.1 pCMV-Tag2a
G50A G50A | T12A R51AS66ARG7A
R51A R51A | T14A R51AK88ANS9A
N52A N52A | T19A G50AR51AS66ARG7A
S66A S66A | E178A Myc + pcDNA3.1
R67A R67A | T9D T2A
R51AS66A K88A | R51AS66A TIA
G50AR51AS66A N89A | R51AKS8A T12A
R51AS66AR67A T2A | R51ANS9A T14A
G50AR51AS66AR67A | T9A | G50AR51AS66A | T19A

pPBIND
G50A R51AS91A G50AR51ASB6ARG7A
R51A R51ATO4A R51AS66AR67AKSSA
N52A R51AN95A R51AS66AR67ANSIA
S66A K8BANBIA R51AS66AR67AKSSANSIA
R67A R51AK88A R51AS66AR67AKI3ATI4A
K88A R51ANS9A R51AS66AR67AKI3ATI4ANISA
N89A G50AR51AS66A | R51AS66AR67AKI2AKI3ATI4ANISA
E178A R51AS66AR67TA | R51AS66AR67TAKSSANSIAKIZAKIZA
R51AS66A | R51AK88ANS9A | T94AN9ISA
PACT pET43.1

G50A | R51AS66A ToA | R51AK88A
R51A | G50AR51AS66A R51A | R51AN89A
N52A | R51AS66AR67A K88A | R51AK8BANS9A
S66A | G50AR51ASG6AR6E7A N89A
R67A G50A
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Table 10. All TRAF2 mutants constructed for mammalian two-hybrid assay.

pcDNA3.1 pCMV-Tag2a pACT pBIND
S348A S348A S348A S348A
T349A T349A T349A T349A
S378A S378A S378A S378A
T383A T383A T383A T383A
T349D T349D T349D S348AT349A
s378D S378D S378D T349AS378A
T349E T349E T349E T349AT383A
s378C S378C S378C
S348AT349A S348AT349A S348AT349A
T349AS378A T349AS378A T349AS378A
T349AT383A T349AT383A T349AT383A
T349DsS378D T349DS378D T349DS378D
T349ES378C T349ES378C T349ES378C
A420DL421M A420DL421M A420DL421M
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Intermolecular Binding between TIFA-FHA and TIFA-pT Mediates
Tumor Necrosis Factor Alpha Stimulation and NF-kB Activation

Chia-Chi Flora Huang,>?<¢ Jui-Hung Weng,*?<¢ Tong-You Wade Wei,>? Pei-Yu Gabriel Wu,>? Pang-Hung Hsu,>® Yu-Hou Chen,®®
Shun-Chang Wang,® Dongyan Qin,® Chin-Chun Hung,? Shui-Tsung Chen,? Andrew H.-J. Wang,? John Y.-J. Shyy,f and

Ming-Daw Tsai®P<4

Institute of Biological Chemistry, Academia Sinica, Taipei, Taiwan?; Genomics Research Center, Academia Sinica, Taipei, Taiwan®; Taiwan International Graduate Program,
Academia Sinica, Taipei, Taiwan<; Institute of Biochemical Sciences, National Taiwan University, Taipei, Taiwan®; Department of Chemistry, National Tsing Hua University,
Hsinchu, Taiwan®; and Division of Biomedical Sciences, University of California, Riverside, California, USA'

The forkhead-associated (FHA) domain recognizes phosphothreonine (pT) with high specificity and functional diversity. TIFA
(TRAF-interacting protein with an FHA domain) is the smallest FHA-containing human protein. Its overexpression was previ-
ously suggested to provoke NF-kB activation, yet its exact roles in this signaling pathway and the underlying molecular mecha-
nism remain unclear. Here we identify a novel threonine phosphorylation site on TIFA and show that this phosphorylated threo-
nine (pT) binds with the FHA domain of TIFA, leading to TIFA oligomerization and TIFA-mediated NF-kB activation. Detailed
analysis indicated that unphosphorylated TIFA exists as an intrinsic dimer and that the FHA-pT9 binding occurs between differ-
ent dimers of TIFA. In addition, silencing of endogenous TIFA resulted in attenuation of tumor necrosis factor alpha (TNF-a)-
mediated downstream signaling. We therefore propose that the TIFA FHA-pT9 binding provides a previously unidentified link
between TNF-« stimulation and NF-kB activation. The intermolecular FHA-pT9 binding between dimers also represents a new

mechanism for the FHA domain.

he forkhead-associated (FHA) domain, discovered in 1995

(10) and first suggested to bind phosphoproteins in 1998 (24),
is known to specifically recognize phosphothreonine (pT) to exert
its function (5, 20). Although the sequence homology among dif-
ferent FHA-containing proteins is relatively low, the structural
architecture of FHA domains is highly conserved. It contains a
six-stranded B-sheet and another five-stranded 3-sheet, forming a
B-sandwich. The FHA-pT binding has been shown to regulate
diverse biological functions, ranging from DNA damage repair to
cell cycle checkpoints to signal transduction (18). Furthermore,
the mechanism of FHA-phosphoprotein binding varies greatly
among different FHA-containing proteins. The structure, speci-
ficity, mechanism, and biological functions of FHA domains have
been summarized in recent reviews (16, 18).

TRAF-interacting protein with an FHA domain (TIFA) was
first identified as a tumor necrosis factor (TNF) receptor-associ-
ated factor 2 (TRAF2) binding protein. Consisting of 184 amino
acids, TIFA is the smallest FHA domain-containing protein in
humans (Fig. 1A). In the absence of TNF-a stimulation, TIFA
overexpression in HEK 293T cells can activate NF-kB and AP-1
(14), suggesting a direct involvement of TIFA in TNF-mediated
immune responses. This involvement of TIFA was further attrib-
uted to the binding of TRAF2, which requires the TRAF domain of
TRAF2 and almost the entire TIFA protein (residues 1 to 162)
(14). TIFA was also reported to bind to TNF-associated factor 6
(TRAF6) (25). The consensus binding site of TIFA for TRAF6 was
mapped to be glutamic acid 178 (E178) (11, 25), indicating differ-
ent binding mechanisms in TIFA-TRAF2 and TIFA-TARF6 inter-
actions. In addition, TIFA overexpression, even in the absence of
interleukin-1 (IL-1), was shown to activate NF-kB and c-Jun amino-
terminal kinase (JNK), possibly through its enhancement of
TRAF6 binding to IL-1 receptor-associated kinase 1 (IRAK-1). On
the other hand, mutation of E178 abolished the binding of TIFA to
TRAF6 and the ensuing activation of NF-«kB (25). In a follow-up
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report, TIFA was shown to promote oligomerization and ubiq-
uitination of TRAF6, leading to activation of IkB kinase (IKK),
based on in vitro studies (6).

Although the studies of Takatsuna et al. (25) and Ea et al. (6)
have previously established the key function of TIFA in its inter-
action with TRAF6, several issues still remain inconclusive. For
example, TIFA has been suggested to be phosphorylated, and the
integrity of the FHA domain of TIFA is essential for its function (6,
25), but little information has been unveiled about the molecular
basis of TIFA phosphorylation and its functional consequences.

In this work, we report that threonine 9 (T9) is a newly iden-
tified phosphorylation site of TIFA and that the phosphorylation
level of T9 increases upon TNF-«a treatment. Based on data col-
lected here, we concluded that TIFA-FHA binds to this pT9 site.
Such a TIFA-FHA/pT9 binding directs TIFA self-association and
promotes NF-kB activation through the oligomerization process.
We also observed in vivo speckle formation of oligomerized TIFA
which colocalizes with TRAF6. Further biophysical analyses indi-
cate that TIFA-FHA/pT9 binding occurs between dimers of TIFA,
leading to oligomerization. Moreover, our studies suggest that the
TNF-a-mediated signaling is attenuated when endogenous TIFA
is knocked down. Thus, we propose that FHA/pT9 binding of
TIFA is a critical link between TNF-a stimulation and NF-«kB
activation. Our findings provide not only a new molecular insight
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TIFA Oligomerizes via FHA-pT To Activate NF-kB
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FIG 1 Enhancement of TIFA phosphorylation by TNF-a stimulation. (A) Schematic overview of TIFA domain structure (top) and N-terminal sequences of
TIFA orthologues from different species (bottom). T9 is highlighted in dark gray. (B) MS/MS spectrum of the peptide containing pT9 in TIFA. The precursor ion
827.2816°" is from ADPMTSFEDAD(pT)EE. (C) NanoPro immunoassay demonstrates the phosphorylation status of overexpressed Myc-tagged WT and T9A
mutant TIFA with or without TNF-a and phosphatase treatment. The peaks at pI 4.75 and pI 4.63 are assigned to unphosphorylated TIFA and singly
phosphorylated TIFA, respectively. The bar graph in the lower panel represents the ratios of peak areas of singly phosphorylated TIFA to total TIFA. The results
represent means = standard deviations (SD) from at least 3 independent experiments. (D) NanoPro immunoassay of endogenous TIFA. The conditions were the
same as those for panel C. The pI values differ from the peaks in panel C due to lack of the Myc tag. (E) Recombinant TIFA or the T9A mutant was incubated with
[y-*P]ATP and lysates from cells treated with or without TNF-a for 30 min. During incubation, alkaline phosphatase (PPtase) was added as indicated. The
reaction mixtures were separated by SDS-PAGE, and the bands were revealed by autoradiography. (F) The experimental conditions were the same as those for
panel E except for the inclusion of caffeine or inhibitor cocktails for AKT, IRAK, TAK, or PKC (Go 6976 and Go 6983).
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into the TNF-a-mediated signaling pathway but also a new func-
tional mechanism of FHA-containing proteins.

MATERIALS AND METHODS

Cell culture. The human embryonic kidney (HEK) 293T cell line and
human osteosarcoma cell line U20S were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) (Gibco). The human acute monocytic leu-
kemia cell line THP-1 was cultured in Roswell Park Memorial Institute
medium (RPMI 1640) (Gibco). All media were supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Gibco), 200 mM L-glutamine
(Gibco), 100 U/ml penicillin (Gibco), 100 pg/ml streptomycin (Gibco),
and 1% sodium pyruvate (Gibco). Cells were kept in a 37°C incubator
with 5% CO,. Cells were starved by replacing the complete medium with
serum-free DMEM 8 to 10 h prior to the addition of 50 ng/ml of TNF-« at
the indicated time points.

TIFA plasmids and recombinant protein. The His-tagged human
TIFA wild-type (WT) protein and various mutants were expressed in
Escherichia coli BL21 Codon Plus and affinity purified with nickel resin
(Millipore). Approximately 30 mg of purified recombinant His-TIFA was
applied to a HiLoad 16/60 Superdex 75-pg column or a Superdex 75
10/300 GL column (GE Healthcare). The separated fractions were ana-
lyzed by 15% SDS-PAGE, and proteins were visualized by Coomassie blue
staining. Other plasmids involved in this study, including Flag-tagged
pCMV-Tag2a (Stratagene), pcDNA3.1-Myc (EQKLISEEDL) (Invitro-
gen), pNF-kB-Luc (Clontech), His-tagged pET43.1a (Novagen), and Gal-
tagged pBIND (Promega), were obtained from commercial sources.

RNA interference. Two hundred picomoles of double-stranded small
interfering RNA (siRNA) oligomers (Invitrogen) corresponding to the
sequence of TIFA (UCAGGACAAACAGGUUUCCCGAGUU) or scram-
ble control oligomers (Invitrogen) was transfected into HEK 293T or
THP-1 cells. Cells were collected after 72 h of incubation.

Antibodies. The anti-TIFA monoclonal antibody (MAb) was pro-
duced by the core facility at IBC, Academia Sinica. Other MAbs used in the
current study are anti-Flag (Sigma), anti-Myc (Millipore), anti-Gal (Ab-
cam), anti-B-actin (GeneTex), anti-His (Signal Chem), anti-pIKKa
(pT23) (Abcam), anti-pIkB (pS32/pS36) (Santa Cruz), and anti-NF-kB
p65 (Millipore). The polyclonal antibodies used in this work are anti-
NE-kB p65 (Santa Cruz), horseradish peroxidase (HRP)-conjugated anti-
mouse 1gG (Millipore), fluorescein isothiocyanate (FITC)-conjugated
anti-mouse IgG (Millipore), and rhodamine-conjugated anti-rabbit IgG
(Millipore).

NanoPro immunoassay. The NanoPro immunoassay method in-
volves separation of cell lysates in the capillary isoelectric focusing (IEF)
step, followed by analysis of specific protein isoforms (i.e., different phos-
phorylation forms of TIFA) using conventional immune detection (19).
Cells were collected and centrifuged at 1.0 krpm for 5 min. The cell pellet
was then resuspended in 250 pl Bicine-CHAPS {3-[(3-cholamidopro-
pyl)-dimethylammonio]-1-propanesulfonate} lysis buffer plus 1X di-
methyl sulfoxide (DMSO) inhibitor mix and 1X aqueous inhibitor mix.
The cell lysates were cleared by centrifugation at 13.2 krpm for 1 h at 4°C.
When indicated, 5 mg total cell lysate was incubated with alkaline phos-
phatase (Fermentas) together with 10X reaction buffer at 37°C for 1 h.
Final supernatants were transferred to a fresh tube and snap-frozen with
liquid nitrogen. The nanofluidic proteomic immunoassay was performed
with the NanoPro-1000 system. Cell lysate was diluted to 2X the final
protein concentration in Bicine-CHAPS buffer in the presence of DMSO
inhibitor mix and 20 mM dithiothreitol (DTT). Diluted cell lysate was
combined with an equal volume of IEF buffer solution (50% [vol/vol] pH
3 to 10 premix solution, 50% [vol/vol] Servalyte, pH 3 to 6), 1 uM pI
standard 4.4, and 1 uM pl standard 5.5. The charge-based separation was
performed in a capillary at 45,000 wW for 40 min, and immobilization was
by 80 s of irradiation with UV light. After separation and immobilization,
the sample was incubated with primary antibody for 120 min. Each over-
expressed sample was then incubated with HRP-conjugated goat anti-
mouse IgG for 1 h. Endogenous sample was detected by biotin-labeled
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goat anti-rabbit IgG for 1 h followed by 10 min of incubation with strepta-
vidin (SA)-HRP-conjugated antibody. Chemiluminescence signals for
the target proteins were detected by adding luminol and peroxide XDR
detection reagents and analyzed with the Compass software.

In vitro kinase assay. After washing with phosphate-buffered saline
(PBS), TNF-a-stimulated or nonstimulated 293T cells were lysed with
CHAPS lysis buffer. The cell lysates were precleaned with sheep anti-
mouse IgG M-280 Dynabeads (Invitrogen) at 25°C for 30 min and then
incubated with the recombinant His-tagged wild-type or T9 mutant TIFA
in a buffer containing 40 mM HEPES (pH 7.5), 20 mM MgCl,, 100 puM
ATP, and 1 mCi/ml [y->*P]ATP (Perkin-Elmer) at 37°C for 30 min. His-
TIFA was pulled down with M-280 Dynabeads coated with anti-His MAb.
The reaction was terminated by addition of SDS sample buffer and heat-
ing at 95°C for 10 min prior to SDS-PAGE.

Coimmunoprecipitation analysis. The protein-coding sequences of
TIFA c¢DNA were subcloned into the expression vector pCMV-Flag or
pcDNA3.1-Myc. HEK 293T cells (~2 X 107) were cotransfected with 3 g
of the expression vectors containing Flag-TTFA and Myc-TIFA using Jet-
PEI (Polyplus transfection). After 36 h, cells were lysed with TNE bulftfer,
containing 10 mM Tris-HCI (pH 7.8), 1% NP-40, 0.15 M NaCl, 1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1X protease
inhibitor cocktail. An amount of 6.5 g of anti-Flag MAb was precoated
with M-280 Dynabeads overnight at 4°C. The cell lysates were incubated
with anti-Flag-Dynabeads at 4°C overnight. The protein-bead complex
was then washed with TNE buffer and 1X Tris-buffered saline-Tween 20
(TBST) buffer. The immunoprecipitates were then eluted using 50 g of
the 3X Flag peptide (Sigma) and subjected to Western blot analysis.

Western blotting. For Western blotting, cell lysates were separated by
15% SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF)
membrane (Perkin-Elmer). The membranes were then blotted with pri-
mary antibody at 4°C overnight followed by HRP-conjugated anti-mouse
IgG. The blotted protein bands were revealed by the ECL system (Milli-
pore).

Native PAGE experiment. For the native PAGE experiment, cells were
lysed using the NativePAGE (Invitrogen) sample buffer in the presence of
10% n-dodecyl B-p-maltoside (DDM) and 5% digitonin. After centrifu-
gation at 4°C for 1 h, the whole-cell lysates were separated by gradient
PAGE (4 to 16%). A buffer containing 0.5 M Tris base (pH 9.2) and 0.5 M
glycine was used for protein transfer. After transfer, the PVDF membrane
was incubated in 20 ml of 7.5% acetic acid for 15 min at room temperature
to fix the proteins. The membrane was subsequently rinsed with methanol
and deionized water to remove the residual Coomassie blue G-250 dye.
Finally, TIFA proteins were detected by Western blot analysis using mouse
anti-Flag antibody or mouse anti-Myc antibody.

NF-kB activation assay. 293T cells in 6-well plates were transiently
transfected with 1.5 pg of the TIFA WT or mutant expression plasmids
together with 1.5 g of the pNF-«kB-Luc reporter. After 36 h, cells were
lysed with 1X passive lysis buffer (Promega) and 20 .l of cell lysates was
dispensed into a 96-well plate, followed by addition of 100 wl of lyophi-
lized luciferase assay substrate (LARII) (Promega) and 100 pl of Stop &
Glo reagent (Promega). The luciferase activity was measured as relative
luminescence units (RLU). When indicated, Western blot analysis for the
total cell lysate was carried out in parallel in order to confirm the expres-
sion levels of each sample. The firefly luciferase readings were then nor-
malized to the internal Renilla luciferase readings as well as the corre-
sponding band intensities of the samples.

Immunostaining. An amount of 7 X 10° U20S cells seeded on cov-
erslips was transfected with 3 pg of TIFA or mutant vectors. At 36 h
posttransfection, cells were washed with cold PBS and fixed with 4% para-
formaldehyde (Electron Microscopy Sciences) for 30 min. Cells were per-
meabilized with 0.2% Triton X-100, blocked with PBS containing 10%
bovine serum albumin (BSA), and then incubated with primary antibod-
ies, fluorescence-labeled secondary antibodies, and DAPI (4',6'-di-
amidino-2-phenylindole) sequentially. Fluorescence image sections were
taken by Zeiss LSM 510 confocal microscopy.
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Mass spectrometry (MS) analysis. The phosphorylation sites were
analyzed using high-resolution and high-mass-accuracy nanoflow liquid
chromatography-tandem MS (LC-MS/MS) on a linear quadrupole ion
trap-Fourier transform (LTQ-FT) ion cyclotron resonance mass spec-
trometer (Thermo Fisher Scientific) with procedures described previously
(8).

ITC analysis. Isothermal titration calorimetry (ITC) experiments
were performed using a MicroCal iTC200 instrument (Northampton,
MA). Two TIFA N-terminal peptides, i.e., MTSFEDADTEETVT and MT
SFEDAD(pT)EETVT (2 mM), were used to titrate TIFA protein (100
uM) at 25°C in the calorimeter cell (0.2044 ml) with automatic injections
of 1.6 pl each time. With the use of software provided by the manufac-
turer, each peak corresponding to the injection was integrated and cor-
rected with baseline. The titration heat had been calculated to eliminate
the effect of heat generated from diluting the ligand into buffer. Thermal
data were fitted to a two-independent-site binding model to yield the
value of the equilibrium dissociation constant (K,,).

Analytical ultracentrifugation (AUC) analysis. Sample and buffer
were loaded into a 12-mm standard double-sector Epon charcoal-filled
centerpiece and mounted in an An-60 or An-50 Ti rotor of a Beckman
Coulter XL-I analytical ultracentrifuge (Fullerton, CA). The rotor speed
was 40,000 rpm at 20°C. The signal was monitored at 280 nm. The partial
specific volume of TIFA protein is 0.724. The raw experimental data were
analyzed by Sedfit (http://www.analyticalultracentrifugation.com/default
.htm), and the plots of ¢(s, fr) and molecular mass versus the s value were
generated by MATLAB (MathWork, Inc.).

RESULTS

TIFA phosphorylation at Thr9. Given the presence of an FHA
domain in the middle of TIFA and five Thr residues at its N ter-
minus (T2, T9, T12, T14, and T19) (Fig. 1A), we investigated
whether one of these Thr residues could be phosphorylated and
thereby recognized by the FHA domain. The exogenously ex-
pressed Flag-TIFA was immunoprecipitated from HEK 293T cells
and then subjected to mass spectrometry (MS) analysis. With 80%
sequence coverage, the MS data revealed that Flag-TIFA was phos-
phorylated at T9 (Fig. 1B).

Because both TNF-a stimulation and TIFA overexpression can
activate NF-kB (14, 25), it is likely that T9 phosphorylation is
correlated with TNF-a-elicited signaling. We thus used the re-
cently developed NanoPro immunoassay (7, 19) to examine the
effect of TNF-a treatment on T9 phosphorylation. The method
involves separation of cell lysates in the capillary isoelectric focus-
ing step, followed by analysis of specific protein isoforms (i.e.,
different phosphorylation forms of TIFA) using conventional im-
mune detection (19). As shown in Fig. 1C, trace 1, the exogenously
expressed Myc-TIFA, revealed by the anti-Myc antibody, exhib-
ited a major peak at pI 4.75. This was close to the theoretical pI
value of 4.92 deduced by the Scansite database (http://scansite.mit
.edu/calc_mw_pi.html). Among the several smaller peaks de-
tected, the one with pI 4.63 was consistent with singularly phos-
phorylated TIFA, since addition of one phosphate group is
expected to decrease the pI by 0.12. Treatment with TNF-« also
led to an increase of the peak with pI 4.63 (traces 2), suggesting
phosphorylation at one single amino acid residue. However,
TNF-« did not have such an effect on the T9A mutant (traces 3
and 4). When traces 1 to 4 were repeated in the presence of alkaline
phosphatase (traces 5 to 8, respectively), only one single peak at pI
4.75 was observed. These results support that the exogenously
expressed TIFA was phosphorylated (at T9 based on the MS re-
sult) and that the phosphorylation increased upon TNF-« treat-
ment. To examine whether TNF-a induces T9 phosphorylation of
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the endogenous TIFA, we raised a monoclonal antibody (MAD)
against bacterially expressed full-length TIFA. The endogenous
TIFA from 293T cells detected by NanoPro immunoassay showed
the same results as seen in Fig. 1C (comparing traces 1 to 4 in Fig.
1D with traces 1, 2, 5, and 6 in Fig. 1C). Of note, since the endog-
enous TIFA was not tagged, the pI values differed slightly from
those in Fig. 1C.

An in vitro kinase assay was then used to further confirm that
TIFA T9 phosphorylation is TNF-a dependent. We incubated
recombinant TIFA with TNF-a-stimulated cell extracts in the
presence of [y->P]ATP. Revealed by autoradiography, the band
intensity of **P-labeled His-TIFA increased when TNF-a-stimu-
lated cell extract was used, relative to that from control cells (Fig.
1E, lanes 3 and 4). On the other hand, there was no TNF-a-de-
pendent increase in the band intensity for the T9A mutant (Fig.
1E, lanes 6 and 7), indicating that TNF-a-increased TIFA phos-
phorylation most likely occurs at T9. In the control lanes 1, 5, 8,
and 9, no **P-labeled TIFA band was observed when the sample
was treated with phosphatase or when TIFA protein or cell lysate
was omitted.

To explore the kinase that mediates the TNF-a-dependent T9
phosphorylation, cells were treated with caffeine, a general inhib-
itor of the phosphatidylinositol 3-kinase (PI3K) pathway, or with
kinase inhibitor cocktails for AKT, IRAK, TAK, and protein kinase
C (PKC) before TNF-a treatment. Autoradiography (Fig. 1F)
showed that caffeine and AKT and PKC inhibitors, but not IRAK
or TAK inhibitors, decreased the level of TNF-a-induced phos-
phorylation of wild-type (WT) His-TIFA, while none of these in-
hibitors affected the basal phosphorylation level of T9A. These
results suggest the involvement of Ser/Thr kinases in the PI3K-
AKT signaling pathway in T9 phosphorylation.

pT9 and FHA domain are important for TIFA self-associa-
tion. Because TIFA molecules can associate with each other to
form homo-oligomers (25), we examined whether the phosphor-
ylated T9 binding to TIFA-FHA is the basis of TIFA-TIFA self-
association. Flag-tagged WT TIFA and Myc-tagged TIFA (WT or
mutants) were overexpressed in HEK 293T cells. The Myc-tagged
WT TIFA was detected in the anti-Flag pulldown (Fig. 2A, lane 1).
Incubation of anti-Flag pulled-down samples with phosphatase
reduced the interaction between Myc- and Flag-tagged WT TIFA
(lane 2), while this reduction was rescued by the inclusion of
EDTA to block the phosphatase activity (lane 3). In contrast, the
T9A mutant was marginally detected under the same conditions,
with or without phosphatase (lanes 4 to 6), supporting that T9
phosphorylation is critical for the TIFA self-association.

We next tested whether FHA mutants impair the TIFA-TIFA
association. On the basis of sequence alignment of different FHA
domains shown in Fig. 2B, we replaced two of the highly con-
served residues, Arg51 and Asn89, and a nonconserved but poten-
tially important (due to its charge neighboring to the conserved
Asn89) residue, Lys88, with Ala. As shown in Fig. 2C, Gal-tagged
mutant TIFA could no longer be detected in the anti-Flag immu-
noprecipitates, indicating that each of the three residues is essen-
tial for the TIFA-TIFA interaction. A similar result was observed
in previous study using a G50E S66A double mutant (25), al-
though the role of pT9 was not then known.

By using isothermal titration calorimetry (ITC), we evaluated
further the binding between the FHA domain and pT9 residue of
TIFA. The expressed His-tagged WT TIFA and two FHA mutants
were purified using a nickel column and then analyzed for associ-
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FIG 2 pT9 and the FHA domain are required for TIFA self-association. (A) Flag-tagged WT and Myc-tagged WT and T9A TIFA were coexpressed in HEK 293T cells.
Anti-Flag-coated Dynabeads was used in immunoprecipitation (IP). The coprecipitated proteins were detected by anti-Myc antibody in immunoblotting. The whole-
cell extracts (WCE) used as IP inputs are shown in the right panel. PPtase or EDTA was included as indicated. (B) Sequence alignment of the conserved pT-contacting

residues within the FHA domains of different FHA domain-containing proteins.

Conserved residues among homologues are in light gray. The residues chosen for

mutation in this work are in dark gray. RAD53*, RAD53 FHAL. (C) Effect of FHA domain mutations on the self-association of TIFA. The experiments were performed
as described for panel A except that the coprecipitated TIFA and its mutants were detected by anti-Gal antibody. RKN, R51A K88A N89A mutant. (D) ITC analysis of

the in vitro binding of WT TIFA and its R51A and R51A K88A (RK) mutants with

the T9-containing peptide (' MTSFEDADTEETVT') or pT9-containing peptide

['MTSFEDAD(pT)EETVT']. Binding was observed only when the WT TIFA was incubated with the pT9-containing peptide.

ation with a synthetic pT9-containing peptide spanning residues 1
to 14 of TIFA. As shown in Fig. 2D (panel IT), ITC showed that the
pT9-containing peptide binds to the unphosphorylated recombi-
nant wild-type TIFA with a K; of 50 = 1.3 pM (stoichiometry,
N = 1.04). In contrast, ITC could not detect binding for the cor-
responding unphosphorylated peptide with wild-type TIFA
(panel I) or for the pT9-containing peptide with mutants R51A
and R51A K88A (RK) (panelsIII to IV). These results reinforce the
notion that the TIFA self-association is mediated through binding
of pT9 to the FHA domain of TIFA.

The TIFA intrinsic dimer is the basic unit for self-association
and oligomerization. As a hallmark of the TRAF family, oligomer
formation appears to be critical for TNF-a signaling (2, 12, 21).
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Since TIFA is able to promote oligomerization of TRAF6 (6), the
self-associated TIFA may serve as building blocks for oligomeriza-
tion. This in turn raises the question of whether the quaternary
state of TIFA may exist in high-order protein architecture. The
recombinant TIFA has been reported to exist in trimers (25), even
though the vast majority of FHA domains are known to exist as
monomers (18). Unexpectedly, the results from our experiments
using fast protein liquid chromatography (FPLC) (Fig. 3A) or
AUC (Fig. 3B) indicated that unphosphorylated WT TIFA existed
as a 46-kDa intrinsic dimer which was stable between pH 7.5 and
8.5 in a range of protein concentrations (Fig. 3C). This finding
suggests that the TIFA self-association observed in Fig. 2 repre-
sents oligomer formation (dimer associates with dimer) through
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FIG 3 TIFA exists as an intrinsic dimer in solution. (A and B) Size exclusion chromatography (HiLoad 16/60 Superdex 75 pg column) (A) and AUC analysis (B)
show that recombinant TIFA and mutants exist as dimers in solution. (C) Recombinant WT TIFA appeared as a dimer from low (0.5 mg/ml) to high (2 mg/ml)
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of 1:10 (protein/peptide). (E) TIFA remained in the monomeric form on SDS-PAGE under a nonreduced condition, demonstrating that TIFA did not dimerize

through disulfide bonds.

FHA-pT9 interaction rather than dimer formation (monomer as-
sociates with monomer). To further investigate the dimerization
mechanism of TIFA, we performed FPLC and AUC again to ana-
lyze three mutants, the T9A, R51A, and RK mutants. Since these
mutants showed reduced self-association (Fig. 2A and C), they
should not exist in stable dimers if the self-association reflects the
formation of dimers. As the mutants still exist as dimers as shown
in Fig. 3A and B, the results provide further support that TIFA
exists as intrinsic dimers. In addition, the fact that the peptide-protein
complex in Fig. 3D (panel III) remained as a dimer suggests that the
dimeric interface does not involve the pT-FHA binding sites so that
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the dimer is not disrupted by the pT9-containing peptide. Finally, we
found that WT TIFA did not dissociate into monomers under nonre-
duced conditions (Fig. 3E), excluding involvement of disulfide bonds
in the intrinsic dimer.

FHA-pT9 binding promotes TIFA oligomerization that colo-
calizes with TRAF6. To provide further support that pT9-FHA
binding does promote TIFA oligomerization, we evaluated the
molecular weights of native TIFA proteins using nondenaturing
gels. We examined overexpressed Myc-tagged or Flag-tagged
TIFA and mutants from mammalian HEK 293T cells and found
that native T9A and R51A K88A N89A (RKN) mutants of TIFA
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FIG 4 TIFA pT9-FHA interaction is required for TIFA oligomerization. (A) The exogenously expressed Myc-TIFA, Flag-TIFA, and their T9A and RKN mutants
were separated by native gel and detected by Western blotting. Arrows indicate the major bands. (B) Autoradiography of the native gel shows that the
phosphorylated WT His-TIFA in TNF-a-treated cell lysate was upshifted to a higher molecular mass (indicated by arrows). No signal was detected when samples
were treated with alkaline phosphatase. (C) U20S cells ectopically expressing Gal-tagged TIFA mutants were fixed and incubated with anti-Gal and anti-NF-«kB
antibodies followed by FITC-conjugated anti-mouse IgG and rhodamine-conjugated anti-rabbit IgG. The nuclei were counterstained with DAPI. The fluores-
cence images were obtained with a Zeiss LSM 510 confocal microscope. Arrowheads indicate the aggregations/speckles of WT Gal-TIFA. (D) Colocalization of
WT Gal-TIFA and Flag-tagged TRAF6 is indicated by arrowheads in the superimposed images. The experimental conditions were the same as for panel C except

that Flag-TRAF6 was recognized by anti-TRAF6 antibody.

protein migrated faster than the WT protein during electropho-
resis, suggesting that the mutations repressed the formation of
oligomeric TIFA (Fig. 4A). We also performed an in vitro kinase
assay and analyzed the native samples. As a result, the recombi-
nant His-TIFA WT protein that had been phosphorylated by
TNEF-a-treated cell lysates upshifted to a higher molecular weight,
whereas the PBS-treated control WT and both T9A samples re-
mained at a lower molecular weight (Fig. 4B). Taken together, our
results suggest that unphosphorylated TIFA forms intrinsic
dimers in solution and that the binding between FHA and pT9 of
TIFA in cells likely occurs through intermolecular interaction be-
tween dimers, presumably leading to oligomerization. This repre-
sents a new mechanism for the FHA domain function.

Next, we employed immunostaining to study the role of FHA-
pT9 binding in TIFA oligomerization in cells. U20S cells were
transfected with Gal-tagged WT TIFA or its various mutants. As
shown in the first panel of Fig. 4C (column I, row 1), a number of
discrete punctate spots recognized by anti-Gal (indicated by ar-
rowheads) were found in the perinuclear region of the cytoplasm
of U20S cells (representing possible protein aggregates or oligom-
ers) transfected with WT Gal-TIFA. In parallel experiments in
which cells were transfected with T9A or FHA domain mutants
(columns II to V, row 1), no aggregates of Gal-TIFA were ob-
served.

Moreover, since this newly found aggregation/oligomerization
of exogenously expressed TIFA behaved similarly to what has been
observed for members involved in the same inflammatory signal-
ing pathway, including TRAF6, IRAK, P62, sequestosome, etc. (9,
22,23, 26, 27, 30), we extrapolated that the speckles observed in
cells exogenously expressing TIFA could be part of this huge sig-
nalosome protein complex. Indeed, the confocal section (Fig. 4D)
shows that when WT and Flag-tagged TRAF6 were coexpressed,
most of the punctuate spots of TIFA (row 1) colocalized with that
of TRAF6 (row 2) in the cytoplasm of the cells (indicated by ar-
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rowheads) (row 4). These results suggest that the pT9-FHA bind-
ing is crucial for TIFA/TRAF6 oligomerization.

FHA-pT9 binding is required for TNF-a-mediated activa-
tion of NF-kB. Previous reports showed that oligomeric forms
of TIFA can activate IKK (6) and that interaction of TIFA with
TRAF6 is indispensable for NF-kB activation (25). Given that
TIFA-TIFA interaction occurs via pT9-FHA binding between
TIFA dimers leading to oligomerization, we tested whether the
pT9-FHA interaction is necessary for NF-kB activation. HEK
293T cells were transfected with a NF-kB luciferase reporter to-
gether with expressing plasmids encoding WT TIFA or its various
mutants. As shown in Fig. 5A, the NF-kB-driven luciferase activity
was much lower in cells cotransfected with the unphosphorylat-
able T9A or RKN FHA domain mutant than in those cotransfected
with WT TIFA. In line with previous observations (25), the NF-«kB
activity mediated by E178 A mutant was also drastically decreased,
which supports that TRAF6 binds to TIFA via E178. We next
monitored the subcellular localization of endogenous NF-«B af-
fected by exogenously expressed TIFA. In agreement with the re-
porter assay, Gal-tagged wild-type TIFA in U20S cells did pro-
mote the nuclear translocation of NF-kB (Fig. 4C, column I, row
2). Such a nuclear translocation of NF-kB was not observed when
the T9A, R51A, K88A, or RK mutant was transfected (Fig. 4C,
columns II to V, row 2).

In a complementary experiment, small interfering RNA
(siRNA) was used to silence the endogenous TIFA in HEK 293T
cells, which was down to approximately 20% of the original level
(Fig. 5B). Reporter assay and Western blot analysis were per-
formed again to examine NF-kB activation while endogenous
TIFA was silenced in HEK 293T cells. Compared with those in
positive controls using nontransfected cells or cells transfected
with scramble RNA, the TNF-a-induced activation of NF-«kB
(Fig. 5C, upper bar graph) and elevation level of phosphorylated
IkB and total NF-kB proteins (Fig. 5C, lower bar graphs) were
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FIG 5 pT9-FHA binding is involved in TNF-a-mediated activation of NF-kB. (A) HEK 293T cells were transfected with an NF-«B luciferase reporter together
with WT TIFA or its various mutants. NF-kB activation was evaluated by luciferase activity assays. The bar graph represents fold changes of normalized relative
luminescence units (RLU). The results are mean = SD from at least 3 independent experiments. Western blotting on the right shows the expression profiles of
mutants used in the experiments. (B) HEK 293T cells were transfected with TIFA siRNA or scramble RNA (Ctrl). The efficiency of RNA interference was verified
by Western blotting in at least 3 independent experiments and plotted in the bar graph shown on the right. (C) HEK 293T cells receiving TIFA siRNA or scramble
RNA (Ctrl) were cotransfected with an NF-kB luciferase reporter and then stimulated with TNF-« as indicated. NF-kB activation was evaluated by luciferase
activity assays. The values for the untreated groups were set as 1. The cell lysates were also analyzed by Western blotting. The bar graphs at the bottom represent
the fold changes of phosphorylated IkB (pS32/pS36) and total NF-kB (p65) proteins after TNF-a treatment. (D) The experimental conditions for siRNA
transfection were the same as those described for panel C except that the cell line used was THP-1 (a human acute monocytic leukemia cell line). The bar graphs
represent the fold changes of phosphorylated IKKa (pT23) and phosphorylated IkB (pS32/pS36) after TNF-a stimulation. (E) Proposed model for TIFA
oligomerization, which first takes place via intermolecular FHA-pT9 binding between TIFA dimers upon TNF-a stimulation and then leads to TRAF6 (labeled

T6) oligomerization and subsequent NF-kB activation.

reduced to levels similar to those for the PBS control for the TIFA-
silenced group. Similar attenuation of TNF-a-mediated signaling
was also observed when endogenous TIFA was silenced in the
human acute monocytic leukemia cell line, THP-1 (Fig. 5D).
These findings together demonstrate that TIFA is necessary, and
the FHA-pT9-induced TIFA oligomerization is important, for
TNF-a-mediated NF-kB activation.

DISCUSSION

The principal finding of the current study is that TIFA oligomer-
izes through intermolecular FHA-pT9 binding between TIFA
dimers upon TNF-a stimulation, which leads to TRAF6 oligomer-
ization and subsequent NF-kB activation. Such a mechanism in-
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dicates that TIFA is an imperative molecule linking inflammatory
cytokines, such as TNF-a, to the NF-kB-driven gene expression.
Based on the deduced mechanism, a model is proposed for the
function of TIFA, as shown in Fig. 5E. Upon TNF-a stimulation,
an activated serine/threonine kinase involved in the PI3K-AKT
pathway phosphorylates Thr9 of TIFA. This phosphorylation
event then triggers the pT9-FHA interaction between different
dimers of TIFA, leading to their oligomerization. Since TRAF6
constitutively binds to TIFA E178 located at the C terminus of
TIFA, the oligomerization of TIFA then induces TRAF6 oligomer-
ization, which in turn enhances the E3 ligase activity of the RING
(“really interesting new gene”) domain of TRAF6 and activates the
downstream signaling (6). Thus, this newly defined mechanism
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has important translational implications, particularly for inflam-
matory responses in mammalian cells.

Using MS, NanoPro immunoassay, and in vitro kinase assay,
we confirmed the T9 phosphorylation and semiquantified its
changes responding to TNF-a stimulation. These assays also
showed that in addition to T9, there are other basal phosphoryla-
tions for both exogenous and endogenous TIFA (Fig. 1C and D,
traces 1). However, it is not clear whether these basal phosphory-
lations are specific. The exact kinases responsible for the TNF-a-
induced phosphorylation of T9 and the basal phosphorylation of
TIFA remain to be established. Furthermore, because the pT9-
FHA binding plays a pivotal role not only in mediating TIFA self-
association/oligomerization but also in provoking TRAF6 oligo-
merization/NF-kB activation, antagonizing such a putative kinase
may interfere with the TNF-a-related inflammation.

Based on recent reports, the mechanism of FHA domain func-
tion appears to be highly diversified (18). The “mechanism” here
is defined as how, at the protein level, the FHA domain binds to its
biological ligand and confers its biological function. To date, three
mechanisms have been characterized: (i) a monomer of the FHA
domain binds the pT residue(s) of a different monomer of its
biological ligand intermolecularly (3), (ii) a monomer of the FHA
domain binds with the pT residue of another monomer of the
same FHA protein intermolecularly to enhance homodimeriza-
tion (4, 15, 29), and (iii) intramolecular binding occurs between
an FHA domain and a pT site within the same protein molecule
(1). The model for the aggregation of TIFA therefore uncovers a
new mechanism for FHA domain functions: the unphosphoryl-
ated FHA domain-containing protein exists as an intrinsic dimer
that oligomerizes via the intermolecular FHA-pT bindings be-
tween dimers. Interestingly, the FHA domains of both human and
mouse MDCI (mediator of DNA damage checkpoint 1) proteins
were recently shown to exist as intrinsic dimers in solution and in
crystals (13, 17, 28).

Finally, the detailed atomic structure of full-length TIFA dimer
complexed with a pT9-containing peptide, when available, will be
very valuable for interpretation of molecular mechanisms of the
signaling pathway. Most importantly, it will provide us chances to
design regulatory compounds against NF-kB activation and prop-
erly manage inflammatory responses, autoimmune diseases, viral
infection, and cancer development.

Overall, our work here, along with previous reports, has pro-
vided a mechanistic insight into TIFA oligomerization and the
critical role of TIFA in NF-kB activation. The TIFA pT9-directed
oligomerization of molecules involved in TNF-a-mediated in-
flammatory responses may have a broad impact on understanding
of mammalian immunity. Our results have provided a basis for
future studies into these significant issues.
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