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ABSTRACT: Forkhead-associated (FHA) domain is the only
signaling domain that recognizes phosphothreonine (pThr)
specifically. TRAF-interacting protein with an FHA domain
(TIFA) was shown to be involved in immune responses by
binding with TRAF2 and TRAF6. We recently reported that
TIFA is a dimer in solution and that, upon stimulation by
TNF-a, TIFA is phosphorylated at Thr9, which triggers TIFA
oligomerization via pThr9—FHA domain binding and activates
nuclear factor kB (NF-xB). However, the structural mecha-
nism for the functionally important TIFA oligomerization
remains to be established. While FHA domain—pThr binding
is known to mediate protein dimerization, its role in
oligomerization has not been demonstrated at the structural
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level. Here we report the crystal structures of TIFA (residues 1—150, with the unstructured C-terminal tail truncated) and its
complex with the N-terminal pThr9 peptide (residues 1—15), which show unique features in the FHA structure (intrinsic dimer
and extra f-strand) and in its interaction with the pThr peptide (with residues preceding rather than following pThr). These
structural features support previous and additional functional analyses. Furthermore, the structure of the complex suggests that
the pThr9—FHA domain interaction can occur only between different sets of dimers rather than between the two protomers
within a dimer, providing the structural mechanism for TIFA oligomerization. Our results uncover the mechanism of FHA
domain-mediated oligomerization in a key step of immune responses and expand the paradigm of FHA domain structure and

function.

orkhead-associated (FHA) domain was first discovered in

1995" and later recognized for its unique structural
feature™’ and specificity for binding phosphothreonine
(pThr).>~> This protein—phosphoprotein interaction motif is
conserved in prokaryotes and eukaryotes.” However, the
flanking residues are much more diverse,”® and phosphor-
ylation-independent interactions have also been reported.”'® In
contrast to its highly conserved f-sandwich architecture, which
is composed of a five-stranded f-sheet and a six-stranded f-
sheet, the loops connecting f-strands vary in length.
Furthermore, FHA domains overall have a relatively low level
of sequence homology. Only a few conserved residues could be
recognized at the pThr binding region, and no pattern could be
identified within the f-strands.”'" Many studies have suggested
that FHA domains play major roles in a range of biological
functions such as cell cycle controls, and DNA damage repair
and transductions. In addition, different functions and
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mechanisms of pThr—FHA domain interactions have been
reported, including the most common protein—phosphoprotein
(Figure 1A),
intramolecular pThr—FHA domain interaction resulting in
(Figure 1B), intermolecular pThr—FHA
domain interaction between two molecules of the same protein,

interaction between two different proteins™'”
autoinhibition'”

which could facilitate dimerization of FHA domain-containing
proteins in head-to-tail *~'® or head-to-head'”'® configurations
(Figure 1C), and phosphorylation-independent interactions
that could also mediate protein—protein interaction” or

dimerization'® (Figure 1D).
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Figure 1. Overall structural features of the TIFA FHA domain. (A—D) Different mechanistic models of FHA domain interactions: FHA domain
binding to another protein containing pThr (A), intramolecular binding of FHA domain with its own N-terminal pThr (B), intermolecular binding
of FHA domain with another monomer to facilitate dimerization (C), and phosphorylation-independent functions mediating protein—protein
interaction or dimerization (D). (E) Schematic overview of TIFA and truncated TIFA. Green-colored boxes indicate -strands. N- and C-terminal
unstructured regions are colored blue. (F) The 2F, — F, electron density map around the FHA domain of the tTIFA, _,s, structure overlaid with the
final refined model. The map is contoured at the 0.9 level. All built residues fitted well to the density. (G) The 2F, — F. electron density map
around the bound phosphopeptide in the tTIFA,_;5,-pThr9-TIFA,_;5 structure overlaid with the final refined model. The map is contoured at the
0.90 level. All built residues in the peptide fitted well to the density. (H) Dimer structure of tTIFA,_;, with f-strands labeled. Residues involved in
dimerization are shown as sticks. (I) Structure alignment between TIFA (green) and Rad53 FHA1 (PDB entry 1G6G)? (left, purple) or NBS1 FHA
(PDB entry 3HUF)* (right, red).
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TIFA is involved in the activation of nuclear factor kB (NF-
kB) by various stimulations such as tumor necrosis factor a
(TNF-a), interleukin-1 (IL-1), lipopolysaccharide (LPS), and
hypoxia.'” =" Tt has been demonstrated that in the absence of
upstream signals, TIFA overexpression is sufficient to activate
NF-kB and c-Jun amino-terminal kinase (JNK). These studies
suggested that the activation is the result of enhanced
interaction of TRAF6 with IL-1 receptor-associated kinase 1
(IRAK-1). Furthermore, in vitro studies indicate that IxB kinase
(IKK) can be activated by the oligomeric form of TIFA through
the promotion of TRAF6 oligomerization and ubiquitination.””
A paper just published in Science also reported that TIFA is
crucial for initiating innate immune responses triggered by
bacterially derived monosaccharide heptose 1,7-bisphosphate.”’

We previously showed that recombinant TIFA is dimeric in
solution, and that Thr9 of TIFA is phosphorylated upon
stimulation by TNF-a.* We proposed that this phosphor-
ylation triggers TIFA oligomerization via pThr9—FHA domain
binding between dimers of TIFA, leading to TNF-a-mediated
NF-«B activation.”* To gain structural and mechanistic insight
into TIFA self-association, we report the long-awaited structure
of TIFA (tTIFA,_5,) and its complex with TIFA N-terminally
phosphorylated Thr9 peptide 1—15 (pThr9-TIFA,_;s). The
results show novel structural features of TIFA and reveal the
molecular mechanism for the functionally important oligome-
rization of TIFA.

B MATERIALS AND METHODS

Protein Expression and Purification. Different tags,
including GST, MBP, and His, were fused with various C-
terminally truncated TIFAs such as residues 1—135, 1-150, or
1—163 for screening. The truncated recombinant TIFA protein
constructs shorter than 150 residues failed to be overexpressed
in the soluble form. We used the 1—150 construct with His tag
for the structural study because of its high expression levels.
Expressions of the recombinant TIFA protein and selenome-
thionine-substituted His-tTIFA,_;, (SeMet tTIFA;_,5,) were
conducted using Escherichia coli expression strain BL21 codon
plus. The expression culture was grown at 37 °C to an OD, of
0.8. The temperature was then reduced to 16 °C, and
expression was induced by the addition of isopropyl S-p-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.5
mM. The cells were harvested 16 h after induction, and pellets
were resuspended in binding buffer [200 mM NaCl, 10 mM
imidazole, and 50 mM Tris-HCI (pH 8.0)]. The proteins were
initially purified using a self-packed Ni** resin (Millipore)
column. The Ni** resin was equilibrated in binding buffer
before the sample was loaded into the column. The column was
washed with washing buffer [200 mM NaCl, 80 mM imidazole,
and 50 mM Tris-HCl (pH 8.0)] and then eluted with elution
buffer [200 mM NaCl, 400 mM imidazole, and 50 mM Tris-
HCl (pH 8.0)]. The eluent was concentrated and further
purified with a HiLoad 16/60 Superdex 75 column (GE
Healthcare) pre-equilibrated with binding buffer. The separated
fractions were analyzed by 15% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE), and proteins
were visualized by Coomassie blue staining. The purified
protein was collected and concentrated to 16 mg mL™" for
crystallization trials. SeMet tTIFA,_ s, was prepared by
changing the culture medium to M9 medium containing 10
mg L' selenomethionine before IPTG induction. After
purification as described above, the protein was exchanged
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into final crystallization buffer [150 mM NaCl and S0 mM citric
acid (pH 5.5)].

The mutants used in dimer breaking and phosphopeptide
binding experiments were all full-length TIFA and were purified
as described above.

Crystallization and Data Collection. Initial crystallization
screens were conducted by the sitting drop vapor-diffusion
method using a Phoenix crystallization robot. A protein
solution (0.5 uL) was mixed with 0.5 uL of a crystallization
solution and equilibrated with a 70 uL reservoir at 277 K
Optimization of the crystals was performed with different
combinations of Hampton additive screening kits. The
crystallization buffer for SeMet tTIFA,_;5, consisted of 80
mM LiCl, 0.2 M trimethylamine N-oxide, 15% PEG 3350, and
100 mM HEPES (pH 7.0). Extra PEG 3350 was added to a
final concentration of 30% as a cryoprotectant. Crystals of the
SeMet tTIFA,_,5, complex with pThr9-TIFA,_,s were obtained
by cocrystallization of a 2-fold excess of the peptide with the
SeMet tTIFA,_;, protein in 2.1 M pr-malic acid (pH 7.0). The
crystals of SeMet tTIFA,_;50-pThr9-TIFA,_ 5 did not require
additional cryoprotectant. X-ray diffraction data were collected
at beamline 13B1 of the National Synchrotron Radiation
Research Center (Hsinchu, Taiwan) and beamline 44XU of
SPring-8 (Hyogo, Japan). Se-SAD/MAD data sets were
collected at 110 K using wavelengths of 0.9791 A (edge) and
0.9640 A (high remote). Diffraction intensities were integrated
and scaled with the HKL2000 package.”’

Structural Determination and Refinement. The proce-
dures are highlighted briefly in Results, and additional details
are provided here. At first, all crystals were thin and sensitive to
radiation damage. Therefore, only single-wavelength (edge)
data were available for SAD phase determination. The selenium
sites of SeMet tTIFA,_,s, were located with SHELX C/D/E,*
and the initial phase was calculated by Phaser’” followed by
density modification with DM.>® Then the optimal initial
phases were determined by the direct phase selection method
to reduce the phase ambiguity,”” and subsequently, automated
model building was performed with Buccaneer.”® The model
was further improved by conventional two-wavelength MAD
data sets collected from optimized crystals. The final model was
built and refined manually with COOT and Refmacs.”' ™
Using the structure of SeMet tTIFA,_|;, as the starting model,
the structure of the complex form, SeMet tTIFA,_ s,-pThr9-
TIFA,_5, was then determined by molecular replacement with
Phaser-MR of the PHENIX package.”* Model building and
refinement procedures were the same as those described above.
Structural presentations were generated using PyMol.”> All
residues, except for the first eight residues and the C-terminal
tag, were readily visible in the electron density map.

Cell Culture and Co-immunoprecipitation Analysis.
293T cells were maintained in a humidified atmosphere at 37
°C with 5% CO, in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with 10% fetal bovine
serum (Gibco), 2 mM r-glutamine, 125 units mL™'
streptomycin, and 125 g mL™" penicillin. A half million cells
were cotransfected with 3 ug each of the vectors expressing
Flag-tagged TIFA (WT) and Myc-tagged TIFA (WT or
mutants) using Jet-PEI (Polyplus Transfection). After 36 h,
cells were lysed with TNE buffer [10 mM Tris-HCI (pH 7.8),
1% NP-40, 0.15 M NaCl, and 1 mM EDTA] supplemented
with protease inhibitor cocktail (Roche) and phosphatase
inhibitor cocktails (Sigma-Aldrich). The cell lysates were
incubated with Dynabeads precoated by a Flag- or Myc-specific
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Table 1. Data Collection and Refinement Statistics”

tTIFA,_,5, (PDB entry 4ZGI)

Data Collection

tTIFA,_,5opThr9-TIFA,_,, (PDB entry 4YM4)

space group P3,21 P4,32
cell dimensions [a, b, ¢ (A)] 39.0, 39.0, 178.5 113.1, 113.1, 113.1
edge high remote
wavelength (A) 0.9791 0.9640 1.0
resolution (A) 20-2.70 (2.80—2.70) 20-2.70 (2.80—2.70) 20-3.12 (323-3.12)
no. of unique reflections 4730 4744 2375
Ry OF Rprge 0.068 (0.596) 0.071 (0.678) 0.034 (0.186)
(1/6(1)) 18.7 (6.8) 195 (7.5) 25.6 (4.7)
completeness (%) 98.1 (95.0) 98.3 (97.9) 100.0 (100.0)
redundancy 8.8 (64) 8.9 (7.0) 20.7 (19.8)
Refinement
resolution (A) 20—2.70 20-3.12
no. of reflections/test set 4730/409 4775/226
Ryorto Reee (%) 24.6, 28.1 213,239
no. atoms/B factor (A%)
protein 1156/40.7 1144/413
peptide - 96/78.1
water 8/33.1 -
mean B value (A%) 40.6 44.6
Wilson B value (A%) 352 65.0
root-mean-square deviation
bond lengths (A) 0.012 0.027
bond angles (deg) 1.17 1.97
Ramachandran plot (%)
preferred regions 95.65 95.97
allowed regions 4.35 4.03
outliers 0 0

“Values in parentheses are for the highest-resolution shell.

antibody (Sigma-Aldrich) at 4 °C overnight and then washed
with PBS-T buffer (PBS supplemented with 0.1% Tween 20).
Precipitated proteins were then eluted with Laemmli sample
buffer [SO mM Tris-HCl (pH 6.8), 10% glycerol, 1% SDS, 300
mM 2-mercaptoethanol, and 0.01% bromophenol blue],
separated by SDS—PAGE (12% polyacrylamide), and blotted
onto Immobilon-P polyvinylidene difluoride membranes
(Millipore). Membranes were then blocked for 1 h with 5%
dry milk in PBS-T buffer and incubated overnight at 4 °C with
a primary antibody diluted in PBS containing 1% BSA (Sigma-
Aldrich). After three washes with PBS-T, membranes were
incubated for 1 h with secondary antibodies in PBS-T and then
washed five times with PBS-T. The immunoblots were
visualized by enhanced chemiluminescence (Westernbright
ECL, Advansta).

Size Exclusion Chromatography—Multiangle Light
Scattering (SEC—MALS). The molecular weight of TIFA
WT was determined by static light scattering (SLS) using a
Wryatt Dawn Heleos II multiangle light scattering detector
(Wyatt Technology) coupled with an AKTA Purifier UPC10
FPLC protein purification system; 2.0 mg mL™" TIFA protein
(100 uL) was subjected to a Superdex 75 5/150 GL size
exclusion column (GE) with a buffer [200 mM NaCl, S0 mM
Tris-HCl, and 0.02% NaNj; (pH 8.0)], at a rate of 0.5 mL
min~". The refractive index was measured with a Wyatt Optilab
T-rEX instrument connected downstream of the LS detector.

Analytical Ultracentrifugation (AUC). AUC analysis was
performed using an An-60 or An-50 Ti rotor on a Beckman
Coulter (Fullerton, CA) XL-I instrument. Proteins (20 uM)
and buffers were loaded into a 12 mm standard double-sector
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Epon charcoalfilled centerpiece. The experiment was per-
formed at 20 °C and a rotor speed of 40000 rpm, and the signal
was monitored at 280 nm. The raw experimental data were
analyzed by Sedfit (http://www.analyticalultracentrifugation.
com/defaulthtm), and the plots of ¢(s,fr) and molecular mass
versus the s value were generated by MATLAB (MathWorks,
Inc.).

Isothermal Titration Calorimetry (ITC) Analysis. ITC
experiments were performed as described previously.”* After
thermal equilibration at 25 °C, a single 1 L injection and 19
serial injections of 2 L of peptide (3 mM) were titrated into a
calorimeter cell (0.2044 mL) containing TIFA protein (0.2
mM). Three TIFA,_,; peptides, pT9-TIFA,_,; [MTSFEDAD-
(pT)EETVTC], ESA pT9-TIFA, ,; [MTSFADAD(pT)EET-
VTC], and TIFA,_;s (MTSFEDADTEETVTC), were used to
titrate TIFA proteins (WT or SS3A mutant). Identical
injections of the peptide into the protein buffer were performed
to measure the heats of dilution from titrants, and these values
were subtracted from each titration. Each titration was repeated
three times, and thermal data were fitted to a standard one-
protomer, one-binding site model to yield the Ky value.

Biolayer Interferometry by the Octet Systems. Binding
affinities of TIFA, WT and mutants, for pThr peptide were
measured by biolayer interferometry (ForteBio) at 30 °C.
Recombinant His-TIFA was immobilized on the NTA
biosensor tips in the starting buffer [200 mM NaCl and 50
mM Tris-HCl (pH 8.0)]. To avoid nonspecific interactions,
0.5% Tween 20 was added to assay buffer [200 mM NaCl, 50
mM Tris-HCl, and 0.5% Tween 20 (pH 8.0)]. The association
and dissociation binding kinetics for pThr peptides were
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Rad53 FHAL 1G6G : 96-DGN LLLEND-—~STNGTWL -N-GQKVEKNSNQL — LSQGDEITV-GVGVESDI —LSLVIFINDKFKQCL 155

Mdcl 3U0T  : 82— AWDK~—~AP-~ILRD--CGSLNGTQILRPPKVLSPGVSHR -~ LRDQELILE--A D-———LLCQYHRLDV 135
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0dhl 2KB3 : 96~ EG EFEVVDVGSLNGTYVYNR—EP——R-NAQV-MQTGDEIQI GK FRLVELAGPAE 143
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RNF8 2PIE : T1- EGQ———WTIMDNK-SLNGYWLNR—ARLEPLRVYS—IHQGDYIQLGVPLENKENAEYEYEVTEEDWET IYPCLSPKN - 140

Figure 2. Structure-based sequence alignment of the TIFA FHA domain and other FHA domains. The FHA domains for comparison include Rad53
FHA1,> Mdcl,"® CHK2,"* Odh],"* Rv0020c,> EmbR,** Nbs1,** PNK,** and RNF8.*® The f-strands are highlighted in blue. Self-recognition pThr
sites are highlighted in purple. The conserved GR and S(R/K/N) pThr binding motifs are colored red. Residues that form a hydrogen bond between
their carbonyl group and the amino group from the +1 residue on the peptide are colored brown. Residues involved in additional recognitions are
colored green. Residues at the dimer interface are highlighted with stars.

measured by placing TIFA-coated biosensor tips into five wells
that contained 3-fold serially diluted peptide (frmo 3 to 0.037
mM). All data were processed using Fortebio software for the
steady state Ky values.

B RESULTS AND DISCUSSION

Structural Determination by Using the New Direct
Phase Selection Method. Because we (and others) have
encountered unusual difficulty in determining the structure of
TIFA, the procedures are highlighted here briefly (with
additional details in Materials and Methods). The full-length
TIFA consists of 184 amino acids, including an FHA domain
flanked by a disordered region at both N- and C-termini based
on HHpred prediction®® (Figure 1E). We screened expression
and crystallization conditions for the full-length and several
different C-terminally truncated forms of TIFA with various
tags and found that the construct with residues 1—1S0
(tTIFA,_;5) could be overexpressed in E. coli with a His tag
at the C- or N-terminus. However, only the one with a C-
terminal His tag could be crystallized. The SeMet-labeled
recombinant protein and its complex with pThr9-TIFA,
(residues 1—15) were also successfully crystallized. However,
determination of the structures was unsuccessful when the
conventional SAD programs were used to calculate and refine
the phases. Model refinement based on known FHA domains
was also unfeasible because of the variation in loop regions
among FHA domains. Finally, the recently developed direct
phase selection method™ effectively resolved the ambiguity of
SAD phases and generated optimized initial phases for structure
determination. The new algorithm is particularly helpful in
cases where only SAD data are available. Subsequently, the
structure of the complex was determined by molecular
replacement (MR). The structural statistics of both structures
are listed in Table 1.
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As described in the following sections, both structures display
several unique structural features, including being dimers.
Figure 1F shows the 2F, — F_ map of the tTIFA,_ |, structure,
indicating that all residues were built on the basis of the clear
electron density, whereas Figure 1G shows the clear and
continuous 2F, — F, map of the peptide (residues 1—12) of the
tTIFA,_5-pThr9-TIFA,_,5 structure.

Unusual Structural Architecture of the TIFA FHA
Domain. To date, 77 FHA domain structures from 38 different
proteins have been reported on the basis of the PDB. Similar to
typical FHA domains, tTIFA,_ 5, adopts a f-sandwich scaffold
composed of two ff-sheets. However, the FHA domain of TIFA
has one additional strand, 12, that makes it unique (Figure
1H). Figure 11 shows the comparison of TIFA with two other
FHA domains. In typical FHA domains, one f-sheet of the -
sandwich is composed of antiparallel $2, f1, 11, $10, 7, and
/38 strands, and the other contains five mixed S-strands (54, 3,
BS, 6, and f39). However, both f-sheets of the TIFA FHA
domain are mixed. Strand 12 of TIFA inserts between strands
P1 and B2 (parallel to 1 and antiparallel to f2) and is fully
incorporated into the architecture of the f-sandwich. This also
results in a broader f-sheet. In addition, the TIFA FHA domain
has an unusually long loop connecting strands 1 and f2.

Figure 2 shows the structure-based sequence alignment of
TIFA FHA with some of the well-characterized FHA domains.
It is clear from this alignment that $12 is a unique feature of
TIFA. Though B12 is not conserved, its importance in the
structural integrity of TIFA is supported by our finding that a
shorter construct of TIFA (residues 1—135) designed
according to the canonical FHA structure could not be
expressed with a variety of tags in a stable form. This could
also explain why the structure of TIFA FHA has not been
reported until now, despite the fact that several significant
functional studies have already been published.'”~>**73*

DOI: 10.1021/acs.biochem.5b00500
Biochemistry 2015, 54, 6219—6229


http://dx.doi.org/10.1021/acs.biochem.5b00500

Biochemistry

—E* D3 A2 D! pT E* -

- GR51 553 K63 SGGRG7 ——

a a Time (min) b Time (min)
IP: Flag 0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
. 0.004 =~ =r=rrrr - T ’ . 0.00] rmmmrrrrrT g
FLAG-TIFA WT WT WT  WT 220 el [!m:-,w'll
Myc-TIFA WT E5A S53A T9A g -0.80 ) f ‘ ‘ 8 -0.60 ‘ 1L
535! || 222 |
WB: FLAG %4?23 2 420
H -1.404 140
- - - o0 006 :
€ 1 = | = | wid
% -1.04 | i"m' e
WB: Myc —— £-20q | S 200 .
- 2 30 { °
3 ; { 2 -3.00¢
'g -4.0 : / I s |
] ey . Q -4.00 .
b kS 00 05 10 15 2 x 0 1 2 3
Molar Ratio Molar Ratio
IP: Myc pTO-TIFA, ,c to TIFAWT  E5A pTO-TIFA, ;s to TIFAWT
FLAG-TIFA WT WT WT WT Kd: 3413 uMm Kd: 160 £ 17 uM
Myc-TIFA WT E5A S53A T9A N=1+10.03

Time (min) Time (min)

WB: FLAG ’ ! - - 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

g - 3:
c - .
WCE g. g 15
FLAG-TIFA WT WT WT  WT T } . £ 03|
Myc-TIFA WT E5A S53A T9A  -150] 1 A
2. | | § -1.0
2 S s -151
WB: FLAG S N € 20005 10 15 20 25
Molar Ratio Molar Ratio

pTO-TIFA, ;s to TIFA S53A TIFA, 15 to TIFA WT
WE: Mye - Kd: 3195 uM Kd: undetectable

Figure 3. Structure of the TIFA complex with its N-terminally phosphorylated Thr9 peptide 1—15. (A) Superposition of tTIFA,_,5, (orange) and
tTIFA,_ 5o-pThr9-TIFA,_s (cyan). pThr9 is shown as sticks. (B) Electrostatic surface potential of tTIFA,_ s, (scale from —1 to +1 kT/e; blue,
positive; red, negative). The bound peptide is shown as sticks. (C) Interaction between the pThr peptide and the TIFA FHA domain. (D) Schematic
presentation of the interactions in panel C. (E) Flag-tagged TIFA WT and Myc-tagged TIFA (WT, ESA, SS3A, or T9A) were cotransfected in HEK
293T cells and subjected to immunoprecipitation using both Flag-specific (a) and Myc-specific (b) immuno-beads, respectively. The precipitated
proteins were eluted by sample buffer and analyzed through Western blotting using Myc-specific and Flag-specific antibodies, respectively. The
whole cell extracts (WCE) used as IP inputs are also shown (c). (F) Use of ITC to test the effect of SerS3—GluS interaction on ligand binding
affinity. The dissociation constant (K;) between pT9-TIFA,_,s and TIFA WT is 33.6 + 2.9 uM with N = 1 + 0.03 (one peptide to one protomer)
(a). Because of the limitation in the working concentration of the peptide as a result of weaker binding, N = 1 was assumed in the experiments of the
other two samples, which gave a K, of 160 + 17 uM for ESA pT9-TIFA,_,; binding to TIFA WT (b) and is 319 + S uM for pT9-TIFA,_;5 binding
to TIFA SS3A (c). Omission of phosphorylation abolished binding (d).
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Figure 4. Dimer interface of TIFA. (A) Additional evidence of the dimerization state of TIFA in solution: (a) SEC—MALS analysis showing full-
length TIFA as a monodispersed dimer in solution with a molecular weight of 44.15 kDa, (b) AUC of full-length TIFA, (c) AUC of tTIFA,_,5,, and
(d) AUC of the tTIFA,_,5-pThr9-TIFA,_; complex. (B) Crystal structure of the SeMet tTIFA,_,5, dimer in complex with pThr9-TIFA,_s. The
pThr9 peptides are shown as sticks. (C) Interactions at the dimer interface. (a) Hydrogen bonding involving the backbone. (b) Hydrogen bonding
and ionic bonds between side chains. (D) AUC results of Q73A/E86A/K108A (QEK mutant) showing that it remained a dimer (a). In addition, the
K, measured by Octet showed that the binding affinity of QEK for pThr9-TIFA,_j; is similar to that of WT (b). The binding is weaker compared to
the ITC result (based on the WT data) possibly because of different conditions (e.g, 0.5% Tween 20 was added in the assay buffer of Octet

experiments).

The Structure of the TIFA Complex with pThr9-
TIFA,_;5 Indicates a Novel Mode of Ligand Binding. In
agreement with other FHA domains, the binding of pThr
peptide does not substantially alter the structure. As shown in
Figure 3A, the structures of tTIFA, 5o and tTIFA, | so-pThr9-
TIFA,_,s are very similar, and superposition of the two
structures results in a root-mean-square deviation (rmsd) of
0.47 A (128 atoms). The small deviation comes from the
P1—p2 loop and a slight bend at the end of #12. As also shown
in Figure 2, the residues important for pThr binding are also
conserved in TIFA. Like other FHA domains, conserved
residues ArgS1, Ser66, and Arg67 form H-bonds with pThr9.
As shown in Figure 3B, residues Phe4’—Glul0’ of the bound
pThr peptide are in contact with the positive electrostatic
surface involving ArgSl and Arg67. Specific interactions
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between TIFA FHA and the bound pThr peptide are shown
in Figure 3C.

For the FHA domains that recognize pThr, our review in
2008° suggested four types of FHA domain—ligand interactions
(in addition to pThr): (i) the “pT+3” type where the
interaction is mainly at the +3 residue after pThr, (ii) The
“N- and C-termini to pT” type where the interaction occurs at
both sides of pThr, (iii) the “pT-pT+3” like Dunl FHA that
interacts with two pThr residues and the +3 position of the
second pThr,” and (iv) The “pT + an extended binding
surface” type like Ki67 FHA.** Examination of Figure 3C
indicates that TIFA FHA-ligand interaction represents a
distinct type, where the interactions occur mainly with residues
N-terminal to pThr (—4 to +1) as illustrated in Figure 3D. As
explained below, the residues from pT+3 are an integral part of
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the FHA domain and thus unavailable for intermolecular
interaction. In agreement, while the pThr peptide binding of an
FHA domain typically consists of residues in the S3—p4,
p4—pS, and Pp6—p7 loops (with the latter interacting mainly
with the pT+3 residue),” no residue in the f6—f7 loop of TIFA
FHA is involved in binding the pThr peptide.

Functional Support for the FHA—Ligand Interaction
Revealed by the Structures. Previously, several site-specific
mutants, including single mutants RS1A and K88A, double
mutant GSOE/S66A, and triple mutant RS1IA/K88A/N89A,
were shown to attenuate NF-kB activation.””**** The
structural information described above can explain the effects
of these mutants. GlyS0 is well-known to be important for
maintaining FHA domain structure.® Both ArgS1 and Ser66 are
involved in contacting the pThr peptide as shown in panels C
and D of Figure 3. Lys88 and Asn89 are not directly involved in
ligand binding; however, because they are located at the
beginning of the f6—f7 loop, mutation of these residues may
perturb the conformation.

On the basis of the structural information, we further tested
the interaction between Ser53 and GluS by co-immunopreci-
pitation (co-IP) experiments in vivo as previously described.”
We co-expressed Flag-tagged TIFA WT and Myc-tagged TIFA
(WT or mutants) in HEK 293T cells and performed
complementary co-IP experiments with Flag (Figure 3E, a)
and with Myc (Figure 3E, b). The effects of WT-ESA and WT-
SS3A were clearly observed, supporting the functional
importance of the Ser53—Glu$ interaction shown in Figure
3D. To further confirm that the changes in the WT-ESA and
WT-S53A associations are related to FHA—pThr binding, we
used ITC to show that binding of the ESA analogue of pThr9-
TIFA,_;5 to WT TIFA is weakened by a factor of S, and
binding of pThr9-TIFA, |5 to TIFA S53A is weakened by a
factor of 10 (Figure 3F).

The Dimer Interface of TIFA Is Extensive and
Separated from the pThr Binding Site. The full-length
TIFA has been shown to exist as a dimer in solution based on
size exclusion chromatography (SEC) and AUC analyses over a
range of concentrations.”* This property is fully supported by
the crystal structures reported above. Because this dimeric
property will be used to build a model for oligomerization
described later, we further characterized the dimerization
property in solution. As shown in panel a of Figure 4A,
SEC—multiangle light scattering (MALS) analysis also shows
that TIFA is monodispersed in solution with a calculated
molecular weight of 44.15 kDa, which agrees with the
theoretical molecular weight for dimers. In addition, AUC
analyses indicate that TIFA (Figure 4A, b), truncated TIFA
tTIFA, ;5o (c), and its complex with pThr9-TIFA,_ s (d) all
exist as dimers in solution.

In crystals, there is only one molecule in the asymmetry unit,
which indicates that the tTIFA,_,y, dimer is symmetric. The
two structures with different space groups (the apo form in
P3,21 and the complex in P4,32) have the same dimer
orientation and interface, suggesting that dimerization is not an
artifact caused by crystallization. Two TIFA molecules contact
each other via 85, 6, and 9, while the dyad axis is roughly
perpendicular to the direction of S and /36, resulting in a head-
to-tail arrangement between the two protomers (Figure 1H for
the apo form and Figure 4B for the complex). As a result, the
pThr peptide binding sites are at the opposite end, and the C-
termini are distal from the dimerization interface. The dimer
interface buries a solvent-accessible area of 917 A% which is
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greater than that of a newly published Mdb1l FHA dimer'’ and
involves hydrophobic interactions, van der Waals interactions,
hydrogen bonding, and ionic bonds. These interactions at the
dimer interface are reciprocal. There are 14 hydrogen or ionic
bonds between seven pairs of residues: Lys76—Leul06 form a
backbone hydrogen bond (Figure 4C, a); Tyrl05—Glul3s,
GIn73—Lys88, Glu86—Lys108, and GIn73—Glu86 all form side
chain hydrogen bonds or ionic bonds (Figure 4C, b); and
Lys76—Asn107 and Leu74—Lys88 form hydrogen bonds
between side chains and backbones (Figure 4C, a). Additional
van der Waals contacts come from Lys76—Leul06, Phe75—
Lys108, and Phe78—Leul03. These dimerization interface
residues are contributed by /S, 6, the f5—f6 loop, and the
P8—p9 loop. These results, along with that described in our
previous report, suggest that TIFA is an intrinsic dimer with an
extensive interface. In addition, it is important to note that the
residues involved in the dimer interface are different from the
residues involved in pThr binding shown in Figure 3C.

Mutations of GIn73, Glu86, and Lys108 to Ala (QEK
mutant) should disrupt at least six hydrophilic interactions at
the interface but were insufficient to break the dimer as shown
by AUC (Figure 4D, a). In addition, its binding affinity for the
pThr9-TIFA,_,5 peptide is similar to that of WT, based on the
K, measurement by Octet (Figure 4D, b). These additional
data support that even disruption of six hydrophilic interactions
is unable to break the dimer, and that it is possible to disrupt
interfacial interactions (though the dimer is still intact) without
affecting the pThr binding ability. On the other hand, the dimer
folding could be destabilized by more extensive mutations, as
Q73A/E86A/K88A/K108A, Q73A/E86A/K88A/K108A/
E135A, and Q73K/E86K/E135A mutants could not be purified
in stable forms.

The Dimer of TIFA FHA Is Unique among FHA
Domains. One of the main functions of FHA domains is to
mediate dimerization between two monomers via pThr—FHA
domain binding in many cases, leading to, for example,
autophosphorylation and activation of CHK2-like kinases.'”
Thus, FHA domains usually exist in monomers, except that the
MDC1 FHA domain'*"* and the CHK2 FHA domain®' are in
equilibrium between monomer and dimer in solution. Dimeric
crystal structures have been reported for the FHA domain of
MDC1"'*7'¢ and the FHA-kinase domains of CHK2,"” but their
dimer interface areas, 472 A? for the MDC1 FHA domain and
760 A* for the CHK2 FHA domain, are smaller than that of the
TIFA FHA domain (917 A? as mentioned above).
Furthermore, unlike TIFA, the dimer interfaces of the MDC1
FHA domain and CHK2 FHA domain are contributed mainly
through van der Waals interactions between hydrophobic
residues. The diverse properties in the FHA domain
dimerization reflect the lack of conserved sequences within
the f-strands in the FHA domain family. Although the fS-
sandwich structure of FHA domain is conserved in the family,
the dimers of the FHA domains of TIFA, MDC1, and CHK2
are built in different ways: TIFA dimerizes via S, 6, and f9;
MDC1 FHA via 10, 11, and 7 (head-to-tail); and CHK2
FHA via 1, 2, and 11 (head-to-head). Taken together, the
results suggest that the TIFA FHA domain differs from the
MDC1 FHA domain and CHK2 FHA domain in that it forms
intrinsic dimers, in the absence of any phosphorylation. This
unique property is highly relevant to the function of TIFA.

Structural Basis for the Important Function of TIFA
Oligomerization. We recently demonstrated that TIFA
oligomerization is dependent on the FHA—pT9 interaction,
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Figure S. Structural basis for the important function of TIFA oligomerization. (A) Interactions between Thr12 and the $11—$12 loop. (B)

Structural illustration for the unfeasibility of intradimer pThr—FHA domain binding. The side chain of pThr9 is shown as sticks. (C) Model for the
dimer—dimer interaction via pThr9—FHA domain binding. The red sphere indicates the C-terminus, and the red x indicates pThr9. Arg51 and

Arg67 are shown as sticks.

by showing that TNFa-treated cell lysate enhances TIFA Thr9
phosphorylation, TIFA oligomerization, and NF-kB activation,
and that these effects were muted by mutation of the pThr site
(T9A) or the putative pThr binding residues.”* By showing that
TIFA is an intrinsic dimer in the absence of phosphorylation,
our results support the idea that TIFA oligomerization occurs
via the FHA—pT binding between dimers of TIFA. In fact, after
examination of the structural detail of tTIFA,_,5-pThr9-
TIFA,_s, it is clear that the pThr peptide of the complex
must come from another TIFA dimer rather than from the
neighboring protomer within the dimer, for the following
reasons. (a) As shown by the sequence alignment in Figure 2,
the N-terminal segment is relatively short in TIFA compared to
other FHA domain-containing proteins that have a pThr site
preceding the FHA domain.”"*~">'7*’ These N-terminal
segments are usually unstructured and not traceable in crystal
structures. However, in the tTIFA, 5, crystal structure, the
electron density after Glul0 could be clearly discerned, and the
residues from Thrl2 to the start of the strand f1 at Cys1S$ are
in contact with the f11—$12 loop (Figure SA). These factors
make it impossible for Thr9 of the left protomer (9 A from
Thr12) to reach the binding pocket of the right protomer (25 A
away) (Figure SB). (b) As shown by the arrows in Figure SB,
the segment from Thrl2 to Thr9 in the left protomer is
pointing outward, whereas that of the pThr peptide bound to
the right protomer is pointing inward. Thus, the bound pThr9-
TIFA,_,s peptide cannot come from the N-terminus of the
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other protomer on the basis of not only distance but also
orientation.

On the basis of these results and analyses, we propose a
structural model for the interdimer binding and propagation, in
which one dimer interacts with the next dimer via an “anti-
parallel pair” of “head-to-tail binding” between pThr9 and the
FHA domain, allowing the C-terminal region (red ball) to be
exposed on the same side for TRAF6 binding (Figure SC). The
proposed model provides a scaffold to facilitate the signal
cascade mediated by association of TRAF6, which has been
suggested to occur constitutively involving Glul78 of TIFA.*’
Similar to Hao Wu’s TRAF6 model that has the potential for
infinite propagation,42 TIFA oligomerization could also
propagate continuously through pThr—FHA domain inter-
action.

B CONCLUSION

Overall, our results reveal a novel FHA domain that has a
unique architecture, a noncanonical pThr peptide binding
mode, a distinct dimer interface, and a novel mechanism for
mediating oligomerization. These features broaden the
structural and functional diversities of the FHA domain. The
structural information about TIFA and the mechanism of FHA
domain-mediated interdimer oligomerization should be useful
for our understanding of the mechanism of TRAF6
oligomerization in immune responses, and the signaling
pathways leading to NF-kB activation.
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Accession Codes

Coordinates and structure factors have been deposited as
Protein Data Bank entries 4ZGI for tTIFA,_;5, and 4YM4 for
tTIFA,_,5-pThro-TIFA,_,s.
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