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The IkB kinase (IKK) complex regulates activation of NF-kB, a
critical transcription factor in mediating inflammatory and
immune responses. Not surprisingly, therefore, many viruses seek
to inhibit NF-«B activation. The vaccinia virus B14 protein con-
tributes to virus virulence by binding to the IKKf subunit of the
IKK complex and preventing NF-«B activation in response to pro-
inflammatory stimuli. Previous crystallographic studies showed
that the B14 protein has a Bcl-2-like fold and forms homodimers in
the crystal. However, multi-angle light scattering indicated that
B14 is in monomer-dimer equilibrium in solution. This transient
self-association suggested that the hydrophobic dimerization
interface of B14 might also mediate its interaction with IKKf, and
this was investigated by introducing amino acid substitutions on
the dimer interface. One mutant (Y35E) was entirely monomeric
but still co-immunoprecipitated with IKKf and blocked both
NF-«B nuclear translocation and NF-kB-dependent gene expres-
sion. Therefore, B14 homodimerization is nonessential for binding
and inhibition of IKKf. In contrast, a second monomeric mutant
(F130K) neither bound IKKf nor inhibited NF-kB-dependent
gene expression, demonstrating that this residue is required for the
B14-IKKp interaction. Thus, the dimerization and IKKf-binding
interfaces overlap and lie on a surface used for protein-protein
interactions in many viral and cellular Bcl-2-like proteins.
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NF-«B is a critical transcription factor that regulates many
important cellular processes, such as differentiation, apoptosis,
and the inflammatory response to infection. NF-«B is com-
posed of homo- or heterodimers of Rel domain family proteins
(e.g. p65, RelB, and p50) and is maintained in an inactive state
within the cytosol via interaction with IkBa, the inhibitor of
NE-kB (1). Phosphorylation of two serine residues on IkBa
marks it for ubiquitin-mediated proteasomal degradation, and
consequently, the released NF-«kB dimer translocates to the
nucleus, where it binds its cognate kB consensus sequences
(2—4). The kinase that phosphorylates I«Ba is the I«kB kinase
(IKK)” complex (5), a heterotrimer composed of the IKKa and
IKKp subunits and the regulatory subunit IKK+y (also known as
NEMO) (6, 7). Several signaling pathways that lead to NF-«B
activation converge at the IKK complex, which is therefore a
key regulator of NF-«B activation. NF-«kB activation is initiated
by pro-inflammatory cytokines (such as TNFa and IL-1p), by
Toll-like receptor ligands, or by the recognition of pathogen-
associated molecular patterns produced during infection, and
most of these pathways require IKKf (8). To become activated,
IKKp is phosphorylated by upstream kinases, such as TAK1
(TGFB-activated kinase-1), on Ser-177 and Ser-181 located in
an activation loop (5, 9). This phosphorylation stimulates the
kinase activity of IKKS via a conformational rearrangement
(10).

NF-kB-dependent gene expression is very important for acti-
vation of the inflammatory and immune responses to virus
infection. Accordingly, it is not surprising that viruses have
evolved countermeasures to block NF-«B activation. Large
DNA viruses in particular, such as herpesviruses and poxvi-
ruses, have multiple strategies for blocking NF-«B activation
(for review, see Ref. 11).

Vaccinia virus (VACV) is an orthopoxvirus and the vaccine
used to eradicate smallpox. It replicates in the cytoplasm and
encodes numerous proteins that block the host response to
infection, including inhibitors of NF-«B. VACV strategies to
antagonize NF-«B activation include expression of (i) proteins
that are secreted from the infected cells and that bind and

7 The abbreviations used are: IKK, IkB kinase; VACV, vaccinia virus; MALS,
multi-angle light scattering; SEC, size-exclusion chromatography.
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sequester agonists of the NF-«B pathway, such as IL-18 and
TNFa (12, 13), and (ii) intracellular inhibitors of signaling mol-
ecules, such as VACV proteins A52 (14, 15), A46 (14, 16), K1
(17), K7 (18), N1 (19), M2 (20), and B14 (21).

The VACV strain Western Reserve gene BI4R is expressed
early during infection and encodes a 15-kDa acidic protein that
is present in the cytosol (22, 23). The B14 protein is nonessen-
tial for virus replication in cell culture, but a deletion mutant
lacking the BI14R gene was attenuated in a mouse intradermal
model compared with control viruses, and the attenuated phe-
notype was characterized by an increased local inflammatory
response to infection (22). The B14 protein functions by bind-
ing to the IKK complex via an interaction with IKKS and pre-
venting the phosphorylation of IKK3 on its activation loop (21).
Consequently, IKKp is not activated and fails to phosphorylate
IkBa, leaving IkBa able to retain NF-«B in the cytoplasm. Thus,
B14 inhibits NF-«kB-dependent signaling in response to several
inflammatory stimuli (e.g. TNFa, IL-1, poly(I:C), and phorbol
myristate acetate) (21). Further evidence that B14 inhibits IKK3
by inhibiting its phosphorylation (rather than its kinase activ-
ity) was obtained by showing that B14 cannot inhibit constitu-
tively activated IKKB (S177E/S181E) (21). It has also been
shown that B14 does not interfere with the assembly of the IKK
complex (21).

The structure of B14 was solved by x-ray crystallography and
revealed that B14 comprises seven a-helices and adopts a Bcl-
2-like fold (24). The crystal structures of four other VACV pro-
teins with a Bcl-2 structure have also been solved: N1 (25, 26),
A52 (24), F1 (27), and K7 (28) (for review, see Ref. 29). Of these,
only F1 and N1 have anti-apoptotic activity, and consistent with
this, the others (B14, A52, and K7) lack a binding groove for
pro-apoptotic BH3 peptides (24, 28). Instead, these proteins
have evolved to regulate pro-inflammatory intracellular signal-
ing cascades by binding cellular proteins that function in those
pathways. Interestingly, N1 can also inhibit pro-inflammatory
signaling cascades and thus appears to have a dual function (24,
26). A common feature of VACV Bcl-2-like proteins is their
propensity to form homodimers. Whereas F1 forms an intimate
“helix-swapped” dimer, where helix 1 derives from the other
molecule in the dimer (27), B14, A52, and N1 all homodimerize
using a conserved face formed by helices 1 and 6 plus residues
N-terminal to helix 1 (we have termed this binding surface the
“1-6 face”) (24 -26, 30).

Here, we sought to identify the region of B14 that binds IKK3
and assessed the importance of dimer formation by the intro-
duction of specific mutations on the B14 dimer interface. These
mutants were assessed for their ability to form dimers, bind
IKKp, and inhibit NF-kB-dependent gene expression. We show
that the ability to bind IKKB and block NF-«B activation is not
dependent upon B14 dimerization but rather that the dimeriza-
tion and IKKB-binding interfaces overlap and that utilization of
this surface for protein-protein interactions is a common fea-
ture of many viral and cellular Bcl-2-like proteins.

EXPERIMENTAL PROCEDURES

Protein Production and Characterization—Point mutations
were introduced into the pET28a vector carrying B14 (24) by
QuikChange™ site-directed mutagenesis (Stratagene) using
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the manufacturer’s instructions and primers listed in supple-
mental Table SI. The fidelity of all alleles was confirmed by
DNA sequencing. N-terminally His,-tagged wild-type and
mutant B14 were overexpressed and purified by nickel affinity
and size-exclusion chromatography as described (24). To con-
firm normal folding, the molar ellipticity of wild-type and
mutant B14 (0.6 mg/ml) in 50 mMm phosphate (pH 7.5) was
recorded between 190 and 260 nm using a Jasco J-810 spectro-
polarimeter. The mass of wild-type B14 was confirmed by mass
spectroscopy (data not shown).

Multi-angle light scattering (MALS) experiments were per-
formed immediately following size-exclusion chromatography
by inline measurement of static light scattering (DAWN
HELEOS II, Wyatt Technology), differential refractive index
(Optilab rEX, Wyatt Technology), and ultraviolet absorbance
(Agilent 1200 UV, Agilent Technologies). Samples (100 ul)
were injected onto an analytical Superdex 75 10/300 gel fil-
tration column (GE Healthcare) equilibrated in 50 mm Tris
(pH 8.5), 150 mm NaCl, and 2 mm 2-mercaptoethanol at a
flow rate of 0.5 ml/min. The dissociation constant (Kj) of
wild-type B14 was determined by measuring the weight aver-
age molar mass across a range of protein concentrations
(injected at 0.3— 4.7 mg/ml) and fitting the data by nonlinear
regression to Equation 1,

(Eq. 1)
4[M; d

(8[M]T + Ko — Ko + S[M]TKD>
where M, is the weight average molar mass (31), [M] is the
molar concentration of protein (as measured by change in
refractive index), and M, is molecular mass (19,545 kDa for
N-terminally His-tagged B14). For derivation of this equation,
see the supplemental data. MALS data were analyzed using
ASTRA V (Wyatt Technology), nonlinear regression analysis
was performed using Prism 5 (GraphPad Software), structures
were superposed with SSM (32), protein interaction inter-
faces were analyzed using PDBePISA (33), and molecular
graphics were generated using PyMOL (DeLano Scientific).

Cells, Plasmids, and Antibodies—HEK293T (human embry-
onic kidney) cells were maintained in DMEM (Invitrogen) sup-
plemented with 10% FBS, penicillin, and streptomycin. HeLa
cells were grown in minimal essential medium (Invitrogen)
supplemented with nonessential amino acids (Sigma), 10% FBS,
penicillin, and streptomycin. All cells were grown at 37 °C in an
atmosphere of 5% carbon dioxide.

The NEF-kB-luciferase reporter plasmid and the thymidine
kinase-driven Renilla luciferase plasmid (pRL-TK) were de-
scribed previously (21). Mutations were introduced into the
pCI vector carrying FLAG-tagged B14 (21) by QuikChange™"
site-directed mutagenesis as described above. A plasmid ex-
pressing N-terminally HA-tagged IKK was kindly provided by
Dr. Alain Chariot (University of Liege).

For immunoblotting, mouse monoclonal anti-FLAG (F3165,
Sigma), mouse monoclonal anti-tubulin (DM1A, Millipore),
and rabbit polyclonal anti-HA (H6908, Sigma) antibodies were
used. For immunoprecipitation, monoclonal anti-HA antibody
(monoHA.11, Covance) or the isotype-matched anti-CD45
antibody (sc-1178, Santa Cruz Biotechnology) was used. For
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FIGURE 1.B14 is in monomer-dimer equilibrium. The weight average molar mass (dotted lines) is shown across the elution profile (A,g, ,m Scaled so all peaks
are the same height; solid lines) of pure B14 subjected to SEC-MALS at five different concentrations. The inset shows the weight average molar mass plotted as
a function of concentration, with the solid line representing the nonlinear regression fit of the data to a model of monomer-dimer equilibrium (Equation 1).

immunofluorescence, mouse monoclonal anti-p65 (sc-8008,
Santa Cruz Biotechnology) and rabbit polyclonal anti-FLAG
(F7425, Sigma) antibodies were employed.

Reporter Assay—HEK293T cells (5 X 10*/well) were co-
transfected with 60 ng of NF-kB-dependent luciferase
reporter plasmid, 10 ng of pRL-TK, and the indicated
amount of wild-type or mutant B14 plasmid using FuGENE 6
(Roche Applied Science). The total amount of DNA used per
well was kept constant (at either 130 or 320 ng as indicated)
by supplementation with the empty vector pCI (Promega).
After 24 h, cells were treated with 20 ng/ml IL-18 or 50
ng/ml TNFa (both PeproTech) or mock-treated for 6 h. Cells
were then lysed in Passive Lysis Buffer (Promega), and
lysates were analyzed for luciferase activity or by SDS-PAGE
and immunoblotting. Firefly luciferase activity was normal-
ized to Renilla activity, and values were expressed as the
-fold induction compared with untreated cells.

Immunoprecipitation and Immunoblotting—For immuno-
precipitation experiments, 293T cells (3 X 10°) were trans-
fected with 5 ug of HA-IKKp and 5 pg of plasmid expressing
wild-type or mutant B14 using the calcium phosphate method.
After 24 h, cells were washed once with ice-cold PBS and then
lysed in 0.5 ml of lysis buffer (0.5% Nonidet P-40, 50 mm HEPES
(pH7.5),100 mm NaCl, 1 mM EDTA, 10% (v/v) glycerol, and one
protease inhibitor tablet (catalog no. 11 836 170 001, Roche
Applied Science)/10 ml of buffer). Lysates were pre-cleared
using 10 ul of protein G-Sepharose beads for 1 h prior to immu-
noprecipitation. For anti-HA immunoprecipitation, 2.5 ug of
anti-HA mAD was incubated with the lysate overnight at 4 °C,
and the next day, protein G beads were added and incubated for
afurther 2 h. For anti-FLAG immunoprecipitation, lysates were
incubated with anti-FLAG M2 affinity gel (20 ul; Sigma) for 2 h
at4 °C. The beads were then washed four times with lysis buffer,
and the antibody-antigen complexes were eluted from the
beads by boiling in 2X SDS-PAGE protein loading buffer.

SDS-PAGE and protein transfer onto nitrocellulose mem-
branes were performed according to standard protocols. For
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ECL detection, horseradish peroxidase-conjugated secondary
antibodies were used, followed by a SuperSignal Western blot-
ting kit (Thermo Scientific). For quantitative Western blotting,
IRDye 680-conjugated donkey anti-mouse antibody and IRDye
800-conjugated goat anti-rabbit antibody (LI-COR Biosci-
ences) were used according to the manufacturer’s instructions.
Membranes were then dried and scanned using the Odyssey
infrared imaging system (LI-COR Biosciences). Quantitation
was performed using the system software to determine total
band intensities on the original scans.

Immunofluorescence—HeLa cells (7 X 10*) were seeded onto
glass coverslips and transfected (using FUGENE 6) the follow-
ing day with 50 ng of plasmid expressing wild-type B14 or the
Y35E or F130K mutant. After 24 h, cells were either treated with
50 ng/ml TNF« (diluted in warmed minimal essential medium
with 2% FBS) or were mock-treated using the same diluent lack-
ing TNFa. After 30 min, the cells were washed three times with
ice-cold PBS and then fixed with 4% paraformaldehyde for 5
min on ice, followed by 15 min at room temperature. After
washing with PBS, cells were incubated in 150 mm ammonium
chloride for 5 min to quench autofluorescence and then per-
meabilized using 0.1% Triton X-100 (in PBS) for 5 min and
blocked using 5% FBS (in PBS) for 30 min. Cells were incubated
with primary antibody (anti-p65 diluted 1:50 and anti-FLAG
diluted 1:500) for 1 h, washed three times with PBS, and incu-
bated with secondary antibody (Alexa 488-conjugated anti-
mouse and Alexa 546-conjugated anti-rabbit) for 45 min in the
dark. After further washing, coverslips were mounted in
Mowiol/DAPI mounting medium and visualized using a Zeiss
Pascal Axioplan LSM confocal microscope.

RESULTS

B14 Exists in Monomer-Dimer Equilibrium in Vitro—B14
crystallizes as a homodimer, the interaction being mediated
primarily by interactions between helices 1 and 6 of the two
monomers (the 1-6 face) (24). However, the elution profile of
B14 during preparative gel filtration suggested that, in solution,
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the protein was in monomer-dimer equilibrium (data not
shown). This was confirmed by measuring the apparent molar
mass of B14 under a range of different concentrations by size-
exclusion chromatography with inline MALS (SEC-MALS)
(Fig. 1), which showed that the elution volume of the peak frac-
tion decreased and the average molar mass increased with
increasing concentrations of B14. This indicated that, in solu-
tion, B14 is in monomer-dimer equilibrium, self-associating
with modest affinity (K, = 20.6 £ 0.9 um).

The observation that B14 dimerization is transient, the
protein being monomeric in dilute solution and forming
dimers only at relatively high concentration, is consistent
with computational analysis performed using PDBePISA
(33), which suggested that the dimers of B14 observed in the
crystal structure would not constitute a stable complex in
solution. However, the hydrophobic nature of the B14 self-
association interface (Fig. 2) suggested that this face of the
molecule might mediate its interactions with binding part-
ners, such as IKKpB, because hydrophobic amino acids are
overrepresented at protein-protein interaction interfaces
(34). Site-directed mutagenesis was employed to address the
possible role of dimerization and/or the contribution of res-
idues at the dimerization interface to IKKS binding. Four
mutant forms of B14 were generated in which small or
hydrophobic residues at the dimerization interface were
replaced with large charged residues: T31K, Y35E, L126E,
and F130K (Fig. 2C). The mutant B14 proteins were
expressed and purified as described for the wild-type protein
(24). Circular dichroism spectropolarimetry confirmed that
each adopts an all-helical fold similar to wild-type B14 (data
not shown). SEC-MALS analysis confirmed that mutations
Y35E, L126E, and F130K all significantly disrupted dimeriza-
tion: these mutant proteins were monomeric in solution at
concentrations at which significant dimerization of the wild-
type protein was observed (Fig. 2D). The T31K mutant
retained the ability to dimerize, although the affinity of its
self-association was significantly reduced (Fig. 2D).

Ability of B14 Mutants to Inhibit NF-«B Signaling—The abil-
ity of mutant B14 to inhibit NF-«B signaling was determined
using reporter assays in which cells were transfected with a
plasmid containing a luciferase gene under the control of an
NF-kB-dependent promoter. When cells were co-trans-
fected with the luciferase reporter plasmid together with
empty vector, the subsequent addition of either TNF« or
IL-1B stimulated the NF-«B signaling pathway as indicated
by induction of luciferase expression by >50-fold compared
with untreated cells (Fig. 3, A and B). Transfection of the
wild-type B14 plasmid in place of the empty vector inhibited
reporter activity substantially (p < 0.01) irrespective of the
stimulatory ligand (TNFa or IL-1), consistent with a previ-
ous reports (21). Notably, the Y35E mutant blocked NF-«B
signaling as strongly as wild-type B14. In contrast, the F130K
mutant did not significantly inhibit luciferase reporter levels
(Fig. 3A) or was associated with quantitatively minor yet
statistically significant reductions in reporter activity (Fig.
3B). Immunoblotting was performed in parallel and showed
that all proteins were well expressed (Fig. 3, A and B). To
compare more accurately the activity of the mutant and
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wild-type B14 proteins, a dose-response experiment was
conducted (Fig. 3C). As a control, the VACV C6 protein,
another predicted member of the VACV Bcl-2 family (24),
was analyzed in parallel and was found not to antagonize the
NF-«B pathway.® All of the B14 proteins were significantly
inhibitory relative to the empty vector, except F130K at 30 ng
and the negative control C6 at 30 and 60 ng (p < 0.01) (Fig.

8R.P.Sumner, personal communication.
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FIGURE 3. Reporter assays for inhibition of NF-«B activation by B14
mutants. 293T cells were transfected with 60 ng of NF-«kB-luciferase reporter
plasmid, 10 ng of pRL-TK internal control, and either 60 ng (A and B) or 30, 60,
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3C). Conventional immunoblotting (ECL) performed in par-
allel showed that the F130K mutant was expressed at least as
well as the other wild-type and mutant B14 proteins (see
immunoblot panels in Fig. 3C). Because wild-type B14 was
effective at inhibiting NF-«B signaling even at the lowest
amount used (30 ng), the expression levels for the different
wild-type and mutant B14 proteins were compared at this
plasmid dose using quantitative Western blotting (LI-COR
Biosciences) (Fig. 3D (quantification) and supplemental Fig.
S1 (blot)). This indicated that the expression level of FLAG-
tagged F130K was several-fold greater than that of FLAG-
tagged wild-type B14 (at the same 30-ng dose), and there-
fore, the failure of F130K to inhibit NF-kB activation was not
due to low levels of protein expression. Protein expression
levels were more similar for F130K transfected at a dose of 30
ng and wild-type B14 transfected at a dose of 60 ng (Fig. 3D).
At these comparable levels of expression, B14 knocked down
NF-«B-dependent luciferase to 4% compared with the empty
vector, whereas F130K reduced reporter activity to only 85%
of the empty vector (Fig. 3C). The Y35E, L126E, and T31K
mutants were all expressed at least as well as wild-type B14
(Fig. 3D). Collectively, these data showed that Y35E was as
active as wild-type B14 as an NF-«B inhibitor, whereas the
L126E and T31K mutants had activity intermediate between
that of Y35E and the severely impaired F130K mutant.
Next, the Y35E and F130K mutants were tested using an
alternative functional assay in which their effect upon the
subcellular localization of p65 was assessed using immuno-
fluorescence. In unstimulated HeLa cells, p65 was detected
within the cytoplasm irrespective of whether the cells were
untransfected or expressed wild-type B14 or mutant F130K
or Y35E (Fig. 44, — panels). Upon stimulation with TNFe,
p65 translocated to the nucleus in untransfected (i.e. FLAG-
negative) cells. However, in cells expressing wild-type B14,
the TNFa-stimulated nuclear translocation of p65 was
blocked, and p65 was retained in the cytoplasm. This is con-
sistent with B14 inhibiting the phosphorylation and subse-
quent degradation of IkBa (21), which leads to continued
association of the p65 transcription factor and its inhibitor
IkBa in the cytoplasm. Quantification revealed that nuclear
p65 staining was seen in only 3% of B14-expressing cells and

or 120 ng (C) of empty vector (EV) or FLAG-tagged wild-type B14 or mutant
Y35E, F130K, L126E, or T31K. After 24 h, cells were stimulated with either 50
ng/ml TNFa (A and C) or 20 ng/mlIL-13 (B) for 6 h or were left unstimulated. In
C, — and + denote unstimulated and TNFa-stimulated conditions, respec-
tively, for the empty vector, and C6 is a FLAG-tagged VACV protein negative
control. Luciferase activity was measured and normalized to the Renilla activ-
ity for each well. The mean = S.D. (n = 3) is shown for the -fold induction of
NF-kB-dependent luciferase activity relative to uninduced cells transfected
with the same plasmid mixture. *, p < 0.05; **, p < 0.01, significant difference
(Student’s t test) relative to the empty vector for A and B.Immunoblotting (/B)
was done in parallel with reporter assays using pooled lysates from tripli-
cate transfections and antibodies as indicated. The immunoblot panels in
A-C used conventional ECL detection. D, quantitation of wild-type and
mutant B14 expression in the assay shown in C. Expression levels are
shown for all mutants transfected at 30 ng and for wild-type B14 trans-
fected at 30 and 60 ng (as indicated) under TNFa-stimulated conditions.
Values were derived from the quantitative immunoblot (Odyssey system)
shownin supplemental Fig. S1. FLAG expression levels were normalized to
the tubulin expression in each lysate and are given relative to wild-type
B14 protein transfected at 30 ng.
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representative fields. Scale bar = 20 um. B, quantification of p65 translocation showing the proportion of FLAG-positive cells that contained strong nuclear p65
staining for cells transfected with wild-type B14 or mutant F130K or Y35E. For each plasmid, three independently transfected slides were counted in a blinded
manner to give the mean = S.D. (n = 100 cells/slide). **, p < 0.01, significant difference (Student’s t test) relative to wild-type B14.

that p65 was restricted to the cytoplasm in the remaining
97% (Fig. 4B). Likewise, in cells expressing the Y35E mutant,
p65 was retained in the cytoplasm, and only very few cells
(4%) had p65 staining within the nucleus (Fig. 4, A and B).
However, for F130K, the proportion of transfected (i.e.
FLAG-positive) cells containing nuclear p65 after TNF«
stimulation was 19%, significantly higher than for wild-type
B14 (p < 0.001) (Fig. 4, A and B). Thus, F130K was unable to
block TNFa-stimulated nuclear translocation of p65 as effi-
ciently as wild-type B14. In sum, the analysis of nuclear
translocation of p65 supported the reporter assay data in
showing that the F130K mutation caused functional impair-
ment, whereas the Y35E mutation did not impair the ability
of the VACV B14 protein to block NF-«kB-dependent
signaling.

Ability of Mutants to Bind IKKB—B14 binds to IKKB and
thereby prevents IKKB phosphorylation and activation of
kinase activity. Having characterized the ability of the B14
dimer interface mutants to inhibit NF-kB nuclear translocation
and NF-kB-dependent transcriptional responses, the interac-
tions of the mutants with IKKS were investigated by immuno-
precipitation. 293T cells were transfected with HA-tagged
IKKB and FLAG-tagged B14 (wild-type or mutant), and cyto-
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plasmic lysates were prepared. As a control, cells transfected
with the FLAG-tagged VACV E3 protein were analyzed in par-
allel. Monoclonal anti-HA antibody precipitated HA-IKKp in
each case, but only FLAG-tagged wild-type B14 and mutant
Y35E were co-immunoprecipitated with HA-IKKf, whereas
mutant F130K and the VACV E3 protein were not (Fig. 54).
The interaction between B14 and IKKS demonstrated in
these experiments was specific because no B14 was co-im-
munoprecipitated with the same concentration of an iso-
type-matched control antibody (Fig. 5A). The reciprocal
immunoprecipitation was performed using monoclonal
anti-FLAG antibody and again showed that IKKSB bound
wild-type B14 and Y35E but not F130K or E3 (Fig. 5B). The
L126E and T31K mutants, which were shown to be interme-
diate in their ability to inhibit NF-«B signaling (Fig. 3), were
able to bind IKKp (Fig. 5B). However, less IKKf protein was
co-immunoprecipitated with these mutants compared with
B14 or Y35E, despite equivalent levels of IKKB within the
input lysates. These differences were quantified using the
Odyssey Western blotting system (Fig. 5C and Fig. S2). Data
are expressed as the amount of precipitated IKKf relative to
the amount of input IKKp, but similar data were obtained
when normalization was performed relative to the amount of
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FIGURE 5. Binding of IKK by wild-type and mutant B14 proteins. 293T
cells were co-transfected with HA-tagged IKKB and FLAG-tagged wild-
type B14 or mutant Y35E, F130K, L126E, or T31K or the negative control
VACV E3 protein. After 24 h, lysates from these cells were immunoprecipi-
tated using either monoclonal anti-HA antibody or an isotype-matched
control antibody against CD45 (iso) (A) or monoclonal anti-FLAG antibody
(B and C). The immunoprecipitated (/P) and input proteins were resolved
by SDS-PAGE on a 12% gel and then analyzed by immunoblotting (/B) with
the indicated antibodies. Size markers are indicated on the left (in kilodal-
tons), and the identity of the protein bands is indicated on the right. The
asterisk marks the position of the IgG light chain. C, after immunoprecipi-
tation using anti-FLAG antibody, the amount of HA-IKKf that co-precipi-
tated with the wild-type or mutant B14 proteins was measured by quan-
titative immunoblotting (LI-COR; blot shown in supplemental Fig. S2). For
each protein, the amount of co-precipitated IKKB was normalized to the
amount of IKKB protein in the input lysates and then expressed relative to
wild-type B14.

input FLAG-tagged B14 instead. Y35E co-precipitated
approximately half as much IKKp as wild-type B14, whereas
the binding of IKK to F130K, undetectable using conven-
tional ECL, was found to be only 1% of that of wild-type B14.
The considerably reduced binding of the L126E mutant to
IKKB compared with wild-type B14 was nevertheless suffi-
cient to mediate significant inhibition of NF-kB reporter
assays.

DISCUSSION

The IKK complex lies at the nexus of NF-«B signaling: dis-
tinct upstream signaling pathways initiated by various different
pro-inflammatory stimuli converge upon the IKK complex to
lead to NF-«B activation. Thus, inhibiting the IKK complex is a
particularly effective strategy to diminish NF-kB-mediated
pro-inflammatory and immunostimulatory responses. This
strategy is adopted by the VACV protein B14, which binds and
inhibits IKKf (21), the subunit of the IKK complex critical for
phosphorylation of the inhibitor of NF-«B (IkB«) in response
to pro-inflammatory stimuli (1, 10). The structure of B14
revealed it to be a Bcl-2-like protein that crystallizes as a dimer
(24). In the present study, targeted mutagenesis was used to
determine the functional relevance of B14 dimerization and to
map the region of B14 that interacts with IKKp.

The elution profile of B14 during preparative gel filtration
experiments suggested that, in solution, not all B14 forms
dimers. This observation was confirmed by SEC-MALS analy-
sis, which demonstrated that, in solution, B14 exists in a con-
centration-dependent equilibrium between monomeric and
dimeric states and that the strength of self-association is rela-
tively modest (K, = 20.6 £ 0.9 um) (Fig. 1). The transient
nature of the self-association suggested that dimerization of
B14 mightinvolve the same surface (the 1- 6 face) that mediates
interactions between B14 and other proteins; in the absence of
its correct binding partner, dimerization of B14 could shield the
hydrophobic protein-protein interaction interface of B14 from
the (polar) solvent. To address the physiological relevance of
dimerization and the residues by which it is mediated, point
mutations were designed to disrupt B14 self-association by
increasing the charge at the dimerization interface (Y35E,
L126E, T31K, and F130K). Recombinant protein was synthe-
sized and purified for all the mutants, and circular dichroism
analysis confirmed that each was correctly folded. SEC-MALS
experiments showed that B14 mutants Y35E, F130K, and L126E

FIGURE 6. The B14 dimerization-IKKf interaction interface is topologically similar to protein-protein interaction interfaces of VACV K7 and
human BAX. A, the overlaid structures of Bcl-2-like proteins B14 (purple; Protein Data Bank code 2VVY), K7 (green; code 3JRV), and BAX (gray; code 2K7W)
are shown as ribbons. B, the molecular surface of B14 is shown (white) in the same orientation as A, with residues involved in dimerization (purple) and
residues that reduce (T31K and L126E; yellow) or abolish (F130K; red) interaction with IKKB highlighted. C, the molecular surface of K7 is shown (white),
with residues that interact with DDX3 (green) highlighted. D, the molecular surface of BAX is shown (white), with residues that interact with the BIM SAHB

peptide (gray) highlighted.
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no longer dimerized in solution, whereas the propensity of
mutant T31K to form dimers was significantly reduced com-
pared with the wild-type protein (Fig. 2D). However, disruption
of dimerization did not necessarily abolish the ability of the B14
mutants to bind IKKB because the interaction of the Y35E
mutant with IKKB was comparable with that of the wild-type
protein (Fig. 5B). This demonstrates that the IKKS-binding site
does not span two monomer subunits of Bl4. Given that
the monomeric Y35E mutant inhibited NF-«B signaling to the
same extent as wild-type B14 (Figs. 3 and 4), B14 monomers are
fully functional and are likely to represent the physiologically
relevant state of the protein.

In contrast to the Y35E mutant, the F130K mutant did not
significantly block NF-«B signaling (Fig. 3). This functional
impairment occurred concomitantly with loss of IKK binding
(Fig. 5). This clear correlation between the extent of IKKS bind-
ing and NF-«B inhibition for the mutant protein provides fur-
ther evidence that B14 antagonizes the NF-«B pathway via its
direct interaction with the IKKB component of the IKK com-
plex. Because F130K was nonfunctional despite being well
folded, we propose that Phe-130 forms part of the IKK3-bind-
ing interface of B14. The T31K and L126E mutants were inter-
mediate in their activity, both capable of binding IKKS and
inhibiting NF-«B signaling, but to a lesser extent compared
with wild-type B14. It is therefore possible that these residues
are in the vicinity of, but peripheral to, the IKKB-binding inter-
face of B14. Taken together, these data indicate that the inter-
action face for IKKB on B14 overlaps the dimerization interface
(shown in Fig. 2C) and that hydrophobic residues (i.e. Phe-130),
which mediate B14-IKKp interaction under physiological con-
ditions, contribute instead to homodimerization when B14 is in
concentrated solution in the absence of its binding partner
IKKp.

In addition to B14, the structures of four other VACV
Bcl-2-like proteins have been determined recently: N1 (25,
26), A52 (24), F1 (27), and K7 (28). Of these, three (A52, N1,
and F1) form dimers both in crystallo and in vitro (24, 27).°
However, the Bcl-2-like VACV K7 protein exists as a mono-
mer in solution (28) and binds its partner (DDX3) at the 1-6
face, which is equivalent to the surface that forms the
dimerization interfaces of A52 (35) and B14 (Fig. 6). In the
case of K7, electrostatic repulsion by the high density of neg-
atively charged residues on the DDX3 interaction face pre-
sumably prohibits dimerization (35). Furthermore, it was
shown recently that the human Bcl-2 family protein BAX is
activated by binding of the helical BIM SAHB peptide on the
1-6 face of the protein (36). This face is distinct from the
canonical BH3 peptide-binding groove formed by helices
2-5, instead corresponding to the B14 dimerization inter-
face (Fig. 6). The 1-6 face of Bcl-2-like proteins seems to
favor participation in either homo- or heterotypic protein-
protein interactions, underscoring the utility of the Bcl-2-
like fold as a scaffold that can carry a variety of different

C.T. 0. Benfield, D. S. Mansur, L. E. McCoy, B. J. Ferguson, M. W. Bahar, A. P.
Oldring, J. M. Grimes, D.|. Stuart, S.C. Graham, and G. L. Smith, unpub-
lished data.
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immunomodulatory functions by mediating interactions
with distinct cellular binding partners (24).
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