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Constitutive activation of the canonical NF-kB signaling
pathway is a major factor in Kaposi’s sarcoma-associated her-
pes virus pathogenesis where it is essential for the survival of
primary effusion lymphoma. Central to this process is persis-
tent upregulation of the inhibitor of kB kinase (IKK) complex
by the virally encoded oncoprotein vFLIP. Although the
physical interaction between VFLIP and the IKK kinase regu-
latory component essential for persistent activation, IKKy, has
been well characterized, it remains unclear how the kinase
subunits are rendered active mechanistically. Using a combi-
nation of cell-based assays, biophysical techniques, and struc-
tural biology, we demonstrate here that vFLIP alone is
sufficient to activate the IKK kinase complex. Furthermore, we
identify weakly stabilized, high molecular weight vFLIP-IKKy
assemblies that are key to the activation process. Taken
together, our results are the first to reveal that vFLIP-induced
NF-kB activation pivots on the formation of structurally spe-
cific vVFLIP-IKKy multimers which have an important role in
rendering the kinase subunits active through a process of
autophosphorylation. This mechanism of NF-«kB activation is
in contrast to those utilized by endogenous cytokines and
cellular FLIP homologues.

The Kaposi’s sarcoma-associated herpes virus (KSHV) is the
main etiological agent of Kaposi’s sarcoma and the lympho-
proliferative disorder primary effusion lymphoma (1-4).
Pivotal to the survival of both tumors is the canonical NF-kB
pathway that becomes constitutively activated by the virally
encoded protein VFLIP (5-7). It has been shown that vFLIP
subverts the normally tightly regulated IKK kinase complex
that is central to upregulation of the pathway.

The canonical NF-kB pathway is dependent on the tran-
scription factors RelA, p65, Rel-c, and p50 that operate as
heterodimers or homodimers (8, 9) and are normally
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sequestered in the cytoplasm through associations with
members of the IkB family of inhibitory proteins. These in-
teractions result in the occlusion of their nuclear localization
sequences and kB binding motifs, thus preventing both
translocation to the nucleus and gene regulation. Activation of
the pathway therefore requires disruption of the inhibitory
complexes in a process initiated by the IKK kinase complex, a
multisubunit ~700 kDa assembly that transiently includes the
chaperone and co-chaperone Hsp90 and Cdc37, respectively
(9, 10). The core enzyme, however, comprises the kinase
subunits IKKp and/or IKKa and the essential nonenzymatic
regulatory subunit IKKy or Nemo. Although IKKa has been
shown to be a participant, the main kinase subunit is IKK(
whose phosphorylation is crucial for activation of the canon-
ical pathway (11). Following formation of an activated kinase,
the IkB inhibitory proteins are targeted for phosphorylation as
a precursor to K48-linked polyubiquitination and degradation
by the 26S proteosome enabling the transcription factors to
transition to the nucleus and associate with their cognate kB
motifs.

Activation of the IKK kinase complex in response to signals
transduced by cytokines such as tumor necrosis factor alpha
(TNFa) via upstream receptors requires the association of
IKKy with K63-linked or linear ubiquitin chains, followed by
phosphorylation of the IKKp subunits on their activation or T-
loops by the kinase TAK1 (12). Mutation of serines S177 and
S181 within this region to alanine has been shown to abolish
activation of the kinase complex in response to TNFa, whilst
replacement with phosphomimetic glutamates renders it
constitutively active (7).

In contrast to the ubiquitin-dependent mechanisms,
persistent IKK kinase activation by vFLIP proceeds via a direct
association between vFLIP and IKKy (9, 13, 14). Structural and
mechanistic studies have enabled detailed characterization of
the vFLIP-IKKy complex (15-17); however, the way in which
VFLIP activates the kinase subunits has remained elusive. This
is owing to the fact that the vFLIP and kinase binding sites
within IKKy are separated by approximately 160 amino acid
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residues, and so far, it has only been established that there
appears to be no involvement of IKKy residues C terminal to
254 (13, 14). Although conformational changes within IKKy
induced by VFLIP could be envisaged to bring both sites into
proximity as part of an activation mechanism, none have been
observed to date (17, 18). Similarly, the participation of up-
stream activators such as the kinase TAK1 and the linear
ubiquitin conjugating complex LUBAC are not required for
vFLIP-induced IKK kinase activation (14, 19).

Based on observations that at high concentrations, IKKa
and IKKB can initiate a process of autophosphorylation
through the generation of higher order assemblies (20, 21), we
investigated whether activation of the kinase complex could
result solely from the association of vVFLIP and IKKy. We also
explored the potential involvement of higher order vFLIP-
IKKy complexes given that lattice structures consistent with
oligomeric IKK kinase assemblies have been observed by
super-resolution microscopy in unstimulated U20S cells (22).
Using a combination of biochemical/biophysical, cell-based,
and structural approaches, we have established that vFLIP
directly induces autophosphorylation of IKKp in a mechanism
dependent on higher order vFLIP-IKKy assemblies.

Results

Activation of the IKK kinase complex in vitro can be achieved
with vFLIP alone and derives from autophosphorylation of
IKKB

Using knockdown cell lines, we and others have previously
demonstrated that vFLIP does not require the upstream ki-
nases TAK1 or MEKK3 to activate the IKK kinase complex
(14, 19). We have further demonstrated that recombinant
VvFLIP added to cell lysates can activate the IKK kinase
resulting in phosphorylation of IkBa (14) and that a direct
association with IKKy is required based on our studies
involving an IKKy mimetic, stapled peptide competitive in-
hibitor (16). This is in contrast to recombinant p22-cFLIP that
fails to activate the IKK kinase consistent with a dependency
on TAK1 (14). Based on this inability to identify coactivators
for vFLIP-mediated NF-kB activation coupled with the fact
that only Hsp90 and Cdc37 were observed to copurify with the
VvFLIP-IKK kinase complex (9, 14, 19), we sought to determine
whether activation of the kinase could be specifically linked to
vFLIP binding. To investigate this, we purified the IKK kinase
complex from unstimulated HEK293T cell lysates using an
anti-IKKy antibody followed by incubation with increasing
concentrations of recombinant vFLIP. These studies were
initially conducted at room temperature for 1 h and were
followed by a kinase assay to determine the capacity of the
resulting vFLIP-IKKy assemblies to phosphorylate recombi-
nant GST-IkBa (1-54). Since rapid dose-dependent activation
was observed, the same assays were conducted at 4 °C for
comparison where a similar trend was evident but with lower
levels of activation consistent with reduced temperature
(Fig. 1A4).

To verify the link between vFLIP and the phosphorylation of
GST-IkBa in our assays, experiments were also conducted
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Figure 1. Cell-based assays to establish whether recombinant vFLIP can
activate the IKK kinase complex and phosphorylate recombinant GST-
IkBa (1-54). A, immunoprecipitates of the IKK kinase complex from unsti-
mulated HEK293T cell lysates (obtained using an anti-IKKy antibody) were
incubated with increasing concentrations of recombinant VFLIP
(0.15-4.0 uM) for 1 h at room temperature or at 4 °C overnight, followed by
a kinase assay (KA) to assess their capacity to phosphorylate recombinant
GST-IkBa (1-54) (pGST-IkBa) in the presence of y*?p-ATP. B, kinase activity
assay of IKK kinase complex immunoprecipitates from lysates of HEK293T
cells transduced with vFLIP that had been treated with lambda phosphatase
prior to analysis. C, HEK293T cells that had been transiently transfected with
empty vector or pCDNA3-VFLIP in combination with WT IKKB or the IKKB
mutants IKKB AA (S177/S181AA) and IKKpB EE (S177/S181EE) were analyzed
for NF-kB activity using a luciferase NF-kB reporter system and compared to
those lacking VFLIP, but alternatively stimulated with TNFa. These are
technical replicates where the mean + standard deviation is shown. The
experiment shown is one of four biological replicates, all giving similar re-
sults. IKK, inhibitor of kB kinase.

using lambda phosphatase (LPP). This was because attempts to
detect phosphorylation of GST-IkBa(1-54) using immune-
precipitated IKK kinase failed to produce a detectable signal,
most likely due to limited protein concentration. Samples of
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immunoprecipitated IKK kinase complexes from HEK293T
cells transduced with vFLIP were therefore incubated with LPP
prior to analysis in order to establish whether dephosphory-
lation attenuated kinase activation (Fig. 1B). Treatment of the
immunoprecipitates with LPP lead to a substantial decrease in
activity that was inversely correlated to LPP concentration.
However, LPP is a nonspecific phosphatase and thus has the
potential to dephosphorylate as yet uncharacterized phos-
phoacceptors in IKKp or IKKy that could also have important
roles in vFLIP-induced activation. We therefore examined
whether phosphorylation of the IKKB T-loop was specifically
required for upregulation. Although this is an essential pre-
requisite for NF-kB activation by proinflammatory stimuli,
other mechanisms leading to constitutive kinase activation
have also been reported that involve residues outside of the T-
loop region (23). The capacity of vFLIP to specifically induce
phosphorylation of IKKB T-loop serine mutants, previously
shown to either reduce kinase activity (IKKB S177/S181AA,
IKKB AA) or promote persistent activation (IKKB S177/
S181EE, IKKp EE (7)) as a control, was therefore determined
(Fig. 1C). Similar to stimulation with TNFa, vFLIP-mediated
NF-«B activation was reduced, when vFLIP was co-expressed
with the IKKp AA mutant. In contrast, high levels of consti-
tutive activation independent of VFLIP were observed for the
IKKp EE phosphomimetic. Taken together, our results confirm
that vFLIP-induced activation of the IKK kinase complex is not
only direct but also requires the specific phosphorylation of T-
loop serines within IKKp via a process of autophosphorylation.

The identification of higher order vFLIP-IKKy assemblies

Having established that vFLIP alone is sufficient for acti-
vation of the IKK kinase by means of a mechanism involving
autophosphorylation of essential T-loop serines in IKKp, we
next focused on how this might be achieved. Since oligomer-
ization of IKKa/p had been previously implicated in auto-
phosphorylation, we explored the possibility that multimeric
vFLIP-IKKy assemblies might be generated leading to auto-
phosphorylation of the kinase subunits. Given that the capacity
of size-exclusion chromatography (SEC) to disrupt weak
complexes (affinities in the micromolar range or below) has
been well documented, we initially sought to ascertain whether
discrete, higher order vFLIP-IKKy complexes could be iden-
tified using blue native gel electrophoresis and the
IKKy(150-272) construct used in the original structural
studies ((15), Fig. 2, A and B). The combination of vFLIP and
IKKy(150-272) resulted in several shifted species indicating
the existence of oligomeric assemblies. This is in contrast to
VFLIP combined with the L227PIKKy(150-272) mutant which
has been linked to the genetic disorder ectodermal dysplasia
with immunodeficiency (24-26), where oligomerization is
significantly impaired. The L227P mutant has been shown to
attenuate cytokine-mediated NF-kB activation through desta-
bilizing the structure of IKKy in the vicinity of the vFLIP
binding site (15, 27), and our results indicated that the
observed oligomerization was unlikely to be an artefact owing
to its dependence on correctly folded IKKy. This was also
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verified by SDS-PAGE analysis of the shifted bands which
confirmed the presence of equivalent quantities of vFLIP and
IKKy in each (Fig. 2B, bottom). Analysis of the sizes of these
shifted species in the WT vFLIP-IKKy(150-272) complex
revealed that the most intense band had an approximate
molecular weight just below 146 kDa, consistent with a hetero-
octameric arrangement (4:4 ratio of vFLIP to IKKy), accom-
panied by weaker bands representative of 16mer and higher
order complexes. Interestingly, there appeared to be little ev-
idence of the heterotetramer that would have a molecular
weight of ~70 kDa. We also analyzed the vFLIP-
IKKy(150-272) complex using SEC MALS (multi angle light
scattering). Elution profiles revealed a heterotetramer complex
(2:2 ratio of vFLIP to IKKy) to be the predominant species
(70.2 kDa, Fig. 2C), along with a much less abundant, higher
molecular weight broad peak or “shoulder” indicative of a
heterogeneous mixture of oligomeric states. The presence of
these low-level higher order species in SEC MALS experi-
ments prompted us to investigate whether these could be
better resolved. We therefore conducted analogous experi-
ments with the longer IKKy construct (IKKy(40—354)) used in
our reported electron paramagnetic resonance (EPR) studies
((18), Fig. 3, A and B). In contrast to those performed with
IKKy(150-272), a well-defined peak consistent with a hetero-
octameric VFLIP-IKKy assembly (217 kDa), along with a
“shoulder” indicative of a mixture of interchanging oligomer-
ization states with an average molecular weight of 416 kDa and
therefore a 16mer assembly, were observed together with the
heterotetramer (Fig. 34).

To further investigate the existence of vFLIP-IKKy oligo-
mers, we also analyzed VFLIP-IKKy complexes using native
mass spectrometry involving the shorter IKKy(150-272)
construct (Fig. 3C) since attempts with those assembled using
IKKy(40-354) were unsuccessful. These results revealed that
whilst the heterotetrameric 2:2 vFLIP:IKKy complex was again
the most predominant species, hetero-octameric and higher
order complexes (8:8, Fig. S1A) could also be identified in
agreement with those observed in blue native gels and SEC
MALS experiments involving the longer construct. Further
analysis revealed that vFLIP is more loosely associated than
IKKy. Dissociation of the octameric species using collision-
induced dissociation (CID, Fig. S1B) generated two distinct
heptamers, the more predominant resulting from loss of a
single vFLIP subunit and the less abundant, loss of an IKKy
monomer. This is consistent with the presence of a 1:2
vFLIP:IKKy complex both in the original spectrum containing
all species (Fig. S1A) and in the CID spectrum obtained for the
heterotetramer (Fig. S1C). These results are in agreement with
the crystal structure of the heterotetramer complex (PDB
accession code 3CL3) where IKKy adopts a dimeric coiled-coil
configuration in contrast to vFLIP whose only interactions are
with IKKy in the assembly (Fig. 2A4). The 1:2 vFLIP-IKKy
trimer most likely originates from dissociation of the higher
order assemblies under the conditions used. SEC experiments
conducted in the buffers used for mass spectrometry (data not
shown) revealed that vFLIP-IKKy complexes are considerably
more prone to precipitation under these conditions and are
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Figure 2. The identification of higher order VvFLIP-IKKy species. A, cartoon depiction of the published vFLIP-IKKy heterotetramer complex (PDB
accession code 3CL3). IKKy is shown in blue and vFLIP in pink. B, top, blue native gel analysis of vFLIP, WT/L227P IKKy, and associated vFLIP-IKKy complexes.
Bottom, SDS PAGE analysis of proteins extracted from bands taken from the WT vFLIP and IKKy lanes of the blue native gel shown in the top panel, together
with those corresponding to the shifted species (labeled a-d) from the WT vFLIP-IKKy(150-272) lane. C, top, SEC MALS analysis of the WT vFLIP-
IKKy(150-272) complex (brown) together with those for IKKy (khaki) and vFLIP (black) for comparison. For the WT vFLIP-IKKy(150-272) complex, the
predominant peak corresponds to a heterotetramer (2:2 vFLIP:IKKy) of approximate molecular weight ~70 kDa (red line), whilst the broader, upstream peak
or “shoulder” corresponds to a polydispersed mixture of higher molecular weight species (cyan line). Bottom, SDS PAGE analysis of the elution peaks for
VFLIP, IKKy, and the vFLIP-IKKy complex. All lanes marked M in the gels shown in (B) and (C) correspond to those containing molecular weight markers. All
experiments were performed in triplicate. IKK, inhibitor of kB kinase.
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Figure 3. Quantification of the vFLIP-IKKy higher order species. A, top left, SEC MALS trace obtained for the WT vFLIP-IKKy(40-354) complex revealing
the presence of tetrameric and octameric species. Top right, SDS PAGE analysis of the eluted fractions. B, the equivalent trace and SDS PAGE analysis for
IKKy(40-354) alone. Molecular weight marker lanes are denoted by M in (A) and (B). C, deconvoluted native mass spectrum obtained for the WT vFLIP-
IKKy(150-272) complex. All experiments were performed in triplicate. IKK, inhibitor of kB kinase; SEC, size-exclusion chromatography.

thus less stable. This reduction in stability, due to the buffers
used, would explain the greater abundance of higher order
complexes observed in the blue native gels and SEC MALS
studies relative to the native mass spectra. There is also evi-
dence that the higher order assemblies are intrinsically more
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susceptible to dissociation given the higher proportions of
monomeric VFLIP and IKKy observed in the CID spectrum of
the hetero-octamer compared to the heterotetramer (Fig. S1,
B and C), both spectra having been generated under identical
conditions. Interestingly, native mass spectrometry also
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revealed that IKKy and vFLIP appear to exist in both folded
and partially unfolded states. This is evident in mass spectra of
the individual proteins (Fig. S2, A and B), in which at least two
distinct charge state distributions are observed for each
monomeric species. Since it is known that the observed charge
state in native mass spectrometry is determined by the num-
ber of solvent exposed basic residues (28), it is possible to
attribute the low charge distributions (m/z > approximately
1700) to folded structures and the more highly charged dis-
tributions (m/z < approximately 1700) to partial unfolding. A
similar mix of distributions, indicating folded and partially
unfolded states, is observed for both monomeric proteins in
the vFLIP-IKKy assembly spectrum (Fig. S1A4). Conforma-
tional plasticity in IKKy has also been reported by other
groups using alternative biophysical and biochemical tech-
niques (27, 29, 30).

Following verification of the existence of higher order
species, we revisited the original vFLIP-IKKy(150-272)
crystal structure to determine whether stable octameric or
higher order species could be identified, based on an analysis
of crystal packing, and interfaces that could be investigated
using site directed mutagenesis. We were not only able to
identify a vFLIP-IKKy hetero-octamer but also the pro-
pensity of this octamer to form higher order assemblies
arising from the association of participating heterotetramers
(Fig. 4). These putative oligomers appeared to be stabilized
through a combination of vFLIP-IKKy and vFLIP—vFLIP
contacts distant from the main vFLIP-IKKy interface of the
heterotetramer. Analysis using the PISA server (https://www.
ebi.ac.uk/pdbe/pisa/) revealed that formation of the vFLIP—
IKKy octamer buries approximately 1820 A? of solvent
accessible surface area consistent with a stable, biologically
significant assembly, although more weakly stabilized than
the heterotetramer (2:2 vFLIP:IKKy complex) that buries
5420 A%

Inspection of the octamer interface reveals that key to sta-
bilization are interactions mediated by residues 204 to 222 in
IKKy and helices HO and H2 in death effector domain 1 of
VvEFLIP (Fig. 4A, Inset I). The core of the vFLIP-IKKYy interface
involves largely hydrophobic contacts encircled by electro-
static interactions. Key contributors to the electrostatic con-
tacts are a salt bridge involving the carboxylate and
guanidinium head groups of R12 in vFLIP and E222 in IKKy
respectively, along with a hydrogen bond donated by the amide
nitrogen of Q218 to the carboxylate group of E9. The octamer
is further stabilized by a hydrogen bond mediated by the
guanidinium head group of R43 and the amide side chain of
Q207. By contrast, the vFLIP-vFLIP interface that connects
hetero-octamers is largely electrostatic and mediated by resi-
dues E104 to R108 located in the region between helices H1
and H2 in death effector domain 2 (Fig. 44, Inset II). Residues
in this region form a short two stranded [B-sheet that is addi-
tionally stabilized by salt bridges involving E104 and R108.
Two of the eight vFLIP monomers in the vFLIP-IKKy 16mer
(Fig. 4A) contribute both vFLIP-IKKy and vFLIP-vFLIP
contacts thus connecting the two interfacial regions
(Fig. 4B). In this configuration, the loop spanning residues
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E119-R124 in one of the vFLIP subunits interacts with an IKKy
monomer through a small number of nonspecific van der
Waals contacts and electrostatic interactions involving resi-
dues S221 and K224.

Mutants designed to disrupt vFLIP-IKKy oligomerization
potently downregulate NF-kB activation

Having identified putative vFLIP-IKKy and vFLIP-vFLIP
interfaces within higher order assemblies, both were targeted
for disruption using site directed mutagenesis. An R12E vFLIP
mutant was generated to maximally disrupt the vFLIP-IKKy
interactions and a D102R E104R vFLIP double mutant to
disrupt VFLIP-vFLIP contacts. An R12E E104R vFLIP double
mutant was also constructed to determine the effects of dis-
rupting both regions simultaneously. Although designed to
disrupt oligomerization, all mutants needed to retain their
capacity to associate with IKKy given that the heterotetramer
complex is fundamental to the formation of higher order as-
semblies as illustrated in Figure 4A4. Any disruption of the
heterotetramer would therefore have a profound effect on
oligomerization without addressing the question of its role in
activation. This derives from the fact that contacts involved in
oligomerization are relatively weak compared to those asso-
ciated with heterotetramer formation that are largely respon-
sible for the nanomolar Kd associated with the vFLIP-IKKy
interaction, as demonstrated by our studies involving an IKKy
mimetic stapled peptide (16). Whilst incapable of forming
vELIP-IKKy interactions outside of the heterotetramer inter-
face given the absence of residues implicated in oligomeriza-
tion, this peptide nonetheless demonstrated a comparable
affinity to IKKy. A prerequisite for any putative
oligomerization-defective mutants would therefore be an af-
finity for IKKy similar to that of WT vFLIP to rule out the
possibility of impaired heterotetramerization. To investigate
this, the R12E, D102R E104R, and R12E E104R vFLIP mutants
were expressed in E. coli for biochemical/biophysical analysis.
All were observed to have a similar elution profile during SEC
MALS to that of WT vFLIP with the exception of R12E
(Fig. 5A). Rather than eluting predominantly as a monomer
(preceded by a small dimer peak), the R12E mutant had an
enhanced dimeric component comparable to that of the
monomer in terms of UV absorbance (Fig. 54, left). The ten-
dency of this mutant to dimerize was confirmed by native mass
spectrometry (Fig. S2B) and shown to be reducing agent
dependent since treatment with 10 mM TCEP resulted in a
shift to a predominant monomer when re-investigated using
SEC (Fig. 5A, right). These observations could be explained by
the crystal structure of the R12E mutant that was refined to
4.2 A (Supporting Data 3 and Table S1). In this structure, six
R12E monomers form the asymmetric unit, two of which
appear to be appropriately positioned for formation of a di-
sulfide bridge mediated by C106, in an extended but weakly
stabilized interface that also incorporates E12 and K13
(Fig. S3). Consistent with modification of the C106 region in
the R12E E104R mutant, however, an inability to form an
equivalent disulfide bridge would be predicted and was
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IKKy and vFLIP-vFLIP interfaces have been highlighted in insets | and II, respectively. Inset |, a hetero-octameric VFLIP-IKKy arrangement is stabilized by
residues spanning 204 to 222 of IKKy (light green) and those located within helices HO and H2 of DED1 in VFLIP (wheat). Inset II, vFLIP-vFLIP interactions link
the hetero-octamers through the formation of a two-stranded B-sheet that derives from main chain hydrogen bonds involving residues E104 to R108 (green
and gold). This configuration is further stabilized by salt bridges between the guanidinium moieties and carboxylate groups of these residues. B, figure
illustrating how the VvFLIP-IKKy and vFLIP-vFLIP regions in the hetero-octamer are spatially connected resulting in a continuous interface encompassing
DED1 and DED2 interactions in adjacent vFLIP monomers (gold and green). DED, death effector domain; IKK, inhibitor of kB kinase.

confirmed by the monomeric elution profile observed for this
mutant (Fig. 54, right). Despite these differences, all mutants
were seemingly unaffected in their capacity to form vFLIP-
IKKy (150-272) heterotetramer complexes when analyzed
using SEC MALS (Fig. S4). Furthermore, ITC experiments

SASBMB

confirmed that the R12E mutant had a similar Kd to that of
WT vFLIP (Fig. 5B) consistent with previous reports (16) and
the high levels of similarity between the R12E vFLIP and WT
VELIP co-ordinates in the vFLIP-IKKy(150-272) complex
when superposed (Fig. S5). Our data therefore illustrate that
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Figure 5. Biophysical characterization of the R12E and R12E E104R mutants together with their severe impact on IKK kinase activity and NF-kB
activation. A, left, SEC MALS chromatograms obtained for WT (black) and R12E (mauve) vFLIP. The molecular weights corresponding to vFLIP monomer and
dimer peaks are shown in red and green, respectively. Right, SEC profiles for WT VvFLIP (black), the R12E E104R mutant (pink), and the R12E mutant (green)
following the addition of 10 mM TCEP prior to loading. B, isothermal calorimetry (ITC) data obtained for WT vFLIP and the R12E mutant together with
calculated Kd values. C, top, immunoprecipitation of the IKK kinase complex from HEK293T cells expressing WT, R12E, R12E E104R, and D102R E104R vFLIP
mutants designed to disrupt the vFLIP-IKKy and vFLIP-vFLIP interfaces, followed by immunoblotting with anti-vFLIP antibody to assess the levels of vFLIP-
IKKy complex formation. Lanes marked N correspond to immunoprecipitations performed using anti-IKKy (Nemo) antibody and I, those performed using an
isotype-matched control IgG. Bottom, kinase assays of WT and mutant complexes following immunoprecipitation of the IKK kinase complex from HEK293T
cells expressing WT or mutant vFLIP using an anti-IKKy antibody. These were conducted in the presence of y*’p-ATP, and the quantities of phosphorylated
GST-IkB (1-54) (pGST-IkBa) were determined for WT vFLIP and mutants. All assays were performed in triplicate. D, top, NF-kB luciferase assays performed for
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the introduction of mutations designed to disrupt oligomeri-
zation had no impact on the structural integrity of vFLIP and
therefore its ability to form VFLIP-IKKy heterotetramers.

We next investigated the capacity of the R12E, R12E E104R
and D102R E104R vFLIP mutants to activate NF-kB using a
combination of luciferase reporter and IkBa phosphorylation
assays. Whilst all mutants appeared unimpaired in their ca-
pacity to associate with IKKy following immunoprecipitation
consistent with our biochemical and biophysical assays
(Fig. 5C) and were expressed at similar levels, R12E displayed
significant reductions in its capacity to phosphorylate GST-
IkBa(1-54) and NF-kB activation (Fig. 5, C and D). More
modest impairments were evident for the D102R E104R
mutant. The highest levels of attenuation, however, were
observed for the R12E E104R double mutant, clearly indicating
that both vFLIP-IKKy and vFLIP—vFLIP interfaces have an
important role in activation.

Although cell-based assays illustrated the importance of both
vELIP-IKKy and vFLIP-vFLIP contacts, they did not address
whether impaired NF-«B activation could be directly associated
with defective oligomerization. To establish this, SEC was per-
formed on all mutant complexes involving the IKKy(40-354)
construct (Fig. 6, A—D). Whilst the heterotetramer complex was
predominant in all, similar to WT vFLIP, there were significant
differences in the ability of the mutants to support hetero-
octamer formation. Although the D102R E104R mutant was
the least disrupted and had a near WT elution profile, the R12E
mutant lacked a defined hetero-octamer peak that was instead
replaced by a broad range of interchanging higher molecular
species extending from the hetero-octamer region almost to the
void of the column. By contrast, the only discernible peak for the
R12E E104R mutant was that of the heterotetramer. Those cor-
responding to the hetero-octamer and higher order species were
entirely absent. Attempts were also made to analyze the mutant
IKKy(40-354) complexes using native mass spectrometry but
were largely unsuccessful. Whilst data could be obtained for the
R12E mutant in complex with the IKKy(150-272) construct,
substantial reductions in the abundances of the vFLIP-IKKy
heterotetramer species were observed along with significant in-
creases in the quantities of vFLIP alone (Fig. S6, A and B). This is
likely to derive from the stability of the R12E-IKKy complex
being compromised by the necessary use of the native mass
spectrometry buffer previously described. Blue native gel analysis
of the mutant complexes, however, revealed similar oligomeri-
zation defects to those observed using SEC (Fig. 7A). The defects
evident from SEC and blue native gel analysis strongly correlate
with the levels of defective NF-kB activation and phosphorylation
of GST- IkBa(1-54) observed in cell-based assays. Our findings
thus confirm that the vFLIP-IKKy and vFLIP-vFLIP interfaces
identified in our crystal structure have a key role in vFLIP-
induced NF-kB activation through the formation of hetero-
octameric and higher order assemblies.

Activation of the IKK kinase by KSHV vFLIP

Discussion

To date, it has been unclear how vFLIP encoded by the
KSHYV virus activates the canonical NF-«kB pathway through its
association with IKKy, the essential modulatory element of the
IKK kinase complex. In keeping with the lack of obvious co-
activators, we have confirmed that vFLIP alone is sufficient
for kinase complex activation through a process of autophos-
phorylation. We have also shown that central to this process is
the formation of a VFLIP-IKKy hetero-octamer and higher
order species, stabilized by a continuous surface composed of
both VvFLIP-vFLIP and vFLIP-IKKy interactions whose
disruption substantially downregulates NF-kB activation.

Whilst multimeric assemblies have been postulated for the
IKK kinase complex based on their potential to regulate signal
transduction (31) and lattice structures generated by such
species directly observed using super resolution microscopy
(22, 32), ours is the first study to provide a detailed analysis of
the nature of these assemblies in response to vFLIP-induced
activation. The presence of these multimers at relatively low
levels indicated by mass spectrometry together with CID
fragmentation and PISA analysis confirms that they are weakly
stabilized and are analogous to the low abundance of the re-
ported lattice structures observed in U20S cells (22). It has
been hypothesized that this low abundance is required for
efficiently balancing signal intensity with noise filtering which
are pivotal to regulation of the pathway. In the case of VFLIP-
induced activation that is deregulated, it can nonetheless be
speculated that sustained high levels of NF-kB activation
would be deleterious to the cell and ultimately to the survival
and eventual proliferation of KSHV. A strategy to offset this
may therefore be to maintain relatively low levels of persistent
activation which is consistent with the modest increases
evident in our cell-based activity assays involving vFLIP
(Fig. 1).

Key to the formation of oligomeric VFLIP-IKKy assemblies
are interactions contributed by amino acids R12 and E104 in
VELIP. These residues are not conserved in the cellular FLIP
homologues and would thus be unable to mediate similar
contacts, in keeping with the inability of cellular FLIPs to
directly associate with IKKy and activate the IKK kinase (14).
Likewise, rhesus monkey rhadinovirus vFLIP lacks key resi-
dues implicated in oligomerization and does not activate NF-
KB, together with pox molluscum contagiosum virus protein
MC159 that despite being able to associate with IKKy inhibits
TNF-induced NF-kB activation (33, 34).

The fact that the R12E mutant appears capable of forming
higher order species based on our SEC data, the lack of a
clearly defined hetero-octamer coupled with the defective
oligomerization observed in blue native gels suggests that the
vFLIP-IKKy assemblies capable of activating the IKK kinase
are structurally specific. This apparent requirement for higher
order assemblies, though analogous to activation triggered by

HEK293 cells expressing WT and vFLIP mutants. Five independent biological replicate experiments were performed, and the data were normalized by
comparison to NF-kB luciferase activity in the absence of vFLIP. A box plot of the five data points for WT and vFLIP mutants is shown. Bottom, one-way
ANOVA testing demonstrates significant difference between these data. Post-hoc pairwise comparison demonstrates that the only significant differ-
ences are between WT vFLIP and the three vFLIP mutants. IKK, inhibitor of kB kinase.
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Figure 6. SEC analysis of WT and mutant vFLIP-IKKy(40-354) complexes. Left, chromatogram and right, SDS PAGE analysis of the eluted peaks. Lanes
marked M correspond to those containing molecular weight markers. A, WT vFLIP-IKKy(40-354). B, D102R E104R vFLIP-IKKy(40-354). C, R12E vFLIP-
IKKy(40-354). D, R12E E104R vFLIP-IKKy(40-354). IKK, inhibitor of kB kinase; SEC, size-exclusion chromatography.

inflammatory stimuli, differs in being ubiquitin-chain inde-
pendent. It can, however, be speculated that the role of ubig-
uitin chains in activation of the IKK kinase may be (at least in
part) functionally equivalent to VFLIP in enabling specific
oligomerization of IKKy as a precursor to the formation of
docking platforms for upstream kinases as part of a “priming”
event. This priming event involves the kinase TAKI1 that
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phosphorylates Ser 177 of IKKf prior to autophosphorylation
of Ser 181 within the same monomer (35). Such an event is not
required for vFLIP-mediated IKK kinase activation that alter-
natively relies on autophosphorylation in trans based on a
specific combination of VFLIP-vFLIP and vFLIP-IKKy con-
tacts. Manual docking experiments suggest that the vFLIP—
IKKy hetero-octamer could indeed form the repeat unit of a
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Figure 7. Blue native gel analysis of mutant vFLIP-IKKy complexes and a putative model for vFLIP-induced IKK kinase activation. A, left, blue native
gel showing the migration profiles for WT, R12E, R12E E104R and D102R E104R VFLIP proteins and right, the associated vFLIP-IKKy(150-272) complexes. M
denotes marker lanes. B, schematic model of how the combination of oligomeric vFLIP-IKKy and vFLIP-vFLIP contacts in the hetero-octamer may generate
a structure into which four IKKB “activated” dimers can be docked. Top, structure of an active IKKB dimer. This was constructed from PDB entry 4E3C as
reported in (20, 21) with the final model constituting superposed AlphaFold (45)-derived monomers of full-length IKKB. Bottom, putative structure of the
hetero-octamer vFLIP-IKKy complex incorporating four IKKB dimers (labeled IKKB1-4 in gold) in their active conformation. To generate this model,
IKKy(150-272) dimer co-ordinates were replaced with a model for IKKy residues 54 to 354 derived from our previous EPR studies (15, 18) in the vFLIP-IKKy
hetero-octamer. Activated IKKB dimers were next docked onto the N-terminal ends of neighboring IKKy molecules (denoted by N) via their binding motifs
as illustrated in PDB entry 3BRV (46). The IKKy dimers are colored wheat and the vFLIP monomers magenta. EPR, electron paramagnetic resonance; IKK,
inhibitor of kB kinase.
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lattice in which activated IKKp dimers would be both favorably
accommodated and stabilized (Fig. 7B). This ubiquitin-
independent mode of IKK kinase activation observed for
VvFLIP, however, contrasts with the mechanism utilized by the
HTLV-1 viral oncoprotein TAX, a functional analog. This
appears to be more resemblant of the cytokine-induced
pathway where TAX can generate and associate with its own
ubiquitin chains, by means of an intrinsic E3 ligase activity, to
which IKKy can then be recruited (36). A potential role for
oligomerization and other mechanistic details, nonetheless,
have yet to be ascertained for TAX-induced NF-kB activation.
It is interesting to speculate, however, that IKKy mutants
shown to constitutively upregulate the canonical NF-«xB
pathway (37) may also bypass the need for ubiquitin chains,
analogous to vFLIP, owing to an innate ability to form similar
or alternative active IKK kinase multimers.

Experimental procedures
Cell-based assays

To determine the capacity of recombinant vFLIP to activate
NF-kB and phosphorylate recombinant GST-IkBa (1-54), the
IKK kinase complex was immunoprecipitated from unstimu-
lated HEK293T cells using an anti-IKKy antibody (FL419,
Santa Cruz) following disruption in lysis buffer (20 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 1% Triton-X 100, 5% glycerol,
1 mM PMSEF, and protease inhibitor cocktail) and then incu-
bated with recombinant vFLIP, in the concentration range 0.15
to 4.0 uM, that had been expressed and purified as reported
(15). Reactions were allowed to proceed either for 1 h at 37 °C
or overnight at 4 °C, and following incubation, immune
complexes were washed with kinase wash buffer (20 mM
Hepes, pH 7.6, 50 mM NaCl, 20 mM p-glycerophosphate,
0.5 mM DTT, and 1 mM PMSF) and their capacity to phos-
phorylate recombinant GST-IkBa(1-54) using a kinase reac-
tion buffer (20 mM Hepes, pH 7.6, 50 mM NaCl, 10 mM
MgCl,, 2 mM DTT, 0.1 mM NagVO, 20 uM y>*ATP)
determined as described in (9). In brief, following removal of
the kinase wash buffer, 40 pl of kinase reaction buffer and 1 to
2 ug of recombinant GST-IkBa(1-54) together with 0.5 ml of
32y_ATP were added to each sample. These were subsequently
incubated at 30 °C for 30 min, and the reactions halted by the
addition of 4x Lammeli buffer prior to incubation at 95 °C for
5 min. The samples were next applied to 10% SDS PAGE gels
which were dried following electrophoresis prior to imaging
using a phosphor screen. Kinase assays involving LPP were
also performed in the presence of 3 pg of recombinant vFLIP.
Immune complexes derived from cell lysates of HEK293T cells
transfected with 3 pg of pCDNA3-vFLIP were washed twice
with high salt wash buffer (25 mM Tris-HCI, pH 7.6, 500 mM
NaCl, 1 mM EGTA, 1 mM DTT, 1% Triton-X-100, 5% glyc-
erol, 1 mM NazVO, 1 mM B-glycerophosphate, 5 mM NaF,
1 mM PMSE) followed by two washes in kinase wash buffer.
The immunoprecipitates were next incubated in phosphatase
reaction buffer containing increasing concentrations of LPP (4,
40 and 400 U) for 30 min at 30 °C. The reactions were
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terminated by the addition of 25 mM NazVO, and 20 mM
NaF. The treated complexes were subsequently washed with
kinase wash buffer and their capacity to phosphorylate GST-
IkBa(1-54) using Y*>ATP determined by means of the kinase
assay outlined above (a more detailed description can be found
in (9)). To visualize the radiolabeled bands, phosphor screens
were scanned using a Typhoon Phosphorimager (GE Health-
care), and the band intensities were quantified using Image-
Quant TL 7.0 software (GE Healthcare).

NE-kB activation assays involving the T-loop IKKp AA
(IKKB SSAA or S171/S181AA) and IKKB EE (IKKPB SSEE or
S171/S181EE) mutants were performed using the luciferase
reporter system described in (9, 14). Mutants were generated
as described in Mercurio et al. (7) with each experiment being
performed at least in triplicate. NF-kB activation assays
involving the oligomerization mutations were also performed
using the reporter system described in (9, 14).

Recombinant protein production and site directed
mutagenesis

WT vFLIP(1-177), the IKKy(150-272), and IKKy(40-354)
constructs were expressed and purified as previously described
(15, 18).

The R12E, R12E E104R, and D102R E104R vFLIP mutants
were generated using QuikChange (Agilent) and purified
following the protocol for WT vFLIP.

Blue native gel electrophoresis

Purified complexes (8—10 pg) comprising IKKy(150-272)
bound to WT vFLIP and single/double mutants or those
assembled from concentrated samples of the individual pro-
teins were loaded onto native gels (4—20%, Novagen). They
were run following the manufacturer’s instructions, and ex-
periments were performed in triplicate. To analyze the protein
components of the various species, individual bands were
excised following electrophoresis and soaked in sample buffer
prior to analysis on a 4 to 20% BOLT SDS PAGE gel
(Novagen).

SEC MALS and SEC

For SEC MALS experiments, preformed complexes
comprising IKKy(150-272), WT vFLIP, or mutants (as well as
the proteins alone) were analyzed using a Superdex 200 10/
300 GL column (Cytiva) equilibrated in a buffer comprising
25 mM Tris-HCI (pH 8.5), 200 mM NaCl, and 1 mM DTT.
Samples (100 pl) were applied at a concentration of 20 mg/ml
for all complexes, 3 mg/ml for IKKy (150-272), and 0.5 mg/ml
for WT vFLIP and mutants since WT vFLIP precipitates at
higher concentrations. Complexes involving WT vFLIP/mu-
tants and the IKKy(40-354) construct were assembled from
concentrated samples of the individual proteins in a
1.2:1 molar ratio of vFLIP to IKKy which were incubated in a
buffer comprising 25 mM Tris-HCl (pH 8.5), 200 mM NaCl,
2 mM DTT for 30 min prior to concentration using a 0.5 ml
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Amicon Ultra (Merck Millipore) concentrator. Samples
(100 ul) were applied to a Superose 6-Increase column (GE
Healthcare) at a concentration of 3 mg/ml. Inline MALS
detection was performed with a Dawn 8+ detector (Wyatt
Technology Corp) coupled to a laser emitting light at a
wavelength of 690 nm. Refractive index measurements were
made using an Optilab T-rEX (Wyatt Technology Corp). The
data were processed using Wryatt Technologies Astra 6.1
Software.

SEC experiments were performed using 980 pg of WT
VFLIP (or mutants) applied to a Superdex 200 10/300 GL
column (Cytiva) preequilibrated in the same buffer used for
SEC MALS. Each experiment was performed independently in
triplicate. Those performed with WT vFLIP or mutant com-
plexes involving the IKKy(40-354) mutant were carried out
using a Superose 6 increase column (Cytiva) and preassembled
complexes at the same ratios and concentrations used for SEC
MALS detailed above.

Mass spectrometry

Purified proteins (and complexes) were buffer exchanged
into 200 mM ammonium acetate solution at pH 8.5 using
10 kDa cut-off Amicon Ultra 0.5 ml centrifugal spin filters
(Merck Millipore). Samples were centrifuged six times at
12,000 rpm for 5 min at room temperature. Protein con-
centrations were determined using a Qubit protein assay
(ThermoFisher Scientific), and samples were diluted to a
concentration of 3.2 pM for native mass spectrometry
analysis. Protein samples were introduced into a first-
generation Synapt QToF mass spectrometer (Waters Corp)
using a nanoelectrospray gold-coated borosilicate glass
capillary (prepared in house). Instrument parameters were as
follows: capillary voltage 1.2 kV, sampling cone voltage 55 V,
source offset 2 V, backing pressure 3.2 mbar, or 5.9 mbar,
trap collision energy 8 eV, transfer collision energy 6 eV, and
bias 12 V. CID was performed using a trap collision energy of
28 eV and a transfer collision energy of 26 eV. Native mass
spectrometry data were processed using MassLynx 4.2
(Waters Corp), UniDec and in house software Amphitrite
(38, 39).

Isothermal calorimetry

Isothermal calorimetry experiments were performed
using a Microcal VP-ITC microcalorimeter with all pro-
teins dialyzed into a buffer comprising 25 mM Tris-HCl,
pH 85, 200 mM NaCl, and 2 mM TCEP. For the
binding reactions, syringe concentrations varied between
~85 and 100 uM for IKKy(150-272) and cell concen-
trations between ~8 and 10 uM for vFLIP. A 2 pl in-
jection, followed by 20 10 pl injections with stirring at
300 rpm were used for the titrations. Experiments were
performed at least in duplicate.

Crystallization, data collection, structure determination, and
refinement of the R12E mutant

Details can be found in Supporting Data 3 and Table S1.
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Data availability

Co-ordinates and structure factors for the R12E vFLIP
mutant have been deposited at the protein data bank under the
accession code 7PDJ.
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