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Transcription regulators STAT1 and STAT2 are key components of the interferon signaling system leading
to innate antiviral immunity. The related STAT3 protein is a regulator of interleukin-6-type cytokine signals
and can contribute to both cell growth and death important for cancer gene regulation and tumor survival.
These three STAT proteins are targeted for proteasome-mediated degradation by RNA viruses in the Rubu-
lavirus genus of the Paramyxoviridae. A single viral protein, the V protein, assembles STAT-specific ubiquitin
ligase complexes from cellular components. Simian virus 5 (SV5) targets STAT1, human parainfluenza virus
2 targets STAT2, and mumps virus targets both STAT1 and STAT3. Analysis of the V-dependent degradation
complex (VDC) composition and assembly revealed several features contributing to targeting specificity. SV5
and mumps V proteins require STAT2 to recruit the STAT1 target, yet mumps V protein binds STAT3
independent of STAT1 and STAT2. All Rubulavirus V proteins tested require cellular DDBI1 to target STATS for
degradation but differ in the use of Rocl, which is essential for mumps V STAT3 targeting. Protein interaction
analysis reveals that paramyxovirus V proteins can homo- and heterooligomerize and that the conserved
cysteine-rich zinc-binding C-terminal domain is necessary and sufficient for oligomerization. Purified SV5 V
protein spontaneously assembles into spherical macromolecular particles, and similar particles constitute SV5

and mumps VDC preparations.

Signal transducer and activator of transcription (STAT) pro-
teins are well known as regulators of cytokine and growth
factor-activated gene expression. STAT-dependent pathways
have been implicated in numerous biological responses includ-
ing innate and adaptive immunity and regulation of cell growth
and apoptosis. In addition to their normal functions, STAT
pathways are also known to be inappropriately activated in
human diseases such as inflammation, autoimmunity, and can-
cer (11, 15).

While some of the seven mammalian STAT proteins are
expressed and activated in a tissue-specific fashion, three of the
family members, STAT1, STAT2, and STAT3, are ubiqui-
tously expressed. STAT1 and STAT2 mediate responses to
interferon (IFN). STAT1 is activated by IFN-y to form a ho-
modimeric transcription factor complex called the gamma
IFN-activated factor, which binds directly to the promoters of
IFN-y target genes. IFN-o/B, the principal innate antiviral
cytokines induced in response to virus infection, induce ty-
rosine phosphorylation of latent STAT1 and STAT?2. The ac-
tivated STAT proteins combine with IFN regulatory factor 9 to
form a transcription factor complex known as IFN-stimulated
gene factor 3. This factor binds to the promoters of antiviral
target genes and activates their expression to produce a

* Corresponding author. Mailing address: Pancoe-ENH Research
Pavilion, Northwestern University, 2200 Campus Drive, Evanston, IL
60208. Phone: (847) 491-5530. Fax: (847) 491-4400. E-mail: Horvath
(@northwestern.edu.

broadly effective cellular state resistant to virus infection (1,
54).

The role of STAT3 in the innate antiviral response is not
well understood, but it can be activated in response to IFNs
and has been identified as a target for virus host evasion (42,
60). STAT3 is more widely known for being activated in cells
by cytokines such as interleukin-6 (IL-6) (22), growth factors
like epidermal growth factor and platelet-derived growth fac-
tor (53, 61), or nonreceptor tyrosine kinases like Src (10, 67).
STAT3 also has the properties of an oncogene and is found
constitutively activated in many types of human cancers, tu-
mor-derived tissues, and cancer cell lines (15). In a fashion
similar to IFN-y-activated STAT1, STAT3 activation leads to
dimerization to produce a DNA-binding factor that can induce
target gene transcription.

In all cases, the STAT-containing transcription factors are
inactivated by the action of nuclear protein tyrosine phospha-
tase enzymes, and the dephosphorylated STAT proteins are
recycled to the cytoplasm where they can participate in further
activation cycles (56). Consistent with their regulation by post-
translational modifications rather than degradation, these
STATSs have long half-lives (21, 31, 44). However, in conspic-
uous contrast to their normal stability, STAT1, STAT2, and
STAT3 can be rapidly degraded during infection of cells with
certain species of paramyxoviruses in the Rubulavirus genus or
by expression in cells of a single Rubulavirus protein called V.

The Rubulavirus V proteins catalyze the degradation of
STAT proteins with remarkable targeting specificity, a coun-
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termeasure to evade host IFN and immune responses. The
simian virus 5 (SV5) V protein destroys STATI, the type 2
human parainfluenza virus (HPIV2) V protein targets STAT2,
and the mumps virus V protein can eliminate both STAT1 and
STAT3 (16, 17, 29, 44, 60, 66). The Rubulavirus V proteins
achieve STAT degradation by coordinating the assembly of an
ubiquitin ligase (E3) complex with cellular components includ-
ing the UV-damaged DNA binding protein 1 (DDB1), cullin
4A (Cul4A), and both target and nontarget STATs (3, 58, 60).
These complexes, with the components V, DDBI, and Cul4A,
are collectively termed V-dependent degradation complexes
(VDC). Cellular partners DDB1, STAT2, and Cul4A are es-
sential for SV5-mediated STAT1 degradation (3, 45, 59), but
while these proteins copurify with all the Rubulavirus V pro-
teins, the generality of their importance to other VDC activi-
ties has not been reported. The V proteins also copurify with
other cellular proteins that are unrelated to STAT targeting or
that have yet to be characterized (59, 60).

DDBI1 and Cul4A are components of cellular E3 ubiquitin
ligase complexes in the subset known as SCF (Skp/cullin/F-
box) (5, 20, 23, 35, 36, 63, 65). Crystallographic analysis and
functional studies of SCF components suggest that the cullin
component serves as a scaffold, with its N terminus bound to
DDBI1 and its C terminus bound to regulator of cullins 1
(Rocl, also known as Rbx1) (reviewed in reference 47). Rocl
is a RING domain-containing protein that is thought to recruit
the E2 ubiquitin-conjugating enzyme to facilitate ubiquitin
transfer onto substrates (13, 24, 37, 58, 63, 64). The role of
Rocl, if any, in STAT targeting by VDC has not been reported.

The STAT proteins targeted by rubulaviruses are highly
homologous to one another, and the Rubulavirus V proteins
themselves are also very similar, inviting inquiry into the de-
terminants of targeting specificity and selectivity of each V
protein. Some insight into the complexity of this problem was
provided by the discovery that, in some cases, accessory STAT
proteins are required for the V protein to destroy its target
STAT protein. For example, STAT1 is needed by HPIV2 to
target STAT2, while STAT2 is absolutely required for both
SVS5 and mumps V proteins to target STAT1. However, nei-
ther STAT1 nor STAT2 is required for mumps V to target
STATS3 (45, 60). These differences imply that distinct structural
features and assembly mechanisms might be used by the V
proteins to target a particular STAT.

An unappreciated intricacy in VDC action involves the
problem of how the approximately 220-amino-acid V protein
can interact with and coordinate the assembly of several large
cellular proteins to affect ubiquitylation of STAT targets. The
most highly conserved region of the V protein is its cysteine-
rich C-terminal domain (CTD). Although the V protein CTD
is virus designed and is not homologous in sequence to known
cellular proteins, there are some seemingly superficial similar-
ities to RING domains that might indicate functional conver-
gence. Both RING domains and V CTDs bind to two atoms of
zinc per polypeptide (7, 8, 46) and act in multimolecular com-
plexes to facilitate Ub transfer to degradation substrates (47).
Physical and microscopic analysis of RING domains has re-
vealed their propensity for self-assembly to produce macromo-
lecular particles that are visible in the electron microscope as
50- to 100-nm spheres. These particles are thought to serve as
molecular scaffolds to support enzymatic reactions (6, 26, 27),
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similar to the reactions carried out by V proteins in STAT
targeting (59, 60).

In this report, Rubulavirus VDC STAT targeting activities were
compared to elucidate the accessory roles of cellular proteins
STAT2, DDBI, and Rocl. Results clarify the role of STAT2 in
STAT! targeting by the SV5 and mumps VDCST™™! and RNA
interference experiments demonstrate that DDBI is essential
to the targeting of all STATs by all V proteins tested. Rocl is
found to copurify with both SV5 and mumps V proteins, bound
both directly and indirectly. However, Rocl is required only
for STAT3 targeting by mumps V. Furthermore, results dem-
onstrate that paramyxovirus V proteins can oligomerize via the
CTD and are able to self-assemble into macromolecular spher-
ical particles, providing a plausible model to support the co-
ordination of multiple V protein-mediated activities.

MATERIALS AND METHODS

Cell culture. 293T, 2fTGH, and 2fTGH-derivative cell line U6A (STAT2
deficient) were grown in Dulbecco’s modified Eagle’s medium (Gibco-BRL)
supplemented with 10% cosmic calf serum (HyClone) and 1% penicillin-strep-
tomycin (Gibco-BRL). To produce V-expressing stable cell lines, 2fTGH cells
were infected with replication-deficient lentiviruses engineered to express indi-
vidual V proteins and selected for resistance to blasticidin. Positive clones were
tested by immunoblotting for FLAG-V expression and STAT protein targeting.
IFN-dependent luciferase reporter gene assays were performed to confirm loss
of STAT protein function. V proteins expressing 2fTGH stable cell lines were
maintained in medium supplemented with 5 wg/ml blasticidin (Calbiochem).

Plasmids and transfections. Expression plasmids pEF-FLAG, pEF-FLAG-
SV5-V, pEF-FLAG-SVN, pEF-FLAG-SVC, and pEF-FLAG-mumps-V have
been described previously (44, 59, 60). Similar constructs were created with the
open reading frame for each V protein downstream of and in frame with the
hemagglutinin (HA) tag in the pEF vector (pEF-HA-SV5-V and pEF-HA-
mumps-V). Plasmid pEF-FLAG-thioredoxin (FLAG-Trx) was a gift of Patricia
Cortes (Mount Sinai School of Medicine). FLAG-Roc1, myc-Culd4A, and T7-
DDBI expression plasmids were a gift of Zhen-Qiang Pan (Mount Sinai School
of Medicine). The pPCDNA-STAT2 expression plasmid has been described pre-
viously (45). The glutathione transferase (GST)-SV fusion protein expression
plasmid (pGEX-5X-SV5-V) has been described previously (45, 59).

293T cells were transfected by a standard calcium phosphate method. For
affinity purification experiments, 2 ug of pEF-FLAG-SV5 V or pEF-FLAG-
mumps-V per 100-mm plate was transfected, and 20 plates were harvested. For
combinatorial expression experiments, 60-mm plates were transfected using 0.5
ng of pEF-FLAG-Trx, 5 pg of FLAG-Rocl, 5 pg of myc-Cul4A, 5 pg of
T7-DDBI, 0.5 ug of pEF-HA-SV5-V, and/or 0.5 pg of pEF-HA-mumps-V per
plate in the combinations indicated (see Fig. 3). In experiments for V self-
association, 9 pg (each) of pEF-FLAG-SV5-V, pEF-FLAG-mumps-V, pEF-HA,
pEF-HA-SV5-V, and pEF-HA-mumps-V was transfected per 60-mm plate,
while 5 pug of pEF-HA-SV5-V and 14 pg (each) of pEF-FLAG-SV5-V, pEF-
FLAG-SVN, pEF-FLAG-SVC were transfected per plate for domain analysis.
For all 293T transfections, cells were harvested at 24 h posttransfection for
immunoprecipitation and analysis.

2fTGH and derivative cell lines were transfected by Superfect (QIAGEN)
according to the manufacturer’s protocol. Plates (100 mm) of 2fTGH or U6A
cells were transfected with 2.5 ug of pEF-FLAG, 2.5 pg of pEF-FLAG-SV5-V,
or 2.5 ng pEF-FLAG-mumps-V with or without 2.5 ng of pPCDNA-STAT?2 per
plate.

Affinity purification, immunoprecipitations, and immunoblotting. Affinity pu-
rification of SV5 and mumps VDC was exactly as described (59, 60). For se-
quential immunoprecipitations (IP), eluate of affinity purification of mumps
VDC was precleared with protein A agarose beads (Roche) for 1 h at 4°C; the
supernatant was divided into four samples for IP with 2 ug of rabbit anti-STAT1
(Santa Cruz sc-345), 2 pg of rabbit anti-STAT2 (Santa Cruz sc-476), 2 pg of
rabbit anti-STAT3 (Santa Cruz sc-482), or 2 pg of goat anti-actin (Santa Cruz
sc-1616) overnight at 4°C. Immune complexes were captured on protein A
agarose for 1 h at 4°C and washed three times in whole-cell extract buffer, and
bound proteins were eluted by boiling in protein gel loading buffer and separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for
immunoblotting.

For IP of FLAG-tagged proteins in 2fTGH and U6A cells and from 293T
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transfections in 60-mm plates, 40 wl of anti-FLAG-M2 affinity agarose (Sigma
A2220) was used for 4 h (2fTGH and U6A cells) or overnight (293T cells).
Agarose beads with immune complexes were washed five times with whole-cell
extract buffer, and bound proteins were eluted in protein gel loading buffer
(2fTGH and U6A), or the complexes were eluted with 150 wg/ml of 3X FLAG
tripeptide (Sigma) and then boiled in protein gel loading buffer and separated by
SDS-PAGE for immunoblot analysis.

Samples separated by SDS-PAGE were transferred to nitrocellulose for im-
munoblotting. Antibodies and dilutions for blotting are as follows: rabbit anti-
STAT1 (1:4,000; Santa Cruz sc-345), rabbit anti-STAT2 (1:5,000; Santa Cruz
sc-476), rabbit anti-STAT3 (1:3,000; Santa Cruz sc-482), rabbit anti-FLAG tag
(1:5,000; Sigma F7425), mouse anti-DDB1 (1:500; BD Transduction 612488),
rabbit anti-Cul4A (1:200; Santa Cruz sc-10782), rabbit anti-Rocl (1:100; Zymed
34-2500), mouse anti-T7 tag (1:10,000; Novagen 69522-3), mouse anti-myc tag
(1:1,000, clone 9E10; Mount Sinai Hybridoma Facility), and mouse anti-HA tag
conjugated to peroxidase (1:500, clone 3F10; Roche 1815016). Primary antibody
incubations were overnight at 4°C. Secondary antibodies used were goat anti-
mouse conjugated to horseradish peroxidase and goat anti-rabbit-horseradish
peroxidase (VWR). Detection was with enhanced chemiluminescence reagent
(Perkin-Elmer).

RNA interference. 2fTGH V protein-expressing stable cell lines were trans-
fected in 24-well dishes with 60 pmol of small interfering RNA (siRNA) using
0.75 wl of siLentFect reagent (Bio-Rad 170-3361) per well according to the
manufacturer’s protocol. Cells were harvested and lysates were processed at 72 h
posttransfection, and 20 pg of total protein was separated by SDS-PAGE and
processed for immunoblotting. All siRNAs were from Dharmacon. DDB1
siRNA was custom designed and synthesized as previously described (59). Rocl
siRNA was purchased as a SMARTpool. Control siRNA was siCONTROL non-
targeting control number 2.

Luciferase assay. 2fTGH/mumps V protein-expressing cells were transfected
in a 24-well dish in triplicate for each condition. Per well, cells were transfected
with 0.07 pg of 4X M67-luciferase reporter gene plasmid, 0.005 wg of Renilla
luciferase plasmid (as internal transcriptional control), and either with or without
60 pmol of the indicated siRNA using 0.75 wl of siLentFect. Cells were treated
at 48 h posttransfection with IL-6 and the soluble IL-6 receptor (400 ng/ml and
500 ng/ml, respectively; Calbiochem) overnight and then harvested in luciferase
assay lysis buffer (Promega dual-luciferase kit). Dual-luciferase assays were car-
ried out: luminescence of both firefly and Renilla luciferase was measured, and
the ratio of the two values was calculated (normalized luciferase activity). Data
represent average values with standard deviations of triplicate samples for each
condition.

Bacterial expression and purification of SV5-V, gel filtration, and electron
microscopy analysis. GST-SV5-V was induced in 6 liters of Escherichia coli
culture by the addition of isopropyl-B-p-thiogalactopyranoside (IPTG) and pu-
rified with glutathione Sepharose (Pharmacia) by standard procedures (4).
SV5-V was cleaved from GST tag by Factor Xa digest, and cleaved material was
further purified by application to a Sepharose Q anion exchange column (Am-
ersham Pharmacia) and eluted with a linear gradient of NaCl in 20 mM Na,PO,
(pH 7.5) at 4°C. Purified SV5-V protein was fractionated by gel filtration through
a Superose 6 HR column on the AKTAexplorer chromatograph (Amersham
Pharmacia). Purified SV5 V was injected directly onto the column and separated
at 6°C at a rate of 0.2 to 0.5 ml/min in under 1 h while UV absorbance was
recorded at 214, 254, and 280 nm. Formvar-coated nickel grids (Electron Mi-
croscopy Sciences, Fort Washington, PA) were glow discharged, floated on
sample drops (fraction 17 or 19 of purified SV5-V or affinity-purified green
fluorescent protein, SV5-VDC, or mumps-VDC), blotted, and air dried. They
were then negatively stained with 1% (wt/vol) aqueous uranyl acetate. Grids
were photographed by using a JEOL JEM 100-CX electron microscope under
low-dose conditions at 80 kV.

RESULTS

STAT?2 is required to recruit STAT1. The SV5 and mumps V
proteins cannot degrade STAT1 in cells that are lacking
STAT?2 (45, 60), and VDCs that copurify with SV5 and mumps
V proteins contain both STAT1 and STAT2. In contrast, only
the mumps V protein copurifies STAT3, consistent with its
additional targeting capacity (60) (Fig. 1A). To investigate the
reason STAT2 is required for STAT1 targeting, VDC purifi-
cation was executed in wild-type (2fTGH) and STAT2-defi-
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FIG. 1. Distinct copurification of STATs in VDC subcomplexes.
(A) Immunoblot illustrating STAT components of SV5 and mumps
VDC after FLAG affinity purification. (B) STAT2 is needed for effi-
cient binding to STAT1. Wild-type 2fTGH or STAT2-deficient U6A
cells were used for expression and purification of SV5 and mumps
VDC. STAT1 and STAT?2 are only precipitated by V protein from cells
reconstituted with STAT2 by ¢cDNA transfection. (C) Mumps VDC
contains separate STAT1- and STAT3-containing complexes. FLAG
affinity-purified mumps VDC (MuVDC) was subjected to a second IP
with antiserum for STAT1, STAT2, STAT3, or «-actin control. After
capture of immune complexes with protein A agarose, supernatant was
retained for analysis (post-IP sup). All fractions were probed by im-
munoblotting for STATs, DDBI, Cul4A, and Rocl.

cient (U6A) cells. SV5 and mumps V proteins could copurify
both STAT1 and STAT?2 from wild-type cells (Fig. 1B, lanes 2
and 3). In contrast, neither SV5 nor mumps V proteins could
bind STAT] in the absence of STAT2 (Fig. 1B, lanes 5 and 7).
Expression of STAT2 complemented the STAT1-binding de-
fect, enabling both SV5 and mumps V to copurify their STAT1
target as well as the expressed STAT2 protein (Fig. 1B, lanes
6 and 8). This pattern of copurification indicates that an im-
portant role for STAT2 is to facilitate efficient recruitment of
STATI and suggests that STAT? is stabilizing STAT1 interac-
tion with the VDC.

Mumps V protein assembles separate STAT1 and STAT3
targeting complexes. In contrast to the requirement for STAT2
in STAT1 targeting, mumps V protein requires neither STAT1
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nor STAT?2 to target STAT3 (60). This observation implies
that the mumps V protein engages separate machinery for
targeting the two proteins. To test the concept of separate
targeting complexes, affinity-purified VDC (Fig. 1C, lane 1)
were fractionated further by a second IP for STAT1, STAT2,
or STAT3 (Fig. 1C, lanes 2 to 5). Carrying out the second IP
for STAT1 consistently yielded STAT2 but not STAT3 (Fig.
1C, lane 3). Complementary results were obtained for the
second IP for STAT?2, which yielded STAT1 but not STAT3
(Fig. 1C, lane 4). In these cases, the STAT3 protein was re-
covered in the post-IP supernatants. In agreement with these
results, the second IP for STATS3 yielded neither STAT1 nor
STAT2 (Fig. 1C, lane 2). These results verify the role of the
STAT1-STAT?2 interaction within VDC and indicate that the
mumps V-interacting material contains separate VDC sub-
complexes for targeting STAT1 and STAT3. One complex,
VDCSTAT! contains STAT1 and STAT2, while a separate
complex, VDCS™ T3 contains STAT3.

General and specific roles for cellular DDB1 and Rocl in
VDC activity. Cellular SCF ubiquitin ligase complexes uni-
formly contain Rocl, which associates with cullin family pro-
teins including Culd4A (13, 18, 19, 24, 40, 57). As Rubulavirus V
proteins bind DDB1 and Cul4A, it seemed likely that Rocl
might also be in complex with the viral proteins. Immunoblot-
ting of affinity-purified SV5 and mumps V protein complexes
demonstrated the copurification of endogenous Rocl protein
(Fig. 2A).

RNA interference was used previously to definitively test the
roles of VDC components in STAT1 degradation by SV5 (3,
59). To extend this method to the other Rubulavirus V pro-
teins, stable cell lines were created expressing the V proteins
from SV5, HPIV2, and mumps virus. The V-expressing cell
lines exhibit specific STAT protein degradation patterns. SV5
V-expressing cells lack STAT1, HPIV2 V-expressing cells lack
STAT?2, and mumps V-expressing cells lack both STAT1 and
STAT3 (Fig. 2B). Stable expression of the V proteins did not
alter the steady-state expression levels of the nontarget STATS,
DDBI, or Rocl.

To test the requirement for DDB1 and Rocl in STAT deg-
radation by V proteins, the stable cell lines were transfected
with siRNAs, and after 72 h lysates were subjected to immu-
noblotting. Specific immunoblotting verified the loss of steady-
state DDB1 or Rocl in the cells transfected with the corre-
sponding siRNAs. Control siRNAs had no effect on STAT
abundance. In agreement with prior results, interference with
DDBI1 in SV5 V protein-expressing cells resulted in recovery
of STAT1 (Fig. 2C, lane 2). Interference with DDB1 in HPIV2
V-expressing cells recovered STAT2 (Fig. 2C, lane 5), and
interference with DDB1 in mumps V-expressing cells recov-
ered both STAT1 and STAT3 (Fig. 2, lane 8). These data
clearly demonstrate that DDBI1 is a central component of
VDC activities, as it is generally required for STAT degrada-
tion by all V proteins.

Similar experiments were carried out in parallel to test the
requirement for Rocl in STAT degradation. In contrast to the
general effects of DDBI, interference with Rocl in both SV5
and HPIV2 V protein-expressing cells did not facilitate recov-
ery of either STAT1 or STAT2, respectively (Fig. 2C, lanes 3
and 6). These findings indicate that Rocl is dispensable for
SV5 and HPIV2 VDC actions. A different pattern was ob-
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served in the mumps V-expressing cells. Interference with
Rocl did not result in the recovery of STAT1 protein, similar
to the lack of effects on SV5-STAT1 targeting (Fig. 2C, lane 9).
Strikingly, interference with Rocl in mumps V cells resulted in
the recovery of STAT3 (Fig. 2C, lane 9). These results indicate
that Rocl is required for STAT3 targeting by the mumps V
protein.

To confirm that interference with Rocl expression leads to
the recovery of functional STAT3, RNA interference was car-
ried out in the context of a STAT3-dependent IL-6 reporter
gene assay. Mumps V protein-expressing 2fTGH cells were
treated with or without siRNA for 48 h, which was followed by
overnight IL-6 treatment. The mumps V stable cell lines have
little residual response to IL-6 in the absence of siRNA as they
lack STAT3 expression (Fig. 2D, lanes 1 and 2). Slightly en-
hanced reporter gene activity was observed in cells transfected
with the control nonspecific sSiRNA in combination with IL-6
treatment (Fig. 2D, lane 6). However, the siRNA for Rocl
resulted in the activation of IL-6 responses 2.5-fold greater
than the control (Fig. 2D, lane 7), and DDB1 RNA interfer-
ence activated the reporter gene twofold above the control
(Fig. 2D, lane 8). These data demonstrate that loss of Rocl or
DDBI leads to recovery of STAT3 signaling in mumps V
protein-expressing stable cell lines, confirming their essential
roles in VDCSTA™3 activity. Furthermore, these results provide
evidence that cytokine signaling activity can be recovered by
using RNA interference to counteract viral evasion mecha-
nisms.

SV5 V binds Rocl through Cul4A, while mumps V binds
Rocl independent of Cul4A. Both SV5 and mumps VDC elu-
ates contain Rocl, but it is required only for mumps-induced
STATS3 degradation. To explain this apparent conundrum, the
nature of the V protein interaction with Rocl was analyzed by
combinatorial expression of epitope-tagged proteins. In these
experiments, FLAG-Rocl and HA-V proteins were expressed
either alone or in combination with T7-DDBI1 or myc-Cul4A.
FLAG-Rocl and associated proteins were immunoprecipi-
tated, separated by SDS-PAGE, and subjected to immunoblot-
ting for the other tagged proteins. A control protein, FLAG-
thioredoxin, did not copurify any VDC components (Fig. 3,
lanes 1 and 6). FLAG-Rocl1 did not coprecipitate SV5 V unless
Cul4A was also present (Fig. 3, compare lanes 2 and 3). This
result suggests that the presence of Rocl in the SV5 VDC is
the result of indirect association via Cul4A. In contrast, the
mumps V protein was found in association with Rocl in the
absence of expressed of Cul4A (Fig. 3, lane 7). This finding
indicates that mumps V interacts with Rocl independent of
Cul4A, consistent with the differential requirements for Rocl
in VDC activities of SV5 and mumps.

Homo- and heterooligomerization of V proteins. The data
indicate that V proteins are engaging cellular factors through
distinct targeting subcomplexes. A question arises as to how
the ~220-amino-acid V proteins can assemble these relatively
large subunits into a STAT-targeting ubiquitin ligase entity. To
test the possibility of V protein oligomerization, differentially
epitope-tagged SV5 or mumps V proteins were coexpressed in
cells, and lysates were immunoprecipitated with FLAG affinity
resin and eluted with FLAG tripeptide. Eluates were then
subjected to immunoblotting to detect the presence of HA-V
protein. No nonspecific associations were detected with the
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HA-V proteins (Fig. 4A, lanes 1 and 2). However, the purified
FLAG V proteins were able to coprecipitate both the homo-
typic and heterotypic HA-V protein (Fig. 4A, lanes 4 and 5 and
7 and 8). These results demonstrate that SV5 and mumps V
proteins can oligomerize with both themselves and each other.

The discovery of heterotypic V-V interactions between SV5
and mumps was unexpected and implies a previously over-
looked level of V protein organization that might be preserved
across the paramyxovirus family. To test the generality of V

tion for immunoblotting. Ctrl, control nontargeting siRNA. (D) Re-
covery of biologically active STAT3 by interference with Rocl or
DDBI. IL-6-responsive 4XM67 firefly luciferase reporter gene assay
activation is expressed as the ratio of firefly luciferase to control Renilla
luciferase activity. For each condition the average normalized lucif-
erase units are plotted with the standard deviations indicated.

protein oligomerization within the Rubulavirus genus and be-
yond, similar coprecipitation assays were conducted with V
proteins from Rubulavirus (SVS, HPIV2, and mumps), Heni-
pavirus (Nipah virus and Hendra virus), and Morbillivirus (mea-
sles virus) genera. Astonishingly, all of the V proteins inter-
acted not only with themselves homotypically but also with one
another heterotypically (Fig. 4B and Table 1). These results
establish oligomerization as a general property of paramyxo-
virus V proteins and also suggest that oligomerization is me-
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FIG. 3. Interaction of Rocl with SV5 V, but not mumps V, de-
pends on Cul4A. Rocl coprecipitates SV5 V only when Cul4A is also
expressed. HA-SV5 V (left panel) or HA-Mu V (right panel) were
expressed with FLAG-thioredoxin control (Trx) or FLAG-Rocl in
combination with T7-DDB1 and myc-Cul4A as indicated. FLAG-as-
sociated proteins were immunoprecipitated, washed extensively, and
eluted with FLAG peptide.

Lysate

diated by the only conserved domain in these proteins, the
CTD.

Cysteine-rich CTD is necessary and sufficient for homooli-
gomerization. To better define the V protein self-association,
FLAG-tagged expression constructs were created containing
the C-terminal cysteine-rich domain (amino acids 162 to 222)
or the N-terminal region (amino acids 1 to 162). These vectors
or the full-length FLAG-SV5 V were coexpressed individually
with full-length HA-SVS V protein and subjected to coprecipi-
tation assays. As in Fig. 4A, full-length SV5 V can coprecipi-
tate itself (Fig. 4C, lane 2), but the SV5 N terminus did not
(Fig. 4C, lane 4), indicating that the C terminus is needed for
self-association. Conducting the experiment with the SV5 C
terminus revealed that this region by itself was sufficient to
coprecipitate full-length SV5 V protein (Fig. 4C, lane 3). These
results demonstrate that the V protein self-associations are
mediated through the conserved cysteine-rich CTD, which we
now define as an oligomerization domain.

Macromolecular spherical particles are formed by V pro-
teins alone and in VDC. Although the V protein C termini are
not homologous to any known cellular proteins, they share
several features with cellular zinc-binding proteins. Promi-
nently, they share a 2:1 zinc-protein stoichiometry that is found
in the RING domain. Like V proteins, many RING domain
proteins are components of Ub ligase complexes. RING do-
mains have been demonstrated to self-assemble into macro-
molecular structures thought to serve as molecular scaffolds for
catalyzing polyubiquitylation (26-28). To test if the isolated V
protein could undergo a similar self-assembly, SV5 V protein
was expressed in E. coli, purified, and subjected to gel filtration
chromatography. The purified SV5 V protein preparation mi-
grated as a doublet on SDS-PAGE gels, likely the result of
proteolytic cleavage (Fig. 5SA, left). The gel filtration revealed
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FIG. 4. Paramyxovirus V proteins homo- and heterooligomerize
via the conserved C terminus. (A) SV5 and mumps V proteins form
oligomers. 293T cells were transfected with FLAG vector (—), FLAG-
SV5 V (SV), or FLAG-Mumps V (MuV) with or without HA vector
(=), HA-SV, or HA-MuV. FLAG-associated proteins were immuno-
precipitated, washed extensively, and eluted with FLAG peptide.
FLAG eluates and fractions of total lysates prior to IP (lysate) were
separated by SDS-PAGE and subjected to immunoblotting to detect
coprecipitated HA- and FLAG-tagged proteins. (B) Example of gen-
erality of paramyxovirus V protein homo- and heterooligomerization.
Methodology is the same as described in panel A but with FLAG-
Hendra virus V protein used in conjunction with HA-tagged SV5 (SV),
HPIV2 (HV), mumps (MuV), measles (MeV), Nipah virus (NiV), and
Hendra virus (HeV) V proteins. (C) SV5 V protein CTD mediates
oligomerization. FLAG vector (—), FLAG-SV, FLAG-SVC (amino
acids 162 to 222 of SV5 V protein), or FLAG-SVN (amino acids 1 to
162 of SV5 V protein) were expressed in 293T cells with HA-SV and
coprecipitated as described above.
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TABLE 1. Oligomerization of paramyxovirus V proteins®

SV5 HPIV2 Mumps Measles Nipah Hendra
SV5 + + + + + +
HPIV2 + + + + +
Mumps + + + +
Measles + + +
Nipah + +
Hendra +

“ Interactions tested by expressing two differentially epitope-tagged V proteins
in 293T cells followed by immunoprecipitation from whole-cell lysates with
antiserum to first tag and immunoblotting for second tag. +, interaction de-
tected.

the V protein eluted in two distinct peaks indicative of low- and
high-molecular-weight forms (Fig. 5A, right). The peak frac-
tions (17 and 19) were analyzed by negative staining and elec-
tron microscopy. No distinct structures were observed for the
material in the low-molecular-weight fraction 19, but an abun-
dance of spherical particles was detected in the high-molecu-
lar-weight fraction 17 (Fig. 5A, bottom). These particles strik-
ingly resemble those formed by purified RING domain
proteins and indicate that the isolated V protein can similarly
self-assemble to form large spherical particles.

To determine if these particles are present in the more
complicated arrangement of purified VDC, affinity prepara-
tions of SV5 VDC and mumps VDC were isolated from trans-
fected cells and analyzed by electron microscopy (Fig. 5B).
Both VDC preparations contained spherical structures similar
to those observed with pure high-molecular-weight SV5 V
protein, and no complexes were observed in a control FLAG-
green fluorescent protein preparation. By analogy to the
RING domain proteins, these data suggest that the V proteins
form a molecular scaffold for the execution of polyubiquityla-
tion reactions.

DISCUSSION

Rubulavirus 'V proteins assemble STAT-targeting VDC
ubiquitin ligase complexes from cellular components. The re-
sults presented here demonstrate that the VDCs assembled by
SVS5, HPIV2, and mumps virus V proteins have several fea-
tures in common yet differ in their engagement of cellular
machinery in order to catalyze degradation of their specific
target STATS.

DDBI was the first cellular protein reported to interact with
V, through a direct interaction that requires the CTD cysteine
residues (33). All of the VDC activities—SV5 and mumps
VDCST™AT HPIV2 VDCST™ 712 and mumps VDCSTAT3__re-
quire DDBI in order to degrade their STAT targets, indicating
its central role in the VDC E3 ubiquitylation machinery that
the V proteins utilize to target STATs. As DDB1 is known to
interact with Cul4A (14, 35, 55), we hypothesize that it is the
key recruiter of cellular E3 subunits.

Both SV5 and mumps V proteins can copurify Rocl, but for
SV5 this association is mediated by Cul4A, and Rocl is non-
essential. In contrast, mumps V interacts with Rocl indepen-
dent of Cul4A and is needed for STAT3 destruction. Perhaps
relevant to the Rocl interaction with mumps V is the obser-
vation that several cullin family proteins can copurify with
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FIG. 5. V proteins and VDC assemble into macromolecular struc-
tures. (A) Purified SV5 V protein forms macromolecular structures.
SV5 V (SV) expressed in E. coli was purified, separated by SDS-
PAGE, and detected by Coomassie blue staining (top left). Size frac-
tionation by gel filtration chromatography (top right) produced two
peaks subjected to electron microscopy (bottom). (B) Affinity-purified
SV5 and mumps VDC preparations contain spherical particles. FLAG
eluates (left) were subjected to negative staining and electron micros-

copy (right).

mumps V (C. M. Ulane, unpublished observations), any of
which might bind to Rocl and function in STAT3 targeting.
Apparently, Rocl is dispensable for VDCSTAT! and
VDCST™ T2 The possibility that Rocl participates in targeting
unknown Rubulavirus VDC substrates cannot be excluded
based on available evidence. The present evidence contrasts
with the importance of Rocl in a cellular E3 complex that uses
DDBI1, Cul4A, and Rocl to target the transcription factor
c-Jun for degradation (63). For this complex, results indicate
that Rocl is required for c-Jun targeting activity (63). Unlike
the VDCS™ ™! and VDCS™72 Rocl is an essential compo-
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nent of the VDCS™7T3 machinery used by mumps virus to
catalyze STAT3 destruction. Accordingly, differential use of
Rocl enables the mumps V protein to expand its targeting
range.

Both SV5 and mumps V proteins require STAT2 in order to
target STATI, and this requirement restricts the host range of
SVS5, as murine STAT?2 fails to support STAT1 targeting (43).
Results indicate that the role of STAT2 in these complexes is
to provide a vehicle for high-affinity recruitment of STAT1 to
the VDCSTATL A recent report using an in vitro system to
analyze VDCST™T! demonstrated that purified V protein could
not efficiently bind to STAT1 in the absence of STAT2 (48).
Several interpretations can be applied to this STAT1-STAT2
codependence. For example, a unique conformational ar-
rangement between STAT1 and STAT2 could be mediated by
the V protein. Alternatively, sequential binding of STAT?2 fol-
lowed by STAT1 may occur, as is the case for the V protein
from Nipah virus, a member of the Henipavirus genus (52).
Furthermore, V proteins may have evolved to recognize a
STATI1-STAT?2 dimer. Although STAT activation and dimer-
ization by tyrosine phosphorylation are not required for the V
protein to target and degrade STATSs (45), it is possible that a
previously unrecognized interaction between latent nonphos-
phorylated STAT1 and STAT?2 is the target of V proteins.
Indeed, several groups of investigators have reported detection
of nonphosphorylated STAT dimers in either cell lysates or
preparations of purified STATs (9, 30, 38, 39, 41). A very
recent crystallographic structure of nonphosphorylated STAT1
demonstrates an antiparallel dimer with a unique dimerization
interface (34). The ability to form this antiparallel nonphos-
phorylated STAT1 homodimer is required for proper regula-
tion of the STAT1 activation-inactivation cycle (68). It seems
reasonable to speculate that a latent unphosphorylated
STATI1-STAT2 heterodimer is the entity recruited to
VDCSTAT! and that following STAT1 ubiquitylation, the rem-
nant STAT2 can either dissociate or recruit an additional la-
tent STAT1. Consistent with the use of distinct STAT-target-
ing mechanisms, mumps V protein forms a separate
subcomplex for the recruitment of STAT3 to VDCSTAT3 ) and
STAT3 targeting does not require STAT2 or STATI as a
cofactor. Notably, DDB1, Cul4A, and Rocl do not copurify in
any of the STAT subcomplexes formed by mumps V protein
but are instead found in the post-IP supernatant (Fig. 1C).
Thus, V protein can interact with cellular E3 machinery sepa-
rate from its STAT-binding capability.

Results from coimmunoprecipitation studies indicate that V
proteins from all paramyxovirus genera tested can homo- and
heterooligomerize. As these viruses and their V proteins did
not coevolve in doubly infected cells, it is most logical that
oligomerization is mediated by a common conserved domain.
In fact, results indicate that the SV5 V protein self-association
is mediated through the most conserved domain, the cysteine-
rich CTD, which is both necessary and sufficient for self-asso-
ciation. This study defines the paramyxovirus V protein cys-
teine-rich, zinc-binding CTD as an oligomerization domain,
which may explain the diverse roles for this highly conserved
domain in virus replication and host evasion.

The ability of V proteins to participate in several seemingly
unrelated and independent protein complexes that need to be
integrated with one another for substrate targeting can be
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largely explained by self-assembly. Purified SV5 V protein oli-
gomerizes spontaneously to form high-molecular-weight spe-
cies that form spherical macromolecular particles visible with
an electron microscope. Similar spherical structures are ob-
served in preparations of SVS and mumps VDC purified from
cells. This self-assembly property is in common with cellular
zinc-binding domains in the RING domain family, many of
which are known to function in ubiquitin ligase reactions. Mu-
tations that disrupt self-assembly also eliminate RING domain
E3 enzymatic activity (27). Like RING proteins, Rubulavirus V
proteins exhibit ubiquitin ligase activity in vitro and catalyze
polyubiquitylation and degradation of targets in vivo (17, 29,
59, 60). Nonetheless, other than a superficial resemblance with
respect to cysteine-mediated zinc binding, the V protein CTD
shares little sequence conservation that would suggest a RING
domain-like fold. The self-assembly of Rubulavirus V proteins
into RING-like spherical particles reveals structural and func-
tional similarities that were not apparent from amino acid
sequence comparisons, indicating an evolutionary convergence
between V protein CTDs and cellular RING domains. The use
of self-assembling macromolecular structures for catalysis of
ubiquitylation and other enzymatic reactions may be a univer-
sal theme important for both cell biology and virus replication
(12, 47, 50).

Model for VDC assembly and activity. The Rubulavirus V
proteins are capable of many protein interactions both with
viral partners, including the nucleocapsid protein (NP) and
viral RNA (32), and with cellular machinery, like MdaS5 or the
VDC components. Based on the ability of V proteins to self-
assemble, a working model emerges from these studies where
the V protein mediates associations between subsets of mac-
romolecular complexes to manifest polyubiquitylation of
STAT (Fig. 6). It is sensible to imagine that V proteins are in
equilibrium between low- and high-molecular-weight states,
and evidence presented here indicates that they can form dis-
crete interactions with several cellular collaborators. A subset
of interactions is indirect, as in the case of Rocl recruitment by
SV5 V, and others require stabilizing interactions between
binding partners, as is the case for STAT2-dependent STAT1
binding.

The results demonstrate that the highly conserved V protein
cysteine-rich CTD functions as an oligomerization domain,
allowing independently assembled V protein subcomplexes to
interact. The V proteins can oligomerize to form large spher-
ical structures, which we hypothesize to be the enzymatically
active component for STAT polyubiquitylation. The surfaces
of the macromolecular particles allow V proteins that are
bound to STATs to interact more efficiently with V proteins
bound to cellular ubiquitylation machinery (e.g., DDBI,
Cul4A, and Rocl). Juxtaposition of the enzymatic subcomplex
and the substrate subcomplex allows more efficient ubiquitin
transfer from E2 ubiquitin-conjugating enzyme to the STAT
substrate and might enhance sequential cycles of ubiquitin
transfer to favor polyubiquitylation. The equilibrium inherent
in this model also allows the V protein to freely interact with
additional cellular or virus-encoded cofactors needed for its
VDC-independent functions, such as inhibition of cellular
Mda-5 signaling or roles in viral RNA replication (2, 25, 49, 51,
62). Furthermore, the V protein-containing particles may func-
tion as enzymatic reaction centers providing a supporting role
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FIG. 6. Working model for VDC structure and function. For sim-
plicity, only VDC3™T! s depicted. V proteins can interact with
STAT1+STAT?2 or with DDB1+Cul4A+Rocl. These subcomplexes
can associate with each other through V protein oligomerization via
the C-terminal domain (cys) to form spherical particles that act as a
scaffold for E3 ubiquitin ligase activity. Additional interactions (Mda5,
NP, RNA, etc.) mediated by V can either participate in the VDC
superstructure or not, and the interdependence of these interactions
must be tested independently.

for multiple outcomes other than STAT polyubiquitylation.
While further work will be needed to resolve all the details of
this model, it is certain that the V protein is a multifunctional
anticellular factor with an intricate and dynamic action against
STAT signaling based on coordinated protein interactions.

In addition to revealing mechanisms underlying pathogen
replication, analysis of animal viruses has long served the study
of molecular and cell biology by revealing basic principles of
life processes. Understanding the cellular requirements for V
protein-induced STAT targeting and the mechanistic basis of
VDC assembly for STAT targeting demonstrates how a viral
protein can manipulate cellular partners to block the host
antiviral response. The protein interaction sites identified are
valid targets for creation of specific antiviral compounds.
Moreover, as inappropriately activated STAT protein path-
ways are known effectors of numerous human diseases includ-
ing cancer and inflammation, understanding how V proteins
specifically remove STATS from cells will identify opportuni-
ties for therapeutic intervention and may aid the development
of novel STAT-directed therapeutics (11, 15).
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