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The poxviral RING protein p28 is a virulence factor whose molecular function is unknown. Many cellular
RING-containing proteins act as ubiquitin ligases (RING-E3s) connecting selected substrate proteins to the
ubiquitination machinery. Here we demonstrate that vaccinia virus p28 and its homologue in myxoma virus,
M143R, can mediate the formation of polyubiquitin conjugates, while RING mutants of both p28 and M143R
cannot. Furthermore, p28 is ubiquitinated in vivo and ubiquitin colocalizes with p28 to virus factories inde-
pendently of an intact RING domain. These results implicate the ubiquitin system in poxviral virulence.

Poxviruses are large, complex viruses that replicate in the
cytoplasm of infected cells (10). The poxviral RING (really in-
teresting new gene) domain protein, p28, localizes to viral fac-
tories and is encoded by members of the leporipoxviruses and
orthopoxviruses (12, 14). Notable exceptions include vaccinia
virus (VV) strain WR, which contains a truncated copy of p28,
and VV strain Copenhagen, which lacks p28 entirely (12, 14).
Although the precise molecular function of p28 is presently
unknown, p28 expression has been linked to apoptosis inhibi-
tion and a p28 knockout in ectromelia virus was strongly at-
tenuated, resulting in reduced growth in macrophages and the
complete clearance of virus from infected mice (2, 3, 11, 12).

Recently, a number of RING-containing proteins have been
shown to act as ubiquitin ligases (RING-E3s) which simulta-
neously interact with a specific substrate and a ubiquitin-con-
jugating enzyme (ubc), or E2, to mediate substrate-specific
ubiquitination (7). In vitro, RING-E3s catalyze the formation
of polyubiquitin in the presence of ubiquitin, ubiquitin-activat-
ing enzyme (E1), E2, and ATP (8). Given the highly conserved
RING domain in p28, we examined whether VV p28 and the
myxoma virus (MV) homologue, M143R, display ubiquitin li-
gase activity in vitro. VV p28, derived from strain IHD-W (14),
and M143R, from MV strain Lausanne, were fused to gluta-
thione S-transferase (GST) and purified from Escherichia coli
as described previously (9). Mutations in the RING domains of
M143R and p28 were constructed by replacing two conserved
cysteines, C173 and C176, with serine, which disrupts the abil-
ity of RING domains to complex with zinc and abolishes E3
ligase activity (9). Furthermore, the RING domain of p28 was
deleted by truncation at residue 184, resulting in a construct
consistent with the p28 truncation in VV strain WR. At a
concentration of 3 pM, each GST fusion was combined in vitro
with 50 nM rabbit E1 (Boston Biochem), 0.5 puM human E2
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UbcH5a (gift of R. Everett and purified as described previ-
ously [1]), 10 mM ATP, and 28 pM ubiquitin. Negative and
positive controls consisted of GST and the RING domain of
herpes simplex virus type 1 ICPO (1), respectively. The in vitro
ubiquitination reaction was performed in a solution of 20 pl of
50 mM Tris-HCI (pH 7.5), 200 mM NaCl, 1 mM dithiothreitol
for 90 min at 30°C, and high-molecular-weight (HMW) ubig-
uitin conjugate formation was determined by immunoblotting
with ubiquitin-specific antibody P4D1 (Santa Cruz Biotechnol-
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FIG. 1. Invitro ubiquitin ligase activity of p28 and M143R. Purified
GST fusion proteins were combined in an in vitro ubiquitination re-
action with E1, UbcH5a (E2), ATP, and ubiquitin. Reactions were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
were probed with anti-ubiquitin (P4D1; Santa Cruz Biotechnology). West-
ern blotting with anti-ubiquitin shows the appearance of high-molecular-
mass ubiquitin adducts in reactions containing either GST-p28, GST-M143R,
or GST-ICPO compared to reactions with no GST-fusion, GST alone, the
C173S/C176S double mutants of both p28 and M143R, or p28(1-184).
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FIG. 2. p28-dependent accumulation of ubiquitin in viral replication factories. (A) Colocalization with HA-ubiquitin. HeLa cells were infected
with VV-WR, transfected with HA-ubiquitin, and cotransfected with either FLAG-p28, FLAG-p28(C173S/C176S), FLAG-p28(1-204), FLAG-
p28(1-184), or EGFP. Cells were fixed and stained as described in the text to visualize HA-ubiquitin, FLAG constructs, EGFP, and I3L. All p28
constructs tested localized to virus factories, although FLAG-p28(1-184) was also cytoplasmic. EGFP was cytoplasmic and appeared to be excluded
from the factories. HA-ubiquitin was excluded from viral factories in the absence of p28, while in the presence of FLAG-p28, FLAG-p28(C173S/
C176S), or FLAG-p28(1-204), HA-ubiquitin was enriched in virus factories. In contrast, HA-ubiquitin was excluded from viral factories upon
transfection with FLAG-p28(1-184). (B) Colocalization with endogenous ubiquitin. HeLa cells were infected with VV-WR FLAG-p28 or VV-WR
for 16 h and stained with anti-ubiquitin antibody FK2 and anti-I3L. Ubi, ubiquitin.
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ogy). As expected, the RING domain of ICPO catalyzed the
formation of multiubiquitin adducts in the presence of
UbcHS5a, whereas GST was inactive (Fig. 1). HMW-ubiquiti-
nated products were also observed in the presence of p28 and
M143R, but not when the RING domain was truncated or
lacked crucial cysteines (Fig. 1). These HMW bands likely
consist of multiple ubiquitin adducts or ubiquitinated E1 or E2,
because reprobing the blot with anti-GST did not reveal addi-
tional ubiquitinated bands of wild-type p28 compared to those
of RING mutant p28 (data not shown). Thus, we conclude that
p28 and M143R can function as RING-E3 ubiquitin ligases in
vitro. To determine whether p28 affects ubiquitination in vivo,
we examined the distribution of ubiquitin in VV-infected cells
in the presence of wild-type or truncated p28 by using an
infection/transfection strategy described previously (14). Un-
der the control of the synthetic early-late poxviral promoter in
pSC66 (4, 6), four versions of p28 with an N-terminal FLAG
tag (DYKDDDDK) were expressed: wild-type p28, p28C173S/
C176S, p28(1-204), and p28(1-184). Comparable expression
levels and correct sizes of these constructs were verified by
immunoblot (data not shown). To facilitate the detection of
ubiquitination events occurring during poxviral infection, we
inserted a hemagglutinin (HA) epitope-tagged form of ubig-
uitin (13) into pSC66 (4). HeLa cells were infected with VV-
WR (multiplicity of infection [MOI], 5) and were cotransfected
with HA-ubiquitin and either p28 or enhanced green fluores-
cent protein (EGFP) in pSC66 as a control (15). The distribu-
tion of both p28 and HA-ubiquitin was determined by confocal
microscopy at 16 h postinfection. Cells were fixed with para-

formaldehyde, permeabilized, and blocked with bovine serum
albumin and fish gelatin as described previously (9). p28 was
detected using fluorescein isothiocyanate (FITC)-conjugated
anti-FLAG antibody (M2; Sigma), rabbit anti-I3L was used to
detect virus factories (16), and mouse monoclonal anti-HA
(HA-7; Sigma) was used to visualize ubiquitin. Primary antibodies
were detected with goat anti-rabbit Alexa Fluor 350 (Molecular
Probes) and goat anti-mouse Rhodamine B (Biosource, Cama-
rillo, Calif.), respectively. Mouse Fc fragment (Cortex Biochem,
San Leandro, Calif.) was used to block potential binding of the
anti-FLAG to the anti-mouse secondary antibody. Absence of
cross-reactivity was verified in control experiments (data not
shown). Images for each fluorescence channel were obtained
sequentially by confocal microscopy (Fig. 2).

As expected from previous studies, both full-length p28,
p28(C173S/C176S), and p28(1-204) localized exclusively to vi-
rus factories and displayed similar staining patterns (Fig. 2),
while p28(1-184) showed both cytoplasmic and viral factory
staining (12, 14). In the presence of cotransfected EGFP, we
observed a diffuse cytoplasmic distribution of HA-ubiquitin
that was excluded from viral factories (Fig. 2). Similarly, HA-
ubiquitin was excluded from viral factories when cotransfected
with p28(1-184), despite a partial localization of p28(1-184) to
viral factories. In stark contrast, cotransfection of both full-
length p28 and p28(1-204) resulted in a strong enrichment of
ubiquitin at viral factories. The same staining pattern was also
seen using His-tagged ubiquitin (Hiss) (data not shown) (13),
suggesting that ubiquitin is enriched in virus factories upon
expression of p28. To determine if such ubiquitin enrichment
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FIG. 3. Ubiquitination of p28 and M143R. CV-1 cells were infected with the indicated recombinant viruses at an MOI of 5. Sixteen hours
postinfection, cells were treated with 25 wM MG132 for 4 h, lysed in RIPA buffer, and immunoprecipitated with anti-FLAG antibody (M2; Sigma).
Immunoprecipitates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were blotted with either
anti-FLAG-horseradish peroxidase (a and d), anti-HA (b and e), or anti-ubiquitin-horseradish peroxidase (¢ and f). (g) CV-1 cells were infected
with the indicated viruses at an MOI of 2 for 16 h, treated with 25 uM MG132 for 4 h, and lysed in 1% NP-40. Cleared lysates were incubated
with Ni** resin for 2 h at 4°C, and bound proteins were eluted using 1 M imidazole in 500 mM NaCl and 20 mM Tris (pH 7.9) and concentrated
by acetone precipitation. Samples were separated by SDS-PAGE and probed with anti-FLAG-HRP (M2). (h) HeLa cells were infected with the
indicated viruses at an MOI of 5 for 16 h and were metabolically labeled with [**S]methionine (0.1 mCi/ml) for 30 min, and the label was chased
for the indicated hours. Cells were lysed, and p28 was immunoprecipitated using anti-FLAG. WB, Western blot; IP, immunoprecipitation; Ub,

ubiquitin; HRP, horseradish peroxidase.
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could also be observed with endogenous ubiquitin, we used
antibody FK-2 (Affiniti), which specifically detects conjugated
ubiquitin. Cells infected with a recombinant VV-WR express-
ing FLAG-p28 showed colocalization of conjugated ubiquitin
as determined by colocalization with the virus factory marker
I3L (Fig. 2B). No colocalization was observed in VV-WR-
infected cells (Fig. 2B). Colocalization was not observed in all
cells but was most obvious in cells that displayed well-devel-
oped and large virus factories.

The colocalization of ubiquitin with p28 in virus factories
could be the consequence of p28-mediated ubiquitination of
poxviral or host proteins in this compartment; however, colo-
calization occurred independent of a functional RING do-
main, suggesting that colocalization could also be the result of
ubiquitination of p28. To examine if p28 was ubiquitinated, we
generated recombinant VV-WR expressing FLAG-p28,
FLAG-M143R, HA-ubiquitin, or His-ubiquitin according to
standard procedures (4). CV-1 cells were infected with VV-
FLAG-p28 or VV-FLAG-M143R for 16 h at an MOI of 5
in the presence or absence of VV-HA-ubiquitin, and FLAG-
tagged p28 or M143R was immunoprecipitated using immu-
noprecipitation (RIPA) buffer and anti-FLAG antibody (M2;
Sigma). Immunoblotting the precipitates with anti-FLAG an-
tibody revealed, as expected, a predominant band in the 28-
kDa range in cells infected with VV-FLAG-p28 and VV-
FLAG-M143R but not in VV-HA-ubiquitin (Fig. 3a and d). In
addition, several HMW species were also observed which
could represent ubiquitinated p28 or M143R. Coinfection with
HA-ubiquitin slightly increased the size of HMW FLAG-
tagged M143R (Fig. 3d), while generally lower amounts of all
FLAG-tagged bands were observed as a result of coinfection.
Immunoblotting the anti-FLAG precipitates with anti-HA re-
vealed low background levels in VV-HA-ubiquitin-infected
cells (Fig. 3b and e). However, coinfection of VV-HA-ubig-
uitin with either p28 or M143R, followed by immunoprecipi-
tation with anti-FLAG and immunoblotting with anti-HA, re-
sulted in the presence of HMW HA-tagged bands, including
those that correspond to HMW FLAG-tagged forms of p28 or
M143R (Fig. 3b and e). Importantly, only the HMW species
were recognized with anti-HA, whereas the predominant 28-
kDa protein detected by anti-Flag was not reactive with anti-
HA. Similar observations were made using an antibody against
endogenous ubiquitin (Fig. 3¢ and f), indicating that p28 and
M143R are ubiquitinated during viral infection, which has
been observed for other RING-ES3 ligases (5). To determine if
the ubiquitination of p28 was the result of autoubiquitination,
we coinfected cells with VV expressing either FLAG-tagged
wild-type or RING mutant p28 together with VV-His-ubig-
uitin. Ubiquitinated proteins were isolated by using nickel-
chelate affinity chromatography and were probed for the pres-
ence of p28 by using anti-FLAG. HMW bands occurred in both
wild-type and mutant p28-expressing cells that also expressed
His-ubiquitin, but they did not occur in cells that were only
infected with p28-expressing VV (Fig. 3g). Therefore, we con-
clude that autoubiquitination of p28 is unlikely to be the rea-
son for ubiquitination of p28. Probably as a result of this
ubiquitination, both wild-type and mutant p28 are short lived
(Fig. 3 h).

P28 is the first ubiquitin ligase identified in members of the
orthopoxviruses. At present, the substrates of p28 and its myx-
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oma virus homologue, M143R, are unknown, but they them-
selves seem to be targets for ubiquitination, which may con-
tribute to the observed accumulation of ubiquitin in the
replication factories. It remains to be demonstrated how the
ubiquitin ligase function of p28 relates to its role as a virulence
factor and its previously observed requirement for infection of
macrophages and inhibition of apoptosis (2, 3, 12). This is the
first evidence that p28 functions as a ubiquitin ligase. Recently,
however, it was shown that myxoma virus encodes another
ubiquitin ligase, M153R, which targets immune receptors for
degradation (9). Our observations that p28/M143R and M153R
function as ubiquitin ligases clearly suggest that regulation of
ubiquitination during poxvirus infection is an important and
recurring theme.
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