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Functional Characterization of Residues Required for the Herpes
Simplex Virus 1 E3 Ubiquitin Ligase ICP0O To Interact with the
Cellular E2 Ubiquitin-Conjugating Enzyme UBE2D1 (UbcH5a)

Emilia Vanni, Derek Gatherer, Lily Tong, Roger D. Everett, and Chris Boutell
MRC—University of Glasgow Centre for Virus Research, Glasgow, Scotland, United Kingdom

The viral ubiquitin ligase ICPO is required for efficient initiation of herpes simplex virus 1 (HSV-1) lytic infection and productive
reactivation of viral genomes from latency. ICP0 has been shown to target a number of specific cellular proteins for proteasome-
dependent degradation during lytic infection, including the promyelocytic leukemia protein (PML) and its small ubiquitin-like
modified (SUMO) isoforms. We have shown previously that ICP0 can catalyze the formation of unanchored polyubiquitin
chains and mediate the ubiquitination of specific substrate proteins in vitro in the presence of two E2 ubiquitin-conjugating en-
zymes, namely, UBE2D1 (UbcH5a) and UBE2E1 (UbcH6), in a RING finger-dependent manner. Using homology modeling in
conjunction with site-directed mutagenesis, we identify specific residues required for the interaction between the RING finger
domain of ICP0 and UBE2D1, and we report that point mutations at these residues compromise the ability of ICP0 to induce the
colocalization of conjugated ubiquitin and the degradation of PML and its SUMO-modified isoforms. Furthermore, we show
that RING finger mutants that are unable to interact with UBE2D1 fail not only to complement the plaque-forming defect of an
ICP0-null mutant virus but also to mediate the derepression of quiescent HSV-1 genomes in cell culture. These data demonstrate
that the ability of ICPO to interact with cellular E2 ubiquitin-conjugating enzymes is fundamentally important for its biological

functions during HSV-1 infection.

he herpes simplex virus 1 (HSV-1) immediate-early (IE) pro-

tein ICPO is required for the efficient initiation of lytic infec-
tion (26, 33, 65, 71) and productive reactivation from latency (7,
47, 66, 67). Provision of exogenous ICP0 has been shown to com-
plement the plaque formation efficiency (PFE) defect of an ICPO-
null mutant virus (13, 26, 33) and to stimulate gene expression
from quiescent viral genomes (33, 36, 37, 43, 62, 64). Importantly,
both of these activities are dependent on the N-terminal RING
finger domain of ICPO0 (20, 21, 33, 43), a motif that belongs to a
class of zinc-coordinating C;HC, RING fingers (1, 25). During
infection, the RING finger domain of ICPO acts as an E3 ubiquitin
ligase targeting specific cellular proteins for proteasome-depen-
dent degradation (5). Substrates of ICP0O include proteins in-
volved in DNA repair (46, 49, 61), centromere assembly (28, 51—
53), and intrinsic antiviral resistance (3, 9, 29, 32, 34, 59). One of
the most prominent substrates of ICPO is the major nuclear do-
main 10 (ND10) constituent PML (promyelocytic leukemia pro-
tein) and its small ubiquitin-like modified (SUMO) isoforms,
which have been linked with intrinsic antiviral immunity in re-
sponse to HSV-1 infection (12, 32, 34). ICPO also has some prop-
erties related to those of SUMO-targeted ubiquitin ligases
(STUbLs), inducing the degradation of high-molecular-weight
SUMO-conjugated proteins during infection in a RING finger-
dependent manner (3, 29). In vitro, the RING finger domain of
ICPO catalyzes the formation of unanchored polyubiquitin chains
in the presence of two E2 ubiquitin-conjugating enzymes,
UBE2D1 (UbcH5a) and UBE2E1 (UbcHS6) (5), and mediates the
ubiquitination of various substrate proteins, including the tumor
suppressor protein 53 (p53), ubiquitin-specific protease 7
(USP7), RNF8, and poly-SUMO-2 chains (2—4, 49). Exogenous
expression of a catalytically inactive form of UBE2D1 inhibits
ICP0-mediated degradation of PML (40), indicating that the in-
teraction of ICPO with UBE2D1 is functionally relevant.
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Despite the observations that the RING finger domain of ICP0
has ubiquitin ligase activity in the presence of UBE2D1 and
UBE2E1 and that both of these E2 enzymes colocalize with ICP0O
foci in a RING finger-dependent manner (5), the residues re-
quired for these interactions have not been defined. Previous anal-
ysis has shown that viruses with mutations in the zinc-coordinat-
ing C;HC, consensus residues have phenotypes similar to those of
an ICPO-null mutant virus or a RING finger deletion virus (1, 21,
27, 37, 39, 50), suggesting that the integrity of the RING finger
domain is crucial for the biological function of ICP0 during infec-
tion. Mutational analysis at specific polar residues within the
a-helix of the RING domain (1) demonstrated that mutation of
K144, W146, Q148, or N151 did not affect the E3 ubiquitin ligase
activity of ICPO in vitro (5). However, these mutations had differ-
ing effects on the ability of ICPO to induce the formation of colo-
calizing conjugated ubiquitin (24) and to stimulate viral replica-
tion, with mutations at N151 and K144 resulting in substantial
HSV-1 growth defects (19). These data indicate that mutation of
specific residues within the RING finger of ICP0 can potentially
inhibit its transactivation properties during infection while sup-
porting a degree of E2 interaction sufficient to stimulate the for-
mation of polyubiquitin chains in vitro. To date, no direct inter-
action between the RING finger domain of ICPO and its cognate
E2 ubiquitin-conjugating enzymes has been reported.

The purpose of this study was to map the interaction interface
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between the RING finger of ICPO and its known E2 ubiquitin-
conjugating enzyme partners, in particular UBE2D1, and to inves-
tigate the importance of these interactions for the function of
ICPO during HSV-1 infection. The accuracy of modeling of the
ICPO RING-UBE2D1 interaction interface is limited by the lack of
aresolved structure of ICP0. The closest available structure to that
of the ICPO RING domain is the nuclear magnetic resonance
(NMR) structure of the RING finger of the equine herpesvirus
type 1 (EHV-1) orthologue, EICPO (1). Predictions of the ICPO
RING finger residues required for the interaction with UBE2D1
were carried out by sequence alignment and computational ho-
mology modeling based on previously published structural data
for other RING finger E3 ubiquitin ligases that form stable com-
plexes with their cognate E2 ubiquitin-conjugating enzymes,
namely, Casitas B-lineage lymphoma proto-oncogene (c-Cbl)-
UBE2L3 (UbcH7) (72) and breast cancer early-onset 1 (BRCA1)-
UBE2D3 (UbcH5c¢) (6, 58).

In this study, site-directed mutagenesis was used to mutate
specific ICPO RING finger residues corresponding to those re-
quired for other RING-E2 interactions (6, 58). Using yeast two-
hybrid (Y2H) analysis, we demonstrate that residues within loops
1 and 2 of the ICPO RING are required for detectable interaction
with both UBE2D1 and UBE2E1. Mutation of these residues im-
paired or abolished the E3 ubiquitin ligase activity of ICPO in vitro
and inhibited its ability to conjugate ubiquitin and induce the
degradation of PML in cell culture. Furthermore, RING finger
mutants that were unable to interact with either UBE2D1 or
UBE2E] also failed to complement the plaque formation defect of
an ICPO-null mutant virus and to induce the derepression of qui-
escent HSV-1 genomes. Molecular modeling of the ICPO RING
finger domain demonstrated that these residues form a potential
contact interface with UBE2D1. These findings provide detailed
insight into the biological importance of the ability of ICPO to
interact with components of the host cell ubiquitin pathway dur-
ing lytic infection and the reactivation of viral genomes from qui-
escence, two fundamentally important aspects of the life cycle and
replication of HSV-1.

MATERIALS AND METHODS

Plasmids. Site-directed mutagenesis of sequences encoding ICP0 RING
finger residues A117, V118, T120, D121, 1140, M147, P154, L155, and
L160 was conducted using a QuikChange II kit (Stratagene) on plasmid
pGEX241, a bacterial expression vector containing exons 1 and 2 (encod-
ing the RING finger domain) of ICPO linked in frame with the C terminus
of glutathione S-transferase (GST) (5). Complementary oligonucleotides
used for site-directed mutagenesis were as follows (5'-to-3" sequences):
for A117T, CGACGTGTGCACCGTGTGCACG; for V118A, CGTGTGC
GCCGCGTGCACGGATGAG; for T120P, GCGCCGTGTGCCCGGATG
AGATCG; for D121V, GCCGTGTGCACGGTTGAGATCGCGCG; for
1140N, CCGCTTCTGCAACCCGTGCATGAAAACCG; for M147R, GAAA
ACCTGGAGGCAATTGCGC; for P154T, GCAACACCTGCACGCTGT
GCAACG; for L155P, CACCTGCCCGCCGTGCAACGCC; and for
L160R, GCAACGCCAAGCGGGTGTACCTG. The ICPO RING finger de-
letion mutant ICPO-FXE (with residues 106 to 149 deleted) and the dou-
ble cysteine zinc-binding mutant ICPO-RF (C116G C156A) were trans-
ferred into pGEX241 as Ncol-to-Sacll fragments from cDNA vectors (20,
50). The DR40 (with residues 129 and 130 deleted), W146A, Q148E, and
N151D ICPO RING finger domain mutants have been described previ-
ously (5, 60). The RING finger mutants were transferred from their
pGEX241 derivatives as XholI-to-Kpnl fragments into the p111 vector
(expressing ICPO under the control of the genomic IE-1 promoter se-
quences [22]) and as Ncol-to-Kpnl fragments into the pGAD-ICPO vec-
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tor (3), or as Xhol-to-Notl fragments from their respective pGAD-ICPO
plasmids into the lentiviral vector pACMVTetOcICPO (33). Ndel-to-
EcoRI fragments of the resulting plasmids were used to construct lentivi-
ral vectors based on pLKO.ACMV.TetO.cICP0O (33), which expresses
ICPO in a tetracycline-inducible manner.

The pET28aUbcH5a and pET28aUbcH6 plasmids, expressing poly-
histidine-tagged UBE2D1 (UbcH5a) and UBE2E1 (UbcH6), have been
described elsewhere (4). The UBE2D1 c¢DNA was transferred from
pET28aHisUbcH5a as an Ncol-to-EcoRI fragment into plasmid pGBKT7
(Clontech). The coding sequences for UBE2B, UBE2R1, UBE2E1, and
UBE2L3 were PCR amplified from their respective cDNA sources and
were transferred into pGBKT?7 for yeast two-hybrid (Y2H) analysis. A
derivative of pGBKT?7 containing the USP7 cDNA has been described
previously (3).

Invitro E3 ubiquitin ligase assays. Polyhistidine-tagged UBE2D1 and
UBE2E], and wild-type (wt) GST-241 and its mutant derivatives, were
purified from bacterial extracts using affinity chromatography, as de-
scribed previously (5). The polyhistidine-tagged E1 ubiquitin-activating
enzyme was purified from baculovirus-infected cell extracts, as described
previously (5). All ubiquitination reactions were carried out in a reaction
buffer containing 50 mM Tris (pH 7.5), 50 mM NaCl, and 5 mM ATP and
were stopped by the addition of 3X sodium dodecyl sulfate (SDS) gel
loading buffer containing 8 M urea. Samples were boiled for 10 min prior
to Western blot analysis. Ubiquitination reaction mixtures for the obser-
vation of polyubiquitin chain formation were incubated for 45 min at
37°C in the presence of 2.5 g wt ubiquitin (Sigma-Aldrich), 10 ng E1, 30
ng wt or mutant forms of GST-241, and titrated amounts of the E2 ubiq-
uitin-conjugating enzymes (as highlighted in Fig. 3). Ubiquitination re-
actions analyzing ICPO autoubiquitination were carried out in the pres-
ence of 2.5 pg methylated ubiquitin (Boston Biochem), and the reaction
mixtures were incubated for 15 min at 37°C prior to termination.

Antibodies. In vitro polyubiquitin chain formation and ICP0 auto-
ubiquitination were detected by Western blot analysis using mouse
monoclonal antibody (MAb) P4D1 (dilution, 1:1,000; Santa Cruz Bio-
technology) and anti-ICPO rabbit polyclonal serum r95 (27), respectively.
ICPO expression and PML expression were detected in the inducible cell
system by Western blot analysis using MAb 11060 (dilution, 1:10,000)
(27) and rabbit polyclonal antibody A301 (dilution, 1:500; Bethyl Labo-
ratories). Actin was detected using MAb AC-40 (dilution, 1:1,000; Sigma-
Aldrich) and was used as a loading control. Horseradish peroxidase-con-
jugated anti-mouse IgG (A4416; dilution, 1:1,000) and anti-rabbit 1gG
(A4914; dilution, 1:20,000) (both from Sigma-Aldrich) were used as sec-
ondary antibodies. ICPO expression was detected using rabbit polyclonal
antibody r190 (dilution, 1:200) (31), and conjugated ubiquitin was de-
tected using MAb FK2 (dilution, 1:1,000; International Bioscience, Inc.)
in immunofluorescence assays, as described previously (24). Appropriate
secondary antibodies, Alexa Fluor 488-conjugated anti-rabbit IgG(H+L)
(dilution, 1:1,000; Molecular Probes A21206) and Alexa Fluor 647-con-
jugated anti-mouse IgG(H+L) (dilution, 1:1,000; Molecular Probes
A31571) (both from Invitrogen), were used.

Cell lines. HEp-2 cells were maintained in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin. HEK-293T cells, maintained in DMEM with
the same supplements, were used to produce lentivirus stocks for the
generation of cell lines inducibly expressing ICPO0, as described previously
(33). HA-TetR cells, expressing the EGFPnlsTetR fusion protein under
the control of a full human cytomegalovirus (HCMV) promoter, were
maintained in Williams Medium E (WME) supplemented with 10% FBS
Gold, 1% penicillin-streptomycin, 1% L-glutamine, 0.5 wM hydrocorti-
sone, 5 pwg/ml insulin, and G418 (0.5 mg/ml), as described previously
(33).

Viruses. The mutant viruses used in the study were d/1403/CMVlacZ
(an HSV-1 ICPO-null mutant virus containing a lacZ gene within the tk
locus under the control of the HCMV IE promoter; a kind gift from Chris
Preston) and in1374 (a multiply defective virus containing the #sK lesion
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within ICP4, a deletion within the ICPO open reading frame [ORF], and a
mutation in the activation domain of VP16) (63).

Yeast-two hybrid assay. Interactions between wt or RING finger mu-
tant forms of ICPO fused to the GAL4 DNA activation domain (AD) and
cellular proteins fused to the GAL4 DNA binding domain (BD) were
tested by using the Matchmaker 3 system (Clontech) according to the
manufacturer’s instructions. Briefly, yeast strains AH109 and Y187 trans-
formed with plasmids expressing the appropriate AD and BD fusion pro-
teins, as indicated, were mated overnight and were plated onto a selective
medium lacking leucine and tryptophan in order to confirm the presence
of both expression vectors. Diploids were further plated onto a selective
medium lacking leucine, tryptophan, and histidine and supplemented
with 1 mM 3-amino-1,2,4-triazole (3-AT). The diploids were then incu-
bated for 72 h prior to image capture.

Transfection and immunofluorescence analysis by confocal micros-
copy. Three hundred nanograms of p111 plasmid DNA expressing wt
ICPO or RING finger mutant derivatives was transfected into HEp-2 cells,
which were seeded onto coverslips in 24-well dishes at 1 X 10° per well 1
day prior to transfection using Lipofectamine reagent (Invitrogen), ac-
cording to the manufacturer’s instructions. The cells were fixed at 6 h
postoverlay, permeabilized, and stained for ICPO and ubiquitin conju-
gates, as described previously (24). Samples were examined with a Zeiss
LSM 510 confocal microscope using the 488-nm and 633-nm laser lines
and were exported as tagged-image format files (TIFF) for presentation in
Adobe Photoshop.

Generation of cell lines inducibly expressing ICPO. Lentivirus stocks
were produced by transfecting approximately 50% confluent HEK-293T
cell monolayers on 60-mm tissue culture dishes with 3 g pLKO lentiviral
plasmids containing coding sequences for wt and RING finger mutant
forms of ICP0O and 3 pg of each helper plasmid (pCMV.DR8.91 and
pVSV-G) using Lipofectamine reagent (Invitrogen), as described previ-
ously (33). Collected supernatants were used to serially transduce HA-
TetR cells that were cultured in the presence of puromycin (initially 1
pg/ml for selection; then 0.5 pg/ml for maintenance), as described previ-
ously (33). ICPO expression was induced with tetracycline (0.1 pg/ml)
for 16 h.

Biological phenotype assays. The abilities of the ICPO RING finger
mutants to complement the plaque-forming defect of the ICPO-null mu-
tant virus dl1403/CMVliacZ were tested in HA-TetR, wt HA-cICP0, and
derivative inducible cell lines treated with tetracycline (0.1 wg/ml) at 16 h
postinduction (33). Uninduced cells were analyzed in parallel as negative
controls. Following infection for 1 h at 37°C, the cells were overlaid with
fresh medium supplemented with 1% human serum and were incubated
overnight at 37°C. The cells were washed twice in phosphate-buffered
saline (PBS) and were fixed using 1% glutaraldehyde in PBS for 20 min,
followed by two washes in PBS. The cells were incubated in 0.5 ml of
5-bromo-4-chloro-indolyl-galactopyranoside (X-gal) staining reagent
(PBS supplemented with 5 mM potassium ferrocyanide, 2 mM magne-
sium chloride, 0.01% NP-40, and 2.4 mM X-gal in dimethyl sulfoxide
[DMSO]) for 120 min at 37°C and were subsequently washed with water.
B-Galactosidase-positive plaques were counted under an inverted light
microscope (Olympus).

wt HA-cICPO and derivative inducible cell lines were seeded into 24-
well dishes at 1 X 10° cells per well and were incubated overnight at 37°C.
Quiescence was established by infecting the cell monolayer with in1374 at
a multiplicity of infection (MOI) of 5 PFU per cell for 1 h at the nonper-
missive temperature of 38.5°C (33, 63). Infected cells were overlaid with
fresh medium without added antibiotic selection and were incubated
overnight at 38.5°C. Tetracycline (0.1 pg/ml) was used to induce ICPO
expression overnight at 38.5°C. The cells were subsequently stained for
B-galactosidase expression to determine the level of derepression of the
transcription of the lacZ marker gene in the in1374 genome. Derepression
was quantified by capturing images in four random fields of view from
three independently repeated experiments and counting cells positive for
B-galactosidase expression, as described previously (33). The proportion
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of cells positive for 3-galactosidase expression was expressed as a percent-
age of the number of induced wt HA-cICPO cells positive for 3-galactosi-
dase.

Molecular modeling. Alignments of the E2 ubiquitin-conjugating en-
zyme sequences were carried out using ehmmalign (18) against the UQ-
_con (Pfam accession no. PF00179) hidden Markov model (HMM) from
Pfam (38), and the best-substitution model was obtained using MEGA
(44). This model was used to produce the best structural alignment of
UBE2D1 (UbcH5a) with 1FBV chain C (UBE2L3/UbcH7) (72) using
MOE-Align in MOE, version 2009 (Chemical Computing Group, Mon-
treal, Quebec, Canada). ICP0O was aligned onto 1FBV chain A (c-Cbl)
using MOE-Align (72). Multichain homology modeling for the ICPO-
UBE2D1 complex was then carried out against 1IFBV (72) using MOE,
version 2009, without C-terminal and N-terminal outgap modeling, as
follows. An initial proposed partial geometry was copied from the tem-
plate chains in the solved structure of 1IFBV by using all coordinates where
residue identity was conserved. Otherwise, only backbone coordinates
were used. Based on this initial partial geometry, Boltzmann-weighted
randomized modeling (48) was employed with segment searching for
regions that could not be mapped onto the initial partial geometry (35).
One hundred models were constructed. On completion of segment addi-
tion, each model was energetically minimized in the AMBER-99 force
field (70). The highest-scoring intermediate model was then determined
by the generalized Born/volume integral (GB/VI) methodology (45). Ra-
machandran plots on the best model revealed only a small proportion of
residues outside acceptable limits. Molecular surfaces were created using
the method of Connolly (11), as applied within MOE.

RESULTS

Prediction of residues of the ICP0O RING finger domain that are
required for its interaction with UBE2D1. Previous studies have
shown that the RING finger domain of ICPO has E3 ubiquitin
ligase activity in vitro in the presence of two highly related E2
ubiquitin-conjugating enzymes: UBE2D1 (UbcH5a) and UBE2E1
(UbcH6) (2-5, 49). While there is evidence that UBE2D1 plays a
role in ICPO activity during HSV-1 infection (5, 40), the residues
required for this interaction and its functional contribution to
ICPO activity have not been determined. Given the lack of struc-
tural information, prediction of ICPO RING finger domain resi-
dues required for its interaction with UBE2D1 was carried out
using homology modeling based on published E3-E2 complexes.
An amino acid alignment of the RING finger domains of ¢-Cbl,
BRCAL, ICPO, and its viral orthologue EICPO (1) showed the
highest degree of sequence homology at the zinc-coordinating
residues and at residues within loop 2 (Fig. 1A). Previously
mapped RING finger contacts in the c¢-Cbl-UBE2L3 (72) and
BRCA1-UBE2D3 (6) complexes (residues marked with asterisks
in Fig. 1A) indicated that the equivalent ICPO RING residues are
V118, T120, 1140, P141, T145, W146, M147, L149, R150, T152,
P154, L155, N157, A158, and L160 (Fig. 1A; not including zinc-
coordinating residues). In silico homology modeling was per-
formed by independent alignment of ICP0 and UBE2D1 onto the
crystal structures of c-Cbl and UBE2L3 (1FBV) (72) using a com-
bination of geometrical and conserved amino acid alignment. Of
the 100 energetically minimized models generated, the highest-
scoring model (Fig. 1B) was subsequently analyzed for amino acid
conflicts and was determined to be within acceptable limits, as
described in Materials and Methods. The final model was used to
predict the ICPO RING finger residues most likely to be major
contacts with UBE2D1. Residues A117, V118, D121, W146, L149,
and N157 were identified as likely interacting with UBE2D1 (Fig.
1B, orange spheres). Additional UBE2D1 contacts were predicted
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EICPO (8)

AA AA A AAA

loop 2
c-Cbl (381) CKICAENDKDVKI. . . EPCGHLMCTSCLTSWQESE . . GQGCPFCRCEIK

CPICLEDPSNYS. .MALPCLHAFCYVCITRWIRQN. . . PTCPLCKVP
ICPO (116)CAVCTDEIAPHLRCDTFPCMHRFCIPCMKTWMQLR. . .NTCPLCNAKLV
A AA A

*k *

ICPO RING

FIG 1 Prediction of the ICPO RING finger residues required for interaction with UBE2D1. (A) Amino acid sequence alignment of the RING finger domains of
c-Cbl (Swiss-Prot P22681), BRCA1 (P38398), EICPO (P28990), and ICPO (P08393). Zinc-coordinating residues are highlighted (gray vertical bars). Lines above
the alignment indicate residues that form loop 1, loop 2, and the a-helix within the RING finger domain of ICP0. Asterisks indicate the residues of the RING
finger domains of c-Cbl and BRCAI required for interaction with their cognate E2 ubiquitin-conjugating enzymes (6, 72). The ICP0 RING finger residues chosen
for mutagenesis in the current study, along with three previously characterized residues (W146, Q148, and N151) (5, 19, 24), are indicated by arrowheads. (B)
Homology model of the ICPO RING-UBE2D1 interaction interface based on the solved crystal structure of the c-Cbl-UBE2L3 (UbcH7) complex (1FBV) (72).
Predicted contact residues between ICPO (green) and UBE2D1 (red) are listed in Table 1. Contact residues within the ICPO RING finger domain are shown as
orange spheres and are annotated on the model. Bound zinc ions within the RING finger domain are presented as blue spheres.

to occur on the N-terminal side of the RING finger domain at
positions G100, G101, R105, D107, and E112 (all predicted con-
tact residues and bond types are summarized in Table 1).

Both the homology model and the sequence alignment sug-
gested that contact points between ICP0 and UBE2D1 are located
within the RING finger a-helix and loop regions (Fig. 1A and B),
consistent with previous C;HC, RING-E2 mapping studies (6, 14,
72). The prediction that residue W146 is involved in this interac-
tion, however, contrasts with previous biological analyses, which
demonstrated that mutation of this residue has no major effect on
the E3 ubiquitin ligase activity of ICPO in vitro, its ability to stim-
ulate the formation of colocalizing conjugated ubiquitin, or the
degradation of PML (5, 19, 24).

Based on this analysis, a panel of point mutants with changes at
ICPO residues A117, V118, T120, and D121 (loop 1), 1140 and

TABLE 1 Predicted contact points between the RING finger domain of
ICP0 and UBE2D1 based on homology modeling”

ICPO residue UBE2D1 residue Type of bond®
G100 D28 HB
G101 D28 HB
R105 Q14 HB
D107 K4 HB
D107 K4 ION
E112 K4 HB
El12 K8 HB
El12 K4 ION
E112 K8 ION
Al17 R5 HB
V118 R5 HB
V118 F62 HYD
D121 L3 HB
D121 K4 HB
D121 L3 ION
W146 F62 HB
W146 F62 HYD
W146 W93 HYD
N157 Q92 HB
L149 F62 HYD
“ See Fig. 1B.

¥ HB, hydrogen bond; ION, ionic bond; HYD, hydrophobic contact.
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M147 (a-helix), and P154, L155, and L160 (loop 2) was generated.
Mutation of the zinc-coordinating residues was avoided, because
this would destabilize the structural integrity of the RING finger
domain (20, 21, 37, 39, 50). Additionally, three previously char-
acterized RING finger a-helix point mutants (the W146A, Q148E,
and N151D mutants) were analyzed in parallel (5, 19, 24). Two
negative controls were used throughout the study: ICPO-FXE,
which carries a deletion of residues 106 to 149, containing the core
RING finger domain (20, 21), and ICPO-RF, containing a double
mutation of zinc-coordinating residues C116G and C156A (50).
As an additional negative control, ICP0-DR40 (in which residues
129 and 130 are deleted) (60) was also analyzed in vitro. The phe-
notypes of these mutants in the assays carried out in this study are
summarized in Table 2.

Mutation of specific residues in the ICP0 RING finger do-
main disrupts its interaction with UBE2D1 and UBE2EI. Since
RING-E2 interactions are often transient, we used a Y2H assay to
investigate the interaction of ICPO with UBE2D1 and UBE2E1. wt
and mutant forms of ICP0 were expressed as fusion proteins in
which ICPO was fused to the GAL4 DNA activating domain (AD)
and were tested for interaction with several E2 ubiquitin-conju-
gating enzymes expressed as fusion proteins in which the enzyme
was fused to the GAL4 DNA binding domain (BD). USP7 was used
as a positive control for ICP0 interaction (30, 56, 57). wt ICPO,
ICP0-FXE, and ICPO-RF all demonstrated strong interaction with
USP?7 in the presence of 3-AT (Fig. 2A), indicating that these pro-
teins were efficiently expressed in yeast. wt ICPO interacted with
both UBE2D1 and UBE2EI in a RING finger-dependent manner,
as evidenced by the fact that both ICPO-FXE and ICPO-RF failed to
interact with these enzymes (Fig. 2A). No interaction was ob-
served between wt ICP0O and UBE2B, UBE2R1, or UBE2L3, indi-
cating that the interactions of ICP0 with UBE2D1 and UBE2E1
were specific (Fig. 2A), consistent with the findings of in vitro
biochemical assays (5). Screening of the panel of ICPO RING mu-
tants demonstrated that they all interacted with USP7, verifying
ICPO expression (Fig. 2B). The A117T, D121V, W146A, Q148E,
and N151D ICPO RING finger mutants all interacted with
UBE2D1 and UBE2E1 (Fig. 2B). Mutation of residue V118, T120,
1140, M147, P154, L155, or L160 reduced any interaction with
both UBE2D1 and UBE2E1 below detectable levels (Fig. 2B).
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TABLE 2 Summary of the phenotypes of the ICP0 RING finger mutants analyzed in this study

ICPO RING finger mutant with the following mutation:

Phenotype® wt FXE® RF AI17T VII8A TI20P DI21V 1140N WI46A MI47R QI48E NI51D PI154T LI55P LI160R
Y2H + - -+ - - + - + - + + - - -
UBE2D1

Auto-ub + = e - - + - + +/— + +/— - - -

Poly-ub + - -+ + +- o+ + + +/- + + +/- - +
UBE2E1

Auto-ub + - -+ - - +/— - + - + +/— - - -

Poly-ub + = -+ +/= - + + + - + + - - -
FK2 + - -+ +- - + +- o+ +/— + +/- +- - -
PML degradation +  —* -+ + - + +/= + +/— + +/— - - -
Complementation +  —* -+ + - + - + — + +/—- — - —
Derepression + - - + - - + - + - +/= — - - -

“ The mutants’ respective abilities to interact with E2 ubiquitin-conjugating enzymes (as determined by Y2H analysis [Fig. 2B]), catalyze the formation of polyubiquitin chains
(poly-ub) and autoubiquitinate (auto-ub) in the presence of UBE2D1 or UBE2EL1 stimulate the colocalization of conjugated ubiquitin (FK2), degrade PML, complement the PFE of
dl1403/CMVlacZ, and derepress lacZ gene expression from quiescent in1374 viral genomes are indicated as follows: +, wt-like; —, ICP0O-RF-like; +/—, intermediate.

b Asterisks indicate previously characterized phenotypes as described in reference 33.

Specific ICP0 RING finger point mutants have reduced E3  of either E2 enzyme, although the V118A mutant had reduced
ubiquitin ligase activity in vitro. The RING finger domain of activity in the presence of UBE2E1 (Fig. 3B). The M147R and
ICPO catalyzes the formation of unanchored polyubiquitin chains ~ P154T mutants showed reduced activity with UBE2D1 (Fig. 3A)
and mediates autoubiquitination in vitro in the presence of and no activity in the presence of UBE2E1 (Fig. 3B). The T120P
UBE2D1 and UBE2E1 (5, 8). The panel of ICPO RING finger mu-  and L160R mutants had significantly reduced activity in polyubig-
tants, expressed as GST fusion proteins in which the first 241 res-  uitin chain formation in the presence of UBE2D1 (Fig. 3A) and
idues of ICPO were fused with GST, was purified from bacterial ~ were both inactive in the presence of UBE2E1 (Fig. 3B). The L155P
extracts and was tested for in vitro ubiquitin ligase activity. Mu-  mutant was completely inactive (Fig. 3A and B).
tants GST-241-FXE, GST-241-RF, and GST-241-DR40 were used In agreement with previous results (5), wt GST-241 and the
as negative controls (5, 39). Ubiquitin conjugation reactions were =~ W146A, Q148E, and N151D mutants ubiquitinated themselves in
carried out in the presence of titrated amounts of purified the presence of methylated ubiquitin and both UBE2D1 and
UBE2D1 or UBE2E] in order to observe potential differences in  UBE2E1, while the negative controls GST-241-FXE, -RF, and
relative activities. -DR40 were inactive (Fig. 3C and D) (5). Mutations at residues

wt GST-241 and the W146A, Q148E,and N151D positive-con- ~ A117 and D121 did not affect autoubiquitination, whereas muta-
trol mutants all induced the formation of unanchored polyubiq-  tions at residues V118, T120, 1140, M 147, P154, L155, and L160
uitin chains in the presence of both UBE2D1 and UBE2El, impaired or abolished this activity (Fig. 3C and D). The activity of
whereas no activity was detected for the negative controls GST- wt GST-241 was lower in the presence of UBE2E1 than in the
241-FXE, -RF, and -DR40 (Fig. 3A and B), consistent with previ-  presence of UBE2D1 (Fig. 3A to D), even though the two enzymes
ous studies (5, 39). Mutations at residues A117, V118, D121, and  were equally active in thioester ubiquitin intermediate assays
1140 did not affect polyubiquitin chain formation in the presence  (data not shown). These data indicate that mutations at residues
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FIG 2 Specific ICPO RING finger mutants fail to interact with E2 ubiquitin-conjugating enzymes. Full-length wt ICP0 and selected RING finger mutants (as
shown) were expressed as fusion proteins in which ICPO was linked to the GAL4 DNA activating domain (AD) and were tested for interaction with USP7 and a
panel of E2 ubiquitin-conjugating enzymes fused to the GAL4 DNA binding domain (BD). Diploids were plated onto a medium lacking leucine and tryptophan
(—L/=W) or a medium lacking leucine, tryptophan, and histidine (—L/—W/—H) and supplemented with 1 mM 3-AT to select for vector presence or protein
interaction, respectively. (A) wt ICPO interacts with specific E2 ubiquitin-conjugating enzymes in a RING finger-dependent manner in yeast. -ve, negative. (B)
Specific point mutations within the RING finger domain of ICPO0 abolish its ability to interact with UBE2D1 and UBE2E1.
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FIG 3 Specific ICPO RING finger mutants have reduced E3 ubiquitin ligase activity in vitro in the presence of UBE2D1 and UBE2E1. wt and mutant ICPO RING
finger domains (amino acids 1 to 241) were purified from bacterial extracts as GST fusion proteins and were analyzed for their abilities to catalyze the formation
of unanchored polyubiquitin (poly-ub) chains (A and B) or to undergo autoubiquitination (C and D) in the presence of titrated amounts (40, 20, or 8 ng) of
UBE2D1 or UBE2EI (as indicated). Polyubiquitin chains and ICP0 conjugates were detected by Western blotting using mouse monoclonal antibody P4D1 and

rabbit polyclonal antibody r95, respectively.

V118, T120,M 147, P154,L155, and L160 have an inhibitory effect
on the E3 ubiquitin ligase activity of ICPO in vitro in the presence
of UBE2D1 and UBE2EL.

Specific ICP0 RING finger mutants fail to stimulate the for-
mation of colocalizing conjugated ubiquitin in transfected cells.
The ability of ICPO to induce the disruption of ND10 and the
degradation of PML correlates well with its ability to stimulate the
RING finger-dependent formation of colocalizing conjugated
ubiquitin in infected or transfected cells (24). Previous analysis
has shown that the K144E and N151D RING mutants were inac-
tive in this assay, whereas mutation of Q148 had no effect (24).
However, both the K144E and N151D mutants retained E3 ubiq-
uitin ligase activity in vitro (Fig. 3) (5). The reason for this differ-
ence between in vitro and cell culture assays is not clear but may
reflect assay sensitivity or structural changes within the a-helix of
the RING finger domain affecting E2 specificity. In order to vali-
date our observations on the abilities of the RING finger mutants
to interact with E2 enzymes (Fig. 2B) and their E3 ligase activities
in vitro (Fig. 3A to D), we analyzed the formation of colocalizing
conjugated ubiquitin in cells transfected with plasmids expressing
full-length wt or RING finger mutant ICPO proteins. We found
that some mutants, for example, the A117T mutant, were active at
wt levels in this assay, whereas others, including the T120P mu-
tant, were inactive (Fig. 4A). The proportion of ICPO foci that
were positive for conjugated ubiquitin and the intensity of the
signal differed between cells. Quantitative analysis was performed
by counting the proportion of ICPO foci that were ubiquitin pos-
itive. On this basis, the A117T, D121V, W146A, and Q148E mu-
tants had wt activity in this assay, whereas the T120P, P154T,
L155P, and L160R mutants had reduced activity, at levels similar
to those of the negative controls ICPO-FXE and ICPO-RF (Fig. 4B).
The V118A, [140N, and M147R mutants had intermediate activ-
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ity, consistent with their reduced biochemical activity in vitro (Fig.
3). Consistent with previously published data (5, 24), the N151D
mutant exhibited significantly reduced levels of conjugated ubiq-
uitin colocalization (Fig. 4B), despite retaining wt biochemical
activity in vitro (Fig. 3).

Characterization of the biological properties of the ICP0
RING finger mutants in cell culture. We recently described an
inducible cell line system in which wt ICP0O can be expressed at
physiological levels that fully complement the plaque formation
defect of ICPO-null mutant HSV-1 and efficiently induce the de-
repression of quiescent viral genomes (33). This system allows
comparison of the biological phenotypes of wt and RING finger
mutant forms of ICPO without the need to isolate recombinant
viruses and their revertants. Lentiviral vectors were used to gener-
ate inducible cell lines expressing wt and RING finger mutant
ICPO proteins, as described previously (33). ICP0 was detected in
these cell lines only following tetracycline induction (Fig. 5B) and
was expressed in more than 90% of cells in each case (data not
shown). Levels of PML were similar in all uninduced cell lines (Fig.
5A), while induction of wt ICP0O, but not ICPO-RF, induced the
degradation of PML (Fig. 5B). PML degradation was also observed
in cells expressing the A117T, V118A, D121V, and I1140N RING
finger mutants, and in the W146A and QI148E positive-control
mutants (19) (Fig. 5B). In contrast, PML remained relatively sta-
ble in cells expressing the T120P, M147R, N151D, P154T, L155P,
and L160R mutants, indicating that mutation of these residues
affects the ability of ICPO to induce the efficient degradation of
PML and its SUMO-modified isoforms. We note that this assay
reflects the total abundance of PML following overnight induction
of ICP0 and does not take into account any potential differences in
the relative turnover rates between PML synthesis and ICP0O-me-
diated degradation.
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FIG 4 Specific ICPO RING finger mutants fail to stimulate the colocalization
of conjugated ubiquitin within transfected HEp-2 cells. (A) HEp-2 cells seeded
onto coverslips were transfected with plasmids expressing full-length genomic
wt ICPO or RING finger mutants and were fixed at 6 h posttransfection. The
cells were permeabilized and were stained for ICP0 and conjugated ubiquitin
using the rabbit anti-ICPO polyclonal antibody r190 and anti-conjugated ubiq-
uitin MADb FK2, respectively. (B) Histogram depicting the percentages of ICPO
foci containing conjugated ubiquitin. ICPO foci (totaling 100 foci over three
independent experiments) were scored for the formation of colocalizing con-
jugated ubiquitin. The data for each mutant were analyzed in comparison to
those for wt ICPO by using the Mann-Whitney U test. Asterisks indicate sta-
tistically significant differences (P < 0.02).

Identification of RING finger mutants that fail to comple-
ment the plaque formation defect of ICP0-null mutant HSV-1.
The requirement for ICPO during HSV-1 replication is dependent
on both multiplicity and cell type (26, 33, 71). The plaque-form-
ing defect of ICPO-null mutant HSV-1 in HepRG cells is approx-
imately 400-fold in comparison with the level of plaque formation
in U20S cells (26), in which ICPO is not required for lytic replica-
tion (71). This defect is fully complemented in a RING finger-
dependent manner in cells induced to express wt ICPO (33).
Therefore, we used this system to compare the complementation
activities of wt and RING mutant forms of ICP0.

In the absence of tetracycline, no complementation activity
was observed in any of the transduced cell lines (Fig. 6, filled bars).
As expected from previous work (19), wt levels of complementa-
tion activity were observed in cells induced to express the W146A
or QI48E mutant (Fig. 6, shaded bars). No complementation ac-
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FIG 5 Specific ICPO RING finger mutants fail to degrade PML in trans. Neg-
ative-control HA-TetR cells were transduced with lentiviruses expressing wt or
RING finger mutant ICPO proteins in a tetracycline-inducible manner. Cells
were either left uninduced (—Tet) (A) or induced with tetracycline at 0.1
pg/ml (+Tet) for 16 h (B) prior to harvesting. Whole-cell lysates were ana-
lyzed by Western blotting for PML degradation and ICPO expression using
rabbit anti-PML (A301) and mouse anti-ICP0 (11060) antibodies, respec-
tively. Actin was used as a loading control.

tivity was observed in the negative-control cell line ICPO-RF, con-
sistent with previous observations (33, 37, 39, 50). The A117T,
VI118A, and D121V RING finger mutants complemented the
plaque formation efficiency defect to wt levels, whereas the T120P,
1140N, M147R, P154T, L155P, and L160R mutants had signifi-
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FIG 6 Specific ICPO RING finger mutants fail to enhance the plaque forma-
tion efficiency of an ICPO-null mutant virus. wt and RING finger mutant ICP0O
cell lines were assessed for complementation of an ICPO-null mutant virus
(dl1403/CMVlacZ). Cells were either left uninduced (—Tet) (filled bars) or
induced with 0.1 pg/ml tetracycline (+Tet) (shaded bars) for 16 h prior to
infection. Twenty-four hours postinfection, cell monolayers were stained with
X-gal; B-galactosidase-positive plaques were counted; and the number was
expressed as a mean relative percentage of the complementation activity of wt
ICPO. Error bars represent standard deviations from three independent exper-
iments.
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FIG 7 Specific ICPO RING finger mutants fail to derepress gene expression
from quiescent viral genomes. wt and RING finger mutant ICPO cell lines were
assessed for derepression of lacZ marker gene expression from quiescent
in1374 viral genomes. Cells were infected with in1374 at an MOI of 5 PFU per
cell at the nonpermissive temperature for 24 h in order to establish quiescence.
The cells were then either left uninduced (—Tet) or induced with 0.1 pg/ml
tetracycline (+Tet) for an additional 16 h at the nonpermissive temperature
prior to X-gal staining. (A) Representative image showing (3-galactosidase ac-
tivity in cell monolayers induced to express wt or RING finger mutant ICP0O
proteins, reflecting reactivated transcription from the lacZ reporter gene in the
in1374 genome. (B) Quantification was carried out by counting 3-galactosi-
dase-positive cells and is expressed as a relative mean percentage of the reacti-
vation of wt ICPO. Error bars represent standard deviations from three inde-
pendent experiments.

cantly reduced levels of activity (Fig. 6). The N151D mutant
showed an intermediate complementation phenotype, consistent
with previously reported viral growth analysis of this mutant (19).

Identification of ICP0 RING finger mutants that fail to dere-
press quiescent HSV-1 gene expression. A critical function of
ICPO is to stimulate productive reactivation of HSV-1 from la-
tency (7, 47, 66, 67). ICPO is also able to induce gene expression
from quiescent virus in cell culture (36, 37, 43, 62, 64). This activ-
ity also occurs in a RING finger-dependent manner in the induc-
ible cell line system (33). Therefore, we analyzed the abilities of the
ICPO RING finger mutants to induce derepression of marker gene
expression in cells quiescently infected with mutant in1374 (33,
63).The A117T,D121V, and W146A mutants had levels of activity
similar to that of the wt protein in this assay, while the Q148E
mutant was slightly less active than wt ICPO (Fig. 7B). No dere-
pression was detected in cells expressing the T120P, 1140N,
MI147R, P154T, L155P, and L160R mutants, which had pheno-
types equivalent to that of ICPO-RF (Fig. 7). Compared to that in
negative controls, a low proportion of 3-galactosidase-positive
cells was observed following expression of the V118A and N151D
mutants, but the levels were substantially reduced from that in wt
ICPO (Fig. 7). In the case of the T120P, P154T, L155P, and L160R
mutants, these results parallel those of the complementation assay
(Fig. 6B). However, it is surprising and striking that the V118A
and N151D mutants had significant levels of complementation
activity (Fig. 6B) yet were poorly active in the derepression assay.
These data suggest that residues V118 and N151 may play a spe-
cific role in the ability of ICPO to reactivate quiescent viral ge-
nomes from latency.

6330 jviasm.org

DISCUSSION

Viral E3 ubiquitin ligases counteract multiple aspects of antiviral
immunity using a variety of mechanisms. For example, the Kas-
posi’s sarcoma-associated herpesvirus (KSHV) protein K3 inter-
acts with specific E2 ubiquitin-conjugating enzymes to induce
both monoubiquitination and Ké63-linked polyubiquitination of
major histocompatibility complex (MHC) class I molecules, re-
sulting in their internalization and subsequent lysosomal degra-
dation (17). This activity allows the virus to evade the cytotoxic
T-cell response. During HSV-1 infection, ICP0 induces the RING
finger-dependent degradation of a variety of cellular proteins im-
plicated in multiple pathways, including intrinsic antiviral resis-
tance (3, 32, 34), centromere assembly (28, 51-53), and DNA
repair (49, 61). Importantly, the ability of ICP0 to induce the
degradation of specific cellular substrates enhances viral replica-
tion efficiency and can be blocked by the addition of proteasome
inhibitors (31, 32, 34). Therefore, the ability of ICPO to stimulate
viral infection is closely linked to its E3 ubiquitin ligase activity.
While the RING finger domain of ICP0 has biochemical activity in
vitro in the presence of UBE2D1 and UBE2E1 (2, 4, 5, 49), the
contribution of these interactions to the biological functions of
ICPO was not fully elucidated previously. This study used site-
directed mutagenesis to mutate predicted ICP0 RING-UBE2D1
interaction residues based on previous RING-E2 structural stud-
ies (6, 16, 72). The biochemical and biological properties of the
mutants were characterized in comparison to those of wt ICP0 in
order to determine the requirement for E2 ubiquitin-conjugating
enzyme interaction. The data are summarized in Table 2.

Consistent with previous in vitro biochemistry and cellular lo-
calization studies (5), we demonstrated, by use of a Y2H assay, that
ICPO can specifically interact with the E2 enzymes UBE2D1 and
UBE2EI in a RING finger-dependent manner (Fig. 2). In contrast
to previous reports (41, 42, 68), however, we could not detect an
interaction between full-length ICP0 and UBE2R1 (cdc34) in our
experimental system (Fig. 2). Our analysis is consistent with pre-
vious biochemical (5) and subsequent infection (23) studies,
which demonstrated that the stability of UBE2R1 remains unal-
tered in the presence of ICP0. However, it is possible that ICPO
may interact with other E2 ubiquitin-conjugating enzymes, since
other E3 ubiquitin ligases have been shown to interact with mul-
tiple E2 enzymes (6, 10, 15, 55, 69). We are currently addressing
this possibility by screening a larger collection of E2 enzymes.

In contrast to our prediction and homology modeling (Fig. 1
and Table 1), mutation of ICPO RING finger residues A117, D121,
and W146 had no effect on ICPO activity (Table 2), suggesting that
these residues do not form major contact points with UBE2D1.
Consistent with the previous characterization of residue W146 (5,
19, 24), our data show that while the conserved tryptophan resi-
due may form an essential E2 interaction contact point in other
RING E3 ligases (15, 72), it is not essential for the ICP0 RING-E2
interaction. Overall, we show that mutation of residue T120, 1140,
M147, P154, L155, or L160 within the RING domain of ICP0
disrupts interaction with UBE2D1 and UBE2EI, affects the E3
ubiquitin ligase activity of the RING domain in vitro, and signifi-
cantly reduces its ability to stimulate the formation of colocalizing
conjugated ubiquitin in transfected cells (Table 2). These data are
consistent with the biological activities of these mutants, in that
they fail not only to complement the plaque-forming defect of an
ICPO-null mutant virus but also to induce the derepression of
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FIG 8 The ICPO RING finger residues V118, T120, P154, and L155 align to the
interaction interface with UBE2D1. Shown is a homology model of the ICP0O
RING-UBE2D1 interaction interface (as described for Fig. 1B). ICPO RING
residues experimentally demonstrated to be required for UBE2D1 interaction
are highlighted as orange spheres and are annotated. Bound zinc ions within
the RING finger domain of ICPO are depicted as blue spheres. The phenotypes
of the ICP0O RING finger mutants characterized in this study are summarized
in Table 2.

quiescent viral genomes in cell culture (Table 2). These data are
also consistent with our computational modeling, which pre-
dicted that residues T120, P154, and L155 align to the interaction
interface between the RING domain of ICP0 and UBE2D1 (Fig. 8,
orange spheres).

There are some limitations to our assays that should be recog-
nized. Although we did not observe interaction of the VI118A,
I140N, M147R, and P154T RING finger mutants with either
UBE2D1 or UBE2EI in the Y2H assay, these mutants retained
some E3 ligase activity in vitro (Table 2). Therefore, mutations
that weaken the RING-E2 interaction below the level of detection
in the Y2H assay may allow sufficient E2 interaction for detectable
biochemical activity and biological function. This could explain
the behavior of the V118A mutant (Table 2). With the exception
of V118A, however, there is a good correlation between the inter-
action of RING mutants with UBE2D1 in the Y2H assay and their
overall biological phenotypes in complementation and derepres-
sion assays (Table 2). Surprisingly, although the N151D mutant
interacted with and showed biochemical activity in the presence of
UBE2D1 and UBE2E], it did not induce efficient degradation of
PML in the inducible cell line system (Fig. 5B and Table 2), con-
sistent with previous analysis of this mutant during virus infection
(5,19). It is possible that ICPO may use a combination of different
E2 ubiquitin-conjugating enzymes for the ubiquitination of spe-
cific substrate proteins in a residue-dependent manner, or that
mutation of N151 impacts the topology of the RING domain,
which, in turn, affects substrate specificity and/or ubiquitination.
The N151D mutant did, however, retain significant complemen-
tation activity, indicating that this mutant can at least partially
overcome the repression of ICPO-null mutant HSV-1. It would
therefore be of interest to study the effects of this mutant on other
known mediators of intrinsic antiviral resistance (32, 54).

The most striking observation from our study was that while
both the N151D and V118A mutations could increase ICP0O-null
mutant PFE, they were both unable to derepress gene expression
from quiescent viral genomes (Fig. 7 and Table 2). These results
suggest the intriguing hypothesis that ICP0 may have differential
substrate specificities that govern complementation and reactiva-
tion from quiescence. Alternatively, reactivation from quiescence
may involve ICP0O RING finger interactions with other E2 ubiqui-
tin-conjugating enzymes that require specific residues within the
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RING domain, for example, V118 (Fig. 8). These differences may
be important for understanding the mechanisms of viral reactiva-
tion from latency and the requirement of ICP0 and its E3 ubiqui-
tin ligase activity for this process.

Our data indicate that residues V118, T120, P154, and L155 are
likely to form a contact interface between the RING finger domain
of ICP0 and its associated E2 ubiquitin-conjugating enzymes, in-
cluding UBE2D1 and UBE2EL1 (Fig. 8, orange spheres). Mutation
of these residues significantly compromises the biological func-
tions of the RING finger domain. Additional residues, such as the
characterized L160 residue (Table 2), or the predicted residues
P141, T145, L149, R150, T152, N157, and A158 (Fig. 1), which
were not included in this study, could also form potential con-
tacts, and these could be addressed in future studies. Overall, this
study shows that the interaction of ICP0 with E2 ubiquitin-con-
jugating enzymes is essential for the ability of ICPO to stimulate
viral gene expression and reactivation from quiescence, two fun-
damental steps in the replication of HSV-1. Therefore, small-mol-
ecule inhibitors that block the ICP0-E2 interaction could have
potential therapeutic value, especially since our data suggest that
the ICP0-E2 interaction interface may be different from those of
other cellular E3 ubiquitin ligases with regard to the contact resi-
dues within the a-helix of ICP0. However, a resolved crystal struc-
ture of the ICPO RING finger domain is crucial for such studies
and for any further detailed analysis of the ICPO RING-E2 inter-
action interface.
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