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ABSTRACT The Epstein-Barr virus (EBV) immediate early transactivator Zta plays a
key role in regulating the transition from latency to the lytic replication stages of
EBV infection. Regulation of Zta is known to be controlled through a number of
transcriptional and posttranscriptional events. Here, we show that Zta is targeted for
ubiquitin modification and that this can occur in EBV-negative and in EBV-infected
cells. Genetic studies show critical roles for both an amino-terminal region of Zta
and the basic DNA binding domain of Zta in regulating Zta ubiquitination. Pulse-
chase experiments demonstrate that the bulk population of Zta is relatively stable
but that at least a subset of ubiquitinated Zta molecules are targeted for degrada-
tion in the cell. Mutation of four out of a total of nine lysine residues in Zta largely
abrogates its ubiquitination, indicating that these are primary ubiquitination target
sites. A Zta mutant carrying mutations at these four lysine residues (lysine 12, lysine
188, lysine 207, and lysine 219) cannot induce latently infected cells to produce
and/or release infectious virions. Nevertheless, this mutant can induce early gene ex-
pression, suggesting a possible defect at the level of viral replication or later in the
lytic cascade. As far as we know, this is the first study that has investigated the tar-
geting of Zta by ubiquitination or its role in Zta function.

IMPORTANCE Epstein-Barr virus (EBV) is a ubiquitous human pathogen and associ-
ated with various human diseases. EBV undergoes latency and lytic replication
stages in its life cycle. The transition into the lytic replication stage, at which virus is
produced, is mainly regulated by the viral gene product, Zta. Therefore, the regula-
tion of Zta function becomes a central issue regarding viral biology and pathogene-
sis. Known modifications of Zta include phosphorylation and sumoylation. Here, we
report the role of ubiquitination in regulating Zta function. We found that Zta is
subjected to ubiquitination in both EBV-infected and EBV-negative cells. The ubiqui-
tin modification targets 4 lysine residues on Zta, leading to both mono- and polyu-
biquitination of Zta. Ubiquitination of Zta affects the protein’s stability and likely
contributes to the progression of viral lytic replication. The function and fate of Zta
may be determined by the specific lysine residue being modified.
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Epstein-Barr virus (EBV) is a DNA tumor virus that infects more than 90% of the adult
population worldwide (1, 2). It is involved in the development of a number of

human nonmalignant and malignant diseases (1–6), including infectious mononucle-
osis, Burkitt’s lymphoma (BL), Hodgkin’s disease, nasopharyngeal carcinoma (NPC),
gastric carcinoma, lymphoproliferative diseases in immunosuppressed patients, and
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non-small cell lung cancers. Like other herpesviruses, EBV has latent and lytic gene
expression programs that support distinct biological functions. Following initial infec-
tion, EBV is maintained in the host indefinitely in part by establishment of a latent
infection in which little or no viral gene expression occurs. Upon receiving appropriate
induction signals, latently infected cells undergo virus reactivation. The two earliest
genes expressed following reactivation are the lytic transactivators Zta (also referred to
as BZLF1, ZEBRA, and EB1) and Rta (also referred to as BRLF1 and R). Expression of these
viral transactivators induces early and late gene expression, ultimately resulting in the
production of infectious virions.

Zta is an immediate early gene that is a key mediator of the transition from latency
to productive lytic replication. Zta contains a nonacidic amino terminal transactivation
domain and a basic leucine zipper (bZIP)-type DNA binding/dimerization domain
located near its carboxyl terminus (7, 8). The Zta activation domain induces transcrip-
tion in part through stabilizing the association of basal transcription factors such as
TATA binding protein (TBP) and TFIIA with the “TATA” promoter element as well as
stabilizing the interaction between TBP-associated factors (TAFs) and the “TATA” pro-
moter elements (9–11). The Zta activation domain also binds and recruits the coacti-
vators CREB binding protein (CBP) (12, 13) and its close relative, p300 (Z. Lin, unpub-
lished data). Both of these coactivators contain intrinsic histone acetyltransferase
activity, which enhances promoter activity in part by facilitating a more open chromatin
environment (14, 15).

In addition to transactivation of viral lytic genes, Zta also plays an essential role in
lytic genomic replication as an origin binding protein (16, 17). The lytic origin of
replication (oriLyt) contains seven ZREs, and binding of Zta to oriLyt is necessary for the
activation of lytic replication (16–22). The DNA binding/dimerization domain of Zta is
required for its replication function in addition to a subregion of the activation domain
(amino acids 11 to 25) that facilitates recruitment of a helicase-primase complex (19,
23). The replication function of this amino-terminal region is separable from Zta’s
transactivation functions since nonconservative mutation of amino acids 12 and 13
abrogates Zta’s replication activity but does not alter its ability to induce transcription
(19).

Besides Zta’s key roles in the activation of lytic EBV transcription and lytic genome
replication, it also has significant influences on host cells, including the manipulation of
cellular gene expression (24–31), the cell cycle (32–38), cellular immunity (28, 29,
39–43), the DNA damage response (44–46), and subcellular structures (47–49). It is
currently uncertain whether all Zta molecules in a reactive cell universally carry out all
of Zta’s various functions or whether posttranslational modifications tag subpopula-
tions of Zta to support certain functions. Nevertheless, there is evidence for the latter.
For example, phosphorylation of serine 173 by casein kinase 2 (CK2) appears to play a
role in temporally regulating the function of Zta to allow Zta to activate early genes
without activating certain late genes (50). When serine 173 is phosphorylated, Zta
inhibits the ability of Rta to activate expression of some late genes (50). Further
investigations into the functional consequences of the various Zta posttranslation
modifications will likely reveal myriad ways in which these modifications temporally
and spatially control the various functions of Zta.

Zta is known to be subjected to posttranslational modifications, including phos-
phorylation at a number of serine and threonine residues (50–56), as well as sumoy-
lation of lysine 12 (47, 57). Here, we report that Zta is subjected to posttranslational
modification by ubiquitination. Ubiquitin is a highly conserved polypeptide with ubiq-
uitous expression in higher eukaryotic organisms. Ubiquitin conjugation occurs
through a biochemical cascade executed by a ubiquitin-activating enzyme (E1), a
ubiquitin-conjugating enzyme (E2), and a ubiquitin-ligase (E3). At the end of the
reaction, ubiquitin molecules are covalently linked through their C-terminal carboxyl
group to an �-amino group of lysine residues in the target protein (58–61).

Ubiquitination regulates target protein activity in both a proteolytic and nonpro-
teolytic manner (60). In the proteolytic pathway, the ubiquitinated protein is directed
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to and degraded in the proteasome system. In the nonproteolytic pathway, ubiquiti-
nation can alter a protein’s subcellular localization or interaction with cofactors. After
ubiquitination, whether the target undergoes degradation largely depends on the
specific type of ubiquitin modification that it received and the extent of ubiquitin
polymerization. For instance, polyubiquitin chains with four or more ubiquitin mole-
cules formed through the lysine 48 residue of ubiquitin function mainly as a degrada-
tion signal that directs the target to the proteasome (62–64). In contrast, ubiquitin
chains of fewer than four molecules, or polyubiquitin chains linked through other lysine
residues such as lysine 11 or lysine 63, signal the regulation of targets independently
of degradation (60, 64–75). Frequently, factors controlled by the ubiquitin pathway are
regulated by both the proteolytic and nonproteolytic types of ubiquitination. The
ubiquitin-mediated regulation of c-Myc is a well-studied example (66, 76–78). The F box
E3 ligase, Skp2, binds to a conserved element (MycboxII) in the amino terminus of
c-Myc which is essential for transformation and transcriptional regulation (78), and
Skp2-mediated ubiquitination contributes to the proteasomal degradation of c-Myc
(78). A homologous-to-E6-AP carboxy terminus domain (HECT) ubiquitin ligase, HECT-
H9, regulates c-Myc’s function through ubiquitination but in a nonproteolytic manner
(66). HECT-H9 has been shown to ubiquitinate c-Myc in a carboxyl-terminal region that
is required for recruitment of the coactivator p300 (66). This site-specific ubiquitination
of c-Myc is believed to regulate the switch between transcription activation and
repression (66). Here, we provide evidence that modification of Zta by ubiquitin is likely
to be similarly complex and that it regulates Zta’s function in both a nonproteolytic and
proteolytic manner during the lytic cycle.

RESULTS
Zta is ubiquitinated in vivo. To examine whether Zta is subject to ubiquitination,

nickel-nitrilotriacetic acid (Ni-NTA)-histidine pulldown-based ubiquitination assays were
performed. With this method, ubiquitin-conjugated proteins can be captured under
denaturing conditions. Denaturing conditions make this assay more specific than
coimmunoprecipitation assays, in which the protein of interest can potentially be
pulled down as an artifact through its association with a binding partner that is
ubiquitinated. A control or a Zta expression vector was cotransfected with either a
control (hemagglutinin-tagged ubiquitin [HA-Ub]) or a histidine-tagged ubiquitin ex-
pression vector (His6-Ub) into the EBV-positive nasopharyngeal carcinoma (NPC) cell
line NPC-KT or the EBV-positive epithelial cell line EBV-293 (the proteasome inhibitor
lactacystin was added to NPC-KT cells for the last 16 h of culture). Forty hours after
transfection, cells were harvested and lysed under denaturing conditions in a buffer
containing 6 M guanidinium hydrochloride. Histidine-tagged ubiquitin conjugates were
purified using a nickel-NTA affinity resin, and eluates were subjected to Western blot
analysis using an anti-Zta antibody. As shown in Fig. 1A and B, multiple ubiquitin-
conjugated forms of Zta were observed in cells cotransfected with the Zta and His6-Ub
expression vectors but not in cells transfected with His6-Ub expression vector alone or
with the Zta plus control HA-Ub vectors.

Transfection of Zta expression vectors into EBV-positive cells typically results in
expression of other lytic genes. To test whether EBV latency gene products or Zta-
induced viral lytic gene products are required to facilitate Zta ubiquitination, a ubiq-
uitination experiment was performed in the EBV-negative NPC line AdAH and the
osteosarcoma cell line U2OS. Zta ubiquitination was observed in these cell lines (Fig. 1C
and D), indicating that although EBV-encoded proteins may regulate Zta ubiquitination
in some fashion, ubiquitination of Zta can be mediated entirely through cellular
regulatory proteins.

Since EBV also infects B lymphocytes in vivo, ubiquitination of Zta in the EBV-
negative Burkitt’s lymphoma cell line DG75 and the EBV-positive lymphoblastoid cell
line JY was assessed. For these experiments, cells were transfected by electroporation
and no lactacystin was added prior to harvesting. Zta ubiquitination was observed in
both of these cell lines (Fig. 1E and F). Together, these results indicate that Zta is
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subjected to ubiquitin modification in both epithelial cells and B lymphocytes and that
this can occur in the absence of other viral gene products.

To ensure that the detection of ubiquitinated Zta species in the experiments
outlined above was not due to an artificially high level of overall ubiquitin levels in cells
transfected with the His6-Ub expression vector, we assessed the total ubiquitin levels
in nontransfected cells and cells transfected with His6-Ub expression vector. This

FIG 1 Zta is ubiquitinated in epithelial and B cells independently of viral factors. NPC-KT (A), EBV-293 (B), AdAH (C), U2OS (D), DG75
(E), and JY (F) cells were transfected with the indicated plasmids as described in Materials and Methods. (Lactacystin [10 �M] was
added to NPC-KT, AdAH, and U2OS cells for the last 16 h of culture.) Cells were lysed under denaturing conditions and extracts
were purified over nickel-NTA beads. The purified material was assayed by Western blot analysis employing anti-Zta and
anti-ubiquitin antibodies (left and right, respectively). The whole-cell lysates of nontransfected NPC-KT and AdAH cells as well as
cells that were transfected with the His6-Ub expression vector were analyzed with anti-ubiquitin and anti-actin antibodies (G).

Zhao et al. Journal of Virology

November 2020 Volume 94 Issue 22 e01298-20 jvi.asm.org 4

https://jvi.asm.org


analysis was carried out in two cell lines (NPC-KT and AdAH) in which high transfection
efficiencies are typically obtained (80% and 75% transfection efficiencies, respectively).
As shown in Fig. 1G, transfection of the His6-Ub expression vector did not notably alter
the overall levels of ubiquitin. This is in line with previous observations that eukaryotic
cells typically express very high levels of endogenous ubiquitin (79–82).

Endogenous Zta is ubiquitinated following reactivation. Next, we set out to

examine whether endogenously expressed Zta is targeted for ubiquitination following
activation of the lytic cycle. The lytic cycles in EBV-positive Burkitt’s lymphoma (BL) cells
were induced by cross-linking of the surface B-cell receptors (BCR) with anti-
immunoglobulin. EBV-positive Mutu and Akata BL cells were treated with either an
anti-human IgM antibody for Mutu cells or an anti-human IgG antibody for Akata cells
and at 0 h and 48 h postinduction, and the cells were lysed and immunoprecipitated
with either a control antibody or an anti-Zta antibody. Immunoprecipitates were
analyzed for the presence of ubiquitin and Zta by Western blot analysis. As shown in
Fig. 2A for Mutu cells and Fig. 2B for Akata cells, ubiquitinated Zta species were readily
detected at 48 h postinduction.

To further address whether endogenously expressed Zta is ubiquitinated following
reactivation in EBV-infected epithelial cells, viral reactivation was induced by transfect-
ing EBV-293 cells with an EBV immediate early Rta gene expression or its control
vectors. At 48 h posttransfection/induction, the cells were lysed and immunoprecipi-
tated with either a control antibody or an anti-Zta antibody. Immunoprecipitates were
analyzed for the presence of ubiquitin and Zta by Western blot analysis. As shown in
Fig. 2C, ubiquitinated Zta species were readily detected at 48 h postinduction. Mean-
while, EBV-293 cells were transfected with an Rta expression vector with or without a
His6-Ub expression vector. Histidine-tagged ubiquitin conjugates were purified using a
nickel-NTA affinity resin, and eluates were subjected to Western blot analysis using an
anti-Zta antibody. As shown in Fig. 2D, endogenous Zta is ubiquitinated following
Rta-mediated reactivation.

Amino-terminal sequences of Zta influence ubiquitination of Zta. To identify

motifs of Zta that influence the protein’s ubiquitination, a series of amino-terminal
deletion constructs were assessed for ubiquitination. For ease of interpretation, these
experiments were performed in the EBV-negative cell line AdAH, which avoids possible
complications related to heterodimerization with endogenously expressed wild-type
Zta. Deletion of the first 78 amino acids or the first 103 amino acids caused a substantial
decrease in overall Zta ubiquitination although clear evidence of ubiquitination was
observed in a darker/longer exposure (Fig. 3A). Unexpectedly, deletion of the next 25
amino acids from the amino terminus resulted in an increase in the level of Zta
ubiquitination. This suggests that there is a negative regulatory element in the region
between amino acids 103 and 129, and deletion of this negative regulatory element
results in an increase in ubiquitination. Together, our data indicate that sequences
between residues 1 and 79 are required for maximal ubiquitination and that there is a
negative regulatory element between residues 103 and 129.

To further investigate sequences between amino acids 1 and 79 that are crucial for
high-level ubiquitination, internal deletion mutants spanning most of this region were
tested. Deletion of amino acids 27 to 53 and deletion of amino acids 52 to 78 did not
influence the level of Zta ubiquitination (Fig. 3B). In contrast, analysis of a series of 5
amino acid deletion mutants spanning amino acids 9 through 28 showed an influence
of these sequences on the level of Zta ubiquitination. Deletion of amino acids 9 to 13
(Zta D9/13) showed the most substantial impact on Zta ubiquitination, and deletion of
amino acids 14 to 18 had a significant but more moderate impact on Zta ubiquitination
(Fig. 3C). Importantly, within the deleted sequence in the Zta D9/13 mutant is a lysine
residue (lysine 12). This raises the possibility that the decrease in ubiquitination with
this mutant was due, at least in part, to a loss of a ubiquitination site. Nevertheless,
deletion of the adjacent downstream sequence also appears to have a negative
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FIG 2 Endogenously expressed Zta is ubiquitinated following activation of the lytic cycle in Mutu cells,
Akata cells, and EBV-293 cells. (A) EBV lytic reactivation was induced in EBV-positive Mutu cells by
anti-human IgM treatment. At 0 h and 48 h postinduction, cell extracts were prepared and immunopre-
cipitated with either a control IgG antibody or an anti-Zta antibody. Immunoprecipitates were analyzed
for ubiquitin and Zta by Western blot analysis. The levels of Zta, ubiquitin, and �/� tubulin in the
whole-cell lysates were also analyzed by Western blot analysis. (B) EBV lytic reactivation was induced in
EBV-positive Akata cells by anti-human IgG treatment. At 0 h and 48 h postinduction, cell extracts were
prepared and immunoprecipitated with either a control IgG antibody or an anti-Zta antibody. Immu-
noprecipitates were analyzed for ubiquitin and Zta by Western blot analysis. The levels of Zta, ubiquitin,
and �/� tubulin in the whole-cell lysates were also analyzed by Western blot analysis. (C) EBV lytic
reactivation was induced in EBV-293 cells by transfection of an EBV Rta expression vector. At 48 h
postinduction, cell extracts were prepared and immunoprecipitated with either a control IgG antibody
or an anti-Zta antibody. Immunoprecipitates were analyzed for ubiquitin and Zta by Western blot
analysis. The levels of Zta, Rta, ubiquitin, and �/� tubulin in the whole-cell lysates were also analyzed by
Western blot analysis. (D) EBV lytic reactivation was induced in EBV-293 cells by transfection of an EBV
Rta expression vector. After 48 h, cells were lysed under denaturing conditions and extracts were purified

(Continued on next page)
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influence on overall ubiquitination, suggesting a possible regulatory role of this se-
quence or a possible role in facilitating specific lysine recognition.

Regulatory role of carboxyl-terminal domains of Zta in facilitating ubiquitina-
tion. Despite the strong negative influence of deleting amino acids 1 to 78 on Zta
ubiquitination, the residual ubiquitination observed with Zta D1/78 and Zta D1/103,
and the more significant level of ubiquitination of the Zta D1/128 mutant, indicates the
presence of additional downstream sequences that may help facilitate binding of a
ubiquitin ligase(s). To address this issue, mutants within the basic DNA binding domain
and sequences between the coiled-coil interface and the carboxyl terminus were
assessed for their influence on Zta ubiquitination. As shown in Fig. 4, deletion of amino
acids 228 to 239 or 228 to 245 has a negative impact on Zta ubiquitination. These
sequences therefore appear to contribute to full Zta ubiquitination. Since this region
may play a role in stabilizing the coiled-coil dimerization interface (83–85), we cannot
discriminate whether the observed diminution of Zta ubiquitination is due to a
regulatory role of this region in mediating ubiquitination or whether it is due to less
stable dimerization which secondarily influences the binding of an E3 ligase.

In addition to facilitating sequence-specific DNA binding, the basic region of Zta is
a nuclear localization signal (86, 87). Degradation of nuclear survivin was shown
previously to require a basic domain that facilitates subnuclear localization of survivin
to the nucleolus, where it is ubiquitinated and degraded (88). A role for Zta’s basic
region in supporting Zta ubiquitination was therefore investigated by analyzing a panel
of site-directed mutants. Two 3-amino-acid mutants, Zta dbm1 and Zta dbm2, which
localize to the nucleus but are defective for DNA binding (89), showed substantially
lower levels of ubiquitination (Fig. 5B). The inability of these mutants to be ubiquiti-
nated is not likely due specifically to an inability to binding DNA since a third mutant,
Zta dbm3, which was shown previously to be defective for DNA binding (87), was fully
ubiquitinated (Fig. 5B).

It is also notable that both the Zta dbm1 and Zta dbm2 mutations alter lysine
residues, which are potential targets of ubiquitination, and mutation of these residues
may result in a loss of the target sites. However, as shown below, mutation of lysine 178
(mutated in Zta dbm1) to an arginine did not alter the ability of Zta to become
ubiquitinated and mutation of lysine 188 (mutated in Zta dbm2) had a relatively minor
impact on Zta ubiquitination. This suggests that the basic region of Zta plays a role in
regulating overall ubiquitination outside of simply providing potential ubiquitin target
residues. This conclusion is further supported by the finding that mutation of a
nonlysine residue, serine 186, to glutamic acid substantially inhibited overall Zta
ubiquitination (Fig. 5C). A more moderate mutation of serine 186 to alanine showed an
intermediate effect on Zta ubiquitination. Together, our data support the idea that the
basic domain of Zta plays a key positive regulatory role in Zta ubiquitination.

Role of ubiquitination in Zta degradation. Polyubiquitination of proteins can
serve as a signal that targets proteins for degradation by the proteasome system.
Nevertheless, ubiquitination also plays a number of roles in modulating protein func-
tion independently of degradation, including facilitating subcellular localization. To
initially test the role of Zta ubiquitination in facilitating Zta degradation, [35S]methio-
nine pulse-chase experiments were carried out to determine the half-life of wild-type
Zta compared to those of Zta mutants that display lower levels of ubiquitination. An
analysis of wild-type Zta showed that it is a fairly stable protein, with a half-life of
approximately 15 h (Fig. 6A and B). Analysis of Zta dbm1 and Zta dbm2, which are
poorly ubiquitinated, showed slightly longer half-lives, 15.6 h and 16.5 h, respectively
(Fig. 6C).

FIG 2 Legend (Continued)
over nickel-NTA beads. The purified material was assayed by Western blot analysis employing an anti-Zta
antibody. Expression levels of Zta, Rta, ubiquitin, and actin were determined by Western blot analysis of
whole-cell lysates.
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Since pulse-chase experiments showed that the bulk of Zta has a fairly long half-life
and since the half-lives of Zta dbm1 and Zta dbm2 were only marginally longer, this
indicates that at a minimum, the bulk of the Zta molecules in a cell are not subjected
to ubiquitin-dependent degradation. Nevertheless, the slightly longer half-life observed

FIG 3 The Zta transactivation domain regulates Zta ubiquitination. EBV-negative AdAH cells were transfected with or without 5 �g of a ubiquitin (His6-Ub)
expression vector as well as 5 �g of the indicated Zta, Zta mutant, or control expression plasmids. Cells were lysed under denaturing conditions and extracts
were purified over nickel-NTA beads. The purified material was assayed by Western blot analysis employing either an anti-HA antibody (A and B) or an anti-Zta
antibody (C). Expression levels of Zta and its mutants were determined by Western blot analysis of whole-cell lysates. Darker exposure corresponds to longer
exposure time. Shown is a schematic illustration of functional domains in Zta. Deletion regions are marked for each of the Zta mutants. Abbreviations: TAD,
transactivation domain; DBD, DNA-binding domain; DIM, dimerization domain; bZIP, basic leucine zipper-like domain.
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for Zta dbm1 and Zta dbm2 raised the possibility that a subset of Zta molecules in the
cell are subjected to ubiquitin-dependent degradation (perhaps following certain
posttranslational modification events that signal degradation-type-ubiquitination). This
issue was therefore investigated further by assessing Zta ubiquitination following
treatment of cells with the proteasome inhibitor lactacystin. As shown in Fig. 6D, an
increase in higher-molecular-weight species is observed in cells treated with lactacystin,
suggesting that at least some of the ubiquitinated Zta protein is subjected to
proteasome-dependent degradation.

Polyubiquitination can occur through conjugation to different lysine residues on
ubiquitin peptides. The most common polyubiquitination targets on ubiquitin are
lysine residues 11, 48, and 63 (90, 91). Importantly, polyubiquitin chains conjugated at
lysine 48 typically mediate proteasomal degradation, while conjugation at lysine resi-
due 63 or 11 signals other types of regulation of the recipient protein. To further
investigate whether a subset of ubiquitinated Zta molecules are subjected to degra-
dation, mutant His6-Ub expression vectors containing lysine-to-arginine mutations at
each of these lysine residues were cotransfected with a Zta expression vector and Zta
polyubiquitination was assessed. Notably, mutation of ubiquitin lysine 48 resulted in a
substantial increase in polyubiquitinated Zta species (Fig. 6E). This suggests that Zta can
be polyubiquitinated through other residues besides lysine 48. The increase in polyu-
biquitinated species observed with the lysine 48 mutant also suggests that Zta is
normally ubiquitinated through lysine 48 polyubiquitin chains and that this leads to
degradation of Zta. It is also notable that mutation of lysine 11 results in an alteration
of the polyubiquitinated Zta pattern, suggesting that at least a portion of Zta is
polyubiquitinated through a lysine 11 mechanism. Together, these results indicate that
a portion of Zta is targeted for proteasomal degradation and that a portion of
ubiquitinated Zta is regulated in a nonproteasomally related pathway.

Zta is ubiquitinated at multiple lysine residues. Zta contains 9 lysine residues
which are candidates for ubiquitin conjugation (Fig. 7A). To identify residues that are
targeted for ubiquitination, lysine-to-arginine (in most cases) or lysine-to-leucine mu-
tants were generated for each lysine residue of Zta. Wild-type or lysine mutant Zta
expression vectors were then analyzed for ubiquitination in AdAH cells (Fig. 7B). The
most pronounced impact on ubiquitination was observed with the lysine 12 mutant, for
which there was a substantial loss of all but the fastest migrating ubiquitinated species
(Fig. 7B). This suggests that lysine 12 is critical for high-level ubiquitination and is a
likely target site for polyubiquitination.

FIG 4 Deletion of the carboxyl-terminal tail of Zta inhibits Zta ubiquitination. EBV-negative AdAH cells were transfected with 5 �g of a ubiquitin (His6-Ub)
expression vector and 5 �g of the indicated Zta or Zta mutant expression plasmids. Cells were lysed under denaturing conditions and extracts were purified
over nickel-NTA beads. The purified material was assayed by Western blot analysis employing an anti-Zta antibody (A). Expression levels of Zta and its mutants
were determined by Western blot analysis of whole-cell lysates (B). Shown is a schematic illustration of functional domains in Zta (C). Deletion regions are
marked for each of Zta mutants.
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Despite the decrease in ubiquitination observed with the lysine 12 mutant, the
polyubiquitinated species that remained and the lack of apparent change in the
intensity of the fastest-migrating ubiquitinated species suggest that Zta can also be
ubiquitin conjugated at other lysine residues. Careful inspection of the data in Fig. 7B
revealed subtle decreases in Zta ubiquitination with the lysine 188, 207, and 219
mutants. To further address the possible contribution of these residues to the overall
ubiquitination of Zta, double, triple, and quadruple mutants were generated at lysine
residues 12, 188, 207, and 219. This analysis revealed progressive decreases in Zta
ubiquitination with the double, triple, and quadruple mutants and little ubiquitination
observed with the quadruple mutant (Fig. 8). This result supports the conclusion that
each of these lysine residues contributed to the total observed Zta ubiquitination.

Mutation of ubiquitin target sites on Zta results in a loss of progression
through the lytic cycle. The experiments outlined above indicate that a subpopulation

FIG 5 Genetic analysis of the Zta basic/DNA binding domain in mediating Zta ubiquitination. (A)
Schematic diagram of Zta basic leucine zipper-like (bZIP) domain mutants. (B and C) EBV-negative AdAH
cells were transfected with or without 5 �g of a ubiquitin (His6-Ub) expression vector and 5 �g of the
indicated Zta, Zta mutant, or control expression plasmids. Cells were lysed under denaturing conditions
and extracts were purified over nickel-NTA beads. The purified material was assayed by Western blot
analysis employing an anti-Zta antibody. Expression levels of Zta and its mutants were determined by
Western blot analysis of whole-cell lysates. The images were spliced to unify the Western blot format.

Zhao et al. Journal of Virology

November 2020 Volume 94 Issue 22 e01298-20 jvi.asm.org 10

https://jvi.asm.org


FIG 6 Analysis of ubiquitination-dependent degradation of Zta. (A) EBV-negative U2OS osteosarcoma
cells were transfected with a Zta expression plasmid and split into four different plates the following day.

(Continued on next page)
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of ubiquitinated Zta is targeted for degradation. To evaluate whether ubiquitination
also affects Zta function in a nonproteolytic manner, Zta lysine mutants showing
decreased ubiquitin modification were analyzed for the ability to induce lytic reactiva-
tion in EBV (Zta knockout)-infected 293 cells [EBV(Z K/O)-293 cells]. None of the mutants
showed any detectable influence on induction of the immediate early/early markers Rta
and BMRF1 (Fig. 9A). Nevertheless, the single lysine mutants K188R, K207L, and K219R
as well as the quadruple mutant showed defects in the ability to induce the late viral
capsid antigen (VCA) gene (Fig. 9A).

FIG 6 Legend (Continued)
Two days after transfection, cells were pulsed with [35S]methionine and chased for the indicated times.
Extracts were prepared under denaturing conditions and immunoprecipitated with an anti-Zta MAb.
Samples were analyzed by SDS-PAGE and autoradiography. (B) The experiment shown in panel A was
analyzed using a PhosphorImager to quantitate the levels of Zta immunoprecipitated at the different
chase time points. The abundance at each time point was calculated relative to the abundance at 0 h.
The line was generated by linear regression of the data in panel A. (C) U2OS cells were transiently
transfected with either wild-type Zta or mutant expression plasmids and pulse-chase analysis was
performed. (D) NPC-KT cells were transfected with Zta expression vector and treated for the indicated
periods of time with 10 �M lactacystin or a vehicle. Aliquots from cell extracts were immunoblotted with
the anti-Zta monoclonal antibody. A species of high-molecular-weight Zta (HMW-Zta) were readily
detected at 12 h posttreatment with lactacystin but not with the vehicle. (E) NPC-KT cells were
transfected with 5 �g of either wild-type ubiquitin (His6-Myc-Ub) or its mutant expression vectors plus
5 �g of the Zta expression plasmid or its control vector. Cells were lysed under denaturing conditions
and extracts were purified over nickel-NTA beads. The purified material was assayed by Western blot
analysis employing an anti-Zta antibody. Expression levels of Zta and its mutants were determined by
Western blot analysis of whole-cell lysates. The image was spliced to unify the Western blot format.

FIG 7 Analysis of single-lysine-residue Zta mutants. (A) Schematic diagram of Zta lysine residues. (B) EBV-negative
AdAH cells were transfected with 5 �g of a ubiquitin (His6-Ub) expression vector and 5 �g of the indicated Zta, Zta
mutant, or control expression plasmids. Cells were lysed under denaturing conditions and extracts were purified
over nickel-NTA beads. The purified material was assayed by Western blot analysis employing anti-Zta antibodies.
(C) Comparable expression levels of Zta and its mutants were confirmed by Western blot analysis of whole-cell
lysates.
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To further evaluate progression through the lytic cycle, the ubiquitin target site
mutants were assessed for the ability to mediate production of infectious virus. EBV(Z
K/O)-293 cells were transfected with wild-type or mutant Zta expression vectors. Viral
supernatants were harvested 5 days later and used to infect Raji cells. Since the virus
from EBV(Z K/O)-293 cells contains a green fluorescent protein (GFP) expression
cassette, the number of infected Raji cells was counted by fluorescence-activated cell
sorting (FACS) analysis. As shown in Fig. 9B, each of the single-ubiquitin-target-site
mutants produced significantly fewer infected cells than wild-type Zta. Strikingly,
although the quadruple mutant appears to be fully capable of inducing Rta and BMRF1,
this mutant produced no detectable infectious virus (P � 0.05 compared to each of the
wild-type and single-mutant Zta). These results indicate that ubiquitination of Zta is not
required for the early stages of reactivation but ubiquitination of Zta is required for the
late stages of viral production.

DISCUSSION

Multiple lines of evidence have indicated that ubiquitination signaling may play
important roles in the regulation of EBV lytic replication. For instance, the SUMO-

FIG 8 Analysis of multiple-lysine-residue Zta mutants. (A) Schematic diagram of selected Zta lysine
residues. (B) EBV-negative AdAH cells were transfected with 5 �g of a ubiquitin (His6-Ub) expression
vector and 5 �g of the indicated Zta or Zta mutant expression plasmids. Cells were lysed under
denaturing conditions and extracts were purified over nickel-NTA beads. The purified material was
assayed by Western blot analysis employing anti-Zta antibodies. Expression levels of Zta and its mutants
were determined by Western blot analysis of whole-cell lysates.
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targeted ubiquitin ligase RNF4 targets EBV immediate early gene Rta for ubiquitination
and thus influences the lytic progression of EBV (92). Recently, Tikhmyanova and
colleagues showed that treatment with the proteasome inhibitor MG132 leads to the
accumulation of Zta in EBV-positive lymphoma cells, indicating that ubiquitin-mediated
proteolysis may regulate Zta protein stability and EBV lytic reactivation (93). Here, we
provide new evidence that modification of Zta by ubiquitin is likely a complex process
and that it regulates Zta’s function in both a nonproteolytic and proteolytic manner
during the lytic cycle.

As shown in Fig. 6, we found that Zta is a relatively stable protein and the bulk of
Zta molecules in the cell are probably not subjected to ubiquitin-dependent degrada-
tion. This indicates that ubiquitination of Zta probably does not function to facilitate
transient expression of the overall population of Zta molecules, as is the case for many
cellular early response genes like c-Fos or c-Myc. This is in line with the known
requirement of Zta at multiple stages throughout the lytic cascade, a property that sets
it apart from the globally transient requirements of cellular immediate early genes like
c-Fos. Nevertheless, our studies indicate that a subpopulation of Zta molecules are
likely modified in a lysine 48 polyubiquitin manner and are in fact degraded. It could

FIG 9 Loss of ubiquitination leads to deficit progression of Zta-mediated lytic replication. (A) EBV (Zta knockout)-infected
293 cells [EBV(Z K/O)-293] were transfected with wild-type or mutant Zta expression vectors or a control vector. Forty-eight
hours posttransfection, cells were harvested and analyzed with each antibody shown. (B) EBV(Z K/O)-293 cells were
transfected with wild-type or mutant Zta expression vectors or a control vector. Viral supernatants were harvested 5 days
posttransfection and used to infect Raji cells. Since the virus from EBV(Z K/O)-293 cells contains a GFP expression cassette,
the number of infected Raji cells was counted by FACS analysis. The infection index represents the percentage of
GFP-positive cells (infected cells) relative to the number of GFP-positive cells observed following infection with superna-
tants from wild-type-Zta-transfected EBV(Z K/O)-293 cells. The averages and standard errors from the results of 3
independent infection assays are shown. Significance for differences between experimental groups were determined using
Student’s t test using Prism 6 software, and P values of �0.05 were considered significant.
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be argued that this level of degradation is an inherent and perhaps inconsequential
by-product of inefficiently regulated Zta ubiquitination whereby a low level of K48
modification and Zta degradation can be tolerated. On the other hand, there is
accumulating evidence that certain modifications of Zta induce a transition in the
function of targeted Zta molecules from early promoter activation to late lytic functions
(50). Zta molecules that are modified in a way that facilitates functions that are no
longer needed and/or desirable could be subjected to lysine 48 polyubiquitination/
degradation as part of a mechanism to transition the functions of Zta throughout the
lytic cascade.

In addition to being subjected to polyubiquitination, Zta is monoubiquitinated at
single and possibly multiple lysine residues. Based on a wide array of studies in other
systems, monoubiquitination typically plays a role in altering protein function. Further,
in addition to the lysine 48 polyubiquitination, Zta is likely polyubiquitinated by
nondegradative ubiquitin chain conjugation such as through lysine 11 (or lysine 63) of
ubiquitin. These forms of Zta modification are also likely to play nondegradative roles
in governing Zta function, such as regulating subnuclear localization or protein-protein
interactions.

Except for lysine 12, all of the lysine residues in Zta are located in or near the DNA
binding and dimerization domains. In addition to possible roles in mediating sub-
nuclear localization and changes in association with binding partners, it is likely that
ubiquitination of one or more of these residues has substantial influences on DNA
binding and/or dimerization. Ubiquitination of residues such as lysine 188 is likely to be
highly disruptive for DNA binding, and ubiquitination of lysine residue 207 or 219 may
have an impact on dimerization/DNA binding. The DNA binding-dependent functions
of Zta, then, would require that at least lysine 188 not be ubiquitinated. Consistent with
this idea, our results indicate that ubiquitination is not required for some of Zta’s early
transactivation functions that are mediated by DNA binding.

EBV has previously been shown to encode at least three deubiquitinases (DUBs), two
of which (BSLF1 and BXLF1) are early proteins (94); one of these (BSLF1) is required for
viral DNA replication (16). A compelling speculation is that viral (or cellular) encoded
DUBs downmodulate ubiquitination of Zta during this phase of the lytic cycle or that
downmodulation occurs in subcellular compartments where Zta is engaged in DNA
binding functions (such as transcriptional activation or DNA replication).

Our genetic studies identified residues within the DNA binding domain that are
critical for facilitating Zta ubiquitination. Therefore, an additional component of the
model discussed above is the possible exclusion of certain ubiquitin ligases from
interacting with Zta that is bound to DNA. This would be predicted to help sustain Zta
DNA binding functions in these settings that would otherwise be inhibited by ubiq-
uitination of basic and/or downstream lysine target residues.

We have identified multiple regions of Zta that control the level and type of Zta
ubiquitination. Based on studies from other systems, it is clear that ubiquitination of
proteins is typically a highly regulated process controlled by an array of regulatory
factors and mechanisms. Phosphorylation is a critical regulator of ubiquitin ligase
recruitment (76, 77, 95–100), and it will be interesting to carry out a more detailed
analysis of putative phosphor-acceptor sites on Zta to identify possible phosphorylation
events that regulate Zta ubiquitination. Our initial results show that mutation of serine
186, which is a protein kinase C (PKC) phosphorylation site, to glutamic acid has a
substantial negative influence on Zta ubiquitination. Phosphorylation of this serine
residue may therefore have an impact on Zta ubiquitination by altering the binding of
a ubiquitin ligase. Phosphorylation of serine 186 was shown previously to enhance the
ability of Zta to bind DNA (51). This phosphorylation event therefore appears to favor
Zta’s functions that are associated with DNA binding. If phosphorylation of serine 186
were to impede the binding of a ubiquitin ligase, this too, would inhibit ubiquitin
conjugation to residues such as lysine 188, thereby favoring DNA binding.

Although disruption of DNA binding/dimerization by ubiquitination of lysines 188,
207, and 219 is a reasonable hypothesis, it is also possible that modification at these
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sites (particularly residues 207 and 219) could have other consequences on Zta func-
tion, such as possibly stabilizing the dimerization structure. Alternatively, since the Zta
dimerization domain is involved in interactions with a number of cellular proteins,
ubiquitin moieties at position 207 or 219 could enhance or destabilize protein-protein
interactions with cellular factors. Such interactions could play a role in facilitating late
Zta functions and/or late-stage subcellular localization. This may explain the late-stage
defect observed with the Zta ubiquitin target site mutants. It is worth noting that
although we predict that ubiquitination of lysine 188 disrupts the DNA binding activity
of Zta, there may be unknown late-stage functions of Zta that do not require DNA
binding. These activities may be facilitated in part by ubiquitin targeting of lysine 188
(as well as lysine 207 or 219).

Previous studies have shown that Zta lysine 12 is also modified by a related peptide,
SUMO-1 (47, 57), which is known to control protein localization and turnover. SUMO-1
modification of Zta was shown to decrease its ability to activate certain lytic cycle
promoters but enhance expression of the lytic gene BMRF1 (57). Since SUMO-1 and
ubiquitin modification of lysine 12 is likely competitive, modification of Zta molecules
by SUMO-1 and ubiquitin conjugation probably have distinct influences on Zta func-
tion. This may be a means of tagging different populations of Zta for different functions
or outcomes during progression through the lytic cycle in a mutually exclusive manner.
Notably, mutation of lysine 12 to arginine has a more pronounced effect on polyubiq-
uitination than on monoubiquitination (for example, see Fig. 7), raising the possibility
that modification at this residue may be primarily degradative. SUMO-1 modification of
this lysine residue would therefore be expected to be protective against Zta degrada-
tion.

Consistent with the hypothesis that ubiquitination of lysine 12 primarily serves a
degradative function as opposed to a positive role in late-stage replication, mutation of
lysine 12 showed a milder effect on virus production than mutation of lysine 188, 207,
or 219 (Fig. 9B). Further, in contrast to the lysine 188, 207, and 219 mutations, the K12R
mutation did not diminish induction of VCA expression (Fig. 9A). It should be pointed
out, however, that interpretation of the functional consequences of a lysine 12 mutant
must be done with caution since this mutant is defective for both SUMO-1 and
ubiquitin modification.

Our results show that maximal ubiquitination of Zta requires sequences between
residues 1 and 79, a region actively involved in recruiting a number of Zta-interacting
factors, including the cellular factor p300. Interestingly, p300 has been reported to have
intrinsic ubiquitin ligase activity which may serve as an E3 ligase in catalyzing Zta
ubiquitination (101). Besides p300, our genetic studies aimed at identifying regions of
Zta that facilitate regulation of Zta ubiquitination also support the possibility that there
are more than one ubiquitin ligase that control ubiquitination of Zta. There is ample
precedent for ubiquitin targeting of individual proteins being mediated by multiple
distinct ubiquitin ligases (66, 76–78, 101–107). For example, at least 5 different ubiquitin
ligases have been shown to be involved in ubiquitinating p53 under different circum-
stances (101–107). Further studies will be required to identify the full repertoire of
ubiquitin ligases that bind to Zta, to determine their respective roles in mediating
modification of specific residues on Zta, and to determine their roles in regulating the
function of Zta (or associated proteins).

An unanticipated result from our genetic studies is the reconstitution of Zta ubiq-
uitination when sequences between amino acids 103 and 129 were deleted (Fig. 3). This
suggests that this region plays a role in recruiting a negative regulator of Zta ubiquiti-
nation. The binding of enzymes with deubiquitination activity is a common feature that
is apparently involved in further refining the regulation of proteins targeted for control
by ubiquitin modification (108–113). For example, the deubiquitinating enzyme HAUSP
interacts with and stabilizes p53 through a deubiquitination mechanism (108, 112, 113).
c-Myc is deubiquitinated by the ubiquitin-specific protease USP28, and intriguingly,
USP28 is actually recruited to c-Myc by the ubiquitin ligase FBW7 (110). Although there
are other possible explanations for the negative influence of amino acids 104 to 128 on
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Zta ubiquitination, there is a reasonable possibility that this domain contributes to the
interaction with a deubiquitinating enzyme, as is observed with other transcription
factors. The binding of a deubiquitinase to Zta would help maintain the level of Zta
polyubiquitination in certain populations of Zta below the threshold of 4-unit polyu-
biquitin chains required for proteasome targeting. As mentioned above, it could also
confer temporally and/or spatially dependent deubiquitination of Zta to facilitate
particular Zta functions during progression of the lytic cascade.

In addition to playing a role in modifying the function of Zta, the recruitment of
ubiquitin ligases and the possible recruitment of deubiquitinating enzymes (through
amino acids 104 to 128, for example) may also play a role in altering the function of viral
and cellular factors that associate with Zta, such as components of the lytic replication
complex or the cellular factors NF-�B and p53 (23, 45, 46, 114, 115). Sato et al. (116)
demonstrated that Zta can facilitate proteasomally dependent degradation of p53
during lytic replication. It is likely, then, that the complex nature of Zta’s interactions
with ubiquitin ligases and possibly DUBs and the possible modulation of ubiquitin
targeting by phosphorylation of serine 186 may play a role in regulating not only Zta
functions but also the functions of Zta binding partners during progression of the lytic
cycle. Our study provides a basis to explore the effects of these interactions on the
functions of Zta as well as their influence on other cellular and viral binding partners.

Our data indicate that disruption of Zta ubiquitination may halt EBV lytic progres-
sion and lead to an abortive replication, which raises the possibility of managing EBV
infection and its associated diseases by pharmaceutically targeting the ubiquitination
system. Indeed, some ubiquitination-modulating drugs have shown potential to treat
certain types of cancers, including lymphomas (117, 118). It will be worth exploring if
any such drugs can target Zta ubiquitination and disrupt the EBV life cycle and thus
ultimately eliminate EBV-associated cancers.

MATERIALS AND METHODS
Cell culture. The EBV-positive Akata cell line (type I latency) was established from an EBV-positive

Burkitt’s lymphoma from a Japanese patient and expresses surface IgG and has a t(8:14) chromosome
translocation (119). The EBV-positive Mutu (Mutu I) cell line (type I latency) was derived from an
EBV-positive Burkitt’s lymphoma biopsy specimen from a Kenyan patient and exhibits surface IgM (�K�)
expression and a typical t(8:14) chromosome translocation (119). JY is an EBV-positive lymphoblastoid
cell line (type III latency). DG75 is an EBV-negative Burkitt’s lymphoma cell line. Raji is an EBV-positive
Burkitt’s lymphoma cell line. NPC-KT is an EBV-positive hybrid cell line which was generated by the fusion
of EBV genome-positive NPC epithelial explant culture cells with AdAH cells (120). AdAH is an EBV-
negative human nasopharyngeal adenoid epithelial cell line (121). U2OS is an EBV-negative osteosar-
coma cell line. EBV-293 is an EBV-positive human embryonic kidney 293 cell line (122). EBV(Z K/O)-293
was established by infecting human embryonic kidney 293 cells with an EBV genome with a Zta deletion
(123). All cell lines were maintained in either Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher
Scientific; catalog no. SH30243.02) for adherent cells or RPMI 1640 (Thermo Fisher Scientific; catalog
no.SH30027.02) for suspension cells, supplemented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific; catalog no. 10437-028), penicillin, streptomycin, and glutamine. Cells were grown at 37°C in a
humidified 5% CO2-containing atmosphere. Hygromycin (100 �g/ml; Thermo Fisher Scientific; catalog no.
10687010) was added to 293 stable cell cultures.

Transfection. Transient-transfection experiments were performed by using either a modified version
of the calcium phosphate precipitation procedure for adherent cells (38) or the Amaxa electroporation
method for suspension cells (124). For the calcium phosphate precipitation procedure, 1 � 106 cells were
plated onto 100-mm-diameter tissue culture dishes. The following day, the medium was replaced with
8 ml of fresh supplemented DMEM; 4 h later, 0.5 ml of 1� HEPES-buffered saline (0.5% HEPES, 0.8% NaCl,
0.1% dextrose, 0.01% anhydrous Na2HPO4, 0.37% KCl [pH 7.10]) was mixed with a total of 30 �g of
plasmid DNA (effector plasmids were added in the amounts indicated in the figure legends, and carrier
DNA [pUHD10] was added to make a total of 30 �g). Thirty microliters of 2.5 M CaCl2 was added, and
samples were mixed immediately. Precipitates were allowed to form at room temperature for 20 min
before being added dropwise to cells. Cells were incubated at 37°C with 5% CO2 for 16 h before the
medium was replaced with 10 ml of fresh supplemented DMEM. For the Amaxa electroporation method,
cells were placed in antibiotic-free RPMI 1640 2 days before electroporation. For each transfection,
2 � 106 cells in 100 �l of Nucleofector solution R (Lonza; catalog no. VCA-1001) were electroporated with
a total of 5 �g of plasmid DNA (containing both effector and carrier DNA [pUHD10]) and transferred to
a six-well plate with 1.5 ml of medium per well. After 24 h, 1.5 ml of fresh RPMI 1640 was added to each
well. Cells were incubated for another 24 h before harvesting.

In vivo ubiquitination assay. Cells transfected with His6-Ub or the control vector were washed twice
with 1� phosphate-buffered saline (PBS) and lysed in 1 ml of buffer A (6 M guanidinium hydrochloride,
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0.1 M Na2HPO4/NaH2PO4 [pH 8.0], 10 mM imidazole) per 100-mm tissue culture dish at 4°C. The lysate
was subsequently sonicated for 30 s to reduce viscosity and then mixed on a rotator with 50 �l (settled
volume) of nickel-NTA-agarose beads (Qiagen; catalog no.1018244) for 3 h at 4°C. The beads were
washed three times with 1 ml of buffer A, twice with 1 ml of buffer A diluted in 25 mM Tris-HCl (pH
6.8)/20 mM imidazole (1:4), and twice with 1 ml of 25 mM Tris-HCl (pH 6.8)/20 mM imidazole. All the
above-named buffers were supplemented with protease inhibitors (protease inhibitor cocktail; Sigma;
catalog no. P8849). Purified proteins were eluted by boiling the beads in 50 �l of 2� Laemmli sample
buffer (Sigma; catalog no. S3401) supplemented with 200 mM imidazole at 95°C for 15 min and analyzed
by Western blot analysis.

Lytic cycle induction. EBV-positive Mutu cells (119) and EBV-positive Akata cells (119) were grown to
near saturation, and the day before induction, a 50% volume of fresh RPMI 1640 supplemented with 10% FBS
and penicillin/streptomycin was added. The following day, cells were spun down and resuspended in an equal
volume of fresh-warmed RPMI 1640 supplemented with 10% FBS and penicillin/streptomycin, containing
either 10 �g/ml of anti-human IgM (Sigma; catalog no. I0759) for Mutu cells or 10 �g/ml of anti-human IgG
(Sigma; catalog no. I5260) for Akata cells. Cells were harvested at 0 and 48 h posttreatment and subjected to
the immunoprecipitation analysis. To induce the lytic cycle in EBV-293 cells, cells were transfected with 5 �g
of Rta expression plasmid or its control vector. Forty-eight hours posttransfection, cells were harvested for the
immunoprecipitation analysis or in vivo ubiquitination assay.

Immunoprecipitation. Cells were suspended in 500 �l of radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 0.1% SDS) supplemented
with protease inhibitors and incubated for 1 h at 4°C. Lysates were then centrifuged at 13,000 rpm for 30
min at 4°C, and the supernatants were transferred to new tubes. Cell lysates were precleared with 20 �l
of protein G-agarose beads (Pierce; catalog no. 20421) for 1 h. At the same time, 10 �l of the anti-Zta
antibody (Santa Cruz; catalog no. sc-53904) or a control antibody (Millipore; catalog no. 12-371) was
incubated with 20 �l of protein G-agarose beads in 500 �l of RIPA buffer for 1 h at 4°C and then washed
three times with RIPA buffer. The lysates were then centrifuged briefly, and the supernatants were transferred
to the antibody-agarose complexes and incubated overnight on a rotator at 4°C. The next day, the beads were
washed three times with RIPA buffer with 15 min of incubation (at room temperature) for each wash. Twenty
microliters of 2� Laemmli sample buffer was then added to the agarose bead complexes, and samples were
boiled for 15 min at 95°C before analysis by Western blotting.

Pulse-chase analysis. Human osteosarcoma U2OS cells were transiently transfected with the desired
plasmids and evenly split into different plates the following day. Twenty-four hours after transfection,
cells were methionine starved for 30 min and then pulsed for 60 min with [35S]methionine (PerkinElmer;
catalog no. NEG772). Cells were then washed twice with 1� PBS and chased for the desired periods of
time with fresh supplemented DMEM. Cells were washed twice with 1� PBS, trypsinized, and washed
twice again with 1� PBS. Next, cells were lysed in 0.5 ml of 25 mM Tris-HCl (pH 6.8)/1.5% SDS per
100-mm tissue culture dish or T25 tissue culture flask and boiled at 95°C for 15 min. Samples were then
diluted in 8 volumes of EBC/BSA buffer (50 mM Tris-HCl, 180 mM NaCl, 0.5% Nonidet P-40, 0.5% bovine
serum albumin [BSA]) supplemented with protease inhibitors (protease inhibitor cocktail; Sigma; catalog
no. P8340). Extracts were precleared for 30 min at 4°C with protein G-agarose beads (Roche) and then
incubated with anti-Zta monoclonal antibody (MAb) (Argene; catalog no. 11-007) overnight at 4°C. Forty
microliters of a 50% (wt/vol) slurry of protein G-agarose beads was then added, and the mixture was
rocked for 60 min at 4°C and washed four times in EBC/BSA buffer, plus once in 50 mM Tris-HCl (pH 6.8).
Immunobeads were boiled in 2� Laemmli sample buffer (Sigma; catalog no. S3401) at 95°C for 10 min,
and the samples were then run on an SDS-PAGE gel. Image acquisition and quantitation were carried out
using a Typhoon Trio� instrument (Amersham Bioscience).

Western blot analysis. After a single 1� PBS wash, a fraction of harvested cells was separated for
Western blot analysis. Cells were immediately suspended in 100 �l of 1� Laemmli sample buffer and
boiled for 15 min at 95°C to shear the genomic DNA. Protein concentrations of the whole-cell extracts
were measured with the Bio-Rad protein assay kit according to the manufacturer’s instructions. Equal
amounts of protein were subjected to SDS-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes (Whatman). The blots were blocked for 60 min in Tris-buffered saline con-
taining 5% nonfat powdered milk and 1% FBS and then incubated with the primary antibody (in blocking
buffer) overnight at 4°C. The blots were washed three times with 1� TBST (140 mM NaCl, 3 mM KCl,
25 mM Tris-HCl [pH 7.4], 0.1% Tween 20) (each wash was carried out for approximately 15 min). To detect
the chemiluminescence signals, the blots were then incubated with horseradish peroxidase-conjugated
secondary antibody (Bio-Rad) in blocking buffer for 1 h at room temperature. Blots were washed as
described above and analyzed with an enhanced chemiluminescence detection system (Perkin-Elmer)
according to the manufacturer’s recommendations, and filters were exposed to either Fuji Super RX films
(Fujifilm) or Kodak image station 4000 mm (Kodak, NY). To detect the infrared fluorescence signal, an
Odyssey infrared imaging system (Li-Cor Biosciences) was used with a secondary antibody (IRDye 680RD
goat anti-rabbit antibody; Li-Cor; catalog no. 925-68071). The following primary antibodies were used for
Western blot analysis: anti-Zta MAb (Argene; catalog no. 11-007), anti-Zta MAb (Santa Cruz; catalog no.
sc-53904), anti-HA.11 MAb (Covance; catalog no. MMS-101R), anti-ubiquitin polyclonal antibody (PAb)
(Covance; catalog no. PRB-268C), anti-ubiquitin PAb (Santa Cruz; catalog no. sc-9133), anti-ubiquitin PAb
(Cell Signaling Technology; catalog no. 3933S), anti-Rta MAb (Argene; catalog no. 11-008), anti-BMRF1
MAb (Capricon; catalog no. EBV-018-48180), anti-VCA MAb (Chemicon; catalog no. MAB8184), anti-actin
PAb (Santa Cruz; catalog no. sc-1615), anti-�/�-tubulin PAb (Cell Signaling Technology; catalog no. 2148).

Infection assay. EBV(Z K/O)-293 cells were transfected with 5 �g of plasmids encoding either
wild-type or mutant Zta plus 25 �g of the carrier plasmid pUHD10 by the calcium phosphate method.
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Five days after transfection, the supernatants were collected and filtered (0.45-mm pore size). Three-
milliliter aliquots of supernatant were mixed with 2 � 105 Raji cells. Seventy-two hours after infection,
cells were harvested and analyzed for GFP fluorescence by FACS (BD).

Plasmid construction. Zta or HA-Zta proteins were expressed from pBS(SVp/e) plasmids containing
the simian virus 40 (SV40) early promoter and enhancer upstream from the genomic BZLF1 gene or an
HA tag-fused genomic BZLF1 gene fragment. The Zta deletion mutants HA-Zta 79 –245, HA-Zta 104 –245,
HA-Zta 129 –245, HA-Zta D27/53, and HA-Zta D52/78 were made by first introducing restriction sites
(with a Bio-Rad Muta-Gene kit) at the indicated loci and closing down the plasmids to delete the
respective coding sequences. The Zta deletion mutants Zta D9/13, Zta D14/18, Zta D19/23, Zta D24/28,
Zta D228/239, and Zta D228/245 were generated from pBS(SVp/e)-Zta by site-directed mutagenesis with
the Bio-Rad Muta-Gene kit. All of the Zta lysine mutants (mono-, double-, triple-, and quadruple-lysine
mutants) were generated by replacing lysine codons with arginine codons (or a leucine codon, for K207)
in the plasmid, pBS(SVp/e)-Zta, by successive PCR-based site-directed mutagenesis (QuikChange mu-
tagenesis kit; Stratagene; catalog no. 200521) according to the manufacturer’s instructions. Zta dbm1, Zta
dbm2, and Zta dbm3 expression vectors were described elsewhere (89). Zta S186E and Zta S186A were
generated by site-directed mutagenesis using a Bio-Rad Muta-Gene kit. All mutants were screened and
verified by sequencing. His6-ubiquitin plasmid and its control vector (HA-ubiquitin plasmid) are de-
scribed elsewhere (125). His6-Myc-ubiquitin plasmid and its mutants (His6-Myc-Ub-K11R, -K63R, and
-K48R) were generous gifts from Martin Eilers (IMT, Germany). CMV-BRLF1 expression plasmid and its
control vector were generous gifts from Shannon Kenney (University of Wisconsin, Madison, WI).
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