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A human cytomegalovirus mutant (TNsubIE2P) was constructed with alanine substitutions of four residues
(T27, S144, T233, and S234) previously shown to be phosphorylated in the immediate-early 2 (IE2) protein.
This mutant grew as well as the wild type at both low and high multiplicities of infection. The mutant activated
the major immediate-early, UL4, and UL44 promoters to similar levels, and with similar kinetics, as wild-type
virus. However, the TNsubIE2P mutant virus transactivated an endogenous simian virus 40 early promoter 4 h
earlier and to higher levels than the wild-type virus in infected human fibroblasts. The modification of the IE2
protein by SUMO-1 (i.e., its sumoylated state) was also examined.

The major immediate-early 2 (IE2) protein of human cyto-
megalovirus (HCMV) is essential for lytic replication in tissue
culture (23). The predominant form of the protein is an 86-
kDa nuclear phosphoprotein. The IE2 protein has been shown
to be a promiscuous transcriptional activator, transactivating
many early and late viral promoters as well as many cellular
promoters (6, 9, 10, 12, 14, 16, 17, 19, 20, 22, 24, 30–32, 35, 36).
The IE2 protein has also been shown to modulate the cell cycle
(3–5, 26, 28, 33, 34) and block apoptosis (18, 37). Previously, it
was shown that IE2 protein is phosphorylated by cellular ki-
nases in vivo and in vitro (11). Specifically, the mitogen-acti-
vated protein (MAP) kinase ERK-2 was shown to phosphory-
late threonines and serines in consensus MAP kinase motifs in
the IE2 protein. Furthermore, it was demonstrated that MAP
kinase-mediated phosphorylation of IE2 protein may reduce
the protein’s transcriptional activation function. In transient-
transfection assays, an IE2 protein phosphorylation site mu-
tant, with alanine mutations at T27, S144, T233, and S234,
activated transcription from a simple promoter (a Tef-1 site
and a TATA element) 10- to 12-fold, compared to 4- to 5-fold
activation by the wild-type protein (11).

In order to determine whether phosphorylation at these
MAP kinase sites may play a role in regulating viral replication,
especially the transcriptional activation of viral promoters, a
mutant virus containing alanine substitution mutations at T27,
S144, T233, and S234 was constructed.

The four alanine substitutions were introduced into the bac-
terial artificial chromosome (BAC)-cloned Towne strain of
HCMV (T-BACwt) (23), by allelic exchange (29), at positions
T27, S144, T233, and S234. Figure 1A illustrates the method by
which these mutations were introduced. The first clone
(pBAC-IE2P-Kan) was made by insertion of a kanamycin re-
sistance cassette into the major immediate-early locus, deleting
a 2,476-bp fragment including the residues to be mutated.
Clones of the kanamycin insertion mutant were verified by

restriction enzyme analysis, and pBAC-IE2P-Kan was used for
another round of allelic exchange in which the kanamycin
cassette was replaced by a fragment of the major immediate-
early locus containing the four alanine substitutions. The cor-
rect clone (pBAC-IE2P) was verified by restriction digest and
sequencing of BAC DNA (data not shown). Five micrograms
of purified pBAC-IE2P DNA and 2 �g of a pp71 expression
plasmid (pCGN-71) (2) were used to transfect human fore-
skin fibroblasts (HFFs). The transfection produced a virus,
TNsubIE2P, without the need for complementation. Virus was
collected and used to infect more HFFs to create virus stocks.
The stocks were quantitated for PFU by titration on HFFs.
The presence of the mutations in the virus genome was con-
firmed by sequence analysis (data not shown).

The effects of the hypophosphorylated form of the IE2 pro-
tein (IE2P) on viral replication were first analyzed by the
generation of viral growth curves. HFFs were infected with
stocks of wild-type Towne (generated from the BAC clone
T-BACwt) or the TNsubIE2P mutant viruses, whose titers had
been determined by plaque formation, at multiplicities of in-
fection (MOI) of 0.01 and 3.0 PFU/cell. The growth curves
(Fig. 1B) show that at both high (3.0 PFU/cell) and low (0.01
PFU/cell) MOI, the TNsubIE2P virus grows as well as the
wild-type virus. Therefore, the loss of these phosphorylation
sites does not adversely affect viral growth in HFFs.

We next examined whether the loss of these phosphorylation
sites had any effect on the ability of IE2 protein to transactivate
viral promoters in the context of a lytic infection. Based on the
transfection assay data (11), it was hypothesized that the
TNsubIE2P mutant may transactivate viral promoters to a
higher degree and earlier than wild-type Towne. We first ex-
amined the kinetics and transcription levels of the major im-
mediate-early promoter (MIEP). A series of time courses were
performed to determine transcription levels of the IE1 and IE2
transcripts. HFFs were infected with wild-type Towne virus
and the TNsubIE2P mutant virus at an MOI of 3.0 PFU/cell.
Cells were harvested at 6, 24, 48, 72, and 96 h postinfection,
and RNA was collected by using the Trizol reagent (GIBCO).
Northern transfers were then probed for IE1 and IE2 mRNAs.
These transfers were stripped and reprobed with a 300-bp
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actin-specific probe as a control. It is important to note that
actin mRNA levels are down regulated over time as a result of
HCMV infection in HFFs. In Fig. 2A (and the similar analysis
in Fig. 3A) it can be seen that actin mRNA levels vary essen-
tially identically at comparable time points in the mutant and
wild-type infections. Similarly, in Fig. 2A, IE1 mRNA levels
are essentially identical at comparable time points in wild-type
and mutant infections. Expression of IE1 mRNA is detectable
in the mutant and wild-type infections at 6 and 24 h postinfec-
tion. The levels of transcript continue to increase through 96 h
postinfection. Examining the actin and IE1 mRNA levels at
each comparable time point for each infection indicates that
there is no discernible difference in the synthesis of the IE1
transcript between the wild type and the TNsubIE2P mutant.
Scanning the intensities of the IE1 and actin bands followed by
plotting IE1 and actin levels against time provides overlapping
curves (data not shown). Similar results were obtained when
Northern blots were probed with an IE2-specific probe (data
not shown).

To determine if the TNsubIE2P mutant was able to trans-

activate the MIEP at an earlier time after infection, a similar
infection of HFFs was performed and RNA samples were
prepared at 2, 4, 6, 8, 10, 12, and 24 h postinfection. Comparing
the actin and IE1 mRNA levels at each comparable time point
for each infections indicates (Fig. 2B) that the kinetics of
MIEP activation is very similar between Towne and the
TNsubIE2P mutant virus, even at very early time points.

To further confirm that immediate-early gene expression
was not altered by the IE2P mutations, HFFs were infected
with each virus at an MOI of 3.0 PFU/cell and cell extracts
were prepared at 2, 4, 6, 8, 10, 12, 24, and 48 h postinfection for
Western analysis. Figure 2C shows an immunoblot probed with
an anti-IE1 and -IE2 monoclonal antibody (MAb 810; Chemi-
con). The same immunoblot was reprobed with anti-�-tubulin
as a loading control. The Western analysis results confirm the

FIG. 1. (A) Generation of the TNsubIE2P phosphorylation mutant
using a Towne HCMV BAC (T-BACwt). The schematic representa-
tion shows the major immediate-early locus, including exons 1 to 5 and
the MIEP. Restriction enzyme sites: SP, SphI; P, PstI; S, SalI. Using
allelic exchange in Escherichia coli, a 2,476-bp fragment flanked by PstI
sites in the major immediate-early locus was replaced by a cassette
conferring resistance to kanamycin (KAN). This clone, pBAC-IE2P-
Kan, was then used in a second round of allelic exchange to replace the
kanamycin cassette with the 2,476-bp fragment that was originally
deleted, including four substitutions. Alanine was substituted at posi-
tions T27, S144, T233, and T234 in IE2 protein, resulting in the pBAC-
IE2P mutant. (B) Growth curves of the HCMV Towne (solid lines)
and TNsubIE2P (dashed lines) viruses. HFFs were infected at MOIs of
3.0 and 0.01 PFU/cell. Virus was collected at the indicated time points,
and titers were determined on HFFs at 37°C.

FIG. 2. Expression of IE1 and IE2 transcripts and protein. HFFs
were infected with wild-type Towne and mutant viruses at an MOI of
3.0 PFU/cell and incubated at 37°C until collection. (A) Northern
analysis of IE1 transcription. Infected cells were collected at 6, 24, 48,
72, and 96 h postinfection, and total RNA was prepared. A total of 4
�g of RNA was used for each time point. The Northern filter was
probed with a 32P-labeled DNA fragment corresponding to the first
300 bp of exon 4, which is unique to IE1. M, mock infected. The filter
was stripped and probed with a 300-bp fragment of the actin gene as a
loading control. (B) Early time course of IE1 transcription. Cells were
infected and collected, and RNA was harvested at 2, 4, 6, 8, 10, 12, and
24 h postinfection. The Northern filter was probed with the same
IE1-specific probe. M, mock infected. (C) Immunoblot of IE1 and IE2
proteins. Cells were infected at an MOI of 3.0 PFU/cell. Cells were
collected at 2, 4, 6, 8, 10, 12, 24, and 48 h postinfection and lysed in
radioimmunoprecipitation assay buffer. Protein concentrations were
determined by a Bradford assay, and 40 �g of protein was used for
each time point. The immunoblot was probed with a mouse anti-IE1
and -IE2 monoclonal antibody (MAb 810; Chemicon) and anti-�-
tubulin.
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Northern data showing that the IE1 and IE2 proteins are
produced in relatively equivalent amounts and with the same
kinetics during the infection by wild-type and mutant viruses.

The cumulative data show that the TNsubIE2P mutations do
not cause increased transcriptional activity of immediate-early
genes. Previous studies have shown that IE2 can negatively
regulate the MIEP through binding to specific sites in the
MIEP (21, 27); our data suggest that the TNsubIE2P muta-
tions do not significantly alter this level of regulation.

We next examined the activation of several HCMV early
promoters previously shown to be activated by IE2 (7, 14, 15,
31). We hypothesized that the IE2 phosphorylation mutant
may be able to activate these promoters with earlier kinetics
than the wild-type IE2 protein. HFFs were infected at an MOI
of 3.0 PFU/cell, and RNA was collected at 6, 24, 48, 72, and
96 h postinfection. Northern transfers probed for the early
genes UL44 and UL4 are shown in Fig. 3A. Comparing the
actin mRNA levels and the viral mRNA levels as described for
Fig. 2, we conclude that the levels and kinetics of appearance
of transcripts for both of these early genes are very similar in
both wild-type and IE2 mutant infections. A second Northern
time course was performed by using time points between 6 and
24 h postinfection and, again, revealed no difference between
the two viruses (data not shown).

The viruses produced from the parental BAC, T-BACwt,
and pBAC-IE2P contain an inserted heterologous gene cas-
sette in the Us region of the viral genome (23). The cassette
consists of the simian virus 40 early promoter and the green
fluorescent protein (GFP) coding region. By monitoring the
expression of GFP we investigated whether the endogenous,
non-HCMV promoter could be transactivated more efficiently
during infection by TNsubIE2P than by the wild type. Figure
3B shows a Northern transfer probed for GFP mRNA by using
RNA sampled from HFF-infected cells at an MOI of 3.0 PFU/
cell for 2, 4, 6, 8, 10, and 12 h. GFP mRNA was first detectable
in the wild-type infection at 10 h postinfection. However, the
TNsubIE2P mutant first produced detectable levels of GFP
mRNA at 6 h postinfection; in addition, greater levels of GFP
mRNA accumulated in the mutant infections. An immunoblot
(Fig. 3C) probed with an anti-GFP monoclonal antibody
(Clontech) confirmed that GFP expression is significantly in-
creased in the TNsubIE2P infection compared to wild-type
infection. The immunoblot was also probed for �-tubulin as a
loading control. GFP protein was detectable at 12 h postinfec-
tion in the wild-type infection; however, in the mutant infec-
tion it was detectable by 8 h and it accumulated to higher levels
than the wild-type. These data suggest that the mutation of the
four specific MAP kinase sites in IE2P allows increased tran-
scriptional activation of a heterologous promoter.

Finally, the modification of sites in IE2P by SUMO-1 (i.e., its
sumoylated state) was examined to determine if it differed
from the wild-type IE2 protein. IE2 has two sumoylation sites
(lysines 175 and 180) that have been shown to function in
SUMO modification both in vitro and in vivo (1, 13, 25). It has
been shown that in other sumoylated proteins, such as I�B�,
phosphorylation inhibits sumoylation (8). Therefore, we deter-
mined whether the decreased phosphorylation of IE2 could
lead to an increase in sumoylation of the protein. HFFs were
transfected with a hemagglutinin (HA)-SUMO expression
plasmid (pHA-SUMO). Cells were infected 24 h later at an
MOI of 3.0 PFU/cell with wild-type or TNsubIE2P mutant
virus. Subsequently, cells were harvested, and 100 �g of total
cell lysate were used in immunoprecipitation experiments. Fig-
ure 4A shows two panels of the same blot. The left panel shows
the results of an immunoprecipitation experiment using mono-
clonal antibodies specific for IE1 (1B12) and IE2 (3H9). The
blot was then probed with an anti-HA monoclonal antibody
that detects any protein conjugated to the HA-SUMO modi-
fication. SUMO-modified IE1 (90 kDa) and IE2 (105 kDa) can
be detected in both wild-type (lanes T) and TNsubIE2P mutant
(lanes P) infections. The sumoylated forms of IE1 and IE2 are
present. The right panel shows the same transfer stripped and
probed with an anti-IE1/IE2 antibody (MAb 810). The non-
conjugated forms of IE1 (72 kDa) and IE2 (86 kDa) were
detected. The total lysate lane (lane L) shows all four forms
detected by the anti-IE1/IE2 antibody (MAb 810).

Figure 4B shows results of the same experiment as Fig. 4A,
with the anti-IE1/IE2 MAb 810 used for immunoprecipitation.
At 24 h postinfection, both SUMO-modified forms of IE1 and
IE2 were present in the wild-type and mutant infected-cell
lysates. This blot was stripped and probed with the same anti-
body used for the immunoprecipitation, MAb 810. In the right
panel of Fig. 4B all forms of IE1 and IE2 are present in both
infections. There is no significant difference in the sumoylated

FIG. 3. (A) Northern analysis of UL44 and UL4 early transcripts.
Cells were infected and collected, and RNA was harvested at 6, 24, 48,
72, and 96 h postinfection. Northern filters were probed with a 32P-
labeled DNA probe comprised of the first 300 bp of the UL4 and UL44
open reading frames. Filters were stripped and probed with actin as a
loading control. (B) Northern analysis of GFP transcription. RNA was
collected at 2, 4, 6, 8, 10, and 12 h postinfection. Northern filters were
probed with a 32P-labeled DNA fragment of the GFP gene. (C) GFP
expression in wild-type and TNsubIE2P viruses. Cells were collected at
2, 4, 6, 8, 10, and 12 h postinfection. Protein samples were prepared,
and filters were probed with an anti-GFP monoclonal antibody (Clon-
tech) and anti-�-tubulin.
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forms of IE2 between the TNsubIE2P mutant and wild-type
viruses.

We have demonstrated that an HCMV mutant, TNsubIE2P,
lacking MAP kinase phosphorylation sites at T27, S144, T233,
and S234 is viable and able to grow as well as the wild type in
HFFs. The activation of immediate-early and early promoters
by the TNsubIE2P mutant exhibits kinetics and levels similar to
those of the wild-type virus infection. Nevertheless, an endog-
enous simian virus 40 early promoter was activated earlier and
to a significantly higher level in cells infected by the mutant
virus. This finding corroborates previously published data
showing that in transient-transcription assays, the hypophos-
phorylated form of IE2 protein activated heterologous pro-
moters to a significantly greater level than wild-type IE2 pro-
tein. That the hypophosphorylated protein had little effect on
viral promoter activation was an unexpected result which sug-
gests that the phosphorylation of these sites in IE2 may affect
transcription from heterologous and viral promoters differ-
ently. It remains to be tested whether phosphorylation of IE2
may control separate transcriptional activation domains which
can affect promoters differentially during the infection. Finally,
these results are seen during lytic infections of HFFs, a cell
type used because of its permissivity for HCMV. It is possible
that the mutations may have a more significant effects in cells
and tissues naturally infected by HCMV.
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