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The human cytomegalovirus (HCMV) IE2 86-kDa protein is an essential transactivator of viral and cellular
gene expression. Additional proteins of 60 and 40 kDa are expressed from the IE2 gene at late times
postinfection and are identical to the C terminus of IE2 86. We have constructed HCMV recombinants that
express wild-type full-length IE2 86 but do not express the IE2 40- and 60-kDa proteins. Each of these
recombinants is viable, indicating that neither the 60-kDa nor the 40-kDa protein is required for virus
replication, either alone or in combination. Cells infected with the IE2 60 and IE2 40 deletion mutants,
however, exhibit decreased expression of selected viral genes at late times. In particular, expression of the viral
DNA replication factor UL84 is affected by the deletion of IE2 40, and expression of the tegument protein pp65
(ppUL83) is affected by the deletion of both IE2 40 and IE2 60. IE2 60 and IE2 40 are also required for the
production of normal levels of infectious virus. Finally, IE2 40 appears to function as a repressor of major
immediate-early transcription in the infected cell. These results begin to define functions for the IE2 60- and
IE2 40-kDa proteins and indicate that these products contribute both to the expression of selected viral genes
and to the overall progression of the infection.

Human cytomegalovirus (HCMV) gene expression, like that
of all herpesviruses, occurs as a tightly controlled series of
events beginning with expression of the immediate-early (IE)
genes. These go on to activate expression of early viral genes,
allowing replication of the viral genome and subsequent tran-
scription of late, primarily structural, genes. Two important IE
genes, the UL122 and UL123 genes, comprise the major IE
region. This segment of the HCMV genome encodes two pre-
dominant products, the IE1 72-kDa (ppUL123) and IE2 86-
kDa (ppUL122) proteins. These are expressed from alterna-
tively spliced forms of a five-exon transcript; the IE1 72 mRNA
consists of exons 1 to 4, and the IE2 86 mRNA contains exons
1 to 3 and 5. Translation of both proteins begins in exon 2, so
that IE1 72 and IE2 86 have identical 85-amino-acid (aa) N
termini and unique C-terminal domains. Both proteins have
been characterized extensively, most recently in studies that
have used recombinant viruses containing deletions in the ma-
jor IE region to elucidate the functions of IE1 72 and IE2 86
in the HCMV-infected cell. These studies indicate that the IE1
72-kDa protein contributes to virus replication during low-
multiplicity, but not high-multiplicity, infections and is there-
fore nonessential (10, 11, 28). In contrast, IE2 86 is strictly
required for HCMV replication, and even small deletions or
changes to the sequence of the protein can result in a virus that
does not replicate (26, 46).

Both IE1 72 and IE2 86 are transcriptional activators, and
their ability to promote viral gene expression has been studied
in a number of transient-transfection assays. IE2 86-mediated
transactivation of the 1.2- and 2.7-kb RNA and UL112-113
(2.2-kb RNA) early promoters and of promoters driving genes
involved in viral DNA replication has been particularly well
characterized (5, 18, 36, 37). IE2 86 also functions as a repres-
sor of transcription: it binds to DNA through interactions with
the minor groove (20, 44) and downregulates its own expres-
sion via site-specific binding to the 14-bp cis repression signal
between the TATAA box and transcription start site in the
major immediate-early promoter (3, 13, 20, 23, 24, 30). This
DNA binding capability allows regulation of early promoters
as well as autoregulation, and the DNA binding region com-
prises aa 290 to 579 of IE2 86 (4, 19, 36). Regions spanning the
length of the protein appear to be important for IE2 86 to
transactivate heterologous promoters and HCMV early pro-
moters, with the regions between aa 1 to 98 and 170 to 579
required for activation (25, 31, 37, 39, 42, 49). Both proteins
have been shown to interact in vitro with multiple viral and
cellular factors, although fewer of these interactions have been
confirmed in the HCMV-infected cell (for a review, see refer-
ence 9). The only viral protein identified to date that interacts
with IE2 86 is UL84. The UL84 protein is present in replica-
tion centers in the nuclei of infected cells and can promote
oriLyt-dependent DNA replication in the presence of core
replication proteins from HCMV and Epstein-Barr virus (21,
22, 35, 40, 48). UL84 is required for viral DNA replication and
for the production of infectious virus and appears to have
UTPase activity (6, 7, 47).

* Corresponding author. Mailing address: Cellular and Molecular
Medicine, 9500 Gilman Dr., La Jolla, CA 92093. Phone: (858) 534-
4584. Fax: (858) 534-6083. E-mail: dspector@ucsd.edu.

� Published ahead of print on 3 January 2007.

2573



Additional spliced RNAs are expressed from both the IE1
and IE2 genes in infected fibroblasts. Spliced RNAs predicted
to encode 19- and 17-kDa forms of IE1 are detectable in
infected fibroblasts (1, 38). These contain exons 1, 2, and 3 and
portions of exon 4 resulting from splice patterns different from
those that generate the IE1 72 RNA. A spliced RNA predicted
to encode a 9-kDa form of IE1 has also been detected in
infected fibroblasts and contains exons 1 and 2, a 5� segment of
exon 3, and an alternatively spliced portion of exon 4 (1).
Reports of protein expression from these transcripts vary. The
IE1 17 protein has been detected only following transfection of
CV-1 cells, but not in infected fibroblasts. While Shirakata et
al. used an antibody directed against the region shared by IE1
and IE2 to detect the IE1 19 protein in infected fibroblasts,
studies by Awasthi and colleagues suggest that this protein is in
fact a breakdown product of full-length IE1 72 (1, 38). They
detected IE1 19 protein only in transfected, not infected, cells
and were not able to detect IE1 9 protein in either assay.

Other splicing events in exon 5 generate RNAs from the
full-length transcript that could encode 55- and 18-kDa pro-
teins. The IE2 18 RNA is expressed in HCMV-infected mono-
cyte-derived macrophages but not in infected fibroblasts except
in the presence of cycloheximide (16). An IE2 55 RNA is
expressed only at IE times in HCMV-infected fibroblasts, and
the corresponding IE2 55-kDa protein is detected in infected
cells only after release from a cycloheximide block (41).

In contrast, other forms of IE2 are translated from unspliced
RNAs that are expressed with late kinetics from different,
downstream promoters (33). These RNAs encode proteins of
60 and 40 kDa that are detectable at late times in infected
fibroblasts. The 40-kDa protein has been more extensively
characterized than the 60-kDa form. The IE2 40-kDa protein
is colinear with the C terminus of IE2 86 and is predicted to be
expressed from a 1.5-kb RNA (32, 33, 41). Other, slightly
larger forms of this RNA are present in the cytoplasm of
HCMV-infected cells as well (41). The 60-kDa protein can be
detected with an antibody that recognizes both IE2 86 and IE2
40, suggesting that IE2 60 is also identical to a C-terminal
portion of IE2 86 (32). Translation of IE2 60 is predicted to
begin at methionine 170 of IE2 86, and IE2 40 translation
initiates at methionine 242 of IE2 86. The numbering used
here reflects amino acid numbers in the Towne strain of
HCMV. At late times postinfection (p.i.), both IE2 60 and IE2
40 are expressed to higher levels than IE2 86. In transient-
transfection assays, IE2 40 represses the major IE promoter in
much the same way as IE2 86, and it activates a version of this
promoter lacking the cis repression signal when expressed in
combination with IE1 72 (15). These smaller forms of IE2 have
not yet been characterized in the HCMV-infected cell.

Work from our laboratory previously showed that the IE2
86�SX virus, which contains an internal deletion in the IE2
gene spanning codons 136 to 290, is viable. IE2 86�SX repli-
cates slowly and to lower titers than wild-type virus but sup-
ports early gene expression to approximately wild-type levels.
Notable molecular defects in IE2 86�SX virus-infected cells
include decreased expression of UL83 (pp65) RNA and pro-
tein and slightly decreased expression of UL99 (pp28) protein,
but not RNA (34). IE2 86 is expressed to lower levels in IE2
86�SX virus-infected cells. Also, as a result of the deletion of
aa 136 to 290 from IE2 86, the 60-kDa and 40-kDa forms of the

protein are not expressed, demonstrating that these forms are
not required for the progression of a productive infection. In
the present study, we constructed recombinant viruses that do
not express the IE2 40 and IE2 60 proteins and made rescued
versions of each mutant virus. Using this family of HCMV
recombinants, we show that neither the IE2 60 nor the IE2 40
protein is essential for virus replication but that deletion of
both forms leads to a 10-fold drop in the production of infec-
tious virus. As predicted by the transient-transfection assays,
IE2 60 and IE2 40 contribute to regulation of the major IE
promoter. Other functions of these proteins were not pre-
dicted by transient-transfection assays. These newly uncovered
functions include regulation of pp65 expression via a decrease
in transcript levels and control of UL84 protein expression
through what appears to be a posttranscriptional mechanism.

MATERIALS AND METHODS

Cells. Human foreskin fibroblasts (HFF) were cultured in minimum essential
medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 200
U penicillin, 200 �g streptomycin, 1.5 �g amphotericin B, and 50 �g gentamicin
per milliliter and grown as described previously (43).

Bacterial artificial chromosome (BAC) mutagenesis. Construction of the p40,
p60, and p40�60 deletion mutant viruses began with plasmid pSP-J(BglII-StuI),
which contains the approximately 2,000-bp fragment generated by digesting the
HCMV AD169 genomic EcoRI J region (43) with BglII and StuI. Mutagenic
oligonucleotide primers were used in conjunction with the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA) to create plasmids pSP-
J(BglII-StuI�40), pSP-J(BglII-StuI�60), and pSP-J(BglII-StuI�40�60). These
are identical to pSP-J(BglII-StuI) but contain changes to the predicted TATAA
box for the 1.5-kb RNA (�40), an upstream AT-rich region described in Results
(�60), or both sites (�40�60). These constructs were sequenced to verify the
presence of the correct mutations. DNA sequencing was performed by Eton
Bioscience, San Diego, CA. Sequences of mutagenic primers (Integrated DNA
Technologies, Coralville, IA) for the IE2 40 TATAA mutation are as follows:
sense, 5� CCTTTCAAGGTGATCATCAAGCCGCCCGTGCCTCCC 3�; anti-
sense, 5� GGGAGGCACGGGCGGCTTGATGATCACCTTGAAAGG 3�;
those for the upstream AT-rich site mutation are as follows: sense, 5� GGATC
CCACGTCACTATTGCGTACTCATCATCAAGCTCTATGGGACACTCTG
TAATCC 3�; antisense, 5� GGATTACAGAGTGTCCCATAGAGCTTGATG
ATGAGTACGCAATAGTGACGTGGGATCC 3�.

One or both of the mutations were introduced into the UL122-123 gene coding
region using the Counter Selection BAC Modification kit (Gene Bridges,
Dresden, Germany). Briefly, oligonucleotide primers were used to amplify a
marker cassette containing the neomycin resistance and RpsL genes and to
simultaneously introduce 50 nucleotides of homology to the UL122-123 gene
region onto either end of the cassette. Sequences of primers (Integrated DNA
Technologies, Coralville, IA) are as follows: sense, 5� GATAGAGGAAGTTG
CCCCAGAGGAAGAGGAGGATGGTGCTGAGGAACCCAGGCCTGGTG
ATGATGGCGGGATCG 3�; antisense, 5� CCTTCTCGTTGTCCAACTCGGA
GATGCGTTTGCTCTTCTTCTTGCGGGGTTCAGAAGAACTCGTCAAG
AAGGCG 3�. The linear product was recombined into the UL122-123 gene
region contained in the wild-type HCMV strain AD169 BAC pHB5 (gift from
M. Messerle) (2), and the resulting intermediate construct, pHB5(IEexon5-
RpsLneo), was selected on the basis of resistance to kanamycin. Next, pSP-J(BglII-
StuI�40), pSP-J(BglII-StuI�60), and pSP-J(BglII-StuI�40�60) were used as a
template in conjunction with sense primer 5� CAGGAAGAAAGTGAGCAGA
GTGATG 3� and antisense primer 5� AGCGATTGGTGTTGCGGAAC 3� (In-
tegrated DNA Technologies, Coralville, IA) to amplify a linear fragment con-
taining the mutated UL122-123 gene region. This fragment was recombined into
pHB5(IEexon5-RpsLneo), replacing the RpsLneo cassette, and the resulting
IE2 �40, IE2 �60, and IE2 �40�60 BACs were selected on the basis of
increased streptomycin resistance. The altered region from each was ampli-
fied and sequenced to confirm that the intended deletion had been introduced
into the BAC.

A rescued BAC was generated from the each of the mutant BACs by the
reverse procedure. The RpsL-neomycin marker cassette was introduced into
each of the three mutant BACs using the procedure and primers listed above.
pSP-J(BglII-StuI) was then used as a template in conjunction with the primers
described above to produce a linear fragment containing the wild-type HCMV
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sequence. This fragment was inserted into each of the RpsL-neomycin cassette-
containing intermediate BACs by homologous recombination. These rescued
BACs were designated IE2 40 rescue, IE2 60 rescue, and IE2 40�60 rescue.

Wild-type, mutant, and rescued BAC DNAs were amplified and purified as
described previously (34). Each BAC was digested with HindIII and separated by
field inversion gel electrophoresis to ensure that no major alterations to the
DNA were sustained during the cloning procedure.

Reconstitution of virus, determination of virus titers, and growth curves.
Wild-type, IE2 �40, IE2 �60, IE2 �40�60, IE2 40 rescue, IE2 60 rescue, and IE2
40�60 rescue BACs were transfected into HFF by electroporation as previously
described (46) and monitored for plaque development. When all cells in a
culture exhibited cytopathic effect, supernatants were harvested and used to
infect fresh cells. Stocks of wild-type, mutant, and rescued mutant viruses were
harvested and titered by plaque assay. To analyze the kinetics of virus replication,
confluence-synchronized HFF were infected at a multiplicity of infection (MOI)
of 5 PFU/cell. Supernatant from infected cells was harvested daily, replaced with
fresh media, and titered by plaque assay.

Time course of virus infection. HFF were grown to and maintained at conflu-
ence for 3 days prior to infection to allow synchronization in a G0 state. At the
time of infection, cells were released from G0 by trypsinization, infected at an
MOI of 5 PFU/cell, and replated at a lower density. Cells were refed daily and
then harvested by trypsinization at various times p.i.

Quantitative real-time RT-PCR analysis. Real-time reverse transcription-
PCR (RT-PCR) and data analysis were performed essentially as previously
described using primers and probes directed against the HCMV IE1 72, IE2 86,
UL83, and UL84 genes and the cellular housekeeping glucose-6-phosphate de-
hydrogenase (G6PD) gene (46). RNA was isolated with a NucleoSpin II kit
(Clontech, Mountain View, CA) and subsequently treated with DNase using a

Turbo DNA-free kit (Ambion, Austin, TX) to remove any residual DNA con-
tamination and to allow the analysis of unspliced viral transcripts. Sequences of
the IE1 72, IE2 86, and G6PD gene primers and TaqMan probes have been
previously described (46). The sequences of the primers and probe for the UL83
assay are as follows: sense, 5� TCTTCCTGGAGGTACAAGCCA 3�; antisense,
5� CAGCCACGGGATCGTACTG 3�; probe, 5� [6-carboxyfluorescein (FAM)]-
ACGCGAGACCGTGGAACTGCG-[black hole quencher-1] 3�. The sequences
of the primers and probe for the UL84 assay are as follows: sense, 5� AGACA
TTGGGACCCTCCGTC 3�; antisense, 5� GCGGTGATTCGTTCGGG 3�;
probe, 5� [6-FAM]-TGGACGATTGGAGCTAG-[black hole quencher-1] 3�.

Western blotting. Cells were lysed in reducing sample buffer (50 mM Tris [pH
6.8], 0.2% sodium dodecyl sulfate, 10% glycerol, 5% 2-mercaptoethanol, 25 mM
sodium fluoride, 1 mM sodium orthovanadate, 5 mM �-glycerophosphate, 1 mM
phenylmethylsulfonyl fluoride, 50 �M leupeptin, and 100 �M pepstatin A), and
protein content was determined by a Bradford assay. Equal amounts of protein
were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels and transferred to nitrocellulose. Membranes were stained
with amido black to ensure equal protein loading. After being blocked in 5%
nonfat dried milk in TBS-T (Tris-buffered saline [pH 7.4] with 0.05% Tween 20),
blots were incubated with primary antibodies in 5% nonfat dried milk in TBS-T,
diluted as follows: CH16.0 monoclonal antibody (MAb), 1:10,000; IE2 MAb
8140, 1:1,000; UL44 MAb, 1:5,000; UL57 MAb, 1:10,000; pp65 MAb, 1:10,000;
UL84 MAb, 1:2,000 to 1:10,000; pp28 MAb, 1:10,000; �-actin MAb AC-15,
1:10,000. CH16.0, anti-UL44, anti-UL57, anti-pp65, and anti-pp28 were pur-
chased from the Goodwin Institute (Plantation, FL) and from Virusys (Sykesville,
MD). Anti-IE2 was purchased from Clontech (Mountain View, CA). Anti-�-
actin was purchased from Sigma-Aldrich (St. Louis, MO). Anti-UL84 was a gift
from Greg Pari (University of Nevada, Reno). Membranes were washed in

FIG. 1. Construction of the IE2 40 and IE2 60 deletion mutant viruses. (A) Partial sequence of the wild-type HCMV major IE region from the
3� end of exon 4 through the 5� portion of exon 5. Exon sequences are capitalized, and intron sequences are in lowercase. The regions that were
changed to eliminate expression of the IE2 40 and IE2 60 proteins are underlined. The codons for the initiating methionines of each protein are
boxed. (B) Schematic of the major IE region. The relative locations of the exons and the TATAA boxes and initiating methionines for IE1 72, IE2
86, IE2 60, and IE2 40 are indicated. The sequences that were altered to remove the predicted TATAA boxes for the late RNAs are indicated.
For the mutations, nucleotides that are identical to the wild-type sequence are capitalized and altered nucleotides are in lowercase. The diagram
is not to scale. MIEP, major immediate-early promoter.

VOL. 81, 2007 IE2 60 AND IE2 40 CONTRIBUTE TO HCMV REPLICATION 2575



TBS-T and incubated in horseradish peroxidase-coupled anti-mouse antibody
(Calbiochem, San Diego, CA), diluted 1:2,000. After being washed in TBS-T,
proteins were detected using SuperSignal chemiluminescent substrate (Pierce,
Rockford, IL) according to the manufacturer’s instructions.

RESULTS

Construction of IE2 60, IE2 40, and IE2 60�40 deletion
mutant viruses. In addition to full-length IE2 86, the UL122
gene encodes additional, smaller proteins that are identical to
the C terminus of IE2 86. Two of these proteins have molec-
ular masses of 40 kDa and 60 kDa and are expressed at late
times p.i. from one or more transcripts distinct from the full-
length IE2 86 mRNA (32, 33, 41). The 1.5-kb transcript ex-
pressed from this region is the predominant IE2 RNA present
in the cytoplasm of infected cells at late times p.i. (41). The
experiment that mapped the 1.5-kb species identified several
other IE2 transcripts also present in the cytoplasm at late
times, and these were approximately 130 to 280 bases longer
than the 1.5-kb RNA. Translation of the 60-kDa protein ini-
tiates at methionine 170 of IE2 86, while translation of the
40-kDa protein begins at methionine 242, and codons for both
of these residues are present in the 1.5-kb RNA as well as in
the longer species. The sequence of the promoter region and
the sites that were changed to eliminate the expression of these
proteins are shown in Fig. 1.

Previous work from our laboratory described the construc-
tion and characterization of IE2 86�SX-EGFP, a viable
HCMV recombinant with a deletion spanning aa 136 to 290 of
IE2 86 (34). The initiating methionines for both the IE2 40-
and 60-kDa proteins are not encoded by this virus, and the
mutant virus replicates slowly, grows to lower titers than wild-
type virus, and exhibits distinct defects in viral gene expression.
At the outset, the present study had two goals. First, we aimed
to delineate the functions of the smaller, C-terminal 40-kDa
and 60-kDa forms of IE2 and their roles in HCMV-infected
cells at late times p.i. Second, we wanted to determine which of
the effects observed in the IE2 86�SX virus-infected cell were

due to the deletion of aa 136 to 290 in full-length IE2 86 versus
the elimination of IE2 40 and IE2 60 expression.

To answer these questions, we constructed recombinant
HCMV BACs encoding viruses that do not express one or both
of the IE2 40 and IE2 60 proteins. These BACs were generated
as described in Materials and Methods using the AD169 BAC
pHB5 (gift from Martin Messerle) and homologous recombi-
nation in Escherichia coli. Initially, we constructed a recombi-
nant BAC, designated IE2 �40, in which the TATAA box
driving expression of the predominant 1.5-kb RNA is rendered
nonfunctional using silent mutations at the wobble bases. The
amino acid sequence of the full-length IE2 86 protein ex-
pressed by this recombinant is identical to the wild type. We
noted that, although this mutation eliminates all IE2 40 protein
expression in the IE2 �40 virus-infected cell, some residual IE2
60 protein is still expressed (Fig. 2, top panel). In order to
characterize HCMV replication in the absence of all IE2 40
and IE2 60 protein, we introduced a second mutation into the
BAC. This change is in an AT-rich region that could serve as
a TATAA box to drive the expression of the slightly longer
transcripts that were also detected in the study that mapped
the start site of the 1.5-kb RNA (Fig. 1A) (41). We introduced
this change into the HCMV BAC either alone (IE2 �60) or in
combination with the initial mutation (IE2 �40�60). The al-
tered sequence is in the intron between exons 4 and 5, and
while several residues have been altered, neither the size of the
intron nor the coding sequence of any form of IE1 or IE2
protein has been changed. Introducing both TATAA muta-
tions into the HCMV BAC (IE2 �40�60) eliminated all de-
tectable expression of IE2 40 and IE2 60 proteins (Fig. 2, top
panel). When only the change to the 5� TATAA site was
included (IE2 �60), we still detected some expression of IE2 60
protein. This is consistent with the behavior of the IE2 �40
recombinant, which suggested that some IE2 60 protein was
translated from the predominant 1.5-kb RNA.

To further ensure the integrity of the three recombinant
BACs, we constructed a rescued version of each BAC in which

FIG. 2. Major immediate-early protein expression is altered following infection with IE2 �40 and IE2 �60 viruses. G0-synchronized HFF cells
were infected with 5 PFU/cell of wild-type (Wt), mutant (�40, �60, or �40�60), and rescued mutant (40 R, 60 R, or 40�60 R) virus or mock
infected (M) and harvested at the indicated times p.i. Equal amounts of cell lysates, in micrograms, were separated by SDS-PAGE and transferred
to nitrocellulose. IE1 72, IE2 86, IE2 60, and IE2 40 protein levels were analyzed by Western blotting as described in Materials and Methods.
Cellular actin levels were analyzed as a control for protein loading. The asterisk indicates that the �40 72-h lane is slightly overloaded in the IE2
Western blot (top panel) relative to the IE2 86 and IE1 72 Western blot (middle panel).
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the altered sequences were returned to wild type. The resulting
six recombinant BACs and the wild-type pHB5 parent were
digested with HindIII, and fragments were separated by field
inversion gel electrophoresis to confirm that no large-scale
deletions or rearrangements had occurred during the cloning
procedure. The restriction digest pattern of each of the recom-
binant BACs was the same as the restriction digest pattern of
the wild-type BAC (data not shown). The wild-type, mutant,
and rescued mutant BACs were transfected into HFF, and
virus stocks were reconstituted as described in Materials and
Methods.

IE2 60- and 40-kDa proteins contribute to virus replication.
The ability to reconstitute virus from each of these mutant
BACs indicated that neither the 60- nor 40-kDa form of IE2 86
was strictly required for HCMV replication in cultured cells.
To understand how these proteins contribute to virus replica-
tion, we first constructed single-step growth curves for the
recombinant viruses. Following high-multiplicity infection
(MOI � 5 PFU/cell) of HFF, the amount of virus produced
reached its peak 5 to 6 days p.i. for wild-type virus and for each
of the three deletion mutant viruses (Fig. 3). The peak titers
for the mutant viruses were lower than for the wild-type and
rescued viruses. This indicated that, during high-MOI growth,
the 60- and 40-kDa proteins did not contribute to the timing of
virus production but were required for the virus to replicate to
maximal titers. In particular, cells infected with IE2 �40�60
virus produced an average of 12 times less virus than wild-type
at 5 days p.i. and up to 40 times less virus at 6 days p.i.

IE1 72 and IE2 86 protein levels are altered by deletion of
IE2 60- and 40-kDa proteins. Since the replication of the IE2
60 and IE2 40 deletion mutant viruses is impaired, we began to
look for defects in viral gene expression that might contribute
to reduced production of infectious virus when IE2 60- or
40-kDa proteins are not expressed. We infected HFF cells at
an MOI of 5 PFU/cell with wild-type virus, mutant viruses, and
rescued mutant viruses and harvested infected cells at the

indicated times (Fig. 2) p.i. Cells were processed for Western
blots, and blots were probed with antibodies that recognize the
HCMV major IE proteins. Having already characterized the
expression of IE2 40 and IE2 60 proteins in the recombinant
virus-infected cells (Fig. 2, top panel), we next assayed the
expression of both IE1 72 and IE2 86 proteins in the mutant-
virus-infected cells using an antibody directed against the
shared region of these proteins encoded by exon 2 (Fig. 2,
middle panel). We detected expression of both IE1 72 and IE2
86 in cells infected with wild-type virus, the three deletion
mutant viruses, and the three rescued mutant viruses. Using
either antibody, we detected increased expression of full-
length IE2 86 relative to wild-type when IE2 40 was deleted,
either alone or in combination with IE2 60. Furthermore, the
expression of IE1 72 increased relative to wild type when IE2
60 was deleted, either alone or in combination with IE2 40.

UL122 and UL123 RNAs increase upon deletion of IE2 40.
To understand which of these changes in protein expression
resulted from differences at the RNA level, we next examined
the levels of UL123 (IE1 72) and UL122 (IE2 86) transcripts
following a high-multiplicity (MOI � 5 PFU/cell) infection.
Since the differences in the amount of protein were most ap-
parent at late times p.i., we examined RNA levels at 72, 96, and
120 h p.i. Total RNA was isolated from cells infected with
wild-type, mutant, and rescued mutant viruses and assayed by
real-time RT-PCR using primers and TaqMan probes that
detect IE1 72 and IE2 86 transcripts (46). The TaqMan probe
used in the IE1 assay was complementary to the splice junction
between exons 3 and 4, and the TaqMan probe used in the IE2
assay was complementary to the splice junction between exons
3 and 5. Neither probe, therefore, detected the unspliced late
transcripts.

The differences in IE1 72 and IE2 86 RNA levels in the
wild-type and deletion mutant virus-infected cells were consis-
tent with the hypothesis that IE2 40 can function to repress
transcription from the major IE promoter. Although there was

FIG. 3. Deletion of IE2 40 and IE2 60 reduces virus production following high-multiplicity infection. HFF were infected with 5 PFU/cell of
wild-type, mutant, or rescued mutant virus. Infected-cell supernatants were collected at the indicated times, and titers were determined as
described in Materials and Methods. The two graphs indicate the titers determined in two independent experiments. All plaque assays were
performed in duplicate.
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variability between experiments, at 96 and 120 h p.i., cells
infected with IE2 �40 and IE2 �40�60 mutant viruses ex-
pressed more IE1 72 RNA and IE2 86 RNA than did wild-
type-virus-infected cells (Fig. 4). There was up to 11 times
more IE1 72 transcript and 4 times more IE2 86 transcript
present in IE2 �40�60 virus-infected cells than in wild-type-
virus-infected cells. We believe that in infected cells, as in
transient-transfection assays, the IE2 40 protein functions at

late times to downregulate expression of IE1 72 and IE2 86
transcripts. When IE2 40 is not expressed, we therefore ob-
serve an increase in the levels of these major IE transcripts.

These results are consistent with the increase in IE2 86
protein observed when IE2 40 is not expressed but differ from
the observation that cells infected with IE2 �60 (and IE2
�40�60) mutant virus overexpress IE1 72 protein compared to
wild type. Cells that are infected with the IE2 �60 virus express
slightly more IE1 72 RNA than do wild-type-virus-infected
cells, particularly at 72 h p.i., but the change in IE1 72 tran-
script levels does not appear sufficient to explain the difference
in protein expression. Possible reasons for this discrepancy are
discussed below.

Early viral protein expression is not altered by the deletion
of IE2 60 or IE2 40 proteins. IE2 40 and IE2 60 proteins are
expressed with late kinetics, and the low titers observed for the
deletion mutants are therefore unlikely to be due to defects in
early gene expression. To confirm that defective early gene
expression was not the source of the lower titers produced by
the mutant viruses, we examined the levels of two early pro-
teins by Western blotting (Fig. 5A). The expression of UL44
and UL57 proteins did not appear to be altered significantly by
deletion of IE2 40 or IE2 60, particularly at the later time
points examined. UL44 is the HCMV polymerase processivity
factor and is expressed with early kinetics (8, 14, 45). UL57 is
a protein that binds single-stranded DNA and is also expressed
with early kinetics (17). This result suggests that even late in
the infection, when the effects of the lack of IE2 40 and IE2 60
might be most apparent, the expression of viral early proteins
proceeds normally.

The IE2 86�SX-EGFP recombinant virus does not express
IE2 40 or IE2 60 and also lacks the segment of the open
reading frame that codes for aa 136 to 290 of IE2 86. IE2
86�SX-EGFP also expresses enhanced green fluorescent pro-
tein (EGFP) fused to the C terminus of the mutated IE2 86
protein. IE2 86�SX-EGFP and its wild-type parent virus, WT
IE2 86-EGFP, have been previously characterized (34). IE2
86�SX-EGFP grows indistinguishably from IE2 86�SX, a re-
combinant virus in which the mutated IE2 86 protein has not
been fused to EGFP, and WT IE2 86-EGFP grows indistin-
guishably from the wild-type pHB5-BAC-derived virus used in
this study (E. A. White and D. H. Spector, unpublished re-
sults). We wanted to distinguish between the effects observed
in IE2 86�SX-EGFP-infected cells that are due to the lack of
aa 136 to 290 versus those that result from the absence of IE2
60 and IE2 40. In a separate experiment, we compared early
gene expression in cells infected with IE2 86�SX-EGFP, IE2
�40�60 virus, and the rescued IE2 �40�60 virus. As previ-
ously reported, the deletion of aa 136 to 290 in the IE2 86�SX-
EGFP virus did not affect early gene expression. At the 72 h
and 96 h p.i. time points, where the effect of deleting the late
forms of IE2 might be most apparent, UL44 protein levels
were comparable in IE2 �40�60 virus-infected cells and IE2
86�SX-EGFP-infected cells. This suggested that neither IE2
40 and IE2 60 nor aa 136 to 290 of IE2 86 contribute directly
to UL44 expression (Fig. 5B).

To further verify that viral early gene expression proceeds
normally in IE2 40 and IE2 60 deletion mutant virus-infected
cells, we examined the expression of representative early pro-
teins in cells infected with wild-type, IE2 �40, IE2 �60, and

FIG. 4. IE1 72 and IE2 86 RNA levels are altered in deletion
mutant virus-infected cells. G0-synchronized HFF cells were infected
with 5 PFU/cell of wild-type virus, mutant viruses (IE2 �40, IE2 �60,
or IE2 �40�60), and rescued mutant viruses (IE2 �40 R, IE2 �60 R,
or IE2 �40�60 R) or mock infected and harvested at the indicated
times p.i. Total RNA was analyzed by quantitative real-time RT-PCR
as described in Materials and Methods to measure the relative levels of
(A) IE1 72 or (B) IE2 86 transcripts. The values plotted on the graphs
are the averages of two or three independent experiments, and range
bars indicating the highest and lowest values obtained in the indepen-
dent experiments are shown. To ensure that an equal amount of RNA
was included in each reaction, samples were analyzed with G6PD-
specific primers and probe. Values shown in the graphs have been
standardized to G6PD levels. When mock-infected cell RNA was an-
alyzed with either one of the TaqMan probes, amplification was near
or below the limit of detection. In addition, there was no amplification
when the samples were treated with RNase prior to PCR analysis.
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IE2 �40�60 viruses by immunofluorescence analysis. Gene
expression levels in cells infected with any one of the four
viruses appeared comparable; in each case, all the cells that
expressed IE1 72 protein also expressed UL44 protein by 48 h
p.i. (data not shown). Consistent with the Western blot results,
this observation suggested that early gene expression, as
judged by UL44 positivity in individual infected cells, was not
affected by the deletion of IE2 40 or IE2 60.

IE2 60- and 40-kDa proteins contribute to the expression of
some late viral genes. Since IE2 40 and IE2 60 proteins are
expressed with late kinetics, we predicted that the deletion
mutants would be most likely to show defects in the expression
of late viral genes. We therefore examined the expression of
several viral genes that are expressed with delayed early or late
viral kinetics. First, we measured the levels of UL84 and pp65
proteins by Western blotting following a time course of infec-
tion with wild-type virus, deletion mutant viruses, and rescued
mutant viruses, in HFF (Fig. 6A). UL84 protein binds to IE2
86 and participates in replication of the viral DNA (6, 29, 40).
Although UL84 is initially expressed at early times in the
virus-infected cell, the early rise in UL84 RNA is not sustained
and UL84 transcript levels are low between 6 to 24 h p.i.
Maximum UL84 gene transcription is observed after 72 h p.i.,
and the study that initially characterized this expression sug-
gested that the peak production of UL84 might depend on
DNA replication (12). The UL83 gene encodes the pp65 pro-
tein, which is a component of the HCMV tegument (27).

Of the three mutant viruses, the IE2 �40�60 mutant virus
was the most impaired in the expression of UL84 and pp65.
Cells infected with the IE2 �40�60 mutant virus began to
exhibit decreased expression of UL84 and pp65 proteins as
early as 72 h p.i. compared to wild-type-virus-infected cells.
This lower level of expression was also apparent at 96 and
120 h p.i. In the experiment shown in Fig. 6A, there is approx-
imately twofold more pp65 in wild-type-virus-infected cells
than in IE2 �40�60 mutant virus-infected cells at 72 h and
96 h p.i. and approximately four times more at 120 h p.i. The

deletion of IE2 40 alone also resulted in a small decrease in
pp65 protein, but this effect was more modest.

The deletion of IE2 40 also affected the expression of UL84.
Quantification of the UL84 Western blots shown indicates
that, in the absence of IE2 40 or both IE2 40 and IE2 60, there
is a two- to fourfold drop in UL84 protein expression at 96 to
120 h p.i. These results indicated that the absence of IE2 40
protein was sufficient to reduce the expression of UL84 protein
compared to wild type. In contrast, decreased levels of pp65
were observed primarily when both IE2 60 and IE2 40 were not
expressed. It is possible, then, that pp65 expression does not
depend on IE2 40 and that the small amount of IE2 60 protein
expressed in the IE2 �40 virus-infected cell is sufficient to
mediate wild-type levels of pp65 expression.

Decreased expression of pp65 protein had been previously
identified as a hallmark of the IE2 86�SX infection, but in the
previous study the expression of UL84 had not been examined
(34). We therefore wanted to compare levels of expression of
these delayed early and late factors in cells infected with the
IE2 86�SX-EGFP and IE2 �40�60 viruses. Again, we com-
pared these two mutants at the 72-h- and 96-h-p.i. time points,
which had shown some of the most significant changes in the
experiment described above. We observed that UL84 and pp65
expression was equally affected by the IE2 86�SX mutation
and the IE2 �40�60 deletions (Fig. 6B). This result suggested
that the defect in late protein expression observed for the IE2
86�SX-EGFP virus was due to the lack of expression of IE2 40
and IE2 60 proteins, not due to the additional deletion of aa
136 to 290 of IE2 86. IE2 86�SX was previously shown to
express levels of pp28 protein slightly lower than the wild-type
level in a low-multiplicity infection (34). To see whether pp28
protein levels differed in IE2 86�SX versus IE2 �40�60 virus-
infected cells, we examined the expression of pp28 protein in
this high-multiplicity experiment. At the higher multiplicity,

FIG. 5. Early viral protein expression is not altered following in-
fection with IE2 �40 and IE2 �60 viruses. (A) G0-synchronized HFF
cells were infected with 5 PFU/cell of wild-type (Wt), mutant (�40,
�60, or �40�60), and rescued mutant (40 R, 60 R, or 40�60 R) virus
or mock infected (M) and harvested at the indicated times p.i. Equal
amounts of cell lysates, in micrograms, were separated by SDS-PAGE
and transferred to nitrocellulose. UL44 and UL57 protein levels were
analyzed by Western blotting as described in Materials and Methods.
Cellular actin levels were analyzed as a control for protein loading.
(B) G0-synchronized HFF cells were infected with 5 PFU/cell of wild-
type (Wt), IE2 86�SX-EGFP, IE2 �40�60 (�40�60), or rescued IE2
�40�60 (40�60 R) virus and harvested at the indicated times p.i.
Equal amounts of cell lysates, in micrograms, were separated by SDS-
PAGE and transferred to nitrocellulose. UL44 and UL57 protein
levels were analyzed by Western blotting as described in Materials and
Methods. Cellular actin levels were analyzed as a control for protein
loading.
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we did not detect significant differences in pp28 protein
expression in wild-type-, IE2 86�SX, IE2 �40�60, or res-
cued IE2 �40�60 virus-infected cells.

UL83 expression, but not UL84 expression, is affected at the
transcriptional level. Again, to determine which of the ob-
served changes in protein expression at late times p.i. were due
to changes in RNA levels, we measured the levels of UL83
(pp65) and UL84 transcripts by real-time RT-PCR following
high-multiplicity infection (Fig. 7A). As a control for RNA
contamination, samples were also treated with RNase prior to
analysis by real-time RT-PCR. No amplification was observed
in the RNase-treated samples. It had previously been shown
that, following low-multiplicity infection, decreased pp65 pro-
tein levels in IE2 86�SX-EGFP virus-infected cells corre-
sponded to a decrease in the UL83 transcript, which encodes
pp65 (34). Here, UL83 levels following a high-multiplicity in-
fection behaved in the same way and were between 7- and
12-fold lower in IE2 86�SX-EGFP virus-infected cells than in
wild-type-virus-infected cells. Using the IE2 �40�60 mutant
virus, we saw that this effect could be entirely due to the lack
of IE2 40 and IE2 60 expression in IE2 86�SX-EGFP-infected
cells. IE2 �40�60 virus-infected cells expressed up to 12-fold
less UL83 RNA than did wild-type-virus-infected cells, and this
result is consistent with our observation that pp65 protein
levels were lower in IE2 �40�60 virus-infected cells than in
wild-type-virus-infected cells.

Finally, we wanted to determine whether changes in UL84
transcript levels might similarly cause the differences we ob-
served in UL84 protein abundance. In contrast to the UL83
result, UL84 RNA levels were not significantly affected by
infection with any of the deletion mutant viruses or with IE2
86�SX-EGFP (Fig. 7B). In the experiment shown, there were
small fluctuations in transcript levels, but the mutant-virus-

infected cells expressed an amount of RNA that was at most
2.4-fold different than the level in the wild-type-virus-infected
cells, and this difference was not observed at every time point.
This result suggested that the lower levels of UL84 protein
observed in IE2 �40 and IE2 �40�60 virus-infected cells did
not result from decreased expression of the UL84 transcript.

DISCUSSION

The IE2 60- and 40-kDa proteins are abundantly expressed
in the HCMV-infected cell and are colinear with the C termi-
nus of the essential viral regulatory protein IE2 86, but their
contributions to the HCMV infection have not been well un-
derstood. An earlier study showed that the IE2 40 protein
could function both as an activator and a repressor of the
major IE promoter in a transient-transfection assay (15). Due
to its methodology, this work could not identify functions of
IE2 40 that are separate from the functions provided by full-
length IE2 86 or confirm the role of IE2 40 in the HCMV-
infected cell, but it did raise interesting questions about how
IE2 40 and IE2 60 might contribute to virus replication. A
study from our laboratory suggested that IE2 40 and IE2 60
were not essential for HCMV growth in cultured cells, but the
recombinant virus used in this study carried an additional de-
letion of aa 136 to 290 of IE2 86 that complicated attempts to
assign functions to the smaller proteins (34). The slow growth
of this recombinant also suggested that IE2 40 and IE2 60
might, individually or in combination, contribute to the virus’s
ability to replicate to wild-type levels and with wild-type kinet-
ics. Finally, the IE2 40 and IE2 60 proteins are unique among
the factors expressed from the major IE region. Unlike the
proteins that arise from splice variant transcripts under unique
conditions (such as release from a cycloheximide block) and

FIG. 6. UL84 and pp65 protein expression is reduced following
infection with IE2 �40 and IE2 �60 viruses. (A) G0-synchronized HFF
cells were infected with 5 PFU/cell of wild-type (Wt), mutant (�40,
�60, or �40�60), and rescued mutant (40 R, 60 R, or 40�60 R) virus
or mock infected (M) and harvested at the indicated times p.i. Equal
amounts of cell lysates, in micrograms, were separated by SDS-PAGE
and transferred to nitrocellulose. UL84 and pp65 protein levels were
analyzed by Western blotting as described in Materials and Methods.
Cellular actin levels were analyzed as a control for protein loading.
(B) G0-synchronized HFF cells were infected with 5 PFU/cell of wild-
type (Wt), IE2 86�SX-EGFP, IE2 �40�60 (�40�60), or rescued IE2
�40�60 (40�60 R) virus and harvested at the indicated times p.i.
Equal amounts of cell lysates, in micrograms, were separated by SDS-
PAGE and transferred to nitrocellulose. UL84, pp65, and pp28 protein
levels were analyzed by Western blotting as described in Materials and
Methods. Cellular actin levels were analyzed as a control for protein
loading.
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are expressed in cell types other than fibroblasts, the expres-
sion of IE2 40 and IE2 60 is robust and easily detectable in
infected fibroblasts and occurs with late kinetics. These obser-
vations suggested to us that these proteins might provide func-
tions at late times during HCMV infection that had not been
previously identified. This idea was supported by our previous

observation that mutations in IE2 86 led to altered regulation
of late viral genes (46), suggesting that IE2 86 or related
proteins could directly regulate late viral gene expression in
HCMV-infected cells.

To further investigate these questions, we constructed and
characterized recombinant viruses that lack the ability to ex-
press one or both of the IE2 40 and IE2 60 proteins. Neither
small form of IE2 is required for HCMV replication to pro-
ceed, but both contribute to efficient virus growth. We began
by measuring replication of the mutant viruses following high-
multiplicity infections and demonstrated that their growth is
impaired. The IE2 �40�60 mutant virus, which does not ex-
press either small protein, shows the largest defect in replica-
tion. IE2 �40�60 replicates to titers that are about 10-fold
lower than the titers of wild-type or rescued mutant virus in a
matched infection. However, the kinetics of virus replication
are the same for the mutant and wild-type viruses under these
conditions.

Further analysis of the events in the viral life cycle that might
be impaired and therefore contribute to this decrease in rep-
lication revealed two main effects: altered expression of full-
length IE2 86 and IE1 72 proteins in deletion mutant virus-
infected cells and reduced levels of two viral proteins that are
produced late in the infection. These two effects and their
proposed causes are discussed more fully below.

First, we observed that, in mutant-virus-infected cells, IE1 72
and IE2 86 expression was altered at both the RNA and pro-
tein levels. The most striking difference is that, when changes
were made to the 1.5-kb RNA promoter and IE2 40 protein is
not expressed, we observed an increase in IE2 86 and IE1 72
RNA levels. This behavior is consistent with the prediction that
IE2 40 functions as a repressor of the major IE promoter (15).
When IE2 40 is not expressed, we expect that overall levels of
the major IE transcript will increase and that there will be a
corresponding increase in IE1 72 and IE2 86 RNAs. Indeed,
we observed these predicted changes in RNA levels.

Unexpectedly, the increase in the major IE RNA is reflected
at the protein level for IE2 86, but not for IE1 72. IE1 72
protein levels are more affected by changes to the upstream
AT-rich site, when the change is part of either the IE2 �60
virus or the IE2 �40�60 virus. Although it is not yet clear why
the change to the upstream AT-rich site more directly impacts
IE1 72, we note that the mutation that has altered that site has
changed not only a possible promoter for the �1.7-kb late IE2
RNAs but also the sequence of the 3� untranslated region for
the IE1 72 message. It is possible that introducing this
change into the IE1 72 RNA has increased its translation
relative to wild type but that its transcription has not been
significantly altered. Experiments to address these questions
are in progress.

Two viral genes that are expressed with delayed early kinet-
ics behaved differently in cells infected with the mutant viruses.
These effects were most apparent in cells infected with the IE2
�40�60 mutant virus, which does not express any detectable
IE2 40 or IE2 60 protein. The expression of the UL83 gene,
which encodes pp65, was decreased in IE2 �40�60 virus-in-
fected cells at the level of both RNA and protein synthesis.
This is the same result that had previously been reported for
the IE2 86�SX-EGFP virus and therefore demonstrates that
full expression of pp65 depends on the IE2 40 and IE2 60

FIG. 7. UL83, but not UL84, RNA levels are altered in deletion
mutant virus-infected cells. G0-synchronized HFF cells were infected
with 5 PFU/cell of wild-type virus, IE2 86�SX-EGFP virus, mutant
viruses (IE2 �40, IE2 �60, or IE2 �40�60), and rescued mutant
viruses (IE2 �40 R, IE2 �60 R, or IE2 �40�60 R) or mock infected
and harvested at the indicated times p.i. Total RNA was analyzed by
quantitative real-time RT-PCR as described in Materials and Methods
to measure the relative levels of (A) UL83 or (B) UL84 transcripts.
The values plotted on the graphs are the averages of two or three
independent experiments, and range bars indicating the highest and
lowest values obtained in the independent experiments are shown. To
ensure that an equal amount of RNA was included in each reaction,
samples were analyzed with G6PD-specific primers and probe. Values
shown in the graphs have been standardized to G6PD levels. When
mock-infected cell RNA was analyzed with either one of the TaqMan
probes, amplification was near or below the limit of detection. In
addition, there was no amplification when the samples were treated
with RNase prior to PCR analysis.

VOL. 81, 2007 IE2 60 AND IE2 40 CONTRIBUTE TO HCMV REPLICATION 2581



proteins and not on aa 136 to 290 of IE2 86. There are two
ways in which these proteins could be responsible for pp65
expression. It is possible that some expression of either IE2 40
or IE2 60 protein is required for full expression of pp65, and so
we detect the drop in pp65 RNA and protein levels only when
neither late form of IE2 is expressed. However, we cannot rule
out the alternative possibility that a small amount of IE2 60
protein alone is sufficient to support the full expression of pp65
and that we therefore detect wild-type levels of pp65 protein
and RNA in both IE2 �40 and IE2 �60 virus-infected cells.

In contrast, IE2 40 and IE2 60 must contribute differently to
the regulation of UL84 expression. While UL84 protein is less
abundant in cells infected with IE2 �40�60 mutant virus or
with IE2 86�SX-EGFP virus relative to wild-type-virus-in-
fected cells, we do not see a significant drop in UL84 RNA in
mutant-virus-infected cells. A similar drop in UL84 protein,
but not RNA, is also observed for the IE2 �40 virus, indicating
that deletion of the 40-kDa protein is sufficient to mediate this
effect. Reducing levels of the IE2 60 protein alone does not
alter UL84 expression, although whether this is due to the
higher abundance of IE2 40 than IE2 60 protein or due to the
difference in their sequences is not clear. It appears that, while
UL83 expression is regulated by IE2 40 or IE2 60 at the level
of transcription (or RNA stability), UL84 is regulated by IE2
40 at the level of translation or protein stability. Experiments
to distinguish between these alternatives are in progress.

It is intriguing that two HCMV-encoded proteins that are
identical to 50% or more of the essential viral protein IE2 86
and are more abundant than IE2 86 are not themselves re-
quired for productive HCMV infection of cultured fibroblasts.
These factors clearly contribute to specific events in the
HCMV replicative cycle, and no doubt there are additional
events dependent on IE2 40 and IE2 60 that have not yet been
identified. Further studies will aim to demonstrate how these
proteins contribute to the progression of the HCMV infection
by specific activation and repression of viral and cellular gene
expression at late times in the virus-infected cell.
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