
JOURNAL OF VIROLOGY, Nov. 2008, p. 11383–11397 Vol. 82, No. 22
0022-538X/08/$08.00�0 doi:10.1128/JVI.01293-08
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Internal Deletions of IE2 86 and Loss of the Late IE2 60 and IE2 40
Proteins Encoded by Human Cytomegalovirus Affect the Levels of
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The major immediate-early (IE) region of human cytomegalovirus encodes two IE proteins, IE1 72 and IE2
86, that are translated from alternatively spliced transcripts that differ in their 3� ends. Two other proteins that
correspond to the C-terminal region of IE2 86, IE2 60 and IE2 40, are expressed at late times. In this study,
we used IE2 mutant viruses to examine the mechanism by which IE2 86, IE2 60, and IE2 40 affect the expression
of a viral DNA replication factor, UL84. Deletion of amino acids (aa) 136 to 290 of IE2 86 results in a significant
decrease in UL84 protein during the infection. This loss of UL84 is both proteasome and calpain independent,
and the stability of the protein in the context of infection with the mutant remains unaffected. The RNA for
UL84 is expressed to normal levels in the mutant virus-infected cells, as are the RNAs for two other proteins
encoded by this region, UL85 and UL86. Moreover, nuclear-to-cytoplasmic transport and the distribution of
the UL84 mRNA on polysomes are unaffected. A region between aa 290 and 369 of IE2 86 contributes to the
UL84-IE2 86 interaction in vivo and in vitro. IE2 86, IE2 60, and IE2 40 are each able to interact with UL84
in the mutant-infected cells, suggesting that these interactions may be important for the roles of UL84 and the
IE2 proteins. Thus, these data have defined the contribution of IE2 86, IE2 60, and IE2 40 to the efficient
expression of UL84 throughout the infection.

Human cytomegalovirus (HCMV) is the major viral cause of
birth defects and poses a severe threat to immunocompro-
mised and transplant patients (for review, see reference 33).
Gene expression has been classified into three major groups,
referred to as the immediate-early (IE), early, and late genes,
which are temporally regulated throughout the infection. The
two major IE (MIE) genes, IE1 72 and IE2 86 (encoded by
UL122 and UL123), are of particular interest for understand-
ing the various regulatory mechanisms that govern a produc-
tive viral infection. They can transactivate viral early promot-
ers, serve in viral promoter repression, and alter the expression
of many host cellular genes in order to make the environment
favorable for viral replication (for reviews, see references 14
and 33). Both MIE proteins arise from a single transcript that
consists of five exons that are differentially spliced to produce
IE1 72 (exons 1 to 4) and IE2 86 (exons 1 to 3 and 5) (54–56).
While IE1 72 is dispensable for infection at a high multiplicity
of infection (MOI), IE2 86 is essential (16, 18, 31, 32, 36,
37, 59).

At late times in infection, transcripts that arise from within
exon 5 of the UL122 gene encode the late IE2 60 and IE2 40

proteins, which correspond to the C-terminal region of IE2 86
(41). The IE2 60 protein is expressed from an initiator methi-
onine at amino acid (aa) 170, with the putative TATAA region
occurring in the intron between exons 4 and 5. The IE2 40
protein is expressed from a 1.5-kb RNA, with translation ini-
tiating at methionine 242, and a putative TATAA box just
upstream of the IE2 60 translation initiation site. It has been
proposed that a small amount of IE2 60 protein is also ex-
pressed from the RNA encoding IE2 40 (60). These proteins
have been shown to have a role in transactivation as well as
repression of both MIE genes (23, 40, 41, 52). Our laboratory
has determined that the IE2 60 and IE2 40 proteins also have
a role in the expression of the two early-late viral proteins pp65
(UL83) and UL84; UL83 is a tegument protein, while UL84 is
an essential DNA replication factor. Although IE2 60 and IE2
40 are dispensable for the infection, they are required for
efficient replication at later stages in the viral life cycle (60).

Many of the functions of both IE1 72 and IE2 86 have been
studied in transient-transfection assays and, more recently, in
the context of infection using bacterial artificial chromosomes
(BACs) with defined mutations in the genes (31, 36, 37, 42, 45,
59–61). One viral mutant of particular interest lacks the region
between aa 136 and 290 of IE2 86 (termed IE2 86�SX) (45,
60). Since the initiating methionines for IE2 60 and IE2 40 (aa
170 and 242, respectively) are deleted, this virus also does not
express IE2 60 and IE2 40. Previous studies of the IE2 86�SX
virus revealed that it grows slowly and is significantly debili-
tated in its ability to produce infectious virus. Furthermore,
there is a severe lag in IE2 86 protein expression, although IE1
72 expression remains normal. Early genes do not seem to be
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affected, while expression of many late proteins is greatly re-
duced. In particular, UL83 and UL84 show significant de-
creases in protein expression during the later stages of the
infection process, and these defects can be partially overcome
in complementing cell lines that express IE2 86 and IE2 40 (45,
46, 60).

The only viral protein that IE2 86 has been shown to interact
with in the infection is UL84 (44, 51). UL84 is present in low
levels at early times in infection and accumulates to high levels
after the onset of viral DNA replication (20). In transient
assays, it is required for ori-Lyt-dependent replication (35, 47,
63, 65) and through its interaction with IE2 86 appears to be
important for the activation of the bidirectional promoter
within ori-Lyt (12, 62). However, it also downregulates the
ability of IE2 86 to activate some early promoters in transient
assays (17). Other properties of UL84 are that it interacts with
an RNA stem-loop sequence within the RNA/DNA hybrid
region of ori-Lyt, displays UTPase activity, and shows some
homology to the DExD/H box family of helicases (11, 13).
However, many of its specific functions during the course of
the infection remain to be determined.

Our previous work showing that the IE2 86�SX virus exhib-
its a severe dysregulation of UL84 at late times postinfection
(60) prompted us to examine the interactions and regulatory
mechanisms that govern the expression of the UL84 and IE2
proteins at both early and late times postinfection. Here, we
show that infection with the IE2 86�SX virus results in a
marked decrease in the protein expression of UL84 through-
out the infection. In contrast, the transcription of UL84 and
the mRNAs encoding UL85 and UL86, which are 3� cotermi-
nal with the UL84 RNA (43), remains normal in this mutant
infection. The defect in accumulation of the UL84 protein is
after the initiation of translation, as nuclear export of the UL84
RNA, as well as the distribution of the mRNA on polyribo-
somes (polysomes), is unaffected in the IE2 86�SX infection.
Immunoprecipitation analyses of lysates from cells infected
with IE2 mutant viruses and in vitro glutathione-S-transferase
(GST) binding assays reveal that a domain that plays a prom-
inent role in the formation of a complex of IE2 86 and UL84
lies between aa 290 and 369 of IE2 86, although there may be
some contribution from other regions within the protein. Con-
sistent with these results is the finding that UL84 is found in a
complex with IE2 60 and IE2 40 in virus-infected cells. Taken
together, these data suggest that an interaction of UL84 with
IE2 86 alone may play a role in the expression of UL84, but
this interaction is not sufficient for accumulation of normal
levels of the UL84 and IE2 86 proteins. Moreover, an inter-
action of IE2 60 and IE2 40 with UL84 is likely necessary for
proper expression of the UL84 protein and may help regulate
the overall progress of the viral infection at late times.

MATERIALS AND METHODS

Construction of viruses. The WT-EGFP, IE2 86�SX-EGFP, and Rev-EGFP
viruses have been previously described (45). Other versions of the wild-type
(WT) and IE2 86�SX viruses were previously described in the paper by Sanders
et al. (46) or were produced from the AD169 BAC in the same fashion as the
enhanced green fluorescent protein (EGFP) viruses, except that EGFP was not
present in the recombinant BAC. Briefly, the IE2 86�SX C-F virus was con-
structed from the IE2 86�SX BAC. This virus contains the Cre and FLP recom-
binases, which can be used in inducible cell lines to produce either IE2 86 using
the Cre induction or IE2 40 or IE2 60 using the FLP induction. These inductions

are temporally regulated in that IE2 86 is expressed at the IE times of the
infection (driven by the MIE promoter), while IE2 60 and IE2 40 are expressed
at early to late times in the infection (driven by the HCMV 1.2-kb promoter). A
WT version of this virus was also constructed (HB5 C-F) for comparison (46). All
versions of the IE2 86�SX virus have been extensively studied to ensure that
each behaves identically to the original IE2 86�SX-EGFP virus. The IE2 86�88-
290 and IE2 86�88-135 mutants were created using the QuikChange (Strata-
gene) protocol as described in the manufacturer’s instructions, except that sep-
arate PCRs were carried out for the forward and reverse reactions initially (five
cycles). The forward and reverse reaction mixtures were then pooled, and the
QuikChange PCR was allowed to continue for 18 cycles. The following primers
were used to create the mutations within the IE2 86 cDNA in the pSG5-J(BglII-
StuI)WT vector: IE2 86�88-290 sense, 5�-CACCATCAGGTGACAGCCACCA
TGGGCGC-3�, and antisense, 5�-GCGCCCATGGTGGCTGTCACCTGATG
GTG-3�; IE2 86�88-135 sense, 5�-CACCATCAGGTGACGGGGCATCCGCT
ACTCC-3�, and antisense, 5�-GGAGTAGCGGATGCCCCGTCACCTGATGG
TG-3�.

Following mutagenesis, these mutations were placed into the UL122-123 cod-
ing region contained in the WT HCMV AD169 BAC pHB5 (gift from M.
Messerle) (7) using a counterselection BAC modification kit (Gene Bridges) to
create an HCMV BAC containing the desired mutations, as previously described
(61).

The IE2 �40 mutant has been previously described (60). The M170L mutant
virus was constructed as described above. The primers used to create the muta-
tion at the start site of IE2 60 were sense, 5�-CTCCCGCGCCTATCCTCCTG
CCCCTCATCA-3�, and antisense, 5�-TGATGAGGGGCAGGAGGATAGGC
GCGGGAG-3�.

All mutations were confirmed by restriction digest and sequencing (Eton
Biosciences). The recombinant BACs were digested with restriction endonucle-
ases and subjected to field inversion gel electrophoresis to ensure that there were
no rearrangements of the genome. All viruses were reconstituted, titers were
determined, and viruses were propagated from the BACs as previously described
(59, 61).

Cell culture and infections. Human foreskin fibroblasts (HFFs) were obtained
from the University of California San Diego Medical Center and cultured in
Earle’s minimal essential medium (Invitrogen) supplemented with 10% fetal
bovine serum (Invitrogen), 1.5 �g/ml amphotericin B (Invitrogen), 2 mM L-
glutamine (Invitrogen), 100 U/ml penicillin (Invitrogen), and 100 �g/ml strep-
tomycin (Invitrogen). Cells were incubated at 37°C with 7% CO2 and allowed to
grow 3 days past confluence before infection for G0 synchronization. At the time
of infection, the HFFs (passage numbers 12 to 23) were trypsinized, replated,
and infected at the MOI indicated. At various times postinfection, cells were
washed with phosphate-buffered saline (PBS), trypsinized, and processed accord-
ingly.

Western blotting. Infected or mock-infected cells were harvested at various
times postinfection. Cells were lysed in reducing sample buffer containing 50 mM
Tris (pH 6.8), 2% sodium dodecyl sulfate (SDS), 10% glycerol, 5% 2-mercap-
toethanol, 50 mM leupeptin, 100 mM pepstatin A, 50 mM sodium fluoride, 1 mM
phenylmethylsulfonyl fluoride, 0.5 mM sodium orthovanadate, 5 mM �-glycerol-
phosphate. Samples then were sonicated to shear DNA and aid cellular lysis and
then assayed for protein content. Samples were heated to 95°C for 5 min, and
equivalent protein amounts were resolved by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to nitrocellulose. Membranes were
stained with amido black to assess protein loading, blocked in 5% nonfat milk in
Tris-buffered saline that included 0.05% Tween 20, and then incubated with the
antibodies CH16.0 mouse antibody (MAb; 1:10,000), UL84 MAb (1:2,000 to
1:10,000), UL85 MAb (1:200), UL86 MAb (1:50), monoclonal IE2 86 MAb 8140
(1:1,000), or �-actin MAb Ac-15 (1:5,000 to 1:10,000), washed, and then incu-
bated with horseradish peroxidase-immunoglobulin G (IgG)-coupled anti-mouse
antibody (1:5,000 to 1:10,000). CH16.0 was purchased from Virusys. Anti-UL84
antibodies were kind gifts from G. Pari and E. S. Huang. Anti-UL85 and anti-
UL86 were kind gifts from B. Britt. Anti-IE2 86 was purchased from Chemicon,
and anti-�-actin was purchased from Sigma-Aldrich. Horseradish peroxidase-
coupled anti-mouse IgG antibody was obtained from Calbiochem. After incuba-
tion and washes, proteins were detected with SuperSignal chemiluminescent
substrate (Pierce Biotechnology) according to the manufacturer’s instructions.

Northern blot analyses. HFFs were infected at an MOI of 5 PFU/cell with
WT-EGFP, IE2 86�SX-EGFP, or rescued IE2 86�SX-EGFP (Rev-EGFP) vi-
ruses. Approximately 1.5 � 107 cells were harvested at either 24 or 96 h postin-
fection (p.i.) and mRNA was prepared using the FastTrack 2.0 kit (Invitrogen).
Northern blot assays were carried out using the NorthernMax kit (Ambion)
according to the manufacturer’s instructions. Briefly, 1 �g of mRNA per lane was
resolved by agarose gel electrophoresis on a 1% formaldehyde gel and then
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transferred to a nylon membrane. 32P-labeled probes were synthesized by ran-
dom priming using the StripEZ DNA kit (Ambion). A 650-bp UL84 probe was
generated by restriction digest of the UL84 coding sequence using the vector
PTARGET-UL84-HA (gift from G. Pari) with the Eco0901 enzyme. A UL83
probe was generated using the vector pEGFP-pp65 that was digested with
BamH1 to remove the entire 1.7-kb UL83 coding region. A �-actin probe was
also used as a control for loading. Membranes were hybridized overnight at 42°C
and, following washes, were exposed to film for autoradiography.

Immunoprecipitations. HFFs (3 � 105 to 5 � 105) were used per immuno-
precipitation (IP) reaction mixture. Briefly, cells were lysed in radioimmunopre-
cipitation assay buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS) for 30 min and then spun down to remove
cellular debris. Lysate was allowed to incubate at 4°C with rotation overnight
with protein G-Plus agarose beads (Santa Cruz Biotechnology) coupled with the
appropriate antibody. The next day, beads were washed twice in lysis buffer,
heated to 95°C for 5 min, and then collected for analysis by SDS-PAGE. An
aliquot of the lysate was taken before addition to the beads (“pre”), as well as
after incubation with the beads (“post”) to assess protein concentration before
and after the IP had been carried out. For the sequential IPs, samples were
immunodepleted of all IE1 72 and IE2 86 using the CH16.0 antibody as de-
scribed above. Following this first IP, the post-binding supernatant was collected
and used for a subsequent IP with another antibody that recognizes IE2 86, IE2
60, and IE2 40 (MAb 8140; Chemicon). The second IP therefore contained only
IE2 60 and IE2 40 bound to the antibody/bead complex.

Molecular cloning of IE2 86-GST mutants and GST binding assays. The
individual cDNAs of IE2 86 and all of the corresponding deletion mutants
provided in the pGEX2TK vector have been previously described (50). Expres-
sion and purification of GST fusion proteins were carried out as previously
described (24, 50) with the exception that GST fusion protein-bead complexes
were resuspended in NETN buffer (20 mM Tris [pH 8.0], 1 mM benzamidine, 1
mM sodium metabisulfate, 0.2 mM phenylmethylsulfonyl fluoride, 0.5% Nonidet
P-40, 1 mM dithiothreitol, 1 mM EDTA [pH 8.0], 0.5 mg of bovine serum
albumin per ml) containing 200 mM NaCl. After normalized binding of the
GST-IE2 proteins, the in vitro-translated protein was added to the mixture and
allowed to incubate at room temperature for 1 h with constant rotation. Samples
were extensively washed, and bound protein was eluted in reducing sample
buffer. Protein was then separated by SDS-PAGE. Following staining (GelCode
blue; Pierce Biotechnology) and drying, gels were analyzed for UL84 binding
using autoradiography.

In vitro transcription/translation reactions. In vitro transcription/translation
experiments were conducted using the TNT-coupled reticulocyte lysate system
(Promega) according to the manufacturer’s instructions. The PTARGET-
UL84-HA vector (gift from G. Pari) containing the coding region for UL84
under the control of the T7 promoter was used to obtain in vitro-translated
protein. Briefly, DNA was incubated with 35S-labeled methionine with the TNT
reaction mixture for 90 min. In vitro-translated protein was then either used
immediately in the binding reaction or was stored at �80°C for later use.

Drug treatments. Approximately 1 � 106 cells per time point were infected at
an MOI of 5 PFU/cell. Calpeptin (Calbiochem) was added at either 18 h p.i. or
90 h p.i. at a concentration of 50 �M, and cells were incubated for 6 h, or treated
with dimethyl sulfoxide (DMSO) for control-treated samples. At 24 and 96 h p.i.,
cells were washed twice with PBS and then harvested, snap-frozen in liquid
nitrogen, and placed at �80°C. Whole-cell lysates were prepared, and protein
was analyzed by Western blotting. Lactacystin (Sigma-Aldrich) was added as
above to a final concentration of 10 �M.

For the cycloheximide experiments, cells were infected at an MOI of 1 PFU/
cell, then at 36 h p.i. were either harvested to assess protein concentration or
were washed twice with medium containing 100 �g/ml cycloheximide (Sigma-
Aldrich) (or with regular medium for mock-treated samples) and, following
washes, were control treated or treated with cycloheximide (100 �g/ml) for 6 h.
Cycloheximide was replenished 1 h after treatment. Following drug treatment,
cells were harvested for Western blot analysis. Approximately 5 � 105 cells were
harvested per time point per virus.

Nuclear/cytoplasmic fractionation. Following infection at an MOI of 1 to 3
PFU/cell, cells were harvested at 24 h p.i., and the nuclear and cytoplasmic
fractions were prepared using the PARIS kit (Ambion) according to the manu-
facturer’s instructions. Briefly, cells were resuspended in ice-cold cell fraction-
ation buffer. Lysate was incubated for 10 min on ice and then centrifuged for 5
min at 500 � g. Supernatant was removed and saved as the cytoplasmic fraction.
The pellet following centrifugation was washed in ice-cold cell fractionation
buffer and centrifuged again at 500 � g. The pellet was then resuspended in cell
disruption buffer and mixed vigorously by pipetting. RNA was then isolated from
both fractions using the Nucleospin RNA II kit (Clontech) and was also treated

with turbo DNase I (Ambion). RNA was then analyzed by real-time reverse
transcription-PCR (RT-PCR) as described previously (60).

Polysome fractionation. HFFs (3 � 107 cells per sample) were infected at an
MOI of 1 PFU/cell with either the HB5 C-F or IE286�SX C-F viruses (46), and
then at 48 h p.i., cells were incubated with cycloheximide (100 �g/ml; Sigma) in
HFF medium for 30 min. Cells were then washed with PBS containing cyclo-
heximide (100 �g/ml), trypsinized, and resuspended in polysome extraction
buffer (140 mM KCl, 5 mM MgCl2, 20 mM Tris-HCl, 0.5 mM dithiothreitol, and
0.1 mg/ml cycloheximide) with 1% Triton X-100 on ice. Lysates were incubated
for 30 min on ice, and then the lysate was centrifuged for 10 min at 10,000 � g
at 4°C. The supernatant was then either control treated or treated with EDTA
(50 mM) for 20 min on ice. Sucrose gradients (10 to 50%) were poured using a
Hoefer SB15 gradient maker (Amersham Biosciences). Supernatants were then
layered gently onto the gradient and centrifuged in a Beckman L7 ultracentrifuge
in an SW-55 swing bucket rotor at 39,000 rpm for 90 min at 4°C. Samples were
then fractioned from the heaviest to the lightest fractions (16 fractions total) and
dripped into SDS to achieve a final concentration of 1%. Absorbance was
measured with a UV spectrophotometer throughout the fractionation. Samples
were treated with proteinase K (0.2 mg/ml) and incubated at 37°C for 90 min and
then extracted by phenol-chloroform treatment, followed by an ethanol precip-
itation at �20°C overnight. Samples were spun down the next day at 14,000 rpm
for 30 min at 4°C, washed with 70% ethanol, and then spun again for 15 min. The
supernatant was removed and pellets were allowed to dry. RNA was then resus-
pended in Tris-EDTA. The appropriate fractions were pooled according to the
polysome (absorbance) profile (six pooled fractions total), and then each sample
was treated with DNase by using the Turbo DNase I kit according to the
manufacturer’s instructions (Ambion). RNA was then analyzed by real-time
RT-PCR as described previously (60). A cellular housekeeping gene, glycer-
aldehyde-6-phosphate dehydrogenase (G6PD) was also assessed. The primers
and probe for UL84, IE2 86, and G6PD have been previously described (60).
The primers and probe for the UL44 gene were FWD, 5�-GCTTTCGCGCA
CAATGTCT-3�, and REV, 5�-GCCCGATTTCAATATGGAGTTC-3�, and
the probe sequence was 5�–5,6-carboxyfluorescein–CGTGCACGCAGGCCG
AGC–3BHQ1–3�.

The quantified RNA from the real-time RT-PCR was then normalized to the
total amount of RNA collected in each respective fraction and then normalized
again so that the value of the RNA collected in fraction 6 from the WT virus-
infected cells was equal to 1, to give relative quantities of RNA in each fraction.

RESULTS

UL84 protein expression is reduced in IE2 86�SX virus-
infected cells. The IE2 86 gene is encoded by the UL122
transcript and is alternatively spliced to include exons 1, 2, 3,
and 5, while IE1 72 includes exons 1, 2, 3 and 4. Exon 5 also
encodes both the IE2 60 and the IE2 40 proteins at late times
postinfection (40, 41, 52, 60). These proteins share the C-
terminal portion of IE2 86, but they do not have any sequence
in common with IE1 72 (Fig. 1A). Figure 1B represents a
schematic of the deletions within IE2 86 that were created and
subsequently used throughout the course of our studies. The
WT-, IE2 86�SX-, and Rev-EGFP viruses have been previ-
ously characterized (45). A version of the IE2 86�SX virus
lacking EGFP expression (IE2 86�SX) was also constructed to
ensure that the defects seen in the mutant virus infection were
not due to the addition of EGFP to IE2 86. Another version of
IE2 86�SX which encodes the Cre and FLP recombinases (IE2
86�SX C-F) was also used in these studies and has been pre-
viously described (46). This virus can be grown on complemen-
tary cell lines expressing IE2 86 and IE2 40 in order to obtain
higher-titer virus, thus allowing analysis of this virus in large-
scale experiments. The presence of the Cre and FLP recom-
binases does not affect the growth of the virus on HFFs, how-
ever, and only allows generation of higher-titer virus following
preparation on complementing cell lines (46). Two other re-
combinant viruses, IE2 86�88-290 and IE2 86�88-135, were
constructed using the AD169 pHB5 BAC that does not contain
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EGFP (Fig. 1B) to further assess the role of the N-terminal
portion of exon 5 of IE2 86. In addition, mutants lacking
expression of either IE2 60 (M170L) or IE2 40 (IE2 �40) were
analyzed to further define the functional roles of IE2 60 and
IE2 40. These viruses contain mutations to disrupt either the
putative TATAA box for IE2 �40 or the initiator methionine
for the M170L virus (Fig. 1B) (60).

Previous characterization of the IE2 86�SX mutant virus
revealed that the kinetics of the infection are slower and the
virus grows to reduced titers (45). The mutant virus also ex-
pressed markedly lower levels of IE2 86, as well as two early-
late proteins, UL83 and UL84. IE1 72 and early gene expres-
sion remain normal (45, 60). This mutant is missing the coding
region of IE2 86 between aa 136 and 290 of exon 5, which
includes the initiator methionines for two smaller IE2 proteins
(IE2 60 and IE2 40) that appear later in infection, the sumoy-
lation sites (aa 175 and 180), and the domain that interacts
with SUMO-1 (aa 200 to 208) (2, 21, 23, 26, 27, 41, 45, 60).
Furthermore, expression of IE2 86 and IE2 40 from inducible
cell lines allows recovery of some of these phenotypes, espe-
cially at the later stages of infection (46).

Since IE2 86 has an effect on the regulation of other early-
late proteins throughout the infection but is known to interact
with only one other viral protein, UL84, we compared the
expression of UL84 during the IE2 86�SX-EGFP virus infec-
tion to that during the WT- and IE2 86�SX Rev-EGFP virus

infections. To assess the levels of UL84 protein, HFFs were
infected at an MOI of 5 PFU/cell and then harvested 12 to 96 h
p.i. Lysates were prepared and then analyzed by Western blot-
ting with a monoclonal antibody specific for UL84. Here, we
show that throughout the entire infection, there is a significant
reduction in the production of the UL84 protein in HFFs
infected with the IE2 86�SX-EGFP virus, with the effect more
pronounced at late times postinfection (Fig. 2A). In the WT-
EGFP infection, the level of UL84 steadily increases between
24 and 96 h and can be detected as early as 12 h p.i., whereas
in the IE2 86�SX-EGFP infection, the protein shows a severe
decrease in expression (Fig. 2A). The Rev-EGFP virus fully
recovers expression of UL84, indicating that this loss of UL84
expression is due to the deletion within IE2 86 and not due to
any other mutation created during mutagenesis of the BAC
(Fig. 2A). Furthermore, when assessed by immunofluores-
cence assays, UL84 in the IE2 86�SX infection is still present
in the replication centers, where IE2 86 is known to accumu-
late at late times postinfection, indicating that UL84 may also
be functioning in replication processes in infection with the
mutant (data not shown). All of the above data were confirmed
with the IE2 86�SX and IE2 86�SX C-F viruses to rule out any
possibility that the virus was impaired due to the presence of
EGFP on IE2 86 (data not shown). In order to ensure that the
WT-, IE2 86�SX-, and Rev-EGFP infections were properly
matched, other viral proteins that are known to be expressed to

FIG. 1. Schematic representation of the UL122-123 transcripts and deletions created within the IE2 86 coding regions of mutant viruses.
(A) UL122-123 transcripts and representation of the MIE genes, IE1 72 and IE2 86, in the wild-type HCMV coding region. Exons 1, 2, 3, and 4
specify IE1 72 mRNA, while exons 1, 2, 3, and 5 specify IE2 86 mRNA. Translation begins at exon 2 for both IE1 72 and IE2 86, while translation
of IE2 60 and IE2 40 begins at aa 170 and 242, respectively. (B) Schematic of the mutant viruses used in these analyses to identify the dysregulation
of UL84, as well as the important binding domain within IE2 86 for UL84. The WT, IE2 86�SX (�SX), and a revertant form of the IE2 86�SX
(REV) are represented in the schematic. Other deletion mutants created, including �88-290, �88-135, IE2 �40, and M170L, are also shown.
Diagrams are not to scale.
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normal levels in the IE2 86�SX mutant virus-infected cells
were assessed and shown to be comparable (data not shown).

Transcription of UL84, UL85, and UL86 is not affected in
IE2 86�SX-EGFP-infected cells. Our lab has recently shown
that although protein expression is debilitated at late times
postinfection, UL84 RNA remains unaltered as analyzed by
quantitative real-time RT-PCR. Furthermore, a mutant that
does not express either IE2 60 or IE2 40 (IE2 �40�60) also
shows no loss of the UL84 transcript, even though protein
levels are significantly decreased, similar to that of the IE2
86�SX infection by 96 h p.i. (60). Since overlapping transcripts
are encoded by the UL84 coding region at late times (20, 43),
we used Northern blot analyses to assess each of the transcript
levels at both early and late times. Briefly, HFFs were infected
at an MOI of 5 PFU/cell and then harvested at either 24 or 96 h
p.i. mRNA was isolated and then separated by denaturing
agarose gel electrophoresis. Levels of mRNA were then ana-
lyzed using a probe that recognizes UL84, UL85, and UL86, as
well as a probe that recognizes �-actin (as a loading control).

Figure 2B shows that at 24 h p.i., a 2.1-kb transcript, which
encodes UL84, was expressed in WT-, IE2 86�SX-, and Rev-
EGFP-infected cells. At 96 h p.i., the 2.1-kb transcript in-
creased in abundance, and transcripts of approximately 3.0 and
9.0 kb, encoding UL85 and UL86, respectively, were also ex-
pressed in cells infected with all three viruses. Low levels of
other high-molecular-weight transcripts, which likely are read-
through RNAs, also appear at late times. At both 24 and 96 h
p.i., the levels of each of the transcripts were not significantly
affected in cells infected with the WT-, IE2 86�SX-, and Rev-
EGFP viruses. There was a slight decrease in the levels of the
UL84 mRNA, but this difference was minimal and likely does
not account for the dramatic loss of UL84 at the protein level.
These data confirmed the previous quantitative real-time RT-
PCR data (60), providing additional evidence that the reduced
levels of UL84 protein in the IE2 86�SX infection were not
due to reduced levels of RNA. Real-time RT-PCR assays of
the samples used for the Northern analyses were also per-
formed in parallel to confirm these results, and no differences

FIG. 2. Analysis of UL84, UL85, UL86, and UL83 RNA and protein at late times postinfection. (A) G0-synchronized HFFs were infected at
an MOI of 5 PFU/cell with the WT-EGFP (WT), IE2 86�SX-EGFP (SX), or Rev-EGFP (Rev) viruses or were mock infected (M) and harvested
at the indicated times postinfection (12 to 96 h). The mock lane was added to indicate that the UL84 antibody was specific for the viral protein.
An equal amount of protein from the cell lysates was analyzed by Western blot analyses. �-Actin was used as a loading control. (B) Analysis of
the UL84, UL85, and UL86 transcripts in the IE2 86�SX-EGFP infection. HFFs were infected or mock infected (M) at an MOI of 5 PFU/cell
with the WT-EGFP, IE2 86�SX-EGFP, or Rev-EGFP viruses and then harvested at either 24 or 96 h p.i. mRNA was oligo(dT) selected, resolved
by agarose gel electrophoresis, and then transferred to a nitrocellulose membrane. 32P-labeled probes were synthesized that recognize UL84,
UL85, and UL86 or �-actin. Following hybridization of the probe, membranes were exposed to film for autoradiography. The three transcripts
occurring at 2.1, 3.0, and 9.0 kb encode the UL84, UL85, and UL86 RNA transcripts, respectively. Cellular �-actin mRNA served as a loading
control. A representative example of three experiments is shown. (C) The same mRNA as for panel B was analyzed by Northern blotting for
expression of the UL83 mRNA transcript at 96 h p.i., when UL83 is most abundant. Both the WT-EGFP and IE2 86�SX-EGFP virus-infected
cells are shown. The UL84 and UL83 protein from this infection is also shown for comparison at 96 h p.i. for the two viruses. (D) Western blot
assay results for the UL84, UL85, and UL86 proteins at 72, 96, and 120 h p.i. are shown for the WT-EGFP and IE2 86�SX-EGFP viruses. Actin
served as a loading control.
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were seen between any of the three viruses at either 24 or 96 h
p.i. (data not shown).

To confirm that a previously characterized decrease in the
UL83 mRNA was occurring, samples from the same infection
as in Fig. 2B were analyzed by Northern analyses. At 96 h p.i.,
the IE2 86�SX-EGFP group exhibited a severe defect in the
expression of UL83 mRNA (Fig. 2C), which is consistent with
previous reports (45). The UL83 protein exhibited a compa-
rable decrease to that of UL84 at this time postinfection (Fig.
2C), further emphasizing the differences in the type of regula-
tion of these two transcripts.

We also analyzed the protein expression levels of UL85 and
UL86 in these studies to determine if they were being regu-
lated in a similar fashion as UL84. Cells were infected at an
MOI of 5, and then, at late times postinfection, cells were
analyzed by Western blotting for the expression of these pro-
teins. At 72 h p.i., the UL84, UL85, and UL86 proteins exhib-
ited similar decreases in the IE2 86�SX virus-infected cells
compared to the WT virus-infected cells (Fig. 2D). However,
by 96 and 120 h p.i., the UL85 and UL86 protein expression
levels had recovered, while the UL84 protein level was still
lower than that in the WT virus-infected cells. The decrease in
the late UL85 and UL86 proteins is consistent with the growth
kinetics of the mutant virus and confirms previous observations
that there is a lag in the expression of many late genes (45).
These data indicate that UL84 is also regulated in a different
fashion than UL85 and UL86.

UL84 RNA in the IE2 86�SX virus-infected cells does not
show a defect in nuclear export compared to WT. Given that
our analyses of the UL84 RNA revealed no dramatic differ-
ences in transcript expression, we next determined whether the
RNA was being exported to the cytoplasm appropriately.
Briefly, cells were infected at an MOI of 1 to 3 PFU/cell with
either the WT or IE2 86�SX viruses and harvested at 24 h p.i.,
and then the nuclear and cytoplasmic fractions were separated
by centrifugation. RNA was prepared from each fraction and
then analyzed by quantitative real-time RT-PCR. Interestingly,
these analyses showed that in the IE2 86�SX mutant-infected
cells, the RNA was distributed between the two fractions in a
comparable fashion as the WT virus-infected cells (Fig. 3). At
this time postinfection, the distribution of the UL84 RNA was
more cytoplasmic than nuclear in cells infected with both vi-
ruses. Distribution of the G6PD RNA and protein was as-
sessed in order to confirm that the fractionation had occurred
appropriately (data not shown). These data indicated that the
RNA is being appropriately exported out of the nucleus in
order to be translated.

There is no defect in the loading or distribution of UL84 or
IE2 86 mRNA on polysomes in IE2 86�SX virus-infected cells.
To determine whether the UL84 RNA was being appropriately
loaded onto polysomes in the IE2 86�SX infections, we next
assayed the distribution of the RNA in a polysome fraction-
ation assay. Due to the large number of cells necessary for
these analyses, we used a stock of both the WT and IE2 86�SX
viruses that had been prepared on complementary cell lines
that expressed both IE2 86 and IE2 40. The characterization of
these recombinant viruses (termed HB5 C-F and IE2 86�SX
C-F) and the complementary cell lines were described in a
recent paper by Sanders et al. (46). These viruses have the
same growth properties as the WT and IE2 86�SX viruses

lacking the Cre and FLP recombinases (46). Cells were in-
fected at an MOI of 1 PFU/cell with either the WT C-F or the
IE2 86�SX C-F viruses and then harvested at 48 h p.i. Imme-
diately following harvest, the cells were lysed and the cytoplas-
mic fraction was separated from the nuclear fraction. This
cytoplasmic fraction was either control treated or treated with
EDTA, separated on a sucrose gradient by ultracentrifugation,
and then fractioned from the heaviest to the lightest fractions.
Treatment of polysome extracts with EDTA has been shown to
promote disassembly of free ribosomes into their 40S and 60S
subunits, causing a release of the bound mRNA. This results in
a shift of the mRNAs into the lighter fractions. The mRNAs
bound to large ribonucleoproteins (RNPs), however, should be
unaffected by this treatment (6), allowing confirmation that the
mRNA measured in the samples lacking EDTA are actually
loaded onto polysomes. Absorbance of the polysomes (A254)
was measured throughout collection (Fig. 4A). RNA was then
prepared from each fraction and analyzed by real-time RT-
PCR. At this point in the infection, only the UL84 RNA is
present, and thus the 3�-coterminal RNAs expressing UL85
and UL86 do not complicate the real-time RT-PCR analyses
(data not shown).

Figure 4A shows a representative polysome distribution fol-
lowing fractionation. In the samples without EDTA treatment,
the polysome fractions are separated into fractions 1, 2, and 3.
The monosome fractions are represented by fractions 4 and 5.
Fraction 6 represents the lightest fraction, containing free
RNP RNA. In the EDTA-treated samples, the polysome peaks
are no longer visible, indicating that the EDTA treatment was
efficient in disrupting the polysomes before fractionation. All
quantities were normalized to the WT fraction 6 (value equal
to 1) to compare the relative amounts of RNA from the two
viruses present in each fraction. A representative of three
different experiments is shown in Fig. 4A and B.

At 48 h p.i., the distribution of the UL84 RNA was mea-
sured for both the WT and IE2 86�SX virus-infected cells (Fig.

FIG. 3. Nuclear-cytoplasmic distribution of UL84 RNA in WT and
IE2 86�SX virus infection. At 24 h p.i., cells were harvested and the
nuclear and cytoplasmic fractions were separated by centrifugation.
RNA was prepared from each fraction and quantitated by quantitative
real-time RT-PCR. The percent nuclear versus cytoplasmic was calcu-
lated for each sample set. The nuclear fraction (Nuc) and cytoplasmic
fraction (Cyto) are shown for both the WT and IE2 86�SX (�SX)
virus-infected cells. Each fraction was normalized to a cellular house-
keeping gene (G6PD) to account for the amount of RNA in each
reaction mixture. Averages of three experiments are shown, with error
bars representing the margins of error between experiments.
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4B). Interestingly, no major differences were found between
the two viruses with regard to the loading or distribution of the
UL84 RNA on polysomes. Fractions 2 and 3 (without EDTA)
contained the most RNA, were comparable between the two
infections, and showed no major shift in the distribution of the
RNA. Treating the samples with EDTA shifted the RNA most
predominantly to fractions 4 and 5, indicating that the RNA

measured in the untreated samples was in fact loaded onto the
polysomes. These data indicated that the UL84 RNA is appro-
priately loaded onto the polysomes in the IE2 86�SX virus-
infected cells compared to the WT virus-infected cells.

The distributions of the IE2 86, UL44, and G6PD RNAs
were also analyzed (Fig. 4B). It is known that the levels of the
RNA and protein for UL44 (early protein) remain unaffected

FIG. 4. Polysome distribution of UL84, IE2 86, UL44, and G6PD RNAs in the WT and IE2 86�SX (�SX) infections. (A) Absorbance
measured during fractionation from the heaviest to the lightest fractions. Fractions were pooled into six separate samples (fractions 1 to 6) and
are represented in the figure. Absorbance (A254) was measured throughout the collection. The polysomal fractions are represented in fractions 1,
2, and 3. The monosomal fractions are represented in fractions 4 and 5. Fraction 6 represents the free RNP RNA. (B) The distribution of the RNA
and quantification of each fraction is shown for UL84, IE2 86, UL44, and G6PD. Samples were either treated with EDTA (�EDTA) or mock
treated (-EDTA). Quantified RNA was measured by real-time RT-PCR and then normalized to the total amount of RNA collected in that fraction.
Relative amounts of RNA are shown compared to the total WT RNA present in fraction 6 for each gene, which was set to a value of 1.
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in IE2 86�SX virus-infected cells (reference 45 and unpub-
lished results). IE2 86 RNA is unaffected in these virus-in-
fected cells, but the IE2 86 protein exhibits decreased expres-
sion (45). In each case, the distribution of each of the RNAs
was comparable between the two virus-infected cells. Small
differences in the amount of RNA in each fraction were noted
between experiments, but the differences were not more than
twofold. The slight shift in the distribution of the IE2 86 RNA
on the polysomes in the IE2 86�SX-infected cells is likely due
to the smaller size of the transcript as a result of the deletion
in exon 5. This result was consistent between experiments. In
the untreated samples, the IE2 86 RNA was present most
predominantly in the second fraction, as was the UL44 RNA,
and each fraction was comparable between the two viruses in
both cases. The distribution of G6PD (cellular housekeeping
gene) was also assessed and showed no difference in distribu-
tion. All samples treated with EDTA also showed that the
RNA shifted into the lighter fractions (4 and 5), indicating that
the measurements of RNA in the untreated samples were
loaded onto the polysomes and that treatment with EDTA
shifted the RNA into the monosomal fractions as expected.

Loss of UL84 expression is not due to increased proteasome-
or calpain-dependent degradation, and the UL84 protein in the
IE2 86�SX virus-infected cells is stable. To determine whether
UL84 is being degraded in a proteasome-dependent manner in
IE2 86�SX infection, a proteasome inhibitor, lactacystin (10
�M), was added at either 18 or 90 h p.i. and then cells were
harvested 6 h later at either 24 or 96 h p.i., respectively. The
addition of this inhibitor did not result in increased levels of
UL84 expression at either early or late times of infection (Fig.
5A). Furthermore, addition of the calpain inhibitor calpeptin
(50 �M), which is known to inhibit the Ca2�-stimulated cleav-
age of p35 to p25 by calpain (57), during the same period was
unable to rescue the levels of UL84 (Fig. 5B). As seen at both
24 and 96 h p.i. in the lanes treated with either drug, the levels
of UL84 are still much lower than that of the WT-EGFP
infection and remain comparable to that of the untreated sam-

ples (Fig. 5A and B). These results demonstrate that the low
levels of UL84 are not due to enhanced degradation of the
protein by either the proteasome or calpain.

To assess whether the translation or stability of UL84 was
impaired in the IE2 86�SX mutant virus, protein levels were
analyzed following treatment with cycloheximide. HFFs were
infected at an MOI of 1 PFU/cell with the WT and IE2 86�SX
viruses, and at 36 h p.i. cells were either harvested to analyze
the amount of protein present prior to treatment or were
control treated or treated with 100 �g/ml cycloheximide. The
drug treatment was stopped 6 h later (42 h p.i.), and following
washes with PBS, cells were harvested immediately. Our re-
sults showed that there was a decrease in the amount of UL84
present in the WT virus-infected cells immediately following
drug treatment compared to the untreated sample; however, a
portion of the protein still remained (Fig. 5C). There was also
a comparable decrease in the amount of UL84 present in the
IE2 86�SX infection following treatment, indicating that the
protein was not turning over more rapidly than in the WT
infection (Fig. 5C). These data reveal that the stability of UL84
that is measured by the assay remains the same compared to
the WT infection. However, it has not been determined
whether the stability of free UL84 is the same as UL84 com-
plexed with other proteins, such as IE2 86.

Since we had previously observed that in IE2 86�SX-in-
fected cells IE2 86 levels were severely diminished but RNA
levels remained unaffected (45), we also assessed the stability
of the IE2 86 protein. IE2 86 appears to be slightly more stable
than UL84, but the difference between the cycloheximide-
treated and untreated samples was comparable for both the
WT virus and the mutant virus (Fig. 5C). As expected, the
amount of IE2 86 remains much lower in the IE2 86�SX
virus-infected cells than that in the WT virus-infected cells. A
longer exposure of IE2 86�SX is shown in order to more
readily assess the levels of IE2 86 present in the IE2 86�SX
infection.

FIG. 5. Analysis of proteasome- and calpain-dependent degradation in IE2 86�SX- and WT-infected cells and assessment of the stability of
UL84 and IE2 86 proteins in these infections. (A) HFFs were infected at an MOI of 5 PFU/cell with either the WT-EGFP or IE2 86�SX-EGFP
(SX). Lactacystin (10 �M; Lac, �), or DMSO for mock treatment (-), was added at either 18 or 90 h p.i., and the cells were incubated for 6 h.
Cells were harvested at 24 and 96 h p.i. and then analyzed for UL84 protein expression by Western blot analyses. (B) HFFs were infected as above
and then treated with calpeptin (50 �M; Cal, �) for 6 h or mock treated with DMSO (-). Cells were harvested and then lysates were analyzed by
Western blotting for UL84 protein expression. (C) Cells were infected at an MOI of 1 PFU/cell with the WT or IE2 86�SX (SX) and at 36 h p.i.
were either harvested to assess protein concentration before drug treatment or were treated with cycloheximide (100 �g/ml; CHX, �) or DMSO
(�) as a control for 6 h. Following treatment, cells were harvested at 42 h p.i. to analyze the loss of UL84 and IE2 86 during that time. Two
exposures of the IE2 86 blot are shown in order to visualize the small amount of IE2 86 in the IE2 86�SX infection (*). �-Actin was analyzed in
all of the above experiments in order to assess protein loading.
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IE2 86, IE2 60, and IE2 40 are able to interact with UL84
throughout the infection. The interaction between UL84 and
IE2 86 has been shown to be important for inhibiting IE2
86-mediated transactivation of the early and late genes as
judged in cotransfection assays (12, 17, 62). However, this
interaction has not been extensively characterized in the con-
text of HCMV infection. To further illustrate the contribution
of IE2 86, IE2 60, and IE2 40 to UL84 expression, we assessed
whether these proteins had the ability to interact with UL84
throughout the entire infection, which might further allude to
their involvement in UL84 function. Furthermore, we wanted
to address whether IE2 86�SX could interact with UL84. We
first performed IPs that selectively immunodepleted the lysates
of full-length IE2 86 and IE1 72 (using the CH16.0 MAb). This
antibody would not immunoprecipitate IE2 40 or IE2 60 unless
they had formed heterodimers with IE2 86. In addition, since
it is known that UL84 does not interact with IE1 72, any
interaction seen in the IP is due to the interaction between IE2
86 and UL84 (17). Subsequent IPs with the monoclonal IE2 86
antibody (mIE2 86) were then used to assess whether IE2 60

and IE2 40 were in complex with UL84 in the absence of the
full-length protein (Fig. 6A, schematic).

Briefly, HFFs were infected at an MOI of 1 PFU/cell and
then harvested at various times postinfection. Cells were first
immunoprecipitated with the CH16.0 antibody that recognizes
only full-length IE2 86 and IE1 72 (both the IE2 86�SX and
WT versions), but not IE2 60 or IE2 40 (Fig. 6A, step 1).
However, as noted above, IE2 60 and IE2 40, which are present
as a heterodimer with IE2 86, should be immunoprecipitated
in step 1, as the dimerization domain is common to all three
proteins (1, 10, 15). Following incubation, the bound proteins
were eluted from the agarose beads and analyzed by Western
blotting for the presence of the UL84 protein. A significant
amount of the UL84 in cells infected with WT-, IE2 86�SX-,
and Rev-EGFP virus was in a complex with IE2 86, as judged
by the protein present in the IP lanes (Fig. 6B, lanes 4 to 6).
However, a substantial amount of the UL84 protein was not
immunoprecipitated in the WT- and Rev-EGFP infections at
late times and was present in the post-IP samples (Fig. 6B,
lanes 7 to 9). These blots were also probed with the CH16.0

FIG. 6. UL84 interacts with IE2 60 and IE2 40 without the contribution of IE2 86. (A) Schematic representation of the experiment, indicating
that the post-CH16.0 IP product (step 1) is the same sample as that used for the pre-IP in the mIE2 86 IPs (step 2). The corresponding post and
pre samples are denoted with a * in all subsequent parts of the figure. (B) IPs were carried out exactly as described for panel A, and cells were
harvested 24 to 96 h p.i. The pre- (lanes 1 to 3) and post- (lanes 7 to 9) IP samples equal approximately 10% of the IP (lanes 4 to 6). (C) The
post-binding supernatant (in panel A, this corresponds to Post*, lanes 7 to 9) was subjected to a subsequent IP with an antibody that recognizes
IE2 86, IE2 60, and IE2 40 (mIE2 86) to determine if UL84 interacts with IE2 60 and IE2 40 in combination, without the presence of IE2 86. UL84
was analyzed again by Western blotting (lanes 1 to 9). PRE* indicates that this corresponds to the POST* supernatant of the first IP in panel B.
The second set of IPs (mIE2 86 IPs) were also analyzed by Western blotting for the presence IE2 86, IE2 60, and IE2 40 using the mIE2 86 antibody
(lanes 10 to 18). Only the samples at 72 and 96 h p.i. of the Western blot assay with the mIE2 86 antibody are shown, as IE2 86, IE2 60, and IE2
40 were most abundant at these times. A representative of two experiments is shown.
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antibody to confirm that IE2 86 had been immunodepleted
during the IP (data not shown). Further confirming this, West-
ern blot analysis with the mIE2 86 antibody showed that the
full-length protein was efficiently removed from the post-IP
supernatant (see below). The pre- and post-binding lanes cor-
respond to approximately 10% of the sample used for the IP
(Fig. 6B, lanes 1 to 3 and 7 to 9, respectively). These data show
that IE2 86 and IE2 86�SX are interacting with UL84 through-
out the entire infection but that there is some UL84 that is not
complexed with IE2 86 in the WT infection.

To further determine whether the UL84 that was not in the
complex with IE2 86 was bound to the IE2 60 and IE2 40
proteins, the post-IP (Fig. 6B, post, lanes 7 to 9) samples from
the previous experiment were subjected to an IP with a mono-
clonal IE2 86 antibody (mIE2 86) that recognizes the C-ter-
minal region included in the full-length IE2 86, IE2 60, and IE2
40 (indicated as step 2 in the schematic shown in Fig. 6A). We
confirmed that IE2 60 and IE2 40, but not IE2 86, were present
in this IP by Western blotting with the monoclonal IE2 86 an-
tibody (Fig. 6C, lanes 10 to 18), as well as the CH16.0 antibody
(data not shown). Western blot analysis with the antibody to
UL84 showed that the protein is very abundant in the IP lanes
corresponding to the WT and Rev-EGFP infections, but not in
the IE2 86�SX-EGFP infection (Fig. 6C, lanes 4 to 6). This
was as expected, given that IE2 60 and IE2 40 are not produced
in the IE2 86�SX infection. Furthermore, since no UL84 pro-
tein could be detected in the binding reaction product for the
IE2 86�SX-EGFP infection (Fig. 6C, lane 5), these results also
indicate that all full-length IE2 86 was removed in the first
binding experiment with the CH16.0 antibody and that any
interaction seen was due to the IE2 60 and IE2 40 proteins.
Representative Western blotting results with the mIE2 86 an-
tibody are shown at both 72 and 96 h p.i. in Fig. 6C, lanes 10
to 18.

To address whether both IE2 60 and IE2 40 are necessary
for a proper interaction or whether each of the proteins inter-
acts with UL84 individually, the same sequential IP reactions
were carried out using recombinant viruses that express either
the IE2 60 or the IE2 40 protein, but not both. We have

recently characterized the viruses that lack expression of either
IE2 40 or IE2 40 and IE2 60 combined. Without these two
proteins, the levels of UL84 are significantly decreased at 96 h
p.i., similar to the decrease in UL84 levels in IE2 86�SX
virus-infected cells. In addition, the loss of IE2 40 alone results
in some loss of UL84 (60).

Since we did not have a mutant that exhibited a total loss of
IE2 60, we constructed a new mutant virus that lacked any
expression of IE2 60 (Fig. 7A). This mutant, termed M170L,
has a mutated initiator methionine (M170) that has been
changed to a leucine, thus preventing the expression of IE2 60
(Fig. 7A and B). IE2 40 is still expressed, since its initiator
methionine is the next methionine in the sequence. When
assessed by Western blotting, expression of UL84, IE2 86, and
IE2 40 in the M170L mutant virus-infected cells remains com-
parable to that in the WT virus-infected cells (Fig. 7B). Fur-
thermore, a revertant virus of this mutant fully restored the
expression of IE2 60, indicating that the mutant virus created
did not have any other defects or mutations (Fig. 7B, M170L
R). These data indicate that IE2 60 might play a less important
role than IE2 40 with regard to UL84 expression. However, we
have not ruled out that IE2 60 has some ability to aid in the
expression of UL84 when IE2 40 is not present.

Since the above IP studies showed that UL84 was able to
interact with IE2 60 and IE2 40 in the absence of full-length
IE2 86, we next wanted to identify the individual contribution
of IE2 60 and IE2 40 to the interaction with UL84. Sequential
IPs were conducted as described previously. Cells were in-
fected with either the WT, IE2 �40, or M170L mutant viruses
at an MOI of 1 PFU/cell and then harvested at 96 h p.i., when
IE2 60 and IE2 40 are most abundant. Cells were lysed, and IPs
were carried out using the CH16.0 antibody. As described
previously, the post-IP supernatant was then subjected to a
subsequent IP with the C-terminal mIE2 86 antibody, and the
presence of UL84, IE2 86, IE2 60, and IE2 40 was analyzed by
Western blotting. As expected, UL84 is present in all of the IP
lanes corresponding to the CH16.0 IP (Fig. 8, lanes 2, 5, and 8).
Interestingly, UL84 is able to interact with both IE2 60 and IE2
40 alone, as judged by the IP lanes in the mIE2 86 IP corre-

FIG. 7. Sequence and characterization of the M170L mutant. (A) A portion of the IE2 86 coding region is shown. The mutated initiator
methionine (M170, originally ATG) for IE2 60 was changed to a leucine (CTC) to create this mutant virus (M170L). (B) Expression of IE2 86,
IE2 60, and IE2 40 in the M170L mutant compared to the WT and the M170L revertant (M170L R) at 24 to 96 h p.i. in HFFs infected at an MOI
of 3 PFU/cell. A mock-infected sample (M) is also shown. Western blot analyses were used to examine expression of UL84 as well. Cellular �-actin
was used as a control for protein loading.
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sponding to either IE2 �40 or the M170L viruses (Fig. 8, lanes
14 and 17). The majority of UL84 that is not in complex with
full-length IE2 86 appears to be in complex with either IE2 60
or IE2 40, as indicated by the fact that very little UL84 is
detected in the supernatant following the subsequent mIE2 86
IPs (Fig. 8, lanes 12, 15, and 18); UL84 is only observed upon
long exposure of the Western blots (data not shown). This was
also seen in the previous IPs (Fig. 6B). It was noteworthy that
there was a direct relationship between the amount of UL84
and IE2 proteins in the IP lanes for all viruses. This is most
apparent in comparing lane 14 with lanes 11 and 17. These
results suggest that UL84 must be in a complex with the var-
ious IE2 proteins for proper UL84 function and that these
interactions may play a key role in the regulatory functions of
each of the IE2 proteins. Our finding that IE2 60 and IE2 40
were present in the IP lane corresponding to the CH16.0 IP
with full-length IE2 86 and UL84 also confirms that IE2 60 and
IE2 40 can interact with IE2 86 (Fig. 8, lanes 2, 5, and 8).
Immunodepletion of the full-length IE2 86 protein was again
confirmed by Western blotting with both the monoclonal IE2
86 antibody at 96 h p.i. (Fig. 8, lanes 10 to 18) and also with the
CH16.0 antibody (data not shown).

A C-terminal portion of IE2 86 contributes to the interac-
tion between IE2 86 and UL84. The above results with the IE2
40 protein showed that a domain C-terminal to aa 242 of
IE2 86 was sufficient to interact with UL84. The finding that
IE2 86�SX, which lacks aa 136 to 290, was also able to form a
complex with UL84 suggested that either the region sufficient
for an interaction with UL84 resided C-terminal to aa 290 or
that a second domain in exon 5 between aa 85 and 135 could
contribute to the interaction with UL84 in the absence of aa
136 to 290.

To address these possibilities, two additional mutant viruses
were tested for this interaction: one containing a deletion of aa
88 to 135 (�88-135), and the second with a deletion of aa 88 to
290 (�88-290). Cells were infected at an MOI of 3 PFU/cell
and then harvested at 72 and 96 h p.i., when UL84 is most
abundant. The lysates were incubated with beads conjugated to
an antibody that recognizes the amino-terminal region of IE2

86 and IE1 72 (CH16.0). Following IP, the proportion of UL84
pulled down by the assay was analyzed by Western blotting
with a monoclonal antibody specific for UL84 (Fig. 9A). De-
letion of either of these regions from IE2 86 still did not result
in a loss of interaction with UL84, indicating that the region
between aa 88 and 290 was not required for this complex to
form (Fig. 9A). It was notable, however, that significantly less
UL84 accumulated in cells infected with the IE2 86�88-290
virus. Since less UL84 was present in the cells infected with this
mutant, the amount of UL84 present in the pre-IP lane was not
visible at this exposure of the blot. These results, coupled with
the newly identified interaction between UL84 and IE2 60 and
IE2 40, differ from those previously reported that identified the
first 290 aa as the only region that binds UL84 (12). However,
these experiments were conducted as cotransfection assays,
which may behave differently than our experiments conducted
in virus-infected cells. It is possible that both regions of IE2 86
have the ability to contribute to the interactions we observed.

To further define the region within IE2 86 necessary for
interaction with UL84, we conducted in vitro GST binding
assays. Here, IE2 86 and several mutant forms of the protein
were expressed as GST fusion proteins in bacteria. Following
induction and lysis of bacteria, the GST protein was bound
to glutathione-agarose beads. Figure 9B shows the mutants
tested.

To test UL84 binding to IE2 86, 35S-labeled UL84 was syn-
thesized in an in vitro transcription/translation reaction and
then analyzed for binding following incubation with bound
GST-IE2 86. The UL84/IE2 86 complex was then analyzed by
gel electrophoresis and autoradiography. The amount of GST
protein bound to the beads was normalized based on visual-
ization of the GST protein in the gel following staining and to
bovine serum albumin as a standard (data not shown). UL84
bound efficiently to WT GST-IE2 86, as well as to a number of
the mutants (Fig. 9C). The minimal domain involved in the
interaction with UL84 was localized to aa 290 to 369, based on
the finding that the binding of UL84 to a GST-IE2 86 mutant
containing only this region plus the N-terminal 85 aa (MX364)
was comparable to that observed for the WT GST-IE2 86

FIG. 8. IE2 60 and IE2 40 interact individually with UL84 in the absence of IE2 86. As in Fig. 6, sequential IPs were performed, with the
exception of the mutant viruses used, which were the IE2 �40 and M170L mutants, and the time points examined (only 96 h p.i. is shown here).
At 96 h p.i., cells were harvested and the first IP (lanes 2, 5, and 8) was carried out using the CH16.0 antibody. Western blot analyses were
performed to assess the interactions occurring and expression patterns of UL84, IE2 86, IE2 60, and IE2 40. The supernatants following IP
(POST*, lanes 3, 6, and 9) were used for the next immunoprecipitation (mIE2 86 IPs, lanes 10 to 18). POST* (lanes 3, 6, and 9) and PRE* (lanes
10, 13, and 16) indicate that the post-binding supernatant for the first IP was used for the pre-binding sample for the second IP. The pre and post
samples represent approximately 10% of the IP. The interaction of UL84 and IE2 86 were assessed in lanes 2, 5, and 8, while the interactions
between UL84, IE2 60, and IE2 40 were assessed in lanes 11, 14, and 17. Lanes 14 and 17 represent the individual interactions with UL84 and IE2
60 or IE2 40, respectively. The arrow indicates the sequential nature of the IPs from the initial CH16.0 IPs to the mIE2 86 IPs.
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construct. As expected, a mutant containing only the N-termi-
nal 85 aa (IE2 86-Stop) was unable to bind to UL84, since IE1
72, which shares the amino-terminal 85 aa with IE2 86, does
not interact with UL84 (17). Interestingly, loss of the region
between aa 290 and 369 (XN) did not abolish binding, indi-
cating that there is some contribution from another region that
is able to aid in the binding of UL84 and IE2 86 in vitro (Fig.
9C). However, deletion of aa 290 to 579 (TM 293) resulted in
a loss of binding comparable to that of the mutant that is
missing the region between aa 85 to 369 (MN), indicating that
the C-terminal domain (290 to 369) is the primary region that
is important for binding to UL84. Loss of aa 136 to 290 (SX)
or 85 to 290 (MX) also did not significantly disrupt binding,
confirming the interaction study results with the mutant virus
infections (Fig. 9C). It should be noted that the domain de-
fined here (aa 290 to 369) is also contained within IE2 60 and
IE2 40, further implicating these proteins and this region of
IE2 86 as being important for this interaction.

DISCUSSION

Multiple functions have been ascribed to IE2 86, the major-
ity of which converge on its effects on both viral and cellular
transcription (9, 17, 22, 24, 25, 28–30, 38, 39, 48–50, 53, 58, 64).
However, the involvement of IE2 86 in regulating the steady-
state levels of many of the proteins expressed at early and late
times postinfection has not been investigated. Our previous

characterization of a mutant virus that is missing aa 136 to 290
of IE2 86, termed IE2 86�SX, showed that this region was
important for potential functions of IE2 86 during the late
stages of the infection. Since this mutant is also missing the
initiator methionines for IE2 60 and IE2 40, these proteins are
not expressed in the infected cells. The IE2 86�SX virus dis-
plays delayed expression of IE2 86, shows severe dysregulation
of proteins important for late stages of the infection, and grows
to reduced titers (45, 60). To further identify the relative con-
tribution due to the loss of the IE2 60 and IE2 40 proteins
versus the loss of the region between aa 136 and 290 of full-
length IE2 86, we previously constructed a virus that does not
express any IE2 60 or IE2 40 but expresses full-length IE2 86.
This virus displayed very similar characteristics to the IE2
86�SX virus at late times postinfection with respect to expres-
sion of UL84 (60). This observation pointed to a role for both
full-length IE2 86 and the late IE2 60 and IE2 40 in UL84
expression.

Previous studies showed that the levels of UL84 protein
were markedly decreased throughout the infection in IE2
86�SX virus-infected cells, but there appeared to be no de-
crease in the UL84 RNA as measured by real-time RT-PCR
(60). Here, we have confirmed by Northern blot analysis that
the amount of UL84 mRNA is not affected at either early or
late times in IE2 86�SX infection. Importantly, these data also
documented that there is no disruption of the other transcripts

FIG. 9. Identification of a C-terminal domain involved in the interaction between IE2 86 and UL84. (A) HFFs were infected at an MOI of 3
PFU/cell with the WT, �88-135, or �88-290 viruses and harvested at either 72 or 96 h p.i. Lysates were prepared, a small aliquot was removed
(PRE), and the remainder was incubated with beads conjugated with the CH16.0 antibody (which recognizes IE1 72 and IE2 86). Following
incubation, an aliquot of the supernatant was removed (POST). The beads were then washed and IP products were eluted from the beads (IP).
The PRE and POST lanes represent 10% of the protein loaded in the IP lanes. UL84 was analyzed by Western blotting as described in Materials
and Methods. (B) Schematic of the IE2 86 coding region and all of the mutated forms assayed. Amino acid deletions: SX, �136-290; MN, �85-369;
MX, �85-290; TM293, �290-579; XN, �290-369; MX364, �85-290 and �369-579; STOP, �85-579. (C) UL84 and IE2 86 binding was assessed as
described in Materials and Methods. Eluted protein was analyzed by agarose gel electrophoresis, and the amount of UL84 bound was analyzed
by autoradiography. The input was 10% of bound reaction mixtures. All mutants are described above. GST alone was used as a negative control
for nonspecific binding. A representative of four experiments is shown.
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(UL85 and UL86) that are 3�-coterminal with the UL84. The
UL85 and UL86 transcripts encode two capsid proteins (minor
and major, respectively) and do not seem to share any of the
same functions as UL84. We showed that, similar to other late
viral proteins in the mutant virus-infected cells, there is a delay
in the accumulation of the UL85 and UL86 proteins at 72 h p.i.
(45). However, in contrast to the UL84 protein levels, which
remain low throughout the IE2 86�SX infection, the levels of
the UL85 and UL86 proteins in the WT and mutant virus-
infected cells were comparable by 96 h p.i.

Addition of a proteasome or calpain inhibitor did not in-
crease the levels of the UL84 protein; thus, this loss in IE2
86�SX infection appears to be mediated through a protea-
some- and calpain-independent pathway. Moreover, studies
with cycloheximide that addressed the stability of UL84 indi-
cated that the protein is not degraded more rapidly in the IE2
86�SX infection than in the WT virus infection. However, we
cannot exclude the possibility that the IE2 86�SX and UL84
proteins measured in these assays were representative of only
those proteins in complex with one another. It is possible that
the interaction with any of the IE2 proteins aids in the stability
of UL84 and that without this interaction, the protein is very
rapidly degraded via some proteasome- and calpain-indepen-
dent mechanism.

To further elucidate the mechanisms of regulation between
this family of IE2 proteins and UL84, we also assessed the
nuclear-to-cytoplasmic export and distribution and loading of
the UL84 mRNA onto polysomes. Surprisingly, these analyses
indicated that both processes were functioning in a comparable
fashion to that in the WT virus-infected cells. Similarly, the IE2
86 mRNA did not exhibit any defects in loading and distribu-
tion on polysomes in IE2 86�SX-infected cells. These data
further indicate that these proteins are regulated in a posttran-
scriptional fashion. Interestingly, the distribution of the UL84
RNA was different than other transcripts of the same size that
were assessed, which could indicate a difference in the trans-
lation of this transcript. It is also possible that IE2 86, IE2 40,
and/or IE2 60 functions cotranslationally to ensure the synthe-
sis and release of full-length UL84 and IE2 86 proteins. Alter-
natively, the IE2 proteins may be important for some type of
posttranslational regulation. Although the simplest explana-
tion is that a rapid interaction of UL84 and IE2 proteins during
or immediately after protein synthesis is necessary for the
accumulation of both proteins, there is no a priori reason that
the IE2 proteins do not affect UL84 expression indirectly
through some other viral or cellular protein. Studies are under
way to assess these possibilities.

To further understand which regions of the IE2 proteins
might be involved in the regulation of UL84 protein levels
throughout the infection, we conducted IP and GST-binding
studies to determine the domains that contributed to the IE2-
UL84 complex formation. Interestingly, IE2 86, IE2 60, and
IE2 40 are each able to interact individually with UL84, as
shown by the IP studies. These data also revealed that IE2 60
and IE2 40 are able to form heterodimers with IE2 86, which
is not surprising given that the dimerization domain of IE2
86 is present in these two smaller proteins (1, 10, 15).

Further evidence for the above interactions observed in vivo
is provided by the in vitro experiments that indicate that the
region between aa 290 and 369, which is also contained in the

IE2 60 and IE2 40 proteins, contributes to the interaction with
UL84. Although, at least in vitro, this region is not essential for
binding and there appears to be a contribution from other
regions, a construct containing this domain alone was able to
interact with UL84. The data from the IE2-UL84 interaction
studies were surprising, since it had previously been proposed
that the N terminus (aa 85 to 290) was important for UL84
binding (12). Using our viral mutants and GST constructs that
removed either aa 136 to 290 (IE2 86�SX), 88 to 135, or 88 to
290, a strong interaction still occurred between UL84 and IE2
86 in the context of the actual infection and in the in vitro
assays. It is possible that these differences in experimental
procedure—transfection versus infection—may explain some
of the discrepancies between these results. Although the re-
gion between aa 85 and 290 of IE2 86 may have the ability to
interact with UL84 in some in vitro studies, the data clearly
show that loss of this region does not prevent formation of the
IE2 86-UL84 complex during the infection. Further confirming
the in vivo data presented here, we show that a GST mutant
containing only the first 290 aa of IE2 86 displays greatly
reduced binding to UL84, which also indicates that a site out-
side of this region may be important for the IE2 86-UL84
interaction. Finally, IE2 60 and IE2 40, which do not contain
the amino-terminal region of IE2 86, are able to interact with
UL84.

The possibility exists that any of the three versions of IE2
can contribute to efficient expression of the UL84 protein and
that it is the levels of the IE2 proteins present in the infection
that are important for proper UL84 regulation. Although we
previously showed that the loss of IE2 40 resulted in a partial
loss of UL84 protein expression (60), the data presented here
with the M170L virus revealed that total loss of the IE2 60
protein did not have an effect on UL84 expression, indicating
that IE2 40 and IE2 86 likely play a more important role in
UL84 expression. It is possible, however, that IE2 60 can par-
tially compensate for the loss of IE2 40, or vice versa.

There are many potential sites within both the region of aa
136 to 290 and of aa 290 to 369 of IE2 86 that may be important
for proper expression of and interaction with UL84. For ex-
ample, there are serine-rich regions and sites of sumoylation
and phosphorylation within these domains that are important
for efficient viral replication (3–5, 8, 13, 17, 19, 21, 34). Fur-
thermore, mutations of the serines within IE2 86 aa 258 to 275
have been previously shown to influence the expression of
some late proteins in HCMV-infected cells (5). Understanding
whether any of these sites are important for the regulatory
mechanisms described here will be a focus of future studies.

In summary, these data have provided a strong basis for
understanding the regulation of UL84 expression in HCMV
infection. Although the mechanism of regulation remains to be
fully characterized, we have identified many of the important
players responsible for governing proper expression of UL84.
Clearly, the IE2 proteins are governing the expression of UL84
protein in a novel fashion that has yet to be described for this
family of proteins. We have eliminated the possibilities that
this regulation is at the level of transcription of the UL84
mRNA, transport of the mRNA to the cytoplasm, or loading of
the mRNA onto polysomes. The lack of accumulation of UL84
protein also does not appear to be due to proteasome- or
calpain-dependent degradation. It is possible that translation
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of the mRNA to the termination codon is impaired or that
proteolytic degradation involves one of the many other cellular
proteases, and studies are in progress to address these ques-
tions.

It is interesting that UL84 is the only viral protein that IE2
86 with which has been shown to interact, and yet very little
UL84 is actually needed to facilitate the production of func-
tional virus. Elucidating the mechanisms governing the inter-
actions between IE2 86, IE2 60, IE2 40, and UL84 should
provide insight into how these proteins are regulated through-
out infection and the contribution of each of the protein com-
plexes to efficient viral replication.
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