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We documented that the NF-kB signaling pathway was rapidly induced following human cytomegalovirus
(HCMV) infection of human fibroblasts and that this induced NF-kB activity promoted efficient transactiva-
tion of the major immediate-early promoter (MIEP). Previously, we showed that the major HCMYV envelope
glycoproteins, gB and gH, initiated this NF-kB signaling event. However, we also hypothesized that there were
additional mechanisms utilized by the virus to rapidly upregulate NF-kB. In this light, we specifically hypoth-
esized that the HCMYV virion contained IkBa kinase activity, allowing for direct phosphorylation of IkBa
following virion entry into infected cells. In vitro kinase assays performed on purified HCMYV virion extract
identified bona fide IkBa kinase activity in the virion. The enzyme responsible for this kinase activity was
identified as casein kinase II (CKII), a cellular serine-threonine protein kinase. CKII activity was necessary for
efficient transactivation of the MIEP and IE gene expression. CKII is generally considered to be a constitutively
active kinase. We suggest that this molecular characteristic of CKII represents the biologic rationale for the
viral capture and utilization of this kinase early after infection. The packaging of CKII into the HCMYV virion
identifies that diverse molecular mechanisms are utilized by HCMYV for rapid NF-kB activation. We propose
that HCMYV possesses multiple pathways to increase NF-kB activity to ensure that the correct temporal
regulation of NF-kB occurs following infection and that sufficient threshold levels of NF-kB are reached in the

diverse array of cells, including monocytes and endothelial cells, infected in vivo.

Human cytomegalovirus (HCMYV) infects a majority of in-
dividuals and persists for the life of the host (18, 48). In im-
munocompetent individuals, HCMYV infection is rarely associ-
ated with disease, although it can cause mononucleosis (18, 48)
and is associated with certain cancers (15, 57, 61) and cardio-
vascular diseases (reviewed in references 23, 45, 61, and 64). In
immunocompromised individuals, HCMV infection causes se-
vere and often fatal diseases (18, 48). Because viral gene ex-
pression and the ensuing viral replication are paramount steps
in the manifestation of HCMV-mediated disease, understand-
ing of the initiation of the viral life cycle is necessary for
uncovering mechanisms of viral pathogenesis.

Following infection, the major immediate-early promoter
(MIEP) is transactivated (11, 31, 46, 62, 63, 65), a requirement
for generation of the major immediate-early (IE) transcripts,
viral replication, and production of infectious virus (20, 21, 28§,
31, 32, 44). In the murine CMV system, mutants that lack the
murine MIEP enhancer show no observable pathogenesis in
vivo (27). Together, these studies suggest a key role for the
transactivation of the MIEP in the pathobiology of HCMV
infection. Mechanistically, cellular transcription factors in-
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duced rapidly following viral infection appear to be responsible
for the upregulation of the MIEP. NF-«kB is one transcription
factor that has been implicated in the transactivation of the
MIEP following primary infection or during reactivation of
latent virus (14, 20, 21, 30, 38, 50, 51, 53, 73-75). NF-kB activity
is upregulated within 5 min postinfection (10, 73, 74), consis-
tent with its role in the rapid upregulation of the MIEP. Early
studies using deletion mutant MIEP reporter constructs of-
fered the first clues that NF-kB could transactivate the MIEP
(14, 53). Recent results from our laboratory (20, 21) and others
(13, 38, 49) using pharmacological or dominant-negative inhib-
itors present additional evidence for the critical role that this
cellular transcription factor plays in the efficient transactiva-
tion of the MIEP and, consequently, IE gene expression.

In normal cells, NF-«kB is a tightly controlled transcription
factor that is regulated by the action of a group of proteins
termed the IkBs (reviewed in references 6 and 29). IkBa is the
prototype IkB and is responsible for regulating acute and rapid
release of NF-kB. The I«kB kinase (IKK) complex is required
to activate NF-kB. The IKKs directly phosphorylate critical
serine residues in the NH, terminus of IkBa (Ser* and Ser®®),
leading to its ubiquitination and degradation and, ultimately,
to the release of free NF-kB (29). When this tightly regulated
system of NF-«kB regulation is perturbed, aberrant changes in
cellular function, survival, and development occur (17, 35, 37).

In our studies on the regulation of NF-«B activity following
infection, we observed that increased NF-«kB activity was seen
as early as 5 min after infection and was due to the binding of
HCMYV glycoproteins to cognate host receptors (73, 74). Ad-
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ditional studies examining glycoprotein-mediated signaling (9,
12, 16, 59), as well as the recent identification of HCMV entry
receptors and the rapid signaling that ensues following glyco-
protein binding to these receptors is consistent with the results
of our earlier studies (24, 69, 70). Initial binding of the virus to
the host cell results in the release of preformed stores of
NF-kB that is largely dependent on the activation of the IKK
complex (20, 74). We hypothesized that changes in NF-xB
activity served to temporally regulate viral gene expression. To
test that possibility, we initiated studies to address whether
virus-induced NF-kB upregulated viral gene expression. We
showed that NF-«B activity was required for the efficient trans-
activation of the MIEP and the expression of IE genes (20) and
then showed that NF-«kB activity was required for efficient viral
replication and the production of infectious virus (21). Recent
reports by others (13, 38, 49) support our conclusions. On the
other hand, other studies suggest that NF-kB activity may not
serve such a central role in viral gene regulation (8, 22, 28, 32).
The reason for these differences is unknown but probably re-
flects differences in the systems and viruses used. Nevertheless,
our data argue that NF-«B activity is required for efficient gene
expression and viral replication.

To this end, we recently expanded our efforts into under-
standing the upregulation of NF-«kB activity following infec-
tion. Specifically, we focused on the mechanisms responsible
for the rapid induction of NF-«kB activity following infection.
We previously hypothesized that HCMV possessed a kinase
that could directly phosphorylate the IkBs (74). The possibility
was further supported by our observation that the activities of
IKKa and IKKR, although responsible for much of the induced
NF-«B activity, were not responsible for all of the induced
NF-«B activity (20). The question then became what was re-
sponsible for this remaining activity—was it a virion-associated
kinase?

The identification of the cellular and viral proteins present
in the HCMV virion in the mass spectrometry study by Var-
num et al. (67) provided us with a clue as to the identity of this
virus-associated kinase. Casein kinase IT (CKII) was detected
in HCMYV virions (67). CKII is a ubiquitous tetrameric serine-
threonine protein kinase (3, 41) that was identified as having
multiple target substrates, including IkBa (5, 40, 52, 58). Could
cellular CKII packaged with the virion be responsible for the
additional level of NF-«kB activation that our previous studies
demonstrated (20)? In this study, we examined that possibility
and now report that active CKII can be found in the virion and
that this virion CKII possessed true IkBa kinase activity. When
CKII activity was blocked in infected cells with a pharmaco-
logical inhibitor, viral IE transcription was significantly de-
creased, as was IE protein production, suggesting that CKII
activity supports maximal MIEP transactivation. Our observa-
tion that the HCMYV virion has bona fide IKK-like activity is, to
our knowledge, the first report of a virus having this sort of
enzymatic activity in a viral particle, underscoring the seminal
role that NF-kB activation likely plays in HCM V-infected cells.

In light of these data, we propose the following model: when
HCMYV infects a new cell, the packaged cellular CKII enters
the cell and rapidly directs the phosphorylation of IkBa, re-
sulting in additional levels of NF-kB activation above that
initiated by viral receptor/ligand interactions (24, 69, 70, 73,
74). Because of the diverse array of distinct cell types that
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HCMY infects in vivo and the unique biological signaling path-
ways that each cell type utilizes, the existence of multiple
mechanisms to induce NF-kB would not be redundant. Rather,
it would be a requirement to ensure that sufficient threshold
levels of NF-kB activity are reached in each cell type infected.

MATERIALS AND METHODS

Virus and cell culture. The Towne/E strain of HCMV was used in these studies
(20, 21, 73, 74). Virus was passaged in primary human embryonic lung (HEL)
fibroblasts grown in Eagle’s minimal essential medium (Cellgro Mediatech, Inc.,
Herndon, VA) supplemented with 4% heat-inactivated fetal bovine serum
(Gemini, Woodland, CA), penicillin, and streptomycin at 37°C in a 5% CO,
incubator. All experiments utilized gradient-purified virus. Virus-containing su-
pernatant was harvested and gradient purified by high-speed centrifugation
(36,000 X g for 90 min) through a sucrose cushion (72, 73). For in vitro kinase
assays (20, 21), the virus pellet was resuspended in phosphate-buffered saline
(PBS) and then sonicated to lyse the virus. For IE gene and protein expression
assays, gradient-purified virus was utilized to infect HEL fibroblasts at a multi-
plicity of infection of 3 to 5 (20, 21, 73, 74).

Antibodies and reagents. For Western blot analyses, CKII was detected using
a goat polyclonal CKIIa (C-18) antibody (catalog no. sc-6479) obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The secondary antibody used
was a horseradish peroxidase-conjugated donkey anti-goat immunoglobulin G
antibody (catalog no. sc-2056; Santa Cruz Biotechnology, Inc.). The same anti-
CKIla antibody was used in the immunoprecipitation experiments. In experi-
ments in which CKII activity was inhibited, TBB (4,5,6,7-tetrabromo-1H-beno-
triazole; Calbiochem, La Jolla, CA), a specific CKII inhibitor was utilized (7, 54,
55). TBB is a halogenated benzimidazole derivative that is cell permeable and
acts to selectively block ATP binding to CKII due its high-affinity binding to the
unique hydrophobic pocket of CKII (7, 54, 55). TBB was dissolved in dimethyl
sulfoxide (DMSO). In all experiments, a DMSO solvent-alone control was per-
formed. An antibody to IKKB (catalog no. sc-8014; Santa Cruz Biotechnology,
Inc.) was also employed in our system.

In vitro kinase assay. Briefly, gradient-purified virions were lysed (by sonica-
tion), and the extract was mixed with a 10X kinase buffer (200 nM HEPES, 100
mM MgCl,, 1 mg/ml bovine serum albumin, 30 mM B-mercaptoethanol) sup-
plemented with 1.5 wl of 1 mM cold ATP, 5 pl of a 1 mg/ml concentration of
substrate (various glutathione S-transferase [GST]-tagged IkBa substrates), and
1 pl of [y-**P]ATP (0.25 wCi/pl; ICN Biochemicals, Inc., Irvine CA) (20). The
equivalent of 5 X 10 infectious viral particles was analyzed in each sample of the
kinase assays. The assay mix was incubated for 30 min at 30°C, after which
samples were boiled and subjected to sodium dodecyl sulfate-10% polyacryl-
amide gel electrophoresis (SDS-PAGE). Gels were stained with a Coomassie blue
solution (to control for equal loading of the substrate) and then visualized by
autoradiography (20). Densitometry was performed on the autoradiograms as
discussed in Results. As a positive control and a comparison test reagent, human
recombinant wild-type activated full-length CKII (Upstate USA, Inc., Char-
lottesville, VA) was used. Specifically, 0.2 pg of recombinant CKII (rCKII) was
used in each test group in the kinase assays. For one of the experiments, pro-
teinase K was utilized following the protocol of Yao and Courtney (71). Briefly,
gradient-purified virions were collected and then treated with proteinase K for 10
min either prior to sonication or after sonication. Following the inactivation of
the protease, samples were analyzed by kinase assay.

GST-IkBa substrate induction and purification. Competent Escherichia coli
BL21 cells were transformed with plasmids encoding the GST fusion proteins to
be used as substrates in our in vitro kinase assays (20). The following GST-IxBa
constructs used in our experiments were obtained as a generous gift from John
Hiscott, Institut Lady Davis de Recherches Medicales, Montreal, Quebec, Can-
ada (1, 2, 19, 39, 40): IkBa, a full-length wild-type IkBa; IkBa(2NAC), a trun-
cated IkBa mutant containing only the first 54 NH,-terminal amino acids and in
which Ser®? and Ser*® were mutated to alanines; IkBa(3C), a full-length IkBa
mutant in which Ser?®® and Thr**' and Thr?>*° were mutated to alanines;
IkBa(A2), a truncated IkBa mutant in which the COOH-terminal amino acids
269 to 317 were deleted; and IkBa(2NA4), a truncated IkBa mutant in which
COOH-terminal amino acids 297 to 317 were deleted and in which both Ser*?
and Ser®® were mutated to alanines. We also utilized the following constructs:
TkBa(269-296), a truncated IkBa mutant containing only the residues of IkBa
from 269 to 296; IkBa(283-296), a truncated IkBa mutant containing only the
residues of IkBa from 283 to 296; IkBa(269-282), a truncated IkBo mutant
containing only the residues of IkBa from 269 to 282; and IkBa(283-296AST), a
truncated IkBa mutant containing only the residues of IxkBa from 283 to 296 and
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that had Ser?3, Ser?®®, Thr?!, Ser?*?, and Thr*>*® mutated to aspartic acid,
aspartic acid, alanine, aspartic acid, and alanine, respectively. These additional
GST-IkBa constructs were constructed using short oligonucleotides (Integrated
DNA Technologies, Inc., Coralville, IA) encompassing the wild-type regions of
IkBa stated above or that had specific point mutations incorporated into the
oligonucleotide sequence. Restriction sites specific for BamHI and EcoRI were
engineered into the 5’ and 3’ termini of the oligonucleotides, respectively, to
facilitate cloning of the fragments into the pGEX2T expression vector. Annealed
oligonucleotides were ligated into the BamHI and EcoRI restriction sites of a
pGEX2T vector (downstream of the GST-coding sequence). Constructs were
sequenced to confirm authenticity.

The transformed bacteria were cultured overnight in 2X-YTG medium (16
glliter tryptone, 10 g/liter yeast extract, 5 g/liter NaCl) supplemented with 2%
glucose. Following overnight incubation, the first culture was expanded in 2X-YT
medium, and then protein synthesis was induced by the addition of 0.5 M
isopropyl-B-p-thiogalactopyranoside (IPTG) (Novagen, San Diego, CA). Cul-
tures were then grown for 5 h, and bacteria were pelleted by centrifugation.
Aliquots of uninduced and induced cultures were subjected to SDS-PAGE and
stained with a Coomassie blue solution to visualize the protein bands and to
confirm protein induction. Bacterial pellets, in which GST fusion protein expres-
sion was induced, were resuspended in the Bugbuster reagent (Novagen) to lyse
the cells. Benzonase nuclease (Novagen), lysozyme (Sigma), and a protease
inhibitor cocktail (catalog no. p-8340; Sigma) were added to the lysed bacteria.
Insoluble material was removed following centrifugation, and the supernatant
was harvested. The supernatant was applied to a chromatography column con-
taining GST bind resin (Novagen) and washed with 1X GST bind/wash buffer
(Novagen). After washing, the bound protein was eluted with glutathione elution
buffer (Novagen), and the eluted protein was collected. Purified protein was
concentrated using a Centricon centrifugal filter device (Millipore, Bedford,
MA) and analyzed by SDS-PAGE followed by Coomassie blue staining.

Immunoprecipitation (IP) experiments. Purified and sonicated virus was in-
cubated with the CKII antibody or a control antibody overnight at 4°C. Then
protein G plus protein A agarose suspension beads (Oncogene Science, Cam-
bridge, MA) were added and incubated for an additional hour at 4°C. The
samples were centrifuged at 15,000 X g for 5 min, and the supernatant was
collected. The agarose bead precipitates were washed with buffer A (1% NP-40,
0.5% sodium deoxycholate, 100 mM sodium chloride, 10 mM Tris, 1 mM EDTA;
a final pH of 7.2) and then subsequently with buffer B (1 M sodium chloride,
0.1% NP-40, 10 mM Tris; a final pH of 7.2) and buffer ST (150 mM sodium
chloride, 50 mM Tris-HCI, 50 mM Tris base; a final pH of 7.2). After the
Sepharose beads were washed, the beads were diluted in the kinase buffer. Both
the supernatant and precipitate containing the beads were used in the in vitro
kinase assays. Last, a CKII blocking peptide (catalog no. bp300-198; Bethyl
Laboratories Inc., Montgomery, TX) was utilized to examine the specificity of
the anti-CKII antibody. For the experiments using the blocking peptide, the
peptide was incubated with the appropriate target antibody for 2 h prior to use
in IP experiments.

Western blot analyses. Infected fibroblast cultures incubated for various times
postinfection were harvested for Western blot analysis in Laemmli sample buffer
(Bio-Rad Laboratories, Inc., Hercules, CA) supplemented with B-mercaptoeth-
anol. Samples were boiled, subjected to SDS-PAGE, and then transferred to
immunoblot polyvinylidene difluoride membranes overnight (Bio-Rad Labora-
tories). Equal amounts of protein were added per lane, where indicated. Mem-
branes were incubated in a blocking buffer (5% skim milk, 0.1% Tween 20, 1X
PBS). Primary anti-CKlIla, IE1-72, or glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) antibodies were diluted in blocking buffer and incubated with
the membranes. Blots were then washed in a 1X PBS-0.1% Tween 20 solution
and incubated with the secondary antibody, washed again, and developed using
the ECL+ system (Amersham Biosciences, Piscataway, NJ), according to the
manufacturer’s protocol (21).

RNA harvesting and real-time PCR. Briefly, total cellular RNA from a time
course of infected fibroblasts was harvested utilizing the QIAGEN RNeasy kit
(QIAGEN, Inc., Valencia, CA) (20). Isolated RNA samples were treated with
DNase RQ1 (Promega, Madison, WI) according to the manufacturer’s protocol.
Reverse transcription was performed on 600 ng of RNA in a reaction mixture
containing 500 wM of each deoxynucleoside triphosphate, 2.5 wM random hex-
amers, 0.3 U RNase inhibitor, and 150 U Moloney murine leukemia virus reverse
transcriptase (Invitrogen Corporation, Carlsbad, CA). Reaction mixtures were
incubated at 25°C for 10 min, 48°C for 30 min, and 95°C for 5 min. Quantitative
real-time PCR was performed with specific primers for the HCMV IE1-72
(UL123) gene (National Center for Biotechnology Information GenBank acces-
sion no. M21295). The forward primer used was 5'- AGTGACCGAGGATTGC
AACG-3', and the reverse primer was 5'-CCTTGATTCTATGCCGCACC-3'.
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Human GAPDH mRNA levels were also measured, using the forward primer
5'-GAAGGTGAAGGTCGGAGT-3'" and the reverse primer 5'-GAAGATGG
TGATGGGATTTC-3'. All primers were made by Integrated DNA Technolo-
gies, Inc. The IE1-72 PCR was validated to our GAPDH normalization control
to ensure equal PCR efficiency of both primer sets (data not shown). We used the
AAct method for quantitation as described by Applied Biosystems, Inc. (Foster
City, CA). Amplification and detection were performed with the iCycler 1Q
real-time PCR detection system in reaction mixtures containing the transcription
reaction mixture (100 ng cDNA), IQ SYBR green supermix, and 15 wM primers.
The incubation conditions consisted of 3 min at 95°C for polymerase activation
and 40 cycles of 15 s at 95°C and 1 min at 60°C. Results are presented as the
mean values of three separate independent experiments (run in triplicate) with
standard errors of the means. The HCMV-infected sample was normalized to a
value of 1, with the decrease observed following TBB treatment shown as a
percentage of that normalized value.

RESULTS

The HCMYV virion possesses IKK-like activity. Previously,
we documented that rapid NF-«kB activation occurred through
activation of the canonical IKKa/IKKB pathway (20). Our
study also suggested that at least one additional pathway exists,
because although a majority of the rapid activation of NF-«xB
occurred through the activity of the IKKs, they alone were not
responsible for all of the induced activity. The possibility that
the virus uses additional pathways for the rapid induction of
NF-«kB was put forth in an earlier study on transcription factor
regulation following HCMYV infection (74): we hypothesized
that the HCMYV virion had the potential to target NF-«xB
activation through the direct phosphorylation of IkBa either
by possessing a virus-encoded kinase with IKK-like activity or
by capturing a cellular kinase with IKK-like activity. In either
case, such a protein with IKK-like activity would allow the virus
to bypass the IKK signaling pathway and mediate NF-kB ac-
tivation by a distinct mechanism.

To test our hypothesis, we initially examined whether the
HCMV virion contained IKK-like enzymatic activity. We har-
vested extract from gradient-purified HCMV and performed in
vitro kinase assays using wild-type GST-IkBa as a substrate
(Fig. 1A). The results documented that IkBa was phosphory-
lated by the gradient-purified viral extract (Fig. 1A, lane 1), but
not by filtrate from gradient-purified virus run three times
through a 0.2-pum filter (Fig. 1A, lane 2) or supernatant col-
lected from mock-infected fibroblasts (Fig. 1A, lane 3). Fur-
ther results (Fig. 1B) showed that IkBa phosphorylation oc-
curred only when the virus was lysed (Fig. 1B, lane 1) prior to
use in a kinase assay. No IkBa phosphorylation occurred in
unlysed viral samples (Fig. 1B, lane 2). For a positive control,
cellular IKKB was immunoprecipitated (Fig. 1B, lane 3) from
infected fibroblast lysate (20).

Next, to provide confirmation that the enzymatic activity was
present within the virion and not stuck on the outside of the
viral envelope, we employed the strategy that Yao and Court-
ney used to demonstrate that the herpes simplex virus 1 ICP0
protein localized to the virion (71). This strategy involved ex-
amining viral extract that had either been pretreated with pro-
teinase K prior to virion lysis (Fig. 1C, lane 2) or treated with
proteinase K after virion lysis (Fig. 1C, lane 3). The results
presented in Fig. 1C, using these different treatment groups in
a kinase assay showed that enzymatic activity was observed
only when the viral extract was pretreated with protease K
prior to virion lysis (Fig. 1C, compare lanes 2 and 3). Similar
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FIG. 1. Purified HCMV virions possess IKK-like kinase activity.
Kinase assays using a wild-type GST-IkBa substrate (labeled as IxBa
in the figures) were performed with different test samples. (A) Lane 1
contains gradient-purified, sonicated HCMV extract (Towne/E); lane 2
contains extract from purified HCMYV filtered three times through a
0.2-pm filter prior to sonication (3X Filtrate); and lane 3 contains
supernatant from mock-infected cells (Mock Super). (B) Lane 1 con-
tains lysed gradient-purified virus (Towne/E); lane 2 contains unlysed
gradient-purified virus; and lane 3 contains a positive control (IP cel-
lular IKKR activity). (C) Lane 1 contains gradient-purified, sonicated
HCMYV extract (Towne/E). Lanes 2 and 3 show the results of kinase
assays performed on viral extract that had either been pretreated with
proteinase K prior to virion lysis (ProK/Lysed) or treated with protease
K after virion lysis (Lysed/ProK). Lane 4 contains the substrate-alone
control. Representative experiments are shown (from at least three
independent experiments).

kinase activity was observed when the virus was lysed only (Fig.
1C, lane 1). Together, these data suggest that an enzyme that
directly phosphorylates IkBa exists within the HCMYV virion.

CKII is packaged within the HCMYV virion. We began using
a biochemical approach to purify and identify the protein with
IKK-like enzymatic activity. At the time these studies were
under way, Varnum et al. published the HCMV AD169 pro-
teome in which they utilized mass spectrometry to identify the
viral and cellular proteins in the HCMYV virion (67). A host
protein of interest to our work was the identification of CKII in
the HCMV proteome (67) because of the following molecular
traits of this enzyme. CKII is a serine-threonine kinase that
appears to be constitutively active (3, 41, 55) that, like the
well-characterized IKK proteins (33, 35), can phosphorylate
IkBa and regulate its turnover (5, 40, 58) and induce the
activation of NF-kB (52). This finding suggested that CKII
could be the kinase our molecular data suggested existed in the
Towne/E HCMV virion.

To examine whether CKII was found in the HCMV Towne/E
virion, we looked for the presence of CKII in gradient-
purified virus by Western blot analysis (Fig. 2). The results
from this experiment performed on a titration of gradient-
purified virion extract (~7.5 X 10°, ~4.5 X 10°, ~2.2 X 10°,
~9 X 10°, and ~4.5 X 10’ infectious viral particles) show that
bona fide CKII was present in the virion of the Towne/E strain
of HCMV, consistent with our hypothesis that this virus con-
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FIG. 2. Cellular CKII is found in purified HCMYV virions. A titra-
tion of gradient-purified HCMV (Towne/E, ~7.5 X 10° [lane 1], ~4.5 X
10° [lane 2], ~2.2 X 10° [lane 3], ~9 X 10° [lane 4], and ~4.5 X 10°
[lane 5] infectious viral particles) was examined by Western blot anal-
ysis using an antibody specific for human CKII. Human rCKII (0.1 pg)
is shown as a positive control (lane 6). The results from a representa-
tive experiment a43 shown. The experiment was repeated.

tains an enzyme with IKK-like activity. Full-length human
rCKII (0.1 pg) was used as a positive control. In the study by
Varnum et al. (67), the laboratory strain AD169 was utilized to
examine the HCMV proteome; thus, with our data from Fig. 2,
CKII can be observed in multiple strains of HCMV. In addi-
tion, CKII was detected in a third laboratory strain, TB40-
fibroblast, and a clinical-like isolate, TB40-endothelial, by
Western blot analysis (data not shown). On the other hand, we
could not detect IKKa or IKK in the purified Towne/E virion
extract (data not shown), consistent with the results observed
in AD169 (67).

The enzyme within the HCMYV virion shows an IkBa phos-
phorylation pattern identical to that of purified human CKII.
The data above suggested that the HCMYV virion possessed an
enzyme, possibly CKII, that directly phosphorylated IkBa.
To provide evidence for this suggestion, we next examined
whether the phosphorylation pattern of the virion-associated
kinase activity was consistent with that documented for CKII
by comparing the kinase activity of gradient-purified HCMV
lysate to that of rCKII against various GST-IkBa substrates.
IkBa has three distinct regions: an NH,-terminal region; the
ankyrin repeat region; and, the COOH-terminal PEST region.
The NH,-terminal region of IkBa is the target of the canonical
IKK pathway (29, 68) that we have shown is upregulated in
infected cells (20), while the COOH-terminal PEST region is
the target of CKII-mediated phosphorylation (40, 58, 68). In
vitro kinase assays (Fig. 3A and B) using various IkBa con-
structs (represented in Fig. 3C) as target substrates demon-
strated that the HCMV virion-mediated phosphorylation of
IkBa occurred in the COOH-terminal region of the molecule.
Furthermore, the HCMV virion-mediated pattern of phosphor-
ylation of the different IkBa substrates mimicked that ob-
served for rCKII. Specifically, as shown in Fig. 3A and B, both
the virus and rCKII phosphorylated IkBa to high levels, while
the traditional IkBa kinase control construct [IkBa(2ZNAC);
contains only the first 54 N-terminal amino acids and has Ser**
and Ser*® mutated to alanines (1, 2, 19, 39, 40)] showed no
activity. The construct with the known COOH-terminal CKII
phosphorylation sites mutated [IkBa(3C); Ser*®*, Thr?*!, and
Thr**° mutated to alanines (1, 2, 19, 39, 40)] and the con-
struct with the last 48 COOH-terminal amino acids deleted
[IxkBa(A2); missing amino acids 269 to 317 (1, 2, 19, 39, 40)]
showed little or no activity with both the purified HCMV
extract and rCKII. A low amount of activity was consistently
detected in the IkBa(3C) construct with both the purified viral
extract and rCKII. This low level of activity probably repre-
sents the phosphorylation of one of the additional serine or



VoL. 81, 2007 HCMV POSSESSES AN ACTIVE CKII IN THE VIRION 5309

N QA

& & S

A S F e & o &
"s& wl)\ O\x 6\“ x‘b x‘o x‘b & b“” s.\“

Q\O *0 ‘\b ‘;\‘? ) N N > \;‘{? @\7 @‘}

P N T A AR AR AN &
E & & ‘&& & & & & Qp o\%

\

Phosphorylated
Substrates

1 2 3 4 5 6 7 8 9 10 11
)
S
B 0’3\ ‘(}&"
S e e &N X
“Q\c‘ *‘0 xQo x*o x‘z‘o x*cl- f;‘\x é\x
o\ B D) S A
w"'# W(EP T o g5 P
© F S
W W ¥ P g
> o & & & &
~F W W W F &
— —— Phosphorylated
_— —-— Substrates
1 2 3 4 5 6 7 8
IKK CKil
c IkBa g
$283/T291/T299
IkBa(3C)
Ser 32/36 A283/A291/A299
IkBa(2NA4) s
IxBa(A2)
IkBa2NAC)
IcB(269-296) GST  Ala32/36
GST $283/T291
IxBo(283-296) -
GST $283/T291
IKBo(269-282)  samssmas —
GST
IkB(283-296AST) smsmmsmus -
GST D283/D288/A291/
D293/A296

FIG. 3. The virion-associated kinase phosphorylates the COOH terminus of IkBa. (A) Kinase assays comparing purified HCMV (Towne/E)
virion extract with that of rCKII were performed on different GST-IkBa mutant substrates. IkBa represents wild-type full-length IkBa (lanes 1
and 2). IkBa(2NAC) represents only the 54 NH,-terminal amino acids of IkBa (in addition, Ser** and Ser*® were mutated to alanines) (lanes 3
and 4). IkBa(3C) represents a full-length IkBa in which the dominant COOH-terminal CKII phosphorylation sites were mutated to alanines (lanes
5 and 6). IkBa(A2) represents an IkBa COOH-terminal deletion mutant (lanes 7 and 8). IkBa(2NA4) represents a mutant IkBa in which Ser*?
and Ser*® were mutated to alanines, and the molecule was truncated after amino acid 296 (lanes 9 and 10). Lane 11 corresponds to no HCMV
extract added. The results of the phosphorylation pattern of the different GST-IkBa substrates from the same experiment are presented side by
side in a composite figure. The results of the kinase assay were analyzed by densitometry (shown in the graph at the bottom of panel A). The data
are expressed in arbitrary units. (B) Kinase assays comparing purified HCMV (Towne/E) virion extract with that of rCKII were performed on
additional GST-IkBa mutant substrates. IkBa(269-296) represents a COOH terminal deletion mutant of IkBa with only the amino acid residues
from 269 to 296 (lanes 1 and 2). IkBa(283-296) represents a COOH terminal deletion mutant of IkBa with only the amino acid residues from 283
to 296 (lanes 5 and 6). IkBa(269-282) represents a COOH terminal deletion mutant of IkBa with only the amino acid residues from 269 to 282
(lanes 3 and 4). IkBa(283-296AST) represents a COOH terminal deletion mutant of IkBa with only the amino acid residues from 283 to 296 that
had Ser®?, Ser®®®, Thr*!, Ser**, and Thr**® mutated to aspartic acids or alanines (lanes 7 and 8). The results from the same experiment are
presented side by side in a composite figure. (C) Model of the different IkBa mutants used in the kinase assays. The results are from a
representative experiment (three independent experiments performed).

threonine residues (such as Ser®®® and Ser*”® or Thr*”® or
Thr?*®) in the COOH terminus that are not ordinarily targeted

nine at position 299. The similarities between the activity of the
virus-associated kinase and rCKII was also seen when addi-

by CKII with a high efficiency when Ser®®*, Thr**!, and Thr**’
are available for phosphorylation. A construct with only the
last 21 COOH-terminal amino acids deleted (missing amino
acids from positions 297 to 317) and Ser** and Ser>® mutated
to alanines [IkBa(2NA4) (1, 2, 19, 39, 40)] was also phosphor-
ylated, although to a lower level due to the loss of the threo-

tional kinase assays were performed using short COOH-termi-
nal GST-IkBa mutant constructs (Fig. 3B and C). When con-
structs with only the COOH-terminal residues of IkBa from
269 to 296 [IkBa(269-296)] or 283 to 296 [IkBa(283-296)] were
used in kinase assays, similar patterns of phosphorylation were
observed between the virus-associated kinase and rCKII. In
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FIG. 4. The CKII inhibitor TBB inhibits the activity of the virion-
associated kinase. (A) A kinase assay was performed with the GST-
IkBa substrate in which an increasing concentration of TBB (0 uM
[lanes 1 and 2], 30 wM [lanes 3 and 4], 60 nM [lanes 5 and 6], and 120
M [lanes 7 and 8]) was incubated for 4 h with the purified, sonicated
HCMYV (Towne/E) virion extract or rCKII prior to their addition to
the kinase assay. The bottom panel of this figure represents a longer
exposure of the same experiment. (B) A kinase assay was performed
with the GST-IkBa substrate in which an increasing concentration of
TBB (0 pM [lanes 1 and 2], 0.5 M [lanes 4 and 5], 1.6 wM [lanes 6 and
7], and 5 uM [lanes 8 and 9]) was incubated for 4 h with the purified,
sonicated HCMV (Towne/E) virion extract or rCKII prior to their
addition to the kinase assay. Lane 3 is a negative control in which no
kinase (viral or purified rCKII) was added to the kinase assay. Rep-
resentative titration experiments are shown; titrations were repeated.

contrast, no activity was seen in the constructs lacking the CKII
target serines or threonines [IkBa(269-282) (representing only
the residues of IkBa from 269 to 282) and IkBa(283-296AST)
(representing only the residues of IkBa from 283 to 296 that
had Ser®®3, Ser®®8, Thr**!, Ser®*?, and Thr?® mutated to as-
partic acid, aspartic acid, alanine, aspartic acid, and alanine,
respectively)]. Together, these results suggest that HCMV
packages (incorporates) an active enzyme that phosphorylates
the COOH-terminal domain of IkBa in a pattern identical to
that documented for functional human CKII (40, 58, 68).
Active CKII is observed within the HCMYV virion. Next, we
wanted to molecularly define that the enzyme packaged within
the HCMYV virion was active CKII. We utilized a specific CKII
inhibitor, TBB (7, 54, 55), that fills the unique hydrophobic
pocket of CKII, resulting in the targeted inactivation of the
enzyme. Gradient-purified HCMV extract was either mock
treated or pretreated for 4 h with increasing concentrations of
TBB (30, 60, and 120 uM) and then examined in a kinase assay
for activity against an IkBa substrate (Fig. 4A). This concen-
tration of TBB initially used is reported to be effective in
inhibiting CKII activity in cells (54). rCKII was used as a
positive control and as a comparative test variable. Following
incubation with TBB, the virus-associated and rCKII-mediated
enzymatic activity against GST-IkBa was significantly inhibited
(Fig. 4A, top and bottom blots). This inhibition occurred in a
dose-dependent manner as demonstrated in the bottom blot,
which represents the results of a longer exposure of the same
autoradiogram shown in the top blot of Fig. 4A. The solvent-
alone control (DMSO) showed no difference compared to the
untreated virus in our kinase assays (data not shown). Because
the 50% inhibitory concentration of TBB on purified human

J. VIROL.
i
A s & g
& w2 >
';3&143_
(?Sa.' v
2 LT
§sfss 5 s
(=]
2O LEEL O 9
- — P IkBa:
1 2 3 4 5 6 7
B I ¢
g 3
=~ A~
s 85§ és5
§. 533 589
$3%8 %agaa
> O 58 S a A 0 o
3&1333;3&?-‘:&
o X S X £ ¥
TOLELL T OO
-

. lkBa

23 456 7 8 910 11

FIG. 5. The virion-associated kinase is cellular CKIIL. (A) An IP
kinase assay was performed using a GST-IkBa substrate. Gradient-
purified, sonicated HCMV (Towne/E) virion extract was incubated
with a CKII antibody overnight prior to use in the kinase assay. rCKII
was utilized as a control in this experiment. Lane 1 contains purified,
sonicated virion extract. Lane 2 contains rCKII. Lane 3 contains no
kinase (viral or rCKII). Lane 4 contains the immunoprecipitated frac-
tion from the purified, sonicated virus (HCMYV - IP). Lane 5 contains
the supernatant (Super) from lane 4. Lane 6 contains the IP fraction
from rCKII. Lane 7 contains the supernatant from lane 6. The results
from the same experiment are presented side by side in a composite
figure. (B) The IP kinase experiment was performed as stated above
for panel A, with the exception that a CKII blocking peptide (BP) was
preincubated for 2 h with the CKII-specific antibody in some of the
samples prior to their use in the IP kinase assays. GST-IkBa was used
as the substrate. Lane 1 contains purified, sonicated virion extract
(Towne/E). Lane 2 contains rCKII. Lane 3 contains no kinase (viral or
rCKII). Lane 4 contains the IP fraction from the purified, sonicated
virus. Lane 5 contains the supernatant (Super) from lane 4. Lane 6
contains the IP fraction from the purified, sonicated virus in which the
CKII antibody was preincubated with the BP (+ BP). Lane 7 contains
the supernatant from lane 6. Lane 8 contains the IP fraction from
rCKII. Lane 9 contains the supernatant from lane 8. Lane 10 contains
the IP fraction from the rCKII in which the CKII antibody was pre-
incubated with the BP. Lane 11 contains the supernatant from lane 10.
The phosphorylation pattern of the IkBa substrate in the different
treatment groups is from the same experiment and is presented side by
side in a composite figure. Representative blots are shown from three
independent experiments.

CKII is 1.6 uM (54), we next performed kinase assays using
concentrations of TBB (0.5, 1.6, and 5 uM) around this 50%
inhibitory concentration of 1.6 uM (Fig. 4B). We saw ~45%
decrease in substrate phosphorylation by the virion-associated
kinase at the 1.6 uM concentration of TBB. A similar decrease
was seen with rCKII. These results suggest that an enzyme with
a functional equivalent to cellular CKII is packaged by HCMV
and that this enzyme phosphorylates IkBa.

To confirm that the results discussed above represent true
CKII activity in the HCMYV virion, we performed IP kinase
assays. As a control, the activity of rCKII was examined in the
kinase assays. As shown in Fig. 5A, phosphorylation of IkBa
was seen in the gradient-purified viral and rCKII samples im-
munoprecipitated with a CKII antibody (Fig. 5A, lanes 4 and
6). Kinase activity was also observed in the gradient-purified
virus or rCKII-alone samples. When an isotype control anti-
body was used, no IP kinase activity was observed (data not
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shown). The supernatant collected from the IP reaction mix-
ture showed no enzymatic activity (Fig. SA, lanes 5 and 7).
To verify the specificity of the IP reaction (with the CKII-
specific antibody), a high-affinity CKII peptide that binds to the
CKII antibody was utilized. In this experiment, the CKII an-
tibody was preincubated with the blocking peptide for 2 h at
4°C prior to use in IP kinase assays. The results of this exper-
iment are shown in Fig. 5B. The kinase activity of viral extract
and rCKII samples in which the CKII antibody was pretreated
with the CKII blocking peptide (Fig. 5B, lanes 6 and 10)
showed only a limited ability to phosphorylate the IkBa sub-
strate compared to the IP samples alone (Fig. 5B, lanes 4 and
8). Similarly, kinase activity was observed in the positive con-
trols in which no IP was performed (Fig. 5B, lanes 1 and 2). In
addition, like the results shown in Fig. 5A, when the superna-
tant from the IP reactions was collected (Fig. 5B, lanes 5 and
9), no phosphorylation of the IkBa substrate was documented.
As expected, when the supernatant was collected from samples
in which IP was performed with the CKII antibody pretreated
with the blocking peptide (Fig. 5B, lanes 7 and 11), kinase
activity was found in the supernatant. The results of Fig. 4 and
5 show that functionally active CKII is found in the virus.
The HCMY virion CKII possesses the molecular character-
istics of cellular CKII (data not shown). For additional mo-
lecular controls, we wanted to show that the enzymatic activity
of the purified (by IP) virion CKII mimics the enzymatic ac-
tivity of cellular CKII (rCKII) in regards to IkBa phosphory-
lation (in kinase assays). We compared the sensitivity of CKII
from HCMV virions to that of rCKII to different concentra-
tions of the CKII inhibitor (TBB) and to its targeted phosphor-
ylation of the different IkBa substrates. TBB prevented the
phosphorylation of IkBa in a dose-dependent manner by the
IP CKII from virions and the IP rCKII. Furthermore, CKII IP
from virion extract possessed a pattern of phosphorylation of
the different IkBa substrates identical to that observed for IP
rCKII. That is, high levels of substrate phosphorylation were
observed when both the IkBa and IkBa(2NA4) substrates
were used. In contrast, only low phosphorylation levels of the
IkBa(3C) substrate were seen, and no phosphorylation of the
IkBa(A2) substrate was seen. Together, these results provide
confirmation that the HCMYV virion contains genuine CKII.
CKII activity enhances transactivation of the MIEP and
production of IE gene products. To begin to assess the role
that the virion CKII plays in viral infection, we tested whether
CKII activity was required for efficient IE gene and protein
expression (Fig. 6). For these experiments, different concen-
trations of TBB were utilized (30, 60, or 120 wM). Cells were
pretreated with TBB or the DMSO solvent-alone control for
1 h prior to infection (or mock treatment). At 12 h postinfec-
tion, cell lysates were collected, and real-time PCR was per-
formed (Fig. 6A) or Western blot analyses were performed
(Fig. 6B) for IE1-72 protein expression. As shown in Fig. 6A,
IE1-72 gene expression was decreased when cells were pre-
treated with increasing concentrations of TBB, demonstrating
that CKII activity promotes maximal IE gene expression.
There was ~50% decrease in IE1-72 gene expression when
cells were pretreated with a 30 WM concentration of TBB. This
inhibition increased to approximately 70% when a 60 pM
concentration was used, and nearly 100% inhibition was ob-
served when a 120 pM concentration of TBB was used. The
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FIG. 6. CKII activity is required for efficient IE1-72 expression in
HEL fibroblasts. HEL fibroblasts were either preincubated with a 30,
60, or 120 uM concentration of TBB (indicated by TBB below the bar)
or the DMSO solvent-alone control for 1 h prior to infection (HCMV,
Towne/E) or mock infection. At 12 h postinfection, cells were har-
vested for RNA or protein. (A) Real-time PCR was performed using
primers specific for IE1-72. The data were validated as stated in Ma-
terials and Methods. Results are presented as means plus standard
errors of the means (SEMs) from three independent experiments
performed in triplicate. The infected sample was normalized to 1, and
the percentage decrease following TBB treatment is shown relative to
this normalized value. (B) Western blot analysis using an antibody
specific to IE1-72 and GAPDH was performed on the collected sam-
ples. Equal amounts of protein were loaded onto all lanes. Represen-
tative experiments are shown from three independent experiments.

appropriate mock-infected experiments were performed, as
well as appropriate comparisons to GAPDH (data not shown)
to validate the PCR. When IE1-72 protein expression was
examined over the same titration course (Fig. 6B), a ~40%
decrease in IE1-72 protein expression relative to GAPDH was
observed at 30 pwM; this decrease in IE1-72 expression in-
creased to nearly 100% when a 60 .M concentration was used.
For additional controls, we showed that TBB did not induce
apoptosis in treated cells in our assay system, nor did it nega-
tively regulate IKKo/B kinase activity. These results provide a
biological explanation for the packaging of this constitutively
active enzyme into HCMV virions and the first molecular hints
for why the virus has evolved to capture this cellular enzyme.

Pretreatment of cells with TBB would be expected to inhibit
cellular and virion-associated CKII activity. Therefore, we can-
not yet define the specific contribution of each CKII to the
induction of IE gene expression. The data does, however, dem-
onstrate that CKII activity is required for maximal MIEP
transactivation. Studies are under way to determine the mech-
anism(s) of CKII packaging into virions, which in turn should
allow us to define the distinction between the contributions of
the two pools of CKII to the initiation of viral gene expression.
Nevertheless, because CKII from the virion directly phosphor-
ylates IkBa as shown here and all available evidence identifies
phosphorylation of IkBa as an essential step in the activation
of NF-«B (6, 29, 35, 37), we propose that our data supports the
hypothesis that active CKII in the virion contributes to the
total pool of activated NF-«kB found in infected cells following
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infection, which in turn contributes to the efficient transacti-
vation of the MIEP.

DISCUSSION

We have focused on the NF-kB pathway and have shown
that this transcription factor is needed for efficient transacti-
vation of multiple classes of viral gene products (20, 21). Be-
cause of this reported important role for NF-«B in the viral life
cycle, we initiated studies to examine the mechanisms for the
regulation of NF-kB activation following infection. In this
study, we demonstrated that the HCMV virion contains active
cellular CKII and that this functionally active CKII phosphor-
ylates IkBa to promote efficient transactivation of the IE
genes.

CKII is a cellular serine-threonine kinase that has multiple
target substrates, one of which is the NF-«B inhibitor, IkBa (3,
5, 40, 41, 52, 58). Our data shows that this virion-associated
CKII directly phosphorylates IkBa in kinase assays, demon-
strating that bona fide IKK-like activity exists in the HCMV
virion, supporting our earlier model of NF-kB activation fol-
lowing infection (74). Phosphorylation of IkBa is a required
regulatory step in the activation of NF-kB (6, 29). There is
little evidence that phosphorylation of IkBa normally occurs in
the absence of NF-kB activation; therefore, the identification
of a kinase in the HCMV virion that phosphorylates IxBa
strongly implies functional activation of NF-«B.

CKII regulates IkBa protein levels in a manner distinct
from that observed for IKKa and IKKB. CKII phosphorylates
COOH-terminal residues of IkBa and targets the degradation
of IxkBa via a calpain-mediated pathway (40, 52, 58), in con-
trast to the IKKs (IKKa and IKK) that phosphorylate NH,-
terminal residues and target IkBa degradation via a protea-
some-mediated pathway (6, 29). In general, CKII is thought of
as a constitutively active kinase that lacks the ability to respond
to second messengers or kinase-dependent signaling pathways
(43), although CK2 activity was recently shown to be altered in
response to at least one cellular stimuli, UV irradiation (36). In
a cell, CKII mediates constitutive or basal (signal-indepen-
dent) phosphorylation of IkBa (5, 42, 56). At the molecular
level, the presence of multiple pathways to activate NF-kB is
likely required for correct differential and/or temporal regula-
tion of gene expression (5, 6, 29, 42, 56). We propose that the
virus takes advantage of and manipulates these diverse regu-
latory pathways to increase the probability of reaching the
threshold levels of active NF-kB required in a cell following
infection to drive the transactivation of the MIEP (20, 21,
73-75), at least in infected human fibroblasts. Because CKII is
generally only a constitutively active kinase (3, 41, 55), one
possible mechanism to quickly enhance CKII activity in a cell
would be overexpression. Biologically, that process would be
expected to occur when the virus deposits active CKII in a cell
following infection. On the basis of an examination of the
enzymatic activity observed with the viral extracts compared to
the enzymatic activity of purified rCKII, we can estimate that
between 50 and 500 CKII molecules exist per particle (infec-
tious and noninfectious). Only a few thousand CKII molecules
are thought to exist per cell, although the true number is
unknown; thus, our data are mathematically consistent with
the possibility that virion CKII meaningfully affects cellular
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substrates in vivo. The most abundant herpesvirus virion pro-
teins, at least for HCMV and Epstein-Barr virus (EBV), from
mass spectrometry analyses are capsid and tegument proteins
(~1,000 of the most abundant tegument molecules likely exist
per viral particle [34, 67]). Therefore, our estimation of the
number of CKII molecules per virion is again mathematically
plausible.

It is unknown how this CKII becomes incorporated into the
virion. We suggest that a protein-protein interaction of CKII
with a predominant viral protein found in the virion allows for
incorporation of this cellular molecule into a viral particle.
Perhaps a mechanism similar to that documented for how
polo-like kinase 1 gets incorporated into the virion exists (26).
Future studies will allow for a greater dissection of the molec-
ular role the virion CKII plays following infection.

One of the hallmarks of HCMYV is the ability to infect mul-
tiple cell types and organ systems (47, 60, 66). Because each
cell type infected would have unique signaling requirements
for infection and would have unique downstream signaling
patterns following receptor ligand engagement, the packaging
of a virion-associated cellular kinase would ensure that suffi-
cient levels of NF-kB are reached in a multitude of cell types.
Functionally, this NF-kB could have a diverse array of effects,
from the activation of the MIEP in cells, such as fibroblasts (20,
21) or other permissive cell types, to the activation of appro-
priate inflammatory pathways in monocytes (72) that would
favor viral dissemination to multiple host organs. Furthermore,
with the multiple substrates that CKII is known to phosphor-
ylate (3, 43), such as cell cycle regulatory proteins, enzymes
associated with nucleic acid biosynthesis, transcription factors,
and even viral proteins (4, 25, 43), it is intriguing to speculate
that this factor targets multiple cellular and viral substrates and
has many functions in the array of cells that HCMYV infects in
vivo.

With our work documenting that NF-kB activity promotes
efficient viral gene expression (20, 21), we proposed that CKII
activity contributes to the transactivation of viral gene expres-
sion. The data showing decreased IE gene expression and
protein production when CKII activity was inhibited support
this proposal. We are continuing to investigate the role CKII
plays in viral gene expression. To date, our data provides
strong indication of the role the virion-associated CKII plays
following viral infection, providing glimpses into a new mech-
anism that HCMYV utilizes to alter an infected cell. Because the
mass spectrometry analysis of EBV did not identify CKII in the
EBYV virion (34), it appears that CKII is only incorporated into
HCMV virions and, thus, important only in the infection cycle
of this herpesvirus. Discovery of a virion-associated CKII with
a possible role in the transactivation of viral gene expression
points to the elaborate mechanisms that the virus has evolved
to promote and activate cellular players needed for survival
and persistence.
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