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Human cytomegalovirus (HCMV) infection results in the formation of nuclear viral transcriptosomes, which
are sites dedicated to viral immediate-early (IE) transcription. At IE times of the infection, viral and cellular
factors, including several components of transcription such as cyclin-dependent kinase 9 (cdk9), localize at
these sites. To determine the mechanism and requirements of specific recruitment of cdk9 to the viral
transcriptosomes, infection in the presence of inhibitor drugs and infection of cell lines expressing exogenous
mutant cdk9 were performed. We found that cdk9 localization to the viral transcriptosomes requires de novo
protein synthesis. In addition, active transcription is required for recruitment and maintenance of cdk9 at the
viral transcriptosomes. In cells infected with a recombinant IE2 HCMV (IE2 86 �SX virus) in which IE2 gene
expression is greatly reduced, cdk9 localization at the transcriptosome is delayed and corresponds to the
kinetics of accumulation of the IE2 protein at these sites. Infection in the presence of the cdk9 inhibitors
Flavopiridol and DRB (5,6-dichloro-1-�-D-ribofuranosylbenzimidazole) allowed cdk9 localization to the viral
transcriptosomes. A kinase-inactive cdk9 (D167N) expressed during the infection also localizes to the viral
transcriptosomes, indicating that kinase activity of cdk9 is not a requirement for its localization to the sites of
IE transcription. Exogenous expression of additional cdk9 mutants indicates that binding of Brd4 to the cdk9
complex is not required but that efficient binding to cyclin T1 is essential.

Human cytomegalovirus (HCMV) is a member of the Her-
pesviridae family and is of clinical concern in immunocompro-
mised patients, organ transplant recipients, and the developing
fetus (for a review, see reference 34). Congenital HCMV is the
major viral cause of birth defects and can lead to permanent
disabilities such as hearing and vision loss, mental disabilities,
and even death. At present, there is no cure or available vac-
cine for treatment of HCMV.

Immediately after the viral particles contact the cellular
plasma membrane, many host functions are altered. It is a
combination of the interactions between the virus and host that
are established and the disruption of cellular functions that
creates an optimal environment for viral replication (for a
review, see reference 17). Viral gene expression is temporally
regulated, beginning with the immediate-early (IE) genes. The
IE genes do not require de novo cellular or viral protein syn-
thesis for expression and can be classified as the set of viral
transcripts that accumulate in the presence of cycloheximide
(CHX). The IE gene products activate the expression of viral
early genes, which in turn initiate and regulate viral DNA
synthesis. After the onset of viral DNA synthesis, the late viral
genes, which primarily encode structural proteins, are ex-
pressed, and that expression leads to the eventual release of
virus from the cell.

HCMV utilizes cellular RNA polymerase II (RNAP II) and
the accompanying host machinery for transcription of viral
genes. In humans, the C-terminal domain (CTD) of the largest
subunit of RNAP II is composed of 52 repeats of the consensus
heptapeptide sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser and is
susceptible to high levels of phosphorylation during the tran-
scription cycle (for reviews, see references 29, 33, and 40). A
hypophosphorylated form of RNAP II (RNAP IIa) is recruited
to the preinitiation complex at the gene promoter by the gen-
eral transcription factors. Initiation proceeds when the cyclin-
dependent kinase 7 (cdk7) complex phosphorylates the CTD at
the serine 5 residues, hyperphosphorylating RNAP II (RNAP
IIo). The CTD is further phosphorylated by the cdk9 complex
at the serine 2 residues, which promotes transcription elonga-
tion by weakening the association of negative elongation fac-
tors with the paused RNAP II complex. Brd4 has been shown
to enhance transcription elongation by recruiting cdk9 via cy-
clin T1 to paused RNAP II at acetylated promoter regions and
possibly stimulating cdk9 phosphorylation of RNAP II (52). At
this time, RNA processing factors are also recruited to the tran-
scription complex. During the infection, both the cdk9 and cdk7
active complexes are upregulated in terms of RNA and protein
levels and activity (49). This contributes to an increase in hyper-
phosphorylation of RNAP II to levels greater than in uninfected
cells. HCMV also encodes a kinase, UL97, which can phosphor-
ylate RNAP II CTD in vitro, although UL97 does not significantly
contribute to CTD phosphorylation in vivo (4).

Viral IE transcription must be robust for initiation of a
productive infection, and a key step in this process is the
formation of the viral transcriptosomes (1, 3, 23, 24, 27, 49).
Viral transcriptosomes are subnuclear foci that consist of sev-

* Corresponding author. Mailing address: Skaggs School of Phar-
macy and Pharmaceutical Sciences, Room 3254, Mail Code 0712,
9500 Gilman Drive, University of California, San Diego, La Jolla,
CA 92093-0712. Phone: (858) 822-4003. Fax: (858) 534-6083.
E-mail: dspector@ucsd.edu.

� Published ahead of print on 18 March 2009.

5904



eral viral and cellular components that localize adjacent to
cellular promyelocytic leukemia (PML) oncogenic domains
(also known as ND10 structures) and function as the sites of
viral IE transcription. To date, these sites have been shown to
consist of the input viral genome, IE2-86 (IE2), UL112-113,
UL69, and several cellular transcription regulators and chro-
matin-modifying proteins, including RNAP II (IIa and IIo)
and its kinases, cdk9 and cdk7, cyclin T1, Brd4, histone
deacetylase 1 (HDAC1), and HDAC2 (1, 3, 23, 24, 27, 39, 49).
The input viral genomes serve as the templates for viral IE
transcription, and the IE RNAs are found at high concentra-
tions at these sites (3, 24). The newly synthesized major IE
proteins IE1-72 (IE1) and IE2 also localize to the growing viral
transcriptosomes. At between 3 and 6 h postinfection (p.i.),
IE1 protein and several PML oncogenic domain-associated
proteins (including PML protein) become dispersed through-
out the nucleus due to IE1 activity (2, 3, 36, 51). IE2 protein,
however, persists at the viral transcription sites and serves as a
suitable marker for the viral transcriptosomes as the infection
progresses (27, 39, 49). Eventually, the viral transcriptosomes
develop into replication compartments where viral DNA syn-
thesis occurs (1, 47).

Through a series of studies, we have shown that treatment
with Roscovitine, the cdk inhibitor, during an HCMV infection
significantly alters viral gene expression (43). This alteration
results in the differential processing of several IE transcripts,
inhibition of viral early and late gene expression and DNA
replication, and decreased viral titers. Additionally, in the pres-
ence of Roscovitine, virus-specific alterations in the host tran-
scription machinery, such as decreases in the levels of hyper-
phosphorylated RNAP II, decreases in cdk9 and cdk7 RNA
levels, decreases in cdk9 protein levels, and impaired localiza-
tion of cdk9 and cdk7 to the viral transcriptosomes, are ob-
served (27, 49). The cyclin partner for cdk9, cyclin T1 (known
as positive transcription elongation factor b [P-TEFb] when
the two are paired in a complex), is still maintained at the viral
transcriptosomes with IE2 in the presence of Roscovitine. The
localization at the viral transcriptosomes of Brd4, which binds
to P-TEFb, is also unaffected in the presence of Roscovitine. It
was subsequently shown that the impaired recruitment of cdk9
to the viral transcriptosomes in the presence of Roscovitine is
not due to the observed decrease in cdk9 protein levels. Many
of the effects of Roscovitine on the infection, including alter-
ations in viral gene expression and the impairments in viral
transcriptosome formation, are limited to treatment within the
first 8 h of infection. This suggests that the requirements for
cdk9 and cdk7 during the infection in terms of viral gene
expression and viral transcriptosome formation are fulfilled
within the first few hours of infection.

Although much information regarding the composition of
the viral transcriptosomes has been gained in the past decade,
very little is known about how the viral transcriptosomes are
established. The combination of cellular and viral signals and
the kinetics of this dynamic process have not been elucidated.
In an attempt to begin addressing this question, we have fo-
cused on the requirements for recruitment of a single compo-
nent of the viral transcriptosome, cdk9. We have found that
viral entry into the nucleus, the presence of the input viral
genome, and initiation of viral IE RNA synthesis are not suf-
ficient for recruitment of cdk9 to the viral transcriptosomes.

Once cdk9 localizes to the viral transcriptosomes, continuous
active transcription is required to maintain localization at these
sites. During infection with an IE2 mutant virus (IE2 86 �SX)
in which IE2 gene expression is reduced (42), cdk9 is still
recruited to the viral transcriptosomes but with a delay com-
pared to a wild-type (wt) viral infection. The results of exoge-
nous expression of various cdk9 mutants indicate that kinase
activity of cdk9 and binding of Brd4 to the cdk9 active complex
are not required for its recruitment to the viral transcripto-
somes but that binding to cyclin T1 is essential.

MATERIALS AND METHODS

Cell culture and virus. Human foreskin fibroblasts (HFF) were obtained from
the Medical Center of the University of California, San Diego, and cultured in
Earle’s minimal essential medium supplemented with 10% heat-inactivated fetal
bovine serum, 1.5 �g/ml amphotericin B, 2 mM L-glutamine, 100 U/ml penicillin,
and 100 �g/ml streptomycin. All reagents were from Invitrogen (Carlsbad, CA).
Cells were kept in incubators maintained at 37°C with 7% CO2. The constitu-
tively expressing wt, S175D-, E55A-, E57A-, and R65A-cdk9HA cell lines were
maintained in HFF media supplemented with 15 to 30 �g/ml hygromycin B
(Invitrogen). The doxycycline (Dox)-inducible S175A- and E55A/E57A/R65A-
cdk9HA cell lines were maintained in HFF media supplemented with 400 �g/ml
G418 (Invitrogen). The Towne strain of HCMV (HCMV Towne; VR 977) was
obtained from the American Type Culture Collection and propagated as previ-
ously described (48). Construction and propagation of wt IE2 86-enhanced green
fluorescent protein (EGFP) HCMV and �SX-EGFP HCMV were described
previously (42). Construction and propagation of wt-cdk9HA HCMV and
D167N-cdk9HA HCMV are described below.

cdk9 mutagenesis and lentivector cloning. The pRC-CMV-cdk9HA plasmid
was obtained from X. Graña (Temple University School of Medicine, Philadelphia,
PA) and has been described previously (27). The forward primers used for site-
directed mutagenesis of cdk9 were as follows: for the S175D mutant, 5�-CTGGCC
CGGGCCTTCGACCTGGCCAAGAACAGC-3�; for the S175A mutant, 5�-CTG
GCCCGGGCCTTCGCCCTGGCCAAGAACAGC-3�; for the E55A mutant, 5�-T
GCTGATGGAAAACGCGAAGGAGGGGTTCCC-3�; for the E57A mutant, 5�-
TGGAAAACGAGAAGGCGGGGTTCCCCATTAC-3�; for the R65A mutant,
5�-CCCATTACAGCCTTGGCGGAGATCAAGATCCT-3�; and for the E55A/
E57A/R65A mutant, 5�-AAGGATCTTGATCTCCGCCAAGGCTGTAATGGG
GAACCCCGCCTTCGCGTTTTCCATCAGCAC-3�. The reverse primers were
the reverse complements of the forward primers. Mutagenesis was performed fol-
lowing the protocol for a QuikChange site-directed mutagenesis kit (Stratagene, San
Diego, CA).

Each cdk9HA mutant was introduced into the constitutively expressing len-
tivector, pLV-EF1�-TKHygro (27), or into the Dox-inducible lentivector,
pSLIK-neo (gift of M. Simon, California Institute of Technology, Pasadena, CA)
(44), when the possibility of a dominant-negative effect was a concern. pLV-
EF1�-S175D-cdk9HA-TKHygro, pLV-EF1�-E55A-cdk9HA-TKHygro, pLV-
EF1�-E57A-cdk9HA-TKHygro, and pLV-EF1�-R65A-cdk9HA-TKHygro were
cloned exactly as described previously (27) into the pLV-EF1�-TKHygro len-
tivector. The Dox-inducible pSLIK-S175A-cdk9HA-neo and pSLIK-E55A/
E57A/R65A-cdk9HA-neo plasmids were cloned as follows. The pRC-S175A-
cdk9HA and pRC-E55A/E57A/R65A-cdk9HA plasmids were linearized with
EcoRI, and the blunt ends were filled in using Klenow T4 DNA polymerase. The
mutant cdk9HA-containing DNA fragments were released by digestion with
XbaI. A plasmid containing the Dox-inducible tetracycline response element
(TRE) promoter, pEN-TRmiRc2 (gift of M. Simon), was prepared for insert
ligation by digestion with SpeI, followed by a Klenow T4 DNA polymerase
reaction and then an XbaI digestion. The mutant cdk9HA inserts were ligated
into pEN-TRmiRc2. The TRE mutant cdk9HA cassettes were flanked by attL1
and attL2 recombination sites, and an LR Clonase kit (Invitrogen) was used to
recombine the TRE mutant cdk9HA cassettes into the pSLIK-neo lentivector,
which contains attR1 and attR2 recombination sites flanking the ccdB gene.

cdk9HA cell lines. 293FT cells were cultured and transfected with the lentiviral
vector and packaging mix (ViraPower lentiviral expression system; Invitrogen) as
described previously (27) with the following modifications. At 48 and 72 h
posttransfection, the lentivirus-containing supernatant was collected, spun down
to remove cellular debris, and filtered. It was immediately used to transduce
subconfluent flasks of HFF cells with a 1:1 or 3:1 dilution of lentivirus and HFF
media in the presence of 3 �g/ml Polybrene. At 48 h after the second transduc-
tion, the HFF cells were subjected to hygromycin B selection (15 to 30 �g/ml) or
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G418 selection (400 �g/ml). After 10 days under selection, cdk9HA expression
was confirmed by Western blot and immunofluorescence analysis (IFA).

Recombinant cdk9 HCMV BAC cloning and virus production. Construction of
a recombinant cdk9 HCMV bacterial artificial chromosome (BAC) was per-
formed using a method for the expression of exogenous genes in the HCMV
BAC that has been previously described in detail (9, 45). Recombinant cdk9HA
BAC constructs (wt and D167N mutant), under the control of HCMV IE pro-
moter, were inserted between US11 and US12 by the Tn7-mediated transposition
method (20). Briefly, pRC-wt-cdk9HA and pRC-D167N-cdk9HA were digested
with XbaI and EcoRI and were cloned between the Tn7 arms of XbaI- and
EcoRI-cut pFastBac1:IE vector (45). The pFB11:IE-wt-cdk9HA and pFB11:IE-
D167N-cdk9HA constructs were transformed into DH10B bacteria containing
the pHB5:LacZ/att BAC and the transposase plasmid, pMON7124 (20). Re-
placement of lacZ/att with a recombinant cdk9HA gene was selected for with
chloramphenicol, tetracycline, and gentamicin on plates with blue-white colony
screening (Invitrogen). White colonies, indicative of a transposition event, were
screened for insertion of the recombinant IE-cdk9HA cassette by PCR. Positive
clones were confirmed by DNA sequencing and detailed restriction enzyme
analysis using a field inversion gel electrophoresis mapper (Bio-Rad) (data not
shown). The resulting BACs were named HB5:IE-wt-cdk9HA and HB5:IE-
D167N-cdk9HA.

Recombinant HB5:IE-cdk9HA BAC viruses were reconstituted by electropo-
ration into HFF cells as described previously (45, 35). HB5:IE-wt-cdk9HA virus
was collected from the cell supernatant at day 16 postelectroporation, and HB5:
IE-D167N-cdk9HA virus was collected at day 20, after the infection had spread
throughout the entire monolayer of cells. The virus was checked by sequencing
of the altered region of the viral DNA to confirm that it had not reverted to the
wt HB5 virus. Stocks of recombinant cdk9HA viruses were prepared and were
subjected to titration by a plaque assay as previously described (48).

Infections and drug treatments. HFF cells (passages 15 to 21) and constitu-
tively expressing wt-, S175D-, E55A-, E57A-, and R65A-cdk9HA cells were
synchronized in G0 phase by allowing them to grow to confluence as previously
described (41). Three days after confluence, the cells were trypsinized, replated
at a lower density (without selective media) to allow progression into the cell
cycle, and infected at a multiplicity of infection (MOI) of 5 with HCMV Towne
or were mock infected with tissue culture supernatants. The Dox-inducible
S175A- and E55A/E57A/R65A-cdk9HA cell lines were trypsinized and induced
with 5 �g/ml Dox for 3 to 4 days prior to infection. Infections were performed in
the presence of 1 �g/ml Dox (Clontech, Palo Alto, CA) and done in parallel with
infection of untransduced HFF cells in the presence of 1 �g/ml Dox to confirm
that Dox had no effect on the progression of the infection for up to 8 h p.i. At
various times p.i., cells were harvested and stored at �80°C for Western blot
analysis or fixed in 2% formaldehyde (FA) solution for IFA. For recombinant
HCMV infections with wt-cdk9HA and D167N-cdk9HA viruses and with wt IE2
86-EGFP and IE2 86 �SX-EGFP viruses, cells were infected on coverslips at an
MOI of 5 as described above.

For infections in which CHX (Sigma-Aldrich, St. Louis, MO) was added at the
beginning of the infection, HFF cells were infected at an MOI of 3 with viral or
mock supernatant at 1 h post-G0 release and seeding. At 30 min p.i., the medium
was replaced with CHX (100 �g/ml) or control medium. At 8 h p.i., cells were
fixed with 2% FA. For infections in which the addition of CHX was delayed,
Go-synchronized HFF cells were released into G1 and infected at an MOI of 5
with HCMV Towne supernatant or mock supernatant. At 8 h p.i., 100 �g/ml
CHX or control medium was added, and cells were fixed for IFA at 14 h p.i. For
infections with actinomycin D (Act D; Calbiochem, San Diego, CA), Go-released
HFF cells were seeded onto coverslips and infected at an MOI of 5 with viral or
mock supernatant. At 5 or 10 h p.i., the medium was replaced with Act D (10
�g/ml) or control medium. Cells were fixed at 10 and 14 h p.i. with 2% FA. For
infections in the presence of Roscovitine (Calbiochem), Flavopiridol (gift from J.
Brady, National Institutes of Health), or DRB (5,6-dichloro-1-�-D-ribofurano-
sylbenzimidazole; Sigma-Aldrich), G0-synchronized HFF cells were infected
upon release into G1 in the presence of 16 �M Roscovitine, 50 nM Flavopiridol,
15 �M DRB, or control medium and seeded onto glass coverslips or 3-cm-
diameter dishes. Cells were harvested for Western blot analysis or fixed for IFA
at 8 h p.i.

Antibodies. CH16.0 monoclonal antibody (MAb) and UL44 MAb (Virusys
Corporation, Sykesville, MD); cdk9 sc-484 polyclonal antibody, hemagglutinin
(HA) sc-805 polyclonal antibody, and HA sc-7392 MAb (Santa Cruz Biotech-
nology, Santa Cruz, CA); �-actin MAb (Sigma-Aldrich); IE2 MAb (Chemicon,
Temecula, CA); cyclin T1 NCL MAb (Novocastra, Newcastle on Tyne, United
Kingdom); H5 MAb (Covance, Berkeley, CA); pp65 MAb (gift from W. Britt);
goat anti-mouse immunoglobulin G (IgG)-horseradish peroxidase (HRP) and
goat anti-rabbit IgG-HRP (Calbiochem); goat anti-mouse IgM-HRP, goat anti-

rabbit IgG-Cy3, fluorescein-conjugated isotype-specific secondary antibodies,
and normal rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA); and mouse isotype-specific Ig controls (Zymed, San Francisco, CA) were
used for the experiments.

Western blot analysis. Cells were lysed in Laemmli reducing sample buffer (50
mM Tris [pH 6.8], 0.2% sodium dodecyl sulfate [SDS], 10% glycerol, 5% 2-�-
mercaptoethanol, 50 mM NaF, 0.5 mM Na3VO4, 5 mM �-glycerophosphate).
The lysates were then sonicated briefly and boiled for 5 min. Proteins from an
equivalent number of cells were separated on a 6% or 8% SDS-polyacrylamide
gel and transferred to nitrocellulose. Membranes were stained with amido black
to assess protein loading in each lane. The blots were incubated with 5% nonfat
dried milk in TBST (10 mM Tris [pH 8.0], 150 mM NaCl, and 0.1% Tween 20)
and incubated with primary antibodies diluted in 5% milk–TBST as follows:
rabbit anti-cdk9, 1:200; cyclin T1 MAb, 1:250; �-actin MAb, 1:10,000; H5 MAb,
1:250; CH16.0 MAb, 1:10,000. Following washes with TBST, blots were incu-
bated with anti-mouse IgG-HRP, anti-rabbit IgG-HRP diluted 1:2,000, or anti-
mouse IgM-HRP diluted 1:8,000. After being washed in TBST, proteins were
detected using SuperSignal West Pico chemiluminescent substrate (Pierce,
Rockford, IL) according to the manufacturer’s instructions. For detection of
cyclin T1, SuperSignal Femto (Pierce) diluted 1:5 in double-distilled water was
used.

Immunofluorescence. Cells were plated onto sterile glass coverslips and in-
fected as described above. At specified time points, the coverslips were washed
in phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and fixed with 2% FA solution in PBS for
10 min. Formaldehyde-fixed cells were permeabilized in 0.2% Triton X-100 and
incubated in 10% normal goat serum. Cells were subsequently incubated with
one or more of the following specific antibodies diluted in 10% normal goat
serum: IE2 MAb, 1:500; rabbit anti-cdk9, 1:50; HA MAb, 1:20; pp65 MAb, 1:500;
or CH16.0, 1:1,000. Nonspecific IgG antibodies were used as controls. After PBS
washes, cells were incubated with Hoechst stain and the appropriate fluorescein-
conjugated secondary antibodies diluted in blocking solution, namely, isotype-
specific mouse IgG (1:50) or goat anti-rabbit IgG-Cy3 (1:600). After PBS washes,
the slips were mounted onto glass slides with SlowFade Gold (Molecular Probes,
Eugene, OR). Confocal images were captured at the Cancer Center Digital
Imaging Shared Resource of the University of California, San Diego, by using a
Deltavision microscope and were deconvolved with SoftWorx software. All im-
ages represent 0.2-�m sections and �1,000 magnification under conditions of oil
immersion.

Immunoprecipitations. Uninfected cdk9HA-expressing cells were harvested
by trypsinization, and 4 � 105 cells were lysed in NETN buffer (100 mM NaCl,
20 mM Tris-HCl [pH 8.0], 1 mM EDTA, 0.5% IGEPAL CA-630 [Sigma-
Aldrich], 1� protease inhibitor cocktail [Roche Chemicals, Indianapolis, IN], 50
mM NaF, 0.5 mM Na3VO4, and 5 mM �-glycerophosphate) by rotation at 4°C
for 30 min. Cell lysates were immunoprecipitated with 15 �g of polyclonal rabbit
anti-HA, polyclonal rabbit anti-cdk9, or a nonspecific rabbit IgG (RbIgG) con-
trol coupled to 30 �l of protein G plus agarose beads (Santa Cruz Biotechnology)
with dimethyl pimelimidate dihydrochloride (Sigma-Aldrich). Lysates and anti-
body-coupled beads were incubated overnight with rotation at 4°C. Immuno-
complexes were washed three times in NETN buffer, and each sample was boiled
in 2� Laemmli buffer for Western blotting. For Western blot analysis, approx-
imately 6 � 104 cells were loaded for the pre-immunoprecipitation (pre-IP) and
post-IP samples, and 3.4 � 105 cells were loaded for the IP samples.

RESULTS

Formation of the viral transcriptosomes requires de novo
protein synthesis at the beginning of the infection. The HCMV
transcriptosomes are the designated regions of viral IE tran-
scription and the sites to which viral and cellular proteins are
actively recruited. In addition to the input viral genome, these
sites contain IE2, UL112-113, UL69, and several cellular tran-
scription regulators and chromatin-modifying proteins, includ-
ing RNAP II (RNAP IIa and IIo) and its kinases cdk9 and
cdk7, cyclin T1, Brd4, HDAC1, and HDAC2 (1, 3, 23, 24, 27,
39, 49). The size and abundance of the viral transcriptosomes
increase as the infection progresses, until they eventually de-
velop into viral replication compartments during the early
stage of the infection (1, 47).
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The exact factors and processes required for nucleating the
viral transcriptosome and recruiting cellular proteins are not
known. Since cdk9 is a major positive regulator of transcrip-
tion, we were interested in whether viral IE RNA synthesis was
sufficient for efficient recruitment of cdk9 to the viral genome.
We sought to address this possibility by using conditions under
which cellular and viral transcription can still occur, but pro-
tein synthesis was inhibited. Synchronized HFF cells were re-
leased into G1 and infected at an MOI of 5 with virus or mock
supernatant. At 30 min p.i., the medium was replaced with
CHX protein synthesis inhibitor (100 �g/ml) or with control
medium. At 8 h p.i., cells were fixed for IFA. Figure 1A shows
that the results of pp65 entry into the host cell and its local-
ization to the nucleus were comparable for infections in both
the absence (panel 1) and the presence (panel 2) of CHX, and
no pp65 staining was detected in any of the mock samples (data
not shown). Costaining with CH16.0 MAb, which detects both
IE1 and IE2, and with anti-cdk9 showed that in the absence of
CHX, there was expression of IE1 and IE2 protein (Fig. 1B,
panels 1 to 3). As expected, although active transcription was
taking place in the presence of CHX, no protein synthesis was
occurring and therefore no viral IE protein could be detected

at 8 h p.i. in the treated cells (Fig. 1B, panel 5). In the presence
of the protein synthesis inhibitor, there was also no develop-
ment of cdk9 aggregates (panels 5 to 7). CHX treatment did
not affect the diffuse cdk9 localization in mock-treated infec-
tions (panel 8). These data show that viral entry, translocation
to the nucleus, and ongoing RNA synthesis are not sufficient
for viral transcriptosome formation.

Viral IE RNA and protein synthesis are not sufficient for
cdk9 accumulation at viral transcriptosomes. In order to ad-
dress whether the proteins synthesized during IE and early
stages of the infection are sufficient for viral transcriptosome
formation and cdk9 recruitment or whether continued tran-
scription into early stages of the infection is also required, the
following experiment was performed. Synchronized HFF cells
were released into G1 and seeded onto coverslips. At 1 h
postseeding, cells were infected at an MOI of 5. At 5 h p.i., Act
D or control medium was added, and cells were fixed for IFA
at 10 and 14 h p.i. (Fig. 2A and B). The addition of Act D at
5 h p.i. prevented any further viral gene transcription but
protein synthesis was able to continue. Under these conditions,
IE proteins were present, but very little early transcription
would have occurred and accumulation of early proteins would

FIG. 1. Formation of viral transcriptosomes requires de novo protein synthesis. G0-synchronized cells were released into G1, infected with
HCMV Towne (MOI of 5), and seeded onto glass coverslips. At 30 min p.i.,100 �g/ml CHX or control medium was added. Mock infections were
performed under the same conditions. At 8 h p.i., cells were washed with PBS, fixed with 2% FA, permeabilized, and stained with antibodies
specific for pp65 (A) and for IE1/2 and cdk9 (B). Fluorescein isothiocyanate- and Cy3-conjugated isotype-specific secondary antibodies were used.
Nuclei were stained with Hoechst dye. White arrows show examples of viral transcriptosomes, although more are present. All of the images
represent confocal optical 0.2-�m sections at a magnification of �1,000 under conditions of oil immersion.

VOL. 83, 2009 HCMV TRANSCRIPTOSOME ASSEMBLY 5907



FIG. 2. Cdk9 localization at the viral transcriptosomes requires active transcription. G0-synchronized cells were released into G1 and seeded
onto glass coverslips. One hour later, cells were infected with HCMV Towne (MOI of 5) or with mock infection supernatant. (A) At 5 h p.i., Act
D (10 �g/ml) (� Act D5) or control medium (� Act D) was added; at 10 h p.i., cells were fixed for IFA. (B) Act D or control medium (� Act
D) was added at 5 h p.i. (� Act D5) or at 10 h p.i. (� Act D10), and cells were fixed at 14 h p.i. for IFA. (C) At 8 h p.i., cells were treated with
CHX (100 �g/ml) (� CHX8) or control medium; cells were fixed at 14 h p.i. for IFA. Cells were stained with antibodies specific for IE2 and cdk9,
followed by fluorescein isothiocyanate- and Cy3-conjugated isotype-specific secondary antibodies. Nuclei were stained with Hoechst dye. The white
arrows marked “n” indicate viral transcriptosomes that do not show colocalization between stained proteins, the arrows marked “d” show
decreased cdk9 staining at viral transcriptosomes, and the unmarked white arrows point to examples of colocalization. All of the images represent
confocal optical 0.2-�m sections at a magnification of �1,000 under conditions of oil immersion.
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have been limited. In a subset of samples, the addition of Act
D or control medium was delayed until 10 h p.i., and the cells
were fixed at 14 h p.i. (Fig. 2B). In the drug-treated cells, IE
and some early proteins would have been present and the IE2
and cdk9 would already have colocalized at the transcripto-
somes, but no further transcription could have occurred. The
presence of Act D during these intervals has no significant
effect on the steady-state levels of the IE proteins or cdk9 (data
not shown).

Figure 2A shows the localization of cdk9 with respect to IE2
localization at 10 h p.i. In the absence of any drug treatment,
IE2 protein expression could be detected and viral transcrip-
tosomes with accumulation of both IE2 and cdk9 were ob-
served (panels 1 to 3). However, the addition of Act D at 5 h
p.i. prevented the accumulation of cdk9 at viral transcripto-
somes, although foci of IE2 were still present (panels 4 to 6).
These results show that the viral transcripts were synthesized
before 5 h p.i. and that the proteins they had encoded were not
sufficient for the accumulation of cdk9 at the viral transcripto-
somes.

To determine whether the recruitment of cdk9 at the viral
transcriptosomes was inhibited or merely delayed, samples
fixed at 14 h p.i. were examined (Fig. 2B). As expected, at 14 h
p.i., the viral transcriptosomes were still detected in the ab-
sence of Act D by staining for IE2 and cdk9 (panels 1 to 3).
The absence of cdk9 recruitment to the viral transcriptosomes
during Act D treatment, however, is not the result of a delayed
process. Introducing Act D at 5 h p.i. and waiting until 14 h p.i.
still did not allow any cdk9 aggregates to develop and colocal-
ize with IE2 (panels 5 to 7).

As shown in Fig. 2A, IE2 and cdk9 proteins are localized to
the viral transcriptosomes by 10 h p.i. Therefore, delaying the
addition of Act D until 10 h p.i. would effectively inhibit tran-
scription after IE2 and cdk9 have colocalized at the viral tran-
scriptosomes. The late addition of Act D should have also
permitted some early gene expression. Surprisingly, when the
addition of Act D was delayed until 10 h p.i. and the cells were
fixed at 14 h p.i., foci of IE2 were still observed, but the
concentration of cdk9 at these sites was markedly decreased or
absent (Fig. 2B, panels 9 to 11). Figure 2B (panels 9 to 11) also
shows an example of a cell in which one of the transcripto-
somes in the nucleus contained both IE2 and cdk9. The loss of
cdk9 at the viral transcriptosomes in the presence of Act D was
not an immediate event, because treatment with Act D for 1 h
at 10 h p.i. did not result in a complete loss of cdk9 from the
viral transcriptosomes (data not shown).

Interestingly, inhibition of protein synthesis at 8 h p.i., after
viral transcriptosomes have been formed, did not result in a
loss of IE2 or cdk9 from those sites (Fig. 2C). Together, these
data show that transcription and de novo protein synthesis are
both required for establishment of viral transcriptosomes and
that continuous transcription is required in order to maintain
cdk9 already localized at viral transcriptosomes.

Cdk9 recruitment to the viral transcriptosomes is delayed
during infection with an IE2 86 �SX-EGFP virus. As has
already been reported, several viral factors are present at the
viral transcriptosomes, including IE2. During infection at a
high MOI, IE2 can be detected by immunofluorescence at the
viral transcriptosomes as early as 2 h p.i. (27, 49). IE2 has been
implicated in interacting with many cellular proteins, including

transcription factors such as TBP and TFIIB, by in vitro bind-
ing assays (19, 46). We wanted to determine whether IE2 plays
a role in the recruitment of cdk9 to the viral transcriptosomes
in vivo during infection. We addressed this question by exam-
ining cdk9 localization during infection with the IE2 86 �SX-
EGFP virus, which has a deletion between amino acids 136 and
290 in exon 5 and is fused to EGFP at the C terminus of IE2
(42). This virus produces greatly reduced levels of the IE2
protein. Synchronized HFF cells were released into G1 and
infected at an MOI of 5 with wt IE2 86-EGFP virus, IE2 86
�SX-EGFP virus, or an equivalent volume of mock superna-
tant. The cells were fixed at 8 and 16 h p.i. for IFA. Figure 3
shows that at 8 h p.i., wt IE2 86-EGFP and cdk9 colocalize at
the viral transcriptosomes in cells infected with the wt IE2
86-EGFP virus (panels 1 to 3). However, at 8 h p.i., IE2 86
�SX-EGFP expression as determined by immunofluorescence
was still very low, and no cells contained any obvious cdk9
aggregates (panels 4 to 6; the brightness of the image elements
representing the intensity of EGFP was increased in those
panels for visualization purposes).

At 16 h p.i., wt IE2 86-EGFP and cdk9 were maintained at
the viral transcriptosomes (Fig. 3, panels 7 to 9). By this time,
the mutant IE2 86 �SX-EGFP protein also formed visible
aggregates in the nucleus (panel 10). These IE2 86 �SX-EGFP
proteins colocalized with readily detectable cdk9 aggregates
(panels 10 to 12). Mock-treated cells did not show any EGFP
fluorescence and did not develop cdk9 aggregates (panels 13 to
15). These data indicate that although full-length IE2 86 is not
essential for cdk9 localization to the viral transcriptosomes
during infection at a high MOI, a threshold level of IE2 is
required.

Cdk9 kinase activity and binding to Brd4 are not required
for cdk9 recruitment to the viral transcriptosomes. We previ-
ously reported that in the presence of the cdk inhibitor, Rosco-
vitine, cdk9 and cdk7 localization to the viral transcriptosomes
is impaired but IE2 localization to those sites is not (27).
Although Roscovitine treatment leads to a decrease in cdk9
protein and RNA levels compared to control sample results,
we showed that the decrease in protein levels does not account
for the impaired localization to the viral transcriptosomes. It
has also been reported that the status of cdk9 kinase activity
can affect cdk9 localization in uninfected cells (37).

In order to assess further whether inhibition of cdk9 activity
prevents cdk9 localization to the viral transcriptosomes, we
compared the effects of Roscovitine with those of Flavopiridol
and DRB. The latter two drugs have a different inhibitory
profile and greater specificity for cdk9 compared to other ki-
nases. Cells were released into G1 and infected at an MOI of
5 with viral or mock supernatant in the presence of an inhibitor
drug or control medium. At 8 h p.i., cells were harvested for
Western blot analysis (Fig. 4, top panel). The protein levels for
cdk9 were lower in the presence of all three inhibitors com-
pared to the levels seen with the control samples in infected
cells at 8 h p.i. Virus-specific decreases in the level of hyper-
phosphorylated RNAP IIo were also observed in the presence
of each of the inhibitors compared to control sample results for
phosphorylation of serine 2 residues of the RNAP II CTD.

The progression of the infection was greatly altered by treat-
ment with each of these inhibitors. We have already reported
that, in similarity to infection in the presence of Roscovitine
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treatment, treatment with Flavopiridol alters the ratio of the
IE1 and IE2 transcripts during the infection and inhibits viral
early protein expression (43). Figure 4 shows that treatment
with DRB also led to an altered accumulation of IE1 and IE2
protein such that IE2 was present at greater levels than IE1
protein. When the viral early proteins were examined at later
time points, comparable decreases in viral UL44 were also
observed (data not shown). These results show that the addi-
tion of several inhibitors of cdk9 at the beginning of the infec-
tion alters the expression of viral proteins.

To determine the effect of the drugs on localization of cdk9,
cells were infected at an MOI of 5 in the presence of Flavopiri-
dol, DRB, or control medium and were fixed at 8 h p.i. for

immunostaining (Fig. 4, bottom). As expected, the control-
treated infected samples displayed colocalization between IE2
and cdk9 at the viral transcriptosomes (panels 1 to 3). How-
ever, in contrast to what was observed when cells were treated
with Roscovitine, cdk9 colocalized with IE2 at nuclear aggre-
gates in the presence of both Flavopiridol (panels 5 to 7) and
DRB (panels 9 to 11). Treatment with Flavopiridol and DRB
did not affect cdk9 localization in uninfected cells (panels 8 and
12). These data suggest that cdk9 kinase activity is not essential
for accumulation at the viral transcriptosomes.

Although the results described above indicate that cdk9 ki-
nase activity is not required for recruitment of cdk9, the fact
that these kinase inhibitors may differentially affect the activ-

FIG. 3. Cdk9 recruitment to the viral transcriptosomes is delayed during infection at a high MOI with the IE2 86 �SX-EGFP virus.
G0-synchronized cells were released into G1, infected with HCMV IE2 86 �SX-EGFP or IE2 86 wt-EGFP virus at an MOI of 5, or treated with
mock supernatant and were seeded onto glass coverslips. At 8 (panels 1 to 6) and 16 (panels 7 to 15) h p.i., cells were washed with PBS, fixed with
2% FA, permeabilized, and stained with anti-cdk9 and Cy3-conjugated secondary antibodies. Nuclei were stained with Hoechst dye. The brightness
of the image elements representing the intensity of EGFP expression in panels 4 to 6 was increased by use of the Softworx program for visualization
purposes. Mock (M) infected samples at 16 h p.i. are represented by panels 13 to 15. The white arrows point to examples of colocalization. All
of the images represent confocal optical 0.2-�m sections at a magnification of �1,000 under conditions of oil immersion. wt, IE2 86 wt-EGFP virus;
�SX, IE2 86 �SX-EGFP virus.
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ities of other kinases complicates the interpretation. To further
investigate whether cdk9 activity is required for recruitment to
the viral transcriptosomes, we constructed two recombinant
viruses that expressed at IE times a kinase-inactive cdk9 mu-
tant (D167N) that is C-terminally tagged with HA and a wt
HA-tagged cdk9. This was accomplished by cloning the wt or
kinase-inactive cdk9 driven by the major IE promoter into a
nonessential region of the AD169 HCMV HB5 BAC. The
recombinant BAC DNAs were electroporated into HFF cells,
and the titered viral supernatants were then used to infect HFF
cells at an MOI of 5.

The wt-cdk9HA colocalized with IE2 at the viral transcrip-
tosomes at 8 h p.i., as detected by an IFA with antibodies
against HA and IE2 (Fig. 5, panels 1 to 3). The kinase-inactive
D167N-cdk9HA, detected by HA, also colocalized with IE2 at
the viral transcriptosomes (panels 4 to 6). Together, these data
suggest that the kinase activity of cdk9 alone is not the deter-

mining factor for its recruitment to the sites of viral IE tran-
scription. However, these experiments do not exclude the pos-
sibility that another property of cdk9 in conjunction with cdk9
activity may regulate cdk9 localization to the viral transcripto-
somes during the infection.

Since cdk9 activity is not a requirement for cdk9 localization
to the viral transcriptosomes, we sought to determine what
other properties of cdk9 might contribute to its localization at
these sites. It is known that cdk9 forms an active complex with
cyclin T1 called the P-TEFb complex. P-TEFb has also been
reported to bind with Brd4, enhancing transcription elongation
efficiency (26, 52). We have already shown that both cyclin T1
and Brd4 are found at the viral transcriptosomes, and, unlike
the effects on cdk9 and cdk7, treatment with Roscovitine does
not impair their recruitment to those sites (27). In an attempt
to determine whether binding to Brd4 may be required for
cdk9 recruitment to the viral transcriptosomes, site-directed

FIG. 4. Cdk9 kinase activity is not a requirement for its recruitment to the viral transcriptosomes. G0-synchronized cells were released into G1
and infected with HCMV Towne (V; MOI of 5) or mock (M) supernatant. Infections took place in the presence of Roscovitine (Rosco; 16 �M),
Flavopiridol (Flavo; 50 nM), DRB (15 �M), or control dimethylsulfoxide (DMSO). Cells were harvested at 8 h p.i. Total cell lysates from equal
numbers of cells were subjected to Western blotting using H5 (which detects pSer2-RNAP IIo), anti-cdk9, and CH16.0 (which detects IE1/2).
�-actin protein levels were checked as a loading control. Cells were fixed for IFA at 8 h p.i. and stained with antibodies specific for IE2 and cdk9,
followed by fluorescein isothiocyanate- and Cy3-conjugated isotype-specific secondary antibodies, which were used for IFA. Nuclei were stained
with Hoechst dye. The white arrow in each panel indicates a region of colocalization, although more are present. All of the images represent
confocal optical 0.2-�m sections at a magnification of �1,000 under conditions of oil immersion.
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mutagenesis was used to create two C-terminally HA-tagged
cdk9 mutants that have previously been shown to have altered
kinase activity and binding to Brd4 (6, 26, 28, 31, 52, 53).
S175D-cdk9HA was kinase active but no longer bound to
Brd4, and S175A-cdk9HA lacked both kinase activity and
binding to Brd4. These mutants were then cloned into lentivi-
ral constructs and used to create stable HFF cell lines that
express the cdk9HA mutants, either constitutively (S175D-
cdk9HA) or by Dox induction (S175A-cdk9HA), as described
in Materials and Methods.

Each of these recombinant cdk9HA cell lines was infected
with HCMV at an MOI of 5, and at 8 h p.i., they were pro-
cessed for IFA by staining with anti-IE2 antibody and an anti-HA
antibody to detect the cdk9HA mutant (Fig. 5). We previously
showed that exogenous wt-cdk9HA in recombinant cells in-
fected with HCMV localized at the viral transcriptosomes with
IE2 (27). In Fig. 5, we show that HCMV infection of cells
expressing either S175D- or S175A-cdk9HA also resulted in

the mutant cdk9HA colocalizing with IE2 at the viral transcrip-
tosomes (panels 7 to 9 or 10 to 12, respectively). Since both
S175D-cdk9HA and S175A-cdk9HA are unable to bind to
Brd4 but S175D-cdk9HA is active with respect to kinase, these
data indicate that neither cdk9 binding to Brd4 nor cdk9 kinase
activity is required for cdk9 localization at the sites of IE
transcription.

Efficient binding of cdk9 to cyclin T1 is required for recruit-
ment of cdk9 to the transcriptosome. To determine whether
binding to cyclin T1 is necessary for the accumulation of cdk9
at the transcriptosomes, we constructed HFF cell lines that
expressed cdk9HA mutants in which the residues E55, E57,
and R65 on cdk9 were individually changed to alanine. These
sites were chosen before the structure of the cdk9-cyclin T1
complex had been solved (6), and their selection was based on
structural analysis of the cdk2-cyclin A complex that demon-
strated that the corresponding residues on cdk2 (E40, E42, and
R50) interacted directly with cyclin A (10). The recently pub-

FIG. 5. Neither cdk9 kinase activity nor binding to Brd4 is required for cdk9 localization at the viral transcriptosomes. G0-synchronized cells
were released into G1, infected at an MOI of 5 with wt-cdk9HA HCMV (panels 1 to 3) or D167N-cdk9HA HCMV (panels 4 to 7), and seeded
onto glass coverslips. The S175A-cdk9HA-expressing cells were induced with Dox as described in Materials and Methods. S175D- and S175A-
cdk9HA cells were infected with HCMV Towne (MOI of 5) and seeded onto glass coverslips (panels 7 to 9 and 10 to 12, respectively). At 8 h p.i.,
cells were washed with PBS, fixed with 2% FA, permeabilized, and costained with antibodies specific for IE2 and HA (to detect exogenous
cdk9HA). Fluorescein isothiocyanate- and tetramethylrhodamine isothiocyanate-conjugated isotype-specific secondary antibodies were used.
Nuclei were stained with Hoechst dye. The white arrows point to examples of colocalization. All of the images represent confocal optical 0.2-�m
sections at a magnification of �1,000 under conditions of oil immersion.
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lished structure of the cdk9-cyclin T1 complex now shows that
E57 interacts directly with cyclin T1 and that R65 both con-
tributes to the positively charged surface of cdk9 and is adja-
cent to the residue L64 that does contact cyclin T1.

Figure 6A shows that the mutant cell lines express differing
amounts of the exogenous mutant cdk9HA but very similar
levels of endogenous cdk9. It should be noted that in cells that
constitutively expressed R65A-cdk9HA, the level of cyclin T1
in the cell lysates was slightly lower. The ability of each
cdk9HA mutant to bind to cyclin T1 was analyzed in co-IP
experiments (Fig. 6B). For each cell line, we immunoprecipi-
tated lysates with either an anti-HA antibody (immunoprecipi-
tating only those complexes containing exogenous cdk9HA) or
an anti-cdk9 antibody (immunoprecipitating all complexes
containing endogenous cdk9 and exogenous cdk9HA). The
amount of cyclin T1 that was present in the co-IP was deter-
mined by Western blot analysis. Again, the differences in ex-
ogenous mutant cdk9HA compared to endogenous cdk9 re-
sults are reflected in the pre-IP lanes.

For each cell line, the total cdk9 IP resulted in isolation of
both the endogenous cdk9 and slower migrating wt or mutant
cdk9HA. The lysates were immunodepleted of cdk9, as neither
form could be detected in the post-IP lanes. Analysis of the
Western blots with the antibody to cyclin T1 also showed that
all of the cyclin T1 was in the cdk9 immunoprecipitate.

To assess the relative amount of cyclin T1 that was in a
complex with the exogenous cdk9, we immunoprecipitated the
lysates with the anti-HA antibody. When the lysates from each
of the cell lines were immunoprecipitated with the anti-HA

antibody, only the exogenous cdk9HA form was present in the
immunoprecipitate. The post-IP samples show that the exog-
enous form was immunodepleted whereas the endogenous
form remained. For the lysates from the wt-cdk9HA cell line,
approximately 50% of total cyclin T1 was present in the HA
co-IP, which was expected, since the exogenous cdk9HA com-
prises approximately 50% of the total cdk9 in the cell. When
similar co-IP analyses with the anti-HA antibody were done
with lysates from the E55A-cdk9HA, E57A-cdk9HA, and
R65A-cdk9HA cell lines, significantly reduced levels of cyclin
T1 were immunoprecipitated compared to the levels seen with
wt-cdk9HA co-IP. The relative amount of cyclin T1 in complex
with the exogenous cdk9 can be visualized by comparing the
cyclin T1 present in the HA co-IP to the amount present in
total cdk9 co-IP. It should be noted that the E55A-cdk9HA cell
line expresses less exogenous cdk9HA than endogenous cdk9,
while the E57A-cdk9HA cell line shows comparable levels of
exogenous and endogenous cdk9. The fact that the amount of
cyclin T1 in complex with E55A-cdk9HA relative to that in
complex with total cdk9 is greater than that in complex with the
E57A-cdk9HA suggests that E55A-cdk9HA binds to cyclin T1
more efficiently than E57A-cdk9HA. It also appears that
R65A-cdk9HA binds less efficiently to cyclin T1 than E55A-
cdk9HA. Only with long exposures of the blot can the cyclin T1
be visualized. Although there is a slightly lower level of total
cyclin T1 in the R65A-cdk9HA cell line, the relative amount of
cyclin T1 that can co-IP with the R65A-cdk9HA, versus the
total cdk9 amount, is still substantially lower than the amounts
seen with the wt- and E55A-cdk9HA cell lines.

FIG. 6. Amino acid changes in the N terminus of cdk9HA result in differential cyclin T1 binding. (A) The cell lines constitutively expressing
wt-, E55A-, E57A-, and R65A-cdk9HA were lysed in 1� NETN buffer, prepared using 8% SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
and checked by Western blot analysis for the presence of cdk9 (endogenous and exogenous) and cyclin T1 protein. �-actin served as a loading
control. (B) The cell lines constitutively expressing wt-, E55A-, E57A-, and R65A-cdk9HA were lysed in 1� NETN buffer and subjected to IP with
antibodies for HA or cdk9. The IP, pre-IP, and post-IP lysates were prepared using 8% SDS-PAGE and checked by Western blot analysis for cdk9
and cyclin T1 protein. The E55A-cdk9HA and E57A-cdk9HA IP experiments were run on the same gel. The pre- and post-IP lanes represent 20%
cell equivalents of the IP lanes. (C) The cell line expressing E55A/E57A/R65A-cdk9HA (EER-cdk9HA) was induced with Dox as described in
Materials and Methods, lysed in 1� NETN buffer, and subjected to IP with antibodies for HA, cdk9, and an RbIgG control. The immunocomplexes
(IP), pre-IP, and post-IP lysates were prepared using 8% SDS-PAGE and checked by Western blot analysis for the presence of cdk9 (endogenous
and exogenous) and cyclin T1 protein.
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Since each of the single mutants was able to form a complex
with a small amount of cyclin T1, we constructed a Dox-induc-
ible cell line that expressed a cdk9HA mutant with all three
substitutions. In Fig. 6C, we show that IP of lysates from the
cell line expressing the cdk9 triple mutant (E55A/E57A/R65A-
cdk9HA) with an antibody directed against HA did not yield
any detectable cyclin T1 (even with long exposures of the blot),
whereas the cyclin T1 did co-IP when the lysates were immu-
noprecipitated with a cdk9 antibody directed against total cdk9
(both endogenous and exogenous). As a control, lysates were

also immunoprecipitated with nonspecific RbIgG, and neither
cdk9 nor cyclin T1 was present in the immunoprecipitate.

To determine whether the binding to cyclin T1 correlates
with the recruitment of the mutant cdk9 to the viral transcrip-
tosomes, these cell lines were then infected at an MOI of 5 and
processed at 8 h p.i. for IFA by staining with an anti-IE2
antibody and an anti-HA antibody to detect the exogenous
cdk9HA (Fig. 7). E55A-cdk9HA still colocalized with IE2
(panels 1 to 3). When E57, which contacts cyclin T1, was
mutated to alanine, an impairment in E57A-cdk9HA localiza-

FIG. 7. Amino acid changes in the N terminus of cdk9HA result in differential localization to the viral transcriptosomes. The cell lines
expressing constitutive E55A-, E57A, and R65A-, and Dox-induced E55A/E57A/R65A-cdk9HA virus were infected with HCMV Towne (MOI of
5) and seeded onto glass coverslips. At 8 h p.i., cells were washed with PBS, fixed with 2% FA, permeabilized, and costained with antibodies specific
for IE2 and HA (to detect exogenous cdk9HA). Fluorescein isothiocyanate- and tetramethylrhodamine isothiocyanate-conjugated isotype-specific
secondary antibodies were used. Nuclei were stained with Hoechst dye. The white arrows marked “n” indicate viral transcriptosomes with no
colocalization between stained proteins, and the unmarked white arrows show examples of colocalization. All of the images represent confocal
optical 0.2-�m sections at a magnification of �1,000 under conditions of oil immersion.
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tion to the viral transcriptosomes was observed, and several
IE2 spots in each cell did not have any detectable cdk9 (panels
4 to 9). The R65A-cdk9HA mutant, which complexes with
cyclin T1 less efficiently than the wt- and E55A-cdk9HA mu-
tants, also did not localize to the viral transcriptosomes with
IE2, even in well-developed transcriptosomes (panels 10 to
15). Finally, in the cells expressing the cdk9HA with three
mutations (E55A/E57A/R65A-cdk9HA), which is unable to
bind to cyclin T1, it was clear that although IE2 was present at
the viral transcriptosomes, the mutant cdk9 did not form ag-
gregates in the infected cell nucleus and did not colocalize with
the IE2 spots (Fig. 7, panels 16 to 18). Taken together, these
data show that efficient cdk9 binding to cyclin T1 is required
for cdk9 recruitment to the viral transcriptosomes.

DISCUSSION

In this study, we used inhibitor drug treatments, infection
with recombinant HCMV expressing wt or mutant cdk9, and
infection of cells that expressed exogenous mutant cdk9 to
determine the cellular and viral factors that contribute to cdk9
recruitment. Data from the infection in the presence of CHX,
which allows accumulation of viral IE transcripts as well as
cellular RNA synthesis, show that there is an additional re-
quirement for protein synthesis, at least initially, in the infec-
tion. The presence of the viral RNA in addition to the func-
tional viral genome and input tegument proteins is still not
sufficient for recruitment of cdk9 to the viral transcriptosomes.

The results of experiments with Act D raise the issue of why
inhibition of viral transcription would affect cdk9 localization.
One possibility is that active transcription at the viral transcrip-
tosomes promotes cdk9 recruitment due to a high abundance
of other components of the transcription machinery. For ex-
ample, RNAP II, cyclin T1, DSIF, and Brd4 are factors that
interact with cdk9 during productive transcription, and each of
these proteins is highly concentrated at the viral transcripto-
somes (27). Another possibility is that only newly synthesized
cdk9 has the ability to be recruited to the viral transcripto-
somes. Previously synthesized cdk9 that is already associated in
inactive or active complexes may not be readily disrupted by
the infection. There is an induction of cdk9 RNA during the
infection, and all of the components of P-TEFb are upregu-
lated (increased protein levels and activity), suggesting that
there may be a virus-specific need for newly synthesized P-
TEFb components (27, 49).

When Act D is added after IE2 and cdk9 have localized to
the viral transcriptosomes (i.e., at 10 h p.i.), IE2, but not cdk9,
is retained at those sites. This suggests that ongoing transcrip-
tion is necessary not only for cdk9 recruitment to the viral
transcriptosomes but also for maintaining its localization there.
However, the requirement for cellular or viral transcription
cannot be determined from this experiment. Just as differences
in recruitment of factors to the viral transcriptosomes were
previously observed in the presence of Roscovitine treatment,
these results indicate that different mechanisms of recruitment
are employed for IE2 and cdk9 (27).

It is still not clear what the nucleating factor(s) is for the
establishment of the viral transcriptosomes. Since it is a virus-
specific event, it seems that there must be some viral compo-
nent that initiates the chain of events for the viral transcripto-

some formation. In terms of cdk9 recruitment, we have
considered likely viral candidates that may contribute to cdk9
localization to the viral transcriptosomes. We have previously
shown that cdk9 recruitment is not an IE1-dependent process,
since cdk9 localizes to the viral transcriptosomes during �IE1
HCMV infection (49). Another likely candidate is IE2 86, and
the results of the IE2 86 �SX-EGFP infection in this study
suggest that it may play an accessory role for recruiting cdk9.
During infection with IE2 86 �SX-EGFP virus, significantly
lower levels of IE2 protein are synthesized. Cdk9 recruitment
was delayed compared to that observed with the wt virus and
appeared to correspond to the accumulation of IE2 at the
transcriptosomes. These results, coupled with those of our
previous studies showing that accumulation of IE2 86 and cdk9
at these sites could be visualized at 2 h p.i. during the wt
infection (49), suggest that a threshold level of IE2 may be
required for cdk9 recruitment. We cannot exclude the possi-
bility that the deleted region in this IE2 mutant is also involved
in cdk9 recruitment independently of any effects on protein
levels. However, since the level of cdk9 at the viral transcrip-
tosomes in the HCMV IE2 86 �SX-EGFP infection did reach
the level that was seen with the wt HCMV infection, albeit with
some delay, this possibility seems less likely.

While there may be a viral or cellular factor that is univer-
sally required for initiating transcriptosome formation, it is
likely that each component of the viral transcriptosome would
also have individual requirements for recruitment to the sites.
For cdk9, we focused on kinase activity, phosphorylation of the
conserved T-loop, cyclin T1 binding, and Brd4 association with
the P-TEFb complex. When cdk9 kinase activity is inhibited
during infection with Flavopiridol and DRB, cdk9 protein still
localizes to the viral transcriptosomes with IE2. Kinase activity
was also examined through a the use of a D167N mutation.
D167 is located at the ATP-binding pocket and is important for
substrate recognition and kinase function. A point mutation,
D167N, has been shown to be inactive with respect to kinase
function (14, 30). As was seen in the presence of Flavopiridol
and DRB, inhibition of cdk9 activity does not prevent its re-
cruitment to the viral transcriptosomes.

We previously reported that infection in the presence of
Roscovitine, another inhibitor of cdk9 activity, results in im-
paired localization of cdk9 (27). The difference observed with
Roscovitine compared to other inhibitors of cdk9 may be ac-
counted for by structural changes due to binding of the inhib-
itors to cdk9 or differential inhibition of other kinases by these
drugs. Flavopiridol inhibits cdk9 activity by binding to the
ATP-binding pocket in a noncompetitive and structurally tight
fashion. Binding of Flavopiridol to cdk9 causes a conforma-
tional change in cdk9, burying Flavopiridol in the active site
such that only 8% of the molecular surface remains exposed
(6). In contrast, Roscovitine binds to cdk9 competitively with
ATP. Structural studies of Roscovitine bound to cdk2 showed
that the benzyl group of Roscovitine contacts a part of the
protein surface that is in common to all cdks and that the
purine group binds to the ATP-binding pocket of the cdk but
in a different orientation than that seen with ATP (13). It is
possible that cdk9 binding to the various inhibitors disrupts
cdk9 interaction with other proteins or that differential effects
of the inhibitors on other kinases influence recruitment of
cdk9. This paper highlights that cdk9 recruitment to the viral
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transcriptosomes requires binding to cyclin T1. Roscovitine
alone does not generally inhibit the interaction of cyclin T1
with cdk9 (unpublished data), but it still may specifically pre-
vent cdk9 from forming a complex with cyclin T1 at the tran-
scriptosome.

We studied the contributions of other properties of cdk9
that may affect its localization to the viral transcriptosomes
through mutational analysis. There is increasing evidence that
Brd4 can play a regulatory role during transcription through its
interactions with P-TEFb via cyclin T1 binding. Brd4 interac-
tion with cdk9-cyclin T1 counters the formation of the cdk9-
inactive complex and enhances cdk9-cyclin T1 recruitment to
transcription sites (52). Many viral infection studies have de-
termined a key role for Brd4 in establishing viral gene tran-
scription, and Brd4 has been found to concentrate at the viral
transcriptosomes (7, 32, 53, 54). Although Brd4 interacts with
P-TEFb via binding with cyclin T1, S175 of cdk9 has been
shown to contribute to Brd4 binding to the complex. A muta-
tion in S175 may alter the conformation of the active site due
to its close proximity to the region, as well as affecting cdk9
kinase activity, since S175 has been shown to be an activating
residue upon phosphorylation. Our data show, however, that
Brd4 does not play a role in recruiting cdk9 to the viral tran-
scriptosomes during the HCMV infection.

The results of the experiments performed with a series of
HA-tagged cdk9 mutants with differential binding to cyclin T1
revealed that the localization of each cdk9HA mutant to the
viral transcriptosomes correlated with the level of cyclin T1 in
complex with the mutant. E57 is one of 15 identified contact
points between cdk9 and cyclin T1 (6). The results of the IP
experiments indicate that E57A can bind only to a low level of
cyclin T1, and the IFA data show impairment of E57A local-
ization compared to IE2 localization at the viral transcripto-
somes. E55 does not contact cyclin T1, and greater levels of
cyclin T1 are in complex with E55A than with E57A. Accord-
ing to the IFA results, E55A retains the ability to localize to the
viral transcriptosomes. In similarity to the results seen with
E57A, the R65A mutant binds to a very low level of cyclin T1,
and localization of this mutant to the viral transcriptosomes
was not detected. R65 is located at the surface of cdk9 and
contributes a positive charge to that region. A likely scenario is
that mutation of R65 to alanine alters the charged nature of
the region, nonspecifically affecting surface interactions. Fur-
thermore, the E55A/E57A/R65A triple mutant does not asso-
ciate with cyclin T1 and is not recruited to the viral transcrip-
tosomes. The role of cyclin T1 in cdk9 recruitment to the viral
transcriptosomes may be similar to that of the cyclin T1-di-
rected localization of cdk9 to the nuclear speckles (i.e., SC35
spliceosome domains) in uninfected cells (21).

Many other viral infections have been known to subvert the
P-TEFb complex for viral gene expression. In human immu-
nodeficiency virus type 1 infections, Tat protein interacts with
cyclin T1, recruiting P-TEFb to viral RNA (8, 18, 22, 25, 31, 50,
56, 57). The herpes simplex virus type 1 ICP22 IE viral protein
also binds to cdk9 and specifically alters RNAP II phosphory-
lation (15, 16). It has also been found that EBNA2 plays not
only a role in initiation of viral transcription during Epstein-
Barr virus infection but also a cdk9-dependent role in produc-
tive elongation of viral RNA synthesis (5, 38). In addition, cdk9
plays an integral role in p53 phosphorylation during Kaposi’s

sarcoma-associated herpesvirus infection via cdk9 interaction
with a virus-encoded cyclin (11). P-TEFb activity is also mod-
ulated through Brd4 during human T-cell leukemia virus in-
fection (12, 55).

This report focuses on the mechanism and requirements of
cdk9 recruitment to the viral transcriptosomes during HCMV
infection, and the results reported in this paper contribute to
our understanding of one of the first key events that occurs
during the infection. In summary, initiation of viral transcrip-
tosome formation requires de novo protein synthesis. A
threshold level of IE2 also appears to be required for cdk9
recruitment, and active transcription is necessary to maintain
cdk9 localization. While cdk9 kinase activity, T-loop-activating
residues, and Brd4 binding do not dictate cdk9 recruitment to
the viral transcriptosomes, cdk9 binding to cyclin T1 appears to
be essential.
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