
JOURNAL OF VIROLOGY, Mar. 2002, p. 2460–2468 Vol. 76, No. 5
0022-538X/02/$04.00�0 DOI: 10.1128/JVI.76.5.2460–2468.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

The Human Cytomegalovirus UL35 Gene Encodes Two Proteins
with Different Functions

Yingguang Liu1 and Bonita J. Biegalke1,2*
Department of Biomedical Sciences, College of Osteopathic Medicine,1 and Molecular and

Cellular Biology Program,2 Ohio University, Athens, Ohio 45701

Received 17 September 2001/Accepted 4 December 2001

The human cytomegalovirus (HCMV) virion is a complex structure that contains at least 30 proteins, many
of which have been identified. We determined that the HCMV UL35 gene encodes two proteins, including a
previously unidentified virion protein. A 22-kDa phosphoprotein (ppUL35A) was translated from a 1.2-kb UL35
transcript by 4 h postinfection; a second phosphoprotein of 75 kDa (ppUL35) was translated from a 2.2-kb
transcript predominantly late in infection. The 22-kDa protein localized to the nucleus, while the 75-kDa
protein localized to the juxtanuclear compartment and was packaged into virion particles. The 22-kDa protein
was identical to the COOH-terminal end of the 75-kDa protein but was not found in virions, thus defining the
NH2-terminal portion of the 75-kDa protein as essential for packaging. Expression of the 22-kDa protein
inhibited activation of the major immediate-early promoter by ppUL82 (pp71), suggesting that the UL35
22-kDa protein may modulate expression of the major immediate-early gene.

Human cytomegalovirus (HCMV) is a ubiquitous, opportu-
nistic human pathogen that causes severe infection in immu-
nocompromised individuals. It also infects the developing fetus
and is a major cause of congenital malformation (see reference
12 for a review). Like the other herpesviruses, HCMV has a
complex virion structure. The icosahedral capsid contains the
packaged viral genome; the capsid is surrounded by an amor-
phous proteinaceous region called the tegument or matrix, and
a lipid bilayer envelopes the capsid and tegument (see refer-
ence 46 for a review). More than 30 viral proteins are found in
the complete infectious particle (2, 19, 20, 32; see references 46
and 54 for reviews).

Among the known HCMV virion components, four proteins
(pUL46, pUL48/49, pUL85, and pUL86) comprise the mature
viral capsid (2, 15, 21, 22, 29). Six glycoproteins have been
identified in the viral envelope and include gpUL55 (gB),
gpUL100 (gM), gpUL73 (gN), gpUL75 (gH), gpUL115 (gL),
and gpUL74 (gO) (13, 28, 31, 38, 42). In addition, gpUL4
(gp48) and pUL33 are structural glycoproteins that are likely
localized in the envelope (14, 44).

The remaining 20 to 25 structural proteins of HCMV are
believed to reside in the tegument or the matrix, a poorly
characterized amorphous region between the capsid and the
envelope of the virion. Among the tegument constituents, six
phosphoproteins have been identified and include ppUL32
(pp150), ppUL83 (pp65), ppUL82 (pp71), ppUL69, ppUL99
(pp28), and ppUL25 (3, 30, 36, 45, 49, 52, 57, 61). Two of the
tegument proteins, ppUL82 (pp71) and ppUL69, are transac-
tivators of viral gene expression (1, 11, 25, 26, 39, 56). In
addition, ppUL69 arrests infected cells in the G1 phase of the
cell cycle (25, 41). Gene products encoded by IRS1/TRS1,
UL98a (pp58), UL48 (p212), UL56 (p130), UL65 (pp67), and
UL36 are also found in virions, although their location in viral

particles has not yet been determined (9, 10, 17, 23, 34, 35, 47,
51).

The HCMV UL25 gene is a member of the UL25 gene
family, which consists of UL25 and UL35 (15). The UL25 gene
family is conserved among members of the betaherpesviruses
(40, 48, 55). The second member of the UL25 gene family,
UL35, is conserved among the betaherpesviruses, with the
amino acid similarities spread throughout the predicted pro-
tein coding region (40). UL25 encodes a tegument phospho-
protein (3, 61), suggesting that the UL35 open reading frame
would also encode a structural protein.

In this report, we demonstrate that the UL35 open reading
frame encodes two proteins, one which is found in the viral
particle and one that localizes to the nucleus and decreases
ppUL82 activation of the major immediate-early promoter.

MATERIALS AND METHODS

Cells, virus, and transfections. Human diploid fibroblasts (HDFs) were prop-
agated as described (37). HCMV (strain Towne) was obtained from Adam
Geballe (Fred Hutchinson Cancer Research Center, Seattle, Wash.). Viral in-
fections were performed using 80 to 90% confluent HDFs at a multiplicity of
infection of 10 PFU per cell for 60 min. HCMV virions were concentrated from
infected-cell culture medium by ultracentrifugation and purified by banding in
potassium tartrate-glycerol gradients as described (29).

To block protein synthesis and restrict transcription to immediate-early genes,
cycloheximide was added to the medium 1 h prior to infection at a concentration
of 50 �g/ml. Viral DNA replication was inhibited by adding phosphonoformic
acid to the medium at a final concentration of 200 �g/ml at the time of infection.
For visualization of enhanced green fluorescent protein (EGFP)-tagged fusion
proteins, plasmids were transiently transfected into HDFs using Effectene trans-
fection reagent (Qiagen, Valencia, Calif.). Transient transfection assays measur-
ing the level of viral gene expression were performed using DEAE-dextran and
4-methylumbelliferyl-�-D-galactoside (MUG) as described (4).

Plasmids. pEQ3 and pEQ276 were provided by Adam Geballe; pEQ3 is a
promoterless plasmid containing the lacZ gene, and pEQ276 expresses the major
immediate-early proteins IE1 and IE2 (7, 8). pBJ176, pBJ201, and pBJ203 have
been described previously; pBJ176 expresses the lacZ gene under the control of
the major immediate-early promoter and crs (4), pBJ201 contains the major
immediate-early promoter (5), and pBJ203 expresses ppUL82 (6).

pBJ352 expresses a portion of the UL35 open reading frame as a His-tagged
protein in bacterial cells and was constructed by amplifying nucleotides 47482 to
47855 of HCMV strain AD169 genomic DNA using oligonucleotides 187 (5�-C
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GGGATCCTTCATGGAACTCCTCGAC-3�) and 188 (5�-CCCAAGCTTCTG
TAGGCTACCGAGTAGG-3�) and Taq polymerase. The amplimer was inserted
into pET30a (Novagen, Madison, Wis.).

pBJ397 and pBJ399 served as templates for in vitro transcription-translation
reactions used to synthesize UL35. pBJ397 was constructed by amplifying a DNA
fragment (nucleotides 46089 to 48214, which contain the entire UL35 open
reading frame) from pRL109 (kindly provided by G. Hayward) using Vent
polymerase (New England Biolabs, Beverly, Mass.) and oligonucleotides 235
(5�-CCCAAGCTTCATCATGGCCCAAGGATC-3�) and 236 (5�-CCCAAGCT
TCCCGTTTGTTTATGTGCATG-3�); the amplimer was inserted into pBlue-
script SK(�) (Stratagene, La Jolla, Calif.). pBJ399 contains the 3� half of the
UL35 open reading frame and was generated by digesting pBJ397 with XhoI and
BglII, followed by Klenow treatment and religation.

pBJ505 and pBJ506 express EGFP-UL35 fusion proteins. pBJ505 was con-
structed by inserting the DNA fragment from pBJ397 into pEGFP-C2 (Clontech,
Palo Alto, Calif.) so that the UL35 open reading frame was in-frame with EGFP.
pBJ506 was constructed by digestion of pBJ505 with BglII and religation, result-
ing in a plasmid that expresses the 3� half of the UL35 open reading frame as an
EGFP fusion protein.

pBJ511 expresses the 75-kDa UL35 protein under the control of the HCMV
major immediate-early promoter and was constructed by inserting a HindIII
fragment isolated from pBJ397 and containing HCMV sequences from 46089 to
48214 into pBJ201 (5). pBJ511 expresses the 22-kDa UL35 protein under the
control of the HCMV major immediate-early promoter and was constructed by
digesting pBJ511 with XbaI and BglII, followed by Klenow treatment and liga-
tion.

RNA analyses. Total cellular RNA was extracted from mock-infected and
HCMV-infected HDFs using acid phenol-guanidinium isothiocyanate (16). For
Northern blot analyses, 5 �g of total cellular RNA was fractionated in 1.5%
agarose–formaldehyde gels in morpholinepropanesulfonic acid (MOPS) buffer
and transferred onto nitrocellulose membranes (43). Hybridizations were per-
formed as described, using riboprobes to detect UL35 transcripts and the cellular
mRNA for glyceraldehyde phosphate dehydrogenase (GAPDH) (27).

The template for in vitro transcription of an antisense UL35 RNA was gen-
erated by amplifying HCMV sequences (15) from HCMV strain Towne genomic
DNA using oligonucleotides 253 (5�-ACATTTCAGCGCGTACAAGC-3�) and
254 (5�-TAATACGACTCACTATAGGTGCCGTACAGGTTCTTGGAG-3�)
and Vent polymerase (New England Biolabs). The antisense UL35 riboprobes
were synthesized using the PCR-generated template, the Maxiscript in vitro
transcription kit (Ambion, Austin, Tex.), and [32P]uracil. The GAPDH probe
was generated from the pTRI-GAPDH-Human template (Ambion).

RNase protection assays were performed using the RPAII kit (Ambion) ac-
cording to the manufacturer’s instructions. Protected fragments were analyzed by
electrophoresis in urea-polyacrylamide gels.

5�RACE. For amplification of the 5� ends of the UL35 transcripts, polyade-
nylated RNA was isolated from HDF cells 96 h after HCMV infection using the
Poly(A)Pure kit (Ambion). 5�Rapid amplification of cDNA ends (RACE) was
performed with the Marathon cDNA amplification kit (Clontech, Palo Alto,
Calif.) as directed. A 28-base oligonucleotide complementary to nucleotides
47383 to 47410 (179, 5�-ACGTCTCGGTGGTGATCTTGCCTTCGTG-3�) was
used as the UL35-specific primer. Amplification products were inserted into the
pCR2.1/TOPO TA cloning vector (Invitrogen, Carlsbad, Calif.). The ends of the
amplimers were sequenced using the T7 Sequenase version 2.0 DNA sequencing
kit (USB).

Protein analysis. pBJ397 and pBJ399, which contain the entire and 3� half of
the UL35 open reading frame, respectively, were used as templates in in vitro
transcription-translation assays using the TNT T7 Quick Coupled System (Pro-
mega) and [35S]methionine (New England Nuclear, Boston, Mass.).

Antiserum to UL35 proteins was obtained by immunizing rabbits with purified,
His-tagged UL35 peptides from bacteria. Recombinant UL35 protein was pro-
duced in Escherichia coli strain BL21(DE3)plysS cells (Novagen, Madison, Wis.)
following transformation with pBJ352. Induction and affinity purification of the
recombinant protein were performed as directed. Briefly, cells were grown in
Luria-Bertani (LB) broth containing 30 �g of kanamycin and 34 �g of chloram-
phenicol per ml to an optical density at 600 nm of 0.6 at 37°C. Then 1 mM
isopropyl-�-D-thiogalactopyranoside (IPTG) was added to the culture. After a
further 2.5 h of growth, cells were pelleted and lysed by sonication.

Inclusion bodies were dissolved in binding buffer (5 mM imidazole, 0.5 M
NaCl, 20 mM Tris-HCl [pH 7.9], 6 M urea), and loaded onto an NiSO4 resin
column. After washing with 20 mM imidazole, the recombinant protein was
eluted with an elution buffer (1 M imidazole, 0.5 M NaCl, 20 mM Tris-HCl [pH
7.9], 6 M urea) and dialyzed against 20 mM Tris-HCl (pH 9.0)–100 mM NaCl to
a final concentration of 0.75 M urea. Rabbit immunizations were conducted by

Spring Valley Laboratories, Inc., in Woodbine, Md., according to standard pro-
tocols (24). The antisera were characterized for reactivity against the immuno-
gen.

Western blot analyses and immunoprecipitation experiments were used to
characterize the UL35 proteins. For Western blot analyses, mock-infected and
HCMV-infected HDFs were lysed with Laemmli sample buffer. The proteins
were separated by sodium dodecyl sulfate–12.5% polyacrylamide gel electro-
phoresis (SDS–12.5% PAGE) and transferred onto Optitran BA-S 85 nitrocel-
lulose membranes (Midwest Scientific). Filters were then incubated with anti-
UL35 rabbit serum BIE-2 diluted 1:5,000. Antibody binding was detected with
alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G (IgG;
Fisher Scientific) and visualized with bromochloroindolyl phosphate-nitro blue
tetrazolium (Gibco-BRL, Rockville, Md.).

Immunoprecipitation of 35S- or 32P-labeled proteins was performed (W. Liu,
Y. Zhao, and B. J. Biegalke, unpublished data), lysing cells in radioimmunopre-
cipitation assay (RIPA) buffer that contained the complete protease inhibitor
cocktail (Boehringer Mannheim, Mannheim, Germany). Lysates were precleared
with preimmune rabbit serum and protein A-Sepharose beads. UL35 proteins
were immunoprecipitated with anti-UL35 rabbit antiserum and protein
A-Sepharose beads; antigen-antibody complexes were washed once with RIPA
buffer, twice with buffer II (50 mM Tris-Cl, pH 7.5, 500 mM NaCl, 0.1% NP-40,
and 0.05% sodium deoxycholate), with a final wash using buffer III (50 mM
Tris-Cl [pH 7.5], 0.1% NP-40, 0.05% sodium deoxycholate). Antigen-antibody
complexes were eluted from the protein A-Sepharose beads by boiling in 1�
Laemmli sample buffer; proteins were size fractionated on 12.5% SDS-polyacryl-
amide gels. For 35S labeling, cells were labeled with 200 �Ci of EasyTag
EXPRE35S35S protein labeling mix (NEN) in methionine- and cysteine-free
Dulbecco’s modified Eagle’s medium (DMEM) for 30 min. For 32P labeling, cells
were incubated with [32P]orthophosphate in phosphate-free DMEM for 120 min.

Fluorescence microscopy. EGFP fusion proteins were visualized �24 h after
transfection, following fixation with 3.5% formaldehyde and counterstaining with
4�,6�-diamidino-2-phenylindole (DAPI; Molecular Probes, Eugene, Oreg.).

Mock-infected and HCMV-infected HDF cells were fixed with paraformalde-
hyde (4%) for 30 min at 4°C and permeabilized with 0.2% Triton X-100 for 2
min. Cells were then incubated with 10% normal human serum at 37°C for 1 h
to block HCMV-induced Fc receptors. Subsequently, cells were incubated with
rabbit anti-UL35 (BIE-1) or preimmune rabbit serum, both diluted 1:200, in cold
phosphate-buffered saline (PBS) containing 10% normal human serum for 2 h on
ice. After three washes with PBS, Texas red-labeled goat anti-rabbit IgG (1:800)
was added to the cells and incubated for 2 h on ice.

For double staining, cells were incubated with a mixture of rabbit anti-UL35
(1:200) and a mouse monoclonal anti-gB (Virusys, North Berwick, Maine) di-
luted 1:400. Oregon green-labeled goat anti-mouse IgG (Molecular Probes,
Eugene, Oreg.) diluted 1:1,000 was used to detect mouse anti-gB. To rule out
cross-reactions between the primary and secondary antibodies, infected cells
were stained with rabbit anti-UL35 plus fluorescent goat anti-mouse IgG or
mouse anti-gB plus fluorescent goat anti-rabbit IgG as described above. Cells
were observed with a Nikon Quantix fluorescence microscope and the appropri-
ate fluorescence filters.

RESULTS

Transcriptional analysis of UL35. Transcripts originating
from the region of the HCMV genome containing the UL35
open reading frame were characterized for size and time of
expression using Northern blot analyses, RNase protection
assays, and 5�RACE.

Northern blot analyses were performed using total cellular
RNA harvested from mock-infected or from HCMV (Towne)-
infected human fibroblasts at 4, 24, 48, 72, and 96 h postinfec-
tion (hpi). RNA was also harvested from cells infected in the
presence of the protein synthesis inhibitor cycloheximide,
which limits viral transcription to immediate-early genes. Har-
vesting of infected-cell RNA from cells treated with the viral
DNA synthesis inhibitor phosphonoformic acid was used to
prevent true late-gene transcription, which is dependent on
viral DNA replication. RNAs were hybridized to a riboprobe
complementary to the predicted UL35 open reading frame
(nucleotides 47094 to 47384) (15).
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Ethidium bromide staining of rRNA demonstrated that
equal amounts of RNA were present in all samples (data not
shown); the level of the cellular GAPDH transcripts varied
with time postinfection, as described (Fig. 1B) (59). Three
predominant transcripts of 1.2, 2.2, and 3.6 kb were detected
with the UL35 riboprobe (Fig. 1B). The 1.2-kb RNA was
synthesized as early as 4 hpi and continued to be transcribed
throughout infection. Cycloheximide treatment prevented the
synthesis of the 1.2-kb RNA, classifying the transcript as an
early RNA (Fig. 1B). The 2.2-kb and 3.6-kb transcripts were
detected predominantly at later times of infection (48 to 96
hpi, Fig. 1B), although RNase protection assays demonstrated
that a low level of the larger transcripts was present as early as
4 hpi (Fig. 1C). Phosphonoformic acid treatment significantly
inhibited the expression of all three transcripts, demonstrating

that the level of UL35 transcripts is influenced by replication of
the viral genome. In addition to the three predominant tran-
scripts, a minor transcript of 1.8 kb was detected at 8 hpi.

Radiolabeled probes corresponding to the 5� end of the
UL35 open reading frame, the UL34 open reading frame, or
the UL36 open reading frame were used to further map the
UL35 transcripts shown in Fig. 1B. The 2.2- and the 3.6-kb
RNAs hybridized to a 5� UL35 probe, while the 1.2-kb tran-
script did not (data not shown), suggesting that the 1.2- and
2.2-kb RNAs have similar 3� but different 5� ends. The 3.6-kb
transcript also hybridized to the UL34 probe but not the UL36
probe (data not shown), suggesting that the 3.6-kb RNA is a
readthrough transcript that contains both UL34 and UL35
sequences.

5�RACE was performed to further characterize the UL35

FIG. 1. Transcript mapping of the UL35 gene. (A) Schematic diagram of the UL35 gene. The UL34 and UL35 open reading frames (ORF)
are labeled; the gray rectangle represents the part of UL35 expressed as a His-tagged fusion protein and used as the antigen in the generation of
the anti-UL35 antiserum. Horizontal thin arrows, UL35 transcripts of 2.2 and 1.2 kb; horizontal thick arrow, riboprobe used for Northern blot
hybridization and RNase protection assays; horizontal arrowhead, oligonucleotide primer used for 5�RACE; vertical arrows, predicted polyade-
nylation sites; bold T, TA-rich regions; A, AUG codons present in the 5� end of the 1.2-kb RNA. (B) Northern blot analysis of mock-infected cell
RNA and RNA from HCMV-infected cells harvested at the indicated times postinfection. The probe is indicated, as are the positions of the
rRNAs. M, mock-infected cell RNA; 4, 8, 48, 72, and 96 refer to the time (in hours) postinfection of RNA harvest; 4c, RNA harvested 4 hpi with
infection occurring in the presence of cycloheximide; 96p, RNA harvested 96 hpi from cells infected in the presence of phosphonoformic acid.
(C) RNase protection analysis of UL35 transcripts. Lane 1, probes for the cellular transcript GAPDH and the UL35 transcripts (�); lane 2, probes
treated with RNase mixture (�); lane 3, RNA harvested from mock-infected cells (M); lane 4, RNA harvested from infected cells 4 hpi; lane 5,
RNA harvested from infected cells 72 hpi. The positions of the RNA molecular size markers are indicated (in nucleotides). The fragments
protected with the GAPDH and the UL35 probes are labeled.
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transcripts. Polyadenylated RNA isolated from HCMV-in-
fected fibroblasts 96 hpi served as the template for cDNA
amplification. The predominant amplification products of 1.0
and 0.3 kb were cloned, and the ends of the amplimers were
sequenced (data not shown). The 5� end of the 1.0-kb RACE
product corresponded to nucleotide 46061, which is 32 bases
upstream of the predicted UL35 open reading frame (Fig. 1A).
The 5� end of the second smaller 0.3-kb RACE product cor-
responded to nucleotide 47142, which is located within the
UL35 open reading frame. These data demonstrated that the
UL35 transcripts initiate both at the 5� end and internally in
the UL35 open reading frame.

Transcript processing using the polyadenylation signal lo-
cated at nucleotide 48070 and subsequent polyadenylation
would generate RNAs of the observed sizes, with the 2.2-kb
transcript corresponding to the entire UL35 open reading
frame and the 1.2-kb RNA containing sequences from the 3�
end of the open reading frame (Fig. 1A). In addition to the 1.0-
and 0.3-kb RACE products, a third RACE amplimer of 3.0 kb
was also detected. The 3-kb RACE product was not analyzed,
but the size of the amplimer suggested that it was generated by
using the 3.6-kb transcript as the template.

RNase protection analyses revealed two UL35-specific pro-
tected fragments, one of 186 nucleotides that corresponds to
the larger UL35 RNAs and the other (164 nucleotides) corre-
sponding to the smaller UL35 transcript (Fig. 1C). As ex-
pected, the cellular GAPDH transcript was detected in RNA
harvested from mock- and HCMV-infected cells (Fig. 1C).
These data confirmed that the 1.2-kb UL35 transcript initiates
internally in the UL35 open reading frame. The smaller pro-
tected fragment corresponding to the 1.2-kb RNA was 164
nucleotides in length, indicating a transcription initiation site
around nucleotide 47120 (Fig. 1C). This predicted start site is
approximately 20 nucleotides 5� of the start site identified by
RACE analysis, suggesting that the cDNA used for amplifica-
tion was an incomplete product of the reverse transcription
and amplification reactions.

The UL35 transcript mapping studies demonstrated that at
least two mRNAs initiate in or around the UL35 open reading
frame. Analysis of the DNA sequence for UL35 and the flank-
ing regions identified potential promoter elements 50 and 30
nucleotides 5� of the initiation sites for the 2.2- and 1.2-kb
transcripts, respectively. The potential promoter element for
the 2.2-kb transcript is located 5� of the predicted UL34 poly-
adenylation site (Fig. 1A). The overlap between transcript pro-
cessing elements and the putative UL35 promoter element
may contribute to the generation of a UL34-UL35 read-
through transcript.

Characterization of UL35 proteins. Two monocistronic mR-
NAs of 1.2 and 2.2 kb originate from the UL35 open reading
frame. The 2.2-kb RNA contains the entire UL35 open reading
frame and was predicted to encode a protein of 69 kDa. The
open reading frame contained in the 1.2-kb mRNA corre-
sponds to the carboxyl-terminal end of the UL35 open reading
frame. The initiation codons present in the 1.2-kb transcript
are all in frame with the UL35 initiation codon; the first me-
thionine is located at nucleotide 47338 and is in a poor context
for initiation of translation (33). The next methionine, at nu-
cleotide 47434, is in a good context for initiation of translation,
suggesting that the second AUG of the 1.2-kb transcript will be

used to initiate protein synthesis. The size of the protein en-
coded by the 1.2-kb RNA was predicted to be either 25 or 21
kDa, depending on the translation initiation start site.

To identify UL35-encoded proteins and to analyze their
expression, polyclonal antiserum was generated to the carbox-
yl-terminal end of the UL35 open reading frame (Fig. 1A).
Two different immune sera obtained from two different rabbits
were used in Western blot analyses and immunoprecipitation
experiments and yielded identical results. For Western blot
analyses, lysates of mock-infected cells, lysates of HCMV-in-
fected human fibroblasts harvested at different times postin-
fection, and purified virions were size fractionated on SDS-
polyacrylamide gels, transferred to filter paper, and incubated
with the anti-UL35 antiserum or with the preimmune anti-
serum. Antigen-antibody interactions were detected enzymat-
ically.

No predominant proteins were detected using the preim-
mune antiserum (data not shown). The anti-UL35 antiserum
detected two proteins in infected cells at 4 hpi, proteins of 75
and 22 kDa (Fig. 2A). By 24 hpi, the 75-kDa protein was
significantly decreased in abundance, suggesting that the 75-
kDa protein seen at 4 hpi was a component of the infecting
virions. This was confirmed by detection of the 75-kDa protein
in gradient-purified virion particles (Fig. 2A). The 75-kDa pro-
tein was most abundant at 96 hpi, while the 22-kDa protein
accumulated throughout the course of infection (Fig. 2A).
Treatment with phosphonoformic acid inhibited expression of
both UL35 proteins, corresponding to the decrease seen in
transcript levels (Fig. 1B). A cross-reactive protein of 135 kDa
was detected at 24 hpi; the origin of this protein is unknown.
The 75-kDa protein was detected in dense bodies as well as
virions (data not shown), suggesting that the protein is a com-
ponent of the tegument.

Immunoprecipitation assays allowed us to examine the levels
of de novo-synthesized UL35 proteins. Immunoprecipitation
experiments were performed using mock-infected-cell or in-
fected-cell lysates from cells pulse-labeled with [35S]methio-
nine or with [32P]orthophosphate. Lysates were harvested from
infected cells at periodic intervals throughout the viral life
cycle. After clearing the cell lysates with preimmune anti-
serum, radiolabeled proteins of 75 and 22 kDa were precipi-
tated from infected cells with the anti-UL35 antiserum (Fig. 2B
and C). The 22-kDa protein was synthesized throughout infec-
tion. The 75-kDa protein was first detectable at 48 hpi, with an
increase in protein levels at 72 and 96 hpi (Fig. 2B). Again,
phosphonoformic acid treatment of infected cells decreased
the levels of the UL35 proteins.

The size of the 22-kDa protein suggested that the second
AUG on the 1.2-kb RNA was utilized as the translation start
site. To examine this hypothesis, plasmids were constructed so
that the entire UL35 open reading frame (pBJ397) or the open
reading frame initiating with the second AUG of the 1.2-kb
transcript (pBJ399) could be transcribed and translated in
vitro. The protein encoded by the COOH end of UL35, initi-
ating with methionine 2 of the 1.2-kb RNA, was 22 kDa in size,
comigrating with the immunoprecipitation product seen in in-
fected cells (Fig. 2B). The full-length open reading frame
yielded a 75-kDa protein as well as some protein fragments or
incomplete translation products. The incomplete translation
products included a 22-kDa protein; synthesis of the 22-kDa
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protein from the entire UL35 open reading frame is presum-
ably an artifact of the in vitro translation system. The proteins
synthesized by the in vitro translation reactions were immuno-
precipitated by the anti-UL35 antiserum, confirming their
identify (data not shown).

Many of the virion proteins, particularly those located in the
tegument, are phosphoproteins. The two proteins encoded by
the UL35 transcripts have a number of potential phosphory-
lation sites, suggesting that they, like the related protein
ppUL25, would be modified by phosphorylation. Immunopre-
cipitation of 32P-labeled proteins was used to determine if the
UL35 proteins were phosphorylated. The 75-kDa and the 22-
kDa UL35 proteins were both phosphorylated, as evidenced by
the precipitation of 32P-labeled proteins (Fig. 2C). Specific
amino acid residues that are phosphorylated on the two pro-
teins have yet to be identified.

Intracellular location of UL35 proteins. Two overlapping
proteins are synthesized at different times of infection from the
UL35 open reading frame. The 75-kDa UL35 protein is syn-
thesized most abundantly late in infection, is packaged into
virion particles, and enters the cell upon infection. We exam-
ined the intracellular distribution of the UL35 proteins during
infection by immunofluorescence. HCMV-infected cells were
fixed and stained with the anti-UL35 antiserum and the Texas
red-conjugated secondary antibody (goat anti-mouse IgG) at
different times postinfection.

Very early in infection (1 hpi), UL35 proteins are broadly
distributed throughout the cell (Fig. 3). At 4 hpi, the nuclei
were fluorescent and there was an additional punctate perinu-
clear pattern of fluorescence in some of the cells. By 9 hpi, the
nuclear fluorescence became more predominant and intensi-
fied by 24 hpi, with infected cells exhibiting nuclear fluores-
cence during the remainder of the viral replication cycle. In
addition to the nuclear fluorescence pattern, a diffuse pattern
of cytoplasmic fluorescence was also detected, with the cyto-
plasmic fluorescence intensity markedly increasing by 72 hpi.
At 96 hpi, although the nuclei continued to fluoresce following
antibody staining, the cytoplasmic fluorescence became more
intense and was concentrated around the nucleus.

Mock-infected cells incubated with the anti-UL35 antiserum
and infected cells incubated with the preimmune antiserum
had little fluorescence, demonstrating the specificity of the
immunofluorescence assays (Fig. 3). Comparison of the immu-
nofluorescence data with the protein synthesis data (Fig. 2B)
suggests that the nuclear fluorescence seen early in infection,
i.e., 24 hpi, was due to the 22-kDa protein, while the cytoplas-
mic fluorescence seen at 1 hpi and late in infection reflected
the presence of the 75-kDa protein.

The intracellular localization patterns were examined for
each of the UL35 proteins in the absence of other viral pro-
teins by utilizing EGFP-tagged UL35 fusion proteins. The en-
tire UL35 open reading frame and the open reading frame
encoding the 22-kDa protein were fused in-frame to the C
terminus of EGFP in the eukaryotic expression plasmid
pEGFG-C2. The resulting plasmids were transfected into hu-
man fibroblasts and observed for fluorescence following over-
night incubation. The 75-kDa UL35 protein localized in the
cytoplasm as punctate perinuclear fluorescence (Fig. 4A); the
22-kDa protein was concentrated in the nucleus (Fig. 4A).
EGFP alone exhibited bright green fluorescence in both the
cytoplasm and nucleus (data not shown).

The patterns of localization seen for the EGFP fusion pro-
teins support the immunofluorescence studies that suggested
the 75-kDa protein localized to the cytoplasm and the 22-kDa
protein localized to the nucleus during viral infection. These

FIG. 2. Characterization of UL35 proteins. (A) Immunoblotting of
cell lysates harvested following mock infection (M) or harvested at the
indicated time (in hours) postinfection. V, purified virions. (B) Immu-
noprecipitation of [35S]methionine-labeled proteins using the rabbit
anti-UL35 antiserum from mock-infected cells (M) or HCMV-infected
cells at the indicated times (in hours) postinfection. IVT-C, in vitro
transcription-translation products of pBJ399, which contains the open
reading frame present on the short UL35 transcript and beginning with
the second AUG (see Fig. 1A); IVT, in vitro transcription-translation
products of pBJ397, which contains the entire UL35 open reading
frame. (C) Immunoprecipitation of 32P-labeled proteins from mock-
infected (M) and HCMV-infected cells at the indicated times postin-
fection with the rabbit anti-UL35 antiserum. The positions of the
protein molecular size markers are indicated (in kilodaltons).
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FIG. 3. Localization of UL35 proteins in HCMV-infected fibroblasts. HCMV-infected cells and mock-infected cells were fixed and incubated
with the anti-UL35 antiserum or with the preimmune rabbit antiserum (96 hpi –- preimmune). Antibody binding was detected with a secondary
antibody, Texas red-conjugated goat anti-rabbit IgG. Cells were photographed using phase contrast microscopy (phase) and fluorescence
microscopy (fluorescence) at 400� magnification.
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results are somewhat unexpected, as the 22-kDa protein is
contained entirely within the 75-kDa protein. Thus, the dom-
inant signal(s) for intracytoplasmic localization and packaging
into virion particles is contained within the NH2-terminal re-
gion of the protein.

The perinuclear pattern of fluorescence seen with the anti-
UL35 antiserum at 96 hpi has been associated with assembly of
viral particles (3, 53). We compared the pattern of UL35 lo-
calization with that of the structural glycoprotein gB. The rab-
bit polyclonal anti-UL35 antiserum and a mouse monoclonal
antibody to gB, and goat anti-rabbit IgG-Texas red conjugate
or rabbit anti-mouse IgG-Oregon green conjugate secondary
antibodies were used to stain HCMV-infected cells at 96 hpi.
The cytoplasmic and perinuclear pattern of UL35 staining co-
localized with antibody staining of gB (Fig. 4B). Staining with
preimmune serum or secondary antibodies alone resulted in
little fluorescence (data not shown). These data suggest that
incorporation of the 75-kDa UL35 protein into the virion oc-
curs in the juxtanuclear locale.

Regulation of gene expression by UL35. The nuclear local-
ization pattern of the 22-kDa UL35 protein suggested that it
could potentially have a role in regulating gene expression. The
UL35 proteins were screened for potential effects on viral gene
expression using transient transfection assays. A plasmid ex-
pressing the entire UL35 open reading frame (pBJ511) or a
plasmid expressing the 22-kDa UL35 protein (pBJ525) was
transiently transfected into HDFs along with reporter gene

constructs in which expression of the reporter gene, lacZ, was
regulated by viral promoters. Several viral promoters were
screened for effects of the 75- and 22-kDa UL35 proteins on
viral gene expression in the presence and absence of other viral
transactivators, including IE1 and IE2. The levels of gene ex-
pression were determined by measuring the fluorescence of the
medium containing the cleaved substrate MUG.

The results of the transient transfection assays demonstrated
that the 22-kDa UL35 protein had a slight repressive effect on
expression from the major immediate-early promoter and,
more significantly, caused a fourfold decrease in pp71-medi-
ated activation of the major immediate-early promoter (Fig.
5). The 22-kDa UL35 protein did not inhibit IE1 activation of
the major immediate-early promoter or enhance IE2-mediated
repression of the promoter. The 75-kDa protein had a slight
but reproducible activating effect on the major immediate-
early promoter. Expression from other viral promoters, includ-
ing the US3, UL35, UL119, and TRL4/IRL4 promoters, was
not influenced by the expression of the 22-kDa protein either
alone or in the presence of the major immediate-early proteins
IE1 and IE2 (data not shown).

DISCUSSION

Sequence analysis of the genome of HCMV strain AD169
(15) predicted that the virus encoded over 200 proteins. Anal-
yses of different regions of the viral genome have identified a

FIG. 4. (A) Localization of UL35-EGFP fusion proteins in transfected fibroblasts. Cells were transfected with pBJ505, which expresses the
UL35 75-kDa protein as an EGFP fusion (75-kDa EGFP), or with pBJ506, which expresses the UL35 22-kDa protein as an EGFP fusion (22-kDa
EGFP). Cells were fixed and stained with DAPI; cells were observed for green (EGFP fusions) or blue (DAPI staining) fluorescence. Transfected
cells are indicated with arrows. (B) Colocalization of UL35 and gB. HCMV-infected cells (96 hpi) were incubated with rabbit antiserum to UL35
and with mouse antiserum to gB. The primary antibody reactions were detected with Texas red-conjugated goat anti-rabbit IgG or with Oregon
green-conjugated rabbit anti-mouse IgG. Cells were visualized by phase contrast microscopy and fluorescence microscopy, using red and green
filters. The merged panel is the combination of the green and red fluorescence. The magnification for all pictures was 400�.
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number of additional proteins synthesized by the virus. Syn-
thesis of related and overlapping proteins is one strategy used
by the virus to generate additional proteins without an increase
in genome size. The UL35 gene is an example of one locus
encoding two overlapping and related proteins. A 75-kDa
UL35 protein (ppUL35) is encoded by the entire UL35 open
reading frame; a second protein of 22 kDa (which we named
ppUL35A) is encoded by the COOH end of the UL35 open
reading frame. The two proteins are differentially localized and
packaged, suggesting that they have different functions during
the viral life cycle.

ppUL35A is synthesized throughout infection, appearing by
4 hpi. ppUL35A localized to the nuclei of transfected cells;
nuclear staining during infection suggested that ppUL35A also
localizes to the nucleus in infected cells. The nuclear location
of ppUL35A protein suggested a potential role in regulating
gene expression. Indeed, expression of ppUL35A inhibited ac-
tivation of the major immediate-early promoter by ppUL82,
suggesting that ppUL35A modulates the activity of the major
immediate-early promoter early in infection.

ppUL35 was synthesized relatively late in infection and was
packaged into virions. Despite the presence of a nuclear local-
ization signal, in the absence of other viral proteins, ppUL35

localized to a cytoplasmic, perinuclear region of transfected
fibroblasts. This suggests that the additional amino acids found
in ppUL35 obscure the nuclear localization signal present in
the COOH end of the protein and in ppUL35A. Immunoflu-
orescence demonstrated that UL35 proteins, most likely the
cytoplasmic 75-kDa protein, colocalized with the envelope gly-
coprotein, gB. Several structural proteins of HCMV, including
ppUL25, UL99, gB, gH, ppUL32 (pp150), ppUL99 (pp28),
and ppUL83 (pp65), also localize to a juxtanuclear structure
(3, 36, 53), which has been suggested to be a viral assembly site
(18, 59, 60). ppUL35 is another member in this congregation of
structural proteins and may contribute to packaging or assem-
bly of the viral particle.

Expression of the UL35 gene has a striking similarity to that
observed for IRS1 (51). The proteins encoded by IRS1 and the
related gene TRS1 are packaged within the virion and coop-
erate with the major immediate-early proteins IE1 and IE2
in activating viral promoters (50, 51). A second protein,
pIRS1263, which is encoded by the 3� end of the IRS1 gene,
localizes to the nucleus and inhibits transcriptional activation
of an early and a late gene promoter (51).

The nuclear localization of ppUL35A and pIRS1263 and the
packaging of the larger UL35 and IRS1 proteins into the virion
suggested that the proteins might have regions of similar
amino acids. Both open reading frames contain similar nuclear
localization signals in the carboxy-terminal portion of the cod-
ing regions; however, no other significant similarities or re-
gions of similar amino acid composition were identified by
Clustal W analysis.

Synthesis of two related proteins from one open reading
frame, proteins with predicted differences in function as for
UL35, extends the protein-coding capacity of the viral genome.
Given the size of the HCMV genome (235 kb), it is somewhat
surprising that the virus goes to such lengths to synthesize
additional proteins. The complexities of gene expression and
protein synthesis undoubtedly contribute to the long replica-
tion cycle of HCMV in tissue culture and its success as an
opportunistic human pathogen.
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