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Abstract

The human cytomegalovirus (HCMV) UL26 gene encodes a virion protein that is important for high titer viral replication. To
identify specific domains within the UL26 protein that contribute to viral infection, we created a panel of site-directed UL26
mutant viruses and assessed their impact on phenotypes attributed to UL26. We find that the C-terminal 38 amino acids of
the UL26 protein are absolutely necessary for UL26 function. A stop-insertion mutant that produced a truncated UL26
protein lacking this region behaved identically to UL26-null viruses. This included reduced accumulation of IE1 protein at
early time points, smaller plaque size, reduced virion stability, and growth with similarly attenuated kinetics. This C-terminal
truncation decreased the amount of UL26 packaged into the virion resulting in reduced delivery of UL26 to newly infected
cells. Further, this C-terminal truncated UL26 exhibited substantially reduced nuclear localization compared to wildtype
UL26. Translation of UL26 mRNA is initiated from two separate in frame methionines that give rise to a long and a short
isoform of UL26. We find that the N-terminal 34 amino acids, which are unique to the long isoform of UL26, are also
important for the function of the UL26 protein. A viral mutant that produces only the short isoform of UL26 and lacks these
N-terminal 34 amino acids exhibits delayed IE1 accumulation, and demonstrates intermediate defects in viral plaque size,
virion stability and viral growth kinetics. Ablation of the short UL26 isoform in the presence of the long UL26 isoform did not
impact any of the in vitro phenotypes tested. These experiments highlight important domains within the UL26 protein that
contribute to HCMV infection.
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Introduction

Human cytomegalovirus (HCMV), a betaherpesvirus, is a

widespread opportunistic pathogen. HCMV causes severe disease

in various immunosuppressed populations including the elderly,

cancer patients receiving immunosuppressive chemotherapy,

transplant recipients, and AIDS patients [1,2]. HCMV infection

is also a substantial cause of rejection in allograft recipients

(kidney, liver, heart and bone marrow) [3–6]. Further, congenital

HCMV infection is a major cause of birth defects resulting in

permanent disabilities in approximately one in a thousand live

births [7–9]. Congenital HCMV infection can result in multiple

organ system abnormalities, although central nervous system

damage is the most prevalent sequelae, which occurs in the

majority of symptomatic newborns [2,10].

HCMV is a relatively large virus, with a ,240-kb DNA genome

that encodes .200 open reading frames. The viral particle is

enveloped and its genome is encased within a protein capsid.

Packaged in between the capsid and the viral envelope is a protein

layer called the tegument, a structural feature unique to herpes

viruses [11–13]. Tegument proteins perform diverse functions

during viral infection. Some tegument proteins are important for

structure and assembly of virions such as those encoded by UL32

and UL99 [14–16]. Tegument proteins are delivered to the cellular

cytoplasm upon viral membrane fusion and many function at the

earliest steps of infection. Such examples include pp71, which

serves as a transcriptional activator of viral genes, and also

suppresses the Rb tumor suppressor [17–19], and pp65 which

antagonizes innate immunity and the interferon response [20,21].

Tegument proteins are therefore critical at multiple steps during

HCMV infection; at early times, they initiate a cellular environ-

ment conducive to viral replication, and later, they help assemble

viral particles.

While many HCMV tegument proteins are known to be

important for HCMV replication, the mechanisms through which

many of these proteins contribute to the infectious cycle are

unclear. One such tegument protein is encoded by the UL26 gene,

which has been found to be critical for high-titer viral replication

[22–24]. The UL26 protein is expressed with early kinetics, and

synthesis of the protein initiates at one of two start codons resulting

in 21- or 27-kDa products [25]. HCMV strains containing a UL26

deletion grow to lower final titers, with slower growth kinetics, and

exhibit a small plaque phenotype [23,24]. UL26 has been

implicated in transcriptional activation of the immediate early

promoter [23,25]. Deletion of UL26 also impacts the structural

characteristics of virions. These mutants are less stable than
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wildtype virions and contain hypophosphorylated tegument

constituents [23,24]. Consistent with a nuclear function early

during infection, and a role in viral assembly at late time points,

the UL26 protein localizes to the nucleus at early times post

infection, and to viral assembly compartments at late time points

[23].

Here, we analyzed specific domains of UL26 that contribute to

UL26-dependent phenotypes through the creation of a panel of

mutant UL26 viruses. Site-directed mutagenesis was employed to

target both of UL26’s initiation methionines and to introduce stop

codons throughout the UL26 ORF. Analysis of these mutant

viruses indicates that the UL26 short isoform is dispensable in vitro

when in the presence of the UL26 long isoform. In contrast, the

extra N-terminal 34 amino acids of the long UL26 isoform was

found to be important for UL26-dependent phenotypes, exhibiting

intermediate defects in plaque size and virion stability in

comparison to wildtype and UL26-null viruses. Lastly, the carboxy

terminal 38 amino acids were found to be critical for wildtype

replication as deletion of this domain phenocopied UL26-deletion

viruses. Deletion of these of 38 amino acids reduced the nuclear

localization and tegumentation of the resulting UL26 protein

product. These studies indicate that distinct domains of UL26

contribute to different UL26-dependent phenotypes and shed light

on how these domains contribute to HCMV replication.

Materials and Methods

Cell Culture and Viruses
MRC5 fibroblasts (passages 23–29) were cultured in Dulbecco’s

modified Eagle medium (DMEM; Invitrogen) supplemented with

10% fetal bovine serum. The wild type HCMV strain used in this

study was BAdwt, a bacterial artificial chromosome (BAC) clone of

Ad169 [26,27]. Cells were grown to , 3.26104 cells per cm2.

Prior to infection, cells were serum starved for 24 hours. In all

infections, viral innocula were added to cells for a 2 hr adsorption

period and then aspirated. For experiments involving measure-

ment of viral titers via plaque assay, unbound virus was inactivated

through a sodium citrate wash (40 mM sodium citrate, 10 mM

KCl, and 135 mM NaCl, pH 3.0) followed by a DMEM wash

immediately following viral adsorption.

BAC Mutagenesis
All UL26 mutants were derived from the BAdwt clone of Ad169

(Genebank accession number: FJ527563) [26,27]. The UL26

mutants constructed are: BAdUL26 double methionine deletion

(referred to as DBmetD in the text); BAdUL26 1st Methionine

deletion (referred to as 1stmetD in the text); BAdUL26 2nd

Methionine deletion (referred to as 2ndmetD in the text);

BAdUL26 double methionine deletion rescue (referred to as

DBrescue in the text); BAdUL26 #68 stop codon mutant (referred

to as #68stop in the text); BAdUL26 #107 stop codon mutant

(referred to as #107stop in the text); BAdUL26 #146 stop codon

mutant (referred to as #146stop in the text); BAdUL26 #185 stop

codon mutant (referred to as #185stop in the text). Wild type

BAdwt is referred as WT in the text and BAdUL26 transposon

insertion virus [22] is referred to as UL26TI in the text. Red

recombineering was used to construct the viral mutants in either a

one-step or two-step PCR recombination process as previously

described [28]. Briefly, for the two step PCR, a PCR amplified

Kan/Isce I cassette from the pEPkan-S vector containing UL26

flanking sequences was recombined into BADwt through electro-

poration into E. coli (strain SW105) containing BAdwt. Recombi-

nation was screened by growth in kanamycin. The Kan/Isce I

cassette containing BAC was then electroporated into GS1783

cells, which contain an arabinose-inducible I-Sce 1 restriction site

used for negative selection [29]. In the second step of Red

recombineering, a double-stranded DNA oligo containing the

mutant sequence of interest was transformed into GS1783

competent cells containing the Kan/Isce I cassette to allow

recombination and insertion of the mutant sequence into the

Kan/Isce I cassette site. Recombinants were negatively selected on

arabinose, positively selected on chloramphenicol and screened for

loss of kanamycin resistance. Restriction enzyme analysis of all

BAC clones was performed to rule out large-scale aberrant

recombination events. Further, all recombinant BAC clones were

sequenced to confirm the presence of the inserted mutation and

confirm the lack of any additional mutations in the UL26 gene.

The UL26 DBmetD mutant was created by deletion of the 2nd

Methionine from the UL26 1stmetD mutant. The primers for

generating mutant viruses via two sequential PCR reactions (first

reaction to introduce Kan/Isce I cassette and second reaction to

insert the point mutation) were as follows (59 to 39): UL26 1stmetD
insertion:F-GGCCCTCGGTGCGCTACCGGGCCCACATT-

CAAAAGTTTGAGCGTC

TTCATAGGATGACGACGATAAGTAGGG; R-

GCGGCTTCATGTGGCGTGACCT

CCGACCTCGTGAGGCCGAAAACGGCGTACAAC-

CAATTAACCAATTCTGATTAG;

UL26 1stmetD Met to ATC: F -GCGCTACCGGGCCCA-

CATTCAAAAGTTTGAGCGT

CTTCATCTACGCCGTTTTCGGCCTCACGAGGTCG-

GAGGTCACGCCA;

R–TGGCGTGACCTCCGACCTCGTGAGGCC-

GAAAACGGCGTAGATGAAGA

CGCTCAAACTTTTGAATGTGGGCCC GGTAGCGC;

UL26 1stmet to ATC negative control:F-GCGCTACCGGGCC-

CACATTCAAAAGTTTGAGCGTCTTCATGTACGCCGT

TTTCGGCCTCACGAGGTCGGAGGTCACGCCA; R-

TGGCGTGACCTCCGACCT

CGTGAGGCCGAAAACGGCGTACATGAAGACGCT-

CAAACTTTTGAATGTGGGCCCGGTAGCGC;UL26

2ndmetD insertion:F-GCGGCGCGTTATAAGCACCGTGG

GGTCATCGACCGACAAGGCGCGGCGATAGGATGAC-

GACGATAAGTAGGG;R- CGCATAAAATCGTCTAAATT-

CAAACCGCCGTCGGGTGCGCGCCTACTCGTCAAC-

CAATTAACCAATTCTGATTAG; UL26 2ndmetD Met to

ATC: F-ATAAGCACCGTGGGGT

CATCGACCGACAAGGCGCGGCGATCACGAG-

TAGGCGCGCACCCGACGGCGGTTTGAATTTAGAC;R-

GTCTAAATTCAAACCGCCGTCGGGTGCGCGCC-

TACTCGTGAT

CGCCGCGCCTTGTCGGTCGATGACCC-

CACGGTGCTTAT; UL26 2ndmet to ATC negative control:F-

ATAAGCACCGTGGGGTCATCGACCGA-

CAAGGCGCGGCGATGA

CGAGTAGGCGCGCACCCGACGGCGGTTTGAATTTA-

GAC;R-GTCTAAATTCAAAC

CGCCGTCGGGTGCGCGCCTACTCGT-

CATCGCCGCGCCTTGTCGGTCGATGACCC-

CACGGTGCTTAT; UL26 DBmetD: F-

CGCCGTTTTCGGCCTCACGAG; R-GGTGCC

GATGACGCGCAACTG. The single step PCR process

employs only a single set of primers that contain homology

sufficient for both recombination events [28]. Primers used for

mutants created through a single PCR reaction are listed:

UL26#185stop:F-CACGGTGACGTAGCAGCACGCGGCT-

CACGTAGCAGGCCGATTAGCGGAT-
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GACCTGGCCGTCGGAGGATGACGACGATAAG-

TAGGG;R-CTCGGGCCTGCGACG

CGACGCCGACGGCCAGGTCATCCGC-

TAATCGGCCTGCTACGTGAGCCGCA

ACCAATTAACCAATTCTGATTAG; UL26#146stop:F-

GCTCCACGTCTTCAA

AGTAGCTGTGTAGCAGGCCGCGCTCTTA-

CAGCTGCGGCAGCGAGT

CGGAGGATGACGACGATAAGTAGGG; R-

GAACTTTGTAGTGCGCGCC

GCCGACTCGCTGCCGCAGCTGTAA-

GAGCGCGGCCTGCTACACAGCAACCAATTAAC-

CAATTCTGATTAG; UL26#107stop:F –

CGGCCGCCACGCCGGCCACGCTGC

GGTCCCAACTGAAAAGTTAGGCGAGTCC-

GATGGTGCCGAAGGATGACGACGATAAGTAGGG; R-

CCAGGGTCAGTTGCGCGTCATCGGCACCATCG-

GACTCGCCT

AACTTTTCAGTTGGGACCGCAGCAACCAATTAAC-

CAATTCTGATTAG; UL26#68stop:F-GCGGGGTGAG-

GATGGTCTCCTCCACGTCGCAGACAAACAATTA

GTAGCCGCGCGGATAGGGCAAGGATGACGACGA-

TAAGTAGGG; R-GCGCGGT

CGCCACCTGGATCTGCCCTATCCGCGCGGCTAC-

TAATTGTTTGTCTGCGACGTGGACAACCAATTAAC-

CAATTCTGATTAG

Protein Analysis
Protein accumulation was assayed by Western blotting. Protein

from cell lysates was solubilized in disruption buffer (50 mM Tris

[pH 7.0], 2% SDS, 5% 2-mercapoethanol, and 2.75% sucrose),

separated by either 10% or 15% SDS-PAGE, and transferred to

nitrocellulose in Tris-glycine transfer buffer. Blots were then

stained with Ponceau S to visualize protein bands and ensure

equal protein loading. The membranes were blocked in 5% milk

in Tris-buffered saline-Tween 20 (TBST), followed by incubation

in primary antibody. After subsequent washes, blots were treated

with secondary antibody and protein bands were visualized using

the enhanced chemiluminescence (ECL) system (Pierce). The

primary antibodies were specific for viral proteins UL123-coded

IE1 [1B12], UL26 [7H19] (a C-terminal specific antibody), PP28

[10B4–29], UL83-coded pp65 (8F5) and pUL44 [10D8; Virusys]

and cellular protein tubulin [Epitomics]. A rabbit UL26 N-

terminal specific antibody was generated by Biomatik (http://

www.biomatik.com/) using the following underlined sequence:

MTSRRAPDGGLNLDD. The methionine preceding this se-

quence is the 2nd UL26 initiation methionine. The secondary

antibodies were rabbit polyclonal [Santa Cruz Biotechnology,

Inc.] and mouse monoclonal [Abcam].

Viral DNA accumulation was monitored by real-time PCR.

At various times post infection, medium was aspirated from cells

and viral DNA was harvested in lysis buffer (100 mM NaCl,

100 mM Tris-HCl, 25 mM EDTA, 0.5% SDS, 0.1 mg/ml

proteinase K, and 40 mg/ml RNase A). The extracted nucleic

acid was quantified and checked for purity through 260:280

absorbance by NanoDrop. Quantitative PCR (qPCR) was

performed using Fast SYBR green master mix, a model 7500

Fast real-time PCR system, and Fast 7500 software (Applied

Biosystems) according to manufacturer’s instructions. Viral DNA

was quantified with specific primer pairs targeting UL83 (pp65),

59-CAG-GAA-GAT-TTG-CTG-CCC-GTT-CAT-39 (forward)

and (59-GGC-TTT-ACG-GTG-TTG-TGT-CCC-AAA-39 (re-

verse).

For immunofluorescence, MRC5 fibroblasts were grown

on glass coverslips. At various time points post infection, cells were

washed once with PBS, fixed with 2% paraformaldehyde in PBS

for 20 min, washed three times with PBS, and permeabilized with

0.1% Triton X-100 and 0.1% SDS for 15 min, then washed twice

with PBS containing 0.05% Tween-20. Cells were subsequently

blocked by overnight incubation in PBS containing 2% bovine

serum albumin (BSA), 5% goat serum, 5% human serum, and

0.3% Triton X-100. Cells were incubated with anti-UL26 sera

[7H19] that had been diluted 1:2 in PBS containing 0.05%

Tween-20 for 1 hr. Slides were subsequently washed with PBS

containing 0.01% Tween-20 three times, incubated with fluoro-

chrome-conjugated anti-mouse secondary antibody for 1 hr, and

washed three times in the same buffer lacking antibody. Coverslips

were mounted in slow-fade Gold antifade reagent (Molecular

Probes) and DAPI (49, 69-diamidino-2-phenylindole). Confocal

images were captured with FV1000 Olympus laser scanning

confocal microscope. All images were captured under identical

confocal settings.

Virion Purification
To produce partially purified virions for the analysis of their

constituent proteins, WT and #185stop virus stocks were first

clarified by low speed centrifugation and then centrifuged through

a sorbitol cushion at 26K rpm for 1 hr. The virion pellet was then

resuspended in T.N. buffer containing 20 mM Tris-HCl, PH 7.4,

100 mM NaCl, and 1.5% BSA and purified by centrifugation

through a glycerol tartrate gradient as previously described [23].

Bands containing virions were collected and diluted 4-fold with

T.N. buffer. Virions were repelleted by centrifugation at 21 K rpm

for 1 hr and resuspended in T.N. buffer. For western analysis of

viral preps, disruption buffer was added to a final concentration of

50 mM Tris [pH 7.0], 2% SDS, 5% 2-mercapoethanol, and

2.75% sucrose prior to loading on SDS page gels. Serial dilutions

of viral preps were analyzed by anti-UL26 and anti-pp65-specific

western to ensure the linearity of UL26 and pp65 detection.

Quantitation of UL26 and pp65-specific protein bands was

performed using ImageLab software tools from BioRad.

Analysis of Viral Plaque Formation and Viral Stability
Replicate cultures of MRC5 fibroblasts were infected with 25

PFU of the indicated recombinant virus. Representative plaques at

day 15 post infection for each virus are shown. Areas of

representative plaques for each virus were quantified by Image J

and normalized to the WT plaque size. To investigate the stability

of virion infectivity, an equivalent number of plaque forming units

from freshly thawed viral stocks were incubated at 37uC for 0, 4, 8,

or 20 hours. After the indicated incubation period, confluent

MRC5 fibroblasts were infected. The percentage of plaques

remaining relative to the 0 h control was plotted.

To investigate virion stability after trypsin exposure, infected

MRC5 cells (MOI = 3.0) were harvested when the CPE reached

80%. The media containing infectious virus was reserved, and cells

were scraped in a small volume of media and sonicated. The

sonicated cells and reserved culture media were combined and

centrifuged at 6,000 rpm for 30 min. The supernatants were then

sedimented at 38,0006g for 60 min. The pellets containing virus

were resuspended in serum-free minimal essential medium. Two

hundred ml of either 2.5% trypsin (Invitrogen) or media was mixed

with 1.8 ml of the resuspended virus, and incubated at 37uC for 30

or 60 minutes for the trypsin treated, or 0 minutes for the media

control. To inactivate the trypsin, at the end of the prescribed

intervals, calf serum was added to a final concentration of 10%.

HCMV and UL26
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The suspension was then tittered by plaque assay. The percentage

of plaques remaining relative to the media control was plotted.

Statistical Analysis
Statistical significance was assessed by a non-paired two tailed

homoscedastic student’s t-test unless otherwise indicated. A

probability of value (p) ,0.05 was considered statistically

significant. For comparison of the viral growth between wildtype

and the #185stop mutant from 48–120 hpi a homoscedastic

paired two-tailed ttest of viral titers at each time point was

performed. Averages are plotted with either standard deviation

(SD), or standard error of the mean (SE) as indicated.

Results

Construction of UL26 Mutant Viruses
Viruses containing deletions in the UL26 gene have been shown

to be growth attenuated [23,24]. These viruses grow to reduced

titers, have decreased virion stability and exhibit decreased plaque

size [23,24]. The UL26 protein is expressed from a spliced mRNA

transcript that is also responsible for the expression of the UL29,

UL28, UL27, and UL29/28 open reading frames [25,30] (Fig. 1A).

Previously characterized UL26-null viruses contain large deletions

within the UL26 open reading frame which could impact the

expression of the other open reading frames that are expressed

from this mRNA transcript. Further, it is unclear how the two

separate isoforms of the UL26 protein contribute to HCMV

infection. To address these issues, and to map the domains of

UL26 that impact viral replication, we employed BAC-mediated

recombineering to create a panel of viruses containing site-directed

UL26 mutations. This panel included viruses containing a

mutation ablating one or both initiating methionines as well as

viruses containing stop codon insertions throughout the UL26

open frame.

A plot of manavalan hydrophobicity [31] and Chou-Fasman

predicted secondary structure domains [32] of the UL26 protein is

illustrated in Figure 1B. The positions of specific methionine

mutations or stop insertions that were engineered into BAC-

Ad169 (WT) are illustrated on this plot (Fig. 1B). In an attempt to

create truncated UL26 reading frames that could be stably

expressed, stop insertions were made at locations that approxi-

mated transitions between these predicted domains (Fig. 1B). To

verify expression of these C-terminally-truncated UL26 open

reading frames, a rabbit polyclonal antibody was raised to a

peptide in the N-terminus of UL26. As shown in Figure 1C, three

stop insertion viruses did not accumulate any truncated UL26

protein whereas one stop insertion mutant, #185stop, did

accumulate truncated UL26. Mutagenesis of UL26’s two initiation

methionines gave the expected results; a virus containing a

mutation in the first methionine expressed only the short UL26

isoform, whereas a virus with a mutation of the second methionine

expressed only the long UL26 isoform (Fig. 1C). Further, the virus

with both methionines mutated did not accumulate any UL26

(DBmetD), nor did the previously described transposon-deleted

UL26 virus (UL26TI) (Fig. 1C). The repair of the DBmetD virus,

through recombination with a DNA fragment containing the

wildtype UL26 N-terminus created a virus, DBrescue, which

restored the expression of both UL26 isoforms (Fig. 1C). The stop

codon insertion mutants that did not accumulate detectable

amounts of UL26 behaved like UL26-null viruses (data not shown)

and were not analyzed in further detail. The specific mutations of

the remaining recombinant viruses, and the UL26 ORFs they

produce, are illustrated in Fig. 1D.

N-terminal and C- terminal Domains of the UL26 Protein
are Necessary for Wild-type Replication

As it has previously been found that deletion of the UL26

protein impacts production of viral progeny, we wanted to

elucidate how specific domains of the UL26 protein contribute

to viral replication. We first wanted to assess whether the double

methionine deletion mutant (DBmetD), grew with similar kinetics

as the transposon insertion mutant (UL26TI). As shown in

Figure 2A and 2B, the DBmetD virus grew with similar kinetics at

both high (3.0) and low (0.25) multiplicities of infection (MOI).

Further, repair of the double methionine mutation (DBrescue)

restored the viral growth kinetics to wildtype levels (Fig. 2A and

2B). These results indicate that the transposon insertion and

subsequent large deletion of the UL26 ORF does not substantially

impact the in vitro viral growth over and above what is observed

with less disruptive targeting of the UL26 initiation methionines.

To further determine how different domains of the UL26

protein contribute to viral growth, we analyzed the replication of

the individual methionine mutants and the #185 stop insertion

mutant. At high MOI, the 2ndmetD virus, which only expresses the

long isoform of UL26 (Fig. 1C), grew similarly to WT (Fig. 2C).

The 1stmetD virus, which expresses only the short isoform of UL26

(Fig. 1C), displayed an intermediate growth defect. Compared to

WT virus, it grew with slower kinetics and exhibited a 5-fold

decrease in final titers, but grew better than a virus with the

complete UL26 deletion (DBmetD) (Fig. 2C). The #185stop

mutant was more substantially attenuated, growing with reduced

kinetics and to lower final titers, similar to the DBmetD mutant.

Compared to WT virus, the stop mutant exhibited a ,10-fold

reduction in final titers (Fig. 2C). Similar trends were observed

during infection at a lower MOI. The 2ndmetD virus grew almost

identically to WT, whereas the 1stmetD virus displayed WT

growth kinetics early during infection, but exhibited a 10-fold

reduction in viral titers (Fig. 2D). Interestingly, the #185stop

mutant actually grew statistically worse than the DBmetD mutant

based on a paired two-tailed students ttest of viral titers from 48–

120 hpi (p,0.05) (Fig. 2D). The combined analyses of viral growth

suggest that the short UL26 isoform is dispensable for HCMV

growth in vitro. The additional N-terminal 34 amino acids present

in the long but absent in the short UL26 isoform were found to be

important for wildtype levels of in vitro viral growth. The short

isoform still contributes to viral growth inasmuch as it grows better

than the UL26-null virus. In contrast, the C-terminal 38 amino

acids of the UL26 appear to be essential for UL26 function.

The Impact of UL26 Mutations on Viral Protein and Viral
DNA Accumulation

It has been reported that UL26 is important for wildtype levels

of IE1 accumulation [23]. To further explore the impact of specific

UL26 domains on viral gene expression, we analyzed the

accumulation of viral proteins during infection. Upon infection

at an MOI = 3.0, both UL26-null viruses, UL26TI and DBmetD,

accumulated less IE1 at 4 hpi, but recovered by 24 hpi (Fig. 3A).

Cells infected with the #185stop mutant appeared to accumulate

slightly less IE1 at 4 hpi than WT-infected cells whereas the

methionine mutants accumulated WT-levels of IE1 at 4 hpi

(Fig. 3A). The impact of UL26 mutations on the early accumu-

lation of IE1 was more evident during low MOI infections. At

MOI = 0.25, similar to the UL26-null viruses, the 1stmetD mutant

as well as the #185stop mutant accumulated less IE1 at 4 hpi in

comparison to WT infected cells (Fig. 3B). The 2ndmetD mutant,

which expresses only the long UL26 isoform, accumulated a WT-

level of IE1 at 4 hpi (Fig. 3B). As with the high MOI infection, the

HCMV and UL26
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levels of IE1 protein recovered by 24 hpi (Fig. 3B). Our results

indicate that the UL26 protein is important for the early

accumulation of the IE1 protein. Further, it appears that the N-

terminal 34 amino acids and C-terminal 38 amino acids play a

role in this phenotype in an MOI-dependent manner.

Transposon-mediated deletion of the UL26 protein also resulted

in decreased delivery of the tegument protein pp28 upon initial

infection [23]. Consistent with the previous observations, cells

infected with UL26TI contained less pp28 protein at 4 and 24 hpi

(Fig. 3A). In contrast, cells infected with the DBmetD mutant

contained WT levels of pp28 at 4 and 24 hpi (Fig. 3A). This

indicates the possibility that transposon-mediated deletion of UL26

could have additional consequences separate from the ablation of

UL26 expression, e.g. a second-site mutation. However, any

potential second mutation had negligible impact on infection as

repair of the UL26 mutation in the transposon mutant rescued

viral growth [23]. The accumulation of UL26 isoforms was as

expected; the 1stmetD and 2ndmetD mutants accumulated only the

short or long isoforms respectively whereas neither the DBmetD
nor UL26TI accumulated UL26 (Fig. 3A). During the early stages

of infection with the #185stop mutant, there was a reduction in

the amount of UL26 compared to WT (Fig. 3A). However, by

48 hpi, the accumulation of #185stop-UL26 was equivalent to

that of WT-UL26 (Fig. 3C). Analysis of the accumulation of

another early protein, UL44, indicated little difference in UL44

levels between the panel of viruses at an MOI = 3.0 (Fig. 3A).

However, during infection at an MOI = 0.25, the 1stmetD and

UL26-null viruses accumulated less UL44 at 24 hpi compared to

WT (Fig. 3B). This difference largely disappeared by 48 hpi

(Fig. 3D). In cells infected with the UL26-null viruses, there also

appeared to be a moderate decrease in the amount of pp28 at 48

and 72 hpi (Fig. 3C, Fig. 3D). This decrease was observed at both

high and low MOI infections, and would be consistent with the

delayed kinetics of infection observed with UL26-null viruses.

Taken together, our data indicate that at lower multiplicities of

infection, the N-terminal 34 and C-terminal 38 amino acids of

UL26 are important for the early timing of HCMV viral gene

expression, inasmuch as the deletion of these domains results in

slower accumulation of IE1, and subsequently UL44.

To further analyze the contribution of these UL26 domains to

the viral infectious cycle, we measured the accumulation of viral

DNA over the course of infection with our panel of UL26 mutants.

At a relatively high MOI (3.0), viral DNA accumulated similarly

between the WT and 2ndmetD (Fig. 4A). During infection with the

1stmetD, #185-stop and DBmetD viruses viral DNA accumulated

with slower kinetics (Fig. 4A). A similar trend was observed at a

lower MOI (0.25) single round of infection. Cells infected with the

1stmetD, #185stop and DBmetD viruses accumulated DNA less

rapidly than cells infected with WT or the 2ndmetD virus (Fig. 4B).

These results are consistent with the notion that the N-terminal

and C-terminal domains of UL26 are important for normal timing

Figure 1. Creation of UL26 mutant viruses. (A) Schematic of the HCMV UL30-UL26 genomic region. (B) A Manavalan hydrophobicity plot of the
UL26 protein with the positions of specific methionine mutations or stop insertions illustrated. In blue and green, are Chou-Fassman predicted
secondary structure domains. BAC-engineered stop and start mutations are overlaid, with red boxes indicating stable UL26 protein accumulation, and
black boxes indicating lack of stable UL26 protein accumulation. (C) Accumulation of viral proteins after HCMV infection. Replicate cultures of
fibroblasts were mock infected or infected with WT, 1stmetD, 2ndmetD, DBmetD, UL26TI, DBrescue or stop codon mutants: #68stop, #107stop,
#146stop and #185stop virus (MOI = 3). Cells were harvested at 48 hr post infection and processed for Western blotting using a UL26-specific
monoclonal antibody (targeting the N-terminus or C-terminus of UL26 as indicated). (D) Illustration of the panel of UL26 mutant viruses analyzed with
the resulting UL26 open reading frames (ORFs) indicated.
doi:10.1371/journal.pone.0088101.g001
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of HCMV infection. Deletion of these domains results in a slower

accumulation of viral DNA and viral proteins.

The Impact of UL26 Mutations on Viral Plaque Size and
Virion Stability

We and others have observed that deletion of the UL26 open

reading frame results in reduced plaque size [24]. To analyze the

contribution of specific UL26 domains to this phenotype, cells were

seeded with a fixed number of plaque forming units (PFU) from

our panel of mutants, overlaid with agarose and incubated at 37uC
for 15 days. Images of the resulting plaques were captured with

subsequent analysis of the area of each plaque. Images of

representative plaques are shown in Figure 5A. As shown in

Figure 5, the resulting plaques were substantially smaller upon

infection with the #185 stop or UL26-null viruses. The plaques

produced by the 1stmetD virus were intermediate in size between

the UL26-null viruses and WT HCMV, whereas the 2ndmetD virus

produced plaques of WT size. These results indicate that the C-

terminal 38 amino acids of the UL26 protein, and to a lesser

extent, the N-terminal 34 amino acids are important for WT

plaque size.

Previously, it has been found that the UL26 protein is important

for virion stability, inasmuch as prolonged incubation at 20uC
causes UL26-defective virions to lose their ability to initiate

infection faster than WT virions do. [24]. To investigate how

specific UL26 mutations impact virion stability, viral supernatants

containing equivalent PFUs were incubated at 37uC for various

times and then plated. The percentage of plaques remaining after

incubation in comparison to control was plotted in Figure 6A.

After 8 h of incubation, WT HCMV exhibited a less than 20%

drop in infectivity (Fig. 6A). With the same incubation, the

#185stop and UL26-null viruses demonstrated a ,50% drop in

infectivity, a statistically significant difference (Fig. 6A). After 20 h

of incubation, WT HCMV lost ,40% of its infectivity (Fig. 6A).

With this incubation, the #185stop and UL26-null viruses

demonstrated a 70% loss of infectivity while the 1stmetD lost

60% of its infectivity (Fig. 6A). Different strains of HCMV have

historically been found to exhibit varying sensitivities to trypsin

treatment, a correlate of virion stability [33]. We therefore

explored whether UL26 impacts viral trypsin sensitivity. We found

that the UL26-null viruses, as well as the #185stop and 1stmetD
viruses exhibited enhanced sensitivity to trypsin compared to

wildtype HCMV (Fig. 6B). The infectious stability and trypsin

Figure 2. Growth characteristics of UL26 recombinant viruses. Serum starved MRC5 fibroblasts were infected with WT, UL26TI, DBmetD or
DBrescue viruses at an MOI of 3.0 (A) or 0.25 (B) in triplicate. For C & D, cells were infected with WT, 1stmetD, 2ndmet D, DBmetD or #185stop at an
MOI of either 3.0 (C) or 0.25 (D). Supernatants were harvested at the indicated times, and infectious viral progeny was quantified by plaque assay on
fibroblasts. Values are means 6 SE (n $3), and statistical significance was assessed through comparison of mutant to WT titer at the same time post
infection by student’s ttest, * = p,0.05; ** = p,0.01.
doi:10.1371/journal.pone.0088101.g002
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Figure 3. Accumulation of viral proteins after infection with UL26 recombinant viruses. Serum starved MRC5 fibroblasts were mock
infected or infected with the indicated recombinant virus at an MOI of either 3.0 (A, C) or 0.25 (B, D). Viral proteins were harvested at 4 hr, 24 hr (A,
B), 48 hr, 72 hr (C, D) post infection and processed for Western blotting using antibodies directed towards IE1, pUL44, pp28, UL26 (C-terminal specific
antibody), and a-tubulin. A representative blot from two separate experiments is shown.
doi:10.1371/journal.pone.0088101.g003

Figure 4. Accumulation of viral DNA after infection with UL26 recombinant viruses. (A) Serum starved MRC5 fibroblasts were infected with
the indicated recombinant virus at an MOI of either 3.0 (A) or 0.25 (B). Viral DNA was collected at 24, 48, 72 and 96 hpi. Real-time PCR was performed
using HCMV-specific primers to analyze viral DNA accumulation. Values are means 6 SD (n = 3).
doi:10.1371/journal.pone.0088101.g004
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sensitivity results mirror each other, and suggest that the C-

terminus of UL26, and to a lesser extent UL26’s N-terminal 34

amino acids, are important for infectious virion stability.

The Impact of N-terminal and C-terminal Mutations on
UL26 Protein Localization

Previously, we found that the UL26 protein localized to the

nucleus at early time points, and moved to the cytoplasm at later

time points [23]. To determine whether specific domains of the

UL26 protein were important for UL26 localization during

infection, we analyzed cells infected with our panel of UL26

mutant viruses using confocal microscopy. After 5 hpi, a time at

which the UL26 protein should be predominantly tegument-

delivered, the UL26 protein was localized in the nucleus during

WT, and 2ndmetD infection (Fig. 7A). At the same time point, and

with equivalent confocal settings, there was reduced staining for

nuclear UL26 protein in cells infected with the 1stmetD (Fig. 7A).

UL26 protein was not detectable during infection with the

#185stop or the UL26-null viruses (Fig. 7A). After 72 hpi, the

UL26 protein exhibits both nuclear and cytoplasmic staining

during WT infection (Fig. 7B). After 72 h of infection with the

1stmetD and 2ndmetD viruses, the UL26 protein remained

primarily nuclear, although there was increased cytoplasmic

staining compared to the 5 hpi time point (Fig. 7B). Interestingly,

after 72 h of infection with the #185stop virus, UL26 was

predominantly cytoplasmic, with a reduction in nuclear staining

compared to WT or the 1st and 2ndmetD viruses (Fig. 7B). Analysis

of multiple fields at this time point revealed that #185stop-UL26-

protein was capable of accumulating in the nucleus, however it did

so in a minority of cells, ,20%, in comparison to cells infected

with wildtype or the methionine mutants, which exhibited nuclear

UL26 in ,90% of cells (Fig. 7C). These results indicate that the

#185stop mutant is defective for nuclear accumulation, suggesting

that the C-terminal 38 amino acids of UL26 are important for

proper nuclear localization.

As UL26 is a tegument protein, and its de novo expression

depends on the expression of immediate early genes [34], the

majority of UL26 protein present during the first 5 h of infection is

part of the virion that was delivered to the cells upon infection

[25]. At 5 h post infection with #185stop, we observed

substantially decreased levels of truncated UL26, both by western

and by immunofluorescence (Fig. 3A & Fig. 7A). These decreased

levels of UL26 protein could result from defective incorporation

into the viral tegument. To explore this possibility, we gradient

purified wildtype and #185stop virions. As shown in Figure 7D,

#185stop virions contained reduced levels of UL26 protein

compared to WT virions. There was a greater than 50% reduction

in the short #185stop isoform in comparison to wildtype HCMV

and a greater than 80% reduction in the long #185stop isoform

(Fig. 7E). These results suggest that this C-terminal deletion

decreases the tegumentation efficiency of UL26 and is likely in part

responsible for the reduced abundance of UL26 protein at early

time points of infection. These results coupled with the defective

UL26 nuclear localization associated with this mutant suggest that

Figure 5. Analysis of HCMV plaque formation. (A) Replicate cultures of MRC5 fibroblasts were infected with 25 PFU of the indicated
recombinant virus. Representative plaques at day 15 post infection for each virus are shown. (B) Areas of representative plaques for each virus were
quantified by Image J and normalized to the WT plaque size. Values are means+SE (n = 10). ** = p,0.01; *** = p,0.001.
doi:10.1371/journal.pone.0088101.g005
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deletion of the C-terminal 38 amino acids largely ablates the

nuclear activities associated with UL26 at early times post

infection.

Discussion

Herpesvirus tegument proteins play important and divergent

roles during the viral life cycle. These proteins are among the first

to interact with the host cell upon infection, as they are delivered

to the cytoplasm after membrane fusion. At this time, they serve to

institute an environment conducive to viral replication, performing

a myriad of activities such as suppressing innate immunity,

activating cell signaling pathways and inducing viral gene

expression [17,20,21]. In addition to these early functions,

tegument proteins act at the very end of infection, playing roles

in the assembly, envelopment, and egress of viral particles [14,15].

We have found that the UL26 tegument protein is critical for high

titer HCMV replication [23]. However, it was unclear how the

long and short UL26 isoforms contribute to in vitro HCMV

replication. The UL26 protein has been implicated in functioning

at both early time points of infection, impacting immediate early

gene accumulation [23,25], as well as at late time points during

virion assembly, inasmuch as virions lacking UL26 exhibit reduced

stability [24]. However, how the different UL26 isoforms, or how

specific UL26 domains contribute to these phenotypes is unclear.

To address these questions we created a panel of recombinant

HCMV UL26 mutants and assessed their contribution to HCMV

infection. We found that the short UL26 isoform is largely

dispensable for in vitro replication, whereas the N-terminal 34

amino acids of the long isoform are required for wildtype HCMV

replication. Further, we find that the C-terminal 38-amino acids of

the UL26 protein are important for wildtype HCMV replication,

as well as for proper nuclear localization and normal tegumenta-

tion of the UL26 protein.

The C-terminal 38 amino acids of UL26 are critical for UL26-

protein function, as a truncation mutant lacking these amino acids

was indistinguishable from UL26-null viruses with respect to IE1

accumulation, viral growth, plaque size, and virion stability. This

C-terminal-truncated UL26 protein was less abundant at earlier

times post infection, but accumulated to wildtype levels at later

times post infection. This decrease in UL26 protein at early times

reflects the decreased tegumentation observed in #185stop

virions. This C-terminal truncated UL26 protein also displayed

substantially reduced nuclear localization compared to wildtype

UL26. Employing an algorithm for identification of nuclear

localization sequences [35], we find that the UL26 protein

contains a predicted weak nuclear localization signal close to the

C-terminus (Fig. 8). The #185stop mutation falls within this

sequence, and its deletion is therefore potentially responsible for

the defective nuclear localization of this mutant allele (Fig. 8).

Given that the #185stop mutant behaves similarly to UL26-null

virus, and exhibits apparent early and late defects, it makes it

difficult to definitively separate early functions from late functions

with respect to their contribution to viral replication. Additional

site-specific mutational analysis of this region may enable

separation of the residues that are important for nuclear

localization versus those important for efficient tegumentation.

Given its importance for UL26 function, mutants of this C-

terminal domain will be a powerful tool for further genetic and

mechanistic studies into UL26’s contribution to HCMV replica-

tion. For example, in screening potentially important UL26

interacting partners, viral or host-cell factors whose binding is

dependent on this C-terminal domain should be given preference

with respect to experimental examination.

Interestingly, the C-terminal 38 amino acids of the UL26

protein appear to be less well conserved between human, the other

primate CMVs, and non-primate CMVs in comparison to other

areas of the protein (Fig. 8). Two macaque CMVs, RHCMV and

CyCMV, for example, contain an extra ,30 C-terminal amino

acids. This increased divergence between the different UL26

proteins may indicate that this domain is important for species

specific differences between the CMV strains.

The UL26 message contains two initiating methionines which

result in two in-frame UL26 protein isoforms that differ by only 34

N-terminal amino acids. It is unclear how these different isoforms

contribute to HCMV infection. Our results indicate that the

Figure 6. Viral stability of UL26 recombinant viruses. (A)
Replicate cultures of MRC5 fibroblasts were seeded with 25 plaque
forming units of WT, 1stmet D, 2ndmet D, DBmetD, UL26TI, or #185stop
virus that had been incubated at 37uC for 0, 4, 8, or 20 h. The
percentage of plaques remaining relative to the 0 h incubation was
plotted (e.g. (PFU at T = 0 h incubation)/(PFU at T = 8 h incuba-
tion)6100). Values are averages+SE. Statistical significance was assessed
through comparison of the decrease in mutant plaquing efficiency
relative to WT after the same incubation time, e.g. 8 h at 37uC, by
student’s ttest * = p,0.05 (n = 3). (B) Replicate cultures of MRC5
fibroblasts were infected with WT, 1stmet D, 2ndmet D, DBmetD,
UL26TI, or #185stop virus at MOI = 3.0. When the infected cells reached
80% cytopathic effect (CPE), the cells were harvested, and virions partial
purified, with subsequent trypsin or control treatment for various times
at 37uC. The percentage of plaques remaining relative to non-trypsin
treated samples (0 min) was plotted. Values are averages 6 SD. * = p,
0.05; ** = p,0.01.
doi:10.1371/journal.pone.0088101.g006

HCMV and UL26

PLOS ONE | www.plosone.org 9 February 2014 | Volume 9 | Issue 2 | e88101



Figure 7. Localization of the UL26 protein in HCMV infected cells. MRC5 fibroblasts were infected at an MOI of 3.0 and were fixed at either
5 hpi (A) or 72 hpi (B) and processed for immunofluorescence using an antibody specific for the C-terminus of UL26. (C) Quantification of the cells
containing nuclear localized UL26 protein at 72 hpi. The percentage of total cells containing nuclear localized UL26 was plotted. UL26 localization in
over one-hundred cells in separate fields was determined, ** p,0.01 compared to WT virus. All counted cells contained detectable UL26 expression.
(D) UL26 tegument protein composition of WT and #185stop virus. Viral particles from the supernatants of MRC5 fibroblasts infected with either WT
or #185stop virus were separated from cell debris via low-speed centrifugation. Thereafter, the particles were purified by differential sedimentation
in a glycerol-tartrate gradient. Resulting virion fractions were processed for Western blotting using UL26 and pp65-specific monoclonal antibodies. (E)
Quantification of tegument UL26 protein in glycerol-tartrate purified virions. The amount of UL26 protein present in virions (D) was quantified after
normalization to the amount of virion pp65. Quantification of UL26 and pp65 specific bands was performed using BioRad ImageLab software.
doi:10.1371/journal.pone.0088101.g007

Figure 8. Comparison of UL26 protein sequences of various species-specific cytomegaloviruses. The UL26 open reading frames of the
indicated CMV species were aligned using the NCBI BLAST alignment tool. The black box highlights a putative NLS as predicted by the NLS mapper.
The green asterisk indicates the 2nd initiation methionine and the red asterisk indicates the #185-stop insertion site.
doi:10.1371/journal.pone.0088101.g008
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shorter isoform is dispensable for many of the in vitro phenotypes

we assessed, including replication, plaque size, and viral stability.

Despite its apparent lack of importance in vitro, the second in

frame methionine is well conserved in primate CMV species

(Figure 8). This suggests that the smaller isoform may be important

in other settings, e.g. during in vivo infection or infection of

alternate cell types. The shorter UL26 isoform has been found to

be preferentially packaged relative to the longer isoform during

tegumentation (Fig. 7C and [25]), however the mechanism

governing this difference is not clear. Further, while a putative

NLS was predicted in the C-terminus, and should therefore be

present in both isoforms, it is not currently clear whether the

different isoforms co-localize over the course of viral infection.

While the shorter UL26 protein isoform is dispensable for in vitro

growth, the longer UL26 isoform, which contains an additional 34

N-terminal amino acids, was found to contribute to a number of

in vitro phenotypes. The 1stmetD virus exhibited intermediate

phenotypes between wildtype and UL26-null viruses, including

viral growth, plaque size, and viral stability. Further, the 1stmetD
mutant displayed an MOI-dependent decrease in IE1 accumula-

tion at 4 h. These results indicate that the 34 N-terminal amino

acids are important for viral growth and argue that the long and

short isoforms are not functionally redundant in vitro.

A number of questions remain about UL26 and the mechanisms

through which it contributes to HCMV replication. Prominently,

how does the UL26 protein contribute to virion stability? As a

tegument protein, physical interactions between the UL26 protein

and other viral proteins in the virion could be important for

maintaining virion stability. Alternatively, UL26’s contribution to

stability may occur earlier, for example in the proper assembly of

virion particles. Previously we found that UL26-null viruses

produce virions with hypophosphorylated tegument proteins

[23]. It is unclear whether this hypophosphorylation could

contribute to unstable virions, or alternatively, whether the

hypophosphorylation is a consequence of virion destabilization.

Analysis of purified virion proteins by silver-stained gel indicates

there is no dramatic difference in the proteins present in wildtype

versus UL26-null virus (data not shown). This suggests that large

differences in virion protein constituents are likely not responsible

for the decreased stability of mutant UL26 viruses. Another major

question is the function of UL26 in the nucleus at early times. It

seems likely that this nuclear UL26 is responsible for impacting IE1

gene expression at early times, although the potential mechanism

involved still needs to be elucidated. Our identification of the

important UL26 N-terminal and C-terminal domains will facilitate

addressing these questions. The C-terminal 38-amino acids of

UL26 are important for proper UL26 tegumentation, nuclear

localization, and viral replication. Our studies highlight the

importance of these C-terminal 38-amino acids for future study.

Further functional analysis will distinguish how the specific

residues within this domain contribute to UL26 nuclear localiza-

tion and proper tegumentation, and subsequently to HCMV

replication. Given its importance to HCMV infection, elucidating

the mechanisms through which UL26 domains contribute to high-

titer replication may shed light on possibilities for therapeutic

intervention.

Author Contributions

Conceived and designed the experiments: CM CMS JM. Performed the

experiments: CM CMS. Analyzed the data: CM CMS JM. Contributed

reagents/materials/analysis tools: CM CMS JM. Wrote the paper: CM

CMS JM.

References

1. Gerna G, Baldanti F, Revello MG (2004) Pathogenesis of human cytomegalo-
virus infection and cellular targets. Hum Immunol 65: 381–386.

2. Pass RF (2001) Cytomegalovirus. In: Knipe DM, Howley PM, editors. Fields’

Virology. 4th ed. New York: Lippincott-Williams and Wilkins. 2675–2705.

3. Neiman P, Wasserman PB, Wentworth BB, Kao GF, Lerner KG, et al. (1973)

Interstitial pneumonia and cytomegalovirus infection as complications of human
marrow transplantation. Transplantation 15: 478–485.

4. Fitzgerald JT, Gallay B, Taranto SE, McVicar JP, Troppmann C, et al. (2004)

Pretransplant recipient cytomegalovirus seropositivity and hemodialysis are
associated with decreased renal allograft and patient survival. Transplantation

77: 1405–1411.

5. Grattan MT, Moreno-Cabral CE, Starnes VA, Oyer PE, Stinson EB, et al.
(1989) Cytomegalovirus infection is associated with cardiac allograft rejection

and atherosclerosis. Jama 261: 3561–3566.

6. Streblow DN, Kreklywich CN, Andoh T, Moses AV, Dumortier J, et al. (2008)

The role of angiogenic and wound repair factors during CMV-accelerated
transplant vascular sclerosis in rat cardiac transplants. Am J Transplant 8: 277–

287.

7. Cannon MJ (2009) Congenital cytomegalovirus (CMV) epidemiology and
awareness. J Clin Virol 46 Suppl 4: S6–10.

8. Andrei G, De Clercq E, Snoeck R (2008) Novel inhibitors of human CMV. Curr

Opin Investig Drugs 9: 132–145.

9. Grosse SD, Ross DS, Dollard SC (2008) Congenital cytomegalovirus (CMV)
infection as a cause of permanent bilateral hearing loss: a quantitative

assessment. J Clin Virol 41: 57–62.

10. Burny W, Liesnard C, Donner C, Marchant A (2004) Epidemiology,

pathogenesis and prevention of congenital cytomegalovirus infection. Expert
Rev Anti Infect Ther 2: 881–894.

11. Varnum SM, Streblow DN, Monroe ME, Smith P, Auberry KJ, et al. (2004)

Identification of proteins in human cytomegalovirus (HCMV) particles: the
HCMV proteome. J Virol 78: 10960–10966.

12. Baldick CJ, Jr., Shenk T (1996) Proteins associated with purified human

cytomegalovirus particles. J Virol 70: 6097–6105.

13. Mocarski ES, Shenk T, Pass RF (2006) Cytomegaloviruses. In: Knipe DM,
editor. Fields Virology. New York: Lippincott-Williams and Wilkins. 2701–2757.

14. AuCoin DP, Smith GB, Meiering CD, Mocarski ES (2006) Betaherpesvirus-

conserved cytomegalovirus tegument protein ppUL32 (pp150) controls cyto-
plasmic events during virion maturation. J Virol 80: 8199–8210.

15. Silva MC, Yu QC, Enquist L, Shenk T (2003) Human cytomegalovirus UL99-

encoded pp28 is required for the cytoplasmic envelopment of tegument-

associated capsids. J Virol 77: 10594–10605.

16. Silva MC, Schroer J, Shenk T (2005) Human cytomegalovirus cell-to-cell spread
in the absence of an essential assembly protein. Proc Natl Acad Sci U S A 102:

2081–2086.

17. Kalejta RF, Bechtel JT, Shenk T (2003) Human cytomegalovirus pp71

stimulates cell cycle progression by inducing the proteasome-dependent
degradation of the retinoblastoma family of tumor suppressors. Mol Cell Biol

23: 1885–1895.

18. Baldick CJ, Jr., Marchini A, Patterson CE, Shenk T (1997) Human

cytomegalovirus tegument protein pp71 (ppUL82) enhances the infectivity of
viral DNA and accelerates the infectious cycle. J Virol 71: 4400–4408.

19. Bresnahan WA, Shenk TE (2000) UL82 virion protein activates expression of
immediate early viral genes in human cytomegalovirus-infected cells. Proc Natl

Acad Sci U S A 97: 14506–14511.

20. Browne EP, Shenk T (2003) Human cytomegalovirus UL83-coded pp65 virion

protein inhibits antiviral gene expression in infected cells. Proc Natl Acad
Sci U S A 100: 11439–11444.

21. Abate DA, Watanabe S, Mocarski ES (2004) Major human cytomegalovirus

structural protein pp65 (ppUL83) prevents interferon response factor 3

activation in the interferon response. J Virol 78: 10995–11006.

22. Yu D, Silva MC, Shenk T (2003) Functional map of human cytomegalovirus

AD169 defined by global mutational analysis. Proc Natl Acad Sci U S A 100:
12396–12401.

23. Munger J, Yu D, Shenk T (2006) UL26-deficient human cytomegalovirus

produces virions with hypophosphorylated pp28 tegument protein that is

unstable within newly infected cells. J Virol 80: 3541–3548.

24. Lorz K, Hofmann H, Berndt A, Tavalai N, Mueller R, et al. (2006) Deletion of
open reading frame UL26 from the human cytomegalovirus genome results in

reduced viral growth, which involves impaired stability of viral particles. J Virol

80: 5423–5434.

HCMV and UL26

PLOS ONE | www.plosone.org 11 February 2014 | Volume 9 | Issue 2 | e88101



25. Stamminger T, Gstaiger M, Weinzierl K, Lorz K, Winkler M, et al. (2002) Open

reading frame UL26 of human cytomegalovirus encodes a novel tegument
protein that contains a strong transcriptional activation domain. J Virol 76:

4836–4847.

26. Rowe WP, Hartley JW, Waterman S, Turner HC, Huebner RJ (1956)
Cytopathogenic agent resembling human salivary gland virus recovered from

tissue cultures of human adenoids. Proc Soc Exp Biol Med 92: 418–424.
27. Yu D, Smith GA, Enquist LW, Shenk T (2002) Construction of a self-excisable

bacterial artificial chromosome containing the human cytomegalovirus genome

and mutagenesis of the diploid TRL/IRL13 gene. J Virol 76: 2316–2328.
28. Tischer BK, von Einem J, Kaufer B, Osterrieder N (2006) Two-step red-

mediated recombination for versatile high-efficiency markerless DNA manipu-
lation in Escherichia coli. Biotechniques 40: 191–197.

29. Tischer BK, Smith GA, Osterrieder N (2010) En passant mutagenesis: a two step
markerless red recombination system. Methods Mol Biol 634: 421–430.

30. Mitchell DP, Savaryn JP, Moorman NJ, Shenk T, Terhune SS (2009) Human

cytomegalovirus UL28 and UL29 open reading frames encode a spliced mRNA
and stimulate accumulation of immediate-early RNAs. J Virol 83: 10187–10197.

31. Manavalan P, Ponnuswamy PK (1978) Hydrophobic character of amino acid

residues in globular proteins. Nature 275: 673–674.
32. Chou PY, Fasman GD (1978) Prediction of the secondary structure of proteins

from their amino acid sequence. Adv Enzymol Relat Areas Mol Biol 47: 45–148.
33. Plotkin SA, Furukawa T, Zygraich N, Huygelen C (1975) Candidate

cytomegalovirus strain for human vaccination. Infect Immun 12: 521–527.

34. Chambers J, Angulo A, Amaratunga D, Guo H, Jiang Y, et al. (1999) DNA
microarrays of the complex human cytomegalovirus genome: profiling kinetic

class with drug sensitivity of viral gene expression. J Virol 73: 5757–5766.
35. Kosugi S, Hasebe M, Tomita M, Yanagawa H (2009) Systematic identification

of cell cycle-dependent yeast nucleocytoplasmic shuttling proteins by prediction
of composite motifs. Proc Natl Acad Sci U S A 106: 10171–10176.

HCMV and UL26

PLOS ONE | www.plosone.org 12 February 2014 | Volume 9 | Issue 2 | e88101


