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The human cytomegalovirus (HCMV) virion is comprised of a linear double-stranded DNA genome, pro-
teinaceous capsid and tegument, and a lipid envelope containing virus-encoded glycoproteins. Of these com-
ponents, the tegument is the least well defined in terms of both protein content and function. Several of the
major tegument proteins are phosphoproteins (pp), including pp150, pp71, pp65, and pp28. pp28, encoded by
the UL99 open reading frame (ORF), traffics to vacuole-like cytoplasmic structures and was shown recently to
be essential for envelopment. To elucidate the UL99 amino acid sequences necessary for its trafficking and
function in the HCMV replication cycle, two types of viral mutants were analyzed. Using a series of recombi-
nant viruses expressing various UL99-green fluorescent protein fusions, we demonstrate that myristoylation at
glycine 2 and an acidic cluster (AC; amino acids 44 to 57) are required for the punctate perinuclear and
cytoplasmic (vacuole-like) localization observed for wild-type pp28. A second approach involving the genera-
tion of several UL99 deletion mutants indicated that at least the C-terminal two-thirds of this ORF is
nonessential for viral growth. Furthermore, the data suggest that an N-terminal region of UL99 containing the
AC is required for viral growth. Regarding virion incorporation or UL99-encoded proteins, we provide evidence
that suggests that a hypophosphorylated form of pp28 is incorporated, myristoylation is required, and
sequences within the first 57 amino acids are sufficient.

Human cytomegalovirus (HCMV), a betaherpesvirus, is an
opportunistic pathogen that infects 50 to 90% of the human
population by adulthood (39). In healthy adults, infection and
viral latency are controlled largely by cell-mediated immunity,
although there is a humoral response that may play a second-
ary role. However, when such immunity is not present, wanes,
or is suppressed, the clinical effects of HCMV are realized.
Thus, HCMV causes serious problems in congenitally infected
infants, AIDS patients (especially in the pre-HAART [highly
active antiretroviral therapy] era), and transplant patients.

The HCMV virion is comprised of an envelope and nucleo-
capsid, separated by the amorphous tegument comprised of
numerous virus-encoded proteins (4, 34). Several of the major
tegument proteins are phosphoproteins (pp), including pp150
(encoded by UL32 open reading frame [ORF]), pp71 (encoded
by the UL82 ORF), pp65 (encoded by the UL83 ORF), and
pp28 (encoded by the UL99 ORF). The functions of these
proteins have not been completely elucidated. However, pp71
is a transactivator of immediate-early genes (30). Deletion of
UL82 results in a virus that is severely impaired in culture (6).
In contrast, deletion of UL83 does not significantly affect the
growth of cultured virus (44). However, UL83-negative mu-
tants do not make dense bodies, one of three viral particle
(VP) types made by HCMV infection in culture (18, 34, 44).
Mutagenesis of the phosphoprotein product of HCMV ORF
UL32 in the context of recombinant HCMV has not been
reported.

HCMV ORF UL99 encodes a 190-amino-acid, myristoy-
lated tegument protein with an extremely unusual amino acid

structure (Fig. 1A) (9). Unlike the other major phosphopro-
teins products of UL82 and UL83, which have early-late kinet-
ics, the UL99 phosphoprotein is expressed with strict late ki-
netics (34). Sequences within 40 bases upstream of the UL99
coding region were identified to be sufficient for its expression
with late kinetics (26, 28). The UL99 ORF is the 3� most ORF
in the UL93-UL99 transcription unit (55). The ORFs in this
transcription unit each have separate promoters (with different
expression kinetics) but share a common polyadenylation sig-
nal downstream of UL99. Thus, transcripts from these ORFs
are overlapping. There is no obvious commonality in the func-
tion(s) of the genes encoded by this transcription unit, which
include a kinase (UL97), an alkaline nuclease (UL98), a gene
putatively involved in cleavage/packaging of progeny DNA
(UL93), and several genes of unknown function (UL94 to
UL96).

The function of the pp28 protein in the HCMV infectious
cycle is also unknown, although recent evidence suggests that it
has a role in envelopment (45). Britt and coworkers deter-
mined that pp28 localizes only to the cytoplasm (42). In the
absence of other viral proteins, localization was to the endo-
plasmic reticulum (ER)-Golgi intermediate compartment (43).
During infection, colocalization with pp150 in a Golgi/trans-
Golgi network (TGN)-derived vacuole-like structures was re-
ported (17, 42). We elucidated here the UL99 sequences re-
quired for proper trafficking and growth through the creation
and examination of viral mutants. Using viruses expressing
various UL99-green fluorescent protein (GFP) fusion proteins,
our data indicate that in addition to the requirement for the
myristoylation site (glycine 2), an acidic cluster (AC), compris-
ing amino acids 44 and 57, is required for the punctate perinu-
clear and cytoplasmic (vacuole-like) localization observed for
wild-type pp28 (17, 42). While the present study was in prep-
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aration, Silva et al. reported that the UL99 ORF is essential for
viral growth through the use of a bacterial artificial chromo-
some (BAC)-mediated mutagenesis strategy (45). We extend
this observation through the use of viral recombinants express-

ing a series of UL99 C-terminal deletions. The data from these
mutants demonstrate that UL99 amino acids 58 to 190 are not
essential for viral growth. Furthermore, UL99 amino acids 1 to
57 are sufficient for near wild-type growth kinetics in culture

FIG. 1. (A) Amino acid sequence of UL99 (9). Notable amino acid regions are indicated in boldface. (B to I) Subcellular localization of
transiently expressed UL99-GFP fusion proteins. UL99-GFP fusion proteins were expressed transiently in HFF cells. (B and E) GFP; (C and F)
UL99(1-190)-GFP; (D and G) UL99(1-190 [G2A])-GFP. Photos were taken at 1 day (B to D) and 2 days (E and G) posttransfection.

TABLE 1. Viruses used in this study

Virusa Descriptionb Parent virus

AD169 Laboratory parental wild-type strain
RV7150� �-Glucuronidase expressed from US9-US10 intergenic region AD169
RV17044† GFP expressed from US6 region AD169
RV17179� UL99 C-terminal deletion: aa 1 to 99 expressed AD169
RV17194‡ Diploid for UL99: complete UL99 expressed from resident and US6 regions RV7150
RV18073� UL99 C-terminal deletion: aa 1 to 99 expressed; complete UL99 expressed from US6 region RV17194
RV18074‡ Pseudo-wild-type rescue virus RV17179
RV18196† UL99(1-190)-GFP fusion expressed from US6 region AD169
RV18198† UL99(aa 1-22)-GFP fusion expressed from US6 region AD169
RV18199† UL99(1-100)-GFP fusion expressed from US6 region AD169
RV19012� UL99 C-terminal deletion: aa 1 to 22 remain; complete UL99 expressed from US6 region RV17194
RV19023† UL99(1-190 [G2A])-GFP fusion expressed from US6 region AD169
RV19024† UL99(1-57)-GFP fusion expressed from US6 region AD169
RV19029� UL99 C-terminal deletion: aa 1 to 57 expressed AD169
RV19030� UL99 C-terminal deletion: aa 1 to 57 expressed; complete UL99 expressed from US6 region RV17194
RV19046� UL99 C-terminal deletion: aa 1 to 43 remain; complete UL99 expressed from US6 region RV17194
RV19047† UL99(1-43)-GFP fusion expressed from US6 region AD169

a �, isolation based on �-glucuronidase expression; †, isolation based on GFP expression; ‡, isolation based on lack of �-glucuronidase expression.
b aa, amino acid(s).
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and virion incorporation of the protein. We also show that
expression of UL99 as an early-late protein, rather than a strict
late protein, has no effect on virus growth.

MATERIALS AND METHODS

DNA sequence. The numbering system of Chee et al. (9) was used for the
HCMV strain AD169 DNA sequence (GenBank accession number X17403).

Virus and cells. HCMV strain AD169 was obtained from the American Type
Culture Collection. All recombinant HCMV are derivatives of strain AD169.

The origin and growth of human foreskin fibroblast (HFF) cells were described
previously (20).

Recombinant mutant HCMV. Construction and isolation of all HCMV recom-
binant mutants, including those expressing the �-glucuronidase and GFP re-
porter genes, were done according to the general method described previously
(22). Plasmids used to make the mutants contained the reporter gene or gene of
interest flanked by about 1.5 kb of viral “targeting” sequences to direct its
homologous recombination with the HCMV genome. Typically, after cotrans-
fection with HCMV wild-type strain AD169 genomic DNA, plaques containing
reporter gene-expressing virus were picked and plaque purified. Plaques expres-
sion �-glucuronidase were identified by their blue color in the presence of
overlay medium containing 125 �g of X-Gluc (5-bromo-4-chloro-3-indolyl-�-D-

FIG. 2. (A) Description of recombinant viruses expressing UL99-GFP fusion proteins. (B) Schematic representation of HCMV genome and
the strategy used to construct recombinant viruses expressing UL99-GFP fusion proteins. The locations of the HindIII-R (containing the resident
UL99 gene) and HindIII-X DNA fragments are shown. The UL99-GFP fusion protein expression cassettes recombined by homologous recom-
bination within the HindIII-X DNA region of the HCMV genome in the orientation shown, replacing about 2.5 kb of the wild-type genome
encompassing ORFs US7 through US9. An expanded view of the HindIII-X DNA region of the parental AD169 and recombinant RV series viruses
is shown. The locations of relevant HindIII sites (H) and the asymmetrically located KpnI site (K) within UL99, used for other diagnostic DNA
analyses (data not shown), are indicated. (C) DNA blot hybridization analysis of the genomic structure of RV18196. RV18196 and AD169 (parent)
DNAs were digested with HindIII, electrophoresed, and hybridized with probes specific for either UL99 (left) and the HCMV US6-7 intergenic
region (right). The right panel is the same blot as shown in the left panel, except that it was rehybridized with the US6 region probe, without striping
the prior UL99 probe hybridization. The locations of the wild-type and mutant HindIII-X DNA fragments (5.0 and 4.4 kb, respectively), as well
as the wild-type HindIII-R DNA fragment (6.7 kb), are indicated. (D) Single-cycle growth analysis of recombinant viruses expressing the
UL99-GFP fusion proteins. HFF cells were infected, at a multiplicity of infection (MOI) of 1, with the indicated viruses. The total virus yield
(intracellular plus extracellular) was harvested, and titers were determined daily.
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glucuronic acid)/ml. Plaques expressing GFP were identified by fluorescence
microscopically. The proper genomic organization of each purified mutant was
verified by DNA blot hybridization analysis (data not shown) as described pre-
viously (22). RV7150 is similar to RV134, except that it contains a simian virus
40 (SV40) promoter-driven �-glucuronidase gene in the intergenic region be-
tween US10 and US9 (22). RV17194 was derived from RV7150 after cotrans-
fection with a plasmid containing the UL99 coding region and its flanking
sequences (bases 144361 through 144996) under the control of a three-tetracy-
cline-operator-modified US11 promoter (designated 3optx in reference 27).
Proper recombination into the HCMV genome resulted in the simultaneous
replacement of the US7 through US11 genes and �-glucuronidase. RV17194 was
obtained after screening for �-glucuronidase-negative (white) plaques after X-
Gluc overlay. Thus, RV17194 is diploid for UL99, having a second copy within
the US6 gene family region. UL99 transcripts expressed from the US6 region of
the genome utilize the polyadenylation signal that is downstream of US7, within
the flanking sequences used to direct recombination. RV17044 expresses un-
fused GFP from the US9 to US10 intergenic region under the control of the

SV40 promoter (19b). A complete listing and description of all HCMV used in
this report are in Table 1.

UL99 deletion series plasmids. A series of �-glucuronidase-positive HCMV
mutants with deletions of the UL99 gene were derived from strain AD169 and
RV17194. The general method for generation of plasmids used in this series of
mutants is as follows. A TAA stop codon was placed after the designated amino
acid, either amino acid 22, 43, or 57, by PCR mutagenesis. The fidelity of the
resulting PCR fragment was verified by DNA sequencing and transferred into
the recombination plasmid. Sequentially, the recombination plasmid contains:
sequences upstream of UL99, including the UL99 promoter (HCMV bases
142993 to 144391); the UL99 coding region from amino acid 1 through the codon
for the selected amino acid (HCMV bases 144392 to 144457 [amino acid 22],
144520 [amino acid 43], or 144562 [amino acid 57]); the inserted stop codon; an
expression cassette containing the herpes simplex virus (HSV) type 1 tk polyad-
enylation signal (to terminate the truncated UL99 transcripts), the HSV gH
promoter, �-glucuronidase, and the SV40 bidirectional polyadenylation signal;
and UL99 downstream flanking sequences (HCMV bases 144929 through
146612). Note that although the downstream flanking sequences contain the
coding region for the C-terminal 10 amino acids of UL99 (HCMV bases 144929
through 144961), signals to direct expression of this region are not present. The
UL99 deletion after amino acid 99 was constructed in a slightly different fashion
in that a stop codon was not engineered immediately after amino acid 99
(HCMV base 144688). Instead, the first encountered stop codon within the tk
polyadenylation signal region was utilized, resulting in an additional 11 amino
acids from that region being encoded after UL99 amino acid 99. Thus, after
transfection into HFF cells and recombination into the HCMV genome (de-
scribed above), the resident UL99 is truncated and the �-glucuronidase expres-
sion cassette is inserted.

UL99-GFP fusion protein series plasmids. A series of UL99 fusions with
enhanced GFP (EGFP; Clontech) were made by using standard cloning tech-
niques and PCR-based mutagenesis. Sequentially, the relevant regions of plas-
mids for transient expression of UL99-EGFP contained the following: SV40
promoter, located 30 bases upstream of the UL99 coding region (HCMV bases
144362-144391); the UL99 coding region from amino acid 1 through the codon
for the selected amino acid (HCMV bases 144392 to 144457 [amino acid 22],
144520 [amino acid 43], 144562 [amino acid 57], 144691 [amino acid 100], or
144961 [amino acid 190]); a linker encoding three glycine residues; the EGFP
coding region; and the SV40 bidirectional polyadenylation signal. For recombi-
nation into the HCMV genome replacing the US6 family genes US9-US7, the
SV40 promoter-regulated UL99-GFP fusions were inserted within the recombi-
nation plasmid and then transfected into HFF cells as described above. Sequen-
tially, these plasmids contain US9 upstream flanking sequences (HCMV bases
200328 to 199021); the UL99-GFP gene fusion; and the US7 downstream flank-
ing sequences (HCMV bases 196447 to 194741). The myristoylation-negative
UL99-GFP fusion mutant was constructed by PCR-based mutagenesis changing
the amino acid 2 glycine codon (GGT) to an alanine codon (GCT). All PCR
mutagenesis products were confirmed by DNA sequencing.

Transient expression. Uninfected cell analysis of UL99-GFP fusion protein
expression was done by transient expression in HFF cells at 1 or 2 days post-
transfection. The calcium chloride-DNA coprecipitation transfection technique
was used, as described previously (27).

Antibodies. Rabbit polyclonal antiserum reactive with abundant HCMV VP
proteins was obtained after immunization of New Zealand rabbits with VPs from
the media of infected cells, enriched by centrifugation through a 20% sorbitol
cushion gradient (47). Anti-GFP monoclonal and polyclonal antisera were ob-
tained from Clontech. Anti-pp28 monoclonal antibody is from ABI.

Protein analysis. Radiolabeling, immunoprecipitation, and immunoblot tech-
niques were done as described previously (22, 23). For radiolabeling experiments
involving nonradioactive chases, the radioactive medium was removed and re-
placed with nonradioactive complete medium after two washes with phosphate-
buffered saline; incubation was continued until the proper harvest time. In some
cases, immunoprecipitates were treated with 800 U of lambda phosphatase
(NEB) prior to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) as described previously (51).

Fluorescence microscopy. Transfected or infected HFF cells were examined
live (i.e., unfixed) for expression and intracellular localization of UL99-GFP
fusion proteins by standard fluorescence microscopy or fluorescence deconvolu-
tion microscopy, as indicated. Fluorescent-organelle-specific dyes were used, as
indicated, according to the manufacturer’s directions (Molecular Probes, Inc.):
Hoechst 33342, a DNA stain, was used at 1 �g/ml; LysoTracker Red DND-99, a
lysosome and acidic compartment stain, was used at 1 �M; and BODIPY TR
ceramide, a Golgi stain, was used at 5 �M. Photographs were taken by using a
Nikon fluorescence microscope and Image-Pro software (Media Cybernetics).

FIG. 2—Continued.
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Z-stacks were deconvoluted by using either 3D or Inverse Filter software, as
indicated (AutoQuant Imaging, Inc.).

RESULTS

Transient expression of UL99-GFP fusion proteins. Se-
quence analysis revealed that the UL99-encoded protein has a
very unusual amino acid composition: a glycine at position 2
followed closely by several cysteine residues, a very acidic
stretch of amino acids, a lysine-rich region followed by a his-
tidine-rich region, another acidic region, a proline-rich region,
and a lysine/arginine-rich region (Fig. 1A) (9). Existing data
have indicated that pp28 is myristolyated at glycine 2 and exists
solely as a cytoplasmic protein (17, 42). Specifically, the UL99-
encoded phosphoprotein localized to intracytoplasmic mem-
branes, either ERGIC or TGN-like structure (42, 43). Further-
more, this intracytoplasmic membrane localization was
dependent on the presence of the myristoylation (43). A major
objective of our study was to determine the sequences required
for proper subcellular localization of UL99. The strategy was
to make deletions from the C terminus of UL99 and transla-
tionally fuse the remaining sequences with enhanced GFP.
This strategy has proven to be useful to determine sequences
necessary for trafficking of other herpesvirus proteins, includ-
ing pseudorabies virus US9 glycoprotein, and the HSV type 1
(HSV-1) tegument proteins encoded by UL11 and UL49 (7, 8,
31). Fusion protein expression was under the control of the
SV40 promoter and polyadenylation signal and was analyzed in
a transient-expression assay (i.e., in the absence of other viral
proteins) or an infected cell system (i.e., after incorporation
into the HCMV genome). Cellular localization of fusion pro-
teins was assessed by fluorescence in live cells to avoid possible
alterations due to fixation.

Initially, two fusions were made for control purposes: the
full-length wild-type UL99 fused to GFP (UL99[1-190]/GFP)
and the full-length myristoylation-negative mutant, UL99(1-
190 [G2A])-GFP. In the latter construct, the codon encoding
glycine at UL99 amino acid 2 was changed to an alanine codon,
thereby eliminating the myristoylation consensus sequence. In

transfected cells, Sanchez et al. demonstrated that (unfused)
wild-type UL99 localized to intracytoplasmic vacuoles, where-
as the corresponding mutant UL99 (G2A) was dispersed
throughout the cell (43). Similar results were obtained with our
analogous GFP fusion proteins in a transient-expression sys-
tem (Fig. 1). Unfused GFP is distributed throughout the cell
(Fig. 1B and E); UL99-GFP is excluded from the nucleus and
accumulates in punctuate perinuclear and cytoplasmic struc-
tures (Fig. 1C and F). The myristoylation-negative mutant fu-
sion protein is dispersed throughout the entire cell (i.e., cyto-
plasm and nucleus), although there is apparent concentration
of this protein in the nucleus of the cell (Fig. 1D and G). After
incorporation into the HCMV genome, these fusions were also
examined in infected cells by fluorescence deconvolution mi-
croscopy; results were very similar (see below) to those ob-
tained for experiments done in transfected cells. Thus, these
control experiments have established that our systems replicate
the data published previously (42, 43) and thereby establish the
validity of the approach for analysis of additional fusion pro-
tein mutants.

Viral expression of UL99-GFP fusion proteins. Trafficking
of UL99 may be affected by the presence of other viral pro-
teins, as has been suggested (42, 43). Therefore, the trafficking
of UL99 fusion proteins was analyzed in the context of HFFs
infected with recombinant HCMV, each expressing a UL99-
GFP fusion protein from a series of sequential deletions (Fig.
2A). The UL99-GFP fusion cassette was inserted within the
US6 glycoprotein family region of the HCMV genome, in
place of the nonessential US7, US8, and US9 ORFs (Fig. 2B)
(21). The correct arrangement of the inserted fusion cassette
within this region of HCMV genome was confirmed by DNA
blot analysis (Fig. 2C and data not shown); representative
hybridization data for RV18196 are shown. A UL99-specific
probe hybridizes with the wild-type 6.7-kb HindIII-R DNA
fragment (containing the resident UL99 gene) in AD169 and
RV18196. It also hybridizes with the altered 4.4-kb HindIII-X
DNA fragment, containing the UL99-GFP fusion cassette,
found in RV18196 only. A US6-7 intergenic region probe hy-

FIG. 3. Expression of UL99-GFP fusion proteins. HFF cells were infected with recombinant viruses (MOI � 1) expressing UL99-GFP fusion
proteins. At 3 dpi, infected cell proteins were harvested and examined by immunoblot analysis with the GFP monoclonal antibody. The relative
amounts of each extract used per lane are indicated.
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bridizes to the wild-type 5.0-kb HindIII-X fragment in AD169,
which is altered in RV18196. Note that in spite of the 1.9-kb
insertion of the UL99-GFP fusion cassette, the mutated
HindIII-X DNA fragment in RV18196 is ca. 0.6 kb smaller
than the corresponding wild-type DNA fragment due to the
designed deletion of 2.5-kb encompassing sequences of US7-
US9, as result of homologous recombination directed by se-
quences flanking the fusion cassette (Fig. 2B). Additional hy-
bridization experiments with KpnI-digested DNA, which cuts
asymmetrically within the inserted UL99-GFP expression cas-

sette (Fig. 2B), further confirmed that the insertions had re-
combined properly within the US6 glycoprotein family region
(data not shown). Recombinant HCMV containing insertion
of the UL99-GFP fusion cassettes within the HCMV genome
were easily isolated and propagated. The growth kinetics of
these viruses were similar to those of AD169 and RV17044, a
virus that expresses unfused GFP, with burst occurring just
after 2 days postinfection (dpi) (Fig. 2D). However, in some
cases, the overall viral yield at late times postinfection were
reduced by �1 log compared to RV17044. The integrity of the

FIG. 4. Cellular localization of UL99-GFP fusion proteins by fluorescence deconvolution microscopy. HFF cells were infected with the
indicated recombinant virus (MOI � 1). At 2 or 3 dpi, Z-stacks of fluorescence photographs were taken and deconvoluted by using either
three-dimensional filter (A, B, D to F, and H) or inverse filter (C and G) deconvolution software. Green fluorescence is GFP (all panels), and blue
(Hoescht) fluorescence is nuclear (C and G only).
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UL99-GFP fusion proteins expressed by these viruses was as-
sessed by immunoblot analysis (Fig. 3). For most of the fusions,
the major protein expressed was of the approximate antici-
pated size, with very little evidence of degradation. Note that
the G2A myristoylation mutant fusion protein migrated
slightly faster than its unmutated counterpart. An exception
was the fusion protein expressed by RV19024 encoding UL99
amino acids 1 to 57 fused with GFP. The apparent molecular
weight of this protein was larger than expected. Transient
expression of this fusion, in the absence of other viral proteins,
yielded a similar migration pattern, as did an independent
reclone (data not shown). Furthermore, the fusion was shown
to be correct by DNA sequencing. Thus, the aberrant migra-
tion of this protein in SDS-PAGE is due to the nature of this

protein and not to mutation or incorrect cloning. The 1-57
fusion has a very acidic region of UL99 (amino acids 44 to 57)
fused with GFP.

Myristoylation mutant. Trafficking of full-length UL99-GFP
and its myristoylation site mutant (G2A) was assessed by de-
convolution fluorescence microscopy. Infected HFF cells were
examined at 2 and 3 dpi. RV17044, expressing unfused GFP,
displays fluorescence throughout the cell (Fig. 4A and E). In
contrast, RV18196, expressing UL99(1-190[WT])-GFP, dis-
plays plasma membrane and punctate perinuclear and cyto-
plasmic fluorescence at 2 dpi (Fig. 4B and C) but only punctate
perinuclear and cytoplasmic fluorescence at 3 dpi (Fig. 4F and
G). Expression of myristoylation mutant fusion protein
UL99(1-190 [G2A])-GFP by RV19023 resulted in total cellular
fluorescence identical to that of unfused GFP (Fig. 4D and H).
These results indicate that myristoylation of glycine 2 is re-
quired for wild-type trafficking of UL99. The effect of myris-
toylation on virion incorporation was also investigated. Extra-
cellular VPs were separated and enriched by sucrose density
gradient centrifugation and then analyzed by immunoblotting.
In parental AD169 particles, the 28-kDa UL99 protein (pp28)
was detected in all three VPs (virions, noinfectious enveloped
particles [NIEPs], and dense bodies [18]), as expected (Fig.
5A). Similarly, pp28 and the UL99(1-190)-GFP fusion protein
was detected in all types of RV18196 VPs (Fig. 5A). However,
when proteins present in RV18196- and RV19023-infected
cells and virions were compared, the UL99-GFP fusion protein
was detected at similar levels in cells infected by both viruses
but was substantially reduced in RV19023 virions (Fig. 5B).
Thus, myristoylation does not affect the apparent stability of
the protein but does affect its propensity to be incorporated
into virions, probably due to its reduced efficiency of associa-
tion with cytoplasmic membranes involved in final envelop-
ment (17, 43).

During the course of these studies, it was observed that pp28
expressed in infected cells migrated diffusely in SDS-PAGE,
whereas pp28 from VPs migrated as a more compact band
(Fig. 6A). Similar observations were made for the UL99(1-
190)-GFP protein encoded by RV18196. In the latter case, the
faster-migrating form that was incorporated into virions comi-
grated with the nonmyristoylated form expressed in RV19023-
infected cells. Since we have already shown that myristoylation
is required for efficient incorporation into virions, it is unlikely
that the faster-migrating form detected in RV18196 virions is
not myristoylated. Pulse-chase radiolabeling experiments indi-
cate that UL99(1-190)-GFP is posttranslationally modified to a
slower-migrating form in the chase lane (Fig. 6B). A similar
situation was reported previously for the UL97 gene product
and was shown to be due to posttranslational phosphorylation
(51). Treatment of the chase UL99-GFP immunoprecipitate
with lambda phosphatase resulted in dephosphorylation and
the conversion of the slower-migrating form to the faster form
(Fig. 6B). As a control, the electrophoretic mobility of unfused
GFP was not altered by phosphatase treatment, confirming its
lack of phosphorylation and indicating that the phosphorylated
residues of the fusion protein lie within the UL99 portion.
Thus, the form of UL99(1-190)-GFP that is found in VPs is
likely a hypophosphorylated form. By analogy, we hypothesize
the same for wild-type (i.e., unfused) pp28. We also note that
posttranslational modification, as detected by mobility shift in

FIG. 5. Immunoblot analysis of VPs and infected cell proteins with
HCMV VP polyclonal antiserum. Extracellular VPs were separated by
using a sucrose gradient. (A) AD169 and RV18196 extracellular VPs;
(B) RV18196- and RV19023-infected cell and virion proteins. V, viri-
ons; N, NIEPs; DB, dense bodies; C, infected cell proteins.
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SDS-PAGE (i.e., in either pulse-chase or dephosphorylation
experiments), was not observed for the nonmyristoylated
UL99-GFP fusion encoded by RV19023 (Fig. 6B). However,
phosphate radiolabeling experiments did indicate that it is
phosphorylated (data not shown), although less than the
UL99-GFP fusion encoded by RV18196.

C-terminal deletion mutants. To determine motif(s) re-
quired for proper intracellular trafficking, localization of UL99
C-terminal deletion mutants fused to GFP were analyzed in
the context of HFF cells infected with the appropriate recom-
binant HCMV at 2 and 3 dpi (Fig. 7). In cells infected with
viruses expressing fusion proteins terminating at UL99 amino
acids 100 and 57, mostly punctate perinuclear and cytoplasmic
fluorescence, as well as some diffuse juxtanuclear fluorescence,
was observed (Fig. 7A, B, E, and F), findings similar to that of

the full-length UL99 wild-type fusion (Fig. 4C and G). In
contrast, cells expressing fusion proteins terminating at UL99
amino acids 43 and 22 displayed mostly plasma membrane
fluorescence and some diffuse juxtanuclear fluorescence but
not punctate perinuclear and cytoplasmic fluorescence (Fig.
7C, D, G, and H). Thus, these data indicate that an important
trafficking motif is within UL99 amino acids 44 through 57.
This region contains a very acidic cluster of amino acids: 11 of
14 residues are either aspartate or glutamate (Fig. 1A). Dif-
ferential staining with organelle-specific fluorescent probes
was done to assess the intracellular localization of UL99 fusion
proteins containing or lacking the AC (Fig. 8). BODIPY-TR
ceramide was used to label the Golgi apparatus; LysoTracker-
Red was used to label acidic compartments, including lyso-
somes, endosomes, and Golgi. RV19024-, RV19047-, and

FIG. 6. (A) Immunoblot analysis of VPs and infected cell proteins with pp28 monoclonal antibody. U, uninfected cell proteins; I, infected cell
proteins; V, virion proteins. The relative amounts of infected cell proteins are given (i.e., I5 has fivefold more infected cell protein than I1). Lane
4 is a fourfold-longer exposure of lane 2. (B) Pulse-chase radiolabeling-immunoprecipitation analysis of UL99-GFP fusion proteins. Infected cells
(MOI � 1) were radiolabeled for 45 min with 200 �Ci of 35S-labeled methionine-cysteine per ml at 20 h postinfection and then chased in
nonradioactive medium for 4 h before the lysates were prepared. Immunoprecipitation was done with GFP polyclonal antibody. Lambda
phosphatase treatment was done as indicated. P, pulse; C, chase.

VOL. 78, 2004 UL99 AC IS REQUIRED FOR LOCALIZATION AND FUNCTION 1495



RV17044-infected HFF cells were examined as respresenta-
tives of UL99-GFP fusion proteins containing the AC, or lack-
ing the AC, and unfused GFP, respectively. The data indicate
that a relatively small portion of both types of UL99 fusion
proteins, either containing or lacking the AC, partially overlap
with both the golgi and acidic compartments. Specifically, this
overlap is limited to the diffuse juxtanuclear GFP fluorescence
(red arrows in Fig. 8A and E). However, the AC-containing
fusion proteins (i.e., those that display mostly punctate perinu-
clear and cytoplasmic fluorescence [i.e., vacuole-like struc-
tures]) do not overlap with either the Golgi or acidic compart-
ments. Thus, the vacuole-like fluorescence does not represent
accumulation of fusion protein in lysosomes since these struc-
tures are not labeled with LysoTracker. In contrast, we hypoth-
esize that these structures represent sites of cytoplasmic (final)

tegumentation or envelopment of capsids, similar to those
observed and reported previously to which wild-type UL99-
encoded protein localizes (17, 43). Further evidence suggestive
of this is the colocalization of the Hoechst DNA stain to these
structures (for examples, see yellow arrows in Fig. 8B). No
such cytoplasmic DNA staining was observed in the cells in-
fected with fusion proteins lacking the AC (Fig. 8F). As ex-
pected, there is no specific colocalization of the unfused GFP
protein (Fig. 8I and J).

Region of UL99 required for viral replicative cycle. Deletion
mutagenesis of UL99 was done to assess the requirement of
UL99 in the HCMV infectious cycle. The strategy was to make
a series of recombinant HCMVs that have sequential deletions
from the C-terminal end of the resident UL99 gene. These
deletions were made in the context of two parental strains:

FIG. 7. Cellular localization of UL99-GFP fusion proteins by fluorescence deconvolution microscopy. The experiment was done as described
in the legend to Fig. 4, except that all Z-stacks were processed by using inverse filter deconvolution software.
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AD169 and, for positive control purposes, RV17194. RV17194
is diploid for UL99; it has a second copy of UL99 inserted
within the nonessential US6 region of the HCMV genome,
replacing the US11-US7 genes, and under control of the early-
late US11 promoter (Fig. 9A). Thus, any deletion that results
in a lethal mutation will not be able to be purified when made
in the context of the AD169. However, the same deletion
should be able to be purified when made in the context of the
RV17194 parent, since there is a complementing wild-type
UL99 expressed from the US6 region of the genome. The only
exceptions are if the mutation at the resident UL99 is a dom-
inant-negative lethal mutation or if it affects the expression of
a neighboring ORF, such as the alkaline nuclease UL98 gene,
whose C-terminal coding region overlaps the N-terminal 22-
amino-acid coding region of UL99. Such dominant-negative
lethal mutations did not occur. Deletions of the resident UL99
gene were done so that an in-frame stop codon, followed by the
�-glucuronidase expression cassette, was inserted at the de-
sired location. Since the polyadenylation signal for ORFs 93 to
99 is downstream of UL99 (55), the �-glucuronidase expres-
sion cassette has a second polyadenylation signal, located ad-
jacent to the UL99 in-frame stop codon, to terminate upstream

viral transcripts before the reporter gene (Fig. 9A). In this
fashion, all RV17194-derived “positive control” mutants were
obtained (and purified) with stop codons after resident UL99
amino acids 22, 43, 57, and 99 (Fig. 9B). However, only mu-
tants with stop codons after amino acids 57 and 99 were able to
be purified when we used the AD169 parent strain (Fig. 9B).
Also, pseudo-wild-type virus (RV18074) was created by “res-
cuing” the UL99 mutation in RV17179 (a virus that had a stop
codon and reporter cassette after UL99 amino acid 99) back to
the wild type. Single cycle growth curves were generated for
each virus; all grew with normal kinetics (burst just after 2 dpi),
although overall viral yields were slightly (up to 1 log) lower
than AD169 (Fig. 9C and D). Thus, the data indicate that a
severely truncated UL99 protein (amino acids 1 to 57 present)
is sufficient for near wild-type HCMV growth. Furthermore,
UL99 amino acids 58 to 190 are nonessential, and their pres-
ence may only contribute a slight growth advantage to virus in
cultured HFF cells. Recently, Silva et al. used BAC technology
to demonstrate that UL99 is an essential gene (45). Compared
to wild-type virus, their UL99 deletion mutant was severely
impaired in HFF cells in a multicycle assay: no virus was
detected, thus, the yield was reduced by at least 5 logs (45).

FIG. 8. Cellular localization of UL99-GFP fusion proteins by fluorescence deconvolution microscopy by using organelle markers. Recombinant
virus-infected HFF cells were examined at 3 dpi by fluorescence deconvolution microscopy (inverse filter) as described in Fig. 4. RV19024 (A to
D) and RV19047 (E to H) express truncated UL99-GFP fusions containing or lacking the AC, respectively. (I to J) RV17044 expresses unfused
GFP. GFP fluorescence is green (A, C, E, G, and I); nuclear/DNA fluorescence is blue (A to J), organelle fluorescence is red and either specific
for Golgi apparatus (B, F, and J) or for lysosomes and acidic compartments (D and H). Photos are in pairs (A-B, C-D, E-F, G-H, and I-J) showing
the same field with different filters.
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Our results are in agreement and extend their data, suggesting
that the AC, UL99 amino acids 44 to 57 that are required for
proper intracellular trafficking, also imparts a function critical
for viral growth. In immunoblot analyses, expression of the
UL99 proteins truncated after amino acids 57 and 99 was
detected in infected cells (data not shown) and virions (Fig.
10). Specifically, the �7-kDa UL99(1-57) protein was found in
virions both in the presence (i.e., RV19030) and in the absence
(i.e., RV19029) of wild-type pp28. Thus, sequence information
within the first 57 amino acids is sufficient for virion incorpo-
ration.

The fact that RV17194 and its derivatives (Table 1) are
viable not only controls for resident UL99 mutations but also
indicate that the wild-type strict late expression kinetics of
UL99, as observed in AD169, is not required (Fig. 11). In
RV17194-derived viruses, such as RV18073, UL99 is expressed
with early-late kinetics, since it is under the control of the
US11 promoter (Fig. 11). These data indicate that misregula-
tion of UL99 is of no consequence, at least in a tissue culture
system.

DISCUSSION

The tegument of herpesviruses is an amorphous collection
of proteins that is the “cement” between the capsid and the

viral envelope (33). Tegument proteins are found in all three
types of HCMV VPs (virions, NIEPs, and dense bodies) (18)
and many are phosphorylated (14, 18, 34, 41). In a detailed
study, Baldick and Shenk (4) examined the protein composi-
tion of HCMV particles and identified at least nine proteins as
probable abundant tegument components (4). The major
HCMV tegument phosphoproteins are pp150, pp71, pp65, and
pp28. Other, perhaps minor, phosphoprotein components of
the tegument have been reported, including ppUL97 (51).
Genetic or functional analysis of two of the most-studied phos-
phorylated tegument proteins has indicated the following: (i)
pp71, encoded by UL82, is a transcriptional transactivator,
acting early in the infectious cycle, is highly beneficial for viral
growth in culture, and stimulates progression through the cell
cycle (5, 6, 24, 30) and (ii) pp65, encoded by UL83, is a
prominent target of the cellular immune system, is nonessen-
tial for growth in culture, is required for the production of
dense bodies, and mediates accumulation and degradation of
HLA class II in lysosomes (18, 25, 37, 44, 54). Functional
analysis of the UL32 gene product, pp150, has not been re-
ported. As reported recently, an initial genetic analysis of the
pp28 tegument protein, a true late product of the UL99 ORF,
indicates that this protein is indeed essential for completion of
the HCMV replication cycle (45). Our genetic studies of UL99
here extend this observation and indicate the following: (i)

FIG. 9. (A) Schematic diagram of the HCMV genome showing the strategy for construction of deletion mutants of the resident UL99 gene by
insertion of a �-glucuronidase expression cassette, with flanking UL99 in-frame stop codon (checkerboard box) and dual polyadenylation signals.
The HSV tk polyadenylation signal adjacent to the UL99 in-frame stop codon terminates upstream viral transcripts from UL93-99 before the
�-glucuronidase reporter gene. The resident UL99 is within the HindIII-R DNA fragment. A second copy of UL99, present in RV17194 and
derivatives, was inserted within the HindIII-X DNA fragment, replacing US7 through US11, as shown. (B) Description of UL99 deletion mutant
viruses. (C and D) Single-cycle growth analysis. HFF cells were infected at an MOI of 1; total virus was harvested daily, and titers were determined.
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proper intracellular trafficking of UL99-encoded protein re-
quires myristoylation and an AC; (ii) over two-thirds of UL99
is nonessential; and (iii) the amino-terminal one-third of
UL99, amino acids 1 to 57 containing the AC, is sufficient for
virus growth at near wild-type levels. Our data also suggest that
a truncated protein containing UL99 amino acids 1 to 43 does
not support viral growth and UL99 proteins incorporated into
virions are a hypophosphorylated subset of those found in
infected cells.

The genetic manipulation of UL99 within recombinant vi-
ruses was confounded by the fact that the UL99 N-terminal
coding region (i.e., first 22 amino acids) is overlapped by the
C-terminal coding region of the upstream UL98 ORF that
encodes an alkaline exonuclease (9). By analogy with its HSV
homolog UL12, mutation of UL98 may cause a near lethal
phenotype, similar to UL12 mutants, since the HSV protein is

involved in processing progeny DNA replication intermediates
and recombination (32, 40, 53). HCMV UL98 has been shown
to complement a HSV UL12-deficient mutant (12). Further-
more, ORFs upstream of UL99 share a common polyadenyl-
ation signal located just downstream of UL99 (55). Thus, the
creation of UL99 mutations could affect the expression of the
upstream ORFs. Our mutagenesis strategy to define essential/
nonessential domains of UL99 has addressed these concerns so
that the proper interpretations could be made. Specifically, (i)
an alternate polyadenylation signal was present on the up-
stream side of our inserted reporter cassette; (ii) the coding
region of alkaline nuclease UL98 was not disturbed; and (iii)
two parent viruses were used, including a positive control virus
diploid for UL99, so that the possible creation of an otherwise
lethal or dominant-negative mutant by expression of a trun-
cated UL99 protein would be identified. All UL99 deletion
mutants were obtained with the diploid parent (RV17194)
when deletions of the resident UL99 gene were made after
codons for amino acids 22 and 43, even though these mutations
were unable to be purified with the wild-type (i.e., haploid)
parent virus (AD169). Mutations resulting in deletions after
UL99 amino acids 57 and 99 were obtained with both parental
strains and grew with near-wild-type kinetics (Fig. 9C and D).
The interpretation of the data is that the AC, amino acids 44
to 57, is required for virus growth. These data are in agreement
with, and extend, observations made recently using a BAC-
mediated HCMV mutagenesis strategy that demonstrated that
a UL99 mutant truncated after amino acid 22 does not grow in
the absence of a complementing cell line (45).

Some herpesvirus tegument proteins are believed to be in-
volved both in entry (i.e., cytoplasm to nucleus transport after
fusion) and egress (33). Very little is known regarding the entry
process. Meredith and coworkers propose that herpesvirus teg-
ument kinases phosphorylate other tegument proteins shortly
after infection to facilitate dissociation from the capsid (35,
36). Recently, it was shown that cellular p180, an ER-resident
protein, binds pUL48, a HCMV tegument protein that, in turn,
binds tightly to capsid proteins (38). This interaction may be
required for successful capsid migration to the nucleus early
during infection and for efficient egress from the nucleus to the
site of virion assembly in the cytoplasm at late times (38).
Another tegument protein, ppUL97, a protein kinase, was
recently been shown to be required for efficient egress from the
nucleus (29). Regarding HCMV and other herpesviruses, sub-
stantial evidence has indicated that the site of virion assembly
(i.e., final tegumentation and envelopment) is at a intracyto-
plasmic membrane of a Golgi- or TGN-derived intracytoplas-
mic vacuole (13, 15–17, 33, 42, 46, 49). In fact, it has been
shown that pp28, pp71, pp150, and major HCMV glycopro-
teins, such as gB, accumulate at these vacuolar membranes (17,
42). Thus, the evidence suggests that progeny capsids interact
with, or acquire, tegument proteins at two different sites, one
within the nucleus and later at a intracytoplasmic membrane.
Tegument proteins pp65 and pUL48 localize to the nucleus
and may associate with capsids there. In contrast, the major
phosphoproteins pp150, pp71, and pp28 localize exclusively to
intracytoplasmic vesicles (17, 42). Our data demonstrate that
an UL99 AC comprised of mostly aspartate and glutamate
residues (i.e., amino acids 44 to 57; Fig. 2) is required for
proper intracellular trafficking to the vacuolar-like structures,

FIG. 9—Continued.
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as well as function. In our trafficking studies, the indicator
UL99-GFP fusion was expressed from recombinant viruses
that also expressed wild-type pp28. Thus, the fact that the same
region was identified as being required for proper intracellular
trafficking and viral growth is not due to the absolute require-
ment that the fusion proteins be functional. Instead, we hy-
pothesize that proper intracellular trafficking and the function
of pp28 are interlinked.

HCMV UL99 has positional homology and regional amino
acid similarity with HSV UL11 (9). UL11 encodes a 96-amino-
acid phosphoprotein that is both myristoylated and palmity-
lated (31). Interestingly, the amino acid similarity between
HSV UL11 and HCMV UL99 resides within the N-terminal
half of the latter protein. Similar to UL99, UL11 is myristoy-
lated at glycine 2, has several cysteine residues within the first
13 amino acids, and contains an aspartate- and glutamate-rich
AC in the region of amino acid 40. UL11 binds to the cyto-
plasmic face of intracytoplasmic membranes and is recycled
between the plasma membrane and Golgi/TGN via PACS-1
(for phosphofurin AC sorting protein) (2, 31). As with other
herpesvirus proteins that utilize PACS-1 for this function, in-
cluding HCMV gB (10, 19, 50), pseudorabies virus US9 (7),
and varicella-zoster virus gE (1), UL11 trafficking is dependent
on the AC (31). Furthermore, casein kinase 2 (CK2)-depen-
dent phosphorylation/phosphatase 2A dephosphorylation in
the area of the AC is also usually involved in trafficking be-
tween the plasma membrane and Golgi/TGN cycling loops
(48). We speculate that the apparent hypophosphorylated sub-
set of UL99 protein that is incorporated into virions may arise
due to the phosphorylation and dephosphorylation associated
with this trafficking (Fig. 6). Consistent with this are our ob-
servations that, unlike the wild-type fusion, the UL99-GFP

myristoylation mutant does not traffic to intracytoplasmic ves-
icle-like structures, is not efficiently incorporated into virions,
and does not have hyperphosphorylated forms (Fig. 4 to 6).
Furthermore, it was reported that the HSV UL49-encoded
tegument protein VP22 traffics to membranes of TGN-derived
acidic compartments and that a hypoposphorylated VP22 form
is preferentially packaged into virions (8, 35).

Studies of an HSV UL11 deletion series have indicated that
information for trafficking is contained with the first 49 amino

FIG. 10. Immunoblot analysis of UL99 deletion mutant virion proteins with the HCMV VP antibody. Virions were enriched by sucrose gradient
centrifugation from the extracellular medium of infected HFF cells. (A) RV17179 expresses the resident UL99 protein truncated after amino acid
99; RV18074 is a rescued derivative of RV17179 that expresses wild-type UL99. (B) RV19029 and RV19030 express UL99 proteins truncated after
amino acid 57, either in the absence or in the presence of the wild-type UL99 protein, respectively.

FIG. 11. pp28 expression from AD169-, RV17179-, and RV18073-
infected cells. HFF cells were infected at an MOI of 1; protein extracts
were made at the indicated time (hours postinfection [h.p.i.]) and
analyzed by immunoblotting with the HCMV VP antibody.
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acids of UL11, which are analogous to the first 57 amino acids
of UL99 that we identified herein (31). UL99-GFP fusion
proteins that are truncated after UL99 amino acids 57 and 100
are similar to a wild-type fusion localizing to the plasma mem-
brane, as well as to punctate perinuclear and cytoplasmic vac-
uole-like structures at 2 dpi. However, by 3 dpi, these fusions
localized to the latter areas only. Conversely, fusions truncated
after UL99 amino acids 22 and 43 mostly localized to the
plasma membrane through 3 dpi. Serine residues at 41 and 42
are potentially phosphorylated since they are within consensus
CK2 sites (S/TxxD/E). Truncations after amino acid 43 would
not only remove the AC but also a portion of both CK2 sites.
Thus, UL99 truncations after amino acids 22 and 43, although
they retain the myristoylation sequence, localize to but are not
efficiently retrieved from the plasma membrane due to the
absence of the AC and CK2 phosphorylation sites. HSV UL11
fusions in which the AC has been either deleted or mutated
behave similarly (31).

It is not known whether the portion of HSV UL11 encom-
passing amino acids 1 to 49 is sufficient for virus growth. How-
ever, an HSV-1 mutant deleted of most of UL11 is severely
defective, resulting in a 3- to 4-log reduction in yield and
time-delayed appearance of extracellular virons (3). In that
study, the absence of UL11 protein caused the accumulation of
naked nucleocapsids in the cytoplasm. Our data extend the
previously known genome position and amino acid similarities
between HSV-1 UL11 and HCMV UL99, suggesting that there
may be functional homologies between the two proteins as
well. Stretches of highly charged amino acids are likely to be
exposed on the surface of folded proteins and serve as sites of
interaction with other proteins. Thus, UL99 may contribute to
the cytoplasmic assembly of complete virions by providing a
surface(s) for the interaction of the cytoplasmic domain of
virion glycoproteins and/or other tegument proteins, thereby
facilitating their maturation and transport to the extracellular
space. Consistent with this view is the recent report that a
severely defective UL99 deletion mutant virus accumulated
tegumented, nonenveloped capsids in the cytoplasm (45). We
note that coronavirus, an enveloped positive-strand RNA vi-
rus, expresses a small essential protein, E, that has an acidic
region near its C terminus and may provide function similar in
virus assembly (11, 52) as UL11 and UL99 proteins do for their
respective herpesviruses.

Lastly, UL99-encoded pp28 is expressed with true late ki-
netics and has been studied as the prototypical gene for this
class in promoter studies (26, 28). It was not known whether
such restricted expression was required or, alternatively,
whether misregulation is deleterious. We created recombinant
mutants whereby UL99 was expressed with early-late kinetics
rather than with true late kinetics (Fig. 10). Some of these
mutants also expressed functional UL99 protein from the res-
ident gene and promoter, whereas others did not. Early-late
expression kinetics did not affect the growth of any of these
viruses in cultured cells. This observation is consistent with
data from other recombinant viruses made in our laboratory
that contain substantial promoter alterations regulating other
essential or highly beneficial genes, including UL54 polymer-
ase, UL97 kinase, and UL98 alkaline exonuclease (19a).

In summary, our data indicate that the C-terminal two-thirds
of the 190-amino-acid UL99-encoded tegument protein is non-

essential for completion of the HCMV infectious cycle. A
mutation deleting �90% of this ORF could not be isolated,
unless a complementing UL99 gene was present, a finding in
agreement with recent data indicating that UL99 is essential
(45). Conversely, we also show that, at most, the N-terminal
one-third of UL99, encompassing the myristoylation site and
AC, is sufficient for viral growth and incorporation into VPs.
The myristoylation site and AC are also required for proper
intracytoplasmic vesicular localization. The HCMV UL99-en-
coded protein, especially its N-terminal one-third, appears to
be very similar to HSV UL11-encoded protein. These data
provide the basis for future studies to more precisely define the
UL99 sequences necessary for the essential function(s) of pp28
and to further assess its functional similarity with HSV UL11.
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