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ABSTRACT The human cytomegalovirus (HCMV) tegument protein pUL71 is required
for efficient secondary envelopment and accumulates at the Golgi compartment-
derived viral assembly complex (vAC) during infection. Analysis of various
C-terminally truncated pUL71 proteins fused to enhanced green fluorescent protein
(eGFP) identified amino acids 23 to 34 as important determinants for its Golgi com-
plex localization. Sequence analysis and mutational verification revealed the pres-
ence of an N-terminal tyrosine-based trafficking motif (YXX®) in pUL71. This led us
to hypothesize a requirement of the YXX® motif for the function of pUL71 in infec-
tion. Mutation of both the tyrosine residue and the entire YXX® motif resulted in an
altered distribution of mutant pUL71 at the plasma membrane and in the cytoplasm
during infection. Both YXX® mutant viruses exhibited similarly decreased focal
growth and reduced virus yields in supernatants. Ultrastructurally, mutant-virus-
infected cells exhibited impaired secondary envelopment manifested by accumula-
tions of capsids undergoing an envelopment process. Additionally, clusters of capsid
accumulations surrounding the vAC were observed, similar to the ultrastructural
phenotype of a UL71-deficient mutant. The importance of endocytosis and thus the
YXX® motif for targeting pUL71 to the Golgi complex was further demonstrated when
clathrin-mediated endocytosis was inhibited either by coexpression of the C-terminal
part of cellular AP180 (AP180-C) or by treatment with methyl-B-cyclodextrin. Both condi-
tions resulted in a plasma membrane accumulation of pUL71. Altogether, these data re-
veal the presence of a functional N-terminal endocytosis motif that is an important de-
terminant for intracellular localization of pUL71 and that is furthermore required for the
function of pUL71 during secondary envelopment of HCMV capsids at the vAC.
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uman cytomegalovirus (HCMV) is a member of the Betaherpesvirinae subfamily and

one of the few viruses within the Herpesviridae family known to be restricted to
humans. HCMV is greatly adapted to its human host and can cause life-threatening
diseases in neonates and immunocompromised individuals, such as transplant recipi-
ents and AIDS patients (reviewed in reference 1).

HCMV virions have the typical herpesvirus morphology consisting of the genome
containing the icosahedral capsid, the tegument, and the envelope. The envelope is
a cell-derived lipid bilayer in which several virus-encoded glycoproteins and glycopro-
tein complexes are incorporated. The tegument is a proteinaceous layer connecting the
capsid and the envelope (2). The tegument consists of more than 38 virus-encoded
tegument proteins, representing around 50% of the total protein amount of the virion
(3, 4), associated cellular proteins, and RNA (4, 5). The general mechanism by which
HCMV virions are generated is conserved among herpesviruses (reviewed in references
6 and 7). The last step of virion morphogenesis, resulting in the generation of infectious
virus particles, is referred to as secondary envelopment. Secondary envelopment
describes the process through which cytoplasmic virus capsids acquire their envelope
by budding into cytoplasmic vesicles. In the case of HCMV, secondary envelopment
occurs at the viral assembly complex (vVAC) (8). The vAC is formed during infection at
the indentation of a kidney-shaped nucleus by rearrangement of the Golgi complex
and endocytic membranes (8-10). The large numbers of viral proteins which are
incorporated into virions require a well-coordinated trafficking of these proteins to the
vAC as well as a vast interplay of protein-protein interactions (11). It was previously
suggested that HCMV utilizes different trafficking pathways to target virus-encoded
proteins to the vAC (12). However, we have not fully understood which viral protein is
using which trafficking pathway. Intracellular trafficking of glycoproteins has been
shown to be regulated by the presence of trafficking signals in their cytoplasmic tails.
An important part of glycoprotein trafficking is endocytosis from the plasma membrane
mediated by endocytic trafficking signals (13-23). One family of such a motif is the
tyrosine-based trafficking motif YXX® (X stands for any amino acid; ® stands for an
amino acid with a bulky hydrophobic side chain) (24-27). YXX® motifs were shown to
be involved in receptor internalization from the plasma membrane (28) and protein
targeting to lysosomes (29), endosomal compartments (30-32), the basolateral surface
of polarized cells (33), and the trans-Golgi network (TGN) (34-36). At the plasma
membrane YXX® motifs are recognized by the w2 subunit of the adaptor protein
complex 2 (AP-2), which recruits proteins to clathrin-coated pits and thus to clathrin-
coated vesicles (37). In addition to glycoproteins, several herpesvirus tegument proteins
are known to be associated with cellular membranes (8, 38, 39). One important protein
for HCMV virion morphogenesis is the tegument protein pUL71, which accumulates at
the vAC in infected cells. It was shown that pUL71 is required for efficient secondary
envelopment of capsids at the vAC as in its absence the majority of capsids in the vAC
were found in various stages of incomplete envelopment (40, 41). Consistent with an
impaired envelopment of cytoplasmic capsids, virus release and virus spread in tissue
culture were markedly reduced (41, 42). The function of pUL71 in secondary envelop-
ment appears to be conserved among herpesviruses since absence of the homologous
protein pUL51 in pseudorabies virus (PRV) and herpes simplex virus 1 (HSV-1) results in
defects in secondary envelopment (43, 44). It was also shown that pUL51 partially
colocalizes with Golgi complex markers during infection and that its Golgi complex
localization requires palmitoylation of an N-terminal cysteine residue (38). It has been
recognized previously that pUL71 homologues contain a conserved YXX® motif near
the N terminus, which is critical for the HSV-1 pUL51 cell-to-cell spread function in
HEp-2 cells (45). Considering the intracellular trafficking potential of membrane-
associated proteins (46), the vAC localization of HCMV pUL71 (40, 42), and its obvious
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function at membranes for the membrane fusion around viral particles, we addressed
whether intracellular trafficking of pUL71 to the vAC is regulated by trafficking signals.
We utilized a genetic approach to identify specific domains of HCMV pUL71 regulating
its Golgi complex localization. We thereby identified an N-terminal YXX® motif in
pUL71, which meditates clathrin-mediated endocytosis of pUL71. We furthermore
investigated the role of this motif for the localization of pUL71 in infection and its
function for viral growth and virion morphogenesis. Our results indicate that endocy-
tosis is an important pathway for the targeting of pUL71 to the vAC and seems to be
required for pUL71 function during secondary envelopment and virus replication.

RESULTS

Changes in intracellular localization of C-terminally truncated pUL71. In order
to identify functional domains with importance for intracellular trafficking of HCMV
tegument protein pUL71, C-terminally truncated fragments of pUL71 fused to en-
hanced green fluorescence protein (eGFP; yielding pUL71eGFP) were generated (Fig.
1A), and their intracellular localizations were examined in transiently expressing Hela
cells. These studies revealed that the N-terminal region comprising amino acids 22 to
34 is crucial for Golgi complex localization of pUL71, as indicated by signals that overlap
those of the TGN marker protein TGN46 (Fig. 1B). Sequence analysis revealed the
presence of a tyrosine-based trafficking signal (YXX® motif) at residues 23 to 26, which
is present in the pUL71eGFP fragment consisting of residues 1 to 34 (pUL71eGFP_1-34)
but absent in the fragment consisting of residues 1 to 22 (pUL71eGFP_1-22). A
sequence alignment showed conservation of the N-terminal YXX® motif among UL71
homologues of other herpesviruses across all three herpesvirus subfamilies, consistent
with previous results (45) (Fig. 2). To verify the importance of this motif for localization
in the context of full-length pUL71, two different mutants were generated by either
mutating the entire motif to alanines (pUL71eGFP_23-26A) or by exchanging the
tyrosine for an alanine (pUL71eGFP_Y23A). Transient expression of pUL71eGFP_Y23A
as well as of pUL71eGFP_23-26A in Hela cells resulted in a dominant plasma mem-
brane localization of mutated pUL71, whereas wild-type pUL71 predominantly local-
ized at the Golgi compartment (Fig. 1B and C). A mutation of the tyrosine residue of the
YXX® motif is seldom tolerated and usually disables functionality of this motif (23).
Only a substitution with the very similar phenylalanine is tolerated in some cases
(47, 48). In order to rescue the trafficking defect of mutation Y23A, we generated a
mutant in which the tyrosine was replaced with phenylalanine (pUL71eGFP_Y23F). In
transient expression, pUL71eGFP_Y23F exhibited localization at the Golgi complex
similar to that of wild-type pUL71, indicating rescue of the trafficking motif (Fig. 1B and
C). From this, we inferred the presence of a tyrosine-based trafficking signal in HCMV
pUL71 with an important function in targeting this protein to the TGN.

Generation and growth analysis of YXX® mutant viruses. It has been shown
previously that pUL71 is localized at the viral assembly complex (vAC) during infection
where it has an important function in secondary envelopment (40, 42). Therefore, we
assumed that trafficking of pUL71 to the site of secondary envelopment is critical for its
function and thus virus growth. To address this, two different YXX® mutant viruses
were constructed by either mutating the entire motif to alanines in TB-UL7Tmut23-26A
or by exchanging only the tyrosine for an alanine in TB-UL71mutY23A (Fig. 3A).
Additionally, a revertant virus, TB-UL71revY23A, was generated by reversing the point
mutation Y23A back to a tyrosine and simultaneously introducing a silent mutation
which makes it possible to distinguish between the revertant virus and the parental
virus, referred to here as the wild type. Impairment in virus growth was already noticed
for the two YXX® mutant viruses during virus reconstitution compared to growth of
simultaneously reconstituted wild-type and revertant viruses. A subsequent detailed
growth analyses revealed a significant defect in focal growth in a focus expansion assay
at 7 days postinfection (dpi) (Fig. 3B and C). The YXX® mutant viruses TB-UL7 1mut23-
26A and TB-UL7TmutY23A formed foci with a mean of 15 and 16 immediate early 1 and
2 (IE1/2) protein-positive cells per focus compared to 33 and 30 IE-positive cells per
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FIG 1 Generation and intracellular localization of pUL71 truncations. (A) Schematic of pUL71 fragments
fused to eGFP expressed from the indicated expression plasmids. The sequence in bold indicates the
YXX®P motif in pUL71 fragments as well as the mutated motif in pUL71eGFP_23-26A, pUL71eGFP_Y23A,
and pUL71eGFP_Y23F. Hela cells transiently expressing full-length pUL71eGFP and the two pUL71
fragments, pUL71eGFP_1-34 and pUL71eGFP_1-22 (B) as well as YXX® motif mutants, pUL71eGFP_23-
26A, pUL71eGFP_Y23A, and pUL71eGFP_Y23F (C), were stained for TGN46 and cell nuclei with DAPI at
20 h posttransfection. Scale bar, 20 um.

focus for wild-type and revertant viruses, respectively (Fig. 3B). The defect in focal
growth of TB-UL71mut23-26A and TB-UL7TmutY23A was similar to that of a pUL71-
deficient virus (TB-UL71stop). To exclude potential functions of the YXX® motif other
than endocytosis, mutant virus TB-UL7TmutY23F was generated by exchanging the
tyrosine for a phenylalanine (Fig. 3A). Viral growth in a focus expansion assay of
TB-UL71mutY23F was similar to growth of the wild-type virus and revertant viruses
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FIG 2 Amino acid sequence alignment of HCMV pUL71 homologues. The N-terminal amino acid
sequence of residues 1 to 34 of HCMV pUL71 was aligned to pUL71 homologues of other herpesviruses
using the online tool MUSCLE (69). Homologous proteins (square brackets) from human herpesviruses of
all three subfamilies, Alpha-, Beta-, and Gammaherpesvirinae, show a highly conserved N-terminal YXX®
trafficking signal (bold), where X stands for any amino acid and ® stands for an amino acid with a bulky
hydrophobic side chain. HHV, human herpesvirus; EBV, Epstein-Barr virus; VSV, vesicular stomatitis virus.

(Fig. 3B), indicating rescue of the YXX® motif in this mutant. Virus growth was further
assessed in a multistep growth kinetics analysis by coculture of infected with nonin-
fected fibroblasts (Fig. 3D). Virus yields in the supernatants of TB-UL71mut23-26A and
TB-UL71mutY23A viruses were decreased at least 100-fold compared to those of wild-type
and revertant viruses. Similar growth of TB-UL7 1Tmut23-26A and TB-UL71mutY23A further
suggested an important function of the N-terminal YXX® moitif for viral growth. In addition,
similar growth of wild-type virus and the TB-UL71revY23A virus indicated that the mutation
of the YXX® motif was successfully repaired.

Altered localization patterns of tegument proteins in mutant viruses. Next, we
addressed whether mutation of the YXX® motif affects intracellular distribution of
pUL71 in TB-UL71mut23-26A- and TB-UL7 1mutY23A-infected cells. As shown in Fig. 4,
mutation of the tyrosine as well as of the entire YXX® motif resulted in altered
distribution of mutant pUL71 in infected cells. Whereas pUL71 in wild-type, revertant,
and TB-UL71mutY23F virus-infected cells primarily accumulated perinuclearly at the
site of the vAG, signals of pUL71 in TB-UL71mut23-26A- and TB-UL7 1TmutY23A-infected
cells were found more in the cytoplasm and noticeably at the plasma membrane. This
verified an important role of the YXX® motif for intracellular localization of pUL71 in
infection. We have recently shown that the absence of pUL71 in a UL71-deficient virus
infection is often accompanied by accumulations of other viral tegument proteins, such
as pp28, at vesicular structures adjacent to the vAC (40). Assuming that these accu-
mulations are the result of defects in the function of pUL71, we investigated if the
altered pUL71 localization in YXX® mutant infections causes similar effects on pp28. As
shown in Fig. 4, many, but not all, infected cells showed pp28 signals at vesicular
structures in the area of the vAC that were also stained positive with 4’,6’-diamidino-
2-phenylindole (DAPI) and were usually not found in wild-type, revertant, and TB-
UL71mutY23F virus-infected cells.

Secondary envelopment is impaired in YXX® mutant viruses. The underlying
cause of the growth and release impairment of a UL71-deficient mutant is based on a
defect in secondary envelopment of virus particles (40, 41). Based on this, we hypoth-
esized a similar cause for the impaired growth of YXX® mutant viruses. In order to
visualize possible defects on secondary envelopment, we performed electron micros-
copy of virus-infected cells at 120 h postinfection (hpi). In an area corresponding to the
VvAC, increased numbers of larger tubular membrane structures and accumulations of
virus particles were observed in TB-UL71mut23-26A- and TB-UL7TmutY23A-infected
cells (Fig. 5). In addition, multiple budding events of viral particles were observed at
these tubular structures, whereas in wild-type-infected cells, single capsids were ob-
served typically in budding processes at small vesicles (Fig. 5B). Budding events in
wild-type infection, however, are less frequently observed because the majority of
capsids have already acquired an envelope. Quantification of secondary envelopment
stages showed clear differences in the numbers of capsids undergoing envelopment
among YXX® mutant-infected fibroblasts and wild-type virus (Table 1). Stages of
secondary envelopment were divided into three categories and quantified from a
minimum of 10 infected cells for each virus. Category 1 comprised fully enveloped
particles, category 2 consisted of capsids associated with membranes but not fully
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FIG 3 Generation and growth analysis of YXX® mutant viruses. (A) Shown are the genomic organization
down- and upstream of the UL71 gene and the amino acid sequence of the pUL71 N terminus of the
wild-type virus, YXX® mutant viruses, and the revertant virus, respectively. The YXX® motif as well as the
introduced mutations within this motif is shown in bold. (B) Focus expansion assay of the indicated
viruses in HFF under methylcellulose overlay. HCMV-infected cells were detected by indirect immuno-
fluorescence staining for IE1/2 antigen at 7 dpi. Each data point represents the number of IE1/2-positive
cell nuclei per focus. Shown is the mean value of 50 foci for each virus for one of three experiments or,
in the case of the TB-UL71mutY23F and TB-UL71stop viruses, for one of two experiments. Significance
was determined by applying a two-tailed Student t test (***, P < 0,0001; n.s., not significant). (C) Images
of representative foci of the indicated viruses at 7 dpi under methylcellulose overlay. IE1/2-positive cells
were detected by an anti-IE1/2 antibody and visualized by an Alex Fluor 488-conjugated secondary
antibody. Cell nuclei were stained with DAPI. Scale bar, 100 wm. (D) Multistep growth kinetics analyses
of the indicated viruses were performed by infecting HFF at an MOI of 0.02 by coseeding of infected with
uninfected cells. Virus yields in the supernatants of infected cells were determined at the indicated times
by titration on HFF. Growth curves show the mean virus yields and standard deviations of three
independent virus supernatants. Virus yields at time zero represent the starting infection rates deter-
mined at 24 h postcoseeding.

enclosed with a membrane, and category 3 was comprised of free capsids not attached
to any membrane. Consistent with previous data of a UL71-deficient virus, an average
of around 10-fold-higher numbers of virus particles was counted per vAC area in both
YXX® mutant infections than in wild-type virus infections. Of these particles, ~83% and
~76% were capsids undergoing secondary envelopment (category 2) in TB-
UL71mut23-26A- and TB-UL7T1mutY23A-infected cells, respectively, in contrast to
~35% in wild-type virus infection. These data show an impaired secondary envelop-
ment in TB-UL71mut23-26A and TB-UL71mutY23A infection with a lower proportion of
fully enveloped particles resulting in increased numbers of capsids at the vAC. This
underlines the importance of intracellular localization of pUL71 at the vAC for HCMV
virion morphogenesis.

Inhibition of endocytosis results in accumulation of pUL71 at the plasma
membrane. YXX® motifs are known to be involved in endocytosis of proteins from the
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FIG 4 Subcellular localization of pUL71 and pp28 in wild-type, TB-UL71Tmut23-26A, TB-UL7TmutY23A,
TB-UL71mutY23F, and TB-UL71revY23A virus-infected HFF at 120 hpi. Proteins were detected by anti-
bodies directed against pUL71 (green) and against pp28 (red). Cell nuclei were marked with DAPI. Arrows
indicate accumulations of pp28 signals, which are also positive for DAPI, at the area of the vAC. Scale bar,
20 wm. Boxed areas of the TB-UL71mut23-26A and TB-UL71mutY23A infections are shown at higher
magnification in the insets.

plasma membrane (26). Endocytosis of proteins from the plasma membrane is achieved
by using different trafficking pathways, with clathrin-mediated endocytosis as the main
pathway (49). Therefore, we tested whether pUL71 trafficking involves endocytosis by
pharmacologically blocking this pathway. Transiently expressing Hela cells were
treated with 30 mM methyl-B-cyclodextrin (MBCD) for 45 min (Fig. 6B). MBCD causes
inhibition of endocytosis by depletion of cholesterol in the plasma membrane (50, 51).
Inhibition of endocytosis was verified by pulse-labeling of cells with Alexa Fluor
568-conjugated human transferrin, which is constitutively taken up into cells by the
transferrin receptor, with the latter being internalized by clathrin-mediated endocytosis
(52). As shown in Fig. 6B, transferrin accumulated at the plasma membrane of cells
treated with MBCD, indicative of inhibition of endocytosis, while it was internalized in
cells without MBCD (Fig. 6A). Plasma membrane accumulation was also observed for
transiently expressed pUL71eGFP and pUL71eGFP_1-34 proteins after 45 min of
incubation with MBCD (Fig. 6B), whereas these proteins exhibited TGN localization in
untreated control cells. It has been reported that YXX® motifs can be recruited by the
adaptor protein complex 2 (AP-2) of clathrin-mediated endocytosis (26). To verify our
results, a more specific and less harmful way to inhibit clathrin-mediated endocytosis
was chosen by coexpression of the C-terminal part of cellular AP180 (AP180-C). AP180-C
specifically inhibits clathrin-mediated endocytosis by interfering with the AP180-
induced formation of clathrin-coated pits (37). Coexpression of AP180-C together with
either pUL71eGFP, pUL71eGFP_1-34, or pUL71eGFP_Y23F in Hela cells caused plasma
membrane accumulation of pUL71eGFP, similar to results in cells expressing only the
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FIG 5 Ultrastructural analysis of wild-type, TB-UL71mut23-26A, and TB-UL7 TmutY23A virus-infected HFF
at 120 hpi. (A) Electron micrographs of the area of vACs in the cytoplasm (cy) of infected cells with parts
of the nucleus (nu). (B) Higher magnifications with close-ups of selected areas show fully enveloped
particles for the wild-type-infected cell and multiple budding events and incompletely enveloped
particles for TB-UL71mut23-26A and TB-UL71mutY23A virus-infected cells.

pUL71eGFP_Y23A mutant (Fig. 7B). In MBCD-treated cells, coexpression of AP180-C
had no visible additional effect on the localization of pUL71eGFP_Y23A (Fig. 6B and
7B). Transferrin uptake, however, was visibly abrogated only in AP180-C-expressing
cells (Fig. 7A), verifying block of endocytosis in those cells. Together, these results
suggest a trafficking model of pUL71 in which pUL71 is delivered to the plasma
membrane of transiently expressing/infected cells (Fig. 8), recruited to clathrin-
coated pits via its YXXP motif, endocytosed, and targeted to the Golgi complex.
MBCD treatment and AP180-C coexpression are able to inhibit endocytosis of
pUL71 by depletion of cholesterol or by interfering with the recruitment of proteins
to clathrin-coated pits.
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TABLE 1 Ultrastructural quantification of secondary envelopment stages of HCMV
particles in vACs of infected HFF at 120 h postinfection

o .
No. of cells No. of capsids i PRI G5 1) e (e 25 S0

Virus analyzed per vAC Enveloped Membrane attached Naked
Wild type 14 27 £12 57.7 £ 196 350=*174 72 *+11.7
TB-UL7Tmut23-26 12 241 = 147 10970 82.6 £7.2 65*74
TB-UL7TmutY23A 10 166 * 126 168123 759 = 109 73%5.0

aGiven are the mean percentages and standard deviations (SD) of the numbers of enveloped particles,
particles attached to membranes, and nonenveloped particles not attached to membranes (naked). For each
virus, boldface values highlight the stage of secondary envelopment at which the majority of particles were
counted.

DISCUSSION

The tegument protein pUL71 was previously identified as a structural component of
HCMV virions that in infection accumulates at the site of virion assembly, the vAC (42,
53). Absence of pUL71 during infection results in impaired secondary envelopment,
leading to the accumulation of capsids at various budding stages (40, 41). These data
indicate a block during secondary envelopment at the last stage of membrane scission.

A eGFP transferrin merge

pUL71eGFP_Y23A pUL71eGFP

pUL71eGFP

 1-34

MBCD
pUL71eGFP

UL71eGFP_Y23A

P

FIG 6 Inhibition of endocytosis by methyl-B-cyclodextrin (MBCD). (A) Hela cells transiently expressing
pUL71eGFP and pUL71eGFP_Y23A were incubated with 5 pg/ml human transferrin conjugated with
Alexa Fluor 568 for 30 min at 37°C. Afterwards, cells were fixed, stained with DAPI, and examined using
a fluorescence microscope. (B) Endocytosis of Hela cells transiently expressing the indicated pUL71
proteins was inhibited by incubation in serum-free medium supplemented with 30 mM MBCD for 45 min.
At 30 min prior to fixation, endocytosis inhibition was controlled by adding 5 ug/ml human transferrin
conjugated with Alexa Fluor 568. Following fixation, cell nuclei were stained with DAPI and analyzed by
fluorescence microscopy. Scale bar, 20 um.
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AP180-C transferrin merge

control

B eGFP

pUL71eGFP

1-34

pUL71eGFP
Y23A

Y23F

FIG 7 Inhibition of clathrin-mediated endocytosis by coexpression of AP180-C. (A) Inhibition of endocytosis in
AP180-C-expressing Hela cells was tested by transferrin uptake at 20 h posttransfection (control). After uptake of
Alexa Fluor 568-conjugated human transferrin for 30 min, cells were fixed. AP180-C was detected with a primary
antibody against its myc tag and a secondary antibody coupled to Alexa Fluor 647 (white). (B) Hela cells
coexpressing the indicated pUL71eGFP proteins (green) and AP180-C were tested for endocytosis inhibition as
described for control cells. Cell nuclei were stained with DAPI. AP180-C-positive cells are indicated with an asterisk.
Scale bar, 20 um.

The exact function of pUL71 in this process, however, remains to be clarified. Here, we
found that pUL71 requires an N-terminal YXX® trafficking signal for its localization at
the Golgi complex in transient expression as well as for its localization at the vAC during
infection. Most importantly, mutation of the YXX® motif resulted in delocalization of
mutated pUL71 and in impaired infectious virus release as well as in defective spread
of TB-UL71mut23-26A and TB-UL7TmutY23A viruses that was similar to the spread
defect of a UL71-deficient virus (40). The observed growth and spread defect can be
explained by the impaired secondary envelopment of virus particles in YXX® mutant
virus infections, as demonstrated by ultrastructural analysis. These data show that the
localization of pUL71 at the vAC is critical for its function during virus morphogenesis.
They also emphasize the proposed function of pUL71 for secondary envelopment and
show the importance of the vAC as the primary site of this process. Mutations of the
viral genome are prone to unwanted effects on either neighboring genes or functional
domains. The point mutant TB-UL71mutY23A is a mutant with minimal changes to the
wild-type virus sequence. This mutant, as well as the mutant with the entire YXX® motif
mutated, exhibited identical phenotypes in localization studies, growth analysis, and
ultrastructural analysis, indicating a specific effect caused by disruption of the YXX®
motif. However, we cannot entirely exclude that other potential roles of the tyrosine
that may be critical for proper function of pUL71 in infection may be disrupted by
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FIG 8 Model of intracellular trafficking of pUL71 in transfected and infected cells. Indicated is a potential
trafficking route from the Golgi apparatus, delivering membrane-associated pUL71 to the plasma
membrane (PM). At the plasma membrane, where pUL71 is localized at the cytosolic phase, recognition
of the N-terminal YXX® motif recruits pUL71 to endocytic vesicles; pUL71 then gets recycled back by yet
unknown mechanisms (question mark) to the Golgi apparatus or vAC in infection. Endocytosis from the
plasma membrane can be blocked by coexpression of AP180-C and cholesterol depletion using methyl-
B-cyclodextrin (MBCD). Cy, cytoplasm.

substitution of an alanine. One potential role could be phosphorylation since tyrosines
are known to serve as phosphorylation sites (54). The successful exchange of tyrosine
for the very similar phenylalanine, however, argues against an important role of
phosphorylation. The substitution in mutant TB-UL71mutY23F rescued not only local-
ization of pUL71 to the vAC but also viral growth, supporting the importance of the
localization of pUL71 for its function during assembly and egress.

Several lines of evidence indicate that the pUL71 YXX® motif is indeed involved in
retrieval of pUL71 from the plasma membrane by endocytosis. Thus, pUL71 accumu-
lated at the plasma membrane when this motif was mutated. Moreover, pharmaco-
logical inhibition of endocytosis and expression of a transdominant negative inhibitor
of clathrin-mediated endocytosis prevented recycling of pUL71. In both cases of
endocytosis inhibition, cholesterol depletion by MBCD and expression of AP180-C,
wild-type pUL71 accumulated at the plasma membrane at levels similar to those of the
pUL71eGFP_Y23A and pUL71eGFP_1-22 proteins. Cholesterol depletion by MBCD is
known to block endocytosis at the very initial step before endocytic vesicles are formed
(51). Consistent with the inhibition of endocytosis by cholesterol depletion, uptake of
transferrin was blocked. Transferrin uptake is commonly used to control for endocytosis
(51, 55). While cholesterol depletion is a relatively unspecific method, it can be used to
temporarily block endocytosis, which is an indication for rapid intracellular trafficking of
pUL71. Trafficking signals, such as the YXX® motif, are recognized at the plasma
membrane by the u2 subunit of the AP-2 complex, which mediates clathrin-dependent
endocytosis by interaction of the AP-2 complex with AP180 and clathrin (37). Because
of the central role of AP180 in initiating clathrin-dependent endocytosis, overexpres-
sion of the AP180-C terminus specifically inhibits this endocytic pathway (49). There-
fore, plasma membrane accumulation of wild-type pUL71 in AP180-C-expressing cells
argues for the utilization of the clathrin-dependent endocytosis pathway to retrieve
pUL71 from the plasma membrane.

There is strong evidence that endocytosis plays important roles for the virus life
cycle of many viruses, including HCMV (22, 56-58). This is highlighted by the finding
that many viral proteins, primarily glycoproteins of HCMV and other viruses, are known
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to carry trafficking signals, including YXX® motifs (13-22, 56, 59). The importance of
these signals has been analyzed in many cases. Mutation of such trafficking signals, e.g.,
in HCMV gpUL132 (14), results in accumulation of gpUL132 at the plasma membrane
in infection, similarly to what is shown in this study for pUL71 in YXX® mutant virus
infection. In contrast to studies of glycoproteins, which have a transmembrane domain
for membrane anchoring, relatively few studies of endocytosis have been carried out
with proteins peripherally associated with the cytoplasmic side of membranes. HCMV
tegument proteins, including pUL71, lack a transmembrane domain through which
they interact with membranes. Membrane association of such proteins can be facili-
tated via a lipid anchor. One example of clathrin-mediated endocytosis from the plasma
membrane of a membrane-associated protein is the vaccinia virus (VV) F13L protein (57,
60). VV F13L accumulates at the plasma membrane when clathrin-mediated endocy-
tosis is inhibited by drugs or expression of transdominant negative inhibitors of
endocytosis (60, 61). Membrane association of VV F13L is facilitated by palmitoylation
(62). Palmitoylation of HCMV pUL71 has yet to be shown. However, the pUL51 protein
of HSV-1, a functional homologue of HCMV pUL71, has been shown to be palmitoylated
at the N terminus (38). In addition, palmitoylation of HSV-1 pUL51 is required for its
Golgi complex association. Palmitoylation appears to be conserved among pUL71
homologues as potential palmitoylation sites can be found in their sequences (45).
Furthermore, N-terminal amino acids 1 to 34 of pUL71 are sufficient to locate eGFP at
the Golgi compartment. This sequence of pUL71 contains both potential palmitoylation
sites and the YXX® trafficking signal. In addition to a similar intracellular localization,
functional homology has also been reported for HSV-1 pUL51 (44) as well as for the VW
F13L protein (61). The latter has been suggested to induce formation of vesicles that
contain other viral envelope proteins and are precursors of the wrapping membranes
in VV infection, which is reminiscent to what is known as secondary envelopment in
herpesviruses (60). The YXX® trafficking signal near the N terminus of pUL71 can be
found in sequences of pUL71 homologues of other herpesviruses (45). In contrast to
HCMV pUL71, mutation of this motif in HSV-1 pUL51 has very little effect on virus
replication and release but causes a cell-type-specific defect in cell-to-cell spread (45).
The reason for this difference between HCMV and HSV is not clear, but it is not known
whether mutation of the YXX® motif in HSV-1 pUL51 alters intracellular localization of
this protein, as shown for HCMV pUL71 in this study. To our knowledge, the role of the
YXX® trafficking signal for endocytosis of pUL71 homologues has not been investi-
gated in other herpesviruses. Endocytosis of HCMV pUL71 may allow the retrieval and
reuse of this protein for the process of secondary envelopment. The challenge for
herpesviruses is the temporal and spatial coordination of the many viral structural
proteins that need to be incorporated into virions. Different intracellular trafficking
mechanisms have already been shown to be used by different HCMV-encoded proteins
for their accumulation at the vAC (12, 58). In addition, the use of the same intracellular
trafficking pathways by several viral proteins may represent a possible mechanism to
concentrate these proteins at the site of secondary envelopment. Based on previous
data on homologous proteins and our data, we propose the following intracellular
trafficking scheme for HCMV pUL71: it is expressed as a cytosolic protein and associates
with Golgi complex-derived membranes (Fig. 8). It reaches the plasma membrane as a
result of trafficking via the secretory pathway either with virion-containing vesicles or
exocytic vesicles derived from the TGN. Recognition of the YXX® motif of pUL71 at the
plasma membrane induces endocytosis via clathrin-coated vesicles. Upon internaliza-
tion from the plasma membrane, these vesicles fuse with early/sorting endosomes,
eventually reaching the endocytic recycling compartment (ERC). At the ERC, proteins
can be sorted to the TGN. Protein trafficking between secretory cellular compartments
is organized by the adaptor protein complex 1 (AP-1) and other adaptors as family
members of the phosphofurin acidic cluster sorting (PACS) proteins. For HCMV gB,
ERC-to-Golgi complex trafficking is executed by PACS-1 (17). The adaptor protein by
which pUL71 is targeted to the Golgi compartment is currently not known. However,
the presence of negatively charged amino acids within the N-terminal fragment of 34
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amino acids could indicate PACS-1-mediated sorting, which has to be shown in future
studies.

Together, the data from this study show that herpesvirus tegument proteins high-
jack clathrin-mediated endocytosis for their intracellular trafficking to the virion assem-
bly site. The importance of this trafficking for the generation of infectious virus particles
opens the possibility of interfering with such a pathway in order to inhibit viral growth.

MATERIALS AND METHODS

Cell culture. Human foreskin fibroblasts (HFF) and human fetal lung cells (VIRC-5; European Collec-
tion of Cell Cultures) were maintained in minimal essential medium (Gibco-BRL) supplemented with 2
mM L-glutamine. Hela cells were maintained in Dulbecco’s modified Eagle medium (DMEM; Gibco-BRL).
All cell culture media were supplemented with 10% fetal calf serum, 1X nonessential amino acids (both
from Biochrom AG), 100 U of penicillin, and 100 ug of streptomycin (both from Gibco-BRL).

Expression plasmids and transient protein expression. To construct pEF-UL71eGFP-expressing
full-length pUL71 fused to eGFP, the UL71eGFP fragment was amplified from the bacmid pTB-UL71eGFP
with the primers ex-UL71_for (5'-TACGGGATCCATGCAGCTGGCCCAGCGC-3') and ex-UL71_rev (5'-TACG
GAATTCTTTTCCAAAACGTGCCAGGCTGT-3’) and cloned into the StrataClone vector (pSC-B; Stratagene).
The UL71eGFP fragment was released from pSC-B-UL71eGFP and inserted into pEF1/Myc-His C (Invitro-
gen) by using EcoRl. Plasmid pEF-UL71eGFP_1-34 expressing pUL71 amino acids 1 to 34 fused to eGFP
was constructed by first amplifying the fragments UL71_1-34 (ex-UL71_for, 5'-TACGGGATCCATGCAGC
TGGCCCAGCGC-3'; ex-UL71_1-34_rev, 5'-CAGGATCCCTCCACGTCCTCGCTAGGCTG-3') and eGFP (ex-
Bglll+EGFP/ATG_for, 5'-CTAGATCTGTGAGCAAGGGCGAGGAGCTG-3'; eGFP-EcoRI_rev, 5'-GATGAATTCGC
GGCCGCTTTACTTGTACAGCTC-3') from pEF-UL71eGFP. UL71eGFP_1-34 was amplified with the primers
ex-UL71_for and eGFP-EcoRI_rev after ligation of these fragments via BamHI and Bglll and cloned into
PEF1/Myc-His C using BamHI and EcoRI. To construct pEF-UL71eGFP_1-22, the sequence of pUL71 amino
acids 1 to 22 was added to the sequence of eGFP by PCR using the primers ex-UL71eGFP_1-22_for
(5'-TCGGATCCATGCAGCTGGCCCAGCGCCTGTGCGAGCTGCTGATGTGCCGTCGCAAAGCCGCGCCTGTGGCC
GATGGATCTGTGAGCAAGGGCGAGG-3’) and ex-eGFP_rev (5'-TGACGCGGCCGCTTACTTGTACAGCTCGTCC
ATGCCG-3'). The fragment UL71eGFP_1-22 was first cloned into the pCR2.1-TOPO TA Vector (Thermo
Fisher) before being cloning into pEF1/Myc-His C using BamHI and EcoRI. Plasmid pEF-UL71eGFP_Y23A
was constructed implementing site-directed mutagenesis by amplification of pEF-UL71eGFP with sdm-
UL71Y23A_for (5'-TGTGGCCGATGCCGTGCTGCTG-3') and sdm-UL71Y23A_rev (5'-CAGCAGCACGGCATCG
GCCACA-3’). Expression plasmids pEF-UL71eGFP_23-26A and pEF-UL71eGFP_Y23F were constructed on
the basis of plasmid pEF-UL71eGFP by using a Gibson assembly cloning kit (New England BioLabs). The
backbone and insert for Gibson assembly of pEF-UL71eGFP_23-26A were amplified by PCR using the
primers ga-pEF-after Notl_for (5'-TCGAGGTCACCCATTCGAAC-3’) and ga-UL71_23-26AeGFP_rev (5'-
TGAGCGGCAGCGGCATCGGCCACAGGCGCGGC-3') for amplification of the backbone and the primers
ga-UL71_23-26AeGFP_for (5'-TGTGGCCGATGCCGCTGCCGCTCAGCCTAGCGAGGACGTG-3') and ga-pEF-
UL71_eGFP_rev (5'-GTTCGAATGGGTGACCTCGAGCGGCCGCTTACTTGTAC-3') for amplification of the in-
sert. For cloning of plasmid pEF-UL71eGFP_Y23F, the backbone was amplified by PCR using the primers
ga-pEF-after Notl_for (5'-TCGAGGTCACCCATTCGAAC-3’) and ga-pEF-UL71_rev (5'-AATCGGCCACAGGCG
CGG-3’'), and the insert was amplified by using the primers ga-pEF-UL71_Y23F_for (5'-AGCCGCGCCTGT
GGCCGATTTCGTGCTGCTGCAGCCTAGC-3') and ga-pEF-UL71_eGFP_rev (5'-GTTCGAATGGGTGACCTCGAG
CGGCCGCTTACTTGTAC-3"). All cloning was performed in Escherichia coli strain XL1-Blue. The generation
of the expression plasmid that was used to express a myc epitope-tagged AP180-C is described
elsewhere (37). For transient expression experiments, HelLa cells were seeded on coverslips in 24-well
plates and transfected the next day by using TurboFect (Thermo Fisher) according to the manufacturer’s
protocol. For indirect immunostaining, cells were fixed with 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) for 10 min at 4°C at 20 h posttransfection. Indirect immunostaining was performed
as described for infected cells with an altered blocking buffer (5% fetal calf serum [FCS] in PBS
supplemented with 1% bovine serum albumin [BSA]).

Generation of recombinant viruses. Recombinant viruses were reconstituted from recombinant
bacterial artificial chromosomes (BACs) generated on the genetic background of the TB40-BAC4 BAC
(GenBank accession number EF999921.1) (63). All BAC mutants were generated by using a markerless
two-step Red-GAM recombination protocol (64). For virus reconstitution, BAC DNA was extracted from
E. coli using a Nucleobond AX Midi kit (Macherey-Nagel) and electroporated into MRC-5 cells exactly as
previously described (65). For further virus propagation and stock production, HFF were used. The
parental BAC of all recombinant BAC mutants of this study contains the sequence of the Flag tag epitope
at the end of UL103 and was constructed using the primers ep-UL103-Flag_for (5-CCCCAAGCTGCCAC
CGCGCTGGGAACGGGGAGAGGAAGAGGATTACAAGGATGACGACGATAAGTGAGAAGCAGGATGACGACGAT
AAGTAGGG-3’) and ep-UL103-Flag_rev (5'-GTTTTTTTTTCTATGATATGCGTGTCTAGTTCGCTTCTCACTTA-
TCGTCGTCATCCTTGTAATCCTCTTCCTCAACCAATTAACCAATTCTGATTAG-3’). The resulting reconstituted
virus was designated the wild-type virus in this study. The primers ep-UL71YXXL_for (5'-TGATGTGCCGT
CGCAAAGCCGCGCCTGTGGCCGATGCCGCTGCCGCTCAGCCTAGCGAGGAGATGACGACGATAAGTAGGG-3') and
ep-UL71YXXL_rev (5'-TGCAGCTCGCGCAGCTCCACGTCCTCGCTAGGCTGAGCGGCAGCGGCATCGGCCACAGGC
GAATTAACCAATTCTGATTAG-3') were used to generate the bacmid of the mutant virus TB-UL7 TmutY23-26A.
The bacmid for mutant virus TB-UL71mutY23A was generated using ep-UL71Y23A_for (5'-TGATGTGCCGTC
GCAAAGCCGCGCCTGTGGCCGATGCCGTGCTGCTGCAGCCTAGCGAGGAGATGACGACGATAAGTAGGG-3')  and
ep-UL71Y23A_rev (5'-CGCAGCTCCACGTCCTCGCTAGGCTGCAGCAGCACGGCATCGGCCACAGGCGAATTAACCA
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ATTCTGATTAG-3'). The primers ep-UL71-Y23F_for (5'-CTGCTGATGTGCCGTCGCAAAGCCGCGCCTGTGGCCGA
TTTCGTGCTGCTGCAGCCTAGCGAGGATGACGACGATAAGTAGGG-3') and ep-UL71-Y23F_rev (5'-CTCGCGCAGC
TCCACGTCCTCGCTAGGCTGCAGCAGCACGAAATCGGCCACAGGCGCGGCTCAACCAATTAACCAATTCTGATTAG-
3’) were used to generate the bacmid of the mutant virus TB-UL71mutY23F. The bacmid of revertant
virus TB-UL71revY23A was generated from the bacmid of point mutant TB-UL71mutY23A by using
ep-UL71-23Aresc_for (5'-GCTGCTGATGTGCCGTCGCAAAGCCGCGCCTGTGGCCGATTATGTGCTGCTGCAGC
CTAGCGAGGACAGGATGACGACGATAAGTAGGG-3') and ep-UL71-23Aresc_rev (5'-ACGCCTGCAGCTCG-
CGCAGCTCCACGTCCTCGCTAGGCTGCAGCAGCACATAATCGGCCACAGGCGCCAACCAATTAACCAATTCTGA
TTAG-3'). In order to discriminate between wild-type and revertant viruses, a silent mutation was
introduced into TB-UL71revY23A. Correct introduction of all mutations into the recombinant BACs was
confirmed by sequencing. The generation and characterization of mutant virus TB-UL71stop unable to
express pUL71 are described elsewhere (40).

Antibodies. The monoclonal antibody (MAb) used in indirect immunofluorescence stainings is
directed against the HCMV protein pp28 (UL99, clone CH19; Santa Cruz). Additionally, anti-myc tag
antibody (MAb 9E10) was used to detect AP180-C. The polyclonal antibodies (PAbs) used in this study
are directed against HCMV pUL71 (PAb consisting of residues 162 to 361 [40]) and against cellular Golgi
complex protein TGN46 (catalog no. T7576; Sigma). Goat anti-rabbit and goat anti-mouse antibodies
conjugated to either Alexa Fluor 488, 555, or 647 (Thermo Fisher) were used as secondary antibodies.

Indirect immunofluorescence. For virus infection, HFF were seeded at 80% confluence 1 day prior
to infection on u-Slides (Ibidi GmbH). The following day, cells were infected at a multiplicity of infection
(MOI) between 0.5 and 1. At 120 hpi, cells were washed once with PBS prior to fixation with 4% PFA in
PBS for 10 min at 4°C. After being washed with PBS, cells were permeabilized with 0.1% Triton in PBS for
5 min at room temperature. Nonspecific binding sites were blocked by incubation in blocking buffer
(10% CMV-negative human serum and 1% bovine serum albumin [BSA] in PBS) for 30 min. Primary as well
as secondary antibodies were diluted in blocking buffer. Following blocking, cells were incubated with
primary antibody for at least 45 min before being washed three times with washing solution (1% BSA in
PBS with 0.1% Tween 20) and incubation with secondary antibody for 45 min. Cell nuclei were stained
with 30 pg/ml 4,6-diamidino-2-phenylindole (DAPI; Roche) together with the secondary antibody. Cells
were washed three times with PBS prior to imaging. If not stated otherwise, confocal images were taken
with a 63X objective lens of an Axio-Observer.Z1 fluorescence microscope equipped with an ApoTome
(Zeiss) and Axiovision, version 4.8, software.

Growth analysis and virus titration. A multistep growth kinetics analysis was performed by
coseeding of noninfected HFF with infected HFF at 1 dpi. Coseeding was performed in quadruplicate.
Equal infection was controlled by detection of HCMV IE1/2 antigen in indirect immunofluorescence of
one replicate 24 h after coseeding to determine input virus yields by counting IE-positive cells.
Supernatants of infected cells were collected over a period of 15 days every 3 days and replaced with
fresh medium. All supernatants were stored at —80°C before titration on HFF. Virus yield in supernatant
was determined by infecting HFF with 10-fold serial dilutions of supernatant. At 24 hpi infected cells were
fixed and permeabilized with ice-cold methanol and stained by indirect immunostaining against HCMV
IE1/2 antigen. IE1/2-positive cells were counted by using a 10X objective lens on an Axio-Observer.Z1
fluorescence microscope. For the focus expansion assay, HFF were infected with 100 PFU of the
respective viruses for 24 h. Inoculum was removed and replaced with 0.65% methylcellulose overlay
medium, which was exchanged with fresh overlay medium at 4 dpi. At 7 dpi, overlay medium was
removed by washing cells with PBS, followed by fixation with ice-cold methanol for 10 min. Foci of
virus-infected cells were visualized by indirect immunostaining against the HCMV IE1/2 antigen. Numbers
of IE1/2-positive cells/focus were determined for 50 foci for each virus. Randomly taken images were
acquired with the 10X objective lens of an Axio-Observer.Z1 fluorescence microscope and the Axiovi-
sion, version 4.8, software and analyzed with Adobe Photoshop CS3 software. Statistical significance was
determined with a two-tailed Student's t test.

TEM. Sample preparation for transmission electron microscopy (TEM) included high-pressure freez-
ing (HPF), freeze substitution, and Epon embedding. These methods were performed as previously
described (41, 66), with slight alterations. Briefly, HFF were seeded in u-Slides containing carbon-coated
sapphire discs (Engineering Office M. Wohlwend GmbH) 1 day prior to infection at 80 to 90% confluence.
Cells were infected with virus overnight, resulting in an infection rate of 40 to 60%. Virus-containing
medium was replaced with fresh medium the next day. Infected cells on sapphire discs were fixed by
using HPF with a Compact 01 high-pressure freezer (Engineering Office M. Wohlwend GmbH) at 120 hpi.
Thereafter, cells on sapphire discs were prepared by freeze-substitution (66, 67) and subsequently
embedded in Epon (Fluka). Ultrathin sections of the Epon-embedded cells were cut with an ultrami-
crotome (Ultracut UCT; Leica) and placed on Formvar-coated single-slot grids (Plano GmbH). Grids were
examined in a Jeol JEM-1400 transmission electron microscope equipped with a charge-coupled-device
(CCD) camera at an acceleration voltage of 120 kV. The remaining cells in the u-Slide were fixed with 4%
PFA in PBS for 10 min at 4°C. They were used in indirect immunofluorescence staining to control infection
rates and mutant virus characteristics.

Quantification of secondary envelopment by TEM. Virus particles in the area of the vAC were
quantified from electron micrographs of infected cells at 120 hpi (68). Virus particles were divided into
three groups according to their morphological stages of secondary envelopment (41). Enveloped virus
particles are capsids with tegument fully enclosed by a double membrane (envelope and vesicle
membrane). Membrane-attached capsids are capsids at the process of secondary envelopment, which
was defined as close contact to membranes which wrap around the capsid. Free capsids are those that
have no contact with membranes. Infected cells for quantification were randomly selected from at least
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two independent experiments. For each analyzed vAC, magnified electron micrographs covering the
entire area of the vAC were acquired to determine the various stages of secondary envelopment of virus
particles.

Cholesterol depletion and transferrin uptake. Transiently expressing HelLa cells were washed with
PBS and incubated at 37°C in either serum-free DMEM or serum-free DMEM supplemented with 30 mM
methyl-B-cyclodextrin (MBCD; Sigma) to deplete cholesterol. After 15 min of incubation, transferrin
uptake was assessed by adding 5 ug/ml of Alexa Fluor 568-conjugated human transferrin (Invitrogen)
and incubation for an additional 30 min at 37°C (55). Afterwards, cells were washed with PBS and fixed
with 4% PFA in PBS.
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