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The cytoplasmic domain of pseudorabies virus (PRV) glycoprotein B (gB) contains three putative internal-
ization motifs. Previously, we demonstrated that the tyrosine-based YQRL motif at positions 902 to 905, but
not the YMSI motif at positions 864 to 867 or the LL doublet at positions 887 and 888, is required for correct
functioning of gB during antibody-mediated internalization of PRV cell surface-bound glycoproteins. In the
present study, we demonstrate that the YQRL motif is also crucial to allow spontaneous internalization of PRV
gB, and thus, that spontaneous and antibody-mediated internalizations of PRV gB occur through closely
related mechanisms. Furthermore, we found that PRV gB colocalizes with the cellular clathrin-associated AP-2
adaptor complex and that this colocalization depends on the YQRL motif. In addition, by coimmunoprecipi-
tation assays, we found that during both spontaneous and antibody-dependent internalization, PRV gB
physically interacts with AP-2, and that efficient interaction between gB and AP-2 required an intact YQRL
motif. Collectively, these findings demonstrate for the first time that during internalization of an alphaher-
pesvirus envelope protein, i.e., PRV gB, a specific amino acid sequence in the cytoplasmic tail of the protein
interacts with AP-2 and may constitute a common AP-2-mediated mechanism of internalization of alphaher-

pesvirus envelope proteins.

Pseudorabies virus (PRV), a swine alphaherpesvirus closely
related to the human pathogens herpes simplex virus (HSV)
and varicella-zoster virus (VZV), is the causative agent of
Aujeszky’s disease (4, 24). Its genome encodes at least 11
glycoproteins, which have homologs in other herpesviruses
(24). In PRV-infected cells, newly synthesized glycoproteins
travel from the endoplasmic reticulum via the Golgi to the
plasma membrane (25). These glycoproteins play important
roles in the viral life cycle, as well as in the pathogenesis of
PRYV infections (9, 29).

Interestingly, several alphaherpesvirus-encoded cell surface-
associated envelope glycoproteins have been reported to be
internalized, either spontaneously or upon binding of antigen-
specific antibodies (12, 13, 17, 32, 35, 36, 44). The biological
function of spontaneous internalization in the virus life cycle is
not yet fully understood, although some hypothetical roles
have been proposed (reviewed in reference 9), such as the
possible involvement of internalization in delivering the viral
cell surface proteins to a specific compartment, where viral
envelopment takes place; in redirecting viral proteins to spe-
cific membrane surfaces (such as the apical, lateral, or basal
surfaces of polarized cells); or in immune evasion. Antibody-
dependent internalization of viral cell surface proteins may
also be implicated in immune evasion, since it has been shown
to decrease the efficiency of antibody-dependent lysis of PRV-
infected cells (49).

Recently, several groups reported on the amino acid se-
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quence motifs involved in the internalization of different al-
phaherpesvirus envelope glycoproteins. Two types of motifs,
located in the cytoplasmic tails of these viral proteins, have
been shown to be of predominant importance: tyrosine-based
YXXé-type motifs (where Y stands for tyrosine, X stands for
any amino acid, and ¢ stands for any bulky hydrophobic amino
acid) and LL (dileucine) motifs. Spontaneous internalization
of PRV glycoprotein E (gE) requires an intact YTSL motif
(where T stands for threonine and S stands for serine) in its
cytoplasmic tail (45), and internalization of PRV gB requires
the C-terminal 29 amino acids of the gB cytoplasmic domain,
which contain an LL motif and a YQRL motif (where Q stands
for glutamine and R stands for arginine) (32). In a previous
study, it was shown that the gB membrane-distal YOQORL motif
at positions 902 to 905, but not the membrane-proximal YMSI
motif at positions 864 to 867 (where M stands for methionine
and I stands for isoleucine) or the LL doublet at positions 887
and 888, is critical for efficient antibody-mediated internaliza-
tion of PRV cell surface proteins (13). In agreement with these
findings, mutation of the HSV gB membrane-distal YSPL mo-
tif (where P stands for proline), but not mutation of the mem-
brane-proximal YMAL motif (where A stands for alanine) or
the LL motif, was found to abrogate internalization of HSV gB
(11). The internalization of some VZV-encoded glycoproteins
has also been shown to depend on either a YXX¢ motif or an
LL motif. Indeed, internalization of VZV gB, gE, and gH
requires, respectively, a YSRV (where V stands for valine), a
YAGL (where G stands for glycine), or a YNKI (where N
stands for asparagine and K stands for lysine) motif located in
the respective cytoplasmic domains, while internalization of
VZV gl is dependent on an LL motif (3, 17, 35, 36, 37). Thus,
the internalization of many alphaherpesvirus envelope pro-
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teins is mediated by related tyrosine-based YXXé-type motifs
or LL motifs within their cytoplasmic tails. Similar YXXd¢ and
LL signals, together with acidic amino acid clusters, are known
to be mediators of clathrin-mediated endocytosis of cellular
receptors (7, 22, 46, 47, 50). Clathrin-mediated endocytosis of
cellular receptors is initiated by invagination of certain regions
of the plasma membrane, so-called clathrin-coated pits, which
are subsequently pinched off from the plasma membrane to
form clathrin-coated vesicles (16, 20, 40). Crucial roles in these
initial steps of the endocytosis process are attributed to clath-
rin triskelions and the clathrin-associated AP-2 adaptor com-
plex, which is composed of two 100- to 110-kDa large chains («
and B2), a 50-kDa medium chain (p2), and a 17-kDa small
chain (02) (2, 18, 38, 41). Several studies have shown that the
AP-2 adaptor complex recognizes and binds (via its medium
subunit) tyrosine-based or dileucine-type internalization se-
quences in the cellular receptor on the one hand and to clath-
rin triskelions on the other hand, forming a physical link be-
tween the cellular receptor and clathrin triskelions as a first
step in the formation of receptor-containing clathrin-coated
endocytosis vesicles (8, 10, 22, 23, 40, 43).

It has been demonstrated that during the early steps of some
internalization processes, alphaherpesvirus glycoproteins colo-
calize with clathrin triskelions (17, 35, 48). Because of their
dependence on clathrin- and tyrosine-based motifs or dileucine
motifs, alphaherpesviruses seem to initiate the internalization
of envelope proteins via a mechanism similar to that of clath-
rin-mediated endocytosis of cellular receptors. However, no
information is available on whether, as in clathrin-mediated
endocytosis of cellular receptors, internalization of alphaher-
pesvirus envelope proteins relies on an interaction with the
cellular clathrin-associated AP-2 adaptor complex.

Therefore, in the present study, we wanted to investigate (i)
whether PRV gB colocalizes and interacts with the clathrin-
associated AP-2 adaptor complex during spontaneous and
antibody-mediated internalization processes and, if so, (ii)
whether the YORL motif is required for interaction of PRV
¢B with AP-2.

MATERIALS AND METHODS

Virus strains. The wild-type PRV Becker strain and isogenic PRV Becker gB
mutants, carrying tyrosine (Y)-to-alanine (A) substitutions in the cytoplasmic
tyrosine-based motifs and leucine (L)-to-arginine (R) substitutions in the LL
motif in gB (PRV Be, PRV Y864A, PRV Y902A, PRV LL887RR, PRV Y864A/
Y902A, and PRV Y864A/Y902A/LL887RR), were described earlier (13).

Cell culture and infection. Porcine kidney PK15 cells were cultivated in Ea-
gle’s minimal essential medium (MEM) supplemented with 5% fetal calf serum,
glutamine (0.3 mg/ml), and antibiotics (100 U of penicillin/ml, 0.1 mg of strep-
tomycin/ml, and 0.1 mg of kanamycin/ml). For infection experiments, monolayers
of PK15 cells grown on glass coverslips were inoculated with the appropriate
PRV strains at a multiplicity of infection (MOI) of 10.

Construction of mammalian expression vectors and transfection assay. Plas-
mids pHF3, pHF16, and pHF17, encoding wild-type Be gB and point-mutated
Y864A and Y902A gB, respectively, were previously described (13). To construct
plasmid pHF50, encoding a gB mutant that lacks a cytoplasmic domain, a 750-bp
Sall-SphI fragment of pHF3 was cloned in pALTER-1 (Promega, Madison,
Wis.), creating pHF39. Subsequently, oligonucleotide mutagenesis was per-
formed on pHF39 to replace serine 882 (S882) by a stop codon. The oligonu-
cleotide used (5" CCTACCGGCACATCTAGCGCTTGCGCCGCAACCCC3')
introduced an additional Eco471II site, which facilitated screening of the result-
ing plasmid, pHF47. The mutated 750-bp DNA fragment of Sall-SphI-digested
pHF47 was then subcloned in Sall-Sphl-digested pHF3, creating pHF50. To
construct mammalian expression vectors, BamHI-EcoRYV restriction fragments
of pHF3, pHF16, pHF17, and pHF50 were subcloned into the cytomegalovirus
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promoter-based eucaryotic expression vector pcDNA3.1D/V5-His-TOPO (In-
vitrogen, Groningen, The Netherlands). The resulting expression vectors,
pGVM3, pGVM16, pGVM17, and pGVM50, encode wild-type gB, Y864A gB,
Y902A gB, and gB truncated, respectively. For transfection experiments, 80 to
90% confluent PK15 cells grown on glass coverslips were transiently transfected
with pGVM3, pGVM16, pGVM17, or pGVM 50 by use of Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s instructions.

Antibodies and reagents. Fluorescein isothiocyanate (FITC)-conjugated
mouse monoclonal immunoglobulin G2a (IgG2a) antibodies directed against
PRV gB (1C11) were produced at our laboratory, as previously described (28).
Monoclonal anti-a-adaptin antibodies (recognizing the « subunit of AP-2), clone
AP6 (IgG1), and clone AC1-M11 (IgG2a) were purchased from 10P’s (Zand-
hoven, Belgium). Biotinylated rabbit anti-mouse IgG1-specific antibodies were
from Zymed Laboratories Inc. (San Francisco, Calif.). Streptavidin-Texas Red
was obtained from Molecular Probes (Eugene, Oreg.). Biotinylated sheep anti-
mouse IgG antibodies and streptavidin-biotin-horseradish peroxidase complex
and polyvinylidene difluoride membranes were purchased from Amersham Phar-
macia Biotech (Uppsala, Sweden). Goat anti-mouse agarose beads were from
Sigma (St. Louis, Mo.).

Antibody-independent internalization assay. The amounts of PRV gB on the
surfaces of PRV-infected PK15 cells, determined by immunofluorescent staining,
were used as a measure for spontaneous internalization of gB: low levels corre-
spond to efficient internalization, and high levels correspond to inefficient inter-
nalization, essentially as previously described (32). Briefly, at the appropriate
time points, paraformaldehyde-fixed, nonpermeabilized cells were stained for
cell surface-localized (noninternalized) gB by use of the FITC-labeled primary
antibody 1C11. The stained cells were mounted on microscope slides using
glycerin-DABCO and were analyzed by confocal microscopy (TCS SP2 laser
scanning spectral confocal system; Leica Microsystems GmbH, Heidelberg, Ger-
many).

Antibody-dependent internalization assay. The antibody-dependent internal-
ization assay was essentially done as described previously with some modifica-
tions (13, 48). At the appropriate time points postinoculation (p.i.) with the
appropriate PRV strains or 24 h posttransfection with the appropriate gB ex-
pression vectors, PK15 cells were cooled on ice for 15 min, rinsed two times with
ice-cold phosphate-buffered saline (PBS), and incubated on ice for 1 h with the
FITC-labeled anti-gB monoclonal antibody 1C11. After two washings with ice-
cold PBS, the cells were shifted for 0 or 90 min (infected cells) or 60 min
(transfected cells), respectively, to 37°C by the addition of prewarmed MEM and
placed in a 37°C incubator. Afterwards, the cells were paraformaldehyde fixed.
The stained cells were mounted, and subcellular localization of gB was analyzed
by confocal microscopy as described above.

Double immunofluorescence stainings of PRV gB and a-adaptin. After an
antibody-dependent internalization assay was performed as described above,
infected or transfected PK15 cells were paraformaldehyde fixed, Triton X-100
permeabilized, and costained for a-adaptin. To stain a-adaptin, cells were incu-
bated (1 h at 37°C) with anti-a-adaptin IgG1 antibodies (clone AP-6) diluted
1/200 in PBS plus 0.3% gelatin. Afterwards, the cells were washed twice in
Tris-buffered saline (20 mM Tris-HCI and 150 mM NaCl)-4.5% (wt/vol) su-
crose—2% heat-inactivated goat serum (TBS-SG). The cells were then incubated
with biotinylated rabbit anti-mouse IgG1-specific antibodies diluted 1/100 in
PBS-0.3% gelatin (1 h at 37°C) and washed twice in TBS-SG. Finally, the cells
were incubated (1 h at 37°C) with streptavidin-Texas Red diluted 1/50 in PBS—
0.3% gelatin, washed twice in TBS-SG, mounted, and analyzed by confocal
microscopy.

Coimmunoprecipitation experiments. At 6 h (spontancous internalization)
and 10 h (antibody-dependent internalization) p.i., monolayers of PRV-infected
PK15 cells were washed twice in MEM (37°C), incubated for 15 min at 37°C with
monoclonal anti-gB antibodies diluted in MEM (only for antibody-dependent
internalization), rinsed twice in ice-cold PBS, scraped, and lysed for 1 h at 4°C in
750 wl of lysis buffer (1% Triton X-100, 50 mM HEPES, pH 7.4, 150 mM NacCl,
10% glycerol, 1 mM EDTA, 1 mM Na;VO,, 10 mM NaF, and a mixture of
protease inhibitors). The lysates were precleared by centrifugation at 13,000 X g
in a cooled centrifuge and incubated for 90 min at 4°C with monoclonal anti-gB
antibodies or with monoclonal anti-a-adaptin antibodies. Subsequently, gB or
a-adaptin was precipitated overnight at 4°C using goat anti-mouse agarose
beads, washed three times in PBS, and resuspended in 50 pl of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis loading buffer. Equal amounts of all
samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and Western blotting. The blotting membranes were then incubated
for 1 h with either monoclonal anti-a-adaptin antibodies (clone AC1-M11) or
anti-gB monoclonal antibodies (1C11), washed three times in PBS-0.1% Tween
20, incubated for 1 h with biotinylated sheep anti-mouse IgG, washed again three
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times in PBS-0.1% Tween 20, and finally incubated with a streptavidin-biotin—
horseradish peroxidase complex. Immunoreactive bands, corresponding to gB or
a-adaptin, were revealed with an ECL Western blot detection kit from Amer-
sham Pharmacia Biotech according to the manufacturer’s instructions.

RESULTS

Efficient spontaneous and antibody-mediated internaliza-
tions of PRV gB both depend on an intact YQRL motif in the
cytoplasmic tail of gB. PRV gB has been reported to undergo
spontaneous antibody-independent internalization during the
early phases of a PRV infection (<6 h p.i.) in PK 15 cells and
in rabbit kidney RK13 cells transfected with PRV gB (32, 44),
which is mediated by a region of the gB cytoplasmic tail that
contains two potential internalization motifs: an LL doublet
and a YQRL motif (32). In addition, PRV gB has been shown
to be implicated in antibody-mediated internalization of cell
surface-bound glycoproteins in PRV-infected monocytes (12),
requiring the YQRL motif (13).

First, we examined whether the mechanisms of spontaneous
and antibody-mediated internalization of PRV gB are related
by investigating whether they both occur efficiently in PRV-
infected PK15 cells and, if so, whether they both rely on the
YQRL motif. To this end, PK15 cells were infected at an MOI
of 10 either with wild-type PRV (PRV Be) or with an isogenic
PRYV strain in which the tyrosine (Y) residue of the YORL
motif was replaced by an alanine (A) residue (PRV Y902A).
The efficiency of spontaneous internalization of PRV gB was
investigated, essentially as described before (32), by determin-
ing the amount of gB at the cell surface. Low levels of gB at the
cell surface correlate with efficient retrieval of gB from the cell
surface. The upper images in Fig. 1A show that in PRV Be-
infected PK15 cells, very few gB molecules were detected at
the cell surface at 6 h p.i., whereas at 10 h p.i., large amounts
of gB were present at the cell surface. In PRV Y902A-infected
PK15 cells, high levels of gB Y902A were present at the cell
surface at both time points examined. These observations in-
dicate (i) that wild-type Be gB is efficiently internalized in an
antibody-independent manner during the early stages of a
PRV infection but not at late stages of infection, in agreement
with earlier findings (44), and (ii) that replacement of tyrosine
902 by an alanine residue abrogates spontaneous internaliza-
tion of PRV gB.

To determine the efficiency of antibody-mediated internal-
ization of PRV gB in PK15 cells at 6- and 10 h p.i. with PRV
Be or PRV Y902A, cells were incubated on ice with the FITC-
labeled gB-specific monoclonal antibody 1C11, washed, shifted
for 90 min to 37°C to allow internalization, and paraformalde-
hyde fixed. Analysis of the stained cells by confocal microscopy
allowed discrimination between cell surface-residing and inter-
nalized gB. In Fig. 1B, it can be seen that in PRV Be-infected
PK15 cells, gB undergoes highly efficient antibody-mediated
internalization at 6 h p.i. and moderately efficient internaliza-
tion at 10 h p.i. On the other hand, in PRV Y902A-infected
cells, no or very little antibody-mediated internalization of
Y902A gB could be observed at either time point. Thus, the
tyrosine residue in the YQRL motif is critical for antibody-
mediated internalization of PRV gB.

Hence, although spontaneous internalization seems to occur
only during the early phases of PRV infection, the two PRV gB
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FIG. 1. Spontaneous (A) and antibody-dependent (B) internaliza-
tion of PRV gB are both dependent on an intact YQRL motif. Con-
fluent monolayers of PK15 cells were infected at an MOI of 10 with
either PRV Be or PRV Y902A. At 6 (left column) and 10 (right
column) h p.i., the efficiency of spontaneous internalization was stud-
ied by determining the levels of gB remaining at the cell surface (A),
whereas antibody-dependent internalization was studied using an in-
ternalization assay based on FITC-labeled anti-gB antibodies, as de-
scribed in Materials and Methods (B). The cells were analyzed by
confocal microscopy. Bar, 10 pm.

internalization processes are closely related, since (i) they both
occur in PRV-infected PK15 cells and (ii) they both depend on
the YQRL motif in the cytoplasmic tail of gB.

Subcellular localization of a-adaptin during internalization
of PRV gB in infected PK15 cells. The YORL motif, which is
involved in both spontaneous and antibody-dependent inter-
nalization of PRV gB, is highly similar to the tyrosine-based
internalization motifs involved in clathrin-mediated endocyto-
sis of cellular receptors. To investigate whether the gB cyto-
plasmic YOQRL motif, like its cellular counterparts, initiates
internalization by interacting with the clathrin-associated AP-2
adaptor complex, we determined the subcellular localizations
of PRV gB and the « subunit of the AP-2 adaptor complex
(a-adaptin) before and after antibody-mediated induction of
gB internalization in PRV Be- and PRV Y902A-infected PK15
cells. As an extra control, we determined the subcellular local-
ization of gB in cells infected with a PRV strain (PRV Y864A)
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FIG. 2. Colocalization between gB and a-adaptin in PRV-infected cells. PK15 cells were infected at an MOI of 10 with either PRV Be, PRV
Y864A, or PRV Y902A. All infected cells were processed for an antibody-dependent internalization assay and stained for gB (left column) as
described in Materials and Methods. Internalization was allowed to proceed for 0 or 90 min at 37°C. Thereafter, the cells were costained for
a-adaptin (middle column). To this end, the cells were incubated with monoclonal anti-a-adaptin IgG1 antibodies (clone AP-6), biotinylated rabbit
anti-mouse IgG1-specific antibodies, and streptavidin-Texas Red. Merged images (right column), obtained by superposition of the green (gB) and
red (a-adaptin) stainings, indicate areas of colocalization (yellow) between PRV gB and a-adaptin. The arrows indicate colocalization between
wild-type or Y864A gB and a-adaptin in cytoplasmic internalization vesicles or at the cell surface, whereas the arrowheads indicate colocalization

between Y902 gB and «-adaptin at the cell surface. Bar, 10 pm.

that carries a mutation in the tyrosine residue in the YMSI
motif in the cytoplasmic domain of PRV gB that has been
shown not to be involved in internalization (13). Figure 2
shows that after the induction of internalization in PRV-in-
fected cells, many of the wild-type and Y864A gB molecules
are internalized and that the majority of wild-type and Y864A
gB molecules, both in internalized vesicles and on the plasma
membrane, colocalize with a-adaptin (Fig. 2). Furthermore,

we found that Y902A gB is not internalized but that a minority
of the internalization-deficient Y902A gB molecules show co-
localization with membrane-associated a-adaptin (Fig. 2). Thus,
in PRV-infected cells, the AP-2 adaptor complex seems to medi-
ate the internalization of wild-type and Y864A gB but is unable to
drive the internalization of Y902A gB, although somewhat
surprisingly, a minority of the internalization-deficient Y902A
gB molecules colocalize with a-adaptin at the cell surface.
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FIG. 3. Colocalization between gB and a-adaptin in gB-transfected cells. PK15 cells were transiently transfected with either Be gB (pGVM3),
Y864A gB (pGVM16), Y902A gB (pGVM17), or gB truncated (pGVMS50). At 24 h posttransfection, the cells were incubated with FITC-labeled
monoclonal anti-gB antibodies at 4°C for 1 h. Subsequently, the cells were shifted for 60 min to 37°C to allow internalization of gB (right column).
Thereafter, the cells were fixed, permeabilized, and costained for a-adaptin (middle column) by the use of monoclonal anti-a-adaptin IgG1
antibodies, biotinylated IgG1-specific antibodies, and streptavidin-Texas Red. Merged images (right column), obtained by superposition of the
green (gB) and red (a-adaptin) stainings, indicate areas of colocalization (yellow) between gB and a-adaptin. The arrows indicate colocalization
between wild-type or Y864A gB and a-adaptin in cytoplasmic internalization vesicles. Bar, 10 pm.

Subcellular localization of a-adaptin during internalization
of gB in transfected cells. A potential explanation for the
somewhat puzzling observation of colocalization of some of
the cell surface-localized, internalization-deficient gB mole-
cules and a-adaptin in PRV Y902A-infected PK15 cells could
perhaps be found in the presence of internalization motifs in
the cytoplasmic tails of some other cell surface-localized PRV
glycoproteins, such as gD, gE, or gH, which may be present in
close proximity to the Y902A gB molecules. Alternatively, it
could be that a gB cytoplasmic sequence, different from the
tyrosine 902-based YQRL motif, is also involved in the recruit-
ment of gB Y902A molecules to AP-2-rich regions in the
plasma membrane. To investigate these assumptions, and also
to test whether AP-2 is associated with the internalization of
wild-type and Y864A gB in the absence of other PRV proteins,
PK15 cells were transiently transfected with mammalian ex-
pression vectors encoding either wild-type gB, Y864A gB,
Y902A gB, or a truncated gB that lacks the cytoplasmic do-
main (gB truncated), and 24 h posttransfection, the cells were
subjected to an antibody-mediated internalization assay as de-
scribed above. Figure 3 shows that, as in infected PK15 cells,

wild-type and Y864A gB are efficiently internalized in trans-
fected cells and the cytoplasmic gB-containing internalization
vesicles are coated with a-adaptin. On the other hand, Y902A
¢B and gB truncated molecules are not internalized in trans-
fected cells (Fig. 3) and, importantly, show no or only minimal
colocalization with a-adaptin at the cell surface.

Thus, the subcellular localization of gB and a-adaptin in
gB-transfected PK15 cells indicates that, in the absence of
other viral proteins, (i) the YOQRL motif in the cytoplasmic
domain of gB drives AP-2-associated internalization of gB and
(ii) very little colocalization can be observed between Y902A
gB and AP-2.

The tyrosine-based YQRL motif in the cytoplasmic tail of gB
mediates a physical interaction between the AP-2 adaptor
complex and PRV gB. To test whether during internalization
PRV gB physically interacts with AP-2 and, if so, whether this
occurs via the YQRL motif, we performed coimmunoprecipi-
tation experiments. Figure 4A and B show that immunopre-
cipitation of gB, during both spontaneous and antibody-medi-
ated internalization of gB in infected PK15 cells, results in
coimmunoprecipitation of the « subunit of AP-2, indicating
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FIG. 4. PRV gB interacts with a-adaptin, and mutation of the Y902
residue strongly reduces this interaction. (A) Coimmunoprecipitation
of a-adaptin with PRV gB during spontaneous gB internalization. At
6 h p.i., PK15 cells infected with either PRV Be, PRV Y864A, PRV
Y902A, PRV LL887RR, PRV Y864A/Y902A, or PRV Y864A/Y902A/
LL887RR were lysed and immunoprecipitated with monoclonal an-
ti-gB antibodies, and the immunoprecipitates were analyzed for the
presence of gB (upper row) and a-adaptin (lower row). (B) Coimmu-
noprecipitation of a-adaptin with PRV gB during antibody-mediated
gB internalization. At 10 h p.i., PK15 cells infected with PRV Be, PRV
LL887RR, PRV Y902A, or PRV Y864A/Y902A/LL887RR were in-
cubated for 15 min at 37°C with monoclonal anti-gB antibodies to
induce internalization. Subsequently, gB was immunoprecipitated as
described for panel A, and the immunoprecipitates were analyzed for
gB (upper row) and a-adaptin (lower row). (C) Coimmunoprecipita-
tion of PRV gB with a-adaptin during spontaneous internalization of
gB. At 6 h p.i,, PK15 cells infected with either PRV Be or PRV Y902A
were lysed and immunoprecipitated with monoclonal anti-a-adaptin
antibodies, and the immunoprecipitates were analyzed for the pres-
ence of a-adaptin (upper row) and gB (lower row). (D) Densitometric
quantification of coimmunoprecipitation (IP) of a-adaptin with wild-
type or Y902A gB (left) and of wild-type or Y902A gB with a-adaptin
(right) (both relative to wild-type gB band intensity).

that PRV gB and AP-2 are physically associated during these
processes. In addition, the figure shows that mutation of the
Y902 residue, but not of two other potential AP-2-interacting
motifs (YMSI at position 864 and LL at position 887), severely
impairs this interaction between gB and AP-2. The LLS887RR
mutation resulted in a slightly, but consistently, elevated inter-
action between a-adaptin and gB. The reverse-immunoprecipi-
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tation experiment in cells infected with wild-type or Y902A
PRV during spontaneous internalization further confirmed
these results: immunoprecipitates of AP-2 contained high lev-
els of wild-type gB and only very low levels of Y902A gB (Fig.
4C and D).

Taken together, these results demonstrate that (i) during
both spontaneous and antibody-mediated internalization, wild-
type PRV gB interacts with AP-2, and (ii) efficient interaction
between PRV gB and AP-2 is critically dependent on the
integrity of the YORL motif.

DISCUSSION

In the present study, we found that PRV gB and the cellular
clathrin-associated AP-2 adaptor complex colocalize and asso-
ciate with each other and that mutation of the tyrosine residue
in the YQRL motif in the cytoplasmic domain of PRV gB
abrogates this interaction. The importance of the YQRL motif
in establishing interaction between gB and AP-2 most likely
explains how this motif drives spontaneous and antibody-me-
diated internalization of gB, as we observed in the present
study, and how it drives efficient internalization of antibody-
antigen complexes in PRV-infected monocytes (13), a process
that protects these cells from efficient antibody-dependent lysis
(49).

Although we show here that spontaneous and antibody-
mediated internalizations of gB are closely related processes,
spontaneous endocytosis has been shown to occur solely during
the early phases of a PRV infection (<6 h p.i.), whereas anti-
body-mediated internalization can be triggered up to later time
points in infection (references 12 and 44 and the present
study). Although the viral and/or cellular factors that down-
regulate spontaneous internalization are still unknown, it is
remarkable that inhibition of spontaneous internalization cor-
relates with the time at which most glycoproteins are abun-
dantly expressed. This may imply that the high expression level
of viral glycoproteins like gB overwhelm the endocytosis ma-
chinery and that antibody-mediated cross-linking of gB is
needed to allow efficient internalization at later time points in
infection. In line with this, it has been suggested that ligand-
induced multimerization of endocytosis motif-bearing cellular
receptors results in a stronger internalization signal by increas-
ing the affinity of these receptors for AP-2 (51). Inhibition of
spontaneous internalization also correlates with the time at
which the virion host shutoff protein (vhs) of PRV, like that of
other alphaherpesviruses, shows efficient downregulation of
cellular and viral mRNA levels (5, 44). Perhaps, as has been
suggested before (44), this vhs protein may negatively regulate
the amounts of the different endocytosis components (clathrin,
AP-2, dynamin, etc.), requiring stronger internalization signals
to allow efficient internalization of PRV gB. Furthermore,
recent data indicate that some PRV cell surface glycoproteins,
including gB, may be linked and segregate in lipid raft-like
microdomains during later stages of infection (14). Although
recent studies indicate that at least some raft-associated pro-
teins may be internalized via clathrin-dependent pathways,
lipid rafts most likely do not constitute very efficient platforms
for clathrin-mediated internalization (1, 27, 30, 31, 42), per-
haps also requiring stronger internalization signals for gB in-
ternalization at later time points in infection.
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We found that, in PRV-infected PK15 cells, mutation of
tyrosine 902 to an alanine residue (Y902A) abrogated the
internalization of gB. However, somewhat surprisingly, this
mutation did not prevent colocalization of a minority of the
cell surface-localized gB molecules and AP-2 in these infected
cells. At least two hypotheses can be put forward that may
explain this. First, recent data indicate that several of the major
PRV cell surface glycoproteins (gB, gC, gD, and gE) are linked
and therefore most likely are present in close proximity to each
other (14). The exact nature of this link is still putative but may
rely on the numerous protein-protein interactions that are
believed to exist between viral glycoproteins and tegument
proteins (26). Many PRV cell surface glycoproteins other than
¢B (e.g., gD, gE, and gH) contain potential or functional in-
ternalization motifs that may also interact with AP-2, and
therefore, the colocalization between a minority of the cell
surface-localized gB molecules and AP-2 that we observed in
cells infected with the PRV Y902A strain may be attributed to
the juxtaposition of gB and other AP-2-interacting viral glyco-
proteins. An alternative explanation for this weak, but signifi-
cant, colocalization may be that the mutated YQRL motif or a
cytoplasmic domain different from the YQRL motif may dis-
play a weak affinity for AP-2. We tend to favor the first hy-
pothesis, since we found that, in contrast to infected cells, in
Y902A gB-transfected cells, gB did not show significant colo-
calization with AP-2.

The data from our coimmunoprecipitation and colocaliza-
tion assays show that the YQRL motif, but not the YMSI or
LL motif, in the cytoplasmic domain of PRV gB is required for
interaction between gB and AP-2, further confirming an earlier
observation that the LL and YMSI motifs are not involved in
endocytosis processes (13). Different hypotheses can be put
forward to explain why the YMSI motif and the LL doublet do
not interact significantly with AP-2. Perhaps these motifs have
very low intrinsic affinity for AP-2. In this context, it is impor-
tant to note that some LL motifs require an acidic amino acid
at position —4 and/or —5 (relative to the first leucine of the
doublet), which is absent in PRV gB, in order to be functional
(39). Furthermore, it is known that some amino acids at the X
position in a YXX¢ motif seem to be preferred over others to
allow interaction with the p chain of the AP-2 complex (34).
Ohno and colleagues have shown that a YORL motif, identical
to the AP-2-interacting motif in PRV gB, is the most favorable
YXX¢ motif for this interaction (34). On the other hand, the
internalization of HSV gB and VZV gB also depend on the
membrane-distal YXX¢ motif that corresponds to the PRV gB
YQRL motif, although these motifs (YSPL and YSRV) con-
tain less-preferred amino acids at the X position (11, 17).
Therefore, although the amino acids at the X position in the
YXXb-type motifs in the gB tail may certainly be significant
for its capacity to interact with AP-2, other factors, such as the
conformational context of the motif, may be of equal impor-
tance. The tyrosine-based motifs in the PRV and HSV gB tails
form parts of a-helical domains, and at least for PRV gB, it is
believed that these domains adopt a tight-turn conformation
(32, 15), which, according to the literature, is favorable for
interaction with the . chain of the AP-2 complex (6, 47).

Interestingly, our present finding that the YQRL motif in
the cytoplasmic domain of gB allows gB to interact with a
member of the clathrin-associated adaptor protein complexes,
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i.e., AP-2, may be significant in explaining the important roles
of this motif in two other processes: basolateral targeting of gB
in polarized cells and direct cell-to-cell spread of PRV (13).
Indeed, besides AP-2, there are other members of the adaptor
protein complex family that interact with YXX¢ motifs, such
as the YQRL motif in gB. One of these, AP-1B, drives baso-
lateral sorting in polarized cells. It is known that certain YXX¢
motifs, e.g., in the human immunodeficiency virus env protein,
interact with both AP-1B and AP-2, thereby driving both ba-
solateral sorting and endocytosis of a protein (33). In this
context, it is interesting that, of the different YXX¢ motifs, the
YQRL motif (like that in PRV gB) has been predicted to be
among the most preferred to establish an interaction with both
types of adaptor protein complexes (34). Hence, the YORL
motif in gB may allow gB to interact not only with AP-2 but
perhaps also with AP-1B, thereby explaining how this motif
directs gB to basolateral surfaces in polarized cells. Since
YXXd-mediated deposition of specific viral proteins or virus
particles at basolateral surfaces enhances cell-to-cell spread of
alphaherpesviruses and other viruses, such as human immuno-
deficiency virus (19, 21), the possibility that the YQRL motif in
PRV gB interacts not only with AP-2 but also with other
members of the adaptor protein complex family may provide a
clue to how this motif facilitates direct cell-to-cell spread of
PRV.

Taken together, our findings suggest that both spontaneous
and antibody-mediated internalizations of PRV gB occur via
an interaction of the membrane-distal tyrosine-based motif in
its cytoplasmic tail with the cellular clathrin-associated AP-2
complex. Therefore, internalization of PRV gB can be consid-
ered to be a viral mimicry of cellular receptor endocytosis and
may perhaps constitute a common mechanism used by several
alphaherpesviruses to achieve internalization of envelope pro-
teins from the surfaces of infected cells.
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