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Pseudorabies virus (PRV), a swine alphaherpesvirus, is capable of causing viremia in vaccinated animals.
Two mechanisms that may help PRV avoid recognition by the host immune system during this viremia are
direct cell-to-cell spread in tissue and antibody-induced internalization of viral cell surface glycoproteins in
PRV-infected blood monocytes, the carrier cells of the virus in the blood. PRV glycoprotein B (gB) is crucial
during both processes. Here we show that mutating a tyrosine residue located in a YXX® motif in the gB
cytoplasmic tail results in decreased efficiency of cell-to-cell spread and a strong reduction in antibody-induced
internalization of viral cell surface glycoproteins. Mutating the dileucine motif in the gB tail led to an increased
cell-to-cell spread of the virus and the formation of large syncytia.

Pseudorabies virus (PRV) is a swine alphaherpesvirus which,
like most alphaherpesviruses, has evolved in several ways to
subvert the immune system of its host. One noteworthy exam-
ple of PRV immune modulation is the ability to replicate in the
respiratory tracts of vaccinated animals. A viremia often re-
sults, giving rise to striking PRV symptoms, including abortion
(24, 39). This viremia in vaccinated pigs requires cell-to-cell
spread of PRV in tissue and transport of virus via infected
monocytes in the blood (23, 24, 25, 39).

Mechanisms used by PRV, as well as by the prototypical
alphaherpesvirus herpes simplex virus (HSV), to avoid recog-
nition and destruction by the immune system include strategies
to downregulate major histocompatibility complex class I-de-
pendent antigen presentation in infected cells (3, 33; for a
review, see reference 40), direct cell-to-cell spread of the virus,
binding of complement factors via viral glycoprotein C (gC), Fc
receptor activity of viral glycoprotein complex gE-gl, and, for
PRV, the recently described antibody-induced internalization
of viral cell surface proteins in PR V-infected blood monocytes,
the natural carrier cells of the virus in vaccinated animals (9,
10, 14, 15, 17, 18).

For PRV, two of these mechanisms are mediated by viral
glycoprotein gB: (i) the antibody-induced internalization of
viral cell surface glycoproteins (a rapid and massive internal-
ization of the majority of plasma membrane-anchored viral
proteins upon aggregation of these proteins caused by the
addition of PRV-specific antibodies, a process that likely re-
sults in inefficient antibody-dependent lysis of PRV-infected
monocytes) and (ii) the direct cell-to-cell spread of the virus
(10, 29, 31, 38).

PRV gB is a type I membrane glycoprotein of 913 amino
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acids (aa), consisting of an extracellular domain, a transmem-
brane region, and a 93-aa cytoplasmic C-terminal tail. At least
three putative endocytosis motifs located within the cytoplas-
mic tail of gB are conserved throughout the alphaherpesvirus
family. Two are tyrosine-based YXX® sequences (where Y
stands for tyrosine, X stands for any amino acid, and ® rep-
resents a bulky, hydrophobic group) and one is a dileucine
(LL) motif. YXX® and LL motifs in the cytoplasmic tail of
cellular receptors have been shown to be crucial for their
endocytosis following ligand binding. Adaptor protein (AP)
complexes such as AP-2 associate with these motifs and link
the receptors to clathrin as a first step in the formation of
clathrin-coated endocytosis vesicles (20). Such AP-2 binding to
the putative endocytosis motifs in the PRV gB tail could ex-
plain how gB mediates the antibody-induced internalization of
viral cell surface proteins.

Furthermore, these YXX® and LL motifs in the gB tail
could also be of significance in gB-mediated cell-to-cell spread
of PRV, since similar motifs in several cellular proteins direct
basolateral targeting of these proteins by interacting with an-
other subset of AP molecules (AP-1B) in polarized epithelial
cells (12). Basolateral, unlike apical, expression brings viral
proteins in close contact with neighboring cells, which may
facilitate subsequent direct cell-to-cell spread. Recently, the
C-terminal domain of PRV gB has been shown to modulate
direct cell-to-cell spread of the virus (27). Furthermore, re-
search has shown that HSV gE, another viral membrane pro-
tein involved in direct cell-to-cell spread, is specifically targeted
to cell junctions on the lateral membranes. This sorting, which
is important for direct spread of HSV from cell to cell, involves
the cytoplasmic domain of gE as well as AP-1 molecules (19,
22).

To test the roles of the YXX® and LL motifs in the PRV gB
tail in promoting efficient antibody-induced internalization of
viral cell surface proteins and in direct cell-to-cell spread, we
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constructed viral mutants containing amino acid substitutions
in the tyrosine residues, the LL motif, or both.

PRV mutants were constructed using the self-recombining
bacterial artificial chromosome (BAC) containing the 142-kb
PRV genome (PRV BAC) (32). First, a screening PRV BAC
was constructed, in which 80% of the gB open reading frame
(ORF) was replaced by a kanamycin resistance (Kan") cassette
(pHF22) as follows. A plasmid containing the PRV strain
Becker (PRV Be) gB gene plus flanking sequences (pALMS81)
was partially digested by Sphl to release the 4.6-kb fragment
containing the PRV Be gB gene plus 700-bp upstream and
900-bp downstream flanking sequences. This fragment was
cloned into an Sphl-cut vector, creating pHF3. Approximately
80% of the gB ORF was excised from pHF3 by Norl-Sall
digestion of pHF3, blunt ended using Klenow (New England
Biolabs Inc., Beverly, Mass.), and replaced by a Kan"® cassette
(a Sall-digested, Klenow-blunt ended, 1.2-kb fragment of
pUC4K [Promega, Madison, Wis.]), creating pHF7. The par-
tially Sphl-digested 4.6-kb fragment of pHF7 was cloned into
the Sphl-cut pGS284 plasmid (32), creating pHF9, which was
used as a delivery vector for allelic exchange with the PRV
BAC pGS469 (32) to create pHF22.

To construct the different PRV gB mutants, the 1.2-kb Sall-
HindIII fragment of pHF3 was cloned, creating pHF6. The
200-bp fragment of pHF6 which resulted from digestion by
EcoRI and partial digestion by Xhol was then subcloned to
create pHF5. Subsequently, oligonucleotide mutagenesis of
pHFS was performed with the Altered Sites II kit (Promega).
The oligonucleotide used to replace Y864 by an alanine (A)
(5'-GCCCGGGACATGATCAGGGCCATGTCCATCGTG
TCG-3") introduced a Bcll site, the oligonucleotide used to
replace LL887 by two arginines (RR) (5'-GAACAGCGGGC
CCGCGAGGAGGGCTAGCCGCGTCGGGGCG-3') intro-
duced an Nhel site, and the oligonucleotide used to replace
Y902 by A (5'-CACGCGCCGCCGACACGCCCAGCGCCT
CGA-3') removed an NgoMIV site, which facilitated the
screening of mutated clones and the confirmation of recombi-
nant viruses. All mutagenized plasmids were sequenced to
confirm the mutagenesis, and the mutated DNA fragments
were cloned back into pHF3. The 4.6-kb fragment resulting
from partial digestion of the mutated pHF3 plasmids with Sphl
was then cloned into the Sphl-cut pGS284, and these plasmids
were used as delivery vectors for allelic exchange with pHF22
to create gB-mutated PRV BACs. A rescued virus was con-
structed in an identical manner using wild-type DNA. The
PRV BACs with gB mutations were transferred into PK15 cells
by using the CellPhect transfection kit (Amersham Pharmacia
Biotech, Little Chalfont, England). When a total cytopathic
effect was observed, infected cells and medium were collected.

All mutant viruses (PRV Y864A, PRV Y902A, PRV
Y864A/Y902A, PRV LL887RR, PRV Y864A/Y902A/
LL887RR, and PRV Rescue) contained the desired gB muta-
tion as determined by PCR amplification of the 300 terminal
bases of the 3’ end of the gB ORF and restriction enzyme
analysis (using Bcll, Nhel, and NgoMIV) of this 300-bp frag-
ment.

Single-step growth analyses in swine kidney (SK) cells (Fig.
1) showed that all mutant viruses grew as well as the wild-type
virus and produced equivalent numbers of intracellular and
extracellular infectious virus. The PRV gB tail contains two
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predicted a-helical domains. Previous studies have shown that
the predicted a-helical domain II, encompassing both LL887
and Y902, is dispensable for virus growth (27), which is con-
sistent with our present results. Similarly, the a-helical domain
II of HSV type 1 (HSV-1) is not required for normal replica-
tion in Vero cells (5, 13). However, mutations disrupting a-he-
lical domain I, which contains the Y864-based YM(S/A)I se-
quence, result in drastically reduced infectivity for both PRV
and HSV-1 (5, 13, 27). For PRV, it has been shown that this
reduced infectivity is accompanied by an inefficient incorpora-
tion of gB into the virion envelope (27). Since replacing the
tyrosine in the YMSI sequence at position 864 by an alanine
(Y864A) had no effect on virus growth or on gB incorporation
into virions (data not shown), we believe that this mutation
does not alter the structure of a-helical domain I.

The kinetics of viral glycoprotein expression on the plasma
membrane of infected SK cells were determined as described
before (9). Briefly, cells were inoculated with the different
mutant viruses at a multiplicity of infection (MOI) of 10, in-
cubated in suspension on a rocking platform, and fixed in 1%
paraformaldehyde at different time points postinoculation.
Different viral cell surface glycoproteins (gB, gC, and gD) were
stained using monoclonal antibodies (26) and fluorescein iso-
thiocyanate (FITC)-labeled secondary antibodies (Molecular
Probes, Eugene, Oreg.). Flow cytometric analysis (Fig. 2)
(FACSCalibur; Becton Dickinson, San Jose, Calif.) showed
that there were no notable differences in cell surface expres-
sion of the viral glycoproteins for the different mutants except
for a small, significant increase (P < 0.05; two-way analysis of
variance) in gB expression for the Y864A/Y902A mutant. This
increase can possibly be explained by reduced spontaneous
endocytosis of Y864A/Y902A-mutated gB during early stages
of infection (34), resulting in higher levels of gB at the plasma
membrane, as will be discussed below.

PRYV plaque size reflects both virus yield per cell and the
ability of the infection to spread from cell to cell. Plaque
formation was assayed and measurement of plaque diameters
was performed 48 h postinoculation (p.i.) on epithelial swine
testicle (ST) cells (36) overlaid with 1% carboxymethylcellu-
lose as described before (27, 35). Plaque diameters were then
used to calculate the average surface areas of the plaques.
Since all gB mutants grew to the same titers and produced
equivalent amounts of extracellular infectious virus in SK cells
(Fig. 1), the plaque sizes of these mutants represented a means
to estimate the efficiency of cell-to-cell spread. The data shown
in Fig. 3A and B indicate that replacing the tyrosine at position
864 by an alanine (Y864A) had no effect on plaque size. How-
ever, replacing tyrosine 902 with an alanine (Y902A) resulted
in significantly smaller plaques (34% of wild-type plaque size;
P < 0.01). The double-mutant PRV Y864A/Y902A formed
small plaques indistinguishable in size from those of mutant
Y902A. By contrast, replacing the LL motif at position 887 by
two arginines (LL887RR) resulted in larger plaques (42% in-
crease in plaque size; P < 0.01), an effect which was accom-
panied by the formation of large syncytia (fused cells; Fig. 3C).
The triple-mutant PRV Y864A/Y902A/LL8S87RR again
formed small plaques of the same size as those of the Y902A
mutant, accompanied by small syncytia. Finally, the plaque size
of the rescue virus was identical to that of the wild-type pa-
rental virus.
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FIG. 1. Kinetics of intracellular (A) and extracellular (B) virus titers for the different PRV mutants in SK cells inoculated at an MOI of 10 with
PRV Be (m), PRV Y864A (O), PRV Y902A (A), PRV Y864A/Y902A (<€), PRV LL887RR (@), PRV Y864A/Y902A/LL887RR (A), or PRV
Rescue (). Data represent means — standard deviations of triplicate assays.

Thus, viruses harboring the Y902A mutation form small
plaques on ST cells. This phenotype might reflect improper
localization of the gB protein in infected cells. Accordingly, we
visualized gB localization at 8 h after infection on the apical
and basolateral cell surfaces of a monolayer of polarized epi-
thelial ST cells (36), grown on collagen-coated permeable filter
supports (0.4 wm pore size, Millicell CM; Millipore, Bedford,
Mass.) essentially as described before (4, 7). Five-day-old
monolayers of cells were inoculated with the different PRV
mutants at an MOI of 10 from both the apical and basolateral
sides. At 8 h p.i., cells were paraformaldehyde fixed and gB on
the cell surface was stained by incubating the apical and basal
sides of the filter support with gB-specific mouse monoclonal
antibodies (26) followed by FITC-labeled goat anti-mouse an-
tibodies (Molecular Probes). Nuclei were counterstained using
propidium iodide. Afterwards, filters were cut out and
mounted on a microscope slide and localization of gB on the
basolateral and apical cell surfaces was analyzed by confocal
microscopy (Leica TCS SP 2 confocal microscope; Leica Mi-
crosystems, Heidelberg, Germany) as described before (7).
Figure 4 shows vertical sections through the z axis of ST cells

infected with wild-type or YO02A PRV. In PRV wild-type-
infected cells, gB was predominantly expressed on the
U-shaped basolateral surfaces. Most Y902A-infected cells did
not show basolateral targeting of gB but showed either apical
(Fig. 4B) or random cell surface expression of gB. Several
cellular proteins targeted to the basolateral surface in epithe-
lial cells also depend on the presence of YXX® motifs in their
cytoplasmic tail. Sorting is mediated by interaction with a spe-
cific AP complex (AP-1B) (12). These YXX® motifs are iden-
tical to endocytosis motifs, and whether they function as de-
terminants for basolateral targeting (interaction with AP-1B),
endocytosis (interaction with AP-2), or both depends on the
amino acids in the vicinity of these motifs (16, 21). We suggest
that predominant sorting of gB to the basolateral cell surface is
important for efficient functioning of gB during cell-to-cell
spread of PRV, as has been reported for the HSV gE protein.
HSV gE is sorted to cell junctions at the lateral cell surface,
and this sorting is necessary for gE-promoted cell-to-cell
spread of the virus (8, 22) and requires the gE cytoplasmic tail
and AP-1 proteins (19, 22). Interestingly, for PRV gE, muta-
tion of the two YXX® motifs in the cytoplasmic tail results in
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FIG. 2. Kinetics of expression of viral glycoproteins gB (A), gC (B), and gD (C) on the surfaces of SK cells inoculated with PRV Be (m), PRV
Y864A (O), PRV Y902A (A), PRV Y864A/Y902A (<€), PRV LL887RR (@), PRV Y864A/Y902A/LL887RR (A), or PRV Rescue (). SK cells
were fixed using 1% paraformaldehyde, and different viral cell surface glycoproteins were stained by incubating the cells with mouse anti-gB (A),
anti-gC (B), or anti-gD (C) antibodies and subsequently with FITC-labeled goat anti-mouse antibodies. Fluorescence intensities of the cells were
measured using flow cytometry. Data represent means — standard deviations of triplicate assays.

a modest 15% decrease in plaque size (35). Whether this
reduced plaque size is caused by inefficient lateral sorting of gE
is not known.

Replacing the two leucines at position 887 to 888 in the gB
tail with two arginines (LL887RR) resulted in a significant
increase in plaque size (42%; P < 0.01) (Fig. 4). Although LL
motifs can affect basolateral targeting of proteins (21), the
mutated PRV gB LL motif had no obvious effect on basolat-
eral sorting (data not shown). Therefore, and since the
LL887RR mutation not only increases plaque size but also
induces the formation of large syncytia (Fig. 3C), we suggest
that this mutation enhances the fusogenic activity of gB rather
than altering its sorting. The LL motif is located at the N-

terminal start of the predicted a-helical domain II in the PRV
gB tail. It has already been shown for HSV that all mutations
disrupting the a-helical domain II of gB cause extensive cell
fusion in Vero cells (5, 13). Recently, Nixdorf et al. demon-
strated that the truncation of the last 29 C-terminal amino
acids of the PRV gB tail, which encompass the entire a-helical
domain II, caused a twofold increase in plaque size without
affecting virion entry rate (27). Perhaps the enhanced fuso-
genic activity observed for the LL887RR mutant reflects a
conformational change which disrupts a-helical domain II.
How changes in the structure of a-helical domain II in the
carboxy-terminal tail of gB can alter the fusogenic activity of
¢B remains puzzling. One possibility could be that a-helical
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FIG. 3. (A and B) Plaque sizes for the different PRV mutants on ST cells. Monolayers of ST cells were inoculated at an MOI of 0.001 with the
different mutants. At 1 h p.i., the medium was replaced with 1% carboxymethylcellulose. At 48 h p.i., cells were fixed in 100% methanol and viral
antigens were stained using FITC-labeled PRV-specific porcine antibodies. Plaques were visualized by fluorescence microscopy, and plaque
diameters were measured and the values obtained were used to calculate the relative plaque surface areas. Data represent means = standard
deviations of triplicate assays. Asterisks indicate significant differences (P < 0.01). Bar, 0.5 mm. (C) Differential interference contrast images of
large syncytia induced by the LL887RR mutant virus (arrows) and small syncytia induced by the Y864A/Y902A/LL887RR triple mutant

(arrowheads) on ST cells 24 h p.i. at an MOI of 0.001. Bar, 70 pum.

domain II defines an interaction domain of a protein(s) in-
volved in gB fusion regulation. Such putative control proteins
could be transmembrane or cytosolic proteins (viral or cellu-
lar) that modulate the fusogenic activity of gB, for example, by
anchoring gB to the cellular cytoskeleton. Abolishing this in-
teraction could lead to enhanced fusogenic activity of gB. That
the Y902A mutation (small plaques) is epistatic to the
LL887RR mutation (large plaques) supports our idea that
Y902 is important for localization of gB while LL887 is impor-
tant for regulation of gB function when it is properly localized.

Finally, we tested whether the different mutations had an
effect on the efficiency of antibody-induced internalization of
viral cell surface glycoproteins in porcine monocytes. The in-

ternalization assay was performed as described before (38).
Briefly, isolated porcine blood monocytes were inoculated with
the different mutants in vitro (the PRV gB null mutant was
kindly provided by T. C. Mettenleiter [31]). At 13 h p.i., cells
were washed and incubated with FITC-labeled, PRV-specific
porcine polyclonal immunoglobulin G for 1 h at 37°C to induce
internalization of the viral cell surface proteins. Afterwards,
cells were paraformaldehyde fixed and the percentage of cells
with internalized viral cell surface proteins was determined by
fluorescence microscopy analysis as described before (38). The
Y864A mutation had no significant effect on the efficiency of
antibody-induced internalization (Fig. 5). By contrast, the
Y902A mutation markedly reduced antibody-induced internal-
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FIG. 4. Apical-basolateral cell surface expression of PRV gB. Po-
larized monolayers of ST cells, grown on permeable filter supports,
were inoculated with PRV Be (A) or PRV Y902A (B) at an MOI of 10.
At 8 h p.i., cells were washed, paraformaldehyde fixed, washed again,
and incubated subsequently from both the apical and basolateral sides
with mouse anti-gB antibodies and FITC-labeled goat anti-mouse an-
tibodies. Nuclei were counterstained using propidium iodide. Vertical
sections through the z axis of the cells are shown with viral glycopro-
teins in panels 1 and nuclei in panels 2. The arrow indicates a PRV
Y902A-infected cell with apical expression of gB. Bar, 10 pm.

ization (44%; P < 0.01). This reduction is identical to that
observed after infection by a PRV gB null mutant. The effect
of the PRV Y864A/Y902A double mutation was indistinguish-
able from that of the Y902 mutation. The LL887RR mutation
had no effect on the efficiency of antibody-induced internaliza-
tion, whereas the triple mutation (Y864A/Y902A/LL887RR)
again gave a reduction in antibody-induced internalization
comparable to the reduction observed when the single-mutant
PRV YO902A strain was used. The rescue strain gave results
similar to those with the wild-type infection.

Hence, Y902 in the PRV gB tail is essential for efficient
functioning of gB during the antibody-induced internalization
of viral cell surface proteins in PRV-infected monocytes. Our
hypothesis is that AP-2 AP complexes, docked at the plasma
membrane, bind to the YQRL motif at positions 902 to 905 in
the PRV gB tail and thereby recruit the antibody-induced
patches of viral proteins in the coated pits as a first step in the
formation of clathrin-coated endocytosis vesicles. A previous
report showed that the antibody-induced internalization is
clathrin mediated (38), and we are presently investigating
whether gB and AP-2 molecules can physically interact with
each other.

A question that remains is why deletion of gB or changing
Y902 to alanine in the gB tail does not completely abolish the
antibody-triggered internalization. Since deleting gD also re-
sults in a £50% reduction in the efficiency of antibody-induced
internalization (38), and since gD also contains a tyrosine-
based putative endocytosis motif in its cytoplasmic tail, it is
possible that gB and gD have overlapping or redundant tasks
in antibody-induced internalization of viral membrane pro-
teins. To investigate this idea, we plan to construct PRV mu-
tants with missense mutations in the PRV gD tail.

When analyzing the kinetics of plasma membrane expres-
sion of gB on SK cells infected with the different mutants, we
observed a small but significant (P < 0.05) increase in gB
expression after inoculation with the PRV Y864A/Y902A dou-
ble mutant. The increased cell surface expression of gB when
the PRV Y864A/Y902A mutant was used can possibly be ex-
plained by the spontaneous (i.e., non-antibody-dependent) en-
docytosis of gB from the cell surface during early stages of
infection (<6 h after infection) (34). Such spontaneous endo-
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cytosis of some, but not all, viral proteins from the cell surfaces
of infected cells has been described for several herpesviruses,
including PRV, HSV, varicella-zoster virus, and human cyto-
megalovirus (1, 2, 11, 28, 30, 37, 41). For PRV, spontaneous
endocytosis has been demonstrated for gB, gE, and Us9 (but
not gC or gl) during the first 6 h of infection (6, 34). PRV gE,
like gB, contains two YXX® domains in its cytoplasmic tail,
and one of these has been shown to be crucial for its sponta-
neous endocytosis (35). Similarly, the YXX® motifs in the gB
tail could be important for its spontaneous endocytosis. In-
deed, deleting a-helical domain II from the cytoplasmic tail of
PRV gB, which contains the Y902-based YXX® motif, has
been shown to strongly reduce spontaneous endocytosis of gB
(27). Hence, the mutant YXX® motifs in the gB tail may
decrease spontaneous gB endocytosis during early stages of
infection, resulting in increased levels of gB on the plasma
membrane. The PRV Y864A/Y902A/LL887RR triple mutant
had no effect on the levels of expression of gB on the cell
surface. It is unclear if this result reflects an additional effect of
the LL887RR mutation on the spontaneous endocytosis pro-
cess or an effect on the intracellular trafficking pathway of gB.

In conclusion, we have found that the Y902 residue in the
PRV gB cytoplasmic tail is crucial for the correct functioning
of gB during antibody-induced internalization of viral cell sur-
face proteins in PRV-infected monocytes. Moreover, the same
Y902 residue is important for efficient cell-to-cell spread of the
virus. We believe that the latter phenotype reflects the role of
Y902 in the targeting of gB to the basolateral cell surface.
Furthermore, we found that mutating an LL motif at position
887-888 has no effect on antibody-triggered endocytosis but,
rather, promotes an increased efficiency of cell-to-cell spread
of the virus and increased formation of syncytia. We speculate
that the area surrounding the LL motif defines an interaction
domain for proteins that regulate the fusogenic activity of gB.
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FIG. 5. Efficiency of antibody-induced internalization of viral cell
surface proteins. Isolated porcine blood monocytes were inoculated
with the different PRV mutants at an MOI of 10. At 13 h p.i., mono-
cytes were incubated with FITC-labeled porcine polyclonal PRV-spe-
cific antibodies for 1 h at 37°C. Afterwards, the percentage of infected
monocytes with internalized viral cell surface proteins was determined
using fluorescence microscopy. Percentages shown are relative to that
of PRV Be-infected monocytes. Data represent means * standard
deviations of triplicate assays. Asterisks indicate significant differences
(P < 0.01).
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