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Glycoprotein M (gM), the product of the UL10 gene of pseudorabies virus (PrV), is one of the few
nonessential glycoproteins conserved throughout the Herpesviridae. In contrast to wild-type PrV strains, the
UL10 gene product of the attenuated PrV vaccine strain Bartha (PrV-Ba) is not modified by N-glycans due to
a mutation in the DNA sequence encoding the consensus N-glycosylation motif. To assay function of the UL10
protein in PrV-Ba, a UL10-deletion mutant (PrV-Ba-UL107) was isolated. Surprisingly, in contrast to gM-
deleted wild-type PrV, PrV-Ba-UL10~ was severely impaired in plaque formation, inducing only foci of very few
infected RK13, Vero, and PSEK cells and tiny plaques on MDBK cells. Since this effect was significantly more
dramatic than in wild-type PrV, additional mutations known to be present in PrV-Ba were analyzed for their
contribution to this phenotype. trans-complementation of the mutated PrV-Ba UL21 or gC protein by the
wild-type version had no influence on the observed phenotype. In contrast, complementation of the gE/gl
deletion rescued the phenotype. The synergistic effect of deletions in gE/gl and gM on plaque size was verified
by construction of a gE/I/M triple mutant derived from wild-type PrV which exhibited the same phenotype. The
dramatic effect of deletion of gM on plaque size in a gE/I™ virus background was mainly attributable to a
function of gM, and not of the gM/gN complex, as shown by analysis of a gE/I/N triple mutant. Interestingly,
despite the strong effect on plaque size, penetration was not significantly impaired. In noncomplementing cells
infected with the gE/I/M triple mutant, electron microscopy showed absence of secondary envelopment in the
cytoplasm but occurrence of intracytoplasmic accumulations of nucleocapsids in association with electron
dense material, presumably tegument proteins. These structures were not observed after infection of cells
expressing either gE/I or gM. We suggest that gE/I and gM are required for late stages in virion morphogenesis

prior to final envelopment in the cytoplasm.

During herpesvirus infection, at least two distinct types of
processes involving membrane fusion occur (40, 50). Following
attachment of free virions, penetration is induced by fusion of
the virion envelope with the cellular cytoplasmic membrane,
resulting in release of the nucleocapsid into the cytoplasm.
Later in the infectious cycle, infectivity is directly transmitted
from primary infected to neighboring noninfected cells. This
process, which has been termed direct cell-to-cell spread and
which is mainly responsible for the formation of plaques under
agarose or semisolid methylcellulose media, is related to but
distinct from penetration. So far, it is unclear whether mem-
branes of infected and noninfected cells do in fact fuse,
whether a modification of junctional regions allows transgress
of infectivity, or whether virions are released into the intercel-
lular space and then fuse with the neighboring cell.

In the alphaherpesviruses, essential glycoproteins B, H, and
L (gB, gH, and gL) are required for both processes (40, 50). In
herpes simplex virus type 1 (HSV-1), gD is also required for
penetration and direct viral cell-to-cell spread (29), whereas in
the related pseudorabies virus (PrV), gD is required for pen-
etration of wild-type strains but not for direct viral cell-to-cell
spread (44, 46). Moreover, recently a gD-deficient yet infec-
tious PrV mutant which is able to penetrate in the absence of
gD has been isolated (49).
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In the process of direct viral cell-to-cell spread, gE and gI,
which are nonessential for viral replication in tissue culture
and form a noncovalently linked complex (19), also play a
prominent role. Deletion of gE and/or gl leads to small-plaque
phenotypes in several alphaherpesviruses (10, 12, 34, 42, 54,
55), whereby the size reduction is dependent on the individual
parental virus strain and the type of host cell (3, 10, 33). gE and
the gE/gl complex have also been shown to be involved in
release of mature virions from target cells. The role that gE
and gl play in direct cell-to-cell spread in vivo is even more
dramatic, and both proteins are required for efficient transneu-
ronal transsynaptic transfer of HSV-1 and PrV (1, 6, 11, 13, 26,
52). Thus, gE- and/or gl-deleted PrV strains are significantly
attenuated in various model hosts and in PrV’s natural host,
swine (35, 41).

Whereas gE and gl are conserved only within the alphaher-
pesviruses, homologs of gM have been found in all herpesvirus
subfamilies. Despite this high conservation, gM is also a non-
essential glycoprotein, and gM-deletion mutants of HSV-1 (2),
equine herpesvirus 1 (EHV-1) (43), and PrV (7) have recently
been isolated. Deletion of gM only slightly impairs penetration
kinetics and plaque size but results in ca. 10- to 100-fold-
decreased virus titers. gM forms a complex with the product of
the UL49.5 homologous genes, as shown for PrV (21), bovine
herpesvirus 1 (53), and Epstein-Barr Virus (27). Since the
UL49.5 products are glycosylated in PrV and Epstein-Barr
virus, they have been designated gN. In PrV, deletion of gN
results in viable virus mutants which exhibit viral titers similar
to those of wild-type virus (21). There is no effect on plaque
size but a slight impairment in penetration. Thus, the effect of
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FIG. 1. Mutations introduced into PrV. (A) Diagram of the PrV genome. It is divided into a unique long (U ) and unique short (Ug) region by inverted repeats
(open rectangles) which bracket the latter. (B) BamHI restriction fragment map. (C) Locations of the glycoprotein genes which had been mutated as demonstrated
in panel D. Relevant restriction sites: B, BamHI; Bs, BstEIL; D, Ddel; Dr, Dral; N, Nlalll; K, Kpnl; S, Sall; Sp, Sphl; St, Stul.

gM on penetration is most likely due to lack of the function of
the gM/gN complex, whereas the effect on viral titers is attrib-
utable solely to absence of gM.

For several years we have been analyzing the attenuated PrV
vaccine strain Bartha (PrV-Ba). PrV-Ba was obtained by mul-
tiple passages of a virulent field isolate in cultured chicken cells
and embryonated eggs (4). Careful analysis revealed that
PrV-Ba harbors three independent mutations which, in com-
bination, result in its apathogenic phenotype. These include
point mutations within the UL21 gene (23), a signal sequence
mutation in the gC gene (48), and a deletion affecting the gE
and gl genes located in the unique short region (31, 33, 45). We
recently discovered that PrV-Ba also specifies a mutated UL10
gene, which in wild-type PrV encodes gM. In PrV-Ba point
mutations abolish the single N-glycosylation consensus motif in
ULI10, and thus the PrV-Ba UL10 product is not N-glycosy-
lated (8). In fact, so far we have no indication that the PrV-Ba
ULI10 protein is glycosylated at all. However, this mutation
apparently does not affect pathogenicity of the virus since
restoration of the UL21, gC, and gE/I defects in PrV-Ba results
in a fully virulent virus (23).

Since PrV-Ba expressed a different UL10 protein, we
wanted to analyze the effect of a UL10 deletion on the phe-
notype of PrV-Ba. To this end, we isolated and analyzed a
UL10-deleted PrV-Ba variant, designated PrV-Ba-UL10".

MATERIALS AND METHODS

Viruses and cells. Virus mutants were derived from wild-type PrV strain
Kaplan (PrV-Ka) (22) or the attenuated live vaccine strain PrV-Ba (4). Prv-1112
and PrV-B80 carry a gG—p-galactosidase (3-Gal) expression cassette at the gG
locus (30, 38) and exhibit growth properties similar to those of their parental
strains, PrV-Ka and PrV-Ba, respectively. Mutants with deletions of gE/I (PrV-
gE/I7) and gM (PrV-gM™) have been described elsewhere (9, 35) (Fig. 1).
Viruses were grown on porcine (PSEK), bovine (MDBK), rabbit (RK13), or
African green monkey kidney (Vero) cells. VneoB4 cells are Vero cells that
contain the viral genomic BamHI fragment 4 which contains the UL21 gene (23).
Cells were propagated in Eagle’s minimum essential medium supplemented with
5 or 10% (RK13) fetal calf serum. Cotransfections were performed by calcium
phosphate coprecipitation (17).

Construction of gC-, gM-, and gE/I-expressing cell lines. Cells which consti-
tutively express gC were isolated after transfection of plasmid CMV-gC (16) into
RK13 cells. Stable cell clones were selected in medium containing 500 pg of

geneticin (Life Technologies, Eggenstein, Germany) per ml. Expression of gC
was tested by indirect immunofluorescence and Western blotting using gC-
specific monoclonal antibody B16-c8 (24). One cell clone, designated RK13-gC,
was used for further testing.

For construction of a gM-expressing cell line, BamHI fragment 3 of viral
genomic DNA was digested with NlaIII. A 1.2-kb NlaIII fragment which contains
the UL10 open reading frame (Fig. 1) was cloned into vector pRc/CMV (In-
VitroGen, Leek, The Netherlands). The resulting plasmid, CMV-gM, was trans-
fected into RK13 cells, and cell clones developing under medium containing 500
g geneticin per ml were tested for gM expression by indirect immunofluores-
cence and Western blotting using an anti-gM peptide serum (7). One cell clone,
RK13-gM, was used for further studies.

For isolation of a gE/I-expressing cell line, the following expression plasmids
were constructed. Cloned BamHI fragment 7 was digested with Dral/BamHI,
and the resulting 2.75-kb Dral/BamHI fragment, which comprises the complete
gE gene, was cloned into expression vector pRc/CMV. The resulting plasmid was
designated CMV-gE. For expression of gl, viral genomic BamHI fragment 7 was
cleaved with Ddel. Insertion of a resulting 1.5-kb Ddel fragment, which contains
the complete gl gene, into vector pRc/CMYV resulted in plasmid CMV-gl. For
construction of gE/I-expressing cell lines, plasmids CMV-gE and CMV-gl were
cotransfected into RK13 cells. Cell clones were selected in medium containing
500 pg of geneticin per ml and tested for the expression of gE and gl by indirect

immunofluorescence and Western blotting by using gE-specific monoclonal an-
tibody, A9-b15-38 (24) and a gl-specific polyclonal antiserum (5), respectively.
One of the resulting cell clones, RK13-gE/I, was used in this study.

Construction of mutants Prv-Ba-UL10~, PrV-gE/I/M ™, and PrV-gE/I/N". For
construction of PrV-Ba-UL10", plasmid AUL10B (8) was cotransfected with
DNA of PrV-Ba into RK13-gM cells. Virus progeny was screened for the ap-
pearance of a blue plaque phenotype under an agarose overlay containing 300 wg
of Bluo-Gal (Life Technologies) per ml. Plaques were picked by aspiration and
purified until all plaques stained blue. One randomly selected plaque isolate,
PrV-Ba-UL10~, was further characterized by Southern and Western blotting.

For isolation of a PrV-gE/I/M~ mutant, DNA of PrV-gE/I~ (35) was cotrans-
fected with plasmid AUL10B into RK13-gM cells. B-Gal-positive plaques were
isolated as described above. One plaque isolate, PrV-gE/I/M ™, was chosen for
further analysis. Correct recombination was verified by Southern blot analysis of
mutant virus DNA using standard procedures.

Mutant PrV-gE/I/N™ was isolated after cotransfection of gE/I” DNA and
plasmid pU8341p (21). Progeny virus was assayed under Bluo-Gal agarose over-
lay, and blue plaques were purified. One plaque isolate was chosen for further
analysis. The genotype of the mutant virus was verified by restriction analysis and
Southern blotting.

Determination of plaque size. Plaque size was measured after titration of virus
mutants on the various cell lines after 2 days of incubation at 37°C under a
methylcellulose medium. Thereafter, cells were fixed for 10 min in 2% formal-
dehyde-0.2% glutaraldehyde—0.02% Nonidet P-40-0.01% sodium deoxycholate
in phosphate-buffered saline (PBS) and stained with a substrate solution for
B-Gal containing X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside; 300
pg/ml; Roth, Karlsruhe, Germany)-16 mM potassium ferricyanide-16 mM po-
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FIG. 2. Plaque morphology of mutants of PrV-Ba. The cell lines indicated on the left were infected under plaque assay conditions with either gG—B-Gal recombinant
B80 or UL10-B-Gal recombinant Ba-UL10". Two days after infection, cells were fixed and stained with X-Gal. Bar = 1 mm.

tassium ferrocyanide-2 mM magnesium chloride—0.02% Nonidet P-40-0.01%
sodium deoxycholate in PBS. Cells infected with mutant PrV-gE/I ", which does
not express B-Gal, were fixed with 5% formaldehyde and stained with crystal
violet. For each combination of virus and cell, 100 plaques were measured
microscopically, and the average plaque size was determined. Values were cal-
culated compared to PrV-B80 or PrV-1112, set at 100%. Average percentages as
well as standard deviations were determined from three independent experi-
ments.

Penetration kinetics. For analysis of penetration kinetics (37), each well of
RK13, Vero, and MDBK cells in six-well culture dishes was infected with ap-
proximately 500 PFU of PrV-1112, PrV-gE/I", PrV-gM™, or PrV-gE/I/M~ for
1 h at 4°C. Thereafter, the inoculum was removed and cells were overlaid with
medium which had been prewarmed to 37°C to allow penetration. Immediately
thereafter and after 5, 10, 20, and 40 min, extracellular virus was inactivated by
treatment of the monolayer for 2 min with 40 mM citric acid-10 mM KCl-135
mM NaCl (pH 3.0). Cells were washed twice with PBS and overlaid with meth-
ylcellulose medium. After 2 days of incubation at 37°C, cells were fixed and
stained. Plaques were counted, and percent penetration was calculated in com-
parison to a PBS-treated control.

One-step growth analysis. To monitor one-step growth normal, gM- or gE/I-
expressing RK13 cells were infected with PrvV-1112, PrV-gE/I", PrV-gM ™, or
phenotypically gM-complemented PrV-gE/I/M™ at a multiplicity of infection
(MOT) of 5 for 1 h at 4°C. The triple mutant had to be grown on complementing
cells to obtain virus stocks with appropriately high titers. Thereafter, the inocu-
lum was substituted by prewarmed medium, and virus was allowed to penetrate
for 90 min at 37°C. Then, remaining extracellular virus was inactivated by low-pH
treatment. Cells and supernatants were harvested separately immediately there-
after (0 h) and after 4, 8, 12, 24, and 36 h of incubation at 37°C. Virus progeny
was titrated on RK13 cells. Since no significant differences were observed in
extra- and intracellular virus titers, the two were added and average values and
standard deviations of two independent experiments were calculated.

Electron microscopy. For ultrathin sectioning, nontransfected, gM-, or gE/I-
expressing RK13 cells in petri dishes were infected at an MOI of 1 and fixed 16 h
after infection for 60 min with 2.5% glutaraldehyde buffered in 0.1 M sodium
cacodylate (pH 7.2), 300 mosmol (Merck, Darmstadt, Germany). They were then
scraped off the plate, pelleted by low-speed centrifugation, and embedded in
LMP agarose (Biozym, Oldendorf, Germany). Small pieces were postfixed for 60
min with 1% aqueous OsO, (Polysciences Europe, Eppelheim, Germany) and



VoL. 73, 1999 INHIBITION OF PrV MATURATION BY gE/I/M DELETION 5367
1007 stained with uranyl acetate. After stepwise dehydration in ethanol, the cells were
cleared in propylene oxide, embedded in glycid ether 100 (Serva, Heidelberg,
90T Germany), and polymerized at 59°C for 4 days. Ultrathin sections, counter-
| stained with uranyl acetate and lead salts, were examined with an electron
80 microscope (EM 400 T; Philips, Eindhoven, The Netherlands).
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FIG. 3. Plaque size of PrV-Ba-UL10™ on different complementing cells. The
cell lines indicated below the bars were infected under plaque assay conditions
with PrV-Ba-UL10". Two days after infection, cells were stained with X-Gal, and
plaque diameters were measured microscopically and compared to the average
diameter of plaques induced by the gG—f3-Gal recombinant PrV-B80, which was
taken as 100%. Bars indicate standard deviation.

this mutant, in contrast to the B-Gal-expressing UL10-positive
Prv-B80, was able to induce only small foci of infected RK13,
Vero, and PSEK cells (Fig. 2). Although not as dramatic, the
size of plaques on MDBK cells was also markedly reduced.
This defect could be fully compensated on gM-expressing
RK13 cells, indicating that it was due to the absence of the
ULI10 protein and not attributable to any other mutation in the
genome of the virus mutant. Thus, deletion of UL10 from
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FIG. 4. Plaque size of different PrV mutants. RK13, Vero, MDBK, and PSEK cells were infected under plaque assay conditions with gG-B-Gal recombinant
Prv-1112, PrV-gE/I", PrV-gM ™, PrV-gE/I/M~, or PrV-gE/I/N™. Two days after infection, cells were fixed and stained with X-Gal or crystal violet (for PrV-gE/I 7).
Plaque diameters were measured microscopically. The average diameter of plaques induced by PrV-1112 was counted as 100%, and diameters of plaques induced by
the other mutant viruses were calculated accordingly. Bars indicate standard deviation.
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FIG. 5. Rescue of plaque formation by PrV-gE/I/M™ in transcomplementing
cells. The cell lines indicated at the bottom were infected with gG—f3-Gal recom-
binant Prv-1112, PrV-gE/I", PrV-gM ™, or PrV-gE/I/M ™. Diameters of plaques
were measured 2 days after infection under plaque assay conditions. The average
diameter of plaques induced by PrV-1112 was counted as 100%, and diameters
of plaques induced by the other mutant viruses were calculated accordingly. Bars
indicate standard deviation.

PrV-Ba severely impaired its capacity for plaque formation,
i.e., direct viral cell-to-cell spread.

Absence of gE/gl from PrV-Ba is critical for the observed
effect of deletion of UL10. PrV-Ba harbors several mutations
which have been shown to contribute to its avirulent pheno-
type. These include point mutations within the UL21 and
UL44 (gC) genes (23, 48), as well as a large deletion in the
unique short portion of the viral genome affecting the US7 (gI)
and USS8 (gE) genes (31, 45). To assay whether any of these
known mutations contributes to the observed effect of deletion
of ULI10, cell lines expressing wild-type UL21, wild-type gC,
and wild-type gE/gl were infected with PrV-Ba-UL10~ and
plaque size was analyzed. As shown in Fig. 3, only on gE/gl-
expressing cells was PrV-Ba-UL10™ able to form sizeable
plaques. Neither the wild-type UL21 nor the UL44 gene res-
cued the phenotype. Thus, absence of gE/gl from the PrV-Ba
genome was a prerequisite for the observed dramatic effect of
deletion of UL10 on plaque size.

Synergistic effect of deletion of gE/gl and gM from PrV-Ka
on plaque size. To analyze whether this was a phenomenon
linked to PrV-Ba, the UL10 (gM) gene was deleted in a
PrV-Ka mutant which already contained a deletion of the gE
and gl genes. It is notable that deletion of gE and gl from
PrV-Ka reduces plaque size by only ca. 20%, as was also
observed after deletion of only gM (Fig. 4). In contrast, simul-
taneous absence of gE/gl and gM resulted in a decrease in
plaque size by ca. 90%, resulting in only small foci of infected
RK13, Vero, or PSEK cells. Small plaques were observed on
MDBK cells; however, these plaques were also reduced in size
by ca. 65% compared to wild-type PrV plaques. When plated
on cells expressing gM or gE/gl, plaque size of the triple mu-
tant gE/I/M was essentially restored to that of the single gM
or double gE/gl™ mutant (Fig. 5).

Absence of synergistic effect of gE/gl and gM deletions on
penetration. Deletion of gM has been shown to slightly reduce
the rate of entry of PrV-Ka (7). To assay whether a combined
deletion of gE/I and gM exhibits a stronger effect on entry, as
has been observed for direct viral cell-to-cell spread, entry
kinetics of PrV-1112, PrV-gE/I™, PrV-gM ", and PrV-gE/I/M ™
into RK13 (Fig. 6A), Vero (Fig. 6B), and MDBK (Fig. 6C)
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FIG. 6. Penetration kinetics of PrV mutants. Rates of entry of gG—B-Gal
recombinant Prv-1112, PrV-gE/I", PrV-gM~, or PrV-gE/I/M™ into wild-type
RK13 (A), Vero (B), or MDBK (C) cells were determined as described else-
where (37). Average values and standard deviation from three independent
experiments are depicted.

cells were examined. As shown in Fig. 6, penetration of the
triple mutant into either cell line was not significantly different
from that of the gM™ or the gE/I” mutant. In fact, on RK13
and Vero cells, the mutant viruses exhibited almost identical
phenotypes. These results show that the observed effect of the
multiple deletion on plaque size is not paralleled by a similar
effect on entry.

Deletion of gM and not disruption of the gM/gN complex is
mainly responsible for the observed synergistic effect on
plaque size. gM and gN of PrV form a disulfide-linked complex
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FIG. 7. One-step growth analysis of PrV-1112 (), PrV-gE/I” (m), PrV-gM™~ (A), or PrV-gE/I/M~ (X) in nontransfected (A), gM-expressing (B), or gE/I-expressing
(C) RK13 cells. At the indicated times after infection, supernatant and cells were harvested and titrated on RK13 cells, and titers were summed. Average values and

standard deviation of two independent experiments are shown.

(21), and complex formation is required for virion localization
of gN. To date, the function of this complex in virus replication
is unclear. To assay whether the observed effect on plaque size
is attributable to the gM/gN complex, we constructed a mutant
virus which, in addition to deletions in the gE and gl genes,
also contained a mutated gN gene which abolished expression
of gN. As shown in Fig. 4, the gE/I/N™ PrV mutant produced
plaques which were only slightly smaller than those formed by
the gE/I” and gM™ mutants. Thus, the observed effect on
plaque size by deletion of gM in a gE/I™ virus background is
due mainly to the loss of a gM function and not to absence of
the gM/gN complex.

One-step growth analysis. To assay the overall growth per-
formance of the mutant viruses, one-step growth kinetics were
established on noncomplementing, gM-expressing and gE/I-
expressing RK13 cells. As shown in Fig. 7A, on normal RK13
cells the gE/I deletion mutant exhibited growth properties sim-
ilar to those of PrV-Ka. In contrast, deletion of gM resulted in
a ca. 50-fold decrease in viral titer, a defect which could be
corrected on gM-expressing cells (Fig. 7B). The triple gE/I/M ™
mutant was severely impaired in replication on normal cells
but grew with wild-type-like kinetics on gM-expressing cells.
On gE/I-expressing cells (Fig. 7C), the triple mutant exhibited
a growth which was somewhat impaired compared to PrV-
gM™ but significantly improved over replication on non-
complementing cells. PrV-gE/I™ grew to similar titers as Prv-
1112 on all cells.

Electron microscopy. To pinpoint the defect in cells infected
with the triple mutant, electron microscopic analyses were per-
formed. To this end, noncomplementing as well as gE/I- or
gM-expressing RK13 cells were infected at an MOI of 1 with
the gE/I/M~ PrV mutant. Sixteen hours after infection, cells
were fixed, stained, and analyzed. As shown in Fig. 8A, after
infection with wild-type virus numerous enveloped particles
lined the outer surface of the cell, and all stages of intracellular
virion maturation, i.e., capsid assembly in the nucleus, transit
through the nuclear membrane with primary envelopment, and
secondary envelopment in the trans-Golgi area (Fig. 8B), were
observed. In contrast, in noncomplementing RK13 cells in-
fected by the triple mutant, extracellular enveloped virions and
intracytoplasmic enveloped particles were virtually absent.
However, large accumulations of unenveloped capsids were
observed in the cytoplasm in association with aggregated elec-
tron-dense material, presumably tegument proteins (Fig. 8C

and D). These structures were not observed in the nucleus and
were also absent after infection of RK13-gE/I (Fig. 8E) and
RK13-gM (Fig. 8F) cells. In these cells, normal morphogenesis
(18) appeared to be restored although fewer extracellular par-
ticles than in wild-type virus-infected cells were observed (Fig.
8A).

DISCUSSION

One interesting feature of herpesviruses is that they encode
proteins whose genes can be deleted without destroying viabil-
ity of the virus in cell culture. These genes have been desig-
nated nonessential. Among the glycoproteins of the Alphaher-
pesvirinae, only gB, gD, gH, gL, and gK have been found to be
indispensable for viral replication, whereas gC, gE, gG, g, gJ,
gM, and gN are nonessential for viral replication in cell culture
(20, 50). Interestingly, glycoproteins which are conserved
throughout the Herpesviridae and, therefore, are thought to
execute particularly important functions for replication of her-
pesviruses can be found in both essential and nonessential
proteins. Although it has always been argued that the nones-
sential proteins fulfill important roles in infection of the nat-
ural host which cannot be demonstrated in cell culture or by
infection of model hosts, the fact that some of these proteins
are highly conserved remained somewhat puzzling.

¢E and gl are conserved within the Alphaherpesvirinae and
form a noncovalently linked complex (19, 55). The gE/gI com-
plex has been implicated in playing a role in direct viral cell-
to-cell spread in that gE- or gl-deleted viruses sometimes ex-
hibit a small-plaque phenotype. However, this is not always the
case and appears to be dependent on the respective virus strain
and host cell (3, 10, 35). More strikingly, gE/gl-deleted PrV
and HSV exhibit specific defects in transneuronal spread of
virions in several animal species, including PrV’s natural host,
the pig (6, 10, 13, 25, 26, 52). Apparently, entry into primary
neurons is not affected by the absence of the gE/gl complex,
but transsynaptic transfer into second-order neurons is se-
verely impaired or blocked. Although the precise role of the
gE/gl complex in this process is unclear, in vitro studies indi-
cated that this complex colocalizes with cell junctions, leading
to the hypothesis that this interaction somehow alters sites of
direct cell-to-cell contact to allow transcellular passage of viri-
ons (12).

gM belongs to those nonessential glycoproteins which are
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A

B) or PrV-gE/I/M™~ (C and D) and analyzed 16 h after
infection. (E and F) RK13-gE/I (E) and RK13-gM (F) cells after infection with the triple mutant. Bars represent 750 nm in panel A, 500 nm in panel B and D, 2 pm
in panel C, and 1 wm in panels E and F.
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conserved throughout the Herpesviridae (28). Part of intracel-
lular and virion gM can be found in a complex with another
conserved nonessential protein, gN, the product of the UL49.5
gene (21). gM-deleted HSV-1, EHV-1, and PrV grow to 10- to
100-fold-lower titers in vitro and are attenuated in vivo (2, 7,
32, 43). Deletion of gM appears to have an effect on kinetics of
penetration in EHV-1 and PrV and also reduces plaque size to
various degrees. The effect on penetration, at least in PrV,
appears to be a result of the disruption of the gM/gN complex
since a gN-deleted PrV mutant exhibits a similar reduction in
penetration kinetics but no alteration in plaque size (21).

As shown here, deletion of either gE/gl or gM has only a
moderate effect on plaque size of PrV-Ka, which confirms
previous results (8, 34). However, simultaneous inactivation of
gE/gl and gM results in a severe deficiency in plaque forma-
tion, whereas penetration was not more affected by the com-
bined deletions compared to gE/I- or gM-deleted viruses. This
again shows the distinction between direct viral cell-to-cell
spread and entry. Strictly speaking, a small-plaque phenotype
as indication for impairment of direct viral cell-to-cell spread
can be effected by deficiencies at various levels of viral repli-
cation. In particular, inactivation of a number of genes, e.g.,
UL3.5 or UL20, whose products are involved in virion mor-
phogenesis and egress, results in strikingly reduced plaque size.
In both cases, virion morphogenesis (18) is blocked at intracy-
toplasmic stages immediately prior to secondary envelopment
(UL3.5 [14]) or after secondary envelopment before transfer to
the cell surface (UL20 [15]). Simultaneous deletion of gE/gl
and gM also appears to affect a step prior to secondary envel-
opment. However, whereas in the UL3.5™ mutant cytoplasmic
vesicles and capsids are juxtaposed, in the triple-deletion gly-
coprotein mutant capsids accumulate in the cytoplasm in as-
sociation with electron-dense material which might represent
tegument components. Unfortunately, no antibodies specific
for PrV tegument proteins were available, and so final proof
for this assumption is still lacking. It is interesting that around
the capsids within these inclusions can be observed a clear halo
which is indicative of a spatial separation between capsid and
the amorphous proteinaceous material.

One-step growth analysis shows that the triple-deletion gly-
coprotein mutant replicates on noncomplementing cells with
significantly lower efficiency than the gE/I and gM deletion
mutants. This effect can be explained by the defect in virion
morphogenesis resulting in less infectious virus being pro-
duced. It is noteworthy that this defect can also be compen-
sated to the level of the gE/I- or gM-deleted mutants by rep-
lication on complementing, gE/gl- or gM-expressing cells.
However, the decrease in titer in the gM™ mutant as also
observed after growth of the triple mutant on gE/I-expressing
cells is not explained by our electron microscopic analyses.
Thus, there might be another function of gM, in addition to its
role in virion morphogenesis as described here, which affects
overall growth performance of the virus.

Deletion of gE/gl specifically affects transneuronal spread of
PrV and HSV-1, although the molecular basis for this pheno-
type is still unclear. Based on our results, one could speculate
that the functional synergy of gE/gl and gM, as observed in cell
culture, might not apply in all instances in vivo. Perhaps gM is
unable to fulfill its role in virion egress or direct viral cell-to-
cell spread in specialized cells such as neurons. Then, absence
of gE/gl could result in a phenotype like the one demonstrated
here in the triple-deletion mutant. This could also explain the
necessity to phylogenetically conserve redundant functions to
increase fitness of the virus in those circumstances. However, it
is also conceivable that the observed deficiencies in transneu-
ronal transfer (1, 6, 13, 26, 52) and virion morphogenesis (this
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report) are not correlated but reflect a multifunctional nature
of the gE/gl complex.

At present it is unclear at exactly which step in virus matu-
ration gE/gl and gM are involved. Possibly they are required
for directing intracytoplasmic capsids to the site where final
envelopment occurs, i.e., to the trans-Golgi region. This effect
could also be indirect in that these glycoproteins primarily
interact with tegument, which then recruits capsids to the site
of envelopment. It is well known that in herpesviruses envel-
opment of tegument components occurs, leading to so-called
light particles (L-particles) (47, 51). In this context, it is inter-
esting that L-particles are readily observed when cells are in-
fected with PrV mutants deficient in intranuclear capsid as-
sembly, e.g., after inactivation of the UL28 gene (39). In
contrast, in none of the mutants with defects in the intracyto-
plasmic egress pathway so far described for PrV, UL3.5™ (14),
UL20" (15), or gE/I/M™ (this report), were L-particles pro-
duced. This finding argues that the products of these genes are
required for the formation and release of enveloped structures
with or without capsid.

In summary, we provide evidence for a synergistic effect of
deletions of glycoproteins individually designated nonessential
on a crucial step of virion morphogenesis. Neither of the two
functional units gE/I or gM has so far been implicated in a late
step in virus maturation preceding final envelopment of cap-
sids in the cytoplasm. In the absence of either gE/I or gM,
morphogenesis appears to proceed relatively normally, with
only slightly reduced efficiency, as indicated by one-step growth
analysis and confirmed by electron microscopy. In contrast,
when both functional units are absent, virus maturation is
inhibited and full capsids accumulate in the cytoplasm associ-
ated with electron-dense material, presumably tegument. We
hypothesize that functions of so-called nonessential glycopro-
teins may in fact be at least partially redundant and may be
uncovered only when more than one functional unit is inacti-
vated. Nevertheless, these functions are important for the viral
life cycle, which could explain conservation of the proteins
involved.
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