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Glycoproteins M (gM), E (gE), and I (gI) of pseudorabies virus (PrV) are required for efficient formation of
mature virions. The simultaneous absence of gM and the gE/gI complex results in severe deficiencies in virion
morphogenesis and cell-to-cell spread, leading to drastically decreased virus titers and a small-plaque phe-
notype (A. Brack, J. Dijkstra, H. Granzow, B. G. Klupp, and T. C. Mettenleiter, J. Virol. 73:5364-5372, 1999).
Serial passaging in noncomplementing cells of a virus mutant unable to express gM, gE, and gI resulted in a
reversion of the small-plaque phenotype and restoration of infectious virus formation to the level of a gM™
mutant. Genetic analyses showed that reversion of the phenotype was accompanied by a genomic rearrange-
ment which led to the fusion of a portion of the gE gene encoding the cytoplasmic domain to the 3’ end of the
glycoprotein D gene, resulting in expression of a chimeric gD-gE protein. Since this indicated that the
intracytoplasmic domain of gE was responsible for the observed phenotypic alterations, the UL10 (gM) gene
was deleted in a PrV mutant, PrV-107, which specifically lacked the cytoplasmic tail of gE. Regarding one-step
growth, plaque size, and virion formation as observed under the electron microscope, the mutant lacking gM
and the gE cytoplasmic tail proved to be very similar to the gE/I/M triple mutant. Thus, our data indicate that
it is the cytoplasmic tail of gE which is responsible for the observed phenotypic effects in conjunction with
deletion of gM. We hypothesize that the cytoplasmic domain of gE specifically interacts with components of the

capsid and/or tegument, leading to efficient secondary envelopment of intracytoplasmic capsids.

Herpes virions consist of four morphologically differentiable
structures. The nucleoprotein core contains the linear double-
stranded genomic DNA associated with proteins which is con-
tained within an icosahedral capsid consisting of 162 capsom-
ers. Capsids are assembled and DNA is packaged in the
nucleus of infected cells. During virion formation, a protein-
aceous layer of electron-dense material, designated the tegu-
ment, is added to capsids, which, in turn, is enclosed in a lipid
bilayer envelope containing virus-encoded (glyco)proteins (35,
47). How and where herpes virions gain the tegument and final
envelope is still a matter of debate. It has been proposed for
herpes simplex virus type 1 (HSV-1) that intranuclear capsids
bud through the inner nuclear membrane and retain this first
envelope during passage through the endoplasmic reticulum
and the secretory pathway (7, 24). On the other hand, for the
alphaherpesviruses varicella-zoster virus (19, 59) and pseudo-
rabies virus (PrV) (21, 57) and for the betaherpesvirus human
cytomegalovirus (46), it is proposed that capsids which ac-
quired a primary envelope by budding through the inner nu-
clear membrane subsequently fuse with the outer nuclear
membrane, leading to release of capsids into the cytoplasm.
The final envelope containing mature glycoproteins is then
acquired by budding of intracytoplasmic capsids into vesicles of
the trans-Golgi network. This model is based on data obtained
from electron microscopic or confocal laser scan analysis, in
part after treatment of infected cells with drugs such as brefel-
din A. Recently, elegant mutational analysis uncovered results
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which favor this de-/reenvelopment model for HSV-1 also (6,
58).

In the past, we identified several gene products of PrV which
play a role in virion morphogenesis. In the absence of the
UL3.5 protein, capsids are detected adjacent to vesicles but
budding does not occur (18). Lack of the UL20 gene product
results in accumulation of enveloped virions within huge ves-
icles (17). Deletion of the gK (UL53) gene led to release of
enveloped virions, which, however, appear to immediately fuse
with the cell they left (28). Any one of these gene products is
required for virus replication, and respective viral mutants
could only be obtained and propagated on frans-complement-
ing cell lines. Recently, we described another egress phenotype
after deletion of glycoproteins gM, gE, and gl from PrV (4).
Glycoproteins gE and gl form a noncovalently linked complex
which is assumed to represent the functional unit (22, 61).
Mutants with either gM or gE/I deleted can be isolated on
normal cells, indicating that these proteins are not essential for
viral replication (9, 36). Deletion of gM results in a decrease in
virus titers of ca. 50- to 100-fold (9), whereas deletion of gE/I
has only a slight effect on virus titers in vitro (this report). In
the absence of either gM (10) or gE/I (36, 60), plaque size is
slightly diminished, which testifies for a somewhat impaired
capability for direct cell-to-cell spread. However, simultaneous
deletion of gM and gE/I is strongly detrimental to the virus,
and virus titers drop to low levels. Electron microscopy showed
that in the absence of these three glycoproteins, numerous
large intracytoplasmic inclusions containing capsids associated
with amorphous material, presumably tegument, were formed.
There also was a lack of secondary envelopment and, conse-
quently, an absence of extracellular enveloped virus particles
4).

Whereas deletion of gE/I has no dramatic effect on virus
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replication in tissue culture, it is one of the prime determinants
for neuroinvasion and neurovirulence of PrV in model systems
such as mice and rats and in the natural host, pigs (2, 8, 15, 30,
32, 38, 39, 56). Recent studies indicated that a gE lacking the
cytoplasmic domain is still capable of complexing with gl and
of proper maturation and transport (54). However, a mutant
virus expressing tailless gE exhibited neurovirulence properties
different from those of wild-type viruses. In the absence of the
¢E cytoplasmic tail, virulence in rats is reduced to that of a gE~
mutant, although viral spread in the rodent nervous system still
occurs quite efficiently (54). Interestingly, the gE proteins of
varicella-zoster virus and PrV have been shown to contain
endocytosis signals in their cytoplasmic domains which result
in retrieval of the membrane-bound protein from the plasma
membrane into vesicles (1, 41, 51, 52). However, the role of gE
endocytosis in the viral life cycle is unclear, and all endocytosis
is shut off by 6 h after infection (51).

The HSV-1 gE/I complex (23) has also been shown to be
involved in neurovirulence of the virus (14). Moreover, it lo-
calizes to components of cell junctions in polarized cells in
culture (13), which led to the hypothesis that interaction of
gE/I with cell junctions is responsible for transfer of HSV-1
across cell borders by direct cell-to-cell spread (12). However,
up till now it is unclear how cell-to-cell spread is effected at the
molecular level.

Deletion of gM in HSV-1, PrV, and equine herpesvirus type
1 (EHV-1) resulted in a decrease in virus titers of 10- to
100-fold and slightly reduced plaque size (9, 10, 33, 42). Inter-
estingly, deletion mutants were attenuated in both model hosts
(HSV-1 and EHV-1) and the natural host (PrV), presumably
due to a defect in neuroinvasion and/or neuronal spread (11,
33, 40). However, the molecular basis for these defects is not
known.

In this report, we further define the function of gM and
uncover an important role for the gE cytoplasmic tail in the
formation of mature virions.

MATERIALS AND METHODS

Viruses and cells. The viruses used in this study included wild-type PrV strain
Kaplan (PrV-Ka) (25) and isogenic mutants unable to express gM (PrV-gM™)
(11), gE/T (PrV-gE/I™) (36), or gM and gE/I (PrV-gE/I/M™) (4). In PrV-gE/I~
and PrV-gE/I/M ™, the first 322 nucleotides of the gI gene are still present and
fused out of frame to the last 312 nucleotides of the gE gene (see Fig. 4). Thus,
these mutants still carry sequences encoding the gE cytoplasmic tail but are
unable to express it. PrV-1112, which carries a B-galactosidase expression cas-
sette in the nonessential gG gene, exhibits growth properties similar to those of
the parental strain PrV-Ka (37). PrV-107 is derived from wild-type PrV strain
Becker (PrV-Be) (3) and contains a stop codon introduced after the sequences
coding for the gE transmembrane domain. Therefore, this virus expresses a
membrane-anchored gE which lacks the cytoplasmic domain (52). Viruses were
propagated on rabbit (RK13), porcine (PSEK), bovine (MDBK), or African
green monkey kidney (Vero) cells or on trans-complementing cell lines. Rabbit
kidney cells expressing gM (RK13-gM) or gE/I (RK13-gE/T) have been described
(4). Cells were cultured in Eagle’s minimum essential medium supplemented
with 5% (10% for RK13 cells) fetal calf serum. Cotransfections were performed
by calcium phosphate coprecipitation (20).

Construction of mutant PrV-107-gM . For isolation of PrV-107-gM ~, plasmid
AULI0B (11) was cotransfected with DNA from PrV-107 (52) into RK13-gM
cells. Recombinant viruses were identified by their blue-plaque phenotype under
an agarose overlay containing 300 pg of Bluo-Gal (Life Technologies, Eggen-
stein, Germany) per ml. Blue plaques were picked by aspiration and purified
until all plaques stained blue. One plaque isolate, designated Prv-107-gM ™, was
chosen for further analysis. Correct recombination was verified by Southern blot
analysis of mutant virus DNA.

Passaging of PrV-gE/I/M~. Confluent Vero cells in a 75-cm? tissue culture
flask were inoculated at a multiplicity of infection (MOI) of 0.01 with Prv-gE/
I/M™. Cells were repeatedly split 1:1 until a complete cytopathic effect (CPE)
was observed. After development of complete CPE, the supernatant was re-
moved, and residual adherent cells were trypsinized and reseeded with ca. 107
noninfected Vero cells in 15 ml of medium. This procedure was performed 20
times, and one plaque isolate of the 20th passage, designated PrV-gE/I/M ™~ Pass,
was further characterized.
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Southern blot analysis. Southern blot analysis of BamHI-restricted viral DNA
was performed by standard procedures (31, 48).

Determination of plaque size. Plaque size was measured after titration of
wild-type PrV and the different mutants on the various cell lines. After 2 days of
incubation at 37°C under methylcellulose medium, cells were fixed and stained
with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) as described
previously (4). Cells infected with B-galactosidase-negative PrV-Be, Prv-107, or
PrV-gE/I" were fixed with 5% formaldehyde and stained with crystal violet.
Thirty plaques per virus strain and cell line were measured microscopically, and
average plaque sizes were determined.

One-step growth analysis. For analysis of growth characteristics, RK13 cells
were infected with PrvV-1112, PrV-gM ™, PrV-gE/l", PrV-gE/I/M ™ Pass, PrV-Be,
PrV-107, or phenotypically gM-complemented PrV-gE/I/M ™ or PrV-107-gM ™ at
an MOI of 5. After incubation for 1 h at 4°C, the inoculum was replaced with
warmed medium, and cells were further incubated for 90 min at 37°C to allow
virus penetration. Thereafter, remaining extracellular virus was inactivated by
low-pH treatment (34). Supernatants and cells were harvested separately imme-
diately thereafter (0 h) and after 4, 8, 12, 24, and 36 h of incubation at 37°C.
Titers of progeny virus were determined by plaque assays on RK13 cells. Since
no significant difference in the ratio of intra- and extracellular infectious virus
was observed between the different viruses, the titers were added, and the
average values and standard deviations of two independent experiments were
calculated.

Electron microscopy. RK13 cells were infected with virus at an MOI of 1, fixed
16 h after infection, and prepared for ultrathin sectioning as described before (4,
21). Sections were examined with an electron microscope (EM400T; Philips,
Eindhoven, The Netherlands). For intracellular labeling of viral proteins, RK13
cells were infected with PrV-gE/I/M ™ and analyzed 16 h after infection (4). Cells
were fixed with 0.5% glutaraldehyde in phosphate-buffered saline (PBS) (pH 7.2)
for 30 min, embedded in low-melting-point agarose (Biozym), and postfixed for
another 30 min. Thereafter, samples were incubated in 0.5 M NH,Cl in PBS for
60 min, washed with PBS, stained in 0.5% aqueous uranyl acetate for 15 min,
dehydrated in ethanol with progressive lowering of the temperature, embedded
in the acrylic resin Lowicryl K4M (Lowi, Waldkraiburg, Germany) at —35°C, and
polymerized with UV light (A = 360 nm). Postembedding labeling of ultrathin
sections was performed after surfaces were blocked with 1% coldwater fish
gelatin—0.02 M glycine-1% bovine serum albumin fraction V (Sigma, Deisen-
hofen, Germany) in PBS, by either overnight incubation at 4°C or 2 h of incu-
bation at room temperature with a rabbit antiserum directed against a glutathi-
one-S-transferase-UL49 fusion protein, diluted in PBS-bovine serum albumin.
Gold-tagged antispecies antibodies (GAR1S5; Biocell International, Cardiff,
United Kingdom) were added for 60 min at room temperature, and excess
conjugate was removed by washing. The specificity of the reaction was controlled
by incubation of noninfected cells, by using gold conjugate without primary
antibody, and by using antisera directed against non-PrV proteins (anti-New-
castle disease virus and anti-rabbit hemorrhagic disease virus), as well as by
incubation with normal rabbit serum.

Sequence determination. Sequencing was performed by the method of Sanger
et al. (49) on double-stranded DNA with pUC19-specific primers (New England
Biolabs) and PrV-gD-, PrV-gl-, and PrV-gE-specific primers (Life Technolo-
gies), which were derived from the available sequence information (43-45). For
sequence determination, the 3.3-kb BamHI fragment 7 of PrV-gE/I/M ™~ Pass was
isolated and cloned into vector pUC19 (New England Biolabs). The sequenced
portion of the fragment extended from the start of the gD gene to the BamHI site
in the Ug2 gene. The gD-, gl-, and gE-specific sequences of PrV-gE/I/M ™ Pass
were compared with the respective sequences of wild-type PrV strain Ka deter-
mined by us (accession no. AJ271967 and AJ271966).

Western blot analyses of purified virions. Confluently grown MDBK cells in
150-cm? tissue culture flasks were infected at an MOI of 0.1. After a complete
CPE was observed, cells were lysed by freezing (—70°C) and thawing (37°C), and
cellular debris was removed by low-speed centrifugation. For reduction of vol-
ume, the virus-containing supernatant was centrifuged for 1 h at 22,000 rpm. The
pellet was resuspended in 10 ml of TBSal (10 mM Tris-HCI [pH 7.4], 200 mM
NaCl, 1.8 mM CaCl,, 20 mM MgCl,) and ultracentrifuged for 1 h at 20,000 rpm
through a sucrose cushion (30% sucrose in TBSal). Virions were resuspended in
TBSal and lysed in sample buffer. A total of 10 wg of protein per lane was
electrophoresed through discontinuous sodium dodecyl sulfate (SDS)-10 or 13%
polyacrylamide gels. Western blotting was performed essentially as described
previously (27, 55) using monoclonal antibodies (MAbs) directed against PrV gE
and gC (B. G. Klupp and E. Weiland, unpublished data) or antisera directed
against PrV gD (26), gI (A. R. Brack, B. G. Klupp, and T. C. Mettenleiter,
unpublished data), gM (9), the gE cytoplasmic tail (53), or the Ug9 protein (5)
at the indicated dilutions.

RESULTS

Reversion analysis of PrV-gE/I/M~. We previously showed
in two instances that PrV can overcome supposedly lethal
defects in virus entry by compensatory mutations which were
acquired by copassaging virus-infected cells with noninfected
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FIG. 1. Reversion of small-plaque phenotype by passaging of PrV-gE/I/M ™~
in Vero cells. Vero cells were infected with PrV-gE/I/M ™. After development of
CPE, cells were trypsinized and reseeded with uninfected cells. For each second
passage, a parallel plate was fixed, stained with X-Gal, and used for determina-
tion of plaque size. The average diameters of plaques are shown. Bars indicate
standard deviation. A total of 30 plaques were measured for each assay.

cells (29, 50). A prerequisite for this approach is a minimal
capacity of the virus mutant to perform direct cell-to-cell
spread. PrV-gE/I/M™ has this capacity (4). Therefore, Vero
cells infected with PrV-gE/I/M ™~ were copassaged with nonin-
fected cells as described before (29, 50). For each passage, one
parallel plate was used for determination of plaque size. As
early as passage 4, larger plaques appeared among the progeny
viruses and the average plaque size of the virus population
started to increase, reaching the level of either gM or gE/I-
deleted virus mutants after passage 14 (Fig. 1). Thus, the de-
fect in plaque formation appears to have been overcome by a
compensatory mutation(s).

Identification of genomic rearrangement correlating with
phenotypic reversion. To identify the compensatory muta-
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tion(s), Southern blot hybridizations were performed on the
passaged virus stock. As shown in Fig. 2, there appear to be at
least two distinct mutational events resulting in alteration of
BamHI fragment 7 which correlate with the increase in plaque
size. A first deletion of about 300 bp was observed as early as
passage 4 (Fig. 2, lanes 6), resulting in a loss of the parental
truncated BamHI fragment 7 as present in PrV-gE/I/M ™ (Fig.
2, lanes 4). After passage 6, the virus population contained
only the smaller fragment (Fig. 2, lanes 7). However, at passage
10, another even smaller fragment was detected resulting from
deletion of approximately 700 bp (Fig. 2, lanes 8), which was
the predominant fragment found after 20 passages (Fig. 2,
lanes 9). From the virus population at passage 20, one plaque
isolate possessing the short BamHI fragment 7 (Fig. 2, lanes
10) was designated PrV-gE/I/M Pass and characterized fur-
ther.

To determine the effect of these mutations on the expression
of proteins from this genomic region, purified virions of either
wild-type PrV (Fig. 3A, lanes 1), PrV-gE/I/M~ (Fig. 3A, lanes
2) or PrV-gE/I/M Pass (Fig. 3A, lanes 3) were analyzed by
Western blotting for the presence of viral proteins gD, gl, gE,
gC, gM, Ug9, and the gE cytoplasmic tail. As expected, neither
PrV-gE/I/M™ or PrV-gE/I/M ™ Pass reacted with the anti-gE
MAD, the anti-gl serum, or the anti-gM serum. Thus, reversion
of the phenotype was not due to inadvertent rescue of either of
these genes or contamination of the mutant virus stock with
wild-type PrV. Surprisingly, whereas gC was expressed simi-
larly by all viruses, there was a distinct difference in the ap-
pearance of gD. The gD of PrV-gE/I/M ™ Pass migrated with an
apparent molecular mass about 15 kDa higher than those for
the gD proteins of wild-type PrV-Ka and PrV-gE/I/M . A
protein of similar size was also recognized in PrV-gE/I/M ™~ Pass
virions by an antiserum specific for the gE cytoplasmic tail (53),
whereas in PrV-Ka, a protein of the size of mature gE was
detected. In addition, expression of the Ug9 protein was no
longer detectable in PrV-gE/I/M ™ Pass.

FIG. 2. Southern blot analysis of PrV-gE/I/M~Pass. Southern blot analysis was performed with DNAs from wild-type PrV-Ka (lanes 1), PrV-gE/I" (lanes 2),
PrV-gM™ (lanes 3), PrV-gE/I/M ™~ (lanes 4), and PrV-gE/I/M ™~ passaged 2 (lanes 5), 4 (lanes 6), 6 (lanes 7), 10 (lanes 8), and 20 times (lanes 9) as well the single-plaque
isolate PrV-gE/I/M ~Pass (lanes 10) after cleavage with BamHI. (A) Ethidium bromide-stained gel. (B) Hybridization with genomic BamHI fragment 7 derived from
the Ug region (see Fig. 4 for location). The locations of the BamHI fragments of PrV wild-type DNA are on the left.
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FIG. 3. Western blot analysis. Purified virions of PrV-Ka (A, lanes 1), Prv-
gE/I/M™ (A, lanes 2), PrV-gE/I/M Pass (A, lanes 3), PrV-Be (B, lanes 1),
Prv-107 (B, lanes 2), and PrV-107-gM~ (B, lanes 3) were lysed, and proteins
were separated in an SDS-10 or 13% polyacrylamide gel. After electrophoretic
transfer, nitrocellulose membranes were probed with antibodies against gD, gI,
gE, the gE cytoplasmic tail, gC, gM, or the Ug9 protein. After incubation with
peroxidase-conjugated secondary antibody, bound antibody was visualized by
chemiluminescence recorded on X-ray films.

Phenotypic reversion is associated with creation of a gD-gE
hybrid gene. To identify the mutational events at the DNA
level, a 3.3-kb fragment of PrV-gE/I/M ™ Pass was isolated and
partially sequenced. As summarized in Fig. 4, two deletion
events must have occurred during passaging. A 309-bp deletion
removed the last 42 nucleotides of the gD gene, resulting in
deletion of the carboxy-terminal 14 codons extending into the
remnant of the gl gene, thereby eliminating the first 244 nu-
cleotides encoding the amino-terminal 82 amino acids (aa). By
this fusion event, the remaining sequences of the gE gene,
which comprise 312 nucleotides encoding the carboxy-terminal
104 aa, are fused in-frame behind the transmembrane domain
of gD with a spacer of 26 aa derived from the gl gene, which,
however, are not related to gl sequences due to a frameshift in
the remaining gl gene. The resulting chimeric protein thus
consists of the first 386 aa of gD fused to 26 nonsense amino
acids derived from the gl gene and the carboxy-terminal 104 aa
of gE. The predicted increase in molecular mass for the
gD(I)E hybrid protein of about 13 kDa matched well with the
apparent molecular mass determined from gel electrophoresis
(see above).

A second deletion removed at least 740 bp from the 3’ end
of the UgY gene, extending into the 5’ part of the Ug2 gene.

Role of the gE cytoplasmic tail in plaque formation. Since
these data implied a role for the gE cytoplasmic tail in the
phenotypic reversion of plaque size, we analyzed whether de-
letion of gM in a PrV mutant which expressed a C-terminally
truncated gE protein resulted in the same phenotype as after
complete deletion of gE/I. To this end, DNA from PrV-107,
which contains a stop codon engineered behind the coding
sequences for the gE transmembrane domain (52), was co-
transfected with plasmid AUL10B (11) into gM-expressing
cells. Blue plaques were purified from the transfection progeny
and analyzed by Southern and Western blotting. One single
plaque isolate, PrV-107-gM ", which contained the correct de-
letion in the UL10 gene encoding gM, expressed 3-galactosi-
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dase and the truncated gE (Fig. 3B), and lacked gM in the
Western blot (Fig. 3B) was further analyzed. As shown in Fig.
5A, PrV-107 produced plaques which were about 30% smaller
than isogenic wild-type PrV-Be plaques on RKI13, Vero,
MDBK, and PSEK cells. However, deletion of gM drastically
reduced plaque size to approximately that observed after de-
letion of gE/I and gM (4). This defect in PrvV-107-gM "~ could
be rescued on cells expressing either gM or gE/I (Fig. 5B),
which was again similar to the situation with PrV-gE/I/M™.
Thus, the absence of only the cytoplasmic tail of gE has the
same consequences in combination with deletion of gM as
elimination of gE and gl.

One-step growth analyses. Mutant viruses were analyzed for
their replication in noncomplementing RK13 cells by estab-
lishing one-step growth kinetics. As shown in Fig. 6A, PrV-Ka
and PrV-gE/I" exhibited similar growth properties. In con-
trast, as described before (4, 9), PrV-gM ™ replicated to ~100-
fold-lower titers. The titers of the triple mutant PrV-gE/I/M ™
were again about 100-fold lower than those of PrV-gM ™, with
final titers reaching only 10° PFU/ml. PrV-gE/I/M ~Pass exhib-
ited a growth performance similar to that of PrV-gM™, indi-
cating that the compensatory mutation(s) present in PrV-gE/
I/M ™ Pass rescued the gE/I defect but not the gM-associated
defect. The role of the cytoplasmic gE tail in the growth defi-
ciency of PrV in the absence of gM was also analyzed. The data
in Fig. 6B demonstrated that the absence of the gE tail has no
significant effect on the growth properties of PrV-Be. In con-
trast, additional deletion of gM resulted in a growth curve
which was very similar to that seen for PrV-gE/I/M ™. Thus, the
absence of the gE cytoplasmic tail yielded the same results as
the absence of the whole gE/I complex.

Role of the gE cytoplasmic tail in formation of infectious
virus. Ultrastructural studies revealed that in the absence of
gE/l and gM, large intracytoplasmic inclusions were formed
which contained electron-dense material, presumably tegu-
ment components, associated with capsids. In addition, sec-
ondary envelopment and release of enveloped virions were not
observed. This correlated with dramatically decreased titers of
PrV-gE/I/M™ (4). To analyze the contribution of gE/I, gM, and
the gE cytoplasmic tail to this phenotype, several isogenic virus
mutants were analyzed under the electron microscope. These
included PrV-g/I/M~, PrV-gE/I/M Pass, PrV-gE/I", and
PrV-gM, which were all derived from wild-type PrV-Ka. Prv-
107 and PrV-107-gM~, derived from PrV-Be, were also as-
sayed. As already reported (4), in PrV-gE/I/M ™ -infected cells,
capsids accumulated in large intracytoplasmic inclusions (Fig.
7B and C) which were absent from wild-type-virus-infected
cells (Fig. 7A). In addition, neither secondary envelopment nor
extracellular virions were detected. In PrV-gE/I/M™ Pass-in-
fected cells, enveloped particles were easily detected intra- and
extracellularly, and only small accumulations of capsids and
amorphous protein material were observed (Fig. 7D and E).
Surprisingly, and in contrast to our previous observations, in-
clusions containing capsids, although less numerous and gen-
erally smaller, were also present in cells infected with Prv-
gM™ (Fig. 8A and B). Thus, it appears as if the formation of
these inclusions is primarily due to the absence of gM. How-
ever, despite the formation of inclusion bodies, secondary en-
velopment was observed and extracellular enveloped virions
were detected (Fig. 8A). In the absence of gE and gl in PrV-
gE/I", accumulations of electron-dense material in the cyto-
plasm were occasionally observed, but they did not contain
capsids. Moreover, virion morphogenesis appeared to be un-
inhibited by these inclusions, since secondary envelopment and
extracellular virions were readily observed (Fig. 8C and D).
Interestingly, cells infected with PrV-107, which expresses a
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region, with relevant cleavage sites (B, BamHI; St, Stul; Sp, Sphl). (D) Genomic arrangement in the Ug regions of PrV-gE/I™ and PrV-gE/I/M ™. It is evident that by
deletion of gl sequences from the Stul site and gE sequences up to the Sphl site (36), the 5’ terminus of the gl gene had been fused to the 3’ terminus of the gE gene.
Note that the gE sequences in the Agl/gE fusion gene are out of frame with the gl sequences. (E) Deletion events that occurred during passaging were mapped by
sequencing. One deletion resulted in the formation of a chimeric gD(I)E hybrid gene, in which the gE sequences are in frame with the gD sequences and the gl remnant
is out of frame. Another rearrangement led to truncation of the Ug9 gene and at least partial deletion of the Ug2 gene. The locations of the gene sequences encoding
the transmembrane portions of the gD, gl, gE, and Ug9 proteins are indicated by black boxes.

C-terminally truncated gE, gave a picture similar to that with
PrV-gE/1" -infected cells, i.e., occasional intracytoplasmic ac-
cumulations of electron-dense material devoid of capsids as
well as secondary envelopment and extracellular virions (Fig.
9A and B). Deletion of gM resulted in the formation of intra-
cytoplasmic inclusions containing capsids, absence of second-
ary envelopment, and failure to detect extracellular virions
(Fig. 9C and D). In conclusion, the absence of the cytoplasmic
tail of gE in conjunction with the deletion of gM resulted in the
same inhibition of formation of enveloped infectious virus as
did the concomitant absence of gE/I and gM.

Inclusion bodies contain tegument protein. We hypothe-
sized that the electron-dense material surrounding the capsids
in the intracytoplasmic inclusions may consist of tegument
proteins. To prove this assumption, we prepared an antiserum
against the PrV homolog of the HSV-1 tegument protein
VP22, the product of the UL49 gene, and used it in immuno-

electron microscopic analyses of thin sections of RK13 cells
infected with PrV-gE/I/M . As shown in Fig. 10A and B, the
anti-PrV ULA49 antiserum specifically labeled the amorphous
material in the inclusion bodies, whereas a control antiserum
did not (Fig. 10C). Thus, the inclusion bodies contain at least
one prominent tegument protein, which substantiates our hy-
pothesis that they indeed consist of tegument material.

DISCUSSION

The formation of infectious PrV virions involves budding of
capsids through the nuclear membrane, acquisition of tegu-
ment, secondary envelopment by budding into trans-Golgi ves-
icles, and release of intravesicular enveloped virus at the cell
surface (21, 57). However, so far it is unclear how the different
components find and interact with each other. Our observation
that combined deletion of the gE/I complex and gM resulted in
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FIG. 5. Plaque sizes of PrV-107 and Prv-107-gM . RK13, Vero, MDBK, and PSEK cells (A), and RK13, RK13-gM, and RK13-gE/I cells (B) were infected under
plaque assay conditions with PrV-107 and PrV-107-gM ™. Two days after infection, plaque diameters were measured microscopically and compared with the average
diameter of plaques induced by parental PrV-Be (WT, solid bars), which was set at 100%. Average values and standard deviations after measurement of at least 30

plaques in three independent experiments each are indicated.

a severe block in the formation of infectious virus, a phenotype
which has not been observed after deletion of either gE/I or
gM, for the first time pointed to a role of these “nonessential”
glycoproteins in an important step of virion morphogenesis
which precedes secondary envelopment (4).

The data presented in this report show that deletion of the
cytoplasmic domain of gE resulted in a deficiency in the for-
mation of infectious virus in the absence of gM similar to that
caused by deletion of the gE/I complex. Thus, the cytoplasmic
tail of gE is responsible for gE function in virion morphogen-
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or PrV-Be, Prv-107, and PrV-107-gM~ (B). At the indicated times after infec-
tion, supernatant and cells were harvested, titers were determined on RK13 cells,

and the titers were added. Average values and standard deviations of two inde-
pendent experiments are shown.
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esis. This has been shown by deletion of gM in a genetically
engineered PrV mutant expressing a tailless gE and by the
spontaneous creation in a phenotypic revertant of a hybrid
gene in which sequences encoding the complete extracellular
and transmembrane portions of gD have been fused to the gE
cytoplasmic tail. The latter result was obtained after passaging
of a gE/I/M-negative PrV mutant in cell culture, a procedure
which we have used with success in isolation of infectious
revertants of otherwise lethal mutations (29, 50).
Surprisingly, although parallel passage experiments were
performed on Vero and RK13 cells, restoration of the pheno-
type occurred only in the virus population passaged in Vero
cells. However, the resulting revertant virus exhibited a large-
plaque phenotype on all cell types studied, including primate,
swine, bovine, and rabbit kidney cells (data not shown). This

J. VIROL.

can be explained by the infrequent and chance event of recom-
bination occurring so that the functionally important gE tail is
hooked onto a different glycoprotein, processed and trans-
ported properly, and presented in such a way that virion mor-
phogenesis can occur. However, we cannot exclude a cell type-
specific effect, as already observed for PrV-gE/I/M ™, which
exhibited larger foci (or even small plaques) on MDBK cells
than on Vero, PSEK, or RK13 cells.

Several functions have been attributed to the gE cytoplasmic
tail. It contains two YXXL endocytosis motifs, of which the
first is responsible for retrieval of gE/gl from the cytoplasmic
membrane (52). However, the role of endocytosis in viral rep-
lication is largely unclear. A defect in endocytosis did not affect
the incorporation of gE into virions, gE-mediated virulence, or
virus spread in the central nervous system of the rat (51).
However, there was a correlation between the endocytosis
defect and a moderate reduction in plaque size. Whether this
phenotype is connected to the inhibition of virion morphogen-
esis described in this report remains to be analyzed. In addi-
tion, the gE cytoplasmic tail appears to be involved in the
antibody-induced redistribution of viral glycoproteins in the
cytoplasmic membrane (16). The biological relevance of this
phenomenon is unclear, however.

The role of the cytoplasmic tail of gE in virulence is unclear.
An attenuated mutant virus initially thought to specifically lack
the gE tail proved to contain a second mutation resulting in a
frameshift and translation of a novel cytoplasmic tail (54).
Analysis of a clean tailless gE mutant, PrV-107 (52), showed
that in the absence of the cytoplasmic tail, gE is still incorpo-
rated into virions and is defective in endocytosis, and the virus
is still capable of infecting and spreading in the rat central
nervous system. However, the animals survived longer and
showed markedly less severe symptoms than those infected
with wild-type virus. We report here that the absence of the gE
cytoplasmic tail only slightly affects the plaque size of PrV,
similar to the deletion of gE/I. However, additional deletion of
gM severely impairs viral replication, and the mutant virus
exhibits the same phenotype as the triply deleted PrV-gE/l/
M. This also correlates with electron microscopic observa-
tions: the prominent intracytoplasmic inclusions containing
capsids associated with electron-dense material were regularly
observed in large numbers in PrV-gE/I/M™- and PrV-107-
gM ™ -infected cells. The reactivity of the amorphous material
surrounding the capsids in the inclusion bodies with the anti-
ULA49 serum substantiates our hypothesis that it contains teg-
ument proteins.

In contrast to our previous observations, similar inclusions
were also observed in PrV-gM ™ -infected cells, although they
are less numerous and generally smaller. Thus, the absence of
gM appears to be predominantly responsible for the formation
of these aggregates. However, in the absence of gM and con-
tinuous presence of gE/I, secondary envelopment and extra-
cellular virions are still observed, which correlates with the
decrease in titer in PrV-gM™~ compared with wild-type PrV or
PrV-gE/I". In the additional absence of gE/I or the gE cyto-
plasmic tail, secondary envelopment and extracellular virions
could no longer be detected. This again matches the results
from growth analyses which showed only very little infectious
virus being formed in these cells. It is surprising in this context
that deletion of gE/I or the gE tail alone had only a slight effect
on virus titers. However, cells infected with PrV-gE/I"™ or PrV-
107 occasionally contained intracytoplasmic aggregates of
amorphous material which resembled those detected in PrV-
gM - or PrV-gE/I/M ™ -infected cells but did not contain any
capsids.

During passaging of PrV-gE/I/M ™, two deletion events ap-
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FIG. 7. Electron microscopy of RK13 cells infected with (A) PrV-Ka, (B and C) PrV-gE/I/M ™, and (D and E) PrV-gE/I/M ™ Pass, analyzed 16 h after infection. Bars:
(A, B, and D) 1 um; (C and E) 250 nm.
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FIG. 8. Electron microscopy of RK13 cells infected with (A and B) PrV-gM ™~ and (C and D) PrV-gE/I", analyzed 16 h after infection. Bars: (A and C) 1 pm; (B
and D) 250 nm.
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FIG. 9. Electron microscopy of RK13 cells infected with (A and B) PrV-107 and (C and D) PrV-107-gM ™, analyzed 16 h after infection. Bars: (A and D) 2 pm;
(B and C) 500 nm.
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FIG. 10. Immunoelectron microscopy of PrV-gE/I/M™-infected RK13 cells analyzed 16 h after infection. Thin sections were incubated with either a monospecific
anti-PrV ULA9 antiserum (A and B) or a control antiserum directed against Newcastle disease virus (C). Bars: (A) 750 nm; (B and C) 250 nm.

peared to have occurred in BamHI fragment 7. An early de-
letion of 309 bp which correlated with a first increase in plaque
size resulted in the creation of a fusion gene containing the gE
cytoplasmic tail fused in frame to the gD transmembrane re-

gion, with intervening nonsense amino acids originating from
the remnant of the gl gene. It might be argued that PrV-gE/I",
which contains a remnant of the 5’ portion of the gl gene fused
out of frame to the 3’ portion of the gE gene, is not a “clean”
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deletion mutant. This is certainly correct, although expression
of the hypothetical chimeric protein has never been detected.
However, it was fortunate for the reversion analysis that the
mutant still contained sequences encoding the cytoplasmic tail
of gE. Thus, the spontaneous formation of the gD(I)E hybrid
gene led us to the role of the gE tail in virion morphogenesis.
The second deletion of at least 740 bp extending beyond the
terminal BamHI site was again accompanied by an increase in
plaque size. Its 3’ boundary has not yet been determined ex-
actly, but portions of the Ug9 and Ug2 genes have been re-
moved (Fig. 4). What role this second deletion plays in increas-
ing plaque size is unclear. It may be that either one of these
proteins is directly involved in direct viral cell-to-cell spread.
Alternatively, the second deletion may have increased expres-
sion of the chimeric gD(I)E gene, which in turn further in-
creased plaque size. However, simultaneous deletion of the
Ug9 and U 10 (gM) genes did not result in a small-plaque
phenotype (Brack et al., unpublished data).

Taken together, our data show that the absence of gM re-
sults in accumulation of capsids with tegument material in the
cytoplasm but that virion morphogenesis still proceeds to pro-
duce infectious virus, albeit at a lower level. In contrast, the
absence of gE/I or the gE tail does not markedly impair the
production of infectious virus, although infected cells were
observed to occasionally contain intracytoplasmic aggregations
of amorphous material devoid of capsids. Deletion of gM and
gE/I or of gM and the gE cytoplasmic tail drastically impairs
the formation of infectious virus. We previously speculated
that gM and gE/I act at a similar step in virion morphogenesis
in a synergistic fashion, either simultaneously or sequentially.
From the data presented here, we further hypothesize that gM
is primarily involved in directing tegumented capsids to the
budding site for secondary envelopment, presumably by its
presence in the vesicle membrane and interaction with tegu-
ment components. The gE cytoplasmic tail may also be in-
volved in this process but, in the presence of gM, plays a
subordinate role. However, if gM is missing, gE/I is the only
functional unit left which can provide the required signals,
albeit less efficiently than gM. Thus, gE/I function is of para-
mount importance in the absence of gM. The relative contri-
bution of gE/I to virion morphogenesis may well be a cell
type-specific effect and thus may explain the striking pheno-
types of gE-deleted PrV in vivo compared with their only
moderate alteration in cell culture.
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