
JOURNAL OF VIROLOGY,
0022-538X/00/$04.0010

Apr. 2000, p. 3029–3036 Vol. 74, No. 7

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

A Single-Amino-Acid Substitution of a Tyrosine Residue in the
Rubella Virus E1 Cytoplasmic Domain Blocks Virus Release

JIANSHENG YAO AND SHIRLEY GILLAM*

Department of Pathology and Laboratory Medicine, Research Institute, University of British Columbia,
Vancouver, British Columbia V5Z 4H4, Canada

Received 1 October 1999/Accepted 21 December 1999

Rubella virus particles, consisting of a nucleocapsid surrounded by a lipid envelope in which two virus-
encoded glycoproteins E1 and E2 are embedded, assemble on intracellular membranes and are secreted from
cells, possibly via the cellular secretory pathway. We have recently demonstrated that the cytoplasmic domain
of E1 (residues 469 to 481, KCLYYLRGAIAPR) is required for virus release. Alteration of cysteine 470 to
alanine did not affect virus release, whereas mutation of leucine 471 to alanine reduced virus production by
90%. In the present study, substitutions of remaining amino acids in the E1 cytoplasmic domain were made in
order to investigate the role of each amino acid in regulating rubella virus release. Generated mutants were
analyzed in the context of infectious full-length cDNA clone and virus-like particles using combined genetic,
biochemical, and electron microscopic approaches. Substitution of a single residue of tyrosine 472 to alanine
or tyrosine 473 to serine resulted in a block in virus release without affecting protein transport and virus
budding into the lumen of the Golgi complexes. Infectious RNA transcripts bearing these mutations were
incapable of forming plaques. Mutants with substitutions at the amino-terminal region (leucine 474, arginine
475, and glycine 476) in the E1 cytoplasmic domain had reduced virus release and small-plaque phenotype,
while mutants with substitutions at the carboxy-terminal region (alanine 477, isoleucine 478, alanine 479,
proline 480, and arginine 481) had only marginal defects in virus release. Plaque-forming revertants could be
isolated from mutants Y472A and Y473S. Sequencing analysis revealed that the substituted serine residue in
mutant Y473S reverted to the original tyrosine residue, whereas the substituted alanine residue in mutant
Y472A was retained. These results indicate that the E1 cytoplasmic domain modulates virus release in a
sequence-dependent manner and that the tyrosine residues are critical for this function. We postulate that
residues YYLRG constitute a domain in the E1 tail that may interact with other proteins and this interaction
is involved in regulating virus release.

Rubella virus (RV), the etiological agent of German mea-
sles, is the only member of the Rubivirus genus in the Toga-
viridae family (7, 8, 17). The RV virion consists of three struc-
tural proteins: a capsid protein which forms nucleocapsid
inside the virion; and two membrane glycoproteins, E1 and E2,
embedded in the viral envelope (26). The structural proteins
are synthesized as a polyprotein precursor in the order capsid-
E2-E1 (5, 6, 20, 21). This polyprotein is translocated into the
endoplasmic reticulum (ER) by two independently functioning
signal peptides within the carboxy (C) terminus of capsid and
E2 (10, 13). In the ER, the polyprotein precursor is cleaved by
cellular signal peptidases into the three structural proteins,
capsid, E2, and E1 (11). The capsid protein is associated with
membranes, presumably mediated by the E2 signal sequence
attached at its C terminus (10, 18). It is unknown how nucleo-
capsid is formed. The glycoproteins E2 and E1 form a specific
heterodimer in the ER shortly after synthesis (2). The E2-E1
heterodimers are transported out of the ER and to the Golgi
complexes, where virus buds through cellular membranes (12,
22). The budded viral particles are then released from the cells,
possibly via the cellular secretory pathway. It has been pro-
posed that the E1 cytoplasmic domain may drive virus budding
by interaction with nucleocapsids (12). By using an infectious
cDNA clone derived from RV M33 strain (27), we have re-

cently demonstrated that the E1 cytoplasmic domain is re-
quired for virus release. Mutation of leucine 471 at the amino
(N) terminus of the E1 cytoplasmic domain reduced virus
production by 90% (27). Garbutt et al. (9) also reported that
replacement of E1 cytoplasmic domain with the analogous
region from other type I membrane glycoproteins results in
arrest in release of virus-like particles but does not affect virus
budding into the Golgi complexes. In this study, we continued
the investigation of the role of the remaining amino acid res-
idues in the E1 cytoplasmic domain in regulating virus release.
Our results show that substitutions of most of the N-terminal
amino acids in the E1 tail affected virus release and plaque
phenotype, while substitutions in the C-terminal amino acids
had only marginal effects on virus release. Of the substitutions,
a single-amino-acid substitution of alanine for tyrosine 472 or
serine for tyrosine 473 in the E1 tail blocked virus release
without affecting virus budding into the lumen of the Golgi
complexes, indicating that the E1 tail regulates virus release in
a sequence-dependent manner and that the tyrosines are the
key residues for virus release.

MATERIALS AND METHODS

Virus and cells. Vero cells were grown in Eagle’s minimum essential medium
(MEM) supplemented with 5% fetal bovine serum, penicillin (100 U/ml), and
streptomycin (50 mg/ml). BHK-21 cells were grown in MEM containing 10%
fetal bovine serum, and 10% tryptose phosphate broth.

Construction of mutants. A series of mutations was introduced into the E1
coding region by PCR-mediated mutagenesis with appropriate primers contain-
ing the desired nucleotide changes using the full-length cDNA clone pBRM34
template. This contains a new SphI site created by changing T to A at nucleotide
(nt) 9647 (27).

To construct mutants Y472A and Y473S, PCR amplifications were performed
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in reactions with sense primers 59-TTACTCGCATGCTGTGCCAAATGCTTG
GCCTACTTG-39 for mutant Y472A and 59-TTACTCGCATGCTGTGCCAA
ATGCTTGTACAGCTTGCGC-39 for mutant Y473S (nucleotide changes are
underlined) and with antisense primer 59-GAATTCAAGCT17-39 (the latter con-
tains a HindIII site). The amplified DNA fragments were cut with SphI and
HindIII and reintroduced into the full-length cDNA clone pBRM34. To con-
struct mutants L474S, R475S, G476C, A477S, I478V, A479S, P480S, and R481S,
PCR amplifications were done with sense primer 59-AATGCCCGAGTGGAT
CCA-39 and antisense primers 59-TACTCCGCGGCGCTATAGCACCGCGCT
AGCGGGCC-39 for L474S, 59-TTGAGCGGCGCTATAGCACCGCGCTAGC
GGGCC-39 for R475S, 59-CGCAGCGCTATAGCACCGCGCTAGCGGGC
C-39 for R476C, 59-GGCTCTATAGCACCGCGCTAGCGGGCC-39 for A477S,
59-GCTGTAGCACCGCGCTAGCGGGCC-39 for I478V, 59-ATATCACCGC
GCTAGCGGGCC-39 for A479S, 59-ATAGCATCGCGCTAGCGGGCC-39 for
P480S, and 59-ATAGCACCGAGCTAGCGGGCC-39 for R481S (nucleotide
changes are underlined). The amplified DNA fragments were cut with BamHI
and NheI and reinserted into the full-length cDNA clone pBRM34. All of the
mutations were verified by sequencing.

To construct wild-type 24S (24S/WT), the DNA fragment containing full-
length RV subgenomic cDNA was isolated from plasmid 24S/pSPT19 (11) and
cloned into pSFV-1 vector (15). To construct mutants 24S/Y472A, 24S/Y473S,
24S/L474S, 24S/R475S, 24S/G476C, 24S/A477S, and 24S/R481S, BamHI-HindIII
fragments containing these mutations were isolated from mutants Y472A,
Y473S, L474S, R475S, G476C, A477S, and R481S and inserted to replace the
corresponding fragment in 24S/WT.

RNA transcription and transfection. RNA transcripts were synthesized using
SP6 RNA polymerase in the presence of m7Gpp(59)G cap analog as described
previously (27). Vero cells were transfected by a Lipofectin-mediated transfec-
tion method. Briefly, 10 ml of RNA transcription reaction was mixed with 10 ml
of Lipofectin (Gibco/BRL) at room temperature. The mixtures were added to
Vero cells that had been washed twice with MEM. After incubation at 37°C for
2 h, the solutions were removed and replaced with growth medium. At day 5
posttransfection, the liquid medium was harvested as viral stock for virus titra-
tion. BHK cells were transfected by electroporation as described previously (27,
28). Briefly, BHK cells were harvested by trypsin treatment and washed twice
with ice-cold phosphate-buffered saline without Ca21 and Mg21 and resus-
pended at a concentration of 107 cells/ml; 20 ml of RNA transcript was mixed
with 0.5 ml of cells, and the mixture was transferred to a 2-mm cuvette. Elec-
troporation was at room temperature with two consecutive 1.5-kV, 25-mF pulses
with a Gene-Pulser (Bio-Rad). After electroporation, the cells were diluted into
10 ml of culture medium and distributed into six-well culture plates.

Metabolic labeling, immunoprecipitation, and endoglycosidase H (endo H)
digestion. Analysis of viral structural protein synthesis and release of viral par-
ticles was as described previously (27). Briefly, BHK cells transfected with mu-
tant RNAs by electroporation were incubated at 37°C for 40 h, washed with
MEM, and starved in methionine-free medium for 30 min at 37°C. This medium
was replaced with one containing [35S]methionine (200 mCi/ml; NEN), and the
cells were pulse-labeled for 80 min. After labeling, the cells were chased for 10
min or 4 h in chase medium containing unlabeled methionine at 10 times the
usual concentration. At either chase point, the medium was harvested for assay
of released virus particles. The cells were washed with ice-cold phosphate-
buffered saline and lysed in 100 ml of Triton-TNE lysis buffer (1% Triton X-100,
10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 100 mg of phenymeth-
ylsulfonyl fluoride per ml). The lysates were centrifuged to remove nuclei and
immunoprecipitated with human anti-RV serum. After incubation at 4°C for
1 h, 40 ml of a 50% suspension of protein A-Sepharose beads (Pharmacia
Biotech) were added and incubated for a further 1 h at room temperature
with shaking. The beads were washed three times with lysis buffer, resuspended
in sample buffer (0.1 M citrate [pH 5.5], 0.15% sodium dodecyl sulfate [SDS]),
and boiled for 5 min. After centrifugation, the immunoprecipitates were col-
lected and mixed with SDS-gel loading buffer (62.5 mM Tris-HCl [pH 6.0],
2% SDS, 5% 2-mercaptoethanol, 500 mM sucrose) and then analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE) on 10% gels under reducing
conditions.

For assay of released virus particles from transfected cells, the viral particles in
the chase medium were precipitated with 40% polyethylene glycol (PEG) con-
taining 2.5M NaCl and resuspended in Triton-TNE buffer. The suspension was
immunoprecipitated with human anti-RV serum, and SDS-PAGE analysis of the
immunoprecipitates was done as described above.

For endo H digestion, the immunoprecipitates were digested with endo H (1
mU per 10 ml of immunoprecipitate) in the presence of phenylmethylsulfonyl
fluoride for 14 h at 37°C. After digestion, the immunoprecipitates were mixed
with SDS-gel loading buffer and analyzed on SDS-PAGE.

Electron microscopy. Transfected BHK cells were treated with 2% glutaral-
dehyde in 0.1 M cacodylate buffer (pH 7.2), immediately scraped from the plate,
and kept at 4°C for 15 min. After pelleting, the cells were postfixed, dehydrated,
and infiltrated with Epon. Sections were cut, stained with 2% uranyl acetate and
lead citrate, and examined by electron microscopy.

RESULTS

Construction and growth characteristics of E1 cytoplasmic
domain mutants. The E1 cytoplasmic domain of RV is pre-
dicted to contain 13 amino acids in sequence KCLYYLRGA
IAPR (residues 469 to 481). In our previous studies, we found
that mutation of the cysteine residue at position 470 to alanine
did not affect virus release but mutation of the leucine residue
at position 471 to alanine reduced virus production by 90%
(27). To further determine the role of each amino acid in the
E1 cytoplasmic domain in virus release and to identify the
residues within this domain that are essential for the process,
we mutated each of the remaining amino acid residues in the
E1 cytoplasmic domain as shown in Fig. 1. The nucleotide
sequences (nt 9673 to 9700) encoding amino acids from ty-
rosine 473 to arginine 481 form a prominent stem-loop (SL)
structure (4, 8). The loop contains a sequence UAUA that
exhibits eukaryotic promoter activity in the negative polarity
(3), and the GC-rich stem is implicated to play an important
role in viral RNA replication (4). Thus, amino acid substitu-
tions were chosen to maintain this SL structure (checked by
computer modeling of RNA folding). The small polar serine
residue was chosen to substitute for tyrosine 473, leucine 474,
arginine 475, alanine 477, alanine 479, and proline 480. Glycine
476 was mutated to cysteine, of similar polarity to serine, by
changing G to U at nucleotide 9680 and isoleucine 478 to
valine by changing A to G at nucleotide 9686 (resulting in
UAUA to UACA in the negative-polarity strand). The excep-
tion was mutant R481S, in which replacement of arginine 481
(CGC) with serine (AGC) led to abolition of this SL structure.
To compare the role of tyrosine 472 in virus release with that
of leucine 471 (27), tyrosine 472 was mutated to alanine. These
mutations were introduced into a full-length infectious cDNA
clone, pBRM34, derived from the wild-type RV M33 strain
(27).

To characterize the E1 cytoplasmic domain mutants, RNAs
transcribed in vitro from each mutant and parental pBRM34
clone were transfected into Vero cells by using Lipofectin.
After transfection, culture medium was harvested at 5 days
posttransfection, and the virus titers in the medium were de-
termined by plaque assay on Vero cells. As shown in Fig. 1, all
of the mutants produced lower amounts of viruses than did

FIG. 1. Mutations in E1 cytoplasmic domain. (A) Amino acid sequence of
the E1 cytoplasmic domain and the substitutions produced by mutagenesis.
Numbering is based on the sequence published by Clarke et al. (5). (B) Vero cells
were transfected with RNAs using Lipofectin and overlaid with growth medium.
After 5 days of transfection, the medium was removed for virus titration. Mean
titers of two independent plaque assays are shown. (C) Plaque sizes of some of
the mutants shown in Fig. 2.
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parental BRM34 except for mutant I478V. Substitutions of
alanine for tyrosine 472 and serine for tyrosine 473 dramati-
cally impaired virus production. Virus in the medium from
these two mutants was not detectable by plaque assay on Vero
cells (Fig. 2). Mutations of leucine 474, alanine 477, alanine
479, and proline 480 resulted in 10- to 20-fold reduction in
virus production compared to parental BRM34 virus. Mutation
of arginine 481 to serine had a moderate effect on virus pro-
duction, 50-fold lower than that of parental BRM34 virus.
Mutations of arginine 475 to serine and glycine 476 to cysteine
reduced virus production by 400-fold compared to the parental
virus. The plaques formed by these mutants were smaller than
those formed by the parental virus (Fig. 2). Change of isoleu-
cine 478 to valine showed no effect on virus production; the
virus titer and plaque size were similar to that of the parental
virus (Fig. 1 and 2).

Substitutions of alanine for tyrosine 472 and serine for
tyrosine 473 in the E1 cytoplasmic domain block virus release.
We next examined and compared the effects of these substitu-
tions on viral structural protein synthesis and release as virus
particles by pulse-chase analysis of BHK cells transfected with
mutant RNAs by electroporation. After 40 h of transfection,
the cells were pulse-labeled for 80 min and chased for 10 min
or 4 h, after which the cell lysates were analyzed by immuno-
precipitation using human anti-RV serum. For analysis of virus
release, the virus particles in the corresponding chase medium
were precipitated with PEG and then immunoprecipitated
with human anti-RV serum. The results are shown in Fig. 3.
Immunoprecipitation of the cell lysates after 10 min of chase
revealed that E1, E2, and capsid proteins were correctly pro-
duced in all of the mutants, indicating that the cleavage of
mutant polyprotein precursors proceeded normally. Two forms
of E2 were observed: the 39-kDa ER form and the 45-kDa
Golgi form. After 4 h of chase, the ER form of E2 in all of the
mutants was converted to the Golgi form, indicating that trans-
port of the structural proteins is not affected. The level of
protein synthesis, however, differed between the mutants. Af-
ter quantitation by densitometry of autoradiographs of the
radiolabel in intracellular E1 after 10 min of chase, it was
found that mutants L474S and I478V synthesized levels of
proteins comparable to that of the parental BRM34 virus.
Lower levels of protein synthesis were observed in mutants
R475S, G476C, A477S, A479S, and P480S, which produced
about 47, 53, 73, 43, and 80%, respectively, of E1 produced by
the parental BRM34 virus. Protein synthesis in mutants

Y472A, Y473S, and R481S was, however, significantly re-
duced. Observed differences in levels of mutant protein syn-
thesis is not due to different transfection efficiency for each
mutant, since a similar proportion of cells (about 80%) was
transfected in mutants, as determined by immunofluorescence
staining at 40 h posttransfection. A possible explanation for the
reduced protein synthesis may be that the nucleotide changes
introduced in these mutants significantly affect viral RNA rep-
lication or protein translation. It is known that the nucleotide
sequences (nt 9673 to 9700) encoding amino acids from ty-
rosine 473 to arginine 481 form an SL structure. This SL
structure has been shown to bind to calreticulin in vitro and
may have a functional role in virus replication (4). Indeed, the
change of C to A (arginine CGC3 serine AGC) at nucleotide
9695 in mutant R481S completely abolishes the SL structure
(data not shown), suggesting that its maintenance may be re-
quired for viral replication.

Immunoprecipitation of 4-h-chase medium revealed that the
amounts of virus released from the infected cells between the
mutants were very different. The most significant reduction in
released virus was observed in mutants Y472A, Y473S, and
R481S, which released barely detectable level of virus (Fig. 3).
To compare the amounts of virus release among the mutants,
the quantity of extracellular E1 after 4 h of chase was quanti-
tated by densitometry. The relative amount of virus release was
calculated after normalizing the mutant/BRM34 ratio of the
radiolabel in the extracellular E1 to the mutant/BRM34 ratio
in the intracellular E1. It was found that virus release in mu-
tants L474S, R475S, and G476C was only 20 to 40% of the
amount of parental virus. Mutants A477S and P480S produced
half of the amount of parental virus. In contrast, only a slight
reduction in virus release was observed in mutant A479S, and
no reduction was observed in mutant I478V. These results
indicate that individual substitutions of most of the N-terminal
amino acids in the E1 tail significantly affected virus release.
The reduction in virus release seen in the mutants was not
sufficient to account for the reduction in virus infectivity, par-
ticularly in mutants R475S and G476C, which showed a 400-
fold reduction in virus titer. Thus, the released mutant viruses
may have reduced infectivity. Lack of plaque formation by
mutants Y472A and Y473S also indicates that the released
mutant viruses are defective in infectivity. In contrast, the
infectivity of mutant R481S appeared not to be significantly
affected since it showed only a 50-fold reduction in virus titer

FIG. 2. Morphology of plaques produced by parental BRM34 virus and mutant viruses. Vero cells were infected with parental BRM34 virus or mutant viruses, and
the infected cells were overlaid with agarose medium. After incubation for 6 days at 35°C, the cells were stained with neutral red. Only representative plates are shown.
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despite its protein synthesis and virus release being similar to
those of mutants Y472A and Y473S.

Since protein synthesis was greatly reduced in mutants
Y472A, Y473S, and R481S, it is possible that the reduced virus
release observed in these mutants could be due to the reduced
level of viral protein synthesis. To exclude the effects of mu-
tations on viral RNA replication or protein synthesis, we next
examined virus release and protein synthesis in mutants
Y472A, Y473S, and R481S, using a system in which RV struc-
tural protein synthesis and virus release were not dependent on
viral RNA replication. It has been shown that expression of
three RV structural proteins in transfected BHK (22) or CHO
cells (9, 12) results in assembly and release of virus-like parti-
cles in the absence of genomic RNA. The subgenomic cDNA
(24S) encoding the three structural proteins of wild-type or
mutants was inserted into the pSFV-1 vector (15), a novel
expression system based on Semliki Forest virus replicon. Pro-
tein synthesis and release as virus-like particles were examined
by pulse-chase analysis of the cells transfected with RNAs from
24S/WT or 24S mutants. Levels of protein synthesis observed
between 24S mutants and 24S/WT using pSFV-1 vector were
similar to those seen in the immunoprecipitates of cell lysates
after pulse-labeling of the transfected cells for 30 min and
chasing for 10 min (Fig. 4A). However, after 4 h of chase, lower
amounts of secreted virus-like particles in the chase medium
were clearly observed in mutants 24S/Y472A, 24S/Y473S, 24S/
L474S, 24S/R475S, 24S/G476C, and 24S/A477S compared to
24S/WT (Fig. 4B). To compare the release of virus-like parti-
cles between the mutants, the amounts of extracellular E1 in
the medium and intracellular E1 in the lysate were quantitated

by densitometry of the autoradiographs. The relative rate of
virus release for each mutant was calculated after normalizing
the mutant/wild type ratio of radiolabel in the extracellular E1
to the ratio in the intracellular E1 and is presented in Fig. 4C.
Again, the most dramatic reduction in secretion of virus-like
particles was found in mutants 24S/Y472A and 24S/Y473S;
mutant 24S/Y472A released a barely detectable level of virus-
like particles; mutant 24S/Y473S released about 8% of the
wild-type level. The released virus-like particles in mutants
24S/L474S, 24S/R475S, and 24S/G476C ranged from 10 to 26%
of the wild-type level; 40% of the amount of wild-type particles
was secreted by mutant 24S/A477S. However, 64% of the level
of wild-type particles was released in mutant 24S/R481S, sug-
gesting that the change of arginine 481 to serine had only a
minor effect on virus release, and the reduction in virus titer
and the defect in virus release observed in mutant R481S (Fig.
3) were mostly due to altered protein synthesis or viral RNA
replication. Taken together, these results clearly show that
tyrosine residues at positions 472 and 473 in the E1 cytoplas-
mic domain are essential for virus release. Interestingly, the
mutations introduced in mutants Y472A and Y473S may also
significantly affect viral protein synthesis or viral RNA repli-
cation.

The inhibition in virus release in mutants Y472A and Y473S
is not due to either a defect in protein transport or a block in
virus budding. To elucidate the mechanisms underlying the
dramatic inhibition in virus release observed in mutants
Y472A and Y473S, we next investigated the effects of these
mutations on protein transport and viral budding. To examine
protein transport to the Golgi complexes, immunoprecipitates

FIG. 3. Synthesis, transport, and release of structural proteins following transfection of mutant RNAs. BHK cells were transfected with in vitro-transcribed mutant
or parental BRM34 RNAs by electroporation. At 40 h postinfection, the infected cells were pulse-labeled for 80 min with [35S]methionine and chased with medium
containing unlabeled methionine for 10 min or 4 h. The chase medium was harvested, and the labeled cells were lysed with lysis buffer. The lysates were
immunoprecipitated with human anti-RV serum and analyzed by SDS-PAGE on 10% gels under reducing conditions. Virus particles in the chase medium were
precipitated with PEG, and pelleted virus particles were resuspended in Triton-TNE buffer. The suspension was immunoprecipitated with human anti-RV serum and
analyzed by SDS-PAGE (10% gel) and subsequent autoradiography. Positions of migration of RV structural proteins E1, E2, and C are shown.
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of cell lysates were treated with endo H to monitor the matu-
ration of glycoproteins. RV structural proteins undergo exten-
sive glycosylation during transport from the ER to the Golgi,
and the acquisition of resistance to endo H digestion by RV
structural proteins signifies that they have reached the Golgi
compartment (11). As shown in Fig. 5, after 10 min of chase,
the ER forms of E2 and E1 in the mutants were sensitive to
endo H digestion, resulting in a reduction in molecular mass
from 39 to 31 kDa in E2 and from 58 to 51 kDa in E1,
respectively. After 4 h of chase, the E2 in the mutants became
completely endo H resistant. Part of E1 also became resistant.
No change in molecular weight was found in capsid protein
after endo H digestion. A similar digestion pattern was ob-
served in the wild-type E2 and E1. Thus, these results indicate
that the structural proteins in the mutants were transported
normally to the Golgi.

Virus budding was examined by electron microscopy of BHK
cells transfected with mutants 24S/Y472A and 24S/Y473S or
24S/WT. As shown in Fig. 6, budding of virus-like particles into

the lumen of Golgi complexes was observed in cells transfected
with either 24S mutants or 24S/WT. Thus, substitutions of
tyrosine residues at positions 472 and 473 did not affect the
virus budding process. From these results, we conclude that the
block of virus release seen in mutants Y472A and Y473S in-
volves the pathway of virus secretion from the infected cells
after virus budding.

Analysis of Y472A and Y473S revertants. As shown in Fig. 2,
mutants Y472A and Y473S were found to be incapable of
producing viral plaques. Vero cells infected with mutants
Y472A and Y473S also showed no signs of cytopathic effect
(CPE). However, a small amount of released virus or virus-like
particles could be detected in the culture medium (Fig. 3 and
4). Thus it is possible to passage these mutant viruses in cells to
isolate revertants that grow better and form viral plaques.
Molecular analysis of these revertants would provide some
insights toward the structure-function relationship of the E1
cytoplasmic domain in virus secretion. The culture medium
harvested from Vero cells transfected with mutants Y472A and
Y473S RNAs after 6 days of incubation was inoculated into a
new monolayer of Vero cells and incubated for another 6 days.
The emergence of revertants was monitored by appearance of
CPE in infected cells. After five passages, Vero cells inoculated
with passaged culture medium showed strong CPE. Plaque
assays revealed that the viruses in the passage 5 culture me-
dium were similar in plaque size and virus titer to parental
BRM34 virus (Fig. 2). To determine the nature of the rever-
sion, viral RNA was extracted at passage 5 and used for cDNA
synthesis and subsequent PCR amplification. The sequences
encoding the E1 cytoplasmic domain were examined. It was
found that the tyrosine-to-serine substitution introduced in
mutant Y473S had reverted to tyrosine in the passage 5 virus
although the substitution was based on two nucleotides
changes (Table 1), indicating that this tyrosine residue at po-
sition 473 is essential for the life cycle of RV. Sequencing
analysis of the E1 cytoplasmic domain in the passage 5 virus
from mutant Y472A showed that the tyrosine-to-alanine sub-
stitution is conserved in the revertants. No other mutations
were found in the E1 cytoplasmic domain (Table 1), indicating
that second-site suppressor mutations arose in other regions of
the viral genome. Preliminary characterization of Y472A re-
vertants revealed that the second-site suppressor mutations in
the E1 gene were not sufficient to reverse the defective phe-
notype imposed by the tyrosine change (data not shown), sug-
gesting some additional suppressor mutation(s) in C or E2
genes.

FIG. 4. Expression and secretion of virus-like particles in 24S mutants. BHK
cells were transfected with in vitro-transcribed RNA derived from pSFV-1 vector
containing wild-type or mutant 24S. At 12 h posttransfection, the transfected
cells were pulse-labeled for 30 min with [35S]methionine and chased with me-
dium containing unlabeled methionine for 10 min or 4 h. The chase medium was
harvested, and the labeled cells were lysed with Triton-TNE buffer. Immuno-
precipitation of the lysates and chase medium were carried out as described for
Fig. 3 and analyzed by 10% SDS-PAGE (10% gel). (A) Immunoprecipitation of
cell lysates after 10 min of chase; (B) immunoprecipitation of virus particles in
4-h-chase medium. Positions of migration of RV structural proteins E1, E2, and
C are shown. (C) Relative rate of virus release. The amounts of radiolabel in
intracellular E1 in the lysate and in extracellular E1 in the medium after chase
were quantitated by densitometry of the autoradiographs. The mutant/wild type
ratios of radiolabel in the extracellular and intracellular E1 were calculated. The
relative rate of virus release for each mutant is shown after normalization of the
ratio of the radiolabel in the extracellular E1 to the ratio in the intracellular E1.

FIG. 5. Endo H treatment of structural proteins. Immunoprecipitates were
isolated as described for Fig. 4, digested with endo H at 37°C for 14 h (1) or not
treated with endo H (2), and then analyzed by SDS-PAGE (10% gel) and
autoradiography.
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DISCUSSION

We have combined genetic, biochemical, and microscopic
approaches to investigate the role of each amino acid residue
in the E1 cytoplasmic domain in virus assembly and release in
the context of infectious viruses and virus-like particles. Sub-
stitutions of most of the N-terminal amino acids in the E1
cytoplasmic domain affected virus growth, virus release, and
plaque phenotype, indicating the functional importance of the
E1 cytoplasmic domain in RV replication. In particular, a
single-amino-acid substitution of either of the two tyrosine
residues in this domain resulted in a block in virus release.
Infectious RNA transcripts bearing these mutations were in-
capable of forming plaques. Furthermore, analysis of rever-
tants from mutant Y473S showed that the serine substitution in
the mutant quickly reverted to the original tyrosine residue.
Altogether, these results indicate that the E1 cytoplasmic do-
main modulates virus release in a sequence-dependent manner
and these two tyrosine residues are critical for this function.

It is not clear at present how a single substitution of tyrosine
residue in the E1 cytoplasmic domain blocks virus release. The
block is probably not at the steps of intracellular protein trans-
port and viral budding at the Golgi complexes, since the bud-
ding of tyrosine mutants at the Golgi complexes proceeded
normally, consistent with the results from E1 cytoplasmic do-
main deletion mutant reported by Garbutt et al. (9). It is also
unlikely that the rate of budding of the mutants is much re-
duced, thereby leading to less virus in the culture fluid, since

the viral budding of mutants at the Golgi complexes was
readily seen and the rate was similar to that for the wild type.
We postulate that the block in virus release may be due to a
defect in transport of the budded viral particles from the Golgi
complexes to the plasma membrane for release. In this case, it
is still unclear how a single alteration of a tyrosine residue in
the E1 cytoplasmic domain could modulate viral particle trans-
port since the tyrosine residue is located within the viral par-
ticles. The simplest explanation is that substitutions of the
tyrosine residues in the E1 tail dramatically affect the overall
conformation of the ectodomains of E2-E1 heterodimer such
that the mutant viruses have altered structure and are incom-
petent for incorporation into transport vesicles for release.
Although this explanation is straightforward, we think it is
unlikely since all mutations near tyrosine 472 and 473 (muta-
tions of leucine 471 to alanine [24], leucine 474 to serine,
arginine 475 to serine and glycine 476 to cysteine) would not be
expected to give such clear negative effects on virus release.
Instead, we speculate that these residues YYLRG may consti-
tute a domain in the E1 tail that may interact with other
proteins and that the two tyrosines are the essential residues.
Another explanation is that RV, after budding at the Golgi
complexes, undergoes a maturation process accompanied by
structural changes; i.e., structural maturation is required for
viral particle transport and release. This maturation step can-
not proceed in the mutant viruses because of alterations to the
tyrosine residues, leading to arrest in virus secretion. As the
tyrosine residues are located inside viral particles, we propose
that the structural changes during virus maturation are brought
by a process which involves interaction of the E1 tail with other
viral structural proteins, possibly nucleocapsids. We favor this
explanation, since the single substitution of tyrosine 472 or
tyrosine 473 blocked virus release and the serine substitution in
mutant Y473S quickly reverted to the original tyrosine in its
revertants. The emergence of Y472A revertants containing
second-site mutations which reverse the defect imposed by the
tyrosine change also provides support for the notion that the
intermolecular interactions between E1 tail with other viral
structural proteins occur during the process of virus release. In
related alphaviruses, a similar tyrosine residue in the cytoplas-
mic domain of E2 glycoprotein has been identified as being
essential for the interaction between glycoproteins and a hy-
drophobic pocket of the nucleocapsids that is required for virus
budding and maturation (14, 24). Lee et al. (14) further sug-
gested that upon binding of the tyrosine to the capsid packet,
the nucleocapsid undergoes a conformational change such that

FIG. 6. Electron microscopic analysis of intracellular virus budding. Transfected BHK cells were treated with 2% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.2), immediately scraped from the plate, and kept at 4°C for 15 min. After being pelleted, the cells were postfixed, dehydrated, and infiltrated with Epon. Sections were
cut, stained, and observed by electron microscopy. (A) 24S/WT; (B) 24S/Y472A; (C) 24S/Y473S. Images were scanned with a UMAX Astra 1220U scanner with Adobe
Photoshop 5.0 software.

TABLE 1. Y472A and Y473S revertantsa

Construct Plaqueb Revertant
plaqueb Reversionc

WT(Y472Y473) Large
Y473S TAC 3 AGC — Large AGC3 TAC

(Tyr 3 Ser) (Ser 3 Tyr) (3)
Y472A TAC 3 GCC — Large/ GCC—GCC

(Tyr 3 Ala) Small (Ala—Ala) (4)

a Revertants were isolated by passaging of the culture medium (1/4 volume)
from transfected Vero cells with mutant RNAs to a new monolayer of Vero cells.
After incubation for 6 days at 37°C, the culture medium was harvested and
passaged in the same manner. After five passages, plaque assay of the culture
medium was performed to determine the formation of plaques and virus titers.
Viral RNA was extracted from the viruses in passage 5 and was used for cDNA
synthesis and PCR amplification and cloning.

b Plaque assay was performed and the plaques are shown in Fig. 2.
c Only the E1 cytoplasmic domain coding region was sequenced; numbers

indicate numbers of sequenced DNA clones.
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the core is matured and readied for disassembly. Without the
optimal nucleocapsid-E2 tail interaction as evidenced in nu-
cleocapsid mutants, the core does not undergo conformational
changes required for subsequent disassembly.

Although evidence supporting structural maturation re-
quired for RV release remains to be established, it is conceiv-
able that the conformational structure of extracellular viruses
is different from that of intracellularly budded viruses. Struc-
tural maturation during virus release has recently been re-
ported for transmissible gastroenteritis coronavirus (TGEV),
which has two types of virus-related particles in infected cells:
large annular viral particles and small dense viral particles (23).
The large annular viral particles are the immature precursors
of small dense viral particles. The latter are the infectious
TGEV virions in the culture supernatants. Monensin treat-
ment of TGEV-infected cells caused an accumulation of large
annular particles in perinuclear elements of the ER-Golgi in-
termediate compartment. Removal of monensin led to the
release of small dense viral particles into secretory vesicles and
culture supernatants.

It is also possible that the tyrosine residues at positions 472
and 473 may be required to recruit targeting signals to a spe-
cific vesicle containing budded viruses by interacting with cel-
lular proteins. There is a body of evidence showing that many
transmembrane proteins harbor a tyrosine-based signal in their
cytoplasmic domains for transport. Examples are the mem-
brane envelope glycoproteins of the retroviruses, vesicular sto-
matitis virus, and varicella-zoster virus (1, 16, 25). Sorting of
the membrane glycoprotein of retrovirus is reported to require
interaction of the tyrosine-based motif in the cytoplasmic do-
main with the clathrin-associated adapter complexes (19). Al-
though substitutions of tyrosine residues in the E1 cytoplasmic
domain did not affect RV structural protein transport, it is still
possible that RV has evolved to use a tyrosine based signal in
its E1 tail for sorting and release of assembled virus. These
possible mechanisms are currently under investigation.

In this study, we observed that nucleotide changes intro-
duced into mutants Y472A, Y473S, and R481S greatly reduced
the level of viral structural protein synthesis. RNA secondary
structure analysis of the 39-terminal 305 nt of RV genomic
RNA reveals four SL structures; SL1 is located in the E1
transmembrane and ectodomain coding regions, SL2 is located
in the exact E1 tail coding region, while SL3 and SL4 are within
the 59-nt 39-terminal nontranslated region preceding the
poly(A) tract (4). The change of C (arginine CGC) to A (serine
AGC) in mutant R481S completely abolishes the SL2 struc-
ture, whereas the nucleotide changes introduced in mutants
L474S, R475S, G476C, A477S, I478V, A479S, and P480S do
not and the overall SL2 structure is maintained in these mu-
tants. However, some minor alterations in the SL2 are shown
in mutants R475S, G476C, A477S, A479S, and P480S by RNA
folding. Chen and Frey (4) analyzed this structure in the con-
text of a full-length infectious cDNA clone by mutagenesis and
found that the overall maintenance of the SL structure is im-
portant in viral replication, presumably by binding to calreti-
culin in vivo and regulating negative-sense RNA replication.
Thus, the reduced protein synthesis in mutant R481S could be
explained by a similar mechanism. The lower levels of protein
synthesis observed in mutants R475S, G476C, and A479S in-
dicate that some alterations in the SL2 structure due to the
nucleotide changes in these mutants probably affect the calre-
ticulin binding activity of SL2. However, the changes of UA to
GC (tyrosine UAC3 alanine GCC) in mutant Y472A and UA
to AG (tyrosine UAC3 serine AGC) in mutant Y473S do not
affect overall SL2 structure as examined by RNA folding. Thus,
it is not clear how these nucleotide changes reduced viral

protein synthesis. It will be of interest in the future to elucidate
the mechanisms underlying the effects on protein synthesis by
the nucleotide changes introduced in mutants Y472A and
Y473S.
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