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We report on the construction of a full-length cDNA clone, pPBRM33, derived from wild-type rubella virus
M33 strain. The RNA transcripts synthesized in vitro from pBRM33 are highly infectious, and the viruses
produced retain the phenotypic characteristics of the parental M33 virus in growth rate and plaque size. This
cDNA clone was used to study the role of E1 transmembrane and cytoplasmic domains in virus assembly by
site-directed mutagenesis. Three different alanine substitutions were introduced in the transmembrane domain
of E1. These included substitution of leucine 464, cysteine 466, cysteine 467, and both cysteines 466 and 467 to
alanine. In the E1 cytoplasmic domain, cysteine 470 and leucine 471 were altered to alanine. We found that
these mutations did not significantly affect viral RNA replication, viral structural protein synthesis and
transport, or E2/E1 heterodimer formation. Except for the substitution of cysteine 470, these mutations did,
however, lead to a reduction in virus release. Substitution of cysteine 467 in the transmembrane region and of
leucine 471 in the cytoplasmic domain dramatically reduced virus yield, resulting in the production of only 1
and 10% of the parental virus yield, respectively, in a parallel infection. These data show that E1 transmem-
brane and cytoplasmic domains play an important role in late stages of virus assembly, possibly during virus
budding, consistent with earlier studies indicating that the E1 cytoplasmic domain may interact with nucleo-
capsids and that this interaction drives virus budding.

Rubella virus (RV), the etiological agent of German mea-
sles, is the only member of the Rubivirus genus in the Toga-
viridae family (15). This family also includes the Alphavirus
genus, containing the Sindbis and Semiliki Forest viruses. RV
uses a strategy similar to that of alphaviruses in gene replica-
tion and expression (7). The RNA genome of RV is 9,758
nucleotides (nt) in length, exclusive of a cap structure and a
poly(A) tract (6, 22). The 5’ two-thirds of the genome encodes
nonstructural proteins, and the 3" one-third encodes structural
proteins. The nonstructural proteins are translated from the
genomic RNA as a polyprotein precursor, which is cleaved by
a virus-encoded protease into two nonstructural proteins, p150
and p90 (3, 29). These two proteins are thought to form a
replication complex with host factors and to be involved in
RNA replication. The subgenomic RNA corresponding to the
3’ one-third of the genome is synthesized from the genomic
RNA and used as a template for translation of structural pro-
teins (4, 5, 18).

RV virions contain an icosahedral nucleocapsid surrounded
by a lipid envelope in which two virus-encoded glycoproteins,
El and E2, are embedded (7, 26). The structural proteins are
synthesized as a polyprotein precursor in the order capsid-
E2-E1 (17). This is translocated into the endoplasmic reticu-
lum (ER) by two independently functioning signal peptides
within the carboxy terminus of capsid and E2 (9, 12). In the
ER, the polyprotein precursor is cleaved by a signal peptidase
into the three structural proteins, capsid, E2, and E1 (10, 16).
Multiple copies of capsid bind to the genomic RNA to form
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nucleocapsids in the cytoplasm, and the glycoproteins E2 and
E1 form a specific heterodimer in the ER shortly after synthe-
sis (1, 7). The E2/E1 heterodimers are transported out of the
ER to the Golgi and plasma membranes, where the virus
matures by the budding of nucleocapsids through cellular
membranes to acquire the viral envelope. In BHK cells, the
primary budding site for RV is at the Golgi membrane, al-
though budding at the plasma membrane occurs in Vero cells
(7, 11). In this regard, RV is different from alphaviruses, which
bud exclusively at the plasma membrane (25). However, like
alphaviruses, this budding process appears to be capsid depen-
dent, since formation of virus-like particles by transfection of
subgenomic cDNA into BHK cells is strictly dependent on the
expression of glycoproteins E2 and E1 and capsid (11, 24). In
alphaviruses, genetic studies by construction of chimeric vi-
ruses demonstrated that the cytoplasmic domain of glycopro-
tein E2 interacts with the nucleocapsid in a sequence-specific
fashion during virus budding (14). Site-directed mutations with
infectious cDNA clones revealed that two amino acids, ty-
rosine and leucine, at the amino terminus of the E2 cytoplas-
mic domain play a critical role in the interaction (19, 30). The
role of glycoproteins E1 and E2 in RV assembly is not well
defined. RV E2 and E1 are anchored in the membrane as a
type 1 membrane protein. The putative E2 transmembrane
sequence is 39 residues in length, followed by a positively
charged sequence, RRACRRR, and a stretch of 20 hydropho-
bic residues that is reinserted into the ER membrane and
serves as the signal sequence for E1. The putative E1 trans-
membrane domain is 22 residues in length and is followed by
a stretch of 13 amino acids that forms the cytoplasmic domain
of E1. It is suggested that this 13-amino-acid stretch of E1 may
play a role in mediating the interaction of glycoproteins with
nucleocapsids in RV assembly (11).

In this study, we describe the construction of a full-length
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FIG. 1. Construction of RV M33 virus full-length cDNA clone. The numbers
on the viral genome scale refer to the distance from the 5’ end in kilobases. Six
DNA fragments were amplified by proofreading TaKaRa Tag DNA polymerase
with the requisite primers as described in Materials and Methods. The amplified
DNA fragments were ligated into a full-length cDNA representing the whole
viral genome by using the restriction sites indicated above the genome. The
full-length cDNA was cut with EcoRI and HindIII and inserted into a modified
pBR322 plasmid that had been cut with the same enzymes to obtain the full-
length cDNA clone pBRM33.

infectious cDNA clone of the M33 strain. RNA transcribed
from the cDNA clone produced infectious virus that showed
the same characteristics as the parental virus M33 strain in
growth and plaque size. We have used this infectious cDNA
clone to investigate the role of E1 cytoplasmic and transmem-
brane domains in viral assembly by introduction of mutations
in these regions. Our data showed that mutation of cysteine
467 at the C terminus of the E1 transmembrane domain and
leucine 471 at the N terminus of the E1 cytoplasmic domain
dramatically reduced 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 wg/ml). BHK-21 cells were grown in MEM containing 10%
fetal bovine serum and 10% tryptose phosphate broth. RV M33 was propagated
in Vero cells and used in this study.

Preparation of virion RNA and first-strand cDNA synthesis. Monolayers of
Vero cells grown in 14 150-mm-diameter dishes were infected with RV M33. At
day 3 postinfection, the culture medium was harvested and virions were precip-
itated by using polyethylene glycol (PEG) as described previously (27) and were
resuspended in 1 ml of TNE buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1 mM
EDTA). Virion RNA was extracted with TRIzol reagent (Gibco/BRL) following
the instructions of the manufacturer and was used for first-strand cDNA synthe-
sis. First-strand cDNA synthesis was carried out at 42°C for 2 h in a 20-pl
reaction mixture containing viral RNA, 200 pmol of the primer (5'-GAATTCA
AGCT,;-3"), 200 U of Superscript RT RNase H™ reverse transcriptase (RT)
(Gibco/BRL), and 40 U of RNase inhibitor (Promega) in a buffer provided by the
manufacturer (Gibco/BRL). The synthesized first-strand cDNA was used as the
template for the subsequent PCR amplification. A primer, 5'-CTCTCCCGAA
TGGCAA-3', complementary to the viral genomic sequence 5'-TTGCCATTC
GGGAGAG-3' (nt 6378 to 6491), was used in the reaction for the synthesis of
first-strand cDNA covering the nonstructural protein gene region.

Construction of full-length RV M33 ¢DNA clone. The viral cDNA was ampli-
fied in six distinct overlapping fragments by PCR with six pairs of primers in
individual reactions. These six DNA fragments were cut with restriction endo-
nucleases as shown in Fig. 1 and ligated into a full-length cDNA representing the
entire viral genomic RNA. PCR amplifications were performed in separate
reactions containing cDNA, 1 pmol of primers, 0.4 mM deoxynucleoside triphos-
phates, 10% dimethyl sulfoxide, and proofreading TaKaRa Tag polymerase
(Takara Shuzo Co., Ltd.) in a buffer provided by the manufacturer. The PCR
program consisted of 1 min at 98°C followed by 25 cycles of 20 s at 98°C, 1 s at
56°C, and varied extension times (depending on the length of each sequence) at
70°C. Amplification of the DNA fragment covering the 5’ terminus of the viral
genome was carried out with a sense primer, 5'-TTCGAATTCATTTAGGTGA
CACTATAGCAATGGAAGCTATC-3', which includes the EcoRI site (italic),
the SP6 RNA polymerase promoter sequence (single underline), and the first 14
nucleotides (double underline) of the 5’ terminus of the viral genome, and with
the antisense primer 5-GGTGGGCGGGGTGGCGGTAGA-3" (nt 1737 to
1757). For amplification of the DNA covering the 3’ terminus of the viral
genome, the PCR was done with a sense primer, 5'-TACCGTCGAAATGCCC
GAGT-3' (nt 9158 to 9175), and an antisense primer, 5'-GAATTCAAGCTT,s,
which includes a HindIII site immediately downstream from the poly(dT,s) tract.
The rest of the cDNA fragments were amplified with the following pairs of
primers: a KpnI-Nhel fragment with 5'-AGGCTCTCCGCGCGCGCGCCG-3'
(sense primer; nt 1658 to 1679) and 5'-GCACGCGACGCGCGCCCACCG-3’
(antisense primer; nt 2819 to 2839); an Nhel-EcoRV fragment with 5'-GCTGC
TCGAGCGCGCCTACCG-3' (sense primer; nt 2770 to 2790) and 5'-GTAGG
TGGCGGCGTTCTTGAT-3" (antisense primer; nt 4220 to 4240); an EcoRV-
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BglII fragment with 5'-GATCCAGGCCAAACTCCGCGC-3’ (sense primer; nt
4186 to 4206) and 5'-ACGCTCAGGCTCTGGGCGGTG-3' (antisense primer;
nt 5371 to 5391); and a BgllI-BamHI fragment with 5'-CGCGGGAGCTCACC
GACCGCT-3' (sense primer; nt 5313 to 5333) and 5'-GTCCTCGCCATTGAC
GGTAAGATGGCAGTT-3' (antisense primer; nt 9351 to 9381). The assembled
full-length ¢cDNA clone was cut with EcoRI and HindIIl and inserted into a
modified plasmid, pBR322, that had been digested with the same enzymes (in
this vector, the Nhel-Nrul fragment had been removed to delete the Tet gene).
The resulting construct was named pBRM33.

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. To facilitate mutagenesis, a silent mutation
was introduced into pPBRM33 to create a new Sphl site by changing T to A at nt
9647. For this purpose, a fusion PCR (27) was employed with pPBRM33 DNA as
a template, Pfu DNA polymerase (Stratagene), and two pairs of primers: 5'-T
ACCGTCGAAATGCCCGAGT-3' (sense primer) and 5'-AATGAGCGTACG
ACACGG-3' (antisense primer) and 5'-AATCTCGCATGCTGTGCC-3' (sense
primer) and 5'-GAATTCAAGCTTT,5-3’ (antisense primer). The PCR product
was cut with BamHI and HindIII and inserted into pBRM33 (minus the
BamHI/HindIII fragment). This construct was named pBRM34.

To construct mutants L464A, C467A, C470A, and L471A, PCR amplifications
were performed in a series of reactions with pPBRM34 DNA as a template and
primers containing the desired mutations. The mutagenic primers were 5'-GG
CACAGCATGCGGCTAAGCC-3' for mutant L464A, 5'-TTACTCGCATGC
GCTGCCAAATGC-3’ for mutant C467A, 5'-TTACTCGCATGCTGTGCCAA
AGCCTTGTAC-3' for mutant C470A, and 5'-TTACTCGCATGCTGTGCCA
AATGCGCGTACTAC-3' for mutant L471A (mutated nucleotides are under-
lined). To construct mutants C466A and C466A/C467A, the fusion PCR de-
scribed above was employed. The mutation was introduced into mutant C466A
with a pair of primers, 5'-TTACTCGCAGCCTGTGCC-3' (sense primer) and
5'-GGCACAGGCTGCGAGTAA-3' (antisense primer). For mutant C466A/
C467A, a pair of primers, 5'-GGCTTACTCGCGGCCGCCGCCAAATGC-3'
(sense primer) and 5'-GCATTTGGCGGCGGCCGCGAGTAAGCC-3' (anti-
sense primer), was used. All of the amplified DNA fragments containing the
desired mutations were reintroduced into pBRM34, and the mutations were
verified by sequencing and restriction analysis.

RNA transcription and transfection. RNA transcripts were synthesized with
SP6 RNA polymerase in the presence of m’Gpp(5')G cap analog as described
previously (29). Vero cells were transfected by a Lipofectin-mediated transfec-
tion method. Briefly, 10 wl of RNA transcription reaction mixture was mixed with
10 pl 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 mixtures were removed and replaced with culture medium (liquid or
agarose medium). At day 5 posttransfection, the liquid medium was harvested as
viral stock. The cells, overlaid with agarose, were stained with neutral red to
visualize viral plaques. BHK cells were transfected by electroporation as de-
scribed previously (27). Briefly, BHK cells were harvested by trypsin treatment
and washed twice with ice-cold phosphate-buffered saline without Ca>* and
Mg>* and resuspended at a concentration of 107/ml. RNA transcripts (20 wl)
were mixed with 0.5 ml of cells, and the mixture was transferred to a 2-mm-
diameter cuvette. Electroporation was done at room temperature with two con-
secutive 1.5-kV, 25-pF pulses with a Gene-pulser (Bio-Rad). After electropora-
tion, the cells were diluted in 10 ml of culture medium and distributed into
six-well culture plates.

RNA slot blot hybridization. Viral RNA replication was examined by RNA
slot blot hybridization. For this purpose, total RNAs were extracted with TRIzol
reagent from Vero cells transfected with mutant RNAs at 12, 24, or 36 h after
transfection. Total RNAs (3 pg) were denatured with formamide and formal-
dehyde, slot blotted into a nitrocellulose membrane, and then hybridized with
minus- or plus-strand RNA probes synthesized in vitro. For synthesis of minus-
or plus-strand RNA probes, a DNA fragment representing the 5’ terminus of the
viral RNA genome (nt 1 to 1070) was cloned into plasmid pSPT19 (Pharmacia
Biotech) at the Smal site in both orientations. The resulting constructs were used
as templates for RNA transcription. The minus- or plus-strand RNA probe was
transcribed in the presence of 50 pCi of [a-**P]CTP (NEN) (3,000 Ci/mmol)
with SP6 RNA polymerase. The hybridization was in a buffer (50% formamide,
6X SSC [1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 1% sodium
dodecyl sulfate [SDS], 0.1% Tween-20, 100 pg of tRNA/ml) containing minus- or
plus-strand RNA probe at 55°C overnight. After hybridization, the membrane
was washed with 1X SSC containing 0.1% SDS twice at room temperature and
with 0.1X SSC containing 0.1% SDS twice at 65°C and then exposed to X-ray
film.

Metabolic labeling, immunoprecipitation, and endoglycosidase H (endo H)
digestion. For analysis of viral structural protein synthesis and transport, Vero
cells infected with mutant viruses or BHK cells transfected with mutant RNAs
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
[>*S]methionine (NEN) (200 pCi/ml), and the cells were pulse-labeled for 80
min. After being labeled, the cells were chased for various times in chase medium
containing unlabeled methionine at 10 times the usual concentration. At each
chase point, the chase medium was harvested for assay of released virus particles.
The cells were washed with ice-cold phosphate-buffered saline and lysed in 200
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FIG. 2. Properties of BRM33, BRM34, and M33 viruses. BRM34 virus is a restriction site variant of BRM33 in which a new Sphl site in the E1 transmembrane
domain was created by introduction of a silent mutation (changing T to A at nt 9647) in the pBRM33 clone. (A) Vero cells were infected with virus at an MOI of 10
PFU/cell. At 12-h intervals, the medium was completely removed for titration and new medium was added. The titer was determined by plaque formation on Vero cells,
and the mean titer from two experiments is shown for each time point. ®, BRM33 virus; m, BRM34 virus; A, parental M33 virus. (B) Vero cells were transfected with
RNA and Lipofectin and overlaid with liquid growth medium. At 24-h intervals, the medium was completely removed for titration and new medium was added. The
titer was determined by plaque formation, and the mean titer from two experiments is shown. @, pPBRM33; m, pPBRM34; A, parental M33 RNA; The data points for
the growth curves represent two independent experiments. (C) Morphology of plaques produced by BRM33 and BRM34. Vero cells were transfected with RNAs from
pBRM33, pPBRM34, or parental M33 by using Lipofectin, and the transfected cells were overlaid with agarose medium. After incubation for 6 days at 35°C, the cells

were stained with neutral red.

wl of lysis buffer (1% Triton X-100, 10 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1
mM EDTA, 100 ng of phenylmethylsulfonyl fluoride/ml). The lysates were cen-
trifuged to remove nuclei and immunoprecipitated with human anti-rubella virus
serum. For immunoprecipitation, 50 wl of lysate was diluted to 150 wl with lysis
buffer and 2 pl of human anti-rubella virus serum was added. After incubation at
4°C for 1 h, 40 pl of 50% protein A-Sepharose beads (Pharmacia Biotech) was
added and incubated for a further 1 h at room temperature with shaking. The
beads were washed three times with lysis buffer and resuspended in sample buffer
(0.1 M citrate [pH 5.5], 0.15% SDS) and boiled for 5 min. After centrifugation,
the immunoprecipitates were collected and mixed with SDS gel-loading buffer
(62.5 mM Tris-HCI [pH 6.0], 2% SDS, 5% 2-mercaptoethanol, 500 mM sucrose)
and then analyzed by SDS-10% polyacrylamide gel electrophoresis (PAGE)
under reducing conditions.

For assay of released virus particles from transfected cells, the virus particles
in the chase medium were precipitated with PEG and suspended in TNE buffer
as described above. Triton X-100 was added to the suspension to a final con-
centration of 1%, and immunoprecipitation and SDS-PAGE analysis were done
as described above.

For endo H digestion, the immunoprecipitates were digested with endo H (1
mU per 10 pl of immunoprecipitates) 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 by SDS-PAGE.

Sucrose gradient centrifugation. Cell lysates were layered onto 5 to 20%
(wt/wt) sucrose gradients in TNE buffer containing 0.1% Triton X-100 and
centrifuged in an SW41 rotor at 38,000 rpm for 28 h at 5°C (2). Fractionated
gradients (total, 26 fractions; 25 wl per fraction) were subjected to SDS-10%
PAGE under nonreducing conditions. After electrophoresis, the proteins were
transferred to nitrocellulose membranes and probed with human anti-rubella
virus serum as described previously (24).

RESULTS

Characterization of pPBRM33 cDNA clone. RV M33 is one of
the wild-type isolates of RV. For the construction of a full-
length RV M33 cDNA clone, six overlapping DNA fragments
covering the entire viral genome were individually amplified by
RT-PCR with TaKaRa Tag polymerase, which has been used
successfully for construction of the infectious cDNA clone of
wild-type RV (f-Therien strain) (21). We have used Pfu DNA
polymerase in PCR amplification of RV sequence and found
that this enzyme produced smaller amounts of DNA than
TaKaRa Tag polymerase and also amplified DNA fragments
over 3 kb poorly. The six DNA fragments were assembled into
a full-length cDNA by ligation after appropriate restriction
sites were used (Fig. 1). For synthesis of RNA transcripts in
vitro, an SP6 RNA polymerase promoter sequence was posi-
tioned immediately upstream of the full-length cDNA by using
a primer containing the promoter sequence plus the first 14 nt
at the 5" terminus of RV (M33 strain) (29). The 3’-terminal
sequence of the full-length cDNA consisted of a poly(A) tract

(A5,) followed by a HindIII site, which was introduced in
cDNA synthesis by using a primer containing poly(dT,s) and a
HindlIIl site. The assembled full-length cDNA was cut with
EcoRI and HindIll and inserted into modified plasmid,
pBR322, to produce recombinant plasmid pBRM33 (Fig. 1).
The HindllI site was used to linearize the plasmid for in vitro
transcription of RNA by SP6 RNA polymerase.

A second recombinant plasmid, pPBRM34, was constructed,
in which a new Sphl site in the E1 transmembrane domain was
created by introduction of a silent mutation (changing T to A
at nt 9647) in the pBRM33 clone. This clone was used for
mutant construction as described below.

In the initial characterization of the full-length cDNA clone
pBRM33, Vero cells were transfected with RNA transcripts
synthesized from pBRM33. At day 5 posttransfection, the cul-
ture medium containing BRM33 virus was harvested as a viral
stock. The relative growth rate of this BRM33 virus compared
to that of the parental M33 virus was examined in Vero cells by
viral infection at a multiplicity of infection (MOI) of 10 PFU/
cell. The infected culture medium was harvested at 12-h inter-
vals and replaced with fresh medium. The virus titers at each
time point were determined and are shown in Fig. 2A. As can
be seen, the growth rates for BRM33 and parental M33 virus
were similar, with an exponential phase between 10 and 24 h
postinfection and reaching a maximum rate at 36 h. Virus
production continued at this rate up to 60 h after infection. At
the maximum rate, BRM33 produced 107 PFU/ml/12 h, which
was approximately the same as the parental M33 virus, al-
though in the exponential phase the virus titer of BRM33 was
twofold lower than that of M33.

The growth rate of BRM33 virus was also directly deter-
mined in primary transfected cells by titration of the culture
medium. Vero cells were transfected with pPBRM33 RNA and
Lipofectin. The culture medium was harvested daily and re-
placed with fresh medium. The virus titers in the culture me-
dium were quantitated and are shown in Fig. 2B. RNA tran-
scripts from pBRM33 produced a large amount of infectious
virus with titer and growth kinetics similar to those of the
parental M33 RNA. The amount of virus produced at day 1
posttransfection was approximately 10> PFU/ml. After day 1,
the rate of virus production rose rapidly until 4 days posttrans-
fection and reached a peak at day 5, with the titer approaching
10® PFU/ml. After that, the virus production declined due to
cell death. Taken together, these data indicate that RNA tran-
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TABLE 1. Specific infectivity of RV M33 full-length cDNA clone

RNA used for
transfection

Specific infectivity
(plaques/p.g)*

pBRM33 transcripts
INO CAP.eevveerierentieeeerteteete et ettt s e seseeee 0

m’G(5")ppp(5')G.. 3 x10°
pBRM34 transcripts”

M G(5)PPP(5)Gerrrrrrererineireriseesesssesse s s essenens 1.5 x 10°

M33 RNA ..ottt seseeee 2 x 10*

“Vero cells were transfected with RNA transcripts and Lipofectin. After
transfection, the cells were overlaid with agarose medium and incubated at 35°C
for 6 days. The plaques were visualized by neutral red stain, and the specific
infectivity of the RNA was determined from the number of plaques formed per
microgram of RNA.

> pBRM34 is a restriction site variant of pBRM33 in which a new Sphl site in
the E1 transmembrane domain was created by changing T to A at nt 9647 in the
pBRM33 clone.

scribed in vitro from pBRM33 is capable of producing infec-
tious virus with a growth capacity similar to that of the parental
M33 virus.

To determine the specific infectivity of BRM33 RNA, trans-
fected cells were overlaid with agarose medium and viral
plaques were allowed to develop. Vero cells transfected with
BRM33 RNA synthesized in the presence of m’G(5")ppp(5')G
cap analog gave rise to 3 X 10 plaques per g of RNA (Table
1), indicating that BRM33 RNA is as infectious as the RNA
transcripts from another infectious cDNA clone derived from
RV, f-Therien strain (21). Plaques formed from BRM33 RNA
were large (3-mm diameter), similar to those of M33 RNA
(Fig. 2C). Some smaller plaques were also present in both M33
and BRM33 RNA-transfected cells. No plaques were detected
with BRM33 RNA transcribed in the absence of cap analog,
suggesting that the cap structure at the 5’ terminus of the RV
genome is required for viral infectivity.

It is notable that BRM33 virus grew more slowly than did the
parental M33 virus. The RNA transcripts synthesized with SP6
RNA polymerase start with an additional G residue at their 5’
ends that is contributed by the last nucleotide of the SP6
promoter. It has been reported by Pugachev et al. (21) that in
the cDNA clone derived from f-Therien strain, after one pas-
sage, 60% of 5'-terminal clones still had the extra G, but after
five passages, no clones containing extra G were found. After
five passages, plaques of the virus appear to be larger and the
virus grows to a higher titer than does virus harvested after one
passage. Data presented in Fig. 2B and C were obtained from
RNA transcript transfection without subsequent virus passage.
The lag in virus growth and smaller-plaque phenotype ob-
served in BRM33 and BRM34 viruses are likely due to the
extra G present at the 5’ ends of the RNA transcripts.

Construction of mutants in transmembrane and cytoplas-
mic domains of E1. Possession of the infectious cDNA clone
pBRM33 enabled us to introduce mutations of interest into
RV. It has been suggested that RV E1 plays an important role
in virus assembly, possibly by mediating the interaction with
nucleocapsids (11). To investigate this, alanine substitution
mutagenesis was performed in the El transmembrane and
cytoplasmic domains with the pBRM33 c¢cDNA clone. Three
cysteine and two leucine residues in the El transmembrane
and cytoplasmic domains (Fig. 3A) were chosen as the targets
in mutagenesis. In alphaviruses, it has been reported that the
cysteine residues in the cytoplasmic domain of E2 are critical in
the interaction between the nucleocapsid core and the mem-
brane-embedded E2 and E1 (8, 13, 30). To facilitate the mu-
tagenesis process, we used the pPBRM34 clone containing a
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FIG. 3. Mutations in El transmembrane and cytoplasmic domains and
growth curves of mutant viruses. (A) Amino acid sequence of E1 transmembrane
and cytoplasmic domains and substitutions produced by mutagenesis. The num-
bering is based on the sequence published by Clarke et al. (4). (B) Growth of
mutant viruses. Vero cells were transfected with RNAs and Lipofectin and
overlaid with liquid growth medium. At 24-h intervals, the medium was removed
for virus titration and new medium was added. @, BRM34; [, C466A/C467A; m,
C467A; O, C470A; &, LAT1A; A, L464A; A, C466A.

created Sphl site in the E1 transmembrane domain. Since the
changed base is the third base of a cysteine codon, the change
is silent. The characterization of the resulting construct,
pBRM34, is shown in Fig. 2 and Table 1. These data clearly
show that there is no distinguishable difference between
pBRM33 and pBRM34 in terms of virus growth, plaque size,
and specific infectivity. Thus, alteration of nucleotide T to A at
position 9647 had no effect on viral replication.

By taking advantage of the Sphl site created, we constructed
six mutants based on pBRM34 by site-directed mutagenesis:
three mutations in the E1 transmembrane domain and two
mutations in the cytoplasmic domain. As shown in Fig. 3A,
these comprised three single-amino-acid changes of Leu 464,
Cys 466, and Cys 467 to Ala; a double change of Cys 466 and
467 to Ala in the E1 transmembrane domain; and two single-
amino-acid substitutions of Ala for Cys 470 and Leu 471 in the
E1 cytoplasmic domain.

Growth characteristics of mutant viruses. To examine the
effect of these mutations on viral growth, Vero cells were
transfected with mutant RNAs by using Lipofectin and the
titers of virus released into the medium were determined. The
results are shown in Fig. 3B. In mutants C467A and C466A/
C467A (transmembrane domain mutants), virus production
was severely impaired and the virus yield was only about 1% of
that of the parental BRM34 virus. Though mutant C466A also
released slightly less virus than did BRM34, its virus titer was
much higher than that of mutant C467A with the same muta-
tion at the next position. Mutant L464A also produced slightly
less virus, notably in the later stage of infection. In the case
of cytoplasmic domain mutants, mutant C470A produced
amounts of virus equal to that produced by BRM34. However,
substitution of Ala for Leu 471 (next to Cys 470) had a pro-
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FIG. 4. RNA slot blot hybridization. Total RNA was extracted from Vero
cells transfected by Lipofectin with RNAs from mutants or parental BRM34 at
12, 24, or 36 h posttransfection. RNA extracted from mock-infected Vero cells
was used as a control. Total RNA (3 pg) from each culture was dotted onto
nitrocellulose membranes and hybridized with 3?P-labeled RNA probes as de-
scribed in Materials and Methods. The amount of radiolabel in each dot was
quantitated by densitometry of the autoradiographs. (A) Membrane hybridized
with 3?P-labeled minus-strand RNA probe. (B) Membrane hybridized with 32P-
labeled plus-strand RNA probe. All dots were exposed to X-ray film for the same
period. The data shown represent two separate experiments.

found effect on virus release: mutant L471A produced about
10% as much virus as the parental BRM34 virus. The plaques
formed by C467A, C466A/C467A, and L471A mutants in Vero
cells were found to be smaller than those of the BRM34 virus
(data not shown).

RNA replication. It is possible that the reduction in virus
yield in mutants C467A, C466A/C467A, and L471A was due to
the effect of these mutations on viral RNA replication, since
the mutated nucleotides (between nt 9642 and 9665) are lo-
cated near a potential stem-and-loop structure (nt 9669 to
9720). This stem-and-loop structure has been shown to asso-
ciate with host cell proteins (20), although its function is un-
known. To determine whether RNA replication of these mu-
tants was affected, both minus- and plus-strand RNA synthesis
at 12, 24, or 36 h postinfection were examined in transfected
Vero cells by slot blot hybridization. The amount of RNA in
each dot was quantitated by densitometry of autoradiographs.
RNA extracted from a mock infection was used as a control.
As shown in Fig. 4, synthesis of both minus- and plus-strand
RNA was detected as early as 12 h after transfection. The
amount of RNA was increased in both blots hybridized with
either minus- or plus-strand RNA probes from 12 to 24 h
posttransfection. No significant difference was observed be-
tween the mutants and parental BRM34 at 24 and 36 h in
either minus- or plus-strand RNA blots except that for mutant
C467A the RNA level was slightly lower than that of the
parental BRM34 at 24 h posttransfection. However, the RNA
synthesis of mutant C467A caught up with those of the other
mutants at 36 h after transfection. These data indicate that the
nucleotide changes introduced in the mutants had no signifi-
cant effect on viral RNA replication, though the changes in
mutant C467A may slightly impair early RNA synthesis.
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FIG. 5. Synthesis, transport, and release of structural proteins following
transfection of mutant RNAs. Vero cells were infected with mutant or parental
BRM34 viruses at an MOI of 2. At 40 h postinfection, the infected cells were
pulse-labeled for 80 min with [**S]methionine and chased with medium contain-
ing unlabeled methionine for 10 min or 5 h. The chase medium was harvested,
and the labeled cells were lysed with buffer containing 1% Triton X-100. (A) The
lysates were immunoprecipitated with human anti-rubella virus serum, and the
immunoprecipitates were collected with protein A-Sepharose CL-4B and ana-
lyzed by SDS-10% PAGE. (B) Virus particles in the chase medium were pre-
cipitated with PEG and resuspended in TNE buffer containing 1% Triton X-100.
The suspension was immunoprecipitated with human anti-rubella virus serum
and analyzed by SDS-10% PAGE and subsequent autoradiography. The posi-
tions of migration of RV structural proteins E1, E2, and C are shown.

Viral structural protein synthesis, transport, and release as
virus particles. Since RNA replication in the mutants was not
significantly affected by the introduced mutations, viral struc-
tural protein synthesis, transport, and release as virus particles
were examined to determine which stages of viral replication
were affected. Vero cells were infected with mutant viruses,
and at 40 h after infection, the cells were pulse-labeled with
[**S]methionine for 80 min and chased with unlabeled methi-
onine for 10 min or 5 h. The cellular lysates and corresponding
chase media containing virus particles were immunoprecipi-
tated with human anti-rubella virus serum and analyzed by
SDS-10% PAGE (Fig. 5). After 80 min of pulse-labeling and a
short chase of 10 min, the structural proteins El, E2, and
capsid were observed in cells infected with all mutant and
BRM34 viruses (Fig. 5A). Two E2 forms, an ER form (39
kDa), and a Golgi form (42 to 47 kDa) were observed (10).
Below the 39-kDa E2 is a 33-kDa capsid protein. After 5 h of
chase, the ER form of E2 in all mutant viruses was completely
converted to the Golgi form of E2 (Fig. 5A) and virus particles
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TABLE 2. Relative rates of synthesis and release of viral
structural protein

Relative rate of synthesis and release of:

Virus Intracellular E1 protein Extracelluar E1 protein

Radiolabel” Ratio? Radiolabel® Ratio”
BRM34 10.6 1.0 5.2 1.0
C466A/C467A 6.2 0.6 1.6 0.3
C467A 7.8 0.7 2.3 0.4
C470A 10.2 1.0 5.6 1.0
L471A 8.6 0.8 3.5 0.7
L464A 10.8 1.0 4.7 0.9
C466A 10.9 1.0 4.3 0.8

“ Amounts of radiolabel (expressed in densitometry units) in intracellular E1
bands after 10 min of chase in Fig. 5A were quantitated by densitometry of
autoradiographs.

® Ratio of radiolabel to that in BRM34.

¢ Amounts of radiolabel (expressed in densitometry units) in extracellular E1
bands in the virions released into medium after 5 h of chase (Fig. 5B) were
quantitated by densitometry of autoradiographs.

were observed in the corresponding 5-h chase medium (Fig.
5B). These results indicate that the structural proteins in all of
the mutant viruses were synthesized, cleaved, and transported
out of the ER. To compare the viral structural protein synthe-
sis and virus release of the mutants and parental BRM34 virus,
the amounts of intracellular E1 after 10 min of chase and
extracellular E1 after 5 h of chase in each mutant virus were
quantified by densitometry. The results are shown in Table 2.
The amounts of intracellular E1 synthesized by mutants
C470A, L464A, and C466A were equal to that of the parental
BRM34 virus, indicating that structural protein synthesis in
these mutants was similar to that of the parental BRM34 virus.
Slightly smaller amounts of structural proteins were observed
in mutants C466A/C467A, C467A, and L471A, as they pro-
duced about 60, 70, and 80%, respectively, as much E1 protein
as the parental BRM34 virus (Table 2). However, the amounts
of virus released from the infected cells by these mutants were
very different. Compared to the parental BRM34 virus, all
mutants except C470A released smaller amounts of virus. The
most significant reductions in virus release were observed in
mutants C466A/C467A, C467A, and LA71A, which only re-
leased about 30, 40, and 70%, respectively, of the amount of
parental BRM34 virus (Table 2). After normalizing the values
to those of intracellular E1, the amounts of virus released by
mutants C466A/C467A, C467A, and L471A were 50, 57, and
88%, respectively, of that released by the parental BRM34
virus. The normalized values are not sufficiently low to account
for the 10- to 100-fold reduction in infectivity shown in mutants
C466A/467A, C467A, and L471A, suggesting that the mutant
viruses which were released might have reduced infectivity.
Since a reduction in virus release was observed on substitu-
tion of cysteine 467 and leucine 471, further pulse-chase ex-
periments were performed to determine whether an intracel-
lular accumulation of structural proteins occurred in the two
mutants that would indicate a possible block in virus budding.
BHK cells were transfected with mutant C467A or L471A or
parental BRM34 RNA and incubated for 40 h. The transfected
cells were pulse-labeled with [**S]methionine for 80 min and
then incubated with excess unlabeled methionine for 10 min
and 3, 6, and 9 h. At each chase point, the cell lysates and
corresponding chase medium were immunoprecipitated and
analyzed by SDS-10% PAGE (Fig. 6A to C). The amount of
radiolabel in intracellular E1 at each point was quantitated by
densitometry. The ratios of radiolabel in E1 at 3, 6, and 9 h of
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FIG. 6. Pulse-chase analysis of intracellular structural proteins. BHK cells
were transfected with mutant C467A, L471A, or parental BRM34 RNAs and
incubated for 40 h. The transfected cells were pulse-labeled with [*°S]methionine
for 80 min and then chased with unlabeled methionine for 10 min or 3, 6, or 9 h.
The cell lysates and corresponding chase media were immunoprecipitated with
human anti-rubella virus serum and analyzed by SDS-10% PAGE. (A) Parental
BRM34; (B) mutant L471A; (C) mutant C467A. (D) The amount of radiolabel
in intracellular E1 at each time point was quantitated by densitometry of the
autoradiographs. The ratios of radiolabel in E1 at 3, 6, and 9 h of chase to that
at 10 min of chase (set to 1) are shown. ®, parental BRM34; m, L471A; A,
C467A.

chase to that at 10 min of chase for mutants C467A, L471A,
and parental BRM34 were plotted and are shown in Fig. 6D. In
parental BRM34 after 3 h of chase, the intracellular E1 was
33% of that at 10 min of chase, whereas about 85 and 65% of
El radiolabel in C467A and L471A, respectively, were intra-
cellular. After a 6-h chase, most of the intracellular El1 in
BRM34 and mutant L471A was released from the cells, with
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FIG. 7. endo H treatment of structural proteins. Immunoprecipitates were isolated as described in the legend to Fig. 5, digested with endo H at 37°C for 14 h, and
then analyzed by SDS-10% PAGE and autoradiography. —, not treated with endo H; +, treated with endo H. The positions of molecular mass markers are shown on

the right (in kilodaltons).

only 11 and 23%, respectively, of E1 remaining intracellular.
However, in mutant C467A, most of the E1 (70%) remained
intracellular. By comparison with the ratios of E1 at each chase
point between the mutants and parental BRM34, it is clear that
the E1 protein accumulated in mutants C467A and L471A
during the chase period, with mutant C467A accumulating
more proteins than mutant L471A. Thus, these results, consis-
tent with the results shown in Fig. 3B and 5 and Table 2,
suggest that the defect in virus release is at the late stage of
virus assembly. It is worth noting that the reduction in radio-
label in intracellular E1 may not be due solely to release of E1
from the cells. Quantitation of the release of E1 in the mutants
revealed that the reduction in intracellular E1 was not propor-
tional to the increase in the release of E1 from the cells (data
not shown), indicating that degradation of intracellular E1
might occur expecially after 9 h of chase. Nonetheless, less
virus was released in mutants C467A and L471A at each chase
point compared to the parental virus.

To examine whether the transport of RV structural proteins
was affected, the immunoprecipitates of cell lysates were
treated with endo H. RV structural proteins undergo extensive
glycosylation during transport from the ER and passage
through the Golgi complex to the cell surface (10). The acqui-
sition of resistance to endo H digestion by RV structural pro-
teins is an indication that they have reached the cis-Golgi
compartment (10, 23). As shown in Fig. 7, during the 10-min
chase period, the ER form of E2 in all mutants was sensitive to
endo H digestion, resulting in a reduction in apparent molec-
ular mass from 39 to 31 kDa. However, treatment of E1 with
endo H led to only partial digestion (Fig. 7). Complete diges-
tion would reduce the molecular mass of E1 from 58 to 51 kDa.
After 6 h of chase, the ER form of E2 in all mutants became
completely endo H resistant. The majority of E1 also became
resistant. E1 contains three glycosylation sites, and it appears
that only one site is processed to add a complex type of glycan
(10). No change in molecular mass was found with capsid after
endo H digestion. These results indicate that E1 and E2 of all
mutants were transported normally.

E2/E1 heterodimer formation. RV E2 and E1 form a non-
covalent protein complex, not dissociated by nonionic deter-
gents, and the formation of intracellular E2/E1 heterodimers
can be detected by sedimentation analysis in sucrose gradients
(1). To examine whether E2/E1 heterodimer formation was
affected in mutants C467A and L471A, we performed sucrose
gradient sedimentation analysis of cellular lysates treated with

Triton X-100. Vero cells were infected with the mutant or the
parental BRM34 viruses. At 3 days postinfection, Triton X-100
lysates were prepared and centrifuged on a 5 to 20% sucrose
gradient followed by fractionation. The fractionated gradients
were analyzed by SDS-PAGE under nonreducing conditions.
RV antigens transferred to membranes were detected with
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FIG. 8. E2/El heterodimer formation. Vero cells were infected with C467A,
LA71A, or parental BRM34 virus. After 3 days of infection, the cells were lysed
with buffer containing 1% Triton X-100. The lysates were applied to a 5 to 20%
(wt/wt) sucrose gradient in TNE buffer containing 0.1% Triton X-100. After
centrifugation in an SW41 rotor at 5°C and at 38,000 rpm for 28 h, the gradients
were fractionated from the bottom of the tube. Samples (25 .l per fraction) were
analyzed by SDS-10% PAGE under nonreducing conditions followed by immu-
noblotting and probing with human anti-rubella virus serum. Note that fractions
5 to 20 are shown in the figure. Sedimentation is from right to left. The capsid
protein was found in the pellet fractions at the bottom of the gradient. The
positions of molecular mass markers are shown on the right (in kilodaltons).
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human anti-rubella virus serum. E1 protein was found in all
fractions of the gradient, whereas E2 was found in two regions
(Fig. 8). According to Baron and Forsell (1), the slower-mi-
grating E1 (fractions 16 to 20) was monomeric E1 and the
faster-sedimenting peak (fractions 5 to 15) contained E2/E1l
heterodimers as well as E1 oligomers (Fig. 8). Therefore, it is
likely that the fractions between 11 and 15 contained mostly
E2/E1 heterodimer. Comparison of the sedimentation profiles
of BRM34, L471A, and C467A shows that E2 and E1 form a
heterodimer in the mutants, unaffected by the introduced mu-
tations. RV E2 protein is heavily but heterogeneously glycosy-
lated. The heavier E2 fractions (5 to 10) contained mostly
Golgi-form E2, while the lighter fractions (11 to 20) contained
mostly ER-form E2 and some unglycosylated E2 with a mo-
lecular mass of 31 kDa (Fig. 8).

DISCUSSION

In this study, we constructed a full-length cDNA clone,
pBRM33, derived from the M33 strain of RV. The RNA tran-
scripts synthesized from pBRM33 in vitro were highly infec-
tious, with specific infectivity approaching 10* plaques per pg
of RNA, and produced viruses showing characteristics of
growth rate and plaque size similar to those of the parental
M33 virus. The amounts of virus produced by BRM33 were
comparable to those produced by parental M33 (107 PFU/ml).
The full-length cDNA in pBRM33 plasmid is also stable, with-
out any loss of infectivity after several passages in Escherichia
coli. During construction of the cDNA clone, we found that
purification of the virion RNA used in RT-PCR by oligo(dT)-
cellulose chromatography, as was reported previously, was not
necessary (21). Interestingly, we were also able to amplify a
DNA fragment that covered the region between Kpnl (nt 1723)
and Nhel (nt 2800) previously reported not to be amplified
(21). The reasons are not clear. Perhaps there are differences
in RNA secondary structure between M33 and f-Therien vi-
ruses or the primers used in our experiments are more effi-
cient.

We also demonstrated the feasibility of using an infectious
cDNA clone for the analysis of RV RNA replication and gene
expression. We were able to detect the synthesis of minus- or
plus-strand RNA in Vero cells transfected with RNA tran-
scripts by slot blot hybridization as early as 12 h posttransfec-
tion and to express larger amounts of structural proteins in
BHK cells by electroporation of RNA transcripts without using
amplified virus. This expression system is important in studying
RV mutants with higher frequencies of reversion or second-
site mutation, since it allows phenotypic analysis of the mutants
after one round of RNA replication. The system also permits
the study of null mutants from which virus cannot be rescued.

It has been proposed that E1 in the E2/E1 heterodimer may
be involved in the assembly of RV, possibly through interaction
with nucleocapsids by its cytoplasmic domain (11). We studied
the role of E1 in viral assembly by introducing mutations in its
transmembrane and cytoplasmic domains into our constructed
infectious cDNA clone. Nucleotide changes introduced in the
transmembrane or cytoplasmic domain did not significantly
alter the rate of minus- or plus-strand RNA synthesis, and all
mutant RNAs replicated normally. Biosynthesis studies showed
that E2 and E1 were synthesized and efficiently cleaved in all
mutants, although slightly reduced levels of protein synthesis
were observed in mutants C466A/C467A and C467A. Both E2
and E1 were also transported normally, as evidenced by pulse-
chase experiments in which E2 protein synthesized in the ER
was completely converted to the Golgi form with a higher
molecular mass of 42 to 47 kDa, and both E2 and E1 acquired
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endo H resistance after the chase. However, a reduction in
virus release was observed with all mutants except C470A.
Substitution of Ala for Leu 471 in the cytoplasmic domain and
of Ala for Cys 467 in the transmembrane domain led to sig-
nificant reductions in virus release. This defect in virus release
was not due to a failure of E2-E1 interaction, since the mu-
tated E1 formed heterodimers with E2 (Fig. 8). However, an
accumulation of intracellular structural proteins was observed
during pulse-chase experiments (Fig. 6). Thus, these results
indicate that E1 plays a critical role at a very late stage of viral
assembly and probably in the final virus budding process. Hob-
man et al. (11) have studied RV assembly by expression of RV
structural proteins with an expression vector. They showed that
COS cells transiently expressing the structural proteins secrete
virus-like particles into the medium in a capsid-dependent
manner. Deleting or replacing the E1 cytoplasmic domain was
found to inhibit the secretion of RV structural proteins from
the transfected cells, suggesting that the cytoplasmic domain of
E1 is required for virus assembly. However, the effect of dele-
tion of the cytoplasmic domain on E2/E1 heterodimer forma-
tion and transport was not examined. Nonetheless, the results
of our studies are consistent with those of Hobman et al.,
indicating that the E1 cytoplasmic domain is involved in virus
assembly. It is unclear how mutation of Leu 471 in the El
cytoplasmic domain affects virus assembly. However, we found
that substitution of Tyr 472 by Ala (next to Leu 471) also
resulted in severe reduction in virus release (unpublished
data). In contrast, no inhibition of virus production was ob-
served with mutation of Cys 470 in the cytoplasmic domain,
suggesting that the leucine residue at position 471 may repre-
sent the N terminus of the interactive region in the cytoplasmic
domain. The reduction in virus release observed with the mu-
tant L471A, therefore, is likely caused by altered interaction
between its E1 cytoplasmic domain and other structural pro-
teins, possibly nucleocapsids. Similar results were reported
with alphaviruses, in which it is known that virus budding is
driven by the interaction of the E2 cytoplasmic domain with
nucleocapsids (25). Any changes in the amino acid residues
that form the N-terminal region of the E2 cytoplasmic domain
were found to be deleterious to alphavirus assembly (8, 13, 19,
28, 30).

Substitution of Cys 467 in the E1 transmembrane domain
dramatically reduced virus release, indicating that the trans-
membrane domain of El is also involved in virus assembly. It
is not clear at present how the alteration of Cys 467 influences
virus assembly. E1 is known to undergo palmitoylation (10, 26).
The Cys 467 is, therefore, one of the possible sites for attach-
ment of palmitic acid, as suggested by others (7). Palmitoyl-
ation usually results in better anchoring of membrane proteins
in cellular membranes. If this is the site for palmitoylation,
mutation of Cys 467 would block fatty acid acylation in E1 and
would lead to weakly anchored E1 protein. Since our experi-
mental results showed that substitution of Ala for Cys 467 did
not affect E2/E1 heterodimer formation, therefore, it is tempt-
ing to speculate that the palmitoylation of Cys 467 is required
for better E1 anchoring, thereby allowing correct positioning
of its cytoplasmic domain in the cytoplasm. This possibility is
under investigation.
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