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Rubella Virus E2 Signal Peptide Is Required for Perinuclear
Localization of Capsid Protein and Virus Assembly
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The rubella virus (RV) structural proteins capsid, E2, and E1 are synthesized as a polyprotein precursor.
The signal peptide that initiates translocation of E2 into the lumen of the endoplasmic reticulum remains
attached to the carboxy terminus of the capsid protein after cleavage by signal peptidase. Among togaviruses,
this feature is unique to RV. The E2 signal peptide has previously been shown to function as a membrane
anchor for the capsid protein. In the present study, we demonstrate that this domain is required for RV
glycoprotein-dependent localization of the capsid protein to the juxtanuclear region and subsequent virus

assembly at the Golgi complex.

Rubella virus (RV) is the sole member of the genus Rubivirus
within the family Togaviridae. The virus is a human pathogen
and causes a mild self-limiting disease that is characterized by
low-grade fever and a rash in adults. However, RV infection
during the first trimester of pregnancy often results in a char-
acteristic pattern of severe birth defects in the fetus collectively
known as congenital rubella syndrome.

The structure and replication of RV have been studied ex-
tensively (for reviews, see references 5 and 20). Virions consist
of a host-derived membrane, three virus-encoded structural
proteins, and a single molecule of 40S genomic RNA. The
virus genome serves as an mRNA for translation of the non-
structural proteins, whereas the structural proteins are trans-
lated as a polyprotein precursor from a 24S subgenomic RNA
(16, 17). The structural proteins are the RNA-binding protein,
capsid protein, and membrane glycoproteins E2 and E1. The
structural polyprotein precursor contains two signal peptides
(SPs) that are necessary for directing translocation of the gly-
coproteins into the lumen of the endoplasmic reticulum (ER);
two signal peptidase-mediated cleavages within the polypro-
tein produce the three structural proteins capsid, E2, and E1
(7, 10). The E2 SP remains attached to the carboxy terminus of
the capsid protein after cleavage by the signal peptidase. Re-
tention of the hydrophobic SP at the carboxy terminus of
capsid proteins is unique to RV among the members of the
Togaviridae and may have functional consequences. Indeed,
SPs are known to have a variety of other functions in addition
to initiating translocation of their cognate proteins into the ER
(15). In this particular case, the E2 SP can function as a mem-
brane anchor for the capsid protein and it has been suggested
that this is important for the membrane-dependent assembly
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of nucleocapsids (19). However, this has yet to be proved
experimentally. In the present study, we have investigated
whether the E2 SP has functions in RV assembly apart from
initiating translocation of E2 into the ER.

Cells expressing the RV structural proteins have been shown
to assemble and secrete RV-like particles (RLPs) which are
virtually indistinguishable from RV virions in terms of mor-
phology and antigenicity (9). Accordingly, RLPs have proved
to be a useful model system with which to study RV assembly
(6). In order to assay the importance of E2 SP in virus assembly
and secretion, COS cells were transiently cotransfected with
plasmids encoding capsid proteins with or without E2 SP,
CapE2SP and CapASP, respectively (Fig. 1), and glycoproteins
E2 and E1 (8). RLP secretion was detected by using an im-
munoblot-based assay (6). CapE2SP and CapASP were con-
structed by PCR amplification with Pwo polymerase (Roche
Molecular Biochemicals, Laval, Quebec, Canada), using prim-
ers containing EcoRI or Bg/II sites (underlined). The forward
primer capsidF (5" CGCGAATTCATGGCTTCCACTACCC
3") was used in combination with capsidR (5" GGTCAGATC
TCTAGGCGCGCGCGGTGC 3') or CapASPR (5" ACTGA
GATCTAGCGGATGCGCCAAGGATG 3’) to produce cDNA
products encoding CapE2SP and CapASP, respectively. PCR
products were digested with EcoRI and Bg/II and then ligated
into the mammalian expression vector pCMVS5 (1). The au-
thenticity of each construct was confirmed by DNA sequenc-
ing. COS cells (1.5 X 10°) in 35-mm-diameter culture dishes
were transfected with 1 pug of each plasmid combined with 5 pl
of Fugene 6 transfection reagent (Roche Molecular Biochemi-
cals). Forty-eight hours posttransfection, media from the trans-
fected cells were precleared by centrifugation at 10,000 X g to
remove cell-associated material, followed by a second centrif-
ugation at 100,000 X g for 1 h to pellet RLPs (6). In parallel,
lysates were prepared from the transfected cells in order to
demonstrate capsid protein expression at the cellular level.
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FIG. 1. Schematic of RV protein constructs. The 24S cDNA en-
codes all three RV structural proteins in the order capsid-E2-E1. The
rest of the constructs are named according to the proteins and heter-
ologous domains that they encode. For example, CapCD8SP encodes
capsid protein with the CD8 SP attached to its carboxy terminus. The
E2E1 construct encodes RV E2 and E1 and contains the SP from E2.
SPs and transmembrane domains are indicated by differently shaded
boxes.

Cell lysates and 100,000 X g pellets were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotted with anticapsid antibody (2).
When cells were cotransfected with plasmids encoding
CapE2SP and E2E1, capsid protein was detected in the cell
lysates and 100,000 X g medium pellets (Fig. 2, lanes 1 and 2).
The presence of capsid protein in the 100,000 X g medium
pellets indicated that RLPs were assembled and secreted from
the cells (6). Cells expressing E2E1 and capsid protein lacking
the E2 SP (CapASP) produced high levels of capsid protein
which were detectable in cell lysates but not in the 100,000 X
g medium pellets (Fig. 2, lanes 7 and 8). The E2E1 construct
also contains the E2 SP (Fig. 1) (8), and we confirmed that
processing of E2 and E1 occurred normally in the doubly
transfected cells (data not shown). These results indicate that
the presence of an SP on the capsid protein is required for
RLP secretion.

The experiments shown in Fig. 2 demonstrated that deletion
of the E2 SP from the capsid protein abrogates secretion of
RLPs; however, they did not address whether this domain
functions simply as a membrane anchor or if it has an addi-
tional role in virus assembly and/or secretion. If the former
were true, SPs from non-RV glycoproteins should be able to
functionally replace the E2 SP. To determine if capsid proteins
containing heterologous SPs could function in virus assembly,

CapE2SP CapCD8SP CapGSP CapASP
C M C M C M C M

1 2 3 4 5 6 7 8

FIG. 2. The E2 SP is required for RLP secretion. Capsid protein
constructs with an E2, VSV G, or CD8 SP were cotransfected with the
E2EL1 expression plasmid into COS cells. Forty-eight hours posttrans-
fection, media from the transfected cells were precleared of cell-asso-
ciated material and then the medium samples (M) were subjected to
centrifugation at 100,000 X g to pellet RLPs. Cell lysates (C) were also
prepared from the transfected cells. Lysates (C) and membrane pellets
(M) were subjected to SDS-PAGE, transferred to polyvinylidene di-
fluoride membranes, and immunoblotted with anticapsid antibody,
followed by enhanced chemiluminescence detection. Capsid proteins
which are incorporated into secreted RLPs are detected in the mem-
brane pellet fractions.
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FIG. 3. Capsids with heterologous SPs stably associate with mem-
branes in vitro. Capsid protein constructs with an E2, VSV G, or CD8
SP were transcribed and translated in vitro either in the presence or in
the absence of microsomes (mic). Samples were extracted with 50 mM
sodium carbonate (pH 11.5), and the membranes were pelleted
through a sucrose cushion by using a Beckman airfuge set at 25 Ib/in®.
The supernatant (S) and the pelleted membranes (P) were subjected to
SDS-PAGE and fluorography. (A) Fluorographs from a representative
experiment are shown. (B) Graphic representation of membrane-as-
sociated capsid proteins (average of two independent experiments).
The y axis represents the fold increase in the proportion of pelleted
capsid proteins translated in the presence of microsomes relative to
those when translation was performed in the absence of microsomes.

the SPs from two other type I membrane glycoproteins, CD8
and vesicular stomatitis virus (VSV) G, were fused onto the
carboxy terminus of the capsid protein in place of the E2 SP to
create CapCD8SP and CapGSP, respectively (Fig. 1). The con-
struction of CapCDS8SP is described elsewhere (4), and
CapGSP was generated by using the megaprimer and PCR
overlap methods as previously described (13, 18). The primers
5" CCATCCTTGCGCATCCGCATGAAGTGCCTITTTGTA
CTTAG 3’ and 5" ATATCAGCGCGGGGCTGGAGCCCGC
AATTCACCCCAATGAATAA 3’ were used in a PCR to
create a cDNA that encodes the carboxy terminus of the capsid
protein fused to the VSV G SP sequence. This PCR product
was then used as a megaprimer in combination with the prim-
ers 5" CGCGAATTCATGGCTTCCACTACCC 3’ or 5' CCG
ACGCGCAAGGTGC 3’ in two separate PCRs by using the
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transfected with expression vectors encoding different capsid protein
constructs, and at 48 h posttransfection, cells were prepared for rou-
tine morphologic examination by embedding them in Epon. (A) Elec-
tron micrograph of CHO-E2E1 cells transfected with CapE2SP. RLPs
(arrowheads) can be seen in the Golgi complex (G) of these cells. No
RLPs were observed in the Golgi complex of CapCD8SP-transfected
cells (B). Bar, 100 pm.

RV 24S cDNA as template. The products of these two PCRs
were combined, and PCR overlap extension was used to pro-
duce the final product, which was subcloned into the 24S
cDNA using EcoRI and BstEIl. Like the CapE2SP construct,
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CapGSP and CapCDS8SP contain stop codons immediately fol-
lowing the SP sequences.

The CD8 and VSV G SPs are 21 and 16 amino acids in
length, respectively, whereas the E2 SP is 23 amino acids long.
However, all three of these hydrophobic peptides should be
long enough to span the ER and Golgi membranes to function
as transmembrane domains (3). Plasmids encoding the capsid
constructs were transiently cotransfected with the E2E1 plas-
mid into COS cells, and RLP secretion was assayed as de-
scribed above. RLP secretion was observed only in cells ex-
pressing CapE2SP and E2E1, despite the fact that relatively high
levels of capsid proteins were detected in all cell lysates (Fig. 2).

There are two obvious possible reasons to account for the
failure of cells expressing CapGSP and CapCDS8SP to secrete
RLPs. The first possibility is that these capsid chimeras do not
stably associate with membranes and are therefore unable to
support RLP assembly. An alternative explanation is that the
E2 SP interacts with other virus components in a sequence-
specific manner during assembly and/or secretion. To address
the first hypothesis, we used a previously described membrane
copelleting assay (19) to determine whether the chimeric cap-
sid proteins could stably associate with membranes. Briefly,
33S-labeled capsid proteins were synthesized in vitro by a cou-
pled transcription/translation system (TnT; Promega, Madi-
son, Wis.) either in the presence or absence of dog pancreatic
microsomes. Ten percent of the reaction mixtures (5 pl) were
extracted on ice with 50 mM sodium carbonate (50 pl) for
30 min, followed by centrifugation through a sucrose cushion
(50 i) containing 0.2 M sucrose, 30 mM HEPES (pH 11.5),
150 mM potassium acetate, 2.5 mM magnesium acetate, and
1 mM dithiothreitol in a Beckman Airfuge set at 25 Ib/in®. The
supernatants and the pelleted membrane fractions were sub-
jected to SDS-PAGE and fluorography. Under these condi-
tions, only capsids that are stably associated with microsomes
are recovered in the pellet fractions.

Figure 3A illustrates the results from a representative mem-
brane-copelleting assay. Quantitation of the capsid protein
bands by densitometry indicated that translation in the pres-
ence of microsomes results in a 3.4- to 4.1-fold increase in the
amounts of membrane-associated capsid proteins for all three
constructs that contain SPs but not for those containing
CapASP (Fig. 3B). Our results are similar to those of Suoma-
lainen et al. (19), who showed that 38 and 11%, respectively, of
capsid proteins with and without the E2 SP stably associate
with microsomes under these conditions. Moreover, these ex-
periments show that replacement of E2 SP with CD8 or VSV
G SPs did not decrease the ability of the capsid protein to
stably associate with membranes.

In light of our recent work which demonstrated that alter-
ation of the E1 membrane-spanning or cytoplasmic domains
blocks secretion but not RLP assembly (6), we thought it would

FIG. 5. Capsid proteins with heterologous SPs do not colocalize with E1 in the juxtanuclear region. COS cells were transfected with expression
vectors that encode CapE2SP, CapGSP, or CapCDS8SP and E2E1 (A through L). Panels M through O show cells transfected with CapE2SP only.
Cells were fixed, permeabilized with methanol, and double labeled with rabbit anti-capsid (A, D, G, J, and M) and mouse anti-E1 (B, E, H, K,
and N) antibodies and then examined by confocal microscopy. Optical sections (0.5 wm) from the X-Y plane are shown. Primary antibodies were
detected with fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit IgG and Texas Red-conjugated goat anti-mouse IgG. The FITC
channel is shown on the left (A, D, G, J, and M), and the Texas Red channel is shown in the middle (B, E, H, K, and N). The merged images are

shown on the right (C, F, I, L, and O).
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be important to determine whether the E2 SP is required at
a pre- or post-virus assembly step. Transient expression of
CapE2SP in CHO cells stably expressing E2 and E1 (CHO-
E2E1) (11) resulted in the formation of RLPs that can be
visualized by electron microscopy (Fig. 4A, arrowheads). RLPs
are readily visible in the Golgi complex of cells expressing RV
structural proteins by this method, whether they are secreted
or not (6). This method was used to determine if coexpression
of mutant capsid proteins in CHO-E2EI1 cells resulted in for-
mation of RLPs that are not secreted.

CHO-E2EI cells were transfected with the four capsid con-
structs, and at 48 h posttransfection, cells were fixed with 2.5%
glutaldehyde in 0.1 M cacodylate buffer (pH 7.4) and then
pelleted at 2,400 X g for 4 min. Cell pellets were embedded in
Epon and processed for routine morphologic changes as de-
scribed previously (6). Transfection efficiencies were moni-
tored by indirect immunofluorescence, using rabbit anticap-
sid antibodies. Routinely, >10% transfection efficiency was
achieved for each capsid construct (data not shown). At least
100 cells from each sample were examined for the presence of
RLPs in the Golgi cisternae or associated vesicles. In CHO-
E2EL1 cells transfected with CapE2SP (Fig. 4A), RLPs were
seen in the Golgi complex of approximately 10% of the cells
examined, thus confirming that the proportion of cells contain-
ing RLPs paralleled the transfection efficiency. No RLPs were
detected in CHO-E2EI] cells transfected with CapCD8SP (Fig.
4B) or CapASP (data not shown). Among more than 100 cells
analyzed, a single RLP was detected in a CHO-E2E1 cell
transfected with CapGSP (data not shown). Together, these
data argue that the E2 SP does not simply function as a mem-
brane anchor but is also required for efficient virus assembly.

A recent study from this laboratory demonstrated that trans-
port of RV structural proteins to the perinuclear region was
required for efficient assembly of RLPs (6). When transport of
one or more of the structural proteins was impaired, RLP
assembly did not occur. Therefore, we decided to examine the
subcellular localization of the different capsid constructs to
determine if the E2 SP was required for transport of the capsid
protein to the same perinuclear region in which glycoproteins
E2 and E1 accumulate. COS cells grown on coverslips were
transiently transfected with plasmids encoding the capsid pro-
tein, E2, and E1 (24S) or E2E1 plus different capsid constructs.
Samples were processed for double-label indirect immunoflu-
orescence at 24 h posttransfection by using rabbit anticapsid
and mouse anti-E1 antibodies, as previously described (12).
Primary antibodies were detected with fluorescein isothiocya-
nate-labeled donkey anti-rabbit immunoglobulin G (IgG) and
Texas Red-labeled goat anti-mouse IgG (Jackson ImmunoRe-
search Laboratories, West Grove, Pa.), and cells were exam-
ined using a Zeiss 510 confocal microscope. A total of 20
optical sections (0.5 pm) was collected from each sample.
Captured images were examined in the X-Y, X-Z, and Y-Z
planes, and final images were processed using Adobe Photo-
shop 5.0.

In cells expressing 24S cDNA (Fig. 5A through C, arrows)
and CapE2SP plus E2E1 (Fig. 5D through F, arrows), the
capsid protein was often localized in compact juxtanuclear
structures. Significant but not complete colocalization with E1
was evident in these cells, suggesting that a pool of E1 and
capsid proteins was accumulating at the same intracellular site
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(8, 9). The localization of CapE2SP to these compact jux-
tanuclear structures was dependent on coexpression of RV
glycoproteins (Fig. SM to O). The panels in Fig. 5 represent
single optical sections from each sample shown in the X-Y
orientation. Colocalization between capsid protein and E1 was
also observed when X-Z and Y-Z sections were examined
(data not shown). The lack of complete colocalization between
capsid protein and E1 was not unexpected, since a significant
proportion of capsid protein but not E1 or E2 associates with
mitochondria (2, 14). In contrast to the situation with CapE2SP,
CapCDS8SP and CapGSP exhibited punctate or reticular staining
throughout the cytoplasm and did not colocalize with E1 (Fig.
5G to L). Double staining of these cells with a mouse mono-
clonal antibody to the ER protein calnexin and rabbit anticap-
sid antibody revealed similar staining patterns, indicating that
large portions of CapCD8SP and CapGSP were localized to
membranes of the ER (reference 4 and data not shown). CapASP
formed punctate structures in the cytoplasm that did not over-
lap with E1 or ER membranes (data not shown). Collectively,
our data indicate that the E2 SP is required for E2- and
E1-dependent recruitment of capsid protein to the perinuclear
region.

The well-studied alphaviruses have served as useful para-
digms for understanding many aspects of RV biology, but the
more that is learned about these two genera of viruses, the
more it appears that they are quite different. In the present
study we have investigated one of these differences, processing
of the capsid protein and its role in virus assembly. Retention
of an SP at the carboxy end of the RV capsid protein is unique
within the Togaviridae. Experimental evidence has shown that
this domain, in addition to initiating translocation of E2 into
the ER, can also function as a membrane anchor (reference 19
and this study). Suomalainen et al. (19) hypothesized that this
may provide the mechanism to account for the membrane-
dependent assembly of RV nucleocapsids. Results from this
study are certainly consistent with this notion and, in addition,
clearly show that the E2 SP has an additional function at an
early step in the RV assembly pathway. Specifically, this do-
main is necessary for E2- and E1-dependent targeting of capsid
to the Golgi region where virus budding occurs. Previous stud-
ies by members of our laboratory demonstrated that the fold-
ing and transport of E2E1 heterodimers from the ER to the
Golgi is a highly coordinated process whose rate-limiting step
is the maturation of E1 in the ER (12). Presumably, E2 and E1
are transported from the ER to the Golgi in a COPII/COPI-
dependent manner similar to that for other viral and cellular
membrane proteins; however, nothing is known about how the
capsid protein reaches the Golgi complex, which is the site of
virus assembly. The indirect immunofluorescence data pre-
sented in this paper clearly show that the E2 SP is required for
transport of the capsid protein to the Golgi region (Fig. 5), and
it is tempting to speculate that an interaction between the E2
SP and one or more of the three other membrane-spanning
domains on E2 or E1 directs capsid protein to the same ER-
derived transport vesicles as the glycoproteins. This process
would serve to coordinate transport of capsid protein to the
Golgi with that of E2 and E1. Moreover, since E2 has a Golgi
retention signal that functions to retain the glycoprotein het-
erodimer at the Golgi (13), capsid protein by virtue of its stable
association with E2 and/or E1 would be prevented from trav-
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eling beyond the virus assembly site. Furthermore, interactions
between the E2 SP and the transmembrane domains of E2
and/or E1 in the Golgi membranes may augment assembly of
the virus. It will now be of interest to determine which of the
RV glycoprotein transmembrane domains interacts with the
E2 SP. Preliminary studies have so far failed to elucidate
whether the E2 SP interacts preferentially with E2 or E1.
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