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I. INTRODUCTION

Rubella virus is a significant human pathogen. However, the charaec-
terization of the molecular biology of rubella virus has been slow in
progressing. Recently, significant progress has been made in molecular
characterization, most notably the determination of the sequence of
the genomic RNA. The most recent comprehensive review of rubella
virus molecular biology was by Horzinek (1981) in a monograph on the
non-arthropod-borne togaviruses. A complete summary of rubella vir-
ion structure and virion morphogenesis was contributed by Murphy
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(1980). Reviews by Bowden and Westaway (1989) and Wolinsky (1990a)
covered progress since that time in a more brief fashion. Thus, an
updated comprehensive review is due. Except for a summary of the
current medical significance of rubella virus, this review will not cover
medical aspects of rubella virus. There are a large number of excellent
reviews on medical aspects of rubella virus. Four reviews on the sub-
ject to which the reader is referred are Plotkin (1988), Wolinsky
(1990a), Alford and Preblud (1990), and Cherry (1992).

II. CURRENT MEDICAL SIGNIFICANCE

Rubella virus is the etiological agent of a disease known as rubella,
3-day measles, or German measles (for a review of the disease, see any
of the medical reviews referred to above). Rubella virus infection is
systemic in nature and the accompanying symptoms are generally
benign, the most pronounced being a mild rash of short duration. It is
estimated that as many as one-half of the cases are asymptomatic. The
most common complication of rubella virus infection is transient joint
involvement such as polyarthralgia and arthritis. Joint involvement is
more common in adults (especially women) than in children. Less fre-
quent complications are thrombocytopenic purpura (approximately 1
in 3000 cases) and postinfectious encephalopathy (approximately 1 in
8000 cases). Deaths due to complications from acute rubella virus in-
fection are rare [1 in 60,000 cases; S. Holmes, Centers for Disease
Control (CDC), unpublished datal].

Of the names given to the agent and the disease that it causes,
“3-day measles” is descriptive of the length of duration of the rash,
“German measles” is due to the fact that the disease was first described
by German physicians who named it Rétheln, and “rubella” was a
name proposed in 1866 as an alternative to Rétheln by the English
physician H. Veale, who found the German name “harsh and foreign to
our ears” (Veale, 1866; Forbes, 1969). The choice of these names was
unfortunate because as a result rubella (both the virus and the dis-
ease) is almost invariably confused with measles. To make things
worse, measles is also known as rubeola. For the record, measles virus
is a negative-stranded RNA virus of the family Paramyxoviridae. Al-
though the diseases of measles and rubella share similarities in symp-
tomology, measles is a much more serious disease with a significant
incidence of dangerous complications that can lead to death [measles
was responsible for 132 deaths in the United States from 1989 through
1991 (CDC, 1993)].

The primary health impact of rubella virus is that it is a teratogenic
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agent. The virus can cross the placenta and replicate in the fetus.
Teratogenicity is confined to the first trimester of pregnancy. The inci-
dence of birth defects in babies born to women infected during the first
trimester approaches 80%. The birth defects induced, known collec-
tively as congenital rubella syndrome (CRS), can be extremely serious
in nature, most commonly involving heart defects, cataracts, deafness,
and mental retardation. Although the connection between rubella and
birth defects was first recognized in 1941 (Gregg, 1941), the virus was
not isolated until 1962 (Parkman et al., 1962; Weller and Neva, 1962).
In part spurred by the rubella epidemic of 1964, in which 20,000 CRS
cases occurred in the United States, there was a flurry of research
activity on the virus in the 1960s resulting in the development of
several live attenuated vaccines (for review see Plotkin, 1988). In the
United States, a vaccination program was instituted in 1969 that has
led to a dramatic reduction in the incidence of both rubella and CRS.
From 57,686 and 81 cases of rubella and CRS, respectively, in 1969
(CDC, 1980), the incidence bottomed out at 225 cases and 2 cases,
respectively, in 1988 (CDC, 1991a).

In the United States, the vaccination strategy is aimed at elimina-
tion of rubella and includes both universal vaccination of infants at 15
months of age with the trivalent measles, mumps, rubella (MMR) vac-
cine and specific targeting with the rubella vaccine of seronegative
women planning pregnancy and seronegative adults who could come in
contact with women of childbearing age (most particularly medical
personnel), although it is recommended that any individual over the
age of 12 months without evidence of natural infection or vaccination
be vaccinated (CDC, 1990). The vaccine virus can cross the placenta;
however, no case of CRS due to vaccination has ever been reported and
the registry of women vaccinated with rubella vaccine during pregnan-
cy was closed in 1989. Nevertheless, vaccination of pregnant women is
contraindicated and pregnant women who are found to be seronegative
are vaccinated postpartum. In both the United Kingdom and Japan, a
strategy of vaccination of seronegative female teenagers was initially
pursued in hopes of maintaining herd immunity against wild rubella
and only vaccinating those at risk. However, this strategy did not re-
sult in elimination of CRS and subsequently the vaccination of teen-
age females was augmented with universal childhood vaccination with
MMR in the United Kingdom in 1988 (Badenoch, 1988) and in Japan
in 1989 (Sugiura and Yamada, 1991). Although vaccination against
rubella virus is practiced in the United States, Europe, Japan, Austra-
lia, and some countries in the developing world (Galazka, 1991; Epide-
miological Notes, 1989), in a larger number of developing countries
vaccination is not pursued and the wild virus is still endemic (Miller,
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1991). Rubella virus is not included in the World Health Organization’s
Expanded Programme for Immunization (EPI) against preventable
childhood diseases (Bart and Lin, 1990).

The current medical significance of rubella virus is threefold. First
is that despite the existence of a vaccination program for 20 years, a
resurgence of rubella occurred in the United States between 1989 and
1991 (Lindegren et al., 1991). The number of rubella and CRS cases
rose from 225 and 2 cases in 1988 to 396 and 2 cases in 1989, 1125
and 25 cases in 1990, and 1401 and 31 cases in 1991 (CDC, 1992b;
S. Holmes, National Congenital Rubella Syndrome Registry, unpub-
lished data). The resurgence ended in 1991, and in 1992 totals of only
160 and 3 cases of rubella and CRS were reported. The resurgence,
most pronounced among individuals less than 1 year of age and over 15
years of age, was concentrated in the West and mid-Atlantic regions
(half of the reported cases in 1990 occurred in California and the
majority of the reported cases in 1991 occurred in Pennsylvania and
New York) and was notable for the large number of outbreaks in
prisons, college campuses, workplaces, and religious communities in
which vaccination is not practiced [the 1991 outbreak in Pennsylvania
and New York was largely concentrated in Amish communities (CDC,
1991b, 1992a)]. The epidemiology of the resurgence indicated that it
was primarily due to infection of those never exposed to natural infec-
tion or vaccinated and thus the challenge of preventing similar re-
surgences in the future lies in achieving complete vaccination cover-
age, particularly among children = 15 months of age and women of
childbearing age who lack evidence of vaccination or immunity. In
conjunction with the recent measles epidemic, it has been recom-
mended by both the Advisory Committee on Immunization Practices
(ACIP) of the U.S. Public Health Service and the Committee on Infec-
tious Diseases of the American Academy of Pediatrics that children
receive a second dose of MMR vaccine at age 5 years (CDC, 1989) or at
age 10-12 years (Plotkin et al., 1989).

The second current medical significance of rubella virus is reports of
a significant incidence of serious chronic complications following vac-
cination of adult women. As discussed above, natural rubella infection
of adults is frequently associated with transient joint involvement.
Intriguingly, joint involvement occurs at a much higher incidence in
adult women than in adult men. In some studies the incidence of joint
involvement in adult women with naturally acquired rubella is report-
ed to be as high as 50% and some investigators consider joint involve-
ment to be a symptom of the disease in adult women rather than a
complication (Heggie and Robbins, 1969; Cooper et al., 1969; Wolinsky,
1990a; CDC, 1990). Not surprisingly, all of the vaccine strains are also
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associated with transient joint involvement following vaccination;
however, the incidence of joint involvement is lower following vaccina-
tion with any of the vaccine strains than following naturally acquired
rubella. The ACIP states that the expected incidence of transient joint
involvement in adult women following vaccination is in the neighbor-
hood of 25% (CDC, 1990). The vaccine originally employed in the
United States was the HPV-77/DES5 strain. However, in 1979 this vac-
cine was replaced with the RA 27/3 strain, which was found to be
associated with a lower incidence of joint involvement and to induce an
immunity more comparable to that induced by natural rubella virus
infection.

In addition to transient arthralgia and arthritis, the occurrence of
chronic arthritis following rubella virus infection has been recognized
(reviewed in Ford et al., 1988). A number of laboratories have reported
isolation of rubella virus from synovial fluids of patients suffering
from transient or chronic rubella arthritis, indicating that localized
virus replication and persistence plays a role in the pathogenesis of the
disease (Hildebrant and Maasab, 1966; Weibel et al., 1969; Ogra and
Herd, 1971; Ford et al., 1982; Fraser et al., 1983; Chantler et al., 1985b).
There were reported cases of chronic joint complications following vac-
cination of both children and adults with the HPV-77/DE5 vaccine and
in some cases chronic arthritis was accompanied by neurological in-
volvement (the collection of symptoms was termed chronic arthropa-
thy) (Thompson et al., 1973; Schaffner et al., 1974; Spruance et al.,
1977; Chantler et al., 1982). Although the occurrence of such complica-
tions was a factor in the withdrawal of the HPV-77 vaccine, the inci-
dence was seemingly rare. However, a group in British Columbia has
presented evidence that chronic arthropathy following natural rubella
or vaccination in adult women is relatively common. In their most
recent reported study, these investigators found that the incidence of
chronic arthropathy following natural rubella was 30% and following
vaccination with the RA 27/3 vaccine was 5% (Tingle et al., 1986).
Rubella virus was isolated by this group from mitogenically stimu-
lated peripheral blood lymphocytes from patients suffering from
chronic arthopathy following both natural infection and vaccination
(the isolated virus was not identified as being wild type or vaccine),
indicating that virus persistence was a factor in the pathogenesis of
the syndrome (Chantler et al., 1981; Chantler et al., 1982; Tingle et al.,
1985a,b). More recently, rubella virus RNA was detected by poly-
merase chain reaction in peripheral blood leukocytes taken 8 to 10
months postvaccination from two women suffering from chronic ar-
thropathy following vaccination (Mitchell et al., 1993). Interestingly,
sera taken prior to vaccination of some patients who subsequently
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developed chronic arthropathy was positive for anti-rubella anti-
bodies, indicating previous exposure to rubella virus (Tingle et al.,
1983, 1985a,b, 1989). These reports have sparked controversy because
the ACIP has stated its belief that this type of chronic complication, if
it does exist following RA 27/3 vaccination, is extremely rare in inci-
dence (CDC, 1990, 1991c¢). In a review of available evidence conducted
by the Institute of Medicine, the conclusion was reached that the evi-
dence was consistent with a causal relation between vaccination with
the RA 27/3 vaccine and development of chronic arthritis, although
the evidence did not provide for reliable estimates of the risk of occur-
rence (Howson and Fineberg, 1992).

Finally, rubella virus is of current medical significance due to its
association with chronic disease, including autoimmune disease. The
connection between virus infection and chronic disease is an issue of
interest with a large number of viruses and the mechanism of patho-
genesis of such diseases is being actively studied (Oldstone, 1989). The
highest correlation between rubella virus infection and chronic disease
is in the CRS population (for review see Wolinsky, 1990a). In addition
to the nonprogressive symptoms apparent at birth, CRS patients suf-
fer from an extremely high incidence of endocrine dysfunctions that
manifest themselves later in life as insulin-dependent diabetes
mellitus (IDDM) and thyroiditis (the incidence of IDDM in the CRS
population is 50 times that in the general population) and a rare, fatal,
neurodegenerative disorder, progressive rubella panencephalitis
(PRP), was first recognized in the population. The primary issue in the
pathogenesis of these diseases in this population is the role played by
virus persistence (Rawls, 1974; Sever et al., 1985). Rubella virus infec-
tion in utero is systemic and virus can be isolated from multiple organs
from both aborted fetuses and children who die of CRS-related compli-
cations after birth. Children who survive excrete virus in the urine
and nasopharyngeal fluid and virus can be isolated from the cere-
brospinal fluid. Virus excretion generally ceases within 6 months to 1
year of age, although excretion has been documented to occur through
2 years of age in some patients. There have been a few reports of virus
isolation from CRS patients later in life (Menser et al., 1967; Wolinsky,
1985); however, whether lifelong persistent infection occurs uniformly
or is an atypical event is not known.

With respect to endocrine dysfunction, it can be hypothesized that
replication of virus (either in utero or as persisting virus late in life) in
the pancreas or thyroid could lead to virus-induced cell destruction or
immune-mediated call destruction aimed at virus clearance, or to gen-
eration of an autoimmune response triggered by either molecular
mimicry between virus antigens and cell proteins or by release of cell
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material from cells destroyed by virus replication. In terms of the
ability of rubella virus to replicate in endocrine tissue, rubella virus
has been shown to replicate in human pancreatic islet cells in vitro
(Numazaki et al., 1989), to infect pancreatic cells in fetuses infected in
utero (Monif et al., 1965; Cooper et al., 1965; De Prins et al., 1978), and
to replicate in the pancreas of experimentally infected animals (Men-
ser et al., 1978; Rayfield et al., 1986). Rubella virus antigen was demon-
strated in the thyroid tissue of a CRS patient suffering from Hash-
imoto’s thyroiditis (Ziring et al., 1977). In terms of molecular mimicry,
the rubella virus capsid protein shares reasonable amino acid homo-
logy with human thyroglobin (Wolinsky, 1990a). Finally, a significant
number of CRS patients have anti-islet call and anti-thyroid anti-
bodies (Ginsberg-Fellner et al., 1984; Clarke et al., 1984). However, the
distribution of major histocompatibility complex (MHC) haplotypes in
the population of CRS patients suffering from IDDM isthe same asin the
non-CRS IDDM population, and an alternative hypothesis is that con-
genital rubella infection somehow increases the penetrance of a genetic
trait (Rubenstein et al., 1982; Ginsberg-Fellner et al., 1984, 1985).

In terms of rubella virus persistence and chronic disease in the non-
CRS population, at least two cases of PRP have been described in
individuals who were infected postnatally (Wolinsky, 1985). More gen-
erally, rubella virus has been linked to both arthritis and multiple
sclerosis (MS). The link between rubella virus and arthritis was origi-
nally suggested by the arthritogenic nature of rubella virus infection,
including the occasional occurrence of chronic rubella arthritis, as
discussed above. Rare cases of development of rheumatoid arthritis
following rubella arthritis have been reported (Martenis et al., 1968;
McCormick et al., 1978). Other studies have reported the detection of
rubella virus antigen in synovial biopsy material (Ogra et al., 1975),
the isolation of virus from peripheral blood lymphocytes (Chantler ez
al., 1985a), and the presence of anti-rubella virus antibody-secreting
cells in synovial fluid (Chattopadhyay et al., 1979) from a significant
fraction of rheumatoid and/or juvenile rheumatoid arthritis patients
examined. However, a large number of studies have detected no con-
nection between rubella virus and these forms of arthritis (reviewed in
Phillips, 1989). In another study, using a sensitive polymerase chain
reaction assay, rubella virus was detected in cells from synovial fluid in
3 of 11 rheumatoid arthritis patients analyzed and in a patient suffer-
ing from psoriatic arthritis; however, rubella virus was not detected in
synovial fluid cells in any of 12 juvenile rheumatoid arthritis patients
analyzed (Phillips et al., 1993). The link between rubella virus and MS
is on the basis of epidemiological studies that indicate that MS pa-
tients were exposed to a number of common childhood viruses (includ-
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ing rubella virus) relatively late in childhood (Compston et al., 1986;
Alvord et al., 1987; Alter et al., 1987) and on the presence of antibodies
to specific viruses in the cerebrospinal fluid (CSF) of MS patients (anti-
measles virus antibodies are the most frequently encountered, where-
as anti-rubella virus antibodies are second) (Felgenhauer et al., 1985).
It should be noted that MS is an autoimmune disease and numerous
attempts have been made to demonstrate the presence of virus genetic
material in the brains of MS patients, without success (Godec et al.,
1992). In this regard, both the E1 and E2 glycoproteins of rubella virus
share short, but significant, stretches of amino acid homology with
human proteolipid protein, a major structural component of myelin,
again suggestive of a trigger of autoimmunity by molecular mimicry
(Atkins et al., 1990; Wolinsky, 1990a). It is of interest to note that in
cases of PRP, rubella virus antigen and genetic material are difficult
to demonstrate in brains at autopsy and thus the pathogenesis of this
disease may also involve autoimmunhe mechanisms (Wolinsky, 1990b).

III. TogavirRus TAXxoNOMY REVISITED

Under current classification (Francki et al., 1991), rubella virus is
the sole member of the genus Rubivirus within the family Togaviridae
of animal viruses. The other genus within the family Togaviridae is
the genus Alphavirus (Sindbis virus is the type species), which consists
of 27 arboviruses known originally as group A arboviruses. Since its
adoption by the International Committee on Taxonomy of Viruses in
1974, the family Togaviridae has contained a number of other viruses.
The subsequent molecular characterization of most of these viruses led
to their reclassification into other virus families. This reclassification
will be discussed here because it has only recently occurred with a
number of the original togaviruses and because the result demon-
strates that rubella virus fills a unique taxonomic niche.

The original family Togaviridae was approved by the International
Committee on Taxonomy of Viruses (ICTV) in 1974 and was based on
the morphological criteria that the virus have an infectious, nonseg-
mented RNA genome of 3 X 106 to 4 X 106 Da in molecular mass and a
virion consisting of an isometric nucleocapsid surrounded by a lipid enve-
lope of cell origin in which was embedded one or more virus-specified
glycoproteins (Fenner et al., 1974). Within the original togavirus fami-
ly was a second genus of arboviruses, the flaviviruses or group B arbo-
viruses (60 members, with yellow fever virus the type species). Several
other viruses that were not arboviruses had characteristics that quali-
fied them as togaviruses: rubella virus, equine arteritis virus (EAV),
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bovine viral diarrhea virus (BVDV), hog cholera virus (HCV), border
disease virus of sheep (BDV), lactate dehydrogenase-elevating virus of
mice (LDV), simian hemorrhagic fever virus (SHFV), cell-fusing agent
(CFA) of Aedes aegypti, and carrot mottle virus. These viruses, known
collectively as the non-arthropod-borne togaviruses, were all eventu-
ally included in the togavirus family (Matthews, 1982). From among
these viruses were established the genera Rubivirus and Pestivirus
(HCV, BVDYV, and BDV) in 1975 (Fenner, 1975-1976) and the genus
Arterivirus (EAV) in 1984 (Westaway et al., 1985a).

Among the togaviruses, the most extensive molecular characteriza-
tion has been done on members of the genus Alphavirus (reviewed in
Strauss and Strauss, 1986; Schlesinger and Schlesinger, 1990). The
key features of taxonomic concern of the alphaviruses are that their
genomic RNAs have a 5’ terminal type 0 cap (no ribose methylation)
and a 3’ terminal poly(A) sequence, and contain two long open reading
frames (ORFs). The 5’ proximal ORF encodes nonstructural proteins
and is translated from the genomic RNA in infected cells while the 3’
proximal ORF encodes the structural proteins found in the virion and
is translated from a single subgenomic RNA species synthesized in
infected cells. Within the structural protein ORF, the sequences encod-
ing the capsid protein are 5’ terminal. Rubella virus is similar to the
alphaviruses in these features, justifying its current retention within
the togavirus family.

The flavivirus genomic RNA has a 5’ terminal type 0 cap but lacks
the 3’ terminal poly(A). Determination of the sequence of the flavi-
virus genomic RNA revealed a single ORF that encodes both structur-
al and nonstructural proteins (Rice et al., 1985). Within the ORF, the
structural protein sequences are 5' proximal (the sequences encoding
the capsid protein are at the 5’ end of the ORF) and the nonstructural
protein-encoding sequences are 3’ proximal. Because of the significant
difference in genomic coding strategy between the alphaviruses and
the flaviviruses, the flaviviruses were classified as their own family in
1984 (Westaway et al., 1985b). Subsequent determination of the ge-
nomic sequence of two pestiviruses, BVDV (Collett et al., 1988) and
HCV (Meyers et al., 1989), revealed a coding strategy similar to those
of the flaviviruses and the genus Pestivirus was reclassified into the
family Flaviviridae (Francki et al., 1991). CFA is currently included as
a possible member of the flavivirus family (Francki et al., 1991) and
the completion of the sequence of the CFA genome ascertained that
the CFA coding strategy is similar to those of flaviviruses (Cammisa-
Parks et al., 1992). Human hepatitis C virus also has a genomic coding
strategy similar to those of the flaviviruses (Miller and Purcell, 1990).

Sequence determination of the genome of EAV revealed a coding
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strategy different from those of both the alphaviruses and flaviviruses
(den Boon et al., 1991). The EAV genome contains multiple ORFs that
are translated from multiple subgenomic RNAs synthesized in infec-
ted cells. The ORF encoding the capsid protein is the most 3’ proximal.
In these regards, the genomic coding strategy is reminiscent of those of
members of the families Coronaviridae and Toroviridae (genera Coro-
navirus and Torovirus), although EAV is distinct both in genome size
and virion morphology. Therefore the genus Arterivirus has been re-
classified as a free-standing genus (Francki et al., 1991). Genomic se-
quencing of both LDV and SHFV indicate that these viruses have
coding strategies similar to that of EAV (Godeny et al., 1990, 1993;
Kuoetal., 1991; E. K. Godeny and M. A. Brinton, personal communica-
tion). LDV and SHFV are currently classified as members of the genus
Arterivirus (Francki et al., 1991). Carrot mottle virus is currently clas-
sified as a possible member of the family Togaviridae; however, not
enough work has been done on it to resolve its proper classification.
The result of all of this taxonomic reclassification is that rubella
virus is the sole surviving non-arthropod-borne togavirus and the only
only known member of the genus Rubivirus. This is an unusual situa-
tion because most human viruses have animal relatives within the
same genus. Whether no animal rubivirus exists or whether one exists
but has been overlooked because of the benign nature of the disease is
not known. This is a question of medical relevance because no animal
model for rubella exists and rubella virus replicates only subclinically
in most common laboratory animals, although in wutero infection
through placental transfer in ferrets and rabbits has been reported.

IV. VIRION STRUCTURE

A. Virion Morphology and Physicochemical Characteristics

In the only reported determination of the chemical composition of
rubella virions (Voiland and Bardeletti, 1980), it was found that of
virion dry weight 2.4% was RNA, 74.8% was protein, 4.0% was car-
bohydrate, and 18.8% was lipid. This composition differs from the
composition of alphavirions, which are 8.7% RNA, 60—-64% protein, 7%
carbohydrate, and 27-31% lipid (as given in Francki et al., 1991). The
rubella virion composition seems inaccurate, particularly with regard
to the RNA composition. Rubella virions are exceedingly more difficult
to purify in quantity than are alphavirions and thus chemical composi-
tion analysis is correspondingly more difficult.

Negatively stained rubella virions are generally round with a diam-
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eter of approximately 60 nm and are decorated with a glycoprotein
fringe 5—8 nm in diameter (reviewed in Murphy, 1980). Two micro-
graphs of negatively stained rubella virions are shown in Fig. 1A and
B. The glycoprotein fringe is more clearly defined on the virions in Fig.
1A; however, the definition of the glycoprotein fringe on the virions in
the micrograph in Fig. 1B is more typical. Negatively stained rubella
virions appear similar to negatively stained alphavirions, with a nota-
ble distinction being that anomalously shaped virions (elongated, mul-
ticored, aberrant cores), which are rare in preparations of alpha-
virions, are relatively common in preparations of rubella virions.

Within the exterior glycoprotein fringe of the rubella virion, indi-
vidual glycoprotein spikes are rarely visualized. However, on occasion-
al micrographs, regularly spaced 5- to 8-nm projections with enlarged
distal ends have been resolved (Holmes et al., 1969; Bardeletti et al.,
1975). Following degradation of virions by prolonged incubation at 37,
45, or 56°C, 5- to 6-nm spherical subunits that form hexagonal and
pentagonal arrays are observed both free in solution and in association
with membranes (Payment et al., 1975a). It is proposed that these
arrays represent an end-on view of the virion spike. The glycoproteins
on the surface of alphavirions form a T = 4 icosahedral lattice (re-
viewed in Murphy, 1980; Fuller and Argos, 1987). It is not known if the
glycoproteins on the rubella virion form a similar structure.

Thin-section electron microsopy of rubella virions reveals an
electron-dense core of 30-35 nm surrounded by an electron-lucent
zone between the core and the virion envelope (as shown in Fig. 1C).
The core is considered to be smaller and the electron-lucent zone to be
wider in rubella virions than in alphavirions (Murphy, 1980). Rotation-
al analysis of thin sections of rubella virions suggested that the core
has a T = 3 icosahedral symmetry and contains 32 capsomers (Mat-
sumoto and Higashi, 1974). It has been shown that alphavirus capsids
have a T = 4 symmetry (Paredes et al., 1993). Cores present in
negative-stained rubella virion preparations due to spontaneous deg-
radation or in negatively stained preparations of virions purposefully
degraded with saponin, urea, or heat, are 30 to 35 nm in diameter and
have a fenestrated appearance (Horzinek et al., 1971; Payment et al.,
1975a). The rubella virus cores in these preparations are similar in
appearance to alphavirus cores (see, e.g., Horzinek and Mussgay, 1971,
Soderlund et al., 1979; Paredes et al., 1992); however, alphavirus cores
have a slightly larger diameter of between 38 and 40 nm. The fenes-
trated appearance of rubella virus cores has led to the suggestion that
the core is composed of ringlike subunits (Horzinek et al., 1971).

The buoyant density of rubella virions measured in sucrose gradi-
ents has been reported to be between 1.175 and 1.20 g/ml, with most of
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Fic. 1. Electron micrographs of rubella virions. (A and B) Rubella virions nega-
tively stained with uranyl acetate. (B) Bar: 100 nm. [The micrograph in (A) was provided
by C.-H. von Bonsdorff and the micrograph in (B) was provided by R. Simmons.] (C) Thin
section of a rubella virus-infected BHK-21 cell. Cells were fixed in 1% glutaraldehyde
and postfixed in 1% osmium tetroxide before embedding and thin sectioning. Bar: 100
nm. Note the presence of virions in the cytoplasmic matrix as well as in cytoplasmic
vacuoles. [The micrograph was provided by L. Oshiro and is from Oshiro et al. (1969).]
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the determinations yielding values between 1.18 and 1.19 g/ml (re-
viewed in Horzinek, 1981). In comparison, the buoyant density of al-
phavirions in sucrose is 1.2 g/ml (as given in Francki et al., 1991).
Widely varying determinations of the sedimenation coefficient of
rubella virions have been reported: 342S (Russell et al., 1967), 2408 =
258 (Thomssen et al., 1968), and 350S + 50S (Bardeletti et al., 1975).
The reason for the variation is not clear. In comparison, the sedimenta-
tion coefficient of alphavirions is 280S (as given in Francki et al.,
1991). Considering that rubella virions are morphologically similar to
alphavirions, it seems likely that the sedimentation coefficients should
be comparable and an experiment in which rubella virions and alpha-
virions were cosedimented in the same gradient would be appropriate.

Treatment of rubella virions with nonionic detergents in the pres-
ence or absence of ether leads to release of a moiety with a sedimenta-
tion coefficient of 150S (reviewed in Horzinek, 1981). This moiety con-
tains the virion RNA and capsid protein and is devoid of virion
glycoprotein and thus is the core or nucleocapsid. Because of insta-
bility and a propensity to aggregate, nucleocapsids isolated by gradi-
ent centrifugation following disruption of virions have never been vi-
sualized by electron microscopy. The only reliable determination of the
density of the capsid (1.44 = 0.04 g/ml) was made using isolated cap-
sids that were fixed with glutaraldehyde prior to isopycnic centrifuga-
tion (Salmi, 1972a). In comparison, alphavirus capsids have a sedimen-
tation coefficient of 150S to 160S and a density of 1.42-1.43 g/ml
(Séderlund et al., 1979). Treatment of the 150S rubella virus capsid
with RNase leads to digestion of the virion RNA and disintegration of
the 1508 moiety, indicating that (1) either the virion RNA is exposed
on or near the surface of the capsid or RNase can penetrate into the
capsid and (2) it is likely that the virion RNA is an important struc-
tural component of the capsid [(Hovi, 1972); the virion RNA in the
alphavirus capsid is also susceptible to digestion by RNase]. Also indic-
ative of the importance of the virion RNA in the rubella virus capsid
structure is that the 150S moiety can be dissociated with a number of
polyanions, including mammalian rRNA and 5S RNA, but not by poly-
cations (Hovi, 1972).

B. Stability

Rubella virus infectivity is stable within a pH range of 6.8 to 8.1
(reviewed in Horzinek, 1981). The virus is stable for years when frozen
at temperatures below —20°C and for weeks at 4°C. At 37°C, infec-
tivity decays, with a half-life of 1 to 2 hr, and at 56°C with a half-life of
5 to 20 min. The virus can be lyophilized and advantage is taken of this
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property in that the vaccine is distributed in lyophilized form. The
lyophilized vaccine is stable at 4°C for years, at room temperature for
months, and at 37°C for weeks (McAleer et al., 1980). Virus infectivity
is susceptible to a number of common inactivating agents such as
formaldehyde and ultraviolet (UV) light and to lipid solvents such as
ether, chloroform, and detergents [sodium dodecy! sulfate (SDS), Non-
idet P-40 (NP-40), Tween 80, deoxycholate (DOC), saponin]. When
rubella virions are exposed to photodynamic dyes, virus infectivity is
lost on exposure to light, indicating that the dyes can penetrate into
the virion.

C. Virion Proteins

Owing to the appearance of a number of reports with conflicting
data, the polypeptide composition of the rubella virion remained an
enigma until 1982-1984, when six studies were published that report-
ed consistent results (Ho-Terry and Cohen, 1982; Trudel et al., 1982,
Oker-Blom et al., 1983; Waxham and Wolinsky, 1983; Toivonen et al.,
1983; Bowden and Westaway, 1984). Retrospectively, the earlier studies
by Vaheri and Hovi (1972), Payment et al. (1975a), and Ho-Terry and
Cohen (1980) had correctly determined the polypeptide composition.
The rubella virion contains three virus-specific polypeptides: a capsid
protein, C, and two envelope glycoproteins, E1 and E2. In poly-
acrylamide gels, C migrates as a doublet, the lower band always being
of greater intensity than the upper band (see Fig. 2). The molecular
weight of C has been reported to be between 33,000 and 38,000 (the
range of reported molecular weights reflecting differences in the gel
systems used; the mean molecular weight of these determinations is
34,500). E1 migrates as a discrete band with a molecular weight be-
tween 55,000 and 62,000 (mean, 59,000). In contrast, E2 migrates as a
smear between 42,000 and 47,000 and between 47,000 and 54,000
(mean, 44,000 to 50,000). The intensity within the E2 smear is concen-
trated at the two ends of the smear. Using gradient gels, Oker-Blom et
al. (1983) were able to separate E2 into two discrete bands that were
termed E2a and E2b (upper and lower); however, no other group has
been able to achieve a similar separation. The E2a and E2b ends of the
virion E2 smear have similar amino acid compositions (Kalkkinen et
al., 1984), similar tryptic and chymotryptic peptide maps (Oker-Blom
et al., 1983; Ho-Terry and Cohen, 1982), the same amino-terminal se-
quence (Kalkkinen et al., 1984), and are immunoprecipitated by anti-
bodies raised against a synthetic peptide containing the COOH-
terminal amino acids of E2 deduced from the nucleotide sequence (de-
duced amino acid sequence) (Baron and Forsell, 1991). Therefore, the



MOLECULAR BIOLOGY OF RUBELLA VIRUS 83

Fic. 2. Electropherogram of rubella virus structural proteins. Radiolabeled
([35S]methionine) rubella virions and rubella virus structural proteins immunoprecipi-
tated from infected Vero cells with human anti-rubella virus serum were electro-
phoresed in an SDS-polyacrylamide gel. The identity of each species is denoted: C, capsid
protein; E2,a and E2 b, upper and lower ends of E2, glycoprotein smear; E2,, intracellu-
lar form of E2 glycoprotein; E1, E1 glycoprotein; E1-E2, covalently linked E1-E2 het-
erodimers; E1-E1, covalently linked E1-E1 homodimers. [The electropherogram is
from Marr et al. (1991).]

E2a and E2b ends of the virion smear share a common peptide back-
bone and the differences in molecular weight are due to differences in
glycosylation. Strain differences in the relative amounts of E2a and
E2b in virions have been noted in that whereas most strains studied
have roughly equal amounts of E2a and E2b, the M33 strain contains
primarily E2a (Lundstrém et al., 1991). Whereas the initially detect-
able forms of both E1 and C in pulse-radiolabeled infected cells comi-
grate with their virion counterparts, the initially detectable intra-
cellular form of E2 appears as a discrete band that migrates more
rapidly than does the lower end of the virion E2 smear (M, 41,000 to
43,000; mean, 42,000; Fig. 2) (Oker-Blom et al., 1983; Bowden and
Westaway, 1984) and intracellular bands comigrating with the virion
E2 forms are not detectable until after a chase of 2 hr (Baron and
Forsell, 1991). For convenience, the intracellular and virion forms of
E2 will be referred to as E2; and E2,, respectively, and the upper and
lower ends of the E2, smear will be termed E2,a and E2_b.

A schematic diagram of the structural protein ORF with the relative
location of landmarks on the structural proteins predicted from their
deduced amino acid sequences is shown in Fig. 3. From the deduced



84 TERYL K. FREY

0.0 1.0 20 3.0 4.0 5.0 8.0 70 8.0 80 100 110 120

L 1 i 1 i 1 i L 1 1 1 L J

SG RNA
nsP1 nsP2 nsP3 U s s ea e i
SIN oo nifp] [x] | R o C[] E2 [[ E1 Jommmpoly(al
R E3 K
"“R" -}‘u,- / SG RNA
RUB {o 'X| (P [H R e G |E2| Ei Gmpolylal
P150 P80
| yyy Y YY
| E——— Tﬂ
MAb [ [ T [N
C E2 E1

Fic. 3. Topography of the genome RNAs of rubella virus and Sindbis virus. The
scale at the top of the diagram is in kilobases. Untranslated sequences are denoted by
black lines and open reading frames (ORFs) by open boxes. In both viruses, the 5’
proximal ORF encodes nonstructural protein and the 3’ proximal ORF encodes struc-
tural proteins. The boundaries of the individual proteins processed from the precursor
translated from each ORF are denoted (nsP = nonstructural protein). Within the non-
structural protein ORFs, the location of global amino acid motifs indicative of replicase
(R), helicase (H), and cysteine protease activity (P) as well as the small region of homo-
logy between the deduced amino acid sequence of rubella virus and Sindbis virus (X
motif) are shown. Also shown are the positions of regions of nucleotide homology be-
tween rubella virus and alphaviruses (O, 51/46 nucleotide conserved region; @, sub-
genomic start site), the 3’ terminal stem-and-loop structure in the rubella virus genome
(®), and the sequences included in the subgenomic RNAs (SG RNA) of both viruses. An
expanded topography of the rubella virus structural protein ORF is shown at the bottom
of the diagram. Within the ORF, the positioning of the following domains of the struc-
tural proteins is shown: &, the hydrophilic region of C, which contains a high concentra-
tion of basic amino acids and putatively interacts with the virion RNA; B, the hydro-
phobic signal sequences that precede the N termini of E2 and E1; EJ, the transmembrane
sequences of E2 and E1; [¥], potential N-linked glycosylation sites (the site marked with
a [¥] is not present in the HPV-77 vaccine strain); 0, a putative region for O-linked
glycosylation. Below the diagram are shown the location of domains that contain epi-
topes recognized by mouse monoclonal antibodies (MAbs) (N denotes domains containing
epitopes recognized by neutralizing MAbs).

amino acid sequence (Clarke et al., 1987; Frey and Marr, 1988; Tak-
kinen et al., 1988), C is 293 or 300 amino acids in length, depending on
which of two closely spaced, in-frame AUGs at the beginning of the
coding sequence translation is initiated. The amino-terminal half of
the C protein is highly hydrophilic and is particularly rich in arginine
residues. This is presumably the domain of the protein that interacts
with the viral RNA in the capsid. Unique among viruses with quasi-



MOLECULAR BIOLOGY OF RUBELLA VIRUS 85

spherical capsids or virions, the carboxy-terminal 23 amino acids of the
rubella virus C protein are highly hydrophobic and function within the
structural polyprotein precursor as the signal sequence for E2. The
function of this sequence in processing of the structural protein pre-
cursor and the implications of its presence on capsid morphogenesis
are discussed in Sections VLLE and VLF,1, below. Additionally, it has
been shown that C is phosphorylated, although the extent of phospho-
rylation was not determined (Marr et al., 1991). On isoelectric focusing
gels, C fractionates into two bands with p/ values of 8.8 and 9.5 (Wax-
ham and Wolinsky, 1985b), which could be due to differential phospho-
rylation. In the capsid, C is present as a disulfide-linked dimer (Wax-
ham and Wolinsky, 1983; Baron and Forsell, 1991).

From the deduced amino acid sequence (Frey et al., 1986; Clarke et
al., 1987; Vidgren et al., 1987; Frey and Marr, 1988), E1 and E2 are 481
and 282 amino acids in length, respectively. Both E1 and E2 contain
N-linked carbohydrate groups (Ho-Terry and Cohen, 1982; Oker-Blom
et al., 1983; Waxham and Wolinsky, 1983; Bowden and Westaway,
1984). The deduced amino acid sequence of E1 contains three potential
N-linked glycosylation sites (Asn-X-Ser/Thr), all of which are utilized
(Bowden and Westaway, 1985; Hobman et al., 1991). Nonglycosylated
E1 synthesized in tunicamycin-treated cells has a molecular weight of
53,000 (Oker-Blom et al., 1983; Bowden and Westaway, 1984; Sanchez
and Frey, 1991) and thus roughly 6 kDa of the molecular mass of E1 is
contributed by carbohydrate moieties. In contrast, E2 is heavily gly-
cosylated. The molecular weight of E2 in tunicamycin-treated cells is
29,000 to 30,000 (Oker-Blom et al., 1983; Sanchez and Frey, 1991) and
thus 30 to 40% of the molecular mass of E2 (15 to 20 kDa) is carbohy-
drate. The deduced amino acid sequence of E2 contains four potential
N-linked glycosylation sites and all four appear to be utilized (Bowden
and Westaway, 1985; Zheng et al., 1989; Qiu et al., 1992a). Inter-
estingly, the genome of one of the attenuated rubella virus vaccine
strains (HPV-77) was found to contain two nucleotide substitutions in
the E2-coding region, in comparison to its wild-type parent strain (the
MS33 strain), which eliminate one of the potential N-linked sites
{Zheng et al., 1989). As predicted if this site is utilized in E2 of the M33
strain, both E2, and E2, of HPV-77 have molecular weights that are
3000 Da less than the molecular weights of their M33 counterparts.
Whether this mutation is involved in the attenuated phenotype of this
vaccine strain is not known. In addition to N-linked glycans, E2, is also
O-glycosylated (Sanchez and Frey, 1991; Lundstrém et al., 1991).
O-Glycans maximally contribute from 4 to 9 kDa to the molecular
mass of E2,. Consensus sequences present at O-linked glycosylation
sites have yet to be established; however, regions with concentrations
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of hydroxy-amino acids in association with proline residues appear to
be preferred (reviews in Will et al., 1993). A 27-residue sequence in
rubella virus E2 (amino acids 97-123) that contains 8 threonines, 1
serine, and 8 prolines would thus seem to be an excellent candidate
site. On isoelectric focusing gels, E1 focuses as a single species of p/
between 6.0 and 6.5 (Ho-Terry and Cohen, 1982; Waxham and
Wolinsky, 1985b). Ho-Terry and Cohen (1982) found the pl values of
E2,a and E2,b to be 8.8 and 6.0, respectively, whereas Waxham and
Wolinsky (1985b) found E2, to resolve into at least 15 bands with a
range of pl values from 5.0 to 8.6

The extent of processing of the glycans on both E1 and E2 in rubella
virions is heterogeneous as determined both by resistance to endo-
glycosidase H (endo H) and binding of lectins specific to high mannose-
type, complex-type, and hybrid-type glycans (Toivonen et al., 1983;
Sanchez and Frey, 1991; Lundstrémet al., 1991). In the case of E2, the
extent of processing is related to the molecular weight within the E2,
smear as E2.,b is endo H sensitive, is preferentially labeled with
[3H]mannose, and binds lectins specific for high-mannose glycans
whereas E2,a is endo H resistant, is preferentially labeled with
[3H]galactose, and binds lectins specific for hybrid-type and complex-
type glycans (Oker-Blom et al., 1983; Bowden and Westaway, 1984;
Sanchez and Frey, 1991). Lectin-binding assays also indicate that the
O-glycans on E2,b are less substituted than the O-glycans on E2,a
(Sanchez and Frey, 1991; Lundstrém et al., 1991). [3H]Sodium bor-
ohydride labeling of both E1 and E2 following reaction with galactose
oxidase is equivalent with or without prior digestion with neura-
minidase (Toivonen et al., 1983) and mild acid hydrolysis has no effect
on the migration of E1 and E2 glycopeptides (Bowden and Westaway,
1985), indicating that the majority of complex-type N-glycans on these
glycoproteins terminate in galactose. However, both E1 and E2,a bind
lectins specific for terminal sialic acid (Sanchez and Frey, 1991;
Lundstrém et al., 1991) and thus some fraction of the complex-type
carbohydrates contains sialic acid. Digestion of E2, with endo-
glycosidase F results in the production of two discrete bands with
molecular weights of 33,000 and 37,500, digestion of E2,b yielding
only the 33,000 product whereas digestion of E2,a yields both products
(Sanchez and Frey, 1991). Digestion of M33 virions, which contain
primarily E2.a, with N-glycanase F yields a discrete 38-kDa product
(Lundstrém et al., 1991). These results indicate that the smeary nature
of E2, is due to differential processing among the N-glycans and sug-
gests that the difference in molecular weight between E2,a and E2 b
is due to O-glycosylation, either the presence of additional O-glycans
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on E2,a in comparison to E2,b or a greater extent of substitution of
O-glycans on E2,a than on E2b.

Information on interaction of E2 and E1 with the virion envelope
comes entirely from the deduced amino acid sequences (Frey et al.,
1986; Clarke et al., 1987; Vidgren et al., 1987; Frey and Marr, 1988). As
are most virus glycoproteins, rubella virus E1 and E2 are class I mem-
brane proteins in that they contain a single potential transmembrane
sequence [(Wiley, 1986); class II membrane proteins contain two or
more membrane-spanning domains). In both E1 and E2, the predicted
transmembrane sequence is near the carboxy terminus and thus both
proteins are type I glycoproteins (as opposed to type II glycoproteins, in
which the transmembrane sequence is at the amino terminus). The
putative E2 transmembrane sequence is 39 residues in length (which
is bisected by an Asp-His dipeptide) and is followed by a heptapeptide
of sequence Arg-Arg-Cys-Ala-Arg-Arg-Arg and a stretch of 20 hydro-
phobic residues that serves as the signal sequence for E1. The putative
E1 transmembrane sequence is 22 amino acids in length and is fol-
lowed by a stretch of 13 amino acids. This 13-amino acid stretch as well
as the Arg-rich heptapeptide of E2 are probably located on the under-
side of the virion envelope and either one or both may play a role in
mediating the interaction of the glycoproteins with the nucleocapsid.
As is the case with the glycoproteins of a number of other enveloped
viruses, [3H]lpalmitic acid is incorporated into both rubella virus E2
and E1, indicating the covalent attachment of fatty acid to amino acid
residues within the transmembrane region (Waxham and Wolinsky,
1985b). Although fatty acylation of proteins can occur through both
oxy-ester bonds to threonine and serine residues and thio-ester bonds
to cysteine residues, evidence on virus glycoproteins indicates that
fatty acylation usually involves thioesterification (reviewed in Schultz
et al., 1988). The exact attachment site has been determined for three
virus glycoproteins [G glycoprotein of vesicular stomatitis virus (VSV;
Rose et al., 1984), E1 of Semliki Forest virus (Schmidt et al., 1988), and
the fusion protein of respiratory syncytial virus (Arumugham et al.,
1989)] and in each case the cysteine is close to the COOH terminus of
the transmembrane region (i.e., on the cytoplasmic side of the lipid
bilayer). Significantly, in this regard, the rubella virus E2 trans-
membrane region contains a Cys residue at the exact carboxy terminus
and the E1 transmembrane sequence contains Cys at both the second
and third residues from the carboxy terminus. In contrast, Ivanova and
Schlesinger (1993) showed that palymitoylation sites on E2 of Sindbis
virus are three cysteine residues within the 31-amino acid cytoplasmic
tail, a region that serves as the signal sequence for the 6K protein.
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However, the homologous region of rubella virus E2 (the E1 signal
sequence) lacks cysteine residues.

D. Conformation and Function of E1 and E2 on Virions

The conformation assumed by E1 and E2 on the virion is not clear
and there is even disagreement as to the molar ratio of these species in
the virion, with E1:E2 ratios of 1:1 (Bowden and Westaway, 1984;
Baron and Forsell, 1991), 6:5 (Payment et al., 1975a), and 5:1 (Vaheri
and Hovi, 1972; Waxham and Wolinsky, 1985b) having been reported.
In the virions of alphaviruses, E1 and E2 are noncovalently complexed
in a heterodimer and three heterodimers form each surface spike (Rice
and Strauss, 1982; Vogel et al., 1986; Fuller and Argos, 1987; Anthony
and Brown, 1991). Although the architecture of the rubella virus sur-
face spikes has not been defined, there is evidence to indicate that E1
and E2 form a complex in the rubella virion. Antisera specific for
either E1 or E2 immunoprecipitate both proteins from preparations of
virions disrupted by nonionic detergents (Baron and Forsell, 1991).
When nonionic detergent-disrupted virions are subjected to velocity
centrifugation on sucrose gradients, both E1 and E2 sediment in two
fractions, a monomer fraction and a fraction sedimenting more rapidly
than monomers (Vaheri and Vesikari, 1971; Payment et al., 1975a; Ho-
Terry and Cohen, 1980; Trudel et al., 1980; Dorsett et al., 1985; Baron
and Forsell, 1991). E1 and E2 in the monomer fraction are immu-
noprecipitable only with homologous antisera whereas E1 and E2 in
the more rapidly sedimenting fraction are immunoprecipitable by an-
tisera against either protein, indicating that E1 and E2 in this fraction
are in a complex (Baron and Forsell, 1991). Depending on the virus, the
noncovalent association of glycoproteins can be sensitive to disruption
by the conditions used in such experiments (reviewed in Hurtley and
Helenius, 1989) and thus it is likely that the monomer fraction ob-
served in such experiments is due to breakdown of higher order com-
plexes rather than to the existence of monomers in the rubella virion.
As a point of comparison, the alphavirus E1-E2 heterodimer is gener-
ally resistant to disruption by nonionic detergents (Wahlberg et al.,
1989).

Disulfide-bonded glycoprotein complexes are also routinely observed
when preparations of rubella virions are disrupted with SDS in the
absence of reducing agent and subjected to polyacrylamide electro-
phoresis under nonreducing conditions (Ho-Terry and Cohen, 1980;
Waxham and Wolinsky, 1983; Baron and Forsell, 1991). These com-
plexes migrate as two bands with molecular weights of 105,000 and
95,000 and have been shown to contain E1 only and E1 and E2, respec-
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tively (Waxham and Wolinsky, 1983; Dorsett et al., 1985). The molecu-
lar weights of these bands indicate that they represent E1-E1 homo-
dimers and E1-E2 heterodimers. Although it is apparent that only a
small fraction of the glycoproteins in the rubella virion is present in
disulfide-linked complexes, the E1-E1 homodimers are immu-
noprecipitated from virions disrupted with nonionic detergents by
anti-E2 as well as anti-E1 serum, indicating that they are part of a
larger complex (Baron and Forsell, 1991). It will be of interest to deter-
mine if these disulfide-linked complexes are a key element in the ar-
chitecture of the virion surface spikes or whether they are aberrant
intracellular forms that are fortuitously incorporated into some frac-
tion of the virion population.

Following disruption of rubella virions with SDS, E1 migrates more
rapidly in gels under nonreducing conditions than under reducing con-
ditions, whereas E2 migrates similarly under both conditions, indicat-
ing that disulfide bonds are important in the intramolecular conforma-
tion of E1 but not of E2 (Waxham and Wolinsky, 1983; Dorsett et al.,
1985). Interestingly, all of the anti-E2 monoclenal antibodies thus far
defined recognize contiguous epitopes whereas the majority of the anti-
E1 monoclonal antibodies recognize noncontiguous epitopes (Green
and Dorsett, 1986; Wolinsky et al., 1991). The disulfide bonding of E1 is
important in the formation of a significant fraction of these epitopes
because a number of anti-E1 monoclonal antibodies bind to SDS-
disrupted, non-reduced E1 but not to SDS-disrupted, mercaptoethanol-
reduced E1 (Green and Dorsett, 1986). Disulfide bonding is also impor-
tant to the maintenance of the structure and function of the glycopro-
tein complex because treatment of virions with mercaptoethanol
markedly increases the susceptibility of both E1 and E2 to trypsin and
destroys both the virion hemagglutinin activity and infectivity (Ho-
Terry and Cohen, 1981; Katow and Sugiura, 1988b). Interestingly, mer-
captoethanol treatment of virions sufficient to destroy hemagglutinin
activity does not affect binding with antibodies present in human sera
that exhibit hemagglutination inhibition (HI) as measured in an HI
competition assay (Ho-Terry and Cohen, 1981). This finding suggests
that HI antibodies bind at a site different from that interacting direct-
ly with erythrocytes.

Whatever the conformation of E1 and E2 in the virion, both are
exposed on the virion surface as evidenced by the finding that they are
both labeled with [3H]borohydride following galactose oxidase treat-
ment and that monoclonal antibodies specific to both bind to intact
virions (Oker-Blom et al., 1983; Toivonen et al., 1983; Waxhan and
Wolinsky, 1985a; Green and Dorsett, 1986). However, E2 is more resis-
tant to digestion with trypsin and glycosidases than is E1 (Ho-Terry
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and Cohen, 1980, 1984; Katow and Sugiura, 1988a), radioiodination of
intact virions leads to the labeling of E1 but not E2 (Katow and Sug-
iura, 1988a), and the majority of anti-E2 monoclonal antibodies do not
react with intact virions whereas the majority of anti-E1 monoclonals
do (Waxham and Wolinsky, 1985a; Green and Dorsett, 1986). Thus, E2
appears to be less exposed on the virion surface than is E1. Although it
is tempting to hypothesize that the relative inaccessibility of E2 is due
to its being covered by E1 in a heterodimer, from available data it is
also conceivable that the secondary structure of E2, particularly the
heavy glycosylation, accounts for its resistance to enzymes and anti-
body binding.

Activities associated with rubella virions are hemagglutination
(Stewart et al., 1967; Halonen et al., 1967; Schmidt et al., 1971), cell
fusion at low pH (Viidndnen and Kéaaridinen, 1980), hemolysis (Ko-
bayashi, 1978; Vddndnen and Kairidinen, 1980; Kobayashi and Suz-
uki, 1982), and a weak neuraminidase (Bardeletti et al., 1975). The
hemagglutinin resides on E1, as (1) treatment of virions with concen-
trations of trypsin that digest E1 but not E2 destroy hemagglutinin
activity (Ho-Terry and Cohen, 1981), (2) anti-E1 monoclonal anti-
bodies, but not anti-E2 monoclonal antibodies, have been isolated that
exhibit hemagglutination inhibition (HI) activity (Waxham and
Wolinsky, 1983, 1985a; Green and Dorsett, 1986), and (3) purified E1
and a 13-kDa trypsin cleavage product of E1 adsorb to erythrocytes
(Ho-Terry and Cohen, 1985). Because anti-E1 monoclonal antibodies
have been isolated that exhibit HI but do not neutralize (Waxham and
Wolinsky, 1985a; Green and Dorsett, 1986), hemagglutination (binding
to erythrocytes) and binding to receptors on infectable cells are not
strictly coincident.

Fusion of erythrocytes by rubella virions was observed when hemag-
glutination was allowed to occur at pH 5.8 at 0°C followed by incuba-
tion at 42°C at pH 5.8 or 6.3, but not at higher pH values (Vaininen
and Kéaridainen, 1980). It was also observed that fusion of rubella
virus-infected cells occurred following brief exposure to pH values of
6.0 and below, maximal fusion occurring at pH values of 5.0 and below,
presumably mediated by virus glycoproteins present in the plasma
membrane of infected cells (Katow and Sugiura, 1988a). Rubella vir-
ions exposed to pH 5 lost infectivity and hemagglutination activity, but
gained the ability to bind liposomes (Katow and Sugiura, 1988a). Ex-
posure of similar fusogenic activities on treatment with low pH has
been demonstrated with a number of enveloped viruses (Wiley, 1986).
The activity functions following endocytosis of virus particles that
have attached to receptors on the surface of susceptible cells. In the
reduced pH environment of endocytic vesicles, the fusogenic activity
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becomes operative, causing fusion of viral membrane with the vesicu-
lar membrane and allowing release of the virus capsid into the cyto-
plasm. Low-pH treatment of rubella virions caused an irreversible
conformational change of E1 and E2 exhibited by a reversal in relative
sensitivity to trypsin (i.e., E2 became trypsin sensitive and E1 became
trypsin resistant) and by the ability to radioiodinate E2 (Katow and
Sugiura, 1988a). Trypsin-treated, low pH-exposed virus retained its
ability to fuse with liposomes, indicating that the fusogenic activity
resides on E1.

Exhibition of hemolysis activity requires damage of virions, which
can be purposefully induced by repeated freeze-thawing (Kobayashi,
1978; Kobayashi and Suzuki, 1982) but often occurs during routine
virion purification (Vddnanen and Kaéaridinen, 1980). Hemolysin re-
quires a functional hemagglutinin. Unlike hemagglutination, which is
exhibited by nonionic detergent-treated virions and isolated glycopro-
tein complexes, hemolysin activity, as well as fusion, requires complete
virions. The mechanism of hemolysin activity is poorly understood but
is thought to occur when membrane fusion is mediated by virus gly-
coproteins following erythrocyte binding and hemoglobin leaks out
through damaged virion particles. Two groups reported that among
their panels of anti-E1 monoclonal antibodies were antibodies that
inhibited hemolysin (Waxham and Wolinsky, 1985b; Umino et al.,
1985). The hemolysin-inhibiting monoclonals isolated by Waxham and
Wolinsky (1985b) also exhibited HI activity; however, the hemolysin-
inhibiting monoclonals isolated by Umino et al. (1985) did not exhibit
HI, indicating that hemolysin activity resides on E1.

E. Immunological Determinants on Virion Proteins

Only one serotype of rubella virus exists and thus naturally acquired
rubella virus infection or vaccination generally confers immunity to
recurrence of acute infection. As a result of natural infection or vaccina-
tion, a persisting circulating antibody titer is developed that can be
measured by neutralization, HI, complement fixation, or a number of
assays that measure binding of antibody to virus antigen [enzyme-
linked immunosorbent assay (ELISA) or latex agglutination]. Despite
the existence of a single serotype, strains of rubella virus (both wild and
vaccine) can be differentiated from each other immunologically by
using assays that measure the avidity with which serum raised against
one strain reacts with other strains. Assays which discriminate between
strains include neutralization (Gould and Butler, 1980), radicimmune
precipitation (Ho-Terry et al., 1982), and Western blotting (Dorsett et al.,
1985; Cusi et al., 1989), but not HI (Best and Banatvala, 1970). In one
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Western blotting study (Dorsett et al., 1985), the determinants of strain
specificity resided on E2, whereas in another study (Cusi et al., 1989)
strain differences were apparent with both E2 and C. This finding
correlates with the lack of strain specificity distinguishable by HI,
because the hemagglutinin resides on E1, and suggests that at least
some neutralization epitopes recognized by polyclonal sera reside on E2.
Best et al. (1992) reported that 9 strains of rubella virus reacted sim-
ilarly with a panel of 28 monoclonal antibodies in neutralization, HI,
immunofluorescence, and enzyme immunoassays. Twenty-four of these
monoclonal antibodies were specific for E1, thus confirming the lack of
strain-specific determinants on this protein. Only two monoclonal anti-
bodies each were specific for E2 and C and thus conclusions as to
determinants of strain specificity on these proteins are limited to the
regions of the proteins recognized by these antibodies (neither of the
anti-E2 monoclonal antibodies exhibited neutralizing activity).

Whether the detectable immunological differences between strains
are of biological consequence is unknown. One phenomenon in which
such differences could conceivably play a role is reinfection of individ-
uals who are demonstrably seropositive if the reinfecting virus dif-
fered antigenically from the original virus to which the individual was
exposed. During rubella outbreaks, reinfections have been found to
occur in 5% of seropositive individuals with immunity due to natural
infection and in over 50% of seropositive individuals who were vacci-
nated (reviewed in Miller, 1990; Best, 1993). Reinfection usually oc-
curs in individuals who have low antibody titers. Although reinfection
is usually asymptomatic and virus is confined to the pharynx, occasion-
ally viremia develops and cases of CRS resulting from reinfection have
been reported. The incidence of CRS in babies born to women who were
reinfected during the first trimester of pregnancy is 8% or less.

In response to rubella virus infection, anti-rubella virus antibodies
in all of the immunoglobulin classes are induced (Salonen et al., 1985).
The transient IgM response is directed primarily against E1 (Partanen
et al., 1985; Pettersson et al., 1985) whereas the persisting IgG re-
sponse is directed against all three virion proteins, although predomi-
nant reactivity is against E1 (Partanen et al., 1985; Pettersson et al.,
1985; Dorsett et al., 1985; Katow and Suguira, 1985; de Mazancourt et
al., 1986; Cusi et al., 1988, 1989). Persisting IgG antibodies are primar-
ily, if not solely, of the IgG, subtype (Sarnesto et al., 1985; Stokes et al.,
1986). Serum IgA response is directed solely against the C protein (Ho-
Terry and Cohen, 1979; Partanen et al., 1985), a seemingly anomalous
finding considering the importance of this immunoglobulin class in
preventing reinfection in the nasopharynx (Ogra et al., 1971; Al-Nakib
et al., 1975). Presumably, the targeting of serum IgA differs from that
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of IgA in nasopharyngeal secretions. Interestingly, MS patients exhib-
it a comparatively reduced humoral reactivity to E1 and increased
reactivity to E2 in comparison with the control population, although
the significance of this observation is unclear (Nath and Wolinsky,
1990).

Despite the fact that the conditions of congenital infection with
rubella virus could lead to immunological tolerance, CRS patients ex-
hibit a humoral response against rubella virus and the presence of
antibodies (both maternal and fetal) that exhibit neutralizing activity
is detectable at birth (reviewed in Rawls, 1974). In a study of CRS sera
obtained within the first 16 months of life, the humoral response was
directly primarily, and in some cases solely, against E1 and reactivity
against C was rarely detected (de Mazancourt et al., 1986) whereas in a
study of sera from older CRS patients, an accentuated antibody re-
sponse to E2 was noted (Katow and Sugiura, 1985). Frank virus per-
sistence in CRS patients thus occurs in the presence of a neutralizing
humoral response and it has been found that rubella virus persistence
can be maintained in cell culture in the presence of neutralizing anti-
bodies (reviewed in Abernathy et al., 1990). In such cell culture sys-
tems, the ability of the virus to mature at intracellular locations is the
key factor in the maintenance of persistence and this feature is cer-
tainly important in maintenance of persistence in vivo. However, the
mechanism by which infected cells avoid destruction by complement,
the antibody-dependent cytotoxic cell system, or the cell-mediated im-
mune system in vivo is not clear. In the latter regard, several stud-
ies have detected partial or total impairment of the cell-mediated im-
mune response against rubella virus in CRS patients (reviewed in
Buimovici-Klein and Cooper, 1985). A final point of interest on the
humoral anti-rubella virus response in CRS patients is the finding that
serum antibody levels generally decline during childhood and become
undetectable in a fraction of patients [3 to 35%, depending on the study
(Kenrick et al., 1968; Hardy et al., 1969; Cooper et al., 1971; Dudgeon et
al., 1972; Ueda et al., 1975)]. Vaccination of such patients does not
result in systemic infection as measured by viremia or virus shedding;
however, reappearance of a titer following vaccination is rarely ob-
served (Cooper et al., 1971).

As alluded to several times in preceding discussions, several panels
of monoclonal antibodies have been raised against rubella virus (Ted-
der et al., 1982; Waxham and Wolinsky, 1985a; Umino et al., 1985;
Green and Dorsett, 1986; Ho-Terry et al., 1986; Gerna et al., 1987). In
these panels, the greatest number of monoclonal antibodies is specific
for E1 and, depending on the panel, three to six epitopes on E1 were
defined. Anti-E1 monoclonal antibodies exhibiting both neutralization
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and HI, neutralization but not HI, HI but not neutralization, and nei-
ther activity have been characterized. Within these panels, monoclonal
antibodies with anti-E2 specificity are rare. Wolinsky et al. (1991) have
isolated six anti-E2 monoclonals that recognize at least three epitopes,
none of which neutralize. However, the single anti-E2 monoclonal an-
tibody isolated by Green and Dorsett (1986) does neutralize. Finally,
monoclonals defining at least four epitopes of C have been isolated
(Waxham and Wolinsky, 1985a; Wolinsky et al., 1991). As expected
from the internal location of C in the virion, anti-C monoclonal anti-
bodies exhibit neither neutralization nor HI activity.

The epitopes recognized by some of the monoclonal antibodies spe-
_ cific for all three proteins have been localized (see Fig. 3) and in some
cases the epitopes recognized have been correlated with recognition by
antibodies present in human sera. Epitopes recognized by anti-C
monoclonal antibodies have been localized between amino acids 9 and
29 and between amino acids 64 and 97 of protein C (Wolinsky et al.,
1991). Human sera reacted with peptides containing amino acids 1 to
30 and 96 to 123 of protein C (Ou et al., 1992a). The Cg6—C, 53 peptide
was also recognized by rabbit polyclonal anti-rubella virus serum. The
epitopes of all of the anti-E2 monoclonals isolated by Wolinsky et al.
(1991) are located between amino acids 51 and 105 of the E2 protein
(Wolinsky et al., 1991; J. Wolinsky, personal communication) whereas
the epitope recognized by the neutralizing anti-E2 monoclonal isolated
by Green and Dorsett (1986) is located between amino acids 1 and 26 of
E2 (O'Brien, 1989). Although most of the anti-E1 monoclonal anti-
bodies recognize nonlinear epitopes, the linear epitopes recognized by
some anti-E1 monoclonal antibodies have been finely mapped. Terry et
al. (1988) defined three nonoverlapping epitopes between amino acids
245 and 285 of E1 that are recognized by monoclonals that exhibit
neutralization and HI or neutralization alone. Chaye et al. (1992) and
Wolinsky et al. (1991, 1993) each defined overlapping epitopes between
amino acids 214 and 240 of E1 that were recognized by monoclonal
antibodies that exhibited HI, neutralization, or neutralization and
weak HI.

Peptides corresponding to the region of E1 containing all of the
defined monoclonal antibody-reactive epitopes (amino acids 214
through 285) were recognized by human sera in enzyme-linked immu-
noassays (Lozzi et al., 1990; Neri et al., 1991; Mitchell et al., 1992;
Ilonen et al., 1992). Thus, this region of E1 may be a major neutralizing
epitope recognized by human antibodies, a finding of considerable sig-
nificance in the development of peptide vaccines. Inoculation of rabbits
with a peptide corresponding to amino acids 208 to 239 of E1 resulted
in induction of neutralizing (but interestingly not HI) antibodies
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(Wolinsky et al., 1993). However, as of yet the neutralizing capacity of
human antibodies recognizing these epitopes has not been confirmed.
Studies in which the reactivity of human sera to peptides representing
the entirety of E1 revealed the presence of major antibody-binding
domains outside of this one region; however, whether any of these
regions contain neutralizing epitopes is not known (Ilonen et al., 1992;
Newcombe et al., 1993). As discussed above, evidence generated on the
strain specificity of neutralizing antibodies indicated that epitopes rec-
ognized by human neutralizing antibodies are also present on E2. Oth-
er evidence supporting this conclusion is that rubella virions digested
with concentrations of trypsin that destroy E1, but not E2, retain the
capacity to combine with human neutralizing antibodies as measured
in a neutralization competition assay (Ho-Terry and Cohen, 1980).
Thus, it would also be of interest to measure the reactivity of human
sera with peptides corresponding to the sequence of E2, particularly
the epitope recognized by the neutralizing anti-E2 monoclonal anti-
body (E2,-E2,), and to determine if E2 peptides are capable of induc-
ing neutralizing antibodies in rabbits.

Progress has also been made on definition of epitopes on the rubella
virion proteins recognized by the human cell-mediated immune sys-
tem. On the basis of both immunoproliferative assays and class II-
restricted cytotoxic assays, immunodominant epitopes have been rec-
ognized that are located between amino acids 14—29 and 255-280 of C,
54-74 of E2, and 273-284 and 402-422 of E1 (McCarthy et al., 1993;
Ouetal., 1992a—-c, 1993; Ilonen et al., 1992). It is worth noting that the
E1,,5_ss4 peptide contains a neutralization and HI epitope defined by
monoclonal antibodies. However, none of these epitopes was univer-
sally recognized by all donors and peptides containing other regions of
the virion proteins were recognized by some donors. It has been shown
that cells expressing C protein are recognized by CD8+ cytotoxic cells
from a large percentage of donors in a class I-restricted assay and an
immunodominant epitope at the amino terminus of C (amino acids 9 to
29) was defined (Lovett et al., 1993).

V. GENoMic RNA: STRUCTURE, SEQUENCE, AND CODING STRATEGY

The genomic RNA of rubella virus, which has a sedimentation coef-
ficient of 38S to 40S (Hovi and Vaheri, 1970a; Sedwick and Sokol,
1970), is 9756 nucleotides in length excluding the 3’ terminal poly(A)
tract (Dominguez et al., 1990). The RNA was shown by Hovi and Vaheri
(1970a) and Sedwick and Sokol (1970) to be infectious in BHK-21 cells,
using DEAE-dextran-mediated transfection; both studies noted that
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the relative infectivity was low in comparison to the RNAs of other
viruses, although comparative specific infectivities were not reported.
In contrast, we find that the infectivity of the rubella virion RNA is
roughly equal to that of Sindbis virion RNA, using lipofectin-mediated
transfection of Vero cells (Wang et al., 1994).

Oker-Blom et al. (1984) reported the presence of two products in
complete RNase digests of 32P-labeled RNA extracted from purified
rubella virions that had properties expected for 7-methyl guanosine
cap structures [m?G(5')ppp(5')Np] found on the 5’ terminus of most
eukaryotic messenger RNAs. The penultimate nucleotide (N) of these
products was not determined and neither product comigrated in high-
voltage paper electrophoresis with the m7G(5')ppp(5')Ap cap structure
isolated from Semliki Forest virus that was used as a control. The
presence of two products could have been due to variable ribose meth-
ylation on the penultimate or subsequent nucleotides, a feature found
on many cell mRNAs and negative-polarity RNA virus mRNAs, but
not on alphavirus RNAs (Banerjee, 1980). Alternatively, one of the two
products could have been from the rubella virus subgenomic RNA that
frequently is present in virion RNA preparations (Sedwick and Sokol,
1970) and was observable in the gradients of virion RNA used by these
authors. Consistent with this latter possibility, the penultimate nucle-
otides of the genomic and subgenomic RNAs are C and U, respectively
(Dominguez, 1991; Frey et al., 1989). Recently, it was shown that the
subgenomic RNA is packaged into virus particles (Wang et al., 1994).
The poly(A) tract at the 3’ end of the rubella virus genomic RNA is
heterogeneous in length, the mean length being 53 nucleotides (Wang
et al., 1994). The mean length of the poly(A) tract on alphavirus ge-
nomic RNAs is 68 nucleotides (Frey and Strauss, 1978).

The complete sequence of the genomic RNA of rubella virus has
been determined for two strains: (1) the Therien strain (Frey et al.
(1986); Frey and Marr (1988); Dominguez et al. (1990) (accession num-
ber in the GenBank Library of Nucleotide Sequences is M15240); the
sequence of the structural protein-coding region of the Therien strain
was also determined by Vidgren et al. (1987) and Takkinen et al. (1988)
(D00242 and D00156)] and (2) the M33 strain [Clarke et al. (1987)
(X05259; S. Gillam (personal communication) (X72393)]. Additionally,
the structural protein-coding region sequence was determined for the
HPV-77 vaccine strain (which was derived from the M33 strain)
[Zheng et al. (1989) (M30776)], and the RA 27/3 vaccine strain (the
parent strain of which no longer exists) [Nakhasi et al. (1989)
(X14871)]. The base composition is 14.9% A, 15.4% U, 30.8% G, and
38.7% C, the G + C content of 69.5% being the highest of any RNA
virus thus far sequenced. The virus RNA with the next highest G + C
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content in the GenBank and European Molecular Biology Organiza-
tion (EMBO) repositories is that of Semliki Forest virus, which is 53%
G + C.

Needless to say, the high G + C content made sequence determina-
tion of the rubella genome extremely difficult and sequencing errors
are present in the original sequences reported for the Therien (Frey et
al., 1986) and M33 strains (Nakhasi et al., 1986; Clarke et al., 1987).
Most of these errors have since been corrected in the literature (Frey
and Marr, 1988; Zheng et al., 1989; Clarke et al., 1988); however, at the
time of writing the J02620 and X05259 GenBank entries had not been
completely corrected. A sequencing error of note is the presence of a
CG dinucleotide at nucleotide 6292, which was omitted from the
Therien strain sequence (Dominguez et al., 1990). In the presence of
these additional nucleotides, the 5’ proximal ORF uses different ter-
mination codons than originally deduced. Consequently, the ORF is 90
amino acids shorter than originally reported and the 5' and 3’ proxi-
mal ORF's are separated by 123 nucleotides and do not overlap, as was
originally reported.

A diagram of the positive-polarity orientation of the rubella virus
genome, including the position of the two long ORFs and the coding
arrangement of both proteins and amino acid motifs within these
ORFs, is shown in Fig. 3. The 5’ proximal ORF is 6345 nucleotides in
length, extending from nucleotide 41 to nucleotide 6385, whereas the
3’ proximal ORF is 3189 nucleotides in length, extending from nucle-
otide 6506 to nucleotide 9694. These ORF's are in the same translation-
al frame and are separated by 123 nucleotides. As discussed above, the
3' proximal ORF encodes the structural proteins; the order of the cod-
ing sequences for the structural proteins within this ORF is NH,-
C-E2-E1-COOH (this order was determined by Oker-Blom (1984a) be-
fore the sequence was available]. The start site for the subgenomic
RNA from which the structural protein ORF is translated is at nucle-
otide 6430 of the genomic RNA (Frey et al., 1989). The 5’ proximal
ORF codes for nonstructural proteins, including proteins involved in
RNA replication, as indicated by the presence of global amino acid
motifs in the deduced amino acid sequences indicative of RNA-
dependent RNA polymerase and helicase activity that are found in a
large number of positive-polarity RNA viruses, including the 5’ proxi-
mal ORF of the alphavirus genome (Kamer and Argos, 1984; Gor-
balenya et al., 1988). The polyprotein product of the alphavirus 5’
proximal ORF is cleaved into four nonstructural proteins (nsPs) by a
cysteine protease activity present within the polyprotein (reviewed in
Strauss and Strauss, 1990). Gorbalenya et al. (1991) located a puta-
tive cysteine protease within the deduced amino acid sequence of the
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rubella virus 5’ proximal ORF that shares homology with the alpha-
virus nonstructural protease and several cell papain-like proteases. As
is discussed in Section VI,C, below, this protease is active and cata-
lyzes at least one proteolytic cleavage of the polyprotein product of the
rubella virus 5' proximal ORF. Interestingly, a direct homology com-
parison of the deduced amino acid sequences of the 5’ proximal ORFs
of rubella virus and alphaviruses reveals only one short (50 amino
acids) region of homology (Dominguez et al., 1990). This region, termed
the X motif, is located at the amino terminus of alphavirus nsP3 and
thus far has been found only in the genomes of the alphaviruses,
rubella virus, hepatitis E virus, and possibly the coronaviruses (Gor-
balenya et al., 1991; Koonin et al., 1992).

There are ORFs of significant length in the negative-polarity orien-
tation of the rubella virus genome (Dominguez et al., 1990). The long-
est of these occupies the nucleotides complementary to those that en-
code the structural protein ORF in the positive-polarity orientation
and is potentially translated into a polypeptide 924 amino acids in
length. In addition, there are five ORFs that potentially encode poly-
peptides 200 amino acids or greater in length. The unusual base com-
position of the rubella virus RNA would make the random occurrence
of termination codons less frequent than in an RNA with a lower G +
C content. However, the expected random frequency of occurrence of
termination codons in an RNA with the base composition of the
rubella virus negative-polarity RNA is 1 in 47 (as compared with 1 in
21 in an RNA in which the frequency of each nucleotide was 0.25) and
thus these ORFs are much longer than would be expected if the pres-
ence of termination codons in the negative-polarity orientation were
occurring by random chance. There is no evidence that any of the
negative-polarity ORFs are translated.

The high G + C content of the rubella virus genomic RNA has a
pronounced impact on the codon usage in the two positive-polarity
ORFs. In Table I is shown a comparison of codon usage in the rubella
virus ORFs (codon usage in the 5’ proximal and 3’ proximal ORFs is
similar and therefore these ORFs have been combined) with the homo-
logous ORF's from the prototype alphavirus, Sindbis virus (Strauss and
Strauss, 1986), and a compilation of human genes (Maruyama et al.,
1986). As expected, use of G + C-rich codons is favored in the rubella
virus ORFs, particularly codons that end in G or C. The nucleotide
frequencies at each codon position in the rubella virus and Sindbis
virus ORF's and the human genes are given in Table II. Selection of C
and G residues at third-codon positions is a recognized tendency in
eukaryotic genes (reviewed in Ikemura, 1985) and in the coding re-
gions from all three sources, the percentage of C residues at third-
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TABLE I
CopoN UsAGE IN RUBELLA VIRUS AND SINDBIS ViIrRUS OPEN READING FRAMES

Amino Amino
acid Codon RUBe SIN® HUMe | acid Codon RUB SIN HUM
Arg CGA 0.44 0.37 0.52 Val GUA 0.25 1.94 0.62
CGG 1.50 0.45 0.77 GUG 2.48 1.99 3.09
CGC 6.03 1.22 1.11 GUC 3.18 2.29 1.62
CGU 0.63 0.66 0.36 GUU 0.82 1.28 1.06
AGA 0.16 1.65 1.08
AGG 0.35 0.96 1.14 Lys AAA 0.41 3.00 2.20
AAG 1.01 3.46 3.58
Leu CUA 0.16 1.09 0.61
CUG 2.52 231 437 Asn AAC 1.16 2.39 2.36
CcucC 3.96 1.06 2.20 AAU 0.57 1.25 1.69
CUU 0.79 1.14 1.07
UUA 0.15 0.48 0.59 Gln CAA 082 143 1.15
uuG 0.69 1.62 1.15 CAG 2.14 207 327
Ser UCA 0.19 1.30 0.92 His CAC 258 1.38 1.43
uce 0.72 1.41 0.43 CAU 1.00 130 0.98
UuccC 0.89 0.98 1.87
Ucu 041 0.69 1.43 Glu GAA 1.04 3.16 2.68
AGC 1.64 1.43 2.05 GAG 399 260 4.16
AGU 0.25 0.96 0.87
Asp GAC 4.15 3.06 3.02
Thr  ACA 035 207 141 GAU 091 170 214
ACG 1.10 1.25 0.55
ACC 3.74 255 251 Tyr UAC 230 2.07 1.84
ACU 0.88 1.38 1.34 UAU 0.22 1.25 1.24
Pro CCA 116 213 118 | ©¥8 ggg 3';1 2.10 i'gé
CCG 258 194  0.60 028 059 1.
ggg ‘:'ig }gg | Pe uuC 179 186 257
’ : ! 191010 0.35 1.62 1.73
Ala GCA 0.97 2.55 1.27 Te AUA 019 117 0.51
GCG 4.09 1.73 0.59
AUC 1.57 2.07 2.40
GCC 7.20 3.11 2.98 AUU 0.57 1.62 1.35
GCU 1.64 1.28 1.43 : : :
Gly GGA 0.50 2.37 1.46 Met AUG 148 2.29 2.51
GGG 1.82 1.01 1.37
UGG 248 0.9 1.42
GGC 528 136 243 | P 8
GGU 057 085 103 Ter UAA 003 000 0.11
UAG 0.03 0.03 0.05
UGA 0.00 0.05 0.17

2Codon usage in the rubella virus nonstructural protein and structural protein ORFs
combined. Codon usage in the two ORF's is similar. Usage of each codon is given as the

percentage of total codon usage. Data from Dominguez (1991).

5Codon usage in the Sindbis virus nonstructural protein and structural protein ORFs
combined. Codon usage in the two ORFs is similar. Data from Strauss and Strauss (1986).
<Codon usage in 135 human genes as compiled by Maruyama et al. (1986).
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TABLE 11
NucLEoTIDE FREQUENCIES AT DIFFERENT CODON PoSITIONS IN RUBELLA VIRUS
AND SiNDBI8 VirRus OPEN READING FRAMES AND IN HUMAN GENES

Frequencye A C G U

Rubella virus

Overall® 0.15 0.39 0.31 0.15
First position 0.15 0.32 0.39 0.14
Second position 0.22 0.32 0.25 0.21
Third position 0.07 0.53 0.29 0.11

Sindbis virus

Overall?® 0.28 0.26 0.25 0.21
First position 0.30 0.21 0.32 0.17
Second position 0.30 0.27 0.17 0.26
Third position 0.25 0.30 0.26 0.19

Human genes

Overall 0.25 0.26 0.26 0.22
First position 0.28 0.23 0.31 0.18
Second position 0.32 0.22 0.18 0.28
Third position 0.17 0.34 0.29 0.20

aCompiled from data in Table I.
bBase composition within ORFs (excluding nontranslated sequences).

codon positions is elevated in comparison with the overall percentage
of C residues (the selection is proportionately greater in the rubella
virus ORFs and the human genes than in the Sindbis virus ORFs).
Interestingly, only in the human genes is a selection of G residues at
third-codon positions apparent. The rubella virus and Sindbis virus
ORFs and the human genes also share an excess of Gs at the first codon
position and of Us at the second codon position and a deficiency of Gs at
the second codon position. The rubella virus ORFs and the human
genes share a deficiency of As at third codon positions, a tendency not
present in the Sindbis virus ORFs.

In the rubella virus ORFs, there is also a selection among isofunc-
tional amino acids toward those that are encoded by G + C-rich codons.
Proportional usage among five classes of isofunctional amino acids in
the rubella virus and Sindbis virus ORFs and the human genes is
shown in Table III. The most dramatic example of selection for amino
acids with G + C-rich codons in the rubella virus ORF's is in the basic
amino acids, 87% of which are arginine (codons CGN, AGA, and AGG)
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TABLE III
USAGE OF ISOFUNCTIONAL AMINO AcIDs IN RUBELLA VIRUS AND SiNDBIS VIRUS OPEN
ReADING FRAMEs AND HUMAN GENES

Isofunctional amino acids for which codons exhibit GC-rich

Virus/gene vs AU-rich distribution=
Basic Arg Lys
(Arg/Lys) (CGN, AGPu) (AAPu)
Rubella 0.105% 87%¢ 13%¢
Sindbis 0.118 45% 55%
Human 0.108 46% 54%
Polar Gln Asn
(Gln/Asn) (CAPuw) (AAPy)
Rubella 0.047 63% 37%
Sindbis 0.071 49% 51%
Human 0.085 52% 48%
Hydrophobic
(Ala/Leu/ Ala Leu Val Ile
Val/lIle) (GCN) (CUN, UUPu) (GUN) (AUA/C/U)
Rubella 0.312 44% 27% 22% 7%
Sindbis 0.287 30% 27% 26% 17%
Human 0.269 23% 37% 24% 16%

Isofunctional amino acids for which codons
Virus/gene exhibit no GC-rich vs AU-rich distribution

Acidic Asp Glu

(Asp/Glu) (GAPy) (GAPu)
Rubella 0.101 50% 50%
Sindbis 0.105 45% 55%
Human 0.120 43% 57%
Polar Ser Thr

(Ser/Thr) (UCN, AGPy) (ACN)
Rubella 0.102 40% 60%
Sindbis 0.140 48% 52%
Human 0.134 57% 43%

2 Amino acid encoded by GC-rich codons listed first.

bFraction of total amino acid composition composed by isofunctional group. Compiled
from data in Table II.

cPercentage usage within isofunctional group.
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and only 13% of which are lysine (codons AAA and AAG). In both the
Sindbis virus genome and the human genes, roughly 45% of the basic
residues are arginine and 55% are lysine. In the rubella virus ORFs,
there is also a selection of glutamine (CAG or CAA) over asparagine
(AAC or AAU) and, among hydrophobic amino acids, alanine (GCN) is
selected for whereas isoleucine (AUA, AUC, or AUU) is selected
against. That these selections are driven by nucleotide content is ap-
parent when the acidic amino acids are considered. The codons for
glutamic acid are GAA and GAG and for aspartic acid are GAC and
GAU and thus are of similar G + C content. Within the rubella virus
ORF's, 50% of the acidic residues are glutamic acid and 50% are aspar-
tic acid.

A tendency in nucleotide frequency in the genomes of higher verte-
brates is a deficit in the frequency of the dinucleotide CG; this tenden-
cy is not found in the genomes of invertebrates or plants (reviewed in
Strauss et al., 1990). The CG deficit may be related to the function of
CG as a signal for methylation of C, leading to chromatin inactivation.
The deficiency of CG dinucleotides affects codon usage in the mRNAs
of higher vertebrates. Interestingly, a CG deficit is also present in the
genomes of some RNA viruses of higher vertebrates such as poliovirus
and all of the negative-polarity RNA viruses, whereas the genomes of
plant RNA viruses rarely exhibit a CG deficit. Because a CG deficit in
the genome of an RNA virus could not involve methylation, it is pro-
posed that it is due to codon usage. However, other viruses of higher
vertebrates, such as the aphthoviruses (foot-and-mouth disease vi-
ruses) and the coronaviruses, do not exhibit a CG deficiency and occa-
sional plant viruses, such as cowpea mosaic virus, do exhibit a CG
deficiency. Among viruses that replicate in both invertebrates and
higher vertebrates, the flaviviruses exhibit a pronounced genomic CG
deficiency whereas the alphaviruses exhibit a modest genomic CG defi-
ciency (Weaver et al., 1993). In the rubella virus genome, the frequency
of CG dinucleotides is as expected from the base composition.

V1. Virus REPLICATION CYCLE

A. Permissive Cell Lines and Replication Curve Characteristics

Rubella virus replicates in a number of primary cell cultures and
continuous cell lines of vertebrates. Of historic interest, when rubella
virus was initially shown to have a togavirus-like morphology, it was
speculated that rubella virus might be an arbovirus (Holmes and War-
burton, 1967; Carver and Marcus, 1968). However, rubella virus fails
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to replicate in mosquitoes (Tesh and Rosen, 1975). In most types of
vertebrate culture cells, rubella virus replicates to low titers and in-
duces little or no cytopathic effect (CPE). The molecular characteriza-
tion of rubella virus has been undertaken almost exclusively in two
continuous cell lines, BHK-21 cells (hamster kidney) and Vero cells
(African Green monkey kidney). BHK-21 cells, in which titers of 107
plaque-forming units (PFU) or 50% tissue culture infectious doses
(TCIDgy)/ml can be produced (Maes et al., 1966; Vaheri et al., 1967),
were used almost exclusively in studies done through 1979. However,
the demonstration that titers of 108 PFU or TCIDgy/ml can be pro-
duced in Vero cells (Bardeletti et al., 1979; Oker-Blom et al., 1983) led
to conversion to that line. Plaque assays can be done using BHK-21,
Vero, and RK-13 (rabbit kidney) cells (Vaheri et al., 1967; Rhim and
Schell, 1967; Taylor-Robinson et al., 1964). Production of low virus
titers in RK-13 cells precludes their use in molecular characterization
experiments (Maes et al., 1966).

The two cell lines in which rubella virus replication is most produc-
tive, BHK-21 and Vero, both lack a functional interferon system (Mif-
une et al., 1970). This is an important factor in the ability of these cell
lines to support rubella virus replication to high titers because rubella
virus replication is substantially reduced in cells pretreated with in-
terferon (Wong et al., 1967; Stanwick and Hallum, 1974; Nakhasi et
al., 1988). The former two of these studies used undifferentiated inter-
feron from induced cell cultures; in the latter study, using recombi-
nant interferons, it was shown that rubella virus replication was sensi-
tive to the action of both interferon a and y; however, the effect of
interferon B was not analyzed. In interferon-competent primary Afri-
can Green monkey kidney (AGMK) cells infected with rubella virus at
a multiplicity of infection (MOI of 0.1 infectious doses per cell or less,
interferon is induced leading to reduced yields of virus because multi-
ple rounds of virus replication are inhibited (the yields of virus are
directly proportional to the MOI) (Wong et al., 1967). Interestingly,
interferon is also induced in primary AGMK cells infected at an MOI
of 10 infectious doses per cell and the culture becomes refractory to
infection by heterologous viruses. Thus, an antiviral state can be in-
duced in cells already infected with rubella virus. Presumably, the
antiviral state induced after rubella virus infection subsequently in-
terferes with ongoing rubella virus replication, because it has been
shown that when Vero cells infected with rubella virus are treated
with exogenous interferon, virus replication is reduced (Wong et al.,
1967; Mifune et al., 1970; Stanwick and Hallum, 1974). Despite the
sensitivity of rubella virus replication to interferon, the virus is adapt-
ed to survival in the presence of interferon because persistent infec-
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tions have been established in a number of interferon-competent cell
lines in which detectable interferon is present in the persistently in-
fected culture fluid and a majority of the cells in the persistently infec-
ted culture are infected (Mifune et al., 1970; Stanwick and Hallum,
1974).

The induction of interferon by rubella virus is the most likely mech-
anism behind the phenomenon of rubella virus interference with the
replication of a number of heterologous viruses, a phenomenon that
was recognized in the study of Parkman et al. (1962), in which the
isolation of rubella virus was originally reported. A number of studies
on rubella virus interference in interferon-competent cell lines led to
an overall connection between interferon induction and interference
(reviewed in Desymter et al., 1969; Horzinek, 1981). However, the con-
nection was not completely conclusive and some investigators con-
cluded that rubella virus expressed an “intrinsic interference” against
some viruses. However, the finding that interference is not exhibited
in interferon-incompetent Vero cells seemingly confirms the connec-
tion (Desmyter et al., 1969; Stanwick and Hallum, 1974). Of clinical
relevance, the standard initial laboratory assay to detect the presence
of rubella virus consists of inoculation of primary African Green mon-
key kidney cell cultures with a specimen followed after incubation for
1 week to 10 days by challenge with an enterovirus such as cox-
sackievirus A9, echovirus 11, or echovirus 40 (Herrmann, 1979). Some-
times challenge follows an intermediate passage of the fluid from the
inoculated culture. Interference with enterovirus-induced CPE pro-
vides presumptive evidence for the presence of rubella virus. Defini-
tive identification of rubella virus requires neutralization of inter-
ference with anti-rubella virus serum or analysis of infected cultures
using a specific immunodiagnostic assay (immunofluorescence or im-
munoperoxidase staining).

A fascinating (and, to the molecular virologist, frustrating) feature
of rubella virus replication in cell culture is that all of the cells in a cell
culture are not infectable at any given time, even in the most permis-
sive cell lines. This is best exemplified by infectious center experi-
ments done at 2 to 4 hr postinfection on cultures infected with an MOI
of 5 to 10 PFU/cell in which less than 100% of the cells are found to
give rise to infectious centers. The lack of uniform infection is also
apparent in immunofluorescence studies because at the time postinfec-
tion of initial detectability of virus proteins, only a fraction of the cells
are positive. In BHK-21 cells, the percentage of initially infectable
cells is in the range of 10% (Sedwick and Sokol, 1970; Wong et al.,
1969) whereas in Vero cells the percentage is on the order of 50%
(Hemphill et al., 1988). By 24 to 96 hr postinfection, a much higher
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percentage of the cells is infected as detected by either infectious cen-
ter assay or immunofluorescence (in BHK-21 cells, the percentage of
infected cells approaches 50%, whereas in Vero cells the percentage
approaches 100%). Thus, cells not initially infectable become infect-
able during the course of the experiment. Experimentally, the limited
infectability means that, even at high input MOIs, a synchronous in-
fection is not achieved. The basis of the phenomenon is unknown but
presumably involves a cellular component that is present in limiting
but fluctuating amounts in cells in a culture.

The replication rate of rubella virus is slow in comparison to rates of
other viruses. In BHK-21 cells, Vero cells, and RK-13 cells infected
with MOIs of 5 PFU or TCID,,/cell or greater, the eclipse period is at
least 12 hr followed by a gradual rise in virus titers through 36 to 48 hr
postinfection, when peak titers are obtained (Vaheri et al., 1965; Maes
et al., 1966; Wong et al., 1969; Oker-Blom, 1984b). Peak titers are
maximally 30 PFU or TCIDg,/cell in BHK-21 cells and 300 PFU or
TCID;q/cell in Vero cells (Vaheri et al., 1967; Bardeletti et al., 1979). In
addition to extracellular virus, intracellular virus is also recoverable.
In infected RK-13 and BHK-21 cells, the titer of intracellular virus is
equal to or greater than the titer of extracellular virus, whereas in
infected Vero cells the titer of intracellular virus is only 1-2% of the
extracellular titer (Maes et al., 1966; Bardeletti et al., 1979). If infected
cultures are maintained, the peak virus titers are maintained for sev-
eral days or longer (Maassab and Veronelli, 1966; Vaheri et al., 1967,
Wong et al., 1967). Cytopathic effect is initially detectable between 36
and 48 hr postinfection (Vaheri et al., 1967, Hemphill et al., 1988). The
CPE generally consists of an increase in refractile index, cell rounding
and detachment, and the presence of debris adhering to the monolayer.
In infected monolayers, CPE is often concentrated in foci, the number
of which is generally related to the amount of input virus. In no cell
line is cell destruction complete and in all cell lines tested a persistent
infection is established (Mifune et al., 1970; Stanwick and Hallum,
1974).

B. Attachment and Penetration

Attachment of rubella virus to susceptible cells is relatively rapid. In
studies using BHK-21 cells, Bardeletti et al. (1972) found that 99% of
input virus disappeared from the inoculum during a 30-min adsorption
period whereas Vaheri et al. (1967) found that in a plaque assay with a
1-hr adsorption the number of plaques formed was 80% of the number
of plaques formed with a 3-hr adsorption. The cellular receptor for
rubella virus hads not been identified. In one study, anti-idiotypic anti-
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bodies raised against anti-E1 monoclonal antibodies that exhibit HI
and/or neutralization failed to bind to either 1-day-old chick erythro-
cytes or Vero cells or to react with protein extracts of either cell type on
Western blots (Nath et al., 1989). In another study, it was shown that
the lipid fraction, but not the protein fraction, of solubilized goose
erythrocyte membranes inhibited hemagglutination (Mastromarino et
al., 1989). Hemagglutination inhibition activity was exhibited specifi-
cally by glycolipid and phospholipid extracted from the erythrocyte
membranes, and it was found that purified phosphatidylserine and
cerebroside sulfate, but not a variety of other phospho- and glycolipids,
exhibited HI. In an extension of this study, it was found that treatment
of Vero cells with high concentrations of phospholipases A, and C
completely inhibited rubella virus infection whereas treatment with a
variety of proteases and glycosidases only modestly inhibited rubella
virus infection (Mastromarino et al., 1990). Incubation of rubella vir-
ions with a number of phospho- and glycolipids (most effectively phos-
phatidylserine and phosphatidylinositol) also inhibited infection. The
implication of these experiments is that the cellular receptor for
rubella virus could be a lipid. However, it is not known if treatment of
virions with lipids could nonspecifically disrupt virion structure and
whether treatment of cells with phospholipases could cause rearrange-
ments to plasma membrane structure deleterious to virion binding. In
this regard, it would be of great interest to determine the effect of
these procedures using a virus known to have a proteinaceous cell
receptor (e.g., Sindbis virus).

The majority of enveloped animal viruses enter the cell by receptor-
mediated endocytosis (reviewed in Wiley, 1986). Following fusion of
the endocytosed vesicle containing the virus with an endosome, the
low-pH environment of the endosome triggers exposure of the fu-
sogenic activity of the viral glycoproteins, causing fusion of the virus
membrane with the endosomal membrane and resulting in the release
of the viral nucleocapsid into the cytoplasm. The requisite experi-
ments to prove that rubella virus enters the cell by receptor-mediated
endocytosis have not been done. However, exposure of the rubella virus
glycoproteins to pH 6.0 or less exposes a fusogenic activity, which is
consistent with entry by receptor-mediated endocytosis (Katow and
Suguira, 1988b). Interestingly, nonionic detergent extraction of
rubella virions at a pH of 5.0 or less results in partitioning of the C
protein into the detergent phase (Mauracher et al., 1991). Presumably
the C protein undergoes a conformational change at low pH that ren-
ders it hydrophobic in nature (it is tempting to speculate that this is
due to exposure of the COOH-terminal hydrophobic sequence). The
genomic RNA is released into the aqueous phase of the extraction,
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indicating that nucleocapsid disassembly occurred. Thus, the low-pH
environment of the endosome possibly triggers uncoating of the ge-
nome as well as membrane fusion. Presumably, following exposure to
the low pH of the endosome, the C protein adheres to the interior
surface of the viral envelope, which becomes the exterior surface of the
endosome following membrane fusion.

C. Translation of 5 Proximal Open Reading Frame

Following dissociation of the capsid and release of the genomic RNA
into the cytoplasm, the virion RNA is translated to produce the 2115-
amino acid polypeptide encoded by the 5’ proximal ORF. Although
proteolytic cleavage of this polypeptide is predicted by the alphavirus
model and a cysteine protease motif is present within the deduced
amino acid sequence of the polypeptide, evidence that this polypeptide
is cleaved was difficult to obtain. Because of the limited amounts of
virus-specific proteins synthesized in infected cells and the lack of
inhibition of cell protein synthesis, neither virus structural nor non-
structural proteins can routinely be visualized over the cell back-
ground in polyacrylamide gels of radiolabeled infected cell lysates
(Hemphill et al., 1988). Using human convalescent serum to immu-
noprecipitate proteins from infected cell lysates radiolabeled under
hypertonic salt conditions to selectively favor translation of virus pro-
teins, Bowden and Westaway (1984) were able to detect proteins with
molecular weights of 200,000, 150,000, 87,000, 75,000, and 27,000,
which were present in addition to the structural proteins.

The rubella virus 5' proximal ORF was successfully expressed in
transfected cells by using a vector [pTM3 (Moss et al., 1990)] in which
the 5’ proximal ORF sequences were placed downstream from a T7
RNA polymerase promoter and the encephalomyocarditis virus cap-
independent translation initiation sequences (Marr et al., 1994). T7
RNA polymerase is provided by infection of transfected cells with a
vaccinia virus recombinant that expresses T7 RNA polymerase.
Rubella virus-specific products with molecular weights of 200,000,
150,000, and 90,000 were clearly resolved (products with lower molecu-
lar weights were obscured by the presence of vaccinia virus proteins).
The size of these products is close to those of the largest three products
observed in rubella virus-infected cells by Bowden and Westaway
(1984). The catalytic residue of the predicted protease within the de-
duced amino acid sequence of the 5' proximal ORF was a cysteine at
residue 1151 (Gorbalenya et al., 1991). Mutagenesis to change this
cysteine to a glycine resulted in the production of only the 200-kDa
species in transfected cells. This result confirmed that the 200-kDa
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species was the polyprotein precursor translated from the 5’ proximal
ORF, that processing of the precursor occurred, that the Cys at residue
1151 was important in protease activity, and that the 150- and 90-kDa
species were processing products. Deletion mutagenesis showed that
the 150-kDa product was derived from the amino-terminal region of
the polyprotein precursor.

More recently, antibodies raised against bacterial fusion proteins
containing regions encoded by the 5’ proximal ORF were used for
immunoprecipitation experiments with lysates from cells in which the
5' proximal ORF was expressed from the pTM3 vector and from rubella
virus-infected cells (R.-Y. Forng, unpublished observations). In both
systems, the 200-kDa species was immunoprecipitated by all of the
antibodies, the 150-kDa species was immunoprecipitated by antibodies
against fusion proteins containing sequences from the amino-terminal
region of the ORF, and the 90-kDa species was immunoprecipitated by
antibodies against fusion proteins containing sequences from the
COOH-terminal region of the ORF. Thus, the order of these species
within the 200-kDa precursor is NH,-P150-P90-COOH. The combined
molecular weight of these two species (240 kDa) is similar to that
predicted from the deduced amino acid sequence encoded by the ORF
(237 kDa) and thus these are probably the only species processed from
the precursor. (Parenthetically, proteins greater than 200,000 in mo-
lecular weight often migrate more rapidly than expected in gels and
thus the molecular weight of the 200,000 of the precursor in relation to
the calculated molecular weight of 237,000 is not unexpected). From
the relative sizes of these two products, the cleavage site within the
precursor is COOH terminal to the protease domain (Fig. 3). Thus, the
X motif and the protease reside on the 150-kDa product and the heli-
case and replicase motifs reside on the 90-kDa product. Thus far, even
with the use of prolonged radiolabeling periods, further processing
products have not been convincingly demonstrated. This is in contrast
to the findings of Bowden and Westaway (1984); however, it is possible
that the 75- and 27-kDa products these researchers observed were not
from the 5’ proximal ORF.

Interestingly, the AUG initiating the 5' proximal ORF [nucleotides
41 to 43 of the genomic RNA (AUG,;—,3)] is not the 5'-most AUG on
the genomic RNA. An AUG at nucleotides 3-5 (AUG;_5) that is in a
different translation frame potentially encodes a 17-amino acid prod-
uct (see Fig. 4). Because initiation of translation on eukaryotic mRNAs
generally occurs at the AUG nearest the 5’ cap (Kozak, 1989), the
presence of AUG4_5 could limit translation of the 3’ proximal ORF.
However, it has been found that initiation of translation of eukaryotic
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m G5 )PPR(E)CAAUGGAAGCUAUCGEACCUCGCUUAGGACUCCCAUUCCEAUGBAGAAACUCCUAGAUGA
M E AI @aP RLGLVPTFTPWRNST* MR
M EKTLLTODE

GAUUCUUGCCCCCAGUGAACCUUAUAACUUAACCAUCAACAGUUAGQUAA..........
FLPPVGEGTLIIT* .
VLAPGG GT PYN NLTVGSW V...

F1c. 4. 5’ Terminal sequence of the rubella virus genome RNA. The deduced amino
acid sequences (one-letter code) encoded by potential ORFs are given. The ORF initiated
by the second AUG from the 5’ end of the genome (nucleotides 41-43) is the long §’
proximal ORF shown in the genome diagram in Fig. 3 and encodes the nenstructural
proteins. *, termination codon.

mRNAs at AUGs fewer than 15 nucleotides from the 5’ end is ex-
tremely inefficient, resulting in relatively efficient usage of down-
stream AUGs (Sedman et al., 1990). It should be noted, however, that
even though initiation at AUG; 5 is probably an infrequent event,
potential translation from AUG;_j; is tightly controlled due to the pres-
ence of in-frame termination codons 18, 30, and 36 codons downstream
from AUG3_5. The in-frame codon following the first of these termina-
tion codons is an AUG [nucleotides 57—-59 (AUGjg;_50)] resulting in
three AUGs within the 5’ terminal 60 nucleotides of the rubella virus
genome.

The initiation of translation at the AUGs present at the 5’ end of the
rubella virus genomic RNA was studied by insertion of the 5’ terminal
65 nucleotides into vectors containing the coding sequences for bacte-
rial chloramphenicol acetyltransferase (CAT) (Pogue et al., 1993). In
vitro translation of CAT from RNA transcripts synthesized from a
construct in which the CAT ORF was in frame with AUG,; ,; was
preferentially initiated at AUG,,_,; rather than at the CAT AUG (the
products could be distinguished on the basis of size), whereas transla-
tion of CAT from RNA transcripts from a construct in which the CAT
ORF was in frame with AUG;,_5o was preferentially initiated at the
CAT AUG (AUGy; _45 was deleted in this latter construct). In Vero cells
transfected with a vector that expresses CAT under control of the
adenovirus major late promoter, the presence of the rubella virus 5’
terminal sequences upstream from the CAT ORF such that they were
in frame with AUG,;_,5 increased expression of CAT twofold in com-
parison to the native CAT upstream sequences. Thus, initiation of
translation at AUG,;_,; is relatively efficient both in vivo and in vitro,
whereas initiation of translation at one of the alternate AUGs was not.
Interestingly, insertion of the 3’ terminal 165 nucleotides of the
rubella virus genome [including 27 residues of the poly(A) tail] down-
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stream from the CAT gene was necessary for successful translation of
transcripts in vitro (irregardless of whether rubella virus 5’ terminal
sequences were present in the construct) but not for expression in vivo.

D. RNA Synthesis
1. RNA Species Produced

The proteins translated from the 5’ proximal ORF putatively use the
infecting virion RNA as a template for the transcription of a comple-
mentary, negative-polarity RNA of genome length. A genome-length,
negative-polarity RNA has been detected in infected cells and is pres-
ent only in double-stranded form, indicating its function solely as a
template for positive-polarity RNA synthesis (Hemphill et al., 1988).
Analysis of double-stranded RNA species in infected cells demon-
strated the presence of both completely double-stranded forms and
forms that contain both single-stranded and double-stranded RNA
[termed replicative forms (RFs) and replicative intermediates (RIs),
respectively] (Sedwick and Sokol, 1970). Replicative intermediates are
presumably derived from double-stranded replicative complexes un-
dergoing active transcription, because this species is preferentially
labeled during short radiolabeling periods. The double-stranded RNA
species of rubella virus are infectious (Sedwick and Sokol, 1970;
C.-Y. Wang, unpublished observations). Data on the infectivity of al-
phavirus double-stranded RNA species are conflicting. In two studies it
was found that the alphavirus double-stranded RNA species were in-
fectious (Yoshinaka and Hotta, 1971; Segal and Sreevalsan, 1974)
whereas in two other studies it was found that the alphavirus double-
stranded RNA species were not infectious but became infectious fol-
lowing denaturation of the double-stranded structure (Friedman, 1968;
Wengler et al., 1976). Because the genome-length species is the only
negative-polarity RNA routinely detectable in infected cells (Hemp-
hill et al., 1988), the subgenomic RNA is also transcribed from this
template. The sequence of the subgenomic RNA is identical to the 3’
terminal 3326 nucleotides of the genomic RNA, indicating that initia-
tion of the sub-genomic RNA occurs at an internal site on the genome-
length, negative-polarity RNA (Frey et al., 1989). The subgenomic and
genomic RNAs are synthesized in infected cells at a molar ratio of
1.6:1 (Hemphill et al., 1988).

2. Potential Regulatory Sequences

Four regions in the genomic RNAs of alphaviruses are highly con-
served among alphaviruses and thus are thought to be regulatory sig-
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nals for virus RNA replication (Strauss and Strauss, 1986). Signifi-
cantly, stretches of nucleotides sharing homology with three of these
four conserved regions are present in the rubella virus genome (Do-
minguez et al., 1990). The presence of these regions of homology in the
rubella virus genome strengthens the hypothesis that these regions
are important in viral RNA replication.

The first of these regions of shared homology/structure is a predicted
secondary structure occurring at the exact 5’ end of the genome, the
negative-polarity complement of which is thought to serve as a recog-
nition site for initiation of genomic RNA synthesis (possibly in con-
junction with the second conserved region, the 51-nucleotide sequence,
as discussed below). Site-directed mutagenesis of the Sindbis virus
infectious clone showed that mutations that alter the structure were
lethal or resulted in a virus that replicated poorly (Niesters and
Strauss, 1990b). The comparable rubella virus and alphavirus second-
ary structures are shown in Fig. 5A and C, respectively. Experimental
evidence suggests that the predicted rubella virus 5' structure is
formed. When primer extension is performed using genome RNA as a
template and an oligonucleotide primer complementary to a nucleotide
stretch downstream from the 5’ structure, two strong stop bands are
produced, one corresponding to the 5’ end of the genome and one corre-
sponding to the exact base of the stem of the 5’ structure (Dominguez,
1991). Considering the relatively low theoretical thermal stability of
this structure (—20.6 kcal/mol), it is surprising that reverse transcrip-
tion is impeded. As shown in Fig. 5B, it is possible to draw a pseudo-
knot structure pairing nucleotides in the side stem—loop of the &'
structure with nucleotides in the 5’ single-stranded region. Formation
of a pseudoknot greatly increases the stability of a stem-and-loop
structure (Pleij and Bosch, 1989), possibly explaining the occurrence of
the strong stop. However, there is no experimental evidence that such a
pseudoknot is formed.

The second alphavirus conserved region is a stretch of 51 nucleotides
beginning about 150 nucleotides from the 5’ end of the alphavirus
genome. This region can be configured to form a double stem-and-loop
structure and mutations in the infectious clone that disrupt this struc-
ture lead to virus with a reduced growth rate (Niesters and Strauss,
1990a). A computer-derived configuration of the secondary structure of
the first 500 nucleotides of the alphavirus genome places the 51-
nucleotide conserved region and the 5’ terminal structure in close
proximity and thus it is thought that these two regions form a binding
site for factors involved in replication. The region of the rubella virus
genome sharing homology with the 51-nucleotide region contains 46
nucleotides and is located 224 nucleotides from the 5' end of the ge-
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Fic. 5. Potential stem-and-loop structures in the rubella virus genome RNA. (A)
Stem-and-loop structure formed by nucleotides at the 5’ end of the rubella virus genome
predicted by an RNA secondary structure computer program (C. W. A. Pleij, personal
communication). The AUG at the beginning of the long 5' proximal ORF (nonstructural
protein ORF) is underlined with a solid line whereas AUGs in an alternate translation
frame (see Fig. 4) are underlined with dashed lines. (B) The 5’ terminal structure
showing potential pairing between nucleotides in the extreme 5’ terminal single-
stranded stretch and nucleotides in the side stem-and-loop shown. Such pairing would
result in formation of a pseudoknot structure. (C) Stem-and-loop structure predicted to
be formed at the 5’ end of the genome RN As of alphaviruses (the prototype Sindbis virus
structure is shown) (from Niesters and Strauss, 1990b). The AUG at the beginning of the
nonstructural protein ORF is underlined with a solid line. (D) Predicted stem-and-loop
structure formed by nucleotides near the 3’ end of the rubella virus genome RNA. The
termination codon at which the structural protein ORF ends is underlined with a solid
line. In (A)—(D), the numbers indicate nucleotides from the 5' end of the genome. The
stabilities (AG) for each structure were calculated using the method of Tinoco et al.

(1973) [formulas have not been developed for calculating the AG of a pseudoknot as
shown in (B)].
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nome (Fig. 6A). Interestingly, the characteristics of the rubella virus
46-nucleotide region are dissimilar from those of the alphavirus 51-
nucleotide region. The rubella virus 46-nucleotide region does not
form a distinctive secondary structure and a computer-derived configu-
ration of the secondary structure of the first 500 nucleotides of the
rubella virus genome does not place the 46-nucleotide region and 5’
terminal structure in close proximity (Dominguez, 1991). Surprisingly,
the alphavirus 51-nucleotide region and the rubella virus 46-
nucleotide region are in frame translationally and encode a pocket of
amino acid homology, part of which has been shown by computer-
assisted alignment to be conserved in a large number of positive-
polarity RNA viruses and is postulated to be functional in meth-
yltransferase activity (Rozanov et al., 1992). However, it seems doubt-
ful that conservation of these regions of nucleotide sequence in the
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Fic. 6. Alignment of sequences in the rubella virus genome with two sequences
conserved in the genomes of all alphaviruses. (A) The 51-nucleotide conserved sequence;
(B) the subgenomic promoter conserved sequence. For simplicity, the prototype Sindbis
virus sequence is shown, the nucleotides found in all alphavirus genome RNAs being
capitalized. The nucleotides within the genome at which these sequences begin are
denoted. The amino acids in the nonstructural protein ORF of each virus encoded by
these sequences are shown; amino acids that are identical in the Sindbis virus and
rubella virus ORFs are underlined. It is to be noted that the Sindbis virus ORF termi-
nates within the subgenomic start site whereas the rubella virus ORF terminates at the
beginning of the putative subgenomic promoter. On the diagram of the sequences at the
subgenomic promoter, the 5’ end of the subgenomic RNA is denoted by an arrow (the 5’
end of the rubella virus subgenomic RNA is 19 nucleotides downstream from the puta-
tive promoter).
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genomes of rubella virus and the alphaviruses due to selection for
amino acid sequence has occurred, because some of the conserved nu-
cleotides are at third-codon positions.

The third alphavirus conserved region is a stretch of 20 nucleotides
immediately upstream from the subgenomic RNA start site. This re-
gion has been shown to contain the minimal region necessary for sub-
genomic RNA synthesis and has been termed the subgenomic promo-
ter (Levis et al., 1990). The stretch of nucleotides in the rubella virus
genome sharing homology with the alphavirus subgenomic promoter is
located 23 nucleotides upstream from the subgenomic start site (Figs.
6B and 7). Thus, if this region of the rubella virus genome serves as a
promoter for subgenomic RNA synthesis, either the promoter is larger
than in the alphavirus genome or a spacer between the promoter and
the start site has evolved. When the rubella virus sequence sharing
homology with the alphavirus subgenomic promoter was used to re-
place the Sindbis virus subgenomic promoter in a Sindbis virus expres-
sion vector, no subgenomic RNA synthesis was observed, whereas
when the same procedure was done using the subgenomic promoters
from several alphaviruses, subgenomic RNA synthesis was detected
(Hertz and Huang, 1992).
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Fic. 7. Potential secondary structures at the rubella virus subgenomic RNA start
site. Nucleotides are numbered from the 5’ end of the genome. The nucleotide at which
the subgenomic RNA begins is marked with an arrow. The region sharing homology with
the alphavirus subgenomic promoter is overlined with a dashed line. The in-frame UAA
codons that terminate the nonstructural ORF are underlined with a dashed line and the
in-frame AUGs at the 5’ end of the structural protein ORF (SP-ORF) are denoted with
solid lines. Potential pairing sites between nucleotides in the loop of the downstream
stem-and-loop and nucleotides in the single-stranded region between the SP-ORF AUGs
to form a pseudoknot structure are shown. The stabilities (AG) of the stem-and-loops
were calculated using the method of Tinoco et al. (1973).
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The fourth alphavirus conserved region is the 20 nucleotides imme-
diately preceeding the 3’ terminal poly(A) tract. These nucleotides
share no homology with nucleotides at the 3’ end of the rubella virus
genome. Independent of alphavirus homology, a stable stem-and-loop
structure 58 nucleotides from the 3’ terminal poly(A) tract of the
rubella virus genome has been pointed out by several groups (Frey et
al., 1986; Vidgren et al., 1987) (Fig. 5D). Interestingly, both the
positive-polarity sequerice of this structure and its negative-polarity
complement resemble a eukaryotic TATA promoter sequence. When
placed in a CAT expression plasmid downstream from a simian virus
(8V40) enhancer, a DNA equivalent of the stem-and-loop sequence
exhibits promoter activity in the negative-polarity, but not in the
positive-polarity, orientation in transfected COS cells (Cao et al., 1992).
Whether this finding has any relevance toward the rubella virus repli-
cation strategy is unknown, but the implications are intriguing.

3. Involvement of Cell Proteins in Virus RNA Synthesis

Cell proteins are essential components of the RNA-dependent RNA
polymerases of bacteriophage QB (Blumenthal and Carmichael, 1979)
and cucumber mosaic virus (Hayes and Buck, 1990) and it is assumed
that this will be the case for the RNA polymerases of other RNA
viruses. One line of evidence for involvement of cell factors in alpha-
virus RNA replication is that treatment of cells before infection with
actinomycin D or a-amanitin (drugs that block transcription of cell
mRNAs) results in inhibition of virus replication due to a specific block
in virus RNA synthesis, implying that a labile cellular component is
necessary for virus RNA synthesis (Baric et al., 1983). With rubella
virus, a number of investigators reported that treatment of cells with
actinomycin D either before infection or during the eclipse period of
the infection, but not during later periods, decreased the final yield of
virus (Woods and Robbins, 1968; Wong et al., 1969; Hovi and Vaheri,
1970b; Sedwick and Sokol, 1970; Payment et al., 1975b). Nakhasi et al.
(1988) showed that continuous treatment of Vero cells with either acti-
nomycin D or a-amanitin beginning at the time of infection or at any
time during the first 8 hr of infection (but not after 8 hr of infection)
resulted in a reduction in the amount of virus-specific RNA accumu-
lated through 48 hr postinfection and an absence of detectable virus-
specific protein synthesis at 48 hr postinfection. Similar treatment had
no effect on virus-specific protein synthesis in vesicular stomatitis
virus-infected Vero cells, and therefore the results were due to specific
interference with rubella virus replication and not to generalized cell
deterioration caused by long-term treatment with these drugs. These
results are similar to those obtained with alphaviruses; however,
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virus-specific macromolecular synthesis in actinomycin D- or
a-amanitin-treated cells has not been analyzed at early times during
the replication cycle to determine which specific step is inhibited.

It has been shown that host proteins potentially involved in viral
RNA transcription can be identified in binding assays in which specific
viral RNA sequences are incubated with cellular lysates (Andino et al.,
1990, 1993). Using UV light to cross-link RNA-protein complexes,
specific binding was demonstrated between proteins in lysates of both
uninfected and rubella virus-infected Vero cells and RNAs consisting
of the sequences from the distinctive regions of the rubella virus ge-
nome described above. The 3’-terminal stem-and-loop structure bound
cellular proteins with molecular weights of 61,000, 63,000, and 68,000
(Nakhasi et al., 1990). Binding was greater in extracts from infected
cells than in extracts of uninfected cells and binding was completely
abrogated when extracts were treated with alkaline phosphatase, indi-
cating that protein phosphorylation was important in binding activity.

In a subsequent study, the negative-polarity complements of both
the 5’ terminal stem-and-loop structure and the 46-nucleotide con-
served sequence were found to bind to cellular proteins with molecular
weights of 56,000, 79,000, and 97,000 (Nakhasi et al., 1991). The
amount of the 97-kDa protein increased substantially in lysates from
infected cells in comparison to lysates from uninfected cells and, in
some of the experiments shown, it was not clear that the 97-kDa pro-
tein was present in uninfected cell lysates (the size of this protein is
tantalizingly close to the size of one of the cleavage products detected
by expression of the rubella virus 5’ proximal ORF). The 56-kDa pro-
tein that bound to these RNAs was found to be identical to the 61-kDa
protein identified in the 3’ stem-and-loop binding study. Significantly,
it was found that the negative-polarity equivalents of the 5’ stem-and-
loop structures on the genomes of two alphaviruses, Sindbis virus and
eastern equine encephalitis virus, bound the same proteins and the
structures from these viruses and rubella virus could compete with
each other for binding. This finding indicates equivalence of function
of this secondary structure in the genomic RNAs of these distantly
related viruses. However, binding of these proteins to the negative-
polarity equivalent of the 46-nucleotide region of the rubella virus
genome was not competed for by the negative-polarity equivalent of the
homologous 51-nucleotide region of the Sindbis virus genome. Finally,
it was found that the 5’ stem-and-loop structure on the rubella virus
genome RNA bound proteins with molecular weights of 52,000 and
59,000, which were present in extracts of both infected and uninfected
cells (Nakhasi et al., 1994; Pogue et al., 1993). Analysis of the effect of
site-directed mutagenesis of the stem-and-loop structure on binding to
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these proteins indicated that the unpaired nucleotide bulge in the
main stem of the structure was a primary determinant in binding.

Substantial progress has been made in determining the identity of
the cellular proteins that bind to specific regions of the rubella virus
RNA (Nakhasi et al., 1994; Pogue et al., 1993). The amino acid se-
quence of purified 61/56-kDa protein from monkey kidney cells that
bound to both the 3’ terminal stem-and-loop structure and the
negative-polarity equivalent of the 5’ terminal stem-and-loop struc-
ture was identical to that of human calreticulin, a protein associated
with the endoplasmic reticulum that is also found in other cellular
compartments and the cytoplasm. The native function of the protein
has not been determined. Significantly, simian calreticulin is an auto-
kinase and the phosphorylated form exhibits increased RNA-binding
activity, which correlates with the results of alkaline phosphatase
treatment of cellular extracts, which abrogated binding of the cellular
proteins to the rubella virus stem-and-loop structure from the 3’ end of
the genome. Autophosphorylation of calreticulin is stimulated by con-
ditions of cell stress, such as serum deprivation, and the findings of
increased binding activity in rubella virus-infected cells indicates that
autokinase activity is also stimulated by rubella virus infection.

Calreticulin is also associated with cytoplasmic ribonucleoprotein com-
plexes that contain a group of small RNA species known as hYRNAs
and components of the Ro/SS-A autoantigen complex (Sontheimer and
Capra, 1993). These autoantigens are the target of autoantibodies in
patients with autoimmune diseases such as systemic lupus
erythematosus and Sjogren’s syndrome. The tentative binding site of
the Ro/SS-A autoantigens on the hYRNAs is a bulged stem similar to
the major stem of the stem-and-loop structure at the 5’ end of the
rubella virus genomic RNA. It was found that hY3RNA competes with
the rubella virus stem-and-loop structure for binding of the 59-kDa,
but not the 52-kDa, protein (Pogue et al., 1993). The rubella virus 5'
stem-and-loop structure—52/59-kDa protein complex was specifically
immunoprecipitated by autoimmune patient serum that has specificity
for Ro/SS-A autoantigen.

The precise function of binding of cellular proteins to specific re-
gions of the rubella virus RNA is not known. However, it is thought
that binding, particularly to structures or sequences near the 3’ end of
an RNA such as the stem-and-loop structure near the 3’ terminus of
the rubella virus genomic RNA or the negative-polarity equivalent of
the 5’ terminal stem-and-loop structure, could serve as an initial rec-
ognition event in the formation of the virus-specific replication com-
plex that subsequently functions to synthesize the complementary
strand. The function in the virus RNA replication process of binding of
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cell proteins to the 5’ end of an RNA species is not so clear. For this
reason, it was proposed that binding of the Ro/SS-A autoantigen to the
5’ end of the rubella virus genomic RNA could facilitate initiation of
translation by destabilizing and unwinding the stem-and-loop struc-
ture (Nakhasi et al., 1994; Pogue et al., 1993). Alternatively, the
negative-polarity genome-length RNA species is found exclusively in
double-stranded complexes in infected cells, and initiation of positive-
polarity genome RNA synthesis could involve recognition of both the
3’ end of the negative-polarity RNA and the 5’ end of the genome RNA
to which it is hybridized. Interestingly, the propensity of Ro/SS-A anti-
gen and calreticulin to coexist in complexes means that these proteins
could function to cyclize the rubella virus genomic RNA (Nakhasi et
al., 1994).

4. Generation of Defective-Interfering RNAs

A feature of RNA replication that has been recognized with most
RNA viruses is the generation of deletion mutants known as defective-
interfering (DI) RNAs (reviewed in Holland, 1990). Optimal conditions
for generation of DI RNAs are serial undiluted passage of virus stocks
and persistent infection in cell culture. Defective-interfering RNAs
are dependent on the presence of the genome RNA for replication but,
at the same time, often interfere with genome RNA replication. By so
doing, DI RNAs tend to attenuate the cytopathogenicity of virus infec-
tion. The analysis of DI RNAs is of interest because these RNAs retain
the genomic sequences critical for replication and encapsidation. Gen-
eration of DI RNAs by rubella virus was reported by four groups. In
two of the reports, DI RNAs were present in the infecting stocks (Bohn
and Van Alstyne, 1981; Terry et al., 1985) and it was proposed that
their presence could account in part for the relatively noncytopathic
replication exhibited by rubella virus (Behn and Van Alstyne, 1981).
However, it was subsequently shown that the replication of plaque-
purified rubella virus free of detectable DI RNAs was also relatively
noncytopathic and thus similar to that reported for rubella virus that
had not been plaque purified (Hemphill ez al., 1988). On undiluted
serial passage of plaque-purified rubella virus, DI RNAs were detect-
able after four passages (Frey and Hemphill, 1988), a fairly typical
observation with respect to generation of DI RNAs by other viruses.
Concomitant with the appearance of DI RNAs in the serially passaged
stocks, the amount of genomic RNA present in cells infected with
these stocks decreased dramatically and the titer of the stocks de-
clined, showing that interference was occurring. Defective-interfering
RNASs were also detected by two groups in long-term persistently infec-
ted cell cultures (Norval, 1979; Abernathy et al., 1990). When the pres-
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ence of DI RNAs at various times postinitiation of persistence was
analyzed, it was found that DI RNAs were not detectable until 19 days,
indicating that the presence of DI RNAs is not necessary for rubella
virus to initiate a persistent infection (Frey and Hemphill, 1988). This
is in contrast to a number of more lytic viruses, with which the pres-
ence of DI particles in the infecting stocks is essential for initiation of
persistence to occur. Following the appearance of DI RNAs in the per-
sistently infected cells, the amount of genomic RNA present gradual-
ly decreased to undetectable levels. The size of the rubella virus DI
RNAs detected during both serial undiluted passage and persistent
infection ranged from 1000 nucleotides to 7000-8000 nucleotides. It
has been shown that large DI RNAs 6700 to 7200 nucleotides in length,
which are generated during undiluted serial passage of rubella virus
in Vero cells, contain the intact nonstructural protein open reading
frame and a large deletion within the structural protein open reading
frame (C. A. Derdeyn, unpublished observations). Short DI RNAs 600
to 800 nucleotides in length, which are observed in the same cells, are
actually subgenomic RNAs synthesized from the large DI RNA temp-
late. The large DI RNA species putatively have the capacity for self-
replication, but are of course dependent on standard genomic RNA for
structural protein synthesis.

E. Translation and Processing of Structural Proteins

At the 5’ end of the structural protein ORF are two in-frame AUGs
separated by seven codons that are the initial AUGs on the subgenomic
RNA, the first being 78 nucleotides from the 5’ end (Fig. 7). The 5’
nontranslated region of the subgenomic RNA contains two stem-and-
loop structures that are predicted to be relatively stable (Fig. 7). The
amino terminus of the C protein is blocked, preventing determination
of the amino-terminal sequence of the capsid protein (Kalkkinen et al.,
1984), and thus it is not known if one or both of these AUGs is used. In
terms of favorable neighboring nucleotide context for initiation of
translation as compiled by Kozak (1987) (CCACCAUGG being most
favorable, with the boldface purines being of most importance), the
downstream AUG is in an excellent context (UCACCAUGG) whereas
the upstream AUG is in a less favorable context (CCCGAAUGG).
Translation in vitro of RNAs transcribed from constructs containing
both AUGs or mutagenized to remove one of the two AUGs demon-
strated that initiation of translation can occur at either AUG; however,
the AUG at which initiation occurred preferentially was not convine-
ingly demonstrated (Clarke et al., 1988; Marr et al., 1991). The C pro-
teins translated in vitro from RNAs transcribed from these constructs
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all migrate as a doublet (or occasionally as a triplet) in polyacrylamide
gel electrophoresis (PAGE) (Suomalainen et al., 1990; Marr et al.,
1991) and thus, the C doublet synthesized in virus-infected cells and
present in virions does not appear to be due to initiation at both of the
AUGs.

In the absence of microsomes in vitro, translation of the structural
protein ORF gives rise to a 110-kDa precursor (Oker-Blom et al., 1984;
Clarke et al., 1987). Thus, rubella virus lacks the capsid protein auto-
protease found in the alphaviruses. In the deduced amino acid se-
quence of the structural protein ORF, the amino termini of E2 and E1
are preceded by stretches of 23 and 20 hydrophobic amino acids, re-
spectively, which have the characteristics of consensus signal se-
quences that mediate the translocation of membrane-bound and se-
creted proteins into the lumen of the endoplasmic reticulum (ER)
(reviewed in Wiley, 1986). Thus, it is predicted that these sequences
mediate translocation of E2 and E1 into the lumen of the ER and that
the C-E2 and E2—-E1 cleavages are catalyzed by signalase, a lumenal
enzyme that cleaves signal sequences from proteins following trans-
location. As predicted, when the structural protein ORF is translated
tn vitro in the presence of microsomes, accurate processing of the struc-
tural proteins occurs (Marr et al., 1991). Deletion mutagenesis studies
have shown that the hydrophobic sequences that precede E2 and E1
serve as the signal sequences for E2 and E1 in terms of being required
for translocation into the lumen of the ER and glycosylation (Hobman
et al., 1988; Hobman and Gillam, 1989; Oker-Blom et al., 1990). An E2
construct containing the precise 23-amino acid signals sequence at its
NH, terminus is accurately processed both in vitro in the presence of
microsomes and in vivo, showing that this sequence can function exter-
nally as well as in its native internal context (Marr et al., 1991; San-
chez and Frey, 1991). In terms of evidence that definitively shows that
signalase catalyzes the structural protein cleavages, site-directed mu-
tagenesis was performed on a structural protein ORF construct to
change the COOH-terminal alanine residue of the E2 signal to a pro-
line, a residue never found within signalase cleavage sites (McDonald
et al., 1991; von Heijne, 1984). Translation in vitro in the presence of
microsomes and expression in vivo of the mutagenized construct re-
sulted in production of an uncleaved C-E2 product (which, inter-
estingly, was properly glycosylated). However, cleavage still occurred
in that C and E2 were readily detectable. The production of C and E2
was presumably due to cleavage at an alternate site within the E2
signal sequence (von Heijne, 1984); however, this was not confirmed. In
the same study, it was shown that translation of at least 26 amino acids
of E2 was necessary for the C-E2 cleavage to occur.
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It has been shown that the E2 and E1 signal sequences remain
attached to mature C and E2, respectively (Suomalainen et al., 1990;
Marr et al., 1991; Baron et al., 1992). The most definitive evidence in
this regard is that antibodies raised to a peptide consisting of the
COOH-terminal 10 amino acids of the E2 signal sequence and anti-
bodies raised to a peptide consisting of the COOH-terminal 12 amino
acids of the E1 signal sequence immunoprecipitate C and E2, respec-
tively, from both virions and infected cells (Suomalainen et al., 1990;
Baron et al., 1992). Thus, the only proteolytic cleavages that have been
shown to occur in the processing of the rubella virus structural protein
precursor are the two mediated by signalase. However, the amino ter-
minus of C has not been determined and carboxy-terminal sequencing
has not been successfully done with C, E2, or E1 (Kalkkinen et al.,
1984) and thus it is possible that a limited amount of proteolytic tailor-
ing at these locations could occur.

The maintenance of the E2 signal sequence as part of the capsid
protein is, as far as has been determined, unique to rubella virus. In
the structural protein precursor of three other virus genera (Alpha-
virus, Flavivirus, and Pestivirus), the COOH-terminus of the capsid
protein is also immediately adjacent to the signal sequence for a mem-
brane protein. In both the alphaviruses and the flaviviruses, the signal
sequence is removed from the mature capsid protein: by the capsid
autoprotease in the case of the alphaviruses, and putatively by the
viral-encoded nonstructural protein protease (an NS2b—NS3 complex)
in the case of the flaviviruses (Chambers et al., 1990, 1991). It has not
yet been determined if the signal sequence is removed from the
pestivirus capsid protein (Rimenapf et al., 1993). Retention of the
signal sequence appears to have a profound impact on the capsid mor-
phogenesis of these viruses. Autoproteolysis of the alphavirus capsid
protein is so rapid that the signal for the adjacent membrane protein
(PE2) is not even transiently associated with the C protein and alpha-
virus capsids form in the cytosol. In contrast, following cleavage of the
flavivirus C protein and the adjacent membrane protein (pre-M) by
signalase, the pre-M signal sequence remains attached to C and is
thought to be removed only at the time of capsid formation (reviewed
in Nowak et al., 1989; Chambers et al., 1990). Capsid morphogenesis of
both the flaviviruses and rubella virus occurs in association with mem-
branes and it is hypothesized that the presence of a signal sequence at
the COOH-terminus of the capsid proteins of these viruses is impor-
tant in mediating the interaction between the capsid protein and mem-
branes. As is discussed below (Section VI,F,1), the E2 signal sequence
mediates an association between the rubella virus C protein and mem-
branes.
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F. Posttranslational Maturation and Transport
1. C Protein

The rubella virus C protein forms a noncovalently bonded dimer
soon after translation in infected cells (Baron and Forsell, 1991). The
use of a reducing agent such as iodoacetamide in the lysis buffer is
necessary to recognize the nonconvalent nature of the initial dimer, as
disulfide bonds are formed by the oxidizing conditions of the lysis
buffer. Within 2 hr after translation, covalently linked C dimers ap-
pear in infected cells, even in the presence of reducing agent in the
lysis buffers. When the C protein was expressed using vaccinia virus,
noncovalently bonded dimers also formed soon after translation; how-
ever, covalently linked C dimers were not detected, indicating that
disulfide bond formation in infected cells occurs within the virion fol-
lowing budding.

An association of C with membranes mediated by the presence of the
E2 signal sequence has been demonstrated both in vitro and in vivo.
Following translation in vitro in the presence of microsomes or expres-
sion in vivo of a C construct produced by introduction of termination
codons at the end of the E2 signal sequence (C + S) or a C-E2 con-
struct, C is associated with the microsome or membrane fraction (Suo-
malainen et al., 1990; Baron et al., 1992). Under similar conditions, C
produced from a construct in which termination codons were placed
before the E2 signal sequence (C — S) segregates into the soluble
fraction and thus the association of C with membranes is mediated by
the E2 signal sequence. Association with the microsome or membrane
fraction was tighter with the C processed from the C—E2 construct
than from the C + S construct; in neither case was membrane associa-
tion of C as tight as the membrane association of an integral mem-
brane protein such as E2. As referred to above (Section VLE), rubella
virus capsid formation occurs in association with membranes and, pre-
sumably, the E2-signal sequence-mediated association of C with
membranes is important in this event.

By immunofluorescence, rubella virus C protein is present in both
the ER and the Golgi in infected cells (Hobman et al., 1990; T. K. Frey
and E. S. Abernathy, unpublished observations). In transfected cells,
the C — S product is distributed in a punctate pattern throughout the
cytoplasm, the C + S product as well as C processed from a construct
containing C plus one-third of E2 is localized in the ER, whereas C
processed from a C-E2 or structural protein ORF construct is localized
in the Golgi (Hobman et al., 1990; Baron et al., 1992). Thus, the E2—
signal-mediated association of C to membranes is important in localiz-
ation of C to membranous structures in cells and transport of C from
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the ER to the Golgi region occurs in conjunction with the viral gly-
coproteins, minimally E2. As is discussed below (Section VI,F,2,b), the
rubella virus glycoproteins are targeted to the Golgi apparatus and
presumably the association between C and the glycoproteins allows C
to be transported to the Golgi region as a passenger on the outside of
transitory vesicles containing the glycoproteins. In transfected cells in
which C and E2 are coexpressed from independent constructs rather
than coordinately expressed, C remains in the ER, indicating that
transport of C to the Golgi requires a tight association of C and E2 that
is formed only during coordinate expression.

2. E2 and E1

a. Maturation. The most striking feature of the posttranslational
maturation of the rubella virus glycoproteins is the conversion of E2,
to E2,. The E2, forms are not immunoprecipitable by polyclonal anti-
rubella virus serum from a number of species (including sera from
some humans) and most of the anti-E2 monoclonal antibodies and thus
the presence of intracellular E2, forms was not detected in a number
of studies that used these antisera (Oker-Blom et al., 1983; Oker-Blom,
1984; Bowden and Westaway, 1984; Sanchez and Frey, 1991). Detection
of the intracellular E2, forms by immunoprecipitation was first accom-
plished by use of polyclonal serum raised against a peptide containing
the COOH-terminal 12 amino acids of the E1 signal sequence (Baron
and Forsell, 1991). As shown in Fig. 8, in pulse-chase radiolabeling
experiments using infected Vero cells the intracellular E2, forms be-
come apparent after chases of from 2 to 4 hr and, concomitantly, the
E2, form disappears [when immunoprecipitation is done using an anti-
body that fails to react with E2,, the E2; species simply disappears
following chases of from 2 to 4 hr in this type of experiment (Fig. 8,
a-E2-1 lanes)]. The intracellular E2, forms are also detectable on
Western blots of infected cell lysates probed with anti-E2 monoclonal
antibodies (Sanchez and Frey, 1991). Interestingly, although the mi-
gration of intracellular E2, is smeary in nature, three to four discrete
bands are distinguishable within the smear, unlike E2, from virions
(Fig. 8) (Sanchez and Frey, 1991). The presence of these bands indi-
cates that the posttranslational processing of E2 occurs in discrete
steps.

Presumably, a major event in the conversion of E2; to E2, is the
addition of O-glycans. The molecular weight of both endoglycosidase F
(endo F)-digested E2; and E2 synthesized in tunicamycin-treated cells
is roughly 30,000 (Oker-Blom et al., 1983; Sanchez and Frey, 1991), a
figure close to the molecular weight for the amino acid backbone of E2
of 30,100 calculated from the deduced amino acid sequence (Frey and
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Fi1c. 8. Pulse-chase radiolabeling of the rubella virus structural proteins. Rubella
virus-infected Vero cells were radiolabeled with a 15-min pulse of [36S]methionine,
chased with nonradioactive medium for the indicated times, and lysed with buffer con-
taining nonionic detergent. Immunoprecipitations were done with anti-E1 or -E2 mono-
clonal antibodies (a-E1-17 or «-E2-1) or a polyclonal antiserum to a peptide containing
the E1 signal sequence (a-E2ct). Coprecipitation of E1 and E2 by serum specific for
either protein is indicative of heterodimer formation (note that a-E2-1 does not
coprecipitate E1 whereas a-E2ct does; a-E1-17 coprecipitates E2). In (A), coprecipitation
is apparent in the 0.5-hr chase and the presence of E2, forms is apparent in the 2-hr-
chase (a-E2ct precipitates the E2, forms whereas a-E2-1 does not). In the top half of (B),
immunoprecipitation was done with a-E1-17 and in the bottom half, immunoprecipita-
tion was done with a-E2ct. Note the presence of the E2, forms at the 2-hr chase and the
subsequent decrease in intensity during chases of 2, 8, and 24 hr. In the top half of (B),
immunoprecipitation is with «-E1-17 and thus the amount of E1 remains constant
while the amount of the E2, forms declines dramatically. In the bottom half of (B),
immunoprecipitation is with «-E2ct and thus both the amount of immunoprecipitable
E1 and E2 decline during the chase periods. The amount of E1 and E2 in the medium did
not become detectable until a 24-hr chase and thus the decline in the amount of E2 was
not due to export of virions into the medium. [The electropherograms were provided by
M. Baron and are from Baron and Forsell (1991).]
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Marr, 1988). The molecular weights of the endo F digestion products of
E2, are 33,000 and 37,500. Thus, E2; most likely contains no O-gly-
cans. Because the intracellular E2, species comigrate with E2, from
virions, they presumably contain O-glycans, although studies to detect
the presence of O-glycans on the intracellular E2, species have not
actually been done. The site of O-glycosylation of E2 is not known. In
studies on the O-glycosylation of other glycoproteins, the addition of
the initial N-acetylgalatosamine has been reported to occur in the ER,
transitional elements between the ER and Golgi, and various compart-
ments of the Golgi (reviewed in Tooze et al., 1988; Locker et al., 1992).
There is general agreement that subsequent addition of the galactose
and sialic acid residues occurs in the trans-Golgi.

As detected by coimmunoprecipitation with anti-E1- or anti-E2-
specific serum, heterooligomeric complexes containing E1 and E2 can
be detected within 30 min of synthesis (Baron and Forsell, 1991) (Fig.
8). The initially detectable form of E2 coimmunoprecipitated by anti-
E1 serum is the E2, species; however, after chases of 2 hr or longer, the
E2, forms are also coprecipitated. Sucrose gradient centrifugation of
infected cell lysates reveals the presence of E1-E2 complexes cosedi-
menting with Semliki Forest virus E1-E2 heterodimers, suggesting
that the hetercoligomeric complex formed by the rubella virus gly-
coproteins is a heterodimer. As with similar experiments on disrupted
virions, roughly half of each glycoprotein segregates into the oligomer
and monomer fractions in the gradients, presumably indicative of the
inherent instability of the heterodimer. Studies on the glycoproteins of
a number of other enveloped viruses have shown that oligomerization
occurs in the ER and is a prerequisite for export from the ER (reviewed
in Hurtley and Helenius, 1989). In the case of the alphaviruses, forma-
tion of the pE2—E1 heterodimer occurs in the ER soon after transla-
tion (Wahlberg et al., 1989) and it is assumed that the hexamer unit
consisting of three heterodimers is formed before transport from the
ER occurs (Doms et al., 1993). The finding that the rubella virus gly-
coproteins heterodimerize is consistent with these observations and it
is likely that most of the posttranslational maturation and modifica-
tion undergone by the rubella virus glycoproteins occur in the context
of the heterodimer. Because it has not been established that the
rubella virus glycoproteins form a hexameric complex, it is not known
if such a complex is formed in the ER.

The rubella virus glycoproteins have been expressed using a number
of vectors: vaccinia virus (Baron and Forsell, 1991; Sanchez and Frey,
1991; Baron et al., 1992), baculovirus (Oker-Blom et al., 1989), and
plasmids in which expression is driven by the SV40 early or late pro-
moter or the human cytomegalovirus immediate early promoter used
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for both transient and stable transfection (Hobman and Gillam, 1989;
Hobman et al., 1988, 1990, 1992, 1993; Baron et al., 1992). In the case
of both vaccinia virus and plasmid-driven expression, as far as was
analyzed in each study in which the entire structural protein ORF was
expressed or the glycoproteins were expressed coordinately (i.e., with-
out the C sequences), the processing of the glycoproteins was similar to
that in infected cells. However, when the rubella virus glycoproteins
were expressed in baculovirus in Spodoptera frugiperda cells both E2
and E1 were smaller than their authentic counterparts and a 90- to 95-
kDa uncleaved but glycosylated E2—-E1 product was a major species
produced.

When E2 and E1 are expressed coordinately using transient trans-
fection, conversion of E2, to E2, was detectable but incomplete (Hob-
man et al., 1990), whereas using vaccinia virus expression conversion
was noticeably slower than in rubella virus-infected cells (Baron and
Forsell, 1991; Sanchez and Frey, 1991). No detectable conversion oc-
curred when these proteins were expressed in baculovirus (Oker-Blom
et al., 1989). Interestingly, in stably transfected cells quantitative con-
version occurred between 60 and 180 min postsynthesis (Hobman et
al., 1993). Expressed E2 and E1 form heterooligomers that are detect-
able within 5 min of synthesis (Hobman et al., 1993; Baron and Forsell,
1991). Thus far, the only detectable form of expressed E2 reported in
heterooligomers is E2;, although this is most likely a function of the
chase periods analyzed in each study. When E2 is expressed alone, the
E2; form is stable; however, limited conversion to E2, does occur (Hob-
man and Gillam, 1989; Hobman et al., 1990; Sanchez and Frey, 1991).
In studies in which expression of E2-E1 and E2 alone is analyzed
using the same vector system, conversion of E2; to E2, is more efficient
when E2 and E1 are coexpressed (Hobman et al., 1990; Sanchez and
Frey, 1991). These results indicate that E2 itself contains the signals
necessary for processing to mature form and does not require confor-
mation acquired in the heterooligomeric form. Efficient conversion in
the heterooligomeric form is thus likely to be a function of efficient
transport to the site of conversion.

As discussed above, the E1 in virions has a complicated intramolecu-
lar tertiary structure that involves disulfide bonding. It was shown
using pulse—chase radiolabeling of stably transfected cells that coex-
press E1 and E2 and gel electrophoresis of radiolabeled proteins under
nonreducing conditions that E1 requires 30 to 60 min to acquire its
mature tertiary structure (Hobman et al., 1993). This finding was con-
sistent with earlier studies in which it was found that immediately
following a pulse-radiolabeling period in rubella virus-infected cells,
E1 was not immunoprecipitable by anti-E1 monoclonal antibodies that
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recognized nonlinear epitopes but, following a 30-min chase, became
immunoprecipitable (Baron and Forsell, 1991). When E1 is expressed
alone it is recognized by most anti-E1 monoclonal antibodies by either
immunofluorescence or immunoprecipitation and thus the presence of
E2 is not necessary for acquisition of tertiary structure recognizable by
these monoclonal antibodies (Hobman et al., 1990, 1993; Baron and
Forsell, 1991; Baron et al., 1992). Interestingly, anti-E1 monoclonal
antibodies that recognize nonlinear epitopes do not stain the ER of
rubella virus-infected cells when fixation is with formaldehyde but do
stain the ER when fixation is with ethanol (T. K. Frey and E. S. Aber-
nathy, unpublished observations). This observation implies that E1 is
complexed with another protein in the ER and that this complex is not
disrupted by formaldehyde. Although this complex may be between E1
and E2, a class of proteins in the ER (known as molecular chaperones)
forms complexes with glycoproteins that may, among other things,
assist in folding (reviewed in Doms et al., 1993). In this regard it has
been found that gp78—BiP, a well-characterized molecular chaperone,
is coprecipitated with E1 using both anti-rubella virus serum and anti-
E1 monoclonal antibodies (Hobman et al., 1990, 1991).

A final point on the posttranslational processing of the rubella virus
glycoproteins is that, on the basis of the observation that in Western
blots of infected cells probed with a cocktail of anti-E2 monoclonal
antibodies the labile E2, species was the predominant species detected,
we proposed that E2 is selectively turned over in infected cells (Sanchez
and Frey, 1991). In some pulse—chase radiolabeling experiments in
infected cells, the intensity of the E2 bands appears to decline signifi-
cantly during the course of the chase in comparison to E1 (see Fig. 8).
However, considering the differential affinity for antibodies for the
E2, and E2, forms, this hypothesis needs more extensive experimental
analysis to be confirmed.

b. Targeting. In rubella virus-infected cells, the glycoproteins are
detectable by immunofluorescence in the ER, Golgi, intracellular vac-
uoles, and on the cell surface (Waxham and Wolinsky, 1983; Bowden
and Westaway, 1989; Hobman et al., 1990), all of which are reported to
be sites of virus budding. That surface fluorescence is due to incorpora-
tion of the virus glycoproteins into the plasma membrane and not due
to aggregation of released virions on the cell surface was shown by
binding of both erythrocytes and ferritin-labeled antibodies to regions
of plasma membrane devoid of virions (Oshiro et al., 1969; Matsumoto
and Higashi, 1974). Little evidence has been obtained on the targeting
of the glycoproteins or the kinetics of transport between the sites of
accumulation in infected cells. In a time course study, by immu-
nofluorescence using anti-E1 and -E2 monoclonal antibodies, E1 and
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E2 were initially detectable in the ER and Golgi and appeared on the
cell surface only at later times postinfection (T. K. Frey and E. S.
Abernathy, unpublished observations). Both E1 and E2 were retained
in the Golgi during prolonged treatment with cycloheximide, a drug
that inhibits translation, but not posttranslational processing or trans-
port. Taken together, these observations indicate that E1 and E2 are
only slowly transported from the Golgi to the cell surface and that such
transport may not be quantitative.

These indications have been confirmed by the findings that in cells
transiently or stably transfected with plasmid constructs or infected
with vaccinia virus constructs containing the structural protein ORF
or E2—E1 the primary site of glycoprotein accumulation is the Golgi
(Hobman et al., 1990, 1993; Baron et al., 1992). Immunoelectron mi-
croscopy of stably transformed cells showed that the glycoproteins
were distributed across all cisternae of the Golgi stack as well as in
Golgi-associated vesicles (Hobman et al., 1993). In all of the expression
studies, the presence of both glycoproteins on the cell surface could be
detected; however, only a small fraction of the expressed glycoproteins
was transported to the cell surface. These studies encompassed five
different cell lines from three different species and no difference in
amount of surface expression was apparent among these cell lines.
When E2 was expressed alone, it was localized in both the ER and the
Golgi, although a fraction was transported to the cell surface (Hobman
and Gillam, 1989; Hobman et al., 1990, 1993; Baron et al., 1992). When
E1 was expressed alone, it was found to localize in a novel ER-Golgi
intermediate compartment (Baron et al., 1992; Hobman et al., 1993).
The significance of this compartment in terms of rubella virus replica-
tion is unclear. Thus, E2 seems to contain the signals for transport out
of the ER to the Golgi and eventually the cell surface. However, out of
the context of the heterodimer, such transport is inefficient. Although
the preferred site of localization of the rubella virus glycoproteins is
the Golgi, there is no absolute retention signal as evidenced by the fact
that migration to the cell surface does eventually occur.

The only data on the rate of transport of the rubella virus glycopro-
teins between compartments in infected cells are those that show that
the E2, forms are initially detectable within a 2-hr chase and that
conversion of E2; to E2, is essentially complete within 4 hr (Baron and
Forsell, 1991) (Fig. 8). Because the largest of these forms in virions
contains complex carbohydrates, this implies that transport to the
Golgi occurs within this time frame. In transiently transfected cells,
endo H-resistant forms of E2 and E1 could be detected within 30 and
60—120 min of synthesis, respectively; although a substantial amount
of E2 was converted to an endo H-resistant form, only a fraction of E1
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was converted to an endo H-resistant form (Hobman et al., 1990). In
vaccinia virus-infected cells, binding of E2 and E1 to a lectin specific
for B-p-galactose was apparent within a 2-hr chase (Baron et al., 1992).
In stably transfected CHO cells complete conversion of both glycopro-
teins to an endo H-resistant form occurred with a half-life of 60—-90
min and sialylation of both glycoproteins could be detected by 120 min
after synthesis (Hobman et al., 1993). Despite the different protocols
employed and the discrepancy in completeness of some of the results,
the time of transport of the rubella virus glycoproteins from the ER to
the Golgi seems to be in the range of 1 to 2 hr, both in infected cells and
when the glycoproteins are expressed. Compared to other viral gly-
coproteins, this is a relatively slow rate of transport (e.g., the time
required for transport of the alphavirus glycoproteins to the Golgi is 25
min; reviewed in Doms et al., 1993).

The factors controlling the rate of glycoprotein transport are not
completely understood; however, it has been recognized that essen-
tially complete acquisition of tertiary structure by glycoproteins oc-
curs before exit from the ER and that incompletely folded or misfolded
proteins are retained in the ER (reviewed in Hurtley and Helenius,
1989). Because extensive time is required for complete folding of
rubella virus E1, it has been proposed that this is the rate-limiting step
in the transport of the rubella virus glycoproteins out of the ER (Hob-
man et al., 1993).

In a different vein, site-directed mutagenesis studies were under-
taken to determine if glycosylation played a role in rubella virus gly-
coprotein transport. When expressed in the absence of El in tran-
siently transfected COS cells, a series of mutants of E2, each lacking
one or more of the N-linked glycosylation sites, was found not to be
processed to the E2, form (in these experiments, roughly 50% of wild-
type E2; was converted to E2,) and to be relatively unstable in compar-
ison to wild-type E2 (Qiu et al., 1992a). The mutant completely lacking
glycosylation sites was the most unstable, being degraded completely
within 4 hr. Whereas wild-type E2 was primarily localized in the Golgi
in transfected cells as determined by immunofluorescence, the major
site of accumulation of all of the glycosylation mutants was in the ER,
although some Golgi localization was apparent. Unlike wild-type E2,
none of the E2 produced by any of the glycosylation mutants was
transported to the cell surface. Thus, mutagenesis of any of the E2
glycosylation sites has an effect on the efficiency of transport and
processing. In corollary studies on E1, abrogation of each glycosylation
site either singly or in combination had no effect on the distribution
within the cell of E1 expressed alone or with E2; however, mutants
lacking either of the COOH-terminal two glycosylation sites were not
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transported to the cell surface when coexpressed with E2 (Hobman et
al., 1991; Qiu et al., 1992b). It is thought that the deleterious effects
on glycoprotein transport often elicited by interference with glyco-
sylation is due generally to alteration of tertiary structure rather
than to glycans being specific transport signals (reviewed in Doms
et al., 1993). In this regard, all of the E1 glycosylation mutations
had a dramatic effect on the conformation of E1 as evidenced both by
the binding pattern of these proteins to both human sera and mono-
clonal antibodies in comparison to wild-type E1 and the relative
inability of vaccinia recombinants expressing the mutated proteins
to stimulate production of both neutralizing and HI antibodies in
rabbits.

There is evidence that the rubella virus glycoproteins can be se-
creted from the infected cell in that a number of studies reported the
release of rubella virus-specific “soluble antigens” into the culture
medium of infected cells (Furukawa et al., 1967; Schmidt and Len-
nette, 1969; Le Bouvier, 1969a,b; Vaheri and Vesikari, 1971). These
antigens exhibited neither infectivity nor hemagglutinin activity but
were able to react with antibodies to fix complement (“complement-
fixing antigens”) and to aggregate platelets. The size of these particles
was 3-78 and the density was 1.08-1.11 g/ml as measured in sucrose
gradients (the density of virions in such experiments is 1.19-1.21
g/ml). Immunologically, the soluble antigens reacted similarly to vir-
ions in immunodiffusion tests utilizing either convalescent human an-
tiserum or anti-rubella virus rabbit serum, and when soluble antigen
preparations were used to immunize rabbits, antibodies that exhibit
neutralization, HI, and complement fixation were induced. The re-
lease of soluble antigens was initially detectable relatively late in
infection (after the initial detectable release of virions) and production
was particularly abundant in persistently infected cultures. Soluble
antigens with similar properties could be released from infected cells
by extraction with nonionic detergent, freeze-thawing, and sonication
(Furukawa et al., 1967; Vaheri and Vesikari, 1971; Salmi, 1972a,b).
Although the protein content of the soluble antigens was never deter-
mined, they apparently contain at least the virus glycoproteins. The
low density is indicative of the absence of nucleic acid and the size is
similar to that of heterooligomeric complexes released from virions by
treatment with nonionic detergents. However, if the soluble antigens
consist of glycoprotein heterooligomers, the lack of hemagglutinin ac-
tivity is curious because nonionic detergent disruption of virions en-
hances hemagglutinin activity. More work is necessary to determine
the precise content and structure of these moieties.
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G. Virion Morphogenesis

A large number of electron microscopy studies has examined the
budding of rubella virus (reviewed in Murphy, 1980; Horzinek, 1981).
Budding can be observed to commence with a thickening of a patch of
membrane modified by the insertion of viral glycoprotein as detected
by immunoferritin labeling (Oshiro et al., 1969) (Fig. 9). As budding
progresses, the membrane within the bud also thickens and the enve-
lope of the complete virion retains the thickened morphology. Capsids
are evident in association with partially budded membranes. The prop-
erty of capsid formation occurring coincident with budding is shared
by rubella virus with the type C retroviruses. In contrast, alphavirus
capsids coalesce independently of both membranes and the budding
process and form crystalline arrays in the cytoplasm of infected cells.

Apparent discrepancies exist in the reported sites of rubella virus
budding. Most studies were done with BHK-21 cells and although the
majority reported the budding of virions at both intracellular mem-
branes and at the plasma membrane (von Bonsdorff and Vaheri, 1969;
Higashi et al., 1969; Holmes et al., 1969; Oshiro et al., 1969; Matsumoto
and Higashi, 1974; Bardeletti et al., 1979), budding solely at intracellu-
lar membranes (Tuchinda et al., 1969; Edwards et al., 1969) and, in
contrast, budding predominantly at the plasma membrane (Murphy et
al., 1968) were also reported. Holmes et al. (1968) and Hamvas et al.
(1969) observed virions in intracellular vacuoles, but did not detect
budding forms. Of the three studies done in Vero cells, Tuchinda et al.
(1969) reported budding only at intracellular membranes, Bowden and
Westaway (1989) reported budding at both intracellular membranes
and the cell surface, whereas Payment et al. (1975b) reported budding
solely at the cell surface. In RK-13 cells, Matsumoto and Higashi
(1974) reported budding at both intracellular membranes and the cell
surface, Holmes et al. (1968), Hamvas et al. (1969), and Kouri et al.
(1974) reported accumulation of virions in intracellular vacuoles but
did not observe budding forms, and Chatterji et al. (1969) detected the
presence only of extracellular virions and did not observe budding
forms. In SIRC (rabbit cornea) cells, McCombs et al. (1968) observed
budding only at intracellular membranes whereas Hamvas et al.
(1969) reported accumulation of virions in intracellular vacuoles but
did not observe budding forms. It is clear that the differences observed
in these studies were not due to cell type and the available data do not
warrant the conclusion that differential patterns of budding occur in
different cell types.

As discussed above (Section VI,F,2,b), expression studies have dem-
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F1G. 9. Budding of rubella virus. Budding forms of rubella virus from the cyto-
plasmic membrane observed in infected BHK-21 cells. Cells were fixed with 1% glu-
taraldehyde and postfixed with 1% osmium tetroxide prior to embedding and thin sec-
tioning. The initiation of the budding process is indicated by the thickening of a patch of
membrane (A and D). Cores are seen to form in association with partially deformed
membranes (B and E). Freshly budded virions are shown in (C) and (F). In (D) through
(F), the thin sections were reacted with ferritin-conjugated human anti-rubella virus
serum to distinguish regions of the membrane modified by the presence of rubella virus
antigens. [The micrographs were provided by L. Oshiro and are from Oshiro et al.
(1969).]
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onstrated that the rubella virus glycoproteins are targeted primarily
to intracellular locations, although inefficient transport to the cell sur-
face occurs (Hobman et al., 1990, 1993; Baron et al., 1992). Consistent
with these findings, in infected cells the glycoproteins are initially
detectable at intracellular locations and appear on the cell surface only
at later times in the replication cycle (T. K. Frey and E. S. Abernathy,
unpublished observations). It would thus be expected that the primary
site of virus budding is at intracellular locations, with budding at the
cell surface occurring at later times postinfection when sufficient con-
centrations of glycoproteins had accumulated in the plasma mem-
brane. Another indication that the primary site of virus budding is at
intracellular locations is that the lipid content of the virion envelope is
similar to that of intracellular membranes rather than the plasma
membrane (intriguingly, the virion membrane was also found to con-
tain cardiolipin, a compound specific for the inner mitochondrial mem-
brane) (Bardeletti and Gautheron, 1976).

Most of the electron microscopic studies were done on cultures infec-
ted with an MOI of 1 infectious dose per cell or less and, as expected
when a low MOI is used, virions were not observable in these studies
until 48 hr postinfection. Indeed, in several studies, the cells were not
processed for electron microscopy until 7 to 10 days postinfection.
Thus, in these studies the degree of asynchrony of infection is greater
than in cells infected with a high MOI and at each time point the
specimen analyzed would contain cells at all stages of the virus repli-
cation cycle. In one study (von Bonsdorff and Vaheri, 1969), however, a
high MOI was used and virus could be observed in up to 50% of the
cells as early as 15 hr postinfection. Thus, in this study conditions of
synchronous infection were approached as closely as is possible with
rubella virus. In this study, the accumulation of virus and virus bud-
ding was initially observed in the Golgi. At later times postinfection,
budding at the plasma membrane was observed but with much less
frequency than at intracellular membranes. These observations are
entirely consistent with the findings on the intracellular sites of accu-
mulation of the virus glycoproteins and it is thus likely that this is the
normal course of progression of rubella virion morphogenesis. The
studies that describe budding solely at intracellular membranes or at
both intracellular membranes and the plasma membrane are consis-
tent with this progression; however, the fact that a progression exists
was missed due to the asynchronous infection conditions or that the
infected cells were analyzed very late in infection when budding at
both sites occurs. Interestingly, despite using an MOI of 1 TCID,,/cell,
Bardeletti et al. (1979) also observed that budding and virus accumula-
tion were initially detectable at intracellular sites and that budding



134 TERYL K. FREY

from the plasma membrane occurred only at later time points, at
which time budding was predominant at intracellular sites. The only
reports inconsistent with this progression are those in which budding
is observed primarily at the plasma membrane. However, in only one
study was budding solely at the plasma membrane reported (Payment
et al., 1975b), and in this study only 10% of the cells contained virus
and thus a representative sample might not have been observed.

The intracellular budding of virions is observed both into the Golgi
apparatus (von Bonsdorff and Vaheri, 1969; Matsumoto and Higashi,
1974; Bardeletti et al., 1979) and into cytoplasmic vacuoles (Higashi et
al., 1969; McCombs et al., 1968; Tuchinda et al., 1969; Holmes et al.,
1969; Oshiro et al., 1969; Edwards et al., 1969; Bardeletti et al., 1979).
In these reports of vacuolar budding, Higashi et al. (1969), Holmes et al.
(1969), and Edwards et al. (1969) ascribed the vacuoles as being derived
from the Golgi. In only one report (Murphy et al., 1968) was budding
into the ER observed. Therefore, although it has become a tenet that
rubella virus buds into the ER (Pettersson, 1991), this has not been
definitely determined. Whether there is a preferred compartment for
rubella virus budding is not known and it would be of great interest to
do immunoelectron microscopy using marker antibodies specific for
ER, transitional, and Golgi compartments on rubella virus-infected
cells at relatively early times in the replication cycle. Later in the
replication cycle, glycoproteins are transported to apparently non-
predominant sites (e.g., the cell surface) and budding can occur at
these sites. This is the case with the coronavirus, murine hepatitis
virus-A59, which buds initially exclusively into transitional elements
between the ER and Golgi (Tooze et al., 1984). However, later in infec-
tion the virus glycoproteins accumulate in the smooth ER and budding
occurs at this site as well. Another reason to avoid analysis at late
times in infection in rubella virus-infected cells is that the cell cyto-
plasm becomes highly vacuolated and rearrangements of the ER occur,
including association with vacuoles containing virions (Holmes et al.,
1968; Tuchinda et al., 1969; Edwards et al., 1969; von Bonsdorff and
Vaheri, 1969). This disorganization and degeneration of the cytoplasm
could have an effect on the specificity of budding.

H. Time Course of Virus Macromolecular Synthesis

In rubella virus-infected cells, virus-specific RNA and proteins are
initially detectable at 10 to 12 hr postinfection, a finding that parallels
the eclipse period observed in virus production (Sedwick and Sokol,
1970; Vaheri and Vesikari, 1971; Hemphill e al., 1988). Rates of virus-
specific RNA synthesis peak between 26 and 30 hr postinfection
whereas rates of virus-specific protein synthesis are at peak levels by
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16 hr postinfection. This is in contrast to alphavirus-infected cells, in
which virus-specific macromolecules can be detected within 2 hr post-
infection. Although quantitative comparisons of macromolecular syn-
thesis have not been done, the relative level of incorporation of radio-
labeled precursor into virus RNA and proteins in infected cells is
qualitatively much greater in alphavirus-infected cells than in rubella
virus-infected cells. The number of virions produced in alphavirus-
infected cells in comparison to rubella virus-infected cells is greater by
100-fold or more. Thus, in some process or processes in the replication
cycle, rubella virus is slow and/or inefficient in comparison with the
alphaviruses.

The molecular basis of the relatively inefficient rate of rubella virus
replication is unknown and is probably due to a complex set of factors.
However, the high G + C content of the rubella virus RNA possibly
contributes to the relative inefficiency of rubella virus replication.
First, as discussed above, the high G + C content leads to a pattern of
codon usage that is different than that found in human genes and thus
the rate of translation of the rubella virus RNAs could be limited by
the availability in infected cells of the tRNA isoacceptor species that
their coding sequence specify. However, the rate of translation of
mRNAs of herpes simplex viruses I and II, the genomic DNAs of which
are 67 and 69% G + C, respectively, has been shown to be equivalent to
the rate of translation of cellular mRNAs (Honess, 1984; Honess et al.,
1989). Second, the high G + C content of the rubella virus RNA im-
parts greater stability to both the secondary structure formed by the
single-stranded RNA species and the double-stranded replicative com-
plexes in comparison to viruses whose RNAs are of lower G + C con-
tent [the T, of the rubella virus double-stranded RNA is 12°C higher
than that of the alphaviruses, using the formula that 7', varies by
0.584(%G + C)l. Because of the greater stability of the rubella virus
single- and double-stranded RNA species, a greater expenditure of
energy is required to denature them during transcription (and transla-
tion in the case of the single-stranded RNAs). In this regard, it is of
interest that the only two regions of the rubella virus genome in which
the G + C content is near 50% are at the 5’ end of the RNA and at the
subgenomic RNA start site. Thus, these regions of the double-stranded
RNA replicative complex may be relatively easy to denature such that
initiation of genomic and subgenomic RNA can be facilitated.

1. Effect of Virus Replication on Host Cell

Rubella virus infection appears to stimulate the rate of metabolism.
Bardeletti et al. (1972) and Bardeletti (1977) noted an immediate ef-
fect in that oxygen uptake and lactic acid production were stimulated
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during the first hour of infection of BHK-21 cells. Concomitantly, in-
tracellular ATP levels dropped. After the first hour of infection, no
differences between metabolism levels in infected and uninfected cells
were detected during the early eclipse phase (2 to 5 hr postinfection).
However, as infection proceeded oxygen uptake was stimulated such
that by the time of peak virus production (20—22 hr post infection)
oxygen uptake was 20% greater in infected cells than in control unin-
fected cells. At this time in the infection cycle, ATP levels were also
higher in infected cells than in uninfected cells. Vaheri and Cristofalo
(1967) also noted a stimlation of metabolism in infected BHK-21 cells
as measured by an increase in glucose utilization and lactate pro-
duction in comparison to uninfected controls at time points after 24 hr
postinfection. An interesting finding in the studies of Bardeletti et
al. (1972) and Bardeletti (1977) was that within the first hour of
rubella virus infection, mitochondria were protected from the un-
coupling effect of 2,4-dinitrophenol. These authors interpreted this
finding as indicative of mitochondrial involvement of rubella virus
replication.

Stimulation of membrane biosynthesis has also been reported in
rubella virus-infected cells. Bardeletti and Gautheron (1976) found an
increased lipid content in infected BHK-21 cells in comparison to unin-
fected cells. In addition to an increase in the amount of lipid present,
the overall lipid composition in infected cells differed from that of
uninfected cells (Bardeletti and Gautheron, 1976; Voiland and Bar-
deletti, 1980; Bardeletti and Voiland, 1981). Specifically, in comparison
to uninfected cells the overall percentage of phospholipid decreased,
the relative amounts of phosphatidylcholine and linoleic acid in-
creased, and a novel glycolipid was discovered (this glycolipid was not
present in virions). Payment et al. (1975¢) isolated a novel membrane
fraction from infected BHK-21 cells. Electron microscopy of specimens
taken early in infection of BHK-21 cells revealed a proliferation of
smooth membranes in the Golgi, particularly those budding virus (von
Bonsdorff and Vaheri, 1969). During prolonged infection (2 days and
beyond) of BHK-21, Vero, RK-13, and SIRC cells, membrane alter-
ations observed include vacuolarization of the cytoplasm (McCombs et
al., 1968; Higashi et al., 1969; Tuchinda et al., 1969; Hamvas et al.,
1969; Holmes et al., 1969; von Bonsdorff and Vaheri, 1969), prolifera-
tion and distention of the membranes of both the ER and the Golgi
(Higashi et al., 1969; Tuchinda et al., 1969; Holmes et al., 1969; Ed-
wards et al., 1969; Chatterji et al., 1969), and occasionally the appear-
ance of structures with unusual morphologies such as crystalline in-
clusions (Higashi et al., 1969; Kim and Boatman, 1967; Holmes et al.,
1968, 1969) and annulate lamellae (Kim and Boatman, 1967; Patrizi
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and Middelkamp, 1970). Expansion, alteration, and rearrangement
of cytoplasmic membranous structures is commonly observed in cells
infected with other viruses that bud from intracellular membranes
(Kuismanen et al., 1984; Tooze et al., 1985). In the case of the bun-
yavirus, Uukuniemi virus, alteration of the Golgi apparatus is trig-
gered by the presence of the virus glycoproteins in the absence of other
virus gene products or virus maturation (Gahmberg et al., 1986). The
only evidence to indicate an effect of the rubella virus glycoproteins on
the structure of intracellular membranes is the appearance of the nov-
el ER-Golgi intermediate compartment in cells in which E1 is ex-
pressed alone (Baron et al., 1992; Hobman et al., 1993).

Studies on the effect of rubella virus replication on host cell macro-
molecular synthesis have led to seemingly contradictory results. Maes
et al. (1966) and Hemphill et al. (1988) found no inhibition of cell RNA
synthesis in BHK-21 and Vero cells, respectively, through 72 hr postin-
fection. However, although Vaheri and Cristafalo (1967) also found no
inhibition of cell RNA synthesis in BHK-21 cells at 24 hr postinfec-
tion, after this time inhibition of cell RNA synthesis was detectable
and progressed to complete inhibition by 56 hr postinfection. Similar
to the results with cell RNA synthesis inhibition, no inhibition of cell
protein synthesis could be detected at 24 hr postinfection in BHK-21
(Maes et al., 1966; Vaheri and Cristofalo, 1967), Vero (Hemphill et al.,
1988), and RK-13 cells as well as in human peripheral blood lympho-
cytes (PBLs) (Chantler and Tingle, 1980). However, late in infection
(48 to 72 hr postinfection), results varied. Maes et al. (1966) and
Chantler and Tingle (1980) found no inhibition of cell protein synthe-
sis in BHK-21 and RK-13 cells, respectively. Payment et al. (1975b) and
Hemphill et al. (1988) found in infected Vero cells that cell protein
synthesis was inhibited by 50%. In contrast, Vaheri and Cristofalo
(1967) and Chantler and Tingle (1980) found complete inhibition of
cell protein synthesis in BHK-21 and human PBLs, respectively. With
the exception of Payment et al. (1975b), all of these studies were con-
ducted using an input MOI of 5 infectious doses per cell or greater and
in all of these studies it is clear that the inhibition of cell macro-
molecular synthesis observed late in infection was not simply due to
cell death. Overall, no effect on cell macromolecular synthesis is exhib-
ited early in infection, although the lack of synchronous infection
would delay the time postinfection at which inhibition could be de-
tected. Varying effects on cell macromolecular synthesis are observ-
able late in infection and the variability is not completely due to differ-
ences in cell type.

A number of studies have shown that cells infected with rubella
virus grow and divide more slowly than do uninfected cells. The range
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of cell types in which this effect has been reported includes standard
cell culture lines (both following initial infection and during persistent
infection) (Maassab and Veronelli, 1966; Vaheri and Cristofalo, 1967;
Gerna et al., 1973; Stanwick and Hallum, 1974; Norval, 1979), cell
strains and organ cultures derived from several fetal human organs
(Plotkin et al., 1965; Hoskins and Plotkin, 1967; Boue and Boue, 1969;
Heggie, 1976; Yoneda et al., 1986), and strains derived from congeni-
tally infected fetuses that were found to be persistently infected with
rubella virus (Rawls and Melnick, 1966). The most striking effect of
rubella virus infection on cell growth and division is observed in dip-
loid cell strains derived from human fetal lungs (Plotkin et al., 1965;
Hoskins and Plotkin, 1967; Boue and Boue, 1969). Rubella virus infec-
tion of such cell strains results in cessation of growth within a few
passages. Rubella virus infection of cell strains from other human
fetal organs (skin, pharyngeal mucosa, hypophysis, thymus, pericar-
dium, brain, kidney, and pituitary) results in effects on cell growth and
division ranging from modest to inapparent and differences in effect
on cell growth and division of these cell strains were observed in differ-
ent studies. Interestingly, other than the effect on cell growth and
division, rubella virus infection of cell strains derived from human
fetal organs results in no observable cytopathic effect.

The cessation of growth of human diploid lung strains following ru-
bella virus infection was attributed to an inhibition of mitosis because
the mitotic indices of infected cells were significantly below those of
uninfected cells (Plotkin et al., 1965). Gerna et al. (1972a,b) reported a
significant decrease in the mitotic indices of Vero, primary rabbit kid-
ney and SIRC (rabbit cornea) cells infected with virulent, but not at-
tenuated vaccine, strains of rubella virus. The mechanism by which
rubella virus inhibits mitosis is not known. Vaheri and Cristafalo
(1967) and Gerna et al. (1973) reported an inhibition of DNA synthesis
in rubella virus-infected cells. Plotkin and Vaheri (1967) described a
protein present in the culture fluid of rubella virus-infected WI-38 (di-
ploid human lung) cells that inhibited mitosis in uninfected WI-38 and
human skin cells. Anti-rubella virus antiserum had no effect on the
activity of this protein and the protein was not an interferon. Bowden
and Westaway (1987) reported disaggregation of the microfilament
system in infected Vero cells and proposed that this could lead to inhib-
ition of mitosis by interfering with construction of the mitotic spindle.

The effect of rubella virus on cell division is of clinical significance
because one of the manifestations of CRS is a reduction of the number
of cells in affected organs and it is thought that this could be caused by
reduced growth rate of lack of division of rubella virus-infected cells
(reviewed in Rawls, 1974). Interestingly, only one in 103 to 105 of the
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cells from infected fetal organs can be shown to harbor virus. However,
rubella virus infection of precursor or stem cells early in embry-
ogenesis with resultant inhibition of cell growth and division could
certainly lead to a reduction in the number of cells in the organ that
eventually develops. Elaboration of an antimitotic substance by a
small number of infected cells would also lead to a reduction of cell
number. Another mechanism by which rubella virus infection in utero
could stunt organ development was suggested by the studies of Yoneda
et al. (1986) on human palate-derived embryonic mesenchymal cells
that maintained differentiated function in vitro. Persistent infection
of these cells in vitro by rubella virus led to a twofold decrease in
responsiveness to human epidermal growth factor in comparison to
uninfected cells.

In association with the studies on the effect of rubella virus infec-
tion on mitosis, it was found that the number of chromosomal break-
ages was increased in human diploid cell strains infected in vitro with
rubella virus in comparison to uninfected cell strains (Plotkin et al.,
1965; Chang et al., 1966; Hoskins and Plotkin, 1967; Boue and Boue,
1969). It was also found that cell strains derived from a percentage of
congenitally infected fetuses contained an increased number of chro-
mosome breakages in comparison to strains derived from fetuses
aborted for reasons other than congenital rubella virus infection
(Chang et al., 1966). However, because the occurrence of significantly
higher rates of chromosomal breakage in cell strains from congeni-
tally infected fetuses was not uniform, induction of chromosome
breakage is not considered to be a primary mechanism of teratogenesis
(Chang et al., 1966).

Despite the lack of recognizable cytopathology in rubella virus-
infected cell strains derived from human fetuses, in tissues from con-
genitally infected human fetuses noninflammatory necrotic lesions
are present that are apparently due to direct virus-mediated cell de-
struction (reviewed in Wolinsky, 1990a). Electron microscopic exam-
ination of tissues from a large number of congenitally infected fetuses
revealed neither the presence of virions nor the type of cytopathic
changes encountered in culture cells as described above (Kistler, 1975).
However, the presence of tubular aggregates enclosed in cisternae of
the ER and an increased number of nuclear bodies in a proportion of
cells from a number of organs were observed. The proportion of cells
containing tubuloreticular complexes was highest in the vicinity of
lesions. Similar tubular aggregates are routinely observed in cells
from patients infected with other viruses, in tumors, and in tissues
from patients suffering from autoimmune diseases such as systemic
lupus erythematosus and thus are not specific to rubella virus.
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VII. RuBeLLA ViRUS AND TogaviRus EvoLuTioN

A. Microevolution

The mutability of RNA virus genomes due to the lack of proofread-
ing enzymes associated with RNA-dependent RNA replication was
first recognized in 1982 (Holland et al., 1982). The initial predictions to
be made following recognition of the phenomenon were that RNA vi-
ruses should evolve with extreme rapidity and exhibit considerable
sequence diversity. Both of these predictions were borne out with a
number of viruses, most nefariously HIV-1, isolates of which can vary
from each other in nucleotide sequence by 13% (30% in the envelope
protein-coding region) and with which antigenic variation can be docu-
mented within a single infected individual (Wong-Staal, 1990). Within
a single serotype of other viruses [e.g., poliovirus serotype 1 and both
the Indiana and New Jersey serotypes of vesicular stomatitis virus
(VSV)], nucleotide variabilities ‘between strains of up to 18 to 23%
have been reported (Rico-Hesse et al., 1987; Nichol et al., 1989; Bilsel
et al., 1990; Bilsel and Nichol, 1990). However, in a number of RNA
viruses, nucleotide variability among strains is not of this magnitude
and rubella virus falls into this group of viruses. From the reported
nucleotide sequences, sequence variability in the structural protein-
coding region is between 2.5 and 3.5% among independent strains of
rubella virus (Table IV). In a study that compared the E1 coding se-
quence of 11 independent strains and isolates of rubella virus from
both North America and Europe, sequence variability was between 0.7
and 3.6% (Frey and Abernathy, 1993). The recently completed nucle-
otide sequence of the nonstructural protein ORF of the M33 strain of
rubella virus (S. Gillam, personal communication) varies from the
Therien nonstructural protein ORF sequence by 2.5%. Other viruses
that exhibit limited interstrain variability in structural protein-coding
regions are measles virus [up to 7.2% in one study; (Taylor et al., 1991),
and from 0.5-4.8% in a second study; (Rota et al., 1994)] human type 3
parainfluenza virus (1.2 to 5.8%; van Wyke Coelingh et al., 1988);
influenza C virus (0.1 to 6.6%; Buonagurio et al., 1985); and mumps
virus (0.1 to 12%; Yamada et al., 1989). Among alphaviruses, Sindbis
virus strains vary by 5.0 to 5.7% in nucleotide sequence of the total
genome or the glycoprotein-coding region, but can vary by up to 20% in
the 3’ noncoding region (Russell et al., 1989; Shirako et al., 1991).
North American isolates of Eastern equine encephalitis were found to
vary by only 0.7% in the structural protein-coding region (Weaver et
al., 1991).

With study of the mutability of RNA viruses, it has become apparent
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TABLE IV
PERCENTAGE DIFFERENCES BETWEEN REPORTED NUCLEOTIDE AND DEDUCED
AMINO AcIip SEQUENCES OF RUBELLA VIRUS

Strain Therien (F) RA 27/3 M33 HPV-77

Nucleotide sequence=

Therien (G) 0.6 2.4 35 3.3
Therien (F) 2.5 3.4 3.3
RA 27/3 2.9 2.8
M33 0.3

Amino acid sequence?

Therien (G) 0.8 3.0 2.6 2.4
Therien (F) 3.0 2.5 2.2
RA 27/3 2.5 2.2
M33 0.6

aPercentage difference in reported nucleotide sequence of the subgenomic RNA of
three independent strains of rubella virus. The sequence of the Therien strain was
determined independently in two labs (G = Georgia State University; F = University of
Helsinki, Finland) and the HPV-77 is a vaccine strain derived by serial passage of the
Ma33 strain in cell culture. Sequence citations: Therien (G): Frey et al. (1986), Frey and
Marr (1988); Therien (F): Vidgren et al. (1987), Takkinen et al. (1988); RA 27/3: Nakhasi
et al. (1989); M33: Clarke et al. (1987); HPV-77: Zheng et al. (1989).

bDifference in deduced amino acid sequence of the structural protein ORF.

that the high mutability of RNA viruses leads to their existence both
in the laboratory and in nature as complex populations of “quasi-
species” (Holland et al., 1992). Although the rate of evolution of a
particular virus can be rapid and intraclonal variability can exist, both
population equilibrium dynamics as well as selection can lead to main-
tenance of a consensus sequence within the virus population in a mi-
croenvironment. Thus, even viruses that are capable of rapid evolution
under laboratory conditions or that exhibit a wide degree of nucleotide
sequence divergence on a worldwide basis can exhibit local or regional
stasis. Consistent with the quasispecies population concept, with most
viruses that cause human disease, it is found that several distinct
genetic lineages cocirculate [the exception to this rule is the influenza
A viruses, which show a linear evolutionary progression on a world-
wide basis (Buonagurio et al., 1985)]. Sequence analysis of rubella
virus isolates provided evidence for the existence of cocirculating lin-
eages that have a worldwide distribution (Frey and Abernathy, 1993).

At present, there is no answer to the question concerning the reason
for relative lack of interstrain sequence divergence exhibited by
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rubella virus and discussion of the question must consider both the
inherent mutation rate exhibited by the rubella virus replicase and the
selective constraints faced by rubella virus in its replication and trans-
mission in nature. The generally accepted range of the rate of RNA
virus mutation is between 10-3 and 10-6 mutations per nucleotide per
round of replication and rates of evolution in nature of between 10-2
and 10-4 substitutions per nucleotide per year have been determined.
There is no evidence as to the rate of mutation during rubella virus
replication and, because of the phylogenetic grouping of the genetic
lineages of rubella virus, calculation of the rate of rubella virus evolu-
tion in nature has thus far not been possible (Frey and Abernathy,
1993), although considering the low degree of nucleotide variability
among rubella virus strains the rate of rubella virus evolution is prob-
ably on the low end of the spectrum. It is conceivable that the low
degree of variability exhibited among rubella virus strains is due to a
lower rate of mutation on the part of the rubella virus replicase, possi-
bly due its being less error prone than the replicases of other RNA
viruses or because rubella virus expresses a replicase with proofread-
ing capacity. There is no experimental evidence relating to either of
these possibilities. It should also be considered that, due to its slow
replication cycle and relatively small number of progeny virus pro-
duced per infected cell, rubella virus undergoes fewer rounds of RNA
replication per given amount of time in culture or in nature than do
viruses that replicate more rapidly and to higher titers, thus providing
less opportunity for mutation to occur. Interestingly, however, the se-
quence diversity of the Therien strain of rubella virus maintained in
different laboratories for over 13 years is 0.6% whereas the M33 pro-
genitor wild-type strain and the HPV-77 vaccine strain attenuated by
77 passages in AGMK cells vary by 0.3% (Table IV). These differences
in sequence are similar to the sequence diversity of strains of other
viruses maintained in different laboratories or passaged in cell culture
to produce attenuated vaccines. For example, the same Sindbis virus
strains maintained in different laboratories differ in sequence by 0.2
to 0.3% (Lustig et al., 1988), attenuation of yellow fever vaccine by 240
passages in culture cells and animals led to a sequence difference of
0.6% (Hahn et al., 1987), and the Sabin type 1 and type 3 poliovirus
vaccines differ in sequence by 0.8 and 0.1%, respectively, from their
wild-type parents despite over 70 passages in culture cells and animals
in each case (Nomoto et al., 1982; Stanway et al., 1984).

In terms of the effect of selection on the interstrain sequence diver-
sity exhibited by rubella virus, an obvious selective force is the inter-
action of the virus structural proteins with the human immune sys-
tem. Considering the tendency of other viruses to exhibit antigenic
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drift or to diverge into multiple serotypes, it is amazing that viruses
such as rubella virus stubbornly maintain a single serotype. Presum-
ably, the structure of the virus structural proteins is sufficiently rigid
such that changes in amino acid sequence are not tolerated.

Analysis of the distribution of the nucleotides at which sequence
variation between rubella virus strains occurs is also instructive in
attempting to elucidate the selective pressures operative in rubella
virus evolution. Among the five sequence determinations of the struc-
tural protein-coding region (Table IV), 148 of the 3189 nucleotides
(4.6%) show variation. Of these, 20% are at first-codon positions, 15%
are at second-codon positions, and 64% are at third-codon positions. In
a collection of sequences of the E1 coding regions of 11 independent
strains (Frey and Abernathy, 1393), 123 of 1300 nucleotides sequenced
(9.5%) showed variation (the greater number of nucleotides exhibiting
variation in this study in comparison to the structural protein ORF
sequences is undoubtedly due to the inclusion of sequences from a
larger number of strains). Of these, 18% were at first-codon positions,
11% were at second-codon positions, and 71% were at third-codon posi-
tions. Thus, although as expected the majority of nucleotides at which
differences were observed are at third-codon positions, only 9% of the
third-codon positions in the structural protein ORF sequence collection
and 20% of the third-codon positions in the E1 sequence collection
exhibited variability. If selective pressure were primarily exerted by
maintenance of amino acid sequence, then variation would be expected
at a much higher percentage of third-codon positions. Indeed, in a
comparative sequence study of poliovirus serotype I strains across a
region of nucleotides encoding parts of the VP1 capsid protein and
NVP2A nonstructural protein, variability was encountered at every
third-codon position (Rico-Hesse et al., 1987) and in a collection of
sequences of the G protein gene from multiple strains of the VSV New
Jersey serotype, variability was present at 89% of the third-codon posi-
tions (Nichol et al., 1989). In actuality, of the nucleotides that exhibit
interstrain variability, in rubella virus a lower percentage are at third-
codon positions (64 to 71%) than in either poliovirus (98%) or VSV
(84%). This results in the range of variability in deduced amino acid
sequence among strains of rubella virus (2.2 to 3.0% in the complete
structural protein ORF, Table IV; 0.2 to 2.9% in the E1 comparison
study) being closer to the range of variability in the poliovirus and
VSV amino acid sequences (up to 4% and 3 to 9%, respectively) than is
the range of variability in nucleotide sequences.

Considering the interstrain invariability of nucleotide sequence at
over 90% of the total residues and 80% of the third-codon positions in
the rubella virus structural protein-coding sequences, selective pres-
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sure other than maintenance of amino acid sequence must be operative
in the evolution of rubella virus. The selective pressures are unknown
but possibilities include the distribution of isoacceptor species in cells
in which the virus replicates, maintenance of the negative-polarity
ORFs, the maintenance of high G and C content, (G—> Cand C—> G
substitutions are transversions, which are much less likely to occur
than are transitions), or conformational requirements of the virion
RNA. It should be pointed out that the conservation of the majority of
nucleotides among strains is not unique to rubella virus and is evi-
dent in the sequence collections cited above for a number of other
viruses (measles, mumps, influenza C, and human parainfiluenza
type 3).

B. Macroevolution

From the comparative schematic genetic map of the genomes of
rubella virus and Sindbis virus shown in Fig. 3, the most straightfor-
ward conclusion as to the evolution of the togaviruses is that rubella
virus and the alphaviruses diverged from a common ancestor. How-
ever, extensive computer-assisted homology analysis has shown that
the evolution of these genera was probably much more complicated.

To recapitulate the similarities in genomic coding and replication
strategy between the genera Rubivirus and Alphavirus, the following
features are shared: the presence of two long ORFs, the 5’ terminal of
which encodes nonstructural proteins and the 3’ terminal of which
encodes structural proteins; the gene order within the structural pro-
tein ORF of a soluble capsid protein followed by two envelope glycopro-
teins; and the translation of the structural protein ORF from a single
species of subgenomic RNA that is synthesized by internal initiation
on a genome-length minus-polarity RNA template. An interesting
comparative feature of the genomes of the two genera is that the
rubella virus genome is 20% shorter than is the Sindbis virus genome
and that this compression is apparent in all regions of the genome: the
nonstructural protein ORF is 2115 amino acids in rubella virus versus
2513 amino acids in Sindbis virus; the structural protein ORF is 1063
amino acids in rubella virus versus 1245 amino acids in Sindbis virus;
and the 3’ terminal nontranslated region is 62 nucleotides in rubella
virus versus 319 nucleotides in Sindbis virus.

There are two clear differences in the genomic coding strategies of
rubella virus and the alphaviruses. The first comprises several varia-
tions in the structural protein expression strategy: the retention of the
E2 signal sequence on the rubella virus capsid protein and its absence
on the alphavirus capsid protein, the alphavirus PE2 — E2 + E3 cleav-
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age in contrast to the absence of cleavages in the maturation of the
rubella virus glycoproteins; the presence of O-glycans on rubella virus
E2 that are absent from both alphavirus glycoproteins, and the exis-
tence of the 6K protein in the Sindbis virus structural protein ORF
between E2 and E1 that is not present in the rubella virus structural
protein ORF. Whether these differences could be the result of simple
evolution from a common ancestor is not clear, particularly consider-
ing that the first of these differences, the retention or absence of the
E2 signal sequence on the capsid protein, underscores a significant
difference between the two genera in both the mechanism of capsid
morphogenesis and site of budding. The second difference between the
genomes of rubella virus and the alphaviruses is in the order of motifs
within the nonstructural protein ORF. It was this difference that gave
the initial indication of the complicated nature of togavirus evolution.

Both rubella virus and the alphaviruses belong to a large super-
family that consists of the togavirus and hepatitis E virus families of
animal viruses and several families of plant viruses (reviewed in Gold-
bach et al., 1991). The existence of this superfamily was originally
recognized as a result of computer-assisted homology analysis, which
detected the presence of homology between the deduced amino acid
sequence of nsP1, nsP2, and nsP4 of Sindbis virus and members of
three plant virus families, the family Tobamoviridae (tobacco mosaic
virus), the family Bromoviridae (brome mosaic virus), and the family
Ilaviridae (alfalfa mosaic virus) (Haselhoff et al., 1984; Ahlquist et al.,
1985). Later analysis demonstrated that these regions of homology
were regions associated with methyltransferase, helicase, and repli-
case activity, respectively (Kamer and Argos, 1984; Gorbalenya et al.,
1988; Rozanov et al., 1992). The families in the alphavirus-like super-
family are diverse in genomic structure and coding strategy, sharing
only the presence of these three regions of homology and the transla-
tion of the structural protein(s) from a subgenomic RNA. As a demon-
stration of the diversity within the superfamily, it contains viruses
with mono-, bi-, and tripartite genomes, viruses with naked helical,
naked icosahedral, and enveloped icosahedral virions, and viruses
with 3’ poly(A) tracts and 3’ tRNA-like structures. Of interest, only
the animal virus families within the superfamily contain the X do-
main.

Because the order of the methyltransferase, helicase, and replicase
domains is similar to all of the families within the alphavirus-like
superfamily, it is assumed that these families diverged from a common
ancestor (reviewed in Goldbach, 1990). The differences in capsid struc-
ture and presence of domains in subsets of families within the super-
family are assumed to be due to interviral recombination. Recombina-
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tion between nonsegmented, positive-polarity RNA viruses has been
demonstrated in nature and in the laboratory in the families Picor-
naviridae, Togaviridae (alphavirus), and Coronaviridae families (re-
viewed in Lai, 1992). In this regard, interviral recombination between
rubella virus and a latent retrovirus (R-virus) of BHK-21 cells has
been reported (Sato et al., 1976, 1978; Yamamoto and Urade, 1989;
Urade and Yamamoto, 1990; Urade et al., 1993). The hybrid viruses
have a virion morphology similar to that of the R-virus and contain a
DNA polymerase activity. The hybrids reacted with anti-rubella virus
complement-fixing antibodies but were not neutralized by anti-rubella
virus serum and were recognized by anti-C and anti-E2, but not anti-
E1, monoclonal antibodies. It was hypothesized that the hybrids were
formed by a recombination event in which the El-coding region of
rubella virus was replaced with the reverse transcriptase and
envelope-coding region of the R-virus. However, this has not been con-
firmed by sequence determination.

In the picornaviruses, recombination has been shown to be achieved
by a “copy choice” mechanism by which an RNA replicase and associ-
ated RNA transcript leave one template and continue transcription on
another, resulting in a chimeric transcript. With respect to the differ-
ence in order of global motifs in the nonstructural protein ORFs of
rubella virus and the alphaviruses, rearrangement by copy choice
mechanism would involve minimally four copy choice events. The oth-
er alternative would be independent donation of the protease and X
domains to a common ancestor.

Surprisingly, when the deduced amino acid sequences surrounding
the helicase and replicase motifs of members of the alphavirus-like
superfamily were used to create phylogenetic trees (Koonin, 1991;
Weaver et al., 1993) (Fig. 10), the alphaviruses segregated onto one
branch with the hordei-, tobra-, tobamo-, ilar-, bromo-, cucumo-, and
closteroviruses whereas rubella virus segregated onto a different
branch with hepatitis E virus and the furoviruses [beet yellow necrotic
vein virus (BYNVV)]. A third branch contained the carla-, potex-, and
tymoviruses along with apple chlorotic leafspot virus (previously clas-
sified as a closterovirus). More detailed analysis of the complete non-
structural protein ORFs of BYNVYV, hepatitis E virus, and rubella
virus revealed additionally a “Y domain” of unknown function in all
three viruses and a proline-rich hinge region in hepatitis E virus and
rubella virus, neither of which were present in the alphavirus non-
structural protein ORF (Koonin et al., 1992; Koonin and Dolja, 1993).
The order of the motifs was methyltransferase—Y—helicase—protease—
replicase in BYNVYV, methyltransferase—Y—protease—proline hinge—
X-helicase—replicase in hepatitis E virus, and methyltransferase— Y-
proline hinge—X—protease—helicase—replicase in rubella virus. Thus,



MOLECULAR BIOLOGY OF RUBELLA VIRUS 147

Ross River
Semiliki Forest
Middelburg

O' nyong-nyong
Sindbis

I_EEastem encephalitis
Venezuelan encephalitis
AMV
CMV
— oW
T™V
[ | BSMV

| TRV

, ACLSV
1 PVM
TYMV

1 — PVX

Rubella
BNYVV

‘I HEV
TCV

[ CUNV

Polio

I YFV

Fic. 10. Phylogenetic tree of replicases of members of the alphavirus-like super-
family. Relatedness is proportional to horizontal distance between viruses and branch
points on the tree; vertical spacing is irrelevant to relatedness. The tree is rooted by
using members of other virus superfamilies (YFV, yellow fever virus). Viruses at the top
of the tree with unabbreviated names are all alphaviruses. Abbreviations: AMV, alfalfa
mosaic virus (family Ilarviridae); CMV, cucumber mosaic virus (family Cucumoviridae);
BMYV, brome mosaic virus (family Bromoviridae); TMV, tobacco mesaic virus (family
Tobamoviridae); BSMV, barley stripe mosaic virus (family Hordeiviridae); TRV, tobacco
rattle virus (family Tobraviridae); ACLSV, apple chlorotic leafspot virus (family
Closteroviridae); PVM, potato virus M (family Carlaviridae); TYMV, turnip yellow mo-
saic virus (family Tymoviridae); PVX, potato virus X (family Potexviridae); HEV, hepati-
tis E virus; BYNVYV, beet yellow necrotic vein virus (family Furoviridae); TCV, turnip
crinkle virus (family Carmoviridae); CUNV, cucumber necrosis virus (family Tom-
busviridae). [The tree was provided by S. Weaver and is from Weaver et al. (1993).]

with the exception of the protease domain, the order of these domains
is similar among these viruses.

Overall, the conclusion of these phylogenetic analyses is that the
nonstructural protein ORFs of rubella virus and the alphaviruses are
more closely related to the nonstructural protein-coding regions of
other virus families than to each other. This makes it unlikely that
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rubella virus and the alphaviruses simply diverged from a common
ancestor unless a virus with an alphavirus/rubella virus-like genome
organization was the ancestral virus of most or all of the alphavirus-
like superfamily (Weaver et al., 1993). In this scenario, the alphavirus
and rubella virus branches diverged from this ancestor, accumulating
the differences in the helicase and replicase motifs in the process. The
X, Y, proline hinge, and protease motifs were donated by interviral
recombination after divergence of these branches. The other viruses in
the superfamily evolved from these branches by interviral recombina-
tion (e.g., hepatitis E virus could have been generated by truncation of
the rubella virus subgenomic ORF or by recombination between a
rubella-like virus and a calicivirus). An alternative to the ancestral
alphavirus theory is that the genome organization of alphaviruses and
rubella virus is an example of convergent evolution. A final possibility
is that a number of recombinational events among members of differ-
ent branches of the alphavirus-like superfamily could have led to the
evolution of the alphaviruses and rubella virus. For example, rubella
virus could have arisen from a recombinational event between an
alphavirus-like and a BYNVV-like or hepatitis E-like virus. Converse-
ly, the alphaviruses could have arisen by recombination between a
rubella-like virus and another alphavirus-like superfamily member
such as TMV. The upcoming studies of the nonstructural proteins of
rubella virus will be fascinating in terms of resolving the evolution of
these viruses. If interviral recombination among members of the
alphavirus-like superfamily led to the generation of the alphaviruses
and rubella virus, the most closely related regions of the rubella virus
and alphavirus genomes would be the structural protein ORF. Thus,
studies of the structural proteins of rubella virus and alphaviruses in
terms of basic conformation may also be of great evolutionary interest.
Taxonomically, because of the differences in the nonstructural protein-
coding region, it has been suggested that the family Togaviridae be
disbanded or elevated to the Order level and that the genera Alpha-
virus and Rubivirus be elevated to family status (Koonin and Dolja,
1993; Ward and Shukla, 1993).

VIII. Furure DIRECTIONS

Medically, the current challenge posed by rubella virus is to achieve
complete vaccination coverage to prevent resurgences such as occurred
in the United States between 1989 to 1991 and to come to grips with
the problem of vaccine-associated complications in adult women.
Large-scale studies done at independent facilities are needed to deter-
mine an accurate incidence of occurrence. The pathogenesis of vaccine-
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associated complications also needs examination to determine what
role such mechanisms as previous immunological exposure, persistent
virus infection, and autoimmunity play. With respect to pathogenesis,
animal models for rubella are urgently required. Molecular analysis
and manipulation of the rubella virus genome has provided a host of
alternative vaccine strategies such as bioengineered antigens, nonin-
fectious particles, synthetic peptides, and infectious clones. However,
the necessity for use of such alternate vaccines and their intelligent
employment requires the basic epidemiological and pathogenesis stud-
ies cited above.

Worldwide, the medical emphasis differs because rubella is not con-
sidered a serious disease in comparison to other viral scourges of the
developing world such as HIV, measles, influenza, hepatitis, and viral
diarrhea. This is the main reason that rubella eradication is not cur-
rently being emphasized. However, rubella imposes load on any society
and development of alternative vaccines could be of use in a global
eradication program.

At the molecular level, the characterization of rubella virus has
lagged behind other viruses, a situation that is particularly apparent
in comparison with the related alphaviruses. Considering the ease of
the alphavirus system and the intractibility of the rubella virus sys-
tem, this will probably always be the case. However, characterization
of the alphaviruses is always of use to rubella virus researchers as a
comparative example. As emphasized above, the evolution of rubella
virus and alphaviruses turned out to be more complicated than ex-
pected and this should stimulate interest in characterization of rubella
virus. Of particular current interest with regard to the evolution of
these viruses are the ongoing studies to determine the coding capacity
of the rubella virus nonstructural protein open reading frame and
identify the functions of RNA control sequences conserved in the two
genera. An experimental development that will also help to spur mo-
lecular characterization of rubella virus is the development of a ru-
bella virus infectious clone (Wang et al., 1994), a ¢cDNA copy of the
virus genome from which infectious RNA transcripts can be synthe-
sized in vitro. Thus, owing both to an increase in interest in rubella
virus (both medically and molecularly) and to facilitation of laboratory
technology, the pace of work on rubella virus should speed up in the
near future.
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