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Abstract. The Semliki Forest virus (SFV) spike is 
composed of three copies of a membrane protein het- 
erodimer. The two subunits of this heterodimer (p62 
and El) are synthesized sequentially from a common 
mRNA together with the capsid (C) in the order 
C-p62-E1. In this work heterodimerization of the 
spike proteins has been studied in BHK 21 cells. The 
results indicate that: (a) the polyprotein is cotransla- 
tionally cleaved into individual chains; (b) the two 
membrane protein subunits are initially not associated 
with each other in the endoplasmic reticulum (ER); 
(c) heterodimerization occurs predominantly between 
subunits that originate from the same translation 

product (heterodimerization in cis); (d) the kinetics of 
subunit association are very fast (tz = 4 min); and (e) 
this heterodimefization is highly efficient. To explain 
the cis-directed heterodimerization reaction we suggest 
that the p62 protein, which is made before E1 during 
26S mRNA translation, is retained at its translocation 
site until also the E1 chain has been synthesized and 
translocated at this same site. The mechanism for p62 
retention could either be that the p62 anchor sequence 
cannot diffuse out from an "active" translocation site 
or that the p62 protein is complexed with a protein 
folding facilitating machinery that is physically linked 
to the translocation apparatus. 

M 
OST if not all viral spike proteins that are made 
in animal host cells are oligomeric complexes of 
several transmembrane polypeptide subunits 

(Doms et al., 1993). These in general associate with each 
other in the ER soon after being synthesized and inserted 
into the ER membrane. However, the oligomerization pro- 
cess itself is still poorly understood. One important question 
concerns the possible involvement of oligomerization fa- 
cilitating factors that could operate both on the lumenal and 
the cytoplasmic side of the ER membrane (Bole et al., 1986; 
Doms et al., 1993). Another question is whether oligomer- 
ization occurs at specific sites of the ER that offer favorable 
conditions for this process. For instance, it has been sug- 
gested that the oligomerization process could be driven by 
a high local concentration of subunits generated by the trans- 
lation activity of ribosomes in the same polysome (Boulay 
et al., 1988). This possibility has recently been tested 
experimentally using the influenza hemagglutinin (HA) l 
homotrimer as a model (Boulay et al., 1988). This work 
showed that the HA subunits were recruited for oligomeriza- 
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tion randomly from a mixed pool of subunits in the ER. Thus 
the products made from individual ribosomes of the same 
polysome are not any "closer" to oligomerize than those 
made from the ribosomes of separate ones. In the case of sev- 
eral other viruses (e.g., Flavi, Rubella, Alpha, and Bunya vi- 
rus) the spike complex consists of beterodimeric oligomers 
of which the subunits are made from a common translation 
product (Baron and Forsell, 1991; Persson and Pettersson, 
1991; Wengler and Wengler, 1989; Ziemlecki and Garoff, 
1978). This product is cotranslationally inserted into the ER 
membrane at a translocation site and separate subunits are 
generated by proteolytic cleavage events mediated by signal 
peptidase (Garoff et al., 1978). Because of the mode of syn- 
thesis it is reasonable to assume that the spike complex of 
these viruses would be formed by the association of subunits 
generated from the same translation product (heterodimeri- 
zation in cis). Such local recruitment of subunits would en- 
sure both fast and efficient oligomerization. Surprisingly this 
was to the case for the spike heterodimeric complex (G1-G2) 
of the Uukuniemi virus (a Bunyavirus) when tested ex- 
perimentally (Persson and Pettersson, 1991). Instead G1 and 
G2 were found to be separated from each other soon after 
the synthesis and cleavage of the common translation prod- 
uct. The G1 part matured rapidly into its correct conforma- 
tion and complexed with earlier made G2 subunits. In con- 
trast the G2 part obtained its correct conformation only 
slowly and eventually complexed with G1 made at a later 
time point. 

In the present work we have analyzed the oligomerization 
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process of the spike heterodimer p62-E1 of the alphavirus 
Semliki Forest virus (SFV). The two subunits are translated 
from a 26S mRNA together with the viral capsid (C) protein 
and a small transmembrane (6K) peptide (Garoff et al., 
1980). Translation starts with C, which is able to proteolyti- 
cally cleave itself from the extending polyprotein, and con- 
tinues with p62, 6K, and El. The latter three chains carry 
topogenic signals that direct their insertion into the ER 
membrane via the ER translocation machinery for secretory 
products (Garoff et al., 1990; Lijestr6m and Garoff, 1991; 
Melancon and Garoff, 1986). The p62 and the E1 subunits 
associate into heterodimers which are then routed to the 
cell surface where they drive virus budding by promoting 
virus envelope-nucleocapsid (NC) interactions (Green et al., 
1981; Suomalalnen et al., 1992; Ziemiecki and Garoff, 
1978; Ziemiecki et al., 1980). Before being used for virus 
budding the p62-E1 complexes are proteolytically modified. 
The p62 subunit is cleaved (after residue 66) into the small 
peripheral E3 part and the transmembrane E2 part. Further- 
more, the heterodimer trimerizes into a homotrimer (E2-E1) 
× 3, and this constitutes the SFV spike (de Curtis and Si- 
mons, 1988; Fuller, 1987; Garoff et al., 1980; Lobigs and 
Garoff, 1990; V6nien-Bryan and Fuller, 1994; Vogel et al., 
1986). 

Materials and Methods 

Cells, Virus, Plasmids, and Antibodies 
BHK 21 cells were grown in Glasgow minimal essential medium (GIBCO 
BRL, Glasgow, Scotland; MEM [BHK-21], with L-glutamine, without 
Tryptose phosphate broth) supplemented with 10% tryptose phosphate 
broth, 5% fetal calf serum, 20 mM Hepes (pH 7.3), and 2 mM glntamine. 
Penicillin (100 U/nil) and streptomycin (100 #g/mi) were also added to me- 
dia for passage of cells. Cells were incubated at 37°C and 5% CO2. For 
most purposes cells were grown in 35 mm dishes (about 1 x 106 cells). 

SFV wild type (wt) virus was the laboratory strain, SFV4, (Liljestr6m 
et al., 1991). Plasmids encoding complete or mutant SFV sequences were: 
(a) pSFV4, which contains the wt genome (Liljestr6m et al., 1991); (b) 
pSFV C-p62*-E1, which contains the complete structural gene region but 
with a mutated p62" cleavage site (Berghind, 1993); (c) pSFV p62*-E1, 
which contains a C gene deletion in addition to the p62 cleavage site muta- 
tion; (d) pSFV C-p62, which contains wt C and p62 but no E1 gene; and 
(e) pSFV p62, which contains wt p62 but no C nor E1 genes. In all plasmids 
the SFV sequences can be transcribed by SP6 polymerase into RNA mole- 
cules (the viral genomes) which are competent for replication in cells. 

Antibodies used were monoclonal antibody UM 8.139 against El subunit 
and monoclonal antibody UM 5.1 against E2 subunit (Boere et al., 1984; 
Wahlberg et al., 1989). These were used as mouse ascites preparations. 

Infection and Transfection of Cells 
Wt virus was used to infect BHK 21 cells at a multiplicity of infection 
(m.o.i.) of 50. Infection was done by incubating cells at 37°C in a 35 mm 
Petri dish with virus suspension in 500 #l MEM medium (MEM with 
Earie's Salts, without L-glutamine; GIBCO BRL) for 1 h. After this, 2 ml 
of BHK medium was added and incubation continued. 

Transcription of RNA from plasmid DNA was done in a 50/zl mixture 
as described in LiljestrSm et al. (1991). One third of the mixture ("~17 tzl) 
was used to transfect 5 x 106 BHK cells by electroporation in a 0.4 cm 
cuvette (850 V/25 #F) (Liljestr6m et al., 1991). Efficient transfection was 
achieved by thoroughly suspending cells beforehand by trypsinization and 
by gentle mixing. After transfection the cells were diluted 20-fold with BHK 
medium, distributed into six 35 mm plates and incubated at 37°C in a 5% 
CO2 atmosphere. 

Metabolic Labeling of Viral Proteins 
For the labeling of one dish of cells •50 #Ci of [35S]methionine (Amer- 
sham Intl., sp. act. >37TBq/mM, >1,000 Ci/mM) was used. Labeling was 

carried out for different amounts of time in 500 ~1 of MEM lacking methio- 
nine (GIBCO BRL; MEM with Earle's Salts, without L-ghitamine, without 
L-methionine). The incubation of ceils in this media was started 30 rain be- 
fore labeling, to prestarve cells of methionine. Labeling was terminated by 
changing the medium to MEM containing lO times concentrated unlabeled 
methionine. Chase in this medium was continued for different amounts of 
time. Cells infected with wt virus were labeled 5 h after starting the infec- 
tion. Transfected cells were labeled 7 h after electroporation. 

Preparation of Cell Lysates and Media 
After pulse-chasing of cells these were put onto ice, the medium was re- 
moved, cells were washed with cold PBS and solubilized with 300 #1 of 
NP-40 (1%) lysate buffer (Wahlberg et al., 1989), containing PMSF (10 
#g/ml) and NEM (N-ethylmaleimide) (20 mM). The lysate was centrifuged 
at 5,000 g for 5 rain at 4°C. In some cases cells were also solubilized in 
SDS lysis buffer (1% SDS, 50 mM Tris/HCi, pH 7.4, 2 mM EDTA, 10 
#g/ml PMSF). SDS lysis was done at room temperature, the SDS lysate was 
passed five times through a gauge (20~11h 9 × 40) needle, heated to 70oc 
for 5 rain and finally centrifuged for 5 rain at 5,000 g. The supernatant was 
transferred to a fresh tube. The medium of the cell culture was separated 
from any released cells by centrifugation for 5 rain at 5,000 g. 

lmmunoprecipitation 
One third (100 #1) of an NP-40 iysate sample was used for protein A-medi- 
ated immunoprecipitation of viral membrane proteins as described previ- 
ously (Wahlberg et al., 1989). When virus particles were precipitated from 
medium, NP-40 was omitted in all steps of the immunoprecipitation pro- 
tocol (Ekstr6m et al., 1994). Final precipitates were solubilized into 80 #1 
SDS gel sample buffer of which 20 #1 was applied onto a 10% gel (Cutler 
and Garoff, 1986) (mighty small gel system; Hoefer, San Francisco, CA). 
When gels were run under reducing conditions the loading buffer was ad- 
justed to 50 mM IYrT and the sample was heated 5 min at 95°C before it 
was loaded onto the gel, 

Centrifugation in Density Gradient 
Cell lysate (250 #1) was layered onto a 5-20% sucrose gradient (wt/wt) in 
TNE (30 mM Tris, 100 mM NaCI, 1.25 mM EDTA, pH 7.4) containing 
0.1% NP-40 and 10 #g/rnl PMSF and centrifuged in an SW41 rotor at 39,000 
rpm for 24 h at +4°C (Wahlberg and Garoff, 1992). The gradients were 
fractionated from below into 43 fractions (300 #1). Proteins were recovered 
by TCA precipitation. This was done by adding 40% TCA to a final concen- 
tration of 10%, incubating on ice for 30 rain, and finally pelleting the 
precipitate at full speed for 30 rain in an Eppendoff benchtop centrifuge 
at 4°C. Each precipitate was taken up into 30 #1 SDS gel sample buffer con- 
taining 50 mM DTT by incubating 5 rain at 95°C and sonicating the sample. 

Other Techniques 
Fluorography was carried out as described in Wahlberg et al. (1989). Quan- 
titation of radioactive viral protein subunits was done from corresponding 
bands in PAG using a Fuji phosphoimager (type FUJIX BAS 2000 TR). The 
radioactivity found in each band was normalized to the methionine content 
of corresponding polypeptide before being used for calculations. Calcula- 
tions are described in footnotes to Table I. t~ value for heterodimerization 
expresses the time required for oligomerization of about 50% of p62 and 
E1 subunits. The value given includes 1/2 of pulse time plus chase time. 

Results 

Cotranslational Processing of the SFV 
Structural Polyprotein 
The generation of the p62 and E1 chains during 26S mRNA 
translation was studied in SFV infected BHK-21 cells using 
a 2-min pulse time with [35S]methionine and chase times 
ranging from 0-I0 min. Fig. I a shows the labeled proteins 
in such cell samples. These have been solubilized in SDS ly- 
sis buffer and reduced before analysis by SDS-PAGE. The 
three structural proteins, C (33 kD), p62 (62 kD), and E1 
(50 kD) can clearly be identified. In addition, there are 
significant amounts of labeled material which correspond in 
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Figure I. Time course of membrane polyprotein cleavage. BHK 
cells in dishes were infected with wt SFV. 5 h after infection, pro- 
teins were metabolically labeled with [3sS]methionine for 2 min. 
After chase times for 0, 1, 2, 3, 5, and 10 rain cells were lysed either 
with a SDS lysis buffer (a) or with a NP-40-based buffer (b). The 
samples in a were reduced before analysis by SDS PAGE (10%) 
whereas those in b were not. In c radioactivity of protein bands 
in a have been quantitated and the p62/p62-6K-E1 and E1/p62- 
6K-E1 ratios calculated for each time point of the chase. 

size (,~100 kD) to unglycosylated and unprocessed mem- 
brane polyprotein p62-6K-E1 (Garoff et al., 1978). Host pro- 
teins are not labeled due to the efficient shut-off of host 
mRNA translation by SFV infection (Garry, 1994). At the 
0 min time point there are also several bands with intermedi- 
ate mobility. These most likely Correspond to incompletely 
elongated C, El, p62, and p62-6K-E1 chains. Such chains 
are to a less extent also present after 1 and 2 min chase times. 
Fig. 1 b shows the corresponding analysis of cell samples 
which have been solubilized in an NP-40 lysis buffer. In this 
case samples for SDS gel analysis were not reduced. The 
overall picture is very similar to that of Fig. 1 a. However, 
at early times after synthesis a slower migrating E1 form is 
seen in addition to the mature one. This could represent a 
folding intermediate of E1 with aberrant disulfide bond(s) 
(Marquardt and Helenius, 1992). A quantitation of the 
p62-6K-E1, p62, and E1 material in the analysis shown in 
Fig. 1 a shows that there are very similar ratios of p62/ 
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50 
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Figure 2. Time course of heterodimerization: coimmunoprecipita- 
tion analysis. Cells in dishes were infected, pulse-labeled and 
chased as described in legend to Fig. 1. After lysis with NP-40 con- 
taining buffer the p62-E1 heterodimers were captured with anti-E1 
monoclonal antibody. The precipitates were analyzed by SDS- 
PAGE (10%). The corresponding autoradiograph is shown in a. 
Note that in this case samples have not been reduced before analy- 
sis. Quantitation of heterodimers is shown in b; the values represent 
co-precipitating p62 subunits in relation to p62 found in the sample 
chased for 10 min. 

p62-6K-E1 and E1/p62-6K-E1 at all time points during the 
chase (Fig. 1 c). This suggests that the p62 and E1 chains 
are produced cotranslationally rather than posttranslation- 
ally. If the latter was true it would be expected that the 
p62-6K-E1 product would predominate immediately after 
the pulse and then become cleaved into individual subunits 
during the chase. Thus the present results support our earlier 
in vitro studies of the SFV 26S mRNA translation. In there 
we have clearly shown that most p62 and E1 chains are 
cleaved during ongoing elongation, translocation across the 
ER membrane, and glycosylation (Garoff et al., 1978). A 
minor fraction of the in vitro translation product was also 
found to remain untranslocated, uncleaved, and nonglyco- 
sylated. 

Kinetics of Heterodimerization 

Coimmunoprecipitation Analysis. To study the kinetics of 
the p62 and E1 heterodimerization reaction we first followed 
the immunoprecipitation of heterodimers with a monoclonal 
anti-E1 antibody (UM 8.139; Wahlberg et al., 1989) from 
cells which have been infected, pulse labeled, chased, and 
lysed with NP-40 as described above. The result of the bet- 
erodimer extraction is shown in Fig. 2 a. One can see that 
p62-E1 heterodimers can be captured from all cell samples, 
including the one solubilized immediately after the pulse. 
However, quantitation (Fig. 2 b) shows that very little p62 
and E1 is present in such complexes immediately after the 
pulse. About 5-min incubation time is required before a max- 
imum of p62-E1 heterodimers are captured in this assay. 

Sedimentation Analysis. To see whether the newly syn- 
thesized p62 and E1 chains, which did not precipitate with 
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Figure 3. Time course of het- 
erodimerization: sedimenta- 
tion analysis. BHK cells in 
dishes were infected with wt 
SFV, pulse-labeled, and then 
lysed as described in legend to 
Fig. 2. Chase times were 0, 3, 
6, and 105 min. Lysates were 
run on a 5-20% sucrose gra- 
dient (wt/wt) in an SW41 TI 
rotor at 4°C and at 39,000 
rpm for 24 h. The gradients 
were fractionated, proteins 
precipitated and samples ana- 
lyzed by SDS-PAGE (10%) 
under reducing conditions. 
Totals represent 4% of sample 
loaded on gradient. Sedimen- 
tation standards for p62-E1 
heterodimers and the corre- 
sponding monomers were ob- 
tained from NP-40 solubilized 
viral membranes from un- 
treated or acid-treated SFV 
particles (Wahlberg et al., 
1989). These were analyzed 
in parallel and the fractions 
containing dimers and mono- 
mers are indicated on top of 
the panels. Viral structural 
proteins p62 (62 kD), E1 (50 
kD), E2 (52 kD) and C (33 
kD) are indicated. Note that 
autoradiographs shown in a 
and b have been exposed three 
times longer than those shown 
in c and d. 

the monoclonal anti-E1 antibody were separated or together 
we performed sedimentation analysis of NP40  lysates in su- 
crose gradients at conditions previously described to sepa- 
rate heterodimers and monomers (Wahlberg and Garoff, 
1992). For this purpose BHK-21 cells were infected and 
pulse-labeled (2 rain) as before and then chased for 0, 3, 6, 
and 105 rain. As controls heterodimeric and monomeric 
forms of the spike proteins, which were derived from SFV 
particles solubilized with NP-40 in neutral and acid buffer, 
respectively (Wahlberg et al., 1989), were analyzed in paral- 
lel gradients. Fig. 3 a shows the labeled proteins from cells 
which have not been chased, as analyzed by SDS-PAGE after 
sedimentation and fractionation of the gradients. At the 
earliest time point most of the p62 and the E1 chains which 
are found appear in different regions of the gradient. The E1 
chains fractionate predominantly into the pellet and into the 
bottom half of the gradient, In contrast, the p62 chains are 
found mostly in a region between control E1 and E2 dimers 
and monomers. Several other bands with intermediate mi- 
gration properties as compared to p62, El, and p62-6K-EI 
proteins are also seen in this analysis. These could cor- 
respond to the afore mentioned incomplete translation prod- 
ucts of the viral proteins. Most of these latter products ap- 
pear in the lower half of the gradient. At a time point 3 min 

after the pulse (Fig. 3 b) the majority of the p62 and E1 
chains are seen to cofractionate as apparent heterodimers. 
However, significant amounts of E1 is still present in large 
complexes. Some E1 appears also to be present in the mono- 
mer fraction. After a 6-min chase the heterodimerization 
reaction seems to be complete (Fig. 3 c). After additional 
chase time the p62 subunit is proteolytically processed into 
the E2 form (Fig. 3 d). The C protein is almost totally 
pelleted in all samples. This is consistent with rapid forma- 
tion of nucleocapsid structures (140S) in infected cells 
(S&lerlund and Ulmanen, 1977). Thus, these results show 
that the p62 and E1 chains are made as separate units which 
have the capacity to heterodimerize fast and efficiently. The 
half time for this can be estimated to about 4 rain. 

Heterodimerization in cis Versus trans 

Experiments were designed to determine whether the SFV 
spike heterodimer is formed predominantly by p62 and E1 
subunits originating from the same polyprotein translation 
product (heterodimerization in cis), or from a pool of sub- 
units originating from different translation products (heter- 
odimerization in trans). Two different genetic variants of 
SFV, C-p62*-E1 and C-p62 were used in this study. The 
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former directs the synthesis of p62 and E1 from a wt-like 
common coding unit, but the p62 encoded by this genome 
does not undergo processing into the E2 form due to a muta- 
tion at the cleavage site (Berglund, 1993; Salminen et al., 
1992). The SFV C-p62 variant directs the synthesis of wt- 
like p62, but no E1 (Barth, B.-U., and H. Garoff, unpub- 
lished data). Fig. 4, a and c, show pulse-chase analyses of 
viral membrane protein heterodimers in cells which have 
been transfected separately with C-p62 and C-p62*-E1 
RNA, respectively. Subunits p62" and E1 encoded by the 
C-p62*-E1 genome efficiently formed heterodimers in 
the ER, as judged by coimmunoprecipitation of p62" by the 
monoclonal anti-E1 antibody (Fig. 4 c, lane/). As expected, 
the p62" was not converted to E2 during the chase. The 
p62*-E1 heterodimers were however, transported to the cell 
surface since they became efficiently incorporated into virus 
particles (Fig. 4 c, lane 5). C-p62 RNA directed the synthe- 
sis of p62 subunits, which were normally processed to E2 
upon transport to the PM (Fig. 4 a). However, while E2 in 
the wt E2-E1 heterodimer retains one of its two asparagine- 
linked sugar units in an untrimmed and endo H-sensitive 
form, the E2 which is expressed without E1 is trimmed at 
both units (Mattila, 1979; Barth, B.-U., and H. Garoff, un- 
published results). This completely endo H-resistant form 
of E2 (E2') migrates in SDS-PAGE in an intermediate posi- 
tion between p62 and normal E2 (Fig. 4, a and e, lane 2). 
Note also that there is significant degradation of the p62/E2' 
products during the 3-h chase. 

To determine whether the SFV spike complex is formed 
by subunits originating from the same polyprotein trans- 
lation product or from a mixed pool of subunits, the 
C-p62*-E1 and C-p62 RNAs were cotransfected into cells. 
If heterodimerization occurs in cis, E1 subunits in the co- 
transfected cells complex with p62" only, whereas if hetero- 
dimers are formed from a mixed pool of subunits, both 
p62*-E1 and p62-E1 heterodimers are formed (in propor- 
tions dependent on the p62" versus p62 concentrations). The 
p62*-E1 and p62-E1 heterodimers can be distinguished by 
the latter being converted into E2-E1 forms during the 
chase. Fig. 5 a shows pulse-chase analyses of viral proteins 
in C-p62*-E1 RNA and C-p62 RNA co-transfected cells. 
SFV spike proteins were immunoprecipitated from cell ly- 
sates by monoclonal anti-E1 or -E2 antibodies. The analysis 
shows extensive coimmunoprecipitation reactions involving 
the El, p62, and E2 subunits. This suggests the formation of 
both noncleavable p62*-E1 and cleavable p62-E1 heterodi- 
mers in the ceils. In addition we can detect much p62-derived 
E2' in the chased samples (seen as a broadening of p62 band 
in lanes 2-4, right). The E2' doesn't seem to complex with 
E1 as it is not coimmunoprecipitated with the anti-E1 anti- 
body (see lack of E2' in the o~E1 antibody assay). 

The relative efficiencies of the cis versus trans heter- 
odimerization reactions were studied by quantitative analy- 
sis. The relative concentrations of the pulse-labeled p62" and 
p62 were first measured in the 5-min chase sample as fol- 
lows. The amount of p62" was assumed to be equivalent to 
that of El, which was made from the same coding unit and 
was possible to quantitate by the precipitation with anti E1 
monoclonal antibody. The p62 amount was obtained by first 
quantitating the p62 and p62" together as recovered by 
precipitation with the anti-E2 monoclonal antibody and then 
subtracting from this sum the amount of p62" The results 

Figure 4. Phenotypes of SFV spike subunits produced by SFV 
C-p62, SFV p62, SFV C-p62*-E1, and SFV p62*-E1 variants. 
BHK cells were transfected with the indicated RNAs (a-d) and 
plated on several dishes. At 7 h after transfection the cells were la- 
beled with [35S]methionine for 15 min and chased for 5, 30, 60, 
and 180 min, respectively. At the end of the chase period media was 
collected and the cells lysed with NP-40. Aliquots of the cell lysates 
and 180 min chase media were extracted with monoclonal antibod- 
ies against E1 (ctE/) or E2 (~E2) as indicated, and the immune, com- 
plexes were analyzed by SDS-PAGE followed by fluorography. Note 
that b and d have been exposed six to seven times longer than a and 
c. In e the cells were transfected individually with SFV-4 RNA 
(containing the wt genome), SFV C-p62, and SFV p62 RNA, and 
then labeled, chased for 30 rain, and lysed as above. A 10-#1 aliquot 
of the cell lysates was mixed directly with 2 x SDS sample buffer 
and analyzed by SDS-PAGE followed by fluorography. 

show that the membrane protein products of the two coding 
units (p62" and p62) are expressed at approximately 1.5:1 ra- 
tio (Table I). If subunits would be recruited for heterodimeri- 
zation randomly from a common pool of monomeric p62" 
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Figure 5. Cis and trans heterodimerization of SFV membrane pro- 
tein subunits. BHK cells were co-transfected with SFV C-p62*-E1 
and SFV C-p62 RNAs (a), SFV p62*-E1, and SFV C-p62 RNAs 
(b), or with SFV C-p62*-E1 and p62 RNAs (c), and grown on sev- 
eral dishes. The cells were pulse-labeled and chased as described 
in the legend to Fig. 4. Aliquots of the cell lysates and the 180 min 
media samples were extracted with either anti-E1 or -E2 monoclo- 
nal antibodies as indicated. Note that bands indicating p62 in 
figures refer to both wt p62 and mutant p62" Note also that the left 
panel in (b) has been exposed 10 times longer than the right panel. 
Over-exposures of b and c are shown in the lower part of corre- 
sponding panel. 

p62, and E1 subunits it is expected that noncleavable and 
cleavable heterodimers would form in a 6:4 ratio, i.e., there 
should be 60% p62*-E1 and 40% p62-E1 complexes pres- 
ent. This assumes that all of the E1 subunits are used for 
complex formation. When the co-immunoprecipitated p62" 
p62, and E2 subunits were quantitated and compared with 
the precipitated E1 after the anti-E1 monoclonal antibody 
reaction (Fig. 5 a, left) it was evident that indeed, virtually 
all E1 subunits have been involved in heterodimerization 
reactions (Table I). However, when the noncleavable and 

cleavable heterodimer fractions were measured after a chase 
for 60 rain, which should ensure almost complete conversion 
of all p62-E1 forms into E2-E1 forms (Zhao and Garoff, 
1992), only 10% ofE2-El  heterodimers were found, the rest 
being noncleavable p62*-E1 complexes. Considering the 
given subunit concentrations the results suggest that most 
heterodimerization reactions must have occurred in cis, that 
is between the p62" and E1 subunits that have been generated 
from the same polyprotein translation. However, a small but 
significant fraction of the E1 subunits generated from this 
translation is also able to complex in trans with p62 made 
from C-p62 RNA at these conditions of subunit concentra- 
tions. 

In this interpretation it is assumed that membrane protein 
subunits are expressed in the calculated 1.5 (p62"):1.0 (p62) 
ratio in all cells of the sample. This assumption is likely to 
be true because separate transfections with the same amount 
of RNA as used in co-transfection experiments resulted in al- 
most complete host cell shut-off in total cell sample (see Fig. 
4 e, lane 2) and (Ekstrtm et al., 1994). This is only possible 
if the RNA replication occurs in all of the cells. 

Subunit  Concentration Effect on Heterodimerization 
Reaction in cis Versus trans 

To confirm our results that heterodimerization occurs pre- 
dominantly in cis we performed two further heterodimeriza- 
tion analyses. In these we analysed the effect of subunit 
concentration on the beterodimerization reactions. The ex- 
pectation is that reactions in trans should be sensitive to 
subunit concentration changes whereas reactions in cis 
should be insensitive. For this purpose we introduced two 
new SFV variants, SFV p62 and SFV p62*-E1 (Barth, B.-U., 
and H. Garoff, unpublished data). Both of these constructs 
lack the C gene of SFV. This results in about lO-fold lower 
subunit expression than SFV replicons containing C (Sjt- 
berg et al., 1994). This is due to a region within the first 100 
bases of the C gene, which enhances translation initiation 
and because of this effect it was possible to change the 
subunit concentrations in the cells without changing the con- 
ditions of efficient RNA transfection. In Fig. 4 e we have 
compared the expression efficiencies of wt SFV RNA, the 
C-p62 RNA and p62 RNA. The p62 and E2' expression level 
of C-p62 transfected cells is shown to correspond to that of 
p62 and E2 ofwt RNA-transfected cells whereas the concen- 
tration of p62 in p62 RNA transfected cells is considerably 
lower. Note that although much less p62 is produced in the 
latter case there is no concomitant increase in labeling of 
host proteins. This shut off of host protein synthesis is a good 
indication of efficient RNA transfection and virus RNA 
production in all cells of the sample. Fig. 4 b shows a 
pulse-chase analysis of p62 which is made in cells trans- 
fected with p62 RNA. In this chase the p62 material appears 
to be rapidly degraded without giving rise to any detectable 
E2' forms. In Fig. 4 d a similar analysis is shown for the p62'  
and E1 products made in p62*-E1 RNA transfected cells. 
The two membrane protein subunits are shown to heter- 
odimerize efficiently into noncleavable p62*-E1 complexes 
although these are now made at 10-fold lower concentration 
than when produced from C-p62*-E1 transfected cells 
(compare Fig. 2 c). This points to an efficient heterodimeri- 
zation reaction in cis. 
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Table L Cis and Trans Heterodimerization E~ciencies of  E1 in Transfected Cells 

Relative protein 
level* 

Coding units* p62*/p62 cis 

Heterodimerization efficiencies of El (%)§ 

5' 30' 60' 

trans cis trans cis trans 

C-p62*-E1 NA NA NA NA NA NA NA 
C-p62*-E1 + C-p62  1.5:1 75 (1.2) 79 (7.3) 90 9.9 

p62*-E1 + C-p62 1:7 84 (1.2) 59 (12) 50 15 
C-p62*-EI  + p62 10:1 70 (1.8) 95 (4.1) 97 3.3 

* RNA molecules used for transfection of cells. 
* Bands with viral proteins in gels shown in Fig. 5 (a-c) were measured for radioactivity using a Fuji phosphoimager. The numbers were normalized for methio- 
nine content of respective subunit. The amount of p62" and p62 subunits were measured in the 5 rain chase sample. As p62" and El are made in equimolar amounts 
both from the C-p62*-E1 and p62*-E1 coding unit, the amount of E1 subunits was used as a measure for 1962". The amount of E1 subunits, and hence also p62' 
subunits was determined by precipitation with the anti-E1 monoclonal antibody. In order to obtain the p62 concentration we first measured the total 1962 and p62" 
concentration, by precipitating with the anti-E2 monoclonal antibody and then we deducted the 1062" amount from this sum. 
§ The El fraction that complexed with a p62 subunit from another coding unit Oaeterodimerization in trans) was obtained by measuring the amount of E2 subunits 
which was co-precipitated with E1 from the 60 min chase samples when extracted with the anti-E1 monoclonal antibody. At 60 min after synthesis most p62-E1 
heterodimers are cleaved into the E2-E1 form (Zhao and Garoff, 1992) and hence the yield of E2-E1 heterodimers reflect the amount of originally made p62-E1 
heterodimers. The table also includes the fraction of E1 in complex with E2 after shorter chase times (in brackets). These values are not representative for the 
true trans heterodimerization efficiency hut merely indicate that fraction of heterodimers formed in trans, which have undergone maturation cleavage at the indicated 
chase times. The E! fraction that heterodimerized with a p62" subunit originating from their common translation product (heterodimerization in cis) was obtained 
by first measuring the total amount of p62, p62", E2, and E2' which coimmunoprecipitated with E1 in the 5 to 60 rain chased samples, and then deducting the 
amount of trans-heterodimerizing E1 (above) from this sum. 

The co-transfection of p62*-E1 and C-p62 RNAs into 
BHK cells (Fig. 5 b and Table I) resulted in the production 
of p62" and p62 subunits in a ratio of 1:7. If a common pool 
of monomeric subunits is assumed to be present in the en- 
doplasmic reticulum and all El is heterodimerizing, this 
should yield about 14 % noncleavable and 86 % cleavable bet- 
erodimers. However, our results indicate a different sce- 
nario. In the cell sample chased for 60 min as much as 50% 
of non-cleavable heterodimers (p62*-E1) are found together 
with only. 15 % cleavable (E2-E1) ones and about 35 % of the 
E1 subunits are unassociated in this sample. The likely rea- 
son for the free E1 is that a fraction of the heterodimers have 
undergone degradation in p62/E2 subunit during the chase, 
because most of E1 is shown to be heterodimerizing in the 
cell sample chased for the shortest time (Table I) (see also 
Zhao and Garoff, 1992). Thus, these results suggest that 
most E1 heterodimerization reactions occur in cis that is with 
the p62" subunit originating from the same polyprotein 
translate. 

The final cotransfection experiment involved the C-p62*- 
E1 and the p62 RNA. The heterodimer analyses are shown 
in Fig. 5 c. Quantitations show that the p62" to 1962 ratio is 
10:1 in this experiment (Table I). Heterodimerization using 
subunit recruitment from a random pool should yield 89 % 
noncleavable and 11% cleavable heterodimers. Our quantita- 
tion gives 97 and 3 %, respectively and again the results are 
in agreement with a very efficient heterodimerization reac- 
tion in cis. 

Discussion 

The co-expression experiments carried out in this work dem- 
onstrate that the two subunits of the p62-E1 heterodimer are 
preferentially derived from the same 26S mRNA translation 
product and not from a mixed pool of subunits in the ER. 
If a common pool was used as source of heterodimer 
subunits then it would be expected that heterodimerization 
of p62 and p62" with E1 would occur according to their 

relative concentrations in the endoplasmic reticulum after 
synthesis. This is clearly not the case, for instance at a 
high p62/p62* ratio much more p62*-E1 heterodimers are 
formed than p62-E1 heterodimers. Thus, most E1 heter- 
odimerization reactions are in cis. However, our present ex- 
periments also demonstrate that trans heterodimerization is 
possible. In the case where the p62 and the p62" subunits are 
both present at a high concentration, close to that during nor- 
real infection, the trans heterodimerization efficiency was 
about 10%. This corresponds to a probability of about 1 out 
of 10 E1 molecules made from the p62*-E1 coding unit to 
meet p62 from the other coding unit. However, this value is 
probably not representative for the trans heterodimerization 
efficiency during a normal infection. In that case all subunits 
are expressed from p62-E1 coding units and there would be 
no coding units giving rise to a high concentration of sepa- 
rate p62 subunits as detailed in our present experiment. Dur- 
ing infection the likely probability of trans complementation 
is 0.1 x 0.1 = 0.01 (~1%). Such a low trans heterodimeriza- 
tion efficiency is supported by the fact that ts mutants of al- 
phavirus, with amino acid changes in the membrane protein 
subunits of p62 and El, show very inefficient complementa- 
tion in mixed infections (Strauss et al., 1976). Therefore, our 
conclusion is that during wt virus infection the two mem- 
brane protein subunits p62 and E1 are almost exclusively bet- 
erodimerizing in cis, i.e., using subunits from the same 
translation. This feature of alphavirus spike subunit oligo- 
merization is therefore clearly different from that of the spike 
proteins of the Bunya virus and influenza virus (Boulay et 
al., 1988; Persson and Pettersson, 1991). Thus, the alphavi- 
rus spike heterodimer represents so far the sole example of 
a protein complex, which is made of subunits synthesized at 
the same site in the ER, rather than originating from a com- 
mon ER pool. 

This unique feature of the heterodimerization reaction of 
the SFV spike subunits could also explain its rapid kinetics 
and high efficiency. For example 3 rain after the 2 min pulse 
a major portion of the p62 and E1 subunits have been orga- 
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nized into heterodimers and within 3 additional minutes 
most subunits exist as such complexes. This is considerably 
faster than the oligomerization rate observed for the Vesicu- 
lar Stomatitis virus G protein subunit (t~ = 6-8 min) and 
that of the influenza HA (t,~ = 7-10 min) (Copeland et al., 
1986; Doms et al., 1987; Gething et al., 1986). 

The most efficient way of generating a p62-E1 heterodi- 
mer in cis would be one where the membrane polyprotein 
chain would be cleaved posttranslationally at a time point 
when initial p62-E1 interactions have already been formed. 
However, this is not supported by our present results. Firstly, 
the pulse-chase analysis of p62 and E1 biosynthesis support 
a cotranslational mode of precursor protein cleavage. Sec- 
ondly, our sedimentation analysis of viral proteins in NP-40 
solubilized cells indicate that newly synthesized E1 and 1362 
chains are separated into different structures immediately af- 
ter synthesis. The E1 was found mainly in very large com- 
plexes whereas corresponding 1362 was monomeric or in 
very small sized complexes. Thirdly we have demonstrated 
that p62 and E1 subunits have at certain conditions the capac- 
ity to undergo a significant heterodimerization reaction in 
trans in addition to the cis reaction. This trans heterodimeri- 
zation most likely involves newly synthesized and still un- 
complexed p62 and El subunits rather than subunit exchange 
between heterodimers that have originally been formed in cis 
and separate p62/E2' subunits, because we cannot observe 
any E2"E1 heterodimers in our experiments (see Fig. 5). 
This suggests that there is no subunit exchange on the plasma 
membrane between E2' subunits and p62-E1 complexes nor 
E2-E1 complexes. Furthermore, the p62-E1 complexes, 
once formed in the ER, are known to be very stable struc- 
tures (Wahlberg et al., 1989). Thus, we interpret our results 
to indicate that the 1362 and E1 subunits are translocated into 
the ER lumen as individual chains and not as a precursor 
molecule. 

But how can one then explain the efficient cis-directed het- 
erodimerization reaction? At present we have no answer to 
that question. However, we can suggest two mechanisms for 
this. Both are based on the assumption that the same translo- 
cation site (translocon) is used for the translocation of both 
the p62 and the E1 chains of a 26S mRNA translation prod- 
uct. If this is the case then it is possible that the 1962 subunit 
which is translated first from the 26S mRNA is kept in the 
translocation site via its transmembrane (stop transfer) pep- 
tide until all of the E1 chain has been made. Thus this would 
keep the two subunits together and thereby explain the 
preferential cis heterodimerization. Another explanation is 
that the folding facilitating machinery in the ER is not only 
functionally linked to an active translocon, as suggested in 
several recent studies (Klappa et al., 1991; Mayinger and 
Meyer, 1993; Nicchitta and Blobel, 1993; Sanders et al., 
1992; Simon et al., 1992; Vogel et al., 1990) but also physi- 
cally. In the case of SFV this would mean that p62 and E1 
subunits which are made from the same 26S mRNA transla- 
tion product could be received by the same folding facilitat- 
ing complex. Both models assume that the two subunits ma- 
ture very rapidly into oligomerization competent forms 
because the completion of the polyprotein synthesis will 
probably initiate reactions which will dissociate the translo- 
con and its postulated association with a folding facilitating 
machinery. This kind of model could also explain why the 
Uukuniemi G1 and G2 products do not heterodimerize in cis. 

In this case one of the products has a very slow maturation 
into oligomerization competence hence it cannot use the cis- 
directed mechanism. 
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