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The second smallest subgenomic messenger RNA, mRNA5, of the coronavirus infectious bronchitis virus includes in 
its “5’ unique region” two separate open reading frames (5a and 5b), whose coding function has not so far been 

established, and thus it may represent a dicistronic messenger RNA. We report here that two polypeptides with the 
sizes expected for the 5a and 5b products can be synthesised by in vitro translation of a single artificial mRNA 

containing both the 5a and 5b ORFs. To establish whether these polypeptides represent genuine virus gene products, 
both the 5a and 5b coding sequences were expressed as bacterial fusion proteins, and these were used to raise 

monospecific antisera. Antisera raised against both the 5a and 5b-specific sequences recognized specifically proteins 
of the expected size in infectious bronchitis virus-infected chicken kidney and Vero cells, indicating that 5a and 5b do 
represent genuine virus genes, and suggesting that mRNA5 is indeed functionally dicistronic. 0 1992 Academic Press, Inc. 

Infectious bronchitis virus (IBV), a pathogen of 
chickens, is the prototype virus of the coronaviridae, a 
family of enveloped viruses with a large positive- 
stranded RNA genome. Deduction of the complete nu- 
cleotide sequence of the IBV genome, recently accom- 
plished through cDNA cloning (4), has indicated that 
the virion RNA is 27 kilobases (kb) in length, and con- 
tains at least 10 separate open reading frames (ORFs) 
with the capacity to encode proteins of between 6.7 
and 440K. 

Although the genomic RNA is capped and polyade- 
nylated and is infectious (21, 23), it appears that it 
does not act as messenger RNA for most of the known 
virus proteins; available evidence indicates that all but 
the two large ORFs nearest to the 5’end of the genome 
are translated from subgenomic mRNA species. Five 
such subgenomic mRNAs have been identified in 
virus-infected cells, and these form a 3’ co-terminal 
‘nested’ structure (28, 29). Recently these mRNAs 
have been redesignated mRNA 2 to 6 in decreasing 
order of size (9)) with the genomic mRNA representing 
mRNA1. For mRNAs 2, 4, and 6, the 5’-“unique” re- 
gion (i.e., the region which is not present in the next 
smallest mRNA species) contains a single ORF, sug- 
gesting that these mRNAs are functionally monocis- 
tronic. This is supported by in vitro translation studies 
which have shown that mRNAs 2,4, and 6 encode the 
major virion structural proteins spike (S), membrane 
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(M), and nucleocapsid (N), respectively (30). How- 
ever, the other three mRNAs 1, 3, and 5, all contain 
more than one ORF in their 5’-“unique” region, sug- 
gesting that they may be functionally polycistronic. Pre- 
vious studies in this laboratory have indicated that the 
two 5’ proximal ORFs present on the genomic RNA are 
expressed in infected cells (6) and can be translated 
from a single mRNA through an efficient ribosomal 
frame-shift mechanism (5, 7). Similarly all three of the 
ORFs present on mRNA 3 encode proteins in infected 
cells and can be translated from a single mRNA (20, 
26) although by a different mechanism involving inde- 
pendent initiation. As yet however no information is 
available regarding the coding capacity of mRNA5. 

Nucleotide sequence analysis (3) has shown that 
the 5’-“unique” region of mRNA5 contains two ORFs, 
designated 5a and 5b, which have the potential to en- 
code two polypeptides of molecular weight 7.4 and 
9.5K, respectively. We report here the identification of 
two products encoded by this mRNA in IBV-infected 
chicken kidney (CK) and monkey kidney (Vera) cells. In 
addition we show, by in vitro translation of synthetic 
mRNA, that both polypeptides may be synthesized 
from a single mRNA, suggesting that this mRNA, like 
mRNA 3, is functionally polycistronic. 

As a first step toward identification of 5a and 5b gene 
products, we tested the coding potential of these 
ORFs by in vitro translation of synthetic mRNA; suc- 
cessful expression of the ORFs would support the idea 
that they represented genuine gene products, and 
would further provide markers for identification of 5a 
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FIG. 1. (a) Diagram of portions of the plasmids plBS6 and plBS7, showing the SP6 promoter site, the restriction enzyme sites used to linearise 
the plasmids for in vitro transcription, and the sizes of the expected in vitro translation products from transcribed RNA. In order to construct 

plBS6, a 1016-bp cDNA fragment containing the 5b ORF. together with the beginning of the downstream N ORF, was excised from clone ~5.136 
(3) by digestion with Accl, end-repaired with DNA Poll, redigested with Pstl, and cloned into SmallPstl digested pSP65 ( 18). To construct 
plBS7, a 533-bp cDNAfragment containing the 5a and 5b ORFs was excised from clone ~5.136 by digestion with Avall, end-repaired with DNA 

Poll, and cloned into Smal-digested pSP65. (b) Analysis of cell-free translation products of mRNA obtained by in vitro transcription from 

HindIll-digested plBS6 and plBS7, using SP6 RNA polymerase. RNAwas transcribed from the plasmids as indicated, recovered by phenol-chlor- 
oform extraction and ethanol precipitation, and further purified by gel-filtration on Sephadex G-50, before addition to the wheat germ cell-free 
system, as indicated above each lane, at approximately 100 pglml. Translation products were labeled with [9] methionine (0.75 &i/PI), 

analyzed by SDS-PAGE on a 22% polyacrylamide gel, and detected byfluorography. HMW, molecularweight markers. In vitro transcription and 
translation was carried out as described previously (5, 15). 

and 5b proteins in virus-infected cells. For this pur- 
pose, two plasmids (plBS6 and plBS7) were con- 
structed. Plasmid plBS6 contains the 5b ORF adjacent 
to the SP6 phage RNA polymerase promoter, and plas- 
mid plBS7 is identical to plBS6 except that it contains 
both the 5a and 5b ORFs (with 5a adjacent to the SP6 
promoter). Details of these plasmid constructions are 
given in the legend to Fig. la. 

As shown in Fig. 1 a, plasmids plBS6 and plBS7 may 
be transcribed in vitro using the SP6 phage RNA poly- 
merase into mRNA containing either both ORFs 
(plBS7) or 5b alone (plBS6). Transcripts were there- 
fore prepared from Hindlll-digested plBS6 and plBS7, 
incorporating the dinucleotide 7mGpppG to provide a 5’ 
cap structure ( IO), purified as detailed in Fig. 1 b, and 
then translated in a cell-free system derived from 
wheat germ ( 15). The results of this experiment are 
shown in Fig. 1 b. Messenger RNA from plBS6 directed 
the synthesis of a single major translation product, with 
an apparent molecularweight of about 1 OK, which was 

consistent with the predicted MW of 9.5K for the prod- 
uct of 5b. Two major products were produced by 
plBS7-derived transcripts. The larger one comigrated 
exactly with the 1 OK protein synthesized in response to 
plBS6-derived RNA, identifying it as the product of 5b. 
The more abundant product however was not present 
among those directed by plBS6 transcripts and mi- 
grated with the expected molecular weight for 5a 
(7.5K), strongly suggesting that it does indeed repre- 
sent the product of the 5a ORF. 

These data are therefore consistent with the idea 
that both the 5a and 5b ORFs could encode polypep- 
tides in the virus-infected cells. Furthermore the obser- 
vation that both 5a and 5b-encoded proteins could be 
synthesized in vitro in response to a single mRNA (i.e., 
the plBS7-derived transcripts) raises the possibility 
that the natural mRNA5 may be functionally dicistronic. 
To investigate these possibilities further we therefore 
set out to examine virus-infected cells for the presence 
of 5a- and Sb-encoded polypeptides. 
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In order to identify the products of the 5a and 5b 
ORFs in virus-infected cells, we first sought to express 
the appropriate sequences in bacteria and to raise 
monospecific antisera against the resulting protein 
products. The bacterial expression system chosen 
(based on the PEX series of plasmids) was that devel- 
oped by Stanley and Luzio (27). In this system, foreign 
sequences are inserted in the correct reading frame, at 
the C terminus of a ,&galactosidase gene, which is 
itself fused to the promoter, operator and N terminal 
region of the cro gene of bacteriophage X. Synthesis of 
the P-galactosidase fusion protein in bacteria carrying 
these plasmids is therefore repressed in cells carrying 
a functional X repressor, but can be induced in Esche- 
richia co/i POP21 36 cells (which carry a temperature- 
sensitive repressor) simply by increasing the culture 
temperature to 42”. We have used this system previ- 
ously to identify three proteins encoded by the IBV 
mRNA3 (20, 26). 

Two plasmids were constructed for bacterial expres- 
sion of the 5a and 5b ORFs. One of these, pEXl/Eia, 
contains the 5a ORF fused in frame with the p-galacto- 
sidase gene of the vector, while the other, pEX2/5b, 
contains the 5b ORF fused in frame with the ,&galacto- 
sidase gene of the vector. Details for the construction 
of these plasmids are given in the legend to Fig. 2. 
Following heat induction, bacteria harboring the pEXl/ 
5a and pEX2/5b plasmids produced fusion proteins 
that were larger than the wild-type fl-galactosidase by 
the expected amount (data not shown), indicating suc- 
cessful expression of the viral coding sequences. 
These fusion proteins were purified by electroelution, 
and then inoculated into rabbits to produce monospe- 
cific antisera. The specificity and reactivity of the mono- 
specific antisera generated by this route were then 
tested by immunoprecipitation studies using radiola- 
beled 5a- and 5b-encoded proteins synthesized by in 
vitro translation of synthetic mRNA transcribed from 
plBB4 using the T7 phage RNA polymerase. The re- 
sults of this experiment (Fig. 2) indicated that both sera 
are indeed capable of recognising specifically the ap- 
propriate target sequence, although the relative effi- 
ciency of precipitation of the two proteins suggested 
that the avidity of the anti-5b serum may be consider- 
ably higher. 

The two specific antisera were next used to immu- 
noprecipitate 5a and 5b ORF-related proteins from 
[35S] methionine labeled IBV-infected CK and Vero cell 
extracts. For this purpose, newly confluent monolayers 
of CK cells and Vero cells were infected with the Beau- 
dette strain of IBV, labeled with [35S]methionine, and 
harvested as previously described (20). Immunopre- 
cipitation was carried out as previously described (20). 
The results of these experiments (Figs. 3a and 3b) 

12.5 -+ 

+5b 

+5a 

FIG. 2. lmmunoprecipitation of in vitro synthesized 5a and 5b poly- 

peptides with anti-5a and anti5b antibodies. [35S]methionine-la- 
beled in vitro translation products of mRNA derived from HindIll di- 

gested plBB4 were analysed by electrophoresis on a 20% polyacry- 
amide gel and detected by fluorography either before (lane 
plBB4/Hindlll) or after immunoprecipitation with anti-5a antiserum, 

anti-5b antiserum, or control rabbit antiserum (raised against a Bga- 
lactosidase/influenza NP fusion protein). LMW, molecular weight 
markers. In vitro transcription and translation was carried out as be- 

fore (5, 15). Anti-5a and anti-5b antibodies were prepared by im- 
munisation of rabbits with purified @galactosidase fusion proteins 

expressed from the plasmids pEX1/5a and pEX2/5b, respectively 
(described in the text), and were affinity purified from crude sera by 
affinity chromatography as described (26). Construction of the plas- 

mids was as follows: For insertion of a cDNA fragment containing 

the 5a ORF into a pEX-based plasmid, it was necessary to introduce 
a suitable restriction enzyme site immediately upstream of the 5a 
coding sequence. To construct a plasmid suitable for this manipula- 

tion, an EcoRl fragment containing the 5a and 5b ORFs was excised 
from plBS7. end-repaired with DNA Poll, redigested with Hindlll, and 
cloned into plBT4 (20) which had been digested with Bg/ll, end-re- 

paired with DNA Poll, and redigested with HindIll. This plasmid, 
plBB4, contains the 5a and 5b ORFs adjacent to the phage T7 RNA 
polymerase promoter, and additionally the intergenic sequence of 

bacteriophage fl Plasmid plBB4 was then modified by site-directed 
mutagenesis to create a site for the restriction enzyme Smal immedi- 
ately upstream of the 5a initiation codon using the synthetic oligonu- 

cleotide 5’-CTTAACAAACCCGGGCGATGAAATG-3’. The resulting 
plasmid, plBM3, was then digested with Smal and Pstl to obtain a 
422-bp cDNA fragment containing the 5a and 5b ORFs, which was 

then cloned into Smal and Pstl digested pEX1 (26) to generate the 
plasmid pEXl/5a. Plasmid plBM3 was further digested with Accl to 
release a fragment of 249.bp containing the 5b ORF which was then 

end-repaired with DNA Poll, redigested with BarnHI, and cloned into 
Smal and BarnHI digested pEX-2, to generate the plasmid pEX2/5b. 
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FIG. 3. (a) Detection of polypeptides encoded by the 5a and 5b ORFs in IBV-infected and mock-infected Vero cells by immunopreciprtation 

using antisera raised against bacterial fusion proteins. Cells were infected with IBV, labeled with [35S]methionine, lysates prepared, and 
polypeptides either analyzed directly, or immunoprecipitated with the antisera indicated above each lane as described previously (5). Lanes 

labeled LMW and HMW represent low and high molecular weight markers, respectively. Polypeptides were separated on a 22% SDS-polyacry 
lamide gel and detected by fluorography. In vitro translation products from plBB4-derived RNA (Fig. 4c) were also included as markers for the 5a 

and 5b products. (b) Detection of polypeptides encoded by the 5a and 5b ORFs in IBV-infected and mock-infected chicken krdney (CK) cells by 
immunoprecipitation. Cell lysates were prepared and the polypeptides were analyzed as indicated above. 

indicated that antisera raised against the Sa-specific 
fusion protein could specifically recognize in each la- 
beled lysate, although faintly, a polypeptide with the 
expected MW for 5a (i.e., 7.4K) and with the same 
electrophoretic mobility as the in vitro translation prod- 
uct of the 5a ORF. Likewise the anti-5b antisera was 
able to precipitate specifically a protein of the size ex- 
pected for the 5b product (9.5K), as judged both by gel 
mobility and by comparison with in vitro translated 5b. 
Thus it appears that both the 5a and 5b ORFs are in- 
deed expressed in IBV-infected cells. 

To provide additional evidence for the presence of 
products from the 5a and 5b ORFs, and to investigate 
the subcellular location of the proteins in virus-infected 
cells, indirect immunofluorescence was carried out on 
IBV-infected Vero cells using anti-5a and anti-5b anti- 
bodies purified by affinity chromatography as previ- 
ously described (26). As shown in Fig. 4, both antisera 
gave weak but clear positive staining in infected cells at 
18 hr postinfection (p.i.) (Figs. 4a and 4c) but not in 
mock-infected cells (Figs. 4b and 4d). Using the anti- 
5a antibodies (Fig. 4a) diffuse fluorescence was ob- 
served throughout the cell, with some apparent con- 
centration around the nucleus. With the anti-5b anti- 

bodies (Fig. 4c), the staining was also distributed over 
the whole cell, but in this case the pattern of fluores- 
cence appeared more granular and was more obvi- 
ously perinuclear in location. 

Thus the results reported here clearly indicate that 
IBV-infected CK and Vero cells contain polypeptides 
that are recognized specifically by antisera raised 
against bacterial fusion proteins containing either 5a or 
5b amino acid sequences. These polypeptides are of 
the sizes expected for the products of the 5a and 5b 
ORFs, and each comigrates during SDS-gel electro- 
phoresis with its in vitro-translated counterpart. Thus 
both the 5a and 5b ORFs are expressed in infected 
cells. The function of these polypeptides however re- 
mains unclear. The deduced amino acid sequence of 
5a is unusual in that 26% (17 out of 65) of its residues 
are leucines (3), and its obvious hydrophobic nature 
suggests that it may be membrane-associated, al- 
though it does not appear to contain a conventional 
“membrane-spanning” domain. Such an association 
would be consistent with the general pattern of stain- 
ing observed in our immunofluorescence studies using 
anti-5a antibodies, and preliminary cell fractionation 
experiments suggest that it is indeed associated with 
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FIG. 4. Indirect immunofluorescence of IBV-infected (a and c) and mock-infected (b and d) Vero cells at 18 hr p.i. using anti-5a (a and b) and 
anti-5b (c and d) antisera. Cells were permeabilized with 1% Triton Xl 00, and staining was carried out as described previously (26). 

the membranes of infected cells (data not shown), but 
it has not so far proved possible to detect the protein in 
purified virions. The deduced amino acid sequence of 
the 5b protein however betrays no obvious clue as to 
its function, although our immunofluorescence studies 
suggest that it concentrates in the perinuclear region 
of infected cells. 

Available evidence suggests that the 5a and 5b poly- 
peptides are expressed from a single subgenomic 
mRNA, mRNA5, which consists of a 65 nucleotide 
leader sequence corresponding to the 5’ end of the 
genomic RNA, fused to a “body” which initiates 25459 
nucleotides from the genomic 5’end, and runs through 
to its extreme 3’terminus. This is based on the obser- 
vation that the next smallest subgenomic mRNA, 
mRNA6, which encodes theviral nucleocapsid protein, 
does not contain the 5a and 5b ORFs, and the next 
largest, mRNA4, encodes the viral membrane protein, 
but not the products of 5a and 5b ORFs as indicated by 
in vitro translation of viral mRNA (30). 

How could these two products be translated from a 
single messenger RNA? The most obvious possibility 
is by a “leaky scanning” mechanism, in which ribo- 
somes bind at the capped 5’ end of the mRNA and 
scan in a 3’ direction until an initiation codon is en- 

countered; occasionally however they may fail to rec- 
ognize the initiation codon for the upstream 5a ORF 
and continue onward to the 5b ORF (17). The se- 
quence context around the initiation codon of the up- 
stream 5a ORF (CGGACGUG) conforms well to that 
preferred for functional eukaryotic initiation codons 
( 16) with an A at the -3 position and G at +4, suggest- 
ing that translational initiation of this ORF should occur 
efficiently. Our in vitro cell free translation results using 
synthetic mRNAs bearing the 5a and 5b ORFs are con- 
sistent with this idea; these mRNAs directed efficient 
synthesis of a product corresponding to the 5a poly- 
peptide (Fig. 3b). Expression of the 5b ORF from such 
synthetic dicistronic mRNAs in vitro was by contrast 
relatively inefficient, which would be expected if its syn- 
thesis relies on leaky scanning ( 17). Furthermore syn- 
thesis of both proteins from the dicistronic mRNA was 
sensitive to inhibition by the cap analogue 7mGTP in 
vitro (data not shown) suggesting that translation of 
each required ribosome entry at the 5’ end. However 
5b synthesis in vitro appeared to be inefficient even 
when the 5b ORF was placed proximal to the 5’end of 
a synthetic mRNA (Fig. 1 b), in spite of the fact that 
sequences around the 5b initiation codon (GCUGG- 
C/J&A) would seem to present a favorable context for 
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translation with a G at position -3 and A at +4. It is 
perhaps surprising therefore that expression of 5b was 
relatively easy to detect in virus-infected cells in com- 
parison to that of 5a. This could represent a genuine 
difference in the relative expression ratio of the two 
proteins in viva from that observed by in vitro transla- 
tion, as has been reported previously for the products 
of other di-cistronic mRNAs ( 11, 12, 32). If this were 
the case, it would undermine somewhat the argument 
for leaky scanning as a mechanism to account for 5b 
translation in vivo. However, the relative ease of 5b 
detection may simply reflect differing avidities of our 
mono-specific antisera; indeed, the anti-5b serum 
clearly recognized its target protein more efficiently 
than did the anti-5a serum when tested against in vitro 
translated material (Fig. 2). At present then the mecha- 
nism by which mRNA5 can function dicistronically in 
infected cells remains unclear, although our in vitro 
translation data would favor a leaky scanning hy- 
pothesis. 

Most eukaryotic mRNAs studied to date encode only 
a single protein, but in recent years, more and more 
animal viruses have been found to encode di- or poly- 
cistronic mRNAs. These include adenovirus (the El B 
mRNA encodes two tumor antigens starting at differ- 
ent AUG triplets of two overlapping ORFs (2))) the pa- 
povaviruses (the late 19s RNA of Simian Virus 40 ex- 
presses both the VP2 and VP3 proteins (24)), the 
paramyxoviruses (for example, the measles virus and 
Sendai virus P/C mRNAs (1, 13)), and the influenza 
viruses (the influenza B virus RNA segment 6 encodes 
both the NB and NA glycoproteins in different overlap- 
ping reading frames (31)). Among the coronaviruses, 
there are also some examples of functionally polycis- 
tronic mRNAs. One of the other IBV subgenomic 
mRNAs, mRNA3, can function as a tricistronic messen- 
ger (20), encoding a 6.7K proteins (3a), a 7K protein 
(3b), and a membrane-associated virion protein (3~). 
Murine hepatitis virus also appears to encode a dicis- 
tronic mRNA. Messenger RNA5 contains two ORFs in 
its 5’-unique region, and a product from the second of 
these has been detected in virus infected cells (8, 79, 
25). It seems therefore that the translation of small, 
often briefly overlapping ORFs from di- or polycistronic 
mRNAs may not be an uncommon feature of corona- 
viruses. 
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