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ABSTRACT

Sequence analysis of a substantial part of the
polymerase gene of the murine coronavirus MHV-A59
revealed the 3’ end of an open reading frame (ORF1a)
overlapping with a large ORF (ORF1b; 2733 amino
acids) which covers the 3’ half of the polymerase gene.
The expression of ORF1b occurs by a ribosomal
frameshifting mechanism since the ORF1a/ORF1b
overlapping nucleotide sequence is capable of inducing
ribosomal frameshifting /n vitro as well as in vivo. A
stem-loop structure and a pseudoknot are predicted in
the nucleotide sequence involved in ribosomal
frameshifting. Comparison of the predicted amino acid
sequence of MHV ORF1b with the amino acid sequence
deduced from the corresponding gene of the avian
coronavirus IBV demonstrated that in contrast to the
other viral genes this ORF is extremely conserved.
Detailed analysis of the predicted amino acid sequence
revealed sequence elements which are conserved in
many DNA and RNA polymerases.

INTRODUCTION

The genome of mouse hepatitis virus (MHV), a coronavirus,
consists of an infectious single stranded RNA molecule of
approximately 30 kb in length (1). After entry the viral genome
is released, translated into the RNA dependent RNA polymerase
and subsequently used as the template for the transcription of
negative stranded RNA of genome length (2, 3). This RNA then
serves as a template for the synthesis of six subgenomic mRNAs
and genomic RNA. The subgenomic mRNAs form a
3’-coterminal nested set. An unusual feature of the mRNAs of
coronaviruses is the presence of an identical leader sequence.
This common leader is proposed to result from a unique leader-
primed transcription mechanism. The transcription and translation
strategy of coronaviruses has recently been reviewed in detail (4).

The RNA dependent RNA polymerase of coronaviruses is a
multifunctional protein: it contains the activities necessary for
the transcription of negative stranded RNA, leader RNA,
subgenomic mRNAs and progeny virion RNA. In addition it is
likely to possess capping activity. These activities and the
protein(s) on which they reside are poorly characterized.
Complementation studies using temperature sensitive (ts) mutants
which are defective in RNA synthesis revealed six different
complementation groups, indicating that a large number of genes
or at least activities are involved in the synthesis of the viral RNAs
(5, Van der Zeijst, personal communication). Several authors
have shown the presence of membrane associated RNA dependent
RNA polymerase activity in lysolecithin permeabilized MHV-
AS9 infected cells (6, 7) or cytoplasmic lysates of MHV infected
cells (8, 9). Brayton et al. (10) have described one early and
two late polymerase activities in lysates of MHV-A59 infected
cells. The early polymerase activity was shown to be involved
in the synthesis of negative stranded RNA, while the late RNA
polymerase activities were responsible for the synthesis of
genomic RNA and subgenomic mRNAs.

In vitro translation of genomic RNA of MHV-AS9 resulted
in the synthesis of a protein with a molecular weight exceeding
200 kd (11). In vitro this protein is cleaved into a 220 kd and
a 28 kd protein. The p28 protein is the N-terminal cleavage
product of the precursor protein (11, 12) and has also been
identified in MHV-AS9 infected cells (13).

The nucleotide sequence of the gene encoding the RNA
polymerase (pol) of the avian coronavirus infectious bronchitis
virus (IBV) has been determined (14). The po! gene, which is
about 20 kb in length, contained two large open reading frames
(ORF) ORFla and ORF1b (previously termed F1 and F2) which
potentially encode polypeptides of 441 kd and 300 kd,
respectively. The ORFs overlap by 42 nucleotides, ORF1b being
in a —1 reading frame with respect to ORF1la. Brierley et al.
(15, 16) showed that a cDNA fragment spanning the
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ORF1a/ORF1b overlap was able to direct ribosomal frameshifting
in vitro and in vivo.

Recently, we have completed the molecular cloning of the
genome of MHV-A59 and determined the nucleotide sequence
of the p28 coding region at its 5’ end (1). Here we present the
predicted amino acid sequence of ORF1b and of the carboxyl
terminal region of ORFla of MHV-A59. In addition, we
demonstrate that a conserved nucleotide sequence of the
ORF1a/ORF1b overlap directs ribosomal frameshifting in vitro
and in vivo.

MATERIALS AND METHODS
Isolation of viral genome RNA

Virus obtained from roller bottle cultures of Sac(—) cells infected
at 2 p.f.u./cell was purified on sucrose gradients as described
before (17). Viral genomic RNA was isolated as described
previously (18).

c¢DNA synthesis and cloning

First and second strand cDNA synthesis were carried out as
described by Gubler and Hoffman (19) using viral genomic RNA
(50 pg/ml) as a template and calf thymus pentanucleotides
(100 pg/ml) as random primers. Reverse transcriptase was
obtained from Promega, RNasin from Amersham, Escherichia
coli DNA ligase from New England Biolabs, RNase H and DNA
polymerase I from Boehringer. After phenol/chloroform
extraction and ethanol precipitation approximately 0.3 ug cDNA
was used for homopolymeric tailing using dCTP (20). Samples
were taken every 30 seconds during tailing and the reaction was
immediately stopped by adding 0.1 volume of 1 % SDS containing
100 mM EDTA. After phenol extraction and ethanol
precipitation, the tailed cDNA samples were annealed to Pst I
digested, oligo-dG tailed pUC9 (Pharmacia). For transformations
(21) Escherichia coli strain JM109 was used.

Subcloning for M13 sequencing

DNA restriction fragments were separated by agarose gel
electrophoresis and isolated by binding to NA45 membranes
(Schleicher and Schuell). Purified fragments were recloned in
M13 vectors. When no convenient restriction enzyme sites were
available plasmid DNA was digested with Rsa I and the DNA
fragments were directly subcloned in Sma I cut M13mp19. M13
clones were selected by hybridization to nick translated purified
DNA fragments of the region to be sequenced and screened by
single track sequencing.

DNA sequencing

Single stranded DNA from M 13 clones was sequenced using the
Klenow fragment of DNA polymerase I (22) and [*?P)a-dATP
or T7 DNA polymerase (23) (Sequenase, US Biochemicals) and
35S}a-dATP. Double stranded DNA was sequenced using T7
DNA polymerase according to the instructions of the
manufacturer. Sequence data were analyzed using the computer
programs of Staden (24) and Wisconsin (version 5, 1987)(25).
Comparison to the National Biomedical Research Foundation
(NBRF) protein identification resource was made using the
program FASTA (26).

Construction of a plasmid for the analysis of ribosomal
frameshifting

To study the potential ribosomal frameshifting in the pol gene
of MHV-A59 the expression vector pPBBMAC was constructed

as follows. Plasmid pMAC (a gift of Peter Rottier), which
contained a copy of the MHV-A59 membrane (M) protein gene
of which the region encoding the amino acids 121 up to 196 (27)
was deleted (full details on pMAC will be published elsewhere),
was digested with BamH [ and filled in using the Klenow
fragment of DNA polymerase I. The M protein encoding DNA
fragment was purified and ligated into Sma I cut Bluescribe(+)
vector (Stratagene, USA). A clone containing the MAC coding
region downstream of the T7 promoter was selected. The unique
Sma I cleavage site of the resulting expression vector pBSMAC
was converted into a Bgl II site by an 8-mer linker addition,
resulting in pBBMAC.

Clone P638, which contains the ORF1a/ORF1b overlap (Fig.
1), was digested with Pst I. The 1.3 kb cDNA insert was purified,
digested with Alu I and ligated into the filled-in and
dephosphorylated EcoR I site of a Bluescribe plasmid. After
transformation bacterial colonies containing the 160 bp Alu I
fragment spanning the ORF1a/ORF1b overlap were selected by
colony hybridizations (28) using a nick-translated BamH I—Kpn
I 850 bp cDNA fragment of clone P1136 as probe. Clones
containing the expected 160 bp insertion were sequenced. The
resulting plasmid pAPO was digested with EcoR I and made blunt
ended with Klenow fragment of DNA polymerase. After ligation
to 12-mer BamH I linkers and digestion with BamH I the DNA
fragment was purified and ligated into Bgl I cut,
dephosphorylated expression vector pBBM C. Plasmid DNA
isolated from the resulting transformants was sequenced to
determine the orientation and the borders of the polymerase
ORF1a/ORF1b overlapping fragment of several clones. Clone
pAPI was found to be correct and used for analysis of the
potential ribosomal frameshifting.

In vitro transcription and translation

Plasmid DNA of pAP1 was purified on a CsCl gradient (29) and
linearized with Hind III. In vitro transcription and translation were
performed as described (30).

Figure 1. Cloning and sequencing strategy of the ORF1b region of the MHV-
AS9 polymerase gene. A) The upper line represents the MHV genome. Vertical
bars and the numbers above indicate the junction sequences involved in the initiation
of the transcription of the corresponding mRNA. Open boxes represent the open
reading frames in the polymerase gene. B) The open bar represents the sequenced
region of the polymerase gene. The black triangle and the open triangle indicate
the start of the large 3'ORF (ORF1b) and the junction sequence for the initiation
of mRNA2 transcription, respectively. The positions of oligonucleotides A and
T12 are indicated. Negative numbers mark the distance to the start of the poly(A)-
tail of the genome. The numbered bars refer to the cDNA clones used for
sequencing, the sequenced areas are indicated in black.
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In vivo expression of pAP1

Hela cells (2 x10°%) were infected with recombinant vaccinia
virus vTF7—3, which contains the T7 RNA polymerase gene
under the control of a vaccinia promoter (31) at a m.o.i. of 10
p.f.u. At 90 min. post infection (p.i.) the cells were transfected
with pAP1 (5 ug) as described by Gorman (29). At 14 hr. p.i.
the cells were labelled for 30 min. with 60 uCi/ml
{35S]-methionine (32). Cell lysates were prepared (33) and
clarified for 90 min. at 12.000xg (4°C).

Immunoprecipitations of proteins

Immunoprecipitations of the [33S]-methionine labelled proteins
were performed as previously described (32); 4 pl of in vitro
translation mixtures or 150 pl of the cell lysates were used. A
monoclonal antibody (moab) J.1.3 (a gift of John Fleming and
Stephen Stohlman; ref. 34) directed against the aminoterminal
region of the M protein of MHV-AS59 and an anti-peptide serum
raised against the carboxyl-terminal 18 amino acids of the M
protein (Rottier, manuscript in preparation) were used as MHV
membrane protein specific antisera.

RESULTS
Molecular cloning of the polymerase gene

Initially we used a synthetic oligonucleotide complementary to
the conserved junction sequence immediately upstream of the
nucleocapsid gene to prime the cDNA synthesis on purified

YT ML ALYWNWEP LLSRRPTTNQDSY CEGASVYCIYCR
TETRACCATECTRRLACTCRT. rﬁcumn TTANGCCRRAGCTCAMC CAC TAATCAGRATTCTTATERTERTECTTCLRTTTRTATATATTRCLE

1
1

M SR YEHPOVDELCKLRGEKFYQV?LUGIKDPY S Y VL
00 CTCRCRTETTRANCATC CAGA T TTRATSRATTGTGCARA T ACGLERCAAG TT T TCCAAGTGLCCTTAGGLATAMAAGATECTETETCATATRTGTT
)

"THOD I CQVEEFVROGESCSCYGTESQFQSKDT NFL
LCANRLPYSYKRHELEF

L
umrumwnmrrm mncn:wrmmm

02 NG FEVQ
B KA e 1SV N AR LY PCASGLDTOYQLRAFDLCHA
298 AACCEATTCGSEETACAAGTETAM TS CLRTCTT GTACCL TG TRLCACTORCTTGRACACTRATETTCAATT AMGRGCATTTGACATT TGTAATECT

2 KR AG 1 6L Y YKV NCCRFQRYDEDGNIKLDKFFV VK
TTECTECCRCTTCCAGCRTET AGATGAGGACRRCAACANGTTGRATAAGTT

37 MTCCASCTORCATTCTTTGTATTATARGTEAR CITIETTETIAM
85 R T W LEVY Y XNKEKECYELTKECGYYAEMNEFFTFEDY
496 AGANCT MTTTAGAETCTATAAT AMCRAGMAGAATECTATEAGTTRACMAMCAATCCCE TCTTGTERL TRAMCACRAGTTCTTCACATTTEATETG

118 € CSRYPHIVREOLSKFTARLOLCYALRNFORND EGC
%5 mmumimmmmmmmmnmnmuwmm Mty
151 5 T4 KET L LT YAECEESYFQKKOWYYDFVYERNPDII
4 TCAKTCTTAMIICIC(IIMM.H. CTACTYCO m;umn‘rrmcmmuumn

4 vy r kK (6P IIALLITAKFADAL'[AGLV A
73 anumn:crmmmwmmmm mmmmmx

27 T L DN QDLYGOQWYDFGDFYKTVPECGYAYADSTYT
B2 AACT TR TANTCAA T ATA TR LA G TATEACT T GGAA T TC CARALAG ACLTOR T TEATE TCECE TG AR TETTATTAT

50 H?HLTH&HALDS[LFVIGTVR[FDI.VO'DF
9t mrArAmmmmAmnummnﬂm AATCGCTACTTATAGELASTTFGACCTTRTTCARTATRATTTT

28 T D FKLECFTKYFEKNYSHTYNPNTCECEDDRCII
1090 mmnmmnwmmnmnmummmmnmmnm
N6 W C ANF N FSMYLPKTCFGPLYRGIFVYDGYPFY
119 AT SR T TANTATALTTTY TASTA 681 T AT AT 1T T TR T ARG AGATAT TV GEA TR T T TR

kil 'SlGVHYI[LGVVHIHDVDTHIVRLSLKDLI-.LV
1288 nclcwcammmtmnmmmrwuImrmﬁummmucnmnammnu’rmmr

S AADPALEYASASALLDLRTCCFESVYAAITSGEVKF
1307 TGN LTEEL TTEATGTGRtT LT OTARIGEAC TG AT FeCRCALAT ETTETT TTAGCETTEE AT A TAMEFGRCE AT

a5 Q71 YK P G N F N QDF YEFITLSXKGLLKEGSSVYDLEKEEF
1486 CAANCAGTTAMCCTCRAMTTTT AN TCAGEATT TTTATEAGTT TATT TTRAGTAMEGCCTRLTT AMASACSIIAGE TCCS TTRATTTGAXGCACTTC

WFFIODGIAAI 'YIVYIYILPTHVDIKOLLFVI.
1565 n‘rmncccmm.'lMw:rmmmumwnmwnummmmmunmnmmm

@ EVY VN K YF lYEGthPATOVl'Il'DKSAGYPF
1684 MTTCTTMIWATTTIWICTAW TTOTTAATAATTATGAT ABAGTRLTRRLTATCCATTT

514 -xr:uAnlvvtALsrzzoozlv'Avlillv'er'L
1783 AATAAATT TGRAMGECCASGCTCTATTATGASGTA TT AT CATTTRAGGAGCAGRATGART TTATGLETATACCAMOGLAATETCC TRLCGACCLTA

T QRN LEYALISAKNRARTYAGCYSILSTNTGRAFN
1982 ACTCAMATGANTCT TAMTATECTATTASTCCTARGA TASESCCCRCACCETT CTATTCTCASTACTATGACTCICASAATETITCAT

9 0K CLKSTAATRGVPI VYY1 ETTKFYGGWDDALRRL
ATAGGCACTACCAMETTCTA ATTTACGCCRCCTT

1981 CAMMASTETCTAMGASTATASCASCTACT CECERTGT TCLTETAGTTAT: ATGECRETT GEEA TEATA
613 DVYOSPYLAGVOYPXCORARKPNITLRIYSSLYL
2080 mmtmarmmﬂmwmmummammAm ACTRGTATTGTTAGTAGTTTGGTECTA

645 AR KHDSCCS R UANECAQVLSETIYNCGSE
an ccn:nmrnnmmmcnmmxmnmxmmmmmnmAmcmm

BNCVVVKP‘CISSGDATIAFAISVFIICQAVSAI'
278 TCTTATTATCTT AMCCASGTCSLACTAST AST GRElA TCLAALTACTECTT T TECTAATTCTRTRTT TAACATTTRTCAASCTRTTTCLRLTAATCTA
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genomic RNA. Virus specific clones were mapped by dot blot
analysis with the purified individual MHV mRNAs (data not
shown). Oligonucleotide A was synthesized from sequence data
obtained from a cDNA clone which only hybridized to genomic
RNA. Oligonucleotide T12 was synthesized on the basis of the
nucleotide sequence of RNase T1 resistant oligonucleotide T12
(based on the nomenclature of ref. 35; unpublished results), which
is located in the pol gene of MHV-AS59 (36). Oligonucleotides
A and T12 were used to screen the random primed genomic
cDNA library. Several large cDNA clones (P095, P096 and
P098) hybridizing to both oligonucleotides were identified (Fig.
1). In addition several cDNA clones were identified which were
only positive with oligonucleotide A e.g. P030 and P035. The
cDNA clones P096 and PO30 contain the complete coding
sequence of mRNA 2 (37) hence they map to the 3’ end of the
polymerase gene. The cloning of the pol gene was completed
by screening the cDNA library using a nick translated probe
derived from the most 5’ mapped cDNA clone on the viral
genome. Clones P638, P737 and P1136 were isolated from a
second random primed cDNA library prepared against genomic
RNA from an independent stock of MHV-A59 (1).

Nucleotide sequence analysis

The ¢cDNA clones used to determine a substantial part of the
nucleotide sequence of the pol gene of MHV-AS9 are shown (Fig.
1). Each nucleotide of the consensus sequence (Fig. 2) was
determined on at least two independent cDNA clones. Analysis

112 CNHNGEGHKIEDLSIRELQXRMNLY NYYRADIHY
o7 TITEET[HGCATGCMYWMMTTWTTTW MWATWMTCTCT TCRTRCRRACCATETT

M5 DP AFYSE VV[FLIKI} WML LSDDGVYCYRNSEEF
78 mmmm ATOARTTTTTAM MTTTT)‘T TRATRATTTTCARTEATRATER TR TTRTETRTTATAATTCAGAGTTT

HSASXGVIAIISAFQOVL Q ;FHSEAICHVE1
2575  GCGTCCAAGEETTA IATTI[MTATAMTBITTIWATTATAHATMTMWWTTTA TETCTOAGGCCAMTETTGERTARAMLA

811 0 I E XK GPNEFCSQHKTMNLYXKHNDGDEYYLPYPDPSR
2674 CACATCRAMAGEEACCELATRAATTTTGTTC TCAACATACATCL TAG TCAMGATERA TS TRATGAMG TCTACC TTCCATACCC TRATCC TTCRAGA

84 I LGAGCFVDOLLKTOSVYLLUIERFYSLAIDAY PL
9 AT TErT TE AT AT AL TEATARCE T T AT ATAGAG TTTCRTANGTCTTECANTEATECTTATEETTTA

&7 VY N ENPEYQNYFRYTLE KK LYNDLUGNQILDS
T CATACATOAANCCE A TA T TR T CEETATATT TAGMATATA MACARGE T TACANTERTC TR TANTEAGATEC GECARE

910 Y S Y I LSTCDG QK ‘IDETFYKIH'LISAVLOS'G
BT TR TE ATT T AAGTAL TR TEAToR TCAMAAGTT AL TEATEAGALL T T TACARGARCATTATTTMEAE TEEAG T GCAMECETTEET

) ACVVCSSQTSLICCSCIRlPLLCClCA'DI'H!
X770 mmnmmnrrmmnmnmn GCATACELMECCTTTECTETRTTRLAMTEURCCTATRATCATETTATETCC

76 nuvVLsvsvvvclsrccn'vuov}r:L'VLc'cns
3109 ATOATCATARATATGTCE TOARTS GTEACEATATE TG CTARTTEACPCRATETEATS A GATCTTACCARAT TCTATT T AGHTGRTATGTEA

1009 Y Y CEDAXKPQYSFXKLYHNNGHNYFGLYXQSCTGSPY
368 TATTATTGTGAGRACCAT MACCACASTAT TCATT CAMTTEETEATGATGRTATGRTT TTTGRTTTATATAAACAATCTTRTACTGRTTCRLLCTAC

102 U EDF W KITASCKXVYTEVODYVLANECTERLKLEFARA
3387 A ARG T AN TAAT AL AT AT CGALAGAGTCEATEATTATE TG TAGET AN CAATECALCEAACECC T TARATT T TGATGEA

1075 ['thil:E'Arl'ocVASArlatlvsnlznllsvt
3466 CAMCGCAGANGRCCACAGAAGAGICC TTT ANGCAATCTTAT CLUTCAGAACRA TC LG TRAGA TG TRASCRATCORRAGTTAATTTTATCTTGREA

1108 [ G K VYR PP LN KNYYFTGYNFTHNUNGKTVYLGEYYFD
3565 ATTGETAAAGTGAGACCACCACTTAATAMWATTATGTTTTTACTGRCTACCATTTTACTAA TAATGETAMGACAGTT TTAGKTRAGTATGTTTTTGAT

e x S E LT W GV Y YRATTTIYKLSVYGEGDYFILTSHNAVSS
364 AT TEACTAATGETET AT L ACMELATTATATTATC TGTAGKTEATETETTCATTTIAMCATCACACEEAGTRTCTAGT

1174 S FTI.VPO[IYISIIFASVVSVP[YFQIIVPI
e TTI&'NUCEIKA TASTACCRCAGGACAM TTATACTAGCATTCRTTTTRCTARTETTTATAGTGTGCC TGAGACETT TCAGAM TAATETECCTAAT

120710!IGHKIVC‘IVOGPPGTGKSILAIGLAVY'Ci
332 TATCAGCACATTGOM TRAMCITCTATTRTACTGTACAGERACCECL TR TAL TCRTAMG TCCLATC TAGCCATTRERCTAGCTRTTTATTATTGTACA

1240 AIVVYlAASiAAVDALCEKAHKFLIlIDC!lIV
3961  GORLGLRTERTCTATACCRCTCLTASTCATEL T GLASTTRACRIRL TE TR T GAAMGELACATAMTTTTTAMTATTAATGACTGLACGCETATTETT

123 PAKVRYOCYOKFKYNODTTREYYFTTINALPELY
4060 CCTECAMGRTGCR TR TAGATT GTTATGATAMT TTMGETCA TCACACCAC TCRLAMSTATETE T TACTACAMTAMTGCATT ACCTRAGTTRRTG

106 T D1 1Y vnzvsulllvsstll&lvan'nvv'vlc
4159 ATACATTATTGTCE T AT AR TTA AT FTACCARCTATEAGCT TG TTA T ACAG R TE VAL AT TATETCTATATTORA

139 nrAQLrAPlvttllclLzrlvrlsvxxlncéc.c
0258 GACCCTOCELASTTAC TR CACCACGTGTGT A TR TAASEGAAC TCTACAACCTAGATATT TTAATT CCETTACCAMSCTARTR TG TTGTTTRGGT
1972 P01 FLGCTCYRCPEETIYDTYSALYTYTANKLEKAKND
4357 CAGATATTITCTTGCA TR TTATASATCLLL T A SASATT 6T SA TACGS TG TCASCTTTES TTTAT A TAATMSLTRARSSTTMARATEAT

M0S 1S S HCFKYYYKGQT T HESSSAYNNQQI HLISKEF
M58 ATASTCCATETRCTTT ARG TTTATTATAMGERCCASAC T ACACATGASAS TTCTASTRL TG TTAATATCLASCAMATACATTT A TTASTAASTTT

MM LK AN P S W SN AVFELSPYNSQONYYAKRYLELQT QT
555 TTAMGECAMCCLCAS TTGRAS TMCECCRTATTTATTASTCL TTAT ATAS TCASAMCTATGTTCL TARSAGAS TCTTGEGATT ACMACCCAGACA
M7l YO S AQESEYOFYIYSQTAETAHNSYNYNRFUYAL
4654 GTASACTCASTASGETTCTGATATRAT TTTGTTATTTATTEACASACTGLGSAMCASCRCATIC T TCA TGTAMTASATTCAATGTTGCTATT

l&DlIl.AKKGILC s’s Q[f[SlIFTILILDKIIHP
4753 WmummcrrmnmmmAm:Mﬂ TTTGASTCTCTTAATTTTACTACACTRACETTGRATAASATTAMLAATCCA
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197 R L QCT T NLFKODCSRSYVYGYHPAHRBAPS FLAYDDEK
4852 CRATTACAGTETACTACAMTTTRTTTAAGRATTRTARCAGCACC TATET AGRATATCACCCASCCCATRCACCATCCTTTT TRRCASTTRATRACAAM
1570YIVGGDLAVCLIVADSAVIVSILISLRGFKLDL
4951 TATAAMGTAGELRETEATTTAGCCSTTTRLL TTAATETTRCTGATTCTRC TR TCACTTATTCRCRECTTATATCAC TCATCRRATICAAGCTTRACTTE

1603 ILDGYCKLFlIiDEAlKl'RA\lVGFDA[GAIAl
5050 ACCCTTRATGRTTATTGTAMGCTUTTTATAACTAGARA TRAAGE TATCAMCE TCTTAGAGCL T GRR TTRRL TTORATRLAGMELTELOCATRLGATA

Lﬁl‘IDSIGTIFPLOLGFSIGIDFVVEATGHFA[IDG
5149 CETGATAGCATTGRGACAAA TTTCCCATTACAAT TAGGL TTTTCRACTERA TT A TTTTE TTETCRAAGCCAC TRRAATE TTTRETGAGAGAGAT 66T

1669 YVFKKAAAIAP'GEOFKHLlPLHSlGQlHDV'R
5248  TATETCTTIAMAAGCCAGCTCCADGACC TCCTCC TERURAACAATTT AAACACC TTATCOCAC TTATGT CAAGAGRRC ACAAA TECCA TETEE TTCRA

m2 'R IYOAMLSDELYDLADSVYYLYTWAASFELTCLR
SH7  ATTAGATAGTACAMTETTETCAGACCACC T AGTCRATT TRCAGACAGTETTGTACTTGTEALET!

175 Y FAKY GREYVCSYCTERATCFNSRTEYYGCYRM
SA15  TATTTCRCTAMGTTBRANGACANSTTCTCTCTAGTETCTOCACCAMLSTECRACATE TTTTAAT TCTAGAACTGRATACTA

768 S Y S EDYLYNPLIVOIQQUVUeEYTESLISUHNDPICS
5545 AGTTATTCLTCTRATTACCTGTACAACTEACT AATAGT TRACAT TCAACAGT GEGRATATACAGATE TTTAACTAGCAATCATCATCC TATTTRCAG

WIVHKGAH AS DAlHl’ICLAVHDCFCKSVIHIL.E
5544 crcwummwmmrumumnummmrmmunmmm

34 Y P11 S MHEVYSVYNTSCRLLOQREYNFRAARLENR Y DY
$743 ACEEATIATITEAATEAGETCA TE T AN TACCTEE TEARGT AT GLAGCEEG T AATET T ACGEE TGRGA TS TATECARTABSTATEATENG

1887 C YD I16WPKGLACYKGYDFXFYDASPVYYXSYERQEF
B TG ATEACA TR AT AT CTTEEC T TG CAMGEATATGATT TTAKGT T TTATEATGL TECECTRITGTTAMGTCTGTTAMGGTTT

1900 ¥ ¥ K Y E AN KDQFLDGLCMHNFWRCNYDKTPANAYYC
541 GTTTATAATACRAGECACATAMGA TEAATTTTTAGA TER TTTGTGTATG T TTTGRAACTECAATETGRAT MGTATCLACL G TGCAGTT GTETET

933 R F DT R YL NKLUNLPGCCHNGESLYVNKHAFHTSPFT
6040 AGSTTTGACACECGTGTGTTGAACAAATTAMTCTCCCTRRC TR TAATEA TERCAGTTTRTATGTT AMCAMEATECA TT CCACACCAGTCCE TTTACE

1966 R AAFENLKPHPFFTYSDTP C'VVHEGHESKQ'DY
nx» csmcctnmmumua:mmmmmmrmmm \TATCRAAGECA TRRAATCTAACCACETCRATTAT

199 ¥ P L RS AT CITRCNLGGAYCLKHAEEYREYLESY
6238 CTOCCATTRAGANGLSL T ACATRLAT CACAMGATECAA T TAGR TRRCECTETTTETF TAMACATECTGAGGAGTATCETRAGTACCTTGAGTCTTAC

2032ITATTACFIFHVYKIFDFYILHIIFTRLQSL[I
TEETCTA ACTTTTACTASECTCCAMETTT T

6107 MTACGECACCACAGESGR T TTACTTTT TAAGACTTTTGATTTTTATAACCTTTGRAATACTTTT
265 Y VY N L YN AGCHFDGRAGELPCAYIGCGEKY L AKIQHN
B3 CAGTGIATATTY G TCAN LT ACACTI TEATORECHECRERT AR T TTTERTETT TGS TGAGAMARTCATTECLANGATTCAAT

20 E DV YV EK NN TP FPTNYAVELFAKRSIRPHPELK
6535 GAGGATETCETEGTCTTTAAMAAT MCACECCATTCECCACTAATETERETGTCRAATTATTT G T MGCBCAGTATT RS CCACCLCEAGLTTAAG
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2164 VIDLQCI[SLIVLFDGRDIGALEAFIKCRIGVY
6713 TACACAGATYTACAGTECATTCMACCTTRATETACTTTTTGA GANGCTTTTAAGAACTRCLERAATCRIRTCTAL
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6832 ATTAACACEACAAMTTAAMAGTCTETCRATRA TT AMERCTCACAMICTRLTRATT TR TRECETAGTTE TERAGMAL T TRCAGATTCTRATETS
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931 GAATTTTERTTTRCTG TS TAMBEACGRTEACGATETTATCTT CAGLLETACAGERAGC TTRAACCRAGECA TTACCRRAGCTCACAGETMTTES
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Figure 2. Nucleotide sequence of the ORF1b region of the MHV-AS59 polymerase
gene and the predicted amino acid sequence of the major open reading frames.
The most 5° AUG codon of ORF1b and the junction sequence between the pol
gene and the mRNA 2 coding region are underlined.

of the sequence data revealed the 3’ end of an ORF (ORFla)
partially overlapping with a large ORF (ORF1b) which covers
the 3’ half of the pol gene (Fig. 1). ORF Db has a length of 8199
nucleotides and potentially encodes a protein of 309 kd (2733
amino acids; Fig. 2). The first potential translation initiation
codon is located at position 643 and the ORF terminates at
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Figure 3. Comparison of the primary and secondary structure of the MHV-AS59
and [BV-M42 ORF12/ORF1b overlap A) Alignment of the nucleotide sequences.
Numbers refer to the position of the 5’ G residue in the published sequence (MHV-
AS9, this article; IBV, ref. 14). B) Predicted secondary and tertiary RNA structure
at the sitc of ribosomal frameshifting. The potential codons involved in
frameshifting are underlined, and the termination codons of ORF1a are boxed.
Solid lines illustrate the potential pseudoknot. Differences in the nucleotides
involved in the predicted RNA structure of MHV in comparison to IBV are
indicated in the predicted structure for IBV to illustrate the observed covariation.

position 8443, which is just upstream of the conserved junction
sequence AAAUCUAUAC. This region separates the gene
encoding the 30 kd nonstructural protein from the pol gene (37).
ORFla terminates at position 318 and overlaps ORF1b for 75
nucleotides.

Analysis of the ORF1a/ORF1b overlapping sequence

It has been shown that the nucleotide sequence of the IBV
ORF1a/ORF1b overlapping region is capable of inducing
ribosomal frameshifting in vitro and in vivo (15, 16). A stable
stem-loop structure in this overlapping region was predicted to
be involved in this translational frameshifting. Comparison of
the nucleotide sequence of the ORF1a/ORF1b overlap of MHV-
A59 to the ORF1a/ORF1b overlapping region of IBV-M42
revealed a well conserved stretch of nucleotides (Fig. 3A). Fig.
3B shows that a nearly identical stem-loop structure can be
predicted for the MHV ORF1a/ORF1b overlap region. The
insertion (MHV-A59) or deletion (IBV-M42) resulting in a gap
of three nucleotides in the alignment (Fig. 3A) is located in the
bulge of the stem-loop structure (Fig. 3B). Even if larger regions
of the sequence (up to 500 nucleotides) were analyzed for the
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Figure 4. Analysis of ribosomal frameshifting in vitro and in vivo. A) Diagram showing the expression plasmid pAP1 and the predicted sizes of protein products
that would be expected from translation of the transcribed RNA. The black area represents the T7 promoter, regions encoded by the mutant M protein gene are
hatched. Stop indicates the positions of the translation termination codons. B) In vitro translation products were analyzed directly (lane 1) or after immunoprecipitation
using moab J.1.3 (lane 2) or the carboxyl-terminal specific anti-peptide serum (lane 4), respectively. Lane 3 and 5; immunoprecipitations using the corresponding
pre-immune sera. C) Lysates from pAP!1 transfected and vaccinia virus vTF7-3 infected cells were immunoprecipitated using moab J.1.3 (lane 1), the anti-peptide
serum (lane 3) and the pre-immune sera (lane 2 and 4). M indicates molecular weight markers.

presence of secondary structure the depicted hairpin structure still
folds as a separate entity.

In both IBV and MHYV the translation termination codon of
ORFla is located in this stem-loop structure. Apart from this
conservation in secondary structure the potential tertiary structure
is also well conserved. The nucleotide sequence of the loop gives
rise to potential pseudoknot formation with sequences downstream
of the proposed stem-loop structure. The significance of these
proposed secondary and tertiary RNA structures is emphasized
by the presence of covariation. Mutations in one part of the stem
or in the nucleotide sequence of the loop are compensated by
mutations in either the stem or in the downstream sequence
involved in the potential pseudoknot, respectively (Fig. 3B).

Ribosomal frameshifting in vitro and in vivo

To prove that the ORF1a/ORF 1b overlapping region of the MHV
polymerase gene directs ribosomal frameshifting we cloned this
region in a mutant M protein gene of MHV-A59 under the control
of a T7 promoter. Termination of translation of pAP! transcripts
at the ORFla UAA stopcodon will result in the synthesis of a

19 kd protein. However, when a —1 translational frameshift
occurs a protein of 25 kd will be synthesized (Fig. 4A). Direct
analysis of in vitro translation products revealed both proteins
(Fig. 4B, lane 1). As expected moab J.1.3, directed against the
N-terminus of the M protein, immunoprecipitated both the 19
kd and 25 kd products, indicating that both proteins have a
common N-terminus (Fig. 4B, lane 2). Only the 25 kd protein
was specifically immunoprecipitated by the C-terminal anti-
peptide serum (Fig 4B, lane 4). None of the translation products
were immunoprecipitated by the pre-immune sera (Fig 4B, lane
3 and 5). Since the methionine residues are only encoded by the
region upstream of the ORF1a/ORF1b overlap the frameshift
efficiency can be easily estimated. The bands corresponding to
the 19 kd and 25 kd products were excised from lane 1 (Fig.
4B) of the dried gel and from the amount of radioactivity an
efficiency of approximately 40% was calculated.

To test whether the frameshift signal in the ORF1a/ORF1b
overlap was functional in vivo, Hela cells were infected with the
vaccinia virus recombinant vTF7-3, expressing the T7 RNA
polymerase and subsequently transfected with pAP1. Cells were
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Figure 5. Proportional dot matrix comparison of the amino acid sequences from
ORF1b of MHV-AS9 and of IBV-M42. Numbers of the amino acid residues are
indicated at the axis. For creating the dot-matrix plot the program ‘Compare’
of the Genetics Computer Group (Wisconsin) (25) was used with a window size
of 21 and a stringency of 15.

labelled with {[33S]-methionine and cell lysates were
immunoprecipitated using moab J.1.3 and the anti-peptide serum.
Moab J.1.3 specifically immunoprecipitated the expected
polypeptides of 19 kd and 25 kd from pAP1 transfected and
vTF7-3 infected cells (Fig. 4C, lane 1). These polypeptides were

not present in lysates from cells that had only been infected
with vTF7-3 (data not shown). The 25 kd protein was also
immunoprecipitated by the anti-peptide antiserum directed against
the carboxyl-terminus of the M protein. (Fig. 4C, lane 3). None
of these proteins were precipitated by the pre-immune sera (Fig.
4C, lanes 2 and 4). From these data it was concluded that the
MHV-A59 ORF1a/ORF1b overlapping region was capable to
induce ribosomal frameshifting both in vitro and in vivo.

Computer analysis of the coronavirus polymerase genes

Comparison of the predicted amino acid sequence of the products
encoded by ORF1b of MHV-AS9 and IBV-M42 revealed two
large regions of high similarity (Fig. 5). The positional identity
in an alignment of the amino acid sequence of ORF1b of MHV
and IBV is 56%.

Several short sequence motifs have been identified in particular
polymerase proteins of RNA and DNA viruses. One motif which
contains the core sequence ‘GDD’ (38) has also been identified
in the amino acid sequence of ORF1b of IBV (39). This domain
is conserved at an almost identical position in the product encoded
by ORF1b of MHV-AS9 (Fig. 6). However, in contrast to the
‘GDD’ amino acid sequence, both MHV and IBV contain the
amino acid sequence ‘SDD’ at this position. Although
occasionally a M, C, V or L residue has been reported in the
position of the G residue (38), no serine residue has been reported

BV / MHV [

] B C
l I F2/ORF2

v v vev v v Ao bd v
622 MGWDYPKCDRA -(52)- GGTSSGDATTAFANSY (58} SMILLEDDGVVC
v
{48} FCSQHT

F1/0ORF1

1218 VQGPPGTGKSHLA -(73)- I\N'DEVSMLT ~(15)- YW'IGDPAQLPA -(37)-
TCYRCPKEI ~(81)- TQTVDBAQGBEYDFVIY&Q -{18)- RFNVAITRA

Figure 6. A) Localization of the ‘polymerase’ (B) and ‘helicase’ (C) domain in
the second ORFs of the IBV and MHV-AS59 pol genes. B and C) Amino acid
sequence of the conserved domains identified in ORF1b of MHV-A59. Conserved
residues are indicated by triangles. Numbers on the left refer to the localization
of the conserved domains in the ORF1b sequence. Fig 6B; The ‘GDD’ or
‘polymerase’ motif (38, 39). The position of the serine residue which replaces
the glycine is indicated with an open triangle. Fig. 6C. The ‘GKS/T’ or ‘helicase’
motif (40, 41).

immediately upstream of the two conserved aspartic acid residues.
Analyzing the ORF1b amino acid sequence of MHV-AS9
revealed the presence of another ‘GDD’ motif at position
2268—2270. Although it cannot be excluded that the ORF1b
encodes more than one polymerase activity, it is unlikely that
this ‘GDD’ motif is part of the active site of a coronavirus
polymerase since the surrounding sequences do not meet the
criteria proposed by Argos (38). Furthermore this ‘GDD’
sequence is not conserved between MHV and IBV.

The amino acid residues encoded by ORFI1b of IBV which
exhibit similarity to a sequence motif found in a group of proteins
from different organisms and which are probably involved in
crucial nucleoside triphosphate dependent steps in nucleic acid
replication (40, 41) are also present at a nearly identical position
in the amino acid sequence encoded by ORFib of MHV-A59
(Fig. 6).

No other significant similarities were identified when
overlapping regions of approximately 300 residues of the MHV-
A59 ORF1b amino acid sequence were tested using the program
FASTA (24) and the NBRF/PIR and NBRF/NEW protein
identification resources (releases 19.0 and 37.0, respectively).

DISCUSSION

In this paper the primary structure of the second ORF of the
putative MHV-AS59 pol gene is described. Assuming that the
organization of the polymerase gene of MHYV is identical to the
equivalent gene of IBV, in which two large ORFs have been
identified (14), the nucleotide sequence of the small 5' ORF
presented in this article represents the 3’ end of a large ORF.
This ORF starts at position 210 at the 5’ end of the viral genome
(Fig. 1; ref. 1).

No similarity has been detected in the predicted amino acid
sequence of the 5’ end of ORFla of the IBV and MHV-JHM
or MHV-A59 polymerase gene (1, 12). However, the putative
carboxyl terminal region of the translation product of ORFla and
almost the complete translation product of ORFI1b are well
conserved among MHV-A59 and IBV. Recently, we have
determined a small part (0.3 kb) of the nucleotide sequence of
the 3’ end of the polymerase gene of the feline coronavirus FIPV.
(De Groot, unpublished results). The deduced amino acid
sequence of this region was very similar to the carboxyl terminal
part of ORF1b of MHV and IBV .In contrast to the high similarity
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in the second ORF of the pol gene, no significant similarity has
been observed in the amino acid sequence of the other viral
nonstructural proteins. The structural proteins of coronaviruses
only show significant similarity in relatively small regions. The
overall identity in the nucleocapsid, membrane and spike protein
is29%, 30% and 35 % respectively (reviewed by 4). This strongly
suggests selective pressure against mutations in the pol gene to
conserve functional domains. Identical observations have been
made for the picornaviruses (42), alphaviruses (43), flaviviruses
(44) and negative stranded RNA viruses like rhabdoviruses (45).

The ‘S/GDD’ as well as the nucleotide triphosphate binding
‘GKS/T’ amino acid sequence motif, which are encoded in the
pol genes of coronaviruses, are also well conserved in the
polymerases of viruses belonging to the picomavirus-like and
alphavirus-like superfamily of (+) stranded RNA viruses (46,
47). However, because of the quasi-helical nucleocapsid
morphology and the expression of the viral genes by multiple
subgenomic mRNAs, coronaviruses could not be assigned to
either superfamily of RNA viruses (47).

During the replication of coronaviruses multiple subgenomic
RNAs are synthesized to position internal ORFs on the genome
at the 5’ end of an mRNA. No subgenomic mRNA containing
ORF1b of the MHV polymerase gene at its 5'-proximal end has
been detected in infected cells. Using an expression vector which
contained the ORF1a/ORF1b overlap of MHYV inserted in frame
within an MHV-A59 mutant M protein gene construct, we were
able to demonstrate that the ORF1a/ORF1b spanning sequence
was capable of directing ribosomal frameshifting in vitro and in
vivo. Brierley et al. (15, 16) have shown that the ORF1a/ORF1b
overlap region of IBV is also capable of inducing frameshifting
in vitro and in vivo. Comparison of the nucleotide sequences of
the overlapping region of IBV and MHYV revealed that the signals
used for ribosomal frameshifting in coronaviruses are well
conserved. In both MHV and IBV a stable stem-loop structure
can be formed downstream of the conserved sequence
UUUAAAC. This sequence functions probably as the actual site
for ribosomal frameshifting in MHV since mutations in this
sequence have been shown to influence the ribosomal
frameshifting in the IBV ORF1a/ORF1b overlapping region (16).
It has also been shown to function as a site for ribosomal
frameshifting in Rous sarcoma virus (48). The observed
covariation between [BV and MHYV in the predicted stem-loop
structure and the pseudoknot underlines the importance of these
structures in translational frameshifting. Pseudoknots are also
predicted to be involved in the ribosomal frameshifting for the
expression of the polymerase gene of many retroviruses and the
luteoviruses (16, Ten Dam and Pleij pers. communication).
Recently, it has been shown for IBV that the proposed pseudoknot
in the ORF1a/ORF1b overlapping region is essential for
ribosomal frameshifting (16).

Frameshifting is more efficient in the coronaviral system
(35—40% frameshifting) than in the retroviral system where only
5—10% frameshifting has been observed (49). Ribosomal
frameshifting is an elegant mechanism for regulating the synthesis
of several proteins in a well balanced manner. In many
retroviruses the polymerase is produced after translational
frameshifting which results in the expression of a gag-pol fusion
protein (48). Based on sequence comparison, it is postulated in
this article that the polymerase function of MHV-A59 is encoded
downstream of the ribosomal frameshifting sequence and
expressed as a fusion protein. It is tempting to speculate that this
fusion protein is the actual polymerase. Cleavage of this functional
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polyprotein could result in an inactive pol protein. Such a
mechanism would explain the observed requirements for
continuous de novo protein synthesis during the replication of
MHV-A59 (3, 6).

The determination of the nucleotide sequence and the predicted
amino acid sequence of MHV-A59 ORF1b will provide a basis
for obtaining monospecific antisera against protein(s) encoded
by ORFI1b. These sera will be important for further
characterization of the proteins involved in the discontinuous
transcription of coronaviruses.
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