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Mouse Hepatitis Virus Strain A59 RNA Polymerase Gene ORF 1a: Heterogeneity among MHV Strains
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Gene 1, the putative RNA replicase gene of coronaviruses, is expressed via two large overlapping open reading
frames (ORF 1a and ORF 1b}. We have determined the nuclegtide sequence of ORF 1a, encoded within the first 13.7 kb
of gene 1, for the coronavirus mouse hepatitis virus strain A59 {MHV-A59). Putative papain-like protease domains, a
picornavirus 3C-like protease domain, two hydrophobic domains, and a domain “X" of unknown function, previously
identified in other coronaviruses (1-3), are also present in ORF 1a of MHV-AS9. Comparison between the ORF 1a
sequence of MHV-AB9 and the published sequence of the JHM strain of MHV (2) showed a high degree of similarity with
the exception of several short regions. We sequenced one region of MHV-JHM that contained an 18 aming acid
insertion relative to A59 and four other regions in which the sequences of the two strains differed. The MHVY-2 and
MHV-3 strains were also sequenced in some of these regions. Our analysis confirmed the presence of only one
heterogeneous region in ORF 1a of MHV-A59 and MHV-IHM which is also present in MHV-2. Qur findings indicate the
need to modify the published sequence of MHV-JHM. @ 1994 Academic Press, Inc.

Coronaviruses are a group of RNA viruses of medical
importance as enteric, respiratory, and neurologic
pathogens {4). MHV-A59, a murine coronavirus, con-
taing a single-stranded, positive-sense RNA genome,
which is 31.3 kb in length {2, 5). Gene 1, the putative
RNA-dependent RNA-polymerase gene, located at the
5 end of the genome, is 21.7 kb while the other six
genes encompass about 9.6 kb of the genomic RNA.
The sequence of the RNA polymerase gene has been
determined for three coronaviruses: the avian in-
fectious bronchitis virus or 1BV {6), MHV-JHM (2}, and
the human corenavirus 229E (3). These genes contain
two overlapping ORFs: ORF 1a and ORF 1b. It has
been shown that gene 1 contains sequence motifs
common to viral polymerases and helicases (7-3, 6, 7).
ORF 1a containg viral protease domains and ORF 1b
contains polymerase, helicase, and zing-finger motifs.
ORF b is highly conserved between MHV, IBV, and
229E (2, 3), but there is significantly less homology in
ORF ta, particularly at the 5" end.

Here we report the sequence of ORF 1a for MHV-
AB9 obtained by sequencing of overlapping cDNA
clones {see Fig. 1). The sequence data reported in this
paper wiil appear in the EMBL database under the ac-
cession number X735659. This completes the se-
quence for the MHV-AB9 genome which is 31,327 nu-
cleotides long plus a 3-end poly (A) tail. The prepara-
tion of most of the cDNA clones used to determine the
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sequence of MHV-A59 has been described (5). Addi-
tional clones were prepared by reverse transcription of
viral genome RNA followed by PCR amplification in the
presence of sequence-specific primers. Descriptions
of the &' leader of the viral MHV-ABS genome and the
ORF 18/0ORF 1b junction have been reported else-
where (5, 7).

Within the first 13.7 kb of MHV-AB9, a long ORF is
present between nucleotides 210-13616 and poten-
tially encodes a 4468-amino-acid polypeptide. We
compared the predicted amino acid sequence of MHV-
A59 ORF 1a with the published sequence of MHV-JHM
{2). An amino acid homology plot (see Fig. 2) showed
the high degree of sequence similarity between the
two strains. Conserved functional domains, encoded
within ORF 1a of the RNA polymerase genes of the
coronaviruses 1BV, 229E&, and MHV-JHM (7-3), are
present in ORF 1a of MHV-A59. The location of these
domains in MHV-A59 ORF 1ais shown in Fig. 1. Within
ORF 1a of MHV there are two putative papain-like pro-
tease domains and one picornavirus 3C-like protease
domain that is flanked by two hydrophobic domains.
There is also a domain of unknown function conserved
among alphaviruses, rubiviruses, hepatitis E virus, and
coronaviruses designated as the "' X' domain (8, 9, and
references therein). The MHV-AB9 first and second pa-
pain-like protease domains {amino acids 10841333
and 1681--1935) and the picornavirus 3C-like protease
domain {amino acids 3334-3635) share 95, 95, and
98% identical residues with the corresponding se-
quences in MHV-JHM. Moreover, the amino acid se-
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MHV-AB3 ORF 1a

1 3 5 7 9 11 13 kb
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FiG. 1. Map of MHV-AB9 ORF 1a. Significant restriction sites are indicated. Papain-like protease domains are represented as {[IID), 3C-lke

protease domain as (E=E), hydrophobic domains as (RSWN), and the domain “X" as (E

). Arrows below the map indicate regions of

apparent sequence heterogeneity between MHV-AS9 and the published sequence of MHV-IHM {2} which were further investigated by addi-
tional sequencing. cDNAs are represented as open rectangtes and RT-PCR clones by closed rectangles.

quences surrounding the predicted catalytic residues
for both the papain-like {Cys’"?' and His*?"? far domain
one; Cys'"'® and His'®? for domain two) and picorna-
virus 3C-like domains (His*¥7* and Cys®*") are con-
served. The presence of protease motifs in ORF 1a
suggests that proteolytic processing may be important
in the regulation of synthesis of replicase proteins. Pro-
tease activity has only been demonstrated for the &'
most papain-like protease domain which cleaves p28,
a protein encoded in the 5" end of ORF 1a (70, 77, our
unpublished results).

Against a background of extremely high amino acid
sequence conservation, some regicns of sequence
heterogeneity were cbserved. The longest five of these
regions were chosen for further analysis and included

{1} an inframe 18-aming-acid insertion in MHV-JHM
{(MHV-JHM amino acids 671-688), {2} a 27-amino-acid
frameshift (MHV-AB2 amino acids 915-941), (3} a 37-
amino-acid frameshift (MHV-AS9 amino acids 1530-
1566), {4) a region containing both a 17-amino-acid
frameshift followed by stretch of different amino acids
resulting from a cluster of nucleotide substituticns (be-
tween MHV-ABS amino acids 2069-2122), and {b) a
14-aminoc-acid frameshift (MHV-AB9 amino acids
3314-3327). We will refer to these areas as regions |,
I, I, IV {A and B), and V, respectively {see Fig. 1). The
first four regions of interstrain heterogeneity between
MHV-AES and JHM coincide with the previously identi-
fied most variable regions in ORF 1a of IBV, the human
coronavirus 229E and MHV-JHM (2, 3, unpublished re-

500
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3002

MHV-JHM CRF 1a

3509

' ™~

4000

4508

50@ 1900 1589
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2509 3000 o] 40090

MHV-A59 ORF 1a

FiG. 2. Homology plot of the predicted amingo acid sequence of ORF 1a between MHV strains A58 and JHM. The plot was generated from a
Mac Vector 3.5 program with a window size of 10, homology = 80%, and a hash value of 2. The homology percentage scores were obtained
with a protein scoring matrix {(pam250 matrix) supplied with the program, Scales ¢n both axes indicate amino acid numbers.
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REGION I REGION II
ASS 2271 GAGGTGCCT([00]GAGCTTGTC 2943 GCTTTACTTCATAGGTTGGCAGGAGATTATGTCTATC TTTTTGATGAGSGAGGCGATGAAGTCGATC
JHMPCR =~ erevavene [00) .. vt [ o Aviennnn 1 S - S A..... T..T
JHMpyp 2276 ......... [541......... 3002 ...Cc..... ALl TG.AC. i it i e, Aoceiinas AL T..T
MHV-2 LT T [00) .0l G...
MHV-3 L. [00). .t R Ac.AL L Coana il L T
FB2 e {00)....vuts

REGION III

AS9 GCCCCGAGG-ATGTATTGTTCCTTTTCTGCTCCT 4788 GAAGCGCTGUGACATGATATACAATTGGATGATGATGCTCGTGTCTTTGTGCAGGCTAAT

JHMpcR - -.T.CC.T-. . oo iiit Gttt e i e ee st e s aa e E e e e e e e e e
JHMpyR .. .CTCCC.T...... -GT-CCT-C...rnvnnn 4841 ......... et e e e aa e e e
MHV-2

MHV-3 ..... TC.C-. . v nn C..... C..Co... ..

A9 ATGGACTGTCTGCCCACAGACTGGCGTC TCGTTAACAAAT TTGATACTGTTGATGGTGT TA-GARCCATT

REGION IV-A
6411 GACARGGGGCCTGTGCCTGCTGCA

JHMPCR v v vvvrmanvnnencnsnnancanronnns S | R IN T.G.A . ienneans GT.....
192715 §=15 5 T Al 6464 .. T.G...--vuunn.n GT.. ...
MHV-2 B L&

ARS GTCCTTGTTACCGGCGTCCCT - - ~GGAGCTGATGCGTCAGC TG T~ -~

REGION IV-B

vvvvvv GCCGGTATTGCC AAGGAGCAARAAGCCTGTGC TTCTGCTAGTGTGGAG

JHMPER ot rnm v vmmeeven T.CTG.GAGT. . T e v v nnrenns ATATCCACCGAGC . .. - . . Corn e e G..G..oiiinnnn A...C......

JHMPUB «revvrranor-s T.CTG.GAGT. . T .o cm = i ve s ATATCCATTGAGC. ... .. Lo G..G.. oo ia AL .Coa

MHV-2 ........ N..... T.CTCTGAGT. .T....CCA.TG.G---~————==—--~— Civvnn Gt v v G.TG..C....... 2 T
REGION V

AS9 GATCAGGTTGTTACGGAGGTTCGTCAAGAGCCATC TG TTTCAGCTGCTGATGTCARAGAG 10140 AACCATAATAATGGTAATGATGTTCTCTAT

JHMPCR v+ - s v - Ao T..... CC.AGA.GAR.T....... Lo S N A A DI

JHMPUB - - - - - - F N T..... CC.AGA.GA..T....... CA..A.C.T..C.un.ns 10202 ....-... Com et ie e,

MHV-2  ...ieienn.. GT...G.T.CTTATC...C.TG.G..G.G..A.C.TG. ... ... uu -

A59 CAGCCTCCAACCGCCTCTGTTACTACATCA

THMPCR - - evvmene- A

JHMpUB +»e--=ao= = Tou-uoon. PP

Fic. 3. Alignment of nucleotide sequences among MHV strains Ab9, JHM, MHV-2, and MHV-3. The consensus PCR sequence for both
variants of MHV-JHM is indicated by the PCR subscript. The deduced nucleotide sequence of both MHV-IHM variants was identical with one
exception in regian [V-B (see text; R, nucleotides A or G). The PUB subscript refers t2 the published sequence of MHV-IHM (2). Also shown are
the sequences that we determined for MHV-2 in regions | and |V and for MHV-3 in regions | and II. F82 is a cDNA derived from MHV-JHM-X (2)
kindly provided by Cr. M. M. C. Lai. In the alignment, dots ( . ) indicate seguence identity to the MHV-AB9 sequence. Dashed lines {-) indicate a
gap introduced for optimal alignment. Gaps in the A59 sequence were introduced to indicate insertions in other MHV strains. The numbers
within the brackets in region | indicate the number of nucleotides present between the adjacent sequences. The numbers 1o the left of each
region refer to the position in the corresponding genome of the first nuclectide in gach region.

sults). We reasoned that interstrain differences could
result from a weak evolutionary pressure in particular
regions of the coronavirus genome. Most of the differ-
ences between MHV-A59 and JHM in ORF 1a were
replacements of amino acid blocks resulting from fra-
meshifts. The frameshifts were caused by pairs of
point mutations, an inserticn and a deletion, flanking
these regions {see Fig. 3). Therefore the apparent in-
terstrain heterogeneity was not a result of a high rate of
nucleotide substitutions and/or in-frame insertions/de-
letions, a well-known phenomenon in other systems
(72). Instead the frameshifts suggested an unusual
pattern of evolution in coronaviruses. We are aware of
only one repert of the presence of frameshift mutations
in viable RNA wviral variants (73). These observations
encouraged us to further analyze these MHV inter-
strain differences in ORF 1a. Two variants of MHV-JHM
were sequenced in these five regions. We sequenced
MHV JHM-X, the same virus from which the published
MHV-JHM sequence was derived (kindly provided by
Dr. M. M. C. Lai). Another variant was obtained from

Dr. J. L. Leibowitz. Cytoplasmic RNA from infected
cells was isolated (74) and reverse transcribed (75).
Five sets of primers (see Table 1} flanking the regions of
interest were used to ampiify DNA fragments by PCR.
To decrease the probability of sequencing mistakes
due 10 nucleotide misincorporation during amplifica-
tion, we used Vent DNA polymerase, a thermaostable
DNA polymerase with a higher fidelity than Tag DNA
polymerase due to the presence of 3'to 5’ proofreading
exonuclease activity {716). A consensus sequence was
then obtained by direct PCR sequencing of both
strands of each gel-purified DNA fragment (77). In ad-
dition, we were able to sequence some of these re-
gions in the genomes of MHV-2 and MHV-3 using the
same primer sets.

Figure 3 summarizes the sequencing results. The
nucleotide sequences of both JHM variants were iden-
tical except for a G 1o A transttion in region IV. The JHM
variant obtained from Dr. Leibowitz has an arginine co-
don (AGG) while JHM-X has a lysine codon (AAG). This
conservative mutation corresponds to Lys?'** in the
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TABLE 1

SETS OF PRIMERS USED TO AMPLIFY AND SEQUENCE REGIONS |-V

Primer
set Position Sequence

| IFP 2208-2231 GATGGCTTTGCTACCAGCTGGTAA
JRP 2647-2624 CTCGAAAGAAGAGGGTGGCTTACA

I JFP 2932-28955 TGTGCTTGACGCAGTTGAGAGTAC
JRP 3334-3311 ACCGACTTCGGTTTCCTCAGCAGA

m JFP 4768-4791 TGTGACGAATGCATGTAGTTCGCT
JRP 5074-5051 CCTTATTTGGCTAACACTCGCCTC

v JFP 8361-6384 CCATGAGGAAGCATCGCTGAAATC
IRP §781-8768 CCTACACCCTGTCAGGAACATATC

Vv IFP 1014110184 GGATACTGCTACTTATAGAGAGGC

JRP 10418-10395 GGTCTGTCATGTCAGCTGAAGAAL

Note. Primers designated as JFP correspond to the viral genome
sequence. JRP primers are complementary to the sequence in the
viral genome. The numbers in the primer names refer to the first and
last nucleotide according 1o the published sequence of MHV-JHM.
Intracellufar cytoplasmic RNA from MHV-infected cells was reverse
transcribed and portions were amplified by PCR. PCR reactions were
performed in 20 mM Tris (pH 8.8), 10 mM KCI, 10 mAf {NH,}S0,, 2
mM MgSQ,, 0.1% Triton X-100, 400 uM each dNTP, 0.5 uM forward
and reverse primer, 0.1 mg/ml BSA, and 1-2 units Vent DNA poly-
merase. After a hot start, reactions were cycled 25-30 times as
follows: 95° for 30 sec, 68° for 30 sec, and 75° for 30 sec. PCR
products were gel purified and sequenced from beth directions with
a fmal DNA sequencing system from Promega (17).

MHV-JHM published sequence. We were unable to
confirm the presence of the 18-aminc-acid insertion in
region | in any of the twe JHM variants nor from cDNA
F82, one of the clones from which the onginal MHV-
JHM sequence was obtained {2). Moreover, MHV-2
and MHV-3, like MHV-AB9, lack this insertion. For re-
gions 1, lll, and V we found that the nucieotide inser-
tions and deletions in the published sequence of MHV-
JHM, causing the apparent amino acid heterogeneity
regions, were not present in the MHV-JHM PCR-de-
rived sequence. As a resull our deduced MHV-IHM
amino acid sequence was similar to that of MHV-A59.
MHV-3 also has a similar amino acid sequence to
MHWV-ADBS in tegion Il In ihe case of region IV, we were
unable to confirm the reperted sequence of MHV-JHM
which resulted in a 16-amino-acid frameshift (see Fig.
4). However, we did find that the deduced MHV-A59

REGION TIV-A

sequence is 4 amino acids sherter than the PCR-der-
ived MHV-JHM consensus sequence in region IV-A,
Similarly, the MHV-2 sequence also has a 5-amino-
acid in-frame deletion compared to the PCR-derived
MHV-JHM sequence in this region. The in-frame dele-
tions of MHV strains Ab9 and 2 are themselves differ-
ent. Further downstream, in region IV-B, there is a
stretch of amino acids in which the sequences of
MHV-AB9, MHV-JHM, and MHV-2 are heterogeneous.
Therefore region IV is a domain of true amino acid het-
erogeneity in ORF 1a among these strains.

Similar findings of amino acid sequence heterogene-
ity have been observed elsewhere in the genome of
MHYV. Sequence comparison of the highly conserved N
gene of several MHV revealed two small regions of
sequence divergence (78). These two have been pro-
posed to serve as spacer regions that connect three
highly conserved structural domains of the N gene.
Extensive aming acid heterogeneity has also been
found in a localized region of the spike glycoprotein
among straing of MHV and even among variants of the
same strain (719, 20). Epitopes associated with neuro-
virulence have been mapped to the same heterogene-
ity region in the spike glycoprotein, suggesting a link
between heterogeneity and function (20). It is possible
that the heterogeneity region identified here serves as
a spacer between functional domaing of the replicase,
Alternatively this may represent a functional motif that
determines a particular characteristic among different
MHYV strains.

In conclusion, here we report the sequence for ORF
1a of MHV-Ab9 that together with the published se-
quence of MHV-A59 ORF 1b (/) completes the se-
guence of the replicase gene for MHV-A59. Compari-
son of the deduced amino acid sequences between
MHV-AL9 and IHM revealed the presence of several
regions of apparent heterogeneity. However, sequenc-
ing analysis failed to confirm the apparent heterogene-
ity in all but one of these areas, indicating the need to
correct the published sequence of MHV-JHM {2). One
region of true sequence heterogeneity is present in the
middle section of ORF 1a in three strains of MHV, but
its functional significance remains to be determined.
Recently we have identified ORF 1a-encoded polypep-

REGION TIV-B

A5% DKGPVPAAVLVTGVP GADASAGAR  GIAKEQKACASASVEDQVVTEVRQEPSVSAADVKE
JHM g1, RR...5...... AAS. ... .. ISTEP.T...cun-.. D..... I.M.AQKRS..TTVA. ..
JTHMy .RR...5...... AAS...... ISTEP.T......... D..... I.M.AQKKS..TTVA. ..
JHMpyg  -R.LCRLQS.LPVLRVVL-...ISIEP.T......... D..... I.M.AQKKS..TTVA. ..
MHV-2 ...l ALS..ATAP--  .T..... Vv...D..V....SGFLSDLCGATV....

FiG. 4. Alignment of amino acid sequences for MHV strains AB9, JHM, and 2 in region IV. The sequences correspond to the nucleotide
sequences shown in Fig. 3. The MHV-A59 sequence corresponds to amino acids 2068-2125. The amino acid sequences corresponding to
MHV-JHM {obtained from Dr. J. L. Leibowitz), MHV-JHM-X, and the published MHV-JHM {2) [amino acids 2084-2144] are indicated by JL, X, and
PURB subscripts, respectively. To maximize the homology in the alignment gaps were introduced into the MHV-AB9 and MHV-2 sequences
where MHV-JHM had aminc acid insertions. Horizontal dashed lines indicate in-frame amino acid deletions.
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tides (21, 22). Characterization of these polypeptides
may provide insights into the role of this heterogeneity

reg

ion.
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