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We have shown by T1 oligonucleotide fingerprinting that the genome of mouse
hepatitis virus strain A59 and its intracellular RNA 1 have identical fingerprints
and that RNA 1 and the subgenomic RNAs 3, 6, and 7 contain common
sequences. To localize the homologous region between the RNAs, we compared
fingerprints of the 3' terminus of the genome with those of RNA 7. The genome
was partially degraded with alkali, and polyadenylate-containing fragments were
purified by oligodeoxythymidylate-cellulose chromatography. The fragments
were size fractionated by agarose-urea gel electrophoresis, and two pools, x and
z, containing 3'-derived fragments of the genome with apparent molecular weights
of 0.1 x 106 to 0.14 x 106 and 0.6 x 106 to 0.8 x 106, respectively, were further
analyzed by RNase T1 oligonucleotide fingerprinting. Comparison of the finger-
prints of RNAs 6 and 7 with those of pools x and z showed that these subgenomic
RNAs extend inwards from the 3' terminus of the genome. The RNA fragments
present in pool z were on average slightly larger than RNA 7 as confirmed by the
presence in pool z of T, oligonucleotide spots specific for RNA 6 but not present
in RNA 7. However, two large oligonucleotide spots derived from RNA 7, which
were also present in RNAs 1, 3, and 6 and in the virion RNA, were not found in
the T, oligonucleotide map of pool z. A possible explanation is that the two spots
were derived from a leader sequence. The results of UV transcription mapping
experiments (L. Jacobs, W. J. M. Spaan, M. C. Horzinek, and B. A. M. van der
Zeijst, J. Virol. 39:401-406, 1981) excluded the possibility that such a leader
sequence arises by splicing from a larger precursor molecule, but either a virus-
specific RNA primer molecule for the synthesis of mRNAs or an RNA polymer-
ase jumping mechanism could explain the presence of a leader sequence.

Five or six subgenomic RNAs are involved in
the replication of coronaviruses, a group of
enveloped positive-stranded RNA viruses (1,
13-16). From their polyadenylation and their
presence in polyribosomes, it is evident that
these RNAs are mRNAs; moreover, three of
the murine coronavirus subgenomic RNAs have
been translated into proteins in a cell-free sys-
tem or in Xenopus laevis oocytes (11, 12). Since
the total molecular mass of the subgenomic
mRNAs is almost twice that of the genome,
sequence homologies must exist between these
mRNAs. We previously presented a specula-
tive model in which the genomic and subgeno-
mic RNAs of mouse hepatitis virus strain A59
(MHV-A59) were supposed to share a homolo-
gous region of 0.6 x 106 daltons at their 3'
termini (13). It was also assumed that the inter-
nal initiation sites for protein synthesis on the
genome and the subgenomic RNAs were not

accessible; in each mRNA, only the 5'-terminal
region not present in the next smaller RNA
would be translated (13).

Stern and Kennedy (14, 15) demonstrated that
the five subgenomic mRNAs and the gneome of
the avian coronavirus infectious bronchitis virus
indeed form a "nested set" of RNAs sharing a
common 3' region. Weiss and Leibowitz (18)
have shown by hybridization of short cDNA
probes specific to the 3' end of genomic RNA to
all subgenomic RNAs that the genome and the
subgenomic RNAs share at least a number of 3'
sequences. Similarly, Cheley et al. (1) were able
to hybridize all subgenomic RNAs of MHV-A59
with cDNA to RNA 7. However, with this
approach, one cannot exclude that the subgeno-
mic RNAs contain additional sequences which
are homologous to 5'-proximal sequences of the
genome.

Here we present RNase T, oligonucleotide
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fingerprints of the genome and of intracellular
RNAs 1, 3, 6, and 7 which confirm that the
MHV-A59-specific RNAs also form a nested
set. We also wanted to compare the RNase T1
oligonucleotide fingerprints of RNAs 6 and 7
with those of fragments derived from the 3' end
of the genome. Not only was this important for
ascertaining that the subgenomic mRNAs ex-

tend inwards from the 3' terminus of the
genome, but it also gave more information on

the transcription mechanism leading to the syn-

thesis of these mRNAs. By using UV transcrip-
tion mapping, we have recently shown that the
subgenomic mRNAs are transcribed by inde-
pendent initiation rather than by processing of
full-length positive-stranded RNA molecules (5).
We could not exclude, however, the presence of
short 5'-terminal sequences which are common

to all subgenomic RNAs and are, e.g., derived
by a polymerase jumping mechanism. If certain
characteristic spots in the RNase T1 oligonucle-
otide fingerprints of the virus-specific RNAs
would be derived from such short 5'-terminal
sequences, comparison of the fingerprints of
RNAs 6 and 7 with those of the 3' terminus of
the genome might resolve this problem, since
these spots would not be present in the T1
oligonucleotide fingerprints of the 3' end of the
genome.
We compare our data with those reported

very recently by Lai et al. (6) and Leibowitz et
al. (9).

MATERIALS AND METHODS

Actinomycin D was purchased from Serva, Hei-
delberg, Germany. Carrier-free 32p1, [5'-32P]cytidine
3',5'-bisphosphate (pCp) (2,000 to 3,000 Ci/mmol), and
[y-32P]ATP (>2,000 Ci/mmol) were obtained from the
Radiochemical Centre, Amersham, England. Rabbit
liver glycogen was purchased from BDH Biochemicals
Ltd., Poole, England. It was further purified as de-
scribed by Stern and Kennedy (15). Oligodeoxythymi-
dylate [oligo(dT)]-cellulose (type 7) and polyguanylic
acid [poly(G)] were purchased from P-L Biochemicals
Inc., Milwaukee, Wis. Polypropylene tubes were used
in the experiments in which RNA was involved; they
were pretreated with a 5% solution in carbon tetra-
chloride of dimethyldichlorosilane, rinsed well with
distilled water, and autoclaved.
Enzymes. T4 RNA ligase, T4 polynucleotide kinase,

and bacterial alkaline phosphatase were purchased
from P-L Biochemicals. Bacterial alkaline phospha-
tase was further purified and treated with diethylpyro-
carbonate as described by Pedersen and Haseltine
(10). RNase T1 was purchased from Calbiochem, La
Jolla, Calif.

Cells and virus. Virus stocks of plaque-purified
MHV-A59, propagated in Sac(-) cells, were prepared
as described previously (13).

32P labeig of virus- c itraceRular RNAs and
virion RNA. Two 150cm2 T flasks each containing

approximately 4 x 107 Sac(-) cells were infected with
MHV-A59 at a multiplicity of infection of 20. Inocula
were in 3 ml of Dulbecco-modified Eagle medium
(DMEM)-3% fetal calf serum (FCS). After an adsorp-
tion period of 1 h at 37°C, the inocula were removed,
and the cells were washed once with salt solution A
(137 mM NaCl, 4 mM KCI, 1.6 mM CaCl2, 1 mM
MgCl2, 23.8 mM NaHCO3, 10 mM glucose, 20 mg of
phenol red per liter, pH 7.2). Ten milliliters of phos-
phate-deficient DMEM buffered with 20 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid)-KOH at pH 7.2 and supplemented with 5%
dialyzed FCS was added. At 4 h postinfection, the
culture fluid was replaced with 10 ml of the same
medium supplemented with 1 ,ug of actinomycin D per
ml, and 1 h later, 200 ,uCi of 32P, per ml was added. At
8 h postinfection, the cells were lysed, and RNA was
phenol extracted as described previously (13). At the
same time, the infectious culture fluid was clarified,
and the virus was precipitated with polyethylene gly-
col 6000 and purified in a sucrose gradient as described
previously (13). Sucrose gradient fractions were Ce-
renkov counted, and the fractions containing the virus
peak were pooled. Virion RNA was phenol extracted
after incubation with sodium dodecyl sulfate (SDS)
and proteinase K as described previously (13).

Selection of poly(A)-containing RNAs. Virus-specific
intracellular RNAs extracted from the two 150-cm2 T
flasks were recovered by ethanol precipitation, dried
in vacuo over CaC12, dissolved in 500 ,ul of high-salt-
binding buffer, and chromatographed on an oligo(dT)-
cellulose column as described before (13).

Preparative agarose gel electrophoresis. The 32p-
labeled poly(A)+ RNAs from infected cells were dis-
solved in 150 p.l of 10 mM sodium phosphate (pH 7.0)
containing 1 mM EDTA, 0.25% SDS, 6 M urea, and 10
,ug of bromophenol blue per ml. The solution was
heated for 5 min at 56°C, rapidly cooled on ice, placed
in a slot (40 by 2 mm) of a horizontal 1% agarose-6 M
urea slab gel (19 by 19 by 0.2 cm), and electrophoresed
for 5 to 6 h at 200 V. RNA bands were located by
autoradiography of the wet gel, excised, and kept at
-200C.

Elution ofRNA from gel slices. RNA was eluted from
gel slices by the method of Langridge et al. (8). Briefly,
the gel slices were melted for 5 min at 65°C, and equal
volumes of 1-butanol saturated with distilled water
containing 36.7 g of cetyltrimethylammonium bromide
(CTAB) per liter and of distilled water saturated with
1-butanol were added. The phases were separated by
centrifugation (10,000 x g for 5 min). The aqueous
phase was extracted once more with CTAB-containing
water-saturated 1-butanol. The CTAB salts of the
RNAs were twice extracted from the combined buta-
nol phases with 0.25 volume of 0.2 M NaCl. Finally,
the CTAB was extracted from the 0.2 M NaC1-contain-
ing aqueous phases with chloroform, and the RNA
was precipitated by the addition of 2 volumes of
ethanol in the presence of 0.1 M sodium acetate (pH
5.2) and 20 ,ug of Escherichia coli carrier tRNA per ml.

Analytical agarose gel electrophoresis. RNA samples
were denatured with glyoxal and dimethyl sulfoxide
and analyzed by electrophoresis in a 1% agarose-6 M
urea horizontal slab gel as described previously (13).
RNase T, fingerprinting. RNase T1 fingerprinting

was first described by De Wachter and Fiers (3). We
used the modification of the conditions for the RNA
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digestion and two-dimensional gel electrophoresis de-
scribed by Clewley et al. (2), with some additional
modifications. After digestion with RNase T1, the
digest was mixed with solid urea to give 20 ,ul, with a
final concentration of 6 M urea. Subsequently, 10 ,ul of
a solution containing 6 M urea, 50%o (wt/vol) sucrose,
0.2% xylene cyanol FF, 0.2% bromophenol blue, and
15 mg of E. coli tRNA per ml was added. The mixture
was heated to 56°C for 5 min, rapidly cooled on ice,
and placed in a slot of the 10% (wt/vol) (pH 3.3) first-
dimension polyacrylamide gel. Electrophoresis buffer
consisted of 6 M deionized urea adjusted to pH 3.3
with saturated citric acid. Electrophoresis was at 1,000
V and 40 mA for 5 to 8 h at 4°C. After electrophoresis,
a gel strip (24 by 1 cm) was excised for use in the
second dimension. This strip was positioned between
two glass plates, and the gel for the second dimension
containing 21.8% (wt/vol) acrylamide, 0.7% bisacryla-
mide, 100 mM Tris-borate (pH 8.3), and 2.5 mM
EDTA was poured around it. Electrophoresis in the
second dimension was at 600 V and 50 mA per gel for
16 to 24 h at 4°C. The electrophoresis buffer for the
second dimension consisted of 100 mM Tris-borate
(pH 8.3) containing 2.5 mM EDTA. After electropho-
resis, one glass plate was removed, and the gel was
covered with a polyethylene film (Saran Wrap). Auto-
radiography was carried out at 4°C by exposure of the
gel to Kodak XR film, using an intensifier screen (Du
Pont Lightning Plus).

Preparation of virion RNA. Two roller-bottle cul-
tures of Sac(-) cells (2 x 10' cells per bottle) were
infected with MHV-A59 at 2 PFU per cell as described
previously (13). The infectious culture fluid was har-
vested at 19 h postinfection and clarified, and the virus
was precipitated with polyethylene glycol 6000 and
purified in a sucrose gradient (13). Genomic RNA was
isolated from the sucrose gradient-purified virus prep-
aration as follows. Gradient material (1.5 ml) was
mixed with 1.5 ml of dissociation buffer (0.05 M Tris-
hydrochloride [pH 8.2], 0.1 M NaCl, 0.01 M EDTA,
2% sodium lauryl sarcosinate, 1% sodium deoxycho-
late, 2% sodium p-aminosalicylate, 0.5% disodium
triisopropylnaphthalene sulfonate). Then 0.03 g of
solid SDS and 3 g of CsCl were added. After the salts
had dissolved, the sample was heated at 65°C for 5
min. It was then layered onto 1.2 ml of 5.7 M CsCl in
0.02 M Tris-hydrochloride (pH 8.2)-0.1 M EDTA and
centrifuged for 19 h at 35,000 rpm and 20°C in a
Beckman SW50.1 rotor. The RNA pellet was dis-
solved in 200 ,ul of water, and the RNA was precipitat-
ed by the addition of 2 volumes of ethanol in the
presence of 0.1 M sodium acetate (pH 5.2).

Fragmentation of virion RNA with alkali. Fifty mi-
crograms of virion RNA was dissolved in 100 ,ul ofTE
buffer (20 mM Tris, pH 7.4, 2 mM EDTA). An equal
volume of freshly prepared 2 M Na2CO3 was added,
and the mixture was incubated for 2 min at 25°C. The
reaction was terminated by neutralization with 16 ,ul of
glacial acetic acid. Immediately thereafter, the solu-
tion was made 0.3 M in sodium acetate (pH 5.2). RNA
was precipitated by the addition of 2 volumes of
ethanol. The mixture was kept at -20°C for at least 16
h before the RNA was collected by centrifugation.
3'-End labeling of RNA. End labeling of RNA was

performed by the procedure of England and Uhlen-
beck (4). Ethanol-precipitated fragments of virion
RNA were dried in vacuo over CaCl2 and dissolved in

20 ,ul of water. This solution was transferred to a tube
containing 90 ,uCi of lyophilized [5'-32P]pCp. Then 10
,ul of a buffer containing 150 mM HEPES (pH 8.0), 9
mM dithiothreitol, 30 mM MgCl2, 15 ,M ATP, and 14
U ofRNA ligase was added. After incubation for 18 h
at 4°C, 200 IlI of oligo(dT)-cellulose high-salt-binding
buffer was added, and the mixture was applied to an
oligo(dT)-cellulose column. After the column was ex-
tensively washed with high-salt-binding buffer, the
bound material was eluted in 0.5 ml of 10 mM Tris-
hydrochloride, pH 7.5. The eluate was adjusted to 0.3
M sodium acetate, and 50 ,ug of glycogen carrier was
added. RNA was precipitated with 2 volumes of
ethanol at -20°C for at least 16 h.

Size selection of poly(A)-containing fragments of the
genome. The 3'-end-labeled poly(A)-containing frag-
ments of the genome were ethanol precipitated, dried
in vacuo over CaCl2, and dissolved in 50 [LI of 10 mM
sodium phosphate (pH 7.0) containing 1 mM EDTA,
0.25% SDS, 6 M urea, and 10 ,ug of bromophenol blue
per ml. The fragments were separated in an agarose-
urea gel, using the conditions described above for the
preparative separation of the virus-specific intracellu-
lar RNAs. After electrophoresis, the gel was cut into
transversal slices (3 mm) which were Cerenkov count-
ed.

Elution of RNA fragments from gel slices. The gel
slices were melted for 5 min at 65°C, and an equal
volume of phenol-chloroform (1:1) saturated with TES
buffer (0.02 M Tris-hydrochloride, 1 mM EDTA, 0.1 M
NaCl, pH 7.4) and supplemented with 0.1% 8-hy-
droxyquinoline was added. After separation of the
phases, an equal volume of double-concentrated oli-
go(dT)-cellulose high-salt buffer was added to the
water phase, and the mixture was applied to an
oligo(dT)-cellulose column. The bound material was
eluted with 0.5 ml of 10 mM Tris-hydrochloride (pH
7.5). The eluate was adjusted to 0.3 M sodium acetate
(pH 5.2), and 50 ,ug of glycogen was added before
RNA was ethanol precipitated as described above.
RNase T1 fingerprinting of 3'-derived fragments of

the genome. After ethanol precipitation, the purified
RNA fragments were dried in vacuo over CaCl2 and
dissolved in 20 ,u1 of 20 mM Tris-hydrochloride (pH
8.0)-2 mM EDTA. Then 5 ,u1 of an RNase T1 digestion
mixture containing 5 U of RNase Tl, 2.5 mU of
bacterial alkaline phosphatase, and 100 ng of poly(G)
in 20 mM Tris-hydrochloride (pH 8.0)-2 mM EDTA
was added. The samples were incubated for 60 min at
37°C. After this period, the RNase Tl-resistant oligo-
nucleotides were 5' end labeled with 32Pi by the
addition of 40 ,ul of a polynucleotide kinase reaction
mixture of the following composition: 10 mM potassi-
um phosphate (pH 9.5), 10 mM magnesium acetate, 5
mM dithiothreitol, 2 p.M [-y-32P]ATP, and 50 U of
polynucleotide kinase per ml. The samples were incu-
bated for 2 h at 370C before the reaction was terminat-
ed by the addition of 50 ,ul of 0.6 M ammonium acetate
containing 2 mg of carrier E. coli tRNA per ml. The
mixture was extracted with an equal volume of phenol
saturated with 10 mM Tris-hydrochloride (pH 8.0),
and the RNA was ethanol precipitated. The pellets
containing the 32P-labeled RNase T1 oligonucleotides
were washed twice with 70% ice-cold ethanol contain-
ing 50 mM NaCl and then dried in vacuo over CaCI2.
They were dissolved in 20 p.1 of TE buffer containing 6
M urea and fingerprinted as described above.
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RESULTS
Isolation of 32P-labeled virus-specific intracel-

lular RNAs 1, 3, 6, and 7. To purify MHV-
A59-specific intracellular RNAs for RNase T1
oligonucleotide fingerprinting, 32P-labeled virus-
specific RNAs were isolated from infected Sac(-)
cells by phenol extraction and ethanol precipita-
tion. A poly(A)-containing fraction was pre-
pared by oligo(dT)-cellulose chromatography.
The virus-specific RNAs were separated in an
agarose-urea gel. The position of each of the
RNAs was determined by autoradiography of
the wet gel, and bands corresponding to RNAs
1, 3, 6, and 7 were excised. The RNAs were
eluted from the gel and concentrated by ethanol
precipitation. Small samples of these RNA prep-
arations were denatured with glyoxal-dimethyl
sulfoxide and analyzed by electrophoresis in an
agarose-urea gel. As shown in Fig. 1, pure
preparations ofRNAs 1, 3, and 7 were obtained,
whereas RNA 6 was still slightly contaminated
with RNA 7.
RNase T1 oligonucleotide fingerprinting of ge-

nomic RNA and of RNAs 1, 3, 6, and 7. We used
the method originally described by De Wachter
and Fiers (3) to characterize and compare the
MHV-A59-specific RNA species. This method
consists of making fingerprints of the oligonucle-
otides that remain after complete digestion of
the RNA with RNase T1. Since denatured RNA
1 and virion RNA had the same mobility when
electrophoresed in an agarose-urea gel (Fig. 1)
(13), and since more than 90% of RNA 1 is
present in EDTA-resistant, presumably ribonu-
cleoprotein, particles (13), we assumed that
RNA 1 is the intracellular form of the virion
RNA. This assumption is supported by the iden-
tical RNase T1 oligonucleotide fingerprints of
the two RNAs (Fig. 2). To obtain more informa-
tion about the sequence relationships among the
virus-specific RNAs 1, 3, 6, and 7, we compared
the fingerprints of these RNAs. As shown in Fig.
2, all oligonucleotide spots originating from
RNA 7 were also present in RNA 6. This implies
that RNA 6 (0.9 x 106 daltons) is a sequence
extension of RNA 7 (0.6 x 106 daltons). A
number of additional spots derived from this
sequence extension were found in RNA 6. With
the exception of one spot (Fig. 2, arrow) dis-
cussed below, the T1 oligonucleotide spots from
RNA 6 were contained within the fingerprint of
RNA 3; on its turn, RNA 3 contained additional
spots not found in RNA 6. All of the spots from
RNA 3 were present in the fingerprint ofRNA 1.
Many additional spots were found in the T1
oligonucleotide map ofRNA 1; only a number of
these spots are indicated in a schematic repre-
sentation of the T1 oligonucleotide maps of the
RNAs (Fig. 2, arrowheads). Comparison of the
fingerprints of RNAs 3, 6, and 7 showed that 37
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FIG. 1. Analysis of purified MHV-A59-specific in-
tracellular RNAs and virion RNA. 32P-labeled intra-
cellular RNA was isolated at 8 h postinfection from
infected cultures of Sac(-) cells, the poly(A)-contain-
ing fraction was isolated by oligo(dT)-cellulose chro-
matography and electrophoresed in a 1% agarose-6 M
urea gel. RNA bands corresponding to RNAs 1, 3, 6,
and 7 were excised from the gel, and RNA was eluted
from the gel slices. Genomic RNA was extracted from
purified virus. The RNAs that were denatured with
glyoxal-dimethyl sulfoxide were electrophoresed in a
1% agarose-6 M urea gel. A sample of 32P-labeled
unfractionated poly(A)-containing RNA was run as a
marker.

of the larger, presumably characteristic, oligo-
nucleotides (those beneath the position of the
bromophenol blue tracker dye) were present in
RNA 3 but not in RNA 6 (open spots). RNA 6
contained 18 spots, 8 of which (cross-hatched)
were not found in RNA 7, which contained 10
spots (black). The overall conclusion of these
experiments was that RNAs 3, 6, and 7 are
indeed subgenomic RNAs and that they all share
a region of the genome as long as and homolo-
gous to RNA 7.

Sequence relationship between the genome and
RNA 7. Assuming that the homologous region in
the RNAs would be localized at the 3' terminus
of the genome, we compared fingerprints of the
3' region of the genome with those of RNA 7.
For this purpose, the genome was partially de-
graded with alkali.The 3'-derived poly(A)-con-
taining fragments possessing a free hydroxyl
group were end labeled with T4 RNA ligase and
[(5-32P]pCp, purified by oligo(dT)-cellulose
chromatography, and size fractionated by agar-
ose-urea gel electrophoresis. Transversal slices
of the gel were counted to determine the distri-
bution of the radioactivity among the fractions
(Fig. 3), and fractions were pooled as indicated.
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FIG. 2. RNase T1 oligonucleotide fingerprints of the genome of MHV-A59 and the intracellular RNAs 1, 3, 6,
and 7. 32P-labeled intracellular RNA species 1, 3, 6, and 7 and genomic RNA were isolated as described in the
legend to Fig. 1. The amount of label fingerprinted varied between 105 and 2 x 105 Cerenkov cpm. In these and
subsequent fingerprints, electrophoresis was from left to right in the first dimension and from bottom to top in the
second dimension. The data are summarized in a schematic drawing of the lower parts of the T1 oligonucleotide
fingerprints in which the positions of the xylene cyanol FF and bromophenol blue tracker dyes are indicated by C
and B, respectively. In the scheme, the black dots indicate the RNase T, oligonucleotides present in RNA 7; the
cross-hatched spots indicate the spots specific for RNA 6 compared with RNA 7; and the open spots indicate the
extra oligonucleotides in RNA 3 compared with RNA 6. The open spots marked by arrowheads were specific for
RNA 1. The significance of the spot in the fingerprint of RNA 6 marked with an arrow is discussed in the text.

Pools x and z were chosen for further analysis.
They represented 3'-terminal sequences of the
genome with apparent molecular weights of 0.1
x 106 to 0.14 x 106 and 0.6 x 106 to 0.8 x 106,
respectively. The material present in these two
pools was eluted from the gel and rechromato-
graphed on oligo(dT)-cellulose columns to ascer-
tain that only poly(A)-containing fragments were
selected. Subsequently, the RNA fragments
from pools x and z were digested with RNase
T1, the 5' termini of the resulting RNase T1
oligonucleotides were kinase labeled, and finger-
prints were made. Figure 4 shows the results of
this experiment. As expected, all RNase T1
oligonucleotide spots from pool x were present
in pool z. Pool z contained a number of addition-
al spots representing the sequence extensions of
pool x. All RNase T1 oligonucleotide spots from
pool x were present in RNA 7 (Fig. 2 and 4).
Comparison of the fingerprints of RNA 7 and

pool z showed that with the exception of two
spots (Fig. 4, asterisks), all of the RNase T1
oligonucleotide spots from RNA 7 were also
present in pool z. This was also confirmed by the
fingerprint of a mixture of the RNase T1 oligo-
nucleotides of pool z and RNA 7 (Fig. 4). Pool z
contained several spots which were not present
in RNA 7 but which were found in RNA 6. The
spots, present in pool z but not in pool x, are
indicated with z in a scheme of the fingerprint
from RNA 6, whereas the spots present in pool x
are indicated with x in this scheme (Fig. 4).
From these results it can be concluded that RNA
7 is homologous to the 3'-terminal region of the
genome. Moreover, by comparing the finger-
prints ofRNA 6, RNA 7, pool x, and pool z, we
were able to map a number of RNase T1 oligo-
nucleotide spots on the genome. The spots
marked x in the scheme in Fig. 4 were derived
from the extreme 3' end of the genome and,

J. VIROL.
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therefore, also of all other RNAs. The open
spots marked z were from the 5'-proximal end of
RNA 7, whereas the cross-hatched spots
marked z were derived from the sequence of
RNA 6 bordering, but not present in, RNA 7.
A few minor spots in the fingerprint from pool

z were not present in RNAs 6 and 7 (Fig. 4).
These spots did not correspond to any of the T1
oligonucleotide spots present in the fingerprint
from the genome. Therefore, we believe that
they may have resulted from experimental arti-
facts.
The most surprising finding of this study was

that although the RNA fragments present in pool
z had on average a slightly greater molecular
weight than RNA 7, as was confirmed by the fact
that the fingerprint of pool z contained a number
of oligonucleotide spots which were specific for
RNA 6, nevertheless two of the RNA 7-specific
spots (Fig. 4, asterisks) were not present in the
fingerprint of pool z. A possible explanation is
discussed below.

DISCUSSION
We have shown in this study that RNA 1

present in MHV-A59-infected cells is indeed the
intracellular form of the genome. We cannot
exclude, however, that there are minor differ-
ences between the genome and the fraction of
RNA 1 that is present in polyribosomes since
this fraction comprises only 10%o of RNA 1, and
minor differences might go unnoticed because of
the complexity of the RNase T1 oligonucleotide
fingerprint of the genome. We did not detect
differences between our T1 oligonucleotide fin-
gerprints of the genome or RNA 1 and those
described by Lai and Stohlman (7). It was im-
possible, however, to correlate our fingerprint of
the genome of MHV-A59 with that described by
Wege et al. (17).
Our results show that RNAs 1, 3, 6, and 7 and

presumably all other MHV-A59-specific RNAs
form a nested set. This is in agreement with the
situation for infectious bronchitis virus (14) and
with the findings of Weiss and Leibowitz (18)
and Cheley et al. (1) that cDNA prepared
against the 3' end of the genome of MHV-A59 or
RNA 7 annealed with all other MHV-A59-spe-
cific RNAs. We found that all of the RNA 7-
specific T1 oligonucleotide spots were also pres-
ent in RNAs 1, 3, and 6. With the exception of
one oligonucleotide spot, those in RNA 6 were
present in RNA 3. A possible explanation for the
absence of this spot in RNA 3 could be that it
was derived from the capped 5' end of RNA 6.
Because of the complexity of the T1 oligonucleo-
tide fingerprint of the genome in the region
where this oligonucleotide was located, it was
not possible to determine whether this spot also

10 I5 20 25

, fraction number

pool z pool x

FIG. 3. Size fractionation by agarose-urea gel elec-
trophoresis of 3'-derived fragments of the genome of
MHV-A59. Genomic RNA was isolated from purified
virus by centrifugation and fragmented by alkali treat-
ment. The poly(A)-containing, 3'-derived fragments
were end labeled and isolated by oligo(dT)-cellulose
chromatography before they were size fractionated by
agarose-urea gel electrophoresis. After electrophore-
sis, transversal slices of the gel were counted. The
arrows indicate the positions of the virus-specific
intracellular RNA species 4, 5, 6, and 7, which were
run as markers in the same gel.

lacked in a fingerprint from the genome or RNA
1. Very recently, Lai et al. (6) and Leibowitz et
al. (9) described studies in which they showed
by RNase T1 oligonucleotide fingerprinting that
the MHV-A59-specific RNAs form a nested set.
There are only minor differences between these
T1 oligonucleotide fingerprints of RNAs 1, 3, 6,
and 7 and those described by us.
We (11) and others (12) have demonstrated

that the subgenomic mRNAs 3, 6, and 7 act
monocistronically. It was postulated before, and
it is clear now, that these mRNAs have a unique
5' region; the size of the translation products of
the mRNAs corresponds to the theoretical val-
ues expected if this 5' unique region of each
mRNA species would be translated. Apparently,
the internal initiation sites present in the RNAs
remain cryptic.
Upon entering the cell, the infectious genome

is probably first translated into RNA polymerase
molecules which then recognize the 3' end of the
genome and synthesize a number of negative-
stranded templates. Since our data indicate that
the 3' end of the genome and those of the
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FIG. 4. RNase T1 oligonucleotide fingerprints of RNA pools x and z and a mixture of pool z and RNA 7.
Pools x and z consisted of 3'-terminal fragments of the genome; they were digested with RNase T1, kinase
labeled, and fingerprinted. In one experiment RNase T1 oligonucleotides of in vivo 32P-labeled RNA 7 were
mixed with the kinase-labeled T1 oligonucleotides of pool z and fingerprinted together. The results are
summarized in a schematic drawing of the lower part of the T1 map of RNA 6 in which C and B indicate the
positions of the xylene cyanol FF and bromophenol blue tracker dyes, respectively. The open spots in the
scheme represent those present in both RNA 7 and RNA 6, whereas the cross-hatched spots are those unique for
RNA 6. The significance of the two spots marked with an asterisk is discussed in the text.

mRNAs are apparently identical, there should
be some mechanism to prevent the RNA poly-
merase molecules from transcribing the
mRNAs later on in infection when they are far
more numerous than the negative-stranded tem-
plates.
We compared the T, oligonucleotide finger-

prints of RNA 7 with a fingerprint of an RNA
preparation of 3'-derived fragments of the
genome having a size slightly larger than that of
RNA 7 (pool z). As expected, a number of spots
in both fingerprints matched perfectly. Surpris-
ingly, however, two major spots in the finger-
print of RNA 7 were conspicuously lacking in
the fingerprint of the pool z RNA fragments. The
same two T1 oligonucleotides were also present
in RNAs 1, 3, and 6 and in virion RNA. This
two-spot difference between the fingerprints of
the virus-specific RNAs and the RNA fragments
present in pool z could not be attributed to the
different labeling conditions of the RNAs since
the two spots in the RNA 7 fingerprint were also

present after end labeling of the T1 oligonucleo-
tides with T4 polynucleotide kinase (data not
shown). A reasonable interpretation of these
data is that the two spots are derived from a
leader sequence containing 5'-proximal se-
quences of the genome. How could such a leader
sequence arise? We have shown that the UV
target sizes of the templates of the MHV-A59-
specific RNAs are identical to their physical
sizes (5). This implies that a leader sequence
cannot possibly have originated from splicing
from larger precursor molecules. There are,
however, two other mechanisms by which a
leader could possibly be created. (i) The leader
may come from a small RNA primer that binds
to the negative-stranded template. Since viral
RNA synthesis is not inhibited in the presence of
actinomycin D, this primer should be virus-
specific. (ii) By a hitherto unknown kind ofRNA
polymerase jumping mechanism, newly synthe-
sized 5'-proximal sequences could become
linked to 3'-proximal sequences to yield the
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mRNAs. Sequence analysis of the 5' end of the
genome and of RNA 7 or RNA 6 would give
more information about the existence of such a
leader sequence.
There are no indications so far for a leader

sequence in the mRNAs of infectious bronchitis
virus. Stern and Kennedy (15) have compared
fingerprints of increasing size derived from the
3' end of the genome of this virus with those of
the mRNAs. Their data indicated that the intra-
cellular RNA species were colinear with the
genome. They could not, however, exclude
small sequence rearrangements. If such se-
quence rearrangements are present in the case of
infectious bronchitis virus, they might have been
missed because they did not give rise to charac-
teristic RNase T1 oligonucleotide spots, or the
spots may have been present at less conspicuous
positions than in the case of MHV-A59.
We compared our results carefully with the

RNase T1 oligonucleotide fingerprints of MHV-
A59 RNAs reported by Lai et al. (6) and
Leibowitz et al. (9), which show a great degree
of similarity with ours. The two oligonucleotide
spots present in RNA 7 but not in the segment
that was derived from the 3' end of the genome,
which is larger than RNA 7, correspond with
oligonucleotide spots 10 and 19 reported by Lai
et al. (6), with spot 10 being the larger one. Lai et
al. (6) made fingerprints of poly(A)-containing
fragments of the MHV-A59 genome of various
sizes. This experiment complemented our data
insofar as oligonucleotide spots 10 and 19 were
lacking in fragments up to about 12 kilobases
that were smaller than the genome, with the
exception, however, of the smallest fragment,
with a size of about 2 kilobases. We find it hard
to explain this last observation.
Another interesting observation of the work of

Lai et al. and Leibowitz et al. is that oligonucle-
otide spot 19 was not present in the fingerprints
ofRNA 4 (9) and RNA 5 (6, 9). Instead, for each
of the RNAs a new unique spot was found. Such
a finding could, e.g., be explained by the as-
sumption that spot 19 comes from the junction
between 5' sequences and 3' sequences which
could slightly differ because of a small difference
in the RNA polymerase jump.

Although this last assumption is highly specu-
lative, its consequences can be tested in the near
future. Finally, our preliminary data indicating a
leader sequence in the mRNAs of MHV-A59
are also relevant for studies on the replication
and transcription mechanism of the viral
genome, since they might imply unusual proper-
ties of the replicative forms and replicative inter-
mediates present in virus-infected cells.
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