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The 3’ cis-acting element for mouse hepatitis virus (MHV) RNA synthesis resides entirely within the
301-nucleotide 3’ untranslated region (3’ UTR) of the viral genome and consists of three regions. Encompass-
ing the upstream end of the 3’ UTR are a bulged stem-loop and an overlapping RNA pseudoknot, both of which
are essential to MHV and common to all group 2 coronaviruses. At the downstream end of the genome is the
minimal signal for initiation of negative-strand RNA synthesis. Between these two ends is a hypervariable
region (HVR) that is only poorly conserved between MHV and other group 2 coronaviruses. Paradoxically,
buried within the HVR is an octanucleotide motif (oct), 5'-GGAAGAGC-3’, which is almost universally
conserved in coronaviruses and is therefore assumed to have a critical biological function. We conducted an
extensive mutational analysis of the HVR. Surprisingly, this region tolerated numerous deletions, rearrange-
ments, and point mutations. Most striking, a mutant deleted of the entire HVR was only minimally impaired
in tissue culture relative to the wild type. By contrast, the HVR deletion mutant was highly attenuated in mice,
causing no signs of clinical disease and minimal weight loss compared to wild-type virus. Correspondingly,
replication of the HVR deletion mutant in the brains of mice was greatly reduced compared to that of the wild
type. Our results show that neither the HVR nor oct is essential for the basic mechanism of MHV RNA

synthesis in tissue culture. However, the HVR appears to play a significant role in viral pathogenesis.

Coronaviruses are large, positive-strand RNA viruses with a
reproductive cycle that involves both replication of genomic
RNA (gRNA) and transcription of a 3’ nested set of sub-
genomic mRNAs (sgRNAs) (34). RNA sequences and struc-
tures that participate in these functions are embedded at var-
ious loci in the genome and are thought to interact with viral
and host cellular components (2). The cis-acting elements that
are required for coronavirus replication have been studied
principally through the use of defective interfering (DI) RNAs,
which are extensively deleted genomic remnants that parasitize
the RNA synthetic machinery of a helper virus. Most DI RNA
studies have been performed with mouse hepatitis virus
(MHV) and bovine coronavirus (BCoV), closely related mem-
bers of the second of the three phylogenetic groups into which
coronaviruses are classified.

The 3’ end of the genome is the site of initiation of synthesis
of negative-strand gRNA and sgRNA. Independent deletion
analyses of MHV DI RNAs concluded that the minimal
amount of the genomic 3’ terminus that can support RNA
synthesis ranges between 378 and 462 nucleotides (nt) (23, 28,
32). This suggested that the 3’ genomic cis-acting element of
MHYV must encompass the entire 301-nt 3’ untranslated region
(3" UTR) as well as a portion of the adjacent nucleocapsid (N)
gene. However, genetic manipulations of the intact viral ge-
nome have demonstrated that the 3" UTR and the 3’ cis-acting
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signal for RNA synthesis are one and the same. The MHV N
gene can be moved to a distant genomic site without affecting
viral replication (10, 11). Additionally, the distal portion of the
N gene tolerates considerable modification by point mutations,
substitutions, and deletions (16, 19, 25, 42), and it is thus highly
unlikely to harbor elements essential to RNA synthesis.

Work from a number of separate investigations has led to
the overall picture of the MHV 3" UTR shown in Fig. 1. At the
upstream end of the 3" UTR, immediately following the N
gene stop codon, are two RNA secondary structures, a bulged
stem-loop (16) and a classical hairpin-type pseudoknot (55),
the latter of which was first identified in BCoV. Both of these
structures have been confirmed by extensive genetic analysis,
as well as by chemical and enzymatic probing, and both have
been shown to be functionally essential in DI RNAs and in the
intact viral genome (11, 15, 16, 55). Notably, the bulged stem-
loop and the pseudoknot overlap, and they therefore cannot
form simultaneously. This has led to the proposal that the two
structures are part of a molecular switch regulating a transition
between different steps of the viral replication scheme (11, 15).
The presence of both structures and their overlap are con-
served among all group 2 coronaviruses (58), including the
severe acute respiratory syndrome coronavirus and human
coronavirus HKU1 (12, 57). Moreover, the bulged stem-loops
and pseudoknots of different group 2 coronavirus species are
functionally equivalent, given that the entire 3" UTRs of BCoV
and the severe acute respiratory syndrome coronavirus were
able to replace the corresponding region of the MHV genome
(12, 16). Additionally, any of a number of group 2 helper
viruses closely related to MHV and BCoV were able support
replication of a BCoV DI RNA (58).
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FIG. 1. Landscape of the MHV 3’ UTR. At the bottom is shown the organization of the 31.3-kb MHV genome. Above this is an expanded view
of the secondary structure of the 301-nt 3" UTR. The 3" UTR comprises the bulged stem-loop (BSL) (nt 234 through 301) (11, 15, 16) and the
overlapping pseudoknot (PK) (nt 185 through 238) (11, 55), the HVR (nt 46 through 156) (30), and the minimal element for the initiation of
negative-strand RNA synthesis (MIN) (nt 1 through 45) (29). At the top is a detailed view of the structure of the downstream end of the 3’ UTR,
as reported by Liu and coworkers (30), beginning at the nucleotide following the pseudoknot. The oct motif, 5'-GGAAGAGC-3’, is highlighted
in gray. Stem segments A, B, and C of the HVR are those designated previously (30). Nucleotides are numbered from the first base at the 3’ end
of the genome, excluding poly(A), and the N gene stop codon is boxed.
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At the opposite end of the 3" UTR is the minimal region, as
defined by DI RNA analysis, necessary to support the initiation
of MHYV negative-strand RNA synthesis (29). This element has
been mapped to fall within the 3'-most 45 to 55 nt of the
genome, and it must act in concert with a polyadenylate tract
of at least 5 to 10 residues (50).

Falling between the upstream and downstream ends of the
3" UTR is a more complex RNA secondary structural element,
running from nt 46 through nt 156 from the 3’ end of the
genome (Fig. 1, top) (30). Neither the sequence nor the struc-
ture of this segment of the 3" UTR is well conserved, either
within or across coronavirus groups or even between the highly
homologous MHV and BCoV 3’ UTRs, which are 60% diver-
gent in this interval (16). We refer to it here as the hypervari-
able region (HVR). (It must be noted that in this report, the
designation HVR refers to a different region than the previ-
ously described HVR at the 5’ end of the infectious bronchitis
virus [IBV] 3" UTR [8, 54]. The latter HVR now appears to be
one or more degenerate accessory open reading frames [22]).

Paradoxically, buried within the HVR is a conserved octa-
nucleotide, 5'-GGAAGAGC-3’, designated oct. This motif,
which is always situated some 70 to 80 nt from the 3’ end of the
genome, was noted first in a comparison of IBV and MHV (1)
and shortly thereafter in BCoV (27) and human coronavirus
229E (49). It is now clear that oct is a characteristic signature
for coronaviruses. To date, among GenBank sequences con-
taining the 3" UTR regions from over 300 coronavirus strains
and isolates spanning all three groups, there are only three
deviations from absolute conservation of oct: GGGAGAGC in
IBV isolate UK/919/68 (8) (accession no. AJ278334), GGAG
GAGC in pigeon coronavirus (22) (accession no. AJ§71022),
and GGAAGGGC in ferret enteric coronavirus (56) (acces-
sion no. DQ340562). Such stringent conservation strongly im-
plies that the oct motif has a critical function in the biology of
coronaviruses.

The structure of the MHV HVR has previously been con-
firmed by enzymatic probing, and mutagenesis of DI RNAs
suggested that stem segments A and B (Fig. 1), but not stem
segment C, play a critical role in RNA synthesis (30). A com-
plex of host proteins has been shown to bind to the region that
includes stem A and the internal loop opposite oct (31, 60). In
addition, pyrimidine tract-binding protein (PTB) (17) and het-
erogeneous nuclear ribonucleoprotein Al (hnRNP Al) (18)
were found to bind to the negative and positive strands of the
HVR, respectively. Small deletions generated in the oct motif
or in the loop opposite oct reduced binding by PTB and
hnRNP A1 and had profound effects on DI RNA transcription
and replication (17, 18).

To further investigate the functional importance of the HVR
and oct, we carried out a detailed genetic analysis of this region
of the 3’ UTR in the intact MHV genome. Our results show
that the HVR, including oct, is dispensable for the basic mech-
anism of MHYV replication in tissue culture. By contrast, re-
moval of the HVR resulted in a dramatic attenuation of viru-
lence in the mouse host.

MATERIALS AND METHODS

Cells and viruses. Wild-type MHV-A59 and MHV mutants were propagated
in mouse 17 clone 1 (17Cl1) cells; plaque assays and plaque purifications were
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carried out in mouse L2 cells. The interspecies chimeric virus fMHV.v2 (11) was
grown in feline FCWF cells.

Transcription template construction. Templates for donor RNAs were de-
rived from pSG6, which contains a cDNA segment of the 5'-most 0.5 kb of the
MHYV genome linked to the 3’-most 8.6 kb of the MHV genome (11). pSG6 was
generated from the previously described pMHS54 (24) by creation of a coding-
silent unique BspEI site near the end of the N gene, changing codons 444
through 446 from GTGCCAGAT to GTTCCGGAT (the BspEI site is under-
lined). In most cases, defined mutations were constructed in pSG6 by splicing
overlap extension-PCR (14), followed by cloning of the amplified product be-
tween the unique BspEI and Bcll sites located near the ends of the N gene and
the 3" UTR, respectively (Fig. 2A). For the plasmid corresponding to the octG1C
mutation, the mutation was initially generated in a subclone, pB85, and was then
transferred to pMHS54 by exchange of the Nhel-Sacl fragment that encompasses
most of the N gene and the 3’ UTR, as described previously for other mutations
(15). For the plasmid corresponding to the A(3’ UTR) mutation, a junction
linking the N gene stop codon to a tract of 66 A residues was created by
replacement of the BstBI-Pacl fragment of pA122. pA122 (10) has a rearranged
gene order and contains a coding-silent unique BstBI site near the end of the N
gene, changing codons 451 through 453 from GACTCTAAT to GATTCGAAT
(the BstBI site is underlined). The wild-type order of the S, 4, E, M, and N genes
in the resulting clone was then restored through replacement of the Sbfl-Nhel
fragment with that of pSG6.

To generate a mixture of templates for the random mutagenesis of the oct
motif, we constructed a plasmid, pTM11, that removed the 3'-most 86 nt of the
3" UTR (including oct) and the poly(A) tail from pSG6 (Fig. 2B). A BsmBI site
was also planted downstream of the 3" UTR remnant in pTM11; when pTM11
was cleaved with BsmBI, which cuts at a distance from its recognition site, this
created a sticky end at nt 87 to 90 of the 3’ UTR. PCR products containing the
remainder of the 3" UTR, including a randomized sequence at the position of oct
and an 18-residue poly(A) tail, were generated using an upstream primer, 5'-G
AACGGCGTCTCGCGCCCCCTGNNNNNNNNTCACATCAGGGTACT
A-3" (N = A, G, C, or T). When the PCR products were cleaved with BsmBI
(site underlined), this created a complementary sticky end (in boldface) at nt 87
to 90 of the 3" UTR. Ligation of the PCR products to pTM11 resulted in a
collection of templates, with no vestige of the BsmBI sites or other exogenous
sequence, that were used directly for in vitro transcription.

Oligonucleotides for PCR and DNA sequencing were obtained from Inte-
grated DNA Technologies. For every constructed plasmid, the overall composi-
tion was monitored by restriction analysis, and the sequences of all ligation
junctions and all regions created by PCR were verified by automated sequencing.

Targeted RNA recombination. MHV mutants containing 3’ UTR mutations
were obtained by targeted RNA recombination with host range-based selection,
as described previously (Fig. 2C) (11, 12, 15, 19, 25, 35). Briefly, monolayers of
feline FCWF cells were infected with fMHV.v2 and were then transfected by
electroporation with capped donor RNAs that had been synthesized with a T7
mMessage mMachine transcription kit (Ambion), using Pacl-truncated tem-
plates. The infected and transfected feline cells were plated into 10-cm? wells,
and progeny virus was harvested when syncytia or a cytopathic effect was appar-
ent, typically at 18 to 24 h postinfection at 37°C. Recombinant candidates were
identified and purified through two rounds of plaque titration on murine L2 cell
monolayers at 37°C. A mutation was judged to be lethal if multiple targeted RNA
recombination experiments yielded a clean background on mouse cells of no
recombinants with fMHV.v2, in parallel with positive controls with wild-type
(pSG6-derived) donor RNA that yielded a high frequency of recombinants.

For viable mutants, each purified recombinant candidate was used to infect a
monolayer of 17Cl1 cells, and total cellular RNA was extracted at 18 to 24 h
postinfection using Ultraspec reagent (Biotecx). RNA was reverse transcribed
with a random hexanucleotide primer (Boehringer Mannheim) and avian myelo-
blastosis virus reverse transcriptase (Life Sciences); the 3’ UTR and partial N
gene were then amplified by PCR under standard conditions using AmpliTaq
polymerase (Roche). The resulting products were analyzed directly by agarose
gel electrophoresis or were purified with Quantum-prep columns (Bio-Rad)
prior to automated sequencing of the entire 3’ UTR. All viable isolated mutants
were found to have the intended engineered mutation(s), and no extraneous
mutations were found elsewhere in the 3" UTR. For most mutants, two or more
independent isolates were obtained; the Alb strain designation for one repre-
sentative isolate of each viable mutant is noted in the figure that shows the 3’
UTR sequence of that mutant.

For comparisons of plaque sizes, titers of mutants and wild-type controls were
determined in two groups. Plaques obtained on mouse L2 cell monolayers were
stained with neutral red at 48 h postinfection at 37°C; plaques were photo-
graphed 18 h thereafter. Digital images of 20-cm? dishes were printed at a
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FIG. 2. Selection of MHV 3’ UTR mutations by targeted RNA recombination. (A) Transcription vector pSG6 (1), the precursor of the
plasmids used for synthesis of donor RNA for most recombinants, was derived from pMHS54 (24) and contains a 5’ segment of the MHV genome
(denoted by [1]) fused to a partial HE gene and all genes downstream of HE. The region between the 5’ segment and the N gene is not shown.
The T7 RNA polymerase start site is indicated by an arrow. Particular 3" UTR mutations, represented by a star, were constructed by splicing
overlap extension-PCR and transferred into pSG6 by exchange of the BspEI-Bcll restriction fragment. Donor RNAs were in vitro transcribed from
Pacl-linearized vectors. (B) For random mutagenesis of the oct motif, pTM11 was constructed from pSG6 to contain a fragment of the 3’ UTR
preceding a site for BsmBI, which cuts at a distance from its recognition sequence. A PCR product was also generated to contain the remainder
of the 3" UTR, including a complementary BsmBI site in the opposite orientation and a randomized oct motif. BsmBI-linearized pTM11 was
ligated to the BsmBI-restricted PCR fragment, and T7 transcripts were synthesized from the resulting template mixture. (C) MHV recombinants
containing mutations in the 3" UTR (solid rectangle) were generated by transfection of fMHV.v2-infected feline cells with synthetic donor RNA.
The interspecies chimeric coronavirus fMHV.v2 (11) contains the ectodomain-encoding region of the feline infectious peritonitis virus (FIPV) S
gene (gray rectangle), which renders it able to grow in feline cells but not in murine cells. Additionally, the order of the MHV structural protein
genes downstream of S has been rearranged in fMHV.v2 to eliminate the possibility of unwanted secondary crossover events. Recombinants were
selected as progeny that had regained the ability to grow in murine cells.

magnification of X3, and diameters of 25 to 30 well-separated plaques within the
same area of a dish were measured, always in the same direction relative to the
edge of the page. Throughout this work, the wild-type virus used for comparisons
was Alb240, a well-characterized isogenic recombinant that was previously re-
constructed from fMHV and pMHS54 donor RNA (26).

For the measurement of growth kinetics, confluent monolayers of 17CI1 cells
(75 cm?) were inoculated at a multiplicity of 4.0 PFU per cell (wild type [Alb240],
AHVR?2 [AIb519], and Aoct [Alb445]) or at a multiplicity of 0.01 PFU per cell
(wild type [A1b240] and AHVR?2 [A1b519]) for 2 h at 37°C, with rocking every 15
min. Inocula were removed, monolayers were washed three times, and incuba-
tion was continued in fresh medium at 37°C. Sample aliquots of medium were
then withdrawn at various times from 2 to 32 h postinfection, and infectious titers
were subsequently determined.

Radiolabeling of viral RNA. Intracellular viral RNA was metabolically labeled
as described previously (11, 12, 16). Briefly, confluent 20-cm? monolayers of
17CI1 cells were infected with mutant or wild-type MHV at a multiplicity of 5
PFU per cell and were incubated at 37°C. Infected cells were starved from 2 h
through 7 h postinfection in Eagle’s minimal essential medium containing 5%
dialyzed fetal bovine serum with 1/10 of the normal concentration of phosphate.
Labeling was then carried out from 7 h through 9 h postinfection in 1 ml
phosphate-free medium containing 100 wCi per ml [**PJorthophosphate (MP

Biomedicals), 5% dialyzed fetal bovine serum, and 20 pg of actinomycin D
(Sigma) per ml. Total cytoplasmic RNA was purified, and the amount of radio-
activity incorporated into RNA was quantitated by spotting an aliquot onto
DEAE paper filter (Whatman DE81). Filters were washed five times with 0.5 M
Na,HPO, and once each with water and ethanol, and then dried and counted in
a scintillation counter. Samples containing equal amounts of radioactivity were
analyzed by electrophoresis through 1% agarose containing formaldehyde and
were visualized by fluorography.

Mouse infectivity studies. Six-week-old, female BALB/c mice (Taconic Farms,
Hudson, NY) were inoculated intranasally with a 20-ul inoculum (10 pl per
nostril) under light anesthesia. For the morbidity and mortality study, there were
eight mice per dose group (5 X 103 5 X 10% or 5 X 10° PFU) and four
mock-inoculated controls. Mock-inoculated mice were inoculated with superna-
tant from mock-infected cell cultures that were harvested at the same time as
virus stocks. The highest dose (5 X 10° PFU) for both wild-type and AHVR2
viruses was in tissue culture supernatant diluted 1:1 with mock supernatant;
lower doses of virus were diluted in tissue culture-grade phosphate-buffered
saline containing 1% fetal bovine serum. Mice were weighed and observed for
clinical signs daily for 29 days. Clinical disease was scored as follows: 0, normal;
0.5, mildly ruffled fur; 1.0, moderately ruffled fur; 2.0, “oily” fur; and 3.0, hunch-
ing, severe aggression, or neurological signs. A value of 0.5 was added to a score
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FIG. 3. HVR truncation mutants. For each mutant, circled nucleotides are those that were changed from the wild-type sequence. The oct motif
is highlighted in gray. Nucleotides are numbered according to the wild-type sequence, starting from the first base at the 3’ end of the genome,

excluding poly(A).

if there was 5% or greater weight loss observed on a given day, based on weight
on the day of inoculation. Mice were housed four to a cage; mice that became
severely aggressive were moved to separate cages. MHV seroconversion was
monitored with a Murine ImmunoComb kit (Charles River Laboratories).

For the tissue tropism study, 20 mice per virus strain were inoculated with 5 X
10* PFU, and four mice were inoculated with diluent as mock controls. Four
mice per virus strain were sacrificed on days 1, 3, 5, 7, and 9 postinoculation (p.i.).
The four mock-inoculated mice were sacrificed on day 9 p.i. Nasal wash was
obtained immediately postmortem by infusing 0.5 ml of phosphate-buffered
saline—1% fetal bovine serum into the nasopharynx and collecting the wash from
the nares. Blood was collected from the heart, and serum was separated by
centrifugation. Brain (right sagittal half), lung, liver, and spleen were harvested
and weighed. Buffer (M199 with Hanks’ salts and L-glutamine, 0.05 M Tris, 1%
bovine serum albumin, 0.35 g/liter sodium bicarbonate, 100 units/ml penicillin,
100 units/ml streptomycin, and 1 wg/ml amphotericin B [Fungizone], pH 7.4) was
added to make a 10% homogenate for peripheral tissues or a 20% homogenate
for brain. Tissues were homogenized by grinding with a zinc-plated 4.5-mm BB
(Daisy Brand, Rogers, AR) in a Mixer Mill MM300 (QTAGEN, Valencia, CA)
for 4 min at 24 cycles per second and were then frozen at —80°C until assayed.
Homogenates were thawed and centrifuged at 3,800 X g and 4°C for 5 min prior
to plaque assay. For each tissue type in which all virus titers were below the limit
of detection, the potential presence of viral inhibitory activity in the homoge-
nates was assessed. For this purpose samples of spleen, liver, lung, and serum
from a mock-inoculated mouse were spiked with a known quantity of wild-type
virus and assayed by plaque titration. In all cases no inhibitory activity was noted.
All studies were approved by the Institutional Animal Care and Use Committee
of the Wadsworth Center and followed criteria established by the National
Institutes of Health.

RESULTS

Mutational truncations and substitutions in the HVR. We
constructed mutations in the 3" UTR of the MHV genome by

targeted RNA recombination (35). This method uses the in-
herent recombinational capacity of the viral polymerase to
transfer mutations from transfected donor RNA to a recipient
virus that can be selected against (Fig. 2C). In this study we
used as the recipient virus the chimeric coronavirus fMHV.v2
(11), which grows only in feline cells, and we selected mutants
on the basis of their having regained the ability to grow in
murine cells.

The framework for our analysis of the HVR was the complex
RNA secondary structure that was previously described for the
downstream 166 nt of the MHV genome (Fig. 1) (30). An
RNA folding different from that shown in Fig. 1 has recently
been proposed for the 3’-most 42 nt of the MHV genome (21),
but it is not yet clear how this independently folded alternative
structure might interact with the 166-nt structure. The work
reported here does not address the furthest-downstream seg-
ment of the 3’ UTR. Initially, we created mutations in the
terminal bulged stem-loop of the HVR, comprising nt 82
through 129, which prior work had suggested to be functionally
important for DI RNA replication (30). In the first such mu-
tant, the terminal loop was replaced with a tetraloop of the
GNRA class, GUAA (Fig. 3, mutant HVR-a). Tetraloops are
unusually stable secondary structural motifs that stabilize hair-
pins in a variety of RNAs, including rRNA (36). In a second
mutant, HVR-b, the terminal loop and stem segment, as well
as bulge base A95, were deleted and replaced with the same
tetraloop. Finally, in a third mutant, HVR-e, the entire termi-
nal bulged stem-loop was truncated, thereby placing the oct
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FIG. 4. HVR mutants that alter the accessibility of the oct motif. For each mutant, circled nucleotides are those that were changed from the
wild-type sequence. The oct motif is highlighted in gray. Nucleotides are numbered according to the wild-type sequence, starting from the first base

at the 3’ end of the genome, excluding poly(A).

motif in a terminal loop. All three of these mutants exhibited
wild-type-sized plaques and showed no obvious growth defect.
The dispensability of such a large portion of the HVR led us to
hypothesize that the principal, and perhaps only, role of the
HVR is to display oct in a constrained single-stranded confor-
mation, which is often a hallmark for protein recognition. This
assumption led us to next construct mutations that would affect
the accessibility of oct (Fig. 4). To progressively alter the
arrangement of oct within the HVR, we changed the size
and sequence of the opposite internal loop (nt 131 to 135),
such that four (mutant HVR-f1), six (mutant HVR-{2), or
all eight (mutant HVR-£3) nucleotides of the oct motif be-
came part of the adjacent stem segments. An additional
mutant, HVR-f4, was constructed with a truncated, tetra-
loop-capped version of the fully duplexed oct. Contrary to
our expectations, none of these mutants was markedly de-
fective; only mutant HVR-f3 formed plaques somewhat
smaller than those of wild-type virus.

Alteration of the sequence of oct. To further explore restric-
tions on oct, we generated mutants in which the oct motif was
randomly mutagenized. To accomplish this, we ligated a trun-
cated donor RNA transcription template to a PCR product in
which all eight positions of oct had been randomized, as de-
scribed in Materials and Methods (Fig. 2B). Transcripts ob-
tained from the resulting collection of templates were used in
targeted RNA recombination, and viable recombinants were
isolated and sequenced throughout the 3" UTR. Nine different

random oct mutants were recovered in this manner, none of
which had a significant phenotype relative to the wild type (Fig.
5A). Members of this set had as few as three or as many as all
eight positions of the oct motif mutated from the canonical
5'GGAAGAGC3'. This clearly showed that at least some vari-
ations from the conserved oct sequence were tolerated for
MHYV replication in tissue culture, but we were unable to
discern whether there was any pattern among the variant se-
quences that had been selected. To more systematically ad-
dress this question, we sought to construct all 24 possible
single-point mutants of oct, a set in which each nucleotide of
the motif was changed to each of its three alternative residues.
We were able to recover all of these single-point mutants, and
collectively they were found to form plaques that spanned a
range of sizes with respect to the wild type (Fig. 5B). The
mutants could be grouped into three classes of plaque sizes
(Fig. 5C): small, for which the octG1C mutant was the most
extreme example; intermediate (70 to 85% of wild-type size),
as exemplified by the octA3U mutant; and barely distinguish-
able from wild type, for which the octG7U mutant represented
the upper end of the range. The distribution of plaque sizes
(Fig. 5B) suggested trends in the relative importance of each of
the eight positions of the oct motif, with G1, G2, and G5 being
the most sensitive to mutation and A6, G7, and C8 being the
least sensitive to mutation. Most notably, however, all 24 mu-
tants were viable, and none was as dramatically impaired as
certain other mutants that we have previously constructed with
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FIG. 5. oct motif point mutants. (A) Random, multiple-point mutants of oct. For each mutant, circled nucleotides are those that were changed
from the wild-type sequence. Unchanged oct nucleotides are highlighted in gray. (B) Defined point mutants of oct. Each nucleotide in oct was
changed to each of the three possible alternatives. Relative plaque sizes (diameters) of mutants are depicted as the percentage of the average
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coronavirus oct sequence has been reported. (C) Representative plaques for the three size classes of oct single-point mutants, compared to the
wild type. Plaque titrations were performed on mouse L2 cells at 37°C. Monolayers were stained with neutral red at 48 h postinfection and were
photographed 18 h later.
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FIG. 6. Mutants containing deletions encompassing the oct motif and the HVR. (A) At the right is the wild-type 3’ UTR, beginning at the

nucleotide following the pseudoknot; the oct motif is highlighted in gray. Nucleotides in all structures are numbered according to the wild-type
sequence, starting from the first base at the 3" end of the genome, excluding poly(A). The Aoct mutant contains a deletion of the oct motif, nt 74
through 81, as well as the internal loop opposite oct, nt 130 through 136. The AHVR1 mutant contains a deletion of the region from nt 47 through

181, and the AHVR2 mutant contains a deletion of the region from nt 47 through 155. The A(3" UTR) mutant contains a deletion of the entire

301-nt 3' UTR, directly adjoining the N gene stop codon (boxed) to the poly(A) tail. (B) Plaques of the two viable deletion mutants, AHVR2 and
Aoct, compared to those of an isogenic wild-type control. Plaque titrations were performed on mouse L2 cells at 37°C. Monolayers were stained

with neutral red at 48 h postinfection and were photographed 18 h later.
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FIG. 7. Growth of the AHVR2 and Aoct mutants in tissue culture. (A) Single-step growth kinetics. Confluent monolayers of 17CI1 cells were
infected with wild-type, AHVR2, or Aoct viruses at a multiplicity of infection (moi) of 4.0 PFU per cell. At the indicated times postinfection,
aliquots of medium were removed and infectious titers were determined on mouse L2 cells. Open and solid symbols represent results from two
independent experiments. (B) Growth following a low multiplicity of infection. Confluent monolayers of 17CI1 cells were infected with wild-type
or AHVR2 viruses at a multiplicity of 0.01 PFU per cell. At the indicated times postinfection, aliquots of medium were removed and infectious
titers were determined on mouse L2 cells. Open and solid symbols represent results from two independent experiments.

alterations either in the 3" UTR (11) or in MHV structural
genes (19, 25, 26). This implied that the oct motif, despite its
strict conservation among all coronaviruses, has no sequence
requirements that are essential for viral RNA synthesis.

Deletions of oct and the HVR. To more stringently test
whether the oct motif or the HVR plays a critical role in viral
replication, we made constructs deleting either oct alone or the
whole HVR (including oct). In the first such mutant, Aoct, the
oct motif (nt 74 through 81) plus the internal loop opposite oct
(nt 130 through 136) were removed, creating a continuous
helix from the two stem segments formerly on either side of oct
(Fig. 6A). Remarkably, this mutant was viable, and it formed
plaques that were, on average, 45% of the size of wild-type
plaques (Fig. 6B). More surprising still was the viability of a
second mutant, AHVR2, which contained a large deletion ex-
cising the entire HVR between nt 46 and 156. The AHVR2
mutant was actually found to be more fit than the Aoct mutant,
forming plaques 60% of the size of wild-type plaques. It
seemed somewhat incongruous that smaller mutations in the
HVR, like those in the HVR-f3 mutant, the octG1C mutant,
and the Aoct mutant, should be more inhibitory to the virus
than the complete ablation of the HVR. However, this may be
attributable to the creation of deleterious misfoldings or overly
stable secondary structures in the 3’ UTRs of mutants that
retained altered or residual versions of the HVR.

By contrast with the AHVR2 mutant, we were unable to
recover a recombinant with a more extensive mutation,
AHVRI, in which the region between nt 47 and 181 was de-
leted (Fig. 6A). A total of 14 independent targeted RNA re-

combination experiments with donor RNA containing the
AHVRI1 mutation were conducted, in three separate sets.
None of these trials yielded a mutant recombinant, whereas in
the same trials wild-type donor RNA yielded robust numbers
of control recombinants. Given the power of the host range-
based selection with fMHV.v2 (11), this outcome established a
strong criterion for the lethality of the AHVR1 mutation.
Moreover, compared with the minimal effect of the AHVR2
mutation, this result suggested that there is an essential role for
some portion of the region of nt 157 through 184, between the
upstream pseudoknot and the HVR (Fig. 1). In addition, we
attempted to delete the entire MHV 3’ UTR, prompted by
results obtained with some picornaviruses (53). In this case, we
conducted eight independent targeted RNA recombinations,
in four separate trials, using donor RNA in which the N gene
stop codon (UAA) was directly connected to the poly(A) tail
(Fig. 6A). The negative outcomes of all of these experiments,
as opposed to strong positive wild-type controls, indicated that
complete removal of the 3" UTR is lethal. This result was
consistent with numerous previous analyses showing that the
upstream bulged stem-loop and pseudoknot of the 3" UTR are
essential for viral replication (11, 15, 16, 55).

We more closely examined the phenotypes of the viable
deletion mutants in single-step growth experiments (Fig. 7A).
Overall, at a high multiplicity of infection (4.0 PFU per cell)
both the AHVR2 mutant and the Aoct mutant exhibited
growth kinetics comparable to that of the wild type. Single-step
growth of the AHVR2 mutant was slightly delayed with respect
to that of the wild type, and the Aoct mutant lagged behind the
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FIG. 8. RNA synthesis by the AHVR2 and Aoct mutants. Infected
or mock-infected 17CI1 cells were metabolically labeled with
[**PJorthophosphate in the presence of actinomycin D, and RNA was
isolated and electrophoretically analyzed in 1% agarose containing
formaldehyde as described in Materials and Methods.

AHVR2 mutant as well as the wild type. Both deletion mutants
grew to maximal titers that were two- to threefold lower than
those of the wild type. To further compare the growth of the
AHVR2 mutant and the wild type over multiple cycles of viral
replication, infections were carried out at a low multiplicity
(0.01 PFU per cell) (Fig. 7B). Under these conditions, the
growth of the AHVR2 mutant lagged behind that of the wild
type for the first 8 h of infection. However, by 12 h postinfec-
tion, and at all times thercafter, the mutant reached titers
highly similar to those of the wild type. Metabolic labeling of
RNA in infected cells revealed that the AHVR2 mutant and
the Aoct mutant each produced the same set of sgRNA spe-
cies, in the same relative proportions, as the wild type (Fig. 8).
A noticeably faster mobility of the sgRNAs of the AHVR2
mutant relative to the wild type was observed, owing to the
109-nt deletion in the AHVR2 genome (and, consequently, in
all of its sgRNAs). These results indicated that neither deletion
mutant differed markedly from wild-type MHV in tissue cul-
ture. In particular, both mutants were fully competent in
gRNA replication and in sgRNA transcription. This finding
differs considerably from the severe inhibition of DI RNA
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replication and transcription that was previously reported to
result from small deletions in oct and the HVR (17, 18).

In vivo attenuation of the AHVR2 mutant. To examine the
phenotype of the AHVR2 mutant in the infected host, we
inoculated groups of 6-week-old female BALB/c mice intrana-
sally with wild-type MHV or AHVR?2 virus at 10-fold-increas-
ing doses from 5 X 10> PFU to 5 X 10° PFU. Mice were
weighed and scored for clinical signs daily for 29 days. A
striking difference was observed between wild-type-virus-in-
fected and mutant-infected animals. All mice infected with
wild-type virus, at all doses, had substantial weight loss by the
second week of infection (Fig. 9A, C, and E). By contrast,
AHVR2-infected mice showed only minimal weight loss at all
doses. Similarly, all mice infected with wild-type virus, at all
doses, exhibited marked clinical signs of disease (Fig. 9B, D,
and F). No clinical signs of disease were observed in AHVR2-
infected mice at any dose (Table 1). Very similar results were
obtained in a second, independent experiment (data not
shown).

To study viral replication and tissue tropism, groups of mice
were inoculated intranasally with wild-type MHV or AHVR2
virus at a dose of 5 X 10* PFU. At 1, 3, 5, 7, and 9 days p.i., four
mice infected with each virus were sacrificed. Nasal wash and
serum were obtained from each mouse, multiple tissues (brain,
lung, spleen, and liver) were harvested, and infectious titers
were determined for all samples. In the nasal washes (Fig.
10A) replication of wild-type virus was clearly detectable at 1
day p.i., but it was not clear whether the virus titers found for
the mutant at 1 day p.i. were indicative of viral replication or
represented the initial inoculum. However, virus titers in the
upper respiratory tract were decreasing by 3 days p.i., and virus
was completely cleared from all but one wild-type-inoculated
mouse by 5 days p.i.

In the brains of infected mice, replication was detectable for
both viruses by 3 days p.i. (Fig. 10B), although wild-type titers
were 800-fold higher than those of the AHVR2 mutant, and
virus was detected in 100% and 50% of the wild-type- and
mutant-inoculated mice, respectively. Viral replication in
brains peaked at 5 days p.i., at which time the titers of wild-type
virus were comparable to or greater than peak titers seen by
other investigators following direct intracranial inoculation of
mice with MHV-A59 (44, 51). Peak titers in brain for wild-type
virus were, on average, 60-fold higher than those for the mu-
tant. This difference correlated with the morbidity and aggres-
sion seen in wild-type-infected mice, but not in mutant-in-
fected mice, at later times p.i. in this experiment and the one
with the results shown in Fig. 9. By 7 days p.i., mutant titers
were higher than the declining wild-type titers. Wild-type virus
had largely been cleared from brains by 9 days p.i.; by contrast,
mutant-infected animals still exhibited significant titers in
brain at this time.

For both wild-type virus and the AHVR?2 mutant, there was
minimal or no spread to the lower respiratory tract or periph-
eral organs. The infectivity in all lung samples at every time
point was undetectable, except for one wild type-infected
mouse at day 7 p.i., which had a titer at the limit of detection
(100 PFU/g). Likewise, infectious virus was undetectable in
spleen samples, except for one wild-type-infected mouse at day
5 p.i., which had a titer at the limit of detection (100 PFU/g).
Similarly, and in contrast to the case for intracranial inocula-
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FIG. 9. Reduced virulence of the AHVR2 mutant. Six-week-old, female BALB/c mice, in groups of eight, were inoculated intranasally with 5 X
10° PFU (A and B), 5 X 10* PFU (C and D), or 5 X 10° PFU (E and F) of wild-type or AHVR?2 virus. A group of four mock-inoculated mice
was inoculated with tissue culture supernatant. Mice were weighed and observed for clinical signs daily. (A, C, and E) Percentage of original weight
(= standard deviation). (B, D, and F) Average clinical disease scores, as defined in Materials and Methods. The same mock-inoculated group is

shown in all panels for comparison to each of the viral dose groups.

tions (51), no viremia was observed, and there was no spread of
infection to the liver. All titers in serum and liver were below
the limits of detection (100 PFU/ml and 100 PFU/g, respec-
tively). All mice that were sacrificed at 1, 3, and 5 days p.i. (and
all mock-inoculated controls) were seronegative for MHV; all
mice sacrificed at 7 and 9 days p.i. had seroconverted. Collec-
tively, the results in Fig. 9 and 10 demonstrated that although
the AHVR2 mutation had only marginal effects on MHYV rep-
lication in tissue culture, it dramatically altered the replication
and pathogenesis of the virus by the natural route of infection.

DISCUSSION

In this study, we have shown that the HVR within the MHV
3" UTR is completely dispensable for viral replication in tissue
culture. The MHV genome was found to tolerate a wide vari-
ety of substitutions and truncations in this region (Fig. 3 to 5).
Most strikingly, we created a 109-nt deletion that removed the
entire HVR, a span constituting more than one-third of the 3’
UTR (Fig. 6). The resulting AHVR2 mutant not only was
viable but replicated almost as well as did wild-type virus, in
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TABLE 1. Morbidity of mice infected with wild-type
and AHVR2 virus®

No. of mice:
. Dose : Overall %
Virus . With o
(PFU) - In o W clinical  Morbidity
group  wt loss signs
Mock 4 0 0 0
Wild type (Alb240) 5 X 10° 8 7 8 100
5% 10% 8 8 8 100
5% 10° 8 6 8 100
AHVR?2 (Alb519) 5% 10° 8 3 0 38
5% 10* 8 2 0 25
5% 10° 8 3 0 38

¢ Six-week-old, female BALB/c mice were inoculated with virus or diluent.
Mice were weighed and observed for clinical signs daily for 29 days. All mice
survived. All mice inoculated with virus seroconverted; mock-inoculated mice
remained seronegative.

> Number of mice with =5% weight loss.

¢ Number of mice with clinical signs, which included ruffled fur, hunching,
aggression, “oily” fur, and circling (one mouse). Two mice in wild-type groups
still had “oily” fur on day 29.

either high-multiplicity, single-step infections or low-multiplic-
ity, multiple-cycle infections in tissue culture (Fig. 7). These
results are starkly different from those of analyses of other 3’
UTR structural elements. Many mutations that disrupted the
upstream bulged stem-loop or pseudoknot were found to be
lethal to the virus (11, 15, 16). Likewise, at least one alteration
of the downstream minimal element for negative-strand RNA
synthesis also could not be recovered in a viable virus (21). The
extraneous nature of the HVR was particularly surprising,
given that this region harbors the oct motif, 5'-GGAAGAGC-3’,
which is a nearly invariant feature of coronavirus genomes.
Remarkably, tissue culture replication of MHV was not dras-
tically hampered by random mutagenesis of oct, by single point
mutations at any of its eight positions, or by the complete
excision of this motif in the Aoct mutant.

In distinct contrast to the minimally impaired phenotype of
the AHVR2 mutant in vitro (Fig. 7 and 8), the in vivo effects
caused by the removal of the HVR were readily discernible.
The AHVR2 mutant was highly attenuated in mice inoculated
by the intranasal route, which is thought to most closely re-
semble the natural mode of MHV infection. AHVR2-infected
mice displayed no signs of clinical disease and underwent min-
imal weight loss compared to wild-type-infected mice (Fig. 9).
AHVR2 virus infections, like wild-type infections, spread from
the nasal epithelium to the brain. However, replication of the
mutant virus in the brain was greatly reduced and persisted
longer, compared to replication of the wild type (Fig. 10). This
difference of in vivo replication between the mutant and the
wild type was, we believe, far greater than that which could
strictly be accounted for by cumulative effects of the small
growth differences observed between the two viruses in tissue
culture. Indeed, in multiple-cycle infections begun at a low
multiplicity of infection, growth of the AHVR2 mutant did not
fall progressively further behind that of the wild type as a
function of time (Fig. 7B). We have recently found that an
additional mutant, AHVR3, which has an even more extensive
3" UTR deletion, has the same growth kinetics with respect to
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the wild type as does the AHVR2 mutant at both low and high
multiplicities of infection (data not shown).

MHYV causes disease that is strongly dependent on the ge-
netic background, age, and immune status of the mouse host,
as well as on the strain, dose, and mode of inoculation of the
virus (7, 13, 43). From the standpoint of the virus, many aspects
of pathogenesis map predominantly to the spike (S) protein
(6). This has been elegantly demonstrated by the transfer of
determinants for neurotropism, hepatotropism, or demyelina-
tion via the shuttling of S genes from one MHYV strain to
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FIG. 10. Reduced in vivo replication of the AHVR2 mutant. Six-
week-old, female BALB/c mice, in two groups of 20, were inoculated
intranasally with 5 X 10* PFU of wild-type or AHVR?2 virus (the dose
shown in Fig. 9C and D). Four mice in each group were sacrificed at
1,3,5,7,and 9 days p.i., and tissues were harvested. Viral titers in nasal
washes (A) and brains (B) were determined by plaque assay in L2 cells,
as described in Materials and Methods. Titers for individual mice are
represented by circles or squares. Geometric means of titers for each
set of four mice are connected by solid lines or broken lines. The
thicker, horizontal broken line indicates the limit of detection for each
set of assays (10 PFU/ml for nasal washes and 50 PFU/g for brains).
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another (39, 41, 44). Since S protein governs receptor recog-
nition and mediates cell-cell fusion, it is logical that it plays
such a pivotal role in disease. Despite this, other viral factors
clearly can influence pathogenesis; in some contexts, their ef-
fects are dominant over the tropism specified by S protein (5,
9, 20, 33, 40, 47). The potential role(s) of RNA elements in
coronavirus pathogenesis, however, remain to be explored.
Irrespective of the mechanism underlying the reduced viru-
lence of the AHVR2 mutant, our finding has obvious implica-
tions for the design of live attenuated vaccines against corona-
viruses of medical and veterinary importance.

Our results bear similarity to certain recent findings with
picornaviruses, which have genomes and 3’ UTRs much
smaller than those of coronaviruses. For both poliovirus and
human rhinovirus, particular point mutations, small deletions,
or insertions in the 3’ UTR appear to be harmful or lethal (45,
46, 48, 52). Yet, paradoxically, the entire 65-nt 3" UTR of
poliovirus or the entire 44-nt 3’ UTR of human rhinovirus can
be deleted with only minimal loss of viability (3, 53). In tissue
culture, the poliovirus A(3" UTR) mutant, compared with the
wild type, is much more impaired in cells of neuronal origin
than in HeLa cells. In addition, the A(3" UTR) mutant is at
least 1,000-fold less neurovirulent than wild-type poliovirus in
transgenic mice expressing the poliovirus receptor (4). It is
currently not clear how close an analogy can be drawn between
the MHV AHVR2 mutant and the poliovirus A(3" UTR) mu-
tant, but in both cases some elements in the 3’ UTR could
conceivably play modulatory roles in RNA synthesis. Such
roles, while not essential, may become rate-limiting under par-
ticular circumstances. For the poliovirus A(3" UTR) mutant,
there is a substantial selective reduction of positive-strand
RNA synthesis, relative to that of the wild type, and the mag-
nitude of this effect is cell type dependent (4). We have not yet
examined individual stages of RNA synthesis in the AHVR2
mutant. It is possible that further work will reveal a selective
effect on RNA synthesis that has a greater impact in vivo than
in vitro. Alternatively, the HVR may serve to counteract some
component of host defense. Such a host-related function would
account for why the loss of the HVR is of little consequence in
vitro but results in decreased replication in vivo. Our observa-
tions call for a more detailed examination of the influence of
the HVR of the 3" UTR on MHV pathogenesis.

It is reasonable to speculate that the role(s) of the HVR is
mediated by host protein factors. Prior studies have investi-
gated proteins binding to the 3" UTR of MHYV, using probes
that included all or parts of the HVR. These studies have
reached differing conclusions about how many, and which,
proteins bind to this region (17, 18, 50, 59). The upstream end
of the HVR (nt 129 through 154) binds a set of at least four
host proteins that are possibly the same as a complex that binds
to nt 1 through 42, at the downstream end of the genome (31,
59, 60). Constituents of the downstream complex have been
identified as mitochondrial aconitase and the chaperones
mtHSP70, HSP60, and HSP40 (37, 38). Overlapping the same
portion of the HVR, a binding site for hnRNP Al has been
reported to lie between nt 90 and 170 (18). Additionally, a
binding site for PTB has been localized to the negative strand
of nt 53 through 149 (17). All of these host factors have been
proposed to play critical roles in MHV RNA replication and
transcription, based on the effects of binding-site mutations on
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DI RNA synthesis. However, there is a discrepancy between
these latter conclusions and our results. Mutational disruption
of the base pairing of helices A and B of the HVR (Fig. 1) was
found to reduce, but not eliminate, DI RNA replication (30).
Compensatory mutations that restored base pairing concomi-
tantly returned DI RNA replication to wild-type levels. More
significantly, small deletions, of nt 76 through 81 within oct and
of nt 131 through 135 comprising the internal loop opposite
oct, were seen to completely abolish DI RNA transcription
(17); the second of these deletions also almost completely
eliminated replication (18). The meaning of these DI RNA
results needs to be reconsidered in light of our demonstration
that similar, as well as much more extensive, HVR deletions
yielded viruses that were fully competent in both gRNA rep-
lication and sgRNA transcription. Since DI RNAs replicate as
a result of successful competition with helper viruses, DI
RNAs are likely to be much more sensitive than genomic
RNAs to small effects on replicative fitness brought about by
alterations in the HVR. Nevertheless, it is clear from our
results that none of the previously described host factor bind-
ing sites within the HVR plays an essential role in MHV RNA
synthesis. Our findings therefore simplify the set of required
cis-acting elements that must be considered to obtain an un-
derstanding of the basic mechanism of coronavirus RNA syn-
thesis.
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