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Coronavirus RNA evolves in the central nervous systems (CNS) of mice during persistent infection. This
evolution can be monitored by detection of a viral quasispecies of spike deletion variants (SDVs) (C. L. Rowe,
S. C. Baker, M. J. Nathan, and J. O. Fleming, J. Virol. 71:2959-2969, 1997). We and others have found that the
deletions cluster in the region from 1,200 to 1,800 nucleotides from the 5’ end of the spike gene sequence,
termed the “hypervariable” region. To address how SDVs might arise, we generated the predicted folding
structures of the positive- and negative-strand senses of the entire 4,139-nt spike RNA sequence. We found that
a prominent, isolated stem-loop structure is coincident with the hypervariable region in each structure. To
determine if this predicted stem-loop is a “hot spot” for RNA recombination, we assessed whether this region
of the spike is more frequently deleted than three other selected regions of the spike sequence in a population
of viral sequences isolated from the CNS of acutely and persistently infected mice. Using differential colony
hybridization of cloned spike reverse transcription-PCR products, we detected SDVs in which the hot spot was
deleted but did not detect SDVs in which other regions of the spike sequence were exclusively deleted.
Furthermore, sequence analysis and mapping of the crossover sites of 25 distinct patterns of SDVs showed that
the majority of crossover sites clustered to two regions at the base of the isolated stem-loop, which we
designated as high-frequency recombination sites 1 and 2. Interestingly, the majority of the left and right
crossover sites of the SDVs were directly across from or proximal to one another, suggesting that these SDVs
are likely generated by intramolecular recombination. Overall, our results are consistent with there being an
important role for the spike RNA secondary structure as a contributing factor in the generation of SDVs during

persistent infection.

The genomes of RNA viruses are subject to frequent muta-
tion and RNA recombination events. These genetic alterations
enable RNA viruses to rapidly diversify their genomes and
adapt to changing environments (20). This diversification can
be detected by analysis of the viral quasispecies that evolve
after infection and viral replication. Recently, the evolution of
RNA viruses has been implicated in the pathogenesis of
chronic infections with viruses such as hepatitis C virus (34),
measles virus (2), and human immunodeficiency virus (37).
Clearly, the lack of an RNA proofreading activity to repair
mutations introduced during viral replication can result in the
rapid expansion of a viral quasispecies (14). In addition, RNA
viruses have been shown to undergo RNA recombination
which may radically alter or delete portions of the RNA virus
genome (8, 29, 40, 41, 45, 49). Pioneering work with poliovirus
recombinants has suggested that recombination of RNA vi-
ruses is likely to occur by a copy-choice mechanism involving
template switching during replication (25). Three types of
copy-choice recombinations can be envisioned for RNA vi-
ruses: (i) homologous recombination, in which a nascent
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strand rebinds at a precisely homologous region on the same or
an alternative template; (ii) aberrant homologous recombina-
tion, in which the nascent strand rebinds at a downstream site
of homology; and (iii) nonhomologous recombination, in
which the nascent strand rebinds at a site of nonhomology (26).
The generation of recombinant viruses by copy-choice recom-
bination has significant implications for the evolution of a viral
quasispecies, escape from vaccine-induced protection, and the
potential emergence of unique viral pathogens (15, 36).

The sequences and putative RNA structures which contrib-
ute to high-frequency RNA recombination and rapid expan-
sion of viral quasispecies during infection can be studied by
using the murine coronavirus mouse hepatitis virus (MHV) (5,
33, 42). MHYV is a 32-kb single-stranded RNA virus of positive
polarity. The RNA is encapsidated by nucleocapsid proteins
and surrounded by a lipid envelope studded with viral glyco-
proteins. The spike glycoprotein is critical for binding to the
MHYV receptor (12) and eliciting neutralizing antibodies (13,
17, 48). The spike gene is 4,139 nucleotides (nt) in length and
encodes two posttranslational subunits: S1, which is predicted
to form the globular head, and S2, which is predicted to form
the stalk of the glycoprotein (10, 38). MHV RNA replicates by
a unique discontinuous transcription mechanism by which a 3’
coterminal nested set of subgenomic mRNAs is produced (28,
46). This discontinuous RNA synthesis likely contributes to the
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FIG. 1. RNA secondary structure of the 4,139-nt MHV JHM 2.2-V-1 spike glycoprotein predicted by MFOLD. The nucleotide sequence is as described by Taguchi
et al. (44), as modified by Wang et al. (47). Folding of the full-length MHV spike RNA sequence for the positive-strand sense (A) and negative-strand sense (B) is
shown. The sequence of the probe (boxed area labeled C) used to identify SDVs by differential hybridization (42) is coincident with a predicted isolated stem-loop

region.

high-frequency copy-choice RNA recombination observed dur-
ing MHV infection (5, 33). Indeed, RNA recombination can
occur during either positive- or negative-strand RNA synthesis
(30). The work of a number of investigators has shown that
MHYV recombinants arise during passage in tissue culture (22,
24, 27, 32, 33) as well as in inoculated animals (1, 23, 31).
Sequence analysis has revealed that the region between 1,200
and 1,800 nt from the 5" end of the spike RNA, termed the

“hypervariable” region, is partially or entirely deleted in a
number of MHYV isolates (reviewed in reference 42) (Fig. 1).
Recently, we found that recombination events which generate
viral RNAs with deletions in the spike gene sequence, termed
spike deletion variants (SDVs), contribute to the development
of a quasispecies in mice inoculated with MHV (42). Interest-
ingly, there was a correlation between the levels of SDVs and
disease severity. Mice with the most severe disease harbored
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FIG. 1—Continued.
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FIG. 2. Tllustration of the positions of the PCR primers (S1-1 and S1-2) used to amplify the S1 region and of probes A, B, C, and D and the wild-type probe used
to identify SDVs. The wild-type probe was generated as previously described (42). Probes A, B, C, and D were generated by PCR amplification of wild-type
S1-containing plasmid DNA with the following primers: probe A (nt 1149 to 1226), S1-7 (5'-GTGCTTTGGTAGTGTCTC-3") and S1-8 (5'-CCGGAGTTGCCAAT
TTGTA-3"); probe B (nt 1422 to 1467), S1-9 (5'-GCGACCTAGCTATTGTC-3') and S1-10 (5'-AGCGCTAACTATGTCCG-3"); probe C (nt 1548 to 1610), S1-5
(5'-CCATTTGCGCTCGGCAC-3') and S1-6 (5'-TTGGGTTTACAAGTGCACTC-3'); probe D (nt 1789 to 1855), S1-11 (5'-GATCGCTGCCAAATTTTTGC-3) and
S1-12 (5'-CTGTGGAACACGTAGTC-3"). The following conditions were used to generate the PCR products. One nanogram of the wild-type S1-containing plasmid
DNA was mixed with 99 pl of a master mix buffer containing 10 mM Tris-HCI (pH 8.3), 50 mM KCI, 1 mM MgCl,, 800 uM dNTP (800 pM [each] dATP, dCTP, dGTP,
and dTTP), an 0.8 WM concentration of each oligonucleotide primer, and 0.5 U of AmpliTaq DNA polymerase (Perkin-Elmer Cetus) in a 100-pl reaction volume. The
PCR reaction mixture was subjected to 35 cycles of amplification, with each cycle consisting of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s. The PCR products were
isolated, labeled, and used in differential colony hybridization as previously described (42).

the highest levels and most diverse quasispecies of SDVs. In
this study, we wanted to determine whether the SDVs so fre-
quently detected during persistent infection were generated by
random recombination events or if the RNA secondary struc-
ture was predisposing the spike sequence to specific copy-
choice recombination.

To explore the relationship between the spike gene RNA
secondary structure and the generation of SDVs, we generated
the complete RNA secondary structure fold of the 4,139-nt
MHV JHM 2.2-V-1 RNA (accession no., D10235 [44], with
point mutations incorporated in accordance with Wang et al.
[47]) by using version 2.2 of the MFOLD program (51) (ftp:/
/snark.wustl.edu) (Fig. 1). The MFOLD program determines
the global minimum free energy and suboptimal RNA second-
ary structures by pairing each nucleotide with all possible part-
ners in the sequence following thermodynamic rules and pa-
rameters (21). P-num (21), the number of all possible pairing
partners for each base (within a determined bracket of energy,
here 12 kcal), has been extracted and normalized with respect
to sequence composition and length (43). Regions with the
fewest alternative pairs (low P-num values, i.e., less than 3% of
the maximum P-num for each base at infinite energy) are
shown in red. Intermediate P-num values are shown in green
(between 3 and 6% of the maximum P-num), and regions with
the highest P-num values (above 6% of the maximum P-num)
are shown in black. For the positive strand, observed P-num
values range from a minimum value of 2 (base A1569) to a
maximum value of 465 (base G1876). After normalization, it
was found that 912 (22%) of the 4,139 total bases fell into the
red category, 1,302 (31.5%) fell into the green category, and
1,925 (46.5%) fell into the black category. Graphic represen-
tations were generated for the global minimum free energy
calculated by MFOLD into a PostScript (R) file by the pro-
gram NAVIEW (7) and were subsequently modified to include
color information (43).

Because MHYV recombination has been shown to occur dur-
ing both positive- and negative-strand RNA synthesis (30), we
folded the MHV spike RNA sequence in both the positive-
strand sense (Fig. 1A) and the negative-strand sense (Fig. 1B).
The predicted secondary structure of the spike RNA is striking

in that both the positive- and negative-strand RNAs fold to
generate a prominent stem-loop structure projecting from a
cruciate center. Interestingly, this isolated stem-loop structure
coincides with the hypervariable region or recombination “hot
spot” (nt 1200 to 1800) which is deleted in a number of MHV
variants as described above. Folding the RNA secondary struc-
ture of a common deletion variant (in which nt 1524 to 1625
were deleted) revealed that the isolated stem-loop structure
was deleted but that the overall secondary structure was es-
sentially unchanged for both positive and negative strands
(data not shown). We hypothesized that the isolated stem-loop
structure is involved in the high-frequency RNA recombina-
tion events that generate MHV SDVs.

To determine if the RNA recombination events which gen-
erate SDVs occur throughout the entire S1 region or if the
stem-loop structure is a preferred hot spot for recombination,
the S1 reverse transcription-PCR (RT-PCR) products gener-
ated in our previous study (42) from RNA isolated from the
spinal cords of 10 C57BL/6J mice sacrificed after acute (day 4)
infection with JHM 2.2-V-1 and 10 mice sacrificed after per-
sistent infection (day 42) were again cloned into pGEM-T and
analyzed by differential colony hybridization with probes A, B,
C, and D (Fig. 2). Putative SDV clones (i.e., clones that hy-
bridized to the wild-type probe but that did not hybridize to
one or more of the internal probes) were analyzed by sequenc-
ing as previously described (42).

Table 1 summarizes the data obtained by differential colony
hybridization with these probes. Of the 1,614 clones analyzed,
36 SDVs in which the C (core) region alone was deleted were
identified. In addition, one SDV in which the B region with the
C region was deleted and one double deletion in which a
portion of the D region together with the C region was deleted
were identified. Interestingly, no SDVs with a deletion in re-
gion A, B, or D independent of one in C were detected. This
suggests that RNA recombination events which generate SDVs
were occurring at a higher frequency in the core region than in
regions A, B, and D.

An analysis of these putative SDVs revealed that the per-
centages of SDVs detected in each mouse were consistent with
those from our previous study in which only the C probe was
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TABLE 1. Detection of SDVs by differential colony hybridization
from the spinal cord RNA of mice infected with MHV JHM*

No. of nonhybridizing clones

Total no. of clones
otal no. of €ones detected with probe:

Day PI” detected with
WT probe A B C D
4 861 0 0 2 0
42 753 0 1¢ 34 14

“ SDVs were identified from the population of viral RNAs by RT-PCR am-
plification of the S1 region followed by cloning of the PCR products and differ-
ential hybridization of recombinant clones with a wild-type (WT) probe and
region-specific probes A, B, C, and D as described in the text. Clones which
hybridized to the WT probe but not to one or more of the other four probes were
identified as SDVs and characterized by sequencing. No clones in which any
region was deleted independently of the C region were identified.

b P1, postinfection.

¢ Clone in which the B and C regions were deleted.

4 Clone in which the C and D regions were deleted.

used to detect SDVs (42). The data are as follows (the numer-
ator indicates the number of SDVs detected and the denomi-
nator indicates the total number of clones screened [numbers
in parentheses refer to our previous data]): mouse 4-1, 2/67
(2/71); mouse 4-4, 0/61 (1/78); mouse 42-1, 4/88 (5/79); mouse
42-2,13/63 (17/91); mouse 42-5, 13/81 (9/77); mouse 42-7, 5/60
(3/79); mouse 42-8, 1/80 (3/74). SDVs were not detected in
spinal cord samples from mice 4-2, 4-3, 4-5, 4-6, 4-7, 4-8, 4-9,
4-10, 42-3, 42-4, 42-6, 42-9, and 42-10 in either study when >60
clones per RT-PCR sample were screened. Consistent with the
hybridization data, sequence analysis revealed essentially the
same patterns of SDVs as previously described (42), with two
additional patterns identified from mouse 42-7. These SDVs
were designated patterns 24 (deletion of nt 1528 to 1616 and
1645 to 1814) and 25 (deletion of nt 1523 to 1650). Overall,
these results demonstrate that independent deletion isolates
were not detected with probes A, B, and D, indicating that if
such SDVs exist, they are much less prevalent in the popula-
tion than SDVs in which the C region is deleted.

Interestingly, both in-frame and out-of-frame recombination
events generating SDVs were detected, indicating that our
method is able to identify both potentially productive (in-
frame) and nonproductive (out-of-frame) RNA recombination
events. Therefore, the functional status of the spike protein
was not a limiting factor in the inability to detect SDVs with
deletions in regions A, B, or D.

To explore a potential mechanism for the generation of
SDVs, we mapped the left and right crossover sites of the 23
previously identified SDV patterns (42) and the two additional
SDV patterns identified in this study (patterns 24 and 25) to
the predicted RNA secondary structure of the spike gene (Fig.
3). By mapping the SDVs onto the positive- and negative-sense
spike RNA secondary structures (Fig. 3A and B, respectively),
we found that 13 of the 25 patterns of SDVs cluster at the base
of the isolated stem-loop structure. Interestingly, the left and
right crossover sites of these SDVs are directly across from or
proximal to one another, suggesting that these SDVs were
generated by an intramolecular recombination event. Upon
encountering this putative secondary structure, the RNA poly-
merase complex may jump to a spatially proximal template,
thereby deleting the hairpin structure. We designated this site
high-frequency recombination site 1 or HFR 1 (boxed areas in
Fig. 3).

In mapping additional SDVs onto the secondary structure,
we noted a second HFR site, HFR 2, at the base of a cruciate
structure of the positive-strand RNA (Fig. 3A) or in a region of
complex RNA structure in the negative strand (Fig. 3B). The
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left and right crossover sites for SDV patterns 13, 15, 16, 17,
and 21 fall within HFR 2. It has been proposed that complex
structures like these are involved in RNA recombination (8,
29, 45). For SDV patterns 12, 14, 18, 19, and 25, one crossover
site is located within HFR 1 and the corresponding crossover
site is located within HFR 2. This suggests that these regions of
extensive RNA secondary structure may be frequent sites of
polymerase falling-off and rejoining and likely contribute to
the frequent nonhomologous RNA recombination detected in
the spike RNA sequence. It is interesting that the HFR sites
are adjacent to regions of low P-num values (red regions) but
that the recombination events seem to occur in regions of
intermediate and high P-num values (green and black regions,
respectively). We speculate that the HFR sites may fold into
tertiary structures (that MFOLD is unable to predict) and that
such complex structures may facilitate high-frequency RNA
recombination. It is currently unclear if coronavirus RNA he-
licase activity affects high-frequency RNA recombination, as
has been shown for brome mosaic virus (35). The hypotheses
described above are consistent with the concept of high-fre-
quency RNA recombination occurring in regions of RNA fold-
ing (8, 50).

Previous studies have suggested that coronavirus RNA re-
combination may be random in the absence of selective pres-
sures. Banner et al. demonstrated that intermolecular recom-
binant spike RNA molecules (with 5’ sequences derived from
MHYV JHM and 3’ sequences derived from MHV AS59) could
be detected from coinfected DBT cells. Interestingly, the re-
combination events clustered to nt 1200 to 1500, the 5’'-most
portion of the hypervariable region (nt 1200 to 1800) of the
spike sequence. The authors initially suggested that an RNA
structure may be involved in both recombination and deletion
events which generate SDVs (3). However, later studies, in
which intracellular populations of recombinant RNAs were
compared to passaged viral RNAs, showed that initial RNA
recombination occurred randomly over the spike RNA se-
quence examined. The recombination sites became clustered
only after passaging these samples through tissue culture (4),
suggesting that recombinants resulted from selection and not
RNA recombination hot spots per se. Nevertheless, analysis of
MHYV recombination frequencies by Fu and Baric revealed
that there was a threefold increase in the proportion of recom-
binations within the S RNA sequence compared to that of the
polymerase region (18). Taken together, these studies raised
the question of whether SDVs detected during persistent in-
fection were the result of selection of random recombination
events or if RNA secondary structure was predisposing the
hypervariable region of the spike sequence to specific copy-
choice events. In our study, we identified two high-frequency
RNA recombination sites and suggest that the majority of the
SDVs were derived from intramolecular recombination events
during MHV JHM persistence. Intermolecular recombination
events may also occur throughout the RNA sequence but likely
represent a smaller proportion of the total recombination
events detected in persistently infected mice.

It is likely that two factors, (i) coronavirus RNA secondary
structure and (ii) host selective pressures, account for the types
of SDVs identified in vivo and in vitro. First, RNA secondary
structure may contribute to the generation of SDVs by bring-
ing particular regions of the RNA molecule in close proximity
and thus providing an opportunity for RNA recombination.
Second, host factors may select for the propagation of certain
SDVs. For example, in-frame SDVs may bind to tissue-specific
receptors, including those recently identified in the central
nervous system (11). Also, SDVs which delete the major spike
cytotoxic T lymphocyte (CTL) epitope may escape CTL killing
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FIG. 3. Enlargement of the predicted folding of the MHV spike RNA sequence focusing on the isolated stem-loop region. Endpoints of the spike deletion variants
which cluster to regions designated HFR site 1 and HFR site 2 are depicted on the positive-strand sense (A) and negative-strand sense (B). The nucleotides bordering
the deletion sites of individual SDVs are numbered at the left crossover site (designated by circled numbers) and at the corresponding right crossover site (designated
by uncircled numbers). For example, for SDV 1 (in which nucleotides 1533 to 1616 were deleted), left crossover position 1532 and right crossover position 1617 are

indicated. (For double deletions, only the core deletion is indicated.)

and thereby continue to replicate during persistent infection
(6, 9, 39). In addition, certain SDVs may have reduced cyto-
pathic effects or reduced fusion efficiencies compared to wild-
type virus (16, 19). Clearly, one or more of these selective
pressures may influence the type of SDVs we detect in persis-
tently infected animals. However, the analysis of out-of-frame
SDVs which are not subject to selection pressures provides
important information about the relative frequency of spike
recombination events. If RNA recombination events occurred
with equal frequency throughout the spike sequence, we would
have expected to detect deletion variants in all of the regions
examined. Remarkably, out-of-frame variants were detected
exclusively in the core region (nt 1548 to 1610), suggesting that
RNA secondary structure contributes to the S1 hypervariability
seen in this region during persistent infection.

Our results illustrate the potential of applying RNA second-
ary structure analyses to large (>4 kb) RNA sequences to
study the complex role of RNA secondary structure in recom-
bination events. Such predictions have been useful in the study
of recombination events which generate small defective inter-
fering RNAs (49) and virus-associated RNAs (8). Cascone and
coworkers demonstrated that single base mutations that dis-
rupt stem or loop structures eliminated recombination events
in turnip crinkle virus (8). Clearly, the most expeditious means
of studying the role of the MHYV spike RNA secondary struc-
ture would be to introduce mutations into a full-length cDNA
clone and determine if disruption of the predicted RNA sec-
ondary structure alters the frequency or accumulation of de-
letion variants. However, since no functional cDNA clone is
yet available for murine coronavirus, future studies will involve
testing the RNA secondary structure prediction provided here
within a replication-competent defective interfering RNA.
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