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Chimeric Exchange of Coronavirus nsp5 Proteases (3CLpro) Identifies
Common and Divergent Regulatory Determinants of Protease Activity
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Human coronaviruses (CoVs) such as severe acute respiratory syndrome CoV (SARS-CoV) and Middle East respiratory syn-
drome CoV (MERS-CoV) cause epidemics of severe human respiratory disease. A conserved step of CoV replication is the trans-
lation and processing of replicase polyproteins containing 16 nonstructural protein domains (nsp’s 1 to 16). The CoV nsp5 pro-
tease (3CLpro; Mpro) processes nsp’s at 11 cleavage sites and is essential for virus replication. CoV nsp5 has a conserved
3-domain structure and catalytic residues. However, the intra- and intermolecular determinants of nsp5 activity and their con-
servation across divergent CoVs are unknown, in part due to challenges in cultivating many human and zoonotic CoVs. To test
for conservation of nsp5 structure-function determinants, we engineered chimeric betacoronavirus murine hepatitis virus
(MHYV) genomes encoding nsp5 proteases of human and bat alphacoronaviruses and betacoronaviruses. Exchange of nsp5 pro-
teases from HCoV-HKU1 and HCoV-OC43, which share the same genogroup, genogroup 2a, with MHYV, allowed for immediate
viral recovery with efficient replication albeit with impaired fitness in direct competition with wild-type MHV. Introduction of
MHYV nsp5 temperature-sensitive mutations into chimeric HKU1 and OC43 nsp5 proteases resulted in clear differences in viabil-
ity and temperature-sensitive phenotypes compared with MHV nsp5. These data indicate tight genetic linkage and coevolution
between nsp5 protease and the genomic background and identify differences in intramolecular networks regulating nsp5 func-

tion. Our results also provide evidence that chimeric viruses within coronavirus genogroups can be used to test nsp5 determi-
nants of function and inhibition in common isogenic backgrounds and cell types.

C oronaviruses (CoVs) are enveloped, positive-strand RNA vi-
ruses that infect a wide range of animal hosts. Human CoVs
cause illnesses including the common cold and severe acute respi-
ratory syndrome (SARS) as well as the recently identified Middle
East respiratory syndrome (MERS) associated with infection of a
novel coronavirus (1). Coronaviruses are members of the order
Nidovirales, tamily Coronaviridae, and subfamily Coronavirinae.
Among the viruses in Coronavirinae, four main genera have re-
cently been designated (2): alphacoronaviruses, which contain
human coronavirus 229E (HCoV-229E) and HCoV-NL63; beta-
coronaviruses, containing human coronaviruses SARS-CoV,
HKU1, MERS-CoV, and OC43; and gammacoronaviruses and
deltacoronaviruses, from which no current human coronaviruses
have been identified. The betacoronavirus murine hepatitis virus
(MHV) is a well-established model for the study of coronavirus
replication and pathogenesis. The MHV genome is 32 kb in length
and encodes 7 genes (Fig. 1A) (3-5). An essential step of CoV
replication is the translation of the ORF1ab replicase polyproteins
and the subsequent processing of up to 16 nonstructural proteins
(nsp’s 1 to 16), including the nsp12 RNA-dependent RNA poly-
merase (3, 5, 6). CoV nsp5 protease (3CLpro; Mpro) mediates
processing at 11 distinct cleavage sites, including its own autopro-
teolysis, and is indispensable for virus replication (5, 7-13). nsp5
exhibits a conserved three-domain structure containing a chy-
motrypsin-like fold formed by domains 1 and 2 as well as a third
domain of unclear function but which likely is important for the
required dimerization of nsp5 (Fig. 1B) (8-10, 12-16).
Numerous studies have identified interacting residues within
nsp5 and between nsp5 and other replicase nsp’s that are essential
for nsp5 regulation and function. Studies evaluating SARS-CoV
nsp5 dimerization have identified three separate mutations in
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nsp5 that are >9 A from known dimerization determinants and
which disrupt or abolish nsp5 dimerization in vitro (17-19). Other
studies have demonstrated that mutations in nsp3 and nsp10 alter
or reduce nsp5-mediated polyprotein processing (20, 21). Mu-
tagenesis of the cleavage site between nsp15 and nsp16 of infec-
tious bronchitis virus (IBV) resulted in the emergence of a second-
site mutation near the catalytic site in nsp5 (22). We previously
described three separate temperature-sensitive (ts) mutations
(S133A, V148A, and F219L) located in domains 2 and 3 of MHV
nsp5, which are independent of known catalytic or dimerization
residues but which nevertheless result in clear impairment of
nsp5-mediated polyprotein processing and virus replication at
nonpermissive temperatures (Fig. 1C) (23, 24). Replication at
nonpermissive temperatures resulted in the emergence of second-
site suppressor mutations, which arose largely in combinations
and were distant from their cognate ts residues. One of these sec-
ond-site mutations, H134Y, was independently selected in all
three s viruses. Collectively, these data support the hypothesis
that nsp5 protease activity is extensively regulated by intra- and
intermolecular interactions. However, it remains unclear whether
intramolecular residue networks or the context of nsp5 in the
replicase polyprotein is conserved between closely related corona-
viruses.
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FIG 1 Murine hepatitis virus (MHV) genome and nsp5 protease structure
and activity. (A) The MHV genome consists of 7 genes. The replicase gene
encodes 16 nonstructural proteins that are processed by viral papain-like pro-
tease 1 (PLP1), PLP2, and nsp5 protease. nsp5 is responsible for 11 processing
events between nsp’s 4 and 16. Cleavage events are color coded and marked by
asterisks. RARP, RNA-dependent RNA polymerase; Hel, helicase; ExoN,
exoribonuclease; EndoU, endoribonuclease; O-MT, O-methyltransferase. (B)
Alignment of nsp5 crystal structures for HKU1 (PDB accession number
3D23), SARS-CoV (PDB accession number 2H2Z), HCoV-229E (PDB acces-
sion number 1P9S), and IBV (PDB accession number 2Q6D) and a model
generated by using these structures and Modeller (29) for MHV nsp5. (C)
Modeled structure of MHV nsp5 identifying the location of catalytic dyad
residues H41 and C145 (black) and previously described temperature-sensi-
tive (red) and second-site suppressor (green) mutations. Lines have been used
to denote residues connected by phenotypic reversion.

In this study, we engineered chimeric MHV genomes encoding
nsp5 from other alphacoronaviruses and betacoronaviruses to test
for conservation of structure-function determinants and intra-
molecular residue networks. We demonstrate that exchange of
nsp5 proteases from HKU1 and OC43, both of which are human
betacoronaviruses that share a genogroup (genogroup 2a) with
MHYV, permits recovery of viruses in MHV with efficient replica-
tion. However, both chimeric MHV's were unable to compete with
wild-type MHV (WT-MHYV) in direct coinfection fitness experi-
ments. Exchange of nsp5 proteases from other genogroups (geno-
groups 2b and 2¢) did not permit recovery in chimeric MHV. To
evaluate the conservation of residue determinants of nsp5 func-
tion in HKU1 and OC43, we introduced the MHV ts mutations
S133A, V148A, and F219L. We show that these mutations result in
clear phenotypic differences in the heterologous nsp5. Together,
these results demonstrate selection for divergence of nsp5 deter-
minants in conserved structure and function and suggest signifi-
cant coevolution of nsp5 with other determinants in the genome.
The results emphasize the importance of platform approaches for
testing of cross-sensitivity of any identified nsp5 inhibitors. Our
chimeric substitution of nsp5 proteases constitutes such a plat-
form for evaluating structure-function conservation within a
genogroup, providing a system for testing nsp5 inhibitors against
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human or zoonotic nsp5 proteases in an isogenic cloned back-
ground and CoVs for which cultivation is not possible.

MATERIALS AND METHODS

Viruses and cells. Recombinant WT-MHYV strain A59 (GenBank acces-
sion number AY910861) was used for all WT-MHV studies and was mod-
ified in the generation of recombinant chimeras containing HKU1 (H5-
MHV) or OC43 (O5-MHV) nsp5 sequences. Naturally permissive
murine delayed brain tumor (DBT) cells and baby hamster kidney 21 cells
expressing the MHV receptor (BHK-MHVR) were used for all experi-
ments (25). Dulbecco’s modified Eagle medium (DMEM) (Gibco) sup-
plemented with 10% heat-inactivated fetal calf serum (FCS) with and
without G418 to maintain selection for MHVR expression in BHK cells
was used for all experiments described.

Cloning and recovery of chimeric and mutant viruses. Viruses were
assembled and recovered by using the MHV infectious clone protocol
described previously (25). The nsp5-coding sequences for human coro-
naviruses HKU1 (GenBank accession number NC_006577), OC43 (ac-
cession number NC_005147), SARS-CoV (accession number AY278741),
229E (accession number NC_002645), and NL63 (accession number
NC_005831) and bat coronavirus HKU4 (accession number NC_009019)
were each synthesized in the cloned MHV cDNA genome fragments (Bio-
Basic), and sequences were confirmed prior to attempted virus recovery
(26-28). Using the assembly protocol described here, the genomic cDNA
fragments were ligated, transcribed, and electroporated into BHK-MHVR
cells, which were then added to a subconfluent flask of DBT cells at 37°C
(25).

RNA extraction and genomic sequencing. Confluent monolayers of
DBT cells in T25 (25-cm?) flasks were infected at a multiplicity of infec-
tion (MOI) of 5 PFU/cell and grown until 30 to 50% of the cells were
involved in syncytia. RNA isolation, reverse transcription, and cDNA am-
plicon synthesis were performed as previously described (24). The com-
plete genomes of H5-MHV and O5-MHYV were verified by sequencing.
Sequencing of all other viruses involved reading the nsp5-coding region
(nucleotides 10160 to 11799).

Analysis of virus replication. Virus infections were carried out in
6-well plates containing confluent monolayers of DBT cells. Cells were
infected at MOIs of 0.01 and 1 PFU/cell at 32°C or 37°C. Samples of
supernatants were acquired in triplicate for titer determinations at the
time points indicated, and the dishes were supplemented with prewarmed
media to ensure a constant volume. Viral titers were determined by plaque
assays in duplicate, as previously described (24). Error bars reflect the
standard deviations from the means for samples of multiple replicates.

Assay of virus fitness. Confluent monolayers of DBT cells were coin-
fected with combinations of WT-MHV, H5-MHYV, or O5-MHYV in tripli-
cate at ratios of 1:1 or 1:10 to a total MOI of 0.01 PFU/cell in T25 flasks.
When infected cells were observed to have 30 to 50% involvement by
virus-induced syncytia, the supernatant was removed and stored at
—80°C, and the monolayer was treated with TRIzol reagent for total RNA
acquisition. To initiate subsequent passages, the medium supernatant was
thawed at 4°C, and 5 pl was added to each of three T25 flasks of confluent
cells. RNA was isolated and reverse transcribed as previously described
(24). Amplicons using oligonucleotides flanking the nsp5-coding region
were generated and treated with HKU1 (HinclII) and OC43 (BsiWI) se-
quence-specific restriction enzymes, which resulted in a single digest. The
bands were resolved on a 0.8% agarose gel containing ethidium bromide,
imaged, and quantified by densitometry.

Isolation and expansion of suppressor mutants. A plaque assay was
performed by infecting DBT cells in duplicate in 6-well plates with serial
dilutions and a 1-h adsorption period at 32°C. The overlay contained a 1:1
mixture of 2% agar and 2X DMEM. The plates were incubated for 48 h
until plaques were easily visible. Ten plaques were selected for each virus
sample and resuspended in gel saline. Isolated plaques for each virus were
used to infect separate T25 flasks for expansion at 40°C. Flasks were re-
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moved from nonpermissive temperatures when 70 to 95% of cells were
involved in syncytia, and RNA was then isolated as described above.

Sequence analyses and modeling of the MHV nsp5 structures. A
multiple-sequence alignment and a phylogenetic tree of coronavirus nsp5
sequences were generated by using ClustalX and a bootstrap alignment
from 1,000 trials. The X-ray crystal structure of HCoV-HKU1 nsp5 (PDB
accession number 3D23) was used for structure comparisons and to gen-
erate structural models of MHV and OC43 (13). Structural models were
generated by using Modeller and MacPyMol (DeLano Scientific) (29).
Other coronavirus nsp5 X-ray structures used for alignment and compar-
isons were SARS-CoV (PDB accession number 2H2Z), HCoV-229E (PDB
accession number 1P9S), and IBV (PDB accession number 2Q6D) (9,
10, 12).

RESULTS

MHYV replication is supported by nsp5 from HCoV-OC43 and
-HKU1. We engineered chimeric genomes of MHV-A59 by re-
placing MHV nsp5 with the nsp5 coding sequence of the beta-
coronaviruses HCoV-HKU1 (genogroup group 2a), HCoV-
OC43 (group 2a), SARS-CoV (group 2b), and bat CoV-HKU4
(group 2c) as well as the alphacoronaviruses HCoV-229E and
HCoV-NL63. Chimeric MHV-A59 viruses encoding nsp5 from
HKU1 (H5-MHYV) and OC43 (O5-MHYV) were readily recovered
at 37°C and exhibited cytopathic effects and recovery similar to
those of wild-type MHV on murine delayed brain tumor (DBT)
cells (Fig. 2A). No other chimeric viruses were recovered despite
multiple attempts at recovery. The complete genome sequences of
chimeric H5- and O5-MHYV identified an intact heterologous
nsp5 sequence and no additional mutations. To compare the rep-
lication of the chimeric H5- and O5-MHYV viruses to that of wild-
type MHV (WT-MHV), replicate plates of murine DBT cells were
infected at alow multiplicity of infection (MOI) (0.01 PFU/cell) or
a high MOI (1 PFU/cell). In low-MOI infection, WT-MHYV and
the chimeric H5- and O5-MHYV exhibited similar replication and
attained peak titers at the same time postinfection (p.i.) (Fig. 2B).
During single-cycle infection (MOI = 1 PFU/cell), both H5- and
0O5-MHYV attained peak titers similar to those of WT-MHV; how-
ever, O5-MHV and H5-MHYV displayed approximately 10-fold
and 30-fold reductions in titers, respectively, compared to WT-
MHYV at 8 h p.i. (Fig. 2C). Overall, the results demonstrated that
chimeric viruses containing nsp5 from OC43 and HKU1 medi-
ated all steps required for replication but suggested possible subtle
differences in the timing and efficiency of function in a heterolo-
gous background.

MHYV temperature-sensitive mutations differ in their pheno-
types in chimeric H5-MHYV and O5-MHYV. To evaluate the differ-
ences and conservation of intramolecular regulation between
MHYV, HKUI, and OC43 nsp5 proteases, we substituted S133A,
V148A, and F219L mutations into the background of the chimeric
H5-MHV and O5-MHV genomes. We have previously shown
that in MHYV, the three temperature-sensitive (¢s) mutations im-
pair virus replication and nsp5-mediated polyprotein activity at a
nonpermissive temperature of 40°C (23, 24) (Fig. 1C). HKU1 and
OC43 nsp5 proteases have identical amino acid residues at the
equivalent s allele positions of MHV and share an isogenic MHV
background in the context of the chimeric H5- and O5-MHVs.
Three different chimeric viruses containing the MHV tempera-
ture-sensitive mutations were successfully recovered at 32°C and
sequence confirmed without additional mutations in nsp5: H5-
V148A (H5-MHYV with a V-to-A mutation at position 148), O5-
V148A, and O5-S133A (Fig. 3A). In contrast, the H5-F219L, O5-
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FIG 2 Recovery and virus replication kinetics of H5- and O5-MHYV. (A) Virus
constructs containing nsp5 protease substitutions of OC43 (green) or HKU1
(red). Proteases and cleavage sites are color coded. (B and C) DBT cells were
infected with WT-MHV, H5-MHV, or O5-MHYV at 37°C at an MOI of either
0.01 PFU/cell (B) or 1 PFU/cell (C). Samples were acquired in triplicate (n =
3), and titers were determined by plaque assays in duplicate per sample. Error
bars reflect standard deviations from the means based on samples from mul-
tiple biological replicates for each time point.

F219L, and H5-S133A mutants could not be recovered after
multiple independent attempts at 32°C, indicating a different re-
sponse to the conditional mutations in nsp5 between all three
viruses.

To assess temperature sensitivity of the recovered viruses, in-
fections were performed at 32°C and 40°C, and the efficiency of
plating (EOP) (ratio of titers at 40°C to 32°C) was determined.
The V148A mutation did not confer a temperature-sensitive phe-
notype in either the HKU1 or OC43 chimeric virus background at
40°C. In contrast, the O5-S133A mutant was fs, while the H5-
S133A mutant could not be recovered. Replication kinetics were
determined during infection of DBT cells at an MOI of 1 PFU/cell
at 32°C (Fig. 3B) or with a temperature shift at 6 h p.i. to 40°C (Fig.
3C). The chimeric and mutant viruses all replicated similarly to
WT-MHV at 32°C. After a shift to 40°C at 6 h p.i., only the O5-
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FIG 3 Evaluation of temperature sensitivity and replication kinetics of H5-
and O5-MHYV containing MHYV tsalleles S133A and V148A. (A) Virus titers for
WT-MHV, H5-MHV, O5-MHYV, and H5- and O5-MHV containing either
S133A or V148A mutations were determined by plaque assays on DBT cells at
either 32°C or 40°C. The EOP was determined as the ratio of the average titers
for 40°C over 32°C. (B and C) DBT cells were infected at an MOI of 1 PFU/cell.
Samples were acquired from triplicate infections at various time points, and
the temperature either remained at 32°C (B) or was shifted to 40°C (C) at 6 h
p.i. Titers were determined by plaque assays in duplicate per sample, and the
standard deviations from the means are shown for all time points from mul-
tiple replicates.

S133A mutant exhibited impaired growth, manifesting as no de-
tectable replication from 6 to 10 h p.i., followed by low-level ex-
ponential replication with impaired peak titers. Previous studies
reported possible intermolecular regulation of nsp5 by nsp3 and
nspl0 (20, 21). We therefore sequenced across the nsp3- and
nsp10-coding regions. No second-site mutations were detected in
the nsp3- and nspl0-coding regions of the H5-V148A, O5-
V148A, and O5-S133A populations at peak titers. The delayed
recovery of replication in the O5-S133A mutant suggested the
emergence of phenotypic revertants, so the O5-S133A virus was
passaged at 40°C, and plaque isolates were selected and sequenced
for nsp5 mutations, resulting in the identification of two putative
suppressor mutations, A116V and N8Y (Fig. 4A). These residues
differ from the H134Y suppressor mutant viruses that arose in
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MHYV; however, Y134 is already present in the O5-S133A mutant
and did not suppress the s phenotype. While we did not directly
test these residues for the capacity to suppress the SI33A pheno-
type, they were associated with recovery in virus replication and
were the only mutations identified individually with retention of
the S133A mutation.

Nsp5 protease residue Y134 regulates nsp5 function in MHV
and OC43. We demonstrated previously that a single H134Y sup-
pressor mutation in MHV was capable of partially or fully sup-
pressing independently the phenotype of all three s mutations
(S133A, V148A, and F219L) (23, 24). To test whether the Y134
native residue in nsp5 of OC43 and HKU1 was necessary for the
non-ts phenotype of the O5-V148A and H5-V148A viruses, we
introduced a Y134H mutation into each virus containing the
V148A mutation to recapitulate the MHV wild-type H134 residue
(Fig. 4B). The O5-V148A/Y134H virus demonstrated a clear tran-
sition to a ts phenotype (Fig. 4C), as evidenced by a substantial
decrease in the EOP. In contrast, the H5-V148A/Y134H mutant
could not be recovered at either 32°C or 37°C. These data demon-
strate that the Y134 residue identified as a second-site suppressor
mutation of all three MHV #s mutants also confers resistance to
temperature sensitivity in the background of O5-V148A. Surpris-
ingly, introduction of the Y134H mutation in the background of
H5-V148A resulted in a lethal phenotype. Collectively, these data
demonstrate a critical role of residue 134 in nsp5 function.

H5- and O5-MHYV exhibit reduced fitness relative to WT-
MHYV. The replication assays and results from introduction of
MHYV fts residues into the backgrounds of H5- and O5-MHYV in-
dicate that subtle differences in structure or sequence between the
proteases can have a significant impact on nsp5 activity and regu-
lation. To directly test the differences between WT-MHYV and the
chimeric O5- and H5-MHYV, we performed competitive fitness
assays in which DBT cells were coinfected with WT-, H5-, and
0O5-MHYV at different ratios and at a total MOI of 0.01 PFU/cell.
When cells were ~30% involved in syncytia, total cellular RNA
was harvested and used to generate cDNA amplicons containing
the nsp5-coding region, as previously described (30). The ampli-
cons were then digested with restriction endonucleases that rec-
ognize unique sites in the nsp5 sequence of HKU1 or OC43, fol-
lowed by electrophoresis and densitometric analysis (Fig. 5A and
B). Following coinfection with MHV and either O5-MHYV or H5-
MHYV at an initial ratio of 1:1, WT-MHYV represented >75% of
supernatant infectious virus after passage 1 (P1), and by P3, al-
most no chimeric virus was detected (Fig. 5C). Even when H5-
MHYV or O5-MHYV was inoculated with a 10:1 advantage over
WT-MHYV, the amount of WT-MHV was equivalent to or ex-
ceeded the amount of the chimeric mutants by P2, and WT-MHV
was dominant in both cases by P3.

We next directly compared H5-MHV and O5-MHYV to deter-
mine if there were differences in competitive fitness in the chime-
ric viruses (Fig. 5C). At a 1:1 ratio for coinfection, the relative
amounts of H5:05 detected were approximately 1:1, with no clear
fitness advantage through P3. Even when O5-MHV was given a
10:1 advantage, H5-MHYV was still present at P3 at amounts sim-
ilar to those of the initial coinfection, indicating no significant
fitness advantage for O5-MHYV over H5-MHV. These results dem-
onstrated that while the replication defects of chimeric H5-MHV
and O5-MHYV were mild in single infection, introduction of even
a closely related nsp5 resulted in a profound loss of competitive
fitness compared to WT-MHV. These data demonstrate that nsp5
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HCoV 0C43 41 HVICSASDMTNPDYTNLLCRVTSSDFTVLFDRLSLTVMSY 80

iD2 116
0C43 MHV-A59 81 QMQGCQLVLTVTLQNPNTPK&SFGVVKPGETFTVLAAYNG 120
nsp5 HCoV HKU1 81 QMQGCQLVLTVSLQNPYTPK?TFGNVKPGETFTVLAAYNG 120
HCoV 0C43 81 QMRGCMLVLTVTL?NSRTPKWTFGVVKPGETFTVLAAYNG 120
13 |
129 "33, « 148
MHV-A59 121 RPQGAFHVTLRSSHTIKGSFLCGSCGSVGYVLTGDSVRFV 160
HCoV HKUl 121 RPQGAFHVTMRSSYTIKGSFLCGSCGSVGYVLTGDSVKFV 160
HCoV 0C43 121 KPQGAFHVTMRSSYTIKGSFLCGSCGSVGYVIMGDCVKFV 160
D3
MHV-A59 161 YMHQLELSTGCHTGTDFSGNFYGPYRDAQVVQLPVQDYﬁQ 200
HCoV HKU1 161 YMHQLELSTGCHTGTDFTGNFYGPYRDAQVVQLPVKDYﬁQ 200
HCoV 0C43 161 YMHQLELSTGCHTGTDFNGDFYGPYKDAQVVQLLIQDYﬁQ 200
1
MHV-A59 201 TVNVVAWLYAAIFNRCNWFVQSDSCSLEEFNVWAMTNGFS 240
HCoV HKU1l 201 TVNVIAWLYAAILNNCAWFVQNDVCSTEDFNVWAMANGFS 240
(: . . HCoV 0C43 201 SVNFVAWLYAAILNNCNWFVQSDKCSVEDFNVWALSNGFS 240
" Virus Titers (PFU / mL) EOP 270
Virus 2°C_ | 40°C | 40°32°
3 MHV-A59 241 SIKADLVLDALASMTGVTVEQVLAAIKRLHSGFQGKQILG 280
WT MHV 9.0x107 | 1.5x 107 6.0 HCoV HKU1l 241 QVKADLVLDALASMTGVSIETLLAAIKRLYMGFQGRQILG 280
HCoV 0C43 241 QVKSDLVIDALASMTGVSLETLLAAIKRLKNGFQGRQIMG 280
MHV ts V148A | 3.0x 108 | 29x 102 | 9.7 x 10 285
MHV-A59 281 SCVLEDELTPSDVYQQLAGVKLQ 303
1 281 SCTFEDELAPSDVYQQLAGVKLQ 303
05-V148A/Y134H | 2.0x 105 | 5. 1| 25x10% HCoV HKU
SO HCoV 0C43 281 SCSFEDELTPSDVYQQLAGIKLQ 303

FIG 4 Selection for second-site suppressor mutations of the O5-S133A virus. (A) Location of the S133A s allele (red) and its identified second-site suppressor
mutations (green) and the V148A and Y134H mutations (red), which result in a ts phenotype in combination on a model of OC43 nsp5 generated by using the
crystal structure of HKU1 nsp5 (PDB accession number 3D23) and Modeler. (B) Primary sequence alignment of MHV-A59, HCoV-HKU1, and HCoV-OC43.
Domain partitions are denoted by dotted lines and are labeled. The catalytic dyad residues are labeled with asterisks. The S133A, V148A, and F219L mutations
are highlighted and labeled in red. Second-site mutations identified for individual viruses are shown in green. (C) Virus titers for WT-MHYV, the MHV-V148A
ts mutant, and O5-MHYV containing V148A and Y134H mutations were determined by plaque assays on DBT cells at either 32°C or 40°C. The EOP was

determined at the ratio of the average titers for 40°C over 32°C.

of closely related coronaviruses can mediate all required activities
for replication in culture in the heterologous MHV background
but that the mismatch between protease and viral background has
profound consequences for the fitness of the recombinant virus.

DISCUSSION

Coronavirus nsp5 proteases play a critical role in the proteolytic process-
ing of the replicase polyproteins and are regulated by both intramolecular
residue networks and associations with other nsp’s. In this study, we
tested the impact of specific conserved residues and genetic backgrounds
on the activity of nsp5 using chimeric MHV as a common platform. Our
results show successful recovery of chimeric MHV with nsp5 proteases
only from very closely related CoVs of the same genogroup (betacorona-
virus group 2a). Furthermore, we demonstrate that three previously
characterized MHV s mutations result in clearly different phenotypes in
the chimeric virus backgrounds of H5- and O5-MHV. Finally, we show
that substitution of analogous nsp5 proteases of the same genogroup,
although replication competent, results in fitness impairment during di-
rect competition with wild-type MHV.

These data suggest that differences between proteases and their
interactions with their respective virus backgrounds may have pro-
vided a pressure for intramolecular reorganization between even
closely related coronavirus species. The structures of nsp5 proteases
from several divergent CoVs have been solved, providing important
insights into the structure-function relationships of nsp5, including
the relationships of the N and C termini, and predicted determinants
of dimerization (8-10, 12, 13, 15, 17, 31-34). In addition, biochemi-
cal studies of purified nsp5 have been used to test the specificity for
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different cleavage sites in small peptides (7, 11, 33, 35-38). However,
the role of nsp5 in regulating replicase polyprotein processing during
virus infection remains much less well understood. Specifically, fol-
lowing translation of ORFla/b, nsp5 must properly fold within the
context of the replicase polyprotein and an nsp4-10 intermediate,
orchestrate its autoproteolytic processing, dimerize, and recognize
and process up to 9 additional cleavage sites (5, 9, 14, 34, 39, 40).
Thus, while the general specificity of nsp5 is known for specific cleav-
age site peptides in vitro, the accessibility, activity, and hierarchy of
events during infection are not known. Our study suggests a high
degree of both intra- and intermolecular coevolution of nsp5 even
among closely related CoVs and potential barriers to genetic ex-
change across more divergent CoVs. Furthermore, the chimeric-ex-
change approach used in this study provides a framework for com-
paring nsp5 proteases between CoVs and identifying intra- and
intermolecular determinants of nsp5 function.

Intramolecular regulation of nsp5 activity. Coronavirus nsp5
proteases display a high degree of tertiary structure conservation and
a conserved core of residues around the active site. As we have shown
for MHV, there are a number of conserved residues, independent of
known catalytic and dimerization regions, which span the protease
structure and may be functionally conserved between divergent pro-
teases (24). The structural and functional roles of these residues and
other nonconserved residues proximal to them remain largely un-
known. We show in this study that the temperature-sensitive residues
reported for MHV nsp5 domains 2 and 3 are also important for rep-
lication and temperature sensitivity in HKU1 and OC43 (Table 1).
However, these results also demonstrate that the genetic divergence
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FIG5 Fitness analysis of H5- and O5-MHYV. (A) Confluent monolayers of DBT cells were infected with WT-MHV, H5-MHYV, or O5-MHYV, and total RNA was isolated.
cDNA amplicons containing the nsp5-coding region were generated and digested with HKU1 or OC43 nsp5-specific restriction enzymes and resolved by electrophoresis.
(B) WT-MHV, H5-MHYV, or either 1:1 or 1:10 mixtures of purified RNA were reverse transcribed, digested with an HKU1 nsp5-specific restriction enzyme, and resolved
by gel electrophoresis. (C) Coinfections of either WT- and H5-MHYV (red) or WT- and O5-MHV (green) at ratios of 1:1 or 1:10 were carried out at 37°C and at a total

MOI 0f 0.01. The viruses were passaged three times (P1 to P3), each in triplicate (n

= 3). Digested amplicons for one of each of the infections as well as the quantification

of the ratio of WT-MHYV to either H5- or O5-MHYV and the ratio of H5-MHV to O5-MHYV, as determined by the averages of three replicates at each designated passage,
are shown. Error bars represent the standard deviations from the means for each of the relative frequencies shown.

of nsp5, even in closely related viruses with similar structures, is asso-
ciated with subtle refining of the intramolecular communication net-
works and their role in regulating protease activity. When we mod-
eled the s mutations in the solved structures of nsp5 proteases of
HCoV-HKU1, HCoV-229E, and SARS-CoV, there were no predic-
tions of significant proximal or more distal propagated structural
perturbations that might account for the demonstrated changes. This
result was similar to the results of our original studies (23, 24). These
data suggest that the functional impact of these mutations or their
pathways of intramolecular communication may be too subtle to be
identified by modeling or may be limited to elevated temperatures.
The emergence of unique putative second-site mutations during phe-
notypic reversion of the O5-S133A virus indicates that the ts and
second-site suppressor communication pathways described for
MHYV differ in the context of chimeric OC43. However, these data do
not exclude the possibility that other regulatory networks may be
shared between closely related virus species. This is supported by the
common role of the Tyr134 residue between MHV and OC43. This

TABLE 1 Summary of temperature-sensitive and second-site suppressor

residue was also selected for a H134Y substitution during mouse ad-
aptation of the more distantly related SARS-CoV (41). Potential ex-
planations of Y134 function may include stabilization of the active
site, disruption of dimerization, or modification of protease specific-
ity. The selection of changes at Y134 in three different and divergent
virus backgrounds and conditions emphasizes the importance of this
residue. Biochemical characterization of purified mutant proteases,
which is under way, will be essential to precisely define the functional
role of the tested mutations in thermal stability, protease activity, and
cleavage site specificity.

Intermolecular regulation and potential for coronavirus
nsp5 exchange. Previous studies noted that the tertiary structure of
nsp5 and cleavage site recognition sequences are largely conserved
across all known coronavirus strains (8, 9, 11-13, 42). However, we
demonstrate that chimeric substitution of more diverged nsp5 pro-
teases prevents virus recovery. Furthermore, substitution of nsp5
from even the same genogroup (genogroup 2a) is associated with
clear fitness costs during direct competition. Amino acid alignments

mutations in MHV, HKU1, and OC43 nsp5 proteases

Virus phenotype and suppressor mutation(s) detected”

Mutation MHV HKU1 0C43
S133A ts (EOP =3 X 107°) Not recovered ts (EOP = 6 X 1077)
Sup, T129M, H134Y Sup, N8Y, A116V
V148A ts(EOP =1 X 107%) Not ts (EOP = 3 X 10°) Not ts (EOP = 2 X 10°)
Sup, S133N, H134Y With +Y134H, not recovered +Y134H, ts (EOP = 3 X 10~%)
F219L ts (EOP =3 X 107°) Not recovered Not recovered

Sup, H134Y, E285V, H270HH

“ Sup, suppressor mutation(s).
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FIG 6 Phylogeny of coronavirus nsp5. The phylogenetic tree was generated by
using a bootstrap alignment of CoV nsp5 sequences. The phylogenetic genera
and the betacoronavirus subgroups (genogroups) are indicated. The percent
amino acid identity relative to MHV nsp5 is shown in lightface type. TGEV,
transmissible gastroenteritis virus; PEDV, porcine epidemic diarrhea virus;
BtCoV, bat coronavirus.

of nsp5 proteases of betacoronaviruses MHV, HKU1, and OC43 ex-
hibit 80 to 84% sequence identity to each other and occupy the same
genogroup, genogroup 2a. In contrast, nsp5 proteases of alphacoro-
naviruses 229E and NL63 and more distantly related betacoronavi-
ruses SARS-CoV and bat HKU4 show no greater than 53% identity
(Fig. 6). Bat CoV-HKU4 nsp5 was selected for exchange in this study
since it exhibits the highest identity (53%) among coronaviruses out-
side betacoronavirus group 1 (genogroup 2a) (containing MHV,
HKU1, and OC43) and shows high sequence homology (81% iden-
tity) to the recently identified human coronavirus MERS-CoV (1).
The data presented in this study suggest that the function and regu-
lation of nsp5 protease activity has diverged significantly and that
conservation of intermolecular residue interactions may be most
closely associated with members of the same genogroup rather than
the overall genus.

Other studies have reported that nsp5 is part of a cistron contain-
ingnsp’s 5 to 16, which share a functional role in the replication of the
virus (21,43). Three different studies have shown a critical regulation
of nsp5 by other elements of the replication complex or the polypro-
tein backbone. Introduction of mutations into nsp’s 3 and 10 were
associated with direct decreases in nsp5-mediated polyprotein pro-
cessing, and alteration of the nsp15/16 cleavage site in IBV resulted in
the emergence of a second-site mutation in nsp5 at residue 166,
which was previously shown to regulate dimerization in SARS-CoV
(20-22). These studies suggest that allostery and cleavage site diver-
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gence may be critical elements of the replicase gene that regulate nsp5
activity. It is known that nsp5 is capable of functioning in the absence
of other elements of the replication complex, as shown through bio-
chemical purification and analysis (14, 33, 39). However, the data
presented in this study suggest that nsp5 exhibits critical interactions
or potential allostery with other elements of the replication complex.
Subsequent analyses must consider the potential role of these inter-
actions when evaluating protease differences and specificity.

Platforms for testing nsp5 inhibitors. Coronaviruses are
known to undergo host species movement, as evidenced by the recent
emergence of MERS-CoV (1, 44, 45). However, efforts to study nsp5
inhibitors of zoonotic coronaviruses from bats and other species as
well as some HCoVs such as HKU1 and NL63 have been limited by
the lack of an ability to readily cultivate viruses in culture or establish
reverse genetic systems. Our results show that chimeric substitution
of nsp5 proteases into the cloned genome background of a well-stud-
ied system such as MHV or SARS-CoV may constitute a robust plat-
form for evaluating structural and functional differences in an iso-
genic replicating virus. This approach can be used to identify key
conserved determinants that may facilitate future development of
nsp5 inhibitors. Coronavirus nsp5 proteases are primary inhibitor
targets due to their central role in the processing and formation of
viral replication. Efforts aimed at designing coronavirus nsp5 inhib-
itors have focused largely on targeting conserved active-site or sub-
strate binding-site determinants across coronaviruses. However, the
more promising inhibitor candidates have been limited to low uM
concentrations and have yet to be tested against a replicating virus.
The identification of common determinants of function within the
closely related MHVs HKU1 and OC43 suggests that other noncata-
lytic, non-active-site determinants of nsp5 function likely exist, and
further efforts should be made to evaluate these regions for potential
inhibitor design. However, the promise of creating a broadly effective
nsp5 inhibitor may not be feasible with current approaches due to the
high level of divergence associated with intra- and intermolecular
regulation between coronaviruses. These data suggest that inhibitor
design efforts may be more directly suitable to designing and optimiz-
ing group-specific inhibitors rather than a single inhibitor that will be
effective for all coronaviruses. The chimeric approach described here
may constitute a platform for testing inhibitors against the proteases
of zoonotic or emergent viruses.
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