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The Glub54 residue of the norovirus 3C-like protease was implicated in proteolysis as
a third-member carboxylate of the catalytic triad. The E54L. mutant protease cleaved
the sequence '*LSFE/AP between the 3B and 3C regions of norovirus polyprotein,
but did not cleave the sequence *®ATSE/GK between the 3A and 3B. The 3BC junc-
tion mutation (3B-L133A or 3B-F135S) hampered the cleavage by the E54L protease,
whereas the 3AB junction mutation (3A-A198L, S200F) allowed the E54L protease to
digest. These results indicate that the E54L mutant protease is a substrate-specificity
mutant and requires large hydrophobic amino acid residues at both P4 and P2 posi-
tions of the substrate. It was notable that the 3A-S200F P2 position mutation caused
tight interaction between the wild-type protease and the C-terminus of the 3A
protein, hence a decreased release rate of the product from the enzyme. This tight
binding was dependent on the hydrophobicity of amino acid residues introduced at
position 200 of the 3A region and was affected by the mutation in the bII-cII loop of
the protease or the mutation of position 198 of 3A corresponding to the P4 position
of the substrate. These results suggest that the protease and the substrate sense each
other in the process of the proteolysis, being supported by crystal structures.

Key words: norovirus, 3C-like protease, catalytic triad, serine-like cysteine protease,
substrate specificity.

Abbreviations: GST, glutathione S-transferase; NTPase, nucleotide tripphosphatase; ORF, open-reading

frame; VPg, genome-linked viral protein.

Norovirus is a major cause of acute non-bacterial gastro-
enteritis in humans, and genetically and antigenically
diverse strains have been isolated worldwide (I-3).
Norovirus, a member of the family Caliciviridae, is a
positive-sense single-stranded RNA virus. The norovirus
genome is ~7.7kb in length with a poly(A) tail at its
3’-end. VPg, a genome-linked viral protein, is believed
to be bound to the 5'-end in place of the cap structure (4).

The genome encodes three open-reading frames (ORF's)
(5). The ORF1 product is a polyprotein and is cleaved by its
viral 3C-like protease activity into six non-structural
proteins, which include 2C-like NTPase, 3B VPg and 3D
RNA-dependent RNA polymerase, in addition to 3C-like
protease (6, 7). The nomenclature is based on that for picor-
naviruses. The ORF2 and ORF3 products are a major and
a minor structural protein (VP1 and VP2), respectively.
The norovirus virion consists of 180 VP1 molecules
with the VPg-linked RNA genome and VP2 molecules
inside. The sequence diversity of the P2 domain of VP1
correlates with the wide variety of the antigenicity
among noroviruses (8-10) and potentially provides differ-
ent patterns of binding to histo-blood group antigens (11).

Norovirus 3C-like protease is a central enzyme that is
solely responsible for the maturation of norovirus ORF1
polyprotein (6, 7). The 3C-like proteases of various strains
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isolated from humans share high amino acid identity and
have significant similarity with those of other calici-
viruses. Norovirus 3C-like protease is a potent target of
medication for the treatment of norovirus diarrhea.

Our extensive mutagenesis study for a 3C-like protease
of the Chiba strain revealed that His30 and Cys139 were
responsible for proteolysis, the former being considered
the general base and the latter the nucleophile in
the catalytic centre (12). This was clearly revealed by
the X-ray crystal structure at 2.8 A resolution, which
showed that the norovirus 3C-like protease had a
chymotrypsin-like fold (13). The crystal structure also
suggested that Glu54, as the third-member carboxylate
that interacted with His30, was involved in the catalysis
just like typical chymotrypsin-like serine proteases (13).
This suggested that the mechanism of the proteolysis
by the norovirus 3C-like protease was identical to that
of chymotrypsin; that is, the thiol of Cys139 attacks a
carbonyl carbon of the substrate, followed by protonation
of the imidazole ring of His30 by the proton released
from the thiol of Cys139. A negatively charged carboxy-
late of Glu54 interacts with and stabilizes the imidazole
ring of His30. However, we had concluded that Glu54
was not essential for the activity because the Glu54-to-
Ala mutant protease retained protease activity compara-
ble to that of the wild-type enzyme (12).

Our recent study on the saturation mutagenesis of the
Glub54 residue reinforced that Glu54 was not essential for
the proteolytic activity, and that the proteolysis could be
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exerted by the two catalytic residues, His30 and Cys139
(14). This report also raised new insight into the role
of Glu54 on the substrate specificity, since the E54I,
E54L, and E54P mutant proteases cleaved the 3B/3C
junction, but did not cleave the 3A/3B junction, when
the GST fusion proteins including the 3A, 3B and 3C
regions of norovirus polyprotein were used for cleavage
assay (I14). In this study, various mutations were intro-
duced at the 3A/3B and 3B/3C junctions in order to
know the amino acid requirement for the cleavage by
the E54L mutant protease. Moreover, since we found
that an amino acid change in the substrate caused the
tight enzyme-substrate interaction, we expanded our
investigation to include the molecular basis of this
interaction.

MATERIALS AND METHODS

Escherichia coli Strains and Expression Plasmids—
The JM109 and HSTO02 strains (Takara Bio, Inc.,
Tokyo, Japan) were used for plasmid construction. The
BL21-CodonPlus(DE3)-RIPL strain (Stratagene, La Jolla,
CA, USA) was used for the expression of the recombinant
proteins.

The Glu54 mutations were introduced into an expres-
sion plasmid, pGEX-2TK-3aBC, encoding a GST fusion
protein to part of the ORF1 polyprotein from the noro-
virus Chiba strain (Fig. 1) (I14). The 3A/3B and 3B/3C
junction mutations were also introduced into pGEX-
2TK-3aBC using the mutagenic oligonucleotides listed
in Table 1. All mutations were first detected by the
appearance or disappearance of restriction sites, and
then verified by DNA sequencing.

For preparation of Chiba virus VPg proteins as anti-
gens, pGEX-6P-VPg was constructed as described below.
The VPg-encoding gene fragment was amplified by PCR
using VPg-5Bam primer (5-CCGCCGGATCCGAGGGTA
AAAACAAAGGAAAGACCAAGAAAGG-3') and VPg-3X

Ptag GST 3A
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primer (5-AGAGCCCGGGCTATTATTCAAAACTGAGTT
TTTCATTGTAATCCA-3) with pUCCVORF1 (15) as a
template. The BamHI-Smal restriction fragment was
transferred to the corresponding position of pGEX-6P-2
(GE Healthcare, Piscataway, NJ, USA).

Preparation of Antisera against Chiba Virus Proteins—
Chiba virus 3C-like protease with the N-terminal
polyhistidine tag was expressed in E. coli BL21-
CodonPlus(DE3)-RIPL cells harbouring pUCHisPro (15)
and purified by passing through TALON Metal Affinity
Resin (Clontech, Palo Alto, CA, USA) as described before
(15). Mice were immunized with purified His-tagged
protease, and mouse anti-protease anti-serum was
obtained.

Chiba virus VPg proteins were expressed in E. coli
BL21-CodonPlus(DES3)-RIPL  cells harbouring pGEX-
6P-VPg, and GST-fused VPg proteins were purified
using the AKTAprime chromatography system, which is
equipped with a GSTrap FF column (GE Healthcare).
After digestion of purified GST-fused VPg proteins with
PreScission Protease (GE Healthcare), VPg proteins were
isolated by trapping the GST moiety with the GSTrap FF
column, and were provided by a custom antisera service
(Scrum Inc., Tokyo, Japan).

Expression of the Recombinant Proteins in E. coli Cells
and SDS-PAGE Analysis of Proteins—Escherichia coli
BL21-CodonPlus(DE3)-RIPL cells harbouring each of
the pGEX-2TK-3aBC plasmids were grown on 4ml of
MagicMedia E. coli Expression Medium (Invitrogen,
Carlsbad, CA, USA) at 37°C for 24h, harvested, and
resuspended in 600ul of PBS containing 1.0% Triton
X-100. A one-half volume of glass beads (0.1 mm
diameter) was added to the cell suspension, followed by
vigorous vortexing for 3min. After centrifugation at
15,000g for 10min, the supernatant was transferred
to a new tube. Proteins were determined with a BCA
Protein Assay Kit (Pierce Biotechnology, Rockford, IL,
USA) using BSA as a standard.
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Fig. 1. Construction of an expression plasmid, pGEX-2TK-
3aBC. The gene fragments encoding the C-terminal 22 amino
acid residues of 3A and the entire 3B VPg and 3C-like protease
were fused in-frame to the GST gene of the pGEX-2TK vector.

3BC (35.5 kDa)

3B (16.1 kDa)

3C (19.4 kDa)

The fusion protein, GST-3aBC, has two 3C-like protease recogni-
tion sites (TATSE/GK and KLSFE/AP). The calculated molecular
weight of the parental protein and possible intermediates along
with the final products are shown.
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Table 1. Oligonucleotides used for site-directed mutagenesis.

Primer Sequence? Related codon Restriction
changes site

ABtoBC-PSF 5-CCCACCctcAgTTtTGAGGcgccAAACAAAGGAAAGACCAAGAAA-3 GCC ACT TCT Ehel
GAG GGT AAA to
CTC AGT TTT
GAG GCG CCA

ABtoBC-PSR 5-TTTGTTTggcgCCTCAaAAcTgagGGTGGGAAGCTCCACATTCAT-3

BCtoAB-PSF 5-GAAAAAgcCACTTcTGAgGgtaaACCAACCCTCTGGAGTCGAGTC-3'  CTC AGT TTT (XemI)®
GAA GCC CCA to
GCC ACT TCT
GAG GGT AAA

BCtoAB-PSR 5-GGTTGGTttagCgTCAgAAgTGgc TTTTTCATTGTAATCCACTTC-3’

ATStoLSF-PSF 5-CCACCttaagTTtTGAGGGTAAAAACAAAGGAAAG-3/ GCC ACT TCT to BspTI
TTA AGT TTT

ATStoLSF-PSR 5-CCTCAaAActtaaGGTGGGAAGCTCCACATTCATC-3

LSFtoATS-PSF 5-AAAAAgcCAcTagTGAAGCCCCACCAACCCTCTGG-3 CTC AGT TTT to Spel
GCC ACT AGT

LSFtoATS-PSR 5-CTTCActAgTGgcTTTTTCATTGTAATCCACTTCC-3

GKtoAP-PSF 5-TCTGAGGcgccAAACAAAGGAAAGACCAAGAAAGG-3 GGT AAA to GCG  Ehel
CCA

GKtoAP-PSR 5-TTTGTTTggcgCCTCAGAAGTGGCGGTGGGAAGCT-3

APtoGK-PSF 5'-TTTTGAAGgCaaACCAACCCTCTGGAGTCGAGTCG-3 GCC CCA to GGC (XemI)®
AAA

APtoGK-PSR 5-GGGTTGGTttGeCTTCAAAACTGAGTTTTTCATTG-3’

3A-A198L-PSF 5'-TTCCCACgttaACTTCTGAGGGTAAAAACAAAGGA-3/ GCC to TTA Hpal

3A-A198L-PSR 5-CAGAAGTtaacGTGGGAAGCTCCACATTCATCTCC-3’

3A-T199S-PSF 5-CCACCGCtAgcTCTGAGGGTAAAAACAAAGGAAAG-3 ACT to AGC Nhel

3A-T199S-PSR 5-CCTCAGAgcTaGCGGTGGGAAGCTCCACATTCATC-3'

3A-S200F-PSF 5-GCCACTTtcGAaGGTAAAAACAAAGGAAAGACCAA-3 TCT to TTC Bsp1191

3A-S200F-PSR 5-TTTTACCtTCgaAAGTGGCGGTGGGAAGCTCCACA-3’

3A-A198L,S200F-PSF  5-CCACCttaACgTtTGAGGGTAAAAACAAAGGAAAG-3 GCC & TCT to Psp14061
TTA & TTT

3A-A198L,S200F-PSR  5-CCTCAaAcGTtaaGGTGGGAAGCTCCACATTCATC-3'

3B-L133A-PSF 5-GAAAAAgcTAGCTTTGAAGCCCCACCAACCCTCTG-3 CTC to GCT Nhel

3B-L133A-PSR 5-TTCAAAgCTAgcTTTTTCATTGTAATCCACTTCCC-3’

3B-S134T-PSF 5-TGAAAAgtTaAcTTTTGAAGCCCCACCAACCCTCT-3 AGT to ACT Hpal

3B-S134T-PSR 5-TCAAAAgTtAacTTTTCATTGTAATCCACTTCCCT-3’

3B-F135S-PSF 5'-AAAACTgAGcTcTGAAGCCCCACCAACCCTCTGGA-3 TTT to TCT Sacl

3B-F135S-PSF 5-GCTTCAgAgCTcAGTTTTTCATTGTAATCCACTTC-3

ATStoMHL-PSF 5-CCACCatgcaTctTGAGGGTAAAAACAAAGGAAAG-3 GCC ACT TCT to EcoT221
ATG CAT CTT

ATStoMHL-PSR 5-CCTCAagAtgcatGGTGGGAAGCTCCACATTCATC-3

ATStoFQM-PSF 5'-CTTCCaACgttCcagatgGAGGGTAAAAACAAAGG-3 GCC ACT TCT to Psp14061
TTC CAG ATG

ATStoFQM-PSR 5-CCTCcatctgGaacGTtGGAAGCTCCACATTCATC-3

ATStoTTL-PSF 5-CCACCaCaACgTtgGAGGGTAAAAACAAAGGAAAG-3 GCC ACT TCT to Psp14061
ACA ACG TTG

ATStoTTL-PSR 5'-CCTCcaAcGTtGtGGTGGGAAGCTCCACATTCATC-3'

3A-S200A-PSF CCGCCACcgCgGAGGGTAAAAACAAAGGAAAGACC TCT to GCG Sacll

3A-S200A-PSR TACCCTCcGegGTGGCGGTGGGAAGCTCCACATTC

3A-S200H-PSF CACCGCCACTcaTGAGGGTAAAAACAAAGG TCT to CAT BspHI

3A-S200H-PSR TTACCCTCAtgAGTGGCGGTGGGAAGCTCC

3A-S200L-PSF CCGCCACTctcGAGGGTAAAAACAAAGGAAAGACC TCT to CTC Xhol

3A-S200L-PSR TACCCTCgagAGTGGCGGTGGGAAGCTCCACATTC

3A-S200M-PSF CCGCCACcatgGAGGGTAAAAACAAAGGAAAGACC TCT to ATG Necol

3A-S200M-PSR TACCCTCcatgGTGGCGGTGGGAAGCTCCACATTC

3A-S200W-PSF CCGCCACgTggsGAGGGTAAAAACAAAGGAAAGACC TCT to TGG Eco721I

3A-S200W-PSR TACCCTCccAcGTGGCGGTGGGAAGCTCCACATTC

3A-S200Y-PSF CCGCCACaTaTGAGGGTAAAAACAAAGGAAAGACC TCT to TAT Ndel

3A-S200Y-PSR TACCCTCAtAtGTGGCGGTGGGAAGCTCCACATTC

I1109A-PSF ATGAAGgcCCAaGGAAGGCTAGTGCATGGT ATC to GCC EcoT141

I1109A-PSR CCTTCCtTGGgcCTTCATGGACGCTATAGC
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Table 1. Continued.

Y. Someya and N. Takeda

Primer Sequence?® Related codon Restriction
changes site

Q110A-PSF AGATCgccGGcAGGCTAGTGCATGGTCAA CAG to GCC Nael

Q110A-PSR GCCTgCCggcGATCTTCATGGACGCTAT

R112A-PSF TCCAGGGAgcGCTAGTGCATGGTCAATCTGGGATG AGG to GCG Aor51HI

R112A-PSR GCACTAGCgcTCCCTGGATCTTCATGGACGCTATA

V114A-PSF GAAGGCTAGcGCATGGTCAATCTGGGATGC GTG to GCG Nhel

V114A-PSR TGACCATGCgCTAGCCTTCCCTGGATCTTC

3A-A198G-PSF CTTCCCACCGgtACcTCTGAGGGTAAAAACAAAGG GCC to GGT BshTI, Kpnl

3A-A198G-PSR TACCCTCAGAgGTacCGGTGGGAAGCTCCACATTC

3A-A198S-PSF CTTCCCACtagtACTTCTGAGGGTAAAAACAAAGG GCC to AGT Spel

3A-A198S-PSR CCTCAGAAGTactaGTGGGAAGCTCCACATTCATC

3A-A198V-PSF CTTCCCACgGtCACcTCTGAGGGTAAAAACAAAGG GCC to GTC BstEIL

3A-A198V-PSR CCTCAGAgGTGaCcGTGGGAAGCTCCACATTCATC

3A-A198G,S200F-PSF CCGgtACcTtcGAaGGTAAAAACAAAGGAAAGACC GCC & TCT to BshTI, Kpnl,
GGT & TTC Bsp1191

3A-A198G,S200F-PSR
3A-A198S,S200F-PSF

3A-A198S,S200F-PSR
3A-A198V,S200F-PSF

3A-A198V,S200F-PSR

TACCtTCgaAgGTacCGGTGGGAAGCTCCACATTC
CCACtagtACTTtcGAaGGTAAAAACAAAGGAAAG

GCC & TCT to
TTA & TTC

Spel, Bsp1191

TACCtTCgaAAGTactaGTGGGAAGCTCCACATTC
CCACgGtCACCcTtcGAaGGTAAAAACAAAGGAAAG

GCC & TCT to
TTA & TTC

BstEII,
Bsp1191

TACCtTCgaAgGTGaCcGTGGGAAGCTCCACATTC

Underlines indicate the restriction sites. Mismatch nucleotides are indicated by small letters. "Mutagenesis eliminates the original Xcml site.

Extracted proteins were separated by SDS-PAGE, fol-
lowed by staining with Coomassie Brilliant Blue or west-
ern blotting with rabbit polyclonal anti-GST antibody
(Abcam, Cambridge, MA, USA), rat anti-VPg or mouse
anti-protease antisera.

GST-binding Assay—Cell extract containing 1mg of
protein was applied to a Glutathione Sepharose 4B
MicroSpin column (GE Healthcare), followed by low-
speed centrifugation (735¢) for 1min. Glutathione-resin-
bound proteins were eluted with 100ul of 50mM
Tris—-HCl (pH 8.0) buffer containing 10mM reduced
glutathione. A portion (5ul) of the eluates was analysed
by SDS-PAGE.

Gel Filtration Chromatography of Eluates from
Glutathione Sepharose Column—Eluates (75 ul) obtained
in the GST-binding assay were subjected to a Superdex
75 (GE Healthcare) column (0.9 x 30 cm, bed volume of
19ml) with PBS used as an elution buffer at a flow rate
of 0.2ml/min. Gel-filtrated eluates were fractionated
(each fraction of 400 ul) after sample application.

Modeling of Chiba Virus 3C-like Protease Complex
with a Peptide Inhibitor—The crystal structure of the
complex of the Southampton virus 3C-like protease
with an inhibitor (LGG peptide) (PDB ID: 2IPH) has
been recently released. Based on this structure, the
structure of Chiba virus protease-LGG peptide complex
was modelled wusing the institutional, web-based
PDFAMS Full Automatic Modeling System. The struc-
ture model was visualized with MolFeat software
(FiatLux, Tokyo, Japan).

Image Analysis of SDS-PAGE Gel—The density of
Coomassie Brilliant Blue-stained protein bands on
SDS-PAGE gels was measured by Imaged software
(http://rsb.info.nih.gov/ij/).

RESULTS

Effect of the Mutation of the 3A/3B and 3B/3C
Junctions on Cleavage by the 3C-like Protease—When
the Glub4-to-Leu mutation was introduced into the
GST-3aBC fusion protein, only the 3B/3C junction was
cleaved, but the 3A/3B junction was not (14) (see also
lane ‘E54L’ in Figs 2 and 3). This result raised the possi-
bility that the cleaved E54L 3C-like protease lost proteo-
lytic activity, as well as the possibility that the E54L
protease was not able to cleave the 3A/3B junction
because of the alteration in the substrate specificity. In
this study, to examine the second possibility, various
mutations were introduced into both the 3A/3B junction
and the 3B/3C junction of the GST-3aBC fusion protein
including the wild-type, E54Q, or E54L 3C-like protease.
Since neither of the junction mutations caused any sig-
nificant change in the cleavage pattern by the wild-type
protease or the E54Q mutant protease (data not shown),
the results of the E54L mutant protease are mainly
described below.

First, six consecutive amino acid residues from the P4
position to the P2’ position of the 3A/3B junction and
the 3B/3C junction were replaced with the six residues
from the respective opponents, which were the ABtoBC
and BCtoAB mutants. In the E54L- BCtoAB mutant,
uncleaved GST-3aBC fusion was accumulated with
production of a trace amount of GST-3aB (Figs 2
and 3A), indicating that the E54L mutant protease
hardly cleaved either the first or second 3A/3B sequence.
On the other hand, the E54L-ABtoBC mutant fusion
gave the same pattern as the E54L mutant fusion that
showed accumulation of GST-3aB intermediate (Figs 2
and 3). Since the rat anti-VPg anti-serum raised against
purified VPg proteins in this study was more sensitive
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Fig. 2. Effects of junction mutations on proteolytic cleav-
age by the E54L 3C-like protease. (A) Cell extracts (15ug of
proteins) from E. coli cells harbouring pGEX-2TK-3aBC plasmid
encoding the respective mutations were separated by SDS-
PAGE, followed by Coomassie Brilliant Blue staining. The
bands corresponding to proteins derived from the expression

than the rabbit anti-serum prepared before, trace
amounts of VPg proteins were detected even in the
E54L and E54L-ABtoBC mutants (Fig. 3A). These results
clearly suggest that the E54L protease still has proteoly-
tic activity after autolysis of GST-3aBC fusion and has
a strict preference for recognition sites. In the ATStoLSF
mutant, in which the three amino acid residues from P4
to P2 in the 3A/3B junction were replaced, the two cleav-
age sites were completely cleaved by the E54L mutant
protease, resulting in the production of GST-3a, 3B,
and 3C proteins (Figs 2 and 3). On the other hand,
the LSFtoATS mutant fusion was not cleaved at all
(Figs 2 and 3).

The fusion proteins in which the amino acid residues
at the P1’ and P2’ positions were replaced (GKtoAP and
APtoGK) underwent a cleavage event only at the 3B/3C
junction, just like the E54L parental mutant fusion

Vol. 146, No. 4, 2009

plasmid are indicated. The respective proteins were confirmed
by western blot analysis (Fig. 3 for anti-VPg and anti-Pro, and
data not shown for anti-GST). (B) The eluates obtained in the
GST-binding assay were subjected to SDS-PAGE, followed by
staining. The GST-tagged proteins were also analysed by western
blotting with anti-GST (data not shown).

(Figs 2 and 3). In the APtoGK fusion, it was apparent
that the amount of the cleaved E54L protease was
slightly less than the amount of the GST-3aB intermedi-
ates (Fig. 2A). This suggested that the protease having
the Gly-Lys sequence at its N-terminus might be
unstable, although further analysis was not done.

Next, the amino acid residues at the P4, P3, and P2
positions were replaced individually. The P4 (3A-A198L)
and P3 (3A-T199S) mutants at the 3A/3B junction gave
the same cleavage pattern as the E54L mutant, while the
P2 mutant (3A-S200F) gave a different pattern (Figs 2
and 3). That is, the E54L protease produced the GST-3a
and 3BC fragments rather than the GST-3aB and 3C
fragments, suggesting that the cleavage at the 3A/3B
junction including the 3A-S200F mutation preceded the
cleavage at the 3B/3C junction. However, the 3A-A198L,
S200F double mutant fusion was completely cleaved by
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Fig. 3. Western blot analysis of E. coli cell extracts. Cell detected by rat anti-VPg (A) or mouse anti-protease (B) antibo-
extracts (5ug of proteins) were separated by SDS-PAGE, dies. Faint bands that are not indicated with arrows are non-

followed by electroblotting to PVDF membrane. Proteins were

the E54L mutant protease (Figs 2 and 3). On the other
hand, the P4 (3B-L133A) and P2 (3B-F135S) mutations
at the 3B/3C junction prevented the E54L protease from
cleaving, whereas the P3 (3B-S134T) mutation gave no
change in the pattern at all (Figs 2 and 3). As summar-
ized in Table 2, the presence of large hydrophobic amino
acid residues at both the P4 and P2 positions like the
ATStoLSF and 3A-A198L, S200F mutations allowed the
E54L protease to cleave the junction, while the introduc-
tion of small amino acid residues at the P4 or P2 posi-
tions, such as the LSFtoATS, 3B-L133A and 3B-F135S
mutations, completely inhibited the proteolytic cleavage
by the E54L protease. These results clearly indicated
that the large hydrophobic residues at the P4 and P2
positions were important for cleavage by the E54L
mutant protease.

Lastly, the Alal98-Thr199-Ser200 sequence was
replaced with the three corresponding amino acid resi-
dues from the N-terminal protein/2C, 2C/3A or 3C/3D
junction. As shown in Fig. 4, like the ATStoLSF

specific, and further analysis was not done.

mutant, the ATStoFQM mutant (mimicking the 2C/3A
junction) was cleaved by the E54L protease into the
GST-3a, 3B and 3C fragments. Similarly, from the
ATStoMHL mutant fusion (mimicking the Nt/2C junc-
tion), the E54L protease produced three final fragments,
although the GST-3aB intermediate also remained. On
the other hand, the ATStoTTL mutation (mimicking the
3C/3D junction) hampered the cleavage by the E54L
mutant protease. These results also clearly showed the
amino acid requirement at the P4 and P2 positions
(Fig. 4 and Table 2).

Structure Model of the Peptide Inhibitor Complex of
the Chiba Virus 3C-like Protease—As described above,
the mutation of the Glu54 residue, which is implicated
as the third-member carboxylate in the catalysis, appar-
ently affected the substrate selectivity. In the X-ray
structure of the Chiba virus 3C-like protease (13),
Glub4 is located at the bottom of the S2 hydrophobic
pocket that accommodates the P2 side chain of the
substrate, and is far away from the P4 position.
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Table 2. Characterization of various mutants.
Junction mutations 3AB sequence 3BC sequence Glu54 mutations
P5-P4-P3-P2-P1-P1’-P2’-P3’ P5-P4-P3-P2-P1-P1’-P2’-P3’

None (WT) E54Q E54L
None ThrAlaThrSerGlu/GlyLysAsn LysLeuSerPheGlu/AlaProPro +++ +++ GST-3aB+3C
ABtoBC ThrLeuSerPheGlu/AlaProAsn  LysLeuSerPheGlu/AlaProPro +++ +++ GST-3aB+3C
BCtoAB ThrAlaThrSerGlu/GlyLysAsn LysAlaThrSerGlu/GlyLysPro  +++ +++ -
ATStoLSF ThrLeuSerPheGlu/GlyLysAsn LysLeuSerPheGlu/AlaProPro +++ +++ +++
LSFtoATS ThrAlaThrSerGlu/GlyLysAsn LysAlaThrSerGlu/AlaProPro +++ +++ -
GKtoAP ThrAlaThrSerGlu/AlaProAsn LysLeuSerPheGlu/AlaProPro +++ +++ GST-3aB +3C
APtoGK ThrAlaThrSerGlu/GlyLysAsn LysLeuSerPheGlu/GlyLysPro +++ +++ GST-3aB+3C
3A-A198L ThrLeuThrSerGlu/GlyLysAsn LysLeuSerPheGlu/AlaProPro +++ +++ GST-3aB+3C
3A-T199S ThrAlaSerSerGlu/GlyLysAsn LysLeuSerPheGlu/AlaProPro +++ +++ GST-3aB+3C
3A-S200F ThrAlaThrPheGlu/GlyLysAsn LysLeuSerPheGlu/AlaProPro +++ +++ +
3A-A198L,S200F ThrLeuThrPheGlu/GlyLysAsn LysLeuSerPheGlu/AlaProPro +++ +++ ++ ~
3B-L133A ThrAlaThrSerGlu/GlyLysAsn LysAlaSerPheGlu/AlaProPro +++ +++ -
3B-S134T ThrAlaThrSerGlu/GlyLysAsn LysLeuThrPheGlu/AlaProPro +++ +++ GST-3aB+3C
3B-F135S ThrAlaThrSerGlu/GlyLysAsn LysLeuSerSerGlu/AlaProPro +++ +++ -
ATStoMHL (Nt2C-like) = ThrMetHisLeuGlu/GlyLysAsn LysLeuSerPheGlu/AlaProPro +++ +++ ++
ATStoFQM (2C3A-like) ThrPheGlnMetGlu/GlyLysAsn LysLeuSerPheGlu/AlaProPro +++ +++ ++ ~ -+
ATStoTTL (3CD-like) ThrThrThrLeuGlu/GlyLysAsn LysLeuSerPheGlu/AlaProPro +++ +++ GST-3aB+3C

Changed amino acid residues are indicated by bold underlined letters.

+ + +: GST-3aBC was cleaved into GST-3a, 3B and 3C completely;

+ +: GST-3a, 3B, and 3C were produced, but part of GST-3aB remained; +: About half of GST-3aBC cleaved into GST-3a and 3BC. Very

little of 3B and 3C was observed; —: No cleavage occurred.
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Fig. 4. Effects of junction mutations on proteolytic cleav-
age by the E54L 3C-like protease. Experiments were done in
a manner similar to that of Fig. 1. (A) SDS-PAGE of cell extracts

Recently, the X-ray structure of the 3C-like protease
from the Southampton virus (16, 17) has been solved at
1.75 A resolution as a complex with a peptide inhibitor
(LGG peptide) including the P5 to P1 positions (Glu-Phe-
GIn-Leu-Gln) corresponding to the cleavage site (PDB
ID: 2IPH). These two 3C-like proteases share 90% iden-
tity and almost 100% similarity on the amino acid level.

Vol. 146, No. 4, 2009

s — <«—GST-3a

including 15pug of proteins. (B) SDS-PAGE of the eluates
obtained in the GST-binding assay.

Overall structures of these proteases are similar, except
that the bII-cII loop (described below) in the inhibitor
complex is bent so as to hold the inhibitor. The structure
of the Southampton virus protease—inhibitor complex
provides a good framework when the molecular aspect
of the protease—substrate interaction should be under-
stood. Figure 5 shows the structure model of the
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Fig. 5. Structure model of the Chiba virus 3C-like pro-
tease with a peptide inhibitor. Based on the X-ray structure
of the inhibitor complex of the Southampton virus 3C-like
protease (PDB ID: 2IPH), the structure of the Chiba virus
protease was modelled as described in the experimental proce-
dure. This depicts the vicinity of the active site of the protease.
The residues in the protease are shown by balls and sticks, and
the LGG peptide, a peptide inhibitor, is shown by a wire frame.

inhibitor complex of the Chiba virus protease based on
the Southampton virus protease. Similar to the crystal
structure of the Chiba virus protease (13), Glub4 is posi-
tioned at the bottom of the large S2 hydrophobic pocket,
which consists of the hydrophobic parts of side chains of
Ile109, GIn110 and Argl12, which are well conserved in
various norovirus strains, and is apparently far away
from both the P2 and P4 side chains. This suggested
that the Leu mutation of Glu54 increases the hydropho-
bicity of the S2 pocket, and therefore the E54L protease
requires a hydrophobic residue at the P2 position for
effective proteolytic cleavage.

Effect of the Mutation of the 3A-Ser200 Residue on the
Enzyme-Substrate Interaction—As described above, the
cleavage pattern by the E54L protease was altered
by the 3A-S200F mutation, and GST-3a was produced,
indicating that the E54L protease cleaved the mutated
(3A-S200F) 3A/3B junction (Figs 2 and 3). When the
3A-S200F mutation was introduced into the wild-type
or E54Q mutant background, we found that the protease
moiety was co-eluted with GST-3a in the GST-binding
assay (Fig. 6). Especially, in the wild-type background,
the density ratio of protease to GST-3a was significantly
high compared to the E54Q background, as estimated by
the density of respective protein bands. Since co-elution
of the protease with GST-3a in the wild-type construct
(8A-Ser200 and Glu54) did not happen (Fig. 6), the
appearance of the protease in the 3A-S200F construct
(Glub4 in the protease) was attributed solely to the
3A-S200F mutation. This result suggested that the pro-
tease was tightly bound to the C-terminus of the GST-3a
protein.

Y. Someya and N. Takeda

E54Q, 3A-S200F
E54L, 3A-S200F

Wild-type
3A-S200F

3A mutation:  None S200F S200F S200F
3C mutation:  None None E54Q E54L
255 |
150 |
102 B
76 L0
52 W
38 W
31 T g . <« GST-32
24
17 . -_— <«—3C
12
0.79 0.63

Fig. 6. SDS-PAGE analysis of the proteins included in
eluates from Glutathione Sepharose. Cell extracts from
the wild-type (containing neither 3A nor 3C mutations; Glu54,
3A-Ser200), 3A-S200F (Glu54, 3A-Phe200), E54Q, 3A-S200F
(GIn54, 3A-Phe200) and E54L, 3A-S200F (Leu54, 3A-Phe200)
fusion constructs were passed through Glutathione Sepharose.
Proteins eluted by the addition of free glutathione were sepa-
rated by SDS-PAGE. The numbers under the respective lanes
indicate the density ratio of the 3C-like protease to GST-3a.

To verify the complex formation of the protease and
GST-3a, the eluates from Glutathione Sepharose of the
wild-type and 3A-S200F extracts were separated by gel
filtration. The first peak emerged earlier than that of the
44 kDa standard protein in both samples and the second
peak was likely to correspond to the glutathione that
the Glutathione Sepaharose eluates contained. Since
the calculated molecular weight of GST-3a is 29.4kDa,
GST-3a proteins may be multimeric. SDS-PAGE analy-
sis of the first peak clearly showed co-migration of the
protease with GST-3a having the 3A-S200F mutation
(Fig. 7). In addition, the ratio of the protease to GST-3a
after gel filtration (0.77 in Fig. 7) was almost equal to
that before chromatography (0.79 in Fig. 6). This result
suggests that the protease may be tightly complexed with
GST-3a, probably via the C-terminal 3A portion, and that
the 3A-S200F mutation was solely responsible for this
interaction.

To further understand the molecular aspect of the pro-
tease’s interaction with the C-terminus of the 3A protein,
various mutations were introduced at the Ser200 residue
of 3A. As shown in Fig. 8A, despite the mutations
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Fig. 7. SDS-PAGE analysis of gel filtration chromatogra-
phy isolates. The final eluate from the wild-type (‘No 3A muta-
tion’) or 3A-S200F construct obtained in Fig. 6 was subjected to
gel filtration. The peak fractions of each chromatography were
analysed by SDS-PAGE. The number under the gel indicates
the density ratio of the 3C-like protease to GST-3a.

introduced at 3A-Ser200, the wild-type protease cleaved
the 3A/3B junction, giving final products of GST-3a, 3B
and 3C proteins. Coelution of the protease with GST-3a
from Glutathione Sepharose was observed for the Leu,
Met, Trp and Tyr mutants of the 3A-Ser200 residue
besides the 3A-S200F mutant (Fig. 8B). However, this
was not the case for the Ala and His mutants or for
the wild-type (Ser). The GST-3a-to-protease ratios for
the Phe, Leu and Trp mutants were slightly higher
than those for the Met and Tyr mutants. The ratio for
all samples was over 0.9 in SDS-PAGE gel of cell extract
(Fig. 8A), suggesting that the high hydrophobicity of the
side chain at position 200 of 3A was responsible for the
interaction of the protease with the C-terminus of 3A.
Effect of the Mutation in the bII-cIl Loop on the
Enzyme-Substrate Interaction—The Ser200 residue of
3A corresponds to the P2 residue of the substrate. As
described above, the P2 residue is surrounded by amino
acid residues (Ile109, GIn110, Argl12 and Vall1l4) in the
loop region connecting two B-sheets, bIl and cII (13). It is
possible that the mutation in the bIl-cII loop region
affects the protease’s interaction with the substrate.
The Ala mutation was individually introduced to
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Ile109, GIn110, Argl12 or Valll4, and their effect was
examined in the presence or absence of the 3A-S200F
mutation. None of the protease mutations apparently
affected the cleavage at the 3A/3B and 3B/3C junctions,
even if there was a S200F mutation in the C-terminus of
3A (Fig. 9A). As shown in Fig. 9B, when combined with
the 3A-S200F mutation, all bII-cII loop mutations signif-
icantly reduced the amount of protease co-eluted with
GST-3a. Especially, for the I109A mutation, no protease
was co-eluted, indicating that the protease was rapidly
released from the C-terminus of 3A after cleavage reac-
tion. This suggested that the observed tight binding of
the protease and GST-3a was attributable to the hydro-
phobicity of both the Ile109 residue of the protease and
the Phe200 residue of the mutated 3A.

A smaller band (~27kDa) than that of GST-3a was
obvious in several eluates from Glutathione Sepharose,
especially in the V114A mutant (Fig. 9B). This byproduct
may arise from alternative processing at the site
upstream from the 3A/3B junction by the mutant
protease although the cleavage site was not identified
in this study.

Effect of the Mutation of the 3A-Alal198 Residue on
the Enzyme-Substrate Interaction—The E54L mutant
protease required large hydrophobic residues at the P2
and P4 positions of the substrate for effective cleavage
(Table 2), suggesting that the mutations of these two
positions might affect each other, hence the enzyme—
substrate interaction. The P4 residue at the 3A/3B junc-
tion is Alal98 of 3A. This residue was changed to Gly,
Ser, or Val. The 3A-A198L mutation, mentioned in the
first part of the results session, is also described here
for comparison. The mutations themselves did not at all
affect the cleavage by the wild-type protease (Fig. 10A).
A combination of the A198S (Fig. 10B) or A198L
(Fig. 10C) mutation with the S200F mutation completely
eliminated the ability to co-elute with GST-3a, and the
A198G and A198V mutations significantly reduced
the amount of co-eluted protease (Fig. 10B). It was
likely that the tight binding of the protease with the
C-terminus caused by the 3A-S200F mutation at the
P2 position was sensitive to the mutation of the P4 resi-
due. The Ala residue was the most favourable for tight
binding, but the increase in hydrophobicity (Val and Leu)
or the presence of a hydrophilic residue (Ser) resulted
in a rapid release of the product from the binding site
in the protease.

DISCUSSION

The Glu54 residue is implicated as the third-member
carboxylate of the catalytic triad (Glu54-His30-Cys139)
(12, 13, 18). In a previous paper (14), we found that
the GST-3aBC fusion protein, including the E54I,
E54L, or E54P mutant 3C-like protease, underwent
cleavage at the 3B/3C junction, but not at the 3A/3B
junction, which resulted in the accumulation of the
GST-3aB intermediate as well as the release of the
mutant protease. This result raised two possibilities:
(i) the E54I, E54L or E54P mutant protease is inacti-
vated immediately when it is released after the cleav-
age event at the 3B/3C junction, and (ii) the mutant
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Fig. 8. Effect of the 3A-Ser200 mutation on the enzyme
(wild-type protease)-substrate interaction. SDS-PAGE ana-
lysis was done as described in Fig. 2. (A) SDS-PAGE of cell
extracts including 15 pg of proteins. (B) SDS-PAGE of the eluates
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Fig. 9. Effect of the bIl-cII loop mutation on the enzyme-
substrate interaction. SDS-PAGE analysis was done as
described in Fig. 2. (A) SDS-PAGE of cell extracts including

proteases favour the 3B/3C sequence over the 3A/3B
sequence. In this report, we investigated the latter pos-
sibility by generating various junction mutants, based on
the GST-3aBC fusion protein including the wild-type,
E54Q or E54L 3C-like protease. These results reinforced
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to GST-3a.
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15ug of proteins. (B) SDS-PAGE of the eluates obtained in
the GST-binding assay. The numbers under the respective
lanes indicate the density ratio of the 3C-like protease to GST-3a.

the different properties of the E54L mutant protease and
clearly showed that the E54L protease required the large
hydrophobic amino acid residues at the P4 and P2 posi-
tions in order to cleave the substrate. This indicated that
the 3C-like protease sensed the chemical nature of the
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Fig. 10. Effect of the 3A-Alal98 mutation on the enzyme
(wild-type protease)-substrate interaction. SDS-PAGE
analysis was done as described in Fig. 2. (A) SDS-PAGE of cell
extracts including 15pug of proteins. (B, C) SDS-PAGE of the

side chain at the P4 and P2 positions, although the wild-
type protease recognized and cleaved the 3A/3B and
3C/3D junctions at which any of the mutations was intro-
duced. It was concluded that the E54L mutant protease
had a narrower substrate spectrum than the wild-type
protease. Therefore, Glu54 is not involved directly in
mediating proteolytic activity, but it affects the substrate
specificity.

As shown in Figs 2 and 3 the E54L mutant protease
effectively cleaved both the 3A/3B and 3B/3C junctions of
the ATStoLSF mutant and 3A-A198L,S200F double
mutant, which had the Leu and Phe residues at the P4
and P2 positions, respectively. However, in the ABtoBC
mutant fusion protein, almost no cleavage occurred at
the mutated 3A/3B junction although it had the Leu
and Phe residues at the P4 and P2 positions, respec-
tively. The only difference was the two residues at the
N-terminus of the 3B protein. That is, the N-terminus of
the ATStoLSF mutant and that of 3A-A198L, S200F
double mutant begin with Gly-Lys, which is the same
as in the case of the wild-type fusion protein, whereas
that of the ABtoBC mutant begins with Ala-Pro. This
might be caused by the difference between the conforma-
tion of the 3A/3B junction and that of the 3B/3C junction,
although there is no structural evidence to support this.

The 3A-A198L, S200F double mutant has the Leul98-
Thr-Phe sequence and the Leul33-Ser-Phe sequence at
the 3A/3B and 3B/3C junctions, respectively. The E54L
mutant protease cleaved both sequences described above.
On the other hand, in the 3A-S200F single mutant,
although there was the Leul33-Ser-Phe sequence at
the 3B/3C junction, the E54L mutant protease seemed
to initially attack the Alal98-Thr-Phe sequence at the
3A/3B junction, since the band corresponding to the
3BC intermediate as well as the GST-3a was observed
with trace amounts of 3B and 3C. This result was
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eluates obtained in the GST-binding assay. The numbers under
the respective lanes indicate the density ratio of the 3C-like
protease to GST-3a.

inconsistent with the fact that the fusion protein includ-
ing only the E54L mutation in the protease moiety
gave the GST-3aB intermediate and 3C (14) (Fig. 2).
It was surprising that the single amino acid change in
the cleavage site altered the preference of the protease.
It seemed that the Ala-Thr-Phe sequence was less hydro-
phobic than the Leu-Ser-Phe and Leu-Thr-Phe
sequences. Therefore, the conformation of the peptide
around the cleavage site might also be important for rec-
ognition by the protease.

Recently, the crystal structure of the 3C-like protease
from the Southampton strain (16, 17) was resolved as a
complex with a peptide inhibitor (PDB ID: 2IPH).
Although we had resolved the structure of the 3C-like
protease from the Chiba strain (13), the complex of the
Chiba virus protease with an inhibitor was modelled
based on the structure of the Southampton virus
protease. These two proteases share 90% identity on
the amino acid level, the similarity score being almost
100%. All the residues depicted in Fig. 5 are conserved
in the two proteases. Overall structures of these pro-
teases are similar, except that the bII-cII loop in the
inhibitor complex is bent so as to cover the S2 hydropho-
bic pocket that accommodated the P2 side chain of the
substrate. This is probably because of the presence of an
inhibitor, the LGG peptide. As shown in Fig. 5 and also
in our previous paper (13), the Glu54 residue was located
at the bottom of the S2 hydrophobic pocket. Modelling
was sufficient to let us estimate that the E54L mutation
intensified the hydrophobicity of the S2 pocket, consis-
tent with the results that the E54L protease required
hydrophobic amino acid residues at the P2 position of
the substrate for an efficient cleavage. On the other
hand, the P4 side chain was also surrounded by the
hydrophobic components, but was far from the Glu54
residue. In the modelling, it was not obvious whether
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the E54L mutation affected the property of the S4 hydro-
phobic pocket or not (data not shown). The E54L
protease might have the altered S4 pocket, but a struc-
tural analysis is necessary. It should be noted that the
third-member carboxylate of the catalytic triad affects
the substrate specificity. This phenomenon raises new
insight into the mechanism of the catalysis by all the
proteases belonging to the chymotrypsin-like protease
family.

In the series of mutational analysis, we found that the
wild-type protease was tightly bound to the C-terminus
of GST-3a including the S200F mutation of the 3A pro-
tein (Figs 6 and 7). Since the wild-type protease was
never co-eluted with GST-3a possessing the original 3A
sequence, this interaction was attributed solely to the
Phe mutation of the 3A-Ser200 residue, P2 position of
the substrate. The presence of a large hydrophobic
amino acid (Phe, Leu, Met, Trp or Tyr) at this position
retained tight binding, but a small (Ala) or hydrophilic
(His) residue resulted in a loss of binding (Fig. 8). It was
interesting that the interaction was sensitive to the
mutation of the residues in the blI-cII loop region,
which was in close proximity to the active site of the
protease (Fig. 9), or to the mutation of the P4 residue
of the substrate (Fig. 10). It was also notable that the
protease was not bound to the C-terminus of the cleaved
3B protein containing the KLSFE sequence whose P2
position was occupied by the Phe residue. Tight binding
was not observed for the 3A-A198L, S200F (Fig. 10C) and
the ATStoLSF (with the wild-type protease) mutants
(data not shown). These results suggest that the kinetics
of the protease correlate with the chemical nature of
amino acid residues at the P2 and P4 positions of the
substrate. The increase in the hydrophobicity of the P2
residue in the 3A/3B junction intensified the degree of
the interaction between the protease and the C-terminus
of 3A (Fig. 8). This reflects the lowered release rate of the
final product from the enzyme, since it was clear that the
protease completed the proteolytic reaction as shown in
the appearance of two bands corresponding to GST-3a
and the protease (Figs 6-8). It was therefore concluded
that the amino acid residue at position 200 of 3A was
involved in the release step from the active site of the
protease. It would be disadvantageous in nature that
the mutation inhibited the release of the product from
the enzyme, and therefore such mutations at the cleav-
age sites would never occur. On the contrary, this kind
of mutations may be helpfully used to design inhibitors of
the norovirus 3C-like proteases and related proteases.

The bII-cII loop of the norovirus 3C-like protease geo-
metrically corresponds to the B-ribbon described in the
3C proteases from picornaviruses such as poliovirus
(19) and foot-and-mouth disease virus (FMDYV) (20). In
the FMDV 3C protease, it was shown that the B-ribbon
of interest was involved in substrate recognition as well
as catalytic activity (20). In an analogous finding, the
mutation in the bII-cII loop of the norovirus protease
clearly affected the enzyme-substrate interaction
(Fig. 9). It is likely that the hydrophobic residue at posi-
tion 109 (Ile109) of the protease is involved in recognition
of the P2 residue of the substrate since the I109A muta-
tion led to a rapid release of the final product (GST-3a
with 3A-S200F) from the protease (Fig. 9).

Y. Someya and N. Takeda

The P4 residue at the 3A/3B junction is the Alal98
residue of the 3A protein. The amino acid change at
this position dramatically altered the degree of
enzyme—substrate interaction based on the 3A-S200F
mutation (Fig. 10). The increases in both hydrophilicity
(Ser and Gly) and hydrophobicity (Val and Leu) dimin-
ished or eliminated the interaction. According to the
crystal structures (13, 18) (see also PDB ID: 2IPH),
the I1e109 residue in the blI-cII loop is involved in the
recognition of both P2 and P4 side chains. This suggested
that P2 and P4 side chains sense each other via the
I1e109 side chain in the protease during the proteolytic
reaction. It should be noted that the bII-cII loop is highly
flexible; especially, the structure of this loop bends to
hold an inhibitor in the Southampton virus protease,
compared to the corresponding region of the Chiba
virus (I3) or Norwalk virus (I18) counterparts. This sug-
gests that the bII-cII loop moves in and out in association
with the entry of the substrate into and the release of
the product from the active site. It is concluded that the
bII-cII loop in the norovirus 3C-like protease and the
B-ribbon, the corresponding loop region found in picorna-
virus 3C proteases (19-21) and related chymotrypsin-like
serine proteases (22, 23), plays a universal role in sub-
strate recognition.
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