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Abstract

Noroviruses are major causative agents of viral gastroenteri-
tis in humans. Currently, there are no therapeutic medications
to treat noroviral infections, nor are there effective vaccines
against these pathogens. The viral 3C-like protease is solely
responsible for the maturation of viral protein components.
The crystal structures of the proteases were resolved at high
atomic resolution. The protease was also explored by means
of mutagenesis. These studies revealed the active-site amino
acid residues and factors determining and affecting substrate
specificity as well as the principle of architecting the protease
molecule. The possible mechanism of proteolysis was also
suggested. Consideration of the data accumulated thus far
will be useful for development of therapeutic drugs targeting
the viral protease.

Keywords: crystal structure; mutagenesis; norovirus; pro-
tease; proteolysis.

Introduction

Norovirus is a major causative agent of acute, non-bacterial
gastroenteritis in humans (1-3). Growing numbers of vari-
ous norovirus strains are being isolated worldwide. Norovirus
belongs to the family Caliciviridae and is a positive-sense,
single-stranded RNA virus. The RNA genome is ~7.7 kb
in length with a poly(A) tail at the 3’-end (Figure 1A). A
genome-linked viral protein, VPg, is likely to bind to the 5’
end in place of the cap structure (4). Human noroviruses are
still non-cultivatable in cell culture and experimental animals,
which has hampered the virological and molecular biological
characterization of this group of viruses.

The genome encodes three open reading frames (ORFs)
(Figure 1A). The ORFI1 product is a polyprotein and is
cleaved by its viral 3C-like protease activity into six non-
structural proteins including 2C-like NTPase, 3B VPg, and
3D RNA-dependent RNA polymerase, in addition to the
3C-like protease (Figure 1B). The ORF2 and ORF3 products

are a major and a minor structural protein (VP1 and VP2),
respectively. The norovirus virion consists of 180 VP1 mol-
ecules, which includes the VPg-linked RNA genome and VP2
molecules (5). The P2 (protruding) domain of the VP1 pro-
teins from various norovirus strains exhibits a wide variety of
amino acid sequences (6, 7). Based on the sequence diversity
of this region, human noroviruses are divided into two major
genogroups, genogroups I (GI) and II (GII), and nearly 20
genotypes have been identified in the respective genogroups
(8). This genetic diversity is correlated with a wide variety
of antigenicity among noroviruses and potentially provides
different patterns of binding to histo-blood group antigens
(HBGAs) (9). Although HBGAs are thought to be a part of
the norovirus receptor and evidence of their interaction with
VP1 proteins has been provided by structural studies, the spe-
cific roles played by HBGAs in infection and pathogenesis
are still unknown.

Norovirus 3C-like protease is a central enzyme that is
solely responsible for the maturation of the ORF1 poly-
protein (Figure 1B), and it is therefore a potent therapeu-
tic target for the treatment of norovirus gastroenteritis (10,
11). The nomenclature of 3C-like protease is derived from
that of the evolutionally related picornavirus 3C proteases.
These proteases are members of the chymotrypsin-like ser-
ine protease superfamily, except that their active site is a
Cys residue instead of a Ser residue, which accounts for
their designation as serine-like cysteine proteases (12—-16).
Sequence homology has enabled the identification of vari-
ous 3C-like proteases in other viruses, including coronavi-
rus and potyvirus.

For approximately 10 years, this author has been engaged
in structure-function studies of norovirus proteins, especially
the 3C-like protease. This review provides a summary of the
findings to date regarding the structural and functional aspects
of the 3C-like protease of the norovirus.

Crystal structures of norovirus 3C-like proteases

Our group was the first to characterize the crystal structure
of the 3C-like protease from the Chiba strain of norovirus
(GI/4; genogroup I, genotype 4) (17). The overall structure
resembles that of chymotrypsin (Figure 2A). The active site is
located in a cleft between the N- and the C-terminal domains,
both of which adopt a barrel-like fold comprised of several
[B-sheets. The crystal structure indicated that the active-site
catalytic triad, Cys139-His30-Glu54, participates in catalysis,
in a manner similar to that of the active-site catalytic triad of
chymotrypsin, Ser195-His57-Asp102 (18).
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Figure 1 Schematic representation of the norovirus genome and plasmid constructs used for expression in Escherichia coli cells.

(A) Genomic organization of the norovirus Chiba strain (GenBank/EMBL/DDBJ ID: AB042808). The RNA genome is 7697 bases in length
with its 3’-terminus polyadenylated. The viral protein, VPg, is thought to be covalently linked to its 5’-end. The first 25 nucleotides of the
genome are highly homologous to the sequence around the start codon of ORF2. Parts of amino acid sequences of ORF1 and ORF2 are also
shown. The end of ORF1 is partly overlapped with the start of ORF2. The numbers indicate the positions of the bases. (B) Proteolytic cleav-
age sites found in the ORF1 polyprotein. The numbers indicate the positions of the amino acids. Slashes indicate the cleavage sites recognized
by the 3C-like protease. (C) Bacterial expression plasmids frequently used for detection of the proteolytic activity. pUCHis-3BC was used
for mutagenesis studies of charged amino acid residues. pGEX-2TK-3aBC was used for the saturation mutagenesis of Glu54, Ala-scanning
mutagenesis of neutral residues, and the C-terminal truncation study. pUC3CD was used for examination of the N-terminal truncation. The

upward-pointing arrows indicate scissile bonds.

The 3C-like proteases from the Norwalk strain (GI/1) (19)
and the Southampton strain (GI/2) (20) were also crystallized
and their structures are available (Table 1). It is of note that
the structures of these two proteins were obtained at higher
resolution than that of the Chiba protease. Moreover, the
Southampton protease was crystallized such that a peptide

inhibitor was covalently bound at the active site (20); the
crystal structure then enabled characterization of how sub-
strates and products interact with protease molecules at the
binding site.

Comparison of structures from these three strains (Chiba,
Norwalk, and Southampton) revealed that a loop connecting
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Figure 2 Crystal structure of the 3C-like protease from the norovirus Chiba strain.

(A) Overall structure (PDB ID 1WQS). A catalytic triad, Cys139-His30-Glu54, in the active site is situated in a cleft between the N- and
C-terminal domains. Side chains of these three residues are represented as sticks. The names for each B-sheet are indicated. The bII-cII loop
stands for a loop region connecting the bII and cII B-sheets. (B) Model of inhibitor binding. A peptide inhibitor that was included in the crystal
structure of the Southampton protease (PDB ID 2IPH) was incorporated into the active site of the Chiba protease using Waals software (Altif
Laboratories, Tokyo, Japan). The inhibitor is represented as a wire frame. His157, along with Thr134 and Tyr143, is involved in recognition of
the side chain at the P1 position. Ile109, GIn110, and Arg112 are located in the bII-cII loop and were targets of mutagenesis as described in the
main text. Ile109 is likely to affect the recognition of both P2 and P4 residues.

the bIl and cII B-sheets is structurally highly flexible. This
bII-cII loop is close to the active site, and is likely to play
a role in facilitating substrate binding (Figure 2). The crys-
tal structures of norovirus proteases suggest that the loop

undergoes a dynamic conformational change between open
and closed states during catalysis. The corresponding region
of picornavirus 3C proteases, a B-ribbon, is suggested to be
flexible and involved in substrate binding (34, 37).
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The configurations of the respective C-terminal tails
from the Norwalk, Southampton, and Chiba proteases differ
greatly. The Chiba protease lacks the 8 C-terminal residues,
which suggests that the configuration of the C-terminus is not
fixed. Although the corresponding regions are present in the
Norwalk and Southampton proteases, the sequences of these
last eight residues are in opposing directions.

Table 1 provides the crystal structural data for the 3C and
3C-like proteases from picornaviruses, potyviruses, and coro-
naviruses, in addition to the noroviruses that are available in
the PDB database. It is clear that these proteases share a com-
mon architecture, supporting the notion that they all belong to
the chymotrypsin-like protease superfamily. These similari-
ties might facilitate the development of a class of medications
for treating diseases evoked by any one of these viruses.

Mutational analysis of Cys139 and charged
amino acid residues

Before the determination of the crystal structure of the Chiba
protease, Ala-scanning mutagenesis was used to identify the
active-site amino acid residues (68, 69) (Table 2). The noro-
virus 3C-like protease is closely related to the picornaviral
3C protease, both of which are classified as a member of the
chymotrypsin-like protease family. This similarity, based on
the amino acid sequence of the 3C-like protease, helped lead to
the identification of the GXCG motif, which is a Cys version
of the GDSG sequence present in chymotrypsin. The Ser195
residue in the GDSG sequence is an active-site nucleophile
indispensable for proteolysis. In turn, it seemed reasonable
to assume that the Cys139 residue in the GXCG motif of the
norovirus proteases functioned as a nucleophile. Indeed, the
Ala mutation of Cys139 was found to have completely lost
all proteolytic activity, indicating the essential role of Cys139
in proteolysis (68). Cys139 could then be replaced with the
Ser residue without apparently affecting the activity, which
suggested that the 3C-like protease is a member of the serine
protease family (69).

In chymotrypsin, the His57 and Asp102 residues function
as a general base and a third-member carboxylate during the
proteolytic reaction, respectively. It was initially expected
that similar residues participated in proteolysis by the noro-
virus protease. Based on this hypothesis, all of the charged
amino acid residues found in the 3C-like protease of the
Chiba strain were subjected to Ala-scanning mutagenesis (69)
(Table 2). Among 37 individual Ala mutant proteases, those
with mutations at six positions (Arg8, His30, Lys88, Arg89,
Aspl38, His157) exhibited no proteolytic activity. It was thus
estimated by mutational analysis that the His30 residue func-
tioned as a general base. Evidence for this estimation was later
provided by the structural study described above. As no acidic
residue corresponding to Aspl02 of chymotrypsin has been
found in the norovirus 3C-like protease, it appears to exert
its proteolytic activity using the catalytic dyad of Cys139 and
His30. The catalytic dyad composed of Cys and His func-
tions in a manner similar to the active site of typical cysteine
proteases, such as papain. It is intriguing that the norovirus

3C-like protease appears to adopt a mechanism of proteol-
ysis involving a thiolate-imidazolium ion pair, although its
structure resembles that of typical serine proteases. It remains
unknown if the mechanism underlying proteolysis by the
norovirus protease includes a charge relay or a thiolate-imida-
zolium ion pair. The coronavirus 3C-like proteases are likely
to use a mechanism involving a thiolate-imidazolium ion pair,
because their active site has been clearly identified as a cata-
Iytic dyad composed of Cys and His.

The Asp138 residue was the only acidic residue for which
the Ala mutation led to a loss of activity (69). Since Asp138 is
the residue preceding a nucleophile, Cys139, on the primary
sequence, it was not expected to be involved in catalysis. In
fact, it was revealed by the crystal structure that a carboxylate
of Asp138 pointed in the opposite direction to that of Cys139,
and it formed a salt bridge with Arg89, one of six residues
identified as critical by Ala-scanning mutagenesis (Figure 3)
(17). The crystal structure also indicated that the side chains
of Arg8 and Lys88 interacted with a carbonyl oxygen of Thr69
and Val9, respectively. It is thought that these interactions are
necessary for the proteolytic activity and/or integrity of the
protease structure (17). Simultaneous mutation or exchange
of charges between two residues involved in the formation
of a salt bridge occasionally reverses the deleterious effect of
a single mutation at each position. When double mutations,
such as R§9A/D138A or R89D/D138R were introduced into
the protease, the effects of the respective single mutations
were not reversed by the additional mutation (unpublished
observation). These results indicate that Arg and Asp are
essential for the function of the protease at positions 89 and
138, respectively.

His157 is located in the S1 hydrophobic pocket, which
interacts with the side chain of Glu or Gln found at position
P1 of the substrate (Figure 2B) (17, 19, 20). His157 is essen-
tial for substrate recognition, and it cannot be replaced by any
other amino acid residue (69).

Saturation mutagenesis of the Glub4 residue

The Ala mutation of the Glu54 residue did not show any
loss of proteolytic activity (69). On the other hand, the crys-
tal structure indicates that Glu54 is located close to a gen-
eral base, His30, in the active site, suggesting that catalysis
is carried out by a catalytic triad in which Glu54 functions
as a third-member carboxylate along with Cys139 and His30
(Figure 2A) (17, 19, 20).

To explore the role of the Glu54 residue and to determine
whether Glu54 is involved in the mechanism of catalysis, sat-
uration mutagenesis was applied to this residue (70) (Table 2).
The glutathione S-transferase (GST) fusion construct (pGEX-
2TK-3aBC; see Figure 1C) of the 22 C-terminal amino acids
of the 3A protein and the entire region of 3B VPg and 3C-like
protease were used to monitor the effects of Glu54 mutations
on proteolytic activity. In this construct, two cleavage sites,
3A/3B and 3B/3C, were included. The properties of 19 dif-
ferent mutants were categorized into five groups: Gly, Ala,
Ser, Cys, Gln, and Asp — mutants that exhibited high activity
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References
(72)

Remarks

Effect of mutation

Mutated to

Phe

Residues
Tyrl43

A residue in the S1 pocket

Wild-type activity
No activiy

Tyrl43 interacts with His157
Aromaticity is important

Ala, His, Ser

A smaller or hydrophilic amino acid is not preferred (72)

No activity with a decreased level of expression

Wild-type activity
No activity

Leu, Met, Thr
Ala, Gln

Vall44

(69)

A residue in the S1 pocket

His is indispensable

Ala, Pro, Gln, Arg, Ser, Tyr

His157

(72)

A residue in the S1 pocket

Wild-type activity

Thr

Vall67

Side-chain volume is important

Altered substrate specificity

Leu

No activity with a decreased level of expression

Ala, Met, Gln

comparable to that of the wild type; His, Met, and Asn —
mutants that exhibited slightly less activity than the wild type,
as indicated by residual amounts of the GST-3aB intermedi-
ate, as well as the production of three final products; Trp —
mutant that retained severely impaired but still significant
activity, resulting in the production of very small amounts of
final products; Leu, Ile, and Pro — mutants that cleaved only
the 3B/3C site, but not the 3A/3B site; and Arg, Lys, Val, Thr,
Phe, and Tyr — mutants lacking activity. It was clearly shown
that the presence of the carboxylate of the Glu54 residue was
not essential for proteolytic activity. However, the turnover
rate of the mutants tested (Ala54 and GIn54 mutants) was
significantly decreased compared with that of the wild-type
protease. It is likely that the presence of a carboxylate at posi-
tion 54 is required for effective proteolysis (70).

The C139S nucleophile mutant of the protease exhibits
high proteolytic activity comparable to that of the wild-type
protease. It was thus of interest to determine whether or not
the triplet Ser139-His30-Glu54 functions as a catalytic triad
in a manner similar to that of the catalytic triad in typical ser-
ine proteases. When the Glu54 residue was mutagenized in
the construct possessing the C139S mutation, only the E54D/
C139S and E54Q/C139S mutants retained slightly decreased
activity compared with that of the parental C139S mutant,
while the other double mutants exhibited virtually no activity.
These results suggested that capacity to form hydrogen bonds
was required for the side chain at position 54 in the Ser139
nucleophile background (70).

The far-reaching implications of these results remain to be
seen. It is compelling to consider that the norovirus 3C-like
protease adopts a papain-like mechanism involving a thiolate-
imidazolium ion pair in the wild-type Cys nucleophile back-
ground, whereas in the Ser nucleophile background, it uses
a chymotrypsin-like mechanism involving a charge relay.
Additional experimental evidence from future studies will
help clarify these issues.

Mutation of the Glu54 residue affects substrate
specificity

The Leu, Ile, or Pro mutation of Glu54 resulted in the pro-
duction of the GST-3aB intermediates and the 3C-like pro-
tease, implying that mutant proteases mediated only cleavage
at the 3B/3C site (Lys-Leu-Ser-Phe-Glu/Ala-Pro), but not
at the 3A/3B site (Thr-Ala-Thr-Ser-Glu/Gly-Lys) (70). One
possibility is that the mutant protease is inactivated after the
cleavage of the 3B/3C site, eventually resulting in a failure of
the cleavage of the 3A/3B site. Another possibility is that the
mutant protease possesses altered (strict) substrate specificity,
as the 3A/3B cleavage sequence is apparently more hydro-
philic than the 3B/3C sequence.

Various mutations were introduced at the 3A/3B or 3B/3C
site using the fusion construct including the E54L protease
mutation (71). When the Leu residue at the 3B/3C site was
changed to Ala, the E54L protease did not cleave either the
3A/3B or the 3B/3C site. The Phe-to-Ser mutation of the
3B/3C site also gave the same result. On the other hand,
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Figure 3 Map of amino acid residues important for proteolytic activity and/or stability.

Important residues identified in these mutagenesis studies are mapped on the topological view of the 3C-like protease. A dashed line between
two residues indicates that the two residues are close to each other. A double dashed line indicates an ionic interaction. The triplet Cys139-
His30-Glu54 constitutes a catalytic triad for proteolysis, although Glu54 is not essential. Arg89 was salt-bridged with Asp138. For clarity, the
Cys139 residue and the fII {3 sheet are represented in two different locations.

when the Ala-Thr-Ser tripeptide at the 3A/3B site was
changed to the Leu-Ser-Phe or Leu-Thr-Phe sequence, the
E54L protease accomplished the cleavage at the 3A/3B
site as well as at the 3B/3C site. These results indicate that
the E54L mutant protease prefers a cleavage sequence that
includes large hydrophobic amino acids at both the P4 and
the P2 positions (71).

Careful consideration of the crystal structure of the pro-
tease clearly revealed that the Glu54 residue is located at the
bottom of the S2 hydrophobic pocket that accommodates the
side chain at the P2 position of the substrate (Figure 2B) (17,
71). As the Leu mutation of Glu54 leads to increased hydro-
phobicity of the S2 pocket, it is likely that the ES4L protease
requires a hydrophobic substrate to achieve a cleavage event.

Enzyme-substrate interaction as revealed
by mutations at the 3A/3B cleavage site

When the S200F mutation of the 3A region was introduced
into the GST-3aBC constructs including the wild-type pro-
tease, the protease moiety was isolated along with the GST-
3a(S200F) peptide from the lysate of cultured bacterial cells
(71). No other proteins accompanied the GST-3a protein from
the completely wild-type GST-3aBC construct. The wild-

type protease was not separated from the GST-3a(S200F)
protein by gel filtration, indicating that this tight interaction
was solely attributed to the S200F mutation in the 3A region.
As the Ser200 residue of the 3A peptide corresponds to the
P2 position in the cleavage sequence, it is possible that the
C-terminus of 3A containing the S200F P2 mutation remains
tightly bound at the active site in the protease, even after com-
pletion of the proteolytic reaction (71).

The tight interaction between the protease and the
C-terminus of 3A occurred when the Tyr, Trp, Leu, or Met
residue occupied position 200 of 3A, while this tight interac-
tion was completely abolished when an Ala or His residue
was introduced. These results suggest that hydrophobicity is
responsible for the sustained interaction (71). As described
above, the S2 pocket that accommodates the P2 position of
the substrate is hydrophobic (17, 19, 20). It is likely that the
hydrophobicity of both the S2 pocket and the P2 position syn-
ergistically strengthens the interaction.

On the other hand, when the Ala198 residue (P4 position)
of 3A was additionally mutated to Gly or Val with the S200F
mutation retained, the amounts of the protease co-isolated
with GST-3a decreased significantly; moreover, the Ser or
Leu mutation of Alal98 led to dissociation of the mutated
C-terminus of 3A from the protease molecule. The binding
sites for the P4 and P2 positions of the substrate are buried
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in the protease. It is likely that the two binding sites mutu-
ally affect and sense each other when the proteolytic reaction
proceeds (71).

Asdescribed above, the bII-cITloop connecting two B-sheets,
bll and clI, is in the vicinity of the active site of the protease
and possibly undergoes a dynamic conformational change
during proteolysis (17, 19, 20). The S2 pocket is surrounded
by the side chains of Ile109, GIn110, Argl12, and Valll4
on the blI-cII loop (Figure 2B). Although the individual Ala
single mutants at four positions had no effect on proteolytic
activity, each of these Ala mutations significantly decreased
the amounts of protease co-eluted with GST-3a in combination
with the S200F mutation of 3A. In particular, the I109A muta-
tion completely abolished the sustained interaction between
the protease and the C-terminus of 3A, i.e., the product was
released from the protease immediately after the completion
of proteolysis. These results suggest that the observed tight
binding between the protease and GST-3a is attributable to the
hydrophobicity of both the Ile109 residue of the protease and
the Phe200 residue of the mutated 3A (71).

According to the crystal structures of the proteases, it is
reasonable to assume that the Ile109 residue is involved in
the recognition of both the P2 and the P4 side chains, and
therefore, mutual sensing of the P2 and P4 side chains by the
protease probably occurs via the Ile109 residue (Figure 2B).

The tight interaction between the enzyme and the final
product would be disadvantageous for the enzyme because the
free enzyme is hardly regenerated, and therefore, such muta-
tions at cleavage sites would never occur naturally. However,
such artificial mutations may be used to help design inhibitors
of these proteases.

It should be noted that the cleavage at the 3B/3C site pre-
cedes the cleavage at the 3A/3B site. If the two cleavage sites
included in the GST-3aBC fusion proteins are equivalent, one
would estimate that they should be exposed to the protease
to the same degree. In fact, the GST-3aBC fusion containing
the S200F mutation of 3A yielded the GST-3a peptide tightly
associated with the 3C-like protease, but not the GST-3a
bound to the 3BC intermediate. This would not be the case if
the 3B/3C site were not cleaved in advance.

I want to mention an intriguing possibility on the bII-
cIl loop here. Staring at the amino acid sequence of this
loop, it comes to our attention that its part including the
Met107-Lys-Ile-Gln-Gly-Arg sequence resembles the cle-
avage sequences found in the norovirus polyprotein, espe-
cially the sequence between the N-terminal region and the
2C-like NTPase, Met-His-Leu-GIn/Gly-Pro. This raises the
possibility that the bII-cIl loop mimics the substrate and
regulates the function of the protease. Although a drastic
movement is needed along with a conformational change
of the backbone peptide, the bll-cIl loop might come to
fit along the active site cleft as the GIn110 residue inter-
acts with the His157 residue. This possibility cannot be
completely denied as long as I see the crystal structure.
The fact that the Met-Lys-Ile-GIn-Gly-Arg motif is highly
conserved might also support this possibility. However, as
there is no experimental evidence, it remains a matter of
speculation.

Side chain-side chain interaction as revealed
by Ala-scanning mutagenesis

At this stage of the research, it became important to consider
whether neutral amino acids are involved in the mechanism
of proteolysis, substrate binding, maintenance of the protein
structure, and/or other aspects of the protease. To this end,
the author’s extensive mutagenesis study was expanded to
include neutral amino acid residues, i.e., Pro, Val, Leu, Ile,
Phe, Tyr, Trp, Ser, Thr, Cys, Met, Asn, and Gln (Table 2) (72).
For that series, 106 individual Ala mutants were constructed.
The results revealed that Ala mutations at 13 positions led
to a loss of activity and/or a loss of stability of the protease.
Ten of 13 residues (Leu86, Leu95, Leu97, Met101, GInl17,
Leul21, Thr134, Tyr143, Vall44, and Vall67) were mapped
on the C-terminal domain, and only 3 of 13 (Trp6, Trp19, and
Thr27) on the N-terminal domain (Figure 3).

The crystal structure clearly indicated that the Thr134 resi-
due, together with His157, is directly involved in binding of
the P1 side chain of the substrate via the side-chain hydroxyl
group (Figure 2B) (17, 19, 20). The Ser residue could be sub-
stituted for Thr134, but the Val residue could not, indicating
an essential role of the hydroxyl group (72). The Tyr143 resi-
due interacts with His157 by means of an aromatic interaction
(17, 19, 20) because Tyr143 could be replaced with Phe (72).
In addition to these residues, Leu97, Leul21, and Val67 are
residues constituting the S1 specificity pocket (17). No other
residues important for an enzyme-substrate interaction could
be found in the mutagenesis study. These findings suggested
that the substrate is primarily fixed in place by the protease
due to its P1 position.

Interestingly, residues found in the C-terminal domain form
a network in which side chains are close to each other. The
network, most of which is based on hydrophobic interactions,
is suggested to be important for the stability and integrity of
the protease since mutations, especially those of Met101 and
GlInl117, often lead to decreased levels of expression (72).

As for the N-terminal domain, mutations at only three posi-
tions affected its activity and/or stability, which was in marked
contrast to the C-terminal domain. The crystal structure indi-
cates that Trp19 is located on top of an aromatic residue clus-
ter found in the N-terminal domain (17). Since aromaticity at
position 19 was found to be essential for achieving activity, an
aromatic-aromatic interaction would be expected to be impor-
tant, although the precise role of this interaction is unknown in
this case (72). On the other hand, Trp6 is sandwiched between
Leu86 and Lys88, thus representing the only interaction
between two domains that was identified in this series (17).
Crystallographic analysis revealed few interactions between
the N- and the C-terminal domains. These findings suggested
that limited interactions between the two domains played a
part in the flexibility of the protease during proteolysis.

Effect of the truncation of the N- and C-termini

The question remained regarding which sequence of the pro-
tease is minimally required to achieve proteolytic activity.
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Therefore, the N- and C-termini of the protease were trun-
cated in separate studies to determine their respective effects
on proteolytic activity.

The effects of the N-terminal truncation were assessed using
the 3CD expression construct in which the first Ala residue of
the protease was placed following the Met residue (Figure
1C) (69). The 3CD proteins were successfully cleaved into
the 3C-like protease and 3D RNA polymerase in Escherichia
coli cells. When the first five or eight amino acid residues
of the protease were deleted, both of the truncated proteases
were able to cleave the 3C/3D junction, although their respec-
tive levels of activity had markedly decreased. On the other
hand, the deletion of the first 11 residues resulted in a com-
plete loss of activity (69). These results are somewhat surpris-
ing because Trp6 and Arg8 are included within the first eight
residues. Amino acid substitution of these residues was detri-
mental to the protease when the activity was measured using
the GST-3aBC construct. The crystal structure shows that
the N-terminus containing Trp6 and Arg8 forms an o-helix.
One possible explanation for these findings was that substi-
tution mutations of these residues alter the conformation of
the N-terminus and thus prevent the proper formation of the
a-helix. Therefore, substitution mutations might be more del-
eterious than deletion. It seems likely that the N-terminal con-
taining Trp6 and Arg8 is not involved in proteolytic activity,
and these two residues are responsible for the proper folding
of the N-terminus; hence, the entire molecule of the protease
is properly folded in this case. It should be noted that Trp6
and Arg8 are completely conserved in all norovirus strains,
which suggests the crucial roles of these residues.

As noted above, the crystal analyses demonstrated that
the C-terminal tails of each of the proteases from these three
strains were not identical (17, 19, 20). These observations
suggest that the C-terminus is not required for proteolytic
activity. Mutagenesis study using the protease of the Chiba
strain clearly indicated that 10 C-terminal residues could be
truncated without affecting activity, and no specific interac-
tion was formed with certain residues in the protease mol-
ecule (unpublished data).

Of 181 residues constituting the protease, neither the
8 residues from the N-terminus nor the 10 residues from
the C-terminus are directly involved in achieving prote-
olysis. However, the N-terminus of the protease follows the
C-terminus of 3B VPg via the 3B/3C junction, and similarly,
the C-terminus of the protease is followed by the N-terminus
of the 3D RNA polymerase via the 3C/3D junction. It is obvi-
ous from the crystal structures that the amino acid sequence
corresponding to at least five residues from P4 to P1” posi-
tions will be required for exerting the cleavage event when
the junction as the substrate is fitted to its binding site in the
protease via the antiparallel B-strand interaction.

Enzymatic characterization
To determine the biochemical and enzymatic properties of the

norovirus protease, bacterially expressed protease molecules
were purified and assayed in vitro using the purified fusion

proteins, including the 3C/3D junction as the substrate (73).
The purified protease carried out cleavage of the fusion pro-
teins within a wide pH range (optimal pH, approx. 8.6) and
without the requirement of divalent cations, such as Mg?* and
Ca?; however, cleavage was slightly inhibited in the presence
of high concentrations of Na* or K*. In general, the proteolytic
activity of the norovirus protease did appear to be quite low
because not all of the substrate molecules were cleaved by the
protease, not even after prolonged incubation (=24 h). These
results are in marked contrast with the observation that the
fusion constructs were thoroughly cleaved inside E. coli cells.
One possible explanation for this discrepancy is that intrinsic
molecules in E. coli cells serve as modulators of proteolysis.
As the fusion protein including the entire protease moiety with
the C139A inactivating mutation was used as the substrate for
the assay, it cannot be ruled out that this moiety might occlude
the junction of another fusion molecule, eventually resulting
in the accumulation of non-cleaved substrates.

Low proteolytic activity of the norovirus protease was
also observed when synthetic, fluorogenic peptide substrates
based on the 2C/3A junction were used (70). The wild-type
protease showed a K value of 0.5 mm and a k_ value of
0.6 5!, revealing that the enzyme had low affinity for the sub-
strate and a slow turnover rate. It was a limitation of the assay
that large amounts of fluorogenic peptides were used, which
caused an unfavorable increase in the level of background
fluorescence and resulted in a loss of linearity between the
substrate concentration and the intensity of the generated flu-
orescence. The use of chromogenic peptide substrates would
likely have yielded much more confirmable results than those
of this series (17, 19, 20). However, the proteolytic activity
of the norovirus protease did indeed appear to be low in this
series.

Although it remains unknown how the norovirus protease
accomplishes the cleavage of a viral polyprotein in infected
cells, the junctions in a polyprotein that serve as substrate for
the protease are in the vicinity of the protease itself, and thus
it seems likely that the local concentration of the substrate is
relatively high. Even if the protease exhibits weak proteolytic
activity, it can take advantage of both substrate specificity and
the adjacent localization of the substrate.

The protease was effectively inactivated by sulfhydryl
reagents including N-ethylmaleimide, methyl methanethio-
sulfonate, p-chloromercuribenzoic acid, and the Hg** ion
(73). These findings indicate that cysteine residues were
involved in proteolysis. Although the protease from the Chiba
strain has five Cys residues, only Cys139, a nucleophile in the
active site, is conserved in all strains of norovirus. The crystal
structure analysis revealed that four other residues (Cys77,
Cys83, Cys154, and Cys169) serve as coordinates for heavy
metal ions (17). As the sulfhydryl group of Cys139 is highly
accessible to water, whereas the side chains of the other four
residues are directed inward, it is highly possible that a target
of sulthydryl reagents is Cys139.

The heavy metal ions found in the crystal of the Chiba
protease were possibly mercuric ions that were used to
obtain heavy metal derivatives (17). Although the Norwalk
or Southampton proteases had the same Cys cluster formed
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inside the C-terminal domain, no metal ions were not found
in their crsytals (19, 20). Therefore, such ions are unlikely to
be needed for proteolytic activity. It is unknown whether the
Cys cluster serves other particular function, although it will
be interesting to explore the implication of its configuration.

Expert opinion

Noroviruses are distributed worldwide and cause the intense
suffering of millions of people on a yearly basis. No therapeu-
tic drugs or vaccines against norovirus gastroenteritis have
been developed to date. The 3C-like protease is responsible
for the maturation of the norovirus proteins, which are pos-
sibly involved in the replication of viral RNAs and the pro-
duction of progeny viruses. Without the protease, noroviruses
could not be propagated. A comprehensive understanding
of all aspects of the norovirus protease and the concurrent
development of medications to treat norovirus infections will
provide a substantial contribution to human quality of life and
health.

Norovirus protease is a member of the chymotrypsin-like
serine protease superfamily. Chymotrypsin and its relatives
are well-known; a wide variety of aspects of these proteases
have already been reported in the literature (e.g., structural
features, mechanisms of catalysis, enzymatic characteristics,
inhibitor profiles, roles played in cells). Should the norovi-
rus protease be compared with chymotrypsin-like serine
proteases? The norovirus protease does have a conspicuous
feature in that its nucleophile is a Cys residue, although its
overall structure adopts a chymotrypsin-like fold.

The norovirus proteases were crystallized and the struc-
tures were solved by three different research groups, which
provided various insights into active site residues, the prin-
ciple of protein integrity, the mode of substrate binding, and
possible structural changes during proteolysis. The norovirus
protease has also been subjected to extensive and detailed
mutagenesis studies, shedding light not only on the putative
roles of individual amino acid residues but also on interac-
tions between residues and interactions between enzymes and
substrates.

The detailed structural and biochemical examination of
norovirus proteases conducted thus far is expected to contrib-
ute substantially to the eventual development of therapeutic
drugs for treating norovirus infections.

Outlook

The mechanism of catalysis exerted by the norovirus protease
is still not resolved. The mechanism involving a charge relay
system is plausible, considering that the protease is a member
of the chymotrypsin-like serine protease family. This classi-
fication is supported by crystal structure analyses indicating
that a triplet, Cys139-His30-Glu54, is properly positioned in
the active site. However, mutagenesis study of Glu54 clearly
indicated that Glu54 was not essential for proteolytic activ-
ity. It is possible that a dyad of Cys139 and His30 catalyzes

a cleavage reaction by a mechanism involving a thiolate-
imidazolium ion pair, as is the case with typical cysteine
proteases, such as papain. Otherwise, the norovirus protease
might utilize either mechanism, adopting one of the two
depending on the context. This possibility is supported by
the activity shown by the protease within a wide range of pH
levels. Under acidic conditions, Cys139 is protonated such
that proteolysis proceeds by a charge relay, whereas under
alkaline conditions, Cys139 is easily deprotonated such that
proteolysis is mediated by a thiolate-imidazolium ion pair.
This hypothesis is based on the fact that the pK, value of the
sulthydryl group of Cys (~ 8.3) is much smaller than that of
the hydroxyl group of Ser (~13). Due to low levels of protease
activity, it has been difficult to characterize the detailed enzy-
matic features of the protease with in vitro assays involving
fluorogenic or chromogenic peptide substrates. More sensi-
tive methods will be needed to elucidate the mechanism of
catalysis and the enzyme kinetics.

The norovirus protease is initially expressed as a part of
polyprotein. Then, each unit is excised from the polyprotein
by the protease. There are five junctions in the polyprotein. It
is not known whether the junctions are cleaved in an intermo-
lecular or an intramolecular manner. Comparing the genera-
tion of a viral protease from a polyprotein by the autocatalysis
of zymogens, Khan et al. (74) speculated that cleavage at the
3B/3C junction of the picornavirus polyprotein occurs intra-
molecularly. The question remains whether this is applicable
to the norovirus polyprotein as well. Although the intramolec-
ular event is an intriguing hypothesis, experimental evidence
is still needed for verification.

Highlights

* Determination of the crystal structures confirmed that the
norovirus 3C-like protease adopts a chymotrypsin-like
fold.

» The crystal structures also indicated that the active site con-
sisted of a catalytic triad, Cys139-His30-Glu54.

e Mutagenesis studies indicated that Cys139 and His30
played indispensable roles in proteolysis, but Glu54 was
not essential for proteolysis.

e Mutations of Glu54 affected substrate specificity. In par-
ticular, the E54L, E541, and E54P mutant proteases cleaved
the 3B/3C junction, but not the 3A/3B junction.

e Together with Thr134 and Tyr143, His157 in the S1 speci-
ficity pocket is involved in the recognition of the P1 Glu/
Gln residue of the substrate.

 Substrates in which large, hydrophobic amino acids occupy
the P2 and P4 positions are highly preferred for cleavage.

e The Phe mutation of 3A Ser200 corresponding to the P2
residue blocked the release of the product containing the
mutation from the active site of the wild-type protease,
even after the completion of proteolysis.

e Most of the residues identified as important by Ala-scanning
mutagenesis form a network in which side chains are
close to each other, which suggests that this arrangement
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is possibly important for the stability and integrity of the
protease.

The mechanism underlying proteolysis by the norovirus
protease requires additional research.

The means by which the junction is cleaved remains to be
determined, and future studies will still need to determine
whether the process is intermolecular or intramolecular.
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