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Coronavirus gene expression involves proteolytic processing of the gene 1-encoded polyprotein(s), and a key
enzyme in this process is the viral 3C-like proteinase. In this report, we describe the biosynthesis of the human
coronavirus 229E 3C-like proteinase in Escherichia coli and the enzymatic properties, inhibitor profile, and
substrate specificity of the purified protein. Furthermore, we have introduced single amino acid substitutions
and carboxyl-terminal deletions into the recombinant protein and determined the ability of these mutant
3C-like proteinases to catalyze the cleavage of a peptide substrate. Using this approach, we have identified the
residues Cys-3109 and His-3006 as being indispensable for catalytic activity. Our results also support the
involvement of His-3127 in substrate recognition, and they confirm the requirement of the carboxyl-terminal
extension found in coronavirus 3C-like proteinases for enzymatic activity. These data provide experimental
evidence for the relationship of coronavirus 3C-like proteinases to other viral chymotrypsin-like enzymes, but
they also show that the coronavirus proteinase has additional, unique properties.

Human coronaviruses (HCV) are a major cause of respira-
tory disease in both children and adults. HCV infection is
usually manifested as a relatively mild illness, the “common
cold,” but the involvement of HCV in lower respiratory tract
illness and gastroenteritis has also been documented (15, 25,
32). To date, two antigenic groups of HCV have been identi-
fied, and they are represented by the prototype strains HCV
229E and HCV OC43. HCV 229E is easier to isolate and
propagate in tissue culture and, consequently, has been more
extensively studied.

The HCV 229E genome is a positive-strand RNA of approx-
imately 27,000 nucleotides. Gene 1, which is located at the 5’
end of the genome, is comprised of two large, overlapping
open reading frames (ORFs), ORF 1a and ORF 1b (12). The
upstream ORF, ORF 1a, encodes a polyprotein, ppla, with a
calculated molecular mass of 454 kDa. The downstream OREF,
OREF 1b, is expressed as a fusion protein with ppla by a mech-
anism involving (—1) ribosomal frameshifting (12, 13). The
OREF 1lab gene product has a calculated molecular mass of 754
kDa and is referred to as polyprotein 1ab or pplab. Analysis of
murine coronavirus (MHV) temperature-sensitive mutants (2)
indicates that most, if not all, of the functions necessary for
coronavirus RNA synthesis are located in ppla- and pplab-
related polypeptides.

Proteolytic processing of viral polyproteins is a crucial step
in the replication cycle of many positive-strand RNA viruses
(5, 16). By and large, these processing events are carried out by
virus-encoded proteinases, and in the case of coronaviruses,
sequence motifs characteristic of both papain-like cysteine pro-
teinases and a chymotrypsin-like enzyme, the 3C-like protein-
ase (3CLP™), have been identified in the regions of ppla and
pplab encoded by ORF 1a (7, 10, 12, 17). The coronavirus
3C-like proteinase derives its name from the observed homol-
ogy to the 3C cysteine proteinase of picornaviruses, and both
active site residues and sequence elements that may be in-
volved in substrate binding have been predicted for the coro-
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navirus protein (10). In vitro-translated and bacterially synthe-
sized MHV and HCV 229E 3CLP™ have both been used to
obtain preliminary data on the substrate specificity of the coro-
navirus enzyme (11, 20, 21, 28, 33). The sequence analysis of
four cleavage products showed that, as had been previously
predicted (10, 12, 17), cleavage takes place at Gln{-Ser,Ala
dipeptides (crossbar symbol indicates peptide bond cleavage
site) (11, 20, 33). This specificity is consistent with features
regarded as typical for substrates of 3C proteinases, namely
cleavage at Q,E4G,S,A dipeptides (26).

There are, however, several features that clearly separate
the coronavirus 3CLP™ from other viral proteinases of this
type. First, compared to most 3C and 3C-like proteinases,
which have a molecular mass of approximately 18 to 22 kDa,
the coronavirus 3CLP™ has a molecular mass of about 30 kDa.
The additional mass is mainly due to an extended carboxyl-
terminal domain. Second, in the coronavirus 3CLP™, a con-
served Gly (Ala) residue, which is characteristically located
close to the His residue of the 3C and 3C-like proteinase
substrate-binding pocket, has been replaced with a Tyr residue
(10). Third, at least to date, it has not been possible to identify
an acidic active site residue in the coronavirus 3CLP™ (7, 12,
17, 18). This residue is normally required for chymotrypsin-like
catalysis, and its spatial equivalent is predicted to be present in,
for example, most picornavirus 3C proteinases. In this context,
it is interesting to note, however, that recent structural studies
on the hepatitis A virus 3C proteinase (HAV-3CP*) have
shown that the Asp residue which had been predicted to be
equivalent to the active site Asp of chymotrypsin (9) is properly
located, but because of a different side chain orientation, it
does not interact with the catalytic His residue. Therefore, it
has been suggested that the thiolate-imidazolium system might
be sufficient for catalysis by some 3C proteinases (1). This
mechanism is widely accepted for the papain family of cysteine
proteinases (6).

In the case of HCV 229E, the 3CLP™ region is located
between amino acids 2966 and 3267 of ppla and pplab. In the
virus-infected cell, the major form of 3CLP™ is found as a
polypeptide with an apparent molecular mass of 34 kDa (33).
Recently, we have shown that bacterially synthesized HCV
229E 3CLP™ exhibits proteolytic activity in trans, using both in
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2966 AGLRKMAQPS GFVEKCVVRV CYGNTVLNGL WLGDIVYCPR
+ ++
3006 HVIASNTTSA IDYDHEYSIM RLHNFSIISG TAFLGVVGAT
+
3046 MHGVTLKIKV SQTNMHTPRH SFRTLKSGEG FNILACYDGC
+ +
3086 AQGVFGVNMR TNWTIRGSFI NGACGSPGYN LKNGEVEFVY
+ +
3126 MHQIELGSGS HVGSSFDGVM YGGFEDQPNL QVESANQMLT
[ee]
3166 VNVVAFLYAA ILNGCTWWLK GEKLFVEHYN EWAQANGFTA
fooon feoon
3206 MNGEDAFSIL AAKTGVCVER LLHAIQVLNN GFGGKQILGY
+
3246 SSLNDEFSIN EVVKQMFGVN LQ

FIG. 1. Amino acid sequence of the HCV 229E 3C-like proteinase domain.
The proteinase domain encompasses amino acids 2966 to 3267 of ppla and
pplab. Amino acids which have been exchanged in the present study and the
termini of the carboxyl-terminally truncated recombinant proteins are indicated
by symbols above the amino acid sequence. The predicted catalytic Cys and His
residues (10, 12) are underlined.

vitro-translated and bacterially synthesized substrates (11, 33).
In this report we describe a more extensive characterization of
the HCV 229E 3CLP™, including the enzymatic properties, the
inhibitor profile, and the substrate specificity of the purified
protein. Our results confirm the relationship of coronavirus
3C-like proteinases to the other viral chymotrypsin-like en-
zymes, but they also clearly show that the coronavirus 3CLP™
has additional unique properties.

MATERIALS AND METHODS

Protein biosynthesis and purification. The construction of plasmid pMalc2-
3CL and the bacterial biosynthesis of HCV 229E 3CLP™ have been described
previously (33). Briefly, a fusion protein, MBP-3CLP™, containing the maltose-
binding protein (MBP) of E. coli and the predicted 3CLP™ domain of HCV 229E
(amino acids 2966 to 3267 of ppla and pplab, Fig. 1) was synthesized in bacteria
and then purified by amylose-affinity chromatography. The authentic 3CLP™ was
released from the fusion protein by factor Xa cleavage, and the protein mixture
was loaded onto a phenyl-Sepharose HP column (Pharmacia Biotech, Freiburg,
Germany) that had been preequilibrated with a solution containing 12.5 mM
Bis-Tris-HCI (pH 7.0), 300 mM NaCl, 1 mM dithiothreitol, and 0.1 mM EDTA.
After extensive washing of the column, the recombinant 3CLP™ was eluted with
12.5 mM Bis-Tris-HCI (pH 7.0)-1 mM dithiothreitol-0.1 mM EDTA. The frac-
tions containing 3CLP™ were pooled and concentrated to 3 mg/ml with Centri-
con-3 concentrators (Amicon, Beverly, Mass.). The concentrated material was
purified further by chromatography on a Superdex 75-pg (particle size) column
(Pharmacia Biotech) run under isocratic conditions with 10 mM Tris-HCI (pH
7.3)-200 mM NaCl-0.1 mM EDTA-1 mM dithiothreitol. Finally, the purified
protein was concentrated to 10 mg/ml with Centricon-3 concentrators and stored
at —80°C. The protein concentration was measured by the method of Lowry et
al. (19) with bovine serum albumin as a standard.

Site-directed mutagenesis of HCV 229E 3CLP™., Site-directed mutagenesis was
done by a recombination-PCR method as described by Yao et al. (31). Briefly,
four partially complementary oligonucleotides were used to generate linear frag-
ments from pMalc2-3CL DNA by PCR. These fragments were combined and
used to transform competent E. coli DH5a« cells. Recombination in vivo gener-
ated circular plasmids carrying the desired mutation. After sequence analysis, the
mutant proteinase-encoding sequences were exchanged with the corresponding
sequence of the parental plasmid. Mutant HCV 229E 3CLP™ was synthesized
and affinity purified as described above but was not purified by hydrophobic
interaction and size-exclusion chromatography. The purity and structural integ-
rity of each of the mutant proteins was verified by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The control protein
for this experiment, wild-type 3CLP™, was purified in an identical manner.

Peptide synthesis. Synthetic peptides were prepared by solid-phase chemistry
(24) and purified by high-performance liquid chromatography (HPLC) on a
reversed-phase C, silica column (Jerini Bio-Tools, Berlin, Germany). The iden-
tity and homogeneity of the peptides were confirmed by mass spectrometry and
analytical reversed-phase chromatography.

Peptide cleavage. Cleavage reactions were incubated at 25°C and contained 20
mM Bis-Tris-HCI (pH 7.0), varying concentrations of proteinase, and 0.5 mM
substrate peptide in a total volume of 20 pl. The reactions were terminated by
the addition of 80 wl of 0.1% trifluoroacetic acid, and the mixture was centri-
fuged for 5 min at 14,000 X g prior to analysis by reversed-phase HPLC on a
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Delta Pak C;g column (3.9 by 150 mm; Waters, Milford, Mass.). Cleavage
products were resolved using a 22-min, 5 to 90% linear gradient of acetonitrile
in 0.1% trifluoroacetic acid. The absorbance was determined at 215 nm. Peak
areas were calculated by integration and converted to absolute units by using
peptide standards. The peptide substrate used for K,,, determination and inhib-

itor studies was NH,-V-S-Y-G-S-T-L-Q $A-G-L-R-K-M-A-COOH, represent-
ing amino acids 2958 to 2972 of ppla and pplab. For the calculation of K,,,, 0.15
M purified 3CLP™ was used, and reaction aliquots were removed at 0.5, 1, 2, 3,
and 5 min. For the inhibitor studies, 0.15 uM 3CLP™ in 20 mM Bis-Tris-HCI, pH
7.0, was preincubated with varying concentrations of proteinase inhibitor for 60
min at 25°C. Thereafter, the peptide substrate was added (0.5 mM final concen-
tration), and the extent of cleavage was calculated after 5 min of incubation at
25°C. Cleavage reactions lacking the proteinase inhibitor were defined as 100%
cleavage activity.

The enzymatic activity of mutant 3CLP™ (1 pg of total protein) was deter-
mined by incubation with 0.5 mM substrate peptide (NH,-V-S-Y-G-S-T-L-
Q $A-G-L-R-K-M-A-COOH) for 2 h at 25°C. The amount of substrate conver-
sion was determined for each reaction by HPLC analysis as described above. The
activity of wild-type 3CLP™ was taken to be 100%. The substrate specificity of the
HCV 229E 3CLP™ was tested by the incubation of different peptides (see Table
3, 0.5 mM end concentration) with 1 uM purified enzyme in 20 mM Bis-Tris-
HCI, pH 7.0, for 2 h at 25°C. Under these conditions, the conversion of functional
substrate peptides was complete. Nonfunctional substrate peptides did not show
detectable hydrolysis under the same conditions.

RESULTS

Biosynthesis, purification, and kinetic analysis of recombi-
nant HCV 229E 3CLP™. We have recently reported the syn-
thesis of a biologically active HCV 229E 3CLP* in E. coli (14,
33). In the reported experiments, we used partially purified
enzyme and were able to demonstrate its trans activity using in
vitro-translated substrates. In the present study, we have ex-
tended our purification scheme to obtain a homogeneous prep-
aration of recombinant HCV 229E 3CLP™, and we have es-
tablished a peptide cleavage assay that allows us to do
quantitative biochemical analyses.

After the induction of synthesis (Fig. 2, lane 1) and cell lysis,
the MBP-3CLP™ fusion protein was extracted by amylose-af-
finity chromatography (Fig. 2, lane 2). The fusion protein was
then cleaved with factor Xa (Fig. 2, lane 3), and the MBP was
quantitatively removed by hydrophobic interaction chromatog-
raphy on phenyl-Sepharose HP (Fig. 2, lane 4). Finally, resid-
ual contaminants were removed by size-exclusion chromatog-
raphy on a Superdex 75-pg column (Fig. 2, lanes 5 and 6). The
purified protein could be concentrated to 12 mg/ml in 10 mM
Tris-HCl (pH 7.3)-200 mM NaCl-1 mM dithiothreitol-0.1
mM EDTA, and 5 to 10 mg of recombinant 3CLP™ could be
obtained from 2 liters of cells. The purified protein reacted
specifically with polyclonal 3CLP* antiserum (data not shown
[33]) and did not lose enzymatic activity upon storage at —80°C
for several months.

For the kinetic analysis of recombinant HCV 229E 3CLP*™
activity, the synthetic peptide NH,-V-S-Y-G-S-T-L-Q+A-G-L-
R-K-M-A-COOH was incubated with the purified protein.
This 15-mer peptide represents amino acids 2958 to 2972 of
ppla and pplab and contains the scissile bond that releases the
amino terminus of 3CLP™ from the viral polyproteins. Our
experiments with in vitro-translated and bacterially synthesized
substrates indicate that this substrate is rapidly cleaved by
3CLP™. Initial rate measurements (consuming <25% of the
substrate peptide) with three different 3CLP™ preparations
yielded an apparent K,, value of 0.39 = 0.07 mM (Fig. 3),
assuming the enzyme preparations were 100% active.

Catalytic system of the HCV 229E 3CLP™. Comparative
sequence analyses have led to predictions about the impor-
tance of specific amino acid residues for the biological activity
of 3C and 3C-like proteinases. For example, it has been sug-
gested that His-3006 and Cys-3109 (see Fig. 1) might represent
the active site residues of the HCV 229E 3CLP™ (9, 10, 12). To
test these predictions, we have introduced a series of single
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FIG. 2. Purification of recombinant HCV 229E 3C-like proteinase. Aliquots taken at each step of the purification protocol were analyzed on a SDS-12.5%
polyacrylamide gel, and the proteins were stained with Coomassie brilliant blue. Lanes: M, protein molecular mass markers; 1, cleared lysate of isopropyl-B-p-
thiogalactopyranoside-induced TB1 bacteria with the expression plasmid pMalc2-3CL; 2, pooled peak fractions from the amylose-affinity chromatography column; 3,
factor Xa-cleaved MBP-3CLP™ fusion protein; 4, pooled peak fractions from the phenyl-Sepharose HP column; 5 and 6, 5 and 20 ug, respectively, of pooled peak
fractions from the Superdex 75-pg column after concentration to 10 mg/ml. The MBP-3CLP™ fusion protein, MBP, and 3CLP™ are indicated.

amino acid substitutions into bacterially synthesized, recombi-
nant HCV 229E 3CLP™. The mutant proteins were partially
purified, and their activity was determined in the peptide-
based assay system described above. As expected, we have
found mutations that do not affect enzymatic activity and mu-
tations that render the proteinases partially or completely in-
active. Representative mutations of these three types are
shown in Fig. 4. Table 1 gives a summary of all the mutations
that have been analyzed.

Previously, we have shown that the replacement of the pre-
dicted active site residue His-3006 by Tyr completely abolishes
the enzymatic activity of recombinant HCV 229E 3CLP™ (33).
The data of the present study suggest that His-3006 tolerates
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FIG. 3. Lineweaver-Burk plot for the determination of the HCV 3C-like
proteinase K, value. The K, value was determined by using the peptide sub-
strate NH,-V-S-Y-G-S-T-L-Q A-G-L-R-K-M-A-COOH. The data shown are
representative of three experiments.

no exchange. Substitutions by Gly, Ser, or Thr completely
inactivate the proteinase. In contrast, the neighboring His-
3028, which is conserved in the 3CLP™ of HCV 229E and the
related porcine transmissible gastroenteritis virus, can be re-
placed by Gly or Thr without loss of activity. These data pro-
vide genetic evidence that His-3006 most likely represents the
general base residue required for catalysis.

Our experiments have also shown that replacement of the
predicted nucleophilic Cys-3109 residue with either Pro, Ser,
or Val results in a proteolytically inactive molecule. This datum
strongly supports the identification of this residue as the nu-
cleophilic amino acid. In this respect, it is interesting to note
that we did not observe any residual activity of the C3109S
mutant, as has been reported for the avian infectious bronchitis
virus 3CLP™ (18, 30).

In order to investigate the possible requirement for a cata-
lytic acidic residue in the HCV 229E 3CLP™, we have made a
number of substitutions. First, we replaced Asn-3029 (which
could be spatially equivalent to the catalytic chymotrypsin Asp
residue, according to sequence analyses by Gorbalenya and
Koonin [8] and Herold et al. [12]) with either Gly or Pro. Both
mutant proteins, N3029G and N3029P, retained proteolytic
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FIG. 4. Peptide-based cleavage assay for the determination of the proteolytic
activity of mutant HCV 229E 3C-like proteinases. The extent of 3CLP™-medi-
ated proteolysis of the synthetic peptide NH,-V-S-Y-G-S-T-L-Q {A-G-L-R-K-
M-A-COOH was analyzed by reversed-phase HPLC as described in Materials
and Methods. Proteolytic activities of mutants H3028G (A), H3006G (B), and
H3136A (C) are shown.
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TABLE 1. Enzymatic activity of mutant,
recombinant HCV 229E 3CLP™

% Substrate

Mutant proteolysis”

H3000G ..o 0

“ Substrate proteolysis was determined by incubation of the synthetic peptide
NH,-V-S-Y-G-S-T-L-Q $A-G-L-R-K-M-A-COOH with mutant HCV 229E
3CLP™ for 2 h at 25°C as described in Materials and Methods. The activity of
wild-type HCV 229E 3CLP™ was taken as 100%.

activity albeit, in the case of N3029P, with a significant reduc-
tion. Second, we replaced Glu-3074 with His. Glu-3074 is the
only acidic amino acid between the catalytic His-3006 and
Cys-3109 residues that is strictly conserved among all corona-
virus 3C-like proteinases (4, 7, 12, 17). The mutant protein,
E3074H, retained full activity. At the present time, we con-
clude that there is no experimental evidence for a third cata-
Iytic residue in the coronavirus 3CLP™.

To further support the conclusions drawn from the study of
mutant proteins, we have challenged the purified HCV 229E
3CLP™ with a series of typical serine, cysteine, aspartic acid,
and metalloproteinase inhibitors and then tested for peptide
cleavage activity. As is shown in Table 2, we found six sub-
stances that effectively inhibited the 3CLP™-mediated peptide
cleavage. These were 3,4-dichloroisocoumarin, phenylmethyl-
sulfonyl fluoride (PMSF), Pefabloc SC, tosyl lysyl chloromethyl
ketone (TLCK), antipain, and ZnCl,. Inhibition was defined as
a reduction in cleavage product formation to less than 15% of
the inhibitor-free control reaction. In contrast, tosyl phenylala-
nyl chloromethyl ketone (TPCK), leupeptin, elastatinal, chy-
mostatin, E-64, pepstatin, 1,10-phenanthroline, and EDTA
had no significant inhibitory effect. Thus, despite having a
nucleophilic Cys residue which cannot be functionally replaced
by Ser, the HCV 229E 3CLP™ enzyme can be effectively in-
hibited by several Ser proteinase inhibitors. In this respect, it is
also important to note that the inhibitory effect of PMSF can
be reversed by the thiol compound dithiothreitol, i.e., support-
ing the presence of a cysteine active site residue. On the basis
of the inhibitor study presented here, we conclude that the
classification of the HCV 229E 3CLP™ as a conventional serine
or cysteine proteinase is not possible.

Substrate binding. Most 3C and 3C-like proteinases have a
conserved His residue that has been suggested to form a hy-
drogen bond with the side chain of the P1 substrate glutamine
(3, 9, 10). This hypothesis, which is now also supported by
modelling of enzyme-substrate complexes based on the struc-
ture of the human rhinovirus 3C proteinase (HRV-3CP™) (23),

HUMAN CORONAVIRUS 3C-LIKE PROTEINASE 3995

TABLE 2. Effect of proteinase inhibitors on the activity of
recombinant HCV 229E 3CLP™

Highest
Inhibitor class Inhibitor concentration  Inhibition”
tested (mM)
Cys/Ser proteinase  Antipain 0.2 Yes
Leupeptin 0.2 No
Chymostatin 0.1 No
Cys proteinase E-64 0.1 No
Ser proteinase Pefabloc SC 2.5 Yes
Elastatinal 0.2 No
PMSF 2.0 Yes
PMSF plus 10 mM 2.0 No
dithiothreitol
3,4-Dichloroisocoumarin 0.2 Yes
TPCK 0.1 No
TLCK 0.1 Yes
Asp proteinase Pepstatin 0.005 No
Metalloproteinase  1,10-Phenanthroline 5.0 No
EDTA 10.0 No
General inhibitor ~ Zinc chloride 1.0 Yes

¢ Inhibition is defined as reduction of enzyme activity by >80% (determined
under conditions described in Materials and Methods). No inhibition describes
a reduction of enzyme activity of =15%.

predicts that the HCV 229E 3CLP™ residue His-3127 may be
essential for substrate binding. In our experiments, we have
found that the substitution of Ser for His-3127 completely
abolishes the proteolytic activity of HCV 3CLP™. This datum is
the first experimental indication that the HCV 229E 3CLP™
His-3127 is required for the proteolytic activity of the enzyme,
and it adds genetic support to previous predictions that con-
sider this residue to be equivalent to the conserved His residue
present in a variety of 3C and 3C-like proteinases (9).

We have also analyzed the neighboring His-3136 residue
with the (among coronaviruses) conserved sequence context
G/A-X-H, which is identical to the typical G/A-X-H motif
present in the substrate-binding pocket of most 3C and 3C-like
enzymes (9, 29). In these experiments, we observed a signifi-
cant but not complete reduction of activity when the His-3136
residue was replaced with Ala, Ser, or Thr. This leads us to
conclude that His-3136 is not likely to represent a residue of
central importance for the recognition of the substrate.

It has been suggested recently that a Thr residue in the
vicinity of the nucleophilic Ser/Cys residue, which is present in
many viral chymotrypsin-like enzymes, might be involved in
substrate binding (29). In the coronavirus peptide sequence we
could not identify a conserved Thr at this position. However, a
nearby threonine (Thr-3099 in the HCV 229E 3CLP") is highly
conserved among coronavirus 3C-like proteinases, and there-
fore, we decided to replace this residue with Asp. This ex-
change abolished the proteolytic activity of HCV 3CLP™ in the
described assay. This result confirms the indispensability of
Thr-3099 for the proteolytic activity of the 3CLP™, but addi-
tional experiments including structural analyses of the enzyme
are required to verify a substrate-binding function of this res-
idue.

Substrate structure. There are very few experimental data
on even the primary structure of substrates that are recognized
and cleaved by coronavirus 3C-like proteinases. Therefore, we
studied the proteolytic activity of purified, recombinant HCV
229E 3CLP™ using synthetic peptides containing predicted
3CLP™ cleavage sites and peptides that resemble these se-
quences. These data, combined with published results on the
proteolytic activity of recombinant HCV 229E 3CLP™ with
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TABLE 3. Substrate specificity of recombinant HCV 229E 3C-like proteinase
Sequence®
Substrate® Virus pplab d Cleavage?
P8 P7 P6 P5 P4 P3 P2 PL PI' P2 P3¥ P4 P5 P6 PT amino acids

P Asp Ser Phe Cys Lys Thr Ile Gln Ser Ala Leu Ser Val Val Ser HCV 229E 947-961 No
B?/P Val Ser Tyr Gly Ser Thr Leu Gln Ala Gly Leu Arg Lys Met Ala HCV 229E  2958-2972 Yes
P GlIn Met Phe Gly Val Asn Leu GIn Ser Gly Lys Thr Thr Ser Met HCV 229E  3260-3274 Yes
B° Thr Cys Asp Arg Thr Ala Ile Gln Ser Phe Asp Asn Ser Tyr Leu HCV 229E  4061-4075 Yes
B¢ Tyr Glu Lys Ser Thr Val Leu Gln Ala Ala Gly Leu Cys Val Val HCV229E  4088-5002 Yes
P Lys GIn Arg Ile Thr Thr Ile Gln Gly Pro Pro Gly Ser Gly Lys HCV229E 5270-5284 No
P Glu Ile Thr Met Thr Asp Leu GIn Ser Glu Ser Ser Cys Gly Leu HCV 229E  5585-5599 Yes
P Leu Cys Thr Thr Ser Phe Leu GIn Ser Gly Ile Val Lys Met Val MHV-JHM 3343-3357 Yes

“ P, synthetic peptide; B, bacterially synthesized fusion protein.
® Fusion protein described by Ziebuhr et al. (33).
¢ Fusion protein as described by Grotzinger et al. (11).

4 Cleavage was analyzed by incubation of the substrates with recombinant HCV 229E 3CLP™. Proteolysis of the substrates was verified by reversed-phase HPLC
(peptides) as described in Materials and Methods or by SDS-PAGE (for bacterially synthesized fusion protein substrates [11, 33]).
¢ Amino acid residues flanking the proteinase cleavage sites are designated according to the scheme introduced by Schechter and Berger (27). The residues are

numbered toward the carboxyl terminus as follows: -P3-P2-P14P1'-P2'-P3'-.

regard to bacterially synthesized protein substrates (11, 33),
are shown in Table 3. The following conclusions can be made.
The Gln residue in the P1 position is common to all HCV 229E
3CLP™ substrates identified to date, and the P2 and P1’ posi-
tions are occupied by Leu/Ile and Ser/Ala, respectively.

The data we present above are consistent with a substrate
“core” represented by the amino acid sequence Ile/Leu-Gln-
Ala/Ser. However, at the present time, we do not wish to
exclude the possibility that other amino acids might be toler-
ated at the positions indicated above. For example, the finding
that the substrate analog of trypsin, TLCK, inhibits the HCV
229E 3C-like proteinase activity (Table 2) indicates that a
wider range of amino acids, e.g., Lys at position P1, could also
be potential substrates of the HCV 3CLP™, as indeed has been
predicted for the MHV 3CLP™ (17). Also, our data show that
a peptide containing a Lys residue at the P4 position (ppla/lab
947 to 961) is not a substrate for the HCV 3CLP™, although the
core sequence is present. Clearly, cleavage is not exclusively
determined by the P2 through P1’ positions. Finally, we also
note that an MHV-derived peptide (position ppla/lab 3343 to
3357), representing the amino-terminal cleavage site of the
MHYV 3CLP™ (20), is cleaved very efficiently by the HCV 229E
3CLP™. This result indicates that, despite the modest amino
acid identity of coronavirus 3C-like proteinases (i.e., <30%),
the substrate specificity is, at least to some extent, conserved
among these enzymes.

Carboxyl-terminal extension. In order to address the ques-
tion of whether the extended carboxyl-terminal domain of the
HCV 229E 3CLP™ is required for proteolytic activity, we gen-
erated carboxyl-terminal deletions in the recombinant proteins
A3185-3267, A3222-3267, and A3234-3267 (Fig. 1). None of
these mutant proteins retained proteolytic activity (Table 1).
The minor substitution introduced into the protein Q3267A
was, however, tolerated. We conclude that the HCV 229E
3CLP™ carboxyl-terminal region has to be present, in an es-
sentially unmodified form, in order to retain enzymatic activity.

DISCUSSION

This paper reports on the biosynthesis and purification of
the HCV 229E 3CLP™ and the development of a peptide-
cleavage assay for the characterization of its enzymatic activity.
The high level of bacterial fusion protein synthesis and the
solubility of the 3C-like proteinase has greatly facilitated pu-
rification of the recombinant protein, and the material we have
obtained is suitable for both functional and structural analyses.

In a first series of experiments, we have analyzed the active
site and substrate-binding residues of the HCV 229E 3CLP™.
To do this, we synthesized mutant 3C-like proteinases and
determined their enzymatic activity with a peptide substrate
that is normally cleaved very efficiently. Using this approach,
we have been able to identify His-3006 and Cys-3109 as resi-
dues that are absolutely indispensable for enzymatic activity.
These data are consistent with the predictions on putative
catalytic residues in coronavirus 3C-like proteinases by Gor-
balenya et al. (10) and Herold et al. (12).

Using the same approach, we have also addressed the ques-
tion of whether a third acidic amino acid residue is required for
catalysis by the HCV 229E 3CLP™. The data we have obtained
support previous predictions (7, 12, 17) which conclude that a
conserved Asp/Glu residue between the catalytic His and Cys
residues (which would be equivalent to the active site Asp of
chymotrypsin-like enzymes) is not present. Also, the Asn-3029
residue which has been suggested to be involved in catalysis (8)
could be replaced by Gly without loss of activity in our assay
system. Theoretically, a third active site residue might be im-
portant for proteolysis at some, but not all, cleavage sites, or it
might influence the enzyme kinetics. Studies to address these
possibilities are still in progress.

With respect to the possibility of a third (acidic) catalytic
residue, it is also relevant to note that, in our experiments, the
substitution of Ser for Cys at position 3109 completely abol-
ished the proteolytic activity of the HCV 229E 3CLP™. In our
opinion, this result adds some support to the speculation by
Allaire et al. (1) that differences in the nucleophilic properties
of Cys, compared to Ser, could make an acidic residue dispens-
able for catalysis by some 3C and 3C-like proteinases.

A second important result of this study is the experimental
data which indicate that His-3127 may represent a key residue
for substrate recognition, as is the case for the HRV-3CP™
(23). A structural model for the coronavirus 3C-like proteinase
has not yet been reported, so, at present, it is impossible to
predict additional residues that might form, for example, the
shallow hydrophobic substrate-binding pocket that has been
modelled for HAV-3CP* and HRV-3CP™ (22, 23). When a
structural model of a coronavirus 3CLP™ becomes available, a
more detailed analysis of substrate-binding residues can be
undertaken.

Another interesting finding of this study is that the HCV
229E 3CLP™ appears to require an authentic carboxyl-terminal
region in order to retain enzymatic activity. All carboxyl-ter-



VoL. 71, 1997

minal deletions yielded inactive proteinases. In addition, we
have observed that even minor changes at the carboxyl termi-
nus, e.g., the addition of six His residues or seven vector-
derived amino acids (34), strongly inhibit the enzymatic activity
of the coronavirus proteinase. The only exception we have
found is the replacement of the carboxyl-terminal Gln residue
with Ala (Q3267A), which retained full activity. We believe
that the carboxyl-terminal region of coronavirus 3C-like pro-
teinases, which has no counterpart in other 3C-like enzymes, is
necessary for proteolytic activity. Several functions could be
related to this domain including (i) maintenance of the overall
folding of the enzyme, (ii) catalysis or substrate recognition (by
virtue of the presence of the additional residues), and (iii)
enzymatic activity (e.g., the domain may represent a required
additional cofactor). Further experiments and, possibly, struc-
tural analyses will be necessary to address these alternatives.

In relation to our studies on the structure of substrates that
are recognized and cleaved by the HCV 229E 3CLP™, the
picture that emerges is still incomplete. There is, obviously, a
core sequence (Ile/Leu-Gln-Ala/Ser) that is present in all sub-
strates of the HCV 229E 3CLP™ that have been identified so
far. However, the question of whether, and to what extent,
peptides with substitutions at these positions are cleaved has
not yet been addressed. Also, the inability of the HCV 3CLP™
to cleave one peptide (ppla/lab amino acids 947 to 961), which
contains the core sequence Ile-Gln-Ser, demonstrates that sub-
strate specificity is also defined by the adjacent amino acids.
Additional substitutions in the enzyme and the peptide sub-
strates and, ideally, the use of combinatorial peptide libraries
or phage display systems should help to define the parameters
of substrate recognition and cleavage.

In summary, the production of milligram quantities of re-
combinant HCV 229E 3CLP™ and the introduction of a pep-
tide-based cleavage assay has allowed for an extensive bio-
chemical study of this enzyme. We hope the recombinant
protein can also be used for the determination of its three-
dimensional structure by X-ray crystallography. The HCV 3C-
like proteinase is a key enzyme in the polyprotein processing
required to produce a functional viral RNA polymerase com-
plex, and potentially, it is an ideal target for the design of drugs
that will disrupt the coronavirus replication cycle.
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