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ABSTRACT
Tomato ringspot nepovirus (TomRSV) encodes two polyproteins, which are processed by
a 3C-like protease at specific cleavage sites. In this study two new cleavage sites have been
identified: the cleavage site between the protease and putative RNA-dependent RNA polymerase
(Pro-Pol), which is processed in cis and the cleavage site at the N-terminus of the movement
protein (X-MP), which is cleaved in trans. A new trans-cleavage site was also localized in the N terminal region of the polyprotein encoded by RNA-2 (P2) using partial cDNA clones and in
vitro

translations systems. These results suggest that at least two proteins are released from the

region of P2 upstream of the movement proteia In contrast, only one protein is released from
this region of P2 in characterized nepoviruses of subgroup A/B. Comparison of the sequence of
the X-MP and Pro-Pol cleavage sites to that of other TomRSV cleavage sites allowed us to
propose the following cleavage site consensus sequence for the TomRSV protease: (Cys,Val)Gln/(Ser,Gly). This consensus is similar to cleavage sites recognized by proteases from
picornaviruses, potyviruses and comoviruses but not to those from nepoviruses of subgroups A
or B. Amino acid substitutions were introduced in the -6 to +1 positions of the Pro-Pol and XMP cleavage sites. Substitution of conserved amino acids at the -2, -1 and +1 positions resulted
in a significant reduction of proteolytic processing in vitro in both cleavage sites suggesting that
these amino acids play a key role in the recognition of the cleavage sites by the protease. The
effects of individual substitutions were stronger on the cleavage site processed in trans than on
the one processed in cis. It has been predicted that the specificity of the TomRSV protease for
cleavage sites similar to those of picornaviruses, potyviruses and comoviruses is due to the
presence of a conserved His residue in the substrate-binding pocket. However, substituting this
His residue in the TomRSV protease with a Leu found at a similar position in the proteases of

iii
nepovirus subgroups A and B did not allow recognition of cleavage sites in which amino acids
typical of cleavage sites from those nepoviruses were introduced.
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CHAPTER 1
LITERATURE REVIEW: VIRAL PROTEASES

1.1

Introduction

Tomato ringspot virus (TomRSV) is a member of the nepovirus genus and is found
mainly around the Great Lakes and the Pacific Coast of North America but there has been
sporadic appearance of the virus around the world through infected seeds. TomRSV is a major
pathogen of small fruits, such as raspberry and grapevine and of tree fruits, especially apples and
Primus species, such, peach and cherry. It is transmitted in nature by the nematode Xiphinema
americanum and other closely related Xiphinema species. It can also be transmitted by seed and

mechanically (Stace-Smith, 1984). The current method of controlling TomRSV is through the
use of nematicides, such as methyl bromide, which kill its vector. Alternative strategies to
control the virus-induced diseases that would alleviate the need for toxic and expensive
chemicals are desirable. One strategy to control the virus could be the expression of viral
proteins in transgenic plants. Indeed, transgenic tobacco plants expressing the TomRSV coat
protein have been shown to provide resistance to TomRSV upon mechanical inoculation (Yepes
et al, 1996). Other strategies could be developed based on inhibition of replication or viral
protein production.
The TomRSV genome consists of two RNAs (RNA-1 and RNA-2) each coding for a
polyprotein (PI and P2) (Rott et al., 1991b and 1995). Mature proteins are released by
proteolytic processing of these polyproteins by a viral encoded protease (Hans and Sanfacon,
1995; Wang et al., 1999). TomRSV is evolutionarily related to the picornaviruses and to other
members of the picornavirus-like supergroup (Goldbach, 1987). Many viruses, including those in
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the picorna-like supergroup, use proteases to regulate viral gene expression by processing
precursor polyproteins. Protease inhibitor strategies have been used to control diseases induced
by a number of animal and human viruses including human immunodeficiency virus (HIV)
(Ashorn et al, 1990). These inhibitors act by preventing the production of mature viral proteins.
Naturally occurring protease inhibitors have been found in plant cultivars that were resistant to
infection by a comovirus (Ponz et al, 1988). Therefore the protease is a logical target for the
control of TomRSV by the expression of protease inhibitors in transgenic plants. Towards these
long-term objectives, the purpose of this thesis was to provide a better understanding of the
cleavage site specificity of the TomRSV protease.
In this review I will examine the regulation, proteolytic processing and cleavage site
specificity of viral proteases. I will describe the general characteristics of proteases and briefly
discuss the main classes of proteases. The proteolytic processing events that occur in a number of
well-characterized viral polyproteins will then be discussed. These will include those induced by
the aspartic acid proteases of retroviruses, the cysteine proteases of alphaviruses and the serine
proteases of alphaviruses and flaviviruses. Then the proteolytic processing of polyproteins from
members of the picorna-like supergroup including the picornaviruses, potyviruses, comoviruses
and nepoviruses will be examined. Particular attention will be given to the activities of the serine
and serine-like proteases encoded by these viruses, which are related to the TomRSV protease.
These include the picornavirus 3C proteases, the potyvirus NIa proteases and the 3C-like
proteases of comoviruses and nepoviruses.
1.2 Classes of viral and cellular proteases

Proteolytic processing of viral polyproteins was first described for poliovirus and the
bacteriophage T4 using protease inhibitor studies (Summer and Maizel, 1968; Jacobson and
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Baltimore, 1968). Later, the activity of the encephalomyocarditis virus (a picornavirus) encoded
protease was shown using a cell free translation system (Pelham, 1978). Since then, it has been
demonstrated that all members of the picornavirus-like supergroup and many other positivesense single-stranded RNA viruses use a polyprotein strategy either as a main method of genome
expression or in combination with other strategies, such as the production of subgenomic RNAs
or frameshifting (Dougherty and Semler, 1993; Spall et ah, 1997). Viruses using a polyprotein
strategy encode one or more large precursor polypeptides, which contain several domains. These
polyproteins are processed by viral encoded proteases or cellular proteases at specific cleavage
sites to produce functional mature proteins.
Proteases catalyze the hydrolysis of peptide bonds (Barrett, 1986). There are two types of
proteases. Some proteases are exoproteases, which remove amino acidsfromthe amino- or
carboxy- termini of the proteins. Others are endoproteases, which cleave between specific
peptide bonds. Endoproteases have a catalytic site and substrate-binding pocket, which are in
close proximity to each other. The substrate-binding pocket is used to recognize the amino acids
at the cleavage site and place the cleavage site in the proper alignment for hydrolysis of the
peptide bond by the active site of the protease. The three-dimensional structure of the group of
amino acids that make up the active site is conserved in nature and provides the basis for
protease classification. There are four different classes of proteases, each with a specific threedimensional structure. These include the serine proteases, the cysteine proteases, the aspartic
acid proteases and the metallo proteases (Dougherty and Semler, 1993; Ryan and Flint, 1997). In
addition, another type of protease is found in picorna-like viruses, which is related to the serine
proteases. These are the serine-like proteases, which have a three-dimensional structure similar
to the serine proteases but have a cysteine in the catalytic triad instead of a serine as will be
discussed below.
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Serine, cysteine and aspartic acid proteases are characterized by a distinctive globular
structure. The proteases contain two globular domains, an N-terminal domain and a C-terminal
domain. These domains come together to make each half of the protein. The two domains are
usually similar especially in their secondary and tertiary structure (Burley et ah, 1991; Higaki et
ah, 1987; Sielecki et ah, 1991). In the case of aspartic acid proteases the N-terminal and Cterminal globular domains are almost identical (Tang et ah, 1978; Tang and Wong, 1987).
Amino acid residues that make up the active site are located between each half of the protease
across a crevice that is formed between the two globular domains. All the proteases have this
characteristic but each class of protease achieves this structural feature in a unique manner. This
has been shown using X-ray crystallography to examine the location of catalytic amino acids of
the active site in relation to the three dimensional structure of the protease (Thayer et ah, 1991;
Musil et ah, 1991; Mathews et ah, 1994). The overall primary amino acid sequence of the
proteases may show little similarity even within the same class of proteases but the amino acids
that make up the catalytic triad have a highly conserved three dimensional structure. In contrast,
there is relatively little conservation in the amino acids that make up the substrate-binding pocket
of the protease and in the three-dimensional structure of the pocket. This is true even among
members of the same class of protease (Beaumont et ah, 1991; Burley et ah, 1991; Dhanaraj et
ah, 1992; Musil et ah, 1991; Thayer et ah, 1991). One interesting exception to this is the
conserved His residue found in the substrate-binding pocket of 3C-like proteases from a number
of picorna-like viruses as will be discussed below. The cleavage site specificity of each protease
is determined by its unique substrate-binding pocket. The substrate-binding pocket may have a
preference for only a single amino acid or may recognize cleavage sites that are up to seven
amino acids long. The SI binding pocket is the portion of the substrate-binding pocket that

accommodates an amino acid of a particular size or charge at the -1 amino acid position of the
cleavage site (N-terminal amino acid of the dipeptide cleaved).
Serine proteases have an active site which contains a catalytic triad. The catalytic triad in
the serine protease is the three amino acids responsible for hydrolysis of the peptide bond at the
cleavage site. It consists of the amino acids His, Asp and Ser, which are brought into proximity
with each other by the tertiary structure of the protein. For chymotrypsin, which is a cellular
serine protease, the catalytic residues His , Asp and Ser make up the active site residues
57

102

195

(Higaki et al, 1987). The reactive Ser residue of the catalytic triad acts as a nucleophile during
the cleavage of the scissile bond. It donates an electron to the carbonyl group of the amino acid
in the -1 position of the cleavage site resulting in the formation of an acyl Ser. A proton is
donated to the departing amino group (the amino acid in the +1 position of the cleavage site) by
the His residue of the catalytic triad. The carbonyl group at the amino acid residue in the -1
position is then hydrolyzed, which causes the carboxylic acid product to be released and
regenerates the active site residues. The Asp residue is involved in holding the His residue into a
specific orientation to allow its interaction with the amino group of the amino acid in the +1
position of the cleavage site. Substrate specificity of the cellular serine protease trypsin is for
cleavage sites with a Lys or Arg at the -1 position (Craik et al, 1985; Graf et al., 1987) while
chymotrypsin prefers a large hydrophobic residue at this position (Hill, 1965). Subtilisin prefers
aromatic side chains in the -1 position but will cleave non-aromatic or charged amino acids in
the -1 position as long as hydrophobic amino acids are present in the -3 or -4 position (Warshel
etal, 1989).
It is possible to substitute the substrate specificity of one serine protease for that of
another by substituting important amino acids on those proteases. Indeed, modification of amino
acids in the substrate-binding pocket of trypsin resulted in a change in its substrate specificity
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(Craik et al., 1985; Graf et al., 1987). Serine proteases such as chymotrypsin and trypsin can
not only hydrolyze peptide bonds but also amides and esters of amino acids found in the -1
position of the natural cleavage sites (Cole et al, 1965; Inagami and Sturtevant, 1964; Johannin
and Yon, 1966; Stewart and Dobson, 1965). Changing one residue in the SI binding site of
trypsin with the analogous one found in chymotrypsin (Asp to Ser) was sufficient to transfer
189

chymotrypsin specificity for ester hydrolysis to trypsin (Hedstrom et al., 1992). However,
specificity for amide hydrolysis was not transferred to trypsin by changing the residues in the
substrate-binding pocket alone (Hedstrom et al., 1992). In addition to the SI binding pockets
there are surface loops on the trypsin protease that do not directly interact with the substrate but
contribute to the recognition of the substrate (Craik et al., 1985; Hedstrom et al., 1992).
Replacing these surface loops on trypsin with those of chymotrypsin in addition to the
substitutions of amino acids in the substrate-binding pocket did give trypsin a chymotrypsin-like
amide specificity (Hedstrom et al., 1992; Hedstrom et al., 1994).
The enzyme substrate interactions between viral serine proteases and their substrates are
highly specific. Sub-optimal cleavage sites are processed at a slower rate allowing regulation of
the relative accumulation of precursors and mature products at specific times during the virus
replication cycle. The alphavirus capsid protease, the flavivirus NS3 protease and the potyvirus
PI protease will be discussed in greater detail below. The serine-like viral proteases are
structurally and functionally similar to the serine proteases. However, the serine in the catalytic
triad has been replaced by a Cys (Dougherty et al, 1989a; Lawson and Semler, 1991). The
picornavirus 2A and 3C proteases and the poty-, como- and nepovirus 3C-like proteases will be
discussed in greater detail in the sections below.
Viral cysteine proteases are similar to cellular cysteine proteases (such as papain) in
structure and activity (Oh and Carrington, 1989; Strauss et al., 1992). Cysteine proteases have a
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catalytic dyad consisting of Cys and His residues (Lowe, 1976). The mechanism of proteolytic
processing is similar to that described above for serine proteases. In this case, the sulfhydryl
group of the cysteine residue acts as the nucleophile to donate a proton to the carbonyl carbon of
the peptide bond to be hydrolyzed resulting in the formation of an acyl-Cys. During this process
the imidizole ring of the catalytic His residue probably withdraws a proton from the sulffiydryl
group on the cysteine making it even more nucleophilic. Similar to the serine proteases, the His
residue of the catalytic dyad donates a proton to the amide group on the amino acid at the +1
position of the cleavage site resulting in cleavage. The carbonyl group at the amino acid residue
in the -1 position is then hydrolyzed resulting in the release of the carboxylic acid product and
the regeneration of the active site residues. The cellular cysteine protease, papain, was found to
process cleavage sites that had a large bulky amino acid such as Phe or Tyr in the -2 position
(Berger and Schechter, 1970). The cellular cysteine a-lytic protease was found to process at
cleavage sites that had an Ala in the -1 position (Bone et al., 1989). Amino acids, which define
the substrate-binding pockets of papain and a-lytic protease, have been identified. Mutation of
these amino acids altered the substrate specificity of the protease (Bone et al., 1989; Khouri et
al., 1991; Silen and Agard, 1989). Cysteine proteases are found in a number of RNA viruses
including alphaviruses, picornaviruses and potyviruses. The alphavirus nsP2 protease,
picornavirus L protease and potyvirus HC-Pro protease will be discussed in greater detail in the
sections below.
Viral aspartic proteases are structurally and functionally related to the cellular aspartic
acid proteases. Aspartic acid proteases are composed of a catalytic dyad made of two Asp
residues. Acid base catalysis is used to process the scissile bond at the cleavage sites (Pearl and
Blundell, 1984). In aspartic acid proteases a covalent enzyme substrate intermediate does not
appear to be formed as they are in cysteine or serine proteases. They are active at acidic pH.
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There are some differences between the cellular aspartic acid proteases and those found in
viruses, such as retroviruses. The cellular aspartic acid proteases are larger, usually about 325
amino acids in size while the viral proteases are smaller and range from 99 to 125 amino acids in
length. The cellular proteases contain two roughly identical domains that come together to form
each half of the globular protease. Each domain contains one aspartic acid residue of the catalytic
dyad. The retroviral aspartic proteases are composed of two identical subunits. These subunits
come together to form a dimer which makes up the active protease. Each subunit contains one of
the Asp residues required for making up the catalytic dyad and dimer formation is required for an
active protease to form (Rao et al, 1991). Aspartic acid proteases have been extensively
characterized in retroviruses, especially in HIV. The aspartic acid proteases of retroviruses will
be described in greater detail below.
Metalloproteases contain a divalent cation, such as Zn at the catalytic site. A His and a
2+

Glu residue have been identified as essential amino acid residues in the active site by X-ray
crystallography (Liu et al, 1998). The Glu residue is predicted to donate the proton to the
carbonyl group of the peptide bond during catalysis. Metalloproteases are active at high pH,
usually around 7.5. Mutagenesis experiments indicate that the vaccinia virus (a DNA virus) GIL
protease is a putative viral-encoded metalloprotease but this has yet to be confirmed (Whitehead
and Hruby, 1994). No other virus-encoded metalloproteases have been identified so far.
However, there are some examples of the involvement of cellular metalloproteases in the
processing of viral polyproteins. The cellular metalloprotease, enhancin, was shown to facilitate
nucleopolyhedrosisvirus (NPV) infections in lepidopterans (Lepore et al, 1996). Binding and
entry of the hepatitis B virus (HBV) into the T-lymphocyte was found to require the hepatitis B
virus binding factor (HBV-BF), which is a membrane bound cellular metalloprotease
(Budkowska et al., 1997).
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1.3 General mechanisms for the regulation of proteolytic processing in viruses

There is more to the regulation of viral protease activity than the simple processing of
viral polyproteins into the mature proteins by the protease. Most of the proteolytic processing of
viral polyproteins into mature products is regulated to express specific proteins in a timedependent manner during viral replication. Some precursors are short-lived and processed
rapidly into products that are required early in the virus replication cycle. Others accumulate and
are only processed into mature products late in the replication cycle. Proteolytic processing as a
method of regulating expression of specific products is especially important for those positivesense RNA viruses that are unable to regulate gene expression at the transcriptional level, such as
picornaviruses, potyviruses, comoviruses and nepoviruses. In these cases subgenomic RNAs are
not produced and all the gene products are synthesized at the same time in the form of large
precursors.
Viruses can use several strategies to regulate the efficiency of processing at different
cleavage sites. The mechanism of processing at specific sites i.e. in cis or in trans allows
regulation of the timing of the processing events (Blair and Semler, 1993). When a protease
processes at cleavage sites in cis (intramolecular cleavage), the cleavage sites are located on the
same precursor polyprotein as the protease which cleaves them. This reaction is dilution
independent and follows zero order kinetics. The cleavage sites can be far away from the
protease on the polyprotein and release the protease as an intermediate polyprotein. The cleavage
sites can alsoflankthe protease and may be used to release the mature protease from the
precursor. Often cleavage reactions in cis (also called autocatalytic reactions) are quite rapid and
occur co-translationally. A cleavage reaction is called in trans when the protease present on one
molecule cleaves a second molecule containing the cleavage site. This is a bimolecular reaction
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that proceeds with second order kinetics and is sensitive to dilution. Cleavage in trans is often
a slow process and may take place later in the virus replication cycle.
In the case oftoms-cleavage,regulation of the efficiency of cleavage can be achieved by
controlling the protease concentration by sub-cellular localization of the protease away from its
substrate. This has been found in the case of potyviruses where a protease precursor is localized
into the nucleus as a possible method of regulating the concentration of active protease in the
cytoplasm (Carrington et al., 1991). Other cellular processes can also be involved in regulating
protease concentration. An example of this is the degradation of Sindbis virus protease
precursors by the ubiquitin-dependent pathway (De Groot et al., 1991). Finally, regulation of
trans-processing

efficiency at specific cleavage sites occurs through interactions of the protease

with amino acids at the cleavage sites (Dougherty et al., 1988). In this case, cleavage sites with a
sub-optimal amino acid sequence or hidden by a sub-optimal secondary structure will be cleaved
less efficiently by the protease.
Sometimes proteolytic processing reactions require the presence of a third protein. For
example, in the T4 bacteriophage an additional scaffolding or chaperone-like protein is required
in order for the proteolytic processing to occur (Showe and Black, 1973; Showe et al., 1976;
Showe and Onorato, 1978). A similar requirement has also been found for a comovirus protease.
A viral encoded helper protein predicted to be involved in scaffolding or chaperoning is required
for proteolytic processing at some cleavage sites but slows down the rate of proteolytic
processing at other cleavage sites (Peters et al., 1992a; Peters et al., 1992b; Vos et al., 1988).
Similarly, a requirement for additional proteins was also found for flavivirus proteases. An
upstream region ofthe polyprotein was required in order for the protease to process a number of
cleavage sites in Dengue and yellow fever virus (Chambers et al., 1991; Falgout et al., 1991).
The adenovirus (a DNA virus) cysteine protease was found to require DNA and a specific

peptide in order for proteolytic processing to occur at some cleavage sites of the capsid protein
precursor (Mangel et al, 1993; Sicar et al, 1998). Finally, differential activities of the protease
either in its mature form or as a precursor have been described in a number of viruses including
poliovirus and nepoviruses (see below). The regulation of the activity of viral proteases is
therefore a fairly complicated process, which differs from one virus group to another.
1.4 Proteolytic processing in representative well-characterized eukaryotic viruses
1.4.1 Aspartic protease of retroviruses

Retroviruses are a group of positive-strand RNA viruses that have small, enveloped
particles and enter a cell by binding to receptors on the cell surface. The virus creates a doublestranded DNA copy of the single-stranded RNA genome, which integrates into the genome of
the host and remains latent until gene expression is required (Rabson, 1989). Well-studied
members of the retrovirus family include human immunodeficiency virus (HIV), rous sarcoma
virus (RSV) and myoblastosis associated virus (MAV). During replication of retroviruses the
genomic and subgenomic mRNAs are translated to produce viral polyprotein precursors. These
polyprotein precursors are processed into mature proteins by a virus encoded aspartic acid
protease (Dittmar and Moelling, 1978; Von der Helm, 1977, Witte and Baltimore, 1978). The
viral proteases are encoded as part of the polyprotein precursors, which are cleaved either in
trans or in cis. The expression of retroviral proteases occurs by suppression of an in frame stop
codon or by ribosomalframeshifting that connects two noncontiguous reading frames to
produce a larger polyprotein (Jacks, 1990). It has been suggested that these mechanisms are
designed to produce low protease activity to control the cleavage of the capsid precursor. Some
HIV cleavage sites are processed by furin and protein convertase 7 (PC7), which are two cellular
serine proteases that are similar to subtilisin (Decroly et al, 1998; Hallenberger et al, 1997).
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Cauliflower mosaic virus, a plant pararetrovirus, was also shown to encode an aspartic acid
protease (Torruella et al, 1989).
As mentioned above, the retrovirus aspartic acid proteases consist of dimers. Aspartic
acid proteases of retroviruses contain a conserved Asp-Thr (Ser)-Gly motif, which is
characteristic of aspartic acid proteases (Tang and Wong, 1987). Cellular aspartic acid proteases
have tertiary structure containing a single polypeptide chain consisting of two domains each with
a conserved Asp residue that together make up the catalytic center of the enzyme (James and
Sielecki, 1983; Sielecki et al, 1991). The small size of the protein and the presence of a single
Asp-Thr-Gly motif suggested that the retrovirus proteases have a single domain rather than the
double domain found in cellular aspartic acid proteases (Pearl and Taylor, 1987). The retrovirus
aspartic proteases require the interaction of two separate identical molecules to form the
complete globular protease (Navia et al, 1989; Ohlendorf et al, 1992; Wlodawyer et al, 1989).
Dimer formation is required for HIV and RSV proteases to be active (Bizub et al, 1991; Cheng
et al, 1990; Krausslich, 1991). When the two polypeptide chains dimerize to form the active
molecule, twoflapregions form that constituteflexibleprojections over the substrate-binding
pocket and the active center of the enzyme. Three regions of the HIV protease were shown to be
sensitive to mutagenesis. These included theflapregions, the active center and stretches of
conserved amino acids that have important structural roles (Loeb et al, 1989). The flap regions
were later shown to be important in interacting with amino acid residues at the cleavage site (Wu
et al, 1998). A single-chain tethered dimer was produced from the HIV protease and was found
to be more active in vitro than the natural HIV dimer because of high the dissociation rate
associated with the natural dimer (Cheng et al, 1990). The use of heterodimers, consisting of
one normal subunit and one defective subunit, resulted in inhibition of protease activity in HIV
(Babe et al, 1991). The interface between the two dimer subunits has been characterized. Short
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peptides derived from these binding regions could be used as competitive inhibitors to
interfere with dimer formation (Schramm et al, 1996). Premature cleavage of the capsid protein
precursors has been found to prevent particle assembly demonstrating the need for a regulation
of the proteolytic activity (Bursrein et al, 1991, Krausslich, 1991). Therefore, dimer formation
may be used in the regulation of the activity of the retrovirus aspartic acid protease.
Cleavage site sequences have been identified for a number of retroviruses but no specific
consensus was found (Oroszlan and Luftig, 1990). However, there is a prevalence of
hydrophobic residues (Tyr, Phe or Leu) in the -1 position and Pro in the +1 position of the HIV
cleavage sites. Mutagenesis of the cleavage site was used to demonstrate that the S1 substratebinding pocket of the HIV protease can indeed accommodate a large hydrophobic residue in the
-1 position (Skalka, 1989). Cleavage site specificity of the HIV protease has been studied using
synthetic peptides with altered cleavage sites in in vitro assay systems (Ashorn et al., 1990;
Richards et al., 1990; Tomasselli et al., 1990). These studies were useful in determining the role
of individual amino acids in processing of the peptides by the HIV protease (Jupp et al., 1991b;
Kay and Dunn, 1990). Large amino acids in the -1 position were tolerated but smaller aliphatic
ones were not. Cleavage sites containing a small aliphatic amino acid in the -2 position were
also cleaved more efficiently. Some uncleaved peptides were found to be effective inhibitors of
the HIV proteases (McQuade et al, 1990; Roberts et al., 1990). Non-protein based inhibitors
were also effective in inhibiting the HIV protease (DesJarlais et al., 1990; Karlstrom and Levine,
1991; Swain et al., 1990). Site-directed mutagenesis of cDNAs encoding polyprotein precursors
have also been used to study substrate specificity of retroviral proteases (Jupp et al, 1991a; Loeb
et al, 1989; Tritch et al, 1991). A number of mutations of the -1 or +1 positions of HIV
protease cleavage sites drastically affected the ability of the protease to process the cleavage sites
in most cases. However, the protease had a different tolerance for amino acids at different
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cleavage sites (Loeb et al, 1989). Substitutions at the -2 position also affected proteolytic
processing of some cleavage sites (Jupp et al, 1991a). Therefore, the -2, -1 and +1 positions of
the cleavage site are important for defining a functional cleavage site in retroviruses. Substituting
amino acid residues in the MAV protease substrate-binding pocket to corresponding ones from
the substrate-binding pocket of the HIV protease gave the substrate specificity and pH profile of
the HIV protease to the MAV protease (Konvalinka et al, 1992; Sedlacek et al, 1993 ). It was
also possible to make the substrate specificity of the murine leukemia virus (MuLV) and RSV
proteases more closely resemble that of HIV by substituting five amino acids in the substratebinding pockets of these proteases with the amino acids found in the equivalent positions in the
HIV protease (Cameron et al, 1994; Menendez-Arias et al, 1995).
1.4.2 Alphavirus nsp2 cysteine protease and capsid serine protease

Alphaviruses are members of the Togaviridae family of positive-strand RNA viruses
(Schlesinger and Schlesinger, 1990; Strauss and Strauss, 1986). These viruses are most
commonly transmitted in nature by arthropod vectors, such as mosquitoes. The virions are
enveloped and contain a single strand of positive-sense RNA that is 11 to 12 kb in length. The
RNA has a 5' 7 G cap structure and a 3' poly(A) tail and is packaged into a spherical capsid
m

structure composed of multiple copies of a single capsid protein. Two well-characterized
members of the genus Alphavirus include Sindbis virus and Semliki Forest virus (SFV). After
entry into the cell and uncoating, the virus encoded polyproteins are synthesized. The
nonstructural proteins are encoded in the 5' half of the genomic RNA and are expressed as two
polyproteins (nsP123 and nsP1234). The structural proteins are encoded in the 3' half of the
RNA and are expressed from the 26S subgenomic RNA as a polyprotein (Schlesinger and
Schlesinger, 1990; Strauss and Strauss, 1986). Processing of the alphavirus polyproteins involves
two virus-encoded proteases and a host protease (Schlesinger and Schlesinger, 1990; Strauss and
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Strauss, 1986). The nsP123 and nsP1234 polyproteins are processed by the nsP2 cysteine
protease present in these precursors. The capsid protein, which is present in the structural
polyprotein, contains a serine protease (Choi et al, 1991; De Groot et ah, 1990). The capsid
serine protease cleaves itself from the structural polyprotein. The remaining cleavage site on the
structural polyprotein is processed by either furin or a furin-like protease of cellular origin
located within the membranes of the endoplasmic reticulum (Heidner and Johnston, 1994;
Heidner et al, 1994).
The alphavirus nsP2 cysteine protease is responsible for processing the nonstructural
proteins on the nsP123 and nsP1234 polyproteins (De Groot et al, 1990). Indeed, antibodies
raised against nsP2 inhibit proteolytic processing in vitro (Hardy and Strauss, 1988; Kujala,
1997). The 90 kDa nsP2 protein is a multifunctional protein with four activities including a
putative helicase activity, an NTPase activity, a proteolytic activity and a regulatory activity on
the synthesis of the 26S mRNA (Falgout et al, 1991; Kujala et al, 1997). The central portion of
the protein contains a cysteine protease (Strauss and Strauss, 1990). Mutations in this portion of
nsP2 resulted in a loss of proteolytic processing (Hardy et al, 1990). The alphavirus cysteine
protease is similar in structure and activity to the cellular cysteine proteases (Gorbalenya et al,
1991). Mutagenesis of nsP2 indicated that Cys and His are crucial for proteolytic activity
481

558

and make up the catalytic dyad of this protease (Strauss et al, 1992). Altering amino acids other
than these amino acids had no effect on proteolytic activity. The Sindbis virus nsP2/3 and nsP3/4
cleavage sites are processed by nsP2 in cis and the nsPl/2 cleavage site is processed by nsP2 in
trans (De Groot et al, 1990). However, proteases containing the nsPl domain were unable to
cleave the nsP2/3 cleavage site and only nsP2 protease precursors containing the nsP3 protein
can process the nsP3/4 cleavage site (De Groot et al, 1990). Therefore, processing at the nsPl/2
cleavage site is required before processing at the nsP2/3 can take place (Shirako and Strauss,
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1990). This indicates that the nonstructural proteins are processed in a cascade of events
resulting in production of precursors and products in a temporal fashion (De Groot et al., 1990;
Strauss and Strauss, 1990). The temporal cascade is used to regulate the replication of viral
RNA because the synthesis of either plus or minus-strand RNA occurs only in the presence of
certain protein precursors (Lemm and Rice, 1993; Shirako and Strauss, 1994). The alphavirus
cysteine protease recognizes conserved cleavage sites (Shirako and Strauss, 1990). The amino
acid residues at the cleavage site are usually (Ala,Val,Ile)-Gly-(Ala,Gly)/(Ala,Gly,Tyr). These
cleavage sites resemble those present in the polyproteins processed by the adenovirus (a DNA
virus) cysteine protease (Freimuth and Anderson 1993; VanSlyke et al., 1991). The importance
of these amino acids in defining a functional cleavage site has not been tested directly.
The 26S subgenomic mRNA is synthesized by viral replication from the full-length 49S
minus-strand RNA. The 26S subgenomic mRNA is then translated into a polyprotein which
contains the structural proteins of the virus. Cleavage of the capsid protein from the N-terminal
portion of the structural polypeptide is done by autocatalytic cleavage by a serine protease
present in the capsid protein (McQuade et al, 1990). Sindbis virus and SFV capsid proteins have
sequence homologies to serine proteases especially in areas around the putative catalytic triad of
His, Asp and Ser (Hahn et al, 1985). Mutagenesis of the putative catalytic triad of the Sindbis
virus capsid protease indicated that His

141

and Ser are important residues in proteolytic
215

processing and are probably members of the catalytic triad (Rice et al., 1987; Hahn and Strauss
1990). Mutating the putative active site nucleophilic residue, Ser to Cys resulted in some
215

retention of its autoproteolytic activity. Other mutations in the Ser residue eliminated
215

processing activity of the protease. The Ser of SFV, which corresponds to Ser of Sindbis
219

215

virus capsid protein, is also part of the active site (Melancon and Garoff, 1987). X-ray
crystallography confirmed that the Sindbis virus capsid serine protease has a structure similar to
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that of chymotrypsin (Choi et al, 1991; Tong et al, 1993). The capsid protein has a bilobular
structure with each domain forming a characteristic beta barrel. His and Ser are located at
141

215

the interface region between the two lobes, forming a substrate-binding pocket within the folded
protease. This confirmed that His and Ser are members of the active site. However, a
141

215

traditional catalytic triad was not observed since Asp , the predicted third member of the
163

catalytic triad, was positioned near the outer surface of the enzyme rather than at the interface
region between the two lobes of the protease. It is suggested that Asp

163

is brought into the

center of the enzyme by comformational changes resulting from the binding of the protease to
the substrate.
1.4.3 Flavivirus serine protease
Flaviviruses are enveloped, positive-sense single-stranded RNA viruses that have a 5'
cap structure and are polyadenylated at their 3' end. Flaviviruses are often transmitted by
arthropods, such as mosquitoes and are known to infect both human and animal hosts. Wellstudied members of this group include yellow fever virus, dengue, tick born encephalitis and
hepatitis C virus (Choo et al, 1991; Pletnev et al, 1990; Rice et al, 1985). Flaviviruses express
their genes as a single long polyprotein. The structural and non-structural proteins are encoded
by the 5' and 3' half of the flavivirus RNA, respectively (Chambers et al, 1990a; Rice et al.,
1985). Several of the cleavage sites on the hepatitis C virus and yellow fever virus polyproteins
are processed by a cellular signal peptidase that is membrane associated (Stocks and Lobigs,
1995; Stocks and Lobigs, 1998; Yamshchikov and Compans, 1993). The nature of the signal
peptidase involved in processing of these cleavage sites is unknown (Chambers et al., 1990a;
Tomei et al., 1993). However, many of cellular signal peptidases characterized so far are serine
proteases (Paetzel et al, 1998; Suciu et al, 1997; Zhong and Benkovic, 1998).
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The NS3 protease processes several cleavage sites on the flavivirus polyprotein (Rice
et al, 1985; Butkiewicz et al., 1996). It has similarities to cellular serine proteases such as
chymotrypsin (Bazan and Fletterick, 1989, Gorbalenya et al., 1989b, Chambers et al., 1990c;
Kim et al, 1996). In Dengue, deletion of the N-terminal 184 amino acid residues of NS3 resulted
in loss of proteolytic activity at the NS2A-NS2B junction and the NS2B-NS3 junction. In
hepatitis C virus the N-terminal region of NS3 contains the catalytic triad residues of His ,
57

Asp and Ser (Gorbalenya et al, 1989a, Love et al, 1996, Yan et al, 1998). The C-terminal
81

139

region contains a nucleotide triphosphatase and an RNA helicase activity that may be involved in
RNA replication (Chambers et al, 1990a; Falgout et al, 1991; Morgenstern et al, 1997). The
NS3 protease of hepatitis C virus also contains a well-defined substrate-binding pocket (Love et
al, 1996).
There is a preferred order of cleavage for polyproteins encoded by yellow fever or
Dengue virus RNA, which appears to be a product of direct protease substrate interactions
(Chambers et al, 1990a; Preugschat et al, 1990; Preugschat et al, 1991). NS3 containing
precursor polypeptides are capable of undergoing self-cleavage as a first step in the proteolytic
processing pathway (Preugschat et al, 1991). Primary structure as well as secondary structure is
important for determining the efficiency at which hepatitis C virus cleavage sites could be
processed. For example, proteolytic processing at one cleavage site releases a peptide from the
polyprotein resulting in a conformational change that makes proteolytic processing more
efficient at another cleavage site (Lin et al, 1993a). It was also found that a number of
alternative cleavage sites in yellow fever virus and hepatitis C virus can be processed by the NS3
protease when the normal cleavage sites are mutated (Nestorowicz et al, 1994). It is possible
that the preference for specific cleavage sites prevents secondary cleavage sites from being
processed as part of the polyprotein. Conformational changes after processing of the primary
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cleavage site may render processing of alternative cleavage sites even more difficult for the
protease.
Intact NS2B sequence is required in addition to NS3 for cleavage at the NS2A/NS2B and
NS2B/NS3 cleavage sites in Dengue (Falgout et al, 1991). This requirement can be supplied in
trans by intact NS2B. The requirement for a viral-encoded protease co-factor and the ordering of
autocatalytic cleavage events provides a number of steps at which the NS3 protease activity can
be regulated (Falgout et al, 1991). Similarly, processing of the hepatitis C polyprotein at the
NS3-NS4A and NS4B-NS5A cleavage sites requires the presence of NS4A in addition to the
NS3 protease. In addition, cleavage at NS4A-NS4B and NS5A-NS5B sites is enhanced by the
presence of NS4A. NS4A can be supplied in cis as part of a protease precursor or in trans (Failla
et al, 1994; Butkiewicz et al, 1996: Tanji et al, 1995). The central portion of NS4A was found
to be sufficient to act as a cofactor for the NS3 protease through its interaction with a region at
the N-terminus of NS3 (Butkiewicz et al, 1996; Failla et al, 1995; Tomei et al, 1996). Binding
of a peptide, resembling the central portion of NS4A, to the N-terminus of the NS3 protease
resulted in increased protease activity (Yan et al, 1998).
The flavivirus NS3 serine protease recognizes very specific cleavage sites (Chambers et
al, 1990a). The yellow fever virus NS3 protease has a preference for cleavage sites that have
two basic residues at the -1 and -2 position and an amino acid with a small side chain at the +1
position (Chambers et al, 1990b). NS3 has a more highly defined substrate specificity than
trypsin, which has a specificity for Lys or Arg in the -1 position but has no requirements for
amino acids in the -2 or +1 positions (Urbani et al, 1997; Zhang et al, 1997). Mutagenesis of
the yellow fever virus NS4B/NS5 cleavage site demonstrated that the NS3 protease tolerated a
Gly, Ala or Ser in the +1 position, an Arg, Lys, Gin or His in the -1 position and polar or
hydrophobic residues in the -2 position (Lin et al, 1993b). Cleavage site analysis and site-
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directed mutagenesis studies have indicated that hepatitis C virus NS3 protease prefers to have
a Cys or Thr in the -1 position and a Ser or Ala at the +1 position. There is also a conserved Glu
or Asp at the -6 position but this was not found to be critical for proteolytic processing
(Bartenschlager et al, 1995; Kolykahalov et al, 1994). In hepatitis C virus there is a more
stringent requirement for amino acids at cleavage sites processed in trans than those processed in
cis. Proteolytic processing of cleavage sites processed in cis is by folding of the protease to
bring the catalytic triad in contact with the amino acid residues at the cleavage sites. However,
proteolytic processing in trans has more stringent amino acid requirements probably resulting
from specific interactions between the substrate-binding pocket of the protease and amino acid
residues at the cleavage site (Bartenschlager et al, 1995).
Amino acids in the substrate-binding pocket of the hepatitis C virus protease are
important in defining substrate specificity. Substituting amino acids in the substrate-binding
pocket of the hepatitis C NS3 protease with the corresponding ones of the Streptomyces griseus
protease Bl resulted in a change of substrate specificity of NS3 (Failla et al, 1996). Indeed, the
modified NS3 obtained a substrate specificity similar to that of the cellular serine proteases and
was able to process cleavage sites that contained a Phe residue in the -1 position. Substituting
the Phe residue in the NS3 protease with another amino acid was sufficient to change the
154

protease specificity for amino acids in the -1 position (Koch and Bartenschlager, 1997).
1.5 Proteolytic processing in picorna-like viruses
1.5.1 Genomic organization and common features of picorna-like viruses

Members ofthe Picornaviridae family, the Potyviridae family and the Comoviridae
family, which includes comoviruses and nepoviruses have been classified together in the
picornavirus-like supergroup (Golbach, 1987). Viruses of the picornavirus-like supergroup have
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several features in common. They consist of icosahedral particles (rod-shaped for potyviruses)
and have single-stranded positive-sense RNA genomes which are either monopartite or bipartite.
Their genomic RNAs are covalently linked to a viral encoded protein (VPg) at their 5' terminus
and a poly(A) tract is present at their 3' termini. The genomic RNA(s) code(s) for single long
open reading frame(s) (ORFs) resulting in the production of polyproteins, which are processed
by viral-encoded proteases to release mature gene products. Viruses in the picornavirus-like
supergroup encode several non-structural proteins that have similar functions and significant
amino acid sequence similarity. A protein with a nucleotide binding motif (NTB) may act as a
helicase that unwinds duplex RNA during replication, transcription, recombination and repair
(Bienz et al, 1992; Wimmer et al., 1993). The VPg is used as a primer in RNA replication (Cao
et al., 1993; Paul et al, 1998; Reuer et al, 1990). The protease is responsible for processing of
cleavage sites on the polyprotein and for binding to the viral RNA in the replication complex
(Andino et al, 1990; Clark et al, 1991; Andino et al, 1993). The RNA-dependent RNA
polymerase (Pol) is involved in polymerizing viral RNA strands during RNA replication. The
genomic organization of the non-structural proteins of all members of the picornavirus-like
supergroup is similar, consisting of the NTB-VPg-Pro-Pol motif (see Fig. 1.1). They all use a
serine-like protease for proteolytic processing of most of the polyprotein cleavage sites although
some have additional proteases.
1.5.2 Picornaviruses
The Picornaviridae family includes enteroviruses (such as poliovirus), hepatoviruses
(such as hepatitis A virus (HAV)), cardioviruses (such as encephalomyocarditis virus),
rhinoviruses and aphthoviruses (such as foot and mouth disease virus (FMDV)) (Porter, 1993;
Wimmer et al, 1993; Xiang et al, 1997). They are all animal viruses and each consist of
icosahedral particles. They have a monopartite RNA genome, which contains a single long open
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1
. Comparison of the genomic organization of members ofthe picornavirus-like
supergroup.

The genomic organization of

the potyviruses, enteroviruses/rhinoviruses,

apthoviruses, comoviruses, nepoviruses subgroup A / B and nepoviruses subgroup C is
shown. The viral polyproteins are shown with boxes. The vertical lines through the
polyproteins indicate cleavage sites. The name of the domains for the different mature
proteins are indicated within each polyprotein. For clarity, coding regions are not drawn
to scale. The conserved NTB-VPg-Pro-Pol domain in each virus group are indicated by
the dotted lines. Regions of similar function are indicated by boxes with similar shading.
NTB:

protein containing a N T P binding motif, VPg: viral genome linked protein, Pro:

protease, Pol: RNA-dependent R N A polymerase, M P : movement protein, CP: coat protein.

reading frame (see Fig. 1.2). The polyprotein is processed into mature gene products by viral
encoded proteases (Lawson and Semler, 1990). The NTB-VPg-Pro-Pol motif is located near the
C-terminus of the polyprotein. The polyprotein is processed into three intermediate precursors
(primary products) PI, P2 and P3, by extremely rapid co-translational, intramolecular proteolytic
processing (Ryan and Flint, 1997). These three primary products are further processed either in
cis or in trans to release different sub-sets of functional mature and intermediate precursor
proteins following an ordered proteolytic cascade. There are three main proteases, L, 2A and 3C,
which are responsible for processing of picornavirus-encoded polyproteins. The 2A protease
encoded by the polio- and rhinoviruses and the 3C protease encoded by all picornaviruses are
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serine-like proteases, the L protease encoded by aphthoviruses is a cysteine protease (Ryan
and Flint, 1997).
1.5.2.1. L protease
The L protease is located at the N-terminus of the aphthovirus polyprotein and cleaves
co-translationally at the L-l A junction either in cis or in trans (Medina et al., 1993; Cao et al
1995). The L protease has a number of similarities in structure and activity to the cellular
cysteine proteases (Gorbalenya et al, 1991; Piccone et al, 1995; Roberts and Belsham, 1995).
The amino acids that make up the catalytic dyad have been identified as Cys and His (Roberts
and Belsham, 1995). The L protease also cleaves the host cell protein eIF-4F, which is the
eukaryotic initiation factor complex that normally interacts with capped cellular mRNAs as a
prerequisite to ribosome binding and initiation complex formation (Devany et al, 1988;
Kirchweger et al, 1994; Roberts and Belsham, 1995; Thatch, 1992). The cleavage of eIF-4F by
the L protease contributes to the shut-off of gene expression in infected cells (Devaney et al,
1988; Thatch, 1992). Proteolytic processing of eIF-4F by the entero- and rhinoviruses 2A
protease has also been shown and will be discussed below.
1.5.2.2 2A protease
The 2A protease is a serine-like protease located in the central portion of the entero- and
rhinoviruses polyprotein (see Fig. 1.2). The 2A protease was shown to process the poliovirus
polyprotein at the P1-P2 junction in vitro and in bacterial expression assays (Toyoda et al,
1986). This is a very rapid processing that occurs co-translationally resulting in the release of the
structural precursor PI from the rest of the non-structural polyprotein sequences. The poliovirus
2A protease also processes a second cleavage site in trans within the 3D polymerase but
processing at this cleavage site is not essential for virus proliferation (Lee and Wimmer, 1988;
Toyoda et al, 1986). Purification of poliovirus 2A proteinfrominfected cells revealed the
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Fig 1.2 Processing strategy of the poliovirus polyprotein. The organization of the
poliovirus genome is shown at the top of the figure. The open reading frame is indicated
by a box. Horizontal lines at the sides of the open reading frame represent non coding
regions. Vertical lines through the open reading frame indicate cleavage sites. The
domains for the different mature proteins (1 A, IB, IC, ID, 2A, 2B, 2C, 3A, 3B, 3C and
3D) are indicated in the open reading frame. The processing strategy of the polyprotein is
shown at the bottom of the figure and includes a drawing of the precursor polyprotein,
the intermediate gene products (PI, P2, P3, 1AB, 2BC, 3AB, 3CD) and the mature
proteins. The cleavage site processed by the 2A protease is indicated by an arrowhead
above the open reading frame. All other cleavage sites are processed by the 3C protease.

presence of a 17 kDa protein that was inhibited by compounds specific for cysteine proteases
(Konig and Rosenwirth, 1988). The poliovirus and rhinovirus 2A proteins have a catalytic triad
consisting of the amino acids His , Asp and Cys . The substrate-binding pocket of the 2A
protease has been characterized (Hellen et al, 1991; Sommergruber et al, 1989, Yu and Loyd,
1991, Yu and Loyd, 1992).
The 2A protease recognizes cleavage sites with a Tyr residue at the -1 position and a
Gly residue at the +1 position. Substitution of the Gly in the +1 position with large amino acids
results in inefficient cleavage in cis (Hellen et al, 1992; Skern et al, 1991). It was found that the
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-2 and +1 positions were critical for defining a functional cleavage site. However, the +2, -1
and -3 positions were not as important. (Hellen et al, 1992; Lee and Wimmer, 1988). The amino
acid requirements for as-processing at the P1-P2 cleavage site were not as stringent as those for
fr-ans-processing at the second Tyr-Gly dipeptide in the 3D polymerase (Hellen et al, 1992).
This is similar to the situation described above for the flavivirus NS3 protease.
In addition to processing of cleavage site at the junction of the ID and 2 A proteins, the
2A protease is involved in the proteolytic processing of a cellular substrate, the p220
polypeptide. The p220 polypeptide is an integral component of eIF-4F (Thatch, 1992). Infection
of Hela cells with either poliovirus or rhinovirus resulted in proteolytic processing of p220. This
resulted in a loss of cap-dependent translation in infected cells (Etchison and Fout, 1985;
Etchison et al, 1982). The 2A protease is capable of processing the p220 polypeptide directly
but the processing efficiency is quite low (Bovee et ah, 1998). It is suggested that efficient
processing of p220 in the cell requires cellular factors in addition to the 2A protease (Loyd et ah,
1988; Sun and Baltimore, 1989). Indeed, cleavage of p220 only occurred when the 2A protease
interacted with the cellular factor eIF-3 (Wyckoff et al., 1992). This interaction requires
catalytic residues within the 2A sequence that are involved in cleavage at the P1-P2 bond in the
poliovirus polyprotein (Hellen et al, 1991; Yu and Loyd, 1991; Bovee et al, 1998). The
proteolysis of p220 may be one factor contributing to the shutoff of host translation in the virus
infected cell (Loyd et al, 1987; Perez and Carrasco, 1992, Ventoso et al, 1998). The 2A
protease also blocks transcription and is involved in the inhibition of RNA polymerase IImediated transcription. This indicates that the 2 A protease interferes with a number of host
proteins at the transcriptional and translational level during virus replication (Ventoso et al.,
1998).

1.5.2.3 3C protease
Picornavirus 3C proteases are serine-like proteases that are also found in other members
of the picornavirus-like supergroup. It is present near the C-terminal portion of the picornavirus
polyprotein (see Fig. 1.2). Early inhibitor studies indicated that the 3C proteases were cysteine
proteases but amino acid homology indicated similarities to the serine proteases (Lawson and
Semler, 1991; Gorbalenya et al, 1986). The homology included the overall two domain beta
barrel structure of the trypsin-like enzymes and the residues thought to form the catalytic triad of
the enzyme (Gorbalenya et al, 1986; Bazan and Fletterick, 1988; Gorbalenya et al, 1989a;
Bazan and Fletterick, 1990; Allaire et al, 1994; Mathews et al., 1994). X-ray crystallography,
inhibitor studies, amino acid sequence comparisons and site-directed mutagenesis have been
used to identify the amino acid residues that make up the catalytic triad. The active site
nucleophile of the poliovirus 3C protease was demonstrated to be the highly conserved Cys .
147

His and Asp (or Glu ) have been suggested to be the other members of the catalytic triad
40

85

71

(Hammerle etal, 1991; Ivanoff etal, 1986; Kean etal, 1991; Lawson and Semler, 1991). For
the rhinovirus 3C protease Cys and His were found to be members of the catalytic triad
172

44

(Allaire et al, 1994). In Hepatitis A virus the catalytic triad of the 3C protease was found to be
Cys , His and Glu . A predicted Asp residue was not part of the catalytic triad (Mathews
146

40

71

102

et al, 1994, Gosert et al, 1997). Mutations of the Cys residue of the poliovirus 3C protease to
147

Ser resulted in the retention of some proteolytic activity, while other mutations eliminated
proteolytic processing altogether (Lawson and Semler, 1991). This is consistent with results
obtained during the mutagenesis of the TEV (a potyvirus) NIa protease (see below) and during
the reciprocal experiment on the Sindbis virus (a flavivirus) serine protease (Hahn and Strauss,
1990; Dougherty et al, 1989b). This indicates that serine-like proteases are closely related to
serine proteases because proteolytic activity is retained when amino acid residues from the
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catalytic triad of one class of protease is substituted with amino acidsfromthe other class of
protease.
1.5.2.3.1 Processing events mediated by the 3C protease or its precursors and regulation of
protease activity

All picornaviruses use the 3C protease as their major source of proteolytic activity. The
entero- and rhinovirus polyprotein precursors are processed into three intermediate precursors
PI, P2 and P3, by rapid co-translational proteolytic processing in cis (see Fig. 1.2) (Ryan and
Flint, 1997). As mentioned above the 2A protease processes the cleavage site at the PI-2A
junction to release the PI (1 ABCD) intermediate precursor from the rest of the polyprotein. The
3C protease processes the polyprotein at the 2C-3A cleavage site in cis to produce the P2
(2ABC) and P3 (3ABCD) intermediate precursors. Alternative primary cleavage by the 3Cprotease occurs at the 2A-2B site for poliovirus (Lawson and Semler, 1991) and the 2B-2C site
for FMDV (Ryan and Flint, 1997). 3C is present in the infected cell in the form of the mature 3C
protein and as the larger 3 CD polyprotein, which is an intermediate precursor produced by
cleavage in cis of the P3 (3ABCD) intermediate precursor at the 3B-3C site. In poliovirus, the
3CD form of the protease is required for complete processing of the PI intermediate precursor,
which contains the capsid proteins (Ypma-Wong etal., 1988a). Processing of the PI precursor
occurs in trans to release the 1 AB, IC and ID proteins. Both the 3C and 3CD forms of the
enzyme are capable of secondary processing of the P2 and P3 polyproteins, which occurs in cis
and in trans (Ypma-Wong et al., 1988a; Ypma-Wong et al., 1988b). Proteolytic processing of P2
produces three mature products 2A, 2B and 2C and one long-lived precursor 2BC (Harris et al,
1990; Cuconati et al, 1998). Proteolytic processing of P3 produces four mature products 3 A, 3B,
3C and 3D, which are released by slow processing of 3AB in trans and of 3CD in cis (Xiang et
al, 1998).
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Regulation of proteolytic processing of picornavirus polyproteins by the 3C protease
involves different intermediates of the 3C protease. As mentioned above, secondary processing
of the poliovirus PI intermediate precursor into the capsid proteins is only by the 3CD form of
the protease. The 3D portion of the 3CD enzyme may be required to recognize and interact with
structural motifs in the PI precursor, which increases the rate and amount of processing by the
3C portion of the enzyme (Ypma-Wong et al, 1988a). Not all picornaviruses require the 3CD
polypeptide for proteolytic processing of capsid precursors. For example, FMDV and HAV
produce mature 3C enzymes capable of processing the PI precursor (Harmon et al., 1992; Jia et
al., 1991; Vakharia et al., 1987). In addition to the differential activities of 3C and 3CD on PI
cleavage sites, other intermediate proteins regulate the activity of 3C in poliovirus. The presence
of the 3 AB protein increases the efficiency of auto-processing of 3CD to 3C and 3D. The 3 AB
protein also enhances proteolytic processing of protein 2BC in trans by 3C or 3CD (Molla et al.,
1994). The 3CD protease is more efficient than the 3C protease in cleaving 3AB in trans (Lama
et al., 1994). Proteolytic processing of the intermediate capsid protein 1 AB into 1A and IB by
the 3C protease is regulated by the presence of viral RNA. As a result cleavage at this site occurs
late in the virus replication cycle after viral RNA has already been synthesized (Hellen and
Wimmer, 1992).
In addition to proteolytic processing of the viral polyproteins, the 3C protease is also
responsible for proteolytic processing of a number of cellular substrates (Korant et al, 1980;
Clark and Dasgupta, 1990). Poliovirus appears to directly inactivate polymerase III by
proteolytic processing. It is also involved in the alteration of polymerase I and II activities in
infected cells (Rubinstein et al, 1992). An RNA polymerase III transcription factor (TFIIC) is
modified by dephosphorylation and proteolysis is mediated by the 3C protease (Clark et al,
1991). The poliovirus 3C protease is also known to cleave the TATA binding protein (Clark et
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al, 1993) and the microtubule associated protein 4 (Joachims et al., 1995). The FMDV 3C
protease appears to cleave the host histone protein H3 (Falk et al., 1990; Tesar and Marquardt,
1990). These activities of the 3C protease in combination with the processing of host cell factors
by the 2A and L proteases cause significant damage to the host gene expression machinery,
which may contribute to host gene shut-off during viral infection (Yalamachili et al., 1996;
Aranda and Maule, 1998).

1.5.2.3.2 Cleavage site specificity
The picornavirus 3C proteases are very specific for the cleavage sites they recognize and
process. Poliovirus 3C protease processes almost exclusively at (Gln,Glu)/(Gly,Ser,Ala)
cleavage sites in normal viral substrates with Gln/Gly being the most common cleavage site (see
Fig. 1.3). Site-directed mutagenesis has resulted in alternate cleavage sites that can be cleaved by
the 3C protease, such as Gln/Ile, Gln/Asn and Gln/Thr (Jia et al, 1991; Lawson and Semler,
1990). The rhinovirus protease also cleaves almost exclusively at Gln/(Gly,Ser) cleavage sites.
However, Glu has been found in the -1 position and Ala has been found in the +1 position at a
few cleavage sites (Long et al., 1989). HAV protease cleavage sites are almost identical to those
of rhinovirus and poliovirus with Gin or Glu in the -1 position and Gly or Ser in the +1 position
(Jewell et al., 1992). Substrate determinants other than the two amino acids at the cleavage site
are involved in substrate recognition and proteolytic processing by the 3C protease since not all
amino acid pairs containing the proper amino acid sequence are processed by the protease.
Additional substrate determinants may include accessibility to the potential cleavage site by the
protease resulting from folding of the polyprotein, recognition of secondary or tertiary structures
and recognition of amino acids other than the two amino acids at the scissile bond by the
protease (Nicklin et al., 1986). A conserved Ala in the -4 position was observed in poliovirus
(Nicklin et al., 1986). Experimental evidence for the role of the -4 amino acid in substrate
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cleavage was generated using synthetic peptide substrates and purified recombinant poliovirus
3C proteases (Pallai et al, 1989). There also appears to be a consensus for a small aliphatic
amino acid (such as Val, Leu and Ile) in the -4 position of HAV and rhinovirus cleavage sites
(see Fig. 1.3). Studies with synthetic peptides have also been used to characterize the relative
cleavage efficiencies of 3C substrates present in the rhinovirus and HAV polyproteins (Long et
ah, 1989, Petithory et al., 1991). Substitution of residues in the -4, -1 and +1 positions of
cleavage sites recognized by the hepatitis A 3C protease resulted in reduction or loss of cleavage.
Taken together, these results indicate that these amino acid positions are important in defining
functional cleavage sites in at least three picornaviruses ( Blair and Semler 1991; Long et al.,
1989; Jewell et al., 1992). The encephalomyocarditis virus protease also recognizes cleavage
sites that are Gln/(Gly,Ser). However, these cleavage sites have no conserved amino acids in the
-4 position. Instead, they have a Pro residue in either the -2 or +2 position (Palmenberg et al.,
1984). The potential role of these conserved residues in cleavage site recognition has not been
directly tested.
A His located within the C-terminal region of the 3C protease has been suggested to be an
essential component of the substrate-binding pocket of the protease (Gorbalenya et al., 1986;
Bazan and Fletterick, 1988; Gorbalenya et al, 1989a; Bazan and Fletterick, 1990; Nienaber et
al, 1993; Allaire et al, 1994; Mathews et al, 1994). Mutation of this His results in inactivation
of the poliovirus protease (Ivanoff et al, 1986). The atomic structures of the recombinant 3C
protease from rhinovirus and hepatitis A virus show shallow elongated substrate pockets that
could easily accommodate up to 8 amino acids from the cleavage sites (Allaire et al, 1994;
Mathews et al, 1994). The specificity of the 3C protease for a Gin residue in the -1 position of
the cleavage site is predicted to be the result of direct interaction with the His residue of the
substrate-binding pocket (Allaire et al, 1994).
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Fig 1.3 Comparison of the cleavage sites from picornaviruses, potyviruses and

Comoviruses. Consensus sequences in amino acidsfromthe +1 to -6 positions of cleavage
sitesfromtwo comoviruses, cowpea mosaic virus (CPMV) and cowpea severe mosaic
virus (CPSMV); three picornaviruses poliovirus, rhinovirus, hepatitis A virus (HAV); and
three potyviruses tobacco etch virus (TEV), turnip mosaic virus (TuMV) and clover
yellow vein virus (Cl YVV) are shown. Amino acids consistent with the picorna-like
dipeptide cleavage site consensus in the +1 and -1 positions are underlined.

1.5.3 Potyviruses

Potyviruses are flexuous rod-shaped viruses that infect a number of plant species and are
commonly transmitted by aphids. They have a monopartite genome of about 9500 nt in length
(Dougherty and Carrington, 1988; Reichman et al, 1992). In potyviruses the structural proteins
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are C-terminal of the NTB-VPg-Pro-Pol motif. The potyvirus genome contains a single open
reading frame that is translated into a single long polyprotein (see Fig. 1.4). Well characterized
members of this group include tobacco etch virus (TEV) and tobacco vein mottling virus
(TVMV). In TEV three viral proteases are responsible for processing the precursor polyprotein
into intermediate and final products. These are the PI protease, the HC-Pro protease and the NIa
protease (Carrington et al., 1989b; Carrington and Dougherty, 1987; Carrington et al., 1990;
Verchot et al., 1991). The PI protease is a serine protease, similar to the smaller bacterial serine
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Fig 1.4 Processing strategy of the tobacco etch virus (TEV) polyprotein. The
organization of the TEV genome is shown at the top of the figure. The single long open
reading frame is indicated by a box. Horizontal lines at the side of the open reading frame
represent non coding regions. Vertical lines through the open reading frame indicate
cleavage sites. The domains for the different mature proteins (PI, HC-Pro, P3, 6 k l , CI,
6k2, VPg, NIa, Nib, CP) are indicated in the open reading frame. The processing strategy
of the polyprotein is shown at the bottom of the figure and include a drawing of the
263kDa precursor polyprotein, the intermediate gene products and the mature proteins.
Cleavage sites that are not processed by the NIA protease are indicated by arrows above
the open reading frame.
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proteases. It cleaves autocatalytically once at its own C-terminus (Carrington et al, 1989b;
Verchot et al., 1991). The helper component protease (HC-Pro) is a cysteine protease that shares
structural similarity to cellular cysteine proteases. It cleaves autocatalytically once at its own Cterminus (Oh and Carrington, 1989). The remaining cleavage events are directed by the 27 kDa
NIa protease, which is a serine-like protease similar to the 3C protease of picornaviruses
(Carrington and Dougherty, 1987, Dougherty and Parks, 1991).
1.5.3.1 PI protease
The PI protease is a 35 kDa protein located at the N-terminal portion of the TEV
polyprotein (see Fig. 1.4). It contains two domains. Although its N-terminus shows similarity to
the movement protein of other viruses (Domier et al., 1987), PI does not have any of the
properties normally associated with movement proteins (Rojas et al., 1997; Verchot and
Carrington, 1995b). The PI protease plays a role in the amplification of genomic RNA (Verchot
and Carrington, 1995a). The C-terminal domain of the PI protein has a proteolytic activity that
allows its autocleavage from the rest of the polyprotein in cis (Verchot et al., 1991). This
proteolytic processing event is not essential for replication of the virus (Verchot et al., 1995a). A
conserved region, which is required for proteolytic processing, contains motifs associated with
serine proteases. Conserved His and Asp residues are present upstream ofthe putative active site
Ser although the spacing is different to that of cellular serine proteases. Substitution of His or
215

Ser

eliminated proteolytic activity indicating that these residues are part of the catalytic triad

(Verchot et al, 1991, Verchot and Carrington, 1995b). In TVMV the PI protease cleaves a PheSer cleavage site (Mavankal and Rhoads, 1991). In TEV the processing is at a Tyr-Ser cleavage
site (Verchot etal, 1991).
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1.5.3.2 HC-Pro protease
HC-Pro (helper component protease) is expressed as part of the genome derived Nterminal 87 kDa polyprotein (see Fig. 1.4) (Carrington et al., 1989b). The TEV HC-Pro protein is
52 kDa and has two functional domains. The N-terminal domain is essential for aphid
transmission of the virus by mediating association of the virus with the insect stylet during
transmission (Dougherty and Carrington, 1988). The C-terminal domain has two apparent
functions. It is essential for the movement of itself and viral RNA from cell to cell within an
infected plant (Rojas et al., 1997). The C-terminal domain also contains a cysteine protease
responsible for releasing itself and sequences upstream from the rest of the polyprotein by
proteolytic processing at a single cleavage site at the C-terminal end of the protease (Carrington
et al, 1989a). Processing at this cleavage site is rapid and occurs co-translationally (Carrington
et al., 1990). Deletion experiments demonstrated that only the C-terminal 20 kDa of HC-Pro was
required for functional protease activity (Carrington et al., 1989b; Carrington et al., 1990).
Further deletions eliminated activity. Site-directed mutagenesis of Cys and His resulted in a
649

772

loss of activity suggesting that they constitute the catalytic dyad (Kasschau and Carrington,
1995; Oh and Carrington, 1989). Proteolytic activity of HC-Pro in cis was found to be essential
for amplification of the TEV genome (Kasschau and Carrington, 1995).
Cleavage site comparisons indicate that HC-Pro has a preference for specific amino acids
at its cleavage site (Carrington et al., 1989a; Carrington and Herndon., 1992). It recognizes and
processes a single Gly-Gly cleavage site in cis. Amino acid substitutions were used to determine
the importance of specific amino acids in defining a functional cleavage site. It was found that
HC-Pro has a requirement for Tyr at the -4 position, Leu in the -2 position and Gly in the -1 and
+1 positions (Carrington and Herndon, 1992; Kasschau and Carrington, 1995). Substitutions in
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the -5 and -3 positions allowed proteolytic processing to occur but in a few cases proteolytic
processing was reduced.
1.5.3.3 NIa protease
The potyvirus NIa protease is located in the central portion of the potyvirus polyprotein
(see Fig. 1.4). It shares many structural characteristics with cellular serine proteases (Bazan and
Fletterick, 1990; Bazan and Fletterick, 1988; Gorbalenya et al, 1989a). The NIa protease is a
serine-like protease similar to the picornaviral 3C protease. Mutagenesis has been used to
demonstrate that His , Asp and Cys
46

81

151

make up the catalytic triad of the TEV NIa protease

(Carrington and Dougherty, 1988; Dougherty et al., 1989b; Garcia et al, 1990). Substitution of
the nucleophilic Cys

151

with Ser resulted in the retaining of some proteolytic activity but all other

mutations resulted in a complete loss of proteolytic activity. This is similar to results found in the
mutagenesis of the active site Cys residue of poliovirus 3C protease (discussed above). The NIa
protease processes most TEV cleavage sites with the same efficiency whether the protease is part
of a larger precursor or not (Parks et al, 1992). However, processing at the 6kl/CI cleavage site
was slower when the protease was part of a precursor containing the polymerase (Parks et al,
1992). Regulation of proteolytic processing of the NIa protease occurs at two levels. One level of
regulation is at the primary amino acid sequence of the cleavage site (Dougherty and Parks,
1989). Another level of regulation involves subcellular localization dictated by precursor forms
of the NIa protease (see below).
1.5.3.3.1 Processing events mediated by the NIa protease and regulation of protease
activity
The NIa serine-like protease is the major protease involved in the proteolytic processing
of potyvirus polyproteins (Allison et al, 1986; Nicolas and Laliberte, 1992; Robaglia et al,
1989; Lain et al, 1989). The proteolytic processing pathway of the TEV polyprotein precursor
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has been well characterized (see Fig. 1.4). Six primary products are produced by cotranslational proteolytic processing of the TEV polyprotein: the Pl-HC-Pro intermediate
precursor, the P3-6kl-CI intermediate precursor, the 6k2-NIa precursor or the mature 6k2 plus
the NIa intermediate precursor and the Nib-CP precursor (see Fig. 1.4). The Pl-HC-Pro protein is
obtained by self-cleavage of HC-Pro at its C-terminus at the junction between HC-Pro and P3.
This protein is further processed into PI and HC-Pro by self-cleavage by the PI protease at its Cterminus. The TEV NIa protease cleaves in cis or in trans at all other known cleavage sites. The
P3-6kl-CI intermediate precursor is generated by cleavage by NIa at the cleavage site at the Cl6k2 junction. This protein is further processed by NIa in trans to generate P3, 6kl and CI. NIa
cleaves at the NIa-NIb cleavage site and optionally at the 6k2-NIa cleavage site to obtain either
the NIb-CP and 6k2-NIa proteins or the NIb-CP, 6k2 and NIa proteins. The Nib-CP precursor
protein is further processed by NIa in trans to release the Nib and CP proteins. Self-cleavage of
the 6k2-NIa protein produces the 6k2 and NIa proteins. The NIa protein is cleaved in cis to
produce the NIaVPg and NIaPro mature proteins. NIaPro also autocatalytically cleaves at one (in
TEV) or two (in TuMV) additional cleavage sites at its C-terminus (Himmler et al., 1990;
Verchot et al., 1991; Dougherty and Semler, 1993). Processing at the VPg-Pro cleavage site and
at the C-terminal cleavage site(s) within NIa is slow and inefficient (Kim et al., 1995; Parks et
al., 1995, Kim et al., 1996). Deletion of the C-terminus of NIa does not affect its proteolytic
activity (Kim et al., 1998).
As stated prviously NIa protease activity is regulated by transport of protease precursors
to the nucleus (Carrington et al., 1991). The NIa protease precursor is targeted to the nucleus
where it aggregates into an ordered crystal shape referred to as the nuclear inclusion body.
However transport of this protein to the nucleus is suppressed during RNA synthesis by
interaction of the N-terminal VPg domain of the NIa precursor with viral RNA or other
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replication proteins (Carrington et al, 1991). In addition, the presence of the 6k2 domain on
the 6k2-NIa precursor prevents nuclear localization (Restrepo-Hartwig and Carrington, 1992).
The NIa protease is released initially as either the NIa or the 6k2 -NIa precursors. These
precursors are formed rapidly during translation. The smaller mature NIa-Pro protein is targeted
to the cytosol (Restrepo-Harwig and Carrington, 1992). As mentioned above, the mature NIa
protease represents the C-terminal portion of the NIa precursor. Slow processing of the larger
precursors into the mature protease, which allows much of the larger precursors to be transported
to the nucleus, is required for normal viral replication and is therefore, an important part of
regulating protease activity (Shaad et al, 1996).
1.5.3.3.2 Cleavage site specificity
Regulation of proteolytic processing by the NIa protease also occurs at the level of the
primary sequence of the cleavage sites. A heptapeptide sequence has been implicated in defining
a functional TEV NIa protease cleavage site. This was demonstrated by linker insertion
experiments (Carrington and Dougherty, 1988) and by site-directed mutagenesis of two TEV
cleavage sites (Dougherty et al, 1988, Dougherty et al, 1989a; Dougherty and Parks, 1989). The
NIa protease has a strong preference for amino acids at the -6, -4, -3, -1 and +1 positions in TEV
protease cleavage sites with a consensus of Glu-x-(Ile,Val,Leu)-Tyr-x-Gln/(Ser,Gly) (see Fig
1.3). Replacement of these conserved amino acids greatly reduced or eliminated cleavage. The
Gin in the -1 position was the most sensitive to amino acid substitutions. Any changes at this
position either eliminated or drastically reduced the ability of the NIa protease to process the
cleavage site. The variable -5 and -2 positions can increase or decrease the rate of proteolytic
processing depending on the amino acid present. Other potyviruses have similar but distinct
cleavage site requirements. For example the NIa protease of TuMV recognizes cleavage sites
with a consensus of x-x-Val-x-His-Gln/(Ser,Ala,Thr) (see Fig. 1.3)(Kim et al, 1996). The NIa
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protease of clover yellow vein virus (Cl YVV) recognizes cleavage sites with a consensus of
x-x- Val-x-Phe- (Gln,Glu)/(Ser, Ala, Giy) (see Fig. 1.3) (Takahashi etal, 1997). Some features
of potyvirus cleavage sites are found in the cleavage sites of picornaviruses (as discussed above)
and comoviruses (see below). Cleavage is frequently between a Gln/(Gly, Ser) and there is
usually an amino acid with a small neutral side chain (Ala, Leu or Val) in the -4 position.
Exceptions to this consensus are cleavage sites at the C-terminus of NIa, which are processed at
low efficiency (Kim et al, 1996). These cleavage sites are Ser-Gly and Thr-Ser in TuMV and
Met-Ser in TEV (Kim et al, 1995; Kim et al, 1996; Parks et al, 1995).
A series of hybrid proteases have been constructed to identify residues involved in the
substrate specificity of the NIa protease (Parks and Dougherty, 1991). Hybrid proteases were
constructed using sequences from TEV and TVMV, which recognized similar but distinct
cleavage sites. Three domains (domain I, amino acids 83 to 149, domain II, amino acids 153 to
183 and domain III, amino acids 184 to 210) were found to contain residues important in
determining substrate specificity. Amino acids of the catalytic triad were not part of these
domains and could be contributed by either virus. By analogy to related 3C-like proteases, a His
residue located at position 167 has been suggested as a base component of the putative substratebinding pocket and probably binds to the Gin residue in the -1 position (Bazan and Fletterick,
1990; Bazan and Fletterick, 1988). This His residue is present on domain II. Several mutations
were required in order to change the substrate specificity between the TEV and TVMV
proteases.
1.5.4 Comoviruses
Comoviruses are positive-sense single-stranded RNA viruses with bipartite genomes
(Golbach, 1987; Golbach and Wellink, 1996). They consist of small icosahedral particles.
Cowpea mosaic virus (CPMV) is the most characterized member of this class of viruses. Each
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viral RNA contains a single long open reading frame that allows the production of a
polyprotein which is processed into mature products by a single viral encoded protease (see Fig.
1.5). The larger RNA species, B-RNA encodes gene products involved in replication including a
3C-like protease. The smaller RNA, M-RNA codes for a precursor polyprotein containing
structural proteins (capsid proteins, CP) and a protein responsible for cell to cell movement
(movement protein, MP). Proteases of comoviruses have many similarities to proteases from
other viruses of the picorna-like family but are distinct in the regulation of their cleavage
efficiency. Proteolytic activity is regulated by another viral protein, the 32 kDa protease cofactor (see below).
1.5.4.1 3C-like protease

The comovirus proteases share sequence similarity and have similar activity to the 3C
proteases of picornaviruses and NIa proteases of potyviruses (Bazan and Fletterick, 1990; Bazan
and Fletterick, 1988; Franssen et al., 1984b; Argos et al., 1984). Sequence analysis and sitedirected mutagenesis studies on the 24 kDa protease of CPMV suggested that the catalytic triad
of the protease consisted of the residues His , Glu and Cys (Bazan and Fletterick, 1988;
40

75

166

Dessens and Lomonossoff., 1991; Gorbalenya et al 1989a; Gorbalenya et al., 1989b). The
nucleophilic Cys can be replaced with a Ser while retaining some activity but all other
substitutions eliminate activity. This is similar to results found with serine-like proteases of other
members of the picorna-like supergroup of viruses, as described previously.
1.5.4.1.1 Processing events mediated by the 3C-like protease and regulation of protease
activity

The B- and M-RNAs are translated into large polyproteins that are processed at specific
sites into several intermediate andfinalcleavage products by the B-RNA encoded 3C-like
protease (see Fig. 1.5). This process has been studied extensively for CPMV and sequence
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Fig 1.5 Processing strategy ofthe cowpea mosaic virus (CPMV) polyprotein. The
organization of the CPMV genome is shown at the top of the figure. B-RNA and M-RNA
are indicated. The open reading frames are indicated by boxes. Horizontal lines at the
sides of the open reading frames represent non coding regions. Vertical lines through the
open reading frames represent cleavage sites. The domains for B-RNA and M-RNA are
indicated in the open reading frames. The processing strategy of the polyprotein is shown
at the bottom of the figure and include a drawing of the B-RNA (200 kDa) and M-RNA
(105 and 95 kDa) precursor polyproteins, the B-RNA and M-RNA intermediate gene
products and the mature proteins. NTB: protein containing a NTP binding motif, VPg:
viral genome linked protein, Pro: protease, Pol: RNA-dependent RNA polymerase, MP:
movement protein, CP1: coat protein2, CP2: coat protein2.
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comparisons with other comoviruses suggest similar processing pathways (Beier et al, 1981;
Gabriel et al., 1982). The 24 kDa 3C-like protease is the only protease found in comoviruses and
is responsible for all proteolytic processing of the viral polyproteins (Garcia et al., 1987; Vos et
al, 1988; Verver et al, 1987).
The comovirus B-RNA is translated into a 200 kDa polyprotein (see Fig. 1.5). This
polyprotein is cleaved co-translationally in cis to produce the 32 kDa (co-Pro) and 170 kDa
(NTB-VPg-Pro-Pol) proteins (Pelham, 1979; Peng and Shih, 1984). The 32 kDa protein
associates with the 170 kDa precursor by hydrophobic interactions with the NTB domain. This
association induces a conformational change of the 170 kDa precursor which limits its rate of
proteolytic processing and results in its accumulation (Peters et al, 1992a; Peters et al, 1992b;
Franssen et al, 1984a). The 32 and 170 kDa proteins can be derived from different 200 kDa
polyproteins but the translations must be simultaneous in order to form a functional complex
(Peters etal, 1992a).
The 170 kDa protein is further processed by the protease in cis to produce different sets
of intermediate polyproteins (see Fig. 1.5). This processing is very efficient when the 32 kDa
protein is not present. The 170 kDa precursor can be processed into either the NTB and VPgPro-Pol proteins, the NTB-VPg and Pro-Pol proteins or the NTB-VPg-Pro and Pol proteins. The
VPg-Pro-Pol protein can be further processed into either the VPg and Pro-Pol proteins or into the
VPg-Pro and Pol proteins (Golbach and Wellink, 1996). The Pro-Pol protein is processed
inefficiently by the protease at the Pro-Pol cleavage site (Dessens and Lomonossoff, 1992).
Cleavage at this site is greatly enhanced by the presence of sequences upstream of the protease
domain on the precursor, suggesting that the mature polymerase arises only through direct
processing of the 170 kDa protein. The NTB-VPg-Pro protein can be cleaved into either the
NTB-VPg and Pro proteins or NTB and Vpg-Pro proteins. The VPg-Pro protein does not

42

accumulate and is rapidly cleaved into VPg and Pro. Studies with cleavage site mutants have
shown that all cleavage sites in the B-RNA encoded polyprotein occur predominantly in cis
(Peters et al, 1992b). The CPMV 24 kDa protease cannot cleave the NTB-VPg protein in trans
(Peters et al., 1992b). This contrasts with the equivalent 3AB poliovirus precursor which is
cleaved in trans by the protease. Cleavage between the 32 kDa and the 170 kDa proteins and
between the NTB-VPg-Pro and Pol proteins can occur in trans but this is not an efficient process
(Vos et al, 1988; Peters et al, 1992b).
The M-RNA is translated into the 105 and 95 kDa polyproteins through translation
initiation at two alternate AUG codons (see Fig. 1.4) (Rezelman et al, 1989). The 105 and 95
kDa polyproteins are cleaved into the N-terminal 58 or 48 kDa proteins and the C-terminal 60
kDa protein (a precursor to the capsid proteins) at the MP-CP cleavage site (Pelham, 1979;
Franssen et al, 1982). Association of the B-RNA encoded 32 kDa protein with the 170 kDa BRNA encoded precursor is essential to induce efficient cleavage of the M-RNA polyprotein at
the MP-CP cleavage site by the protease contained in the 170 kDa precursor (Vos et al, 1988;
Peters et al, 1992a). Cleavage of the 60 kDa structural protein precursor into the mature capsid
proteins does not require the presence of the 32 kDa protein. This differential regulation of
processing at specific cleavage sites is similar to the strategies used in the regulation of
processing of poliovirus and flavivirus polyproteins described in sections 1.4.3 and 1.5.2.3.1 in
which additional viral proteins were also shown to regulate the activity of the protease
(Chambers et al, 1991, Preugschat et al, 1990, Wengler et al, 1991, Ypma-Wong et al, 1988a,
see above). This is also similar to the two component processing that was first suggested for
capsid maturation in bacteriophage T4 (Showe and Onorato, 1978).

43

1.5.4.1.2 Cleavage site specificity
A number of cleavage sites have been identified in the CPMV polyproteins (Franssen et
al, 1986; Wellink et al, 1986). Proteolytic processing occurs at specific Gln/Gly, Gln/Ser and
Gin/Met cleavage sites. These are very similar to the protease serine-like cleavage sites present
in the polyproteins of other members of the picorna-like supergroup of viruses (see Fig. 1.3).
When sequences surrounding these cleavage sites were compared, it was found that Ala or Pro
are present at the -2 position and that Ala is present in the -4 position at five of the six cleavage
sites (Wellink et al, 1986). Comparison of the cleavage sites in the polyproteins from other
comoviruses demonstrated similarities to the CPMV sites. A Gin residue was present at the -1
position, Ala and Val residues were found at the -4 position and Ala or Pro residues were found
at the -2 position (Golbach and Wellink, 1996). For cowpea severe mosaic virus (CPSMV) and
red clover mottle virus (RCMV), Gin/Ala and Gln/Thr cleavage sites have been reported (Shanks
and Lomonossoff, 1992; Shanks et al, 1986; MacFarlane et al, 1991; Chen and Bruening,
1992a; Chen and Bruening, 1992b).
The role of individual amino acids in defining functional cleavage sites in vitro in the
CPMV polyproteins was examined using site-directed mutagenesis. Mutations were introduced
at the Gln/Ser site between the B-RNA encoded 32 and 170 kDa proteins. Proteolytic processing
at this cleavage site was not prevented when it was changed to a His/Met dipeptide. Proteolytic
processing even occurred after insertion of four amino acid residues between the His and the
Met, (Peters et al, 1992b). These results indicate that the cleavage site requirements for this
efficient in cis cleavage are not stringently determined by the Gln/Ser dipeptide sequence alone.
It is believed that the B-RNA polyprotein folds during translation. This folding of the
polypeptide chain drives the active site of the 24 kDa protease and the cleavage site together and
favors rapid intramolecular cleavage. In contrast, when Giy at the +1 position in the Gln/Gly
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cleavage site between the capsid proteins was changed to Ala, Ser or Met (amino acids that are
present at this position in other sites), cleavage was almost completely abolished (Vos et ah,
1988). It appears that the amino acids in the dipeptide of this M-RNA polyprotein cleavage site
are critical in the definition of the cleavage site. This result suggested that requirements for
specific amino acids were more stringent for the trans-cleavage site than for the 32/170 kDa ciscleavage site. This is similar to the regulation for cis- and trans-cleavage previously discussed
for the flavivirus NS3 protease and the poliovirus 2A protease (Bartenschlager, et ah, 1995;
Hellen et ah, 1992). Similar to proteases of related viruses discussed above, a His in the
substrate-binding pocket probably confers the substrate specificity to the protease in transcleavage

reactions.

1.5.5 Nepoviruses
Nepoviruses are small icosahedral viruses that are closely related to the comoviruses
(Golbach, 1987; Mayo and Robinson, 1996; Sanfacon, 1995). They infect plants and are
primarily transmitted by soil nematodes. Molecularly characterized nepoviruses include
grapevine fanleaf virus (GFLV), tomato black ring virus (TBRV) and tomato ringspot virus
(TomRSV) (Mayo and Robinson, 1996). Nepoviruses have a bipartite genome consisting of two
molecules of positive-sense single-stranded RNA. Each RNA molecule has a single open reading
frame that is expressed as a polyprotein, which is processed into the mature products by a viral
encoded protease (see Fig. 1.6). RNA-2, which is the smaller RNA, codes for a precursor
polyprotein containing structural proteins and a protein responsible for cell to cell movement.
RNA-1, which is the larger RNA, encodes gene products involved in replication.
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Fig. 1.6 Schematic representation of the grapevine fanleaf virus (GFLV) and tomato
ringspot nepovirus (TomRSV) RNA-1 and RNA-2. The open reading frames are
indicated by the boxes. Horizontal lines beside the open reading frame indicate non
coding regions. Vertical lines through the polyprotein indicate known cleavage sites. The
sequence of the cleaved dipeptide at the MP-CP, 28K-MP, NTB-VPg, VPg-Pro and ProPol cleavage sites are shown for GFLV. The sequence of the cleaved dipeptide at the MPCP cleavage site is shown for TomRSV. NTB: protein containing a NTP binding motif,
VPg: viral genome linked protein, Pro: protease, Pol: RNA-depedent RNA polymerase,
MP: movement protein, CP: coat protein, X:protein X, AAA: poly (A) tail.

1.5.5.1 Nepoviruses subgroup A/B
Nepoviruses have been further classified into 3 subgroups (A, B and C) based on the
size of their RNA-2 and on their immunological properties (Mayo and Robinson, 1996).

46

Nepoviruses of subgroup A (such as GFLV) and B (such as TBRV) have a smaller RNA-2
than nepoviruses of subgroup C. In nepoviruses of subgroup A/B, a protein of approximately 50
kDa is present upstream of the NTB-VPg-Pro-Pol domains on the RNA-1 encoded polyprotein.
Amino acid sequence similarities have been identified between the N-terminal 50 kDa protein of
the nepovirus RNA-1 polyprotein and the N-terminal 32 kDa protein of CPMV B-RNA
polyprotein, which acts as a protease cofactor (Rott et al., 1995; Vos et al., 1988; Ritzenthaler et
al., 1991). However, no experimental evidence is available to suggest a similar role in proteolytic
processing of the nepovirus polyproteins. The smaller size of RNA-2 in subgroup A/B
nepoviruses is the result of a smaller non-coding region at the 3' end of the RNA and of a
smaller coding region. A single mature protein of 30 to 50 kDa is released from N-terminal part
of polyprotein, upstream of the movement protein domain (Demangeat et al., 1991; Margis et al,
1993). Proteases of nepoviruses have many similarities to proteases from other picornaviruses
but are distinct in their substrate recognition. Cleavage sites recognized by the proteases of
subgroups A/B are different from those recognized by the serine-like proteases of other
picornaviruses.
1.5.5.1.1 3C-like protease

The subgroup A/B nepovirus 3C-like proteases are serine-like proteases similar to the
picornavirus 3C protease. Similar to the comovirus proteases described above, the nepovirus
proteases are located in the central portion of the RNA-1 encoded polyproteins (see Fig. 1.6).
Changing the active site Cys residue of the catalytic triad to Leu in the GFLV protease resulted
in a loss of proteolytic activity. However, changing of the active site Cys residue to Ser had no
effect (Margis and Pinck, 1992). This is consistent with results found with similar mutations in
the serine-like proteases of other picorna and picorna-like viruses except that replacing the Cys
with Ser in nepoviruses allowed for even greater retention of proteolytic activity (Margis et ah,
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1991; Margis and Pinck, 1992). His and Asp (or Glu) residues are thought to be the other
members of the catalytic triad of the enzyme (Gorbalenya et al, 1989a).
The conserved His residue found in the substrate-binding pocket of the proteases of
picornaviruses, potyviruses and comoviruses is not found in the substrate-binding pocket of the
proteases of nepoviruses of subgroups A/B. The His residue is replaced by a Leu in these
proteases. Changing this Leu residue to a His resulted in a loss of the activity of the GFLV
protease (Margis and Pinck, 1992). This indicates that this residue is important for proteolytic
processing and possibly for substrate specificity. Indeed, the cleavage sites present on the
polyproteins of nepovirus subgroup A/B differ considerably from those of other members of the
picornavirus super-group (see below). Proteolytic activity in nepoviruses of subgroup A/B is
regulated by differential activities of a variety of protease precursors as will be discussed below.
1.5.5.1.2 Processing events mediated by the 3C-like protease
In contrast to the rapid co-translational processing observed in the polyproteins of
CPMV and TEV, nepovirus polyproteins are relatively inefficiently cleaved by the protease in
vitro (Mayo and Robinson, 1996; Demangeat et al., 1990; Dougherty and Hiebert, 1980;
Hemmer, et al., 1995). RNA-1 was shown to encode the protease because RNA-2 polyproteins
were cleaved only when RNA-1 translation products were present (Morris-Krsinich et al., 1983;
Forster and Morris-Krsinich, 1985).
In GFLV, a 253 kDa polyprotein is produced from RNA-1 which is processed by the
protease into the intermediate and mature proteins (Margis et al., 1991). Analysis of cDNA
clones containing various portions of the RNA-1 encoded polyprotein revealed that VPg-Pro-Pol
can catalyze its auto-cleavage to produce the mature polymerase and the VPg-Pro precursor
(Margis et al., 1994). Cleavage between VPg and Pro is very inefficient in vitro (Margis et al.,
1994). The mature protease or the VPg-protease precursor can cleave the amino terminus of the
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RNA-1 encoded polyprotein in trans at a cleavage site upstream of the putative NTB-binding
protein to release a 45 kDa protein, for which no function has yet been assigned. Both forms of
the protease can also cleave the RNA-2 encoded 122 kDa polyprotein. This polyprotein is
processed by the protease into the coat protein and a 66 kDa intermediate precursor. The 66 kDa
precursor is subsequently processed into the movement protein and a 28 kDa protein of unknown
function (Margis and Pinck, 1992). Processing of the RNA-2 polyprotein in trans is efficient in
the presence of the protease alone and does not apparently require a protease co-factor (Margis et
al., 1991). Efficiency of processing is regulated by the maturation of the protease itself. The
mature protease was more effective than the VPg-Pro precursor at processing the RNA-2
polyprotein of GFLV. However, the VPg-Pro precursor was more effective than the mature
protease at processing the cleavage site at the N-terminus of the RNA-1 polyprotein (Margis et
al., 1994).
In TBRV, a 250 kDa polyprotein was found when RNA-1 was translated in vitro
(Hemmer, et al., 1995). This polyprotein is cleaved in cis by the 23 kDa protease into several
intermediate precursor and mature proteins including a 50 kDa protein (with homology to the 32
kDa Co-Pro of CPMV), the NTB protein and the VPg-Pro-Pol and NTB-VPg-Pro-Pol
precursors. The VPg-Pro-Pol precursor is very stable and is not cleaved further in vitro. This
precursor was also found to accumulate in TBRV-infected plants (Demangeat et al., 1992). In
contrast to GFLV, trans cleavage was not detected in the RNA-1 encoded polyprotein (Hemmer
et al., 1995). The VPg-Pro-Pol precursor can cleave the RNA-2 encoded 150 kDa polyprotein in
trans. This produces the coat protein and a 96 kDa precursor which is further processed into the
movement protein and a 50 kDa protein of unknown function (Demangeat et al., 1991;
Demangeat et al., 1992; Hemmer et al., 1995). Protease precursors were found to have different
proteolytic activities. Similar to GFLV, the VPg-Pro-Pol and Pro-Pol precursors were able to
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cleave RNA-2 derived precursors in trans with differential activities. However, unlike GFLV,
the RNA-2 precursors were cleaved more effectively by the VPg-Pro-Pol than by the Pro-Pol
protein (Hemmer et al., 1995). The presence of other proteins domains on the protease
precursors may determine which proteolytic activity is favored at a particular time in virus
replication (Mayo and Robinson, 1996). This type of regulation was also found for the poliovirus
3C protease and NS3 protease as described previously (Chambers et al., 1991, Preugschat et al.,
1990, Wengler etal, 1991, Ypma-Wong, 1988a).
1.5.5.1.3 Cleavage site specificity

Nepovirus subgroup A/B proteases recognize a wide range of dipeptide sequences on
their polyproteins (see Fig. 1.7). The characterized dipeptide sequences of nepovirus subgroup
A/B cleavage sites include Arg/Gly, Cys/Ala, Cys/Ser, Gly/Glu in the GFLV polyproteins,
Arg/Ala in the GCMV polyproteins , Arg/Gly, Cys/Ala in the arabis mosaic virus (ArMV)
polyproteins, Cys/Ala in the raspberry ringspot virus (RRSV) polyproteins, Cys/Ala in the
tobacco ringspot virus (TRSV) polyproteins and Lys/Ala and Lys/Ser in the TBRV polyprotein.
These cleavage sites are different from (Gln,Glu)/(Ser, Gly,Ala) recognized by the serine
proteases in picornavirus, potyvirus and comovirus polyproteins (see Fig. 1.3) (Wellink et al,
1986; Margis etal, 1993; Serghini etal, 1990; Pinck etal, 1991; Demangeat etal, 1992;
Margis et al, 1993; Hemmer et al, 1995).
As mentioned above, the difference in substrate recognition may be the result of
replacement of the conserved His with Leu in the proteases of subgroup A/B nepoviruses.
However, the presence of this His or Leu residue in the substrate-binding pocket is not the sole
factor in determining the cleavage site recognized by the protease. Indeed, the GFLV
polyproteins were not cleaved by the RNA-1 translation products of either TRSV or TBRV even
though these proteases recognize similar cleavage sites (Morris-Krsinich et al, 1983;
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Fig. 1.7 Comparison ofthe cleavage sites from nepoviruses (subgroups A,B and C).

Amino acid sequences from the +1 to the -6 position are compared for cleavage sites of
nepoviruses from subgroup C, tomato ringspot virus (TomRSV), blueberry leaf mottle
virus (BLMV), cherry leafroll virus (CLRV), mite transmitted blackcurrant reversion
associated virus (BRAV); from subgroups A/B, arabis mosaic virus (ArMV), tomato
blackring virus (TBRV), grapevine chrome mosaic virus (GCMV), raspberry ringspot
virus (RRSV), grapevine fanleaf virus(GFLV) and tobacco ringspot virus (TRSV); and
from tentative nepoviruses, strawberry latent ringspot virus (SLRSV), satsuma dwarf
virus (SDV), citrus mosaic virus (CiMV) and navel orange infectious mottling virus
(NIMV). Amino acids consistent with the picorna-like dipeptide cleavage site consensus
in the +1 and -1 positions are underlined. Cys, Val and Leu residues in the -2 position of
nepovirus cleavage sites are in italics and bold.
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Demangeat et al, 1991). Therefore there are probably other factors that play a role in substrate
recognition. As discussed above, consensus sequences for 3C-like proteases from related viruses
also include amino acids N-terminal of the cleavage sites. However, there does not appear to be
any clear consensus sequence for nepovirus subgroup A/B cleavage sites.
1.5.5.2 Nepoviruses of subgroup C
TomRSV is the only member of nepovirus subgroup C whose genome has been fully
sequenced (Rott et al, 1991b, 1995). The extreme N-terminus of the polyproteins encoded by
RNA-1 and RNA-2 are identical for approximately 270 amino acids (Rott et al, 1991a). RNA-1
is 8214 nt in length, excluding a 3' poly(A) tail and contains a single long open reading frame
(ORF) of 6591 nt beginning at the first AUG at nucleotide position 78. This is predicted to
produce a polyprotein with a molecular mass of 244 kDa. RNA-2 is 7273 nt in length excluding
the 3' poly(A) tail and contains a single long ORF of 5646 nt beginning at the AUG at position
78 and terminating at position 5723. This is predicted to produce a polyprotein of 207 kDa.
The deduced amino acid sequences of polyproteins from the TomRSV RNA-1 and
RNA-2 cDNA sequence have been compared with those of other nepoviruses and comoviruses.
Based on sequence homology, the genomic organization of TomRSV RNA-1 and RNA-2 has
been predicted (see Fig. 1.6) (Rott et al, 1991b and 1995). The TomRSV coat protein, putative
movement protein, protease and VPg have been recently characterized (Hans and Sanfacon,
1995; Sanfacon et al, 1995; Wang et al, 1999; Wieczorek and Sanfacon, 1993). The movement
protein co-localizes with tubular structures containing virus-like particles found in or near the
cell wall. These tubular structures are probably involved in virus movement from cell to cell
(Wieczorek and Sanfacon, 1993). The region of the RNA-2 encoded polyprotein N-terminal of
the movement protein is larger for TomRSV than for nepoviruses of subgroups A/B. There is
approximately 100 kDa in this region that may include more than one protein.
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1.5.5.2.1 3C-like protease

The TomRSV protease is related to the 3C protease of picorna-like viruses based on
sequence homologies (Bazan and Fletterick, 1988; Gorbalenya et al, 1989a). The catalytic triad
probably consists of His , Asp
1283

1354

(or Glu ) and Cys
1331

1433

(numbering of the RNA-1 encoded

polyprotein, Rott et al, 1995). Indirect evidence that His may be a member the catalytic triad of
the TomRSV protease was provided by amino acid substitution (Hans and Sanfacon, 1995).
Substitution of His

1283

with Asp resulted in a loss of proteolytic processing. The identity of the

other members of the catalytic triad has not been confirmed.
The TomRSV protease shows greater overall homology at the amino acid sequence level
to proteases from nepoviruses of subgroup A/B than to proteases of comoviruses, picornaviruses
or potyviruses. However, the TomRSV protease contains a His residue in its substrate-binding
pocket, which is similar to the proteases of picornaviruses, comoviruses and potyviruses rather
than the Leu that is present in the substrate-binding pocket of nepoviruses of subgroups A/B.
Changing the His to a Leu caused a loss of proteolytic activity (Hans and Sanfacon, 1995). This
indicated that this residue is important for proteolytic processing and possibly for substrate
specificity (see below).
1.5.5.2.2 Processing events mediated by the 3C-like protease

TomRSV RNA-1 and RNA-2 encoded polyproteins are processed into functional
intermediate and end products by the RNA-1 encoded protease (Hans and Sanfacon, 1995; Wang
et al, 1999). Similar to other nepoviruses and unlike comoviruses, the TomRSV protease can
efficiently process a precursor protein, which contains the cleavage site between the movement
and the coat protein, without the presence of a co-factor (Hans and Sanfacon, 1995). Processing
of precursors at the cleavage sites between the NTB protein and VPg, between the VPg and the
protease and between the protease and polymerase was shown in vitro and in E. coli (Wang et
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al., 1999). However, cleavage between the VPg and protease was very inefficient in E. coli
and in vitro resulting in accumulation of the VPg-Pro precursor (Wang et al., 1999).
1.5.5.2.3 Cleavage site specificity

There have not been many cleavage sites characterized for subgroup C nepoviruses.
When this study was initiated only one TomRSVcleavage site had been identified (Hans and
Sanfacon, 1995). Recently a few new TomRSV cleavage sites have been identified (Wang et al.,
1999). These cleavage sites were Gln/Gly or Gln/Ser. Protease cleavage sites found recently on
the polyproteins of other members of nepovirus subgroup C include, Asn/Ser in the polyprotein
encoded by blueberry leaf mottle virus (BLMV) (Bacher et al., 1994), Asp/Ser in the polyprotein
encoded by mite-transmitted blackcurrant reversion associated virus (BRAV) (Latvala et al.,
1998) and Gln/Ser in the polyprotein encoded by cherry leaf roll virus (Scott et al., 1993). These
cleavage sites resemble the picornavirus, comovirus and potyvirus polyprotein cleavage sites
(see Fig. 1.7). The Asp and Asn residues in these cleavage sites may play a role similar to Gin
and Glu found in the cleavage sites of related viruses. It has been suggested that the presence of
the His residue in the substrate-binding pocket is responsible for the TomRSV cleavage sites
being more similar to the Gln/(Ser,Gly) consensus of picornaviruses, potyviruses and
comoviruses than to those of nepoviruses of subgroups A/B (Hans and Sanfacon, 1995).
1.5.5.3 Cleavage site specificity ofthe proteases of tentative nepoviruses

Several tentative nepoviruses have been identified, which include strawberry latent
ringspot virus (SLRV), satsuma dwarf virus (SDV), citrus mosaic virus (CiMV) and navel
orange infectious mottling virus (NIMV) (Iwanami et al., 1998; Kreiah et al., 1994). These
viruses show many similarities to nepoviruses such as similar genomic organization and
sequence homology but have two coat proteins (Iwanami et al., 1998; Kreiah et ah, 1994). They
have polyproteins containing Ser/Gly, Thr/Ser, Thr/Asn or Ala/Ala cleavage sites, which are
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different from the picornavirus, potyvirus and comovirus cleavage site consensus and other
known nepovirus cleavage sites (see Fig. 1.7). No information is available on the presence of
putative amino acids in the substrate-binding pocket of the proteases.
1.6 Summary

The purpose of this review was to examine the proteolytic processing that occurs in a
number of viral polyproteins. In particular, the proteolytic processing of members of the picornalike family of viruses is described in detail. These include the picornaviruses, the potyviruses, the
comoviruses and the nepoviruses. Particular attention was given to proteolytic processing by the
serine-like proteases encoded by these viruses. These include the picornavirus 3C protease, the
potyvirus NIa protease, the comovirus 3C-like protease and the nepovirus 3C-like protease.
Proteolytic processing of these viruses was discussed from the point view of the various factors
that regulate proteolytic processing and of the specificity of the protease substrate interactions.
The overall goal of this thesis is to characterize the cleavage site specificity of the
TomRSV protease. To realize this goal, this thesis has been designed to achieve the following
objectives:
(i) To identify cleavage sites on the TomRSV PI and P2 polyproteins in order to expand
upon the genomic organization of RNA-1 and RNA-2 and determine if there is a consensus
sequence for TomRSV cleavage sites.
(ii) To determine the importance of individual amino acids in defining a functional
TomRSV cleavage site using site-directed mutagenesis.
(iii) To examine whether a TomRSV protease with a substitution of His to Leu in its
putative substrate-binding pocket can recognize cleavage sites with similarities to those of
nepovirus subgroup A/B.
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CHAPTER 2
MATERIALS AND METHODS
2.1 Plasmid constructions

To construct plasmid pT3X-MP, a 1674 bp EcoRV-Mlul fragment (TomRSV RNA2 nts.
2258-3932) of pMR14 (Rott et al, 1991b) was ligated into the Smal-Mlul site ofthe polylmker
of plasmid pMTL 23 (Chambers et al, 1988). A Mlul-Xhol fragment was obtained by digestion
of this intermediate plasmid with Mlul and Xhol and was ligated into the corresponding sites of
pKS(+) (Stratagene). Restriction enzyme digests and DNA ligation were performed as described
by Sambrook et al, 1989 .
Plasmids pT7VPg-Pro-N-Pol-II, pT7VPg-Pro

-N-Pol-II and pT7VPg-Pro

H1283D

-N-

H1451L

Pol-II were constructed by ligating a 417 nt BamHl-EcoRI fragment from clone pMRlO
(TomRSV RNA-1 nt 4436-4852) with the large BamKl-EcoW fragment of plasmid pTTPro,
pT7Pro

H1283D

and pT7Pro

H1451L

(Hans & Sanfacon, 1995). To construct plasmids pT7VPg-Pro-

" -N-Pol-II and pT7VPg-Pro- " -N-Pol-II, site-directed mutagenesis was performed using

QS

AS

QM

AM

mutant oligonucleotides to prime synthesis on single stranded templates of pT7VPg-Pro-N-PolII generated by the Ml 3 bacteriophage and enriched with uridine to allow selection of the
mutant strand (Kunkel, 1985). Mutations were made simultaneously in single in vitro reactions
by adding equimolar amounts of oligonucleotides KC25 and KC26 (see Table 2.6) to pT7VPgPro-N-Pol-II single stranded DNA.
To construct plasmids pT7VPg-Pro-N-Pol-CAT, pT7VPg-Pro

-N-Pol-CAT and

H1283D

pT7VPg-Pro -N-Pol-CAT, a fragment containing the chloramphenicol acetyl transferase
H1451L

(CAT) coding region was amplified from plasmid pCaMVCN (Pharmacia) using
oligonucleotides KC53 and KC54 (see Table 2.2.) and the Pfu polymerase (Stratagene). This
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fragment was digested with Hindlll and Xhol and ligated into the corresponding sites of
plasmids pT7VPg-Pro-N-Pol-II, pT7VPg-Pro -N-Pol-II and pT7VPg-Pro -N-Pol-II.
H1283D

H145IL

To construct the plasmid pT7X-N-Term a 871 nt Smal-Hindlll fragment (TomRSV
RNA-1 nts 363-1234) of pMR14 (Rott et al. 1991b) was ligated into the EcoRl-Hindlll site of
the poly linker of the plasmid pET21B. The cleaved EcoRI site of plasmid pET21B had been
filled in using the Klenow fragment of Poll to create blunt end allowing ligation with the blunt
Smal end of the insert.
2.2 Site-directed mutagenesis

Mutations were made on the Pro-Pol cleavage site and the X-MP cleavage site at amino
acid positions +1,-1, -2, -3, -4, -5 and -6. Mutations of potential pT7X-N-Term cleavage sites
were done at the -1 position. Mutations of the corresponding codon on the cDNA clones, pT7XN-Term, pT3X-MP, pT7VPg-Pro-N-Pol-II and pT7VPg-Pro-N-Pol-CAT were introduced using
the Quickchange site-directed mutagenesis kit (PDI Bioscience). Mutagenic primers,
corresponding to the region of the TomRSV cleavage site, were 27 to 32 nt in length and
contained one or two point mutations in the middle of the sequence (see Tables 2.1., 2.4., 2.5.
and 2.6.). Alternatively, in some cases site-directed mutagenesis was performed using mutant
oligonucleotides to prime synthesis on single stranded templates of pT7VPg-Pro-N-Pol-CAT or
pT3X-MP generated by the Ml 3 bacteriophage and enriched with uridine to allow selection of
the mutant strand (Kunkel, 1985) (see Tables 2.1., 2.5. and 2.6.). The presence of the mutations
was verified by DNA Sequencing using the T7 Sequencing Kit (Pharmacia). Oligonucleotides
KC52 and KC89 were used as sequencing primers for the pT7VPg-Pro-N-Pol-CAT cleavage site
mutants, KC59 and KC60 were used as sequencing primers for the pT7X-N-Term cleavage site
mutants and KC9 was used as the sequencing primer for the pT3X-MP cleavage site mutants
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(see Table 2.3). The sequencing primers bound to a region approximately 150 nt upstream of
the cleavage site. Oligonucleotides were sythesized using an Oligo 1000M DNA Synthesizer
(Beckman).
Table 2.1. Oligonucleotides used for the deletion of putative X-MP cleavage sites

3

Name Polarity

Sequence (5'to 3')

Corresponding sequence
Mutation
of RNA-2
AQ
/S
KC1 - GTTCCTAGAGAagactgGCAGTTAGAGCG
2865-2893
907 908
KC8 - CGAAAAAAGAGAggactgTACTGGGGCAG
2785-2813
the sequence for nucleotides from the TomRSV sequence that were deleted are indicated in
lower case.
9 3 4

A Q

9 3 5

/ S

a

Table 2.2. Oligonucleotides used to amplify the CAT coding sequence from plasmid
pCaMVCN (Pharmacia)

Name
KC53
KC54

Sequence (5' to 3')
TTGAAAAGCTTGAGAAAAAAATCACTGGATAT
TATATCTCGAGAAATTACGCCCCGCCC

Table 2.3. Oligonucleotides used for sequencing.

Name Polarity
KC9
KC52
KC59
KC60
KC89

+
+
+
+
+

Sequence (5'to 3')

CGTCTGCCCCAGTACAGT
GCCAGTCTAGTGTTATCAAAT
GGTACGCCCTGCTTTAA A
GGCCGAGTCTCTCCGGAGGCTCAA A
GAAGGTGGTTACAAAATCATA

Corresponding TomRSV
sequence
RNA-2
2782-2799
RNA-1
4531-4544
RNA-2
869-883
RNA-2
821-845
RNA-1
4401-4421

Table 2.4. Oligonucleotides used in the site-directed mutagenesis of potential pT7X-NTerm cleavage sites
8

Name Polarity

Sequence (5' to 3')

Corresponding sequence Mutation
of RNA-2
KC61 + GAACAGGTCTGAGCCTGTTcaagggGGCTTCTCCCTCCC
959-997
AQ /G
KC62 - GGGAGGGAGAAGCCcccttgAACAGGCTGAGACCTGTTC
959-997 AQ /G
KC63 + GTTTATGTCGCTCCCACCGTTcagggtGTGGTGCGCGCTGG
1011-1051 AQ /G
KC64 - CCAGCGCGCACCACaccctcAACGGTGGGAGCGACATAAAC 1011-1051 AQ /G
the sequence for nucleotides from the TomRSV sequence that were deleted are indicated in
lower case. These nucleotides were not included in the oligonucleotide.
M,

a

M1

301

302

319

320

319

320
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Table 2.5. Oligonucleotides used in the site-directed mutagenesis of the X-MP cleavage site"
Name Polarity Sequence (5'to 3')

Corresponding sequence
of RNA-2
- GTTCCTAGAGAAGACGCGCAGTTAGAGCG
2864-2893
- GTTCCTAGAGAAGAGTTGCAGTTAGAGCG
2864-2893
- GTTCCTAGAGAAGACTCGCAGTTAGAGCG
2864-2893
- GTTCCTAGAGAAGACCGGCAGTTAGAGCG
2864-2893
- GAGTTCCTAGAGAAGCCTGGCAGTTAGAG
2868-2896
- GAGTTCCTAGAGAACCCTGGCAGTTAGAG
2868-2896
- GAGTTCCTAGAGACATCTGGCAGTTAGAG
2868-2896
- GAGTTCCTAGAGATTCCTGGCAGTTAGAG
2868-2896
- GAGTTCCTAGAGAAAACTGGCAGTTAGAG
2868-2896
- GAGTTCCTAGAGAAGTCTGGCAGTTAGAG
2868-2896
- TAGAGAAGACTGGGCGTTAGAGCGAGT
2862-2888
- TAGAGAAGACTGGACGTTAGAGCGAGT
2862-2888
- TAGAGAAGACTGGATGTTAGAGCGAGT
2862-2888
- TAGAGAAGACTGGAGGTTAGAGCGAGT
2862-2888
- TAGAGAAGACTGGAAGTTAGAGCGAGT
2862-2888
- TAGAGAAGACTGGGGGTTAGAGCGAGT
2862-2888
- TAGAGAAGACTGGCTGTTAGAGCGAGT
2862-2888
- TAGAGAAGACTGGCCGTTAGAGCGAGT
2862-2888
+ GTTACTCGCTCTAACATCCAGTCTTCTCTAGGAAC
2859-2893
- GTTCCTAGAGAAGACTGGATGTTAGAGCGAGTAAC
2859-2893
+ GTTACTCGCTCTAACTTCCAGTCTTCTCTAGGAAC
2859-2893
- G T T C C T A G A G A A G A C T G G A A G T T A G A G C G A G T A A C 2859-2893
+ GTTACTCGCTCTAACCTCCAGTCTTCTCTAGGAAC
2859-2893
- GTTCCTAGAGAAGACTGGAGGTTAGAGCGAGTAAC
2859-2893
+ GTTACTGCGTCTAACCCCCAGTCTTCTCTAGGAAC
2859-2893
- GTTCCTAGAGAAGACTGGGGGTTAGAGCGAGTAAC
2859-2893
+ GTTACTCGCTCTAACCGCCAGTCTTCTCTAGGAAC
2859-2893
- GTTCCTAGAGAAGACTGGCGGTTAGAGCGAG A A C
2859-2893
+ GTTACTCGCTCTAACGGCCAGTCTTCTCTAGGAAC
2859-2893
- GTTCCTAGAGAAGACTGGCCGTTAGAGCGAGTAAC
2859-2893
+ GTTACTCGCTCTTCCTGCCAGTCTTCTC
2859-2886
- GAGAAGACTGGCAGGAAGAGCGAGTAAC
2859-2886
+ GTTACTCGCTCTGCCTGCCAGTCTTCTC
2859-2886
- GAGAAGACTGGCAGGCAGAGCGAGTAAC
2859-2886
+ GTTACTCGCTCTCCCTGCCAGTCTTCTC
2859-2886
- GAGAAGACTGGCAGGGAGAGCGAGTAAC
2859-2886
+ CTTTGTTACTCGCGCTAACTGCCAGTCTTC
2855-2884
- GAAGACTGGCAGTTAGCGCGAGTAACAAAG
2855-2884
+ CTTTGTTACTCGCACTAACTGCCAGTCTTC
2855-2884
- GAAGACTGGCAGTTAGTGCGAGTAACAAAG
2855-2884
+ CTTTGTTACTCGCTTCAACTGCCAGTCTTC
2855-2884
- GAAGACTGGCAGTTGAAGCAAGTAACAAAG
2855-2884
+ CCCTTTGTTACTGCCTCTAACTGCCAG
2853-2879
- CTGGCAGTTAGAGGCAGTAACAAAGGG
2853-2879
+ CCCTTTGTTACTAGCTCTAACTGCCAG
2853-2879
- CTGGCAGTTAGAGCTAGTAACAAAGGG
2853-2879
+ CCCTTTGTTACTTTCTCTAACTGCCAG
2853-2879
- CTGGCAGTTAGAGAAAGTAACAAAGGG
2853-2879

Mutation

KC15
KC16
KC17
KC18
KC19
KC20
KC21
KC22
KC23
KC24
KC27
KC28
KC29
KC30
KC31
KC32
KC33
KC34
KC112
KC113
KC114
KC115
KC116
KC117
KC118
KC119
KC120
KC121
KC122
KC123
KC150
KC151
KC152
KC153
KC154
KC155
KC156
KC157
KC158
KC159
KC160
KC161
KC162
KC163
KC164
KC165
KC166
KC167

Q
Q
Q
Q
S
S
S
S
S
S
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
N
N
N
N
N
N
S
S
S
S
S
S
R
R
R
R
R
R

toA
toN
toE
toR
toA
toG
toM
toE
toF
toT
toA
toV
toI
toL
toF
toP
toR
toG
toI
toI
toF
toF
toL
toL
toP
toP
toR
toR
toG
toG
toS
toS
toA
toA
toP
toP
toA
toA
to T
' to T
toF
toF
toA
toA
toS
toS
toF
toF

9 3 4

9 3 4

9 3 4
9 3 4

935

935
935
935
935

935

9 3 3
9 3 3
9 3 3

9 3 3
9 3 3

9 3 3
9 3 3
9 3 3

9 3 3
9 3 3
9 3 3

9 3 3
9 3 3

9 3 3
9 3 3
9 3 3
9 3 3

9 3 3

9 3 3
9 3 3

9 3 2

9 3 2
9 3 2

9 3 2

9 3 2
9 3 2

9 3 ,

9 3 l

931

93

9 3 1
9 3 1

9 3 0

930

930

9 3 0

9 3 0

9 3 0
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Table 2.5

Continued

Name Polarity Sequence (5'to 3')

Corresponding sequence
of RNA-2

Mutation

KC168 + GTATCCCCTTTGTTTCTCGCTCTAACTGC
2848•2876
KC169 - GCAGTTAGAGCGAGAAACAAAGGGGATAC
2848-2876
KC170 + GTATCCCCTTTGTTCGTCGCTCTAACTGC
2848•2876
KC171 GCAGTTAGAGCGACGAACAAAGGGGATAC
2848•2876
KC172 + GTATCCCCTTTGTTGCTCGCTCTAACTGC
2848•2876
KC173 - GCAGTTAGAGCGAGCAACAAAGGGGATAC
2848•2876
KC180 + CGCTCTAACTGCTGCTCTTCTCTAGGAAC
2865-2893
KC181 - GTTCCTAGAGAAGAGCAGCAGTTAGAGCG
2865-2893
KC182 + CGCTCTAACTGCAAGTCTTCTCTAGGAAC
2865-2893
KC183 - GTTCCTAGAGAAGACTTGCAGTTAGAGCG
2865•2893
KC184 + CGCTCTAACTGCGGCTCTTCTCTAGGAAC
2865-2893
KC185 GTTCCTAGAGAAGAGCCGCAGTTAGAGCG
2865•2893
KC186 + CTCTAACTGCCAGGGCTCTCTAGGAACTC
2867-2895
KC187 - GAGTTCCTAGAGAGCCCTGGCAGTTAGAG
2867•2895
KC188 + CTCTAACTGCCAGGCTTCTCTAGGAACTC
2867-2895
KC189 - GAGTTCCTAGAGAAGCCTGGCAGTTAGAG
2867-2895
KC190 + CTCTAACTGCCAGTTCTCTCTAGGAACTC
2867-2895
KC191 - GAGTTCCTAGAGAGAACTGGCAGTTAGAG
2867-2895
KC192 + CTCTAACTGCCAGGAGTCTCTAGGAACTC
2867-2895
KC193 GAGTTCCTAGAGACTCCTGGCAGTTAGAG
2867-2895
The three nucleotides coding for the mutated amino acid are underlined.

T
T
T
T
T
T
Q
Q
Q
Q
Q
Q
S
S
S
S
S
S
S
S

929

toS
toS
toR
toR
toA
toA
toC
toC
toK
toK
toG
toG
toG
toG
toA
toA
toF
toF
toE
toE

929

929
929

929

929

934
934
934
934
934
934

935
935
935
935
935
935
935
935

a

Table 2.6

Oligonucleotides used in the site-directed mutagenesis of the Pro-Pol cleavage site"

Name Polarity Sequence (5'to 3')
KC25
KC26
KC35
KC36
KC37
KC38
KC39
KC40
KC41
KC42
KC43
KC44
KC45
KC46
KC47
KC48
KC49
KC50

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

TTTGCTCCTTGCGCGTCTAGTGTTATC
GTTGATGGAGTGGCGATGCCAAGATAC
TTTGCTCCTTGCAACTCTAGTGTTAT
TTTGCTCCTTGCAGGTCTAGTGTTAT
TTTGCTCCTTGCGAGTCTAGTGTTAT
GCTCCTTGCCAGGCTAGTGTTATCAAA
GCTCCTTGCCAGGGTAGTGTTATCAAA
GCTCCTTGCCAGATGAGTGTTATCAAA
GCTCCTTGCCAGGAAAGTGTTATCAAA
GCTCCTTGCCAGTTTAGTGTTATCAAA
GCTCCTTGCCAGACTAGTGTTATCAAA
TCTTTTGCTCCTGCCCAGTCTAGTGTT
TCTTTTGCTCCTGTCCAGTCTAGTGTT
TCTTTTGCTCCTATCCAGTCTAGTGTT
TCTTTTGCTCCTCTCCAGTCTAGTGTT
TCTTTTGCTCCTTTCCAGTCTAGTGTT
TCTTTTGCTCCTCCCCAGTCTAGTGTT
TCTTTTGCTCCTCGCCAGTCTAGTGTT

Corresponding
sequence
of RNA-1
4521-4547
4458-4484
4521-4546
4521-4546
4521-4546
4524 -4550
4524 -4550
4524-4550
4524 -4550
4524 -4550
4524 -4550
4518-4543
4518-4543
4518-4543
4518-4543
4518-4543
4518-4543
4518-4543

Mutation
Q
Q
Q
Q
Q
S
S
S
S
S
S
C
C
C
C
C
C
C

,m

toA
toA
toN
toR
toE
toA
toG
toM
toE
toF
toT
toA
toV
toI
toL
toF
toP
toR

1465
,486

1486

1486

,487

l487
,487

,487
,487
,487

1485

1485
1485
1485
,485
,485

,485
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Table 2.6

Continued

Corresponding
sequence
of RNA-1
KC51 + TCTTTTGCTCCTGGCCAGTCTAGTGTT
4518-4543
KC78 + CTTTTGCTCCTTGCAGGTCTAGTGTTATC
4519-4547
KC79 - GATAACACTAGACCTGCAAGGAGCAAAAG
4519-4547
KC80 + GCTCCTTGCCAGGCTAGTGTTATCAAATC
4524-4552
KC81 - GATTTGATAACACTAGCCTGGCAAGGAGC
4524-4552
KC82 + GCTCCTTGCCAGGGTAGTGTTATCAAATC
4524-4552
KC83 - GATTTGATAACACTACCCTGGCAAGGAGC
4524-4552
KC85 + GCTCCTTGCCAGTTTAGTGTTATCAAATC
4524-4552
KC86 - GATTTGATAACACTAAACTGGCAAGGAGC
4524-4552
KC87 + GCTCCTTGCCAGATGAGTGTTATCAAATC
4524-4552
KC88 - GATTTGATAACACTCATCTGGCAAGGAGC
4524-4552
KC96 + GCTCCTTGCCAGACTAGTGTTATCAAATC
4524-4552
KC97 - GATTTGATAACACTAGTCTGGCAAGGAGC
4524-4552
KC98 + CTTCTTTTGCTCCTGCCCAGTCTAGTGTTATC
4516-4547
KC99 - GATAACACTAGACTGGGCAGGAGCAAAAGAAG
4516-4547
KC100 + CTTCTTTTGCTCCTGTCCAGTCTAGTGTTATC
4516-4547
KC101 - GATAACACTAGACTGGACAGGAGCAAAAGAAG
4516-4547
KC102 + CTTCTTTTGCTCCTATCCAGTCTAGTGTTATC
4516-4547
KC103 - GATAACACTAGACTGGATAGGAGCAAAAGAAG
4516-4547
KC104 + CTTCTTTTGCTCCTCTCCAGTCTAGTGTTATC
4516-4547
KC105 - GATAACACTAGACTGGAGAGGAGCAAAAGAAG
4516-4547
KC106 + CTTCTTTTGCTCCTTTCCAGTCTAGTGTTATC
4516-4547
KC107 - GATAACACTAGACTGGAAAGGAGCAAAAGAAG
4516-4547
KC108 + CTTCTTTTGCTCCTCCCCAGTCTAGTGTTATC
4516-4547
KC109 - GATAACACTAGACTGGGGAGGAGCAAAAGAAG
4516-4547
KC110 + CTTCTTTTGCTCCTAGGCAGTCTAGTGTTATC
4516-4547
KC111 - GATAACACTAGACTGCCTAGGAGCAAAAGA AG 4516-4547
KC124 + CTTCTTTTGCTCCTGGCCAGTCTAGTGTTATC
4516-4547
KC125 - GATAACACTAGACTGGCCAGGAGCAAAAGAAG
4516-4547
KC126 + CTTCTTTTGCTTCTTGCCAGTCTAGTGTTATC
4516-4547
KC127 - GATAACACTAGACTGGCAAGAAGCAAAAGAAG
4516-4547
KC128 + CTTCTTTTGCTGCTTGCCAGTCTAGTGTTATC
4516-4547
KC129 - GATAACACTAGACTGGCAAGCAGCAAAAGAAG
4516-4547
KC130 + CTTCTTTTGCTAATTGCCAGTCTAGTGTTATC
4516-4547
KC131 - GATAACACTAGACTGGCAATTAGCAAAAGAAG
4516-4547
KC132 + GATTATTCTTCTTTTTCTCCTTGCCAGTCTAG
4509-4540
KC133 - CTAGACTGGCAAGGAGAAAAAGAAGAATAATC
4509-4540
KC134 + GATTATTCTTCTTTTACTCCTTGCCAGTCTAG
4509-4540
KC135 - CTAGACTGGCAAGGAGTAAAAGAAGAATAATC
4509-4540

Name Polarity Sequence (5' to 3')

KC137
KC138
KC139
KC140
KC141
KC142
KC143

- CTAGACTGGCAAGGGAAAAAAGAAGAATAATC
+ GATTATTCTTCTTCCGCTCCTTGCCAGTCTAG
- CTAGACTGGCAAGGAGCGGAAGAAGAATAATC
+ GATTATTCTTCTGCTGCTCCTTGCCAGTCTAG
- CTAGACTGGCAAGGAGCAGCAGAAGAATAATC
+ GATTATTCTTCTAGGGCTCCTTGCCAGTCTAG
- CTAGACTGGCAAGGAGCCCTAGAAGAATAATC

4509-4540
4509-4540
4509-4540
4509-4540
4509-4540
4509-4540
4509-4540

Mutation
toG
to R
1486
toR
.487
to A
g.487
to A
gl487
toG
to G
g.487
toF
,487
toF
gl487
to M
,487
to M
,487
toT
toT
c' to A
1485
to A
c to V
^,1485 to V
, 4 8 5 to I
C toI
C toL
C toL
C toF
C toF
C toP
C toP
C toR
C toR
C toG
C toG
P toS
P toS
P toA
P toA
P toN
P toN
A toS
A toS
A toT
A toT
A toF
A toF
F toS
F toS
F toA
F toA
F toR
F toR
Q1486
n

s

s

s

s

485

C

1485

c

,485

,485

1485
,485

1485
,485

1485
1485
1485
1485
1485

l484

1484
,484

1484
1484

1484

1483

1483
,483

1483
,483

1483

,482

1482
,482

1482
1482

1482
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Table 2.6

Continued

Name Polarity Sequence (5'to 3')

KC144
KC145
KC146
KC147
KC148
KC149
KC174
KC175
KC176
KC177
KC178
KC179

+ CCCGATTATTCTACTTTTGCTCCTTGCCAG
- CTGGCAAGGAGCAAAAGTAGAATAATCGGG

+ CCCGATTATTCTCGTTTTGCTCCTTGCCAG
- CTGGCAAGGAGCAAAACGAGAATAATCGGG

+ CCCGATTATTCTGCTTTTGCTCCTTGCCAG
- CTGGCAAGGAGCAAAAGCAGAATAATCGGG
+ CTTTTGCTCCTTGCTGCTCTAGTGTTATC
- GATAACACTAGAGCAGCAAGGAGCAAAAG

+ CTTTTGCTCCTTGCAACTCTAGTGTTATC
- GATAACACTAGACTTGCAAGGAGCAAAAG

+ CTTTTGCTCCTTGCGGCTCTAGTGTTATC
- GATAACACTAGAGCCGCAAGGAGCAAAAG

Corresponding
sequence
of RNA-1
4506-•4535
4506--4535
4506-•4535
4506--4535
4506--4535
4506 -4535
4519--4547
4519--4547
4519--4547
4519-•4547
4519--4547
4519--4547

Mutation

S
S
S
S
S
S
Q
Q
Q
Q
Q
Q

1 4 8

'toT
toT
toR
toR
toA
toA
toC
toC
toK
toK
toG
toG

, 4 8 1

1 4 8 1

1 4 8 1

, 4 8 ,

I 4 8 ,

1 4 8 6

1 4 8 6

1 4 8 6

1 4 8 6

, 4 8 6

, 4 8 6

The three nucleotides coding for the mutated amino acid are underlined .

2.3 In vitro translation and proteolytic processing

Expression of the wild-type and mutated pT7VPg-Pro-N-Pol-CAT cDNA clones in vitro
was performed using the TNT coupled transcription/translation system (Promega). Translation
products were generated from 0.5 u.g of plasmid DNA and were labelled with [ S]-methionine
35

for 30 min at 30°C. Translation was arrested by adding 5 units of RNase A (Promega). The
translation products were further incubated at 20°C in the presence of 0.1 M Tris-HCl pH 8.0 to
allow proteolytic processing. Reactions were arrested by the addition of an equal volume of 2X
protein sample buffer (Laemmli, 1970) For protease dilution experiments, the translation
products were diluted using 0.1 M Tris-HCl pH 8.0.
Run-off transcripts were synthesized from 10 ug of pT7X-N-Term (linearized with
HindUl) or pT3X-MP (linearized with Mlul) plasmids using bacteriophage T7 or T3 RNA

polymerase (Gibco BRL) respectively, as described previously (Hans and Sanfacon, 1995). The
transcripts were resuspended in 10 ul of distilled H2O. In vitro translation of 1 ul of transcripts
was performed using the rabbit reticulocyte lysate system (Promega) as described (Hans and
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Sanfacon, 1995). The translation reactions were arrested by the addition of 5 units of RNase A
(Promega). To allow processing of the translation products, exogenous protease was added to
the translation mixture. The source of added protease was either cold translation products of
clones pT7VPg-Pro-N-Pol-II, pT7VPg-Pro-N-Pol-CAT or pT7VPg-Pro

-N-Pol-CAT

H1451L

(translations were performed as described above but in the presence of unlabelled methionine) or
recombinant protease purified from E. coli (see below). Proteolytic processing was allowed to
proceed by incubation at 20°C and was arrested by the addition of an equal volume of 2X protein
sample buffer (Laemmli, 1970).
Recombinant active protease was purified from the expression products of plasmid
pET15bVPgPro-N-Pol essentially as described previously (Wang et al., 1999). Upon
expression, the protease was insoluble. Solubilization of the protease from the purified inclusion
bodies with urea and renaturation of the protease by gradual dialysis was as described (Wang et
al, 1999). Purified protease was stored in TRIS 50 mM pH8, 1 mM DTT, 10% glycerol at 70°C.
2.4 Quantification of the processing reaction.

To measure the amount of proteolytic processing at the wild type and mutant cleavage sites,
time-course experiments were conducted. The precursors and cleaved products were separated using
12% SDS-PAGE and the gels were scanned using a Storm 860 phosphor imager (Molecular
Dynamics). The amount of radioactivity in individual bands was measured using ImageQuant
(Molecular Dynamics). The cpm values were adjusted for the number of methionines present in each
protein and the percentage of precursor that was converted to the cleaved product was calculated at
each time point. This percentage was calculated taking into account the 58 kDa precursor and the 28
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kDa cleaved product for pT7VPg-Pro-N-Pol-CAT and the 63 and 43 kDa precursors and the
38 kDa cleaved product for pT3X-MP.
2.5 N-terminal microsequencing of radiolabeled peptides

For microsequencing of the 38 kDa cleaved product resulting from the processing of
the 63 and 43 kDa precursor products, pT3X-MP transcripts were translated in vitro in the
presence of [ H] leucine (NEN) and processed with purified recombinant protease as
described above. The translation products were separated using SDS-PAGE. The region of
the gel corresponding to the position of the 38 kDa protein was excised. The protein was
electro-eluted from the gel slices, transferred to a PVDF membrane using a Pro-Spin column
(Applied Biosystems) and subjected to microsequencing (Protein Microsequencing
Laboratory, Department of Biochemistry and Microbiology, University of Victoria, Victoria,
Canada).
For microsequencing of the polymerase, in vitro translation of clone pT7VPg-Pro-NPol-II was performed in the presence of H-Leu (NEN) and the products were separated by
3

SDS-PAGE. The region of the gel corresponding to the position of the mature polymerase
was excised. Elution of the protein from the gel was as above.
2.6 Immunoprecipitation

Immunoprecipitation of S-methionine labelled translation products was performed as
35

previously described (Hans and Sanfacon, 1995). Ascites fluid (lul) containing a monoclonal
antibody against the movement protein (MP antibody) (Wiezcorek and Sanfacon, 1993), protease
(pro antibody) (Wang et al., 1999) or lul of purified polyclonal antibodies against the VPg (VPg
antibody) (Wang et al., 1999) was added to the [ S]-methionine labelled translation products.
35
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Polyclonal antibodies were raised against a fusion protein (MP-His) consisting of the Cterminal 31 kDa of MP followed by six histidines. The MP-His fusion protein was purified from
the expression products of plasmid pET-MP essentially as described previously (Wang et al.,
1999). One additional step of purification on a nickel column was performed prior to protein
renaturation as described by the supplier (Novagen). One mg of this purified protein was used to
inject rabbits intramuscularly as described (Sanfacon et al., 1995). Immunoprecipitations of
[ S]-methionine labelled translation products with G-Sepharose CL 4B (Sigma) beads were
35

performed essentially as described (Hans and Sanfacon, 1995).
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CHAPTER 3
IDENTIFICATION AND CHARACTERIZATION OF TOMATO
RINGSPOT NEPOVIRUS CLEAVAGE SITES IN VITRO.
1

3.1 Introduction

As a first step towards the study of the cleavage site specificity of the TomRSV protease,
three new TomRSV cleavage sites were localized. One of these cleavage site was encoded by
RNA-1 and was located between the protease and polymerase (Pro-Pol cleavage site). The other
two cleavage sites were encoded by RNA-2. One of,these cleavage sites was at the N-terminus
of the TomRSV movement protein (X-MP cleavage site) while the other was in the
uncharacterized region N-terminal of the movement protein. The Pro-Pol and X-MP cleavage
sites were identified and characterized in vitro. Comparison of these cleavage sites with other
TomRSV cleavage sites previously characterized revealed the presence of conserved amino acids
at the -2, -1 and +1 positions.

3.2

Results

3.2.1

Identification and characterization ofthe cleavage site between the protease and
polymerase.
To study cleavage at the Pro-Pol site in vitro plasmid pT7VPg-Pro-N-Pol-II was created

to contain the coding region for VPg, Pro and the amino terminal 12 kDa of Pol fused at its Cterminus to some fortuitous amino acids from the vector (Fig. 3.1). Translation products were

Part of this chapter is contained in the following publication and part has been accepted for publication: (a) Wang,
A., Carrier, K., Chisholm, J., Wieczorek, A., Huguenot, C. and Sanfacon, H. 1999. Proteolytic processing of tomato
ringspot nepovirus 3C-like protease precursors: Definition of the domains for the VPg, protease and putative RNAdependant RNA polymerase. Journal of General Virology 80:799-809. (b) Carrier, K., Hans, F. and Sanfacon, H.
1
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generated using a coupled transcription/translation rabbit reticulocyte system in the presence
of [ S]-methionine (see Materials and Methods). Separation of the translation products on SDS35

polyacrylamide gels allowed the visualization of a protein with an apparent molecular mass of 50
kDa which corresponded to the predicted size for the precursor polyprotein (3 kDa VPg, 27 kDa
Pro, 12 kDa Pol, 6 kDa vector sequences). The translation was arrested by the addition of RNase
A (see Materials and Methods) and the labelled precursor was incubated at 20 °C to allow
proteolytic processing in cis. Upon incubation of the wild-type precursor two new proteins were
produced with apparent molecular masses of 30 kDa (which corresponds to the predicted size for
VPg-Pro) and 22 kDa (Fig. 3.1b, lane 2). N-terminal microsequencing of the 22 kDa protein
indicated that it was the polymerase moiety (predicted molecular mass: 18 kDa) (see below).
This protein was not always detected probably because of its instability. As a control, a mutant
derivative was also constructed, which contained a mutation in the putative catalytic triad of the
protease (pT7VPg-Pro

). This mutation was previously shown to inactivate the protease

H1283D

(Hans and Sanfacon, 1995). Appearance of the two smaller proteins was not observed with this
mutant, demonstrating that these proteins were produced by the TomRSV protease. The VPg-Pro
intermediate did not undergo further cleavage under the conditions used. Indeed, a protein of 27
kDa (the expected size for the mature protease) was not detected. Upon examination of the
sequence at the C-terminus of the protease domain (i.e. at the Pro-Pol junction), two potential
cleavage sites were identified at the residues Q

1465

/M (predicted by Rott et al., 1995) and

Q /S. To identify the cleavage site, mutagenesis of the two potential cleavage sites was
1486

performed on plasmid pT7VPg-Pro-N-Pol-II resulting in plasmids pT7VPg-Pro- " -N-Pol-II
QS

AS

(Q in position 1486 mutated to A) and pT7VPg-Pro- " -N-Pol-II (Q in position 1465 mutated
QM

AM

1999. Mutagenesis of amino acids at two tomato ringspot nepovirus cleavage sites: Effect on proteolytic processing
and in trans by the 3C-like protease, (accepted to Virology pending minor modifications).

in cis
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(a) Schematic representation of the
cDNA clone encoding the VPg-Pro-N-Pol-II precursor, which contains the Pro- Pol
cleavage site. The entire PI polyprotein encoded by TomRSV RNA-1 is represented on
the top of the figure. The regions encoding the putative NTP-binding protein (NTB), the
VPg protein (VPg), the protease (Pro) and the putative RNA-dependant RNA polymerase
(Pol) are shown. The region of the PI polyprotein contained in plasmid pT7VPg-Pro-NPol-II is indicated by the dotted lines. Plasmid pT7VPg-Pro-N-Pol-II is shown below the
PI polyprotein. The open reading frames are indicated by boxes, and the bacteriophage
T7 promoter is represented by the circle. The coding regions for the different TomRSV
protein domains (as above) are shown along with the predicted molecular mass of each
domain and the 6 kDa region encoded by the PKS(+) vector. The Pro-Pol cleavage site is
indicated by the arrow-head. The predicted translation products are shown at the bottom
of the figure before (48 kDa precursor) and after (30 and 18 kDa cleaved products)
processing by the endogenous protease, (b) Effect of mutations of predicted cleavage
sites on proteolytic processing. [S ]methionine-labelled in vitro translation products of
clones pT7VPg-Pro-N-Pol-II (wt: containing the wild type protease), pT7VPg-Pro
N-Pol-II (H-D: containing the inactive protease), pT7VPg-Pro- " -N-Pol-II (QS-AS:
containing a mutation at the Q - S
predicted cleavage site) and pT7VPg-Pro- " N-Pol-Il (QM-AM: containing a mutation at the Q - M
predicted cleavage site) were
separated on 12% polyacrylamide-SDS gels and visualized as described in Materials and
Methods. The incubation times are indicated above each lane as hours after incubation.
The positions of the 48 kDa precursor and of the VPg-Pro and N-Pol cleavage products
are indicated on the right side of the gel. Positions of the molecular mass markers are
indicated on the left side of the gel.
Fig

ofthe Pro-Pol cleavage site

35

H 1 2 8 3 D

QS

1486

1487

AS

QM

1 4 6 5

1 4 6 6
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to A). Only the 50 kDa precursor was observed in the radio-labelled polypeptides generated
from pT7VPg-Pro- " -N-Pol-II (Fig. 3.1b, lanes 5 and 6) indicating that processing did not
QS

AS

occur in this mutant. In contrast, the 50 kDa precursor and the 30 and 22 kDa cleavage products
could be visualized from clone pT7VPg-Pro- ' -N-Pol-II (Fig. 3.1b, lanes 7-8). These
QM AM

results suggest that Q /S corresponds to the Pro-Pol cleavage site. To directly sequence the N1486

terminal portion of Pol, in vitro translation of clone pT7VPg-Pro-N-Pol-II was performed in the
presence of H- leucine and the 22 kDa protein was subjected to microsequencing. The
presence of a single peak of radioactivity at residue 7 was consistent with the first amino acid of
Pol beingS (Fig. 3.2).
1487

3 00

S S V

I K S L I Q E A G V E E R

Amino Acid Residue
Fig 3.2 N-terminal microsequencing ofthe N-pol protein isolated from the
maturation products of the VPg-Pro-N-Pol-II precursor. The 22 kDa product
corresponding to the N - P o l was labelled with tritiated leucine, isolated from the gel and
subjected to microsequencing as described in Materials and Methods. The amount of
radioactivity measured in the fractions collected at each cycle of the Edman degradation
products is show in C P M . The amino acid sequence shown below corresponds to the
amino acid sequence of the TomRSV R N A - 2 polyprotein starting at S
located
immediately downstream of the putative Q / S cleavage site.
1 4 8 7

1486

Cleavage of the VPg-Pro-N-Pol-II precursor released two products: the VPg-Pro
intermediate precursor and the N-Pol fragment, which was very unstable and often not
detectable. To stabilize the N-Pol fragment and improve the quantification of processing at the
Pro-Pol cleavage site, a new plasmid was constructed which contained the chloramphenicol
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acetyl transferase (CAT) coding region fused in frame at the C-terminal end of the polymerase
fragment (plasmid pT7VPg-Pro-N-Pol-CAT, see Fig. 3.3a). The presence of the VPg protein on
the precursor has been shown to enhance cleavage at the Pro-Pol site (Wang et al., 1999). The
VPg protein was therefore included on the VPg-Pro-N-Pol-CAT precursor to ensure optimal
processing at the Pro-Pol site. Upon coupled transcription/translation in vitro of this new plasmid
a protein with an apparent molecular mass of 58 kDa corresponding to the expected size for the
VPg-Pro-N-Pol-CAT precursor was produced (Fig. 3.3b). Incubation of the wild-type precursor
resulted in the production of two new proteins with apparent molecular masses of 30 and 28 kDa
corresponding to the expected sizes for the VPg-Pro and the Pol-CAT cleaved products (Fig.
3.3b, lanes 1-7). Polyclonal antibodies raised against the VPg and monoclonal antibodies raised
against the protease (Wang et al., 1999) could immunoprecipitate the 58 kDa precursor and the
30 kDa protein but not the 28 kDa protein, confirming that the 30 kDa protein is the VPg-Pro
cleaved product (see Fig. 3.4). Proteins smaller than the 30 kDa VPg-Pro precursor were not
immunoprecipitated by the monoclonal antibodies against the protease suggesting that cleavage
at the VPg-Pro site was not detectable in the pT7VPg-Pro-N-Pol-CAT precursor. This was
similar to results shown above with the VPg-Pro-N-Pol II precursor. The 30 and 28 kDa proteins
were not observed upon incubation of a precursor containing an inactive protease (Fig. 3.3b,
lanes 8 to 14), indicating that they were produced by proteolytic cleavage through the action of
the endogenous protease present in the precursor. Labeling of the 28 kDa protein was more
intense than that of the 30 kDa protein due to the presence of a much larger number of
methionine residues in the 28 kDa protein. Proteolytic processing of the wild-type precursor at
the Pro-Pol site was quantified by measuring the percentage of the 58 kDa precursor converted to
either the 28 kDa cleaved product or the 30 kDa protein (Fig. 3.5). The two curves were similar
at the early time points and differed slightly at later time points probably due to the relative
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Fig 3.3 Construction of the VPg-Pro-N- Pol-CAT precursor and proteolytic
processing at the Pro-Pol cleavage site in vitro, (a) Schematic representation of the
cDNA clone encoding the VPg-Pro-N- Pol-CAT precursor, which contains the Pro- Pol
cleavage site. The entire PI polyprotein encoded by TomRSV RNA-1 is represented on
the top of the figure. The regions encoding the putative NTP-binding protein (NTB), the
VPg protein (VPg), the protease (Pro) and the putative RNA-dependent RNA polymerase
(Pol) are shown. The region of the PI polyprotein contained in plasmid pT7VPg-Pro-NPol-CAT is indicated by the dotted lines. Plasmid pT7VPg-Pro-N-Pol-CAT is shown
below the PI polyprotein. The open reading frames are indicated by boxes, and the
bacteriophage T7 promoter is represented by the circle. The coding regions for the
different TomRSV protein domains (as above ) and for the choramphenicol acetyl
transferase protein (CAT) are shown along with the predicted molecular mass of each
domain. The Pro- Pol cleavage site is indicated by the arrow-head. The predicted
translation products are shown at the bottom of the figure before (58 kDa precursor) and
after (30 and 28 kDa cleaved products) processing by the endogenous protease, (b) Time
course processing of pT7VPg-Pro-N-Pol-CAT precursor in vitro. Processing was tested
in precursors containing a wild-type protease (WT) or a protease mutated in the catalytic
triad (HD mutant) as described in Materials and Methods. The translation products were
separated on a 12% SDS- polyacrylamide gel. The time of incubation of the different
samples is indicated above each lane (hr: hours). The expected position of the precursor
and cleaved products are indicated on the left side of the gel. Positions of the molecular
mass markers are indicated on the right side of the gel.
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Fig 3.4 Immunoprecipitation of the pT7VPg-Pro-N-Pol-CAT translation products.

The translation mixtures were loaded on a 12% polyacrylamide gel either before (lane 1)
or after immunoprecipitation with antibodies raised against the VPg (lane 2) or the
protease (lane 3). The locations of the predicted 58 kDa precursor and the 30 kDa and 28
kDa cleaved products are indicated on the left side of the gel.

F i g 3.5 T i m e course of processing of the V P g - P r o - N - P o l - C A T precursor into the 30
kDa or the 28 k D a cleaved products. Percentage o f conversion o f t h e pT7VPg-Pro-NPol-CAT precursor to the 30 kDa or 28 kDa product was calculated as described in
Materials and Methods. Both curves originated from a single processing experiment.
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stability of the two products. The 28 kDa product, which seemed more stable and was labelled
more intensly, was used in further calculations of processing efficiency. The reaction rate
remained linear for approximately 30 min and reached a plateau after 2 to 4 hours. After 4 hours
of incubation, 70 to 80% of the precursor was converted to the 28 kDa cleaved product (Fig. 3.5,
Fig. 3.6 and Fig. 3.7a). Fifty percent of this maximum conversion occurred after approximately
15 min (Fig. 3.6).
To determine whether processing at the Pro-Pol cleavage site by the endogenous protease
was predominantly in cis or in trans, a dilution experiment was conducted. The pT7VPg-Pro-NPol-CAT translation products were diluted in 0.1 M Tris-HCl, pH 8.0. The endogenous protease
was able to process the Pro-Pol cleavage site at an equivalent rate at all the dilutions tested (lx,
lOx, lOOx, Fig. 3.7a) suggesting that proteolytic cleavage at the Pro-Pol site was predominantly
an intramolecular (in cis) event under the conditions tested. To confirm that the Pro-Pol
cleavage site could not be processed by the protease in trans, mutated pT7VPg-Pro-N-Pol-CAT
precursors containing inactive proteases were incubated in the presence of exogenous TomRSV
protease. The source of exogenous protease was recombinant purified protease, which was
shown to be active on RNA-2 encoded cleavage sites (see below). Two different precursors were
tested that contained a mutation in the catalytic triad (described above) and in the substratebinding pocket (His

1451

mutated to Leu)(Hans and Sanfacon, 1995). The two mutated precursors

containing inactive proteases did not undergo proteolytic processing (Fig. 3.7b, lanes 2 and 4).
This was consistent with previous observations (Hans and Sanfacon, 1995; Wang et al, 1999).
Addition of the exogenous protease to these precursors did not result in any processing of the
precursors (Fig. 3.7b, lanes 3 and 5).
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Fig 3.6 Time course of processing of the VPg-Pro-N-Pol-CAT precursor at early
time points. Percentage of conversion of the pT7VPg-Pro-N-Pol-CAT precursor to the 2
kDa product was calculated as described in Materials and Methods. The arrow indicates
the percent of conversion at the 15 min (0.25 hr) time point.

U30kDa

L28kDa

1

2

3

4

5

Fig. 3.7 Intramolecular processing at the Pro-Pol cleavage site in

(a) Time
course of processing of the VPg-Pro-N-Pol-CAT precursor at different dilutions. After
translation, the samples were diluted as indicated in 0.1 M Tris-HCl pH 8.0. Percentage
of conversion of the VPg-Pro-N-Pol-CAT precursor to the 28 kDa cleaved product was
calculated as described in Materials and Methods, (b) Analysis of the processing of
precursors containing a defective protease in the presence or absence of exogenous
protease. VPg-Pro-N-Pol-CAT precursors containing a wild-type (WT) or mutated
protease (HD and HL) were incubated for 4 hrs after translation in the presence (+Pro) or
absence of recombinant protease purified from E. coli. (HL: protease mutated in the
substrate-binding pocket; HD: protease mutated in the catalytic triad).
vitro,
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3.2.2

Identification and characterization of the cleavage site at the N-terminus of the
movement protein.
To identify the cleavage site at the N-terminus of the movement protein, cDNA clone

pT3X-MP was constructed. This plasmid includes the coding region for the N-terminal portion
of MP and the C-terminal portion of the protein immediately upstream of MP (protein X) under
the control of the T3 RNA promoter (Fig. 3.8 and 3.9a). In vitro translation of run-off transcripts
derived from this plasmid, resulted in the production of small amounts of a protein with an
estimated molecular mass of 63 kDa, which corresponded to the expected size for the X-MP
precursor (Fig. 3.9b, lane 1). A predominant protein of approximately 43 kDa was also observed
(Fig. 3.9b, lane 1). Examination of the sequence in the coding region of protein X revealed the
presence of one alternate AUG codon in an optimal context for translation initiation according to
the criteria established by Kozak (1987). Initiation at this codon would result in the production
P2

X

MP

38 kDa

T7

VS

CP

pT7X-N-Term
T3 25kDa MP 38kDa

pT3X-MP

Fig 3.8 Schematic diagram of the partial cDNA clones derived from TomRSV RNA2. The entire P2 polyprotein encoded by TomRSV RNA-2 is represented on the top of the
figure. The regions encoding a protein of unknown function (X), the movement protein
(MP) and the coat protein (CP) are shown by boxes. The regions of the P2 polyprotein
contained in plasmid pT3X-MP and pT7X-N-Term are indicated by the dotted line. The
open reading frames are indicated by boxes, and the bacteriophage T7 and T3 promoters
are represented by the circles. Vector sequences (VS) consisting of 2 kDa fortuitous
amino acids from the vector fused to the TomRSV protein sequence are shown by the
grey box. The coding regions for the different TomRSV protein domains (as above) are
shown along with the predicted molecular mass of each domain.
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Fig 3.9 Construction of the X-MP precursor and proteolytic processing at the X-MP
cleavage site in vitro, (a) Schematic representation of the cDNA clone encoding the XMP precursor, which contains the X-MP cleavage site. The entire P2 polyprotein
encoded by TomRSV RNA-2 is represented on the top of the figure. The regions
encoding a protein of unknown function (X), the movement protein (MP) and the coat
protein (CP) are shown. The region of the P2 polyprotein contained in plasmid pT3XMP is indicated by the dotted line. Plasmid pT3X-MP is shown below the P2
polyprotein. The open reading frames are indicated by boxes, and the bacteriophage T3
promoter is represented by the circle. The coding regions for the different TomRSV
protein domains (as above) are shown along with the predicted molecular mass of each
domain. The X-MP cleavage site is indicated by the arrow-head. Two AUG codons are
shown, the second of which may be responsible for the production of the 43 kDa
precursor through internal initiation. The rectangles shown above the MP domains in the
P2 and X-MP precursor represent the region of the MP against which polyclonal
antibodies were raised (MP Abs, see Materials and Methods). The predicted translation
products are shown at the bottom of the figure before (63 and 43 kDa precursor) and after
(38, 25 and 5 kDa cleaved products) processing by the exogenously supplied TomRSV
protease (b) Time course of processing of the pT3X-MP precursor in vitro. Processing
was tested on precursors using TomRSV protease purified from E. coli (lanes 1 to 7) or
produced in vitro (lanes 8 to 14) as described in Materials and Methods. The translation
products were separated on 12% SDS-polyacrylamide gel. The time of incubation of the
different samples is indicated above each lane (hr: hours). The position of the precursors
and cleaved products is indicated on the left side of the gel. The positions of the
molecular mass markers are indicated on the right side of the gel.

77

of a precursor containing a region of protein X with an estimated size of 5 kDa followed by the
entire MP region (estimated size: 38 kDa) (see Fig. 3.9a). Immunoprecipitation experiments
with polyclonal antibodies raised against the C-terminal 31 kDa of MP (Fig. 3.9a) confirmed that
both the 43 and 63 kDa proteins contained this region of MP (Fig. 3.10 ).
translation
TO
2hF

MP Abs
0 hr

2 hr

3

4

63 kDa
43 kDa
38 kDa

1

2

Fig 3.10 Immunoprecipitation of pT3X-MP translation products. Radio labelled
pT3X-MP precursors were matured with protease and samples were taken at 0 and 2 hr
time points. The translation mixtures were loaded on a 12% polyacrylamide gel either
before (lanes 1 and 2) or after immunoprecipitation with antibodies raised against the
movement protein (lanes 3 and 4). The locations of the 63 and 43 kDa precursor and the
38 kDa cleaved products are indicated on the left side of the gel.

To test for the presence of the X-MP cleavage site in the 63 and 43 kDa precursors,
exogenous TomRSV protease was added to the translation products of plasmid pT3X-MP. The
source of protease was either purified recombinant TomRSV protease or from cold translation
products obtained from plasmids pT7VPg-Pro-N-Pol-II or pT7VPg-Pro-N-Pol-CAT. Upon
addition of either protease, the amount of the predominant 43 kDa precursor decreased over time
while a new protein with an estimated molecular mass of 38 kDa which corresponded to the
expected size for the MP cleaved product, was produced (Fig. 3.9b). The nature of the 38 kDa
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protein was confirmed by immunoprecipitation with polyclonal antibodies raised against the
C-terminal half of MP (Fig. 3.10) and by microsequencing of its N-terminus (see below). The
large amount of 38 kDa protein produced indicated that it was released mainly from the 43 kDa
precursor. An additional protein with an estimated molecular mass of 25 kDa was also
occasionally detected in very low amounts (Fig. 3.11a, lane 2). The estimated size of this protein
corresponded to the expected size for the cleaved product of the X protein (Fig. 3.9a). This
protein was predicted to be produced from the 63 kDa precursor but not from the 43 kDa
precursor. Therefore, cleavage of the 63 kDa precursor was likely to contribute to a small extent
to the production of the 38 kDa product. For quantification ofthe processing efficiency, the
percentage of conversion of the 63 and 43 kDa precursors to the 38 kDa product was calculated
as described in Material and Methods. Very similar results were obtained when only the 43 kDa
precursor was included in the calculation (Fig. 3.12). As expected from a cleavage site
recognized in trans, the efficiency of proteolytic processing was dependent upon the dilution of
the exogenously supplied protease (data not shown). To allow meaningful comparison of
cleavage at the Pro-Pol and X-MP sites, the concentration of protease added to the X-MP
precursor was adjusted to obtain kinetics similar to those observed for the cis cleavage in the
pT7VPg-Pro-N-Pol-CAT precursor (Fig. 3.13). Under those conditions, the reaction rate
remained linear for approximately 30 min with a maximum of conversion of the precursors to the
product of approximately 85%. Similar to the pT7VPg-Pro-N-Pol-CAT cleavage kinetics, half
of this maximum conversion occurred after approximately 15 min (Fig. 3.13).
Upon examination of the amino acid sequence in the region N-terminal of the movement
protein, two potential cleavage sites were predicted: Q /S and Q /S. Mutants of pT3X-MP
907

934

were obtained in which the Gin and the Ser were deleted from each of these potential cleavage
sites (pT3X-MPAQ /S and pT3X-MPAQ /S ) resulting in a Ser residue occupying the -1
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Fig. 3.11 Identification ofthe X-MP cleavage site, (a) Effect of mutations of predicted
cleavage sites on proteolytic processing in vitro. Translation products from the wild-type
pT3X-MP precursor (WT) or from two mutant derivatives including a deletion of the Glu
and Ser at the -1 and +1 positions in the predicted Q /S (AQ ° /S ) and Q /S
(AQ /S ) cleavage sites were incubated in the presence (+) or absence (-) of purified
recombinant protease. The [ S]-methionine labelled translation products were separated
using 12% SDS-PAGE. (b) N-terminal microsequencing of the 38 kDa cleaved product
released from the maturation of the wild-type X-MP precursor with TomRSV protease.
The protein was labelled with [H]-leucine, extracted from the acrylamide gel and
subjected to Edman degradation as described in Materials and Methods. The amount of
radioactivity measured in the fractions collected at each cycle of the Edman degradation
procedure is shown in CPM. The amino acid sequence shown below corresponds to the
amino acid sequence of the TomRSV RNA-2 polyprotein starting at S located
immediately downstream of the putative Q /S cleavage site.
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position for both cleavage sites. When protease purified from E. coli was added to the pT3XMPAQ /S mutant translation products, processing of the 63 and 43 kDa precursors into the
907

908

38 and 25 kDa cleaved products was observed (Fig. 3.11a, lanes 3 and 4). However, when the
purified protease was added to the pT3X-MPAQ /S mutant translation products, processing
934

935

of the 63 or 43 kDa precursors was not detected (Fig. 3.11a, lanes 5 and 6). This suggested that
Q /S was the X-MP cleavage site. To further confirm the nature of the cleavage site, translation
934

of the wild-type clone pT3X-MP was performed in the presence of [H]-leucine, then
3

recombinant protease was added and the 38 kDa cleaved product was eluted from the SDS
polyacrylamide gel and subjected to Edman degradation. The presence of two peaks of
radioactivity at amino acid positions 3 and 8 is consistent with S being the first amino acid of
935

the 38 kDa cleaved product (Fig. 3.11b).
3.2.3

Localization of a cleavage site in the N-terminal region of the RNA-2 encoded
polyprotein

The N-terminal region of the RNA-2 encoded polyprotein, i.e. the region upstream of the
movement protein, has not been characterized so far. To determine if there was a cleavage site
in this region of the polyprotein, cDNA clone pT7X-N-Term was constructed. This plasmid
includes the N-terminal portion of the coding region of the protein upstream of MP (protein X)
with approximately 2 kDa of fortuitous amino acids from the vector fused to its N-terminus
under the control of the T7 RNA promoter (Fig. 3.8 and 3.14a). In vitro translation of run-off
transcripts derived from this plasmid, resulted in the production of a protein with an estimated
molecular mass of 34 kDa, which corresponded to the expected size for the precursor
(Fig. 3.14b, lane 1). To test for the presence of a cleavage site in the 34 kDa precursor, purified
recombinant TomRSV protease was added to the translation products of plasmid pT7X-N-Term.
After maturation with the protease a new protein with an estimated molecular mass of 24 kDa
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Fig 3.14 Processing at a third cleavage site on the P2 polyprotein. (a) Schematic

representation of the cDNA clone encoding the pT7X-N-Term precursor, which contains
the cleavage site. The entire P2 polyprotein encoded by TomRSV RNA-2 is represented
on the top of the figure. The regions encoding a protein of unknown function (X), the
movement protein (MP) and the coat protein (CP) are shown. The region of the P2
polyprotein contained in plasmid pT7X-N-Term is indicated by the dotted line. Plasmid
pT7X-N-Term is shown below the P2 polyprotein. The box indicates the open reading
frame, and the circle shows the bacteriophage T7 RNA promoter. The region encoding
38 kDa of the X protein is shown. The arrows show two potential Q / G cleavage sites.
The predicted translation products are shown before (38 kDa precursor) and after (14 and
24 kDa cleaved products) processing by the protease, (b) Effect of mutations of predicted
cleavage sites on proteolytic processing in vitro. Translation products from the wild-type
precursor or three mutant derivatives including a deletion in the Glu and Giy of the -1
and +1 positions in the predicted Q / G ( A Q / G ) and Q / G (AQ / G )
cleavage sites and a double mutant of both cleavage sites (AQ /G + A Q / G )
were incubated in the presence (+) or absence (-) of purified recombinant protease. The
[ S]-methionine labelled translation products were separated using 12%SDS-PAGE.
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was produced (Fig. 3.14b, lane 2). This suggested that there was a cleavage site in this region.
However, processing at this cleavage site was inefficient and only small amounts of the 24 kDa
protein were produced.
Upon examination of the amino acid sequence in the region of protein X, two potential
cleavage sites were predicted: Q /G and Q /G. Mutants of pT7X-N-Term were obtained in
301

3I9

which Gin and Gly was deleted from either one of these potential cleavage sites (pT7X-NTermAQ /G , pT7X-N-TermAQ /G ) resulting in Gly and Val occupying the -1 positions
301

302

319

320

of both these cleavage sites respectively. When protease purified from E. coli was added to these
mutant translation products, processing of the two mutated 34 kDa precursor into the 24 kDa
cleaved product was observed (Fig. 3.14, lanes 3 to 6). Therefore, deletion of the Gin and Gly at
either potential cleavage site did not prevent processing of the 34 kDa precursor. To eliminate
the possibility that one of these cleavage sites was an alternate cleavage site for the other, a new
mutant precursor was created in which both predicted cleavage sites were mutated (plasmid
pT7X-N-TermAQ /G +AQ /G ). This new precursor was also processed into the 24 kDa
301

302

319

320

product (Fig. 3.14 lanes 7 to 8). The small amounts of the 24 kDa protein produced did not
allow direct N-terminal microsequencing of this protein that would have allowed the
identification of the cleavage site.
3.3 Discussion
3.3.1 Consensus sequence for TomRSV cleavage sites.

In this study two TomRSV protease cleavage sites have been characterized in vitro: the
Pro-Pol cleavage site (determined to be Q/S) and the X-MP cleavage site (determined to be Q/S).
The identity of these two cleavage sites was compared to that of other previously identified
cleavage sites (Hans and Sanfacon, 1995, Wang et al, 1999). Conserved amino acids in
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TomRSV cleavage sites are Gin at the -1 position and Ser or Giy at the +1 position. This is
similar to amino acids found in the cleavage sites of como-, poty- and picornaviruses and of one
other nepovirus of subgroup C (blueberry leaf mottle virus, BLMV; see Fig. 1.7) but not to those
found in cleavage sites of nepoviruses of subgroup A/B. A Cys or Val residue can be found in
the -2 position of all identified TomRSV cleavage sites and of all other nepoviruses of subgroup
C cleavage sites characterized so far (see Fig. 1.7). These amino acids are also found in the -2
position of some of the cleavage sites of nepoviruses of subgroup A/B. Based on these results a
TomRSV cleavage site consensus is proposed, which consists of (Cys,Val)-Gln/(Ser,Gly) (see
Table 3.1). The importance of these amino acids must be confirmed by site-directed mutagenesis
(see Chapter 4). The quantitative proteolytic assays described in this chapter can be used to
address this question.
Table 3.1 Comparison of the amino acid sequence surrounding TomRSV polyprotein
cleavage sites.
Conserved amino acids are shown in bold.
Cleavage Site
Amino acid
-6
-5
-4
-3
-2
-1 /
+1
+2
+3
MP-CP (RNA-2)
Arg Asn Ser
Ser Val Gin Giy Giy Ser
X-MP (RNA-2)
Thr Arg Ser Asn Cys Gin Ser Ser Leu
NTB-VPg (RNA-l)
Giy
Lys Met Thr Val Gin Ser Thr Ile
VPg-Pro (RNA-1 )
Pro
Arg Gin Ser Val Gin Giy Ser
Ser
Pro-Pol (RNA-1)
Ser
Phe Ala Pro Cys Gin Ser
Ser Val
Cleavage site between the movement and the coat protein (Hans and Sanfacon, 1995).
Cleavage site between the nucleotide binding protein and VPg (Wang et al, 1999).
Cleavage site between the VPg and protease (Wang et al., 1999).
a

b

c

+4
Trp
Giy
Pro
Leu
Ile

a

b
0

3.3.2 Intramolecular processing at the Pro-Pol cleavage site.
Under the experimental conditions used, processing at the Pro-Pol cleavage site was
predominantly an intramolecular event in vitro. Two lines of evidence were presented to
indicate that trans-cleavage did not occur at this site. First, the rate of processing was
independent of the concentration of protease. Second, precursors containing defective protease

—
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were not cleaved upon the addition of exogenous protease. Similarly, Pro-Pol sites of other
picorna-like viruses are also cleaved in cis. These include poliovirus (Palmenberg and Rueckert,
1982; Hanecak et al., 1984), TBRV (Hemmer et al., 1995), grapevine fanleaf virus (Margis et
al, 1994), CPMV (Peters et al, 1992) and TEV (Carrington and Dougherty, 1987). In
poliovirus, it was found that although the cleavage is predominantly a cis event early in infection
when the concentration of the protease is low, it can become a trans event late in infection
(Palmenberg and Rueckert, 1982; Hanecak et al, 1984). Although we could not detect transcleavage in vitro under the conditions tested, we cannot exclude the possibility that it could occur
late in infection.
3.3.3

Genomic organization of TomRSV RNA-2: Detection of a novel cleavage site in the
N-terminal region of the RNA-2 encoded polyprotein in vitro.

The results presented here provide new information on the genomic organization of
TomRSV RNA-2. Identification of the cleavage site at the N-terminus of the movement protein
presented here and previous identification of the cleavage site between the movement protein
and the coat protein (Hans and Sanfacon, 1995) allows the precise localization of the movement
protein. Based on these results the movement protein has a predicted molecular mass of 44 kDa
and is located between amino acid S and Q
935

1320

(RNA-2 numbering, Rott et al, 1991b). In

addition, our results indicate the presence of a third unidentified cleavage site in the N-terminal
portion of the RNA-2 encoded polyprotein suggesting that at least two mature proteins are
released from this region of the polyprotein. This is the first report of a cleavage site in the Nterminal region of the RNA-2 encoded polyprotein for any nepovirus. Indeed, in the
characterized GFLV and TBRV subgroup A/B nepoviruses, only one protein was released from
this region of the polyprotein (Margis et al, 1993; Demangeat etal, 1991). Nepoviruses of
subgroup C contain a larger coding region in RNA-2 than nepoviruses of subgroup A/B. This
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extended coding capacity is at the N-terminus of the polyprotein (100 kDa upstream of the MP
for nepoviruses of subgroup C compared to 30 to 50 kDa in the same region for nepoviruses of
subgroup A/B). Our results raise the possibility that other nepovirus of subgroup C may also
produce more than one protein from this region of the polyprotein. The putative function of
proteins released from the N-terminal half of the P2 polyprotein remains unknown. It is possible
that these proteins are involved in nematode transmission as suggested by Rott et al. (1991b).
Interestingly, thefirstof these proteins at the extreme N-terminus of the polyprotein contains the
region of homology to RNA-1. An additional cleavage site was also found in the N-terminal
region of the RNA-1 encoded polyprotein and was also located downstream of this region of
homology (Wang, 1999). The RNA-1 and RNA-2 encoded N-terminal proteins may play a
common accessory role in replication perhaps in directing the replication complex to the
appropriate RNA, as suggested for the RNA-2 encoded 58 kDa protein of comoviruses (Peters et
al., 1992a).
The two precursors studied here (pT3X-MP and pT7X-N-Term) represent a large portion
of the N-terminal region of the RNA-2 encoded polyprotein, however, there is a region of
approximately 35 kDa which has not been examined (see Fig. 3.8). Therefore we cannot exclude
the possibility that other cleavage sites are present in this area in addition to the one we have
described here. We were unable to construct other plasmids containing this part of the RNA-2
polyprotein coding sequence for in vitro studies despite numerous attempts. It is possible that
this particular region of the P2 polyprotein is toxic to the E. coli strains used. Attempts made to
study this region by expressing truncated regions of the full length RNA2 cDNA clone were also
ineffective because of the presence of a large amount of background bands probably caused by
internal initiation in the in vitro translation system.
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To confirm that the cleavage site detected in vitro is also used in vivo,
immunodetection of the corresponding viral proteins in infected plants is necessary. Attempts
were made to express fusion proteins containing this region of the RNA-2 encoded polyprotein
to generate antibodies but failed because of toxicity problems. Polyclonal antibodies were raised
against a synthetic peptide that corresponded to a predicted antigenic domain in the region
immediately upstream of the movement protein. However, this antibody did not
immunoprecipitate the X-MP precursor containing the corresponding TomRSV protein (data not
shown).
Site-directed mutagenesis of two predicted cleavage sites in the X-N-term precursor
failed to eliminate proteolytic processing. One possibility is that cleavage did occur at one of the
two potential cleavage sites, but that deletion of the conserved Gin and Gly at the -1 and +1
positions did not prevent proteolytic processing. This seems unlikely however, as these cleavage
sites are processed in a trans fashion. Our results presented in the following chapter suggest that
the requirement for a Gin at the -1 position of another TomRSV /rara-cleavage site is very
stringent. Another possibility is that the cleavage site present in the 34 kDa precursor is between
a different dipeptide than the Q/S or Q/G cleavage sites identified. Examination of the sequence
did not reveal the presence of other potential cleavage sites corresponding to the consensus
identified in this study. Cleavage of the X-N-term precursor is inefficient and it is therefore
possible that the dipeptide cleaved differs from the consensus. In potyviruses, inefficient ciscleavage sites present at the C-terminus of the NIa protease were shown to differ considerably
from the consensus for cleavage sites recognized by this protease (Kim et al., 1995; Kim et al.,
1996; Parks etal, 1995).
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CHAPTER 4
SITE-DIRECTED MUTAGENESIS OF TWO TOMATO RINGSPOT
NEPOVIRUS CLEAVAGE SITES
2

4.1. Introduction

Five TomRSV cleavage sites have been identified so far (Hans and Sanfa§on, 1995;
Wang et al, 1999, Chapter 3). Cleavage occurred at Q/G and Q/S dipeptides. In addition, a Cys
or Val residue was found at the -2 position of these cleavage sites (Wang et al, 1999; see Fig.
1.6). Other amino acids did not appear to be conserved. The importance of conserved amino
acids on proteolytic processing of cleavage sites from nepoviruses and comoviruses has not been
systematically studied. In this chapter, a site-directed mutagenesis study was conducted on two
cleavage sites (the Pro-Pol cleavage site recognized in cis and the X-MP cleavage site recognized
in trans) to test the importance of amino acids from the -6 to the +1 position in determining a

functional TomRSV cleavage site.
4.2. Results
4.2.1. Site-directed mutagenesis of the Pro-Pol cleavage site.

Amino acid substitutions in the -6 to +1 positions of the Pro-Pol and X-MP cleavage sites
were introduced into the VPg-Pro-N-Pol-CAT and X-MP precursors, respectively. Time-course
experiments were performed on each mutant as described in Chapter 3. Kinetic analysis of each
mutant was performed in parallel with the corresponding wild-type precursor at least three times

Part of this chapter has been accepted for publication: Carrier, K., Hans, F and Sanfacon, H . 1999. Mutagenesis of
amino acids at two tomato ringspot nepovirus cleavage sites: effect on proteolytic processing in cis and in trans by
the 3C-like protease, (accepted to Virology pending minor modifications).
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and a representative experiment is shown. Processing efficiency of the mutated cleavage sites
was compared to that of the wild-type at the 15 min time point. As mentioned in Chapter 3, at
this time, the rates of processing of the wild-type X-MP and VPg-Pro-N-Pol-CAT precursors at
the X-MP and Pro-Pol cleavage sites were linear.
Kinetics of processing of the Pro-Pol cleavage site for each individual mutant are shown
in Fig. 4.1a. Relative efficiency of processing of the mutant cleavage sites compared to that of
the wild-type cleavage site at the 15 min time point is shown in Fig. 4.2a. Substituting Ser at the
+1 position of the Pro-Pol cleavage site had a variable effect on processing efficiency.
Substitutions with Gly, Ala or Thr did not appear to influence the kinetics of proteolytic
processing. In contrast, substitution with Met, Phe or Glu resulted in a significant reduction in
proteolytic processing. After a 15 min incubation, processing of precursors with an introduced
Met and Phe at the +1 position was approximately 30 and 20% that of wild type precursor,
respectively. Very little processing (if any) was detected for the Glu mutant. Mutation of Gin at
the -1 position by substituting any of the amino acids tested (Asp, Glu, Lys, Ala and Arg)
resulted in a significant reduction in proteolytic processing. After a 15 min incubation,
processing efficiency was approximately 30, 10 and 10% that of wild-type for the Lys, Glu and
Asn mutants, respectively. Very little processing (if any) was detected for the Ala and Arg
mutants. Substitution of Cys at the -2 position had a range of effects on proteolytic processing
depending on the nature of the amino acid introduced. Substitutions with the aliphatic amino
acids Val, Leu or He resulted in kinetics that showed little or no reduction in cleavage efficiency
compared to the wild type. Substitution with Ala and Phe resulted in kinetics that showed a
lower level of proteolytic processing than with the other aliphatic amino acids. After a 15 min
incubation, processing efficiency of precursors containing a substitution with Ala and Phe was
approximately 50 and 20% that of the wild-type precursor, respectively. Processing was very
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Fig 4.2 Comparison of the relative rate of proteolytic processing (a)Comparative

analysis of processing of pT7VPg-Pro-N-Pol-CAT Pro-Pol cleavage site mutations by the
TomRSV protease. Relative processing efficiency at the 15 min. time point is shown for
each mutant as a percentage of the processing efficiency of the wild-type precursor, (b)
Comparative analysis of processing of pT3X-MP X-MP cleavage site mutations by the
TomRSV protease. As in (a)
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inefficient (or absent) in the mutated cleavage site in which Gly was introduced at the -2
position. Amino acid substitution of Ala at the -4 position did show some effect on processing
efficiency depending upon the specific mutant tested. Replacing the Ala with Ser resulted in
kinetics that were very similar to that of wild type. However, when Thr or Phe were introduced
at that position, cleavage at the Pro-Pol site was less efficient. After 15 min, relative processing
efficiency of the Thr and Phe mutants was 30 to 40% that of the wild-type (Fig. 4.2a). Changes
introduced in the -3 and -5 position did not seem to have much effect on the ability of the
protease to process the Pro-Pol cleavage site in vitro. Substitution of Pro at the -3 position with
Ala, Asp and Ser resulted in processing kinetics that were similar to those of the wild type
cleavage site. Similarly, replacement of the Phe at the -5 position by Ala, Ser or Arg did not
seem to affect the efficiency of processing. Mutation of the Ser at the -6 position did not have a
negative effect on the ability of the protease to process the Pro-Pol cleavage site in vitro.
Introduction of Arg or Ala in this position resulted in kinetics that were similar to that of the wild
type (Fig. 4.1a). Substitution with Thr resulted in a kinetic that showed a level of proteolytic
processing that was higher than the wild type. Indeed, processing efficiency was approximately
160 % that of the wild-type precursor after 15 min.
The pT7VPg-Pro-N-Pol-CAT precursor used in the above experiments included an inframe fusion to the CAT protein. To verify that the presence of this protein on the precursor did
not alter recognition of the cleavage sites, several of the amino acid substitutions discussed
above were introduced in the cDNA clone pT7VPg-Pro-N-Pol-II. Results from time-course
experiments of these mutated precursors were similar to those obtained for the corresponding
mutated pT7VPg-Pro-N-Pol-CAT precursor (data not shown). Finally, to verify that substitution
of amino acids at the Pro-Pol cleavage site did not affect the catalytic activity of the protease
itself, several mutants were tested for their ability to cleave the X-MP cleavage site in trans.
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Cold translations of amino acid substitutions at the -1 position, which resulted in loss of
cleavage at the Pro-Pol site, were incubated in the presence of the X-MP precursor. Processing
at the X-MP cleavage site was comparable to that obtained from incubation of the X-MP
precursor with the cold translation products from the wild-type pT7VPg-Pro-N-Pol-CAT plasmid
(Fig. 4.3 a and b). Taken together, these results suggested that amino acids at position -2, -1 and
+1 and possibly -4 and -6 played an important role in the efficiency of processing of the Pro-Pol
cleavage site by the TomRSV protease.
4.2.2 Site-directed mutagenesis of the X-MP cleavage site.

The effects of point mutations on the X-MP cleavage site are shown in Fig. 4.1b and
4.2b, as described above. The results shown were obtained from incubation of the pT3X-MP
precursor containing mutated cleavage sites with purified recombinant TomRSV protease.
Similar results were observed from incubation of several representative mutants with TomRSV
protease produced in the rabbit reticulocyte system (cold in vitro translation products of wildtype pT7VPg-Pro-N-Pol-CAT, see Fig. 4.3).
Introduced changes at the +1 position had various effects on the ability of the protease to
process the X-MP cleavage site in vitro. Only Ser (the wild-type amino acid), Gly or Ala were
tolerated at this position. After a 15 min incubation, processing efficiency was approximately
130 and 80 % that of the wild-type for the Gly and Ala mutants, respectively. Processing was not
detected in mutants that included a Met, Phe, Thr or Glu at the +1 position. Replacement of Gin
at the -1 position by any of the amino acids tested (Asp, Glu, Lys, Ala or Arg) resulted in
undetectable processing at the cleavage site. Several amino acid substitutions at the -2 position
showed a dramatic effect on processing efficiency. Of the amino acids tested only Cys (wildtype), Ala or Val resulted in efficient processing at the X-MP site. After a 15 min incubation,
processing efficiency was approximately 130 and 160% that of the wild-type for the Ala and
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Fig 4.3 Processing of the X-MP precursors in vitro with VPg-Pro-Pol precursors
containing mutations at the Pro-Pol cleavage site. Processing was tested using
unlabelled pT7VPg-Pro-N-Pol-CAT translation products that were wild-type (lanes 1 to
7) or had an amino acid substitution at the Gin in the -1 position of the pro-pol cleavage
site (lanes 8 to 28). These substitutions included introduction of the following amino
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12% SDS-PAGE was as described in Materials and Methods. The time of incubation of
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precursors and the cleaved products is given on the left side of the gel.
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Val mutants, respectively. Introduction of He or Leu resulted in decreased cleavage at the XMP site. After 15 min, relative processing efficiency compared to the wild-type was
approximately 50% for the He and Leu mutants. Replacement of Cys by other amino acids (Arg,
Phe, Gly) prevented processing at the cleavage sites. The effect of mutations at the -4 position
varied with the specific amino acid introduced. Replacement of Ser at the -4 position with Thr
or Ala resulted in reduced processing efficiency. After 15 min, processing efficiency was
approximately 80 and 50% of the wild-type for the Thr and Ala mutant, respectively.
Introduction of Phe at this position resulted in a drastic reduction of proteolytic processing
(processing was not detectable). Amino acid substitutions in the -3, -5 and -6 positions did not
have a dramatic effect on the ability of the protease to process the X-MP cleavage site in vitro.
Substituting Asp at the -3 position with Pro, Ser or Ala resulted in kinetics that showed similar
levels of proteolytic processing to that of the wild type cleavage site. Substitution of Arg at the -5
position with Phe or Ala only slightly influenced processing efficiency. Introduction of Ser at
this position resulted in a small reduction of proteolytic processing (processing efficiency was
approximately 70% that of the wild-type after 15 min). Replacement of Thr at the -6 position
with Ala, Ser or Arg did not influence the efficiency of processing at the cleavage site. Taken
together, these results suggest that amino acids at positions -2, -1, +1 and possibly -4 play a
critical role in the ability of the protease to cleave the X-MP cleavage site.
4.3. Discussion

All the TomRSV cleavage sites identified so far have a conserved amino acid sequence of
(Cys,Val)-Gln/(Ser/Gly) (Hans and Sanfacon, 1995; Wang et al, 1999; Chapter 3). The results
of the site-directed mutagenesis presented here provide direct evidence for the importance of
these conserved amino acids. Indeed, in both of the cleavage sites analyzed, mutations in the +1,
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-1 and -2 positions were found to have the most pronounced effect on cleavage efficiency.
Several features of the TomRSV cleavage sites defined here were also found in those of the
related picornaviruses and potyviruses. Previous published studies on the mutagenesis of
potyvirus (TEV) and picornavirus (hepatitis A virus, HAV) cleavage sites have shown that,
similar to the TomRSV cleavage sites, the -1 position was the most sensitive to amino acid
substitutions (Dougherty et al, 1988; Jewell et al, 1992). In TomRSV, substitutions of the Gin
at the -1 position with Arg or Ala prevented processing at the Pro-Pol or X-MP cleavage site.
However, substitutions with Lys, Glu or Asn allowed some processing of the Pro-Pol cleavage
site. Interestingly Lys, Glu or Asn are present in the -1 position of several other picorna-like
cleavage sites: Glu is found in several picornavirus cleavage sites (rhinovirus and HAV) and Asn
is found in one subgroup C nepovirus cleavage site (BLMV) (Fig. 1.6). Requirements for
specific amino acids at the +1 position were less stringent in the TEV and TomRSV cleavage
sites (Dougherty et al, 1988; this study). Amino acid substitutions with Met, Phe, Thr or Glu at
the +1 position of the TomRSV X-MP cleavage site resulted in a loss of proteolytic processing.
In the +1 position of the Pro-Pol cleavage site only substitution with Glu prevented processing at
the cleavage site. However, substitution with Met or Phe did show a dramatic decrease in
proteolytic processing. It is interesting that substitution with Met had such a drastic effect on
proteolytic processing for both cleavage sites because it is present in the cleavage sites of
CPMV, a closely related virus (Wellink et al, 1986). These results suggest that the TomRSV
protease prefers an amino acid with a small side chain, such as Giy, Ser or Ala at the +1 position
while the CPMV protease can accommodate a larger residue at this position.
In TomRSV, the -2 position was defined as an important determinant of the cleavage
sites in addition to the cleaved dipeptide. In the X-MP site, substitutions of the Cys with Arg,
Giy or Phe resulted in a loss of proteolytic processing, while substitutions with Leu or Ile
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resulted in a decrease in proteolytic processing. Amino acid substitutions in the -2 position of
the Pro-Pol cleavage site resulted in a loss of function only when Giy was used and in a dramatic
decrease in proteolytic processing when substituted with Phe. It appears that the protease has a
preference for cysteine or an aliphatic amino acid, such as Val or Ala, at this position.
Interestingly, a Cys or Val is found at the -2 position in cleavage sites of other subgroup C
nepoviruses and of some subgroup A/B nepoviruses, while a conserved Ala or Pro is found at the
-2 position of the CPMV cleavage sites. Conserved amino acids at the -2 position were also
found in turnip mosaic virus (a potyvirus) (see Fig. 1). Therefore, requirement for specific
amino acids at the -2 position may not be unique to the TomRSV cleavage sites. In contrast, in
TEV, hepatitis A virus and poliovirus, specific amino acids were not conserved at the -2 position
(Dougherty et al., 1988; Blair and Semler, 1991; Jewell et al, 1992). Amino acid substitutions in
the -3, -5 and -6 positions of the TomRSV cleavage sites did not dramatically influence
processing efficiency. In contrast, in TEV, amino acids in the -3 and -6 positions were important
for proteolytic processing by the protease (Dougherty et al, 1988). The cleavage sites of
picornaviruses, potyviruses and comoviruses contain a small aliphatic amino acid, such as Ala,
Leu or Ile at the -4 position (Fig. 1.2). In poliovirus and human rhinovirus, the -4 position was
critical in defining a functional protease cleavage site (Pallai et al, 1989; Cordingley et al.,
1990; Blair and Semler, 1991). In contrast, there were no conserved amino acids in the -4
position for the nepovirus cleavage sites. Of all the known nepovirus cleavage sites only the
TomRSV Pro-Pol and the TBRV VPg-Pro cleavage sites contained an Ala at the -4 position.
Mutagenesis of the -4 position of the Pro-Pol and X-MP resulted in modest changes in the
processing efficiency, with the exception of substituting the Ser at the -4 position of the X-MP
cleavage site with Phe, which resulted in loss of proteolytic processing. This loss of processing
might have been the result of a severe conformation change. Although, only a limited number of
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mutations have been tested at the -4 position, the results of the mutagenesis study and the lack
of conserved residues at this position in the TomRSV cleavage sites suggest that the presence of
specific amino acids at the -4 position may modulate processing efficiency at the cleavage site
but may not be a primary determinant in the definition of the TomRSV cleavage sites. The
cleavage site specificity of different 3C-like proteases depends to a large extent on the nature of
the amino acids immediately upstream of the cleavage site (Dougherty et al, 1988; Blair and
Semler, 1991; Jewell et al, 1992; this study). Specific requirements for conserved amino acids
upstream of the cleavage site vary with different proteases used.
In this study, the effect of amino acid substitutions on processing efficiency was tested at
two TomRSV cleavage sites. The rate of processing at the X-MP cleavage site was adjusted to
be similar to that of the Pro-Pol site to allow a meaningful comparison of the proteolytic
processing at the two cleavage sites. The results presented here show that amino acid
substitutions were tolerated more at the Pro-Pol cleavage site (recognized in cis) than at the XMP cleavage site (recognized in trans). This was most evident in the -1 position. In the X-MP
cleavage site all substitutions eliminated proteolytic processing. In the Pro-Pol cleavage site
although several substitutions resulted in some cleavage at the Pro-Pol site most amino acid
substitutions resulted in severe reduction of proteolytic processing efficiency. These results raise
the possibility that the requirements for specific amino acids are more stringent at cleavage sites
recognized in trans than in cis. Analysis of other cleavage sites recognized in cis and in trans
would be necessary to confirm this suggestion. Similar to our results, the flavivirus NS3
protease (Bartenschlager et al, 1995) and the poliovirus 2A protease (Hellen et al, 1992) were
reported to have more stringent requirements for specific amino acids at frans-cleavage sites
rather than at c/s-cleavage sites. To our knowledge, substrate determinants for cis- and transcleavage by other 3C like proteases have not been systematically compared. A mutation of the
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Gln/Ser dipeptide to His/Met at the czs-cleavage site between the CPMV RNA-1 encoded
32K and 170K protein resulted in efficient cleavage at this site (Peters et al, 1992b). In contrast,
mutation of the +1 position in the rrans-cleavage site between the CPMV coat proteins resulted
in drastic reduction of processing at this site (Vos et al, 1988). Although, the effects of
equivalent mutations in both cleavage sites were not compared, the results suggest the
requirement for specific amino acids are less stringent at a cw-cleavage site than at a transcleavage site in CPMV (Goldbach and Wellink, 1996).
The results presented in this study are useful for establishing the cleavage site specificity
of the TomRSV protease. However, there are limitations in the system used. First, cleavage sites
were characterized in partial polyproteins rather than in the entire RNA-1 or RNA-2 encoded
polyproteins. Second, we have only looked at the rates of proteolytic processing in vitro. Despite
these limitations, it is noteworthy that the requirements for specific amino acids at the -2, -1 and
+1 position were similar in the two TomRSV cleavage sites studied. Definition of the effect of
cleavage site mutations on virus amplification in vivo will await the construction of infectious
transcripts.
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CHAPTER 5
CHARACTERIZATION OF AN ALTERED TOMATO RINGSPOT
NEPOVIRUS PROTEASE WITH A MUTATION IN THE CONSERVED
HIS IN THE PUTATIVE SUBSTRATE-BINDING POCKET.

5.1. Introduction

Results shown in Chapter 3 and previously (Hans and Sanfacon, 1995) indicate that a His
residue in the substrate-binding pocket of the TomRSV protease was essential for its activity on
wild-type TomRSV cleavage sites. The equivalent His residue in the substrate-binding pocket of
related proteases has been shown to directly interact with a conserved Gin at the -1 position of
the cleavage sites and is probably an important determinant of the cleavage site specificity of
these proteases (see Chapter 1). A Gin is conserved in the -1 position of all TomRSV cleavage
sites characterized so far (see Chapter 3). Presence of this Gin in the cleavage site was found to
be an absolute requirement for efficient recognition of the cleavage site by the protease (see
Chapter 4). Interaction between the His in the substrate-binding pocket of the TomRSV protease
and the Gin in the cleavage site may therefore be critical in establishing the substrate specificity
of the protease. In contrast, a Leu residue is found at the equivalent position in the substratebinding pocket of nepovirus subgroup A/B proteases (Margis and Pinck, 1992). As mentioned in
Chapter 1, cleavage sites recognized by these proteases differ from the cleavage sites recognized
by 3C-like proteases of other members of the picornavirus-like supergroup (see Fig. 1.2 and
Fig. 1.7) and do not include a Gin at the -1 position. It has been hypothesized that the
replacement of the His residue by a Leu residue in the substrate-binding pocket of the nepovirus
subgroup A/B proteases is responsible for the change in cleavage site specificity (Ritzenthaler et
al, 1991). In this chapter, we therefore decided to test if replacement of the His in the putative
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substrate-binding pocket of the TomRSV protease by a Leu would result in a change of
substrate specificity and allow the TomRSV protease to recognize mutated cleavage sites that
resemble those of nepoviruses of subgroup A/B.
5.2. Results
5.2.1. Selection of mutant cleavage sites

Nepoviruses of subgroup A/B recognize a number of different cleavage sites (see Fig.
1.7). Cleavage sites that were similar to cleavage sites recognized by proteases from nepoviruses
of subgroup A/B were selected from the mutagenesis study in Chapter 4. In particular, mutations
in the -1 position were chosen that included substitution of the conserved Gin with Lys and Arg.
These amino acids are found in the -1 position of cleavage sites recognized by the ArMV,
TBRV, GCMV and GFLV proteases (Fig. 1.7). In addition other TomRSV cleavage site mutants
in the +1 and -2 position were available as controls, which also had some similarities to cleavage
sites of nepoviruses of subgroup A/B. Mutations were chosen which included substitution of the
Ser with Ala, Giy and Glu in the +1 position and of the Cys with Giy, Val, Leu and Ile in the -2
position (Fig. 1.7). These mutations were used to examine the ability of the mutant protease to
process altered cleavage sites in cis or in trans.
5.2.2. Cis-proteolytic activity of proteases mutated in the substrate-binding pocket (His
to Leu) on the proteolytic processing of mutated Pro-Pol cleavage sites

The ability of a protease mutated in its substrate-binding pocket (H

1451

1451

substituted with L)

to cleave mutated Pro-Pof cleavage sites in cis was tested. For this purpose, the selected
mutations were introduced in the Pro-Pol cleavage site of the VPg-Pro

-N-Pol-CAT

HI451L

precursor using site-directed mutagenesis as described in Materials and Methods. As expected, in
vitro translations of the wild-type and mutant constructs resulted in the production of the 58 kDa
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precursor (Fig. 5.1a, b and c). Processing of the precursor into the 30 and 28 kDa products
was observed after incubation of the wild-type pT7VPg-Pro-N-pol-CAT translation products as
previously shown in Chapter 3. However, incubation of the pT7VPg-Pro -N-Pol-CAT
H1451L

translation products including wild-type or mutated Pro-Pol cleavage sites did not result in the
detection of the 30 and 28 kDa products (Fig. 5.1a, b and c). This suggests that the protease
H 1 4 5 1 L

was unable to process the wild-type or mutated cleavage sites in cis.

5.2.3. The effect of the protease substrate-binding pocket mutation (His
proteolytic processing of mutant cleavage sites in trans

1451

to Leu) on

The ability of the mutated protease" to process modified X-MP cleavage sites in trans was
1451L

also tested. In vitro translation of transcripts generated from the pT3X-MP constructs containing
either the wild-type or the selected mutant cleavage sites revealed the production of the 63 and
43 kDa precursor bands as described previously in Chapter 3 and 4 (Fig.5.2). To supply
exogenous wild-type or mutated protease to these substrates, plasmids pT7VPg-Pro

-N-pol-

H1451L

CAT and pT7VPg-Pro-N-Pol-CAT were translated in the coupled transcription-translation
system in the presence of cold methionine instead of labelled methionine as described in Material
and Methods. As shown in the previous section, equivalent amounts of the wild-type and
mutated protease precursors were produced in the coupled transcription/translation system
(Fig. 5,1a). The protease precursors present in the cold translation products were added to the
labelled X-MP wild-type and mutated precursors. As shown before, wild-type precursors were
processed into the 38 kDa product upon addition of the wild-type pT7VPg-Pro-N-Pol-CAT
translation products (Fig. 5.2a). However, there was no accumulation of the 38 kDa product for
either the wild-type or the mutant substrates when the pT7VPg-Pro -N-Pol-CAT translation
HI451L

products were added. This indicated that the mutant protease" was unable to process these
145IL

mutated X-MP cleavage sites in trans.
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Fig. 5.1 Cis-proteolytic activity of proteases mutated in substrate binding pocket
(His to Leu) on proteolytic processing of mutated Pro-Pol cleavage sites.
1451

Proteolytic processing of wild-type and mutant pro-pol cleavage sites by wild-type
protease (WT) or protease with a His to Leu amino substitution in the substrate binding
pocket (HL). Amino acid substitutions introduced into the cleavage sites on the pT7VPgPro
-N-Pol-CAT precursor at the +1,-1, and - 2 positions are shown above each lane.
Samples were taken after 0, 4 and 16 hr and separated using 12% S D S - P A G E . Proteolytic
processing was visualized by the appearance of the 28 and 30 kDa cleaved products.
Positions of the precursors and the cleaved products are shown on the left of each gel.
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H 1 4 5 I L

5.3. Discussion
In this chapter we have examined the proteolytic activity of a TomRSV protease mutant
in which the His in the substrate-binding pocket was replaced with the Leu found in the
substrate-binding pocket of nepovirus subgroup A/B proteases. The protease

H 1 4 5 1 L

did not

process any of the cleavage sites tested in cis or in trans, including those that had similarities to
the cleavage sites of nepoviruses subgroup A/B or those that were processed at a reduced
efficiency by the wild-type protease (Fig. 4.2a and b). We have shown that in vitro production of
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wild-type protease present in precursors containing the CAT gene resulted in efficient
processing both in cis at the Pro-Pol cleavage site present in the precursor and in trans at the XMP cleavage site (Fig. 5.1a, lanes 1-3 and Fig. 5.2a, lanes 1-2). We have shown in Chapter 4 that
the activity of the wild-type protease was not dependant upon effective removal of the Pol-CAT
domain from the precursor. Indeed, VPg-Pro-N-Pol-CAT precursors that included mutations of
the Pro-Pol cleavage site were still an efficient source of active exogenous protease on the wildtype X-MP precursor (see Fig. 4.3). Therefore, it was not the method of generating the mutated
protease within larger precursors that resulted in its inability to process the cleavage sites in cis
or in trans.

The specificity of the 3C protease for a Gin residue in the -1 position of the cleavage site
is believed to be the result of direct interaction with the His residue of the substrate-binding
pocket (Bazan and Fletterick, 1988; Allaire et al., 1994; Matthews et al., 1994). One possible
interpretation of our results is that substitution of the His for the Leu residue resulted in a drastic
conformation change that destroyed the substrate-binding pocket of the protease. Alternatively,
it is possible that changing the substrate specificity of the protease required alteration of other
features of the substrate-binding pocket in addition to the His to Leu mutation. In this model, the
absence of the His prevented recognition of the wild-type cleavage site, while introduction of a
Leu at this position without other required changes to the protease did not allow recognition of
the mutated cleavage sites. Evidence for the requirement of other factors in addition to a His or
Leu in the substrate-binding pocket of nepoviruses is provided by the observation that GFLV
cleavage sites were not cleaved by the RNA-1 translation products of either TRSV or TBRV
even though these proteases recognize similar cleavage sites (Morris-Krsinich et al., 1983;
Demangeat et al., 1991). As mentioned in Chapter 1, introduction of single point mutations to
alter substrate specificity has been successful in some proteases but not in others. Altering the
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amino acids, which define the substrate-binding pockets of papain and a-lytic protease
resulted in a change of the substrate specificity of the proteases (Bone et al, 1989; Khouri et al,
1991; Silen and Agard, 1989). Substitution of a single amino acid in the SI binding pocket of
hepatitis C virus NS3 protease also resulted in a change in the specificity of the protease for the
substrate (Failla et al, 1996; Koch and Bartenschlager et al, 1997). However, in trypsin it was
found that changing surface loops in addition to the substrate-binding pocket was required to
change the substrate specificity of the protease (Hedstrom et al, 1992; Hedstrom et al, 1994).
Finally, it is also possible that other cleavage sites not tested here may be recognized by
the TomRSV protease" . The cleavage sites tested here, although containing amino acids
1451L

typical of cleavage sites from nepoviruses of subgroup A/B were not authentic nepovirus
subgroup A/B cleavage sites. Therefore double mutants that reconstruct natural cleavage sites
from nepoviruses subgroup A/B should be tested. It was demonstrated in Chapter 4 that other
amino acids in addition to the -1 position were important in determining the substrate specificity
of the TomRSV protease. How these amino acids interact with the substrate-binding pocket of
the protease from either TomRSV or nepoviruses of subgroup A/B, is not known. Finally other
features of the cleavage sites, such as their secondary structure are likely to play an important
role in their interaction with the protease. Obtaining the tertiary structure of the TomRSV
protease through crystallography studies would allow us to better predict how the protease and
substrate interact and to design other mutations that may allow alteration of the substrate
specificity of the protease.
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CHAPTER 6
GENERAL DISCUSSION
In this thesis, three new cleavage sites we characterized: the cw-cleavage site between the
protease and the polymerase, thetows-cleavagesite at the N-terminus of the movement protein
and an additional rrans-cleavage site in the N-terminal half of the RNA-2 encoded polyprotein
(see Chapter 3). These results combined with results obtained by others in the laboratory (Wang
et al, 1999; Wang, 1999) better define the genomic organization of RNA-1 and RNA-2 (see Fig.
6.1). Our results suggest that the organization of TomRSV RNA-2 is different from that of any
other nepovirus characterised so far. Indeed, characterization of an additional cleavage site in
the N-terminal half of the RNA-2 encoded polyprotein suggest that at least two mature proteins
are released from this region of the polyprotein. As discussed in Chapter 3, these results must be
confirmed in vivo and the remainder of the RNA-2 encoded polyprotein must be examined for
the presence of additional cleavage sites. It is striking to note that the two N-terminal proteins
released by the RNA-1 and RNA -2 encoded polyproteins share an extensive region of sequence
similarity (see Fig. 6.1). Future work should be directed at understanding the function of these
proteins perhaps in viral RNA replication. It will also be interesting to see if the RNA of other
members of nepovirus subgroup C have a similar genomic organization.
In Chapter 3 and 4, two TomRSV cleavage sites have been characterized in detail and the
cleavage site specificity of the TomRSV protease has been studied by site-directed mutagenesis
of these cleavage sites. The TomRSV protease is most related to the protease of GFLV, a
nepovirus of subgroup A (Rott et al, 1995). However, the TomRSV protease contains a His
residue in its substrate-binding pocket (instead of a Leu at the equivalent position in the
substrate-binding pocket of the proteases of GFLV and other nepoviruses of subgroup A/B)
which is important for catalytic activity (Hans and Sanfacon, 1995; and this thesis, Chapter 3

109

TomRSV
(QP)

(Op)

RNA-1 J x i

X2

Q

* ?

G

?s
AAA

Pol

NTB

VPg

(??)
RNA-2H ?

QG

QS

x

MP

CP

AAA

Fig 6.1 Genomic organization of tomato ringspot nepovirus RNA-1 and RNA-2. The
open reading frames are indicated by the boxes. Horizontal lines beside the open reading
frame indicate noncoding regions. Vertical lines through the polyprotein indicate known
and putative cleavage sites. Putative cleavage sites are shown by brackets. The sequence
of the determined and putative (between parenthesis) cleaved dipeptides at the Pro-Pol,
VPg-Pro, NTB-VPg, NTB-X2, and XI-X2 are shown for RNA-1. The sequence of the
cleaved dipeptides at the MP-CP and X-MP cleavage site are shown for RNA-2. The
cleavage site in the region N-terminal of the movement protein is indicated by (??). The
regions of homology at the 5' ends of RNA-1 and RNA-2 are lightly shaded.
Abbreviations are: nucleotide binding protein (NTB), VPg protein (VPg), 3C-like
protease (Pro), RNA-dependent RNA polymerase (Pol), coat protein (CP), movement
protein (MP), protein X (X), Protein XI (XI), Protein X2 (X2), and poly(A) tail (AAA).

and 5). This His residue is present in the substrate-binding pocket of the 3C and 3C-like
proteases from picorna-, poty- and comoviruses and plays a key role in the specificity of the 3C
protease for a Gin residue in the -1 position of the cleavage site (Bazan and Fletterick, 1988;
Allaire et al, 1994; Mathews et al., 1994). The different TomRSV cleavage sites identified so far
are consistent with this potential role of the His in the substrate-binding pocket of the protease
and include a conserved Gin at the -1 position (Fig. 1.7 ) (Hans and Sanfacon, 1995; Wang et al.,
1999; Wang, 1999; this thesis). Our results allow us to suggest a TomRSV cleavage site
consensus of (Cys,Val)-Gln/ (Ser,Giy) with the Gin in the -1 position being the most critical
amino acid in defining a TomRSV cleavage site as shown by the site-directed mutagenesis study.
These general features were also conserved in cleavage sites from other nepoviruses of subgroup
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C, although some included an Asn or an Asp in the -1 position (see Fig. 1.7) which may have
a function equivalent to that of the Gin and Glu found at this position in the picornavirus
cleavage sites. Interestingly, although cleavage occurs at very different dipeptides in the
polyproteins of nepoviruses of subgroup A/B, a Cys or Val (or Leu or He) was also found at the 2 position of some of these cleavage sites, especially those on the RNA-2 encoded GFLV
polyprotein (see Fig. 1.7).
The cleavage site specificity of the TomRSV protease was not solely determined by the
presence of a His residue in the putative substrate-binding pocket. Indeed, replacement of this
His by the Leu found in the putative substrate-binding pocket of the GFLV protease did not
allow it to recognize cleavage sites in which amino acids characteristic of GFLV cleavage sites
were introduced at the -1 position (see Chapter 5). In chymotrypsin it was found that changing
structural loops outside the substrate-binding pocket in addition to amino acids in the substratebinding pocket was required to change the substrate specificity to that of trypsin (Hedstrom et
al, 1992; Hedstrom et al., 1994). As discussed in Chapter 5, it is possible that changing similar
structural features in the TomRSV protease in addition to mutations in the substrate-binding
pocket is also required to alter the substrate specificity. It is difficult to predict specific amino
acids involved in substrate recognition based solely on sequence homology. X-ray
crystallography has been effective in predicting amino acids involved in substrate recognition for
other picorna-like viruses proteases (Allaire et al., 1994; Mathews et al, 1994). Obtaining the
3D structure of the TomRSV protease through X-ray crystallography is therefore an essential
step in the prediction of amino acids from the protease that are involved in the interaction with
the substrate. The importance of amino acids in the cleavage site specificity of the protease
could then be confirmed using experiments similar to the ones described in Chapter 5. Finally,
X-ray crystallography could be used to demonstrate the identity of amino acids of the catalytic
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triad. His

has been suggested as a member of the catalytic triad by site-directed

mutagenesis (Hans and Sanfacon, 1995). However, the identity of this and other members of the
catalytic triad predicted from sequence homology needs to be confirmed.
Other factors in addition to the primary amino acid sequence around the cleavage sites
are likely to play a critical role in the recognition of the cleavage sites by the protease. In our in
vitro assay, tripeptide VQ /S present on the X-MP precursor was not recognized by the
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TomRSV protease either in a wild-type precursor or in a precursor in which the Q /S cleavage
934

site was deleted even though it met the TomRSV cleavage site consensus (see Chapter 3). In
contrast, alternative cleavage sites have previously been found to be processed in flaviviruses
when the normal cleavage site was mutated (Nestorowicz et al, 1994; Bartenschlager et al,
1995). These results suggest that other factors such as secondary structures are likely to be
important for the definition of TomRSV cleavage sites as suggested by Ypma-Wong et al,
(1988) for the poliovirus cleavage sites. Although processing at the Q /S dipeptide in vitro was
907

detected, it is possible that it may be processed in vivo in larger precursors including the entire
P2 polyprotein which may present a different secondary structure around this site. This may
provide an explanation for a previous observation made in this laboratory that two closely
migrating species of the movement protein were observed upon SDS-PAGE analysis of extracts
of TomRSV infected protoplasts (Sanfacon et al., 1995).
As mentioned above, an additional cleavage site was detected in the N-terminal region of
the RNA-2 encoded polyprotein using in vitro translation systems and partial RNA-2 cDNA
clones (see Chapter 3). Surprisingly, mutagenesis of two potential tripeptides (VQ /G and
301

VQ /G), which met the TomRSV cleavage site consensus, did not eliminate proteolytic
processing at this cleavage site. This suggested that either these cleavage sites have a different
sensitivity for point mutation than that observed for the Pro-Pol and X-MP cleavage sites or that
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cleavage occurred at different cleavage sites that did not fit our consensus. As discussed in
Chapter 3, cleavage at this site is very inefficient in the precursor studied in contrast to the very
efficient cleavage at the X-MP or Pro-Pol cleavage sites. It is interesting to note that in
potyviruses, inefficient ds-processing at the C-terminus of the NIa protease was shown to occur
at cleavage sites that differed considerably from the consensus established for these viruses (Kim
et al., 1995; Parks et al., 1995, Kim et al., 1996). A more extensive site- directed mutagenesis
study could be used to indicate the possible location of the cleavage site. However, the identity
of this cleavage site can not be confirmed unless N-terminal sequencing is used to verify the
amino acid sequence of products resulting from processing at the cleavage site. This would prove
to be very difficult because cleavage at this site is very inefficient. It may be possible to improve
the efficiency of cleavage at this site either by modifying the precursor used (i.e. including a
larger part of RNA-2), by using a different protease precursor (as shown for the poliovirus 3C
and 3CD proteases, Ypma-Wong et al., 1988) or by addition of a protease co-factor (as shown
for comoviruses and flaviviruses, Failla et al., 1994; Failla et al., 1995; Peters et al., 1992a;
Peters etal, 1992b; Franssen etal, 1984a).
In our site-directed mutagenesis experiments, we have created several mutated cleavage
sites that were inefficiently cleaved by the protease (Fig. 4.1a and b). These results may be used
for the development of substrate based protease inhibitors against the TomRSV protease. The
exact mechanism of proteolytic processing is not known but is probably similar to that of serine
and cysteine proteases (Dougherty and Semler, 1993). In this model, the substrate-binding
pocket of the protease must first recognize and bind to the precursor substrate. Cleavage then
occurs and an acyl-Cys is produced between the protease active site and the N-terminal cleaved
product. The final step of the reaction involves the release of the carboxylic acid product and the
regeneration of the active site of the protease. A wild-type substrate would undergo all these
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processes and may therefore act as a competitive inhibitor of protease. Several mutant
cleavage sites characterized in Chapter 4 were either not cleaved or cleaved inefficiently by the
protease. It is not known at this point whether this reduced cleavage is due to inefficient binding
of the protease to the substrate or to inefficient cleavage or release of the cleaved product from
the protease. Further experiments (such as far-westerns and competition of proteolytic activity)
would be necessary to determine the ability of these mutated cleavage sites to bind to the
protease. Mutated cleavage sites that can bind tightly to the protease but are not cleaved or
released are potential irreversible inhibitors that would interfere with the protease active site. The
characterization of such inhibitors could be of importance in the development of new strategies
to engineer resistance to plant viruses and would also be useful tools towards a better
understanding of the protease-substrate interactions.
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