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Introduction

Mammalian endopeptidases and exopeptidases participate in a wide variety of
ceflular processes. They are responsible for the relatively non-specific degradation of
proteins targeted for digestion or recycling, and they also perform highly specific
single-site cleavages necessary for the activation or inactivation of functional proteins
and peptides. Likewise, numerous viruses that infect mammalian cells utilize virus-
encoded proteases to regulate their replication cycle. Mammalian proteases are
expressed as enzymatically inactive zymogens requiring specific co- or post-trans-
lational processing by self or other proteases. Virus-encoded proteases are expressed
as part of viral polyproteins that also require specific autoprocessing to release the
fully active protease. Thus, the same theme ts used, where structural motifs prevent
the enzyme from being active before the appropriate time and place, and catalytic
proficiency is regulated by the formation of the active protease (Babé and Craik,
1997). This theme must be kept in mind when designing heterologous expression
systems for mammalian and viral proteases to ensure the production of active or
activatable enzymes.

Advances in the study of proteases in the past two decades have been largely
dependent on the ability of researchers to produce significant quantities of pure
enzymes. Generally, recombinant gene expression systems have been used to accom-
plish this task, especially for proteases that are naturally produced in very limited
amounts. Heterologous expression systems also have the advantage of being able to
produce variant proteases at will, allowing the study of structure-function relation-
ships and modifications of their properties.

In addition to basic research, the production of recombinant proteases has been
crucial to the development of commercial products. For example, recombinant
bovine chymosin, an aspartic protease, is used in the manufacture of cheese, while
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human tissue-type plasminogen activator, a serine protease, is sold as a therapeutic
agent for the dissolution of bloed clots following a heart attack. The production of
human and viral recombinant proteases has also been critical for the development of
new therapeutic protease inhibitors. The ability to screen extremely large numbers of
low molecular weight compounds for potent and selective protease inhibitors is
dependent on the ability to produce large quantities of pure enzyme. Two exarnples of
commercially successful protease inhibitor therapeutics are angiotensin-converting
enzyme (ACE) inhibitors for proper blood pressure regulation, and the now familiar
human immunodeficiency virus (HIV) protease inhibitors for the control of the
acquired immune deficiency syndrome (AIDS).

There are many different eukaryotic and prokaryotic expression systems that can
be applied to the production of enzymatically active proteases. The list includes:
mammalian cell based systems (Chinese hamster ovary cells, COS monkey cells, 293
human embryonic kidney cells, or 3T3-NIH mouse fibroblast cells), insect cell based
systems (baculovirus or Drosophila S2 cells), yeast systems (Saccharomyces cerevisiae
or Pichia pastoris), and numerous bacterial systems. Many of the reagents and strains
needed to use these systems are now commercially available (for a practical guide to
protease production see Bromme and Schmidt, 1999).

This review will focus only on the use of bacterial systems for the expression of
mamimalian and viral protease genes. Table 8.1 provides examples of £. coli expression
systems successfully applied to express members of all four major classes of
mammalian protease. Table 8.2 provides a list of viral proteases from numerous virus
families, which have also been successfully expressed in E. colf. Generally, bacterial
expression systems are preferred, due to their ease of use and inexpensive fermen-
tation and scale-up costs. The molecular genetics and physiology of Escherichia coli,
the bacteria most often used for heterologous gene expression, are arguably better
understood than any other organism. There is also an abundance of different £. coli
expression systems that are commercially available. Of the eukaryotic systems, yeast
can be grown relatively easily and inexpensively, but it still cannot typically compete
with bacteria in terms of rapid doubling times and robust growth, However, bacteria
usually cannot be used for the production of recombinant proteases that require post-
transtational modifications such as glycosylation and phosphorylation for activity. In
general, large complex proteases with multiple sub-units or domains, especially ones
that have a large number of disulphide cross-links, are not good candidates for
production in bacteria. Since expression is still as much an art as a science, one cannot
predict a priori what system may or may not work for any given protease. But, as
listed in this review, mammalian and viral proteases of nearly every type have been
successfully produced in bacteria. Since bacterial systems are quick, easy, and
inexpensive to use, they are usually the first system to be tried for the production of
a novel protease.

Expression systems

GENERAL PROPERTIES

The general components of a bacterial expression cassette for the production of a
‘typical’ protease are shown in Figure 8.1. Expression vectors with selectable
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markers, and transformation or transfection protocols for the introduction of DNA
into the bacterium, must be readily available for the expression host of choice. In
cases where plasmid instability or the cost of the antibiotic for selection is prohibitive
for large-scale fermentations, gene stability can be achieved by integrating the entire
expression cassette into the chromosome. Otherwise, simple plasmid-based systems
are usually chosen for expression studies.

For any expression system to be successful, the following requisites must be met:
large amounis of mMRNA. need to be synthesized, the mRNA should be stable and
translated at high efficiency, the protein should fold correctly (or be amenable to
refolding), and the product must be resistant to proteolysis {or preduced in a protease-
deficient host). Synthesizing large amounts of mRNA can be accomplished by
placing a strong promoter upstream of the gene of interest and a strong terminator at
the end of the gene. The promoter should carry an operator so that induction of
expression can be controlled. High expression levels can typically slow the growth of
the bacteria, or even be toxic, so it is desirable to induce expression only after the cells
have grown to a high density. Strong inducible promoters have been characterized for
commonty used expression hosts and are readily available from commercial mole-
cular biclogy vendors.

Generally, the mRNA that is synthesized consists of a 5' untranslated region
followed by a ribosomal binding site, a methionine initiation codon, the structural
protease gene of interest, a stop codon, and a 3' untranslated region (Figure 8.1). The
mRNA stability and the transtational efficiency both generally depend on the sequence
encoded in these regions. For example, a high translational rate may increase mRNA
stability since the ribosomes may block nucleases from degrading the mRNA.
Alternatively, changing the sequence to improve the ribosomal binding site may alter
the mRNA secondary structure in such a way to make it more sensitive to degradation.
It is not easy to predict how changes in the mRNA sequence will affect its stability.
However, in general, secondary structures such as hairpin loops located at the 5' and
3" ends of the mRNA will increase stability.

Transiational efficiency can be improved by using a strong ribosomal binding site
that is not buried in mRINA secondary structure, using the best initiator codon (usually
AUG rather than GUQ), a gene relatively free of contiguous rare codons, and a good
stop codon sequence {UAAU in E. coli, for example). In practice, one usually starts
implementing the factors outlined above for efficient translation and then uses the
native sequence for the gene of interest. If this fails, introduction of optimal codons or
attempts to improve mRNA stability should be considered. Other effective ways to
improve mRNA stability and/or translational efficiency include fusing the protein of
interest to a highly expressed protein, or performing translaticnal coupling of the gene
of interest to a highly transcribed gene. The latter system involves making a two-gene
cistron that delivers a steady stream of ribosomes to the translational start of the gene
of interest.

An additional consideration is whether to produce soluble or insoluble material.
Mammalian proteases can be produced in the bacterial cytoplasm, secreted into the
culture medium or, in the case of gram-negative bacteria, exported into the periplasm.
In most cases, recombinant proteins are targeted to the cytopiasm when the produc-
tion of insoluble inclusion bodies is desired. In general, inclusion body formation
simplifies purification and reduces the proteolytic degradation of the recombinant
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Figure 8.1.  Schematic diagrams of the general components needed for the expression of a mammalian
protease in bacteria. A) A schematic representation of a typical expression plasmid used to produce
recombinait mammalian protesses. An origin of plasmid replication (ori) and a selectable marker (SM) are
nceded for maintenance of the plasmid in the bacterium. A strong promoter and operator (P/Q) with a
terminator (T) ensures high inducible levels of mRNA, and 2 consensus ribosomal binding site (RBS)
promotes translational initiation. Upward pointing arrows denote locations where the 5' end of the protease
gene may be fused to the expression plasmid, and downward pointing arrows are possible sites for fusion of
the 3 end of the protease gene to the vector. The expression vector may be designed so that the produced
prolease is fused to a bacterial signal sequence or N-terminai tag (S8/NT) for secretion/expert or euse of
purification/identification, respectively. The protesse may also be fused 1o a highly expressed or solubilizing
protein {FP), or translutionally coupled (TC) to a highly expressed gene. A fusion protein (FP) or C-terminal
tag (CT) can be attached w the C-terminaf end of the protease to aid purification or increase solubility. B)
Schematic representation of a typical protease gene. The protease may have a pre-region (Pre) to direct
seeretion inte the endoplasmic reticeium, a pro-peptide andfor N-terminal domain(s) {Pro/ND), the cataiylic
domain, and a C-terminal domaints) (CD). Depending on the requirements of the experimentalist, various
domins may be eliminated from Lhe catalytic domain when the gene is inserted in the expression vector (bars
shown below thie schematic protease gene represent regions that may be inserted into the expression plasmid),

protease; however, renaturation of the protease to achieve native specific activity may
be difficult. Soluble production of recombinant protease in the cytoplasm can be
enhanced by using mutant hosts that aflow disulphide bond formation {eg 1rxB in E.
coli), co-expression of chaperones, or by fusing the protease of interest to a soluble
protein. In most cases, soluble proteases may be more easily produced by exporting
them to the periplasm or by secreting them into the culture medium. In these cases, it
is usually desirable to use bacterial signal sequences to target the mammalian protease
for export and secretion. No matter what compartment is chosen for production, the
use of protease-deficient bacterial strains can be used to reduce proteolytic degradation
of the recombinant protein.
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A schematic diagram of a generalized protease gene is shown in Figure 8 1. Most
proteases of interest have a native signal sequence, an N-terminal pro-peptide that
must be cleaved to activate the enzyme, and a mature catalytic domain. For some
mammalian serine proteases, the N-terminal pro-region has evolved into a large
domain(s) that remains linked to the catalytic domain even after activation. Other
proleases have one or more large C-terminai domain(s). Since it is often difficult to
express large multi-domain proteins in bacteria, one may choose 1o express truncated
versions of the protease gene that lack some or all of the N- or C-terminal domains.
Also, the pro-region may not need to be included in the expression cassette if it is not
important for the proper folding of the protease.

GRAM-NEGATIVE BACTERIAL SYSTEMS

As mentioned above, the gram-negative bacteria, Escherichia celi, is by far the most
utilized vehicle for the production of mammalian proteases since the physiology and
genetics of this organism are better characterized than any other bacterium. A detailed
dissertation about expressing heterologous genes in £.coli will not be presented here
since a number of excellent reviews have been published on this topic in the past
several years (Georgiou, 1996; Hanning and Makrides, 1998, Mazkrides, 1996; Rosé
and Craik, 1996; Weickert et al., 1990). However, specific E. coli expression systems
that have been used successfully for the production of each class of mammalian and
viral protease will be outlined in this review. To help the researcher get started
producing these proteases in £. coli, many different expression systems are now sold
commercially and, in some cases. vectors, hosts, parification products, and detaiied
protocols are provided in a single kit

Initially, it is wise to choose an E.cofi system that has worked for the preduction of
the most closely related proteases to the one of interest. The construction of the
expression system and the sclection of the E. coli host will depend on whether the
protease will be targeted 1o the cytoplasm, exported to the periplasm, or secreted into
the culture medium. Keep in mind that production in the periplasm or culture medivm
is usually desirable if a soluble product is needed. However, as mentioned earlier,
several approaches can be tried to produce soluble proteins in the cytoplasm.
Examples include: fusing the protease to another protein (LaVallie and McCoy, 1995;
Stahl et al., [997), co-expressing with a chaperone (Wall and Pliickthun, 1995, Cuise
et al, 1996), using a thioredoxin deficient strain (to allow disulphide bond formation
in the cytoplasm), or altering the bacterial growth conditions (Georgiou and Valax,
1996, Hockney, 1994; Zhang et af, 1998).

Ubiquitin fusion technology offers a new method for producing large quantities of
good quality recombinant proteins. The expression systerns consist of a suitable E.
coli host strain paired with a plasmid that encodes the ubiquitin fusion, and an
ubiquitin-specific protease, UCH-L3, which cleaves only C-terminal extensions from
ubiquitin (Pilon er al., 1997). Not only is overexpression achieved (multigram
quantities of recombinant product from a 10 litre fermentor are common), but the
chaperone-like function of the ubiquitin moiety ensures proper folding and bioactivity
of the products.

For soluble expression, the best choices are titratable promoters, such as the lac or
lac hybrid promoters, that are inducible by IPTG {Schweizer and Karkhoff-Schweizer,
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1997} and can be induced at different tenperatures. Recombinant proteins can be
easily targeted to the periplasm by tusing a standard gram-negative signal sequence
to the protease of choice (Pines and Inouye, 1997). The recombinant protease may
leak into the medium once produced in the periplasm, or will be directly secreted into
the medium if one uses a cell wall-less L-form of £ coli {Gumpert and Hoischen,
1998). Strategies for the active secretion of proteins through the periplasm have been
developed (Blight and Holland, 1994; Sandkvist and Bagdasarian, 1996) but, as yet,
not effectively utilized for recombinant mammalian or viral protease production.
Proteolytic degradation by endogenous E.coli proteases can be a problem when
producing soluble recombinant proteins in the cytoplasm or periplasm. Strategies
such as the use of protease deficient strains {Meerman and Georgiou, 1994), or the
production of proteins as insoluble inclusion bodies in the cytoplasm, have been
helpful in reducing recombinant protein degradation (reviewed by Murby er ai.,
1996). Refolding of material extracted from inclusion bodies has successfully produced
active mammalian proteases (see below), and various renaturation protocols have
been developed (Guise et al., 1996; Lilie et al., 1998). For the production of large
amounts of insoluble protein, the use of a strong promoter system, such as the
bacteriophage T7 promoter (Studier er al., 1990), is usually advisable.

Although other gram-negative bacteria have been used as hosts for recombinant
protein production (Billman-Jacobe, 1996), to our knowledge, only the cell wall-less
L-form of Proteus mirabilis has been used successfully to produce a mammalian
protease (Klessen er al., 1989),

GRAM-POSITIVE BACTERIAL SYSTEMS

Gram-positive bacteria, most notably Bacilius subtilis, have been used Very suecess-
fully for the production of recombinant enzymes used in industrial applications
(Ferrari et al., 1993; Harwood, 1992). However, to this date, the majority of the
recombinant proteins produced commercialty by gram-positive bacteria are of bacterial
origin. Thus, these organisms have had little impact in the commercial (or even
research) production of mammalian proteins when compared to the gram-negative
bacteria, E. coli. Still, gram-positive bacteria are atiractive hosts, since recombinant
proteins can be secreted directly into the culture medium by virtue of having a single
cell membrane, instead of having both a cytoplasmic and an outer membrane [ike
gram-negative bacteria. They can also produce high titres of extracellular products in
fermentors, where yields of > [ gram/litre are not uncommon. In the case of B.
subtilis, many reagents are available for heterologous gene expression (Wang and
Doi, 1992). These include: a range of plasmid vectors (Perego, 1993; Janniére ef af.,
1993), promoters (Conrad ¢f af., 1996; Henner, 1990; Lam et al., 1998, Le Grice,
[990; Nagarajan, 1990), signal sequences {Nagarajan, 1993}, and transformation/
transduction protocols (Hoch, 1991). Unfortunately, B. subtilis produces many
intracellular and extracellular proteases (Pero and Sloma, 1993) which can degrade
recombinant products, and also the bacterium has difficulty secreting large multi-
domain eukaryotic proteins (Bron ef al., 1998), especially ones with multiple disulphide
bonds. Thus, the construction of protease deficient strains, and studies characterizing
the secretion apparatus of B. subtilis, have been the focus of extensive research groups
{(Wong, 1995).
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Other members of the Bacillus genus, especially ones such as Bacillus brevis
{Udaka and Yamagata, 1993), that are naturally deficient in extracellular proteases,
have been tested for their ability to preduce heterclogous proteins. Ceryvnebacterium
glutamicum was used to express and secrefe the bacterial protease subtilisin (Billman-
Jacobe et al., 1995). Other gram-positive bacteria like Streptomyces lividans (Binnie
et al., 1997) and lactic acid bacteria (Chassy and Murphy, 1993) have been used to
praduce recombinant mammalian proteins. But to date, B. subrilis has been the major
gram-posilive bacteria used to express heterologous genes (Billman-Jacobe, 1996).

Specific expression systems for mammalian proteases

ASPARTIC PROTEASES

Aspartic proteases are characterized by having two aspartate residues in the active site
cleft of the enzyme that aid in the nucleophilic attack of the peptide bond by an
activated water molecule. Mammalian proteases of this type generally beleng to the
pepsin family of aspartic proteclytic enzymes, and include the gastric proteases such
as pepsin, the lysosomal protease cathepsin D, and processing enzymes like renin.
Production of aspartic proteases in bacterial systems has been useful both for the
development of commercial products and for structural studies of aspartic proteases
in general.

The first mammalian protease gene expressed in bacteria, and even one of the first
active mammalian enzymes purified from E. coli, was bovine chymosin (renin), Pro-
chymosin is secreted into the fourth stornach of the non-weaned calf where it is
acid-activated to chymosin by the removal of the 42 amino acid N-terminal pro-
peptide. Chymosin specifically cleaves the milk protein B-casein, inducing the
coagulation of milk that apparently aids milk digestion in the calf (Foltman and
Szecsi, 1998). For commercial applications, chymosin is used as a milk-clotting agent
in the manufacture of cheese. Due to the limited supply of chymosin from natural
sources, this protease became an early favourite of the biotechnology industry for
commercial recombinant production (Yu, 1994). Since the early 1980s, many groups
have worked on improving chymosin production in bacteria. Initial studies used the
lacUV5 or the trp promoter to produce insoluble chymosin in inclusion bodies
(Nishimori ef al.. 1982; Emtage et al., 1983). The expressed pro-chymosin was
extracted from the inclusion bodies by urea, refolded by dialysis, and activated by
acid treatment (Emtage ef al., 1983; McCarman ef al., 1985; Nishimori ef af., 1984),
In another system, insoluble chymosin was produced in fermentors to a level of 5%
of the total protein (Marston ef al., 1984). Eventually, by using the fac promoter,
enzymaltically active chymosin could be produced at 12 mg per litre of culture broth
(Kaprilek er a/., 1990), The expression of chymosin has alsc been used as a model
system in the development of more efficient ribosomal binding sites (Emtage et al.,
1983; Kawaguchi et al., 1986; Wang ef al., 1995a}. In addition, active chymosin has
been produced in the culture medium by secretion from protoplast type L-forms of
Proteus mirabilis at 17 mg/litre by using the streptococcal pyrogenic exotoxin type A
promoter and signal sequence fused to the pro-chymosin gene (Klessen et af., 1989).
Soluble pro-chymosin has also been secreted into the medium from B. subtilis by
using the neutral protease promoter and subtilisin signal sequence; however, the
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yields were quite low (100 ug/litre of culture) (Parente et al., 1991 }. Tt should be noted
that pro-chymosin was produced in the lactic acid bacteria, Lactococcus lactis, but
could not be activated (Simons ef af., 1991).

The zymogen form of pepsin, pepsinogen, is secreted into the gastric lumen. The
acidic gastric environment promotes autocatalysis to yield the active pepsin, which
then aids in the degradation of proteins during digestion. In humans, several different
pepsinogen genes give rise to a number of different isozymes (such as pepsinogen A
or C-type aspartic proteases) {Tang, 1998). Similar to pro-chymosin, pepsinogen has
been produced in E. coli as insoluble material that can be refolded and activated to
produce pepsin. Activatable porcine pepsin was efficiently expressed without a signal
sequence. Levels of up to 50 mg/litre were achieved by using the lac or rac promoters
(Lin er al., 1989; Tsukagoshi ez a/., 1988) and up to 500 mg/iitre with a T7 promoter
(~ 10% could be refolded and activated) (Lin ef af., 1994}, An active site mautant of
pepsinogen, D32A, produced in E. coli could not be activated to pepsin (Lin ef al.,
1989). Acid-activatable soluble porcine pepsinogen was produced at 6 mg/litre as a
thioredoxin fusion protein when the cultures were grown at 22°C, while mostly
insoluble matertal was produced at 30°C (Tanaka and Yada, 1996}. However, human
pepsinogens were produced as insoluble aggregates which could be activated after
refolding when expressed fused to either the N- or C-termini of the maltose-binding
protein {Aoki er al., 1998; Sachdev and Chirgwin, 1998). Soluble and activatable
porcine pepsinogen was secreted by Bacillus brevis into the culiure medium at fevels
of about 5 mg/litre by using the middie wall protein promoter and a signal sequence
(Takao et al., 1989),

Cathepsin D is a major lysosomal protease that is involved in the general intra-
cellular degradation of proteins (Conner, 1998). It is present in lysosomes in its
enzymatically active form. Human procathepsin D was produced in E. coli as
insoluble inclusion bodies, but the enzyme could be extracted, refolded, activated
(Conner and Udey, 1990), and further purified using an inhibitor affinity columm
{Conner and Richo, 1992). Unfortunately, unlike pepsin and chymosin, only about
1% of the pepsin could be refolded into its native state, and the majority remained as
insoluble aggregates (Scarborough and Dunn, 1994), Further attempts to increase the
soluble fraction by fusing maltose-binding protein or thioredoxin to the C-terminus of
procathepsin D did increase the solubility of the refolded material, but less than 2%
could be activated (Sachdev and Chirgwin, 1998).

Unlike the ubiquitous cathepsin D, cathepsin E is present only in a limited number
of cells and tissues (Kay and Tatnell, 1998). It is found in non-lysosomal endosomal
compartments that are generally associated with the endoplasmic reticulum, and the
active enzymne is isolated as a homodimer linked by a disulphide bridge near the N-
terminus, Using a T7 promoter system, insoluble procathepsin E was preduced in E.
coli (Hill er al., 1993). The material could be extracted with urea, refolded by dilution,
and autoactivated by acidification to produce the native dimer, even though several
different N-termini are formed (Tatnell e al., 1997), A monomeric mutant, C4A, was
producedin E. coli, refolded, and found to have a similar specific activity as the native
dimer (Fowler ef al., 1993).

‘The medically relevant protease renin cleaves angiotensinogen to produce angi-
otensin, which is a vasoactive peptide involved in blood pressure regulation and
electrolyte balance (Suzuki ef af., 1998a). The pro-renin gene was expressed in E.
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coli, fused to the t7pE gene and produced in inseluble inclusion bodies (Imai et al.,
1986). This protease could be extracted, refolded and activated with trypsin but less
than 1% of the material could be recovered.

CYSTEINE PROTEASES

The first cysteine proteases isolated from mammals were the cathepsins, which are
closely related to the plant protease papain (Rawlings, 1998). These include the major
tysosomal proteases such as cathepsin B, £, and S. The cysteine-type peptidases use
the sulphydryl group of a Cys residue as the nucleophile. Their catalytic mechanism
is similar to serine-type peptidases, where a nucleophile and a proton donor/general
base are required. All cysteine proteases use a His as the proton denor (Storer and
Ménard, 1994). Although there is evidence that a third residue (Asp or Glu) is
required to orient the imidazolium ring of the histidine, His, there are a number of
proteases in which only a catalytic dyad is necessary. The cathepsins are secreted into
the endoplasmic reticulum as zymogens, modified, and transported to the lysosomes.
The pro-peptide blocks the active site cleft until activation occurs, then the catalytic
domain may be further processed by proteolytic cleavage. The cathepsins have been
implicated in diseases related to abnormal matrix degradation such as arthritis, cancer
and osteoporosis.

Using a T7 promoier system, procathepsin B was expressed in E. coli, the protein
was solubilized in urea, refolded by dialysis, then activated with pepsin. Approxi-
mately 3 mg of active enzyme was recovered from cells grown in [ litre of broth
(Kuhelj er al., 1995). Active cathepsin L was produced in E. coli using a similar
systemm (Smith and Gottesman, 1989), and later with an improved guanidinium
denaturation and refolding protocol (Dolinar ef al., 1995). Unfortunately, yields of the
final active product were low (less than 0.2 mg per litre), even when the initial
insoluble procathepsin L represented 5-10% of the total cellular protein. A similar E.
coli system was used to generate the more novel cathepsin O (Velasco ef al., 1994),
resulting in active protein after renaturation. Refolding and autoactivation at low pH
of insoluble procathepsin S, produced in E. coli, was also accomplished by expressing
the gene using a T7 promoter system (Kopitar ef al., 1996). Earlier systems used a
glutathione S-transferase fusion to the mature cathepsin S gene, and purification on a
glutathione affinity column produced soluble active cathepsin S (Petanceska and
Devi, 1992). Recently, glutathione S-transferase fusions have also been used to
produce soluble active cathepsin L2 (Santamarfa ef al., 19984), cathepsin Z (Santamaria
et al., 1998b), and cathepsin F (Santamaria ef al., 1999) in E. coli.

Caspases ('C’ for cysteine protease, “aspase’ 1o denote specificity for aspartic acid
residues) are the other major cysteine proteases found in mammals (Thornberry, 1998).
These enzymes are not homologous to cathepsins, but do have an active site dyad of
histidine and cysteine. Caspases are expressed as single chain polypeptides, and are
converled to heterodimers by cleavage at four aspartyl bonds. This cleavage which
yields the 22 kDa heavy chain and the 10 kDalight chain may be autocatalytic, or carried
out hy another caspase, or by granzyme B. Caspase-1 (interleukin-1§ converting
enzyme, ICE) cleaves pro-IL-1[3 to produce the active cytokine. Other caspases have
been implicated in inducing apoptosis, most likely through a proteolytic cascade
invoiving numerous caspases (Thornberry, 1998). Thus, due to their potential therapeu-
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tic value and fairly recent discovery, intensive research has resulted in the identification
of numerous caspase genes (ten human ones, thus far) and expression systems have
followed. Bacterial systerns have been very useful for the production of caspases since
their overexpression in eukaryotic cells can induce apoptosis. Active soluble murine
caspase-1 was produced in E. cofi using a pro-region truncated version (Molineaux er
al., 1993). An autolysis-resistant mutant was expressed by replacement of the caspase-
I pro-region with an N-terminal poly-histidine to facilitate purification (Dang ef al.,
1996). Soluble human caspase-1 was produced fused to TrxA, and some insoluble
material was also present that could be refolded to active enzyme for atotal yield> | mg
per litre (Malinowski et al., 1995). During refolding, caspase-1 is autocatalytically
processed to the active heterodimer (Ramage ef al., 1995). Milligram quantities of
caspase-1 were also prepared by producing each chain separately using the Ap
promoter. The two insoluble sub-units can be solubilized and then refolded together to
yield active enzyme suitable for crystallization (Walker ef af., 1994a) and stability
studies (Talanian ef al., 1996). A similar approach of expressing the sub-unit genes
separately was successfully used for the production of caspase-3 {apopain/CPP32)
(Rotonda ef al., 1996). Other caspases, such as: caspase-4 {ICH-2) (Kamens et al.,
1995). caspase-6 (Mch2) (Fernandes-Alnemri et al., 1995a), caspase-7 (Mch3)
(Fernandes-Alnenui ef al., 1995b); caspase-8 (MchS) (Srinivasula er al., 1996),
caspase-9 (Mché) (Stennicke et al., 1999), and caspase-10 ( Mch4) (Fernandes-Alnemri
eral., 1996; Srinivasula ef al., 1996}, have been produced in E. coli as well. Some have
been produced as soluble material either as a fusion to glutathione S-transferase, or with
the pro-region deleted, while others have been produced as insoluble full-length or sub-
unit aggregates that could be extracted and refolded to produce active enzyme.
Fortunately, most caspases can be autoactivated after refolding.

Another cysteine protease not related to cathepsins or caspases, microsomal ER-60
protease, has also been successfully produced in E. coli (Urade ¢r al., 1997).

METALLOPROTEASES

Metalloproteases are characterized by having a metal ligand {usually zinc) coordinated
to usually three amino acid side chains (such as His) on the protein. An additional
coordinated water molecule is involved in the nucleophilic attack of the peptide bond,
and there is normally another side chain (from a residue such as Glu) that is important
for catalysis. Of the mammalian metalloproteases, the matrix metalloproteases
(MMPs, matraxins) of the interstitial collagenase family have been the most inten-
sively studied due to their potential involvement in diseases such as cancer and
arthritis. In these proteases, the catalytic zinc is coordinated to three histidines that are
present in the motif HEXXHXXGXXH (X can be any amino acid). In general, these
MMPs consist of three domains, a pro-domain with a cysteine residue responsible for
maintaining the latency of the enzyme by interacting with the catalytic zinc, a
catalytic domain, and a hemopexin-like C-terminal domain that is most likely
involved in substrate specificity. Expression of the pro-enzymes is tightly regulated
by cytokines and growth factors, followed by secretion of the inactive pro-MMP in
most instances. Activation ensues, and regulation of the mature enzymes is generally
balanced by the locally produced TIPMs (tissue inhibitors of metalloproteases)
(Nagase and Woessner, 1999).
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The mammalian collagenases, interstitial collagenase (collagenase-1, fibroblast
collagenase, MMP-1) (Cawston, 1998}, and neutrophil collagenase {collagenase-2,
MMP-8) (Tschesche and Pieper, 1998) cleave each strand of triple helical collagen
Types 1, 1, and III at a specific site, to yield one-guarter and three-quarter collagen
fragments. The substrate specificity for triple helical collagen is lost when the C-
terminal domain of these proteases is removed. Interstitial and neutrophil
collagenase have been produced in E. coli in insoluble inclusion bodies, extracted
with urea or guanidine hydrochloride, then refolded by dilution or dialysis to
produce active enzyme. Full-length mature interstitial collagenase (human or por-
cine) was made by expressing the pro-enzyme {(Windsor ef of., 1991). N-terminat
fusions of the mature gene (via a collagen hinge region) have also been made using
p-galactosidase {O'Hare ¢ «l., 1992: Clark et af., 1995) or glutathione-S-trans-
ferase (O'Hare ef al., 1993). The pro-enzyme can be slowly autoactivated, or
activated by treatment with organomercurials, while the fusion proleins were
activated by cleaving at the introduced Factor Xa site after purification on antibody
(Windsor ef al., 1991} or hydroxamic acid affinity colamns (Clark e al., 1995).
Awtoactivation occurs rapidly when the coordinating cysteine residue in the pro-
peptide is replaced by serine (Windsor et al., 1991). The additional, and undesired,
autocatalytic cleavage within the C-terminal domain can be prevented by mutating
the cleavage site (O'Hare ef al., 1995). In addition, the catalytic domain of human
neutrophil collagenase was also produced in E. coli as insoluble aggregates that
could be refolded to an active conformation (Schnierer ef al., 1993; Ho et al.,
1994).

'The mammalian gelatinases, gelatinase A (Type IV collagenase, MMP-2) (Murphy,
1998) and gelatinase B (Type V collagenase, 92 kDa collagenase, MMP-9) (Collier
and Goldberg, 1998), can cleave certain types of triple helical collagen such as Type
V coilagen and other matrix proteins like elastin, in addition to gelatin. Gelatinase A
is expressed in a wide variety of tissues, while gelatinase B is restricted mainly to
leukocytes and osteoclasts. The gelatinase domain structure and activation mechanisin
1s simmilar to that of the collagenases described above, except that a fibronectin-like
domain is inserted within the catalytic domain, and appears to be responsible for
substrate specificity. The catalytic domain of gelatinase A was expressed in E. coli
from a synthetic gene lacking the fibronectin-like domain. The protein was then
refolded to generate an active protease (Ye ef al., 1995).

The catalytic domain of gelatinase B was expressed using a T7 promoter system to
produce insoluble material that was also refolded to attain enzymatic activity (Kréger
and Tschesche, 1997). In addition, soluble gelatinase B was produced in the periplasm
of £, coli by fusion to the ompT gene, and the enzyme was activated by treatment with
trypsin (Pourmotabbed er al., 1994). More recently, a fibronectin-like domain deletion
of gelatinase B fused to glutathione S-transferase was isolated from the E. coli cyto-
plasm, purified as a soluble fusion protein, and activated by an organomercurial
compound (O Farrell and Pourmotabbed, 1998).

Stromelysin-1 (MMP-3} (Matrisian, 1998), matrilysin (MMP-7) (Woessner, 1998),
and macrophage elastase (macrophage metalloelastase, MMP-12) (Senior and Shapiro,
1998) cleave a wide variety of matrix proteins. Stromelysin-1 and matrilysin can also
activate pro-coliagenases and pro-gelatinases. Stromelysin-1 contains a structural
zinc molecule in addition to the normal catalytic zinc. Unlike the other MMPs,
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matrilysin does not have a C-terminal domain, and this domain is also rapidly
removed from macrophage elastase during purification. Stromelysin-1, matrilysin,
and macrophage elastase are not widely distributed in tissues but primarily found in
stromal cells, glandular epithelial cells, and macrophages, respectively. Active
catalytic domains of stromelysin-1 expressed by T7 promoter systems could be
isolated from the soluble fraction (Marcy er al., 1991; Ye er al., 1992} of E. coli, or
extracted from inclusion bodies (Suzuki er al., 1998b; Ye et al., 1992), with yields of
up to about 10 mg per litre of culture broth. Akso, growing the cultures at 27°C rather
than 37°C increased the amount of soluble protein (Ye et al., 1992). Full-length pro-
stromelysin-1 (Rosenfeld er al., 1994), as well as various pro-domain mutants
(Freimark et al, 1994), were refolded from inclusion bodies and activated with
chymotrypsin or organomercurials.

Pro-matrilysin has also been produced in E. coli, either fused to ubiquitin {Welch
et al., 1993) or to a C-terminal {His)6-tag (Itoh e al., 1996) which aided purification
from the extracted insoluble material. Human (Shapiro et al., 1993: Gronski er al.,
1997) and mouse (Jeng ef al., 1995) macrophage elastases have been extracted from
inclusion bodies produced in E. coli. During refolding and purification, the pro- and
C-terminal domains are autocatalytically cleaved generating the active catalytic
domain.

Another group of metalloproteases includes the membrane-type matrix
metalloproteinases such as MT1-MMP. They can activate pro-gelatinase A and pro-
collagenase 3 but net pro-gelatinase B, and can also degrade matrix proteins (Seiki,
1998). In addition to the typical MMP domains, MT1-MMP has a furin cleavage site
between the pro- and mature domains, and has a C-terminal transmembrane domain
with a short cytoplasmic tail. The catalytic domain, when refolded from inclusion
bodies produced in E. coli, is autoactivated during purification (Lichte et al., 1996;
Will ef al., 1996), but the recombinant enzymes did not require TIMP-2 for pro-gelA
activation, as observed during mammalian cell-mediated activation. The role of
TIMP-2 binding regions was explored by expressing various forms of recombinant
MT1-MMP fragments as fusion proteins with a FLAG tag at the C-termini (Kinoshita
et al., 1998). The protease can also be expressed as a fusion protein with glutathione
S-transterase at the N-terminus and activated by exogenous furin (Sato er al., 1996).

Recently, two new MMPs, MMP-19 (cloned from a human liver cDNA library)
(Pendds ef al., 1997) and enamelysin (MMP-20, from odontoblastic cells) (Llano e
al., 1997), have been cloned and expressed in E. coli. These MMPs were expressed
using a T7 promoter system, solubilized from inclusion bodies, and refolded to
produce active enzyme.

Other metallopeptidases that have been successfully produced in £. coli inclade: a
mitochondrial processing peptidase (Saavedra-Alanis er «f., 1994), thimet
oligopeptidase (McKie e al., 1995), pancreatic carboxypeptidase B (Edge er af.,
1998) and aspartyl aminopeptidase (Wilk ef af., 1998).

SERINE PROTEASES

Serine proteases generally have a catalytic triad of histidine, aspartate, and serine
residues. The hydroxyl moiety of the serine residue directly attacks the scissile
peptide bond to form an acyl-enzyme intermediate. The trypsin and subtilisin families
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are the two major types of serine proteases, and they differ both in structure and
sequence (Perona and Craik, 1995). Since there has been little success in expressing
members of the mammalian subtilisin family, such as furin and pro-hormone
convertases in bacteria, only the mammalian proteases of the trypsin family will be
discussed in detail below. Unlike most other mammalian proteases that contain fairly
long pro-regions and large C-terminal domains, members of the trypsin family tend
to have short pro-peptides, or large N-terminal domains that remain covalently
attached to the catalytic domain after activation.

Trypsin is produced in acinar cells of the pancreas as the inactive zymogen,
trypsinogen (Halfon and Craik, 1998). Trypsinogen is activated by the cleavage of a
short pro-peptide by enteropeptidase or by trypsin itself. This activated enzyme is
then involved in the digestion of proteins in the intestine. In humans, five different
trypsin genes are actively transcribed. Initially, trypsinogen (rat) was expressed in E.
coli fused (o the alkaline phosphatase (phoA) promoter and the signal sequence, then
the soluble protein was isolated from the periplasm, purified, and activated by
enteropeptidase cleavage of the pro-peptide (Graf er al., 1987). By deleting the DNA
coding for the activation hexapeptide of the zymogen in the above vector, active
trypsin was expressed in the periplasm (Vasquez et al, 1989). Further improvements
lo this system were made by using the fac promoter and fusing the mature trypsin
sequence directly to the hisJ/ signal sequence. In this instance, the protease was
activated during export to the periplasm by the signal peptidases of E. coli (Higaki et
al., 1989). This expression system provided enough trypsin and varions mutants for
activity and structural determinations that helped characterize the catalytic mechanism
of the enzyme. Using the above mentioned vector in a high cell density fermentation,
induction at late or early log phase with IPTG yielded 56 and 13 mg/litre of active
trypsin, respectively (Yee and Blanch, 1993). In addition, the gene III and VHI
encoded coat proteins of the bactertophage M 13 have been fused to the C-terminus of
trypsin in order to display active trypsin on the surface of bacteriophage (Carey et al.,
1993). Active human trypsin has also been produced using a Bacillus subtilis
expression/secretion system similar to the one described in this section for chymase
and granzyme K (Yoast and Schmidt, unpublished results). For the production of
enteropeptidase (the enzyme that converts trypsinogen to trypsin), the catalytic
domain of the enzyme was exported into the periplasm of E. coli using the DsbA
protein as an N-terminal fusion partner. In this case, enteropeptidase was autoactivated
by an engineered cleavage site at the fusion junction (Collins-Racie ef al., 1995).

The plasminogen activators, t-plasminogen activator (1IPA, tissue-type plasmino-
gen activator) (Lijnen and Cellen, 1998) and u-plasminogen activator (uPA,
urinary-type plasminogen activator, urokinase) (Ellis and Dano, 1998), are serine
proteases that convert plasminogen to plasmin by cleavage al a specific position.
Activated plasmin is a serine protease that then degrades fibrin in blood clots. Thus,
the plasminogen activators have been studied for their potentiai clinical use as
therapeutic thrombolytic agenss. In fact, (PA is currently sold commercially as a
thrombelytic agent for acute myocardial infarction. Both enzymes are produced as
zymogens with mulfiple N-terminal domains (such as fibronectin-like, epidermal
growth factor-like, or kringles) fused to the C-terminal serine protease catalytic
domain. These zymogens are activated by plasmin cleavage, which converts the
enzymes into two chains held together by a single disulphide bond. The binding of
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tPA and uPA to their respective ligands (fibrin or uPA-receptor) greatly increases
their activity towards plasminogen. Thus, tPA is a good acute thrombolytic agent
when given systemically, since it is a very poor plasminogen activator in the absence
of fibrin. Active human tPA was initially produced as very low levels in E. coli by
refolding sonicated cell pellets extracted with guanidine hydrochioride (Pennica et
al., 1983}. In a later study, about 3 mg/litre of tPA was recovered from inclusion
bodies using an improved extraction and refolding protocot (Sarmientos ef ai., 1989).
Insoluble tPA was produced using either the 17 or bacteriophage A p, promaoters, and
with or without the native signal sequence. Increased yields (up to 100 mg/litre) of
refolded purified (PA could be produced when expressed with only one kringle
domain (the fibronectin-like, epidermal growth factor-like, and first kringle domains
were deleted) (Saito er al., 1994). Also, some soluble material was recovered from the
cytoplasm when tPA was expressed without the first N-terminal {fibronectin-like
finger) domain (Kagitani er al., 1985). In addition, soluble active tPA has been
produced in the E. coli periplasm using the fac promoter and phoA signal sequence
fused to the first kringle domain of tPA (Obukowicz et al., 1990). Recently, fuli-
length tPA was produced in the periplasm (~ 0.2 mg purified protein per litre) using
the arabmose promoter and enterotoxin It signal sequence when co-expressed with an
E. coli disulphide isomerase gene (dsbC) in a host deficient in periplasmic proteases
(Qiu et al., 1998). Thus, the production of a soluble, easily purified tPA in E. coli may
eventually be economically feasibie (Datar er al., 1993). Insoluble tPA has also been
produced in the cytoplasm of Bacillus subtilis (Wang et al., 1989), but this system has
not been optimized. The human pro-urokinase tissue plasminogen activator (pro-
uPA, pro-urokinase, single-chain uPA, scuPA) gene was cloned, and low amounts of
the active enzyme could be extracted from inscluble E. coli cell lysates (Holmes e al.,
1985). This system, utilizing the rp promoter induced with indole acetic acid, was
scaled for a [0 litre fermentation that produced over 100 mg of pro-uPA. This protein
coutd then be solubilized, refolded, and activated to the two-chain form by plasmin
(Winkler and Blaber, 1986). Enough of the protein was produced to enable researchers
to study the kinetics of plasminogen activation by recombinant uPA (Collen ef al.,
1986; Lijnen et al., 1986). Improvements in the expression system were made by
using alternative ribosomal binding sites and transcriptional terminators (Brigelius-
Fiohé ¢t al., 1992). Recently, further improvements have been made in the production
of uPA by simplifying the extraction and purification procedure, Examples include:
taking advantage of a C-terminal (His) -tag (Tang eral., 1997}, or using a T7 promoter
system with a synthetic gene constructed to have optimal E. coli codons (Hua ef al.,
1996: Xue er af., 1997). In addition, using the gram-positive bacterinmm Lactococeus
lactis as a host, the catalytic domain of bovine plasmin was produced in the cytoplasm
or secreted into the medium using the preP promoter or usp43 promoter and signal
sequence, respectively; however, the yields were quite low (Amau er al., 1997).
There are a number of serine proteases that are necessary for blood coagulation,
Thrombin {coagulation factor Ila, fibrinogenase) converts soluble fibrinogen into
fibrin monomers that polymerize to form a blood clot (Stone and LeBonniec, 1998).
Factor X1, activated by thrombin, then cross-links fibrin 1o stabilize the clot.
‘Thrombin also triggers the coagulation cascade by its involvement in platelet activa-
tion, but when bound to endothelial cells, it can also shut the coagulation cascade
down by activating protein C. Coagulation factor Xa, when bound to calcium, Factor
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Va, and phospholipids, activates pro-thrombin by the cleavage of two peptide bonds
(Stenflo, 1998). Coagulation factor TXa {Bajaj, 1998) deficient in people with
haemophilia B, can activate coagulation factor X (the zymogen of coagulation factor
Xa). Thrombin consists of a short N-terminal A chain (36 amino acids in human
thrombin, produced during activation) covalently attached by a disulphide bond 1o the
serine protease B chain. Coagulation factors Xa and IXa have an N-terminal Gia
domain (y-carboxyglutamic acid domain) followed by two epidermal growth factor-
like domains, and then the catalytic domain.

Enzymatically active {-thrombin naturally arises from a single chymotryptic
cleavage at Tfp- 148 of the catalytic domain that yields two noncovalent polypeptide
segments. The recombinant {2-thrombin segment (B chain residues 149-259) was
preduced in E. coli using the frp promoter and a trp E fusion, and refolded from
inclusion bodies. The enzyme was reconstituted by adding purified {l1-thrombin (A
chain linked via disulphide to B chain residues 1-148) to the recombinant {2-
thrombin (Gan et al., 1991). More recently, prethrombin-2 (A chain fused to B chain
as a single polypeptide without the coagulation factor Xa cleavage between chains)
was produced in E. coli using a T7 promoter system. Inclusion bodies yielded
approximately 0.6 mg per litre after refolding, and the prethrombin-2 produced could
be processed to active thrombin (DiBella ef al., 1995). Stmilarly, truncated versions
of coagulation factors X and IX (missing the Gia and first EGE-like domains) were
produced in E. coli, extracted, refolded and activated for kinetic studies {(Hopfner et
al., 1997),

Kallikreins are a family of serine proteases that release the vasoactive peptides,
kinins (Lys-bradykinin or bradykinin) from kininogen. Kallikreins may also be
involved in the processing of other hormones and growth factors. Semenogelase
(prostate specific antigen, or insulin-like growth factor binding protein-3 proteinase)
is closely related to kallikreins, is present in seminal plasma, and has been used as a
diagnostic marker for prostate cancer (Chao, 1998a). Human tissue kallikrein (also
glandular, pancreatic, renal, or urinary kallikrein) is produced as a single chain
protein with a short (7 amino acids) pro-peptide (Chao, 1998b}. Human tissue
kallikrein was produced in the periplasm of E. colf using the fac promoter and phoA
signal sequence; unfortunately, only about 1% of the protein was active (Angermann
et al., 1989). Active and soluble tissue kallikrein could also be extracted with
detergents from insoluble aggregates produced from a T7 promoter system in E. coli
(Wang er al., 1991). A ten litre fermentation yielded about 3 mg of active tissue
kallikrein following extraction, refolding from insoluble aggregates, and activation
by thermolysin (Lu er al., 1996). A fusion of the arabinose promoter to mouse
kallikrein produced an insoluble fusion protein in E. coli that could be sotubilized
with guanidine hydrochloride, refolded by dialysis, and activated by limited proteo-
lysis with trypsin (Blaber er al., 1990). Similarly, insoluble pro-semenogelase was
produced using a T7 promoter system, extracted, and refolded from E, coli refractile
bodies, and activated by trypsin or by recombinant human tissue kallikrein {Takayama
ef al., 1997).

Serine proteases can also be found in the granules of mast cells and cytotoxic
lymphocytes. Mast cell chymase is released along with histamine and mast cell
tryptase during the degranulation of mast cells triggered by an allergic response
(Caughey, [998). Granzymes (T-cell specific proteinases, or cytotoxic cell proteinases)
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are released from granules into the intracellular space upon binding of a cytotoxic
lymphocyte to its target cell, resulting in the apoptotic death of the target cell (Berke,
1995; Henkart, 1994). Active granzyme A (a disulphide linked homodimer) was
produced in the periplasm of E. coli using a T7 promoter system by attaching a pelB
signal sequence-enteropeptidase cleavage site fusion to the mature granzyme A
sequence, and a C-terminal (His)6~tag (Beresford et al., 1997). Insoluble human
chymase was expressed from the p, promoter in E. coli fused to ubiguitin and an
enteropeptidase cleavage site, was solubilized with urea, and refolded to yield about
125 pg of active enzyme per litre (Wang ef al., 1995b).

Solable active chymase (McGrath ef al., 1997) and granzyme K (Babé ef al., 1998)
were secreted directly into the cultore medium using a Bacillus subtilis expression
system (yields of purified enzymie were over 0.2 mg per litre of culture broth). In these
studies, the subtilisin (aprE) promoter and signal sequence was fused to the mature
mammalian protease that was activated by B. subtilis signal peptidases during
secretion. Proteclytic degradation of the products was minimized by using extra-
cellular protease deficient bacterial strains (Wu et al., 1991).

Other serine protease types, such as prolyl-endopeptidase (Sommer, [993),
acylamino acid releasing peptidase (Mitta et af., 1998}, and a human homologue of
the £. coli ClpP protease {Corydon et al., 1998), have also been produced in E. coli.

Specific expression systems for viral proteases

PICORNAVIRIDAE PROTEASES

The picornavirus ssRNA genome is translated into a single polyprotein precursor.
The subsequent proteolytic cleavages required to release mature proteins can be
separated into three categories: (1) the precursor to the capsid proteins is cleaved co-
transtationally by the virus-encoded 2A protease (one cleavage event at its own
N-terminus); (2) the N-terminal polyprotein region is autoprocessed (for members of
the aphthovirus and cardiovirus genera, this is performed by the virus-encoded
L-protease); and (3) the remaining cleavages within the viral polyprotein are carried-
out by the virus-encoded 3C protease (Lawson and Semler, 1990). Members of the
picornavirus family include numerous human pathogens such as polio virus, hepatitis
A, thinovirus, and coxsackievirus (Rueckert, 1996). The ZA and 3C proteases both
contain a cysteine as the active site nucleophile, but the protein foids are different. The
crystal structures of several 3C proteases reveal a chymotrypsin-like fold and confirm
the catalytic triad including the active-site cysteine (Matthews ef al., 1994; Bergmann,
et al., 1997). The recently elucidated 2A protease structure is also chymotrypsin-
related, but unusual (Petersen et al., 1999). Both proteases have received considerabie
attention as potential targets for antiviral therapies, and numerous bacterial expression
schemes have been used (Figure 8.2 illusirates several examples for rhinovirus 3C
protease).

The 2A protease of rhinovirus was expressed as a fusion protein in E. coli under the
control of the & promoter. The fusion consisted of the sequence for the first 98 amino
acids of the MS2 polymerase and a portion of the viral genome that encompassed the
2A protease and extensive viral sequences at both ends (Sommergruber ef al., 1989).
These early results showed that the protease could be expressed in E. cofi as a fusion,
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Vector/ Expression Cassetfe Comments
Promoter
3C Periplasmic, partially soluble,
pIN-III-OmpA3 derived ~ 1mg of chimera/L of culture
Ipp-lac tandem Flag tag after purification
3C Al least 50% of 3C is soluble,
pAT153 derived ~ 0.5-1.0 mg/L of culture
tac 9 nucleotide spacer after purification.”
C
{(PR202) ]

*3A 3B 3C D+ pR207 yielded highest level
pKK322-2 (pR207) - of soluble, active 3C protease,
trp-lac ) t 3-5% of total cell protein™

*3A 3B 30 3D
(pR20%y b} ]
44 4
thrombin site
Efficient purification of 3C by
pGEX-1N L affinity chromatography, thrombin
tac 3Gly cleavage and gel fiftration:
thrombin site
Purified mature 3C protease
pQE-31 used as reagent to cleave
5 other fusions proteins.™
*3A4 3B 3C Majority of 3C found in
pET-3a cytoplasmic granules,
lacUV5 10-20% total cell protein®
cpitope S-lag
to3c 3D Two step purification yielded 3CI
pET-30a e | 0.02-0.04 mg/L cullare,
lacUVS ~70% pure.®

6His cleavage site mutation

Figure 8.2, Examples of diverse E. coff expression systems designed for the production of the rhinovirus
3C protease. The 3C catalytic domain {corresponding to bases 5240-5780 of HRV-14 genome) 1s shown
as black bars. Viral capsid proteins 3A, 3B and 3D shown as white bars. Fusion partners are shown as aray
bars. Asterix (*) denotes a truncated gene. Arrows beneath the 3A/3B. 3B/3C and 3C/3D unctions indicate
cleavage sites for protease 3C within the HRV polyprotein. For simplicity. signal peptides are not shown
in the cagsette schemes. Figures are not to scale. References are: (13 Libby eraf., 1988; (2) Knott et al., 1989:
(3) Cordingley eral., 1989:{4) Leong et al., 1992: (5) Walker er al., 1994b: (6) Birch et af.. 1995: (7) Davis

el al., 1997,
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with autoprocessing taking place at its own N-terminus at predicted sites. The
resulting material was identified by SDS/PAGE, but was not purified. It is worth
noting that the picornavirus 2A proteases are very toxic to eukaryotic cells, As part of
their replication cycle, the picornaviruses are known to block host protein synthesis,
while aliowing translation of the uncapped viral RNA. Biochemical and genetic data
indicate that the 2A protease is responsible for this phenomenon by virtue of ¢leaving
the eukaryotic initiation factor 4y component elF-4 (Wyckoff ef al., 1990), Thus,
heterologous expression in bacteria overcomes the limitation of 2A expression in
eukaryotic cells. The mature 2A proteases of thinovirus 2 and coxsackievirus B4 were
expressed in soluble form in E. coli {Liebig et al., 1993). A pET8¢ vector was used to
clone the entire 2A domain flanked by a short segment of the VP1 viral protein at the
N-terminus. Both proteases migrated according to the size expected for the properly
autoprocessed form, and approximately 1 mg of purified protein was obtained per
gram of cell paste. Likewise, the 2A protease of polio virus was expressed in £. coli
as a fusion protein (Alvey et al., 1991). The N-terminal portion of the bacterial TrpE
protein was linked to the 2A domain. This fusion protein underwent efficient
autocatalytic cleavage at the N-terminus of 2A generating the mature protease.
Soluble enzyme was produced and, following purification, it showed activity against
various protein and peptide substrates. More recently, the 2A protease of rhinovirus
14 was expressed in E. coli in inclusion bodies, and recovered by refolding (Wang er
al., 1998). The coding sequence for the 2A protease was inserted into a heat-inducible
expression vector, and optimal activity was obtained when refolding was performed
in the presence of zinc. This metal is known to bind and stabilize the protein structure
{Voss et al., 1995). Previous knowledge of the zinc requirement facilitated the
maximal recovery of enzymatic activity by supplementing the refolding buffer with
this metal.

The 3C protease of rhinovirus has received considerable attention as a potential
antiviral target; a representative list of expression systems is presented in Figure 8.2,
A cDNA encoding the widely studied rhinovirus 14 (HR V- 14) sequence was expressed
in E. coli using a periplasmic secretion vector containing the OmpA signal region
(Libby erf al., 1988). An octapeptide sequence Asp-Tyr-Lys-(Asp).-Lys, also known
as the FLAG sequence, was fused to the N-terminus of the protease gene and was
helpful in tracking the presence of the expression product using anti-FLAG anti-
bodies. Yields of approximately 1 mg/litre of E. coli cultures were achieved. Despite
the presence of a periplasmic signal sequence, the protease was localized in the
memmnbrane fraction of lysed cells, precluding efficient purification. This same HRV-14
3C sequence was cloned 1n a rac promoter-driven expression plasmid with an
N-terminal methionyl residue (Knott er a@l., 1989). This time, the protease was
expressed as a soluble and active protein in E. coli. When the HRV-14 3C protease
was expressed by fusing the protein to the C-terminus of glutathione-S-transferase
{GST), efficient purification was achieved in a single step (Leong er al., 1992). A
cleavage recognition sequence for thrombin was inserted between the GST and the 3C
domain using a {Gly), linker. This greatly facilitated the production of mature 3C with
the correct N-terminus, and the purification of a soluble protein. For the product of
HRV-14 3C protease for crystallography, the protein was expressed as a precursor,
including viral sequences of the 3A and 3B proteins. The protease correctly auto-
processed in E. coli, yet it had to be recovered from inclusion bodies by guanidinium
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denaturation and stow-diatysis refolding (Matthews et ai., 1994).

Biochemical and genetic studies of HRV had suggested that the protein hybrid
3CD, containing both the protease and polymerase enzyme domains, is responsible
for some of the 3C-like proteolytic activity in infected cells. To confirm this, the 3CD
protein was expressed using the E.coli pET-30A (Novagen) system (Davis er al.,
1997). The recombinant protein was fused to two N-terminal affinity tags: (His) -tag
and epitope S-tag, resulting in a soluble and enzymatically active product, following
purification,

The mature domain of the 3C protease of the hepatitis A virus has also been studied.
Using a multicopy vector with a tac promoter, soluble and active enzyme was
produced as 10% of total cellular protein in E. coli (Malcolm et al., 1992). This same
protocal was employed to express mutants of the enzyme for x-ray crystallography
(Bergmann er al., 1997).

Mature 3C protease from polio virus was expressed in E. coli under the control of
a T7 promoter (Baum er al., 1991). Active protein product was purified to homo-
geneity from resolubilized inclusion bodies, even though some soluble material was
also present after induction. A similar procedure lead to the production of sufficient
high-quality polio virus 3C protease (Mosimann ef al., 1997} and mutants of the
hepatitis A 3C protease (Bergmann et al., 1997) for crystallographic studies.

CORONAVIRIDAE PROTEASES

Coronaviruses are human pathogens of significance. Similar to picornaviruses, they
translate the ssSRNA genome into a single polyprotein precursor that requires proteo-
lytic processing. The genome encodes both a papain-like cysteine endoprotease and
a protease with homology to the 3C protease of picornaviruses (Gorbalenya e1 al.,
1989).

The 3C-like protease, 3CLP, from coronavirus strain 229E has been cloned and
expressed in E. coli using the pQEI0 His-tag vector from Qiagen (Ziebuhr et al.,
1995). Initial attempts to express just 3CLP domain with only a minimal number of
additional flanking residues failed. The authors then used a larger fusion construction
that included the N-terminal half of B-galactosidase, followed by a segment of the
viral genome encoding the 3CLP domain flanked by 58 amino-proximal and 2
carboxy-proximal residues. Expression of this larger fusion protein was observed,
and efficient processing in the bacteria lead to the isolation of the correctly processed
34 kDa 3CLP protease. Enzymatic activity of the purified protease was confirmed by
trans cleavage of an in vitro transltated polyprotein substrate.

RETROVIRIDAE PROTEASES

The retroviridae family of viruses encompasses several genera such as the type B, C
and D viruses, the lentiviruses and the T-cell lymphoma viruses, all with numerous
animal and human pathologies (Coffin, 1996). HIV-1 is the most studied lentivirus to
date, but we shall provide a sampling of expression systems that cover proteases from
the various genera. Retroviruses express their capsid proteins and enzymes as
polyproteins, that later require processing by the single virus encoded protease. This
processing is unique, in that it occurs once the virions are assembled, as they bud off
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from an infected cell, with the exception of the type C and D animal virus, where
assembly and processing occur in the cytoplasm. The retroviral proteases are classi-
fied in the aspartyl protease family but, unlike the mammalian enzymes that are
composed of two domains, the viral enzymes are obligate homodimers with one
catalytic Asp provided by each monomer (Miller ¢ al., 198%a).

Protease from the type C retrovirus Moloney murine leakaemia virus (Mo-Mul.V)
was expressed in fusion with glutathione S-transferase using the pGEX-ZT (Pharmacia
LKB} vector (Menéndez-Arias et al, 1993). The protein appeared in the soluble
fraction of E. coli cells, and could be purified to homogeneity after thrombin cleavage.

The protease from the type D retrovirus Mason-Pfizer monkey virus was expressed
as a 26 kDa precursor in E. coli (Hruskovi-Heidingsfeldovd er al, 1995). The
protease undergoes rapid self-processing following renaturation under reducing
conditions from solubilized inclusion bodies.

Human T-cell leukaemia virus type 1 (HTLV-1) is an oncovirus associated with
adult T-cell leukaemia. The HTLV-1 protease was expressed fused to a decahistidine-
containing leader peptide using the pET19 vector (Ding er al, 1998). Insoluble
protein was denatured in urea prior to chromatography on a His-bind column
(Novagen). The purified fusion protein was refolded by sequential dialysis, allowing
autoprocessing to occur and yielding mature active enzyme.

Foamy viruses (FV) have several features not shared by other retroviruses, such as
the expression of the Pro-Pol proteins by a spliced mRNA. The FV human
spumaretrovirus protease was expressed as a fusion protein using a modified
thioredoxin fusion vector pFRxFus (Invitrogen) that carries a His-tag in the centrally
focated surface loop of the E. coli trxA protein (Pfrepper et al., 1997). The protease
fusion was purified from the soluble fraction of bacterial cells, and the N-terminal
fusion partner was removed by incubation with enteropeptidase.

Numerous lentiviruses besides HIV-1 have been studied at the biochemical level,
HIV-2 and SIV in particular. An example of bacterial expression of HIV-2 protease
involves its expression as a fusion with the human superoxide dismutase sequence
(Salto er al., 1994}, Expression from a pTacTac vector results in rapid processing of
the precursor fusion protein to yield mature enzyme that accumulates as soluble
material in the cytoplasm. Expression yields were approximately 1 mg/litre of
bacterial culture, and the purified protease served to characterize a series of nonpeptide
irreversible inhibitors that arose from structure-based computer searches.

The SIV__ protease has been produced in E. coli as a mature enzyrme that is auto-
processed from a viral precursor form (Grant et al, 1991). Mature protease was
obtained from the soluble fraction and purified to homogeneity. Subsequent com-
parative studies of protease inhibitors served to suggest that potent molecules could
show efficacy in monkey models, that could in turn be translated to human clinical trials.

Too numerous are the bacterial expression systems used to produce the HIV-1
protease. Thus, we shall mention only a representative list. The majority of the early
expression vectors designed to produce active and soluble HIV-1 protease relied on the
cloning of large portions of the gag-pol sequence and relied on subsequent auto-
processing by the protease (Debouck et al., 1987). These early attempts lead to the
confirmation of the precise protease primary structuare and its cleavage sites within the
viral polyprotein precursor. Later, the DNA encoding only the predicted 11 kDa
protease {one monomer) was cloned, bypassing the need for autoprocessing. This
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protease was expressed to a high level in E. coli as an active dimer {Graves ez al., 1988;
Darke et al., 1989). It has been noted that HIV-1 production under a strong promoter
such as trp leads to inhibition of E. coli cell growth upon induction (Darke et ail., 1989),
limiting the time of culture post-induction, and reducing recombinant protein yields.
Other methods of expression in E. coli have used fusion partners such as lacZ (Giam and
Boros, 1988) or human superoxide dismutase (Babé ef al., 1990). It was noted that a
portion of the purified protease underwent inactivation due to autolysis after residue
Tyr3 (Babé er al., 1990). The 3-dimensional structure of the HIV-1 protease was solved
after successful crystallization of the protease obtained by total chemical synthesis
(Miller er al., 1989b), mostly to circumvent the lack of sufficient quantities of highly
purified material with a homogeneous and intact N-terminus.

Another approach to express the HIV-1 protease has been to construct a tethered
protease dimer comtaining short glycine linkers (Dilanni et al., 1990; Babé et al.,
1992; Griffiths ef al., 1994). All these systems produced soluble proteins that were
purified to homogeneity. Expression of tethered dimers has provided the freedom
to explore structure-function relationships when mutations are introduced in a
single protease monomer, or when chimeras of the HIV-1 and HIV-2 proteases are
expressed.

In yet another attempt to over-express the HIV-1 protease, the vector pTacTac was
used to clone the viral protease downstream of the gene for the highly transcribed
protein CheY (Rozzelle e al., 2000). To further enhance transfation efficiency, an
Intervening bicistronic linker was placed between the two protein coding regions.
This vector effectively yields large quantities of soluble protein and has beern used to
express numerous HIV-1 protease mutants with compromised catalytic efficiency as
well as tethered versions of heterodimers. Since autoprocessing is no longer required,
inactive proteases can be easily purified.

As mentioned previously, high level expression of soluble and active HIV-1
protease in £. coli has been shown to be toxic to the cells. Advantage was taken of this
property to design a screening assay for HIV-] inhibitors in intact bacterial cells
expressing the enzyme {Ast et al., 1998). Co-expression of the protease with a series
of different inhibitory peptides leads to a recovery of bacterial cell viability in a dose-
dependent and sequence-dependent fashion. This was a creative way to exploit an
expression system as an assay platform. Another E. coli expression assay and screen
of HIV-1 protease variants was developed to evaluate the susceptibility to the
inhibitor indinavir (Melnick et al., 1998). Measurement of a downstream processing
event that produces the reverse transcriptase, which is then assayed with a sensitive
substrate, produced a screening assay that identified numerous HIV-1 protease
mutants with varying resistance to the inhibitor. Such a system offers a way to screen
numerous protease sequences and also numerous protease inhibitors without the need
to purify the enzyme and set-up a separate activity assay.

The HIV-1 protease also provides an example of how a protease with exquisite
substrate sequence selectivity can be used to produce other proteins in the desired
form. In this case, a fusion protein was constructed where a protein of interest
(interleukin-6, IL-6) was fused to thioredoxin via a sequence that contained an HIV-
I protease cleavage site and also a (His), sequence. A cDNA for HIV-1 protease was
cloned into a compatible plasmid and, when both proteins were expressed in E. coli,
the result was soluble [L-6 with a {His) -tag at the N-terminus (Han et al., 1998).
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HERPESVIRIDAE PROTEASES

Numerous herpesviruses are sericus human pathogens and many of their enzymes are
under consideration as antiviral targets. During maturation, these viruses require the
assembly of scatfold proteins inside the capsid shell, prior to packaging of viral DNA.
The scaffolding proteins are encoded by two overlapping 3' co-terminal genes, and
their proteolytic processing is performed by a protease encoded within the N-
terminus of the larger gene. Cleavages occur at the maturation (M) site, at the
C-terminus of the assembly protein, and at the release (R) site, C-terminal to the
protease domain. Herpesvirus proteases use an active-site serine residue, but have no
homology to mammalian serine proteases. Crystal structure stadies for the cytomega-
loviras protease, among others, revealed a unique dimeric structure and a novel
catalytic triad of His/His/Ser, instead of the well-characterized Asp/His/Ser of known
serine proteases. These enzymes have a very poor turnover rate as compared to a
digestive serine protease, increasing the difficulty in measuring activity for recombinant
versions of the proteins (Welch er al., 1991).

The herpes simplex virus I (HSV-1) protease was expressed in the pET3C vector
to produce soluble and active protein. The region of the UL26 gene that encodes the
ICP335 assembly protein was used to clone the segment representing the first 306
amino acids (residues 1-247 correspond to the protease domain). The initial expression
product was the expected 32 kDa precursor. Upon purification and concentration, the
protease self-processed the C-terminal extension to yield the mature and active 27
kDa form at approximately 0.4 mg/litre of culture broth (Darke et al., 1994).

Like HSV, varicella-zoster virus (VZV) belongs to the herpesvirus a—subfamily.
The VZV protease was expressed as an N-terminal His-tag fusion protein using a
Qiagen vector systent. A modification of the catalytic domain {1-236 amino acids)
was used to facilitate the crystallization of the protein product. In this case, the
expressed molecule contained a deletion of the first 10 amino acids, which did not
affect protease activity. This protein was purified by nickel chelation and size
exclusion and successfully used to solve the 3-dimensional crystal structure {Qiu et
al., 1997).

Cytomegalovirus (CMV) is a member of the B-subfamily of herpesviruses, and the
viral protease, also known as assemblin, 1s encoded by the N-terminus of the ULS(
gene. This 256 amino acid region was cloned into the E. coli expression vector
pCZR332 for expression, using a temperature shift from 32°C to 42°C for induction
{Burck er al.,, 1994). The protein obtained was 28 kDa in size; its activation required
denaturation in urea and refolding under reducing conditions. Addition of 50%
glycerol greatly enhanced stability and activity of the protease. The N-terminal 15
kDa protein should be the mature protease domain, but this protein form had no
activity after purification. Another group took the same 256 amino acid region of
CMYV protease and cloned 1t in the T7 vector pET3C (LaFemina et al., 1996}, but they
introduced two mutations by PCR. These mutations prevent cleavage at the two major
internal autocatalytic sites used by the protease, thus yielding only the full-length 28
kDa CMV protease. The enzyme was active and soluble in the E. coli cytoplasm,
producing 10-15 mg/litre with greater than 95% purity after two purification steps.
The mature CMYV protease (268 residues) has also been expressed with a C-terminal
{His}, extension, permitting rapid purification after refolding from £. coli inclusion
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bodies (Tomasselli et al., 1998). A mutation was introduced in the protease sequernce
to eliminate auto-proteolysis. Approximately 40 mg of protease was produced per
litre of cell culture after purification, and the material was crystallizable.

The Kaposi sarcoma-associated virus (KSHV, HHV-8) is a relatively new member
of the herpesvirus family and classified under the y-subfamily. The 230 amino acid
protease domain was expressed in E. coli using the pQE30 vector (Qiagen). The
sequence Met»Arg-Gly—Ser-(His)G-Giy-Ser replaced the initiating Met residue.
Following IPTG induction, the cells were sonicated and cell lysates were resuspended
in urea. This material was bound to a nickel column and subjected to a [ litre reverse
urea gradient to permit refolding, then the protein was eluted with imidazole. The
purified protein is enzymatically active against small synthetic substrates and has the
expected N-terminal sequence and molecular weight (Unal ef al., 1997).

FLAVIVIRIDAE PROTEASES

Flaviviruses have a positive strand RNA genome that encodes a single polypeptide
precursor (Rice ef al., 1985). Structural proteins at the N-terminus are processed by
host signal peptidases, while non-structural proteins at the C-terminus are processed
by the two virally encoded proteases NS2-3 and NS3. NS2-3 performs a single cis
cleavage, identified by studies of mutant viruses, but the enzyme remains poorly
characterized. NS3 protease is a chymotrypsin-like serine protease that requires
another viral polypeptide as a co-factor for activity. As seen with hepatitis C (HCV)
NS3, its NS4A peptide co-factor intercalates within the enzyme core to complete the
structure (Love er al., 1996). Another unique feature of the NS3 proteases is that they
are tethered af the C-terminus to the viral helicase (Tomei et al., 1993).

Of all the flaviviruses, HCV has received the most attention because of its rapid
spread in industrialized nations, and the threat to the blood supply (Kuo et al., 1989).
Numerous pharmaceutical companies have antiviral programmes that focus on
inactivating this enzyme to prevent virus proliferation. The need for reagent quantities
of active NS3 protease has required the design of assay methods and expression
systems that take into consideration the need for a polyprotein co-factor for activity.
Initially, the NS3 domain of HVC (residues 1050-1214) was cloned in frame with the
sequence for the nitrile hydratase leader (Mori e al., 1996). This N-terminal exten-
sion has a stretch of histidine residues that allow protein purification by nickel-agarose
column. Soluble protein was obtained and, although not mentioned, the yields were
likely Jow. The authors detected the predicted cleavage of one peptidic substrate in the
absence of the NS4A co-factor. A similar approach was later taken expressing the
NS3 domain (residues 1027-1218 in this instance) following an N-terminal (His), -tag
in the pTrcHisB (Invitrogen) vector (Vishauvardham et af., 1997). After a single
affinity purification step, the authors obtained 3 mg of active enzyme per litre of
culture, which was mostly scluble. Addition of NS4A peptide to the enzyme assays
increased the k_/K_ by 20-fold. In a more recent effort to express active and stable
HCV NS3 protease, the NS3 domain was expressed fused to an essential portion of the
NS4A protein (residues 21-32). The co-factor was placed at the N-terminus of NS3,
joined by a tetrapeptide linker. This single-chain recombinant proiein was over-
expressed as a soluble protein in E. coli (Taremi ef al., 1998). Following two
purification steps, the enzyme showed full proteolytic activity. identical to the
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authentic complexes of NS3-NS4A generated in eukaryotic cells. Another variation
on the NS3-NS4A tethering theme was tried, where the NS3 domain was expressed
in frame with the 34 residue NS4A (Gallinari er al., 1999). Cleavage occurs between
these two domains during expression in E. cofi. A highly active, soluble, non-covalent
complex with a subnanomolar dissociation constant was subsequently purified.

In the case of the dengue virus, its NS3 protease resembles the overall structural and
functional features of the HCV NS3, but it requires a different viral co-factor, the
NS2B protein. In order to produce protein for structural studies, the dengue NS3
protein was expressed using the pQE-30 (Qiagen) vector with an N-terminal (His),-
tag (Murthy ef al., 1999). Following IPTG induction, the protein could be found in
both the soluble and insoluble fractions. Both materials could be purified on nickel
affinity columns, with the insofuble fraction requiring urea denaturation and dialysis
for refolding. Addition of a peptide corresponding to the hydrophilic domain on the
NS2B protein was essential for enzymatic activity, and the crystal structure confirmed
the reason for this requirement.

ADENOVIRIDAE PROTEASE

The adenovirus protease has a cysteine protease catalytic triad in a completely novel
protein fold, which also imcorporates a peptide co-factor (Ding et al., 1996). The
apoenzyme is relatively inactive, but an eleven amino acid peptide that is a product of
the protease activity on the viral polypeptide can enhance activity by several hundred-
fold, primarily by assisting in the stabilization of the enzyme structare. Recently, the
ubiquitin-like protein (Ubl)-specific protease, named Ulpl, was identified in yeast (Lt
and Hochstrasser, 1999). Ulpl is the first example of an eukaryotic protein with
homology to the adenovirus proteases, but it is not expected to require a peptide
cofactor.

The 23 kDa protease encoded at the end of the L3 late mRNA from adenovirus 2
was expressed in E. coli (Anderson, 1990). The gene was cloned into the expression
vector pET12b, introduced into BL21 celils and induced with IPTG. A fusion to the
OmpT leader sequence did not seem to assist in obtaining active soluble protease. The
protease coding sequence has also been subcloned into a modified pRIT2T expression
vector under the control of the Ip, promoter (Rancourt er al., 1994). Induction of
selected plasmids by nalidixic acid or high cell density resulted in the expression of
protein in inclusion bodies. Wild-type, as well as various protease mutants, were
purified for enzymatic characterization and identification of critical catalytic residues.
1t is now clear that addition of the 11 amino acid co-factor is essential to impart
enzymatic activity to the recombinant protease. To solve the 3-dimensional structure,
adenovirus 2 protease purified from an E. coli expression system was co-crystallized
with a synthetic peptide version of the co-factor {Ding er al., 1996). The structure
confirmed the existence of a new protease fold, and the presence of a catalytic triad
(Cys-His-Glu) and an oxyanion hele arranged similarly to those in papain. The
coordination of the co-facior peptide served to explain its critical structural rele, and
the lack of activity of the apoenzyme. This protease exemplifies why recombinant
proteases may not be enzymatically active if compared to material produced in the
natural environment; in this case, the virus was producing the required co-factor.
Thus, care must be taken to understand the natural milieu of a protease and the role of
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various structural domains when designing expression systems and analysing the
products.

Conclusion

Bacteria, primarily E. coli, have been used successfully to produce a wide variety of
mammalian and viral proteases. These heterologous expression systems have enabled
researchers to study the structure and function of these important enzymes, and also
have helped in the development of commiercial products. In the future, other bacteria,
such as the gram-positive bacterium B. subtilis, may become more utilized for protein
production, as better strains and expression systems are developed. While other
organisms, such as yeast, insect cells and mammalian cells, may be required for the
production of certain proteases, bacteria are attractive thanks to their ease of genetic
manipulation, robust growth and inexpensive production requirements.
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