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Introduction

The &rp promoter was among the first group of prokaryotic punctuation
clements to be exploited for the production of foreign proteins in Escherichia
coli. The reasons for the early choice of the trp promoter had more to do with its
widespread availability in cloned form than with a detailed understanding of all
the factors that might affect its utilization. During the past decade, our
knowledge of the control and modulation of the trp promoter have expanded
greatly, fully justifying the insight of the carly workers who first put it to use in
biotechnological applications. As a regulatable promoter of high signal
strength, the &7p promoter has gained widespread adoption in the design of
production systems. The aims of this review are twofold: first, I hope to bring
together much of the carly information that led to the choice of the mrp
promoter in production contexts; second, I have attempted to describe and
summarize the vectors, expression systems and successful cases that were built
around the trp promoter and so provide a ready reference source for individuals
wishing to develop new rp promoter-driven systems.

No protein production system is ever perfect. Those based on the trp
promoter are included in this generalization. Continued effort will be needed
to obtain the desired degree of control over transcription at all phases of the
growth cycle. Plasmid instability has plagued the development of trp
promoter-based systems since the carliest days of this field. Different £. coli
strains often show significant variation in the utitization of the frp promoter, for
reasons that remain obscure. A knowledge of the trp promoter literature,
reviewed here, should be a useful guide to future workers secking to modify
and improve similar production systems or address fundamental issues in the
field of promoter structure—function relationships.
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The trp promoter—operator region of Escherichia coli and related enteric
bacteria

If RNA polymerase (EC2.7.7.6) is to execute the steps that result in formation
of an RNA duplicate of one of the two template strands, precise arrays of
functional groups contributed by purine-pyrimidine base pairs must be
exposed in the major and minor grooves of duplex DNA. Such punctuation
elements, known as promoters, are in essence compactly organized
informational cassettes. Their properties include not only the ability to interact
with RNA polymerase in a strand-selective fashion but also the ability to
govern transcription initiation frequency directly. Many promoters, including
the trp promoter, contain target sites for regulatory proteins that positively or
negatively affect transcription.

Our knowledge of structure—function relationships within the &p promoter
began with the efforts during the early 1970s of Yanofsky and co-workers at
Stanford University. Before the advent of DNA sequencing, which came into
general use in 1978, the structural analysis of aucleic acids was accomplished by
means of the faborious characterization of overlapping sets of **P-labelled
oligoribonucleotides that had been separated by two-dimensional chroma-
tography and electrophoresis. In most cases, the RNA molecules to be
structurally analysed were first isolated by sequential hybridization to DNA
molecules that either had an intact #rp promoter or a deletion that removed part
of the promoter-operator-leader region. A four de force for this era of nucleic
acid sequence analysis was the determination by Squires et al. (1976) of the
5'-terminal sequence of trp operon messenger RNA and the demonstration
that a leader sequence of 162 nucleotides lay between the startpoint of
transcription and the first codon of the frpE gene. The assignment of points of
overlap between different oligoribonucleotides was made possible by the
availability of deletion mutants having 5’ endpaints at various positions within
the frp operon leader region {Bertrand, Squires and Yanofsky, 1976). The
same family of deletions later proved to be valuable sources of DNA fragments
harbouning the #p promoter but lacking the rp attenuator (Miozzari and
Yanofsky, 1978a; Russell and Bennett, 1982).

The DNA segment that comprises the RNA polymerase recognition
elements of the frp promoter is normally never transcribed, so RNA
sequencing procedures for determining the structures of upstream regions of
promoters would ordinarily not be practical. However, there exist a series of
¢80 trp and A-$80 rrp specialized transducing phages of the deletion-
substitution variety where the r7p operon had replaced a segment of the viral N
operon. In such phages, transcription from the upstream viral Py promoter
generated RNA molecules having trp promoter sequences (Zalkin, Yanofsky
and Squires, 1974). The structural analysis of such read-through transcripts
enabled Bennett er al. (1976) to deduce a partial sequence (from —1 to —33) for
the frp promoter and to locate the trp operator (=3 through —20). The advent
of chemical sequencing procedures (Maxam and Gilbert, 1977) enabied
Bennett er al. (1978) to extend the sequenced region of the wrp promoter
upstream to co-ordinate —116. More recently, G. Bogosian (personal
communication) has employed dideoxy sequencing techniques (Sanger,
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Nicklen and Coulson, 1977) to extend the known sequence upstream of the
trp promoter to co-ordinate ~251. The upstream DNA segment between
co-ordinates — 175 and —250 has recognition sequences for at least 15 different
restriction endonucleases (EC 3.1.21.4). A partial restriction map of the rp
promoter region of E. coli is presented in Figure I, and the DNA sequence of
the trp promoter-operator is shown in Figure 2.

The nucieotide sequences of the #rp promoters from the related enteric
bacteria Salmonella typhimurium (Bennett, Brown and Yanofsky, 1978),
Shigella dysenteriae (Miozzari and Yanofsky, 1978c). Serratiu marcescens
(Miozzari and Yanofsky, 1978b), Klebsiella aerogenes (Blumenberg and
Yanofsky, 1982a) and Citrobacter freundii (Blumenberg and Yanofsky, 1982b;
Kuroda and Yanofsky, 1984) have also been determined. In general, there is a
high degree of sequence similarity between the enteric trp promoter-operator
regions. For example, when the Salmonella and E. coli trp promoters are
compared, there are only 10 differences from —1 through —75; five of these
differences are clustered in the —25 to —30 region, where conservation of
sequence between promoters is rare (Hawley and McClure, 1983). When
Serratia and E. coli are compared, there are 35 differences between
co-ordinates —1 and —76. Most of these lie upstream of the —35 region in an
area that is not considered important to promoter function {Miozzar and
Yanofsky, 19780},

The boundaries of the trp promoter in E. coli and Salmonella were defined in
a series of in vitro studies that explored the ability of RNA polymerase
holoenzyme to protect trp operator DNA from cleavage by pancreatic DNase
or restriction endonucleases having target sites near the startpoint of
transcription (Bennett, Brown and Yanofsky, 1978; Brown ef al., 1978). In
addition, DNA segments of varying length generated by cleavage with
restriction endonucleases were tested for their ability to function as templates
in vitro (Brown et al., 1978) and in vivo {Oppenheim and Yanofsky, 1980).
These studies showed that the #p promoter encompassed a DNA segment
extending 59 base pairs upstream from the transcriptional startpoint. Although
bound RNA polymerase was able to protect blocks of DNA extending to
co-ordinate +20 from attack by pancreatic DNase (EC 3.1.21.1), these
downstream sequences are non-essential for promoter function (Bennett ef al .,
1976, Bennett and Yanofsky, 1978). A more detailed examination of the mode
of interaction of trp promoter DNA with RNA polymerase was carried out by
Oppenheim, Bennett and Yanofsky (1980). These workers used a technique
pioneered by Johnsrud (1978) that exploits the reactivity toward dimethylsul-
phate of guanine and adenine residues protruding into the major and minor
grooves, respectively. of duplex DNA. When proteins such as RNA
polymerase bind to DNA, aikylation reactions may be abolished or enhanced,
depending upon the geometry of the complex. For the #rp promoter, bound
RNA polymerase caused decreases in guanine methylation at four points and
increases in methylation at three points (Figire 2). The model that emerged is
one that supposes an asymmetric mode of interaction between polymerase and
promoter, mainly involving purines that protrude into the major groove within
the antisense strand of trp promoter DNA. Close contacts between the 1rp
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promoter and RNA polymerase evidently occur in the —35 and — 10 regions.

Nested within the t7p promoter is the trp operator. This structural element is
the major target sequence for Trp holorepressor. The boundaries of trp were
defined by experiments that monitored the protection of certain nucleotide
residues from chemical or enzymatic attack (Bennett er al., 1976; Bennett and
Yanofsky, 1978; Oppenheim, Bennett and Yanofsky, 1980; Kumamoto, Miller
and Gunsalus, 1987). These studies were supported by the structural analysis of
deletion mutants and point mutants that abolished repressor affinity (Bennett
and Yanofsky, 1978; Bass et al., 1987). Taken together, these studies identify
the &rp operator as an 18 bp palindromic sequence that is centred about a
recognition sequence for restriction endonuclease Hpal, lying between
co-ordinate —20 and —3 (Figure 2). That the trp operator is situated within the
trp promoter had been foreshadowed by the transcription experiments of
Squires, Lee and Yanofsky (1975), who showed that the binding of RNA
polymerase and Trp repressor to the frp promoter were mutually exclusive.
The equilibrium dissociation constant for Trp holorepressor—trp operator
interaction is 6-7 nM, as measured by protein distribution analysis (Haydock
and Somerviltle, 1984). By filter binding the dissociation complex was found to
be 2-6 nM (Klig, Crawford and Yanofsky, 1987). The detailed mode of
interaction of Trp holorepressor with its operator target remains to be
established. Current models favour the notion that an appropriate constella-
tion of solvent-exposed amino acid side chain residues situated within the E
helix of Trp repressor bind to the edges of symmetrically disposed base pairs
within the major groove of the rp operator, separated by one full turn (10 bp)
of duplex DNA {Schevitz eral., 1985; Figure 3).

Recently elucidated additional determinants of frp promoter strength appear
to be two A+T-rich oligonucleotide blocks found upstream of the —35 region,
around co-ordinates — 5 and —90 (Nishi and Itoh, 1986). When the A+T-rich
block at —90 was deleted, the strength of the rp promoter was reduced to
¢. one-third of the standard level; when the —90 and —50 A+T-rich blocks
were both deleted, the promoter strength was ¢. one-sixth of the standard level.
The importance of A+T-rich segments upstream of —35 was supported by the
behaviour of two other constructs where the normal —50 and — 9 regions were
replaced by A+T-rich blocks from the promoter-operator region of phage A.
These so-called /et promoters were ¢. threefold stronger than the standard &p
promoter while remaining subject to control by the Trp repressar (Nishi and
Itoh, 1986). That powerful £. coli promoters tend to have A +T-rich blocks in
the region upstream of the —35 area had been noted several years earlier
(Nakamura and Inouye, 1979; de Boer, Gilbert and Nomura, 1979).

In a slightly different approach to determining the role of flanking
sequences, Russell er al. (1984) constructed several r7p promoter vectors having
unique restriction endonuclease cleavage sites either downstream of the
normal transcription startpeint or upstream of co-ordinate —39. These vectors
were based upon the pKO-1 galactokinase (EC 2.7.1.6) reporter system of
McKenney er al. (1981). A number of synthetic oligonucleatides were
positioned at varying distances from the frp promoter. Galactokinase assay
values, corrected for plasmid copy number effects, showed that insertions
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Figure 3. Schematic representation of the interaction of dimeric Trp holorepressor with an
operator target in dupiex DNA. The recognition helices (black cylinders) contain arrays of amino
acid side chains able to bond nen-covalently to the edges of purine—pyrimidine base pairs exposed
in the major groove. In the absence of ligand. the recognition helices become repositioned (arrows)
in locations that disfavour engagement with DNA {Reprinted with permission of the Editors of
Nature and Dr Paul Sigler; see Schevitz et al.. 1985).

within the upstream segment had little or no effect on trp promoter strength.
Insertions at co-ordinate +2 were in some instances stimulatory in terms of the
levels of downstream enzyme activity, with short (9-10 bp) GC stretches
showing the greatest increases.

The modest effects seen by Russell ef al. (1984) in no way contradict the
findings of Nishi and Itoh (1986} as each group worked with rather different test
systems. The possibility that upstream ‘enhancer’ sequences may improve frp
promoter strength clearly deserves to be studied in more detail, with emphasis
on the nucleotide sequence and location of cis-acting segments and the
identification of any proteins that might serve to mediate increased promoter
function.
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Control by Trp repressor of transcription initiation at the ¢rp promoter

In quantitative terms, the single most important factor determining trp
promoter utilization is the availability of functional Trp repressor. Repression
lowers the rate of transcription initiation at the frp promoter by a factor of
60-80 (Jackson and Yanofsky, 1972: Bogosian and Somerville, 1984). Provided
that sufficient amounts of L-tryptophan are present, the liganded compiex
(holorepressor) becomes firmly but non-covalently bound to an operator target
located within the trp promoter. thereby excluding RNA polymerase (Squires,
Lee and Yanofsky, 1975). Understanding the structure—function relationships
and physiology of Trp repressor—operator interaction is thus central to the
exploitation of the irp promoter in biotechnology.

The structural gene for Trp repressor, t#rpR. was identified and localized
within the chromosome of E. coli about 30 years ago (Cohen and Jacob, 1959).
The phenotypes of #pR mutants are resistant to a number of non-
metabolizable tryptophan analogues that inhibit the growth of wild-type E. coli
by acting as false co-repressors (reviewed by Somerville, 1983}, The most
commonly used tryptophan analogue is 5-methyltryptophan. That Trp
Tepressor is a protein was proved by the characterization of rrp R amber mutants
(Morse and Yanofsky, 1969). Although this might seem to be a trivial matter
from the modern perspective, it should be borne in mind that small RNA
molecufes can function in controlling transcription, as for example in ColE]
replication {Polisky, 1986). The »pR genc of E. coli was cloned by selecting
specialized transducing derivatives of bacteriophage A carrying the tightly
linked serB gene (Roeder and Somerville, 1979). The indirect approach was
necessary because there are no practical methods for positively selecting rp R+
(5-methyltryptophan-sensitive) cells within a large populaiion of rpR
(5-methyltryptophan-resistant) cells. The primary structure of the #pR gene
and its control region were determined by DNA sequencing (Gunsaius and
Yanofsky, 1980; Singleton et al., 1980)).

Trp repressor protein is an o homodimer. Each subunit contains 108 amino
acids. The protein has been purified to homogeneity and crystallized
(Joachimiak es al., 1983a: Tsapakos et al., 1983). The development of
production strains able to yield extracts with elevated levels of Trp repressor
was complicated by the fact that the trpR promoter is autogenously regulated
by its own gene product (Bogosian, Bertrand and Somerville, 1981; Bogosian e
al., 1984). Moreover, the translation of #pR messenger RNA is relatively
inefficient (Kelley and Yanofsky. 1982). Even when the #pR gene is present
within a multicopy plasmid, autogenous control maintains the level of Trp
repressor at a level of approximately 300 dimers per cell (Kelley and Yanofsky,
1982; Gunsalus, Miguel and Guasalus, 1986). This level of Trp repressor is
sufficient to optimize expression from the #p promoter under a variety of
growth conditions (Bogosian and Somerviile, 1984). High-fevel production of
Trp repressor has necessitated the development of schemes for subverting the
cellular control mechanisms for this protein by the substitution of strong
unregulated promoters and/or the introduction of efficient ribosome-binding
sites {Tsapakos er af., 1985; Paluh and Yanofsky, 1986).
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A number of physicochemical properties of Trp repressor have been studied
in well-defined systems. These properties include measurements of the
dissociation constant that governs its interaction with L-tryptophan and several
tryptophan analogues. L-tryptophan was shown to bind in a non-cooperative
fashion to each of two binding sites on Trp repressor homodimer. The reported
Kp values ranged from 14 uM to 48 pM. This variability can probably be
attributed to minor differences in experimental protocol; in particular, the
affinity of Trp repressor for tryptophan varies over a sevenfold range as a
function of temperature (Arvidson, Bruce and Gunsalus, 1986; Lane, 1986;
Kiig, Crawford and Yanofsky, 1987; Marmorstein et al., 1987). The ability of
tryptophan analogues to compete with L-tryptophan for binding to Trp
repressor is of particular importance in biotechnological applications.
Indoleacrylic acid is frequently employed as a gratuitous inducer of the trp
promoter owing to the fact that the indoleacrylate-Trp repressor complex is
defective in operator binding. Indoleacrylate has a greater affinity for Trp
repressor than L-tryptophan; half-saturation of analogue binding occurs at
concentrations approximately 30-fold lower than the half-saturating concentra-
tion of the normal ligand (Marmorstein et al., 1987).

Trp repressor protein crystallizes readily (Haydock, 1983; Joachimiak et al.,
1983b). Efforts over the last several years by Sigler and co-workers have greatly
clarified our knowledge of the three-dimensional structure of Trp holorepres-
sor and the unliganded species. A plausible model (Figure 3) for the mode of
interaction of Trp holorepressor with its operator target has been proposed
(Schevitz et al., 1985; Zhang er al., 1987). The recently announced co-
crystallization of a simulated Trp repressor-operator complex (Joachimiak e
al., 1987) should further expand our understanding of this important regulatory
protein, and of others like it that appear to contain a ‘helix-turn-helix’ motif as
an element critical to operator recognition (reviewed by Pabo and Sauer,
1984).

Future studies on Trp repressor should continue to produce interesting and
valuable insight into how this protein functions as a controliing element in trp
promoter function. A number of interesting missense mutants affecting
protein-DNA interaction were described by Kelley and Yanofsky (1985) but so
far no amino acid switches that affect subunit interaction, ligand binding, or
thermostability have been found for Trp repressor. Such mutant rePIessors
could be especially valuable in controlling the #p promoter in production
systems.

An important aspect of Trp repressor action, the mechanism of which
remains to be clarified, is the ability of this protein, when hyperproduced, to
reduce the rates of expression from a number of other E. coli promoters that
are not ordinarily considered to belong to the trp regulon {Bogosian and
Somerville, [983).

Effects of guanosine tetraphosphate on transcription from the #p promoter

A series of co-ordinated adjustments in cellular activity occur within E. coli
whenever cells are abruptly starved for an amino acid. Collectively these
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transient adjustments are referred to as the stringent response (reviewed by
Cashel and Rudd, 1987). The physiological role of the stringent response is to
redirect the biosynthetic machinery of the cell away from the formation of
ribosomes and tRNA and toward the synthesis or function of enzymes required
to overcome the conditions imposed by nutrient depletion. Mutations that
abolish the stringent response include a class designated reflA (for relaxed).
The protein product of the relA gene (stringent factor) catalyses the transfer of
the B-y-pyrophosphoryl group of ATP to the 3'-hydroxyl of GDP or GTP,
yielding ppGpp or pppGpp. This reaction, which occurs on the ribosome, is
stimulated by the binding of uncharged tRNA to the aminoacyl (acceptor) site
of the ribosome. In relA mutants. therefore, the ability of cells to accumulate
ppGpp is reduced or eliminated. In wild-type cells, accumulated ppGpp may
rise rapidly to levels of ¢. 0-2 mM before hydrolysis sets in, whereupon the level
of this molecule declines toward basal levels.

Numerous studies have addressed the ability of ppGpp specifically to
stimulate or inhibit the initiation of transcription from a variety of promoters
(summarized by Cashel and Rudd, 1987). These studies were conducted either
in vivo, by comparing mRNA or protein levels in pairs of isogenic reld/relA™
mutants, ot in vitro by monitoring the effects of ppGpp on promoter utilization
in systems of varying complexity.

When the availability of specialized transducing phages enriched for trp
operon DNA made it possible to assay irp mRNA levels quantitatively, a series
of studies were performed to evaluate the role of ppGpp in #p operon
expression. The experimental strategy was to pulse-label cells with [*H]-
uridine, then measure the refative amounts of irp mRNA by filter hybridization
techniques. Edlin et al. (1968) found that rp mRNA accumulation during
tryptophan starvation was ten times greater in a stringent strain than in an
isogenic relA control. This result was qualitatively supported by independent
studies of Lavallé and de Hauwer {1968) and Morse and Morse (1976). When
trp mRNA formation was driven by the Py promoter of phage A, there were no
effects attributable to ppGpp (Kuwano and Imamoto, 1976).

The regulatory effects of ppGpp on transcription initiation in vitro have
generally supported the idea that this nucleotide can stimulate t+p promoter
utilization. Yang er al. (1979) used a celi-free transcription—transiation system
where the formation of 3-galactosidase (EC 3.2.1.23) required transcription
initiation at a trp promoter within a Admp-lac template. These workers
observed a two- to fivefold stimulation of activity in the presence of 0-1 M
ppGpp; a slightly lower concentration of pppGpp was also stimulatory. Using a
simitarly complex in vifro system, Pouwels and van Rotterdam (1975) purified a
factor that positively stimulated the expression of the 1rp operon. Their protein
function, called At (for antitermination) could well have been the protein
product of the relA gene. Jovanovich and Artz (quoted in Primakoff and Artz,
1979) also found that ppGpp stimulated the #rp promoter in vitro. These
conclusions were further supported by the later work of Kajitani and Ishihama
(1984} who used a much simpler in vitro system where the RNA transcripts
were analysed directly by electrophoresis.

Despite the fact that the influence of ppGpp on RNA synthests in vitro is



10 RONALD L. SOMERVILLE

likely to be very sensitive to assay conditions, the correlation of the in vitro
studies with the in vivo work inspires confidence that the trp promoter is subject
to specific stimulation by ppGpp. This issue has been addressed in elegant
fashion using oligonucleotide-directed in virro mutagenesis for another
ppGpp-stimulated promoter, namely that of the Ais operon (Riggs e al., 1986).
These workers argue convincingly that the — 10 hexamer sequence (especially
the fourth and fifth positions) and the adjacent downstream regions are
important in the activation of transcription by ppGpp. This nucleotide
supposedly interacts directly or indirectly with RNA polymerase to help
overcome & rate-limiting step in open complex formation, thereby favouring
the initiation of transcription. The work of Riggs er al. {1986) also points up the
need for caution in drawing conclusions about the mechanistic implications of
mutations that affect promoter or operator activity. For example, a mutation
scored as ‘Promoter-down’ might be one where the inherent ability of RNA
polymerase to imitiate transcription was unaltered, but where a ppGpp
requirement had arisen.

The stringent response induces another global regulatory system, namely the
heat shock genes (Grossman er al., 1985). A critical element in the heat shock
system is o°-, the product of the rpoH gene (Grossman, Erickson and Gross,
1984). As discussed below, the rrp promoter and most other E. coli promoters
are thought to function in concert with a’?, the product of the rpoD gene
(Hoopes and McClure, 1987). The possibility that ppGpp could alter the
pattern of promoter utilization by interacting with a form of RNA polymerase
having 6™, rather than o”" is intriguing but untested.

Influence of the topological state of DNA on transcription from the trp promoter

An important property of covalently closed circular DNA molecules is their
ability to assume a supercoiled conformation, i.e. they may contain an excess or
a deficiency of duplex turns relative to linear DNA. Negative supercoiling (i.e.
a deficiency of turns) is the only sort of topological variation found in nature.
Supercoiling is central to DNA replication, repair and recombination
(reviewed by Drilica, 1984). In a number of cases, the state of supercoiling
atfects gene expression. Although the reported effects of changes in
supercoiling on txp promoter utilization are modest, it is important to scrutinize
the published data in order to evaluate the status of the fp system and to
inquire whether the experimental approaches that have been taken produced
decisive results.

To a first approximation, the state of supercoiling of DNA in E. cofi is the
result of a balance between the opposing contributions of two enzymes. DNA
gyrask (topoisomerase I1, EC 5.99.1.3) uses the energy of ATP hydrolysis to
inject negative superhelical turns into DNA (Cozzarelli, 1980). A separate
enzyme, topoisomerase I (EC 5.99.1.2), catalyses the concerted breakage and
reunion of phosphodiester bonds in DNA in a way that leads to the relaxation
of negatively supercoiled DNA. DNA gyrase is a tetramer composed of two
different subunits, encoded by the gyrA and gyrB genes. A number of
temperature-sensitive mutations have been described for gyrA4 and gyrB, and
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antibiotics exist that selectively inhibit DNA gyrase. Nalidixic acid inhibits the
protein product of gyrA ; novobiocin and coumermycin A inhibit the product of
gvrB (Gellert et al., 1976, 1977). Deletion mutants in the gene fopA are
deficient in topoisomerase | {Trucksis and DePew, [981). Strains with fopA
lesions frequently display higher-than-normal levels of supercoiling, divide
slowly, and tend to become overgrown with double mutants having lesions in
gyrA and gyrB (DiNardo et al., 1982).

The experiments that have been done to assess the role of supercoiling in
transcription from the #p promoter have involved adding an appropriate
antibiotic to a whole cell or cell-free system, then measuring rrp mRNA or an
appropriate reporter enzyme in order to evaluate whether the relaxation of
template trp [DNA to a less supercoiled state enhanced or inhibited expression.
Controls in such experiments generally involve making the same kinds of
measurements using preparations or cells with an antibiotic-resistant mutant
form of DNA gyrase.

Smith, Kubo and Imamoto (1978) compared the #rp promoter and the Py
promoter of a $80 1+p specialized transducing phage where the formation of
anthranilate synthase (EC 4.1.3.27) (encoded by trp £ DNA within the phage)
was made to depend on either one or the other of two available promoters. The
three antibiotics all strongly inhibited transcription from the P; promoter but
were ineffective against the irp promoter. When gyrA mutants were infected in
the presence of nalidixic acid, anthranilate synthase formation was kinetically
indistinguishable from experiments carried out in the absence of the antibiotic,
Working with slightly different systems, Kubo et al. (1979) measured trp
mRNA production in order to evaluate the effects of nalidixic acid, oxolinic
acid and coumermycin on transcription. Inhibition of trp promoter function by
oxolinic acid and coumermycin was seen to occur regardless of whether the 1rp
promoter was situated in the chromosome, in a multicopy plasmid, or in an
infecting h-trp phage. This is the only published report which indicates that loss
of supercoiling alters trp promoter function.

The effect of novobiocin on {F-galactosidase formation in S-30 extracts
programmed with trp-fac fusion DNA was studied by Yang er al. (1979) and
Chen etal. (1982). In neither case was significant inhibition of the frp promoter
observed, although other control promoters studied were effectively shut down
by coumermycin. Using a temperature-sensitive gyrB mutant of E. coli,
Wahle, Mueller and Orr (1984) concluded from in wivo results that the
inactivation of thermolabile DNA gyrase was without effect on the rp
promoter. Finally, Herrin and Bennett (1986) studied the effect of nalidixic
acid on a series of plasmid-borne normal and hybrid promoters, including the
trp promoter. The promoters in question were set up to drive the synthesis of
galactokinase, using the system of McKenney er af, {1981). A series of hybrid
promeoteys were designed to evaluate whether a given —35 or — 10 region was
particularly important to the supercoiling response. The rp promoter and two
others were mildly inhibited by nalidixic acid. In backgrounds with a mutant
fopA gene there was a slight enhancement of rrp promoter activity, compared
with controls. For hybrid promoters that were stimulated by nalidixic acid
{trp-tet, trp-luc). a defect in topoisomerase I lowered galactokinase production.
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The experimental approaches that have been taken to evaluate the role of
supercoiling in t7p promoter utilization have been, to say the least, equivocal.
Given the range of different — and often interacting — effects that can rmodify
promoter strength, one can accept only order-of-magnitude effects in
experiments designed to measure the relative strengths of promoters. To this
reviewer’s knowledge, nobody has tested whether gyrase-moditying antibiotics
such as natidixic acid or coumermycin coutd alter the rate of expression of rel/A.
If this were to appen, and there were a consequent rise in intracellular ppGpp.
certain negative effects attributable to reduced supercoiling might be exactly
balanced out by ppGpp stimulation. Nor have detailed studies of the effects of
ppGpp on the expression of gyrA or gyrB been carried out. It is already well
established that the stringent response and the heat shock system are
interconnected {Grossman et al., 1985). Other examples of mutual interactions
between global regulatory networks, of which there may be as many as 20 in E.
coli (Netdhardt, 1987), have been well documented.

Our fragmentary and incomplete knowledge of the factors that may
influence the initiation of transcription at the #p promoter calls for a concerted
attack employing a variety of in vivo and in virro approaches. For example, with
present technology one could systematically alter each nucleotide residue
within the &p promoter, then study how such a series of modified promoters
behaved at different levels of supercoiling in a clean in vitro system, such as that
employed by Borowiec and Gralla (1985). If the same set of promoters were
then introduced in single copy form into a suitable series of wild-type and
mutant £. coli strains, it might be possible to define in a rigorous and definitive
way how supercoiling affects trp promoter function.

Signal strength of the #rp promoter in comparison to other prokaryotic
promoters

Promoters are punctuation elements of double-stranded DNA that have the
potential to form complexes with some form of RNA polymerase holoenzyme.
Such interactions, if productive, lead to the synthesis of an RNA copy, or
transcript, of one of the two strands of DNA. Of the three forms of RNA
polymerase holoenzyme that have so far been established in E. coli (Hoopes
and McClure, 1987), only the form having ¢’ as a specificity determinant is
considered able to initiate transcription at the t7p promoter.

The frequency of transcription initiation, a measure of promoter strength,
can vary considerably. Some E. coli genes are transcribed less than once per
generation, whereas others are transcribed as often as once every second, a
dynamic range of 10 000-fold (McClure, 1985). Disregarding for the moment
any possible influences that accessory proteins or DNA topology might exert
on promoter utilization, it is clear that nucleotide sequence is the primary
determinant of promoter strength.

Three structural features of the upstream region stand out when large
numbers of E. coli promoters are compared: these are the consensus sequence
elements TTGACA, centred near co-ordinate —35, and TATAAT, centred
near co-ordinate —10. The third important feature is the distance separating
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these two consensus sequence blocks (17 & 1 base pairs). Both sequence blocks
are important in the binding of the o’ form of RNA polymerase to promoters.
The —10 element helps mediate the isomerization of the binary DNA-
holoenzyme complex to a form that is appropriate for the catalysis of
phosphodiester bond formation (McClure, 1985). Promoter mutations mainly
are found within the hexanucleotide blocks at —35 and —10. Depending on
whether the mutant promoters approach or diverge from the consensus
sequences, such mutations are classified as ‘promoter-up’ or ‘promoter-down’.
This is a matter of some importance with respect to the fp promoter. because
its —10 hexamer (TTAACT) lies within the binding site for a specific regulatory
protein, Trp repressor. Thus mutations that strengthen the trp promoter might
decrease the affinity for repressor; nucleotide switches that altered the
operator could be ‘promoter-up’ or ‘promoter-down’., depending upon
whether the structure of the —10 hexamer had been changed.

Comparisons between the frp promoter and other E. coli promoters have
either been carried out experimentally, using a variety of different in vivo or in
vitro systems, or have been part of computer comparisons employing various
algorithms and/or statistical approaches. As we shall see, none of these
methods, taken alone, is wholly satisfactory.

One of the earliest comparative studies was that of Davisen. Brammar and
Brunel (1974), who measured anthranilate synthase levels in cells harbouring
constructs where the irp E™ gene. in single copy, was either under the control of
the P, promoter of A or under the control of the trp promoter. Under fully
constitutive conditions, the P promoter was estimated to be 11-fold more
efficient than the frp promoter. However, at that time the role of the trp
attenuator was not fuily understood. Given the fact that a functioning trp
attenuator reduces downstream gene expression eight- to tenfold (Bertrand,
Squires and Yanofsky, 1976), one could conclude with benefit of hindsight that
the trp promoter and the Py _promoter of & are equivalent in strength.

de Boer ef al. (1982) compared the strengths of the #rp and lacUV5 promoters
in vivo in plasmid-based E. coli systems where the level of resistance to
tetracycline or the production of human growth hormone was monitored.
Based on tetracycline resistance levels, the partially repressed #p promoter
was judged to be equal in strength to the constitutively expressed lacUV5
promoter. Comparisons of human growth hormone production in the presence
and absence of tryptophan led de Boer ef al. (1982} to conclude that the fully
derepressed frp promoter was about five times stronger than the lacUV3
promoter.

In another study, de Boer and Shepard (1983}, used plasmid constructs
where galactokinase was the reporter enzyme (McKenney ef al., 1981). Tt was
estimated that the trp promoter was three times stronger than the laclUV3
promoter. The same hierarchy of promoter strengths held true in constructs
developed by Windass er al. (1982) for the production in £. coli of human «-1
interferon; 5-10 times more interferon was synthesized in systems driven by the
irp promoter, compared with lacUV3-driven production. Russell and Bensett
(1982) also used galactokinase as a reporter enzyme in a series of comparative
studies that included the trp promoter. These workers found that the up
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promoter was three times stronger than the lacUVS promoter. In a later study.
Shirakawa, Tsurimoto and Matsubara (1984) used the B-galactosidase activity
of a cro-lacZ chimaeric gene as a reporter of promoter strength. The rp
promoter was found to be 36% stronger than the combined rightward and
leftward promoters of &, but 32% less effective than the recA promoter. The
former result is somewhat surprising, in that Ward and Murray (1979), studying
asystem of convergent transcription involving the Py promoter of A and the trp
promoter, had shown that the #p promoter was completely blocked by
high-efficiency initiation from P; .

An elegant procedure for inserting a cloned promoter. in single copy, into
the chromosome in front of the malPQ operon was used by Vidal-Ingigliardi
and Raibaud (1985). In such operon fusions the levels of amylomaltase (EC
2.4.1.25), encoded by mal(Q, are proportiongl to promoter strength. Among
seven promoters tested, the rp promoter appeared to be the most efficient,
exceeding lac, APy and tac in the production of amylomaltase.

In designing a production system for human epidermal growth factor, Oka et
al. (1987) compared the rp promoter with the phoA promoter and a tandem
P Pr promoter derived from A DNA fragments. The trp promoter was 19-45
times stronger than P Py but one- to two-thirds as strong as the phoA
promoter. In the aforementioned studies, no corrections were made for
possible differences in plasmid copy number that might have arisen through the
effects on ori function of strong waves of transcription. The in vivo studies can
also be criticized on the grounds that no attempts were made to correct for
possible differences in mRNA stability or translation efficiency.

An alternative approach to comparing promoter strength was taken by
Kajitani and Ishihama (1983a), who carried out in vitro transcription using
mixtures of short promoter-bearing fragments of duplex DNA. The promoters
initially studied were lacUVS5, trp and rplJp. Because each template gave rise to
a transcript of unique fength, it was possible to compare transcription efficiency
quantitatively after the reaction products had been separated electrophoreti-
cally. A limitation of the in vitro approach is that transcription of the three
templates studied was differentially affected by variations in salt concentration
and temperature. The order of efficiency established for the three promoters
studied was lacP > trpP > rpl/p. At least for the lac and trp promoters, the
promoter strength estimations by this method are just the opposite of the in
vivo results cited above. Kajitani and Ishihama (1983b) extended their studies
by analysing the in vitro transcription of the yrnE, rpsA and recA promoters. It
was confirmed that the #p promoter was about half as strong as the lacUV?5
promoter. This conclusion differs from that of Horowitz and Platt (1982), who
carried out in vifro transcription using templates carrying both the wrp and
lacUV5 promoters within the same fragment of DNA. Horowitz and Platt
estimated that the two promoters were equal in strength. It should be noted
that transcription proceeded for multiple rounds in the studies of Horowitz and
Platt (1982) whereas those of Kajitani and Ishihama (1983a, b) involved
single-pass experiments {i.c. the RNA polymerase was prevented from
re-initiating by the addition of rifampicin). Thus any features of a system of
cyclic transcription that might facilitate re-initiation at a particular promoter
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Table }. The 1rp promoter: computer-assisted comparisons with other selected prokaryotic
promoters

Curvature Helix twist
Promoter Homology score® PHI** scoret hexamerss
recA 74-6 =11 0 3
pBR322 tet 63-6 -1 — —
trp 61-5 —1:7 low 5
APy 58-0 ~1-4 0-6 —
tac Pl 49.7 2.0 1-55 0
mal K 320 -33 12 1
* Defined by Mulligan er al. (1984). A difference of 10 peints corresponds to a tenfold difference in promoter
strength.

** Promoter Homology Index. as defined by Harley and Reynolds {1987). As PHI values become more negative.
promoter strength decreases»

+ Bascd on phasing of 5” and 3" and cnds of A, and T, tracts: Plasken and Wartell {1987,

% Conscnsus structurcs consisting of hexamers having a unique sequence of helix twist angles: may be
characteristic of prokaryotic promoeters (Tung and Harvey. 1987},

would tend to overestimate the relative strength of that promoter. All of the
aforementioned in virro studies employed linear DNA templates. This method
of comparing promoter strength may in certain cases be flawed. For example,
Borowiec and Gralla (1985) found that in vitre transcription from the lac p*
promoter was stimulated as much as 40-fold when the template DNA contained
negative superhelical turns.

Considerable effort has been deveted to predicting the strength of promoters
strictly from a knowledge of nucleotide sequence. This approach began with
comparisons between the sequences of known promoters and the emergence of
consensus structures for promoter-active DNA (Rosenberg and Court, 1979;
Siebenlist, Simpson and Gilbert, 1980; Hawley and McClure, 1983). Mulligan
et al. (1984) developed an algorithm to compute homoelogy scores for E. coli
promoters { Table I'}. In a weighted fashion, based upon a statistical treatment
of the occurrence of the four possible sorts of base pairs at each position, a
series of promoters were matched against relative strength values determined
ir vitro for 31 promoters. Within a factor of four, the correlfation of Mulligan et
al. (1984) was linear over a range of 10 in promoter strength. A similar
statistical treatment was employed by Staden (1984), who used somewhat
different assumptions about how each base contributes to the homology score.
Staden developed a promoter strength prediction algorithm with essentially the
same degree of correlation to experimental reality as the algorithm of Mulligan
et al. (Reznikoff and McClure, 1986). Using approximately the same data base
of promoter structure, Harley and Reynolds (1987) reiteratively aligned a set of
promoter sequences by a modification of the algorithm of Staden (1984) in
order to maximize statistical similarity. These workers compiled and classified
263 promoters. The ‘promoter homology index’ (PHI) assigned to each entry in
their data set was considered to be a numerical reflection of relative promoter
strength (Table 1), There is general agreement between the conclusions of
Harley and Reynolds (1987) regarding promoter strength and the earlier
deductions of Mulligan ef al. (1984).

Other issues that have recently been addressed via the use of computer-
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constructed algorithms are the role of DNA curvature in promoter strength
(Plaskon and Wartell, 1987) and the possible role of short tertiary structure
perturbations (i.e. localized twists and bends dictated by the nucleotide
sequence). That bending of DNA in regions upstream from a promoter can
affect the efficiency of transcription was experimentaly established by Bossi
and Smith (1984), who analysed in detail a 3 bp deletion in a region 70
nucleotides upstream from a tRNA™® gene start site in Salmonella
typhimurium. This deletion led to a twofold decrease in promoter efficiency
while altering in a dramatic way the conformation of the corresponding DNA,,
Itis likely that regutarly spaced ApA dinucleotides produce additive bending in
the DNA axis, and that the deletion of Bossi and Smith (1984) interrupted
bending by altering the ApA periodicity. Tung and Harvey (1987) noted that a
particular array of helix twist angles was statistically prominent within a series
of E. coli promoters, compared with structural gene DNA or computer-
generated random sequences. Detailed in vitro and in vivo experimental tests
of the correctness of these predictive schemes remain for the future. The ready
applicability of oligonucleotide-directed in vitro mutagenesis should encourage
future workers to define more explicitly those features of the rp promoter that
affect the rate of transcription initiation, and that distinguish this promoter
from others of nominally equal strengih.

‘The most that can be said from a perusal of the experimental and theoretical
approaches to estimating promoter strength s that the results give only a broad
and general indication of how well the rp promoter compares with others.
Every study is subject to some form of criticism. The biotechnologist frying to
evaluate the merits of #7p-promoter-driven production systems needs to focus
only partly on the issue of ‘strength’. The trp promoter is certainly powerful
enough to satisfy the design criteria of most production systems. A potentially
more relevant issue is whether the 7y promoter ought to be silent during most
of the growth of a production culture and, if so, how this may best be
accomplished without compromising either cellular physiology or the facile
activation of the promoter at the desired moment. The relative merits of the rp
promoter in comparison with other promoters used in the design of prokaryotic
protein production systems have been briefly discussed by Denhardt and
Colasanti (1988) and by Brosius (1988).

Complications imposed by in vivo instability of plasmids containing the irp
promoter

In considering what features ought to be optimized in the design of a
plasmid-based production system, detailed consideration has been given to
copy number and stability, choice of promoter, nature of ribosome binding
site, and possible secondary structures in mRNA (Buell and Panayotatos,
1986). Ideally, at the conclusion of a production run, the cell should contain the
protein of interest as 20-40% of the total.

Yor trp-promoter-based systems, there are numerous examples of plasmid
instability that were encountered during the course of development of practical
production schemes. Workers who have studied #p promoter plasmids
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attributed instability either to some deleterious effect on o function of
high-level transcription, or suggested that the continuous overproduction of a
particular protein was incompatible with normal cellular physiology. It was
proposed that this created a selective condition where cells without plasmids or
cells with structurally modified plasmids rapidly overgrew a culture because of
their ability to outcompete their enfeebled relatives.

Instability attributable to high rates of transcription initiation from a
plasmid-borne trp promoter was noted in the first report on the cloning of trp
operon DNA (Hershfield er al., 1974). Their constructs (pVHS and pVH15)
consisted of two EcoRI fragments of DNA (total, 15-3 kb) from ¢80 pt190h
inserted into the unique EcoRT site of ColE1 (6646bp; Chaneral. 1983). After
several generations of growth only 5-50% of Trp repressor-deficient host cells
retained pVH15. Host cells able to produce a functional Trp repressor were
able to maintain pVHI15 under a varicty of growth conditions. These
observations were later confirmed and extended in a detailed study of pVHS by
Kim and Ryu (1984), who showed that physiological derepression of the rp
promoter using B-3-indoleacrylic acid was also a selective condition that
favoured the emergence of plasmid-free segregants. One of the early popular
cloning vectors (mini-ColE1, also known as pVHS1) arose via a spontaneous
deletion of c. 19kb in one of the stocks of Hershfield er al. (1974) as a Trp~.
colicin-immune segregant (Helinski er al., 1977). One suspects that the
presence of highly expressed rp DNA in the parental plasmid contributed
selective pressure that influenced the emergence of pVHS1,

A second generation of plasmids having a cloned #p promoter were
constructed by Nagahari ef al. (1977). These workers inserted an FcoRI
fragment of c¢. 16-4 kb from a specialized transducing phage (AMrp E-Agg.s;
Fiandt, Szybalski and Imamoto, 1974) into EcoRI sites in the vectors pSCI01,
RSF1010, RSF2124 and RP4. These vectors are superior to ColE1 because they
have highly convenient antibiotic resistance phenotypes that may be used as
selectable markers. Naghari et al. (1977) examined plasmid copy number and
irp operon enzyme levels in representative constructs. No instability was noted
by these workers, although in later studies using RSF2124-trp and pSC101-trp
Imanaka, Tsunekawa and Aiba (1980) and Imanaka and Aiba (1981) reported
a marked tendency toward foss of plasmid and/or spontaneous deletion of
plasmid-borne rp operon DNA. Plasmid instability was exaggerated in host
strains having frpR mutations and was even greater in strains that were both
trpR and tna. Mutations in ta lead to the inability of E. coli to produce the
degradative enzyme tryptophanase (EC 4.1.99.1). This peculiar effect of a tna
tesion is quite unexpected and deserves further study. Imanaka, Tsunekawa
and Aiba (1980) attributed the instability they observed to stress caused by
overproduction of #rp pathway enzymes and the resultant adverse effects on
normal metabolism. However, the observed increases in anthranilate synthase
and tryptophan synthase (EC4.2.1.20) that could be attributed to the presence
of plasmid were rather modest (2-5-fold to sixfold), so it is more likely that
high-level transcription initiation from the ¢rp promoter was interfering with
ori, the site within plasmid replicons where the events of DNA duplication
begin. Despite these drawbacks. Aiba and co-workers (Aiba, Imanaka and
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Tsuenkawa, 1980; Aiba, Tsunekawa and Imanaka, 1982) were able to develop
production systems for L-tryptophan based on pSC101-trp.

Hallewell and Emtage (1980) noted that 96% of the cells in a culture had lost
plasmid after growth for seven generations under trp promoter-induction
conditions, whereas <1% plasmid loss was observed after a comparable period
of growth under nom-inducing conditions. Rose and Shafferman (1981)
developed a rrp promoter-driven plasmid system for the expressionin E. cofi of
the VSV spike glycoprotein. Attempts to introduce such plasmids into trpR
mutant hosts were unsuccessful. Because deletion derivatives of their plasmid
lacking the frp control region were viable in pR backgrounds, Rose and
Shafferman inferred that overproduction of VSV glycoprotein was lethal to E.
coli.

An independent series of plasmids bearing the rp promoter plus varying
amounts of 1rp operon DNA were constructed by Enger-Valk er al. (1980).
Using EcoRI linkers, these workers inserted an 8-7 kb Smal fragment derived
from ¢80 trp EAS]1 immb into EcoRI-cleaved pBR343 (Bolivar er al., 1977a).
The resulting construct (pHP39) had Trp™ as the sole selectable phenotype.
The stability of pHP39 was not addressed by Enger-Valk er a/. {1980}, but this
property was later studied in a series of derivatives of pHP39 made by Skogman
etal. (1983). These workers inserted frp DNA into the ColE1 replicon pBR322
(Bolivar er al., 1977b) and the P15 replicon pACYC184 (Chang and Cohen,
1978). Both categories of Trp™ plasmid were highly unstable, displaying rates
of plasmid loss varying between 0-3% and 0-9% per generation. The addition
of a partition locus from pSC101 (Meacock and Cohen, 1980) reduced but did
not eliminate plasmid instability. A similar approach was taken by Yukawa et
al. (1985), who achieved excellent stability in a pBR322-trp system by the
addition of a 9-1 kb EcoRI fragment from the F factor. The underlying basis of
trp plasmid instability was not established by either group, although each
speculated that interference with ori function by readthrough transcription
from the powerful trp promoter led to decreases in copy number. The lesson
from this study and those cited earlier is that loss of vector from cultures
harbouring t7p plasmids tends to occur in the absence of selective pressure.
Elegant solutions to this problem were devised by Rosteck and Hershberger
(1983) and by Skogman and Nilsson (1984). Rosteck and Hershberger (1983)
investigated plasmid instability found to be associated with the frp-promoter-
driven production of chimaeric proteins with either the A or B chains of
human insulin, as well as another plasmid encoding a TrpE-proinsulin
chimaera. Their solution was to add to their production plasmids a segment of
DNA encoding a temperature-sensitive allele of & repressor, then to lysogenize
plasmid-bearing strains with a repressor-defective derivative of phage A. Loss
of plasmid from such lysogens led to cell death, because lytic growth of the
prophage became induced. Skogman and Nilsson (1984) incorporated the
essential gene valS™ into a &rp™ plasmid, which was then stably maintained for
over 200 generations in a recA host strain having a chromosomal valS mutation.

Another (presumably general) solution to the problem of strong promoter
interference with plasmid DNA replication via waves of transcription across
the ori region (see above) is to position a strong transcription termination signal
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0 as to insulate the plasmid replication apparatus from the expression unit.
This approach was first devised by Gentz er al. (1981) and has been widely
applied by others.

Vectors for the trp-promoter-driven expression of genes and fusion proteins

A sizeable number of vectors designed to facilitate the controlled high-level
production of foreign gene products under the control of the #p promoter have
been described (Table 2). This listing must, of necessity, be incomplete because
many of the published reports that allude to rrp-promoter-driven foreign
protein expression in E. cofi lack detailed information about the vectors
employed. Despite this shortcoming, the number of entries that identify trp
expression vector systems (Table 2) is at least double the number of examples
cited in two other recent surveys {Pouwels, Enger-valk and Brammar, 1985;
Balbaseral., 1986).

The 1rp promoter expression vectors so far deseribed differ markedly in
terms of flexibility and degree of sophistication associated with their use.
During the past decade there have been numerous technical improvements in
the cloning and sequencing of DNA fragments. These advances were
paralleled by a steady rise in the commercial availability of restriction
endonucleases having a wide range of cleavage specificity and by the perfection
of automated machinery for the synthesis of high-purity oligodeoxyribonu-
cleotides. Thus the earliest rrp promoter vectors contained sizeable amounts of
irrelevant DNA derived from the E. coli or S. marcescens chromosome or from
specialized transducing phages generated in the first successful cloning
experiments. Important sources of trp promoter DNA in the early 1980s were
mutationally altered segments from the E. coli chromosome where the trp
attenuator had been deleted (Bertrand, Squires and Yanofsky, 1976; Miozzari
and Yanofsky, 1978a}. Such irp-promoter-bearing fragments were one point of
departure for a number of early successful production systems (e.g. de Boer et
al., 1982}. The successful cloning directly from genomic DNA of fragments
harbouring varjous parts of the trp operon of E. coli (Hopkins, Murray and
Brammar, 1976) and S. marcescens (Miozzari and Yanofsky, 1978b), was
followed by the determination of the complete nucleotide sequence of the trp
operon (Yanofsky et al., 1981). These advances paved the way for several
useful trp promoter vector designs based on smaller and more discrete DNA
fragments generated by specific restriction endonucleases (Nishi et al., 1984;
Rink ef al., 1984; Russell er al.. 1984). More recently. two groups have
independently carried out the total synthesis of the trp promoter of E. coli. The
syntheses were designed to create expression cassettes that allowed complete
freedom in the choice of flanking restriction endonuclease cleavage sites and
the positioning of punctuation elements required for translation {(Windass er
al., 1982; Niwa et al., 1986).

Several #rp promoter vector designs have featured the use of up to five
tandem copies of the same promoter—operator segment of DNA as a way of
increasing signal strength (Goeddel er al., 1980b; Fujisawa et al., 1983; Tacon et
al.,1983; Nishieral., 1984; Itoh efal., 1986). When this is done, or when thereis
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asingle copy of the rp promoter—operator within a vector of high copy number,
the levels of cytoplasmic Trp repressor (encoded by a single chromosomal copy
of #pR) tend to be insufficient to quench transcription fully from the
plasmid-borne trp promoter(s). To achieve tight regulation in such systems,
several groups have modified their expression vectors through the addition of
trpR™ DNA (Osheroff er al., 1982; Ttoh er al., 1986; Warne et al.. 1986).
Expression in such systems is triggered by the addition of indolylacrylic acid.

Examples of systems where protein hypersynthesis in E. coli utilized the trp
promoter

There are almost 8 different proteins for which the structural genes have been
cloned in whole or in part and expressed in £. coli under the control of the trp
promoter (Tables 3-8). Human proteins other than the interferons and
interleukin, the expression of which has been accomplished in trp promoter-
driven systems, are listed in Table 3. The levels of expression ranged up to 32%
of total cell protein. In some cases the proteins accumulated in insoluble form
as aggregates or inclusion bodies, a property that has proved useful for
purification. This aspect of protein production has been reviewed by Marston
(1986). In many cases. the desired proteins were produced as chimaeras having
some other peptide sequence in addition to the desired product. This strategy
has been widely employed as a means of favouring inclusion body formation
and/or offering a means for preventing degradation by the intracellular
proteases of E. coli. In Tables 4-8 are listed various animal proteins, human
interferons, viral proteins and immunoglobulins, interfeukin-2 and several
miscellaneous proteins from diverse biological sources, the production of
which was facilitated via the use of a #rp promoter expression system. The
precise designations of the host cells and plasmid constructs used in these
systems are provided to help the interested reader locate the relevant
information within papers that invariably contain much additional material
that is sometimes focused on issues other than production. It is anticipated that
many new examples will continue to be reported in coming years, particularly
by workers in Japan, where the adoption of trp promoter-driven systems has
been widespread.

Conclusions and future prospects

Interest in the use of E. coli as a host strain in the hypersynthesis of foreign
proteins is predicted to remain high. This is because its genetics and physiology
are well understood, because it is readily manipulated using laboratory
procedures that are proved and widely practised, and because the final level of
accumulated foreign protein can frequently reach 30% of the total, with
expression vectors generally available to the scientific community.

The empirical approaches to protein overproduction that characterized
the early work with E. coli have now given way to more systematic and
fundamental studies aimed at identifying the factors that govern the final level
of protein that can be recovered. For example, the many instances of cellular
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toxicity and death as a consequence of protein overproduction have focused
attention upon controlling the rate of transcription initiation as a critical aspect
of practical protein production. In this respect the frp promoter continues to
find favour. Transcription from this promoter is subject to manipulation
through control over Trp repressor—operator interaction. Its signal strength is
comparable to the other major promoters now in use, enabling the
experimenter to drive the production of abundant amounts of many proteins.

On high-copy-number plasmids the frp promoter tends to be incompletely
regulated, a complication that has been overcome at least in part by increasing
the intracellular level of Trp repressor by DNA manipulations that elevate the
trpR gene dosage. As our understanding of structure—function relationships in
the Trp repressor system continues to unfold, it may be possible to utilize
mutationally altered Trp repressors to improve regulation at the trp promoter,
making this process more amenable to the requirements of biotechnology. For
example, if one could modify repressor—operator interaction by heating or
cooling a fermentation vessel, thereby activating a {rp promoter held in check
by a thermolabile or cryolabile repressor, the sometimes undesirable use of
indolylacrylic acid to activate expression could be abandoned.

Since the previocus survey of frp promoter-driven systems {(Johnson and
Somerville, 1982), the number of relevant literature reports has approximately
quadrupled. It will be interesting to see whether the number of new production
applications for this system continues to grow with an 18-month doubling time.
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