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SUMMARY

A variety of factors affect the expression of foreign proteins in Escherichia coli. These include: promoter
strength, efficiency of ribosome binding, stability of the foreign protein in E. coli, location of the foreign
protein in E. coli, the codons used to encode the foreign protein, the metabolic state of the cell, and the
location, stability and copy number of the foreign gene. This paper contains a critical review of these factors
with the idea that a detailed understanding of them is the key to the development of strategies for the efficient

large-scale production of foreign proteins in E. coli.

In the past few years recombinant DNA tech-
nology has enabled scientists to produce a large
number of diverse proteins, in microorganisms, that
were previously either unavailable, relatively expen-
sive or difficult to obtain in quantity. While the
expression of foreign genes has been reported in a
variety of microorganisms and cell lines, most of
this work utilizes E. coli for the cloning and expres-
sion of foreign genes [6]. Despite the fact that the
use of organisms other than E. coli as recipients of
foreign DNA continues to increase, in the short
term most of the commercial protein products pro-
duced by recombinant DNA technology will be
cloned and expressed in E. coli. Therefore, this re-
view describes strategies and approaches that have
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been developed to optimize the expression of for-
eign proteins in E. coli.

The expression of foreign genes in E. coli is in-
fluenced by a range of factors including: the
“strength” of the transcriptional promoter, the
“strength™ of the ribosome binding site (which
regulates the frequency of translation of the mes-
senger RNA), the stability of the cloned protein in
E. coli, the location of the cloned protein within the
E. coli cell, the codons utilized in the foreign gene
compared to the normal pattern of codon usage in
E. coli, the metabolic state of the cell, the number
of copies of the foreign gene, and the stability of
the foreign gene [6,11].

Many plasmid and bacteriophage vectors have
been developed in which the cloned gene is situated
immediately downstream from a strong transcrip-
tional promotor [6,11]. Use of these vectors requires
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that the promoter not be constitutive (i.e., always
turned on) but, rather, be turned on at a specific
stage in the growth of the transformed E. coli cells.
This is often accomplished by the addition of a spe-
cific metabolite or by a shift in the temperature of
the growth medium. Regulation of promoter activ-
ity ensures that the expression of a foreign gene
does not interfere with normal cellular gene func-
tions and is not deleterious to the cell. Failure to
regulate the expression of strong promoters often
results in the loss of the plasmid carrying the strong
promoter or the constitutive expression of the
strong promoter which may be lethal to the cell.

The most widely used strong promoters are from
the E. coli trp and lac operons, the tac promoter
(an in vitro construct including elements from both
the zrp and lac promoters), and the leftward, or pL,
promoter of bacteriophage lambda [9,10,30,44].
The lac promoter is negatively regulated by the lac
repressor protein. Derepression of the Jac promoter
is achieved by the addition of isopropyl-g-p-thio-
galactoside (IPTQ), a gratuitous inducer which pre-
vents the Jac repressor from binding to the lac op-
erator. In practice, an ‘“up” mutation of the lac pro-
moter, lac UV5, is often used in place of the wild
type lac promoter as a component of high expres-
sion vectors [12].

The 7rp promoter is negatively regulated, by a
complex between tryptophan and the trp repressor
protein. Derepression of the trp promoter is
achieved by the addition of 3-indoacrylic acid
(IAA). The number of copies of the lac or frp re-
pressor protein relative to the number of copies of
the lac or trp promoter determines the extent of
“background” transcription from these promoters,
(i.e., transcription in the absence of added inducer).
If the /ac or trp promoter is on a multi-copy plasmid
and the repressor protein is present as a single copy,
usually as part of the E. coli chromosome, expres-
sion may be constitutive due to an insufficient
amount of repressor protein [3], placing an unac-
ceptably high metabolic load on the E. coli cells.

The tac promoter [9] is an in vitro construct
composed of the — 10 region from the /ac promoter
and the —35 region from the trp promoter. The tac
promoter is repressed by the lac repressor and is

derepressed by the addition of IPTG. It has been
reported that the fac promoter is up to 10-fold
“stronger”” than the lac UVS5 promoter [9], although
promoter strength is not readily quantified [34] so
that comparisons of this sort, especially between
strong promoters, may not be meaningful.

The pL promoter is also negatively regulated by
a temperature-sensitive cl repressor protein. Cells
carrying a temperature-sensitive cl repressor are
first grown at 28-30°C, where the cI repressor is
functional. At this temperature the cI repressor pre-
vents transcription from the pL promoter. When
the cell culture reaches the mid-log stage of growth,
the temperature may be shifted to 42°C thereby in-
activating the cI repressor protein, and active tran-
scription from the pL promoter ensues. The gene
for the cl repressor may be on the same plasmid as
the pL promoter, on a separate plasmid or F factor,
or integrated in the bacterial chromosome, usually
as part of an excision-defective bacteriophage
lambda lysogen [4,25,26,30,31]. Transcription from
the pL promoter is dependent on the amount of cl
repressor protein relative to the number of copies
of the pL promoter [30,31 and B. Glick, unpub-
lished observations].

It was reported recently that the addition of a
short specific DNA sequence (approximately 89
base pairs) to the distal end of cloned genes may
stabilize the mRNA transcribed from that gene,
thereby increasing gene expression [46]. This “re-
troregulator” sequence probably becomes incor-
porated at the 3" end of the mRNA, protecting it
from exonuclease digestion.

Gene expression in procaryotes such as E. coli
may be regulated at the translational as well as at
the transcriptional level. For example, whereas the
RNA bacteriophage MS2 contains all four of its
coding sequences on a single polycistronic mRNA,
the encoded proteins are produced in varying
amounts; e.g., 60 molecules of coat protein are pro-
duced for every one molecule of maturation protein
[24). While a comprehensive description of the reg-
ulation of procaryotic translation initiation remains
to be elucidated, there are, nevertheless, some fea-
tures of mRINA which are known to affect this pro-
cess. These include the Shine-Dalgarno (S-D) se-



quence at the 5 end of the mRNA that is thought
to help position the mRNA on the ribosome, the
distance between the S-D sequence and the initia-
tion codon and the secondary and tertiary structure
of the mRNA [42].

In an effort to increase foreign gene expression,
several attempts have been made to construct plas-
mid vectors that optimize the complementarity be-
tween the S-D sequences on the mRNA and the 3’
end of the 16 S ribosomal RNA. In addition, vary-
ing the distance between the S-D sequence and the
translation initiation codon as well as varying the
nucleotide sequences 5 to the S-D sequence region
have been shown to affect expression levels
[8,21,39,41]. Construction of a series of chimeric
plasmids, in which the human fibroblast interferon
gene is under the control of the #rp promoter and
of variable distance between the S-D sequence and
the initiation codon, revealed that the expression of
interferon could vary by a factor of 250 [39]. This
difference was attributed to differences in mRNA
secondary structure within the ribosome binding
site affecting mRNA stability.

In addition to changes in the region of the
mRNA 5 to the initiation codon, it was observed
that introduction of additional codons 3’ to the in-
itiation codon, that altered the NH,-terminal ami-
no acid sequence of cloned bovine growth hor-
mone, resulted in a dramatic (60-fold) increase in
the amount of bovine growth hormone synthesized
by cells transformed with this plasmid construct
[36]. These results indicate that the secondary and/
or tertiary structure of the mRNA in the region sur-
rounding the initiation codon is critically important
in determining the ultimate level of expression of a
protein whose gene has been cloned in E. coli and
that both translational and transcriptional regula-
tion must be considered in the design of procaryotic
expression vectors.

Since the 20 amino acids are encoded by 61 dif-
ferent trinucleotide codons, several trinucleotide
codons can encode the information for the insertion
of the same amino acid into protein. Organisms
show marked differences in codon preference, es-
pecially in genes encoding highly expressed proteins
[14,16,33]. In fact, it appears that the frequency of
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codon usage in an organism is a direct reflection of
the pool of cognate tRNAs. Highly expressed genes
use codons for which there is a large pool of cog-
nate tRNAs while regulatory genes often use co-
dons for which there is only a very small pool of
cognate tRNAs [14,16,22,33]. Accordingly, expres-
sion of a foreign gene may be limited by the avail-
ability of a particular aminoacyl-tRNA. Expression
limitations due to codon usage may be avoided
when developing a strategy for chemical synthesis
of a gene whose subsequent optimal expression is
desired.

While E. coli proteins are synthesized in the cy-
toplasm, it is possible to direct a cloned gene prod-
uct to the cytoplasm, the inner or outer membrane
or the periplasmic space. Secretion of a cloned gene
product to the periplasmic space often allows for
higher levels of expression of the foreign protein
that might be degraded by proteases 'in the cyto-
plasm [18]. E. coli is capable of recognizing and cor-
rectly processing eucaryotic (as well as procaryotic)
signal sequences so that secretion of eucaryotic pro-
teins like rat proinsulin into the E. coli periplasmic
space is possible [15,43). Expression vectors have
recently been constructed which place the genes for
foreign proteins, not normally secreted, behind a
DNA fragment encoding a signal sequence. This
results in the foreign protein being efficiently secret-
ed (in large amounts) to the periplasmic space with
no evidence for accumulation of the unprocessed
form in the cytoplasm [13]. While it is technically
feasible to direct the protein products of foreign
genes to the inner or outer membrane, high levels
of a foreign protein in the membrane may interfere
with normal cellular functions and be lethal to the
cell.

The overproduction of cloned proteins in E. coli
may result in the formation of an insoluble aggre-
gate (or inclusion body) of the foreign protein
within the E. coli cytoplasm [7,37]. Depending on
the particular protein, solubilization of this aggre-
gate may result in the loss of biological activity. In
this instance it may be advantageous to clone the
gene into a secretion vector so that the cloned pro-
tein does not accumulate in the cytoplasm.

The large-scale production of eucaryotic pro-
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teins in E. coli is often limited by the instability of
these polypeptides within the bacterial host. A com-
mon strategy which has been used to overcome this
problem is to fuse the gene for the eucaryotic pro-
tein to a portion of a bacterial gene [20,27]. With
this type of construct, the desired polypeptide con-
stitutes a small portion of the fusion product. An
alternate approach to stabilizing a cloned protein
is to clone multiple copies of the gene in tandem
onto the same plasmid [17,23,38]. This approach
has been successfully employed with both the
human alpha interferon and the human proinsulin
genes [23,38].

After a foreign gene has been cloned into an
expression vector, the vector is introduced into
competent E. coli cells that become a source of the
foreign protein. However, plasmids are not always
stable, especially in cells grown for many genera-
tions in large-scale cultures [28], so that when a pro-
cess is scaled up it is important that vector stability
be addressed.

A two-stage model of plasmid loss has been pro-
posed {2] in which plasmid loss first occurs at the
level of the individual cell as a result of defective
segregation at cell division, and then at the popu-
lation level. Since a plasmid-free strain has a faster
specific growth rate than a plasmid-containing
strain, as a result of the metabolic energy which is
expended for plasmid maintenance, the plasmid-
free strain will eventually outcompete the plasmid-
containing strain [2]. Tt has been observed that as
the expression of a cloned gene product increases,
the appearance of plasmid-free segregants also in-
creases, presumably as a result of the increase in
metabolic energy required for plasmid maintenance
and function. In practice, maximal levels of gene
expression may occur when the plasmid copy num-
ber is relatively low [1,19].

The most common method of ensuring that a
recombinant plasmid is not lost during the growth
of the microorganism is the inclusion of antibiotics
which select for the presence of plasmids carrying
the appropriate antibiotic resistance genes. How-
ever, scale-up of this approach may not be econom-
ically feasible due to the cost of the added anti-
biotics [28,35].

A unique strategy for enhancing plasmid stabil-
ity is to incorporate a gene onto the plasmid which
allows the plasmid-containing strain to grow more
rapidly than the plasmid-free strain. This approach,
while somewhat limited in application, has been
successfully employed in the transformation of a
methylotrophic bacterium where the introduction
of a recombinant plasmid effectively removed
growth inhibition of the one carbon substrate [35].

An alternative strategy is to utilize cloning vec-
tors with regulatable promoters so that the foreign
protein is not expressed until the promoter is
“turned on”, thus minimizing the metabolic load
placed on the cell. An analogous strategy involves
the use of runaway-replication plasmid vectors
where plasmid copy number is relatively low at low-
er temperatures and is increased when the temper-
ature is raised [5,31,45]. The lower plasmid copy
number during much of the cell growth cycle re-
duces the metabolic load on the cell and ensures
plasmid stability. At the same time the higher plas-
mid copy number for a portion of the growth cycle
results in high levels of expression of the cloned for-
eign gene.

A consequence of the use of cloning vectors with
regulatable promoters is the development of two-
stage fermentors in which the cell growth and gene
expression phases are separated [32,40]. Using a
two-stage fermentor, cells are grown to a predeter-
mined stage, under conditions in which the plas-
mid-encoded foreign gene is not expressed, before
they are transferred to a second fermentor where
expression of the foreign gene is induced. Separa-
tion of growth and expression phases of the process
reduces the metabolic load and increases plasmid
stability, even in the absence of direct selective pres-
sure. This makes it possible for the overall process
to be carried out continuously, increasing the pro-
ductivity and decreasing the capital costs of the pro-
cess.

Regardless of the nature of the foreign gene or
the design of the fermentor, the introduction of an
exogenous plasmid into an E. coli cell is bound to
impose some metabolic load. This may be avoided
by integrating the foreign gene into the E. coli chro-
mosome through the use of a defective bacterio-



phage lambda lysogen carrying the foreign gene
(see, e.g., Ref. 26) or by the direct insertion of a
foreign gene into a specific site on the host chro-
mosome [29]. With the direct insertion strategy, a
foreign gene is cloned into the middle of an E. coli
gene on a plasmid and when this construct is used
to transform E. coli cells, homologous recombina-
tion occurs so that the foreign gene and the DNA
sequences flanking it become integrated into the
chromosomal DNA.

While the efficient expression of foreign genes in
E. coli is dependent on a number of factors, it is
nevertheless reasonable to expect that most foreign
genes may be expressed at high levels in E. coli and
that this expression will be amenable to scale-up.
Although the strategy of gene expression and
scale-up 1s likely to vary, there are more similarities
than differences from one gene to the next, resulting
in the development of a “systems” approach to the
cloning, expression and scale-up of foreign genes in
E. coli.
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