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I Introduction

In recent years the techniques of in vitro DNA recombination

followed by transfection of suitable host cells with recombinant

vectors (gene cloning) has led to a great increase in our understanding

of the structure and function of the genomes of many organisms. In

the early stages of this work it became clear that genes which were

cloned in this way could be expressed in the new host if the genetic

elements controlling expression were suitably arranged. The results

of these efforts will find application in two spheres. In the first, new

approaches to fundamental studies on the relationship of protein '

structure to function will be possible. Already, molecules have been

produced which are hybrids of the appropriate regions of different

interferon molecules and their functions are being examined. This is

possible not only because the genes for the proteins can be recom-

bined but because they can then be expressed in E. coli in quantities

sufficient for purification and biological study (Streuli et al., 1981;

Week et al., 1981). Further extensions of this kind of work can be

foreseen where one or a few selected amino acids (e.g. near the active

site of an enzyme) are altered by in vitro mutagenesis (Shortle et al.,

1981; Lathe et al., 1983) and the effect on enzymatic function

assayed. Secondly, such is the power of these gene cloning and

expression techniques that they are already having a profound
impact on the practice of biotechnology and it seems that few areas

of this technology will remain unaffected by them. Indeed, the first

proteins made by recombinant DNA techniques are now being pro-

duced in sufficient quantity for extensive safety and efficacy testing.

Insulin and growth hormone, both conventionally isolated from
human endocrine tissue have now been made in E. coli and the

proteins purified (Goeddel et al., 1979a, 1979b). Considerable effort

has been expended on the isolation and expression of both leukocyte
(Le or 01) and fibroblast (F or B) interferon genes so that the potential
of these antiviral compounds can be evaluated properly "(see Scott
and Tyrrell, 1980). There is also the possibility of producing proteins

for use as vaccines against a variety of infectious agents by cloning

and expressing the genes coding for the relevant surface immunogens.

Notable progress has been made towards a vaccine for foot and

mouth disease virus (FMDV) using this approach, where one of the

capsid proteins (VPI) produced in E. coli has been shown to elicit
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.0 neutralizing antibody (Kleid et al., 1981). Genetically engineered

vaccines for other viruses such as hepatitis B and rabies virus are also

being considered. .

Although none of these initial examples. of the expression of

proteins from recombinant organisms is as yet established as a bio-

’ technological process, the way in- which the expression of the recom-

. binant DNA was achieved forms a general paradigm for all future
__ studies. However, at the same time, it is clear that not all the rules

governing the expression of cloned genes have been elaborated and

those rules that do exist are still largely empirical. In this article

the ways in which expression has been achieved are reviewed, some

of the problems discussed and some of the probable future systems

V considered.

II Gene expression in_E. coli

E, coli has been used as the hostcell for expression of foreign genes

mainly because more is known about the control of gene expression

in this organism than in any other. It is well established, for example,
that the genes involved in a particular metabolic activity tend to be

clustered in transcriptional units (operons) with the major control

regions (the operator "and promoter) located at the beginning of the -

cluster (for a detailed description of bacterial gene expression, see

Miller and Reznikoff, 1980). The operon is transcribed into a poly-
cistronic mRNA from which the polypeptides are then translated.

Transcriptional control is exerted over the expression of an operon
and varies depending on the function of the genes in the operon

' (see Miller and Reznikoff, ‘1980). Since relatively few promoter

systems are currently being utilized to express cloned‘ genes, the
essential elements, of their control mechanisms will be dealt with

when considering each system. Expression of a cloned gene requires
efficient and specific transcription of the DNA, translation of the
mRNA and in some cases post-translational modification of the

resulting protein. ' . '

V Transcription

The first step in the initiation of transcription in E. coli is the binding , -
of RNA polymerase to a promoter sequence in the DNA. Analysis of
the DNA sequence of many promoters in E. coli has revealed two

regions of homology located "about 35 base pairs (bp) upstream
from the transcription initiation site (the — 35 region) and about

10 bp- upstream (the -10 region or Pribnow-Schaller box). The
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J conserved sequences in the - 35 and - 10 regions (TTGACA and
TATAAT respectively, Rosenberg and Court, 1979; Siebenlist et al.,

1980) probably represent those bases most intimately involved in

polymerase binding and orientation via sigma factor, so that RNA

chain initiation can take place just downstream.

Transcription termination is also controlled by signals in the DNA

sequence, characteristically a GC rich region having a two-fold

symmetry before the termination site, followed by an AT rich V

sequence at the site of termination (Rosenberg and Court, 1979).

Several protein factors are also involved in ‘the control of term-

ination, most notably the rho factor. Anti-termination proteins such

as the N gene product oféphage A can also be involved in specialised

systems (Greenblattet al., 1981).

B Translation

Efficient translation of mRNA in prokaryotic cells requires the

presence of a ribosome binding site (rbs). For most E. coli mRNAsI
the rbs consists of two components, the initiationcodon AUG and,

lying 3--12 bases upstream, a sequence of 3-9 bases called the

Shine-Dalgamo (SD) sequence complementary to the 3' end of the
16S rRNA (Shine and Dalgamo, 1975). It is believed that hybrid-

ization to this region is involved in the attachment of the ribosomal

30S subunit to the mRNA (Steitz, 1979). The SD sequence is not

identical in all mRNAs but a semi-conserved consensus sequence has

been identified just as for promoter sequences. It is possible that

differences in SD sequences form part of a translational control

system. In addition, ribosome binding is probably modulated by the

secondary structure at the 5' end of the RNA since more efficient

translation occurs if the AUG and SD sequence are freely accessible

to 30S ribosomal subunits (Iserentant and Fiers, 1980). Termination

of translation usually occurs whenever one of the three stop codons

is encountered in the mRNA by a ribosome complex, provided that

an.aminoacylated suppressor tRNA is not present.

0 Post-translational modification

There are a variety of modifications that bacterial proteins can

undergo following translation.T-he formyl group on the NH 2-terminal

methionine is hydrolysed and one or more NH,-terminal residues

may be removed. Many secreted proteins are synthesized as large
precursors with additional hydrophobic NH,-terminal signal
sequences that are cleaved off by a membrane bound enzyme (for

~ review, see Davis and Tai, 1980). However, glycosylation and
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' phosphorylation, which are common modifications of proteins in
.0 eukaryotic cells do not occur to any great extent in E. coli.

IH " Problems encountered in the expression of
eukaryotic DNA in E’. coli

Successful expression of a eukaryotic gene in E. coli requires that the_

cellular machinery is organised so that the level of expression of

' the cloned gene is as good or better than the resident genes; Probably

the most important difference between eukaryotic genes (at least

from higher organisms) and prokaryotic genes is the presence of

intervening sequences (introns) which interrupt the coding sequences.

._ Normally these sequences are spliced out of the initial RNA
transcript, producing cytoplasmic mRNA suitable for translation.

There are no introns in prokaryotic genes and consequently no

splicing enzymes present, so in general genomic DNA ‘cannot be used

-as a source of genes. for expression in bacterial cells. A second '

problem is that transcriptional signals in eukaryotes are different

from those in prokaryotes (Corden et al., 1980; Breathnach and

Chambon, 1981) -and are not usually recognised by bacterial RNA

polymerase. This difference again emphasizes the fact that eukaryotic

genomic DNA is not a suitable gene source for construction of

expression vectors. Thirdly, the structure of eukaryotic mRNA is

different to bacterial mRNA. Eukaryotic mRNA is polyadenylated ' '
at the 3' end and normally capped at the 5' end, features which

may affect mRNA stability and ribosome binding (Breathnach and

Chambon, 1981). Furthermore eukaryotic mRNA does not seem to

have an equivalent of the SD sequence present in prokaryotic mRNA

(Kozak, 1981). . 3

An additional problem is that of codon usage. The codons used

in mRNA coding for highly expressed prokaryotic genes are not

random; there is a marked preference for particular codons for

some amino acids (Grantham et al.,' 1981; see Grosjean and Fiers,
1982). This preference appears to correlate with the abundance of
different tRNA species (Ikemura, 1981). As codon selection pref-

erences are different for eukaryotic genes it is possible that the

levels of certain tRNAs will affecttranslational efficiency of these

genes in a prokaryotic system. Finally, it is known that many

eukaryotic proteins are subject to '_a number of post-translational
modifications which may affect either activity or stability. Most of

these modifications do not occur in prokaryotes. ‘ -

A number of strategies have been developed_to try to overcome

these difficulties (Table 1). Oncethe amino acid sequence of a
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