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ABSTRACT

Tetanus toxin fragment C had been previously expressed in Escherichia coli at 3—4% cell protein.
The codon bias for tetanus toxin in Clostridium tetani is very different from that of highly expressed
homologous genes in E. coli, resulting in the presence of many rare E. coli codons in the sequence
encoding fragment C. We have replaced the coding sequence by sequence optimized for codon usage
in E. coli, and show that the expression of fragment C is increased. Although the level of mRNA
also increased this appeared to be a secondary consequence of more efficient translation. Complete
sequence replacement increased expression to approximately 11—14% cell protein but only after
the promoter strength had been improved.

INTRODUCTION

It has long been recognized that the choice of codons is not random and varies from organism
to organism. The greatest deviation from random codon choice occurs with highly expressed
genes (1—3). This is thought to reflect, in part, selection against the use of codons specifying
tRNA molecules of low abundance and in part, selection against codons whose binding
energy for interactions with the anti-codon loops of the cognate tRNA molecule is suboptimal
(4). It is thought that such selection operates against poor rates of expression (5). This
is supported by the finding that genes with a high proportion of rare codons are translated
at a lower elongation rate than those with a low proportion (6). Insertion of tandem rare
codons into homologous genes has also been shown to increase the translation time and
to lower expression levels (7, 8).

Because of these considerations it was always expected that when heterologous genes
were expressed, a poor fit between the codon bias of the gene and of the host organism
would limit expression. However, there are many examples of high level expression in
E. coli of heterologous genes with an unfavourable codon bias. Table 1 shows some of
the published examples of high level expression (greater than 10% cell protein) of
heterologous genes in E. coli and their usage of 9 of the rare E. coli codons as defined
by Sharp and Li (5). [The codon GGG was excluded partly because it was less rarely
used than the others and partly because it specifies two anticodons (1)]. As can be seen,
the total usage of rare codons can be as high as 15% (Influenza NS1 protein), or the
individual usage as high as 6.0% (B-interferon) for AGA and AGG by their common tRNA
isoacceptor and yet still give high expression levels. Ernst and Kawashima (25) compared
constructions of a gene fusion between yeast «-factor and somatomedin C which differed
only in the coding sequence. They could find no correlation between codon bias and
expression levels in E. coli or yeast. By contrast Williams et al (26) carried out a similar
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analysis on expression of interleukin 2 and reported a sixteen-fold stimulation by increasing
the proportion of preferred codons. However, they obtained much lower levels of expression
of interleukin 2 than Devos et al (12) who also used the original cDNA, suggesting that
rare codons were not limiting. Their data also do not rule out the possibility that the
difference in expression level which they ascribed to improving the codon bias is due to
changes in mRNA stability.

Fragment C from tetanus toxin shows considerable promise as a sub-unit vaccine against
tetanus (27, 28). The coding sequence has been expressed in E. coli to give a soluble product
at 3—4% cell protein (28). The sequence is very AT-rich (29) and contains a large number
of codons which are rarely used in highly expressed E. coli genes. In this paper we show
that the expression of fragment C is limited by its high demand for rare tRNA molecules.

MATERIALS AND METHODS

Strains

E. coli strain MM294 (30) was used throughout this work.

Plasmids

The construction of pTETtac2 has already been described (28). It was used to construct
pTETtac7 via the intermediate plasmid pTETtac6 as shown in Fig. 1. This involved cloning
two oligonucleotides between the Banl and Maell sites of pTETtac2 in order to produce
the two unique sites Ncol and AfIll in pTETtac6. Eight more oligonucleotides were then
cloned between these two sites to create pTETtac7. Plasmids pTETtac9 and 10 were
constructed from pTETtac2 and 7 by ligating DNA from both plasmids from either side
of the unique Sacll site. Plasmid pTETtacll was made by cloning six oligonucleotides
between the AfIIl and Hinfl sites of pTETtac7 as shown in Fig. 1. The synthetic sequence
specified by all the oligonucleotides is given in Fig. 2.

Plasmid pTETtac111 was constructed by cloning four oligonucleotides between the EcoRI
and Apal sites of pTETtacl1 (see Fig. 1). These specified the fac promoter from —112
of the trp promoter to the 3’ end of the lac operator (31). Plasmids pTETtac102 and
pTETtac107 were made by ligating DNA from pTETtac111 5’ to the Bg/II site with DNA
from pTETtac2 or pTETtac7 3’ to the BgllI site. Plasmid pTETtac115 was made by cloning
six oligonucleotides between the Clal and BamHI sites of pIC-20H (32) before subcloning
the Clal-BamHI fragment into pTETtac111.

All synthetic oligonucleotides were made on a Pharmacia Gene Assembler and purified
by electrophoresis on a denaturing polyacrylamide gel. Primers were synthesized and
purified in the same way and were used to confirm the sequence of all synthetic
oligonucleotide-specified DNA by direct sequencing of the plasmids (33).

Induction of Cultures

Cultures containing various plasmids were induced as described previously (28, 34). The
levels of expression of fragment C were quantified either by an ELISA and protein assay
(28) or by densitometer scanning of SDS-polyacrylamide gels using a Joyce-Loeble
Chromoscan 3.

Fig. 1 Restriction maps of the fragment C-encoding part of expression plasmids. For complete map of pTETtac2
see ref. 28. Box depicts fragment C sequence: open box native sequence; hatched box synthetic sequence. Tac
promoter is between the first EcoRI and Apal sites.
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Fig. 2 Complete sequence of fragment C. Top line shows ATG followed by the C. tetani sequence (29) with
the changes in the synthetic sequence given below. Restriction sites used in the construction are also shown.
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Table 1 Percentage utilization of each rare codon by highly expressed heterologous genes in E. coli

Gene CUA AUA UCG CCC CGA CGG AGA GGA Total Expression* Ref.
AGG

FluNS1 26 1.7 04 04 17 26 26 30 152 20-25 9
bGH 0 0 05 16 O 16 16 05 58 NE 10
pGH 0 0 21 16 0 21 1.1 1.1 79 NE 10
hIL-2 30 08 0 22 0 0 30 15 98 >10 11
hy-IF 0 14 14 0 28 0 21 07 90 25 12
hg-IF 12 12 0 0 06 0 60 12 102 15 13
bPC 03 03 11 08 03 0 16 03 47 20 14
mTNF 0 06 06 38 06 O 0 19 77 24 15
sGH 1 11 0 1.1 0 1.1 27 11 80 15 16
PP 14 14 0 05 05 0 29 38 106 15 17
hR 03 03 09 24 03 03 09 26 79 >10 18
ras21 05 05 0 1.0 0 37 1.0 05 73 >20 19
Cel 0 0 27 21 0 12 02 0 62 >20 20
cL 08 08 O 0 08 16 23 47 109 25 21
HIVRT 14 41 02 09 O 0 32 36 134 10 22
cAK 0 0 1.0 26 0 36 0 1.0 82 10 23
hSOD 05 05 O 1.5 0 05 10 10 51 25 24

Abbreviations: FluNS1=influenza non-structural protein 1; bGH, pGH and sGH =bovine, porcine and salmon
growth hormones; hIL-2 =human interleukin 2; hy-IF, h3-IF=human v and 8 interferons; bPC =calf (bovine)
prochymosin; mTNF=murine tumour necrosis factor; PP=poliovirus protease; hR-human renin; ras21=p21
of Ha-ras; Cel=C. fimi cellulose; cL=chicken lysozyme; HIVRT =human immunodeficiency virus reverse
transcriptase; cAK =chicken muscle adenylate kinase; hSOD =human superoxide dismutase. NE = not estimated.
*Expression is given as a percentage of total cell protein.

Northern blots

RNA was prepared from frozen pellets from induced cultures as described by von Gabain
et al (35). All apparatus was pre-treated with diethylpyrocarbonate. The RNA was used
immediately or stored at —70°C before use. When required, it was glyoxylated and Sug
was applied to each track of a 1% agarose gel in 10mM phosphate buffer pH7.0 as
previously described (36). The RNA was blotted overnight onto a nylon membrane (Gene
Screen), which was then baked for 2 hours. It was prehybridized for several hours at 42°C
and hybridized overnight at 42°C with an oligonucleotide or DNA probe labelled with
32P by random priming (37). For hybridizing to fragment C-specific transcripts, oligo-3
(28) which covers sequence from the Bg/II site to the end of the first hatched area of Fig.1,
was used to generate the probe. The membrane was then washed with 2 XSSC at 25°C,
2xSSC + 0.1% SDS at 65°C followed by 0.1 XSSC at 25°C. The hybridizing mRNA
was visualized by autoradiography. The strength of the signal detected by autoradiography
was quantified by densitometer scanning of the autoradiographs.

RESULTS

Limitation of Expression by Rare Codons

We have previously shown that induced cultures of E. coli containing pTETtac2 express
fragment C at approximately 3—4% of total cell protein (28). The plasmid pIFGtac124A
(38) which differs from pTETtac2 only in having the coding sequence for y-interferon
(y-IF) in place of tetanus toxin fragment C, expresses y-IF at 30—35% of total cell protein
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Table 2 Frequency of E. coli rare codons in fragment C sequence

Amino Acid Codon pTETtac2 pTETtac7 pTETtacll pTETtacl15
pTETtac102 pTETtac107 pTETtac111
Leu CUA 5(1.1) 3 2 0
Ile AUA 194.2) 9 2 0
Ser UCG 1(0.2) 1 0 0
Pro CcC 1(0.2) 0 0 0
Arg CGA 1(0.2) 1 1 1
CGG 0 0 0 0
AGA
AGG 14(3.1) 8 3 1
Gly GGA 12(2.7) 6 3 0

Percentage use shown in brackets.

(unpublished observations). On a molar basis this corresponds to a 30-fold higher level
of expression. Northern blotting showed that the «-IF transcript was only two to three-
fold more abundant than the fragment C transcript (data not shown) and therefore the
difference in expression was mainly at or after the level of translation.

There are a large number of rare codons in the fragment C coding sequence and in
particular those encoded by the minor tRNA molecules for isoleucine (AUA), arginine
(AGA, AGG) and glycine (GGA) (Table 2). Because the rare codons were fairly evenly
spread, in order to reduce their number, almost the entire coding sequence was replaced
by a synthetic sequence (Fig. 2). This was done in several stages to provide a series of
plasmids which contained an increasing proportion of synthetic sequence (Fig. 1). The
effect of these changes on the number of rare codons in each of the plasmids is shown
in Table 2. Extracts of induced cultures containing these plasmids were analysed by SDS-
polyacrylamide gel electrophoresis. As shown in Fig. 3 and Table 3, pTETtac7 which
has approximately half the number of rare codons as pTETtac2 shows a significant increase
in expression.

The increase in expression in pTETtac7 over pTETtac2 is consistent with the limiting
factor being the dependence on rare tRNA molecules during translation. However, it could
also be due to the removal of a specific sequence element which decreases expression,
for example, a transcriptional termination signal or an endonucleolytic cleavage site in
the mRNA molecule. To investigate this, the unique Sacll site present in both pTETtac2
and 7 was utilized to create two new plasmids pTETtac9 and 10 (Fig. 1). If such an element
had been removed in pTETtac7, then one of the new plasmids should give levels of
expression like pTETtac7 while the other would behave like pTETtac2. Extracts of induced
cultures containing all 4 plasmids were analysed both by SDS-polyacrylamide gel
electrophoresis (not shown) and by an ELISA (see Materials and Methods). As shown
in Table 3 the two new plasmids produced fragment C at levels intermediate between those
of pTETtac2 and 7. (However, the differences were only significant in the case of
pTETtac10.) It is therefore very unlikely that the native region of the sequence, altered
in pTETtac7, contains specific elements for RNA degradation or termination.

Reducing the number of rare codons still further, in pTETtac11 (Table 2 and Fig. 1),
made no detectable improvement in the level of expression (Fig. 3 and Table 3). The level
of expression of approximately 6—7 % total cell protein is still much lower than that achieved
for y-IF by pIFGtac124A, and yet rare codons are presumably no longer limiting.
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C 2 7 10302 W7 11 1156
Fig. 3 Coomassie blue stained SDS-polyacrylamide gel analysis of induced extracts containing various plasmids.

The arrow indicates the position of fragment C. The numbers of each track refer to the plasmid present in the
culture; C refers to the control track. The size markers are given in Kdaltons.

Limitation of expression by transcription

The tac promoter used in the plasmids described so far lacks #rp promoter sequence upstream
of the Sspl site (AATATT) near position —50 (31). However, work by Nishi and Itoh
(39) has shown that part of this upstream sequence (particularly two AT rich blocks) is
required for full #p promoter function. In order to see if this sequence was required for
full tac promoter function, oligonucleotides were cloned upstream of the tac promoter

in pTETtacl1 to replace some of the missing sequence, including the two AT-rich blocks,
to give pTETtac111 (Fig. 2).
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Table 3 Levels of expression of fragment C by various plasmids

Plasmid Tac Synthetic Expression levels(%)* Relative
promoter proportion ELISA & Gel scan levels
of gene(%) protein (combined)
assay
pTETtac2 short 12 3.0+0.3(9) 3.5+0.93) 1.0
9 short 33 3.2+0.5(5) ND -
10 short 29 3.9+0.3(6) ND -
7 short 50 5.6+0.6(8) 7.2+1.03) 2.0
11 short 73 6.0+ 1.0(6) 7.4+0.8(3) 2.1
102 long 12 2.9+0.4(3) 4.2+£0.903) 1.1
107 long 50 8.0£1.7(3) 8.5+1.3(3) 2.5
111 long 73 10.0 £ 1.0(6) 10.9+£0.7(9) 32
115 long 99 11.4+£1.3(4) 14.2 £ 1.4(5) 3.9

*Expression is given as a percentage of total cell protein. Each value is given with + standard error of the mean.
Number of determinations are shown in brackets

ND = not determined

Note that because of the need to subtract a control value, the gel scan determinations are more accurate at higher
expression levels.

Induction of cells carrying pTETtac111 gave higher levels of expression compared with
pTETtacl1 (Fig. 3), being about 10—11% cell protein (Table 3). The improved expression
suggested that the upstream sequences were required by the rac promoter for full promoter
function. The long form of the fac promoter of pTETtac111 was transferred to pTETtac2
and 7 to give pTETtac102 and 107 respectively. The levels of expression obtained with
these plasmids were estimated by SDS-polyacrylamide gel electrophoresis and ELISA as
before. As shown in Table 3, unlike pTETtacl11, pTETtac102 shows no detectable
improvement in expression over the equivalent plasmid with the short fac promoter,
pTETtac2. This is consistent with a poor codon bias limiting expression in pTETtac2,
but no longer limiting expression in pTETtacl1. A similar result was obtained when the
coding sequence from pTETtac2 was subcloned into the runaway copy number vector
pMM1 (40). Under conditions where the plasmid copy number was raised, no increase
in expression was observed (data not shown).

In order to see if more codon replacements would improve expression still further, an
almost completely synthetic sequence for fragment C was constructed (Fig. 2) and cloned
into a plasmid containing the long version of the tac promoter. Induction of cells carrying
the resulting plasmid pTETtac115 (Fig. 1 and Table 2) gave slightly higher expression
at 11—14% cell protein (Table 3). We reported previously that fragment C produced by
pTETtac2 was soluble (28). We investigated induced cultures containing pTETtac115 in
the same way as before (28) and found that even when expressed to a much higher level,
fragment C was still fully soluble (data not shown).

Increase in mRNA levels by sequence replacements

The levels of mRNA specific for fragment C were estimated by Northern blotting of RNA
isolated from three induced independent cultures of cells each containing pTETtac2, 11,
102 or 111. Two samples of each RNA extract were separated on an agarose gel, and
blotted onto a nylon membrane. One blot was hybridized with an oligonucleotide probe
specific for a fragment C sequence common to all four plasmids (see Materials and Methods)
and the other as a control was hybridized to a probe specific for 3-lactamase sequence.
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Table 4 Relative levels of transcripts from pTETtac2, 11, 102 and 111

Plasmid Fragment C probe B-lactamase probe
pTETtac2 1.0 + 0.4 1.0 £ 0.3

11 29 £ 03 0.5 = 0.03

102 2.0 + 02 0.8 = 0.2

111 70 + 1.0 0.6 = 0.1

Levels given (+ standard error of the mean) are relative to the level for pTETtac2. See text for details.

A set of DNA fragments specific to the fragment C probe was run as markers (1389bp,
819bp and 253bp). In each track of the Northern blot shown in Fig. 4, the probe hybridized
to a transcript slightly larger than the 1389bp marker, consistent with a full length fragment
C transcript. Each track also contained a number of smaller transcripts in approximately
the same amount relative to the full length transcript. The relative abundance of each full
length transcript was estimated by densitometer scanning and is shown in Table 4. This
shows that the plasmids with the long form of the zac promoter (pTETtac102 and 111)
both produce approximately twice as much specific mRNA as the comparable plasmid
with the short form of the promoter (pTETtac2 and 11). It also shows that the plasmids
with more synthetic fragment C-specific DNA (pTETtacll and 111) both produce
approximately three times more transcript than their counterparts containing more native
C.tetani DNA (pTETtac2 and 102). The control blot using a 3-lactamase-specific probe
was quantified in a similar way. The relative amounts of this transcript are also given
in Table 4. For reasons that are unclear, there appear to be some differences in $-lactamase
mRNA levels, but in no case do they parallel the differences in fragment C mRNA levels.
Therefore, the differences in levels of fragment C-specific transcripts are unlikely to be
due to different amounts of mRNA being loaded onto the gel.

DISCUSSION

The coding sequence for tetanus toxin fragment C has many codons which are rarely used
by E. coli in highly expressed genes. We have synthesized almost the entire coding sequence
for fragment C in order to remove most of these rare codons. On induction, this resulted
in high level expression of fragment C in E. coli at 11—14% of total cell protein. By
comparison, the mainly native sequence was only expressed at approximately 3% of cell
protein (28, this study). We have demonstrated that this four-fold improvement in expression
is almost certainly due to relief from a requirement for rare tRNA molecules during
translation.

By replacing a large sequence, we have potentially altered many factors which affect
expression. Besides codon bias these include (i) plasmid copy number, (ii) promoter strength,
(iii) premature termination of transcription at internal sites, (iv) mRNA turnover, and (v)
efficiency of the ribosome binding site. Factors (i) and (v) are most unlikely to be involved
since no sequence changes were made within 221 nucleotides of the presumed start of
transcription or within 158 nucleotides of the AUG initiation codon. Any long range
interactions at the DNA or mRNA level between the promoter region or the ribosome
binding site and a distant site within the coding sequence cannot be affecting expression,
since a substantial region of the sequence had to be altered in order for the maximum
improvement in expression to be observed. Alterations in smaller regions led to smaller
improvements in expression.
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Fig. 4 Northern blot of RNA isolated from induced cultures containing various plasmids. Each track refers to
an individual culture. The number on each group of three tracks refer to the plasmid in the three cultures. The
size markers are DNA fragments and are in nucleotides.

Changes in factors (i) —(iv) which lead to an increase in expression, would all be expected
to raise the steady state level of fragment C-specific mRNA. Clearly the specific nRNA
levels did increase when only the coding sequence was changed (compare pTETtac11 with
pTETtac2, and pTETtac111 with pTETtac102 in Fig. 4 and Table 4). However, there
are two lines of evidence which are consistent with the increase in expression being due
to a limitation of rare codons and not due to an increase in the level of mRNA. Firstly,
our experiments which deliberately increased the fragment C-specific mRNA by increasing
the promoter strength failed to increase expression (compare pTETtac102 with pTETtac2
in Tables 3 and 4). This is supported by a similar failure to increase expression by increasing
the plasmid copy number. Both experiments clearly show that the mRNA level in inductions
with pTETtac2 is not the limiting factor. Secondly, with the weaker rac promoter, successive
changes in the coding sequence all increased expression until a limit was reached. With
the stronger fac promoter, the same trend was observed but a limit was not reached until
more sequence had been replaced. It is difficult to see how this could happen if the sequence
replacements were acting by increasing mRNA levels. Yet, this is exactly as would be
predicted if limiting rare codons were successively being replaced until they were no longer
the limiting factor. The point at which they ceased to be limiting would depend on mRNA
levels. Robinson et al (8) reported a similar effect when they inserted a block of rare codons
into the chloramphenicol transacetylase gene. Expression decreased if the cells were fully
induced, but the rare codons had no effect if the cells were only partially induced.

For these reasons, the changes in mRNA levels following the coding sequence changes
appear to be a consequence of their effect on translation via rare codons. It is known that
rare codons are translated more slowly than more commonly used ones (6, 7, 41, 42).
Since in prokaryotes, transcription and translation are coupled, pausing of ribosomes will
result in an increase in the length of ‘naked’ RNA between the transcribing RNA polymerase
molecule and the first ribosome. Such stretches of mRNA are thought to be particularly
susceptible to the action of endonucleases (43, 44) and to rho-dependent termination (45).
In either event, the presence of a large number of rare codons might be expected to decrease
the population of fragment C-specific mRNA molecules. A similar phenomenon has been
described with mRNA molecules which are poorly translated due to a weak ribosome
binding site (46).
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If so many other heterologous genes containing a high proportion of rare codons are
expressed to high levels (Table 1) why is the expression of fragment C limited by rare
codons? It has been suggested that rare codons are more likely to limit expression if they
are clustered (47). However, that cannot be relevant to fragment C since its rare codons
are fairly evenly distributed throughout the sequence and only in one instance (AGA, AGG
at positions 910—915 in Fig. 2) are there adjacent codons which specify the same rare
tRNA molecule. Since it is clear from our experiments that when rare codons are limiting
expression, raising the level of the specific mRNA will not raise the expression level,
any differences in mRNA levels between the various expression vectors are also unlikely
to be relevant. One possibility might be that fragment C is more rapidly turned over in
the cell than are all the other heterologous proteins quoted in Table 1. This is plausible,
especially since in almost all of these other examples, the heterologous protein is expressed
in an insoluble form where it is presumably relatively inaccessible to the action of host
proteases. Fragment C, by contrast is soluble (28).

There is an intriguing possibility that a single rare codon might be responsible for the
limitation of expression of fragment C in E. coli. As shown in Table 2, the rare codon
most frequently used by the fragment C gene is AUA which is used at 4.2%. With one
exception (HIV RT), this is at a much higher frequency than any of the other highly
expressed heterologous genes (see Table 1). Ikemura (1) showed by direct measurement
that the tRNA specific for codon AUA is among the least abundant. Subsequently, Gouy
and Cautier (3) have extrapolated from codon usage analyses to conclude that the tRNA
for AUA is actually the rarest. It is therefore possible that a high dependence on the AUA
codon is particularly likely to limit expression but, as discussed above, the effect may
be masked by a very stable protein.
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