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The effect of all possible codons corresponding to the second and third amino acid (isoleucine and threonine) on the expression level of hirudin

in E. coli has been analysed. These levels could not be correlated with changes in primary and secondary mRNA structure. A decrease in the rate

of synthesis and of product accumulation follows the introduction for ile of the ATA codon which is of very low usage, and for thr of the ACC

codon, which results in homology of the mRNA with the ¥-end of 16S rRNA. The results are discussed according to current concepts of protein
expression in E. coli
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1. INTRODUCTION

Gene expression in E. coli has been shown to be in-
fluenced by many factors. Of relevance to this study
are: (i) Codon usage: for many analysed E. coli genes
the expression level is correlated with the frequency of
occurrence of codons [1] and with the cognate tRNA
concentration [2]. (i) The primary structure of the
mRNA; the ribosome binding site [3] and the sequence
following the initiation codon, which might bind the
5’-end of the 16S rRNA [4]. Both make up the transla-
tion initiation region. (iii) The secondary structure in
which the ribosome binding site and the initiating ATG
are presented to the ribosome [5].

To gain a better understanding of the factors con-
trolling expression of heterologous genes in E. coli, the
expression level of recombinant hirudin, driven by the
strong PL promoter of bacteriophage lambda, was
analysed for all possible codon combinations for ile and
thr, the second and third amino acid.

This was surmised to be a sensitive model since: (i)
The initial steps in the translation process will deter-
mine whether protein synthesis proceeds or aborts and
sets the overall rate. (ii) Influences on the rate of protein
synthesis will be more pronounced for a small gene, like
hirudin (198 nucleotides).

Finally, at the end of the induction procedure,
hirudin is one of the very few proteins still synthesised.
Use of this model excludes therefore possible competi-
tion with the synthesis of other proteins.
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2. MATERIALS AND METHODS

When not explicitly stated, materials and methods were as
previously described [5,6].

Synthetic oligonucleotides (TG 460 5’ TATGATHACNT 3’ and
TG461 5' ATANGTDATCA 3, corresponding to all codon com-
binations for ile and thr, were phosphorylated, hybridised at 65°C,
cooled at 4°C and ligated with pTG720 {6], cut with restriction en-
zymes Ndel and Accl and treated with alkaline phosphatase. Initial
transformants were sequenced by T track analysis and segregated by
transformation at low concentration. Candidates were confirmed by
sequence analysis with all four nucleotides. Possible RNA secondary
structures were analysed as described previously for o;-antitrypsin
[51.

E. coli strain TGE901 (F ~ su ilv his (lambda delta Bam cI857 delta
H1) transformed with the different plasmids was grown at 30°C and
induced at 37°C as described [6], except that LB medium was used
throughout.

De novo synthesis was analysed by pulse labelling a sample of the
bacterial culture corresponding to 1 m! of 1 unit A600 with 1/100
volume of [3*S]cysteine (Amersham; specific activity >600 Ci/mmol)
for 90 s at 37°C. Subsequent treatment of the samples was as describ-
ed previously [5].

Hirudin activity was measured as described [7], after storage of the
bacterial samples for at least one week at —20°C. Values are express-
ed in anti-thrombin units/A600/1 [6].

3. RESULTS AND DISCUSSION

Hirudin accumulation was after 2h,3h,4hand Sh
of induction. De novo synthesis was followed by den-
sitometric scanning of the autoradiographs, using the N
gene product (at molecular weight 14 kDa) as an inter-
nal standard. This analysis reveals that the relative in-
tensity of the hirudin bands observed for the different
plasmids (after 3 h and 5 h of induction, not shown)
correlates well with the hirudin activity measured at
these time points. Table I shows the quantity of recom-
binant hirudin activity after 4 h of induction together
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Table 1
Recombinant hirudin accumulation on induction

Plasmid number Sequences Induction level at 4h Structure AG
pTG7201 cat atg ATT ACG tac 2200 dimer ~15.1
pTG7202 cat atg ATT ACC tac 420 monomer ~12.0
pTG7203 cat atg ATT ACT tac 1900 dimer ~12.0
pTG7204 cat atg ATT ACA tac 1600 monomer ~12.0
pTG7205 cat atg ATC ACG tac 1100 monomer -13.7
pTG7206 cat atg ATC ACC tac 800 monomer -10.6
pTG7207 cat atg ATC ACT tac 1000 monomer -10.6
pTG7208 cat atg ATC ACA tac 1100 monomer -10.6
pTG7209 cat atg ATA ACG tac 500 monomer —13.3
pTG7210 cat atg ATA ACC tac - monomer -11.6
pTG7211 cat atg ATA ACT tac 900 dimer —-11.6
pTG7212 cat atg ATA ACA tac - dimer -12.5

The free energy (AG) of the secondary structure formed by the CII ribosome binding site and the initial coding region of the hirudin gene has been
calculated in a region comprising nucleotides — $3 till + 30, defined with respect to the initiating ATG, where A is at the null position.

with the sequence analysis of the transformants obtain-
ed. Differences in expression level are not due to altered
copy numbers of the plasmids (not shown) nor to their
multimerisation state.

In a previous report, Tessier et al. [5] showed that
stabilisation of the secondary structure of the mRNA
containing the cII ribosome binding site and the region
involving initiation of transcription of a lambda
cll:al-antitrypsin gene fusion correlates with increased
expression levels. High-level expression of unfused
al-antitrypsin was obtained when this secondary struc-
ture was reconstructed, but only in the presence of cer-
tain silent point mutations in the «l-antitrypsin coding
region. Using the same computer-based analysis for the
hirudin mRNA structural features reminiscent of those
reported were found for plasmid pTG7201. It explains
its relatively high expression level (10° molecules/cell).
The stability of this structure is equally reduced for
plasmids pTG7205 and pTG7209 and correlates with a
decreased expression. For the other plasmids, the com-
puted structure no longer contains the redundant third
nucleotide as part of a secondary structure, hence
minor stability changes of the mRNA structure do not
correlate with expression levels.

However, a single nucleotide change downstream of
the initiating ATG can affect the product yields obtain-
ed (Table I). Noteworthy are the drops in hirudin ex-
pression level when ATA and ACC stand for ile and
thr, respectively.

The ile codons ATT and ATC have a corresponding
tRNA concentration 9-19-fold higher [2,8] than the
ATA codon. Table I shows that the presence of ATA as
second codon is indeed correlated with a decreased ex-
pression level (compare for example pTG7209 and
pTG7205). Yet, pTG7211 yields an expression level ex-
ceeding that of certain plasmids containing ATT or
ATC (e.g. pTG7102). It is to be noted that only
pTG7211 generates a stretch (AACT) of 4 bases com-

plementary to the 5'-end of 16S rRNA. As this region
is suggested to be part of the translation initiation
region [4], it could account for a higher rate of protein
synthesis. Thus, apart from secondary mRNA structure
and codon usage, the primary structure of the mRNA at
the beginning of the hirudin gene clearly influences the
expression levels.

Evidence for the influence of secondary structure on
expression comes from the analysis of the data obtained
with the thr codons. There is no codon of particular low
usage for thr, yet ACC decreases the expression level. It
is possible that, as a result of the introduction of an
ACC codon, hybridisation of the hirudin mRNA with
the 3’-end of 16S rRNA becomes feasible. This sugges-
tion is compatible with the model of Stern and col-
laborators [9] since the incriminated nucleotides
(1503-1506) are not involved in secondary RNA struc-
tures. The energy contribution [10] is calculated to be
AG = —19 kcal. This secondary structure (see Fig. 1)
could impede initiation of protein synthesis. This pro-
posal is substantiated by the fact that pTG7202, which
can form an additional A-T bond, expresses two-fold
less than pTG7206. Furthermore, pTG7210 which has
both ATA and ACC codons, synthesises very low
amounts of hirudin. The structure shown in Fig. 1 ex-
plains the specific effect of ACC, since the other
threonine codons yield sequences that lack this region
of complementarity to the 3'-end of 16S rRNA.

Although the expression level of hirudin could not be
increased over that already obtained with pTG720 {6},

S/D
16S RNA 3'AUUCCUCCACUAGGU//AUGGAACAAUGC
kkkkkk *k %k k

m RNA 5 'UAAGGAAGUACUUAC H ACCUAU

Fig. 1. Secondary structure of the 5' extremity of the ACC containing
hirudin mRNA.
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various factors which determine hirudin expression in
E. coli have been identified. Nonetheless predictions
about their relative contributions remain difficult.
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