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Abstract. We report  on the influence of  choice of  pro- 
moter and RNA polymerase, Y-untranslated regions and 
ribosome binding sites, codon usage, leader peptide cod- 
ing sequences and poly A tail in the Y-untranslated re- 
gion on the synthesis of porcine somatotropin (PST) in 
Escherichia  coll. A total of  12 different constructs were 
tested in this study for the production of  porcine soma- 
totropin (PST) in E. coll. Several factors have signifi- 
cant effects on PST synthesis. In the presence of  a 
strong promoter  and a strong ribosome binding site, the 
next most important  factor seems to be the combination 
of  sequences at the 5'-end of  the mRNA including both 
the Y-untranslated region and the start of  the coding se- 
quence. Codon usage in the 5'-coding sequence per se is 
not important  in determining the level of  PST synthesis 
where high level expression is achieved from a strong ri- 
bosome binding site. However, where low level synthesis 
of  recombinant PST (rPST) is achieved, codon usage in 
the Y-coding sequence is important  in determining the 
level of  PST synthesis. Leader sequences dramatically 
reduce the level of  PST synthesis. The presence of a poly 
A tail in the T-untranslated region has no significant ef- 
fect on PST synthesis. 

Introduction 

Somatotropin is synthesized in the pituitary gland as a 
precursor protein (fPST) where it is processed by remov- 
al of  the N-terminal leader peptide and release of  the 
biologically active hormone into the bloodstream. Por- 
cine somatotropin (PST) plays an important role in the 
linear growth of  pigs, especially during the pre-adult pe- 
riod. Administration of  recombinant porcine somato- 
tropin (rPST) to pigs has been shown to alter nutrient 
partitioning and results in a number of  commercially 
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beneficial effects including increased feed efficiency, in- 
creased growth rates, improved carcass quality and ear- 
lier marketing. 

We have previously described the cloning, sequence 
analysis and polymorphism of full-length cDNAs coding 
for PST and the use of the T7 RNA polymerase and the 
T7 lysozyme system to express rPST in E. coli, achieving 
levels of  up to 40% of total cell protein (O'Mahony et 
al. 1989, 1990). Moreover we have shown that purified 
preparations of  rPST produced by our system are bio- 
logically active, capable of restoring bone growth fol- 
lowing administration to hypophysectomized rats 
(O'Mahony et al. 1990). In our interest to optimize the 
expression and purification of  rPST in E. coli we have 
studied a number of factors that are believed to in- 
fluence efficient heterologous gene expression in E. coli. 
We report on the influence of promoters (and transcrib- 
ing RNA polymerase), 5'-untranslated regions and ribo- 
some binding sites, codon usage in the 5'-region of  the 
p s t  gene, leader peptide coding sequences and poly A 
tail in the Y-untranslated region on the synthesis of  
rPST. 

Materials and methods 

Materials. All DNA-modifying enzymes, hybridization filters and 
radionucleotides were used according to the supplier's recommen- 
dations. A Geneamp polymerase chain reaction (PCR) kit was 
purchased from Perkin Elmer/Cetus. Synthetic oligonucleotides 
were synthesized on an Applied Biosystems DNA synthesizer. 

Strains and plasmids. The E. coli hosts AR68 and BL21(DE3) 
have been previously described (Shatzman and Rosenberg 1987; 
Rosenberg et al. 1987, respectively). The inducible expression vec- 
tors pJLA503, pET3a and pJW2 have also previously been de- 
scribed (Schauder et al. 1987; Rosenberg et al. 1987; Wang et al. 
1990, respectively) and the relevant features of the plasmid impor- 
tant for inducible gene expression, including the sequence of the 
Y-untranslated region or translational initiation region (TIR), are 
summarized (Table 1). 

The vector pJW3 was constructed by replacing the gene 10 TIR 
region from pET3a with the corresponding atpE TIR region from 
pJLA503 (Table 1). Plasmid pUCPST3 contains a full-length 
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Table 1. Summary of plasmid constructs analyzed for the synthe- 
sis of recombinant porcine somatotropin (rPST) 

(a) 

Vector Prom. TIR Sequence of translation initiation 
region (TIR) 

pJLA503 PRPL 

pJW2 PRPL 

pJW3 ~blO 

pET3a ~bl0 

atpE AACACTACTACGTTTTAACTG- 
AAACAAACTGGAGACTCATATG 

sl0 ACCACAACGGTTTCCCTCTA- 
GAAATAATTTGTTAACTTTAA= 
GAAGGAGATATACATATG 

atpE AACACTACTACGTTTTAACT- 
GAAACAAACTGGAGACTCA- 
TATG 

sl0 ACCACAACGGTTTCCCTCTA- 
GAAATAATTTGTTAACTTTAA- 
GAAGGAGATATACATATG 

(b) 

Plasmid Vector PST a Poly A + 
construct gene tail 

pJWl01 pJW2 pst* + 
pJWl 11 " pJW2 pst* - 
pJW301 pJW2 pst + 
pJW311 pJW2 pst - 
pJW201 pJW2 fpst  + 
pJL101 pJLA503 pst* + 
pJL 111 pJLA503 pst* 
pJL301 pJLA503 pst + 
pJL311 pJLA503 pst 
pJL201 pJLA503 fpst  + 
pEW 101 p JW3 pst* + 
pDH101 pJLA503 pst* / 4~ l O pst* + 

(a) Features of the parent vectors that were used in this study, in- 
cluding the identities of the promoter (Prom.), the Y-untranslated 
region (TIR) and the sequence of the TIR and the NdeI cloning 
site (CATATG), which contains the initiation codon ATG, are 
shown. The Shine-Dalgarno sequence is underlined. (b) Features 
of the plasmids constructed for expression of rPST, including the 
identity of the basic expression vectors, the identity of the porcine 
somatotropin (pst) gene and the presence or absence of poly A ÷ 
tail on the pst genes are given 
a f P S T  refers to the full-length cDNA coding for the precur- 
sor form of PST. pst and pst* refer to the wild-type 
(ATG.TTC.CCA.GCC.ATG.CCC.TTG.TCC.AGC.CTA.TTT.G 
CC.AAC.GCC.GTG) and codon-optimized (ATG.TTC.CCG. 
GCT.ATG.CCG.CTG.TCT.TCT.CTG.TTC.GCT.AAC.GCT.GTG) 
PST cDNAs, respectively, coding for mature processed PST 

cDNA (fpst gene) coding for PST and has been previously de- 
scribed (O'Mahony et al. 1989). 

Construction o f  PST expression vectors. All DNA manipulations, 
including plasmid constructions and PCR amplification of DNA 
fragments were performed according to established methodology, 
essentially as described by Sambrook et al. (1989). Features of the 
various plasmids constructed to analyse PST expression in this 
study are summarized in Table 1. Each pst plasmid construct used 
for expression studies was derived by subcloning the relevant pst 
gene into the Ndel site of pJLA503, pJW2 or pJW3. 

The pst* cDNA is a derivative of the wild-type pst cDNA in 
which the first 14 codons of the mature PST coding sequence have 
been altered to reflect the codon bias typical of highly expressed 
genes in E. coli (O'Mahony et al. 1990). In all cases confirmation 

of each construct across ligated boundaries was performed by 
DNA sequence analysis. 

Analysis o f  inducible synthesis o f  PST. Thermo-inducible expres- 
sion of the pst, pst* and fpst genes on the relevant plasmid con- 
structs containing the 2PRPL promoter (Table 1) was performed in 
E. coli AR68 as host whereas isopropyl-fl-D-thiogalactopyranoside 
(IPTG)-induced, T7 RNA-polymerase-dependent, synthesis of 
PST was carried out in the host E. coli BL21(DE3) as described 
previously (Wang et al. 1990; O'Mahony et al. 1990, respectively); 
analysis of cell lysates by sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) was performed as described 
(Laemmli 1970). Quantification of the level of PST synthesis di- 
rected by each construct was performed by densitometric analysis 
of SDS-polyacrylamide gels. 

Results and discussion 

We have analysed the synthesis of recombinant PST in 
E. coli under the control of the tandem, thermo-induci- 
ble promoters PRPL from phage ,~ (Schauder et al. 1987) 
in the plasmid series pJL-PST and pJW-PST. In these 
constructs the temperature-sensitive cI 8s7 repressor is 
also plasmid encoded. In addition, we have analysed the 
synthesis of rPST in E. coli under the control of the bac- 
teriophage T7 gene 10 promoter on the plasmid series 
pET-PST in the host BL21(DE3), in which the chromo- 
somal-encoded T7 RNA polymerase is under the control 
of the lacUV5 promoter (Rosenberg et al. 1987). In con- 
junction with the choice of controlling promoter used, 
we have also analysed and compared how variations in 
codon usage, Y-untranslated sequences, and how the 
presence or absence of leader peptide coding sequences 
or poly A tail in the 3'-untranslated region influenced 
the levels of rPST synthesis. In total, 12 different con- 
structs were tested for the production of  rPST. The level 
of PST synthesis by each construct, estimated by densi- 
tometric scanning, is represented as a percentage of total 
cell protein throughout.  

E f f e c t  o f  the Y-un t rans la ted  region on P S T  synthes is  

We have analysed the effect of  the Y-untranslated re- 
gion derived from the E. coli a tpE  gene (Schauder et al. 
1987) or from the phage T7 gene 10 gene (Rosenberg et 
al. 1987) on PST synthesis using the plasmid series deft- 
vated from pJLA503 and pJW2, respectively, in which 
the phage )~PRPL promoters directed expression. The 
levels of  rPST synthesis directed by plasmids pJL101, 
p J L l l l ,  pJL311 and pJL301 were low (Fig. 1, lanes 9- 
12, respectively; Table 2) with rPST at best accounting 
for up to 6% of total cell protein as directed by the plas- 
mids pJL101 and pJL111. In contrast, PST synthesis di- 
rected by the plasmids pJW101, p J W l l l ,  pJW311 and 
pJW301 was relatively higher with rPST accounting for 
up to 30°/0 of  total cell protein in general in the case of  
each plasmid in this series (Fig. 1, lanes 3-6, respective- 
ly; Table 2). 

We have previously reported that PST synthesis di- 
rected by the plasmid pET3a/PST,  which contained the 
T7 gene 10 promoter and 5'-untranslated sequence, in 
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Fig. 1. Analysis of expression of recom- 
binant porcine somatotropin (rPST) by 
sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE). Protein 
products synthesized by various PST ex- 
pression vectors were analysed by SDS- 
PAGE on a 12.5°70 polyacrylamide gel. 
All cultures were in the host AR68 ex- 
cept construct pEW101, which was in- 
duced in BL21(DE3). The symbols ( - )  
and (+) refer to uninduced and induced 
cultures, respectively. Lane 1, pituitary 
purified PST; lane 2, pJW101 (-) ;  lane 
3, pJW101 (+); lane4, pJWlll (+); 
lane 5, pJW311 (+); lane 6, pJW301 
(+); lane 7, pJW201 (+); lane 8, 
pJL101 ( - ) ;  lane 9, pJL101 (+); lane 
10, pJLlll  (+); lane 11, pJL311 (+); 
lane 12, pJL301 (+); lane 13, pJL201 
(+); lane 14, pDH101 (+); lane 15, 
pEW101 and pLysS (+); lane 16, molec- 
ular mass standards: 14 kDa, 20 kDa, 22 
kDa (purified pituitary) (pPST), 24 kDa, 
29 kDa, 36 kDa, 45 kDa and 66 kDa 

Table 2. Summary of the percentage of rPST synthesized by each 
plasmid construct 

Plasmid construct Expression of rPST 
(%) 

pJW101 30 
pJWl 11 30 
pJW301 30 
pJW311 30 
pJW201 5 
pJL101 6 
pJLll l  6 
pJL301 1 
pJL311 2 
pJL201 0.5 
pEWl01 9 
pDH101 12 

Levels of rPST synthesis are given as the percentage of total cell 
protein as quantified by densitometric scanning of sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis gels 

the presence of  plasmid pLysS, which coded for low lev- 
els of  T7 lysozyme, accounted for up to 40°7o of total 
cell protein (O'Mahony et al. 1990). Replacement of  the 
T7 gene 10 5'-untranslated region with the 5'-untrans- 
lated region of  the E. coli atpE gene in the plasmid 
pEW101 resulted in a reduction in expression directed 
by the T7 promoter  with PST synthesis now accounting 
for about 9°70 of  total cell protein (Fig. 1, lane 15, Table 
2). 

The double-cistron plasmid pDH101 contained tan- 
dem copies of  the pst* gene under the control of  the 
2PgPL promoters and arranged such that the 5' and 3' 
pst* gene contained the atpE and T7 gene 10 5 '-untrans- 
lated sequences, respectively. Analysis of  PST synthesis 

directed by this plasmid showed that plasmid pDH101 
directed moderate levels (12%) of  rPST synthesis (Fig. 
1, lane 14; Table 2) in comparison to pJL!01 (607o) (Fig. 
1, lane 9; Table 2), which contained a single copy of  the 
P S T  gene. 

Taken together the results suggested that replacement 
of  the 5'-untranslated sequence of  the phage T7 gene 10 
with the corresponding region of the E. coli atpE gene 
resulted in reduced levels of  synthesis of  rPST directed 
by the specified promoters.  Furthermore, the presence 
of  a poly-A tail in the 3'-untranslated region had no sig- 
nificant effect on the  synthesis of  rPST (e.g., compare 
pJWl01 and p J W l l l ;  pJW301 and pJW311 in Table 2). 
We also observed that the level of P S T  mRNA is higher 
f rom the "pJW" constructs as opposed to the ~'pJL" 
constructs and that the mRNA level was higher after 2 h 
induction as opposed to 4 h  induction (data not 
shown). 

There is now a very large body of  evidence showing 
that the 5'-untranslated region or TIR sequence affects 
the rate of  gene expression (reviewed by Gold 1988). 
Such features of  the 5'-untranslated sequence that are 
believed to contribute to the efficiency of  translation in- 
itiation and gene expression include the nucleotide se- 
quence of  the Shine-Dalgarno (SD) (Morelle and Mayer 
1988), the distance and sequence between the SD and in- 
itiation codon (Dalboge et al. 1988; Vize and Wells 
1987; de Boer et al. 1983) and the nucleotide sequence 5' 
to the SD sequence (Schauder and McCarthy 1989; Ol- 
ins and Rangwala 1989). The T7 ~10 TIR is consistently 
better than the atpE TIR in permitting efficient synthe- 
sis of  rPST in E. coli in this study. The SD sequence of  
the pJW series, 5 ' A G A A G G A G ,  is positioned eight nu- 
cleotides from the initiation codon whereas the SD se- 
quence of  the pJL series, 5 'GGAG, is positioned six nu- 
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cleotides from the initiation codon (see Table 1). How- 
ever, an increase in the nucleotides between the SD se- 
quence and ATG by two bases in pJL101 or pJL301 did 
not lead to any detectable increase in the synthesis of 
rPST (data not shown). The ability of the mRNA se- 
quence in the vicinity of the translation start site to ad- 
opt secondary and/or tertiary structures can also in- 
fluence the level of expression of the gene in question 
(Stanssens et al. 1985; Tessier et al. 1984; Lee et al. 
1987; Schauder and McCarthy 1989). 

Effects o f  codon usage on PST  expression 

Following the observation that the usage of synonymous 
codons is biased in various organisms (Grantham et al. 
1980), it was suggested that high frequency codons, 
which corresponded to high abundancy tRNAs, were 
important in optimizing translation of mRNAs from 
highly expressed genes (Ikemura 1981). This led to the 
controversial idea that low frequency codons would 
limit the rate of translation (Hoekema et al. 1987; An- 
dersson and Kurland 1990). The weight of evidence now 
shows that high-frequency codons have been selected in 
microorganisms because they lead to greater efficiency 
in the overall process of translation. Low-frequency co- 
dons do not usually limit the rate of translation of a par- 
ticular gene; highly expressed genes contain many rare 
codons. Our own data are in partial agreement with this 
conclusion. 

Using the criteria of Sharp and Li (1986), we have 
optimized the pst coding sequence such that the 5' most 
14 codons of the pst* gene present on the plasmids 
pJW101, pJWl l  1, pJL101 and pJL111 reflect the codon 
usage typical of highly expressed E. coli genes (see Table 
1). These plasmids are otherwise identical to plasmids 
pJW301-, pJW311, pJL301 and pJL311, respectively, 
which contain the unaltered codons of pst. No differ- 
ences were observed in the levels of rPST synthesis di- 
rected by the plasmids p J W l l l  and pJW311 whereas 
pJW301 directed marginally higher level synthesis of 
PST than pJW101 (Fig. 1, lanes 4, 5; 3, 16, respectively; 
Table 2) indicating that optimization of codon usage 
had no significant effects on the efficiency of rPST syn- 
thesis directed by the pJW series in E. coll. 

In contrast, optimization of codon usage does appear 
to have an effect on the synthesis of rPST by the pJL 
series with higher levels of rPST synthesized by the pst* 
gene on pJL101 and p J L l l l  (Fig. 1, lanes 9 and 10, re- 
spectively; Table 2) in comparison to the unaltered pst 
gene on pJL311 and pJL301 (Fig. 1, lanes 11 and 12, 
respectively; Table 2). 

Whereas the presence of the wild-type codons do not 
hinder high-level expression as in the case of plasmids 
pJW311 and pJW301, which direct the synthesis of 
rPST at levels of 30% of total cell protein, it seems 
more likely that the comparatively lower level synthesis 
of rPST by pJL311 and pJL301 results from the combi- 
nation of the atpE TIR and the wild-type codons in the 
first 14 positions. One possible explanation is that this 
combination at the Y-end of the pst mRNA allows it to 

adopt a secondary and/or tertiary structure that inhibits 
translation initiation. Alternatively, the effect of codon 
usage on gene expression may only be critical depending 
on the efficiency of translation initiation promoted by a 
particular ribosome binding site. 

Effects o f  leader-peptide coding sequences on PST  
synthesis 

In pJW201 and pJL201 we have cloned the full-length 
cDNA for PST, including its own leader-peptide coding 
sequence (fPST), under the control of the T7 gene 10 
TIR and atpE TIR, respectively. We could not detect 
any intracellular rPST coded by pJL201 either by SDS- 
PAGE analysis (Fig. 1, lane 13) or Western blotting 
(data not shown). In contrast, low level expression of 
rPST directed by pJW201 was confirmed by Western 
blot and showed the presence of a 23-kDa immunoreac- 
tive peptide band that was intermediate in size between 
that of the mature PST (22 kDa) and full-length PST 
(24 kDa) (data not shown). It is possible that E. eoli 
cleaves fPST within the leader peptide and not at the 
junction between the leader peptide and mature PST. By 
subcellular fractionation we have localized the processed 
PST synthesized by pJW201 to the plasma membrane. 
The level of rPST synthesized by pJW201 is much less 
than that synthesized by the other pJW plasmids in E. 
coli AR68 (Table 2). In further studies, we have estab- 
lished that the presence of leader-peptide coding se- 
quences from either the ompA gene of E. coli (Ghrayeb 
et al. 1984), the o~-amylase gene from B. licheniformis 
(Wood et al. 1990) or from the f P S T  gene dramatically 
reduced the synthesis of rPST from the pET3a plasmid 
(unpublished data). 

In summary, synthesis of rPST in a precursor form 
substantially reduced the overall level of PST synthesis. 
However, the choice Of leader-peptide coding sequence 
together with the choice of the 5' TIR is an important 
determinant of the overall level of expression achieved 
and in the final processing of the precursor PST. Vernet 
et al. (1989) have previously shown that the putative sig- 
nal sequence of the protease papain impairs the synthe- 
sis of this protein and ~-galactosidase fusion proteins in 
E. coli and have suggested that the synthesis of papain 
in E. coli may require deletion of the signal sequence. 
Our results would suggest that efficient synthesis of 
rPST in E. coli also necessitates removal of leader-pep- 
tide coding sequences. 

From these studies we conclude that: 
1. The choice of the Y-untranslated region, including 
the SD sequence, has a critical effect on the synthesis of 
rPST in E. coll. The phage T7 q~10 TIR allows for high- 
er levels of synthesis of rPST protein relative to the E. 
coli atpE TIR. 
2. When rPST is synthesized at a high level (30% of to- 
tal cell protein) from a strong ribosome binding site (T7 
~10) then codon usage at the first 14 codons of the pst 
gene does not have any significant effect on the level of 
synthesis of rPST. However, when rPST is synthesized 
at a low level (6% of total cell protein) from a weak ri- 
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b o s o m e  b ind ing  site (atpE) then  o p t i m i z a t i o n  o f  the  14 
5 ' -codons  o f  the  pst* gene does  inf luence  the  level o f  
synthesis  o f  rPST .  
3. The  presence o f  l eade r -pep t ide  coding  sequences at  
the  5 ' -end o f  the  P S T g e n e  reduces  the  synthesis  o f  r P S T  
in E. coli. 
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