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To overexpress broad kinds of GC-rich genes in Escherichia coli, we examined how the
structures of leader open reading frames (leader ORFs) affect the expression of GC-rich
genes, such as polA, trpA, and trpB, from Thermus thermophilus. When a leader ORF
overlapped with the po/A-initiation codon by 1 bp in the TGATG motif, gene expression
increased by more than 3-fold compared to when a leader ORF was several-bp distant
from the initiation codon. A 4-bp overlap with the ATGA motif was more effective than a
1-bp overlap with the TGATG motif. When a 4-bp overlapping leader ORF was placed in
front of the successive trpB and trpA genes, the trpA gene was poorly expressed whereas
the trpB gene was overexpressed. Mutation analysis revealed that the expression of the
trpA gene was strongly enhanced by replacing G and C in the translation termination
region of the leader ORF with A and T. In contrast, other mutations, such as alterations
between synonymous codons in the trpA-coding region, produced diminished gene ex-
pression. Using the most effective leader ORF obtained from these results, new expres-
sion vectors were constructed.

Key words: expression vector, GC-rich gene, overexpression, thermostable protein, Ther-
mus thermophilus.

Many kinds of important microorganisms in biotechnology
have GC-rich genomic DNA. Genome projects are complete
or in progress on several such organisms, including Halo-
bacterium species, Pseudomonas species, Streptomyces spe-
cies, and Thermus species. Also, for T. thermophilus, struc-
tural genomics is now under investigation. However, GC-
rich genes from microorganisms are often expressed poorly
in Escherichia coli. The overexpression of GC-rich genes in
E. coli is, therefore, an important and urgent research sub-
ject.

In order to establish a general way to enhance the
expression of GC-rich genes, we have studied the effects of
the 5' upstream region on the expression of T. thermophilus
genes in E. coli. As a result, we found that the introduction
of a short ORF, named leader ORF (30 to 40 bp long),
enhanced the expression of the leuB gene (G + C mol% =
69.9) (1-3). Overexpression of the leuB gene and the pfkl
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gene (G + C mol% = 71.8) were observed when the transla-
tion termination region of a leader ORF overlapped with
the initiation region of the gene by 4 bp, ATGA (1, 2). In
this motif, ATG is the initiation codon for the downstream
gene, and TGA is the termination codon for the leader ORE
From the structural similarity to overlapping motifs, such
as ATGA and TGATG, found in certain gene pairs from
enteric bacteria (4, 5), we supposed that the translation
efficiency of GC-rich genes in E. coli would be enhanced by
the efficient translation re-initiation with an overlapping
leader ORF (1, 2, 6). The introduction of a short ORF was
also applied to mammalian cDNA expression in E. coli (7).
To our knowledge, however, no information is available con-
cerning the effect of a short overlap with an artificial
upstream ORF on the expression efficiency of genes and
cDNAs. To establish a general way to overexpress GC-rich
genes, the effect of the overlapping structure with a leader
ORF on gene expression should be determined. Addition-
ally, the T. thermophilus trpBA genes overlap one another
with a similar 4-bp overlapping motif, GTGA (8). In our
preliminary experiments, however, the expression level of
the downstream trpA gene is extremely low compared with
that of the upstream trpB gene. To find a way to improve
the expression efficiency of such a poorly expressible gene
will be important in establishing the general technique.

Based on this background, the present investigation was
conducted to clarify in detail an effective structure for a
leader ORF to overexpress GC-rich genes in E. coli. We
selected three T. thermophilus genes, the trpA gene (G + C
mol% = 70.2), the trpB gene (69.3), and the polA gene
(67.9). The T. thermophilus polA gene encodes the thermo-
stable DNA polymerase I, named Tth DNA polymerase (9).
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Because of its reverse transcriptase activity, the enzyme
can be applied to RT-PCR as a single enzyme (10), as well
as DNA sequencing and PCR. In this paper, we report (i)
the effect on gene expression of two overlapping structures
between a leader ORF and the polA gene, (ii) the expres-
sion profile of the trpBA gene pair with a leader ORF, (iii)
the effect of the nucleotide sequences around the overlap-
ping structure on the expression of the trpA gene, and (iv)
new expression vectors constructed on the basis of these
results.

MATERIALS AND METHODS

Materials—The T. thermophilus polA gene was subcloned
from plasmid pLED-NS (9), kindly provided by Toyobo
(Osaka). The T. thermophilus trpB and trpA genes were
subcloned from plasmid pTWAB2 (I). Escherichia coli
strain JM109 {recAl supEAA endAl hsdRYl gyrA96 relAl
thi Mlac-proAB) F'(traD36 proAB* lad" ZTJM15)} (11) was
used as the host.

DNA Manipulation—DNA manipulation of plasmids and
synthetic oligonucleotides was carried out using standard
techniques (12). Nucleotide sequences were determined by
a DNA sequencer, ABI model 373A (Perkin Elmer). DNA
sequences were analyzed with the software program
GENETYX (Software Development, Tokyo).

Oligonucleotide-Directed Mutagenesis of the polA Gene—
The translation initiation region of the T. thermophilus
polA gene on pLED-NS was truncated by PCR oligonucle-
otide-directed mutation. The first primer TPOL-C3 (5'-
AAGAATTCCCATGGTTTCGAACCCAAAGGCCGGGTCC-
3') was designed to delete the translation initiation region
(24 bp) of the polA gene and to introduce EcoRI, Ncol (for
screening the mutant plasmid) and new Csp45l sites. The
second primer TPOL-C5 (5'-GCCAAGACGGCGAGGTCC-
TT-3') was complementary to the template around the
region 80-bp downstream from the unique Eco52I site,
located 995 bp from the initiation codon of the polA gene.
PCR was carried out for 30 cycles of 94°C-45s, 59°C-45s,
and 72°C-90s in a Zymoreactor II-Model 1820 (Atto, Tokyo).
The product was cleaved with EcoRI and Eco52I, and then
inserted between the EcoRI and Eco52I sites of pLED-NS.
The truncated polA-coding region was separated from the
obtained plasmid by cleavage with EcoRI and Xbal, and re-
cloned between the EcoRI and Xbal sites of pUC18. On the
resulting plasmid, pTTP-UC, the EcoRI site was placed just
behind the ZacZ-initiation region (17 bp), and the Csp45I
site was just in front of the truncated polA-coding region.
The ds-cassettes used for mutation were as follows: 10D (+)
5'-AATTCTACTAGGAGGTTATGAGGAGGTTATTATGG-
AGGCGATGCTTCCGCTCTT-37(-)5'-CGAAGAGCGGAA-
GCATCGCCTCCATAATAACCTCCTCATAACCTCCTAGT-
AG-3', 2D (+) 5'-AATTCTACTTTAAGGAGGTGATTATGG-
AGGCGATGCTTCCGCTCTT-37(-)5'-CGAAGAGCGGAA-
GCATCGCCTCCATAATCACCTCCTTAAAGTAG-3', 5M
(+)5'-AATTCTACTAGGAGGTTATGATGGAGGCGATGC-
TTCCGCTCTT-37(-)5'-CGAAGAGCGGAAGCATCGCCT-
CCATCATAACCTCCTAGTAG-3', 10DT (+) 5'-AATTCTA-
CTAGGAGGTTATGAGGAGGTTATTATGACCGCGATGC-
TTCCGCTCTT-37(-)5'-CGAAGAGCGGAAGCATCGCGG-
TCATAATAACCTCCTCATAACCTCCTAGTAG-3', 2DT (+)
5'-AATTCTACTTTAAGGAGGTTATGATTATGACCGCGA-
TGCTTCCGCTCTT-37(-)5'-CGAAGAGCGGAAGCATCG-

CGGTCATAATCACCTCCTTAAAGTAG-3', 5MT (+) 5'-AA-
TTCTACTAGGAGGTTATGATGACCGCGATGCTTCCGC-
TCTT-37(-)5'-CGAAGAGCGGAAGCATCGCGGTCATCA-
TAACCTCCTAGTAG-3', and 4MT (+) 5'-AATTCTAGGAG-
GACTTTATGTCCGCGATGCTTCCGCTCTT-37(-)5'-CGA-
AGAGCGGAAGCGTCGCGGTCATAAAGTCCTCCTAG-3'.
The cassettes were designed to sequence a cohesive end for
EcoRI, a translation termination region (19 bp) for the up-
stream ZacZ'-coding region, a connecting region, the trans-
lation initiation region (24 bp) of the polA gene (or a modi-
fied polA gene, in which the second codon GAG was re-
placed by ACC), and the cohesive end for Csp45I. Each 5'-
phosphorylated ds-cassette was inserted between the
EcoRI and Csp45I sites of pTTP-UC. The resulting plas-
mids, pTP-lOD, pTP-2D, pTP-5M, pTP-lODT, pTP-2DT,
pTP-5MT, and pTP-4MT, were confirmed by DNA sequenc-
ing.

Oligonucleotide-Directed Mutagenesis of the trpB and
trpA Genes—The PstI fragment, including the T. thermo-
philus trpBA genes on pTWAB2, was re-cloned into the
PstI site of pUC19, yielding pTWAB4. To introduce a 4-bp
overlap between a leader ORF and the trpB gene on
pTWAB4, the translation initiation region of the trpB gene
was modified by PCR oligonucleotide-directed mutation.
The first primer TWB1 (5'-AAAGCTTAAGGAGGTCTAGA-
TGATTACCCTACCCGACTTTCCCCTG-30 was designed
for the following purposes: to introduce a Hindlll site, a
new ribosome binding sequence (AGGAGG), and a Xbal
site (for screening of the mutant plasmids); to replace the
second codon CTG of the trpB gene with ATT (Leu-2 to He);
and to terminate the translation of the upstream ZacZ'-cod-
ing region with the ATGA motif. The second primer TWB-
BAL (5'-CACCGTGGCCACGCTCAC-3') was complemen-
tary to the template around the unique Ball site located
383 bp from the initiation codon of the trpB gene. PCR was
carried out for 30 cycles of 94°C-45s, 58°C-30s, and 72°C-
15s. The product was cleaved with Hindlll and Ball, and
then inserted between the Hindlll and Ball sites of
pTWAB4. The resulting plasmid, named pTWAB5, was
confirmed by DNA sequencing. The Smal-PstI fragment
containing the trpA gene on pTWAB5 was subcloned be-
tween the Smal and PstI sites of pUC18, and then the
translation initiation region of the trpA gene was modified
by a method similar to that used for the trpB gene. A first
primer TWA1 (5'-AAGAATTCGGGAGGGGAGCTGTGAC-
CAC-3') was designed to introduce an EcoRI site, and to
fuse the upstream ZaeZ'-coding region with the translation
termination region of the trpB gene. Another first primer
TWA2 (5'-AAGAATTCGAGGAGGGAGCTATGACCACCC-
TCGAGGCCTTC-3') was designed for the following pur-
poses: to introduce an EcoRI site and a new ribosome
binding sequence (AGGAGG), to replace the initiation
codon GTG of the trpA gene with ATG, and to terminate a
leader ORF with the ATGA motif. The second primer TWA-
SAC (5'-CGGACGAGCTCCAAAGCGC-3') was complemen-
tary to the template around the unique Sad site located
243 bp from the initiation codon of the trpA gene. PCR was
carried out for 30 cycles of 94°C-45s, 58°C-30s, and 72°C-
10s. The products were cleaved with EcoRI and Sad, and
then inserted between the EcoRI and Sad sites of the par-
ent plasmid. After DNA sequencing, the resulting plasmids
were named pTWSAl and pTWSA2. The translation initia-
tion region of the trpA gene on pTWSA2 was further modi-
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fied by a similar method with seven other kinds of first
primers as Mow: WA-Nl (5/-AGAATTCAAGGAGGTCTA-
GATGACCACCCTCGAGGGC-3'), WA-N2 (5'-AGAATTC-
AAGGAGGTCTAGATGATCACCCTAGAGGCCTTCGCCA-
AGGCC-3'), WA-L1 (5'-AGAATTCTAGGAGGGAATTATG-
ACCACCCTCGAGGCC-3'), WA-L2 (5'-AGAATTCTAGGA-
GTGAATTATGACCACCCTCGAGGCC-3'), WA-C (5'-AGA-
ATTCGAGGAGGGAGCTATGACTACTCTTGAGGCCTTC-
GCCAAGGCC-3'), WA-CN1 (5'-AGAATTCAAGGAGGTCT-
AGATGACTACTCTTGAGGCCTTCGCCAAGGCC-3'), and
WA-CL2 (5'-AGAATTCTAGGAGTGAATTATGACTACTC-
TTGAGGCCTTCGCCAAGGCC-3'). Each PCR product was
cleaved with EcoRl and Sad, and then inserted between
the EcoRl and Sad sites of pTWSA2. The resulting plas-
mids, named pTWA-Nl, pTWA-N2, pTWA-Ll, pTWA-L2,
pTWA-C, pTWA-CNl, and pTWA-CL2, were confirmed by
DNA sequencing.

Oligonucleotide-Directed Mutagenesis to Construct
pLEAD4 and pLEAD5—A leader ORF was introduced
between the tac promoter and the polA-coding region on
pLED-NS by oligonucleotide-directed mutation using PCR.
A first primer LOR-PO5 (5'-AAGAATTCAGGAGGATTAT-
CATATGACCATGATTACTGATATCAGGAGGATCACGTG
ATGGAGGCGATGCTTCCGC-3') was designed to create
new EcoRV and BbfPl sites, and to introduce a 36-bp
leader ORF that overlapped with the po/A-coding region by
1 bp. The other first primer LOR-PO4 (5'-AAGAATTCA-
GGAGGATTGTCATATGACCATGATTGATATCAGGAGG-
ATTTACGTATGACCGCGATGCTTCCGCTCTTTGA-3')
was designed to create new EcoWV and Eco 1051 sites, to
introduce the leader ORF overlapping by 4 bp, and to
replace the second codon GAG of the polA gene with ACC.
TPOL-C5 was used as the second primer. PCR was carried
out for 5 cycles of 94°C-45s, coming down to 57°C for 3 min,
57°C-30s, and 72°C-90s, followed by 25 cycles of 94°C-45s,
57°C-30s, and 72°C-90s. Each product was cleaved with
-EcoRI and Eco52l, and then inserted between the EcoRl
and Eco52l sites of pLED-NS. The resulting plasmids,
pPO536 and pPO45, were confirmed by DNA sequencing.
Multiple cloning sites were introduced into pPO536 and
pPO45 by replacing each polA-coding region with a ds-cas-
sette. The ds-cassette LEAD4 [( + ) 5'-GTATGCAT-
TGAGCTCGGTACCTAGGCCTGGATCCA-37(-)5'-AGCT-
TGGATCCAGGCCTAGGTACCGAGCTCAATGCATAC-3']
was designed to introduce seven cloning sites, Eco 1051,
£coT52I, Sad, Kpnl, Stul, BamHl, and Hindlll into
pPO45; and the other LEAD5 [(+) 5'-GTGATGCATGAG-
CTCGGTACCTAGGCCTGGATCCA-37(-)5'-AGCTTGGA-
TCCAGGCCTAGGTACCGAGCTCATGCATCAC-3'] was
designed to introduce seven cloning sites, BbrPI, EcoT52I,
Sad, Kpnl, Stul, BamHl, and Hindlll, into pPO536. The
5'-phosphorylated ds-cassettes were inserted between the
Eco 1051 and Htradlll sites of pPO45 or between the BbrPI
and Hindlll sites of pPO536. The resulting plasmids,
pLEAD4 and pLEAD5, were confirmed by DNA sequenc-
ing.

Bacterial Growth and Enzyme Extraction—E. coli JM109
cells were grown in YT medium (1% Bacto tryptone, 0.5%
Bacto yeast extract, 0.5% NaCl) containing 100 mg/liter of
ampicillin and 1.0 to 1.25 mM of IPTG for 20 h at 37°C.
Cells were collected by centrifugation, washed with saline,
and disrupted by ultrasonication in 50 mM potassium
phosphate buffer (pH 7.5) on ice. The cell-free extracts were

heated at 70°C for 30 min, centrifuged at 12,000 xg for 15
min, and the supernatants were obtained as heat-treated
extracts.

Analysis of the Enzymes—DNA polymerase activity was
measured in 100 (JLI aliquots at 37°C by incorporating digox-
igenin- and biotin-labeled dUTP into DNA using an ELISA
kit (Roche Diagnostics, Cat No. 1 669 885). One unit of ac-
tivity was defined as 1 pmol of digoxigenin-labeled dUTP
incorporated per 30 min. The activity of the tryptophan
synthase p subunit, termed p activity, was measured as
described by Miles et al. (13), except that the reaction was
performed at 70°C. One unit of p activity was defined as 1
(jimol of tryptophan produced per min. To compare the
expression levels of the T. thermophilus trpA gene, the
amount of a subunit was estimated by SDS-PAGE. SDS-
PAGE to resolve proteins in the heat-treated extract was
performed according to the method of Laemmli (14) using
12.5% polyacrylamide gels. Heat-treated extracts corre-
sponding to 1.0 mg aliquots of E. coli were loaded onto gels.
The gels were then stained with CBB-R 250. The N-termi-
nal amino acid sequences of the proteins after SDS-PAGE
were determined according to Matsudaira (15) using a gas-
phase protein sequencer LF-3400D TriCart (Beckman
Coulter, Fuller-ton, CA).

RESULTS

Effect of a Short Overlap between the Leader ORF and
polA Gene on Expression—The effect of an overlap between
a leader ORF and the T. thermophilus polA gene on expres-
sion under the lac promoter in E. coli JM109 was deter-
mined (Fig. 1). The leader ORF was introduced in three
ways: distant (10 bp) from the initiation codon (pTP-lOD), a
short distance from the initiation codon (2 bp, pTP-2D), and
overlapping the initiation codon by 1 bp in the TGATG
motif (pTP-5M). The DNA polymerase activity detected in
heat-treated extracts of E. coli JM109 (pTP-5M) increased
3.1-fold compared with E. coli JM109 (pTP-lOD) extracts.
Shortening the distance of 10 bp (pTP-lOD) to 2 bp (pTP-
2D) resulted in a decrease in enzyme activity to about 40%.
To compare the enhancing effect of a 4-bp overlap, i.e. the
ATGA motif, on gene expression with that of the 1-bp over-
lap, the second codon GAG (coding for Glu) of the polA gene
was replaced by ACC (Thr) (Fig. 2). Leader ORFs were
introduced in front of the modified polA genes for the 10-bp
distant (pTP-lODT), the 2-bp distant (pTP-2DT), the 1-bp
overlapping of the TGATG motif (pTP-5MT), and the 4-bp
overlapping of the ATGA motif (pTP-4MT). No significant
difference in gene expression appeared between the wild
polA gene (Fig. 1) and the modified polA genes (Fig. 2),
although a slight increase in the activity of the latter was
observed. Among the leader ORFs introduced in three fash-
ions, i.e. 10-bp distant, 2-bp distant, and with the 1-bp over-
lap, the relative yields of the modified DNA polymerase
(E2T) with pTP-lODT, pTP-2DT, and pTP-5MT (Fig. 2)
were quite similar to those of the wild type enzyme with
pTP-lOD, pTP-2D, and pTP-5M (Fig. 1). Moreover, 10%
higher activity was detected in the heat-treated extract of
E. coli JM109 (pTP-4MT) than the heat-treated extract of
E. coli JM109 (pTP-5MT) (Fig. 2). These results indicate
that both 1-bp and 4-bp overlaps effectively enhance polA-
gene expression in E. coli. Moreover, comparing the 1-bp
and 4-bp overlaps, the latter was shown to be more effec-
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DNA polyrnerase
activity

(units /g of cells)
leader ORF T. thermophilus polA

DTP-10D

PTP-2D

PTP-5AA

1M 2E 3A 4M 5L 6P 7L 8F
T7CTACTAGGAGGT TATG

7S 8T 9R 10R 111 (Term
GGT TAT T ATGGAGGCGATGCT TCCGCTCT TC

1M 2E 3A 4M 51 6P 71 JSF
T TIATGGAGGCGATGCTTCCGCTCTTCTTCTACTTTAAGGAGGT

7S 8T 91 10R HRfferm

TTCTACTAGGAGGTTA'TG ftlf.GGAGGCGATGCT TCCGCTCT TC

9E 10P 11K12G13R 834G[Term
GAACCCAAAGGCCGG- - - GGT T A
Csp 45 I

11.4

35.2

Uac pi- - -&GGAA A,CAGCT|A T GACC A T GA T T ACGA
l l M 2T "•" " ~

Fig. 1. The effect of a 1-bp overlap between a
leader ORF and the polA gene on gene ex-
pression under the lac promoter in E. coli
JM109. In all constructs, the ribosome binding
sequence, AGGAGG, for the polA gene is placed
in the same position (9-bp upstream from the
initiation codon), and the leader ORF of 36 bp is
designed to comprise a combination of the same
codons. Boxed nucleotides, coding regions of the
leader ORF and the polA gene; shaded nucle-
otides, a ribosome binding sequence ("RBS") and
the TGATG motif; nucleotides with a thick up-
per line, restriction sites; "lac p" in a box, the lac
promoter; "Term," a termination codon.

leader ORF

DNA polymerase
activity

(units /g of cells}
T. rhermophi/us po/A(E2T)

EcoRI
DTP-10MT

PTP-2DT

PTP-5MT

PTP-4MT

1M 2T 3A 4M 5L «P 71 8F
TTCTACTAGGAGGTTATGAIGGAGGTTATTIATGACCGCGATGCTTCCGCTCTTC

7S 8T 9R 10R l i t iTerm Csp451 '

TTCTACT TTA'AGGAGGT
7S 8T 9L 10R l i R l f e r m

1M 2T 3A 4M 5L AP 71 jjf_
|T TIATGACCGCGATGCTTCCGCTCTTC

TTCTACTAGGAGGTT AT GIAlTGACCGCGATGCT TCCGCTCT TC
7S

1M 2T 3A 4M 51 6P 71 8F

8T 9R 10R 111 ITerm
1 bp-overlap

1M 2T 3A 4M 5L 6P 71 8F
T TCTAGGAGGACTT TlATGAICCGCGATGCT TCCGCTCT TC

7S 8R 9R 10T 111 ITerm

U Q C P I - - -rAffGAA^CAGCT|ATGACCATGAT TACGA
I1M 2T 3M 41 5T 6

9 E 1 0 P UK 12G13R 834G|Term
IGAACCCAAAGGCCGG- - -GGT TAG
Csp 45 I

12.5

39.5

Fig. 2. The effect of a 4-bp overlap on polA
gene expression. To create a 4-bp overlap, the
second codon of the polA gene was replaced with
ACC (E2T). Shaded 4 nucleotides, the ATGA
motif. Other structures and representations are
the same as in Fig. 1.

tive.
Expression of a trpBA Gene Pair with an Overlapping

Leader ORF—Figure 3 illustrates the introduction of a 4-bp
overlapping leader ORF to the trpB and trpA genes of T.
thermophilus. On pTWAB5, a ZacZ'-leader ORF overlapped
the translation initiation region of the trpB gene by 4 bp of
the ATGA motif. To create the ATGA motif, the second
codon CTG (Leu) of the gene was replaced with ATT (He).
On pTWBll, most of the trpA-coding region of pTWAB5
was removed by deleting the Sacl fragment. Reading
through the remaining frpA-coding region, 246 bp, on
pTWBll terminates with the termination codon of the
downstream 'lacZ gene. As shown in Fig. 4, SDS-PAGE
analysis of the heat-treated extracts of E. coli JM109
(pTWAB5) and E. coli JM109 (pTWBll) indicates that the
(3 subunit (L2I) was markedly overproduced. In contrast,
the yield of the a subunit in the same extracts of pTWAB5-
harboring cells was extremely low (less than 5%) compared
with that of the p subunit. This may be the result of the
enhancing effect of the leader ORF upstream of the trpB
gene not reaching the downstream trpA gene. Therefore, a
similar leader ORF was overlapped directly with the trpA-

coding region by 4 bp (pTWSAl and pTWSA2, Fig. 3). To
leave the original overlapping structure between the trpBA
genes, the ZacZ'-initiation region was fused to the trpB-ter-
mination region on pTWSAl. The amount of a subunit pro-
duced in heat-treated extracts of E. coli JM109 (pTWSAl),
however, dropped sharply compared with heat-treated
extracts of E. coli JM109 (pTWAB5) (Fig. 4). On the other
hand, on pTWSA2, a new ribosome binding sequence,
AGGAGG, was introduced for the trpA gene, and the ATGA
motif was created by replacing the initiation GTG codon
with ATG. The production level in E. coli harboring
pTWSA2 was considerably improved compared with E. coli
harboring pTWSAl; however, the level was lower than that
in E. coli harboring pTWAB5 (Fig. 4).

Effect of the DNA Sequence around the Overlapping
Motif on trpA Gene Expression—From the difference in the
expression level of the trpA gene between E. coli JM109
(pTWSAl) and E. coli JM109 (pTWSA2) (Figs. 3 and 4), we
presumed that a nucleotide sequence around the overlap
motif likely influences the expression efficiency. To confirm
this, DNA sequences on both the 5' and 3' sides of the
ATGA motif on pTWSA2 were varied as shown in Fig. 5.
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leader ORF
lacp H

T. thermophilus trpB T. thermophilus trpA

Sc

pTWAB5

CTTAAGGAGGTCTAGlAfGAlTTACCCTA CTGGGAGGGGAGCTGTGACCACCCTC
8L 9R 10R I IS 12RlTerm "•"' " • — "

1M 2T 3T 41

400L401G 402G403E404LITerm

lac p leader ORF T. thermophilus trpB trpA'y.'lacZ

pTWB11

pTWSAI

pTWSA2

ScE

leader ORF
(lacZ-.: 'trpB) T thermophl,us trpA

lac p E sc P SP *}

K <l>

T T C G G G A G G G G A G C T & T G A T C C A C C C T C
7S 8G 9G 10E111 ITerm

leader ORF T. thermophilus trpA
lac p E „ p Sp H

T T CGAGGAGGGAGC TIATGAlCCACCC T C
7S 8R 9R 10E 111 ITerm

Fig. 3. Introduction of a 4-bp overlapping
leader ORF in jrpnt of the trpB and trpA
genes. Closed triangles, the lac promoter;
closed arrows, 36 or 39-bp leader ORFs; open
arrows, the trpB- and frpA-coding regions; open
box, the translation initiation region of the trpA
gene; shaded arrow, the translation termina-
tion region of the 'lacZ gene (coding for a part of
the a peptide of the (3 galactosidase); closed box,
the translation initiation region of the lacZ
gene; open triangle, the translation termination
region of the trpB gene. One-letter abbrevia-
tions for recognition sites with restriction endo-
nucleases: B, Ball; E, EcoRI; H, iftredlll; P,
PstI; Sc, Sad; Sm, Smal; Sp, Sphl; MCS, multi-
ple cloning sites. Other representations are the
same as in Fig. 1.

1 2 3 4 5

a

97.4k-
68.0k-

43.0k-

29.0k-

18.4k-

14.3k-

Fig. 4. Production of the tryptophan synthase a and (J subunits
in a heat-treated extract of E. coli JM109 with a leader ORP-
containing plasmid. Plasmids used were: lane 1, pUC18 (control);
lane 2, pTWAB5; lane 3, pTWBll; lane 4, pTWSAI; and lane 5,
pTWSA2. Phosphorylase B (97,400), bovine serum albumin (68,000),
ovalbumin (43,000), carbonic anhydrase (29,000), P-lactoglobulin
(18,400), and lysozyme (14,300) were used as molecular mass stan-
dards. Arrows indicate the protein bands corresponding to the mod-
ified p subunit (L2I) ("p") and the a subunit ("a"). N-terminal amino
acid sequences of both proteins were confirmed by a protein se-
quencer.

PTWSA2

pTWA-Nl

PTWA-N2

PTWA-L2

pTWA-C

leader ORF T. thermophilus trpA
RBS |1M 2T 3T 4L 5E

T CGAGGAGGGAGC TIA T GAICC ACCC T CGAG
7S 8R ?R

TCQAGGAGC
7S 8R ?R

lot

IWlift

1H ITerm

1M 2T 3T 4L 5E
ATGAlCCACCCTCGAG
•Term

T CQAGGAGC
7S 8R 9R

TCTAGEiBEST TE
10S 11R

3T Al 5E

CCCTPGAG

pTWA-U T C Q A G G A G G G A L U f
2T 3T 4L 5E

. T G A l C C A C C C T C G A G
7S 8R 9R

TCElAGGAGJ
7S 8R tim

10E

l l O E

11L

111
111

ITerm

1M 2T 3T 41 5E
A T G A l C C A C C C T C G A G

ITerm

1M 2T 3T 4L 5E
T CGAGGAGGGAGC TIA T GAldlACi iC TliGAG
7S BR 9R 10E 111 ITerm

pTWA-CNl T C Q A G G A G G I M Q e
7S 8R 9R I I . V l l ;

PTWA-C12 TCilAGGAGOGAraiTIA TGAlCilACnCTliGAG
7S BR H M I'll I II |l

1M 2T 3T 4L 5E
A TGAlCiiACllC TtiGAG

1M 2T 3T 41 5E

Fig. 5. Base replacements around the ATGA motif between a
leader ORF and the trpA gene on pTWSA2. Nucleotides and
amino acids replaced are written in reverse letters. Other represen-
tations are the same as in Fig. 1.

For pTWA-Nl, 12 bp in the leader ORF upstream of the
trpA gene of pTWSA2 were replaced with those in the
leader ORF upstream of the highly expressive trpB gene of
pTWAB5. In addition to the 12 bp in the leader ORF on
pTWA-N2, 8 bp in the <rpA-coding region were replaced
with those of the trpB-codmg region, resulting in an amino
acid replacement, Thr-2 —> lie, in the gene product. Also,

three G and C nucleotides in the leader ORF of pTWSA2
were replaced with A and T in pTWA-Ll by alterations
within synonymous codons. The AGG codon (coding for Arg-
9) in the leader ORF of pTWA-Ll was, moreover, changed
to AGT (Ser) in pTWA-L2. For pTWA-C, three NNC codons
adjacent to the initiation codon of the trpA gene of pTWSA2
were replaced with the respective synonymous NNT
codons. For pTWA-CNl and pTWA-CL2,12 bp in the leader
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ORF of pTWA-C were further replaced with those from
pTWAB5 and pTWA-L2, respectively. Figure 6 displays the
a subunit produced in the heat-treated extracts of E. coli
JM109 cells harboring each plasmid. The greatest yield of a
subunit was produced with pTWA-Ll (lane 4); the produc-
tion level was about 10 times higher than with pTWSA2.
Also, a nearly 2-fold higher yield of the a subunit was ob-
tained with pTWA-Nl (lane 2). Comparing pTWA-Ll and
pTWA-L2 (lanes 4 and 5), production levels of the a subunit
decreased notably by replacing G (at position -6 from the
irpA-initiation codon) with T, suggesting that G at this posi-
tion is essential for ribosomal binding. On the other hand,
production levels of the a subunit with pTWA-C, pTWA-
CN1, and pTWA-CL2 were somewhat decreased (lanes 6 to
8) compared with pTWSA2. The modified a subunit (T2I)
was scarcely detected in heat-treated extracts of E. coli
JM109 harboring pTWA-N2 (lane 3).

1 2 3 4 5 6 7 8

97.4k-
68.0k-

43.0k-

29.0k-

18.4k-

14.3k-

Fig. 6. Production of the tryptophan synthase a subunit in a
heat-treated extract of E. coli JM109 with a mutant plasmid.
Plasmids used were: lane 1, pTWSA2 (parental plasmid); lane 2,
pTWA-Nl; lane 3, pTWA-N2; lane 4, pTWA-Ll; lane 5, pTWA-L2;
lane 6, pTWA-C; lane 7, pTWA-CNl; lane 8, pTWA-CL2. Molecular
mass standards are the same as those in Fig. 4. The arrow indicates
the protein band corresponding to the a subunit. The N-terminal
amino acid sequence of the proteins produced in the heat-treated ex-
tracts of E. coli JM109 (pTWA-Nl) and E. coli JM109 (pTWA-Ll)
were confirmed by protein sequencing.

Construction of Expression Vectors Containing Effective
Leader ORF Structures—The above results provide a
design for the most effective leader ORF (details below). In
addition to designing a leader ORF to enhance translation,
we examined whether a strong promoter for further en-
hancing transcription would enhance gene expression. We
used pLED-NS as the parental plasmid appropriate for this
experiment. The polA gene on pLED-NS is transcribed
under the strong tac promoter and the strong rrnB termi-
nator. Two leader-ORF-containing plasmids, pPO45 and
pPO536, were constructed by incorporating a well-designed
leader ORF into pLED-NS (Fig. 7). For pPO45, the leader
ORF overlaps with the polA (E2T)-coding region by 4 bp of
the ATGA motif; for pPO536, the leader ORF overlaps with
the po/A-coding region by 1 bp in the TGATG motif. In both
leader ORFs, the initiation regions were designed to be
similar to that of the lacZ gene, and the termination re-
gions were composed of A or T, except for the Eco 1051 and
BbrPl restriction sites. As a result, higher DNA polymerase
activities (115 and 87 units/g cells, respectively) were
detected in heat-treated extracts of E. coli JM109 (pPO45)
and E. coli JM109 (pPO536) compared with 71 units/g cells
for E. coli JM109 (pLED-NS). Similar increases were also
confirmed by SDS-PAGE analysis (data not shown). These
results show that, in addition to introducing a well-de-
signed leader ORF, the use of a strong promoter further
enhances polA gene expression in E. coli. Moreover, under
the tac promoter as well as under the lac promoter, a 4-bp
overlapping leader ORF is more effective than a 1-bp over-
lapping one.

New expression plasmid vectors, pLEAD4 and pLEAD5
(Fig. 8), were constructed on the basis of pPO45 and
pPO536. For both vectors, the poZA-coding regions of the
parental plasmids were deleted and multiple cloning sites
were inserted. Thus, pLEAD4 is designed to overlap a for-
eign gene with a leader ORF by 4 bp of the ATGA motif,
and pLEAD5 by 1 bp in the TGATG motif. As with other
common structures, both plasmids consist of the tac pro-
moter, the rrnB terminator, and multiple cloning sites, i.e.
Ecol05I (or BbrPl), EcoT22I, SacI, Kpnl, StuI, BamHl, and
Hindlll sites.

DISCUSSION

The present results clearly demonstrate that gene ex-

T. thermophilus potA

DNA polymerase
activity

(units / g ol cells)

EcoRI RBS

A T G A C C A T G A T T A C T G A T A T C A G G A G G A T C A C G T G i A l T G G A G G C G - - - G G T TA
1M 2T 3 M 41 5T 6D 71 8R »R 101 l i T I T e r m

Ndel RBS

pLED-NS | tac pi- -GAAT TCAGGAGGT T TATCA

PPO536

PPO45

|1M_2E 3A 834G|Tetm
^TGGAGGCG GGT TAGI--

T. thermophilus potA
1M 2E 3A 834i

TVAGI--

leader ORF
EcoRV

1 bp-overlap

T. thermophilus po/A(E2T)

A T C t r c t TfiA T TGt T ATCAGGAGGA T T T ACGTIATGACCGCG -
1M 2T 3M 41 5D 61 7R 8R I

1M 2T 3A

10Y llVITerm

B34GjTerm
- G G T TAGI-- H5.3

4 bp-overlap

Fig. 7. Effect of the introduction of an
overlapping-leader ORF on polA gene ex-
pression under the tac promoter in E. coli
JM109. Leader ORFs overlap with the polA-
coding regions of pPO536 and pPO45 by 1 bp
and 4 bp, respectively. Details are in the text.
"tac p" in a box, the tac promoter. Other repre-
sentations are the same as in Fig. 1.
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ECORV Eco 1051 EcoT22l Kpnl Stu I Sam HI Hindlll

plEADI

PIEAD5

GATATCAPGAGGAT T T A C G T H E C A T TGAGC TCGGT ACCTAGjGCCTGGA TCCAAGCT T
5D 61 7R 8R 91 10Y 11V~C~ I E L G T I

Leader ORF

EcoRV RBS Bbr PI Eco T22I Sac I Kpn I Bam HI Hindlll

G A T A T CAGGAGGA T CACGQf a E C A T GAGC T CGG T ACC TAGJGCC T GGA T CCA AGC T T
6D 71 8R 9R 101 I IT I |M H E t G T I

bla

Fig. 8. Structures of the expression vector
plasmids pLEAD4 (2,657 bp) and pLEAD5
(2,659 bp). In order to clone a foreign gene into
pLEAD4 or pLEAD5, it is the best to add an
Eco 1051 site (for pLEAD4) or a BbrPl site (for
pLEAD5) in front of the initiation codon of the
gene. Also, one of the restriction sites within
the multiple cloning sites on pLEAD4 or
pLEAD5 is needed in the 3' flanking region of
the gene. The addition of such restriction sites
to both 5' and 3' ends of the coding region is
easily achieved by PCR. Five nucleotides of the
TGATG motif on pLEAD5 and three nucle-
otides in the ATGA motif on pLEAD4 are writ-
ten in reverse letters. Closed triangle ("toe p"),
the toe promoter; open box, the translation ini-
tiation region of a leader ORF; shaded box
("rrnB"), the transcription terminator for the
rRNA operon; closed arrow ("bla"), the coding
region of the (3-lactamase. One-letter abbrevia-
tions for restriction sites: E, £coRI; N, Ndel.
Other representations are the same as in Fig. 1.

pression in E. coli is more efficient when a leader ORF
overlaps with the gene at the ATGA motif or TGATG motif
rather than when the ORF is several-bp distant from the
gene (Figs. 1 and 2). Since both overlapping motifs are
exactly the same as those found in known gene pairs, they
most likely function to enhance the efficiency of translation
re-initiation between a leader ORF and a GC-rich gene. In
addition, changing a promoter to a stronger one increased
the expression of the polA gene coupled with a leader ORF
(Figs. 1, 2, and 7), as well as the leuB gene coupled with a
leader ORF. This also supports the view that a leader ORF
activates the translation stage of GC-rich genes in E. coli.

The T. thermophilus trpB gene, as well as the polA, leuB,
pfkl genes, was overexpressed by the introduction of a 4-bp
overlapping leader ORF. In contrast, the expression of the
trpA gene was hardly improved by a similar technique
(Figs. 3 and 4). Under normal physiological conditions for T.
thermophilus, the 4-bp overlap of GTGA likely functions in
the equimolar expression between paired trpB and trpA
genes. In E. coli cells, however, the expression of the trpA
gene is not as high as that of the trpB gene. DNA sequence
analysis showed no inhibitory secondary structures in the
translation initiation regions of either the trpB or trpA
gene. Because of the high G + C contents (69.3% in trpB
and 70.2% in trpA), the codons frequently used in the
trpBA genes are quite different from those optimally used
in E. coli genes (16). However, no marked difference in
codon usage was found between the trpB and trpA genes.
Moreover, no stretches of codons that are rarely used in E.
coli were found in the translation initiation regions of
either of these genes.

Mutation analysis revealed that the DNA sequence
around the ATGA motif significantly influences the expres-
sion efficiency of the T. thermophilus trpA gene (Figs. 5 and
6). The most effective mutation for enhancing expression is
replacing G and C -> A and T in the translation termina-
tion region of the leader ORF (pTWA-Ll and pTWA-Nl). In
the region between the ribosome binding sequence for the
trpA gene and the ATGA motif, A + T contents increased to
3/5 on pTWA-Nl and 4/5 on pTWA-Ll compared with that

(2/5) on pTWSA2. Expression levels of the trpA gene were
enhanced with increasing A + T content. High A + T con-
tents are also present in a similar region in front of the
poM-initiation codon of pLED-NS, on which the expression
level is relatively high, despite the absence of a leader ORF
(Fig. 7). These findings indicate that one factor needed to
enhance the expression of GC-rich genes in E. coli is
increased A + T content in the translation termination
region of a leader ORF. In contrast, replacing C —> T in the
frpA-coding region had a negative influence on gene expres-
sion (Figs. 5 and 6). This may be due to differences in trans-
lation efficiency dependent on the specific codon in the
translation initiation region. Looman et al. (17) reported
that the expression efficiency of the E. coli lacZ gene is
somewhat lower when the second codon is ACT rather than
ACC. It is also worth mentioning that AGR codons—those
least used in E. coli genes—are used with great frequence
(3 times) in the leader ORFs on expressible plasmids
pTWA-Nl and pTWBll. In both leader ORFs and the trpA
gene, therefore, codon usage different from that in E. coli
genes is not critical for gene expression in E. coli.

The present results lead to the conclusion that an effec-
tive leader ORF for overexpressing GC-rich genes in E. coli
should be designed as follows: (i) the initiation region of the
leader ORF should be similar to that of a gene, such as the
lacZ gene, which can be translated efficiently in E. coli; (ii)
a ribosome binding sequence, such as AGGAGG, for the
downstream gene should be placed within the leader ORF;
(iii) the termination region of the leader ORF should be
rich in A and T nucleotides; and (iv) the end of the leader
ORF should overlap with a downstream gene by the ATGA
motif or the TGATG motif. In order to induce the overex-
pression of various GC-rich genes using a leader ORF fol-
lowing the above design, two new expression vectors, i.e.
pLEAD4 and pLEAD5, were constructed (Fig. 8). The vec-
tors have been used on a trial basis in several laboratories
other than ours. As a result, some genes were overex-
pressed by use of the vector, whereas the others were over-
expressed by conventional methods. This can be due to the
difference in the activating-point between the introduction
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of an overlapping leader ORF and other methods. For over-
expressing many kinds of GC-rich genes from important
microorganisms in biotechnology, pLEAD4 and pLEAD5,
together with known expression systems, may prove to be
very useful tools.

We thank Messrs. Masahiro Yazaki and Toshio Horii for their gen-
erous assistance.
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