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Abstract A set of low-copy-number vectors (pPD) has been constructed that permit selective gene expression and high-level
protemn overproduction in Escherichia coli, based on the bacteriophage T7 RNA polymerase /T7 promoter system These plasmuds
carry a chloramphenicol resistance gene (cat) as a selective marker and an extended multiple cloning site for convenient gene
cloning Their replication 1s mediated by or: sequences derived from the low-copy-number vector pSC101 The efficient T7 gene 10
promoter present on these vectors allows selective and high-level transcription of cloned genes carrying their own translational
mitiation signals In addition, low-copy-number T7 vectors were constructed that permit expression of genes lacking their own
transcription and translation mitiation elements by providing a ribosome binding site, an ATG start codon and a multiple cloning
site devised for the cloning 1n all three reading frames The pPD expression vectors were used to achieve high-level overproduction
of the E colt integral outer membrane proten Tsx, and the cytoplasmic enzymes B-galactosidase (8Gal) and UTP a-p-glucose-1-
phosphate uridylyltransferase (GalU) The characterstics of these low-copy-number T7 expression vectors should prove very useful
for the cloning and high-level overexpression of genes whose gene products are deleterious to the E colt host

Key words Phage T7 gene 10 promoter, T7 RNA polymerase, Selective gene expression, Protein overproduction, pSC101 rephicon,
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Introduction protein overproduction In recent years, several

versatile T7 expression vectors have been devel-

The T7 RNA polymerase /T7 promoter system oped and refined which contain the strong pro-

established by Tabor and Richardson [1] and
Studier and Moffatt [2] 1s an extremely valuable
tool for high-level gene expression and efficient
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moter of the T7 gene 10 and allow the positioning
of target genes under the transcriptional control
elements of the T7 promoter [3] Most of the
described T7 expression vectors are plasmids with
a high-copy-number [3], and this feature can
greatly complicate the stable cloning of genes
whose products are deleterious for cell growth
and wviability We experienced such a situation
durning the charactenization of the Escherichia coli
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pPDllo GGAGACCGGAATTATCAATTTCACACAGGAAACAGACC ATG GAA TTC GAG CTC GGT ACC CGG GGA TCC TCT AGA GTC GAC CTG CAG GCA TGC AAGCTT  GGCACTGGCCGTC
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pPD111 GGAGACCGGAATTATCAATTTCACACAGGAAACAGACC ATG GGA ATT CGA GCT CGG TAC CCG GGG ATC CTC TAG  AGTCGACCTGCAGGCATGCAAGCTT  GGCACTGGCCGTC
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pPD112 GGAGACCGGAATTATCAATTTCACACAGGAAACAGACC ATG GGG AAT TCG AGC TCG GTA COC GGG GAT CCT CTA GAG TCG ACC TGC AGG CAT GCA AGC TG GGCACTGGCCGTC
RBS Ncol* Kpnl BamHl Xbal ASaI[[ Pstl  Sphl Hindlll
- cc
EcoR1 Xmal
Smal

Fig 1 (continued)

hns gene, encoding the nucleoid-associated
DNA-binding proten H-NS of E colt [4,5]
Cloning of hns and overproduction of its gene
product from multi-copy number plasmids 1s
highly detrimental to cell growth [4] To alleviate
these difficulties we developed a low-copy-num-
ber vector which contains the efficient T7 gene 10
promoter and demonstrated that this plasmud
permits high level overproduction of H-NS [5]
We describe below the construction and charac-
terization of a new family of improved low-copy-
number T7-promoter vectors and demonstrate
that these plasmuds can be used for efficient
overproduction of heterologous protemns despite
their low-copy-number nature This feature makes
them particularly useful for the cloning and high-
level overexpression of genes whose gene prod-
ucts are deleterious to the E coli host

Materials and Methods

Growth condiions and bactenal strains

Bactena were grown aerobically at 37°C either
in rich LB medium or m M9 minimal medium
with 02% glucose as the carbon source [6,7)
Plasmuids were propagated n strain MC4100 [7]
T7 RNA polymerase mediated overproduction of
proteins was done in stram BL21 (ADE3) [2]
Stram HF18 1s a tsx Tnl0 derivative of stram
BL21 and was used for plasmid pHF1 (£sx ™) [8]
mediated overproduction of the E coli Tsx pro-
tein

DNA maripulations

All manipulations of nucleic acids followed
routine procedures [7] The nucleotide sequence
of the multiple cloning sites of plasmds pPD1,

Fig 1 The T7 expression vectors pPD1, pPD100 and pPD101 A restriction map, the T7 promoter element and the multiple
cloning site of (A) plasmud pPD1 (3 69 kb) and (B) plasmuds pPD100 (3 52 kb) and pPD101 (3 52 kb) are shown (C) Nucleotide
sequence of the multiple cloning site and the translation mmithation elements 1n the T7 expression vectors pPD110 (3 525 kb),
pPD111 (3 526 kb) and pPD112 (3 527 kb) All plasmuds are derived from pPPD100 The ribosome binding site (RBS) 1s underlimed,
and the translation mitiation codon and reading frames 1n the three expression plasmids are indicated Restriction sites that are not
unique are marked with asterisks (*) None of these vectors allows lacZ a complementation Restrictions sites destroyed during the

1n vitro manipulations are shown i brackets
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pPD100, pPD101, pPD110, pPD111 and pPD112
(Fig 1) were confirmed by double-stranded DNA
sequencing with the chain-termination method [9]
using the lacZ (—40) primer

Plasmud constructions

For the construction of pPD1 (Fig 1A), an
89-bp Pvull-HindIIl fragment of the plasmid
pT7-5 [1] contaming the T7 gene 10 promoter
region was 1solated and higated into the Smal and
HindIII site of plasmud pHSG575 [10] For the
construction of plasmuds pPD100 and pPD101,
the polylinker sequences of the T7 expression
vectors pT7-5 and pT7-6 [1] were exchanged
with an 87-bp EcoRI-HindIIl DNA fragment car-
rying the extended multiple cloning site of plas-
md pUC-BM20 (Boehringer Mannhemm), result-
ing 1n the vectors pPD98 and pPD99 In a second
step, a Poull-HindlIII fragment (134 bp) was 1so-
lated from pPD98 and inserted into the Munl
and HindIll sites of pHSG575 [10], yielding plas-
mud pPD100 (Fig 1B) To reverse the orientation
of the multiple cloning site, a Poull-EcoRI DNA
fragment (133 bp) was prepared from pPD99 and
cloned into the Mwvnl and EcoRI sites of
pHSG576 [10], yielding plasmud pPD101 (Fig 1B)
For the construction of T7 expression vectors
providing translation mnitiation signals, we ampli-
fied by polymerase chain reaction the translation
mitiation  elements from plasmuds pTrc97A,
pTrc97B and pTrc97C [11] This DNA segment
was amplified by use of primer 1 (5-GTG AGC
GGA TAT CAA TTT CAC ACA GG-3') which
generates an EcoRYV restriction site, and primer
2 (5-GCG GTT AGC TCC TTC GGT CC-3)
The obtamed PCR fragments were digested with
EcoRV and HmindIIl and cloned into pPD100
(Fig 1B) These constructions yielded plasmds
pPD110 (3525 kb), pPD111 (3526 kb) and
pPD112 (3 527 kb) (Fig 10)

A lacZ gene lacking its promoter was 1solated
as a 435-kb Dral restriction fragment from
pMLB1010 (7] and inserted into the EcoRV site
of plasmuds pPD100 and pPD101 (Fig 1B), gen-
erating pPD129 and pPD130, respectively To
construct a plasmid expressing a lacZ gene lack-
1ng 1ts own transcriptional and translational mti-
ation signals, a 3 14-kb EcoRI-Dral fragment

from pNM482 [12] was 1solated and Ligated mnto
vector pPD112 (Fig 1C), which had been di-
gested with EcoRI and Smal yielding pPD124 A
275-kb Pst1 fragment encoding the galU gene
was 1solated from pGM?7 [4,13] and nserted nto
the unique Pst1 site of pPD110 (Fig 1B) yielding
plasmid pPD114

T7 promoter medwated protein overproduction

For the overproduction of the E coli outer
membrane protein Tsx, fresh overmight cultures
of stram HF18 (pHF1), were diluted 100-fold
etther into M9 minimal medium with 02% glu-
cose as the carbon source or into LB-rich medium
with chloramphenicol (30 ug ml™!) to select for
the pHF1 plasmud The cultures were grown at
37°C 1n a shaking water bath to mid-log phase
(As,5=05~1), and the expression of the chro-
mosomal T7 RNA polymerase gene under lacPO
control was induced by adding 1sopropyl-8-p-
thiogalactopyranoside (IPTG) to a final concen-
tration of 1 mM After 30 min, rifampicin (200 ug
ml~1) was added to the cultures to mhibit the E
coli RNA polymerase [3], and the cultures were
shaken for an additional hour Aliquots (1 ml)
were removed before and after induction of the
expression of the T7 RNA polymerase gene from
each culture and the cells were pelleted by cen-
trifugation From the M9- and LB-grown cells a
crude outer membrane preparation was prepared
from 35 ml culture [14] Proteins from both the
total cell extracts and the cell envelope proteins
were resuspended mn 40 wl SDS sample buffer,
solubilized by boiling for 5 min, and loaded onto
a 12% SDS polyacrylamide gel The cellular pro-
temns were visualized by staining with Coomassie
blue and Tsx-related polypeptides were immuno-
logically i1dentified after transfer on an Immo-
bilon membrane with a Tsx antiserum [14] For
the overproduction of the cytoplasmic enzymes
B-galactosidase (BGal) and UTP a-p-glucose-1-
phosphate unidylyltransferase (GalU), plasmids
carrying the corresponding lacZ and galU genes
were transformed mto strain BL21 (ADE3) and
used for T7-mediated gene expression in cells
grown 1 M9 mimimal medium with 0 2% glucose
as the carbon source The cultures were grown to
mud-log phase and BGal and GalU overproduc-



tion was performed as described above for the
Tsx protein Aliquots (1 ml) were removed before
and after induction from each culture Whole
cellular extracts were prepared and resuspended
in 40 w1 sample buffer [7] The protein extracts of
the BGal overproducing cultures were elec-
trophoretically separated on 7% SDS polyacryl-
amude gels and those from GalU synthesizing
cells were loaded on a 12% SDS polyacrylamide
gel Proteins were wvisualized by staining with
Coomasste blue

Results and Discussion

Construction of the T7 expression vector pPDI and
overexpression of the Tsx protein

For the construction of low-copy-number vec-
tors carrying the strong gene 10 promoter of
phage T7, we used plasmud pHSG575 as the
vector backbone This small plasmud (3 61 kb)
confers resistance to chloramphenicol and con-
tamns a multiple cloming site within the lacZ o
gene derived from pUCS8 [10] Replhcation of
pHSGS75 1s mediated by the pSC101 orn se-
quences, yielding 6 to 8 copies of the plasmuid per
cell [15] A small restriction fragment carrying the
strong phage T7 gene 10 promoter was 1solated
from the multi-copy plasmid pT7-5 [1] and -
serted into pHSGS575, resulting in the low-copy-
number expression vector pPD1 (Fig 1A)

To test the utility of our T7 expression system
for overproducing heterologous proteins, we used
the E coli tsx gene as an example The tsx gene
encodes an integral outer membrane protemn (Tsx,
272 aa, M, 31418) that functions as a substrate-
specific channel for nucleosides and deoxynucleo-
sides and 1s mtially synthesized with a 22-aa
bacterial signal sequence peptide (Pro-Tsx) [8,14]
Like other integral proteins from the E coli
outer membrane, Tsx 1s deleterious to cell growth
when overproduced {14] Plasmud pHF1 carries
the tsx gene, including its own transcriptional and
translational regulatory sequences, it therefore
mediates low-level fsx expression even under
non-inducing conditions [8] For the overexpres-
sion experiments, plasmid pHF1 was transformed
mto strain HF18, a tsx Tn10 derivative of strain
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A
]
Pro-Tsx
Tsx
1 2 3 4 5 6
B
Pro-Tsx
- '
-
1 2 3 4 5 6

Fig 2 Overproduction of the E colt Tsx protemn Total
cellular extracts of strain HF18 (pHF1, #sx*) grown in M9
minimal medium (lanes 1, 2, 5) or in LB medium (lanes 3, 4,
6) under non-inducing (lanes 1 and 3) or inducing conditions
(lanes 2 and 4) were analysed by SDS-PAGE (A) and by
Western tmmunoblotting (B) using a rabbit Tsx antiserum
Crude cell envelope preparations of the cell extracts prepared
from nduced cells grown in M9 (lane 2) and in LB medium
(lane 4) are displayed n lanes 5 and 6 of panel A and B,
respectively

BL21 (ADE3), carrying a chromosomal copy of
the T7 RNA polymerase structural gene (T7 gene
1) under the control of the lac promoter/
operator regulatory elements [2] Induction of the
T7 promoter-directed tsx expression resulted in
the appearance of a predominant polypeptide
species 1n whole cell extracts and 1n the crude cell
envelope preparations (Fig 2A) whose 1dentity
with the Tsx protemn was proven by Western blot
analysis (Fig 2B) Plasmid pHF1-directed overex-
pression of Tsx also caused the massive accumu-
lation of the Pro-Tsx protein which can normally
not be detected due to its efficient processing
The high rate of Pro-Tsx production overwhelms
the cellular machinery that mediates Tsx secre-
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tion and thus causes the pronounced accumula-
tion of the Pro-Tsx protein

Construction and properties of the low-copy-num-
ber T7 expression vectors pPD100 and pPDI101
The data presented above show that the low-
copy-number T7 promoter plasmud pPD1 can be
used for the efficient overproduction of proteins
m E colt To improve the utility of this expres-
sion vector system, we expanded the multiple
cloning site and removed the lac promoter pre-
sent in pPD1 (Fig 1A) These plasmud construc-
tions yielded two chloramphenicol resistant low-
copy-number T7 expression vectors, pPD100 (3 52
kb) and pPD101 (3 52 kb), allowing convenient
cloning of heterologous genes mn both orienta-
tions (Fig 1B) To test these vectors, we nserted
a promoterless lacZ gene mto pPD100 and
pPD101 and expressed 1t 1n strain BL21 (ADE3)
under T7 control Both plasmids directed the
massive synthesis of B-galactosidase (BGal) un-
der inducing conditions, but there was very little
BGal production 1n non-induced cells (Fig 3A)
Thus, both pPD100 and pPD101 can be used to

achieve strong overproduction of recombinant
proteins

pPDI110, pPDI111 and pPD112 T7 expression plas-
muds for placing cloned target genes under vector
provided translational imitiation signals

Using pPD100 (Fig 1B) as the plasmud back-
bone we developed a set of low-copy-number T7
vectors that provide translation inmitiation ele-
ments that are followed by a multiple cloning site
and permit subcloning mn any one of the three
reading frames For the construction of these
plasmids, we capitalized on the multi-copy pTrc
97A, pTrc97B and pTrc97C expression vectors
that carry the lacZ ribosome binding site, an
appropriately positioned ATG start codon and a
modified multiple cloning site of pUC18 [11]
DNA segments carrying the translational mitia-
tion elements and the adjacent multiple cloning
site of pTrc97A, pTrc97B, and pTrc97C were
amplified by polymerase chain reaction and 1in-
serted into the multiple cloning site of pPD100,
yielding the low-copy-number expression vectors
pPD110, pPD111 and pPD112 (Fig 1C) To study

1 2 1 2 3 ]

Fig 3 Overexpression of the BGal and GalU protemns Lanes 1, 3 and 5 show whole protein extracts from non-induced and lanes
2, 4 and 6 from nduced cell cultures (A) Lanes 1, 2 BL21 (pPD100, vector), lanes 3, 4 BL21 (pPD129, a dervative of plasmud
pPD100 carrying a 'lacZ gene expressed from its own translation imitiation signals), lanes 5, 6 BL21 (pPD130, a dervative of
plasmid pPD101 carrying a 'lacZ gene expressed from its own translation initiation signals) (B) Lanes 1, 2 BL21 (pPD124, a
dervative of plassmd pPD110 carrying a 'lacZ gene expressed from the translation mitiation signals provided by the T7 expression
vector) (C) Lanes 1, 2 BL21 (pPD110, vector), lanes 3, 4 BL21 (pPD114, a dervative of plasmud pPD110 carrying the galU gene
expressed from 1ts own translation imtiation signals) The arrows pomnt to the overproduced BGal and GalU proteins



the level of T7-mediated gene expression by these
vectors, we first cloned the E colt galU gene
carrying its own transcription and translation ni-
tiation signals mto plasmuds pPD110, pPD111
and pPD112 The galU gene encodes a cytoplas-
mic UTP a-p-glucose-1-phosphate urndylyltrans-
ferase (GalU) [13] Following the nduction of the
T7 expression system, the GalU protein was very
strongly produced, an example for this overpro-
duction 1s documented m Fig 3C Thus, plasmds
pPD110, pPD111 and pPD112 can also be used
as efficient transcription T7 expression vectors,
similar to low-copy-number T7 promoter plas-
muds characterized above To test the use of
these plasmids for the expression of genes lacking
their own transcription and translation mitiation
elements, we fused a 'lacZ gene 1 all three
reading frames to the ATG start codon present in
the multiple cloning site of plasmids pPD110,
pPD111 and pPD112 (Fig 1C) and momnitored
BGal synthesis in strain BL21 (ADE3) BGal was
readily detected in whole cell extracts following
induction of T7-mediated lacZ expression (Fig
3B)

Conclusions

The low-copy-number T7 promoter vectors de-
scribed here have a number of desirable features
that make them interesting alternatives to other
T7 expression vectors [1-3]

(1) Their low-copy-number and the extended
multiple cloning site permut the cloning of genes
whose gene products are deleterious to the E
colt host and which therefore can often not be
stably established mn high-copy-number expres-
sion plasmids The utility of plasmud pPD1 for the
overproduction of toxic proteins has already been
proven We have used this plasmmd successfully to
massively overproduce the E coli nucleoid-asso-
ciated DNA binding protemn H-NS {5], which 1s
highly detrimental for cell growth and viabihty
even when expressed from its own promoter on a
low-copy-number plasmid [4] Others, have em-
ployed pPD1 to clone and express virK an essen-
tial virulence gene for the intracellular spreading
of Shigella flexner:, which could not be cloned
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into the multi-copy T7 expression vector pT7-5
(18]

(2) Although replication of the pPD-T7 vec-
tors 1s mediated by or sequences derived from
the low-copy-number pSC101 replicon, high-level
heterologous gene expression under T7 control
can be rehably achieved We observed low-level
basal gene expression in non-induced cell cul-
tures and efficient protein overproduction after
induction of T7 RNA polymerase synthesis Sev-
eral special-purpose low-copy-number vectors
have been constructed which contain the T7 gene
10 promoter [16,17] However, the utility of low-
copy number vectors for high-level overproduc-
tion of recombinant proteins has not been widely
appreciated

(3) The pSC101 or: of the pPD-T7 vectors 1s
compatible with the frequently used high-copy-
number ColE1l-derived plasmuds and can thus co-
exist with other vectors 1n the same cell allowing
co-overproduction of different proteins Commer-
cally available M13 lacZ « and T7 primers per-
mit double-stranded DNA sequencing of the
cloned DNA fragments
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