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A high-copy T7 Escherichia coli
expression vector for the production
of recombinant proteins with a minimal
N-terminal His-tagged fusion peptide
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Abstract

We report here the construction of a vector derived from pET3-His and
pRSET plasmids for the expression and purification of recombinant
proteins in Escherichia coli based on T7 phage RNA polymerase. The
resulting pAE plasmid combined the advantages of both vectors: small
size (pRSET), expression of a short 6XHis tag at N-terminus (pET3-
His) and a high copy number of plasmid (pRSET). The small size of
the vector (2.8 kb) and the high copy number/cell (200-250 copies)
facilitate the subcloning and sequencing procedures when compared
to the pET system (pET3-His, 4.6 kb and 40-50 copies) and also result
in high level expression of recombinant proteins (20 mg purified
protein/liter of culture). In addition, the vector pAE enables the
expression of a fusion protein with a minimal amino-terminal hexa-
histidine affinity tag (a tag of 9 amino acids using XhoI restriction
enzyme for the 5’cloning site) as in the case of pET3-His plasmid and
in contrast to proteins expressed by pRSET plasmids (a tag of 36
amino acids using BamHI restriction enzyme for the 5’cloning site).
Thus, although proteins expressed by pRSET plasmids also have a
hexa-histidine tag, the fusion peptide is much longer and may repre-
sent a problem for some recombinant proteins.
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Introduction

One of the most useful systems for expres-
sion of recombinant proteins in Escherichia
coli is the pET vector series (Novagen, Madi-
son, WI, USA), which is based on the T7 phage
RNA polymerase promoter (1) and uses the
pBR322 origin of DNA replication. The ex-
pression of the recombinant protein using these
plasmids is tightly regulated and, when in-
duced, produces high levels of transcripts and

recombinant proteins (2). Several pET vectors
have an affinity tag composed of six consecu-
tive histidine residues (6XHis-tag) that permit
the purification of the fusion protein on metal
charged columns (3). In contrast, the pRSETA
expression system (Invitrogen, Carlsbad, CA,
USA) is a high-copy number plasmid based on
pUC19 origin of DNA replication that may
confer a higher gene dose effect (4). In this
system, the proteins are produced with fusion
of one leader peptide that encodes the first 12
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amino acids of the T7 gene 10 major capsid
protein (T7-epitope tag), and the affinity 6XHis-
tag. An enterokinase cleavage site is located
between the leader peptide and the cloning site
and therefore the epitope and affinity tag can
be excised off the recombinant protein if de-
sired.

In many cases the single 6XHis-tag does
not affect the structure and function of the
recombinant protein. Moreover, the 6XHis-
tag may be able to act as an epitope of protein
detection using monoclonal antibodies or
enzyme-nitrilotriacetic acid-nickel conjugates.

In the present report we describe the
construction of a vector for the production of
heterologous proteins in E. coli that com-
bines the characteristics of both pET vectors
and pRSET expression systems. The result-
ing vector, named pAE, is a high copy num-
ber plasmid that allows the production of
recombinant proteins with a minimal 6XHis-
tag at the N-terminus.

Material and Methods

Bacterial strains, plasmids and growth
conditions

The E. coli strain DH5α (Life Technolo-
gies, Inc., Rockville, MD, USA) was used
for all routine cloning experiments whereas
the E. coli strain BL21 (DE3) (Novagen)
was used for recombinant protein expres-
sion. The pRSET vector series was purchased
from Invitrogen, and the pET3-His (5) plas-
mid was kindly provided by the Cloning
Vector Collection (National Institute of Ge-
netics, Shizuota-ken, Japan). Luria Bertani
medium (LB) was used for culture with a
supplement of 100 µg ampicillin (Sigma, St.
Louis, MO, USA) per ml.

Cloning techniques

All DNA manipulations were carried out
as described in Ref. 6. The DNA fragment
coding for the tetanus toxin fragment C (Fc)

was amplified by the polymerase chain reac-
tion (PCR) from pET32a-Fc (7) using the
forward primer containing XhoI and BamHI
sites and the reverse primer containing the
HindIII site. PCR was carried out with 50 µl
of reaction mixture containing 10 ng tem-
plate DNA, 0.2 mM each dNTP, 20 pmol
each primer, 1X PCR buffer, and 0.5 U Taq
DNA polymerase (Life Technologies). The
PCR assay was performed in a GeneAmp
PCR system 9600 (Perkin Elmer, Foster City,
CA, USA) for 30 cycles under the following
conditions: 94ºC for 45 s, 56ºC for 25 s, and
72ºC for 3 min, followed by a final extension
at 72ºC for 15 min. The amplified product
was purified by agarose gel electrophoresis
using a commercial extraction system (In
Concert Gel Extraction System, Life Tech-
nologies). The recovered DNA was then
cloned into the plasmid pET3-His at XhoI
and HindIII sites, resulting in the pET3-His-
Fc plasmid. Next, the DNA insert containing
the 6XHis-tag and the Fc coding sequence
was isolated from pET3-His-Fc by double
digestion with NdeI and HindIII and further
subcloned into the pRSETA vector at the
same restriction sites. The resulting plasmid
was named pRSET-His-Fc. The entire mul-
tiple cloning site and part of the pRSETC
plasmid backbone were re-inserted at BamHI
and ScaI sites by replacement of the Fc
coding sequence plus the corresponding frag-
ment of the pRSETA backbone, resulting in
the pAE vector. All constructions were con-
firmed by sequencing in the ABI 377 auto-
matic sequencer (PE Applied Biosystem,
Foster City, CA, USA) using the ABI Prism
Big Dye Terminator kit and T7 promoter
primer.

Expression and purification of recombinant
fragment C

The E. coli BL21 (DE3) cells transformed
with pAE-Fc and pET3-His-Fc were grown
at 37ºC in LB medium containing ampicillin
(100 mg/l). When absorbance at 600 nm
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reached 0.6, isopropyl-1-thio-ß-D-galacto-
side (IPTG) was added at a final concentra-
tion of 1 mM and the cells were harvested by
centrifugation 3 h later. Aliquots of total cell
extracts were collected every 30 min and
analyzed by 10% SDS-PAGE. For the purifi-
cation of the recombinant protein, the bacte-
rial pellet was resuspended in 20 mM Tris-
HCl, pH 8.0, and lysed with a French Press.
The inclusion bodies were collected by cen-
trifugation. The solubilization buffer (20 mM
Tris-HCl, pH 8.0, 0.5 M NaCl, 6 M guani-
dine hydrochloride, 1% Triton X-100, and 2
mM ß-mercaptoethanol) was added to the
pellet, incubated for 3 h at room temperature
and clarified by centrifugation, and the su-
pernatant was collected. Purification was
performed by batch using Fast Flow chelat-
ing Sepharose (Pharmacia, Uppsala, Swe-
den) charged with nickel sulfate. The clari-
fied supernatant was adsorbed to the charged
resin and the resin was washed with 20 mM
Tris-HCl, pH 8.0, 500 mM NaCl, 6 M urea,
2 mM ß-mercaptoethanol, and 60 mM imid-
azole. The recombinant protein was then
eluted with 1 M imidazole in the same buffer
and characterized by 10% SDS-PAGE.

Results and Discussion

The pET vector series is derived from
pBR322 (8). The plasmid yield from a typi-
cal miniprep is at least five times less when
compared to pRSET vector series, which is
derived from pUC19 (Figure 1) (9). As a
result, manipulations of pET vectors often
require multiple steps, like ethanol precipi-
tation or speed vac concentration and growth
of a larger amount of E. coli culture, in order
to obtain the necessary amount and concen-
tration of plasmid for vector digestion for
subcloning and/or for direct plasmid sequenc-
ing. In contrast, the pRSET series yields a
larger amount of plasmid, permitting direct
digestion for subcloning and sequencing from
a single 1.5-ml miniprep.

The pET3-His plasmid (5) is a pET-de-

rived vector that permits the rapid purification
of the recombinant protein through a minimal
6XHis-tag fused to the expressed protein at the
N-terminus. In order to combine the advan-
tages of the pRSET vectors with those of the
pET3-His vector, we constructed the pAE plas-
mid. First, we cloned the tetanus toxin Fc into
the pET3-His vector (Figure 2). The 1.35-kb
DNA fragment coding for the Fc was ampli-
fied by PCR using the forward primer contain-
ing the XhoI and BamHI sites and the reverse
primer with a HindIII site. The resulting DNA
fragment was purified and cloned into the
plasmid pET3-His at XhoI and HindIII sites,
resulting in the pET3-His-Fc plasmid. Next,
the DNA insert containing the 6XHis-tag and
the Fc coding sequence was isolated from
pET3-His-Fc by double digestion with NdeI
and HindIII and further subcloned into the
pRSETA vector at the same restriction sites.
The resulting plasmid was named pAE-Fc.

M 1 2 3

Figure 1. Plasmid yield from cul-
tures of Escherichia coli trans-
formed with pRSETA, pET-His
or pAE plasmid. DNA samples
were digested with BamHI. M =
1-kb DNA ladder (Life Technolo-
gies). Lane 1, pRSETA; lane 2,
pET-His; lane 3, pAE.
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just following the ATG start codon from the
pET3-His plasmid with the multiple cloning
sites and the replicative origin of pRSET plas-
mid series (Figure 3).

To test if the resulting pAE plasmid would
produce plasmid yields similar to those of
the pRSET plasmid series, cultures of E. coli
transformed with pRSETA, pET3-His or pAE
were grown until absorbance at 600 nm
reached 1.7. The plasmids from each culture
were isolated using commercial kits (In Con-
cert Rapid Plasmid Miniprep System, Life
Technologies) and 2.5 µl of the plasmid
DNA’s were digested with BamHI and sub-
mitted to agarose gel electrophoresis. The
DNA plasmids were visualized after stain-
ing with ethidium bromide (Figure 1) and
quantified by densitometry using standard
plasmid DNA (pGEM3zf(+), Promega, Madi-
son, WI, USA) of known concentration. The
same plasmid miniprep from each culture
was also quantified by absorbance at 260 nm
(Table 1). Both pAE and pRSETA plasmids
gave similar yields, about 200-250 plasmid
copies per cell, as estimated by absorbance
at 260 nm and by fluorescence in an agarose
gel (Figure 1 and Table 1). pET3-His, as
expected, yielded five times less plasmid
when compared to pAE and pRSETA. The
pAE plasmid is smaller (2.8 kb), which would
allow the cloning of larger DNA inserts than
the pET3-His vector. The control of plasmid
copy number resides in a region of the origin
of DNA replication. The replication of ColE1
type plasmids is regulated by the interaction
of RNA I and Rop (repressor of primer)
protein with the primer for replication and
RNA II (10) that is synthesized from a pro-
moter located 555 bp upstream of the origin
of DNA replication (11). The maturation of
RNA II is controlled by another untranslated
RNA molecule (RNA I), which is transcribed
from the opposite strand of the same region
of DNA coding for RNA II. In addition to the
effect of RNA I on primer formation, the
ColE1 copy number is modulated by a sec-
ond plasmid-encoded element, the product
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Figure 2. Diagrammatic representation of the construction of the pAE plasmid. Fc is the
tetanus toxin fragment C.

The entire multiple cloning site and part of the
pRSETA plasmid backbone was re-inserted at
BamHI and ScaI sites by replacement of the Fc
coding sequence plus the corresponding piece
of the pRSETA backbone, yielding the pAE
vector (Figure 2). The pAE plasmid may com-
bine the advantage of a minimal 6XHis-tag
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Figure 3. Multiple cloning sites
of pET3-His (A), pRSETA (B) and
pAE (C). The nucleotide se-
quences of the multiple cloning
sites, the corresponding restric-
tion enzymes and amino acids
are described. The enterokinase
cleavage site present in pRSETA
is indicated by the arrow.

Table 1. Comparison of the plasmid DNA yield from different expression vectors.

Plasmid Size (kb) Absorbance at 600 nm Absorbance at 260 nm DNA yield (mg/ml)
(1/100 dilution)

pRSETA 2.9 1.72 0.0157 62.6
pET3-His 4.6 1.72 0.0028 11.14
pAE 2.8 1.68 0.0130 51.88
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DNA replication would result in a greater
amount of expression of the recombinant
protein due to a dosage effect, as was re-
ported for the bovine growth hormone in E.
coli (4). This could be another advantage of
the pAE vector over the pET3-His plasmid
in addition to the larger plasmid yield (Fig-
ure 2 and Table 1).

To test this possibility, we expressed the
Fc using the pAE and the pET3-His vectors.
Both vectors are able to express an identical
recombinant Fc in terms of amino acid se-
quence and 6XHis-tag fusion. Transformed
E. coli BL21 (DE3) cells with pAE-Fc or
pET3-His-Fc were incubated at 37ºC until
absorbance at 600 nm reached 0.6 and the
cultures were induced with 1 mM IPTG as
described. The cells were collected with time,
lysed with SDS-PAGE sample buffer and
analyzed by SDS-PAGE (Figure 4). Both
pAE-Fc and pET3-His-Fc transformed cells
expressed the same amount of recombinant
Fc with time. In this case, the greater copy
number/cell of the pAE-Fc plasmid over
pET3-His-Fc (data not shown) did not result
in a larger amount of expressed recombinant
protein. The tetanus toxin Fc was purified
from both pAE-Fc and pET3-His-Fc trans-
formed cells using Ni2+-charged resin as de-
scribed in Material and Methods. The Fc
yields were similar from both cultures, around
20 mg/l of culture (Figure 5).

The advantage of the His-tag over the
GST- or FLAG-tag is that the fusion protein
can be purified under denaturing conditions
since the interaction between consecutive
His residues and the affinity column, nickel-
chelating column, is stable in 6 M guanidine
HCl or 8 M urea which are strong protein
denaturants. The purified protein can then
be renatured by removing the denaturant
slowly. Since many foreign proteins pro-
duced in E. coli are insoluble, the His-tag is
more widely applicable than the GST- or
FLAG-tag (13). The pAE vector described
here allows the expression of heterologous
proteins with a minimal His-tag placed just

M 1 2

94

67

43

21

kDa

30

14

Figure 5. SDS-PAGE analysis of
recombinant fragment C (50
kDa) purified from Escherichia
coli BL21 (DE3) transformed by
pET-His-Fc and pEA-Fc. Lane 1,
pET-His-Fc. Lane 2, pAE-Fc.
M = molecular mass markers
(Pharmacia). Eight micrograms
of purified proteins was loaded
onto the gels. The gels were
stained with 0.25% Coomassie
blue in 40% ethanol/10% acetic
acid and destained with a solu-
tion of 10% ethanol.

Figure 4. SDS-PAGE analysis of recombinant fragment C (50 kDa) expressed in Escherichia
coli BL21 (DE3) after IPTG induction. Lanes 1, 3, 5, 7, 9, 11, 13 and 15, cells were
transformed with pET3-His-Fc. Lanes 2, 4, 6, 8, 10, 12, 14 and 16, cells were transformed
with pAE-Fc. Lanes 1 and 2, total protein extract from non-induced cultures. The samples
of induced cultures were collected every 30 min from 0 h (lanes 1 and 2) to 3.5 h (lanes 3-
16). M = molecular mass markers (Pharmacia). Horizontal arrows = 50 kDa. The gels were
stained with 0.25% Coomassie blue in 40% ethanol/10% acetic acid and destained with a
solution of 10% ethanol.
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of the rop gene, which consists of a 63-
amino acid polypeptide (12). The pET vec-
tor series is based on the pBR322 plasmid
that replicates through the pMB1 replicon
whereas pRSETA is a pUC18/19 derived
from a pBR322 replicon through mutations
in RNA I and rop genes. This prevents the
interaction of RNA I and Rop protein with
RNA II, resulting in a higher plasmid copy
number per cell. In theory, as a consequence,
the higher copy number of an expression
plasmid containing a pUC18/19 origin of
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after the methionine start codon, like pET3-
His and in contrast to pRSETA. While pET3-
His and pAE permit the expression of a
polypeptide with a minimal number of 9
amino acids (including the hexa-histidine
tag) fused at the N-terminus (for instance,
using XhoI as the cloning site), the minimal
fusion peptide expressed by pRSETA with-
out the use of enterokinase is composed of
36 amino acids (using BamHI as the cloning
site; Figure 3). Although the use of enteroki-
nase would remove the hexa-histidine tag,
yielding a fusion peptide of 5 amino acids,
this is not a predictable feature, depending
on the exposure of the enterokinase cleavage
site in the recombinant protein expressed by
the pRSETA plasmid. Its use also includes
additional steps in the process, like incuba-
tion of the recombinant proteins with the
enzyme as well as its removal. In addition,
pAE has other advantages over the pET3-
His plasmid. Transformed E. coli cells with
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pAE produce a greater number of copies of
plasmids/cell, yielding much more plasmid/
miniprep. This facilitates further plasmid
manipulation for subcloning, sequencing and,
in theory, a higher gene dosage that could
result in a larger amount of recombinant
protein expression, although this was not
observed in the case of Fc of tetanus toxin.
Successful expression of several other pro-
teins was also achieved using this plasmid
(14-16). Furthermore, pAE possesses a mul-
tiple cloning site after the His-tag region that
facilitates subcloning of the desired insert.
All of these features make the pAE plasmid
a very useful expression vector for E. coli.
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