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ABSTRACT

An autoregulated gene expression system in Escherichia coli was
designed such that the cloned genes on the vector were not expressed
until biotin was depleted during cell growth. The expression vectors
were constructed by assembling the DNA fragments containing the reg-
ulatory region of the E. coli biotin operon (bio operon), the universal ribo-
some-binding site (RBS) and the strong transcription terminator
rrnBT,T,. The promoter region was further modified by site-directed
mutagenesis to create promoters of varied strength. The feasibility of this
system was examined in E. coli strain R901 (with bio operon deleted)
using various marker genes, including the E. coli birA gene, T7 RNA
polymerase gene and yellowfin-porgy growth-hormone gene. The
results demonstrated that the induction of marker-gene expression can
be triggered as the biotin concentration drops to a threshold value of
approximately 2 ng/mL by metabolic utilization.

Index Entries: Recombinant DNA; biotin; regulation; gene expression
system.

Abbreviation: bio operon, biotin operon; bp, base pair(s); kb, kilo base-

pair(s); nt, nucleotide(s); o, operator; RBS, ribosome-binding site; T-broth,
trypone broth.

INTRODUCTION

One of the major strengths of modern recombinant DNA technology
is its ability to produce large quantities of heterologous proteins for
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research and pharmaceutical purposes (1,2). Heterologous genes are usu-
ally induced to very high levels in the four major gene expression systems,
namely Escherichia coli (E. coli), bacillus, yeast and mammalian cells (3,4).
Among them, E. coli is often the desirable host for a large number of
expression needs (5,6). Many stable, high-copy-number plasmids have
been described to achieve high-level expression of heterologous proteins.
However, continuous proteolysis of the heterologous proteins, especially
in the heat-shock-induced gene-expression systems (7), could present a
problem. In addition, some heterologous proteins might be detrimental to
E. coli once they accumulated in the cell, thus making the situation even
more difficult. Therefore, the inducibility or the controllability (8-12) of the
expression system becomes very critical to assure high levels of gene
expression and stable-gene products.

In the present study, we have designed an autoregulated gene-
expression vector based on the repressor-operator interaction of the bio
operon coupled to an E. coli host cell with its bio operon deleted (13). The
autoregulated system can thus be turned on by the depletion of the added
biotin during cell growth. The expression vectors were constructed by
assembling the DNA fragments containing the regulatory region of E. coli bio
operon (14,15), the universal ribosome-binding region and the strong tran-
scription terminator rmBT; T, (16). The promoter region was further modi-
fied by site-directed mutagenesis to create promoters of varied strength in
both orientations. The feasibility of this system was examined using various
marker genes including the E. coli birA gene (17), T7 RNA polymerase gene
(6) and the yellowfin-porgy growth-hormone gene (18). The results demon-
strated that the expression of marker genes was repressed initially as
medium biotin concentration was high, and its induction could be triggered
as the biotin concentration dropped to a threshold value of approximately 1
ng/mL by the metabolic utilization during cell growth. The current system
not only provides efficient control of heterologous gene expression, but also
avoids many disadvantages of previously described systems which rely on
heat shock or added chemical inducers to turn on gene expression (7).

METHODS

The bacterial strains and plasmids used in the present study are listed
in Table 1.

Construction of the pUC, pUS, and pUT Series-Expression Vectors

The key element of the expression vector, the promoter-operator
overlapping region, is derived from the E. coli bio operon (19,20). As shown
in Fig. 1, the 165-bp Sau3A fragment (from nt —40 to +125) of plasmid
pUCIA containing the 1.3-kb bio’AoB’ sequence, Xholl fragment (15) was
subcloned into the BamHI site of vector pUC1S8, thereby generating plas-
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Table 1
Strains and Plasmids
Strain and
plasmid Relevant Genotype Source or reference
R901 Sm*Abio A-D Cleary and Campbell (13)
JM107 FtraD36 lacl%(AlacZ)M15 proABA  Yanisch-Perron et al. (22)
(lac-proAB) thi gyrA96 (Nal®)
endAl hsdR17 (rymy™)
relAl supE44 mcrA
CJ236 F-dut ungl thi-1 rel A1/ Kunkel (21)
pCJ105 Cm®
DH5a FendAl hsdR17 (v supE44 Hanahan et al. (27)
thi-1 relA1 gyrA96 (Nal")
A(lacZY A-argF)U169
(0804 lacA(lacZ)M15))
DG116 AcI857George (7)
pUC18, pUC19 lac* ApR Vieira and Messing (28)
pG308N AP Linetal. (17)
M13mpl8/mpl9  lacZ Yanisch-Perron et al. (22)
pUCIIA pUC18::bio’AoB” (wild-type) Shiuan and Campbell (15)
pUC98A pUC18::bio’AoB” (Pgg mutant) this work
pUC99A pUC18::bio’AoB’ (Psg mutant) this work
pUSIIA pUCI1A:RBS this work
pUS98A pUC98A::RBS this work
pUS99A pUC99A:RBS this work
pUT98A pUS98A:mBT; T, this work
pUT99A pUS99A BT, T, this work
pUSI1A-1 pUS11A:birA this work
pUS98A-1 pUS98A::birA this work
pUT98A-1 pUT98A::birA this work
pUT99A-1 pUT99A::birA this work
pUSI1A-2 pUS11A:T7 RNA pol this work
pUT98A-2 pUT98A::T7 RNA pol this work
pUS11A-3 pUS11A:ypGH gene this work
pUT98A-3 pUT98A:ypGH gene this work
pUT99A-3 pUT99A:ypGH gene this work
pDSC126 pUC19::Pymy::T7 RNA pol this laboratory
pypGH pUC18::ypGH gene Tsai et al. (18)
pBIRA308N pG308N::birA Lin etal. (17)
pBIRA18 pUC18::birA this work
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Fig. 1. Regulatory sequence derived from the E. coli bio operon. The 165-bp Sau3A
fragment of plasmid pUC1A (containing the 1.3-kb bio’AoB”sequence, Xholl fragment)
was subcloned into the BamHI site of vector pUC18 to obtain plasmid pUC11A. The
216-bp EcoRI-HindIII fragment was then subcloned into M13mp18 to perform site-
directed mutagenesis (21). The mutations are of three categories: insertion of a T
between nt —18 and —19 to create a Clal site (5’-ATCG AT-3"); a GC to TA mutation at nt
-3, to create a better —10 region, 5-TTAAAT-3’, of a strong leftward promoter Pog; and
a GC to TA mutation at nt =3, a TA to AT mutation at nt +21, to create a consensus —35
region, 5-TTGACT-3, a potentially stronger leftward promoter Pg. The original left-
ward promoter P, and two rightward promoter P, and Pg, with their -35 and -10
regions are also indicated. The dashed box represents the promoter/operator overlap-
ping sequence. The RBS for rightward (bioB) transcription, GGAGAA, and the start
codon for bioA and bioB genes are also marked. The dark boxes flanking the bio regula-
tory sequence are parts of the multiple cloning sites of vector pUC18. The abbrevia-
tions H, Sp, P, Sa, Xb, Xm, K, Sc, and E, represent Hindlll, Sphl, Pstl, Sall, Xbal, Xmal,
Kpnl, Sacl, and EcoRlI, respectively.

mid pUC11A. The resulting 216-bp EcoRI-HindIII fragment containing the
bio operon regulatory sequence was then subcloned into M13mp13, and
site-directed mutagenesis was performed (21). The mutations are of three
categories: insertion of a T between nt —18 and -19 to create a Clal site
(5"-ATCG AT-3') so that the RBS Tagl end can be ligated; a GC to TA muta-
tion at nt -3, to create a better —10 region, 5-TTAAAT-3’, of a strong left-
ward promoter Pog (19); and a GC to TA mutation at nt -3 as described
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Fig. 2. The construction flow chart of pUC, pUS, and pUT series expression vectors.
The 216-bp EcoRI-HindIIl fragment was subcloned from plasmid pUCI1A into
M13mp18 for site-directed mutagenesis. The EcoRI-HindIII fragments of the resulting
plasmids were then assembled into pUC18 to obtain the pUC vectors: pUC11A,
pUC98A, and pUC99A. The synthesized RBS flanked with Tagl and Sall sites was
inserted into the Clal-Sall sites of pUC vectors to obtain the pUS vectors: pUS11A,
pUS98A, and pUS99A, respectively. Finally, the pUS vectors were digested with
HindIH and ligated with the synthesized rrBT; T, DNA fragment (with AGCT ends to
clone into the Hindlll site) to obtain the pUT vectors: pUT98A and pUT99A.

above, plus a TA to AT mutation at nt +21, to create a consensus 35 region,
5-TTGACT-3’, a potentially stronger leftward promoter Pog.

The construction flow chart of the pUC, pUS, and pUT series expres-
sion vectors is outlined in Fig. 2. The 216-bp EcoRI-HindlIl fragment was
subcloned from plasmid pUC11A (15) into M13mp18 (22) and completed
the site-directed mutagenesis, as mentioned. The EcoRI-HindIll fragments
of the resulting plasmids were then assembled into pUC18 to obtain the
pUC vectors: pUC11A, pUC98A, and pUC99A, respectively. The synthe-
sized RBS, flanked with Tagl and Sall sites (Fig. 3) was inserted into the
Clal-Sall sites of pUC vectors to obtain the pUS vectors: pUS11A, pUS98A,
and pUS99A, respectively. Furthermore, the pUS vectors were digested
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Fig. 3. Plasmids and DNA fragments used in constructing the expression vectors.
(A) RBS, the ribosome-binding site or the Shine-Dalgarno sequence, AGGAGG,
designed with a 5'Taql site, a 3'Sall site, and an Nrul site, 8 bp downstream from the
RBS, was chemically synthesized and annealed. (B) The rrnBT,T, fragment, a very
strong transcriptional terminator, was designed with AGCT ends, compatible with
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with Hindlll and ligated with the synthesized rrnBT,T, DNA fragment
(with AGCT ends to insert into the HindIll sites) to obtain the pUT vectors:
pUT98A and pUT99A, respectively.

Monitoring Biotin Concentration Change During Bacterial-Cell Growth

In evaluating the biotin-regulated gene expression system in E. coli,
biotin of various concentrations was added to 1% T-broth, and the biotin
concentration during host-cell growth was monitored using the competi-
tive ELISA method (23) to establish the relationships between the onset of
heterologous-gene expression and the deprivation of biotin during cell
growth. As shown in Fig. 4, as the cell (strain R901 transformed with
pUS11A-1, the pUS11A vector with E. coli birA gene cloned) entered the
midlog phase (as ODgy increased from 0.1 to approx 1.0, described as open
squares in Fig. 4), the medium biotin concentration (closed square in Fig. 4)
dropped from 5 ng/mL to less than 2 ng/mL and triggered the overex-
pression of the inserted gene.

RESULTS AND DISCUSSION

The expression system was designed so that the induction of heterol-
ogous-gene expression could be triggered when biotin concentration
dropped to a certain level and released the repression of the cloned gene
caused by the binding of biotinyl-AMP (corepressor) and the biotin repres-
sor to the biotin promoter/operator region (18,19). The strain R901 with
the bio operon deleted was unable to grow in the minimal medium (24)
unless biotin was added. However, strain R901 grew well in 1% T-broth
containing endogenous biotin of approx 6 ng/mL (23). Therefore, the 1%
T-broth was chosen as the basal medium to optimize the gene-expression
system. The marker genes encording: E. coli biotin repressor; T7 RNA poly-
merase; and yellowfin-porgy growth hormone, were used to test the feasi-
bility of the expression system. These genes were cloned into vectors

Fig. 3. (continued) HindllI site for cloning. The fragments were also chemically synthe-
sized and annealed before cloning. (C) Plasmid pDSC126, this plasmid was con-
structed by one of us (D. S.) for preparing a T7 RNA polymerase-regulated gene
expression system in Streptomyces lividans TK24. The Sphl-Smal fragment containing
the 1.2-kb T7 RNA polymerase gene, was inserted downstream of the o-amylase pro-
moter and the codons of the first ten amino acid residues of the a-amylase gene of
Streptomyces lividans TK24 were replaced with E. coli-preferred codons. (D) Plasmid
pypGH containing the growth hormone gene of yellowfin porgy (18), was a generous
gift from H. J. Tsai, Institute of Fisheries Science, National Taiwan University. (E)
Plasmid vector pUS and pUT series, these vectors were constructed by assembling
suitable regulatory regions including the biotin operator/promoter overlapping
region, the RBS and the transcription terminator in the multiple cloning sites of plas-
mid pUC18, as described in Fig. 2.
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Fig. 4. Depletion of biotin during cell growth. Overnight culture of E. coli strain R901
harboring the expression plasmid was diluted 1:100 in 1% T-broth (per liter: 5 g NaCl,
10 g tryptone, 0.1 g thiamine HCI, with endogenous biotin of approx 6 ng/mL) and
shaken at 220 RPM at 37°C overnight. Samples were collected every 2 h for determina-
tion of biotin concentration using the modified competitive ELISA method (23). The
cell density was estimated by measuring ODgg. The closed and open squares represent
the changes of biotin concentrations and cell density, respectively.

pUS11A, pUS98A, and pUT98A, to obtain plasmids pUS11A-1, pUS98A-1,
pUT98A-1, pUS11A-2, pUS98A-2, pUS99A-2, pUS98A-3, and pUTI8A-3,
as indicated in Table 1. The expression patterns of these constructs were
examined separately.

We first transformed R901 with pUS11A-1 and grew it in 1%
T-broth at 37°C, 220 RPM, to observe the onset of overexpression of the
cloned birA gene. The gene expression patterns can be visualized by
SDS-polyacrylamide gel electrophoresis of the total E. coli protein at var-
ious growth stages. As shown in Fig. 5A, as the ODy, reached above 0.58
(lane A4, corresponding to biotin concentration of approx 1 ng/mL from
Fig. 4), the 35 kDa protein started to accumulate abruptly and high-level
expression (approx 25% of total protein by laser densitometry) was con-
tinued until ODgyy = 1.54. As extra biotin 0.1 ug/mL (Fig. 5B) was added
initially into the 1% T-broth, the onset of overexpression was found to be
delayed to approximately ODggo = 1.44 (lane B5). Similar expression pat-
terns were also observed for the yellowfin-porgy growth-hormone gene
on plasmid pUT98A-3. As shown in Fig. 6, the expression of the 28.5 kDa
growth-hormone gene can be turned on as the biotin concentration
dropped to approx 1 ng/mL. The effects of varied promoter strength on
the expression pattern were basically as expected. The yellowfin-porgy
growth-hormone gene was inserted into vectors of increasing promoter
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Fig. 5. Expression of E. coli birA gene in 1% T-broth medium. The 0.95-kb E. coli
birA gene was synthesized by PCR method (26). The primers are (I) 5-ATGAAG-
GATAACACCGTG-3, the 5 end of the birA gene, and (II) 5-ATATAAGCT-
TAGCGCGCCAGTTTAATCC-3, complements the DNA sequence approx 60 bases
downstream from the birA terminator, with a designed HindIll site at the distal end for
cloning (17). The 0.95-kb DNA fragment was gel purified after PCR reaction, digested
with HindIIl and cloned into the plasmid vector pUS11A to obtain pUS11A-1. (A) E.
coli strain R901 harboring pUS11A-1 was grown in 1% T-broth at 37°C and samples
were collected at ODy, = 0.06, 0.18, 0.36, 0.58, 1.10, and 1.54. The total protein of each
sample was analyzed by 12% SDS polyacrylamide gel electrophoresis. The 35 kDa pro-
tein, the birA gene product of each sample, represents 2.0, 5.3, 12.6, 17.0, 21.0, and
23.0% of the total E. coli cellular protein, respectively, by laser densitometry (with a
laser densitometer LKB22220-020, Ultra Scan XL, data not shown). (B) Extra biotin (0.1
Hg/mL) was added initially into the 1% T-broth to observe the effect on induction of
gene expression. The transformed cell was grown at 37°C until ODgy = 0.09, 0.25, 0.45,
0.82,1.44, and 1.86, and the total proteins analyzed similarly.

strength and obtained pUS11A-3, pUT98A-3, and pUT99A-3, respec-
tively. Under the same experimental conditions, the induction patterns
of the marker gene controlled by promoters of varied strength were very
similar, but the amounts of the growth hormone were found to be
approximately threefold higher using plasmid pUT98A-3 than plasmid
pUS11A-3 (data not shown). However, the expression level using plas-
mid pUT99A-3, with a potentially stronger promoter was not signifi-
cantly different from that of pUT98A-3 (data not shown).

The overexpression of T7 RNA polymerase gene could be detrimen-
tal to E. coli (6) because the growth of R901 carrying the plasmid pUS11A-
2 was impaired as medium biotin level was reduced. The effect of adding
2 uM avidin into the medium in order to neutralize the biotin concentra-
tion (by forming biotin-avidin complex), thus possibly inducing the gene
expression, however, was not obvious (data not shown), probably due to
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Fig. 6. Expression of the yellowfin porgy growth hormone (ypGH) gene. The ypGH
gene was subcloned from plasmid pypGH by PCR. The designed primers are (I) 5-
ATGCAGCCGATCACCGACGG-3, containing the initiation codon ATG added to the
5 end of the ypGH gene. The codons of the first five amino acid residues of ypGH gene
were changed to meet the codon preference of E. coli. (II) 5'-GTAAAACGACG-
GCCAGT-3, complements the right edge of the multiple cloning sites of plasmid
pypGH. The 0.87-kb PCR product was cleaved with HindIII (located just downstream
of the transcription terminator of ypGH gene) and ligated to the expression vector
pUT98A (digested with Nrul and HindlII) to obtain plasmid pUT98A-3. E. coli strain
R901 was transformed with pUT98A-3 and grown in (A) 1% T-broth until ODgq, = 0.08,
0.36, 0.80, 1.13, and 1.60, and the total proteins analyzed by 12% SDS polyacrylamide
gel electrophoresis, (B) 1% T-broth plus biotin 100 ng/mL. Samples were analyzed by
12% SDS polyacrylamide gel electrophoresis at ODgg = 0.09, 0.38, 0.83, 1.22, and 1.66.

its limited permeability across the cell membrane. In the current system,
the expression of cloned genes can be triggered simply by the depletion of
medium biotin during cell growth, providing many advantages over
other systems induced by heat shock or chemical inducers. In addition, the
corepressor (biotin) depletion does not interfere with transcription or
translation of other genes, but rather blocks fatty-acid synthesis (25).
Blocking fatty-acid synthesis is bacteriostatic and metabolically rather
benign, because no cell lysis results and other metabolic pathways pro-
ceed. However, the comparatively poor growth medium (the 1% T-broth)
has to be improved in order to reach high-cell densities in a fermentor and
produce high concentrations of recombinant proteins.

In conclusion, the results demonstrated that the induction of marker-
gene expressions could be triggered as the biotin concentration dropped to
a threshold value of approx 1 ng/mL by the metabolic utilization during
cell growth. The 1% T-broth medium seems to be appropriate for the gene-
expression system. The expression levels of the cloned gene can reach as
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high as 25% of the total cellular protein, comparable to the levels of heat-
induced (17) and IPTG-induced systems. The gene-expression system
was shown to be regulated simply by the decrease in biotin concentra-
tion, overcoming many disadvantages such as heat-induced proteolysis
and difficult final removal of the added chemical inducer in large-scale
fermentation associated with the currently used systems regulated by
heat shock or by added chemical inducers. Although the control pattern
of this system does not constitute a very tight on—off switch, it should be
applicable to the overexpression of foreign-gene products, which are not
extremely toxic to the cells.
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