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Abstract: The fim inversion system of Escherichia coli (E.
coli) can behave as a unidirectional switch in an efficient
manner.We have developed a new expression system for
E. coli, comprising the arabinose-inducible fimE gene and
the fim invertible DNA segment containing a constitu-
tively active promoter. In this system, the target gene is
clonedwith the promoter in the OFF orientation, resulting
in no transcribed product. When induced by arabinose,
the active promoter is switched to the ON orientation via
FimE-catalyzedDNA inversion, and thegene is expressed.
Our expression system exhibited very tightly controlled
basal expression and high induced expression, with
simple induction by inexpensive arabinose. These char-
acteristics make our system suitable for large-scale
expression or for production of toxic proteins.
� 2006 Wiley Periodicals, Inc.
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INTRODUCTION

Tightly regulated, inducible, gene expression systems are

important tools for molecular biology, since controlling

gene expression in cells is essential for pathway investigation

and manipulation. Thus, numerous inducible expression

systems have been developed to express a desired gene in a

switch-like fashion, such as the IPTG-induced trc promoter

(Ptrc) (Amann et al., 1988) and the arabinose-induced

araBAD promoter (PBAD) systems (Guzman et al., 1995).

However, their non-induced basal expression can be fairly

significant, limiting their use in complementation studies or

in propagation of toxic genes. Leaky expression can be

mitigated by altering the ribosome binding site of the target

gene (Guzman et al., 1995) but this often results in a reduced

induced expression level as well.

Podhajska et al. (1985) developed an inversion-based

expression system using the phage l Int and the attP/attB

recombination. By decoupling the induction mechanism

from the expression promoter, the Int/att system was able to

overcome leaky expression, showing both tight control in the

un-induced state and high induction level when induced

(Sektas et al., 2001). However, the Int/att system requires not

only a specialized host containing an inducible int, but also a

heat-shock-based induction method, which could make this

system undesirable for certain applications.

The invertible promoter system responsible for the phase

variation of type 1 fimbriae in Escherichia coli (E. coli)

enables a simplermethod of constructing a tightly controlled,

decoupled expression system. This phase variation is due to

the inversion of a 314-base pair (bp) DNA segment contain-

ing the promoter of fimA by two invertases, FimB and FimE

(Klemm, 1986). FimB is able to invert the DNA segment in

both directions, but FimE inverts overwhelmingly from the

phase ‘‘on’’ to the phase ‘‘off’’ orientation (Blomfield et al.,

1991; review in Blomfield, 2001). By utilizing this unidirec-

tional switching by FimE, we have constructed an expression

system that is strictly regulated and strongly induced, without

the need for specialized hosts or complex induction methods.

MATERIALS AND METHODS

Bacteria Strains and Culture Medium

The fim operon from E. coli MG1655 [F� l� ilvG� rfb�50
rph�] was used in plasmid constructions. E. coliDH10B [F�

mcrA D(mrr-hsdRMS mcrBC) F80dlacZDM15 DlacX74
deoR recA1 ara D139 D(ara leu)7697 galU galK l� rpsL

endA1 nupG Strr] (Life Technologies, Rockville, MD)

was used as the host for all plasmid constructions. E. coli

BLR(DE3) [F� ompT hsdSB(rB
� mB

�) gal dcm D(srl-
recA)306::Tn10(DE3)] (Novagen, Madison, WI) was used
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in expression assays. Cells were grown in Luria-Bertani (LB)

broth or on LB agar plates at 378C. The following antibiotics
were used at the concentrations indicated: ampicillin, 100mg/
mL; chloramphenicol, 30 mg/mL; kanamycin, 50 mg/mL.

The LBmedium was supplemented with 0.5% (w/v) glucose

in order to repress sporadic expression of PBAD during

construction of the strains.

Construction of the Expression Plasmid

All DNA manipulations were performed using established

protocols (Sambrook et al., 1989). The fimB and fimE were

PCR-amplified and cloned into the KpnI/XbaI-digested

pBAD30 vector, creating pTSH30 and pTSH32, respectively.

The fim invertible region in its native phase ‘‘off’’ (IRL)

orientation was PCR-amplified and cloned into the BamHI/

EcoRI-digested pPROBE-NT (Miller et al., 2000), resulting

in pTSH14. The invertible region in the non-native (IRR)

orientation was made by expressing FimB in the same host,

and this version of invertible region was used in the cons-

truction of the expression vector. The �10 and �35 regions

of the promoter within the invertible region were replaced

with those of the trc promoter without the lac repressor

binding site, creating pTSH29. Then the invertible region and

the upstream T1 terminators of pPROBE were PCR-

amplified and cloned into pBAD18 containing fimE to yield

pFIP (Fim Inversion Promoter) (Fig. 1A). pTrc99A-gfp (Lee

and Keasling, 2005) was used as a control plasmid.

Determination of In Vivo Promoter Activities

Cells grown overnight in LB medium containing ampicillin

(100 mg/mL) and 0.5% (w/v) glucose were subcultured

(1:100) into fresh LB medium (5 mL in culture tube and

20 mL in shake flask) containing ampicillin (100 mg/mL)

and grown until OD600 of around 0.4. Once the desiredOD600

was reached, the cells were inducedwith arabinose at 378C in

a Tecan SpectraFluor Plus plate reader (Tecan-US, Durham,

NC) or in a shaking incubator. Further kinetic measurements

were performed in the Tecan plate reader. A pulse induction

experiment was performed by removing the inducer 1 h, 2 h,

and 4 h after induction. Cells growing in shaking flasks were

harvested by centrifugation and re-suspended in medium

lacking arabinose.

RESULTS AND DISCUSSION

Fim Inversion Promoter (FIP) Expression System

The Fim invertases bind to the two non-identical inverted

repeat regions surrounding the invertible DNA segment. For

the sake of brevity and clarity, we will use the following

acronyms: when the promoter within the invertible region is

oriented towards inverted repeat left (IRL), we will call this

orientation ‘‘Promoter Facing inverted repeat Left’’ (PFL),

and the opposite orientation ‘‘Promoter Facing inverted

repeat Right’’ (PFR).

In the native fim system, the PFL orientation is the ‘‘off’’

(non-expressing) position for the promoter of fimA. However,

since FimE only performs the inversion from the PFR to PFL

orientation, but not vice versa, the FIP system was cons-

tructed to have the promoter in the PFR orientation as the

‘‘off’’ position. The target gene to be expressed was cloned

downstream of IRL (Fig. 1B). Because the constitutive pro-

moter is transcribing in the opposite direction of the cloned

gene, no transcript of the gene can result from the promoter.

When FimE was expressed by the addition of arabinose, the

promoter was inverted in a unidirectionalmanner to the ‘‘on’’

(PFL) orientation, beginning transcription of the target gene

(in this case, gfp). It was found that the native ribosome

binding site (RBS) for fimE was susceptible to sporadic, un-

induced FimE expression by the leaky PBAD, even in the

Figure 1. A: Map of pFIP vector.B: Diagram of pFIP inversion region with gfp cloned in theMCS. FimE expression is induced by arabinose, and inverts the

promoter switch only in one direction, from facing IRR to IRL. The trc promoter used in FIP lacks the lac repressor binding site, making it constitutive.
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presence of glucose. Because only a low level of FimE is

necessary for the rapid inversion reaction, its expression level

was optimized by using a weak ribosome binding site

(AGGGACAGGAT instead of AGGGAAAAACG) as sug-

gested by Barrick et al. (1994). The weaker RBS was able to

eliminate the sporadic expression, but had no effect on

inversion when induced (data not shown).

The induction of the FIP system is initiated by expression

of FimE via PBAD. Since FimE is required only for

initial inversion, but not for subsequent gene expression,

the target gene may be expressed without the persistent

presence of arabinose. Use of a pulse of inducer could be cost

effective in protein production in continuous cultures. Also,

we were able to use the pFIP vector in common laboratory

strains (E. coli DH10B, BL21, and BLR(DE3); data not

shown) even though they were not specified as fim� in

their genotype. We suspect that they lack functional FimB

and FimE.

Expression Characteristics

The green fluorescent protein (GFP) has been utilized

previously to analyze the promoter strength in a quantitative

fashion (Albano et al., 1998). In this study, the FIP expression

system was compared with the well-characterized trc

promoter by measuring the relative GFP expression levels

from pFIP-gfp and pTrc99A-gfp. Maximal levels of GFP

expression were observed upon addition of 60–100 mM of

IPTG for pTrc99A-gfp and 0.1–5mMarabinose for pFIP-gfp

in a variety of strains (data not shown).

Under maximal induction, GFP expression from pFIP-gfp

was comparable to that of pTrc99A-gfp (Fig. 2). Since

the FIP system must express FimE before GFP can be

expressed, some delay in GFP production was observed.

The lower maximal induction level of the FIP system,

compared to Ptrc, is due possibly to the presence of

additional DNA sequences (IRL) between the constitutive

promoter and gfp. Previous studies have shown that the

sequences between the promoter and the RBS could

form mRNA secondary structures that could adversely

affect expression (de Smit and van Duin, 1994; Pfleger

et al., 2005). If either a weaker or a stronger expression

is desired, the expression level could be optimized by

cloning the target gene with different RBS’s (Barrick

et al., 1994).

A pulse induction of the FIP system showed that the

duration of induction did not affect expression (Fig. 3). After

adaptation to fresh LB medium and a recovery period

(approximately 2 h), all cultures expressed normally

regardless of the induction interval.

In order to determine the rate of un-induced inversion

from the FIP system, the plasmids of cultures grown

overnight in LB medium without glucose were isolated

and re-transformed. Because the plasmids can only

invert unidirectionally, any inverted plasmid would have

resulted in a fluorescent colony. No fluorescent colonies

were observed among approximately 3,000 colonies

(data not shown). Also, no un-induced expression was

observed in BLR(DE3) containing the pFIP-gfp, unlike

BLR(DE3) containing the pTrc99A-gfp, which showed leaky

GFP expression even in un-induced conditions (Fig. 2

and inset).

In summary, we have developed a new inversion-based

expression system that is tightly regulated, and strongly

expressed. Additionally, the FIP system can be expressed by

a brief exposure to arabinose, after which no further inducer

is necessary. The minimal host requirements and the use of a

simple-to-use, inexpensive inducer could make the FIP

system attractive for complementation studies, or for large-

scale protein production.

Figure 2. Comparison of maximal and un-induced expression levels

between the pFIP-gfp and pTrc99A-gfp in E. coli strain BLR (DE3) in

triplicate shake-flask cultures. pTrc99A-gfpwas inducedwith 100mMIPTG.

pFIP-gfp was induced with 5 mM arabinose. pTrc99A-gfp induced (&),

un-induced (&); pFIP-gfp induced (*), un-induced (*). The cultures were

induced at time zero.

Figure 3. Pulse induction ofE. coli strain BLR (DE3) containing pFIP-gfp

in shake-flask cultures. The cultures were induced with 5 mM arabinose at

time zero when the OD600 reached about 0.4. The inducing medium was

removed by centrifugation, and the cells were re-suspended in fresh medium

lacking arabinose after induction of 1 h (*), 2 h (&), and 4 h (~). Error bars

show the standard deviation of experiments performed in triplicate.
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