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A novel tightly regulated gene expression system was developed for Escherichia coli by applying the regulatory
elements of the Pseudomonas putida F1 cym and cmt operons to control target gene expression at the tran-
scriptional level by using p-isopropylbenzoate (cumate) as an inducer. This novel expression system, referred
to as the cumate gene switch, includes a specific expression vector, pNEW, that contains a partial T5 phage
promoter combined with the Pseudomonas-based synthetic operator and the cymR repressor protein-encoding
gene designed to express constitutively in the host strain. The induction of transcription relies on the addition
of the exogenous inducer (cumate), which is nontoxic to the culture, water soluble, and inexpensive. The
characteristics and potential of the expression system were determined. Using flow cytometry and fed-batch
fermentations, we have shown that, with the newly developed cumate-regulated system, (i) higher recombinant
product yields can be obtained than with the pET (isopropyl-�-D-thiogalactopyranoside [IPTG])-induced
expression system, (ii) expression is tightly regulated, (iii) addition of cumate quickly results in a fully induced
and homogenous protein-expressing population in contrast to the bimodal expression profile of an IPTG-
induced population, (iv) expression can be modulated by varying the cumate concentration, and (v) the
cumate-induced population remains induced and fully expressing even at 8 h following induction, resulting in
high yields of the target protein Furthermore, the cumate gene switch described in this article is applicable to
a wide range of E. coli strains.

A variety of gene expression systems exist for the production
of recombinant proteins and as a tool in metabolic engineer-
ing. These systems differ in the hosts, plasmids, and promoters
being utilized. The variety of existing expression systems re-
flects the diversity, complexity, and toxicity of the proteins
being produced, requiring in certain instances that the product
be expressed at various concentrations (14) or at different
phases of cell growth (14) and be soluble (4), secreted (13) or
compartmentalized (40, 45). In an attempt to meet these chal-
lenges, the search for or the development of new hosts and
expression vectors is ongoing.

Gene transcription can be enhanced by replacing a promoter
sequence naturally associated with that gene with a sequence
of a stronger promoter (17, 42). The nature of the bioprocess
will dictate the promoter of choice. A process that requires
high-level expression will necessitate a strong constitutive or
regulated promoter. A process requiring the expression of a
product with toxicity issues for the cell will benefit from a
regulated expression system that does not possess basal expres-
sion under repressed conditions (26, 37). The promoters Plac,

Ptrp, Ptac, �PL, PT7, PBAD, and PlacUV5 are commonly utilized
for the construction of expression vectors (1, 18). Among
these, PlacUV5, Ptac, and the combined system of PT7 with
PlacUV5 are widely used, because of their reportedly isopropyl-
�-D-thiogalactopyranoside (IPTG) dose-dependent expression
(rheostatic control) (14, 38). Although T7 expression systems
are known to express high levels of recombinant proteins, they
are susceptible to leaky expression (14, 34, 38a). The high cost
and potential toxicity of IPTG can preclude the use of these
expression systems in large-scale production of recombinant
proteins (2, 12, 22, 27, 28, 46, 47).

The PBAD expression system possesses the nutritionally in-
ducible arabinose promoter (PBAD), which uses the sugar L-
arabinose as an inducer. Although the PBAD system, which
relies on catabolite repression, shows a more stringent regula-
tion of target gene expression than do other expression sys-
tems, the reported achievable expression yields are relatively
low. The strength of this system is its excellent inducer (arabi-
nose) dose-response characteristic. However, subsaturating in-
ducer concentrations promote extensive expression heteroge-
neity within the microbial population (39).

Notwithstanding the leakiness issues with the T7 expression
system, Escherichia coli BL21(DE3) harboring pET-derived
plasmids has become the industry’s preferred expression sys-
tem due mainly to its high expression capabilities. An expres-
sion system that combines tight expression regulation with the
favorable T7 expression capabilities is being actively pursued
(36, 41). Versatile and tightly regulated expression systems are
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also a requirement of the rapidly growing field of metabolic
engineering. Coordinated and modulated expression of multi-
ple genes may require the availability of different promoters (9,
25). It is therefore necessary for the biotechnology industry in
general to continue developing new expression systems and
promoters, especially systems that are independent of the host
strain, cultivation medium, and growth rate. We have em-
barked on the development of a novel expression system for E.
coli possessing the following salient traits: (i) a strong and
tightly regulated inducible promoter; (ii) modulated and con-
sistent expression in all cells within a culture; and (iii) appli-
cability to a wide range of host strains without prior genetic
modification, unlike the pET system, which requires the E. coli
host strains to be genetically modified in order to express a T7
RNA polymerase for transcription to occur. To do so, we have
made use of the cumate (p-isopropylbenzoate)-regulated ex-
pression system (cumate gene switch), firstly developed for
mammalian cells and, shortly after, for methylotrophic bacteria
(7, 31).

Here we describe the construction of a cumate-inducible
expression system (cumate gene switch) developed for E. coli
strains, designated pNEW, carrying a synthetic operator and
the regulator gene (cymR) of the Pseudomonas putida F1 cmt
operon (7, 10, 11, 31). Using several E. coli strains typically
utilized in production and expression studies, we demonstrate

high expression yields of target protein, tight regulation, rheo-
static control, and a homogenous high-expression bacterial cul-
ture.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. E. coli strains DH5�, S-17/�pir, K-12,
Top10, and BL21(DE3) were used for the heterologous gene expression host. E.
coli was cultured in Luria-Bertani broth (LB) at 37°C, and media were solidified
with 1.8% agar (Oxoid, Nepean, Canada) when appropriate. Antibiotics were
used at the following concentrations (in �g/ml): ampicillin, 100; kanamycin
(Km), 50; tetracycline (Tc), 35.

Construction of expression vector. The operator sequence of the cmt operon
from P. putida F1 was introduced downstream of the phage T5 promoter (5) by
PCR. The pNEW-regulated expression vector was obtained in several steps: first,
the PT5-synthetic operator sequence (OP)-green fluorescent protein (GFP) was
PCR amplified from pCUM-gfp (7) using primers T5-OP-F-SPH (5�-CGC ATG
CAA ATC ATA AAA AAT TTA TTT GCT TTG TGA GCG GAT AAC AAT TAT
AAT AGA TTC AAC AAA CAG ACA ATC TGG TCT GTT TGT ATT AT-3�; the
SphI site is underlined, the partial T5 promoter is italicized, and the operator site
is in bold) and GFP-SAC-R (5�-CGA GCT CTC AGT TGT ACA GTT CAT
CCA TGC C-3�; the SacI site is underlined). The 954-bp PCR fragment con-
taining PT5-operator-gfp was cloned into pCR2.1 to create pCR-T5OP. Next, a
954-bp SphI-SacI fragment from pCR-T5OP was then ligated between the SphI
and SacI sites of pET36(b) (EMD Serono Canada, Mississauga, Canada) to form
pNEW-pre.

Subsequently, the Pkm-cymR (repressor protein-encoding gene under the con-
trol of the promoter for the kanamycin resistance gene) was amplified by PCR
from pBRI-cymR1 (7) using primers PKM-CYM-MLU-F (5�-CAC GCG TCC

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description Reference or source

Bacterial strains
Pseudomonas fluorescens GK13 Source of phaC1 and phaC2 genes 21
Pseudomonas putida F1 Origin of cymR gene and operator sequence in the cmt operon, respectively 11
E. coli

S-17/�pir Tpr Smr, recA thi pro hsdR M� RP4:2-Tc::Mu::Km Tn7 �pir 8
Top10 F� mcrA �(mrr-hsdRMS-mcrBC) 	80lacZ�M15 �lacX74 recA1 araD139

�(araleu)7697 galU galK rpsL (Strr) endA1 nupG
16

BL21(DE3)pLyS F� ompT gal dcm lon hsdSB(rB
� mB

�) �(DE3) pLysS(Cmr) EMD Serono Canada
DH5� endA1 recA1 hsdR17(rK

� mK
�) supE44 thi-1 gyrA96 	80dlacZ�M15

�(lacZYA-argF)U169 ��
18

K-12 F� �� rph-1 INV(rrnD rrnE) 23

Plasmids
pBRI-cymR1 pBRI80 plasmid containing one copy of cymR expression cassette 7
pNEW-pre pET36 plasmid containing Pkm-cymR expression cassettes, lack of T7

promoter and lac operator
This study

pCR2.1-TOPO PCR cloning vector Invitrogen Inc.
pCR-Pkm-cymR pCR2.1-TOPO plasmid containing Pkm-cymR This study
PCR-T5OP pCR2.1-TOPO plasmid containing PT5-operator This study
pCR-bgl pCR2.1-TOPO plasmid containing bgl This study
pCR-est pCR2.1-TOPO plasmid containing estI This study
pCR-PhaC1 or C2 pCR2.1-TOPO plasmid containing phaC1 or phaC2 This study
pNEW Newly constructed regulative expression vector This study
pNEW-MCS gfp from pNEW-gfp was replaced by MCS from pSL1190 This study
pNEW-mfh pNEW vector containing mfh fusion peptide expression cassette This study
pNEW-phaC1 or 2 pNEW vector containing PhaC1 or PhaC2 expression cassette This study
pNEW-bgl pNEW vector containing lactase expression cassette This study
pNEW-est pNEW vector containing esterase expression cassette This study
pNEW-gfp pNEW vector containing gfp expression cassette This study
pET36(b) T7-based expression vector EMD Serono Canada
pET-gfp pET36(b) vector containing gfp expression cassette This study
pSL1190 Source of multiple cloning site for pNEW-MCS Amersham-Pharmacia
pCUM-gfp gfp gene source 7
pCESTa Esterase gene source 6
pEBIG4 Lactase gene source 20
pTSN-6A Source of mfh fusion peptide 32
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GGA ATT GCC AGC TGG GGC GCC CTC TGG TAA GGT TGG GAA
GCC CTG CAA AGT AAA CTG GAT GGC TTT CTT GCC GCC AAG GAT
CTG ATG GCG CAG GGG ATC AAG ATC TGA TCA AGA GAC AGG
ATG AGG ATC GTT TCG CAA GAT GGT GAT CAT GAG TCC AAA GAG
AAG AAC ACA G-3�; the MluI site is underlined) and CYM-PCI-R (5�-CAC
ATG TCT AGC GCT TGA ATT TCG CGT ACC GCT CTC-3�; the PciI site is
underlined). The PCR product containing Pkm-cymR was then cloned into
pCR2.1 to create pCR-Pkm-cymR, and the MluI-PciI fragment from pCR-Pkm-
cymR was ligated to pNEW-pre digested by the same enzymes to generate
pNEW-gfp. Then, the general expression vector pNEW-MCS was constructed as
follows. The gfp gene in pNEW-gfp was replaced with the multiple cloning site
(MCS) from pSL1190. The MCS was released from pSL1190 by being digested
with NheI and SacI and ligated into pNEW-gfp that had been digested with the
same restriction enzymes. The MCS sequence from pSL1190 contained two NdeI
sites, each possessing ATG as part of its sequence. In order to avoid potential
false starts from the MCS, both NdeI sites were removed. Vector pNEW-MCS
was digested with AvrII to remove 144 bp containing one NdeI site. The other
NdeI site was removed by being digested with NdeI followed by mung bean
nuclease (New England Biolabs, Pickering, Canada) treatment and then reli-
gated to construct the pNEW expression vector.

Expression modulation in E. coli with different cumate concentrations. E. coli
BL21(DE3) bearing pNEW-gfp was grown in 250-ml baffled shake flasks con-
taining 50 ml LB medium plus 50 �g/ml kanamycin at 37°C and 250 rpm. A 1%
overnight culture served as the inoculum. When the cultures reached an optical
density (OD) (600 nm) of 0.6 to 0.8, they were induced with cumate at concen-
trations ranging between 0 and 122 �M. The cultures were harvested after 4 h of
induction, and GFP was quantified using a spectrofluorometer (SPECTRAFluor
Plus; Tecan Austria Gmbh, Grödig, Austria) under excitation and emission of
485 and 508 nm, respectively. The concentration of GFP was calculated based on
a linear relationship between concentration and fluorescence units determined
using solutions of purified GFP (Qbiogene Inc., Carlsbad, CA). Biomass was
determined from OD readings at 600 nm referenced to dry weight calibration
curves.

Flow cytometry analysis. E. coli BL21(DE3) bearing either pNEW-gfp or
pET-gfp was grown as described above. At an OD (600 nm) of 0.6 to 0.8,
pNEW-gfp- and pET-gfp-bearing cultures were induced with 100 �M cumate
and 100 �M IPTG, respectively. At different hours after induction, the cultures
were harvested for flow cytometry analysis. Flow cytometry analysis for GFP
expression was performed on a Coulter Epics XL-MCL flow cytometry system
(Beckman-Coulter, Mississauga, Canada) equipped with an argon ion laser of 15
mW at 488 nm as an excitation source. The green fluorescence emission was
detected using a 530/30-nm band pass filter set. Cells were diluted with phos-
phate-buffered saline (PBS) to an OD of 0.03 at 600 nm and fixed with 2%
formaldehyde.

Time course analysis of GFP expression. Fresh cultures of the recombinant
strains harboring pNEW-gfp and pET-gfp in E. coli BL21(DE3) were transferred
to 24-well plates in the spectrofluorometer at 37°C. When the OD of cultures
reached 0.6 to 0.8 at 600 nm, cultures were induced with cumate or IPTG at two
different concentrations (100 �M and 1,000 �M), and the fluorescence was read
at 1-min intervals for 60 min. GFP was quantified using a spectrofluorometer
under excitation and emission of 485 and 508 nm, respectively. The fluorescence
reading was corrected with the relative fluorescent unit (RFU) value at time
zero.

Fed-batch fermentations. GFP production in E. coli BL21(DE3) bearing ei-
ther pNEW-gfp or pET-gfp was determined in fed-batch fermentation experi-
ments using both rich and chemically defined media in 14-liter bioreactors
(BioFlo 110; New Brunswick Scientific, Edison, NJ). Chemically defined medium
consisted of R modified medium (48) supplemented with 2% glucose and 50
�g/ml kanamycin. Rich medium consisted of 12 g phytone peptone, 24 g yeast
extract, 16.9 mM KH2PO4, 33.1 mM Na2HPO4 � H2O, 18.9 mM (NH4)2SO4, 0.08
mM CaCl2, 0.046 mM FeCl2, and 2 mM MgSO4 � 7H2O per liter. Kanamycin was
added at a concentration of 50 �g/ml. For experiments in defined medium, the
inoculum was prepared in 2YP medium (12 g phytone peptone, 24 g yeast
extract, 40 g glucose per liter, and 50 �g/ml of kanamycin) with 200 �l from
glycerol stock. After an incubation period of at least 6 h (280 rpm, 37°C), the
culture was centrifuged and the pellet was resuspended in 50 ml of fresh chem-
ically defined medium and aseptically transferred to the fermentors to reach a
starting OD (600 nm) of 0.1.

For experiments in rich medium, the inoculum was prepared in the rich
medium described above. After an incubation period of 13 h (280 rpm, 37°C), the
culture was aseptically transferred to the fermentors to reach a starting OD (600
nm) of 0.1.

The fermentations with defined or rich medium were carried out at 37°C with

an aeration and agitation profile of 3.5 liters per minute of air and 250 to 1,000
rpm, respectively. pH was controlled automatically at 6.95 with 28 to 30% NH3

and 28% H3PO4. Dissolved oxygen was controlled at 25% by an agitation/oxygen
enrichment cascade, i.e., when the agitation level reached maximum, the gas
mixer fed oxygen-enriched air automatically. Undiluted Mazu DF 204 (BASF,
Florham Park, NJ) antifoam was injected manually when excess foaming oc-
curred. The depletion of glucose marked the end of the batch phase of the
fermentation and coincided with an OD at 600 nm of 20 to 24.

For both rich and defined medium fermentations, the fed-batch phase was
initiated by feeding a 50% glucose solution with 50 �g/ml kanamycin. The
fed-batch strategy was the fixed growth rate method where the feed pump
followed an exponential flow rate increase to support a growth rate of 0.14 h�1.

At an OD at 600 nm ranging between 38 and 42, the fed-batch cultures were
induced with the appropriate inducer at two different concentrations (100 and
1,000 �M). Subsequently, on an hourly basis, samples were taken in order to
determine GFP and biomass yields. Each sample was aliquoted for dry weight
measurement in triplicate and diluted in 0.85% NaCl for OD measurement at
600 nm. The remaining volume of diluted sample was frozen until total mea-
surement of GFP. The samples were compared for the same induction times,
which spanned between 1 and 8 h and up to 21 h in some cases.

Western blotting. Expression of repressor protein (CymR) was determined by
Western blotting using standard protocols. CymR was detected with rabbit anti-
bCymR antibodies (in-house) and a goat anti-rabbit IgG(H�L) horseradish
peroxidase (HRP) conjugate (Pierce Inc., West Grove, PA).

RESULTS AND DISCUSSION

Construction of the cumate-regulated/inducible system in E.
coli. The basic mechanism by which the cumate-regulated ex-
pression functions in the native P. putida F1 and how it was
applied to mammalian and methylotrophic bacterial cells have
been previously described (7, 10, 11, 31). Briefly, the cumate
switch requires four major components: a strong promoter, a
repressor-binding DNA sequence or operator, expression of a
repressor-encoding gene (cymR), and cumate as the inducer (7,
31). The addition of the inducer, cumate, rapidly alters the
binding of the repressor CymR to the operator, thereby dis-
lodging the repressor from the operator, culminating in the
formation of the CymR-cumate complex and the expression of
the target gene. The basic mechanism of this system is sum-
marized in Fig. 1A.

Since E. coli remains the prokaryotic expression host of
choice for the production of many recombinant proteins, it was
decided to adapt the cumate-regulated expression system to E.
coli strains. The construct of the cumate switch in E. coli
described herein is a simplified and more flexible version of the
Methylobacterium extorquens cumate switch. All the regulatory
elements have been incorporated in the one plasmid named
pNEW as shown in Fig. 1B (the complete sequence is available
in the supplemental material). In M. extorquens, overexpres-
sion of cymR resulted in growth inhibition. In order to avoid
cellular toxicity caused by the CymR in M. extorquens, expres-
sion levels were reduced by integrating only two copies of
cymR in the chromosome (7). In the E. coli cumate switch
construct, this cumbersome cloning step was eliminated by
putting the 612-bp cymR gene under the control of the weak
and constitutive promoter Pkm. CymR expression was con-
firmed by Western blot analysis (see the supplemental mate-
rial). Although the level of CymR expression driven by Pkm was
not calculated, the important observation was that sufficient
CymR was produced, inhibiting transcription of target genes.
Within the same plasmid (pNEW) a truncated operator frag-
ment (26 bp) of the cmt operon was inserted downstream of
the strong T5 promoter (PT5) which is broadly recognized by
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RNA polymerases in E. coli strains (3), and upstream of an
MCS (Fig. 1B). In order to minimize transcriptional read-
through from PT5, the T7 terminator was maintained just
downstream of MCS and the kanamycin resistance gene (Kmr)
was used for recombinant selection. A variety of restriction
sites are available within the MCS to facilitate gene cloning
strategies.

Initial evaluation of pNEW as an inducible tightly regulated
expression system in E. coli. To evaluate the performance of
the pNEW vector as an inducible system, the expression of the
following genes was tested: green fluorescent protein (gfp),
polyhydroxyalkanoic acid synthases (phaC1 and phaC2), lac-

tase (bgl), esterase (estI), and synthetic thrombin inhibitory
peptide (mfh). These genes were amplified by PCR and indi-
vidually cloned into pNEW. Each of these recombinant plas-
mids was individually introduced into various E. coli strains,
and the transformants were cultured with or without cumate.
Results revealed that the target proteins tested were highly
expressed upon cumate induction (see the supplemental ma-
terial). Target protein activity was not detected in noninduced
transformants, demonstrating a tightly regulated expression
system.

Applicability of the cumate switch to various E. coli hosts.
The E. coli strains tested were E. coli DH5�, E. coli Top10, E.

FIG. 1. (A) A schematic diagram of the mechanism of action of the cumate gene switch developed for E. coli strains. The mechanism is
described in Results and Discussion. (B) Physical map of the pNEW expression vector. RBS, ribosome-binding site.
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coli BL21(DE3), E. coli K-12, and E. coli S-17/�pir. The cumate
switch was operational in all strains transformed with pNEW-
gfp as shown in Fig. 2. In all cases, cumate-induced shake
flask-grown cultures [E. coli DH5�, E. coli Top10, E. coli
BL21(DE3), E. coli K-12, and E. coli S-17/�pir] expressed high
GFP levels (maximal yields: 355, 375, 380, 424, and 286 mg
GFP/liter, respectively). These findings demonstrate that the
pNEW system is tightly regulated in different E. coli strains,
suggesting its wide applicability. This can be explained by the
fact that the cumate switch described herein requires only the
interaction of the inducer (cumate) and the constitutively ex-
pressed repressor (CymR) on the surface of the PT5-operator
DNA fragment of pNEW to alleviate repression. The universal
recognition and functionality of PT5 in E. coli strains make it
possible for the cumate switch to operate effectively in a wide
range of E. coli hosts. It can be said that any E. coli strain that
recognizes PT5 can be considered a “pNEW expression-ready”
host.

Dose-dependent (rheostat) control of reporter gene expres-
sion by cumate. To determine if the cumate switch affords a
rheostat mechanism in E. coli, we measured the specific GFP
yields of cells transformed with pNEW-gfp induced with vari-
ous concentrations of cumate, ranging from 0 to 122 �M.
Maximal GFP specific yields were obtained at 4 h after induc-
tion, and this was achieved with a cumate concentration of 30
�M (Fig. 3). A linear exponential specific GFP yield response
(rheostat mechanism) was observed in the presence of subsatu-
rating cumate concentrations in the range of 0 to 10 �M, which
culminated in a wide range of specific GFP yields (0 to 90 mg/g
[dry weight] of cells). The GFP yield of 90 mg/g, attained at the
upper limit of the linear response range, represents approxi-
mately 50% of what is maximally achievable in high-cell-den-
sity fermentations induced with 100 �M (Table 2). Protein
expression driven by PBAD and Plac promoters can also be
modulated by varying the inducer concentrations, but the rheo-
stat mechanism functions only at much higher concentrations
(�100 �M) of arabinose and IPTG (14, 19). These two expres-
sion systems have been referred to as being functionally “all-
or-none” induction systems. With the cumate switch, not only
is the rheostat zone achievable with lower and more econom-
ical concentrations of inducer (cumate) but it possesses the
potential, if desired, to achieve high recombinant protein yields
(50% of maximal yields) at the upper inducer concentration
levels of the linear rheostat range. This production yield flex-
ibility can be very useful for process development (24, 33) and

production strategies and as a tool for metabolic engineering
(25).

Induction profile of pNEW-GFP and pET-GFP E. coli
strains. Flow cytometry, which can effectively measure single-
cell properties within a microbial population, was used to com-
pare the regulation of the cumate switch and the IPTG-induc-
ible expression systems. E. coli BL21(DE3) cultures bearing
either pNEW-gfp (pNEW-GFP strain) or pET-gfp (pET-GFP
strain) were grown in shake flasks in the presence or absence
of appropriate inducers and prepared for flow cytometry anal-
ysis as described in Materials and Methods. Figure 4 reveals
that the cumate regulatory elements in pNEW-gfp very tightly
regulate the transcription of the heterologous gene (gfp). The
noninduced pNEW-GFP strain resulted in very low basal ex-
pression or leakiness in comparison to the noninduced pET-
GFP strain (mean fluorescence of 9.8 versus 18.5, respec-
tively). Cumate induction culminated in higher induction levels
than did the IPTG-regulated pET system. Upon induction,
flow cytometry analysis of both expression systems revealed
two different expression profiles (Fig. 4A). After 1, 3, and 20 h
of induction with cumate, 100% of the pNEW-gfp-bearing
population had a homogeneous positive population expressing
GFP with a mean fluorescence of 344, 1,040, and 1,156, re-
spectively. In contrast, analysis of IPTG-induced pET-gfp-
bearing cultures revealed two distinct populations (bimodal
expression) throughout the induction period with respect to gfp
expression. At 3 h of induction for example, 77% of the pop-
ulation had a fluorescence mean of 125 and the remaining 22%
had a fluorescence mean of 1,100, clearly showing that the
induction response is heterogeneous.

The on-off ratio, which illustrates the strength of the expres-
sion response to an inducer, is calculated by dividing the mean
fluorescence of induced cells by the mean fluorescence of the
noninduced cells. At 1 h of induction, the on-off ratio for the
cumate-induced population was already approximately four
times higher than that for the IPTG-induced population (ratio
of 35 for the pNEW-GFP strain compared to 8 for the pET-
GFP strain). This difference is further accentuated with time.
At 3 h of induction, the on-off ratio of cumate-induced culture
increases to approximately six times that of the culture induced

FIG. 3. Modulation of gene expression using the cumate gene
switch.

FIG. 2. Host versatility of the pNEW expression system.
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with IPTG (ratio of 106 for the pNEW-GFP strain compared
to 18 for the pET-GFP strain). The GFP yield of both cultures
was determined at this point and revealed that the homoge-
nous cumate-induced culture produced approximately 2-fold-
higher GFP levels than did the IPTG-induced culture (175 and
92 mg GFP/g [dry weight] of cells, respectively).

However, although the pNEW-gfp-bearing population
maintained a single homogenous GFP-expressing profile even
up to 20 h of induction, at this time both expression systems
revealed the presence of a small number of negative cells,
signaling the onset of cell lysis. It should be noted that the
homogenous-expression trait of the cumate-induced popula-
tion is an important feature of gene expression systems, espe-
cially when they are to be utilized for carbon flux regulation
through metabolically engineered pathways (25).

In regards to the noninduced (basal) expression and as fre-
quently reported in the literature on this topic (14, 25, 34, 35,
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FIG. 4. Flow cytometry analysis of GFP expression. (A) GFP flu-
orescence intensity peaks from E. coli BL21(DE3) bearing pNEW-gfp
and pET-gfp at 1, 3, and 20 h after induction with 100 �M cumate and
100 �M IPTG, respectively. Blue peaks represent noninduced cells;
green peaks represent induced cells. (B) Comparison of noninduced
GFP expression in E. coli BL21(DE3) bearing pNEW-gfp and pET-gfp
grown on solid medium. u.a., arbitrary units.
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38a), we have observed extensive noninduced GFP expression
in the pET-gfp-bearing E. coli strains when grown on solid
media. Figure 4B shows the marked difference in noninduced
expression between the cumate gene switch and the pET ex-
pression system. This leakiness may not be a problem if the
expressed protein is not toxic to the cell. However, if the
heterologous protein is toxic, leakiness can result in cell met-
abolic stress, poor culture growth, and lower recombinant pro-
tein yields. Using a well-regulated system affords the freedom
to choose the time of induction for optimal protein production
and optimal culture growth.

Another important trait of the cumate gene switch is the
quickness of response by which it is effectively turned on (Fig.
5). Under the assay conditions utilized, GFP expression in the
pNEW-gfp-bearing culture is measurable soon (6 min) after
induction with cumate. In contrast, pET-gfp-bearing cultures
require a 16-min post-IPTG-induction period before GFP ex-
pression can be measured. The increase in the “GFP expres-
sion lag time” may be explained by the indirect nature of the
IPTG-inducing mechanism in pET systems. IPTG must first
induce the transcription of the T7 RNA polymerase in the E.
coli host. Only then will transcription of target genes under the
control of the T7 promoter occur. In contrast, the induction
mechanism of the cumate gene switch is much simpler and
direct. It requires only that cumate dislodge the CymR repres-
sor from the (PT5)-operator fragment, permitting the binding
of existing E. coli RNA polymerases and expression of target
genes.

Comparison of GFP yield between the pNEW-GFP and pET-
GFP strains in fed-batch bioreactors. Shake flask and solid
medium cultures harboring either the T7 system or the cumate
system revealed a higher level of GFP expression in cumate-
induced cultures (data not shown). These results were ob-
tained using low-cell-density-growth conditions. Overexpres-
sion of heterologous protein is a goal in most industrial protein
production processes. However, the high-cell-density biopro-
cesses often utilized for this purpose may lead to stressful
nutrient limitation, thereby culminating in alterations in the
organism’s physiology, plasmid stability, and ultimately recom-
binant protein yields (5, 15, 29, 38a, 44). In order to determine

the effect of high-cell-density cultivation on GFP yields, high-
cell-density fed-batch fermentation experiments were carried
out in 14-liter bioreactors. Both rich and chemically defined
growth medium formulations were utilized. Cultures were
grown to an OD ranging between 38 and 42 at 600 nm. At this
point two strategies were used with respect to the concentra-
tion of inducer utilized. As was observed and described above
in this article, in shake flask cultures, an inducer concentration
of 100 �M for both cumate and IPTG was sufficient for max-
imal GFP expression. However, this IPTG concentration is
10-fold lower than what is normally used in high-cell-density
microbial cultivation. Since the inducer concentration of 100
�M may be insufficient to effectively induce the entire high-
cell-density microbial population, fed-batch fermentations in-
duced with cumate and IPTG at 1,000 �M concentrations were
also tested. Table 2 shows the volumetric and specific GFP
yields obtained in E. coli BL21(DE3) harboring either pNEW-
gfp or pET-gfp, measured at determined intervals following
induction with cumate or IPTG at two different concentrations
(100 and 1,000 �M). The cumate-induced cultures consistently
outperformed the IPTG-induced cultures with respect to the
levels of GFP expression. This difference is accentuated in
fed-batch cultures at 8 h after induction with 100 �M respec-
tive inducers. At this inducer concentration, cumate-induced
cultures produce approximately 2- to 3-fold more GFP (total
volumetric and biomass specific) than do IPTG-induced cul-
tures. In contrast to IPTG-induced cultures, the GFP produc-
tion in cumate-induced cultures continues to increase even up
to 8 h of induction, both when cumate is used at 100 �M and
when it is used at 1,000 �M. Lengthening the duration of the
fermentation process of cultures induced with 1,000 �M cum-
ate from 4 to 8 h results in the doubling of GFP yields. And
although prolonging the fermentation process by 4 h in order
to achieve a greater recombinant protein yield may not be
feasible or practical for certain bioprocesses, it does provide an
additional bioprocess option, which is not possible with IPTG-
induced cultures. IPTG-induced cultures reach their maximal
GFP-producing capacity at 4 to 6 h of induction.

At 6 to 8 h of induction, extensive foaming was observed in
IPTG-induced cultures, suggesting cell lysis, an observation
also reflected by the decrease in biomass-specific GFP produc-
tion. The cumate-induced cultures remained healthy, no lysis
occurred, and no foaming was observed. There have been
numerous reports on the observed toxicity of IPTG to the host,
even at concentrations as low as 100 �M (14, 22, 24). We have
observed a 10% decrease in the final biomass concentration
(dry weight) in high-cell-density cultures induced with 1,000
�M IPTG in comparison to cultures induced with 100 �M
IPTG. This observed toxicity effect caused by the inducing
agent, contributing to excessive foaming, was not observed in
cultures induced with saturating levels of cumate in the range
of 100 to 1,000 �M. At identical inducer concentrations, cum-
ate-induced cultures always resulted in higher biomass yields
than did IPTG-induced cultures. For example, high-cell-den-
sity cultures induced with 1,000 �M cumate reached 33%
higher biomass yields than did cultures induced with the same
concentration of IPTG (1,000 �M).

It is also important to reiterate that throughout the induc-
tion phase, higher GFP yields were obtained in cultures in-
duced with 100 �M cumate than in those induced with 1,000

FIG. 5. Time course analysis of GFP expression in E. coli
BL21(DE3) bearing pNEW-gfp and pET-gfp after induction with cum-
ate and IPTG, respectively. u.a., arbitrary units.
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�M IPTG. This is an important cost-effective advantage, es-
pecially for large-scale fermentation processes. Even under
high-cell-density conditions, the GFP-producing capacities of
cultures after 4 h of induction with 100 �M and with 1,000 �M
cumate were similar. The same cannot be said for cultures
induced with different IPTG concentrations. Throughout the
induction period, the culture induced with 1,000 �M IPTG
resulted in greater GFP yields than did the culture induced
with 100 �M IPTG (Table 2).

There are bioprocesses that require the utilization of rich
medium formulations for optimal growth characteristic and
gene expression (30, 43). Consequently, the robustness of the
cumate switch was tested and compared to that of IPTG-
induced fed-batch cultures grown in rich medium. Although
both the biomass and GFP yields obtained were higher, cum-
ate-induced cultures consistently produced more GFP than did
IPTG-induced cultures (data not shown). The loss of GFP
productivity at the onset of cell lysis in IPTG-induced cells also
occurred in rich media, as it had occurred in chemically defined
media (data not shown).

Conclusions. The cumate gene switch described in this pa-
per has several salient features and benefits that render it an
attractive expression system for the production of heterologous
proteins. The regulatory elements required for a functional
cumate gene switch (promoter-operator sequence and the re-
pressor gene) are incorporated within a plasmid (pNEW) that
is transferable and applicable to well-characterized E. coli
strains [E. coli DH5�, S-17/�pir, K-12, Top10, and
BL21(DE3)]. Due to the simplicity of the switch, induction is
achieved quickly. This also results in a fully induced and ho-
mogenous population expressing similar levels of heterologous
protein at the cellular level. Modulated protein expression can
be easily achieved by modifying the concentration of cumate.
In contrast to IPTG, the inducer used in the well-characterized
pET expression systems, cumate, is inexpensive, and maximal
expression of heterologous protein can be achieved at 10% of
the usual concentration of IPTG. Also, whereas IPTG is
known to cause cellular toxicity issues, cumate is noncytotoxic,
at least not at the concentrations utilized to achieve maximal
product yields. Furthermore, in contrast to the pET system,
cells possessing the cumate gene switch remain fully induced,
achieving 2- to 3-fold-higher target protein yields.
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