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A series of new expression vectors (pPro) have been constructed for the regulated expression of genes in
Escherichia coli. The pPro vectors contain the prpBCDE promoter (PprpB) responsible for expression of the
propionate catabolic genes (prpBCDE) and prpR encoding the positive regulator of this promoter. The efficiency
and regulatory properties of the prpR-PprpB system were measured by placing the gene encoding the green
fluorescent protein (gfp) under the control of the inducible PprpB of E. coli. This system provides homogenous
expression in individual cells, highly regulatable expression over a wide range of propionate concentrations,
and strong expression (maximal 1,500-fold induction) at high propionate concentrations. Since the prpBCDE
promoter has CAP-dependent activation, the prpR-PprpB system exhibited negligible basal expression by
addition of glucose to the medium.

Inducible expression systems are essential molecular tools
for production of recombinant proteins in cells, for synthesis
and degradation of small molecules catalyzed by the enzymes
expressed from the expression system, and for testing the func-
tion of unknown genes or proteins in cells. Although there are
very good expression systems for high-level production of re-
combinant proteins, the more subtle approach of metabolic
optimization has been hampered by the lack of appropriate
systems for fine-tuning gene expression, and in particular ex-
pression systems that have homogeneous control in all cells of
the culture.

It has been reported that the all-or-none phenomenon oc-
curs because the expression of the gene encoding the trans-
porter for the inducer is controlled by the inducer itself (8, 28,
35). To alleviate the all-or-none phenomenon, control of ex-
pression of the gene encoding the transporter for the inducer
itself was decoupled by placing the transporter gene under
control of an inducer-independent promoter or using a syn-
thetic inducer analogue that does not require active transport
across the cell membrane (21, 22). Since arabinose does not
have a synthetic analogue that can freely diffuse across the cell
membrane, the arabinose transporter gene was placed under
control of a promoter that was not regulated by arabinose and
homogenous expression from PBAD promoter was achieved
(22). However, the araC-PBAD system requires genetically
modified Escherichia coli strain as a host and is somewhat
weaker than the Ptac promoter (1, 2). On the other hand, the
Plac promoter system has an effective gratuitous inducer (IPTG
[isopropyl-�-D-thiogalactopyranoside]) that can diffuse across
the cell membrane without the aid of the lactose transporter
(4); it has been shown that use of the gratuitous inducer IPTG
eliminates the all-or-none response for the Ptac and Ptrc pro-
moters (20). However, IPTG is expensive (38), not digestible,
and toxic (11). As such, IPTG contamination of recombinant
protein products is undesirable (11).

Other expression systems available include the tetracycline-
inducible promoter Ptet, the alkane-inducible promoter PalkB, and
the phosphate-regulated promoters Pugp. Pugp appears to be 80%
as efficient in promoting expression as Ptac and about seven times
stronger Ptet (38). Ptet expression level is independent of the host
strain background and is approximately the same as the lac pro-
moter (36). The alkS gene and the alkB promoter (PaklB) of
Pseudomonas oleovorans GPo1 were assembled into a convenient
alkane response genetic expression cassette, which can produce
the membrane component of alkane hydroxylase, AlkB, up to
10% of total cell protein (27, 31).

In Salmonella enterica serovar Typhimurium LT2, the
prpRBCDE genes encode a transcriptional activator and four
enzymes of the 2-methylcitrate (2-MC) cycle that permit
growth on propionate as a sole carbon and energy source by
catalyzing its conversion to pyruvate (14–17). Propionate, a
membrane-permeable weak acid (6), is metabolized into 2-MC
by enzymes expressed from chromosomal prpEC. 2-MC-acti-
vated PrpR binds to an enhancer-like element located at a
distance 5� to the prpBCDE promoter, contacts the �54-depen-
dent RNA polymerase by means of DNA loop formation, and
activates transcription of the prpBCDE operon. A closely re-
lated gene cluster was found in the E. coli genome (7). In a
previous study, we showed that E. coli prpBCDE expression
was propionate inducible (23).

In the present study, the prpBCDE promoter (PprpB) has
been incorporated into a plasmid vector for expression of for-
eign genes. We compared the strength, basal expression, and
induced expression from PprpB with PBAD and Ptrc using gfp to
monitor gene expression.

MATERIALS AND METHODS

Bacterial strains and media. The bacterial strains used in the present study are
listed in Table 1. All DNA manipulations were performed in E. coli DH10B by
using established protocols (33). Strain JSB, a sbm-ygfD-ygfG-ygfH-ygfI deletion
mutant of E. coli BL21(DE3), was constructed by a PCR-mediated gene disrup-
tion method (9). Cultures were grown in Luria-Bertani (LB) broth at 37°C. Cell
growth was monitored as the optical density at a wavelength of 600 nm (OD600).
Media were amended with arabinose, IPTG, or sodium propionate (pH 8.0) as
indicated. The following antibiotics were used at the concentrations indicated:
ampicillin, 100 �g/ml; chloramphenicol, 30 �g/ml; and kanamycin, 50 �g/ml.

* Corresponding author. Mailing address: Berkeley Center for Syn-
thetic Biology, 717 Potter St., Bldg. 977, Mail Code 3224, University
of California, Berkeley, CA 94720-3224. Phone: (510) 495-2620. Fax:
(510) 495-2630. E-mail: keasling@berkeley.edu.
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Construction of pPro vectors. Constructed vectors differ in multicloning sites,
antibiotic resistant gene, and copy number. The DNA containing PprpB and prpR
was amplified from E. coli BL21(DE3) genomic DNA. To construct pPro vectors,
araC and PBAD on the pBAD series of expression vectors were replaced with
prpR and PprpB (Fig. 1).

(i) pPro18. The PCR product containing prpR and PprpB was digested with ClaI
and NheI and ligated to the large fragments of pBAD18 resulting from digestion
with the same enzymes, creating pPro18 (Fig. 1A).

(ii) pPro18-Cm. The ClaI-NheI prpR-PprpB region from pPro18 was ligated to
the large fragments of pBAD18-Cm resulting from digestion with the same
enzymes, creating pPro18-Cm.

(iii) pPro18-Kan. The Bst1107I-NheI prpR-PprpB region from pPro18 was
ligated to the large fragments of pBAD18-Kan resulting from digestion with the
same enzymes, creating pPro18-Kan.

(iv) pPro24. The ClaI-NheI prpR-PprpB region from pPro18 was ligated to the
large fragments of pBAD24 resulting from digestion with the same enzymes,
creating pPro24 (Fig. 1C).

(v) pPro30. After deletion of the NheI site in the front of pACYC origin region
of pBAD30 by partial digestion with NheI, T4 DNA polymerase treatment, and
self-ligation, the ClaI-NheI prpR-PprpB region from pPro18 was ligated to the
large fragments of pBAD30 resulting from digestion with the same enzymes,
creating pPro30.

(vi) pPro33. After deletion of the NheI site in the front of pACYC origin
region of pBAD33 by partial digestion with NheI, T4 DNA polymerase treat-
ment, and self-ligation, the ClaI-NheI prpR-PprpB region from pPro18 was ligated
to the large fragments of pBAD33 resulting from digestion with the same en-
zymes, creating pPro33.

Plasmid construction. The reporter plasmids were made to test the utility of
the pPro vectors for the regulated expression of genes. The promoter-reporter
plasmids pBAD24-gfp, pPro24-gfp, and pTrc99A-gfp were constructed by sub-
cloning the PCR-amplified gfpuv gene encoding the UV-excitable green fluores-
cent protein (GFP) from p70GL into the multiple cloning site (MCS) of
pBAD24, pPro24, and pTrc99A, respectively. GFP was used to provide an
indirect, quantitative measurement of the transcriptional properties of the
cloned gene (10, 40).

Transcriptional fusion studies of PBAD, PprpB, or Ptrc promoters linked to the
gfp reporter gene. A seed culture was made by inoculating cells into LB medium
containing ampicillin (100 �g/ml) and growing the cells overnight at 37°C. A total
of 50 �l each of the seed cultures were inoculated into 5 ml of fresh LB medium

supplemented with ampicillin (100 �g/ml). The cells were grown at 37°C and
when the OD600 reached 0.5, the cells harboring pBAD24-gfp, pPro24-gfp, and
pTrc99A-gfp were induced with arabinose, propionate, or IPTG, respectively.

GFP fluorescence in batch cultures of E. coli containing the reporter plasmids
expressing gfp was measured in a Tecan SpectraFluor Plus plate reader (Tecan-
US, Durham, NC) by using an excitation wavelength of 405 nm and an emission
wavelength of 535 nm. GFP fluorescence was normalized for cell density (GFP
fluorescence per OD600 unit). The GFP content of individual cells was deter-
mined as described previously (21) with a Beckman-Coulter EPICS XL flow
cytometer (Beckman Instruments) equipped with an argon laser (emission at
488 nm/15 mV) and a 525-nm band-pass filter.

RESULTS

Characteristics and construction of vectors. We have devel-
oped a prpBCDE promoter expression system (prpR-PprpB) that
can be induced by using 2-MC. The system is composed of the
prpBCDE promoter, PprpB, and a transcriptional activator
gene, prpR, that activates the expression of cloned genes under
the control of PprpB in the presence of 2-MC. The 2-MC is
made from propionate via propionyl-coenzyme A (CoA) by
using the chromosomally encoded prpCE gene products (14,
29, 30). Thus, the promoter was inactive in E. coli DH10B,
which lacks the prp operon (23). In addition to 2-MC and
PrpR, expression of the prpBCDE operon of enteric bacteria—
which codes for 2-methylcitrate synthase, 2-methylcitrate de-
hydratase, 2-methylcitrate lyase (three key enzymes in the
methylcitrate cycle), and propionyl-CoA synthetase—is depen-
dent on the cyclic AMP-CRP complex, IHF, NtrA, and sigma-
54-dependent RNA polymerase (5, 16, 23, 29, 30, 39). Al-
though seemingly complex, these regulatory arrangements
allow bacteria to produce enzymes for propionate catabolism
only when they are needed, suggesting that PprpB must be
inducible.

TABLE 1. E. coli strains and plasmids used in this study

E. coli strain
or plasmid Descriptiona Reference

or source

E. coli
DH10B F� mcrA �(mrr-hsdRMS mcrBC) �80dlacZ�M15 �lacX74 deoR recA1

ara�139 �(ara leu)7697 galU galK �	rpsL endA1 nupG Strr
Life Technologies

BL21(DE3) F� ompT[lon] hsdSB(rB
	 mB

	) gal dcm �DE3 Novagen
JSB BL21(DE3)/�(sbm-ygfDGHI) This work

Plasmids
P70GL pBAD24 carrying gfpuv and lacZ; Apr 37
pTrc99A-gfp pTrc99A carrying gfpuv; Apr This study
pTrc99A trc promoter, lacIq, pBR322 ori; Apr Amersham Pharmacia Biotech
pPro18 2-MC inducible, pBR322 ori; Apr This study
pPro18-Cm 2-MC inducible, pBR322 ori; Cmr This study
pPro18-Kan 2-MC inducible, pBR322 ori; Kmr This study
pPro24 2-MC inducible, pBR322 ori; Apr This study
pPro30 2-MC inducible, p15A ori; Apr This study
pPro33 2-MC inducible, p15A ori; Cmr This study
pPro24-gfp pPro24 carrying gfpuv; Apr This study
pPro33-gfp pPro33 carrying gfpuv; Cmr This study
pBAD18 Arabinose inducible, pBR322 ori; Apr 12
pBAD24 Arabinose inducible, pBR322 ori; Apr 12
pBAD18-Cm Arabinose inducible, pBR322 ori; Cmr 12
pBAD18-Kan Arabinose inducible, pBR322 ori; Kmr 12
pBAD30 Arabinose inducible, p15A ori; Apr 12
pBAD33 Arabinose inducible, p15A ori; Cmr 12
pBAD24-gfp pBAD24 carrying gfpuv; Apr This study

a Apr, ampicillin resistance; Cmr, chloramphenicol resistance; Kmr, kanamycin resistance; ori, replication origin.
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The pPro vectors contain prpR and PprpB, followed by an
MCS and rrnB transcription terminators derived from the ar-
abinose-inducible pBAD expression vectors (Fig. 1A). They
also carry a pBR322 origin of replication (pPro18/18-Cm/
18-Kan/24) or a p15A origin replication (pPro30/33), an M13
intragenic region for phage packaging and production of sin-
gle-stranded DNA, and an antibiotic resistance gene (Fig. 1A).
Only pPro24, which carries MCS2, contains an optimized
Shine-Dalgarno site (SD) (34) and a translational start codon
(ATG) at the NcoI site in order to easily clone genes that lack
sequences for initiation of translation (Fig. 1B and C). The
pPro30/33 vectors, which harbor the p15A origin of replication
from pACYC184, can be used to reduce gene expression (due
to lower copy number) and are compatible with pBR322-de-
rived plasmids (pPro18/18-Cm/18-Kan/24) to stably coexpress
different genes on separate plasmids in a single host. Since the
pBAD30/33 vectors have two NheI sites, the NheI site located
in front of the p15A origin of pPro30/33 was removed by
partial digestion, T4 polymerase treatment, and self-ligation so
that the NheI site in MCS1 would be available for cloning
purposes.

Regulated expression of the PprpB-gfp gene. A useful prop-
erty of a controllable expression system is that the expression
level of a recombinant product is proportional to the amount
of inducer added to the cell culture. To determine the range of
inducibility, the gene encoding GFP (gfp) was placed under the
control of PprpB and used as a reporter for promoter activity.
We compared the expression levels of PprpB-gfp to those of
PBAD-gfp and Ptrc-gfp in E. coli BL21(DE3) (Fig. 2). The prpR-
PprpB system was regulated over a wide range of inducer con-
centrations, and production of GFP varied directly and linearly
with the extracellular propionate concentration (Fig. 2B). In a
similar manner, the expression of gfp under the control of
PBAD was regulatable with arabinose concentration in the me-
dium (Fig. 2A). However, as described above, it has been
reported that the variation in expression level with inducer
concentration is due a variation in the percentage of induced
cells in the population rather than a variation in the expression
level in individual cells (see reference 22 and discussion be-
low). Although it does not suffer from all-or-none gene expres-
sion, the Ptrc system did not show high dose-dependent induc-
ibility with the addition of IPTG (Fig. 2C). The reason for this

FIG. 1. Map of pPro18 as a representative of the pPro vectors. All pPro vectors have MCS1 (A) with the exception of pPro24, which has MCS2
(B). All restriction endonuclease sites are unique except for PstI in pPro18, pPro18-Cm, and pPro30; EcoRI in pPro18-Cm and pPro33; and SmaI
and XmaI in pPro18-Kan. (C) The 	12/	24 regions of the prpBCDE promoter and integrated NheI site are indicated. The ATG start sites for
PrpB in prpBCDE or for cloned genes on pPro24 are boxed. Abbreviations: rrnBT1, 2, part of the strong ribosomal rrnB terminators; ori, origin
of replication; S.D., Shine-Dalgarno box.

6858 LEE AND KEASLING APPL. ENVIRON. MICROBIOL.
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highly cooperative induction is that IPTG induces its own
transporter (24). It has been reported that this problem is
alleviated by deletion of the lac permease (19).

In terms of the dynamic response to inducer addition, the
PBAD system has been reported to have a very fast rate of
induction (12). In contrast, the Ptrc system exhibited a time
delay before expression of GFP. Like the PBAD system the
prpR-PprpB expression system showed significant GFP fluores-
cence after about 90 min of induction upon addition of 50 mM
propionate.

In the absence of inducer, PBAD showed much lower basal
expression throughout the induction period than PprpB and Ptrc,
with PprpB having slightly less background expression than Ptrc.
However, the expression levels between Ptrc and PBAD or PprpB

cannot be compared directly because they have different se-
quences at the ribosome-binding site (RBS). Compared to the
PBAD-based vectors with the same RBS sequences, PprpB had
much higher levels of induced expression. The amount of back-
ground expression of all three promoters seems to be corre-
lated with the maximal expression level.

Modulation of PprpB-gfp expression in individual cells. The
ability to obtain different levels of expression by partial induc-
tion of the promoter is an important feature of a controllable
expression system. Flow cytometry was used to examine mod-
ulation of PprpB-gfp by measuring the extent of induction from
PprpB in single cells at different concentrations of propionate.
The results indicate that all cultures were uniformly induced
across the population at all propionate concentrations tested,
and the level of gene expression in individual cells varied with
the propionate concentration (Fig. 3). These results, taken
together with the above data, suggest that the variation in
population-average expression from PprpB as a function of pro-
pionate concentration resulted from partial induction of the
PprpB promoter rather than an all-or-none response.

Basal expression of prpR-PprpB. In general, a tightly regu-
lated system is desirable because many recombinant products
can be toxic to the expression host. This propionate-inducible
expression system was found to be slightly “leaky”; background
expression of gfp was detected in the absence of exogenous
inducer (Fig. 2B and 3B). The basal expression levels de-
pended on the carbon source (acetate, citrate, lactate, galac-
tose, glutamate, and succinate) in minimal medium (data not
shown), suggesting that propionate, propionyl-CoA, or 2-MC
can be produced from endogenous metabolic pathways. One
such pathway, encoded by the E. coli operon sbm-ygfD-ygfG-
ygfH, converts succinate/succinyl-CoA to propionate/propionyl-
CoA (13). To test the possibility that this pathway produced
propionate/propionyl-CoA and increased background expres-
sion in the absence of exogenous inducer, a sbm-ygfD-ygfG-
ygfH-ygfI deletion was introduced into E. coli BL21(DE3) cre-
ating strain JSB. Basal expression of PprpB-gfp in JSB was
significantly lower than that obtained with BL21(DE3); how-
ever, the induced expression level decreased as well (Fig. 4).
Based on this finding, it is not clear whether propionate/propio-
nyl-CoA produced from succinate/succinyl-CoA by the sbm-ygfD-
ygfG-ygfH-ygfI gene products contributed to the background.
Like PBAD (12), PprpB showed higher background and higher
induced expression in minimal medium than in rich medium
(data not shown), possibly due to the presence of effector

FIG. 2. Comparison of culture-average fluorescence (fluorescence
per OD600 unit) of E. coli harboring the pBAD24-gfp (A), pPro24-gfp
(B), or pTrc99A-gfp (C). Overnight-grown cells carrying the plasmid in
LB at 37°C were subcultured (1:100) into fresh LB medium (5 ml) with
ampicillin (100 �g/ml), grown at 37°C in a shaking incubator until the
OD600 reached ca. 0.5, and then exposed to different concentrations of
inducer in 96-well plates at 37°C with shaking in a Tecan SpectraFluor
Plus plate reader. The data are raw: e.g., the background fluorescence
intensity was not removed by using background subtraction. Symbols
indicate inducer concentrations. (A) Open circles, 20 mM arabinose;
open triangles, 5 mM; open rectangles, 1.25 mM; open diamonds,
0.31 mM; crosses, 0.08 mM; solid circles, 0 mM. (B) Open circles,
50 mM propionate; open triangles, 12.6 mM; open rectangles, 3.2 mM;
open diamonds, 0.8 mM; crosses, 0.2 mM; solid circles, 0 mM.
(C) Open circles, 1 mM IPTG; open triangles, 0.25 mM; open rectan-
gles, 0.063 mM; open diamonds, 0.016 mM; crosses, 0.004 mM; solid
circles, 0 mM.
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molecules that could induce catabolite repression or that
could inhibit expression in some other ways (12).

Basal expression from plasmid pPro33-gfp was generally
lower than that from plasmid pPro24-gfp (Fig. 4). This lower
basal expression should be a reflection of the decreased
plasmid copy number. In E. coli JSB carrying pPro33-gfp,
basal expression was similar to background levels observed
in JSB harboring the pBAD24 empty vector. PprpB exhibited
low basal expression level in the absence of inducer and
similar expression level in the presence of inducer, com-
pared to Ptrc (Fig. 2B and C). Since the prpR and prpBCDE
promoters are subject to catabolite repression (23), glucose
can be used to reduce the background expression to negli-
gible level (Fig. 4).

DISCUSSION

The ability to vary the expression of a gene product at will
and to make subtle changes in gene expression levels is impor-
tant for optimizing metabolic pathways and for examining the
role of a particular gene or protein. Regulation also facilitates
the study of genes encoding products whose constitutive ex-
pression would be detrimental or lethal to cells (21, 22, 32). We
have demonstrated that the E. coli propionate-regulated gene
expression system can be used to control gene expression in
E. coli. The most important features of this system are that it
can be used to (i) induce gene expression by using a simple and
cost-effective inducer, (ii) obtain high levels of expression in
the presence of inducer, and (iii) regulate expression at the
single cell level over a wide range of inducer concentrations.

Varying the level of gene expression in individual cells of the
culture is necessary for the more subtle approaches of meta-
bolic optimization and determining dose dependence of genes
or proteins. However, several available E. coli expression sys-
tems suffer from all-or-none gene expression and thus are not
regulatable in individual cells (28, 35). These carbohydrate-
responsive systems have evolved this all-or-none method of
gene expression to allow low-level expression in the absence of
the substrate and rapid, high-level response when the substrate
is present (22). The all-or-none or autocatalytic phenomenon

FIG. 3. Histograms showing the number of cells with a given fluo-
rescence in E. coli BL21(DE3) cultures harboring pPro24-gfp induced
with the different concentrations of propionate. Cells grown overnight
in LB medium at 37°C were subcultured (1:100) into fresh LB medium
(5 ml) with ampicillin (100 �g/ml), grown at 37°C in a shaking incu-
bator until the OD600 reached ca. 0.5, and then exposed to different
concentrations of propionate. E. coli harboring pBAD24 empty vector
was used as a control. The fluorescence in single cells was determined
two (A) and six (B) hours after addition of propionate. Different lines
indicate different propionate concentrations added to the medium,
from left to right, represent control (heavy solid line), 0 mM (medium
solid line), 0.2 mM (light solid line), 0.8 mM (dashed line), 3.2 mM
(dotted line), 12.6 mM (	 - 	), and 50 mM (– - - –).

FIG. 4. Comparison of PprpB-gfp expression in BL21(DE3) (A) and
JSB (B). Cells harboring various plasmids were grown overnight in LB
medium at 37°C and subcultured (1:100) in fresh LB medium (5 ml)
containing ampicillin (100 �g/ml) and without or with propionate
(Prop) and glucose (Glc). The cells were grown at 37°C with shaking.
After 15 h of cultivation, the GFP expression level was determined.
Strain BL21(DE3) or JSB harboring the pBAD24 empty vector was
used as a control. The background fluorescence intensity was not
removed by using background subtraction. Error bars show the stan-
dard deviation of experiments performed in triplicate.

6860 LEE AND KEASLING APPL. ENVIRON. MICROBIOL.
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arises because the transporter for the inducer is under control
of the inducer itself (8). Upon exposure to an inducer, the
inducer is transported into cell by some minimal number of
transporters in the membrane. If a threshold level of inducer
accumulates inside the cell, the transporter gene and any other
associated genes are induced. The production of more trans-
porter protein and the subsequent import of more inducer
rapidly cascades to maximal gene expression. The all-or-none
phenomenon can be alleviated by placing the transporter gene
under control of an inducer-independent promoter or using a
synthetic inducer analogue that does not require active trans-
port across the cell membrane (21, 22). In contrast, bacterial
cells are permeable to propionate (6). The propionate is me-
tabolized to 2-MC by PrpEC expressed from the chromosome.
Thus, this propionate-inducible expression system can achieve
regulatable and consistent induction in all cells of the culture.

Genes whose products severely affect the host cell’s growth rate
even at low levels are considered toxic and are difficult to main-
tain in the host. Therefore, cells with an expression defect are
selected for in the culture. In these situations, it is highly desirable
to use a system that can be efficiently repressed in the absence of
inducer. The PBAD promoter system has been used extensively to
control and probe cellular processes because the system has a
tightly regulated promoter showing a relatively low level of back-
ground expression in the absence of arabinose (25, 26). However,
as shown in Fig. 2, this system is somewhat weaker in expression
than PprpB and Ptrc. The low basal expression from the PBAD

system seems to be a result of the weaker PBAD promoter. In
contrast, the stronger PprpB and Ptrc showed higher basal expres-
sion. Since protein synthesis depends on translational efficiency as
well as promoter strength, background expression may be re-
duced by using a weaker RBS sequence (3) or decreasing the
strength of the promoter by introducing nucleotide changes in the
consensus promoter sequence or by variations in the spacer se-
quence (18). However, it is likely that the induced expression level
will decrease as well.

In conclusion, we have created a propionate-inducible ex-
pression system that shows tight regulation of gene expression
in the absence of inducer, regulatable expression at interme-
diate inducer levels, high maximal expression, and consistent
expression in all cells of the culture. This expression system
should find wide application in examining the role of genes in
physiology and also for production of protein and metabolite
products using recombinant cells.
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