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Protein expression enhancement in eﬄux-deleted mutant bacteria
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Abstract
We applied a single-cell assay to characterize how transcription dynamics aﬀects protein expression levels of a tetracycline-inducible
gene expression system. Transcriptional activity of the tetracycline promoter in response to a steady level of inducer is steady in DacrAB
eﬄux mutant but pulsating in wildtype Escherichia coli cells. We found that the expression level of the green ﬂuorescent protein is several
folds higher in DacrAB eﬄux mutant than in wildtype cells.
Ó 2005 Elsevier Inc. All rights reserved.
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Fluorescence correlation spectroscopy (FCS)1 is a noninvasive biophysical technique used to measure in real-time
protein concentration, protein–protein, and protein–RNA
interactions within a single living cell [1–4]. This technique
is sensitive to the ﬂuctuation of the ﬂuorescence intensity of
molecules diﬀusing in and out of the volume of detection.
The variance about the mean of the ﬂuorescence intensity
signal is equal to the inverse number of molecules per unit
time present in the volume of detection. Moreover, this
technique is also sensitive to the size of the ﬂuorescent molecules. Large molecules diﬀuse slower than small molecules
through the volume of detection, and typical diﬀusion
times are measured by performing the autocorrelation
function of the ﬂuorescence intensity. We have previously
showed that the combination of FCS with a simple genetic
system can be used to proﬁle the activity of any promoter
in a prokaryotic cell in real time at the RNA level. We
reported that real-time RNA proﬁling allowed us to characterize two distinct transcriptional dynamics associated
with the activity of the tet promoter in two bacterial strains
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[4]. Here, we show that transcription dynamics can be a key
parameter to control protein expression level. Our hypothesis is that distinct transcriptional dynamics will lead to distinct protein expression levels [5–7].
In our previous study, we used a dual-plasmid system to
monitor in real time the transcription activity of the tet
promoter in a single Escherichia coli cell. We constructed
a synthetic gene coding for one ribosomal binding sequence
and two ms2-RNA binding sequences under the control of
a tet promoter on one plasmid (pZE31ms2). We used
another plasmid to pre-express the MS2 coat protein fused
to GFP (pZS12MS2-GFP). We monitored with FCS the
expression of ms2-RNA transcripts as a function of time
after aTc induction. When a ms2-RNA transcript binds
to a ribosome and two MS2-GFP proteins, the resulting
ms2-RNA/ribosome/(MS2-GFP)2 complex diﬀuses 30-fold
slower than the free MS2-GFP fusion protein. The FCS
technique allows us to distinguish RNA-bound from free
diﬀusing MS2-GFP molecules, and consequently to infer
the concentration of RNA transcripts.
First, we grew cells in M9 liquid media (M9 minimal salt
supplemented with 0.1 mM CaCl2, 2 mM MgSO4, 0.4%
glycerol, and 0.5% Casamino acids) at 30 °C. We pre-expressed MS2-GFP to allow suﬃcient time for GFP to
mature by inducing cells with IPTG overnight. We diluted
the overnight culture and allowed cells to grow back to an
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optical density of 0.2 (OD 600 nm). We mixed cells in M9
medium with low-melting point agarose and immobilized
them on a glass coverslip coated with antibodies against
bacterial ﬂagellin. Anti-ﬂagellin antibodies bind to bacterial ﬂagella and bring cells to the surface of the coverslip.
Low-melting point agarose helps to ﬁrmly immobilize cells
at the glass surface. This attachment is critical because it
prevents undesirable jittering of cells, which reduces the
signal-to-noise ratio in FCS measurements. To coat the
coverslip with anti-ﬂagellin antibodies, we treated the coverslip with silane (2% 3-aminopropyltriethoxysilane, 8%
water, and 90% ethanol), then with the linker glutaraldehyde, and ﬁnally with anti-ﬂagellin antibodies. We also
added casein to the surface to block unreacted glutaraldehyde functional groups on the coverslip. We allowed cells
to undergo one cell division on the glass surface before
measuring tet promoter activities. Immediately after cells
completed their ﬁrst division (completion of septum formation) on the glass surface, we induced cells with 400 ng/ml
anhydrotetracycline (aTc).
In wildtype E. coli cells (Frag1B), we previously reported that inducible transcription by a steady level of anhydrotetracycline (aTc) exhibits a pulsating dynamics that
coincides with the cell cycle. In contrast, in the Frag1A
mutant cells, where the AcrAB multi-drug eﬄux system
controlling the intracellular concentration of inducer was
defective, we observed a steady transcription activity across
generations (Fig. 1) [4].
Because aTc is a known substrate for the AcrAB eﬄux
system [8], it is conceivable that AcrAB modulates the
eﬀective aTc concentration in E. coli wildtype cells. These

Fig. 1. Real-time concentration proﬁles of RNA transcripts under the
control of a tet-inducible promoter in a single E. coli cell. A wildtype
Frag1B cell (dark gray, solid squares) and an eﬄux-deleted mutant
Frag1A cell (black, solid circles) induced with 400 ng/ml aTc immediately
after cell division (t = 0 min). Non-induced control, Frag1B (gray,
inverted solid triangles), and Frag1A (light gray, solid triangles). Error
bars represent uncertainties in the ﬁt parameters extracted from the
autocorrelation function. Horizontal bars indicate cell division. RNA
transcripts were expressed from pZE31ms2 plasmids. Frag1A: F-, rha-, thi,
gal, lacZam, DacrAB::kanR, PN25/tetR, PlacIq/lacI, SpR. Frag1B: F-, rha-, thi,
gal, lacZam, PN25/tetR, Placiq/lacI, SpR.

29

observations suggest that AcrAB multi-drug eﬄux system
plays a role in controlling the dynamics of transcription
activity of a tet-inducible promoter. Since the deletion of
the eﬄux pump system suppressed the transcription pulses
and caused over-expression of induced RNA in mutant
cells, we hypothesize that the associated protein concentration expressed from a tet controlled promoter is also higher
in mutant cells than in wildtype cells. Using the RNA concentration proﬁles measured from single bacteria with
FCS, we estimated the ratio of the associated protein
expression between mutant and wildtype cells. In a crude
estimate, we assumed that the protein concentration was
proportional to the time integral ofR the induced RNA cont
centration (Fig. 2A) deﬁned as, k P 0 RNA dt, where kP is a
proportionality factor associated with the rate of translation. We estimated the ratio of induced protein concentration between mutant and wildtype cells by computing the
ratio of the area under the RNA concentration curves from
0 to 140 min between mutant and wildtype cells in Fig. 1.
We found this ratio to be approximately 2.5.

Fig. 2. Predicting protein expression levels in wildtype and DacrAB eﬄux
mutant E. coli cells. (A) Schematic representation of RNA and protein
expression. kR represents the eﬀective transcription rate, which varies in
wildtype cells but is constant in eﬄux mutant cells. c is the RNA decay
rate and kP is the translation rate. We assume that the protein degradation
rate is negligible over the timescale of our experiments. (B) Distribution of
GFP concentration from the tet promoter in single cells. GFP expression
under the control of a tet promoter induced with 400 ng/ml aTc. Wildtype
(gray) and DacrAB eﬄux mutant cells (black).
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Next, we experimentally investigated how diﬀerent transcription dynamics from a tet-inducible promoter aﬀect the
level of protein expressed in wildtype and mutant cells. We
used the green ﬂuorescent protein (GFP) as a ﬂuorescent
reporter to study the output of the tet-inducible gene
expression system. The gfp gene was under the control of
a tet-inducible promoter and carried by a pZ-based high
copy number plasmid [9], the pZE31-GFP plasmid. We
transformed the eﬄux mutant Frag1A and wildtype
Frag1B cells with this plasmid. Because eﬄux mutant
Frag1A cells grew slowly in the presence of antibiotics
[10,11], we compared the growth and GFP expression levels in eﬄux mutant Frag1A and wildtype Frag1B cells in
the absence of any antibiotic. We grew the cells (without
antibiotic) at 30 °C in M9 minimal medium to an optical
density (600 nm) of 0.3. We then induced the cells with
400 ng/ml of aTc and harvested them after 4 h. We mixed
cells in M9 medium with low-melting point agarose and
immobilized them on a glass coverslip coated with antibodies against bacterial ﬂagellin. We measured the level of
induced GFP with FCS in 40 single cells as previously
described [2]. FCS measurements consist of measuring
the ﬂuorescence intensity from a volume of detection smaller than the size of the cell. The ﬂuctuations of the emitted
ﬂuorescence are directly associated with the GFP molecules
diﬀusing in and out of this volume. In this technique, the
variance of the ﬂuorescent signal is inversely equal to the
number of GFP molecules present in the volume of detection per unit time. This approach yields direct measurements of GFP concentration. We found that the induced
concentration of GFP was on average three times larger
in eﬄux mutant Frag1A than in wildtype Frag1B cells
(Fig. 2B). This experimental observation is consistent with
our estimation based on the RNA expression proﬁles in
Fig. 1.
To check if the deletion of the AcrAB eﬄux pump
aﬀects cell growth and protein expression level, we also
characterized the expression of GFP from a constitutive
lambda promoter (kPR). We transformed eﬄux mutant
Frag1A and wildtype Frag1B cells with a plasmid expressing GFP from a lambda promoter, pZE1RGFP [12].
Frag1A and Frag1B cells lack lambda repressors (CI);
therefore, GFP was constitutively expressed from this
lambda promoter. We used a multi-well ﬂuorimeter Wallac
Victor2 to monitor cell growth and GFP expression level in
the absence of any antibiotic and inducer [12]. We found
that the growth rate of Frag1A and Frag1B cells carrying
these plasmids were identical (data not shown). We also
observed that the levels of expressed GFP were indistinguishable between wildtype Frag1B and DacrAB mutant
Frag1A cells (Fig. 3). These observations suggest that the
deletion of the AcrAB eﬄux pump has no eﬀect on cell
growth or activity of a non-inducible, constitutive
promoter.
The use of a non-invasive FCS-based technique combined with genetic manipulation allows us to identify the
Frag1A mutant strain that enhances protein expression

Fig. 3. GFP expression from a constitutive kPR promoter. GFP expression levels in arbitrary ﬂuorescence intensity units as a function of time.
Wildtype Frag1B cells (dark gray). DacrAB eﬄux mutant Frag1A cells
(black). We added diluted cultures of cells transformed with pZE31GFP
plasmid into a 96-well plate at 200 ll per well and covered each well with
100 ll of hydrocarbon oil to prevent evaporation. We grew cells with
constant shaking (1 mm, orbital). We monitored cell growth with
absorbance measurements at 600 nm and GFP expression levels by
measuring the emission ﬂuorescence at 510 nm (excitation light at
485 nm). Fluorescence intensity was normalized with cell density (OD
600 nm). The doubling time was about 80 min.

of simple inducible systems. It is conceivable that deletions
of other eﬄux pump systems should also contribute to protein expression enhancement. The use of such mutant
strains should be signiﬁcant for improving the production
yield of a large range of therapeutic proteins.
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