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Abstract
Expression of recombinant proteins in Escherichia coli often requires use of inducible promoters to shorten the lag phase and
improve protein productivity and final protein titer. Synthetic molecules that cannot be metabolized by E. coli, such as isopropyl
thiogalactopyranoside (IPTG), have been frequently used to trigger the protein expression during early exponential growth phase.
This practice has many drawbacks, including high cost and toxicity of IPTG, complex operating procedure, and non-uniform
protein expression pattern (some cells in the population do not express recombinant proteins). A few auto-inducible protein
expression systems have been developed recently to overcome some of these limitations, but they required use of an additional
plasmid or presence of large (a few kilobases) DNA part to be functional, making plasmid construction to be difficult, especially
when multiple genes need to be expressed. In this study, by using RNA sequencing, we identified a short, endogenous promoter
(PthrC) that can be auto-induced during early exponential growth phase, and improved its performance by use of native and
mutated regulatory elements. We found that the developed mutants of PthrC drove uniform protein expression—close to 100%
of cells were fluorescent when green fluorescence protein was used as target protein—and cells carrying them could achieve much
higher cell density than those with T7 promoter (PT7), a commonly used inducible promoter. In terms of promoter strength (product
protein quantity per cell), the developed promoter mutants can cover a range of strength, from 30 to 150% of maximal strength of
PT7. One strong mutant (PthrC3_8) was found to work well at a large range of temperature (22, 30, 37 °C) and in various media,
and was also confirmed to cause less stress to host cell than PT7 when they were used to express a toxic protein. We foresee that
PthrC3 and its mutants will be useful genetic parts for various applications including metabolic engineering and biocatalysis.
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Introduction

Inducible promoter has been proven to be crucial in expressing
recombinant proteins in bacterium, especially when the protein
product poses stresses on the host (Nocadello and Swennen

2012; Briand et al. 2016). To date, isopropyl thiogalactopyran-
oside (IPTG) has been the most popular inducer, and has been
used in laboratory-scale fermentation to control a large variety of
promoters that are based on lac regulon (de Boer et al. 1983;
Amann and Brosius 1985; Hansen et al. 1998). IPTG, however,
is not an ideal inducer for industrial fermentation, because of its
high cost and toxicity to some commonly used bacterium hosts,
such as Escherichia coli (Nocadello and Swennen 2012; Briand
et al. 2016).

Although there are many IPTG-independent inducible pro-
moters for E. coli—one of the most commonly used bacterium
host—many of them still use relatively expensive chemicals
as inducers, e.g., L-arabinose (Guzman et al. 1995), tetracy-
cline analogue (Skerra 1994), and uric acid (Liang et al. 2015).
In addition, most, if not all, of such systems are based on use
of repressor, which requires expression of recombinant repres-
sor protein to reduce basal expression level, and thus increases
size of plasmid or even demands use of an additional plasmid.
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Recently, a few auto-inducible expression systems have
been developed for heterologous protein expression, which
did not need addition of any inducer. For example,
Nocadello and Swennen developed a quorum sensing-based
system that only induced target protein expression when cell
density passed a threshold (Nocadello and Swennen 2012);
Briand et al. accidently identified a novel auto-induction
mechanism that has yet been fully studied, and used it to build
an auto-inducible protein expression system (Briand et al.
2016). These methods also required maintaining an additional
plasmid and/or expressing heterologous proteins as part of the
expression system, which burden the host cell and make plas-
mid construction to be more difficult.

Theoretically, onemay isolate anE. coli endogenous promot-
er that is tightly controlled and would only be turned on when
cells reach a specific growth phase, or when a cheap chemical is
added. Such promoter would be desired, because (1) it would
solely rely on endogenous transcription machinery and thus
minimize the burden on the host cell, and (2) its length would
be short—most E. coli promoters are less than 400 bp including
core regulatory regions—reducing the expression vector size.

Materials and methods

Bacterial strains and culture conditions

E. coli BL21 (DE3) (New England Biolabs) was used for ex-
pressing green fluorescent protein (GFP). To prepare the seed
culture of E. coli, a colony of the E. coli BL21 (DE3) was
inoculated into 10 mL of Luria Broth (LB) medium (Biomed
Diagnostics Pte Lt) containing 50 μg/mL spectinomycin
(Sigma) and grown at 37 °C/200 r.p.m. overnight. Grown cell
suspension with optical density at 600 nm (OD600) was around
5–6 and inoculated (1%, v/v) into 10 mL of chemical defined
medium (13.3 g/L KH2PO4, 4 g/L (NH4)2HPO4, 1.7 g/L citric
acid, 0.0084 g/L EDTA, 0.0025 g/L CoCl2, 0.015 g/L MnCl2,
0.0015 g/L CuCl2, 0.003 g/L H3BO3, 0.0025 g/L Na2MoO4,
0.008 g/L Zn(CH3COO)2), 0.06 g/L Fe(III) citrate, 0.0045 g/L
thiamine, 1.3 g/L MgSO4, pH 7.0) containing 50 μg/mL spec-
tinomycin, 1 g/L yeast extract (BD), and indicated carbon
source. At early exponential phase (OD600 between 0.5 and
0.8), E. coli strains were induced by the addition of glucose if
such induction was needed. Lysogeny Broth (10 g/L tryptone,
5 g/Lyeast extract, 5 g/L NaCl) and Terrific Broth (24 g/Lyeast
extract, 20 g/L tryptone, 5 g/L glycerol, 2.3 g/L KH2PO4,
12.6 g/L K2HPO4) were used to study the effects of growth
media on performance of the promoters.

RNA extraction and sequencing

The E. coli BL21 (DE3) was inoculated into 5 mL of LB
medium and grown overnight at 37 °C/200 r.p.m. Overnight,

cells were inoculated (1%, v/v) into 10 mL of chemically de-
fined medium with 20 g/L xylose (Sigma). The first batch of
samples were collected when OD600 reached around 0.5
(Time point 1), then final concentration of 40 g/L of glucose
(Sigma) was added immediately and the second batch of sam-
ples were collected after 45-min cultivation (Time point 2).

Cells were harvested by centrifugation at 12,000×g for
2 min at room temperature. The cell pellets were immediately
placed on ice. Total RNAwas extracted by using the GeneJET
RNA purification kit (Thermo Fisher Scientific) according to
the manufacturer’s protocol. Contaminating DNA was re-
moved by column and in-solution DNase digestion with an
RNase-free DNase treatment (Promega) according to the man-
ufacturer’s instructions.

The purity and concentration of the total RNAwere deter-
mined by a Nano Drop 2000 spectrophotometer (Thermo
Fisher Scientific). For all the samples, the A260/A280 ratios
ranged 2.08–2.13 and the concentrations were 462.3–
725.4 ng/μL. A total of six (Time point 1 and Time point 2
in triplicates) samples were submitted to AIT Novogene for
library construction and sequencing. Raw sequencing data
were assembled and analyzed by the company, which pro-
duced gene expression quantification results (Supplementary
Table S1). Averaged read counts of the triplicates and the
mean values were used to calculate the fold change.

Plasmid construction and E. coli transformation

In this study, constructed plasmids were summarized in
Table 2 and the useful ones have been deposited into
Addgene. Most plasmids were constructed by using a method
that was not published when this manuscript was prepared, so
the details of the plasmid construction procedure were not
described in this manuscript. Since all the plasmid information
have been provided and useful ones can be obtained from
Addgene, we believe not including the plasmid construction
procedure would not hinder reproducing this work or utilizing
the promoter variants created in this work.

Each of the constructed plasmids was introduced into
BL21 (DE3) chemically competent cell (New England
Biolabs) via the heat-shock procedure according to the man-
ufacturer’s instruction. All the plasmids contain spectinomy-
cin resistance gene, so 50 μg/mL spectinomycin was used in
LB agar plate to isolate the E. coli strains that carry the desired
plasmids.

Quantification of fluorescence signal, cell density,
and DXS cellular content

Cell growth was monitored by OD600 on a UV spectropho-
tometer (Novaspec III, SciMed (Asia) Pte Ltd). For quantify-
ing fluorescence signal, 100 μL cell suspension was loaded
into a well in 96-well optical plate and monitored by
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microplate reader, Infinite 200PRO (Tecan) with excitation
wavelength at 483 nm, emission wavelength at 535 nm, and
gain at 74 to reach optimal results. Specific fluorescence sig-
nal was computed by dividing fluorescence signal by OD600.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was used to visualize DXS expressed by the
cells. Stain-Free gel (4–15% Mini-PROTEAN® TGX Stain-
Free™ Protein Gel, Bio-Rad) was used and the proteins were
visualized by using Gel Doc™ EZ Gel Documentation
System (Bio-Rad). Samples loaded into each lane were de-
rived from a fixed quantity of cell biomass.

Fluorescence microscopy

The samples taken from the batch culture were diluted to the
concentration of 2 (OD600) using centrifugation. Zero-point,
3 μL of the concentration sample was loaded on a glass slide
and covered by a slip. A fluorescence microscope (Ts2R-FL,
Nikon) with × 40, phase contrast objective lens, and a GFP
filter cube was used to acquire phase contrast image and fluo-
rescence image (auto-exposure was used), which were over-
laid by using software ImageJ. Brightness and contrast of the
images were adjusted for all pixels if needed.

Results

RNA sequencing to identify promoter candidates

In this study, we started a search for short, auto-inducible
promoters by using RNA sequencing, which could reliably
evaluate transcription levels of thousands of endogenous
genes at different conditions. Since E. coli cells were induced
in most protein expression experiments when its OD600 was
between 0.5 and 1, we collected samples of E. coli (BL21,
DE3) in triplicates from a typical shake flask culture during
this OD range, and sampled the same cultures again after
45 mins. RNA from the cells collected at the two conditions
were sequenced, and the genes that were highly upregulated
during the 45 mins were selected as candidates for the pro-
moter search. To increase the likelihood that substantial tran-
scription changes would be observed, we added 40 g/L of
glucose to the cultures immediately after we took the first
samples (20 g/L of xylose was used as carbon source upon
cell inoculation). As a result, the promoters we searched for
were either responsive to natural growth phase transition, or
addition of glucose—a cheap chemical frequently used as sole
carbon source in E. coli culture. Both induction modes would
be desired. In total, we have detected transcripts from 2352
genes that had at least 500 read counts (Supplementary Table
S1), and selected Top 5 of the highly upregulated genes
(Table 1) as candidates for promoter characterization.

Test of top promoter candidates

For each candidate, we cloned its core promoter based on an-
notations that were available on ecocyc.org, and inserted each
candidate promoter in front of a green fluorescence protein
(GFP)-encoding gene on a high-copy number plasmid. E. coli
(BL21,DE3) cells harboring these plasmids were characterized
at the same condition as the RNA sequencing experiment. We
measured optical density (OD, representing biomass concen-
tration) and fluorescence signal, and used them to compute
specific fluorescence signal (fluorescence signal per OD),
which indicates strength of the candidate promoters. Out of
five candidate promoters, only PthrC were upregulated over
time (Fig. 1), so we selected PthrC for further optimization.

Using additional regulatory elements to improve
PthrC

We first removed glucose induction (xylose was used as sole
carbon source) to test if the transcription upregulation was
triggered by glucose induction or by growth phase transition.
At this condition, PthrC was upregulated to a larger extent
(this phenomenon is termed as better promoter regulatability
in the following text, Fig. 2), indicating that growth phase
transition alone was able to upregulate the promoter. We fur-
ther created five variants of PthrC containing various combi-
nations of adjacent regulatory elements, and characterized
them at the same condition.

In E. coli chromosome, PthrC is followed by a short,
threonine/isoleucine-rich leader peptide (encoded by thrL), a
terminator (TthrL), and threonine biosynthetic genes (Gardner
1979, 1982). When TthrL was added to the tail of PthrC (new
promoter named as PthrC5, Fig. 2c), expression of GFP was
almost completely abolished, suggesting that this terminator
was very effective. When the leader peptide and terminator
were together inserted after PthrC, the new promoter (named
as PthrC3) restored 20% of the maximal strength of PthrC,
and, more importantly, PthrC3 had better promoter
regulatability than PthrC. This observation is consistent with
the early characterization of the thr operon in the 1970s and
1980s (Gardner 1979, 1982), which revealed that thrL-coding
mRNA can form a stem-loop structure with TthrL to prevent
formation of the terminator structure, when ribosome was
paused at thrL due to low availability of threonine and isoleu-
cine. This mechanism is employed by E. coli to dynamically
regulate synthesis of threonine. We hypothesize that when
cells entered exponential growth phase, intracellular availabil-
ity of threonine and isoleucine dropped, and triggered the
aforementioned mechanism, resulting in reduction in effec-
tiveness of TthrL and subsequent increase in transcription of
target gene (gfp).

This hypothesis was supported by inserting thrL alone after
PthrC (new promoter termed as PthrC4), which did not
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improve the promoter regulatability as much as using both thrL
and TthrL. PthrC4 had much higher maximal strength (that at
24 h) than PthrC, which might be due to improved access to
ribosome when ribosome is paused at adjacent thrL region.

The other two variants created were PthrC1 and PthrC2,
which compared to PthrC3 had additional upstream sequence
and additional upstream and downstream sequence respec-
tively. They did not have better regulatability, and were much
longer, than PthrC3, so they were not further studied.

Comparison of PthrC3 with PT7

PthrC3 was the best one among the variants in terms of pro-
moter regulatability, and was compared under the same
growth condition with T7 promoter (PT7), one of the most
frequently used IPTG-inducible promoters. PT7-carrying cells
were induced by using 1 mM in early exponential phase in all

experiments. PthrC3 had much lower basal expression level
(expression level in this manuscript all refers to specific pro-
tein expression level, i.e., recombinant protein quantity per
cell) than PT7, and had ~ 60% of regulatability of PT7
(Fig. 2), which made it a good promoter for expressing highly
toxic proteins.

A drawback of our system at this point was use of xylose,
which is relatively expensive, so we characterized perfor-
mance of PthrC3 in the same chemically defined mediumwith
glucose or glycerol—both of which are cheap substrates—as
sole carbon source, and compared its performance with that of
PT7 at the same conditions (Fig. 3a). The glycerol medium
was found to be even better than the xylose one—both PthrC3
and PT7 showed better regulatability in the glycerol medium
(Fig. 3b). The regulatability of PthrC and PT7 at 24 h was
increased from 3.1 and 5.1 in the xylose medium to 5.2 and
8.2 in the glycerol medium respectively (regulability was

Table 1 Top 5 of highly up-
regulated genes Gene TP1 (read count) TP2 (read count) Fold change (TP2/TP1) Gene product description

proX 771 ± 9 10,446 ± 1051 13.5 ± 1.4 Glycine binding protein

malS 1543 ± 87 15,122 ± 500 9.8 ± 0.6 Amylase

thrC 11,484 ± 614 103,426 ± 5675 9.0 ± 0.7 Threonine synthase

malZ 2380 ± 92 18,299 ± 604 7.7 ± 0.4 Maltodextrin glucosidase

amtB 700 ± 25 4934 ± 173 7.1 ± 0.4 Ammonium transporter

TP1 time point 1; TP2 time point 2, which was 45mins after TP1. thrB and proVare excluded from Top 5 because
(1) thrB is from the same operon as thrC and proVare from the same operon as proX, and (2) thrC has higher read
counts than thrB and proX have higher read counts than proV.Mean and standard error are used in the table (n = 3)

Fig. 1 Specific fluorescence signal of promoter candidates. Mean and standard error are used in the bar chart (n = 3)
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defined as the ratio of specific fluorescence signal at 24 h to
that at 0 h).

We further compared PthrC and PT7 in terms of cell-to-cell
variation of protein expression. At 24 h after induction, we
observed fluorescence of single cells under a fluorescence
microscope. Though literature reported that IPTG-induced
uniform protein expression (Khlebnikov and Keasling
2002), we found that the conclusion depended on carbon
source. When xylose was used as carbon source, 85% of cells
that contained PT7 were fluorescent (Fig. 3c). The percentage,
however, dropped sharply to 41 and 27% respectively when
glucose and glycerol were used as carbon source. In contrast,

close to 100% of the cells that contained PthrC3 were fluores-
cent across all the conditions (Fig. 3c), which should lead to
smaller metabolic burden per cell as it is shared by all the cells.

Mutagenesis of PthrC3 created more promoter
variants

We attempted to improve PthrC3’s regulatability and increase
its maximal strength by mutating the first stem-loop region
(the one with a larger loop, Fig. 4b), which once formed can
repress formation of the second stem-loop that is part of TthrL
(Fig. 4b). We increased the stem length of the first stem-loop

Fig. 2 Characterization of variants of PthrC and comparison with PT7 in
the xylose medium. Pthr, core promoter of thr operon; thrL, RBS and
coding gene of thrL; TthrL, terminator following thrL; Down, the
downstream sequence of TthrL containing DksA-ppGpp; Up, the
upstream sequence of Pthr containing promoter and coding gene of

yjtD. GFP, RBS and coding gene of enhanced green fluorescence
protein. SFS, specific fluorescence signal; the basis is that at 0 h. Cells
with T7 promoter were induced with 1 mM IPTG in early exponential
growth phase. Mean and standard error are plotted in the bar charts (n = 3)

Fig. 3 Comparison between
PthrC3 and T7 promoter in
glucose and glycerol medium, in
terms of promoter strength (a) and
regulatability (b). Percentage of
fluorescent cells in the population
in different media (c) and
representative images from
fluorescence microscopy (d) were
also presented. Mean and
standard error are plotted in the
bar charts (n = 3)

Appl Microbiol Biotechnol (2018) 102:7007–7015 7011



by mutating one or more of the four adjacent nucleotides (…
ACGGTGCGGGCTGA…). To reduce reagent cost, we used
a degenerated oligo (…MMGGTGCGGGCTKW…) to create
a small library (2^4 = 16), and randomly characterized 32 col-
onies (two times the library size). We obtained a number of
promoters that were stronger than PT7 at 24 h and had
regulatability similar to that of PthrC3 (Fig. 4c). We ranked
the colonies based on specific fluorescence signal at 24 h and
sequenced the Top 3 variants (PthrC3_8, PthrC3_7, and
PthrC3_25), all of which had a mutation in the larger loop
region (Fig. 4b). The importance of these mutations was ex-
pected, since they can not only improve stability of the first
stem-loop structure, but also decrease that of the second one—
these mutations affect stem formation of both stem-loops. As a
comparison, the mutation in the smaller loop region only af-
fected stem formation of the first stem-loop, and did not have
substantial effect on behavior of the promoter based on com-
parison between PthrC3_8 and PthrC3_25 (Fig. 4c).

Although the Top 3 strains had much higher basal expres-
sion level (at 0 h) than the strain carrying PT7 (Fig. 3a and
Fig. 4c), they achieved much higher cell density at 24 h
(Fig. 4a), suggesting that the high basal expression level did
not pose high metabolic burden on the host cells, possibly
because strains carrying PthrC3 variants had uniform protein
expression and well shared the burden of recombinant protein
production among the whole population.

We further compared the strain harboring the strongest pro-
moter mutant (PthrC3_8) with that carrying PT7 over 24 h, in
terms of cell density and protein titer (indicated by fluores-
cence signal from a given volume of culture). The strain car-
rying PthrC3_8 started to have substantially higher cell den-
sity and protein titer after 4 h (Fig. 4d–e).

Effects of growth medium and temperature
on the promoters

As recombinant proteins may be produced in different media
and at various temperatures, we studied the effects of growth
medium and temperature on expression level and regulatability
of the promoters, to determine if they are generally applicable.
We changed one parameter at a time. First, we fixed the medi-
um as K3medium (the chemically defined mediumwe used in
earlier parts of the study), and tested the effects of temperature.
PthrC3 behaved similarly at 30 and 37 °C, but failed to work at
22 °C (Fig. 5a). The mutant promoter (PthrC3_8) worked at all
temperatures, and even had better regulatability at 30 than
37 °C (Fig. 5a). A simple theory to explain the results is that
the terminator structure became more stable at lower tempera-
ture and cannot be melted by the competing structure even
when ribosome paused in the region. The mutations
PthrC3_8 had decreased Gibbs free energy of the structure
competing with the terminator structure, enabling it to melt

Fig. 4 Mutagenesis of PthrC3 generated useful promoter variants. a Cells
with PthrC3 or one of the Top 3 promoter variants achieved much higher
cell density than that with PT7 at 24 h. b Possible secondary structures of
PthrC3 and Top 3 variants. The first plot shows four mutations that might be
introduced to PthrC3 by using the degenerated primers. The other three plots
in b are based on sequencing results of the Top 3 variants. Each plot in b

includes two mutually exclusive stem-loops. c Specific fluorescence signal
of 32 strains that have been screened. d Temporal profile of cell density of
strains expressing GFP by using PthrC3_8 or T7P. e Temporal profile of
volumetric fluorescence signal of strains expressingGFP by using PthrC3_8
or T7P. Mean and standard error are plotted in a, d, e (n = 3). There is no
replicate in the screening experiment whose results are shown in c
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the terminator structure even at lower temperature. Since low-
ering temperature also slowed down cell growth and altered
threonine synthesis, there may be other mechanisms control-
ling performance of these promoters.

We next fixed the culture temperature as 37 °C and studied
the effects of medium. We found the protein expression level
achieved by using PthrC3 was much lower in rich medium
(Lysogeny Broth or Terrific Broth) than the chemically de-
fined medium. Because rich media contained substantial
amount of threonine and isoleucine, one would expect lower
frequency of ribosome pausing in the region when rich media
were used, which should result in the observed lower expres-
sion level (the terminator structure would only be melted to
allow RNA polymerase to continue when ribosome was
paused in the region). Interestingly, the expression level
achieved by using PthrC3_8 was, however, not affected by
the medium, suggesting that the terminator structure can be
melted even when the frequency of ribosome pausing was
reduced in the rich media, possibly due to the decreased
Gibbs free energy of the structure competing with the termi-
nator structure.

Together, the PthrC3 mutant (PthrC3_8) was insensitive to
temperature and medium change, and constantly had high ex-
pression level and good regulatability in all the tested conditions.

Expression of a toxic protein by using PthrC3_8

To further test if PthrC3_8 was generally applicable, we used
it to express a protein that is toxic to the host cells and com-
pared its performance with PT7’s. The model protein was
deoxy-xylulose phosphate synthase (DXS), which was report-
ed to slow down cell growth when overexpressed (Zhou et al.
2012). We constructed the plasmids that can express DXS by
using PthrC3_8 or PT7, and characterized the strains

harboring the plasmids as well as the parental strain (BL21
[DE3]) in the chemically defined medium at 37 °C. We cul-
tured the strain carrying PT7 at three conditions: no induction,
induction in early log phase, and induction upon inoculation.
The cells carrying PthrC3_8 had the same cell density as the
parental strain, which was substantially (~2× in some cases)
higher at both time points studied than that of cells having PT7
and being induced (Fig. 6b). We analyzed cellular DXS con-
tent (the quantity of DXS per cell) by using SDS-PAGE,
which revealed that substantial amount of DXS was produced
when PthrC3_8 was used (Fig. 6a). Although cellular DXS
content was lower when PthrC3_8 was used than that when
PT7 was used and induced in early log phase, the titer of DXS
(the quantity of DXS per culture volume) could be higher
when PthrC3_8 was used because cells carrying it have much
higher cell density. Considering using PthrC3_8 does not re-
quire monitoring cell density and manual induction of the cell
culture, we foresee that PthrC3_8 will be a useful genetic part
for recombinant protein expression and other related applica-
tions (Table 2).

Discussion

In this study, we have, for the first time, identified a set of short
(300 bp), auto-inducible promoters for expressing recombi-
nant proteins in E. coli (Figs. 2 and 4). The promoters do
not require expression of any repressor protein and maintain-
ing any additional plasmid, which simplifies plasmid con-
struction and reduces metabolic burden on the host cells.
The promoters neither require any change in operating condi-
tions during the fermentation, unlike temperature-inducible
promoters (Qoronfleh et al. 1992), which are not suitable for

Fig. 5 Effects of culture temperature (a) and medium (b) on performance of the promoters. Mean and standard error are plotted (n = 3)
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large-scale fermentation as changing temperature of large re-
actors is slow and energy intensive.

The identified promoters should have broad applications in
biotechnology and bioengineering.We have benchmarked our
promoters with PT7, one of the most frequently used pro-
moters in E. coli. PthrC3, a promoter variant in our collection,
had the same basal expression level as PT7 and reached 50%
of expression level of PT7 at the end of fermentation (24 h).
This promoter can replace PT7 in metabolic engineering of E.
coli, in which an intermediate expression level was often de-
sired. PthrC3_8, a mutant of PthrC3, could reach ~1.5 fold

higher expression level (Fig. 3a and Fig. 4c) and ~2 fold
higher cell density than PT7 at the end of fermentation, mak-
ing it to produce ~3 times as much protein as PT7 in a given
volume. These data support that PthrC3_8 can replace PT7 for
production of recombinant proteins for biocatalysis and other
applications, in which the goal is to maximize recombinant
protein quantity. Most of these promoter characterization
works were done with a chemically defined medium that
contained glycerol as sole carbon source. The low cost of this
medium supports that our promoters might be used in
industrial-scale fermentation.

A unique feature of the identified promoters is the uniform
expression of proteins among the cell population, which usu-
ally cannot be achieved by using promoters induced by addi-
tion of chemicals, due to uncertainties in cellular uptake of the
chemicals (Khlebnikov and Keasling 2002). We suspect that
the auto-inducible promoters based on quorum sensing
(Nocadello and Swennen 2012) may be subject to this prob-
lem as well, since they also involve transport of inducing-
molecules across cellular membranes. Experiments are need-
ed to confirm this hypothesis, as no such analysis was done at
single cell level in the study. Such experiments can be done by
using fluorescence microscopy, as in this study, or flow
cytometry-based techniques (Alper et al. 2005). Having ho-
mogenous protein expression pattern is important, because it
eliminates non-producers in the population and could help
avoid over-burdening working cells.

Although transcription of E. coli thr operon was well char-
acterized in biochemistry studies in the 1970s and 1980s
(Gardner 1979, 1982), its promoter and regulatory elements
have never been used for the purpose of expressing recombi-
nant proteins in biotechnological applications. The promoter
would never come to our attention, if we did not perform the
global differential transcriptional analysis, which suggests: (a)
there are many useful knowledges in classic biochemistry

Fig. 6 a SDS-PGAE analysis ofE. coli strains expressing deoxy-xylulose
phosphate synthase (DXS) by using PthrC3_8 or PT7. The samples were
collected at 22 h. Lane information: 1: PthrC3_8-DXS; 2: T7P-DXS
(induced in early exponential growth phase); 3: T7P-DXS (induced in

early exponential growth phase); 4: T7P-DXS (no induction); 5: the
parental strain; M: protein markers. The arrow indicated DXS protein. b
Cell density of the strains used in this experiment. Mean and standard
error are plotted (n = 3)

Table 2 Plasmids were constructed in this study

Name of plasmid Sequence and annotation Addgene ID

pMB1-spect-PthrC-eGFP Supplementary note 1 107408

pMB1-spect-PthrC1-eGFP Supplementary note 2 NA

pMB1-spect-PthrC2-eGFP Supplementary note 3 NA

pMB1-spect-PthrC3-eGFP Supplementary note 4 107409

pMB1-spect-PthrC4-eGFP Supplementary note 5 107410

pMB1-spect-PthrC5-eGFP Supplementary note 6 NA

pMB1-spect-PproX-eGFP Supplementary note 7 NA

pMB1-spect-PamtB-eGFP Supplementary note 8 NA

pMB1-spect-PmalS-eGFP Supplementary note 9 NA

pMB1-spect-PmalZ-eGFP Supplementary note 10 NA

pMB1-spect-PthrC3_8-eGFP Supplementary note 11 107411

pMB1-spect-PthrC3_7-eGFP Supplementary note 12 107412

pMB1-spect-PthrC3_25-eGFP Supplementary note 13 107410

pMB1-spect-PthrC3_8-dxs Supplementary note 14 NA

pMB1-spect-PT7-dxs Supplementary note 15 NA

pMB1 replication origin, Spect antibiotic region, eGFP green fluorescence
protein, DXS deoxy-xylulose phosphate synthase; PthrC, PthrC1, PthrC2,
PthrC3, PthrC4, PthrC5, PproX, PamtB, PmalS, PmalZ, PthrC3_8,
PthrC3_7, PthrC3_25, and PT7 are promoter candidates used in this study
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literature to be translated into valuable bioengineering tools,
and (b) omics technologies can facilitate better utilization of
these knowledges through unbiased discovery of lead candi-
dates, especially as they becomemore accessible to more labs.

The way PthrC3 (and its derivatives) achieved regulatability
is very different from that of currently used inducible pro-
moters, which are mostly based on use of repressor to achieve
low basal expression level. A follow-up study of our work
could be further mutagenesis or de novo design of the regula-
tory elements of PthrC3, including the terminator and the lead-
er peptide, to improve the promoter regulatability or change the
induction timing, e.g., initiation of recombinant protein synthe-
sis from mid-log phase or stationary phase. The regulatory
elements could also be inserted after other constitutive pro-
moters to test if they can be turned into auto-inducible ones,
which would further expand the collection of the small, auto-
inducible promoters for E. coli and other bacteria.
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