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ABSTRACT Controlled gene expression is crucial for engineering bacteria for basic
and applied research. Inducible systems enable tight regulation of expression,
wherein a small-molecule inducer causes the transcription factor to activate or
repress transcriptional initiation. The T7 expression system is one of the most widely
used inducible systems, particularly for high overexpression of proteins. However, it
is well known that the highly active T7 RNA polymerase (RNAP) has several draw-
backs, including toxicity to the host and substantial leaky expression in the absence
of an inducer. Much work has been done to address these issues; current solutions
require special strains or additional plasmids, making the system more complicated
and less accessible. Here, we challenge the assumption that the T7 expression sys-
tem is the best choice for obtaining high protein titers. We hypothesized that
expression from strong inducible promoters expressed from high-copy plasmids
could compete with expression levels obtained from T7 RNAP but that such pro-
moters would possess improved control of transcription. Employing inducible sys-
tems from a toolbox we developed previously, we demonstrate that our plasmids
consistently give higher outputs and greater fold changes over basal expression
than the T7 system across rich and minimal media. In addition, we show that they
outperformed the T7 system when we used an engineered metabolic pathway to
produce lycopene.

IMPORTANCE  Genetic systems for protein overexpression are required tools in
microbiological and biochemical research. Ideally, these systems include standardized
genetic parts with predictable behavior, enabling the construction of stable expres-
sion systems in the host organism. Modularity of a genetic system is advantageous,
so that the expression system can be easily moved into a host that best suits the
needs of a given experiment. The T7 expression system lacks both predictability and
stability and requires special host strains to function. Despite these limitations, it
remains one of the most popular systems for protein overproduction. This study
directly compared the T7 system to four inducible systems from our broad-host-
range plasmid toolbox and demonstrated these alternative expression systems have
distinct advantages over the T7. The systems are entirely plasmid-based and not
constrained to a specific bacterial host, expanding the options for high-level protein

expression across strains.
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expression of the target gene and is usually contained on a plasmid. The T7 RNAP
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recognizes its promoter sequence with stringent specificity and is very efficient, gener-
ating high polymerase flux to maximize target protein production (7, 8).

For greater control of gene expression, the native T7 RNAP promoter can be
replaced with the lacUV5 inducible promoter, while an inducible variant of the T7 pro-
moter, T7lac, is often used to drive expression of the target gene (6, 7, 9). Even with
these parts in place, T7 systems are notoriously leaky. Due to the high activity of the T7
RNAP, even low-level basal expression of the polymerase leads to high expression of
the target gene. This basal expression of T7 RNAP decreases the stability of protein
production strains, mainly when the target proteins affect cell fitness (10-12).
Additionally, the high processivity of T7 RNAP can come at a large fitness cost to the
host due to competition for cellular resources (5, 7, 13, 14). Numerous strategies have
been used to increase the stringency of T7 RNAP repression, but toxicity and leakiness
remain concerns (15-23). The conventional T7 system also lacks tunability, meaning in-
ducer concentration is not correlated to protein output levels in a dose-dependent
manner (22). Moreover, induction often results in a mixed population of cells that
express the target protein at different levels. Uniformity of expression can vary
depending on the available carbon source and the presence of toxicity-escape
mutants, which can lower or abolish protein production (21, 22, 24-27). These prob-
lems necessitate the use of freshly transformed cells due to the propensity for chromo-
somal mutations of the host strain that diminish levels of T7 RNAP (19, 28).

Still, systems for high-level overexpression of recombinant proteins from single genes
or multigene pathways are extremely valuable. The regulated coexpression of multiple
genes is necessary for building biosynthetic pathways and can reduce the occurrence of
nonfunctional protein aggregates (2). The Duet plasmids (Novagen) were developed to
meet this need, as they enable the coexpression of up to eight genes on four compatible
vectors (29). In the Duet system, ADE3 lysogens are the required host, and T7lac pro-
moters regulate all target genes, so many of the limitations discussed above apply.
While plasmid-borne T7 RNAP can also be used, the aforementioned problems are often
exacerbated (30-32). Significantly, use of the T7 promoter to regulate all inserted genes
only allows for a rough measure of tunability in the form of relative copy number, mak-
ing fine control of gene expression virtually impossible (33).

More recently, an impressive work by Meyer et al. greatly expanded the tools avail-
able for coexpression with the development of the Marionette system. In this system,
E. coli strains house 12 evolved transcriptional regulators on the chromosome and cog-
nate output promoters on a single plasmid (34). The researchers demonstrated that
many of the promoters have large dynamic ranges, and several could be used together
to construct a biosynthetic pathway where each gene could be independently tuned.
However, the system was restricted to the Marionette strains, which include all regula-
tory elements integrated into the chromosome and lack the additional level of tunabil-
ity that comes from varying copy number with different plasmid backbones (35).

We recently developed a broad-host-range plasmid toolbox for tunable gene
expression and tested it across nine species of Proteobacteria (36). Having attained
very high levels of expression in many of these species, we wondered if some of the in-
ducible systems were capable of competing with the expression levels obtained from
T7 RNAP in E. coli. We hypothesized that expression from our toolbox promoter-regula-
tor pairs would enable high protein overexpression and improved control of transcrip-
tion. Our plasmid system's ease of assembly helped us efficiently construct a collection
of 28 plasmid variants to test four toolbox inducible systems on a set of origin and
marker backbones. We were interested in demonstrating a dynamic range of expres-
sion using high- and low-copy plasmids, tuning transcription via titrated inducer or a
combination of both strategies.

For the work presented here, we added four E. coli origins of replication to our tool-
box, and we report characterization data for four inducible expression systems to dem-
onstrate their large dynamic range and utility in gene coexpression experiments in
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E. coli. We also assessed whether these plasmids could outperform canonical T7 pro-
moter plasmids in strength, stability, and utility.

RESULTS

Plasmid design, tunability, and context dependence. Plasmids were constructed
with four interchangeable parts with common linker sequences, so that combinatorial
assembly by ligation-independent cloning could be quickly performed (36). Building
on our previously described broad-host-range plasmid toolbox, we developed a pro-
tein overexpression toolbox with the genetic part variants shown in Fig. TA. Plasmids
were named to represent each incorporated part, based on the specified codes. For
reference, genetic parts included in the Duet plasmids are listed in Fig. 1B. With four
antibiotic markers, four promoter-regulator pairs, and the addition of four enteric bac-
teria-specific origins of replication to our toolbox, we constructed 28 plasmid variants
and characterized their expression in E. coli. Cells were induced during early log phase,
and expression was measured at late-exponential and stationary phases of growth (see
Materials and Methods). The expression data in Fig. 1C to E are grouped in shaded
boxes, such that only one genetic part is varied within each box, to assess how this sin-
gle variable changed the expression levels. Our a priori assumption was that changing
the marker would have little influence on the expression levels, while changing origin
and regulator would have greater influence.

Pairwise comparisons between plasmids that differed only in their origin showed
that expression levels changed greatly between some plasmids (Fig. 1C). In E. coli, the
pACYC backbone has a low plasmid copy number, pCOLA and pCDF have medium
plasmid copy numbers, and the pET backbone has a high plasmid copy number (2, 29)
(Fig. 1A). Plasmid copy number is often directly related to gene expression because
more DNA templates are available for transcription, though this relationship is not
always maintained (35, 37-39). Our expression data mostly followed copy number
trends, with all expression systems on a pACYC backbone giving a maximal expression
around 103 relative fluorescent units (RFU), while systems on pCDF and pET backbones
were more likely to approach 10* RFU. Lacl-regulated systems on a pET backbone were
notable exceptions; while pELx, pECy, and pEV had outputs near 10* RFU by late-expo-
nential phase, pELI was at or under 103 RFU after an overnight induction (Fig. 1D and
E). Indeed, expression from Lacl/P,,,.o.;, was consistently lower than the other pro-
moter-regulator pairs tested across origin and marker combinations, suggesting that
this system has a lower output than the others, rather than its plasmid context.

In Fig. 1D, expression levels after changing only the marker were compared within
four different origin-regulator pairs, and in Fig. 1E, inducible systems were compared
on the same origin-marker backbone. At the late-exponential-phase measurement,
leakiness and expression levels were remarkably similar for pCLx, pELIl, and pAYv,
regardless of the marker. Expression from pDCy was comparatively less consistent and
was influenced by the marker to a greater extent (Fig. 1D). Similarly, in the late-expo-
nential phase, plasmids with the pCDF backbone varied with the promoter-regulator
more than other origins (Fig. 1E). Another trend was the high level of uninduced
expression of monomeric red fluorescent protein (mRFP) in VanRAM-regulated systems
after overnight growth. This was true across plasmid backbones, suggesting a charac-
teristic intrinsic to VanRAM/P,, ¢ in E. coli. While the original description of the evolved
VanR*M showed leakiness in M9 medium (34), our results showed high uninduced
expression in rich medium as well. All other systems maintained a low basal expression
level, except for pCLxR4, which became leaky at stationary phase.

We next assessed titrating the expression level by changing the inducer concentra-
tion. The pA-R1 plasmids with each promoter-regulator pair were screened with
various inducer levels, and the fluorescence was measured at late-exponential and sta-
tionary phases (Fig. 2, see also Fig. S2 in the supplemental material). Both the Lacl- and
VanR*M-regulated systems exhibit a bell curve of expression levels across titrated in-
ducer concentrations, particularly at the late-exponential time point. Across inducer
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FIG 1 Plasmid toolbox genetic parts, nomenclature, and induction results. (A) The plasmid toolbox included several
options of each of four genetic parts, and plasmids were constructed according to a previously described com-
binatorial assembly strategy. Plasmid names were based on the codes provided, in the following order: origin,
regulator, reporter, and marker. (B) Genetic parts of the Duet vectors (Novagen) included in this work. For induction
experiments, mrfp or gfpmut3b was cloned into the first multiple-cloning site downstream of the T7lac promoter. (C,
D, and E) Expression range of 28 plasmids in E. coli. Induction data are shown for all plasmid variants included in this
study and are grouped to best show the effect of a single genetic part on overall expression, with plasmids grouped
with only the origin part changed (C), with only the marker changed (D), and with only the promoter-regulator
changed (E). For each plasmid, expression data are shown from the late-exponential (open bar) and stationary-phase
(filled bar) time points. Bars represent the induction range of mRFP for each plasmid, with fluorescence in the absence
of inducer plotted at the left end of each bar and induced expression plotted at the right end. Inducer concentrations
are listed in Table S3 in the supplemental material. All measurements were in E. coli MG1655 grown in rich medium
and are the averages of three technical replicates.

concentrations, the VanRAM/P,, . system was inducible from 19- to nearly 430-fold at
6 h postinduction, though much of this range was lost by stationary phase due to
increased leakiness in the absence of inducer. After an overnight induction, pAVR1 had
a maximal fold change of 40 with 2 mM vanillate. At the late-exponential measure-
ment, the Lacl-regulated system had a smaller range of induction across inducer con-
centrations than did VanRAM/P,, .. However, Lacl/P .o, maintained a relatively low
level of basal expression through stationary phase and remained inducible over
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FIG 2 Expression across titrated inducer concentrations. Expression of mRFP in E. coli MG1655 strains containing
plasmids pACyR1, pALxR1, pALIR1, and pAVR1 were induced with titrated inducer and measured at the late-
exponential and stationary phase of growth. Graphs show average RFU induction data (horizontal bars) and calculated
fold change (colored notches) within each data cluster. Vertical lines at each cluster represent the average
fluorescence of uninduced samples. Inducer was serially diluted 5-fold from 10 mM (cumate, IPTG, Van) or T mM
(OC6) across seven concentrations for each plasmid. All measurements in rich medium and are the averages of three
technical replicates.

200-fold at both 0.4 mM and 80 uM isopropyl-B-b-thiogalactopyranoside (IPTG).
Importantly, Lacl/P ..o, Was sensitive to inducer such that it exhibited a 30-fold
change at 3.2 uM IPTG and a >150-fold change at 16 uM IPTG at both time points
measured, suggesting a space for further titrations to tune expression while minimiz-
ing inducer cost.

Across the inducer concentrations tested, the LuxR-regulated system was tunable at
concentrations titrated from 200 uM 3-oxohexanoyl-homoserine lactone (OC6), with fold
change values following a nearly log-linear response. At stationary phase, LuxR/P_ g was
also inducible to 40-fold at the lowest concentration of inducer tested (64 nM OC6), sug-
gesting that this system is highly sensitive and that further inducer titrations may con-
tinue the log-linear trend seen across most of this data set. Though CymRA/P .- had
the highest maximal fold change of the entire data set at both time points measured,
this system exhibited the most binary response. Though expression reached 50- to 80-
fold with 3.2 uM cumate at both time points, fold changes <3 or >300 were found at
other inducer concentrations. The considerable distance between outputs for induction
at 3.2 uM and 16 uM cumate may indicate space for more fine-tuned expression.

Expression stability over time. We were interested in testing the stability of our
plasmids to ascertain if expression remained consistent throughout several passages. If
this were true, our toolbox systems would demonstrate a distinct advantage over T7
expression systems in BL21(DE3) cells by maintaining stable and predictable high-level
expression. Our experiment measured mRFP expression from eight toolbox plasmids
and four Duet plasmids in minimal medium over 12 daily passages under the pressure
of continuous induction. Eight replicates were included for each of the 12 plasmids to
monitor changes in mRFP expression (Fig. 3). On day 11, one replicate from each
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FIG 3 Stability over extended passages. Sparkline plots of percent change in fluorescence compared to baseline measurements for all replicates across four
Duet vectors and eight toolbox plasmids. Plots are bound on the y axis by —100% and 20%. Data were excluded from graphing when growth of replicate
was below a threshold OD of 0.2. For replicates that grew over the threshold after the first day of measurements, the first fluorescence measurement taken
when cultures were above an OD of 0.2 was used as the baseline measurement. All plotted fluorescence was normalized to growth, and inducer

concentrations are listed in Table S3.

sample was struck on a plate spread with inducer and photographed under blue light
to visualize colonies with red fluorescence (see Fig. S3).

The percent change in growth-normalized fluorescence on each day was compared
to the benchmark measurement (day 2) and plotted for each replicate (Fig. 3). The T7
systems were very unstable, consistent with previous studies (30). Among the Duet vec-
tors, there were no apparent differences in system behavior among the different origin
and marker backbones. The T7 expression systems consistently lost protein production
capacity across all plasmid genetic backgrounds, and most replicates had lost over 80%
of their fluorescence signal by day 7. The loss of fluorescence occurred most rapidly in
pCOLADuet-1, with five of the eight replicates exhibiting over a 75% decrease compared
to benchmark measurements by day 4. Though pETDuet-1 possesses the origin with the
highest copy number, the percent change throughout the experiment was not notably
different from the others. In fact, at least one replicate from all other Duet vectors lost
almost 60% fluorescence after just 2 to 3 passages, whereas this degree of reduction
was not seen in pETDuet-1 until day 5. This suggested that copy number alone does not
determine the stability of an expression vector, and toxicity-escape mutations cannot
necessarily be avoided by using a low-copy plasmid.

Among the toolbox expression systems, those tested on pACYC and pCOLA back-
bones best maintained expression over the 12-day experiment (Fig. 3). Expression lev-
els from pACyR1 and pCCyR2 were particularly stable, and by day 12, only three of 16
replicates from these two plasmids had decreased expression compared to benchmark
measurements, with the greatest decrease at just 12%. Though mRFP expression from
Lacl/P  ,co-, on pA and pC backbones generally decreased throughout the experiment
compared to benchmark measurements, percent decreases were 20 and 30% on aver-
age by day 12 for pCLIR2 and pALIR1, respectively. Conversely, the expression declines
from pDLxR6 and pDCyR6 were only slightly less pronounced than that from the T7
system on the same backbone, though pCDFDuet-1 lost fluorescence sooner and was
less consistent across replicates. A notable anomaly among our toolbox plasmids was
PELXR4. Fluorescence from each replicate in pETDuet-1 and pELxR4 was less than half
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the benchmark measurements by day 7, and most had decreased over 90% by day 12.
CymRAM/P, .z on the same backbone, pECyR4, lost an average of 6% fluorescence by
day 12, compared to 93% from pELxR4. Again, expression from pETDuet-1 was less
consistent across replicates, likely a result of accumulated mutations that affected pro-
tein production in different ways.

To measure changes in promoter activity at the cellular level, we applied flow
cytometry to the day 12 samples (Fig. S4). In the Duet vectors, cell counts peaked at
different fluorescence intensities and the spread of peaks on the x axis representing
relative fluorescence varied considerably (Table S4). With our toolbox plasmids, the
peaks were more narrow and uniform, though there was increased variability among
replicates in pDLxR6 and pELxR4, as expected based on the population measurements.
For most of the Duet vector samples, the geometric mean of fluorescence intensity
was an order of magnitude lower than those of the toolbox plasmids, and three of the
four Duet vectors had replicates with a coefficient of variation an order of magnitude
higher than any replicate from the toolbox plasmids (Table S4). This highlights
the poor stability and lack of predictability in T7 expression and an overall decline in
protein production. The fully plasmid-based inducible systems in this toolbox on the
same backbones consistently generated higher protein levels after many subculturings
and had reduced cell-to-cell variation.

Growth medium-dependent properties. We next took the pD toolbox plasmid
variants and pCDFDuet-1 with mrfp cloned into the first multiple cloning site and com-
pared the expression levels in E. coli BL21(DE3) with different growth media: Luria
broth (LB), M9 supplemented with glucose (M9Glu), and M9 supplemented with glyc-
erol (M9Gly). While we expected overall expression to be higher in LB, we were inter-
ested in comparing expression levels between M9 with glucose and M9 with glycerol,
as glycerol is less expensive than glucose and is being used as an alternative carbon
source in metabolic engineering experiments (40, 41). In both rich and minimal media,
all toolbox plasmids exhibited lower leaky expression than pCDFDuet-1. At the same
time, many maintained output levels that were as high or higher when induced
(Fig. 4). Output levels from the T7lac promoter across all media tested were less than
15-fold above basal expression by the stationary-phase time point, and in all cases,
these low fold changes could be attributed to high uninduced expression, highlighting
a lack of controlled induction.

In LB, the highest mRFP expression over basal levels came from pDCyR6, with a fold
change of over 650 at both time points taken. Here, leaky expression from pDCyR6
remained 2 orders of magnitude below that of the T7 promoter by stationary phase and
was among the lowest of all expression vectors tested. Expression from pDCyR6 also had
the biggest fold change of the pD plasmid variants by stationary phase in M9Glu and
M9Gly, with similarly low uninduced expression. In this way, pDCyR6 provides a versatile
option for tightly regulated plasmid-based expression in different culturing conditions.
While induction profiles showed that pDCyR6 and pDCyR2 had similar maximal RFU out-
puts across media types, pDCyR2 had lower fold changes due to leaky expression, con-
sistent with our previous screening data (Fig. 1D and E).

While very high levels of inducible expression are often desirable, some experi-
ments require low expression to match physiological levels or avoid overburdening
the host (39). Of the four CymR”M-regulated systems tested here, pDCyR1 consistently
had the lowest expression across the three media types by stationary phase and
remained very tightly off after overnight growth. The pDLIR6 plasmid had the lowest
induced expression from the three remaining systems while still tightly off in the ab-
sence of an inducer, consistent with data showing that Lacl/P,,.o.; generally had lower
induced expression levels (Fig. 1D and E).

The pDLxR6 plasmid had the highest overall RFU output, with expression 4-fold and
12-fold higher than the T7 promoter in M9Glu and M9Gly, respectively, after an over-
night induction and growth and over 350-fold in rich media at both time points. This
was consistent with our previous data, ranking pDLxR6, pELxR4, and pDCyR2 among
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FIG 4 Comparison between T7 and toolbox regulated promoters in E. coli BL21(DE3). Expression levels of mRFP
regulated by the T7 system and toolbox systems regulated by LuxR, CymRA™, VanR*M, and Lacl were measured from a
set of eight pCDF plasmids in LB and minimal media with two different carbon sources. Charts show average RFU
induction data (horizontal bars) and calculated fold change (horizontal notches) with measurements taken at late-
exponential (open bar) and stationary (horizontally-striped bar) phases of growth. Horizontal bars represent the
induction range of mRFP for each toolbox plasmid, with fluorescence in the absence of inducer plotted at the left end
of each bar and induced expression plotted at the right end. The induction ranges from pCDFDuet-1 (pDT7R6) extend
through the charts with dotted lines.

the highest-expressing plasmids in the toolbox. Though pDLxR6 and pDCyR2 had
higher leaky expression than the same systems on different backbones, these plasmids
are still useful where high output is necessary and expression in the absence of inducer
is less of a concern. Though the LuxR construct was leaky at both time points, its
expression was still an order of magnitude lower than uninduced T7 expression on the
same pCDF backbone in both rich and minimal media.

Multiplasmid strains. We next measured expression in strains that possessed two
plasmids to determine whether this increased burden affected expression. The main
feature of the Duet vectors is expression of several target genes from multiple plasmids
with compatible origins, though because P, regulates all genes, expression is tuna-
ble only through variation in copy number (29). In our plasmid system, target genes
are controlled by different inducible systems on compatible plasmids, enabling more
fine-tuned and temporal control for expressing different genes or operons. Though
plasmid-based expression of multiple genes is employed frequently in metabolic engi-
neering, direct comparisons to the widely used T7 system are lacking (15, 42, 43).
Accordingly, E. coli BL21(DE3) strains were constructed that possessed Duet and tool-
box plasmids both as single-plasmid and multiplasmid systems. Strains were organized
into six groups, with multiplasmid strains designated mT7s1 mT7s2, and mS1-4 and
single-plasmid strains designated with the group name plus “r” or “g,” as listed in Table
1. The single-plasmid strains in this experiment were also used for the experiments
shown in Fig. 1, 3, and 4; however, the single-plasmid strain labels in Table 1 are used
here for clarity. Across groups, induction profiles from toolbox multiplasmid strains
where both plasmids were induced simultaneously were compared to the Duet multi-
plasmid strains in the presence and absence of IPTG, and within groups expression lev-
els from multiplasmid strains were compared to those of single-plasmid strains (Fig. 5).

First, we compared the effect of genetic context in the six multiplasmid strains
(Table 1). Expression from the T7 promoters in mT7s1 and mT7s2 was consistent with
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TABLE 1 List of E. coli BL21(DE3) strains tested in Fig. 5¢

Group Strain Plasmid(s)

T7s1 mT7s1 pDT7R6 + pET7G4
T7s1r pDT7R6
T7s1g pET7G4

T7s2 mT7s2 pAT7R1 + pDT7G6
T7s2r pAT7R1
T7s2g pDT7G6

S1 mS1 pCCyR2 + pELxG4
Sir pCCyR2
S1g pELXxG4

S2 mS2 pDCyR1 + pELXxG4
S2r pDCyR1
S2g pELXxG4

S3 mS3 pDLxR6 + pACyG1
S3r pDLxR6
S3g pACyG1

S4 mS4 pEVR4 + pDLxG6
S4r pEVR4
S4g pDLxG6

aEach strain group includes a multiplasmid strain and two single-plasmid strains, each possessing one of the two
plasmids included in the multiplasmid strain.

expected behavior based on plasmid copy number. Green fluorescent protein (GFP)
expression from pETDuet-1 in mT7s1 was consistently higher than expression from all
other systems in the multiplasmid Duet strains, and mRFP expression from the low-
copy pACYCDuet-1 plasmid in mT7s2 was the lowest. Among the toolbox plasmids,
mMRFP expression from the CymRAM-regulated systems in mS1 and mS2 were very simi-
lar by the stationary-phase time point, and GFP expression from pELxG4 in both mS1
and mS2 was consistently higher than GFP expression from pDLxG6 in mS4. These
trends remained consistent across both time points in both rich and minimal media,
supporting the idea that copy number itself can effectively be a rough mechanism for
tuning expression of target genes on different plasmids.

Among the toolbox strains, mS1 and mS2 both possessed pELxG4, and mRFP was
expressed from CymRAM-regulated systems on different plasmid backbones (Fig. 5).
Though the pCDFDuet-1 and pCOLADuet-1 backbones had similar copy numbers,
mRFP expression from pCCyR2 in mS1 was consistently higher than that from pDCyR1
in mS2 in the presence of only cumate and both cognate inducers (Fig. S5; Fig. 5).
Strain mS3 possessed pDLxR6, which is among the highest-expressing toolbox plas-
mids in single-plasmid strains (Fig. 1, 3, and 5). Surprisingly, mRFP expression from
pDLxR6 in mS3 was the lowest of the four toolbox multiplasmid strains by stationary
phase in minimal medium conditions. Independent induction of pDLxR6 in mS3
showed similar results. These induction profiles exemplified how changing plasmid
pairings and culturing media influence independent and dual expression in multiplas-
mid systems in unexpected ways.

We then compared expression between multi- and single-plasmid strains. Expression
levels from multiplasmid strains were generally expected to be lower than from single-
plasmid strains containing the same plasmids individually, due to an increased plasmid
burden. Expression from the single-plasmid Duet strains was consistently higher and more
leaky than expression of the same reporter in mT7s1 and mT7s2, except for T7s1g, which
had slightly lower induced expression levels than GFP expression from mT7s1 at stationary
phase. Expression from T7s2r was markedly higher than mRFP expression from mT7s2,
which had the lowest expression level of all Duet multiplasmid strains. This could have
been due to the phenomenon of T7 RNAP sequestration (44, 45), where the amount of T7
RNAP available for transcription is split between each copy of different plasmids and
expression from the lower-copy plasmid, in this case pAT7R1, can be disproportionately
reduced by the presence of higher-copy plasmids, here pDT7G6. Differences between
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FIG 5 Expression data from induction experiments of single- and multiplasmid strains of E. coli BL21(DE3). Each strain group on the x axis shows induction
data from the multiplasmid strain (solid bars) and single-plasmid strain (patterned bars), with mRFP readings at the top and GFP readings at the bottom of
each time point pairing. Expression of GFP and mRFP from multiplasmid strains was induced simultaneously by both cognate inducers, and expression
from single-plasmid strains was induced by the single cognate inducer. Vertical bars represent the induction range of mRFP or GFP for each strain, with
fluorescence in the absence of inducer plotted at the bottom of each bar and induced expression plotted at the top. Fold change for each strain is
represented by diamonds. Strains were tested in three medium types (LB, M9Glu, and M9Gly), and data were recorded at two time points. Inducer
concentrations are listed in Table S3. All data are averages of triplicates.

single- and multiplasmid systems were most extreme for groups S3 and S4 in minimal
media. By stationary phase, fold changes were 2 orders of magnitude higher for both S3r
and S3g compared to mRFP and GFP expression from mS3, respectively; with the excep-
tion of S4r in M9Glu, fold changes from S4r and S4g were an order of magnitude higher
than that from mS4. Conversely, mRFP expression from mS1 and mS2 was not notably dif-
ferent than that from S1r and S2r single-plasmid strains, and fold changes were similar
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across media types. Interestingly, the GFP expression from mS1 was higher than from S1g
across all measurements except for M9Glu after overnight growth. By stationary phase,
GFP expression from mS2 was higher than that from S2g.

In comparison, strains with two toolbox plasmids had a much higher dynamic range
than multiplasmid Duet strains in most cases, especially in minimal media. With IPTG
induction of mT7s1 and mT7s2 in minimal media, neither mRFP nor GFP were induci-
ble over 90-fold at late-exponential phase, and the fold change dropped to a maxi-
mum of 12 after an overnight induction, mostly due to leaky expression. In contrast, at
least one multiplasmid toolbox strain expressed both GFP and mRFP over 60-fold in LB
and over 185-fold in M9Glu and M9Gly by the stationary-phase time point. Moreover,
the overall expression of each reporter in at least one toolbox strain was higher than
T7lac-driven reporters after an overnight induction across all media conditions.

These data suggest that toolbox inducible expression systems can effectively be uti-
lized in a multiplasmid system and outperform widely used T7 systems in several key
ways. First, toolbox plasmids allow independent expression of target genes with mini-
mal cross talk, a feature inherently unattainable with multiplasmid Duet systems.
Second, expression in the absence of inducer was similarly low or lower in the toolbox
systems than in Duet systems. Based on our previous data (Fig. 4), this was expected
and held true in multiplasmid systems. Finally, toolbox systems had induced expres-
sion levels that were higher than T7 systems in almost every case, even when both
inducers were present. Though the toxicity of the bacteriophage expression system is
often seen as a necessary evil to obtain very high expression levels, our data suggest
the same expressions can be achieved in a more controllable manner and without the
associated issues.

Lycopene production comparison. To demonstrate that our toolbox plasmids can
also compete with the T7 promoter in metabolic engineering experiments, we recloned a
previously described pathway for lycopene production and compared it against the origi-
nal plasmids (46). In the previous two-plasmid system, the IUP genes ChK, IPK, and idi
were expressed from the pro4 constitutive promoter (pSEVA228-pro4lUPi), while the lyco-
pene genes crtl, crtB, ipi, and ggpps were expressed from a low-copy plasmid with the T7
promoter (p5T7-LYCipi-ggpps). To compare our toolbox plasmids, we cloned the IUP and
lycopene genes under the control of CymRA"/Pc, ... and LuxR/P, s, respectively. For con-
sistency, the same markers were used, and the p15A and RK2 origins were chosen that
closely matched the low plasmid copy numbers used in the original work (29, 46-48).

We first measured lycopene production in BL21(DE3) cells with three different plas-
mid pathways: (i) the original p5T7-LYCipi-ggpps and pSEVA228-pro4lUPi system, des-
ignated LycO, (i) pAlLxLyc6 and pSEVA228-pro4lUPi, designated Lyc1, and (iii)
pALxLyc6 and pRCylUP2, designated Lyc2. The results showed that the lycopene pro-
duction from Lyc2 was significantly higher than Lyc1 and LycO in minimal medium
(Fig. 6A). In rich medium, Lyc1 and Lyc2 produced significantly more lycopene than
LycO as well.

Because our toolbox plasmids are not constrained to BL21(DE3) strains, we also
tested the E. coli K-strain MG1655. The strains were screened in parallel with Lyc1 and
Lyc2 systems in BL21(DE3) (Fig. 6B). Surprisingly, we found that the highest lycopene
production came from the Lyc2 system in MG1655, with production 13-fold over basal
levels, compared to 6-fold from the same system in BL21(DE3). Induced lycopene pro-
duction from Lyc2 in MG1655 was significantly higher than production from Lyc1 in
both MG1655 and BL21(DE3) and from Lyc2 in BL21(DE3). Output from the Lyc1 sys-
tems in the two E. coli strains was not significantly different.

Overall, lycopene was notably lower in BL21(DE3) (Fig. 6A) than in the same strain
in the assay comparing BL21(DE3) to MG1655 (Fig. 6B). However, this may have been
due to a difference in protocols during the subculturing of the strains, rather than
physiological differences between the two strains. In the assay across BL21(DE3)
strains, the cells were subcultured twice prior to induction, similar to the fluorescence
assays (see Materials and Methods). While this method has been shown to increase
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FIG 6 Lycopene production in two strains of E. coli. Strains MG1655 and BL21(DE3) were tested for
lycopene production via a two-plasmid system incorporating a pathway developed by Stephanopoulos
et al. (A) Lycopene pathways were screened in BL21(DE3) on three different plasmid backbones,
including p5T7-LYCipi-ggpps and pSEVA228-pro4lUPi (LycO), pALxLyc6 and pSEVA228-pro4lUPi (Lyc1),
and pALxLyc6 and pRCylUP2 (Lyc2). Induced lycopene production is shown in two medium conditions:
minimal (blue bars) and rich (yellow bars). (B) Lyc1 and Lyc2 were compared in E. coli MG1655 and
BL21(DE3) in minimal media. For each pair of bars, the first bar represents uninduced expression and
the second shows induced expression. Lycopene was quantified through absorbance readings taken at
475 nm. Data shown are averages of three replicates, with standard deviations displayed. Statistical
significance was determined with a two-way analysis of variance and Bonferroni’s multiple-comparison
test. **, P < 0.01; ***, P < 0.001.

output in other studies (34, 36), it had the effect of decreasing lycopene in this
experiment.

DISCUSSION

In this study, we expanded the application of our previously described plasmid tool-
box to include both a large dynamic range and high overexpression in E. coli. Utilizing
our combinatorial assembly method (36), we efficiently constructed plasmids with four
promoter-regulator pairs, four antibiotic markers, and four enteric bacteria-specific ori-
gins of replication, generating a collection of 28 variants. After validating that LuxR/
Pruxes CymRAM/Pe o, Lacl/Py .01, and VanRAM/P,, - were functional on these vector
backbones in E. coli, we assessed the dynamic range of expression compared to T7 sys-
tems in the same genetic background and found that our toolbox promoter-regulator
pairs outperformed the T7 system in most cases. We showed that our toolbox systems
were tunable, capable of independent expression in multiplasmid systems, and pro-
duced higher titers of the end product in a reengineered metabolic pathway. These
findings challenge the use of the T7 system as the default when protein overexpres-
sion is desired.

Protein overexpression is necessary to generate high titers of value-added end
products (46, 49, 50), to confirm recombinant protein function (51, 52), or to generate
sufficient levels of a target protein for functional or structural studies (53-55). The T7
system is often chosen due to the high processivity of the RNAP and specificity in
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recognizing its promoter (5, 7). The T7 RNAP has been lauded for its high activity based
on the premise that more mRNA would result in more protein, but this relationship
quickly breaks down when host resources are exhausted, leading to growth inhibition
and low protein yields (7, 19, 56-58). The system exhibits substantial leaky expression,
as only small amounts of T7 RNAP can lead to high target gene expression in the ab-
sence of an inducer. In fact, omitting the inducer entirely and treating the T7 RNAP as
constitutively expressed has been used effectively to generate membrane and secre-
tory proteins (59). However, high uninduced expression can cause difficulty in obtain-
ing transformants, for example, when the metabolic burden for protein production is
too high or when the heterologous protein is toxic to the host (6, 30).

In protein overexpression experiments, it is often necessary to manage the level of
T7 RNAP activity to balance protein production and host growth (60). Because expres-
sion of and from T7 RNAP is not easily tunable by titrating inducer concentration, alter-
native solutions have been utilized including the addition of T7 lysozyme to inhibit the
activity of T7 RNAP (18-20, 61) and the construction or identification of mutants that
are better equipped to handle the metabolic stress (21, 22, 26, 27, 60). T7 lysozyme is
usually included on a separate plasmid, and while it can decrease leaky expression by
up to 10 times, it also decreases protein expression following induction and results in
growth inhibition as the lysozyme, a bifunctional enzyme, can also cut a specific bond
in the cell wall of E. coli (11, 18). Moreover, additional plasmids complicate the system,
limiting options in multiplasmid experiments and increasing any necessary fine-tuning
for optimal protein production (18, 29).

T7 expression systems are notoriously unstable and frequently mutate to reduce the
burden of protein overexpression on the host cell. This instability is often the result of
mutation rather than plasmid loss (30), and toxicity-escape mutations have been found
within the lacUV5 promoter regulating T7 RNAP expression (21), within the regulatory
region of the T7 RNAP gene (62), and within Lacl (27). These mutations often dampen
the production or activity of T7 RNAP or lower the affinity of T7 RNAP to its promoter
(26-28, 30, 60). Mutant hosts have emerged from overproduction experiments, them-
selves becoming popular protein-producing strains and also helping to inform targeted
mutations that offer increased control and reduced toxicity (21, 23, 63). The obvious
drawback to these proposed solutions is the necessity for specific strains, e.g., the Walker
strains, C44(DE3) and C45(DE3), and in some cases additional inducers and plasmids
(21-23). Additionally, these mutations are unpredictable and often have undesirable
effects, including the total loss of target gene expression (28, 64, 65).

Other proposed solutions include utilizing different inducible systems, constitutive
promoters, or negative feedback loops to control T7 RNAP (16, 30, 44), splitting T7
RNAP to alleviate stress and toxicity (66), or inhibiting the T7 RNAP through other
means (32, 66-69). Though effective, splitting T7 RNAP is labor-intensive, and reconfi-
guring the T7 system to change its regulation necessitates reengineering and may still
result in toxicity intrinsic to T7 RNAP (30, 58).

In the work presented here, we demonstrated that our plasmid toolbox systems are
capable of high, tightly controlled expression. The combinatorial strategy we have
developed for plasmid assembly with choice of origin, marker, inducible system, and
target gene is straightforward and efficient (36). Our plasmids offer a dynamic range of
expression levels, and most systems are tunable through titrated inducer concentra-
tion (Fig. 2) and are stable over several passages (Fig. 3), all without the need for spe-
cial mutant strains or auxiliary plasmids. Crucially, toolbox expression systems can
achieve higher expression levels than T7 systems on the same genetic backbone across
rich and minimal media (Fig. 4). Overexpression of fluorescent proteins can result in
inclusion bodies, and the proportion of soluble to insoluble protein is influenced by
multiple factors that include the expression vector, culturing conditions, host genetic
background, and expressed protein (40, 70). Fluorescent protein aggregation has a
mild to moderate effect on specific fluorescence, or the fluorescence per microgram of
protein, which varies according to the specific protein being expressed (71, 72). While

November 2022 Volume 88 Issue 22

Applied and Environmental Microbiology

10.1128/aem.00939-22

13


https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.00939-22

Plasmids for High-Level Expression in E. coli

our fluorescence data were obtained from whole-cell measurements, we believe that
loss of fluorescence signal due to inclusion bodies was unlikely to have significantly
influenced our results for two reasons. First, expression trends were consistent across
rich and minimal media culturing conditions, different reporter proteins, and the two
E. coli strains used in this study. Second, variability due to genetic context was mini-
mized with use of the same plasmid backbone and host for comparisons between tool-
box and T7 expression systems.

Our plasmids also provided independent control over different target proteins in
coexpression experiments. While the Duet vectors are important additions to the plas-
mids available for coexpression, their combined usage has been associated with unex-
pected problems. When both high- and low-copy Duet vectors are used in a metabolic
pathway, T7 RNAP sequestration can occur where expression from genes on the lower-
copy plasmid are less than expected (45). This was evident in our experiments when
we compared induced expression from strain mT7s2 to expression from a pACYCDuet-
1 single-plasmid strain, T7s2r (Fig. 5). This differential partitioning phenomenon is in-
herent to the orthogonality of T7 RNAP to its promoter and can occur when multiple
T7 promoters are used in the same system (44). Because the T7lac promoter regulates
all target genes in the Duet vectors, independent and tunable expression is not possi-
ble. Our toolbox promoter-regulator pairs can effectively replace the T7 system in a
synthetic multiplasmid pathway for synthesizing lycopene. We argue that the modular-
ity and tunability of our plasmid toolbox offer advantages over those currently avail-
able for protein overproduction in E. coli and have the potential to be expanded to
other hosts.

Conventional T7 systems, with a chromosomally integrated T7 RNAP and cognate
expression plasmid, have been used in nonmodel hosts but are often inefficient or com-
pletely nonfunctional, likely due to phage polymerase-associated toxicity (73). In devel-
oping successful phage-derived expression systems outside of E. coli, researchers have
turned to part mining T7-like expression systems (73-75) or using similar strategies to
those discussed above for controlling the activity of T7 RNAP. Notably, the UBER and
HITES systems have been used effectively in Gram-negative and Gram-positive hosts.
Still, they require that T7 RNAP basal expression be repressed through elaborate feed-
back loops or antisense RNA (31, 44). Even still, toxicity remains a concern and continues
to restrict use of the T7 expression system in nonmodel bacteria (76). In a previous study,
we constructed and tested broad-host-range vectors containing 12 inducible systems,
including the four utilized here, across nine members of the Proteobacteria. We demon-
strated that LUXR/Py s CymRAM/P o, Lacl/P .0, and VanRA/Py, - have a range of
induction levels in these species and can be used successfully in two-plasmid systems
(36). Where E. coli BL21(DE3) is not an ideal host for protein overproduction or structure/
function studies, our expression systems can be moved and utilized in other bacteria
quickly and effectively.

Overall, we achieved high expression from our toolbox plasmids in both E. coli BL21
(DE3) and MG1655 in rich and minimal media conditions, demonstrating that our in-
ducible systems can accommodate versatile protein production strategies. We also
demonstrated the evolutionary stability of our expression systems compared to T7 sys-
tems through an extended passage experiment under the pressure of constant induc-
tion. Finally, we reengineered a previously constructed metabolic pathway that utilized
the T7 system to incorporate our toolbox promoter-regulators and showed that the
reengineered pathway produced a higher titer of the end product, lycopene. We argue
that the benefits of orthogonality in the T7 system is outweighed by its toxicity and
lack of control over expression and that our toolbox plasmids offer an alternative with
distinct advantages. These expression plasmids further expand the broad-host-range
toolbox for investigating, coordinating, and optimizing gene expression in E. coli.

MATERIALS AND METHODS

Plasmid construction and transformation. Plasmids were assembled using NEB HiFi Assembly with
PCR-amplified genetic parts using a protocol established in previous work from this lab (36). A list of
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regulatory parts and their sources are available in Table S2 in the supplemental material, and schematics
of genetic parts are in Fig. S1. Plasmids available at Addgene are listed in Table S1.

All recipient E. coli strains were transformed via electroporation using the following protocol: 5 mL
cultures were started from isolated colonies and incubated with shaking overnight. The following day,
the cells were subcultured 1:50 in 5 mL of fresh medium until cells reached exponential growth or an
optical density (OD) of approximately 0.5. The total culture volume was then spun down in microcentri-
fuge tubes at 5,000 x g for 2 min. Culture supernatants were aspirated, and cell pellets were resus-
pended in 1 mL of 300 mM sucrose at room temperature and centrifuged again for an additional 2 min
at 5,000 rpm. The wash was repeated, and then cells were resuspended in a final volume of 1/10 of the
initial culture volume. Suspensions of 50 uL were electroporated in a 1-mm electroporation cuvette, and
cells were electroporated at 1.8 kV. Cells were recovered in 1 mL of LB and incubated for 1 h at 37°C.

Both plasmids were electroporated together for the multiple plasmid systems tested in Fig. 5. Strains
utilized in the lycopene production experiments in Fig. 6 could not be efficiently transformed simultane-
ously, and the transformations were done sequentially. In this way, wild-type E. coli MG1655 or BL21
(DE3) cells were transformed with the first plasmid following the protocol outlined above, and from the
transformation plate, a single colony was grown and the same process was followed to transform the
second plasmid.

Fluorescence assays. As displayed in Fig. 1 to 5, fluorescence measurements were taken as follows.
For each set of plasmids housed in E. coli MG1655 to be screened, glycerol stocks were struck onto fresh
plates. Isolated colonies were used to inoculate 1 mL of medium in a deep-well plate and incubated on a
plate shaker overnight. The following day, the cultures were diluted to an OD of 0.1 in 1T mL of fresh me-
dium and antibiotics in a deep-well plate. At exponential phase the cultures were diluted into 100 uL of
fresh medium in a 96-well plate (Costar, black, clear-bottom) to an OD of 0.07 and incubated with shaking
for 0.5 h. At this point, 100 uL of medium with antibiotic and 2x inducer was added to wells to induce
samples, and 100 uL of medium with antibiotic only was added to uninduced control wells. The plate was
incubated on a plate shaker, and fluorescence and OD measurements were taken at 1, 2, 4, 6, and 24 h
postinduction in a plate reader (Molecular Devices SpectraMax M3). All experiments were performed in
three technical replicates, and both wild-type and empty vector controls (cells transformed with a plasmid
lacking mrfp) were included on each plate as negative controls. The same protocol was followed for meas-
urements in E. coli BL21(DE3), except all cultures were started from freshly transformed cells.

Calculations and data analysis were performed using Microsoft Excel. Each screening data set was
first organized into time point OD and RFU measurements, and the OD was adjusted to a 1-cm path-
length by dividing by a factor of 0.56 or 0.28 for the measurement of 200 or 100 uL of culture, respec-
tively (36). As noted in figure descriptions, raw fluorescence data were either used directly or normalized
to optical density readings. Fold change values were calculated by subtracting the uninduced fluores-
cence from the induced fluorescence and dividing this value by the uninduced fluorescence.

Stability screen experiments. (i) Cultures. Cultures were started from freshly transformed BL21
(DE3) cells in 1T mL M9 glucose (0.4%) with the appropriate antibiotics in a deep-well plate. Eight techni-
cal replicates were included for each of the 12 strains under study. The deep-well plate was grown with
shaking overnight at 37°C, and the following day, the cultures were diluted 1:1,000 into fresh medium in
a deep-well plate, marking day 1 of the screen. This plate was grown with shaking overnight, and the fol-
lowing day, the culture was diluted 1:100 into two deep-well plates: one with glucose-supplemented
minimal medium and relevant antibiotics only and one with relevant inducers added to the medium.
This process was repeated, diluting 1:100 of overnight cultures from the induced and uninduced plates
into fresh medium with and without inducer, respectively, for 12 total days.

(ii) Fluorescence measurements. On each day, 200 uL of overnight culture was transferred from
both deep-well plates into 96-well plates (Costar, black, clear-bottom) to read fluorescence in a plate
reader (Molecular Devices SpectraMax M3). On day 11, 50 uL of culture was taken from induced cultures
and struck onto LB plates with the appropriate antibiotic and relevant inducer. After an overnight incu-
bation at 37°C, pictures were taken of each plate under blue light to visualize mRFP fluorescence of
colonies.

(iii) Visualization. The day 12 plate of induced cultures was used for cytometry analysis. After over-
night growth, 500 uL was transferred to a deep-well plate and spun down in a plate spinner until cells
were pelleted in each well. The supernatant of minimal medium was aspirated, and the pellet was resus-
pended in 500 ulL of a 4% formalin cell fixing solution and incubated for 10 min. The plate was then
spun down again to pellet the cells, the fixing solution was removed using suction, and the cells were
resuspended in 500 uL of phosphate-buffered saline.

(iv) Flow cytometry. Measurements were taken using a green laser (488 nm) with the standard 670
LP filter, and 10,000 events were used for analysis. Samples were left ungated to allow for the detection
of multiple peaks. Data were analyzed using FlowJo (version 10.8.1) and are displayed as histograms.
The geometric mean and coefficient of variation are shown for each replicate in Table S4.

Lycopene experiments. Cultures were started from freshly transformed BL21(DE3) and MG1655
cells and grown overnight at 37°C in 5 mL of LB medium with the appropriate antibiotics. Overnight cul-
tures were inoculated at 1% (vol/vol) into 3 mL of M9 medium supplemented with 0.32% glucose, 0.5%
Casamino Acids, and ATCC trace mineral supplement and the appropriate antibiotics and grown in glass
tubes with rubber stoppers at 37°C until cultures reached exponential phase. At this point, the cognate
inducer(s) and 25 mM isoprenol were added to the cultures, and the glass vials were sealed with a
Teflon-coated stopper and crimp sealed to prevent the evaporation of isoprenol. Inducer concentrations
per strain were as follows: 0.1 mM IPTG for LycO, 10 uM OC6 for Lyc1, 10 uM OC6 and 100 uM cumate
for Lyc2. Cultures were then grown overnight, and lycopene extraction was performed the following
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morning. A 500 uL volume of each culture was spun down in 1.5 mL microcentrifuge tubes at
16,000 x g for 1 min. The supernatant was decanted, and the pellet was resuspended in 1 mL of a solu-
tion of 50% ethanol and 50% acetone to extract lycopene. The tubes were then vortexed for 15 min and
centrifuged again for 1 min at 16,000 x g to remove particulates. The extraction took place in a dark-
ened room, as lycopene is light sensitive. A 200 uL aliquot was then transferred to a microplate, and ab-
sorbance was recorded at 475 nm.
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