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Traditional small-molecule-inducible expression systems,
such as those derived from the lactose (lac), arabinose (ara)
and tetracycline (ter) operons, have been extensively utilized
for the production of recombinant proteins,!'! gene function
analysis,”? target validation, and drug discovery.”! Inducible
expression systems have also become indispensable tools in
synthetic biology and have been used to control genetic
circuits and networks,!! as well as metabolic pathways for the
production of pharmaceuticals, biofuels, and fine chemicals."!
Despite these and many other notable successes, the com-
monly used regulatory systems do have limitations. Some of
these systems exhibit “all-or-none” expression profiles, where
a subpopulation of cells is fully induced, while others remain
uninduced.””! Furthermore, some systems, such as lac and ara,
exhibit “cross-talk”, which limits their use in applications
where it is desirable to control the simultaneous and differ-
ential expression of multiple genes."! In addition to synthetic
biology, the controlled expression of multiple genes has
become increasingly important for coexpression of multi-
protein complexes,”®! and to investigate protein-protein
interactions.”! Given the incompatibility of some inducible
promoters, and the difficulties that are associated with
predicting the relative strengths of constitutive promoters,
new approaches are urgently required to enable balanced
expression of multiple proteins.!'")

As an alternative to traditional protein-based expression
systems, we recently reported orthogonal riboswitches!'!! that
are produced by re-engineering a natural adenine-sensing
riboswitch from the add gene of Vibrio vulnificus'? The
add A riboswitch is a “translational ON” switch that activates
gene expression in the presence of its ligand inducer
(Figure 1) through the disruption of a repressor stem, which
otherwise sequesters the ribosome binding site (RBS).
Through site-directed mutagenesis and a comprehensive
screening strategy, we successfully created new RNA regu-
latory elements, which no longer respond to the natural
metabolites, but which can instead be controlled by the
addition of specific synthetic molecules!"! (Figure 1). In this

[*] Dr. N. Dixon,! Dr. C. ). Robinson,! Dr. T. Geerlings,
Dr. J. N. Duncan, Dr. S. P. Drummond, Prof. J. Micklefield
School of Chemistry & Manchester Interdisciplinary Biocentre
The University of Manchester
131 Princess Street, Manchester M1 7DN (UK)
E-mail: jason.micklefield @manchester.ac.uk

[1] These authors contributed equally to this work.

[**] This work was supported by the BBSRC (Grants BB/D005612/1 &
BB/1012648/1).

C(Aj Supporting information for this article is available on the WWW

under http://dx.doi.org/10.1002/anie.201109106.

SWILEY i@

ONLINE LIBRARY

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a) b) NN
OFF state 2'/O\H Y\l

Amm O °N” °N
1
H

A
u47C VI
0 No _N__O
. HT;
N7 SN Us1C
| bl
_H

N

1

H

Figure 1. a) Schematic of the translational mechanism of gene regula-
tion by the add A riboswitch. In the absence of inducer the OFF state
is favored, in which the RBS and start codon (AUG) are sequestered in
a repressor stem-loop. Binding of the small-molecule inducer (blue
circle) stabilizes the ON state, which releases the RBS sequence to
initiate translation of the downstream mRNA. b) Hydrogen-bond
contacts between the add A riboswitch and 2AP. ¢) Hydrogen-bond
contacts between the M6-riboswitch and Amm. The nucleotides
mutated in the ligand-binding site of M6 are depicted in green.
Hydrogen-bonding models are proposed on the basis of published
crystal structures of related riboswitch-ligand pairings.""'

study, we demonstrate how mutually orthogonal riboswitches
can be coupled together and deployed in the same bacterial
cell to independently control the coexpression of multiple
genes in a dose-dependent response to distinct synthetic small
molecules. The multicomponent constructs that we have
developed allow dynamic expression landscapes to be
accessed and optimal protein coexpression stoichiometries
to be established, which may prove useful for studying gene
networks, for applications of protein coexpression, and for
other applications in synthetic biology.

In the first instance, a Dual Promoter system was
constructed, in which the orthogonal M6 riboswitch, selected
previously,™! controlling translation of the red fluorescent
protein DsRed in response to the inducer ammeline (Amm).
The bacteriophage . f; transcription terminator™ was
inserted downstream of the DsRed gene, followed by
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Figure 2. Riboswitch gene expression constructs and bivariate-dose gene expression matrices. a) The
Dual Promoter construct comprised of a lac promoter/operator (P/Oy,), the Amm-responsive M6
riboswitch in front of the DsRed fluorescent protein gene, the phage A tR1 transcriptional terminator,

a second lac promoter/operator and the 2AP-responsive add A riboswitch in front of the eGFP fluorescent
protein gene. b) Gene expression matrix of protein induction factors for Dual Promoter DsRed expression.
c) Gene expression matrix for Dual Promoter eGFP expression. d) The Operon construct comprised of

a single lac promoter/operator, the M6 riboswitch in front of the DsRed gene, followed directly by the
add A riboswitch in front of the eGFP gene. e) Gene expression matrix for Operon DsRed expression.

f) Gene expression matrix for Operon eGFP expression.

a second lac promoter and the 2-aminopurine (2AP)-respon-
sive parental add A riboswitch,'*?) which controls translation
of the green fluorescent protein eGFP (Figure 2a). Escher-
ichia coli cells were transformed with this Dual Promoter
construct, and expression of the DsRed and eGFP genes was
monitored by fluorescence.

To explore the capacity of the Dual Promoter system for
controlling the differential expression of DsRed and eGFP,
a bivariate-dose gene-expression analysis was performed. In
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this analysis, the induction fac-
tors (IFs), the ratio of ligand-
induced protein expression over
the basal level, were determined
for a wide range of inducer
concentrations (Figure 2).
After co-administration  of
Amm and 2AP, it can be seen
that the induction of DsRed
expression increases in a dose-
dependent manner in response
to the Amm concentration, and
reaches an induction factor of
(93+1.4) at 250 um (errors
given are SD). In contrast, the
presence of 2AP over a range of
concentrations has essentially
no effect on DsRed expression
(Figure 2b). Similarly, dose-
dependent regulation of eGFP
occurs in response to 2AP,
which reaches an induction
factor of (11.3£0.5) at 250 pwm,
with changes in Amm concen-
tration having no effect upon
eGFP levels (Figure 2¢). These
results show that the two ribo-
switches, despite being similar
in sequence and structure, have
excellent invivo orthogonality
when present within the same
biological construct, and can be
used to independently control
the expression of the two genes
simultaneously.

In a second series of experi-
ments, a synthetic Operon
system was constructed, in
which one /ac promoter drives
the transcription of a single
bicistronic mRNA, which com-
prises the M6 riboswitch for
regulating translation of the
DsRed gene, and an intergenic
add A riboswitch that controls
translation of the downstream
eGFP gene (Figure2d). A
bivariate-dose gene-expression
analysis demonstrates that dif-
ferential control of DsRed with
an induction factor of (21.1+2.9) can be achieved at
a concentration of 250 um of Amm (Figure 2¢e). However,
analysis of eGFP expression showed interesting and unan-
ticipated results. In this case, eGFP output is clearly depen-
dent on both inducers. An apparent synergistic effect of the
two inducers operates in the gene expression matrix, across
the range of Amm and 2AP concentrations (Figure 2 f). The
eGFP expression landscape peaks at an induction factor of
(24.1 £0.6) in the presence of 250 uMm concentrations of both
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8 4 0

8 4 °

www.angewandte.org

3621


http://www.angewandte.org

Angewandte

3622

Communications

inducers, whereas 250 um of 2AP alone yields an induction
factor of just (13.8 +0.4). Our earlier in vitro studies clearly
show that there is no binding interaction between Amm and
the add A riboswitch, or between 2AP and M6.'"! Similarly
no “cross-talk” is detected with the Dual Promoter system
described above. This suggests that eGFP expression within
the Operon system is not only dependent on the intergenic
add A riboswitch, but also on the upstream M6 riboswitch.

This effect was further investigated in a dose-response
analysis (Figure 3). Titration of the M6-selective inducer
Amm (0—1000 um) against the Dual Promoter in either the

b)
604
% 40
=
13
g
201
A A A A A AL A A A A
0 e T T T 0+ T T T
1 10 100 1000 1 10 100 1000
Inducer / um Inducer / pm
c) d)
400+ 30+
A
320
N ¢ 204
S 2404 =/
X X
13 13
51604 5
LL:160 LLE10_
80
= o © o °
6”?0300 g’?\L\AAa‘lQ&A/\
0-+rrer T T T 0+ T T T
1 10 100 1000 1 10 100 1000

Inducer / um Inducer / um

Figure 3. Dose-response curves for riboswitch-induced fluorescent pro-
tein expression. a) Dual Promoter DsRed expression. b) Dual Promoter
eGFP expression. c) Operon DsRed expression. d) Operon eGFP
expression. Scatter plot data represents the mean of three repeats.
Amm concentration range (0-1000 pum) in the absence (empty trian-
gles) or presence (filled triangles) of 2AP (250 um); 2AP concentration
range (0-1000 pum) in the absence (empty circles) or presence (filled
circles) of Amm (250 um). Curve fitting is described in the Supporting
Information and fitting parameters are displayed in Table S1. F,,,, are
fluorescence units normalized for optical density at 620 nm.

absence or presence of 2AP (0 or 250 um), gives dose-
dependent protein expression curves for DsRed that are very
similar, with maximum normalized red fluorescence levels of
approximately 1.2 x 10° normalized fluorescence units (Fig-
ure 3a). Dose-dependent control of eGFP expression also
occurs upon addition of the add A riboswitch inducer 2AP
(Figure 3b). In this case, eGFP expression reaches a maximum
level of approximately 6.0 x 10’ normalized fluorescence units
and is also largely unaffected by the presence of the M6
inducer Amm. For the Operon construct, titration of Amm
(0—1000 um) in the presence or absence of 2AP (0 or 250 um)
produces essentially identical dose-response curves for
DsRed expression, where a maximum output of approxi-
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mately 3.6 x10° normalized fluorescence units is obtained
(Figure 3¢). In contrast, the synergistic effect for eGFP
expression described above is clearly apparent, whereupon
2AP alone at a concentration of 1 mm produces an output of
1.89 x 107 normalized fluorescence units, whereas the same
concentration of 2AP in the presence of Amm (250 um)
produces a maximal output of approximately 27.2x 10°
(Figure 3d). Furthermore, a dose-response relationship
between eGFP expression and Amm concentration is clearly
demonstrated when Amm is titrated in the presence of 250 pm
of 2AP (Figure 3d). This confirms that both riboswitches
exert an effect upon expression of the downstream eGFP
gene within the Operon construct.

A number of reasons could account for the results
obtained. The protection of full-length transcripts from
nuclease degradation by actively translating ribosomes, ™!
which are recruited at both RBSs, would serve to increase
mRNA stability in the presence of both inducers. In many
regards, the effect upon eGFP expression mirrors the polar
effect described for downstream genes in naturally occurring
bacterial operons when translation of an upstream cistron is
compromised.'”! Polar effects have been shown to be
associated with the prokaryotic termination factor Rho.!”!
In fact, riboswitches that control gene expression through
a translational mechanism (like the add A riboswitch), might
also rely on Rho-dependent termination of transcrip-
tion.'”!18] Considering the expression of eGFP within the
Operon system, when the upstream mRNA is not being
actively translated (that is, in the absence of the M6 inducer
Amm), the RNA polymerase must transcribe approximately
1000 nucleotides of mRNA before the eGFP RBS is reached,
which provides ample opportunity for the recruitment of Rho
and termination of transcription. Analysis of the mRNA
levels for the single-component add A-eGFP construct by
gPCR (Figure S1 in the Supporting Information) indeed
showed that, upon addition of 2AP (250 um), the mRNA
levels doubled relative to transcript levels in the absence of
2AP (Figure S2 in the Supporting Information), which
indicates that active translation is necessary to maintain
high levels of transcript within the cells.

To further analyze the dose-dependent control of gene
expression, the data for both constructs were fitted to a four-
parameter logistic function. For the Dual Promoter construct
(Table Sla in the Supporting Information), half-maximal
induction (ECs,) was obtained with inducer concentrations
in the 1240 pm range. The dynamic range of inducer response
(ECy to ECy) and Hill coefficients are consistent with
independent coexpression of the two riboswitch-controlled
genes. For the Operon system (Table S1b in the Supporting
Information), expression of the DsRed gene is also consistent
with independent control in response to Amm. However,
expression of the downstream eGFP gene within the Operon
construct reveals inducer-response ranges and Hill coeffi-
cients which suggest a control mechanism that is dependent
on both inducers. The results presented here for the Operon
construct (Figure 2d) are significant given that, to date, no
natural riboswitches have been reported to function within
intercistronic regions of bacterial mRNAs. However, there
are several examples in nature in which tandem riboswitches
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within the 5-UTR sequence have been shown to regulate
a single gene output,'”! which provides greater control over
the dynamic range of inducer response than is possible with
a single riboswitch acting alone. The two riboswitches within
our Operon construct also permit a greater level of control
over the dynamic range of inducer response, which allows the
expansion or contraction of this range through co-adminis-
tration of defined amounts of the two inducer compounds, to
achieve an optimal output of the downstream gene product
(Figure S3 in the Supporting Information).

To demonstrate how mutually orthogonal riboswitches
can regulate the stoichiometry of two gene products, the
normalized gene expression data from both the Dual
Promoter and Operon systems were used to generate 2D
contour plots of the relative expression landscapes (Figure 4).
From these contour plots it is possible to see how appropriate
inducer concentrations can be selected so that the desired
coexpression ratio of two gene products can be obtained. At
equivalent concentrations of Amm and 2AP, the normalized
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Figure 4. Contour plots of relative gene coexpression. Amm and 2AP
were co-administered to cells over a range of concentrations

(0-250 pum each). eGFP and DsRed fluorescence were monitored and
normalized for cell density. Fluorescence values were then normalized
between 0 and 1 by using the minimum and maximum expression
levels determined for the Dual promoter and Operon transformants
(Table S1 in the Supporting Information). Relative expression ratios
(eGFP:DsRed) were calculated for the full range of Amm and 2AP
concentrations tested. The results are plotted as 2D contour plots for
a) the Dual Promoter system, and b) the Operon system.
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expression ratio is 1:1 for the Dual Promoter construct
(Figure 4 a). Within the Operon construct this 1:1 ratio shifts
towards expression of the DsRed gene at low concentrations
(4-32 um) of 2AP (Figure 4b). In principle, such contour plots
can be used to assess the optimal coexpression ratios for any
proteins of interest, for example, the coexpression of protein
binding partners in a multiprotein complex, differential
enzyme expression to control flux through an engineered
biosynthetic pathway, or the coexpression of proteins with
ancillary factors, such as chaperones, glycosyltransferases, or
other posttranslational machinery.

Finally, fluorescence microscopy was used to ascertain
whether the independent expression of the two reporter genes
occurs within individual bacterial cells. The microscopy
images of E. coli cells transformed with the Dual Promoter
or Operon constructs (Figure S4a and S4b in the Supporting
Information, respectively) show that the individual cells emit
both red and green fluorescence upon co-administration of
Amm and 2AP (125 pm), and that co-localization of fluores-
cence is clearly seen in the overlay frame (bottom right). This
confirms that coexpression of DsRed and eGFP occurs within
individual E. coli cells for both constructs, and that the
expression profiles are not a result of differential expression
from sub-populations of cells. Additionally, time-lapse mi-
croscopy images were acquired over a period of 8 h, after
induction under the same conditions (Movie S1 in the
Supporting Information).

By combining mutually-orthogonal riboswitches, a multi-
component Dual Promoter coexpression system has been
constructed, which can be used in combination with distinct
small-molecule inducer compounds to control the differential
expression of multiple genes within the same cell. The Dual
Promoter system permits simultaneous and independent
control over two genes with no “cross-talk” between the
genetic control elements. A synthetic Operon system, in
which riboswitches are deployed in both the 5-UTR and
intergenic region of a bicistronic mRNA, was shown to afford
a greater level of control over the dynamic range of inducer
response, wherein the dynamic range of control that is
afforded by the downstream intergenic riboswitch is con-
trolled by the upstream 5'-UTR riboswitch (Figure S3 in the
Supporting Information). Furthermore, fluorescence micros-
copy demonstrates that coexpression occurs within the same
cells. By using 2D contour plots of the dynamic expression
landscapes, it is possible to select the appropriate concen-
trations of small-molecule inducers that are required to
obtain specific coexpression ratios.

Nature has evolved natural riboswitches over billions of
years that provide orthogonal control of gene expression in
response to natural metabolites. However, this proof-of-
principle study demonstrates that artificial constructs com-
prising engineered riboswitches can be used to control the
expression of multiple genes of interest by using synthetic
ligands, as opposed to endogenous metabolites. The mutually
orthogonal riboswitches described here have induction fac-
tors (ca. 10-25) which are lower than some protein-based
transcriptional expression systems. However, in this study we
demonstrate that the relatively simple protein-free riboswitch
regulatory elements are amenable to engineering, such that,
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with further optimization, these systems may find uses in
studying gene networks, for applications of protein coex-
pression, and in synthetic biology.
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