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ABSTRACT: In prokaryotes, the construction of synthetic, multi-input
promoters is constrained by the number of transcription factors that can
simultaneously regulate a single promoter. This fundamental engineering
constraint is an obstacle to synthetic biologists because it limits the
computational capacity of engineered gene circuits. Here, we demonstrate
that complex multi-input transcriptional logic gating can be achieved through
the use of ligand-inducible chimeric transcription factors assembled from the
LacI/GalR family. These modular chimeras each contain a ligand-binding
domain and a DNA-binding domain, both of which are chosen from a library of
possibilities. When two or more chimeras have the same DNA-binding domain,
they independently and simultaneously regulate any promoter containing the
appropriate operator site. In this manner, simple transcriptional AND gating is
possible through the combination of two chimeras, and multiple-input AND
gating is possible with the simultaneous use of three or even four chimeras.
Furthermore, we demonstrate that orthogonal DNA-binding domains and their cognate operators allow the coexpression of
multiple, orthogonal AND gates. Altogether, this work provides synthetic biologists with novel, ligand-inducible logic gates and
greatly expands the possibilities for engineering complex synthetic gene circuits.

Transcriptional logic gating is the genetic equivalent of Boolean
logic gating that is typically found in electronic circuits.1 In
essence, transcriptional logic gating is the simultaneous
regulation of a promoter by two or more transcription factors.
If the transcription factors are themselves controlled by inputs
such as inducible promoters or ligand binding, the result is a
logic gate that regulates the expression of a target gene based
upon the presence or absence of the inputs. Thus, logic gates
can be used by synthetic biologists to engineer complex genetic
programs that elicit desired phenotypic responses within host
cells.2−5

To date, intense efforts have been made to generate more
effective and modular transcriptional logic gates for use in
synthetic biology. These efforts have generally fallen within two
categories: (1) the creation of hybrid promoters that respond
to different classes of known transcription factors, and (2) the
genomic mining of existing parts from various organisms for
use within a particular host. Hybrid promoters have long been
widely used. For instance, the Lac/Ara hybrid promoter created
by Lutz and Bujard6 has been used in a number of synthetic
gene circuits, such as the dual-feedback synthetic gene
oscillator.7 In addition, hybrid promoters have been engineered
to create different types of logic gates8−11 and layered to
generate complex circuits.12 To expand the genetic toolbox
even further, researchers have also begun to mine the genomes
of prokaryotes for new components.13 For instance, Stanton et
al. recently mined prokaryotic genomes for analogues of the

tetracycline repressor.14 Another method for generating
transcriptional logic gates is to repurpose existing transcription
factors via protein engineering. For instance, Shis and Bennett
recently used split versions of T7 RNA polymerase to create a
library of transcriptional logic gates that strongly drive
downstream expression.15 Here, we take a protein engineering
approach to utilize and expand upon a collection of engineered
LacI/GalR family chimeric transcription factors16,17 to create
novel transcriptional logic gates, as outlined in Figure 1.
The lactose repressor, LacI, regulates the lac operon, which is

responsible for the uptake and metabolism of lactose.18 LacI
binds the lac promoter at the operator site, O1, to prevent
transcription of downstream genes by RNA polymerase. In the
presence of the ligand allolactose, or of its nonhydrolizable
analogue isopropyl β-D-1-thiogalactopyranoside (IPTG), LacI
loses its high affinity for the operator, which allows tran-
scription to proceed.
LacI is part of a larger LacI/GalR family of transcriptional

repressors that regulate sugar metabolism in E. coli.19 Most
members of the family respond to their own ligand inducers in
much the same way LacI responds to IPTG. Meinhardt et al.
recently created a library of chimeric repressors by replacing the
ligand binding domain (LBD) of LacI with the LBDs of
homologous LacI/GalR family members. This created a set of

Received: June 12, 2014
Published: July 18, 2014

Letter

pubs.acs.org/synthbio

© 2014 American Chemical Society 645 dx.doi.org/10.1021/sb500262f | ACS Synth. Biol. 2014, 3, 645−651

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

pubs.acs.org/synthbio
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


LacI-like transcriptional repressors that respond to the natural
inducer of the LBD while regulating transcription of the lac
promoter.16,17

Here, we demonstrate that chimeric LacI/GalR family
transcription factors can be used to create modular logic
gates in E. coli that display tightly regulated ON and OFF states.
We use ligand-binding domains from five different members of
the LacI/GalR family, each with a different sugar ligand
inducer. We show that these five chimeras can be used to create
traditional two-input AND gates and that they can also be used
en masse to enable three- and four-input AND gating.
Importantly, the multi-input AND gates we generate are
much simpler than existing technologies that have similar
functionality.2 This is because ligand control works directly at
the level of each transcription factor, eliminating the need for
ligand inducible promoters to control each input. To further
increase the modularity of the transcription factors, we also
engineered a previously described DNA binding mutation into
the DNA binding domain (DBD) of each chimera.20 These
orthogonal DBDs allow the chimeras to regulate promoters
that are orthogonal to the lac promoter and hence enable
multiple types of AND gates to be used simultaneously with
minimal cross-talk.

■ RESULTS
We first constructed a set of chimeric repressors from the LacI/
GalR family transcriptional repressors previously described by
Meinhardt et al.,16,17 specifically the chimeras LLhR_Q60A,
LLhS_Q54A_E230K, LLhF_Q60S, and LLhT_V52A, here-
after referred to as RbsR-L, GalS-L, FruR-L, and TreR-L,

respectively. The chimeras each contain the DNA binding
domain of LacI and the ligand binding domain of repressors
that respond to ribose (RbsR-L), fucose (GalS-L), a fructose
metabolite (FruR-L), and a trehalose metabolite (TreR-L).
When a dimeric version of wild-type (wt) LacI (here called
LacI-L for consistency) is included,21 these proteins form a set
of five repressors that derepress in the presence of five different
sugars (Figure 1). In addition, we modified the DBD of these
transcriptional regulators to include the point mutations Y17T,
Q18A, and R22N (the “TAN” mutation), previously described
by Daber et al.20 to create the functionally orthogonal
transcriptional repressors, RbsR-T, GalS-T, FruR-T, TreR-T,
and LacI-T (Supporting Information Table S1).
We tested the ability of each chimeric repressor to regulate

the expression of a gene encoding green fluorescent protein
(gfp) driven by either the Lac promoter, PLac, or the orthogonal
TAN promoter, PTAN (Supporting Information Figure S1). The
expression of gfp was repressed by each chimera and induced in
the presence of the appropriate sugar for both sets of DBDs.
We also confirmed the orthogonality of the two DBDs by
testing for regulated GFP fluorescence from either PLac or PTAN
in the presence of the opposite repressor, LacI-T or LacI-L,
respectively (Supporting Information Figure S2). As expected,
when the chimera with the wrong DBD was used, fluorescence
was the same in the absence or presence of IPTG, indicating no
repression occurred.
While the use of individual LacI/GalR chimeras allows

flexibility in ligand choice, coexpressing multiple chimeric
repressors enables combinatorial transcriptional AND logic. For
instance, coexpressing two chimeras with the same DBD should
create a transcriptional AND gate for which the inputs are
sugars specified by each chimera’s LBD. Since both chimeras
repress the same promoter, expression of the target gene should
occur if and only if both sugars are present. To test this
hypothesis, we measured the regulation of gfp driven by the
PLac promoter in the presence of LacI-L and each of the four
other chimeras (Figure 2). For three combinations, GFP
fluorescence was observed if and only if inducing amounts of
both IPTG and the relevant sugar were present in the media

Figure 1. Schematic of transcriptional logic gates using LacI/GalR
repressors. (a) Each chimera consists of a LBD and a DBD. The set of
five LBDs each responds to a different sugar.16,17 The two DBDs
regulate two orthogonal promoters.20 (b) Combinatorial AND
transcriptional logic is facilitated by the simultaneous coexpression
of multiple chimeric transcriptional repressors. Since each chimera
regulates the same promoter, the ligand for each chimera must be
present for downstream transcription to occur. (c) Coexpression of
multiple chimeric repressors with a mix of the two DBDs creates
functionally orthogonal transcriptional AND gates that regulate the
expression of two different genes.

Figure 2. Pairs of engineered LacI/GalR repressors with the same
DBD create AND transcriptional logic. (a) Each LacI/GalR chimeric
repressor was coexpressed with LacI-L and the induction of gfp driven
by PLac was monitored. (b) GFP fluorescence in response to all
combinations of the presence or absence of 10 mM IPTG and 10 mM
of the respective LBD’s inducer. Data points and error bars reflect the
average and standard deviation of three experimental replicates.
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(Figure 2b). However, the combination of LacI-L and GalS-L
showed no induction, even in the presence of IPTG and fucose.
Subsequent investigation revealed that IPTG inhibits the ability
of fucose to induce expression of a GalS-L regulated system
(Supporting Information Figures S3 and S4), similar to what
happens for GalR in the presence of IPTG.16,22 We also tested
every pairwise combination of sugars with each chimera and
found that the IPTG inhibition of GalS-L was the only instance
of competitive inhibition in this set of chimeras (Supporting
Information Figure S3).
We then expanded this study to include all pairwise

combinations of the chimeras with either the wt lac or TAN
DBD. We expressed pairwise combinations of each chimera and
tested for the induction of GFP fluorescence from PLac in the
presence or absence of 10 mM of each appropriate inducer
(Figure 3a). Except for the pairings of GalS-L and FruR-L in
addition to GalS-L and LacI-L, all pairwise combinations of

transcription factors facilitated AND transcriptional logic: GFP
fluorescence was observed if and only if inducing amounts of
inducers for both repressors were present.
We next tested for AND transcriptional logic at the promoter

PTAN when pairs of chimeras with the TAN DBD were
coexpressed (Figure 3b). Similar to the wt DBD, many of the
combinations facilitated AND transcriptional logic at PTAN, and
maximal GFP fluorescence was observed only in the presence
of both inducers. However, in most instances the overall
induction level from PTAN was much lower than that of PLac and
generally consistent with induction levels of each chimera when
used alone (Supporting Information Figure S1).
Since expressing pairs of repressors creates AND transcrip-

tional logic, we hypothesized that coexpression of three or
more repressors would create a multi-input transcriptional
AND gate. In that case, induction of gene expression would be
observed if and only if inducing ligands for all transcription
factor were present (Figure 4). Therefore, we first created a
three-input gate (IPTG, ribose, and fructose) by controlling the
promoter PLac with the LacI-L, FruR-L, and RbsR-L repressors.
We assayed for GFP fluorescence with all combinations of 10
mM of IPTG, fructose, and ribose. As predicted, induced GFP
fluorescence was observed if and only if all three ligands were
present, while background was observed otherwise (Figure 4a).
We next constructed a four input AND gate with the inputs of
IPTG, fructose, ribose, and threhalose by coexpressing the
repressors, LacI-L, FruR-L, RbsR-L, and TreR-L. Again,
induced GFP fluorescence was seen only in the presence of
the four inducers IPTG, fructose, ribose, and trehalose (Figure
4b).
Finally, we hypothesized that the coexpression of chimeric

repressors with a mixture of the wt lac and TAN DBDs would
allow simultaneous logic gating at different gene outputs.
Therefore, we coexpressed repressors possessing either the wt
lac or TAN DBD and assayed for gene expression from
promoters regulated by either the wt lac or the TAN DBD. We
first tested a wt lac transcriptional AND gate working in
conjunction with PTAN regulated by a single repressor with the
TAN DBD. We coexpressed the chimeras FruR-L and RbsR-L
and LacI-T and tested for inducible fluorescence from the wt
lac DBD regulated promoter PLac (driving mCherry) and from
TAN DBD regulated promoter PTAN (driving gfp) (Figure 5a).
As expected, we observed induced mCherry fluorescence only
in the presence of fructose and ribose, while GFP fluorescence
was seen only in the presence of IPTG (Figure 5b).
We extended this system to contain two functionally

orthogonal transcriptional AND gates, one at the promoter
PLac (driving mCherry) and the other at PTAN (driving gfp) by
coexpressing the chimeras FruR-L, RbsR-L, LacI-T, and TreR-
T (Figure 5c). We tested for GFP and mCherry fluorescence in
response to all combinations of 10 mM IPTG, fructose, ribose,
and trehalose. We observed induced mCherry fluorescence only
when ribose and fructose were present and induced GFP
fluorescence only when IPTG and trehalose were present
(Figure 5d). This demonstrated that the two transcriptional
logic gating systems could be used simultaneously with minimal
cross-talk.

■ DISCUSSION
Here, we have shown that the construction of modular, multi-
input transcriptional logic gates is possible through the use of
ligand-inducible transcription factor chimeras. These chimeras
make use of two main properties. First, by using transcription

Figure 3. Pairwise combinations of repressors lead to AND
transcriptional logic. (a) All repressors contained the wt lac DBD in
this experiment. Pairwise combinations of transcription repressors
were coexpressed, and the induction of GFP fluorescence from PLac
was monitored in the presence and absence of 10 mM of each
transcription factor’s inducer. (b) All repressors contained the TAN
DBD in this experiment. Pairwise combinations of transcriptional
repressors were coexpressed and the induction of GFP fluorescence
from PTAN was monitored in the presence or absence of 10 mM of
each inducer for each transcription factor. “Fold GFP/OD” is the
observed fluorescence/OD for a given inducer condition normalized
to no inducer. Each data point represents the average of three
experimental replicates. Error bars can be found in Supporting
Information Figures S5 and S6.
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factors from the same structural family, namely the LacI/GalR
family, one can swap ligand binding domains from one
transcription factor to another.16,17 This type of domain
swapping has been used in other contexts, as well. For instance,
Temme et al. were able to engineer orthogonal versions of T7
RNA Polymerase by replacing the specificity loop with a loop
from a distant homologue.5

The second main property used in this study was the
plasticity of the DNA-binding domains. Through mutation, the
DNA binding domain of LacI can be altered to recognize an
alternate promoter.20,23 Similar studies have been used to alter
the promoter specificity of T7 RNA polymerase.5,24−26 This
type of mutation is particularly powerful, as it allows for the

coexpression of similar regulatory proteins that target
orthogonal pathways. In addition, because the overall function
of the transcription factors remains unchanged, they can be
easily implemented within large scale circuits with minimal
retuning of regulatory strengths.27,28

This study can be further expanded in several ways. First, the
LacI/GalR family comprises many more proteins that could be
used. Swint-Kruse and co-workers showed that at least nine
different ligand binding domains of these family members could
be fused to the LacI DNA binding domain to create functional
repressors.16,29,30 However, not all of these chimeras show
strong inducibility, and some have significant cross-talk
between sugar ligands.16 This cross-talk could be used as an

Figure 4.Multi-input transcriptional AND gating. Three (a) and four (b) chimeras were coexpressed to create multi-input AND gates. Each chimera
contained a different LBD and the wt lac DBD. gfp was driven by PLac. (a) For three-input transcriptional AND logic, we coexpressed the repressors
LacI-L, FruR-L, and RbsR-L and assayed for GFP fluorescence in the presence and absence of all combinations of 10 mM IPTG, fructose, and ribose.
(b) For four-input transcriptional AND logic, we coexpressed the repressors LacI-L, TreR-L, RbsR-L, and FruR-L and assayed for inducible GFP
fluorescence in the presence or absence of 10 mM IPTG, fructose, ribose, and trehalose. Both plots show the mean GFP/OD and error bars reflect
the standard deviation of three experimental replicates.

Figure 5. Coexpression of repressors with either the wt lac DBD or the TAN DBD for transcriptional logic at two orthogonal promoters. (a) The
chimeric repressors FruR-L and RbsR-L regulating PLac, in addition to LacI-T regulating PTAN, were coexpressed with a dual reporter plasmid
containing PLac driving mCherry expression and PTAN driving gfp expression. (b) Induction of GFP and mCherry fluorescence in the presence of
absence of 10 mM IPTG, fructose, and/or ribose. (c) Coexpression of the repressors FruR-L and RbsR-L, both regulating PLac, and TreR-T and
LacI-T, regulating PTAN, behaved as two orthogonal transcriptional AND gates for the dual reporter plasmid. (d) GFP and mCherry fluorescence was
assayed in the presence or absence of 10 mM fructose, ribose, trehalose, and/or IPTG. Conditions for which fluorescence was expected are
highlighted with red boxes in b and d. Data points and error bars reflect the average and standard deviation of three experimental replicates.
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additional layer of logic. For instance, the GalS-L chimera used
in this study is competitively inhibited by IPTG. This means
that any logic gate in which GalS-L is used will also contain
NOT (IPTG) logic (i.e., will not be active in the presence of
IPTG). Further engineering might also eliminate undesirable
cross-talk. For example, a point mutation within the linker
domain of FruR-L improves the responsiveness of the chimera
to ligand.17 Second, other families of transcription factors might
be used in a similar way. For example, the growing body of
knowledge on the AraC/XylS family of transcriptional
activators suggests that a similar library of ligand-inducible
transcription factors may be possible.31−33

Of course, logic gating in protein regulation is not limited to
the transcriptional level. Recent studies have used other
modalities of translation and transcriptional regulation such as
amber stop codon suppression34 and DNA recombination to
engineer conditional gene regulation.4,35 Nor is logic gating
exclusively limited to prokaryotes, as recent advances in
eukaryotic gene regulation demonstrate.36−38 Taken together,
these new tools provide powerful components with which to
program gene regulation at transcriptional39 and post-tran-
scriptional levels.3

■ METHODS
Rationale for Choosing Chimera Mutants. The

particular chimeras were selected from a set of more than
1000 variants for two main reasons: (1) they have large
regulatory ranges as a function of ligand concentration,17 and
(2) their minimal and maximal repression levels are well-
matched among the set. In some cases, we found that fine-
tuning the strength of the promoters driving each gene gave
better results. In particular, some chimeras worked better when
their genes were driven by the PI promoter, while others
worked better with PIq.

40

Note that chimeras with the FruR and TreR LBD are
induced by fructose-1-phosphate and trehalose-6-phosphate,
respectively. However, we used D-fructose and D-trehalose,
which are each phosphorylated upon cellular import.
Assay for Fluorescent Protein Production. Single

colonies were inoculated in to 2 mL selective 0.04% glycerol
modified MOPS minimal media and grown overnight (M2101,
Teknova).16 0.8% glycerol modified MOPS minimal media was
then inoculated with the overnight culture at 1% v/v. Inducer
was added and each culture was then aliquoted in triplicate into
a 96 well U-bottom plate (BD Falcon 35117). Each plate was
incubated at 37 °C and shaken at 800 rpm in a microplate
shaker (VWR, 12620-926) for 3 h. Plates were then assayed for
growth (OD, 600), GFP fluorescence (ex, 488 nm; em, 510
nm), and/or mCherry fluorescence (ex, 587 nm; em, 610 nm)
(Tecan M1000, Tecan). All fluorescence values were
normalized to growth (OD, 600). Each data point and error
bar represents the average and standard deviation of three
experimental replicates, respectively.
Modified MOPS minimal media was used exclusively in this

study to ensure consistent induction of gene expression by each
sugar sensitive LacI/GalR chimeric repressor. Inconsistencies in
the preparation of LB media between research groups lead to
inconsistent induction of gene expression in our experiments.
All experiments were performed in the cell strain JS006,

which is the E. coli strain MG1655 that has lacI and araC
knocked out.7 In experiments testing the induction of gene
expression in the presence of more than one chimera, excess
amounts (10 mM) of inducer was used. This was to detect

cross-talk between LBDs. No deleterious effects on cell growth
were observed due to the high levels of inducer.
When possible, expression of each transcriptional repressor

was controlled using the strong constitutive promoter PIq.
40 For

LacI-L, LacI-T, TreR-L, and TreR-T, we used PI. This increased
the range of induction for LacR-R and LacI-T (Supporting
Information Figure S1). For TreR-L and TreR-T, this allowed
detectable induction that was absent when PIq was used.
Plasmids maps and genotypes used in this study are provided

in Supporting Information (Figure S7 and Table S2).
AND Transcriptional Logic with LacI/GalR Chimeras.

To confirm the ability of each transcriptional repressor to
regulate gene expression with the wt lac DBD, we
cotransformed the plasmids pZS1[FruR-L], pZS1[RbsR-L],
pZS1[GalS-L], pZS1[TreR-L], and pZS1[LacI-L] with pZA2-
[PLac:GFP] into JS006 cells. To test the abilities of repressor
with the TAN DBD to regulate gene expression, we
cotransformed the plasmids pZS1[FruR-T], pZS1[RbsR-T],
pZS1[GalS-T], pZS1[TreR-T], and pZS1[LacI-T] with the
GFP expression plasmid pZA2[PTAN:GFP] into JS006 cells.
Induction of GFP fluorescence from the GFP reporter plasmids
was then assayed as a function of each chimera LBD’s inducer.
To test the functional orthogonality of the wt lac and TAN

DBDs, we cotransformed the plasmid pZS1[Iq:LacI-L] with
pZA2[PTAN:GFP] and pZS1[Iq:LacI-T] with pZA2[PLac:GFP]
into JS006 cells. In these expression systems, the repressor was
driven by the “strong” promoter PIq.

40 GFP fluorescence was
assayed with or without 10 mM IPTG.
To coexpress the chimeras FruR-L, RbsR-L, TreR-L, and

GalS-L with LacI-L, the expression plasmids pZS1[RbsR-L,
LacI-L], pZS1[FruR-L, LacI-L], pZS1[GalS-L, LacI-L], and
pZS1[TreR-L, LacI-L] were each cotransformed with the GFP
expression plasmid pZA2[PLac:GFP] into the strain JS006. GFP
fluorescence was assayed in the presence or absence of 10 mM
IPTG and or the inducer of the chimera’s LBD.
To test the regulation of GFP fluorescence when GalS-L was

in the presence of IPTG, the plasmids pZS1[GalS-L] was
cotransformed with pZA2[PLac:GFP] into JS006 cells. Induced
GFP fluorescence was then assayed in the presence of different
fucose concentrations as a function of increasing IPTG
concentration.
To test all pairwise combinations of the chimeras with the lac

DBD, the plasmids pZS1[FruR-L, RbsR-L], pZS1[FruR-L,
TreR-L], pZS1[GalS-L, RbsR-L], pZS1[GalS-L, FruR-L],
pZS1[GalS-L, TreR-L], and pZS1[RbsR-L, TreR-L] were
cotransformed with pZA2[PLac:GFP] into the strain JS006.
GFP fluorescence was assayed in the presence or absence of 10
mM of the inducer for each transcriptional regulator.
Similarly, to test AND transcriptional logic at the promoter

PTAN:GFP, the plasmids pZS1[RbsR-T, LacI-T], pZS1[FruR-T,
LacI-T], pZS1[GalS-T, LacI-T], pZS1[TreR-T, LacI-T], pZS1-
[FruR-T, RbsR-T], pZS1[FruR-T, TreR-T], pZS1[GalS-T,
RbsR-T], pZS1[GalS-T, FruR-T], pZS1[GalS-T, TreR-T],
and pZS1[RbsR-T, TreR-T] were each cotransformed into
JS006 cells with the reporter plasmid PTAN:GFP. GFP
fluorescence was measured in the presence and absence of all
combinations of 10 mM of each inducer for each transcription
factor.

Multi-Input AND Transcriptional Logic with LacI/GalR
Chimeras. To test the multi-input AND transcriptional logic
gates, we coexpressed three or four chimeras to facilitate three
and four input AND transcriptional logic, respectively. For a
three input AND gate at the promoter PLac, the plasmids
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pZS1[LacI-L] and pzS3[I:FruR-L,I:RbsR-L] were cotrans-
formed with the reporter plasmid pZA2[PLac:GFP] into JS006
cells. To create a four-input transcriptional AND gate, the
plasmids pZS1[TreR-L,LacI-L] and pZM3[I:FruR-L,RbsR-L]
were transformed with pZA2[PLac:GFP] into the strain JS006.
For both the three and four input transcriptional AND gates,
induction of GFP fluorescence was assayed in the presence and
absence of all combinations of 10 mM inducer of reach
chimera.
Multi-ORF and AND Transcriptional Logic with LacI/

GalR Chimeras. To test the simultaneous regulation of
orthogonal ORFs with both the wt lac and TAN DBDs, we
expressed chimeras with either DBD with the dual reporter
plasmid containing wt lac DBD regulatable promoter PLac and
the TAN DBD regulatable promoter PTAN driving expression of
mCherry and GFP, respectively. To test a transcriptional AND
gate working in conjunction with a single regulator with the
TAN DBD, we cotransformed the plasmids pZS1[LacI-T] and
pZM3[FruR-L,RbsR-L] with the reporter plasmid pZA2-
[PLac:mCherry,PTAN:GFP]. Induction of GFP and mCherry
fluorescence was assayed in the presence or absence of all
combinations of 10 mM of each inducer for each transcriptional
regulator. Similarly, to test the preparation of two orthogonal
transcriptional AND gates, we cotransformed the plasmids
pZS1[TreR-T, LacI-T] and pZM3[I:FruR-L,I:RbsR-L] with the
dual reporter plasmid pZA2[PLac:mCherry,PTAN:GFP] and then
assayed the induction of GFP and mCherry fluorescence was
assayed in the presence or absence of all combinations of 10
mM of each inducer for each chimeric repressor.

■ ASSOCIATED CONTENT

*S Supporting Information
This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*Email: matthew.bennett@rice.edu.

Present Address
§Clinical Laboratory Sciences Program, Saint Luke’s Health
System, Kansas City, MO, U.S.A.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank Dr. Joff Silberg (Rice University) for generous access
to equipment. We also thank Ye Chen and Andrew Hirning of
the Bennett lab for guidance on promoter engineering. This
work was funded by the National Institutes Health grant
R01GM079423 (L.S.K.), through the joint NSF/NIGMS
Mathematical Biology Program grant R01GM104974
(M.R.B.), and the Robert A. Welch Foundation grant C-1729
(M.R.B.).

■ REFERENCES
(1) Simpson, M. L., Cox, C. D., Peterson, G. D., and Sayler, G. S.
(2004) Engineering in the biological substrate: Information processing
in genetic circuits. Proc. IEEE 92, 848−863.
(2) Moon, T. S., Lou, C., Tamsir, A., Stanton, B. C., and Voigt, C. A.
(2012) Genetic programs constructed from layered logic gates in
single cells. Nature 491, 249−253.

(3) Callura, J., Cantor, C., and Collins, J. J. (2012) Genetic
switchboard for synthetic biology applications. Proc. Natl. Acad. Sci.
U.S.A. 109, 5850−5855.
(4) Bonnet, J., Yin, P., Ortiz, M. E., Subsoontorn, P., and Endy, D.
(2013) Amplifying genetic logic gates. Science 340, 599−603.
(5) Temme, K., Hill, R., Segall-Shapiro, T. H., Moser, F., and Voigt,
C. A. (2012) Modular control of multiple pathways using engineered
orthogonal T7 polymerases. Nucl. Acid Res. 40, 8773−8781.
(6) Lutz, R., and Bujard, H. (1997) Independent and tight regulation
of transcriptional units in Escherichia coli via the LacR/O, the TetR/O,
and AraC/I1-I2 regulatory elements. Nucleic Acids Res. 25, 1203−1210.
(7) Stricker, J., Cookson, S., Bennett, M. R., Mather, W. H., Tsimring,
L. S., and Hasty, J. (2008) A fast, robust, and tunable synthetic gene
oscillator. Nature 456, 516−519.
(8) Cox, R. S., III, Surette, M. G., and Elowitz, M. B. (2007)
Programming gene expression with combinatorial promoters. Mol.
Syst. Biol. 3, 145.
(9) Iyer, S., Karig, D. K., Norred, S. E., Simpson, M. L., and Doktycz,
M. J. (2013) Multi-input regulation and logic with T7 promoters in
cells and cell-free systems. PLoS One 8, e78442.
(10) Sayut, D. J., Niu, Y., and Sun, L. (2009) Construction and
enhancement of a minimal genetic AND logic gate. Appl. Environ.
Microbiol. 75, 637−642.
(11) Ramalingam, K. I., Tomshine, J. R., Maynard, J. A., and
Kaznessis, Y. (2009) Forward engineering of synthetic bio-logical
AND gates. Biochem. Eng. J. 47, 38−47.
(12) Tamsir, A., Tabor, J. J., and Voigt, C. A. (2011) Robust
multicellular computing using genetically encoded NOR gates and
chemical ‘wires’. Nature 469, 212−215.
(13) Rhodius, V. A., Segall-Shapiro, T. H., Sharon, B. D., Ghodasara,
A., Orlova, E., Tabakh, H., Burkhardt, D. H., Clancy, K., Peterson, T.
C., Gross, C. A., and Voigt, C. A. (2013) Design of orthogonal genetic
switches based on a crosstalk map of σs, anti-σs, and promoters. Mol.
Syst. Biol. 9, 702.
(14) Stanton, B. C., Nielsen, A. A. K., Tamsir, A., Clancy, K.,
Peterson, T., and Voigt, C. A. (2013) Genomic mining of prokaryotic
repressors for orthogonal logic gates. Nat. Chem. Biol. 10, 99−105.
(15) Shis, D. L., and Bennett, M. R. (2013) Library of synthetic
transcriptional AND gates built with split T7 RNA polymerase
mutants. Proc. Natl. Acad. Sci. U.S.A. 110, 5028−5033.
(16) Meinhardt, S., Manley, M. W., Jr., Becker, N. A., Hessman, J. A.,
Maher, L. J., III, and Swint-Kruse, L. (2012) Novel insights from
hybrid LacI/GalR proteins: Family-wide functional attributes and
biologically significant variation in transcription repression. Nucleic
Acids Res. 40, 11139−11154.
(17) Meinhardt, S., Manley, M. W., Jr., Parente, D. J., and Swint-
Kruse, L. (2013) Rheostats and toggle switches for modulating protein
function. PLoS One 8, e83502.
(18) Wilson, C. J., Zhan, H., Swint-Kruse, L., and Matthews, K. S.
(2007) The lactose repressor system: Paradigms for regulation,
allosteric behavior, and protein folding. Cell. Mol. Life Sci. 64, 3−16.
(19) Swint-Kruse, L., and Matthews, K. S. (2009) Allostery in the
LacI/GalR family: Variations on a theme. Curr. Opin. Microbiol. 12,
129−137.
(20) Daber, R., and Lewis, M. (2009) A novel molecular switch. J.
Mol. Biol. 394, 661−670.
(21) Chen, J., and Matthews, K. S. (1992) Deletion of lactose
repressor carboxyl-terminal domain affects tetramer formation. J. Biol.
Chem. 267, 13846−13850.
(22) Buttin, G. (1963) Regulatory mechanisms in the biosynthesis of
enzymes of galactose metabolism in Escherichia coli K 12. I. The
induced biosynthesis of galactokinase and the simultaneous induction
of the enzymatic sequence. J. Mol. Biol. 7, 164−182.
(23) Lehming, N., Sartorius, J., Kisters-Woike, B., von Wilcken-
Bergmann, B., and M̈uller Hill, B. (1990) Mutant lac repressors with
new specificites hint at rules for protein-DNA recognition. EMBO J. 9,
615−621.

ACS Synthetic Biology Letter

dx.doi.org/10.1021/sb500262f | ACS Synth. Biol. 2014, 3, 645−651650

http://pubs.acs.org
mailto:matthew.bennett@rice.edu


(24) Chelliserrykattil, J., Cai, G., and Ellington, A. (2001) A
combined in vitro/in vivo selection for polymerases with novel
promoter specificities. BMC Biotechnol. 1, 1−13.
(25) Ellefson, J. W., Meyer, A. J., Hughes, R. A., Cannon, J. R.,
Brodbelt, J. S., and Ellington, A. D. (2014) Directed evolution of
genetic parts and circuits by compartmentalized partnered replication.
Nat. Biotechnol. 32, 97−101.
(26) Raskin, C. A., Diaz, G. A., and McAllister, W. T. (1993) T7
RNA polymerase mutants with altered promoter specificities. Proc.
Natl. Acad. Sci. U.S.A. 90, 3147−3151.
(27) Salis, H. M., Mirsky, E. A., and Voigt, C. A. (2009) Automated
design of synthetic ribosome binding sites to control protein
expression. Nat. Biotechnol. 27, 946−950.
(28) Lou, C., Stanton, B., Chen, Y.-J., Munsky, B., and Voigt, C. A.
(2012) Ribozyme-based insulator parts buffer synthetic circuits from
genetic context. Nat. Biotechnol. 30, 1137−1142.
(29) Tungtur, S., Egan, S. M., and Swint-Kruse, L. (2007) Functional
consequences of exchanging domains between LacI and PurR are
mediated by the intervening linker sequence. Proteins: Struct., Funct.,
Bioinf. 68, 375−388.
(30) Meinhardt, S., and Swint-Kruse, L. (2008) Experimental
identification of specificity determinants in the domain linker of a
LacI/GalR protein: Bioinformatics-based predictions generate true
positives and false negatives. Proteins: Struct., Funct., Bioinf. 73, 941−
957.
(31) Egan, S. M. (2002) Growing repertoire of AraC/XylS activators.
J. Bacteriol. 184, 5529−5532.
(32) Gallegos, M., Schleif, R., Bairoch, A., Hofmann, K., and Ramos,
J. (1997) Arac/XylS family of transcriptional regulators. Microbiol Mol.
Biol. Rev. 61, 393−410.
(33) Tobes, R., and Ramos, J. (2002) AraC-XylS database: A family
of positive transcriptional regulators in bacteria. Nucleic Acids Res. 30,
318−321.
(34) Anderson, J., Voigt, C., and Arkin, A. P. (2007) Environmental
signal integration by a modular AND gate. Mol. Syst. Biol. 3, 133.
(35) Siuti, P., Yazbek, J., and Lu, T. K. (2013) Synthetic circuits
integrating logic and memory in living cells. Nat. Biotechnol. 31, 448−
452.
(36) Xie, Z., Wroblewska, L., Prochazka, L., Weiss, R., and Benenson,
Y. (2011) Multi-input RNAi-based logic circuit for identification of
specific cancer cells. Science 333, 1307−1311.
(37) Babiskin, A. H., and Smolke, C. D. (2011) A synthetic library of
RNA control modules for predictable tuning of gene expression in
yeast. Mol. Syst. Biol. 7, 471.
(38) Khalil, A. S., Lu, T. K., Bashor, C. J., Ramirez, C. L., Pyenson, N.
C., Joung, J. K., and Collins, J. J. (2012) A synthetic biology framework
for programming eukaryotic transcription functions. Cell 150, 647−
658.
(39) Qi, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A., Weissman,
J. S., Arkin, A. P., and Lim, W. A. (2013) Repurposing CRISPR as an
RNA-guided platform for sequence-specific control of gene expression.
Cell 152, 1173−1183.
(40) Calos, M. P. (1978) DNA sequence for a low-level promoter of
the lac repressor gene and an ‘up’ promoter mutation. Nature 274,
762−765.

ACS Synthetic Biology Letter

dx.doi.org/10.1021/sb500262f | ACS Synth. Biol. 2014, 3, 645−651651


