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ABSTRACT: T7 RNA polymerase is the foundation of
synthetic biological circuitry both in vivo and in vitro due to
its robust and specific control of transcription from its cognate
promoter. Here we present the directed evolution of a panel of
orthogonal T7 RNA polymerase:promoter pairs that each
specifically recognizes a synthetic promoter. These newly
described pairs can be used to independently control up to six
circuits in parallel.
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The field of synthetic biology relies on designed, synthetic
circuits made from genetic parts that function robustly

and orthogonally to the cell’s operating system. All too often,
synthetic parts are evolved, engineered, or mined to perform a
particular function, but are ultimately unusable due to their
weak activity or promiscuity. As parts are combined to form
complex genetic circuits, each suboptimal part undermines the
whole. To generate parts that behave as expected, it may be
advisible to start with a well-studied and well-understood part,
and tailor its function to the needs of the community.1−4

In particular, T7 RNA polymerase is already serving as a
workhorse for synthetic biology; developing additional
polymerase variants based on this scaffold is thus highly
desirable. The polymerase has served as the core of synthetic
transcriptional circuits such as the control of the nitrogen
fixation cluster5 and pigment production in vivo6,7 and nucleic
acid computation in vitro.8 The ever-increasing complexity of
such genetic circuits necessitates the precise control of
synthetic transcriptional networks that function orthogonally.
This can be achieved by engineering a repertoire of T7 RNAP
variants that each specifically recognizes a synthetic promoter.
Each orthogonal polymerase:promoter pair would then act as a
transcriptional controller, enabling the precise and flexible
temporal, spatial, or signal-dependent control of RNA
expression.
T7 RNA polymerase (RNAP) has proven especially tractable

for engineering and synthetic biology applications because it is
a single polypeptide capable of transcribing RNA in abundance
upon highly specific recognition of a short 17-bp promoter.9,10

T7 RNAP has found wide use as a molecular tool, as it
functions robustly in prokaryotic,10,11 eukaryotic,12−16 and in
vitro17 contexts, and is orthogonal to host machinery and
promoters.

T7 RNAP specifically recognizes its promoter primarily
through the specificity loop (residues 739 to 770), especially by
interactions made between residues R746, N748, R756, and
Q758 with the major groove from −7 to −11.18 Mutations to
this critical part of the promoter usually results in substantial
loss of promoter recognition.19 Promoters with single
substitution that are weakly recognized by T7 RNAP can be
recognized by T7 RNAPs with single mutations to N748,20

R756,19 or Q758.21

Previous attempts to create T7 RNAP mutants capable of
strong and specific recognition of more divergent promoters
have relied on directed evolution22,23 or phylogenetic part
mining and domain grafting.6 These approaches have met with
some success but have resulted in polymerases with very low
activity or high cross-reactivity with other promoters. These
limitations have restricted the utility of the polymerases for use
in complex transcriptional circuitry.
In this work we utilize a directed evolution strategy,

compartmentalized partnered replication24 (CPR, Figure 1),
to select for T7 RNAP mutants capable of recognizing novel
promoters. Selection by CPR was followed by low throughput
screening, resulting in a panel of highly active and specific T7
RNAP mutants. These mutants display comparable activity to
the wild-type enzyme with limited cross-reactivity in both in
vivo and in vitro transcription assays.
The basis of CPR is identifying partner-library variants that

can drive the in vivo production of Taq DNA polymerase
(DNAP), and then carrying out emulsion PCR with primers
that allow Taq-mediated amplification of the genes of interest.
In the current instance, in order to generate specificity variants

Received: August 13, 2014
Published: October 3, 2014

Letter

pubs.acs.org/synthbio

© 2014 American Chemical Society 1070 dx.doi.org/10.1021/sb500299c | ACS Synth. Biol. 2015, 4, 1070−1076

pubs.acs.org/synthbio


of T7 RNAP we generated a strain of E. coli in which the
production of Taq DNAP was dependent on the use of a
synthetic T7 promoter. Individual cells were compartmental-
ized in a water-in-oil emulsion with 5′-biotinylated primers for
PCR amplification of the T7 RNAP specificity determining

region. T7 RNAP variants capable of recognizing the synthetic
promoter should therefore selectively produce Taq DNAP
protein and, in turn, be amplified by the Taq DNAP during
PCR.
We first sought to alter the molecular recognition of T7

RNAP to drive transcription from the novel promoter PCTGA.
This promoter was chosen because it is different from the wild-
type T7 promoter at all four of the most critical base pairs (−11
to −8) and also different from other known orthogonal
promoters (PCGG, PT3, PK1F, and PN4) at two or more of those
positions.
We generated a library of T7 RNAP variants in which the six

amino acids most responsible for promoter recognition (R746,
L747, N748, R756, L757, and Q758)18−21 were completely
randomized by using oligonucleotides synthesized using a mix
of trimer phosphoramidites.24 The resulting library (theoret-
ically 206 or 6.4 × 107 in complexity) was transformed into E.
coli at about 2-fold coverage. Transformed cells were then
grown, induced, and emulsified. Upon thermal cycling of the
emulsified reaction, cells were lysed and emulsion PCR led to
selective amplification of functional specificity determining
regions. The emulsion was broken with chloroform, and
biotinylated amplicons were recovered by streptavidin bead-
based purification. Full-length T7 RNAP genes were assembled
by overlap PCR, agarose gel-purified, digested with restriction
endonucleases, and ligated into an expression plasmid for
further rounds of selection. The library began to converge on
active sequences after four rounds of selection, and after seven
rounds the library was dominated by a single variant (termed
CTGA-R7-1, Supplementary Table 2) that had the sequence
L747I, N748T, R756T, and Q758K (Supplementary Figure 1).
In order to further ascertain the functionality of CTGA-R7-1,

we transformed an expression construct for the polymerase into
an E. coli strain that also carried a GFP gene coupled to the
PCTGA promoter (Supplementary Figure 1). CTGA-R7-1
produced about 1% as much GFP from PCTGA as the wild-
type T7 RNAP produced from PT7. This weak activity was in
line with the generally low efficiencies seen by others for
specificity variants.24 We hypothesized, however, that further
mutations in the regions flanking the promoter specificity
determinants would provide substantive improvements in
activity. We therefore subjected a larger region encompassing
most of the “fingers” domain18 (amino acid residues 663−793)
to error-prone PCR (at a rate of two mutations per kb) and to
CPR optimization. After six further rounds of selection (with

Figure 1. Compartmentalized partnered replication selection scheme.
(Top) E. coli cells containing the Taq DNA polymerase gene under
the control of a synthetic T7 promoter variant are transformed with a
saturation (or error-prone) mutagenesis library of T7 RNAP mutants.
Variants capable of recognizing the promoter produce Taq DNA
polymerase protein. (Middle) Whole E. coli cells are compartmental-
ized in a water-in-oil emulsion. The aqueous droplets also contain
primers, dNTPs, and Taq DNA polymerase buffer. (Bottom)
Emulsions are thermal cycled, leading to E. coli cell lysis and in vitro
PCR amplification of the T7 RNAP genes that led to the production of
Taq DNA polymerase during the in vivo expression step. PCR product
is recovered and prepared for the next round of selection.

Table 1. Summary of the Most Active T7 RNAP Mutantsa

mutant sequence cognate promoter
activity on
cognate

WT WT PT7
TAATACGACTCACTATA

100.0

CGG-R12-KIRV Q744K, L747V, N748H, L749I, R756E, L757M, H772R, E775V PCGG
TAATACCGGTCACTATA

50.5

CTGA-R13-
AKSRV

V725A, Q744K, L747I, N748S, R756T, Q758K, H772R, E775V PCTGA
TAATACCTGACACTATA

42.9

T3-R5-RRVH T745K, N748D, L749M, M750I, G753R, H772R, E775V, Q786H PT3
TAATAACCCTCACTATA

160.3

K1F-R5-KIKR Q744K, L749I, M750K, Q754S, R756N, I761V, H772R PK1F
TAATAACTATCACTATA

76.2

N4-R5-YRNRV N671Y, L747I, N748D, L749C, M750V, F751I, Q754T, F755R, L757M, Q758A, P759L,
D770N, H772R, E775V

PN4
TAATAACCCACACTATA

25.5

aA summary of the most active variant for each promoter. The “activity on cognate” value is the average of three different experiments on three
different days (each in triplicate). All values are normalized to wild-type (WT) T7 RNAP activity as 100.
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error-prone PCR at rounds 8, 10, 11, and 13) 288 clones from
the library were assayed for in vivo GFP expression from PCTGA.
Active clones (judged by fluorescence readings, not shown)
were sequenced, and several mutations were found to occur
frequently in the population (I681L, Q744K, H772R, E775V,
and to a lesser extent V725A, T748S, and L749I,
Supplementary Figure 2). Different combinations of the
selected mutations were added to the original CTGA-R7-1
variant and then assayed for activity in the PCTGA-GFP strain
(Supplementary Figure 3). The clone CTGA-R13-AKSRV
(Table 1 and Supplementary Table 2) that contained the
mutations V725A, Q744K, T748S, H772R, and E775V on top
of the parental CTGA-R7-1 (L747I, N748T, R756T, and
Q758K) was found to be highly active (40% activity on PCTGA
relative to the wild-type combination) and was subjected to
further analyses; see below.

Previously, T7 RNAP variants capable of utilizing PT3, PK1F,
and PN4 promoters have been described6 (T7(T3): T745K,
N748D, L749M, M750I. T7(K1F): Q754S, R756N, I761V.
T7(N4): L747I, N748D, L749C, M750V, F751I, Q754T,
F755H, L757M, Q758A, P759L; Supplementary Table 2).
However, upon initial assay we discovered that, while these
polymerases were specific for their respective promoters, their
overall activity was low, only about 1−10% of the activity of the
wild-type polymerase:promoter pair.24 These polymerases were
created by grafting the promoter specificity loop of related
bacteriophage RNA polymerases (with different promoter
specificities) onto a T7 RNAP scaffold. Even though it is
remarkable that such grafting was able to confer specificity, the
differences in the structural context likely limited activity.
To increase activity, each polymerase variant was subject to

five rounds of CPR (with error-prone PCR prior to rounds 1, 3,
and 5). As above, the final population was subjected to a GFP-

Figure 2. Assays of the most specific T7 RNAP mutants. The most specific variant from each selection was assayed for use of each of the six
described promoters. (a,b) Six different E. coli strains, each of which contained the GFP gene under the control of one of the six T7 promoter
variants, are transformed with each polymerase mutant. (a) Cells were grown, induced, and imaged. (b) Cells were grown, induced, and measured for
fluorescence (excitation 481 nm/emission 507 nm) and OD600. Values shown are the average of three independent cultures. Error bars represent the
standard error. All values are normalized to wild-type T7 RNAP activity as 100. (c) A summary of the most specific variant for each promoter.
“Specificity” refers to the activity of a mutant with its cognate promoter relative to the highest activity of the mutant with any noncognate promoter
tested. The in vivo value is the average of two different experiments on two different days (each in triplicate). (d) Each polymerase:promoter
combination was allowed to drive the in vitro transcription of the Spinach aptamer.25 Spinach fluorescence (excitation 469 nm/emission 501 nm)
was recorded after a 30 min incubation as a measure of relative activity. Values shown are the average of three independent transcription reactions.
Error bars represent the standard error. All values are normalized to wild type T7 RNAP activity as 100.
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based screen, consensus mutations were determined, and
combinatorial mutants were generated and assayed (Supple-
mentary Figures 4−9 and Table 2). The most active variants
from each selection were: T3-R5-RRVH (T745K, N748D,
L749M, M750I, G753R, H772R, E775V, Q786H); K1F-R5-
KIKR (Q744K, L749I, M750K, Q754S, R756N, I761V,
H772R); and N4-R5-YRNRV (N671Y, L747I, N748D,
L749C, M750V, F751I, Q754T, F755R, L757M, Q758A,
P759L, D770N, H772R, E775V) (Table 1). These variants
demonstrated 160.3%, 76.2%, and 25.2% activity in comparison
to the wild-type T7 RNAP with its promoter, which was
respectively a 20-, 119-, and 91-fold improvement over the
parental enzymes.
We hypothesized that selecting for very active variants would,

in turn, lead to very specific variants, based on previous
studies.26,27 For example, Tawfik and colleagues showed that as
a hydrolase gained activity with a new substrate, it also gained
specificity toward that substrate relative to the original
substrate.26 We therefore tested each of the four variant
polymerases, the previously described CGG-R12-KIRV24 and
the wild-type T7 RNAP against each of their cognate
promoters (6 × 6). Each polymerase was separately trans-
formed into six distinct cell lines in which the six different
promoters drove the production of GFP (Supplementary
Figures 10 and 11). Each polymerase showed at least a 3.8-fold
selectivity for its cognate promoter over any other promoter (as
judged by the relative protein yield driven from each
promoter); however, there were several cases of cross-reactivity.
Specifically, T3-R5-RRVH was quite cross reactive with PT7,
showing only a 6.7-fold preference for PT3, while K1F-R5-KIKR
prefers PK1F by only 3.8-fold over PT7 and 7.3-fold over PT3. All
other polymerase variants utilize their cognate promoters with
at least 10-fold specificity, making them among the most
orthogonal polymerases ever created by enzyme engineering.24

While we have seen that selecting and screening for highly
active mutants can yield highly specific mutants, it was also
possible that our original hypothesis was incorrect and that
mutations that improve efficiency do so via nonspecific
mechanisms (for example, by forming an interaction with the
phosphate backbone). Therefore, we rescreened our previous
panel of variants from each selection not only for their ability to
drive GFP from their cognate promoters but also for their
cross-reactivities (Supplementary Figure 12−16). Several
additional candidates that were very active yet less cross-
reactive were obtained. The polymerase CGG-R12-KIR
(Q744K, L747V, N748H, L749I, R756E, L757M, H772R)
was 31% active on its cognate promoter (compared to wild-
type) and had at least a 34.3-fold selectivity. CTGA-R13-
AKSIRV (V725A, Q744K, L747I, N748S, L749I, R756T,
Q758K, H772R, E775V) was 27% active with PCTGA and had a
33.8-fold preference for its cognate promoter. T3-R5-RV
(T745K, N748D, L749M, M750I, H772R, E775V) was 39.3%
active with PT3 with a 46-fold preference; K1F-R5-IRH (L749I,
Q754S, R756N, I761V, H772R, Q786H) was 18.5% active with
PK1F, with at least 9.5-fold preference; and N4-R5-RNRV
(L747I, N748D, L749C, M750V, F751I, Q754T, F755R,
L757M, Q758A, P759L, D770N, H772R, E775V was is
14.7% active on PN4 and preferred it by 9.8-fold.
In order to confirm the orthogonality of these polymer-

ase:promoter pairs in vivo, we again assayed each of them on
the set of six promoters. This new panel of polymerases proved
to be truly orthogonal, as no polymerase showed more than
2.5% cross-reactivity in vivo (Figure 2a−c). Further, to

demonstrate that CPR did not just yield polymerases that
were orthogonal in vivo, each polymerase was purified and
assayed for its ability to drive the transcription of the
fluorescent aptamer Spinach.25 Fluorescence readings were
recorded as a measure of transcriptional activity and thus as an
indicator of promoter recognition in vitro. The evolved
polymerases again show high activity with their cognate
promoters (ranging from 33% to 64% activity, relative to WT
with its cognate promoter) and have excellent specificity (a
13.5- to 45.8-fold preference for their respective cognate
promoters; Figure 2c,d).
These results demonstrate the unequivocal role of directed

evolution in the development of synthetic biology.28 The
relatively low activity of the initially evolved or engineered
polymerases and their subsequent improvement by directed
evolution offers important lessons with regards to the
semirational alteration of molecular function. Structural and
mutation studies suggest the importance of R746, N748, R756,
and Q758,18−21 yet mutations outside of these residues were
required for CGG-R7-8 and CTGA-R7-1 to achieve activity
comparable to WT T7 RNAP. CPR yielded more than a 50-
fold increase in activity over the originally selected mutants.
Similarly T7(T3), T7(K1F), and T7(N4) were designed with
structural and phylogenetic considerations,6 but they could also
be improved by directed evolution as evidenced by their 2- to
40-fold improvement in activity and at minimum 2-fold
improvement in specificity. It is interesting to note that some
mutations outside of the immediate specificity loop were able
to improve the activities of several mutants, most notably
Q744K, H772R, and E775V. It is unclear whether these
mutations facilitated nonspecific polymerase:promoter inter-
actions, enhanced polymerase expression or folding, or
otherwise increased polymerase activity by an unknown
mechanism.
These results also demonstrate the utility of CPR as a

directed evolution method. While there are many possible
methods for the evolution or engineering of such systems,6,23,29

these have by and large not produced polymerases of nearly the
same activity nor specificity. The effectiveness of CPR stems
from its decoupling of organismal and molecular fitness, and its
sensitivity to small differences in Taq DNAP levels over a wide
range of concentrations.24 This allows even weakly active
variants to survive the early rounds of evolution, but also leads
to highly active variants outcompeting moderately active ones.
Modular control of synthetic transcriptional circuitry is

critical for engineering complex gene expression in vivo and can
contribute to the development of transcription-based nucleic
acid circuits in vitro. Starting with the well-characterized T7
RNA polymerase, we have generated a panel of six highly active
and orthogonal polymerase:promoter pairs. This “hexacore” set
of transcriptional regulators should become a standard for the
field of synthetic biology, just as other common protein parts
such as the Lac repressor and LuxR quorum-sensing tran-
scription activator have been.
The high activity of T7 RNA polymerase and its derivatives

can potentially lead to toxicity, especially if multiple
polymerases are expressed in the same cell. One possible
solution to this problem is to limit the total number of active
polymerases in a given cell. As promoter specificity is conferred
by the C-terminal domain, each polymerase may be split into a
common “core” N-terminal domain and a σ-factor like C-
terminal domain. A fixed number of N-terminal fragments sets
a cap on the total number of full length polymerases that can
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form and thus limits toxicity, and by altering the relative levels
of each C-terminal fragment one can tune the expression from
each promoter. Indeed, one of the polymerases described has
already been used in the instantiation of such a “resource
allocation” system.30

■ MATERIALS AND METHODS
Library Design and Selection. For the selection of an

RNAP mutant capable of recognizing PCTGA, site saturation
mutagenesis was used to randomize the residues R746, L747,
N748, R756, L757, and Q758 of the T7 RNAP promoter
specificity loop. The T7 RNAP open reading frame was
amplified by PCR using degenerate oligonucleotides. An
oligonucleotide spanning the promoter specificity loop
(RAH.01, Supplementary Table 1) was synthesized, with
degeneracy introduced by the use of degenerate trimer
phosphoramidites (Glen Research). This oligonucleotide was
PCR amplified using primers AJM.01 and AJM.02, and the
resulting product was used to assemble the full length open
reading frame. The full length T7 RNAP library was digested
with BamHI and HindIII and ligated into the pQE-RSS
backbone (in which a strong T5-lac promoter drives T7
RNAP), as previously detailed.24

The Taq DNA polymerase gene was cloned into a modified
pACYC-duet (Novagen) backbone with a single T7 promoter;
this construct was named pACYC-Taq. Variants of this plasmid
with synthetic promoters driving Taq DNA polymerase were
generated using Mega-primer PCR or isothermal assembly.
BL21 gold cells (Agilent) were transformed with pACYC-Taq
(or its derivative with altered promoter) and grown overnight.
Two hundred and fifty microliters of this culture was
subcultured into 20 mL of 2× YT growth medium and
grown at 37 °C for 2 h (reaching an OD600 of approximately
0.5). The culture was then centrifuged for 10 min at 4000g at 4
°C and washed with ice cold 10% glycerol four times, with the
fourth resuspension in 100 μL of 10% glycerol. This cell slurry
(∼200 μL total) was combined with 2 μL (∼50 ng) purified
ligation and electroporated using 0.2 cm cuvettes at 2.5 kV in
an E. coli pulser (BioRad). This routinely resulted in roughly
107 CFUs (multiple replicates were pooled for early rounds in
order to attain full coverage).
One hundred microliters of overnight transformation

cultures were subcultured in 2 mL of 2× YT medium, grown
for 1 h (OD600−0.6) and induced with 0.05 mM IPTG at 37 °C
for 4 h. Two hundred microliters of the induced culture was
centrifuged for 10 min at 5000g. The supernatant was removed
and cells were gently resuspended in 20 μL of 10× PCR buffer
(500 mM KCl, 100 mM Tris-HCl pH 8.3, 15 mM MgCl2) 10
μL of dNTP mix (4 mM each), 4 μL of each primer (AJM.03
and AJM.04 20 uM), and 162 μL of water. Emulsification was
performed by slowly adding resuspended cells to 600 μL of
spinning oil mix (438 μL of Tegosoft DEC (Evonik), 42 μL of
AbilWE09 (Evonik), and 120 μL of mineral oil (Sigma)). The
oil mixture was constantly spun in a tube (Sarstedt, 13 mL, 95
mm × 16.8 mm) on ice using a stirbar (Spinplus, 9.5 mm × 9.5
mm, Teflon, Bel-Art) on a magnetic plate (Corning) at the
maximum setting (1150 rpm). The cell mixture was slowly
added over a 1 min interval and spun for an additional 4 min.
The emulsified cells were thermal cycled (95 °C, 3 min, 20
cycles [95 °C, 30 s; 55 °C, 30 s; 72 °C, 5 min]; 72 °C, 5 min)
such that cells containing the most active enzymes will also
contain the most Taq DNA polymerase and will preferentially
PCR amplify. The emulsion was broken in two steps. First, it

was centrifuged for 5 min at 10 000g, and the oil (upper) phase
was removed. Second, 300 μL of bead buffer (0.2 M NaCl, 10
mM Tris-HCl pH 7.4, 1 mM EDTA, 0.1% Tween-20) and 500
μL of chloroform was added, and the mixture was vortexed
vigorously. The mixture was transferred to a heavy-gel phase-
lock tube (5 Prime), and upon centrifugation for 2 min at 16
000g, the aqueous (upper) phase was collected along with any
nucleic acids present. To facilitate purification of the DNA PCR
amplified by Taq DNA polymerase from the template plasmid
DNA, we used primers with 5′ biotin groups in the emulsion
PCR step. Biotinylated PCR product was purified using
streptavidin coated beads (MyOne Streptavidin C1 Dynabeads,
Invitrogen) and used as a template for reamplification using
nested primers (AJM.05 and AJM.06). This PCR product was
gel purified and used in an assembly PCR, thus regenerating the
full-length T7 RNAP ORF. This was followed by digestion with
BamHI and HindIII and ligation into the pQE-RSS backbone.
In rounds 8 to 13 of the PCTGA selection (after isolation of

CTGA-R7-1) and all rounds of the PT3, PK1F, and PN4
selections, a larger region (amino acids 633 to 793) of the
polymerase coding sequence was reamplified (and thus allowed
to evolve) using primers AJM.07 and AJM.08. This PCR
product was gel purified and used in an assembly PCR, thus
regenerating the full-length T7 RNA polymerase ORF. This
was followed by digestion with BamHI and HindIII and ligation
into the pLUV-RSS backbone (in which the strong T5
promoter was replaced with the moderate-strength promoter,
LacUV5).
Error prone PCR was performed on the larger region prior to

PCTGA rounds 8, 10, 11, and 13 as well as before PT3, PK1F, and
PN4 rounds 1, 3, and 5. Briefly the reaction mixture was
composed of 50 mM KCl, 10 mM Tris-HCl pH 8.3, 2.5 mM
MgCl2, 5 μg/mL BSA, 0.35 mM dATP, 0.4 mM dCTP, 0.2 mM
dGTP, 1.35 mM dTTP, 0.5 mM MnCl2, 0.5 μM each primer
(AJM.07 and AJM.08), 2 ng/μL template, and 0.8 U/μL Taq
DNAP (New England Biolabs) and was thermal cycled (95 °C,
4 min, 25 cycles [95 °C, 30 s; 55 °C, 30 s; 72 °C, 2 min]; 72
°C, 5 min). This achieved the expected one mutation per 500
bp. This PCR product was gel purified and used in an assembly
PCR, thus regenerating the full-length T7 RNA polymerase
ORF. This was followed by digestion with BamHI and HindIII
and ligation into the pLUV-RSS backbone.
Individual variants from CTGA-R7, CTGA-R15, T3-R5,

K1F-R5, and N4-R5 were sequenced and analyzed using
Geneious software (Biomatters, Ltd.).

In Vivo GFP Assay. Combinations of consensus mutations
were made using Mega-primer PCR or isothermal assembly.
Purified T7 RNA polymerase plasmid was electroporated into
BL21-gold cells containing pACYC derivatives in which T7
promoter variants drive GFP production. Transformations were
grown at 37 °C overnight. One hundred microliters of the
culture was grown in 2 mL of 2× YT medium at 37 °C for 1 h
(OD600−0.6) and induced with 0.05 mM IPTG for 4 h. This
concentration of IPTG was chosen in order to limit metabolic
overload on the host and prevent saturation of signal. After
induction, cells were measured for OD600 on a Synergy-HT
plate reader (Bio-Tek) and GFP fluorescence (excitation 481
nm/emission 507 nm) on a Safire monochromator (Tecan).
Images of T7 RNA polymerase-driven GFP expression shown
in Figures 2a and Supplementary Figure 10 were generated by
pelleting 2 mL of induced culture, decanting the supernatant,
and resuspending cells in 500 μL of PBS. The resuspended cells
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were excited with a transilluminator (475 nm excitation) and
imaged with a FluorChem Q (Cy3-filter, Protein Simple).
T7 RNA Polymerase Purification. For in vitro tran-

scription assays, T7 RNAP variants were purified by standard
Ni-NTA 6× His (N-terminal) methods. The plasmid pQE-
T7RNAP (or a derivative thereof for T7 RNA polymerase
mutants) was transformed in BL21-gold (Agilent). Cells were
grown in 2× YT media at 37 °C until an OD600−0.7−0.8 was
reached. Cells were induced for 4 h with 1 mM IPTG, pelleted,
and frozen at −80 °C. Pellets were resuspended in binding
buffer (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, and 5 mM
imidazole). Resuspended cells were lysed via sonication on ice
using 50% probe amplitude for 3 min (one second on; one
second off). Cell debris was pelleted by centrifugation for 30
min at 10 000g. His-tagged T7 RNAP was purified by
immobilized metal affinity chromatography (IMAC). The
lysate was run over a 1 mL (bead volume) Ni-NTA gravity
column pre-equilibrated with binding buffer. The column was
washed with 10 column volumes of wash buffer (50 mM Tris-
HCl, pH 8.0, 0.5 M NaCl, and 20 mM imidazole). T7 RNAP
was eluted off the column by the addition of four column
volumes of elution buffer (50 mM Tris-HCl, pH 8.0, 0.5 M
NaCl, and 250 mM imidazole). Eluates were dialyzed twice
against a storage buffer (50 mM Tris-HCl, pH 8.0, 100 mM
NaCl, 1 mM DDT, 1 mM EDTA). Concentrations were
adjusted to 1 mg/mL and added to an equal volume of glycerol
(final concentration = 0.5 mg/mL).
In Vitro Transcription Assay. Transcription templates

were designed such that a T7 promoter variant was
immediately upstream of the fluorescent aptamer Spinach.25

Templates were prepared by PCR and agarose gel purification
using QIAquick Gel Extraction Kit (Qiagen). Each template
was made from a universal reverse primer (AJM.09) and a
unique forward primer (AJM.10−AJM.15).
Transcription reactions were assembled by combining 40

mM Tris-HCl pH 7.0, 30 mM MgCl2, 6 mM spermidine, 6 mM
each NTP, 10 mM DTT, and 0.17 mg/mL DFHBI25 with 0.5
μM of the appropriate T7 RNAP and 0.5 μM of the appropriate
DNA template. Reactions were incubated for 30 min at 37 °C
with Spinach fluorescence (excitation 469 nm/emission 501
nm) reading taken every 3 min in a Safire monochromator
(Tecan).
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