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ABSTRACT

Despite recent progress on synthetic transcription
factor generation in eukaryotes, there remains a
need for high-activity bacterial versions of these sys-
tems. In synthetic biology applications, it is use-
ful for transcription factors to have two key fea-
tures: they should be orthogonal (influencing only
their own targets, with minimal off-target effects),
and programmable (able to be directed to a wide
range of user-specified transcriptional start sites).
The RNA polymerase of the bacteriophage T7 has
a number of appealing properties for synthetic bi-
ological designs: it can produce high transcription
rates; it is a compact, single-subunit polymerase that
has been functionally expressed in a variety of or-
ganisms; and its viral origin reduces the connection
between its activity and that of its host’s transcrip-
tional machinery. We have created a system where
a T7 RNA polymerase is recruited to transcriptional
start sites by DNA binding proteins, either directly or
bridged through protein–protein interactions, yield-
ing a modular and programmable system for strong
transcriptional activation of multiple orthogonal syn-
thetic transcription factor variants in Escherichia
coli. To our knowledge this is the first exogenous,
programmable activator system in bacteria.

INTRODUCTION

Synthetic biology represents on ongoing effort to treat bi-
ology as an engineering science. First the individual biolog-
ical parts such as cells, proteins, and metabolites must be
understood by thorough characterization and standardiza-
tion. Then these parts can be interfaced with other parts
to reconstitute natural biological networks and their behav-
iors, or to generate novel ones. Experience shows, however,
that native biological parts often prove too complex for an
engineer to characterize and standardize. Additionally, even

if a part is well characterized in one system it is currently not
possible to predict that it will operate identically in another
context. Thus scientists and engineers often devise simpler
parts and networks that capture the desired natural behav-
iors.

When creating a regulatory circuit for use in a synthetic
biological design, it is helpful if the components (such as
the transcription factors we will discuss here) have two
properties. They should be orthogonal: able to act on their
own targets without exerting off-target effects on the tar-
gets of other synthetic components. And they should be
programmable: capable of being directed to a wide range of
user-specified targets rather than restricted to a limited set
of naturally-occurring ones. An orthogonal, programmable
set of regulatory components (such as transcription factors)
offers designers in synthetic biology the capacity to create
complex circuits where multiple inputs and outputs are pro-
cessed in the same cell without interfering with one another.

In the initial phase of synthetic biology’s development,
there was a significant shortage of useful biological com-
ponents; this became known the ‘parts/components prob-
lem’ (1,2). At the level of the regulation of transcrip-
tional initiation, only a handful of well-characterized
promoter/transcription factor combinations were practi-
cal in bacteria and eukaryotes, and the same few compo-
nents played central roles in many synthetic circuit designs.
In 2012, the development of synthetic transcription fac-
tors (sTFs) in yeast (3) presented a path towards resolving
the issue: the sTFs could be programmed to initiate tran-
scription from any location definable by the DNA bind-
ing sequences of zinc finger arrays (ZFAs). This work was
soon expanded with other programmable DNA binding
proteins (DBPs), including transcription activator–like ef-
fectors (TALEs) and dCas9 (4–10). There is now such a
wide variety of parts based on sTFs that it is reasonable to
conclude that eukaryotes no longer have a significant tran-
scriptional parts problem.

A similarly wide range of synthetic transcriptional con-
trol options have not been developed for bacteria. This is
at least partly due to the predominantly ‘on by default’ na-
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ture of transcription in bacteria: unlike in eukaryotes where
transcription is generally off by default in the absence of
RNAP recruitment by transcription factors, the bacterial
RNAP holoenzyme recognizes its promoter without aux-
iliary transcription factors (11). This results in a situation
where promoters are most effectively controlled by block-
ing or otherwise inhibiting the polymerase using repres-
sor proteins, but limited ability exists to activate transcrip-
tion directly with transcription factors. The inducible re-
pressors AraC, LacI and TetR (controlled with arabinose,
isopropyl �-D-1-thiogalactopyranoside (IPTG) and anhy-
drotetracycline (ATc), respectively) are still the repressible
promoter systems seen most frequently in the literature, and
inducible transcriptional activation in bacteria is most com-
monly achieved by de-repression (12).

Considerable effort has been directed to expanding the
pool of orthogonal bacterial repressors through mutagene-
sis, bioinformatics-driven parts mining and directed evolu-
tion (13). This can provide repressors that bind new induc-
ers (14–17) as well as bind new operator sites (18,19). This
approach has been refined to the point that the design and
construction of arbitrary logical operations in DNA can be
automated (20).

However, as successful as repressor-based transcriptional
regulation has been, direct transcriptional activation offers
an important alternative mode of regulation in synthetic bi-
ology, with the potential to simplify the design and imple-
mentation of synthetic circuits. The active recruitment of
transcription factors could also allow synthetic systems in
bacteria to explore the more complex and modular modes
of activation characteristic of eukaryotic systems. Two main
approaches exist for synthetic transcriptional activation in
bacteria: bacterial one/two-hybrid type systems and phage-
based systems.

Bacterial hybrid systems use minimal bacterial promoters
and replace the UP element (which recruits the C-terminal
domain of the RNA polymerase alpha or omega subunits)
with the DNA binding motif of the desired DNA-binding
domain. The C-terminal domain is then replaced with a
DNA-binding domain matching the DNA binding motif.
A two hybrid version associates the DNA-binding domain
with the RNAP alpha subunit through protein–protein in-
teractions. Thus, the bacterial RNAP is recruited to the
minimal promoter with the help of a DNA-binding domain.
This approach has been successfully used with zinc finger
arrays, TALEs, dCas9 and others for transcriptional activa-
tion (21–27). These systems also double as repressors when
targeted to sterically block the RNAP binding at the pro-
moter. Other successful non-hybrid approaches to activa-
tion use activating RNAs that de-repress RNAP elongation
(28) and sigma factor-anti-sigma pairs (29,30). However,
what limits the hybrid systems, with few exceptions, is their
modest activity. Additionally, the use of the host RNAP in
these systems makes it more challenging to produce large
sets of orthogonal activators, and introduces potential in-
terference between the host’s native RNAP and the engi-
neered hybrid system.

The second approach to bacterial activation consists of
phage-based systems, employing proteins from bacterio-
phage viruses (especially RNA polymerases, but phage-
derived transcription factors like the lambda repressor can

also be used as activators) (11). RNA polymerases from
bacteriophages transcribe so strongly that they form the
basis of the majority of protein over-expressing bacterial
cell lines. The most common phage RNAP system is the
T7 RNAP, a single subunit RNAP that recognizes a sin-
gle DNA motif between 17 and 22 bp long. The T7 RNA
polymerase has appealing properties for synthetic biologi-
cal applications: it can produce very high transcription rates
(31,32) useful for example in amplification steps or high-
gain feedback circuits (33); its compact single-unit nature
makes it relatively easy to express; and it has been func-
tionally expressed in a variety of contexts including both
prokaryotes and eukaryotes (34–37).

Numerous successful efforts have been made to engi-
neer the T7 RNAP to recognize different promoter se-
quences (38–42) as well as to generally enhance its activ-
ity (31,32). Further, T7 RNAP has been split to gener-
ate inducible (43,44) and logic gated operations (45–47).
Combined, these efforts yield an impressive library of T7
RNAPs that can target orthogonal promoters with very
high transcriptional activation. Furthermore, T7 RNAP
can be made functional in eukaryotes, allowing it to act as
a widely-applicable tool (34,35). However, the convenient
single-subunit nature of the T7 RNAP also results in cou-
pled binding and transcription initiation activities, prevent-
ing the relatively straightforward process of directing the
polymerase to a specific start site by modifying the DNA
binding behavior of a DNA-binding domain in isolation,
as is possible in bacterial hybrid and eukaryotic systems.
Whereas the same core polymerase can be fused or post-
translationally dimerized to a DBP to define its activity in
other systems, phage RNAPs must be re-engineered specif-
ically for each new DNA binding motif, currently a time-
consuming process.

Our goal in this work was to make the T7 RNAP pro-
grammable (like recruitment-based bacterial hybrid and eu-
karyotic systems), while retaining its strong transcriptional
activity. Achieving this aim requires fusing a customizable
DNA-binding domain to the T7 RNAP, either directly or
through a protein–protein bridge. For programmability, this
DNA-binding protein must be modifiable such that de-
signers can select a wide range of DNA sequences as the
binding target. To achieve the desired property of orthog-
onality, we require two system features: the activity of the
T7 RNAP must depend strongly on its recruitment by the
DNA-binding domain (preventing significant activity in the
absence of the target DNA-binding sequence); and multi-
ple DNA-binding domains must be sufficiently specific that
they do not induce significant T7 RNAP recruitment on
DNA sequences other than their own targets.

We have developed a solution to this design challenge,
which we call the ‘iiT7 system’, where ‘ii’ stands for ‘initia-
tion impaired’. The system, to be described below, consists
of a set of DNA-binding proteins (zinc finger arrays), fused
or bridged to either wild-type or mutated T7 RNA poly-
merases, along with a truncated T7 promoter that displays
recruitment-dependent activity when placed adjacent to the
DNA-binding targets of the zinc finger arrays. The iiT7 sys-
tem represents a programmable transcriptional activator in
Escherichia coli, the first such system of which we are aware.
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MATERIALS AND METHODS

Cell culture

Escherichia coli strain DH5�Z1 (Expressys, Germany) was
used in prototyping measurements and strain MG1655Z1
(a gift from Jeff Hasty, UCSD) was used for final measure-
ments using leucine zippers. Cells were grown in EZ Rich
Defined Media (Teknova, USA) with antibiotics where ap-
propriate; 50 ug/ml carbenicillin, 50 ug/ml kanamycin, 25
ug/ml Zeocin.

DNA parts and manipulation

The reporter plasmid pOEGFP (this lab) was modified to
contain the ZFA binding sites upstream of the T7 pro-
moter using restriction digest of annealed oligonucleotides
(Eurofins Operon, USA) between the NheI and AvaI sites.
‘Spacer’ distances are from the end of the NheI scar
to the beginning of the ZFA binding site. The plasmid
pSB3K3 (BioBricks, iGEM.org) was used to express T7
(BBa I202079), ZFA-T7 and Leucine Zipper (LZ)-T7 con-
structs from a Lac inducible promoter (BBa J04500) cloned
in through the BioBrick standard assembly. Any further
modifications to any plasmids were done with site directed
mutagenesis (Q5 Site-Directed Mutagenesis Kit, NEB) or
Gibson Assembly (Gibson Assembly® Cloning Kit and
NEBuilder® HiFi DNA Assembly Master Mix, NEB).
The plasmid pADCR4 (a gift from Jeff Hasty (48), UCSD)
was used to express ZFA-LZ. ZFAs were provided by Keith
Joung (Harvard) and Marcus Noyes (NYU), and variants
were ordered as gBlocks (IDT, USA). Leucine zippers were
ordered as gBlocks (IDT, USA) and derived from An3.5,
Bn3 and Bn3.5 (49) due to their well characterized binding
affinities and tunability. All inserts into plasmids were con-
firmed by DNA sequencing (TCAG, Toronto and Eurofins
Operon, USA) prior to measurement. Sequences and de-
scriptions can be found in the Supplementary Information.

Cell transformation and measurement

Escherichia coli cells were made chemically competent with
standard procedures. Cells were transformed with a bulk
heat shock method in a 96 well round bottomed plate
(29,50). Briefly, 50 �l of chemically competent E. coli were
incubated with 1 �l of 5 ng/�l per plasmid on ice for 30
min. Cells were then heat shocked at 44◦C for 45 s and re-
turned to ice for 2 min. 100�l of room temperature SOC
was added per well, covered with a breathable membrane
(VWR 60941-086) and the plate was incubated at 37◦C for
2 h at 900 revolutions per minute (rpm). A 2 ml deep 96 well
plate (VWR 89237-526) with a 6 mm borosilicate bead per
well was prepared with 400 �l of EZ Rich Defined Media
(Teknova M2105) per well as described and 30 �l of cul-
ture was added to each respective well to incubate overnight
at 37◦C at 600 rpm with appropriate antibiotics. Overnight
cultures were diluted 1/50 into a new 2 ml deep 96 well plate
containing 600 �l EZ Rich Defined Media per well and in-
cubated for up to 7 hrs with appropriate antibiotics. Start-
ing at 2 h, 100 �l aliquots were measured hourly in a black
96 well plate (Thermo 152036) in a Tecan M1000 Pro plate
reader. Settings were as follows: 4 s of horizontal shaking;

absorbance 600 nm, 4 s horizontal shaking, fluorescence
(excitation = 485 nm, emission = 525 nm).

Data analysis

Data analysis was performed in Microsoft Excel. Fluores-
cence was normalized with the following formula ((Fsam-
ple – Fmedia)/(ODsample – ODmedia)) – ((Fcontrol –
Fmedia)/(ODcontrol – ODmedia)). Errors bars are one
standard deviation of three independently cultured samples.
P-values for statistical significance were not calculated as
only large effects were of interest in this investigation. Fig-
ures were generated from time points in which cell were in
exponential growth (usually 3 or 4 h). Fluorescence Relative
to WT T7 was calculated by dividing each well by the well
containing T7 on its own pt7 promoter (this promoter is of-
ten denoted PT7 or pT7, but here we will use the convention
that all DNA sequences, including promoters, are entirely in
lower case, to distinguish them from the all-upper-case pro-
tein constructs). ‘Fold activity’ was calculated by dividing
each T7 or ZFA variant’s fluorescence output by the fluo-
rescence output of wild-type T7 RNA polymerase (WT T7
RNAP) on the promoter corresponding to the same T7 or
ZFA variant. This normalizes each T7 or ZFA variant to
WT T7 RNAP on the modified promoter, providing the fold
activity that the variant offers over WT T7 RNAP alone.
This is a measure of the performance of the recruitment-
based iiT7 system versus WT T7 RNAP, and uses the WT
T7 RNAP as a proxy for off-target T7 constructs that would
be present in a system containing multiple promoters.

RESULTS AND DISCUSSION

The initial version of the iiT7 system is shown schemati-
cally in Figure 1A: a zinc finger array (ZFA) is fused by
a linker to the T7 RNA polymerase. Transcription is ini-
tiated by recruitment of the ZFA-T7 RNAP complex to the
vicinity of a truncated T7 promoter, d1 (Figure 1B). The top
DNA sequence represents the WT T7 promoter whereas the
bottom d2 promoter represents additional deletion of the
‘specificity loop’ binding region. Later, we replace the di-
rect linker with a protein–protein interaction ‘bridge’ (Fig-
ure 3A). Selection and testing of each element of the system
will be discussed below. Table 1 offers a list of the labels we
have used for the key protein constructs and promoters that
appear below.

Selection of DNA binding domains

To achieve recruitment at user-specified DNA sequences,
our system requires a set of DNA binding domains that al-
low targeting to arbitrary DNA sequences. These domains
must be able to fuse to the T7 RNAP while maintaining
their own activity and not disrupting the T7 RNAP’s activ-
ity. Zinc fingers (ZFs) are a family of DNA binding proteins
that are promising candidates: they are relatively small, with
a simple structure that reduces the chances of misfolding or
aggregation; they have been successfully employed in the de-
sign of eukaryotic synthetic transcription factors (3) and in
bacterial hybrid screens in E. coli; and they can be designed
to bind almost any DNA sequence. TALEs and CRISPR-
Cas9 were also considered, but both are significantly larger
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Figure 1. The direct-fusion version of the iiT7 system. (A) A schematic of the direct-fusion iiT7 system. A zinc finger array (ZFA) is attached by a peptide
linker to the T7 RNA polymerase. The DNA sequence binding target (zfa) of the ZFA serves to recruit the protein fusion to the vicinity of a truncated
T7 promoter sequence, d1. (B) The promoter sequences of the wild-type T7 promoter (pt7), and two truncated versions of the promoter (d1 and d2). (C)
Schematics of several promoters used for testing: p8zfa2-t7 incorporates 8 copies of the zfa2 binding sequence, each spaced 10 bp apart, followed by the
wild-type pt7 promoter sequence; p8zfa2-d1 replaces the pt7 sequence with the truncated d1 sequence; and p1zfa2-d1 uses only a single copy of the zfa2
binding sequence before d1. (D) Expression from promoters pt7, p8zfa2-d1, and p8zfa2-d2, in the presence of the wild-type T7 RNAP (T7), the fusion
ZFA2-T7 (WT T7 RNAP fused to ZFA2), and the fusion ZFA2NULL-T7 (WT T7 RNAP fused to a non-DNA-binding mutant of ZFA2). Values are
normalized to WT T7 activity on its native pt7 promoter. [Error bars represent one standard deviation for an n of 3]. (E) Expression of a set of T7 RNAP
mutants (labels described in the text) from promoters pt7 and p8zfa2-d1, normalized to WT T7 on pt7. Each mutant’s normalized activity is shown on
both promoters, when expressed on its own (e.g. T7(PQ)) and when fused to a zinc finger array (e.g. ZFA2-T7(PQ)). The T7-HEP mutant shows nearly
wild-type activity on the p8zfa2-d1 promoter when recruited by in the ZFA2-T7(HEP) construct. [Error bars represent one standard deviation for an n of
3].

Table 1. A list of labels used for the protein and DNA constructs examined here. Proteins and protein fusions are given labels entirely in upper-case letters
(ZFA1, ZFA2-LZ2A, etc.) DNA sequences, including promoters, are labeled entirely in lower-case letters (d1, zfa2, etc.) All promoter sequences begin
with the letter ‘p’ (p8zfa2-t7, etc.)

Label Type Description

ZFA{1-5}; ZFA{1,2}NULL Proteins Zinc finger arrays. ZFA1: sTF 43-8 (3). ZFA2: sTF 43.8 (3) with a
Zif268 (53) backbone. ZFA3: sTF 54.8 (3). ZFA4: Zif268 (53). ZFA5:
46698 (61). ZFA1NULL, ZFA2NULL: ZFA1/ZFA2 with mutations
to abolish DNA-binding activity

WT T7 RNAP Protein The wild-type T7 RNA polymerase
T7(HEP) Protein WT T7 RNAP with mutations H772R, E775R, and P266L
ZFA{1-5}-T7;
ZFA{1-5}-T7(HEP)

Protein fusions ZFA{1-5} fused with linker GS(GGGS)2 to WT T7 RNAP; or fused
with the same linker to T7(HEP)

Linker {1-3} Peptide linkers Linker 1: GS(GGGS). Linker 2: GS(GGGS)2. Linker 3: GS(GGGS)3
zfa1, zfa2, zfa3, zfa4, zfa5 DNA sequences The DNA-binding target sequences of ZFA1 through ZFA5
pt7 Promoter Wild-type T7 promoter sequence
d1 DNA sequence pt7 with bases -13 to -17 deleted
d2 DNA sequence pt7 with bases -8 to -17 deleted
p8zfa2-t7 Promoter 8 copies of zfa2 (each separated by 10-bp spacers), followed by pt7
p{1,2,8}zfa2-d1;
p{1,2,8}zfa2-d2

Promoters 1, 2, or 8 copies of zfa2 (each separated by 10-bp spacers), followed by
d1; or followed by d2

LZ1A/LZ1B, LZ2A/LZ2B,
LZ3A/LZ3B

Proteins Leucine zipper pairs. LZ1A/LZ1B: AN
3/BN

3. LZ2A/LZ2B: AN
3.5/

BN
3.5. LZ3A/LZ3B: AN

4/BN
4 (46)

ZFA{1-5}-LZ2A, LZ2B-T7 Protein fusions ZFAs 1 through 5 fused with linker GS(GGGS)2 to LZ2A; and LZ2B
fused with the same linker to WT T7 RNAP. (And similarly for other
LZ pairs.)
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and more complex, so at this stage we have focused on zinc
fingers.

The best studied ZFs are the members of the C2H2 fold
group which bind to both strands of DNA through their
alpha helical region and can be fused into zinc finger ar-
rays (ZFAs) to bind longer and more specific target se-
quences. Large libraries of arrays have been developed us-
ing methods such as modular assembly (51), OPEN (52) and
CoDA (53), and can be searched through ZiFit (54,55). The
ZFA sTF 43-8, a three fingered ZFA (henceforth denoted
ZFA1; all our protein and protein fusion names will use
only upper-case letters) was selected based on its high speci-
ficity as described in Khalil et al. (3). Additionally, a hy-
brid ZFA (denoted ZFA2) was constructed using the DNA
binding helix from 43-8 and the backbone of the canoni-
cal ZFA Zif268 (56). While beta-hairpin backbones do dif-
fer between zinc fingers, the placement of the critical C2H2
residues are highly conserved. DNA-binding alpha helices
can be grafted on to different ZF beta-hairpin backbones
and still retain function (57,58).

Both ZFA1 and ZFA2 repressed expression approxi-
mately 4- to 5-fold in a repression assay where a tetra-
cycline inducible promoter was modified by replacing the
TetO elements with ZFA DNA binding motifs (Supplemen-
tary Figure S1). ‘Null’ variants of the zinc finger arrays
(ZFA1NULL and ZFA2NULL) were produced by chang-
ing the DNA-binding amino acids in each finger of the
ZFAs to alanine, abolishing the ZFAs DNA-binding activ-
ity as shown by the same repression assay (Supplementary
Figure S1).

We next fused each of ZFA1 and ZFA2 to the T7
RNAP, resulting in two protein constructs: ZFA1-T7 and
ZFA2-T7. The result is shown schematically in Figure
1A: a DNA-binding domain (ZFA, in this case ZFA1 or
ZFA2) is fused by a peptide linker (here GS(GGGS)2, or
GSGGGSGGGS) to the T7 RNA polymerase. Repeating
the repression assay while expressing ZFA1-T7 and ZFA2-
T7 showed that the fusion to the T7 RNAP did not affect
the ability of the ZFAs to bind (Supplementary Figure S1).
The activity of the ZFA1-T7 and ZFA2-T7 constructs on
the wild-type pt7 promoter was comparable to the activity
of the wild-type T7 RNAP on the same pt7 promoter (Sup-
plementary Figure S2). In some cases the fusions showed
slightly higher activity (20–40% higher) than the wild-type
T7 RNAP on its own, indicating some unknown interaction
between the ZFAs and the T7 RNAP.

Construction of the iiT7 prototype

To recruit the ZFA-T7 constructs to the vicinity of a tran-
scriptional start site, we began by augmenting the wild-type
pt7 promoter with upstream sequences matching the shared
DNA-binding target sequence of ZFA1 and ZFA2 (which
have common DNA-binding helices and differ only in their
backbones). We placed eight copies of their DNA-binding
target sequence (denoted zfa2; all DNA sequences, includ-
ing promoters, will have names that are entirely in lower
case) upstream of the pt7 promoter, with each zfa2 sequence
separated by a 10 base-pair spacer. The spacer sequence was
randomly generated, but checked for interference with other
sequences in the other promoters or genes present in the

system. This promoter is denoted p8zfa2-t7: eight copies of
the DNA binding domain target site (zfa2), followed by the
full pt7 promoter sequence, as shown in Figure 1C. Mea-
suring GFP fluorescence from this promoter failed to show
any enhanced activity by the ZFA{1,2}-T7 constructs from
the p8zfa2-t7 promoter: instead, activity was similar to that
obtained from the wild-type pt7 promoter (Supplementary
Figure S2). We speculated that this was a saturation effect,
wherein the expression from just the pt7 promoter was al-
ready so strong that it was not possible to increase it further
through recruitment by the fused ZFAs.

We then explored making use of truncated versions of the
pt7 promoter sequence, seeking variants that would con-
tinue to support transcriptional initiation by the T7 RNAP,
while being sufficiently weakened to allow for increased
activity in the presence of recruitment by the ZFAs. The
fact that DNA binding is mechanistically distinct from pro-
moter melting (59) (though WT T7 RNAP interactions re-
quire the free energy of binding for promoter melting (60))
suggests that it should be possible to alter the promoter re-
gion to reduce the T7 RNAP’s binding affinity while still re-
taining its ability to initiate transcription. Ideally, the ZFA
should replace the binding function of the T7 RNAP’s AT
loop, while being structurally dissociated enough through
the linker that it does not hinder promoter clearance. Thus,
in the truncated promoter sequence we denote ‘d1’, bases
–17 to –13 were deleted from the wild-type pt7 sequence, re-
moving the DNA motif that binds the T7 RNAP AT loop
as well as the 5′ A specificity base (Figure 1B), which is ex-
pected to dramatically reduce WT T7 RNAP activity (61).
A second, more severe truncation we denote ‘d2’ further re-
moved bases –13 to –8, containing the entire specificity loop
(Figure 1B). These truncated T7 promoter sequences were
again combined with eight repeats of the zfa2 binding tar-
get sequences to create two new promoters, p8zfa2-d1 and
p8zfa2-d2 (eight copies of the DNA-binding domain target
sequence, followed by the d1 or d2 truncations of the pt7
promoter sequence); see Figure 1C.

Our initial testing of the d1 and d2 truncated promoter
variants used a two plasmid system, with one plasmid ex-
pressing the ZFA2-T7 construct from the lactose inducible
promoter BBa J04500 while the reporter plasmid incor-
porated the p8zfa2-d1 or p8zfa2-d2 promoter expressing
EGFP. The output of this system was normalized to the
level of fluorescence (as a proxy for transcriptional activ-
ity) obtained by wild-type T7 RNAP acting on its own pro-
moter in a second two-plasmid system expressing WT T7
RNAP from the same promoter and same plasmid back-
bone as the ZFA2-T7 construct, with a reporter plasmid ex-
pressing EGFP from the wild-type pt7 promoter. This ‘T7-
normalized activity’ allowed us to measure how much tran-
scriptional activity was being achieved through recruitment,
compared to what the natural T7 system produced.

The complete iiT7 system consists of two key elements:
the promoter (incorporating the ZFA target binding se-
quence as well as a truncated portion of the wild-type pt7
promoter); and a protein construct (consisting of a zinc fin-
ger array fused to the T7 RNAP). Figure 1D shows the
result of measuring T7-normalized activity of the expres-
sion from three promoters (pt7, p8zfa2-d1, and p8zfa2-d2),
in the presence of three protein constructs (wild-type T7
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RNAP (T7), ZFA2-T7, and ZFA2NULL-T7, in which the
DNA-binding ability of ZFA2 has been disrupted as de-
scribed above). The wild-type T7 RNAP’s output from its
wild-type promoter pt7 has, by definition, a T7-normalized
activity of 1. WT T7 RNAP displays barely measurable
activity on the p8zfa2-d1 promoter, and no activity above
background on the p8zfa2-d2 promoter.

The ZFA2-T7 construct showed a T7-normalized activ-
ity of 1.4 on the wild-type pt7 promoter (Figure 1D), indi-
cating a slight enhancement effect for the fusion construct
when compared to the WT T7 RNAP, in the absence of
any recruitment elements in the promoter. (We have not in-
vestigated the nature of this enhancement, though the T7-
normalized activity of 1.2 shown by ZFA2NULL-T7 on the
pt7 promoter suggests that the effect is not specifically re-
lated to the DNA-binding function of the ZFA.) Successful
recruited activity is illustrated by the 0.8 T7-normalized ac-
tivity of ZFA2-T7 on p8zfa2-d1 whereas the WT T7 RNAP
shows near-zero activity from this same promoter, as does
the nonbinding ZFA2NULL-T7 construct.

The p8zfa2-d2 promoter variant showed no transcrip-
tional activity (Figure 1D) in the presence of any of the
protein constructs, and no subsequent efforts were able to
induce measurable expression from this more severe trun-
cation of the pt7 promoter sequence. We therefore discon-
tinued investigation of the d2 truncation variant, and all
subsequent testing and optimization of the iiT7 system con-
centrated entirely on variants using the d1 truncation. The
failure of this d2 truncation means that we were not able to
achieve a version of the iiT7 system in which transcriptional
initiation would be triggered entirely through recruitment
to the DNA-binding target sites, without even a truncated
pt7 promoter sequence; such a version may yet be possible,
but would likely require extensive modification of the T7
RNAP itself. Our screens of T7 RNAP mutants (described
in the next section) did not uncover any ability to initiate
transcription from promoters based on the d2 truncation.

Optimizing the iiT7 system’s activity

In an effort to increase the level of recruited activity seen
with ZFA2-T7 acting on p8zfa2-d1, we screened a num-
ber of T7 RNA polymerase mutants that affected DNA
binding in the specificity loop (N748, R756, and Q758)
(39,40,62), two involved in the progression to elongation
(P266L, K172L) (63) and two that were common variants in
a screen for alternate promoter specificity (H772R, E775V)
(41). Since each of the mutations is of a different amino acid,
we will refer to T7 RNAP mutants using one or more par-
enthetical letters to indicate which of the above-listed muta-
tions has been applied: T7(P) refers to WT T7 RNAP with
the P266L mutation; T7(HEP) refers to WT T7 RNAP with
the H772R, E775V, and P266L mutations; and so on. Fig-
ure 1E shows the result of testing a range of ZFA-mutant
T7 RNAP protein constructs for activity on both the pt7
promoter and the p8zfa2-d1 promoter. Each T7 RNAP mu-
tant was tested on its own as well as fused (with linker
GS(GGGS)2) to the ZFA2 DNA-binding domain (yield-
ing constructs like ZFA2-T7(P), and so on). A wide range
of T7-normalized activities was obtained from the mutants
and their fusion constructs, on both promoters, but of par-

ticular note is the behaviour of the T7(HEP) mutant (right-
hand set of bars in Figure 1E). Without a fused ZFA do-
main, T7(HEP) shows wild-type activity on pt7, and near
zero activity on p8zfa2-d1. The ZFA2-T7(HEP) construct
continues to show wild-type activity on pt7, but now also
shows close to wild-type activity (T7-normalized activity of
0.95) from p8zfa2-d1, demonstrating that a recruited mu-
tant T7 RNAP can initiate transcription from the truncated
d1 sequence nearly as strongly as WT T7 RNAP does from
the wild-type, non-truncated pt7 promoter sequence.

In an effort to simplify the design, we investigated the ef-
fect of varying the number of zfa2 binding sites upstream
of the d1 sequence: we created promoters with one and two
copies of the zfa2 sequence, called p1zfa2-d1 and p2zfa2-
d1, respectively. Surprisingly, having fewer ZFA binding se-
quences does not reduce the recruited activity levels (Figure
2A) shown by the fusion ZFA2-T7(HEP). This simplifica-
tion came at the cost of somewhat increased background
expression (from p1zfa2-d1 in the absence of any T7 RNAP
or fusion construct; see Supplementary Figure S3), but the
greatly reduced complexity of the design was a compelling
reason to select the single-zfa2 site version of the promoter
(p1zfa2-d1) as the default for further development of the
iiT7 system.

We investigated the effect of varying both the number of
bases in the spacer sequence and the length of the linker
used to fuse ZFA2 to the wild-type T7 RNAP. (Complete
spacer/linker tests with the ZFA2-T7(HEP) fusions were
not conducted, but partial tests with this mutant showed
very a very similar pattern to that seen in Figure 2B; see
Supplementary Figure S12.) Figure 2B shows the result of
varying the spacer length from 4 to 20 bases (as before, the
spacer sequences are randomly chosen but subject to dis-
qualification based on interference with other sequences in
the system), measuring output from varying-spacer-length
versions of the promoter p8zfa2-d1. Three different protein
fusions were created, with linkers GS(GGGS) (Linker 1),
GS(GGGS)2 (Linker 2), and GS(GGGS)3 (Linker 3) con-
necting the ZFA2 domain to WT T7 RNAP. The results
suggest that spacer length has a strong influence on T7-
normalized transcriptional activity, with the strongest out-
puts observed for spacers in the 8–10 bp range. All three
linkers showed the same pattern as a function of spacer
length, with relatively small differences between the link-
ers. On the basis of these results, we decided to fix a spacer
length of 10 bases in our promoters and to employ Linker
2 (GS(GGGS)2) in our fusions, as the basis for further de-
velopment of the design.

Orthogonality testing with additional ZFAs

The desired property of orthogonality means that we must
be able to direct the iiT7 system to multiple user-defined
targets, with different variants having minimal off-target ef-
fects. We tested the orthogonality of the iiT7 system by cre-
ating a set of new zinc finger arrays as the DNA-binding do-
mains: 54.8 (3) (ZFA3), Zif268 (56) (ZFA4), and 46698 (64)
(ZFA5). Applying the notation established above, each of
these has its own target DNA binding sequence (zfa3, zfa4,
and zfa5), and its own corresponding promoter (p1zfa3-
d1, p1zfa4-d1 and p1zfa5-d1). For orthogonality, we would
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Figure 2. Tuning and orthogonality in the direct-fusion iiT7 system. (A) Activities of the ZFA2-T7(HEP) fusion on three promoter variants incorporating
8, 2, or 1 copy of the zfa2 DNA-binding target sequences before the truncated d1 promoter sequence (p8zfa2-d1, p2zfa2-d1, and p1zfa2-d1, resp.) Values
are normalized to WT T7 RNAP on its own pt7 promoter. Reducing the number of zfa2 sites does not reduce the activity of the promoters. [Error bars
represent one standard deviation for an n of 3]. (B) Activities of the ZFA2-T7(HEP) fusion on versions of the p1zfa2-d1 promoter in which the length of the
spacer sequence has been varied from 4 to 20 bp. The length of the linker fusing ZFA2 to T7(HEP) is also varied, creating ZFA2-T7(HEP) variants using
Linker 1 (GS(GGGS)), Linker 2 (GS(GGGS)2), and Linker 3 (GS(GGGS)3). Activities are normalized relative to the fluorescence output of WT T7 RNAP
on its native pt7 promoter. Spacer length has a strong effect on activity, while linker length has a much less substantial influence. [Error bars represent
one standard deviation for an n of 3]. (C) An orthogonality plot, showing on-target and off-target activity levels for fusions ZFA{2,3,4}-T7(HEP), acting
on promoters p1zfa{2,3,4}-d1. Values are given as ‘fold activities’: the ratio of observed fluorescence to the fluorescence measured with WT T7 RNAP
acting on the same promoter. The fourth, separated column shows the reduced off-target activity obtained by the fusion ZFA1-T7 (using the wild-type,
unmutated T7 RNAP). Scale color range is used to emphasize orthogonality.

ideally have the fusions ZFA2-T7(HEP) through ZFA5-
T7(HEP) showing high activity from their corresponding
promoters, while showing little activity on off-target pro-
moters (those not incorporating matching DNA binding
sites). In a synthetic regulatory circuit we would have mul-
tiple protein constructs and multiple promoters present si-
multaneously, so it is important to measure the level of
transcriptional activity induced by an unrecruited T7 RNA
polymerase (e.g. in a system that included the p1zfa2-d1
promoter, the ZFA3-T7(HEP) construct could still induce
some level of nonspecific activity from the zfa2-based pro-
moter.) We will use the term ‘fold activity’ to denote ratio
of a candidate ZFA-T7 construct’s observed fluorescence
(with baselines removed as described in the Methods sec-
tion) to the fluorescence output from that same promoter in
the presence of the wild-type T7 RNAP. Fold activity pro-
vides a ratio of recruited to unrecruited activity, in both on-
target and off-target cases, and uses the WT T7 RNAP as
a proxy for the effect of a generic off-target construct on a
given promoter.

Figure 2C shows the results (expressed as fold activi-
ties) of testing each of the protein fusions ZFA2-T7(HEP),
ZFA3-T7(HEP) and ZFA4-T7(HEP) against their own cog-
nate promoters (p1zfa2-d1, p1zfa3-d1, and p1zfa4-d1) and

against the promoters matching the other constructs. (Note
that ZFA1 and ZFA2 have the same DNA binding target
sequence, but the ZFA1-T7(HEP) construct failed to show
good on-target activity on p1zfa2-d1 and we thus excluded
it from the initial set of ZFAs; see Supplementary Figure
S4). The 3 × 3 array in Figure 2C shows moderate orthog-
onality, with on-target fold activities ranging from 1.5 to
7.3, but with off-target activations of 1.2 and 1.3 too similar
to the lowest on-target activation of 1.5. While the ZFA1-
T7(HEP) construct did not activate successfully, a test of
ZFA1-T7 (a fusion to the wild-type T7 RNAP), shown as a
separate column in Figure 2C, produced improved results:
an on-target fold activity of 2.9, with significantly lower off-
target activations than those produced by ZFA2-T7(HEP).
These initial results suggested that the system had the po-
tential to generate orthogonal sets of transcription factors,
but that it would require further development to improve
both on-target and off-target performance.

Improved activity with leucine zippers

Searching for additional zinc finger arrays revealed that at
least one of the candidate ZFAs (ZFA5) showed very strong
binding to its target sites (through a repression assay, see
Supplementary Figure S6) but failed to show significant re-
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Figure 3. The leucine zipper bridged version of the iiT7 system. (A) A schematic of the bridged iiT7 system. A zinc finger array (ZFA) is attached by
a peptide linker to a leucine zipper (LZ), and a complementary LZ is attached to the wild-type T7 RNAP (WT T7). (B) Activities of various construct
combinations on promoter p1zfa2-d1, normalized to WT T7 RNAP on the same promoter (fold activity): the direct fusion ZFA1-T7; the bridged pair
ZFA1-LZ2A + LZ2B-T7; the unbridged pair ZFA1-LZ2A + WT T7; and the unrecruited LZ2B-T7. [Error bars represent one standard deviation for an
n of 3]. (C) An orthogonality plot showing fold activities on p1zfa{1,3,5}-d1 for the fused iiT7 system (constructs ZFA{1,3,5}-T7), provided for direct
comparison with the bridged system. (D) An orthogonality plot showing fold activities on promoters p1zfa{1,3,5}-d1 for the bridged iiT7 system (constructs
ZFA{1,3,5}-LZ2A + LZ2B-T7). Data in panels (C) and (D) are with the target promoters on plasmid backbone pADCR4. (E) Improved orthogonality
and fold activity in the bridged system when placing the target promoters on plasmid backbone pADCR5, which lowers the basal expression level. The 4
× 4 grid shows fold activities on promoters p1zfa{1,3,4,5}-d1, in the presence of the bridged pairs of constructs ZFA{1,3,4,5}-LZ2A + LZ2B-T7. Scale
color range is used to emphasize orthogonality.

cruited activation. We speculated that this was a result of
‘tethering,’ whereby the fused ZFA-T7 construct failed to
escape the promoter after transcriptional initiation, because
it was being physically constrained by the strong binding
of the ZFA’s DNA binding domain. This hypothesis gained
support when we produced a new (and improved) iiT7 sys-
tem variant in which the bridge between the ZFAs and the
T7 RNAP consisted of pairs of leucine zipper (LZ) do-
mains, with protein–protein interactions that are intended
to be less strong than the ZFA-DNA binding interactions
(see Figure 3A). Leucine zippers (LZs) are small, coiled
coil domains that in their simplest form are a pair of al-
pha helices. They associate naturally through hydrophobic
core interactions that form primarily homodimers (or at
least do not preferentially heterodimerize). However, recent
efforts have generated a number of heterodimerizing LZs
by mutating key hydrophobic residues into complemen-
tary charged residues between LZ pairs (49,65,66). Elec-
trostatics between two charged LZs generate a strong at-
traction for the complementary charged partner, resulting
in a strong preference for heterodimers (67). These LZs ex-
ist as small libraries with characterized binding constants
spanning two orders of magnitude, providing the necessary
tuning information, and have been used to assemble pro-
tein sensors and actuators (68,69). We selected the LZ pairs

AN
3/BN

3 (we will label them LZ1A/LZ1B), AN
3.5 and BN

3.5

(LZ2A/LZ2B), and AN
4/BN

4 (LZ3A/LZ3B) (the super-
scripts refer to lengths of the domains, expressed as num-
bers of heptad repeats) (49). We will show results from all
three of these pairs, but the intermediate-length leucine zip-
per pair LZ2A and LZ2B was selected for initial testing
of the use of protein–protein interaction domains in the
iiT7 system (this also represents the first instance of their
in vivo use as far as we are aware). The LZ2A domain was
fused to the C terminus of ZFA1, producing the construct
ZFA1-LZ2A. A complementary fusion construct, LZ2B-
T7(HEP), was generated by fusing the LZ2B domain to the
N terminus of the T7(HEP) mutant RNA polymerase. Tests
of the LZ2B-T7(HEP) construct had high on-target levels
of activation, but the off-target activation was also found
to be unacceptably high (see Supplementary Figure S9). Re-
placing the mutated T7(HEP) RNAP with the wild-type T7
RNAP, yielding the construct LZ2B-T7, reduced the off-
target activity to reasonable levels (to be discussed below).
The cause of this context-specific change in the behaviour of
the T7(HEP) mutant compared to WT T7 is not currently
understood. We chose to adopt the best-performing avail-
able version of the polymerase in this revised context, which
turned out to be the wild-type T7 RNAP, and used that for
further development of the iiT7 system. The new construct
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ZFA1-LZ2A was expressed from the plasmid pADCR4 un-
der the control of the ptet promoter (usually rendered as
Ptet or Ptet, but exclusively lower-case will continue to be
used for DNA sequences).

Figure 3B shows tests and controls of the new sys-
tem, with fusion and LZ-bridged constructs expressed in
the presence of the promoter p1zfa1-d1. The direct fusion
construct ZFA1-T7 shows recruited activation, as before,
but the bridged combination of constructs ZFA1-LZ2A +
LZ2B-T7 shows significantly higher fold activity than the
original fused version. The construct LZ2B-T7 on its own
(without the matching ZFA1-L2A construct) has a fold ac-
tivity of 1, indicating wild-type levels of activity in the ab-
sence of the recruiting element. A spontaneous mutation in
LZ2B-T7 disrupted LZ2A-LZ2B binding, and confirmed
that this binding was required for specific recruited activity
(Supplementary Figure S7). For reasons not currently un-
derstood, expressing WT T7 RNAP in the presence of the
ZFA1-LZ2A construct (T7 + ZFA1-LZ2A) shows a fold ac-
tivity well above 1.

Figure 3C and D provide a side-by-side comparison
between the direct-fusion (Figure 3C) and leucine zipper
bridged (Figure 3D) orthogonality plots for a set of three
ZFAs and their corresponding promoters. Figure 3C shows
the results of testing constructs ZFA1-T7, ZFA3-T7 and
ZFA5-T7 against the set of promoters p1zfa1-d1, p1zfa3-
d1 and p1zfa5-d1, yielding an orthogonality plot with mod-
erate on-target fold activities (from 1.7 to 2.5), and an aver-
age off-target fold activity of 0.6 (ranging from 0.4 to 0.9).
The leucine-zipper equivalents of these direct-fusion con-
structs are the following pairs of constructs: ZFA1-LZ2A
+ LZ2B-T7; ZFA3-LZ2A + LZ2B-T7 and ZFA5-LZ2A
+ LZ2B-T7 (note that only the ZFA constructs vary, the
LZ2B-T7 construct is common to all pairs). Each of these
pairs of constructs were co-expressed in the presence of
same set of promoters (p1zfa1-d1, p1zfa3-d1, and p1zfa5-
d1), leading to the orthogonality plot shown in Figure 3D.
The on-target fold activities are all higher in the LZ-bridged
version, with improvements ranging from slight to substan-
tial (2.5 to 4.9; 2.5 to 2.8 and 1.7 to 6.0). The off-target ac-
tivity also increased somewhat, with an average off-target
fold activity of 0.8 (ranging from 0.7 to 0.9). It is inter-
esting to note that what had been the poorest-performing
activator (ZFA5-T7) in the direct-fusion version is now
the best-performing activator (ZFA5-LZ2A + LZ2B-T7)
in the LZ-bridged version. This result lends indirect sup-
port to the tethering hypothesis: ZFA5 showed strong bind-
ing to its target in repression assays, so its relatively poor
activation upon recruitment through a direct fusion could
be explained by a failure to allow promoter escape; this
could be relieved by the LZ-bridged system, in which the
strongly-bound ZFA5-LZ2A element can remain behind as
the LZ2B-T7 element breaks the LZ2A-LZ2B association
and proceeds to escape the promoter.

The performance of the system was further improved by
placing all of the reporter promoters into a different plas-
mid backbone (pADCR5, see the spreadsheet provided in
the Supplementary Information for full information); this
new plasmid has the same antibiotic resistance but a re-
duced copy number, resulting in lower basal expression
from the promoters. Figure 3E provides the final version of

the iiT7 system’s orthogonality results, showing fold activ-
ity values for constructs ZFA{1,3,4,5}-LZ2A, in each case
co-expressed with LZ2B-T7 and tested against the full set
of cognate promoters (p1zfa{1,3,4,5}-d1). On-target acti-
vations range from 6.3 to 45, with an average off-target fold
activity of 1.3 (ranging from 0.9 to 1.8). This set of con-
structs represents a set of highly orthogonal transcriptional
activators for use in genetic circuit designs in E. coli.

To explore how the choice of leucine zipper affected re-
cruited activation levels, we created the remaining two addi-
tional leucine zipper bridged pairs of constructs, each fused
to ZFA1: ZFA1-LZ1A + LZ1B-T7, and ZFA1-LZ3A +
LZ3B-T7. The strength of the in vitro binding affinities of
the LZ pairs increases with length (49), with the LZ1A-
LZ1B pair having the weakest binding and LZ3A-LZ3B
having the strongest. We examined the effect of varying the
members of the LZ pairs, including ‘mismatched’ pairings,
by testing co-expressed constructs representing the nine
possible permutations of LZ pairs: ZFA1-LZ1A + LZ1B-
T7; ZFA1-LZ1A + LZ2B-T7; ZFA1-LZ1A + LZ3B-T7;
ZFA1-LZ2A + LZ1B-T7; ZFA1-LZ2A + LZ2B-T7; ZFA1-
LZ2A + LZ3B-T7; ZFA1-LZ3A + LZ1B-T7; ZFA1-LZ3A
+ LZ2B-T7 and ZFA1-LZ3A + LZ3B-T7. The results are
shown in Figure 4A (left) as bar graphs to allow display of
the error bars, and the same data is also displayed (right) on
a 3 × 3 grid to show the two-dimensional pattern. Within
each choice of ‘A-side’ LZ domain (LZ1A, LZ2A or LZ3A),
there is a trend: fold activity generally increases with the
length of the paired ‘B-side’ LZ domain (LZ1B, LZ2B, or
LZ3B). The same trend applies in the inverse: within each
choice of B-side LZ domain, fold activity increases with the
length of the paired A-side LZ domain. Varying the choice
of LZ domain pairs offers designers of synthetic circuits a
method of tuning the level of transcriptional activation in
their implementation of the iiT7 system.

The above results kept the DNA-binding domain ZFA1
fixed and varied the LZ domains. We also explored the in-
teractions between the choices of the ZFA and the LZ do-
mains, by keeping one side of the LZ pairs fixed at LZ2A,
while varying the ZFA (among ZFA3, ZFA4, and ZFA5)
as well as varying the other side of the LZ pair (among
LZ1B, LZ2B, and LZ3B). This led to the following nine
permutations of pairs of constructs: ZFA3-LZ2A + LZ1B-
T7; ZFA3-LZ2A + LZ2B-T7; ZFA3-LZ2A + LZ3B-T7;
ZFA4-LZ2A + LZ1B-T7; ZFA4-LZ2A + LZ2B-T7; ZFA4-
LZ2A + LZ3B-T7; ZFA5-LZ2A + LZ1B-T7; ZFA5-LZ2A
+ LZ2B-T7 and ZFA5-LZ2A + LZ3B-T7. The results are
shown in Figure 4B (left) as bar graphs to show the error
bars, as well as (right) on a 3 × 3 grid to show the two-
dimensional pattern. One trend is that for every choice of
LZ-T7 construct, the fold activities increase from ZFA3 to
ZFA5 to ZFA4. A second trend is that the LZ2B-T7 con-
struct gives the highest fold activities, for every choice of
ZFA-LZ construct; LZ3B-T7 comes in second, and LZ1B-
T7 gives the lowest fold activities. This is somewhat surpris-
ing given the previous results, where the LZ3B-T7 construct
provided the highest fold activities (when paired with any of
the ZFA1-LZ constructs). It is not currently clear why the
best LZ pairing should vary with the choice of ZFA domain.

Growth rate curves were recorded during every experi-
ment described above, and sample curves are presented in



Nucleic Acids Research, 2018, Vol. 46, No. 18 9851

Figure 4. Effects of varying leucine zipper pairs in the bridged iiT7 system. (A) With the ZFA element fixed at ZFA1, we show expression from promoter
p1zfa1-d1 as fold activity (normalized to WT T7 RNAP on the same promoter), for the 9 permutations of constructs ZFA1-LZ{1,2,3} + LZ{1,2,3}B-T7.
(left) The data presented as bar plots. [Error bars represent one standard deviation for an n of 3]. (right) The same data presented as a 2D plot. (B) With
one LZ element fixed at LZ2A, fold activities from the nine permutations of promoters p1zfa{3,4,5}-d1 in the presence of constructs ZFA{3,4,5}-LZ2A
+ LZ{1,2,3}B-T7. (left) The data presented as bar plots. [Error bars represent one standard deviation for an n of 3]. (right) The same data presented as a
2D plot.

Supplementary Figure S11, for several ZFA-LZ variants of
the bridged iiT7 system, as well as for no-plasmid cells and
cells expressing comparable levels of EGFP from a fully in-
duced ptet promoter. Some slight slowing of growth rates
was observed in some cases: the no-plasmid cells had 0.83 h
doubling times, while expressing EGFP from plac increased
the doubling time to 0.93 h, and the ZFA{1,3,4,5}-LZ con-
structs had doubling times of 0.82, 0.80, 0.95 and 0.83 h re-
spectively. This suggests that the iiT7 system does not place
a substantial burden on the host cells, beyond what nor-
mally results from reporter protein expression.

CONCLUSIONS

Our results show that an orthogonal set of synthetic tran-
scription factors (with strong on-target and low off-target
activity) can be constructed in E. coli, and this represents
the first programmable activation system in bacteria of
which we are aware, expanding the range of options avail-
able for transcriptional activity in bacteria and offering the
prospect of employing the same class of recruitment-based
approaches already available in eukaryotic organisms.

In our development of the iiT7 system, we used mutation
of the T7 RNA polymerase and truncation of its wild-type

pt7 promoter to impair the T7 RNAP’s DNA binding ca-
pabilities, thus decoupling the T7 RNAP’s promoter recog-
nition and transcriptional initiation functions and enabling
promoter recognition to be made dependent on an auxil-
iary DNA binding protein. A significant enhancement in
performance was obtained by replacing covalent fusion be-
tween the DNA binding domains with protein–protein in-
teractions (through our leucine zipper pairs), which further
decoupled the DNA binding process from transcriptional
initiation, and likely helped to facilitate promoter escape
and transcript elongation.

After testing a range of variants and optimizing its per-
formance, the best-functioning current form of the iiT7 sys-
tem (as represented by the orthogonality plot in Figure 3E)
consists of the following: one protein fusion incorporat-
ing a DNA-binding domain fused to a leucine zipper (such
as ZFA5-LZ2A); a second protein fusion incorporating a
leucine zipper selected to form protein–protein interactions
with the first construct and fused to a T7 RNAP (such
as LZ2B-T7); and a promoter that incorporates both the
DNA-binding target of the zinc finger array and a truncated
T7 promoter sequence (such as p1zfa5-d1). Programming
the system (creating new targets) involves swapping out the
ZFA domains, and inserting the matching DNA binding se-
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quences into the promoter. Tuning of the resulting levels of
activation may be accomplished by varying the choice of
ZFA domains, LZ domains, or both. The number of per-
mutations available for tuning could quickly get out of con-
trol, so our advice to designers seeking to use the system
(especially if working without a high-throughput screening
pipeline) would be to select a LZ pair and leave that fixed
while exploring the activity levels resulting from varying
just the ZFA domains; changes to the LZ domains can be
brought in at a later stage if needed, to tweak the activity
levels.

This two component phage-based RNAP system in
bacteria begins to resemble transcription in eukaryotes,
where transcription factors recruit core RNAPs to mini-
mal promoters that have little activity or specificity in isola-
tion. Interestingly, coincident with the preparation of this
manuscript, Hillen et al. showed through crystallography
that the human mitochondrial RNAP (a homologue of
T7 RNAP) uses a mechanism very similar to the one we
have developed here, where the mitochondrial transcrip-
tion factor TFAM substitutes for the ZFAs in our system
(70). TFAM and the mitochondrial RNAP interact through
alpha-helical domains strikingly similar to the leucine zip-
pers we have used for the same purpose in our system (Sup-
plementary Figure S8). It is comforting to have unintention-
ally converged on the same type of solution as billions of
years of evolution. This convergence can also be used to in-
form future directions by suggesting that DNA melting can
also be further decoupled from transcription in RNAP as
the second mitochondrial transcription factor TFB2M as-
sumed this role in the mitochondrial RNAP.

The iiT7 system offers a promising method for expand-
ing the number of synthetic transcription factors available
in bacterial contexts, with the large number of known ZFA
and LZ components providing the basis for the modular
construction of user-selected libraries of orthogonal com-
ponents, each capable of high transcriptional activity upon
recruitment. With further searching of the mutational space
of the T7 polymerase, it may be possible to find a mutant
with transcriptional activity in the absence of any element
of the native T7 promoter, which would further simplify the
system.

An interesting divergence in utility was discovered with
the T7 RNAP HEP mutant. This mutant, while generally
enhancing on-target expression from promoters based on
the d1 truncation of the pt7 promoter sequence (with the
exception of the ZFA1-T7(HEP) fusion) actually resulted
in slightly decreased overall orthogonality due to a uni-
form increase in off-target activity (Supplementary Fig-
ure S9). Interestingly, the same data shows that the poor
on-target activity of the ZFA1-T7(HEP) direct fusion was
restored in the LZ-bridged version of the system: ZFA1-
LZ2A + LZ2B-T7(HEP) had strong on-target activity, at
a level nearly identical to that of its sibling ZFA2-LZ2A +
LZ2B-T7(HEP). Understanding the relationship between
ZFA domains and their interaction with fused and other-
wise bound RNAPs requires further investigation.

Both the DNA-binding and the protein–protein interac-
tion domains used here may be replaced with new vari-
ants: we have demonstrated a ZFA-based version of the sys-
tem, but in principle any DNA-binding domain can be em-

ployed, including transcriptional-activator-like (TAL) ef-
fectors and dCas9. Separating the DNA-binding event from
the recruitment through protein–protein interactions opens
up the possibility of tuning or switching of the synthetic
transcription factors’ activity through the growing number
of known methods of external protein–protein interaction
modulation, including chemical and light induction (71,72).
The split iiT7 complex could be built around polynucleotide
and peptide scaffolds using modality-specific binding do-
mains, acting as a sensor (73,74) and allowing tunability
for ultrasensitive responses (75). The T7 RNAP polymerase
is known to operate in eukaryotes (34), opening the future
possibility of creating synthetic transcription factors able to
operate in either prokaryotes or eukaryotes. Though work
remains to be done to fully develop the iiT7 design, this is an
opportunity not only to test the universality of transcription
design principles, but also to emulate the natural evolution
of RNAPs from the simple single domain phage T7 to the
modular and programmable polymerases of complex cells.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We are grateful for biological parts received from the groups
of Jeff Hasty, Keith Joung, Timothy Lu and Marcus Noyes.

FUNDING

Natural Sciences and Engineering Research Council
(NSERC) of Canada through the Discovery Grant pro-
gram (grant number 191013); Canada First Research
Excellence Fund through the Medicine by Design pro-
gram (grant number 170338). Funding for open access
charge: NSERC Discovery Grant.
Conflict of interest statement. None declared.

REFERENCES
1. Purnick,P.E.M. and Weiss,R. (2009) The second wave of synthetic

biology: from modules to systems. Nat. Rev. Mol. Cell Biol., 10,
410–422.

2. Lu,T.K., Khalil,A.S. and Collins,J.J. (2009) Next-generation synthetic
gene networks. Nat. Biotechnol., 27, 1139–1150.

3. 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.

4. Gilbert,L.A., Larson,M.H., Morsut,L., Liu,Z., Brar,G.A.,
Torres,S.E., Stern-Ginossar,N., Brandman,O., Whitehead,E.H.,
Doudna,J.A. et al. (2013) CRISPR-mediated modular RNA-guided
regulation of transcription in eukaryotes. Cell, 154, 442–451.

5. Maeder,M.L., Linder,S.J., Cascio,V.M., Fu,Y., Ho,Q.H. and
Joung,J.K. (2013) CRISPR RNA-guided activation of endogenous
human genes. Nat. Methods, 10, 977–979.

6. Konermann,S., Brigham,M.D., Trevino,A.E., Hsu,P.D.,
Heidenreich,M., Cong,L., Platt,R.J., Scott,D.A., Church,G.M. and
Zhang,F. (2013) Optical control of mammalian endogenous
transcription and epigenetic states. Nature, 500, 472–476.

7. Farzadfard,F., Perli,S.D. and Lu,T.K. (2013) Tunable and
multifunctional eukaryotic transcription factors based on
CRISPR/Cas. ACS Synth. Biol., 2, 604–613.

8. Purcell,O., Peccoud,J. and Lu,T.K. (2014) Rule-Based design of
synthetic transcription factors in eukaryotes. ACS Synth. Biol., 3,
737–744.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky785#supplementary-data


Nucleic Acids Research, 2018, Vol. 46, No. 18 9853

9. Crocker,J. and Stern,D.L. (2013) TALE-mediated modulation of
transcriptional enhancers in vivo. Nat. Methods, 10, 762–767.

10. Esvelt,K.M., Mali,P., Braff,J.L., Moosburner,M., Yaung,S.J. and
Church,G.M. (2013) Orthogonal Cas9 proteins for RNA-guided gene
regulation and editing. Nat. Methods, 10, 1116–1121.

11. Browning,D.F. and Busby,S.J.W. (2016) Local and global regulation
of transcription initiation in bacteria. Nat. Rev. Microbiol., 14,
638–650.

12. Shaw,K. (2008) Negative transcription regulation in prokaryotes.
Nat. Educ., 1, 122.
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