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A B S T R A C T

Since its discovery in the 1970s, the T7 RNA polymerase (T7 RNAP) transcription system has been applied
extensively as an effective tool in molecular biology because of its robust function in various hosts, including
prokaryotic, eukaryotic and cell free systems. Recently, the T7 RNAP transcription system has emerged as a
critical component for synthetic biology. The present paper summarizes the advances of the T7 RNAP tran-
scription system in synthetic biology, including the recent progress of T7 RNAP structure and its cognate pro-
moter and terminator and its application in cell free systems, logic gates and orthogonal genetic circuits.

1. Introduction

Synthetic biology is a broad and interdisciplinary filed involving
chemistry, physics, mathematics, and biology with the ultimate aims of
creating functional parts, devices, circuits, systems and organisms that
possess novel, predictable and useful functions of value from catalo-
gued and standardized biological building blocks (Cameron et al., 2014;
Cardinale and Arkin, 2012). The interdisciplinary field of synthetic
biology also relies engineering principles to design and assemble the
standard biological components like machinery constructed for the
purposes of improving applications in industrial production or biolo-
gical research (Osbourn et al., 2012; Wellhausen and Oye, 2008).

Synthetic gene circuits have become invaluable tools for studying
the design principles of native gene networks and in facilitating the
development of new biotechnologies (Way et al., 2014). Consequently,
gene circuits now play a critical role in the synthetic biology research.
In the design of gene circuits, RNA polymerase (RNAP) from bacter-
iophage T7 is one of the most widely used tools. T7 RNAP shows a
number of valuable properties including: (i) being a single-subunit
enzyme in contrast to multi-subunit bacterial RNAP; (ii) a high pro-
cessivity; (iii) a high specificity towards the T7 promoter; (iv) an in-
dependence from auxiliary transcription factors; (v) an ability to pro-
duce very long transcripts; and (vi) termination only by class I and class
II termination signals, differing significantly from bacterial

transcription termination sites (Kortmann et al., 2015). These proper-
ties highlight the potential of developing T7 RNAP as a transcription
system that is simple, efficient and sufficiently specific to be used in
different organisms. The T7 transcription system has already been
shown to be compatible with a variety of hosts, including multiple
kinds of prokaryotes and eukaryotes (Table 1), and even cell-free sys-
tems. It should be notable that the development of T7 expression system
in eukaryotes has lagged far behind that in prokaryotes since eukaryotic
mRNA needs to be post-transcriptionally processed and then trans-
ported into cytoplasm before translation. Furthermore, most eukaryotes
in Table 1 used the DNA virus to transient expression of protein in
cytoplasm with T7 system and the protein expression will be lost with
the cell division. In the case of protozoa, Trypanosoma and Leishmania
have seen successful construction of T7 expression system as host cell,
this ability is attributed to their mRNA trans-splicing mechanism (Wirtz
et al., 1994) and this trans-splicing mechanism is seldom happened in
other eukaryotic species. In addition, different chemical inducers have
been developed and combined with the T7 transcription system to make
it more controllable in laboratory research and for industrial production
(Table 2). However, despite the fact that T7 transcription system has
been widely used for protein expression, its potential value as a syn-
thetic biological tool is based on its unique divisible structure that is
much less familiar to scientists. The development of a “plug-and-play”
T7 transcription system that is completely independent of host
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transcription components is challenging. The traditional T7 system al-
ways requires the T7 polymerase gene to be integrated into host
genome and transcribed by host RNA polymerase to avoid the lethality
issue of over transcription. This review primarily focuses on summar-
izing recent advances of T7 RNAP in synthetic biology to provide a
guide to address such questions. The structure of T7 RNAP is in-
troduced, as well as how it can be divided into multiple functional
parts, and the unique promoter/terminator components of T7 system is
also briefly summarized. The special properties of T7 components,
which have led to the development of a T7 logic gate for a synthetic
biological circuit, are then introduced. Lastly, current advances in de-
veloping an orthogonal T7 transcription system are summarized, fol-
lowed by a prospective of how the combination of the T7 transcription
system and synthetic biology can be used in cell free systems, which
have the potential to become the cleanest and easiest in vitro bio-
synthesis system for future applications.

2. Advances in T7 RNAP structure

The continued advancement of synthetic biology calls for the

construction of larger and more complex synthetic gene circuits, which
in turn necessitates the development of additional parts and component
libraries with which to build these circuits. Phage derived T7 RNAP is
an important molecular tool for the study of synthetic gene circuits.
Original full-length T7 RNAP can often cause cellular stress and result
in mutations that affect the functionality of the underlying gene circuit
(Shis and Bennett, 2014). Therefore, in recent years researchers have
generated split proteins, based on the full sequence of T7 RNAP, to
reduce lethality to the host (Schaerli et al., 2014; Segall-Shapiro et al.,
2014). A synthetic gene circuit, driven entirely by fragmented T7 RNAP
prepared using a split intein can interact more stably in gene circuits,
further increasing the availability of these components (Schaerli et al.,
2014; Segall-Shapiro et al., 2014).

Protein function is determined by protein structure, and, thus, un-
derstanding the structure of T7 RNAP is the key to the splitting of T7
RNAP. Several researchers have published a comprehensive review of
relationship between the structure-function relationship of T7 RNAP
(Tunitskaya and Kochetkov, 2002; Sousa and Mukherjee, 2003;
Borkotoky and Murali, 2018). The present review describes the T7
RNAP structure mainly on the basis of Sousa and Mukherjee (2003), in
which T7 RNAP functional domain is comprised of residues ~313–448,
~532–738, and ~770–838, while residues ~449–531 and ~739–770
are inserted between these three domains(Fig. 1).

The three T7 RNAP subdomains have been referred to as the
“thumb,” “palm,” and “fingers.” The “thumb” subdomain is comprised
of residues ~330–410, and forms a long helical projection on one side
of the template-binding cleft. The “palm” subdomain is comprised of
residues ~386–448, ~532–540, and ~788–838, and contains most of
the catalytically critical residues. Residues ~541–737 and ~771–778
make up the “fingers” subdomain. The thumb, fingers, and palm sub-
domains together form the polymerase domain. T7 RNAP also contains
four additional structural elements known as “accessory” modules.
These are the N-terminal domain (residues 1–310), the extra four-helix
bundle (residues 449–531), the promoter recognition loop (739–770)
and the C-terminal loop (839–883) (Sousa and Mukherjee, 2003).

The split version of T7 RNAP, is commonly referred to as nicked
RNA polymerase and was originally discovered during its purification
(Davanloo et al., 1984). Ikeda and Richardson reported that T7 RNA
polymerase was cleaved by a protease at a single site between amino
acids 172 (lysine) and 173 (arginine), located in the H-loop domain
(Ikeda and Richardson, 1987). After cleavage, if the two fragments from
the nicked T7 RNAP remain associated, the complex retains T7 RNAP
activity, but with a 3.5-fold reduction in specific activity (Ikeda and
Richardson, 1987). If the two fragments of T7 RNAP dissociate, their
ability to catalyze RNA synthesis is lost. Further studies demonstrated
that the C-terminal fragment of nicked T7 RNAP (amino acids 173–880)
could bind T7 promoter on its own but was unable to synthesize full-
length mRNA. The addition of the N-terminal domain (amino acids
1–172) was able to rescue the C-terminal fragment's ability to transcribe
mRNA (Muller et al., 1988). Recently, Segall-Shapiro and colleagues
showed that T7 RNAP could be divided into three fragments. T7 RNAP
is split initially between amino acids 601 and 602, forming ‘core frag-
ment(amino acids 1-601)’ and ‘σ fragment(amino acids 602-880)’. The
DNA-binding loop is included in a ‘σ fragment’ and the ‘core fragment’
possesses the catalytic activity for RNA synthesis. Furthermore, the
‘core fragment’ is split at residue 67 to form the ‘α core fragment’ and ‘β
core fragment’. The activity of T7 RNAP requires all three of these
subunits to be co-expressed (Segall-Shapiro et al., 2014). Schaerli and
coworkers divided T7 RNA polymerase into two expression domains
between amino acids 514 and 515 and fused each with a split intein, N-
terminal Npu intein (102 amino acids) from dnaE in Nostoc punctiforme
and the C-terminal Ssp intein (36 amino acids) from dnaE in Synecho-
cystic sp. strain PCC6803. When both domains are co-expressed, the
split intein mediates protein trans-splicing yielding a full-length T7
RNA polymerase, which can transcribe genes by binding the T7 pro-
moter (Schaerli et al., 2014).

Table 1
T7 expression system developed in different hosts.

Type Host Reference

Eukaryoter Autographa californica (van Poelwijk et al., 1995)
Human Hela cells (Fuerst et al., 1987)
Human hepatocellular
carcinoma cell line (FLC4)

(Aoki et al.,1998)

Human embryonic kidney
(HEK-293 cells)

(Chou et al., 2010; Ghaderi et al.,
2014)

Leishmania chagasi (Yao et al., 2007)
Leishmania mexicana (Ishemgulova et al., 2016; Kraeva

et al., 2014)
Leishmania tarentolase (Kovtun et al., 2010; Kushnir et al.,

2005)
Mouse cells (L(A9) cells) (Elroy-Stein and Moss, 1990)
Pichia pastoris (Hobl et al., 2013)
Saccharomyces cerevisiae (Benton et al., 1990)
Trypanosoma brucei (Kelly et al., 2007; Poon et al., 2012;

Wirtz et al., 1998)
Trypanosoma cruzi (Alonso et al., 2014)
Tobacco (Nicotiana
tabacum)

(Emadpour et al., 2015; McBride
et al., 1994; Terpe, 2006; Sheen and
White, 2018)

Zebrafish (Danio rerio) (Verri et al., 1997)
R Agrobacterium tumefaciens (Kang et al., 2007; Zhu et al., 2003)

Bacillus megaterium (Gamer et al., 2009)
Bacillus subtilis (Chen et al., 2010; Conrad et al.,

1996; Troeschel et al., 2012)
Burkholderia cepacia (Jia et al., 2010)
Chromobacterium violaceum (Kang et al., 2007)
Corynebacterium
acetoacidophilum

(Equbal et al., 2013)

Corynebacterium glutamicum (Kortmann et al., 2015)
Escherichia coli (Chao et al., 2002a, 2002b; Choi

et al., 2010; Chou et al., 2010; Kang
et al., 2007; Troeschel et al., 2012)

Erwinia carotovora/
amylovora

(Gaudriault et al., 1997; Kang et al.,
2007)

Lactococcus lactis (Wells et al., 1993a, 1993b)
Lactobacillus plantarum (Heiss et al., 2016)
Pseudomonas sp.
ATCC19151

(Davison et al., 1989)

Pseudomonas aeruginosa (Brunschwig and Darzins, 1992; Kang
et al., 2007; Schweizer, 2001)

Pseudomonas putida (Herrero et al., 1993; Troeschel et al.,
2012)

Rhodobacter capsulatus (Katzke et al., 2010)
Ralstonia eutropha (Barnard et al., 2004)
Salmonella choleraesuis (Kang et al., 2007)
Salmonella enterica (Lee et al., 2006b)
Streptomyces lividans (Lussier et al., 2010)
Synechocystis sp. (Camsund and Lindblad, 2014)
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3. Promoter and terminator of T7 transcription system

Reliance on the host transcription system for the construction of
circuit elements, such as logic gates, is difficult to implement for ob-
taining predictable and independent circuits (Iyer et al., 2013). T7 RNA
polymerase can orthogonally and specifically recognize its cognate
promoter and does not require co-factors to activate transcription. This
makes T7 RNAP an important foundation for synthetic biological cir-
cuitry in both in vivo and in vitro applications (Iyer et al., 2013; Meyer
et al., 2015). Residues 739–770 are the promoter recognition loop in T7
RNAP and allow T7 RNAP to specifically contact the promoter
(Cheetham et al., 1999). Mutations to these critical parts of the pro-
moter usually result in a substantial loss in promoter recognition
(Meyer et al., 2015). Attempts to create T7 RNAP mutants, capable of
strong and specific recognition of more divergent promoters, generally
rely on directed evolution (Chelliserrykattil et al., 2001; Esvelt et al.,
2011), phylogenetic part mining, or domain grafting (Meyer et al.,
2015). In recent years, some researchers have used compartmentalized
partnered replication (CPR) (Abil et al., 2017) and systematic evolution
of ligands by exponential enrichment (SELEX) (Keefe and Cload, 2008)
to create T7 RNAP mutants and orthogonal T7 RNAP promoter pairs,
improving the utility of T7 RNAP for use in complex transcriptional
circuitry.

In addition to T7 RNAP and T7 promoter, T7 terminator has also
aroused researcher interests over the past few decades with efforts
aimed at improving its termination efficiency. Two distinct types of
terminators, class I and class II terminators, have been described for T7
RNA polymerase (Macdonald et al., 1994). Class I terminators have a
structure similar to the rho-independent intrinsic terminators of E. coli
RNAP (Macdonald et al., 1994). Class II terminators do not appear to

possess any distinctive secondary structure, and are comprised of the
sequence ATCTGTTTTCTTGC with further analysis showing that the
critical element of class II terminators are the ATCTGTT sequence,
which must be invariant for function (Lyakhov et al., 1998).

Although the class I terminator is the most widely-used terminating
element, its inefficiency of termination and large size (100 bp) is pro-
blematic for multigene construction and expression (Du et al., 2009).
Class II terminator has been engineered to express multigenes in vitro
and in vivo to overcome this problem. Du et al. (2012) concluded that,
the transcription termination of T7 RNAP could be made more efficient
by substituting a standard, single, class I terminator with adjacent co-
pies of the class II terminator (Du et al., 2012, 2009). Thirteen different
terminators were designed in vitro, improving the termination efficiency
of T7 terminator and leading to an increase in termination efficiency
from 80% to 99% (Mairhofer et al., 2015). Kesik-Brodacka and co-
workers took a different approach, utilizing the inefficiency of T7 ter-
minator or the read-through mechanism of T7 RNAP to improve the
stability of plasmids. Their work suggests that the terminators are not
only used as the signal of the end of transcription processes, but also a
“bandpass filter”, providing a new perspective for efficient design of
genetic circuits, in which the terminator's function is one of the reg-
ulating elements (Kesik-Brodacka et al., 2012).

4. T7 transcription system as tool in a logic gate construction

The binary number system (0 and 1) is used extensively by modern
computers and computer-based devices. The logical operation of this
binary system is performed based on the Boolean function or logic
gates. From the view of the biologist, biological molecules can poten-
tially be built up into bio-computers and the logic operations of a

Table 2
Inducers developed for T7 expression system.

Host Inducer Operon Reference

Agrobacterium tumefaciens IPTG/Lactose lac (Kang et al., 2007)
Bacillus megaterium Xylose xyl (Gamer et al., 2009)
Bacillus subtilis Xylose xyl (Conrad et al., 1996; Troeschel et al., 2012)

Tetracycline tet (Kushwaha and Salis, 2015)
Corynebacterium glutamicum IPTG/Lactose lac (Kortmann et al., 2015)
Chromobacterium violaceum IPTG/Lactose lac (Kang et al., 2007)
Escherichia coli Blue light ara (Baumschlager et al., 2017)

Choline bet (Ike et al., 2015)
Cumate cym and cmt (Choi et al., 2010)
Galactose gal (Menzella and Gramajo, 2004)
Heat λPL (Chao et al., 2002b; Gupta et al., 1999)
IPTG/Lactose lac (Kang et al., 2007; Xu et al., 2014)
L-arabinose ara (Chao et al., 2002a; Wang et al., 2011; Wycuff and Matthews, 2000; Zei et al., 2005)
Light, IPTG/Lactose lac (Binder et al., 2014; Chou et al., 2010)
Malonyl-CoA fapO/fapR (Xu et al., 2014)
Propionate prp (Lee and Keasling, 2006a)
Rhamnose rha (Giacalone et al., 2006)
Sucrose/sorbitol, NaCl proUp (Bhandari and Gowrishankar, 1997; Pal et al., 2001)
Tetracycline tet (Kushwaha and Salis, 2015)

Erwinia carotovora IPTG/Lactose lac (Kang et al., 2007)
Human embryonic kidney (HEK293T) cells Light(caged T7 RNAP) lac (Chou et al., 2010)
Lactobacillus plantarum IPTG/Lactose lac (Heiss et al., 2016)
Lactococcus lactis IPTG/Lactose lac (Wells et al., 1993a, 1993b)
Leishmania mexicana Tetracycline tet (Kraeva et al., 2014)
Pseudomonas aeruginosa IPTG/Lactose lac (Kang et al., 2007)
Pseudomonas phaseolicola Rhamnose rha (Pagratis and Revel, 1993)
Pseudomonas putida Xylose xyl (Troeschel et al., 2012)

Tetracycline tet (Kushwaha and Salis, 2015)
Ralstonia eutropha Phosphate PhaP (Barnard et al., 2004)
Rhodobacter capsulatus Fructose fru (Katzke et al., 2010)
Salmonella choleraesuis IPTG/Lactose lac (Kang et al., 2007)
Salmonella enterica Propionate prp (Lee and Keasling, 2006b)

Arabinose ara (McKinney et al., 2002)
Streptomyces lividans Thiostrepton tip (Lussier et al., 2010)
Tobacco Ethanol phb (Lössl et al., 2005)
Trypanosoma cruzi Tetracycline tet (Darocha et al., 2004)
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computer can be performed by the substitution of a computer's elec-
tronic components with biological molecules, constructing a logic gate
through the regulation of biological molecules (Ausländer et al., 2012;
Katz and Privman, 2010). Based on this idea, a variety of biological
molecules such as nucleic acids (DNA or RNA) (Seelig et al., 2006;
Willner et al., 2008), enzymes (Ikeda et al., 2014; Katz and Privman,
2010; Strack et al., 2008) and others small molecules (Park et al., 2010;
Sivan and Lotan, 1999), have been used to construct logic gates. The
design and construction of organisms with logic gates is the objective of
this synthetic biology research.

In synthetic biology, logic gates are constructed based on a principle
similar to those used to design electronic circuits (Simpson et al., 2004).
The output of the gene circuit is directed partially by promoter activity.
However, the difficulty in constructing a biological logic gate is finding
an orthogonal transcription system. Over the past few decades, the
method for generating biological logic gates has often been at the
transcriptional level, and has been carried out by splitting T7 RNAP
(Shis et al., 2014). Until now, T7 RNAP has been effectively applied in
the construction of transcriptional ‘AND’ logic gates. Research has de-
monstrated that T7 RNAP can be divided into two or more fragments,
and these split fragments can be transcribed under the control of dif-
ferent inducers. Only when fragments can be assembled into a complete
and active T7 RNAP can the target gene be transcribed and translated
into a protein. Based on this concept, logic gates can be constructed to
regulate the expression of target genes on the basis of input inducers
(Shis et al., 2014).

Schaerli and coworkers made a split T7 RNAP intein for the con-
struction of transcriptional ‘AND’ logic gate. They nicked T7 RNAP into
C-terminal polymerase domain (1–514) and N-terminal polymerase

domain (514–884) and fused split inteins (N-terminal Npu intein,
NpuN; C-terminal Ssp intein, SscP) into two split domains leading to an
auto-catalytic excision of the inteins resulting in full-length T7 RNAP
(Schaerli et al., 2014). In their paper, the C-terminal polymerase do-
main is regulated by PBAD, which is induced by arabinose, and the N-
terminal polymerase domain is regulated by Ptac, which is induced by
IPTG. Their results showed that there was no fluorescence when cells
were induced by arabinose or IPTG alone, but fluorescence appeared
only when cells were induced by both arabinose and IPTG. This de-
monstrates that it is possible to construct an ‘AND’ logic gate using the
recombined T7 RNAP formed by two split intein linked T7 RNAP sub-
units to catalyze T7 promoter transcription just like the native T7 RNAP
(Fig. 2a). However, a single logic gate is insufficient to meet demands of
the range of activities for promoters, thus, a library of synthetic tran-
scriptional ‘AND’ logic gates were constructed using split T7 RNA
polymerase by Shis and Bennett (2013). In this study, the DNA re-
cognition domain, within the C-terminal of T7 RNAP for T7 promoter
specificity, was mutated and transformed into five different strains to
create 25 mutants. A library of transcriptional ‘AND’ gates was built
using different T7 RNAP/ T7 promoter pairs in an inducible green
fluorescent protein (GFP) expression system (Fig. 2b) (Shis and Bennett,
2013). This library enables the construction of larger and more complex
gene circuits. In addition to the two split fragments of T7 RNAP, it can
be further split into three parts (‘α fragment’, ‘β core fragment’ and ‘σ
fragment’) (Segall-Shapiro et al., 2014), with which Segall-Shapiro and
coworkers created a more complex and adjustable ‘double AND’ system.
In this system the core fragment was used as a T7 RNAP ‘resource al-
locator’, and two ‘AND’ logic circuits and different T7 RNAP/promoter
pairs were introduced into the system to compete with each other as a

Fig. 1. Structure of T7 RNA Polymerase (domain
structure (a) and 3-D structure (b)). T7 RNA poly-
merase can be divided into one catalytic domain (aa
313–448, aa 532–738 and aa 770–838) and four
“accessory” domains, including a single strand RNA
binding domain (aa 0–312), a promoter recognition
domain (aa 739–769), a T7 lysozyme regulation
domain (aa 839–883) and a 4-helix-bundle (aa
449–531) of unknown function. The catalytic do-
main can be further divided into three subdomains,
including a thumb (aa 330–410), a palm (aa
386–448, aa 532–540 and aa 788–838) and a finger
(aa 541–737 and aa 771–778). Furthermore, re-
search has demonstrated that T7 RNA polymerase
can be divided into two parts at either aa 172 or aa
601, but still remain its complete function if the two
parts exist together.
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‘resource allocator’. Using this system, a library of green color, resulting
from GFP expression, and red color, resulting from red fluorescent
protein (RFP) expression were mixed in different proportions (Fig. 2c).
Furthermore, split T7 RNAP (‘core’ and ‘alpha’) binding different σ
factors can create additional in-put signal regulatory modularity (Shis
et al., 2014).

Anderson and co-workers described the use of two inducible pro-
moters to control the expression of gfp and constructed a ‘AND’ logic
gate. Their ‘AND’ logic gate has two components, one component was
translated as a T7 RNAP, containing two amber stop codons (UAG), the
second component was transcribed as Ser-tRNA when a nonsense sup-
pressor supD was transcribed. When these two components are both
induced, an active T7 RNA polymerase is synthesized, which in turn
activates a T7 promoter to express gfp resulting in a green color
(Anderson et al., 2007). This ‘AND’ logic gate was integrated with
natural promoters and implemented for use in mammalian cells.

Until now, most logic gates based on the T7 RNAP system are ‘AND’
gates. Several years ago, a ‘NOT’ gate based on the T7 system was built
that relied on a RNA aptamer against T7 RNA polymerase (Kim et al.,
2014; Ohuchi et al., 2012). In 2017, a multiple ‘NOT’ gate was con-
structed in E. coli by the combination of T7 RNAP allocator and CI and
PhlF repressor, and this was used to develop the red/green/blue color
vision system (Fernandez-Rodriguez et al., 2017).

5. T7 transcription system in the construction of genetic circuits
with orthogonality

Orthogonality is one of the focuses in synthetic biology. When these
engineered gene circuits are embedded into cells to perform new
functions, it is expected that the circuits take full advantage of host's
resources and will not be limited by the host's native regulatory net-
works. The property of orthogonality can avoid unnecessary crosstalk
between the embed elements in gene circuits and the genetic elements
of the host, guaranteeing the universal application of these genetic
elements in different hosts. T7 RNAP and its cognate promoter shows a
very high specificity and the speed of RNA synthesis by T7 RNAP is 5-
fold faster than that by E. coli RNAP (Chamberlin and Ring, 1973;

Golomb and Chamberlin, 1974). Consequently, the T7 transcription
system represents an ideal tool for the construction of an orthogonal
system.

Although the T7 transcription system has been applied successfully
in various species (Table 1), to date all these extensively used T7
transcription systems are host-dependent, such as pET plasmid series.
The T7 RNAP needs to be integrated into the host genome, and only T7
promoter is placed in the plasmid, due to lethality caused by the
powerful transcribing capability of T7 RNAP. Previous researchers have
investigated the placement of T7 RNAP together with T7 promoter in a
single plasmid or the construction of host-independent T7 transcription
system in single plasmid (Dubendorff and Studier, 1991; Studier et al.,
1991), but all of these have resulted in the death of the host cell. This
host dependency limits the universal and convenient application of T7
transcription system as an orthogonal element. Recently, Wang and
colleagues have developed a novel host-independent T7 transcription
system that integrates T7 RNAP and T7 promoter into a single plasmid
with antisense RNA used to reduce the amount of T7 RNAP. Compared
to the BL21 (DE3) host, this host-independent T7 transcription system
can efficiently express proteins in non-DE3 Escherichia coli strains
(JM109) and a wild-type Sinorhizobium strain TH572. Furthermore, the
same laboratory has described the construction of a fine regulating
transcription system of T7 RNAP in single plasmid by combining anti-
sense RNA technology, CAP site deletion, terminator substitution and
ribosome-binding site (RBS) design, demonstrating the effective ex-
pression of proteins in extensive hosts, including five different Gram-
negative strains and one Gram-positive strain (Liang et al., 2018).
Kushwaha and coworkers investigated another method to maintain the
expression of T7 RNAP at non-toxic levels, by using integrated positive
and negative feedback loops to tune T7 RNAP expression levels. After
construction and characterization of the 50 variants of this integrated
system, the resulting engineered system showed autonomous self-reg-
ulation that could function in diverse Gram-positive and Gram-negative
bacteria (Kushwaha and Salis, 2015). Thus far, orthogonality has not
only been discussed as it relates to a transcriptional orthogonal system,
in recent years, translation orthogonal systems have also undergone
rapid development in gene circuit construction and synthetic biology

Fig. 2. Construction and regulation of ‘AND’ logic gate using T7 system. (a) By splitting T7RNP into a core-part and a σ-part, an ‘AND’ logic gate is built where only
when the two parts are co-expressed can there be a functional T7 RNAP and hence an output of a downstream green fluorescent signal. (b) By combining different σ-
part and T7 promoter mutants, the ‘AND’ logic gate described in Fig. 2a can be improved to generate a downstream green fluorescent signal of different brightness.
(c) In this model the core-part is split into a α-part used as a switch of the logic gate (which can be further split if needed) and a β-part. By using two pairs of “σ-part-
T7 promoter-reporter gene” and by setting the expression of β-part at a constantly low level, the ‘AND’ logic gate described in Fig. 2b can be further modified to
generate a tunable bicolor (green fluorescence and red fluorescence of different ratio) downstream signal. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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(Rackham and Chin, 2005a, 2005b). Moreover, orthogonal transcrip-
tion-translation networks have been created as the transcription–-
translation feed-forward loops for detailed studies on cellular decision
making processes (An and Chin, 2009), in which the T7 system has been
used for the construction of transcription circuit.

6. T7 transcription system in cell-free system

Recently, a cell-free protein synthesis system (CFPS) has been de-
monstrated as a powerful alternative to classical in vivo biosynthesis.
CFPS is particularly useful for generating proteins that are: 1. toxic to
the host cell; 2. rapidly degraded by intracellular proteases; 3. easily
form inclusion bodies; and 4. incorporated with modified or isotope-
labeled amino acids. Most importantly, CFPS also saves time and effort
in the transformation of target genes into matched host cells by directly
adding template DNA, either plasmid or linearized DNA generated by
PCR, into a simplified and controllable mixture of in vitro biomachinery.
Due to its high speed and specificity, the T7 system has been extensively
used in CFPS for synthetic biology. The highest protein yield reported
using T7 CFPS is 2.3 mg/ml (Caschera and Noireaux, 2014). The
synthesis of different types of macromolecules, such as immunoglobins
(Cai et al., 2015) and membrane proteins (Elbaz et al., 2004), and even
complexes, such as E. coli ribosome (Jewett et al., 2014) and RNA virus
(Kobayashi et al., 2012), has achieved great success using this powerful
in vitro system. Since the T7 system has few regulatory components,
efforts have been made to introduce synthetic circuits into T7 CFPS. For
example, Karig et al. (2012) constructed a negative feedback system by
inserting a tetR and a tetO sequences downstream T7 promoter, and
Iyer and coworkers (2013) built an ‘IMPLY’ logic gate circuit using Teto
and LacO and verified its function in T7 CFPS. Despite difficulties to
scale-up CFPS for industrial manufacture, its convenience and high
efficiency still make it a powerful tool for research uses, and there is no
doubt that the incorporation of T7 system together with synthetic cir-
cuits will further broaden the application of CFPS in the future.

7. Conclusion and perspectives

Since the T7 transcription system functions robustly in a variety of
hosts, prokaryotic, eukaryotic and cell free systems, the T7 transcrip-
tion system has become a tractable and effective tool in synthetic

biology. With a transplantable genetic element of high efficiency, spe-
cificity, orthogonality and controllability, T7 transcription system will
facilitate future fundamental biological research. The T7 transcription
system, in combination with gene circuits such as logic gates, will un-
doubtedly be used to create powerful synthetic biology tools in the
future. Such tools will add, modify, and control metabolic pathways in
different biological chassis, and help optimize and maximize the pro-
duction of a variety of fine and bulk chemicals through synthetic
biology (Fig. 3). Recently, the several studies combined the T7 tran-
scription system with CRISPR-Cas9 (Cress et al., 2016; McCutcheon
et al., 2017) and optogenetics (Baumschlager et al., 2017), improving
its effectiveness and broadening its applications. Zhao et al. (2017)
mined the T7 RNAP analogues in the database and applied a resultant
analogue in non-model strains Halomonas sp TD01, paving a new way
for the study on T7 transcription system in industrial microorganisms.
In the near future, it is envisioned that biological organisms might be
assembled as the same way as one assembles a machine but instead
with the aid of T7 transcription system and other synthetic biology
tools.

Acknowledgment

This work was supported by the National Key Research and
Development Program of China (No. 2016YFD0400604), Natural
Science Foundation of China (NSFC 21576153), Beijing Natural Science
Foundation (5162019).

References

Abil, Z., Ellefson, J.W., Gollihar, J.D., Watkins, E., Ellington, A.D., 2017.
Compartmentalized partnered replication for the directed evolution of genetic parts
and circuits. Nat. Protoc. 12, 2493–2512. https://doi.org/10.1038/nprot.2017.119.

Alonso, V.L., Ritagliati, C., Cribb, P., Serra, E.C., 2014. Construction of three new
Gateway® expression plasmids for Trypanosoma cruzi. Mem. Inst. Oswaldo Cruz 109,
1081–1085. https://doi.org/10.1590/0074-0276140238.

An, W., Chin, J.W., 2009. Synthesis of orthogonal transcription-translation networks.
Proc. Natl. Acad. Sci. 106, 8477–8482. https://doi.org/10.1073/pnas.0900267106.

Anderson, J.C., Voigt, C.A., Arkin, A.P., 2007. Environmental signal integration by a
modular and gate. Mol. Syst. Biol. 3 (133). https://doi.org/10.1038/msb4100173.

Ausländer, S., Ausländer, D., Müller, M., Wieland, M., Fussenegger, M., 2012.
Programmable single-cell mammalian biocomputers. Nature 487, 123–127. https://
doi.org/10.1038/nature11149.

Barnard, G.C., Henderson, G.E., Srinivasan, S., Gerngross, T.U., 2004. High level

Fig. 3. Perspective of implanting of T7 system into
synthetic biology and industrial manufacture. As a
transplantable genetic element of high efficiency,
specificity, orthogonality and controllability, T7
transcription system, in combination with gene cir-
cuit such as logic gates, will create powerful syn-
thetic biology tools in the future to add, modify or
control metabolic pathways in different biological
chassis, and therefore can help optimize and max-
imize the production of various kinds of biological
products.

W. Wang et al. Biotechnology Advances 36 (2018) 2129–2137

2134

https://doi.org/10.1038/nprot.2017.119
https://doi.org/10.1590/0074-0276140238
https://doi.org/10.1073/pnas.0900267106
https://doi.org/10.1038/msb4100173
https://doi.org/10.1038/nature11149
https://doi.org/10.1038/nature11149


recombinant protein expression in Ralstonia eutropha using T7 RNA polymerase based
amplification. Protein Expr. Purif. 38, 264–271. https://doi.org/10.1016/j.pep.2004.
09.001.

Baumschlager, A., Aoki, S.K., Khammash, M., 2017. Dynamic blue light-inducible T7 RNA
polymerases (Opto-T7RNAPs) for precise spatiotemporal gene expression control.
ACS Synth. Biol. 6, 2157–2167. https://doi.org/10.1021/acssynbio.7b00169.

Benton, B.M., Eng, W.K., Dunn, J.J., Studier, F.W., Sternglanz, R., Fisher, P.A., 1990.
Signal-mediated import of bacteriophage T7 RNA polymerase into the Saccharomyces
cerevisiae nucleus and specific transcription of target genes. Mol. Cell. Biol. 10 (1),
353–360.

Bhandari, P., Gowrishankar, J., 1997. An Escherichia coli host strain useful for efficient
overproduction of cloned gene products with NaCl as the inducer. J. Bacteriol. 179
(13), 4403–4406.

Binder, D., Grünberger, A., Loeschcke, A., Probst, C., Bier, C., Pietruszka, J., Wiechert, W.,
Kohlheyer, D., Jaeger, K.-E., Drepper, T., 2014. Light-responsive control of bacterial
gene expression: precise triggering of the lac promoter activity using photocaged
IPTG. Integr. Biol. 6, 755–765. https://doi.org/10.1039/C4IB00027G.

Borkotoky, S., Murali, A., 2018. The highly efficient T7 RNA polymerase: A wonder
macromolecule in biological realm. Int. J. Biol. Macromol. 118, 49–56. https://doi.
org/10.1016/j.ijbiomac.2018.05.198.

Brunschwig, E., Darzins, A., 1992. A two-component T7 system for the overexpression of
genes in Pseudomonas aeruginosa. Gene 119, 153. https://doi.org/10.1016/0378-
1119(92)90085-4.

Cai, Q., Hanson, J.A., Steiner, A.R., Tran, C., Masikat, M.R., Chen, R., Zawada, J.F., Sato,
A.K., Hallam, T.J., Yin, G., 2015. A simplified and robust protocol for im-
munoglobulin expression in Escherichia coli cell-free protein synthesis systems.
Biotechnol. Prog. 31, 823–831. https://doi.org/10.1002/btpr.2082.

Cameron, D.E., Bashor, C.J., Collins, J.J., 2014. A brief history of synthetic biology. Nat.
Rev. Microbiol. 12, 381–390. https://doi.org/10.1038/nrmicro3239.

Camsund, D., Lindblad, P., 2014. A LacI-regulated promoter for Synechocystis and its use
for implementing a T7 RNA polymerase-based orthogonal transcriptional
system. n.d.

Cardinale, S., Arkin, A.P., 2012. Contextualizing context for synthetic biology - identi-
fying causes of failure of synthetic biological systems. Biotechnol. J. 7, 856–866.
https://doi.org/10.1002/biot.201200085.

Caschera, F., Noireaux, V., 2014. Synthesis of 2.3 mg/ml of protein with an all Escherichia
coli cell-free transcription–translation system. Biochimie 99, 162–168. https://doi.
org/10.1016/j.biochi.2013.11.025.

Chamberlin, M., Ring, J., 1973. Characterization of T7-specific ribonucleic acid poly-
merase. II. Inhibitors of the enzyme and their application to the study of the enzy-
matic reaction. J. Biol. Chem. 248, 2245–2250.

Chao, Y.P., Chiang, C.J., Hung, W. Bin, 2002a. Stringent regulation and high-level ex-
pression of heterologous genes in Escherichia coli using T7 system controllable by the
araBAD promoter. Biotechnol. Prog. 18, 394–400. https://doi.org/10.1021/
bp0101785.

Chao, Y.P., Law, W.S., Chen, P., Hung, W.B., 2002b. High production of heterologous
proteins in Escherichia coli using the thermo-regulated T7 expression system. Appl.
Microbiol. Biotechnol. 58 (4), 446–453. https://doi.org/10.1007/s00253-001-
0891-6.

Cheetham, G.M.T., Jeruzalmi, D., Steltz, T.A., 1999. Structural basis for initiation of
transcription from an RNA polymerase- promoter complex. Nature 399, 80–83.
https://doi.org/10.1038/19999.

Chelliserrykattil, J., Cai, G., Ellington, A.E., 2001. A combined in vitro / in vivo selection
for polymerases with novel promoter specificities. BMC Biotechnol. 1, 13. https://
doi.org/10.1186/1472-6750-1-13.

Chen, P.T., Shaw, J.F., Chao, Y.P., David Ho, T.H., Yu, S.M., 2010. Construction of
chromosomally located T7 expression system for production of heterologous secreted
proteins in Bacillus subtilis. J. Agric. Food Chem. 58, 5392–5399. https://doi.org/10.
1021/jf100445a.

Choi, Y.J., Morel, L., Le François, T., Bourque, D., Lucie, B., Groleau, D., Massie, B.,
Miguez, C.B., 2010. Novel, versatile, and tightly regulated expression system for
Escherichia coli strains. Appl. Environ. Microbiol. 76, 5058–5066. https://doi.org/10.
1128/AEM.00413-10.

Chou, C., Young, D.D., Deiters, A., 2010. Photocaged T7 RNA polymerase for the light
activation of transcription and gene function in pro- and eukaryotic cells.
Chembiochem 11, 972–977. https://doi.org/10.1002/cbic.201000041.

Conrad, B., Savchenko, R.S., Breves, R., Hofemeister, J., 1996. A T7 promoter-specific,
inducible protein expression system for Bacillus subtilis. Mol Gen Genet 250, 230–236.
https://doi.org/10.1007/s004380050071.

Cress, B.F., Jones, J.A., Kim, D.C., Leitz, Q.D., Englaender, J.A., Collins, S.M., Linhardt,
R.J., Koffas, M.A.G., 2016. Rapid generation of CRISPR/dCas9-regulated, orthogon-
ally repressible hybrid T7-lac promoters for modular, tuneable control of metabolic
pathway fluxes in Escherichia coli. Nucleic Acids Res. 44, 4472–4485. https://doi.org/
10.1093/nar/gkw231.

Darocha, W.D., Otsu, K., Teixeira, S.M.R., Donelson, J.E., 2004. Tests of cytoplasmic RNA
interference (RNAi) and construction of a tetracycline-inducible T7 promoter system
in Trypanosoma cruzi. Mol. Biochem. Parasitol. 133, 175–186. https://doi.org/10.
1016/j.molbiopara.2003.10.005.

Davanloo, P., Rosenberg, A.H., Dunn, J.J., Studier, F.W., 1984. Cloning and expression of
the gene for bacteriophage T7 RNA polymerase. Proc. Natl. Acad. Sci. U. S. A. 81,
2035–2039. https://doi.org/10.1073/pnas.81.7.2035.

Davison, J., Chevalier, N., Brunel, F., 1989. Bacteriophage T7 RNA polymerase-controlled
specific gene expression in Pseudomonas. Gene 83, 371–375. https://doi.org/10.
1016/0378-1119(89)90124-8.

Du, L., Gao, R., Forster, A.C., 2009. Engineering multigene expression in vitro and in vivo
with small terminators for T7 RNA polymerase. Biotechnol. Bioeng. 104, 1189–1196.

https://doi.org/10.1002/bit.22491.
Du, L., Villarreal, S., Forster, A.C., 2012. Multigene expression in vivo: Supremacy of large

versus small terminators for T7 RNA polymerase. Biotechnol. Bioeng. 109,
1043–1050. https://doi.org/10.1002/bit.24379.

Dubendorff, J.W., Studier, F.W., 1991. Controlling basal expression in an inducible T7
expression system by blocking the target T7 promoter with lac repressor. J. Mol. Biol.
219, 45–59. https://doi.org/10.1016/0022-2836(91)90856-2.

Elbaz, Y., Steiner-Mordoch, S., Danieli, T., Schuldiner, S., 2004. In vitro synthesis of fully
functional EmrE, a multidrug transporter, and study of its oligomeric state. Proc.
Natl. Acad. Sci. U. S. A. 101, 1519–1524. https://doi.org/10.1073/pnas.
0306533101.

Elroy-Stein, O., Moss, B., 1990. Cytoplasmic expression system based on constitutive
synthesis of bacteriophage T7 RNA polymerase in mammalian cells. Proc. Natl. Acad.
Sci. U. S. A. 87, 6743–6747. https://doi.org/10.1073/pnas.87.17.6743.

Emadpour, M., Karcher, D., Bock, R., 2015. Boosting riboswitch efficiency by RNA am-
plification. Nucleic Acids Res. 43, e66. https://doi.org/10.1093/nar/gkv165.

Equbal, M.J., Srivastava, P., Agarwal, G.P., Deb, J.K., 2013. Novel expression system for
Corynebacterium acetoacidophilum and Escherichia coli based on the T7 RNA poly-
merase-dependent promoter. Appl. Microbiol. Biotechnol. 97, 7755–7766. https://
doi.org/10.1007/s00253-013-4900-3.

Esvelt, K.M., Carlson, J.C., Liu, D.R., 2011. A system for the continuous directed evolution
of biomolecules. Nature 472, 499–503. https://doi.org/10.1038/nature09929.

Fernandez-Rodriguez, J., Moser, F., Song, M., Voigt, C.A., 2017. Engineering RGB color
vision into Escherichia coli. Nat. Chem. Biol. 13, 706–708. https://doi.org/10.1038/
nchembio.2390.

Fuerst, T.R., Earl, P.L., Moss, B., 1987. Use of a hybrid vaccinia virus-T7 RNA polymerase
system for expression of target genes. Mol. Cell. Biol. 7, 2538–2544.

Gamer, M., Fröde, D., Biedendieck, R., Stammen, S., Jahn, D., 2009. A T7 RNA poly-
merase-dependent gene expression system for Bacillus megaterium. Appl. Microbiol.
Biotechnol. 82, 1195–1203. https://doi.org/10.1007/s00253-009-1952-5.

Gaudriault, S., Malandrin, L., Paulin, J.P., Barny, M.A., 1997. DspA, an essential patho-
genicity factor of Erwinia amylovora showing homology with AvrE of Pseudomonas
syringae, is secreted via the Hrp secretion pathway in a DspB-dependent way. Mol.
Microbiol. 26, 1057–1069. https://doi.org/10.1046/j.1365-2958.1997.6442015.x.

Ghaderi, M., Sabahi, F., Sadeghi-Zadeh, M., Khanlari, Z., Jamaati, A., Mousavi-Nasab, D.,
Majidi-Gharenaz, N., Ajorloo, M., Fazeli, M., 2014. Construction of an eGFP ex-
pression plasmid under control of T7 promoter and IRES sequence for assay of T7
RNA polymerase activity in mammalian cell lines. Iran. J. Cancer Prev. 7, 137–141.

Giacalone, M.J., Gentile, A.M., Lovitt, B.T., Berkley, N.L., Gunderson, C.W., Surber, M.W.,
2006. Toxic protein expression in Escherichia coli using a rhamnose-based tightly
regulated and tunable promoter system. BioTechniques 40 (3), 355–364. https://doi.
org/10.2144/000112112.

Golomb, M., Chamberlin, M., 1974. Characterization of T7 specific ribonucleic acid
polymerase. IV. Resolution of the major in vitro transcripts by gel electrophoresis. J.
Biol. Chem. 249, 2858–2863.

Gupta, J.C., Jaisani, M., Pandey, G., Mukherjee, K.J., 1999. Enhancing recombinant
protein yields in Escherichia coli using the T7 system under the control of heat in-
ducible λPL promoter. J. Biotechnol. 68 (2–3), 125–134.

Heiss, S., Hörmann, A., Tauer, C., Sonnleitner, M., Egger, E., Grabherr, R., Heinl, S., 2016.
Evaluation of novel inducible promoter/repressor systems for recombinant protein
expression in Lactobacillus plantarum. Microb. Cell Factories 15 (50). https://doi.org/
10.1186/s12934-016-0448-0.

Herrero, M., de Lorenzo, V., Ensley, B., Timmis, K.N., 1993. A T7 RNA polymerase-based
system for the construction of Pseudomonas strains with phenotypes dependent on
TOL-meta pathway effectors. Gene 134, 103–106. https://doi.org/10.1016/0378-
1119(93)90181-2.

Hobl, B., Hock, B., Schneck, S., Fischer, R., Mack, M., 2013. Bacteriophage T7 RNA
polymerase-based expression in Pichia pastoris. Protein Expr. Purif. 92 (1), 100–104.

Ike, K., Arasawa, Y., Koizumi, S., Mihashi, S., Kawai-Noma, S., Saito, K., Umeno, D., 2015.
Evolutionary design of choline-inducible and -repressible T7-based induction sys-
tems. ACS Synth. Biol. 4, 1352–1360. https://doi.org/10.1021/acssynbio.5b00107.

Ikeda, R.A., Richardson, C.C., 1987. Enzymatic properties of a proteolytically nicked RNA
polymerase of Bacteriophage T7. J. Biol. Chem. 262, 3790–3799. https://doi.org/10.
1088/1751-8113/44/8/085201.

Ikeda, M., Tanida, T., Yoshii, T., Kurotani, K., Onogi, S., Urayama, K., Hamachi, I., 2014.
Installing logic-gate responses to a variety of biological substances in supramolecular
hydrogel–enzyme hybrids. Nat. Chem. 6, 511–518. https://doi.org/10.1038/nchem.
1937.

Ishemgulova, A., Kraeva, N., Faktorová, D., Podesvová, L., Lukes, J., Yurchenko, V., 2016.
T7 polymerase-driven transcription is downregulated in metacyclic promastigotes
and amastigotes of Leishmania mexicana. Folia Parasitologica 63, 016. https://doi.
org/10.14411/fp.2016.016.

Iyer, S., Karig, D.K., Norred, S.E., Simpson, M.L., Doktycz, M.J., 2013. multi-input reg-
ulation and logic with T7 promoters in cells and cell-free systems. PLoS One 8,
e78442. https://doi.org/10.1371/journal.pone.0078442.

Jewett, M.C., Fritz, B.R., Timmerman, L.E., Church, G.M., 2014. In vitro integration of
ribosomal RNA synthesis, ribosome assembly, and translation. Mol. Syst. Biol. 9, 678.
https://doi.org/10.1038/msb.2013.31.

Jia, B., Yang, J.K., Liu, W.S., Li, X., Yan, Y.J., 2010. Homologous overexpression of a
lipase from Burkholderia cepacia using the lambda Red recombinase system.
Biotechnol. Lett. 32, 521–526. https://doi.org/10.1007/s10529-009-0189-9.

Kang, Y., Son, M.S., Hoang, T.T., 2007. One step engineering of T7-expression strains for
protein production: Increasing the host-range of the T7-expression system. Protein
Expr. Purif. 55, 325–333. https://doi.org/10.1016/j.pep.2007.06.014.

Karig, D.K., Iyer, S., Simpson, M.L., Doktycz, M.J., 2012. Expression optimization and
synthetic gene networks in cell-free systems. Nucleic Acids Res. 40, 3763–3774.

W. Wang et al. Biotechnology Advances 36 (2018) 2129–2137

2135

https://doi.org/10.1016/j.pep.2004.09.001
https://doi.org/10.1016/j.pep.2004.09.001
https://doi.org/10.1021/acssynbio.7b00169
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0045
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0045
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0045
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0045
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0050
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0050
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0050
https://doi.org/10.1039/C4IB00027G
https://doi.org/10.1016/j.ijbiomac.2018.05.198
https://doi.org/10.1016/j.ijbiomac.2018.05.198
https://doi.org/10.1016/0378-1119(92)90085-4
https://doi.org/10.1016/0378-1119(92)90085-4
https://doi.org/10.1002/btpr.2082
https://doi.org/10.1038/nrmicro3239
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0080
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0080
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0080
https://doi.org/10.1002/biot.201200085
https://doi.org/10.1016/j.biochi.2013.11.025
https://doi.org/10.1016/j.biochi.2013.11.025
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0095
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0095
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0095
https://doi.org/10.1021/bp0101785
https://doi.org/10.1021/bp0101785
https://doi.org/10.1007/s00253-001-0891-6
https://doi.org/10.1007/s00253-001-0891-6
https://doi.org/10.1038/19999
https://doi.org/10.1186/1472-6750-1-13
https://doi.org/10.1186/1472-6750-1-13
https://doi.org/10.1021/jf100445a
https://doi.org/10.1021/jf100445a
https://doi.org/10.1128/AEM.00413-10
https://doi.org/10.1128/AEM.00413-10
https://doi.org/10.1002/cbic.201000041
https://doi.org/10.1007/s004380050071
https://doi.org/10.1093/nar/gkw231
https://doi.org/10.1093/nar/gkw231
https://doi.org/10.1016/j.molbiopara.2003.10.005
https://doi.org/10.1016/j.molbiopara.2003.10.005
https://doi.org/10.1073/pnas.81.7.2035
https://doi.org/10.1016/0378-1119(89)90124-8
https://doi.org/10.1016/0378-1119(89)90124-8
https://doi.org/10.1002/bit.22491
https://doi.org/10.1002/bit.24379
https://doi.org/10.1016/0022-2836(91)90856-2
https://doi.org/10.1073/pnas.0306533101
https://doi.org/10.1073/pnas.0306533101
https://doi.org/10.1073/pnas.87.17.6743
https://doi.org/10.1093/nar/gkv165
https://doi.org/10.1007/s00253-013-4900-3
https://doi.org/10.1007/s00253-013-4900-3
https://doi.org/10.1038/nature09929
https://doi.org/10.1038/nchembio.2390
https://doi.org/10.1038/nchembio.2390
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0205
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0205
https://doi.org/10.1007/s00253-009-1952-5
https://doi.org/10.1046/j.1365-2958.1997.6442015.x
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0220
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0220
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0220
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0220
https://doi.org/10.2144/000112112
https://doi.org/10.2144/000112112
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0230
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0230
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0230
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0235
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0235
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0235
https://doi.org/10.1186/s12934-016-0448-0
https://doi.org/10.1186/s12934-016-0448-0
https://doi.org/10.1016/0378-1119(93)90181-2
https://doi.org/10.1016/0378-1119(93)90181-2
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0250
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0250
https://doi.org/10.1021/acssynbio.5b00107
https://doi.org/10.1088/1751-8113/44/8/085201
https://doi.org/10.1088/1751-8113/44/8/085201
https://doi.org/10.1038/nchem.1937
https://doi.org/10.1038/nchem.1937
https://doi.org/10.14411/fp.2016.016
https://doi.org/10.14411/fp.2016.016
https://doi.org/10.1371/journal.pone.0078442
https://doi.org/10.1038/msb.2013.31
https://doi.org/10.1007/s10529-009-0189-9
https://doi.org/10.1016/j.pep.2007.06.014


https://doi.org/10.1093/nar/gkr1191.
Katz, E., Privman, V., 2010. Enzyme-based logic systems for information processing.

Chem. Soc. Rev. 39, 1835. https://doi.org/10.1039/b806038j.
Katzke, N., Arvani, S., Bergmann, R., Circolone, F., Markert, A., Svensson, V., Jaeger, K.E.,

Heck, A., Drepper, T., 2010. A novel T7 RNA polyerase dependent expression system
for high-level protein production in the phototrophic bacterium Rhodobacter capsu-
latus. Protein Expr. Purif. 69, 137–146. https://doi.org/10.1016/j.pep.2009.08.008.

Keefe, A.D., Cload, S.T., 2008. SELEX with modified nucleotides. Curr. Opin. Chem. Biol.
12, 448–456. https://doi.org/10.1016/j.cbpa.2008.06.028.

Kelly, S., Reed, J., Kramer, S., Ellis, L., Webb, H., Sunter, J., Salje, J., Marinsek, N., Gull,
K., Wickstead, B., Carrington, M., 2007. Functional genomics in Trypanosoma brucei:
a collection of vectors for the expression of tagged proteins from endogenous and
ectopic gene loci. Mol. Biochem. Parasitol. 154, 103–109 https://doi.org/10.1016/
j.molbiopara.2007.03.012.

Kesik-Brodacka, M., Romanik, A., Mikiewicz-Sygula, D., Plucienniczak, G., Plucienniczak,
A., 2012. A novel system for stable, high-level expression from the T7 promoter.
Microb. Cell Factories 11 (1). https://doi.org/10.1186/1475-2859-11-109.

Kim, J., Quijano, J.F., Yeung, E., Murray, R.M., 2014. Synthetic logic circuits using RNA
aptamer against T7 RNA polymerase. https://doi.org/10.1101/008771.

Kobayashi, T., Nakamura, Y., Mikami, S., Masutani, M., Machida, K., Imataka, H., 2012.
Synthesis of encephalomyocarditis virus in a cell-free system: from DNA to RNA virus
in one tube. Biotechnol. Lett. 34, 67–73. https://doi.org/10.1007/s10529-011-
0744-z.

Kortmann, M., Kuhl, V., Klaffl, S., Bott, M., 2015. A chromosomally encoded T7 RNA
polymerase-dependent gene expression system for Corynebacterium glutamicum: con-
struction and comparative evaluation at the single-cell level. Microb. Biotechnol. 8,
253–265. https://doi.org/10.1111/1751-7915.12236.

Kovtun, O., Mureev, S., Johnston, W., Alexandrov, K., 2010. Towards the construction of
expressed proteomes using a Leishmania tarentolae based cell-free expression system.
PLOS One 5 https://doi.org/10.1371/journal.pone.0014388.

Kraeva, N., Ishemgulova, A., Lukeš, J., Yurchenko, V., 2014. Tetracycline-inducible gene
expression system in Leishmania mexicana. Mol. Biochem. Parasitol. 198, 11–13.
https://doi.org/10.1016/j.molbiopara.2014.11.002.

Kushnir, S., Gase, K., Breitling, R., Alexandrov, K., 2005. Development of an inducible
protein expression system based on the protozoan host Leishmania tarentolae.
Protein Expres. Purif. 42, 37–46 https://doi.org/10.1016/j.pep.2005.03.004.

Kushwaha, M., Salis, H.M., 2015. A portable expression resource for engineering cross-
species genetic circuits and pathways. Nat. Commun. 6 (7832). https://doi.org/10.
1038/ncomms8832.

Lee, S.K., Keasling, J.D., 2006a. Propionate-regulated high-yield protein production in
Escherichia coli. Biotechnol. Bioeng. 93 (5), 912–918. https://doi.org/10.1002/bit.
20784.

Lee, S.K., Keasling, J.D., 2006b. A Salmonella-based, propionate-inducible, expression
system for Salmonella enterica. Gene 377, 6–11. https://doi.org/10.1016/j.gene.2006.
02.013.

Liang, X., Li, C., Wang, W., Li, Q., 2018. Integrating T7 RNA polymerase and its cognate
transcriptional units for a host-independent and stable expression system in single
plasmid. ACS Synth. Biol. 7, 1425–1435. https://doi.org/10.1021/acssynbio.
8b00055.

Lössl, A., Bohmert, K., Harloff, H., Eibl, C., Mühlbauer, S., Koop, H.U., 2005. Inducible
trans-activation of plastid transgenes: Expression of the R. eutropha phb operon in
Transplastomic tobacco. Plant Cell Physiol. 46, 1462–1471. https://doi.org/10.1093/
pcp/pci157.

Lussier, F.X., Denis, F., Shareck, F., 2010. Adaptation of the highly productive T7 ex-
pression system to Streptomyces lividans. Appl. Environ. Microbiol. 76, 967–970.
https://doi.org/10.1128/AEM.02186-09.

Lyakhov, D.L., He, B., Zhang, X., Studier, F.W., Dunn, J.J., McAllister, W.T., 1998.
Pausing and termination by bacteriophage T7 RNA polymerase. J. Mol. Biol. 280,
201–213. https://doi.org/10.1006/jmbi.1998.1854.

MacDonald, L.E., Durbin, R.K., Dunn, J.J., McAllister, W.T., 1994. Characterization of two
types of termination signal for bacteriophage T7 RNA polymerase. J. Mol. Biol. 238,
145–158. https://doi.org/10.1006/jmbi.1994.1277.

Mairhofer, J., Wittwer, A., Cserjan-Puschmann, M., Striedner, G., 2015. Preventing T7
RNA polymerase read-through transcription-A synthetic termination signal capable of
improving bioprocess stability. ACS Synth. Biol. 4, 265–273. https://doi.org/10.
1021/sb5000115.

McBride, K.E., Schaaf, D.J., Daley, M., Stalker, D.M., 1994. Controlled expression of
plastid transgenes in plants based on a nuclear DNA-encoded and plastid-targeted T7
RNA polymerase. Proc. Natl. Acad. Sci. 91, 7301–7305. https://doi.org/10.1073/
pnas.91.15.7301.

McCutcheon, S.R., Chiu, K.L., Lewis, D.D., Tan, C., 2017. CRISPR-Cas expands dynamic
range of gene expression from T7 RNAP promoters. Biotechnol. J. https://doi.org/10.
1002/biot.201700167. 1700167, 1700167.

McKinney, J., Guerrier-Takada, C., Galán, J., Altman, S., 2002. Tightly regulated gene
expression system in Salmonella enterica serovar Typhimurium. J. Bacteriol. 184,
6056–6059. https://doi.org/10.1128/JB.184.21.6056-6059.2002.

Menzella, H.G., Gramajo, H.C., 2004. Recombinant protein production in high cell den-
sity cultures of Escherichia coli with galactose as a gratuitous inducer. Biotechnol.
Prog. 20 (4), 1263–1266. https://doi.org/10.1021/bp034365.

Meyer, A.J., Ellefson, J.W., Ellington, A.D., 2015. Directed evolution of a panel of or-
thogonal T7 RNA polymerase variants for in vivo or in vitro synthetic circuitry. ACS
Synth. Biol. 4, 1070–1076. https://doi.org/10.1021/sb500299c.

Muller, D.K., Martin, C.T., Coleman, J.E., 1988. Processivity of proteolytically modified
forms of T7 RNA polymerase. Biochemistry 27, 5763–5771. https://doi.org/10.
1021/bi00415a055.

Ohuchi, S., Mori, Y., Nakamura, Y., 2012. Evolution of an inhibitory RNA aptamer against

T7 RNA polymerase. FEBS Open Biol. 2, 203–207. https://doi.org/10.1016/j.fob.
2012.07.004.

Osbourn, A.E., O'Maille, P.E., Rosser, S.J., Lindsey, K., 2012. Synthetic biology. New
Phytol. 196, 671–677. https://doi.org/10.1111/j.1469-8137.2012.04374.x.

Pagratis, N.C., Revel, H.R., 1993. Broad host range, regulated expression system utilizing
bacteriophage T7 RNA polymerase and promoter. Biotechnol. Bioeng. 41 (9),
837–845. https://doi.org/10.1002/bit.260410902.

Pal, Y., Gupta, J.C., Mukherjee, K.J., 2001. Optimizing recombinant protein expression in
the T7 system under the control of the proUp promoter. Biotechnol. Lett. 23 (1),
41–46.

Park, K.S., Jung, C., Park, H.G., 2010. “Illusionary” polymerase activity triggered by
metal ions: Use for molecular logic-gate operations. Angew. Chem. Int. Ed. 49,
9757–9760. https://doi.org/10.1002/anie.201004406.

Poon, S.K., Peacock, L., Gibson, W., Gull, K., Kelly, S.A., 2012. modular and optimized
single marker system for generating Trypanosoma brucei cell lines expressing T7
RNA polymerase and the tetracycline repressor. Open Biol. 2, 110037. https://doi.
org/10.1098/rsob.110037.

van Poelwijk, F., Broer, R., Belsham, G.J., et al., 1995. A hybrid baculovirus-bacter-
iophage T7 transient expression system. Bio/Technology 13 (3), 261–264.

Rackham, O., Chin, J.W., 2005a. A network of orthogonal ribosome x mRNA pairs. Nat.
Chem. Biol. 1, 159–166. https://doi.org/10.1038/nchembio719.

Rackham, O., Chin, J.W., 2005b. Cellular logic with orthogonal ribosomes. J. Am. Chem.
Soc. 127, 17584–17585. https://doi.org/10.1021/ja055338d.

Schaerli, Y., Gili, M., Isalan, M., 2014. A split intein T7 RNA polymerase for transcrip-
tional AND-logic. Nucleic Acids Res. 42, 12322–12328. https://doi.org/10.1093/
nar/gku884.

Schweizer, H.P., 2001. Vectors to express foreign genes and techniques to monitor gene
expression in Pseudomonads. Curr. Opin. Biotechnol. 12, 439–445. https://doi.org/
10.1016/S0958-1669(00)00242-1.

Seelig, G., Soloveichik, D., Zhang, D.Y., Winfree, E., 2006. Enzyme-free nucleic acid logic
circuits. Science 314, 1585–1588. https://doi.org/10.1126/science.1132493.

Segall-Shapiro, T.H., Meyer, A.J., Ellington, A.D., Sontag, E.D., Voigt, C.A., 2014. A
“resource allocator” for transcription based on a highly fragmented T7 RNA poly-
merase. Mol. Syst. Biol. 10, 742. https://doi.org/10.15252/msb.20145299.

Sheen, H., White, K.A., 2018. Expression of T7-based constructs in tobacco cells. Biochem.
Biophys. Res. Commun. 499, 196–201. https://doi.org/10.1016/j.bbrc.2018.03.123.

Shis, D.L., Bennett, M.R., 2013. Library of synthetic transcriptional AND gates built with
split T7 RNA polymerase mutants. Proc. Natl. Acad. Sci. 110, 5028–5033. https://doi.
org/10.1073/pnas.1220157110.

Shis, D.L., Bennett, M.R., 2014. Synthetic biology: the many facets of T7 RNA polymerase.
Mol. Syst. Biol. 10, 745. https://doi.org/10.15252/msb.20145492.

Shis, D.L., Hussain, F., Meinhardt, S., Swint-Kruse, L., Bennett, M.R., 2014. Modular,
multi-input transcriptional logic gating with orthogonal LacI/GalR family chimeras.
ACS Synth. Biol. 3, 645–651. https://doi.org/10.1021/sb500262f.

Simpson, M.L., Cox, C.D., Peterson, G.D., Sayler, G.S., 2004. Engineering in the biological
substrate: Information processing in genetic circuits. Proc. IEEE 92, 848–863. https://
doi.org/10.1109/JPROC.2004.826600.

Sivan, S., Lotan, N., 1999. A Biochemical logic gate using an enzyme and its inhibitor. 1.
The inhibitor as switching element. Biotechnol. Prog. 15, 964–970. https://doi.org/
10.1021/bp990075a.

Sousa, R., Mukherjee, S., 2003. T7 RNA polymerase. Prog. Nucleic Acid Res. Mol. Biol. 73,
1–41. https://doi.org/10.1016/S0079-6603(03)01001-8.

Strack, G., Ornatska, M., Pita, M., Katz, E., 2008. Biocomputing security system: con-
catenated enzyme-based logic gates operating as a biomolecular keypad lock. J. Am.
Chem. Soc. 130, 4234–4235. https://doi.org/10.1021/ja7114713.

Terpe, K., 2006. Overview of bacterial expression systems for heterologous protein pro-
duction: From molecular and biochemical fundamentals to commercial systems.
Appl. Microbiol. Biotechnol. 72, 211–222. https://doi.org/10.1007/s00253-006-
0465-8.

Troeschel, S.C., Thies, S., Link, O., Real, C.I., Knops, K., Wilhelm, S., Rosenau, F., Jaeger,
K.E., 2012. Novel broad host range shuttle vectors for expression in Escherichia coli,
Bacillus subtilis and Pseudomonas putida. J. Biotechnol. 161, 71–79. https://doi.org/
10.1016/j.jbiotec.2012.02.020.

Tunitskaya, V.L., Kochetkov, S.N., 2002. Structural–functional analysis of bacteriophage
T7 RNA polymerase. Biochem. Mosc. 67, 1124–1135.

Verri, T., Argenton, F., Tomanin, R., et al., 1997. The bacteriophage T7 binary system
activates transient transgene expression in zebrafish (Danio rerio) embryos. Biochem.
Bioph. Res. Co. 237 (3), 492–495. https://doi.org/10.1006/bbrc.1997.7170.

Wang, Z.W., Lai, C.B., Chang, C.H., Chiang, C.J., Chao, Y.P., 2011. A glucose-insensitive
T7 expression system for fully-induced expression of proteins at a subsaturating level
of L -Arabinose. J. Agric. Food Chem. 59, 6534–6542. https://doi.org/10.1021/
jf2013748.

Way, J.C., Collins, J.J., Keasling, J.D., Silver, P.A., 2014. Integrating biological redesign:
Where synthetic biology came from and where it needs to go. Cell 157, 151–161.
https://doi.org/10.1016/j.cell.2014.02.039.

Wellhausen, R., Oye, K.A., 2008. Intellectual property and the commons in synthetic
biology: Strategies to facilitate an emerging technology. In: 2007 Atlanta Conf. Sci.
Technol. Innov. Policy. ACSTIP. https://doi.org/10.1109/ACSTIP.2007.4472901.

Wells, J.M., Wilson, P.W., Norton, P.M., Gasson, M.J., Le Page, R.W.F., 1993a.
Lactococcus lactis: high-level expression of tetanus toxin fragment C and protection
against lethal challenge. Mol. Microbiol. 8, 1155–1162. https://doi.org/10.1111/j.
1365-2958.1993.tb01660.x.

Wells, J.M., Wilson, P.W., Norton, P.M., Le Page, R.W., 1993b. A model system for the
investigation of heterologous protein secretion pathways in Lactococcus lactis. Appl.
Environ. Microbiol. 59, 3954–3959.

Willner, I., Shlyahovsky, B., Zayats, M., Willner, B., 2008. DNAzymes for sensing,

W. Wang et al. Biotechnology Advances 36 (2018) 2129–2137

2136

https://doi.org/10.1093/nar/gkr1191
https://doi.org/10.1039/b806038j
https://doi.org/10.1016/j.pep.2009.08.008
https://doi.org/10.1016/j.cbpa.2008.06.028
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1025
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1025
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1025
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1025
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1025
https://doi.org/10.1186/1475-2859-11-109
https://doi.org/10.1101/008771
https://doi.org/10.1007/s10529-011-0744-z
https://doi.org/10.1007/s10529-011-0744-z
https://doi.org/10.1111/1751-7915.12236
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1015
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1015
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1015
https://doi.org/10.1016/j.molbiopara.2014.11.002
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1020
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1020
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1020
https://doi.org/10.1038/ncomms8832
https://doi.org/10.1038/ncomms8832
https://doi.org/10.1002/bit.20784
https://doi.org/10.1002/bit.20784
https://doi.org/10.1016/j.gene.2006.02.013
https://doi.org/10.1016/j.gene.2006.02.013
https://doi.org/10.1021/acssynbio.8b00055
https://doi.org/10.1021/acssynbio.8b00055
https://doi.org/10.1093/pcp/pci157
https://doi.org/10.1093/pcp/pci157
https://doi.org/10.1128/AEM.02186-09
https://doi.org/10.1006/jmbi.1998.1854
https://doi.org/10.1006/jmbi.1994.1277
https://doi.org/10.1021/sb5000115
https://doi.org/10.1021/sb5000115
https://doi.org/10.1073/pnas.91.15.7301
https://doi.org/10.1073/pnas.91.15.7301
https://doi.org/10.1002/biot.201700167
https://doi.org/10.1002/biot.201700167
https://doi.org/10.1128/JB.184.21.6056-6059.2002
https://doi.org/10.1021/bp034365
https://doi.org/10.1021/sb500299c
https://doi.org/10.1021/bi00415a055
https://doi.org/10.1021/bi00415a055
https://doi.org/10.1016/j.fob.2012.07.004
https://doi.org/10.1016/j.fob.2012.07.004
https://doi.org/10.1111/j.1469-8137.2012.04374.x
https://doi.org/10.1002/bit.260410902
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0425
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0425
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0425
https://doi.org/10.1002/anie.201004406
https://doi.org/10.1098/rsob.110037
https://doi.org/10.1098/rsob.110037
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0435
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0435
https://doi.org/10.1038/nchembio719
https://doi.org/10.1021/ja055338d
https://doi.org/10.1093/nar/gku884
https://doi.org/10.1093/nar/gku884
https://doi.org/10.1016/S0958-1669(00)00242-1
https://doi.org/10.1016/S0958-1669(00)00242-1
https://doi.org/10.1126/science.1132493
https://doi.org/10.15252/msb.20145299
https://doi.org/10.1016/j.bbrc.2018.03.123
https://doi.org/10.1073/pnas.1220157110
https://doi.org/10.1073/pnas.1220157110
https://doi.org/10.15252/msb.20145492
https://doi.org/10.1021/sb500262f
https://doi.org/10.1109/JPROC.2004.826600
https://doi.org/10.1109/JPROC.2004.826600
https://doi.org/10.1021/bp990075a
https://doi.org/10.1021/bp990075a
https://doi.org/10.1016/S0079-6603(03)01001-8
https://doi.org/10.1021/ja7114713
https://doi.org/10.1007/s00253-006-0465-8
https://doi.org/10.1007/s00253-006-0465-8
https://doi.org/10.1016/j.jbiotec.2012.02.020
https://doi.org/10.1016/j.jbiotec.2012.02.020
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0525
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0525
https://doi.org/10.1006/bbrc.1997.7170
https://doi.org/10.1021/jf2013748
https://doi.org/10.1021/jf2013748
https://doi.org/10.1016/j.cell.2014.02.039
https://doi.org/10.1109/ACSTIP.2007.4472901
https://doi.org/10.1111/j.1365-2958.1993.tb01660.x
https://doi.org/10.1111/j.1365-2958.1993.tb01660.x
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0555
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0555
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf0555


nanobiotechnology and logic gate applications. Chem. Soc. Rev. 37, 1153–1165.
https://doi.org/10.1039/b718428j.

Wirtz, E., Hartmann, C., Clayton, C., 1994. Gene expression mediated by bacteriophage
T3 and 17 RNA polymerases in transgenic trypanosomes. Nucleic Acids Res. 22 (19),
3887–3894. https://doi.org/10.1093/nar/22.19.3887.

Wirtz, E., Hoek, M., Cross, G.A., 1998. Regulated processive transcription of chromatin by
T7 RNA polymerase in Trypanosoma brucei. Nucleic Acids Res. 26, 4626–4634
https://doi.org/10.1093/nar/26.20.4626.

Wycuff, D.R., Matthews, K.S., 2000. Generation of an AraC-araBAD promoter-regulated
T7 expression system. Anal. Biochem. 277, 67–73. https://doi.org/10.1006/abio.
1999.4385.

Xu, P., Wang, W., Li, L., Bhan, N., Zhang, F., Koffas, M.A.G., 2014. Design and kinetic
analysis of a hybrid promoter-regulator system for malonyl-CoA sensing in Escherichia
coli. ACS Chem. Biol. 9, 451–458. https://doi.org/10.1021/cb400623m.

Yao, C., Luo, J., Hsiao, C.H.C., Donelson, J.E., Wilson, M.E., 2007. Leishmania chagasi: a
tetracycline-inducible cell line driven by T7 RNA polymerase. Exp. Parasitol. 116 (3),
205–213 https://doi.org/10.1016/j.exppara.2007.01.001.

Zei, W.W., Huang, W. Bin, Chao, Y.P., 2005. Efficient production of recombinant proteins
in Escherichia coli using an improved L-arabinose-inducible T7 expression system.
Process Biochem. 40, 3137–3142. https://doi.org/10.1016/j.procbio.2005.03.013.

Zhao, H., Zhang, H.M., Chen, X., Li, T., Wu, Q., Ouyang, Q., Chen, G.-Q., 2017. Novel T7-
like expression systems used for Halomonas. Metab. Eng. 39, 128–140. https://doi.
org/10.1016/j.ymben.2016.11.007.

Zhu, J., Chai, Y., Zhong, Z., Li, S., Winans, S.C., 2003. Agrobacterium bioassay strain for
ultrasensitive detection of N-Acylhomoserine lactone-type quorum-sensing mole-
cules: Detection of autoinducers in Mesorhizobium huakuii. Appl. Environ. Microbiol.
69, 6949–6953. https://doi.org/10.1128/AEM.69.11.6949-6953.2003.

W. Wang et al. Biotechnology Advances 36 (2018) 2129–2137

2137

https://doi.org/10.1039/b718428j
https://doi.org/10.1093/nar/22.19.3887
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1035
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1035
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1035
https://doi.org/10.1006/abio.1999.4385
https://doi.org/10.1006/abio.1999.4385
https://doi.org/10.1021/cb400623m
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1005
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1005
http://refhub.elsevier.com/S0734-9750(18)30164-2/rf1005
https://doi.org/10.1016/j.procbio.2005.03.013
https://doi.org/10.1016/j.ymben.2016.11.007
https://doi.org/10.1016/j.ymben.2016.11.007
https://doi.org/10.1128/AEM.69.11.6949-6953.2003

	Bacteriophage T7 transcription system: an enabling tool in synthetic biology
	Introduction
	Advances in T7 RNAP structure
	Promoter and terminator of T7 transcription system
	T7 transcription system as tool in a logic gate construction
	T7 transcription system in the construction of genetic circuits with orthogonality
	T7 transcription system in cell-free system
	Conclusion and perspectives
	Acknowledgment
	References




