Copyright
by
Eric Alan Davidson
2010

The Dissertation Committee for Eric Alan Davidson Certifies that this is the
approved version of the following dissertation:

Synthetic Transcription Systems

Committee:
Andrew D. Ellington, Supervisor
James Bull
Edward Marcotte
Christian Whitman
Whitney Yin

Synthetic Transcription Systems

by
Eric Alan Davidson, B.S.

Dissertation
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

The University of Texas at Austin
May, 2010

Dedication

For my family and friends.

Acknowledgements

I owe thanks to the many people whose support has enabled me to reach this
point. I would like to first thank my advisor, Andrew Ellington, for his support and
guidance. His creativity and enthusiasm leave me in awe, and I appreciate that he always
pushed me to do better (and more!). Additionally, Jim Bull and Whitney Yin have
provided invaluable advice and support, especially where it concerned T7 RNA
polymerase and related subjects. The „Bugwarz‟ team, Edward Marcotte, Zack Simpson,
Aaron Chevalier and Jeff Tabor, were part of an amazing experience which I won‟t soon
forget.
Early on in my studies at the University of Texas, I took a class taught by
Elizabeth Weiss. A seemingly easy introduction to microbiology led me down a totally
different path, and for that I am grateful.
I would like to thank the current and former members of the Ellington lab for
sharing their knowledge and expertise, and for generally creating a fun environment.
Matthew Levy deserves special recognition for late night and then long distance
discussions, and Amy Yan for fueling them. Matt‟s skill and knowledge have set high
standards that I continue to admire and strive to reach. I would like to thank Jijumon
Chelliserrykattil for patiently helping me through the early days of the autogene, and for
all the materials and protocols I inherited from him.
v

I am grateful to Randy Hughes, Christien Kluwe, Adam Meyer, Amrita Singh and
Paulina Dlugosz for their comments and corrections on early drafts of this document, and
to Paulina in particular for lending a helping hand around lab when I needed it most.
Randy Hughes and Alex Miklos have been great office mates. I could always count on
them for peace and quiet. Except on Tuesdays. And to Supriya Pai and Amanda
Hargrove for their sunny dispositions. And their encouragement and support. The
sunshine committee wouldn‟t have been the same without them…
I would like to preemptively thank Adam Meyer and Jared Ellefson for carrying
the autogene forward after I leave. I hope I‟ve left it in good shape.
I must thank Aaron Chevalier, Seth Cockrum, Randy Hughes, Laura “cuddle
buddy” Lavery, Matthew Levy, Angel Syrett, Jeff Tabor and Buddy, who were all too
willing to talk science at Crown and Anchor. And, of course, Sarah Caton, Matthew
Dorsen, Esq., and Matthew Davidson for tolerating science at Crown and Anchor as best
as they could.
Most importantly, I thank my family. Especially my parents Marc and Karen
Davidson, for their love and support, and my sister Lisa (and Josh) for frequently sending
pictures of Jacob.

vi

Synthetic Transcription Systems
Publication No._____________

Eric Alan Davidson, Ph.D.
The University of Texas at Austin, 2010

Supervisor: Andrew D. Ellington

In this work, we seek to expand synthetic in vitro biological systems by using
water-in-oil emulsions to provide an environment conducive to directed evolution. We
approach this primarily by utilizing a model transcription system, the T7 RNA
polymerase and promoter, which is orthogonal to both bacterial and eukaryotic
transcription systems and is highly functional in vitro. First, we develop a method to
identify functional promoter sequences completely in vitro. This method is tested using
the T7 RNA polymerase-promoter model system. We then configure the T7 transcription
system as an „autogene‟ and investigate how this positive feedback circuit (whereby a T7
promoter expresses a T7 RNA polymerase gene) functions across various in vitro
platforms, including while compartmentalized. The T7 autogene can be envisioned as a
self-replicating system when compartmentalized, and its use for directed evolution is
examined.

Finally, we look towards future uses for these in vitro systems.

One

interesting application is to expand the utilization of unnatural base pairs within the
context of a synthetic system. We investigate the ability of T7 RNA polymerase to
recognize and utilize unnatural base pairs within the T7 promoter, complementing
vii

existing work on the utilization of unnatural base pairs for in vitro replication and
transcription with an investigation of more complex protein-dependent regulatory
function. We envision this work as a foundation for future in vitro synthetic biology
efforts.
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Chapter 1: Introduction

In this work, in vitro reaction platforms are utilized to build synthetic
transcription systems of varying complexity, with the goal of generating dynamic systems
capable of selection and directed evolution. This effort is aided by new techniques for
biological

reaction

compartmentalization,

specifically

water-in-oil

emulsions.

Compartmentalization allows the generation of „cells‟ from acelluar components which
support biological reactions, such as DNA replication, transcription and translation. A
physical separation of „genomes‟ can result, allowing complex interactions between
genotype and an expressed phenotype. This introduction provides an overview of stateof-the-art synthetic in vitro systems, with particular emphasis on system implementations
which facilitate directed evolution, such as self-replicating and compartmentalized
systems. Lastly, a brief overview of T7 RNA polymerase biology and biotechnology is
provided.
SYNTHETIC BIOLOGY
Synthetic biology can be described as a research mindset where one uses either
synthetic materials to mimic natural systems or naturally occurring materials in novel
ways, such as to create nano-structures or to rearrange the connectivity of proteins or
nucleic acids to produce 'logic' styled devices (Benner and Sismour 2005). Under the
banner of „synthetic biology‟, one can find research focused on information storage and
replication (unnatural genetic systems, protocells, molecular self-replication), developing
bioengineering principles (rational design and modeling of parts though systems),
systems biology (architecture and function of biological systems) and customized
1

metabolisms and communities (drug and chemical production, medical diagnostics and
biotechnology, bioremediation, bioenergy).
A subset of this field utilizes molecular systems in vitro to make decisions or to
exhibit complex behavior, such as self-replication.

These systems are implemented

through various platforms, including nucleic acid hybridization, transcription and cellfree transcription and translation. The next frontier for synthetic in vitro systems is the
generation of artificial cells, which are formed from cell-free or abiotic components but
which have metabolisms and can replicate, all while maintaining and a genetic identity
and separation from the environment. This can be viewed as a complementary approach
to understanding minimal living systems through in vivo efforts to characterize and build
a minimal genome (Figure 1- 1).

In vivo

Minimal genomes
Synthetic genomes
Engineered circuits

Cells

Engineered
Cellular and Celllike systems

In vitro

Unnatural genetic systems
Protocells
Self replicating systems

Acellular
components

Figure 1- 1. Approaches to engineered biological systems. Engineered cellular and
cell like systems can be built from the top down, by modifying existing cells and systems,
or from the bottom up, by incorporating acellular components into protocells, selfreplicating systems and unnatural genetic systems.
2

IN VITRO SYSTEMS
Cellular synthetic biology focuses predominantly on integrating designed systems
with a replicating and evolving host. A detailed regulatory understanding of transcription
and translation, and component behavior, allows generation of increasingly accurate
mathematical models and thus improves the ability to design functional systems (Alper,
Fischer et al. 2005; Ellis, Wang et al. 2009). But even with accurate design procedures,
cellular systems are currently limited by available parts, host-system interactions and
accessible chemistry and genetics. In vitro systems provide a different set of challenges,
but also remove some of these cellular limitations. Exploration of unnatural chemical
and genetic systems and artificial self-replicating systems is particularly suited for in
vitro synthetic biology.
Complex, in vitro systems discussed here primarily fall into two broad categories.
The first class utilizes nucleic acid reagents, whether RNA, DNA or (deoxy)ribozymebased, and takes advantage of readily engineered hybridization rules. These systems are
capable of complex logical and human-interactive behaviors through rational design. In
vitro engineered hybridization-based systems are also increasingly relevant for cellular
engineering, where mechanisms such as miRNA utilize hybridization rules to carry out
complex regulatory schemes; engineering an interface to this regulatory network is
increasingly plausible (Rinaudo, Bleris et al. 2007).
The second class requires dynamic interactions between nucleic acid and protein
elements. This type of system takes advantage of regulated protein production or activity
to achieve complex system behavior.

Implementation of these systems varies from

defined in vitro transcriptions to complex, multi-component in vitro transcription and
translation reactions. Often, these systems seek to recapitulate cellular behaviors in
acellular environments.

As such, in vitro systems of this type can be utilized to
3

investigate the effect a host cell has on an engineered system or act as an in vitro test
platform for systems destined for use in vivo.

A particularly interesting subset of

complex in vitro systems, self-replicators, is discussed in a separate section below.
Nucleic acid mediated
Three elegant examples of autonomous DNA-based „computers‟ show the
capabilities of in vitro circuitry. First, Benenson et al. have programmed DNA to detect
and respond to multiple mRNA inputs; the presence or absence of a given mRNA led to a
decision about whether the DNA would be processed by restriction enzymes (Benenson,
Gil et al. 2004).

Second, Stojanovic and Stefanovic created a network of

deoxyribozymes that can make a series of logical decisions and play Tic-Tac-Toe against
a human opponent (Stojanovic and Stefanovic 2003).

Their system utilizes 24

deoxyribozymes arrayed in a hierarchical network in a 3x3 matrix of wells. „Moves‟
consisted of four input oligonucleotides that could differentially hybridize and modulate
the activities of the deoxyribozymes composing the network, and the deoxyribozymes
could respond to any series of 'moves' by iteratively computing and displaying a
colorimetric readout for the human to interpret. Third, the Winfree group has developed
a mechanism for DNA computation that takes advantage of sequence recognition and
strand displacement. This has allowed them to implement a variety of Boolean logic
devices and systems which utilize feed-forward and feedback circuits (Seelig,
Soloveichik et al. 2006; Zhang, Turberfield et al. 2007).
Protein mediated
The in vitro T7 transcription system can be adapted to function as a platform for
engineered systems. The Winfree group described a method for promoter inactivation
mediated by RNA; if the double-stranded DNA promoter is disrupted, as through RNA4

DNA hybridization, the promoter is non-productive. In this way, transcription generates
regulatory molecules.

Clever design resulted in dueling promoters, each of whose

transcript inactivated the other (Kim, White et al. 2006).
Cell-free translation reactions can also be used as a platform for synthetic
systems.

In one example, polymerases, inhibitors and reporter genes (and relevant

regulatory DNA sequences) were connected with increasing complexity (Noireaux, BarZiv et al. 2003). Transcription and repression cascades were generated in which the
product of one gene activated or inhibited the product of a downstream gene. One, two
and three gene cascades were built and tested for final protein production levels and
temporal effects, and regulatory ability. Their results highlight one downfall of using
cell-free lysates: even when supplemented with energy regeneration systems, a three gene
cascade reduced the reporter production by approximately 103-fold. Improved design
principles or improved cell-free systems are needed to overcome this dynamic limitation.
Indeed, better understanding of cell-free metabolism is already leading to major advances
in cell-free translation systems (Jewett, Calhoun et al. 2008).
Another group has used cell-free translation reactions in order to test a firstprinciples understanding of biologically relevant pattern formation (Isalan, Lemerle et al.
2005). Isalan et al. built a gene network which mimics Drosophila embryonic pattern
formation in a rabbit reticulocyte lysate. They developed a technique which allowed
spatial localization of genes, and then monitored diffusible protein-based regulatory
effects. By altering the connectivity of their system, they could alter the resulting pattern
and compare it to a computer model.
SELF-REPLICATING SYSTEMS
In a quest to experimentally assess qualities of biological self-replicating systems,
synthetic self-replicating systems have been engineered.
5

The ability to create and

understand self-replicating systems are relevant to evolutionary theory and the origin of
life, as well as possessing interesting biotechnology applications in directed evolution,
molecular computing and chemical signal amplification.
Minimal self-replicators
A minimal self-replicating system involves three components: substrates A and B
and template T. The system is self-replicating when T serves as the catalyst for the
reaction A + B → T (Figure 1- 2). Templates and substrates for self-replication have
utilized a variety of molecules, including oligonucleotides and peptides. This simple
system can be envisioned growing increasingly complex, with additional substrates,
regulation and even metabolism, until it becomes functionally indistinguishable from
natural living systems. Existing molecular self-replicating systems have already shown
the capacity for exponential growth, regulation, complex network formation and
evolution.
Early work by Orgel and von Kiedrowski utilized nonenzymatic, templatedependent ligation to build self-replicating systems (von Kiedrowski 1986; Zielinski and
Orgel 1987). These systems utilize hybridization of two nucleic acid substrates to a
nucleic acid template. Hybridization results in a chemical ligation event, generating a
second copy of the template oligonucleotide. Dissociation of the template duplex allows
both to serve as templates for the next cycle of amplification. The implementation of this
type of system gradually increased in complexity from self-complementary, selfreplicating templates to cross-replicating template pairs in an autocatalytic network with
system design and technology improvements increasing replication efficiency (von
Kiedrowski 1986; Sievers and von Kiedrowski 1994; Luther, Brandsch et al. 1998).
Implementing synthetic systems through the medium of nucleic acid chemistry is
desirable due to straightforward design principles based upon Watson-Crick base pairing
6

A.

A

B
+
T

B.

A

B

T´

+

+
A´

T

B´

Figure 1- 2. Minimal self-replication. A) Substrates A and B (dark blue) hybridize
reversibly to the template (T; light blue). Ligation of the two substrates produces a
second copy of the template. The product template can function as the original template
in the next cycle of replication. B) Self-replication of a network of cross replicators.
Substrates A, A‟, B and B‟ (dark blue) hybridize to their partner template (T or T‟; light
blue). This system functions by template T producing a copy of T‟ and vice versa. When
both cycles are complete, each template population doubles.
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rules. Additionally, nucleic acids are capable of a range of enzymatic activities. The
Joyce group has taken advantage of these properties to build self-replicating systems
which rely on the enzymatic activity of the template instead of chemical ligation. They
identified a ribozyme ligase which can be split into two inactive component parts. The
two components act as substrates for a complete ribozyme, fitting the A + B (catalyzed
by T) → T structure. Early implementation of this system replicated poorly due to
competing nonproductive hybridizations (Paul and Joyce 2002). However, paralleling
the advances made with self-replicating oligonucleotide systems, the self-replicating
ribozyme was followed by cross-replicating ribozyme pairs and, most recently, a system
which was capable of sustained self-replication (Kim and Joyce 2004; Lincoln and Joyce
2009). The self-replicator can even be modified such that „growth‟ rate is dependent
upon a ligand effector by appending an aptamer to the ribozyme core (Lam and Joyce
2009).
Molecular self-replicating systems are not constrained to nucleic acid-based
systems. The Ghadiri group developed a self-replicating system (and then a crossreplicating pair) from peptide templates and substrates which utilize template-dependent
chemical ligation (Lee, Granja et al. 1996; Lee, Severin et al. 1997). The peptide
template forms a coiled-coil with the substrate peptides, which are then properly aligned
for ligation.

Using the auto- and cross-catalytic peptide designs, complex reaction

networks and Boolean logic functions could be implemented (Ashkenasy and Ghadiri
2004; Ashkenasy, Jagasia et al. 2004).
Evolution through self-replication
One of the most intriguing aspects of self-replicating systems is their potential for
prolonged, Darwinian evolution, where mutations arise and propagation of genetic
information is determined through fitness. A simple implementation was shown using
8

peptide replicators. Depending upon the conditions provided (i.e., pH), a population of
four substrates (two each of parts A and B capable of generating four possible template
sequences) would accumulate specific self-amplifiers (Yao, Ghosh et al. 1998). While
the population size is small, it showed the potential for selective amplification of species
whose phenotype is best suited for the environment.
A variation of minimal self-replicating system was developed where, instead of
the typical A + B → T formulation, inactive precursors are converted to active
deoxyribozymes through cross-catalytic amplification (Levy and Ellington 2003). The
precursor, dubbed a „deoxyribozymogen‟, is a circular deoxyribozyme which is activated
by conversion to a linear form. If cleaved, it propagates by cleaving its complementary
deoxyribozymogen, which continues the cross-catalytic cycle.

They generated a

population by randomizing a portion of the deoxyribozyme required for substrate
recognition.

After serial dilution of successfully amplified deoxyribozymes into a

precursor pool, more active deoxyribozymes were selected.
The most impressive example to date of an evolving, self-replicating system was
recently described by Lincoln and Joyce (Lincoln and Joyce 2009). Based on the crosscatalytic replicating pair described above, 48 substrates (12 each of A, A‟, B and B‟; for
example, see Figure 1- 2B) were generated. This population was derived from 12
designed pairs, but could result in 132 recombinant enzymes. The 12 pairs of crossreplicators were added to the 48 substrates, and then the reaction product was serially
diluted into reactions containing only the substrate pool.

Thus, templates which

amplified faster, including substrate combinations not initially added to the reaction,
could out amplify their competitors. When tested in only in the presence of specific
substrates, the designed pairs performed best.

9

However, within the mixture of all

possible substrates, a recombinant pair outperformed others to become the dominant
replicator. Interestingly, this pair also exhibited very balanced activity.
Compartmentalized self-replication
The molecular self-replicating systems described thus far have utilized the
template molecule as the source of heritable information and replication activity (often
through substrate localization or enzymatic activity). However, natural systems tend to
use a functional molecule specified by genetic information to carry out activity. A simple
positive feedback system fitting this description was designed by the Holliger group
(Figure 1- 3). A DNA polymerase replicated its own gene when gene and protein were
physically linked by compartmentalization (Ghadessy, Ong et al. 2001).

PCR was

carried out in compartments and DNA polymerases possessing improved activity (such as
increased thermostability or noncanonical substrate utilization) were enriched through
gene self-replication (Ghadessy, Ong et al. 2001; Ghadessy, Ramsay et al. 2004;
d'Abbadie, Hofreiter et al. 2007; Loakes, Gallego et al. 2009). Interestingly, the template
also showed signs of evolving within the system constraints.

Silent mutations

preferentially decreased the G:C content, which would facilitate replication by improving
template strand separation and minimizing secondary structure (coding mutations showed
no such bias). Complexity could be added to this system by increasing the stages in the
positive feedback loop (Figure 1- 3B).

When deoxyribonucleotide diphosphate

substrates were added to the PCR reaction instead of deoxyribonucleotide triphosphate
substrates, coupled systems could be selected based on the requirement that a functional
nucleotide diphosphate kinase (NDK) be produced. It is easy to imagine this or a similar
system utilized to co-evolve cooperative pairs of genes comprising artificial „genomes‟,
in addition to its utility in polymerase directed evolution.
10

A.
DNA polymerase gene

1.

3.
pol

DNA polymerase gene
DNA polymerase gene
DNA polymerase gene
DNA polymerase gene

pol

pol

2.
B.
DNA polymerase gene

NDK gene

1.

4.
pol

DNA polymerase gene
DNA polymerase gene
DNA polymerase gene
DNA polymerase gene

pol

pol

NDK

NDK gene
NDK gene
NDK gene

dNDP

3.

NDK

2.

dNTP

Figure 1- 3. Compartmentalized self-replication. A) Self-replication of a polymerasegene pair. A single gene in a compartment produces DNA polymerase protein (1). The
polymerase replicates its gene through emulsion PCR (2). The genetic population is
emulsified again, generating a single gene per compartment (3). B) Self-replicating gene
pair. A single „genome‟ in a compartment produces DNA polymerase and nucleotide
diphosphate kinase (NDK) proteins (1). NDK converts dNDPs to dNTPs (2). The
polymerase utilizes dNTPs to replicate the „genome‟ during emulsion PCR (3). The
genetic population is emulsified again, generating a single „genome‟ per compartment
(4).
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COMPARTMENTALIZATION
There are two major rationales for artificial compartmentalization of in vitro
systems. The first is to generate a model experimental system through which to explore
theoretical issues involving the origin of life, the so called protocell.

Abiotic, but

biophysically relevant, lipid vesicles can be generated in the lab, and the conditions under
which they form, grow and divide can be probed. Beyond the vesicles themselves, the
way biological or biomimetic reactions interface with lipid vesicles can be studied. The
second is related, but typically more applied in nature. Compartments allow segregation
of individual members of a population. In practice, this has found great utility in the field
of directed evolution, especially for protein based selections. Compartmentalization
allows a functional molecule to act solely on its genetic source. Typically, this occurs by
means of protein acting on a DNA template which encodes it.
Biological reactions in vesicles
The co-localization of both informational and functional molecules is important to
the integrity of a self-replicating system. In its absence, strict self-replication cannot be
enforced, allowing the population to degenerate and lose activity, or for the emergence of
parasites (Szostak, Bartel et al. 2001; Matsuura, Yamaguchi et al. 2002; Tabor, Levy et
al. 2008).

Vesicles function as model cells, allowing research into conditions and

mechanisms of abiotic growth and replication (Hanczyc, Fujikawa et al. 2003; Chen,
Salehi-Ashtiani et al. 2005; Mansy, Schrum et al. 2008; Zhu and Szostak 2009).
Many in vitro biological reactions are also functional in liposomes and vesicles,
such as DNA and RNA replication, and translation (Oberholzer, Albrizio et al. 1995;
Oberholzer, Wick et al. 1995; Oberholzer, Nierhaus et al. 1999; Murtas, Kuruma et al.
2007).

Perhaps unsurprisingly, biological reactions in vesicles, such as protein
12

expression, can interact with the lipid membrane; lipids metabolism and pore-formation
via α-haemolysin expression have both been described (Noireaux and Libchaber 2004;
Kuruma, Stano et al. 2009). In addition to basic biological reactions, more complex
protein-genetic interactions can be performed in vesicles, such as gene expression
cascades and RNA replication from an expressed Qβ replicase (Ishikawa, Sato et al.
2004; Kita, Matsuura et al. 2008).
Gardner et al. have provided a striking example of a proto- and natural cells
communicating (Gardner, Winzer et al. 2009). In their system, the protocells contained a
chemical „metabolism‟ that produced carbohydrates from chemical feedstocks (via the
formose reaction). Many of the products of this reaction in the protocells appeared
chemically analogous to Vibrio harveyi autoinducer-2 (AI-2). Recognizing the potential
for signaling from protocell to V. harveyi, the authors found conditions compatible for
both protocell metabolism and V. harveyi growth.

By adding α-haemolysin, pores

formed in the protocells, releasing the signaling sugars. The V. harveyi population
responded by light production, indicating successful protocell-to-cell communication.
Compartmentalization for directed evolution
Directed evolution of DNA, RNA and proteins can be carried out using many
different methods. RNA and DNA selections can be performed in bulk solution by
capturing molecules based on binding affinity or catalytic activity and then directly
amplifying the nucleic acids (Ellington and Szostak 1990; Tuerk and Gold 1990;
Ellington and Szostak 1992).

Proteins, on the other hand, must be evolved under

conditions in which genetic material is physically or spatially linked to the translated
protein product. This can be carried out in several different ways. For example, a library
can be cloned into a cell, and the expression of a particular, functional protein can lead to
selection of both the cell and the DNA ensconced within. Similarly, phage display
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technologies link DNA to proteins via the intermediacy of the phage coat. Finally,
mRNA display uses the antibiotic puromycin to create a physical link between genetic
material and protein during in vitro translation (Roberts and Szostak 1997).
Most recently, methods have been developed for carrying out enzyme reactions in
the aqueous phase of an emulsion, including DNA replication (via PCR), transcription,
and translation (Figure 1- 4) (Tawfik and Griffiths 1998; Ghadessy, Ong et al. 2001;
Agresti, Kelly et al. 2005; Levy, Griswold et al. 2005). Transcription and translation can
be coupled so that the entire path from DNA to protein can be recapitulated ex vivo.
These methods have served as the basis for selecting proteins from libraries. In addition,
emulsion methods can be used for the selection of functional ribozymes (Agresti, Kelly et
al. 2005; Levy, Griswold et al. 2005; Zaher and Unrau 2007).
In general, individual proteins or ribozymes can be expressed in individual
compartments by distributing genes within stable, aqueous microdroplets such that the

Figure 1- 4. Emulsion reaction setup. A solution reaction is assembled, typically on
ice. The reaction is added to a stirring oil and surfactant mixture. After mixing, the
reaction exists as stable aqueous compartments within a continuous oil phase.
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gene:microdoplet ratio is less than 1:1. While this method is functionally similar to
traditional bacterial cloning schemes (with the aqueous compartments serving as
'artificial cells'), there can be around 1010 unique compartments per milliliter oil phase,
which is larger than is often possible for libraries expressed in E. coli. In one impressive
feat, Zaher and Unrau performed a selection for ribozyme function using 3.0 L of
emulsion, or over 1013 individual compartments (Zaher and Unrau 2007).

Because

emulsion selections can be carried out completely in vitro, it may also be possible to
specify reaction conditions that would otherwise be unattainable in or toxic to cells.
Once a protein or ribozyme is made, functional variants can be selected either by
selective modification and / or amplification of the nucleic acid template, either before or
after de-emulsification (Tawfik and Griffiths 1998; Ghadessy, Ong et al. 2001; Doi,
Kumadaki et al. 2004; Ghadessy, Ramsay et al. 2004; Zheng and Roberts 2007). As
described above, Taq polymerase variants have been selected based on the selfreplication of the Taq gene by translated polymerases within individual emulsion bubbles
(Ghadessy, Ong et al. 2001; Ghadessy, Ramsay et al. 2004). Alternatively, it has proven
possible to selectively capture a phenotype and attendant genotype (Sepp, Tawfik et al.
2002; Griffiths and Tawfik 2003; Aharoni, Griffiths et al. 2005; Levy, Griswold et al.
2005; Mastrobattista, Taly et al. 2005).

For example, functional beta-galactosidase

enzymes have been selected by sorting emulsion bubbles containing larger amounts of
fluorescent reaction products from emulsion bubbles containing smaller amounts of these
products, and then subsequently amplifying the genes that were captured along with the
fluorescence (Mastrobattista, Taly et al. 2005). Instead of sorting emulsion bubbles, it is
also possible to sort beads that hold both gene and phenotype. For example, genes
encoding a ribozyme ligase were immobilized on beads and emulsified. Those templates
that encoded functional ribozymes were able to ligate fluorescent tags to the beads, which
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could be sorted from one another following de-emulsification (Levy, Griswold et al.
2005). Finally, genes can be non-covalently linked to translated binding proteins they
express. Following de-emulsification, the most functional protein variants are captured
and bring along their attendant templates. For example, functional streptavidin variants
that bind their biotinylated templates can be selected (Levy and Ellington 2008).
TRANSCRIPTION AND T7 RNA POLYMERASE
The T7 RNA polymerase and promoter comprise a useful model transcription
system, largely due to its compositional simplicity and strong transcription activity in
multiple in vivo and in vitro platforms (including both prokaryotic and eukaryotic cells).
The T7 RNA polymerase is a 98,000 Da molecular weight (883 amino acid), single
subunit polymerase which possesses all activities necessary for productive transcription:
promoter recognition, DNA duplex unwinding, de novo nucleotide polymerization,
processive elongation and transcription termination (Steitz 2006).

In contrast,

prokaryotic and eukaryotic RNA polymerases tend to require very large, multi-subunit
complexes to perform the same functions (Reviewed in (Cramer 2002; Cramer 2002;
Werner, Thuriaux et al. 2009). Interestingly, the T7 RNA polymerase is structurally
homologous to the DNA polymerase I family, and structurally unrelated to multi-subunit
RNA polymerases (Sousa, Chung et al. 1993).
The T7 promoter is a 17 base pair sequence which is specifically recognized by
the T7 RNA polymerase.

The nature of this recognition has been extensively

characterized through structural and mutational analysis (Raskin, Diaz et al. 1992;
Raskin, Diaz et al. 1993; Rong, He et al. 1998; Cheetham, Jeruzalmi et al. 1999;
Imburgio, Rong et al. 2000). The act of transcription has been structurally defined
through a series of „snapshots‟ of T7 RNA polymerase in various stages of transcription
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(Cheetham, Jeruzalmi et al. 1999; Cheetham and Steitz 1999; Yin and Steitz 2002; Yin
and Steitz 2004; Steitz 2006; Kennedy, Momand et al. 2007; Durniak, Bailey et al. 2008).
SYNTHETIC TRANSCRIPTION SYSTEMS
In this work, we seek to expand synthetic in vitro biological systems by using
water-in-oil emulsions to provide an environment conducive to directed evolution. We
approach this primarily by utilizing a model transcription system, the T7 RNA
polymerase and promoter, which is orthogonal to both bacterial and eukaryotic
transcription systems and is highly functional in vitro. First, we develop a method to
identify functional promoter sequences completely in vitro. This method is tested using
the T7 RNA polymerase-promoter model system. We then configure the T7 transcription
system as an „autogene‟ and investigate how this positive feedback circuit (whereby a T7
promoter expresses a T7 RNA polymerase gene) functions across various in vitro
platforms, including while compartmentalized. The T7 autogene can be envisioned as a
self-replicating system when compartmentalized, and its use for directed evolution is
examined. Finally, we look towards creative uses for these in vitro systems. One
interesting application is to expand the utilization of unnatural base pairs within the
context of a synthetic system. We investigate the ability of T7 RNA polymerase to
recognize and utilize unnatural base pairs within the T7 promoter, complementing
existing work on the utilization of unnatural base pairs for in vitro replication and
transcription with an investigation of more complex protein-dependent regulatory
function. We envision this work as a foundation for future in vitro synthetic biology
efforts.
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Chapter 2: Emulsion based selection of promoters
INTRODUCTION
The T7 RNA polymerase is a model system for studying the molecular biology,
biochemistry and structural biology of transcription as well as a useful tool for synthetic
and in vitro biology. T7 RNA polymerase-promoter interactions have been the subject of
many studies, including mutational analysis (Raskin, Diaz et al. 1992; Raskin, Diaz et al.
1993; Rong, He et al. 1998; Imburgio, Rong et al. 2000), structural analysis during
different stages of transcription (Cheetham, Jeruzalmi et al. 1999; Cheetham and Steitz
1999; Yin and Steitz 2002; Yin and Steitz 2004; Durniak, Bailey et al. 2008) and directed
evolution (Breaker, Banerji et al. 1994; Chelliserrykattil, Cai et al. 2001; Guillerez,
Lopez et al. 2005). These studies have led to insights into the nature of polymerase
function from promoter recognition through termination.
This extensive characterization allows T7 RNA polymerase to be utilized in a
variety of biotechnology applications and engineered systems. T7 RNA polymerase
plays an important role in the production of RNA transcripts in vitro and in vivo. For
example, it is widely used for protein overproduction. It is also routinely used for in vitro
generation of large quantities of functional RNAs such as aptamers, ribozymes, tRNAs
and siRNAs. T7 RNA polymerase has also played a key role in many engineered and
synthetic genetic circuits (Santoro, Wang et al. 2002; Chelliserrykattil and Ellington
2004; Anderson, Voigt et al. 2007; An and Chin 2009; Tan, Marguet et al. 2009), at least
in part because T7 RNA polymerase is a single, monomeric protein that acts orthogonally
on a short, 17 nucleotide promoter (Tabor 2001). Indeed, as scientists and engineers
contemplate creation of an artificial, minimal cell, the T7 RNA polymerase is at the
forefront of the discussion of how to power transcription (Forster and Church 2006).
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The development of synthetic circuits with biological activity in cell free settings,
including artificial cell-like liposomes and water-in-oil emulsions, is an attractive
alternative to using cellular systems (Noireaux, Bar-Ziv et al. 2003; Ishikawa, Sato et al.
2004; Isalan, Lemerle et al. 2005). Indeed, cell-free systems are already being used for
biomolecular engineering in order to bypass the systemic and evolutionary constraints
inherent in living cells (Tawfik and Griffiths 1998; Noireaux, Bar-Ziv et al. 2003; Levy,
Griswold et al. 2005; Kim, White et al. 2006; Jewett, Calhoun et al. 2008) and to
approach the engineering of life-like systems utilizing a bottom-up approach (Mansy,
Schrum et al. 2008; Lincoln and Joyce 2009). The shift from in vivo to in vitro circuitry
may be particularly effective for T7 RNA polymerase and its promoter, since in cells it is
active to the point of toxicity when not exquisitely controlled (for example, see
Dubendorff and Studier 1991). Synthetic biologists typically struggle to control T7 RNA
polymerase driven gene expression, usually attempting to tightly regulate the production
of the polymerase itself (Anderson, Voigt et al. 2007).
Just as the performance of parts and circuits in vitro is not necessarily predictive
of their behavior in vivo, it is necessary to determine how individual components function
in emulsions and other artificial cell-like environments. As a starting point for the
creation of dynamic and evolvable emulsion-based systems, an emulsified transcription
system that allows the investigation of RNA polymerase-promoter interactions was
developed. This system was implemented in a water-in-oil emulsion utilizing the T7
RNA polymerase and a template library with a randomized portion of the T7 promoter.
The initially transcribed sequence of the T7 promoter (ITS; nucleotides +1 to +6 relative
to the transcription start site), which modulates transcription levels from the core phi10
T7 promoter, was randomized and selected for T7 RNAP promoters with different
transcription strengths in emulsions. These and additional selected promoters can now be
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used as a parts set to contribute to the building of future circuits requiring a range of
transcription activities. This work also provides the first example of using emulsionbased systems to investigate polymerase-promoter interactions.
RESULTS AND DISCUSSION
System design and testing
A scheme was designed to select for active T7 promoters through emulsified
transcription, fluorescence activated cell sorting (FACS) and then amplification of
collected templates (Figure 2- 1). This process is mediated by physically linking the

Figure 2- 1. Selection scheme. Individual beads containing a single template are
compartmentalized in a transcription reaction. Beads are then fluorescently labeled in
proportion to the template‟s transcription activity and sorted on the basis of their
fluorescent signal. Highly fluorescent beads are collected and the template amplified for
additional selection or characterization.
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DNA template and the RNA transcripts produced through a streptavidin coated bead.
Biotinylated template DNA is added to the streptavidin coated beads at a ratio of no more
than a single template molecule per bead (in practice, no more than a single template for
every two beads was added to minimize beads containing multiple templates). The
transcripts produced in emulsion hybridize to the bead through a biotinylated capture
oligonucleotide.

The RNA remains hybridized to the bead through the process of

breaking the emulsion and washing the beads. The transcripts are finally fluorescently
labeled, resulting in beads that are labeled in proportion to individual transcription yield.
Beads which produce significant amounts of RNA are collected by FACS. The process
of preparing beads for emulsified transcription and subsequent fluorescence labeling is

Figure 2- 2. Preparation and labeling of beads. Biotinylated template DNA and
biotinylated capture oligonucleotides are immobilized on a streptavidin coated bead.
Each bead should contain one or zero templates and an excess of capture oligonucleotide.
Beads are suspended in a transcription reaction and emulsified to encapsulate a single
bead per emulsion compartment. RNA produced from the template DNA hybridizes to
the bead through the capture oligonucleotide. After breaking the emulsion, the RNA is
labeled by a fluorescent probe oligonucleotide and then an antibody based fluorescence
amplification system.
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presented in Figure 2- 2 and described in detail in the Materials and Methods section.
In order to ensure that the three component hybridization complex functioned as
intended (a fluorescent probe oligonucleotide hybridizes to one region of the product
RNA, a second region of the RNA hybridizes to a biotinylated capture oligonucleotide on
the bead), purified, in vitro transcribed RNA was prepared. The beads were prepared as
described in the Materials and Methods section, except template was not added. Instead,
varying amounts of the purified RNA was added and allowed to hybridize to the capture
oligo. The beads were washed and labeled and were analyzed by FACS to determine the
intensity of labeling with and without the fluorescence amplification step. Without the
fluorescence amplification, the beads were only visible beyond background when at least
103 RNA molecules per bead were added.

The fluorescence amplification scheme

improved fluorescence by a factor of ~10, allowing as few as 102 RNA molecules to be
visualized under optimal conditions (Figure 2- 3). The amplification factor was seen to

Figure 2- 3. Fluorescence labeling of RNA hybridized to beads. Purified RNA was
added to beads at ratios of 0, 100, 1,000 and 10,000 RNA molecules per bead. Labeling
without (left) or with (right) antibody fluorescence amplification was analyzed by FACS.
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vary over time, likely due to a decrease in performance of the antibody reagents. When
performance dropped the reagent was replaced.

Improper use of the fluorescence

amplification kit resulted in bead coagulation, likely due to bead cross linking mediated
by the antibody reagents. This was seen by FACS when the beads ceased to run as a
single population when visualized by side and forward scattering and instead appeared as
multiple populations.
The stability of the system was tested for its ability to withstand the extraction
process. Because extracting beads from a mineral oil emulsion requires exposure to
organic solvents, the ability of beads to retain biotinylated capture oligonucleotides and
template DNA and the stability of the RNA hybridization complex was tested during
ether extraction. The beads were prepared as above with quantified, purified RNA. Half
the bead population was emulsified and subsequently ether extracted while the other half
was never emulsified. All beads were then fluorescently labeled and analyzed by FACS
(Figure 2- 4).

The results show that the ether extraction had no effect on the

Figure 2- 4. Extraction of RNA labeled beads from emulsion. The RNA
hybridization scheme was tested for its ability to withstand emulsion extraction with ether
and subsequent fluorescence labeling. Beads were labeled with 100 or 1,000 RNA
molecules per bead and emulsified and ether extracted (green, 100x; purple, 1,000x).
Control reactions were not emulsified (black, 100x; blue, 1,000x).
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fluorescence of the resulting population compared to the control beads.
The emulsified transcription reactions initially resulted in a lower than expected
fraction of active beads. The active fraction is here defined as the fraction of beads
exhibiting fluorescence higher than 99% of the negative control reaction (untemplated
beads). Literature values suggest that around 30-40% of compartments are active for
translation and/or transcription (Ghadessy and Holliger 2004; Levy, Griswold et al.
2005). In this system, originally only 5 to 10% of beads were active with an emulsified
positive control.

Since the hybridization complex is stable when utilizing purified

components, we tested the effect of reaction conditions and template concentration on the
active fraction of an emulsified positive control. By adding 5 fold more T7 RNA
polymerase, we increased the active fraction from 8% to 25% (Figure 2- 5). The
template to bead ratio was then varied (all previous experiments were performed at 1

Figure 2- 5. Increase in active bead fraction with increase in polymerase
concentration. Templates containing a highly active (wt) template were compared to
those containing no template at two different T7 RNA polymerase concentrations. 1 unit
per µL T7 (left) corresponded to 8% active beads. Increasing the T7 RNA polymerase
concentration to 5 units per µL (right) increased the background slightly, but also resulted
in an increase to 25% active beads.
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Figure 2- 6. Increasing template copy number per bead. As the template to bead
ratio is increased, there is an increase in the active fraction from 13% at 0.25x to 70% at
2.5x.
template for every two beads) from 1 template per 4 beads (0.25x) to 5 templates per 2
beads (2.5x; Figure 2- 6). As the template to bead ratio is increased, there is an increase
in the active fraction from 13% at 0.25x to 70% at 2.5x. These results encouraged us to
be conservative for selection purposes and maintain the 1 template per 2 beads ratio from
earlier experiments, which resulted in ~25% active fraction under the high T7 RNA
polymerase conditions.
Proof of Principle Selection
In order to test the viability of this scheme to identify and recover active
templates, the enrichment of a highly active T7 promoter-containing template from a
background of weakly active T7 promoter-containing templates was tested (the weakly
active sequence contains +1 C and +2 C instead of +1 G and +2 G in the highly active
sequence).

The highly active templates were added to a solution of weakly active

templates at 1 part in 10 and added to beads at 1 template per 2 beads (thus, at least 50%
of the beads should contain no template). During FACS sorting, four non-overlapping
regions of the bead population representing nearly the entire fluorescence spectrum were
32

A.

B.

Figure 2- 7. Test selection with a two member population. A. Histogram showing
bead distribution by relative fluorescence intensity. The beads carry a two member
mixed population of either highly active or weakly active transcription templates. The
highly active templates were present at 10% of the total mixed population. Templates
were added to the beads at a ratio of 1 template per 2 beads. The total bead population
was gated into 4 non-overlapping subpopulations named P9, P7, P6 and P5. B.
Population analysis and sequence results show that an increase in relative fluorescence
corresponds to an increase in the fraction of highly active template sequences.
sampled.

In order of increasing fluorescence, region P9 contained ~40% of the

population, P7 contained ~50% of the population, P6 contained ~7.6% of the population
and P5 contained the most fluorescent ~1.6% of the population. The collected beads
from these regions were amplified, cloned and 5 colonies from each region sequenced to
determine the template distribution within the spectrum (Figure 2- 7). Consistent with
the addition of only 1 template for every two beads, region P9 amplified poorly compared
to the other three regions. All 5 clones from region P5 and 4 of the 5 clones from region
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P6 were the highly active template sequence.

All clones from regions P7 and P9

(together, the least fluorescent ~90% of the bead population) were weakly active
templates. These results show that highly active promoter sequences can be differentially
identified from a background of weakly active templates by FACS.
Promoter selection from randomized ITS
After confirming that the selection scheme was viable, active promoter sequences
were selected from a randomized promoter library. Starting with the core T7 phi10
promoter sequence (from -17 to -1), the first six bases of the initially transcribed region
were completely randomized (positions +1 to +6; Lib1 pool). These bases are known to
influence promoter strength by affecting the ability of the T7 RNA polymerase to
transition from the promoter recognizing initiation complex to the highly processive
elongation complex (Kennedy, Momand et al. 2007). This is a small library that can be
easily screened by FACS (a theoretical library size of 46 or 4096 possible unique
members) but that was predicted to retain a broad range of activity from the inclusion of
the -17 to -1 core promoter sequence.
Similar to the initial two member test pool, the Lib1 pool was attached to beads at
a ratio of 1 template per 2 beads with excess capture oligonucleotide. The library was
emulsified for transcription and the resulting RNA labeled beads were fluorescently
labeled. Two rounds of FACS enrichment for the highest ~1.5% (round 1) and ~5%
(round 2) of the population yielded the Round 2 population seen in Figure 2- 8A. From
this population, two non-overlapping regions were collected (P6 and P5). The templates
from these regions were cloned and 9 sequences for P5 and 10 sequences for P6 were
determined. Figure 2- 8B contains a select list of sequences and relative transcription
activities. For a full list of sequences, see Table 2- 1.
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A.

B.

Figure 2- 8. Promoter selection with randomized ITS. A. Histogram showing bead
distribution by relative fluorescence intensity for the lib1 Round 2 population. Beads
from P5 and P6 gates were collected and resulting sequences analyzed. B. Sequence and
relative transcription data from select clones recovered from Round 3 of FACS.
Deletions from the expected sequence are represented by a tilde (~). The region
randomized in the starting sequence library is shown in bold (generally +1 to +6).
Transcription efficiency is shown relative to the most transcribed clone. Sequences were
selected for further characterization by in vitro transcription assay in order to test a
variety of +1 and +2 sequence combinations. All sequences from P5 contained +1 purine
+2 N (where N is any of the 4 standard nucleotides). Two clones from P6 that did not
contain the +1 purine and were predicted to be inactive were tested and found to have
only trace activity.
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R3P5
R3P5- 9
R3P5- 8
R3P5- 1
R3P5- 10
R3P5- 5
R3P5- 6
R3P5- 4
R3P5- 2
R3P5- 7
R3P6
R3P6- 7
R3P6- 3
R3P6- 1
R3P6- 8
R3P6- 9
R3P6- 4
R3P6- 2
R3P6- 6
R3P6- 10
R3P6- 5

TAATACGACTCACTATAGGCGG~TTCCCC
TAATACGACTCACTATAGGTAGCTTCCCC
TAATACGACTCACTATAGAGAATTTCCCC
TAATACGACTCACTATAGACTCCTTCCCC
TAATACGACTCACTATAGCTCA~TTCCCC
TAATACGACTCACTATAGTGGAATTCCCC
TAATACGACTCACTATAGTAGTATTCCCC
TAATACGACTCACTATAAGGGGTTTCCCC
TAATACGACTCACTATAAGATATTTCCCC
TAATACGACTCACTATAGGATTGTTCCCC
TAATACGACTCACTATAGAATAATTCCCC
TAATACGACTCACTATAGCTCACTTCCCC
TAATACGACTCACTATAGCAACTTTCCCC
TAATACGACTCACTATAGCACCCTTCCCC
TAATACGACTCACTATAAGTCGCTTCCCC
TAATACGACTCACTATACTTCCCTTCCCC
TAATACGACTCACTGTACTTAGATTCCCC
TAATACGACTCACTATACTTAGATTCCCC
TAATACGACTCACTATATTCAAATTCCCC

Table 2- 1. Sequences from round 3 of N6 ITS pool. Randomized region is shown
in red. Deletions from expected sequence are denoted by a tilde. Sequences are
grouped according to their +1 and +2 identity.
The templates tested from Round 3 region P5 (R3P5) contained a broad spectrum
of activities down to 30% of the maximum transcription level. The tested promoter
sequences were chosen to cover clones containing the entire spectrum of nucleotides
found at the +1 and +2 positions of the library under the theory that the +1 sequence was
the most important for initiation followed closely by the +2 sequence. This expectation
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appears to have been borne out by the presence of a purine at +1 in 16 out of the 20
sequences from R3P5 and R3P6 combined. Two of the four sequences that did not
contain a purine at +1 were tested and found to be inactive, suggesting that further
enrichment of the selected pool would likely have been possible. Interestingly, the +1
and +2 positions do not appear to solely control promoter strength; variants in which
these residues were the same but where the +3 to +6 sequences were different had
different transcription activities.
CONCLUSIONS
The generation of complex in vitro systems remains a challenge, especially when
the goal is to compartmentalize dynamic in vitro biological reactions.

Finding the

appropriate design conditions and functional parameters of the system is critical. As a
first step towards the implementation of T7 RNA polymerase-based in vitro systems, a
system was constructed that allows functional promoters to be selected from randomized
populations through fluorescence activated cell sorting.

This system allows the

investigation of polymerase-promoter interactions as well as the generation of related
promoter sequences with varying activity. This system is implemented with the T7 RNA
polymerase, but can be extended to study poorly characterized RNA polymerases or even
to complex, engineered promoters that contain higher levels of regulation. One potential
application is to use this in vitro method to study mitochondrial RNA polymerases, which
are members of the T7 family of RNA polymerases (Masters, Stohl et al. 1987;
Cermakian, Ikeda et al. 1996; Hedtke, Borner et al. 1997), and sequence variation they
tolerate in the promoter.
This type of in vitro system can be especially useful for synthetic biology
applications, where one major goal is to build complex biological systems in a rationally
designed manner. Understanding how specific parts can be varied to predictably alter
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performance is an important part of this goal. A number of synthetic genetic circuits
have previously been designed and assayed in the context of organisms.

In many

instances, the function of these circuits had to be optimized by varying the levels of gene
expression. Anderson et al. approached this problem by randomizing the ribosome
binding site and selecting for the desired system behavior (Anderson, Voigt et al. 2007).
Another approach has been to screen through a small number of parts of varying strength
to find one suitable for a specific application. Alper et al. used this strategy to identify
promoters of varying strengths to optimize metabolic pathway output (Alper, Fischer et
al. 2005). Since the performance of biological parts in organisms is idiosyncratic, these
optimizations have so far been largely empirical. To date, it has been difficult to match
the actual and predicted performances of biological parts in circuits.
This problem is further confounded for synthetic biologists because a few, highly
characterized parts, such as the lac and tet promoters and the corresponding regulatory
proteins, have typically been used again and again. More recent synthetic biology (Ellis,
Wang et al. 2009) and metabolic engineering (Alper, Fischer et al. 2005) efforts have
attempted to fine tune promoter strengths, either by screening or by design. One solution
to this problem is to standardize parts, such as promoters and ribosome binding sites, so
that there is a library of available parts of varying strength. This type of standardization
has been used by Kelly et al., (Kelly, Rubin et al. 2009) who compared the activities of a
series of E. coli promoters in the context of a single expression cassette (GFP) in vivo.
The establishment of such a standardized system ultimately allows the direct comparison
of promoters from different labs or different constructs.
In this work, we show that transcription levels from the T7 promoter can be subtly
altered by changing the sequence of the initially transcribed sequence. We were able to
utilize the bead based, in vitro selection system to begin to identify a population of active
38

promoter sequence whose only change is in the ITS. So far there is no method by which
to rationally design or understand the way large sequence variation in the initially
transcribed region affects transcription levels. This system allows a facile method to
approach this question.
We directly selected for different levels of function in vitro by modulating the
short sequence of the initially transcribed (ITS) region and thereby the promoter strength.
Promoter variants were emulsified and differing transcription activities were directly
selected by FACS. We initially focused on the most highly active fraction of promoters,
although a wide range of transcription activities is seemingly possible. The relative
transcription activities of ten different selected promoters were determined in
transcription reactions in vitro. The strongest promoters generally had a guanine at +1
and favored G or A at +2, which was expected based on the known strengths of T7
RNAP promoter variants.
The generation of a wide range of promoters with varying sequences and
activities will provide a unique tool set for the construction of synthetic genetic circuits
for both in vitro and in vitro applications. The fact that only 6 residues need be varied to
vary transcription is reminiscent of varying translation by simply modulating short
ribosome-binding sites, and the two techniques can obviously be used together to
exquisitely control the strength of gene expression.
MATERIALS AND METHODS
Template and library construction
Oligonucleotides were ordered from Integrated DNA Technologies (IDT) or, in
the case of oligonucleotides with randomized positions, produced in house. For a full list
of oligonucleotide and template sequences, see Table 2- 2. PCR amplifications were
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performed with Taq DNA polymerase. For bead based experiments and sorting, ED.5Bio
template F and ED.Pt7.temp R primers were used. For non-emulsion transcriptions and
for cloning, ED.template F was substituted. To construct the ITS library (lib1), the
template was amplified with ED.lib1 F and ED.Pt7.temp R. The product of this PCR was
agarose gel purified and amplified with ED.lib1build F and ED.Pt7.temp R. The product
of this PCR was gel purified and amplified with ED.5Bio template F and ED.Pt7.temp R
for immobilization on streptavidin beads. This final PCR was purified using a Promega
PCR Cleanup Kit and quantified by both absorbance at 260 nm and by agarose gel
quantification.
Compartmentalized reactions
The protocol used for this work was adapted from Levy et al (Levy, Griswold et
al. 2005).

All steps prior to emulsification were performed on ice and all bead

centrifugation steps were carried out at 4º C and 6,000 RPM for 5 minutes unless
otherwise specified.
20 µL of 1 µm diameter streptavidin coated beads (or approximately 4e8
individual beads; Bang Laboratories) was added to 180 µL PBSTE (10 mM sodium
phosphate pH 7.4, 150 mM sodium chloride, 0.1% Tween-20, 10 mM EDTA). The
solution was gently mixed and the beads pelleted by centrifugation. The beads were
resuspended in 50 µL of PBSTE with approximately 1 template molecule for every 2
beads and incubated at room temperature for 15 minutes. 3 µL of 20 µM ED.5bio.handle
was added and incubated for an additional 45 minutes. The beads were centrifuged and
the pellet washed with 100 µL PBSTE once. This step was repeated two additional times
but the beads were washed with 100 µL of transcription wash buffer (50 mM EPPS pH
8.0, 2 mM spermidine, 10 mM dithiothreitol, 50 mM potassium chloride, 30 mM
magnesium chloride, 0.1% BSA).
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The oil phase was assembled by adding 500 µL of oil mixture (475 µL Mineral
Oil, 22.5 µL Span 80, 2 µL Tween 80, 0.25 µL Triton X-100) to a 13 mL (95 x 16.8 mm)
Starstedt polypropylene tube containing a Spinplus (9.5 x 9.5 mm Teflon) stir bar and
placed in a beaker of ice on a magnetic stir plate. The bead pellet was resuspended in a
200 µL transcription reaction (50 mM EPPS pH 8.0, 2 mM spermidine, 10 mM
dithiothreitol, 50 mM potassium chloride, 30 mM magnesium chloride, 4 U yeast
pyrophosphatase, 160 U RNAsin Plus, 1000 U T7 RNAP and 2 mM each NTP)
immediately prior to emulsification. The transcription reaction was added in ~10 µL
aliquots over 3 minutes to the stirring oil mixture. The total stir time was 5 minutes. The
reaction was transferred to a 1.5 mL Eppendorf tube and incubated at 37º C.
The transcription reaction was terminated by incubating the reaction on ice for 10
minutes with the addition of 40 µL of 500 mM EDTA and 160 µL of PBSTEBB (10 mM
sodium phosphate pH 7.4, 150 mM sodium chloride, 0.1% Tween-20, 10 mM EDTA,
0.1% BSA and 100 µM biocytin). The emulsion was broken by the addition of 0.7 mL of
diethyl-ether followed by thorough mixture and centrifugation at 13,000 RPM for 4
minutes at 4º C. Occasionally the beads would fail to precipitate at this step and remain
in the aqueous solution. In this event, the ether phase was removed, 300 µL of PBSTE
was added, gently mixed and centrifuged again. The failure of beads to centrifuge in the
first step was not noticed to affect the quality of the fluorescent signal.
Once the beads were pelleted, the aqueous phase was removed. The beads were
washed in 100 µL PBSTEBB 3 times before a final resuspension in 200 µL of PBSTE.
Bead labeling and FACS analysis
3 µL of 100 µM ED.5Fam3.probe was added to the 200 µL PBSTE and beads and
incubated on ice for 30 minutes.

This fluorescently labeled DNA oligonucleotide

hybridizes to the 5' half of the RNA transcript (the 3' half of the RNA hybridizes to the
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biotinylated capture oligonucleotide).

The beads were washed twice in 100 µL

PBSTEBB to remove non-hybridized ED.5Fam3.probe. The fluorescence from the first
labeling was insufficient to differentiate active from inactive beads by FACS so an
antibody based fluorescence amplification reagent was utilized (Alexa Fluor 488 Signal
Amplification Kit, Invitrogen).

The beads were resuspended in 200 µL Antibody

Labeling Buffer (PBSTE with 100 µM biocytin, 1% BSA, 100 µg tRNA, 80U RNAsin
Plus and 10 µg Antibody per 200 µL) with 10 mg of rabbit anti-fluorescein antibody and
incubated for 20 minutes on ice, followed by two 100 µL PBSTEBB washes. The beads
were then resuspended in 200 µL Antibody Labeling Buffer with 10 mg of goat antirabbit IgG antibody and incubated on ice for 20 minutes. The beads were washed twice
in 200 µL of PBSTEBB and finally resuspended in 100 µL PBS (10 mM sodium
phosphate pH 7.4, 150 mM sodium chloride).
Fluorescence based bead analysis was performed on a BD FACScan Cell Sorting
System. Beads were diluted additionally in PBS to an appropriate concentration for
scanning. Data was collected and then analyzed using WinMDI 2.9. When appropriate,
active fractions of bead populations were defined as the fraction of a population greater
than the highest 1% of the untemplated transcription reaction.
Compartmentalized selection
Fluorescence based bead sorting was performed on a BD FACSAria Cell Sorting
System.

Beads were diluted in PBS to an appropriate concentration for sorting.

Fractions were collected and amplified by PCR for additional sorting and for cloning and
sequencing.
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Cloning and sequencing
After amplification of templates from sorted beads, PCR products were cloned
using a Topo TA cloning kit (PCR4topo, Invitrogen). Individual colonies were chosen
for sequencing and to generate PCR templates for transcription analysis.
Transcription analysis
In vitro transcription was performed on selected clones. Reactions were setup
similar to the selection protocol, except 0.01 mCi of α32P-ATP was added, the template
was not immobilized and the total reaction volume was 20 uL. 50 ng of a PCR template
was added to each transcription and incubated at 37º for 40 minutes. The reaction was
stopped by adding 20 µL of 18 mM EDTA in formamide and heated at 90º for 10
minutes. Transcription products were run on a denaturing (7 M urea) 8% polyacrylamide
gel which was then dried and analyzed using a Phosphorimager (Molecular Dynamics).
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Name
highly active
template

Sequence
GTCGACAAGCTTGCGGCCGCATAATGCTTAAGTCG
AACAGAAAGTAATCGTATTGTACACGGCCGCATA
ATCGAAATtaatacgactcactataggggaaTTCCCCATCTTAG
TATATTAGTTAAGTATAAGAAGGAGATATACATAT
GAGCCATATTCAACGGGAAACGTCTTGCTCTAGGC
CGCGATTAAATTCCAACATGGATGCT
GTCGACAAGCTTGCGGCCGCATAATGCTTAAGTCG
weakly active
AACAGAAAGTAATCGTATTGTACACGGCCGCATA
template
ATCGAAATtaatacgactcactatacctattTTCCCCATCTTAGT
ATATTAGTTAAGTATAAGAAGGAGATATACATATG
AGCCATATTCAACGGGAAACGTCTTGCTCTAGGCC
GCGATTAAATTCCAACATGGATGCT
GTCGACAAGCTTGCGGCCGCATAATGCTTAAGTCG
lib1 template
AACAGAAAGTAATCGTATTGTACACGGCCGCATA
ATCGAAATtaatacgactcactatannnnnnTTCCCCATCTTAG
TATATTAGTTAAGTATAAGAAGGAGATATACATAT
GAGCCATATTCAACGGGAAACGTCTTGCTCTAGGC
CGCGATTAAATTCCAACATGGATGCT
GTCGACAAGCTTGCGGCCGCATAATGCTTAAGTCG
ED.lib1build F
AACAGAAAGTAATCGTATTGTACACGGCCGCATA
ATCGAAATtaatacgactcac
ED.5bio template F Bio-GTCGACAAGCTTGCGGCCGCATAATG
GTCGACAAGCTTGCGGCCGCATAATG
ED.template F
AGCATCCATGTTGGAATTTAATCGCGGCCTAGAGC
ED.PT7.temp R
6FamED.5Fam3.probe
AGACGTTTCCCGTTGAATATGGCTCATATGTATAT
C-6Fam
BioED.5bio.handle
AGCATCCATGTTGGAATTTAATCGCGGCCTAGAGC
ATCGAAATtaatacgactcactatannnnnnTTCCCCATCTTAG
ED.lib1 F (ITS)
TATATTA

Table 2- 2. Template and oligonucleotide sequences.
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Chapter 3: Design and implementation of an in vitro autogene
INTRODUCTION
In vitro systems have many advantages for synthetic biology applications that
cellular systems do not offer. Development for cell-based synthetic biology can be
improved by utilizing high throughput testing and optimization of parts and devices in
vitro. Testing cellular systems requires cloning, transformation and subsequent growth
before data can be collected, all of which are avoided with in vitro systems. Most
importantly, environments toxic to cellular growth and replication can be utilized through
in vitro systems, which are inherently difficult to utilize in vivo. This includes unnatural
chemistries and genetic systems, whose adaptation in vivo may require broad and
systemic changes that are difficult to identify and understand.
Synthetic in vitro systems have been engineered utilizing a variety of platforms,
including nucleic acid enzymes, transcriptions and translation reactions. These systems
have demonstrated the capacity to function for applications as varied as logic
implementation and pattern formation (Noireaux, Bar-Ziv et al. 2003; Stojanovic and
Stefanovic 2003; Isalan, Lemerle et al. 2005; Kim, White et al. 2006). Increasingly,
synthetic in vitro systems are being built which mimic replicating biological systems
(Mansy, Schrum et al. 2008; Kuruma, Stano et al. 2009; Lincoln and Joyce 2009; Zhu
and Szostak 2009). Increasingly, these efforts are converging with traditional cellular
efforts to engineer living and life-like systems from basic components.
Cellular systems maintain their genetic identity partly though the ability to
segregate and specifically replicate the information which encodes them.

In vitro

systems can achieve the same effect by encapsulating individual members of a mixed
population inside lipid vesicles or emulsifying them in mineral oil. This creates synthetic
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populations that are segregated into approximately cell sized compartments. Individual
members of the population are constrained to act through and upon their own genetic
information. This effect has encouraged the use of compartmentalized in vitro systems
for directed evolution of proteins and ribozymes (Davidson, Dlugosz et al. 2009). While
alternative methods for linking phenotype to genotype have been developed for protein
engineering, such as phage display and mRNA display, these technologies provide less
flexibility for complex, system level behavior (Scott and Smith 1990; Roberts and
Szostak 1997).
The in vitro generation of T7-based parts in emulsified systems was previously
shown using a bead and FACS-based system (Davidson, Van Blarcom et al. 2010).
However, this system is limited by the use of FACS and the reliance on transcription
alone. A dynamic system is sought which incorporates transcription and translation, and
allows for a greater range of system behavior. To this end, a T7-based positive feedback
system, or T7 autogene, has been adapted to cell free, in vitro transcription and
translation environments. This system is designed to be compartmentalized in a water-inoil emulsion to allow individual circuits to specifically amplify genetic material that
encodes a complete circuit.
The T7 autogene is a simple positive feedback genetic circuit where the T7 RNA
polymerase gene is expressed by a T7 promoter (Figure 3- 1). Any initial expression of
T7 RNA polymerase activates the positive feedback loop and causes increasing
transcription from the T7 promoter, leading to circuit self-amplification. In cells, this
positive feedback circuit is toxic and unstable without additional layers of regulation
(Dubendorff and Studier 1991).
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T7 RNAP

T7

T7 RNA polymerase

Figure 3- 1. General design of a T7 autogene. The T7 RNA polymerase gene is
expressed from a T7 promoter, creating a positive feedback loop.
The T7 autogene has been adapted to a number of different cellular environments
for different purposes. E. coli based autogenes have been utilized for RNA polymerase
directed evolution and as a tool to study dynamics of host-gene circuit interactions
(Chelliserrykattil, Cai et al. 2001; Chelliserrykattil and Ellington 2004; Tan, Marguet et
al. 2009). The auto-amplification effect of the autogene becomes taxing for the host cell,
likely due to the high resource consumption rate of the circuit. This is the case even
when the feedback circuit is severely crippled by the presence of a frame-shift mutation
in the T7 RNA polymerase gene. Even under these stringently controlled expression
conditions, enough productive T7 RNA polymerase protein is made to activate the
feedback loop and slow the growth rate of the transformed cells.
Eukaryotic autogenes have been developed to function as an orthogonal,
cytoplasmic protein over-expression system (Li, Brisson et al. 1997; Brisson, He et al.
1999; Finn, Lee et al. 2004). This bypasses traditional methods for protein expression
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from the nucleus of eukaryotic cells and has potential as an orthogonal „engine‟ for
expressing transient, non-nuclear genetic circuits.
In this work, the design of an in vitro T7 autogene and implementation in various
cell free transcription and translation systems is described. Template design and protein
expression conditions for in vitro systems are investigated. We found that a simple
circuit designed for self-amplification is not robust across multiple platforms and
required optimization of template sequence and reaction conditions.
RESULTS AND DISCUSSION
Design of an in vitro T7 autogene
The general design of a T7 autogene is the T7 RNA polymerase gene expressed
from the T7 promoter. This creates a positive feedback circuit where initial expression of
the T7 RNA polymerase leads to amplification of the polymerase due to an increase in
specific transcription from the T7 promoter.

The general T7 autogene circuit is

functional to the point of toxicity in cells due to the unregulated, positive feedback
design. Typically, the autogene is encoded by a plasmid and, when intended for use in
vivo, design features that limit cellular toxicity are included, such as inhibition of the T7
promoter by the lac inhibitor and operator and inhibition of the T7 RNA polymerase by
T7 lysozyme (Dubendorff and Studier 1991).
The general autogene design is expanded for use with in vitro transcription and
translation systems. Specifically, the template is desired to be linear DNA generated by
PCR with strong translation of the RNA polymerase. Utilizing a linear template will
remove cloning from the template generating protocol. The absence of cloning removes
potential cellular toxicity from design consideration and allows rapid generation of very
large libraries (i.e., greater than 1e8 unique members). Furthermore, we hypothesized
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T7 RNAP
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RBS
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Figure 3- 2. SP6 initiated T7 autogene. In this implementation, the SP6 RNA
polymerase is present to initiation transcription and translation of T7 RNA polymerase.
The T7 RNA polymerase produced feeds back to the T7 promoter.
that under the limited resource conditions and reaction time of in vitro transcription and
translation reactions, protein yield will determine feedback transcription rates and made
efforts to maximize translation yield for each template.

Because cell lysates are

functional for a finite length of time (typically 30 minutes to few hours) and are less
efficient at protein production than living cells, an initiating promoter and a strong
translation initiation sequence are included.

These allow strong initial T7 RNA

polymerase expression, even in the absence of a feedback promoter or active autogene
polymerase. The RNA polymerase required to transcribe from the initiating promoter is
provided in the transcription and translation reaction.
polymerase initiated T7 autogene is shown in Figure 3- 2.
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The layout of an SP6 RNA
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Figure 3- 3. Design features of the autogene template. (1) Feedback promoter (2)
Feedback promoter specific real time primer-probe sequence location (3) Initiating
promoter (4) Translation initiation sequence (5) RNA polymerase gene (6) All mRNA
primer-probe sequence location (7) Transcription terminator
The sequence located between the T7 promoter and initiating promoter is only
transcribed from the T7 promoter and is a unique sequence identifier for transcripts
originating from this promoter. The presence of this T7 specific sequence is used to
monitor feedback transcription activity. A second sequence located in the T7 RNA
polymerase gene is used to monitor the combined transcription from both promoters. The
3‟ untranslated region consists of two unique primer sites and a T7 φ10 terminator. In
addition to terminating transcription, the T7 φ10 terminator may contribute to mRNA
stability through the formation of a stable hairpin (Smolke, Carrier et al. 2000). The
layout and orientation of these design features are detailed in Figure 3- 3.
Autogene function is analyzed by monitoring production of protein and mRNA.
A typical reaction is set up and incubated before samples are analyzed directly for protein
production or the nucleic acids are purified. For transcription analysis, nucleic acids are
purified, the DNA template is digested and T7 RNA polymerase mRNA is converted to
cDNA through reverse transcription.

cDNA is analyzed by real time PCR for the

presence of each sequence identifier, which allows identification of T7 promoter
produced mRNA (T7 specific transcription) and the total amount of mRNA produced
from both promoters (All transcription).
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Method validation for RNA recovery and analysis
RNA recovery from lysate and specific detection of T7 RNA polymerase
produced RNA were tested to ensure that methods and analytical techniques functioned
as intended. RNA was produced by in vitro transcription and quantified for downstream
detection.
RNA recovery was monitored by adding α32P-ATP labeled RNA to E. coli S30
Extract System for Linear Templates (Promega). This mixture was immediately purified
by Trizol (Invitrogen) or RNEasy (Qiagen) reagents for initial time points or incubated
for one hour prior to purification.

The recovered RNA was then analyzed by gel

electrophoresis and quantified (Figure 3- 4). Compared to the initial RNA, the Trizol
method recovered all of the RNA added. The quantified value of 102% of input is higher
than possible, likely due to small experimental effects such as pipetting inaccuracies.
The Trizol method recovered more RNA than the RNEasy method and was utilized for
the remaining experiments. The RNA was completely degraded by the 1 hr time point
when purified by either method. This degradation effect highlights a problem with
mRNA analysis of this system; RNA is unstable in cellular extracts, which contain

Input RNA

100%

Trizol (t = 0)

102%

Trizol (t = 1 hr)
Qiagen (t = 0)
Qiagen (t = 1 hr)

2%
79%
2%

Figure 3- 4. Efficiency of RNA recovery from lysate. Radiolabeled RNA was added
to E. coli lysate and purified with Trizol extraction or with Qiagen RNEasy. Time points
were taken at zero and 1 hour. The Trizol recovery procedure efficiently recovered all
input RNA. After one hour, nearly all input RNA had degraded.
55

40

Cycle threshold

35
30
25

20

SP6 RNAP

15

T7 RNAP

10

5
0

T7 specific

All transcription

Figure 3- 5. T7 and SP6 RNA polymerase produced transcripts. Transcripts
produced by T7 RNA polymerase (red) result in equal detection from both T7 specific
and All transcription primer-probe sets. SP6 RNA polymerase produced transcripts only
result insignificant detection from the All transcription primer-probe set as expected.
RNAse and DNase, and is shown here to be a problem specifically for E. coli lysate and
potentially for other lysates.
The real time PCR assay was tested using purified and quantified RNA. Two
RNAs were produced from the same autogene template by transcribing the template with
either T7 RNA polymerase (from the feedback promoter) or SP6 RNA polymerase (from
the initiating promoter). RNA was converted to cDNA by reverse transcription of ~2e5
RNA molecules. 10% of the low input reverse transcription was added directly to a real
time PCR reaction. The real time PCR data confirms the assay functions as intended,
resulting in differential amplification at the T7 promoter and identical amplification at the
common sequence (Figure 3- 5). T7 specific RNA was detected at 0.1% of total SP6
RNA polymerase produced RNA (ΔCt = 9.72).

The same assay using T7 RNA

polymerase produced RNA detected 96.6% T7 specific RNA (ΔCt = 0.05). These values
are close to the ideal values of 0% and 100%, respectively.
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E. coli
Rabbit Retic
Wheat Germ

PCR
Phenol:Chloroform
98%
100%
100%

PCR
Column clean
24%
4%
25%

PCR
Gel purified
5%
x
21%

Plasmid
Miniprep
100%
x
x

Table 3- 1. Effect of template preparation on protein production. Data is shown
normalized to the strongest translating template for each lysate and is not comparable
across lysate types. „x‟ denotes conditions not tested. Phenol:chloroform extraction
followed by sodium acetate precipitation was found to be the most effective
purification method for PCR amplified templates.
Template purification for enhanced translation yield
Different methods of template purification were investigated to maximize
translation yield.

Protein production from various templates was detected by
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S-

methionine incorporation, and normalized to the template with the highest translation
yield. Samples across lystate types could not be compared because the specific activity
of protein in each sample was not determined. Table 3- 1 lists relative translation yields
for various template preparation methods in different lysates. Across all lysates tested,
phenol:chloroform extraction followed by sodium acetate-ethanol precipitation resulted
in highest translation yield. Both gel purification and PCR cleanup column purification
resulted in significantly lower yields in all lysates tested. In wheat germ, the addition of
competitor DNA (1 µg salmon sperm DNA per 50 µL reaction) increased protein
production nearly 2-fold, but this effect was not investigated broadly.
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Figure 3- 6. E. coli lysate expressing T7 RNA polymerase and GFP. T7 RNA
polymerase is expressed from a vector in the lysate and then expresses GFP (green).
After an initial lag phase, GFP expression increases to 9-fold over background. When T7
RNA polymerase is added directly to the lysate (red), the GFP signal increases
immediately to 19-fold over the reaction expression T7 RNA polymerase or 167-fold
over background. Background expression of GFP with no T7 RNA polymerase is shown
in blue.
T7 autogene in E. coli lysate
T7 RNA polymerase was tested for translation and activity in Promega E. coli
lysate. Two expression vectors were tested for the ability to express a functional T7
RNA polymerase. pQE80L-wt T7 RNAp expresses T7 RNA polymerase from a strong
phage T5 promoter by E. coli RNA polymerase. pASK-wt T7 RNAp expresses T7 RNA
polymerase from the tetA promoter by E. coli RNA polymerase. Function was assessed
by subsequent expression of GFP from a T7 promoter in the same reaction. pQE80L-wt
T7 RNAp failed to increase GFP expression above background (data not shown). After
an initial ~20 minute lag, pASK-wt T7 RNAp increased GFP expression to 9-fold above
background (Figure 3- 6). However, this pASK-wt T7 RNAp dependent GFP expression
was only ~5% of the positive control reaction, which contained 50 units of T7 RNA
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polymerase protein. This difference is possibly due to the added resource burden of
expressing two proteins in a single reaction compared to a single protein (GFP) in the
positive control reaction.
T7 RNA polymerase activity was similarly tested for function in emulsion.
pASK-wt T7 RNAp and the same two control reactions were emulsified and GFP
expression assessed by fluorescence microscopy. The control emulsion containing T7
RNA polymerase protein contained fluorescent compartments. Compartments in the
emulsion containing pASK-wt T7 RNAp were weakly fluorescent, though above
background. Figure 3- 7 shows fluorescence and light microscopy images, as well as an
enhanced image overlay highlighting fluorescence originating from individual
compartments.

These results show that T7 RNA polymerase can be translated and

functional in the E. coli lysate system, both in solution and in emulsion.
The T7 autogene for E. coli lysate contained the E. coli tetA initiating promoter
and the strong ribosome binding site from the pASK-IBA3C vector (the parental vector
of pASK-wt T7 RNAp; IBA GmbH). The linear DNA template was modified with biotin
on the 5‟ end of each strand. It was expected that capping the 5‟ end with an unnatural
group would result in protection from nuclease activity. When assayed over time, the
detectable mRNA from both promoters declined steadily (Figure 3- 8A). In this assay,
adding biotin to the 5‟ end of each strand had no qualitative effect (data not shown).
Despite the trend of mRNA levels decreasing from the initial time point, T7 RNA
polymerase protein is expressed from the template. The period of protein production
appears short lived, with protein levels reaching a maximum at 20 minutes.
This result with the T7 autogene construct is not incompatible with the plasmidbased GFP production results from Figure 3- 6. mRNA is detected through this assay
only if the real time PCR primer-probe sequence is on the same transcript as a reverse
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pASK-wt T7 RNAp

No T7

Overlay

Bright Field

Fluorescence

+T7 RNAp

Figure 3- 7. Fluorescence microscopy of GFP translation in emulsified E. coli lysate.
T7 RNA polymerase was either added as purified protein, produced in emulsion or not
added. Fluorescence images were overlaid with the bright field image and false colored
to highlight fluorescence produced in compartments.
transcription primer site, which is located in the 3‟ untranslated region. A transcript
cleaved between the 3‟ end and the real time probe site would not be registered in this
assay. The RNA detected by real time PCR never reached more than 5.5-fold above and
were often as low as 1.5-fold above background, as determined by real time PCR input
from no-reverse transcriptase reactions. The constantly decreasing RNA and reverse
transcription-independent background (likely from incompletely-digested template DNA)
suggest that global RNA and DNA nuclease activity could be generically limiting activity
in this system. Independent of mechanism, Promega E. coli lysate is determined to not be
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Figure 3- 8. Autogene transcriptional dynamics in different lysates. Total
transcription (All; solid lines) and feedback transcription (T7; dashed lines) are measured
by real time PCR. The autogene configuration (red) is compared to an inactive system
(blue) containing a truncated T7 RNA polymerase gene. Autogene dynamics are
investigated in E. coli lysate (A), Wheat germ lysate (B) and Rabbit reticulocyte lysate
(C). Feedback transcription from B and C are represented as the percent of total
transcription (D).
a suitable platform for a T7 autogene system that relies on amplification of functional
genetic material for characterization and enrichment.
An alternative autogene for E. coli lysate
An alternative autogene configuration was tested in which the SP6 RNA
polymerase gene was expressed by an SP6 promoter. The SP6 autogene was designed
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with an initiating T7 promoter for translation in E. coli lysates. This design change was
primarily due the utilization of T7 RNA polymerase by most commercially available E.
coli lysates for transcription. The Roche RTS 100 E. coli lysate was found to have higher
maximal protein expression levels and a longer period of active translation compared to
Promega E. coli lysate (Figure 3- 9). mRNA produced from T7 RNA polymerase was
detected well above background, in contrast to Promega lysate results. However, SP6
RNA polymerase activity could not be detected, even when SP6 RNA polymerase protein
was added directly to the lysate (Figure 3- 10). Transcription from the T7 promoter was
~40-fold greater than transcription from the SP6 promoter.

No further attempts at

construction of an SP6 autogene were made. It seems possible that a more extensive
search would discover a phage RNA polymerase that would function in E. coli lysate on
which to base a T7 initiated RNA polymerase autogene. T3 and K11 phage are closely
related to T7 and their corresponding RNA polymerases may prove useful. Alternatively,
Comparison of Roche and Promega lysates
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Figure 3- 9. Comparison of Promega and Roche RTS 100 E. coli lysates. Lysates
expressed GFP from a T7 promoter. T7 RNA polymerase is present in the Roche RTS
100 lysate and was added to the Promega E. coli lysate. Promega E. coli lysate without
added T7 RNA polymerase acted as a negative control.
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Figure 3- 10. SP6 RNA polymerase activity in Roche RTS 100 E. coli lysate.
Addition of SP6 RNA polymerase (blue) did not increase the RNA detected compared to
the same template without polymerase added (red). A template containing a T7 promoter
produced ~40-fold more RNA than the SP6 promoter templates.
production of a high quality E. coli lysate that does not already contain T7 RNA
polymerase is likely to increase polymerase options for developing a successful T7
autogene (Jewett, Calhoun et al. 2008).
T7 autogene in wheat germ lysate
The T7 autogene for wheat germ lysate consisted of an SP6 initiated T7 autogene,
as in Figure 3- 2. Translation initiation was tested from a Kozak sequence and the
tobacco mosaic virus omega sequence. The omega sequence was found to produce
nearly 2-fold more protein than the Kozak sequence.

A 3‟ untranslated sequence

consisting of a 40 nt poly-A tail was compared to a 3‟ untranslated sequence consisting of
a T7 terminator. The T7 terminator produced slightly more protein. Both the omega
translation initiation sequence and the T7 terminator were included in the autogene
design.
An initial test of T7 RNA polymerase function in wheat germ lysate was
performed by addition of 50 units of T7 RNA polymerase protein to a wheat germ
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Figure 3- 11. T7 RNA polymerase dependent expression of GFP in wheat germ
lysate. Expression of T7 RNA polymerase led to co-expression of GFP, while the GFP
expression vector alone showed no increase in fluorescence.
reaction containing a vector which expresses GFP from a T7 promoter. The reaction was
monitored for the production of fluorescence over time. The negative control reaction
(no T7 RNA polymerase protein added) maintained a constant level over time. The
reaction with T7 RNA polymerase increased to maximal fluorescence over approximately
an hour (Figure 3- 11). This suggests that T7 RNA polymerase is functional in wheat
germ lysate.
Wheat germ autogene mRNA levels were monitored over the course of a 2 hour
reaction (Figure 3- 8B). The total mRNA levels increase to maximum levels by 15
minutes and remain there over the duration of the reaction; protein levels increased over
the course of the reaction. The DNA and RNA stability problems associated with the
Promega E. coli lysate were not observed. However, T7 promoter specific mRNA is
weakly produced. The T7 specific mRNA from an inactive template (containing a
truncated T7 RNA polymerase gene) remains fairly constant and less than 0.3% of the
total mRNA at each time point. The T7 specific mRNA from the autogene template
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increased above inactive template levels by 60 minutes and to 3.4% of the total mRNA
by 120 minutes. The wheat germ autogene was tested in emulsion and found to maintain
similarly low levels of activity.
The wheat germ T7 autogene is functional, but weakly so when compared to
expectations of a positive feedback circuit, as well as the rabbit reticulocyte autogene
performance (below). It is possible that T7 RNA polymerase possesses low activity
compared to the initiating SP6 RNA polymerase, resulting in deflated feedback
transcription compared to total transcription. Similarly, it is possible that translation
yield, even after two hours, is low enough to limit feedback transcription. It is possible
that a wheat germ autogene could further be improved by investigating protein
production and activity in the wheat germ lysate.
T7 autogene in rabbit reticulocyte lysate
T7 RNA polymerase translation was tested by expressing polymerase from a
kozak sequence and an encephalomycarditis virus internal ribosome binding site (EMCV
IRES) in rabbit reticulocyte lysate. The EMCV IRES was obtained from vector pIRESAcGFP2 (Clontech). T7 RNA polymerase was translated for one hour prior to addition
of a T7 dependent luciferase expression vector. Translation continued for one hour
before analysis of luciferase expression.

The EMCV IRES translated T7 construct

resulted in approximately 4 to 5-fold more luciferase expression than the kozak construct
(Figure 3- 12). This construct contained a run of seven adenosines (EMCV-7A), which
lowered gene expression compared to a six adenosine (EMCV-6A) construct (Bochkov
and Palmenberg 2006). This sequence was corrected for the autogene construct.
Early versions of the rabbit reticulocyte autogene were tested in emulsion and
found to be inactive. This contrasted with solution based results which detected feedback
transcription between 30 to 50%. Protein was produced in emulsion, but feedback
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Figure 3- 12. T7 RNA polymerase dependent expression of Luciferase in rabbit
reticulocyte lysate. Altering the T7 RNA polymerase translation efficiency increased
the T7-dependent Luciferase expression. An inactive T7 RNA polymerase gene and
exogenously produced T7 RNA polymerase protein are used as negative and positive
controls.
transcription was detected only 2-fold above no-reverse transcription control levels (3 to
5% of total transcription).
In an attempt to increase the translation yield, the linear template was biotinylated
at the 5‟ end of each strand, the number of nucleotides upstream of the T7 promoter was
increased and the EMCV IRES was altered from 7A to 6A. These changes combined to
increase feedback transcription to 50 to 100% of total transcription while increasing the
emulsion based transcription to ~25 to 50% of total transcription. The solution-based
reaction under these conditions increased above the inactive control reaction by 15
minutes and transcription yield increased to approximately 15% of total transcription by
60 minutes. By 120 minutes, the feedback transcription yield increased above 50% of
total transcription (Figure 3- 8C and Figure 3- 8D). A comparison of the 2 hour time
points of the same reaction in solution and emulsion are shown in Figure 3- 13. The
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Figure 3- 13. Comparison of solution and emulsion activity of a T7 autogene in
Rabbit reticulocyte lysate. Data is an average of two independent experiments.
emulsified T7 autogene in rabbit reticulocyte lysate using this template typically
produces half as much feedback transcription compared to solution feedback
transcription.
In vitro T7 autogene summary
Rabbit reticulocyte lysate was found to be the optimal in vitro platform for the
autogene system and outperformed both E. coli and Wheat germ lysates. In solution, the
feedback transcription of the autogene increased over the second hour of a two hour
reaction to greater than 50% of the total mRNA in the reaction.

However, when

emulsified in rabbit reticulocyte lysate, the T7 autogene failed to generate detectable
feedback transcription. Changes to the template, including enhancing the translation
initiation sequence, elongating the sequence upstream of the T7 promoter and capping the
5‟ ends of each strand on the template with biotin, recovered much of the solution based
activity. It is likely that each of these changes enhanced the translation yield, either
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through template stabilization or directly through enhanced translation initiation. This
reinforces the hypothesis that translation of adequate amounts of T7 RNA polymerase
will be limiting for feedback transcription. Emulsification of this system would increase
this problem, as published results and personal evidence suggest that reactions in
emulsion approach approximately 25 to 40% of yields achieved in solution (Ghadessy
and Holliger 2004; Levy, Griswold et al. 2005).
CONCLUSIONS
A simple, dynamic circuit was designed and implemented across multiple in vitro
platforms and compartmentalized in water-in-oil emulsions. The variation in circuit
performance highlights the importance of understanding appropriate design principles
and finding adequate host systems for in vitro circuits. The circuit here is composed of a
T7 autogene, in which a T7 RNA polymerase gene is expressed and leads to transcription
from a T7 promoter on the template, located upstream of the polymerase gene. Through
this design, a complete circuit composed of an active polymerase and promoter
combination will amplify its genetic information in the form of mRNA.
Compartmentalizing this circuit physically links its genetic template to the protein
produced from it, allowing the circuit to act in isolation and only on its own template,
facilitating its use for directed evolution. The positive feedback nature of this circuit will
enable its use as an „engine‟ to drive increasingly complex circuits. Its function in a
completely in vitro environment will allow access to unnatural chemical and genetic
space, expanding the possibilities of synthetic biology.
The in vitro T7 autogene was initially proposed as an improvement over cellular
autogenes, which are known to be toxic. In vitro transcription and translation systems
perform biological reactions while removing the system from the constraints of growing,
evolvable host cells. While the autogene should, by design, function equivalently across
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platforms, it was observed to be less robust than expected based on results reported with
in vivo systems. This is likely due to the finite resources of in vitro transcription and
translation systems compared to replicating cells.

Circuits that require genetically

encoded reactions that rely on transcription and translation may require longer reaction
times and larger dynamic windows than the 20 to 120 minute reactions described here.
Further refinement of design principles and reaction conditions may increase
feedback transcription and lead to a higher percent of total transcription. The in vitro
nature of this system allows for in depth component by component testing. Taken to one
extreme, every component of the transcription and translation system can be tested
individually in order to examine the limiting factor for system performance.

The

“PURE” translation system is one such system; all translation components (except
ribosomes) are individually expressed and purified and added to the reaction (Shimizu,
Inoue et al. 2001). Additionally, a broad search for viable emulsion conditions could
improve systems performance.
MATERIALS AND METHODS
Oligonucleotide and Template Sequences
Oligonucleotides were ordered from Integrated DNA Technologies (IDT) or, in
the case of oligonucleotides with randomized positions, produced in house. For a full list
of oligonucleotide sequences see Table 4- 2 and for a full list of template sequences see
Appendix A.
Template preparation
RNA polymerase genes were cloned with initiating promoters and translation
initiation sequences into a cloning vector (pCR4topo from Invitrogen or ED designed and
built pASK-MCS1). Positive feedback promoters were not included in initial cloned
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constructs to prevent transforming toxic autogene constructs into E. coli.

Cloned

constructs were then used as templates for PCR with Platinum Taq High Fidelity
(Invitrogen) in order to add on the feedback promoter and 3‟ untranslated region.
Autogene PCR#1 utilized ED.T7.lamin F and ED.T7.new3utr.addon R. 10ng of plasmid
was included as starting material and cycled 15 times in 100 µL with anneal temperature
of 55º C and an elongation time of 3 minutes and 30 seconds. This PCR product was
purified with 1% agarose using Wizard Gel and PCR Clean-Up System (Promega).
Autogene PCR#2 utilized ED.5bio.extend.T7.shortlamin F and ED.5bio.T7.seq1.term R.
10ng of gel purified autogene PCR#1 was included as starting material and cycled 15
times in 100 µL with anneal temperature of 55º C and an elongation time of 3 minutes
and 30 seconds.
Template purification for in vitro transcription and translation
Autogene PCR#2 is purified for translation by phenol extraction and sodium
acetate precipitation.

200 µL of autogene PCR#2 are added to 200 µL of 25:24:1

phenol:chloroform:isoamylalcohol pH 7.9 (Ambion), vortexed to mix and centrifuged to
separate the aqueous from the organic phase. The aqueous phase is removed and added
to 200 µL of chloroform, vortexed to mix and centrifuged to separate the aqueous from
the organic phase. The aqueous phase is removed and added to 20 µL of 3 M sodium
acetate, 1 µg glycogen and 500 µL 100% ethanol to precipitate. This solution is stored at
-80º C for 1 hour and then centrifuged at 13,000x G and 4º C for 1 hour. The supernatant
is removed and the pellet washed with 70% ethanol before it is air dried and resuspended
in 100 µL water. This solution typically contains 50 to 100 ng template per µL and is
quantified on agarose gel with DNA quantitation standards.
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Solution in vitro transcription and translation reactions
Various in vitro transcription and translation reactions are each performed
according to the manufacturer‟s specific instructions. E. coli lysates used are RTS 100
(Roche) or E. coli S30 Extract System for Linear Templates (Promega). The wheat germ
lysate used is TNT SP6 High-Yield Wheat Germ Protein Expression System (Promega).
The rabbit reticulocyte lysate used is TNT SP6 Quick Coupled Transcription/Translation
System (Promega). Solution reactions contained 100 ng (~2e10 molecules) of PCR
template in a 50 µL total volume. Reactions were assembled on ice and then incubated at
the suggested temperature (30 or 37º C for E. coli, 25 or 30º C for wheat germ and 30º C
for rabbit reticulocyte) for up to 2 hours.
Emulsion in vitro transcription and translation reactions
Individual tubes (Sarstedt, 95 x 16.8mm polypropylene) are set up containing the
oil-surfactant mixture (see Table 3- 2) and placed on ice. Because of the viscosity of the
oil and surfactants, positive displacement pipettors are used.

A 50µL in vitro

transcription and translation reaction is prepared as above. All the reagents are kept on
ice to prevent premature initiation of transcription and translation and the template is
added immediately before emulsification. In general, 100 ng (~2e10 molecules) to 0.5 ng
(~1e8 molecules) template will be added to an emulsified reaction.

These values

correspond to 0.1 to 10 templates per aqueous compartment. A stir bar (Spinplus 9.5 x
9.5mm Teflon stir bar) is added to the tube containing the oil-surfactant mixture. The
tube is moved into a beaker containing ice water on top of a magnetic stir plate and
stirred on the „high' setting for 1 min. While stirring the oil-surfactant mixture, the 50µL
in vitro transcription and translation reaction is added drop-by-drop over 1 minute and
then stirred for 4 additional minutes.

The emulsified reaction is incubated at the

temperature indicated for 2 hours.
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The emulsion reaction is stopped by placing the tube on ice for 10 minutes and
adding Stop Solution (50 mM Tris pH 7.0, 50 mM EDTA) to bring the aqueous volume
to 100 µL total. The emulsion is broken by vortexing the reaction with 1 volume organic
solvent (chloroform for emulsified rabbit reticulocyte and diethyl ether for emulsified
wheat germ and E. coli reactions). The reaction is centrifuged at 13,000x G to separate
the aqueous phase from the organic phase. A waxy plug, presumably composed of the
emulsifying reagents, forms between the aqueous layer and the organic phases at this
step. The aqueous phase is removed for analysis.
Monitoring protein production
Radioactive protein production and detection
Protein production is analyzed by 35S-methionine incorporation during translation,
polyacrylamide gel electrophoresis and

35

S-dependent imaging. 1 µL (~0.01 mCi)

35

S-

methionine is added to a typical 50 µL in vitro transcription and translation reaction
(where possible,

35

S-methionine is used in place of methionine to increase

35

S specific

activity). Reactions are run as described above. 5 µL of the transcription and translation
is added to 15 µL of Sample Buffer (4% w/v sodium dodecyl sulfate, 20% v/v glycerol,
0.01% w/v bromophenol blue, 0.125 M Tris-HCl pH 6.8, 5% v/v β-mercaptoethanol) and
denatured at 99º C for 10 minutes. 5 to 10 µL is loaded into a Pierce Precise 4-20%
protein gel and electrophoresed in Tris-HEPES-SDS Running Buffer (0.1 M Tris Base,
0.1 M HEPES and 0.1% w/v sodium dodecyl sulfate) at 100 volts for 45 minutes. The
gel is equilibrated in Transfer Buffer (0.025 M Tris Base, 0.25 M Glycine and 20% v/v
methanol) for 10 minutes. The gel is wet blotted onto a nitrocellulose membrane in
Transfer Buffer at 40 volts and 4º C for 2 hours. The nitrocellulose membrane is dried
and exposed to a Storage Phosphor Screen and imaged on a Storm 840 (GE Healthcare).
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The quality of the protein gel can be visualized by Coomassie staining the gel
after transfer. The gel is equilibrated in water over 15 minutes, changing the water every
5 minutes. Approximately 25 mL, or enough to completely cover the gel, of GelCode
Blue (Pierce) is added to the gel and incubated on an orbital rotator for 30 to 60 minutes.
The stained gel can be rinsed in water to decrease background staining. Major protein
bands should be clear and distinct. Overloading can result in the sample running on the
gel as a continuous smear with few or no distinct bands.
Fluorescence protein expression and detection
E. coli transcription and translation reactions are set up using E. coli S30 Extract
System for Linear Templates (Promega) as described above, but with modifications to the
templates utilized. For plasmid template reactions, 100 ng of pASK-wtT7 RNAP and
pIVEX-eGFP are each added to a 50 µL reaction. Negative control reactions are set up
without pASK-wtT7 RNAP. A positive control reaction is similarly set up, but with the
addition of 50 U T7 RNA polymerase. For linear template reactions, 100 ng of PtetA-wt
T7 RNAP PCR and pIVEX-eGFP plasmid are added. Similar control experiments are
performed.
Solution reactions are monitored over time on a Safire microplate reader (Tecan).
Fluorescence readings are taken every 20 minutes with an excitation wavelength of 488
nm and an emission wavelength of 509 nm.

Emulsion reactions are analyzed by

fluorescence microscopy. After incubation, 2 µL of the emulsion are spread on a glass
slide and a cover slip is added.
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Monitoring RNA production
Nucleic acid purification from in vitro transcription and translation reactions
RNA production is monitored by purifying nucleic acids from the in vitro
transcription and translation reaction, digesting the template DNA, converting RNA to
cDNA and finally analyzing cDNA levels by real time PCR. An in vitro transcription
and translation reaction is assembled and run as above. The final reaction or samples
collected at time points are brought to a total volume of 100 µL through the addition of
Stop Solution (50 mM Tris pH 7.0, 50 mM EDTA). This solution is added to 400 µL of
Trizol reagent (Invitrogen) in a 1.5 mL Phase Lock tube with heavy gel (5 Prime). The
tube is shaken and incubated for 2 minutes at room temperature to denature the reaction.
150 µL of chloroform is added, the tube shaken and incubated for 2 minutes to allow the
phases to separate. The tube is centrifuged at 13,000x G at room temperature for 2
minutes, locking the organic phase below the heavy gel. The aqueous phase is removed
and precipitated by addition of 1 ug of glycogen and 0.7 volume equivalents isopropanol.
Typical volumes are 330 µL aqueous added to 230 µL isopropanol. This is incubated at
room temperature for 15 minutes and centrifuged at 4º C for 30 minutes. The supernatant
is removed and the pellet washed with 70% ethanol before it is air dried.
Digestion of input DNA template
The DNA template is digested from the nucleic acid preparation by Turbo DNase
(Ambion). The pellet is resuspended in 43 µL water and 0.1 volumes 10x DNase buffer,
2 U Turbo DNase and 40 U RNasin Plus RNase inhibitor (Promega) are added, bringing
the final volume to 50 µL. The DNase reaction is incubated at 37º C for 30 minutes. 0.1
volumes DNase Inactivation Reagent is added and mixed gently for 2 minutes. The
DNase Inactivation Reagent is then pelleted by centrifugation at 13,000x G for 2 minutes
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at 4º C. The supernatant is removed and stored at -20º C. The quality of the RNA
preparation can be assessed for consistency between samples by absorbance at 260 nm.
The total nucleic acid concentration will vary between lysate types, but the total nucleic
acid concentration can be monitored for loss of material at any step in the extraction and
purification process.
cDNA production
The purified RNA is converted to cDNA by reverse transcription with
SuperScript III reverse transcriptase (Invitrogen).

5 µL (~10%) of the total RNA

preparation are reverse transcribed in a 20 µL reaction. This reaction is set up in two
stages. First, RNA is added to 2 pmol ED.T7.new.RT.seq1 R and 2.5 µL of 4 mM dNTP
in 13 µL total volume. This is incubated at 65º C for 5 minutes and then on ice for at
least 1 minute. Second, 4 µL of 5x RT Buffer, 1 µL 0.1 M DTT, 40 U RNasin Plus
RNase inhibitor and 200 U SuperScript III reverse transcriptase are added, bringing the
total volume to 20 µL. The reaction is incubated at 55º C for 1 hour and then the
terminated at 70º C for 15 minutes.
In parallel to the reverse transcription, a negative control reaction is prepared.
This reaction contains the same input RNA amount as the reverse transcription, but
SuperScript III reverse transcriptase is not added. This „no RT‟ reaction is important to
determine reverse transcription-independent background levels during subsequent
amplifications.
Real time PCR reactions
The relative amount of mRNA is evaluated by real time PCR with a 7300 Real
Time PCR System (Applied Biosystems). Reaction conditions are 0.5x volumes 2x
FastStart Universal Probe Master with Rox (Roche), 0.9 µM forward and reverse primer
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(each), 0.25 µM taqman probe in a 25 µL reaction. The reverse transcription reaction is
diluted from 20 µL to 100 µL with water and then 10 µL (10%) is added as input to the
real time PCR reaction. The cycling parameters are 1) 2 minutes at 50º C 2) 10 minutes
at 95º C and 3) 40 cycles of 15 seconds at 95º C, then 1 minute at 60º C. Typical
reactions were set up in triplicate for reverse transcribed input and single reactions for noRT negative control reactions. Additionally, a no-input, negative control real time PCR
was used to ensure reagents had not been contaminated with amplicons that could give a
false positive signal.
Each autogene sample is analyzed by real time PCR with at least two separate real
time primer-probe sets in separate reactions. One real time primer-probe set, referred to
as the „All‟ or „All transcription‟ primer-probe set, specifically amplifies a sequence
contained within the T7 RNA polymerase gene. This sequence will be present in a
transcript produced from either the SP6 promoter or the upstream T7 promoter. The
second real time primer-probe set, referred to as the „PT7 specific‟ or „PT7 transcription‟
primer-probe set, specifically amplifies a sequence present only in transcripts from the T7
promoter. This sequence is derived from the lamin A/C primer-probe set but with a
potential start codon removed. Early experiments also utilized a third real time primerprobe set, which amplified a sequence present in the 16S or 18S ribosomal RNA. This
reaction was included for quality control between experiments and acted as a positive
control.
Analysis of real time PCR data
Real time data is analyzed with 7300 System Sequence Detection Software v1.3.1
(Applied Biosystems). Cycle threshold (Ct) values are automatically determined and
exported to Excel.

Cycle threshold values are compared to internal controls or

quantitation standards to determine relative or absolute cDNA input levels, respectively.
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Relative cDNA levels are calculated by comparing cycle threshold values within a
sample. The „All transcription‟ cycle threshold value is subtracted from the „PT7 specific‟
cycle threshold value to determine the ΔCt.

The fraction of total mRNA which is

produced from the T7 promoter can be estimated from the ΔCt by assuming that one
cycle difference is a 2-fold difference in input material, using the formula

Fraction of total mRNA = 1/(2ΔCt)

Absolute cDNA levels are determined by utilizing gel purified DNA quantitation
standards to generate a standard curve. Real time PCR is performed on 2e2, 2e4, 2e6 and
2e8 molecules of gel purified Autogene PCR#1 (one double stranded DNA template is
counted as 2 molecules for real time quantitation) and the Ct values determined as above.
For each real time primer-probe set, the Ct values (y-axis) are graphed versus the log of
the input amounts (x-axis) and a linear trendline is calculated, of the form

Ct = (m)*(log (input number of molecules)) + (b)

Where m is the slope and b is the y-intercept of the trendline. This equation is rearranged
to give the relationship between the calculated input amount and the experimentally
determined Ct value

Input number of molecules = 10(Ct – b)/m

77

Lysate
S30 E. coli lysate

Emulsion Composition
Mineral Oil
4.5% Span 80
0.5% Tween 80
Mineral Oil
4.5% Span 80
0.5% Tween 80
0.1% Triton X-100
Mineral Oil
4.5% Span 80
0.5% Triton X-100
Mineral Oil
4% Abil EM90
Mineral Oil
PURE E. coli
4.5% Span 80
lysate
0.1% Triton X-100
Rabbit reticulocyte Mineral Oil
4% Abil EM90
lysate
Mineral Oil
Wheat germ
4.4% Span 85
extract
0.6% Tween 20

Table 3- 2.
types.

References
(Tawfik and
Griffiths 1998)
(Levy and
Ellington 2008)
(Griffiths and
Tawfik 2003)
(Chen, Mandic et
al. 2008)
(Zheng and
Roberts 2007)
(Ghadessy and
Holliger 2004)
(Yonezawa, Doi
et al. 2003)

Emulsion composition for various transcription and translation
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Chapter 4: Compartmentalized self-replication of a T7 autogene
INTRODUCTION
Advances in biotechnology have made it possible to develop simple selfreplicating systems. Chemical DNA synthesis made possible the development of selfreplicating oligonucleotides that could reproduce themselves via chemical ligation (von
Kiedrowski 1986; Zielinski and Orgel 1987; Sievers and von Kiedrowski 1994; Lee,
Granja et al. 1996; Lee, Severin et al. 1997; Luther, Brandsch et al. 1998). A keen
understanding of the properties of liposomes and micelles made possible the development
of self-replicating compartments (Zhu and Szostak 2009). And most recently several
groups have shown that nucleic acid amplification technologies can be used to help
simple nucleic acid enzymes replicate and evolve (Levy and Ellington 2003; Lincoln and
Joyce 2009).

Self-replication occurs in a specified media that contained complex

substrates and often complex biological machinery, and thus the self-replicators are akin
to viruses that prey upon cells.
We have attempted to develop a self-replicator that proceeds through a protein
rather than a nucleic acid or lipid intermediate. In our system, a protein (T7 RNA
polymerase) produces its own mRNA, which is translated into protein and thereby leads
to self-replication and self-amplification. We initially show that this system can lead to
enrichment in a compartmentalized in vitro transcription and translation reaction, and
then attempt iterative cycles of selection. Compartmentalization allows different variants
to succeed to different extents, and opens the way to the direct selection in vitro of
successful self-replicators.
A similar self-replication strategy has been implemented whereby a DNA
polymerase amplifies its own genetic information.
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Named compartmentalized self-

replication, the Holliger group used this technique to select for DNA polymerase
function. In their system, cells express a DNA polymerase library. The cells are lysed
into a compartmentalized PCR reaction that contains all required components except for
DNA polymerase protein.

If functional protein is provided by the lysed cell,

amplification occurs (Ghadessy, Ong et al. 2001; Ghadessy, Ramsay et al. 2004;
Ghadessy and Holliger 2007). This combined in vivo and in vitro method is limited by
the required cellular step, as well as by the emulsion PCR required.
Our RNA polymerase-based compartmentalized self-replication system removes
cellular protein expression, instead relying on cell-free transcription and translation
machinery to enable self-replication through T7 RNA polymerase dependent
transcription.

After self-replication in vitro, amplified mRNA is recovered and

regenerated into template DNA through reverse-transcription-PCR.
RESULTS AND DISCUSSION
System design
Selection of functional autogene circuits requires specific amplification of
templates in emulsion through T7 RNA polymerase mRNA production as well as specific
reamplification of these mRNAs between emulsion rounds.

Ideally, each emulsion

compartment should contain a single template which is acted upon only by the proteinbased circuitry it encodes. This is achieved by adding input template equal or less than
the number of compartments. Compartment concentration for rabbit reticulocyte lysate
in ABIL-EM90 emulsion is estimated at 1e9 to 1e10 per mL (Ghadessy and Holliger
2004). Active autogenes amplify their coding sequence, including initiating promoter,
translation initiation sequence and T7 RNA polymerase gene (Figure 4- 1). Once RNA
is purified from the emulsion, mRNA encoding an active circuit is identifiable by the
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SP6 RNAP

T7 RNAP

T7

SP6

IRES/
RBS

T7 RNA polymerase

Term

Figure 4- 1. Autogene selection scheme. SP6 initiated mRNA (green) is produced,
leading to T7 RNA polymerase production. T7 RNA polymerase produces additional
mRNA from an upstream T7 promoter (blue). All mRNA can be reverse transcribed
from the reverse primer (dark blue). However, only T7 promoter produced mRNA
contains the forward primer site (red), which is located downstream of the T7 promoter
and upstream of the SP6 promoter.
sequence located at the 5‟ end of the mRNA.

This sequence is unique to mRNA

produced from the T7 promoter and is not contained in the SP6 produced initiating
mRNA. The T7 produced mRNA is specifically amplified using this sequence as a
forward primer site, and the starting template is regenerated through additional PCR
(Figure 4- 2).
T7 specific mRNA production is the feature by which circuits are selected and
enriched between rounds, compared to the population at large. Initial expectations led us
to design the in vitro T7 autogene with strong initiating transcription and strong
translation. However, it is possible that this initial design is not the optimal solution for
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PSP6-T7RNAP
(starting template)

5’ biotin and extension
by PCR#2

Add PT7 by PCR#1

Emulsion Rxn
(transcription)

Recovery PCR#3
(next round starting
template)

Purify RNA
Reverse Transcription

Real time PCR

Figure 4- 2. Autogene selection process. Starting from a cloned sequence or library
pool (box, top left), two PCR steps (PCR #1 and #2) generate the template for in vitro
transcription and translation. The reaction is performed in emulsified and then RNA is
purified. Real time PCR analysis provides data on the input template performance (i.e.,
the real time PCR analysis of the Round 1 reaction describes the Round 0 pool). T7
RNA polymerase mRNA is reverse transcribed and then T7 promoter produced material
is selectively PCR amplified (PCR #3).
T7 specific mRNA production; it is expected that many different components of the in
vitro autogene circuit can be altered to maximize T7 specific mRNA production,
including the SP6 promoter and translation initiation sequence, which are present in the
recovered genetic material. It is conceivable that mutation of these components or to the
T7 RNA polymerase could optimize protein expression, folding or function, especially
given the unnatural environment of the emulsion.
Optimization of recovery RT-PCR
A critical component of this scheme is the need to recover and reamplify the
entire circuit. Previous efforts (Real time PCR assay described here and in Chapter 3)
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utilize the specific amplification of small (100 bp) segments of the mRNA, indicating that
feedback transcription is achieved. In order to achieve turnover of a round of selection
(i.e., converting the product of an active circuit back into the original dsDNA template
form), the entire 3.5 kb T7 promoter-specific mRNA must be amplified from a complex
mixture of total lysate RNA, including rRNA, cellular mRNA and SP6 transcribed T7
RNA polymerase mRNA.

The recovery of T7 promoter-specific mRNA required

extensive testing to find a reverse transcription and PCR protocol that could recover the
full circuit. Amplification from emulsified control reactions was then tested to ensure
that amplification was enabled by the presence of an active autogene.
The protocol for real time PCR detection of each mRNA includes cDNA
production by Superscript III reverse transcriptase. This step worked efficiently, so
initial cDNA amplification attempts utilized Superscript III followed by various PCR
methods. Recovery PCRs were first attempted using cDNA produced from in vitro
transcribed and purified RNA. The full length recovery PCR worked efficiently and
specifically for T7 promoter produced RNA with large cDNA input (1e9 molecules) and
Taq DNA polymerase (Fermentas).

However, when the input cDNA amount was

lowered to 1e4 molecules, full length product was not generated. Instead, smaller (100 to
1,000 bp) nonspecific products were generated. This recovery PCR was attempted using
a variety of polymerases, including KOD, Fusion and Pfu Ultra. Fusion appeared to
generate a small amount of product, while Pfu Ultra was more efficient, but was prone to
over-amplification (visualized by the product band appearing and then smearing or
changing size). The results from these methods were not robust and were unacceptable
for the selection protocol.
As an alternative to serial reverse transcription and PCR reactions, single-step
RT-PCR reactions were tested. All four combinations of Superscript II and Superscript
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III with Platinum Taq and Platinum Taq High Fidelity were tested (Invitrogen). The
Superscript III-Platinum Taq High Fidelity paring generated the most specific product,
especially with a 6 minute total elongation time (2 minutes per kb). These reagents were
utilized for future experiments.
For this recovery scheme, the reverse primer (used for reverse transcription) will
produce cDNA of both the SP6 initiating mRNA and the feedback mRNA.

The

specificity of the recovery method requires amplification from a unique forward primer
during the PCR step. To test the specific recovery of T7 promoter-produced mRNA, two
emulsified rabbit reticulocyte reactions were prepared. The first contained 1e10 input
templates of the wild type autogene. The second contained 1e10 input templates of a
non-functional autogene expressing an inactive T7 RNA polymerase protein. A cycle
course PCR spanning every 3 cycles from 25 to 37 cycles of PCR resulted in the active
autogene amplifying approximately 9 PCR cycles earlier than the inactive autogene
(Figure 4- 3). Even though the total mRNA levels are approximately the same between
the two reactions, there is differential amplification when using primers that should only
recovery T7 promoter-produced mRNA.
The recovery RT-PCR step was found to be the most technically challenging step
in the selection procedure. Even when the target mRNA was present, typical PCR
conditions were found lacking. This is likely due to the challenge of amplifying a large
RNA found at low concentration. Additionally, the RNA sample can over-amplify within
few PCR cycles, during which the odds of generating amplification artifacts increase.
Adding lysate-derived total RNA to this sample increases these difficulties. For this
reason, care was taken throughout selections to purify input DNA before additional PCR
reactions.
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Figure 4- 3. Selective amplification of mRNA. mRNA produced from an active
autogene compared to an inactive autogene. Two emulsion reactions, each with 1e10
template input were performed and the RNA isolated. Following reverse transcription,
PCR amplification was performed and monitored every 3 cycles from 25 to 37 cycles.
The active autogene reaction mRNA amplified approximately 9 cycles earlier than the
inactive autogene, showing an expected amplification differential.
Rabbit reticulocyte autogene selections
Proof-of-principle: enrichment for active autogene sequences
With autogene dependent self-amplification and differential amplification of T7
promoter-generated mRNA shown possible under ideal circumstances, we sought to test
enrichment of functional autogenes relative to an excess of inactive circuits within a
single, emulsified reaction. Enrichment under these circumstances requires individual
templates in individual compartments, self-amplification of active circuits and then
selective amplification from a mixed population. To test enrichment, a simple, two
member pool was generated containing 10% active autogene templates and 90% inactive
autogene templates. A single round of selection was performed with 1e8 input templates
and analyzed by cloning and template identification (Figure 4- 4). The results of an
initial, PCR-based assay (forward primers hybridize to one template or the other, but not
both) determined that 8 of 10 clones originated from the active autogene template,
88

Figure 4- 4. Enrichment of active autogene sequences. Clones from the Round 1
population were analyzed by PCR and sequencing. The input pool contained 10% active
autogene sequences. After a single round of selection, 8 of the 10 clones were from the
active autogene. The two template types could be distinguished through a sequence
change resulting in two in frame stop codons.
compared to 10% of the input pool. The identity of 9 of the 10 clones was confirmed by
sequencing (the 10th sequencing reaction failed, but can be assumed to be correct based
upon agreement of the other 9 clones across both assays). This enrichment shows the
utility of the autogene configuration for selective enrichment of active circuits.
One potential drawback of this method is shown through the sequencing results.
The clones were partially sequenced to determine the originating template. 6390 bases of
unique sequence were determined in total from 9 clones. Of these 6390 bases, 20 bases
deviated from the expected wild-type sequence, or approximately 3 mutations per kb of
sequence. This is not an entirely unexpected result, given that each cycle of selection
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requires that a template is transcribed, reverse transcribed, amplified by PCR in 3 total
reactions (up to 80 cycles of PCR in total) and 2 gel purification steps. Future selection
cycles were altered to minimize the mutation rate because of this result. Towards this
end, PCR cycles were deliberately minimized by utilizing a large amount of input and gel
purifications were performed using blue-light instead of ultra-violet light.
Library design
Three different pools for selection were designed to possess different levels of
starting, or Round 0, activity. The first pool was a population which originated from the
active autogene sequence with no specifically introduced diversity. It is expected that
during cycles of selection, mutations inherent in the selection process will accumulate,
providing low levels of diversity. This pool should possess high initial activity. A
second pool was also based on the active autogene sequence. This pool was then
amplified using a mutagenic PCR protocol designed to introduce approximately 2
mutations per kb (Fromant, Blanquet et al. 1995). Due to the high initial mutation rate,
the activity of this pool should be lower than the initial autogene sequence, but possesses
more diversity from which to identify an improved autogene. The third pool contained a
completely randomized, 7 amino acid loop centered on the Y639 position of the T7 RNA
polymerase (positions 636-642).

This pool was built using an oligonucleotide

randomized at the codon-level (such that each nucleotide triplet was represented by only
20 unique codons; this technique removes codon redundancy in the library allowing more
unique protein members). The Y639 position makes specific contact with the 2‟OH of
each NTP substrate.

Tolerated mutation at this position have been documented

(primarily tyrosine and phenylalanine) and active clones should be largely predictable by
sequence analysis.

Additionally, due to the high level of randomization (and low
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probability of wild-type T7 RNA polymerase sequences), this pool should initially
possess very low activity.
Selection progression
Two rounds of selection were performed on each of the three libraries described
above. Positive and negative control reactions were performed in parallel with each
round of library selection. The activity of the positive control reactions ranged from 4 to
22% of the total mRNA and across four independent experiments averaged 13.4 ± 7.6%.
The negative control reaction contained an inactive autogene template and averaged 0.8 ±
0.4%. Selection progression, as monitored by real-time PCR, is shown in Figure 4- 5.
This is monitored during each round and is a reflection of the population recovered from
the previous round. Thus, the Round 1 emulsion was recovered, analyzed and amplified
100%

80%
Controls

60%

Round 0
Round 1

40%

Round 2
20%

0%
wt
Inactive Wt starting
Autogene Autogene
pool

2‰

639 loop

Figure 4- 5. Selection progression in Rabbit Reticulocyte lysate. Three starting pools
consisted of the original active Autogene (wt starting pool), a PCR mutated Autogene
pool (2‰ mutation rate) and an Autogene with a completely randomized 636-642 loop
(639 loop library). Two rounds of selection were performed for all pool (Round 2
population activity was not measured for 2‰ or 639 loop libraries). The control
reactions are averages of individual reactions run in parallel with each round of selection.
Error bars represent ± one standard deviation.
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to generate the input for Round 2. The analysis during Round 1 reflects the starting (or
Round 0) population. This analysis also functions as a quality control point for current
round of selection.
The relative activity of the starting populations (Round 0 pools) was as expected;
the active autogene possessed the highest activity (11.0%) followed by the 2‰ PCR
mutated population (4.3%) and the 639 loop pool was close to background (1.0%).
Functional sequences were recovered and amplified for the second round of selection.
An initial attempt at Round 2 showed a significant decrease in activity for all samples,
including the active autogene control reaction. Due to this, Round 2 was repeated with a
successful outcome. A third round of selection was attempted with the wild-type R2
population.

This population showed a dramatic increase in activity by real-time

PCR(approximately 90%; Figure 4- 5), but the RNA recovered from Round 3 could not
be amplified due to the rapid generation of non-specific amplicons. The results of a
cycle-course reverse-transcription-PCR attempt to recover Round 3 are shown in Figure

WT R3
Figure 4- 6. Recovery PCR from wild-type selection Round 3. PCR cycle-course was
stopped every 5 cycles from 15 cycles to 30 cycles and analyzed on a 1% agarose gel.
Red arrow denotes expected size of the specific recovery product (3.5 kb).
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4- 6.
Sequence analysis of Wild-type Round 2
Six full length constructs were fully sequenced from Round 2 of the wild-type
starting selection. The T7 RNA polymerase genes of all six clones were extensively
mutated at both the DNA and protein level. Even though the starting construct was not
deliberately mutated, the clones from Round 2 averaged twelve DNA mutations per gene,
resulting in an average of nine amino acid changes. Although the genes were heavily
mutated, none of the mutations resulted in the generation of a stop codon. Additionally,
the amino acids responsible for promoter and incoming NTP recognition were not found
to be altered. Only one position, I479, was found mutated more than once; both I479V
and I479T were identified in WR2b #1 and #9, respectively. All identified mutations
were mapped to the T7 RNA polymerase gene by amino acid number, and compared to
the functional domains (Figure 4- 7). While the 3‟ 2/3rd of the T7 RNA polymerase gene
is fairly constantly mutated, the 5‟ 1/3rd corresponding to the N-terminal domain appears
noticeably less so. The per-position average number of mutations in the N-terminal
domain is half (0.027 mutations per amino acid) of the whole gene average (0.055

N-terminal

Thumb

Palm

Fingers

Palm

Figure 4- 7. Location of mutations within T7 RNA polymerase gene. Round 2
population from the wild-type starting pool. Mutations (blue dots) are plotted by amino
acid position from the N-terminus. Below is an approximate mapping of the major
functional domains.
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mutations per amino acid). This could possibly indicate intolerance to mutations in this
region, as the N-terminal domain is known to undergo a major structural rearrangement
between transcription initiation and elongation (Yin and Steitz 2002). The amino acid
sequences all all six clones are presented in Table 4- 1.

WR2b #1

WR2b #2

WR2b #8

WR2b #9

WR2b #13

WR2b #14

Y 178 C

F 11 L

I 109 T

I 330 V

F 432 L

E 168 G

I 320 V

R 50 C

W 278 R

I 367 V

T 445 M

I 396 T

N 339 D

H 176 R

M 306 V

D 368 N

T 566 A

F 880 Y*

M 420 I

K 179 E

K 387 E

K 389 R

S 641 P

I 479 V

F 408 L

F 509 L

G 456 S

V 693 I

K 494 R

E 800 G

L 534 Q

I 479 T

M 750 V

N 579 S

C 839 R

K 741 E

L 616 P

I 769 V

V 625 G

F 880 Y*

W 797 R

I 804 T

D 820 G

V 629 A

F 825 S

S 878 P

F 880 Y*

G 645 S

F 880 Y*

F 880 Y*

I 681 V
K 773 E
T 835 I
F 880 Y*

Table 4- 1. Sequences from Round 2 of the wild-type starting pool. F880Y was
determined to have been inadvertently introduced to the starting pool.
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One common amino acid deviation from wild-type sequence was noticed in all six
clones (F880Y). However, sequencing the starting pool determined that this mutation
was inadvertently introduced through an error in the reverse primer design.

This

mutation is four amino acids from the carboxy-terminus of the T7 RNA polymerase, in a
region known to play a role in transcription initiation. Gardner et al. tested a variety of
T7 RNA polymerases with mutations in amino acids 880 to 883, but never tested the
F880Y mutation (Gardner, Mookhtiar et al. 1997). The SP6 RNA polymerase contains a
phenylalanine at the homologous position; Y871 (Dobbins, George et al. 2004). Also,
this mutation was identified as one of five mutations which result in a more thermostable
T7 RNA polymerase (Sugiyama, Nishiya et al. 2009). Cumulatively, this makes it
unlikely that this mutation has deleterious effects, and may, in fact, positively affect T7
RNA polymerase activity.
Sequence analysis of 639 Round 2
Two full length clones were identified from Round 2 of the 639 pool and partially
sequenced. Of these two clones, one (639R2 #4) contains the wild-type sequence in the
library region. However, the library generating primer contained a silent mutation as a
mechanism to determine the origin of selected sequences that this clone did not contain.
Thus it appears most likely that this sequence did not originate from the randomized
library, but was introduced at some point either during or after library construction. The
second clone (639R2 #6) did contain the intended silent mutation. In the randomized 636
to 642 region, the wild-type amino acid sequence is T L A Y G S K. The 639R2 #6
sequence is W M W V C S K. Thus, 2 of the 7 randomized positions (S641 and K642)
were wild-type.

The most unusual mutations resulted in tryptophans; T636W and

A638W. The valine at position 639 (Y639V) is a mutation that has been identified in
previous selections of T7 RNA polymerase, and was shown to be active (Chelliserrykattil
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and Ellington 2004). Interestingly, the Y639V mutation was shown to increase the
ability of T7 RNA polymerase to incorporate a variety of 2‟ modified substrates. T7
RNA polymerase variants from this selection should be similarly evaluated for their
substrate specificity.
Artifact generation from Round 2 populations
The amplification failure after Round 3 of the wild-type selection led us to clone
and sequence the Round 2 products. Fifteen clones from wild-type Round 2 were fully
sequenced, and ten clones from 639 Round 2 were partially sequenced. We deliberately
did not gel purify the insert for cloning in order to obtain a complete view of the
population. Even though appropriately sized insert DNA for cloning was the only visible
band by agarose gel, nine of fifteen wild-type Round 2 and eight of ten 639 Round 2
clones were small PCR artifacts missing the majority of the EMCV IRES and T7 RNA
polymerase gene. The high fraction of artifacts generated through cloning likely reflects
a cloning bias for short inserts and does not appear to be indicative of the relative
concentrations of each, as visualized by agarose gel electrophoresis.
Each artifact contains the forward recovery primer site, the SP6 promoter and the
3‟ end of the T7 RNA polymerase gene, including the reverse primer site; the EMCV
IRES and the majority of the T7 RNA polymerase gene are deleted (Figure 4- 8). All
artifacts sequenced deviate from the intended forward sequence before or during a C-rich
stretch (underlined) at the beginning of the EMCV IRES sequence:
GAAGAGGGGAGACCACAACGGTTTCTCCGCCCCTCTCCCTCCCC
CCCCCCTAACGTTACTGG
Artifact sequence breaks from the reverse direction occur approximately tens to hundreds
of nucleotides from the 3‟ end of the T7 gene; the exact location was seen to be highly
variable. All artifacts contain the T7 promoter specific real time primer-probe sequence
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T7

SP6

IRES/
RBS

T7 RNA polymerase

Term

Figure 4- 8. Graphic depiction of amplification artifacts. The SP6 produced
transcripts (Green) do not contain the forward primer sequence (Red). T7 produced
transcripts (continuous Blue line) do and are amplified preferentially. Amplification
artifacts (discontinuous Blue line) contain large internal deletions (represented by Red
dashed line) which remove the entire EMCV IRES and most of the T7 RNA polymerase
gene, leaving only the forward primer sequence, the SP6 promoter and the 3‟ end of the
T7 RNA polymerase gene containing the reverse primer.

but not the „All‟ primer-probe sequence. It is possible that the inactive, artifact sequences
contribute to the large increase in pool activity seen in the wild-type Round 2 real-time
PCR assay and the inability to recover full-length product from Round 3 (Figure 4- 5).
Wheat germ autogene selections
The wheat germ T7 autogene also appeared to function, though weakly, in
emulsion (autogene feedback transcription increases to 3% of „All‟ mRNA, or 10-fold
over inactive autogene feedback transcription).

Because the weak feedback RNA

production was not improved though design changes, we attempted to select for
improved circuit performance.

Input to the first round of selection was the active
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autogene construct. T7 specific mRNA was recovered from Round 1 emulsion and
amplified to generate input for Round 2. This recovery and the subsequent regeneration
PCRs all performed as intended, specifically amplifying DNA of the expected size.
However, small, nonspecific DNA was generated in this reaction as well. This was seen
as a continuous smear ranging from approximately 100 to 500 bp. Gel purification of the
correct size band appeared to prevent these species from amplifying in subsequent PCR
reactions.

However, these species became prevalent during the recovery and

reamplification of Round 2.

T7 promoter specific mRNA could be detected and

amplified, but only with the specific forward primer and an alternative reverse primer that
was located half way into the T7 RNA polymerase gene. When full-length mRNA
amplification was attempted, the full-length product could not be visualized. Round 2
was attempted five different times, using slight changes in purification method, starting
material or changing the reverse primer sequence, with no noticeable change in outcome.
Challenges for future emulsification and self-replication
These attempts at selection highlight the ongoing difficulty in iteratively cycling
transcription, reverse transcription and PCR amplification of a large mRNA.

This

process is both highly mutagenic, likely due to the combined mutation rates of each
polymerase involved (Arezi and Hogrefe 2007), and it also is prone to generating smaller,
contaminating amplicons.

An added level of difficulty results from the amount of

material recovered. An input of 1e9 DNA template molecules typically results in the
recovery of 1 to 5% (1e7 molecules) of „All‟ mRNA. Of this population, only 1 to 20%
are T7 promoter specific mRNA. This small amount of material requires recovery
amplification in the 25 to 40 PCR cycle range. The amplification at this step provides a
mechanism to generate both the high mutation accumulation as well as amplicons.
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It is possible that improvements to the current method can solve these issues.
Specifically, determining better emulsion and lysate conditions may improve the mRNA
production, stability and recovery, which could result in lower recovery amplification.
Additionally, a strategy to change the reverse recovery primer sequence between rounds
may slow the generation of truncated PCR artifacts.
CONCLUSIONS
We have built a synthetic, self-replicating system using a small number of
regulatory and functional components. This is the first example of a cell-free selfreplicating system which utilizes nucleic acid and protein stages.

This system is

dependent upon transcription and translation machinery provided by the host platform
(cell free lysate). In this way, this system replicates using a strategy similar to viruses,
where the information required for self-replication is encoded genetically but metabolic
and replication machinery is provided by the cellular host. The self-replicating system
functions in water-in-oil emulsions, providing a mechanism to link genotype to
phenotype and ensure the system functions as a clonal genetic unit.
Both natural and synthetic replication systems are prone to generating parasites.
Some parasites can take advantage of replication size or efficiency to propagate
disproportionately to their fitness. Others require resources produced by independent
members of the population, negating the requirement that they encode the function. A
naturally occurring example is the hepatitis delta virus, which requires coat proteins
produced by the hepatitis B virus to propagate (Taylor 2006). In this case, co-infection is
required for hepatitis delta packaging and thus additional infection by hepatitis delta.
Many laboratory molecular replication processes have generated parasites, most
prominently isothermal nucleic acid amplification.

This amplification scheme, also

referred to as self-sustained sequence replication (3SR), was modeled after retroviral
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replication strategies involving transcription of a DNA template to RNA, which is then
converted back to DNA by reverse transcription (Guatelli, Whitfield et al. 1990). When
3SR is utilized for the amplification step of in vitro selection of functional nucleic acids,
RNA species which replicate efficiently dominate the population, regardless of the
functional selection (Breaker and Joyce 1994; Marshall and Ellington 1999). Perhaps the
most astonishing example of this effect is seen in the first reported in vitro nucleic acid
selection.

The Qβ RNA-dependent RNA polymerase, given time and nucleotide

triphosphates, will produce a self-replicating RNA in the absence of starting template
(Kacian, Mills et al. 1972).
Similarly, and unsurprisingly, iterative cycles of self-replication of the in vitro
autogene generated molecular parasites. The exact mechanism by which these parasitic
species are generated is unknown. Compartmentalization is intended to prevent resource
sharing among individuals within the population; however, partitioning of individuals
cannot be strictly enforced. More likely, these species rely on their size and amplification
efficiency, as well as the long amplification cycle used to amplify the intended product.
Future efforts with the in vitro autogene for directed evolution will require that this issue
is addressed.
In spite of this, the compartmentalized in vitro T7 autogene is an interesting
platform to study evolvable, self-replicating systems.

One advantage of this

implementation is the acellular nature of the system. Transcription and translation can be
utilized in the absence of constraints inherent to growing cells. The autogene system can
be envisioned as the replication machinery of future generations of increasingly complex
logical and functional components, including the ability to tolerate unnatural genetic and
chemical components that would otherwise be toxic to cellular systems.
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MATERIALS AND METHODS
Oligonucleotide and Template Sequences
Oligonucleotides were ordered from Integrated DNA Technologies (IDT) or, in
the case of oligonucleotides with randomized positions, produced in house. For a full list
of oligonucleotide sequences see Table 4- 2 and for a full list of template sequences see
Appendix A.
Template preparation
RNA polymerase genes were cloned with initiating promoters and translation
initiation sequences into a cloning vector (pCR4topo from Invitrogen or ED designed and
built pASK-MCS1). Positive feedback promoters were not included in initial cloned
constructs to prevent transforming toxic autogene constructs into E. coli.

Cloned

constructs were then used as templates for PCR with Platinum Taq Hi Fidelity
(Invitrogen) in order to add on the feedback promoter and 3‟ untranslated region.
Autogene PCR#1 utilized ED.T7.lamin F and ED.T7.new3utr.addon R. 10ng of plasmid
was included as starting material and cycled 15 times in 100 µL with anneal temperature
of 55º C and an elongation time of 3 minutes and 30 seconds. This PCR product was
purified with 1% agarose using Wizard Gel and PCR Clean-Up System (Promega).
Autogene PCR#2 utilized ED.5bio.extend.T7.shortlamin F and ED.5bio.T7.seq1.term R.
10ng of gel purified autogene PCR#1 was included as starting material and cycled 15
times in 100 µL with anneal temperature of 55º C and an elongation time of 3 minutes
and 30 seconds.
Template purification for in vitro transcription and translation
Autogene PCR#2 is purified for translation by phenol extraction and sodium
acetate precipitation.

200 µL of autogene PCR#2 are added to 200 µL of 25:24:1
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phenol:chloroform:isoamylalcohol pH 7.9 (Ambion), vortexed to mix and centrifuged to
separate the aqueous from the organic phase. The aqueous phase is removed and added
to 200 µL of chloroform, vortexed to mix and centrifuged to separate the aqueous from
the organic phase. The aqueous phase is removed and added to 20 µL of 3 M sodium
acetate, 1 µg glycogen and 500 µL 100% ethanol to precipitate. This solution is stored at
-80º C for 1 hour and then centrifuged at 13,000x G and 4º C for 1 hour. The supernatant
is removed and the pellet washed with 70% ethanol before it is air dried and resuspended
in 100 µL water. This solution typically contains 50 to 100 ng template per µL and is
quantified on agarose gel with DNA quantitation standards.
Emulsion in vitro transcription and translation reactions
Individual tubes (Sarstedt, 95 x 16.8mm polypropylene) are set up containing the
oil-surfactant mixture and placed on ice.

Because of the viscosity of the oil and

surfactants, positive displacement pipettors are used. A 50µL in vitro transcription and
translation reaction is prepared. All the reagents are kept on ice to prevent premature
initiation of transcription and translation and the template is added immediately before
emulsification.

In general, 4 ng (1e9 molecules) of template will be added to an

emulsified reaction. A stir bar (Spinplus 9.5 x 9.5mm Teflon stir bar) is added to the tube
containing the oil-surfactant mixture. The tube is moved into a beaker containing ice
water on top of a magnetic stir plate and stirred on the „high' setting for 1 min. While
stirring the oil-surfactant mixture, the 50µL in vitro transcription and translation reaction
is added drop-by-drop over 1 minute and then stirred for 4 additional minutes. The
emulsified reaction is incubated at the temperature indicated for 2 hours.
The emulsion reaction is stopped by placing the tube on ice for 10 minutes and
adding Stop Solution (50 mM Tris pH 7.0, 50 mM EDTA) to bring the aqueous volume
to 100 µL total. The emulsion is broken by vortexing the reaction with 1 volume organic
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solvent (chloroform for emulsified rabbit reticulocyte and diethyl ether for emulsified
wheat germ and E. coli reactions). The reaction is centrifuged at 13,000x G to separate
the aqueous phase from the organic phase. A waxy plug, presumably composed of the
emulsifying reagents, forms between the aqueous layer and the organic phases at this
step. The aqueous phase is removed for analysis.
Nucleic acid purification from in vitro transcription and translation reactions
The final reaction or samples collected at time points are brought to a total
volume of 100 µL through the addition of Stop Solution (50 mM Tris pH 7.0, 50 mM
EDTA). This solution is added to 400 µL of Trizol reagent (Invitrogen) in a 1.5 mL
Phase Lock tube with heavy gel (5 Prime). The tube is shaken and incubated for 2
minutes at room temperature to denature the reaction. 150 µL of chloroform is added, the
tube shaken and incubated for 2 minutes to allow the phases to separate. The tube is
centrifuged at 13,000x G at room temperature for 2 minutes, locking the organic phase
below the heavy gel. The aqueous phase is removed and precipitated by addition of 1 ug
of glycogen and 0.7 volume equivalents isopropanol. Typical volumes are 330 µL
aqueous added to 230 µL isopropanol. This is incubated at room temperature for 15
minutes and centrifuged at 4º C for 30 minutes. The supernatant is removed and the
pellet washed with 70% ethanol before it is air dried.
Digestion of input DNA template
The DNA template is digested from the nucleic acid preparation by Turbo DNase
(Ambion). The pellet is resuspended in 43 µL water and 0.1 volumes 10x DNase buffer,
2 U Turbo DNase and 40 U RNasin Plus RNase inhibitor (Promega) are added, bringing
the final volume to 50 µL. The DNase reaction is incubated at 37º C for 30 minutes. 0.1
volumes DNase Inactivation Reagent is added and mixed gently for 2 minutes. The
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DNase Inactivation Reagent is then pelleted by centrifugation at 13,000x G for 2 minutes
at 4º C. The supernatant is removed and stored at -20º C. The quality of the RNA
preparation can be assessed for consistency between samples by absorbance at 260 nm.
The total nucleic acid concentration will vary between lysate types, but the total nucleic
acid concentration can be monitored for loss of material at any step in the extraction and
purification process.
Analysis of mRNA production
cDNA production
For real time PCR, purified RNA is converted to cDNA by reverse transcription
with SuperScript III reverse transcriptase (Invitrogen). 5 µL (10%) of the total RNA
preparation are reverse transcribed in a 20 µL reaction. This reaction is set up in two
stages. First, RNA is added to 2 pmol ED.T7.new.RT.seq1 R and 2.5 µL of 4 mM dNTP
in 13 µL total volume. This is incubated at 65º C for 5 minutes and then on ice for at
least 1 minute. Second, 4 µL of 5x RT Buffer, 1 µL 0.1 M DTT, 40 U RNasin Plus
RNase inhibitor and 200 U SuperScript III reverse transcriptase are added, bringing the
total volume to 20 µL. The reaction is incubated at 55º C for 1 hour and then the
terminated at 70º C for 15 minutes.
In parallel to the reverse transcription, a negative control reaction is prepared.
This reaction contains the same input RNA amount as the reverse transcription, but
SuperScript III reverse transcriptase is not added. This „no RT‟ reaction is important to
determine reverse transcription-independent background levels during subsequent
amplifications.
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Real time PCR analysis
The relative amount of mRNA is evaluated by real time PCR with a 7300 Real
Time PCR System (Applied Biosystems). Reaction conditions are 0.5x volumes 2x
FastStart Universal Probe Master with Rox (Roche), 0.9 µM forward and reverse primer
(each), 0.25 µM taqman probe in a 25 µL reaction. The reverse transcription reaction is
diluted from 20 µL to 100 µL with water and then 10 µL (10%) is added as input to the
real time PCR reaction. The cycling parameters are 1) 2 minutes at 50º C 2) 10 minutes
at 95º C and 3) 40 cycles of 15 seconds at 95º C, then 1 minute at 60º C. Typical
reactions were set up in triplicate for reverse transcribed input and single reactions for noRT negative control reactions. Additionally, a no-input, negative control real time PCR
was used to ensure reagents had not been contaminated with amplicons that could give a
false positive signal.
Each autogene sample is analyzed by real time PCR with at least two separate real
time primer-probe sets in separate reactions. One real time primer-probe set, referred to
as the „All‟ or „All transcription‟ primer-probe set, specifically amplifies a sequence
contained within the T7 RNA polymerase gene. This sequence will be present in a
transcript produced from either the SP6 promoter or the upstream T7 promoter. The
second real time primer-probe set, referred to as the „PT7 specific‟ or „PT7 transcription‟
primer-probe set, specifically amplifies a sequence present only in transcripts from the T7
promoter. This sequence is derived from the lamin A/C primer-probe set but with a
potential start codon removed. Early experiments also utilized a third real time primerprobe set, which amplified a sequence present in the 16S or 18S ribosomal RNA. This
reaction was included for quality control between experiments and acted as a positive
control.
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Real time data is analyzed with 7300 System Sequence Detection Software v1.3.1
(Applied Biosystems). Cycle threshold (Ct) values are automatically determined and
exported to Excel.

Cycle threshold values are compared to internal controls or

quantitation standards to determine relative or absolute cDNA input levels, respectively.
Relative cDNA levels are calculated by comparing cycle threshold values within a
sample. The „All transcription‟ cycle threshold value is subtracted from the „PT7 specific‟
cycle threshold value to determine the ΔCt.

The fraction of total mRNA which is

produced from the T7 promoter can be estimated from the ΔCt by assuming that one
cycle difference is a 2-fold difference in input material, using the formula

Fraction of total mRNA = 1/(2ΔCt)

Absolute cDNA levels are determined by utilizing gel purified DNA quantitation
standards to generate a standard curve. Real time PCR is performed on 2e2, 2e4, 2e6 and
2e8 molecules of gel purified Autogene PCR#1 (one double stranded DNA template is
counted as 2 molecules for real time quantitation) and the Ct values determined as above.
For each real time primer-probe set, the Ct values (y-axis) are graphed versus the log of
the input amounts (x-axis) and a linear trendline is calculated, of the form

Ct = (m)*(log (input number of molecules)) + (b)

Where m is the slope and b is the y-intercept of the trendline. This equation is rearranged
to give the relationship between the calculated input amount and the experimentally
determined Ct value
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Input number of molecules = 10(Ct – b)/m

Reverse transcription and PCR for autogene recovery and reamplification
Reverse transcription and PCR amplification of full length mRNA is performed in
a single-step reaction using Superscript III one step RT-PCR System with Platinum Taq
High Fidelity (Invitrogen).

1 µL of enzyme mix, 5 µL (10%) of the total RNA

preparation, 2 pmol each ED.lamin recovery F.1 and ED.T7.new.RT.seq1 R are added to
a 50 µL RT-PCR. Buffer, 0.2 mM of each dNTP and 1.2 mM MgSO4 are supplied as a
2x Reaction Mix. This is incubated at 55º C for 30 minutes and then cycled from 94º C
for 15 seconds, 55º C for 30 seconds and then 68º C for 6 minutes for 25 to 40 cycles.
To determine the exact number of PCR cycles, a cycle course PCR is performed.
A 50 µL RT-PCR reaction is assembled and then divided into 4 tubes of 12.5 µL each.
Typically, a tube is cycled for 25, 30, 35 or 40 cycles and then placed on ice until
analyzed on a 1% Seakem LE gel in TAE buffer. A 100 µL RT-PCR is set up and cycled
in accordance with the cycle course.
The recovery RT-PCR is gel purified for regeneration of the autogene template
for analysis and additional selection. This protocol is the same as described in „Template
Preparation‟ and „Template purification for in vitro transcription and translation‟.
Briefly, autogene PCR #1 adds the T7 promoter back to the construct. Autogene PCR #2
incorporates the biotinylated 5‟ ends and adds the T7 terminator sequence back to the
template. PCR #2 is then purified for use as template for in vitro transcription and
translation.
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Amplification
TTCTAATACGACTCACTATAGGGAGCATT
ED.T7.lamin F

GATCGCTTGGCGGTCTACATCGACCGTGT
GCGCTCGCTGGAAACGGAGAACGCAGGG

ED.lamin recovery F.1

GACCGTGTGCGCTCGCTGGAAACGGA
GCTGATCGGCTGAGCATGGAGATCATCTA

ED.T7.new3utr.addon R

GCCAGGGTCAACGATGCTGttattacgcgaacgcg
aagtccgactctaagatg

ED.T7.new.RT.seq1 R

GCTGATCGGCTGAGCATGGAGATC

ED.T7.new.recovery.seq2 R

CTAGCCAGGGTCAACGATGCTG
AAAAACCCCTCAAGACCCGTTTAGAGGCC

ED.T7.new.regenerate.term

CCAAGGGGTTATGCTAGCTGATCGGCTGA

R

GCATGGAGATCATCTAGCCAGGGTCAACG
ATGCTGttatta
/5Biosg/TTTGGGAATCCCTCTTCTAATACG

ED.5bio.extend.T7.shortlam
ACTCACTATAGGGAGCATTGATCGCTTGG
in F
CGGTCTACATCGACCGTGTGCG
/5Biosg/AAAAACCCCTCAAGACCCGTTTAG
ED.5bio.T7.seq1.term R

AGGCCCCAAGGGGTTATGCTAGCTGATCG
GCTGAGCATGGAGATC

Cloning
ttcccgggcccagccggccGACCGTGTGCGCTCGCT
ED.SfiI.L.lamin recovery
GGAAACGGA
F.1
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ED.SfiI.R.T7.new.recovery.

ccgatcggcccccgaggccCTAGCCAGGGTCAACG

seq2 R

ATGCTG

Sequencing
T7 51 R

CGATGTCAGAGAAGTCGTTCTTAGCG

ED.T7 500 R

CGTTTTTCTTGAAGTGCTTAGCTTCAAGGT

ED.T7 1100 R

CTTCCGGTTTCATCGGGAGTTCTTCACGCT
TTCTCCAGTGGAGACTTAGCGCAAGCCAT

ED.T7 1500 R
G
TGTGCCCACACTACAGTCTTACGAAGGTG
ED.T7 2400 R
G
CCGCCAAGCCTCTCATCACTACCCTACTC
T7 268 F
C
CTCGGTGGCGAGGCGTGGTCTTCGTGGCA
T7 648 F
T
T7 892 F

CATTACTGGTGGTGGCTATT

T7 1342 F

AATGTTCAACCCGCAAGGTA

T7 1787 F

TCAACGAGATTCTACAAGCAGA

T7 2239 F

TCCTGATGGTTTCCCTGTGT

Real time PCR
ml.rt.t7.f

GCTCTCACCGCGTGGAAA

ml.rt.t7.r

AGACTTGCGAGCCTTGTCCTT
/56-fam/TGCTGCCGCTGCTGTGTACCG/bhq-

ml.rt.t7.tmp
1/
ED.lamin.modRT.F

TTGATCGCTTGGCGGTCTAC
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ED.lamin taqman probe

/56-fam/TCGACCGTGTGCGCTCGCTG/bhq-1/

ED.lamin real time R

GCCCTGCGTTCTCCGTTT

Table 4- 2. Primer names and sequences. Oligonucleotides used for amplification,
sequencing and real-time PCR.
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Chapter 5: Unnatural base pair recognition in protein-nucleic acid
regulation
INTRODUCTION
One focus of synthetic biology is to generate unnatural systems which mimic
natural systems in order to rationally test biological design principles and expand the
functional capacity of natural systems. Application of this principle to nucleic acid
chemistry has led to the creation of unnatural base pairs which utilize rearranged
hydrogen bonding or hydrophobic shape complementarity for specific recognition
(Moran, Ren et al. 1997; Minakawa, Kojima et al. 2003; Hirao, Harada et al. 2004; Lai
and Kool 2004; Liu, Gao et al. 2004; Yang, Hutter et al. 2006). These bases have led to a
better understanding of how biophysical parameters such as repeating charge, shape
complementarity and hydrogen bonding affect genetic systems (Benner and Sismour
2005; Krueger and Kool 2009). Use of unnatural nucleic acids has also led to insight into
mechanisms through which DNA polymerases recognize base pairings and enforce
replication fidelity (Jung and Marx 2005).
The availability of unnatural base pairs which coexist in double-stranded DNA
with natural base pairs has opened up the possibility of an expanded genetic code
supporting complex biological reactions. The most elegant unnatural base pairs are
compatible with genetic replication and transcription, acting as substrates for template
directed enzymatic polymerization (Piccirilli, Krauch et al. 1990; Hirao, Kimoto et al.
2006; Yang, Sismour et al. 2007). Unnatural base pairs can be envisioned expanding
amino-acid encoding capacity beyond the 64codons available naturally. Two unnatural
base pairs have been shown capable of supporting codon-anticodon recognition during in
vitro translation (Bain, Switzer et al. 1992; Hirao, Ohtsuki et al. 2002; Hirao, Harada et
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al. 2004). Expanding this concept, Fukunaga et al. describe a tRNA synthetase variant
capable of charging a tRNA containing an unnatural base in the anticodon, while the
original synthetase did not (Fukunaga, Harada et al. 2008). Thus, unnatural base pairs are
compatible with the major biological processes involved in gene maintenance and
expression, from replication to transcription and translation.
The goal of this work is to examine the effect of unnatural base pairs in a
biological system requiring protein-DNA interactions. Specificity in protein-nucleic acid
interactions is required to regulate expression of genetically encoded information. We
examine the effect of the unnatural base pairs isoG:isoC and dZ:dP in the T7 promoter
using the in vitro T7 transcription system. Unnatural base pairs were substituted in a
region of the promoter which is directly recognized by the T7 RNA polymerase. A series
of T7 RNA polymerase variants are tested for altered specificity. Through this, we
explore the potential for protein tolerance and recognition of unnatural base pairs in
biological regulatory systems.
RESULTS AND DISCUSSION
T7 RNA polymerase specificity
T7 recognizes its cognate promoter through a series of contacts between the
specificity loop (amino acids 739 to 770) and the major groove of the promoter (bases -7
to -11 from the transcription start site). Additional minor groove contacts are made
between the beta-intercalating hairpin and the A/T recognition loop to A/T rich regions of
the promoter (-1 to -4 and -13 to -17, respectively; (Cheetham, Jeruzalmi et al. 1999)).
The primary promoter sequence determinant among various members of the T7 family of
phage RNA polymerases is though the specificity loop.

Numerous studies have

determined amino acid mutations in this region which alter promoter sequence specificity
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Figure 5- 1. Promoter recognition by T7 RNA polymerase. Four bases in the
specificity loop contact the promoter from the major groove. Base pairs from -9 to -7
were replaced by unnatural base pairs (in both orientations). The polymerase contacts
these positions in the template strand of the promoter (template designated „t‟; nontemplate strand designated „nt‟).
(Raskin, Diaz et al. 1993; Rong, He et al. 1998). For example, a single asparagine to
aspartic acid mutation at amino acid 748 causes T7 RNA polymerase to utilize the T3
promoter (Raskin, Diaz et al. 1992). However, the ability to extensively modify this
region is likely constrained by the role of the specificity loop in the transition from the
promoter binding structure to the elongation structure, where it contacts the elongating
RNA (Temiakov, Mentesana et al. 2000).
Within the specificity loop, amino acids at position 746, 748, 756 and 758 make
contact with promoter positions -7, -11, -9 and -8, respectively (Figure 5- 1). Crystal
structures of the T7 RNA polymerase bound to the promoter suggest molecular
mechanisms for this specificity (Cheetham, Jeruzalmi et al. 1999; Cheetham and Steitz
1999; Yin and Steitz 2002; Durniak, Bailey et al. 2008). Arginine 746 and Arginine 756
appear to contact guanine -7 and -9 in the template strand though hydrogen bonds to the
N7 amine and the C6 carbonyl. Asparagine 748 similarly contacts guanine -11 in the
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nontemplate strand, with the C6 carbonyl contact likely utilizing a water molecule.
Glutamine 758 makes contact to the -8 adenine through the N7 amine and C6 amino
group.
The McAllister lab tested nucleotide specificity at each position in the T7
promoter against the T7 RNA polymerase through a variety of single base-pair
substitutions (Imburgio, Rong et al. 2000).

Their results neatly illustrate the near

absolute sequence requirement for nucleotides at -9, -8 and -7 compared to the rest of the
promoter. Because of the exquisite level of characterization of the T7 transcription
system, it is an ideal model system in which to test the effects replacing natural base pairs
with unnatural base pairs in the context of a protein-nucleic acid genetic regulatory
system.
Assay design
To monitor promoter recognition and utilization with unnatural base pair
substitutions, single base pair substitutions were made at three positions in the T7
promoter by incorporation during chemical oligonucleotide synthesis. Complementary
oligonucleotides were hybridized to produce a double stranded template DNA. The -7, -8
or -9 positions were replaced in both orientations by isoG:isoC or dP:dZ base pairs, for a
total of twelve templates containing an unnatural base pair. The promoter activity was
assayed after one hour of transcription. These two unnatural base pairs were utilized
because they rely on hydrogen bonding for complementary base recognition, similar to
but with rearranged hydrogen bond complementarity as compared to natural base pairs,
and they are available through commercial oligonucleotide synthesis or from
collaborators (Integrated DNA Technology and the Benner Lab at the Foundation for
Applied Molecular Evolution).
117

C

G

isoC

isoG

T

A

dZ

dP

Figure 5- 2. Structure of natural and unnatural base pairs. dZ:dP is chemically
analogous to C:G in the minor groove, while isoC:isoG is chemically analogous to T:A in
the major groove. Hydrogen bond patterns are unique for each base pair.
isoG:isoC base pairs in the T7 promoter
The isoG:isoC base pair derives its name from rearranged functional groups of a
natural G:C pair (Figure 5- 2). This arrangement results in a unique hydrogen bond
pattern that is distinct from both A:T and G:C pairs while utilizing the same functional
groups. From the minor grove, the isoG:isoC base pair is chemically different from both
of the natural base pairs. However, the functional groups presented in the major groove
are indistinguishable in identity and location from an A:T base pair. Our expectation is
that an A:T base pair should be functionally identical to an isoG:isoC base pair when
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recognized from the major groove. To assess this, the -7, -8 and -9 positions of the T7
promoter were replaced with the isoG:isoC base pair in both orientations.
The ability of T7 RNA polymerase to utilize a promoter containing an isoG:isoC
base pair is dependent upon the location and orientation of the base pair (Figure 5- 3).
The presence of isoC in the template strand does not lead to productive transcription with
isoC at any position tested. This result agrees with published data finding that T7 RNA
polymerase does not recognize thymine in the template strand (Imburgio, Rong et al.
2000). When isoG is in the template strand, transcription is dependent upon the specific
location of the base. Transcription is not detected with isoG in the -9 position of the
template strand and is low when isoG is at -7. Both the -9 and -7 locations contain a
guanine base in the wild-type promoter sequence. Low utilization of isoG at -7 is
unexpected based on data from Imburgiou et al. Transcription levels with isoG in the -8
position are close to transcription levels with the wild-type promoter which contains an

1.0
0.8
isoC
isoG
dZ
dP

0.6
0.4
0.2
0.0
-9 (G)

-8 (A)

-7 (G)

Figure 5- 3. Transcription from promoters containing unnatural base pairs.
Transcription activity is listed as a fraction of the wild-type promoter. The bases listed
correspond to the base in the template strand; bases in parenthesis are the wild-type
sequence at that position.
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adenine at that position. This result agrees with the hypothesis that isoG will behave as
an adenine when recognized from the major groove.
dP:dZ base pairs in the T7 promoter
The dP:dZ base pair (dZ: 6-amino-5-nitro-3-(1'-β-D-2'-deoxyribofuranosyl)2(1H)-pyridone;

dP:

2-amino-8-(1'-β-D-2'-deoxyribofuranosyl)-imidazo[1,2-a]-1,3,5-

triazin-4(8H)-one) is more chemically divergent from natural base pairs than isoG:isoC
(Figure 5- 2). From the minor groove, dP:dZ is chemically identical to a G:C base pair.
However, the dZ base is pyridone rather than pyrimidine-based and is connected to the
deoxyribose sugar through a carbon-carbon rather than N-glycosidic bond. Additionally,
in place of hydrogen (cytosine) or a methyl group (thymine) off the C5 position, there is a
nitro group. This provides a potentially unique functional group to mediate major groove
recognition. dP resembles a purine base, but with a carbon at the 7 position rather than
an N7 amine. This removes a critical hydrogen bond acceptor utilized for recognition
from the major groove. While dP functionally diverges from guanine, it does maintain a
common C6 carbonyl.
Transcription levels from templates with dP:dZ substitutions were low or
undetected at all positions (Figure 5- 3). Since this base pair is more dissimilar to natural
base pairs than isoG:isoC, this result is unsurprising.

Templates containing the

pyrimidine-like dZ have low activity at the -9 position of the template strand, and activity
was near background at positions -8 and -7. This latter result is similar to replacement at
-8 and -7 by isoC. dP appears capable of weakly substituting in the template strand at all
3 positions tested, though the exact activity varied by substitution position without
correlating to the native template nucleotide.
It was expected that dP would be a more acceptable substitution for guanine than
adenine because of the presence of one of two recognition points in guanine and zero of
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two in adenine. This is especially true because both the -7 and -9 positions within the T7
promoter are contacted by an arginine in the specificity loop of T7 RNA polymerase.
Indeed, the -8 position, where dP replaces an adenine, leads to higher transcription than
when dP replaces a guanine at -7.
Transcription with T7 RNA polymerase 758 variants
Single amino acid mutations within the specificity loop of T7 are known to alter
recognition at the corresponding promoter position (Raskin, Diaz et al. 1992; Raskin,
Diaz et al. 1993; Rong, He et al. 1998). A variety of mutations at position 758 are known
to be capable of general polymerization. From this group, we chose an initial set of four
mutations to test against promoters containing dZ and dP at the -8 position of the
template strand; glutamine 758 to arginine (Q758R), lysine (Q758K), aspartic acid
(Q758D) and glycine (Q758G). Arginine and lysine were chosen because they are
positively charged amino acids that frequently contact nucleic acids, including the use of
arginine at positions 746 and 756 in T7 RNA polymerase.

Additionally, the T7

polymerase family member K11 RNA polymerase utilizes a lysine at the position
equivalent to 758 in T7 RNA polymerase to specifically recognize cytosine at -8 in the
template strand of the K11 promoter. Glycine at position 758 has a reported preference
for pyrimidines, while aspartic acid is not known to be active against any natural base at
that position (Rong, He et al. 1998). These polymerases were expressed, purified and
tested for transcription activity with T7 promoter variants containing dP:dZ base pairs in
the -8 position.
The Q758R and Q758K RNA polymerases show transcription trends similar to
the wild-type polymerase. Both variants utilized dP promoters slightly better than dZ,
however both utilized dZ promoters slightly better than the wild-type polymerase (Figure
5- 4). The Q758D RNA polymerase variant failed to transcribe from either template.
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T7 RNAp
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Figure 5- 4. T7 RNA polymerase 758 variant transcription of unnatural base pairs.
Four variants were tested for transcription from promoters containing dP or dZ at -8 in
the template strand. Transcription level is relative to the wild-type T7 RNA polymerase
with the wild-type T7 promoter. The Q758G variant produced 10-fold more RNA than
the wild-type polymerase when transcribed from a promoter with dZ in the template
strand.
Similarly, this mutant is equally transcriptionally inactive with any of the canonical base
pairs at position -8 of the T7 promoter. (Rong, He et al. 1998). The Q758G RNA
polymerase, however, showed a 10-fold increase in transcription compared to the wildtype polymerase with dZ at the -8 position. This is the only variant tested which showed
inverted dZ:dP specificity, compared to the wild-type preference for dP. This result,
combined with previously published data, suggests that the Q758G RNA polymerase is a
generalist for pyrimidines (including the pyrimidine sized dZ). The exact mechanism of
action is unknown, but with no side-chain, it is hard to envision a specific interaction
with the base.
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CONCLUSIONS
The capacity for specific protein-nucleic acid recognition is a feature which will
determine the extent to which an expanded set of nucleic acids can be co-utilized within
natural biological systems. Base complementarity is essential for biological replication
and translation fidelity. However, the interaction of a genome and its environment is
largely regulated through protein-nucleic acid interactions. We show that the current set
of unnatural base-pairs which utilize rearranged hydrogen bond-based complementarity
have major groove recognition elements which contribute to cross-recognition of
unnatural and natural base pairs in the T7 transcription system.
In this work, we explore protein-DNA recognition using systematic replacement
of natural base pairs with unnatural base pairs isoG:isoC and dZ:dP. The effect of
unnatural base pairs upon protein-DNA recognition is investigated using an in vitro T7
transcription system. We find the ability of T7 RNA polymerase to initiate transcription
in this region generally corresponds to the chemical identity in the major groove rather
than specific base pair utilized. This can be seen clearly through the tolerance of an A:T
to isoG:isoC substitution at position -8, both of which contain the same functional group
pattern in the major groove. This effect is likely to be similar when protein recognition is
through the minor groove.
In order to achieve specific protein-unnatural nucleic acid recognition, there must
be significant divergence from the functional groups of natural base pairs. The dZ:dP
base pair is one such option for specific major groove recognition. From a set of T7
RNA polymerase variants, we identified one which utilizes a template strand dZ to
produce approximately 10-fold more RNA transcript than the wild-type T7 RNA
polymerase with the same template. However, the Q758G mutation is known to also
utilize both pyrimidines at this position, so it is likely that the effect is nonspecific for
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pyrimidine or pyrimidine-like bases (Rong, He et al. 1998). dZ differs from a cytosine by
the presence of a nitro group off C5. Additionally, the absence of a side chain makes
direct contact unlikely. While not investigated here, an additional unnatural base pair
(Ds:Pa or Dss:Pa) has been described which is even more chemically distinct from
natural bases (Hirao, Kimoto et al. 2006; Kimoto, Mitsui et al. 2010). This could prove
an interesting alternative for similar efforts.
Minor groove interactions were not investigated here. While the isoG:isoC base
pair substitutes well for an A:T base pair when contacted from the major groove, this is
not true from the minor groove. T7 RNA polymerase recognition occurs in the -1 to -4
region and -13 to -17 region through contacts of an A:T rich sequence in the minor
groove. Future work will investigate these minor groove interactions as an additional
source for unnatural base pair specific recognition.
Synthetic genetic systems which complement and expand the natural genetic code
have application to research oriented towards biotechnology, medical diagnostics and
origin of life. Through a concerted effort at protein directed evolution, engineering and a
detailed understanding of translation, the amino acids which can be site specifically
incorporated by translation machinery has expanded well beyond the canonical 20 (Liu
and Schultz 2010).

Recent unnatural nucleic acid designs are allowing a similar

expansion of the genetic code at the nucleotide level. This expansion could augment
efforts to incorporate multiple independent unnatural amino acids simultaneously (rather
than one at a time through assignment of the nonsense amber codon). From the opposite
perspective, it would be most fitting to utilize an unnatural amino acid to enable specific
unnatural protein-unnatural nucleic acid recognition.
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MATERIALS AND METHODS
Oligonucleotide synthesis
Standard oligonucleotides

and isocytosine

and isoguanosine containing

oligonucleotides were synthesized and HPLC purified by Integrated DNA Technologies
(IDT).

Oligonucleotides

containing

dZ

(6-amino-5-nitro-3-(1'-β-D-2'-

deoxyribofuranosyl)-2(1H)-pyridone) and dP (2-amino-8-(1'-β-D-2'-deoxyribofuranosyl)imidazo[1,2-a]-1,3,5-triazin-4(8H)-one) were synthesized and gel purified by Zunyi Yang
(Foundation for Applied Molecular Biology, Gainesville, Florida).

Template

oligonucleotide names and sequences are listed in Table 5- 1; primer names and
sequences are listed in Table 5- 2.

Plasmid sequences for T7 RNA polymerase

expression are listed in Appendix A.
Template preparation
Transcription templates were prepared from synthesized and purified single
stranded DNA oligonucleotides by heating equimolar amount of complimentary template
(denoted by „.t‟) and nontemplate (denoted by „.nt‟) strands. A solution containing 10
µM each oligonucleotide was heated at 80º C for 5 minutes and then cooled at room
temperature for 10 minutes to anneal the oligonucleotides.
Transcription and analysis
2 µL of the template solution was added to a 20 µL transcription for a final
template concentration of 1 µM.

The transcription contained 50 units of T7 RNA

polymerase (Stratagene) and 40 mM Tris pH 8.0, 20 mM MgCl2, 10 mM DTT, 2 mM
spermidine, 4.0 mM each NTP and 0.01 mCi of α32P-ATP. The transcription reaction
was incubated at 37º C for 1 hour. The reactions were stopped by adding one volume of
2x Stop Dye (18 mM EDTA, 0.1% SDS and 0.1% bromophenol blue in formamide) and
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heated at 90º for 10 minutes. 20 % of the transcription was run on a denaturing (7 M
urea) 20% polyacrylamide gel and analyzed using a Phosphorimager (Molecular
Dynamics).

Product band intensity was quantified using Image Quant software

(Molecular Dynamics). All reactions are listed as a fraction of the positive control
transcription performed in parallel with each experiment (comprised of T7 RNA
polymerase and the native T7 promoter template). Error bars represent one standard
deviation calculated from three independent transcriptions.
T7 RNA polymerase variant construction
Site-specific mutations were made to the wild-type T7 RNA polymerase gene
through megaprimer whole plasmid PCR (Miyazaki 2003). Megaprimers were created
by PCR using Platinum Taq High Fidelity (Invitrogen). Reverse primers contained
mutations to alter the amino acid at position 758 (amino acid position is numbered
relative to the standard T7 RNA polymerase sequence; NCBI accession number
ACY75835; reverse primer sequences in Table 5- 2). 10ng of pQE80L-wt T7 RNAp
was included as starting material and cycled 15 times in 50 µL with anneal temperature
of 55º C and an elongation time of 1 minute. ED.T7 1342 F and amino acid specific
reverse primers were utilized yielding a 900 bp product. This PCR product was purified
using Wizard Gel and PCR Clean-Up System following the PCR Clean-Up protocol
(Promega). ~500 ng of the purified megaprimer was added to a 50 µL Pfu Ultra Hotstart
PCR (Stratagene). 200 ng of pQE80L-wt T7 RNAp was included as template and 18
cycles of 95º C for 30 seconds, 55º C for 30 seconds and 68º C for 12 minutes. 20 units
of DpnI (New England Biolabs) were added after cycling and incubated at 37º C for 1
hour to digest parental pQE80L-wt T7 RNAp template. DpnI was heat inactivated at 80º
C for 20 minutes. 2 µL was transformed to OmniMax2 chemically competent cells
(Invitrogen) and plated. Individual clones were purified and sequenced.
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T7 RNA polymerase variant expression and purification
T7 RNA polymerase was expressed in E. coli BL21 gold (Stratagene). A 2 mL
starter culture was grown to mid log phase in LB. This culture was diluted into 100 mL
TB-Amp (Terrific Broth; 47.6g TB powder, 4mL glycerol and 100mg Amp per liter) and
grown at 37º C until it reached OD600 ~0.7 to 0.9. The cultures were incubated on ice for
30 minutes and then induced with 1 mM IPTG. Once IPTG was added, the cultures were
incubated at 22º C overnight (typically 12 hours). The culture was centrifuged at 6,000 x
g for 10 minutes to pellet the cells. Cells were resuspended in 10 mL Binding Buffer (5
mM imidazole, 0.5 M NaCl, 50 mM Tris buffer pH 8.0 and one pellet Roche protease
inhibitor) and sonicated at 50% strength for 3 minutes. Cell debris was pelleted by
centrifugation at 9,000 x g for 30 minutes. The lysate was washed over 0.5 mL of nickel
resin (Qiagen), washed with 10 mL Binding Buffer, 4 mL Wash Buffer (20 mM
imidazole, 0.5 M NaCl, 50 mM Tris buffer pH 8.0) and then eluted in 4 mL Elution
Buffer (250 mM imidazole, 0.5 M NaCl, 50 mM Tris buffer pH 8.0).
The Elution Buffer from the T7 RNA polymerase protein prep was exchanged for
Storage Buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM DTT) using
Amicon Ultra-15 Centrifugal Filter Devices (Millipore). To prewash the filter, 5 mL of
Storage Buffer was applied to the filter and centrifuged at 3,250 x g for 15 minutes.
Storage Buffer was added to the eluted protein to bring the total volume to 15 mL (the
maximum volume for the Amicon Ultra-15) and it was applied to the filter and
centrifuged at 3,250 x g for 45 minutes. 15 mL Storage Buffer was added to the
concentrated protein and centrifuged for an additional 45 minutes. The final volume
ranged from 0.2 to 1 mL at an average concentration of 10 mg/mL. This was diluted by
half in 100% glycerol for long term storage at -20º C. Protein was roughly quantified by
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absorbance at 280 nm, diluted to an appropriate range and verified by SDS-PAGE (Pierce
4-20% Precise Protein Gels).
T7 RNA polymerase activity
The purified wild-type T7 RNA polymerase was diluted to 1.0 absorbance at 280
nm and then diluted two-fold 7 additional times. Transcriptions were run with 1 µL of
each dilution (starting with the 0.5 absorbance at 280 nm dilution) and compared to 50
Units of Stratagene T7 RNA polymerase. 1 µL of the 0.5 absorbance at 280 nm dilution
was found to be equivalent to 50 Units of Stratagene T7 RNA polymerase. The T7 RNA
polymerase variants were also diluted to this concentration (verified by SDS-PAGE) and
utilized for transcription reactions.
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Name
nt.wt

Sequence
AAAATTAATACGACTCACTATAGGGGAATTCCCCATCTTAGTAT
ATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGTGAGTCGTA
t.wt
TTAATTTT
nt.iG-7 AAAATTAATACGACT/iisodG/ACTATAGGGGAATTCCCCATCTTA
GTATATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGT/iMet.iC-7
isodC/AGTCGTATTAATTTT
nt-iG-8 AAAATTAATACGAC/iisodG/CACTATAGGGGAATTCCCCATCTTA
GTATATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGTG/iMet-iC-8
isodC/GTCGTATTAATTTT
nt.iG-9 AAAATTAATACGA/iisodG/TCACTATAGGGGAATTCCCCATCTTA
GTATATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGTGA/iMet.iC-9
isodC/TCGTATTAATTTT
nt.iC-7 AAAATTAATACGACT/iMeisodC/ACTATAGGGGAATTCCCCATCTTAGTATATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGT/iisodG/AGT
t.iG-7
CGTATTAATTTT
nt-iC-8 AAAATTAATACGAC/iMeisodC/CACTATAGGGGAATTCCCCATCTTAGTATATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGTG/iisodG/GT
t-iG-8
CGTATTAATTTT
nt.iC-9 AAAATTAATACGA/iMeisodC/TCACTATAGGGGAATTCCCCATCTTAGTATATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGTGA/iisodG/T
t.iG-9
CGTATTAATTTT
nt.dZ-7 AAAATTAATACGACT/dZ/ACTATAGGGGAATTCCCCATCTTAGT
ATATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGT/dP/AGTCGT
t.dP-7
ATTAATTTT
nt-dZ-8 AAAATTAATACGAC/dZ/CACTATAGGGGAATTCCCCATCTTAGT
ATATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGTG/dP/GTCGT
t-dP-8
ATTAATTTT
nt.dZ-9 AAAATTAATACGA/dZ/TCACTATAGGGGAATTCCCCATCTTAGT
ATATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGTGA/dP/TCGT
t.dP-9
ATTAATTTT
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nt.dP-7
t.dZ-7
nt-dP-8
t-dZ-8
nt.dP-9
t.dZ-9

AAAATTAATACGACT/dP/ACTATAGGGGAATTCCCCATCTTAGTA
TATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGT/dZ/AGTCGT
ATTAATTTT
AAAATTAATACGAC/dP/CACTATAGGGGAATTCCCCATCTTAGT
ATATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGTG/dZ/GTCGT
ATTAATTTT
AAAATTAATACGA/dP/TCACTATAGGGGAATTCCCCATCTTAGTA
TATTAGTTA
TAACTAATATACTAAGATGGGGAATTCCCCTATAGTGA/dZ/TCGT
ATTAATTTT

Table 5- 1. Template (t) and non-template (nt) oligonucleotide sequences.
Templates were produced by hybridizing a template oligonucleotide with its reverse
complement non-template oligonucleotide. For example, nt.dP-9 is the reverse
complement of t.dZ-9. These oligonucleotides contain a dP and dZ at the -9 position
within the T7 promoter, respectively.
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Name
ED.T7 1342 F
ED.T7.Q758Cys R
ED.T7.Q758Ser R
ED.T7.Q758Arg R
ED.T7.Q758Glu R
ED.T7.Q758Asn R
ED.T7.Q758Lys R
ED.T7.Q758Gly R
ED.T7.Q758Asp R

Sequence
AATGTTCAACCCGCAAGGTA
ctttgttggtgttaatggtaggGCAtaagcggaactgaccgagga
ctttgttggtgttaatggtaggGCTtaagcggaactgaccgagga
ctttgttggtgttaatggtaggGCGtaagcggaactgaccgagga
ctttgttggtgttaatggtaggTTCtaagcggaactgaccgagga
ctttgttggtgttaatggtaggGTTtaagcggaactgaccgagga
ctttgttggtgttaatggtaggTTTtaagcggaactgaccgagga
ctttgttggtgttaatggtaggGCCtaagcggaactgaccgagga
ctttgttggtgttaatggtaggATCtaagcggaactgaccgagga

Table 5- 2. Primer sequences for T7 RNA polymerase 758 variant generation.
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Appendix A: Template and plasmid sequences
SP6 INITIATED EMCV AUTOGENE
Key:

T7 and SP6 promoters: underlined
Transcription start sites: red text
Translation initiation (EMCV IRES): light green highlight
T7 RNA polymerase gene: light blue highlight
T7 terminator: underlined

TTTGGGAATCCCTCTTCTAATACGACTCACTATAGGGAGCATTGATCG
CTTGGCGGTCTACATCGACCGTGTGCGCTCGCTGGAAACGGAGAACGCAGGG
CTATTTAGGTGACACTATAGAAGAGGGGAGACCACAACGGTTTCTCCGCCCC
TCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTGGAATAAGGCCG
GTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGT
GAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTT
CCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGGAAGCAGT
TCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGC
AGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGGCCAAAAGCCACGTGT
ATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTGG
ATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTATTCAACAAGGGGC
TGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCG
GTACACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAACGTCTAGGCCCCCC
GAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATAATATGGCCAC
AACCATGGGGAGCTCGCATCACCATCACCATCACGGATCCAACACGATTAAC
ATCGCTAAGAACGACTTCTCTGACATCGAACTGGCTGCTATCCCGTTCAACAC
135

TCTGGCTGACCATTACGGTGAGCGTTTAGCTCGCGAACAGTTGGCCCTTGAGC
ATGAGTCTTACGAGATGGGTGAAGCACGCTTCCGCAAGATGTTTGAGCGTCA
ACTTAAAGCTGGTGAGGTTGCGGATAACGCTGCCGCCAAGCCTCTCATCACT
ACCCTACTCCCTAAGATGATTGCACGCATCAACGACTGGTTTGAGGAAGTGA
AAGCTAAGCGCGGCAAGCGCCCGACAGCCTTCCAGTTCCTGCAAGAAATCAA
GCCGGAAGCCGTAGCGTACATCACCATTAAGACCACTCTGGCTTGCCTAACC
AGTGCTGACAATACAACCGTTCAGGCTGTAGCAAGCGCAATCGGTCGGGCCA
TTGAGGACGAGGCTCGCTTCGGTCGTATCCGTGACCTTGAAGCTAAGCACTTC
AAGAAAAACGTTGAGGAACAACTCAACAAGCGCGTAGGGCACGTCTACAAG
AAAGCATTTATGCAAGTTGTCGAGGCTGACATGCTCTCTAAGGGTCTACTCGG
TGGCGAGGCGTGGTCTTCGTGGCATAAGGAAGACTCTATTCATGTAGGAGTA
CGCTGCATCGAGATGCTCATTGAGTCAACCGGAATGGTTAGCTTACACCGCC
AAAATGCTGGCGTAGTAGGTCAAGACTCTGAGACTATCGAACTCGCACCTGA
ATACGCTGAGGCTATCGCAACCCGTGCAGGTGCGCTGGCTGGCATCTCTCCG
ATGTTCCAACCTTGCGTAGTTCCTCCTAAGCCGTGGACTGGCATTACTGGTGG
TGGCTATTGGGCTAACGGTCGTCGTCCTCTGGCGCTGGTGCGTACTCACAGTA
AGAAAGCACTGATGCGCTACGAAGACGTTTACATGCCTGAGGTGTACAAAGC
GATTAACATTGCGCAAAACACCGCATGGAAAATCAACAAGAAAGTCCTAGCG
GTCGCCAACGTAATCACCAAGTGGAAGCATTGTCCGGTCGAGGACATCCCTG
CGATTGAGCGTGAAGAACTCCCGATGAAACCGGAAGACATCGACATGAATCC
TGAGGCTCTCACCGCGTGGAAACGTGCTGCCGCTGCTGTGTACCGCAAGGAC
AAGGCTCGCAAGTCTCGCCGTATCAGCCTTGAGTTCATGCTTGAGCAAGCCA
ATAAGTTTGCTAACCATAAGGCCATCTGGTTCCCTTACAACATGGACTGGCGC
GGTCGTGTTTACGCTGTGTCAATGTTCAACCCGCAAGGTAACGATATGACCA
AAGGACTGCTTACGCTGGCGAAAGGTAAACCAATCGGTAAGGAAGGTTACTA
136

CTGGCTGAAAATCCACGGTGCAAACTGTGCGGGTGTCGATAAGGTTCCGTTC
CCTGAGCGCATCAAGTTCATTGAGGAAAACCACGAGAACATCATGGCTTGCG
CTAAGTCTCCACTGGAGAACACTTGGTGGGCTGAGCAAGATTCTCCGTTCTGC
TTCCTTGCGTTCTGCTTTGAGTACGCTGGGGTACAGCACCACGGCCTGAGCTA
TAACTGCTCCCTTCCGCTGGCGTTTGACGGGTCTTGCTCTGGCATCCAGCACT
TCTCCGCGATGCTCCGAGATGAGGTAGGTGGTCGCGCGGTTAACTTGCTTCCT
AGTGAAACCGTTCAGGACATCTACGGGATTGTTGCTAAGAAAGTCAACGAGA
TTCTACAAGCAGACGCAATCAATGGGACCGATAACGAAGTAGTTACCGTGAC
CGATGAGAACACTGGTGAAATCTCTGAGAAAGTCAAGCTGGGCACTAAGGCA
CTGGCTGGTCAATGGCTGGCTTACGGTGTTACTCGCAGTGTGACTAAGCGTTC
AGTCATGACGCTGGCTTACGGGTCCAAAGAGTTCGGCTTCCGTCAACAAGTG
CTGGAAGATACCATTCAGCCAGCTATTGATTCCGGCAAGGGTCTGATGTTCAC
TCAGCCGAATCAGGCTGCTGGATACATGGCTAAGCTGATTTGGGAATCTGTG
AGCGTGACGGTGGTAGCTGCGGTTGAAGCAATGAACTGGCTTAAGTCTGCTG
CTAAGCTGCTGGCTGCTGAGGTCAAAGATAAGAAGACTGGAGAGATTCTTCG
CAAGCGTTGCGCTGTGCATTGGGTAACTCCTGATGGTTTCCCTGTGTGGCAGG
AATACAAGAAGCCTATTCAGACGCGCTTGAACCTGATGTTCCTCGGTCAGTTC
CGCTTACAGCCTACCATTAACACCAACAAAGATAGCGAGATTGATGCACACA
AACAGGAGTCTGGTATCGCTCCTAACTTTGTACACAGCCAAGACGGTAGCCA
CCTTCGTAAGACTGTAGTGTGGGCACACGAGAAGTACGGAATCGAATCTTTT
GCACTGATTCACGACTCCTTCGGTACCATTCCGGCTGACGCTGCGAACCTGTT
CAAAGCAGTGCGCGAAACTATGGTTGACACATATGAGTCTTGTGATGTACTG
GCTGATTTCTACGACCAGTTCGCTGACCAGTTGCACGAGTCTCAATTGGACAA
AATGCCAGCACTTCCGGCTAAAGGTAACTTGAACCTCCGTGACATCTTAGAG
TCGGACTTCGCGTTCGCGTAATAACAGCATCGTTGACCCTGGCTAGATGATCT
137

CCATGCTCAGCCGATCAGCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTT
GAGGGGTTTTT

5’ UTR SEQUENCE FOR WHEAT GERM LYSATE
Key:

T7 and SP6 promoters: underlined
Transcription start sites: red text
Translation initiation (TMV omega): light green highlight
Translation start codon: light blue highlight

TTTGGGAATCCCTCTTCTAATACGACTCACTATAGGGAGCATTGATCG
CTTGGCGGTCTACATCGACCGTGTGCGCTCGCTGGAAACGGAGAACGCAGGG
CTATTTAGGTGACACTATAGAAGAGGGGAGACCACAACGGTTTCTATTTTTA
CAACAATTACCAACAACAACAAACAACAAACAACATTACAATTACTATTTAC
AATTACAATG

5’ UTR SEQUENCE FOR E. COLI LYSATE
Key:

T7 and tetA promoters: underlined
T7 transcription start site: red text
Translation initiation (estimated RBS): light green highlight
Translation start codon: light blue highlight

TTTGGGAATCCCTCTTCTAATACGACTCACTATAGGGAGCATTGATCG
CTTGGCGGTCTACATCGACCGTGTGCGCTCGCTGGAAACGGAGAACGCAGGG
CTCCCATCGAATGGCCAGATGATTAATTCCTAATTTTTGTTGACACTCTATCA
138

TTGATAGAGTTATTTTACCACTCCCTATCAGTGATAGAGAAAAGTGAAATGA
ATAGTTCGACAAAAATCTAGATAACGAGGGCAAAAAATG

PASK-MCS1 (AMP RESISTANT)

Key:

MCS: gray highlight
SfiI (left): red text
SfiI (right): green text

GAATTCCCGGGCCCAGCCGGCCATGGAGAAACCACATTTCTGCTGGG
ACCACACTTTTCGACTCGCAGCTATGATTGAGACGACTGCCAGATCTCGAGG
CTGATATCACCGGATTCTGTCTAGAAGTCAGCTAGCGCCATTAAAGTCTTGGT
TGTGCGGCCGCTGGCCACGGCCTCGGGGGCCGATCGGATCCAATTCGAAAA
ATAATAAGCTTGACCTGTGAAGTGAAAAATGGCGCACATTGTGCGACATTTT
TTTTGTCTGCCGTTTACCGCTACTGCGTCACGGATCTCCACGCGCCCTGTAGC
GGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACAC
TTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCA
CGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTC
CGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATG
GTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTG
GAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAA
CCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTA
TTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAA
ATATTAACGCTTACAATTTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAA
CCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGAC
AATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTAT
139

TCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTT
TTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGG
GTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGA
GAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGC
TATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCG
CCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAA
AAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAA
CCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACC
GAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTT
GATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGAC
ACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCG
AACTACTTACTCTAGCTTCCCGGCAACAATTGATAGACTGGATGGAGGCGGA
TAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTG
CTGATAAATCTGGAGCCGGTGAGCGTGGCTCTCGCGGTATCATTGCAGCACT
GGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGT
CAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCAC
TGATTAAGCATTGGTAGGAATcatatgCGGATTAGAAAAACAACTTAAATGTGA
AAGTGGGTCTTAAAAGCAGCATAACCTTTTTCCGTGATGGTAACTTCACTAGT
TTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCT
TAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAG
GATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAA
AAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTC
TTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTT
CTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTA
CATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAG
140

TCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGC
GGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGA
CCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCT
TCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAAC
AGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGT
CCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTC
AGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTC
CTGGCCTTTTGCTGGCCTTTTGCTCACATGACCCGACA

PQE80L-WT T7 RNA POLYMERASE (AMP AND CAM RESISTANT)

Key:

T7 RNA polymerase gene: light blue highlight
Q758 codon within T7 RNA polymerase: red text

CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATT
ATAATAGATTCAATTGTGAGCGGATAACAATTTCACACAGAATTCATTAAAG
AGGAGAAATTAACTATGAGAGGATCGCATCACCATCACCATCACGGATCCAA
CACGATTAACATCGCTAAGAACGACTTCTCTGACATCGAACTGGCTGCTATCC
CGTTCAACACTCTGGCTGACCATTACGGTGAGCGTTTAGCTCGCGAACAGTTG
GCCCTTGAGCATGAGTCTTACGAGATGGGTGAAGCACGCTTCCGCAAGATGT
TTGAGCGTCAACTTAAAGCTGGTGAGGTTGCGGATAACGCTGCCGCCAAGCC
TCTCATCACTACCCTACTCCCTAAGATGATTGCACGCATCAACGACTGGTTTG
AGGAAGTGAAAGCTAAGCGCGGCAAGCGCCCGACAGCCTTCCAGTTCCTGCA
AGAAATCAAGCCGGAAGCCGTAGCGTACATCACCATTAAGACCACTCTGGCT
TGCCTAACCAGTGCTGACAATACAACCGTTCAGGCTGTAGCAAGCGCAATCG
GTCGGGCCATTGAGGACGAGGCTCGCTTCGGTCGTATCCGTGACCTTGAAGC
141

TAAGCACTTCAAGAAAAACGTTGAGGAACAACTCAACAAGCGCGTAGGGCA
CGTCTACAAGAAAGCATTTATGCAAGTTGTCGAGGCTGACATGCTCTCTAAG
GGTCTACTCGGTGGCGAGGCGTGGTCTTCGTGGCATAAGGAAGACTCTATTC
ATGTAGGAGTACGCTGCATCGAGATGCTCATTGAGTCAACCGGAATGGTTAG
CTTACACCGCCAAAATGCTGGCGTAGTAGGTCAAGACTCTGAGACTATCGAA
CTCGCACCTGAATACGCTGAGGCTATCGCAACCCGTGCAGGTGCGCTGGCTG
GCATCTCTCCGATGTTCCAACCTTGCGTAGTTCCTCCTAAGCCGTGGACTGGC
ATTACTGGTGGTGGCTATTGGGCTAACGGTCGTCGTCCTCTGGCGCTGGTGCG
TACTCACAGTAAGAAAGCACTGATGCGCTACGAAGACGTTTACATGCCTGAG
GTGTACAAAGCGATTAACATTGCGCAAAACACCGCATGGAAAATCAACAAG
AAAGTCCTAGCGGTCGCCAACGTAATCACCAAGTGGAAGCATTGTCCGGTCG
AGGACATCCCTGCGATTGAGCGTGAAGAACTCCCGATGAAACCGGAAGACAT
CGACATGAATCCTGAGGCTCTCACCGCGTGGAAACGTGCTGCCGCTGCTGTG
TACCGCAAGGACAAGGCTCGCAAGTCTCGCCGTATCAGCCTTGAGTTCATGC
TTGAGCAAGCCAATAAGTTTGCTAACCATAAGGCCATCTGGTTCCCTTACAAC
ATGGACTGGCGCGGTCGTGTTTACGCCGTGTCAATGTTCAACCCGCAAGGTA
ACGATATGACCAAAGGACTGCTTACGCTGGCGAAAGGTAAACCAATCGGTAA
GGAAGGTTACTACTGGCTGAAAATCCACGGTGCAAACTGTGCGGGTGTCGAT
AAGGTTCCGTTCCCTGAGCGCATCAAGTTCATTGAGGAAAACCACGAGAACA
TCATGGCTTGCGCTAAGTCTCCACTGGAGAACACTTGGTGGGCTGAGCAAGA
TTCTCCGTTCTGCTTCCTTGCGTTCTGCTTTGAGTACGCTGGGGTACAGCACCA
CGGCCTGAGCTATAACTGCTCCCTTCCGCTGGCGTTTGACGGGTCTTGCTCTG
GCATCCAGCACTTCTCCGCGATGCTCCGAGATGAGGTAGGTGGTCGCGCGGT
TAACTTGCTTCCTAGTGAGACCGTTCAGGACATCTACGGGATTGTTGCTAAGA
AAGTCAACGAGATTCTACAAGCAGACGCAATCAATGGGACCGATAACGAAG
142

TAGTTACCGTGACCGATGAGAACACTGGTGAAATCTCTGAGAAAGTCAAGCT
GGGCACTAAGGCACTGGCTGGTCAATGGCTGGCTTACGGTGTTACTCGCAGT
GTGACTAAGCGTTCAGTCATGACGCTGGCTTACGGGTCCAAAGAGTTCGGCT
TCCGTCAACAAGTGCTGGAAGATACCATTCAGCCAGCTATTGATTCCGGCAA
GGGTCTGATGTTCACTCAGCCGAATCAGGCTGCTGGATACATGGCTAAGCTG
ATTTGGGAATCTGTGAGCGTGACGGTGGTAGCTGCGGTTGAAGCAATGAACT
GGCTTAAGTCTGCTGCTAAGCTGCTGGCTGCTGAGGTCAAAGATAAGAAGAC
TGGAGAGATTCTTCGCAAGCGTTGCGCTGTGCATTGGGTAACTCCTGATGGTT
TCCCTGTGTGGCAGGAATACAAGAAGCCTATTCAGACGCGCTTGAACCTGAT
GTTCCTCGGTCAGTTCCGCTTACAGCCTACCATTAACACCAACAAAGATAGC
GAGATTGATGCACACAAACAGGAGTCTGGTATCGCTCCTAACTTTGTACACA
GCCAAGACGGTAGCCACCTTCGTAAGACTGTAGTGTGGGCACACGAGAAGTA
CGGAATCGAATCTTTTGCACTGATTCACGACTCCTTCGGTACCATTCCGGCTG
ACGCTGCGAACCTGTTCAAAGCAGTGCGCGAAACTATGGTTGACACATATGA
GTCTTGTGATGTACTGGCTGATTTCTACGACCAGTTCGCTGACCAGTTGCACG
AGTCTCAATTGGACAAAATGCCAGCACTTCCGGCTAAAGGTAACTTGAACCT
CCGTGACATCTTAGAGTCGGACTTCGCGTTCGCGTAACGCCAAATCAATACG
ACTCCGGATCCACAGGACGGGTGTGGTCGCCATGATCGCGTAGTCGATAGTG
GCTCCAAGTAGCGAAGCGAGCAGGACTGGGCGGCGGCCAAAGCGGTCGGAC
AGTGCTCCGAGAACGGGTGCGCATAGAAATTGCATCAACGCATATAGCGCTA
GCAGCACGCCATAGTGACTGGCGATGCTGTCGGAATGGACGATATCCCGCAA
GAGGCCCGGCAGTACCGGCATAACCAAGCCTATGCCTACAGCATCCAGGGTG
ACGGTGCCGAGGATGACGATGAGCGCATTGTTAGATTTCATACACGGTGCCT
GACTGCGTTAGCAATTTAACTGTGATAAACTACCGCATTAaagcttAATTAGCTG
AGCTTGGACTCCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGGAT
143

TTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATTGGTGAGAATCCAAG
CTAGCTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAAT
CACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTG
AGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGAT
ATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGG
CCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTTCGTATG
GCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACA
CCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCAC
GACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGG
TGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCT
CAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATG
GACAACTTCTTCGCCCCCGTTTTCAccatggGCAAATATTATACGCAAGGCGACA
AGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTC
CATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGG
GCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGGGTA
ATGACTCTCTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGAC
TGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGAC
AAATCCGCCCTCTAGATTACGTGCAGTCGATGATAAGCTGTCAAACATGAGA
ATTGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCC
GCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCAC
CAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGT
TGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGA
TGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCC
ACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCA
144

TTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGAT
GCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGT
CGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGC
CAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAAC
AGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCG
TACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGAC
ATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCA
TCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGA
GAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATC
GACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGA
CAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCA
GCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTC
AGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCT
GGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCT
GCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTC
TTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCACCATTCGATGGTGT
CGGAATTTCGGGCAGCGTTGGGTCCTGGCCACGGGTGCGCATGATCTAGAGC
TGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCC
CGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCC
GTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCA
GTCACGTAGCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGC
AGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGT
AAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTCCTCGCTCACTGACTCG
CTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGG
TAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAG
145

CAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGT
TTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAG
TCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCT
GGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCT
GTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTA
GGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAA
CCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTC
CAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGG
ATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGC
CTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAA
GCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACC
ACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAA
AAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAG
TGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGA
TCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGT
ATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCAC
CTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCG
TGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAAT
GATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAG
CCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCA
TCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAAT
AGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTC
GTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACAT
GATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTT
GTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGC
146

ATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAG
TACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTG
CCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTG
CTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCT
GTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCAT
CTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGC
CGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTC
CTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATA
CATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTT
CCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAA
CCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAC
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