UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
Transcription Factor-Based Small-Molecule Screens and Selections

Permalink
https://escholarship.org/uc/item/7{68050af

Author
Dietrich, Jeffrey Allen

Publication Date
2011

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7j6805gf
https://escholarship.org
http://www.cdlib.org/

Transcription Factor-Based Small-Molecule Screens and Selections
by

Jeffrey Allen Dietrich

A dissertation submitted in partial satisfaction of the

requirements for the degree of

Joint Doctor of Philosophy

with University of California, San Francisco

in
Bioengineering
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:

Professor Jay D. Keasling, Chair

Professor Susan Marqusee

Professor Patricia C. Babbitt

Spring 2011



Transcription Factor-Based Small-Molecule Screens and Selections
Copyright 2011

by Jeffrey Allen Dietrich



Abstract

Transcription Factor-Based Small-Molecule Screens and Selections
by
Jeffrey Allen Dietrich
Joint Doctor of Philosophy
with University of California, San Francisco
in Bioengineering
University of California, Berkeley
Professor Jay D. Keasling, Chair

Directed evolution of E. coli for improved small-molecule production requires a combination of
rational design and high-throughput screening technologies. Rational design-based directed
evolution schemes use structural analyses and metabolic models to help identify targets for
mutagenesis, thus improving the likelihood of identifying the desired phenotype. We used a
strictly rational design-based approach to re-engineer cytochrome P450g)3 for epoxidation of
amorphadiene, developing a novel route for production of the anti-malarial compound
artemisinin. A model structure of the lowest energy transition state complex for amorphadiene
in the P450p)\3 active site was created using ROSETTA-based energy minimization. The
resulting enzyme variant produced artemisinic-11S,12-epoxide at titers greater than 250 mg-1™".
Continued attempts to use ROSETTA and to either improve P450g\3 epoxidase activity or
introduce hydroxylase activity, however, proved unsuccessful. In the absence of a high-
throughput screening approach, further improvement of the P450-based production system
would be difficult.

As with most small-molecules, there exists no known high-throughput screen for artemisinic-
11S-12-epoxide, amorphadiene, or any structurally-related compound. We hypothesized that a
generalized method for high-throughput screen or selection design could be based on
transcription factor-promoter pairs responding to the target small-molecule. Transcription
factors have long been used to construct whole-cell biosensors for the detection of environmental
small-molecule pollutants', but the work has remained largely un-translated toward screen
development. While no known transcription factor binds artemisinic epoxide, a putative
transcription factor-promoter pair responsive to 1-butanol, a biofuel molecule of interest in our
laboratory, was recently reported®. The transcription factor, BmoR, and its cognate promoter,
Psmo, were used to build a short-chain alcohol biosensor for use as a genetic screen or selection.
Following optimization of expression temperature, promoter, and reporter 5’-untranslated region,
among other parameters, the BmoR-Pgyo system was shown to provide robust detection of 1-
butanol in an E. coli host. The biosensor transfer function — relating input alcohol concentration
to output fluorescent signal — was derived for 1-butanol and structurally related alcohols using
the Hill Equation. The biosensor exhibited a linear response between 100 pM and 40mM 1-
butanol, and a dynamic range of over 8000 GFP/ODgg unit. A 700 uM difference in 1-butanol
concentration could be detected at 95% confidence. By replacing the GFP reporter with TetA, a
tetracycline transporter, a 1-butanol selection was constructed; E. coli harboring the TetA-based
biosensor exhibited 1-butanol dependent growth in the presence of tetracycline up to 40 mM
exogenously added 1-butanol.



Demonstration of the biosensor in various high-throughput screening and selection applications
first required construction of a 1-butanol production host. Studies have reporter 1-butanol
production in E. coli through heterologous expression of either the C. acetobutylicum 1-butanol
biosynthetic pathway’, or a 2-keto acid-based pathway composed of a L. lactis 2-keto acid
decarboxylase, KivD, and the S. cerevisiae alcohol reductase, ADH6". In our hands, the C.
acetobutylicum pathway proved non-robust and yielded low titers. In contrast, high-titer
production of user-defined 2-keto acid derived alcohols was achieved by introduction of a
AilvDAYC knockout in E. coli and expression of KivD and ADH6. The engineered strain is
auxotrophic for 2-keto acids, and 1-butanol was produced by supplementing the growth medium
with 2-oxopentanoate. A liquid culture screen was demonstrated using a 960-member KivD and
ADHG6 ribosome binding site library. Using the TetA-based biosensor, a strict cut-off between
analyte 1-butanol concentration and biosensor output was observed. The assay led to the
identification of a variant 2-keto acid-based alcohol production pathway exhibiting an
approximately 20% increase in specific 1-butanol productivity.

Attempts to engineer concomitant 1-butanol production and selection in E. coli proved difficult.
Both production and detection pathways functioned robustly when individually expressed in
engineered E. coli; however, concomitant production and detection resulted in increased plasmid
instability and cell death. We conclude by providing an analysis of observed cell stresses,
generating negative 1-butanol selective pressures, and outline future strategies that can be used to
address these hurdles.
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Chapter 1. High-Throughput Metabolic Engineering: Advances in
Small-Molecule Screening and Selection'

1.1 The case for small-molecule screens

Natural selection, the force behind the amazing breadth of phenotypic variation in the living
world, has long been a source of motivation for the engineering of synthetic biological systems.
By mimicking the processes of mutation, recombination, and selection found in nature, directed
evolution is used to impart industrial microbes with user-defined phenotypes. Frequently
regarded as the First Law of Directed Evolution', the central tenet “you get what you screen for”
draws attention to the paramount importance in finding an appropriate screen or selection assay
to sift through vast libraries of variant hosts. A great body of work has been devoted to
development of highly tailored assays specific for detection of single proteins or functions?.

As applied to metabolic engineering, directed evolution is focused on improving small-molecule
biosynthesis. Improving product yields or pathway efficiencies, however, can be a daunting task.
Only a small subset of targeted compounds are natural chromophores or fluorophores that can be
readily screened for using standard assay techniques. The majority of small-molecule targets for
overproduction today do not illicit a conspicuous phenotype. For inconspicuous targets,
chromatography-mass spectrometry methods have been the primary mode of detection; although
they are nearly ubiquitously applied in small-molecule detection and quantification, these assays
are inherently low throughput®. Screenable library sizes are generally limited to less than 10’
variants. At this level of throughput, only a paltry number of rational modifications can be
introduced into the panoply of host biosynthetic machinery, leaving the majority of sequence
space untouched and unexplored.

Today, a discussion of improvements in small-molecule detection assays is set against the
backdrop of increased focus in the field on microbial biosynthesis of commodity chemicals and
fuels. Microbially produced alcohols, fatty acids, and alkanes are targeted for use as petroleum-
derived fuel substitutes™”, aromatics®, and diols’, and polyhydroxyalkanoates® are being targeted
for use as bioplastics. Spurred by an increased demand for renewable, green alternatives to
petroleum-derived production routes, microbial production routes are competing economically
against entrenched industry stakeholders’. Product yields and pathway efficiencies demanded
from biosynthetic routes are pushing the limits of what can be achieved using existing metabolic
engineering technologies. Efforts in the field are currently defined by the implementation of a
series of rational design-based strategies to modify the host genome and heterologous pathway
enzymes to achieve moderate product titers. However, metabolic engineering is a highly
complex process, and product yields are dictated by a host of parameters. Biosynthetic pathways
comprise multiple native and heterologous catalytic steps; each step is a potential bottleneck
when directing carbon flux toward target small-molecule production. Furthermore, the host
organism’s native genetic network, regulation, and their interaction with the target pathway can
all impact product yields. To achieve higher productivities, metabolic engineering must follow

' Reproduced with permission from JA Dietrich, AE McKee, JD Keasling. “High-Throughput Metabolic
Engineering: Advances in Small-Molecule Screening and Selection.” Annu. Rev. Biochem. 79:563-590 (2010).
Copyright 2010 Annual Reviews.



the decades-long trail of successes in protein engineering and develop more elegant approaches
to high-throughput screening. Directed evolution through random and targeted mutagenesis of
the host genome, overexpressed operon(s), and enzyme-encoded genes followed by high-
throughput screening or selection is a requisite step in strain development.

In this review, we focus on advances in small-molecule screens using Escherichia coli and
Saccharomyces cerevisiae as model prokaryotic and eukaryotic hosts. These organisms were
selected both for their demonstrated application in industrial fermentation processes and because
the vast majority of novel screening and selection processes are first demonstrated in these hosts.
Given the immense number of mutable genetic elements to be targeted in metabolic pathway
evolution, special consideration must be given to library design and sequence coverage.
Screening efficacy has been demonstrated to increase in libraries that are maximally diverse,
providing evidence for increased library size and mutation rate as methods for improving the
diversity in the sample population'. Technical limitations imposed during library generation,
transformation, and screening technologies are addressed below, and we focus in particular on
screening and selection as rate-limiting steps in directed evolution efforts for small-molecule
overproduction. Throughout our discussion, we highlight novel biosensor-based assays that
enable inconspicuous small-molecule detection.



1.2.  Statistical limitations on library size and sequence space coverage

Any directed evolution experiment, regardless of target, requires a thoughtful analysis of the
library size required to gain significant coverage of the targeted sequence space. For good
reason, most directed evolution efforts use focused libraries, mutating a relatively small number
of preselected positions for saturation mutagenesis. However, even the most straightforward
efforts to introduce a small number of substitutions are subject to harsh statistical realities.
Simultaneous alteration of n selected positions in a given sequence necessitates the creation and
screening a library of size L, according to Equation 1:

4 for, nucleotide sobstitution
L=X" X=120 for, amino acid subsfitution

2 for, genome (binary output) eq 1

Here, X corresponds to the number of possible genetic elements or states that may be present.
The four naturally occurring nucleotides and the 20 naturally occurring amino acids provide the
set of states for standard DNA and protein mutagenesis, respectively. The number of states for
genome modifications, two, is modeled on deletion and insertion libraries. Although our
discussion here has focused predominantly on randomization of existing genetic elements, a
similar analysis can be applied to other, equally as important diversity-generating techniques,
including insertions“’lz, deletions“'m, and recombination14’15, among others.

Exhaustive sequence coverage when randomization is not targeted to specific positions, but is
instead applied uniformly over the full length of a target sequence, is a difficult prospect. When
there exists little-to-no basis for rationalized substitutions using structure elucidation, or
otherwise, the researcher may opt to introduce multiple, random mutations across a sequence of
length K. The binomial coefficient describes the number of possible variants, L, given N
randomizations with X genotypic states. Library sizes now scale according Equation 2:

K!

L=X"——
NI(K-N)!

eq?2

Exhaustive library coverage for an indicated sequence space differs tremendously between the
focused and random mutagenesis approaches. For example, mutation of 2 positions in a 100-
amino acid protein (i.e., X = 20) yields a library of 400 unique members when the amino acid
positions have been preselected and 1.98x10° unique members when mutations are randomly
incorporated over the length of the entire protein-coding sequence. The four order-of-magnitude
difference in library size is of note, but underlying this analysis is the finding that most random
mutations have neutral or deleterious effects on protein function'®. Presupposing that some
knowledge of protein structure or function can be used to guide a focused mutagenesis strategy,
screening efficiency can be dramatically improved. These arguments exemplify why the vast
majority of protein engineering efforts possess either a strong screening/selection assay or
introduce focused mutations on a small subset of the total sequence space.



Given its small number of genotypic states, statistically speaking, targeted mutagenesis of the
genome appears to provide the most straightforward approach. However, a number of caveats
must be considered. First, the simplifying assumption was made that genomic elements have
only on and off states, a route that ignores the importance of intermediate behaviors. For
example, in the case of promoter insertions, induction profiles can range from all-or-none to
graded responses'’. Although library size is dependent only on the presence or absence of a
promoter at a given position, assay size scales with the number of induction conditions tested.
An additional caveat is that relatively little is known about the function of a large fraction of the
genomes in experimental and industrial-use host microbes, making prediction of the effects of a
targeted mutagenesis strategy difficult. For example, the genome of E. coli K-12 MG1655, the
most well-studied microbe, contains approximately 4288 annotated protein-coding genes; of
these, 19.5% remain of unknown function'®'?. Without substantial a priori knowledge, the host
genome, pathway operons, and its constituent enzymes all remain tenable targets for
mutagenesis.



1.3.  Technical limitations in library construction and screening

Even though statistical limitations establish a glass ceiling, hindering the exhaustive search of
large sequence spaces, technical limitations in library generation and screening are the
significant bottlenecks in practice. The workflow for a standard directed evolution assay can be
divided into discrete segments: (a) in vitro diversity generation, (b) transformation and in vivo
small-molecule production, and (c) screening and selection. Each step can impose significant
technical limitations on the efficient exploration of sequence space.

1.3.1. Diversity generation

Diversity generation stands as perhaps the most robust step in mutant library screening. To a first
approximation, technologies for diversity generation are agnostic to a genetic element’s
downstream, in vivo end function. For example, an experimentalist’s success in introducing
genotypic variability into a protein-coding sequence using error-prone polymerase chain reaction
(PCR) is independent of the downstream function of the protein. Disconnect between diversity
generation and end function is due, in part, to segregation of in vitro diversity generation from
downstream in vivo expression. Creating genetic diversity in vitro allows for an extremely large
number of variants to be created; plasmid libraries on the order of approximately 10" molecules
can be tractably prepared, amounting to 1 mg of plasmid DNA’. For everyday benchtop
experiments, however, an upper limit of 10'* molecules is more commonly observed.

Until recently, a lack of computational estimates of library sequence diversity, using various
methods, left experimentalists to wander through sequence space. Although still seemingly
underutilized, in silico approaches to model diversity generation in error-prone PCR, gene
shuffling, and oligonucleotide-directed randomization have been exhaustively reviewed' .
When coupled with a readily accessible user interface, computational methods can be valuable
guides to choose mutagenesis methods satisfying an experimentalist’s library size, diversity, and
coverage objectives. To this end, a suite of user-friendly diversity analysis software tools have
been made readily available online®*. The programs provide a useful statistical analysis of library
diversity and sequence space coverage, which can guide library construction and screening when
using error-prone PCR, site-directed mutagenesis, and in vitro recombination'®*>*. There still
remains an upper limit on the sequence space that can be analyzed by computationally predictive
methods; one recently published method for modeling random point mutagenesis establishes an
upper limit of analyzing 2000 amino acids or 16,000 nucleotides, and 10°--10'® individual
sequences” . This level of computation power continues to meet or exceed the reasonable number
of DNA variants that can be constructed using existing DNA synthesis technologies.

1.3.2. Transformation efficiency

The efficiency of introducing variability into the host to gain in vivo functionality provides the
next significant bottleneck. The method most commonly employed for both S. cerevisiae and E.
coli library incorporation is nucleotide transformation, our focus here. For E. coli, the maximum
library size is estimated to be on the order of 10'> molecules®*, but libraries on the order of 10
transformants are more readily realized at the benchtop scale of everyday experiments. Library
sizes in S. cerevisiae expression systems are subject to decreased transformation efficiencies, and



maximum library sizes are approximately an order-of-magnitude less than those witnessed for E.
coli.

Transformation of an in vitro library into the in vivo screening context can entail significant
losses in library size, and steps can be taken to circumvent transformation inefficiencies. One
option is to generate and screen a library in vitro; the in vitro compartmentalization, mRNA
display, and ribosome display methods have been reviewed elsewhere”. Commonly used for
directed evolution of single proteins, completely in vitro assays are not generally applicable to
metabolic engineering for small-molecule production and ignore in vivo biological context and
regulation. The second, more commonly employed approach to avoiding library transformation
inefficiencies is to develop the library diversity in vivo. Published methods include employing
engineered strains of E. coli with increased mutation rates®’, an error-prone E. coli polymerase
(Pol I) for more targeted diversity generation in plasmids containing a ColE1 origin®', and
somatic hypermutation in mammalian expression hosts®>~>. The general drawback to in vivo
diversity generation is the introduction of untargeted, sometimes genome-wide, mutations.
Circumventing a this issue, multiplex automated genome engineering (MAGE)**, uses
transformed ssDNA to target individual genomic regions for mutagenesis at high efficiency
(>30%).

1.3.3. Small-molecule screening

Last in the directed evolution flowchart stand screening and selection. Technologies for small-
molecule screening have long lagged behind those for diversity generation, predominantly owing
to a need to independently tailor assay methods for application toward different target small
molecules. For this reason, screening and selection processes are the most significant bottleneck
in directed evolution efforts for small-molecule detection and quantification.

Although throughput can be generalized for specific screening technologies (Figure 1.1), small-
molecule assays are burdened by additional, equally important parameters. Screen and selection
strategies are only as good as their sensitivity and selectivity: A desired phenotype that remains
undetected will not be captured, regardless of the number of variants analyzed. For this reason
assay sensitivity, dynamic range, and linear range of detection — parameters commonly used to
describe transfer functions in genetic circuit design'*>~* — are also apt for the characterization of
small-molecule screens and selections (Figure 1.2). While virtually unreported in phenotypic
assays described to date, this quantitative framework provides for a minimal set of parameters
that enable more accurate comparison between different assay methodologies. The caveat being
that, given the aforementioned molecule-tailored nature of most screens, codified rules regarding
screen sensitivity and dynamic range can be ineffectual generalizations.
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Figure 1.1: Inefficiencies in library screening. (a) The in vitro and in vivo steps associated with standard
directed evolution dictate the scope of sequence space that can be explored. Moving between in vitro and in vivo
compartments imposes significant losses in library size and diversity. In vivo methods of library generation avoid
inefficiencies of transformation and product extraction; however, mutations are randomly inserted across a target
sequence and cannot be focused to a few key positions. (b) The choice of screening assay will ultimately have the
biggest impact on throughput; genetic biosensors converting small-molecule concentration into a readily detectable
reporter molecule serve as one method to move away from low-throughput chromatography techniques.
Abbreviation: FACS, fluorescence-activated cell sorting.
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Figure 1.2: Transfer curves enable a quantitative characterization of performance features. (a)
Biosynthesis of an inconspicuous small-molecule, A, results in a detectable signal by transformation using a series
of biosensor constructs. Small-molecule A can be transformed into a detectable reporter molecule through the action
of single- and multistep enzymatic pathways. Whole-cell biosensors couple growth (and a constitutively expressed
reporter) with a host microbe’s productivity. Lastly, reporter transcription can be achieved using classically
regulated promoter systems induced by small-molecule A. (b) The correlation between input product concentration
and output biosensor response (arbitrary reporter units) provides the biosensor transfer function. Transfer functions
provide information on product sensitivity, the linear range of detection, and the detection threshold, which can
guide assay design.

Foundational work in directed evolution for small-molecule production has been focused on
conspicuous targets, those that can be optically detected. Without the need for additional
synthetic chemistry or biotransformation, conspicuous products can be accurately measured
using standard high-throughput colorimetric and fluorometric assays. In contrast, inconspicuous
targets, a class to which the majority of small molecules belong, emit no spectral signature
suitable for existing high-throughput screening technologies. Inconspicuous small molecules can
be converted into detectable outputs through the activity of biosensors. Biosensors take form as
single- or multistep enzymatic pathways, inducible expression systems, and entire host
organisms; an accurate description of the correlation between a biosensor’s inputs and outputs is
provided by its transfer function (Figure 1.2)*®. In the remainder of this review, we provide a
discussion of small-molecule screens and selections and present methods for moving up the



screening and selection ladder (Figure 1.1). This qualitative metric seeks to incorporate
throughput, sensitivity, and dynamic range into a generalized rank of assay strength and
molecule applicability. Small-molecule screens exhibiting high-throughput and sensitive analyte
detection for a broad spectrum of compounds rank higher than less-specific, lower-throughput
assays. In our analysis of the various small-molecule screening methods commonly employed,
we highlight the role of biosensor-driven assays that enable inconspicuous small-molecule
targets to leapfrog rungs in the ladder.



1.4. The screening and selection ladder

We present here colorimetric, fluorometric, and growth-complementation assays as the
foundation for small-molecule assays in metabolic engineering. Excluded from this review are
gas and liquid chromatography and H'- and C"*-based NMR techniques for small-molecule
identification and quantification. Although ubiquitous in the field and offering unparalleled
accuracy and precision, their extremely low throughput limits their application to assays with
small sets (< 10°) of modifications.

In engineering terms, we define our system as an individual microbe, with the target product
being an output. As such, we focus only on whole-cell assays for target small-molecule
production. End-product screens detect the desired output (i.e., improved molecule production)
and are applicable with directed evolution of any upstream biosynthetic machinery. In this sense,
small-molecule screens offer greater versatility and application than screens for intermediate
functions. We leave untouched assays that analyze single or intermediate steps in the conversion
of a carbon source to product.

For each assay technology, examples of conspicuous small-molecule detection are used to
provide a backdrop for development of next-generation, biosensor-driven approaches. Screen
throughput, sensitivity, and dynamic range, where available, are highlighted from exemplary
studies in the field.

1.4.1. Colorimetric and fluorometric plate-based screens

The relative ease of conducting colorimetric and fluorometric assays has established their
position as the a posteriori techniques of choice for proof-of-principle experiments in novel
mutagenesis and directed evolution™. Assay sensitivity, linear range of detection, and, to some
extent, throughput will vary depending on the method used and the compound being
interrogated. Individual variants are monitored as liquid cultures on microtiter plates or as
colonies on solid, agarose media. Photometric assays using microtiter plates are highly robust
and provide the distinct advantage over other techniques in being able to broaden the linear range
of detection by diluting or concentrating the sample. Assay throughput on microtiter plates is
moderate (approximately 10° variants per experiment) and is strongly affected by an oft requisite
in vitro product extraction step. In comparison, screening colonies on solid media provides
increased throughput, and with modern robotics upward of 10° variants are screened*’. The
increase in throughput comes at the expense of a greatly diminished sensitivity, however, and
small differences in intercolony productivities can be overlooked. Thus, the decision between
liquid and solid media assays is largely dictated by available equipment and a compromise
between throughput and sensitivity.

Detection of microbially produced photophores provides upper bounds with regard to throughput
and sensitivity as no additional chemical transformations are required for product detection.
From the expansive body of metabolic engineering work on production of natural photophores,
we focus here on lessons learned during directed evolution for improved carotenoid biosynthesis.
The carotenoids, including lycopene, B-carotene, and astaxanthin, were recognized early on as a
high-valued neutraceuticals with remarkable antioxidant properties*'. This feature, coupled with
their relative ease in detection, has driven extensive research into establishing microbial
production routes and, in large part, has laid the foundation for many aspects of metabolic

10



engineering. To date, lycopene has been the major carotenoid of focus for production in
microbial hosts. The majority of titer-oriented research for lycopene has been conducted in E.
coli and has highlighted a number of the performance features of colorimetric screens. Lycopene
production can be monitored colorimetrically by measuring the absorbance at 470 nm following
extraction into an organic solvent*. The assay is highly sensitive, differentiating between
submilligram per liter differences in lycopene yields* and achieving a level of sensitivity more
than adequate for directed evolution. Detracting from the lycopene screen, however, is a requisite
organic solvent extraction that drives up assay price while decreasing throughput.

The success of plate-based photometric screening is exemplified by use of the carotenoids in
various proof-of-principle experiments in organism and protein engineering. The broad spectrum
of colored pigments found in the carotenoid family was utilized to demonstrate strategies in
combinatorial biosynthesis***, a powerful approach wherein promiscuous enzymes serve as
molecular scaffolds on which nonnative small molecules are synthesized. Additionally, advances
in mRNA-based regulation of pathway flux*®, model and combinatorial-driven methods in
genome engineering’’, engineered metabolic control*, and multiplex genome engineering”* have
been enabled.

In contrast to the carotenoids, the vast majority of primary and secondary metabolites targeted
for overproduction in the laboratory are not natural chromo- or fluorophores. For these
molecules, in vitro synthetic and enzyme-coupled catalyses may offer an alternative approach to
direct product detection. Using synthetic chemistry, a target molecule-specific chemical moiety
reacts with an exogenously added reagent to yield a detectable product. Fluorescent and
colorimetric detection of specific chemical moieties and compound classes is an area of great
interest in organic synthesis. A wealth of both demonstrated and potential high-throughput
assays can be borrowed from the field, including thiols®, cyclic and linear amines®*",
carboxylic acids®*”*, alcohols™*, aldehydes™, and glycosaminoglycans®, among others
Alternatively, indirect methods for product detection can also be employed, such as product-
associated changes in pH>*® or coproduction of hydrogen peroxide®'. The application of
synthetic chemistry-based detection to metabolic engineering strategies, however, is not without
limitation. Accurate product quantification in synthetic chemistry-based detection schemes may
be impeded by a low signal-to-noise ratio, as the majority of moieties being targeted are naturally
found at high abundance in the microbial intracellular environment. This issue may be
minimized by increasing production titers. Lastly, reagent cost when incorporating in vitro
synthetic chemistry may become a significant factor, a problem exacerbated with increasing
library size.

57,58

When synthetic catalyses are either unavailable or cost prohibitive, or when higher substrate
specificity is required to alleviate background noise, enzyme-coupled assays provide another
approach. Coupling enzymes are added to the analyte solution to form single- or multistep
pathways that yield detectable photophores or utilize traceable cofactors in their catalysis. The
distinct advantage in cofactor-dependent assays is the broad range of enzymes and reaction types
for which they are necessary; thus, cofactor monitoring can be viewed as a strategy more
universally applicable than direct detection methods. Photometric assays have been described for
quantification of many enzyme cofactors, ATP and ADP****, reduced and oxidized states of
NAD and NADP®™’_ and free coenzyme A®®. When background noise from native, endogenous
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small-molecule production is not an issue, using coupling enzymes with broad substrate
acceptance is an interesting option. For example, substrate promiscuity is a hallmark
characteristic of the P450 superfamily®’, and NADH or NADPH consumption in P450-catalyzed
reactions is frequently used as an indirect measure for substrate oxidation’""". Similarly, S-
adenosyl-L-methionine is a cofactor for small-molecule methyltransferases and can be monitored
following multienzyme biotransformations to homocysteine or hypoxanthine*-'>"*. Although
inherently indirect measures (and as such push the boundaries of the rule “you get what you
screen for”), the cofactor assays nonetheless are often highly robust, accurate proxies for direct
product detection®">™,

Design of in vitro small-molecule assays using either synthetic or biocatalyzed transformations
requires significant thought with regard to the reagents and enzymes used. Although not a
prerequisite, driving a reaction to completion is highly desirable and will facilitate a more
accurate back calculation of target small-molecule production titers. For this reason, use of
irreversible enzymes without product inhibition is the preferred enzymatic route. The choice of
catalyst also determines the reaction conditions. Under the best-case scenario, assays are
performed directly in the growth medium without cell removal, product extraction, or pH
adjustment; however, optimal reaction conditions always need to be determined experimentally.
These considerations become increasingly important as library sizes grow, as each additional in
vitro manipulation adds both significant consumable and throughput costs. Lastly, the synthetic
reagents or coupling enzymes must also be economically synthesized, purified, or purchased to
screen a complete set of library variants.

By shifting from an in vitro, enzyme-coupled product detection regime to an in vivo context,
significant advantages can be garnered in terms of both throughput and cost. Extractions, enzyme
purifications, and in vitro manipulations are minimized or eliminated. Catalytic biosensors,
single and multistep in vivo biosynthetic pathways with inconspicuous substrate inputs and
detectable product outputs, have just begun to be explored. Examples to date include assays for
intermediates in an engineered Pseudomonas putida paraoxon catabolic pathway”, strictosidine
glucosidase-catalyzed transformation of tryptamine analogs’®, and a tyrosinase-catalyzed

transformation of the amino acid L-tyrosine into melanin’’.

Directed evolution of E. coli for improved L-tyrosine production exemplifies the role enzyme-
based biosensors can assume during inconspicuous small-molecule detection. Tyrosine is a
colorless, essential metabolite of great import in the synthesis of a wide range of value-added
pharmaceuticals and commodity chemicals, including the morphine alkaloids and p-
hydroxystyrene’®. Rational engineering strategies, targeting both tyrosine and its intermediates,
have been extensively explored and reviewed*". Concomitant work in the Stephanopoulos
lab”"*! in both rational engineering and directed evolution of E. coli tyrosine biosynthesis
enables a thorough comparison of the two approaches. Using strictly rational metabolic
engineering, two tyrosine-overproducing strains of E. coli were reported®>. The first, T1,
incorporated feedback-inhibition-resistant derivatives of pathway enzymes and eliminated native
pathway regulation. Building on T1, strain T2 increased the availability of the central metabolite
precursors D-erythrose-4-phosphate and phosphoenolpyruvate necessary for tyrosine
biosynthesis. Tyrosine production titers in minimal medium culture flasks reached 346+26 and
621426 mg-L" for strains T1 and T2, respectively.
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Before using random mutagenesis to build on their rationally designed strains, the authors
developed a pair of high-throughput screening assays. The first, although not biosensor based, is
an interesting application of an in vitro synthetic chemistry approach. It has long been known
that 1-nitroso-2-naphthol reacts with parasubstituted phenols, such as tyrosine with high
specificity, yielding a red-orange product™. By modifying the published assay methods the
authors developed a high-throughput, microtiter-based fluorometric screen for L-tyrosine®'. This
assay was then used to screen a small, combinatorial library of amino acid biosynthetic genes
overexpressed in E. coli**. The authors report that their screen accurately differentiates between
product concentrations as low as 50 mg-L" over a linear range of 0.05--0.5 g'L™' tyrosine®'. As
with lycopene, throughput is limited to the order of 10° variants per experiment owing to
requisite use of microtiter plates and in vitro synthetic chemistry.

More recently, Santos & Stephanopoulos’’ describe a catalytic biosensor approach using an in
vivo expressed tyrosinase to use melanin as a reporter of tyrosine productivity (Figure 1.3). A
black, insoluble pigment, melanin, can be readily assayed in colonies grown on solid medium
without need for additional in vitro synthetic chemistry or solvent extractions. Starting with a
base E. coli strain producing 347 mg-L™" tyrosine (similar to the above-mentioned rationally
engineered strain T1), the authors constructed a transposon-mediated knockout library of the E.
coli genome and screened 21,000 colonies on agar plates. Over two five-day rounds of screening,
30 variants were selected for a more rigorous characterization; two mutants were discovered that
individually produced 57% and 71% higher L-tyrosine titers than the background strain. The
associated chromosomal knockouts occurred in dnaQ and ygdT, whose gene products are part of
the epsilon subunit of Pollll and a hypothetical protein, respectively. Under similar culture
conditions, the yadT knockout strain exhibited product yields comparable to those measured in
the highest producing rationally engineered strains’*2. Neither of these genomic knockouts
could have been predicted using rational design or flux analysis approaches, a feature that draws
attention to the potential value of a strong-screening assays. The performance features for this
assay were not provided and thus inhibit comparison to their synthetic chemistry-based route;
however, visual assessment of colonies is in general a much less sensitive detection method.
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Figure 1.3: Development of a catalytic biosensor. Santos & Stephanopoulos’ coupled production of the
colorless amino acid I-tryosine to synthesis of the black, diffusible pigment melanin through heterologous
expression of a tryosinase in E. coli. (a) Tyrosinases use molecular oxygen to catalyze the ortho-hydroxylation of 1-
tyrosine to I-DOPA, followed by its oxidation to dopachrome. The generated reactive quinones then polymerize to
form melanin. (b) Expression of a bacterial tryosinase (blue plasmid) enabled a high-throughput screen, as melanin
was used to report on the production of I-tyrosine. Agar plate-based screening of a transposon-mediated knockout
library identified strains with increased tyrosine production. Analysis of the chromosomal mutations in the improved
strains revealed interruptions in two genes, dnaQ and yadT. Neither gene would have been predicted to impact
aromatic amino acid production through rational design or flux analysis strategies. This work illustrates the
importance of strong screening assays in uncovering untapped genotypic improvements.
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1.4.2. Growth complementation

Strains auxotrophic for essential small molecules are natural biosensors and have long been used
to build strong selection assays®. These strains provide what is perhaps the most readily
discernable phenotype, growth, if the auxotrophy is relieved by complementation of lost
enzymatic function. Growth-complementation assays have been used extensively to engineer
hosts for catabolism of nonnative or nonideal carbon, nitrogen, and phosphate sources®*®’. Assay
development is relatively straightforward: By supplementing the growth medium with a single
molecular source of an essential element, only those host variants engineered or evolved for its
catabolism survive.

Although highly successful in engineering novel catabolic activities, coupling anabolism to
growth has proven to be a more difficult task. Oftentimes, an overproduction phenotype is
deleterious to the host strain’s reproductive fitness*®®, a characteristic easily inferred by
depressed growth curves in overproducing strains. To screen for anabolic activity, small-
molecule production must complement the auxotrophy and be strongly correlated with the
specific growth rate to enrich cultures for high producers.

Auxotrophies of components of amino acid biosynthesis pathways have been successfully
utilized in metabolic engineering applications because the pathways are strongly coupled to
growth. An early study using growth-complementation knocked out the gene encoding for
branched chain amino acid aminotransferase i/vE; this strain was then used to evolve an aspartate
aminotransferase to recognize branched amino acids’. Following five rounds of DNA shuffling,
the catalytic efficiency for transamination between 2-oxovaline and aspartate was improved by
five orders of magnitude. Further selection increased the catalytic efficiency of the final mutant
variant by an additional order of magnitude”'. Other examples from amino acid biosynthesis,
which used similar strategies, include aminotransferasesQ2, an alanine racemase’ , and evolution
of chorismate mutase’*””.

Intermediates in amino acid biosynthesis, keto acids, have been more recently explored in a
metabolic engineering context. Atsumi et al.’® rationally engineered 1-propanol and 1-butanol
production in E. coli using 2-ketobutyrate derived from threonine degradation. A more direct
route to 2-ketobutyrate, however, is the citramalate pathway, identified in Leptospira interrogans
and Methanocaldococcus jannaschii but not present in E. coli. An E. coli strain auxotrophic for
isoleucine would require flux to be rerouted through a transformed citramalate pathway to
restore growth. This strategy was employed in an E. coli host for functional expression and
directed evolution of a heterologous citramalate biosynthetic pathway leading to 2-
ketobutyrate’’. The evolved strain exhibited 9- and 22-fold improvements in 1-propanol and 1-
butanol productivities, respectively, over the wild-type citramalate base strain. Furthermore,
when similar medium conditions and genetic backgrounds were employed, the evolved
citramalate pathway provided greater than 35-fold improvement in 1-propanol yield and an
eightfold improvement in 1-butanol yield. Given the large number of industrially important
compounds that can be derived from amino acid biosynthetic pathways and the success of
auxotrophic selection assays for these compounds, there is likely to be continued focus on these
assays in the future.
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A more generalized growth-complementation strategy is the use of an auxotrophic reporter
strain. Here, a producer strain is engineered for overexpression of the target pathway, and a
second reporter strain is constructed that constitutively expresses a detectable market (i.e., green
fluorescent protein, GFP) and is auxotrophic for an essential metabolite found in the target
pathway (Figure 1.2). When cocultured, the reporter strain’s growth---and thus reporter output---
is coupled to the metabolite yield achieved by the producer strain. This strategy was successfully
employed in the development of a whole-cell biosensor for mevalonate (Figure 1.4)°%. A 10%
difference in mevalonate production could be discerned between liquid cell cultures with 95%
confidence. When utilized in a spray-on technique for solid media screens, however, the assay
was only effective in distinguishing mevalonate producers from nonproducers’; a finding that
again highlights the higher sensitivity observed in liquid versus solid medium plate-based assays.

In general, auxotrophic strains provide a unique, high-throughput approach for the screening or
selection of small-molecule overproducing strains. However, there remain some significant
drawbacks when considering their broad-scale adoption. First, the essential small molecule must
be native to the host or reporter microbe; thus, growth complementation is more suitable to
building platform production strains for metabolite precursors than exotic secondary metabolites.
Second, the dynamic range in growth-complementation assays can be limited. From a protein
engineering perspective, even slightly functional biocatalysts can be sufficient to restore cell
growth; in practice, this places a glass ceiling on the small-molecule product yields that can be
accurately screened or selected. Addressing this challenge, user-defined transcription and
enzyme degradation tags have been explored as means of increasing selective pressures and
assay dynamic range’. Other readily accessible approaches for fine-tuning protein expression
levels include decreasing plasmid copy number, modifying RNA stability, and modifying
translation initiation efficiency””.
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Figure 1.4: Development of a mevalonate biosensor. The isoprene subunits isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DMAPP) are essential for E. coli cell growth. Natively, IPP and DMAPP are
produced in E. coli through the 1-deoxy-D-xylulose-5-phosphate (DXP) pathway; however, expression of a
heterologous mevalonate pathway provides an alternative route. By concomitantly knocking out the DXP pathway
while overexpressing the enzymes necessary for mevalonate utilization, a mevalonate biosensor was constructed”".
The mevalonate biosensor also contained a constitutively expressed gene for green fluorescent protein (GFP) to
provide a fluorescent readout of cell growth. Mevalonate was supplied by a production host containing genes
necessary for transformation of acetyl-CoA to mevalonate. Abbreviations: G3P, glyceraldehyde-3-phosphate; DXP,
1-deoxy-D-xylulose-5-phosphate; MEP, 2-C-methyl-D-erythritol-4-phosphate; IPP, isopentenyl diphosphate;
DMAPP, dimethylallyl diphosphate; DXS, 1-deoxyxylulose-5-phosphate synthase; DXR, 1-deoxy-D-xylulose-5-
phosphate reductoisomerase; AtoB, acetoacetyl-CoA thiolase; HMGS, HMG-CoA synthase; tHMGR, truncated
HMG-CoA reductase; MK, mevalonate kinase; PMK, phosphomevalonate kinase; MVD, mevalonate pyrophosphate
decarboxylase; GFP, green fluorescent protein.

1.4.3 Fluorescence-Activated Cell Sorting-Based Screening

Near the top of the phenotypic screening and selection ladder stands fluorescence-activated cell
sorting (FACS). Through rapid analysis of size and fluorescence measurements of single cells,

this technique possesses nearly ideal high-throughput screening characteristics' . Libraries are
commonly first passed through a primary FACS screen, thereby enriching the population
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between 80—5000-fold for the 0.5% to 1.0% cells exhibiting the highest measured
fluorescence'®''*. Library sizes between 10® and 10° variants have been readily screened in
assays for modified protein specificity'*""'%, achieving the realistic 10° variant cutoff incurred
owing to low microbial transformation efficiencies®®. Those cells surviving the primary screen
are subjected to a secondary screen to provide phenotypic confirmation. In practice, between 10
and 10° clones enriched by the primary FACS screen are analyzed by gas chromatography-mass
spectrometry (GC-MS) for identification or quantification'®’. Although FACS is ultra high
throughput, a drawback is overlapping fluorescence profiles, and aberrant fluorescence can lead
to a high rate of false positives during screening. This arises from the distribution of fluorescence
values found in a population when single cells are analyzed, a problem not witnessed in plate-
based screens because of population averaging (Figure 1.5). For this reason, FACS-based
screens are used to enrich for a target population and are then followed by secondary,
orthogonal screens to provide a more accurate validation.
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Figure 1.5: Population distributions can inhibit efficient cell sorting. (¢) Representative data collected
from fluorescence-activated cell sorting (FACS) and (b) fluorometer analyses of output reporter fluorescence
highlight the difficulties in efficient screening. We examine the hypothetical strains P1, P2, and P3, displaying
different levels of target small-molecule production. Although the mean fluorescence for all cell populations does
not change between fluorometer and FACS instruments, population distributions inhibit efficient cell sorting by
FACS. Overlapping population profiles (separating P2 from P1 and P3) and aberrant fluorescence (the right-hand
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tail on P2) can decrease enrichment efficiencies. Lower-throughput, orthogonal secondary screens must be used to
further purify the target population. Abbreviation: P1, 2, 3 hypothetical populations.

Direct detection of fluorescent proteins and metabolites using FACS is a straightforward
application and has been well explored in both protein and metabolic engineering. In metabolic
engineering, naturally fluorescent metabolites can be directly screened so long as they are
intracellular and so long as their emission spectra are not masked by that of the native host.
Again, the carotenoids have served as model small molecules for isolation of hyperproducing
yeast strains. The inherent fluorescent property of astaxanthin was used to recover yeast strains
at high sensitivity, capturing productivity improvements as low as 260 pg-g™ dry cell
weight'®®1% A recent effort to improve astaxanthin production from Xanthophyllomyces
dendrorhous achieved a 3.8-fold production improvement and reported fivefold improvement in
screening efficiency as compared to plate-based methods''’. Beyond the carotenoids, FACS
screening has been restricted to a small number of natural and synthetically coupled
ﬂuorophO{E‘s,1 1i5ncluding gramicidin S'"", polyhydroxyalkanoates''?, poly(B-hydroxybutyrate)' ",
and lipids™ ™" .

Another route for FACS-based screening is to assess those changes to cellular physiology
induced by small-molecule production or cell stress. In this indirect method, fluorescent dyes act
as indicators for changes in intracellular pH or viability''°. Following this strategy, strains of S.
cerevisiae capable of improved lactic acid tolerance and production have been isolated from a
mutant library, using both ethidium bromide staining and a pH-dependent fluorescent probe''’.
The fluorescent probe used, cSNARF-4F, exhibits a shift in the spectral emission depending on
intracellular pH; the ratio of the two local maxima indicate the pH''®. Because the assay is
physiology dependent and not product dependent, it can be extrapolated toward detection of a

range of microbially synthesized weak organic acids and bases.

The approach of screening for a downstream effect of molecule overproduction, and not for the
small molecule itself, may be a versatile strategy given that entire classes of molecules can
produce similar changes in physiology. For instance, FACS-based screens could prove effective
in cases of product-induced oxidative stress, a common side effect of P450 overexpression' ",
using in vivo fluorescent probes for reactive oxygen species'*”'*!. Similarly, membrane
fluidity'**, intracellular magnesium'>, and intracellular calcium'** can also be quantified using
fluorescent dyes. Despite the straightforwardness of this screening approach, it is hampered by
the dearth of available in vivo reporter probes. In addition, it remains unknown whether a strong,
reproducible correlation can be drawn between small-molecule biosynthesis and a microbe’s

physiological state over a large set of molecule classes.

Genetic biosensors can take inconspicuous small-molecule inputs and output one of several
available fluorescent proteins as reporters. In general, methods described to date have focused on
transcriptional read through from product-encoding operons as a proxy for end function. One
interesting approach has been construction of genetic traps, screens used to isolate genetic
elements from metagenomic libraries that encode for user-desired phenotypes. SIGREX, or
substrate-induced gene-expression screening, uses a fluorescent reporter housed behind a
multiple cloning site into which a metagenomic library is inserted'*>. When a small-molecule
substrate is exogenously added, only clones harboring metagenomic inserts whose transcription
is activated by the substrate small molecule will express the downstream fluorescent reporter. A
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second, negative screen under uninduced conditions can remove variants with constitutive
fluorescence. For the insert to produce a fluorescent signal, it must encode for a responsive
transcription factor-promoter system. The promoter must also be oriented in the correct direction
to transcribe the downstream reporter gene. The success of this method hinges on the
overarching assumption that the requisite transcription factor is housed proximal to its cognate
promoter controlling GEP expression'?’, a guilt-by-association strategy that is by no means a
genotypic rule'?’.

User-selected biosensors can also be applied for isolation of anabolic operons from metagenomic
libraries encoding for biosynthesis of biosensor-responsive small molecules'*®. This was
demonstrated using the well-characterized acyl-homoserine lactone-responsive LuxR- Py
genetic actuator isolated from Vibrio fischeri'>. By placing GFP under control of Py, a
metagenomic library was transformed into E. coli and screened for novel inhibitors of the
quorum-sensing response. Approximately 10,000 colonies survived the preliminary FACS assay
by inhibiting GFP production in the presence of exogenously added acyl-homoserine lactone.
Only a meager 0.2%, or two colonies, produced confirmable inhibition of transcription from
P, a finding that draws light toward the high rate of false positives using FACS for phenotypic
characterization. A similar approach was recently used to screen for alkane biosynthesis and
transport in engineered strains of E. coli using the AlkR transcription factor isolated from
Acinetobacter'™. In cases where a target small molecule lacks no known cognate transcription
factor, FACS-coupled directed evolution of the transcription factor’s effector recognition domain
can realize minor perturbations in ligand specificity'”'. Nearly all genetic biosensors described to
date have been used to obtain an all-or-none fluorescent response profile, which is well suited for
gene discovery but poorly suited for mechanistic studies where intermediate behaviors provide
information equally as important as the final product. As discussed in detail below, however,
genetic biosensors providing a linear response profile can have also been characterized and can
be used to elucidate intermediate behaviors.
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1.5.  Future directions: transcription factor-based small-molecule screening

The screening strategies described above have demonstrated success in identifying proteins or
strains capable of increased small-molecule production titers. Many small molecules, however,
are not natively chromophoric, fluorescent, or essential for growth. Furthermore, only a limited
few can be readily transformed into compounds possessing these properties. Thus, a universal
high-throughput screening platform for small molecules remains out of reach. In spite of that, to
expand our existing repertoire of detection techniques, we can turn to nature, the apt
experimentalist, and borrow from the plethora of molecular devices evolved for small-molecule
recognition.

Nature has evolved RNA, DNA, and protein devices for the binding of small molecules and for
activation of a downstream transcriptional response. Some molecular devices, including the
aptamer' > and FRET biosensors' >, can be engineered for small-molecule detection and deserve
further exploration. One strategy deserving special attention is the use of transcription factors,
proteins that regulate a promoter’s transcriptional output in response to a small-molecule ligand,
to report on in vivo small-molecule production. Bioengineers have long used transcription factors
to construct whole-cell biosensors for the detection of environmental small-molecule
pollutants'**. However, this same approach has remained largely untranslated toward library
screening and directed evolution purposes.

1.5.1. Biosensor response characterization

Screening methods utilizing transcription factors possess many characteristics ideal for
developing small-molecule screens and selections. The reporter gene housed downstream of an
inducible promoter can be user selected to encode for colorimetric, fluorescent, or growth-
coupled responses. Additionally, because the transcription factor-promoter pair is responsible for
direct, in vivo detection of the target analyte, the need for downstream synthetic chemistry or in
vitro manipulation is eliminated.

The first task when designing a screen is to understand the relationship between small-molecule
input and reporter protein outputs. This process is greatly facilitated in transcription factor--
based detection technologies by continued work in genetic circuit design. In part, this is due to a
trend in the synthetic biology community toward better characterization of standardized hosts
and biological parts''*>'*®. For example, a thorough characterization of the frequently used
LuxR-Ppur expression system for E. coli provides a solid framework for biosensor design and
characterization®’. The mathematical description of an expression system’s transfer function can
elucidate the conditions under which a biosensor can provide robust, reproducible function. As
with optical detection techniques, biosensor transfer functions are characterized by their dynamic
range, sensitivity, small-molecule specificity, and range of linear analyte detection (Figure
1.2)*®. All of the relevant parameters can be readily calculated using existing models that
describe a range of regulatory schemes'’ %’

Even in E. coli, unfortunately, standardized promoter characterization remains scant to date and
remains virtually nonexistent for yeast expression systems. We provide here a retrospective
analysis of published response curves and provide estimates for a minimum set of governing
parameters for many of the most commonly used biosensor-ligand induction systems (Table
1.1). Shown are the sensitivity, dynamic range, and linear detection range for a number of
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promoter-induction systems when fit using the Hill equation. Few of the small-molecule ligands
for which these systems were designed to detect are industrially relevant; thus, their cognate
biosensors are unlikely to be used for small-molecule assay design. However, we can still glean

useful information on generalized trends that will facilitate biosensor-based assay design.

Induction Ligand Sensitivity Dynamic Linear Reference
system (Napp) Range Detection
(fold range
increase)
PpLio.-TetR Anhydrotetracycline 10.43 2535 ~0--4.5 nM 140
Preror-rtTA® Doxycycline 1.12 28 0.01--2.5 uM 4l
Preroo-rtTA® Doxycycline 0.96 15 0.05--11 uM 14l
Prero-rtTA? Doxycycline 0.70 15 0.25--35 uM 141
Isopropyl B-D-1-
PLaos-LacR  tuogalacto- 1.14 620 0.01--1 mM 140
pyranoside
(IPTG)
Ppap-AraC Arabinose 0.43 5.5 0.08--20 mM 14
: 0.2--12.6
Pppe-PrpR Propionate 2.25 6.5 M 12
Isopropyl B-D-1-
Prye-lacl thiogalacto- 0.52 5 4--63 uM 142
pyranoside
(IPTG)
3-oxohexanoyl-L-
Pruxr-LuxR homoserine lactone 1.6 500 0.5--10 nM 37
(30C¢HSL)
P,.-XyIR Toluene 23 16 50--300 uM 143
Po-XylR Benzene 3.2 9.8 NA 143
P,.-XyIR 4-Xylene 2.0 26 NA 143
P,.-XyIR o-xylene 0.79 20.3+1.6  0.05--5mM 1
P,o-XyIR o-xylene ° 3151156 0.1--10 mM 1
P, XyIR O-xylene 1.41 32.546.1 0.1--5 mM H

Table 1.1: Transfer function--derived performance parameters for common induction systems. *“The
O# in Prg1o indicates the number of operator sites included in the promoter design. °Curve could not be accurately

fit using the provided data points, however an n,,, > 10 is estimated
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From this data there emerge a number of key trends that can help guide more efficient biosensor
design. Perhaps the most important performance feature describing a transfer function is the
apparent Hill coefficient, n,pp. By definition n,,, describes the assay sensitivity, but information
on the linear range of detection, the detection threshold, and the dynamic range can be inferred.
For example, a large n,,, indicates a high slope within the linear portion of the transfer curve and
a sensitive assay, but it is also associated with a small-linear induction window, a large dynamic
range, and a low detection threshold. In electric and genetic circuit design, a large n,p,, describes
digital-like behavior. The tight regulatory control displayed by digital logic gates has made them
a staple for in vivo genetic circuit design; the Pre-TetR and Py r-LuxR systems, in particular,
are archetypal model systems providing robust, user-defined behaviors'*"'*®. Analog-like
behavior is also witnessed in our selection of expression systems. For example, the Pgap and
Ppro systems surveyed here have low sensitivity and a broad window for which the output
response is linearly correlated to the input concentration. In general, analog-type responses are
more in line with established screening assays for small-molecule detection. Along a similar
vein, analog logic gates are suitable for use in directed evolution assays, where phenotypic
improvements are typically small and incremental.

Although broad-reaching conclusions remain elusive, evolutionary arguments support some
general trends seen among the transfer functions between various expression systems. Evolution
has tailored the regulation of each promoter to function in a specific environmental context.
Digital behavior is more often witnessed in genetic systems evolved for antibiotic, quorum
sensing, and sugar utilization. In contrast, analog behavior is more typical of nonideal carbon
source utilization. Of course, when the system is removed from its original genetic context (i.e.,
removing a transcription factor from control by its native promoter), these observations may not
hold. Transcriptional logic gates have proven to be readily engineered genetic parts, and transfer
functions can be altered for more digital- or analog-like profiles, as needed for the application at
hand. A shift toward a more digital response was observed by increasing the number of operator
sites on a doxycycline-induced Pt promoter'*', which manifested as an increase in Napp, @ lower
detection threshold, and an increase in dynamic range (Table 1.1). Similarly, for transcription
factors exhibiting a poor binding profile to the target ligand, directed protein evolution has been
demonstrated to increase ligand specificity and biosensor sensitivity'*. Perhaps more often than
realized, response profiles can be quickly adjusted without the need for laborious protein or
promoter engineering. Poor ligand-transcription factor binding is often a characteristic of an
analog response, suggesting transcription factors with promiscuous ligand binding could serve as
ideal analog devices using weak inducers. Lastly, in the case of the transcription factor XylR,
just moving between one of its three native promoter systems dramatically changed the response
profiles in an o-xylene-induced system'**. Whether analog or digital, both types of behaviors can
be either pilfered from nature’s abundant stock or engineered from preexisting, standardized
biological parts.

1.5.2. Applications using digital and analog biosensor response profiles

Digital and analog biosensor response modes are both equally important for in vivo small-
molecule assays; digital behavior has demonstrated a value for construction of genetic traps,
whereas analog behavior is well poised for applications in directed evolution. Mohn et al.'>
describe both digital and analog transcription factor--based biosensors in their detection of the
biotransformation of linade into 1,2,4-trichlorobenzene. The authors first construct their
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biosensor using an evolved mutant variant of the o>*-dependent transcription factor XyIR, which
is sensitive to 1,2,4-trichlorobenzene but not to lindane. Using this system, three reporter strains
were created: two P. putida strains harboring luciferase or LacZ reporters and an E. coli strain
harboring a LacZ fusion protein reporter. To achieve a strong digital response, the biosensor’s
dynamic range was increased by eliminating sources of background noise caused by leaky
transcription from their promoter. In the luciferase reporter strain, the authors couple their
evolved XylIR protein with the Po promoter, which exhibits a substantially lower level of leaky
expression as compared to the more commonly used Pu promoter'**"*!. In the E. coli reporter
strain, LacZ was fused to XylU, the first native gene product downstream of the Pu promoter.
Strains harboring the fused reporter construct were reported to exhibit background expression
levels below the detectable limit of a B-galactosidase assay'*". When cotransformed with a
lindane dehydrochlorinase from Sphingomonas paucimobilis UT26, the strains provided proof-
of-concept demonstration of digital biosensor response using both colorimetric and growth-
complementation assays. Although not employed for purposes of directed evolution, the E. coli
biosensor system yielded a near-linear relationship between output -galactosidase activity and
concentration of exogenously added lindane. Linearity was held over a two orders-of-magnitude
concentration range, providing strong evidence this strain could have a use as an in vivo screen
for improved lindane or 1,2,4-trichlorobenzene biosynthesis.
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1.6. Conclusions

Metabolic engineers require high-throughput screens to facilitate the directed evolution of
microbial strains for small-molecule overproduction. The sheer number of variables that can be
modified within either the genome and heterologous pathway are astounding; furthermore,
biosynthetic pathways comprise multiple enzymes subject to regulation, which is too often
poorly understood. Without detailed experimental evidence, there is little hope for rational
mutagenesis strategies to substantially improve small-molecule yields and pathway efficiencies.
When coupled with a high-throughput screen, random mutagenesis can be a powerful method to
explore sequence space with little-to-no a priori knowledge of the subject’s structure or function.
The walk through sequence space, however, is limited by the underlying statistics behind library
generation and screening assay throughput. For the vast majority of small-molecule targets,
screening throughput stands as the rate-limiting step, with low-throughput liquid and gas
chromatography being the modus operandi in the field today. Recent innovations are enabling
experimentalists to “climb the screening and selection ladder,” the underlying principle being the
design of biosensors to transform inconspicuous small molecules into more readily detectable
reporters.
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2. A Semi-biosynthetic Route for Artemisinin Production Using
Engineered Substrate-Promiscuous P450-BM3*

2.1 Introduction

Gas and liquid chromatography-mass spectrometry (GC-MS and LC-MS, respectively) are the
standard detection methods utilized in the laboratory today. Their role in de novo pathway
construction and enzyme directed evolution is invaluable. In addition to offering highly sensitive
compound detection and quantification, mass spectra can be used to assign putative functions to
previously unknown or altered enzyme activities. However, the fundamental disadvantage of
both GC- and LC-MS methods is their exceedingly low-throughput. Typically no more than 10
samples can be analyzed per day, making these methods untenable for large-scale library
screening. Furthermore, for the majority of compounds being targeted for over-production today
there exist no readily available, high-throughput screening methods.

In the absence of a high-throughput screening or selection approach, and when faced with a
native biosynthetic pathway or constituent enzyme with intransigent expression or catalytic
activity, a different strategy is required. One alternative paradigm to using native pathways and
their cognate enzymes is de novo pathway construction through incorporation of engineered
substrate-promiscuous enzymes — enzymes capable of acting upon a broad range of substrates.
Substrate and catalytic promiscuities are believed to be hallmark characteristics of primitive
enzymes, serving as evolutionary starting points from which greater specificity is acquired
following application of selective pressures'*>>*!1>* In this respect, substrate promiscuous
enzymes are logical starting points for de novo metabolic pathway design. This process
functionally mimics one method for how nature is believed to evolve novel biosynthetic routes.
Following demonstration of a desired enzyme activity, computational, rational, or directed
evolution engineering strategies can be used to further tailor a promiscuous enzyme toward
greater specificity. An approach that becomes highly attractive if high-throughput screening
techniques are available to monitor production of the target molecule or the associated enzymatic
activity.

As an example of using substrate-promiscuous enzymes in engineered biosynthetic pathways, we
sought to develop a novel semi-biosynthetic route for production of the sesquiterpene lactone
endoperoxide artemisinin. Naturally derived from the plant Artemisia annua, artemisinin is a
highly important antimalarial pharmaceutical. Artemisinin-based combination therapies are
currently being recommended by the World Health Organization as the first-line malaria
treatment' >, However, under the production regime in which artemisinin is harvested from
natural sources, ACTs are 10-20 times more expensive than existing alternatives'>®. Paucity of
supply and high cost currently make ACTs prohibitively expensive in areas to which malaria is
endemic. In light of this — and other — difficulties, malaria remains one of the most debilitating
and prevalent infectious diseases; between 300 and 500 million people are infected annually,
resulting in more than one million deaths'’. High-level production of a precursor to artemisinin

2 Reproduced with permission from JA Dietrich, Y Yoshikuni, FK Fisher, FX Woolard, D Ockey, DJ McPhee, NS
Renninger, MCY Chang, D Baker, JD Keasling. “A novel semi-biosynthetic route for artemisinin production using
engineered substrate-promiscuous P450gy;.” ACS Chemical Biology 4(4):261-267 (2009). Copyright 2009
American Chemical Society
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in a microbial host could significantly reduce production costs and enable broader distribution of
ACTs.

Although there exist multiple routes for both the complete and partial chemical synthesis of
artemisinin'>*, they are all too low yielding and complicated to enable production of low-cost
artemisinin. When examining the native artemisinin biosynthetic route, two distinct challenges
emerge: synthesis of the complicated terpene olefin precursor, amorphadiene, and selective
oxidation and reduction of amorphadiene to produce dihydroartemisinic acid (Figure 2.1).
Dihydroartemisinic acid is the immediate precursor to artemisinin and has been shown to be
readily transformed'>*'®°. The first complication can be overcome by producing amorphadiene
microbially. To this end, we have previously engineered both Escherichia coli and
Saccharomyces cerevisiae for the high-level production of amorphadiene'®!'6%163:164,

& d
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Figure 2.1: Semi-biosynthetic strategies for production of artemisinin. A comparison of the routes
catalyzed by P450 0 and P450gy; for the production of dihydroartemisinic acid, from which artemisinin can be
readily synthesized. Both routes necessitate additional synthetic chemistry following P450-catalyzed
functionalization of amorphadiene.

Selective oxidation and reduction of the undecorated amorphadiene skeleton remains a difficult
task. There exist multiple routes for oxidizing amorphadiene: chemical oxidations, biological
oxidations using native enzymes, or biological oxidations using non-native enzymes. Oxidation
of amorphadiene using chemical catalysts poses numerous problems, including high expense,
low product yield, and poor regio- and stereo-selectivity'>*'®>. Use of the native A. annua
cytochrome P450 monooxygenase (CYP71AV 1, referred to herein as P450,nm0) and
oxidoreductase provides a biological alternative to chemical synthesis. Compared to synthetic
chemistry-based oxidations, biocatalyst-based approaches are often able to circumvent problems
with regio- and stereo-selectivity pervasive to synthetic chemistry'°*'®”. However, eukaryotic
P450s have their own share of difficulties and are notoriously problematic to express in
heterologous hosts such as Escherichia coli. Difficulties with protein-membrane association,
folding, post-translational modification, and cofactor integration all hinder successful integration
of native enzymes into heterologous pathways expressed in E. coli'®®. Although we previously
engineered both E. coli and S. cerevisiae for production of artemisinic acid'®*'*’, E. coli cultures
harboring the P450m0-catalyzed biosynthetic route exhibit numerous handicaps. Mixed
oxidation products with a relatively low artemisinic acid yield (=100 mg L™, 7-day culture

27



periods at 20°C to obtain functional P4504y0 activity, and the need for selective reduction of the
terminal olefin to produce dihydroartemisinic acid all inhibit industrial scale-up of this route. In
particular, selective reduction of amorphadiene’s terminal olefin over the endocylic olefin using

synthetic chemistry is difficult to achieve at high yields'’*'"".

Here we demonstrate an alternate semi-biosynthetic route, producing dihydroartemisinic acid
using an engineered substrate-promiscuous P450p)3 in conjunction with high-yielding, selective
synthetic chemistry. We selected P450g\3 derived from Bacillus megaterium for this study.
Wild-type P450g\3 is known to catalyze the hydroxylation of long chain, saturated fatty acids.
P4505ym3 possesses the highest turnover rate of any known P450, approaching 17,000 min™" in the
case of arachidonate' "%, and has a demonstrated capacity to be re-engineered'>'"*!7>,

Minimizing the number of side reactions and products is a difficult task when re-engineering
enzymes for non-native substrates, but is a near requirement in metabolic engineering
applications. In the case of P450gy3, when using amorphadiene as a substrate we believed that
the lower transition state energy of C=C epoxidation compared to C-H hydroxylation would
favor production of a few, or at best one, product species. Artemisinic-11S,12-epoxide
(artemisinic epoxide), the result of terminal olefin oxidation, could serve as an intermediate in
our novel semi-biosynthetic route toward artemisinin (Figure 2.1). Epoxide cleavage to form
dihydroartemisinic alcohol necessitates two oxidations that are not required in the native
biosynthetic pathway to form dihydroartemisinic acid; however, this route negates the need for
the difficult regio-selective reduction of the terminal olefin of artemisinic acid to form
dihydroartemisinic acid, as is required when using P4504n0.
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2.2 Rational design-based engineering of substrate-promiscuous P450gy3

2.2.1 Proof-of-principle demonstration of downstream synthetic chemistry

Technical feasibility of our proposed synthetic chemistry steps was demonstrated by conversion
of artemisinic epoxide to dihydroartemisinic acid. First, artemisinic acid was reduced to
dihydroartemisinic alcohol (81% yield based on reacted epoxide); subsequently,
dihydroartemisinic alcohol was oxidized to dihydroartemisinic aldehyde and dihydroartemisinic
acid with yields of 76% and 78%, respectively. Identification of the intermediates along the
above route were confirmed by gas chromatography-mass spectrometry (GC-MS) and 'H-NMR
spectrometry comparison to both an authentic standard and published results'’®'””. The yields
witnessed at the bench scale indicate our proposed synthetic route is competitive with the native
P4504Mmo0-catalyzed route for artemisinin production.

2.2.2 ROSETTA-based design of P450py; epoxidase activity

The initial over-expression of wild-type P450p\s in E. coli engineered to produce amorphadiene
demonstrated no detectable oxidation activity toward the substrate as indicated by GC-MS
analysis. Purified wild-type enzyme also did not show any detectable activity during in vitro
assays using amorphadiene as a substrate. A model structure of the lowest energy transition state
complex for amorphadiene in the P450g\s active site was created using ROSETTA-based energy
minimization'”®. This model clearly illustrates the steric hindrance imposed on amorphadiene by
residue Phe87 in the wild-type enzyme (Figure 2.2). This analysis was supported by previous
work demonstrating mutations at position Phe87 strongly dictate alternate substrate

promiscuity' ">!"#17

\ K

— A L
Figure 2.2: Transition state structure of wild-type P450gy;;. Lowest energy transition state complexes
were built using the Rosetta algorithm for the wild-type active site of P450gy; with amorphadiene as a substrate.
Residues F87 and A328 sterically hinder or fail to hold amorphadiene in close proximity to the heme group,
respectively.

Our first goal was to increase the size of the active site binding pocket, which we believed would

impart broad substrate promiscuity on P450gys3. To this end, we incorporated mutation F87A
into the wild-type enzyme (referred to as G1 herein). E. coli engineered to produce
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amorphadiene and harboring P450g\3 variant G1 produced a single compound exhibiting
identical retention time and electron-impact (EI) mass spectrum to an artemisinic epoxide
standard when analyzed by GC-MS (Figure 2.3 and Figure 2.4)'%.
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Figure 2.3: GC trace demonstrating E. coli produced artemisinic epoxide. Full scan GC-MS trace of
authentic artemisinic-11S,12-epoxide (2) standard compared to an E. coli DH1 strain harboring plasmids pAM92
and pTrc14-BM3 G4, producing amorpha-4,11-diene (1) and artemisinic-11S,12-epoxide using a caryophyllene
internal standard (IS).
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Figure 2.4: EI mass spectra demonstrating E. coli produced artemisinic epoxide. EI mass spectra of
authentic artemisinic-118S,12-epoxide standard (A) and E. coli produced artemisinic-11S,12-epoxide (B).

While the promiscuity of P450p\3 variant G1 enabled production of our desired product, the in
vivo expression of this enzyme could potentially have the negative effect of oxidizing a wide
range of intracellular metabolites. Fatty acids, the native substrates for wild-type P450gnm3, were
identified as the most likely intracellular candidates for oxidation. In an attempt to address this
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issue, we created an additional variant containing the mutations G1+R47L/Y51F (referred to
herein as G3). Residues Arg47 and Tyr51 are found along the entrance of the substrate access
channel. These residues interact with the carboxy group of fatty acids, stabilizing the molecule
in the channel during oxidation, and the combination of both mutations has been demonstrated to
greatly reduce fatty acid oxidation'”’. We hypothesized the incorporation of P450g)3; variant G3
into our biosynthetic pathway would increase product titers due to the elimination of potential
sources of competitive inhibition. Production titers for mutation G3 were approximately 0.25-
fold increased over mutant variant G1 following 48 hours of culture.

To investigate the possibility of further improving product titers we selected four residues
supported by our structured-based models in the P450p);3 active site on which saturation
mutagenesis was performed. Position Phe87 was selected based upon the previous results
demonstrating a dramatic impact upon amorphadiene epoxidation. Positions 11263, Ala264, and
Ala328 were also selected; all three residues lie near the active site and were believed to
potentially affect substrate access to the prosthetic heme group. Using P450gy; variant G3 as the
starting template, each position was individually mutagenized, the resulting mutants were
screened by sequencing for all possible amino acid mutations, and the resultant oxidized
amorphadiene metabolite distribution and production of artemisinic epoxide for each mutant was
analyzed by GC-MS (Figure 2.5). P450g\3 variants G3+A328L and G3+A328N were identified
to each improve production of artemisinic epoxide by greater than 2.5-fold and 3-fold over that
of G3, respectively. Again, no other oxidized amorphadiene products were witnessed.
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Figure 2.5: P4503,; active site mutation library. Using P4505); variant G3 as the starting template,
residues A87 (a), 1263 (b), A264 (¢), and A328 (d) were targeted for saturation mutagenesis. Artemisinic-11S-12-

epoxide production from all possible variants (blue) was quantified relative to G3 (red) by GC-MS analysis (mean +
S.D., n > 3). Mutant variant G3+A328L (G4) was selected for further study.

2.2.3 Optimization of promoter and induction conditions

Appropriate promoter selection governing expression of P450-BM3 was a critical parameter in
achieving high-level production of artemisinic epoxide. The isopropyl B-D-1-
thiogalactopyranoside (IPTG)-inducible Prrc promoter was being used extensively in the lab for
expression of terpene synthases and downstream tailoring enzymes, and was thus also selected
for the initial P450g\3 expression experiments. It was quickly discovered that inducer
concentration and timing both strongly dictated final artemisinic epoxide production titers
(Figure 2.6). Cultures induced during early log-phase growth (ODgy0=0.25) and at low IPTG
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concentrations (<0.05mM) yielded a nearly 4-fold increase in artemisinic epoxide production
titers as compared to those cultures induced in mid-exponential phase or at high IPTG
concentrations.
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Figure 2.6: Effect of induction strength and timing on artemisinic epoxide titers. Both P4505y3
induction time and IPTG concentration had an effect on artemisinic epoxide titers, as measured by the relative
artemisinic epoxide GC-MS peak area normalized to a caryophyllene internal standard. The extremely low
concentrations of IPTG required to achieve maximal production titers suggest the Prrc promoter is too strong a
choice for this system (n=3, coefficient of variation < 15%).

We hypothesized the Prrc promoter was too strong a choice for P450gy3 over-expression.
Promoter strength was believed to be of particular importance given the optimal IPTG

concentration for induction of producing amorphadiene from the pAM92 plasmid co-expressed

in our host was 1mM, an order-of-magnitude higher than observed for optimal P450zyM3 over-

expression. Concomitant work in our lab on promoter and inducer optimization of the P4504n0

expression system found that the pCWori vector — containing two Prac promoters, referred to
herein as the Pewor promoter — improved both P450 solubility and production titers'*’. We
compared artemisinic epoxide titers from E. coli expressing P450p\3 variant G4 with either a
Prrc or Peweri promoter (Figure 2.7). At high concentrations IPTG the Pcwoi promoter was

found to significantly (p<0.05) improve artemisinic epoxide production titers as compared to the

Prrc promoter. Furthermore, the highest production titers were observed using ImM IPTG
induction, the optimal IPTG concentration for amorphadiene biosynthetic pathway
overexpression.
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Figure 2.7: Promoter and IPTG inducer optimization. Inducer (IPTG) concentration and artemisinic
epoxide production titers were positively correlated when P450p),; variant G4 expression was being driving by the
Pcwori promoter; in contrast, an inverse relationship was witnessed in the case of the Prrc promoter. The slight
increase in final product titer using the Pcyw,; promoter, as well an increase in production assay robustness, prompted
the adoption of the Pcyr; expression system for all final production experiments.

2.2.4 Elimination of byproducts

In addition to improved artemisinic epoxide production, E. coli strains harboring the P450g\3
variant G4 expressed on the Pcwori vector also catalyzed the production of a blue-green pigment
when grown in rich (LB or TB) medium; this product was not observed in cultures harboring the
P450p\3 variants G1 or G3. Following extraction of the cell culture broth with ethyl acetate, the
organic solvent acquired a rich, dark blue color. A previous saturation mutagenesis study
identified an array of independent mutations in the P450g); active site that impart hydroxylase
activity toward indole'®'. More specifically, the hydroxylation of indole to 3-hydroxyindole is
followed by a second, spontaneous oxidation to 3-oxoindole, which is subsequently dimerised to
yield the insoluble pigment indigo (Figure 2.8). Interestingly, the mutation F87V was essential
for indigo production in all active site designs reported in the Literature. F87V is sterically
similar to the F87A mutation used in our P450p\3 active site re-design, and mutation of
phenylalanine to a less bulky amino acid appears to be a key determinant in enabling aromatic
substrates greater access to the prosthetic heme group (Figure 2.2). Position A328, however,
was not explored in the previous study. The finding that numerous, independent mutations are
capable of imparting hydroxylase activity toward indole demonstrates the high degree of
plasticity inherent to the P450g\3 active site.

OH
air oxidation, H
\ P450gp\3 \ dimerisation N
—> — —
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o
Indole 3-hydroxyindole Indigo
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Figure 2.8: P450,; catalyzed route from indole to indigo. Indigo was observed in the cell cultures
following incorporation of mutation A328L into the P450g)y; variant G3 active site design. Production of indigo
was traced to P450gy;-catalyzed hydroxylation of indole, yielding 3-hydroxyindole.

Indigo production diverts a significant fraction of the total P450g); turnovers, and the host cell’s
reductive capacity, away from artemisinic epoxide production. Indigo titers were 30+5 mg/L
after 48 hours of culture in rich medium (n=3, mean#s.d.), equivalent to 50 mg/L artemisinic
epoxide potential based on enzyme turnover. Additionally, NADPH uncoupling (enzyme
turnovers that do not result in successful substrate oxidation) using P450g)\3 to oxidize non-
native, aromatic substrates is often greater than 50%. The host cell’s total oxidative capacity is
therefore diminished by an amount greater than is accounted for based on a molecule-to-
molecule comparison of the two oxidized products.

The indigo byproduct could be mitigated in two ways: through P450g\3 active site engineering
to increase specificity toward amorphadiene, or through host engineering eliminate indole
production and remove the source of competitive inhibition. The former option, while perhaps a
more elegant solution from an engineering perspective, would be difficult to accomplish in the
absence of a high-throughput screening approach. By comparison, eliminating endogenous
indole production is straight-forward. Trytophanase, encoded by the gene tnad, catalyzes the
hydrolysis of tryptophan to indole, pyruvate, and water'®; production of the enzyme is
stimulated by the presence of tryptophan, which explains why indigo was observed only in
experiments conducted using rich, undefined mediums (LB or TB), but not in a minimal
medium. E. coli tnaA was thus knocked out, and the resulting strain, DH1(TnaA") was tested for
its ability to produce indigo in TB medium when harboring P450p\3 variant G4. Elimination of
indigo production was readily observed by examining the culture broth following 48 hours of
growth (Figure 2.9), and was also confirmed by GC-MS analysis of ethyl acetate extracted
cultures.

Figure 2.9: Elimination endogenous production of indole in an E. coli host. Cultures of either wild-
type E. coli DHI or a strain containing a tnaA gene deletion, DH1 (TnaA’) were transformed with the P450g)3
variant G4 production plasmid and grown in TB (2% glycerol) for 48 hours. The wild-type DHI1 strain clearly
demonstrated production of the insoluble indigo pigment; the indigo production phenotype was not observed in the
TnaA knockout strain.
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During more recent attempts to engineer the native E. coli isoprenoid biosynthetic pathway
(DXP pathway) for production of taxadiene and taxadiene-5a-ol, intermediates in the taxol
biosynthetic pathway, it was discovered that indole concentrations in the culture medium greater
than 100 mg/L resulted in decreased carbon flux through the DXP pathway'®. While the
mechanism of inhibition was not elucidated, indole’s inhibitory effects were avoided through use
of a defined, rich medium. In comparison, our TnaA— strain displayed a statistically significant
(t-test, p<<0.05) decrease in growth rates and artemisinic epoxide production (Figure 2-10).
Diminished growth was observed in all PA50BM3 mutant variants as well as wild-type
P450BM3 and an empty vector control, albeit to a lesser degree in the empty vector control.
Thus, the decreased in specific growth rates observed using the TnaA— strain is independent of
P450BM3 activity or artemisinic epoxide production. However, synergistic effects with the
amorphadiene biosynthetic pathway cannot be ruled out from this experiment.
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Figure 2.10: Comparison of wild-type E. coli DH1 and TnaA™ knockout strain. (a) All TnaA™ samples
exhibited decreased specific growth rates as compared to the wild-type DH1 strain. The empty vector control
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performed better as compared to those samples expressing wild-type P450gy3 and its associated mutant variants in
the TnaA™ strain; thus, the additional metabolic load from protein overexpression imposed on the host exacerbates
the decreased growth phenotype. (b) All P450y;; mutant variants produced significantly (t-test, p<0.05) less
artemisinic epoxide at both 24 and 48 hours as compared to their corresponding mutations expressed in a wild-type
DHI1 E. coli host (n=3, mean =+ s.d.).

In light of both the decrease in specific growth rates and the approximately 50% decrease in total
artemisinic epoxide titers we decided not to incorporate the tna4 gene deletion in the final
production strain. It currently remains unclear to what extent the presence of indole inhibits flux
through our heterologously expressed mevalonate pathway. In our artemisinic epoxide
production strain deleting tna4 had the intended effect of eliminating indole formation in
cultures grown in rich medium; however, there was also an unanticipated decrease in cellular
fitness as manifested in both the TnaA knockout strain growth curves and artemisinic epoxide
production titers. If the decrease in cellular fitness is a characteristic inherent to this knockout
strain it may be possible to adapt the strain using a continuous culture and thereby restore a wild-
type growth phenotype.

2.2.5 Characterization of optimized production host

P450p\3 mutant variants G1, G3 and G4 were cloned into the pCWori expression vector,
transformed into wilt type E. coli host, and final product titers quantified by comparison to a
purified sample of microbially-produced artemisinic epoxide of known concentration. P450gy3
variant G1 yielded 110 + 8 mg L™ of artemisinic epoxide; as expected, variant G3 provided a
modest improvement in production over G1, to levels of 140 £ 3 mg L™ (mean + s.d., n=3).
Mutant variant G3+A328L (G4) demonstrated titers of artemisinic epoxide at levels greater than
250 + 8 mg L™ following 48 hrs of culture (Figure 2.11).
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Figure 2.11: Improved in vivo production of artemisinic epoxide from P450g; variants. Escherichia coli
DHI1 harboring pAM92 and a P450g,; variant or the empty vector control plasmid pCWori were used for in vivo
artemisinic epoxide production. Production levels at 24 and 48 hours post inoculation (a) and the growth curve (b)
are shown (all data represent mean + S.D., n = 3). Strains harboring pCWori or WT P450g);; demonstrated no
detectable production of artemisinic epoxide. No adverse physiological effects from P450gy;3 overexpression or
artemisinic epoxide production were observed as demonstrated by the similar growth characteristics between all
strains.

A structure-based interpretation of the active site mutations using ROSETTA-based energy
minimization enabled a prediction of the amorphadiene epoxidation transition state complex
(Figure 2.12). Introduction of mutation F87A opened up the active site and relieved the steric
hindrance the phenylalanine residue imposed upon the ring structure of amorphadiene. Mutation
A328L decreased the size of the P450g\3 binding pocket, restricting the mobility of
amorphadiene and promoting access of the terminal olefin to the heme group of P450gu\s3 in the
correct orientation. Thus, the predicted transition-state structures are in agreement with the
observed in vivo production titers.
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Figure 2.12: Transition state structures of active site mutations. Lowest energy transition state
complexes were built using the Rosetta algorithm for the mutated active site of P4505y; with amorphadiene as a
substrate. Mutation F87A appears to relieve the steric hindrance imposed upon amorphadiene and allows for
increased access to the heme group. Mutation A328L appears to decrease the mobility of amorphadiene in the
active site, promoting epoxidation.

Of particular importance for in vivo expression of an engineered cytochrome P450 is the
uncoupling of reduced nicotinamide adenine dinucleotide phosphate (NADPH) consumption to
oxidized products (e.g., superoxide radicals and hydrogen peroxide), resulting in increased
oxidative stress. Engineered P450g); variants often exhibit extremely low coupling of NADPH
to product formation'*'”, potentially limiting the in vivo application of these engineered
variants. To determine the extent to which decoupling could hinder in vivo performance,
purified, wild-type P450gM3 and variants G1, G3, and G4 were incubated with amorphadiene,
and NADPH consumption was monitored spectrophotometrically. Production of artemisinic
epoxide was measured via GC-MS following complete consumption of NADPH, allowing for
determination of uncoupling and amorphadiene oxidation rates (Table 2.1). While the in vitro
NADPH consumption rates between mutant variants followed a trend similar to the in vivo
artemisinic epoxide production measurements, the amorphadiene oxidation rates plateau and
incomplete conversion of added amorphadiene was witnessed. This finding suggests NADPH
availability may be a limiting factor during in vivo production; a hypothesis supported by the
observation that significant quantities of amorphadiene is also witnessed at the endpoints of the
in vivo culture experiments. Increasing the in vivo NADPH supply to increase enzymatic activity
has been successfully employed in E. coli previously by increasing carbon flux through the
pentose phosphate pathway'**'®. A logical next step in improving artemisinic epoxide titers
would explore this and other potential routes.
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. NADPH Amorphadiene .
P4505ys3 variant consumption rate epoxidation rate Coupling
WT N.D. N.D. N.D.
Gl 22.20+4.10 7.77+1.4 35%
G3 48.23 +3.61 30.38 £2.27 63%
G4 60.90 + 3.84 30.45+3.84 50%

Table 2.1: Amorphadiene epoxidation rates of P450gy;; variants. NADPH consumption rates and
amorphadiene epoxidation rates are given in nmol (nmol P450) " min"' (mean % S.D., n=3). Coupling is the ratio of
the amorphadiene epoxidation rate to the NADPH consumption rate. No epoxidation of amorphadiene was detected
using wild-type P450gy3. Observed increases in amorphadiene epoxidation rates between G1 and G3 match well
with in vivo production data; G4 exhibited a higher NADPH consumption rate than G3, but this did not manifest
itself as a higher amorphadiene oxidation rate. This may be explained, in part, by the low coupling efficiency
measured in vitro for variant G4.

During in vitro experiments, all P450g)y3 variants exhibited NADPH coupling efficiencies of
approximately 50%, suggesting that amorphadiene remains a difficult substrate for the studied
P450pMm3 variants to epoxidize. However, as exhibited by the growth curves (Figure 2.11),
production of artemisinic epoxide did not appear to elicit adverse physiological effects. We
believe differences in cell growth between P450g)\3-producing strains and the empty vector
control were likely due to increased cell stress from P450g)M3 over-production.

The oxidation rate of palmitic acid with P450g)\3 variant G4 was measured to estimate residual
activity of our evolved P450 toward native substrates. We measured the palmitic acid oxidation
rate to be 153.5 + 7 nmol (nmol P450) ' min™' (mean £ S.D., n=3), compared to an oxidation rate
of approximately 2,600 nmol (nmol P450) ' min' with wild-type P450gy;3' . Thus, there is
over a 15-fold decrease in activity toward a fatty acid substrate using the evolved mutant variant
G4. However, variant G4’s activity toward amorphadiene is a fraction (86-fold less) of wild-
type P450g\m3 toward its fatty acid substrates. In light of this, further directed evolution of
P450pM3 variant G4 is warranted and holds high potential to increase both substrate selectivity
and activity toward amorphadiene over fatty acid substrates.
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2.3  ROSETTA-based engineering of P450gy3; hydroxylase activity

Having demonstrated the capacity of ROSETTA to assist in engineering a promiscuous P450p3,
resulting in epoxidase activity, we became interested in re-engineering the enzyme for
amorphadiene hydroxylase activity, akin to P450mo0, producing artemisinic alcohol (Figure
2.1).

2.3.1 Introduction of spacing mutations in P450,; active site

Beginning with a P450g)3 template containing mutations F87A, A328L, and 1263G, we planned
to first enlarge the P450-BM3 active site through introduction of the spacing mutations L437A
and V78A; subsequently, mutations L75F and A82L would be introduced as packing residues to
reorient amorphadiene in a position more favorable for hydroxylation of the terminal carbon. All
possible combinations of these mutations were tested for activity — as measured by production of
an oxidized amorphadiene product — and, in the event that activity was lost, a carbon monoxide
difference spectrum assay was used to determine if the heme prosthetic group was intact.

During initial testing, introduction of mutation L437A or mutations V78A/A82L eliminated
production of artemisinic epoxide, and no other oxidized products were observed. A Carbon
monoxide spectrum, however, depicted a clear shift from 420nm to 450nm upon reduction with
sodium dithionite, indicating retention of the heme prosthetic group in the protein active site
(Figure 2.13 and Figure 2.14). Thus, these mutants are likely to retain some level of activity
toward amorphadiene.

5
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‘0 G4-Reduced
4 —v— L437A
T“ —7 L437A-Reduced
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Figure 2.13: P450gy;; L437A carbon monoxide difference spectrum. An absorbance shift from 420 to
450nm upon reduction of carbon monoxide bound P450);; demonstrates retention of the heme prosthetic group, an
indication of proper protein folding. P450g); mutant variant G4 was included as a control.
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Figure 2.14: P450g,;3 V78A/A82L carbon monoxide difference spectrum. An absorbance shift from
420 to 450nm upon reduction of carbon monoxide bound P450,;; demonstrates retention of the heme prosthetic
group, an indication of proper protein folding. P450gy; mutant variant G4 was included as a control.

Introduction of the spacing mutations, V78A and L437A, were predicted to completely eliminate
epoxidase activity. Of these two mutations only L437A, as mentioned above, resulted in a loss
of activity. Mutation V78A alone or in conjunction with L437A produced 0.66 £ 0.6 and 0.89 +

0.17 fold artemisinic epoxide titers, respectively, relative to mutant variant G4 (n=3, mean + s.d.;
Figure 2-15).
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Figure 2.15: Introduction of spacing mutations into P450g,; active site. Starting with P450gy3
template F8§7A/A328L/1263G mutations L437A and V78A were introduced into the active site; mutation L437A
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resulted in loss of activity toward amorphadiene, and mutations V78A and V78A/L437A resulted in production of
artemisinic epoxide, al beit at lower titers than the G4 control strain.

2.3.2 Introduction of packing mutations into P450p); active site

Despite the model’s inability to accurately predict spacing mutations which would result in
elimination of epoxidase activity, we moved forward with the addition of the two packing
mutations L75F and A82L (Figure 2.16). However, all mutants would end up producing
artemisinic epoxide as the sole product; none of the mutants yielded detectable levels of
artemisinic alcohol or downstream aldehyde or acid products.
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Figure 2.16: Introduction of packing mutations into P450g,;; active site for production of artemisinic
alcohol. Duplicate measurements of all mutant variants containing both spacking and packing mutations indicated
production of artemisinic epoxide; the final quadruple mutant V78A/L437A/L75F/A82L, predicted to possess only
hydroxylase activity, produced only the oxidized species as detected by GC-MS.

While there 1s a wealth of knowledge regarding the directed evolution of P450g);3 for non-native
enzyme specificity, this work demonstrates the difficulty in achieving a desired regio-selectivity
and activity using a rational design-based engineering approach. Designing and successfully
implementing a P450-amorphadiene transition state complex that favored hydroxylation over
epoxidation was a much more difficult task than originally anticipated. This result, however,
should not be completely unsurprising given the lower transition state energy required for
epoxidation as compared to hydroxylation.
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24 Conclusions

Production of artemisinin at low cost is highly dependent upon the capacity to successfully
complete what is both relatively expensive and low-yielding synthetic chemistry (i.e.
oxygenation and reduction) in a microbial host. Three selective oxidations at the terminal alkane
and reduction of the terminal olefin are required for the conversion of amorphadiene to
dihydroartemisinic acid; conversion of dihydroartemisinic acid to artemisinin is well
established' ', Here, we present a novel route for the selective oxidation of amorphadiene,
yielding artemisinic-11S,12-epoxide at titers greater than 250 mg L™'. Microbial production of
artemisinic-118S,12-epoxide can be followed by a high-yielding synthetic chemistry route to
dihydroartemisinic acid and onward to artemisinin. The strategy outlined here demonstrates
improved production titers in E. coli compared to those previously achieved using the native
P450aMm0-based pathway. Additionally, the P450g\3 route reduces culture time from 7 days to 2,
is optimal at 30°C, and does not require reduction of the terminal olefin, as is the case when
using P450am0. Thus, the strategy outlined here is a viable alternative to the native P450amo-
catalzyed route. This semi-biosynthetic approach outlines a metabolic engineering paradigm for
pathway design based on incorporation of enzymes with broad substrate promiscuity that can be
well expressed in a heterologous host. The insertion of a minimum number of active site
mutations can enable catalysis of a wide range of non-native substrates, making this a highly
robust approach in metabolic engineering applications.

There remains, however, an abundant opportunity and need to further improve upon our P450g3
biosynthetic route. Our rationally engineered P450gy3 variant G4 exhibits both high NADPH
uncoupling and remained active toward non-amorphadiene substrates, including indole. Beyond
the P450g\3; variant G4 reported here, further ROSETTA-based engineering of P450py\3 for
either improved amorphadiene epoxidase or hydroxylase activity was met with no success. In
general, enzyme engineering for increased substrate promiscuity — particularly in the presence of
a substrate-bound crystal structure — is a more straight-forward process than rationally
engineering specificity for a single substrate or reaction. Promiscuity is imparted through
introduction of mutations that eliminate sources of steric hindrance and allow active site access
to a wider range of substrates (and also substrate-protein conformations). In contrast, substrate
specificity — and perhaps more importantly, enzyme regio- and stereo-specificity — require
introduction of packing mutations that correctly orient the ligand within the active site. Our
efforts demonstrate that this remains a highly difficult task, even when provided with an enzyme
crystal structure and using well-established computational methods.

Our P450g\; rational engineering efforts highlight the need for high-throughput small-molecule
screening or selection techniques. Our efforts were limited by the number of samples that could
be screened by gas chromatography-mass spectrometry (GC-MS) to approximately 50 mutants
per day. A dedicated GC-MS would be required just to screen samples from one saturation
mutagenesis experiment targeting one amino acid residue at a time. As described previously
(Chapter 1: High-throughput metabolic engineering: advances in small-molecule screening
and selection), GC-MS is an intolerable screening method when screening large libraries in
which combinatorial mutations are anticipated to lead to the desired phenotype. A potential
high-throughput approach would be to monitor the rate of NADPH consumption associated with
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P450pMm3 turnover, similar to a NADPH coupling assay described previously. The requisite
mutant P450gy\3 library could be assembled and cloned into an E. coli expression and a crude
lysate used to assay for NADPH consumption in the presence of an amorphadiene substrate. The
disadvantages of this method, however, are numerous. The screening method is indirect and
could provide highly skewed results based on differences amongst samples with regard to protein
expression, cell lysis efficiency, mutant reactivity to endogenous E. coli metabolites present in
the crude lysate, and NADPH uncoupling ratios. At best, perhaps, this method would be an
appropriate screening approach to remove the null mutants that either miss-fold or have lost
activity toward amorphadiene. Returning to the central tenet of directed evolution, a better
screening approach would be based on direct detection of the artemisinic epoxide product.
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2.5 Methods

2.5.1 Reagents and equipment

All enzymes and chemicals were purchased from New England Biolabs and Sigma-Aldrich Co.,
respectively, unless otherwise indicated. Gas chromatography was conducted on a Polaris Q
(Thermo Electron Corporation) gas chromatograph, a DBS5 capillary column (30 m x 250 um
internal diameter, 0.25 pm film thickness, Agilent), and a TriPlus auto sample-injector (Thermo
Electron Corporation). 'H-NMR was collected in CDCl; (Cambridge Isotope Laboratories) at
25°C on a Bruker AV-500 or AV-400 spectrometer at the University of California, Berkeley,
College of Chemistry NMR Facility.

2.5.2 Strains and Plasmids
Genbank files for all plasmids constructed during this study are provided (Appendix 1);
sequences for DNA primers used in construction of strains are provided below (Table 2.2).

Escherichia coli strain DH10b was used for all molecular cloning and saturation mutagenesis
screening; strain DH1 was used for in vivo artemisinic-11S,12-epoxide production assays and
protein over-expression and purification. Strain DH1 (ATnaA) is unable to catalyze the
conversion of tryptophan to indole, pyruvate, and ammonia; the strain was constructed using the
A-red mediated gene knockout system.'® Briefly, primers tnaA-F and tnaA-R (Table 2.2) were
used to amplify a kanamycin resistance cassette flanked by FRT sites from plasmid pKD13.
Following confirmation of the tnad::neo allelic replacement, the neo marker was excised by
transformation of plasmid pCP20 and induction of the FLP recombinase. All plasmids exhibit
heat-sensitive replication and strains were cured pKD46 and pCP20 after each step.

For amorphadiene production, plasmid pAM92 was obtained from Amyris Biotechnologies Inc.
and effectively combines plasmids pMevT, pMBIS, and pADS onto a chloramphenicol resistant
plasmid with p15a origin, IPTG inducible lacUV5 and pTRC promoters, and LacIQ'®'. The
genes responsible for production of mevalonate from acetyl-CoA (AtoB, HMGS, tHMGR) are
housed as a single operon under the control of a lacUV5 promoter. A second operon, also under
the control of a lacUVS promoter, is responsible for the conversion of mevalonate to the
isoprenoid precursor farnesyl pyrophosphate (containing MK, PMK, PMD, IDI, IspA). Lastly,
the cyclization of farnesyl pyrophosphate to form amorpha-4,11-diene is accomplished by
amorphadiene synthase (ADS) under control of a pTRC promoter. Codon-optimized P450gm3
was obtained from DNAZ2.0 and inserted into the Ncol-HindlIII sites of pTrc99a or the Ndel-
HindIII sites to form pTrcBM3 and pCWoriBM3, respectively.

Rational design mutations F87A (G1), and G1+R47L/Y51F (G3) were constructed via overlap
polymerase chain reaction (PCR). Two DNA fragments were created: one encoding the N-
terminus of the P450 domain (using primer BM3:Ncol-F) to the C-terminus of the desired
mutation, and a second encoding the N-terminus of the desired mutation to the C-terminus of the
P450 domain (ending at the Sacl site, primer BM3:Sacl-R). Both fragments were amplified by
PCR: 98°C for 30 sec, 50°C for 45 sec, 72°C for 60 sec, repeated 30 times. The reaction mixture
contained 1X Phusion buffer, 0.2 mM dNTP, 0.5 uM forward and reverse primers, 2.5 U
Phusion DNA polymerase, and 50 ng pTrcBM3 as a template in a final volume of 100 pl.
Amplified DNA was gel purified using a gel purification kit (Quiagen). The two amplified DNA
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fragments were spliced via overlap PCR using the same PCR conditions as above. The final
amplified P450p)\3 fragment was digested with Ncol/Sacl and cloned into the corresponding site
of pTrcBM3.

Reduced expression of P450g)3 variants improved artemisinic epoxide production, and an
additional six base pairs were introduced between the ribosome binding site (RBS) and the start
codon at the Ncol site of pTrcBM3. The RBS region was amplified by PCR: 98°C for 30 sec,
55°C for 30 sec, and 72°C for 30°C sec, repeated 30 times. The reaction mixture contained 1X
Phusion buffer, 0.2 mM dNTP, 0.5 uM forward and reverse primers (pTrc99a:RBS 6-F and
pTrc99a:RBS 6-R, see Table 2, below), 2.5 U Phusion DNA polymerase, and 50 ng pTrcBM3
as a template in a total volume of 100 pl. The amplified fragments were then digested with
EcoRV/Ncol and inserted into the corresponding site of pTrcBM3 to form pTrcBM3-14.
pTrcBM3 variants were digested with Ncol/HindIII and ligated to form the pTrcBM3-14
variants.

pTrcSBM3-15 was constructed for P4505Mm3 overexpression and S-tag purification, containing an
S-tag fused to the N-terminus of P450gy3. pTreSBM3-15 was constructed based on the
previously constructed pTrcSHUM15 vector'™. The pTreSHUM15 and pTreBM3-14 (and its
mutant variants) were digested with Ncol/HindIII and ligated to form pTrcSBM3-15 and the
associated mutant variants.

pCWoriBM3 was constructed using the SLIC method and protocols'**. Briefly, pCWori empty
vector was digested with Ndel and HindIIl. Using the PCR protocol described above, P450g\3
variants were amplified using the forward (pCWori-1) and reverse (pCWori-1") primers with
overhanging regions complementary to the pCWori cut sites. PCR products were gel extracted,
treated with T4 DNA polymerase, annealed with the vector, and transformed into chemically
competent DH10b.

2.5.3 Site directed mutagenesis by overlap PCR

Site-directed mutagenesis was performed using overlap PCR (see Table 2, below). Two DNA
fragments were created: one encoding the N-terminus of the P450 domain (using primer
BM3:Ncol-F) to the C-terminus of the desired mutation, and a second encoding the N-terminus
of the desired mutation to the C-terminus of the P450 domain (ending at the Sacl site, primer
BM3:Sacl-R). Both fragments were amplified by PCR: 98°C for 30 sec, 50°C for 45 sec, 72°C
for 60 sec, repeated 30 times. The reaction mixture contained 1X Phusion buffer, 0.2 mM dNTP,
0.5 uM forward and reverse primers, 2.5 U Phusion DNA polymerase, and 50 ng pTrcBM3 as a
template in a final volume of 100 pl. Amplified DNA was gel purified using a gel purification
kit (Qiagen). The two amplified DNA fragments were spliced via overlap PCR using the same
PCR conditions as above. The final amplified P450p\3 fragment was digested with Ncol/Sacl
and cloned into the corresponding site of pTrcBM3-14. For those positions undergoing
saturation mutagenesis, 120 colonies from the resulting transformation were screened by DNA
sequencing to obtain all 20 possible amino acids at each position.

2.5.4 Synthesis of artemisinic-11.12-epoxide

A mixture of the (R) and (S) configurations of artemisinic-11,12-epoxide was obtained from
Amyris Biotechnologies; the methods used for the synthesis of this sample have been reported
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previouslyms. Briefly, two diastereomers of the artemisinic-11,12-epoxide were obtained in a
2:1 ratio. "H-NMR yielded a spectrum in which the signal for the terminal olefin at §=4.6 and
0=4.9 ppm was absent, and the allylic C6-H remains, indicating epoxidation of the terminal
olefin. "H-NMR (CDCls) (with minor diastereomer in brackets) &: 5.17 [5.50] (br 2, 1H), 2.60
[2.40] (d, J=4.5, 1H), 2.83 [2.75] (d, J=4.5, 2H) 2.60 [2.50] (s br, 1H).

2.5.5 Experimental determination of artemisinic-11,12-epoxide stereochemistry

DH1 strains harboring pAM92 and pTrcBM3-14 (G4) used in production assays were extracted
into an equal volume of ethyl acetate. After drying, the crude epoxide was purified by silica gel
chromatography using 5% ethyl acetate in hexanes as eluent. The mixture was dried in vacuo
yielding impure epoxide (5.6 mg, ca. 75% pure, 0.019 mmol, contains amorphadiene). The
mixture was dissolved in 0.40 mL of tetrahydrofuran and solid sodium cyanoborohydride (27.4
mg, 0.44 mmol) was added, followed by 5 mL of bromocresol green indicator solution. Five
drops of 0.15 mL boron trifluoride in 1.0 mL tetrahydrofuran was added, causing the blue color
to discharge. After stirring for 112 hours, an additional portion of sodium cyanoborohydride
(26.6 mg, 0.423 mmol) was added followed by an additional 5 mL of the indicator followed by 5
drops of the boron trifluoride solution. The mixture was stirred an additional 48 hours and then
dried in vacuo. The residue was dissolved in a mixture of 1 mL ethyl acetate and 1 mL water.
The layers were separated and the organic phase was concentrated. The oil was purified by silica
gel chromatography using 10% ethyl acetate as eluant to give 2.7 mg recovered epoxide, along
with 2.2 mg dihydroartemisinic alcohol (39% yield, or 81% based on recovered epoxide).
Stereochemistry of the purified dihydroartemisinic alcohol was confirmed to be (R) by
comparison to published "H-NMR results'’®. Hyride attack to produce the (R) stereochemistry in
the alcohol under these conditions necessitates that artemisinic-11S,12-epoxide be the

1
substrate'®’.

2.5.6 Oxidation of dihydroartemisinic alcohol to dihydroartemisinic aldehyde

Using previously described synthetic chemistry'”’, (R)-dihydroartemisinic alcohol was oxidized
to the aldehyde. To a 50 mL round-bottomed flask equipped with a magnetic stirrer, were added
0.444 g (2.00 mmol) of (R)-dihydroartemisinic alcohol, 1.12 mL (0.808 g, 8.00 mmol) of
triethylamine and 10.4 ml of a 5:1 mixture (V/V) CH,Cl, and DMSO. The mixture was stirred
and the flask immersed in an ice salt bath at -10 °C. Sulfurtrioxide pyridine complex (0.796 g,
5.00 mmol) was then added in three portions over 20 minutes. The ice bath was allowed to come
to ambient temperature and the stirring continued for an additional 15 hours at which time GC-
MS and TLC (silica gel, EtOAc/hexane) indicated complete conversion to dihydroartemisinic
aldehyde. The reaction mixture was poured into 10 mL of 10% aqueous citric acid solution and
stirred for 10 minutes. The layers were separated and the organic phase was washed with 10 mL
of citric acid solution, 10 mL of saturated NaHCOj5 solution, 10 mL of saturated NaCl solution,
dried (MgSO,) and the solvent removed under reduced pressure to afford 0.447 g of pale yellow
oil. The oil was passed through a plug (5 X 1 cm) of silica gel with 20% EtOAc/hexane 0.377 g
(76.4%) of artemisinic aldehyde as determined by GC-MS and '"H-NMR comparison to an

authentic standard and previously published results'’®.

2.5.7 Oxidation of dihydroartemisinic aldehyde to dihydroartemisinic acid

Using previously described synthetic chemistry'”"'*?, dihydroartemisinic aldehyde was oxidized
to dihydroartemisinic acid. To a 100 mL Ace Glass two-piece reactor equipped with a
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mechanical stirrer, were added 0.281 g (1.28 mmol) of dihydroartemisinic aldehyde and 24 mL
of DMSO. The mixture was stirred and a solution of 0.172 g (1.90 mmol) of NaOCl, and 0.966 g
(8.30 mmol) of NaH,POj4 in 12 mL of H,O was added at ambient temperature via syringe pump
over four hours. After an additional hour GC-MS analysis showed the reaction to be complete.
The reaction was diluted with 40 mL of H,O and acidified to pH 2 with conc. H;PO,4. Vacuum
filtration of the resulting suspension afforded 0.234 g (77.7%) of dihydroartemisinic acid as very
fine white needles as determined by GC-MS and "H-NMR comparison an authentic standard and

previously published results'”’.

2.5.8 Transition state complex structural predictions

The transition state complex for the epoxidation of amorpha-4,11-diene was constructed based
on previously performed energy density calculations on propene hydroxylation and
epoxidation'”. ROSETTA based energy minimization was carried our based on previously
described methodologies'™*. The resulting model was visualized using PYMOL'"”.

2.5.9 Purification of P450p; variants

DHI strains harboring a pTrcSBM3-15 variant (WT, G1, G3, G4) were inoculated into 5 ml TB
containing CB* and grown overnight at 30°C. 500 ml of fresh TB containing Cb>* was
inoculated using the overnight cultures to an ODgy=0.05 and grown at 30°C. Approximately
one hour prior to induction cultures were further supplemented with 65 mg I"" ALA. Upon
reaching an ODg(p=0.60 cultures were induced with 0.05 mM IPTG and grown for an additional
15 hours. Cultures were then centrifuged (5000 x g, 4°C, 15 min) and resuspended in 10 ml S-
tag"™ purification kit (Novagen) wash/bind buffer containing 20 U Dnase I and bacterial
protease inhibitor. The suspension was then sonicated (VirTis) on ice, centrifuged (15000 x g,
4°C, 15 min), and the resulting supernatant was passed through a 0.45 pm filter. S-tag
purification was used following the recommended protocol with the exception that the thrombin
cleavage step was extended to 4 hours. The eluted protein was concentrated using a centrifugal
spin filter (Millipore, MWCO 10000). P450g\3 concentration was measured by its carbon

S 196
monoxide difference spectra .

2.5.10 In vitro P450gy; characterization

The NADPH turnover rate was determined by incubation of a purified P450gy; variant in the
presence of amorphadiene or palmitic acid and NADPH. A 1-ml reaction volume containing 1
uM purified P450pym3, 500 uM substrate in 100 mM potassium phosphate buffer (pH=7.5) was
equilibrated to 30°C. To initiate the reaction, 250 pM NADPH was added to the solution and the
absorbance at 340 nm was monitored. NADPH turnover rates were calculated with a [13490=6.22
mM ™ em™,

For amorphadiene samples, following complete consumption of NADPH, 900 pl of the reaction
volume was taken and added to 500 pl ethyl acetate containing 5 ug ml™" caryophyllene for use
as the internal standard in GC-MS analysis. The mixture was vortexed, centrifuged (5000 x g,
25°C, 1 min), and the organic layer was sampled. Samples were then analyzed by GC-MS using
the method indicated previously. Coupling of NADPH turnover to epoxidation of amorphadiene
was calculated by measuring the decrease in amorphadiene peak area. The apparent initial rate
of amorphadiene epoxidation was then obtained by multiplying the coupling efficiency by the
NADPH consumption rate.
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For palmitic acid samples, 1 ml of the reaction volume was derivatized 50 pl of 2M TMS-
diazomethane with 10% methanol. The samples were than analyzed by GC-MS using the
previously described method. Coupling of NADPH turnover to hydroxylation of palmitic acid
was calculated by measuring the decrease in palmitic acid peak area. The apparent initial rate of
palmitic acid hydroxylation was then obtained by multiplying the coupling efficiency by the
NADPH consumption rate.

2.5.11 In vivo production, purification, and chemical analysis of artemisinic-11S,12-epoxide
Pre-cultured Escherichia coli DHI transformed with pAM92 and either a pTrcBM3-14 or
pCWoriBM3 variant (pTRC for initial screening assays, and pCWori for final production assays)
were inoculated into fresh Terrific Broth (TB) supplemented with 2% glycerol (% v/v), 65 mg L~
! §-aminolevulinic acid hydrochloride (ALA), and 50 ug ml™" each of carbenicillin (Cb*") and
chloramphenicol (Cm™). All cultures were inoculated at an optical density at a wavelength of
600 nm (ODggg) of 0.05. Cultures were induced with IPTG (0.05mM with pTRC and 1 mM with
pCWori) upon reaching an ODgpp=0.25. After 24 and 48 hours of culture at 30°C, 250 pl of
culture was extracted with 750 pl ethyl acetate spiked with caryophyllene (15 pg ml™") as an
internal standard. The organic layer was then sampled and analyzed by GC-MS (70 eV, Thermo
Electron) equipped with a DBS capillary column (30 m x 0.25 mm internal diameter, 0.25 pum
film thickness, Agilent Technologies). The gas chromatography program used was 100°C for 5
min, then ramping 30°C min™' to 150°C, 5°C min™" to 180°C, and 50°C min™' to 300°C.
Identification and quantification of microbially-produced artemisinic-11S,12-epoxide was
carried by GC/MS using authentic artemisinic epoxide standards (obtained from Amyris
Biotechnologies) of known concentration. "H-Nuclear magnetic resonance (‘"H-NMR)
spectroscopy was used to confirm the GC-MS identification.

2.5.12 Experimental determination of microbially produced artemisinic-118,12-epoxide
stereochemistry

DH1 strains harboring pAM92 and pTrcBM3-14 (G4) used in production assays were extracted
into an equal volume of ethyl acetate. After drying, the crude epoxide was purified by silica gel
chromatography using 5% ethyl acetate in hexanes as eluent. The mixture was dried in vacuo
yielding impure epoxide (5.6 mg, ca. 75% pure, 0.019 mmol, contains amorphadiene). The
mixture was dissolved in 0.40 mL of tetrahydrofuran and solid sodium cyanoborohydride (27.4
mg, 0.44 mmol) was added, followed by 5 mL of bromocresol green indicator solution. Five
drops of 0.15 mL boron trifluoride in 1.0 mL tetrahydrofuran was added, causing the blue color
to discharge. After stirring for 112 hours, an additional portion of sodium cyanoborohydride
(26.6 mg, 0.423 mmol) was added followed by an additional 5 mL of the indicator followed by 5
drops of the boron trifluoride solution. The mixture was stirred an additional 48 hours and then
dried in vacuo. The residue was dissolved in a mixture of 1 mL ethyl acetate and 1 mL water.
The layers were separated and the organic phase was concentrated. The oil was purified by silica
gel chromatography using 10% ethyl acetate as eluant to give 2.7 mg recovered epoxide, along
with 2.2 mg dihydroartemisinic alcohol (39% yield, or 81% based on recovered epoxide).
Stereochemistry of the purified dihydroartemisinic alcohol was confirmed to be (R) by
comparison to published 'H-NMR results (25). Hyride attack to produce the (R) stereochemistry
in the alcohol under these conditions necessitates that artemisinic-11S,12-epoxide be the

189
substrate .
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Table 2.2. Primers used in this study

Primer Name Sequence (5' to 3')
Cloning primers
BM3_Ncol-F: catgccatgacaattaaagaaatgcc
BM3_Hindlll-R: gaagcttttacccagcccacacgtcttttg
BM3_Sacl-R: agaaccatgagctcgtcgccttttictaaaggatat
pTrc99a:RBS_6-F gcgcgttggtgcggatate
pTrc99a:RBS_6-R attgccatgggcttattctgtttcctgtgtgaaattg
pCWori-1 catcgatgcttaggaggtcatatggcgattaaagaaatgc
pCWori-1' cgtttgttttcgtcatacgccggatcatccgggttagege
Rational design mutations
F87A-F: tttgcaggagacgggttaGCTacaagctggacgcatgaa
F87A-R: ttcatgcgtccagcettgtAGCtaacccgtctcctgcaaa
R47L/Y51F-F: ttcgaggcgectggTCTggtaacgege T T Cttatcaagtcagegt
R57L/Y51F-R: acgctgacttgataaGAAgcgcegttaccAGAccaggcegcectcgaa
Saturation mutagenesis
87F: tttgcaggagacgggttannsacaagctggacgcatgaa
87R: ttcatgcgtccagcettgtsnntaacccgtctcctgcaaa
263F: caaattattacattcttannsgcgggacacgaaacaaca
263R: tgttgtttcgtgtcccgesnntaagaatgtaataatttg
264F: attattacattcttaattnnsggacacgaaacaacaagt
264R: acttgttgtttcgtgtccsnnaattaagaatgtaataat
328F: ctgcgcttatggccaactnnscctgegttttccctatat
328R: atatagggaaaacaggsnnagttggccataagcgcag
tnaA knockout primers
tnaA-F acagggatcactgtaattaaaataaatgaaggattatgtagtgtaggetggagetgettc
tnaA-R caccccaaaatgcagagtgctttttttcagcttgatcagtattccggggatccgtcgacc
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Chapter 3. Construction a Short-Chain Alcohol Responsive
Biosensor in Engineered E. coli

3.1 Introduction

Our rational design-based approach to engineering P450g); for increased substrate promiscuity
was highly successful: epoxidase activity toward amorphadiene was observed and an alternative
route to artemisinin was demonstrated. However, the limits of our rational design approach also
became evident. Amorphadiene was still detected at appreciable levels (>100 mg/L) following
48 hours of culture, indicating that P450g\; activity or expression levels were limiting pathway
productivity. Second, the NADPH uncoupling rate remained high (50%) in the final P450gMm3
design (G4). A high uncoupling rate both wastes cellular resources and leads to generation of
damaging free-radical species. Lastly, continued attempts to garner further improvements in
P450p\m3 epoxidase — or detection of novel hydroxylase — activity using ROSETTA were
unsuccessful.

In this light, and as outlined previously in Chapter 1, metabolic engineering efforts can benefit
greatly from high-throughput screening and selection techniques. Rational design-based
approaches are highly useful, and indeed are the norm, during proof-of-principle demonstration
of a novel biosynthetic pathway. The number of parameters that can be altered, and the
complexity of the interactions between these parameters, however, rapidly becomes prohibitively
large. Realizing further pathway improvements requires coupling a directed evolution strategy
with a high-throughput screening or selection technique.

Directed evolution, in which a synthetic selective pressure is applied on a diverse pool target
sequences to identify a desired trait, is a hallmark of metabolic engineering and biotechnology
efforts'””'*®.  The success of any directed evolution strategy is contingent upon the effectiveness
of two key technologies. First, generating large, diverse genotypic libraries, and second,
effectively screening or selecting for the desired phenotype. To date, the capacity to generate
genotypic diversity far outstrips our ability to efficiently and effectively interrogate a library. In
vitro methods for the incorporation of both targeted and random mutations into user-specified
DNA sequences are numerous and well-explored'””. These in vitro approaches are
complemented by a number of in vivo, advanced genome engineering techniques, including
multiplex genome engineering (MAGE)*”’, global transcription machinery engineering
(gTEM)**'2** and multiscale analysis of library enrichment (SCALEs)*"***. These in vivo
technologies have greatly expanded our capacity to generate diversity at the genome level and
investigate the role of individual genes as well as combinatorial effects witnessed when
numerous loci are altered simultaneously. However, the above techniques’ full potential as
applied toward improved microbial production processes remains unrealized in the absence of a
high-throughput screening or selection strategy.

Recent efforts to overproduce medium-chain (C4-C6) linear alcohols exemplify this problem. E.
coli engineered for butanol biosynthesis has been extensively investigated through heterologous
expression of the Clostridium acetobutylicum pathway™> 2", or through decarboxylation and
reduction of 2-ketoacids, the precursors to amino acids *'**''. While there exist no known native
pentanol or hexanol biosynthetic pathways, low level titers (< 1 g-l'l) have been demonstrated in
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E. coli expressing a promiscuous 2-ketoacid decarboxylase and alcohol dehydrogenase'°. All
engineered hosts reported to date are the product of rational design, and possess suboptimal
productivities, titers, and yields (Table 3.1). Medium-chain alcohol biosynthesis is not required
for E. coli growth and is thus not naturally selected for; in fact, alcohol toxicity selects against
high-titer alcohol production. There also exists no high-throughput photometric screens for the
direct detection of alcohols; indirect assays based on oxidizing an alcohol to its corresponding
aldehyde have been used®'**'*, but the assays require purified protein, are costly, and are subject
to high error rates. In more detail, aldehydes are the immediate precursors to biologically
derived alcohols, and aldehyde-based screens are all unable to effectively discriminate between
the desired product and the penultimate intermediate. In this light, gas and liquid
chromatography have remained the de facto screening methods reported in the Literature.

Table 3.1 Performance metrics for reported alcohol biosynthetic pathways

Target Molecule (organism) (% T:;zl:l tical) P(;Oﬁulc::{;y Prod(g.cltj"ll“)lters Ref.
Butanol (E. coli) 7-12 ~0.015-0.05* 0.37-1.2 205,200
Butanol (C. acetobutylicum) ~20 0.19* 13.9 216
Butanol (C. beijerinckii) ~35 0.34-0.50 ~23-27 217
Isobutanol (E. coli) 86" 0.18-0.33* ~20 2i8.2L
Isopentanol (E. coli) 33 0.07-0.12 1.28 -0

" Experiments conducted in rich medium (+ yeast extract), yields are overestimated under these conditions

! Productivities were not provided, and estimates are based on products titer and total fermentation times

In an effort to develop a high-throughput alcohol screen, we explored the development of an
alcohol-responsive transcription factor-based biosensor. As detailed previously, transcription
factor-based biosensors combine the exquisite specificity of protein-ligand binding with
quantifiable measurement of ligand concentration based on expression of a reporter protein.
From a design perspective, a biosensor for detection of an exogenously added small-molecule
ligand is similar to reported efforts on construction and characterization of E. coli promoter
systems™*'***. From a screening perspective, an alcohol-responsive biosensor can be readily
implemented as a liquid- or solid-medium plate screen (Chapter 1, Figure 1.1). Briefly, the
biosensor strain is cultured either in microtiter or in solid medium plates. In a liquid culture
format the spent medium resulting from culture of a production strain (and containing the desired
alcohol) is titrated into the biosensor medium (Figure 3.1). The biosensor output (i.e. GFP,
ODgop) is correlated to small-molecule concentration in the liquid culture medium. An alcohol
screen exhibits improved throughputs over current GC-MS methods (10’ to 10* samples/day
versus 10” samples per day, respectively), and is significantly less expensive for large scale
library analysis. While not explored here, the biosensor strain could also be included in solid-
medium plates and used to analyze alcohol production resulting from individual colonies on the
plate surface.
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Reporter ,

Figure 3.1: Biosensor-based high-throughput liquid culture screens. An engineered host harboring a
production cassette is grown in microtiter plates, leading to accumulation of the target analyte in the spent medium.
The spent medium is subsequently analyzed using the biosensor strain; the reporter output corresponds to the
concentration of analyte in the sample.
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3.2  Biosensor design and construction

3.2.1 Transcription factor sourcing

The most straight-forward approach to sourcing an alcohol-responsive transcription factor was to
examine those found in E. coli. The primary advantage to this strategy is a priori knowledge the
transcription factor can be functionally expressed in an E. coli host, and the biosensor may
require little optimization. Under the assumption an alcohol-responsive transcription factor
would regulate expression of an alcohol dehydrogenase, we first investigated regulation of the E.
coli alcohol dehydrogenase genes adhE and yghD. YghD, in particular, has been demonstrated
to possess activity toward butanol; however, the high Km value (=<36mM) indicates butanol is
not the native substrate’”. Transcriptional regulation of both genes, however, has been shown to
be alcohol-independent, and there are no known alcohol-responsive transcription factors
regulating these genes.

We then expanded our search to include related gram-negative microbes, looking specifically
towards alcohol (excluding ethanol) catabolic operons. A putative o>*-transcriptional regulator
(BmoR) and a o 4-dependent, alcohol-regulated promoter (Pgyo) were reported in Pseudomonas
butanovora (later reclassified as Thauera butanivorans sp. nov.”*®) upstream of an n-alkane
catabolic operon®”’ (Figure 3.2).

PBmoR PBmo o’0

Figure 3.2. Organization of P. butanovora n-alkane catabolic gene cluster. The P. butanovora
catabolic operon BmoXYBZDC is responsible for growth on C2-C9 alkanes, with each n-alkane proceeding through
a corresponding terminal alcohol intermediate. The o’ 4-dependent promoter, Pgyo, governs transcription of the
BmoXYBZDC operonm; a 054-dependent transcription factor, BmoR, is proximally located to the Pgyo promoter
and catabolic operon®’.

The function of 6°* transcription factors in their native bacterial hosts makes these proteins
ideally suited for biosensor applications. The activation of 6°*-RNA polymerase, and subsequent
promoter melting, requires nucleotide hydrolysis by an associated 6> transcription factor*>’;
thus, transcription initiation rates are tightly regulated and exhibit low levels of basal
expression™>!. These features translate well into biosensor design and implementation,
serving to decrease background noise and increase biosensor dynamic range over a wide, linear

analyte concentration range.

As a family, 6™*-transcription factors are activated by a diverse range of small-molecule ligands
and protein kinases””. Transcription initiation can proceed directly through transcription factor-
ligand binding or through phosphorylation by a histidine kinase partner as part of a two-
component system. In the later case, the sensor histidine kinase binds an extracellularly
localized ligand and subsequently phosphorylates the transcription factor. While 1-butanol
readily diffuses across the cell membrane, and thus should not require the presence of a sensor
histidine kinase in the signal transduction pathway, a closer analysis was warranted before
proceeding with in vivo experiments. The domain structure of o~ *-transcription factors has been
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extensively reviewed***, and two highly conserved phosphorylation residues have been identified

on the N-terminus of ¢”*~transcription factors that are members of two-component systems> .

An amino acid sequence alignment of BmoR against protypical two-component system ¢°°-
transcriptional activators showed an absence of the requisite phosphorylation residues (Figure
3.3); furthermore, alignment against NCBI’s conserved domain database™ also did not indicate

the presence of a phosphorylation motif.

BmoR Sequence

B Y'Y LLNUOGND PVAIHAEHY
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Figure 3.3: Sequence-based analysis of potential BmoR N-terminal phosphorylation residues. The
BmoR protein sequence was aligned against a range of two-component response regulators (E. coli CheY, Genbank:
AAA23577.1; CheB, Genbank: AAA23569.1; NarL, Genbank: AAA24199.1; GInG, Genbank: AAN83246.1; PhoB,
Genbank: ACJ50526.1; AtoC, Genbank: AAA60332.1; ZraR, Genbank: CAP78460.1; and Pseudomonas
aeruginosa AlgB, Genbank: AAA25700.1). Sequence alignment was poor and highly conserved consensus
phosphoacceptor residues (red bars) are absent in BmoR.

3.2.2 Confirmation of BmoR function in E. coli

A two-plasmid system was constructed to obtain preliminary data on biosensor function in E.
coli. Plasmid pPBMO#1 contains the gfp gene under transcriptional control of the putative P.
butanovora butanol-responsive promoter Pgyo (device Peyo:gfp). Because the location of the
BmoR operator site was unknown, 525 base pairs upstream of the 6°*-RNA polymerase binding
site were included in the promoter design. Plasmid pBMO#6 contains an arabinose-responsive
Psap promoter controlling transcription of BmoR (device Pgap:bmoR). The Pgap promoter was
selected due to low levels of leaky transcription in the absence of inducer, large dynamic range,
and linear expression when expressed in E. coli strain BW27783 harboring a constitutively

. 2
expressed AraE arabinose transporter”°.

Initial experiments using the pPBMO#1/pBMO#6 two-plasmid system demonstrated no 1-butanol
based induction of GFP fluorescence from the biosensor (Data not shown).
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3.3  Biosensor optimization

In an effort to better understand the different biosensor failure modes, we explored several
aspects of the two-plasmid biosensor design in greater detail, including temperature and
arabinose concentration (for Pgap based induction of BmoR), GFP ribosome binding site and 5-
prime untranslated region (5’-UTR), induction timing, Pgyo promoter upstream activating
sequences, promoter choice for BmoR overexpression, and carbon source.

3.3.1 Temperature and arabinose concentration optimization

A potential explanation for the initial negative results was an inherent inability for
heterologously expressed BmoR to function in an E. coli host. For example, poor BmoR-¢™*
RNA polymerase recognition, or poor BmoR-Pgyo binding (resulting from the absence of a
BmoR operator site in our cloned promoter construct) would both yield little-to-no GFP
transcription. There is evidence in the literature®*”, however, for functional expression of
Pseudomonas o*-dependent transcription factors in E. coli; thus, we hypothesized that BmoR
was either not expressed, was being localized to inclusion bodies, or the operator site was not
included in the Pgyo design.

We first over-expressed BmoR from the original arabinose-inducible system and looked for
protein expression by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE;
Figure 3.4). Because the native P. butanovora host is a soil bacterium, growing at 25°C, we
also examined protein expression at 25°C, 30°C, and 37°C and looked for protein in both the
soluble and insoluble protein fractions. None of the arabinose conditions tested using the two-
plasmid system produced a detectable BmoR band in the soluble protein fraction as analyzed by
SDS-PAGE. Below 0.05 mM arabinose, neither an insoluble nor soluble BmoR band could be
detected at all three temperatures tested (data not shown).

Crude Lysate Soluble Insoluble

Sacioc

DH1 37 30 25 DH1 37 30 25 DH1 37 30 25

:

Figure 3.4: SDS-PAGE analysis of BmoR insolubility. BmoR Overexpression from the Pgsp promoter
(1mM arabinose) resulted in formation of inclusion bodies at all temperatures tested (37°C, 30°C, and 25°C).
Arrows indicate location of 72KD BmoR band.

57



Heterologous protein insolubility is a frequent occurrence in industrial biotechnology, and can
often be readily addressed by directed evolution methods®*; indeed, we previously developed a
strategy based on protein multiple sequence alignments to predict amino acid mutations that
would impart improved in vivo properties, including protein solubility”’. In the absence of a
functional BmoR-Pgyo positive control, however, we wished to avoid incorporating mutations
into the BmoR protein coding sequence. A more straight-forward approach is to concomitantly
decrease both the expression temperature and transcript levels. This strategy proved critical in
obtaining high-level expression of both P450gy3 and P450am0. As applied to biosensor
optimization, we controlled for BmoR transcript level by testing a range of arabinose
concentrations (0 to 2.5 mM) at three different culture temperatures (25°C, 30°C and 37°C). 1-
butanol concentration was varied (0-100 mM) to provide a measurement of dynamic range and
fold-induction after overnight growth in 1-butanol induction medium. Of the conditions tested,
optimal biosensor performance was witnessed at low BmoR expression levels (0.05 mM
arabinose) and at temperatures less than 37°C (Figure 3.5).
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Figure 3.5: Optimization of culture temperature for
BmoR expression. The initial biosensor exhibited high
temperature and arabinose concentration dependencies.
BmoR was expressed from the arabinose-responsive
Pgap promoter, which in turn binds 1-butanol to induce
GFP expression from Pgyo. (A) At 37°C only weak
GFP expression was observed under non-inducing
conditions. (B) At 30°C, substantial improvements to
biosensor dynamic range were observed between 0 and
0.5mM butanol; however, optimal performance was
observed in the absence of BmoR induction. (C) At
25°C biosensor robustness was improved, and arabinose
concentrations up to 1 mM provided a linear response to
1-butanol. Data points are an average of 3 independent
measurements.

GFP (RFU/ODjg0)
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Biosensor robustness increased dramatically at lower temperatures. The percent coefficient of
variation (%CV) witnessed for samples exhibiting the highest GFP expression (50mM 1-butanol
and 0.05mM arabinose) at 37°C was 41%. The %CV was decreased to 4.6% and 2.6% at 30°C
and 25°C, respectively, at the same 1-butanol and arabinose concentrations. Thus, the biosensor
exhibited substantially improved robustness at lower induction temperatures, a characteristic that
serves to minimize the frequency of false hits during screens in addition to reducing variation
between multiple, independent assays.

In all cases, the linear range of induction lay between 0 and 40 mM 1-butanol; at concentrations
greater than 40 mM, alcohol-induced toxicity resulted in decreased ODgq values following
overnight growth. At 37°C and with 0.05 mM arabinose, the dynamic range of the biosensor
was measured using the minimum and maximum GFP expression values, occurring at 0 and 40
mM I-butanol, respectively. While a higher average GFP fluorescence was observed at 40 mM,
the high degree of variation observed at 37°C resulted in no statistical difference between the
two sample groups (p>0.05, t-test; n=3); thus, for practical purposes, the biosensor dynamic
range at 37°C is zero. At both 30°C and 25°C the local minima and maxima were significantly
different (p<0.05, t-test; n=3), and yielded dynamic ranges of 24,100 RFU/ODgy and 15,300
RFU/ODg, respectively. These dynamic ranges correspond to a 4.3-fold induction at 30°C, and
a 3.1-fold induction at 25°C. While a vast improvement over the preliminary biosensor
experiments, the fold-induction values remained low; for comparison, a 5000-fold induction was
reported for a GFP reporter under the control of the P rpro.1 promoter system commonly used in

synthetic biology applications®*.

3.3.2 GFP ribosome binding site and 5’-untranslated region optimization

Having demonstrated a functional BmoR-Pgy0 biosensor in E. coli we next worked on
improving biosensor dynamic range. Both ribosome binding site (RBS) sequence, and more
generally the 5 -untranslated region (5’UTR), strongly dictate protein levels. At the primary
sequence level, the importance of a standard ATG initiation codon®*', along with both canonical
Shine-Dalgarno sequence and spacing relative to the initiation codon®**** are well known. The
RNA secondary structure of the Shine-Dalgarno region has been shown to be as important as the
primary sequence in dictating translation initiation rates®**>*". The Pgmo:gfp construct is
predicted to exhibit high GFP expression based on the primary sequence; however, the presence
of a strong hairpin loop (Appendix 1, Figure A1.1) locking up the RBS-initiation codon spacer
sequence may lead to decreased GFP translation initiation rates.

To address this issue we employed the RBS calculator** to design two synthetic RBS sequences
with strong predicted translation initiation rates (50,000 and 100,000 relative units, FLU). Both
designs eliminated the presence of the hairpin occluding ribosome access to the Shine-Dalgarno
and surrounding sequence space (Appendix 1, Figure A1.2 and A1.3). The redesigned reporter
constructs were tested over the predicted BmoR 1-butanol linear response range (0-40 mM)
using the previously optimized culture and induction conditions (Figure 3.6). In this
experiment, the wild type (WT) RBS exhibited less than 2-fold induction over the 1-butanol
concentrations tested. By comparison, the GFP expression levels measured for both the S0K
FLU and 100K FLU constructs were significantly higher than the WT sequence at all 1-butanol
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concentrations tested (n=3; t-test, p<0.05); the fold-induction increased to 2.73 and 4.26,
respectively (Table 3.2).
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Figure 3.6: GFP ribosome binding site optimization. Increasing the biosensor dynamic range would
facilitate identification of positive hits from background GFP expression. The wild type RBS construct (WT) was
compared against two synthetic RBS sequences designed for high level translation initiation rates in E. coli**".
Synthetic RBS sequences were designed to yield 50,000 and 100,000 relative fluorescence units (50K FLU and
100K FLU, respectively). n=3; meanss.d.

Table 3.2: Performance features for ribosome binding site test
constructs
Construct Fold Induction Dynamic Range
WT 1.52 467
50K FLU 2.73 3367
100K FLU 4.26 9668
n=3; meanzs.d.

Interestingly, while an improvement in dynamic range was expected, the change in fold-
induction was not anticipated. Fold-induction should be static for constructs with the same
biosensor architecture, and neither a change in translation initiation rate nor RNA stability should
affect this performance feature. Non-linear behavior may be observed in the system as the
relative GFP expression levels are increased.

3.3.3 Timing of BmoR induction optimization

From our experience engineering biosynthetic pathways there is an optimal induction time — as
measured by ODg starting from a 1% inoculation — that produces the highest titer. With this in
mind, we also assumed the same would be true for expression of BmoR. A range of induction
ODgp values covering cell growth from lag through late-exponential phases were tested; 0.05
mM arabinose and 1-butanol were concomitantly added to the growth medium, and GFP
expression was measured after overnight growth (Figure 3.7).
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GFP expression levels following induction with either 1 mM or 40 mM exogenously added 1-
butanol were significantly higher than the negative control samples at all time points tested (n=3,
t-test, p<0.05). Induction in early exponential phase (ODg(p~0.25) yielded the highest dynamic
range and the lowest percent coefficient of variation (4.5%). Subsequent experiments followed
these results as a guideline.
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Figure 3.7: Optimization of BmoR and GFP induction timing. The 2-plasmid biosensor construct was
induced at various time-points ranging from lag phase (ODgy=0.05), through early exponential phase (OD(,=0.25),
and into late exponential phase (ODg=0.65). Both low (1mM) and high (40mM) concentrations 1-butanol (C40H)
were tested in addition to the negative control (no 1-butanol added). n=3; mean+s.d.

3.3.5 Carbon source and BmoR promoter optimization

The initial characterization of the P. butanovora Pgyo promoter system reported both alcohol-
and carbon source-dependent induction of downstream genes>>’. Furthermore, over a 300-fold
induction ratio was witnessed in the native system following induction with 1-butanol. By
comparison, our two-plasmid biosensor system in E. coli exhibited a less than 10-fold induction
ratio.

One of the original motivations for building the E. coli biosensor with a Pseudomonas
transcription factor-promoter pair was the oft relied upon assumption that a heterologous system
will be orthogonal to the native E. coli regulatory network. Refactoring®*® helps address this
problem during biosynthetic pathway construction. Removing native promoters, incorporating
synthetic RBS sites, and removing intragenic regulatory elements by scrambling protein-coding
DNA sequences (while maintaining the amino acid primary sequence) all help in the
construction of a user-controlled, orthogonal system. This task is made more difficult when
applied to transcription factor-promoter systems because the desired, internal regulation must be
preserved. Using Pgap to drive BmoR eliminated native regulation over transcription factor
expression; however, absent further characterization of Pgyo, we shied away from making
significant modification to the primary sequence in an attempt to eliminate potential internal
regulation.
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In an effort to better understand, and potentially eliminate, Pgyio internal regulatory elements, a
computational model of E. coli transcription factor DNA-binding motifs was used to identify
putative regulatory sequences within the Pgyo sequence. In light of reported catabolite
repression of the Pyo-governed BmoXYBZDC operon in a P. butanovora host*’, we initially
focused on identification of potential cyclic AMP receptor protein (CRP) binding sites.
Pseudomonas putida contains a CRP homologous to E. coli CRP, and has also been shown to
involve in catabolite repression”®. The consensus CRP binding site sequences between E. coli
and P. putida are similar (Figure 3.8), suggesting that a P. butanovora CRP binding site within
the native Pgyo sequence would cross-talk with the E. coli CRP regulatory network. Two hits
for potential CRP binding sites were identified approximately 91 bp and 329 bp upstream of the
6>*-RNA polymerase subunit recognition sequence. Comparison of the putative CRP operator
sites on Pgpo to the consensus sequences from both E. coli and P. putida revealed weak
alignment with one of the two core-regions of the CRP consensus sequences for both hosts
(Figure 3.8). The spacer region between the core binding sites in the putative CRP hit at -329
basepairs is extended, decreasing the probability it acts as a functional CRP operator site.

Consensus E. coli CRP 5-N TGTGANNNNNNTCACAN

-329 PBMO 5-C AGTGACACCGGTCGCCT

-91 PBMO 5-A GATGTACCCTT CTTTAACGTGTAACACAC

Consensus P. putida CRP 5- WT GNGAWNY AWWTCACAT

Figure 3.8: Putative Pgyo CRP binding sites. Using TRANSFAC™', two putative CRP binding sites

were identified in the Pgyo sequence. The core CRP sites (yellow) possess weak alignment with the consensus E.
coli and P. putida CRP recognition motifs; furthermore, the putative CRP site found at -329 is not spaced properly.
W=A,T; Y=T.,C.

To further investigate the role catabolite repression plays in the Pgap:bmoR and Pgyo:gfp two-
plasmid system a series of experiments were conducted with different carbon sources (Figure
3.9). All experiments were conducted in Luria-Bertani (LB) broth alone or supplemented with
glucose or propionate as carbon sources; propionate was selected because it elicited high
background expression in the P. butanovora™’. Catabolite repression was observed under high
glucose conditions (0.2% and 0.4% w/v), but was not present at a low concentration glucose
(0.1% w/v) or when LB medium was supplemented with propionate.
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Figure 3.9: Carbon source dependence on BmoR-Pgy;o biosensor response. GFP expression levels
were measured using 0OmM (leaky expression) and 40mM 1-butanol (C40H) and a range of carbon sources. Butanol
dependent GFP expression was observed using LB without additional carbon supplementation or with propionate
supplemented medium. Butanol dependent GFP expression was observed at a low glucose concentration (0.1%
w/v), but was eliminated at high glucose concentration (0.2-0.4% w/v). n=3, mean=s.d.

While these results make clear the biosensor is non-functional at high glucose concentrations,
because our initial biosensor design incorporated a Pgap promoter — which is subject to glucose
repression®' — we were unable to determine the exact mechanism of repression. To better
address this finding we re-designed the two-plasmid biosensor system to replace Pgap with the
anhydrotetracycline-responsive P promoter (plasmid pBMO#7). Glycerol, which elicits a
different catabolite repression profile from glucose in E. coli****>*, was also included in the

experimental design.

The Pzr- and Pgap-based biosensors exhibited divergent behavior with respect to the effect of
carbon source on GFP output (Figure 3.10). Using medium supplemented with 0.1% (w/v)
glucose, the Pgap-based biosensor exhibited a linear response to 1-butanol while the Pzr-based
biosensor was non-functional. The inverse behavior was observed when the growth medium was
supplemented with 0.2% (v/v) glycerol. This finding was both surprising and difficult to rectify
with our previous results. Transcription from the Pzt promoter is reportedly unaffected by either
glucose or glycerol supplementation®*, a finding that stands in contrast to our observed
biosensor behavior (albeit in a more complex system).

From our work optimizing the culture temperature and arabinose concentrations (Figure 3.5) it
was known that high BmoR expression levels led to formation of inclusion bodies and loss of
biosensor function. Low-level glucose supplementation may lead to weak repression of Pgap,
and having the unintended effect of avoiding high-level production of insoluble BmoR. Glycerol
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supplementation, in contrast, would have the opposite effect: relieving Pgap repression and
leading to formation of inclusion bodies.
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Figure 3.10: Comparison of PBAD and PBAD promoters driving expression of BmoR following

medium supplementation with glucose or glycerol. Constructs pPBMO#6 (Pgap:bmoR) and pPBMO#7 (Pz1:bmoR)
were co-transformed with plasmid pBMO#1 (Pgpo:gfp) and GFP expression monitored following medium
supplementation with glucose (Glu, 0.1% w/v) or glycerol (Gly, 0.2% v/v). The two systems exhibited divergent
behavior with respect to carbon-source supplementation.

During optimization of the two-plasmid biosensor system it became clear that obtaining low-
level, reproducible expression of soluble BmoR was essential for improving biosensor
robustness. A two-plasmid biosensor design, while enabling rapid adjustment of the component
parts, was a likely source of variability. Construction of similar heterologous promoters for
protein over-expression in E. coli were based on single-plasmid designs*****; furthermore, in
these systems, transcription factor expression was driven by its native promoter. A series of
plasmids based on Pgmer promoter driving expression of BmoR were constructed. pBMO#35 is
a medium copy (p15a origin) plasmid housing the Pgmor:bmoR device, and is designed for use
with pBMO#1 as part of a two-plasmid system. Plasmids pBMO#36 and pPBMO#40 are single-
plasmid systems that house both the Pgnor:0moR and Pevmo:gfp devices. The plasmids differ
with respect to their origin of replication; pPBMO#40 contains a pSC101 origin while pPBMO#36
contains a ColE1 origin. Both constructs were tested in a DH1 background, and the high-copy
number pPBMO#36 plasmid was also tested in a DH1 (AadhE) host. The AadhE knockout strain
is unable to produce ethanol, which we hypothesized was a source of background transcription in
our system. All constructs were assayed over a four order-of-magnitude range in 1-butanol
concentration (10 uM to 50 mM) in order to better define the biosensor linear range of induction
(Figure 3.11)

The two-plasmid pBMO#35/pBMO#1 system exhibited a GFP expression profile similar to that

witnessed for the two-plasmid system utilizing a Pgap promoter. Of the single-plasmid systems
— pBMO #40 (pSC101 origin) and pPBMO#36 (ColE1 origin) — tested here, only the high-copy
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pBMO#36 plasmid yielded detectable GFP expression. The low-copy pBMO#40 plasmid may
not yield enough active BmoR to catalyze transcription from Pgyo, or GFP expression may be
too low to be detected above background. The pBMO#36 system provided a higher dynamic
range (=61,000 GFP RFU/ODgq) and fold-induction (8.4) relative to the two-plasmid
pBMO#35/pBMO#1 design. Over multiple experiments, the Pgyor:bmoR based biosensor
systems also proved more robust, exhibiting less variability between experiments.

When tested in the E. coli DH1 (AadhE) knockout strain, the background GFP expression levels
decreased significantly relative to a wild type DH1 host (n=3; t-test, p<0.05). As expected, the
decrease in background expression levels had a strong impact on fold-induction (39.4-fold) even
though dynamic range decreased slightly. Although pPBMO#36 performed well in both wild-type
DHI1 and the DH1 (AadhE) — and both strains are likely suitable candidates for implementation
as a high-throughput screen —subsequent experiments were conducted in DH1 (AadhE) to take
advantage of the decrease in background fluorescence.
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—O— pBMO#35/pBMO#1 (DH1)
—e— pBMO#40 (DH1)
O pBMO#36 (DH1)
®— pBMO#36 (AdhE-)
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Figure 3.11: Comparison of Pg,,,s:BmoR-based biosensor designs in wild type and engineered E. coli.
Plasmid pPBMO#35 (p15a origin; Pgpor:bmoR) was co-transformed with plasmid pBMO#1 (ColE1 origin;
Pemo:GFP). Plasmids pPBMO#40 (pSC101 origin; Pgor: bmoR, Ppyo:gfp) and pBMO#36 (ColE1 origin;
Pemor:bmoR, Ppyo:gfp) were designed as single-plasmid biosensors. A linear response to exogenously added 1-
buanol was observed in strains housing either the pPBMO#35/pBMO#1 or pPBMO#36 plasmids. pBMO#36 in a DH1
(AadhE) host demonstrated the highest fold-induction (greater than 39-fold) of all constructs tested. n=3; mean+s.d
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34 Biosensor characterization

3.4.1 Characterization of BmoR operator site in promoter Pgyo

Having demonstrated robust 1-butanol induced GFP expression in E. coli we next turned our
attention towards achieving a more accurate characterization of the Pgyio promoter sequence.
o>*-dependent transcription factors have been shown to bind several hundred base pairs upstream
of the -24 and -12 consensus promoter region>®; with this in mind, we included the 525 bp
upstream of the transcription +1 site in the initial promoter design. To narrow our focus, we
constructed and tested a series of truncated Pgyjo promoter constructs driving GFP expression
(Figure 3.12). Under inducing conditions, only background levels of GFP fluorescence were
observed in constructs truncated prior to the -24/-12 consensus 6>'-RNA polymerase subunit
binding site. Low-level fluorescence was observed in constructs truncated 175 bp and 225 bp
upstream of the +1 transcription start site; similar fluorescence levels were observed in un-
induced cell cultures, suggesting fluorescence is due to leaky, or butanol-independent
transcription from Ppyo. A 3-fold increase in GFP fluorescence was observed in the two
constructs housing either 325 bp or 425 bp upstream of the +1 transcription start site. Closer
inspection of this region led to identification of an inverted repeat sequence spanning 227-264
base pairs upstream of the transcription start site (Figure 3.13).
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Figure 3.12: Essential elements of Pgyo promoter. o>*-dependent transcriptional activators typically
bind several hundred base pairs (bp) upstream of the +1 transcription start site; and because the BmoR operator site
on Pgyp Was not yet elucidated, the initial promoter design included 425 bp upstream of the +1 transcription start
site. By sequentially shortening the total promoter length it was found that only 325 bp are necessary to have full
promoter activation in the presence of 40mM 1-butanol. n=3; mean+s.d.
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-270 -221
5'- AAGATTGGAAACAGCCCGAGCGTGCGTGCCTCGGGCTGCATCCTTGCCA-3

Figure 3.13: Putative BmoR operator site on Pgyo promoter. The C-terminal of BmoR contains a
helix-turn-helix domain, a hallmark characteristic of transcription factors. An inverted repeat identified at 227-264
base pairs upstream of the transcription start site was identified as the putative BmoR operator. The location of the
operator site corresponds well with the promoter truncation assay results.

3.4.2 Characterization of biosensor with GFP reporter

Construct pPBMO#36 was used during whole-cell bioassay response characterization toward a
range of short-chain, hydroxylated small molecule inducers (Figure 3.14). GFP fluorescence
normalized to cell density were collected up to the IC;s — the concentration of inducing agent
resulting in 75% of maximum cell density measured in the negative control after overnight
growth — or up to 1M exogenously added inducing agent. In line with preliminary standards for
characterization of biological devices™’ we measured a range of biosensor performance features.
The Hill Equation (eq 3.1), commonly used to describe promoter activation, provided an accurate
measurement of biosensor sensitivity, dynamic range, and switching-point.

GFP_ [

GFP=GFP+| —
Kr+[IT eqt 3.1

Where GFP, is the background GFP expression level, GFP,,, is the maximum observed GFP
expression, [/] is the inducer concentration, K,, is the inducer concentration resulting in half-
maximal induction, and 7 is the Hill coefficient describing biosensor sensitivity. Biosensor
performance features derived from the response curves are also presented (Table 3.3)

The biosensor exhibited a strong response to C4-C6 linear alcohols while 1-propanol and 1-
heptanol elicited low or undetectable GFP signals over the assayed concentration range. Ethanol
elicited a detectable GFP signal only when concentrations approached 1M. Previous
experiments demonstrated a decrease in background GFP expression after knocking out the
native E. coli ethanol dehydrogenase, AdhE. These results are suggestive of increased biosensor
sensitivity to endogenously produced alcohols over those exogenously added. Interestingly, only
1-butanol exhibited a Hill coefficient less than 1, resulting in a much broader linear range of
induction as compared to the other alcohols tested in the assay.

The biosensor was less responsive to C3-C5 branched-chain alcohols and aldehydes as compared
to butanol; and the dynamic range for all branched-chain alcohols tested was 2-4 fold lower than
observed with 1-butanol. Lastly, a slight, but statistically significant (t-test, p<0.05) increase in
GFP/OD signal was obtained for 1,4-butanediol (BDO), but not 1,5-pentandiol.

In general, trends between biosensor performance characteristics and inducers were more
complex than anticipated. For example, with the linear alcohols we expected to see a stronger
trend emerge between alcohol chain length and both K, and GFP,,,, values. Conversely, such a
dramatic difference in biosensor sensitivity between various alcohols was unanticipated. The
ambiguity in results can be explained, in part, by the complexity of an in vivo biosensor as
compared to standard in vitro models of protein-ligand binding and promoter activation. First,
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the inducing agents we explored have different volatilities and toxicities (Figure 3.15), and the
E. coli host is placed under significant alcohol-induced cell stress at the concentrations tested.
Second, all the small-molecule inducers tested enter E. coli by passive diffusion, and the
partition coefficient between the hydrophobic membrane and the cytosol or growth medium will
be different for all compounds tested. These factors, among others, complicate the analysis of
trends in biosensor performance between the different inducers.
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Figure 3.14: Biosensor response to linear alcohols
(A), branched-chain alcohols (B), and diols or
aldehydes (C). The single-plasmid system (pBMO#36)
containing a GFP reporter was responsive to C4-C6
linear alcohols and C3-C4 branched-chain alcohols.
Little to no response was measured for short-chain (C2-
C3) linear alcohols, 1-heptanol, or diols. Abbreviations:
C20H, ethanol; C30H, 1-propanol; C40H, 1-butanol;
C50H, 1-pentanol; C60OH, 1-hexanol; C70H, 1-
heptanol; 2M-1-C30H, 2-methyl-1-propanol; 2M-1-
C40H, 2-methyl-1-butanol; 3M-1-C40H, 3-methyl-1-
butanol; C4=0, butaldehyde; BDO, 1,4-butanediol;
PDO, 1,5-pentanediol. n=3, mean+s.d.

Table 3.3: Biosensor performance features
Target Sensitivity Dynamic Range Kn Selectivity
(n) (GFPmax) (mM) KoK
C40H 0.78 8000 3.83 1.00
C50H 1.18 10,200 9.13 0.42
C60OH 2.54 5,700 2.63 1.45
C70H 1.86 600 1.62 2.36
2M-1-C30H 1.01 2,400 4.34 0.88
2M-1-C40H 1.74 4,100 4.82 0.79
3M-1-C40H 2.84 3,100 6.00 0.64
C5=0 1.90 1,500 1.90 2.01
PDO 1.87 400 11.49 0.33

68



B
1.0 ¢ 4,
0.9 1 :
©
2 08
2
=
7]
b ] ®O7T o caon g
C30H 2M-1-C30H e
—e— C40H 2M-1-C40H
85 C50H 048 3M-1-C40H vl
—e— C60H —s— 3M-1-C50H !
—e— C70H —e— 4M-1-C50H
0.5 : ‘ ‘ 0.5 : .
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Inducer (mM) Inducer (mM)
Figure 3.15: Inducer toxicity with an E. coli host. All
c | - linear (A) and branched-chain (B) alcohols, and
1.0 —J AN . ; :
T 'l o e aldehydes and diols (C) were toxic to E. coli at sub-molar
\"\ concentrations. Alcohol-induced biosensor failure, as
0.9 1 W indicated by a decrease in GFP expression, occurred at
= | approximately the 1C;5 for all inducing agents tested.
E 0.8 n=3, means.d.
=
w
2 07
—e— C40H
0.6 Ca=0
C5=0
—— BDO
—s— PDO
05 :
0.01 0.1 1 10 100 1000

Inducer (mM)

While more conclusive results regarding BmoR-inducer binding kinetics require in vitro
experimentation, a number of conclusions can be derived from the biosensor performance
features. For exogenously added 1-butanol, the biosensor response was linear over nearly a three
order-of-magnitude range inducer concentration, and the dynamic range is well suited for
differentiating positive hits from a background, leaky GFP signal. In more detail, the whole-cell
bioassay exhibits a z-score”™® of 0.93 over the linear range of detection; a z-score greater than
0.90 is generally regarded as an excellent high-throughput screening assay. As applied toward 2-
methyl-1-propanol and 3-methyl-1-butanol, the major branched-chain alcohols being targeted for
over-production in E. coli*'****%, biosensor responds weakly and only at high alcohol
concentrations. As applied toward a branched-chain alcohol assay, a small dynamic range and
shortened linear range of induction increase decrease the accuracy in which incremental
increases in strain productivity can be identified.

3.4.3 Characterization of 1-butanol biosensor with TetA-GFP reporter

The choice of biosensor reporter strongly dictates the high-throughput screening application
space (Chapter 1, Figure 1.1). Our Ppyo:gfp-based device is well suited for high-throughput
liquid culture screening; spent production strain medium, containing the target alcohol, is titrated
into a biosensor strain culture and fluorescence readout of alcohol concentration is readily
obtained. A GFP reporter-based construct can also be used with higher-throughput screening
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applications — including, solid-medium plates and fluorescence activated-cell sorting — but is not
suitable for development of transcription factor-based selections.

A single reporter, capable of both screening and selection would be ideal. In addition to
broadening the biosensor application space, incorporating a screening reporter in the design
could provide confirmation of any positive hits resulting from the selection. A dual screening-
selection reporter, as compared to a polycistronic reporter operon, would provide a more direct,
accurate measure of selection protein concentration. For polycistronic operons, it is well
established that differences in gene order affect transcription and translation efficiencies. And at
the posttranslational level, different protein degradation rates would add further error.

A previously reported TetA-GFP fusion protein with a (Gly-Gly-Gly-Ser), linker*®' appeared
ideal for this application. The fet4 gene encodes for a tetracycline/H  antiporter; a transport
protein, as opposed to an enzyme, was chosen to maintain high-selective pressure against cells
displaying poor tetracycline resistant in a heterogeneous population. Furthermore, a negative
selection against alcohol-independent TetA-GFP transcription can be performed by adding
nickel-chloride to the medium”®. The resulting construct, pPBMO#41, is identical to the reporter
plasmid pBMO#36, with exception of a TetA-GFP fusion protein in place of the GFP reporter.

E. coli transformed with pBMO#41 exhibited butanol-dependent growth when tetracycline was
supplemented to the growth medium (Figure 3.16). Growth rates were dependent on the
presence of 1-butanol in the medium up to a concentration of 40 mM, at which point alcohol
toxicity exceeded the positive tetracycline selective pressure. A negative control consisting of E.
coli transformed with an empty vector grew only in the absence of tetracycline (data not shown).
In negative selection mode, the correlation between E. coli growth rate and 1-butanol
concentration was inverted.
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Figure 3.16: Positive and negative selection modes for presence of 1-butanol. (A) E. coli strain DH1
(AadhE) harboring the 1-butanol responsive biosensor plasmid pPBMO#41 exhibited butanol-dependent growth upon
addition of tetracycline up to a 40mM exogenously added 1-butanol. Control cultures lacking the biosensor grew
only under conditions with no tetracycline added to the culture medium. (B) Addition of NiCl, to E. coli cell
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cultures harboring plasmid pBMO#41 exhibited a negative correlation between the growth rate and the
concentration of exogenously added 1-butanol. n=4, mean=s.d.

GFP fluorescence from the TetA-GFP fusion protein on pBMO#41 was also measured in these
experiments (Figure 3.17). While a detectable increase in GFP signal was observed with
increasing 1-butanol concentration, it was an order-of-magnitude lower than measured using
GFP alone in construct pPBMO#36. Under non-selective conditions, an approximately 5-fold
induction was measured between 10 uM and 10 mM 1-butanol. The addition of tetracycline to
the culture medium above 2.5 pg/mL, however, eliminated this trend. Given the relationship
between E. coli growth rate and exogenously added 1-butanol, positive selection assays will be
conducted at tetracycline concentrations higher than can be used to obtain a detectable GFP
signal.
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Figure 3.17: GFP fluorescence from pBMO#41 in presence of tetracycline. A butanol-dependent
increase in fluorescence from the TetA-GFP fusion protein was detected only at tetracycline concentrations below

2.5 ng/mL. Higher tetracycline concentrations eliminated this trend, and resulted in decreased fluorescence between

1 and 40 mM exogenously added 1-butanol. At the tetracycline concentrations necessary to achieve a positive
selection for 1-butanol a dual GFP screen is non-functional.
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3.5 Conclusions

We presented here the construction and characterization of a short-chain alcohol responsive
biosensor. The optimized biosensor incorporates two component parts, the BmoR transcription
factor auto-regulated by its native promoter (Pgmor:6moR), and a reporter gene housed under
transcriptional control of the Pgyo promoter (Pemo:gfp or Pemo:tetA-gfp). Using a GFP reporter,
the biosensor performance features for a range of linear- and branched-chain alcohols, aldehydes,
and diols were determined. The biosensor exhibited a linear response between 100 uM and 40
mM 1-butanol, and a dynamic range of over 8000 GFP/ODg( units; a 700 uM difference in 1-
butanol concentration could be detected at 95% confidence. By replacing the GFP reporter with
TetA, a tetracycline transporter, a 1-butanol selection was constructed; E. coli harboring the
TetA-based biosensor exhibited 1-butanol dependent growth in the presence of tetracycline up to
40mM exogenously added 1-butanol.

The two optimized biosensor constructs can be directly implemented in high-throughput liquid

culture or fluorescence-activated cell sorting screens, and as a selection for 1-butanol producing
E. coli.
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3.6 Materials and methods

3.6.1 Reagents

All enzymes and chemicals were purchased from Fermentas and Sigma-Aldrich Co.,
respectively, unless otherwise indicated. DNA oligomers were ordered from Integrated DNA
Technologies (Coralville, 1A).

3.6.2 Strains and Plasmids

Genbank files for all plasmids are included in Appendix 2. All plasmids were assembled from
PCR product by sequence ligation independent cloning (SLIC)**, unless otherwise indicated,
using Phusion DNA polymerase (New England Biolabs). The Pseudomonas butanovora
(ATCC# 43655) genes and promoters were cloned from genomic DNA.

Escherichia coli strain DH10b was used for all molecular cloning; all engineered E. coli strains
were based on a DH1 or MG1655 background, as indicated. Introduction of an alcohol
dehydrogenase knockout (AadhE) in a DH1 background was performed by A Red-mediated gene

deletion®®.

Table 3.4: Plasmids used in this study

Plasmid Description Source
pBMO#1 PsMmo:gfp, AmpR, ColE1 This study
pBMO#6 Ppap:bmoR, CmR, pl5a This study
pBMO#7 Pzr:bmoR, CmR, plSa This study
pBMO#35 Pgmor:6moR, CmR, pl5a This study
pBMO#36 Pamor:bmoR, Pemo:g/p, AmpR, ColE1 This study
pBMO#40 Pimor:bmoR, Peyvo:gfp, Amp, pSC101 This study
pBMO#41 Pimor:bmoR, Peyio:tetAd, Amp", ColEl This study

3.6.3 Protein Purification

Batch purification of a 6X-his tagged version of BmoR was achieved through a nickel-affinity
column. The over-expression E. coli strain BLR (De3) was transformed with the plasmid
pET29b-His-BmoR. 5 mL LB broth supplemented with Cb*® was inoculated with a single
colony of BLR(dE3) harboring the plasmid pET29b:His-BmoR and grown overnight at 37 °C.
The full overnight culture was used to inoculate 500 mL of fresh Terrific Broth supplemented
with 0.4% v/v glycerol and Cb™. Cells were initially grown at 37°C shaking at 150 rpm until an
ODgpp=0.25, cultures were then induced with 0.05 mM IPTG and grown for an additional 12
hours at 20°C. Cultures were centrifuged (10 min, 4°C, 8000 rcf) and the pellet resuspended in
10 mL Buffer A (50 mM Tris (pH8.0) 50 mM KCI) supplemented with a 20 mM imidazole and
protease inhibitor cocktail (EMD Biosciences). Cell membranes were sonicated and the soluble
fraction separated by centrifugation (10 min, 4°C, 10000 rcf) and then filtered through a 0.45-um
filter. Purification was done using a Ni+-agarose matrix (Quiagen) according to the
manufacture’s protocols. Briefly, 5 mL resuspended slurry was equilibrated with 25 mL buffer
A supplemented with 20 mM imidazole at 4°C. Following, the soluble protein fraction was
bound the matrix for 15 min, and then washed with 25 mL wash solutions (2 x 50 mM imidazole,
2 X 100 mM imidazole, 1 X 150 mM imidazole) and then eluted with 10 mL 500 mM imidazole.
The eluent was concentrated via xxx (Ambion, 32K MWCO) and analyzed by SDS-PAGE to
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estimate protein purity. The BmoR solution was dialyzed against Buffer A to remove any
imidazole; for long term use the solution was dialyzed against Buffer A supplemented with 30%
glycerol and stored at -20°C

3.6.4 Gel mobility shift assays

Gel mobility shift assays were performed to further localize the DNA-binding region using a
DIG-Gel Shift Kit (Roche Applied Science) following the manufacturer’s protocol. The pPBMO
promoter was divided into 5x125 bp segments with approximately 60-bp overlaps covering 350
bp upstream of the pBMO +1 transcription start site. 10 mM BmoR was incubated with 30 fmol
DIG-labeled PCR-products for 15 min at 25°C. The solutions were then run on a 12% Tris-
glycine gel (Novex) in 50 mM Tris-HCI, 50 mM KCI buffer at 150V. DNA products were then
transferred to nylon membrane at 25V for 45 min.

3.6.5 96-well plate biosensor characterization

E. coli strain DH1 (AadhE) harboring either biosensor plasmid pBMO#36 or pPBMO#41 was
cultured overnight in LB medium (Cb™, 200 rpm, 30°C). Cultures were then inoculated 1% v/v
into fresh EZ-rich medium (Teknova) supplemented with antibiotic (Cb"), and grown until final
cell densities reached an ODgpp=0.20 (200 rpm, 30°C). Biosensor culture were diluted 1:4 in
fresh EZ-rich medium (0.5% w/v glucose, Cb°") supplemented with a known concentration
alcohol in 96 deep-well plates (2-mL total capacity, polypropylene, square-bottomed; Corning).
Cultures were incubated for 16 hrs (200 rpm, 30°C). Both fluorescence and absorbance
measurements were performed on dual spectrophotometer-fluorometer (Spectromax M2,
Molecular Devices). GFP fluorescence was measured using an excitation wavelength of 400 nm
and an emission wavelength of 510 nm. Optical density measurements were monitored at 600
nm (ODggg). GFP fluorescence values were first normalized to ODgg9 (GFP/ODg0). E. coli auto-
fluorescence was subtracted using a standard curve of GFP fluorescence from wild type E. coli
optical density. Fold-induction was calculated as the difference between the averages of the
induced and un-induced GFP fluorescence measurements normalized to the un-induced GFP
measurement.

3.6.6 96-well plate growth assays and growth rate calculations

Selective pressure, as measured by cell growth rates, was determined in 96-well plates. E. coli
strain DH1 (AadhE) harboring plasmid pPBMO#41 was cultured overnight in LB medium
supplemented with 0.5% w/v glucose (Cb*’, 200 rpm, 30°C). Cultures were then inoculated 1%
v/v into fresh EZ-rich medium (0.5% w/v glucose, Cb""), grown until final cell densities reached
an ODgp=0.20 (200 rpm, 30°C), and subsequently diluted 1:4 in inducing medium to a final
volume of 150uL in 96-well plates (2-mL total capacity, polypropylene, square-bottomed;
Corning). The cultures were then grown for 1 hr before addition of tetracycline or NiCl, at the
indicated concentrations; cultures were incubated in a 96-well plate reader (30°C, Tecan) and
ODgp measurements taken every 15 minutes for a total culture time of 20 hours. Growth rates

were determined by first normalizing each curves to the starting cell density In| |and

fitting to a modified Gompertz equation for microbial growth®®:
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y=Ade "
Where A is the maximum cell density In(N/N,), A is the lag period (hrs), t is the time (hrs), and

I is the maximum specific growth rate (hrs™). Growth rates are all reported as meanzs.d.
(n=3).

3.6.7 Z-score Calculation

Z-scores for 1-butanol induced GFP expression from pBMO#36 were calculated based on
results obtained from 96-well plate response curves as described above. The limits of linear
range of detection were established at 0 and 40mM 1-butanol. Z-scores were calculated as

follows:
1 _((35, +30'=)]

|t — e

Where p and o are the mean and standard deviation, respectively, and s refers to sample and ¢
refers to control.
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Chapter 4. High-Throughput Screens and Selections Using an
Alcohol-Responsive Transcription Factor-Promoter Pair

4.1 Expression of heterologous 1-butanol biosynthetic pathways in engineered E. coli

A series of 1-butanol production plasmids and strains (see 4.4 Materials and methods, Table
4.2) were constructed for use as positive controls in proof-of-principle screens and selections.
All plasmids were reconstructions of published work on heterologous expression of either the C.
acetobutylicum 1-butanol biosynthetic pathway””, or a 2-keto acid decarboxylation and
reduction pathway for mixed alcohol biosynthesis'**%.

4.1.1 Expression of C. acetobutylicum 1-butanol biosynthetic pathway in engineered E. coli
Plasmid pBUT#50, harboring the C. acetobutylicum 1-butanol biosynthetic genes, is composed
of two operons (crt.bed.etfBA.hbd and atoB.adhE?2) under control of IPTG inducible Prrc
promoters (Figure 4.1). While the gene products required for 1-butanol biosynthesis are
identical to those previously published™”, the pBUT#50 plasmid design differs significantly. In
more detail, Atsumi et al. constructed a two-plasmid system using Py ,.0; promoters and native
RBS sequences. In contrast, transcriptional control in our one-plasmid design is performed by
two Prc promoters, and our design incorporates both synthetic ribosome binding sites and a 5°-
untranslated region (5’-UTR).
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Figure 4.1: Construction of heterologous 1-butanol biosynthetic pathway in E. coli. (A) The C.
acetobutylicum biosynthetic genes were constructed as a two-operon system under the control of IPTG inducible
Prrc promoters. Genes encoding for E. coli acetyl-CoA acetyltransferase, atoB, and C. acetobutylicum alcohol
dehydrogenase, adhE2, were housed on a single operon. Genes encoding for C. acetobutylicum crotonase, crt,
butyryl-CoA dehydrogenase, bcd, two-electron transferring flavoproteins, etf4B, and 3-hydroxybutyryl-CoA
dehydrogenase, hbd, were housed on a second operons. (B) The 1-butanol biosynthetic pathway from acetoacetyl-
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CoA; 1-butanol biosynthesis is highly NADH dependent, requiring 4 molecules of NADH per molecule 1-butanol.

1-butanol biosynthesis branches from central metabolism at acetyl-CoA, and thus competes with
native E. coli fermentation pathways for carbon and NADH (Figure 4.2). Engineering E. coli
for homobutanologenic fermentation depends on constructing a redox balanced, anaerobic
pathway. In addition to heterologous pathway overexpression, a number of chromosomal
modifications are necessary to increase NADH availability and eliminate native fermentation
byproducts. Atsumi et al.**> demonstrated production of 1-butanol titers of over 500 mg/L in
rich medium by knocking out a series of E. coli fermentation pathways and anaerobic regulatory
genes; the knockouts included the adhE, IdhA, frdBC, fnr and pta genes. The resulting homo-
butanologenic strain, however, is still not redox balanced under anaerobic conditions. Native E.
coli routes carbon through pyruvate formate lyase during anaerobic growth — which yields no
NADH - and through the pyruvate dehydrogenase complex during aerobic growth — which
yields 1 NADH per acetyl-CoA molecule formed. By knocking out pfI/B, Atsumi et al. attempted
to reroute carbon through the pyruvate dehydrogenase complex under anaerobic conditions;
however, the resulting strains failed to grow under these conditions. In line with this finding,
optimal production was observed under micro-aerobic growth conditions, presumably because
this maximized the redox capacity in engineered E. coli.
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Figure 4.2: 1-butanol overproduction in engineered E. coli. Atsumi et al.”” achieved high-level 1-
butanol production in E. coli under micro-aerobic conditions be overexpressing the C. acetobutylicum pathway
genes (pBUT pathway) and deleting native fermentation pathways competing for NADH.

Along these lines, our proof-of-principle demonstration of the biosensor-based screening strategy
required a series of positive control strains exhibiting different 1-butanol productivities. We first
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compared 1-butanol titers in wild type DH1 or DH1 (AadhE) transformed with the 1-butanol
production plasmid pPBUT#50 (Figure 4.3A). The two strains were grown at 5-mL culture scale
under micro-aerobic conditions in either luria-bertani broth (LB) or terrific broth (TB). After 24
hours, only minute quantities (<5 mg/L) of 1-butanol were detected; after 48 hours, the DH1
(AadhE) strain exhibited significantly improved 1-butanol titers as compared to wild type DH1
(t-test, p<0.05). This result suggests that increased acetyl-CoA and NADH availability in the
engineered strain improved titers. 1-butanol titers under all conditions, however, were less than
15 mg/L (=250 uM).

We hypothesized that either IPTG induction timing or strength contributed to low product titers,
and we tested both strains in undefined medium containing autoinduction sugars®®’; both strains
were also tested under aerobic, anaerobic, and micro-aerobic growth conditions to confirm the
importance of oxygen availability in our system (Figure 4.3B). Autoinduction of pathway
expression resulted in over 10-fold higher 1-butanol titers as compared to IPTG-based induction;
the ratio of 1-butanol titers between the wild type and AadhE knockout strain remained the same
in autoinduction medium. Micro-aerobic growth resulted in an approximately 3-fold
improvement in 1-butanol titers as compared to aerobic growth conditions; however, DH1
(AadhkE) also performed well — albeit with a high level of variability — under anaerobic growth
conditions, and 1-butanol titers ranged from 36.5 to 202 mg/L. The high degree of variability
may suggest problems obtaining homogenous protein expression across biological replicates
under these conditions.

The results from the 5-mL culture experiments in autoinduction medium suggested the pBUT#50
plasmid system was well suited for use in proof-of-concept testing of our biosensor-based liquid
culture screen. Alcohol titers ranged between 10-200 mg/L — depending on oxygen availability,
medium type, and strain — and the ratio of 1-butanol between the supernatant and cell pellet was
1.02 £0.14 (n=15, mean + s.d.), an indication that endogenously produced 1-butanol readily
diffuses across the E. coli cell membrane. Lastly, the use of autoinduction medium eliminates
the requirement of adding an exogenous inducer, a particular unwieldy step during scale-up for
high-throughput screening assays.
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Figure 4.3: 1-butanol titers from engineered E. coli. Wild type DH1 and engineered DH1 (AadhE) were
transformed with 1-butanol production plasmid pBUT#50, and 1-butanol titers measured at 24 and 48 hours under
different medium and oxygenation conditions. (A) E. coli strains DH1 and DH1 (AadhE) were grown under micro-
aerobic conditions in luria-bertani (LB) and terrific broth (TB) mediums following induction with ImM IPTG. (B)
Wild type DH1 and engineered strain DH1 (AadhE) were grown in autoinduction medium®®’ for 48 hours under
aerobic, micro-aerobic, and anaerobic growth conditions. n=3, mean =+ s.d.

In an effort to further increase 1-butanol titers we tested a series of additional knockout
mutations. Lactate dehydrogenase, the protein product of /dhA, catalyzes reduction of pyruvate
to lactate under anaerobic conditions yielding one NADH in the process. As with AdhE-derived
ethanol, knocking out lactate production should increase the pool of NADH available for
reduction of butyryl-CoA to 1-butanol. We also targeted FNR, the primary transcription factor
regulating the shift from aerobic to anaerobic growth in E. coli*®®, in an attempt to increase
anaerobic expression of the pyruvate dehydrogenase complex and create a redox balanced 1-
butanol biosynthetic pathway. Lastly, to generate a more stable production host we integrated
the heterologous 1-butanol pathway onto the E. coli chromosome. The resulting strains were
tested under both micro-aerobic and anaerobic growth conditions (Figure 4.4).

Under micro-aerobic growth conditions, all knockout strains exhibited similar production titers;
however, because cell growth was low (<1.0 ODgg units) specific production from the
AldhA/AadhE double mutant was improved over both the AldhA single mutant and the AldhA
/AadhE/Afnr triple mutant. Under anaerobic growth conditions, the AldhA single knockout
exhibited the highest absolute, but lowest specific, production titers. In general, strain 3 (strain
MAL with a chromosomal copy of the Prrc:crt.bed.etfBA.hbd and Prrc:atoB.adhE2 operons)
performed similarly to engineered strains transformed with the pBUT#50 alcohol production
plasmid. As compared to the plasmid-based expression systems, § exhibited a 2-fold increase in
1-butanol titers under micro-aerobic growth conditions. This finding suggests that plasmid-
based pathway expression is a non-optimal production method.

It was also discovered, however, that after multiple passages  would spontaneously lose the
ability to produce 1-butanol. Interestingly, the antibiotic resistance cassette remained present on
the chromosome, but the Prrc:crt.bed.etfBA.hbd operon had been excised, potentially by
recombination between the two Prrc promoters in the device architecture. The Prrc promoter is
known to exhibit high levels of leaky expression®®, and it is probable that stress from leaky
pathway expression generated strong selective pressure against pathway maintenance.
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Figure 4.4: Production of 1-butanol from E. coli knockout strains under anaerobic and micro-aerobic
conditions. A series of knockout strains were first constructed in an MG1655 background (ML: MG1655(AldhA);
MAL: MG1655(AldhA, AadhE); MALF: MG1655(AldhA, AadhE, Afnr)) and transformed with 1-butanol
production plasmid pBUT#50. Strain B (MG1655(AldhA, AadhE, intA::pBUT) was constructed using the lambda-
red recombinase system®* to integrate the butanol biosynthesis genes and antibiotic resistance marker derived from
pBUT#50 at the intA gene locus. n=3; mean + s.d.

While our engineered strains were demonstrating 1-butanol titers on par with previous reports,
we did not witness any knockout-dependent improvements in titer. To better account for carbon
in our engineered E. coli strains, we measured the major fermentation byproducts with and
without expression of our 1-butanol biosynthetic pathway (Table 4.1).

Lactate and formate (not shown) were not observed under any of the conditions tested. Acetate,
succinate, and ethanol were present at approximately the same concentration, and account for
between 7.5-25% of potential 1-butanol theoretical yield from engineered E. coli. Ethanol
production was observed in strain ML, which does not possess the AadhE knockout, and in
strains expressing the heterologous AdhE2 alcohol dehydrogenase. In vitro assays with AdhE2
have described activity toward acetyl-CoA>*?°, highlighting ethanol production as a major
hurdle in efforts to engineer a homo-butanologenic strain of E. coli.
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Table 4.1 Mixed acid fermentation products from engineered E. coli strains

With 1-butanol production (gfL)

ML MAL MALF Beta
] 1 0 1 ] 1 ] 1
Succinate| 0.27£0.087 0.2440.003 | 0.10£0.01  0.11+0.08 |0.0640.006 0.14+0.02 | 0.09+£0.01 0.08+0.04
Acetate 0.17+0.062  0.16+£0.031 | 0.09+0.02 0.28+10.26 | 0.0910.02 0.12+0.02 | 005+0.022 0.13+0.04
Ethanol 0.35+0.063  0.3510.052 |0.1240.036 0.2040.03 | 0.14+0.02 0.14+0.02 |0.09610.03 0.1610.04
Empty vector control {g/L)
ML MAL MALF
0 1 8] g 5 0 1
Succinate| 0.24+0.008 0.17+0.08 |(0.07+0.004 0.06+0.01 (0.04+0.011 0.051£0.036
Acetate 0.19+0.052 0.26+0.12 |0.05x0.014 0.1240.02 (0.04+0.007 0.35%0.23
Ethanol 0.25+0.027 0.23+0.03 ND ND ND ND

0 corresponds to anaerobic growth, and 1 corresponds to micro-aerobic growth; n=3, meantstd dev

All strain testing and culture optimization up this point were performed in 5-mL culture tubes. A
high-throughput liquid culture screen, however, necessitates production be performed in 96-well
plate format. Scaling culture size down from 5-mL tubes to 96-well plates (containing less than
I-mL total culture volume) typically results in decreased oxygen availability. In our previous
work with the isoprenoid pathway, scaled-down cultures exhibited lower cell densities and
production titers. We did not predict oxygen availability to be an issue for 1-butanol production
based on results from 5-mL cultures under micro-aerobic and anaerobic growth.

Lastly, the culture conditions should be optimized to reduce variability among biological
replicates; a difficult to achieve goal, but one that improves the accuracy of the screening assay.
We attempted to address this issue by measuring 1-butanol titers for biological (n=10) and
technical replicates (n=3) across a 96 deep-well plate (Figure 4.5). Additional variables
included growth medium (undefined autoinduction®®’ versus defined EZ-rich with IPTG
induction) and oxygen availability.
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Figure 4.5: Analysis of 96-well plate 1-butanol titers and variability. Variability in 1-butanol titers
from 10 colonies (3 biological replicates) were analyzed in undefined rich (autoinduction®®”) and defined rich (EZ-

ich”™) mediums was analyzed under micro-aerobic conditions. Autoinduction medium was tested under both

micro-aerobic and aerobic growth conditions. n=3, mean + s.d.

EZ-rich medium with IPTG induced pathway expression yielded significantly lower 1-butanol
titers as compared to autoinduction medium (t-test, p<0.05). No statistical significance was
found between micro-aerobic and anaerobic growth in autoinduction medium (t-test, p>0.05),
suggesting that oxygen remains limiting even under conditions promoting aerobic growth in 96-
well plate format. In autoinduction medium under micro-aerobic growth, the coefficient of
variance in 1-butanol titers was 41.4% (15.8% excluding outlier colony #5). A coefficient of
variance less than 10% for biological replicates is preferred for high-throughput screening
assays. To decrease the variance in 1-butanol titers from cultures grown in 96 deep-well plates
we investigated multiple plate sealing, incubation temperatures, and aeration strategies. In brief,
using a plate sealer quipped with gas-impermeable film provided the most uniform results and
lowest well-to-well variability in 1-butanol titers. Decreasing the temperature to 25°C also
decreased the variance, but at the expense of cell density and 1-butanol titer. Increased culture
aeration by running experiments at higher rpm’s on various shaker platforms increased the
variance. The final, optimized format used vacuum-sealed film, culture growth at 25°C, and
with low aeration (200 rpm). Through these efforts the percent coefficient of variation was
reproducibly decreased to 7-8%.

Numerous hurdles were encountered when developing and optimizing the heterologous 1-
butanol biosynthetic pathway in engineered E. coli. Robust, high-titer production was never
achieved using our system, and we believed the culture conditions required to achieve high-level
1-butanol titers would be difficult to translate to a high-throughput screen or selection strategy.
First, optimal 1-butanol production was witnessed under micro-aerobic conditions in undefined
medium; by contrast, the biosensor was optimized for performance in a defined medium under
aerobic conditions. Second, plasmid-based 1-butanol production was highly variable between
strains and experiments. No difference in 1-butanol titers was frequently observed between wild
type and engineered E. coli, even though the engineered strains were reported in the Literature to
display superior production. All efforts to improve 1-butanol titers by introduction of additional
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knockout mutations were unsuccessful. In the absence of a set of robust control strains
exhibiting different 1-butanol productivities, we concluded it would be difficult to integrate our
heterologously expressed C. acetobutylicum pathway with our biosensor screening and selection
strategy. A small number of preliminary screening experiments were conducted using the C.
acetobutylicum pathway, and are highlighted below (4.2 High-throughput liquid culture
screening).

4.1.2 Expression of L. lactis KivD and S. cerevisiae ADHG6 in engineered E. coli

A smaller, more well-defined alcohol production system would facilitate proof-of-principle
demonstration of a biosensor-based screening and selection strategy. We believed that a 2-keto
acid-based alcohol biosynthetic pathway could better address this criterion. High level
production of mixed 2-keto acid-derived alcohols in non-fermentative, aerobic
growth?!8:220259:266:271272 “Th6u0h the activity of a promiscuous L. lactis 2-keto acid
decarboxylase (KivD) and S. cerevisiae alcohol dehydrogenase (ADHO6), engineered E. coli
produces three biosensor responsive alcohols: 2-methyl-1-propanol, 1-butanol and 3-methyl-1-
butanol (Figure 4.6).

2-ketoacids Alcohols
o]
6}
3M-2-oxobutanoic acid 2M-1-C30H
O
KivD, ADH6
—_— b
OH /’\’/\
OH
(o]
2-oxopentanoic acid C40H
O
\mHLoH /L/\
o OH
4M-2-oxopentanoic acid 3M-1-C40H

Figure 4.6: Production of biosensor responsive alcohols from 2-keto acids. Expregon of L. lactis
KivD and S. cerevisiae ADH6 in E. coli leads to production of a broad range of mixed alcohols*'***°. The BmoR-
based biosensor responds to 2-methyl-1-propanol (2M-1-C30H), 1-butanol (C40H) and 3-methyl-1-butanol (3M-1-
C40H).

While a biosynthetic pathway composed of a substrate promiscuous 2-keto acid decarboxylase
and alcohol dehydrogenase has the capability of producing a wide variety of alcohols, only a
small subset is produced in wild type E. coli. 2-keto acids are intermediates in amino acid
biosynthesis, thus the measured titer for any particular alcohol is reflective of the carbon flux
through the cognate amino acid pathway. For example, the major alcohols measured in wild
type E. coli are 1-propanol and 2M-1-butanol, derived from isoleucine biosynthesis, 2M-1-
propanol, derived from valine biosynthesis, and 3M-1-butanol, derived from leucine biosynthesis
(Figure 4.7). 1-butanol is derived from an intermediate (2-oxopentanoate) in norvaline
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biosynthesis, a minor offshoot of the isoleucine pathway”””. High titer (over 600 mg/L) 1-
butanol production was reported in engineered E. coli with ilvD knocked out, overexpressing
ilvA and leudBCD operon, and feeding 8 g/L threonine®'®.

Glucose——— Pyruvate —————— Threonine
IIvBN/TIVGM,
1vC, TivD THeB, Tk
L-valine
K]VD ADHo6
)\/OH KivD, ADH6 /WHJ\ N"on
C30H
2M-1-C30H 3M-2- oxobutano ate 2- oxobutanoate
LeuA, LeuC IIvGM, TIvC
LeuD, LeuB IvD
L-Leucine ——v-— ~
Q = o ——IVE g isoleucine
OH KivD, ADH - KlvD ADH6
W/\/ -— OH OH /\‘/\
O 0
3M-1-C40H 4M-2-oxopentanoate  3M-2-oxopentanoate 2M-1-C40H

Figure 4.7: Production of mixed alcohols in wild type E. coli. Production of a wide variety of 2-keto
acid-derived alcohols has been demonstrated in engineered E. coli*'**®. Native E. coli, however, is more limited in
this capacity. The major 2-keto acid-derived alcohols (blue) produced in wild type E. coli are rooted in high flux
amino acid biosynthetic pathways (red). Production of all alcohols in this system can be traced to pyruvate and
threonine.

A single plasmid, pPBUT#52, was constructed for overexpression of L. lactis KivD and S.
cerevisiae ADH6 using a Prrc promoter (Prrc:KivD.ADH6). When transformed into an E. coli
AdhE knockout strain, high titers of 2-methyl-1-propanol and 3M-1-butanol were observed, and
a trace of 1-butanol was measured (Figure 4.8). Production was tested in M9 minimal medium
containing an autoinduction carbon source®®’, and in undefined autoinduction medium;
production from pBUT#52 was also measured when co-transformed with the biosensor plasmid
pBMO#41 to determine if concomitant alcohol production and biosensor activity decreased host
fitness.

M9 minimal medium supplemented with an autoinduction carbon source proved superior to
undefined, autoinduction medium; the absence of amino acid supplementation in the minimal
medium formulation likely increases carbon flux through the 2-keto acid intermediates in amino
acid biosynthesis. Total mixed alcohol titers were 265+59 mg/L (n=3, meanzs.d.) after 48 hours
growth, on par or superior to titers realized through overexpression of the heterologous C.
acetobutylicum pathway in E. coli. As expected, 1-butanol was a minor product in this system,
comprising less than 1% of all alcohols measured. Most importantly, production proved to be
highly robust from experiment to experiment, and no statistically significant (t-test, p>0.05)
change in alcohol titers was observed during concomitant alcohol production and sensing —
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although alcohol titer variability did increase somewhat. Interestingly, 2-methyl-1-butanol was
not observed in our production host, which may be due to either co-elution with 3-methyl-1-
butanol or absence of production in our host strain. As discussed below, this detail did not alter
the assay methodology.
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Figure 4.8: 2-keto acid-derived alcohol production from plasmid pBMO#52. High-titer alcohol
production was observed in autoinduction (A), and M9 minimal medium supplemented with an autoinduction
carbon source (B). A defined, minimal medium proved superior to an undefined autoinduction medium at the 48
hour timepoint. Co-transformation of the alcohol production plasmid (#52) with the biosensor plasmid (#41) did not
have a statistically significant effect on total alcohol titers (t-test, p>0.05). n=3, meanss.d.

Mixed alcohol production is not highly amenable to our high-throughput screening or selection
strategy. Strain-to-strain and culture-to-culture differences in the relative ratios of the alcohols
could skew results, particularly in light of variation in the biosensor’s responsiveness 2-methyl-
I-propanol, 1-butanol, and 3-methyl-1-butanol. Atsumi et al. demonstrated that a specific target
alcohol could become a major product from their system if the £. coli growth medium was
supplemented with the corresponding 2-keto acid*'®. We hypothesized a strain auxotrophic for
the 2-keto acids leading to the observed alcohols could be utilized to produce single alcohols
when cultured in minimal medium supplemented with user-defined 2-keto acid substrates. All 2-
keto acid-derived alcohols measured in the wild type E. coli host are derived from pyruvate and
threonine (Figure 4.7); by knocking out #dcB, encoding for threonine dehydratase, and the
ilvDAYC isoleucine biosynthesis operon, a 2-keto acid auxotroph can be constructed (Figure
4.9).

A DHI1 (AadhE) background strain transformed with pPBMO#52 grew on minimal medium and
produced three products co-eluting with authentic standards of 2M-1-C30OH, C40H, and 3M-1-
C40H. Deletion of TdcB did not affect cell growth in M9 minimal medium. Deletion of
ilvDAYC eliminated growth in M9 minimal medium, but was rescued by additional
supplementation with valine, isoleucine and leucine. Addition of over 4.5 mg/L exogenously
added amino acid supplementation, however, yielded trace (<5 mg/L) 2-keto acid-derived
alcohol products. Presumably alcohols production proceeded through amino acid degradation,
although the presence of trace 2-keto acids in the amino acid supplement cannot be ruled out.
Unexpectedly, the single AilvDAYC knockout was sufficient to eliminate production of our target
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alcohols; because tdcB is predominantly expressed in stationary phase and in the presence of
excess threonine, transcription may not be activated under our experimental conditions.

Standard

DH1 (AAdhE)
DH1 (AAdhE, ATdcB)

DH1 (AAdhE, AllvDAYC)

3.0 3.5 4.0 4.5

Retention Time (Min)

Figure 4.9: Construction of an E. coli 2-keto acid auxotroph. Introduction of either a AtdcB knockout
or a AilvDAYC knockout in an E. coli AadhE background strain eliminated 2-keto acid-derived alcohol production.
Abbreviations: 2-methyl-1-propanol (2M-1-C30H), 1-butanol (C40H), 3-methyl-1-butanol (3M-1-C40H).

The DH1 (AadhE, AilvDAYC) mutant proved highly robust. Following autoinduction of both
KivD and ADH6, near 100% conversion of 1 g/L exogenously added 2-oxopentanoate or 4-
methyl-2-oxopentanoate to 1-butanol and 3-methyl-1-butanol, respectively, was observed in
under 12 hours. This strain serves as a simple, robust system for user-defined production of 2-
keto acid-derived alcohols.
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4.2 High-throughput liquid culture screening

We first sought proof-of-principle demonstration of our alcohol-responsive biosensor as a high-
throughput liquid culture screen. As discussed previously, this assay format is relatively
straight-forward since production and detection are performed in two independent steps. Each
step is optimized individually, and only alcohol containing medium is passed between the two
strains. Because alcohol detection is done in a separate host, this assay format has the additional
advantage of being production strain agnostic.

First, we implemented the 1-butanol production plasmid pBUT#50 (housing the operons:
Prre:icrt.bed.etfBA.hbd and Prre:atoB.adhE?2) in conjunction with the reporter plasmid
pBMO#36 (housing the operons: Pgyor:bmoR and Ppyio: GFP). Using the optimized 96 deep-
well production system (see 4.1.1 Expression of C. acetobutylicum 1-butanol biosynthetic
pathway in engineered E. coli), strains DH1 and DH1 (AadhE) were grown micro-aerobically in
undefined autoinduction medium (Figure 4.10A). Over multiple production assays a number of
samples exhibiting a range of 1-butanol concentrations (=50uM to 550uM) were obtained; the
spent medium was analyzed by both the biosensor strain and by gas chromatography-mass
spectrometry (Figure 4.10B).

When pBUT#50 was grown in our final 96 deep-well plate format, optimized for decreased
biological and technical replicate variability, there was no statistically significant (t-test, p>0.05)
difference in 1-butanol titers between wild type DH1 and the DH1 (AadhFE). This result strongly
suggested it would be difficult to screen a library of genetic mutants in 96 deep-well plate format
and identify those with improved 1-butanol productivities. Furthermore, the 1-butanol
concentrations were near the lower end of the biosensor linear range of detection (Figure 3.14).
When the resulting spent medium was analyzed using pBMO#36, the GFP-based biosensor, only
those samples possessing 1-butanol concentrations less than 50 uM could be distinguished from
those with higher 1-butanol concentrations.
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Figure 4.10: pBUT#50-based production and pPBMO#36-based detection of 1-butanol. (A) 1-butanol
production from DH1 and DH1 (AadhE) grown in 96 deep-well plates under autoinducing, micro-aerobic
conditions. (B) GFP response from pBMO#36 following induction by pBUT#50-derived spent medium containing
different concentrations 1-butanol.

The more straight-forward, accurate approach utilizes the pPBUT#52-based 2-keto acid pathway;
here the 1-butanol concentration can be readily altered by adjusting the concentration of 2-
oxopentanoate supplementation in the growth medium. We first characterized the growth
advantage 1-butanol concentration imparted to engineered E. coli harboring pPBMO#41 following
selection with tetracycline (Figure 4.11).

A combined log-logistic mathematical model*’* was used to fit the biphasic dose-response curves
and derive values for the concentration of 1-butanol resulting in maximal (C4OH.x) and half-
maximal (ICso) E. coli growth.

- oD __ -«
1+(IC§;t /[C40H]) -
1+(ICS" [cAOH ])‘”"‘“"

o —m

oD, =m+

eq 4.1

Here, the ODgp at a given 1-butanol concentration ([C40OH]) is described by the parameters a
and o, the horizontal asymptotes as the butanol concentration approaches 0 and positive infinity,
respectively. Additional parameters include the slopes of the rising (Bre) and falling (Bcaon)
sides of the biphasic relationship as well as the half-maximal response due to tetracycline-

induced (ICL') and butanol-induced (IC§;°") toxicities.
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Figure 4.11: 96-well plate liquid culture screen. A 96-well plate, liquid culture screen was characterized,
showing an increasing in ICs, (black) and maximum cell density (grey) as selective pressure was increased by
addition of tetracycline to the growth medium. ICsy and OD,,, curves: n=4, meants.d.; ODg heat plot is an
average of 4 replicate cultures, %CV<10%.

The assay proved ideally suited to the range of 1-butanol concentrations from 2-oxopentanoate
supplemented cultures, and the stringency of the selection could be user-controlled by
modulating the concentration tetracycline supplemented to the medium. The was
controlled over a three order-of-magnitude range, between 0.240 £+ 0.05 mM and 38.0 + 3.5 mM
I-butanol (n=3, mean#s.d.), by increasing the tetracycline concentration in the culture broth.
Similarly, the ODy,ax values increased from 11.9+2.0mM 1-butanol in the control culture lacking
tetracycline to 50.5+8.7mM 1-butanol under 25ug/mL tetracycline selective pressure. Screening
stringency — defined here as the 1-butanol concentration difference between the OD,y,x and 1Csg
curves — was observed to increase dramatically, as measured by convergence of the two curves
with increasing tetracycline concentration. Additional control over the selection was realized by
altering the time between addition of 1-butanol and tetracycline to the culture medium as well as
the total incubation time (Appendix 1, Figure A1.4).

We next applied our liquid culture screening strategy toward endogenously produced 1-butanol.
To generate a population with diversity in alcohol productivity and titer we mutated the kivD and
ADH6 ribosome binding site sequences on pBUT#52. When transformed into DH1 (AadhE)
total alcohol titers — including 2M-1-propanol, 1-butanol and 3M-1-butanol — ranged between 32
and 713 mg/L (450178 mg/L; median of 497 mg/L); comparatively, mixed alcohol titers using
the wild type pPBMO#52 plasmid ranged between 120 and 320 mg/L (227+54 mg/L; median of
233 mg/L; Figure 4.12A). The increase in the median 1-butanol titer between the wild type and
library populations indicate the initial synthetic RBS designs for our pathway were non-optimal.
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The pPBMO#52 RBS library was transformed into DH1 (AilvDAYC) for proof-of-principle
demonstration of the genetic screen. Briefly 960 colonies were grown in 96 deep-well plates in
autoinduction medium. Upon reaching stationary phase, 1 g/L of 2-oxopentanoate was added
per well and cultured for 6 hours. The supernatant was then assayed for 1-butanol concentration
using the biosensor strain harboring plasmid pBUT#41 placed under selective pressure with 7.5
ug/mL tetracycline (Figure 4.12B).
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Figure 4.12: Proof-of-principle demonstration of biosensor-based liquid culture screen. (A) Total
mixed alcohol titer resulting from plasmid pPBMO#52 expression in DH1 (AadhE) was significantly lower (t-test,
p<0.05) as compared to a heterogeneous population containing mutated kivD and ADH6 ribosome binding site
(RBS) sequences. Member of the pBMO#52 (RBS library) population produced a broad range of alcohol titers
(n=50; box and whisker plot depicts 10", 25™, median, 75™ and 90" percentiles). (B) The biosensor response (x-axis,
ODyq) to a 960-member library of mutated kivD and ADHG6 RBS sequences was normally distributed around
ODgpp=0.31 with a right-hand tail. GC-MS was used to confirm 1-butanol titers for 10% of the sample population; a
strict threshold (red line; y=1466.5x - 283.01) described the lower limit of 1-butanol concentration and biosensor
output ODyg value.

Biosensor output was normally distributed around ODgp=0.31, and thirteen samples (1.35% of
the library population) exhibited a z-score greater than three. The average 1-butanol
concentration for this sample subset (493+156 mg/L) was significantly higher (p<0.005) than
those samples exhibiting a z-score of =1 (345+146 mg/L). Thus, the assay can accurately
identify samples with high concentration 1-butanol.

There exists only a weak linear relationship (R’=0.41) between biosensor output and 1-butanol
concentration. However, the assay was highly accurate when screening against samples
possessing low concentration 1-butanol. For example, from the 10% of the population whose 1-
butanol titers were confirmed by GC-MS, only one sample fell below a threshold cutoff (this
sample exhibited an ODggp of 0.55, but only 100mg/L 1-butanol). This outlier may be explained
by carryover of production strain cell material into the assay well, resulting in an artificial
increase the biosensor output signal.

While the liquid culture assay is adept at screening against poor butanol producers, a large
fraction of high 1-butanol producers yielded average ODgo values. One straight-forward
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explanation is the difference in assay growth medium between the initial biosensor
characterization (Figure 3.14) and the final library screening experiment. Characterization
assays were performed using fresh, defined medium; by comparison, the library screening assay
used spent medium potentially containing cellular byproducts, residual antibiotic and production
strain cell material. For example, supernatant from a library mutant containing a weak ADH6
RBS — resulting in toxic butanal accumulation — might inhibit biosensor growth. All things
considered, using tetracycline and cell growth as a biosensor output is a straight-forward, tunable
method, but the presence of unknown factors in the sample medium may increase the frequency
of false negatives.

As indicated previously, the synthetic RBS sequences used in the original pPBMO#52 design
were non-optimal. The average mixed alcohol titer from pBMO#52 transformed E. coli fell
below the 25™ percentile of alcohol titers from the mutated RBS library (Figure 4.12A). The top
five positive hits from the RBS library screening were sequenced and analyzed in greater detail.
One sequence was wild type pBMO#52, two were identical mutant variants (6G8), and two were
unique mutant variants (7A12 and S71). In general, mutations were strongly skewed towards the
ADH6 RBS, and yielded more consensus-like Shine-Dalgarno sequences. This may be an
indication that poor ADH6 expression in the original plasmid design created an unintended
bottleneck in the pathway. Mutant S71, in particular, was highly divergent (Figure 4.13), and
also included an unexpected mutation proximal to the /ac operator. This mutation may have
arisen d1217r;ng PCR amplification of the vector backbone or circular polymerase extension cloning
(CPEC)™".

KivD start codon
pBMO#52 CCAATATATAATAAAATATGGAGGAATGCGATG
pBMO#52-S71 CCAATATATAATAAAATATGGAGGAAAGCGATG

ADHS6 start codon
pBMO#52 TCCACGAGTTAAGGAGAGGGGGTTCCAATG
pBMO#52-S71 TCCACGAGTTAAGGCGAAGAGGTTCCAATG
Figure 4.13: kivD and ADH6 RBS sequence mutations in plasmid pBMO#52-S71. Mutations (yellow)
were identified in both the kivD and ADH6 RBS sequences; the ADH6 mutations, in particular, formed a more
consensus Shine-Dalgarno sequence.

To confirm the improvement in pathway expression, and thus alcohol productivity, we repeated
the 2-keto acid feeding assay in DH1 (AadhE, AilvDAYC). The 3-methyl-1-butanol and 1-
butanol specific productivities were monitored by GC-MS following supplementation of the
corresponding 2-keto acid (Figure 4.14). The results were compared to a negative control strain
harboring a Prrc:RFP device. The negative control strain failed to demonstrate conversion of
either 2 keto acid substrate to the corresponding alcohol. Plasmids pPBMO#52 and pPBMO#52-
S71 exhibited 3-methyl-1-butanol specific productivities of 33.8+1.7 mg/L/ht/OD and 40.3+3.5
mg/L/hr/OD, respectively (n=3; mean+s.d.). Comparatively, conversion of 2-oxopentanoate to
1-butanol occurred more slowly, at rates of 13.5+1.3 mg/L/hr/OD and 18.6+1.0 mg/L/hr/OD for
pBMO#52 and pBMO#52—S71, respectively (n=3; mean+s.d.). Thus, our high-throughput liquid
culture screen was able to identify a mutant variant with significantly improved specific alcohol
productivity as compared to the original plasmid design (t-test, p<0.05).
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Figure 4.14: Confirmation of improved alcohol productivity in pBUT#52-S71. The rate of (A) 3-
methyl-1-butanol (3M-1-butanol) and (B) 1-butanol formation was monitored by GC-MS in a DH1 (AadhE,
AilvDAYC) background strain grown in M9 minimal autoinduction medium supplemented with either 4-methyl-2-
oxopentanoate or 2-oxopentanoate. Productivities were also obtained for the original pPBUT#52 plasmid and a
negative control strain harboring a P.:RFP device. n=3, mean=s.d.

There remains ample opportunity for future characterization and refinement of the 2-keto acid-
derived alcohol biosynthesis pathway. A number of the positive hits identified in the RBS screen
were not characterized further, and it remains possible that one or more of these variants is
superior to pBUT#52-S71. Additional rounds of RBS mutagenesis can be performed using
pBUT#52-S71 as a template, and potentially lead to further improvements in pathway flux.
However, because the alcohol biosynthesis pathway is being optimized out of the context of the
host metabolism (i.e. 2-keto acid substrates are being exogenously supplied), the same
improvements in titer, productivity, and yield may not be witnessed when the plasmid is
expressed in wild type E. coli. The endogenous supply of 2-keto acids will eventually limit
alcohol production and require host strain engineering.

Lastly, a substrate promiscuous enzyme, producing a range of 2-keto acid-derived products is not
ideally suited for metabolic engineering applications, where single pathways and products are
often preferred. There remains abundant opportunity to use the screening method to construct
several KivD mutants, with each variant exhibiting a high specificity toward a different 2-keto
acid substrate. These variants could be identified through extensive active site mutation and
screening.
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4.3  Concomitant alcohol production and sensing

It would be ideal to obtain single-cell measurements of alcohol concentration using the biosensor
in a high-throughput screen or selection. Both fluorescence activated-cell sorting (FACS) and
selections are performed at the single-cell level, and thus production and detection will occur
near simultaneously. For a FACS assay, the transcription factor-based biosensor output is a
fluorescent protein; for a selection, the biosensor output is a protein imparting the host with
either antibiotic resistance or improved specific growth rate (i.e. relieving an auxotrophy). A
user-induced selection requires high temporal resolution; the target biosynthetic pathway must
yield a high enough intracellular concentration of the desired compound to trigger sufficient
expression of the selection marker that the host is conferred with a growth advantage. Initiating
the selection prematurely results in rapid host death. Using either the heterologous C.
acetobutylicum 1-butanol pathway or the 2-keto acid-derived alcohol pathway we sought to
explore these concepts in greater detail.

4.3.1 FACS-based detection of 1-butanol production

Prior to constructing our 2-keto acid-based alcohol production strain, we attempted to use the C.
acetobutylicium 1-butanol production pathway in a FACS screen for 1-butanol titers. pBUT#50
was co-transformed with pPBMO#36 in a DH1 or DHI1 (AadhE) background strain.
Endogenously produced 1-butanol should induce GFP expression in these strains. We
hypothesized that a DH1(AadhE) background — which produces higher 1-butanol titers (Figure
4.3) — would exhibit higher fluorescence.

Achieving concomitant alcohol production and detection proved highly difficult using the
heterologously expressed C. acetobutylicum pathway. First, the C. acetobutylicum pathway
performs best under micro-aerobic conditions, GFP, however, requires oxygen be present in
order to fluoresce®’®. While fluorescence can be restored following re-introduction of oxygen
into the system, this step imparts additional complexity to the screen. Of greater issue were
obtaining positive control strains exhibiting different 1-butanol productivities while also
combating plasmid instability. When expressed in the absence of the biosensor, the C.
acetobutylicum pathway in DH1 and DH1 (AadhFE) backgrounds produced 38+14 mg/L and
67+24 mg/L, respectively (n=3; mean+s.d.). Although we hypothesized that the biosensor would
be sensitive to endogenously produced alcohol (as compared to the biosensor characterization
experiments using exogenously added alcohol), it would be ideal if we possessed a set of strains
exhibiting a range of 1-butanol productivities.

An initial flow cytometry characterization of pPBMO#36 was completed using exogenously
added 1-butanol as an inducer (Figure 4.15). In the absence of an alcohol inducer, E. coli
harboring biosensor plasmid pPBMO#36 exhibited increased GFP fluorescence as compared to
background DH1. A bimodal population distribution was observed with a small fraction of the
population possessing approximately 50-fold higher fluorescence as compared to the median
fluorescence in the background strain, an indication of high-level, alcohol independent induction.
The population distribution was also shifted slightly towards high fluorescence, an indication of
leaky, basal transcription from Pgyo.
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Exogenous addition of increasing concentrations of 1-butanol shifted the population distribution
toward increased GFP fluorescence. In general, the distributions were wide, spanning a three
order-of-magnitude range in the case of induction with 11 mM 1-butanol, and most of the
distributions were also bimodal. The high level of heterogeneity in these results can be traced to
several sources. Induced E. coli cultures were grown for a period of 12-16 hours — reaching
stationary phase — before fluorescence was measured. Flow cytometry, however, is best
performed on E. coli in exponential growth phase, and a much broader distribution in E. coli cell
size and fluorescence signal is observed in during stationary phase. Second, the pPBMO#36
biosensor plasmid uses a high copy number ColE1 origin of replication; high-copy number
plasmids, in general, exhibit a broader distribution in protein expression levels. During 96-well
plate measurement of GFP, in which a population averaged GFP fluorescence signal, the ColE1
origin resulted in an improved biosensor dynamic range, and provided high resolution dose-
response curves. In contrast, a FACS-based application could benefit from a lower copy number
plasmid. Unfortunately, pSC101 is the only other readily available origin (the alcohol
production plasmids are housed on a p15A origin vector), and no detectable GFP signal was
observed when using these constructs (data not shown).
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Figure 4.15: Flow cytometry characterization of pPBMO#36 induced by exogenous 1-butanol addition.
(A) Comparison of wild type E. coli with and with the biosensor plasmid pBMO#36, demonstrating leaky and
alcohol-independent expression of GFP. (B) Representative population distributions for 1-butanol induced cultures
(indicated as mM exogenously added 1-butanol; pPBMO#36 and DH1 are uninduced controls) harboring biosensor
plasmid pBMO#36.

Even with broad population distributions it remains possible to screen for variants with increased
GFP fluorescence by FACS (Figure 4.16). By mixing two populations, exhibiting either high or
low GFP fluorescence, we demonstrated how the FACS cutoff can be set so as to enrich for the

only those members originally sourced from the cell population displaying high GFP expression.
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Figure 4.16: Visualization of FACS enrichment for high GFP expression. Populations exhibiting high
(blue) and low (red) GFP expression were analyzed by flow cytometry; the populations were subsequently mixed
(black) and reanalyzed. A FACS cutoff can be established to preferentially enrich for the high GFP producers. The
two populations were not mixed in a one-to-one ratio, explaining the relative decrease in low-level GFP producers in
the mixed population.

We next analyzed the concomitant production and detection of 1-butanol produced from a
heterologously expressed C. acetobutylicum biosynthetic pathway. 1-butanol production
plasmid pBUT#50 was co-transformed with biosensor plasmid pBMO#36 into both DH1 and
DHI1 (AadhE) background strains. Engineered strains were induced with IPTG and grown in
micro-aerobic conditions for a period of 24 hours, at which point in time the 1-butanol
concentration was measured by GC-MS and single-cell fluorescence measured by flow
cytometry. 1-butanol titers from the two plasmid system dropped by over an order of magnitude
as compared to an E. coli host harboring only the butanol production plasmid. In most samples,
1-butanol titers were under 10 mg/L. No statistically significant difference in 1-butanol titers
was measured between a DH1 versus DH1 (AadhFE) background under these conditions.
Stability of the 1-butanol production plasmid was isolated as the primary problem in this system
(Figure 4.17), and less than 5% of cells maintained the pBUT#50 plasmid after 24 hours growth.
pBUT#50 was stably expressed, however, when expressed alone. In contrast, the reporter
plasmid pPBMO#36 was stable in the co-expression regime over the time course measured.
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Figure 4.17: Plasmid stability during co-expression of pBUT#50 and pBMO#36. pBUT#50 plasmid
stability was measured when expressed both alone and in conjunction with pBMO#36; pBMO#36 plasmid stability
was only measured during the co-expression regime, and was stably maintained. pBUT#50 was stable when
expressed alone, but near complete plasmid loss was witnessed after 24 hours upon co-expression with pPBMO#36.

Plasmid instability greatly hindered the development of a FACS-based screening strategy for this
strain. No differences in 1-butanol titers were observed between either strains or following
induction with varying concentrations IPTG (data not shown). This effectively eliminated the
positive control in the experimental setup and severely inhibited efforts to characterize the
system by flow cytometry. From a directed evolution standpoint, plasmid instability limits the
available mutation targets to only the host genome. Given our previous difficulty obtaining
improved 1-butanol titers when replicating published reports (refer to Section 4.1), this route
appeared unlikely to yield positive results.

As indicated, flow cytometry analysis and FACS testing were completed prior to construction of
the 2-keto acid-based alcohol production pathway. Thus, there remains opportunity to complete
proof-of-principle flow cytometry analyses of concomitant alcohol production and detection.
First, the alcohol production plasmid pPBUT#52 can be expressed stably with a reporter plasmid,
and no statistically significant decrease (p>0.05) in alcohol titers was observed (Figure 4.8).
Second, alcohol productivity can be readily altered by changing the 2-keto acid substrate
concentration or by utilizing the previously constructed KivD-ADH6 RBS library.

Based on our initial flow cytometry findings using exogenously added 1-butanol, a number of
plasmid modifications can also be suggested to increase the assay resolution. For example, a
relatively high level of E. coli auto-fluorescence noise was observed when using a GFPuv
reporter. A red fluorescent protein (RFP) reporter is a superior alternative in this regard. A fast-
folding, high quantum efficiency fluorescent reporter (i.e. visgreenGFP?”’) may also tighten the
population distribution. Similarly, using a lower copy number origin of replication could reduce
the background fluorescence levels resulting from leaky transcription from Pgyo.

4.3.2 Transcription factor-based selection for 1-butanol production

A biosensor-based selection offers the highest possible throughput, effectively scaling with the
size of the population be assayed. The primary disadvantage is that selections only provide a
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live-or-die output, necessitating a highly robust approach to ensure selection of the target
phenotype. To date, selections have only been able to target phenotypes that are directly
correlated with growth; improved biosynthesis of essential metabolites and increased resistance
to harsher environmental conditions are standard examples. In these cases, the phenotype of
interest is directly selected for.

In contrast, biosensor-based selections proceed through an intermediate step, and as such are
indirect selections. The selectable phenotype, tetracycline resistance, is linked to the desired
phenotype, 1-butanol biosynthesis, by the biosensor transfer function. The strength of the
selection is dependent upon biosensor performance features. The linear range of induction,
dynamic range, level of basal — or leaky — transcription and biosensor robustness will all impact
the selection application space. While the BmoR-pgy\0 alcohol responsive biosensor exhibited a
highly linear transfer function when 1-butanol was exogenously supplemented (Figure 3.14), a
higher sensitivity is anticipated with intracellularly produced alcohol. The output of the
biosensor, the TetA tetracycline transporter, also complicates the selection. Even low-level,
background expression of TetA will result in some degree of tetracycline resistance. The
resistance may increase if the rate of leaky expression is below the TetA protein half-life.

In light of these arguments, biosensor-based selections are likely better suited for detecting novel
activities; improvement to an existing activity is anticipated to be a much more difficult prospect.
As discussed in greater detail in Chapter 5, additional biosensor engineering may be available to
address some of these issues.

We sought to demonstrate a proof-of-principle selection strategy using a series of 2-keto acid-
derived alcohols. Two negative control strains were designed for these experiments. A
Prrc:RFP plasmid was used to control for vector background. The second control replaces the
kivD gene, encoding for the 2-keto acid decarboxylase, with PDC, encoding for Zymomonas
mobilis pyruvate decarboxylase. When PDC is co-expressed with ADH6, the two enzyme
pathway catalyzes the production of ethanol from pyruvate, but does not catalyze production of
longer-chain 2-keto acid-derived alcohols®’®. Ethanol does not elicit a biosensor response below
1 mM (Figure 3.14). The resulting plasmid, pBUT#61 (containing a Prrc:PDC.ADH6 device on
a p15A origin backbone), controls for the negative fitness observed from overexpressing proteins
in the alcohol biosynthetic pathway. Both control strains were compared against pBUT#52
(containing the Prrc:kivD.ADHG6).

Control and experimental plasmids were co-transformed with biosensor plasmid pPBMO#41 into
an E. coli DH1 (AadhE) background, and tested for resistance to tetracycline after inducing
alcohol production by addition of 2-oxopentanoate (Figure 4.18). Under non-selective
conditions, E. coli harboring either the Prrc:RFP and Prrc:PDC.ADHG6 controls grew better than
E. coli harboring the alcohol production plasmid housing a Prrc:kivD.ADHG6 device. The
Prrc:RFP control strain also grew under selective conditions; in contrast, strains housing either
the Prrc:PDC.ADH6 or Prrc:kivD.ADH6 devices exhibited no growth under selective
conditions.
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Figure 4.18: Biosensor-based selection for endogenously produced 1-butanol. The butanol selection
plasmid pBMO#41 was co-transformed with pBUT#52 (Prrc:KivD.ADHG), pPBUT#61 (Prc:PDC.ADHG), or
pBUT#63 (Prrc:RFP). Strains were grown under either non-selective (no tetracycline, Tet’) or selective (25 pg/mL
tetracycline, Tet”®) conditions following induction of alcohol production and supplementation with the 1-butanol
precursor 2-oxopentanoate. n=3, meanzs.d.

Under all conditions tested strains harboring the Prrc—RFP negative control exhibited superior
growth over strains harboring the KivD- and PDC-based alcohol production pathways. A simple
mathematical framework describing the selective pressures in the system was used to help
interpret these results. The cumulative host fitness, F, is described as the sum of numerous
independent positive and negative selective pressures imparted by various components of our
engineered system.

F=fret ~S2 xetoncid _faldhyﬂe - Jatoohol ‘Z_; fpmlein(x)

x =| TetA-GFP, RFP, BmoR, KivD, PDC, ADH6 |
eq 4.2

The only positive fitness in equation 4.2 is described frerR, the increase in tetracycline resistance
due to expression of the TetA transporter. The other terms in equation 4.2 all assume negative
fitness values and describe additional stresses imposed on the host cell by the alcohol production
and detection devices. fyrowein describes stress due to PDC, KivD, ADH6, BmoR, and TetA-GFP
OVerexpression. f.ketoacids faldehyde aNd faiconol describe the negative fitness effects of small-
molecule substrates, intermediates, and products found in the system.

Based on experimental results we developed a series of inequalities as to the importance and
relative strengths of individual selective pressures. Growth is observed in strains expressing
BmoR and TetA-GFP in the presence of up to 40 mM exogenously added 1-butanol and 25
pg/mL tetracycline (Figure 4.11). Similarly, growth inhibition was not observed in strains
expressing BmoR and GFP when using up to approximately 10mM 1-butanol or SmM
butaldehdye (Figure 3.15). Endogenously produced aldehyde or alcohol, however, may be toxic
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at a lower concentration than measured during exogenous addition assays. None-the-less,
cultures supplemented with up to 1 g/L (=8.6mM) 2-oxopentanoate showed both cell growth and
full conversion of the 2-keto acid substrate to 1-butanol.

Thus, to a first approximation the fyrotwein and freR terms appear to be the dominant terms in
equation 4.3, and the f>_kctoacid> faldehyde aNd faiconol are subordinate. The results from the selection
assay with a Prrc:PDC.ADHG6 construct support our analysis of the relative importance of the
various fitness factors. PDC is unable to catalyze the production of 1-butanol from 2-
oxopentanoate, thus the butanal and 1-butanol stresses are replaced with acetaldehyde and
ethanol. Both acetaldehyde and ethanol are considerably less toxic compared to their C4
counterparts, and are expected to be observed at a low concentration in our system. The
common terms that describe both the PDC- and KivD-based experimental groups are the fr.Rr
and fproein terms, and the following inequalities are drawn:

0<F, o =fn —Siraun(BMOR, TetA-GEFP)

0=F,  wncapns = Jrgz — Soanan (PDC, ADH6, BmoR, TetA-GFP)
0 zﬁm:‘l(ivD_ADHE = .f;_-,n —fm(ma ADH6, BmoR, TetA-GFP)

|y 0| < |t PDC. ADH6, BmoR,, TetA-GFP) < 1, ., (KivD, ADH6, BmoR, TetA-GFP))

Future work developing a genetic selection based on the BmoR-Pgy0 biosensor with a 2-keto
acid-based alcohol biosynthetic pathway will need to address the relative magnitudes of the frR
and fyroein pOsitive and negative selective pressures, respectively.

Multiple experiments can be outlined to test the above hypotheses. First, the TetA-GFP fusion
protein may lead to significant membrane stress as compared to TetA expression alone. The
fluorescence signal from TetA-GFP is an order of magnitude lower than GFP alone, and is
decreased further by addition of tetracycline to the growth medium. These results indicate GFP
is misfolding when expressed as a fusion protein. Expression of TetA as a single protein product
should help address this issue; and if a dual screen-selection is desired, the gfp gene can be
housed downstream of tet4. Even when expressed alone, however, TetA may not be the ideal
reporter for a selection device, and non-membrane associated resistance gene may be a superior
option. TetA overexpression has been shown to result in a decrease in cell membrane potential,
leading to decreased cellular fitness or death?”. Decreasing the biosensor copy number or the
strength of the TetA ribosome binding site could mitigate this deleterious phenotype.

Increasing fr.k addresses only part of the equation; the negative fitness value of f,oein must also
be addressed. Fortunately, there exist a number of straight-forward strategies to improve protein
solubility. The assay temperature can be decreased from 30°C to 25°C, which is supported by
our analysis of Pgap-based BmoR expression (Figure 3.5). At the vector level, the plasmid
origin of replication and promoter can be altered. Changing from a p15A to pSC101 origin will
result in an order-of-magnitude lower DNA transcript in the host, and changing from a Pygc to
Pracor or Pracuys promoter will provide more user-defined control over protein expression
levels. While decreasing the concentration of alcohol biosynthesis enzymes in the host cell will
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decrease 1-butanol productivity, introduction of the selective pressure can be delayed to enable
I-butanol-induced expression of TetA. Lastly, expression of E. coli chaperon proteins, GroEL
and GroES, following induction of the alcohol pathway proteins may improve protein solubility
and increase cellular fitness.
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4.4 Materials and methods

4.4.1 Reagents
All enzymes and chemicals were purchased from Fermentas and Sigma-Aldrich Co.,

respectively, unless otherwise indicated. DNA oligomers were ordered from Integrated DNA
Technologies (Coralville, IA).

4.4.2 Strains and Plasmids

Genbank files for all plasmids are included in Appendix 2. All plasmids were assembled from
PCR product by sequence ligation independent cloning (SLIC)***, unless otherwise indicated,
using Phusion DNA polymerase (New England Biolabs). The Clostridium acetobutylicum
(ATCCH# 824) and Pseudomonas butanovora (ATCC# 43655) genes and promoters were cloned
from genomic DNA. The L. lactis kivD gene and the S. cerevisiae ADH6 gene were synthesized
(DNA 2.0). The pdc gene was amplified from plasmid pKS13 described elsewhere**’.
Mutagenesis of kivD and ADH6 ribosome binding sites was performed by amplification of kivD
from pBUT#52 using primers DC133 (5’- TAACAATTAGATCTCCAATATATAATAAAA
N4NN4N3N3N N3NNI N NsGCGATGTATACAGTAGGAG-3’) and DC134 (5’- CTTCAAATT
TCTCAGGATAAGACATTGGAACNN4NoNoNaNoNANoNoNgNGN N No TCGTGGATTATGA
TT—3,). N1 Z[Ag(,,Cz,Gz,Tz], NZI[Az,C%,Gz,Tz], N32[A2,C2,G96,T2], N4I[A2,C2,G2,T96] where the
subscript for each deoxyribonucleotide denotes percentage of each base included in final
population. The resulting PCR product was cloned into the pPBUT#52 vector by circular

polymerase extension cloning (CPEC)*".

Escherichia coli strain DH10b was used for all molecular cloning; all engineered E. coli strains
were based on a DH1 or MG1655 background, as indicated. Deletion of alcohol dehydrogenase
(AadhFE), lactate dehydrogenase (AldhA), threonine dehydratase (AtdcB), and the isoleucine
biosynthetic operons (AilvDAYC) were achieved by A Red-mediated gene deletion®®. E. coli
Strain  was constructed in an MG1655 (AadhE, AldhA) background; using the pBUT#50
plasmid as a template the 1-butanol biosynthetic operon was amplified along with a
chloramphenicol resistance cat gene using PCR primers containing 30-bp homology to the E.
coli int4 gene. The cassette was inserted into the int4 gene locus by A Red-mediated
homologous recombination.

Table 4.2: Plasmids used in this study

Plasmid Description Source
pBUT#50 Prrc:icrt.bed.etfBA.hbd, Prrc:atoB.adhE2, CmR, pl5a This study
pBUT#52 Prre:kivD.ADH6, Cm®, pl5a This study
pBUT#61 Prc:PDC.ADHG6, Cm*, pl5a This study
pBMO#36 Psmor:bmoR, Pmo:gfp, AmpR, ColEl1 This study
pBMO#41 PBmor:bmoR, Pavio:tetd, Amp", ColE1 This study

4.4.3 Metabolite quantification

1-butanol, 3-methyl-1-butanol and 2-methyl-1-propanol were extracted from cell cultures with
ethyl acetate. Equal volumes of culture broth and ethyl acetate (containing 0.01 % v/v 1-hexanol
as internal standard) were vortexed for 5 min. The ethyl acetate was recovered and applied to a
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gas chromatograph (Focus GC, Thermo Scientific) equipped with autosampler (TriPlus, Thermo
Scientific), TR-wax column (30 m x 0.25 mm x 0.25 um;Thermo Scientific), and flame
ionization detector (Agilent). The samples were run on the GC with the following program:
initial temperature, 40°C for 2 min, ramped to 120°C at 15°C/min. Authentic standards were
prepared by titrating each alcohol into a 1 mL aqueous solution, vortexed for 5 min (creating a
10 g/L stock solution) and serially diluted to the working concentration. Standards were than
extracted with ethyl acetate as described previously.

Quantification of succinate, formate, ethanol, acetate, and 1-butanol was accomplished by liquid
chromatography-mass spectrometry (LC-MS). 1 mL cultures were filtered and separated on a
Zorbax 300SB-C1 8 column (Agilent; 2.1 mm i.d. x 10 cm length) using an Agilent 1100 series
HPLC at a flow rate of 200 pL/min and 50°C running temperature. Samples were run in a 4 mM
H,SO4 buffer for 45 min. The LC system was interfaced to a refractive index detector (1200
Series, Agilent Technologies).

4.4.3 Biosensor reporter quantification

Both fluorescence and absorbance measurements were performed on dual spectrophotometer-
fluorometer (Spectromax M2, Molecular Devices). GFP fluorescence was measured using an
excitation wavelength of 400 nm and an emission wavelength of 510 nm. Optical density
measurements were monitored at 600 nm (ODgo9). GFP fluorescence values were first
normalized to ODgo9 (GFP/ODg0). E. coli auto-fluorescence was subtracted using a standard
curve of GFP fluorescence from wild type E. coli optical density. Fold-induction was calculated
as the difference between the averages of the induced and un-induced GFP fluorescence
measurements normalized to the un-induced GFP measurement.

Single cell fluorescence measurements were performed on a flow cytometer (FACSAria II, BD
Biosciences) equipped with an argon laser (emission at 488 nm/20 mW), a 530/30nm bandpass
filter, and 70um nozzle. 1 mL cell culture was first centrifuged (6000 x g) and washed with
phosphate buffered saline (PBS) at pH 7.4. Cultures were diluted 50-fold prior to flow
cytometry analysis. Data was analyzed

4.4.4 Production of 1-butanol and 2-keto acid-derived alcohols

Colonies of engineered E. coli harboring plasmids pBUT#50 or pBUT#52 were inoculated into
5-mL Luria-Bertani (LB) medium supplemented with glucose (2% v/v) and chloramphenicol (50
pg/mL, Cm’) and grown overnight (200 rpm, 37°C). Strains were the sub-cultured (1% v/v)
into fresh medium (Cm’®); mediums included terrific broth (TB) supplemented with glycerol
(2% v/v), LB medium, defined rich medium””® supplemented with glucose (2% v/v), M9
minimal medium supplemented with glucose (2% w/v), or autoinduction medium®’. For M9
minimal medium autoinduction experiments glucose was replaced with 2x autoinduction sugars
(1.0% w/v glycerol, 0.1% w/v glucose, 0.4% w/v lactose) was used. When required, pathway
induction was achieved by addition of isopropylthiogalactoside (IPTG) at an ODgg absorbance
of 0.25. All production experiments were carried out at 30°C.

1-butanol production experiments were conducted in 16 mm x 125 mm culture tubes with PTFE-
faced rubber-lined caps (Kimble Chase). During anaerobic growth experiments tubes were filled

102



such that no headspace was present; during micro-aerobic and aerobic growth experiments
cultures were prepared in 10 mL medium, with the caps sealed for micro-aerobic samples.

96 deep-well plate assays were performed similarly to those described above. 0.6 mL medium
was used per well, and plates were sealed with adhesive PCR film using an automated adhesive
sealer (Seal-it 100, Thermo Scientific) prior to incubation (30°C, 250 rpm).

4.4.5 Liquid culture screening assay

E. coli strain DH1 (AadhE, AilvDAYC) harboring the alcohol production plasmid pPBUT#52 was
cultured overnight in LB medium supplemented with 0.5% w/v glucose (Cm>°, 200 rpm, 30°C).
Cultures were then inoculated 1% v/v into 0.6-mL fresh M9 minimal medium in 96 deep-well
plates (2 mL total capacity, polypropylene, square-bottomed; Corning); M9 medium was
supplemented with antibiotic (Cm™) and 2x autoinduction sugars (1.0% w/v glycerol, 0.1% w/v
glucose, 0.4% w/v lactose). Cultures were grown for 24 hours (30°C, 300rpm), centrifuged
(x3000g, 4 min), and resuspended into fresh EZ-rich medium (Teknova) supplemented with
0.5% w/v glucose, antibiotic (Cb™), and 1 g/L 2-oxopentanoate. After six hours incubation
(30°C, 300 rpm), plates were centrifuged (3000 x g, 4 min) and the supernatant collected for
analysis.

E. coli strain DH1 (AadhE) harboring either biosensor plasmid pBMO#36 or pPBMO#41 was
cultured overnight in LB medium (Cb*°, 200 rpm, 30°C). Cultures were then inoculated 1% v/v
into fresh EZ-rich medium (Teknova) supplemented with antibiotic (Cb’), and grown until final
cell densities reached an ODgyp=0.20 (200 rpm, 30°C). For biosensor characterization
experiments, biosensor culture was diluted 1:4 in fresh EZ-rich medium (0.5% w/v glucose,
Cb’) supplemented with a known concentration alcohol. When assaying 1-butanol
concentrations in spent production medium (described in the preceding paragraph), 150 uL of
biosensor culture was added to 150 pL spent production medium and 300 pL 2X EZ-rich
medium (0.5% w/v glucose, Cb’) in 96 deep-well plates (2 mL total capacity, polypropylene,
square-bottomed; Corning). For pBMO#41 selections, assay samples were incubated for 0 — 2
hrs, supplemented with either nickel chloride or tetracycline, and grown for an additional 16 hrs
(200 rpm, 30°C). Fluorescence and cell density were measured as described above.

A mathematical model based on a combined log-logistic function was used to describe the
biphasic butanol-response curves observed*’*:

. oD__ -«
1+(1c% [caon]f™
1+(1c% [caon])™

&X — @

oD, =@+

Here ODyg at a given concentration of butanol ([C40H)) is described by the parameters o and ®
describing the horizontal asymptotes as the butanol concentration approaches 0 and positive
infinity, respectively. Additional parameters include the slopes of the rising (B up) and falling (
pn) sides of the biphasic relationship as well as the half-maximal response due to tetracycline-
induced (IC;? ) and butanol-induced (ICZ)') toxicities.
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Chapter 5. Conclusions and Future Directions

We began this study by postulating that a native transcription factor-promoter pair can be
identified in Nature that is capable of detecting all industrially produced small-molecules.
Supporting this statement is the theory that long-term, large-scale release of anthropogenic
compounds into the environment results in selective pressure for the evolution of catabolic
pathways to eliminate or utilize these compounds. Transcription factor-promoter pairs ensure
the pathway is upregulated only when required.

While we have focused on the P. butanovora BmoR-Pgyo system for detection of 1-butanol and
structurally similar terminal alcohols, a wide number of transcription factors responding to
industrially important small-molecules have been reported in the literature. For example, the
well-characterized XyIR and XylS transcription factors from Pseudomonas putida regulate a
toluene-xylene catabolic pathway, and both bind substrates and intermediates in this pathway?*".
Similarly, transcription factor-promoter pairs have been identified for detection of ¢-
caprolactangz, succinate?® , adip21‘te:284’285 and tetrahydrofuran286, among others. The BmoR-
PsMmo promoter system was used to demonstrate the potential application of transcription factor-
promoter pairs as high-throughput screening and selection devices.

5.1  Biosensor construction and testing

Construction a functional biosensor in E. coli using the BmoR-Pgyo transcription factor-
promoter pair proved to be a difficult task. As detailed in Chapter 3, BmoR heterologously
expressed in an E. coli host was localized in the insoluble protein fraction when cultured at 37°C,
and the biosensor produced no detectable fluorescent signal in the presence of 1-butanol.
Decreasing the incubation temperature to between 25-30°C produced a functional biosensor, but
the biosensor exhibited poor dynamic range and was non-robust. We anticipate a low expression
temperature being a common requirement for biosensors constructed from transcription factors
responding to industrial chemicals; the native hosts are often soil bacteria that have been selected
for growth, and hence protein expression, at atmospheric temperatures. While decreasing the
expression temperature improved the dynamic range, it did not impart the biosensor with robust
behavior. Optimization of the promoter driving expression of BmoR, the GFP ribosome binding
site, 5’-untranslated region and induction timing were all required before achieving reproducible
behavior.

A generalized heuristics-based approach to obtaining functional heterologous protein expression
in E. coli has been reported elsewhere™’, and we expand upon these rules as applied to biosensor
design. The biosensor transfer function, describing the relationship between small-molecule
input and reporter output, is strongly affected by biosensor component parts. For this reason, use
of well-characterized genetic parts™ — including, if possible, the transcription factor-promoter
pair — can greatly simplify troubleshooting efforts. However, steps can also be taken to mitigate
the failure rate when using uncharacterized parts; for example, optimizing the BmoR protein
coding sequence for expression in E. coli may garner further improvement in biosensor
performance features.

The reporter genes used in our constructs, either GFPuv>® or TetA, strongly affected the
background signal and biosensor dynamic range. The peak GFPuv excitation/emission
wavelengths (395/508nm) also produce a strong auto-fluorescence signal in E. coli. The E. coli

background signal from RFP (variant mCherry™"; excitation/emission wavelengths at 587/610)
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is comparatively weaker, and is a superior fluorescent reporter in biosensor applications. While
mathematically decreasing the background fluorescence will have no effect on biosensor
dynamic range, it does improve the ability to discriminate between positive and negative hits. In
addition fluorescent protein choice, background noise from leaky promoter expression can be
mitigated by decreasing the reporter mRNA or protein half-life, or the translation initiation rate.

In contrast to a fluorescent protein, the background signal using the TetA tetracycline-resistance
reporter was eliminated at high tetracycline concentration (Figure 4.11). The disadvantage,
however, is a decrease in linear range of induction and concomitant increase in biosensor
sensitivity. Implementing a TetA-based biosensor as a liquid culture screen may require the
analyte be concentrated (or diluted) to ensure the target small-molecule concentration falls within
the narrowed linear range.

5.2 Biosensor Implementation

Application of a transcription factor-based biosensor as a liquid culture screen has the advantage
of minimizing interaction between production and detection strains, and as such, each system can
be optimized independently. However, there also exists an inverse relationship between system
(production or detection) interaction and assay throughput. The higher the assay throughput the
more intertwined production and detection must become. For example, in an outline of a plate-
based screening approach, the biosensor strain is incorporated into a solid-medium (M9 medium-
agar) and the production strain colonies are overlaid on top of the biosensor layer. Alcohol
produced from individual colonies then diffuses into the surrounding solid medium and induces
reporter expression in the biosensor strain. As compared to a liquid culture screen, in which
production and detection are physically separated and there is no interaction between the two
strains, a solid-medium screen requires communication between the production colony and the
underlying biosensor strain.

In vivo, concomitant small-molecule production and detection greatly improves assay
throughput, but requires a high-degree of coordination between the production and sensing
functions; thus, it can be difficult to successfully implement. The production and detection
devices may behave differently when co-expressed as compared to their individual behaviors. In
the case of the heterologously expressed C. acetobutylicum 1-butanol pathway, a decrease in
plasmid stability was observed upon co-expression with the biosensor device; instability was not
observed, however, when the alcohol production pathway was expressed alone. Similarly,
concomitant production and selection for 2-keto acid-derived alcohols resulted in an
unanticipated increase in host stress that decreased host strain growth rates.

The case for implementing an in vivo biosensor remains strong. Two reports recently described
successful concomitant small-molecule production and sensing. The first study screened 53,000
members of a metagenomic library by FACS or fluorescence microscopy to identify clones
harboring a genetic cassettes encoding for production of acyl-homo-serine lactone that activate a
LuxR-Py biosensor™'. The second study used a mutant variant of the AraC-Pgap biosensor
system responsive to mevalonate to screen a pathway enzyme RBS library using a plate-based [3-
galactosidase screen®””. Both studies demonstrate the technical feasibility of the approach, but
pathway- and biosensor-specific idiosyncrasies had to be addressed in each case. Achieving a
genetic selection, however, remains undemonstrated to date.
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5.3  Future work

From this study, the most robust application of the BmoR-Pgyo based biosensor was as a liquid
culture screen, and the methodologies developed here can be readily extrapolated toward other
transcription factor-based biosensors. There remains ample opportunity for continued
characterization of the BmoR-Pgyo promoter system and optimization of biosensor performance
features. Dynamic range and sensitivity dictate how accurately an assay can discriminate
between incremental increases in small-molecule concentration, and further improvements in
biosensor sensitivity and dynamic range would enable more accurate analyte quantification.

The BmoR-Pgyo system can be used as a testbed to explore development of generalized methods
for improving biosensor performance features. Depending on the desired application space,
there may be need to either increase or decrease biosensor sensitivity. The BmoR-Pgyo
biosensor exhibited a linear response to exogenously added alcohols (Figure 3.15). A greater
than 10-fold dynamic range over a 10 uM — 40 mM linear response window was observed using
a wild-type E. coli host, and a 700 uM concentration difference can be distinguished with 95%
confidence over the linear response range. If dynamic range and sensitivity were increased, the
biosensor could better discriminate between smaller increases in analyte concentration.
Conversely, during direct sensing of endogenously produced alcohols the biosensor may be too
sensitive, and more robust, accurate analyte detection may be achieved with a less sensitive
system.

A number of control points can be targeted for engineering transcription factor (TF)-based
biosensors, including TF-ligand binding site (protein-ligand) and activated TF-promoter binding
(protein-operator). The TF-ligand binding constant (Kp TF'Lig) 293295 ' TF_operator binding
constant(Kp ' PN, operator architecture, and operator strength all contribute to the shape and
location of the dose-response curve with respect to input ligand (Figure 5.1). Theoretical®”®**®
and experimental®® evidence support the use of multiple, cooperative operator sites to improve
ligand sensitivities by up to 4-fold. Dynamic ranges can increase multiplicatively with the
number of added operator sites (assuming reporter saturation does not occur)™’. Adding
additional operator sites is referred to herein as altering biosensor architecture. A complimentary
approach to altering biosensor architecture is to engineer a single operator for an altered (Kp
TEDNAY compared to the wild-type system; a weaker TF binding results in decreased ligand
sensitivity and vice versa for stronger TF binding.
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Figure 5.1: Anticipated results from modified TF-Ligand and TF-DNA binding. A) Improving TF-
Ligand or TF-DNA binding shifts the dose-response curve to the right. B) Incorporating multiple, cooperative
operator sequences narrows the linear response window, but increases biosensor sensitivity and dynamic range.
Hybrid curves covering even greater dose-response space can be obtained by combining variant TFs, operators, and

biosensor architectures.
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Appendix 1. Additional Figures

Al.1 Preliminary green fluorescent protein reporter ribosome binding site and 5’-
untranslated region secondary structure. At 30°C, the preliminary reporter construct
exhibited minimal dynamic range and fold-induction; a thermodynamic model of RNA folding
depicts the presence of a hairpin loop in the first 50 bases of GFP', and we hypothesized that
removing this hairpin loop would improve GFP translation. The canonical Shine-Dalgarno
sequence (yellow) and GFP start site (blue) are indicated. AG=-24.4 kcal/mol.
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Al.2 50K FLU Synthetic ribosome binding site and 5’- untranslated region secondary
structure. The Ribosome Binding Calculator, based on a thermodynamic model of binding
between the mRNA transcript and the 30S ribosome complex, was used to design a synthetic
ribosome binding site with improved translation initiation rate’. A thermodynamic model of
RNA folding demonstrates removal of the hairpin at the 5’ terminus of GFP', and substantial
secondary structure remains present in the 5’-UTR. The canonical Shine-Dalgarno sequence
(yellow) and GFP start site (blue) are indicated. AG=-27.2 kcal/mol.
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Al1.3 100K FLU Synthetic ribosome binding site and 5’- untranslated region secondary
structure. The Ribosome Binding Calculator, based on a thermodynamic model of binding
between the mRNA transcript and the 30S ribosome complex, was used to design a synthetic
ribosome binding site with improved translation initiation rate’. As found with construct 50K
FLU (see Figure A1.2), a thermodynamic model of RNA folding demonstrates removal of the
hairpin at the 5° terminus of GFP', and substantial secondary structure remains present in the 5°-
UTR. The canonical Shine-Dalgarno sequence (yellow) and GFP start site (blue) are indicated.
AG=-26.0 kcal/mol.
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Al.4 Modifying 1-butanol selection parameters. The time between addition of 1-butanol
and tetracycline, T, to cultures harboring pBMO#41 transformed E. coli, and the total assay
length, t¢, control selection performance features.
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Appendix 2. GenBank Files for Referenced Plasmids

A2.1. pCWori:BM3
pCWori:BM3

LOCUS
SOURCE

ORGANISM

COMMENT

8113 bp DNA circular

This file is created by Vector NTI

http://www.invitrogen.com/

COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
FEATURES

promoter

promoter

VNTDATE|589932576]
VNTDBDATE|589932576]
LSOWNER|
VNTNAME|pCWori:BM3)|
VNTAUTHORNAME |Jeffrey Dietrich|
VNTAUTHOREML |jadietrich@berkeley.edu|
Location/Qualifiers
7904..7998

/vntifkey="30"
/label=TAC\promoter
/note="TAC promoter"

7999..8093

/vntitkey="30"

/label=TAC\promoter

/note="TAC promoter"
misc_marker

/vntitkey="22"

/label=AmpR

/note="Ampicillin resistance gene"

3916..4779

misc_feature 2..3151

mutation

mutation

mutation

mutation

ORIGIN

/vntifkey="21"
/label=BM3

143..145

/vntifkey="62"
/label=R47L

155..157

/vntifkey="62"
/label=Y51F

263..265

/vntifkey="62"
/label=F87A

986..988

/vntifkey="62"
/label=A328L
BASE COUNT

1984a 2098c 2122¢g 1909t

11-MAY-2011

1 tatggcgatt aaagaaatgce ctcaacctaa aaccttcggt gaactgaaaa acctgecget
61 gctgaacacc gacaagccag ttcaggeact gatgaaaatt gccgacgage tcggegaaat
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121 tttcaaattc gaagccccag geetggtgac cegttttctg agecagecage gtetgattaa

181 agaggcatgc gacgaatcta gatttgataa aaacctgtct caggecctga aattcgtgcg
241 tgatttcgca ggtgacggtc tggcgacttc ttggacccac gaaaagaatt ggaaaaagge
301 ccacaacatt ctgctgectt ctttctctca acaggcaatg aaaggttatc atgcaatgat

361 ggttgacatc getgtccage tggtccagaa atgggagegt ctgaacgegg atgaacacat
421 tgaagttcct gaagatatga cccgectgac tctggacacce attggectgt gtggtttcaa

481 ctaccggttc aacagcttct accgegacca gecgeateeg ttcatcacca geatggtgeg
541 tgctctggac gaagcaatga ataagetgea gegegetaac ccggatgate cggegtatga
601 cgaaaacaaa cgtcaattcc aggaagatat taaagtaatg aacgatctgg tagataagat
661 catcgcggac cgtaaggcta geggtgagea aagcgacgac ctgctgacge acatgetgaa
721 cggcaaagac ccggaaacgg gtgagecget ggatgacgaa aatatccgtt atcagattat
781 tacctttctg attgcaggtc acgagactac tagcggtctg ctgtecttcg cgetgtactt

841 cctggtgaaa aatccacatg tgetgecagaa ggecggeggaa gaagecgege gtgtgetggt
901 tgacccggtg ccgtectata aacaggtcaa acagetgaaa tatgtaggta tggttctgaa
961 cgaggccttg cgectgtgge cgactetgee ggegttetet ctgtatgega aggaagatac
1021 tgttctggge ggtgaatace cgetcgagaa aggtgatgaa ctgatggtece tgattccgea
1081 gctgcaccgt gataagacga tttggggcga cgacgtagaa gaattccgte cggagegttt
1141 cgaaaatcct tccgetatee cgecageacge cttcaaaccg tttggtaacg gtcaacgtge
1201 ttgcattgge cagcaattcg ccetgeacga agetacgetg gtgetgggta tgatgetgaa
1261 gcacttcgac ttcgaggacc atactaacta cgagetggac atcaaagaaa ccctgactct
1321 gaagccggag ggtttegttg ttaaagctaa atccaagaaa attccgetgg gtggtatcec
1381 ttctecttet acggaacaga gecgecaagaa agttcgtaaa aaggcggaaa acgegeataa
1441 cacgccgctg ctggtactgt acggttctaa catgggtact gecggagggca ccgeecgtga
1501 tctggeggac atcgeaatgt ccaaaggcett cgececgeaa gttgecaccee tggacteeca
1561 tgcgggcaac ctgecgegtg aaggtgecgt tetgatcgtt accgceatect ataacggeca
1621 tccgecggat aatgegaaac agtttgtaga ctggetggac caggettctg cggatgaagt
1681 gaaaggtgtt cgctatageg ttttcggttg cggtgacaaa aactgggceaa ctacctacca
1741 gaaagtacct gccttcatcg acgaaaccct ggeegcetaaa ggtgetgaaa acattgcaga
1801 tcgtggtgaa getgatgegt ccgacgattt tgaaggtace tacgaggaat ggegtgaaca
1861 catgtggtct gatgtggctg cctatttcaa cctggacatc gaaaactctg aagacaacaa
1921 aagcactctg tccetgeagt ttgttgattc tgeggeggat atgecgetgg cgaaaatgea
1981 cggcgegttc agecaccaatg tggttgegtc caaggaactg caacageegg gttetgcacg
2041 ctccaccege cacctggaaa tcgaactgee taaagaageg agetaccagg aaggtgacca
2101 tctgggtgte atcccgegta actacgaagg tatcgtgaac cgtgtgactg ctegttttgg
2161 cctggatgca agccagecaga ttcgectgga ageccgaagag gaaaaactgg ctecatctgec
2221 gctggctaaa actgtaageg tagaagaact getgeagtat gtggaactge aggacceggt
2281 tactcgcact caactgegtg ctatggecge gaaaaccgta tgtccgecge acaaagttga
2341 actggaagcg ctgetggaga aacaggeata caaagaacag gtactggeca aacgtetgac
2401 catgctggaa ctgctggaaa aatatccgge gtgcgaaatg aaattctctg agttcattge
2461 cctgetgeeg tecatcegte cgegttacta ctccatcage tettceecte gtgttgacga
2521 aaaacaggca agcattactg tatccgtggt ttccggegaa gegtggtctg gttacggega
2581 atataagggc atcgcgagcea actacctgge tgaactgcaa gaaggtgata ccatcacctg
2641 cttcatttct accccgeagt ccgaatttac cctgecgaaa gacccagaga ctcegetgat
2701 catggtcggt ccgggeaccg gegttgeace gttccgeggt tttgtacaag cacgtaagea
2761 gctgaaagag cagggecagt ccetgggtga agegeacctg tactteggtt gtegttetee
2821 gcatgaagac tacctgtacc aggaagaact ggagaacgec cagagegagg gtattattac
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2881 cctgcatace getttctcte gtatgeccgaa ccagecgaag acctacgtge ageatgttat
2941 ggaacaggat ggcaagaaac tgatcgaact gctggaccag ggecgctcact tctatatctg
3001 cggtgatggt agccaaatgg caccggeggt cgaagegacg ctgatgaaaa getacgecaga
3061 cgtgcaccag gttagcgagg ctgacgegeg tetgtggetg cagecagetgg aggagaaagg
3121 tcgttacgcg aaagatgtat gggecggtta aaagettatc gatgataage tgtcaaacat
3181 gagcagatct gagcccgect aatgageggg cttttttttc agatctgett gaagacgaaa
3241 gggcctegtg atacgcctat ttttataggt taatgtcatg ataataatgg tttcttagac

3301 gatgcgtcaa agcaaccata gtacgcgecc tgtagecggeg cattaagege ggegggtgtg
3361 gtggttacge gcagegtgac cgctacactt geccagegecce tagegeccge tectttecget
3421 ttettcectt cetttetege cacgttcgee ggetttecee gtcaagetct aaatcggggg
3481 ctecctttag ggttccgatt tagagettta cggeaccteg accccaaaaa acttgatttg
3541 ggtgatggtt cacgtagtgg gecatcgecc tgatagacgg tttttcgecc tttgacgttg
3601 gagtccacgt tctttaatag tggactcttg ttccaaactg gaacaacact caaccctatce
3661 tcgggctatt cttttgattt ataagggatt ttgccgattt cggectattg gttaaaaaat

3721 gagctgattt aacaaaaatt taacgcgaat tttaacaaaa tattaacgtt tacaattcat

3781 cgtcaggtgg caccttttcg gggaaatgtg cgecggaacce ctatttgttt atttttctaa

3841 atacattcaa atatgtatcc gctcatgaga caataaccct gataaatgct tcaataatat

3901 tgaaaaagga agagtatgag tattcaacat ttccgtgtcg cecttattce cttttttgeg

3961 gcattttgec ttectgtttt tgctcaccca gaaacgetgg tgaaagtaaa agatgetgaa
4021 gatcagttgg gtgcacgagt gggttacatc gaactggatce tcaacagcgg taagatcctt
4081 gagagttttc gccccgaaga acgttttcca atgatgagea cttttaaagt tctgcetatgt
4141 ggcgceggtat tatccegtgt tgacgecggg caagageaac tcggtegeeg catacactat
4201 tctcagaatg acttggttga gtactcacca gtcacagaaa agcatcttac ggatggcatg
4261 acagtaagag aattatgcag tgctgeccata accatgagtg ataacactge ggecaactta
4321 cttctgacaa cgatcggagg accgaaggag ctaaccgctt ttttgcacaa catgggggat
4381 catgtaactc gecttgatcg ttgggaaccg gagetgaatg aagecatace aaacgacgag
4441 cgtgacacca cgatgcctge agcaatggea acaacgttge gcaaactatt aactggegaa
4501 ctacttactc tagcttcccg geaacaatta atagactgga tggaggegga taaagttgea
4561 ggaccacttc tgegetcgge cettcegget ggetggttta ttgetgataa atctggagee
4621 ggtgagegtg ggtectcgegg tatcattgea geactgggge cagatggtaa geectececgt
4681 atcgtagtta tctacacgac ggggagtcag geaactatgg atgaacgaaa tagacagatc
4741 gctgagatag gtgectcact gattaagceat tggtaactgt cagaccaagt ttactcatat
4801 atactttaga ttgatttaaa acttcatttt taatttaaaa ggatctaggt gaagatcctt

4861 tttgataatc tcatgaccaa aatcccttaa cgtgagtttt cgttccactg agegtcagac
4921 cccgtagaaa agatcaaagg atcttcttga gatccttttt ttctgegegt aatetgetge

4981 ttgcaaacaa aaaaaccacc gctaccageg gtggtttgtt tgccggatca agagetacca
5041 actctttttc cgaaggtaac tggcttcage agagcgeaga taccaaatac tgtccttcta
5101 gtgtagcegt agttaggceca ccacttcaag aactctgtag caccgectac atacctegcet
5161 ctgctaatcc tgttaccagt ggetgetgee agtggegata agtegtgtcet taccgggttg
5221 gactcaagac gatagttacc ggataaggcg cageggtcgg getgaacggg gggttegtge
5281 acacagccca gettggageg aacgacctac accgaactga gatacctaca gegtgageta
5341 tgagaaagcg ccacgcttcc cgaagggaga aaggeggaca ggtatccggt aageggeagg
5401 gtcggaacag gagagcgcac gagggagcett ccagggggaa acgectggta tctttatagt
5461 cctgtegggt ttcgecacct ctgacttgag cgtcgatttt tgtgatgete gtcagggggg
5521 cggagcctat ggaaaaacgc cagcaacgeg gectttttac ggttectgge cttttgetgg
5581 ccttttgete acatgttctt tecctgegtta tcceetgatt ctgtggataa cegtattace
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5641 gcectttgagt gagetgatac cgetcgecge agecgaacga ccgagegeag cgagtcagtg
5701 agcgaggaag cggaagagcg cctgatgegg tattttetce ttacgeatet gtgeggtatt
5761 tcacaccgca tatatggtgc actctcagta caatctgetc tgatgecgcea tagttaagec
5821 agtatacact ccgctatcge tacgtgactg ggtcatgget gegeeccgac acccgecaac
5881 accegcetgac gegeectgac gggcttgtet getcecggea tecgcettaca gacaagetgt
5941 gaccgtctee gggagetgea tgtgtcagag gttttcaccg tcatcaccga aacgegegag
6001 gcagaacgcc atcaaaaata attcgegtct ggecttectg tagecagctt tcatcaacat
6061 taaatgtgag cgagtaacaa cccgtcggat tctcegtggg aacaaacgge ggattgaccg
6121 taatgggata ggttacgttg gtgtagatgg gcgcatcgta accgtgeate tgccagtttg
6181 aggggacgac gacagtatcg gectcaggaa gatcgeactc cagecagctt tccggeaccg
6241 cttctggtge cggaaaccag gcaaagegec attcgecatt caggetgege aactgttggg
6301 aagggcgatc ggtgcgggece tcttegetat tacgccaget ggcgaaaggg ggatgtgctg
6361 caaggcgatt aagttgggta acgccagggt tttcccagte acgacgttgt aaaacgacgg
6421 ccagtgaatc cgtaatcatg gtcatagetg tttcctgtgt gaaattgtta tccgetcaca
6481 attccacaca acatacgagc cggaagcata aagtgtaaag cctggggtgc ctaatgagtg
6541 agctaactca cattaattge gttgcgctca ctgeecegett tccagtcggg aaacctgteg
6601 tgccagcetge attaatgaat cggecaacge geggggagag geggtttgeg tattgggege
6661 cagggtggtt tttcttttca ccagtgagac gggcaacage tgattgecect tcaccgectg
6721 geectgagag agttgcagea ageggtecac getggtttge cccageagge gaaaatectg
6781 tttgatggtg gttgacggeg ggatataaca tgagcetgtct tcggtatcgt cgtatcccac
6841 taccgagata tccgcaccaa cgegeagece ggacteggta atggegegea ttgegeccag
6901 cgccatctga tcgttggeaa ccageatcge agtgggaacg atgecctcat tcagceatttg
6961 catggtttgt tgaaaaccgg acatggceact ccagtegect teeegtteeg ctatcggetg
7021 aatttgattg cgagtgagat atttatgcca gccagecaga cgecagacgeg ccgagacaga
7081 acttaatggg cccgcetaaca gegegatttg ctggtgacce aatgegacca gatgetceac
7141 gcccagtcge gtaccgtctt catgggagaa aataatactg ttgatgggte tctggtcaga
7201 gacatcaaga aataacgccg gaacattagt gcaggcagct tccacageaa tggeatectg
7261 gtcatccage ggatagttaa tgatcagece actgacgegt tgegegagaa gattgtgeac
7321 cgecegcttta caggettcga cgeegetteg ttctaccate gacaccacca cgetggeace
7381 cagttgatcg gcgcgagatt taatcgeecge gacaatttge gacggegegt gecagggecag
7441 actggaggtg gcaacgccaa tcagcaacga ctgtttgece gecagttgtt gtgccacgeg
7501 gttgggaatg taattcagct ccgecatcge cgcttceact ttttccegeg ttttcgecaga
7561 aacgtggctg gectggttea ccacgeggga aacggtctga taagagacac cggeatacte
7621 tgcgacatcg tataacgtta ctggtttcac attcaccacc ctgaattgac tetettcegg
7681 gecgctatcat gecataccge gaaaggtttt gcaccattcg atggtgtceet ggecacgacag
7741 gtttccegac tggaaagegg geagtgageg caacgceaatt aatgtgagtt agetcactca
7801 ttaggcaccc caggctttac actttatget tccggcetcgt ataatgtgtg gaattgtgag
7861 cggataacaa tttcacacag gaaacaggat cgatccatcg atgagcttac tccccatcee
7921 cctgttgaca attaatcatc ggctcgtata atgtgtggaa ttgtgagegg ataacaattt
7981 cacacaggaa acaggatcag cttactccce atcccectgt tgacaattaa tcatcggetc
8041 gtataatgtg tggaattgtg agcggataac aatttcacac aggaaacagg atccatcgat
8101 gcttaggagg tca
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A2.2. pPBMO#1

LOCUS (Bmo#1)\pBMOE1-v 3338 bp DNA circular

SOURCE

ORGANISM

COMMENT

This file is created by Vector NTI

http://www.invitrogen.com/

COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
FEATURES

VNTDATE|489865550]

VNTDBDATE491755219]

LSOWNER|

VNTNAME]|(Bmo#1) pBMOE1-v1.1|

VNTAUTHORNAME |Jeffrey Dietrich|

VNTAUTHOREML |jadietrich@berkeley.edu|
Location/Qualifiers

misc_feature 1257..1262

Jvntifkey="21"
/label=Xbal\(1770)

misc_feature 525..1241

/vntitkey="21"
/label=GFP

terminator 1263..1391

/vntitkey="43"
/label=dblTerm

rep_origin  complement(1524..2206)

CDS

/ApEinfo_fwdcolor=gray50
/ApEinfo_revcolor=gray50
/vntitkey="33"
/label=ColE1\origin
complement(2345..3004)
/ApEinfo_fwdcolor=yellow
/ApEinfo_revcolor=yellow
/vntifkey="4"
/label=AmpR

misc_feature 1..524

/vntifkey="21"
/label=pBMO

misc_feature 432..437

/vutifkey="21"
/label=-24

misc_feature 443..449

/vntifkey="21"
/label=-12

misc_feature 461..461

RBS

/vntifkey="21"

/label=Approx\+1
514..517

/vntifkey="32"

27-AUG-2008
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/label=RBS
misc_feature 4..22
/vntifkey="21"
/label=D24
misc_feature 505..524
/vntifkey="21"
/label=D27-R
misc_feature 224..243
/vntifkey="21"
/label=D26
misc_feature 283..302
/vntifkey="21"
/label=D25
primer bind 1224..1279
/vntifkey="28"
/label=C22-R
misc_feature 440..453
/vntitkey="21"
/label=putative\C/EBP\factor\binding
misc_feature 503..507
/vtifkey="21"
/label=putatitve\HSF
misc_feature 71..96
/vntitkey="21"
/label=putative\CRP\binding\site
BASE COUNT 844 a 862 c 8ld g 818t
ORIGIN
1 ctgeeccaacg acgtecgtca gageecggtt cgagtggcett ctatatgecg atcatcggtg
61 gctctattgt ggeggtecagt gacaccggte gecttcacce ccacagatag taggtgetge
121 ggctgceteat geteetgteg cggtagegeg ctgttacgeg accgececcg gacctecggeg
181 gacagcgegg aagattggaa acageecgag cgtgegtgece tegggetgea teettgecac
241 acccaaccgg attcgtcgga ccgetegaca ttegegttcg ctececegegge geecgegggtg
301 taccgttgeg ttacagatgt acccttcttt aacgtgtaac acacgectgg ageggecaag
361 agcccegeac cttgeggege gtettececa ggggeccace ggttgeggee ttttgetgeg
421 accgtccatg ctggcacgac acttgetgaa agegttagag cggaateggt ccgatggage
481 attcgaagcc getaccgaca gecagaacaca caaaggagga agtgatgagt aaaggagaag
541 aacttttcac tggagttgtc ccaattcttg ttgaattaga tggtgatgtt aatgggceaca
601 aattttctgt cagtggagag ggtgaaggte atgcaacata cggaaaactt acccttaaat
661 ttatttgcac tactggaaaa ctacctgttc cgtggecaac acttgtcact actttctett
721 atggtgttca atgcttttcc cgttatccgg atcacatgaa acggceatgac tttttcaaga
781 gtgccatgee cgaaggttat gtacaggaac geactatate tttcaaagat gacgggaact
841 acaagacgcg tgctgaagtc aagtttgaag gtgataccct tgttaatcgt atcgagttaa
901 aaggtattga ttttaaagaa gatggaaaca ttctcggaca caaactggag tacaactata
961 actcacacaa tgtatacatc acggcagaca aacaaaagaa tggaatcaaa gctaacttca
1021 aaattcgcca caacattgaa gatggetceg ttcaactage agaccattat caacaaaata
1081 ctccaattgg cgatggecect gtecttttac cagacaacca ttacctgtee acacaatetg
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1141 ccctttcgaa agatcccaac gaaaagegtg accacatggt ccttettgag tttgtaactg
1201 ctgctgggat tacacatgge atggatgagce tctacaaata aggatcctaa ctcgagtcta
1261 gaccaggcat caaataaaac gaaaggctca gtcgaaagac tgggccttte gttttatctg
1321 ttgtttgtcg gtgaacgctc tctactagag tcacactgge tcaccttcgg gtgggccttt
1381 ctgcgtttat acctaggegt tcggetgecgg cgageggtat cagetcactc aaaggeggta
1441 atacggttat ccacagaatc aggggataac gcaggaaaga acatgtgagc aaaaggccag
1501 caaaaggcca ggaaccgtaa aaaggecgeg ttgctggegt ttttccatag getccgeece
1561 cctgacgagc atcacaaaaa tcgacgctca agtcagaggt ggecgaaacce gacaggacta
1621 taaagatacc aggcgtttcc ccetggaage teectegtge getctectgt tecgacectg
1681 ccgcttaccg gatacctgtc cgcctttcte cettcgggaa gegtggcgcet ttctcaatge
1741 tcacgctgta ggtatctcag ttcggtgtag gtegttcget ccaagetggg ctgtgtgcac
1801 gaaccccecg ttcageccga cegetgegec ttatccggta actategtet tgagtccaac
1861 ccggtaagac acgacttatc gccactggea gecagecactg gtaacaggat tagcagageg
1921 aggtatgtag gcggtgctac agagttcttg aagtggtgge ctaactacgg ctacactaga
1981 aggacagtat ttggtatctg cgctctgetg aagecagtta ccttcggaaa aagagttggt
2041 agctcttgat ccggcaaaca aaccaccget ggtageggtg gtttttttgt ttgcaageag
2101 cagattacgc gcagaaaaaa aggatctcaa gaagatcctt tgatcttttc tacggggtct
2161 gacgctcagt ggaacgaaaa ctcacgttaa gggattttgg tcatgactag tgcttggatt
2221 ctcaccaata aaaaacgccce ggeggeaace gagegttctg aacaaatcca gatggagttce
2281 tgaggtcatt actggatcta tcaacaggag tccaagcgag ctcgtaaact tggtctgaca
2341 gttaccaatg cttaatcagt gaggcaccta tctcagegat ctgtctattt cgttcatcca

2401 tagttgectg actccecgte gtgtagataa ctacgatacg ggagggctta ccatctggee
2461 ccagtgctge aatgataccg cgagacccac getcacegge tccagattta tcagcaataa
2521 accagccagce cggaagggee gagegeagaa gtggtectge aactttatce gectccatee
2581 agtctattaa ttgttgccgg gaagctagag taagtagttc geccagttaat agtttgegea
2641 acgttgttge cattgctaca ggeategtgg tgtcacgete gtegtttggt atggcttcat
2701 tcagcteegg ttcccaacga tcaaggegag ttacatgate ccccatgttg tgcaaaaaag
2761 cggttagctc cttcggtect cecgategttg tcagaagtaa gttggecgea gtgttatcac
2821 tcatggttat ggcagcactg cataattctc ttactgtcat gccatccgta agatgetttt

2881 ctgtgactgg tgagtactca accaagtcat tctgagaata gtgtatgcgg cgaccgagtt
2941 gctettgeee ggegtecaata cgggataata ccgegecaca tagcagaact ttaaaagtge
3001 tcatcattgg aaaacgttct tcggggcgaa aactctcaag gatcttaccg ctgttgagat
3061 ccagttcgat gtaacccact cgtgcaccca actgatcttc agcatctttt actttcacca
3121 gegtttctgg gtgagcaaaa acaggaaggce aaaatgecge aaaaaaggga ataagggega
3181 cacggaaatg ttgaatactc atactcttcc tttttcaata ttattgaagc atttatcagg

3241 gttattgtct catgagcgga tacatatttg aatgtattta gaaaaataaa caaatagggg
3301 ttccgegeac atttccecega aaagtgecac ctgacgtc
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A2.3. pPBMO#6
LOCUS (Bmo#06)\pBadA2: 5795bp DNA circular
SOURCE
ORGANISM
COMMENT
ApEinfo:methylated:1
COMMENT This file is created by Vector NTI
http://www.invitrogen.com/
COMMENT ORIGDB|GenBank
COMMENT VNTDATE|531414884
COMMENT VNTDBDATE|531414884|
COMMENT LSOWNER|
COMMENT VNTNAME|(Bmo#06) pBadA2:BmoR|
COMMENT VNTAUTHORNAME)|Jeffrey Dietrich|
COMMENT VNTAUTHOREML|jadietrich@berkeley.edu|
COMMENT VNTOAUTHORNAME|UNKNOWN]|
FEATURES Location/Qualifiers
misc_feature complement(4747..4752)
/ApEinfo_label=rbs
/ApEinfo_fwdcolor=#fcc466
/ApEinfo_revcolor=#fcc466
/vntitkey="21"
/label=rbs
misc_feature 4805..5649
/ApEinfo_label=p15A, OripACYC
/ApEinfo_fwdcolor=#feffbl
/ApEinfo_revcolor=#feffbl
/vntifkey="21"
/label=p15A,\OripACYC
misc_feature 3250..3617
/ApEinfo_label=TrrmB
/ApEinfo_fwdcolor=#9191ff
/ApEinfo_revcolor=#9191{f
/vntifkey="21"
/label=TrmB
misc_feature 3740..4396
/ApEinfo_label=CmR (EcoRI-KO)
/ApEinfo_fwdcolor=#{ff54c
/ApEinfo_revcolor=#{ff54c
/vntifkey="21"
/label=CmR\(EcoRI-KO)
CDS complement(7..885)
/vntifkey="4"
/label=araC
promoter complement(1036..1064)
/vntifkey="30"

6-OCT-2009
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/label=Pc
misc_feature 914..931
/vntifkey="21"
/label=02
misc_feature 1072..1093
/vntifkey="21"
/label=01
misc_feature 1115..1128
/vntifkey="21"
/label=CAP\site
misc_feature 1124..1162
/vntifkey="21"
/label=12\-+\I1
promoter 1161..1188
/vntifkey="30"
/label=PBAD
misc_feature 1211..1233
/vntitkey="21"
/label=RBS
misc_feature 3244..3249
/vntifkey="21"
/label=Scar
primer_bind  5780..30
/vntitkey="28"
/label=C49-F
primer_bind 5780..30
/vutifkey="28"
/label=C50-R
misc_feature 1234..3243
/vntifkey="21"
/label=BmoR
primer bind 3224..3271
/vntifkey="28"
/label=D64
primer_bind complement(3215..3263)
/vntifkey="28"
/label=D63
primer bind complement(1206..1253)
/vntifkey="28"
/label=D62
primer bind 1214..1262
/vntifkey="28"
/label=D61
primer bind 1234..1256
/vntifkey="28"
/label=D57
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primer bind complement(3221..3243)
/vntifkey="28"
/label=D58
BASE COUNT 1338a 1576c¢ 1551g 1330t
ORIGIN
1 cctaggttat gacaacttga cggctacatc attcactttt tcttcacaac cggcacggaa

61 ctcgctcggg ctggeccegg tgeatttttt aaatacccge gagaaataga gttgatcgte

121 aaaaccaaca ttgcgaccga cggtggcgat aggcatcegg gtggtgetca aaagcagctt
181 cgectggctg atacgttggt cctegegeca gettaagacg ctaatcecta actgetggeg
241 gaaaagatgt gacagacgcg acggcgacaa gcaaacatge tgtgcgacge tggegatatc
301 aaaattgctg tctgecaggt gatcgetgat gtactgacaa gectcgegta cecgattate

361 catcggtgga tggagcgact cgttaatcge ttccatgege cgcagtaaca attgetcaag
421 cagatttatc gccagcagct ccgaatageg cecttceect tgeceggegt taatgatttg

481 cccaaacagg tcgetgaaat geggetggtg cgcttcatce gggegaaaga accecgtatt
541 ggcaaatatt gacggccagt taagcecattc atgccagtag gecgegeggac gaaagtaaac
601 ccactggtga taccattcge gagectcegg atgacgaccg tagtgatgaa tctetectgg
661 cgggaacagc aaaatatcac ccggtcggea aacaaattct cgtcectgat ttttcaccac

721 cccctgaccg cgaatggtga gattgagaat ataacctttc attcccageg gtcggtcgat

781 aaaaaaatcg agataaccgt tggectcaat cggegttaaa ccegecacca gatgggceatt
841 aaacgagtat cccggcagea ggggatcatt ttgcgettca gecatacttt tcatacteee

901 gccattcaga gaagaaacca attgtccata ttgcatcaga cattgccgte actgegtett

961 ttactggctc ttctcgetaa ccaaaccggt aacceegctt attaaaagcea ttctgtaaca

1021 aagcgggacc aaagccatga caaaaacgcg taacaaaagt gtctataatc acggecagaaa
1081 agtccacatt gattatttge acggcgtcac actttgetat gecatageat ttttatccat

1141 aagattagcg gatcctacct gacgcttttt atcgcaactc tctactgttt ctccatacce

1201 gtttttttgg tagagaaaga ggagaaatac tagatgtcca agatgcaaga gttcgegegg
1261 ctggagacag tcgcgtcgat gecgecagageg gtetgggacg gecaacgagtg tcageegggg
1321 aaagtggctg atgtegtttt gcgetcgtgg acceggtgte gtgctgaagg tgtegttece
1381 aatgccegece aggagttcga cccgateeeg cgaacggege ttgacgaaac ggttgaggcec
1441 aagcgggcege tgatccettge tgecgageeg gtegtcgacg cgttgatgga gecagatgaac
1501 gacgccccca ggatgatcat cctgaacgac gaacggggeg tegtgctget gaaccaggga
1561 aacgacaccc tccttgaaga cgecegecge cgggeegtge gggtgggegt ctgetgggac
1621 gaacacgcce gaggeaccaa tgccatggga accgegetcg cggagaggag gecegtageg
1681 atccacggcg cagagcacta cctcgagteg aatacgattt tcacctgeac cgeggegeeg
1741 atctacgatc cgttcggega gttcaccgga attctggata tcageggata tgegggggac
1801 atgggccegg ttccgattec ctttgttcag atggeggtgc aattcatcga gaatcagttg
1861 ttccgecaga cetttgecga ttgeattctg ctgeacttte atgtgegece cgacttegte

1921 ggaacgatgc gcgaagggat ageegtgcetg tcgegegagg gaaccategt ctcgatgaac
1981 cgtgctggge tcaagatcge agggetcaac ctggaggecg tcgecgatca cegtttcgat
2041 tccgtettcg acttgaattt cggggecttt ctcgaccacg tgcggeagtc cgecttcggt
2101 ctegteecgeg tetcgetcta cggeggegtt caggtetacg ccecgagtgga accgggectg
2161 cgtgttcecge cacgtecegge cgeccacgee cgeectecte ggeeggeace geggectetg
2221 gattcgetgg acacgggega cgecageagte cgectcgega ttgaccgege cegecgegeg
2281 atcggccgea acctcageat cctcatccag ggegagacgg gtgecggeaa ggaagtgtte
2341 gccaagcatc tgecatgecga gageccgaga agcaaggggc cgttcgttge cgtcaattge
2401 gccegecatac ccgagggttt gatcgagtee gagettttcg gatacgaaga aggggectte
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2461 actggcggac ggecgcaaagg caacatcgge aaggtcgece aggeccacgg cggeacgttg
2521 ttectcgacg agatcggaga catggegeeg gggetgeaga ccagactget gecgggtteta
2581 caggaccggg cagtgatgee ccteggeggt cgegaaccta tgeeggtega cattgegetg
2641 gtatgcgcga cgecaccgceaa tttgegeage ctgatagege agggecagtt ccgegaagac
2701 ctctactacc gectgaacgg getggegate tegetgecac cectgegtea acgtagegac
2761 cttgeegecc tggttaacca tatcctettt cagtgttgcg ggggcgagece geactacage
2821 gtgagcccag aagtgatgac getcttcaag cggeatgegt ggeccggeaa cctacgecaa
2881 ctacataacg ttctcgatge agegettgee atgetcgacg acggcecatgt cattgagece
2941 catcacctcc ccgaagactt cgtcatggag gtcgattcgg gectccgace gatcgaggaa
3001 gacggttcga cggeggegea tcgegegega cagecggegt cgggaagegg tectgecaaa
3061 aagttgcaag atctcgegtt ggatgecatc gagcaggega tcgagcaaaa cgagggaaat
3121 atatcggtcg ccgecacggea gttgggggte agecggacca cgatctaccg caagetgagg
3181 caactttcac caaccggttg tcaccgaccg gecacattgga gecagtcgeg gatcggeaca
3241 tagggatctg aagcttggge ccgaacaaaa actcatctca gaagaggatc tgaatagege
3301 cgtcgaccat catcatcatc atcattgagt ttaaacggtc tccagettgg ctgttttggc

3361 ggatgagaga agattttcag cctgatacag attaaatcag aacgcagaag cggtctgata
3421 aaacagaatt tgcctggegg cagtagegeg gtggteccac ctgaccecat geecgaactca
3481 gaagtgaaac gccgtagege cgatggtagt gtggggtctc cccatgegag agtagggaac
3541 tgccaggcat caaataaaac gaaaggctca gtcgaaagac tgggcectttce gttttatctg
3601 ttgtttgtcg gtgaactaat tatctagact gcagttgatc gggcacgtaa gaggttccaa
3661 ctttcaccat aatgaaataa gatcactacc gggcgtattt tttgagttat cgagattttc

3721 aggagctaag gaagctaaaa tggagaaaaa aatcactgga tataccaccg ttgatatatc
3781 ccaatggcat cgtaaagaac attttgaggc atttcagtca gttgctcaat gtacctataa
3841 ccagaccgtt cagetggata ttacggcctt tttaaagacc gtaaagaaaa ataagcacaa
3901 gttttatccg gectttattc acattcttge ccgectgatg aatgetcate cggaatttcg

3961 tatggcaatg aaagacggtg agctggtgat atgggatagt gttcaccctt gttacaccgt
4021 tttccatgag caaactgaaa cgttttcatc gectctggagt gaataccacg acgatttceg
4081 gcagtttcta cacatatatt cgcaagatgt ggegtgttac ggtgaaaacc tggectattt
4141 ccctaaaggg tttattgaga atatgttttt cgtctcagec aatccetggg tgagtttcac

4201 cagttttgat ttaaacgtgg ccaatatgga caacttcttc gcceecgttt tcaccatggg
4261 caaatattat acgcaaggcg acaaggtgct gatgcecgetg gegattcagg ttcatcatge
4321 cgtttgtgat ggcttccatg tcggcagaat gettaatgaa ttacaacagt actgegatga
4381 gtggcagggce ggggcgtaat ttgatatcga getegettgg actectgttg atagatccag
4441 taatgacctc agaactccat ctggatttgt tcagaacgct cggttgeege cgggegtttt
4501 ttattggtga gaatccaagce ctcggtgaga atccaagect cgatcaacgt ctcattttcg
4561 ccaaaagttg gcccagggct tcceggtatc aacagggaca ccaggattta tttattetge
4621 gaagtgatct tccgtcacag gtatttattc ggcgcaaagt gegtegggtg atgetgecaa
4681 cttactgatt tagtgtatga tggtgttttt gaggtectce agtggcttct gtttctatca

4741 gctgteecte ctgttcaget actgacgggg tggtgegtaa cggeaaaage accgecggac
4801 atcagcgcta gcggagtgta tactggetta ctatgttgge actgatgagg gtgtcagtga
4861 agtgcttcat gtggcaggag aaaaaaggct gcaccggtge gtcageagaa tatgtgatac
4921 aggatatatt ccgcttecte getcactgac tegetacget cggtegtteg actgeggega
4981 gcggaaatgg cttacgaacg gggcggagat ttcctggaag atgeccaggaa gatacttaac
5041 agggaagtga gagggccgeg gecaaagecegt ttttccatag getccgeccee cetgacaage
5101 atcacgaaat ctgacgctca aatcagtggt ggcgaaacce gacaggacta taaagatacc
5161 aggcgtttce ccetggegge tecctegtge getcteetgt tectgecttt cggtttaccg
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5221 gtgtcattcc getgttatgg ccgegtttgt ctecattccac geetgacact cagtteccggg
5281 taggcagttc getccaaget ggactgtatg cacgaaccee cegttcagtc cgaccgetge
5341 gccttatceg gtaactatcg tettgagtce aacccggaaa gacatgcaaa agcaccactg
5401 gcagcagcca ctggtaattg atttagagga gttagtcttg aagtcatgeg ccggttaagg
5461 ctaaactgaa aggacaagtt ttggtgactg cgctecteca agecagttac cteggttcaa
5521 agagttggta gctcagagaa ccttcgaaaa accgecctge aaggeggttt tttegtttte
5581 agagcaagag attacgcgca gaccaaaacg atctcaagaa gatcatctta ttaatcagat
5641 aaaatatttc tagatttcag tgcaatttat ctcttcaaat gtagcacctg aagtcagecc
5701 catacgatat aagttgtaat tctcatgttt gacagcttat catcgataag cttccgatgg
5761 cgcgecgaga ggctttacac tttatgette cggct
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A2.4. pPBMO#7
LOCUS (Bmo#07)\pZTA2:B 5502bp DNA circular
SOURCE
ORGANISM
COMMENT
ApEinfo:methylated:1
COMMENT This file is created by Vector NTI
http://www.invitrogen.com/
COMMENT ORIGDB|GenBank
COMMENT VNTDATE|496076509]
COMMENT VNTDBDATE[496076849|
COMMENT LSOWNER|
COMMENT VNTNAME|(Bmo#07) pZTA2:BmoR|
COMMENT VNTAUTHORNAME)|Jeffrey Dietrich|
COMMENT VNTAUTHOREML|jadietrich@berkeley.edu|
COMMENT VNTOAUTHORNAME|UNKNOWN]|
FEATURES Location/Qualifiers
misc_feature complement(4454..4459)
/ApEinfo_label=rbs
/ApEinfo_fwdcolor=#fcc466
/ApEinfo_revcolor=#fcc466
/vntitkey="21"
/label=rbs
misc_feature 4512..5356
/ApEinfo_label=p15A, OripACYC
/ApEinfo_fwdcolor=#feffbl
/ApEinfo_revcolor=#feffbl
/vntifkey="21"
/label=p15A,\OripACYC
misc_feature 2957..3324
/ApEinfo_label=TrrmB
/ApEinfo_fwdcolor=#9191ff
/ApEinfo_revcolor=#9191{f
/vntifkey="21"
/label=TrmB
misc_feature 3447..4103
/ApEinfo_label=CmR (EcoRI-KO)
/ApEinfo_fwdcolor=#{ff54c
/ApEinfo_revcolor=#{ff54c
/vntifkey="21"
/label=CmR\(EcoRI-KO)
misc_feature 2951..2956
/vntifkey="21"
/label=Scar
misc_feature 941..2950
/vntifkey="21"

13-OCT-2008
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/label=BmoR
primer bind 2931..2978
/vntifkey="28"
/label=D64
primer bind complement(2922..2970)
/vntifkey="28"
/label=D63
primer bind 941..963
/vntifkey="28"
/label=D57
primer bind complement(2928..2950)
/vntifkey="28"
/label=D58
primer_bind  840..857
/vntifkey="28"
/label=ZBZF
misc_feature complement(7..633)
/vntitkey="21"
/label=TetR
promoter 745..814
/vntitkey="30"
/label=Pzt1
primer _bind  5485..30
/vntitkey="28"
/label=D103-F
primer_bind complement(5485..30)
/vntifkey="28"
/label=D104-R
primer_bind  916..963
/vntifkey="28"
/label=D106-F
primer bind complement(916..963)
/vntifkey="28"
/label=D107-R
BASE COUNT 1290a 1438c 1440g 1334t
ORIGIN
I cctaggttaa gacccacttt cacatttaag ttgtttttct aatccgceata tgatcaattc
61 aaggccgaat aagaaggcetg getctgecace ttggtgatca aataattcga tagettgteg
121 taataatggc ggcatactat cagtagtagg tgtttccctt tcttctttag cgacttgatg
181 ctettgatct tccaatacge aacctaaagt aaaatgeccc acagegetga gtgcatataa
241 tgcattctct agtgaaaaac cttgttggca taaaaaggct aattgatttt cgagagtttc
301 atactgtttt tctgtaggcce gtgtacctaa atgtactttt getccatcge gatgacttag
361 taaagcacat ctaaaacttt tagcgttatt acgtaaaaaa tcttgccage tttccectte
421 taaagggcaa aagtgagtat ggtgcctatc taacatctca atggctaagg cgtcgagceaa
481 agcccgctta ttttttacat gccaatacaa tgtaggcetge tetacaccta gettetggge
541 gagtttacgg gttgttaaac cttcgattcc gacctcatta agcagctcta atgegetgtt
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601 aatcacttta cttttatcta atctagacat cattaattcc taatttttgt tgacactcta

661 tcgttgatag agttatttta ccactcccta tcagtgatag agaaaagtga aaatccatat

721 gactagtaga tcctctagag tcgactaaga aaccattatt atcatgacat taacctataa

781 aaataggcgt atcacgaggc cctttcgtcet tcacctcgag aaatcataaa aaatttattt

841 gcttcectat cagtgataga gtataataga gtcgaattgt tagcggagaa gaatttcaca

901 cagaattcat tctgcagcag gacctaggag gaggaattca atgtccaaga tgcaagagtt
961 cgcgeggetg gagacagtcg cgtegatgeg cagageggte tgggacggea acgagtgtca
1021 gccggggaaa gtggetgatg tegttttgeg ctegtggace cggtgtegtg ctgaaggtgt
1081 cgttcccaat geccecgecagg agttcgacce gatcecegega acggegettg acgaaacggt
1141 tgaggccaag cgggegcetga tecttgetge cgagecggte gtegacgegt tgatggagea
1201 gatgaacgac gcccccagga tgatcatect gaacgacgaa cggggegteg tgetgctgaa
1261 ccagggaaac gacaccctcc ttgaagacge ccgecgeegg geegtgeggg tgggegtetg
1321 ctgggacgaa cacgccegag geaccaatge catgggaace gegetegegg agaggaggec
1381 cgtagcgatc cacggecgeag agecactacct cgagtcgaat acgattttca cetgeaccge
1441 ggcgecgate tacgatcegt tcggegagtt caccggaatt ctggatatca geggatatge
1501 gggggacatg ggceceggtte cgatteectt tgttcagatg geggtgcaat tcatcgagaa
1561 tcagttgttc cgccagacct ttgecgattg cattctgetg cactttcatg tgecgeeccga

1621 cttcgtcgga acgatgegeg aagggatage cgtgetgtcg cgegagggaa ceategtetce
1681 gatgaaccgt getgggcteca agatcgecagg getcaacctg gaggecgteg cegatcaceg
1741 tttcgattce gtettcgact tgaatttcgg ggectttctc gaccacgtge ggeagteege

1801 cttcggtcte gtccgegtet cgetetacgg cggegttcag gtetacgece gagtggaace
1861 gggccetgegt gttccgecac gtecggeege ccacgeccge cetectecgge cggeacegeg
1921 gectetggat tegetggaca cgggegacge ageagteege ctecgegattg accgegeecg
1981 ccgegegate ggecgeaace tcageatect catccaggge gagacgggte ccggcaagga
2041 agtgttcgee aageatctge atgecgagag cccgagaage aaggggecgt tegttgeegt
2101 caattgecgee gecatacceg agggtttgat cgagtccgag cttttcggat acgaagaagg
2161 ggccttcact ggcggacgge gcaaaggeaa catcggeaag gtcgeececagg cccacggegg
2221 cacgttgttc ctcgacgaga tcggagacat ggegeegggg ctgecagacca gactgetgeg
2281 ggttctacag gaccgggeag tgatgeecect cggeggtege gaacctatge cggtegacat
2341 tgcgcetggta tgcgegacge accgeaattt gecgecagectg atagecgeagg gecagttecg
2401 cgaagacctc tactaccgcc tgaacggget ggegatctcg ctgecacccee tgegtcaacg
2461 tagcgacctt gccgeectgg ttaaccatat cctcetttcag tgttgegggg gegagecgea
2521 ctacagegtg agcccagaag tgatgacgct cttcaagegg catgegtgge ccggeaacct
2581 acgccaacta cataacgttc tcgatgcage gettgecatg ctcgacgacg gecatgtcat
2641 tgagccccat cacctecccg aagacttcgt catggaggte gattcgggece tccgaccgat
2701 cgaggaagac ggttcgacgg cggecgeatcg cgegegacag ccggegtcgg gaageggtee
2761 tgccaaaaag ttgcaagate tcgegttgga tgccatcgag caggegatcg agcaaaacga
2821 gggaaatata tcggtcgeeg cacggeagtt gggggtecage cggaccacga tetaccgecaa
2881 gctgaggcaa ctttcaccaa cecggttgtca ccgaccggea cattggagece agtcgeggat
2941 cggcacatag ggatctgaag cttgggcceg aacaaaaact catctcagaa gaggatctga
3001 atagcgccgt cgaccatcat catcatcatc attgagttta aacggtctce agettggetg
3061 ttttggcgga tgagagaaga ttttcagect gatacagatt aaatcagaac gcagaagegg
3121 tctgataaaa cagaatttge ctggeggeag tagcgeggtg gteccacctg accecatgec
3181 gaactcagaa gtgaaacgcc gtagecgeega tggtagtgtg gggtetcecee atgegagagt
3241 agggaactgc caggcatcaa ataaaacgaa aggctcagtc gaaagactgg gectttegtt
3301 ttatctgttg tttgtcggte aactaattat ctagactgea gttgatcggg cacgtaagag
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3361 gttccaactt tcaccataat gaaataagat cactaccggg cgtatttttt gagttatcga
3421 gattttcagg agctaaggaa gctaaaatgg agaaaaaaat cactggatat accaccgttg
3481 atatatccca atggcatcgt aaagaacatt ttgaggcatt tcagtcagtt gctcaatgta
3541 cctataacca gaccgttcag ctggatatta cggccttttt aaagaccgta aagaaaaata
3601 agcacaagtt ttatccggcc tttattcaca ttcttgeceg cetgatgaat getcatcegg
3661 aatttcgtat ggcaatgaaa gacggtgage tggtgatatg ggatagtgtt cacccttgtt
3721 acaccgtttt ccatgagcaa actgaaacgt tttcatcgct ctggagtgaa taccacgacg
3781 atttccggca gtttctacac atatattcge aagatgtgge gtgttacggt gaaaacctgg
3841 cctatttccc taaagggttt attgagaata tgtttttcgt ctcagccaat cectgggtga
3901 gtttcaccag ttttgattta aacgtggcca atatggacaa cttcttcgec ceccgttttca
3961 ccatgggcaa atattatacg caaggcgaca aggtgctgat geccgetggeg attcaggtte
4021 atcatgccgt ttgtgatggc ttccatgtcg gecagaatget taatgaatta caacagtact
4081 gcgatgagtg gcagggcggg gegtaatttg atatcgaget cgettggact cetgttgata
4141 gatccagtaa tgacctcaga actccatctg gatttgttca gaacgctecgg ttgeecgeegg
4201 gegtttttta ttggtgagaa tccaagectc ggtgagaate caagectega tcaacgtcte
4261 attttcgcca aaagttggee cagggcettee cggtatcaac agggacacca ggatttattt
4321 attctgcgaa gtgatcttce gtcacaggta tttattcgge gcaaagtgeg tcgggtgatg
4381 ctgccaactt actgatttag tgtatgatgg tgtttttgag gtgctccagt ggcttetgtt

4441 tctatcagct gtcectectg ttcagetact gacggggtgg tgegtaacgg caaaageace
4501 geeggacatc agegetageg gagtgtatac tggettacta tgttggeact gatgagggtg
4561 tcagtgaagt gettcatgtg gcaggagaaa aaaggetgea ccggtgegte agcagaatat
4621 gtgatacagg atatattccg cttcctcgcet cactgactcg ctacgetegg tegttcgact
4681 gcggegageg gaaatggett acgaacgggg cggagatttc ctggaagatg ccaggaagat
4741 acttaacagg gaagtgagag ggccgeggcea aagecgtttt tccatagget ccgeccccect
4801 gacaagcatc acgaaatctg acgctcaaat cagtggtgge gaaacccgac aggactataa
4861 agataccagg cgtttcceee tggeggetee ctegtgeget ctectgttee tgectttegg
4921 tttaccggtg tcattccget gttatggecg cgtttgtete attccacgee tgacactcag
4981 ttccgggtag geagtteget ccaagetgga ctgtatgecac gaacceeeceg ttcagteega
5041 ccgcetgegec ttatccggta actatcgtet tgagtccaac ccggaaagac atgcaaaage
5101 accactggcea gecagecactg gtaattgatt tagaggagtt agtcttgaag tcatgegecg
5161 gttaaggcta aactgaaagg acaagttttg gtgactgcge tcctccaage cagttaccte
5221 ggttcaaaga gttggtaget cagagaacct tcgaaaaacc geectgeaag geggtttttt
5281 cgttttcaga gcaagagatt acgcgcagac caaaacgatc tcaagaagat catcttatta
5341 atcagataaa atatttctag atttcagtgc aatttatctc ttcaaatgta gcacctgaag
5401 tcagccccat acgatataag ttgtaattct catgtttgac agettatcat cgataagctt
5461 ccgatggege gecgagaggc tttacacttt atgetteegg ct
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A2.5. pBMO#36
LOCUS (Bmo#36)\pBMOEI: 5778 bp DNA circular
SOURCE
ORGANISM
COMMENT  This file is created by Vector NTI
http://www.invitrogen.com/
COMMENT VNTDATE|510745607
COMMENT VNTDBDATE|582462583]
COMMENT LSOWNER|
COMMENT VNTNAME|(Bmo#36) pBMOE1:V2|
COMMENT VNTAUTHORNAME|Jeffrey Dietrich|
COMMENT VNTAUTHOREML |jadietrich@berkeley.eduy|
FEATURES Location/Qualifiers
misc_feature 3703..3708
/vntifkey="21"
/label=Xbal\(1770)
misc_feature 2971..3687
/vntitkey="21"
/label=GFP
terminator  3709..3837
/vntifkey="43"
/label=dblTerm
rep origin  complement(3970..4652)
/ApEinfo_fwdcolor=gray50
/ApEinfo_revcolor=gray50
/vntitkey="33"
/label=ColE1
CDS complement(4791..5450)
/ApEinfo_fwdcolor=yellow
/ApEinfo_revcolor=yellow
/vntifkey="4"
/label=AmpR
promoter 2523..2935
/vntifkey="30"
/label=pBMO v1.5.2
misc_feature 2854..2859
/vntifkey="21"
/label=-24
misc_feature 2865..2871
/vntifkey="21"
/label=-12
misc_feature 2883..2883
/vntifkey="21"
/label=Approx\+1
promoter 2849..2871
/vntifkey="30"

21-FEB-2011
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/label=Sigma-54

misc_feature 2936..2970
/vntifkey="21"
/label=Syn\RBS-100000

misc_feature complement(375..2384)
/vntifkey="21"
/label=BmoR

terminator  complement(1..368)
/vntifkey="43"
/label=TrmB

primer bind 5754..25
/vntifkey="28"
/label=D143/D144

promoter complement(2385..2522)
/vntifkey="30"
/label=Sigma70

primer_bind  350..399
/vntitkey="28"
/label=D149F/D150R

primer_bind 2498..2547
/vntifkey="28"
/label=D147F/D148R

primer 2356..2410
/vntitkey="27"
/label=D159

primer complement(2356..2410)
/vutifkey="27"
/label=D160R

primer 1569..1623
/vntifkey="27"
/label=D161

primer 1569..1623
/vutifkey="27"
/label=D162R

stem_loop 2619..2655
/vntifkey="39"
/label=Palindromic\sequence

stem_loop  2619..2632
/vntifkey="39"
/label=01

stem_loop 2642..2655
/vntifkey="39"
/label=02

BASE COUNT 1311a 1609c¢ 1543 g 1315t
ORIGIN
1 agttcaccga caaacaacag ataaaacgaa aggcccagtc tttcgactga gectttcgtt
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61 ttatttgatg cctggcagtt ccctactctc geatggggag accccacact accatcggeg

121 ctacggcegtt tcacttctga gttcggeatg gggtcaggtg ggaccaccge getactgecg

181 ccaggcaaat tctgttttat cagaccgctt ctgegttctg atttaatctg tatcaggetg

241 aaaatcttct ctcatccgec aaaacageca agetggagac cgtttaaact caatgatgat

301 gatgatgatg gtcgacggcg ctattcagat cctettctga gatgagtttt tgttcgggee

361 caagcttcag atccctatgt geccgatccge gactggetce aatgtgeegg tcggtgacaa

421 ccggttggtg aaagttgect cagettgcgg tagatcgtgg tccggetgac ccccaactge

481 cgtgeggcga ccgatatatt tcectegttt tgctegateg cetgetcgat ggeatccaac

541 gcgagatctt gcaacttttt ggcaggaccg cttcccgacg ccggetgteg cgegegatge
601 gcegeegteg aaccgtette ctegateggt cggaggeccg aatcgaccte catgacgaag
661 tcttcgggga ggtgatgggg ctcaatgaca tggecgtegt cgageatgge aagegetgea
721 tcgagaacgt tatgtagttg gcgtaggttg ccgggccacg catgecgcett gaagagegte
781 atcacttctg ggctcacgcet gtagtgegge tegeceeege aacactgaaa gaggatatgg
841 ttaaccaggg cggcaaggtc gectacgttga cgecaggggtg gecagegagat cgecageecg
901 ttcaggcggt agtagaggtc ttcgecggaac tggeecetgeg ctatcagget gegeaaattg
961 cggtgcgtcg cgcataccag cgeaatgteg accggeatag gttcgegace gecgagggge
1021 atcactgecee ggtcctgtag aaccegeage agtetggtct gecageceegg cgecatgtet
1081 ccgatctegt cgaggaacaa cgtgeecgeeg tgggectggg cgaccttgee gatgttgect
1141 ttgegecgte cgecagtgaa ggeccecttet tegtatccga aaagetcgga ctegatcaaa
1201 ccctegggta tggeggegea attgacggea acgaacggece cettgettet cgggeteteg
1261 gcatgcagat gettggcgaa cacttcettg ccggeacceg tetcgeectg gatgaggatg
1321 ctgaggttge ggcegatege geggegggeg cggtcaateg cgaggeggac tgetgegteg
1381 cccgtgtceca gegaatccag aggeegeggt gecggecgag gagggegggece gtgggcggce
1441 ggacgtggcg gaacacgcag geccggttee actcgggegt agacctgaac geegeegtag
1501 agcgagacge ggacgagace gaaggeggac tgeccgeacgt ggtcgagaaa ggecccgaaa
1561 ttcaagtcga agacggaatc gaaacggtga tcggegacgg cctccaggtt gageectgeg
1621 atcttgagcc cagcacggtt catcgagacg atggttcect cgegegacag cacggetate
1681 ccttcgegea tegttccgac gaagteggge cgeacatgaa agtgecageag aatgcaatcg
1741 gcaaaggtct ggcggaacaa ctgattcteg atgaattgea ccgecatetg aacaaaggga
1801 atcggaaccg ggcccatgte ccccgeatat ccgetgatat ccagaattee ggtgaacteg
1861 ccgaacggat cgtagatcgg cgeecgeggte caggtgaaaa tegtattcga ctcgaggtag
1921 tgctetgege cgtggatcge tacgggecte ctetcegega gegeggttee catggceattg
1981 gtgectcggg cgtgttegte ccagecagacg cccaccegea cggeeeggeg gegggegtet
2041 tcaaggaggg tgtcgtttce ctggttcage agecacgacge ceegttegte gttcaggatg
2101 atcatcctgg gggegtcgtt catctgetee atcaacgegt cgacgaccgg ctcggeagea
2161 aggatcagcg ccegcettgge ctcaaccgtt tcgtcaageg cegttcgegg gatcgggteg
2221 aactcctgge gggcattggg aacgacacct tcagcacgac accgggteca cgagegeaaa
2281 acgacatcag ccactttcce cggetgacac tegttgeegt cccagaccge tetgegeate
2341 gacgcgactg tctccagecg cgegaactct tgcatettgg acataccgte tectcattca
2401 cctctgtcgg gegaattgct tatcttcgeg agtetetect cgetgtegag agetttagea

2461 aaaccataat agcacgtggg aaattttggt ggtatctgec cgetcaaggt cacctcaagg
2521 tcccacagat agtaggtget geggetgete atgetectgt cgeggtageg cgetgttacg
2581 cgaccgceece cggacctegg cggacagege ggaagattgg aaacageccg agegtgegtg
2641 cctcgggctg catccttgee acacccaace ggattegtcg gaccgetcga cattcgegtt
2701 cgcteeegeg gegeegeggg tgtacegttg cgttacagat gtacecttcet ttaacgtgta
2761 acacacgcct ggageggeca agageccege accttgegge gegtettcee caggggecca
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2821 ccggttgcgg ccttttgetg cgaccgteca tgetggeacg acacttgetg aaagegttag
2881 agcggaatcg gtccgatgga geattcgaag ccgetaccga cagcagaaca cacaatattt
2941 tattacgcag aatagataag gagggcgaga atgagtaaag gagaagaact tttcactgga
3001 gttgtcccaa ttcttgttga attagatggt gatgttaatg ggcacaaatt ttctgtcagt

3061 ggagagggtg aaggtgatgc aacatacgga aaacttacce ttaaatttat ttgcactact
3121 ggaaaactac ctgttccgtg geccaacactt gtcactactt tctcttatgg tgttcaatge
3181 ttttccegtt atccggatea catgaaacgg catgactttt tcaagagtge catgeccgaa
3241 ggttatgtac aggaacgcac tatatctttc aaagatgacg ggaactacaa gacgegtgct
3301 gaagtcaagt ttgaaggtga tacccttgtt aatcgtatcg agttaaaagg tattgatttt
3361 aaagaagatg gaaacattct cggacacaaa ctggagtaca actataactc acacaatgta
3421 tacatcacgg cagacaaaca aaagaatgga atcaaagcta acttcaaaat tcgccacaac
3481 attgaagatg gctccgttca actagcagac cattatcaac aaaatactcc aattggcgat
3541 ggccctgtece ttttaccaga caaccattac ctgtccacac aatctgecct ttcgaaagat
3601 cccaacgaaa agcgtgacca catggtectt cttgagtttg taactgetge tgggattaca
3661 catggcatgg atgagctcta caaataagga tcctaactcg agtctagacc aggceatcaaa
3721 taaaacgaaa ggctcagtcg aaagactggg cctttcgttt tatctgttgt ttgtcggtga
3781 acgctctcta ctagagtcac actggcetcac cttegggtgg gectttetge gtttatacet
3841 aggcgttcgg ctgcggegag cggtatcage tcactcaaag geggtaatac ggttatccac

3901 agaatcaggg gataacgcag gaaagaacat gtgagcaaaa ggccagcaaa aggecaggaa

3961 ccgtaaaaag gecegegttge tggegttttt ccataggcetc cgecececctg acgageatca
4021 caaaaatcga cgctcaagtc agaggtggcg aaacccgaca ggactataaa gataccagge
4081 gtttcceect ggaageteece tegtgegete tectgttceg accetgecge ttaccggata
4141 cctgtcegee ttteteectt cgggaagegt ggegctttct caatgetcac getgtaggta
4201 tctcagttcg gtgtaggtcg ttcgetccaa getgggcetgt gtgecacgaac ceeecgttca
4261 geecgaccge tgegecttat ceggtaacta tegtcttgag tccaaccegg taagacacga
4321 cttatcgcca ctggcageag ccactggtaa caggattage agagegaggt atgtaggegg
4381 tgctacagag ttcttgaagt ggtggectaa ctacggcetac actagaagga cagtatttgg
4441 tatctgcgcet ctgctgaage cagttacctt cggaaaaaga gttggtaget cttgatcegg
4501 caaacaaacc accgctggta geggtggttt ttttgtttge aagcageaga ttacgegeag
4561 aaaaaaagga tctcaagaag atcctttgat cttttctacg gggtctgacg ctcagtggaa
4621 cgaaaactca cgttaaggga ttttggtcat gactagtgcet tggattctca ccaataaaaa
4681 acgcccggeg gecaaccgage gttetgaaca aatccagatg gagttctgag gteattactg
4741 gatctatcaa caggagtcca agcgagcetcg taaacttggt ctgacagtta ccaatgctta
4801 atcagtgagg cacctatctc agcgatetgt ctatttcgtt catccatagt tgcctgactc
4861 ccegtegtgt agataactac gatacgggag ggettaccat ctggecceag tgetgcaatg
4921 ataccgcgag acccacgete accggetcca gatttatcag caataaacca gecagecgga
4981 agggccgage gecagaagtgg tectgeaact ttatcegect ccatcecagte tattaattgt
5041 tgccgggaag ctagagtaag tagttcgeca gttaatagtt tgcgcaacgt tgttgccatt
5101 gctacaggca tcgtggtgtc acgctegteg tttggtatgg cttcattcag cteccggttee
5161 caacgatcaa ggcgagttac atgatccccc atgttgtgca aaaaageggt tagcetecttc
5221 ggtecteega tegttgtcag aagtaagttg gecgeagtgt tatcactcat ggttatggea
5281 gcactgcata attctcttac tgtcatgeca tccgtaagat gettttetgt gactggtgag
5341 tactcaacca agtcattctg agaatagtgt atgcggcgac cgagttgcte ttgeceggeg
5401 tcaatacggg ataataccgc gccacatage agaactttaa aagtgctcat cattggaaaa
5461 cgttcttcgg ggcgaaaact ctcaaggatc ttaccgetgt tgagatccag ttcgatgtaa
5521 cccactegtg cacccaactg atcttcagea tettttactt tcaccagegt ttetgggtga
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5581 gcaaaaacag gaaggcaaaa tgccgcaaaa aagggaataa gggegacacg gaaatgttga
5641 atactcatac tcttcctttt tcaatattat tgaagcattt atcagggtta ttgtctcatg

5701 agcggataca tatttgaatg tatttagaaa aataaacaaa taggggttcc gcgceacattt

5761 cccegaaaag tgecacct

149



A2.6. pBMO#40
LOCUS (Bmo#40)\pBMOSI: 7194 bp DNA circular
SOURCE
ORGANISM
COMMENT This file is created by Vector NTI
http://www.invitrogen.com/
COMMENT VNTDATE|520598609|
COMMENT VNTDBDATE|520601468|
COMMENT LSOWNER|
COMMENT VNTNAME|(Bmo#40) pPBMOS1:V2|
COMMENT VNTAUTHORNAME|Jeffrey Dietrich|
COMMENT VNTAUTHOREML|jadietrich@berkeley.edu|
FEATURES Location/Qualifiers
misc_feature 3703..3708
/vntifkey="21"
/label=Xbal\(1770)
misc_feature 2971..3687
/vntitkey="21"
/label=GFP
terminator  3709..3837
/vntifkey="43"
/label=dblTerm
CDS complement(6207..6866)
/ApEinfo_fwdcolor=yellow
/ApEinfo_revcolor=yellow
/vntitkey="4"
/label=AmpR
promoter 2523..2935
/vntifkey="30"
/label=pBMO v1.5.2
misc_feature 2854..2859
/vntifkey="21"
/label=-24
misc_feature 2865..2871
/vntifkey="21"
/label=-12
misc_feature 2883..2883
/vntifkey="21"
/label=Approx\+1
promoter 2849..2871
/vntifkey="30"
/label=Sigma-54
misc_feature 2936..2970
/vntifkey="21"
/label=Syn\RBS-100000
misc_feature complement(375..2384)

9-JUN-2009
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/vntifkey="21"
/label=BmoR

terminator  complement(1..368)
/vntifkey="43"
/label=TrrmB

primer bind 7170..25
/vntitkey="28"
/label=D143/D144

promoter complement(2385..2522)
/vntifkey="30"
/label=Sigma70

primer bind 350..399
/vntitkey="28"
/label=D149F/D150R

primer _bind  2498..2547
/vntitkey="28"
/label=D147F/D148R

rep_origin  complement(3839..6067)
/vntifkey="33"
/label=pSC101**\ori

misc_feature complement(5305..5312)
/vntitkey="21"
/label=Origin\start\codon

/note="See paper for description of hairpins and protein coding region. Spel lies

just before one of the hairpins at positin 400 (in paper)
http://www.pnas.org/content/80/21/6557 full.pdf"
mutation 5381..5381
/vntifkey="62"
/label=T>A
primer bind 3834..3863
/vntifkey="28"
/label=F99
primer_bind complement(6046..6078)
/vntifkey="28"
/label=F100
primer bind 5369..5408
/vntifkey="28"
/label=F101F
misc_feature complement(5358..5394)
/vntifkey="21"
/label=F102R
BASE COUNT 1668a 1855c 1766g 1905t
ORIGIN
1 agttcaccga caaacaacag ataaaacgaa aggcccagtc tttcgactga gectttcgtt
61 ttatttgatg cctggceagtt ccctactcte geatggggag acceccacact accatcggeg
121 ctacggegtt tcacttctga gttcggeatg gggtcaggtg ggaccaccge getactgeeg
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181 ccaggcaaat tctgttttat cagaccgcett ctgegttetg atttaatctg tatcaggetg

241 aaaatcttct ctcatccgec aaaacagcca agetggagac cgtttaaact caatgatgat

301 gatgatgatg gtcgacggcg ctattcagat cctettctga gatgagtttt tgttcgggee

361 caagcttcag atccctatgt geccgatccge gactggetce aatgtgeegg tcggtgacaa
421 ccggttggtg aaagttgect cagettgegg tagatcgtgg tccggetgac ceccaactge

481 cgtgecggcga ccgatatatt tcectegttt tgctegateg cetgetegat ggeatccaac

541 gcgagatctt gcaacttttt ggcaggaccg cttcccgacg ccggetgteg cgegegatge
601 gcegeegteg aaccgtette ctegateggt cggaggeccg aatcgaccte catgacgaag
661 tcttcgggga ggtgatgggg ctcaatgaca tggecgtegt cgageatgge aagegetgea
721 tcgagaacgt tatgtagttg gcgtaggttg ccgggccacg catgecgcett gaagagegte
781 atcacttctg ggctcacgcet gtagtgegge tegeceeege aacactgaaa gaggatatgg
841 ttaaccaggg cggcaaggtc getacgttga cgcaggggtg gcagegagat cgecageeeg
901 ttcaggcggt agtagaggtc ttcgeggaac tggeectgeg ctatcagget gecgeaaattg
961 cggtgcgtcg cgcataccag cgeaatgteg accggeatag gttcgegace gecgagggge
1021 atcactgecee ggtectgtag aaccegeage agtetggtct gecageceegg cgecatgtet
1081 ccgatctegt cgaggaacaa cgtgeecgeeg tgggectggg cgaccttgee gatgttgect
1141 ttgegecgte cgecagtgaa ggeccecttet tegtatccga aaagetcgga ctegatcaaa
1201 ccctegggta tggeggegea attgacggea acgaacggece cettgettet cgggeteteg
1261 gcatgcagat gettggcgaa cacttcettg ccggeacccg tetcgeectg gatgaggatg
1321 ctgaggttge ggcecgatege geggegggeg cggtcaatcg cgaggeggac tgetgegteg
1381 cccgtgtceca gegaatccag aggeegeggt gecggecgag gagggegggce gtgggeggcc
1441 ggacgtggcg gaacacgcag geceggttee actcgggegt agacctgaac geegeegtag
1501 agcgagacge ggacgagacce gaaggeggac tgecegeacgt ggtcgagaaa ggecccgaaa
1561 ttcaagtcga agacggaatc gaaacggtga tcggecgacgg cctccaggtt gageectgeg
1621 atcttgagec cagcacggtt catcgagacg atggttcect cgegegacag cacggcetate
1681 ccttcgegea tegttccgac gaagtcgggg cgeacatgaa agtgecageag aatgeaateg
1741 gcaaaggtct ggcggaacaa ctgattcteg atgaattgea ccgecatetg aacaaaggga
1801 atcggaaccg ggcccatgte ccccgeatat cecgetgatat ccagaattee ggtgaacteg
1861 ccgaacggat cgtagatcgg cgeecgeggte caggtgaaaa tegtattcga ctcgaggtag
1921 tgctetgege cgtggatcge tacgggecte ctetcegega gegeggttee catggceattg
1981 gtgectcggg cgtgttegte ccagecagacg cccaccegea cggeeeggeg gegggegtet
2041 tcaaggaggg tgtcgtttce ctggttcage agecacgacge ceegttegte gttcaggatg
2101 atcatcctgg gggegtcgtt catetgetee atcaacgegt cgacgaccgg ctcggeagea
2161 aggatcagcg ccegcettgge ctcaaccgtt tcgtcaageg cegttcgegg gatcgggteg
2221 aactcctgge gggcattggg aacgacacct tcagcacgac accgggteca cgagegeaaa
2281 acgacatcag ccactttcce cggetgacac tegttgeegt cccagaccge tetgegeate
2341 gacgcgactg tctccagecg cgegaactct tgeatettgg acataccgte tecteattea
2401 cctctgtcgg gegaattgct tatcttcgeg agtetetect cgetgtegag agetttagea

2461 aaaccataat agcacgtggg aaattttggt ggtatctgec cgetcaaggt cacctcaagg
2521 tcccacagat agtaggtget geggetgete atgetectgt cgeggtageg cgetgttacg
2581 cgaccgeece cggacctegg cggacagege ggaagattgg aaacageccg agegtgegtg
2641 cctcgggetg catccttgee acacccaacc ggattegtcg gaccgetcga cattcgegtt
2701 cgcteeegeg gegecgeggg tgtacegttg cgttacagat gtacecttct ttaacgtgta
2761 acacacgcct ggageggeca agageccege accttgegge gegtettcee caggggecca
2821 ccggttgcgg ccttttgetg cgaccgteca tgetggeacg acacttgetg aaagegttag
2881 agcggaatcg gtecgatgga geattcgaag cegetaccga cageagaaca cacaatattt
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2941 tattacgcag aatagataag gagggcgaga atgagtaaag gagaagaact tttcactgga
3001 gttgtcccaa ttcttgttga attagatggt gatgttaatg ggcacaaatt ttctgtcagt
3061 ggagagggtg aaggtgatgc aacatacgga aaacttaccc ttaaatttat ttgcactact
3121 ggaaaactac ctgttccgtg geccaacactt gtcactactt tctcttatgg tgttcaatge
3181 ttttccegtt atccggatea catgaaacgg catgactttt tcaagagtge catgecccgaa
3241 ggttatgtac aggaacgcac tatatctttc aaagatgacg ggaactacaa gacgegtgct
3301 gaagtcaagt ttgaaggtga tacccttgtt aatcgtatcg agttaaaagg tattgatttt
3361 aaagaagatg gaaacattct cggacacaaa ctggagtaca actataactc acacaatgta
3421 tacatcacgg cagacaaaca aaagaatgga atcaaagcta acttcaaaat tcgccacaac
3481 attgaagatg gctccgttca actagcagac cattatcaac aaaatactcc aattggcgat
3541 ggccctgtece ttttaccaga caaccattac ctgtccacac aatctgecct ttcgaaagat
3601 cccaacgaaa agcgtgacca catggtcctt cttgagtttg taactgetge tgggattaca
3661 catggcatgg atgagctcta caaataagga tcctaactcg agtctagacc aggceatcaaa
3721 taaaacgaaa ggctcagtcg aaagactggg cctttcgttt tatctgttgt ttgtcggtga
3781 acgctctcta ctagagtcac actggcetcac cttegggtgg gectttetge gtttatacct
3841 agggtacggg ttttgctgee cgcaaacggg ctgttctggt gttgetagtt tgttatcaga
3901 atcgcagatc cggcttcage cggtttgeeg getgaaageg ctatttettc cagaattgee
3961 atgatttttt ccccacggga ggegtcactg geteeegtgt tgtcggeage tttgattega
4021 taagcagcat cgcctgtttc aggetgtcta tgtgtgactg ttgagetgta acaagttgtc
4081 tcaggtgttc aatttcatgt tctagttget ttgttttact ggtttcacct gttctattag

4141 gtgttacatg ctgttcatct gttacattgt cgatctgttc atggtgaaca getttgaatg
4201 caccaaaaac tcgtaaaagc tctgatgtat ctatcttttt tacaccgttt tcatctgtge
4261 atatggacag ttttcccttt gatatgtaac ggtgaacagt tgttctactt ttgtttgtta

4321 gtettgatge ttcactgata gatacaagag ccataagaac ctcagatcect tcegtattta
4381 gccagtatgt tctctagtgt ggttegttgt ttttgegtga gecatgagaa cgaaccattg
4441 agatcatact tactttgcat gtcactcaaa aattttgcct caaaactggt gagetgaatt
4501 tttgcagtta aagcatcgtg tagtgttttt cttagtccgt tatgtaggta ggaatctgat
4561 gtaatggttg ttggtatttt gtcaccattc atttttatct ggttgttcte aagttcggtt

4621 acgagatcca tttgtctatc tagttcaact tggaaaatca acgtatcagt cgggeggect
4681 cgcttatcaa ccaccaattt catattgetg taagtgttta aatctttact tattggtttc

4741 aaaacccatt ggttaagect tttaaactca tggtagttat tttcaagcat taacatgaac
4801 ttaaattcat caaggctaat ctctatattt gecttgtgag ttttcttttg tgttagttct

4861 tttaataacc actcataaat cctcatagag tatttgtttt caaaagactt aacatgttcc
4921 agattatatt ttatgaattt ttttaactgg aaaagataag gcaatatctc ttcactaaaa

4981 actaattcta atttttcgct tgagaacttg geatagtttg tccactggaa aatctcaaag
5041 cctttaacca aaggattcct gatttccaca gttctcgtea tcagcetctet ggttgcttta
5101 gctaatacac cataagcatt ttccctactg atgttcatca tctgagegta ttggttataa
5161 gtgaacgata ccgtecgttc tttccttgta gggttttcaa tegtggggtt gagtagtgee
5221 acacagcata aaattagctt ggtttcatge tccgttaagt catagegact aatcgctagt
5281 tcatttgctt tgaaaacaac taattcagac atacatctca attggtctag gtgattttaa
5341 tcactatacc aattgagatg ggctagtcaa tgataattac aagtcctttt cccgggtgat
5401 ctgggtatct gtaaattctg ctagaccttt gctggaaaac ttgtaaatte tgctagacce
5461 tctgtaaatt ccgctagacc tttgtgtgtt ttttttgttt atattcaagt ggttataatt

5521 tatagaataa agaaagaata aaaaaagata aaaagaatag atcccagccc tgtgtataac
5581 tcactacttt agtcagttcc gcagtattac aaaaggatgt cgcaaacgct gtttgetect
5641 ctacaaaaca gaccttaaaa ccctaaaggc ttaagtagca ccctcgecaag ctcgggeaaa
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5701 tcgctgaata ttccttttgt ctccgaccat caggeacctg agtcgetgtc tttttcgtga
5761 cattcagttc gctgegetca cggetetgge agtgaatggg ggtaaatgge actacaggeg
5821 ccttttatgg attcatgcaa ggaaactacc cataatacaa gaaaagcccg tcacgggcett
5881 ctcagggcgt tttatggegg gtetgetatg tggtgctate tgactttttg ctgttcagea
5941 gttectgecec tetgattttc cagtctgace acttcggatt atcccgtgac aggtcattca
6001 gactggctaa tgcacccagt aaggcagegg tatcatcaac aggcttacce gtettactgt
6061 ccctagtact agtgcttgga ttctcaccaa taaaaaacgc ccggeggeaa ccgagegtte
6121 tgaacaaatc cagatggagt tctgaggtca ttactggatc tatcaacagg agtccaageg
6181 agctcgtaaa cttggtctga cagttaccaa tgcttaatca gtgaggcacc tatctcageg
6241 atctgtctat ttcgttcatc catagttgee tgactcececg tegtgtagat aactacgata
6301 cgggagggct taccatctgg ccccagtget geaatgatac cgegagaccce acgetcaccg
6361 gctccagatt tatcagcaat aaaccagcca gecggaaggg ccgagegeag aagtggtect
6421 gcaactttat ccgectecat ccagtetatt aattgttgee gggaagetag agtaagtagt
6481 tcgccagtta atagtttgcg caacgttgtt gecattgeta caggeategt ggtgtcacge
6541 tcgtegtttg gtatggctte attcagetce ggttcccaac gatcaaggeg agttacatga
6601 tcccccatgt tgtgcaaaaa ageggttage tecttcggte ctecgategt tgtcagaagt
6661 aagttggccg cagtgttatc actcatggtt atggcagcac tgcataattc tcttactgte
6721 atgccatccg taagatgcett ttctgtgact ggtgagtact caaccaagtc attctgagaa
6781 tagtgtatgc ggcgaccgag ttgetettge ccggegtcaa tacgggataa taccgegeca
6841 catagcagaa ctttaaaagt gctcatcatt ggaaaacgtt cttcggggeg aaaactctca
6901 aggatcttac cgctgttgag atccagttcg atgtaaccca ctegtgeace caactgatct
6961 tcagcatctt ttactttcac cagcgtttct gggtgagcaa aaacaggaag gcaaaatgec
7021 gcaaaaaagg gaataagggc gacacggaaa tgttgaatac tcatactctt cctttttcaa
7081 tattattgaa gcatttatca gggttattgt ctcatgagecg gatacatatt tgaatgtatt

7141 tagaaaaata aacaaatagg ggttccgege acatttccce gaaaagtgece acct
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A2.7. pPBMO#41
LOCUS (Bmo#41)\pBMOEI: 7023 bp DNA circular
SOURCE
ORGANISM
COMMENT  This file is created by Vector NTI
http://www.invitrogen.com/
COMMENT VNTDATE|544800387
COMMENT VNTDBDATE|548329116]
COMMENT LSOWNER|
COMMENT VNTNAME|(Bmo#41) pBMOE1:V3]|
COMMENT VNTAUTHORNAME|Jeffrey Dietrich|
COMMENT VNTAUTHOREML |jadietrich@berkeley.eduy|
FEATURES Location/Qualifiers
N_region 4948..4953
/vntifkey="24"
/label=Xbal\(1770)
misc_feature 4216..4932
/vntitkey="21"
/label=GFP
terminator  4954..5082
/vntifkey="43"
/label=dblTerm
rep_origin  complement(5215..5897)
/ApEinfo_fwdcolor=gray50
/ApEinfo_revcolor=gray50
/vntitkey="33"
/label=ColE1
CDS complement(6036..6695)
/ApEinfo_fwdcolor=yellow
/ApEinfo_revcolor=yellow
/vntifkey="4"
/label=AmpR
promoter 2523..2935
/vntifkey="30"
/label=pBMO v1.5.2
misc_feature 2854..2859
/vntifkey="21"
/label=-24
misc_feature 2865..2871
/vntifkey="21"
/label=-12
misc_feature 2883..2883
/vntifkey="21"
/label=Approx\+1
promoter 2849..2871
/vntifkey="30"

10-MAR-2010
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/label=Sigma-54

misc_feature 2936..2970
/vntifkey="21"
/label=Syn\RBS-100000

misc_feature complement(375..2384)
/vntifkey="21"
/label=BmoR

terminator  complement(1..368)
/vntifkey="43"
/label=TrmB

primer bind 6999..25
/vntifkey="28"
/label=D143F/D144R

promoter complement(2385..2522)
/vntifkey="30"
/label=Sigma70

primer_bind  350..399
/vntitkey="28"
/label=D149F/D150R

primer_bind 2498..2547
/vntifkey="28"
/label=D147F/D148R

CDS 2971..4167
/gene="tetA"
/product="TetA"
/SECDrawAs="Gene"
/vntifkey="4"
/label=tetA

primer_bind  3830..3859
/vntifkey="28"
/label=Z38

repeat_region 4168..4215
/vntifkey="34"
/label=Linker

primer 4196..4245
/vntifkey="27"
/label=D163

primer complement(4166..4215)
/vntifkey="27"
/label=D164R

primer 4131..4190
/vntifkey="27"
/label=D165F
/note="D165F"

primer complement(2912..2961)
/vntifkey="27"
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/label=D89R

primer complement(4101..4160)
/vntifkey="27"
/label=D166R

primer 2941..3000
/vntifkey="27"
/label=D167F/D168R

primer 4903..4962
/vntifkey="27"
/label=D169/D170

primer complement(2624..2646)
/vntifkey="27"
/label=D84R

misc_feature 4933..4938
/vntifkey="21"
/label=BamHI

primer 2523..2545
/vntitkey="27"
/label=D78

primer_bind complement(2989..3015)
/vntifkey="28"
/label=Z101R

primer bind 6974..7023
/vntitkey="28"
/label=D180F

primer_bind complement(6949..6998)
/vntifkey="28"
/label=D181R

primer_bind  6924..6973
/vntifkey="28"
/label=D182F

primer bind complement(2911..2970)
/vntifkey="28"
/label=D183R

primer 2881..2940
/vntifkey="27"
/label=D184F

primer bind 2971..3030
/vntifkey="28"
/label=D185F

primer complement(3001..3060)
/vntifkey="27"
/label=D186R

iDNA 3900..4585
/vntifkey="13"
/label=Z38
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iDNA 6700..550
/vntifkey="13"
/label=Seq\S1

iDNA 1985..2940
/vntitkey="13"
/label=Seq\Z101

iDNA 4425..5150
/vntifkey="13"
/label=S5

iDNA 1610..2475

/vntifkey="13"
/label=Seq\Z34
BASE COUNT 1483a 1997c 1949g 1594t
ORIGIN

1 agttcaccga caaacaacag ataaaacgaa aggcccagtc tttcgactga gectttcgtt
61 ttatttgatg cctggcagtt ccctactctc geatggggag accccacact accatcggeg
121 ctacggegtt tcacttctga gttcggeatg gggtcaggtg ggaccacege getactgeeg
181 ccaggcaaat tctgttttat cagaccgctt ctgegttctg atttaatctg tatcaggetg
241 aaaatcttct ctcatccgee aaaacagcca agetggagac cgtttaaact caatgatgat
301 gatgatgatg gtcgacggcg ctattcagat cctettctga gatgagtttt tgttcgggee
361 caagcttcag atccctatgt gecgatcege gactggetee aatgtgecgg teggtgacaa
421 ccggttggtg aaagttgect cagettgecgg tagatcgtgg tccggetgac cecccaactge
481 cgtgeggega cegatatatt tecetegttt tgetcgateg cetgetegat ggeatccaac
541 gcgagatctt gcaacttttt ggcaggaccg cttcccgacg ccggetgteg cgegegatge
601 geegeegteg aaccgtette ctcgatcggt cggaggeceg aatcgaccte catgacgaag
661 tcttcgggga ggtgatgggg ctcaatgaca tggeegtegt cgageatgge aagegetgea
721 tcgagaacgt tatgtagttg gegtaggttg ccgggecacg catgeegett gaagagegte
781 atcacttctg ggctcacgcet gtagtgegge tecgecceege aacactgaaa gaggatatgg
841 ttaaccaggg cggcaaggtce getacgttga cgecaggggtg gecagegagat cgecageccg
901 ttcaggcggt agtagaggtc ttcgecggaac tggeeetgeg ctatcagget gegeaaattg
961 cggtgegteg cgeataccag cgeaatgteg accggeatag gttcgegace gecgagggge
1021 atcactgeec ggtectgtag aaccegeage agtetggtct gcageceegg cgecatgtet
1081 ccgatctegt cgaggaacaa cgtgeegeeg tgggectggg cgaccttgee gatgttgect
1141 ttgcgeegte cgecagtgaa ggececttet tegtatccga aaagetcgga ctcgatcaaa
1201 ccctcgggta tggeggegea attgacggea acgaacggcec cettgettet cgggeteteg
1261 gcatgcagat gettggegaa cacttcettg ccggeacecg tetcgeeetg gatgaggatg
1321 ctgaggttge ggecgatege geggegggeg cggtecaatcg cgaggeggac tgetgegteg
1381 ccegtgteca gegaatccag aggecgeggt geecggecgag gagggeggge gtgggeggec
1441 ggacgtggeg gaacacgeag geecggttee actcgggegt agacctgaac geegeegtag
1501 agcgagacge ggacgagace gaaggeggac tgcegeacgt ggtcgagaaa ggecccgaaa
1561 ttcaagtcga agacggaatc gaaacggtga tcggegacgg cctccaggtt gageectgeg
1621 atcttgagce cagcacggtt catcgagacg atggttcect cgegegacag cacggetate
1681 ccttcgegea tegttccgac gaagtcgggg cgcacatgaa agtgeageag aatgcaatcg
1741 gcaaaggtct ggcggaacaa ctgattcteg atgaattgea ccgecatetg aacaaaggga
1801 atcggaaccg ggcccatgte cccegeatat ccgetgatat ccagaattee ggtgaacteg
1861 ccgaacggat cgtagatcgg cgeecgeggte caggtgaaaa tegtattcga ctcgaggtag
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1921 tgctetgege cgtggatcge tacgggectc ctetccgega gegeggttee catggeattg
1981 gtgcctcggg cgtgttcgte ccagecagacg cccaccecgea cggeecggeg gegggegtet
2041 tcaaggaggg tgtcgtttce ctggttcage agcacgacge cecgttcgte gttcaggatg
2101 atcatcctgg gggcgtcgtt catctgetee atcaacgegt cgacgaccgg ctcggeagea
2161 aggatcagcg cccgcettgge ctcaaccgtt tegtcaageg cegttcgegg gatcgggteg
2221 aactcctgge gggcattggg aacgacacct tcagcacgac accgggtcca cgagegceaaa
2281 acgacatcag ccactttcce cggetgacac tegttgeegt cccagaccge tetgegceate
2341 gacgcgactg tctccagecg cgegaactct tgcatettgg acataccgte tectcattca
2401 cctetgtcgg gegaattget tatcttcgeg agtetctect cgetgtcgag agetttagea

2461 aaaccataat agcacgtggg aaattttggt ggtatctgec cgetcaaggt cacctcaagg
2521 tcccacagat agtaggtget gecggetgete atgetectgt cgeggtageg cgetgttacg
2581 cgaccgecce cggacctcgg cggacagege ggaagattgg aaacageccg agegtgegtg
2641 cctcgggetg catecttgee acacccaace ggattcgtcg gaccgetcga cattcgegtt
2701 cgceteeegeg gegeegeggg tgtacegttg cgttacagat gtacccttct ttaacgtgta
2761 acacacgcct ggageggeca agageccege accttgegge gegtetteee caggggecca
2821 ccggttgcgg ccttttgetg cgaccgteca tgetggeacg acacttgetg aaagegttag
2881 agcggaatcg gtccgatgga geattcgaag cecgetaccga cagcagaaca cacaatattt
2941 tattacgcag aatagataag gagggcgaga atgaaaccca acatacccct gatcgtaatt
3001 ctgagcactg tcgegetecga cgetgtegge atcggectga ttatgecggt getgeeggge
3061 ctectgegeg atetggttea ctcgaacgac gtcaccgecce actatggeat tetgetggeg
3121 ctgtatgegt tggtgcaatt tgcctgegea cetgtgetgg gegegetgte ggategttte
3181 gggeggeggc caatcttget cgtetcgetg geecggegeca ctgtecgacta cgecatcatg
3241 gcgacagegc ctttectttg ggttctctat atcgggegga tegtggeegg catcaccggg
3301 gcgactgggg cggtageegg cgcettatatt geccgatatca ctgatggega tgagegegeg
3361 cggcacttcg gettcatgag cgectgtttc gggttcggga tggtegeggg acctgtgete
3421 ggtgggctga tgggeggttt ctccecececac geteegttet tecgecgegge agecttgaac
3481 ggcctcaatt tcctgacggg ctgtttectt ttgeccggagt cgecacaaagg cgaacgeegg
3541 ccgttacgce gggaggctct caaccegcete gettegttee ggtgggcceg gggeatgace
3601 gtegtcgeeg cectgatgge ggtettette atcatgeaac ttgtcggaca ggtgecggee
3661 gegctttggg teattttcgg cgaggatcge tttcactggg acgegaccac gatcggeatt
3721 tcgcettgeeg catttggeat tetgeattca ctegeccagg caatgatcac cggecctgta
3781 geegeeegge teggegaaag gegggeacte atgetcggaa tgattgecga cggeacagge
3841 tacatcctgce ttgecttcge gacacgggga tggatggegt tccegatcat ggtectgctt
3901 gcettegggte geatcggaat geecggegetg caageaatgt tgtccaggea ggtggatgag
3961 gaacgtcagg ggcagctgea aggetcactg gcggegetea ccagectgac ctcgategte
4021 ggacccctcc tettcacgge gatctatgeg gettctataa caacgtggaa cgggtgggca
4081 tggattgcag gecgetgecct ctacttgete tgeetgeegg cgetgegteg cgggctttgg
4141 agcggegeag ggcaacgage cgatcgegge ggtggaageg geggeggcte cggtggtggt
4201 tctggaggcg gttctatgag taaaggagaa gaacttttca ctggagttgt cccaattctt
4261 gttgaattag atggtgatgt taatgggcac aaattttctg tcagtggaga gggtgaaggt
4321 gatgcaacat acggaaaact tacccttaaa tttatttgca ctactggaaa actacctgtt

4381 ccgtggcecaa cacttgtcac tactttctet tatggtgtte aatgcttttc cegttatccg

4441 gatcacatga aacggcatga ctttttcaag agtgccatge ccgaaggtta tgtacaggaa
4501 cgcactatat ctttcaaaga tgacgggaac tacaagacgc gtgctgaagt caagtttgaa
4561 ggtgataccc ttgttaatcg tatcgagtta aaaggtattg attttaaaga agatggaaac

4621 attctcggac acaaactgga gtacaactat aactcacaca atgtatacat cacggcagac
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4681 aaacaaaaga atggaatcaa agctaacttc aaaattcgcc acaacattga agatggctee
4741 gttcaactag cagaccatta tcaacaaaat actccaattg gcgatggecc tgtcctttta
4801 ccagacaacc attacctgtc cacacaatct gcectttcga aagatcccaa cgaaaagegt
4861 gaccacatgg tccttettga gtttgtaact getgetggga ttacacatgg catggatgag
4921 ctctacaaat aaggatccta actcgagtct agaccaggcea tcaaataaaa cgaaaggctc
4981 agtcgaaaga ctgggccttt cgttttatct gttgtttgtc ggtgaacgcet ctctactaga
5041 gtcacactgg ctcaccttcg ggtgggcctt tetgegttta tacctaggeg tteggetgeg
5101 gcgageggta tcagetcact caaaggeggt aatacggtta tccacagaat caggggataa

5161 cgcaggaaag aacatgtgag caaaaggcca gecaaaaggec aggaaccgta aaaaggecge

5221 gttgctggeg tttttccata ggetccgece cectgacgag catcacaaaa atcgacgete
5281 aagtcagagg tggcgaaacc cgacaggact ataaagatac caggcegtttc cccctggaag
5341 ctecectegtg cgetetectg ttccgaccect gecgettace ggataccetgt cegectttet
5401 cccttcggga agegtggegce tttetcaatg ctcacgetgt aggtatctea gtteggtgta
5461 ggtcgttcge tccaagetgg getgtgtgea cgaacceece gttcageeeg accgetgege
5521 cttatccggt aactatcgte ttgagtccaa cccggtaaga cacgacttat cgecactgge
5581 agcagccact ggtaacagga ttagcagagc gaggtatgta ggcggtgeta cagagttctt
5641 gaagtggtgg cctaactacg getacactag aaggacagta tttggtatet gegetetget
5701 gaagccagtt accttcggaa aaagagttgg tagcetcttga tccggcaaac aaaccaccge
5761 tggtageggt ggtttttttg tttgcaagea geagattacg cgecagaaaaa aaggatctca
5821 agaagatcct ttgatctttt ctacggggtc tgacgctcag tggaacgaaa actcacgtta
5881 agggattttg gtcatgacta gtgcttggat tctcaccaat aaaaaacgece cggeggeaac
5941 cgagcgttct gaacaaatcc agatggagtt ctgaggtcat tactggatct atcaacagga
6001 gtccaagcga getcgtaaac ttggtctgac agttaccaat gettaatcag tgaggeacct
6061 atctcagcga tctgtctatt tcgttcatce atagttgect gactcceegt cgtgtagata
6121 actacgatac gggagggctt accatctgge cccagtgetg caatgatace gcgagaccca
6181 cgctcaccgg ctccagattt atcagcaata aaccagecag ccggaaggge cgagegeaga
6241 agtggtcctg caactttatc cgectecate cagtetatta attgttgeeg ggaagetaga
6301 gtaagtagtt cgccagttaa tagtttgege aacgttgttg ccattgetac aggeategtg
6361 gtgtcacgcet cgtegtttgg tatggcttca ttcagetecg gttcccaacg atcaaggega
6421 gttacatgat cccccatgtt gtgcaaaaaa geggttaget ccttcggtee tecgategtt
6481 gtcagaagta agttggccge agtgttatca ctcatggtta tggcageact geataattct
6541 cttactgtca tgccatcegt aagatgcettt tctgtgactg gtgagtactc aaccaagtca
6601 ttctgagaat agtgtatgcg gcgaccgagt tgetettgee cggegteaat acgggataat
6661 accgcgecac atagcagaac tttaaaagtg ctcatcattg gaaaacgttc ttcggggega
6721 aaactctcaa ggatcttacc getgttgaga tccagttcga tgtaacceac tegtgeacce
6781 aactgatctt cagcatcttt tactttcacc agegtttctg ggtgagcaaa aacaggaagg
6841 caaaatgccg caaaaaaggg aataagggcg acacggaaat gttgaatact catactctte
6901 ctttttcaat attattgaag catttatcag ggttattgtc tcatgagcgg atacatattt

6961 gaatgtattt agaaaaataa acaaataggg gttccgcgea catttccccg aaaagtgeca
7021 cct
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A2.8. pBMO#50
LOCUS (Bmo#50)\pTrcA2: 12871 bp DNA circular
SOURCE
ORGANISM
COMMENT
ApEinfo:methylated:1
COMMENT This file is created by Vector NTI
http://www.invitrogen.com/
COMMENT ORIGDB|GenBank
COMMENT VNTDATE|517147829]
COMMENT VNTDBDATE|517158080|
COMMENT LSOWNER|
COMMENT VNTNAME|(Bmo#50) pTrcA2:BUT V3|
COMMENT VNTAUTHORNAME)|Jeffrey Dietrich|
COMMENT VNTAUTHOREML |jadietrich@berkeley.edu|
COMMENT VNTOAUTHORNAME|UNKNOWN]|
FEATURES Location/Qualifiers
misc_feature complement(11823..11828)
/ApEinfo_label=rbs
/ApEinfo_fwdcolor=#fcc466
/ApEinfo_revcolor=#fcc466
/vntitkey="21"
/label=rbs
misc_feature complement(137..1219)
/ApEinfo_label=Laclq
/ApEinfo_fwdcolor=#910b6e
/ApEinfo_revcolor=#910b6e
/vntifkey="21"
/label=Laclq
misc_feature 11881..12725
/ApEinfo_label=p15A, OripACYC
/ApEinfo_fwdcolor=#feffbl
/ApEinfo_revcolor=#feffbl
/vntifkey="21"
/label=p15A,\OripACYC
misc_binding 1484..1506
/ApFEinfo_label=LacO
/ApEinfo_fwdcolor=cornflower blue
/ApEinfo_revcolor=cornflower blue
/vntifkey="20"
/label=LacO
misc_feature 10705..10710
/ApEinfo_label=PstI
/ApEinfo_fwdcolor=#0080ff
/ApEinfo_revcolor=#0080ff
/vntifkey="21"

1-MAY-2009
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/label=Pstl

misc_feature 10326..10693
/ApEinfo_label=TrmB
/ApEinfo fwdcolor=#9191ff
/ApEinfo_revcolor=#9191ff
/vntifkey="21"
/label=TrmB

misc_feature 1276..1486
/ApEinfo_label=pTRC
/ApEinfo fwdcolor=#2b2bff
/ApEinfo_revcolor=#2b2bff
/vntifkey="21"
/label=pTRC

misc_feature 10816..11472
/ApEinfo_label=CmR (EcoRI-KO)
/ApEinfo_fwdcolor=#{ff54c
/ApEinfo_revcolor=#fff54c
/vntitkey="21"
/label=CmR\(EcoRI-KO)

misc_feature 1517..1520
/vntifkey="21"
/label=RBS

insertion_seq 1535..6253
/vntitkey="14"
/label=insert

misc_feature 1535..2320
/vntifkey="21"
/label=crt

misc_feature 2334..3473
/vntifkey="21"
/label=bcd

misc_feature 3492..4271
/vntifkey="21"
/label=etfB

misc_feature 4290..5300
/vntifkey="21"
/label=etfA

misc_feature 5405..6253
/vntifkey="21"
/label=hbd

misc_feature 7743..10319
/vntifkey="21"
/label=AdhE2

primer 7713..7771
/vntifkey="27"
/label=F72
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primer bind 10299..10348
/vntifkey="28"
/label=F74

primer bind complement(10299..10348)
/vntifkey="28"
/label=F75

primer bind 1488..1537
/vntifkey="28"
/label=F76F/F77R

misc_binding 6468..6490
/ApEinfo_label=LacO
/ApEinfo fwdcolor=cornflower blue
/ApEinfo_revcolor=cornflower blue
/vntitkey="20"
/label=LacO

misc_feature 6260..6470
/ApEinfo_label=pTRC
/ApEinfo_fwdcolor=#2b2bff
/ApEinfo_revcolor=#2b2bff
/vntitkey="21"
/label=pTRC

RBS 7710..7742
/vntifkey="32"
/label=20K

misc_feature 6525..7709
/vntitkey="21"
/label=AtoB

RBS 6491..6524
/vntifkey="32"
/label=RBS 100k

primer_bind  6232..6289
/vntifkey="28"
/label=F90

primer bind complement(6461..6520)
/vntifkey="28"
/label=F91R

primer_bind  6498..6556
/vntifkey="28"
/label=F92

primer bind complement(7680..7737)
/vntifkey="28"
/label=F93R

BASE COUNT 3890a 2530c 3209g 3242t
ORIGIN
1 gaattcgegg ccgcttctag agttcgegeg cgaaggegaa geggeatgea tttacgttga
61 caccatcgaa tggtgcaaaa cctttcgegg tatggceatga tagcgecegg aagagagtca
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121 attcagggtg gtgaatgtga aaccagtaac gttatacgat gtcgcagagt atgcecggtgt
181 ctcttatcag accgtttcce gegtggtgaa ccaggecage cacgtttetg cgaaaacgeg
241 ggaaaaagtg gaagcggega tggeggaget gaattacatt cccaaccgeg tggeacaaca
301 actggcggge aaacagtegt tgetgattgg cgttgecacc tccagtetgg cectgeacge
361 geegtegeaa attgtcgegg cgattaaate tcgegecgat caactgggtg ccagegtggt
421 ggtgtcgatg gtagaacgaa gecggegtega agectgtaaa geggeggtge acaatcttet
481 cgcgcaacgce gtcagtggge tgatcattaa ctatccgetg gatgaccagg atgecattge
541 tgtggaagct gectgeacta atgttccgge gttatttett gatgtctetg accagacacce
601 catcaacagt attattttct cccatgaaga cggtacgcga ctgggegtgg agcatctggt
661 cgcattgggt caccagcaaa tcgegcetgtt agcgggecca ttaagttetg tcteggegeg
721 tctgegtetg getggetgge ataaatatct cactcgeaat caaattcage cgatagegga
781 acgggaagge gactggagtg ccatgtccgg ttttcaacaa accatgcaaa tgetgaatga
841 gggcatcgtt cccactgega tgetggttge caacgatcag atggegetgg gegeaatgeg
901 cgccattacc gagtcecggge tgcgegttgg tgeggatate tcggtagtgg gatacgacga
961 taccgaagac agctcatgtt atatcccgec gtcaaccacc atcaaacagg attttcgect
1021 gectggggcaa accagegtgg accgcettget geaactctet cagggecagg cggtgaaggg
1081 caatcagctg ttgccecgtet cactggtgaa aagaaaaacc accctggege ccaatacgea
1141 aaccgcectet cccegegegt tggecgatte attaatgecag ctggeacgac aggttteeeg
1201 actggaaagc gggcagtgag cgcaacgcaa ttaatgtgag ttagcgegaa ttgatetggt
1261 ttgacagctt atcatcgact gcacggtgea ccaatgctte tggegtcagg cagecategg
1321 aagctgtggt atggctgtge aggtcgtaaa tcactgceata attcgtgteg ctcaaggege
1381 actcccgtte tggataatgt tttttgegee gacatcataa cggttetgge aaatattetg
1441 aaatgagctg ttgacaatta atcatccgge tcgtataatg tgtggaattg tgageggata
1501 acaatttcac accagcagga cgcactgagg geccatggaa ctaaacaatg tcatcettga
1561 aaaggaaggt aaagttgctg tagttaccat taacagacct aaagcattaa atgcgttaaa
1621 tagtgataca ctaaaagaaa tggattatgt tataggtgaa attgaaaatg atagcgaagt
1681 acttgcagta attttaactg gagcaggaga aaaatcattt gtagcaggag cagatatttc
1741 tgagatgaag gaaatgaata ccattgaagg tagaaaattc gggatacttg gaaataaagt
1801 gtttagaaga ttagaacttc ttgaaaagcc tgtaatagca getgttaatg gttttgcttt
1861 aggaggcgga tgcgaaatag ctatgtcttg tgatataaga atagcttcaa gcaacgcaag
1921 atttggtcaa ccagaagtag gtctcggaat aacacctggt tttggtggeta cacaaagact
1981 ttcaagatta gttggaatgg gcatggcaaa geagcttata tttactgcac aaaatataaa
2041 ggcagatgaa gcattaagaa tcggacttgt aaataaggta gtagaaccta gtgaattaat
2101 gaatacagca aaagaaattg caaacaaaat tgtgagcaat gctccagtag ctgttaagtt
2161 aagcaaacag gctattaata gaggaatgca gtgtgatatt gatactgcett tagcatttga
2221 atcagaagca tttggagaat gettttcaac agaggatcaa aaggatgcaa tgacagcettt
2281 catagagaaa agaaaaattg aaggcttcaa aaatagatag gaggtaagtt tatatggatt
2341 ttaatttaac aagagaacaa gaattagtaa gacagatggt tagagaattt gctgaaaatg
2401 aagttaaacc tatagcagca gaaattgatg aaacagaaag atttccaatg gaaaatgtaa
2461 agaaaatggg tcagtatggt atgatgggaa ttccattttc aaaagagtat ggtggcgeag
2521 gtggagatgt attatcttat ataatcgccg ttgaggaatt atcaaaggtt tgcggtacta
2581 caggagttat tctttcagca catacatcac tttgtgcttc attaataaat gaacatggta
2641 cagaagaaca aaaacaaaaa tatttagtac ctttagctaa aggtgaaaaa ataggtgctt
2701 atggattgac tgagccaaat gcaggaacag attctggage acaacaaaca gtagetgtac
2761 ttgaaggaga tcattatgta attaatggtt caaaaatatt cataactaat ggaggagttg
2821 cagatacttt tgttatattt gcaatgactg acagaactaa aggaacaaaa ggtatatcag
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2881 catttataat agaaaaaggc ttcaaaggtt tctctattgg taaagttgaa caaaagcttg
2941 gaataagagc ttcatcaaca actgaacttg tatttgaaga tatgatagta ccagtagaaa
3001 acatgattgg taaagaagga aaaggcttce ctatagcaat gaaaactctt gatggaggaa
3061 gaattggtat agcagctcaa getttaggta tagctgaagg tgctttcaac gaagcaagag
3121 cttacatgaa ggagagaaaa caatttggaa gaagccttga caaattccaa ggtcttgeat
3181 ggatgatggc agatatggat gtagctatag aatcagctag atatttagta tataaagcag
3241 catatcttaa acaagcagga cttccataca cagttgatge tgcaagaget aagcettcatg
3301 ctgcaaatgt agcaatggat gtaacaacta aggcagtaca attatttggt ggatacggat
3361 atacaaaaga ttatccagtt gaaagaatga tgagagatge taagataact gaaatatatg
3421 aaggaacttc agaagttcag aaattagtta tttcaggaaa aatttttaga taatttaagg
3481 aggttaagag gatgaatata gttgtttgtt taaaacaagt tccagataca gcggaagtta
3541 gaatagatcc agttaaggga acacttataa gagaaggagt tccatcaata ataaatccag
3601 atgataaaaa cgcacttgag gaagctttag tattaaaaga taattatggt gcacatgtaa
3661 cagttataag tatgggacct ccacaagcta aaaatgcttt agtagaagct ttggctatgg
3721 gtgctgatga agetgtactt ttaacagata gagcatttgg aggagcagat acacttgcga
3781 cttcacatac aattgcagca ggaattaaga agctaaaata tgatatagtt tttgctggaa
3841 ggcaggctat agatggagat acagctcagg ttggaccaga aatagctgag catcttggaa
3901 tacctcaagt aacttatgtt gagaaagttg aagttgatgg agatacttta aagattagaa
3961 aagcttggga agatggatat gaagttgttg aagttaagac accagttctt ttaacagcaa
4021 ttaaagaatt aaatgttcca agatatatga gtgtagaaaa aatattcgga gcatttgata
4081 aagaagtaaa aatgtggact gccgatgata tagatgtaga taaggctaat ttaggtctta
4141 aaggttcacc aactaaagtt aagaagtcat caactaaaga agttaaagga cagggagaag
4201 ttattgataa gcctgttaag gaagcagetg catatgttgt ctcaaaatta aaagaagaac
4261 actatattta agttaggagg gatttttcaa tgaataaagc agattacaag ggcgtatggg
4321 tgtttgctga acaaagagac ggagaattac aaaaggtatc attggaatta ttaggtaaag
4381 gtaaggaaat ggctgagaaa ttaggegttg aattaacage tgttttactt ggacataata
4441 ctgaaaaaat gtcaaaggat ttattatctc atggagcaga taaggtttta gcagcagata
4501 atgaactttt agcacatttt tcaacagatg gatatgctaa agttatatgt gatttagtta
4561 atgaaagaaa gccagaaata ttattcatag gagctacttt cataggaaga gatttaggac
4621 caagaatagc agcaagactt tctactggtt taactgetga ttgtacatca cttgacatag
4681 atgtagaaaa tagagattta ttggctacaa gaccagegtt tggtggaaat ttgatageta
4741 caatagtttg ttcagaccac agaccacaaa tggctacagt aagacctggt gtgtttgaaa
4801 aattacctgt taatgatgca aatgtttctg atgataaaat agaaaaagtt gcaattaaat
4861 taacagcatc agacataaga acaaaagttt caaaagttgt taagcttgct aaagatattg
4921 cagatatcgg agaagctaag gtattagttg ctggtggtag aggagttgga agcaaagaaa
4981 actttgaaaa acttgaagag ttagcaagtt tacttggtgg aacaatagcc gettcaagag
5041 cagcaataga aaaagaatgg gttgataagg accttcaagt aggtcaaact ggtaaaactg
5101 taagaccaac tctttatatt gcatgtggta tatcaggagce tatccagcat ttagcaggta
5161 tgcaagattc agattacata attgctataa ataaagatgt agaagcccca ataatgaagg
5221 tagcagattt ggctatagtt ggtgatgtaa ataaagttgt accagaatta atagctcaag
5281 ttaaagctge taataattaa gataaataaa aagaattatt taaagcttat tatgccaaaa
5341 tacttatata gtattttggt gtaaatgcat tgatagtttc tttaaattta gggaggtctg

5401 tttaatgaaa aaggtatgtg ttataggtge aggtactatg ggttcaggaa ttgetcagge
5461 atttgcagct aaaggatttg aagtagtatt aagagatatt aaagatgaat ttgttgatag
5521 aggattagat tttatcaata aaaatctttc taaattagtt aaaaaaggaa agatagaaga
5581 agctactaaa gttgaaatct taactagaat ttccggaaca gttgacctta atatggcagce
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5641 tgattgcgat ttagttatag aagcagetgt tgaaagaatg gatattaaaa agcagatttt
5701 tgctgactta gacaatatat gcaagccaga aacaattctt gcatcaaata catcatcact
5761 ttcaataaca gaagtggcat cagcaactaa aagacctgat aaggttatag gtatgcattt
5821 ctttaatcca getectgtta tgaagcettgt agaggtaata agaggaatag ctacatcaca
5881 agaaactttt gatgcagtta aagagacatc tatagcaata ggaaaagatc ctgtagaagt
5941 agcagaagca ccaggatttg ttgtaaatag aatattaata ccaatgatta atgaagcagt
6001 tggtatatta gcagaaggaa tagcttcagt agaagacata gataaagcta tgaaacttgg
6061 agctaatcac ccaatgggac cattagaatt aggtgatttt ataggtcttg atatatgtct

6121 tgctataatg gatgttttat actcagaaac tggagattct aagtatagac cacatacatt

6181 acttaagaag tatgtaagag caggatggct tggaagaaaa tcaggaaaag gtttctacga
6241 ttattcaaaa taaggatccc gactgcacgg tgcaccaatg cttctggegt caggeageca
6301 tcggaagctg tggtatgget gtgcaggteg taaatcactg cataattegt gtcgetcaag
6361 gcgcactccce gttetggata atgttttttg cgccgacate ataacggtte tggcaaatat
6421 tctgaaatga gctgttgaca attaatcatc cggetcgtat aatgtgtgga attgtgageg
6481 gataacaatt catcgaaaaa attgaaataa ggaggtaggt agtaatgaaa aattgtgtca
6541 tcgtcagtge ggtacgtact getatcggta gttttaacgg ttcactegcet tccaccageg
6601 ccatcgacct gggggcgaca gtaattaaag ccgecattga acgtgcaaaa atcgattcac
6661 aacacgttga tgaagtgatt atgggtaacg tgttacaagc cgggctgggg caaaatccgg
6721 cgegtcagge actgttaaaa agcgggetgg cagaaacggt gtgcggattc acggtcaata
6781 aagtatgtgg ttcgggtctt aaaagtgtgg cgettgeege ccaggecatt caggecaggte
6841 aggcgcagag cattgtggcg gggggtatgg aaaatatgag tttagccecc tacttacteg
6901 atgcaaaagc acgctctggt tatcgtcttg gagacggaca ggtttatgac gtaatcctge
6961 gcgatggcect gatgtgegee acccatggtt atcatatggg gattaccgec gaaaacgtgg
7021 ctaaagagta cggaattacc cgtgaaatgc aggatgaact ggegctacat tcacagegta
7081 aagcggcage cgcaattgag tceggtgctt ttacagecga aatcgtcccg gtaaatgttg
7141 tcactcgaaa gaaaaccttc gtcttcagtc aagacgaatt cccgaaagcg aattcaacgg
7201 ctgaagcgtt aggtgcattg cgeceggect tcgataaage aggaacagte accgetggga
7261 acgcgtctgg tattaacgac ggtgctgeeg ctetggtgat tatggaagaa tetgeggege
7321 tggcageagg ccttacceec ctggetegea ttaaaagtta tgecageggt ggegtgecce
7381 ccgceattgat gggtatgggg ccagtacctg ccacgcaaaa agegttacaa ctggeggggc
7441 tgcaactgge ggatattgat ctcattgagg ctaatgaage atttgetgea cagttecttg
7501 ccgttgggaa aaacctggge tttgattctg agaaagtgaa tgtcaacgge ggggccateg
7561 cgctegggca tectatcggt gecagtggtg ctegtattet ggteacacta ttacatgeca
7621 tgcaggcacg cgataaaacg ctggggetgg caacactgtg cattggegge ggtcagggaa
7681 ttgcgatggt gattgaacgg ttgaattaac aaattaatac gcgagttaag gagtacagga
7741 gcatgaaggt gaccaatcag aaagaactga aacaaaagct gaatgagcetg cgtgaggeec
7801 aaaagaagtt tgctacctat acccaagage aggttgacaa aatcttcaaa cagtgegega
7861 tcgetgecage aaaagaacge attaacctgg cgaaactgge agtcgaagag actggcattg
7921 gtctggtgga ggacaaaatc atcaaaaacc actttgetge ggagtacatt tacaataagt
7981 acaaaaacga gaaaacgtgt ggtatcattg atcacgacga ttctctgggt atcacgaagg
8041 tcgcggaacc gatcggeatc gttgccgceaa ttgttccgac caccaatccg accageaccg
8101 ctatcttcaa aagcttgatt agcctgaaaa ctcgcaacge gattttcttc ageccgeace
8161 cgcgtgecaa aaagageacc attgeggeag cgaaactgat tctggatgea gecggtgaagg
8221 cgggtgccee gaagaacatc attggttgga ttgacgaacc gtctattgaa ctgagecaag
8281 acttgatgtc ggaggccgac atcatcetgg ctaccggtgg tccgageatg gttaaggecag
8341 cgtactccag cggcaagceca gecateggeg ttggcgeagg caacaccecg geaatcattg
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8401 atgagagcgc agacatcgac atggcagtca gecagcatcat tctgtccaaa acctatgaca
8461 atggcgtgat ttgcgcgage gagcagagea tectggtcat gaatageatce tacgaaaaag
8521 ttaaagaaga gtttgtgaag cgtggtagct acattctgaa tcaaaacgaa atcgctaaga
8581 tcaaagaaac gatgttcaag aatggtgcga ttaacgccga catcgtcgge aagtetgect
8641 atatcatcgc gaagatggcg ggtatcgagg tccctcagac caccaaaatc ctgatcggtg
8701 aggtgcagtc ggtggagaag tcggaactgt ttagccatga aaagetgage ccggttetgg
8761 ctatgtacaa ggttaaagat tttgatgagg cgttgaagaa ggctcaacgt ctgattgaac
8821 tgggtggtag cggccacacg agcagettgt acatcgattc ccaaaacaat aaggacaaag
8881 tgaaagagtt cggcctggeg atgaaaacca gecgeacgtt catcaatatg ccgagcetece
8941 agggtgcaag cggtgatctg tataactttg caattgegece gtecttcacg ctgggttgcg
9001 gcacttgggg tggcaattct gtttctcaaa atgtggaacc aaagcacttg ctgaatatca
9061 aatccgttge ggaacgeege gaaaacatge tgtggttcaa ggtgccgeag aagatttact
9121 ttaagtatgg ctgcctgege ttcgeactga aagagctgaa ggatatgaat aagaaacgtg
9181 cgttcattgt tactgacaag gacctgttta agctgggtta tgttaacaag attaccaagg
9241 tcctggacga gattgacatt aagtatagca ttttcaccga tatcaaaage gatccgacga
9301 tcgatagcgt gaagaaaggt gccaaagaga tgctgaattt cgaacctgat acgatcattt
9361 ccatcggtgg cggttcceecg atggatgegg cgaaggtcat geacctgetg tacgagtace
9421 cggaagcaga gattgaaaac ctggcaatca actttatgga tattcgcaag cgtatctgea
9481 acttcccgaa actgggeacce aaggcgatta gegtcgetat tccgacgace gecaggtacgg
9541 gtagcgagge gacccectttt gcagtcatca cgaatgacga aacgggcatg aaataccege
9601 tgacgagcta tgaattgacg ccgaatatgg ccatcattga taccgagetg atgctgaaca
9661 tgcegegtaa actgaccgea gegacgggea ttgatgeget ggtecatgee atcgaggect
9721 atgtgagegt catggcgacg gactataccg atgagetgge actgegtgca atcaaaatga
9781 ttttcaaata cctgccgegt gegtacaaaa acggtacgaa tgacattgag getcgtgaga
9841 aaatggccca tgccageaat atcgegggcea tggeatttge caacgegtte ttgggtgttt
9901 gtcacagcat ggcgcataag ttgggtgcga tgcatcacgt gecacatggt attgegtgtg
9961 cagttctgat cgaagaagtg attaagtaca atgccacgga ctgtccgace aaacagaccg
10021 cgtttccgea gtataagage ccaaacgcca aacgtaagta cgecgagate geggagtatt
10081 tgaatctgaa aggtaccagc gacaccgaaa aagtgactge gttgattgag gcgatcagea
10141 aattgaagat tgatctgtcc atcccgeaaa acatctctge tgecggeatc aacaaaaagg
10201 acttctacaa caccctggat aagatgagcg agetggegtt tgatgaccag tgecaccaceg
10261 cgaacccgceg ttatccgetg attagcgaac tgaaagacat ctacattaag agcettttgaa
10321 gatctgaagc ttgggcccga acaaaaactc atctcagaag aggatctgaa tagegecgte
10381 gaccatcatc atcatcatca ttgagtttaa acggtctcca gettggetgt tttggcggat
10441 gagagaagat tttcagcctg atacagatta aatcagaacg cagaagcggt ctgataaaac
10501 agaatttgce tggcggceagt agegeggtgg teccacetga cececatgecg aactcagaag
10561 tgaaacgccg tagecgecgat ggtagtgtge ggtcteecca tgegagagta gggaactgec
10621 aggcatcaaa taaaacgaaa ggctcagtcg aaagactggg cctttegttt tatctgttgt
10681 ttgtcggtga actaattatc tagactgcag ttgatcggge acgtaagagg ttccaacttt
10741 caccataatg aaataagatc actaccgggc gtattttttg agttatcgag attttcagga
10801 gctaaggaag ctaaaatgga gaaaaaaatc actggatata ccaccgttga tatatcccaa
10861 tggcatcgta aagaacattt tgaggcattt cagtcagttg ctcaatgtac ctataaccag
10921 accgttcage tggatattac ggccttttta aagaccgtaa agaaaaataa gcacaagttt
10981 tatccggcect ttattcacat tettgecege ctgatgaatg ctcatccgga atttcgtatg
11041 gcaatgaaag acggtgagct ggtgatatgg gatagtgttc acccttgtta caccgttttc
11101 catgagcaaa ctgaaacgtt ttcatcgcte tggagtgaat accacgacga tttccggeag
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11161 tttctacaca tatattcgca agatgtggcg tgttacggtg aaaacctgge ctatttcect
11221 aaagggttta ttgagaatat gtttttcgtc tcagccaatc cctgggtgag tttcaccagt
11281 tttgatttaa acgtggccaa tatggacaac ttcttcgece cegttttcac catgggeaaa
11341 tattatacgc aaggcgacaa ggtgetgatg ccgetggega ttcaggttca tcatgecgtt
11401 tgtgatggct tccatgtcgg cagaatgcett aatgaattac aacagtactg cgatgagtgg
11461 cagggcgggg cgtaatttga tatcgagetc gettggactc ctgttgatag atccagtaat
11521 gacctcagaa ctccatctgg atttgttcag aacgctcggt tgccgecggg cgttttttat
11581 tggtgagaat ccaagccteg gtgagaatce aagectcgat caacgtctea ttttcgecaa
11641 aagttggcce agggcettcee ggtatcaaca gggacaccag gatttattta ttctgcgaag
11701 tgatcttccg tcacaggtat ttattcggeg caaagtgecgt cgggtgatge tgecaactta
11761 ctgatttagt gtatgatggt gtttttgagg tgctccagtg gettctgttt ctatcagetg

11821 tcectectgt tcagetactg acggggtggt gegtaacgge aaaageaccg ccggacatca

11881 gcgctagegg agtgtatact ggcttactat gttggcactg atgagggtgt cagtgaagtg

11941 cttcatgtgg caggagaaaa aaggctgeac cggtgegtca gecagaatatg tgatacagga

12001 tatattccge ttcctcgete actgactege tacgetecggt cgttegactg cggegagegg

12061 aaatggctta cgaacggggc ggagatttce tggaagatge caggaagata cttaacaggg
12121 aagtgagagg gccgeggeaa agecgttttt ccataggetc cgeccccectg acaagceatca
12181 cgaaatctga cgctcaaatc agtggtggeg aaacccgaca ggactataaa gataccaggce

12241 gttteceect ggeggceteee tegtgegete tectgttect geetttcggt ttaccggtgt
12301 cattccgctg ttatggeege gtttgtctea ttccacgect gacactcagt tccgggtagg
12361 cagttcgctc caagetggac tgtatgcacg aacceccecegt tcagtccgac cgetgegect
12421 tatccggtaa ctatcgtctt gagtccaacc cggaaagaca tgcaaaagca ccactggeag
12481 cagccactgg taattgattt agaggagtta gtcttgaagt catgegeegg ttaaggctaa
12541 actgaaagga caagttttgg tgactgcgct cctccaagec agttacctcg gttcaaagag
12601 ttggtagctc agagaacctt cgaaaaaccg ccctgecaagg cggttttttc gttttcagag
12661 caagagatta cgcgcagacc aaaacgatct caagaagatc atcttattaa tcagataaaa
12721 tatttctaga tttcagtgca atttatctct tcaaatgtag cacctgaagt cagececcata
12781 cgatataagt tgtaattctc atgtttgaca gettatcatc gataagcttc cgatggegeg
12841 ccgagaggct ttacacttta tgettcegge t
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A2.9. pPBMO#52
LOCUS (Bmo#52)\pTRC:ki 6857bp DNA circular
SOURCE
ORGANISM
COMMENT  This file is created by Vector NTI
http://www.invitrogen.com/
COMMENT VNTDATE|558204163|
COMMENT VNTDBDATE|569764081]
COMMENT LSOWNER|
COMMENT VNTNAME|(Bmo#52) pTRC:kivD,ADH6|
COMMENT VNTAUTHORNAME|Jeffrey Dietrich|
COMMENT VNTAUTHOREML |jadietrich@berkeley.eduy|
FEATURES Location/Qualifiers
misc_feature complement(4303..4308)
/ApEinfo_label=rbs
/ApEinfo_fwdcolor=#fcc466
/ApEinfo_revcolor=#fcc466
/vntitkey="21"
/label=rbs
misc_feature complement(5488..6570)
/ApEinfo_label=Laclq
/ApEinfo_fwdcolor=#910b6e
/ApEinfo_revcolor=#910bb6e
/vntitkey="21"
/label=Laclq
misc_feature 4361..5205
/ApEinfo_label=p15A, OripACYC
/ApEinfo_fwdcolor=#feffbl
/ApEinfo_revcolor=#feffbl
/vntifkey="21"
/label=p15A,\OripACYC
misc_binding 6835..6857
/ApFEinfo_label=LacO
/ApEinfo_fwdcolor=cornflower blue
/ApEinfo_revcolor=cornflower blue
/vntifkey="20"
/label=LacO
misc_feature 3185..3190
/ApEinfo_label=PstI
/ApEinfo_fwdcolor=#0080ff
/ApEinfo_revcolor=#0080ff
/vntifkey="21"
/label=Pstl
misc_feature 2806..3173
/ApEinfo_label=TrrmB
/ApEinfo_fwdcolor=#9191ff
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/ApEinfo_revcolor=#9191ff
/vntifkey="21"
/label=TrrmB

misc_feature 6627..6837

/ApEinfo_label=pTRC
/ApEinfo fwdcolor=#2b2bff
/ApEinfo_revcolor=#2b2bff
/vntifkey="21"

/label=pTRC

misc_feature 3296..3952

RBS

/ApEinfo_label=CmR (EcoRI-KO)
/ApEinfo_fwdcolor=#fft54c
/ApEinfo_revcolor=#{ff54c
/vntitkey="21"
/label=CmR\(EcoRI-KO)

7..36
/vntifkey="32"
/label=RBS

/note="Predicted strength of 8333... I don't know where I derived this RBS from"
misc_feature 37..1683

/vntitkey="21"
/label=KivD

misc_feature 1711..2793

RBS

/vntitkey="21"
/label=ADH6
1684..1710
/vntifkey="32"
/label=RBS 50K
/note="synthetic RBS (50K) RBS calculator"

insertion_seq 6798..2864

primer

primer

primer

primer

primer

/vntifkey="14"
/labe]l=DNA2.0
/mote="DNA2.0 order"
2806..2865
/vutifkey="27"
/label=F132/F133
6798..6857
/vntifkey="27"
/label=F130/F131
1851..1876
/vntifkey="27"
/label=S36F/S37R
2744.2769
/vntifkey="27"
/label=S38F/S39R
131..156
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/vntifkey="27"
/label=S40F/S41R
primer 1550..1576
/vntifkey="27"
/label=S42F/S43R
primer 1654..1713
/vntifkey="27"
/label=F136F/F137R
primer 2776..2835
/vntifkey="27"
/label=F138F/F139R
primer 6850..52
/vntifkey="27"
/label=DC133
primer 1676..1735
/vntitkey="27"
/label=DC134R
primer complement(6820..22)
/vntitkey="27"
/label=DC145R
primer 1708..1767
/vntitkey="27"
/label=DC146F
BASE COUNT 1935a 1493c¢ 1631g 1798t
ORIGIN
1 agatctccaa tatataataa aatatggagg aatgcgatgt atacagtagg agattaccta
61 ttagaccgat tacacgagtt aggaattgaa gaaatttttg gagtccctgg agactataac
121 ttacaatttt tagatcaaat tatttcccac aaggatatga aatgggtcgg aaatgctaat
181 gaattaaatg cttcatatat ggctgatggc tatgctcgta ctaaaaaagce tgecgceattt
241 cttacaacct ttggagtagg tgaattgagt gcagttaatg gattagcagg aagttacgce
301 gaaaatttac cagtagtaga aatagtggga tcacctacat caaaagttca aaatgaagga
361 aaatttgttc atcatacgct ggctgacggt gattttaaac actttatgaa aatgcacgaa
421 cctgttacag cagctcgaac tttactgaca gcagaaaatg caaccgttga aattgaccga
481 gtactttctg cactattaaa agaaagaaaa cctgtctata tcaacttacc agttgatgtt
541 getgcetgeaa aagcagagaa acccteactc cetttgaaaa aggaaaactc aacttcaaat
601 acaagtgacc aagaaatttt gaacaaaatt caagaaagct tgaaaaatgc caaaaaacca
661 atcgtgatta caggacatga aataattagt tttggcttag aaaaaacagt cactcaattt
721 atttcaaaga caaaactacc tattacgaca ttaaactttg gtaaaagttc agttgatgaa
781 gccctecctt catttttagg aatctataat ggtacactet cagagectaa tettaaagag
841 ttcgtggaat cageccgactt catcttgatg cttggagtta aactcacaga ctettcaaca
901 ggagccttca ctcatcattt aaatgaaaat aaaatgattt cactgaatat agatgaagga
961 aaaatattta acgaaagaat ccaaaatttt gattttgaat ccctcatctc ctctctctta
1021 gacctaagcg aaatagaata caaaggaaaa tatatcgata aaaagcaaga agactttgtt
1081 ccatcaaatg cgcttttatc acaagaccgc ctatggcaag cagttgaaaa cctaactcaa
1141 agcaatgaaa caatcgttgc tgaacaaggg acatcattct ttggcgctte atcaattttc
1201 ttaaaatcaa agagtcattt tattggtcaa cccttatggg gatcaattgg atatacattc
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1261 ccagcagcat taggaagcca aattgcagat aaagaaagca gacacctttt atttattggt
1321 gatggttcac ttcaacttac agtgcaagaa ttaggattag caatcagaga aaaaattaat
1381 ccaatttgct ttattatcaa taatgatggt tatacagtcg aaagagaaat tcatggacca
1441 aatcaaagct acaatgatat tccaatgtgg aattactcaa aattaccaga atcgtttgga
1501 gcaacagaag atcgagtagt ctcaaaaatc gttagaactg aaaatgaatt tgtgtctgte
1561 atgaaagaag ctcaagcaga tccaaataga atgtactgga ttgagttaat tttggcaaaa
1621 gaaggtgcac caaaagtact gaaaaaaatg ggcaaactat ttgctgaaca aaataaatca
1681 taatccacga gttaaggaga gggggttcca atgtcttate ctgagaaatt tgaaggtatc
1741 gctattcaat cacacgaaga ttggaaaaac ccaaagaaga caaagtatga cccaaaacca
1801 ttttacgatc atgacattga cattaagatc gaagcatgtg gtgtctgegg tagtgatatt
1861 cattgtgcag ctggtcattg gggcaatatg aagatgcege tagtegttgg tcatgaaate
1921 gttggtaaag ttgtcaaget agggeccaag tcaaacagtg ggttgaaagt cggtcaacgt
1981 gttggtgtag gtgctcaagt cttttcatge ttggaatgtg accgttgtaa gaatgataat
2041 gaaccatact gcaccaagtt tgttaccaca tacagtcagc cttatgaaga cggctatgtg
2101 tcgcagggtg getatgcaaa ctacgtcaga gttcatgaac attttgtggt gectatceca
2161 gagaatattc catcacattt ggctgctcea ctattatgtg gtggtttgac tgtgtactct
2221 ccattggttc gtaacggttg cggtccaggt aaaaaagttg gtatagttgg tcttggtggt
2281 atcggcagta tgggtacatt gatttccaaa gccatggggg cagagacgta tgttatttct
2341 cgttcttcga gaaaaagaga agatgcaatg aagatgggceg ccgatcacta cattgctaca
2401 ttagaagaag gtgattgggg tgaaaagtac tttgacacct tcgacctgat tgtagtctgt
2461 gcttectece ttaccgacat tgacttcaac attatgccaa aggctatgaa ggttggtggt
2521 agaattgtct caatctctat accagaacaa cacgaaatgt tatcgctaaa gecatatgge
2581 ttaaaggctg tctccattte ttacagtgct ttaggttcca tcaaagaatt gaaccaactc
2641 ttgaaattag tctctgaaaa agatatcaaa atttgggtgg aaacattacc tgttggtgaa
2701 gecggegtee atgaagectt cgaaaggatg gaaaagggte acgttagata tagatttace
2761 ttagtcggct acgacaaaga attttcagac tagggatccce tcgaggaage ttgggeccga
2821 acaaaaactc atctcagaag aggatctgaa tagcgecgte gaccatcate atcatcatca
2881 ttgagtttaa acggtctcca gettggetgt tttggecggat gagagaagat tttcagectg
2941 atacagatta aatcagaacg cagaagcggt ctgataaaac agaatttgce tggcggeagt
3001 agegeggtgg tcccaccetga cececatgecg aactcagaag tgaaacgecg tagegecgat
3061 ggtagtgteg ggtcteecca tgegagagta gggaactgee aggeatcaaa taaaacgaaa
3121 ggctcagteg aaagactggg cctttegttt tatctgttgt ttgtcggtga actaattate
3181 tagactgcag ttgatcggge acgtaagagg ttccaacttt caccataatg aaataagatc
3241 actaccgggc gtattttttg agttatcgag attttcagga gctaaggaag ctaaaatgga
3301 gaaaaaaatc actggatata ccaccgttga tatatcccaa tggeatcgta aagaacattt
3361 tgaggcattt cagtcagttg ctcaatgtac ctataaccag accgttcage tggatattac
3421 ggccttttta aagaccgtaa agaaaaataa gcacaagttt tatccggect ttattcacat
3481 tcttgcecege ctgatgaatg ctcatccgga atttcgtatg gcaatgaaag acggtgaget
3541 ggtgatatgg gatagtgttc acccttgtta caccgttttc catgagcaaa ctgaaacgtt
3601 ttcatcgcte tggagtgaat accacgacga tttccggeag tttctacaca tatattcgea
3661 agatgtggcg tgttacggtg aaaacctggc ctatttccct aaagggttta ttgagaatat
3721 gtttttcgte tcagecaate cctgggtgag tttcaccagt tttgatttaa acgtggecaa
3781 tatggacaac ttcttcgecee cegttttcac catgggeaaa tattatacge aaggegacaa
3841 ggtgctgatg ccgetggega ttcaggttea tcatgeegtt tgtgatgget tecatgtegg
3901 cagaatgctt aatgaattac aacagtactg cgatgagtgg cagggcgggg cgtaatttga
3961 tatcgagctc gettggactc ctgttgatag atccagtaat gacctcagaa ctccatctgg
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4021 atttgttcag aacgctcggt tgececgeeggg cgttttttat tggtgagaat ccaagecteg
4081 gtgagaatcc aagcectcgat caacgtctca ttttcgeccaa aagttggece agggetteece
4141 ggtatcaaca gggacaccag gatttattta ttctgcgaag tgatcttccg tcacaggtat
4201 ttattcggcg caaagtgcgt cgggtgatge tgecaactta ctgatttagt gtatgatggt
4261 gtttttgagg tgetccagtg gettetgttt ctatcagetg teccteetgt tcagetactg

4321 acggggtggt gcgtaacgge aaaagcaccg ccggacatca gecgetagegg agtgtatact
4381 ggcttactat gttggcactg atgagggtgt cagtgaagtg cttcatgtgg caggagaaaa
4441 aaggctgcac cggtgcgtca gcagaatatg tgatacagga tatattccge ttcctegete
4501 actgactcge tacgcteggt cgttcgactg cggegagegg aaatggetta cgaacgggge
4561 ggagatttcc tggaagatge caggaagata cttaacaggg aagtgagagg geccgeggeaa
4621 agccgttttt ccataggcte cgeccecctg acaageatca cgaaatctga cgetcaaatc
4681 agtggtggcg aaacccgaca ggactataaa gataccagge gtttcceect ggeggcetecee
4741 tcgtgegcte tectgttect gecttteggt ttaccggtgt cattcegetg ttatggecge

4801 gtttgtctca ttccacgect gacactcagt tccgggtagg cagttcgete caagetggac
4861 tgtatgcacg aaccceecgt tcagtccgac cgetgegect tatccggtaa ctatcgtett
4921 gagtccaacc cggaaagaca tgcaaaagcea ccactggeag cagecactgg taattgattt
4981 agaggagtta gtcttgaagt catgcgccgg ttaaggcetaa actgaaagga caagttttgg
5041 tgactgcgct cctccaagec agttaccteg gttcaaagag ttggtagetc agagaacctt
5101 cgaaaaaccg ccctgcaagg cggttttttc gttttcagag caagagatta cgecgeagace
5161 aaaacgatct caagaagatc atcttattaa tcagataaaa tatttctaga tttcagtgca

5221 atttatctct tcaaatgtag cacctgaagt cagccccata cgatataagt tgtaattcte

5281 atgtttgaca gcttatcatc gataagcttc cgatggecgeg ccgagaggct ttacacttta
5341 tgcttcegge tgaattcgeg geegettcta gagttcgege gegaaggega ageggeatge
5401 atttacgttg acaccatcga atggtgcaaa acctttcgeg gtatggcatg atagegeccg
5461 gaagagagtc aattcagggt ggtgaatgtg aaaccagtaa cgttatacga tgtcgcagag
5521 tatgceggtg tetettatca gaccgtttce cgegtggtga accaggecag ccacgtttet
5581 gcgaaaacge gggaaaaagt ggaageggceg atggeggage tgaattacat tcccaacege
5641 gtggcacaac aactggcggg caaacagteg ttgetgattg gegttgecac ctecagtetg
5701 geeetgeacg cgeegtegea aattgtcgeg gegattaaat ctcgegeega tcaactgggt
5761 gecagegtgg tggtgtcgat ggtagaacga ageggegteg aagectgtaa ageggeggtg
5821 cacaatcttc tcgegcaacg cgtcagtggg ctgatcatta actatceget ggatgaccag
5881 gatgccattg ctgtggaage tgcctgeact aatgttcegg cgttatttct tgatgtetet

5941 gaccagacac ccatcaacag tattattttc tcccatgaag acggtacgeg actgggegtg
6001 gagcatctgg tcgcattggg tcaccagcaa atcgegetgt tagegggecc attaagttet
6061 gtctcggege gtetgegtet ggetggetgg cataaatate tcactcgeaa tcaaattcag
6121 ccgatagcgg aacgggaagg cgactggagt gecatgteeg gttttcaaca aaccatgcaa
6181 atgctgaatg agggcatcgt tcccactgeg atgetggttg ccaacgatca gatggegcetg
6241 ggcgcaatge gegecattac cgagteccggg ctgegegttg gtecggatat cteggtagtg
6301 ggatacgacg ataccgaaga cagctcatgt tatatcccge cgtcaaccac catcaaacag
6361 gattttcgece tgetggggcea aaccagegtg gaccgcettge tgeaactcte tcagggecag
6421 gcggtgaagg gecaatcagcet gttgeecgte tcactggtga aaagaaaaac caccctggeg
6481 cccaatacgc aaaccgcecte tecceecgegeg ttggeegatt cattaatgea getggeacga
6541 caggtttcce gactggaaag cgggcagtga gegeaacgea attaatgtga gttagegega
6601 attgatctgg tttgacagct tatcatcgac tgcacggtgce accaatgett ctggegtcag
6661 gcagccatcg gaagcetgtgg tatggetgtg caggtegtaa atcactgeat aattcgtgte
6721 gctcaaggeg cactececgtt ctggataatg ttttttgecge cgacatcata acggttetgg
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6781 caaatattct gaaatgagct gttgacaatt aatcatccgg ctcgtataat gtgtggaatt
6841 gtgagcggat aacaatt
I
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A2.10. pPBMO#61
LOCUS  (Bmo#61)\pTRC:PD 6917bp DNA circular
SOURCE
ORGANISM
COMMENT  This file is created by Vector NTI
http://www.invitrogen.com/
COMMENT VNTDATE|574702854|
COMMENT VNTDBDATE|578857667
COMMENT LSOWNER|
COMMENT VNTNAME|(Bmo#61) pTRC:PDC,ADH6|
COMMENT VNTAUTHORNAME|Jeffrey Dietrich|
COMMENT VNTAUTHOREML |jadietrich@berkeley.eduy|
FEATURES Location/Qualifiers
misc_feature complement(4363..4368)
/ApEinfo_label=rbs
/ApEinfo_fwdcolor=#fcc466
/ApEinfo_revcolor=#fcc466
/vntitkey="21"
/label=rbs
misc_feature complement(5548..6630)
/ApEinfo_label=Laclq
/ApEinfo_fwdcolor=#910b6e
/ApEinfo_revcolor=#910bb6e
/vntitkey="21"
/label=Laclq
misc_feature 4421..5265
/ApEinfo_label=p15A, OripACYC
/ApEinfo_fwdcolor=#feffbl
/ApEinfo_revcolor=#feffbl
/vntifkey="21"
/label=p15A,\OripACYC
misc_binding 6895..6917
/ApFEinfo_label=LacO
/ApEinfo_fwdcolor=cornflower blue
/ApEinfo_revcolor=cornflower blue
/vntifkey="20"
/label=LacO
misc_feature 3245..3250
/ApEinfo_label=PstI
/ApEinfo_fwdcolor=#0080ff
/ApEinfo_revcolor=#0080ff
/vntifkey="21"
/label=Pstl
misc_feature 2866..3233
/ApEinfo_label=TrrmB
/ApEinfo_fwdcolor=#9191ff

11-JAN-2011

175



/ApEinfo_revcolor=#9191ff
/vntifkey="21"
/label=TrrmB

misc_feature 6687..6897

/ApEinfo_label=pTRC
/ApEinfo fwdcolor=#2b2bff
/ApEinfo_revcolor=#2b2bff
/vntifkey="21"

/label=pTRC

misc_feature 3356..4012

/ApEinfo_label=CmR (EcoRI-KO)
/ApEinfo_fwdcolor=#fft54c
/ApEinfo_revcolor=#{ff54c
/vntitkey="21"
/label=CmR\(EcoRI-KO)

misc_feature 1771..2853

RBS

/vntifkey="21"
/label=ADH6
1744..1770
/vntitkey="32"
/label=RBS_50K
/note="synthetic RBS (50K) RBS calculator"

insertion_seq 6858..2924

primer

primer

primer

primer

primer

primer

primer

/vntitkey="14"
/label=DNA2.0
/note="DNAZ2.0 order"
2866..2925
/vntifkey="27"
/label=F132/F133
6858..6917
/vutifkey="27"
/label=F130/F131
1911..1936
/vntifkey="27"
/label=S36F/S37R
2804..2829
/vutifkey="27"
/label=S38F/S39R
2836..2895
/vntifkey="27"
/label=F138F/F139R
6910..6
/vntifkey="27"
/label=DC133
1744..1795
/vntifkey="27"

176



/label=DC134R
primer complement(6880..6)
/vntifkey="27"
/label=DC145R
primer 1768..1827
/vntifkey="27"
/label=DC146F
misc_feature 37..1743
/vntifkey="21"
/label=PDC
primer 1714..1773
/vntifkey="27"
/label=DC152/DC153
primer complement(6894..36)
/vntitkey="27"
/label=DC155
primer 1744..1803
/vntitkey="27"
/label=DC156
primer 7..66
/vntitkey="27"
/label=DC154
BASE COUNT 1721a 1659c¢ 1778 g 17581t 1 others
ORIGIN
1 agatctccaa tatataataa aatatggagg aatgcgatga gttatactgt cggtacctat
61 ttagcggagce ggcttgtcca gattggtete aageatcact tcgeagtege gggegactac
121 aacctegtcc ttettgacaa cetgettttg aacaaaaaca tggageaggt ttattgetgt
181 aacgaactga actgcggttt cagtgcagaa ggttatgete gtgecaaagg cgeageagea
241 geegtegtta cctacagegt cggtgegett teecgeatttg atgetatcgg tggegectat
301 gcagaaaacc ttccggttat cctgatctee ggtgctcega acaacaatga ccacgetget
361 ggtcacgtgt tgcatcacgce tettggeaaa accgactate actatcagtt ggaaatggee
421 aagaacatca cggccgecge tgaagegatt tatacccecgg aagaagcetce ggetaaaate
481 gatcacgtga ttaaaactgce tcttcgtgag aagaageegg tttatctcga aatcgettge
541 aacattgctt ccatgecectg cgecgetect ggaccggeaa gegeattgtt caatgacgaa
601 gccagegacg aagcettcttt gaatgcageg gttgaagaaa cectgaaatt catcgeenac
661 cgcgacaaag ttgeegtect cgtcggeage aagetgegeg cagetggtgce tgaagaagcet
721 gctgtcaaat ttgetgatge tettggtgge geagttgeta ccatggetge tgcaaaaage
781 ttcttcccag aagaaaacce geattacatc ggtacctcat ggggtgaagt cagetatceg
841 ggcgttgaaa agacgatgaa agaagccgat geggttatcg ctetggetee tgtetttaac
901 gactactcca ccactggttg gacggatatt cctgatccta agaaactggt tctcgetgaa
961 ccgegttetg tegtegttaa cggeattege ttccccageg tecatetgaa agactatetg
1021 acccgtttgg ctcagaaagt ttccaagaaa accggtgctt tggacttcett caaatcccte
1081 aatgcaggtg aactgaagaa agccgeteeg getgateega gtgeteegtt ggtcaacgea
1141 gaaatcgccce gtcaggtcga agetcttctg accccgaaca cgacggttat tgctgaaace
1201 ggtgactctt ggttcaatge tcagcgeatg aagetcecega acggtgcteg cgttgaatat
1261 gaaatgcagt ggggtcacat tggttggtce gttcctgeeg cettcggtta tgeegteggt
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1321 getecggaac gtcgeaacat cetecatggtt ggtgatggtt cettccaget gacggcetcag
1381 gaagtcgctc agatggttcg cctgaaactg ccggttatca tettcttgat caataactat
1441 ggttacacca tcgaagttat gatccatgat ggtccgtaca acaacatcaa gaactgggat
1501 tatgccggte tgatggaagt gttcaacggt aacggtggtt atgacagegg tgctggtaaa
1561 ggcctgaagg ctaaaaccgg tggcgaactg gecagaagceta tcaaggttge tetggeaaac
1621 accgacggcc caaccctgat cgaatgctte atcggtegtg aagactgeac tgaagaattg
1681 gtcaaatggg gtaagcgegt tgctgccgee aacagecgta agectgttaa caagetecte
1741 tattccacga gttaaggaga gggggttcca atgtcttatc ctgagaaatt tgaaggtatc
1801 gctattcaat cacacgaaga ttggaaaaac ccaaagaaga caaagtatga cccaaaacca
1861 ttttacgatc atgacattga cattaagatc gaagcatgtg gtgtctgegg tagtgatatt
1921 cattgtgcag ctggtcattg gggcaatatg aagatgecge tagtegttgg tcatgaaate
1981 gttggtaaag ttgtcaagcet agggcccaag tcaaacagtg ggttgaaagt cggtcaacgt
2041 gttggtgtag gtgctcaagt cttttcatge ttggaatgtg accgttgtaa gaatgataat
2101 gaaccatact gcaccaagtt tgttaccaca tacagtcagc cttatgaaga cggctatgtg
2161 tcgcagggtg getatgcaaa ctacgtcaga gttcatgaac attttgtggt gectatceca
2221 gagaatattc catcacattt ggctgctcea ctattatgtg gtggtttgac tgtgtactct
2281 ccattggttc gtaacggttg cggtccaggt aaaaaagttg gtatagttgg tcttggtggt
2341 atcggcagta tgggtacatt gatttccaaa gccatggggg cagagacgta tgttatttct
2401 cgttcttcga gaaaaagaga agatgcaatg aagatgggceg ccgatcacta cattgctaca
2461 ttagaagaag gtgattgggg tgaaaagtac tttgacacct tcgacctgat tgtagtctgt
2521 gettccteece ttaccgacat tgacttcaac attatgecaa aggetatgaa ggttggtggt
2581 agaattgtct caatctctat accagaacaa cacgaaatgt tatcgctaaa gecatatgge
2641 ttaaaggctg tctccatttc ttacagtget ttaggttcca tcaaagaatt gaaccaactc
2701 ttgaaattag tctctgaaaa agatatcaaa atttgggtgg aaacattacc tgttggtgaa
2761 gceggegtce atgaagectt cgaaaggatg gaaaagggtg acgttagata tagatttacc
2821 ttagtcggct acgacaaaga attttcagac tagggatccce tcgaggaage ttgggeccga
2881 acaaaaactc atctcagaag aggatctgaa tagcgecgte gaccatcate atcatcatca
2941 ttgagtttaa acggtctcca gettggetgt tttggcggat gagagaagat tttcagectg
3001 atacagatta aatcagaacg cagaagcggt ctgataaaac agaatttgec tggcggeagt
3061 agcgeggtgg tccecacctga cececatgecg aactcagaag tgaaacgecg tagegecgat
3121 ggtagtgtgg ggtcteccca tgegagagta gggaactgee aggeatcaaa taaaacgaaa
3181 ggctcagteg aaagactggg cctttegttt tatctgttgt ttgtcggtga actaattate
3241 tagactgcag ttgatcggge acgtaagagg ttccaacttt caccataatg aaataagatc
3301 actaccgggc gtattttttg agttatcgag attttcagga gctaaggaag ctaaaatgga
3361 gaaaaaaatc actggatata ccaccgttga tatatcccaa tggcatcgta aagaacattt
3421 tgaggcattt cagtcagttg ctcaatgtac ctataaccag accgttcage tggatattac
3481 ggccttttta aagaccgtaa agaaaaataa gcacaagttt tatccggect ttattcacat
3541 tcttgceege ctgatgaatg ctcatccgga atttcgtatg gcaatgaaag acggtgaget
3601 ggtgatatgg gatagtgttc acccttgtta caccgttttc catgagcaaa ctgaaacgtt
3661 ttcatcgcte tggagtgaat accacgacga tttccggeag tttctacaca tatattcgea
3721 agatgtggcg tgttacggtg aaaacctggc ctatttccct aaagggttta ttgagaatat
3781 gtttttcgte tcageccaate cctgggtgag tttcaccagt tttgatttaa acgtggecaa
3841 tatggacaac ttcttcgecee cegttttcac catgggeaaa tattatacge aaggcgacaa
3901 ggtgctgatg ccgetggega ttcaggttea tcatgeegtt tgtgatgget tecatgtegg
3961 cagaatgctt aatgaattac aacagtactg cgatgagtgg cagggcgggg cgtaatttga
4021 tatcgagctce gettggactce ctgttgatag atccagtaat gacctcagaa ctccatetgg

178



4081 atttgttcag aacgctcggt tgececgeeggg cgttttttat tggtgagaat ccaagecteg
4141 gtgagaatcc aagcctcgat caacgtctca ttttcgecaa aagttggece agggettece
4201 ggtatcaaca gggacaccag gatttattta ttctgcgaag tgatcttccg tcacaggtat
4261 ttattcggcg caaagtgcgt cgggtgatge tgecaactta ctgatttagt gtatgatggt
4321 gtttttgagg tgctccagtg gettetgttt ctatcagetg teectectgt tcagetactg

4381 acggggtggt gcgtaacgge aaaagcaccg ccggacatca gecgetagegg agtgtatact
4441 ggcttactat gttggcactg atgagggtgt cagtgaagtg cttcatgtgg caggagaaaa
4501 aaggctgcac cggtgcgtca gcagaatatg tgatacagga tatattccge ttcctegete
4561 actgactcge tacgcteggt cgttcgactg cggegagegg aaatggcetta cgaacggggc
4621 ggagatttcc tggaagatge caggaagata cttaacaggg aagtgagagg geccgeggeaa
4681 agccgttttt ccataggcte cgeccecctg acaageatca cgaaatctga cgetcaaatc
4741 agtggtggcg aaacccgaca ggactataaa gataccagge gtttcceect ggeggcetecee
4801 tcgtgegcte tectgttect gecttteggt ttaccggtgt cattcegetg ttatggecge

4861 gtttgtctca ttccacgect gacactcagt tccgggtagg cagttcgete caagetggac
4921 tgtatgcacg aaccceccgt tcagtccgac cgetgegect tatccggtaa ctatcgtett
4981 gagtccaacc cggaaagaca tgcaaaagea ccactggeag cagecactgg taattgattt
5041 agaggagtta gtcttgaagt catgcgecgg ttaaggctaa actgaaagga caagttttgg
5101 tgactgcgct cctccaagee agttaccteg gttcaaagag ttggtagetc agagaacctt
5161 cgaaaaaccg ccctgecaagg cggttttttc gttttcagag caagagatta cgecgeagacc
5221 aaaacgatct caagaagatc atcttattaa tcagataaaa tatttctaga tttcagtgca

5281 atttatctct tcaaatgtag cacctgaagt cagccccata cgatataagt tgtaattete

5341 atgtttgaca gcttatcatc gataagcttc cgatggegeg ccgagaggct ttacacttta
5401 tgcttccgge tgaattcgeg geegetteta gagttegege gegaaggega ageggeatge
5461 atttacgttg acaccatcga atggtgcaaa acctttcgeg gtatggcatg atagegeccg
5521 gaagagagtc aattcagggt ggtgaatgtg aaaccagtaa cgttatacga tgtcgcagag
5581 tatgccggtg tetettatca gaccgtttce cgegtggtga accaggecag ccacgtttet
5641 gcgaaaacge gggaaaaagt ggaageggcg atggeggage tgaattacat tcccaaccge
5701 gtggcacaac aactggcggg caaacagteg ttgetgattg gegttgecac ctecagtetg
5761 geectgeacg cgecgtegea aattgtegeg gegattaaat ctcgegecga tcaactgggt
5821 gecagegtgg tggtgtcgat ggtagaacga ageggegteg aagectgtaa ageggeggtg
5881 cacaatcttc tcgegcaacg cgtecagtggg ctgatcatta actatceget ggatgaccag
5941 gatgccattg ctgtggaage tgcctgeact aatgttcegg cgttatttct tgatgtctct

6001 gaccagacac ccatcaacag tattattttc tcccatgaag acggtacgeg actgggegtg
6061 gagcatctgg tcgcattggg tcaccagcaa atcgegetgt tagegggecc attaagttet
6121 gtcteggege gtetgegtet ggetggetgg cataaatate tcactcgeaa tcaaattcag
6181 ccgatagcgg aacgggaagg cgactggagt gecatgtceg gttttcaaca aaccatgeaa
6241 atgctgaatg agggcatcgt tcccactgeg atgetggttg ccaacgatca gatggegetg
6301 ggcgcaatge gegecattac cgagteccggg ctgegegttg gtecggatat cteggtagtg
6361 ggatacgacg ataccgaaga cagctcatgt tatatcccge cgtcaaccac catcaaacag
6421 gattttcgec tgetggggea aaccagegtg gaccgcettge tgeaactcte tcagggecag
6481 gcggtgaagg gecaatcagcet gttgeeegte tcactggtga aaagaaaaac caccetggeg
6541 cccaatacgc aaaccgccte tcceegegeg ttggeegatt cattaatgea getggeacga
6601 caggtttcce gactggaaag cgggcagtga gegeaacgea attaatgtga gttagegega
6661 attgatctgg tttgacagct tatcatcgac tgcacggtgce accaatgett ctggegtcag
6721 gcagccatcg gaagcetgtgg tatggetgtg caggtegtaa atcactgeat aattegtgte
6781 gctcaaggeg cactececgtt ctggataatg ttttttgege cgacatcata acggttetgg
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6841 caaatattct gaaatgagct gttgacaatt aatcatccgg ctcgtataat gtgtggaatt
6901 gtgagcggat aacaatt
/1
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