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ABSTRACT

Microorganisms are promising hosts for the production of valuable chemicals, such as polymer
and pharmaceutical precursors, fuel alternatives, flavors and fragrances. Achieving high yields of a product

is often restricted by the interconnectivity of pathways in cells and finite nature of cellular resources. To
overcome these limitations, dynamic pathway regulation has emerged as a strategy to balance flux

between growth and production, such that titers and yields are maximized. Here, we demonstrate that
dynamic pathway regulation by down-regulating competing enzymes can successfully improve yields of

products. In Saccharomyces cerevisiae, we constructed a hexokinase valve where Hxk2 and GIk1 were

deleted and the only remaining Hxk1 was placed under control of the tetracycline transactivating system
(tTA) that enables repression of Hxk1 up to 10-fold in activity upon addition of doxycycline.

Downregulation of this competing Hxk1 enzyme resulted in a 50-fold increase in gluconic acid and a 3-fold

improvement in isobutanol yields from glucose.

Extending this concept to other microorganisms, engineering downregulation of competing
enzymes is dependent upon the ability to deplete a protein of interest in an inducible manner in the

production host. In Pseudomonas spp., tools for specific protein depletion remain limited. Current
methods involve promoter replacements and addition of degradation tags that require editing the

genome, a process that can be laborious in Pseudomonas. Here, we developed a CRISPRi gene repression
system by engineering the Streptococcus pasteurianus dCas9 and sgRNA. We demonstrate a robust and
titratable gene depletion system, with up to 100-fold repression in -galactosidase activity in P.
aeruginosa. We performed the first in vivo characterization of PAM site preferences of S. pasteurianus
dCas9, revealing that targeting both NNGTGA and NNGCGA within the promoter can provide robust
repression. Finally, the developed CRISPRi gene depletion system enabled the downregulation of
competing muconate cycloisomerase in P. putida, leading to accumulation of muconic acid. In summary,
we show that dynamic regulation of pathways by downregulating competing enzymes is an effective
method to improve titers and yields of products. Controlling enzyme abundance at the transcriptional

level proved successful with the existing tTA system in S. cerevisiae and with our developed CRISPRi

system in Pseudomonas.

Thesis Supervisor: Kristala L. J. Prather
Title: Professor of Chemical Engineering
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Introduction

Microorganisms are promising hosts for the production of valuable chemicals, such as fuel

alternatives1 , polymer2 and pharmaceutical 3 precursors, flavors4 and fragrances. The immense

diversity in the physiology of different microbes offers tremendous potential in using microbial

cell factories given a desired product, starting material or growth conditions. For example, the

yeast Saccharomyces cerevisiae's native ability to produce ethanol efficiently from glucose has

rendered it the ideal host for bioethanol production5 . Pseudomonas putida that naturally

degrades aromatic acids is a suitable host for using lignocellulosic biomass as a starting material 6,

while methanotroph bacteria provides a biological means to the upgrading of methane7 , which

is the least expensive source of carbon. For growth at supercritical carbon dioxide conditions, an

environmental strain of Bacillus megatarium has been isolated and is currently being engineered

for production of 4-methyl-pentanol in our lab'. With the abundance of microbes to choose from,

the limitation then lies on the availability of genomic sequence to function information of the

microorganism and molecular biology methods for DNA manipulation of the host.

Metabolic engineering of microorganisms for the production of molecules often involves

pathway engineering and host engineering. Pathway engineering includes expressing the

required enzymes, whether native or heterologous, for the conversion of substrate to the desired

product. Host engineering, on the other hand, involves manipulation of the rest of the cell such

as removing competing or native regulatory pathways to improve flux to the desired product.

Often times, these two processes consist of static changes, such as constitutive overexpression

of pathway enzymes and deletion of competing enzymes, both of which are also often optimized

separately. Although these conventional strategies have proved to be successful in improving

titers and yields in some cases, these methods are restrained by the interconnectivity of

pathways in cells and finite amount of cellular resources. For example, constitutive

overexpression of pathway enzymes comes at the expense of other shared cellular resources,

such as ATP and reducing energy that could affect growth and productivity. Deletion of

competing enzymes is limited only to non-essential enzymes and would require nutrient

supplementation if essential metabolites are involved.

11



Dynamic Pathway Regulation

To that end, dynamic regulation of pathways has emerged as the preferred method to

better balance flux between growth of cell and production of desired molecule. Typically, an

endogenous enzyme that is located where the production pathway intersects with cell

metabolism is identified and placed under dynamic control, such that flux going into cell

metabolism can be diverted to the production pathway at an ideal time. For the production of

isopropanol in E. coli, a toggle switch was designed to simultaneously increase flux through the

isopropanol pathway, decrease flux into the TCA cycle and increase pyruvate conversion to

acetyl-CoA. This dynamic regulation of flux around acetyl-CoA led to a 4-fold improvement in

isopropanol titers9. In yeast S. cerevisiae, native glucose responsive promoters can be used to

control expression of genes as a function of growth, when growing on glucose. By characterizing

the strengths of HXT and GAL promoters in response to glucose, flux around FPP was increased

or decreased accordingly by controlling the expression of pathway genes with these promoters,

leading to improvements in carotenoid production10 . Using the tetracycline transactivator

protein (tTA) system that functions independent of carbon source but requires exogenous

addition of an inducer, control of glucose flux into glycolysis in S. cerevisiae was achieved by

down-regulating Hexokinase 1. This decrease in glucose flux improved yields of gluconic acid and

isobutanol from glucose by 50-fold and 3-fold, with simultaneous reduction in ethanol

byproduction.

Although successful in improving production of molecules of interests, these examples

involve addition of an inducer at a pre-determined time to enable dynamic regulation. A further

extension of the system is autonomous induction, where the control of enzyme levels are turned

on or off without manual addition of inducers. Autonomous induction can be engineered by

utilizing promoters or engineering biosensors that are responsive to pathway metabolites or

integrating quorum sensing systems that is dependent on cell density. Metabolite responsive

promoters that are used to control gene expression are often derived from native promoters that

are first identified by screening with the desired metabolite, followed by optimization for

dynamic range by manipulating promoter strength. One advantage of using such promoters is

12



that it involves only a promoter replacement without the need to express an additional

transcription factor. An example of using metabolite responsive promoters for pathway

regulation in E. coli is in the mevalonate pathway, where levels of the intermediate farnesyl

pyrophosphate (FPP) that is toxic to cells were controlled". Expression of the downstream

amorpha-4,11-diene synthase was regulated by a FPP-responsive promoter, which was identified

by mining whole-genome transcript arrays, leading to improved flux to the mevalonate pathway.

In yeast, native ergosterol responsive promoters were screened and used to down-regulate

expression of ERG9, diverting flux of FPP away from squalene and into amorphadiene production,

leading to 5-fold improvement in titers'3 . Biosensors are typically derived from transcription

factors that bind DNA upon interaction with a metabolite. Depending on the host, substantial

engineering of the transcription factor and binding site on the promoter are often required to

achieve the desired dynamic range. Some examples of using biosensors for autonomous

induction include using a transcriptional repressor FapR as a malonyl-CoA biosensor, where the

production of fatty acids in E. coli was improved by balancing flux of malonyl-CoA production and

consumption14 . Synthetic promoters were designed to turn the upstream gene expression off

and the downstream gene expression on upon binding of FapR to malonyl-coA. The

FapR/malonyl-CoA biosensor has also been ported into yeast to dynamically induce expression

of a heterologous malonyl-CoA reductase for the production of 3-hydroxypropionic acid' 5 .

Quorum sensing systems provide another method of autonomous induction that is

triggered when a certain cell mass has been achieved. The well-studied luxR system from Vibrio

fischeri consists of a luxl synthase that produces acyl-homoserine lactone (AHL), which interacts

with the luxR transcription factor. Placing the gene of interest under luxR control then enables

cell density dependent gene expression upon AHL accumulation. The switching time when gene

expression is triggered can be varied by manipulating the expression levels of luxi and luxR.

Examples of utilizing the luxR system for dynamic pathway regulation include late induction of

pathway enzymes in the production of 1,4-butanediol from xylose 16 and redirection of metabolic

flux from the TCA cycle into isopropanol production by autonomous induction of a toggle switch'

in E. coli. Another quorum sensing system, the Esa QS system from Pantoea stewarti, has been

engineered for both transcriptional activation and repression by manipulating EsaR binding sites

13



on the promoter18. Building upon the Esa QS transcriptional repression constructs enabled direct

repression of phosphofructokinase in E. coli, leading to the improvement of glucaric acid

production by dynamically diverting flux away from glycolysis' 9. In yeasts, applications of quorum

sensing systems for metabolic engineering remain limited. Porting the aforementioned luxR and

Esa QS systems that consists of bacterial transcriptional repressors into yeast prove challenging

due to the nature of transcriptional repression in eukaryotes that require chromatin remodelling.

Thus, native quorum sensing systems such as the pheromone cell-to-cell communication in yeast

have been engineered20 and used to induce RNA interference (RNAi) to deplete pyruvate kinase.

This down-regulation diverts flux of phosphoenolpyruvate from glycolysis into the shikimate

pathway for the production of para-hydoxybenzoic acid (PHBA) 21 .
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Tools to Engineer Dynamic Regulation

Engineering dynamic regulation of a pathway involves engineering the ability to control

the abundance of an enzyme in an inducible manner. Enzyme abundance can be manipulated at

the transcriptional, post-transcriptional or post-translational level. Numerous methods exist to

regulate protein abundance at these different levels, each with its own advantages and

limitations. In general, intervention at the transcriptional level elicits a faster response but the

protein of interest is still susceptible to native post-transcriptional and post-translational

regulation, if any. On the other hand, regulating at the post-translational level directly controls

the protein abundance but is more wasteful as resources are used to produce the protein, only

to be degraded. Notably, the efficiency of the different methods is very much host dependent

and the ideal method would also be application dependent.

At the transcriptional level, promoter systems such as TetR/Ptet, Lacl/Plac, and AraC/Para

have been widely used in bacteria to express genes of interests in an inducible manner. These

systems enable turning on of gene expression, which is useful for late induction of pathway

enzymes that may be beneficial for flux balancing or stability of the enzyme. To turn gene

expression off in bacteria, synthetic promoter systems such as the inverter, which combines Ptet

and Plac, has been developed and demonstrated to improve gluconate yields in E. coli by

diverting flux away from glycolysis22 . In recent years, the CRISPR interference (CRISPRi) gene

repression system, developed by engineering a nuclease-null Cas9 from S. pyogenes that is

recruited to the target DNA by expressing a single guide RNA (sgRNA), has served as the primary

method to turn gene expression off at the transcription level in bacteria. In E. coli, the CRISPRi

system has been characterized to provide up to 100-fold repression of RFP fluorescence,

expressed on the genome". In dynamic regulation of pathways, the CRISPRi system has recently

been used to improve flux through the mevalonate pathway in E. coli for isoprene production. A

70% decrease in mRNA levels of ispA was achieved with CRISPRi that led to 2.6-fold increase in

isoprene titers 24. In the cyanobacterium Synechococcus sp., repressing glutamine synthetase I

with CRISPRi improved lactate production, by increasing concentrations of a-ketoglutarate that

activates catabolic genes involved in lactate synthesis from glycogen2 s
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In cases where multiple genes need to be repressed simultaneously, expression vectors

to construct multiple sgRNAs with repeat sequences have been developed that employ USER or

Golden Gate cloning methods 26 . Up to five sgRNAs were expressed simultaneously to divert

succinate semialdehyde away from the TCA cycle and into 4-hydroxybutyrate (4HB). With

individual sgRNAs providing up to 90% gene repression in mRNA levels, improvements in 4HB

mol% in poly(3-hydroxybutyrate-co-4-hydroxybutyrate) were achieved 7. Alternative to

expressing multiple sgRNAs to repress multiple genes is to express a trans-activating CRISPR RNA

(tracrRNA) with an array of precursor crRNA (pre-crRNA) that contains spacers (targeting

sequences) uniformly dispersed within repeat sequences. Characterization of this method by

targeting GFP expressed on plasmid resulted in up to 10-fold repression in fluorescence. Using a

crRNA array targeting three different genes, TCA cycle genes and the fadR transcriptional

regulator that controls the pool of malonyl-CoA, a 2.5-fold increase in naringenin titers were

accomplished2 8. One benefit of using the CRISPRi system over promoter replacement methods is

that genome editing of the target gene is not required, enabling its application in hosts where

genome editing is challenging. Although the off-target effects of Cas9 has been well characterized

in mammalian systems, the extent of off-target effects are less established in bacteria.

Nonetheless, the first 12bp sequence of the target sgRNA being most important for targeting

with S. pyogenes Cas9 remains universal2 129 . Additionally, off-target effects for gene repression

could be less detrimental than for genome editing. The more relevant limitation of the CRISPRi

system is therefore in the toxicity of dCas9 expression" that would affect growth of pathway-

expressing cells that typically already suffer from growth defects.

At the post-transcriptional level, methods to down-regulate mRNA levels include anti-

sense RNA (asRNA) in bacteria and RNA interference (RNAi) systems in yeast. Anti-sense RNA

involve expressing short ~100bp complementary mRNA, encompassing the ribosome binding site

(RBS) and open reading frame (ORF), that hybridizes with the target mRNA to prevent translation

or cause mRNA degradation. RNAi systems in eukaryotes similarly involve expressing a

complementary mRNA; however, expression of Dicer and Argonaute enzymes are also required,

where Dicer cleaves the dsRNA to smaller RNAs that are then recognized by Argonaute for

degradation". An example of using asRNA for pathway regulation is in downregulatingfabD in E.
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coli, where an 80% interference efficiency was achieved, leading to a 4.5-fold increase in

intracellular malonyl-CoA concentrations32 . In yeast, the RNA interference (RNAi) system was

used to deplete pyruvate kinase to divert flux of phosphoenolpyruvate from glycolysis into the

shikimate pathway for the production of para-hydoxybenzoic acid (PHBA)21.

Controlling protein abundance at the post-translational level involves adding a signal

peptide to the protein of interest and expressing the required degradation machinery. In E. coli,

the native CIpXP degradation system that recognizes the SsrA signal peptide is often utilized. To

engineer inducibility, the expression of SspB that tethers the target protein to the CIpXP

machinery after recognition of SsrA, can be placed under control of an inducible promoter.

Variants of the SsrA peptide with different degradation rates have also been engineered,

increasing the achievable dynamic range. For a completely orthogonal system in E. coli, a protein

degradation system from Mesoplasma florum's tmrna system has been engineered that also

utilizes a similar SsrA degradation tag (Pdt), but that is not recognized by E. coli's native

machinery33. The application of this system was extended to Lactococcus lactis and variants of

this Pdt tag with different degradation rates have also been characterized. For dynamic

regulation of pathways, the SspB/CIpXP system was used to down-regulate phosphofructokinase

in E. coli to divert flux of glucose-6-phosphate away from glycolysis and into glucaric acid

production3 4 . In yeast, the polypeptide sequence rich in proline (P), glutamic acid (E), serine (S)

and threonine (T), called the PEST sequence, serve as proteolytic signals on cyclins involved in

cell cycle regulation. Attaching PEST sequences to the C-terminal of otherwise stable proteins has

been used as a protein degradation method; however, given that it is recognized by native

proteolytic machinery, protein depletion is not inducible. Nonetheless, use of the common PEST

sequence from CLN2 to degrade ERG9 in S. cerevisiae that competes for FPP for squalene

production has led to the improvement of nerolidol titers3.
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Thesis Scope

Based on previous work in our lab demonstrating that the dynamic down-regulation of

glucokinase in E. coli can improve yields of gluconic acid", we sought to extend this concept into

S. cerevisiae. The mechanism of glucose transport into the cell of E. coli and S. cerevisiae is

markedly different. In E. coli, glucose is primarily transported into the cell through the

phosphotransferase system (PTS), where glucose is phosphorylated to glucose-6-phosphate

coupled by the conversion of phosphoenolpyruvate to pyruvate. Since the production of gluconic

acid requires free intracellular glucose, the PTS system had to be deleted such that glucose is only

transported through galactose permease GaIP and subsequently phosphorylated by glucokinase.

The expression of this glucokinase was then placed under dynamic regulation to improve flux of

glucose into gluconic acid. In S. cerevisiae however, glucose is transported into the cell through a

family of hexose transporters, HXT, with varying affinities to glucose and whose expression are

dependent on extracellular glucose concentrations. Once transported into the cell, glucose is

phosphorylated to glucose-6-phosphate by three isoenzymes: Hexokinase I, Hexokinase 2 and

Glucokinase 1. Hexokinase 2 is the dominant enzyme that is also a regulatory protein involved in

glucose repression. It is one of these hexokinases that will have to be placed under dynamic

control to divert flux away from central carbon metabolism and into the gluconic acid pathway.

In controlling glucose flux into central carbon metabolism with the hexokinase valve, we

observed significant decrease in aerobic ethanol production. The decrease in ethanol production

at low glucose flux in S. cerevisiae is well established; however, previous methods to reduce

glucose flux have involved using glucose feeding strategies and engineering of glucose

transporters. Here, we demonstrated that controlling expression of glycolytic genes directly

could also result in reduction of aerobic ethanol production. Although the hexokinase valve

accomplishes this effect, the strain suffers from slow growth due to the inherent nature of

reducing glucose flux. Efforts to eliminate aerobic ethanol production by deleting pyruvate

decarboxylase not only leads to cells with severe growth defect, but also the inability to produce

cytosolic acetyl-CoA. To explore the possibility of engineering a S. cerevisiae strain with reduced

aerobic ethanol production and negligible growth defects, we looked into the genome evolution
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of yeast where S. cerevisiae and its closest neighbors have evolved for fermentative growth.

Comparative genomic studies have revealed the loss of a Rapid Growth Element (RGE) sequence

of AATTTTT in the promoters of a class of mitochondrial ribosomal proteins of S. cerevisiae.

Interestingly, this sequence is lost in S. cerevisiae, Saccharomyces paradoxus and Candida

glabrata that undergone the Whole Genome Duplication Event and have respiro-fermentative

growth. Since this sequence is retained in yeast species like Candida albicans that only have

respiratory growth, the loss of this RGE sequence has been hypothesized to cause changes in the

transcriptional regulation of mitochondrial ribosomal proteins that contributed to S. cerevisiae's

Crab-tree positive phenotype. To explore the possibility of reverting the Crab-tree positive

phenotype, we started re-inserting the RGE sequence in the promoter of a subset of

mitochondrial ribosomal proteins and measured growth and ethanol production dynamics.

After successful demonstration of dynamic pathway regulation in S. cerevisiae, we

wanted to further extend the concept to Pseudomonas. Pseudomonas putida is an interesting

host for metabolic engineering applications due to its native tolerance to alcohols and alkenes

and its aromatic acid degradation pathways. However, tools to specifically deplete proteins on

interest in P. putida, which is required to enable down-regulation of competing enzymes, is

limited. In fact, even in P. aeruginosa, a well-studied Pseudomonas due to its medical relevance,

gene depletion methods remain limited to promoter replacements and addition of degradation

tags, both of which require editing the genome. In these bacteria, genome editing can be

laborious due to the low efficiency of currently available methods. Therefore, we sought to

develop a gene repression tool in Pseudomonas to enable inducible protein depletion. Not only

would such a system enable downregulation of competing pathways for dynamic regulation

applications, but also enables the study of essential genes and any application that require

inducible protein depletion. To that end, we developed the CRISPRi gene depletion system for

Pseudomonas using the Type 11 CRISPR/Cas9 from Streptococcus pasterianus. We show that this

robust and inducible system functions across P. aeruginosa, P. putida and P. fluorescens for

dynamic pathway regulation as well as depletion of essential proteins.
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Chapter 2: Controlling Central Carbon Metabolism to
Improve Pathway Yields in Saccharomyces cerevisiae

(Adapted from published paper: Tan, S. Z.; Manchester, S.; Prather, K. L. J. Controlling Central

Carbon Metabolism for Improved Pathway Yields in Saccharomyces Cerevisiae. ACS Synth. Biol.

2016, 5, 116-124.)
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Introduction

Microbial fermentation has the potential to produce valuable compounds, such as

pharmaceuticals3 , fragrances 4, and fuel-like molecules 36, from simple and inexpensive starting

materials. One of the challenges in manufacturing molecules with microbes is achieving sufficient

titers and yields such that the overall process can be economically feasible. Some common

methods to improve pathway yields include overexpression of pathway enzymes37, deletion of

competing pathways 38, and engineering redox and energy balances 39. However, these methods

are not always successful due to the interconnectivity of metabolic pathways and the finite

nature of cellular resources 40. Deletion of competing pathways may deprive cells of essential

metabolites that would have to be supplied extracellularly to support growth, which creates an

undesirable added expense for the culture medium. On the other hand, simply overexpressing

pathway enzymes comes at the expense of shared cellular resources, such as ATP and NAD(P)H

that ultimately lead to poor growth and protein expression 4 1, especially if these enzymes are

kinetically inferior to endogenous ones.

An alternative to these traditional approaches is to control and regulate metabolic

pathways in a dynamic manner 42 . Here, synthetic biology offers tools such as inducible gene

expression systems2 9 and quorum sensing circuits 18 that enable the construction of pathway

regulation. Although these genetic circuits are well studied, there remains a gap in effectively

integrating these systems into different levels of cellular complexity. Recent efforts in utilizing

synthetic biology tools in metabolic control have mainly focused on Escherichia coli as a host.

Dynamic regulation of carbon flux at glycolysis using a genetic inverter2 2 and by controlled

enzyme degradation 34 have been shown by our lab, while others have explored nodes further

down in central carbon metabolism such as the construction of a malonyl-CoA sensor14,

optimization of enzyme expression levels for fatty acid production 43 , and a toggle switch at the

acetyl-CoA node of the TCA cycle44 . In Saccharomyces cerevisiae however, successful

implementation of synthetic regulatory circuits for metabolic control remains challenging. Most

studies have involved relatively simple circuits using native promoter systems that are dependent

on cellular metabolites such as methionine45 - 7 or galactose4 8 . Such systems that involve
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induction by native metabolites are limited in robustness. Metabolism of methionine during

growth has been shown to relieve repression of the gene under MET3 promoter control, leading

to a decrease in product synthesis 49. Circuits involving the GAL promoter are limited to systems

where changing carbon sources between glucose and galactose is permissible, thereby excluding

most production strains where carbon sources can significantly affect metabolic enzyme

activitiess0 and heterologous gene expression 1. More recently, dynamic regulation using native

pheromone quorum sensing has been shown to improve production of para-hydroxybenzoic acid

(PHBA) 21; however, the system was restricted to tryptophan-free media since addition of

tryptophan was used to initiate the quorum sensing system. In addition, most metabolic control

efforts in S. cerevisiae have concentrated on increasing flux through the farnesyl diphosphate

branch-point, where the MET3 4 6 and ERG1 1 3 promoters were used to improve amorphadiene

titers and the HXT1 promoter to increase a-santalene production47. Outside of the mevalonate

pathway, little has been accomplished in controlling central carbon metabolism for pathway

improvements. Although early glycolysis and its role in glucose repressions 2 and ethanol

accumulation5 3 are well studied, redirecting carbon flux at this node into a heterologous

pathway, when no other carbon source exists, remains unexplored.

The first committed step of glycolysis involves the conversion of glucose to glucose-6-

phosphate with the consumption of ATP. In S. cerevisiae, this step is catalyzed by three enzymes:

hexokinase 2 (Hxk2p), hexokinase 1 (Hxklp) and glucokinase 1 (Glk1p)5 4. Hxk2p is the dominant

enzyme that is involved in glucose repression and represses the expression of Hxk1p and Glkip

in the presence of glucose55. We hypothesized that controlling the enzyme levels responsible for

this first step of glycolysis would enable the control of carbon flux into central carbon metabolism

when glucose is the sole carbon source. In particular, knocking down hexokinase or glucokinase

levels will reduce the amount of glucose-6-phosphate available for glycolysis, thereby increasing

the availability of glucose. Here, we present a genetically encoded metabolite valve 22 that

provides the control of central carbon metabolism and redirection of carbon flux into a

heterologous pathway. We first constructed a hxk2A g/klA strain and controlled the only

remaining Hxk1p using the tetracycline transactivator protein (tTA) systems6 . Unlike native

promoter systems, this synthetic gene repression system is repressed by the addition of
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doxycycline, which is not metabolized by cells, thereby providing a more stable regulatory

system. To then demonstrate the redirection of flux into a heterologous pathway, we chose

production of gluconic acid, or gluconate, as a model pathway that utilizes glucose as the

substrate. Gluconic acid is widely used as a bulk chemical in food, feed, and textile industries 57.

It is commercially made through a variety of different manufacturing processes: chemical

synthesis, electrochemical catalysis, and enzymatic biocatalysis, as well as fermentation

processes using bacteria or fungi5 . Some examples of microbial fermentation of gluconic acid

are from Aspergillus niger17 and Aureobasidium pullulan ", where yields of up to 95% and 87%

on glucose were achieved at optimized conditions. Glucose can be converted to gluconic acid

through an oxidation process to glucono-6-lactone, which spontaneously hydrolyzes to gluconic

acid. We expressed glucose dehydrogenase, gdh, from Bacillus subtilis for the production of

gluconic acid in our strains. The reported kcat/KM value of B. subtilis glucose dehydrogenase, 160

M/s60, is significantly lower than that of S. cerevisiae Hxk1p, 8800 M/s6 1,62 . Since Hxk1p

intrinsically outcompetes glucose dehydrogenase for glucose, this pathway is an ideal model

system to demonstrate the utility of a glucose valve. This proof-of-concept is one of the first

demonstrations in S. cerevisiae of dynamically redirecting glucose flux away from glycolysis,

resulting in superior improvement in yields (50-fold) of a heterologous pathway while

simultaneously reducing ethanol by-production even in glucose excess conditions. Moreover, we

extended the application of this system to improving yields of the isobutanol pathway. Even in

semi-anaerobic conditions, a 30% decrease in ethanol accumulation was achieved, alongside a 3-

fold increase in isobutanol yield from glucose.
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Materials and Methods
Strain and Plasmid Construction

S. cerevisiae W303 and CEN.PK2 strains and plasmids used in this study are listed in Appendix 2-

1. The tetracycline transactivator protein (tTA) system was cloned into the genome from plasmids

that were kindly provided by Dr. Narendra Maheshri (MIT Department of Chemical Engineering,

Cambridge, MA). Isobutanol overexpression constructs, pJA123 and pJA18063, were kindly

provided by Dr. Gerald Fink (MIT Department of Biology and Whitehead Institute for Biomedical

Research, Cambridge, MA). Oligonucleotides used were purchased from Integrated DNA

Technologies (Coralville, IA) and Sigma-Genosys (St. Louis, MO). All molecular biology

manipulations were carried out according to standard practices64 . Yeast transformation was

performed using standard lithium acetate protocol 61 and mutants were identified and isolated

by colony PCR. HXK1 promoter replacement in Y17 was further verified with sequencing. All

plasmids were cloned in E. coli DH5a using standard chemical transformation 66.

Culture Conditions

Experimental cultures were grown at 300C in yeast synthetic medium (SD complete)

containing Yeast Nitrogen Base (Difco), 2% glucose, and complete amino acids. Gluconate

production experiments were performed in SD-leu (lacking leucine). Cultures were grown for 3

days in 50-mL shake flasks with a starting inoculation of OD6oo 0.01 in the presence of 1000 ng/mL

dox. Isobutanol production experiments were performed in SD-ura (lacking uracil) containing

10% glucose, in semi-anaerobic conditions for 10 days in 10-mL tubes. Cultures were grown with

a starting inoculation of OD600 0.1 and in the presence of 1000 ng/mL dox for Y115.

Hexokinase Activity Assay

Hexokinase activity assay was performed on crude lysates by resuspending frozen pellets

in 750 uL of 10 mM Tris-HCI, 1 mM EDTA, 140 mM NaCl, 0.01% SDS, pH 7.5 and subjected to lysis

with glass beads. Supernatant was collected by centrifugation and used as follows. Hexokinase
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activity was measured in a coupled enzymatic assay67. Hexokinase converts glucose to glucose-

6-phosphate in the presence of ATP. Glucose-6-phosphate is then converted to 6-phospho-D-

gluconate by glucose-6-phosphate dehydrogenase (G6PDH) with the generation of NADPH that

is measured on the spectrophotometer at 340 nm. One unit of hexokinase activity will

phosphorylate 1.0 pmol/min of D-glucose at pH 7.5 and room temperature in the presence of

3.33 U/mL G6PDH, 60 mM Tris-HCI, 20 mM magnesium chloride, 8.0 mM ATP, 12.0 mM glucose,

and 0.9 mM NADP+. Activity measurements were normalized by total protein as measured using

the Bradford assay6 8.

Metabolite Analysis

Culture supernatant was analyzed on an Agilent 1100 series HPLC instrument with an

Aminex HPX-87H column (Bio-Rad Laboratories, Hercules, CA) with 5 mM sulfuric acid as the

mobile phase at 350C and a constant flow rate of 0.6 mL/min. Glucose, ethanol and isobutanol

levels were monitored using the refractive index detector (RID) while gluconate was monitored

on the diode array detector (DAD) at 230nm. Because glucose and gluconate co-elute at ~9 min

on the RID, the DAD signal was used to resolve the two species. Glucose levels were also

measured with a YSI 2950D Biochemistry Analyzer (Yellow Springs, OH). Concentrations were

determined from standard curves of analytes prepared from Sigma-Aldrich (St. Louis, MO).

Quantification of mRNA levels

Total RNA was extracted from frozen pellets by hot acid chloroform extraction 69 . Briefly,

pellets were resuspended in 50 mM sodium acetate pH 5.2 and 10 mM EDTA pH 8. Cells were

lysed with the addition of SDS to a final concentration of 1.6% and an equal volume of phenol

chloroform isoamyl alcohol. Solutions were heated at 65*C for 10 min and cooled on ice for 5

min. Further extractions were performed with equal volumes of chloroform. RNA was then

precipitated with ethanol and resuspended in water. Samples were then treated with TURBO

DNase (Life Technologies, Grand Island, NY). Equal amounts of total RNA was then reverse-
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transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA) according to

manufacturer's instructions. The synthesized cDNA was then amplified with HXK1 specific

primers in a qPCR reaction with Brilliant 11 Sybr Green High ROX QPCR Mix (Agilent Technologies,

Santa Clara, CA) on an ABI 7300 Real Time PCR System instrument (Applied Biosystems, Beverly,

MA). Transcript levels were quantified in duplicate with appropriate no-template, no-RT and

serial dilution controls. Reported levels are the averages of biological triplicates, each measured

in technical duplicates.

MATLAB simulation parameters

The following equations were used to illustrate the magnitude of growth-mediated buffering

effect on changes in mRNA abundance.

mRNA, m, balance:

dm
-- = a - (kd + Y)Mdt

Where a = mRNA transcription rate, kd = mRNA decay rate, and p = growth rate.

Protein, p, balance:

dp

~=lm- pp

Where 6 = translation rate.

The growth rate, M, was estimated by

i = yp + (P

Where y and qp were estimated by the slope and intercept of experimentally obtained growth

rate vs. hexokinase activity. y = 0.0705 hr-1 and 'p = 0.0436 m

The following parameters were used in the simulation:

HXK1 transcription rate, a = 0.00653 molecules/cell/min 0

26



HXK1 mRNA decay rate, kd = 0.02 min- 70

Turnover of Hxk1p, kcat = 1.06 s-161

Mass of protein/cell in S. cerevisiae = 4x10-12g 1

Continuous stirred tank reactor culture of WT pJA123

Continuous stirred tank reactor cultures of WT pJA123 were performed in SD ura- containing 10%

glucose to mimic conditions in batch experiments, in semi-anaerobic conditions in 50mL

Wheaton Celstir Spinner Double Side Arm flasks. Fresh media was constantly flowed into the

reactor at the same rate as the outlet flow of cells, using Masterflex pumps. Dilution rates

achieved were 0.027, 0.03, 0.046, 0.063, 0.055, 0.053, 0.12 and 0.12 hr-1, calculated by measuring

inlet flow rates. Samples were taken at steady state and after >5 volumes of reactor have passed.

Glucose dehydrogenase Activity Assay

Glucose dehydrogenase activity was measured directly from the oxidation of glucose to gluconic

acid with the production of NADH. One unit of Gdh activity oxidizes 1.0 pimol/min of D-glucose

at pH 7.6 at room temperature in 60 mM potassium phosphate buffer and 0.67 mM NAD+.

AHAS Activity Assay

AHAS activity was measured by the colorimetric single-point method 7. The optimized assay

contained 50mM sodium pyruvate, 1mM thiamine pyrophosphate, 10mM MgC 2, 10p1M FAD, and

7.2mM ATP in 1.15M potassium phosphate buffer pH 7.0. Cell lysates were prepared using Y-PER

Yeast Protein Extraction Reagent (Life Technologies, Grand Island, NY) and incubated in 5 mg/mL

lyticase (Sigma Aldrich, St. Louis, MO) at 300C for 30min. Equal volumes of cell lysate and assay

mix were then incubated at 30*C for 20min and the reaction was stopped by the addition of 50%

H 2SO4 to a final concentration of 1%. After incubation at 60*C for 15min to convert acetolactate

to acetoin, acetoin was then quantified by further incubation at 30*C for 10min in the presence
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of 0.15% creatine and freshly prepared 1.5% a-naphthol (in 2.5N NaOH). The color developed

was measured at 540nm and acetoin was used as a standard. One unit (U) of activity is defined

as that producing 1 amol of 2-acetolactate per minute under the above conditions. Protein

concentrations were measured using the BCA kit (Thermo Scientific, Grand Island, NY).

28



Results and Discussion

Repression of Hexokinase Activity Increases Gluconate Yields

In a hxk2A gikiA strain, Y12, we constructed a glucose valve at the only remaining

hexokinase, Hxk1p, to divert flux away from central carbon metabolism and into the gluconate

pathway (Figure 2-1). We hypothesized that deleting the dominant and regulatory Hxk2p would

disrupt native regulation of glucose, thereby allowing the valve more control over carbon flux at

this node. The transcription of HXK1 and GLK1 has been shown to be up-regulated in hxk2A

mutants with glucose as the carbon source7 1; therefore, we predicted that the deletion of this

dominant Hxk2p would still result in sufficient flux into glycolysis to support growth and

production. The valve was constructed by controlling the transcription of HXK1 using the

tetracycline transactivator protein (tTA) system. The tTA system has been shown to repress

transcription, upon addition of doxycycline (dox), up to 100-fold using f-galactosidase as a

reporter. We first tested this system in a positive feedback manner, with tTA being expressed

under 7xtetO in the genome, driving the expression of YFP with 7xtetO on a centromeric plasmid.

Addition of dox repressed YFP fluorescence in a dose-dependent manner and up to a maximum

80% (Figure 2-2). In addition, we estimated the burden of expressing the tTA system by

comparing the growth of Y15 (hxk2A giklA trpl::7xtetO tTA) to Y12 (hxk2A gk1LA) and saw small

effects on growth but comparable final OD6oo (Figure 2-3).
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Figure 2-1 Glucose valve construction.
(A) In a hxk2A gIkiA strain, a glucose valve was constructed by controlling the transcription of Hxk1p in

order to divert flux into the gluconate pathway. (B) The tTA protein, which consists of TetR fused to a VP16

activating domain, was expressed with 7xtetO CYCI TATA from the TRP1 locus. The native HXK1 promoter

was also replaced with 7xtetO CYC1 TATA. Upon addition of doxycycline (Dox), the binding of Dox to tTA

causes a conformational change that releases tTA from the DNA, thereby repressing transcription of HXK1.
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Figure 2-2 YFP characterization of the tTA system.
YFP fluorescence (normalized by OD600 ) of cells expressing 7xtetO tTA from the genome and PRS415

7xtetO YFP, with increasing dox concentrations (ng/mL). Dox addition was performed at inoculation, OD600

0.1. Error bars represent standard error among three biological replicates.
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Figure 2-3 Growth curve of strain with tTA system.
Growth curve of strain Y15 expressing tTA (hxk2A glk1A trpl::7xtetO tTA) compared to Y12 (hxk2A
glk1A). Error bars represent standard error among three biological replicates.

To control the transcription of HXK1 with the tTA system, we expressed 7xtetO tTA in the

genome and replaced the native HXK1 promoter in Y12 with 7xtetO, creating strain Y17. Addition

of dox repressed hexokinase activity up to 10-fold, as measured in cell lysates at late exponential

phase (Figure 2-4). The repressed hexokinase activity of strains with 500-2500 ng/mL dox

persisted into stationary phase, while those with 0-250 ng/mL dox increased when measured at

stationary phase. The general increase in hexokinase activity from exponential to stationary

phase is consistent with previous reports 75; hexokinase activity of wild-type S. cerevisiae has been

shown to increase 5-fold throughout growth. This result suggested that a minimum amount of

500-1000 ng/mL dox was needed to maintain hexokinase repression up to 72 hours and

concentrations above 1000 ng/mL provided no additional repression; therefore, subsequent

experiments were performed with 1000 ng/mL dox. mRNA quantification of HXK1 confirmed that

the reduction in hexokinase activity was due to reduced HXK1 mRNA levels (Figure 2-4). HXK1

mRNA levels were significantly lower in strains with dox addition, up to ~100-fold at 1000-2500

ng/mL dox, at both late exponential and stationary phases.
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Although mRNA levels alone have been shown to be insufficient in predicting protein

abundance in S. cerevisiae76,77, the decrease in HXK1 mRNA levels was consistent with the

observed trend in hexokinase activity in our experiments. In addition, it has been reported that

transcription only accounts for 30% of the regulation of Hxk1p abundance7 "; by measuring

glycolytic fluxes, it was determined that Hxk1p and other glycolytic enzymes were primarily

regulated at post-transcriptional levels. Here, we saw that a 100-fold decrease in mRNA levels

resulted in a 10-fold decrease in hexokinase activity at late exponential phase (although at

stationary phase, a 100-fold decrease was observed primarily due to an increase in activity of the

non-induced strain). The relationship between HXK1 mRNA levels and the observed activity of

Hxk1p is also complicated by its direct effect on growth rate. Down-regulation of Hxk1p decreases

growth rate that counters the effects of dilution by growth. In fact, simple modeling using

experimental growth rates and literature values of Hxk1p translation rate79, mRNA synthesis rate

and half-life70 supports this hypothesis (Figure 2-5). The model shows that an 80% reduction in

mRNA synthesis rate only results in a 46% reduction in activity due to growth-mediated buffering

effects of Hxk1p, while incorrectly assuming a constant growth rate predicts a higher, 79%,

reduction in activity instead. This similar effect has been demonstrated in the down-regulation

of glucokinase in a AptsHlcrr E. coli strain.
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Figure 2-4 Characterization of glucose valve and improvement in gluconate titers and yields.
(A) Addition of doxycycline represses hexokinase activity in a dose dependent manner, as measured in

cell lysate at late exponential and stationary phase. (B) Fold change in HXK1 mRNA of strains in (A)
compared to un-induced (0 ng/mL dox) condition, as measured at late exponential and stationary phase.
(C) Gluconate titers (g/L) and (D) gluconate yields (% mol/mol glucose) of WT and Y17, with and without
1000 ng/mL dox induction. Error bars represent standard error among three biological replicates.
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Figure 2-5 Simulation of Hexokinase activity with growth mediated effects.

MATLAB simulation of hexokinase activity (U/mg) as a result of an 80% reduction in mRNA synthesis

rate, for a constant growth assumption and with growth mediated buffering effects.

After demonstrating effective hexokinase repression, the gluconate pathway was

introduced into WT W303 and Y17 strains by expressing glucose dehydrogenase on a centromeric

plasmid, pRS415-gdh. Gluconate titers and yields were lower in Y17 than in WT, though not

substantially so (Figure 2-4). Although Hxk2p and Glklp were deleted in Y17, the measured

hexokinase activity of Y17 was higher than that in Y12 (Figure 2-6). This result suggests that

7xtetO tTA, with a CYC1 TATA box, is a stronger promoter than the native HXK1 promoter in Y12,

resulting in hexokinase expression levels that were more comparable to WT levels. However,

upon induction of Y17 with 1000 ng/mL dox at OD600 0.01, there was a significant increase in

gluconate titers from 0.15 g/L to 1.8 g/L (Figure 2-4). More importantly, a ~50-fold increase in

gluconate yields from glucose was achieved, from 0.7% to 36% mol gluconate/mol glucose. This

large improvement in yield is the result of both an increase in gluconate titers and a significant

decrease in glucose consumption in the induced strains. In comparison to reported industrial
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yields of 87-95%5759, this improved yield of 36% was achieved in shake flask experiments without

any other strain or process optimization. The repression of hexokinase activity successfully

allowed glucose flux to be redirected into the gluconate pathway, even when the reported kcat/KM

of the competing native Hxk1p was more than an order of magnitude higher than the

heterologous glucose dehydrogenase60 -2 . In addition, the 10-fold decrease in hexokinase activity

through transcriptional control was sufficient for the redirection of glucose, even though it was

reported that transcription only accounts for 30% of the regulation of Hxk1p abundance7 1. Thus,

we believe that our tTA system is generalizable to enzymes that are regulated at the

transcriptional level, even if transcription may only account partially for its regulation of

abundance. To confirm that the observed increase in gluconate titers is not due to an increase in

the activity of the pathway enzyme but due to repression of hexokinase activity, glucose

dehydrogenase activities were measured in Y17 at different dox concentrations (Figure 2-7).

There was no increase in glucose dehydrogenase activities at high dox concentrations where

significant improvement of gluconate titers and repression of hexokinase activity were observed.

This experiment confirmed that the increase in gluconate titers was not simply due to higher

activity of the pathway enzyme, but due to glucose redirection as designed.
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Figure 2-6 Basal Hexokinase activity of tTA construction strains.
Hexokinase activity (U/mg protein), as measured in cell lysates at late-exponential phase, of WT, Y12,

Y17 and Y17+dox strains. Error bars represent standard error among three biological replicates.
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Figure 2-7 Glucose dehydrogenase activity is not increased by dox addition.

Glucose dehydrogenase, Gdh, activity (U/mg protein), as measured in cell lysates at stationary phase, of

Y17 at different dox concentrations (ng/mL). Error bars represent standard error among three biological

replicates.
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Control of Glucose Flux to Production versus Growth
We further characterized gluconate production of Y17 under different inducer

concentrations and timing of induction (Appendix 2-2). Under these various conditions, a range

of different growth rates and gluconate titers was achieved, ranging from 0.05-0.10 hr' and 0.08-

2.31 g/L gluconate, respectively (Figure 2-8). In general, higher dox concentrations and earlier

induction times resulted in strains with the lowest hexokinase activities. At low levels of

hexokinase activities, these strains grew more slowly, presumably due to reduced flux into

glycolysis. A triple null mutant of hxklA, hxk2A, and g/klA failed to grow on glucose as the sole

carbon source, confirming that no other carbon utilization routes exist at these experimental

conditions. Therefore, the observed changes in growth rates solely due to change in hexokinase

activities in our experiments are reflective of glycolytic flux. Strains with the slowest growth rates

were the highest gluconate producers; less glucose flux into glycolysis allowed more glucose to

be redirected into the gluconate pathway.
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Figure 2-8 Gluconate titers of Y17 strains at different growth rates.
Each data point represents a biological triplicate of an experiment performed at a specific dox

concentration, from 0 to 2500 ng/mL, and timing of induction, from OD600 0.01 to OD600 1. Error bars
represent standard error among three biological replicates.

37



In addition to producing a range of different gluconate titers, these strains also produced

different amounts of ethanol at late exponential phase (Figure 2-9). Strains with the lowest

growth rates generally produced the least amount of ethanol, consistent with studies on the

Crabtree effect at glucose-limited conditions 0. The formation of ethanol in S. cerevisiae even in

aerobic conditions is due to overflow metabolism; at high glycolytic flux, fermentation occurs due

to limitations in respiratory capacitys3 . Glycolytic flux, in turn, depends on the glucose uptake

rate which is regulated by a family of hexose transporters. These hexose transporters are

encoded by the twenty HXT genes, each with different glucose affinities and is regulated by

extracellular glucose concentrations81 ,8 2. Due to these reasons, culturing S. cerevisiae at glucose-

limited conditions has been used to prevent ethanol by-production83. Here, we show that ethanol

production can be prevented even at high glucose concentrations of 20 g/L, by solely controlling

the expression of Hxk1p. Previous efforts at controlling glucose flux to prevent ethanol

production involved the construction of a chimeric transporter of Hxt1p and Hxt7p in a

background where all other hexose transporters had been deleted84 . Instead of controlling

glucose uptake rate, we show that controlling glycolysis directly at hexokinase is sufficient to

control glucose flux such that ethanol production is significantly reduced, regardless of external

glucose concentrations.
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Figure 2-9 Ethanol production of Y17 strains at different growth rates.

Repression of Hexokinase Activity Improves Isobutanol Yields
S. cerevisiae natively produces isobutanol, alongside other fusel alcohols, through amino

acid catabolism pathways85. Interest in isobutanol as a next generation biofuel substitute has

motivated the engineering of S. cerevisiae for improved isobutanol production. Overexpression

of native enzymes in the valine synthesis pathway8 6- 88, mitochondrial redirection of keto-acid

decarboxylase (KDC) and alcohol dehydrogenase (ADH)6 3, and cytosolic re-localization of valine

synthesis enzymes89 have been shown to increase isobutanol titers up to 600 mg/L and yields up

to 15 mg/g glucose8 1. Nonetheless, these reported isobutanol yields are far from the theoretical

yield of 0.4 g/g glucose. The significant production of ethanol as a byproduct, at yields of 0.4 g/g

glucose (theoretical yield = 0.5 g ethanol/g glucose), where reported 86 90, also remains a

challenge. Since both ethanol and isobutanol rely on pyruvate as a precursor (Figure 2-10),

reduced production of ethanol may increase the available pyruvate for isobutanol production. In

addition, reduced ethanol accumulation also relieves its toxicity91. The first committed step in

the conversion of pyruvate to ethanol is through acetaldehyde, catalyzed by pyruvate

decarboxylase. A pyruvate decarboxylase negative strain has been constructed92; however, it

grows poorly on glucose as a sole carbon source presumably due to the requirement of pyruvate
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decarboxylase for cytosolic acetyl-CoA production93 . Aside from deleting the major pyruvate

decarboxylase, Pdc1p, which did not reduce ethanol production of strains overproducing

isobutano 90, there has been little effort in preventing ethanol formation for the improvement of

isobutanol yields. We have shown that repressing hexokinase activity in Y17 not only improved

gluconate yields, but also diminished ethanol production at late-exponential phase. Given this

ability, we investigated the applicability of the hexokinase system to improve yields of isobutanol

from glucose.

Glucose

Glycolysis
2CO2  2NADH 2 NAD

2 Pyruvate 2 Acetaldehyde 2 Ethanol

ILV2
CO,

2-Acetolactate
NADPH

ILV5
NADP+

2,3-Dihydroxy-isovalerate

ILV3
H)O

2-Ketoisovalerate

KDC
CO"

lsobutyraldehyde

NAD(P)H
ADH

NAD(P)+

Isobutanol

Figure 2-10 Isobutanol pathway from glucose.
Enzyme involved in each conversion step is shown in blue: acetolactate synthase (ILV2),
acetohydroxyacid reductoisomerase (ILV5), dihydroxyacid dehydratase (ILV3), keto-acid decarboxylase
(KDC), alcohol dehydrogenase (ADH).

First, the hexokinase system in Y17 was reconstructed in CEN.PK2, a more industrially

relevant strain, generating strain Y115. In order to increase isobutanol titers, two previously
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reported overexpression constructs were tested in semi-anaerobic conditions: pJA123 containing

ILV2, ILV3 and ILV5, and pJA180 containing ILV2, ILV3, ILV5 and mitochondrial targeted LI-KivD

and LI-adhA(RE1)61. Despite now being in semi-anaerobic conditions, Y115 still produced

significantly less ethanol compared to WT (Figure 2-11), consistent with results obtained with

Y17 under aerobic conditions. At day 4, ethanol levels in Y115 were only 4-6 g/L compared to 46-

48 g/L in WT. At day 10, ethanol levels in Y115 increased to 19-33 g/L, but still less than that of

WT which remained approximately constant. Ethanol yields of WT and Y115 were 0.45 and 0.40

g/g glucose at day 10 (Figure 2-12). As shown in Figure 2-11, isobutanol titers at day 4 of WT

expressing pJA123 and pJA180 were 48.9 mg/L and 34.9 mg/L, and these titers remain

approximately constant through day 10. In contrast, isobutanol titers of Y115 continue to

increase after day 4, resulting in 124.1 mg/L and 167.2 mg/L in pJA123 and pJA180, respectively.

Taken together, the production of isobutanol in Y115 was slower, but reached significantly higher

final isobutanol titers compared to WT after 10 days, while producing less ethanol. Moreover,

isobutanol yields of all Y115 constructs were higher than that of WT, at both days 4 and 10 (Figure

2-11), with the highest yield being 3.4 mg/g glucose for pJA180. Isobutanol yields were higher for

Y115 even when titers were lower at day 4, due to reduced glucose consumption (Figure 2-13).

Measurements of other byproducts also showed increased glycerol, acetate and succinate yields

in Y115 compared to WT (Appendix 2-3).
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Figure 2-11 Improvement in isobutanol titers and yields.
(A) Ethanol production (g/L) of WT and Y115 at day 4 and day 10. (B) Isobutanol titers (mg/L) and (C)
yields (mg/g glucose) of WT and Y115 at day 4 and day 10. Error bars represent standard error among

three biological replicates.
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Figure 2-12 Ethanol yield of WT and Y115 cultures producing isobutanol.
Ethanol yield (g/g glucose) of WT and Y115 cultures with empty pRS426, pJA123 and pJA180, at day 4

and day 10 of culture. Error bars represent standard error among three biological replicates.

Reducing glucose flux into glycolysis in Y115 resulted in decreased growth rate compared

to WT. The effects of growth rate on ethanol production in glucose-limited conditions are well

established 80; below a certain growth rate, glucose metabolism is fully respiratory with no

ethanol accumulation. In glucose excess conditions however, the effects of growth rate on

ethanol, and isobutanol production, are unclear. To determine if reduced growth rate of WT

alone can lead to the decreased ethanol and increased isobutanol production as seen in Y115,

continuous stirred tank reactor experiments were performed with WT pJA123 at dilution rates of

0.03-0.12 hr-1 at semi-anaerobic and glucose excess conditions. Interestingly, decreasing dilution

rates of WT pJA123 increased both ethanol and isobutanol titers (Figure 2-14), suggesting that

the observed results in Y115 may not be due to reduced growth rate alone. It is worth noting that

the steady state conditions in continuous reactors on WT are not fully representative of the Y115

results that were obtained in batch cultures. Besides differences in growth rate, glucose
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consumption of Y115 also differed significantly from WT (Figure 2-13), since repression of

hexokinase activity reduced glucose flux into glycolysis. Therefore, we sought to investigate if the

high external glucose concentrations in Y115 could lead to activation of glucose repression

pathways that promote amino acid biosynthesiss4, which may drive more flux into the isobutanol

pathway. The Gcn4p transcriptional activator is known to activate amino acid metabolism9 4 ,

including induced expression of ILV295. Because regulation of Gcn4p is mainly at the translational

level, we sought to quantify Gcn4p levels in WT and Y115. However, we failed to obtain bands

on the Western Blot, most probably due to its low levels and short half-life of ~5 min under non-

induced conditions 96. Measurements of llv2p's acetolactate synthase activity (Figure 2-15)

showed no differences between Y115 compared to WT, suggesting that upregulation of Ilv2p in

Y115 was unlikely. These results indicate that the observed increase in isobutanol titers in Y115

is likely not due to increased expression of llv2p alone.

100- WT 100- Y115
-u-Empty --- Empty

+ pJA123 + pJA123
80- -A- pJA180 80- -A- pJA180

60 - 60-

0 0
40-~ 40-

20- 20-

0 0-
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Time (Day) Time (Day)

Figure 2-13 Glucose concentrations of WT and Y115 cultures producing isobutanol.

Glucose concentrations (g/L) of WT and Y115 cultures with empty pRS426, pJA123 and pJA180. The

initial starting glucose concentration was 100g/L for both WT and Y115. Error bars represent standard

error among three biological replicates.
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Figure 2-14 Chemostat cultures of WT producing isobutanol
(A) Ethanol (g/L), (B) Isobutanol (mg/L), (C) Optical density (OD600), and (D) Glucose (g/L) concentrations
of WT pJA123 at steady state, as a function of dilution rates (1/hr) performed in a continuous stirred
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(25mL reactor flowing at 0.05mL/min), the total volume of flow that has passed at day 3 of is 216 mL,
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Figure 2-15 Acetolactate synthase activity of WT and Y115 cultures.
Acetolactate synthase activity (U/mg protein) of WT and Y115 cultures with empty pRS426. E.coli
overexpressing alsS from B. subtilis was measured as a positive control. WT samples were taken at days

1, 2, 3 and 6. Y115 samples were taken at days 3, 6, and 10. Error bars represent standard error among

three biological replicates.

Lastly, to investigate if the deletion of Hxk2p in Y115 played a role in the increased

isobutanol titers, hxk2A only strains (Y9) were cultured with pJA123 and empty pRS426. In both

cases, there were small increases in isobutanol titers in the hxk2A strain compared to WT (Figure

2-16), suggesting a possible correlation between the absence of Hxk2p and increased isobutanol

titers, whether through Hxk2p's role in glucose repression 4 , extending lifespan97, or others.

Contrary to Y115 however, hxk2A strain produced similar ethanol levels to WT (Figure 2-16).

Hence, the absence of Hxk2p alone cannot fully account for the increased isobutanol and

decreased ethanol concentrations observed in Y115 compared to WT. Nonetheless, the

hexokinase system designed to control glucose flux into glycolysis consistently led to the

reduction of ethanol production and improvement in pathway yields from glucose. Even in semi-

anaerobic and glucose excess conditions, Y115 reduced ethanol accumulation by 30% and
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improved isobutanol yields from glucose by more than 3-fold. Additionally, even in cases where

isobutanol titers were lower than WT (pJA123 at day 4), isobutanol yields from glucose were still

higher in Y115 due to reduced glucose consumption, which is a direct effect of reducing glucose

flux with our system. The successful reduction in ethanol production and improvement in

isobutanol yields demonstrates the applicability of this system beyond our gluconate model

pathway.
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Figure 2-16 Isobutanol and ethanol production of WT and Y9 (hxk2A) strains.
Isobutanol (mg/L), ethanol (g/L), isobutanol yield (mg/g glucose) and ethanol yield (g/g glucose) of WT
and Y9 (hxk2A) strains with empty pRS426 and pJA123. Error bars represent standard error among three
biological replicates.
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Comparison of Hexokinase to Pyruvate Decarboxylase Valve in Improving Isobutanol Yields

As mentioned above, the location of the hexokinase valve decreases flux going into

pyruvate that is required for the production of isobutanol. Although the role of reduced glycolytic

flux on decreased ethanol production is well established, its effects on improved isobutanol

production is unclear. Individually, the experiments described above were unable to reproduce

the observed improvement in isobutanol production combined with reduced ethanol production.

We hypothesize that the observed results could be due to a combination of decreased growth

rate, Hxk2p's regulatory role in glucose repression and changes in expression of the leucine

biosynthesis pathway. Nonetheless, a natural next step would be to construct a pyruvate

decarboxylase valve that would enable direct diversion of pyruvate flux away from ethanol and

into the isobutanol pathway. Comparison of the pyruvate decarboxylase valve to the hexokinase

valve could then potentially provide further insights into the observed results of the strain with

the hexokinase valve. Briefly, PDC5 and PDC6 were deleted and the only remaining PDC1 was

placed under tTA control by replacing its native promoter with 7xtetO. The isobutanol

overexpression pathway plasmids were then transformed into this strain and extracellular

isobutanol and ethanol concentrations were measured.

The isobutanol and ethanol production of the two strains are comparable, with both the

empty plasmid control and the plasmid overexpressing ILV2, ILV3 and ILV5 genes (Figure 2-17).

Comparing the isobutanol yields however, the yields are slightly higher with the hexokinase valve

due to reduced glucose consumption since downregulating hexokinase is able to decrease the

uptake of glucose (Figure 2-18). Although downregulating flux at hexokinase was not a direct

method to improve flux into isobutanol production, the extent of improvement in isobutanol

titers were interestingly comparable to downregulating flux at pyruvate decarboxylase. This

result highlights the complexity of metabolic pathways and their regulation in cells.
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Conclusions

We have demonstrated one of the first examples of dynamic glucose redirection away

from central carbon metabolism and into a heterologous pathway in S. cerevisiae. By integrating

the synthetic tTA system into the first step of glycolysis, we developed a genetic valve capable of

controlling glycolytic flux. We successfully diverted flux into two different pathways, resulting in

significant improvement in yields from glucose. We showed up to a 10-fold decrease in

hexokinase activity that allowed the diversion of carbon flux into our model pathway, gluconate,

resulting in a 10-fold increase in titers, from 0.15 g/L to 1.8 g/L, and a 50-fold increase in yields,

from 0.7% to 36% mol/mol glucose. By varying induction times and inducer concentrations, we

obtained strains with different growth rates and gluconate titers, demonstrating the control of

glucose flux to either growth or production. In addition, we showed that this system was

generalizable in reducing ethanol production in both aerobic and semi-anaerobic conditions, and

even in the presence of high external glucose concentrations. Our engineered strain reduced

ethanol accumulation by 30% and increased isobutanol yields by more than 3-fold in semi-

anaerobic conditions. Although there is additional inducer cost in our current system, this proof-

of-concept study shows successful dynamic glucose redirection that resulted in improved yields

of heterologous pathways. Further efforts, such as autonomous induction 4 98 , may need to be

engineered to construct a cost-effective system suitable for production purposes. The success of

this study encourages the implementation of other genetic circuits for metabolic control and

pathway engineering in S. cerevisiae.
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Chapter 3: Reengineering Transcriptional Regulation of
Mitochondrial Ribosomal Proteins for Reduced Aerobic
Ethanol Production
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Introduction

The yeast Saccharomyces cerevisiae produces ethanol even in aerobic conditions, a

condition known as the Crab-tree effect. The rapid consumption of glucose to produce ethanol,

followed by subsequent consumption of ethanol once glucose has been depleted, is an

evolutionary niche that S. cerevisiae has acquired to survive in the wild99. The rapid glucose

consumption allows S. cerevisiae to outcompete other microorganisms for the carbon source.

The production of ethanol enables NAD+ and ATP generation and the secretion of ethanol to the

environment kills other microorganisms. Once these steps have been accomplished, S. cerevisiae

subsequently consumes the secreted ethanol for growth' 00. The molecular basis of the Crab-tree

effect is also well-established. In the presence of glucose, glycolytic genes in S. cerevisiae are up-

regulated while genes in the TCA cycle and respiratory genes are repressed' 01. The glucose

uptake rate is regulated by a family of hexose transporters. These hexose transporters are

encoded by the twenty HXT genes, each with different glucose affinities and is regulated by

extracellular glucose concentrations 81. Once glucose is depleted, genes in the TCA cycle and

gluconeogenesis are upregulated. In fact, the transcriptional response to glucose involves ~20%

of the 6200 S. c. genes that undergo more than a three-fold change in expression levels102 , 03 .

The aerobic production of ethanol is wasteful on a carbon basis since carbon dioxide is

lost from the conversion of pyruvate to acetaldehyde. In glucose excess conditions, S. cerevisiae

has a higher growth rate but lower final biomass concentrations, compared to when cultured in

glucose-limited conditions 0. The loss of carbon to ethanol production is reflected in the lower

final biomass concentrations. In addition, ethanol production is also a wasteful by-product in

metabolic engineering applications where high yield and high purity of the product of interest is

desired. To that end, there have been efforts to engineer S. cerevisiae for reduced aerobic

ethanol production, but to limited success. Reducing ethanol production by controlling the

glucose uptake rate was engineered by constructing a chimeric hexose transporter of Hxt1p and

Hxt7p in a background where all other hexose transporters had been deleted' 04 .The engineered

strain does not produce ethanol aerobically but suffers from reduced growth rate and glucose

consumption, demonstrating the inherent trade-off between glucose uptake rate and growth
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rate with aerobic ethanol production. Another strategy to prevent ethanol production is to delete

pyruvate decarboxylases that convert pyruvate to acetaldehyde 05 . However, since the only

source of cytosolic acetyl-CoA is from acetaldehyde, pyruvate decarboxylase mutants are

auxotrophic for C 2 substrates. The inability to regenerate NAD+ from ethanol production in these

mutants also add to the severe growth defect. Hence, a pyruvate decarboxylase mutant has been

evolved to grow on glucose as a sole carbon source, resulting in a strain with improved growth

(but still slower than WT) that acquired a mutation in MTH1 that encodes a transcriptional

regulator involved in glucose sensing106 .

Looking at the Ascomycota phylogenetic tree, the whole genome duplication (WGD)

event occurred approximately 150 million years ago that was then followed by rearrangement

and gene loss. Less than 10% of WGD gene pairs survived through selection and remained in S.

cerevisiae, such as glycolytic genes99"1 07.The increase in glycolytic genes in S. cerevisiae compared

to its pre-WGD relatives has been hypothesized to confer S. cerevisiae growth advantage through

rapid growth fermentation 08 . In fact, S. cerevisiae and its closest relatives that have undergone

WGD such as Saccharomyces paradoxus and Candida glabrata are respiro-fermentative (Figure

3-1). Pre-WGD species such as Kluyveromyces lactis and Candida albicans, however, are

completely respiratory. Finally, Yarrowia lipolytica that has diverged away from S. cerevisiae at

an even earlier time is an obligate respiratory yeast. Comparing the genomes of these different

yeast species revealed that yeasts that have undergone WGD have lost an AATTTTT sequence,

termed the Rapid Growth Element (RGE), at -160bp in promoters of mitochondrial ribosomal

proteins' 09-111. This RGE remained intact at -230bp in promoters of respiratory yeasts, such as C.

albicans. Ihmels et al hypothesized that a rewiring of the transcriptional network of

mitochondrial ribosomal proteins occurred after WGD that conferred post-WGD yeast species

their fermentative growth' 09. The exact role that these RGE play in affecting the expression of

these mitochondrial ribosomal proteins is unclear. Some possible hypotheses include increasing

expression through its AT rich sequence that disfavor nucleosome occupancy on the promoter

and possible transcription factor binding site to factors such as Sfp1 that is known to be involved

in regulation of ribosome biogenesis" 2 "4 . In addition to Ihmels' seminal paper, comparative

genomic studies by others have corroborated the RGE hypothesis 51 1 7; however, to date, no
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experimental evidence has been shown to support the role of these RGE sequences in

fermentative growth of S. cerevisiae. Here, we attempt to re-engineer the transcriptional

network of mitochondrial ribosomal proteins in S. cerevisiae to reduce aerobic ethanol

production. By re-introducing the RGE sequences at promoters of a small subset of the

characterized mitochondrial ribosomal proteins, we sought to investigate the effects of these

RGE on gene expression and fermentative growth.
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S. paradoxus

S. mikatae
S. bayanus
S. bayanus uvarum

C. glabrata

S. castelii

K. wali
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Whole genome
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Figure 3-1 Saccharomycotina evolutionary tree.
Adapted from Thompson et al01.
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Materials and Methods

Yeast Strains and Cultivation

CEN.PK2-1D yeast strains (Parent strain 1917 in Prather Lab Strain Database) were cultured in

YPD medium at 30*C with agitation.

Cloning and Strain Construction

RFP reporter integration vectors were constructed by amplifying the MRP promoter from

genomic DNA of CEN.PK2-1D and cloning it upstream of RFP on pRS304 plasmid by PCR. 500bp

upstream of the ORF of the MRP gene was taken as the promoter sequence. Integration into

the TRP locus was accomplished by transforming the cloned pRS304 vector into yeast and

selection on SD trp- plates.

MRP RFP reporter strains were constructed by replacing the MRP gene on the genome directly

with RFP, such that RFP is being driven by the native MRP promoter and at its native genomic

location. RFP was amplified by PCR with 50bp homology to the target location and transformed

into cells already harboring pRS414-TEF1p-Cas9. A sgRNA that targets the MRP gene to be

replaced, cloned into pRS426-pSNR52-sgRNA, is also transformed at the same time for

markerless integration of RFP. Once the MRPpr-RFP strain has been constructed, AATTTT

insertions on the MRP promoter were constructed by first amplifying the donor DNA using

oligonucleotides with AATTTT sequences inserted. Then, the donor DNA was transformed with

Cas9 and a targeting sgRNA as mentioned above. Cloning of the strains with AATTTT insertions at

the MRP promoter were performed similarly with WT CEN.PK2-1D as the parent strain instead of

the RFP integrated strains.

List of modified promoter sequences are in Appendix 3-2. 3-3, and 3-5.
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RFP Fluorescence Measurements

RFP fluorescence of the reporter strains integrated at the TRP locus was measured on the plate

reader with an excitation of 532 nm and emission of 588 nm. The gain was set at optimal and

reported values are fluorescence units normalized by optical density (OD600nm).

YFP fluorescence of reporter strains with the MRP gene replaced with YFP was measured on the

flow cytometer FACS-Calibur-I at the MIT Koch Core Facility. Cells were washed with PBS, diluted

to the appropriate OD, and then ran on the Calibur-l.

Metabolite Analysis

Extracellular glucose and ethanol concentrations were measured on the YSI 2950D

Biochemistry Analyzer (Yellow Springs, OH).
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Results

Initial working set of Mitochondrial Ribosomal Proteins (MRP)

In the first paper by Ihmels et al that characterized the rewiring of transcriptional

networks in the evolution of yeasts, there were 72 genes that were annotated as mitochondrial

ribosomal proteins' 09 (Appendix 3-1). Mitochondrial ribosomal proteins are encoded in the

chromosomal genome, translated in the cytoplasm, and then transported into the mitochondria

through signaling peptides where they are then assembled into the mitochondrial ribosome. Out

of the 72 annotated genes, 23 genes encode for the small and large subunits of the mitochondrial

ribosomal proteins, 13 encode for proteins that are involved in mitochondrial function such as

ATPase and cytochrome c oxidase, and the remaining 36 genes have unknown function.

In order to select an initial working set of MRPs for characterization, the 36 genes with

unknown function were omitted. To decide on the remaining 46 genes, genes were chosen based

on available microarray data that quantified expression levels of the yeast transcriptome. Two

microarray data sets were examined: (1) cells with HAP4 overexpressed97 and (2) cells under

caloric restriction1 8 . The criteria used to choose genes based on these microarray data sets were

two-fold. Firstly, genes with high expression levels were desired to ensure that the reporter assay

would be detectable. Since the mitochondrial ribosomal proteins are transported into the

mitochondria for assembly, one would predict a generally low expression level. Secondly, genes

that show changes in expression level to the conditions tested in the microarray experiments

were preferred. Genes that were responsive to changes in conditions tested may have a higher

probability of being physiologically important, thereby being more important candidates for

characterization. Based on these criteria, ten MRP genes were initially chosen: ATP11, ATP12,

COX14, MRP2, MRP7, MRP13, MRP9, MRPL16, MRPL32 and MBA1.
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Reporter Assay to Measure Effects of Rapid Growth Element (RGE) Insertions

To construct a reporter assay to characterize the effects of adding RGE elements to the

promoters of MRPs, we first cloned the promoter of MRP7 to drive the expression of red

fluorescent protein (RFP) on an integrating plasmid pRS304. This construct was then integrated

into the TRP locus of yeast. To then test the effects of RGE additions, we modified the promoter

of MRP7 that drives RFP expression, such that the AATTTTT sequence was present at -160bp and

at -200bp as insertions or mismatches. We wanted to explore the potential differences in having

the RGE sequence present at -160bp compared to -200bp because the RGE was found to be

present at -200bp in C. albicans but lost at -160bp in respiro-fermentative yeast species1 09. In

addition to MRP7, we also tested MRP13 and MRPL32.

For MRP13 and MPRL32, no significant differences in RFP fluorescence was observed

when RGE sequences were added into the promoter. For MRP7, addition of RGE to the promoter

significantly reduced RFP fluorescence (Figure 3-2), which was unexpected given that AT rich

sequences are known to increase promoter strengths possibly by decreasing average nucleosome

occupancy1 9. The modified MRP7 sequences are in Appendix 3-2.
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Figure 3-2 Characterization of MRP7 promoter at the TRP locus: RGE location
Fluorescence normalized by OD of RFP expressed from the MRP7 promoter, MRP7 promoter with RGE at

-160bp and MRP7 promoter with RGE at -200bp.
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When comparing insertions to mismatches, RGE at -160bp as a mismatch resulted in

higher fluorescence compared to that as an insertion (Figure 3-2). However, the fluorescence

levels in both cases were significantly lower compared to that expressed from the native MRP7

promoter. Hence, the significance of this small difference in expression between the insertion

and mismatch is unclear. As mentioned before, one of the possible roles of the RGE in affecting

expression of the MRPs is by altering promoter strength due to its AT-rich sequence that prevents

nucleosome occupancy. Another possibility is that the RGE may be a transcription factor binding

site in C. albicans. Whether there exists a transcription factor in S. cerevisiae that would bind to

RGE, even if these sequences were added to the genome, remains to be determined. One

transcription factor known to be involved in ribosome biogenesis is Sfp1 12 0, which is known to

interact with AT-rich sequences through its interaction with other factors such as Rapi, although

the exact mechanism and binding site sequence remains unknown. To investigate if Sfpl

overexpression would affect expression of MRP promoters with the RGE insertions, SFP1 was

amplified from genomic DNA and cloned into pRS415 and driven from a constitutive ADH1pr.

Fluorescence measurements were then taken of cells with integrated MRPpr-RFP, with and

without RGE insertions, harboring pRS415-SFP1. As shown in Figure 3-4, there was no significant

difference in fluorescence levels when SFP1 was overexpressed in any of the MRP promoter

variants. The levels of SFP1 overexpression would have to be verified to draw any significant

conclusions about the role of SFP1 in regulating expression of promoters with RGE.
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Figure 3-3 Characterization of MRP7 promoter at the TRP locus: RGE insertion vs mismatch.
Fluorescence normalized by OD of RFP expressed from the MRP7 promoter, MRP7 promoter with RGE at

-160bp as an insertion and MRP7 promoter with RGE at -160bp as a mismatch (MM). C. albicans MRP7

promoter sequence was also tested.
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Figure 3-4 Characterization of MRP7 promoter at the TRP locus with SFP1 overexpression.
Fluorescence normalized by OD of RFP expressed from the MRP7 promoter variants, with and without

SFP1 overexpression from pRS415.
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YFP Reporter Assays

The reporter assay described above did not provide clear insight into the effects of RGE

insertions on the expression of MRP promoters. One possible explanation is that the reporter

was integrated at the TRP locus, which is not accurately representative of the genomic context

at the native MRP. To construct a more representative reporter assay, the MRP gene was

replaced directly with YFP such that YFP is now expressed from the native genomic location. We

built reporter strains for MRP2, MRPL39, MRPL7 and MBA1 and measured fluorescence relative

to a WT strain that has no YFP integrated (Figure 3-5).

Normalized Fluorescence
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WT (Y159) MRP2 MRPL39 MRPL7 MBA1

Figure 3-5 Characterization of MRP promoters at its native genomic location.
Fluorescence normalized by OD of YFP expressed from the genome, where the ORF of MRP2, MRPL39,
MRPL7 and MBA1 was replaced directly with YFP. Reported values are fold change in normalized
fluorescence compared to WT with no YFP.

The levels of fluorescence of the YFP reporter strains were generally low, the highest

being only almost three-fold higher than WT cells. Based on these results, we chose to move

forward with the MRP2 and MRPL39 constructs that had high fluorescence levels among the four

genes tested. The RGE (AATTTTT) sequence was then added at -120bp, -160bp, -200bp, and -

230bp of the promoter region of MRPL39. YFP fluorescence of these strains were then measured

using the flow cytometer for more sensitive detection (Figure 3-6). Samples were taken for three

days to measure expression dynamics. On Day 1, there seems to be no significant difference in
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expression levels of the native MRPL39 promoter compared to the modified promoter variants

with RGE addition at different locations. On Day 2 and Day 3, the expression level of the MRPL39

promoter with RGE at -120bp starts to diverge from the rest of the promoter variants, where the

expression level was lower compared to the rest. Considering that there was no significant

difference between RGE insertions at -160bp and -200bp, locations that were previously

identified as where RGE was lost in respiro-fermentative yeasts (-160bp) and retained in

respiratory yeasts (-200bp), we moved forward with adding RGE on the genome at -160bp. The

sequences of the MRPL39 insertions are in Appendix 3-3.
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Figure 3-6 Characterization of MRPL39 at its genomic location: RGE location.
Flow cytometry of strains with MRPL39 replaced with YFP, being driven by the WT MRPL39 promoter, or
modified MRPL39 promoter with RGE additions at -120bp, -160bp, -200bp and -230bp.

Genomic insertions of Rapid Growth Elements (RGE)

Rapid Growth Element sequences were inserted directly into the genome of a WT strain using

Cas9 to ensure only the AATTTT sequence was added without leaving any markers of additional

sequences in the promoter region. The promoters of seven MRPs were edited sequentially to

obtain a combination of strains with RGE insertions in any and in combination of the seven MRPs:

ATP11, ATP12, COX14, MRP2, MRP9, MRPL16 and MBA1 (Appendix 3-4, 3-5). After four to five
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rounds of sequential insertions, 35 strains were screened for aerobic ethanol production in

flower plates (Figures 3-7, 3-8). Compared to WT (Strain #15), all 35 strains continue to produce

ethanol aerobically, but with different dynamics. Out of this initial round of screening, nine

strains were chosen to confirm ethanol production trend in shake flasks (Table 3-1). The

sequences

Ethanol (g/L)
7

6

5
-Al

0
e3

-c
w2fo

0
0 6 9 12 24

Time (hours)
- 1 -2 3 4 -- 5

- 6 - 7 8 -- 9 -10
- 11 -00 --0 12 - - 13 14 15 (WT)

16 - 17 - - 18

Figure 3-7 Aerobic ethanol production of Strains 1-18.
WT is Strain #15. List of RGE insertions corresponding to each strain is in Table 3-1.
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Figure 3-8 Aerobic ethanol production of Strains 19-39.
List of RGE insertions corresponding to each strain is in Table 3-1.

Table 3-1: Initial set of chosen strains for flask cultivation

Strain AATTTT insertions
WT -

2 MRP2, COX14, ATP11
3 MRP9, MRPL16, COX14, MRP2
4 MRP9, MRPL16, COX14, MBA1
5 MRP9, COX14, MBA1
6 MBA1, ATP11, MRP2
7 MRPL16, COX14, ATP11
8 MRP9, COX14, MBA1 (same as 5)
9 ATP12, MRP2, MBA1
10 MRP9, MRPL16, MBA1

For these flask experiments, growth and glucose consumption were also monitored in

addition to ethanol production. Interestingly, some strains consumed glucose faster and grew

faster than the WT strain. In terms of ethanol production, however, none of the strains showed
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significant reduction, albeit different dynamics. Since ethanol is made and then subsequently

consumed, more frequent time points would have to be taken to construct an accurate

representation of the dynamics of ethanol production of these strains. To investigate any trends

that may be observed in incorporating an additional RGE insertion into the genome, Strain 3 and

Strain 6 were chosen from above and cultured side by side with their parent strains (Table 3-2).

Strain 3 (or BCDA) was chosen because it grew faster than WT and Strain 6 (or EFA) was chosen

because it grew slower than WT. Comparing these strains with their parent strains, no obvious

trends can be observed from the additional incorporation of a RGE at another MRP promoter

(Figures 3-9, 3-10, 3-11). Again, more continuous measurement of growth, glucose and ethanol

is needed to better monitor any differences in growth and production dynamics

Table 3-2 Chosen strains for flasks cultivation

Strain AATTTT insertions at From previous experiment
WT

E MBA1
EF MBA1, ATP11

EFA (6) MBA1, ATP11, MRP2 Growth slower than WT

B MRP9
BC MRP9, MRPL16

BCD MRP9, MRPL16, COX14
BCDA (3) MRP9, MRPL16, COX14, MRP2 Growth faster than WT

ADF MRP2, COX14, ATP11 Growth faster than WT

65



OD600
40

35

30

25

20

0 15

0 10

5

0
0 10 20 30 40 50 60 70 80

Time (hrs)

-.- WT 1917 -4--E EF

EFA (slow from last time) -- B -4-BC

-0- BCD -- BCDA (fast) -9- AFD (fast)

-O-AFD (fast)

Figure 3-9 Flask cultivation of chosen strains: Growth.
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Figure 3-10 Flask cultivation of chosen strains: Glucose consumption.
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Figure 3-11 Flask cultivation of chosen strains: Ethanol production.
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Discussion

The loss of the rapid growth element (RGE), which constitutes only seven bp sequence of

AATTTTT, from the class of mitochondrial ribosomal proteins in respiro-fermentative yeasts

during the evolutionary process remains fascinating. To think that a simple reintroduction of

these sequences into the promoters of genes could revert millions of years of evolution is

admittedly over optimistic or perhaps naive. Although the theory behind the rewiring of these

transcriptional networks has been established since 2005109, there remains no experimental

evidence to date showing the effects of reintroduction of these elements into respiro-

fermentative yeasts. Notably, before the repurposing of CRISPR/Cas9 for genome editing was

developed in 2012, editing just seven bp of DNA sequence on the genome without leaving any

markers or sequences from Fip recombination was not technically feasible. Since genomic

insertions of these sequences occur in the promoter, it is particularly important that no additional

sequences remain after editing that could affect expression from the promoter. Although our

efforts in reintroducing these sequences into a small subset of mitochodrial ribosomal proteins

did not result in significant changes in growth and aerobic ethanol production, it is possible that

changes in a larger subset of the 72 genes is required to cause significant physiological changes.

To that end, constructing strains with RGE insertions in all of the mitochondrial ribosomal

proteins is feasible using the Cas9 genome editing system. Although there have been published

methods that enable editing at multiple locations simultaneously by expressing multiple sgRNAs,

we have found these methods to be less efficient and require considerable screening for colonies

that have incorporated all desired changes. When only a single genomic change is made at a time,

using only one sgRNA, we have found cloning efficiencies of almost 100%, making this approach

faster to systematically make sequential edits on the genome. The limitation in the time it takes

to make sequential edits then lies in the need to remove the pRS426-sgRNA plasmid by selection

on 5'-FOA, before transformation of the next sgRNA plasmid is possible. The bigger challenge in

such a study is not in constructing the strains, but lies in the screening of strains for growth and

ethanol production. Omitting the 36 genes in the class of MRP that have unknown function and

assuming that insertions in the remaining 36 genes is achievable and sufficient to result in
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observable physiological changes, there will be 36 strains with RGE insertions in I to 36 of these

genes. Screening 36 strains is trivial; however, a more interesting set of strains would be those

with RGE insertions in combinations of these 36 genes, which would amount to a large number

of strains. Screening this large set of strains for time course data of ethanol production will be

challenging. Multiple culture plates can be run in the Biolector for growth measurements;

however, ethanol measurements would have to be performed manually with the YSI. In addition

to growth and ethanol production dynamics, transcriptome data of selected strains by microarray

would be insightful to understand the effects of the RGE insertions on the expression of not only

the mitochondrial ribosomal proteins, but also of the glycolytic and respiration genes.

In conclusion, the hypothesis that the transcriptional network of S. cerevisiae has been

rewired by the loss of a simple AATTTTT sequence leading to its fermentative growth remains a

fascinating idea. It would not be completely surprising if additional factors, in addition to changes

in expression of mitochondrial ribosomal proteins, have also evolved to confer S. cerevisiae with

its respiro-fermentative growth. The actual mechanism in which these Rapid Growth Elements

(RGE) affect the expression of mitochondrial ribosomal proteins and aerobic ethanol production

remains to be discovered.
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Chapter 4: Development of CRISPRi gene depletion system
in Pseudomonas and its application for dynamic pathway
regulation

(Adapted from manuscript in preparation: Tan, S. Z.; Reisch C. R.; Prather, K. L. J. Inducible

CRISPRi gene repression system in Pseudomonas spp.)
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Introduction

Pseudomonas spp. is a gram-negative bacteria that is prevalent in a variety of different

environments, such as in the soil, on the surface of plants, and in the human body. For example,

P. aeruginosa is an opportunistic pathogen that is often responsible for hospital acquired

infections and is the most commonly found infection in the lungs of cystic fibrosis patients'2 1 . P.

putida is a soil microbe that has been used for metabolic engineering and bioremediation

purposes'2 2 . P. fluorescens is found in the rhizosphere and on the surface of plants and has been

engineered for industrial production of proteins13. Despite being widely used as model

organisms for several areas of research, tools to deplete specific proteins in these hosts have not

been widely adopted. Three techniques have been used to study the cellular response to protein

depletion. First, the promoter of the targeted gene can be replaced with an inducible promoter,

either directly on the chromosome at the native location or from plasmid expression and deletion

of the native gene124 . For essential genes, induction of the promoter is required for cell growth,

thereby requiring inducer removal for gene depletion. Second, the gene of interest can be tagged

with a CIpXP recognition peptide, which targets the protein for ATP-dependent protein

degradation by the CIpX machinery. Induction of the sspB gene then degrades the tagged protein

and results in decreased protein amounts. Finally, transposon mutant libraries exist for both P.

aeruginosa'2 5 and P. putidal", which has enabled an assessment of essential genes and

investigations into the physiology of non-essential genes. However, the timing and dynamics of

protein depletion cannot be controlled, limiting the utility of these mutants.

The Type 11 CRISPR-Cas9 system has been re-engineered for gene repression by creating

a nuclease-null Streptococcus pyogenes Cas9 (dCas9) through single point-mutations in both the

RuvC1 and HNH domains127 . A chimeric single guide RNA (sgRNA) that contains 20bp

complementary sequence to the target DNA is sufficient to direct dCas9 to the DNA sequence of

interest128 . Recruitment of dCas9 represses transcription either by blocking transcription

initiation when targeted to the promoter region or by blocking transcription elongation when

targeted to the non-coding strand of the gene of interest. CRISPRi (CRISPR interference) using the

widely-used dCas9 from S. pyogenes has been shown to provide robust repression in hosts such
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as E. coilI 7, B. subtilis1', and mammalian cells 130, but limited efficiency in others. For example,

in mycobacteria, the Streptococcus thermophilus CRISPR1 dCas9 was found to provide 10-fold

better repression compared to S. pyogenes dCas9 30, indicating that the performance of dCas9

variants may be host dependent.

The Streptococcus pasteurianus Cas9 was first characterized using in-vitro DNA cleavage

assays where the consensus PAM site was found to be NNGTGA1 31. Recently, the S. pasteurianus

dcas9 was tested for gene depletion efficiency in Mycobacterium smegmatis, where a 10-fold

gene knockdown was observed, comparable to that of S. pyogenes dCas9 in the same host30.

Here, we engineered a system for CRISPRi transcriptional repression using the S. pasteurianus

dCas9 in Pseudomonas spp. We demonstrate robust gene repression of up to 100-fold in @-

galactosidase activity in P. aeruginosa. We then extended the application of the system to P.

putida and P. fluorescens, where repression of essential genes in all three species resulted in

dynamic inhibition of growth and phenotypes consistent with the targeted depletion. Finally, we

show that CRISPRi can be used to dynamically regulate pathways in P. putida for improved

production of cis, cis-muconic acid.
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Materials and Methods
Bacterial Strains and Cultivation

E. coli DH5a was used for plasmid cloning and maintenance. E. coli strains were cultured in LB

medium at 37"C with antibiotic supplements where necessary: gentamycin 5 mg/mL, kanamycin

50 mg/mL. Pseudomonas strains used in this study were P. aeruginosa PAOI, P. putida KT2440,

and P. fluorescens SBW25. Pseudomonas strains were cultured in LB medium with antibiotic

supplements where necessary: gentamycin 30 mg/mL, kanamycin 50 mg/mL. P. aeruginosa was

cultured at 37"C, while P. putida and P.fluorescens were cultured at 30'C. For CRISPRi repression,

cultures were induced with 1mM IPTG.

P. putida muconic acid experiments were cultured in M9 and 10mM sodium benzoate, adjusted

to pH 7.5. P. putida pyoverdine experiments were cultured in M9 and 20mM sodium citrate.

Pseudomonas transformations were performed by electroporation. Overnight cultures were

washed twice with 300mM sucrose at room temperature, resuspended in 300mM sucrose and

electroporated in a 2mm cuvette. Cells were recovered in LB medium for an hour before plating

on selection plates.

Plasmid Construction and Cloning

The CRISPRi system consists of two vectors: a sgRNA plasmid and an integrating dCas9 plasmid.

The integrating dCas9 plasmid was constructed by amplifying S. pasteurianus dCas9, codon

optimized for expression in mycobacteria and a kind gift from Rock et all', and cloned into a

pUC18-mini-Tn7-Gm-Lac integrating vector at the BamHI/Sacl site. For expression in P. putida

and P. fluorescens, dCas9 was expressed from the existing Ptac promoter on pUC18-mini-Tn7-

Gm-Lac. For expression in P. aeruginosa, dCas9 was expressed from Plac, by mutating the Ptac

promoter sequence with PCR. The dCas9 construct was then integrated into Pseudomonas strains

by transforming the Tn7 vector via electroporation and subsequent selection on gentamycin 30

mg/mL. The gentamycin marker was then removed by transforming pFLP3.
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The sgRNA plasmid was constructed by amplifying S. pasteurianus sgRNA handle and placing it

under Ptet control on a broad host range pBBR1 plasmid. The 20bp target sequence of the sgRNA

was flanked with Bbsl sites to facilitate Golden Gate cloning. All other Bbsl sites on the plasmid

was removed by PCR. Target sgRNAs were cloned by first annealing complementary 24-mer

oligonucleotides that consist of 20bp of target sequence and 4bp of overhangs to the sgRNA

plasmid. The sgRNA plasmid was digested with Bbsl at 37*C and then ligated with the annealed

oligonucleotides with T4 DNA Ligase at room temperature with addition of more Bbsl. We found

that this pre-digestion followed by ligation method resulted in higher cloning efficiency

compared to Golden Gate PCR methods that cycle between digestion and ligation steps.

The lacZ construct used for the characterization of PAM sites was constructed by amplifying the

native gdhA promoter from genomic DNA of P. aeruginosa PAOI and cloned upstream of IacZ on

the mini-CTX-lacZ plasmid132 . The -10 and -35 sequence of the gdhA promoter was predicted

using BPROM Softberry. All four PAM sites (NNGTGA, NNGCGA, NNGTAA, NNGTGT) were

inserted into three different regions in the promoter (upstream of -35 (A), between -10 and -35

(B), between -10 and TSS(C)) by PCR in a manner that retains the -10 and -35 sequence and

minimizes changes to the native promoter sequence (Appendix 4-1). This modified IacZ construct

was then integrated into P. aeruginosa at the 4bCTX attachment site.

RT-qPCR

P. aeruginosa cultures were grown in LB medium, with and without 1mM IPTG. 4mL cultures

were harvested at OD6oonm - 0.8-1.0 after five hours of CRISPRi gene depletion. Total RNA was

extracted using hot phenol chloroform. Total RNA samples were then treated with Dnase I and

equal amounts of RNA were reverse transcribed to cDNA using the QuantiTect Reverse

Transcription Kit (Qiagen, Valencia, CA) according to manufacturer's instructions. Quantitative

PCR of the gdhA gene was then performed using Brilliant II Sybr Green High ROX QPCR Mix

(Agilent Technologies, Santa Clara, CA) on an ABI 7300 Real Time PCR System instrument (Applied

Biosystems, Beverly, MA). Reported transcript levels are the averages of biological triplicates

measured in technical duplicates.
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0-galactosidase assay

P. aeruginosa cultures were grown in LB medium, with and without 1mM IPTG. 2mL cultures

were harvested at OD6oonm - 0.8-1.0 after five hours of CRISPRi gene depletion. Cells were lysed

with beads in 0.1M Phosphate buffer pH 7.5. Initial rate of @-galactosidase activity was measured

by monitoring the rate of Abs420nm in the presence of ortho-Nitrophenyl-3-galactoside (ONPG)

as a substrate in 0.1M Phosphate buffer pH 7.5. Total protein concentration was measured using

the BCA kit according to manufacturer's instructions (Thermo Scientific, Waltham MA). f-

galactosidase activity was estimated as the rate of Abs420nm normalized by total protein

content.

Motility assay

P. putida cultures were grown overnight in LB medium and spotted on soft LB agar plates (0.5%

agar) with and without 1mM IPTG and incubated at 300 C.

NADP-dependent Glutamate Dehydrogenase Activity Assay

P. aeruginosa cultures were grown in LB medium, with and without 1mM IPTG. 10mL cultures

were harvested at OD6oonm - 0.8-1.0 after five hours of CRISPRi gene depletion and cells were

lysed using BPER reagent (Thermo Scientific, Waltham MA). NADP-dependent glutamate

dehydrogenase activity was measured as described by Sigma Aldrich. Briefly, the rate of

conversion of -NADPH to B-NADP was monitored at Abs340nm with 7.6mM a-Ketoglutarate

and 0.22M NH 4 CI as substrates in 100mM TrisHCl buffer pH 8.3. Total protein concentration was

measured using the BCA kit. 1 Unit of activity is defined as the reduction of 1[lmol of a-

ketoglutarate to L-glutamate per minute at pH 8.3 at 30*C in the presence of ammonium ions

and 1-NADPH. Reported activity levels is estimated as unit of activity normalized by total protein

content.
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Microscopy

Pseudomonas cells harboring sgRNA were grown in LB medium. Once cells approach OD600nm ~

0.2, 5mM IPTG was added to P. aeruginosa cultures and 2mM IPTG was added to P. putida and

P. fluorescens cultures. After 2-3 hours of CRISPRi gene depletion, cells were collected and

spotted on LB agar pads. Phase contrast microscopy was performed using a Nikon A1R Ultra-Fast

Spectral Scanning Confocal Microscope with an Andor Clara camera at using a 60x objective at

the Koch Microscopy Core Facility. Images were processed using ImageJ.

Metabolite Analysis

Extracellular muconic acid levels were measured on an Agilent 1100 series HPLC instrument with

an Aminex HPX-87H column (Bio-Rad Laboratories, Hercules, CA) with 5 mM sulfuric acid as the

mobile phase at 35"C and a constant flow rate of 0.6 mL/min. Muconic acid concentrations were

monitored on the diode array detector (DAD) at 260nm. Benzoate levels were measured on an

Agilent 1200 series HPLC instrument with a Zorbax Eclipse XDB-C18 column (Bio-Rad

Laboratories, Hercules, CA) with mobile phase consisting (A) water + 0.1% trifluoroacetic acid

(TFA) and (B) 50% acetonitrile + 0.1% TFA. The gradient began with 90% (A) and 10% (B). The

setting at 20min was 60% (A) and 40% (B). Benzoate concentrations were monitored on the DAD

at 280nm.
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Results

CRISPRI provides robust transcriptional repression in P. aeruginosa

CRISPRi system development

To develop a system for CRISPRi in Pseudomonas aeruginosa we utilized the Type-Il cas9

ortholog from S. pasteurianus previously characterized in-vitro and tested in Mycobacterium

smegmatisO. To enable dynamic control of dcas9 expression, and consequently target gene

repression, the gene was placed under control of the pTet promoter on the pUCminiTn7 vector.

This vector carries the mini-Tn7 element that integrates into the genome of Gram-negative

bacteria at a defined locus, attTn7 33 . Recombinant expression from a single chromosomal

integration enables tighter transcriptional control and increased strain stability 134. Initial testing

of this construct on a pBBR1 plasmid showed that it was capable of targeted gene repression,

though in the uninduced state in the absence of anhydrotetracycline (aTc), repression remained,

indicating leaky expression from the Ptet promoter (Figure 4-1). Targeting depletion of glutamate

dehydrogenase, encoded by gdhA, led to decrease in measured glutamate dehydrogenase

activity even in the absence of aTc addition. Western blot targeting dCas9 showed that dCas9

and variants of dCas9 with degradation signal peptides on the pBBR1 plasmid were indeed

expressed even without aTc induction (Figure 4-2).

NADP glutamate dehydrogenase in PA01

0.07
. 0.06
0 0.05

0.04
E 0.03

0.02
CTS0.01

0.00
Empty gdhA-1

*gdhA 0.0545 0.0097

Figure 4-1 Leaky dCas9 repression with TetR/ptet on pBBR1 plasmid.
NADP-glutamate dehydrogenase activity (Units) normalized by total mg of protein of P. aeruginosa
PA01 cells harboring an empty sgRNA and a gdhA targeting sgRNA. No aTc was added to the cultures to
induce gene depletion.
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Figure 4-2 Western blot confirms leaky dCas9 expression.
Western blot of dCas9 constructs with and without addition of aTc: dCas9, dCas9-AAV degradation tag,
dCas9-LVA degradation tag, dCas9 with theophylline riboswitch, no dCas9 (empty) control.

To obtain tighter control of dCas9 expression, the TetR-Ptet repressor regulator pair was

replaced with the Lacl-Ptac promoter on the pUCminiTn7_Gm_Lac vector (Figure 4-3). In

contrast to the Ptet promoter, this construct was capable of dynamic gene repression when

tested in P. putida and P. fluorescens. In P. aeruginosa, however, dCas9 expression remained

leaky where targeting essential genes resulted in no growth even in the absence of IPTG. By

testing variants of the lac promoter with different sequences around the -10 and -35 sequence

and location of the lac operator (Plac, PlacL8.UV5, PA1/o4s)135, we found Plac to provide the least

leaky dCas9 expression in P. aeruginosa. Interestingly, Ptac remained the better construct in P.

putida and P. fluorescens in dynamic range when compared to Plac, indicating that the effects of

transcription on protein expression between these closely related species is not always

generalizable. The sgRNA is expressed from the pTet promoter on a broad-host range pBBR1

plasmid. The sgRNA construct was designed with Bbsl sites flanking the 2Obp target sequence to
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enable easy cloning using annealed oligonucleotides by Golden Gate (see Methods). To further

improve the range of CRISPRi repression, we tested different lac promoter variants for sgRNA

expression; however, only pTet resulted in functional gene repression.

Pcon Ptac

dCa

FRT

Gmr

FRT

bla cE1 Tn7L

Figure 4-3 CRISPRi vector constructs.
Broad host range pBBR1 plasmid containing S. pasteurianus sgRNA expressed from a Ptet promoter.
pUCminiTn7_GmLac integrating vector containing S. pasterianus dcas9 expressed from a ptac promoter
for P. putida and P. fluorescens and from a plac promoter for P. aeruginosa.

CRISPRi targeting of non-essential genes

To characterize the efficiency of our CRISPRi system, we targeted endogenous genes that

were not in an operon so that pleiotropic effects from polar mutations would not affect cell

physiology. Three sgRNA's were designed to target the promoter region of the NADP-dependent

glutamate dehydrogenase gene, gdhA, in P. aeruginosa, with PAM sites NNGTGA and NNGCGA

(Figure 4-4). After five hours of CRISPRi gene depletions, enzyme assays were performed on crude

cell extracts of P. aeruginosa. Up to 10-fold repression in glutamate dehydrogenase activity was

obtained with gdhA-2 sgRNA, which targets the region between the transcriptional start site and

the start codon, with a NNGTGA PAM site. However, this sgRNA also resulted in the lowest

glutamate dehydrogenase activity when uninduced, possibly due to leaky expression of dcas9
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from the plac promoter. Comparing gdhA-1 and gdhA-3 sgRNAs, gdhA-3 sgRNA targeting the

region between the -10 and -35 sequence with a NNGCGA PAM site resulted in higher repression

levels than gdhA-1 sgRNA, which targets the region between the -10 sequence and

transcriptional start site with the consensus NNGTGA PAM site. The difference between the

efficiency of these two sgRNAs indicate the interplay between target PAM site and target location

on the efficiency of CRISPRi repression, which we address in later sections.

Since the CRISPRi depletion system functions at the level of transcription, we used RT-

qPCR to quantify the mRNA abundance after depletion. Quantification of gdhA mRNA showed

up to 100-fold reduction in mRNA with gdhA-2' sgRNA, compared to an empty-sgRNA control,

supporting that the decreased enzyme activity was due to reduced transcription of the gdhA

gene. The discrepancy between the 100-fold reduction in mRNA and the 10-fold decrease in

enzyme activity could be attributed to post-transcriptional regulation of glutamate

dehydrogenase. In M. smegmatis for example, the regulation of the NADP-dependent glutamate

dehydrogenase activity under nitrogen availability was also not reflected at the level of gene

transcription, implicating post-transcriptional regulation mechanisms 36 .

The CRISPRi system is also titratable. To build a more sensitive reporter assay that still

closely represents targeting the repression of endogenous genes, we designed a lacZ construct

that is transcribed from the native gdhA promoter and integrated into the genome at the 4CTX

attachment site (Figure 4-5). Using a sgRNA targeting the region between the -10 and -35 region

of the gdhA promoter with a NNGCGA PAM site, P. aeruginosa cells were cultured with different

IPTG concentrations. After five hours of CRISPRi gene depletions, f-galactosidase activity assay

was performed on crude cell extracts. As shown in Figure 4-5, up to 100-fold decrease in activity

was observed with increasing IPTG concentrations of up to 50mM. These notably high

concentrations of IPTG, however, did not affect growth of P. aeruginosa (Figure 4-6). The

prevalence of efflux pumps in Pseudomonas and possible limitations in the uptake of IPTG

through lactose permease may explain the requirement of high IPTG concentrations for

maximum repression.
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Figure 4-4 Robust endogenous gene repression in P. aeruginosa.
sgRNAs targeting promoter region of gdhA in P. aeruginosa with the corresponding PAM sites. NADP-
dependent glutamate dehydrogenase activity and gdhA mRNA levels of cells with sgRNAs, with and
without 1mM IPTG induction. Error bars represent standard error from three biological replicates.
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Figure 4-5 CRISPRi is titratable.
LacZ activity of sgRNA g5 targeting gdhA promoter that is driving expression of lacZ was measured in the

presence of different IPTG concentrations. Relative activity to empty sgRNA control is plotted as the fold

change.
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Figure 4-6 Growth of P. aeruginosa is unaffected at high IPTG concentrations.
OD6oonm of P. aeruginosa containing PAMs g5 sgRNA targeting lacZ with various IPTG concentrations.
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sgRNA Design Rules for Transcriptional Repression

The ability to repress the transcription of a gene of interest with the CRISPRi system is

dependent upon if and where PAM sites are available within the gene and promoter region. The

consensus PAM sequence for S. pasteurianus Cas9 was reported to be NNGTGA based on an in-

vitro DNA cleavage assay"'. By taking the top two bases identified in the DNA cleavage assay at

positions 4-6, we determined a degenerate PAM site of NNG(T/C)(G/A)(A/T); however, there has

been no comprehensive comparison of the different PAM sites on the degree of CRISPRi

repression. To investigate the effects of PAM site and its location within the promoter on the

degree of CRISPRi repression, we modified the end ogenous gdhA promoter from P. aeruginosa

such that the four PAM sites NNGTGA, NNGCGA, NNGTAA and NNGTGT are present at three

different regions within the promoter: (A) upstream of -35 sequence, (B) between -10 and -35

sequence, (C) between -10 and the transcriptional start site (Figure 4-7). This modified promoter

was then used to drive expression of lacZ and integrated into the genome at the 4CTX

attachment site.

\GTGTGAGTAAGCGA

gdhA pr IacZ

Figure 4-7 sgRNA Design Rules for Transcriptional Repression.
The native gdhA promoter from P. aeruginosa was modified to contain all four PAM sites in the three
different regions A, B, and C, within the promoter, to drive the expression of lacZ.

For regions upstream of the -35 sequence (A) and between the -10 and -35 sequence (B),

the previously identified consensus PAM of NNGTGA provided the largest fold repression
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between the uninduced and induced conditions (Figure 4-8). Comparing the PAM sites NNGCGA

and NNGTAA, higher fold repression was observed with NNGCGA in region A but with NNGTAA

in region B. Finally, there was no significant repression observed when targeting the PAM site

NNGTGT in both regions A and B. When targeting the region between the -10 sequence and the

transcriptional start site (C) however, these trends no longer hold. All four PAM sites were

comparable and only provided 60-80% repression compared to an empty sgRNA control. Now

comparing different promoter regions with the same PAM site, targeting region A and B resulted

in the highest fold repression for PAM sites NNGTGA, NNGCGA and NNGTAA (Figure 4-9).

Therefore, in designing sgRNA targets, we recommend a PAM site preference of

NNGTGA>NNGCGA>NNGTAA and targeting regions upstream of the -35 sequence (A) and

between the -10 and -35 sequence (B).

It is worth noting that leaky expression of dCas9 was generally observed for sgRNA targets

that resulted in significant repression when induced. Nonetheless, characterization of the

different PAM sites revealed that NNGCGA and NNGTAA can also serve as effective PAM sites for

CRISPRi repression, increasing the genome coverage that can be targeted with the system.
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Figure 4-8 The PAM site NNGTGA and NNGCGA are preferred.
Fold change of -galactosidase activity, compared to an empty sgRNA control, of sgRNA targeting specific
PAM sites at regions A, B and C of the modified gdhA promoter.
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Figure 4-9 Preferred location within promoter for blocking of transcription initiation.

The preferred location for blocking of transcription initiation is between the -10 and -35 sequences and

upstream of -35. Fold change of -galactosidase activity, compared to an empty sgRNA control, of sgRNA

targeting specific PAM sites at regions A, B and C of the modified gdhA promoter.

CRISPRi targeting inside ORFs

In addition to preventing transcription initiation by targeting dCas9 to the promoter

region of the gene of interest, CRISPRi has also been shown to provide effective repression by

preventing transcription elongation in bacteria. Targeting the non-template strand inside the

open reading frame (ORF) has been shown to provide 10-300 fold repression in E. coli with S.

pyogenes dCas9, with higher repression when targeting closer to the start codon . In M.

smegmatis, up to 100-fold repression was observed with S. thermophilus dCas9 when targeting

up to +150bp inside the ORF 30. To investigate the effectiveness of our system in gene repression

when targeting inside ORFs of genes in P. aeruginosa, we utilized the lacZ construct described
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above, where a modified gdhA promoter was used to drive lacZ expression from the genome.

When targeting the PAM site NNGTGA on the non-template strand, up to 1kb inside the ORF, we

observed up to 10-fold repression in -galactosidase activity (Figure 4-10). All sgRNA targeting

the template strand did not provide significant repression compared to an empty sgRNA control,

consistent with results shown by others. Interestingly, no significant repression was observed

when targeting the NNGCGA PAM site, even on the non-template strand (Figure 4-11).

Fgig3 g7
NT

gdhA pr lacZ (3kb)

g2 g4 g5 g6

1kb No IPTG
Nm IPTG

1.4-

1.2-

1.0-

0
6~ 0.6-

U_

0.4-

0.2

0.0-
Empty gi g2 g3 g4 g5 g6 g7

sgRNA

Figure 4-10 Targeting PAM site NNGTGA inside ORFs.
f-galactosidase activity of sgRNAs targeting PAM sites NNGTGA inside the ORF of lacZ. Relative activity
to empty sgRNA control is plotted as the fold change.

Compared to when targeting the promoter region, the maximum fold repression

attainable with our CRISPRi system when targeting inside the ORFs is notably lower. In addition,

the observed 10-fold repression is also lower than the 10-300 fold and 100-fold repression

achieved by CRIPSRi systems in E. coli 27 and M. smegmatis 30. Since we were able to achieve

comparable repression efficiencies when targeting inside the promoter, it is unclear if the
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difference in efficiencies when targeting inside the ORFs is due to the dCas9 variant or the host,

or a combination. Additionally, the extent of leaky repression in the uninduced condition is also

generally lower than when targeting the promoter region. Assuming the same extent of leaky

dCas9 expression, this result could be due to the fact that binding of dCas9 to DNA prevents RNAP

from initiating transcription more efficiently compared to obstructing RNAP from transcription

elongation. Finally, it is surprising that targeting the PAM site NNGCGA inside the ORF did not

lead to significant repression, especially since comparable efficiencies to NNGTGA were achieved

when targeting inside the promoter region. Reasons behind this result remains to be

investigated.

g8 g9 g1l g14
NT ...... .....

gdhA pr IcZ (3kb)

glO g12 g13

1kb
No IPTG
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32 0.8-

0.4-

Empty g8 g9 g1 l g11 g12 gI3 g14
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Figure 4-11 Targeting PAM site NNGCGA inside ORFs.
P-galactosidase activity of sgRNAs targeting PAM sites NNGCGA inside the ORF of lacZ. Relative activity
to empty sgRNA control is plotted as the fold change.
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CRISPRi depletion of essential gene targets in P. aeruginosa, P. putida and P.fluorescens

Next, we sought to extend the application of this system to other members of

Pseudomonas. To demonstrate that this system is capable of depleting gene expression in an

inducible manner not achievable by conventional knock outs, we chose to target the essential

cell division protein ftsZ in P. aeruginosa, P. putida and P. fluorescens (Figure 4-12). For all three

species, spotting cells on plates with 1mM IPTG resulted in no growth when ftsZ was targeted

compared to cells on uninduced plates (Figure 4-13). To confirm ftsZ depletion phenotype, we

cultured cells harboringftsZ sgRNA in uninduced conditions first, followed by induction of gene

depletion for two hours. Phase contrast microscopy of these cells show filamentous growth with

significantly longer cell size compared to cells harboring an empty sgRNA control (Figure 4-14),

consistent with established ftsZ depletion phenotype. Taken together, we demonstrate that our

system enables the depletion of essential genes leading to observable phenotypic differences in

three members of Pseudomonas.

sgRNA
NT "

P. aeruginosa
ftsZ

sgRNA
NT

P. putidaftsZ

NT sgRNA 7

ftSZ P fluorescens
ftsZ

- NNGTGA
. NNGCGA

- NNGTAA

Figure 4-12 TargetingftsZ in P. aeruginosa, P. putida and P. fluorescens.
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Figure 4-13 Depletion of ftsZ prevents growth on plates.
Growth of Pseudomonas strains harboringftsZ sgRNA and empty sgRNA on

IPTG.

P putida P. aeruginosa

Empty

ftsZ

plates with and without

. fluorescens

Figure 4-14 Depletion of ftsZ results in filamentous growth.
Phase contrast microscopy of Pseudomonas cells harboring empty and ftsZ sgRNA after five hours of

CRISPRi gene depletion.

In P. aeruginosa, we also targeted the depletion of ftsJ, a gene annotated to be a cell

division protein but whose E. coli ortholog is rimE, a 23S rRNA methyltransferase. No growth was

observed when cells harboring ftsJ sgRNA were spotted on induced plates. Phase contrast

microscopy showed cells linked together with constricted membranes that are phenotypically

different from the filamentous cells with ftsZ depletion (Figure 4-15). Given that the gene
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neighborhood of ftsi is similar in E. coli and P. aeruginosa, a similar methyltransferase function

would be expected for ftsJ in P. aeruginosa. The relationship between a ribosomal

methyltransferase and septation is not immediately obvious, but a possible role of FtsJ could be

a methyltransferase involved in cell division or cell wall synthesis. This example is a

demonstration of how CRISPRi enables the study of genes with unknown function. Other P.

aeruginosa essential genes that resulted in no growth when gene depletion was induced are the

cell division protein zipA and DNA replication initiation factor PA0947.

Empty ftsJ

P aeruginosa

Figure 4-15 Depletion of ftsJ in P. aeruginosa.
Phase contrast microscopy of P. aeruginoso cells harboring empty and ftsJ sgRNA after five hours of
CRISPRi gene depletion.

In P. putida, we further demonstrated the robustness of the CRISPRi system by targeting

the flagellar rod protein encoded by f/gB and the anthranilate synthase I gene trpG that is

involved in tryptophan biosynthesis (Figure 4-16). Both genes are encoded in operons, with fIgB

in a fIgBCDE operon and trpG in a trpGDC operon. Cells with f/gB depletion had a significantly

smaller swimming radius compared to an empty sgRNA control when grown on soft agar plates

(Figure 4-17), consistent with established f/gB depletion phenotype. The anthranilate synthase I

enzyme, encoded by trpG, converts chorismate to anthranilate, which is subsequently converted

to tryptophan. Inducible depletion of trpG was achieved with the system, where only cells plated

on citrate and 1mM IPTG resulted in no growth that was then recovered with tryptophan
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supplementation (Figure 4-18). Therefore, we demonstrate that our CRISPRi system effectively

represses endogenous genes in P. putida.

sgRNA

-flgB
NT

NT

flgC flgD f/gE

sgRNA

P putida
fIgE

P putida
trpG

- NNGTGA
- NNGCGA

Figure 4-16 sgRNAs designed to target f/gB and trpG in P. putida.

- IPTG + IPTG

Empty

FIgE

Figure 4-17 Depletion of f/gB reduces swimming radius in P. putida.

sgRNA targeting the flagellar rod protein, FlgB, significantly reduced motility of P. putida compared to an

empty sgRNA control.
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Figure 4-18 Depletion of trpG prevents growth of P. putida in the absence of tryptophan.
P. putida harboring empty sgRNA control and sgRNA targeting trpG, spotted on M9 + citrate and M9 +
citrate + tryptophan plates with and without 1mM IPTG.

CRISPRi multiplex targeting of endogenous genes in P. putida

We extended the utility of the CRISPRi system to enable depletion of two genes

simultaneously. Two different sgRNA expression constructs were tested: double sgRNA and

double term sgRNA (Figure 4-19). The two constructs differ by the presence of a terminator

between the two sgRNAs. Since both designs contain large amounts of repeat sequences that will

make PCR amplification challenging, we constructed the double sgRNA vector by first amplifying

the single sgRNA individually with overhanging Bbsl sites and ligating them together. To test the

repression efficiency of this double sgRNA construct, we chose to target the motility gene f/gB

and a gene involved in pyoverdine production, PvdH. Pyoverdine is an iron-scavenging

siderophore that is produced by P. putida that is also a chromophore, allowing easy screening by

its bright yellow color. Both double sgRNA constructs successfully repressed f/gB and PvdH,

leading to reduced swimming motility when plated on 1mM IPTG plates (Figure 4-20) and non-

yellow cultures in M9 + citrate + 1mM IPTG media (Figure 4-21). This multiplex gene repression

capability broadens the application of our system to studies where multiple simultaneous gene

depletions are desired.
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Figure 4-19 Schematic of double sgRNA constructs for multiplex CRISPRi repression.
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Figure 4-20 Multiplex gene repression with double sgRNA: motility assay.

Motility assay of P. putida harboring empty sgRNA control, double sgRNA and double term sgRNA.
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Figure 4-21 Multiplex gene repression with double sgRNA: pyoverdine production.
Pyoverdine production of P. putida harboring empty sgRNA, double sgRNA and double term sgRNA.
Cultures were grown in M9 + 20mM citrate +/- 1mM IPTG.

Dynamic regulation of pathways using CRISPRi for improved production of cis, cis-muconic acid

Cis, cis-muconic acid (hereafter referred to as muconic acid) is a precursor to adipic acid,

an industrially important dicarboxylic acid that is used for the production of nylon and

plasticizers2. Conventional methods of producing adipic acid involve strong acid treatments of

petroleum derived alcohols and ketones. P. putida natively produces muconic acid as an

intermediate in the aromatic acid degradation pathway (Figure 4-22), making it a desirable

microbial host for the production of muconic acid from lignocellulosic biomass, which is

composed of aromatic acids. The production of adipic acid from lignin, by using P. putida for the

conversion of lignin-derived aromatics to muconic acid, has been demonstrated by Vardon et

al6137. Up to 13.5 g/L and 67% yield of muconic acid from p-coumaric acid in fed-batch reactors

were shown, where glucose was also fed as an additional carbon source.

Since muconic acid is an intermediate in the aromatic acid degradation pathway, deletion

of muconate cycloisomerase and muconolactone 6-isomerase, encoded by catB and catC, are

required to prevent further consumption of muconic acid into the TCA cycle. In addition, a
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deletion of protocathecuate-3,4-dioxygenase, encoded by PcaHG, is required to prevent

consumption of protocathechuate, which is an intermediate in the conversion of p-coumaric acid

to muconic acid. With these deletions in place, a second carbon source such as glucose or acetate

is required to support growth in addition to p-coumaric acid that is being fed as a substrate. To

enable to production of muconic acid from p-coumaric acid as the single carbon source, dynamic

regulation of the consumption pathways can be engineered such that growth is initially allowed

followed by subsequent diversion of flux away from the TCA cycle and into the muconic acid

pathway. Dynamic regulation of pathways has been shown to be a promising strategy in

improving the production of microbial derived molecules, such as in the production of glucaric

acid' 9 and fatty acid14 in E. coli. Here, we employ our developed CRISPRi system to engineer

inducible downregulation of competing pathways for the production of muconic acid.

0 Vdh Pb PcaHG 0 6i
HO OH HO ' OH

HO HO HO 0 PcaBCD

p-Coumaric acid 4-Hydroxybenzoic acid Protocatechuic acid 3-Carboxymuconic acid
0 0

HO K-IOH - TCA Cycle
AroY

P-Ketoadipic acid

0 Beni) I OH catA 0 -catBC
- OH n OH HO H H

Benzoic acid Catechol Muconic acid

Figure 4-22 Muconic acid biosynthesis pathway in P. putida.

The first step in engineering accumulation of muconic acid is to downregulate muconate

cycloisomerase and muconolactone 6-isomerase, encoded by catB and catC, which are in a

catBCA operon with catA being the upstream dioxygenase. We designed six sgRNAs that target

the promoter regions of catB and catC and screened for the best sgRNA that would provide

sufficient repression to accumulate muconic acid by culturing P. putida cells harboring the

sgRNAs in sodium benzoate as a single carbon source. When CRISPRi depletion was induced at

different stages of growth, two of the sgRNAs resulted in cells producing muconic acid, the
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highest producing being shown in Figure 4-23. Cells that were induced earlier grew slower,

presumably due to decreased muconic acid flux going into the TCA cycle for growth. Here, we

demonstrate successful diversion of flux of muconic acid away from the TCA cycle with the

developed CRISPRi system. Future work would involve starting with p-coumaric acid as a more

representative substrate of lignocellulosic biomass, instead of from benzoic acid. This pathway

would involve heterologous expression of AroY and expression of two sgRNAs downregulating

catBC and PcaHG. Since we have demonstrated the ability to downregulate two genes

simultaneously by targetingflgB and PvdH, we are confident in the feasibility of this next step.

Muconic acid (mM)
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gRNA

Figure 4-23 Downregulation of catBC with CRISPRi enables accumulation of muconic acid.
Muconic acid (mM) of P. putida cells harboring sgRNA targeting catBC and an empty sgRNA control.
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Discussion

In Pseudomonas, existing methods to deplete specific proteins of interest have involved

expressing the targeted gene with an inducible promoter or by adding recognition peptides for

CIpXP dependent protein degradation. Compared to replacing the native promoter of the

targeted gene with an inducible promoter, the CIpXP degradation method has the advantage that

the gene remains under control of its native promoter, thereby retaining basal expression levels.

With the CRISPRi system, depletion of specific proteins can be easily done by expressing dCas9

and the target sgRNA without having to edit the genome, which can be a laborious process in

Pseudomonas. Since neither the promoter nor the gene is changed, the expression level, activity

and stability of the protein would remain unaffected, allowing depletion studies at physiologically

relevant conditions. Additionally, we demonstrated that the CRISPRi system is inducible and

titratable, which enables control of the time and amount of depletion of the protein of interest.

The sgRNA plasmid design, which contains flanking Bbsl sites around the 20bp target sequence,

also facilitates easy cloning that is readily scalable to synthesis of sgRNA libraries. Unlike the

expression of S. pyogenes dCas9 in M. smegmatis 30, we did not see adverse effects of the

expression of S. pasteurianus dCas9 on growth of all three Pseudomonas members.

The main limitation in the utility of the CRISPRi system for gene repression lies in the

availability of a PAM site at the desired sequence location. We have shown that two additional

PAM sites, NNGCGA and NNGTAA, also provide robust repression, adding to the previously

identified consensus PAM site of NNGTGA. The addition of the NNGCGA PAM site is especially

significant to the use of S. pasteurianus dCas9 in GC-rich organisms, although its efficiency may

be host-dependent. The organization of genes in operons remains an intrinsic challenge in

depleting proteins of interest on the transcriptional level, where changes in expression of

neighboring genes within the operon is unavoidable when one gene is targeted for repression.

Off-target effects resulting from CRISPR/Cas9 genome editing and gene repression systems have

been well characterized for S. pyogenes Cas9 in human cells' 38 . The extent of off-target effects

with S. pasterianus Cas9 in Pseudomonas remains to be investigated. Finally, leaky expression of

dCas9 from our system, up to 50% repression compared to an empty sgRNA control, may prove
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to be a restriction depending on application. In tuning dCas9 expression that resulted in the

construct with the best dynamic range that we report here, we have tested combinations of

multiple promoter systems (TetR-Ptet, LacI-Plac, AraC-Para), adding degradation tags to dCas9

(AAV and LVA tags) and varying ribosome binding site strengths of dCas9. Nonetheless, we report

a robust, inducible and titratable CRISPRi gene repression system in Pseudomonas using the S.

pasteurianus Cas9, with a dynamic range of up to 100-fold. We demonstrate efficient depletion

of endogenous genes, including essential genes leading to phenoytpic changes consistent with

established phenotypes.
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Chapter 5: Conclusions and Future Directions
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Summary of Goals and Achievements

One of the goals of this thesis was to implement dynamic regulation of pathways in S.

cerevisiae to improve yields of products of interest. Given the previous demonstration of a

glucose valve in E. coli where glucose was successfully diverted away from glycolysis into the

production of gluconic acid, we sought to recapitulate this system in S. cerevisiae as a first proof-

of concept. Although glucose transport mechanisms are different in E. coli compared to that in S.

cerevisiae, we found that controlling the expression of the hexokinase enzyme was sufficient to

control glucose flux into glycolysis in both hosts. By deleting Hexokinase 2 (Hxk2) and Glucokinase

1 (Glki), we controlled the transcription of the only remaining Hexokinase 1 (Hxkl) with the

tetracycline transactivating system (tTA), where addition of doxycycline turns gene transcription

off. We saw up to 10-fold decrease in hexokinase activity upon addition of doxycycline, and this

repression was sufficient to increase yields of gluconic acid from glucose by 50-fold. This

successful demonstration of flux redirection into the gluconic acid pathway achieves our first

proof-of-concept goal. Controlling glucose flux by controlling the expression of Hexokinase 1 also

successfully reduced aerobic ethanol production. To exploit this benefit, we tested this

engineered strain as a host for the production of isobutanol, since efforts in using S. cerevisiae

for the production of isobutanol is often hampered by the significant production of ethanol as a

by-product. We continued to see decrease in ethanol production, even in semi-anaerobic

conditions, combined with improvements in isobutanol yields. As a comparison, we also

constructed a pyruvate decarboxylase (Pdc) valve strain, where Pdc5 and Pdc6 were deleted and

the only remaining Pdcl was placed under control of the tTA system. Comparing this strain to the

hexokinase valve strain, the isobutanol and ethanol concentrations were relatively similar. The

isobutanol yield from glucose was slightly higher with the hexokinase valve due to decreased

glucose consumption. In summary, we demonstrated that dynamic pathway regulation can

successfully divert flux into the gluconic acid pathway by downregulating the competing

hexokinase enzyme. We further extended the application of this strain to the production of

isobutanol, where continued improvements on product yields were observed.
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Although the hexokinase valve strain was able to reduce aerobic ethanol production, the

strain suffers from poor growth due to the intrinsic result of controlling glucose flux. To explore

alternative solutions to S. cerevisiae's aerobic ethanol production, we looked into the evolution

of transcriptional regulation of mitochondrial ribosomal proteins (MRP). S. cerevisiae and its

closest neighbors have undergone the Whole Genome Duplication event and have been evolved

for fermentative growth. Comparative genomic studies have revealed the loss of a Rapid Growth

Element (RGE) sequence of AATTTTT in promoters of MRPs in S. cerevisiae that was retained in

yeast species that do not ferment. We attempted to re-introduce these RGE sequences into the

promoters of a subset of MRPs to investigate the effects of these sequences on the expression

of MRPs. Initial characterization showed that there was no significant effect of specific location

of the RGE element on the expression levels from the promoter, despite AT-rich sequences being

predicted to increase transcription strength due to decreased nucleosome occupancy. We also

saw no significant difference between an insertion to a mismatch sequence when the RGE was

added into the promoter sequence. Notably, these characterization experiments were studied

on a single MRP at a time. It is therefore possible that although no significant changes were

observed in expression level of one MRP, changes in a subset or all of the 72 annotated MRPs

could cause significant physiological differences. We proceeded to insert RGE sequences into the

promoters of a subset of MRP; however, no significant changes in growth or ethanol production

were observed. It is possible that RGE sequences need to be inserted in more than seven MRPs

to elicit any significant physiological effects. Nonetheless, the hypothesis that the transcriptional

regulatory network of mitochondrial ribosomal proteins have been evolved to lose a short AT-

rich sequence that played a role in the fermentative growth of S. cerevisiae remains fascinating.

To extend the concept of dynamic pathway regulation to other hosts, tools to

downregulate competing enzymes in these microorganisms are required. Since currently

available tools for gene depletion in Pseudomonas are limited, we sought to develop a CRISPRi

gene repression system in this host. We engineered the S. pasterianus dCas9 and sgRNA handle

for inducible and titratable gene depletion in P. putida, P. aeruginosa and P. fluorescens. Up to

100-fold decrease in mRNA levels were achieved when targeting endogenous genes in P.

aeruginosa. In addition, up to 100-fold repression in P-galactosidase activity was achieved with
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increasing IPTG concentrations. Since the PAM site specificity of S. pasterianus dCas9 has not

been established, we further characterized the effects of PAM site and target location on

repression efficiency. We found that PAM sites NNGTGA and NNGCGA were most effective when

targeting the promoter with CRISPRi. In terms of target location, targeting regions upstream of

the -35 sequence and between the -10 and -35 sequences resulted in the highest repression.

Targeting inside the ORF of a gene to prevent transcription elongation also provided robust

repression with the PAM site NNGTGA. To then apply this CRISPRi gene depletion system for

dynamic pathway regulation in P. putida, we chose the muconic acid pathway. By targeting the

catBC gene with our developed CRISPRi system, accumulation of muconic acid from benzoic acid

was observed compared to an empty sgRNA control.
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Future Work

Dynamic regulation of the glucaric acid pathway in S. cerevisiae

Given the successful demonstration of dynamic pathway regulation in improving yields of

gluconic acid from glucose, the natural extension of the concept would be in the production of

glucaric acid, which is a pathway that is being actively optimized in our lab. The glucaric acid

pathway relies on glucose-6-phosphate as the first intermediate that needs to be diverted away

from native cell metabolism. Diverting glucose-6-phosphate flux would require downregulation

of the competing phosphofructokinase Pfk1 and Pfk2, which has been shown to be the flux

control point of glycolysis in E. coli. In addition, another intermediate in the glucaric acid

pathway that is consumed by cell metabolism is myo-inositol. Unlike in E. coli, myo-inositol is

used by S. cerevisiae for phospholipid production, catalyzed by the essential phosphotidyl-

inositol synthase Pisi. Therefore, both Pfk and Pisi would need to be downregulated, preferably

with orthogonal systems since it is likely that the ideal flux diversion time for the two nodes is

different. In addition, a further extension of the system would be to integrate autonomous

downregulation of these competing enzymes. Stationary phase promoters'1 9 and pheromone

quorum sensing systems21 are examples of methods that have been used for autonomous

induction to varying degrees of success.

Muconic acid production from p-coumaric acid

In P. putida, we showed that the developed CRISPRi gene repression system was able to

downregulate catBC to produce muconic acid from benzoic acid. Future work would include

starting from p-coumaric acid, a more representative substrate of lignocellulosic biomass, instead

of benzoic acid. Using p-coumaric acid as a substrate involves heterologous expression of AroY

to convert protocathechuate to catechol, which is then converted to muconic acid. In addition,

two sgRNAs would have to be expressed simultaneously to downregulate both catBC and PcaHG,

which converts protocathechuate into 3-carboxymuconic acid that enters the TCA cycle. The two

sgRNAs can be expressed each with its own Ptet promoter on the same plasmid, or expressed
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individually on two different plasmids. Expressing each sgRNA with its own Ptet promoter risks

instability due to its repeat sequences; however, expressing two sgRNAs from a single promoter

with RNA cleavage sites separating the two sgRNAs have been met with mixed successes by

others.

Further optimization of CRISPRi system and adaptation for genome editing

The developed CRISPRi system with S. pasteurianus dCas9 provides robust repression of

endogenous genes in a titratable manner. Nonetheless, leaky repression persists in most cases,

more so with sgRNAs that provide strong repression when induced. The highest leaky repression

observed was -0.5x the activity of an empty sgRNA control, which may restrict the utility of the

system depending on the intended application. The expression of dCas9, sgRNA and the Lacl

repressor can be further tuned to improve its dynamic range and minimize leaky repression. In

particular, the RBS strength of dCas9 can be lowered and the RBS strength of Lacl can be

increased. We have tried multiple promoter systems for sgRNA expression that all resulted in no

expression except for Ptet. Combinations of a low RBS strength dCas9 with protein degradation

tags such as AAV and LVA can also be tested. The S. pasteurianus Cas9 can also be used for

genome editing, where Cas9 can be used as a counter-selection to enable markerless genome

editing. We have tested a nuclease active S. pasteurianus Cas9 where cell death occurs when

provided with an on-target sgRNA, indicating cutting of the genome that can be used as a

successful counter-selection. However, upon transformation of cells with either a donor

oligonucleotide or dsDNA, we recovered no colonies that have incorporated the donor mutation.

Since the cutting of the genome with Cas9 is functional, the only limitation that still needs to be

addressed to develop a genome editing system is the host recombination efficiency. The well-

studied lambda red beta recombinase protein can be expressed when the donor DNA is

transformed to increase recombination efficiency. Other recombinases such as the Ssr protein

from P. putida DOT-TiE that was recently used for oligonucleotide recombineering can also be

tested.
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Appendix

Appendix 2-1 Genotype of (A) strains and (B) plasmids used in Chapter 2.

(A)

Strain Parent Genetic change Reference/Source

W303 N/A MATa; ura3-1; leu2-3; 112 trpl-1; his3-11, 5;
canl-100; ade2-1; GAL'

WT W303 ura3::URA3, trpl::TRP1, his3::HIS3, This study
leu2A::7xtetO YFP

Y9 W303 hxk2::CgHIS3 This study

Y12 W303 glkl::KanMX, hxk2::CgHIS3 This study

Y15 Y12 trpl::7xtetO tTA This study

Y17 Y15 HXK1 pr::7xtetO CYC1 TATA klURA3 This study

CEN.PK2-1D N/A MATa; ura3-52; trpl-289; leu2-3,112; his3A 1; EUROSCARF
MAL2-8c; SUC2

WT CEN.PK2-1D ura3::URA3, trpl::TRP1, his3::HIS3 This study

Y115 CEN.PK2-1D glkl::KanMX, hxk2::CgHIS3, trpl::7xtetO tTA, This study
HXK1 pr::7xtetO CYC1 TATA

(B)

Plasmid Genotype Reference/Source

pRS304 7xtetO tTA 7xtetO CYCI TATA tTA This study

pRS415-gdh PADHi 8.subtilis gdh This study

pRS415 Empty control for gluconate experiments

pRS415 7xtetO YFP 7xtetO CYC1 TATA YFP This study

pJA 123 PTDH3SCILV2, PPGK1 ScILV3, PTEF1 ScILV5 (54)

pJA 180 PTDH3SCILV2, PPGK1 ScILV3, PTEF1 ScILV5, PTDH 3 COxIV-LIKivd, (54)
PTEF1COxlV-LIAdhA(RE1)

pRS426 Empty control for isobutanol experiments
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Appendix 2-2 Data used for Figure 2-8, 2-9. Time of induction and dox concentrations used to

achieve different growth rates of Y17, with their corresponding gluconate (g/L) and ethanol
concentrations (g/L).

Time of induction Dox concentrations Growth rate Gluconate (g/L) Ethanol (g/L)
(OD) (ng/mL) (1/hr)

No induction 0 0.073 0.08 6.14

0.01 250 0.069 0.15 6.53

0.01 500 0.069 1.57 3.26

0.01 1000 0.059 1.63 1.05

0.01 2500 0.064 1.44 1.06

No induction 0 0.071 0.13 4.92

0.1 250 0.071 0.27 4.81

0.1 500 0.046 2.01 0.92

0.1 1000 0.051 1.98 0.95

0.1 2500 0.046 2.07 0.95

No induction 0 0.074 0.05 5.60

0.01 1000 0.046 2.31 1.01

0.15 1000 0.048 1.69 1.56

1 1000 0.077 0.11 4.49

WT strain 0 0.102 0.15 8.52
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Appendix 2-3

(A) Titers (mM) and OD6oo of semi-anaerobic batch cultivations of WT and Y115 strains
containing the isobutanol pathway.

Y115

WT CEN.PK2-1D (CEN.PK2-1D, glkl::KanMX, hxk2::CgHIS3,

Strain trpl::7xtetO tTA,

HXK1 pr::7xtetO CYC1 TATA)

Empty pJA 123 pJA180 Empty pJA 123 pJA180

OD600 3.3 0.1 4.06 0.08 3.9 0.3 2.4 0.1 2.52 0.05 1.6 0.1

Isobutanol titers, mM 0.11 0.02 0.71 0.03 0.24 0.03 0.62 0.05 1.7 0.2 2.3 0.1

Ethanol titers, mM 1041 3 1044 2 1046 1 710 13 700 100 410 70

Succinate titers, mM 0.78 0.02 0.85 0.04 0.88 0.03 1.24 0.09 2.9 0.7 1.4 0.4

Glycerol titers, mM 22.5 0.2 22.6 0.5 22.6 0.2 21.2 0.6 20 1 15.2 0.5

Acetate titers, mM 24.7 0.9 23.1 0.5 22.7 0.3 26.1 0.5 22.8 0.4 20 4
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(B) Molar yields of semi-anaerobic batch cultivations of WT and Y115 strains containing the
isobutanol pathway. Biomass, ethanol, glycerol and acetate are in mol/mol glucose. Isobutanol

and succinate molar yields are in mmol/mol glucose.

Y115

WT CEN.PK2-1D (CEN.PK2-1D, gIkl::KanMX, hxk2::CgHIS3,

Strain trpl::7xtetO tTA,

HXK1 pr::7xtetO CYC1 TATA)

Empty pJA 123 pJA180 Empty pJA 123 pJA180

Biomass

(CH1.7800.6No.19) yield, 0.115 0.005 0.140 0.003 0.134 0.009 0.113 0.004 0.13 0.02 0.12 0.01
mol/mol glucose

Isobutanol yield,
0.19 0.04 1.28 0.05 0.43 0.05 1.5 0.2 4.4 0.2 9.1 0.8

mmol/mol glucose

Ethanol yield,
1.875 0.006 1.880 0.004 1.885 0.001 1.735 0.008 1.73 0.08 1.61 0.06

mol/mol glucose

Succinate yield,
1.41 0.04 1.54 0.07 1.58 0.05 3.0 0.2 7.3 0.7 5 1

mmol/mol glucose

Glycerol yield,
0.041 0.001 0.041 0.001 0.041 0.001 0.052 0.001 0.054 0.004 0.062 0.007

mol/mol glucose

Acetate yield,
0.044 0.002 0.042 0.001 0.041 0.001 0.063 0.001 0.062 0.007 0.078 0.008

mol/mol glucose
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Appendix 3-1 List of mitochondrial ribosomal proteins (MRP) that have lost the rapid growth

element (RGE) sequence from comparative genomic studies by Ihmels et al.

ATP11 MRPL31 YDRO41W YKL195W
ATP12 MRPL32 YDR115W YLR218C
CBP6 MRPL35 YDR116C YMLO30W
COX14 MRPL36 YDR175C YMR157C
COX17 MRPL38 YDR494W YMR158W
CYT2 MRPL39 YDR511W YMR188C
MBA1 MRPL44 YGL068W YMR193W
MRP13 MRPL6 YGLO69C YNL081C
MRP17 MRPL7 YGR165W YNL122C
MRP2 MRPL9 YGR215W YNL177C
MRP21 MRPS28 YHR116W YNL252C
MRP49 MRPS9 YIL070C YNL306W
MRP7 NAM9 YIL098C YOR15OW
MRPL13 PET117 YIL157C YOR187W
MRPL16 PET123 YJL096W YPL087W
MRPL20 PHB1 YJL104W YPL118W
MRPL25 PPA2 YKL137W YPR099C
MRPL27 QR15 YKL169C YPR100W
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Appendix 3-2 Sequences of Rapid Growth Element insertions in MRP7 for Figures 3-1, 3-2 and 3-3.

MRP7 (WT sequence of 500bp upstream of MRP7)
TCTTGATCAGACATATCCTGTTAACTTAATATTTGGCGTTCTATCTGCTCATTCAAACTGTTTTCGAACTCATGAGCA
AACATAATTATGAAA1TTTTCAGCCAGTACTCTAC1TfTTCATTTCCCTCGCTAAACAAAGAGAGTCATTTGAAACGA
CCCAAGGAAAGACGTAAATTGAGGTATATGTAGTGACCAGAAGAGGATAAGGATGGCTAGAGTTTGGTGTTCAA
GTTCAATTGTTTGGTTGAATAGGTACTAAAAAGATTTTCACACAACGGCTTCTCTGTAATGTTATACACA CTGTTTT
ATACCAATTATGCAAATTTGGCTGTTATGACTGGGTGTTTCGATATCTGACGTTCCGCTATTGAATTTTAAAGCTCTT
TCTTTGGAGACTCATTCAAGATAGTTCACTGAAGAATGAAGTTGGCTCATTGTAAAAATAAAACTCGCCAG1TGG
GTGGTCATAATATTTCAAGCTTAACCTAAGGTGAGAAT

MRP7 AT @ -160bp (insertion at -160bp is shown in red and underlined)
TCTTGATCAGACATATCCTGTTAACTTAATATTTGGCGTTCTATCTGCTCATTCAAACTGTTTTCGAACTCATGAGCA
AACATAATTATGAAATT TCAGCCAGTACTCTACTTTTTCATTTCCCTCGCTAAACAAAGAGAGTCATTTGAAACGA
CCCAAGGAAAGACGTAAATTGAGGTATATGTAGTGACCAGAAGAGGATAAGGATGGCTAGAGTTTGGTGTTCAA
GTTCAATTGTTTGGTTGAATAGGTACTAAAAAGATTCACACAACGGCTTCTCTGTAATGTTATACACACTGT11T-
ATACCAATTATGCAAATrGGCTGTTATGACTaaaaattttGGGTGTTTCGATATCTGACGTTCCGCTATTGAATTTTA
AAGCTCTTTC1TGGAGACTCATTCAAGATAGTTCACTGAAGAATGAAGTTGGCTCATTGTAAAAATAAAACTCGC
CAGTTTGGGTGGTCATAATATTTCAAGCTTAACCTAAGGTGAGAAT

MRP7 AT @ -200bp (insertions at -200bp is shown in red and underlined)
TCTTGATCAGACATATCCTGTTAACTTAATATTTGGCGTTCTATCTGCTCATTCAAACTGTTTTCGAACTCATGAGCA
AACATAATTATGAAA1TTT CAGCCAGTACTCTACTT1TTCATTTCCCTCGCTAAACAAAGAGAGTCATTTGAAACGA
CCCAAGGAAAGACGTAAATTGAGGTATATGTAGTGACCAGAAGAGGATAAGGATGGCTAGAGTTTGGTGTTCAA
GTTCAATTGTTTGGTTGAATAGGTACTAAAAAGATTTCACACAACGGCTTCTCTGTAATGTTATACACAaaaaatttt
CTGTTTTTATACCAATTATGCAAATTTGGCTGTTATGACTGGGTGTTTCGATATCTGACGTTCCGCTATTGAATTTTA
AAGCTCTTTCTTTGGAGACTCATTCAAGATAGTTCACTGAAGAATGAAGTTGGCTCATTGTAAAAATAAAACTCGC
CAGTTTGGGTGGTCATAATATTTCAAGCTTAACCTAAGGTGAGAAT

MRP7 MM AT @ -160bp (mismatch at -160bp is shown in red and underlined)
TCTTGATCAGACATATCCTGTTAACTTAATATTGGCGTTCTATCTGCTCATTCAAACTGTTTTCGAACTCATGAGCA
AACATAATTATGAAATTMCAGCCAGTACTCTACTTTTTCATTTCCCTCGCTAAACAAAGAGAGTCATTTGAAACGA
CCCAAGGAAAGACGTAAATTGAGGTATATGTAGTGACCAGAAGAGGATAAGGATGGCTAGAGTTTGGTGTTCAA
GTTCAATTGTTTGGTTGAATAGGTACTAAAAAGATCACACAACGGCTTCTCTGTAATGTTATACACACTGT1TF
ATACCAATTATGCAAATTTGGCTGaaaattttGGGTGTTTCGATATCTGACGTTCCGCTATTGAATTTTAAAGCTCTTT
CTTTGGAGACTCATTCAAGATAGTTCACTGAAGAATGAAGTTGGCTCATTGTAAAAATAAAACTCGCCAGTTTGGG
TGGTCATAATA1TTCAAGCTTAACCTAAGGTGAGAAT
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Appendix 3-3 Sequences for Rapid Growth Element insertions in MRPL39 for Figures 3-5.

MRPL39 (WT sequence of 500bp upstream of MRPL39)
AAAATTAGGTCTAGCCCCAGAAGGTTCCAAGGAAGTTACTGCTGCTCTAGAAAATGCTGCGGTTGGTTTAGTTGCC
GGTGGTAAGTCCAAGTTATTCACTCCAATGATGCTTTCGTCGCTAGGAAGCCAGAAAACGCCGAAACCCCCTCCC
AAACTTCCCAAGAAGCAACTCAATAAATTCACTAGATCAATAAGATTCAAATAAAGCGCACGATATATACCTATTTT
CCTATATATGCAGATAAAAAGATAGCACGTTCATTGCTAGCAGGCCTTACAAACAGACTGTCCGATGCCTTTACTAC
CCCACAATTTATCCCACTTGTGATTTTCAAGTTCGG I I II I I I I I I CATCATGTCGTGGCAAACGACCAGTATTTT
CTATCAGAATAAGAAAAAACTATAATTCACTGCATACAAACGTATTGACTGCTCCCCTACAGCGGAAGATAGTAAG
AATACAACATCGTAACTGTTTCCATATTTATGTGCCGAT

MRPL39 AT @ -120bp (insertion at -120bp is shown in red and underlined)
AAAATTAGGTCTAGCCCCAGAAGGTTCCAAGGAAGTTACTGCTGCTCTAGAAAATGCTGCGGTTGGTTTAGTTGCC
GGTGGTAAGTCCAAGTTATTCACTCCAATGATGCTTTTCGTCGCTAGGAAGCCAGAAAACGCCGAAACCCCCTCCC
AAACTTCCCAAGAAGCAACTCAATAAATTCACTAGATCAATAAGATTCAAATAAAGCGCACGATATATACCTATTTT
CCTATATATGCAGATAAAAAGATAGCACGTCATTGCTAGCAGGCCTTACAAACAGACTGTCCGATGCCTTTACTAC
CCCACAATTTATCCCACTTGTGATTTTCAAGTTCGGC I I I I I I I I I I I CATCATGTCGTGGCAAACaattttTATTTTCT
ATCAGAATAAGAAAAAACTATAATTCACTGCATACAAACGTATTGACTGCTCCCCTACAGCGGAAGATAGTAAGAA
TACAACATCGTAACTGTTTCCATATTTATGTGCCGAT

MRPL39 AT @ -160bp (insertion at -160bp is shown in red and underlined)
AAAATTAGGTCTAGCCCCAGAAGGTTCCAAGGAAGTTACTGCTGCTCTAGAAAATGCTGCGGTTGGTTTAGTTGCC
GGTGGTAAGTCCAAGTTATTCACTCCAATGATGCTTTTCGTCGCTAGGAAGCCAGAAAACGCCGAAACCCCCTCCC
AAACTTCCCAAGAAGCAACTCAATAAATTCACTAGATCAATAAGATTCAAATAAAGCGCACGATATATACCTATTT
CCTATATATGCAGATAAAAAGATAGCACGTTCATTGCTAGCAGGCCTTACAAACAGACTGTCCGATGCCTTTACTAC
CCCACAATTTATCCCACTTGTGATTTTCAAGTTaatttt i T1T T T i TTCATCATGTCGTGGCAAACGACCAGTATTTTCT
ATCAGAATAAGAAAAAACTATAATTCACTGCATACAAACGTATTGACTGCTCCCCTACAGCGGAAGATAGTAAGAA
TACAACATCGTAACTGTTTCCATATTTATGTGCCGAT

MRPL39 AT @ -200bp (insertion at -200bp is shown in red and underlined)
AAAATTAGGTCTAGCCCCAGAAGGTTCCAAGGAAGTTACTGCTGCTCTAGAAAATGCTGCGGTTGGTTTAGTTGCC
GGTGGTAAGTCCAAGTTATTCACTCCAATGATGCTTCGTCGCTAGGAAGCCAGAAAACGCCGAAACCCCCTCCC
AAACTTCCCAAGAAGCAACTCAATAAATTCACTAGATCAATAAGATTCAAATAAAGCGCACGATATATACCTATTTT
CCTATATATGCAGATAAAAAGATAGCACGTTCATTGCTAGCAGGCCTTACAAACAGACTGTCCGaattttTTACTACC
CCACAATTTATCCCACTTGTGATTTTCAAGTTCGGC I I I I I I I I I I I I CATCATGTCGTGGCAAACGACCAGTATTTTC
TATCAGAATAAGAAAAAACTATAATTCACTGCATACAAACGTATTGACTGCTCCCCTACAGCGGAAGATAGTAAGA
ATACAACATCGTAACTGTTTCCATATTTATGTGCCGAT

MRPL39 AT @ -230bp (insertion at -230bp is shown in red and underlined)
AAAATTAGGTCTAGCCCCAGAAGGTTCCAAGGAAGTTACTGCTGCTCTAGAAAATGCTGCGGTTGGTTTAGTTGCC
GGTGGTAAGTCCAAGTTATTCACTCCAATGATGCTTTTCGTCGCTAGGAAGCCAGAAAACGCCGAAACCCCCTCCC
AAACTTCCCAAGAAGCAACTCAATAAATTCACTAGATCAATAAGATTCAAATAAAGCGCACGATATATACCTATTT
CCTATATATGCAGATAAAAAGATAGCACGTTCATTGCTAGaattttTTACAAACAGACTGTCCGATGCCTTTACTACC
CCACAATTTATCCCACTTGTGATTTTCAAGTTCGGC i I I II I i I I ICATCATGTCGTGGCAAACGACCAGTATTTC
TATCAGAATAAGAAAAAACTATAATTCACTGCATACAAACGTATTGACTGCTCCCCTACAGCGGAAGATAGTAAGA
ATACAACATCGTAACTG1TCCATATTTATGTGCCGAT
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Appendix 3-4 Strains with RGE inserted in selected MRPs. For example, Strain #1 has RGE

inserted at the promoter of MRP2. Strain #8 has RGE inserted at the promoter of MRP2 and

MRP9. Strain #34 and Strain #35 are biological duplicates of Strain #23 and Strain #24.

No Strain __ _ _ _ _ _RGE insertion in M RPs_ _ _ _ _ _ _ _ _ _ _ _ _ _

No JrMRP2 MRP9 MRPL16 COX14 MBA1 ATP11 ATP12

1 A X

2 B X
3 C X
4 D X
5 E X
6 F X
7 G X
8 AB X X
9 BC X X

10 CD x X
11 DE X X
12 EF X X
13 FG X X
14 GA X X
15 BCD X X X
16 CDE X X X
17 DEF X X X
18 EFG X X X
19 FGA X X X
20 AFD X X X
21 ABCD X X X X
22 BCDE X X X X
23 BCDF X x X X
24 BCDG X X X X
25 ADE X X X
26 BDE X X X
27 CDE X X X
28 ABCDF X X X X X
29 BCDFG X X X X X
30 ABCDG X X X X X
31 ABDF X X X X
32 AF X X
33 GAB X X X
34 BCDFr2 X X X X
35 BCDGr2 X X X X
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Appendix 3-5 Sequences for Rapid Growth Element genomic insertions in strains in Appendix 3-2

MRP2
CCAACTGTCGATTATTGAAATAGACGAACTTAATGGAATCTTAAAAATAAATCCATTGATCAATTGGACG1TCGAG
CAGGTTAAACAGTATATAGATGCAAACAATGTACCATACAACGAACTTTGGACCTTGGATATAGATCCATTGGTG
ATTACCATTCCACACAACCCGTCAAGGAAGGTGAAGATGAGAGAGCAGGAAGATGGAAGGGCAAGGCCAAGACC
GAGTGTGGAATTCATGAAGCCAGCCGATTCGCGCAAT1TFTAAAGCAAGATGCCTAGATAGATAGAGTACGATAT
ATAACCATATGTATGTGACTAATTATTTATTCCTTAATAaattttATGATTACAACTTTCTAAAGCTGGCGGAGAATTC
GCGCTGTACGAGAAAAGAGCGAAAACAGAGGAATATTCAAACTAAGAACCAAACTGCGATAAAGAGGATTGAAA
GGAAAAACGAAAGAAAAGGTAAACTGACAAATATATACATTAACCG

MRP9
CTTTAAGAAATTTAATAAAGGCCCAATATCTCCCTGGTAACTCATCCACTACAACATCATCTTCTTTATCACAACCGC
CGTCAACGTTGTCAAATGCAATAAATTTCCGTGTTAGTGGGTTATTGGATGACACTGACATCTTGCAGCCTCCTAGT
GTGGGGGAAATCTTACCTTTTAAAGCTTCTACGGAAGACTTAAGGAAGCAACTGGGCACATCCCATAATTACGAAA
TAACACCGTACGAGAATGTACATGTATAAATAAAATTCAAAATCATGAAATGTTGTAACAGTAAATAAGCACCATA
AATTCGTTTCTCGATGATCCTCTTCTTTaattttTTGAAATGCTAATGCCATTTCTCCTATTACAGTCGCGAGATATTTG
TTTTCGGGTAATCCCTTGTCAAACGAACTTTATTGAAAAATATATGGACGATAAATTGACAACTGGGACGAGAAAG
GGCAACTCTTTGAAAGCAAGAGAGAACAAATATAGCC

MRPL16
GATACCCGAAATGACACCACCTGAAACAACAACGTACTTCATTTTCTGTCTATAAGTTTCTTTTGTTCTATTGACCAA
TTCACTGAGAAACTGCCTGAAACTTTTTCGACCTTAGAATGGCAGAAAAATGGCAAATACTGTAAAATACTTAACA
TTTAACTAAATTTTATTCTATGCTTTTCCTCTCGATGAGATGAGCTGTGAAAAATTTTGAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAATTTGTTATCACCAATAACGAGAAACCTAACTCTAAAACTTAGGGTCAAAGAACAGAACCCTAG
GCTTTGTATCCAGTTGAATCACTAATTACGAAAGAAaattttTGGAAATAATAATATCATATTGGTGCTCAAATAACA
AGAAGACTTCTTTGGAAGAAATTATTACCAATTAACAGTCCACTTGTAGAGCGTACATATTGCCGGGAAGTTGATT
ACCTTTCACCAGAGGTACAGAGGAATAGAATTTTGCAAC

COX14
TAATCAACTTGGCCAAGCAGAATACGCAATGGTTGTTCGGCACTGTTAAGGAGCCTGCTTACAAGAGGTACCTACA
TAACGTTAAAAACTGGTCGAAAAGCATATTAGGGTTCAACTAATGATTGGGGTGTCAACGTAATGTACTTTTCTCC
CCAATTTTTCTTTCATCCGTATATTTTACCGTAAAATGGACAAGCTAATAGCAAAACGAAAAAACACGTTGTCACT
TCTATATAACTTTGCTTAAGTAAGTATTTTGTCTTTATAATGTTACATACTGTGAAATACACTCTUAGAAAACACTA
TTTCCTCACTCTCGGAAGCAGATTTCGAAGTTaattttTACTTCTGAGCTTTGCTTCTCCTTCCTTGCGATTAATGTTAC
CCGGTATACGAAATCGGAGAGGATCAGAATAAATGCATTGAAAGGAGCATAAATCTATACAGCGGTTTGGCAATG
GTGAGAGGAAGAGAACAAAAAATAGAACGCAGATAGTC

MBA1
CCCACCTTATTGTCAACGGCAAATCTAAGGATATATATACATATATATATATTT1TGAGAAAGATTATATTTTCGCCA
ACGATGAAAAAGAGAAAAGTACAGTACTATGTATTATGTG11TITCAACTCAAGAGAGGGGCAAACATATAACTG
GTGCTATATATGATTAAGGCTGCGCTCAAATATACTTCTTACTTAATTGACTGAACAATACGTTGATAAGATGAAG
GAAGAGTCTCAGATATTGGTTTCACAAAAAATTCAGAGAATGGAGTCATCGGTTACGGGCAATCTTTCGGTGAT
TGGTACGGAGTATCGCGATCTTTACACGTTaattttGTCAATCCAATCCAATTTATTCATTTGTCCGTAAATATTCTGC
CGGCCTTCTCCCCATATTACAAAATAAAAAAATAAAACCTGAGTAATGGAATAGTTGGAAAAGCAAGGCAAATTTC
CATCAGAAAGCAAGCCTATCCATTCAGCTAAGCTTATGAG
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ATP11
TTTTAATGAAAGAAGATGATGATAAGGATGAAGATGATTCATTTCCGAATTTAGTTCTTGGTCTTGGATGTTCTGGT
GCTTCGTCCAAGAGTGCTCCCATCAGCTTCAACTGGGAAGGAGAGAATTGGGCTCGATCTGCGCTGAAGAGGTCC
TTCAGTCGACGAAATTTGGTTTTTAACGTCCTTGATTGTCTATATCTTGACCCAGTCTGTCTGTTGTACTCATCGAGC
ACCCTTTGCCAGCTATCTTGTCTGTAGGCATATGGTTTCAGATGAGGTTTGTGCCGTATCAGTAGTCGTAGAAGCA
GCTCCACAGGATCCACCGATTCATCCATTATGGTaattttCGCCTAAACCTTTCAAAGTATCGTTAAACCATGTTGTTA
TCAATGGTTCAACTCACCCGAATGGAAATAACGCTTATTTTGACGCCGTAATCGAAGGATGTGAAGAACTTATCAA
GACTTGAAAATAGAGAACAAAAGAGATTTAAGAATAACT

ATP12
AATAGTTCTTCTTTATCTTTAATGTTTTCT1TGATCCAGAAGAACAG1TTCGTCATGTGATAAATCATTAACGTATTT
GGATTTATCCTGTAAGATAAACGATTTACCGCAAGATCTCCATACTTTGTCCGTTGGATAAGACTCTAGUTCTTTCTT
TGTCAATTCAGCAAGCTTTTCTTGTCTGTCCAAATATGCTAGCTGCTGATTGACCATATCCAATTGTGTCCTGGCGTT
TCTTAAGCTCACTGTCATTTCTTGTGCTATCTGTGACATGTTTGTAAGTATGTATTATTGATTCAATTTAGTAAAGAG
CTCTGTAGATAGTTCTTTAATTaattttTGCTCATCTGAGAAATTTCTTCACTGTTACITITTAATTGCTATATCTTTAAA
CTCATTCATTTTCTTCAGAGAAAAGAAAAAAATTAAGGTAAAGGAAAAGGCTAAATAAGAACAAAACACTTGAAG
GCAAACGAAACCCTACAAAAGAGAATACGGA
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Appendix 4-1 Modified gdhA promoter for PAM site characterization

Native P. aeruginosa gdhA promoter including 500bp upstream of ORF. The -10 and -35
sequence are underlined and bold in red.

CGATCGCTACTTCGCCTCCCTGGGCGCCGGCTATCGCTTCCAGTCGATGCCGGAGTTGTCGATCGACGC
GGCCTACTCGCGGCAGTTCGTCAAGGAGGTGCCGTTGAAGACGGTCAACCAGGATCGCCTGGGCGGCG
GACGCCTGGATGGCAGGGCAACCAGCAAGGGACAGGTGTTCAGCCTGTCCGCGACCTACGACTTCTAG
ACCCGGCCGTAGGTAGAGGAAGGGCCTCCCCCTGGCGGGGGAGGCCCTTTCGCATCTGGCGCCGGGAT
GCACGCGAACGGTGCTTTCGTCGCCCTTCAACAGTGCGTGGCCCGCCCGGGAGGCAGCCTGGTTCCGG
GCGCGTGCTCTGGCCCGAGCCGTTCTGGCGGACCCGGAAAGTTTCAGTTTTGCACCATAAAGATTCATC
AATGCGTCATTTCGCACTTTCTAGGTGCCGCCTGGCTTGTTAGAGTCACGCGCAAAAAATTGTTCACAAA
ACTAGAAACCGGTGAGAAAA

Modified P. aeruginosa gdhA promoter where the PAM sites NNGTGA, NNGCGA, NNGTAA and

NNGTGT are present in all three regions: (A) upstream of the -35 sequence, (B) between -10

and -35 sequence, and (C) between -10 and start codon. Changes made to native sequence are

in small letters. The -10 and -35 sequence are underlined and bold in red.

CGATCGCTACTTCGCCTCCCTGGGCGCCGGCTATCGCTTCCAGTCGATGCCGGAGTTGTCGATCGACGC
GGCCTACTCGCGGCAGTTCGTCAAGGAGGTGCCGTTGAAGACGGTCAACCAGGATCGCCTGGGCGGCG
GACGCCTGGATGGCAGGGCAACCAGCAAGGGACAGGTGTTCAGCCTGTCCGCGACCTACGACTTCTAG
ACCCGGCCGTAGGTAGAGGAAGGGCCTCCCCCTGGCGGGGGAGGCCCTTTCGCATCTGGCGCCGGGAT
GCACGCGAACGGTGCTTTCGTCGCCCTTCAACAGTGCGTGGCCCGCCCGGGAGGCAGCCTGGTTCCGG
GCGCGTGCTCTGGCCCGAGCCGTTCTGGCGGACCCGGAAAGTTTCAGTTTTGCACCATAAAGATTCATC
AcacTGCGTtacTTCGCACTTTCTAtcacactcgcttacTGTTAGAGTCACactcgcAAAATTacTCACAAAACTAG
AAACCGGTGAGAAAA
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