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Abstract

The carbon and energy intensity associated with plastics production from petroleum, combined with the
accumulation of plastics waste in the environment, necessitates the development of technologies for the pro-
duction of renewably-derived, degradable alternatives. Microorganisms can be metabolically engineered to
convert renewable feedstocks to plastic building blocks. This thesis aims to design and implement metabolic
pathways to industrially relevant hydroxy acids (HAs) and diols with the ultimate goal of using them for
sustainable plastics production.

We began by prioritizing bioaccessible HAs for bio-production. Our analysis identified 182 bioaccessible
HAs. We prioritized monomers from this list based on novelty, ease of chemical polymerization, maximum
theoretical yield, and potential to improve material properties in a biopolymer. 3-Hydroxyisobutyric acid
(3HIB) and 3-hydroxy-2-methylbutyric acid (3H2MB) were prioritized based on their high molecular weight
polymerization and ability to reduce thermal degradation when incorporated into a biopolymer.

Next, we designed a novel pathway to 3HIB and 3H2MB. This pathway involves the conversion of glucose
to various branched acyl-CoAs and ultimately to 3HIB or 3H2MB. As proof of concept, we engineered E.
coli for the production 3HIB and 3H2MB from glucose at titers as high as 66 + 5 mg/L and 290 + 40 mg/L,
respectively. To our knowledge, this is the first report of 3H2MB bio-production from glucose. We optimized
this pathway for 3H2MB production by deleting competing pathways and developing a byproduct recycle.
Finally, we investigated mutagenesis of a pathway enzyme to expand the product range of this pathway.
Future work should investigate these mutants for the production of other biopolymer building blocks.

Finally, the feasibility of biological pathways to 3-methyl-1,5-pentanediol (3MPD) was investigated.
3MPD is an attractive monomer for the production of degradable, diol-diacid copolyesters. The feasibil-
ity determining step in this pathway involves the hydroxylation of 3-methylpentanol (3MP) to 3MPD by
AlKBGT from P. putida. Despite optimizing our system for alkBGT expression, strain growth, and sub-
strate transport, no 3MP conversion to 3MPD was observed. Future work should probe other hydroxylation
enzymes.

Overall, this thesis demonstrates the utility of novel pathway design to reach HAs and diols that lead to
biopolymers with improved industrial application.

Thesis Supervisor: Kristala L. J. Prather
Title: Arthur D. Little Professor of Chemical Engineering
Department Head
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Chapter 1

Introduction

Abstract

The carbon and energy intensity associated with plastics production from petroleum feedstocks, com-
bined with the accumulation of plastics waste in the environment, necessitates the development of technolo-
gies for the production of renewably-derived, degradable alternatives. Metabolic engineering for biopolymer
production represents a sustainable alternative to conventional plastics use. Many microorganisms naturally
possess pathways for polyester synthesis and degradation. Polyesters are a diverse class of plastics and their
monomer structure can be tuned to realize a breadth of material properties useful for industrial application.
However, this diversity remains untapped since conventional pathways for biopolymer building block pro-
duction yield limited structural diversity. Further, microorganisms have been harnessed for the commercial
production of a few polyesters with material properties that limit their application. This chapter reviews
metabolic pathways for the production of polyester building blocks with specific emphasis on the product
diversity achievable by these pathways. Next, we introduce novel pathway design as an integral tool for

reaching new biopolymer building blocks.

This section contains text and figures adapted from:
Bannister, K.R., Prather, K.L.J. Engineering polyester monomer diversity through novel pathway design. Curr. Opin.

Biotechnol., 79 (2023) 102852.
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1.1 Metabolic engineering for sustainable plastics

Plastics are ubiquitous in everyday life, filling material niches in diverse industries. Their utility and low
cost make them an essential part of technological innovations that generate innumerable societal benefits
related to health, safety, energy savings, and material conservation.' Despite the myriad of benefits associated
with it, global plastics use is responsible for a host of environmental issues. Current estimates put yearly
world plastics production at 460 million tonnes (MMT).> This production begins with the conversion of
petroleum to plastics precursors through steam cracking — the largest energy consumer in the chemical
industry. It ends with losses to the environment as 253 MMT of mismanaged or land filled plastic waste/yr?
and 104 MMT CO,-equivalent greenhouse gas emissions/yr.” Plastics’ landfill-by-design life cycle and the
documented, negative impacts of greenhouse gases (GHGs) on our global ecosystem motivate the exploration
of recombinant microorganisms as chassis for sustainable plastics production.

The metabolisms of microorganisms represent an ideal background for the synthesis of sustainable plas-
tics because they have been honed by millions of years of evolution to efficiently produce an array of chemi-
cals from renewable materials. Microbial chemical production obviates the need for the harsh conditions, ex-
otic catalysts, and expensive separation schemes that typify traditional chemical production because metabolic
pathways operate at physiological conditions to produce stereospecific products.* Metabolic engineering —
manipulating metabolic pathways to harness them for the production of target compounds — remains the most
powerful tool for engineers to traverse chemical space to convert metabolites to a target compound.’

Many microorganisms possess natural metabolic pathways for polyester synthesis and degradation. Poly-
esters are a diverse class of plastics typified by ester linkages between diols and diacids (e.g. polybutylene
succinate) or between hydroxy acids (i.e. polyhydroxyalkanoates) (Figure 1.1). This research focuses on
hydroxy acids (HAs) and diols as promising bio-based plastics monomers based on their industrial signifi-
cance to our project sponsor. Polyester composition and monomer structure can be adjusted for selection of
industrially relevant material properties. Polyhydroxyalkanoates (PHAs) stand out as biopolymers because
they are natural, degradable polyesters produced by bacteria and archaea as redox equivalent sinks during
nutrient limitation.® More than 150 HAs with connection to the microbial metabolome have been cataloged
across several genera.”” If unlocked, this structural diversity promises a lexicon of sustainable plastics to

augment and even supplant the material niches that petroleum-derived plastics currently fill.

12
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Figure 1.1. Bioproduced HA and diols classes and representative examples of bio-based polyesters

Despite their potential as plastics alternatives, commercial biopolymer production remains staunched by
limited monomer diversity (Figure 1.2) and high production costs. Limited monomer diversity is due to the
narrow substrate specificity of enzymes involved in biological HA production. Two of the most commer-
cially successful biopolymers by production volume are polylactic acid (PLA) and poly(3-hydroxybutrate)
(P3HB).!%!" PLA exhibits limited ocean biodegradation and brittleness,'” while P3HB is thermally unsta-
ble.!> These non-ideal properties are exacerbated by high production costs. PHA production costs are es-
timated to be 15x that of polypropylene, with 30% of that cost attributed to PHA extraction.® Since PHAs
are large, hydrophobic inclusion bodies, unsustainable solvent extraction techniques that reduce yield are
required for separation. To circumvent PHA extraction from whole-cell cultures, a hybrid approach has been
employed in PLA production that involves microbial lactic acid synthesis followed by chemical polymeriza-
tion to PLA.'3 Additionally, chemical polymerization allows for the precise control of PHA composition,
since natural PHAs are random combinations of cytoplasmic HAs. Advances in industrial biopolymer pro-
duction will rely on increasing monomer diversity through novel pathway design and using hybrid synthesis

schemes.
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Figure 1.2. This heatmap represents the number of HAs at varying hydroxyl group position and chain length
found as substituents of PHAs. Heatmap compiled using data from Steinbiichel and Valentin,” Agnew and
Pfleger,® Choi et al.,° and Bannister and Prather*

1.2 Microbial production of hydroxy acids

1.2.1 Microbial production of 3-hydroxy acids

Natural PHAs are primarily composed of 3-hydroxy acids (3HAs). Two primary routes for 3HA pro-
duction are (1) fatty acid biosynthesis or (2) f-oxidation reversal (rBOX) (Figure 1.3). In the fatty acid
biosynthesis pathway, fatty acid metabolism intermediates are converted to 3HAs. The product diversity of
this pathway is limited by the substrate specificity of fatty acid biosynthesis enzymes which generally prefer
straight-chain substrates with backbones at least four carbons long. The rBOX pathway produces C3-C6
(R)-3HAs in a three-step reaction that involves the condensation of acyl-CoAs by a thiolase, followed by a
reduction of the condensation product to yield 3HAs. Thiolases catalyze the ordered condensation of priming
and extending acyl-CoAs and determine the structural diversity of the rBOX pathway. Thiolase preference
for acetyl-CoA as both priming and extending units limits this pathway to straight chain 3HAs. The rBOX

pathway stands out from the fatty acid biosynthesis pathway because it does not require ATP or NADPH. !>
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Figure 1.3. 3HA Production Routes

The literature is rife with examples of the use of metabolic engineering to produce 3HAs in recombinant

hydroxybutyrate (3HB) to improve PHA material properties.'®

microorganisms. The Prather lab previously developed an rBOX pathway that converts activated organic
acids to 3HAs.'®!7 Although this pathway was successful at producing 3-hydroxy-y-butyrolactone - a key
precursor for many pharmaceuticals - it failed to specifically produce branched and medium-chain-length

(mcl) 3HAs. Others have demonstrated that branched and mcl 3HAs can be used as comonomers with 3-

The condensation of butyryl-CoA and acetyl-CoA to form 3-hydroxyhexanoic acid or 3-hydroxy-2-

15

ethylbutyric acid showed that mutations to increase priming or extending binding site size allows for specific
production of branched or mcl 3HAs.!*?Y However, low yields from this pathway suggest the need for addi-
tional thiolase engineering. Another group characterized the branched-chain-specific thiolase Acat3 (Ascaris
suum) and used it for the synthesis of PHA containing 3-hydroxy-2-methylbutyric acid (3H2MB).?! Subse-
quent analysis of 3H2MB-containing PHA revealed its improved ductility and biodegradability relative to

commercially available biopolymers.?? This highlights the power of HA structure to transform material prop-




erties.

Natural pathways to branched compounds serve as good starting points for thiolase-independent path-
ways to HAs. Branched-chain amino acid (BCAA) degradation pathways were used for the production of
3-hydroxyisobutyric acid (3HIB)?* and 3-hydroxy-3-methylbutyric acid(3H3MB).?* High yields realized
by these pathways support the usefulness of BCAA-based pathways for the production of branched 3HAs.
Polyketide synthases are another natural source of branching. One group investigated the lipomycin polyke-
tide synthase (PKS) and its ability to condense methylmalonyl-CoA and butyryl-CoA for 3HA production.
This system produced 3HAs with branching patterns not achievable through other pathways, including some
di-and tri-branched monomers.”>**° Achieving bio-production of 3HAs at high titer and yield is integral for
industrial usage. Routes to 3HAs that do not rely on traditional thiolases streamline this process since they

exploit enzymes working in their native context to circumvent enzyme engineering.

1.2.2 Microbial production of 2-hydroxy acids

Polyesters containing 2-hydroxy acids (2HAs) received considerable attention in recent years because of
the commercial success of 2HA-containing materials like PLA and polyglycolic acid (PGA). PLA’s rigidity
and opacity give it wide utility in biomedical applications. Polyesters containing glycolic acid exhibit ex-
cellent gas barrier properties, giving them application in dissolvable sutures and packaging material.>’ This
success sets the stage for the development of microbial cell factories to produce other 2HAs.

Various 2HAs are accessible from 2-ketoacids in amino acid biosynthesis and C1 carbon metabolism
(Figure 1.4). 2-Ketoacid pathways involve the overexpression of amino acid biosynthesis genes to produce
a 2-keto acid followed by reduction to the corresponding 2HA using a 2HA dehydrogenase. This pathway
has been used to produce 2-hydroxy-3-methylvaleric acid, 2-hydroxy-4-methylvaleric acid, and 2-hydroxy-3-
phenylpropionic acid from threonine, leucine, and phenylalanine biosynthesis intermediates, respectively.’®
Another group produced 2-hydroxyisovaleric acid at 73% theoretical yield by overexpressing valine biosyn-
thesis genes and using a C5-specific 2HA dehydrogenase —PanE (Lactococcus lactis).”® Another route in-
volves the conversion of C1 substrates to 2HAs via a novel 2-hydroxyacyl-CoA lyase (HACL). Chou et al.
employed this HACL mediated route to condense aldehydes and formyl-CoA. They demonstrated the pro-
duction of 2-hydroxydecanoic acid, 2-hydroxybutyric acid, 2-hydroxyisobutyric acid, and glycerate via this

pathway.*"

16
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Figure 1.4. 2-ketoacid based routes to 2HAs. Abbreviations used in this figure include: ALS (acetolactate
synthase), llvA (threonine deaminase) llvC (ketol-acid reductoisomerase from E. coli), llvD (dihydroxy-acid de-
hydratase from E. coli), LeuA (2-isopropylmalate synthase from E. coli), LeuB (3-isopropylmalate dehydrogenase
from E. coli), LeuCD (3-isopropylmalate dehydratase from E. coli), PanE (2-hydroxyacid dehydrogenase from
Lactococcus lactis), 2HADH (2-hydroxyacid dehydrogenase), 2HB (2-hydroxybutyric acid), 2H3MV (2-hydroxy-
3-methylvaleric acid), 2HIV (2-hydroxyisovaleric acid), 2H4MV (2-hydroxy-4-methylvaleric acid), and 2H3PhP
(2-hydroxy-3-phenypropionic acid)

1.2.3 Microbial production of w-hydroxy acids

w-Hydroxy acids (oHAs) are HAs with hydroxylation past C3. These monomers stand out for the pro-
duction of industrially relevant biopolymers because they have been shown to improve thermal stability
when incorporated as comonomers with 3HB.?! Commercially produced PHAs with ®HA monomers in-
clude poly(4-hydroxybutyrate) (P4HB) and poly(3-hydroxybutryrate-co-4-hydroxybutyrate).'! In particular,
P4HB is highly elastomeric and the only PHA with FDA approval for medical applications.>? 4-hydroxybutyric
acid (4HB) is produced from an unrelated carbon source via a pathway involving the oxidation of the citric
acid cycle (TCA) intermediate - succinate semialdehyde.***

Other w-HAs with demonstrated biological routes include 5-hydroxyvaleric acid (SHV),>>-*¢ 6-hydroxy-
hexanoic acid,*’~*! 7-hydroxyheptanoic acid,*” 8-hydroxyoctanoic acid,**~* 10-hydroxydecanoic acid,*>*+*>

and 12-hydroxydodecanoic acid.*>*** High yield, metabolic routes for these compounds take two forms:

(1) oxidative conversion of semialdehydes from central carbon metabolism for the production of C4 and
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C5 wHAs or (2) w-hydroxylation of fatty acids for the production of C6-C12 w-HAs. Wang et al.,*® Sohn
et al.,’® and Cen et al.»> demonstrated the effectiveness of co-opting lysine degradation intermediates for
the production of SHV in E. coli and Corynebacterium glutamicum. 6-hydroxyhexanoic acid has been pro-
duced at low yield via an rBOX pathway involving the condensation of succinyl-CoA and acetyl-CoA. How-
ever, yields were <1% indicating the need for thiolase engineering. 6-hydroxyhexanoic acid stands out as a
promising monomer because it can be polymerized to produce polycaprolactone - a commercially success-
ful polymer typically produced from the petroleum derived monomer e-caprolactone. He et al. and Yoo et
al. produced C8, C10, and C12 wHAs via a pathways involving w-hydroxylation of fatty acids or fatty acid
methyl esters by the alkane-1-monoxygenase system — AIkBGT - from Pseudomonas putida Gpol.*> Alk-
BGT exhibits broad action on C5-C12 compounds.*” CYP153As — a type of cytochrome P450 - can also per-
form w-hydroxylation and various groups have engineered CYP153s for the production of 8-hydroxyoctanoic
acid.*® @-Hydroxylation of fatty acids represents a promising platform for the biosynthesis of diverse -
HAs. Continued prospecting for monooxygenases and CYP153As capable of acting efficiently on branched

and C5-C7 fatty acids is integral to further increasing the structural diversity of bio-producible w-HAs.

1.3 Microbial production of diols

1.3.1 Microbial production of C3-C4 diols

Microorganisms do not naturally produce the copolyester formed from diols and diacids, but they have
been exploited for the production of both monomeric units (Figure 1.6). Recent literature outlines key ad-
vances in the microbial production of diacids.”' The bio-production of C3—C4 diols such as 1,3-propanediol
(1,3-PDO), 1,4-butanediol (1,4-BDO), and 1,3-butanediol (1,3-BDO) has been studied extensively. For ex-
ample, the bio-production of 1,3-PDO via the Covation Biomaterials route has replaced its traditional syn-
thesis from petroleum feedstocks. 1,3-PDO is condensed with terephthalic acid to produce polytrimethylene
terephthalate, a polyester used to make bio-based carpet fibers. The need to supply expensive vitamin B, in
this pathway opened the door for glycerol-independent pathways to 1,3-PDO. Attempts have been made to re-
duce the vitamin-B, dependency of this pathway in Klebsiella pneumoniae, but extensive strain engineering
was required at the expense of cell fitness.>”

Several glycerol-independent 1,3-PDO pathways have been constructed, including ones from malate,”

54,55

homoserine, aspartate,*® malonyl-CoA,>® and threonine.”’” The malonyl-CoA pathway produced the
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Figure 1.5. Routes across various organisms and substrates have been established for the biosynthesis of wHAs.
(a) Routes to 4HB and 5HV based on the oxidation of succinate semialdehyde and glutarate semialdehyde, respec-
tively (b) Routes to C6, C8, C10, and C12 wHAs which rely on hydroxylation of fatty acids. The following abbrevi-
ations were used: AlkB (alkane-1-monooxygenase from Pseudomonas putida GPol, AlkB (rubredoxin from Pseu-
domonas putida GPol), AIkT (rubredoxin reductase from Pseudomonas putida GPol), DavA (5-aminovalamidase
from P.putida), DavB (lysine monooxidase from Pseudomonas putida), DavT (5-aminovalerate transaminase from
Pseudomonas putida), TCA (the citric acid cycle), YahK (aldehyde dehydrogenase from E.coli), YghD (aldehyde
dehydrogenase from E. coli)
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highest 1,3-PDO yields of the glycerol-independent pathways, most likely due to its reliance on the well-
established 3-hydroxypropionic acid pathway. Other new routes for 1,3-PDO production involve aldolases
and have the added benefits of being orthogonal to native metabolism and utilizing 100% of substrate carbon
for 1,3-PDO formation.’®° Taken together, new routes for 1,3-PDO synthesis exhibit similar theoretical
yields as the glycerol route. Improving yields from these pathways will rely on engineering pathway en-
zymes for increased activity on pathway substrates. However, the ability to initiate synthesis from a myriad
of substrates suggests that the glycerol-independent pathways may ultimately be most useful in combination,
thereby enabling high-yield conversion of complex feedstocks to 1,3-PDO.

New pathways for butanediol synthesis expand feedstock range and exploit well-described pathways to
reach new compounds. 1,3-BDO has been bio-produced using rBOX>>:¢%-6% and aldolase-based pathways.%?
Of note is the exploitation of thiolase preference for 3HB production for high-yield 1,3-BDO biosynthesis in
E. coli’’ and Cupriavidus necator.’® 1,4-BDO is used to produce polybutylene terephthalate (PBT) which has
similar applications to polyethylene terephthalate (PET).? The current standard for 1,4-BDO bio-production
is the Genomatica-patented route that involves the reduction of succinyl-CoA. Newly developed pathways
for 1,4-BDO include a glutamate catabolism pathway,*® a pathway involving norvaline oxidation,’’ and

194 and xylose.®> Challenges to the industrial implementation of these new pathways

pathways from erythrito
include the cost associated with vitamin-B,, supplementation in the xylose and erythritol pathways and
product specificity issues in the norvaline pathway because it employs a promiscuous amino acid hydroxylase.

The glutamate catabolism pathway represents an opportunity for high titer 1,4-BDO bio-production since it

relies on glutamate — the most intracellularly abundant amino acid.

1.3.2 Microbial production of C5-C12 diols

While C3-C4 diol synthesis is well-studied, reports for C5—-C12 and branched diols are rare. Some linear
C5-C12 diols are industrially interesting because their polyesters exhibit properties comparable to PBT and
can serve as a safer alternative to it. Further, polyesters containing branched diols are more amorphous
and hydrolytically stable than analogous linear polyesters that make them useful for coatings.®® C5-C12 diol
production begins from the hydroxylation of alkane,®’ free fatty acid,*> or fatty acid methyl ester feedstocks.**
These pathways employ diverse monooxygenases and continued monooxygenase discovery will aid in the
bio-production of new diols from this pathway.

Amino acid pathways serve as a valuable reservoir of pathways to odd-chain and branched diols. 1,5-
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pentanediol is bio-produced from CoA*® and non-CoA* dependent pathways where lysine is catabolized
to SHV followed by reduction. The CoA-dependent pathway produced nearly 10x as much 1,5-pentanediol
as the CoA-independent pathway, despite its additional energy requirements. This is most likely due to im-
balances between SHV production and reduction to 1,5-pentanediol. The pathway from Liu et al.’” allows
for the bio-production of branched diols from related amino acids through the promiscuity of amino acid
hydroxylases. Unlike other amino acid pathways that are entirely reductive, this pathway includes two ox-
idative steps that reduce cofactor requirements. Amino acid hydroxylases can add hydroxyl groups at many
carbon positions allowing for synthesis of diols not previously bio-produced. The diol diversity offered by
this pathway opens the door to the bio-production of novel polyesters with unprecedented material properties.
However, a major challenge for industrial implementation of this pathway from an unrelated carbon source is
product specificity, since the hydroxylases used in this pathway can hydroxylate many amino acids efficiently.
The current landscape of microbial HA and diol production highlights both the success of metabolic engi-
neering to produce a variety of natural polyester building blocks and failure to develop high-yield pathways

for non-natural ones. Increasing biopolymer building block diversity will rely on novel pathway design.

1.4 Novel pathway design methods

Novel pathway design can be leveraged to bio-produce new polyester building blocks and to reimagine
bio-production of conventional ones. It allows for the production of new monomers to widen the space of
material properties currently realized by bio-produced polyesters. Additionally, it allows for the redesign of
traditional pathways for attributes such as carbon economy, number of pathway steps, and cofactor utilization,
which affect how efficiently energy is transduced from the substrate for target compound formation.

Novel pathway design strategies include: (1) fine-tuning native pathways by gene deletion or overex-
pression and enzyme engineering, (2) combining hybrid pathways from individual organisms into a single
organism, or (3) de novo design where non-natural biosynthetic schemes are proposed as enzymatic reac-
tions that interconvert functional groups.®® Strategy 1 is commonly used for the production of PHAs from
non-chassis organisms. Strategy 2 is used for the production of PHAs in E. coli by combining central carbon
metabolism with PHA biosynthetic routes from microorganisms like Pseudomonas putida or Cupriavidus
necator. Since the chemicals produced by native metabolic pathways occupy a small place in chemical space,

design strategies 1 and 2 produce limited biopolymer building block diversity.
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Figure 1.6. Routes across various organisms and substrates have been established for the biosynthesis of di-
ols. (a) Routes to diols with TCA cycle compounds as precursor from central metabolic pathways. (b) Routes
to diols with acetyl-CoA as precursor from central metabolic pathways. (c) Routes to diols with glycolysis
compounds as precursors. (d) Routes to diols from alternative carbon sources. The following additional en-
zyme abbreviations were used: AbfT (CoA transferase from Clostridium aminobutyricum), CAR (carboxylic
acid reductase from Mycobacterium marinum),BIdL273T (butyraldehyde dehydrogenase from Clostridium sac-
charoperbutylacetonicum), AspC (aspartate transaminase from E. coli), Ssr (mutant malate semialdehyde reduc-
tase from Metallosphaera sedula), Asd (mutant malate semialdehyde dehydrogenase), LysC (mutant aspartate
kinase from E. coli), LIdDV108C (lactate dehydrogenase from E. coli), KdcA (ketoacid decarboxylase from Lac-
tococcus lactis), Pdc (pyruvate decarboxylase from Zymomonas mobilis), MCR (malonyl-CoA reductase from
Chloroflexus aurantiacus), PrpE (3-hydroxypropionyl-CoA synthetase from M. sedula), PduP (aldehyde dehydro-
genase from Salmonella typhimurium), DERA (deoxyribose-5-phosphate aldolase from Thermotoga maritima),
KHB (2-keto-4hydroxybutyrate aldolase from E. coli), DhaT (aldehyde dehydrogenase from Klebsiella pneumo-
niae), BPE (amino acid hydroxylase from Bordetella petrii), AAD (amino acid deaminase from Pseudomonas
vulgaris), DERABH (deoxy-5-phosphate aldolase from Bacillus halodurans), AKR (aldo/ ketoreductase from
Pseudomonas aeruginosa), CYP153A33 (cytochrome P450 monooxygenase from Marinobacter aquaeolei), Atfl
(alcohol acetyltransferase from Saccharomyces cerevisiae), GpD1 (glycerol-3-phosphate dehydrogenase from Sac-
charomyces cerevisiae) Gpp2 (glycerol-3-phosphate phosphatase from Saccharomyces cerevisiae), DhaB (glycerol
dehydratase from Klebsiella pneumoniae), GdrAB (glycerol dehydratase activator), PhaA (thiolase from Cupri-
avidus necator), XylBC (xylose dehydrogenase from Caulobacter crescentus), XylD (xyulonic acid dehydratase
from C. crescentus), PpdACB (engineered diol dehydratase from Klebsiella oxytoca).Additional compound abbrevi-
ations used in this figure include: 3-hydroxypropionic acid (3HP), malyl-4-phosphate (malyl-4P), dihydroxyacetone
phosphate (DHAP), glyceraldehyde-3-phosphate (G3P), glycerol-3P (glycerol-3-phosphate), 4-hydroxy-4-methyl-
2-ketovaleric acid (4H4M2KYV), 4-hydroxy-4-methylbutanal (4H4MBtnl), 2-keto-4-hydroxybutyrate (2K4HB), 3-
deoxy-glyceropentulosnic acid (3DGP).

De novo design offers a route to fully harness the synthetic capabilities of metabolic pathways because
it removes the constraint of starting at known pathways. De novo design is bolstered by in silico tools that
identify enzymes and cascading reactions to convert metabolites to a target chemical.®” One tool - RetroPath””
- was used to identify retro-biosynthetic pathways to compounds as diverse as pinocembrin and mandelic acid
in recombinant E. coli.”' These pathways can be prioritized for implementation via flux balance analysis,
thermodynamic favorability, cofactor usage, and number of non-native steps among other criteria. De novo
design represents marked improvements over traditional strategies in terms of target chemical diversity, but it
has shortcomings. Specifically, de novo design produces many pathways for which feasibility analysis doesn’t
always reduce to a tractable number. Further, this technique often requires years of enzyme engineering
to ultimately produce pathways only capable of making one compound. Manual de novo design like that

described by Vila-Santa et al.”?

- while laborious - can be used to design a small number of feasible pathways.
Combined, recent advances in novel pathway design for HAs and diols illustrate four large themes: (1)
redesigning natural pathways to reduce energy and supplementation requirements, (2) using natural pathways

for branched compounds as inspiration for non-natural, branched HAs and diols, (3) the usefulness of enzyme

discovery for unlocking new pathways to HAs and diols, and (4) designing new pathways from different
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substrates. An examination of these pathways reveals their complexity and interconnectedness, but also hints
at the HAs and diols yet to be produced. Clearly, novel pathway design is integral for producing biopolymer

building blocks that lead to plastics with increased industrial utility.

1.5 Thesis overview

This thesis aims to design, implement, and optimize novel metabolic pathways for the production of

biopolymer building blocks. Specific goals include:

(1) The prioritization of industrially relevant HAs to construct biological pathways towards
(2) The design, construction, and optimization of a biological pathway for the prioritized HAs

(3) Design, analysis, and possible implementation of a biological pathway to 3-methyl-1,5-pentanediol

We began by prioritizing building blocks for biosynthesis based on novelty, maximum theoretical yield,
ease of chemical polymerization, and potential material property improvements conferred by the monomer
once incorporated into a biopolymer. Next, we design and implement a novel pathway from a renewable
feedstock to the prioritized monomers - 3HIB and 3H2MB - in E. coli. As proof-of-concept we optimize our
novel pathway by deleting competing pathways, de-bottlenecking key pathway steps via enzyme selection,
and the development of a unique by-product recycle. Lastly, we design pathways to 3-methyl-1,5-pentanediol
- a monomer of significant interest to our industrial sponsor - and determine the feasibility of each pathway.
This work illustrates the utility of novel pathway design for the bio-production of novel HAs and diols which

lead to biopolymers with industrially relevant properties.

1.6 Thesis organization

This thesis is divided into five chapters. Chapter 1 reviews metabolic pathways for biopolymer building
block production. Chapter 2 describes the process used to identify and prioritize industrially relevant HAs for
biological synthesis. In chapter 3, we discuss the design and implementation of a novel metabolic pathway
to two industrially relevant building blocks - 3HIB and 3H2MB. We further optimized this pathway for
3H2MB production. In chapter 4, we turn our attention to designing and determining the feasibility of novel
pathways to 3-methyl-1,5-pentanediol - a monomer of significant interest to our industrial sponsor, DIC.

Finally, chapter 5 summarizes chapters 1-4 and discusses the implications of this work.
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Chapter 2

Identification of industrially relevant hydroxy acids

for biosynthesis

Abstract

Biopolymer industrial application is currently limited due to their unfavorable material properties. Most
prototypically, P3HB is susceptible to thermal degradation via a mechanism facilitated by its thermally-
labile @-hydrogens. HA structural properties shown to improve thermal stability include a-substitution and
w-hydroxylation. In hopes of producing biopolymers with broader industrial application, we prioritized
bioaccessible HAs for bio-production. Our analysis identified 182 potentially bioaccessible HAs - including
31 bioaccessible HAs which have not been cataloged by others. We prioritized monomers from this list based
on novelty, ease of chemical polymerization, maximum theoretical yield, and potential to confer thermal
stability properties in the context of biopolymers. This analysis yielded a list of 17 2HAs, a-substituted
3HAs and wHAs with the potential to produce biopolymers with novel properties. 3HIB and 3H2MB were
ultimately prioritized for bio-production based evidence of their high molecular weight polymerization and

ability to reduce thermal degradation when incorporated into a biopolymer.
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2.1 Introduction

Designing, synthesizing, and characterizing new polyesters with the favorable properties of natural PHAs
and improved material properties relative to currently available biopolymers is essential for wider industrial
application. P3HB - a homopolymer of 3HB - is the most well-studied and widely available PHA. P3HB
exhibits a narrow thermal processing window. Specifically, it degrades near its melting temperature via a
p-elimination mechanism that relies on thermally labile a-hydrogens to produce crotonate and oligomers
(Figure 2.1).'? Operationally, this means that when P3HB is melted to mold it for final application, it also
begins to degrade. This degradation behavior is in stark contrast to petroleum derived plastics like PET and
polypropylene which exhibit wide thermal processing windows allowing them to be melt-processed over a
wide temperature range without yield reductions.”? Based on this, we focused on prioritizing HAs for bio-

production which might confer improved thermal stability when incorporated into a biopolymer.

CH3 oOh H O CH,3 OH H @
| H Il | H \
* —C—0—C—C CH-C—O0—* —3» *—C—0—C—C + C—C—0— *
|
(0]

I H / H /
:)\-HC\ ol o HC/
CH3; CH;
P3HB oligomer crotonate derivative

Figure 2.1. Poly(3-hydroxybutyrate) thermal degradation mechanism. P3HB degrades primarily via a -
elimination mechanism to produce crotonate and oligomers. Thermally labile hydrogens are indicated by red
text

Previous studies showed that PHAs composed of a-substituted monomers exhibit improved thermal prop-
erties relative to their unsubstituted counterparts.'®?>747> For example, PHAs composed of a-a-dimethylated
HAs were shown to exhibit enhanced thermal stability, ductility, and toughness compared to P3HB.” Further,
copolymerization of 3HB with wHAs like 4HB>' or 5SHV’° substantially increases the polymer processing
window by reducing melting temperature while maintaining degradation temperature. These studies show
that a-substitution and w-functionalization are integral monomer characteristics to tune when designing novel
PHAs with desirable thermal properties. Herein, a systematic process is described for prioritization of in-
dustrially relevant HAs for bio-production. In short, HAs with connection to the microbial metabolome were
prioritized for bio-production based on novelty, ease of chemical polymerization, maximum theoretical yield,

and expected thermal stability enhancements conferred by the HA when incorporated into a biopolymer.
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2.2 Materials and Methods

HAs with connection to the microbial metabolome were identified by mining the literature, KEGG,”’
and MetaCyc.”® This list of monomers was initially culled to eliminate HAs with heteroatoms, cyclization,
and 4-hydroxy acids. Next, the maximum theoretical yield based on an energy balance(Y ) and polymeriz-

A

ability score * were determined for each HA. Y was calculated based on the metric defined by Dugar and

Stephanopoulos.”’

Yy =18 @2.1)
Yp

vs and yp are the degree of reduction of the substrate and product, respectively (Eq. 2.1). Degree of
reduction is the sum of the valence states of each atom in a given compound. The polymerizability score is
a heuristic metric developed by Prof. Bradley Olsen’s lab (MIT, Department of Chemical Engineering) that

ranges from 0-5, with increasing scores representing monomers expected to be easier to polymerize (Table

2.1).
Table 2.1. Polymerizability score definition

Score Description

5 There are known routes to polymerize the monomer to high molar mass in the form it is
naturally produced

4 There are known routes to polymerize the monomer to high molar mass with minor derivi-
tization (i.e. lactic acid)

3 There are known routes to polymerize the monomer to high molar mass with significant
derivitization
There may be routes to polymerize the monomer to high molar mass in its original form
There may be routes to polymerize the monomer to high molar mass in a derivitized form

0 The monomer most likely cannot be polymerized

Monomers with polymerizability scores < 3 or Y, < 0.51 g/g glucose were removed from the list. Y
= 0.51 represents the maximum theoretical yield for biological production of ethanol from glucose - a well-
established bioprocess. As a final sieve, we removed 3HAs from this list without a-substitution. From
this list of high-yield, easy-to-polymerize monomers, our industrial sponsor selected HAs for biosynthesis
based on internal experiments to confirm ease of chemical polymerization and biodegradation of biopolymers

composed of these HAs (Figure 2.2).

APolymerizability score for each monomer was kindly determined by Dr. Wontae Joo - a former postdoctoral associate in the
Olsen lab
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2.3 Results and Discussion

A list of candidate monomers for novel, industrially relevant PHAs was identified by cataloging HAs
with connection to the microbial metabolome. Previously, Steinbiichel and Valentin,” Agnew and Pfleger®
and Choi et al.” collectively identified 151 such monomers. This list was supplemented with HAs produced
as intermediates in biological pathways identified by mining the MetaCyc’® and KEGG’’ databases. Finally,
monomers not previously described in reviews by others were identified from the literature to produce a list
of 182 HAs. The monomers not previously described by others are detailed in Table 2.2. Most of these HAs
are 2HAs, a-substituted 3HAs (a-3HAs), and mcl wHAs. These newly cataloged HAs and an evaluation of

the biological pathways that produce them are available in our recent review.'*

;nicrobial § :

Sacas metabolome

ce

only aliphatic HAs, no 4HAs

HAs that haven'’t been
incorporated
into commercially
available PHA

O Polymerizability

polymerizability score score >3

Yield comparable to
established bioprocess

3HAs must
have a-substitution

HAs prioritized for
bio-production

Figure 2.2. Process for prioritizing industrially relevant hydroxy acids

This initial list was culled to exclude HAs with heteroatoms and 4-hydroxyacids (4HAs). 4HAs are
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known to favor the formation of lactones over the polymer which greatly reduces yield during chemical
polymerization.?”> Next, the monomer list was assessed for novelty to remove HAs like 3HB and lactic acid
which have commercial routes for the production of their biopolymers. Polymerizability scores and theoreti-
cal yields (Y ) were assigned to the remaining 111 HAs to identify high yield, easy to polymerize monomers
(Figure 2.3). Monomers with polymerizability score < 3 and/or yields less than the maximum theoretical
yield of ethanol bioproduction (i.e. an established bioprocess) were removed from the list. As a final sieve,
3HAs without a-substition were eliminated from the list to select for monomers which lead to biopolymers

with improved thermal stability.
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Figure 2.3. Maximum theoretical yield vs polymerizability score for biologically accessible hydroxy acids

The current monomer list includes 17 high yield, easily polymerizable 2HAs, a-3HAs, and wHAs (Fig-
ure 2.4). The 2HAs included on this list are accessible via 2-ketoacid intermediates of amino acid biosyntheis
pathways. a-3HAs stand out in this list because their polyesters exhibit improved thermal stability and ductil-

ity compared to P3HB.!3?>7475 These a-3HAs were bio-produced primarily via a lipomycin PKS capable of
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condensing methylmalonyl-CoA with a variety of acyl-CoAs.?® The wHAs included on the final monomer
list were mcl and have been shown to expand the polymer processing window when incorporated as co-
monomers with 3HAs.>"-’% From this shorter list, 3HIB (IUPAC name: (2S)-3-hydroxy-2-methylpropanoic
acid ) and (2S,3R)-3H2MB (IUPAC Name: 3-hydroxy-2-methylbutyric acid) were prioritized for biological
synthesis based on internal experiments by our industrial sponsor to confirm their high molecular weight

chemical polymerization and improved degradation properties relative to other monomers from the list.

2.4 Conclusions

Identifying HAs which lead to biopolymers with improved properties is essential for their industrial ap-
plication. Our analysis identified 182 potentially bioaccessible HAs - including 31 bioaccessible HAs which
have not been catalogged by others (Table 2.2). We prioritized monomers from this list based on novelty, ease
of chemical polymerization, maximum theoretical yield, and potential to confer thermal stability properties
in the context of biopolymers. 3HIB and 3H2MB were ultimately prioritized from our final monomer list
based on evidence of their high molecular weight polymerization and ability to reduce thermal degradation

when incorporated into a biopolymer.
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Table 2.2. Additional hydroxy acids with connection to the microbial metabolome

IUPAC Name Y (g/g glucose) Polymerizability Score Reference
3-hydroxy-2-oxopropanoic acid 1.73 3 MetaCyc
3-hydroxy-2-methylpropanoic acid 0.77 3 [80]
2,3-dihydroxypropanoic acid 1.41 1 [81]
2-hydroxypentanoic acid 0.66 4 [30]
2,4-dihydroxybutanoic acid 1 1 [82]
(2E,4Z)-2-hydroxyhexa-2,4-dienoic acid 0.66 1 KEGG
3-hydroxy-3-methyl-2-oxobutanoic acid 0.88 3 KEGG
(2S)-2-hydroxy-2-methyl-3-oxobutanoic acid 0.88 3 KEGG
2-ethyl-3-hydroxybutanoic acid 0.59 3 [20]
6-hydroxyhexanoic acid 0.59 3 [37-39, 41, 83]
2-hydroxy-3-methylpentanoic acid 0.59 4 [84]
2-hydroxyhexanoic acid 0.59 4 Prather Lab
5-hydroxy-2,4-dioxopentanoic acid 1.21 3 KEGG
(R)-3-hydroxy-3-methyl-2-oxopentanoic acid 0.75 3 KEGG
(2S)-2-ethyl-2-hydroxy-3-oxobutanoic acid 0.75 3 KEGG
3-hydroxy-2-methylhexanoic acid 0.54 3 [26]
3-hydroxy-2,4-dimethylpentanoic acid 0.54 3 [26]
7-hydroxyheptanoic acid 0.54 2 [40]
(2R)-2-hydroxypentanedioic acid 1.01 1 KEGG
3-hydroxy-2,5-dimethylhexanoic acid 0.51 3 [26]
3-hydroxy-2,4-dimethylhexanoic acid 0.51 3 [26]
2-(1-hydroxyethyl)hexanoic acid 0.51 3 [20]
8-hydroxyoctanoic acid 0.51 3 [42, 44, 45]
2-hydroxyhexanedioic acid 0.9 1 KEGG
2-hydroxydecanoic acid 0.46 4 [85]
10-hydroxydecanoic acid 0.7 3 [42, 44, 45]
2-hydroxydodecanoic acid 0.44 4 [85]
12-hydroxydodecanoic acid 0.44 3 [42, 44, 45]
2-hydroxytetradecanoic acid 0.41 4 [85]
2-hydroxyhexadecanoic acid 0.4 4 [85]
(2R)-2-hydroxyoctadecanoic acid 0.39 4 KEGG
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Figure 2.4. Final list of industrially relevant hydroxy acids
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Chapter 3

Design, implementation, and optimization of a novel,

biological pathway to a-substituted 3-hydroxy acids

Abstract

PHAs are renewably-derived, microbial polyesters composed of HAs. Demand for sustainable plas-
tic alternatives, combined with the unfavorable thermal properties exhibited by some PHAs, motivates the
discovery of novel ones. The rBOX pathway — the canonical pathway for HA production — is unable to pro-
duce a-substituted HAs which lead to thermostable PHAs because it utilizes thiolases with narrow substrate
specificity. Here, we present a thiolase-independent pathway to two a-substituted HAs — 3HIB and 3H2MB.
This pathway involves the conversion of glucose to various branched acyl-CoAs and ultimately to 3HIB or
3H2MB. As proof of concept, we engineered E. coli for the specific production 3HIB and 3H2MB at titers as
high as 66 + 5 mg/L and 290 + 40 mg/L, respectively. To our knowledge, this is the first report of 3H2MB
synthesis from glucose. We optimized our pathway for 3H2MB production by deletinge genes that encode
for competing pathways and via a novel, byproduct recycle. Finally, we investigated mutagenesis of a ma-
jor pathway gene as a way to expand the product range of this pathway to other branched HAs. This work
illustrates the utility of novel pathway design for the production of HAs leading to PHAs with industrially

relevant properties.

This section contains work adapted from
Bannister, K.R., Prather, K.L.J. a-Substituted 3-hydroxy acid production from glucose in Escherichia coli. In prepa-

ration
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3.1 Introduction

3HIB and 3H2MB represent advantaged monomers for sustainable plastics production. They were pri-
oritized for bio-production based on ease of chemical polymerization and their ability to prevent thermal
degradation in the context of a biopolymer (Chapter 2). Prioritization of these monomers was further sup-
ported by internal experiments from our industrial sponsor confirming their high molecular weight chemical
polymerization and the biodegradability of the corresponding biopolymers.

Several routes exist for the chemical synthesis of 3HAs like 3HIB and 3H2MB: (1) reacting epoxides
with hydrogen cyanide followed by hydrolysis, (2) Kolbe nitrile synthesis where hypochlorous acid is added
to an olefin, followed by hydrolysis of the resulting hydroxynitrile, (3) a Reformatsky reaction with an a-
halocarboxylic acid ester and a ketone over a zinc catalyst, (4) hydrolysis of f-lactones, (5) alkaline hydration
of enoic acids, or (6) catalytic hydrogenation of f-ketoacids.®® Many of these synthetic schemes are compli-
cated - requiring multiple workup steps, several petroleum-derived reactants, and catalysts. Further, these
schemes often yield racemic mixtures. Thus, a biological route to 3HIB and 3H2MB is preferred because it
can be engineered to initiate product synthesis from a renewable feedstock and produce enantiopure product.

Table 3.1. Previous reports of 3HIB and 3H2MB bio-production

Monomer Pathway Substrate Titer Organism Reference
(e/L)
3HIB BCAA degradation glucose 0.63 Pseudomonas [23]
taiwanensis
3HIB diol oxidation 2-methyl-1,3- 8.5 Gluconobacter [87]
propanediol oxydans
3HIB BCAA degradation glucose 5.1 Saccharomyces [88]
cerevisiase
3HIB BCAA degradation isobutane 0.413 Yarrowia [89]
lipolytica
3HIB aldolase formaldehyde + 2.5 E. coli [90]
propanal
3HIB sleeping beauty mutase glucose 0.069 E. coli [91]
3H2MB rBOX glucose + propionate 1.08 E. coli [21]

Conventionally, short-chain-length (scl) 3HAs like 3HIB and 3H2MB are bio-produced via the rBOX
pathway (Figure 1.3). However, the rBOX pathway generally fails to produce a-substituted 3HAs (a-3HAs)
because of the strict substrate specificity of thiolases. There are few reports of the bio-production of 3H2MB.
Blaisse et al.”! demonstrated the production of 3H2MB using a branched-chain specific thiolase, but the prod-
uct exhibited S stereochemistry at C3 which is incompatible with biodegradation by PHA depolymerases.

3HIB bio-production is informed by the rich literature surrounding its conversion to methacrylic acid - a
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monomer used in the production of acrylic. 3HIB production has been reported from a variety of substrates
and pathways (Table 3.1 and Figure 3.1). The highest achieved titer was via the oxidation of 2-methyl-1,3-
propanediol via endogenous metabolism in Gluconobacter oxydans.®” However, there is no clear biological
route for this substrate. Cesnik et al. engineered a pathway involving the condensation of formaldehyde and
propanal followed by oxidation of 3-hydroxyisopropanal to 3HIB. The product diversity determining step
in this pathway is the condensation reaction catalyzed by FSAP%C - a mutant aldolase from E. coli. Like
thiolases, FSA demonstrates strict specificity for substrates which lead to 3HAs without a-substitution. Op-
timizing this pathway for 3HIB production and extending it to 3H2MB production would require additional
aldolase engineering.”” Seo et al. utilized E. coli’s sleeping beauty mutase pathway for 3HIB production.”’
Natively, the sleeping beauty mutase pathway converts succinyl-CoA to propionate via the action of a vita-
min B,,-dependent methylmalonyl-CoA mutase.”® Using this pathway for the production of 3H2MB would
require the action of methylmalonyl-CoA mutase on glutaryl-CoA. Biological synthesis of glutarate is es-
tablished,” but the substrate permissivity of methylmalonyl-CoA mutase is not well-studied.

Microorganisms like Pseudomonas taiwanensis, Saccharomyces cerevisae, and Yarrowia lipolytica pos-
sess natural pathways for valine degradation that produce 3HIB-CoA as an intermediate. This pathway has
been co-opted for the production of 3HIB at titers as high as 5.1 g/L.* BCAA degradation routes are attrac-
tive platforms for the production of both 3HIB and 3H2MB. Specifically, valine and isoleucine degradation
produce 3HIB-CoA and (2S,35)-3H2MB-CoA as intermediates, respectively. The BCAA pathway repre-
sents marked improvements over the diol oxidation pathway, aldolase pathway, rBOX pathway, and sleeping
beauty mutase pathway because it can be used to produce both monomers from a bioaccessible feedstock
without enzyme engineering. However, the BCAA pathway must be modified to initiate synthesis from an
unrelated carbon feedstock and for the production of 3H2MB with biodegradation compatible stereochem-
istry at C3.

The goal of this study is to design and implement a pathway from glucose to (2S)-3HIB and (2S,3R)-
3H2MB in E. coli. The pathway we develop consists of two halves: (1) module 1 which converts glucose to
branched acids and (2) module 2 which specifically converts the branched acids to 3HIB or 3H2MB using
steps inspired by BCAA degradation. We take a bottom-up approach to pathway validation where we first
validate module 1 and module 2 separately. Finally, we combine the entire pathway in E. coli to demonstrate

the production of both advantaged plastic monomers from glucose.
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Figure 3.1. Previously reported biological routes to 3-hydroxyisobutyric acid and 3-hydroxy-2-methylbutyric acid.
Abbreviations used include: Acat3 - thiolase (A. suum), Acdl - acyl-CoA dehydrogenase (Pseudomonas aeruginosa
PAO1), Bch - thioesterase (Bacillus cereus), BckAD - branched-chain a-keto acid dehydrogenase (Pseudomonas
aeruginosa PAO1), EchA - enoyl-CoA hydratase (Pseudomonas aeruginosa PAO1), HadH - ketoreductase (A.
suum), HchA - thioesterase (Pseudomonas aeruginosa PAO1), MMCR - methylmalonate semialdehyde reductase
(Sulfolobus acidocaldarius), MCE - methylmalonyl-CoA epimerase (Propionibacterium freudenreichii), MCM -
methylmalonyl-CoA mutase (E. coli), Pct - propionyl-CoA transferase (Clostridium propionicum), 3HIBDH -

3HIB dehydrogenase (E. coli)
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3.2 Materials and Methods

3.2.1 Strain construction

All strains used are described in Tables 3.2-3.6. Plasmid construction details can be found in Table 3.5.
E. coli MG1655 (DE3) AendAArecA was used at the background strain for all production experiments unless
otherwise noted. E. coli DH5a was used for cloning and plasmid propagation. Strain 565 was lysogenized
using the ADE3 lysogenization kit (Novagen). Gene blocks for the following genes were ordered from Inte-
grated DNA Technologies: acdH (Streptomyces avermitilis), acx4 (Arabidopsis thaliana), ilvGM (Klebsiella
aerogenes), MACS (Methanosarcina acetivorans), phaJ (Aeromonas caviae), PVLB05085 (Pseudomonas
taiwanensis VLB120), PVLB10050 (Pseudomonas taiwanensis VLB120) , and PVLB10075 (Pseudomonas
taiwanensis VLB120). Sequences for these genes can be found in Table 3.4. The genes corresponding
to Fjoh2967 (Flavobacterium johnsoniae), IbuA (Rhodopseudomonas palustris), KivD (Lactococcus lac-
tis), and Pct (Megasphaera elsdenii) were amplified from plasmids described in Sheppard et al..”> All other
genes were amplified from genomic DNA.

Individual genes and synthetic operons were expressed using compatible duet vectors or pET vectors
(Table 3.3) under the control of T7lac promoters and synthetic ribosome binding sites. Synthetic ribosome
binding sites were designed using the Salis Lab RBS Calculator with a target translation initiation rate of
10,000.°° Genes were amplified from their corresponding templates using custom oligonucleotides (Milli-
pore Sigma) and Q5 DNA polymerase (NEB) or KOD HotStart Polymerase (EMD Millipore). Genes were
inserted into the multiple cloning sites (MCSs) of plasmids via Gibson Assembly with the NEBuilder HiFi
DNA Assembly Kit (NEB). Site-directed mutagenesis of PhaJ was carried out using the Q5 site-directed
mutagenesis kit (NEB). Deletion of ilvBN, metA, and/or tdh from E. coli’s genome were carried out using
A-red recombination as described by Datsenko and Wanner.”’

Table 3.2. List of background strains used

Strain Name Relevant Genotype Source
E. coli DH5« F- endAl gInV44 thi-1 recAl relAl gyrA96 deoR nupG ¢80dlacZAM15 Prather Lab
A(lacZYA-argF)U169, hsdR17(rK- mK+), A-

E. coli MG1655 wild type K-12 strain F- A- ilvG- rfb-50 rph-1 Prather Lab
663 E. coli MG1655 with ADE3 prophage integrated into the genome Prather Lab
715 E. coli MG1655 (DE3)AendAArecA Prather Lab
565 E. coli MG1655 AendAAilvBN Prather Lab
844 E. coli MG1655 (DE3) AFadR pAtoDAEB::plac Prather Lab
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Table 3.3. List of plasmid backbones used

Plasmid Relavant Genotype Source

pETDuet-1 ColE1 (pBR322) ori, lacl, T7lac, AmpR Novagen
pCOLADuet-1 ColA ori, lacl, T7lac, Kan® Novagen
pACYCDuet-1 P15A ori, lacl, T7lac, Cm?® Novagen
pCDFDuet-1 CloDF13 ori, lacl, T7lac, Sm® Novagen

pET29b ColE1 (pBR322) ori, lacl, T7lac, Kan® Twist Biosciences
pET28a ColE1 (pBR322) ori, lacl, T7lac, Kan® Drennan Lab (MIT)

3.2.2 Production experiments

Overnight cultures were growth in Luria-Bertani (LB) Broth (Difco) at 37 °C, 250 rpm, with supple-
mentation of the appropriate antibiotic(s) (kanamycin 50 pug/mL, carbenicillin 100 pg/mL, streptomycin 50
ug/mL, or chloramphenicol 34 pug/mL). For production experiments, overnight cultures were spun down at
4500 rpm for 5 min and resuspended in 1X M9 salts (Millipore Sigma). M9 salts used for media formulation
contained the following salts by concentration: 3 g/LL KH,PO,, 0.5 g/L NaCl, 6.78 g/L. Na,HPO,, and 1
g/L NH,Cl. Concentrated overnights were used to inoculate M9 + 1% glucose + 0.25% yeast extract (M9Y
media) to an optical density at 600 nm (ODg(,) = 0.1. These cultures were grown according to: (1) condition
A - 15 mL culture in 55 mL glass tube, (2) condition B - 50 mL culture in 250 mL baffled shake flasks, or (3)
culture condition C - 7 mL cultures in 20 mL glass tubes. These cultures were grown at 30 °C and 250 rpm
to early exponential phase (ODg, 0.6 - 0.9). Subsequently, the cells were induced with 0.25 mM isopropyl
f- d-1-thiogalactopyranoside (IPTG) and pathway carbon source was added if necessary. Additionally, 1M
cobalamin (vitamin B,,) was added for all isobutyrate recycle experiments. Samples were taken at ~ 72 hr
for growth and metabolite analysis via UV-VIS spectroscopy at 600 nm and high performance liquid chro-

matography (HPLC), respectively.

3.2.3 Metabolite detection

Metabolites were detected using an Agilent 1200 series HPLC (Agilent) equipped with a refractive
index detector (RID). Acetate, 3HB, isobutytrate, 2-methylbutyrate, 3-hydroxy-3-methylbutyric acid, and
3HIB were detected using the Aminex HPX-87H column (Bio-Rad Laboratories) with 5 mM sulfuric acid
mobile phase. Column temperature, RID temperature, and flow rate were set to 65 °C, 35 °C, and 0.6
mL/min, respectively. 3H2MB, 3-hydroxy-2-methylvaleric acid (3H2MV), and glucose were detected using

a TSKgel OApak-A column (Tosoh Biosciences) with 0.75 mM sulfuric acid mobile phase. Column temper-
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ature, RID temperature and flow rate were set to 40 °C, 35 °C and 0.8 mL/min, respectively. Standards for
3HIB, 3H2MB, and 3H2MYV were purchased from Enamine. The 3H3MB standard was obtained from Ther-
moFisher Scientific. Standards for all other metabolites were obtained from Millipore Sigma. Commercial
standards of each metabolite were used to construct standard curves to quantify metabolites in experimental

samples.

3.2.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

Overnight cultures in LB Broth were grown at 37 °C, 250 rpm for = 18 hr. These cultures were diluted
1:1000 in M9Y media and grown according to culture condition B. Cultures were induced at ODg, 0.6 - 0.9
with 0.25 mM IPTG and grown for 8 hr. After 8 hr, the cells were isolated via centrifugation at 4500 rpm
for 10 min and resuspended in 1 mL Tris-HCI (pH = 8). The concentrated cells were combined 1:1 with a
buffer containing Laemmli buffer and 1 mM dithiothreitol. This mixture was incubated at 95 °C for 5 min.
Protein concentration determination was carried out using the Bradford assay with bovine serum albumin
standards.”® 15 ug of total protein was run on a BioRad 10% MiniPROTEAN TGX Stain-Free gel (BioRad

Laboratories) with the Mini-PROTEAN Tetra Cell electrophoresis set up.

3.2.5 Molecular docking

Targeted docking with various substrates in the active site of PhaJ (PDB ID: 11Q6) was carried out using
AutoDock Vina.” Briefly, docking was centered around H36 - the catalytic residue of PhaJ. The crystal struc-
ture of Phal] was prepared for analysis by removing water molecules, adding polar hydrogens, and Kollman
charges. Three-dimensional conformers corresponding to each substrate of interest were generated using
Avogadro.'" The docking simulation was run with the following parameters: exhaustiveness = 32, energy

range = 4, box size = 40 x 40 x 40.
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Table 3.4. Gene block sequences for 3HIB and 3H2MB production strains

Gene Name Sequence

acdH ATGGACCACCGTCTCACCCCCGAGCTGGAAGAACTCCGCCGCACGGTCGAGGAGTTCGCGCACGAC
GTCGTCGCCCCCAAGATCGGCGACTTCTACGAGCGGCACGAGTTCCCGTACGAGATCGTCCGCGA
GATGGGCCGCATGGGCCTGTTCGGGCTGCCGTTCCCGGAGGAGTACGGCGGCATGGGCGGCGACT
ATCTGGCGCTCGGCATCGCCCTCGAAGAACTCGCCCGCGTCGACTCCTCCGTCGCCATCACCCTGG
AGGCCGGGGTCTCACTGGGCGCGATGCCGATCCACCTCTTCGGGACGGACGCGCAGAAGGCGGAG
TGGCTCCCCCGGCTGTGTTCCGGCGAGATCCTCGGCGCCTTCGGTCTCACCGAGCCGGACGGCGGC
TCGGACGCGGGCGCGACGCGCACGACGGCCCGCCTGGACGAGTCGACGAACGAATGGGTGATCAAC
GGCACCAAGTGCTTCATCACCAACTCGGGCACCGACATCACGGGGTTGGTGACGGTCACGGCGGT
CACCGGCCGGAAGCCCGACGGGAAACCGCTGATCTCCTCGATCATCGTCCCGTCCGGCACGCCCGG
CTTCACGGTCGCCGCCCCGTACTCGAAGGTCGGCTGGAACGCCTCGGACACCCGCGAGCTGTCCTT
CGCCGACGTCCGCGTCCCGGCCGCGAACCTGCTGGGCGAACAGGGCCGCGGGTACGCGCAGTTCCT
GCGGATCCTCGACGAGGGACGGATCGCCATCTCGGCCCTGGCCACCGGGCTCGCCCAGGGCTGCGT
GGACGAGTCGGTGAAGTACGCCGGGGAACGGCACGCGTTCGGGCGGAACATCGGGGCGTACCAGG
CCATCCAGTTCAAGATCGCCGATATGGAGATGAAGGCGCACATGGCCCGCGTCGGCTGGCGTGAC
GCCGCGTCCCGCCTGGTCGCCGGCGAGCCCTTCAAGAAGGAGGCGGCGATCGCCAAGCTCTACTCG
TCCACGGTCGCCGTCGACAACGCCCGCGAGGCCACCCAGATCCACGGCGGCTACGGCTTCATGAAC
GAGTACCCGGTGGCCCGGATGTGGCGCGACTCCAAGATCCTGGAGATCGGCGAGGGCACCAGCGA
GGTGCAGCGGATGCTGATCGCAAGGGAGTTGGGGCTCGTGGGCTGA

acx4 ATGGCAGTGTTATCGTCAGCGGATCGTGCGTCTAACGAAAAGAAAGTGAAATCCAGCTATTTCGA
TCTTCCGCCTATGGAGATGTCTGTGGCCTTTCCACAAGCAACACCAGCCAGCACTTTTCCACCGT
GTACGAGCGATTACTATCACTTCAACGATCTGCTCACCCCGGAAGAACAGGCGATCCGCAAGAAA
GTGCGCGAATGCATGGAAAAGGAAGTAGCTCCGATCATGACAGAGTACTGGGAGAAAGCCGAATT
TCCGTTTCACATTACCCCGAAACTGGGTGCAATGGGAGTGGCTGGTGGGAGCATCAAAGGCTATG
GATGCCCCGGCTTGTCGATTACCGCGAATGCTATTGCCACCGCAGAGATTGCACGCGTTGATGCC
AGTTGCTCAACGTTCATTCTGGTCCATTCAAGCCTGGGTATGCTGACCATCGCTTTGTGTGGCTC
TGAAGCGCAGAAAGAGAAATACTTACCGTCCTTGGCGCAACTGAACACTGTAGCGTGTTGGGCCC
TGACGGAACCGGATAACGGCTCTGACGCGTCGGGTCTGGGTACCACAGCAACCAAAGTTGAAGGC
GGTTGGAAAATCAATGGTCAGAAACGCTGGATTGGCAATAGCACGTTTGCGGATCTGCTCATTAT
CTTTGCCCGTAATACGACGACTAACCAGATTAACGGCTTTATCGTGAAGAAGGATGCTCCAGGCC
TGAAAGCGACCAAGATTCCGAACAAAATCGGTCTGCGCATGGTTCAGAATGGCGACATTCTTCTG
CAGAACGTGTTCGTTCCGGATGAGGATCGCTTGCCCGGCGTCAACTCCTTCCAAGACACCAGTAA
AGTGTTAGCCGTTAGCCGTGTCATGGTTGCCTGGCAACCTATCGGAATTTCGATGGGCATCTACG
ACATGTGTCATCGCTATCTGAAAGAACGGAAACAGTTTGGTGCTCCTTTAGCGGCCTTCCAGCTG
AATCAACAGAAACTTGTGCAGATGCTGGGGAATGTACAAGCGATGTTTCTTATGGGCTGGCGTCT
GTGCAAACTCTATGAAACGGGCCAGATGACTCCCGGACAGGCTTCGCTGGGGAAGGCATGGATTA
GTTCCAAAGCCCGTGAAACCGCGTCATTAGGTCGTGAACTGCTGGGCGGCAATGGGATTCTGGCA
GACTTTCTGGTCGCCAAAGCGTTCTGCGATTTGGAACCGATCTATACCTATGAGGGGACTTACGA
CATTAACACCCTCGTAACCGGTCGCGAAGTCACGGGTATTGCGAGTTTCAAACCGGCAACACGCA
GCCGGCTGTAA
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ATGAACGGGGCGCAGTGGGTGGTACATGCTTTGCGAACACAGGGAGTCGACACGGTATTTGGCTA
TCCGGGTGGCGCGATTATGCCGGTTTACGATGCTTTGTATGACGGCGGCGTGGAACACCTGCTGT
GTCGGCACGAGCAAGGCGCCGCAATGGCCGCCATCGGTTATGCCCGCGCGACCGGCAAAACTGGTG
TTTGCATCGCCACTTCCGGCCCTGGCGCCACCAACCTGATCACCGGTTTGGCTGACGCGTTACTT
GATTCTGTACCTGTTGTCGCCATCACCGGTCAAGTGGCGGCGCCGTTTATCGGCACCGATGCTTT
TCAGGAAGTGGACGTTCTTGGTTTGTCGCTGGCCTGCACCAAACACAGTTTCCTCGTGCAGTCGT
TGGAAGAGCTGCCGCGCGTCATTGCGGAAGCTTTCCAGGTGGCAAACTCAGGCCGTCCTGGCCCG
GTACTGGTTGATATTCCAAAAGATATCCAGTTGGCTAAAGGCGAATTAGATCCGCATTTCTCCAC
CGTCCCTGATGATGTTGAGTTCCCGCACACACAAGTCGAGCAGGCGTTAGCGATGCTTGCGCAGT
CCCACAAGCCAATGCTGTACGTGGGCGGCGGTGTTGGAATGGCACAGGCGGTACCGGCCGTGCGC
GAATTTCTGGCGGTGACGCAGATGCCGGTAACCTGCACCCTGAAAGGGTTGGGTGCCGTCGCCGC
GGATTATCCGTATTACCTTGGCATGCTGGGTATGCACGGAACCAAGGCAGCAAACCTGGCGGTGC
AGGAGTGCGATTTATTAATCGCCGTCGGCGCCCGTTTTGATGACCGGGTTACCGGCAAGCTGAAT
ACCTTTGCCCCGCACGCCAAAGTAATCCATATGGATATTGACCCGGCTGAGCTGAACAAACTGCG
CCAGGCGCACGTCGCCTTAACCGGAGATTTAAACGCCATGCTGCCGGCGTTGCAGCAGCCGTTGG
CCATCGATGCGTGGCGCGAGCACAACGCGCAGCTGCGCGCGGAGCACGCCTGGCGTTACGATCATC
CCGGCGAGGCAATCTACGCGCCGCTGTTGCTCAAGCAGCTTTCCGATCGCAAACCGGCGGATTGC
GTCGTGACGACCGATGTCGGCCAGCACCAAATGTGGTCGGCCCAGCACATGACCTATACCCGCCCG
GAAAACTTCATCACTTCCAGCGGCCTCGGCACCATGGGTTTTGGTCTGCCGGCAGCCGTTGGCGC
GCAGGTGGCTCGCCCGGACGATACGGTTATCTGTATCTCCGGCGATGGCTCTTTCATGATGAACG
TGCAGGAGCTGGGCACCGTTAAGCGCAAGCAATTACCGTTGAAAATCGTGCTGCTGGATAACCAA
CGTTTAGGCATGGTTCGCCAGTGGCAGCAGCTGTTTTTCCAGGAGCGTTACAGCGAAACCACGCT
TACCGATAATCCTGATTTTCTTACGCTGGCCAACGCTTTTGGCATTCCAGGCCAGCACATCACCC
GTAAAGACCAGGTTGAAGCGGCACTCGACACCATGCTTTCGAGCCAGGGGCCATACCTGCTTCAT
GTCTCAATCGATGAACTTGAGAATGTCTGGCCGTTGGTGCCGCCCGGCGCCAGTAATGCAGAAAT
GCTGGAGAAATTATCATGATGCAACATCAGGTCGCTTTACAGGCTCGCTTCAACCCCGAAACCTT
AGAACGCGTGCTGCGCGTGGTGCGCCATCGCGGTTTTCAAATTTGCTCAATGAATATGGAAACCG
CGTCGGATGCGCAAAACATAAATATCGAGCTGACCGTTGCCAGCCAGCGGCCCGTCGAATTACTG
TTTAGTCAGTTACGCAAACTGGTCGACGTCGCCTGCGTCGAGATCCAGCAACCCACATCACAACA
AATCCGCGCCTGA

MACS

cctctagaaataattttgtttaactttaagaaggagatataATGACTTCCTTGCTGAGCCAATTTGTTTCCAAAACCGA
TTTCGAATCCTACGAGGATTTCCAGGAAAACTTCAAAATCCTGGTCCCTGAAAACTTCAACTTTG
CCTATGATGTGGTCGATGTCTATGCAAGAGATTCTCCTGAAAAGCTTGCCATGATCTGGTGTGAC
GATTACGGGAATGAGAAAATCTTCACTTTCAAAGATCTCAAGTACTACAGCGATAAAGCTGCAAA
TTTCTTTGTAAAGCACGGCATAGGCAAAGGCGACTATGTAATGCTTACCTTAAAGAGCCGCTATG
ATTTCTGGTACTGCATGCTGGGGCTACACAAGCTCGGAGCAATAGCCGTGCCTGCAACCCACATG
CTGAAAACCCGGGATATAGTATACAGAATCGAAAAAGCCGGGTTGAAGATGATTGTCTGCATCGC
CGAAGACGATGTTCCGGAACAGGTAGATGAAGCCCATGCCGAATGCGGGGATATCCCTCTCAAGA
AAGCCAAGGTAGGAGGAGATGTCCTGGAAGGCTGGATTGATTTCAGAAAGGAACTTGAGGAAAGT
TCCCCGATTTTCGAGCGTCCGACAGGCGAGGTTTCAACAAAGAACGAAGACATCTGTCTGGTCTA
CTTCTCCTCCGGAACCGCCGGTTTCCCGAAAATGGTAGAGCACGACAACACCTATCCACTCGGCCA
TATCCTGACCGCAAAATACTGGCAGAATGTGGAAGACGACGGGCTGCACTACACCGTTGCAGACA
GCGGATGGGGTAAATGTGTCTGGGGCAAGCTCTACGGGCAGTGGATAGCTGGTTGTGCGGTCTTT
GTCTATGACTATGACAGGTTTGAAGCCAAAAATATGCTTGAAAAGGCCTCCAAGTATGGAGTTAC
GACTTTCTGTGCTCCACCCACGATCTATCGTTTCCTGATCAAAGAAGACCTCTCCCATTATAATT
TCAGCACTCTGAAATATGCGGTTGTTGCAGGCGAACCCCTCAACCCTGAAGTCTTTAACCGCTTC
CTTGAGTTTACCGGAATCAAACTTATGGAAGGTTTCGGGCAAACCGAGACCGTTGTTACGATTGC
GACCTTCCCCTGGATGGAACCCAAGCCCGGATCTATCGGAAAACCCACCCCTGGATATAAGATCG
AGCTCATGGACAGGGATGGCAGGCTCTGCGAGGTCGGAGAAGAAGGGGAAATCGTCATCAACACA
ATGGAAGGAAAACCTGTGGGACTTTTTGTCCACTATGGAAAGGATCCTGAAAGGACAGAGGAGAC
CTGGCACGACGGCTACTACCATACCGGAGATATGGCCTGGATGGATGAAGACGGTTATCTCTGGT
TTGTGGGAAGGGCTGACGATATAATCAAGACCTCAGGATACAAGGTCGGGCCCTTTGAAGTGGAA
AGCGCTCTTATCCAGCACCCGGCTGTGCTTGAGTGTGCTATCACGGGAGTCCCCGACCCTGTCAG
AGGTCAGGTCATTAAGGCGACCATTGTACTTACAAAGGATTATACGCCGAGTGACTCCCTTAAAA
ACGAGCTCCAGGATCATGTGAAAAATGTCACGGCTCCTTACAAGTATCCCAGGATTATTGAATTC
GTTCCCGAACTACCGAAAACCATCAGCGGAAAAATCCGCAGGGTCGAAATCCGTGACAAGGACCA
GAGCCAAT GAtgaaccatctcaccacaagtaggagtatatggcagtgttatcgtcagegg

phaJ

cccatcttagtatattagttaagtataagaaggagatataATGAGCGCACAATCCCTGGAAGTAGGCCAGAAGGCCCGT
CTCAGCAAGCGGTTCGGGGCGGCGGAGGTAGCCGCCTTCGCCGCGCTCTCGGAGGACTTCAACCCC
CTGCACCTGGACCCGGCCTTCGCCGCCACCACGGCGTTCGAGCGGCCCATAGTCCACGGCATGCTG
CTCGCCAGCCTCTTCTCCGGGCTGCTGGGCCAGCAGTTGCCGGGCAAGGGGAGCATCTATCTGGG
TCAAAGCCTCAGCTTCAAGCTGCCGGTCTTTGTCGGGGACGAGGTGACGGCCGAGGTGGAGGTGA
CCGCCCTTCGCGAGGACAAGCCCATCGCCACCCTGACCACCCGCATCTTCACCCAAGGCGGLGLCC
TCGCCGTGACGGGGGAAGCCGTGGTCAAGCTGCCTTAACcaactatcccgtaattttcagtcaccaagaggtattcatg
agtcaggcgctaaaaaatttactgacat
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PVLB05085

ATGAGCATCCATTGTGAGGTCCTTACCGGCGCCGATGGCGCGCGCATCGGCATCGCCACCTTGGA
CGCACCGAAAGCATTAAATGCCCTGAATTTGCCAATGATTGAGGTACTGGCAGAGCATCTGCACG
CGTGGGCGCATGACCCCGGGGTGGTATGTGTTTTACTGCGCGGGTCTGGTCCTAAGGCATTTTGC
GCAGGTGGGGACGTTCGTGCTCTTGCCCAAGCCTGTCGTGAACATCCTGGGTCCGTTCCGCCGCT
TGCCGCGACCTTTTTTGCCGCGGAGTACTCTTTGGACTATATGTTACACACGTACCCGAAGCCTT
TACTTTGCTGGGGTCATGGCCACGTACTGGGCGGCGGGATGGGGCTTCTGCAAGGAGCAGGGGTT
CGTATCGTCACCCCCTCCTCCCGCTTAGCGATGCCTGAGATTTCTATTGGACTGTATCCCGACGT
TGGAGCATCGTGGTTTCTGGCCCGCTTACCTGGTCGCCTGGGTTTATTTTTAGGCTTGACGGGGG
CGCCGATCAACGCTCGCGACGCCATTGATCTGGGATTAGCCGACCGTTTCTTGGGGGAACATCAA
CAAGAGGCACTTATTGAAGAACTTCTTCAGTTAAATTGGCAAGAGCAAACTGAGTTGCAACTTAA
TTCATTGCTTAAGGCCGAACAACACCGTGCCTGTGCAGAATTGCCCGAAGCACAATGGTTGCCAC
GTCGCCGTATGATTGATGAGCTTCTTGATGTTGCAGACCCAGCGTCTGCCTGGCGTGCGTTAGAG
GGGCTTAAACAACATTCGGACCCTCTGCTTGCCGAAGCAGGTCAGCGCCTGCATGAAGGGTGTCC
CTTAACAGCGCATTTGGTGTGGGAACAGATCCGCCGCGCCCGTCACTTGAGCTTAGCCCAAGTTT
TCCAGATGGAGTACACTATGTCATTGAACTGTTGTCGTCACCCGGAATTTAGTGAAGGCGTACGT
GCACGCTTGCTTGATAAAGACAACCAACCTCATTGGCACTGGCCAGATATCGCACAAGTCCCATT
GGCAGTGGTTGAAGCTCATTTTGCTAAGGTTTGGGAAGGACGCCATCCCTTAGCTGACTTAGCCT
AG

PVLB10050

GTGACTGATTACAGTGCTTTTAAAGTTGAGCAAACTGACAATATCGCGCATGTGCAAATCAATCG
CCCCGAAAAAATCAATGCAATGAACGCTGCGTTCTGGGAAGAAATCGTCGACATCTTTCAATGGA
TTGATGATACCGACGCTGTGCGCGCTGTAGTAATTAGTGGGGCTGGAAAGCATTTCTCCAGCGGA
ATTGACTTAATGATGTTAGCTAGTCTGGCTGGACAAATGGGCAAGGACGTCGGACGTAACGCGCG
CTTGCTGCGTCGCACAATCCTTCGCTTACAAGCAAGTTTCAACGCAGTAGATAATTGCCGCAAGC
CGGTCCTTGCTGCAATTCAAGGATATTGCATCGGAGGCGCGATTGATCTGGTCAGCGCTTGTGAC
ATGCGCTATTGCAGCCAGGACGCCCAGTTCTCCATCAAGGAGATTGATATGGGGATGGCAGCGGA
CGTCGGGACTTTACAGCGTCTGCCGCGCATTATCGGAGACGGAATGATGCGTGAGCTTGCTTTCA
CCGGACGTATGGTCGACGCTGATGAAGCTCTGCGCATCGGATTAGTCAATCGTGTGTATGATGAC
CAGGCAGCTCTTTTGGACGGGGTATTTGCTATTGCTCGCGAAATTGCAGCTAAGTCACCCATCGC
AGTCGCGGGGACCAAAGAGATGCTGTCTTATATGCGCGATCACCGTATCGATGATGGTTTAGAAT
ATATTGCTACCTGGAATGCGGCTATGCTTCAGTCTGAGGACTTGCGTGTCGCAGTTGCAGCCCAT
ATGAGCAAACAAAAACCCACCTTCGCCGATTGA

PVLB10075

ATGGATTTTGCCTATAGTCCGAAAGTGCAAGCGCTGCGTGAGCGTGTAGCAGCATTCATGGATAC
GCACGTGTACCCTGCTGAGCCAGTTTTCGAGCGTCAAGTTGCCGAGGGGGATCGCTGGCAGCCTA
CCGCGATCATGGAGGAATTGAAGGCGAAAGCACGTGCCGAAGGCTTGTGGAATTTATTCTTGCCG
GAATCGGAATATGGCGCTGGGTTGTCAAACCTTGAGTACGCGCCGCTTGCCGAAATTATGGGTCG
CTCGTTGCTGGGCCCCGAACCCTTTAATTGTTCTGCGCCCGATACTGGTAACATGGAGGTTCTGG
TTCGCTATGGAAGCGAGGCCCAAAAGCGTCAGTGGCTTGAGCCTCTTCTGCGCGGAGAGATCCGC
TCGGCGTTCGCGATGACGGAGCCTGATGTCGCGTCGTCCGACGCAACTAATATGGCAGCTACCGC
GGTACGCGACGGTGATGAATGGGTTATTAATGGCCGTAAGTGGTGGACATCCGGCGCTTGTGATC
CTCGTTGTAAAGTAATGATCTTTATGGGGCTGTCGAACCCTGATGGCCCTCGCCATCAGCAACAT
TCGATGGTATTGGTTCCAACAGACGCACCGGGAGTAAACATCGTTCGCCCGCTGCCTGTGTTCGG
GTATGACGACGCGCCACACGGACACGCCGAAGTGCTTTTTGAAGATGTTCGCGTACCTTACGAAA
ACGTAATTCTTGGTGAGGGGCGCGGTTTCGAGATCGCCCAGGGCCGTCTGGGCCCTGGTCGTATC
CATCACTGTATGCGTAGCATCGGCATGGCAGAGCGCGCTCTTGAGCTGATGTGTCGTCGTTCCGT
CGAACGCACCGCCTTTGGACGTCCACTGGCACGTTTAGGAGGTAACATTGACAAGATTGCCGATA
GCCGCATGGAAATTGACATGGCGCGCTTGCTTACATTGAAGGCCGCCTACATGATGGATACAGTC
GGGAATAAAGTTGCCCGTTCCGAAATCGCACAAATTAAAGTAGTGGCGCCCAATGTCGCACTTAA
AGTAATCGACCGTGCTATCCAGATTCATGGCGGTGCAGGTGTTTCTGGGGACTTTCCGTTAGCTT
ATATGTATGCCATGCAGCGCACATTACGTTTAGCTGACGGACCCGATGAGGTGCATCGTGCAGCC
ATCGGGAAGTATGAGATTGGCAAATACGTTCCACCGAGTATGTTGCGCTAG

Table 3.5. 3HIB and 3H2MB plasmid construct descriptions

Name

Description Primers

PET()-
(PVLB05085-pct)

pETDuet-1 with synthetic operon con-
taining PVLB05085 and pct in MSC 2
separated by the RBS:GCAGGAGGAAG
TTACGGTA

PVLB05085 f 051:GAGATATACATATGAGCATCCA
TTGTGAGGTCCTTACC; PVLB05085 r 026 070:C
TTTTCTCATTACCGTAACTTCCTCCTGCCTAGGCT
AAGTCAGCTAAGGGATG; pct_f 026:CCTAGGCAGG
AGGAAGTTACGGTAATGAGAAAAGTAGAAATCATT
ACAGC; pct_r 028:CAGCAGCCTAGGTTAATTAAT
TATTTTTTCAGTCCCATGGg; bb_f 047:CCCATGG
GACTGAAAAAATAATTAATTAACCTAGGCTGCTG;
bb_r 046:GTAAGGACCTCACAATGGATGCTCATAT
GTATATCTCCTTCTTATACTTAACTAATATAC
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pET(PVLB10075-
PVLB10050)-
(PVLB05085-pct)

pET()-(PVLB05085-pct) with
PVLB10075 and PVLB10050 in
MCS 1 separated by the synthetic RBS
sequence: CTCAAGGAGTACCGCCC

PVLB10076 f 050:GAGATATACCATGGATTTTGCC
TATAGTCCGAAAGTGCAAGC; PVLB10075 r 022:
gcggtactccttgagCTAGCGCAACATACTCGGTGG;
PVLB10050 f 023:gctagCTCAAGGAGTACCGC
CCGTGACTGATTACAGTGCTTTTAAAGTTG;
PVLB10050 r 024:gttcgaCTTAAGTCAATCGGCGAA
GGTGGG; bb_f 043:CAAAAACCCACCTTCGCCGAT
TGACTTAAGTCGAACAGAAAGTAATC; bb_r 042:C
TTTCGGACTATAGGCAAAATCCATGGTATATCTCC
TTCTTAAAGttaaac

PET (pct)

pETDuet-1 with pct in MCS 1

pct f 100: TTTAAGAAGGAGATATAATGAGAAAA
GTAGAAATCATTACAGC; pct_r_ 103: CGATTACTT
TCTGTTCGATTATTTTTTCAGTCCC; bb_f 102:TG
GGACTGAAAAAATAATCGAACAGAAAGTAATCGTA
TTGTACACG; bb_r 101L:GATTTCTACTTTTCTCAT
TATATCTCCTTCTTAAAGTTAAACAAAATTATTTC
TAGAGGGGA

pET (pct)-(phal-
tesB)

pET(pct) with a synthetic operon con-
taining phaJ gene block and tesB from
E. coli added to MSC 2 RBS sequence:
CCAACTATCCCGTAATTTTCAGTCA
CCAAGAGGTATTC

tesB_f 104 127: CGTAATTTTCAGTCACCAAGA
GGTATTCATGAGTCAGGCGCTAAAAAATTTACTG;
tesB_r 105: GCTCAGCGGTGGCAGCAGTTAATTGT
GATT; bb_f 106: AATCACAATTAACTGCTGCCAC
CGCTGAG; bb_r 107: TATATCTCCTTCTTATACT
TAACTAATATACTAAGATGGGGAATTGTTATCCGC

PET(pct)-(phal)

removed tesB from pET(pct)-(phal-
tesB)

bb_f 155:CTGCTGCCACCGCTGAGC; bb_r 156: T
TAAGGCAGCTTGACCACGG

PET()-(phal)

pct removed from pET(pct)-(phaJ)

bb f 290: TCGAACAGAAAGTAATCGTATTGTACA
C; bb_r 289:TATATCTCCTTCTTAAAGTTAAACAA
AATTATTTCTAGAGG

PET(pct)-(phalps)

phal from Pseudomonas syringae in
MCS 2 of pET(pct)

phalpg f 215: TTAAGTATAAGAAGGAGATATatgg
ggatgecttttgtac; phalpg f 215: CTCAGCGGTGGCAG
CAGttacacgaaacacaacgtcaaag; bb_f 220: aacctttgacgt
tgtgtttcgtgtaaCTGCTGCCACCGC; bb_r 221: gcatccc
catATATCTCCTTCTTATACTTAACTAATATACTAA
GATG

pET (pct)-
(PVLB10050)

PVLB10050 added to MCS 2 of
PET(pct)

PVLB10050 f 211: AAGAAGGAGATATAGTGACT
GATTACAGTGCTTTTAAAG; PVLB10050 r 212:G
CTCAGCGGTGGCAGCAGTCAATCGGCGAAGGTGG;
bb_r 087: CACTGTAATCAGTCACTATATCTCCTT
CTTATACTTAACTAATATACTAAGATG; bb_f 216:
CAAAAACCCACCTTCGCCGATTGACTGCTGCCACC
GC

PET(pct)-(phalcy)

phaJcy from Cupriavidus necator added
to MSC 2 of pET(pct)

phaley f 217 TTAAGTATAAGAAGGAGATATatgg
cagatctcatgggg; phalcy r 218: AGTTATTGCTCAG
CGGTGGCAGCAGtcagggaaagegecg; bb_r 214: agatc
tgccatATATCTCCTTCTTATACTTAACTAATATACT
AAGATG; bb_f 213:GCGCTTTCCCTGACTGCTGCC
ACCGC

pACYC(acx4)

pACYCDuet-1 vector with acx4 in MSC
1

bb r 281: GGTATATCTCCTTATTAAAGTTAAACA
AAATTATTTCTAG; bb_f 282: CTTAAGTCGAACA
GAAAGTAATCGTATTG

pACYC(acx4)-
(katE)

pACYC(acx4) with katE from E. coli in
MCS 2

katE f 283: AGAAGGAGATATACATatgTCGCAAC
ATAACGAAAAGAAG; katE_r 285:GCAGCCTAGGTT
AATTAAtcaGGCAGGAATTTTGTCAATC; bb_f 285:
TGACAAAATTCCTGCCtgaTTAATTAACCTAGGCTG
CTGC bb_r 286:ATGTTGCGAcatATGTATATCTCC
TTCTTATACTTAACTAATATACTAAG

pACYC(acox3)

pACYCDuet-1 with acox3 from Yarrowia
lipolytica in MCS 1

acox3_f 293:TAACTTTAATAAGGAGATATAatgatct
cccccaaccte; acox3 r 294 TACTTTCTGTTCGACTT
AAGctattcctegtccageteg; bb f 295:gctggacgaggaatag
CTTAAGTCGAACAGAAAGTAATCG; bb_r 296: TA
TATCTCCTTATTAAAGTTAAACAAAATTATTTCT
AC
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pACYC(fadE)

pACYCDuet-1 with fadE from E. coli in
MCS 2

fadE_f 268:AAGGAGATATACATatgATGATTTTG
AGTATTCTCGCTAC; fadE r 269: CAGCAGC
CTAGGTTAATTAAGttaCGCGGCTTCAACTTTC;
bb_f 270:GAAAGTTGAAGCCGCGtaaCTTAATTAAC
CTAGGCTGCTG; bb_r_271: ACTCAAAATCATcatA
TGTATATCTCCTTCTTATACTTAACTAATATACT

pCOLA()-(etfBA)

pCOLADuet-1 with etfBA from Pseu-
domonas putida KT2440 added to MSC
2

etfBA f 231: ATAAGAAGGAGATATACATATGA
AGGTTCTTGTAGCTGTC; etfBA r 232: GCAGC
AGCCTAGGTTAATTAATCAGACCAGCTTTTCCA
Gbb_r 234:CAAGAACCTTCATATGTATATCTCCTT
CTTATACTTAACTAATATAC; bb_f 233: CTGGAA
AAGCTGGTCTGATTAATTAACCTAGGCTGCTGC

pCOLA(acd)-
(etfBA)

pCOLA()-(etfBA) with acd from Pseu-
domonas putida KT2440 added to MSC
1

acd f 225:TAACTTTAATAAGGAGATATAatgctggta
aatgacgagc; add _r 225:TTACTTTCTGTTCGACTTA
AGtcaaagattgcgegeaatg; bb r 227:ttaccagcatTATAT
CTCCTTATTAAAGTTAAACAAAATTATTTCTACA
G; bb_f 228:caatctttgaCTTAAGTCGAACAGAAAGT
AATCG

pACYC(etfD)

pACYCDuet-1 with etfD from Pseu-
domonas putida KT2440 in MCS 1

etfD f 364:ACTTTAATAAGGAGATATAATGAGT
AGGAGAGAACCAGTG; etfD r 263: ACTTTCT
GTTCGACTTAAGTTACATGTTCGGATAGTTCGG;
bb f 280: CGCTGGCGGGCCGAACTATCCGAACAT
GTAACTTAAGTCG; bb_r 366: TATATCTCCTTAT
TAAAGTTAAACAAAATTATTTCTAC

pCOLA(acd)-
(etfAB)

replace etfBA in MSC 2 of pCOLA(acd)-
(etfBA) with etfAB from Pseudomonas
putida KT2440

etfab f 223:AGTATAAGAAGGAGATATACATAT
GAGCGACATTATCCGC; etfab r 224:GTGGCAG
CAGCCTAGGTTAATTAATCAGCGCAGGACACC;
bb_r 220:ATGTCGCTCATATGTATATCTCCTTCTT
ATACTTAACTAATATAC; bb_f 230:AGGGTGTCCT
GCGCTGATTAATTAACCTAGGCTGCTGC

pCOLA(acdH)-
(etfBA)

replace acd from pCOLA(acd)-(etfBA)
with acdH from Streptomyces avermi-
tilis

acdh f 235:TTAACTTTAATAAGGAGATATAATGG
ACCACCGTCTCAG; acdh _r 236:GATTACTTTCTGT
TCGACTTAAGTCAGCCCACGAGCCC; bb_r 237:GA
GACGGTGGTCCATTATATCTCCTTATTAAAGTTAA
ACAAAATTATTTC; bb_f 238:GGGCTCGTGGGCTG
ACTTAAGTCGAACAGAAAGTAATCG

pET28a(lcmF)

pET28a with icmF from Cupriavidus
metallidurans

Plasmid gifted from Cathy Drennan's lab at MIT

pET28a(lcmF) carb

pET28a(icmF) with kan marker replaced
by carb marker

carb_f 490:tcacgttaagggattttggtcatTTACCAATGCTT
AATCAGTGAGG; carb_r 491:TCGGGGAAATGTGTT
TGTTTATTTTTCTAAATACATTCAAATATGTATC;
bb r 488:TGATTAAGCATTGGTAAATGACCAAAAT
CCCTTAACGTG; bb_f 489:TATTTGAATGTATTTA
GAAAAATAAACAAACACATTTCCCCGAAAAGTG

pET (pct)- truncated module 2 pathway with L65A bb f 381: CTTCTCCGGGgcgCTGGGCCAGC;
(phaJLo34) mutant PhaJ (Aeromonas caviae) bb_r 382: AGGCTGGCGAGCAGCATG

pET(pct)- truncated module 2 pathway with V130G bb f 521: GGAAGCCGTGggcAAGCTGCCTT;
(pha)V130G) mutant Phal) (Aeromonas caviae) bb_r 522: CCCGTCACGGCGAGGG

pET(pct)- truncated module 2 pathway with Y76A bb_r 415: TTGCCCGGCAACTGCTGG; bb_f 416: G
(phaJ¥764) mutant PhaJ (Aeromonas caviae) GGGAGCATCgccCTGGGTCAAAGCCTCAG

pET (pct)- truncated module 2 pathway with Y76S bb r 415: TTGCCCGGCAACTGCTGG; bb_f 418:G
(phalJ¥765) mutant PhaJ (Aeromonas caviae) GGGAGCAT CtccCTGGGTCAAAGCCTCAG

pET(pct)- truncated module 2 pathway with Y76F bb r 415: TTGCCCGGCAACTGCTGG; bb_f 417:G
(phalY76F) mutant PhaJ) (Aeromonas caviae) GGGAGCATCttcCTGGGTCAAAGCCTCAG

pET(ibuA-acx4)-
(phal)

ibuA inserted into in place of pct
in pET(pct-acx4)-(phal) with synthetic
RBS:tgaaccatctcaccacaagtaggagtat

ibuA_f 501: AAATAATTTTGTTTAACTTTAAGAA
GGAGATATAatgggcagcagccatc; ibuA r 502: ATACT
CCTACTTGTGGTGAGATGGTTCAtcaagctgcagaagaag
ag; bb_f 503: ctcttcttctgcagettgaTGAACCATCTCAC
CACAAG; bb_r 289: TATATCTCCTTCTTAAAGTT
AAACAAAATTATTTCTAGAGG
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pET(MACS-acx4)-
(phal)

MACS inserted in place of pct in

pET (pct-acx4)-(phal) with

synthetic

RBS: TGAACCATCTCACCACAAGTAG

GAGTAT

bb_f 507: TGAACCATCTCACCACAAGTAG;
bb_r 289: TATATCTCCTTCTTAAAGTTAAACAAA
ATTATTTCTAGAGG
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Table 3.6. List of 3HIB and 3H2MB production strains

Strain Plasmid 1 Plasmid 2 Plasmid 3 Plasmid 4 Background
Name
sKB001 pET(PVLB10075- - - - 715
PVLB10050)-
(PVLB05085-pct)
sKB002 pET (pct)-(phal-tesB) - - - 715
sKB003 pET(pct)-(phal ) - - - 715
sKB004 pET(pct)-(phal,g) - - - 715
sKB005 pET (pct)- - - - 715
(PVLB10050)
sKB006 pET(pct)-(phalcy) - - - 715
sKB007 pET(pct)-(phal ) pACYC(acx4) - - 715
sKB008 pET(pct)-(phal ) pACYC(acx4)- - - 715
(katE)
sKB009 pET(pct)-(phal ) pACYC(acox3) - - 715
sKB010 pET(pct)-(phal ) pACYC(fadE) - - 715
sKB011 pET(pct)-(phal ) pCOLA(acd)- pACYC(etfD) - 715
(etfBA)
sKB012 pET(pct)-(phal ) pCOLA(acd)- pACYC(etfD) - 715
(etfAB)
sKB013 pET(pct)-(phal ) pCOLA(acdH)- pACYC(eftD) - 715
(etfBA)
sKB014 pCDF(alsS)-(ilvCD)* pACYC(kivD)- | - - 715
(fjoh2967)
sKBO015 pCDF(alsS)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- - 715
(fjoh2967) Icg
sKBO016 pCDF(alsS)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- - 715
(aldh) lcg
sKB017 pCDF(alsS)-(ilvCD) pACYC(kivD) pCOLA-Tecm- - 715
Icg
sKB018 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- - 715
(fjoh2967) Icg
sKBO19 pCDF(iIVGM)-(ivCD) | pACYC(kivD)- | pCOLA-Tecm- | - 715
(aldH) Icg
sKB020 pCDF(ilvGM)-(ilvCD) pACYC(kivD) pCOLA-Tecm- - 715
lcg
sKB025 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- pET(pct- 715
(aldH) lcg acx4)-
(phal,c)
sKB029 pCDF(alsS)-(ilvCD) pACYC(kivD)- pET (pct- - 715
(aldH) acx4)-
(phalyc)
sKB038 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- pET (ibuA- 715
(aldH) Icg acx4)-
(phal,c)
sKB039 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- pET(MACS- 715
(aldH) Icg acx4)-
(phal,¢)

APlasmid taken from Sheppard et al.”®
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sKB040 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- - 565(DE3)
(aldH) lcg

sKB041 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- - 663AmetA
(aldH) Icg

sKB042 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- - 663Atdh
(aldH) Icg

sKB043 pCDF(iIVGM)-(ivCD) | pACYC(kivD)- | pCOLA-Tecm- | - 565(DE3)
(aldH) Icg AmetA

sKB044 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- - 663 Atdh
(aldH) lcg

sKB045 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- - 663AmetA
(aldH) Icg Atdh

sKB046 pCDF(ilvGM)-(ivCD) | pACYC(kivD)- | pCOLA-Tecm- | - 565(DE3)
(aldH) lcg AmetA

Atdh

sKB047 pCDF(pct)® pET28a(lcmF) - - 715

sKB048 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- pET28a(icmF) 715
(aldH) Icg _carb

sKB050 pCDF(ilvGM)-(ilvCD) pACYC(kivD)- pCOLA-Tecm- pET28a(icmF) 844
(aldH) Icg _carb

sKB051¢ pET (pct)-(phaJt®4) - - - 715

sKB052 pET(pct)-(phatV 36y | - - - 715

sKB053 pET(pct)-(phal¥764) - - - 715

sKB054 pET (pct)-(phal¥76s) - - - 715

sKB055 pET (pct)-(phaJ¥76f) - - - 715

sKB064P pET(pct) - - - 715

sKB069 pET()-(phal) - - - 715

BPlasmid taken from Sheppard et al.

95

CStrains sKB051-sKB055 were constructed by Kelcey Allen.
DStrains sSKB064 and sKB069 constructed by Kelcey Allen
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3.3 Results and Discussion

3.3.1 Designing a pathway to a-3HAs

The proposed biological pathway provides a route from glucose to 3HIB and 3H2MB in recombinant
E. coli (Figure 3.2). This pathway begins with the conversion of glucose to pyruvate or threonine via
endogenous metabolism. Heterologous steps convert pyruvate and threonine to isobutyrate (IBA) or 2-
methylbutyrate (2MB), respectively. Finally, four heterologous steps inspired by BCAA degradation generate
3HIB and 3H2MB from IBA and 2MB, respectively. Critical to the efficacy of this pathway is the modifica-
tion of a previously developed biological route to IBA® for 2MB production and its combination with a new
pathway that includes a branched chain permissive (R)-enoyl-CoA hydratase and acyl-CoA oxidase/acyl-
CoA dehydrogenase.

Module 1 involves the conversion of glucose to IBA or 2MB. Briefly, the IBA pathway involves the con-
densation of pyruvate by the acetolactate synthase (ALS) from Bacillus subtilis — AlsS. Next, the ketol-acid
reductoisomerase IlvC and dihydroxy acid dehydratase IlvD from E. coli convert the condensation prod-
uct to a 2-keto acid. The 2-keto acid is decarboxylated via KivD from Lactococcus lactis and oxidized by
an aldehyde dehydrogenase — Fjoh2967 from Flavobacterium johnsonaie or AldH from E. coli — to yield
IBA.% Threonine hyperproduction is required for the biosynthesis of 2MB. The IBA pathway can be modi-
fied for threonine hyperproduction by overexpressing genes using the pCOLA-Tecm-Icg plasmid developed
by Tseng et al.'’! The plasmid contains genes encoding ThrA%433R (feedback resistant, fused aspartate ki-
nase/homoserine dehydrogenase from E. coli), ThrB (homoserine kinase from E. coli), and ThrC (threonine
synthase from E. coli) to generate threonine from glucose. Threonine is then converted to 2-ketobutyrate
via IIvA, a feedback resistant threonine deaminase from Corynebacterium glutamicum. From this point, the
steps in the original IBA pathway and module 1 production of 2MB mirror each other.

Inspired by BCAA catabolism pathways present in many bacteria, module 2 oxidizes IBA or 2MB to
yield 3HIB or 3H2MB, respectively. This is done via four steps: (1) the activation of the branched acid from
module 1 by the propionyl-CoA transferase Pct (Megasphaera elsdenii), (2) dehydrogenation of the acyl-CoA
by an acyl-CoA oxidase (ACOX) or acyl-CoA dehydrogenase (ACDH), (3) stereospecific hydration of the
enoyl-CoA to a (3R)-3-hydroxy acid by Phal, and (4) hydrolysis of this product to an a-3HA by endogenous

thioesterases.
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Figure 3.2. Biological route to 3-hydroxyisobutyric acid and 3-hydroxy-2-methylbutyric route glucose. Abbrevi-
ations used: Ppc - phosphoenolpyruvate carboxylase (E. coli), AspC - aspartate aminotransferase (E. coli)
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3.3.2 Validating the production of a-substituted 3-hydroxy acids from branched acids

As a first step in the bottom-up approach to pathway validation for 3HIB and 3H2MB, we investigated
production of these monomers from branched acids. Enzyme homologs for each module 2 pathway step were
chosen from Pseudomonas taiwanensis VLB120 — an organism with proven 3HIB production capabilities
from IBA.”? Briefly, Lang et al. hypothesized that conversion of IBA-CoA to 3HIB proceeded via the fol-
lowing steps: dehydrogenation by PVLB10075, hydration of methacryl-CoA by PVLB10050, and removal
of the CoA group to generate the free acid by PVLB05085. Soluble protein expression of these enzymes was
confirmed via SDS-PAGE (Figure 3.3). However, E. coli harboring this version of module 2 with Pct was

unable to convert IBA to 3HIB (data not shown).

«p) (A) (B) (C)
250
150
100
75

50 Pct

87 PVLB_10075

PVLB_05085

25 PVLB_10050

20

15

10

Figure 3.3. SDS-PAGE analysis of module 2 enzymes from Pseudomonas taiwanensis (A) Ladder (B) lysate from
empty vector negative control (C) lysate from sKB001

To pinpoint the cause of pathway issues, a truncated version of the a-3HA pathway was developed based
on a pathway developed by others.!® This shortened pathway bypasses the dehydrogenation step, instead
converting enoic acids to the corresponding a-3HA. Because the precursor enoic acid for 3HIB (methacrylic
acid) is a toxic, valuable chemical, the version of the truncated pathway for the production of 3H2MB was
investigated. This truncated module 2 pathway involves the activation of tiglic acid, its hydration to 3H2MB-
CoA and deactivation to 3H2MB (Figure 3.4a). This shortened pathway served as a good point for pathway
troubleshooting because it has fewer steps, making it easier to determine problematic ones. Additionally, it

makes use of enzyme homologs with documented functionality.

50



(0] (o] (o}

& s (B) sussrrares: [/%)LOH Ao~ )JLOH]

ENOIC ACID
i{M. ellascctlenil) PhaJ AC 07
0 0.6
Rz&r\'r‘Ls-CoA PhaJ 05
A PS 5
iPhaJ 0.4 g
o o Phad . 03 &
Rz/kR(ILS-CuA 0.2
| ipeseens PVLB10050 o
0
m 3HB 3H2MB 3H2mMV 3H3MB
Ry OH
Re ' ‘
EXPECTED OH o 'l Wil wo
(R)-3-HYDROXY ACID PRODUCTS: \ )\/U\OH )\rU\OH \)\H(OH )I\/U\OHJ

Figure 3.4. Enoic Acids to 3-hydroxy acids production experiment. skB003-sKB005 were cultivated according
to culture condition A with 2 mM enoic acid added every 24 hr. Abbreviations used: CN = Cupriavidus necator,
AC = Aermonas caviae, PS = Pseudomonas syringae, PT = Pseudomonas taiwenensis VLB120

Because Phal is the stereospecificity determining enzyme in the pathway, initial production experiments
focused on testing the ability of PhaJ variants of this pathway to catalyze the conversion of tiglic acid to
3H2MB. Phal homologs were identified from characterized (R)-enoyl-CoA hydratases in the literature.'%?
Of the four Phal variants of the truncated pathway tested, only the variant possessing Phal from Aeromonas
caviae was capable of producing 3H2MB from tiglic acid (Figure 3.4b). Other variants produced 3HB
from crotonate indicating that pathway inefficacy for 3H2MB production in these cases was due to PhaJ
substrate specificity. Finally, none of the PhaJ-variant pathways tested worked in the conversion of 2-methyl-
2-pentenoic acid to 3H2ZMYV or the conversion of 3-methyl-3-butenoic acid to 3H3MB - indicating that Phal

determines the product range in this pathway. PhaJ mutagenesis will be required to reach longer a-3HAs and

p-branched 3HAs.
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Figure 3.5. Tiglic Acid to 3H2MB Shake Flask Production Experiment. sKB002 and sKB003 was cultivated
according to culture condition B with 2 mM tiglic acid added every 24 hr. (A) Growth curve of empty vector
negative control vs sKB002 and sKB003 (B) 3H2MB titers from production strains sKkB002 and sKB003. Abbre-
viations used: N = empty vector negative control

Additional characterization of the truncated module 2 pathway revealed (1) the production strain grows
better than an empty vector negative control (Figure 3.5a) and (2) overexpressing tesB does not significantly
improve 3H2MB titers (Figure 3.5b)F. The highest 3H2MB titers achieved by truncated module 2 strain with
and without fesB overexpresssion were 878 + 90 mg/L and 668 + 30 mg/L, respectively. Anomalously, the
truncated module 2 production strains maintained their growth advantage in the absence of tiglic acid (Figure
3.6a)". However, the overexpression of Pct alone does confer a growth advantage (Figure 3.6b-c). This may
suggest that Pct participates in CoA-activation in E. coli’s endogenous metabolism in a way that reduces

cofactor utilization to bolster growth. Finally, 3H2MB production from the truncated module 2 pathway

EP_value for differences between 3H2MB titers with and without tesB overexpression < 0.05. P-value calculated using student’s
two tailed t-test with unequal variances.
FExperiments in Figure 3.6 were conducted by Kelcey Allen
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in the absence of fesB overexpression is most likely due to activity from more than 12 other thioesterase

paralogs in E. coli.'"?
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Figure 3.6. Examining the growth advantage of strains expressing the truncated module 2 pathway. sKB003,
sKB064, and sKB069 were cultivated using condition B with 2 mM tiglic acid added every 24 hr if necessary.
(A) Growth of empty vector negative control vs sKkB003 in the absence of tiglic acid (B) Growth of empty vector
negative control vs strain only expressing pct (C) Growth of empty vector negative control vs strain only expressing
phaJ. Abbreviation used: N = empty vector negative control

Experimental efforts next turned to implementing module 2 for 3HIB and 3H2MB production from IBA
and 2MB, respectively. The enzymatic step separating the two pathways is the a, f-dehydrogenation of an
acyl-CoA to an enoyl-CoA. This step is catalyzed by an ACDH or an ACOX. In this reaction, electrons
are funneled from the acyl-CoA to an enzyme bound flavin adenine dinucleotide (FAD). These electrons
are ultimately shuttled to the respiratory chain through accessory electron transfer flavoproteins (ETFs) by
ACDHs.'™ Alternatively, ACOXs utilize oxygen as a final electron acceptor, producing H,O, as a byproduct
(Figure 3.7).

ACDH and ACOX homologs were identified by mining BRENDA for enzymes with documented activity

on branched acyl-CoAs. ACDH homologs identified include: Acd ( Pseudomonas putida KT2440)'% and
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AcdH ( Streptomyces avermitilis).'’° Since little is known about bacterial ETF systems, two ETF systems
were identified from Pseudomonas putida KT2440 by BLASTing its genome using Sus scrofa ETF as query.
Two sets of ETFs were identified: (1) EtfB (locus tag = PP4202), EtfA (locus tag = PP4201), and EtfD (locus
tag = PP4203) where etfBA and etfD are transcribed via divergent promoters that are spatially distant from
Acd on the genome and (2) EtfA (locus tag = PP0312) and EtfB (locus tag = PP0313) which are in the same
operon as dimethylglycine catabolism genes. Additionally, FadE (E. coli) was selected as a candidate ACDH
107

because it is believed to utilize intra-enzyme domains for electron transfer instead of accessory ETFs.

ACOX homologs identified include: Acx4 (Arabidopsis thaliana)'’® and ACOX3 (Yarrowia lipolytica).'””

Acyl-CoA Dehvdroqenase Electron Transfer Mechanism

/W)k

ACDH-FAD —_— EtfBA  ——— EtfD

2e- 2e- / 29\.

QH,

S-CoA

Ach-CoA Oxidase Electron Transfer Mechanism

S-CoA

2e-
KatE

S-CoA |.|2C)2

% H,0

ACOX- FAD —_—

Figure 3.7. Electron transfer in acyl-CoA dehydrogenases and acyl-CoA oxidases. ACDH oxidizes acyl-CoAs,
shuttling electrons to EtfBA, then EtfD with the final electron transfer involving the reduction of ubiquinone (Q)
to ubiquinol (QH,). ACOX oxidizes acyl-CoAs using oxygen as a final electron acceptor. In another reaction
catalyzed by a catalase like KatE, hydrogen peroxide can be used to regenerate oxygen. Abbreviations used:
EtfA (electron transfer flavorprotein subunit alpha), EtfB (electron transfer flavorprotein subunit beta), and EtfD
(electron transfer flavoprotein-ubiquinone oxidoreductase)

Results from production experiments in strains harboring these dehydrogenase enzyme variants of the
module 2 pathway are shown in Figure 3.8. Strains expressing versions of the pathway with Acd-EtfABD,
AcdH-EtfBAD, and ACOX3 produced no 3HIB or 3H2MB. Causes for the inefficacy of these versions of the

module 2 pathway are related to (1) incorrect electron transfer system (Acd-EtfABD and AcdH-EtfBAD) and
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Figure 3.8. 3-Hydroxyisobutyric acid and 3-hydroxy-2-methylbutyric acid production from branched acids.
sKB007-skB013 were cultivated using condition B with 2 mM IBA or 2MB added every 24 hr. Abbreviations

used: ND = not detected
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Figure 3.9. Dynamic production run data for selected module 2 strains. sKB007, sKB008, and sKB011 were
cultivated according to culture condition B with 2 mM 2MB added every 24 hr.

insoluble protein expression (ACOX3). Interestingly, FadE is able to catalyze the dehydrogenation reaction
without overexpressing accessory ETFs. This observation, in combination with the absence of genes en-
coding for ETFs in E. coli’s genome lends credence to Campbell and Cronan’s hypothesis'?’ that FadE may
contain intra-enzyme domains for electron transfer. However, yields for 3HIB and 3H2MB are only 3.5%
and 9.6% the maximum theoretical yield,respectively. The low a-3HA titers exhibited by FadE versions of
module 2 are attributed to substrate specificity. FadE acts primarily on straight chain acyl-CoAs with carbon
backbones >4 from fatty acid degradation.

Compared to FadE, strains possessing Acx4 or Acd-EtfBAD produced more a-3HAs (Figure 3.8 and
3.9). However 3H2MB titers were substantially less than that exhibited by truncated module 2 strains fed
tiglic acid. This suggests that the dehydrogenation step is a pathway bottleneck. To our knowledge, 3H2MB
production by versions of module 2 containing Acd-EtfBAD represents the first time that a complete ACDH
system has been expressed heterologously and it shows that Etf BAD (annotated as PP4201-PP4203 in Pseu-
domonas putida KT2440’s genome) is a sufficient electron transfer system for this ACDH. 3HIB titers were

lower than 3H2MB titers for all versions of module 2 tested indicating that dehydrogenation enzymes specific
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for shorter substrates could be used to increase titer here. Low 3HIB titers are also likely due to the acute
toxicity of its pathway precursor molecule - methacrylic acid. There was no significant difference between
3HIB or 3H2MB titers when katE — a gene encoding for catalase - was overexpressed to scavenge toxic H,O,
in versions of module 2 with Acx4. This suggests that H,O, generated by Acx4-mediated versions of mod-
ule 2 was low or that another endogenous H,O, scavenging system like the alkyl hydroperoxide reductase
(AhpCF) or bifunctional catalase (KatG) was being used.''" Clearly, the (R)-enoyl-CoA hydratase and the

dehydrogenation enzymes are key factors in controlling pathway efficacy, a-3HA titer, and product range.

3.3.3 Engineering branched acid specificity from glucose
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Figure 3.10. Isobutyrate and 2-methylbutyrate production from glucose. sKB014 — sKB020 were cultivated
according to culture condition A. F = isobutyraldehyde dehydrogenase Fjoh2967, A = AldH, Thr? = Is threonine
hyperproduction pathway present?

Following the bottom up approach to pathway validation, module 1 was next engineered for branched
acid specificity. Module 1 of the pathway involves the conversion of glucose to IBA or 2MB. IBA production
from the previously developed IBA strain® was demonstrated in this study at 1.7 +0.1 g/L (Figure 3.10).
Threonine hyperproduction improved 2MB titer nearly 7x over the IBA producer developed by Sheppard et
al. However, IBA was still the dominant product. To further tune module 1 for 2MB production, versions of

the pathway with ALDH and ALS homologs more specific for 2MB production were investigated. AldH —
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an aldehyde dehydrogenase from E. coli with broader specificity than the isobutyraldehyde dehydrogenase
employed in the original IBA pathway — was tested in the module 1. No significant difference in 2MB speci-
ficity modulation was observed between module 1 pathway variants with AldH or Fjoh2967. Next, versions
of module 1 with the ALS IlvGM from Klebsiella aerogenes were analyzed. IlvGM reportedly prefers the
condensation reaction which leads to 2MB formation 1,333x more than AlsS from Bacillus subtilis."'! E.
coli harboring module 1 with IlvGM exhibited a 2MB titer of 0.9 + 0.01 g/L which is the highest of all the
module 1 variants tested. Dhande et al.!'? previously reported 2MB titers as high as 2.59 g/L, but their exper-
iments were run with 4x more glucose than the ones presented here. Despite these modifications, IBA titer
remains high in module 1 strains engineered for 2MB specificity. Additional metabolic engineering efforts

are required to reduce the formation of IBA in 3H2MB production strains.

3.3.4 3HIB and 3H2MB production from glucose in E. coli

Versions of module 1 specific for IBA or 2MB were combined with the Acx4 version of module 2 to
yield recombinant E. coli capable of producing 3HIB or 3H2MB from glucose. Acx4 versions of module
2 were chosen despite their reduced titer compared to Acd versions due to the difficulty of cloning Acd’s
complete electron transfer system in the context of the full pathway. Only versions of module 1 with AldH
were examined since it is a broader specificity enzyme which lends itself to the application of this pathway for
other compounds. These strains were grown as previously described and a-3HA production from glucose
was measured. Both 3HIB and 3H2MB production from glucose were observed. 3HIB production was
observed at titers as high as 66 + 5 mg/L with full consumption of fed glucose (Figure 3.11). This titer is
comparable to 3HIB production from strains with module 2 only fed IBA. The 3HIB production strain showed
IBA buildup indicating that module 2 conversion of IBA to 3HIB is limiting in this system. Substantially
higher 3HIB titers have been reported in bacteria which naturally possess the valine degradation pathway
(Table 3.1). This suggests that the main limiting factor for 3HIB production from our pathway is module 2

enzyme activity on pathway substrates.
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Figure 3.11. 3-hydroxyisobutyric acid production from glucose in recombinant E. coli. sKB029 was cultivated
according to culture condition B (A) Growth curve of sKB029 and and empty vector negative control (B) Metabo-
lite profile for sKkB029

The highest 3H2MB titer achieved by cells expressing the full pathway was 290 + 40 mg/L (Figure 3.12).
To our knowledge, this is the first time that 3H2MB has been biologically produced from an unrelated carbon
source. This titer is on par with the titers exhibited by strains with module 2 only fed 2MB. The 3H2MB full
pathway strain exhibited IBA and 2MB build up. Additionally, the growth advantage exhibited by strains
with shorter iterations of this pathway disappears in the full pathway strains ( Figure 3.11a and 3.12a). 2MB
build-up suggests that activation by Pct may be a limiting step in the full pathway. Pct catalyzes the reversible
activation of short-chain acids to acyl-CoAs (Figure 3.2). Thus, there is some equilibrium constant which
bounds the amount of 2MB-CoA that forms intracellularly. Replacing Pct with an irreversibly acting enzyme

could drive flux towards the production of 3H2MB. The disappearance of the growth advantage associated
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with shorter versions of our pathway may be due to the metabolic burden associated with overexpressing the
genes that encode the entire pathway. The most abundant by-product formed during 3H2MB production is
IBA. IBA forms from the condensation of two molecules of pyruvate by an ALS. E. coli MG1655 has two
active ALSs - IlvBN and IlvIH. Additionally, the 3H2MB pathway involves the overepxression of ilvGM
(Klebsiella aerogenes). Most likely, the action of all three enzymes contributes to the production of IBA.

Improving 3H2MB titers from our pathway will rely on reducing IBA production and 2MB accumulation.
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Figure 3.12. 3-hydroxy-2-methylbutyric acid production from glucose in recombinant E. coli. sKB025 was
cultivated according to culture condition B (A) Growth curve of sKB025 and and empty vector negative control
(B) Metabolite profile for skB025
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3.3.5 Optimizing 3H2MB production from glucose by improving precursor supply and use

This report represents the first time 3H2MB has been produced from an unrelated carbon source in E. coli.
Based on this success and the documented improved material properties of 3H2MB-based biopolymers,’*>’>
we chose to optimize our route for 3H2MB production. Major impediments to 3H2MB titer included IBA
production and 2MB accumulation. To reduce 2MB accumulation from strains harboring the full 3H2MB
pathway, alternative activation enzymes were investigated for module 2. Pct reversibly activates short-chain
acids using the CoA moeity from an acetyl-CoA. Alternatively, acyl-CoA synthetases irreversibly ligate
CoA and an acid to yield acyl-CoAs at the expense of ATP. IbuA (Rhodopseudomonas palustris) and MACS
(Methanosarcina acetivorans) were selected from the literature for pathway inclusion based on their demon-
strated activity on branched acids.''*!'* Preliminary experiments show higher 3H2MB titers in production
strains with IbuA in place Pct (Figure 3.13). However, this difference is not statistically significant. Addi-

tional experiments must be carried out to ascertain the effects of replacing Pct with IbuA.
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Figure 3.13. Effects of activation enzyme choice on 3-hydroxy-2-methylbutyric acid production. sKB025,
sKB038, and sKB039 were grown according to culture condition B.

Another route to improve 3H2MB production is by deleting competing pathways to target compound
formation. Module 2 is orthogonal to E. coli’s native metabolism and the branched acyl-CoAs it produces
are unlikely substrates for endogenous fatty acid metabolism. Thus, major competing pathways to 3H2MB

production are the routes that prevent 2MB production from module 1. The main competing pathways to 2MB
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Figure 3.14. Improving 2-methylbutyric acid production by deleting competing pathways. sKB019 and sKB040-
sKB046 were cultivated according to culture condition A (A) Competing Pathways to 2MB (B) Final IBA and
2MB titers from module 1 knockout strains

formation are methionine biosynthesis, threonine degradation, and the native activity of IlvBN on pyruvate
which leads to the formation of IBA (Figure 3.14a). The first committed step in methionine biosynthesis
and threonine degradation are carried out by Tdh (threonine dehydrogenase) and MetA (homoserine O-
succinyltransferase). The genes encoding IlvBN, MetA, and Tdh were combinatorically deleted from E.
coli’s genome and the production of IBA and 2MB from these knockout strains overexpressing the 2MB
specific version of module 1 were tested (Figure 3.14).

sKB042 with Atdh only exhibited the highest 2MB titer of 1.4 + 0.1 g/L. (Figure 3.14). This represents
an 81% increase over the base strain. Cann and Liao'"> previously examined the effects of deleting metA,
tdh, and ilvBN from E. coli’s genome for the production of 2-methylbutanol - another product derived from
threonine metabolism. They found that deleting tdh and metA resulted in the highest 2-methylbutanol titer.
However, they did not test the Atdh variant. The better performance of the tdh knockout over the double or
triple knockouts in our study may be due to: (1) [lvBN’s capacity to also work in the production of 2MB, (2)
higher flux through the threonine degradation pathway compared to methionine biosynthesis since it’s being

overproduced in the 3H2MB pathway, and (3) growth defects associated with deleting essential genes like

62



metA. sKB040 with AilvBN only, exhibited the largest decrease in IBA titer - going from 3 + 0.5 g/L. to 1.5
+ 0.2 g/L IBA. The action of IlvBN on pyruvate is the only endogenous pathway that leads to the formation

of IBA. Thus, additional engineering efforts are needed to further reduce IBA formation.

3.3.6 Developing a novel isobutyrate recycle system

glucose
isobutyryl-CoA butyryl-CoA
* promiscuous o] lemF o)
module 1 (C. metallidurans)
pyruvate ——g- \HKS-COA —_— /\)I\S-COA
* PROPOSED IBA RECYCLE l FadE
AtoB O O FadB o
acetyl-CoA — D
v S-CoA /%)J\S-COA
TCA
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* 2MB 3H2MB
ngsdsglzd1 Q module 2 OH O
threonine —- S-CoA - OH

Figure 3.15. Isobutyrate recycle system

A major byproduct of 3H2MB production from glucose is IBA — a product formed from the native ac-
tivity of IlvBN on pyruvate. Deleting IIvBN did not eliminate IBA production (Figure 3.14), so we pursued
the design and implementation of an IBA recycle (Figure 3.15). In this recycle, an isobutyryl-CoA mu-
tase converts isobutyryl-CoA to butyryl-CoA. Native short-chain fatty acid degradation machinery in E.
coli converts butyryl-CoA to acetyl-CoA where it can re-enter the a-3HA pathway for 3H2MB production.
Specifically, FadE dehydrogenates butyrl-CoA - the product of IcmF action on isobutyryl-CoA. Next, FadB
(bifunctional enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase) converts the resulting enoyl-CoA
to acetoacetyl-CoA. AtoB (thiolase) cleaves acetoacetyl-CoA to two molecules of acetyl-CoA. The IcmF-
mediated IBA recycle converts IBA to two molecules of acetyl-CoA. Importantly, this recycled carbon cannot

reenter metabolism for the production of IBA, but it can lead to increased threonine production.
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The key enzyme in this recycle is the isobutyryl-CoA mutase. Isobutyryl-CoA mutases catalyze the
vitamin B,,-dependent isomerization of isobutyryl-CoA to butyryl-CoA."'® Cracan et al.'!7-!'® characterized
several mutases and found IcmF from Cupriavidus metallidurans to be the most active on IBA-CoA. Thus,
we chose this homolog for inclusion in our IBA recycle. The IBA recycle was first validated in sKB047 to
confirm the ability of cells overexpressing icmF to convert exogenously fed IBA to butyrate (BA) (Figure
3.16a). Cells overexpressing icmF converted IBA to BA (Figure 3.15b). All fed IBA was not consumed -
most likely because of the reversibility of pathway steps. Further, when fed both IBA and 2MB, no pentanoic
acid production was observed. The expected product for IcmF action on 2MB is pentanoic acid. Thus, IcmF

specifically converts IBA to BA.
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Figure 3.16. Conversion of isobutyrate to butyrate acid by cells with an isobutyryl-CoA mutase. sKB047 was
cultivated according to culture conditions A with fed IBA or IBA and 2MB. Negative control represents an empty
vector negative control

Next, acid production was monitored from sKB019 and sKB048 to compare the IBA production in mod-
ule 1 strains with and without icmF overexpression. SKB048 with IcmF produced 80% less IBA than sSKB019
(Figure 3.17). Anomalously, no BA accumulation was observed in sKB048 even though atoB, fadE, and fadB
shouldn’t be expressed under the given culture conditions. The enzyme products of these genes are required
for BA’s recycle back to central carbon metabolism. In the initial conception of the recycle, the final version
would be expressed in a strain 844 (Table 3.2) with AfadR and constitutive expression of atoC. FadE and

fadB expression are repressed by FadR and this repression is only alleviated in the presence of long chain fatty
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acids. Further, AtoC is a transcriptional activator for atoB expression that is only turned on in the presence
of acetoacetyl-CoA.'!” We hypothesize that leaky expression of atoB, fadE, and fadB allows for the efficacy
of the recycle in SKB048. To test this, quantitative reverse transcription PCR targeting fadB and atoB could
be carried out during a production experiment in sSKB048. We tested the recycle in the background strain
844 and saw no significant difference between IBA production in sKB048 and sKB050. Nevertheless, the
IcmF-mediated IBA recycle is an effective tool to reduce byproduct formation from module 1. Future exper-
iments on the IBA recycle would center on testing it’s ability to boost 3H2MB titer in the context of the full

pathway.

(A) (B) (C)
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Figure 3.17. Testing the isobutyrate acid recycle in 2-methylbutyrate production strains. sKB019, sKkB048,
sKBO050 were cultivated according to culture condition B.

3.3.7 Pha] for the production of other 3HAs

Early experiments in truncated versions of module 2 demonstrated that PhaJ controls the product range
of the a-3HA pathway. Specifically, Phal (Aeromonas caviae) catalyzed the conversion of tiglic acid to
3H2MB, but was unable to work on longer chain a-substituted 3HAs or 3HAs with f-branching. Natively,
Phal catalyzes the stereospecific conversion of C4-C6 enoyl-CoAs - with highest affinity for crotonyl-CoA.'"?
To expand the product range of our pathway to produce 3H2MYV, we investigated mutating Phal for increased

promiscuity. According to Tsuge et al., PhaJ’s acyl-CoA binding site is surrounded by the side chains of
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S62, L65, P70, Y76, and V130. Further, they identified L65A and V130G Phal mutants as having increased
activity on longer substrates. Applying these findings to our study, we chose to test five PhaJ mutants (L65A,
V130G, Y76A, Y76S, Y76F) in the truncated module 2 pathway to identify a mutant capable of acting in the
production of 3H2MV. Tsuge et al. did not test Y76 mutants, but manual inspection of acyl-CoA’s docked in
PhaJ’s binding site showed that this residue’s bulkiness may prevent Phal from accepting larger substrates.
We tested the ability of strains carrying Phal mutants of the truncated module 2 pathway to convert var-
ious enoic acids to their corresponding 3HAs.® All mutants retained the native ability to convert crotonate
to 3HB with nearly 100% substrate conversion (Figure 3.18). We next tested the ability of sSKB051-sKB055
to convert 2-pentenoic acid to 3-hydroxyvaleric acid (3HV). 3HV is the straight chain analogue of 3H2MV.
Comparing 3HV and 3H2MV production from the truncated module 2 pathway could provide valuable in-
sight into how PhaJ mutants separately facilitate the production of longer or wider 3HAs. Interestingly, the
L65A and Y76 mutants exhibited decreased 3HV titers compared to wild type (Figure 3.19). 3HV titer in
Y76 mutants decreased in order of side-chain size. This suggests that the bulkiness of this residue is impor-
tant for catalyzing the hydration of larger substrates. The V130G mutant produced ~ 30% more 3HV than
WT suggesting that replacing valine with the smaller residue glycine at this position allows Phal to accept

longer substrates.
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Figure 3.18. Examining enoyl-CoA hydratase mutant activity on crotonate. (A) Conversion of crotonate to 3HB
by truncated module 2 (B) skB051-sKB055 were grown according to culture condition ¢ with 2 mM crotonate
supplemented every 24 hr. Abbreviations used: N = empty vector negative control, WT = wild type

GAll experiments in this subsection were conducted by Kelcey Allen.
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Figure 3.19. Examining enoyl-CoA hydratase mutant activity on 2-pentenoic acid. (A) Conversion of 2-pentenoic
acid to 3HV by truncated module 2 (B) skB051-sKB056 were grown according to culture condition ¢ with 2 mM
2-pentenoic acid supplemented every 24 hr. Abbreviations used: N = empty vector negative control, WT = wild

type

When fed 2-methyl-2-pentenoic acid, no 3H2MYV production was observed from any mutants. To identify
additional mutants to broaden Phal’s substrate specificity, AutoDock Vina® was used to generate a substrate
docking model of wild type PhaJ with 2-methyl-2-pentenoyl-CoA. As a first step in validating the docking
procedure, octenoyl-CoA was docked with PhalJ. The docking model for Phal with octenoyl-CoA agreed with
the one reported by Tsuge et al.'?*!2! - identifying L65, V130, Y76, and S74 as interacting with octenoyl-
CoA (Figure 3.20). 2-methyl-2-pentenoyl-CoA was next docked with PhalJ to identify residues which might
confer activity on this longer, wider substrate. One docking model for this substrate indicated that the alkyl
chain of 2-methyl-2-pentenoyl-CoA interacts with 175, F47, A46, and T45 (Figure 3.21). Future studies
would focus on testing these mutants in the context of the truncated module 2 pathway to determine their

ability to catalyze the production of other 3HAs.
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Figure 3.20. Docking octenoyl-CoA into the active site of PhaJ. PhaJ is shown as ribbons in grey. Octenoyl-CoA
is shown in green. Residues that interact with octenoyl-CoA are shown in red.

-

Figure 3.21. Docking 2-methyl-2-pentenoyl-CoA into the active site of PhaJ. PhaJ is shown as ribbons in grey.
2-methyl-2-pentenoyl-CoA is shown in green. Residues that interact with 2-methyl-2-pentenoyl-CoA are shown in
red.
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3.4 Conclusions

In conclusion, this work demonstrates the production of 3HIB and (2S,3R)-3H2MB - biopolymer build-
ing block molecules - from glucose in E. coli. This pathway consists of two modules: module 1 which
specifically converts glucose to IBA or 2MB and (2) module 2 which oxidizes these branched acids via steps
inspired by BCAA degradation to 3HIB and 3H2MB, respectively. We show in module 1 that the choice
of ALS is the key determinant driving branched acid specificity. In module 2, we showed that choice of
dehydrogenation enzymes is key to the pathway’s efficacy. Additionally, we identified a branched-chain
permissive (R)-enoyl-CoA hydratase that produces biodegradation-compatible stereochemistry in the final
product. As proof-of-concept, this pathway was optimized for 3H2MB production by deleting competing
pathways, balancing flux between modules, and preliminary investigation of a novel by-product recycle.
Thiolase-independent pathways like the ones presented in this study are promising alternatives to the rBOX

pathway for the production of biopolymer building blocks that lead to plastics with improved properties.
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Chapter 4

Design and feasibility analysis of pathways to

3-methyl-1,5-pentanediol

Abstract

3-methyl-1,5-pentanediol (3MPD) is an attractive monomer for the production of biodegradable copolyesters.
There are well-established chemical routes to this compound, but they rely on petroleum-derived feedstocks,
require elevated temperatures and pressures, and produce several byproducts. In this chapter, we design three
biological routes to 3MPD via manual de novo design and prioritize one route based on pathway length, co-
factor utilization, and perceived enzyme availability. The prioritized route is based on a previously designed
route to 3-methylpentanol (3MP) where a mutant 2-isopropylmalate synthase allows for the production of
2-keto-4-methylhexanoate from a leucine precursor. We extend this pathway to 3MPD via a single hydroxy-
lation step catalyzed by AIkBGT (Pseudomonas putida GPol). Feasibility analysis of this pathway focused
on determining the ability of AIKBGT to hydroxylate 3MP. Initial experiments showed that overexpressing
AlkBGT caused a growth defect. Optimizing the alkBGT plasmid or media composition restored growth.
However, no 3MPD production was observed. We next probed substrate transport into the cell as a cause
of pathway inefficacy using permeabilized cells and alternative transporters. However, no 3MP to 3MPD
conversion was observed in any of the tested systems. These data suggest that AIkKBGT cannot act in the
conversion of 3MP to 3MPD. Future work should probe other hydroxylation enzymes at this step with the

ultimate goal of developing a biological route from glucose to 3MPD.
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4.1 Introduction

Copolyesters formed from the condensation of diols and diacids have application in various fields. Bac-
teria have been leveraged for the production of both classes of biopolymer building block molecules. Poly-
butylene adipate terephthlate (PBAT) is the most popular bioderived copolyester by production capacity. In
recent years, PBAT garnered immense attention because it exhibits material properties comparable to PET,
with improved biodegradability.'>> However, PBAT exhibits reduced biodegradability compared to other
biopolymers like PHAs. This opens the door for the exploration of other diol-diacid copolyesters with im-
proved degradation properties. 3-methyl-1,5-pentanediol (3MPD) is a promising copolyester building block.
In internal experiments, our industrial sponsor showed that certain copolyesters containing 3MPD exhibit
tunable biodegradation (data not shown). Thus, we pursued the design and feasibility analysis of pathways
to this novel biopolymer building block.

3MPD is conventionally synthesized in a two-step process where (1) isoprenol is hydroformylated to 2-
hydroxy-4-methyltetrahydropyran with a rhodium catalyst followed by (2) hydrogenation in the presence of
a Raney nickel catalyst (Figure 4.1a).'>® This process begins with a petroleum-derived feedstock (isoprenol),
requires elevated temperature and pressure, and produces several byproducts. Xiong et al. reported the pro-
duction of f-methyl-§-valerolactone (BMVL) - a compound structurally related to 3MPD - from glucose
in E. coli. Their route begins with the production of mevalonate followed by its dehydrogenation to anhy-
dromevalonolactone (AMLL) via steps from siderophore biosynthesis. AMLL is then reduced to BMVL
by Y@jM - a mutant enoate-reductase from Bacillus subtilis (Figure 4.1b).'>* BMVL is structurally very
similar to 3MPD and Xiong et al.’s progress lays the groundwork for developing biological pathways to C5,
p-branched compounds like 3MPD. However, their pathway produced 270 mg/L. BMVL with the accumula-
tion of more than 10 g/LL mevalonate pointing to the need for additional pathway engineering. Spanjers et al.
connect BMVL to 3MPD production through a chemical route where bio-derived mevalonate is sequentially
hydrogenated to AMLL or BMVL and then to 3MPD (Figure 4.1c). They showed the production of 3MPD
from both lactones with selectivities as high as 89%. However, their method still employed high temperatures
and pressures.'> Combined, these works highlight the need for a complete biological route from a renewable

feedstock to 3MPD.
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Figure 4.1. Previously developed routes to 3-methyl-1,5-pentanediol. Abbreviations used: Sidl (acyl-CoA ligase
from Aspergillus fumigatus), SidH (enoyl-CoA reductase from A. fumigatus)
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4.2 Materials and Methods

4.2.1 Strain construction

E. coli DH5a was used for cloning and plasmid propagation. E. coli MG1655 (DE3) AendAAfadD was
used at the background strain for all production experiments. A gene block for alkL (Pseudomonas putida
GPol) was ordered from Integrated DNA technologies. Additionally, the pET29b(alkBGT) plasmid was
custom synthesized by Twist Biosciences. Sequences for these genes can be found in Table 4.1. All other
genes were amplified from genomic DNA. Plasmid construction details can be found in Tables 4.2 - 4.3.
Individual genes and synthetic operons were expressed using compatible duet vectors or pET vectors under
the control of T7lac promoters (Table 3.3) and synthetic ribosome binding sites. Synthetic ribosome binding
sites were created using the Salis Lab RBS Calculator with a target translation initiation rate of 10,000.%°
Genes were amplified from their corresponding templates using custom oligonucleotides (Millipore Sigma)
and Q5 DNA polymerase (NEB) or KOD HotStart Polymerase (EMD Millipore). Genes were inserted into
the MCSs of plasmids via Gibson Assembly with the NEBuilder HiFi DNA Assembly Kit (NEB). Specific

details for the construction of each plasmid can be found in Table 4.2.

Table 4.1. Gene block sequences for 3MPD production

Gene Name Sequence

alkB ATGTTAGAGAAGCATCGTGTTCTGGACTCTGCGCCTGAGTATGTCGATAAGAAAAAGTACCTTTG
GATCTTATCCACCTTGTGGCCGGCCACTCCGATGATCGGAATTTGGCTTGCTAATGAAACTGGCT
GGGGTATCTTTTATGGCCTGGTTTTATTAGTCTGGTATGGAGCATTGCCGTTATTAGATGCCATG
TTTGGAGAAGACTTCAACAATCCGCCGGAAGAAGTTGTACCCAAACTTGAAAAGGAACGCTATTA
CCGTGTATTAACGTACTTAACAGTCCCAATGCACTACGCCGCTCTTATTGTTTCTGCCTGGTGGG
TTGGTACACAACCAATGAGCTGGTTGGAGATTGGCGCCCTTGCCTTGTCGCTTGGAATTGTCAAT
GGACTTGCTTTGAACACCGGCCATGAATTGGGGCATAAGAAAGAAACTTTCGACCGTTGGATGGC
AAAAATCGTGCTGGCCGTAGTGGGGTACGGGCACTTTTTCATCGAGCACAATAAGGGACATCATC
GTGATGTAGCGACCCCGATGGACCCAGCCACATCTCGTATGGGTGAGTCAATCTATAAATTCTCC
ATCCGTGAAATCCCAGGGGCTTTTATCCGCGCTTGGGGTTTAGAAGAGCAGCGTCTTAGCCGCCG
TGGGCAATCCGTGTGGTCATTTGATAACGAAATCCTTCAGCCGATGATTATCACTGTAATCTTGT
ACGCTGTCTTACTTGCCTTATTTGGACCTAAAATGTTAGTCTTTTTGCCTATTCAAATGGCATTC
GGGTGGTGGCAGCTGACCAGCGCGAACTATATTGAGCATTATGGTTTGCTTCGCCAGAAAATGGA
GGATGGCCGTTATGAGCACCAGAAACCTCATCATAGCTGGAACTCCAATCATATTGTGAGTAACC
TGGTTTTATTCCATCTGCAACGTCATAGTGATCATCATGCTCATCCTACTCGCTCGTATCAGAGC
TTACGTGACTTTCCTGGACTGCCCGCACTTCCGACTGGTTACCCTGGGGCGTTCTTAATGGCTAT
GATCCCGCAATGGTTCCGCTCTGTAATGGACCCCAAAGTAGTCGACTGGGCTGGCGGTGACCTTA
ACAAGATTCAAATCGACGACTCGATGCGTGAGACCTATCTGAAGAAATTTGGCACCAGCTCTGCG
GGACACTCGTCCTCCACCTCCGCAGTGGCGTCATAG

alkG ttggtaaactccctcaagegagatcttaaATGGCGTCATACAAATGTCCTGACTGTAACTATGTGTATGATGAA
TCAGCGGGTAATGTGCATGAAGGATTCTCCCCTGGAACACCATGGCACTTGATTCCCGAGGACTG
GTGCTGCCCTGACTGTGCAGTACGTGACAAACTGGACTTTATGTTAATCGAATCAGGGGTTGGAG
AGAAGGGTGTTACGTCAACTCACACAAGTCCCAATCTGTCTGAAGTTTCGGGTACATCCCTTACC
GCGGAGGCTGTGGTGGCCCCCACATCATTGGAAAAGTTGCCTAGCGCCGACGTGAAAGGCCAGGA
CCTGTATAAAACTCAGCCTCCCCGCTCCGACGCACAAGGTGGGAAAGCGTATCTGAAGTGGATTT
GCATCACGTGCGGACATATTTACGACGAGGCTCTTGGTGATGAGGCTGAAGGCTTCACACCGGGG
ACTCGCTTTGAAGATATCCCAGACGATTGGTGCTGTCCCGACTGCGGAGCAACAAAGGAGGATTA
CGTCTTGTACGAAGAGAAATGA
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alkT tcattagattttacaaacaagctagaataggagaatatATGGCCATCGTAGTCGTAGGTGCGGGGACTGCCGGGGTTA
ACGCGGCTTTCTGGTTACGCCAATACGGGTATAAGGGCGAAATCCGCATCTTTTCGCGTGAGAGT
GTCGCTCCCTACCAGCGCCCACCGTTGTCTAAGGCCTTCTTAACCAGTGAGATTGCCGAGAGTGC
AGTTCCCTTGAAGCCAGAGGGCTTTTATACCAATAATAACATTACTATCTCCTTAAACACTCCGA
TCGTGTCTATCGATGTGGGCCGCAAAATTGTAAGCAGCAAAGACGGGAAAGAGTACGCTTATGAA
AAGTTGATCCTTGCGACCCCGGCGAGCGCACGTCGCCTTACATGTGAAGGCTCTGAACTGAGCGG
AGTATGTTATTTGCGTAGTATGGAGGATGCAAAGAACTTACGCCGTAAACTGGTGGAATCTGCCT
CGGTGGTCGTTCTGGGCGGCGGTGTAATCGGCTTAGAGGTAGCCAGTGCCGCCGTCGGGTTAGGC
AAACGTGTAACGGTAATCGAGGCAACCCCCCGCGTTATGGCCCGTGTGGTCACTCCTGCCGCAGC
TAATTTGGTCCGCGCGCGTCTTGAGGCCGAAGGGATTGAGTTTAAGTTGAACGCGAAGCTGACTT
CGATTAAGGGCCGCAATGGCCACGTGGAACAGTGCGTTTTGGAATCCGGAGAGGAGATCCAAGCC
GATTTAATCGTCGTCGGTATCGGTGCGATCCCTGAATTGGAGCTGGCGACAGAAGCAGCATTAGA
GGTATCTAACGGTGTCGTCGTCGATGACCAAATGTGCACTTCGGATACTTCGATCTACGCAATTG
GTGACTGCGCGATGGCTCGCAATCCATTTTGGGGCACTATGGTACGCCTGGAGACGATCCACAAT
GCGGTAACACACGCTCAAATTGTAGCTTCTTCTATCTGTGGAACCTCGACCCCCGCGCCTACCCC
GCCGCGTTTTTGGTCTGATTTAAAGGGAATGGCGTTACAAGGTTTAGGTGCTCTTAAAGACTATG
ATAAACTGGTAGTGGCGATCAATAATGAGACTCTTGAACTTGAAGTCTTAGCTTATAAGCAAGAA
CGTTTAATTGCTACTGAAACTATCAACCTTCCGAAGCGCCAGGGCGCATTGGCGGGTTCAATTAA
ATTGCCTGACTAG

alkL ATCTTAGTATATTAGTTAAGTATAAGAAGGAGATATACATATGTCGTTCAGTAACTATAAAGTCA
TCGCAATGCCCGTATTAGTTGCTAACTTTGTTCTGGGGGCCGCGACAGCCTGGGCGAACGAAAAC
TACCCCGCCAAGTCGGCAGGTTATAATCAGGGAGATTGGGTTGCGTCCTTTAATTTTTCAAAAGT
TTACGTCGGAGAAGAACTTGGTGACCTGAACGTCGGAGGGGGGGCCTTACCCAATGCAGATGTTT
CGATCGGAAACGACACAACGCTGACGTTCGACATCGCCTACTTCGTAAGCTCAAACATCGCTGTA
GATTTCTTTGTTGGCGTCCCCGCACGCGCTAAATTCCAAGGCGAGAAGTCGATCTCCAGTCTTGG
CCGTGTGTCAGAGGTCGATTACGGTCCGGCCATTTTATCGCTGCAATACCACTACGATAGTTTCG
AGCGCTTGTATCCATATGTTGGCGTCGGAGTTGGCCGCGTATTATTCTTTGACAAAACAGACGGA
GCTTTGTCGTCTTTCGACATCAAAGATAAATGGGCCCCCGCATTCCAAGTGGGTTTGCGCTACGA
CCTGGGCAACTCGTGGATGTTAAACTCCGACGTGCGCTACATCCCGTTCAAAACGGATGTTACTG
GCACCTTGGGGCCAGTGCCAGTCAGCACGAAAATCGAAGTCGATCCATTCATTCTGTCCCTGGGT
GCCTCATACGTGTTCTAATTAATTAACCTAGGCTGCTGCCACCGCTGAGCAATAACTAGCATAAC
CCC

4.2.2 Production experiments

All production strains used in this chapter are described in Table 4.3. Overnight cultures were growth in
LB Broth at 37 °C, 250 rpm, with supplementation of the appropriate antibiotic(s) (kanamycin 50 ug/mL,
carbenicillin 100 ug/mL, streptomycin 50 ug/mL, or chloramphenicol 34 ug/mlL.). For production experi-
ments, overnight cultures were spun down at 4500 rpm for 5 min and resuspended in 1X M9 salts (Millipore
Sigma). Concentrated overnights were used to inoculate M9Y media or modified MOPS media to an ODg,
= 0.1. The modified MOPs media was described by Clomburg et al.*! and includes: 125 mM MOPS, 20
g/L glycerol, 10 g/L tryptone, 5 g/L yeast extract, 100 uM FeSO,, 5 mM calcium pantothenate, 1.48 mM
Na,HPO,, SmM (NH,),SO,, and 30 mM NH,CI. These cultures were grown as 50 mL cultures in 250 mL
baffled shake flasks. In early exponential phase, (ODg, 0.6 - 0.9) cultures were induced with 0.25 mM IPTG
and pathway carbon source was added if necessary. Samples were taken at &~ 72 hr for growth and metabolite

analysis via UV-VIS spectroscopy at 600 nm, HPLC, and gas chromatography-mass spectroscopy (GC-MS).
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4.2.3 Permeabilized cell studies

The protocol for conducting 3MP consumption studies in permeabilized cells was modified from Schrewe
etal..'?® 5 mL overnight cultures in LB broth were used to inoculate 50 mL cultures in modified MOPS media
to ODggq = 0.1. These cultures were allowed to grow for 4 hr at 30 °C, 250 rpm, then induced with 0.25 mM
IPTG. Cultures grew for 4 additional hours, then cells were harvested via centrifugation at 4500 rpm for 10
min. Concentrated cells were resuspended in 3 mL. 50 mM phosphate buffer containing 0.25% (v/v) Triton
X-100 and/or 2.5 mM EDTA to an ODg¢y, = 0.9. Potassium phosphate buffer contains 34.7 mM K,HPO,
and 15.2 mM KH,PO,. These cultures were incubated for 30 min at 30 °C and 250 rpm. 5 mM of 3MP
and 10 g/L glucose was added to each culture to start the reaction which was allowed to proceed for 4 hr.

Supernatant from these experiments was isolated for analysis via HPLC.

4.2.4 Fatty acid methyl ester derivitization

The fatty acid methyl ester (FAME) derivitization protocol was modified from Bonk and Tarasova et
al.'” 1 mL of experimental samples were spun down at 4500 rpm for 5 min to isolate supernatant. 1 mL
of supernatant was mixed with 1.5 mL chloroform, 10 uL of 0.5 M hexanoic acid as internal standard, and
1.5 mL 15% acidic methanol (methanol + 15% (v/v) H,SO,) in a glass tube with threads wrapped with
polytetrafluoroethylene tape. The glass vials were heated at 100 °C for 4 hr. The organic layer was removed

and dried over anhydrous MgSO,.

4.2.5 Metabolite detection

3MP and 3MPD were detected using an Agilent 1200 series HPLC (Agilent) equipped with an RID
and an Aminex HPX-87H column (Bio-Rad Laboratories) with 5 mM sulfuric acid mobile phase. Column
temperature, RID temperature, and flow rate were set to 65 °C, 35 °C, and 0.6 mL/min, respectively. FAMEs
were quantified using a gas chromatography system (Agilent 7890B) equipped with an Rxi-5Sil MS Column
(Restek, 30 m, 0.25 mm ID, 0.25 ym). The inlet and flame ionization detector (FID) were both set to 250
°C with a 10:1 split ratio. The temperature program for the GC oven was 50 °C hold for 5 min, ramp at 10
°C/min to 120 °C hold for 5 min, ramp at 15 °C to 220 °C hold for 10 min, ramp at 20 °C to 250 °C hold for 5
min. Standards for octanoic acid, hexanoic acid, and 8-hydroxyoctanoic acid were purchased from Millipore

Sigma. A standard curve was generated by FAME derivitizing these standards.
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Table 4.2. 3MPD plasmid construct descriptions

Name

Description

Primers

pCDF()-(fadL)

fadL (E. coli) cloned into MSC
2

fadL f 335: AGATATACATATGAGCCAGAA
AACCCTGTTTAC; fadL_r 336:CCTAGGTTA
ATTAATCAGAACGCGTAGTTAAAGTTAGTA
C;bb_f 344:TTAATTAACCTAGGCTGCTGC;
bb_r_350: CTGGCTcatATGTATATCTCCTT
CTTATACTTAACTAATATAC

pCDF()-(alkL)

codon optimized alkL (Pseu-
domonas putida) GPol cloned
into MSC 2

bb f 528: TTCTAATTAATTAACCTAGGCT
GCTGC; bb_r 527: CGACATATGTATATCT
CCTTCTTATACTTAACTAATATACTAAG

pET29b(alkBGT) with T7lac
promoter

codon optimized alkBGT with
alkB and alkG separated by the
synthetic RBS: ttggtaaactccctc
aagcgagatcttaa. alkG and alkT
separated by the synthetic RBS:
tcattagattttacaaacaagctagaatag
gagaatat

synthesized by Twist Biosciences

PET20b(alkBGT) LacUV5

pET29b(alkBGT)  with  the
T7lac promoter replaced by the
LacUV5 promoter

bb_f 408: GGCTCGTATAATGgtgGGGAATT
GTGAGCGGATAAC; bb r 409: GGAAGCAT
AAAGTGTAAAATTTCGCGGGATCGAG

pET29b(alkBGT) Trc

pET29b(alkBGT)  with the
T7lac promoter replaced by the
Trc promoter

bb_r_406: GATGATTAATTGTCAAATTTCG
CGGGATCGAGATC; bb f 407: CGGCTCGT
ATAATgtgGGGAATTGTGAGCGGATAAC

pET29b(alkBGT) SC101 origin
of replication

pET29b(alkBGT)  with the
ColE1 ORI replaced by the
SC101 ORI from pSC101

sc101 r 004:AGGCCATTATCGCCGGC
ATTCAGATCCTTCCGTATTTAGCCAG;
scl01 f 003:TAGAAAAGATCAAAGGAT
CTTCGACAGTAAGACGGGTAAGCCTG
bb_r 002: AGGCTTACCCGTCTTACTG
TCGAAGATCCTTTGATCTTTTCTACG;
bb_f 001: TGGCTAAATACGGAAGGATCTG
AATGCCGGCGATAATGG

pET29b(alkBGT) LacUV5
SC101

pET29b(alkBGT) with LacUV5
promoter and SC101 ORI

As previously described

Table 4.3. List of 3MPD production strains

Strain Name Plasmid 1 Plasmid 2 Background
sKB033 pCDF()-(fadL) - 749
sKB034 pCDF()-(fadL) pET29b(alkBGT) 749
with T7lac pro-
moter
sKB035 pCDF()-(fadL) pET29b(alkBGT) 749
with LacUV5
promoter
sKB036 pCDF()-(fadL) pET29b(alkBGT) 749
with Trc promoter
sKB037 pCDF()-(fadL) pET29b(alkBGT) 749
with SC101 origin
of replication
sKB065 pCDF()-(fadL) pET29b(alkBGT) 749
with SC101 origin
of replication and
LacUV5 promoter
sKB066 pET29b(alkBGT) - 749
sKB067 pET(alkBGT)A - 749

AThis vector was obtained from Ramon Gonzalez’s lab and is described in Clomburg et al..*!
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sKB068 pCDF()-(alkL) pET29b(alkBGT) 749
sKB073 pCDF()-(fadL) pET(alkBGT) 749
sKB074 pCDF()-(alkL) pET(alkBGT) 749
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4.3 Results and Discussion

4.3.1 Designing biological pathways to 3-methyl-1,5-pentanediol

There are few examples of C5 and/or f-branched compounds in the microbial metabolome, so pathway
design efforts for 3MPD were de novo. Initial efforts focused on using the retro-biosynthetic tool RetroPath
2.07° to devise a pathway to 3MPD. RetroPath 2.0 failed to yield any feasible pathways for 3MPD, so manual
de novo design was pursued. First, KEGG SimComp'?’ was used to identify the 30 most structurally similar
compounds to 3MPD compounds from the microbial metabolome. From this initial list of 30 compounds,
compounds without a main carbon backbone length of five or f-branching were removed from consideration
based on the difficulty of conferring this chemistry enzymatically. This analysis yielded five compounds to
pursue pathway design with: mevalonate, isoleucine, 2-keto-3-methylvalerate, citronellol, and 3-methyl-D-
ornithine. We further reduced this list to mevalonate and 2-keto-3-methylvalerate (Figure 4.2). Isoleucine
was removed from this list, since 2-keto-3-methylvalerate is an upstream metabolite that directly leads to
isoleucine formation. Mevalonate is a central metabolite for isoprenoid biosynthesis in eukaryotes and its

overproduction in chassis organisms has been engineered by others. %312

mevalonate citronellol
TS =0.68 TS =0.53
! ] /\/'\/lo]\
\/H)J\OH H,N " OH
NH, NH,
isoleucine 3-methyl-D-ornithine
TS =0.56 TS = 0.52
(o]

/\HH(OH
(0]

2-keto-3-methylvalerate
TS =0.56

Figure 4.2. Compounds structurally similiar to 3-methyl-1,3-pentanediol in the microbial metabolome. Abbrevi-
ations used: TS = Tanimoto similiarity score

To design a pathway from 2-keto-3-methylvalerate, we surveyed the literature to identify novel path-
ways branching from this compound.'*? Specifically, well-established biological routes exist that connect

2-ketoacids to alcohols that involve decarboxylation of the 2-ketoacid to an aldehyde, followed by further
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reduction to an alcohol. This route was exploited by Zhang et al.'*! for the production of 3MP - a compound
only one hydroxyl group dissimilar to 3MPD. Their route involves overexpressing isoleucine biosynthesis
genes for the production of 2-keto-3-methylvalerate. They engineer a mutant LeuA* (2-isopropylmalate syn-
thase with G462D from E. coli) capable of extending 2-keto-3-methylvalerate to 2-keto-4-methylhexanoate
(2K4MH). 2K4MH is next decarboxylated by a mutant decarboxylase (KivD with V461A/F381L from Zy-
momonas mobilis) and reduced by Adh6 (alcohol dehydrogenase from Saccharomyces cerevisiae) to pro-
duce 3MP. Two routes to 3MPD are envisaged using the Zhang et al. pathway as a starting point (Figure
4.3). The first route involves the hydroxylation of 3MP to 3MPD.!*? Another route involves decarboxylation
of 2K4MH to 3-methylvaleric acid. 3-methylvaleric acid is then hydroxylated to 5-hydroxy-3-methylvaleric
acid. Finally, 5-hydroxy-3-methylvaleric acid is reduced to 3MPD.

In a similar vein, a third pathway was designed from mevalonate (Figure 4.4). Xiong et al.'>* described
the conversion of glucose to anhydromevalonyl-CoA which can be used as a starting point for a mevalonate-
based pathway to 3MPD. The pathway to 3MPD from mevalonate begins with enzymatic steps from fungal
siderophore biosynthesis that convert mevalonate to anhydromevalonyl-CoA. This intermediate is then re-
duced to 3MPD via three additional de novo steps: (1) the reduction of anhydromevalonyl-CoA by an cis-
enoyl-CoA reductase, (2) the conversion of this hydroxy acyl-CoA to a hydroxy aldehyde by an aldehyde
dehydrogenase, and (3) the reduction of this hydroxy aldehyde to 3MPD (Figure 4.4).

These three pathways for 3MPD production from glucose were prioritized for implementation based on
enzyme availability, pathway length, and cofactor usage (Table 4.4). Pathway length refers to the number
of successive pathway steps that have not been demonstrated in vivo. For example, the mevalonate based
pathway has a pathway length of three since the steps up to anhydromevalonyl-CoA have been demonstrated
by others..'?* Cataloging cofactor usage starts from the first heterologous step to E. coli. For the mevalonate
pathway, cofactor cataloging begins after the production of acetoacetyl-CoA. Comparing pathway length and
cofactor usage among the designed pathway, the 3MP pathway stands out based on its short length and low
cofactor requirement. The 2K4MH and 3MP pathway both rely on a hydroxylase for the hydroxylation of
an acid and alcohol respectively. w-Hydroxylation can be achieved via alkane monoxygenases like AlkB
from Pseudomonas putida GPol or cytochromes P450. However, few examples exist for the hydroxylation
of branched substrates like those that appear in the 2K4MH and 3MP pathways. Identifying an enzyme
capable of carrying out these reaction steps would be integral to determining the feasibility of these path-

ways. There are well-characterized enzymes to catalyze all steps in the mevalonate pathway except for the
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two steps converting anhydromevalonyl-CoA to a hydroxy aldehyde. BId“?73" has been used the conver-
sion of C5 hydroxy acyl-CoAs to hydroxy aldehydes and could be leveraged in our pathway.*> However, no
enoyl-CoA reductases acting on cis-enoyl-CoAs have been described. The most well described enoyl-CoA
reductase is the trans-enoyl-CoA reductase - Ter from Treponema denticola.'>* However, this enzyme can-
not be used in our proposed pathway based on its strict specificity for the trans isomer. Based on its short

length, low cofactor requirement, and perceived hydroxylase availability, the 3MP pathway was chosen for

implementation.
Table 4.4. Comparison of the 3-methyl-1,5-pentanediol pathways
Pathway Pathway Length NADPH NADH ATP Enzyme Auvailability
2K4MH 5 2 - 1 hydroxylase
3MP 1 1 1 - hydroxylase
mevalonate 3 2 3 1 cis-enoyl-CoA reductase
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Figure 4.3. Proposed metabolic pathway from 2-keto-4-methylhexanoate to 3-methyl-1,5-pentanediol. Abbrevi-
LeuCD (3-isopropylmalate dehydratase from E. coli), Car (carboxylate reductase from Nocardia iowensis)
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Figure 4.4. Proposed metabolic pathway from mevalonate to 3-methyl-1,5-pentanediol.
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4.3.2 Determining the feasibility of the 3-methylpentanol-mediated pathway to 3-methyl-
1,5-pentanediol

The 3MP pathway to 3MPD stands out for its short length and low cofactor requirement. The step without
prior validation in this pathway is the hydroxylation of 3MP to 3MPD. Two classes of enzymes are known
to carry out w-hydroxylation: CYP153As and alkane monooxygenases. CYP153As are cytochromes P450
that primarily hydroxylate long chain fatty acids. The most well-studied member of the alkane monooxge-
nases family is AIkB - a non-heme iron integral membrane protein that utilizes AlkG (rubredoxin) and AIkT
(rubredoxin reductase) to insert oxygen derived from molecular oxygen onto the terminal end of varous car-
bon substrates. AlkB from Pseudomonas putida GPol is well-studied and has been shown to work on alkanes,
alcohols, FAMEs, and fatty acids. Of note is it’s ability to convert 3-methylpentane to 3-methylpentanol.*’
Based on this, we investigated the ability of AIkBGT to hydroxylate 3MP to determine the feasibility of our
3MPD pathway.

As a first step in validating the 3MP pathway for 3MPD production, we looked to confirm the activity of
AIkBGT on the known substrate - octanoic acid - in E. coli (Figure 4.5). Production experiments were carried
out in cells overexpressing the gene encoding a fatty acid transporter (fadL) and alkBGT fed octanoic acid.

No octanoic acid consumption was observed. AIkBGT inefficacy on octanoic acid was also accompanied by

a large growth defect (Figure 4.6a).

(A) MeOH
o —— FadL, AIBGT ) 7 . Ho_~ _~_~_A, — _ —— ccwms
octanoic acid 749 8-hydroxyoctanoic acid 8-hydroxyoctanoic acid me‘hy?"s‘ef
(B

/ kan - orRl >

T7lac I decreasing ColE1 ~ 40
Ptrc promoter i
copies/cell
LacUV5 strength :
SC101~5
Key copies/cell

coding lac .
promoter sequence . operator terminator A RBS

Figure 4.5. Assay design for determining the efficacy of AIkBGT for 3-methyl-1,5-pentanediol production. (A)
Work flow for studying the conversion of octanoic acid to 8-hydroxyoctanoic acid by cells with AIkBGT (B)
Plasmid design for alkBGT expression

Since poor growth could contribute to the observed inefficacy of AIkBGT, its expression was tuned by

varying promoter strength and origin of replication (ORI) to reduce the metabolic burden of expressing the
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system. The original plasmid for alkBGT expression had this system under T7lac promoter control. The
weaker LacUV5 and Trc promoter were also investigated. In addition to this, the low copy number ORI
SC101 was investigated as replacement for the original medium copy number ORI - ColE1. Partial growth
restoration was exhibited when the strong T7lac promoter was replaced with the LacUVS5 promoter or when
the ColE1 ORI was replaced with the SC101 ORI (Figure 4.6). Interestingly, growth from cells expressing
alkBGT under the control of the Trc promoter was worse than the original vector — a phenomenon most
likely due to leaky expression from this promoter. These changes in plasmid design yielded no changes in

the efficacy of the AIKBGT system.
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Figure 4.6. Measures to reduce growth burden associated with alkBGT overexpression (A) Expressing alkBGT
under the control of promoters of varying strength (B) Expressing alkBGT on plasmid with varying copy number

Some engineering efforts did restore growth to strains overexpressing alkBGT. Octanoic acid consump-

tion from a strain expressing alkBGT on a plasmid with LacUVS5 and the SC101 ORI was tested. Growth
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was restored to this strain (Figure 4.7a), but no octanoic acid consumption was observed. Similarly, when the
original AIKBGT strain was grown in the rich growth medium described by Clomburg et al.,*' growth was
also restored (Figure 4.7b). However, no octanoic acid consumption was observed in this condition either.

(A)

—e—sKB033 —e—sKB065

75
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Figure 4.7. Measures to reduce growth burden associated with alkBGT overexpression (A) Expressing alkBGT
a plasmid with the LacUV5 promoter and SC101 ORI (B) Growing T7lac promoter controlled alkBGT in complex
growth media

Strains expressing AIkBGT did not demonstrate hydroxylation of a known substrate despite various en-
gineering efforts to improve the growth defect associated with the system. Thus, we changed our focus to
investigating substrate transport into the cell as the cause of inefficacy. In the original system, FadL - a
long chain fatty acid transporter from E. coli was used for active transport of octanoic acid into the cell. To
determine if transport into the cell was the cause of AIkKBGT inefficacy, we conducted a new assay where

we looked at the conversion of 3MP to 3MPD in cells permeabilized with EDTA and/or Triton X-100. Per-
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meabilization agents like these disrupt the cell membrane allowing substrates that would otherwise need
active transport into the cell to diffuse freely into the cytoplasm. In addition to incorporating permeabilized
cells in place of FadL, we also examined the alkBGT expression plasmid reported by Clomburg et al..*!
Permeabilized cell studies in strains expressing alkBGT via our plasmid or the Clomburg plasmid showed
no 3MP consumption or 3MPD production compared to a negative control (Figure 4.8). This indicates that
AIKkBGT cannot act in the conversion of 3MP to 3MPD. Alternatively, since AlkB is an integral membrane
monooxygenase, permeabilization could affect its ability to fold and integrate properly into the membrane
thus making it non-functional. To test this second hypothesis, we carried out an additional experiment where
we replaced FadL with AIKL - the native transporter of the AIkBGT system. Again no 3MP consumption or

3MPD production was observed (Figure 4.9). Combined, these results suggest that AIkBGT cannot act in the

conversion of 3MP to 3MPD or that it produces 3MPD below the limit of detection of our instrumentation.
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Figure 4.8. 3-methylpentanol hydroxylation study in permeabilized cells. 749, sKB066, and sKB067 were
permeabilized with Triton X-100 and/or EDTA. Abbreviations used: B = AIkBGT plasmid from this study, G =
AIkBGT plasmid from Clomburg et al.*!
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Figure 4.9. 3-methylpentanol hydroxylation study in strains with FadL or AlkL. sKB033, sKB034, sKB068,
sKB073, and skKB074 were grown in modified MOPS media according to culture condition B with 2.5 mM 3MP
supplemented at T = 4 hr. Abbreviations used: B = AIkBGT plasmid from this study, G = AIkBGT plasmid
from Clomburg et al.*!

4.4 Conclusions

3MPD is a promising building block for the production of sustainable copolyesters. In this chapter, we
proposed a biological pathway to this compound involving the hydroxylation of 3MP to 3MPD by AlkBGT.
Initial experiments to test the hydroxylation capability of this enzyme system showed that overexpressing
alkBGT caused a large growth defect. We showed that growth in cells overexpressing alkBGT could be
recovered by optimizing plasmid design or media composition. Despite growth recovery, cells with AIkBGT
did not exhibit the ability to catalyze hydroyxlation on a known substrate. We probed substrate transport into
the cell as a cause of pathway inefficacy using permeabilized cells and alternative transporters. However, no
3MP to 3MPD conversion was observed in any of the tested system. These data suggest that AIkBGT cannot

act in the conversion of 3MP to 3MPD. Future work should probe other hydroxylation enzymes at this step.
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Chapter 5

Conclusions, future directions, and outlook

5.1 Summary of thesis work

Environmental concerns associated with plastics consumption motivate the use of metabolically engi-
neered microorganisms to produce renewably derived, degradable plastics. Metabolically engineered or-
ganisms can produce enantiopure biopolymer building blocks from renewable feedstocks without the com-
plicated synthetic and purification schemes that are emblematic of traditional chemical synthesis. Further,
biological pathways operate near physiological conditions, obviating the need for high temperatures and
pressures that sometimes characterize chemical synthesis. However, canonical bio-based plastics exhibit
disadvantages related to limited biodegradability (e.g. PLA) or thermal instability (e.g. P3HB). Developing
novel metabolic pathways to plastic monomers which confer improved material properties to their corre-
sponding plastics is integral for wider bio-based plastics adoption.

In this thesis we systematically identified industrially relevant plastic monomers for bio-production based
on novelty, ease of chemical polymerization, maximum theoretical biological yield, and the expected im-
provements in material properties the monomer may confer in the context of a biopolymer. Through our
analysis, we identified 3HIB and 3H2MB as advantaged monomers for biopolymer production primarily
based on their ability to improve thermal stability in polymers. Next, we developed a platform pathway to
both compounds from glucose. We implemented this pathway in E. coli and demonstrated the production
of both compounds. To our knowledge, this is the first time 3H2MB has been produced from an unrelated
carbon source.

Chapter 4 of this thesis introduces a new target biopolymer building block - 3MPD - that was prioritized
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for bio-production by our industrial sponsors based on the biodegradability of its polymers. A pathway based
on a previously developed pathway to 3MP was designed for this compound using de novo methods. The
feasibility of this pathway was examined by probing the substrate specificity of AIkBGT for the hydroxy-
lation of 3MP to 3MPD. Preliminary analysis showed that AIkBGT cannot carry out this conversion and
troubleshooting this pathway step is ongoing. Overall, this thesis demonstrates the utility of novel pathway

design to reach HAs and diols that lead to biopolymers with improved industrial application.

5.1.1 Prioritizing industrially relevant hydroxy acids for bio-production

Chapter 2 provides a systematic analysis of hydroxy acids for bio-production based on novelty, yield,
ease of chemical polymerization, and material properties. We prioritized 17 HAs for bio-production based
on these metrics. Our list of building blocks includes 2HAs, wHAs and a-3HAs with connection to the
microbial metabolome (Figure 2.4). a-substituted 3HAs and wHAs stand out as advantaged monomers for
PHA production based on their ability to enhance thermal stability. Specifically, a-3HAs contain substituents
at C2 which prevent thermal degradation via f-elimination mechanisms. Also, wHAs expand the thermal
processing window when incorporated into PHAs with 3HAs. Through this analysis, 3HIB and 3H2MB

were prioritized for biological production.

5.1.2 [Engineering E. coli for the production of a-substituted 3-hydroxy acids

A pathway inspired by BCAA catabolism was designed and validated for 3HIB and 3H2MB production
using a bottom up approach. Unlike traditional pathways to 3HAs, this pathway is thiolase independent which
allows for a-substitution which leads to more thermostable plastics. This pathway consists of two modules:
(1) module 1 which encodes the specific conversion of glucose to IBA or 2MB and (2) module 2 which
encodes the oxidative conversion of IBA and 2MB to 3HIB and 3H2MB, respectively. Using our bottom up
approach, we first validated the conversion of enoic acids to their corresponding 3HA and identified PhaJ
(Aeromonas caviae) as an (R)-enoyl-CoA hydratase capable of acting on branched acids in our pathway.
Further, we showed that Phal determines the product range of our pathway and used molecular docking to
identify potential mutations which might confer increased promiscuity to this enzyme. We next analyzed
module 2 of the pathway for 3HIB and 3H2MB conversion from IBA and 2MB, respectively. The major

enzyme in this pathway is the acyl-CoA dehydrogenase/oxidase. We identified three enzymes at this step
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capable of acting in the production of 3HIB and 3H2MB. However, titers exhibited by the full module 2
pathway were only 1/3 the titers achieved by the truncated portion. This points to the dehydrogenation step
as a major pathway bottleneck.

Next, we switched the specificity of a previously developed IBA pathway to 2MB production via the
selection of a 2-ketobutyrate specific ALS. The best performing version of module 2 was combined with
IBA or 2MB specific versions of module 1 to produce 3HIB or 3H2MB production strains, respectively.
3HIB and 3H2MB production from these strains was exhibited at titers as high as 66 mg/L and 290 mg/L,
respectively. This pathway was optimized for 3H2MB production by deleting competing pathways to 3H2MB

and via the development of a novel by-product recycle based on an isobutyryl-CoA mutase.

5.1.3 Design and feasibility analysis of pathways to 3-methyl-1,5-pentanediol

Chapter 4 considered the biosynthesis of another promising plastic monomer — 3MPD. Three pathways
were designed to this compound using in silico and heuristic methods. A pathway involving the hydroxyla-
tion of 3MP to 3MPD was prioritized based on pathway length, cofactor utilization, and perceived availability
of hydroxylases. The feasibility determining step in this pathway is the conversion of 3MP to 3MPD and
efforts in this chapter focused on determining the ability of AIKBGT to carry out this reaction. Prelimi-
nary experiments showed that overexpression of alkBGT caused a growth defect, which we ameliorated by
optimizing plasmid design and media composition. Even after reducing the growth defect associated with
alkBGT, cells with this system did not exhibit the ability to convert 3MP to 3MPD. Efforts are currently

ongoing to determine the cause of pathway inefficacy.

5.2 Future directions

5.2.1 Continued optimization of the 3-hydroxy-2-methylbutyric acid pathway

From chapter 3, major bottlenecks to improved 3H2MB titer were 2MB accumulation and IBA produc-
tion. Preliminary experiments incorporating irreversible activation enzymes in place of the reversible en-
zyme Pct suggest that the irreversible enzymes may improve 3H2MB titer. Further, we showed that deleting
tdh significantly improves 2MB titer from cells with module 1 only. Future experiments should investigate

how 3H2MB production differs from strains with and without tdh deleted.
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We also designed and implemented a novel IBA recycle based on the isobutyryl-CoA mutase - IcmF.
Incorporating this recycle into a module 1 production strain reduced IBA accumulation by 80%. Clearly the
IBA recycle is an effective system to reduce byproduct formation. Future experiments on the IBA recycle
should center on testing it’s ability to boost 3H2MB titer in the context of a 3H2MB production strain.
Further, we also showed that the IBA recycle was effective in cells without f-oxidation genes turned on -
despite those genes being integral for recycle efficacy. Additional quantitative reverse transcription PCR
experiments targeting fadB, and atoB should be carried out to determine if leaky expression of these genes
supports the recycle in the absence of f-oxidation. More broadly, the IcmF-mediated recycle is a powerful
tool to increase target product titer in any pathway with IBA as a byproduct.

Outside of reducing 2MB and IBA accumulation, 3H2MB production could be increased by improving
its growth. Strains with the module 2 pathway exhibited a growth advantage over an empty vector negative
control. However, strains with the full pathway grew worse than the negative control. This growth reduction
is most likely caused by the overexpression of this pathway across four plasmids. Future work could center
on integrating the module 1 pathway onto E. coli’s genome via the method described by St. Pierre et al..!**
Additionally, the CIChE method described by Tyo et al.'*> could be used to integrate multiple copies of this
pathway into the genome. Integrating multiple copies of the pathway would allow for tunable, high level
gene expression. In this way, the growth burden associated with expressing the entire pathway could be
reduced and flux could be balanced between modules 1 and 2. Further, IBA and 2MB are precursors to other

valuable products and strains containing these pathways integrated onto the genome are broadly applicable.

5.2.2 Bio-producing other hydroxy acids

This thesis demonstrates the efficacy of the 3HA pathway for 3HIB and 3H2MB. More broadly, the
module 2 pathway could work for the production of any 3HA with a and g hydrogens. Looking at the list of
industrially relevant HAs (Figure 2.4), the 3HA pathway could be used to produce other 3HAs like 3H2MV
and 3-hydroxy-2-methylhexanoic acid. Expanding the pathway’s product range will rely on identifying PhaJ
mutants. Our preliminary molecular docking experiments identified I75, F47, and T45 as important residues
in the production of longer substrates. Future studies should focus on testing these mutants in the context of
the truncated module 2 pathway to determine their ability to catalyze the production of other 3HAs. Given
the bulkiness of phenylalanine and isoleucine, mutagensis of these residues should be prioritized.

Outside of 3HAs, the findings in this thesis can also be used to reach other HAs. In addition to 3H2MB,
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some 2HAs are accessible via pathways beginning with threonine metabolism. For example, 2HAs like 2HB
and 2ZH3MYV are accessible from threonine (Figure 1.4). Future work could center on extending 2-ketoacid
pathways to reach other 2HAs using 2-ketoacid precursors for nonproteinogenic amino acids. Specifically,
2-hydroxyvaleric acid (2HV) and 2-hydroxyhexanoic acid (2HH) could be bio-produced using norvaline
and norleucine biosynthesis intermediates, respectively (Figure 5.1a). This pathway involves 2-ketobutyrate
(2KB) production via the native threonine biosynthesis pathway. 2KB is then acted on by LeuABCD to
yield 2-ketovalerate or 2-ketohexanoate. Key to modulating 2HA chain-length in this pathway is the action
of LeuA, a 2-isopropylmalate synthase. Mutations that allow for carbon chain length modulation via this
enzyme have been identified could be incorporated to reach these longer 2-ketoacids.'?! The final step in
the proposed pathway involves the reduction of these 2-ketoacids to the corresponding HA by a 2HADH.
Various 2HADHs with diverse substrate specificities have been identified and could be leveraged to reach
2HV and 2HH.'?% In another envisaged route, these straight chain 2HAs may also be reachable via Chou et

al.’s 2-hydroxy-acyl-CoA lyase mediated route further motivating the exploration of these novel HAs (Figure

5.1b).%0
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Figure 5.1. Potential pathways to straight chain 2-hydroxy acids
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5.2.3 Troubleshooting the 3-methyl-1,5-pentanediol pathway

We were unable to demonstrate the hydroxylation of 3MP to 3MPD, despite various troubleshooting ef-
forts. AIkB is the only well-documented, substrate-permissive, non-heme hydroxylase and prospecting for
hydroxylases in another enzyme family could reveal previously overlooked enzyme candidates for this step.
CYP153A hydroxylases are a family of cytochromes P450 known to hydroxylate fatty acids and they repre-
sent a promising family of enzymes from which to find an enzyme for the 3MPD pathway. Further, these are
soluble proteins not integral membrane proteins like AlkB which makes experimental validation of their ac-
tivity on novel substrates easier. One of the most well-studied CYP153A hydroxylases is the fusion construct
created from the heme domain of CYP153A33 from Marinobacter aquaeolei and the reductase domain of
CYPI102A from Bacillus megaterium.* This P450, along with CYP153A7 (Sphingomonas sp. HXN200)*®
were engineered for activity on a wide-variety of non-native substrates. Notably, CYP153A7 has been en-
gineered for the conversion of butanol to 1,4-butanediol - a conversion very similar to the hydroxylation
of 3MP to 3MPD.!?7 In addition to these two, there are a wealth of other hydroxylases with demonstrated

activity on shorter substrates whose efficacy on 3MP can be evaluated for inclusion in the 3MPD pathway

(Table 5.1).
Table 5.1. CYP153As for inclusion in the 3-methyl-1,5-pentanediol pathway
Hydroxylase Organism Type Primary Reference
Substrate
CYP153A7 pys5e Sphingomonas sp. HXN200 P450 octanoic [48]
acid
CYP153A7 1430/ rsor Sphingomonas sp. HXN200 P450 butanol [138]
CYP153A33 - CPRy 5 Hydroxylase from M. aquaeolei fused P450 octanoic [49]
to reductase domain of CYP102A acid
from B. megaterium
CYP153A6 44, Mycobacterium sp. HXN600 P450 pentane [139]
BMO Thauera butanivorans monoxygenase| butane [140]

5.3 Outlook

Every year, the chemical industry transforms billions of barrels of petroleum into plastics precursors
which drive technological innovation and quality of life improvements. The chemical industry’s reliance
on petroleum is linked to a host of environmental issues including increased greenhouse gas emissions,

pollution, and toxic waste generation. Metabolic engineering rewires microbial metabolisms for plastics
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production with reduced carbon and energy footprints. The success (and short-comings) of biopolymers like
PLA and P3HB sets the stage for the development of pathways to novel biopolymer building blocks.
Biopolymers represent less than 1% of global plastics use.” This slow uptake is the result of the complex
interplay of policy, high costs, and the need for continued technological advancement. According to Shah and
Gangadeen, "the social value of bioplastics outweighs its private value ... resulting in low investment attrac-
tion".!*! In other words, biopolymers exhibit undeniable environmental benefits over conventional plastics,
but their industry is not competitive. Consolidating and extending policy that (1) incentivizes biopolymer
use and investment, (2) encourages competitive substitution of conventional plastics with biopolymers, and
(3) stimulates the growth of the industry are required to realize biopolymer private value. On the technology
front, interdisciplinary research and development that engages bioengineers, chemical engineers, polymer
chemists, material scientists, and environmental engineers is required to develop industrially useful, circular,
low-cost biopolymers. This thesis lays a preliminary framework for engaging these diverse stakeholders in

the discovery of novel, degradable biopolymers.
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