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Abstract

Plastic pollution is one of the greatest environmental challenges of the 215 Century due
to the failure of contemporary recycling pipelines to valorize more than 9% of waste plastics and
the recalcitrance of these materials to environmental degradation. As anthropogenic climate
change threatens the life-sustaining planetary boundaries of Earth and necessitates a further
reduction in the extraction of petroleum resources, recovering these vital chemical building blocks
from discarded plastic waste will be essential. Using the tools of Synthetic Biology to harness
microbes that are already capable of degrading and assimilating environmental plastics is one
means of expanding a circular plastics economy. By converting environmental isolates into
industrially robust chassis organisms, the production of essential chemical resources from waste
materials is possible, alongside competition with the ecologically damaging petroleum industry.

While many plastics are biologically inaccessible, the enzymatic degradation of
polyethylene terephthalate (PET) is widespread, making it a promising substrate for a future
plastics bioeconomy. However, only one known wildtype bacterium, Ideonella sakaiensis 201-F6,
is capable of both PET degradation and assimilation of its constituent monomers, terephthalic
acid (TPA) and ethylene glycol (EG), into microbial metabolism. Despite this unique metabolic
ability, the Synthetic Biology community has largely neglected this terrestrial microbe due to its
lack of genetic tools and in-depth physiological characterization. Yet, I. sakaiensis has untapped
potential for turning waste PET into valuable chemical resources.

In this thesis, the unique physiology of PET-catabolizing bacterium |. sakaiensis was
examined through a combination of genomics, proteomics, and in vitro biochemistry. A closed
genome structure for the microbe was deduced with hybrid short- and long-read sequencing.
Proteomics provided experimental evidence for the predicted metabolic pathways for TPA and
protocatechuic acid assimilation as well as transcription factors active during TPA consumption.
A series of in vitro biochemistry techniques subsequently confirmed the DNA binding of the
identified transcription factors to the promoters of key PET catabolism genes. One allosteric
transcription factor with the ability to sense TPA pathway metabolites was characterized further.
Finally, strides towards I. sakaiensis genetic tractability were made via the identification of a
functional origin of replication using a high-throughput screen and an electroporation method.
Taken together, this work advances our genomic and biochemical understanding of TPA
catabolism in the non-model microbe I. sakaiensis, broadening the scope of Synthetic Biology

strategies available for microbial plastic degradation and upcycling.
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Zusammenfassung

Die Umweltverschmutzung durch Kunststoffe ist eine der grof3en ©6kologischen
Herausforderungen, denen sich die moderne Welt gegenibersieht. Dies liegt daran, dass mehr
als 9 % der Kunststoffabfélle in den heutigen Recycling-Pipelines nicht verwertet werden kénnen,
und dass diese Materialien in der Umwelt nicht abgebaut werden konnen. Da der vom Menschen
verursachte Klimawandel die lebenserhaltenden planetarischen Grenzen der Erde bedroht und
eine weitere Verringerung der Erdolforderung erforderlich macht, wird die Riickgewinnung dieser
lebenswichtigen chemischen Bausteine aus weggeworfenen Kunststoffabféllen von
entscheidender Bedeutung sein. Die Nutzung von Mikroorganismen, die bereits in der Lage sind
Kunststoffe in der Umwelt abzubauen und zu assimilieren, ist eine Mdglichkeit die
Kreislaufwirtschaft fir Kunststoffe zu erweitern. Vor allem durch Verwendung der Werkzeuge der
Synthetischen Biologie kann dieser Prozess noch maRgeblich verbessert werden. Hier
ermdglichen Gentechnik und Stoffwechselmanipulation die Umwandlung von isolierten Mikroben
aus der Umwelt in industriell robuste Chassis-Organismen die Produktion wichtiger chemischer
Ressourcen aus Abfallstoffen méglich machen und in Konkurrenz zur 6kologisch schadlichen

Erddlindustrie stehen.

Wahrend viele Kunststoffe biologisch unzugéanglich sind, ist der enzymatische Abbau von
Polyethylenterephthalat (PET) weit verbreitet, was es zu einem vielversprechenden Substrat fiir
eine zukinftige Kunststoff-Biobkonomie macht. Es ist jedoch nur ein einziges Bakterium bekannt,
das in der Lage ist, sowohl PET abzubauen als auch die dabei entstehenden Monomere,
Terephthalsaure (TPA) und Ethylenglykol (EG), in den mikrobiellen Stoffwechsel aufzunehmen:
Ideonella sakaiensis 201-F6. Trotz ihres biotechnologischen Potenzials wurde diese terrestrische
Mikrobe in der Synthetischen Biologie bisher weitgehend vernachlassigt, da es an genetischen
Werkzeugen und physiologischer Charakterisierung mangelt. Dabei hat diese Mikrobe ein

ungenutztes Potenzial, PET-Abfalle in wertvolle chemische Ressourcen zu verwandeln.

In dieser Arbeit wurde die einzigartige Physiologie des PET-abbauenden Bakteriums I.
sakaiensis durch eine Kombination aus Genomik, Proteomik und In-vitro-Biochemie untersucht.
Mittels hybrider Short- und Long-Read-Sequenzierung wurde das Genom der Mikrobe
entschlisselt. Die Proteomik lieferte experimentelle Beweise fur die vorhergesagten
Stoffwechselwege der Assimilation von TPA und Protocatechusdure sowie flr

Transkriptionsfaktoren lieferte, die wahrend des TPA-Verbrauchs aktiv sind. Eine Reihe von
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biochemischen Techniken bestétigte anschlieend die DNA-Bindung der identifizierten
Transkriptionsfaktoren an die Promotoren der wichtigsten Gene fir den PET-Katabolismus.
Zusatzlich wurde ein allosterischer Transkriptionsfaktor identifiziert und charakterisiert, der die
Fahigkeit besitzt, Metaboliten des TPA-Wegs zu erkennen. Schliel3lich wurden durch die
Identifizierung eines funktionellen Replikationsursprungs mit Hilfe eines Hochdurchsatz-Screens
Fortschritte fir die genetischen Manipulation von |. sakaiensis erzielt. Dartiber hinaus wurde eine
Elektroporationsmethode identifiziert, mit der sich die gentechnische Verédnderung des
Mikroorganismus beschleunigen lasst. Insgesamt tragt diese Arbeit zu einem besseren
genomischen und biochemischen Verstandnis des TPA-Abbaus in der Nicht-Modell-Mikrobe 1.
sakaiensis bei und erweitert die Moglichkeiten der Synthetischen Biologie fur den mikrobiellen
Kunststoffabbau und das Upcycling.
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Introduction

Mr. McGuire: | want to say one word to you. Just one word.
Benjamin: Yes, sir.

Mr. McGuire: Are you listening?

Benjamin: Yes, | am.

Mr. McGuire: Plastics.

Benjamin: Exactly how do you mean?

Mr. McGuire: There's a great future in plastics. Think about it.
Will you think about it?

~The Graduate, 1967

Plastic Production, Pollution, and Persistence

One of the greatest environmental challenges of our time is closing the matter cycle. Unlike
natural ecosystems where resources are consumed and degraded in relative equilibrium, human
societies operate with largely linear models of resource consumption and elimination, challenging
the regenerative capacity of the planet.? Unless there is sufficient cultural, economic, or political
incentive’, concern for the reusability and recyclability of materials is limited.?2®* Such an
abundance-based mindset has alarming environmental consequences when the rates of
consumption and degradation are wunbalanced, whi c

relationship with plastic.

Since the discovery of this fAwonder material o
proceeded exponentially (Figure 1A), with the final polymers achieving worldwide distribution for
packaging, building materials, transportation, textiles, and other products synonymous with
modern society.® The majority of plastcs 6 usage and market share 1is
displacing traditional materials", due to plasticsdéd excell ent mal | e
durability.® Drastically, the total predicted mass of plastic on Earth is estimated to exceed the total

mass of all marine and terrestrial animals twice as of 2020 (+6 years).°

" An example is the ElektroG Act (2018) in Germany, which encourages the recycling of electronic equipment by
mandating that manufacturers share the costs of consumer disposal of electrical and electronic equipment.
i.e. paper, metal, glass, and ceramics
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Figure 1. Global plastics production (A) and waste by disposal method (B; percentages are accurate as of 2019). Data
and graphic stye have been adapted from Geyer et al, 2017°.

Yet despite the ever-increasing production of plastic polymers and their circulation through
human society, only 9% of all plastics are recycled; the remainder are incinerated, landfilled, or
released to the environment (Figure 1B).° The recalcitrance of these polymers to degradation for
hundreds of years has consequently led to their accumulation in nearly every ecosystem on the
planet.®”8 Even remote areas untouched by human inhabitants, such as the deep sea and the
Arctic, have been found to contain plastics.®'° The majority of environmental plastic deposition
comes from mismanaged plastic waste entering rivers and ultimately oceans, which has dire
consequences for marine life.1*1? Every year, over 300 000 dolphins, whales, sea lions, and

porpoises are killed from their entanglement in discarded plastic fishing gear alone.*?

In the context of global climate change, discarded plastic waste does not lock away carbon
as an inert environmental pollutant. Instead, plastics fragment into progressively smaller pieces
due to mechanical weathering or sunlight-driven photolysis.” Once fragmented, plastic particles
flow through the biosphere unhindered via rivers, air currents, and rainclouds, often many
kilometers from their source.’® These so-called micro- and nanoplastics wreak havoc on the
reproductive organs and development' of many marine organisms.**® Micro- and nanoplastics
are increasingly measured in the human bloodstream, digestive tract, and critical reproductive
tissues (e.g. the placenta, testes) where their long-term health impacts are currently unknown. 6.1

Movement towards a circular economy for plastics, where these polymers are retained in a

i There is evidence that plastic pieces function as endocrine disruptors in crabs and negatively affect embryonic
development of sea cucumbers. (Horn, D. A. et al, 2020; Tekmen, M. B. et al, 2022; Wang, H. et al, 2023)
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continuous loop of usage in human societies rather than released to the environment, is therefore

urgently needed.®

Il. The Promise of Microbial Plastic Recycling

Increasing the capacity of recycling pipelines is an obvious next step for establishing a
circular plastics economy.'® However, the economic viability of current recycling technologies is
challenged by the impurity of plastic waste.!®*?° Plastics are rarely pure polymers of repeating
monomeric units; instead, many manufacturers include additives to improve polymer properties
such as malleability, colour, or tensile strength.?° Different types of plastics can also be layered in
a final product, which can deceive optical sorting processes at recycling facilities and contaminate
entire batches of recycled product.?’ Recycling mixed plastics generally leads to a phenomenon
cal l ed ndown c yteelfinahrgcycled produetriseecomomically much lower in value,
rather than equivalent to a virgin plastic product.?! Even when the incoming product stream is
pure, plastic polymer quality is often reduced during the recycling process itself. heating and
shearing often results in random polymer chain scission and crosslinking.?>?* Consequently, most
plastics can only be mechanically recycled 2-9 times, with the exception of high-density
polyethylene (HDPE).2* I n real i ty, only 10% of al/l pl astics

recyclabled are recdigaré¢®dd more than once (

Plastic Waste Generation by Polymer (Million Tonnes), 2019

PET mHDPE = (L)LDPE mPP mPS mElastomers mBioplastics mMixed Plastics mFibres mPVC mPUR

Easily Recycled Moderately Recyclable Poor or Unknown Recyclability

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350

Figure 2. Total plastic waste generation by polymer type, expressed in million tonnes, as of 2019. Orange bars

represent fieasily recycl edd pl-astablishedandoperatonal workdwidecLimegregn pr oc e s s €
represents fimoderately recyclableo plastics, i . e. recycling
hi ghly purified product streams. Teal represents plastics wit
recycling process due to t brerogivityafer tantansindtiorcan eombinateon withp otherp er t i e s

materials. Polymer abbreviations: polyethylene terephthalate (PET), high-density polyethylene (HDPE), (low-)low
density polyethylene ((L)LDPE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), and polyurethane
(PUR). Data extracted fromfi P1 a st i c (hise:/lolrnuotldindata.@rg/plastic-pollution) by Hannah Ritchie, Veronika
Samborska, and Max Roser (2023).
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Chemical recycling, in which waste plastics are heated to high temperatures and/or
pressures in the presence of a catalyst that dissolves them into their constituent monomers, is
often presented as a promising alternative to mechanical recycling.'®2°?2 While powerful at
regenerating plastic feedstocks to synthesize polymers anew, chemical recycling consumes vast
amounts of energy and industrial solvents, which makes the recycled polymers much more
expensive than virgin monomers.?® Chemical recycling additionally faces the same product
stream purity barrier as mechanical recycling, and covers a much narrower range of plastics: only
polyethylene terephthalate (PET), polyurethanes (PUR), the bioplastic polylactic acid (PLA), and
the thermoplastic nylon.?° In total, chemical recycling only accounts for less than 3% of plastics
recycling in Europe.?? Several obstacles must therefore be overcome before it can expand our
global recycling capacity at the pace necessary to rival plastic consumption.?? Further research
to expand its polymer scope, increase the efficiency of monomer recovery in the presence of
mixed plastics, and reduce its operating temperatures and pressures will be required.?? At
present, all contemporary recycling strategies simply delay plastic disposal i rather than being a

truly (re-)generative starting point for all future polymers.>1°

Bold new solutions to tackle plastic waste are therefore urgently needed for increasing the
economic value of recycled monomers and processing mixed waste streams. Microbial plastic
degradation technologies are uniquely poised to respond to this challenge.?>2%2® First, several
enzymes for degrading complicated branching polymers like lignocellulose already exist in
nature.?®?* |t is probable that some of these enzymes have promiscuous activity on plastic
polymers, facilitating biochemical degradation.?®2* Second, microbial metabolism is exceedingly
flexible. Many bacteria harbor the genetic capacity to consume a multitude of carbon sources in
their natural environments, and simply toggle between assimilation programs based on substrate
availability.>>?6 Mixed plastic monomers following chemical or enzymatic degradation could
therefore be used as a feedstock for microbial recycling, bypassing the need to develop
increasingly sophisticated methods of optical sorting at recycling facilities for polymers that are
rarely pure.??” Finally, microbes could be engineered to not only degrade plastics, but convert
assimilated plastic monomers into value-added products”, thereby increasing the economic value

of plastic waste streams.?” Microbes already generate several industrially-relevant products from

v When the maximum theoretical yields of industrially-relevant compounds conferred by plastic monomers were
examined using a genome-scale metabolic model of Pseudomonas putida KT2440, the monomers of PET and PUR
were found to sustain microbial growth in addition to producing several industrially relevant compounds on par with
glucose as a feedstock. (Tiso, T. et al, 2022)
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central carbon metabolism such as adipic acid and polyhydroxyalkanoates; increasing the titres
of these compounds to economically desirable levels through the intersecting domains of
metabolic engineering and Synthetic Biology is achievable.?” Optimizing the production of these
value-added compounds could even reduce our reliance on fossil fuel feedstocks in the future.?’
So that begs the question: how do we get there? In order to assess the space of functional
enzymes and degradation pathways f r om whi ch to draw fApartso and
engineering, it will be necessary to examine the natural diversity of plastic-degrading

microorganisms.2427

Il Fantastic Beasts but Nowhere to Find Them: Plastic-Degrading Microbes
Given that plasticsé tot al m aésitsvouldl madvelyeseeme e d e d @
that current evolutionary pressure is sufficiently high to evolve advanced plastic degradation
abilities T reminiscent of the fictional fungus Tremella purgare.?® The abundance of a novel
polymer in the environment presents a unique opportunity for adaptive evolution by natural
selection; promiscuous secreted enzymes could provide a selective growth advantage in a
competitive environment if one bacterium il earnso to harness these en
alongside latent metabolic pathways for monomer assimilation i ahead of other microbes, thereby
outcompeting their microbial neighbors.?° Paradoxically, to current scientific knowledge, efficient
microbial recyclers of plastic are exceedingly rare for three key reasons: (i) the varied chemical
composition of plastic polymers, (i) limited characterization of monomer uptake and assimilation
pathways, and (iii) evolutionary propensities for cooperative degradation.
First, enzyme candidates only exist for a small subset of discarded plastic polymers, and
primarily those that mimic the ester bonds seen in plant waste.*° Polypropylene (PP) is the most
widely discarded plastic polymer globally (Figure 2), but no enzyme candidates have been found
to have activity on the polymer thus far (Figure 3).%° Similarly, polyvinyl chloride (PVC) i which
differs only by the substitution of a methyl group by chlorine on the repeating ethylene monomeric
unit T also has no available enzyme candidates' for biological recycling.*® For both PP and PVC,
the dense carbon-carbon backbone is hypothesized to be responsible for their recalcitrance to

enzymatic degradation.®°

Vv During the writing period of this thesis, three potential enzyme candidates were isolated from marine bacterial isolates

by Khandare, S. D. et al (2024) and subjected to spectrophotometric assays generally used for assessing PET

hydrolase activity. At minimum, HPLC detection of the appropriate degradation products of each purified enzyme on

PVC willbe necessarytodec| are these fitrue PVC esteraseso. OKlabgellan al repo.
sp. in 2022 have been revoked (see: Zhang, Z. et al, 20223%; Stepnov, A. A. et al, 2024%%; and Zhang, Z. et al, 2025

addendum to the 2022 article by the same authors).
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Low- and high-density polyethylene (PE) and polystyrenes (PS) are additional variations
on the C-C bonded polymer theme, and together make up approximately one third of discarded
plastics (Figure 2). However, PE and PS differ considerably from PP and PVC in their molecular
structure and polymer chain accessibility?® (Figure 3). Enzymes active against PS may exist, as
the gut bacteria of mealworms have been reported to degrade PS into biomass and CO: via *C-
labelled PS tracing experiments.®® Similarly, Galleria mellonella caterpillars have been reported
to degrade low-molecular weight PE3*3%, but mechanistic characterization of isolated PEases"
from their saliva has proved elusive.®?* Several ketones were identified as degradation products
from the purified PEases via Gas Chromatography-Mass Spectrometry (GC-MS)3+3, but further
metabolic tracing studies are needed to demonstrate a PE degradation-linked growth advantage
for G. mellonella, rather than promiscuous enzymatic activities simply allowing these plastics to
flow through the G. mellonella digestive tract unhindered®,
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Figure 3. Comparisons of biological and chemical/mechanical recyclability for plastic backbones without ester or

carbamate bonds. The colour scale represents lime green as highly recyclable and dark teal as poorly recyclable. The
estimate of HAPotenti al Bi ol o g itwoauhspeRific oyidasksaabiailable forypdyetigleree | v r ef e
(PE); the activity of which is actively debated in the literature due to the absence of structural and mechanistic data for

PE degradation3'32, All other plastic types have zero biochemically characterized enzymes at the time of writing.

Polymer abbreviations are identical to Figure 2. Data for comparing chemical/mechanical recyclability was obtained

from Hannah Ritchi @018).FPAb(sbed onfine at thigps:/tourwoddindata.org/fag-on-plastics'.

By contrast, several enzymes in terrestrial and oceanic habitats have been found to
degrade low-crystallinity polyurethane plastics (PUR) and polyethylene terephthalate (PET),
despite making up only 10% of all discarded plastic waste globally.*® Environmental persistence
is therefore an insufficient criterion for the evolution of enzymatic degradation; the structural
similarity of plastics to environmentally accessible polymers appears to be the main prerequisite
for exposing promiscuous activities to evolutionary selection.® PET contains two hydrolyzable

ester bonds, wherease PUR contains urethane (carbamate) bonds that could be attacked

Vi It is possible that the olefin or carbonyl functional groups to the PE backbone by other elements of the G. mallonella
saliva facilitates enzymatic attack, rather than these PEases acting on the pure polymer.3?
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enzymatically alongside the ester bonds in the polymer, offering yet more possibilities for

enzymatic degradation (Figure 4).%

PET-degrading enzymes are primarily annotated as hydrolases, cutinases, or lipases
under EC class 3.1.1.101.% All PETases are U/ liydrolases consisting of a single domain (i.e.
the U /-tiydolase fold where two layers of U-helices enclose a twisted b-sheet) without a mobile
lid, and are likely to be monomers in solution.*® These enzymes have been isolated from four
different bacterial phyla (Proteobacteria, Actinobacteria, Firmicutes, and Bacteridetes) and three
fungal species®®, but only a singular archaeal PETase has been found.? In terms of catalysis, all
PETases contain a catalytic triad of serine, histidine, and aspartic acid as well as a GX-type
oxyanion hole for reaction intermediate stabilization.*® The residues of the oxyanion hole tend to
be aromatics such as tyrosine or phenylalanine, which facilitate product exit of the active site
through * -stacking interactions between benzene rings of the products of catalysis.*® A single
methionine residue additionally enhances intermediate stabilization after the catalytic serine
hydrolyzes the carbonyl group.3® While all PETases suffer from low catalytic activity on PET, the
most active (non-engineered) PETase identified to date is LCC, a Leaf Compost Cutinase
identified from a compost metagenome, which is thermostable up to the glass-transition
temperature of PET (approximately 60-65°C).3¢-3 This enables improved degradation rates as the
polymer shifts away from a rigid crystalline structure to an amorphous structure at its glass-

transition temperature, which is more easily accessible to enzymes in solution.
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Figure 4. Chemical structures of polyethylene terephthalate (PET), polyether urethane (PUR), and polyester urethane
(PUR) with regions of enzymatic degradation activity indicated. Ester bonds are marked with dashes in lime, while
carbamate/urethane bonds are shown with dashes in teal. The translucent green box highlights the central aromatic
structure of polyurethanes. The graphic style was adapted from Chen, C-C. et al, 2020%,
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In comparison to PETases, fewer PUR-degrading enzymes (PURases) have been
biochemically characterized (35 PURases vs. 125 PETases"").% This may reflect the difficulty of
measuring the complex product spectrum of polyurethane degradation as well as activity on the
urethane bonds (as these polymers also contain readily-hydrolyzable ester bonds, leading to the
false classification of PETases as PURases).®® In any case, PURases appear in several
prokaryotic genera (i.e. Acinetobacter, Bacillus, Comamonas, Corneybacteria, and
Pseudomonas) as well as a handful of fungal hosts (i.e. Aspergillus, Bastobotrys, Candida, etc).*®
Unlike the highly conserved structure of PETases, PURases span three superfamilies in the
Lipase Engineering Database: superfamily 1 (GX-type hydrolases), superfamily 11 (GX-type
hydrolases with N-terminal mobile lid domains and C-terminal b-sandwich domains), and
superfamily 13.3 The latter superfamily shares sequence similarity with GGGX-type
carboxyesterases, which expands the enzymatic search space for new PURases.*® Structural and
mechanistic information is limited as none of the available PURases have solved crystal
structures with plastic substrates®, but the PAZy database is growing alongside the promise of
PUR recycling.

Polymer degradation is also i unfortunately i only one-half of the bioremediation equation;
assimilation of the resultant monomers is critical for both the reintegration of a pollutant back into
the biosphere and microbial upcycling of plastics into industrially relevant products.?”%! To
determine the incorporation of an exogenous carbon source into biomass, the gold-standard
technique is isotopic tracing, although this technique has not been widely applied in the field of
microbial plastic degradation“ to identify assimilation pathways.**? Instead, microbial growth
experiments on minimal media with plastic polymers dominate the literature, where
experimentalists confirm microbial growth via CO, evolution, or track the surface erosion of
plastics via Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy
(FTIR) and/or Atomic Force Microscopy (AFM).*? Occasionally, the degradation products are
examined via High-Performance Liquid Chromatography (HPLC) or GC-MS* to concretely identify

the monomers available for microbial uptake, but metabolic pathways are mostly speculated on

Vi These numbers reflect biochemically-characterized enzymes in the Plastics-Active Enzymes Database (PAZy)
accurate at the time of editing (May 2025). Predicted or insufficiently characterized enzymes are excluded from the
database. The database is accessible from the following link: https://pazy.eu

viii Most recently, a study applied isotopic tracing to marine fungi that appeared to grow on UV-pretreated PE plastics,
but the incorporation of PE into biomass was minimal and a putative biochemical pathway was not identified.*° Fungal
necromass was thought to be responsible for the increase in CO2 observed in their test vials. The field is therefore rife
with examples of saprophytes, rather t han fAtrueod “pl astic degraders.

ix For example, Sanluis-Verdes, A. et al (2022) used this method to assess waxworm saliva degradation of PE.3%
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the basis of the proposed monomeric degradation components.?*2 Tr ul'y fnovel 0o

microbial plastic degradation (and robust characterization of existing routes) are therefore missing

due to the fieldbdbs fascination with chansteamt eri zi

metabolic pathways.?’4142

Of the plastic polymers plausibly undergoing enzymatic degradation (i.e. PS, PE, PET,
PUR), only metabolic routes from the monomers of PET and PUR are currently known.?” For
PUR, the machinery involved in the uptake and assimilation of its degradation products is weakly
characterized due to the complex product spectrum of the polymer depending on the degradation
enzyme used.** However, microbes growing on 1,4-butanediol (BDO), adipic acid (AdA), and the
diamine degradation p r o d ulDA steimidgdrom PUR degradation have been isolated from
natural environments or evolved via Adaptive Laboratory Evolution (ALE).*® Such strains include
Escherichia coli K12, Pseudomonas putida KT2440, and Acinetobacter sp. ADP1.*® Further strain
engineering (or bacterial consortia) will be needed to tackle the complex set of PUR degradation
products, which spans acids, amines, alcohols, and aromatics as well as ethylene glycol (EG)
and -dethylénedianiline (MDA).*

A handful of bacteria have been described to grow on the monomeric degradation
products of PET, terephthalic acid (TPA) and ethylene glycol (EG).** Characterization of the
underlying enzymatic machinery from both a genetic and biochemical lens has been undertaken.
EG metabolism has been thoroughly characterized in P. putida KT2440, with four different
aldehyde dehydrogenases* and a membrane-anchored glycolate oxidase (gIlcDEF) leading to
glyoxyate.** 4 Glyoxylate is subsequently metabolized by glyoxylate carboligase (gcl),
hydroxypyruvate isomerase (hyi), tartronate semialdehyde reductase (gIxR), and pyruvate kinase
(pykF) to 2-phosphoglycerate for TCA cycle entry.*44¢ Similarly, Rhodococcus jostii and E. coli
also use the glycerate pathway to metabolize EG, although E. coli utilizes the promiscuous 1,2-
propandiol oxidoreductase FucO to oxidize EG to glycolaldehyde (GA), as well as the GA
dehydrogenase AldA for the generation of glycolate.*® R. jostii employs the dehydrogenase EgaA
and two aldehyde dehydrogenases, AldA1 and AldA2, for the oxidation of EG to glycolate for the
glycerate pathway.*® Another strain with aerobic EG metabolism is Paracoccus denitrificans,

which utilizes FucO, AldA, and GIcDEF before feeding glyoxylate into the b-hydroxyaspartate

* Given the interest in PQQ-dependent aldehyde dehydrogenases for engineering synthetic methylotrophy in the last
few years, a structural examination of two of these dehydrogenases in P. putida KT2440 has also been undertaken,
distinguishing their catalytic dependence on calcium versus lanthanides.*’
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cycle for biomass and energy generation.*® One anaerobic EG pathway has additionally been
defined in the acetogen Acetobacterium woodii.*34° In A. woodii, EG is converted to GA via a
CoA-dependent pdu gene cluster, potentially within a bacterial microcompartment.*® GA is
subsequently converted to acetyl-CoA and ethanol (which is later reduced to acetate and its

reducing equivalents are recycled via the Wood-Ljungdahl pathway).°

Isolated TPA-consuming microbes include Rhodococcus josti RHALl, Pseudomonas
umsongenesis sp. GO16, and several species of the Comamonas genus.?’” TPA catabolism is
probably the best understood of the plastic monomer assimilation pathways, as the central
terephthalic acid dioxygenase was purified and biochemically characterized from the TPA-
catabolizing bacterium Comamonas testosteroni T-2 in 1994.5° From these initial purifications, the
iron (Fe?") and NADH-dependence of the Rieske [2Fe-2S] dioxygenase was established, along
with its product (1R,2S)-dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylic acid (DCD), which
functions as an intermediate for the generation of protocatechuic acid (PCA) when paired with a
NAD(*)-dependent DCD dehydrogenase®. In 2006, a group researching Comamonas sp. E6
resolved the genetic basis of the multimetalloenzyme TPA dioxygenase-reductase (TPADO).*!
Curiously, while bio-prospecting for a strain capable of growing on terephthalate, isophthalate,
and o-phathalate with a PCA 4,5-cleavage pathway”, they discovered that Comamonas sp. E6
carries duplicated TPA catabolism gene clusters with over 94% nucleic acid identity.>* After
carrying out a series of genetic disruptions, they concluded that (i) the clusters were not
functionally redundant (e.g. both tphA1, and tphA, were required for growth on TPA) and that (ii)
the regulator TphRy and periplasmic TPA-binding protein TphC were essential for TPA
utilization.®® However, the TPA-catabolism phenotype could be conferred by transferring the
second cluster on a plasmid to a related strain, Comamonas testeroni IAM 1152.5! The same
group followed up with the heterologous purification of the TphRy regulator and an investigation
of its binding ability to the bidirectional promoter region of the cluster via Electrophoretic Mobillity
Shift Assays (EMSA) in 2010.52 Finally, the structure of the Comamonas sp. E6 TPADO was
solved in 2022, revealing a Usbs-heterohexameric Rieske dioxygenase with selectivity for TPA

and some structurally conservative TPA analogs™.%® In essence, the TPA catabolism of

X The reductase necessary for the formation of DCD was identified in the same anion-exchange chromatography
fraction as the dehydrogenase, but further purification was not possible at the time of initial discovery in 1994.5°

Xi Their primary interest in this PCA catabolism pathway was to obtain 2-pyrone.4,6-dicarboxylate (PDC), which can be
used as a building block for bioplastics.>°

Xt Amino and hydroxyl substitutions at the C2 position with 2-OH-TPA and 2-NH2-TPA are tolerated, but not 4-
formylbenzoic acid, 4-carbamoylbenzoic acid, or 4-nitrobenzoic acid.>?
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Comamonassp.E6 can be considered Acompletely understoo
biochemistry, genetics, and structural biology, although this understanding can only be
extrapolated to other TPA-degraders mentioned above T in reality, there may be differences in
the enzymatic machinery for TPA catabolism given that these microbes occupy different
ecological niches. Importantly, the steps downstream of protocatechuic acid (PCA) also vary
depending on the aromatic ring cleavage pathway of the microbial host.?°*4% PCA can be ring-
cleaved at the ortho position by PcaHG homologs leading to b-KA (which ultimately yields
succinate and acetyl-CoA for the TCA cycle), the 2,3-meta position with LigAB homologs to
generate pyruvate and acetyl-CoA, or 4,5-meta position with PraA homologs, generating two
molecules of pyruvate.®**> Opportunities for further comparing PCA pathways from different
microbial hosts are therefore readily available.

The final challenge to the evolution of bona fide plastic degradation may simply be that it
is evolutionarily advantageous for microbes to partake in cooperative degradation due to the
metabolic burden of a single host expressing all of the necessary enzymatic machinery for
polymer decomposition, uptake, and product transformation.?65657 Secreting hydrolytic enzymes
is a cost on two fronts. First, a cell must synthesize and secrete enough hydrolase to liberate
sufficient monomers for microbial metabolism and cellular growth.26:°¢>7 Even if such a polymer is
energetically #Aricho enough to support growt h, o]
monomers for their own metabolism, without any metabolic investment on their behalf (i.e. a
consortia will naturally evolve ficheaterso®that e
Cases of cooperative degradation of synthetic polymers have been found in marine environments,
where microplastics are so abundant that they garner their own microbial ecosystems and are
collectively referr ed®®Inhoneaush commenityiigaktia filh-attached e r e 0
Marinobacter and free-living Saccharospiriullum share hydrolysis and monomer assimilation of
PET and bioplastic poly(butylene adipate-co-terephthalate), respectively, but no singular microbe

possesses all of the machinery for degradation and product assimilation.>®

V. The one PET-degrading microbe to rule them all: Ideonella sakaiensis

In 2016, a soil microbe capable of degrading low-crystallinity PET and assimilating its
monomers into central carbon metabolism as a major carbon source was discovered.5%6!
Christened Ideonella sakaiensis 201-F6, the beta-proteobacterium was isolated from a microbial
consortium collected at a PET recycling facility in Sakai, Japan.® Intriguingly, it possesses two

secreted hydrolases that are capable of breaking the bonds in PET.%° First, monomeric PET
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hydrolase (PETase) converts the plastic polymer into mono-2-hydroxyethyl-terephthalic acid
(MHET) as a major product (approximately 90%), as well as bis(2-hydroxyethyl)-terephthalate
(BHET) and terephthalic acid (TPA) as minor products.®62%4 The second hydrolase, MHETase,
converts MHET into the complete monomers of PET decomposition: terephthalic acid (TPA) and
ethylene glycol (EG) (Figure 5; 1 and 2).6%%* The subcellular localization of MHETase is a matter
of debate, as it contains a signal sequence for secretion®455 but hydrophilic molecules up to 2
nm across are generally capable of crossing bacterial outer membranes via nonspecific porins.®®
Therefore, MHETase could either cross the outer membrane as a secreted protein or remain in
the periplasm to act on the incoming products of PETase for the generation of TPA and EG.54%
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Figure 5. A summary of PET catabolism in Ideonella sakaiensis. Numbers indicate TPA catabolism pathways, whereas
letters indicate the EG catabolism pathway. First, PET hydrolase (PETase, 1) is secreted into the extracellular milieu.
MHET (major product, ~90%) or BHET (minor product, ~10%) is liberated from PET depolymerization, which
subsequently crosses an unknown, non-specific porin into the periplasmic space. There, MHET hydrolase (MHETase,
2) cleaves these compounds into TPA and EG. TphC (3) binds TPA and ferries it to a multipartite TPA transporter (4),
which actively transports the molecule into the cytoplasm. Subsequently, a terephthalate dioxygenase and its cognate
reductase converts TPA to PCA (5-7). EG can passively diffuse across the outer membrane, where it is converted to
GA by aldehyde dehydrogenases IsPedE, IsPedH, or IsXoxF (A). From homology, GA is most likely converted to
glycolate by a membrane-anchored multipartite oxidase (B), then glyoxylate by glycolate oxidase (C), which enters
conventional carbon metabolism via glyoxylate carboligase (D to F).
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In the case of the first monomer, TPA is immediately sequestered via a periplasmic TPA-
binding protein, IsTphC, whose structure was recently solved (Figure 5; 3).” When compared to
TphC from fellow TPA-degrader Comamonas sp. E6 (CsTphC)®2%8, IsTphC revealed a much
higher specificity for TPA: the Kp for ISTphC is ~58.3 nM versus 364 nM for CsTphC*. ISTphC
also exhibits robust TPA binding in the presence of MHET and BHET; both abundant during PET
hydrolysis.®>¢7 After binding TPA, TphC ferries the molecule to a transporter for cytoplasmic entry
(4).57%8 There, TPA is likely converted to PCA via a TPA dioxygenase (TPADO) and its associated
reductase (5-7), as in Comamonas sp. E6.51°380 PCA subsequently enters the TCA cycle,

although its intermediate oxidation pathway has not yet been defined.

Biochemical characterization of the catabolism of the second product of MHET hydrolysis,
EG, is much weaker. EG is believed to passively diffuse over the cell membrane, where it is
dehydrogenated to glycolaldehyde (GA) by two membrane-bound alcohol dehydrogenases:
IsPedE and IsPedF (Figure 5; A).%° Depending on the availability of the rare earth element
praseodymium, IsXoxF can also be involved in dehydrogenation.®® GA is most likely converted to
glycolate by a membrane-anchored multipartite oxidase (B), then glyoxylate by glycolate oxidase
(C), which enters conventional carbon metabolism via glyoxylate carboligase (D to F) based on
homology to the EG metabolism of P. putida KT2440.454¢

V. Progress in Engineering Microbial PET Degradation

Microbial PET degradation research is still in its infancy, but the field has been operating
at a break-neck pace since the discovery of |. sakaiensis in 2016. Several investigators have
focused on unraveling the structures of secreted hydrolases to advance enzymatic plastic
degradation approaches (e.g. IsPETase in 2017%2 and 2018%, IsMHETase in 2019%, alongside
several other hydrolases), which has facilitated intense enzyme engineering campaigns for better
variants’®"® improved heterologous secretion systems’®’’, or enhanced surface display.’®%2 All
PETases isolated from nature have relatively poor catalytic activity on commercial high-
crystallinity plastic, which is an important obstacle to overcome for microbial recycling processes

to function at-scale.?!%6#48 The best IsPETase variant to emerge is FAST-PETase* through a

Xv_Two residues are believed to be responsible for this difference: Tyr37 and Pro38.8 (These residues are originally
phenylalanine and serine, respectively, in homologous structures.) Tyr37 allows for the formation of an additional
hydrogen bond in IsTphC, which stabilizes the carboxyl group of TPA.%8 Tyr37 additionally engages in stabilizing " -
stacking interactions with the benzene ring of TPA.%8 Pro38 occurs at the binding pocket of IsTphC and is postulated
to stabilize the closed conformation through Pro-Pro hydrophobic interactions as well as facilitate TPA-binding as a
hydrophobic residue.®

* A cheeky acronym for Functional Active Stable Tolerant-PET Hydrolase
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machine learning-guided approach. FAST-PETase depolymerizes over 50 untreated commercial
plastics in less than one week.”® Thermal pre-treatment and operating the reactions at 50°C
further enhanced monomer liberation, to the point that a 6.4 g plastic container could nearly be
fully depolymerized in 48 hours.” While FAST-PETase has not yet been deployed commercially
(likely due to the fact that the enzyme still suffers from product inhibition and slower catalytic rates
under industrial conditions®®), French enzymatic degradation company Carbios employs a
rationally-engineered version of LCC with an novel disulfide bridge that drastically enhances
enzyme thermostability (LCC'®).8 This allows for bioreactor operation at 72°C, i.e. above the
glass transition temperature of PET.%® Remarkably, their bioprocess achieves 90% PET
depolymerization from post-consumer coloured flake PET waste in a mere 10 hours, which
corresponds to a bioreactor productivity of ~16.7 g of TPA/L/hour for every kg of PET waste i
using only 3 mg of LCC'C®€ 8¢ Unequivocally, LCC'°€ is the best PETase to date.® 6

Enzymatic PET degradation has therefore reached industrial implementation, although the
cost of recycled monomers still cannot compete with petroleum-derived monomers for plastic
synthesis.?":3%8788 Microbial conversion processes will therefore play an important role in the
valorization of enzymatically-degraded plastic hydrolysate.?*27:39888% Tq this end, the field has
predominantly focused on the Pseudomonas genus for PET upcycling due to its pre-exisiting PET
monomer metabolism and excellent ability to withstand stress.®”#° In 2021, a team at the Colorado
National Renewable Energy Laboratory demonstrated that P. putida KT2440 could be used for
upcycling PET to a nylon-6,6 precursor, beta-ketoadipate (b-KA), by integrating a TPA transporter
from Rhodococcus jostii sp. RHAL, a TPA catabolism gene cluster from Comamonas sp. E6,
deleting the endogenous glycerate pathway regulator™, and overexpressing glycolate oxidase.*
With additional deletions in the native pathway leading to endogenous metabolite b-KA alongside
the integration of ISPETase and IsSsMHETase with their native secretion signals, they were able to
increase titres of b-KA to 15.1 g/L, corresponding to a 76% molar yield from BHET as a starting
product.®® The authors noted that TPA accumulated at later timepoints of their bioreactor

cultivations, suggesting strain TPA transport or utilization was the rate-limiting step.®

A TPA-catabolizing strain of P. putida KT2440 was also generated via untargeted Tn5

integration of the TPA catabolism genes from Comamonas sp. E6 combined with ALE, which

xi The singular knockout of the gcIR regulator drastically shortens lag times on EG as a sole carbon source and allows
the microbe achieve optical densities (ODsoo) greater than 1.0. (Franden, M. et al, 2018)
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resulted in mutations to a native porin for TPA uptake as well as the EG pathway regulator gcIR
previously implicated in EG catabolism.®* However, despite optimizing an expression vector to
screen a diverse library of prokaryotic hydrolases, synthetic PETtrophy could not be established.®:
Instead, the TPA-assimilating strain frequently suffered from culture collapse when hydrolase
secretion was induced™', indicating instability in resource consumption between secretion and
monomer assimilation pathways.®! Taken together, these emergent studies in engineering PET
catabolism point to a gap in our understanding of the best practices for engineering TPA uptake
and assimilation. Engineering TPA catabolism deserves particular attention as the EG metabolism
of P. putida KT2440 is relatively well-understood, and both approaches involved either deletion
or mutation of the gcIR regulator to evade the lag-period in EG catabolism.®®%! In contrast, the
optimal expression levels of TPA catabolism genes are not known and the only candidates that
have been used thus far are from Comamonas sp. E6™",

As |. sakaiensis is the only non-engineered microbe capable of depolymerizing PET and
utilizing its monomers as a carbon source with relative balance, an in-depth examination of its
PET degradation pathway is warranted.®® A fundamental understanding of these processes would
not only allow us to enhance the growth of I. sakaiensis on PET (e.g. by deleting repressors of
the pathway), but it could enable the use of I. sakaiensis as a growth-coupled screening platform
for enzyme engineering, accelerating microbial PET upcycling projects. Furthermore, the
generation of industrial PET-degrading strains with transcription factors sensitive to pathway
metabolites would allow toggling between degradation and assimilation/production modes, which
could lead to improved titres of value-added metabolites. Necessarily, this requires a better
characterization of the regulators of PET catabolism in I. sakaiensis. The only TPA-sensitive

pathway regulator has been characterized so far is in Comamonas sp. E6.%2

Potentially, |. sakaiensis could be a candidate for chassis development for PET upcycling
efforts in a future plastics bioeconomy. The pathway to generating a Synthetic Biology (SynBio)
chassis requires extensive characterization of microbial physiology alongside the development of
genetic tools to ensure that the strain can be easily engineered and is stable under industrial

conditions (Figure 6).92% Metabolic streamlining is also typically undertaken to eliminate mobile

wii This persisted even when the hydrolases were carried on a plasmid with a low copy number origin-of-replication.
il \While this is likely due to the biochemical elucidation of the pathway in Comamonas sp. E6 in 2010 and structural
examination in 2022, flux gains could be garnered in engineered strains by using the |. sakaiensis TPADO, TPA
transporter, or periplasmic TPA-binding protein.
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Figure 6. Roadmap from a wildtype bacterium to a standardized SynBio chassis, based on the conceptual work of de
Lorenzo as well as Calero and Nikel. The graphic style was inspired by Calero, P. and Nikel, P. 1. (2018).

|. sakaiensis™*i s at the very begi nnitnygp eo fB a chtiesr ij wmd nveiy
a 227 contig-level genome assembly, an RNA-Seq dataset, and a single genetic knockout vector
that is dependent on a parental strain without pyrF (i.e. the method cannot be used on the readily-
accessible isolates deposited in the DSMZ or NITE biological databases).5>% To truly empower
I. sakaiensis as a recombinant DNA host and ultimately unlock its potential as a SynBio chassis,
generating genetic tools for genome manipulation and undertaking a thorough physiological
characterization of the microbe will be essential.

Xix | sakaiensis has recently been renamed Piscinibacter sakaiensis, based on a taxonomy study attempting to resolve
the Closest-to-Comamonadaceae (CTC) group.®® As the reported threshold for family demarcation is 92.25% and the
CTC group is 92.84+0.79% related based on 16S rRNA sequencing, the author finds the rationale for casting the CTC
group as a separate family insufficient.®® Furthermore, |. sakaiensis was only grouped with three other strains on the
basis of a phylogenomics analysis of 92 core genes.®® Therefore, the basonym Ideonella sakaiensis will be used
throughout this thesis.
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VI. Aims of this Thesis

Advancing microbial chassis organisms is one means of expanding a circular bioeconomy
for plastics. In order to economically compete with the cheap cost of virgin materials, these
chassis would optimally feature balanced plastic degradation and monomer assimilation
pathways. More importantly, they would be genetically accessible for genomic streamlining,
metabolic engineering, and the production of value-added compounds. While considerable
research has focused on improving the thermostability and catalytic activity of the hydrolases
involved in the decomposition of PET, there has been limited work on organisms beyond
Pseudomonas putida KT2440 for plastics assimilation and upcycling. In particular, the scientific
community T with the exception of the research group that discovered it T has neglected the
terrestrial microbe Ideonella sakaiensis 201-F6. As this is the first isolated microbe capable of
degrading PET into its constituent monomers and assimilating its products into cellular
metabolism as a major carbon source, it is worthy of further examination for advancing in vivo

microbial plastic degradation and upcycling approaches.

In this thesis, the unique physiology of I. sakaiensis will be examined. The first two
chapters unveil its closed genome structure and the biochemistry of its transcription factors. The
final chapter explores early attempts to make the organism genetically tractable via the
identification of a functional origin of replication using a high-throughput screen as well as an

electroporation method.

1 Chapter 1 details the genome structure of Ideonella sakaiensis, alongside predicting
metabolic pathways for TPA and PCA degradation from proteomics

1 Chapter 2 examines the transcription factors related to PET catabolism using in vitro
biochemistry techniques. Their activity in response to TPA is additionally compared to a
transcription factor from the well-characterized TPA-assimilator Comamonas sp. E6

1 Chapter 3 moves towards the generation of genetic tools for Ideonella sakaiensis by
identifying an origin of replication for the microbe and an electroporation protocol

Taken together, these chapters advance our genomic and biochemical understanding of
the regulation of TPA catabolism in the non-model microbe I. sakaiensis, which paves the way for
Synthetic Biology approaches employing PET degradation machinery as well as mixed-

bioprocess strategies for plastic degradation and upcycling.
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Chapter 1. Ideonella sakaiensis Genome Closure and

Metabolic Pathway Prediction

fi | have never regarded sequenci
but as a step towards a greater understanding
of I'iving matter. 0

~ Dr. Frederick Sanger, 19881

The Hybrid Sequencing Revolution

The declining cost of short-read sequencing over the past decade has resulted in the rapid
population of biological databases with new microbial genomes.?3 However, the success of short-
read sequencing is hampered by the inability of downstream assembly algorithms to correctly
order tandem repeats, even at high sequencing depth, leaving considerable uncertainty in the
number and location of repeat regions in the final assemblies.* Most microbial genomes therefore
exist as scattered contigs.>®> While these assemblies can be interrogated by bioinformatics
programmes for gene annotation (e.g. RAST®) or phylogeny building (e.g. BLAST’), they remain

structurally incomprehensible.>#

Long-read sequencing resolves the genome assembly issues derived solely from short-
read sequencing.*® In the case of the commercially available nanopore sequencer from Oxford
Nanopore Technologies, the MinlON, read lengths range from 6-20 kilobase pairs (kbp), which
compares favourably to the 0.3 kbp maximum for Illlumina short-read sequencing.*® Repetitive
regions in microbial genomes can therefore be easily resolved, thereby allowing the full sequence

of a microbial genome to not only be read, but spatially organized.®
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Importantly, nanopore-based sequencing often calls nucleotides with less accuracy due
to inherent limitations wi t h  how DNA s e q uusingcthe gechaique.® IMinarmpock O
sequencing, a single-stranded DNA molecule is fed through a proprietary membrane-embedded
nanopore-motor protein complex, yielding nucleotide-specific ionic current changes as the DNA
passes through the nanopore.® These signals can then be computationally decoded to obtain the
input DNA sequence.® However, nucleotides occasionally accelerate through the nanopore faster
than expected, leading to incorrectly called bases.® Methylation on DNA bases can also disrupt
current readings and thus base-calling accuracy.®® Combining the high sequencing depth of
short-read sequencing with the structural resolution of long-read sequencingi so-c al | ed fAhybri
genome s e qiuie therefonegnécessary to produce maximally accurate and complete

genome assemblies.®*

Genome closure is under-appreciated for accelerating the genetic tractability i and
therefore the domestication i of non-model microbes.*° A structural understanding of microbial
genomes not only provides insight to operon organization and microbial evolution, but informs the
design of genetic tools for biological engineering.'® For example, understanding chromosomal
organi zation enables the sel ectairbmuacf |iorcti &g r atdij arm
chromosomal origin of replication or within rrn genes, which has been demonstrated to enhance
the expression of heterologous genes in the model bacteria P. putida KT2440.1! Secondly,
knowledge of the replicative origins of megaplasmids can be exploited to develop broad-host
range plasmids that are stably maintained in emerging biotechnological hosts, which allows
production pathways to be compared across species before committing significant time and
resources to engineering a single organism.'23 Finally, understanding the origins of replication
and copy number of plasmids carried by a given microorganism is essential for rapidly prototyping
synthetic pathway designs (or simply confirming gene function via complementation following a
genetic knockout). In many cases, such replicons can be identified from genome sequencing
data.'*!® This information allows plasmid incompatibility to be avoided, which prevents precious
time from being wasted on plasmid designs with origins of replication that either will not be
maintained or will compete for replicative resources with native plasmids in a given
microorganism.® Cargo cytotoxicity can also be circumvented through the selection of a low- or
medium-, or inducible-copy vector prior to the initiation of engineering.!” Without a closed
genome, this information is scattered over many contigs and remains difficult to grasp without

significant researcher time investment.
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Closing the Ideonella sakaiensis 201-F6 Genome

The current |. sakaiensis genome assembly is fragmented into 227 contigs.'’® A
combination of short-read Illumina paired-end sequencing and long-read Nanopore sequencing
was therefore performed to close the I. sakaiensis 201-F6 genome. The read quality of the
lllumina sequencing was near optimal, with a genome coverage of 85 (Supplementary Figure 1,
Supplementary Figure 2). The Oxford Nanopore sequencing was performed by Dr. Daniel
Schindler of the MaxGENESYS Facility, which yielded a genome coverage of 47 with a median
read length of 14.6 kbp, which is sufficient for hybrid assembly (Supplementary Figure 3,
Supplementary Table 2). In collaboration with bioinformatician Dr. Oliver Schwengers of Justus-
Leibig Universitat Giel3en, the bacterial genome assembly pipelines Unicycler, Flye, and Miniasm
were used to generate a hybrid assembly of the |. sakaiensis genome.*®'2* Comparison of the
different assembly approaches allowed us to interrogate the genome structure of I. sakaiensis
with greater confidence, as different pipelines yielded slightly different hybrid assemblies.
Importantly, prior to genome extraction and all bioinformatics analyses, the microbial species
identity of I. sakaiensis was ratified. Experimentally,16S ribosomal RNA (rRNA) sequencing and
a BLAST search of the nr database confirmed species identity by returning |. sakaiensis as the
top hit.” Bioinformatically, an average nucleotide identity (ANI) analysis against all RefSeq
genomes as well as a 16S rRNA search against the high-quality rRNA database SILVA were
additionally conducted with the genomic data.?? All tests confirmed that the microbe in hand

corresponded to Ideonella sakaiensis.

For the first hybrid assembly, Unicycler yielded two large linear contigs of 4202 kbp and
1933 kbp alongside a closed megaplasmid of 128 kbp. Hybrid assemblies with Flye and Miniasm
together yielded three replicons: one chromosome of 6.134 megabase pairs (Mbp), one
megaplasmid of 128 kbp, and a 20 kbp replicon. The Unicycler assembly was subsequently
repeated with only the lllumina short read sequencing data in order to exclude the possibility that
the 20 kbp replicon arose from sequencing contamination that was masked by the Unicycler
pipeline. As the lllumina short-reads mapped to the 20 kbp replicon in both the Flye and Miniasm
assemblies with sufficient coverage, the 20 kbp replicon does not appear to be an artifact of the

hybrid assembly pipeline used.

With these genome assemblies in hand, we proceeded to annotate the tri-replicon genome
using Bakta.?® Bakta is a rapid taxon- and alignment-independent gene annotation tool that

outperforms the common annotation pipelines Prokka and DFAST for functional ontology
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assignment to predicted coding sequences using EC numbers and GO terms.2 Intriguingly, both
the main 6.134 Mbp chromosome and 128 kbp plasmid contain replication and partitioning
proteins (Table 1), but partitioning elements are missing from the 20 kbp replicon. Bakta was not
able to identify the chromosomal origin of replication site, oriC, for the I. sakaiensis genome, which
is typically a series of nine basepair asymmetric recognition sequences followed by an AT-rich
region ( i . @TATNECACA-3 #¥)Manual searches using the canonical dnaA box were not able
but t he r ecog-iTATTICAGA-3®e gdwersc e
appear 73 bp upstream of the dnaA gene, which is known to be negatively autoregulated by

to identify a probable location for oriC,

replication machinery in other bacterial genomes.?#

Table 1. Homologs of partitioning proteins identified across |. sakaiensis replicons. Bakta gene annotations are shown
first, with annotations from the Yoshida, S. et al (2016) genome assembly in parentheses.8

. Main Chromosome 128 kbp Plasmid
Gene Function
Homolog Homolog
Initation of chromosomal replication; the
encoded protein binds to the consensus
dnaA dnaA box at the chromosomal origin of LDCCDE_08560 Not found*
S oA T (ISF6_3782)
replication i oriC i to recruit initiation
machinery?®
Walker-type ATPase that forms filaments for parA
Aipullingd bacterial (ISF6_0187)
parA ATPase activity is activated upon binding to parAxi Not found
ParB?® (ISF6_0003)
DNA-binding protein with CTPase activity
. . . LDCCDE_09575 LDCCDE_28190
parB that binds parS_s_,ltes tcgggfllltate DNA (ISF6_0645) (ISF6_3435)
partitioning®>

Three parS sites were identified on the primary |. sakaiensis chromosome with only slight
p a _TTETTNCGAGGTGAAAGLe3 (labla 2).¥

All sites are approximately 5-6 kbp upstream of the |. sakaiensis homolog of parB, which is known

deviationsfromt he 16 basepair
to bind these consensus DNA sequences and act as a hucleation point for ParA filament binding
and depolymerization in other ParABS systems of bacterial chromosome segregation.®
Intriguingly, all parS sites on the primary chromosome are located within genes that are predicted
to have functions related to modification of translational machinery: the 16S rRNA guanine®?’-N’-

methyltransferase rsmG and the tRNA uridine 5-carboxymethylaminomethyl®* synthesis enzyme

* This is to be expected, as there is typically only one copy of dnaA per genome. In multipartite genomes, it is
typically located on the primary chromosome, which is also observed for I. sakaiensis.?

»i Bakta annotated two genes on the main |. sakaiensis chromosome with homology to parA, although they differ
slightly in amino acid sequence.
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mnmG*".2".26¢ Manual identification of parS sites on the 128 kbp megaplasmid was not possible,
as all sequences deviated significantly from the parS consensus sequence. Further experimental
research is therefore required to understand the partitioning of the 128 kbp megaplasmid of 1.
sakaiensis, as putative oriV sites also could not be predicted computationally with Bakta.

Table 2. Putative parS sites identified on the primary 6.134 Mbp chromosome of I. sakaiensis. Nucleotide mismatches

from the parS consensus sequence are bolded and underlined. Mismatches appear to occur mainly at the ends of the
sequence.

parS Nucleotide Position Sequence( 53606) rel ative t Gene
210889271 2108 907 GGTTCCACGTGGAACA rsmG
2109849171 2109 864 CGTTTCACGTGAAACC mnmG
21100387 2110053 CGTTTCACGTGAAACC mnmG

We then turned to pulse-field gel electrophoresis (PFGE) to provide experimental support
for the hybrid genome assembly of I. sakaiensis. Unlike regular DNA gel electrophoresis, PFGE
allows DNA molecules up to 10 Mbp in size to be separated, which allows secondary replicons in
microorganisms to be visualized.?® PFGE revealed the presence of an approximately 128 kbp
band, supporting the notion that I. sakaiensis carries a megaplasmid (Figure 7). |. sakaiensis
cultures in stationary phase (ODsoo ~ 1.5) were subsequently subjected to plasmid isolation using
the ZymoPURE Il Plasmid Midiprep kit, which can capture replicons up to 200 kbp in size. While
concentrations above 50 ng/ul were obtained, these replicons failed to be re-sequenced
successfully via a commercial Nanopore sequencing service due to DNA fragmentation (data not
shown). The existence of a 128 kbp plasmid is therefore probable, but could not be independently
isolated in high enough quantities to be sequence-verified during the period of this thesis.

xii These enzymes attach a carboxymethylaminomethyl functional group to the uridine in the anticodon loop, which
pairs with the third codon base in mMRNAi t he fi wo b b |ieédringdecsding in thenribosomal A site.?8
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Figure 7. Pulse-field electrophoresis of |. sakaiensis
agarose plugs prepared from stationary phase
cultures. Cells were lysed in-plug with either 10%
sodium-lauryl-sulfate  (SLS) or 10% sodium
deoxycholate (SDC) detergent with 1 mg/mL
lysozyme and proteinase K (each) for 24 hours prior
to loading. Genomic DNA release appears greater in
the 10% SLS condition, but an approximately 128
kbp band can be seen (albeit faintly) in all conditions,
indicated with a green arrow at left. The NEB lambda
PFGE ladder (#N0341S), composed of progressively
larger concatemers of lambda DNA (clI857 ind 1
Sam7), was used as a size marker. Its size range is
45.8 i 1,018 kbp, although the upper size range
observed in this experiment is 436.5 kbp. No
conclusions can be made about the upper bands of
the gel, as these exceed the observed size range for
the PFGE ladder. R1 and R2 represent biological
replicates. One replicate is shown for the 10% SLS
digestion condition, whereas 2 replicates are shown
for the 10% SDC condition. The uncropped gel can
be found in the Appendix (Supplementary Figure 4,
n=12).

As the 20 kbp replicon is beyond
the size resolution of the available PFGE
ladders, it is therefore uncertain whether
this 20 kbp element is a mobile genetic
element (MGE), or a plasmid carried at a
very low copy number in the I. sakaiensis
genome. Due to the absence of replicative
elements in the annotated genetic
machinery of the 20 kbp element, it seems
unlikely that this element exists as a
replicative plasmid (Table 3). Intriguingly, it

encodes two proteins with identical C-

terminal transposase domains of 259 amino acids (originally ISF6_0402 in the 227 contig
assembly; reannotated as LDCCDE_28455 and LDCCDE_28395 due to their different coding

sequence lengths of 780 bp and 1434 bp, respectively). Upon re-examination of the sequencing

coverage, it was observed that the long-read sequencing coverage of the entire 20 kbp element

was only 2.5, which is quite low. This could potentially indicate that the 20 kbp element is a mobile

genetic element inserted twice in the genome.
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Table 3. Genomic contents of the 20 kbp duplicated genetic element in the |. sakaiensis genome.

Original Uniprot Annotation
Conti Bakta Annotation (Yoshida et al, 2016 Predicted or Known Function
'9 Assembly)
PETase (EC:3.1.1.101); catalyzes the
LDCCDE_28380 ISF6_4831 degradation of PET into MHET and BHET?3°
74 pyrC . )
(LDCCDE 05510) ISF6_4832 Dihydroorotase (EC:3.5.2.3)
LDCCDE_28370 Unannotated Helix-turn-helix transcriptional regulator
Transposase with zinc-binding domain;
114 LDCCDE_28455 ISF6_0402 appears to be a truncated duplication of
LDCCDE_28395
LDCCDE._28450 ISE6_4088 4 —phosphopante;h;a|g39|)transferase (EC:
LDCCDE 28445 ISF6_4089 Long-chain fatty acid CoA ligase
LDCCDE_28440 UDP-glucose:sterol glucosyltransferase
ISF6_4090 Hypothetical protein; occurs after internal
LDCCDE_28435 stop codon in predicted ORF ISF6_ 4090
LDCCDE_28430 ISF6_4091 Permease component of the ABC-type
antimicrobial peptide transport system
62 Perm mponent of the ABC-t
LDCCDE_28425 ermease component of the AbL-type
— antimicrobial peptide transport system
ISF6_4092 - — 2
LDCCDE 28420 Hypothetlcal_ protein; occurs after internal
— stop codon in predicted ORF ISF6_4092
LDCCDE_28415 ISE6_4093 Methionine ABC gs&zﬁ?rter ATP-binding
macA ISF6_4094 Macrolide transporter subunit MacA
LDCCDE_28405 ISF6_4095 Putative membrane protein
ISE6 0770 Helix-turn-helix araC/xylS-type domain-
62/151 LDCCDE_28400 - containing protein; putative transcriptional
(Fragment)
regulator
Transposase with zinc-binding domain; C
terminus contains duplication of
114 LDCCDE_28395 ISF6_0402 LDCCDE_28395, gene is 1434 bp in
comparison to 780 bp for LDCCDE_28455
Helix-turn-helix araC/xylS-type domain-
74 LDCCDE_28390 ISF6_4829 containing protein; putative transcriptional
regulator
LDCCDE_28385 ISF6_4830 Lipase helper protein

A Putative Role for Transposition in the Evolution of PET Catabolism

To further examine the role of the transposons on the 20 kbp element, the main
chromosome was examined for the nucleotide sequence of the larger transposon, i.e.
LDCCDE_28395 (Table 3). A 20.47 kbp tandem duplication featuring five copies of
LDCCDE_28395 was found, although each transposon has an additional identical 8Lbpat t he 56
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terminus of the gene™. The chromosomal positioning of the duplicated 20 kbp element is of
particular interest as it is not only adjacent to the terephthalic acid operon of |. sakaiensis, but it
contains the PET hydrolase (ISF6_4831, annotated as LDCCDE_28380 with Bakta) which is
responsible for the first step of PET depolymerization into MHET and BHET (Figure 5).
Provocatively, this could suggest that PET degradation by |. sakaiensis was acquired via
transposition®", rather than the evolution of a promiscuous hydrolase in its genome. In either
case, the PETase gene is carried at two copies on the main chromosome, which would likely
result in higher expression of the hydrolase. This could be evolutionarily advantageous in the

PET-contaminated environment in which the microbe was isolated.

When the amino acid sequence of the transposon was submitted as a query for a BLASTp
search of the non-redundant protein sequence database, the transposon was found to be
homologous to the 1S91 family, which can yield tandem insertions of linearized plasmids in
bacterial genomes when the terlS sequence is mutated or deleted.®3? A six bp inverted
palindrome was found i n-CCBGCTIGcAGOLGG-2 Graumenondoeall
five transposons within the genomically-duplicated 20 kbp region, which could potentially
correspond to the terlS of the transposon.3? As this region was heavily mutated within the 20 kbp
replicon that could not be genomically assigned, it is tempting to speculate that effective genomic
mutation of this site may have caused the tandem duplication of the 20.47 kbp region in which
the PETase gene is carried. However, the 81 bp sequence is also in frame with the coding
sequence of the transposon on the main chromosome. This region may therefore correspond to
the addition of 27 amino acids to the N terminus of the protein, although translation would then

begin with the non-canonical start codon GTG, instead of the canonical ATG.

In conclusion, the |. sakaiensis genome comprises one 6.134 Mbp chromosome, one 128
kbp megaplasmid, and potentially a 20 kbp mobile genetic element (MGE) next to the TPA operon
of I. sakaiensis (Figure 8). This improves upon the previous genome assembly of I. sakaiensis,
which was fragmented into 227 contigs, failed to identify that I. sakaiensis carries a megaplasmid,

and spliced the MGE containing PETase and the TPA operon into separate contigs, when these

xiilj . e gtgcacgecgceeecgecageceggticettacceggetiggecagecggctceactacgaacgccaccgaccggageagacc-3 6
XV Recently, this approach was used to activate microbial PET degradation in municipal wastewater microbes: a

plasmid with a broad-host-range origin carrying the catalytically improved FAST-PETase variant was conjugated into
environmental wastewater samples. The supernatant of these isolates was able to partially degrade post-consumer
PET in 5-7 days; an exciting benchmark for in situ degradation of PET plastics.15?
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genetic elements lie adjacent to one another. Further studies will be needed to determine the role
of transposons in the evolution of PET catabolism in |. sakaiensis, both due to their proximity to

TPA catabolism genes as well as their potential role in the duplication of the PETase gene.

20 kb MGE 128 kb
Duplication Megaplasmid
1. sakaiensis TPA Operon
| |
TF TPA Catabolism Genes TF TF

iphA7 tphB MHETase ISF6_0223

Figure 8. Genome organization of |. sakaiensis. The organization of the TPA catabolism operon is indicated below the
microbe as this will be discussed extensively in a subsequent section. It is immediately upstream of the approximately
20 kbp mobile genetic element (discussed above). The position of these genetic elements is arbitrarily depicted on the
genome due to the absence ofaclearoriVs i t e mar ki n Cregted with Biorender (fiti@sd/BioRender.com).

Predicting the Metabolic Potential of I. sakaiensis

To gain a better overview of the available metabolic pathways in |. sakaiensis before
delving into its PET catabolism, both the primary chromosome and 128 kbp megaplasmid were
submitted to the SEED-based prokaryotic Rapid Annotation using Subsystem Technology
(RAST)server®*RAST wuses cur at & dolledtisns &f gepes knewn sode involved in
the same biosynthetic pathways 7 to declare probable metabolic modes, with the ultimate goal of
improving inter-species comparative genomics.® The RAST coverage of both replicons was quite

low overall, with only 25% of chromosomal genome annotations and 11% of megaplasmid
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annotations fitting into RAST subsystems. Potentially, the high GC content of the I. sakaiensis

genome at 73% confounds the accurate annotations of these subsystems.

From the set of successful subsystem annotations, the main chromosome of |. sakaiensis
primarily appears to be dedicated to metabolism of amino acids and their derivatives (317),
followed by carbohydrates (287), proteins (226), cofactor and vitamin synthesis (152), respiration
(142), lipid metabolism (137), and membrane transport (134) (Figure 9). Systems for nitrogen

assimilation and methanol utilization were not identified.

Main Chromosome

Potassium Metabolism, 10 _Iron Metabolism, 10

Phosphorus Metabolism, 27
Chemotaxis, 26 Sulfur Metabolism, 7

Cell Wall, 32
Regulation and Cell Signaling, 37
RNA Metabolism, 57

Amino Acid Metabolism, 317

Virulence, Disease, and
Defense, 72

Megaplasmid

Aromatic Compound
Metabolism, 75

Stress Response, 80

Carbohydrates
Metabolism, 287

Nucleosides and
Nucleotides, 86

DNA Metabolism, 95

mVirulence

o Membrane Transport
ERegulation and Signaling
EDNA Metabolism

Membrane Transport,

134 Protein Metabolism,

Fatty Acids and Lipids,
137 Cofactors and Vitamin

Biosynthesis, 152
Respiration, 142

Figure 9. RAST subsystem distribution for the primary chromosome of |. sakaiensis and its 128 kbp megaplasmid.

The 128 kbp megaplasmid, by contrast, largely features subsystems for defense (15), with
a smaller proportion dedicated to membrane transport (3), regulation and signaling (2), and DNA
metabolism (1). I mportantly, fAdefenseo is directe
the encoded sub-systems are for cadmium, cobalt, copper, mercury, and zinc resistance), rather

than towards humans®', which is promising for chassis domestication. It is also worth mentioning

v |, sakaiensis does not possess any annotated human virulence mechanisms. It is worth noting that the bacterium
was accidentally injected into the finger of the author during the preparation of cell lysates (i.e. ODs00>100). No negative
health consequences were observed followed injection, so the bacterium does not appear to induce immune responses
in humans (although statistically sound conclusions cannot be drawn from n=1).
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that a parDE toxin-antitoxin system of the RelE/ParE family also appears to be encoded on the
megaplasmid.®®* These systems target DNA gyrase in other prokaryotes, which causes
posttransegregational killing of cells that fail to inherit the megaplasmid.3* Potentially, this system
could be exploited for future plasmid-based engineering in I. sakaiensis. By duplicating the parDE
toxin-antitoxin system onto a transformable vector, the faithful inheritance of cytotoxic or

otherwise easily lost cargo such as a CRISPR-Cas9 system could be ensured.

Closer inspection of the predicted gene candidates from RAST subsystems reveals that I.
sakaiensis has the capacity for CO; fixation, as it contains the complete genetic machinery for the
Calvin-Benson-Bassham (CBB) cycle for the regeneration of ribulose 1,5-bisphosphate (Table
4).%3536 Notably, the large and small subunits of ribulose 1,5-bisphosphate carboxylase oxygenase
(RuBisCO) are organized in an operon with a known activase of RuBisCO (cbbX)*"; a genetic
organization characteristic of Form | RubisCOs.®” A transcriptional regulator of the RuBisCO
operon homologous to cbbR is also annotated in the antisense direction of the RuBisCO subunits,
which matches the conserved organization of these genes in other genomes.®’

Table 4 Gene candidates for the reductive pentose phosphate pathway in the I. sakaiensis genome (1/2)

Original Uniprot Annotation
Conti Gene | Bakta Annotation (Yoshida et al, 2016 Predicted Gene Product
9 Assembly)
Transcriptional regulator of ribulose
cbbR LDCCDE_02165 ISF6_2691 1,5-bisphosphate carboxylase
oxygenase (RuBisCO) operon?’
tbcL | LDCCDE_02160 ISF6_2690 Large ?Eg‘f;“i q 59‘;3'500
tbcS | LDCCDE_02155 ISF6_2689 Smal ?Eg‘f;“tlolf 59”)5'500
rpe | LDCCDE_02150 ISF6_2688 R'b“'ose'p{'E"éF’Shi‘tg %ep'merase
39 cbbX LDCCDE_02145 ISF6_2687 RuBlsCO_actlvase (essgntlal for
RuBisCO expression)
fop | LDCCDE_02140 ISF6_2686 Fr“Ctos?égﬂsghlols)phatase
prk | LDCCDE_02135 ISF6_2685 Phos?ggr_'g“?"’fig*;'”ase
tkt LDCCDE_02130 ISF6_2684 Transketolase (EC:2.2.1.1)
Phosphoglycolate phosphatase
gph LDCCDE_02125 ISF6_2683 (EC:3.1.3.18); involved in
photorespiration

xi Ribulose-phosphate 3-epimerase of the pentose phosphate pathway (rpe) also appears in the operon.
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Table 5. Gene candidates for the reductive pentose phosphate pathway in the I. sakaiensis genome (2/2)

Original Uniprot Annotation
Conti Gene | Bakta Annotation (Yoshida et al, 2016 Predicted Gene Product
'9 Assembly)
Fructose-bisphosphate aldolase
fba LDCCDE_02120 ISF6_2682 (EC:4.1.2.13)
39 Xylulose-1,5-bisphoshate
cbby LDCCDE_02115 ISF6_2681 phosphatase; degrades xylulose-1,5-
bi sphosphate, RuB
58 pgk LDCCDE_07340 ISF6_3710 Phosphoglycerate kinase (EC:2.7.2.3)
Type | glyceraldehyde-3-phosphate
! 9ap LDCCDE_13895 ISF6_4649 dehydrogenase (EC:1.2.1.12)
7 tkt | LDCCDE_13905 ISF6_4651 Transketolase (EC:2.2.1.1);
alternative homolog or isoform
Type Il glyceraldehyde-3-phosphate
6 9ap LDCCDE_25690 ISF6_3938 dehydrogenase (EC:1.2.1.59)
11 tal LDCCDE_14540 ISF6_0309 Transaldolase (EC:2.2.1.2)
. Ribose-5-phosphate isomerase
41 rpiA LDCCDE_21360 ISF6_2881 (EC5.3.1.6)
. Triose-phosphate isomerase
24 tpiA LDCCDE_19415 ISF6_1345 (EC'5.3.1.1)

BIOLOGE Screening of Carbon Sources used by |. sakaiensis

To screen some of the predicted carbon utilization pathways by RAST, exponential phase
cultures of |. sakaiensis were appliedto Bl OL OGE phen ot Bypplementary Fagure s  (
5). These commercial plates allow for the qualitative prediction of active metabolic pathways via
the reduction of tetrazolium to a fluorescent formazan dye in the presence of an electron donor,
which is mainly occurs when the electron transport chain is active.® From this quick screen,
several obscure carbon sources appear to be utilized, such as laminarin and the detergents
Tween 40 and 80 (Supplementary Table3) . Some predictions, such as
grow on formic acid based on the presence of two formate dehydrogenases in the genome in
combination with the CBB cycle above, are supported by this qualitative data (Supplementary
Table 4). Notably, the BIOLOGE screen revealed that |. sakaiensis has the ability to import
glycolate (glycolic acid) and grow on the compound as a sole carbon source, but not glyoxylate
(glyoxylic acid). The enzymes of the glyoxylate cycle are present in I. sakaiensis®', so this growth
behaviour may indicate the absence of an appropriate glyoxylate importer.* Verification of these
wider metabolic peculiarities and metabolic fluxes will be important tasks for future metabolic

engineers to empower |. sakaiensis as a SynBio chassis.®

il |socitrate lyase is predicted to be LDCCDE_19130, while malate synthase is predicted to be LDCCDE_05075.

54

t



Proteomic Identification of TPA Catabolism Pathway in I. sakaiensis

Despite the central importance of TPA catabolism to the growth of I. sakaiensis on PET,
the only experimental support for the pathway thus far has been a comparison of hits from an
RNA-Sequencing (RNA-Seq) experiment to a gene cluster in Comamonas sp. E6, another TPA-
degrading microbe.*®4 Based on homology, ISF6_0227 and ISF6_0228 encode subunits of the
TPA dioxygenase tphA2 and tphA3, respectively. ISF6_0229 encodes the dehydrogenase tphB,
while ISF6_0230 encodes the cognate reductase of the dioxygenase tphAl (Figure 10).

ISF6_0231 ISF6_0225 ISF6_0223

TPA Operon b MHETase

ISF6_0228

KSFs_ozao ('sm_ozzs KH(ISFE_OHT < tphC #

1. sakaiensis

tphA3,

/( tphA1, K tphB, KH( tphA2, K tphC, p— zth,,>7/

Comamonas sp. E6

Figure 10. Comparison of the genetic architecture of the I. sakaiensis TPA cluster to that of Comamonas sp. E6.

TPADO genes are drawn to scale relative to each other, whereas the |. sakaiensis chromosome approximates genetic

distances and gene lengths to preserve illustrative clarity. The gap bet ween {(SR6e02B @ndthefirsmi nus of
copy of the PETase gene is almost exactly 5 kb, which is indicated by the break in the black line of the genome.

While RNA-Seq gives an excellent estimation of the abundance of RNA transcripts
available in the cell in response to different environmental conditions, discrepancies between the
measurement of RNA transcripts and the proteome can arise (e.g. due to post-transcriptional
regulation).*142 Proteomics was therefore employed to precisely examine the available enzymatic
machinery when the microbe is actively growing on TPA, collaborating with Dr. Timo Glatter and
Dr. Jorg Kahnt of the MPI-TM proteomics facility for the peptide mass spectrometry (Figure 11).
To facilitate comparison with the previous RNA-Seq study, maltose was also used as a control
carbon source. A table of up- and down-regulated hits using significance thresholds of +1.25 for
logzFold-Change (log2FC) and 2 for T logicP-value of TPA/maltose can be found at the end of
Chapter 1 (Supplementary Table 5, Supplementary Table 6).
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Our proteomics dataset strongly supports a Comamonas sp. E6-like TPA dioxygenase,
dehydrogenase, reductase, and periplasmic TPA binding protein in I. sakaiensis when grown on
TPA (Figure 11). The proteins identified in the order of greatest log.FC are: ISF6_0228,
ISF6_0227, ISF6_0230, ISF6_0229, and ISF6_0226 (IstphC*3). On the genome, these genes
reside in an operon, where each gene is either separated by a few base pairs (<40 bp) or contain
overlapping start codons (Figure 10). Coordinated transcription and translation as a polycistron

in response to the environmental availability of TPA is therefore probable.

I. sakaiensis Proteome:
Terephthalic Acid vs. Maltose

|5F5_052? [ ] |SFS_0231
10— ISF6_0626 ® _ _TPA Operon
ISF6_4439 @ | ®ISF6_0229 \
' tphc :
@ | @ ISF6_0230
S 8 - | ®ISF6_0228 |
i MHETase I ®IsF6_0227 |
© ISF6_4203 @ (Y N o ’
> ISF6_4438 @ ISF6_4437
1 L]
o 6-
o
-
O PETasee®
S 4-
1 *ISF6_0223
0 | 1 1 1

logoFold-Change

Figure 11. Volcano plot of the I. sakaiensis proteome when grown in TPA versus maltose in minimal medium. The
operon hypothesized to be involved in TPA catabolism is strongly overrepresented, which is highlighted in a teal box
with dashed lines. Other candidates implicated in PCA metabolism (downstream of TPA) are shown with enlarged teal
dots and described in the text below. PETase and MHETase are also indicated with enlarged teal dots. Transcription
factor candidates (biochemically characterized in Chapter 2) are shown with enlarged orange dots. Cut-offs for
significance (dashed lines in mint) for log2FC are +1.25 and a 1 logio(p-value) of 2, corresponding to a p-value of 0.01.

Despite the position of the periplasmic TPA binding protein tphC at the front of the operon,
it has the lowest fold-change of the cluster. Generally, the first position in an mRNA transcript is
strongly translated in prokaryotes, while the final position in a polycistron is weakly translated.**

Deviation from this typical expression pattern could reflect the criticality of the first step of the TPA
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biochemical pathway (Figure 5, step 5), i.e. the cis-dihydroxylation of TPA to DCD performed by
tphA2 and tphA3*Vii, Alternatively, the abundance of tphC is lower than other proteins in the TPA
operon simply because it is shuttled to the periplasm to facilitate TPA import. In the model microbe
E. coli, there is less relative protein in the periplasm compared to its cytoplasm, which may
influence proteomic extraction if the same holds true for I. sakaiensis.* These hypotheses are
speculative; further research is necessary for their ratification. Nonetheless, they raise interesting
considerations for synthetic construct design (e.g. placing tphA2 and tphA3 under a strong
promoter and RBS) if one wishes to transport the TPA catabolism machinery of |. sakaiensis into
other hosts.

Surprisingly, MHETase is also strongly upregulated in the presence of TPA (Figure 11).
As the protein catalyzes the second step of the PET catabolism pathway, the conversion of MHET
to TPA and EG (Figure 5), this is unexpected from a metabolic burden standpoint.*® One would
expect MHETase to be downregulated if one of the products of its catalysis is abundant. TPA (or
any other of the TPA pathway intermediates) may therefore play a role in the regulation of the
MHETase gene, such as the activation™* of an allosteric transcription factor (aTF). Within this
proteomics dataset, two potential transcriptional regulators for TPA catabolism were identified
that were previously unknown to play a role in the TPA catabolism of |. sakaiensis: ISF6_0231
and ISF6_0223. Further biochemical characterization of these aTFs is the subject of Chapter 2.

By contrast, PETase is downregulated when the bacterium is grown on TPA as a primary
carbon source, with a logFC of -3.7 and a ilogioP-value of 4.5. It is logical that the enzyme
responsible for the initial depolymerization of the PET polymer would be downregulated in the
presence of TPA to conserve cellular resources, as the downstream products of its catabolism

are abundant to power cellular growth (Figure 5).

An additional curiosity from this dataset is that the most greatly downregulated protein in
response to TPA is a putative transposon: ISF6_4006. Its log.FC is -6.3 and its i logioP-value
is 4.9, which is over an entire FC unit away from the next most down-regulated protein. As this

transposon is over 116 kbp from the TPA catabolism cluster on the main chromosome, its

xvili However, TPADO exists as a balanced hsi 3-heterohexamer with its cognate reductase in Comamonas sp. E6.82 If
the oligomeric state of TPADO is similar in I. sakaiensis, this would not explain the abundance of these subunits (i.e.
ISF6_0227 and ISF6_0228) over tphAl (ISF6_0230).

xix |ISF6_0223 indeed appears to be an aTF that engages in de-repression of the MHETase promoter in response to
TPA, however these results will not be shared in this chapter.

*»x | DCCDE_26050, by Bakta annotations
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expression and translation does not appear to be obviously related to the intermediates of the
TPA catabolism pathway (although this does not exclude transcriptional regulation in trans). Only
two other MGEs in the |. sakaiensis proteome appear to be significantly downregulated in this
proteomics dataset. Therefore, the utilization of TPA as a source of carbon and energy seems to

reduce the abundance of MGEs in the I. sakaiensis proteome, and potentially their activity.

Proteomic ldentification of i -Ketoadipate Catabolism in I. sakaiensis

A putative PCA cleavage pathway leading to central carbon metabolism was additionally
identified from these data, which was previously unknown in |. sakaiensis. There are three
potential routes by which PCA ring-cleavage can occur in TPA-assimilating microbes: 2,3-meta
cleavage to 5-carboxy-2-hydroxymuconate-6-semialdehyde by PCA 2,3-dioxygenase, 4,5-meta
cleavage to 4-carboxy-2-hydroxymuconate-6-semialdehyde by PCA 4,5-dioxygenase, or ortho
cleavage to 3-carboxy-cis,cis-muconic acid by PCA 3,4-dioxygenase (Figure 12).4714°
Understanding which PCA cleavage pathway is utilized is of central importance to the successful
biotechnological valorization of TPA, as this was found to have a drastic effect on the growth of
engineered P. putida KT2440.5°%! From the above proteomics data, the transformation of PCA
into succinyl-CoA and acetyl-CoA via the PCA 3,4 cleavage (i -ketoadipate) pathway is most
probable in I. sakaiensis (Table 6). In particular, homologs of the enzymes responsible for ortho
ring cleavage as well as the CoA-esterification and thiolation of i -ketoadipate are highly abundant
in the presence of TPA.52 Notably, the i -ketoadipate pathway is utilized by biotechnological
workhorse P. putida KT2440 for the catabolism of PCA (P. putida KT2440 cannot naturally utilize
TPA), but is distinct from the characterized TPA-degrader Comamonas sp. E6, which utilizes the

4,5-meta cleavage pathway.*%53
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Intermediates for TCA Cycle Entry

Figure 12. A summary of PCA pathway architectures based on 2,3-meta, ortho, or 4,5-meta PCA ring cleavage. All
pathways yield either pyruvate or acetyl-CoA and succinyl-CoA for TCA cycle entry (teal dashed lines). I. sakaiensis
appears to utilize the i -ketoadipate pathway (orange dashed lines). Enzymatically-catalyzed pathway steps are
numbered to facilitate comparison with Table 6. Only metabolic intermediates are depicted; the cofactors for each
enzyme as well as the loss of CO2 are not shown.

The first step of the pathway, the conversion of PCA to 3-carboxy-cis,cis-muconic acid via
PCA 3,4 dioxygenase, is approximately 3-fold upregulated in TPA over maltose (step 1). The
penultimate and ultimate pathway steps, catalyzed by i -ketoadipate CoA transferase and i -
ketoadipate thiolase, are both abundant in the presence of TPA (Table 6). ISF6_4437-8 is
responsible for the esterification of i -ketoadipate into 3-oxoadipyl-CoA (step 5). Finally, 3-
oxoadipyl-CoA is thiolated by ISF6_4439 (step 6), leading to succinyl-CoA and acetyl-CoA for
TCA cycle entry.
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Table 6. Predicted PCA oxidation pathway in |. sakaiensis based on a combination of homology and proteomics using
TPA as a carbon source. Rows marked in mint green fit pathway predictions very well, whereas protein candidates of
uncertain significance (from a proteomics perspective) remain in white. Orange shading marks the 4-carboxy-
muconolactone decarboxylase that is paradoxically downregulated when I. sakaiensis is grown on TPA over maltose.
Alternative homologs for different pathway steps are given arbitrary letters in column 1.

i -KA Log:Ratio
Pathway | |. sakaiensis Predicted Protein Function (Fold- -Log1oP-
Step from Protein (RazorP Database) Change) value
PCA on TPA
1 ISF6_0626 Protocatechuic acid 3,4-dioxygenase, h subunit 3.42 10.16
ISF6_0627 Protocatechuic acid 3,4-dioxygenase, i subunit 3.26 10.05
2a ISF6_1985 3-carboxy-cis,cis-cycloisomerase 0.40 1.28
2b ISF6_1035 ' 0.16 1.29
3a ISF6_4203 4-carboxy-muconolactone decarboxylase -2.10 7.20
3b ISE6 2500 Carboxymuconolacton_e _decarboxylase-like 0.18 034
— domain-containing protein
3¢ ISE6 2480 4—carboxy—muconolact9ne decarboxylase 0.05 018
— domain
42 ISF6_1036 3-oxoadipate enol-lactonase -0.06 0.45
4b ISF6_3848 -1.96 1.61
5 ISF6_4437 3-oxoadipate-CoA transferase, h subunit 4.02 6.59
ISF6_4438 3-oxoadipate-CoA transferase, | subunit 3.27 6.31
6 ISF6 4439 3-oxoadipyl-CoA thiolase 3.11 9.52

Once PCA 3,4-dioxygenase has acted on PCA, 3-carboxy-cis,cis-muconic acid undergoes
a cycloisomerization and then a decarboxylation to 4,5-dihydro-5-oxofuran-2-yl-acetate by 3-
carboxy-cis,cis-muconate cycloisomerase and 4-carboxy-muconolactone decarboxylase,
respectively (Figure 12). 4,5-dihydro-5-oxyfuran-2-yl acetate is then ring-cleaved by a 3-
oxoadipate enol-lactonase. Surprisingly, these intermediate steps where not found to be
significantly up- or down-regulated in I. sakaiensis. This could either indicate that their abundance
does not change in the presence of TPA over maltose, or that |. sakaiensis has a unique pathway
for converting 3-carboxy-cis,cis-muconate to | -ketoadipate. Enzyme candidates for steps 2-4 of
the canonical i -ketoadipate pathway were found in the genome, supporting the former
hypothesis.*®*2 However, they were all below the threshold of significance in our proteomics
dataset (Table 6). Paradoxically, one candidate for the 4-carboxy-muconolactone decarboxylase,
ISF6_4203, was found to be downregulated in TPA growing conditions (Figure 11). As it is difficult
to conceptualize the role of 4-carboxy-muconolactone in maltose metabolism, its weak
abundance in the presence of TPA could point to the toxicity of 4,5-dihydro-5-oxyfuran-2-yl
acetate to the |. sakaiensis cell (and therefore the need to keep enzyme levels low). This is also

the only COs-generating step of the proposed PCA 3,4-cleavage pathway, so intracellular
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homeostasis between dissolved gasescoul d al so i mpact the regul atio
These speculations rely on t hdeircthe PCApathwaypirceudi ct i on
simply be that 4-carboxy-muconolactone decarboxylase is not differentially translated in I.

sakaiensis.

A further attempt was made to resolve the intermediate PCA pathway steps by growing I.
sakaiensis with 10 mM PCA as a carbon source (under the assumption that feeding PCA, rather
than TPA, would yield a greater abundance change in the i -ketoadipate pathway proteins), but
the wildtype strain was unable to grow in these conditions (data not shown). Problems with the
starting inocula can be excluded as |. sakaiensis grew to a cell density (ODeoo) over 2.0 with 10
mM TPA and 10 mM maltose as carbon sources in the same experiment. Structurally, the 1.
sakaiensis TPA-binding protein, tphC, undergoes a very small but significant (p < 0.05) change
in melting temperature in response to PCA®. Potentially its movement across the inner cell
membrane is sufficiently retarded by this difference in binding kinetics that PCA alone cannot
supply sufficient flux to the TCA cycle to power cellular growth (or, at least not at this substrate
concentration). Alternatively, it was observed that PCA decomposes to a pink-coloured compound
over time that progressively acidifies the media, so pH variability could also pose a barrier to I.

sakaiensis growth.

Homology-Based Identification of the I. sakaiensis Glycerate Pathway

As the degradation of PET also results in the monomer ethylene glycol as a product i and
EG has the ability to pass biological membranes without active transport i there would be
precedent for EG metabolism to exist in the microbe. EG metabolism is well-researched in P.
putida KT2440, which simplifies the search for homologs in the |. sakaiensis genome.>*>¢ The
complete glycerate pathway was identified, from ethylene glycol to 2-phosphoglycerate, which

can either be used to build biomass or enter the TCA cycle via phosphoenolpyruvate (Table 7).

xd For comparison, Ist p h C  u n d e rm@fB&3C iaresgonse to TPA, p < 0.005.4

61



Table 7. Glycerate metabolism homologs of P. putida KT2440 identified in the I. sakaiensis genome via BlastP when
searching with the P. putida KT2440 amino acid sequences as an input query. Protein hits were retrieved in July 2021,

and then cross-referenced to a local I. sakaiensis genome copy to identify genetic loci.

P. putida Uniprot Gene
Hlomolo Predicted Protein Function in |. sakaiensis Annotation Bakta Gene
as Querg from Function in P. putida KT2440 (Yoshida et al, 2016 Annotation
y Assembly)
ISF6_2768 LDCCDE_02545
pedE Quino(hemo)protein alcohol dehydrogenase,
PQQ-dependent ISF6_0089 LDCCDE_27125
ISF6_2763 LDCCDE_02530
Large subunit of methanol dehydrogenase, o
PQO-dependent ISF6_1713 gcd
pedH Beta-propeller subunit of methanol ISF6_3927 LDCCDE_25635
dehydrogenase, PQQ-dependent ISF6_3565 LDCCDE_10145
pedl/
PP 0545 Aldehyde dehydrogenase ISF6_0529 LDCCDE_17975
glc Glyoxylate carboligase ISF6_0777 gcl
glcD Glycolate dehydrogenase ISF6_0605 LDCCDE_09770
glcE Glycolate dehydrogenase ISF6_0606 glcE
glcF Glycolate dehydrogenase ISF6_0607 glcF
glxR 2-hydroxy-3-oxopropionate reductase ISF6_0616 LDCCDE_09715
hyi Hydroxypyruvate isomerase ISF6 0776 otn i
garK/ttuD Hydroxypyruvate kinase or glycerate kinase ISF6_1131 LDCCDE_03875

Collaboration to investigate these homologs via proteomics and heterologous protein
purification was suggested to Prof. Shosuke Yoshida during a Zoom meeting in July 2021 (where
the above table was screen-shared in detail). This research avenue was pursued independently
by their laboratory without further collaboration. As predicted, the ISF6_2768 protein functions as
a PedE-like PQQ-dependent dehydrogenase (IsPedE) for the oxidation of EG.>” They also
demonstrated that ISF6_2763 fulfills the role of PedH (IsPedH), with the additional experimental
evidence that protein production appears to be upregulated in the presence of the rare-earth
element praseodymium (Pr3*).5" Like P. putida KT2440, IsPedE is not produced in the absence
of Ca?* and presence of Pr3*.5" This is the embodiment of the so-calledfi | ant h an ipdesents wi t c h¢

in the P. putida genome (alongside other microbes) for PQQ-dependent dehydrogenases.®®

Additionally, they suggest that ISF6_1713 (IsXoxF) is a methanol dehydrogenase, despite

the enzyme having on order of magnitude higher activity on 1-octanol and trans-cinnamyl alcohol

XXXff_This methanol dehydrogenase is misannotated as a PQQ-dependent glucose dehydrogenase with Bakta.
it Similarly, this hydroxypyruvate isomerase appears to be misannotated as a 2-oxo-tetronate isomerase with Bakta.
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than methanol.%” In fact, IsXoxF has the lowest specific activity of the three purified enzymes (i.e.
IsPedE, IsPedH, and IsXoxF) on methanol as a substrate, and the worst specific activity on
ethylene glycol.%” This potentially reflects the fact that only the large subunit of the enzyme was
heterologously purified. Methanol dehydrogenases typically have a large alpha subunit of eight
beta-sheets arranged radially like a propeller, while the smaller beta subunit folds around the
alpha subunit in 2:2 geometry, i.e. a a;B; tetrameric structure.>® The absence of the i subunit i if
IsXoxF is truly a methanol dehydrogenase 1 may have therefore diminished its i n a t activityl 0
on methanol in these experiments. The role of IsXoxF as a methanol dehydrogenase therefore

deserves further research attention.

Based on bioinformatics predictions, ISF6_0089 is a putative PQQ-dependent alcohol
dehydrogenase (Table 7). However, Hachisuka, S. I. et al begin by assuming that ISF6_0089 is
calcium-dependent due to its higher amino acid (AA) similarity to an alcohol dehydrogenase from
Comamonas testosteroni, which has been crystallized and determined to have one Ca?* ionin its
binding cavity.®® Given that the expression of ISF6_0089 is much lower than ISF6_2768 and
ISF6_2763 on EG with calcium-containing minimal media and that |. sakaiensis aPedE cannot
grow in EG with calcium-containing minimal media (i.e. ISF6_0089 is unable to complement the
function of IsPedE), the authors concluded that the protein is not functional in EG metabolism.
The evidence presented is insufficient to make these claims. First, ISF6_0089 function could
simply not be high enough to restore growth on EG with Ca®* o n  t FedE gemetic background.
Second, the presence of Ca?* in the crystal structure of a related protein is insufficient to make
the argument that ISF6_0089 is Ca?-dependent without purification. Moreover, rare earth
elements (REE) may simply have not been examined in the binding site of the C. testosteroni
homolog. Finally, as they did not examine gene expression levels of ISF6_0089 when I.
sakaiensis was grown on EG in the presence of rare-earth elements, one cannot exclude the fact
that ISF6_0089 may be a REE-dependent alcohol dehydrogenase®™. This hypothesis would
actually support their growth curves in Figure 6 of their publication, as the alcohol dehydrogenase
double-knockout strain (i.e.s¢ s P e d E e ggowewklHon EG as a carbon source when Pr¥* is
supplemented.5” Purification of ISF6_0089 may therefore still be worthwhile for identifying the
lanthanide-dependent alcohol dehydrogenase behind the continued growth of |. sakaiensis
d sPedEeael sPedH.

»xiv This exact comparison is made in their paper:iit hr eoni ne at position 342 of | SF6_0089
aminoacidof REE-d ependent type | al chol dehydrogenases. 0
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In an attempt to ratify some of these discoveries with proteomics, wild type I. sakaiensis
cells were grown in minimal media with 10 mM EG as a carbon source. In contrast to the Yoshida
group, yeast Synthetic Complete (SC) media was used for all proteomics presented in this
chapter, rather than Yeast Extract-Sulfate-Vitamin (YSV) or Sulfate-Vitamin® (SV) media.® This
media was selected for two reasons: first, SC media is synthetically defined, which allows for
technically sophisticated downstream analyses such as flux-balance analysis (FBA) for future
characterizations of I. sakaiensis as well as metabolic engineering. It is also more replicable for
proteomics and metabolomics analyses as the exact composition of commercial yeast extract
fluctuates from batch-to-batch.®? Secondly, | was unable to replicate the reported growth of |I.
sakaiensis on YSV and SV minimal medias®™' with TPA or EG, but its growth was favorable in
yeast SC media supplemented with TPA. Potentially, strain-specific differences in amino acid
metabolism arose in the rehydration of the strain from the National Institute of Technology and
Evaluation (NITE) biological resource databank (although the laboratory strain possessed by the
Yoshida group is reported to be deposited at this strain collection), leading to more favourable
growth in SC media over YSV or SV. In any case, SC media was used for all proteomics

experiments.

Unfortunately, the cells were unable to grow on EG in these conditions (data not shown).
This experiment was conducted at the same time as the PCA experiment described in the
previous section, so problems with the starting inocula can again be excluded. Additional carbon
sources may be required to kick-start the growth of I. sakaiensis on EG as a carbon source, or an
increased concentration of substrate may be required®i. As the P. putida glycerate pathway is
thoroughly researched and knockout mutants are available for each enzymatic step, it would be
interesting to examine whether further flux increases can be achieved by substituting the I.
sakaiensis homologs for the different pathway steps in P. putida; either in lysate assays or using
vectors for in vivo expression. The identification of better enzymes for maximum glycerate

pathway flux would additionally be useful for EG upcycling efforts.

With only the I. sakaiensis proteomics data for TPA versus maltose as a carbon source, it

is worth mentioning that their RNA-Seq data contradicts the proteomics data gathered for

xv - Media is identical to YSV, simply depleted of yeast extract with additional calcium carbonate.”

woi | - sakaiensis was additionally unable to grow in M9 minimal media with TPA and EG as sole carbon sources.

wii P nutida grows robustly on EG concentrations from 30-60 mM (Supplementary Figure 25), but a concentration
of 10 mM was used for all carbon sources in these experiments.
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ISF6_0529. Both of us identified ISF6_0529 as an PpPedl-like aldehyde dehydrogenase, while
the Yoshida group additionally demonstrated that IsPedl is a general aldehyde dehydrogenase
with the greatest activity towards glycolaldehyde. However, the Yoshida group reports that
ISF6_0529 mRNA is induced by growth on PET and EG, but not TPA (Table 8). In the proteomics
dataset gathered for this thesis, ISF6_0529 protein undergoes one of the greatest fold-changes
in comparison to cells grown on maltose. At a logzFold-Change of 6.0 and a T logioP-value of 4.7,
its upregulation is on par with the dioxygenase subunits of the |. sakaiensis TPADO
(Supplementary Figure 6). If ISF6_0529 is indeed an aldehyde dehydrogenase, why is it
upregulated while cells are grown on TPA? In terms of aldehyde intermediates, the pathways are
independent of each other. The proteomics data could therefore point to ISF6_0529 having an
additional role in PET catabolism outside the glycerate pathway. As the Yoshida group possesses
a apedl strain of |. sakaiensis, the acquisition of this strain for proteomics on TPA would be useful
for establishing the role of this protein in the TPA pathway. Feeding the cells glycolate (for
metabolic complementation of apedl) would also be useful for ratifying the role of IsPedl in I.
sakaiensis EG metabolism.

Table 8. Expression levels of I. sakaiensisgenes f ol |l owi ng growth on IR&beentakeRAG2 Na, a
from Table 2 of Hachisuka, S-I. et al, 2022. To facilitate comparison with Table 7, the positions of column 1 and column
3 have been switched from the original paper. Amino acid identity and E-value have also been eliminated to aid
readability. Note that the expression levels of |. sakaiensis genes are represented in columns 4-6, despite the

connections drawn from AA similarity between homologous P. putida and |. sakaiensis proteins. For this reason, the
gene annotations are also presented in column 3 from the Yoshida, S. et al, 2016 genome assembly.

hoCn|1c())SI§Ztin Protein Functional (gre?]tee;l:ml\cl)gyfn R?;M RPKM on §V RZEM
Pkggjzjoa Annotation (Uniprot) frggwlg(fsrggiglty?l, SV4+PET +TPAOG?2 SVAEG
ede | AT | ooy | s | ws | oms
PedH alggllig?fjheeh?gzgéztr?;nse (|s||§6Pf§$63) 344 75 535
e | aretenoproen | erees s | w | 7
pean | Vel denvirogenase | gmang | B8 | o1 | o
PF? e(()jé/A,5 Aldehyde dehydrogenase ( SIlZSGP_%(QZQ) 10672 628 12200
RPKM from Yoshida, S. et al, 2016: o RPN o0 Y on
SV+PET SV+EG

Pgegé/% Aldehyde dehydrogenase ISF6_0529 15929 37 exal\rlr?itned
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Lastly, the proteomics dataset shows that IsXoxF (ISF6_1713) is downregulated on TPA,
with a log2FC of -3.9 and a TlogicP-value of 3.3. This is correlated with the RNA-Seq data
generated by Hachisuka, S. I. et al, where ISF6_1713 is upregulated on EG, but comparatively
downregulated on TPA (Table 8). The downregulation of IsXoxF could therefore point to the
regulation of the glycerate pathway being orthogonal to the TPA and PCA catabolism pathways,
or it could imply active suppression of ISF6_1713 transcription by a TPA-sensitive transcription
factor. To unravel some of these transcriptional changes taking place on TPA, the transcription
factor candidates identified in the proteomics dataset were biochemically reconstituted and
assayed for DNA binding at critical promoters implicated in I. sakaiensis PET catabolism.

66



Chapter 2: Identification of Transcription Factors in

Ideonella sakaiensis TPA Catabolism

fi | have a friend [who hol ds
artist can see how beautiful this is but you as a scientist

take this all apart and it becomes adull thing.6 Fi r st

the beauty that he sees is available to other people, and to
me too. é At the same ti me,
flower than he sees. | could imagine the cells in there, the
complicated actions inside, which also have a beauty. | mean

itdéds not |just beauatyneaentimeter s
therebs also beauty at small er
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structure, also the processes. €é Science knowl edge

adds to the excitement, the mystery, and the awe of a flower.

I't only adds. | dondédt understand

~ Richard Feynman, 1981»Vii

The Role of Transcription Factor Characterization in Biotechnology

Allosteric transcription factors (aTFs) are essential regulatory switches in metabolic
networks, linking the energetically-costly transcription and translation of enzymatic machinery to
the external availability of cellular resources.®*%* In addition to DNA-binding domains, aTFs have
effector domains that bind small molecules i their allosteric regulators, or effectors i that initiate
conformational changes that alter their DNA-binding specificity.®4%° aTFs classified as activators
positively regulate gene expression through the recruitment of RNA polymerase, while repressors
either physically block RNA polymerase or obscure its binding sites, limiting the transcription of

pathway genes under their jurisdiction.®®

The biochemical characterization of allosteric transcription factors serves three

biotechnological purposes at opposite levels of biological organization. First, understanding

woiil Thi's quotation is extracted from Christopher SyEheods
Pleasure of Finding Things Out. Emphasis (in bold text) is this thesisb®o
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pathway regulators is essential for decoupling metabolic production pathways from growth. By
deleting aTFs that sense pathway products, feedback inhibition at the transcriptional level can be
eliminated.®” This allows some degree of orthogonality to be established between a bioprocess
and biomass accumulation, which can be beneficial for product accumulation.®® Second, a deeper
understanding of aTFs allows their behavior in genetic circuits to be predicted, which is important
for both in vitro and in vivo engineering of microbial metabolism.%® Finally, a deeper
characterization of aTFs allows fort hei r use as détdrt poduetsfronn chemical bro
enzymatic reactions without analytical machinery such as High Performance Liquid
Chromatography (HPLC) or expensive labelling reagents.”®’* This final aim is critical for
democratizing metabolite detection, and may even expedite the high-throughput screening of
enzymatic cascades by relegating their assessment to common laboratory equipment, rather than

facilities where measurement time on analytical instruments may be limited.”*"2

The in vitro and in vivo exploitation of aTFs has been key to innovative plastic degradation
and assimilation research. In the context of plastic monomer assimilation, deletion of gcIR, a
glycolate-sensitive glycerate pathway regulator, enables the constitutive utilization of EG for
growth in P. putida KT2440.5*% In a strain engineered to produce R-ketoadipate from TPA and
EG in crude plastic hydrolysate, the deletion of this aTF removed the growth-coupled regulation
of the glycerate pathway.” This drastically improved EG uptake rates and overall culture
productivity for B-ketoadipate as a value-added nylon precursor.” In the context of biosensing,
the construction of genetic circuits featuring fluorescent reporters based on TPA-sensitive
regulators has allowed for plate reader-based screening of different concentrations of TPA down
to the nanomolar range.”*"® This expands the number of labs capable of PET hydrolase screening
from environmental isolates or for enzyme engineering campaigns, which accelerates the

discovery of new PETases as well as novel PET monomer-assimilating microbes.’®

Despite the use of some TPA-sensitive TFs in biosensing and the growing identification
of microbes with TPA catabolism machinery, a detailed biochemical characterization of these
aTFs is currently absent. Only one natural®® regulator has been biochemically characterized in
the literature thus far: TphR, of Comamonas sp. E6.”” In this study, TphRy was heterologously

purified and assessed for DNA-binding activity using a series of Electrophoretic Mobility Shift

xix A TPA-dependent regulator was evolved from the promiscuous Pseudomonas putida transcription factor XylS using
site-saturation mutagenesis, which was sensitive to TPA concentrations as low as 10 pM. (Li, J. et al, 2022)
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Assays* (EMSAs) with DNA fragments of progressively decreasing size, which allowed a single
operon to be defined.”” Stronger DNA binding in the presence of TPA was demonstrated for
TphRy, in addition to its genetic knockout prohibiting the utilization of TPA by the microbe (which
could subsequently be restored via complementation).”” The essential role of TphR;, as an
activator of transcription of the Comamonas sp. E6 TPA dioxygenase and DCD dehydrogenase

was therefore inferred.”’

With the importance of TPA catabolism to the PET assimilation activities of I. sakaiensis,
a closer look at its TPA regulatory landscape is warranted for identifying TF deletions that may
increase its PET assimilation activities or for generating useful aTFs for biosensing and other
Synthetic Biology circuits. Inspired by the work of Kasai, D. et al (2010) on TphR;,, we first took to
a comparison of the genetic architecture of the TPA operons in both strains (Figure 10), followed
by an examination of the |. sakaiensis proteome on TPA. T h e-byaostsioocni aotfi ofingou i w
the TPA catabolic enzymes guided our selection of three different transcription factors for
heterologous protein purification. DNA-binding activities of the putative aTFs were assessed via
EMSA on four different promoter regions of |. sakaiensis relevant to TPA catabolism, in addition
to their dependence on the allosteric regulators TPA and PCA. Finally, the different promoters
were fragmented into 6-carboxyfluorescein-labelled double-stranded DNA fragments and
combined with aTFs in fluorescence polarization (FP) assays. These experiments allowed two
operator sites controlling TPA utilization in |. sakaiensis to be determined. Equilibrium dissociation
constants for select aTFs were also estimated from the data, allowing the DNA binding strength

of these aTFs to be inferred.

ISF6_0225 is a truncated transcription factor without an effector-binding domain
When the discovery of |. sakaiensis was reported in 2016, ISF6_0225 was predicted to

encode the dominant TPA-dependent transcription factor, since the protein was found to be

72% identical to TphR; from Comamonas sp. E6 at the amino acid level®.*8 |ts orientation

antisense to the TPA catabolism operon seemed to strengthen this hypothesis further. This TF

X EMSAs probe aTF-DNA binding activities by relying on the differential transport of free versus complexed DNA
molecules during electrophoresis. When DNA is bound by a protein such as a TF and exposed to an electric current,
its motion is slowed, while free DNA migrates rapidly to the bottom of a gel. DNA-protein interactions can thus be
visualizedhantta ifiget he f r e-bindibg\afinithad agiven aTFhcan b®dudntified through a
titration of the protein with a fixed concentration of DNA and analyzing the minimum TF required to induce a gel shift.
Xi This information is derived from Supplementary Table 5 of Shosuke, Y. et al, 2016. At the time, the BlastP E-value
for ISF6_0225 was 3x10-% using the Comamonas sp. E6 aTF as a search query.
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was therefore selected as the first candidate for heterologous protein purification and
biochemical characterization.

Upon closer inspection of the genes around the TPA operon, it seemed curious that
another predicted transcription factor located farther downstream of ISF6_0225 was also
annotated as an iclR-type transcriptional regulator. This TF, ISF6_0223, is also antisense to the
TPA catabolism genes, but it encodes a larger protein than ISF6_0225. It is also downstream of
the MHETase gene, the secreted hydrolase involved in the second step of PET catabolism,
potentially implying a function in the regulation. Another encoded transcription factor of the LysR
family, ISF6_0231, is immediately downstream of the TPA catabolic genes (Figure 13).

ISF6_0231 ISF6_0225 ISF6_0223

TPA Operon

Figure 13. Several transcription factors are adjacent to the TPA operon and the MHETase gene in |. sakaiensis:

ISF6_0231 (red-orange), ISF6_0225 (lime green), and ISF6_0223 (deep teal). Genetic positioning is approximate, but

notto scale. See Figure10f or a full description of the genes in MTPA Oper
of Comamonas sp. E6. The graphic style was inspired by Kincannon, W. M. et al, 2022.

A multiple sequence alignment (MSA) of the amino acid sequences of ISF6_0225,
ISF6_0223, and TphR, demonstrated that the first 93 amino acids (AA) are conserved, with
positions 9 7 76 exhibiting 100% identity with the exception of position 18 (Supplementary
Figure 7). Examinati on of t h e s e ddmaiss&ia theudoncain scanmex émbedded in
the PROSITE database suggests that their N termini all contain a Helix-Turn-Helix (HTH) icIR
DNA binding domain, whereas the C terminus in ISF6_0223 and TphR; is an icIR effector-
binding domain (EBD) capable of allosteric regulation.” IcIR TFs are typically repressors of
catabolic genes in the absence of regulatory substrates, but engage in de-repression of
catabolic genes when their allosteric modulators are present in excess.”® ISF6_0225 was not
predicted to have an effector-binding domain.

When the MSA was extended to include ISF6_0231, a TF of the LysR family rather than
the iclR family, the picture became considerably murkier: it does not appear to share a DNA-
binding domain with ISF6_0223, ISF6_0225, and TphRy (Supplementary Figure 8). Only 13 out
of the 67 AA of the predicted DBD in the icIR-like I. sakaiensis TFs are conserved in ISF6_0231,
which corresponds to a conservation of approximately 19%. When scanned for PROSITE motifs,
AA positions 2-59 in ISF6_0231 were suggested to contain a LysR HTH DNA-binding domain. An
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EBD was not found for ISF6_0231. Bioinformatic supporting evidence for allosteric control of
ISF6_0225 and ISF6_0231 is therefore weak.

Proteomic Identification of TFs Active during TPA Catabolism in |. sakaiensis

To experimentally identify putative TFs controlling TPA catabolism in |. sakaiensis, the
proteomes of cells grown on TPA as a carbon source were compared to cells grown on maltose
in exponential-phase. Unexpectedly, two different TFs were overrepresented in the |. sakaiensis
proteome when the microbe was grown on TPA: ISF6_0231 and ISF6_0223 (Figure 14).
ISF6_0231 was the TF with the greatest apparent upregulation, with a log-FC of 4.58 over maltose
(Table 9). This finding challenges the original homology-based prediction on behalf of the Yoshida
group that ISF6_0225 is the dominant TPA-responsive TF.'8 Importantly, peptides mapping to
ISF6_0225 could not be identified in this experiment. While this potentially indicates ISF6_0225
is a pseudogene (or its mRNA fails to be translated), its near-identity to the first 93 AA of
ISF6_0223 could also complicate the parsing of abundance changes at the peptide level.

12—

®|SF6_0231
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Figure 14. Volcano plot of the I. sakaiensis proteome when grown in TPA versus maltose in minimal medium.
Significantly upregulated TFs on TPA are shown with large teal dots. Cut-offs for significance (dashed lines in mint
green) for log2FC are +1.25 and a i logio(p-value) of 2, corresponding to a P-value of 0.01. Data from the volcano plot
is derived from the same experiment in Figure 11; other protein identifiers are removed for clarity.
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Table 9. TFs overrepresented in the |. sakaiensis proteome when the microbe was grown in a minimal medium with 10
mM TPA versus 10 mM maltose.

_ Bakta Gene _
"Onprot 1D | (voehgaeia 2016 | (Fold Change) Encoded Gene Product
Assembly)
AOAOK8P8D9 (ISFlgj§231) 4.58 Transcriptional regulator, LysR family
AOAOK8P9R2 (ISFp6C_aOF\)223) 3.70 Pca regulon regulatory protein PcaR

Given the upregulation of ISF6_4437-39 (encoding the i -ketoadipate CoA-transferase
and thiolase of the PCA ortho cleavage pathway, see Table 6), the TF antisense to the same
operon, ISF6_4436, could also be highly upregulated. ISF6_4436 is predicted to be an icIR-type
TF with a canonical HTH DBD and EBD. This TF candidate marginally passes the thresholds of
significance set for this experiment, with a log2FC of 1.975 and a -logioP-value of 2.12. Given the
low abundance of this TF when |. sakaiensis was grown on TPA, its role in the regulation of
upstream TPA catabolism genes was not investigated further. This does not exclude the
possibility that the transcription and translation of ISF6_4436 itself could be regulated by TPA or
PCA (given the abundance of the I. sakaiensis TPADO). Theupstream product of
catalysis, | -ketoadipate, could also potentially function as an allosteric effector for the ISF6_4436

transcription factor if it is truly an iclR-type aTF.

Heterologous Purification of ISF6_0231, ISF6_0223, ISF6_0225, and TphRy

To investigate these in silico hypotheses further in vitro, a collaboration was forged with
fellow PhD candidate Sebastian Barthel. Deca-Histidine-tagged TFs with solubility-enhancing
maltose-binding protein (MBP) were produced in the E. coli protein production strain BL21(AI)*"
for nickel-based affinity purification.®® All transcription factors were successfully produced
(Figure 15), while untagged TFs suffered from aggregation and precipitation (Supplementary
Figure 9). In addition, a contaminating ~110 kDa band of high intensity was persistent in all
purifications of ISF6_0225+MBP (Figure 15, lane 4). This could potentially be evidence of TF

dimerization, as the band is roughly two times the size of the MBP-tagged TF.

xii BL21(Al) is well-suited to cytotoxic or otherwise challenging purifications because its integrated RNA polymerase is
under the control of an arabinose-inducible promoter (Pam), which is much tighter than the allolactose-inducible
promoter Plac.
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Figure 15. Representative SDS-PAGE gel of the purified TFs, loaded at 2 pg of protein per lane. The colour of the
arrows on the gel correspond to the genetic constructs at right used for protein overproduction (only the ORF for
generating the fusion protein is shown, without any of the plasmid features). An N-terminal MBP tag is fused to each
TF. The 10X-Histidine tag at the N terminus of MBP is shown in light blue, whereas the flexible linker separating MBP
from each TF is not shown. The leftmost lane of the SDS-PAGE gel contains ThermoFi s h €agéRailerE prestained
protein ladder (#26619). The size of each ladder band is indicated in teal to the left of the gel image.

ISF6_0231, ISF6_0225, and ISF6_0223 bind the promoters of TPA catabolic genes

With the purified MBP-tagged TFs in hand, their DNA-binding activity and putative
allosteric regulation was examined via EMSA. Four different promoter regions implicated in PET
catabolism were PCR-amplified from I. sakaiensis genomic DNA (Figure 16): the bases upstream
of PETase, MHETase, and ISF6_0223 genes, as well as the promoter region between the TPA
operon and ISF6_0225 (which is presumably bidirectional like in Comamonas sp. E6).

ISF6_0231 ISF6_0225 ISF6_0223

1 2 3 4
PETase Bidirectional MHETase ISF6_0223
Promoter Promoter Promoter Promoter

Figure 16. |. sakaiensis promoter regions selected for analysis of aTF DNA-binding interactions via EMSA. Diagram is
not to scale, but the chromosomal organization of genes and their orientation is preserved. Binding regions are
discussed in the main text in the order of their investigation, starting with the bidirectional promoter region, rather than
the numerical order presented in this figure (which merely illustrates their order on the I. sakaiensis chromosome).
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The PCR products ranged in size from 120 7 166 bp, with their boundaries determined by
the start and/or stop sites of surrounding genes. The promoter of ISF6 0223 was selected to
examine autoregulatory activity, as this is commonly observed in TFs in prokaryotes and thought
to reduce fluctuations in response times for repressors.8! To improve detection of DNA-binding
interactions, the forward primer was labelled with the fluorophore 6-carboxyfluorescein (6-FAM).
This allowed the PCR products to be detected in-gel with blue light, while non-specific DNA added
to each EMSA reaction as competitor DNA remained invisible.

Two effectors within the TPA catabolism pathway were selected to investigate allostery:
TPA and PCA. TPA was chosen as it is the first metabolite of the TPA pathway (Figure 5) and
could turn on the TPA catabolism genes if ISF6_0223 indeed functions similar to an iclR-type
aTF'il. PCA was chosen as the end-product of the TPA pathway, with the hypothesis that it may
have a negative regulatory effect on TPA catabolism genes. Intermediates of the pathway were
not included in this study as they are not commercially available and their enzymatic synthesis

requires the successful reconstitution of a multi-subunit metalloprotein.®2

The bidirectional promoter region was investigated first as there is a 62% conservation
between this DNA sequence in the I. sakaiensis and Comamonas sp. E6 genomes (Figure 17).
Notably, the previously defined operator of Comamonas sp. EG6, the inver
TTTTTGCGCATAGCGCAAAAA-3 6 neailyzonserved in this region of the |. sakaiensis genome
(76% nucleotide identity).”” This was hypothesized to lead to a similar gel-shift for the
Comamonas sp. E6 transcription factor TphRy on |I. sakaiensis gDNA (and therefore this aTF
would function as a simple in-gel positive control for DNA-binding activity). All purified proteins
were capable of binding the bidirectional promoter region, albeit with different efficiencies. TphRy
and ISF6_0223 bind most strongly, followed by ISF6_0225. ISF6_0231 binds the operon weakly,
with a strong residual DNA band at the bottom of the lane (Figure 17).

These EMSAs demonstrate that both ISF6_0225 and ISF6_0223 bind the same operon
sequences in |. sakaiensis, but only ISF6_0223 is TPA-responsive. This finding confirms that
ISF6_0225 does not have an EBD and further implicates a conserved DNA-binding domain in the

first 93 amino acids of the three proteins. We did not observe the release of DNA for TphR; in

Xii As described in subsection 2.2, iclR-type aTFs are typically repressors of catabolic genes in the absence of
regulatory substrates, but engage in de-repression of catabolic genes when their allosteric modulators are present in
excess.”
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response to TPA for the bidirectional promoter region. Instead, a slightly darker lower band can
be seen on the gel below the major TphR\-DNA complex (Figure 17, lane 6), which may
correspond to a different oligomerization pattern of TphR; on the DNA fragment in response to
TPA (as different amounts of TF would result in the DNA complexes run at slightly different rates).
This supports previous work by Kasai, D., et al in 2010, who demonstrated biochemically and in
vivo that TphR; functions as a transcriptional activator of TPA catabolism in Comamonas sp. E6,
despite purification of TphR; without the addition of MBP.”” Luckily, the addition of this solubility
tag does not seem to inhibit the conformational change(s) necessary for DNA and TPA binding.
The TPA-enhanced DNA binding behaviour of TphR, was consistent when the EMSA was
repeated (Supplementary Figure 10).
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Figure 17. Gel-shift assay of TphRu, ISF6_0223, ISF6_0225, and ISF6_0231 on the bidirectional promoter region (2 in
Figure 16, shown in A) amplified from the |. sakaiensis genome with a 6-carboxy-fluorescein label (B). Free DNA runs
rapidly throughthegel ( ANo aTF o i n )lwheaneassthe progeessibn of &TF-bound DNA through the gel is
retarded. aTFs are present at 100X over the 5-fluorescein-labelled DNA fragments to saturate binding. Effectors were
added to reactions where indicated at a concentration of 1 mM.

Similarly, an upper band is visible for the ISF6_0231-mediated gel shift of the bidirectional
promoter fragment in the presence of TPA (Figure 17, lane 9), which could indicate TPA-
dependent binding of ISF6_0231. In an attempt to resolve this discrepancy, an EMSA with the I.
sakaiensis TFs at lower ratio to bidirectional promoter DNA was run (Figure 18). The strong TPA-
dependence and weak PCA-dependence of ISF6_0223 release of the bidirectional promoter DNA

was again confirmed*V. Comparatively weak binding on behalf of ISF6_0231 was observed once

xiv Some DNA release from ISF6_0223 in the aTF only control is also apparent (Figure 18, lane 2), but the magnitude
of signal from the free DNA bands with TPA and PCA is much greater than the unbound fraction in the lane with only
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more, in addition to a band corresponding to a slightly higher protein-DNA complex upon addition
of TPA (Figure 18, lane 9). The amount of ISF6_0231-bound promoter DNA also appears to
decrease upon the addition of PCA, but this is again difficult to discern due to the strength of the
free DNA band. A titration of TPA and PCA with ISF6_0231 at a constant TF to DNA ratio is a
logical next step to determine whether the binding of ISF6_0231 at the bidirectional promoter
region is truly affected by either metabolite of the TPA pathway. It is a tantalizing hypothesis that
the weak DNA-binding activity of ISF6_0231 is strengthened in the presence of TPA and reduced
in the presence of PCA, but this requires additional experimental confirmation.
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Figure 18. Gel-shift assay of ISF6_0223, ISF6_0225, and ISF6_0231 on the bidirectional promoter region (2 in Figure
16) amplified from the I. sakaiensis genome with a 6-carboxy-fluorescein label. Free DNA runs rapidly through the gel
(AiNo aTFsl andril),lwhereas the progression of aTF-bound DNA through the gel is retarded. Putative aTFs
are present at 75X over the labelled PCR products. Effectors were added where indicated to a final concentration of 5
mM. The contrast of the image was increased by 20% to adequately display the higher-order complex formed by
ISF6_0231 in response to TPA in lane 9.

ISF6_0223, ISF6_0225, and ISF6_0231 bind the MHETase promoter

Next, we looked to the upstream step of the TPA catabolism pathway: the conversion of
MHET to TPA and EG by MHETase (Figure 5). The MHETase promoter is the nearest promoter
to the bidirectional promoter, following shortly after the ISF6_0225 coding sequence. TphR; and
ISF6_0223 were found to bind strongly to the MHETase promoter, followed by ISF6_0225 and
ISF6_0231 (Figure 19). While the binding of ISF6_0231 appears to be the weakest of the four
TFs, ISF6_0231 binds more strongly to the MHETase promoter than the bidirectional promoter.

ISF6_0223 added. The lower ratio of aTF to DNA (75X instead of 100X) may be insufficient for a complete gel shift if
the reactions were insufficiently equilibrated prior to loading the gel.
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Only ISF6_0223 appeared to undergo DNA release in the presence of TPA, while all other TFs
did not respond to TPA or PCA as an effector. As only a weak free DNA band can be seen in
response to TPA (Figure 19, lane 6), the degree of DNA release upon TPA exposure by

ISF6_0223 appears to be reduced in comparison to the bidirectional promoter.
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Figure 19. Gel-shift assay of TphRu, ISF6_0223, ISF6_0225, and ISF6_0231 on the MHETase promoter region (3 in
Figure 16, shown in A) amplified from the |. sakaiensis genome with a 6-carboxy-fluorescein label (B). Free DNA runs
rapidly through the gel, whereas the progression of aTF-bound DNA through the gel is retarded. aTFs are present at
100X over the 5-fluorescein-labelled DNA fragments to saturate binding. Effectors were added where indicated to a
final concentration of 1 mM. EMSAs were repeated at least twice on different days to confirm DNA-binding relationships.

To confirm that ISF6_0223 indeed releases MHETase promoter DNA in response to TPA,
the EMSA above was repeated at two different ratios of the |. sakaiensis TFs over DNA with 5
mM of each effector. While 5 mM is not a physiologically relevant metabolite concentration,
complete saturation of the potential binding site(s) of these aTFs would result in robust DNA
release if they are indeed allosteric regulators. Indeed, ISF6_0223 robustly releases MHETase
promoter DNA at ratios of 75-fold and 100-fold aTF over DNA in response to TPA (Figure 20).
ISF6_0225 and ISF6_0231 do not appear to be allosterically regulated by TPA or PCA. Binding

of all TFs to the MHETase promoter was again confirmed in these EMSAs.

Curiously, ISF6_0223 also releases DNA in response to PCA in these conditions (Figure
20, lane 4), although the response is much more pronounced in the condition with only 75-fold
aTF over DNA (Figure 20, lane 4, A). Structurally, TPA and PCA are quite similar to one another:
TPA has two carboxy groups on opposite sides of a phenyl ring, while PCA retains one carboxy
group alongside two hydroxyl groups attached to the 2,3-meta and 3,4-ortho positions of the
phenyl ring opposite of the carboxy group. It is interesting to speculate that the binding pocket of

ISF6_0223 may predominantly grab onto the central phenyl ring, f o r exampl e’
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stacking interactions between these molecules and an aromatic amino acid sidechain like
tryptophan®,t h e n i ¢ bahowokthe tanboxy groups on each side of TPA. This may allow for
some promiscuity in interacting with PCA (assuming TPA is the dominant effector) if

conformational changes are transduced upon phenyl ring coordination.
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Figure 20. EMSAs of |. sakaiensis TFs with MHETase promoter DNA (3 in Figure 16). The EMSA in (A) was conducted
with 75-fold TF over the 5-fluorescein-labelled DNA fragments, while the EMSA in (B) was conducted with 100-fold TF
over DNA.

The behavior of ISF6_0223 in response to TPAT and to a lesser degree, PCA T may also
partially explain why the MHETase protein is upregulated when I. sakaiensis is grown on TPA.
De-repression of the MHETase gene (via the action of TPA on ISF6_0223) could allow for the
continued transcription and translation of MHETase if ISF6_0223 normally acts as a
transcriptional block for RNA polymerase. The role of ISF6_0231 is less clear, as ISF6_0231
binds to the MHETase promoter with reduced strength and is unaffected by either TPA or PCA.
As ISF6_0231 is predicted to be a member of the normally homotetrameric LysR family, the
greater abundance of ISF6_0231 in comparison to ISF6_0223 in the proteomics dataset could
reflect the greater number of subunits required for function (Figure 14). LysR regulators often
have dual activation and repressor functions for numerous genes in addition to being allosterically
controlled, so it is likely that the critical metabolite responsible for the activity of ISF6_0231 was
simply not identified in these experiments.®® In any case, ISF6_0231 is a transcription factor that
binds the MHETase gene in a neither TPA nor PCA-dependent manner. Further research on its

role as an activator or repressor in PET catabolism is required.

XV * _stacking is critical to MHET and BHET leaving the binding pocket of IsPETase following catalysis via Trp156
(Chen, C-C. et al, 2018), so it is not inconceivable that a similar molecular interaction could be occurring here.
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ISF6_0223 and ISF6_0231 bind the PETase promoter

The DNA-binding activity of TphRy, ISF6_0231, ISF6_0225, and ISF6_0223 to the
PETase promoter was examined via EMSA next, as control of the first step of the PET catabolism
pathway would be critical for |. sakaiensis growth on PET as a carbon source (Figure 21). Strong
DNA binding was again seen for TphRy, ISF6_0223, and ISF6_0231, while weak binding was
seen for ISF6_0225""" (note the excess of free DNA at the bottom of the gel despite the slight gel-
shift of the TF-protein complex observed above). In addition, some TPA dependence for
ISF6_0223 binding was observed, yielding release of DNA in the presence of 1 mM TPA (Figure
21, lane 6). The TPA-dependent release of TphR; was not observed in previous EMSAS, so it is
intriguing that a faint shadow of a free DNA band can also be seen in this EMSA upon addition of
TPA to the TphRy-PETase promoter complex (lane 3), especially considering that the PETase
gene does not exist in the Comamonas sp. E6 genome.
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Figure 21. Gel-shift assay of TphRu, ISF6_0223, ISF6_0225, and ISF6_0231 on the PETase promoter region (1 in
Figure 16, shown in A) amplified from the I. sakaiensis genome with a 6-carboxy-fluorescein label (B). Free DNA runs
rapidly through the gel, whereas the progression of aTF-bound DNA through the gel is retarded. aTFs are present at
100X over the 5-fluorescein-labelled DNA fragments to saturate binding. Effectors were added where indicated to a
final concentration of 1 mM. EMSAs were repeated at least twice on different days to confirm DNA-binding relationships.

Due to obtaining a similar weak TPA-dependence for ISF6_0223 at the PETase promoter
as the MHETase promoter, the DNA-releasing activities of the I. sakaiensis TFs were again
examined with 5 mM of TPA and PCA at different ratios of TF to DNA to clarify molecular allosteric
regulators (Figure 22). TPA is a clear regulator for ISF6_0223 once more, with PCA modestly
influencing DNA release. Higher concentrations of TPA and PCA on ISF6_0225 and ISF6_0231

xVi One would expect ISF6_0225 to bind with similar strength at ISF6_0223, given the conservation of their N terminal
DNA binding domains, so this result may allude to higher-order interactions of the C terminal EBD of ISF6_0223 in 3D
space (e.g. oligomerization) impacting DNA binding positively for ISF6_0223.
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appear to have no discernable effect. From the EMSA at 100-fold TF:DNA and 1 mM effector,
PCA appeared to be an effector for ISF6_0231 (Figure 21, see the slightly darker free DNA band
seen at the bottom of the gel in lane 13 in comparison to lanes 11 and 12), but this pattern is less
apparent when the PCA concentration is increased. At 75-fold TF over DNA, the ISF6_0231-
PETase promoter complex appears to be fainter upon exposure to PCA, but this cannot be fully
differentiated from an aberration in the gel due to the qualitative nature of EMSAS. A titration of
PCA at a lower, albeit constant, ratio of TF to DNA would be an ideal future EMSA experiment to

resolve this uncertainty.

v ¥ A8
& S & & S /8va° S &P q & & /\Qv &L \* /3 &L \“' N ‘2 &
'D
w\oq,’\(‘«“/Sé&“’\“’\“«“&“eJ x\°(o’$"«‘«‘<‘ "Q‘«/‘Q"Q\@
A TS B ™ - T LEA
— — i ——————— - -— — — — - - —
ISF6_0223 ISF6_0225 ISF6_0231 ISF6_0223 ISF6_0225 ISF6_0231

Figure 22. EMSAs of |. sakaiensis TFs with PETase promoter DNA (1 in Figure 16). The EMSA in (A) was conducted
with 75-fold TF over the 5-fluorescein-labelled DNA fragments, while the EMSA in (B) was conducted with 100-fold TF
over DNA.

ISF6_0223 and ISF6_0231 bind the ISF6_0223 promoter

Finally, to examine whether ISF6_0223 has autoregulatory behavior and whether the other
TFs implicated in PET catabolism might influence the transcription of ISF6_0223, an EMSA with
the four aTFs in response to the ISF6_0223 promoter region immediately downstream of the
MHETase gene was carried out (Figure 23). ISF6_0223 bound its own promoter strongly. In the
presence of TPA, its DNA-binding activity is very slightly reduced. ISF6_0225 bound the promoter
very weakly, with only a faint gel-shift observed and no detectable effect of TPA or PCA.
ISF6_0231 bound the ISF6_0223 promoter stronger than ISF6_0231, but weaker than the

MHETase and PETase promoters.
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When the EMSA was repeated at a lower ratio of TF to DNA and a higher concentration
of TPA and PCA, this pattern remained consistent with the effect of PCA on ISF6_0223 being
slightly more pronounced (Supplementary Figure 11). TPA is the dominant effector for this aTF.
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Figure 23. Gel-shift assay of TphRu, ISF6_0223, ISF6_0225, and ISF6_0231 on the ISF6_0223 promoter region (4 in
Figure 16, shown in A) amplified from I. sakaiensis genomic DNA with a 6-carboxy-fluorescein label (B). Free DNA
runs rapidly through the gel, whereas the progression of aTF-bound DNA through the gel is retarded. aTFs are present
at 100X over the 5-fluorescein-labelled DNA fragments to saturate binding. Effectors were added to reactions where
indicated at a concentration of 1 mM. EMSAs were repeated at least twice to confirm DNA-binding relationships.

When all EMSAs are taken together, ISF6_0223 appears to be the predominant TPA-
responsive transcription factor, with some influence of PCA on de-repression. The allosteric
regulation of ISF6_0225 and ISF6_0231 by TPA or PCA is weakly supported (or in the case of
ISF6_0225, absent). Specifically, the allosteric regulation of ISF6 0231 at the bidirectional
promoter region is most promising, but the DNA binding response observed in the assays herein

are too tentative to make definitive conclusions.

In terms of DNA binding activity alone, both ISF6_0231 and ISF6_0225 weakly bind the
PETase promoter and 7 to a lesser degree i the ISF6_0223 promoter. Qualitatively, the binding
of ISF6_0231 appears stronger than that of ISF6_0225 for the ISF6_0223 DNA fragment, but
weaker than ISF6_0223. By contrast, ISF6_0225 binds the MHETase and bidirectional promoters
with strong affinity, while the binding of ISF6_0231 to these genomic regions appears
considerably weaker. ISF6_0223 binds all promoter regions tested with high affinity. Qualitative
descriptions such as these are admittedly not useful for further engineering; a more precise
guantification of DNA binding strength is required. We therefore turned to fluorescence
polarization to precisely define operator regions and infer aTF binding strengths within the

transcriptional landscape of I. sakaiensis TPA catabolism.
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Fluorescence polarization assays enable |. sakaiensis operator site definition for
the ISF6_0223 promoter and TPA catabolic genes

Fluorescence polarization (FP) assays were used to identify the operator sites within the
I. sakaiensis promoter regions examined via EMSA (Figure 16). FP exploits the fact that ligands
tumble sporadically in aqueous solution, but their motion changes when they are bound to a
biological macromolecule, such as an enzyme, transcription factor, or receptor kinase.®
Specifically, rotation tends to be slower when ligands are bound in a large complex.8* Therefore,
if ligands are fluorescently labelled and the reaction vessel is irradiated with light of a single
polarization, biases in the polarization of light received by a detector from the fluorophore can
subsequently be measured®" and used to infer equilibrium dissociation constants (Kp) associated
with ligand-binding.248° FP therefore allows (a)TF-DNA binding interactions to be tracked via
changes in light polarization if double-stranded DNA (dsDNA) fragments are labelled with a
fluorophore.®*85 Accordingly, dsDNA fragments singly-labelled with 6-FAM were used to study the
interactions between MBP-tagged (a)TFs and DNA in this thesis.

FP offers three distinct advantages over EMSAs for inferring (a)TF-DNA binding
relationships. First, the assays are much faster to perform. The rate-determining step for FP is
pipetting the equilibrated reactions into a 384 well plate, which can be automated using a liquid
handling robot, followed by measurement in an appropriate plate reader. In contrast,
electrophoresis times are fixed for EMSAs.8¢ Overnight electrophoresis is sometimes even
required to improve the resolution of gel-shifts. Second, FP assays exhibit much less variability.
Since there is no possibility of protein loss during gel loading™", binding constants can be
precisely quantified from plate reader polarization data.?*8 FP assays conducted on different
days can also be compared 7 provided the use of internal assay controls i whereas inferences
of DNA binding strength is only consistent within a single EMSA due to variability in DNA
illumination over different days. Slight current fluctuations during gel electrophoresis can also bias
the appearance of gel shifts in EMSAs and therefore the inference of DNA binding, whereas this
is not a feature of FP assays.® Finally, multiple conditions can be evaluated simultaneously with

FP. In EMSAs, one is limited to 12-15 conditions in a single gel, typically at a fixed TF to DNA

Vi polarization (P) of a sample is calculated with the following equation: P = (Fi - Fu)/(Fu + Fuy), where Fy refers to
fluorescence intensity parallel to the excitation light plane and Fy refers to fluorescence intensity parallel to the
excitation light plane. The difference between the emission fluorescence intensity is divided by total fluorescence
emission intensity.84

xvii £ g. due to diffusion of the sample out of the gel pocket
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ratio. Multiple DNA sequences, aTF concentrations, and effector concentrations can be assessed

in parallel via FP, particularly as the experiments can be conducted in a 384 well plate format.

The ISF6_0223 gene has a distinct operator

We began with the fragmentation of the ISF6_0223 promoter into 4 pieces to examine the
autoregulatory behavior of ISF6_0223 (Figure 24). As weaker binding was also observed for
ISF6_0231 to the ISF6_0223 promoter via EMSA, this candidate was additionally tested in FP.
ISF6_0225 binding was negligible via EMSA, so this TF was not tested.
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Figure 24. Promoter fragmentation scheme for the region upstream of ISF6_0223. All dsDNA fragments (PcaR1-4) are
l abell ed from their 56 eRcaR wad usdd aoam ebbréviatfoM fornthe Idiffecent| deDNA
fragments, rather than ISF6_0223, to reduce confusion between macromolecular species during data analysis. (PcaR
was the gene annotation given to ISF6_0223 with Bakt due to its homology to PCA catabolism regulators.) Created
with Biorender (https://BioRender.com).

FP revealed that the operator for ISF6_0223 is contained within PcaR-3, but not PcaR-1,
PcaR-2, or PcaR-4 (Figure 25). The best-fit Kp values for PcaR-1, PcaR-2, and PcaR-4 were
very high (>3.9 uM), leading to the conclusion that MBP-tagged ISF6_0223 and ISF6_0231 either
bind these fragments very weakly or not at all, in the case of PcaR-4 (Table 10). The binding of
ISF6_0223 to PcaR-3 was much stronger than ISF6_0231, with a Kp ~ 0.61 UM versus 2.1 UM,
respectively. This ratifies the qualitative observations made via EMSA (Figure 23) and indicates
that ISF6_0223 likely engages in strong autoregulation in vivo. Importantly, the polarization values

of the 6FAM-labelled dsDNA fragments do not change with increasing MBP concentration,

indicating that the added solubilitytag d oes not i nf | untenaaian with thess 8FAM-F s 6

labelled dsDNA fragments and thus the inference of their equilibrium dissociation constants via

FP (Supplementary Figure 12, A).
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Figure 25. FP binding curves of ISF6_0223+MBP (green) and ISF6_0231+MBP (orange). Varying amounts of TF were
added to 6FAM-labelled dsDNA fragments of the ISF6_0223 promoter, held constant at 50 nM dsDNA. (A) shows
insignificant binding of the TFs to PcaR-1 with increasing concentration, (B) depicts non-binding of TFs to PcaR-2, (C)
depicts increasing binding of TFs with PcaR-3 as a function of TF concentration, and (D) shows a lack of binding for
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Table 10. Kp values for MBP-tagged ISF6_0223 and ISF6_0231 on 6FAM-labelled dsDNA fragments of the ISF6_0223
promoter. The Kp values reported represent the best-fit value derived from non-linear regression on a single experiment
with 4 technical replicates for each concentration of TF (with the concentration of DNA fragment held constant at 50
nM). The FP experiment with PcaR-3 was repeated at least three times to confirm that the derived equilibrium
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dissociation constants were representative for each TF.
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[TF] (nM)
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6FAM- ISF6_0223+MBP ISF6_0231+MBP

abeted BestFit | 95% ClKo o Best-Fit Ko 95% Cl Ko i
Kb (nM) (nM) (nM) (nM)

PcaR-1 9969 Indeterminate 0.8573 11724 8260-18121 0.9871

PcaR-2 12630 Indeterminate 0.7117 3918 2345-7278 0.9502

PcaR-3 598 544-656 0.9967 2141 1475-3208 0.9436

PcaR-4 Unstable | Indeterminate 0.4268 10202 5332-27674 0.9473

Due the fact that PcaR-2 and PcaR-4 each contain half of the PcaR-3 sequence, it is

surprising that the entire PcaR-3 sequence appears to be necessary for aTF binding. There is a
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single 6 bp palindrome at p-€GATEG-D&) I tirhgamehtedtby e

the boundaries of PcaR-2 and PcaR-4. This could be a good candidate to narrow the operator

site further beyond the 30 bp PcaR-3 sequence identified herein.

Control of TPA catabolic genes is not limited to TphRi operator homology

Next, the bidirectional promoter region was fragmented for FP assays (see
Supplementary Figure 13 for fragmentation pattern details). Previous EMSAs with 60-65 bp
hybridized oligos spanning the entire bidirectional promoter region with 30-31 bp overlaps at their
56 and hadaarrewed down the operator region to the region upstream of ISF6_0225 (data
not shown). This reduced the nucleotide search space for an operator from 129 bp to 63 bp.
Furthermore, searching the entire 129 bp bidirectional promoter region with the defined operator
sequence for the same promoter region in Comamonas sp. E677 suggested that the operator was
likely to be 5-&GATGTGCGGCATGCGCAAAAA-3 6 i sakaiensis. If the DNA binding
determinants for ISF6_0223 are the same as for TphRy, this sequence breaks the notion of an

sequ

inverted palindrome;thr ee 56 mut ati ons abol i stheguamieeinsertianr t i ng t

ext ends t heactSwvile BEIGEof a T (or its substitution with C) muddies the central
inversion point of the palindrome. Nonetheless, maximum TF binding was hypothesized to occur
with 6FAM-labelled dsDNA fragment Bidir-2, which encompasses the entire 30 bp sequence that
is 76% similar to the Comamonas sp. E6 operator. All other dsDNA sequences were designed

around this hypothesis, with Bidir-4 and Bidir-5 each containing one half of this 30 bp sequence.

The binding of ISF6_0223 and ISF6_0231 was compared in FP without ISF6_0225
because ISF6_0223 and ISF6_0225 have a high AA conservation of 92% in their DNA binding
domains*™ and both exhibit strong DNA binding via EMSA (Figure 17). Their operators are
therefore likely to be the same. The DNA binding activity of ISF6_0231 is considerably weaker
than ISF6_0223 or ISF6_0225 via EMSA, but ISF6_0231 is predicted to be part of the LysR TF
family, rather than the iclR TF family like ISF6_0223 and ISF6_0225. Testing these TFs via FP

seemed pertinent to determine whether they bind to different regions of the bidirectional promoter.

In reality, ISF6_0223 emerged as the predominant TF at the bidirectional promoter region.
ISF6_0223 bound the predicted operator Bidir-2 readily, as well as Bidir-4 and Bidir-5 (each
containing half of the hypothesized operator sequence) (Figure 26). The Kp of ISF6_0223 for

Xix There is only a 7 AA gap and a glycine to serine substitution in the first 20 AA of ISF6_0223 in comparison to
ISF6_0225.
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Bidir-2, Bidir-4, and Bidir-5 was worse than the operator of the ISF6_0223 promoter. For the
hypothesized bidirectional promoter operator (Bidir-2), the Kp was approximately 1.4 uM versus
0.6 puM for its own operator (PcaR-3) (see Table 11 vs. Table 10).
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Figure 26. FP binding curves of ISF6_0223+MBP (green) and ISF6_0231+MBP (orange) to Bidir-2 (A), Bidir-4(B), and
Bidir-5 (C). Varying amounts of TF were added to 6FAM-labelled dsDNA fragments of the bidirectional promoter, which
was held constant at 50 nM dsDNA.

ISF6_0231 also bound the hypothesized operator, Bidir-2, albeit extremely weakly, with a
Ko ~ 4 uM. Best-fit Kp values could not be identified for ISF6_0231 on Bidir-4 or Bidir-5 (Table
11), which indicates that the data do not fit the model used. Of all tested fragments, ISF6_0231
only binds Bidir-2 with a reasonable 95% confidence interval and R-squared value, suggesting
that the DNA-binding activity of ISF6_0231 at this locus is limited to Bidir-2.
Table 11. Ko values for MBP-tagged ISF6_0223 and ISF6_0231 on 6FAM-labelled dsDNA fragments of the
bidirectional promoter between the TPA operon and ISF6_0225. The Kp values represent the best-fit value derived
from non-linear regression on a single experiment with 4 technical replicates for each concentration of TF (with the

concentration of DNA fragment held constant at 50 nM). The FP experiment with Bidir-2 was repeated at least three
times to confirm that the derived equilibrium dissociation constants were representative for each TF.

6FAM- ISF6_0223+MBP ISF6_0231+MBP
labelled  ["Best-Fit | 95% CI Ko ) Best-FitKo | 95% Cl Kp )
dsDNA | Ky (nM) (M) R (nM) (nM) R
Bidir-1 231 Indeterminate 0.1259 491 Indeterminate 0.0171
Bidir-2 1375 1212-1566 0.9945 4123 2111-9678 0.9206
Bidir-3 1184 559-2842 0.8561 213 -2073-1562 0.4513
Bidir-4 818 575-1167 0.9572 Unstable Indeterminate | Not applicable
Bidir-5 2572 2282-2910 0.9963 Unstable Indeterminate | Not applicable

Neither ISF6_0223 nor ISF6_0231 convincingly bound fragments Bidir-1 or Bidir-3 (Figure
27). A Kp 95% confidence interval could also not be calculated for ISF6_0223 binding to Bidir-1,
which underscores that ISF6_0223 does not bind this dsDNA fragment. Like the ISF6_0223
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promoter region, each 6FAM-labelled dsDNA fragment used was also tested with increasing
concentrations of MBP. The MBP tag added to these TFs does not influence their interaction with
these 6FAM-labelled promoter fragments and thus the inference of their equilibrium dissociation
constants in FP (Supplementary Figure 12, B).
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Figure 27. FP binding curves of ISF6_0223+MBP (green) and ISF6_0231+MBP (orange) to Bidir-1 (A) and Bidir-3 (B).
Varying amounts of TF were added to 6FAM-labelled dsDNA fragments of the bidirectional promoter, which was held
constant at 50 nM dsDNA.

Taken together, the sequence determinants controlling ISF6_0223 binding at this locus
are not obvious. If the hypothesis is true that Bidir-2 is the primary operator and structural contacts
are required with both sides of the operator Apal.
would be expected for dsDNA fragments Bidir-4 and Bidir-5. Instead, the Kp of ISF6_0223 is
slightly better at Bidir-4 than Bidir-2: 0.8 uM vs 1.4 uM, respectively. The only apparent
commonality between Bidir-2, Bidir-4, and Bidir-5 is the presence' of a 5-bp tract of guanine and
cytosine (order agnostic). Neither Bidir-1 nor Bidir-3 have a tract of more than four G/C residues
in a row. Lastly, Bidir-2 and Bidir-5 sharethe 6-b p pal i nTTGCGCAB 656 but this seq
is not present in Bidir-4 (where DNA binding was apparent) and is present in Bidir-3 (for which
DNA binding was not apparent), so it is unlikely to be causative for binding. No other palindromic
sequences larger than 6 bp could be found in the 63 bp search area. A mutational study of the
DNA sequences of Bidir-2, Bidir-4, and Bidir-5 could be undertaken to build confidence in the this

operator region for |. sakaiensis, as it is currently quite large.

I Bidir-4 has two of these GC tracts, while Bidir-2 and Bidir-5 have one. It is tempting to speculate that this may contribute
to the slightly lower Kp for ISF6_0223+MBP on Bidir-4. FP assays standardizing the nucleotides between these tracts,
or adding a second tract to Bidir-2, would be needed to provide support for this idea.
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Multiple operators exist within the PETase and MHETase promoters

Next the PETase and MHETase promoters were fragmented for testing in FP via the
hybridization of 6FAM-labelled dsDNA oligonucleotides. The MHETase promoter was fragmented
into five roughly equal segments of 25-30 bp (Supplementary Figure 14), while the larger
PETase promoter was fragmented into seven fragments of 28-30 bp in size (Supplementary
Figure 15). ISF6_0223 and ISF6_0225 DNA-binding was evaluated on both the MHETase and
PETase promoter regions as they both bind to these sequences via EMSA (Figure 19, Figure
21), although qualitatively ISF6_0223 binds to each promoter region more strongly than
ISF6_0225, which is an especially weak binder to the PETase promoter (Figure 21).

For the MHETase promoter, ISF6_0223 and ISF6_0225 bound every fragment, in
contrast with the ISF6_0223 and bidirectional promoters (Figure 28).
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Figure 28. FP binding curves of ISF6_0223+MBP (teal green) and ISF6_0225+MBP (lime green) to MHETase-1 (A),
MHETase-2 (B), MHETase-3 (C), MHETase-4 (D), and MHETase-5 (E). Varying amounts of TF were added to 6FAM-
labelled dsDNA fragments of the MHETase promoter, which was held constant at 50 nM dsDNA. A titration with MBP
alone on each 6FAM-labelled DNA fragment was additionally performed (F) to confirm that DNA binding could solely
be attributed to DNA-binding domains of ISF6_0223 and ISF6_0225 up to 8 uM.

The truncated TF, ISF6_0225, is a better binder to MHETase-2, which is 120 bp from the
start codon (Supplementary Figure 14), with a Kp of 0.4 uM versus 0.7 uM for ISF6_0223 (Table
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12). ISF6_0225 binding is comparable to ISF6_0223 on all other regions, with the exception of
MHETase-1. On this fragment, the Kp of ISF6_0225 is approximately 500 nM worse (1.8 uM
versus 1.3 uM for ISF6_0223). On the 29 bp dsDNA frament immediately upstream of the start
codon of MHETase, MHETase-5, the best-fit Kp for ISF6_0223 is better than ISF6_0225: 0.8 uM
versus 1.4 uM, respectively. It therefore appears that ISF6_0225 has a greater affinity for
MHETase-2, distant from the start codon, while ISF6_0223 has a better affinity for MHETase-5,
the region closer to the start codon of the MHETase gene. Given that the DNA binding domains
are so similar for these proteins (Supplementary Figure 7), itis surprising that the loss of 7 amino
acids at the N terminus of ISF6_0223 and its single glycine-to-serine mutation shifts the preferred
binding site of ISF6_0223 so greatly. This underscores the importance of a future genetic
knockout of these regulators in vivo to examine their effects on TPA catabolism in I. sakaiensis.

Table 12. Kp values for MBP-tagged ISF6_0223 and ISF6_0225 on 6FAM-labelled dsDNA fragments of the MHETase
promoter. The Kp values reported represent the best-fit value derived from non-linear regression on a single experiment
with 4 technical replicates for each concentration of TF (with the concentration of DNA fragment held constant at 50

nM). The FP experiment with MHETase-2 was repeated at least three times to confirm that the derived equilibrium
dissociation constants were representative for each TF.

6FAM- ISF6_0223+MBP ISF6_0225+MBP

labelled  "Best-Fit | 95% CI Ko Best-FitKo | 95% Cl Ko

dsDNA | Ky (nM) (nM) R (nM) (nM) R
MHETase-1 | 1276 | 1035-1500 | 0.9838 1803 1355-2447 0.9712
MHETase-2 | 705 605-826 0.9889 443 379-520 0.9891
MHETase-3 | 817 679-990 0.9853 1051 845-1319 0.9806
MHETase-4 | 1008 899-1133 0.9952 1221 1004-1496 0.9851
MHETase-5 | 796 664-959 0.9848 1446 1230-1711 0.9906

When the PETase promoter was fragmented, an obvious operator also could not be found
for ISF6_0223 or ISF6_0225 via FP (ISF6_0231 was not tested on the PETase promoter
fragments due to its relatively weak binding observed via EMSA). Instead, binding to all 6-FAM
labelled dsDNA fragments was seen for both TFs (Figure 29, Supplementary Figure 16).
However, the dominant fragment was different for each TF: ISF6_0225 bound PETase Fragment
2 most strongly, distant from the start codon of PETase, while ISF6_0223 bound Fragment 4 most
strongly, which is immediately adjacent to the start codon (Supplementary Figure 15). This
pattern is similar to the PETase promoter, which requires further investigation. In any case, the
inability to identify a defined operator region for the PETase promoter could indicate the presence

of multiple operator sites within the promoter regions, or potentially a poorly selected
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fragmentation pattern that only partially captures the operator sequence(s). However, in contrast
to FP assays with the MHETase promoter, three overlapping DNA fragments were chosen to
account for partial operator fragmentation (i.e. PETase-5, PETase-6, and PETase-7; see lower
dsDNA hybrids in Supplementary Figure 15). A different DNA fragmentation pattern could be
attempted for future FP assays, but a DNase footprinting assay may be more efficient for
identifying the operator(s) in question.
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Figure 29. FP binding curves of ISF6_0223+MBP (teal green) and ISF6_0225+MBP (lime green) to PETase-2 (A),
PETase-3 (B), PETase-4 (C), PETase-5 (D), PETase-6 (E), and PETase-7 (F). Varying amounts of TF were added to
6FAM-labelled dsDNA fragments of the MHETase promoter, which was held constant at 50 nM dsDNA. FP assays with
ISF6_0223+MBP and ISF&_0225+MBP on PETase-1 as well as a titration with MBP alone can be found at
Supplementary Figure 16. For this test alone, FP assays for ISF6_0223+MBP and ISF6_0225+MBP were conducted
on different days but are plotted on the same graph.

90



Table 13. Ko values for MBP-tagged ISF6_0223 and ISF6_0225 on 6FAM-labelled dsDNA fragments of the PETase
promoter. The Ko values reported represent the best-fit value derived from non-linear regression on a single experiment
with 4 technical replicates for each concentration of TF (with a 6FAM-dsDNA fragment concentration of 50 nM).

6FAM- ISF6_0223+MBP ISF6_0225+MBP

labelled  MRestFit [ 95% CI Ko , Best-FitKo | 95% ClKp )

dsDNA | k. (nM) (nM) R (nM) (M) R
PETase-l | 1022 868-1204 0.9910 1345 1054-1736 0.9760
PETase-2 | 876 788-973 0.9961 980 786-1233 0.9774
PETase-3 | 595 478-734 0.9863 1317 1116-1564 0.9890
PETase-d | 677 622-737 0.9975 1046 897-1225 0.9899
PETase5 | 871 682-1107 0.9810 1237 1003-1537 0.9814
PETase-6 716 576-884 0.9846 1695 1377-2108 0.9836
PETase-7 | 1039 877-1231 0.9902 670 557-812 0.9839

ISF6_0223 and TphRjarecross-r eacti ve to each speciesd oper
As the defined operator of Comamonas sp. E6 motivated the initial scan of the bidirectional

promoter region in |. sakaiensis and there is a 76% amino acid similarity between TphR, and

ISF6_0223, it seemed prudent to test whether ISF6_0223 and TphR, would be cross-reactive to

each ot her sThe l.osgkeignsistoperators PcaR-3 and Bidir-2 were natural candidates

to test, while RM31" is the Comamonas sp. E6 operator in the intergenic region between its TPA

operon and TphRy itself (see Figure 10) . Both aTFs were found to bind

sequences readily (Figure 30), despite the fact that these aTFs have different functions in gene

expression in response to their allosteric regulators i ISF6_0223 releases DNA in response to

TPA, while TphRy binds DNA more strongly in response to TPA.”” As synthetic oligonucleotides

subtract the possible influence of DNA modification (e.g. methylation) on DNA binding, this DNA

cross-reactivity suggests that there may be common sequence motifs between species that these

aTFs are recognizing.

i As identified by Kasai, D. et al (2010) via EMSA?’
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Figure 30. FP binding curves of MBP-tagged ISF6_0223 (green) versus TphRII (open circles) on 6FAM-labelled dsDNA
sequences from two |. sakaiensis operators (PcaR-3 and Bidir-2) and the Comamonas sp. E6 operator for TphRu,
RM31. Varying amounts of aTF were added to 6FAM-labelled dsDNA fragments held constant at 50 nM dsDNA.

It follows from these experiments that TphR; is a better DNA-binder than ISF6_0223 for
every operon sequence tested, with best-fit equilibrium binding constants of 0.2 uM for the I.
sakaiensis ISF6_0223 operator PcaR-3 and 0.4 uM for the bidirectional promoter operator Bidir-
2 (Table 14). Estimated Kp values for ISF6_0223 on the same operators were approximately 400
nM worse. TphR; also bound its own operator sequence, RM31, better than ISF6_0223, with a
Kd ~ 0.16 uM versus 0.6 uM for ISF6_0223. Intriguingly, TphR binds the PcaR-3 operator on par
with its own operator, alluding to a convergence in TPA catabolism regulation across species.
Table 14. Kp values for MBP-tagged ISF6_0223 and TphRi on 6FAM-labelled dsDNA fragments of three defined
operators in |. sakaiensis (PcaR-3, Bidir-2) and Comamonas sp. E6. The Kp values reported represent the best-fit value

derived from non-linear regression on a single experiment with 4 technical replicates for each concentration of TF with
the concentration of DNA fragment held constant at 50 nM.

6FAM- ISF6_0223+MBP TphR+MBP
labelled  ™RestFit [ 95% CI Ko , Best-FitKo | 95% ClKp )
dsDNA | k(M) ("M) R ("M) (M) R
PcaR-3 618 564-678 0.9968 186 149-226 0.9939
Bidir-2 969 825-1139 0.9904 406 334-488 0.9889
RM31 647 560-746 0.9921 159 127-194 0.9947

Serendipitously, a tool for predicting prokaryotic operator sequences from the genetic
context surrounding a primary TF protein sequence query, Snowprint, was published as these
experiments were being performed.?” The software tool promises to outperform native operators
and their cognate TF pairs by extracting homologous inverted repeats of inter-operon regions
from evolutionarily-related transcriptional regulators, then defining a consensus motif for aTF

binding.®” Using ISF6_0223 as an input regulator, Snowprint predictedaconsens us
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cgtcgGCGCCCATCTCGGACAAGCTAGATTTGCGCta-3 for the TF from 24 sequences, with a
conservation score of 71.15. The Snowprint operator was subsequently reconstituted for FP as a
6FAM-labelled dsDNA fragment and titrated with the input regulator, ISF6 0223, as well as
ISF6_0225 due to the AA similarity between their DNA-binding domains (Figure 31).
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Figure 31. FP binding curves of MBP-tagged ISF6_0223 (teal) versus ISF6_0225 (lime green) on the 6FAM-labelled
dsDNA sequences derived for |. sakaiensis by Snowprint. Varying amounts of TF or MBP (black) as a negative control
were added to 6FAM-labelled dsDNA fragments held constant at 50 nM dsDNA. Both TFs were compared in the same
assay on the same day, but the concentrations of the final TF dilution series were discovered to be different during data
analysis due to a mathematical error, resulting in much higher concentrations of ISF6_0223+MBP tested.

The Snowprint operator was better than all tested operators for |. sakaiensis in this thesis,
with a Kp of 0.06 uM for ISF6_0223 (Table 15). It is an order of magnitude lower than its Kp for
Bidir-4, the fragment with the lowest KD of the bidirectional promoter region in I. sakaiensis, which
was 0.8 pM. As the initial inverted repeats would have been extracted by Snowprint from the
bidirectional promoter region in I. sakaiensis, this is an astonishing improvement over the wildtype
binding sequence for ISF6_0223.

Table 15. Kp values for MBP-tagged ISF6_0223 and ISF6_0225 on 6FAM-labelled operator generated by Snowprint
for I. sakaiensis TF ISF6_0223. The Kp values reported represent the best-fit value derived from non-linear regression

on a single experiment with 4 technical replicates for each concentration of TF with the concentration of DNA fragment
held constant at 50 nM.

6FAM- ISF6_0223+MBP ISF6_0225+MBP
labelled et Fit [ 95% CI Ko =2 Best-FitKo | 95% Cl Ko R?
dsDNA |y (nm) (nM) (nM) (nM)
Sonowprlnt 56 Indeterminate | 0.9817 1388 1153-1682 0.9861
perator

The best-fit Kp for ISF6_0225 to the Snowprint consensus operator (Figure 31) was

considerably worse at 1.4 uM, but this is in the range of its typical Kp for the PETase and
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MHETase promoters. Unfortunately, as ISF6_0225 was not tested with fragments of the
bidirectional operator, a direct comparison of its Kp on the Snowprint operator and Bidir-2 or Bidir-
4 cannot be made. A fascinating future direction would be the incorporation of this sequence into
a conjugatable vector with a fluorescent reporter gene. This would enable the examination of
whether this sequence could work in vivo in I. sakaiensis (or other TPA-degraders like
Comamonas sp. E6 or Comamonas thiooxidans™). It might also be useful for the construction of
in vitro TPA biosensors.

TPA and PCA differentially affect DNA release in ISF6_0223 and TphRu

ISF6_0223 is a clear candidate for further development as a TPA biosensor, given its
ability to release DNA in response to TPA (as established by various EMSAS) and strong binding
to at least two natural operators of |. sakaiensis and one synthetic operator (demonstrated via
FP). However, the minimal ligand concentration required for ISF6_0223 to release DNA is a
necessary parameter to understand the limits of this transcription factor in vitro, as well as for
predicting its in vivo sensing abilities when |. sakaiensis is grown on TPA as a carbon source.

To this end, FP binding curves with its own operator, PcaR-3, were established for
ISF6_0223+MBP in the presence of TPA and PCA from 250 nM to 8 mM. Concentrations beyond
8 mM were not tested as such concentrations would likely be beyond the physiological range of
substrate entering the I. sakaiensis cell. Sodium chloride was used as a control effector due to
the solubilization process of both of these chemicals requiring pH changes that could generate
exogenous salt during neutralization (see Media and Chemicals for further details). High salt
concentrations are also known to affect TF binding to DNA in EMSAs, so it seemed prudent to
ensure that any observations of DNA unbinding in response to TPA could not be attributed to
altered salt concentration in the assay buffer. This FP assay demonstrated that 57 1 260 nM of
TPA is required for ISF6_0223(+MBP) to release its operator, while 1.3 7 3.2 mM of PCA is
required to elicit the same response (Figure 32). ISF6_0223 is therefore more sensitive to the
initial product of the TPA catabolism pathway, rather than its downstream product, PCA. NaCl up

to 8 uM does not appear to have an effect on the binding of ISF6_0223 to its own operator.
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Figure 32. FP assay of ISF6_0223+MBP bound to its operator, PcaR-3, in response to three different chemicals: TPA,
PCA, and NaCl. As higher concentrations are added of each chemical (with the exception of NaCl), the polarization of
the population of 6FAM-labelled dsDNA molecules decreases, corresponding to a loss of TF:PcaR-3 complexes in the
mixture. ISF6_0223+MBP is 100-fold concentrated over its operator (PcaR-3 is 50 nM in this assay).

Given that TphR; was previously classified as a transcriptional activator’’, the response
of this TF to TPA and PCA was of interest. Enhanced DNA binding in response to these effectors
was predicted, which would translate to a consistent polarization in FP (if the TF is saturated over
the operator) or an increase in polarization (if the TF is equimolar to the operator). Surprisingly,
when the responses of MBP-tagged ISF6_0223 and TphR) to these effectors were compared, a
concomitant decrease in FP was measured for PcaR-3 for both TFs, indicating TphR; unbinding
from DNA in response to TPA (Figure 33, A). In addition, PCA at physiologically relevant
concentrations appears to have a negligible effect on TphR.
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Figure 33. FP assay of ISF6_0223+MBP and TphR;+MBP bound to the I. sakaiensis ISF6_0223 operator, PcaR-3, in
response to TPA (A) and PCA (B). The polarization of the population of 6FAM-labelled dsDNA molecules decreases
as TPA is added, which corresponds to a loss of TF:PcaR-3 complexes in the mixture. This pattern is additionally
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observed for PCA, with the exception of TphRi+MBP (B). ISF6_0223+MBP and TphRi+MBP are 100-fold concentrated
over the operator (PcaR-3 is 50 nM in this assay). FP was measured after 2 hours of equilibration at RT.

This result either indicates that the activity of TphR; as an activator is misunderstood in
the literature", or FP assays are unsuitable for the evaluation of activator behavior in response to
effectors at these aTF-dsDNA ratios. In any case, the differential responses of ISF6_0223 and
TphRy to TPA versus PCA prompted a broader examination of the evolutionary relatedness of
these transcriptional regulators. A phylogeny of homologous proteins to ISF6_0223 was created
by searching the BlastP non-redundant protein sequence database with the amino acid sequence
of ISF6_0223 as a query and extracting similar proteins. All sequences from metagenomics
sequencing studies without a definitive species assignment were eliminated, leaving a total of 64
protein homologs in the final dataset. When a phylogenetic tree was inferred using the Maximum
Likelihood method, TphRy and ISF6_0223 were found to exist in different clades (Figure 34).
Intriguingly, most TFs from the Comamonas genus appear to cluster together, indicating that the
sequences differ from one another by only a few AA substitutions. This cluster also occurs along
an elongated branch, indicating that several substitutions have occurred in this monophyletic
group. The evolutionary separation between the aTFs of |. sakaiensis and Comamonas sp. E6
may also contribute to the differential responses of each TF to effectors of the TPA pathway, but
this would need to be systematically interrogated. Purifying several of the putative (a)TFs from
this phylogeny and assessing their DNA binding activity in tandem with the effect of TPA versus
PCA (as well as investigating whether their parental microbes have functional TPA catabolism)

would be an interesting future direction.

i Increasing DNA binding upon TPA addition was only tentatively observed for TphRi+MBP in the EMSA with I.
sakaiensis bidirectional promoter DNA (Figure 17), but species-specific differences in DNA sequence could also
contribute to the inability to observe increasing DNA binding in the presence of TPA in this thesis.
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Figure 34. Unrooted phylogeny of ISF6_0223 homologs according to the Maximum Likelihood method using the
Neighbour-Join and BioNJ algorithms. A matrix of pairwise distances was estimated using a JTT model. The tree with
the highest log likelihood (-6898.09) is shown. The phylogenetic tree is drawn to scale, with branch lengths measured
in the number of substitutions per site. The analysis involved 64 amino acid sequences, curated to remove sequences
from metagenomics sequencing efforts that are not genomically assigned. All positions containing gaps and missing
data were eliminated. There were a total of 240 positions in the final dataset. Evolutionary analyses were conducted in
MEGAT7.88 The Comamonas sp. E6 transcription factor TphRy is marked with a black triangle, whereas the I. sakaiensis
transcription factor ISF6_0223 is marked with a black diamond. The RefSeq identifiers were kept on the tree for ease
of sequence extraction for interested readers.

Mass photometry alludes to differences in aTF oligomerization
To approach the behavior of MBP-tagged TphR; and ISF6_0223 in response to TPA and
PCA in another way, mass photometry was utilized. Mass photometry permits the assessment of

oligomeric states of protein complexes in solution by measuring the degree of scattered light
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caused by proteins falling onto a glass slide.?® The degree of light scattering scales linearly with
molecular mass, thereby providing a population-level view of different oligomeric states in an
aqueous protein sample.®® This technique was used previously in the literature to assess the
effect of different ligands on TF oligomerization, but dsDNA was not included in the reactions.* It
has, however, been used to assess the order of protein-protein binding events in relation to DNA
damage repair.®* As oligomerization is often important for aTF regulation via DNA looping (e.g.
between araC proteins in the arabinose operon of E. coli®?), mass photometry with DNA may
enable us to understand whether changes in oligomerization are a feature for the aTFs involved
in TPA catabolism.

Mass photometry demonstrated that TphR,+MBP is normally dimeric in solution, but
becomes polydisperse in response to its operator RM31. Specifically, TphR, appears to occupy
dimeric, tetrameric, hexameric, and octameric states (Figure 35). Similarly, ISF6_0223+MBP
predominantly exists in a dimeric state without PcaR-3 in solution, but transitions to a mix of
monomeric, dimeric, and tetrameric states in response to PcaR-3 (Figure 36). Both proteins
exhibited a drastic shift towards dimeric states in response to PCA, but a robust response to TPA
was not observed for ISF6_0223+MBP. Qualitatively, higher order assemblies appear to be lost
for ISF6_0223+MBP in the presence of TPA at both 10-fold and 6.25-fold ratios (aTF over
dsDNA), but the differences in event count percentages are between 8-11%, which makes this
interpretation speculative (Figure 36, C and G). Furthermore, these experiments were
confounded by the absence of a mass shift for ISF6_0223+MBP in response to the addition of
PcaR-3 (Figure 36, B). As the 6FAM-labelled dsDNA is quite large, the mass peaks should
undergo a mass shift of at least 20 kDa''. When 100-fold PcaR-3 dsDNA was added to fully
saturate the TF population, a 10 kDa mass shift was observed (139412 kDa for the 10-fold
condition versus 150412 kDa for the 100-fold condition, data not shown), which may indicate
inadequate hybridization of the input DNA. Further mass photometry experiments with dsDNA
saturating ISF6_0223+MBP at varying concentrations of TPA are therefore needed to draw

conclusions about its oligomeric state in solution in response to this effector.

i PcaR-3 and RM31 are roughly 20 kDa, based on the approximation that 1 bp = 0.65 kDa.
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Figure 35. Mass photometry profiles of TphRi+MBP, with counts plotted versus mass in kDa. In (A), the aTF is alone,
without operator dsDNA. (B) shows TphRi+MBP in response to its operator alone at ratio of 10-fold TF over dsDNA
RM31. (C) shows TphRi+MBP in response to its operator and 1 mM TPA at 10-fold aTF over dsDNA. (D) shows
TphRi+MBP in response to its operator and 1 mM PCA at 10-fold aTF over dsDNA. (F) through (H) depicts the same
conditions, respectively, with a ratio of 6.25-fold TphRui+MBP over RM31 dsDNA. (E) depicts the dsDNA only control
(i.e. RM31 in buffer) to demonstrate that no contaminating protein is added and additionally that dsDNA does not
interfere with the mass photometry measurement.

For TphR,+MBP, a clear response to TPA was observed in mass photometry. Its
polydispersion in solution with operator DNA collapsed into a dimeric and tetrameric peak with
the addition of 1 mM TPA (Figure 35, C and G vs B and F). The dimeric form was the predominant
molecular species, and further showed the expected mass shift for DNA binding (naturally dimeric
TphRy+MBP was measured to be 14319 kDa in solution, while TPA-bound TphR,+MBP was
161+19 kDa in solution, which would encapsulate a population of dimers both free and bound to
RM31). The tetrameric peak was drastically reduced when 1 mM PCA was added, with a
concomitant loss of DNA binding observed in the dimeric peak (142 + 11 kDa for the 6.25-fold
aTF over RM31 condition; the loss of dsDNA binding was less apparent at 10-fold dsDNA over
TF). Taken together, mass photometry data supports the role of TphR) as an activator in response
to TPA, while the influence of TPA on the oligomerization of ISF6_0223 is unclear. Both aTFs
reacted strongly to the addition of PCA in solution; reverting to a largely dimeric population of TFs
(Figure 35 and Figure 36, D and H).
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Figure 36. Mass photometry profiles of ISF6_0223+MBP, with counts plotted versus mass in kDa. In (A), the aTF is
alone, without operator dsDNA. (B) shows ISF6_0223+MBP in response to its operator alone at ratio of 10-fold TF over
dsDNA. (C) shows ISF6_0223+MBP in response to its operator and 1 mM TPA at 10-fold aTF over dsDNA. (D) shows
ISF6_0223+MBP in response to its operator and 1 mM PCA at 10-fold aTF over dsDNA. (F) through (H) depicts the
same conditions, respectively, with a ratio of 6.25-fold ISF6_0223,+MBP over PcaR-3 dsDNA. (E) depicts the dsDNA
only control (i.e. PcaR-3 in buffer) to demonstrate that contaminating protein does not accompany PcaR-3 addition.

These experiments cannot necessarily be compared with the FP data generated above,
as the ratios between aTFs and DNA fragments were not preserved between techniques. In the
FP assays performed, TFs are 100-fold concentrated over dsDNA to ensure that the entire
population of dsDNA molecules is bound to an aTF (therefore a loss of polarization in the 6FAM-
dsDNA can be profiled as they are liberated from the dsDNA-aTF complex and rotate faster in
solution). In contrast, the mass photometry experiments are conducted at much lower ratios.
dsDNA was not in excess of the aTF (so that the majority of TFs contacting the measurement
surface would not necessarily be bound to DNA), which additionally complicates the inference of
molecular states. Glass slides in mass photometry cannot be overloaded with protein for
meaningful relationships between oligomeric states to be captured; typical reactions are therefore
diluted immediately before being loaded onto the mass photometer, which may influence the
observed equilibria and assemblies if mixed improperly.® These experiments therefore mainly
show that dsDNA changes the dimeric state of both TphRyand ISF6_0223 in solution to promote
higher-order assemblies. PCA appears to reverse this change. Further experiments (such as a
titration with effector molecules at different TF-DNA ratios) will be needed to make robust

conclusions about the influence of different effectors on these TF-DNA complexes.
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ISF6_0223 and TphRi promiscuously accept 2-OH-TPA and 2-NH2-TPA

The substrate spectrum of the TPADO of Comamonas sp. E6 was recently characterized,
which unveiled its ability to turn over the TPA analogues 2-hydroxy-terepthphalate (2-OH-TPA)
and 2-amino-terephthalate (2-NH.-TPA) in addition to its natural substrate TPA.® It is uncertain
whether these analogues could similarly be processed by the |. sakaiensis TPADO, but at
minimum, the periplasmic TPA binding protein of |. sakaiensis is also capable of binding to 2-NH-
TPAV %3 Likely, IstphC can facilitate transport of 2-NH,-TPA across the inner membrane (provided
that the currently unknown I. sakaiensis TPA transporter is not excessively selective).*® The aTFs
involved in TPA catabolism would therefore be exposed to both TPA and 2-NH2-TPA if these
compounds are present in the soil environment in which |. sakaiensis grows. Accordingly,
ISF6_0223 was tested with 2-OH-TPA and 2-NH.-TPA in FP (Figure 37).
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Figure 37. FP assay of ISF6_0223+MBP with its operator, PcaR-3, in response to TPA (teal), PCA (orange), 2-hydroxy-
terephthalate (lime green), and 2-amino-terephthalate (light blue). As higher concentrations are added of each
chemical, the polarization of the population of 6FAM-labelled dsDNA molecules decreases (with the seeming exception
of PCA), which corresponds to a loss of TF:PcaR-3 complexes in the mixture. ISF6_0223+MBP is 40-fold concentrated
over the operator (PcaR-3 is 50 nM in this assay). FP was measured after 2 hours of equilibration at room temperature.

The effector specificity assay revealed that MBP-tagged ISF6_0223 unbinds at six-fold
lower concentration of the hydroxylated TPA analogue than TPA (half of the ISF6_0223 aTF
population is unbound at 21 nM of 2-OH-TPA versus 126 nM of TPA, see Table 16). ISF6_0223
responds to 2-NH>-TPA on par with TPA, giving the compound a similar opportunity to influence

TPA catabolism in |. sakaiensis if it successfully enters the cell.

liv A fluorescence-based thermal shift assay with the 1. sakaiensis tphC protein established a melting temperature shift
of 2.36&C for 2-amino-terephthalic acid, in comparison to 8.73aC for TPA, which is significantly higher than the other 35
TPA-like compounds tested.*3
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Table 16. Kp values for the effectors TPA, PCA, 2-OH-TPA, and 2-NH2-TPA for MBP-tagged ISF6_0223 and TphRu
on 6FAM-labelled PcaR-3 dsDNA at a constant ratio of 40-fold aTF over DNA. The Kp values represent the best-fit
value derived from non-linear regression on a single experiment with 4 technical replicates for each concentration of
TF with the concentration of DNA fragment (PcaR-3) held constant at 50 nM and aTF concentration of ~2 uM.

ISF6_0223+MBP TphR+MBP
Compound Best-Fit 95% CI Kp R? Best-Fit Kp 95% CI Kp R2
Kb (nM) (nM) (nM) (nM)
TPA 126 467 350 0.7973 213 727 654 0.6603
PCA 416 Indeterminate 0.2970 1118 Indeterminate 0.06417
2-OH-TPA 21 1071 37 0.8911 116 751 177 0.9433
2-NH2-TPA 130 7571 228 0.9318 776 4307 1559 0.9197
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Figure 38. FP assay of TphRi+MBP with the I. sakaiensis ISF6_0223 operator, PcaR-3, in response to TPA (teal),
PCA (orange), 2-OH-TPA (lime green), and 2-NHz-TPA (light blue). As chemical concentrations increase, the
polarization of the population of 6FAM-labelled dsDNA molecules decreases (with the exception of PCA),
corresponding to a loss of TF:dsDNA complexes in the mixture. TphRi +MBP is 40-fold concentrated over the operator.
FP was measured after 2 hours of equilibration at RT. Note also that the Y-axis is different from Figure 37.

Intriguingly, this pattern is not upheld by the Comamonas sp. E6 aTF (Figure 38).
TphRy+MBP is indeed more sensitive to the hydroxylated TPA analogue than its native effector,
TPA, but it is less sensitive to 2-NH>-TPA in comparison to the I. sakaiensis aTF (0.7 pM 2-NH.-
TPA versus 0.1 pM for ISF6_0223). While this could imply that the Comamonas sp. E6 aTF has
evolved greater specificity for distinguishing modified versions of TPA due to the promiscuity of
its TPADO, the effect of these TPA analogues on gene expression is unclear due to the
aforementioned issues with interpreting activator behavior in FP assays. Further examination of
these TPA analogues on TphR; and ISF6_0223 will be necessary to engineer these TFs for

greater specificity, as well as diversified product-sensing circuits.
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Structural Analysis of ISF6_0223+MBP

There is a dearth of structures available for TPA-dependent regulators. Consequently, X-
ray crystallography of ISF6_0223 bound to its own operator, PcaR-3, was attempted twice to
examine the AA residues responsible for contacting DNA. The first attempt did not yield crystals,
whereas poorly diffracting hexagonal prisms were obtained for the second attempt
(Supplementary Figure 17, A). All crystallization screens had residual imidazole carryover from
the purification, as we discovered after the first crystallography attempt that the DNA-binding
affinity of ISF6_0223 is drastically reduced at high protein concentrations after gel filtration
(Supplementary Figure 17, B). As high protein concentrations are necessary to promote crystal
nucleation, the Akta-purified protein was only desalted and concentrated using 30 kDa Amicon®
filters (Merck Millipore) prior to setting up crystal screens, which would still contain some
imidazole. Examining alternative TF to DNA ratios as well as setting up manual crystallography
screens with the compounds discovered herein may be required to improve the crystallization of
ISF6_0223. Structural investigation of its interaction with DNA could also be discarded to explore
its effector-bound 3D conformation, as ISF6_0223 releases its operator in response to TPA from
the EMSASs and FP assays in this chapter. Such structural studies may also be useful for rational
design of residues to increase the specificity of this aTF for TPA over TPA analogues that it may

also encounter in a cellular milieu.

The Curious Resurgence of MGE-Carried Genes in TPA Catabolism

Prior to the generation of the proteomics dataset in Figure 14, two additional predicted
transcription factors were investigated within in the 20 kbp MGE-containing duplicated region of
the |. sakaiensis chromosome adjacent to the TPA operon: LDCCDE 28390 and
LDCCDE_28370 (Table 3). LDCCDE_28390 and LDCCDE_28370 are both predicted to have a
single araC/xylS-type HTH domain via PROSITE. Unlike ISF6_0225, ISF6_0223, or ISF6_0231

however, these transcription factors are carried at two copies in the I. sakaiensis genome.

Heterologous purification of LDCCDE_28390 to examine its activity in vitro was not
possible in the period of this thesis. When the putative TF was N-terminally tagged with maltose-
binding protein, it appeared to be improperly translated or cleaved from MBP and degraded
following translation. This led to a band solely corresponding to the size of MBP in an SDS-PAGE
(Supplementary Figure 18). Further attempts at purification of the tagged TF were unsuccessful,

despite several variations in the induction conditions and protein overproduction phase. Further
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research is therefore required to determine the function of this putative TF as well as its

mechanism of action.

Conversely, LDCCDE_28370 was successfully purified (Supplementary Figure 18) and
appears to have DNA binding activity on all PET catabolism promoters examined in this thesis
(Figure 39). Its binding appears to be the weakest on the MHETase and bidirectional promoters
on the basis of its gel-shift (Figure 39, lane 2 in B and C). In comparison, a higher gel-shift for
the PETase and ISF6_0223 promoters was observed (Figure 39, lane 2 in A and D).
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Figure 39. Summary of all I. sakaiensis TF promoter-binding activities via EMSA. From left to right, the PETase
promoter was examined first (A), followed by the bidirectional promoter sandwiched between the TPA operon and
ISF6_0225 (B), the MHETase promoter (C), and finally the ISF6_0223 promoter (D). All successfully purified TFs in
this study bind the promoter regions involved in these PET catabolism genes, albeit at different strengths.

Due to time constraints and the inability to detect this protein via proteomics (as the CDS
annotation of LDCCDE_28370 is missing from contig 74 in the original genome assembly of I.
sakaiensis), its DNA-binding ability was merely assessed on the dsDNA fragments of the
ISF6_0223 and bidirectional promoters. Surprisingly, the MBP-tagged LDCCDE_28370 binds
specifically to the operator identified for ISF6_0223 (PcaR-3) with a Kp of 0.15 pM
(Supplementary Figure 19, A). This Kp closer to that of TphR than ISF6_0223 on PcaR-3 (Table
14). LDCDDE_28370 was also found to bind a larger range of nucleotides within the bidirectional
promoter (Supplementary Figure 19, B). Kp values for these fragments ranged from 0.6-0.9 uM
(Table 17). None of the previous TFs were found to bind the 6-FAM labelled dsDNA fragment
Bidir-3 in FP (refer to Figure 26 and Supplementary Figure 13). As Bidir-3 is closest to the start
codon of ISF6_0225, this could indicate that LDCCDE_28370 has multiple binding sites within
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the bidirectional promoter region. Therefore, it is probable that LDCDDE_28370 has a role unlike
any other TF in this dataset related to transcriptional regulation of the TPA operon. However,
evidence for the in vivo expression and translation of LDCCDE_28370 would be essential for
making these conclusions". Unfortunately, the TPA or PCA dependence of this TF was also not
assessed during the period of this thesis, as well as its ability to bind the fragmented PETase and
MHETase genes in FP. These experiments remain tantalizing future directions.

Table 17. Ko values for MBP-tagged LDCCDE_28370 on 6FAM-labelled dsDNA fragments of the ISF6_0223 promoter
and bidirectional promoter region in |. sakaiensis. The Kp values reported represent the best-fit value derived from non-

linear regression on a single experiment with 4 technical replicates for each concentration of TF (with the concentration
of DNA fragment held constant at 50 nM).

6FAM- LDCCDE_28370+MBP

labelled -

dsDNA Best-Fit Kp (nM) 95% CI Kp (nM) R?
PcaR-1 39561 Indeterminate 0.9768
PcaR-2 13252 Indeterminate 0.8458
PcaR-3 148 89-214 0.9848
PcaR-4 29239 Indeterminate 0.9514
Bidir-1 12678 5968-50101 0.9504
Bidir-2 851 681-1062 0.9819
Bidir-3 877 767-1003 0.9929
Bidir-4 614 521-722 0.9902
Bidir-5 720 635-815 0.9939

Chapter 2 Summary

The DNA-binding ability of ISF6_0223, ISF6_0225, ISF6_0231, and LDCCDE_28370 to
I. sakaiensis promoters implicated in PET catabolism was assessed with a series of EMSAs.
ISF6_0223 emerged as the dominant TPA-controlled transcription factor binding to the PETase,
MHETase, and bidirectional promoter regions, as well as to its own promoter. Possible operator
sites on each DNA fragment were therefore refined using FP. Operator sites were found for its
own promoter as well as the region between the TPA operon and ISF6_0225, but singular DNA-
binding sites could not be identified for the PETase and MHETase promoters. Notably, ISF6_0223
was found to bind more tightly to a synthetic consensus operator generated by Snowprint than

any of its endogenous DNA sequences.

The ability of this aTF to release DNA in response to TPA and PCA was also titrated in FP

assays. Further work on the exact nucleotide binding determinants will be needed, as well as a

I Evidence for the in vivo transcription and translation of ISF6_0225 will also be necessary to better understand whether
this TF is a pseudogene in |. sakaiensis, or plays an active role in TPA regulation.
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more precise mass photometric analysis of oligomeric state in response to different
concentrations of effectors. Currently, the promiscuity of ISF6_0223 towards the upstream and
downstream products of TPA catabolism, as well as TPA analogues, would prohibit these
metabolites from being readily distinguished, so it is not immediately suitable for in vitro or in vivo

use as a biosensor.

With further engineering of the ISF6_0223 to narrow its effector spectrum via rational
design or directed evolution, it could be possible to transport this aTF and its cognate DNA
sequences to TPA-sensing genetic circuits or in vivo heterologous pathway control in TPA
catabolizing industrial strains. ISF6_0223 therefore has promise for broadening the set of

biosensing applications in the PET upcycling field.
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Chapter 3: Slouching towards Genome Modification of

Ideonella sakaiensis

ATo be a surrealist mean
remembrance of what you have seen, and being
alwaysonthe | ookout for what

~René Magritte

And what rough beast, i
I u

i An
Sl ouches towards Bethl eh

~ William Butler Yeats
The Second Coming, 1989

On the (Over-)Use of Model Microbes

Model organisms such as E. coli and P. putida have been key to the advancement of
Synthetic Microbiology.’® The communities oriented around their use have developed several
sophisticated tools for heterologous gene expression and genome modification,*®” enabling
laboratory strains to push the limits of transkingdom genealogy"' with the reactions that they
accomplish and the products of their metabolism.%®% However, the principles learned in the
handful of Synthetic Biology chassis organisms are unlikely to be universally applicable. Over half
of the bacteriology literature available in PubMed concentrates on just ten of the approximately
739880 known bacterial species, which is a vast under-examination o f N a tmicrobeg'®-11
These understudied bacteria have untapped potential to solve biotechnological challenges due to
their unique metabolic modes, cooperative dependencies, and yet-unappreciated niche-specific
features.1%? There is thus a need to develop genetic tools and transformation procedures for
expl ori ng the @ damidobiahwadrld @d to doonésticateh gromising microbes for

biotechnology.

M The transplantation of metabolic pathways (among other phenotypes) from one organism to another.14
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The State of Genetic Tool Development in |. sakaiensis

The functional interrogation of genes in the |. sakaiensis TPA, PCA, or EG catabolic
pathways is essential to a better understanding of PET catabolism in the microbe. In particular,
overexpression plasmids are needed for the complementation of genetic knockouts. However,
plasmids for the overexpression of genes currently do not exist for |. sakaiensis; the construction
of which is complicated by the fact that neither constitutive nor inducible promoters are known to
function in the microbe. Functional origins of replication for non-integrative vectors and ideal
antibiotic resistance markers are also unknown. This not only makes experimental success
uncertain when transporting vectors designed for other microbes, but combinatorically
challenging when building vectors de novo due to the sheer number of genetic parts required.
Furthermore, the GC content of |. sakaiensis is 72% with a unique codon distribution"" for gene
synthesis, which poses a challenge to several commercial gene synthesis platforms (i.e. Twist,
IDT, and GenScript).

Recently, one genetic knockout system became available for |. sakaiensis. This allelic
exchange system, developed by the Yoshida lab, is based on the broad host-range, conjugatable
pK18mobsacB vectors developed by Andreas Schafer et al (1994).19%104 The pK18mobsacB
system originally exploits the sacB gene as a counterselectable marker in the presence of sucrose
(sacB converts sucrose to high molecular-weight levans), which distinguishes transconjugants
that have undergone homologous recombination from those that have not due to their toxicity in
gram-negative microbes.'®1% |n the system developed by the Yoshida group, this
counterselective marker is swapped for pyrF, whi ch encodes -phasphateor ot i di
decarboxylase gene in the pyrimidine biosynthesis pathway.l®® The pyrimidine mimic 5-
fluoroorotic acid (5-FOA) is converted to 5-fluorourifine monophosphate by pyrF, which is toxic,
allowing 5-FOA to be used for counterselection.% Utilizing pyrF in the knockout system therefore
necessitates the use of a apyrF background strain (as apyrF strains exhibit resistance to 5-
FOA).1% In their system, the presence of pyrF on the knockout vector can be used to select for
second-crossovers (i.e. mutants that have excised the cassette and the desired cargo from the
knockout locus of interest).!%* In addition, the Yoshida vectors swapped the original kanamycin

resistance cassette (kanR) for tetracycline resistance (tetR).

Mi Supplementary Table 7 offers a codon-optimization table generated for working with the strain using CoGepedia.
No codon optimization table currently exists in the Kazusa codon table database for I. sakaiensis or is offered by any
of the popular DNA synthesis companies.
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These plasmids were obtained from the Yoshida group to generate a apyrF strain
necessary for 5-FOA counterselection. Unfortunately, anl . s a k a i e gtrain ceuld aeqt lyer F
generated using the method reported in their paper. Three possibilities may explain this
discrepancy. First, when the plasmids were submitted to a commercial Nanopore sequencing
service, the tetR gene was found to be codon-optimized for E. coli, rather than |. sakaiensis,
contrary to their reports. This may have led to insufficient expression of tetR for tetracycline
resistance. Second, the sacB cassette was retainedint he p TNims BNjDpyr F vector
to replace sacB with pyrF). Metabolically, |. sakaiensis can use sucrose as a carbon source, so
higher sucrose concentrations may be required for the effective synthesis of toxic levans to
compete with native metabolism (Supplementary Table 3). Like the tetR gene, the absence of
sacB codon optimization may pose an additional barrier for the synthesis of levanosucrase,
permitting mutants to escape counterselection even if they successfully integrate the vector in the
first homologous recombination step. Thirdly, the kanR promoter was retained to drive tetR
production in the presence of kanamycin, as Hachisuka, S. I. et al (2022) report |. sakaiensis to
be resistant to kanamycin™. However, an obvious genetic basis for kanamycin resistance was
not found in the strain; there are no putative kanamycin resistance genes across any of the contigs
of the updated genome assembly'™™. Of course, this does not exclude the acquisition of kanamycin
resistance in their strain by other mechanisms, e.g. through the upregulation or mutation of efflux
pumps. Regardless, the I. sakaiensis strain used in these experiments is sensitive to kanamycin,
despite its sourcing from the deposition point following its initial isolation and characterization, i.e.

the National Institute of Technology and Evaluation (NITE) resource center in Tokyo, Japan.

Given the experimental difficulties with implementing the only genetic knockout system
available for I. sakaiensis, a liquid growth inhibition assay was conducted with the wildtype strain
to identify the best antibiotic resistance markers for future genetic tool development. |. sakaiensis
was found to be resistant to ampicillin up to 200 pg/mL, but sensitive to chloramphenicol,
kanamycin, tetracycline, and spectinomycin at typical laboratory concentrations* (Figure 40).

Three different bla genes in the genome support its resistance to ampicillin.

Nii The working concentration of kanamycin is not supplied in the manuscript of Hachisuka, S-I. et al (2021), so the
degree of resistance of their strain is unclear.

(w

lix A BlastP search of their original genome assembly usingthe E.coliami nogl ycosi de eBdesggheacephotr ans

(to account for differences in gene annotations and predicted translations) also did not yield any significant similarity.
 Ariella Esmurria at Cultivarium (see following paragraph) also carried out a minimum inhibitory concentration assay
for I. sakaiensis in liquid media, which corroborated these results. She additionally found that I. sakaiensis is sensitive
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Figure 40. Heatmap demonstrating the antibiotic resistance and susceptibility of |. sakaiensis based on the Barrack
lab E. coli K12 standard. For an E. coli fold-concentration of 1, ampicillin is 100 pg/mL, chloramphenicol is 20 pg/mL,
kanamycin is 50 pg/mL, spectinomycin is 60 pg/mL, and tetracycline is 10 pg/mL. The numerical bar to the right of the
heatmap represents the optical density (OD) of |. sakaiensis cultures in a 96 well plate measured at <= 600 nm after 3
days. Each condition was assessed with 3 technical replicates; the OD of each tile represented is an average.
Abbreviations: ampicillin (Amp), chloramphenicol (Cm), kanamycin (Kan), spectinomycin (Spec), and tetracycline (Tet).

pSa is a Putative Origin of Replication in I. sakaiensis

To advance |. sakaiensis genome maodification beyond genetic knockouts and move
towards expression vectors, it is essential to identify functional origins of replication (ORIs) to
ensure the faithful inheritance of plasmids and their cargo. Cultivarium, a Focused Research
Organization in Boston, Massachusetts, recently presented a high-throughput pipeline for

identifying functional ORIs in non-model microbes (Figure 41).1%7

In this workflow, a Golden-Gate assembly-b as ed t ool Rlasiid Originsnaadd 0
Selectable markerS for Undomesticated Mi cr obes o ( POSSUM) tool kit was
different ORI libraries, each with a different antibiotic resistance marker™ in the backbone and 22
possible ORIs.1” This ORI library can subsequently be conjugated into a non-model microbe
using an E. coli BW29427 donor, which is a diaminopimelic (DAP) auxotroph due to the deletion
of dapA in its lysine biosynthesis pathway.°® Transconjugants carrying plasmids of the ORI library
can be selected on the basis of the ORI library antibiotic resistance marker, while dropping DAP
out from the selective plates eliminates the E. coli donor strain.1°”1% Cell biomass can then be
scraped from selective, DAP dropout plates for DNA extraction.®” Recovered plasmid DNA is

then prepared for lllumina short read sequencing. Each ORI library plasmid is barcoded, which

to gentamicin, expanding the number of antibiotic selection markers available for usage in the microbe. This marker
was used for subsequent conjugation experiments.
X Specifically, kanamycin, chloramphenicol, tetracycline, and gentamicin.
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allows for functional origins of replication to be deduced from the overrepresentation of these
ampliconsoveranonf uncti onal Afidummy o ORI wPlasmidsrwithtORis ORI m:

that make up the majority of the distribution are likely to be true hits.
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Figure 41. High-throughput workflow for identifying origins of replication in non-model microbes developed by

Cultivarium. First, a library of 22 origins of replication on a plasmid (alongside an origin for conjugative transfer) with an

antibiotic selection marker is conjugated into the non-model microbe of interest using an E. coli BW29427 donor. Then,
transconjugants carrying plasmids of the ORI library are selected using an antibiotic resistance marker. (Note that the

ANenel ecti veodo petri dish in the diagram depicts a successful
the recipient grows freely without an tlowbecipents carry;m@theeQRt i on . S
plasmid with a correctly transcribed and translated antibiotic resistance gene to survive.) Next, colonies are scraped

from the selective plates for DNA extraction. Recovered plasmid DNA is prepared for lllumina short read sequencing.

Each ORI library plasmid is barcoded, which allows for functional origins of replication to be deduced in NGS as well

as their distribution in the run. Plasmids with ORIs that make up the majority of the distribution are likely to be true hits.

Created with Biorender (https://BioRender.com).

By running the ORI marker screen for |. sakaiensis with four different ORI input libraries™
(Supplementary Figure 20), we were able to identify one novel ORI for the microbe: pSa™. pSa

is a broad-host range ORI from the IncW family, which was first isolated from Shigella sp. and

Mi |mportantly, while the 22 ORI sequences are the same for each library (only the antibiotic resistance marker in the
vector backbone is different), they have slightly different abundances in each input library. Repeating the ORI marker
screen with different libraries is therefore prudent for building statistic confidence in ORI hits i if the same ORI arises
in the recipient strain across different input libraries, it is likely to be a functional ORI.

Kii |nitially, both pSa and pBBR1 came up as hits in the screen, but only conjugations with pSa could be replicated when
the ORI marker screen was repeated. We therefore concluded that pBBR1 was a false positive.
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genetically mapped in 1982.1%° |t is functional in numerous gram-negative bacteria from
Pseudomonadota.!’® In particular, its ability to inhibit the induction of crown-gall tumours by
Agrobacterium tumifaciens in host plants has garnered significant research attention.'®® The pSa
origin used in the POSSUM toolkit consists of a 436 bp pSa origin and 35.6 kDa replication

protein, which is Shigella sp. codon-optimized.%’

With this result in hand, the conjugation process was repeated with a vector carring the
pSa ORI in isolation to confirm the results of the ORI-marker library screen. pGL2_170, a vector
containing the pSa ORI of interest, a gentamicin resistance cassette, a constitutively-driven
mScarlet-l gene with the strongest synthetic Anderson promoter BBa_J23100, and an R6K !
origin for propagation in E. coli pir strains was used.'°”!!1 E. coli ST18 was used as a conjugative
donor due to the ability to counterselect with 5-aminolevulinic acid.!*? Transconjugants with the
pSa ORI were successfully obtained (Supplementary Figure 21). Expectations for colony colour
and growth rates on plates were met in conjunction with 16S rRNA Sanger sequencing confirming

that the colonies re-streaked on selective media are indeed |. sakaiensis.

To use pSa as an ORI for engineering |. sakaiensis, further stabilization may be necessary.
Unlike laboratory strains of E. coli K12 or P. putida KT2440, |. sakaiensis colonies do not restreak
robustly in a single line T rather, the colonies aggregate at the streak termini (Supplementary
Figure 22). This streaking response is often seen with unstable or cytotoxic plasmids in common
engineering strains, which potentially indicates an issue with the replication of the pSa ORI or the
expression of the gentamicin cassette in I. sakaiensis. Codon-optimization may play a role, as the
pSa replication protein is optimized for Shigella sp. and the gentamicin cassette is codon-
optimized for E. coli. Alternatively, the plasmid could be lost due to the metabolic burden that it
imposes on the host cell (e.g. with the constitutive synthesis of mScarlet-1), but this possibility is
far less likely in rich media. In any case, the stability of the pGL2_170 plasmid over time should
be examined with gPCR in a future experiment to validate whether it can be stably maintained in
I. sakaiensis or whether it is limited to transient expression following transformation. Increasing
the copy number of the vector by mutation of the pSa ORI (as in pBBR1-UP) may be a strategy
to increase plasmid stability.!!* Investigating host proteins that interact with the plasmid (e.g. via
pull-down based assays) and overexpressing these genes in the |. sakaiensis genome could also

be a useful avenue for improving plasmid replication.
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Establishing an Electroporation Protocol for I. sakaiensis

With the pSa ORI sufficient to obtain colonies and gentamicin as a robust antibiotic
selection marker for |. sakaiensis, an electroporation method was created for the microbe. This
was also attempted at Cultivarium, but a suitable electroporation condition was not identified
there™. Conjugation is a robust method for introducing plasmid DNA into I. sakaiensis, but an
available electroporation method greatly expedites genetic engineering attempts. Electroporation
also minimizes variability in the transformation output, as the effectiveness of counterselection for

killing the donor strain is no longer required.

pGL2_170 was again used for all transformation tests as it proved to be a reasonable
vector for conjugation (at least for initially obtaining colonies on selective plates). A multitude of
electroporation conditions were attempted™’, but eventually the transformation of |. sakaiensis
was successful in early-exponential phase (i.e. culture ODeggo = 0.2-0.4, normalized to ODggo = 100
for each 50 pl transformation) (Figure 42). The key parameters included 300 mM maltose in a 2
mm bandgap cuvette using 2.5 kV resistance and a 5 millisecond time constant. Qualitatively,
less cell death was observed when using 300 mM maltose to wash the cells prior to incubating
them with plasmid DNA. The cell pellet was tightly condensed following centrifugation, rather than
appearing whiter i n col ouotentialy the ekxdeds maltbsg acts asta
suitable carbon source to keep |. sakaiensis alive during the stressful electroporation procedure.
We also observed the upregulation of a putative |. sakaiensis maltose binding-protein
(ISF6_4206) on maltose in the proteomics dataset, so perhaps the export of this protein affects

the permeability of the cell membrane, improving plasmid DNA entry.

v Nine different conditions were tested in triplicate with the mixed POSSUM library as input DNA (the experiment was
set up prior to obtaining the sequencing results from the ORI-marker screen, so a functional origin of replication had
not yet been identified). 700 mM sucrose from 1-3 kV, 10% glycerol from 1-3 kV, and 30% sorbitol from 1-3 kV were
tested. Unfortunately, none of these electroporation conditions yielded colonies on selective media.

v Specifically, the following media were unsuccessful electroporation backgrounds: 300 mM sucrose (to mimic the
electroporation conditions for P. putida KT2440), 85 mM calcium chloride with 10% glycerol (to mimic the
electroporation conditions for E. coli), M9 media, M9 supplemented with 100 mM maltose, M9 supplemented with 100
mM TPA, 100 mM TPA, 500 mM maltose, and 10% glycerol.
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Figure 42. Electroporation of I. sakaiensis with vector pGL2_170 (A). The arrows in (B) arbitrarily point to two I.
sakaiensis colonies in the center image that appear to be pink in colour and were cultured to assess whether they
successfully carried pGL2_170. An in silico restriction-enzyme (RE) digest of pGL2_17 with Bsal and Bsal plus Bglll
shows the expected banding pattern on a 1% agarose gel from pGL2_170 re-isolated from I. sakaiensis transformants
(C). The experimental confirmation of this pattern can be seen in the rightmost image. Created with Biorender
(https://BioRender.com).

The species identity of 10 transformants was ratified with PCR amplification of the 16S
rRNA locus and Sanger sequencing, all of which returned I. sakaiensis as the top Blast hit (identity
#99%, E-value 0.0). Plasmids were additionally recovered from four 50 mL cultures of |. sakaiensis
transformants (two early exponential, i.e. ODgoo = 0.35, and two late-exponential, i.e. ODgoo = 0.7)
and then digested with restriction enzymes (RES) to confirm their identity with pGL2_170. Bsal
and Bglll were chosen for the double-digest of pGL2_ 170, as these REs generate three easily
separable fragments on a 1% agarose gel. Perplexingly, plasmids could not be isolated from
cultures in stationary phase despite the survival of the I. sakaiensis strains in liquid media with 20
pg/mL gentamicin (Supplementary Figure 23). This could potentially indicate the integration of

GmR into the genome and the loss of the replicative plasmid due to high selection pressures.

Table 18. Electroporation summary statistics for I. sakaiensis using the 300 mM maltose method.

Electroporation [pGL2_170] # of Colonies | Transformation Transformation
Temperature (eC) | (ng/50 pl 10 cells) (Total) Efficiency (%) | Efficiency (CFU/ug)
4 150 57 1.14 x 10° 380
25 150 25 5.0x10° 167
25 200 22 4.4 x10° 110

The transformation efficiency from the electroporation procedure was shockingly low: only

380 colony-forming units per pug of DNA when the cuvettes were pre-chilled on ice and the
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electroporation was conducted at 4eC, up from 167 CFU per pg of input DNA at room temperature
(Table 18). As transformation efficiency is higher at colder temperatures where all enzymatic
activities would be lowered, this potentially indicates that restriction-modification (RM) systems
are active in the strain. While electroporation transformation efficiencies pale in comparison to the
high efficiencies of conjugation, this presents the first electroporation protocol for I. sakaiensis; a

key step to accelerating the bioengineering of the microbe.
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Discussion

fAs you hold this book in your hands, it is already outdated. 0

~ Dr. Sophia Roosth
Synthetic: How Life Got Made, pg. 1764

Since the discovery of |. sakaiensis in 2016, the scientific exploration of plastic-
assimilating microbes has accelerated rapidly. In 2016, the PubMed database featured only 193
papers with the keyword @Ami cr adtduralihg 72 papers hace
been published with this keyword in 2024 alone. To date, |. sakaiensis remains the only non-
engineered microbe capable of assimilating PET as a major carbon and energy source; all other
characterized PET consumption activities in nature involve consortia. Due to this unique metabolic
ability, this thesis has aimed to expand our understanding of the assimilation of one PET
monomer, TPA, on proteomic and regulatory levels. It has also initiated the process of genetic
tool development to make the latent metabolic capabilities of the I. sakaiensis genome accessible

to bioengineers for plastic monomer upcycling.

In Chapter 1, the |. sakaiensis genome was structurally interrogated using short- and long-
read sequencing, which allowed for a main chromosome and megaplasmid to be separated.
Available pathways for metabolizing TPA and PCA were identified using a combination of
comparative genomics and proteomics. Identification of these candidates is not only important for
understanding |. sakaiensis physiology, but for expanding the pool of available enzyme
candidates for PET catabolism engineering in genetically tractable microbes. In Chapter 2, the

transcription factors identified via proteomics in Chapter 1 were examined in greater depth using
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heterologous protein purification and a series of DNA binding assessments via EMSA and FP.
From there, several hypotheses for their function in vivo during TPA uptake and catabolism were
generated. However, genetic knockouts remain essential for ratifying the function of the identified
TFs in vivo. This work would be strengthened significantly by the generation of knockouts of
ISF6_0225, ISF6_0223, ISF6_0231, and LDCCDE_37280 (alongside hypothesized enzymes
involved in the PCA ortho pathway that could not be identified via proteomics, i.e. pathway steps
2-4 in Table 6). In particular, if the adSF6_0225 strain has a phenotype when grown on TPA, this
may also allow us to infer that the protein actually has a physiological function in vivo. As
proteomics is presently unable to determine whether this TF exists in the |. sakaiensis proteome,
it remains possible that ISF6_0225 merely encodes a pseudogene with the DBD of ISF6_0223.™V
However, if ISF6_0225 is expressed and translated, it could certainly impact the regulation of TPA
catabolism in I. sakaiensis as the functionality of its DBD was demonstrated in Chapter 2.

Work is currently underway to transfer the I. sakaiensis pyrF homology arms from
p T Njms B Njb pKi9nfebsacB, a broad host-range vector commonly used for deletions in
prokaryotes to circumvent the issues experienced with the only available gene deletion system.
The resultant |. sakaiensis knockout strains could then be analyzed via simple manual growth
profiles using TPA as a carbon source to better understand whether these gene deletions
enhance or interfere with TPA or PCA pathway function. In a similar vein, the optimization of a
protocol for tracking |. sakaiensis growth in a plate reader will also be an important step for future
work. The wildtype strain fails to achieve the same ODs in a plate reader as in baffled flasks under
the same media conditions and dies after 55 hours, which may point to oxygen distribution issues
in 96-well plates (Supplementary Figure 24). This currently limits long-term assessment of

growth in a parallelized format.

Proteomic Identification of TFs and TPA Catabolism in I. sakaiensis

The regulation of the I. sakaiensis TPA catabolism landscape turned out to be much more
complicated than anticipated; ISF6_0223 appears to be the dominant TPA-dependent TF, but
ISF6_0231, ISF6_0225, and LDCCDE_28370 all bind the promoters of PET catabolism genes
with slightly different strengths. Discerning the activity of these TFs as either activators or
repressors in TPA catabolism therefore cannot be inferred from biochemistry alone. At minimum,

a proteomic comparison of TPA-fueled growth at different time points might have enabled the

Wi This is the working hypothesis of the Dixon group in their recent TPA biosensor paper.153
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dynamics of ISF6 0231 and ISF6 0223 to be separated. Moreover, the absence of
LDCCDE_28370 from the previous annotation of the I. sakaiensis genome (and therefore its
absence from queried databases when mapping peptides in proteomics experiments)
complicates an understanding of its abundance in the |. sakaiensis proteome on TPA. Its in vivo

role in the regulation of |. sakaiensis TPA catabolism remains a topic of future investigation.

Moreover, PET was not included as a carbon source for proteomics in this thesis due to
the possibility of surface adherence influencing the extracted proteome™, the long(er) timescales
for I. sakaiensis growth on PET in comparison to the monomeric substrates, and the lack of
standardization in PET crystallinity from different manufacturers yielding different degradation
kinetics. MHET was not included due to its low solubilities prohibiting the generation of SC media
with 10 mM MHET as a final concentration, as well as its spontaneous hydrolysis in solution
producing a small amount of TPA, which could bias proteomic analyses. In the future, the
comparison of |. sakaiensis proteomes grown on PET, MHET, BHET, and TPA to one another,
as well as maltose as a control carbon source, would likely be useful for untangling the dynamics
between (a)TFs. To identify growth conditions for |. sakaiensis on SC media with EG, higher
concentrations of this carbon source could also be tried, as well as the supplementation of
praseodymium to stimulate the lanthanide-dependent EG dehydrogenases in the |. sakaiensis
genome pinpointed by the Yoshida group.

During the timeframe of this thesis, another study of the |. sakaiensis proteome was
published by the Nielsen group in Denmark.'*® Intriguingly, their study failed to identify any
transcription factor candidates on PET, TPA, and EG or the enzymatic machinery for the TPA and
EG catabolism pathways. On PET, they mainly identified subunits of ATP synthase to be
upregulated alongside enoyl-CoA hydratase (Supplementary Table 8). Fumarate hydratase and
propionyl-CoA carboxylase were also found to be downregulated on PET as a major carbon
source (Supplementary Table 9). While this alludes to a repression of alternative routes to the
TCA cycle as well as the role of i -oxidation in PET catabolism, it is perplexing that they did not
identify any members of the TPA operon involved in converting TPA to PCA. However, they did
successfully identify the upregulation of MHETase (rather than PETase) in response to PET when

performing proteomics on the culture supernatant (Supplementary Table 10). ISF6_0229, the

Wi Admittedly, this could have been subverted by using a plastic substrate that I. sakaiensis is not known to consume
and co-feeding a carbon substrate to sustain growth, but even this is not an ideal control for planktonic versus biofilm-
associated growth because the monomers of PET could be involved in the regulation of surface colonization.
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tphA2 TPA dioxygenase subunit, was also identified in the supernatant, but this is mis-annotated
as 4-hydroxythreonine-4-phosphate dehydrogenase in their dataset (protein ID AOAOK8P8D2 in
Supplementary Table 10). Similarly, the periplasmic TPA-binding protein tphC was upregulated
in the culture supernatant when |. sakaiensis was grown on PET, but it was only annotated as a
Aputati ve e x.fatranamémbmmeqirotein, I5SB6_1258 was also identified, but this
predicted transmembrane protein is not differentially expressed in my proteomics dataset. Taken
together, these data suggest that some cell lysis was likely occurring in their samples, as neither
tphA2 nor tphC should be secreted proteins due to the absence of a signal peptide in their N-
terminus via SignalP. If ISF6_1258 is truly a transmembrane protein, it also should not be found

in the culture supernatant.

In the Nielsen study, cells were grown in 25 mL flasks with PET monomers added at a 1%
concentration (v/v), which corresponds to approximately 60 mM TPA and 161 mM EG.*® This
final concentration of TPA is much higher than used in our study (and potentially much higher
than the physiological levels of these monomers experienced by the bacterium in its natural
environment). Growth inhibition of the relevant catabolic pathways may have occurred™i,
eliminating the TPA operon and PCA catabolism pathway from their dataset. P. putida KT2440
with a constitutively active glycerate pathway (agcIR) cannot tolerate levels of EG higher than 120

mM (Supplementary Figure 25), which is hypothesized to be due to accumulation of the toxic

intermediate glycolaldehyde.®® Pot ent i al | y, this is one reason ttl

pathway candidates identified by homology and RNA-Seq were not seeninthe Ni el s en
proteomics data on EG. A rational for failing to identify the enzymes of the TPA catabolism
pathway as well as the PCA catabolism pathway is currently missing, unless these pathways are
somehow growth-phase dependent. |. sakaiensis was sampled in stationary phase in the Nielsen
study (specifically eight doublings after reaching exponential phase), which could potentially

explain this discrepancy.

Our research therefore breaks new ground in understanding TPA and PCA catabolism in
I. sakaiensis, despite not including PET or EG as carbon sources. It provides the first proteomic
evidence for the I. sakaiensis TPADO, DCD dehydrogenase, and periplasmic TPA-binding protein
on TPA as a carbon source, as well as a partial | -ketoadipate pathway for the conversion of PCA

to succinyl-CoA and acetyl-CoA. The predicted PCA 3,4-cleavage pathway, informed by

Wit The authors of the study report that no growth inhibition was observed, but data is not provided to support this claim.
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proteomic abundance, additionally contradicts the bioinformatic predictions of the Yoshida
group.®” Based on this proteomics dataset, ISF6_4437 and ISF6_4438 are the most probable
subunits for the CoA transferase step, while ISF6_4439 is likely to be the active i -ketoadipate
CoA thiolase. The Yoshida group bioinformatically predicted ISF6_2570 and ISF6_ 2571 to
function as the active i -ketoadipate CoA transferase and ISF6_2575 as the i -KA-CoA thiolase
(Supplementary Figure 26). This does not exclude the possibility that I. sakaiensis could have
several isoforms of these enzymes in its genome, but | would also expect these candidates to be
overrepresented in the collected proteomics data. This dataset additionally expands the role of
ISF6_0529 and ISF6_1713 to TPA catabolism, which are only characterized in the I. sakaiensis
glycerate pathway. These proteins either have a broader role in PET catabolism than previously
appreciated, or there is cross-regulation between TPA and EG pathways. Ultimately, the
incongruence between the multitude of pathway candidates found via proteomics and extant
bioinformatics predictions further underscores the importance of experimentally validating
pathway candidates in vivo with genetic knockouts or in vitro with heterologous protein purification
coupled to enzymatic assays on the substrates of interest.

Transcriptional Regulation of PET Catabolism in I. sakaiensis

In the absence of a high-throughput method™* to assess the genetic regulatory landscape
of I. sakaiensis, three transcription factors implicated in PET catabolism were identified via a
combination of homology, genetic locus inspection, proteomics, and in vitro biochemical assays
in this thesis: ISF6_0223, ISF6_0231, ISF6_0225, and potentially LDCCDE_28370. A deeper
understanding of t h e s e dyhdmic®in PET degradation and TPA assimilation is currently

missing due to the inability to generate in vivo genetic knockout data.

Another group working on the regulation of PET catabolism in I. sakaiensis, unbeknownst
to the author, published a paper on the TF controlling the MHETase gene in August 2024.116
Identically, they identified ISF6_0223 as a regulator of MHETase and the bidirectional promoter,
supporting the results of this thesis. They identified ISF6_0223 by pouring |. sakaiensis lysate
from cultures grown in rich media supplemented with 2.0% (w/v) gluconate over biotin-labelled
promoter DNA and then performing proteomics on the bound protein. This gives additional
credence to the in vitro data that ISF6_0223 is one of the TFs with the strongest gel-shifts

observed via EMSA and the lowest equilibrium dissociation constants in FP. Moreover, when they

Mix Such as chromatin immunoprecipitation combined with sequencing (i.e. ChIP-Seq)
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deleted a region in the MHETase promoter identical to the MHETase-2 fragment in this thesis,
they found binding via EMSA to be abolished. This is the dsDNA fragment with the lowest Kp for
ISF6_0223 in FP, which supports the utility of these assays for identifying putative TF operator
regions. Fi nal | yse of tich, gluotonakeasupgementeg heslia may also explain
why they did not identify ISF6_0231, given its overrepresentation in the proteome during TPA
catabolism (Figure 14). From these data, ISF6_0223 may be produced constantly at a low basal
level (which would explain its low fold-change in the proteomics in comparison to ISF6_0231 on
TPA), while ISF6_0231 production may be dependent on the presence of TPA.

Surprisingly, they could not demonstrate the TPA-dependence of ISF6_0223 on the
MHETase promoter. This may be due to their purification of the regulator without a solubility tag,
as this was demonstrated to be necessary to avoid the precipitation of this TF (Supplementary
Figure 9) as well as its DNA binding ability in this thesis (Supplementary Figure 27).
Alternatively, their solubilization of TPA in dimethyl sulfoxide (DMSO), rather than water, obscured
the observation of DNA release with this effector. DMSO was also demonstrated to stimulate a
gel-shift for ISF6_0223, so this chemical may enhance the binding of ISF6_0223 to DNA.''® An
additional curiosity is that they do not see the binding of ISF6_0223 to its own promoter via EMSA,
or to the PETase promoter, both of which were demonstrated quite convincingly in our research
(Figure 21, Figure 22, Figure 23). Their EMSASs are loaded at a very high concentration of TF
relative to DNA, 550-fold and 2200-fold™, so a gel-shift of the promoter DNA should surely be
observed if their purified protein is functional. A higher salt concentration was used in their DNA

binding buffer™ which could also be a contributing factor.

The greatest strength of this paper is that they successfully show that deletion of
ISF6_0223 causes a loss of MHETase and TPADO™ mRNA expression, which provides the
necessary in vivo evidence for the role of this aTF as a pathway repressor in the absence of
TPAYMS| t further supports t hi dikeaTFFd556 (223alid sof affectc at i on
the growth of I. sakaiensison mal t os e, but a fuliliztoh & BETtaiddPAMM cr obe o

YSV media.'*® Furthermore, the deletion of ISF6_0223 abolishes the expression of the alpha

b* These calculations come from their report that they load 11 or 44 uM of protein and 2 nM of DNA. Unless an error
was made in the units during the writing of their manuscript, this corresponds to 550-fold TF over DNA and 2200-fold
TF over DNA.

i They report the concentration of their EMSA binding buffer to be 20 mM Tris-HCI, 100 mM NacCl, 3 mM MgClz, 100
nM chelators, 100 nM DTT, and 5% glycerol at pH 7.9.

i Specifically, they examined ISF6_0227 expression levels, but this likely extends to the whole TPA operon due to its
probable polycistronic nature.
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subunit of PCA 3,4-dioxygenase, ISF6_0626.11% This implicates a role for ISF6_0223 in

downstream PCA catabolism; the regulation of which was not examined in this thesis.

Possible future directions as a result of this paper are numerous. Investigating the role of
ISF6_0223 in binding to PCA catabolic genes is an obvious next step, in tandem with ISF6_0231.
Tanaka, Y. et al also identified one subunit of a putative TPA transporter that has reduced mRNA
expression on the adSF6_0223 background, ISF6_0076. ISF6_0076 does not appear in the
proteomics dataset in this thesis, and its cognate tricarboxylic transport membrane protein
ISF6_0077 is below the threshold of significance™, but it would be nonetheless interesting to

see whether ISF6_0223 or the other TFs can bind these genomic regions in |. sakaiensis.

Separate from this paper, the inability to identify precise operator sites in PETase and
MHETase promoter DNA via FP may indicate that an alternative technigue is needed to probe
these TF-operator interactions. Potentially, DNase fooprinting would enable the mapping of such
TF binding sites.'!’ In this technique, TFs are mixed (separately) with promoter DNA from a
microbe of interest, chemically cross-linked with formaldehyde, and then the DNA fragments are
subjected to DNase 1.117118 All unbound nucleotides are digested by the endonuclease, while the
nucleotides bound to TFs are protected from DNase 1.117:118 The TFs can subsequently be pulled
down from the reaction mix and the DNA can be sequenced, which can be mapped back to the

input DNA sequence to identify operator sites. 1118

It is also naive to assume that there will be a single operator for these promoters. TF
oligomerization combined with DNA looping is a common feature of transcriptional control in
prokaryotic genomes i the araBAD operon of E. coli being a classic example i so it may simply
be that multiple operators exist for the PETase and MHETase genes.®?!® The FP assays
executed in this thesis also do not address the possibility of operator sites existing with the coding
sequence of other genes as only the intergenic space was selected for EMSAs or FP

fragmentation.

Furthermore, the exact nucleotide binding determinants of the operators described herein
could also be specified. One means of tackling the former objective is to mutate the operator DNA
sequences and evaluate the effect of these changes on aTF DNA-binding behaviour used in FP.

To examine these nucleotide determinants in a more high-throughput manner, high-throughput

bodil ]ISEG 0077 has a log2FC of 0.85 and 1 logioP-value of 1.2 in the proteomics data gathered.
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sequencing SELEX could be employed.'?° Substitution of the mutations in the TphR; DNA binding
domain into ISF6_0223 would also enable examination of whether they are causative for the

improved DNA binding ability seen by this aTF on |. sakaiensis DNA.

Finally, ISF6_0223 was demonstrated to be a promiscuous sensor for 2-OH-TPA as well
as 2-NH.-TPA alongside its endogenous ligand, TPA. A structural understanding of this aTF
would therefore be valuable to rationally design more specific variants for biosensing. A structure
with X-ray crystallography could not be solved during this thesis, but an in silico analysis of
ISF6_0223 was attempted with Alphafold2 and RoseTTAFold All-Atom to better understand the
aTF.121122 For the former approach, Alphafold?2 yielded a butterfly like-dimer with two folded alpha
helices per dimer contacting the submitted DNA fragment. However, Alphafold2 did not yield
sensible DNA-TF contacts, as the algorithm forced an interaction with all fragments of the
ISF6_0223 promoter despite experimental evidence of poor DNA binding for PcaR-1, PcaR-2,
and PcaR-4 (e.g. Figure 25; Alphafold2 structures not shown). Examining these aTFs using

Alphafold3 could potentially be tried, as long as DNA contacts are scrutinized for validity.

RoseTTAFold All-Atom, a protein structure prediction tool with the capability of
interrogating protein-ligand interactions, yielded a similar structure of the TF dimer with two
effector bindi ngoftha TF.E?*AA iesidues within Fiandstnoms obthe predicted
binding sites for the effectors TPA and PCA in ISF6_0223 were conserved with RoseTTAFold All-
Atom structures for TphR; (Supplementary Figure 28). These residues are exciting candidates
for mutagenesis and testing in vitro to examine whether effector binding specificity can be
abolished or enhanced. Hydrogen-deuterium exchange mass spectrometry (HDX/MS) would also
be an exciting technique to apply to ISF6_0223 with TPA, as HDX/MS unveiled conformational
flexibility in the lac repressor in response to lactose could not otherwise be visualized with X-ray
crystallography.®® In any case, identification of the residues responsible for effector binding in
ISF6_0223 would be valuable for improving the specificity of this aTF for TPA over PCA (or vice

versa) for future biosensing applications.

Limitations of the High-Throughput ORI-Marker Screen

In Chapter 3, pSa was found to be a putative ORI for I. sakaiensis using a high-throughput
screen. Transconjugations with the pGL2_170 vector carrying pSa could be independently
obtained following the high-throughput screen, but qualitative observations combined with the

inability to re-isolate the vector from stationary cultures suggests that the plasmid might be
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unstable in the bacterium. This challenges the ability of the high-throughput ORI-marker screen
to identify functional ORIs in non-model microbes. The screen does not greatly distinguish
between genomic integration of the plasmid and stable plasmid maintenance; both possibilities
could vyield visible colonies on plates from the applied antibiotic selection pressure. Only
amplicons increased five-fold overt h e i d ORinmytie library are considered true hits to
minimize the identification of genomic integration events.*” However, if an ORI marker plasmid
integrates with high frequency or provides a minor growth advantage to the transconjugant
following conjugation, it could potentially become overrepresented in the NGS dataset.

Another underlying assumption of the screen is that the ORIs will functional as well in the
novel host bacterium as in E. coli. The copy number of plasmid ORIs varies significantly between
the biotechnological workhorses E. coli K12 and Pseudomonas putida KT2440, likely owing to
differential expression of the genes necessary for plasmid maintenance and replication.?®
Incorporating different codon optimizations of the genes encoding plasmid replication proteins in
the ORI-marker libraries could therefore potentially improve the ability to find stable ORIs for non-
model microbes with drastically different codon usage from E. coli, as is the case for |. sakaiensis.
More broadly, the ORI-marker screen reports the enrichment of an ORI relative to a single
experiment, but it does not report this metric across different types of bacteria. To expedite
genome engineering of non-model strains (or in the very least, lower the barrier for domestication
with a functional plasmid), it would be fascinating to examine whether there are evolutionary

patterns in the maintenance of ORIs across the domain of Bacteria.

Approaches for I. sakaiensis Genetic Toolkit Generation

While antibiotic resistance markers and an ORI for further improvement were identified for
I. sakaiensis, the development of genetic tools remains necessary to advance this microbe as a
SynBio chassis. Building reliable knockout vectors will be an important target for future
development as well as the benchmarking of constitutive and inducible promoters for gene
expression in |. sakaiensis. One means of tackling these problems is to build a cell-free expression
system (CFES). CFESs allow for expedited genetic part prototyping within the natural translational
environment of a microbe™" by combining lysed cells with DNA elements of interest and then
measuring gene expression and/or protein production via fluorescent reporters.'?*1% These

reporters can easily be measured with common laboratory equipment such as a plate reader.'?

v Exogenously-supplied T7 RNA polymerase is usually used for transcription, but conditions for transcription and
translation in lysate are ideally found for a microbe of interest.
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CFESs therefore circumvents the transformation of recalcitrant microbes with numerous plasmids
for testing different genetic elements. Generating a CFES for I. sakaiensis was attempted during
this thesis, but parameters for functional translation could not be found for the conditions tested"™
(Supplementary Figure 29). Future optimization for cell-growth phase, the use of alternative
reporters, and lysate dialysis should be attempted, as these variables may have influenced the
failure to generate functional transcription for |. sakaiensis. Dialysis may particularly eliminate the
high background observed in all CFES reactions.

For future work on integrative gene vectors, the |. sakaiensis genome has a copy of gimsS,
which encodes an essential glucosamine-6-phosphate synthetase conserved across
prokaryotes.?® Tn7 transposition is known to occur immediately downstream of glmS at the so-
called Tn7 attachment site (attTn7), which is orientation-specific.}?®¢ Once suitable promoters are
found for I. sakaiensis, researchers could potentially utilize Tn7-based genomic integration
systems for the insertion of metabolic pathways or standardizing genetic complementation in the
microbe. Potentially, a set of integrative gene vectors could be developed containing the Tn7 site-
specific transposition pathway as well as the cargo of interest flanked by Tn7 transposition sites,
similar to those for standardizing heterologous gene expression in P. putida KT2440.12"

Towards Synthetic Plasmid Camouflage with IMPRINT

Restriction-modification (RM) systems are key to prokaryotic differentiation between
endogenous and foreign DNA elements on the basis of methylation (Figure 43), which is
increasingly appreciated as a biotechnological barrier for the transformation of environmental
microbes.!?812° Classically, this problem has been tackled by overexpressing methyltransferases
in E. coli cloning strains for the in vivo replication of host-specific methylation patterns on DNA
cargo, but the cytotoxicity of foreign methyltransferase systems makes strain construction

laborious and the methylation results variable.'?®13° An alternative method for boosting

kv Two different CFES energy sources (i.e. PEP and PGA), E. coli and I. sakaiensis codon-optimized GFP constructs,
and a magnesium gradient were examined as variables influencing the |. sakaiensis CFES to no avalil.
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transformation efficiency of non-model microbes 1 without methyltransferase overexpression in

vivo T involves the recreation of these patterns within in vitro transcription-translation systems.**

Prokaryotic Restriction-Modification Systems
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Figure 43. The classification of Type I, Type Il, and Type lll Restriction-Modification systems in prokaryotes. Type | RM
systems involve a restriction endonuclease, a methyltransferase, and a specificity protein which guides the
methyltransferase. Methylation protects DNA from cleavage, whereas the absence of methylation promotes cleavage
by the restriction endonuclease. Type Il RM systems do not have specificity proteins and cleave unmethylated DNA on
the basis of recognition site alone. In contrast, the restriction endonuclease and methyltransferase of type Il RM
systems act in a complex with one another; restriction is blocked by the methyltransferase, but promoted in the absence
of methylation. Type IV RM systems cleave methylated DNA, and are not shown in the above figure. Type IV RM
systems are not used in IMPRINT (see below). Figure created with Biorender (https://BioRender.com).

This approach, termed Al MPRI NTO, invol ves expr
and their specificity proteins (where appropriate) for a microbe of interest in cell-free transcription-
translation (TXTL) reactions, then mixing these in vitro synthesized enzymes with plasmid DNA
prior to electrotransformation (Figure 44).1*° This approach allows host-specific methylation
patterns to be introduced to plasmids without the concerns of time-intensive strain construction
or methyltransferase cytotoxicity.'*® As constructs can also be expressed as linear templates in
TXTL, cloning is not technically required, which additionally shortens the time to discovery.?*
Previously, host-specific methylation of plasmids was demonstrated to drastically improve the
transformation efficiency of pathogen Salmonella enterica LT2 as well as the emergent gut
microbe Bifidobacterium breve UCC2003.2%° As the transformation efficiency of I. sakaiensis was

higher when the prepared cells and cuvettes were kept cold, RM systems may be active in the
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microbe. IMPRINT could therefore play a role in improving the transformation efficiency of I.

sakaiensis for future genetic engineering.

IMPRINT: Imitating Methylation Patterns Rapidly IN TXTL

Methylated

Figure44.Wor kf | ow f éMethyidtiomPattend Rapidly INT X TL 0 ( | NRtRyltrdh3fgrases (and specifity
proteins, where appropriate) are cloned into an expression vector applicable for in vitro transcription-translation (TXTL).
Once the methyltransferases and associated proteins are produced, they are added to reactions with plasmid DNA
propagated in a RM-deficient strain of E. coli as well as a methyl donor such as S-adenosyl-l-methionine (SAM). Without
exposure to endogenous methyltransferases, the plasmid should have no prior methylation marks and yield few
colonies via electroporation. In contrast, effectively methylated plasmid DNA should beguile the host bacterium into
accepting the foreign DNA construct, thereby increasing transformation efficiency. Created with Biorender
(https://BioRender.com).

Nine different RM systems were identified on the main chromosome of the bacterium via
manual searching, although the RM type could not be obviously identified in every case
(Supplementary Table 11). Many orphan methyltransferases exist, which were assigned a
guestion mark. Type IV RM systems, which cleave methylated DNA, were not detected. Isal and
Isall obviously appear to be Type | RM systems due to their genomic organization in operons with
detected specificity proteins. No RM systems were found on the megaplasmid of |. sakaiensis.

The genes of seven methyltransferases and two specificity proteins were synthesized for
E. coli and successfully cloned into a P70a-driven vector for TXTL-driven expression, however
only the methyltransferases of the Isal and Isall systems could be successfully expressed in TXTL
on the first attempt (Supplementary Figure 30). The TXTL-synthesized proteins of Isal were
used to methylate pGL2_170 and assess whether a boost in transformation efficiency could be
seen in an |. sakaiensis electrotransformation prior to the submission of this thesis, but this
experiment was inconclusive. Further attempts to improve methyltransferase expression will be
needed to complete the IMPRINT system of I. sakaiensis, but these may be easily achievable by
altering the promoters driving RM system expression in TXTL or the induction of RNA polymerase

for homemade TXTL reactions. Regardless of the ultimate impact of this IMPRINT system on the
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transformation efficiency of I. sakaiensis, the construction of such a system would enable further
characterization of the high number of RM systems in the microbe. In any case, further research
to improve the transformation efficiency of I. sakaiensis will be needed to increase the size and

complexity of genetic constructs that can be introduced into the strain for metabolic engineering.
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Figure 45. Organization of eight different methyltransferase systems on the main chromosome of I. sakaiensis.

Restriction endonucleases are eliminated from the figure (see Supplementary Table 11 for list of RM systems in I.

sakaiensis) . Ticks on the chromosome are shown oaori\bsitetcounatbey f r om p
identified computationally. A new tick is shown every 1 Mbp to enable genetic distances between RM systems to be

approximated. Created with Biorender (https://BioRender.com).
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Outlook on Microbial PET Degradation

Considerable work awaits the next intrepid bioengineer interested in harnessing the PET
degradation and assimilation capabilities of |. sakaiensis, but small steps have been made
towards advancingthemi cr ob e 6 s c hranstionalpromotees tind serminators will need
to be established for the strain™, as well as the global removal of transposable elements to
ensure genome stability, especially for the PET catabolism pathway.1%3! Until the synthesis of
high GC-content genes becomes commercially routine, the high GC content of the I. sakaiensis
genome will remain a barrier for introducing heterologous genes and pathways to this
microorganism, if codon-harmonization attempts are made. Further work on improving the
transformation efficiency, the in vivo stability of the pSa origin of replication, and creating a
functional CFES for |. sakaiensis are important future directions, while metabolic profiling of the
microbe across a variety of conditions may yield insights beyond transcriptomics and proteomics.

Evaluating the ultimate benefits of I. sakaiensis as a PET upcycling chassis organism
against the research and development costs will be important if the transition to a circular plastics
economy is to succeed in a timely manner. As it currently stands, |. sakaiensis is a wildtype
environmental isolate that dies on rich media plates after two weeks and reacts poorly to
temperature fluctuations. The bacterium is far too sensitive for the stresses of an industrial
bioreactor in its current state, and will therefore require much greater research efforts for I.
sakaiensis-based bioprocesses to be robust and economically viable. A bacterium such as P.
putida KT2440 is a much better candidate already for its renowned oxidative stress tolerance,
well-characterized aromatic compound metabolism, and plethora of genetic tools for metabolic
engineering.*® Indeed, P. putida KT2440 is already capable of thriving on plastic hydrolysate from
PET as well as other mixed plastics, which are much closer to industrial scale-up.>*"® These
plastic upcycling studies also demonstrate that it may be a fallacious assumption that a single
bacterium must perform both degradation and assimilation roles; a separation of processes (i.e.
chemical plastic degradation and biological upcycling) may be more realistic than wrangling the
behaviour of a single microbe towards efficient PET degradation and assimilation. Therefore, the
transplantation of TPA, PCA, and EG catabolism pathways from |. sakaiensis into P. putida
KT2440 strains and examining flux improvements may be more efficient for actualizing a PET-

based bioeconomy.

bvi The MACKEREL toolkit from Cultivarium may be useful in this regard, which consists of 426 bacterial promoter-
RBS sequences that drive fluorescent reporter expression that can be tracked using the high-throughput technique of
flow cytometry.13!
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As transitioning to a circular plastics economy commands more research attention, a
greater number of PET-degrading microbes will very likely be discovered and need to be
benchmarked against the activities of I. sakaiensis. Thus far, investigations into the plastisphere
have mainly returned microbes working cooperatively for the degradation of aromatic
plastics.1®313* Engineering co-cultures or microbial consortia may therefore need to be re-
examined as a Nature-mimetic plastic degradation and upcycling strategy. Microbial division of
labor was previously engineered via separating TPA and EG assimilation in two P. putida strains,
which outperformed monocultures for the synthesis of polyhydroxyalkanoates, but the scalability
of the strategy awaits demonstration.**® Similarly, 1. sakaiensis has already produced electricity
from PET in a co-culture with Geobacter sulfurreducens, but this futuristic strategy requires further
investigation for industrial feasibility.*® A final area of co-culture research that has been neglected
is the use of trans-domain consortia for the degradation of waste plastics. Several groups have
demonstrated that yeast strains can function as whole-cell biocatalysts for the degradation of PET
polymers by displaying PETase and MHETase on their surfaces.’®"'13° As |. sakaiensis can
survive well on yeast minimal media, the possibility of combining |. sakaiensis and yeast in a
hybrid system that separates the optimization of PET depolymerization from the engineering of
upcycling pathways may yield interesting insights into the design rules governing partnered
degradation processes.

A better paradigm for categorizing plastic degradation and assimilation strategies may be
the conceptualizion of plastic degradation as a synthetic metabolism with axes in enzyme and
pathway solution space, which can be extended into ecological space to account for the
community-based division of labour and other resource utilization strategies in microbial consortia
(Figure 46). Exploring pathway and enzyme solution space has already been applied to the
design of synthetic carbon fixation pathways.*:140'142 This model underscores the value of
discovering (or designing) new enzymes and pathway architectures, as unexplored metabolic

routes do not necessarily have the same evolutionary constraints as those found in Nature.**
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Figure 46. Plastic degradation as a synthetic metabolism existing in enzyme and pathway solution space, with an
extended axis into 0 eGraphiostle adapted feom Erb, T.iJ.cetal. @019.c e 0 .

In relation to the deconstruction of plastic polymers and their upcycling, work with 1.
sakaiensis fits into characterization of existing pathways, while striving to emulate the PETtrophy
of |. sakaiensis by integrating the Comamonas sp. E6 TPADO in P. putida KT2440f al | s i nt o i Cc
Paste, and Pathway Fine-Tu nihyo x and mat c hare argaqyragparenhie the
work of the Beckham group for performance-advantaged nylons from PET hydrolysate, as these
pathways feature combinations of depolymerization enzymes from |. sakaiensis, the TPA
catabolism enzymes from Comamonas sp. E6, and find-tuning of native i -KA metabolism of P.
putida KT2440 to achieve high product titres.>** Fi nalylnyt ,heiid ¢ pat hways with n
are embodied by the landmark generation of polydiketoenamine plastics; the monomers of which
can be produced in E. coli via a polyketoacyl-CoA thiolase, have mutable material properties to
me et di fferent s adcyeledsndmenmbies riraes doscreate a circular plastics
economy. i Synt hetic patbwamsstwiitbsaokale nthetreanet beer
of microbial plastic degradation, but advances in Al-driven computational tools and de novo
enzyme design will surely lead to new depolymerization enzymes for (presently) biologically
inaccessible polymers.1#4147 Ultimately, the thorough exploration of these different realms will
allow humanity to once again triumph over planetary boundaries and engineer our species into a
brave new Plasticene!*®, where we finally exist in reciprocity with the plastic products that we

create.
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Methods

Bacterial Strains and Cultivation Temperatures

I. sakaiensis was obtained from the National Institute of Technology and Evaluation
biological database in Tokyo, Japan (NITE NBRC #110686). This strain was used for whole-
genome sequencing, Bl OL O&ikgtheh sakaensiy aniibiotiy resistancd c r e
profile. For the confirmatory conjugations with the pSa ORI plasmid pGL2_170, I. sakaiensis was
obtained from the Leibniz Institute DSMZ catalogue (DSM #112585) to ensure continuity between
the strain used for the high-throughput ORI-marker screen at Cultivarium (Watertown, MA, U.S.A.)
and follow-up research at the Max Planck Institute for Terrestrial Microbiology (Marburg,
Germany). The DSMZ |. sakaiensis strain was also used for establishing an electroporation
method, as it was observed that fewer and fewer colonies formed on plates from the original
cryostocks of the NITE |. sakaiensis strain. The author therefore cautions that glycerol stocks
begin to lose viability after 3 years. All experiments with I. sakaiensis were carried out at 30aC,

including conjugations.

E. coli ST18 was obtained from the Leibniz Institute DSMZ catalogue (DSM #22074) for
ORI-marker screen confirmatory conjugations. Its dependence of 5-ALA for survival was ratified
by plating the isolate on LB agar with and without 60 ng/pl 5-ALA. Cryostocks were prepared from
5-ALA dependent strains. All cloning was performed with chemically-competent E. coli DH5M cells
from NEB (#C2987H). For the propagation of plasmids with R6K + origins (e.g. pGL2_170,
pEMG), | nvit roogke P &@miealyrcompetent E. coli carrying the pir gene were
used (Thermo Fisher Scientific, #C101010). Protein purifications were performed with
transformed E. coli BL21-AI™i One-Shot cells from Thermo Fisher Scientific (#C607003). The
donor strain used for the initial ORI marker screen was E. coli BW29427. This broad host range
conjugative strain carriesthepirgene necessary for maintenance of t
replication on each plasmid of the ORI library.%” It is additionally auxotrophic for diaminopimelic
acid (DAP), which allows for facile counterselection and donor cell removal following

conjugation.08

hvil The PIR1 genotype is Fi adac169 rpoS(Am) robAl creC510 hsdR514 endA recAl u i d A (leehti116.
bt The E. coli BL21-Al genotype is F'ompT hsdSs (rs', me') gal dem araB: T7RNAP-tetA.
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Media and Chemicals

For all cloning strains of E. coli, Luria Bertani (LB) media was used for growth at 37¢C.
Selective antibiotics were supplied to the media where indicated at the following final
concentrations: 100 pg/ml ampicillin, 34 pg/ml chloramphenicol, 50 pug/ml kanamycin, 20 pg/mi
gentamicin, 60 pg/ml spectinomycin, or 10 pg/ml tetracycline, unless otherwise specified. Terrific
Broth (24 g/L yeast extract, 20 g/L tryptone, 17 mM KH2PQO4, 72 mM K2HPO4, 10% (w/v) glycerol)
with appropriate antibiotics at the above standard concentrations was used for all heterologous
protein purifications. For conjugations with |. sakaiensis, E. coli ST18 was grown in LB media
supplemented with 60 pg/mL 5-ALA and plasmid selection-specific antibiotics.

I. sakaiensis was frequently cultivated in NITE802 rich media, which consisted of 10 g of
polypeptone, 2 g of yeast extract, and 1 g of magnesium sulfate heptahydrate. When I. sakaiensis
was cultivated in minimal medium, yeast Synthetic Complete (SC) medium was used rather than
Yeast Extract-Sulfate-Vitamin (YSV) or Sulfate-Vitamin (SV) media, in contrast to the Yoshida,
Nielsen, and Inka groups. The reported growth of I. sakaiensis on YSV and SV minimal media
could not be replicated by t h i sauthoh leusthesgfowth of |. sakaiensis was found to be
favorable in yeast SC medium supplemented with TPA.

Chemicals of the highest available commercial purity were obtained from Merck KGaA
(Darmstadt, Germany), Carl Roth GmbH (Karlsruhe, Germany) or Tokyo Chemical Industry
(Tokyo, Japan), unless otherwise specified. To prepare 100 mM stocks of TPA and PCA in
agueous solution, the protocol in the Supplementary Information from Werner, A. Z. et al (2021)
was used.” In brief, solid chemicals were dissolved in alkaline water (pH ~12 with sodium
hydroxide) with continuous stirring. The pH was gradually lowered to 7.0 with the dropwise
addition of hydrochloric acid. To ensure maximum solubility of these compounds, solutions were
typically left to stir overnight in the cold room. PCA was covered to reduce its exposure to oxygen.
After solubilization, solutions were subsequently sterile-filtered with a 0.2 pum filter (Sarstedt) in
the presence of a flame. TPA was stored at room temperature, whereas PCA was stored at 4¢C
for a maximum of two weeks before replacing. Liquid-nitrogen frozen TPA and PCA stocks, stored
at -20aC, were used for all aTF EMSA and FP assays. The same solubilization and filter-
sterilization procedure was used for the compounds 2-hydroxy-terephthalate and 2-amino-
terephthalate. Thesest oc ks we r e aftdr filteriegdandaused \@itbirCone week.
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Short-Read Library Preparation and Illlumina Sequencing
Genomic DNA was extracted from one 50 mL stationary culture of I. sakaiensis using the
NEB Monarch® Genomic DNA Purification kit (#T3010L). The gDNA purification kit was used
according to the Manufacturerd mstructions. Species identity was ratified with Sanger sequencing
prior to library preparation. The 16S rRNA locus was PCR-amplified with a high-fidelity Pfusion
pol ymerase (NEB #M0530S) according to the Manuf ac
Sanger sequencing with the forward 16S rRNA primer ( i . ATTGAAEGCTGGCGGCATGC-
3 0 Panger sequencing was performed by Microsynth (Géttingen, Germany). The resultant
FASTA file was subsequently used as a query for a BLAST search of the nt database, which
returned |. sakaiensis as a top hit. Libraries were prepared for short-read sequencing with the
NEBNext® U | t r aFS DNA Library Prep kit for lllumina (#E7805) usi ng t he Manuf act
protocol. The indexing primer used for the |. sakaiensis library was 5'-
CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATC-s-T-3". Successful fragmentation of libraries was assessed using the Agilent Bioanalyzer
2100. DNA samples and chips were prepared for DNA electrophoresis using the Agilent High
Sensitivity DNA kit (Agilent high-sensitivity DNA reagents #5067-4626, lot #2118; high-sensitivity
DNA chips #5067-68000, lot #ZF22BK50) according to the Manufa ct ur er 6 s Thafmalr uct i o
libraries (i.e. with indexes and adapters) were also analyzed via Agilent Bioanalyzer 2100 prior to
lllumina sequencing to confirm the expected read size distribution. The DNA concentration of the
final librarieswasmeasur ed using a QubitE fluor es@3@shlyand assay
diluted to 10 nM with 10 mM Tris-HCI (pH 8.5). Whole-genome sequencing was performed on an
lllumina MiniSeq system using reagents from the MiniSeq High-Output kit for 300 cycles (#FC-
420-1003). The final steps of library preparation (i.e. denaturation and dilution) and 2 x 150 bp
paired-end sequencing was performed according to the instructions and documentation provided
on the lllumina website (#1000000002697, version 09).
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Pulse-Field Gel Electrophoresis

Agarose plugs of I. sakaiensis were prepared for PFGE from six different cultures: three
biological replicates from fresh, stationary phase cultures and three biological replicates from
thawed, cryo-frozen cultures in NITE802 rich media with a final concentration of 20% glycerol. 2
mL of each culture was pelleted for the agarose plugs, which was centrifuged and washed with
10 mM Tris-HCI (pH 7.5) with 50 mM EDTA (pH 8.0) prior to agarose plug assembly. Cell
resuspensions were gently mixed with pre-warmed 1.6% low-melting point agarose at a 1:10 ratio
of cell resuspension to agarose before being funneled into disposable PFGE plastic plug molds
provided by the MaxGENESYS facility. Once the agarose plugs had solidified, two plugs were
squeezed into a microfuge tube and digested overnight at 37aC with 2 mL of lysis buffer of the
following final composition: 10 mM Tris-HCI (pH 7.5), 50 mM NaCl, 100 mM EDTA (pH 8.0), 10%
w/v detergent, 1 mg/mL lysozyme, and 100 pg/mL proteinase K.

Sodium deoxycholate (SDC) yields more consistent lysis for |. sakaiensis regardless of
incubation time, whereas sodium lauryl sulfate (SLS) does not effectively lyse I. sakaiensis for
incubations shorter than 30 minutes (Supplementary Figure 31). Due to this variability, separate
lysis reactions were set up for both detergents and the results were compared via PFGE
(Supplementary Figure 4). Successful cell wall disruption was evinced by the opacity of the
plugs; both SLS and SDC lysis buffers transformed the agarose plugs from opaque to translucent
overnight. One half of each digested plug was transferred to a 1.4% agarose gel prepared with
Tris-Borate-EDTA (TBE) buffer for PFGE. Plugs were sealed with low-melt agarose.

Pulse-field gel electrophoresis was conducted at 6 V for 44 hours at an angle of 120gwith
a switching frequency of 2.5 to 25 seconds. 0.5X TBE running buffer was used. The NEB lambda
PFGE ladder (#N0341S), composed of progressively larger concatemers of lambda DNA (clI857
ind 1 Sam7), was used as a size marker for the gel. A round cut of approximately 2 mm of the
solid-phase PFGE ladder was loaded. Once the run was complete, the gel was stained with a
50X Gel-Red®DNA staining solution (Merck Millipore, #5CT123) for 30 minutes, then destained
with ddH20O for 30 minutes prior to imaging on an Azure Biosystems Sapphire FL imager. The
SmartScan settings appropriate for the Cy5 fluorophore and a gel approximately 5 mm thick were

used.
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BIOLOGE Phenotyping

BIOLOGE PM1 and PM2 carbon source panels (catalog #12111 and #12112) were used
along with BIOLOGE Redox Dye Mix G (#74227). A special manufacturer-supplied protocol for
fiGram-Negative Fast i di ous Bact er il.asdkaienss sftersan ptierhpt witth thed o r
regular BIOLOGE phenotyping protocol did not yield any positive results. In brief, a 12-fold
concentrated additive solution was prepared for PM1 and PM2 (Supplementary Table 12,
column 6), which was mixed with the 1.2-fold concentrated IF-Oa Gram-Negative/Gram-Positive
(GN/GP) base inoculating fluid f r o m Bl O L72268§ and ¥0X Dye mix G to create a 1X
modified PM inoculating fluid. As Tween 40 was not available at the time, Tween 80 was
substituted at the same percentage listed in the table. There were no other deviations from the
suggested preparation of the additive solutions. The modified PM inoculating fluid was filter-
sterilized under a flame with a 0.2 um filter (Sarstedt) and then mixed with a freshly washed I.
sakaiensispel | et resuspended -Oa@GN/GP visdous BesuSperSiGhBluid. F

To obtain I. sakaiensispel | et s for Bl OLOGE phenadwpfoomng, t we
single colonies in 3 mL NITE802 rich media to stationary phase. Final ODs of 1.14 and 1.04 were
achieved, respectively. Cells were spun down at 8000 x g for 2 minutes, then the rich media was
withdrawn and discarded. Pellets were resuspended in M9 media without a source of carbon,
followed by repetition of the centrifugation step. M9 media was withdrawn, then the cells were
resuspended in 1 ml0a6GN/GRvismusBbuSperdiehiluid. The cell density
at the start of the assay was therefore ODgoo ~ 0.12-0.14 (with the assumption carried over from
E. coli that ODeoo = 1.0 is approximately 108 cells/mL). Bl OLOGE PM1 and PM2 pl at
inoculated with a multichannel pipette. 100 ul of cell suspension was added per well. Plates were
incubated at 30aC for 48 hours before assessing the plates for colourimetric change. Each PM

assay was performed in two biological replicates.

Proteomics

I. sakaiensis was grown at 30eC (180 rpm) in 25 mL SC media supplemented with 10 mM
maltose or 10 mM TPA as a major carbon source. 250 mL baffled flasks were used for maximum
oxygen distribution and the experiment was performed in biological quadruplicates. Cells were
isolated in mid- to late-exponential phase (ODsoo = 0.7-0.9), pelleted, and washed once in SC
media without a carbon source prior to sample processing. Each sample was normalized to an
ODsoo 0f 3.0 (i.e. 3 x 108 cells/mL) before being snap-frozen in liquid nitrogen. To extract proteins,

frozen cell pellets were heated in 100 mM ammonium bicarbonate buffer with 2% sodium
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deoxycholate at 90eC for 15 minutes. Cell debris was separated from proteinaceous supernatant
via centrifugation. The extracted proteins were subsequently reduced with 5 mM Tris(2-
carboxyethyl)phosphine (Thermo Fisher Scientific) for 15 minutes at 90aC, then alkylated with 10
mM iodoacetamine (Sigma-Aldrich) at 25¢C for 30 minutes. The samples were shaken at 300 rpm
in the dark during the alkylation step. Proteins were then precipitated with ice-cold acetone in 6-
fold excess for up to 3 hours at -20¢C, followed by two pure methanol washing steps. Residual
methanol was allowed to evaporate from the final pellets, then the proteins were reconstituted in
100 mM ammonium bicarbonate buffer with 0.5% sodium-lauryl-sulfate (SLS). Protein
quantification was performed with the Thermo Fisher P i e r 8@ARAssay kit (#23225) according
to the Manuf act Basedod the BCA assay nesults,i50 g protein was digested
overnight at 30eC with mass spectrometry-grade trypsin (Serva) at a 1:50 ratio of trypsin to protein.
Following digestion, SLS was precipitated with trifluoroacetic acid (TFA) and peptides were
purified on C18 spin columns (Machery-Nagel). Cartridges were prepared by adding acetonitrile
(ACN), followed by equilibration with 0.1% TFA-containing buffer and finally eluted with 50% ACN
and 0.1% TFA. Peptides were dried and reconstituted in 0.1% TFA. Purified peptides were
analyzed with Liquid Chromatography-Mass Spectrometry using a Thermo Fisher UltiMateE
3000 RSLCnano system connected to a Thermo Fisher Orbitrap ExplorisE 480 mass
spectrometer. Peptide separation was performed on a reverse-phase HPLC column (75 pm x 42
cm) packed in-house with C18 resin (2.4 pum; Dr. Maisch). The separating gradient was set from
94% solvent A (0.15% formic acid) and 6% solvent B (99.85% acetonitrile, 0.15% formic acid) to
25% solvent B over 40 minutes. An additional increase of solvent B to 35% for 20 minutes at a
flow rate of 300 nl/min. Peptides were ionized at a spray voltage of 2.3 kV, ion transfer tube
temperature set at 275¢C, and 445.12003 m/z was used as an internal calibrant. The funnel RF
level was set to 40. MS raw data was acquired in Data-Independent Acquisition (DIA) mode. For
DIA experiments, full mass spectrometry resolutions were set to 120.000 at m/z 200. AGC target
value for fragment spectra was set at 3000%. 45 windows of 14 Da were used with an overlap of
1 Da between m/z 320-950. Resolution was set to 15000 and IT to 22 ms. Stepped HCD collision
energy of 25, 27.5, and 30% was used. MS1 data was acquired in profile, MS2 data was acquired
in centroid mode. Label-free quantification of peptides measured in data-independent acquisition
mode was performed using the integrated proteomics software DIA-NN.*° Follow-up statistical

analysis was performed with SafeQuant.*°
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Plasmid Assembly for Heterologous Protein Purification

Genes from ISF6_0223, ISF6_0225, ISF6_0231, and LDCCDE_28370 were ordered as
dsDNA gBlocks using the E. coli codon optimization from Twist Biosciences (South San
Francisco, California, U.S.A.). The gBlocks were subsequently rehydrated in DEPC H,O at 55¢C
with shaking prior to assembly into the Modular Cloning System proposed by Stukenberg, D. et
al (2020). Plasmids were assembled using a Golden Gate (GG) Assembly reaction with 1X T4
ligase buffer, 0.4 nM plasmid DNA, 4-8 nM of each gBlock insert, 40 U/l T4 ligase, and either
0.5 U/ul Esp3l or 1 U/l Bsal-HF as type IIS restriction enzymes (RE). GG assembly reactions
were heated for 90 seconds at 37¢C for RE activity followed by 3 mi n ut e sC fa T4 lidagee
activity, which was repeated 15 times. Enzymes were then heat-inactivated for 5 minutes at 50eC,
followed by a 10 minute denaturation at 80aC. GG products were transformed into chemically-
competent E. coli cloning strains. The resultant clones were selected from single colonies,
amplified in media containing the appropriate antibiotics overnight at 37gC, and the plasmid DNA
was prepared using the NEB Monarch® Plasmid Miniprep kit (#T1010) according to the
Manuf act ur er 06All plasmisis wene werifiea with Sanger sequencing at Microsynth
(Géttingen, Germany) using an appropriate sequencing primer prior to their use in any of the

experiments described herein.

Heterologous Protein Purification

All transcription factors were purified using an E. coli BL21-Al strain that carries a
genomically integrated, arabinose-inducible RNA polymerase (Thermo Scientific, #C607003). The
day before overproduction cultures were set up, a 10 mL pre-culture of TB with 100 pg/ml
ampicillin was inoculated. The pre-culture was grown at 3 7 ¢ C o v with shakgd (80 rpm).
The entire pre-culture was used to inoculate a 1 L production culture in a 5 L baffled flask of TB
medium with 100 pg/ml ampicillin. The production culture was grown for approximately 3.5 hours
at 37¢C with 110 rpm shaking, then induced with 1 mM IPTG and 1 mM arabinose once an ODego
of 0.9-1.0 was reached. The temperature was subsequently lowered to 25¢C and protein
production was continued overnight. Cells were harvested at 5000 x g for 30 minutes at 10¢C,
then the pellets were flash-frozen in liquid nitrogen for further use. Pellets were resuspended with
Buffer A (50 mM Tris-HCI, 500 mM NacCl, pH 7.5) at a ratio of 3 mL of buffer for every gram of cell
mass. DNase | was not used to prevent carryover in DNA-binding assays. Resuspended cells
were lysed using a SonoplusGM200 sonicator (BANDELIN electronic GmbH & Co. KG, Berlin,

Germany). The KE76 probe was used for sonication at 55% amplitude in four cycles of 1 minute
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ON:1 minute OFF pulses, with approximately one minute of resting on ice in between to reduce
heat denaturation of proteins. Ultracentrifugation of the cell lysate was performed at 100,000 x g
for 1 hour at 8¢C (Eppendorf). The supernatant was subsequently filtered through a 0.45 pm filter
prior to affinity purification (Sarstedt). For nickel-based affinity purification of TFs, an Akta Start
FPLC system (Cytiva, Marlborough, MA, U.S.A) was used with a 1 mL HiTrap HP nickel-NTA
column (Cytiva). The system was thoroughly flushed with Buffer A, followed by Ni-NTA column
equilibration. The clarified lysate was loaded onto the prepared column and then washed with
approximately 20 mL of Buffer A plus 50 mM imidazole. Proteins were eluted with Buffer A plus
100 mM imidazole. Eluted proteins were concentrated and desalted using 30 kDa Amicon®
columns (Merck Millipore) to 2-5 mg/mL*™ with a buffer composed of 50 mM Tris-HCI and 100
mM NaCl (pH 7.5). Final protein concentrations were calculated using their sample absorbance
at <= 280 nm on a NanoDrop2000 (Thermo Fisher Scientific) and their extinction coefficients.
Extinction coefficients were calculated using the translated AA sequence from the plasmid in
ProtParam (https://web.expasy.org/protparam/). Final proteins were aliquoted into PCR tubes™*

of 100 pl each, flash-frozen with liquid nitrogen, and stored at -70aC until use. A list of all proteins

used in this thesis and their biochemical parameters can be found in

Supplementary Table 13. Prior to their use in experiments, the mass and purity of all proteins
was assessed via SDS-PAGE. 2-4 ug of protein (based on its absorbance at <= 280 nm) was
mixed in ddH,O with a 5X SDS gel loading reagent prepared in-house to a final concentration of
1X SDS loading dye. The samples were boiled for 5 minutes at 95¢C, cooled to room temperature,
and then loaded into a pre-cast 4-20% polyacrylamide gel (Bio-Rad Laboratories, #4561096 (15
pl/well) or #4561095 (20 ul/well). All gels were run in a Mini-PROTEAN Tetra vertical
electrophoresis chamber (Bio-Rad Laboratories, #1658004) for 30 minutes at 160 V using a
commercial 1X SDS-PAGE buffer, diluted from the 10X ROTIPHORESE® 10X SDS-PAGE stock
(Carl Roth GmbH, #3060.2). Gels were extracted from their plastic casings and washed twice with
ddH,O before stainingwith Ready Bl ue E Pr ot e i nAldGoh, I#RSB) aacbrding (0Si g ma
t he Manuf a otol Gelsrwére degtainedtin water overnight and then imaged using a

Google Pixel 7a.

bxix Concentration past 5 mg/mL almost always led to TF precipitation.

b Glycerol was not added to the tubes as eliminating this cryoprotectant stabilizes TF quantification post-purification
and an FP assay with ISF6_0225+MBP on the MHETase promoter fragments demonstrated that ISF6_0225+MBP
frozen with and without 20% glycerol had no measurable change in DNA binding (data not shown).
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6-Carboxy-Fluorescein-labelled Promoter Regions from |. sakaiensis

Double-stranded DNA from the |. sakaiensis promoter regions was prepared using a
standard PCR reaction with NEB Q5 2X Master Mix according to the parameters on the
manufactureros website for denaturation, annealin
50-100 ng gDNA extracted from |. sakaiensis using the Machery-Nagel Microbial DNA kit was
used as a template. Primers for all promoter regions were synthesized by Sigma-Aldrich with a 6-
carboxyfluorescein(6-F AM) | abel at the 56 end of the primer.
resulting in 56 | abelled DNA f rnnersusediageneratd DONAr PCR.
fragments for EMSASs in this study can be found in Supplementary Table 14. PCR product size
was verified via 1% agarose gel electrophoresis in 1X TAE buffer for approximately 30-40
minutes. To minimize contamination of the EMSAs with genomic DNA, all labelled PCR products
were digested overnight with Dpnl (NEB, #R0176) at 37¢C according to the protocol for restriction
enzyme digestion on the NEB website. DNA fragments were subsequently purified using the
NucleoSpin Gel and PCR Clean-up kit (Machery-Nagel, #740609) according to the
Manufacturerb6s instructions. I n cases where gel
DNA band of the appropriate size, instructions for the purification of gel-extracted PCR products
were followed rather than cleanup of PCR products. DNA concentrations were calculated from
absorbance measurements at <= 260 nm using a NanoDrop2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, U.S.A.).

Electrophoretic Mobility Shift Assays

6FAM-labelled DNA fragments were prepared as described above. DNA fragments were
normalized to a concentration of 250 nM based on their absorption at < = 260 nm using a
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific). A master mix of 50 nM 6FAM-
labelled DNA fragments and competing Salmon sperm DNA (Carl Roth, catalog #9007-49-2) at
100 pg/mL final concentration was prepared for each EMSA. DNA binding reactions were carried
out in a buffer was composed of 40 mM Tris-HCI (pH 8.0) and 20 mM NacCl. TFs were purified as
described in Heterologous Protein Purification and thawed on ice from frozen. All proteins were
normalized to a concentration of 25 pM on the basis of absorption at < = 280 nm using a
NanoDrop2000 spectrophotometer and the appropriate extinction coefficient (Supplementary
Table 13). After normalization, proteins were added to EMSA reactions with a multichannel
pipette at 2.5 uM or 5 pM (depending on the assay conditions). Reactions were thoroughly mixed

via pipetting. 1 or 5 mM of TPA, PCA, or water (as a negative control) was added to reactions
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where indicated. Reactions were then equilibrated for 30 minutes at room temperature. Loading
dye without SDS (NEB, #B7025S) was added to each reaction at a final concentration of 1X to
reduce sample diffusion from the pockets of the gel. EMSA reactions were loaded into pre-cast
4-20% polyacrylamide gels (Bio-Rad Laboratories, #4561096 (15 pul/well) or #4561095 (20
pli/well)) in a Mini-PROTEAN Tetra vertical electrophoresis chamber (Bio-Rad Laboratories,
#1658004). All gels were run in commercial 1X Tris/Glycine buffer, pH 8.3 (Bio-Rad Laboratories,
#1610734) for 15 minutes at 90 V, then 90 minutes at 120 V. Gels were extracted from their plastic
casings and washed thrice with ddH.O before imaging usinga Bio-Ra d Ch e mi Dimagiag
System. The AlexaFluor488 channel was used with an exposure time of 20 seconds.

Fluorescence Polarization Assays

6-FAM labelled oligonucleotides were purchased from Sigma-Aldrich (see
Supplementary Table 14 for sequences). Oligonucleotides were hybridized to dsDNA using the
open-source protocol created by Laura Sanchez.’®* Hybridized oligos were diluted to 200 nM
before storage at -20eC. Nuclease-free water was used for both dsDNA hybridization and FP
assays to minimize DNA degradation. TFs were purified as described in Heterologous Protein
Purification and thawed from frozen on ice. Purified MBP alone (to interrogate whether the MBP
tag engaged in binding with the 6FAM-labelled dsDNA fragments) was a kind gift from Dr. Hai
He. Prior to use in FP, all proteins were diluted to 8 or 10 uM in buffer with 40 mM Tris-HCI (pH
7.5) and 20 mM NaCl. The TF concentration of final protein dilutions was checked for accuracy
using their absorbance at <= 280 nm using a NanoDrop2000 spectrophotometer (Thermo Fisher
Scientific). The relevant mass and extinction coefficient for each protein was used
(Supplementary Table 13). Serial dilutions of these TFs were subsequently prepared for each
binding curve. Each FP assay was conducted in 40 mM Tris-HCI (pH 7.5) and 20 mM NaCl buffer
with 50 nM hybridized 6FAM-labelled DNA and a variable amount TF or effector. The total assay
volume was 20 pl, and all conditions were tested in 4-6 technical replicates. Two-fold concentrated
master mixes of buffer and fluorophore-labelled dsDNA (i.e. without TFs) were prepared to
standardize DNA concentrations for each TF (zeffector) tested. In the instances where effectors
were tested, different two-fold concentrated master mixes with 6FAM-dsDNA, effector, and buffer
were prepared for each effector concentration. 10 pl of the buffered 6FAM-dsDNA master mix
was pipetted manually into a non-binding, black 384 well plate with a clear, flat bottom (Greiner
Bio-One, #781900), followed by 10 pl of the 2-fold concentrated TF solution for each condition.

Reactions were mixed by pipetting up and down. A control for background polarization of the
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labelled dsDNA without TFs was included for each assay (n=6), alongside a blank of 1X buffer
(n=6-8). After loading, the 384 well plate was centrifuged briefly to maintain reaction volumes and
then covered with a plastic film to reduce evaporation. DNA-binding reactions were allowed to
equilibrate for 1 hour at room temperature prior to measurement on a BioTek Synergy H1
microplate reader equipped with a Green FP filter cube (Agilent, #8040561). The built-in protocol
for FP was used with parallel and perpendicular plane-polarized light, each measured at excitation
=485 nmendsibh & 528 nm. Polarization calculations were performed in the BioTek Gen5
software (version 3.11) using user-defined information for blank and negative control wells.
Nonlinear regression on the resultant polarization data was performed in Prism using the following
equation, where Ag = 0.05 (i.e. 50 nM of 6FAM dsDNA):

2N )

Q-
Q

Mass Photometry
The molecular masses of TF-DNA complexes were determined using a Refeyn OneMP
Mass Photometer (Refeyn Ltd., U.K.) in 40 mM Tris-HCI buffer (pH 7.5) with 20 mM NacCl. 24 x
60 mm microscope coverslips (Carl Roth, Germany) of 1.5 mm in height and Cul t ur e Wel |
reusable gaskets (GRACE BIO-LABS, U.S.A.) were used to stabilize the solution over the Mass
Photometer lens. A citrate synthase mass standard prepared by Franziska Sendker of the
Hochberg lab was used for mass calibration at 12.5 nM. Mass photometry image processing and
analysis was performed with DiscoverMP software (Refeyn Ltd., U.K.).

Cultivarium ORI Marker Screen

The ORI marker screen for |. sakaiensis was conducted according to the protocol
described by Gilbert, C. et al (2023) and supervised by Dr. Stephanie Brumwell and Dr. Nili
Ostrov.1%” The workflow is additionally described in Figure 41. Prior to the execution of the ORI-
marker screen at Cultivarium (Watertown, MA, U.S.A.), ORI-marker libraries were assembled with
the POSSUM toolkit via Golden-Gate Assembly and transformed into E. coli BW29427. E. coli
BW29427 strains carrying the transformed libraries were stored as 1 mL aliquots at -80eC. For
the |. sakaiensis screen, four different ORI marker libraries were used (i.e. libraries with

kanamycin, chloramphenicol, tetracycline, and gentamicin resistance genes as selectable
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markers, but the same set of 22 ORIs). On the day of conjugation, the 1 mL frozen donor strains
were thawed at room temperature and inoculated into 50 mL LB media supplemented with 60
pg/ml diaminopimelic acid (DAP) and the relevant antibiotics for each library. The cultures were
grown for 2 hours at 37C (200 rpm) before the start of conjugation. The I. sakaiensis recipient
strain was grown to stationary phase in NITE802 rich media for roughly 3 days prior to the start
of library conjugations. After measuring the optical density of the recipient and donor at <= 600
nm, the cultures were pelleted by a centrifuge set to 4 e @t 4000 x g for 10 minutes. The
supernatant was discarded and both the donor and recipient pellets were washed once with 1X
phosphate buffer saline (PBS) to remove residual antibiotics. The centrifugation step was
repeated, then the pellets were resuspended in LB medium supplemented with 60 ug/mL DAP
(for donor growth) based on the approximate number of cells in the pellet. This was calculated
based on the relation that ODgoo = 1 ~ 1 x 108 cells/mL for E. coli. The donor and recipient were
mixed together in a 10:1 donor-to-recipient ratio for conjugation, then plated on NITE802 agar
with 60 pg/mL DAP. Each conjugation was performed in triplicate alongside a control conjugation
with wildtype E. coli BW29427. After 24 hours at 3 hedElls were scraped from each plate
with 1X PBS and re-plated on NITE802 agar with the appropriate antibiotics for each library. Once
transconjugants appeared on the selective plates, cell biomass was scraped off with a scraper
and 1 mL of 1X PBS. DNA extraction was performed on the resulting transconjugants as
described in DNA Extraction of Gilbert, C., et al (2023). lllumina NGS sequencing of the extracted
DNA was performed by Shinyoung Clair Kang at Cultivarium. Functional ORI analysis on the NGS
data was performed with bioinformatic pipelines developed by Alexander Crits-Christoph at
Cultivarium. The amplicon counts of each ORI in the NGS datatset was compared to the internal
negati ve cont r oremofiedalserpusitives; OrfyyIORIs with amplicon counts at least
five-fold greatert han t hi s background wer e Forlfudhersdetdils and as f |
the processing of data from the ORI mar ker scre
analyse s 0 of Geétal@pezB)t , C. ,

Electroporation of I. sakaiensis

Single-plasmid electroporations of I. sakaiensis were performed with the pGL2_170 vector
(Addgene #199102) carrying a pSa origin, conditional R6K + origin, gentamicin resistance marker,
and constitutively-expressed mScarlet reporter gene driven by the pBBa_J23100 Anderson
promoter. To prepare the cells for electroporation, starter 5 mL I. sakaiensis cultures in NITE802

rich media were inoculated with a single colony (from NITE802 agar plates streaked with a
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stationary-phase glycerol stock under sterile conditions, and then grown for 3 days at 30aC*).
The pre-culture was grown at 30aC for 3 days with shaking (180-200 rpm). Cultures were
subcultured into 50 mL baffled flasks with NITE802 rich media at a ratio of 1:100 stationary culture
to fresh media. After approximately 207 24 hoursof sha ki ng at 2 0Qincubaton i n a
ODsgoo Was measured. Once the culture ODggo reached 0.2-0.4, the culture was transferred to a
50 mL Falcon tube and centrifuged at 4500 x g for 10 minutes at room temperature. The medium
was discarded and then the pellet was gently resuspended in 10 mL of 300 mM maltose under
sterile conditions (at room temperature). The centrifugation step and pellet resuspension in 300
mM maltose was repeated again to remove residual rich media, then the cells were centrifuged a
final time with the same parameters. Each pellet was then resuspended to an ODeggo of 100 in 300
mM maltose, which yields enough cells for 2-3 electrotransformations of 50 pl each.
Electroporations were performed with 2 mm bandgap cuvettes (Bio-Rad Laboratories, #1652086),
either stored at room temperature or pre-chilled on ice during the I. sakaiensis culture preparation
steps. 50 pl of cells (normalized to ODeyo = 100) with 150-200 ng of plasmid DNA was used for
each electro-transformation. Electroporation was performed on a Bio-Rad Gene Pulser Xcell Total
Electroporator (Bio-Rad Laboratories, #1652660) at 2.5 kV, 25 uF capacitance, and 200 ohms of
resistance. Shocked cells were immediately supplied with 950 pl of NITE802 rich media, then
transferred to a microfuge tube under sterile conditions. Cells were recoveredfor24hour s at 3 0eC
and 650 rpm. The media was then separated from the pellets via centrifugation at 8000 x g for 2
minutes and discarded. Cells were resuspended in approximately 300 pL of NITE802 rich media
and the entirety of the cell resuspension was plated on selective agar plates under sterile
conditions (for pGL2_170, NITEB02 agar with 20 pg/mL gentamicin). The agar plates were allow
to dry (with their lids on) at room temperature for 1-2 hours, then incubated for a minimum of four

days at 30eC. Colonies arising from electroporation experiments were counted manually.

bood | - sakaiensis loses viability on plates after 2 weeks at room temperature (and 1 week if plates are stored at 4¢C), so
the cells were always restreaked fresh for electroporation experiments.
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Appendix

Chapter 1 Supplementary Figures
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Supplementary Figure 1. Agilent Bioanalyzer 2100 trace of the |. sakaiensis library prepared for lllumina short-read
paired-end sequencing (i.e. a fragmented genome, with sequencing adapters, indexes, and barcodes added is
depicted). A standard distribution of DNA is shown in the peak trace between low (35 bp, green) and high (10.38 kb,
purple) DNA markers. DNA fragments of the library were approximately 338 bp as an average size. This trace shows
that the library going into the Illlumina sequencing run has a standard distribution, which is favorable (otherwise, a smear
characteristic of an over-fragmented library would therefore be seen in the lane at right, and a wide distribution of DNA
sizes would be seen in the peak trace).
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Supplementary Figure 2. FastQC summary statistics for |. sakaiensis genome sequencing as lllumina paired-end
reads( AiRead 10 a.AdB: gidite scates @cogs all bases (Phred score vs. bp position in read). C-D: quality
score distribution over all sequences (humber of sequences vs. mean sequence quality/Phred score). E-F: distribution
of sequence lengths over all sequences (number of sequences vs. sequence length in bp). FastQC graphs were
reprinted from the pipeline embedded in the Galaxy server.
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Supplementary Figure 3. Plot of Nanopore read lengths (x-axis) versus the average read quality (y-axis). Each read
can be visualized as a dot in green. These data were generated from barcoded I. sakaiensis FAST5 reads from the
Nanopore sequencing run using Nanoplot embedded in the Galaxy server.
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Supplementary Figure 4. Uncropped image of the PFGE. Samples in the first three lanes, starting at the left, are all
biological replicates of I. sakaiensis plugs digested with 10% SLS prepared from a fresh |. sakaiensis culture. The
following three lanes are biological replicates of I. sakaiensis plugs i again digested with 10% SLS i prepared from
cryo-frozen stationary-phase |. sakaiensis samples. Next, a custom low molecular weight ladder occupies lane 7,
ranging from 38 kbp to 24 kbp (although the staining is admittedly quite poor for visualization of these bands). Lane 8
contains the < PFGE ladder from NEB (#N0341S), which is composed of progressively larger concatemers of lambda
DNA (cI857 ind 1 Sam7). Its size range is 45.8 1 1,018 kbp. For the next 6 lanes, the sample order mirrors the I.
sakaiensis plugs on the left side of the gel, but this time they are digested with 10% SDC instead of 10% SLS. Two
different detergents were used as they were found to have experimentally different efficacies of lysis for proteomics, so
the assumption was that this would also be the case for in-plug protein digestion.
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Supplementary Figure 5. Example of BIOLOGE phenotyping plate at the conclusion of the assay; deep purple
indicates robust growth whereas lilac indicates weak growth. To verify some of the predicted carbon utilization

pathways of RAST, culture of I. sakaiensis in late-exponential phase were washed twice in minimal media without a
carbon source, then applied to two BIOLOGE phenotyping plates.
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Supplementary Figure 6. Volcano plot of the I. sakaiensis proteome with TPA against maltose as a sole carbon

source. ISF6_0529 is highlighted in teal (right quadrant). Cut-offs for significance (dashed lines in mint) for log2FC are
+1.25 and a 1 logio(p-value) of 2, corresponding to a P-value of 0.01.
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Chapter 1 Supplementary Tables

Supplementary Table 1. Parameters and quality statistics for the |. sakaiensis genome extracted from a multiplexed
lllumina MiniSeq run. Data were generated from separate paired-end lllumina reads from their respective fastq.qz files.
Sequence length is reported as a range; it does not represent the distribution (see above).

Read 1 | Read 2
Illumina Machine MiniSeq
File type Conventional base calls
Encoding Sanget/lllumina 1.9
Total Sequences (bp) 2080974 2080974
Total Bases (Mbp) 285.1 284.9
Sequences flagged as poor quality 0 0
Sequence length 35-151 35-151
Overrepresented sequences (%) <1 <1
GC Content (%) 72 71
Sequences remaining if duplicates are removed (%) 90 91

Supplementary Table 2. Relevant run parameters and quality statistics for the I. sakaiensis genome from a multiplexed
Nanopore long-read sequencing run. Genome quality statistics were calculated from barcoded FAST5 reads using

Nanoplot embedded in the Galaxy server.

Nanopore Cell Type FLO-MIN111
Sequencing Barcode EXP_NBD14 16
Sequence Output (Total # of Bases) 294729124
Number of Reads 19601
Mean Read Length (bp) 14649
Median Read Length (bp) 6954
Maximum Read Length (bp) 228940
N50 33093
Mean Quality 11.7
Median Quality 13.1
Reads > Q10 (10% probability of error) 90.2%
Reads > Q20 (1% probability of error) 3.0%
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Supplementary Table 3. Carbon sources utilized by I. sakaiensis based on BIOLOG carbon source screens PM1 and

PM2A. Growth is
by eye). Importantly, no purple colour was observed in the negative control wells for either experimental plate.

classidilkalsdd oonn firlodb uisn e n i tif aofmtt he

BIOLOG Plate ?’:/OLOG Compound Perceived Growth
ell ID
A5 Succinic acid
A7 L-aspartic acid
B6 D-Gluconic acid
B9 L-Lactic acid
B12 L-Glutamic acid
C3 D,L-Malic acid
PM1 C8 Acetic acid
D11 Sucrose
E1l L-Glutamine
F9 Glycolic acid
G12 L-malic acid
H8 Pyruvic acid
Al10 Laminarin
B5 D-arabinose
B9 2-Deoxy-D-Ribose
C4 D-melezitose
E2 Caproic acid
PM2A E5 D-Glucosamine
E8 Beta-hydroxy Butyric acid
E9 Glycolic acid
G10 L-Leucine
H3 L-pyroglutamic acid
H9 Dihydroxyacetone
A4 D-saccharic acid
E5 Tween 80 Medium
H6 L-lyxose Medium
A2 L-arabinose Faint
B8 D-Xylose Faint
PM1 B10 Formic acid™i Faint
C4 D-ribose Faint
D5 Tween 40 Faint
F5 Fumaric acid Faint
F6 Bromo-succinic acid Faint
G7 Acetoacetic acid Faint
D12 Buytric acid Faint
E10 alpha-Keto-Valeric Faint
E12 5-keto-D-Gluconic acid Faint
PM2A F5 Oxalomalic acid Faint
F9 Sorbic acid Faint
G2 L-alaninamide Faint
G3 N-Acetyl-L-Glutamic acid Faint

i The microbe appears to have the ability to utilize formic acid, although growth was faint. This could reflect formate
being excreted during oxalate import, given that |. sakaiensis has two encoded oxalate/formate antiporters (i.e.
LDCCDE_08515, IDCCDE_08420). These antiporters potentially prevent accumulation of the toxic intermediate

formaldehyde if conversion rates are sufficiently low.54
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Supplementary Table 4. Gene candidates potentially involved in formate metabolism in |. sakaiensis. EC numbers are
predicted by Bakta and may conflict with the imported EC numbers in Uniprot.

Original
0“9”?5" Bakta Annotation Anngtatlon Predicted Gene Product
Contig (Yoshida et al,
2016 Assembly)
LDCCDE_21255 ISF6_3286 Formate dehydrogenase (gamma subunit)
LDCCDE_21260 ISF6_3287 Formate dehydrogenase (beta subunit), NAD-dependent

46 LDCCDE_21265 ISF6_3288 Formate dehydrogenase (alpha subunit) FdhF (EC:1.17.1.9)

LDCCDE 21270 ISF6 3289 Formate dehydrogenase accessory su!furtra_nsferase FdhD;
— - acts as a sulfur donor for cofactor insertion for FDH

LDCCDE_21275 ISF6_3290 NAD-dependent formate dehydrogenase (delta subunit)

LDCCDE_12550 ISF6_2561 Formate-tetrahydrofolate ligase (EC:6.3.4.3)

38 LDCCDE_12570 ISF6_2557 Methylene tetrahydromeihsang%pi?nn dehydrogenase (EC:

LDCCDE_12575 ISF6_2556 Methenyltetrahydrofolate cyclohydrolase
Mch Methenyltetrahydromethanopterin cyclohydrolase (EC:
3 (LDCCDE_00600) | 'SF6-1717 3.5.4.27)
Methylenetetrahydrofolate reductase, NADPH-dependent
metF ISF6_3534 (EC:1.5.1.20)

51 LDCCDE_07175 ISF6_3536 5-formyltetrahydrofolate cycloligase (EC: 6.3.3.2)

LDCCDE_07195 ISF6_3540 5-formyltetrahydrofolate cycloligase (EC: 6.3.3.2)
pury .

30 (LDCCDE_10950) ISF6_1851 Formyltetrahydrofolate deformylase (EC: 3.5.1.10)
LDCDDE_00610 ISF6_3657 Methylene tetrahydromeihsar;%psrm dehydrogenase (EC:
LDCCDE_00680 ISF6_3671 Formyl-methanofuran cie;);d{g?enase, subunit B (EC:

56 LDCCDE_00685 ISF6_3672 Formylmethanofuran dehydrogenase, subunit A (EC: 1.2.7.12)

fheD ISE6 3673 Formylmethanofuran-tetrahydromethanopterin N-
(LDCCDE_00690) - formyltransferase (EC: 2.3.1.101)
LDCCDE_00695 ISF6_3674 Formylmethanofuran dehydrogenase, subunit C (EC:1.2.7.12)
Bifunctional tetrahydrofolate synthase/dihydrofolate synthase

37 folC ISF6_2406 (EC: 6.3.2.17)

Bifunctional methylenetetrahydrofolate

26 fold ISF6_1475 dehydrogenase/methenyltetrahydrofolate cyclohydrolase FolD
LDCCDE_14980 ISF6_0982 Formate dehydrogenase (alpha subunit) FdnG (EC: 1.17.5.3)
LDCCDE_14985 ISF6_0983 Formate dehydrogenase (beta subunit) FdxH (EC: 1.17.1.9)

2
LDCCDE_14990 ISF6_0984 Formate dehydrogenase-O (gamma subunit) (EC: 1.2.1.2)
LDCCDE_14995 ISF6_0985 Formate dehydrogenase accessory protein FdhE

8 LDCCDE_19180 ISF6_5028 Formate dehydrogenase-O (major subunit) FdoG (EC:

1.17.1.9)
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Supplementary Table 5. Proteins of I. sakaiensis significantly overrepresented when the cells are grown on TPA
versus maltose as a carbon source. All proteins with logzRatios above 2 and -logioP-values above 2 are shown. The
Bakta gene annotation is shown for all proteins with logzRatios above 2, then the ORF identities from the Yoshida, S.
et al (2016) genome assembly are shown.

Bakta Gene TPA
Protein Name Annotation Prediction for Encoded Protein based logz(Fold- TPA i logio(P-
(Uniprot ID) (Yoshida et al, on RazorP Database Cghzan e) value)
2016 Assembly) 9
Ortho-halobenzoate 1,2-dioxygenase
AOAOK8PIOR7 ohbA (ISF6_0228) beta-ISP protein OhbA 6.64 8.07
Ortho-halobenzoate 1,2-dioxygenase
AOAOK8P8S4 ohbB (ISF6_0227) alpha-ISP protein OhbB 6.22 7.50
LDCCDE_17975
AOAOK8NXF8 (ISF6_0529) Aldehyde dehydrogenase 6.02 4.66
2-polyprenylphenol hydroxylase and
LDCCDE_26590 related flavodoxin oxidoreductase/CDP-
AOAOK8P8F2 (ISF6_0230) 6-deoxy-delta-3,4-glucoseen reductase- 550 8.32
like
LDCCDE_26585 4-hydroxythreonine-4-phosphate
AOAOKBP8F3 (ISF6_0229) dehydrogenase 543 9.57
LDCCDE_26570 . .
AOAOK8P8D2 (ISF6_0226) Putative exported protein 5.24 8.58
lysR I .
AOAOK8P8D9 (ISF6_0231) Transcriptional regulator, LysR family 4.58 10.65
LDCCDE_23995 . ;
AOAOK8P6C1 (ISF6_4437) 3-oxoadipate CoA-transferase, subunit A 4.02 6.59
LDCCDE_17950 .
AOAOK8NXF9 (ISF6_0534) Membrane protein 3.89 3.92
LDCCDE_17935 . .
AOAOK8NX58 (ISF6_0537) Uncharacterized protein 3.73 3.19
pcaR .
AOAOK8PIR2 (ISF6_0223) Pca regulon regulatory protein PcaR 3.70 3.67
AOAOK8P5TO ISF6_3814 Sulfate transport system permease 3.64 2.98
protein CysW
AOAOKBNTRY ISF6 1013 Peptidoglycan hydrolase FlgJ 3.58 2.93
pcaG Protocatechuate 3,4-dioxygenase, alpha
AOAOK8NXF4 (ISF6.0626) chain 3.42 10.16
AOAOK8PEM6 ISF6_3815 Sulfate and thiosulfate import ATP- 3.32 3.97
binding protein CysA
AOAOK8P5K4 ISF6_3816 Alkanesulfona_te utilization operon LysR- 331 6.24
family regulator Cbl
AOAOKB8P6U9 ISF6 4438 3-oxoadipate CoA-transferase, subunit B 3.27 6.31
pcaH Protocatechuate 3,4-dioxygenase, beta
AOAOK8NXD6 (ISF6._0627) chain 3.26 10.05
AOAOK8P7R8 ISF6 4439 3-oxoadipyl-CoA thiolase 3.11 9.52
AOAOK8P586 ISF6_3813 Sulfate transport system permease 3.11 2.91
protein CysT
AOAOK8P6S5 ISF6 4413 Flagellar hook-associated protein 2 3.08 2.64
AOAOK8NX98 ISF6_0469 Lactoylglutathione lyase 3.05 5.1
AOAOKBPSE7 ISF6_0224 Mono(2-hydroxyethyl) terephthalate 295 711
hydrolase
AOAOKSNWA7 ISF6_4689 Monovalent cation:proton antiporter-2 286 205
CPA2 family
AOAOK8NTL4 ISF6_1006 Flagellar basal-body rod protein FIgC 2.78 3.55
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Bakta Gene TPA
Protein Name Annotation Prediction for Encoded Protein based logz(Fold- TPA Tlogao(P-
(Uniprot ID) (Yoshida et al, on RazorP Database Cghzan e) value)
2016 Assembly) 9
AOAOK8P6K2 . o
ISF6_4426 Flagellar motor switch protein FliM 2.74 2.18
AOAOK8P630 . ) o )
ISF6_4250 Periplasmic hemin-binding protein 2.73 2.05
AOAOK8NU24 . )
ISF6_1014 Flagellar hook-associated protein 1 2.65 2.05
AOAOK8NUY3 . .
ISF6_1015 Flagellar hook-associated protein FlgL 2.58 2.19
AOAOK8P7H3 i
leuA 2-isopropylmalate synthase 2.57 3.61
AOAOK8NY70 . .
ISF6_0958 DNA polymerase-like protein PA0670 2.56 4.86
AOAOK8NU15 ISF6_1007 Basal-body rod modification protein FigD 2.54 3.59
AOAOK8P5G9 Flagellar basal-body P-ring formation
ISF6_1004 protein FlgA 2.48 2.22
AOAOK8P679 i indi i
ISE6 3802 Sulfate and thiosulfate binding protein 244 451
- CysP
AOAOK8BNTP9
ISF6_4301 Acetyl-CoA acetyltransferase 2.43 3.24
AOAOK8NZKS8 . .
flgl Flagellar P-ring protein 2.37 2.97
AOAOK8P4F7 .
flnD Flagellar transcriptional regulator FIhD 2.35 3.24
AOAOK8BNTP1 ) i
ISF6_1002 Uncharacterized protein 2.34 2.54
AOAOK8P616 . .
ISF6_4251 Hemin transport protein HmuS 2.32 2.34
AOAOK8P6TO ISF6_4418 Flagellar M-ring protein 2.2 2.85
Aminotransferase,
AOAOK8P4D8 ISF6_3473 DegT/DnrJ/EryC1/StrS family 2.2 2.03
AOAOK8P3J4
ISF6_2630 Copper metallochaperone 2.16 5.01
AOAOK8NZX0 ) . . .
ISF6_1787 Putative signal peptide protein 2.16 2.42
AOAOK8NXN1 . .
ISF6_0629 Uncharacterized protein 2.14 4.24
AOAOKBNXG3 . . .
ISF6_5084 Radical SAM domain protein 2.13 4.32
AOAOK8P4J3 . .
ISF6_3476 Uncharacterized protein 2.08 2.18
AOAOK8BNWC3 ISF6_5376 Transcriptional regulator, MarR family 2.03 5.45
AOAOK8P6B9 ISF6_4432 TonB-dependent receptor 2.01 3.88
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Supplementary Table 6 Proteins of |. sakaiensis significantly downregulated when the cells are grown on TPA versus
maltose as a carbon source. All proteins with logzRatios below -2 and -logioP-values above 2 are shown in ascending
order. The ORF identities from the Yoshida, S. et al (2016) genome assembly are shown.

Protein Name Yozglldea,g. etal Prediction for Encoded Protein | TF;:AId TPA T logio(P-
Uniprot ID) ( ) ene based on RazorP Database 0ga(Fold- value)
( Annotation Change)
AOAOKBNV10 ISF6_4006 Mobile element protein -6.29 4.93
AOAOKBNUS9 ISF6_1711 Solute-binding protein family 3/N- 4.97 5.27
- terminal domain-containing protein
AOAOK8P0J2 ISF6_2002 L-sorbosone dehydrogenase -4.4 3.68
AOAOK8P802 ISF6_5310 CBS Domain protein -4.23 2.98
AOAOKSPOV?2 ISE6 1994 Putative stomatin/prohibitin-family 389 4
- membrane protease
AOAOKSNVG9 ISF6_1713 Methanol dehydrogenase, large -3.88 3.35
subunit protein
AOAOK8P2S6 ISF6_2758 Biotin carboxylase -3.86 5.33
Dipeptide transport system i
AOAOK8BNYE2 ISF6_1172 permease protein 3.81 3.23
AOAOK8P5J8 ISF6_4177 Dehydrogenase -3.79 5.26
AOAOK8P6T? ISF6_4831 Poly(ethylene terephthalate) -3.73 452
hydrolase
AOAOK8P1T4 ISF6_1970 Flavin-containing monooxygenase -3.57 2.46
AOQAOK8P025 ISF6_1826 Uncharacterized protein -3.54 2.52
AOAOK8P3Q6 ISF6_3061 Translation initiation factor 2 -3.49 2.51
AOAOK8P5J5 ISF6_3335 Putative exported protein -3.41 4.34
AOAOK8P221 ISF6_2449 AsmA domain-containing protein -3.33 4
Transposase InsH N-terminal
AOAOK8P863 ISF6_5507 domain-containing protein -3.26 2.21
AOAOK8P994 ISF6_5313 Regulator of cell morphogenesis -3.24 261
- and NO signaling
AOAOKSNUZ4 ISF6_3985 Lead, cadmium, zinc and mercury -3.23 4.19
— transporting ATPase
AOAOK8NZQ6 ISF6_1542 Bacterioferritin -3.21 3.62
AOAOK8NYE9 ISF6_1169 Choline dehydrogenase -3.16 2.94
AOAOK8P4B3 ISF6_3296 PRC-barrel protein -3.11 2.22
AOAOK8NYTO ISF6_1232 Zinc resistance-associated protein -3.1 3.14
AOAOK8NZ88 ISF6_1485 L-sorbosone dehydrogenase -3.09 2.35
AOAOK8NUA43 ISF6_1709 Outer membragreoi'eﬂﬂpmte'”‘sort'”g -3.04 4.83
AOAOK8P5C9 ISF6_3659 dihydroneopterin aldolase -3.03 3.38
AOAOK8NU53 ISF6_2783 Methy"accsr%tt'gﬂ ‘I’hem"tax's -2.96 4.43
AttF component of AtEFGH ABC
AOAOK8P6D2 ISF6_4457 transport system/AttG component of -2.96 4.34
AttEFGH ABC transport system
AOAOK8P7Z8 ISF6_5305 Histone H1 -2.92 4.67
AOAOK8P176 ISF6_1765 Chlorogenate esterase -2.91 4.28
AOQAOK8P8B5 ISF6_5297 Catalase -2.86 4.77
AOAOK8NZN5 ISF6_1611 Putative sugar transport protein -2.86 2.44
AOAOKSNXJ1 ISF6_0688 D-(-)-3-hydroxybutyrate oligomer 2.73 2.42
- hydrolase
AOAOK8P1V5 ISF6_2456 Serine protease -2.7 3.05
AOAOKBNYD7 ISF6_1167 Esterase/lipase -2.7 6.64
AOAOK8P2L7 glgC Glucose-1-phosphate -2.68 3.15
adenylyltransferase

158



Protein Name Yoshida, S. et al Prediction for Encoded Protein TPA TPA i log1o(P-
Uniprot ID (2016) Gene based on RazorP Database loga(Fold- value)
(Uniprot ID) Annotation Change)

Dipeptide-binding ABC transporter,

AOAOK8NYM3 ISF6_1170 periplasmic substrate-binding -2.65 4.64

component

AOAOK8P315 ISF6_2759 Prolyl oligopeptidase family protein -2.62 2.49

AOAOKBPB35 ISF6_5207 Secretin/TonB short N-terminal -2.56 3.78

- domain-containing protein
AOAOK8NZB5 ISF6_1494 Peptidase S8/553 domain- -2.52 5.01
- containing protein
AOAOKSPOGS ISF6_1968 ACV"homose”F:f d'gc“’”e acylase -2.52 3.36
AOAOK8P1X8 ISF6_2486 Esterase/lipase/thioesterase -2.5 2.38
Anaerobic dimethyl sulfoxide

AOAOK8P5X1 ISF6_4180 reductase, chain A -2.48 2.25

AOAOK8P4V6 ISF6_3643 Uncharacterized protein -2.47 6.63

AOAOKSNWMO ISF6_4515 Glucose/sorbosone -2.46 3.73

dehydrogenases

AOAOK8NU47 ISF6_1714 Formaldehyde activating enzyme -2.44 2.57

AOAOK8P8J2 ISF6_0375 Mobile element protein -2.44 4.93

AOAOK8P4N1 ISF6_3339 Putative exported protein -2.43 5.17

AOQOAOK8P777 ISF6_4827 OmpA family protein -2.38 2.55

AOAOK8NZG2 ISF6_1541 DUF883 domain-containing protein -2.37 2.69

AOAOK8P2J8 ISF6_2599 Ubiquinol-cytochrome ¢ reductase -2.36 351

— iron-sulfur subunit

AOAOK8P3S8 ISF6_3122 FecR prOte'”p‘r’gt’:ﬁ'”'coma'”'”g 233 3.01

AOAOKSP4J0 ISF6_3533 RNA binding meltitlw(gtransferase FtsJ 229 297

AOAOKS8NVLS ISF6_3406 Transmembrane protein -2.27 2.34

AOAOK8P8Q3 ISF6 5123 Ornithine aminotransferase -2.25 3.33

AOAOK8P0S5 ISF6_1543 Putative lipoprotein -2.21 3.68

AOAOKBNYG4 ISF6_1215 Uncharacterized protein -2.19 2.56

Branched-chain amino acid ABC
AOAOK8P517 ISF6_3130 transporter, amino acid-binding -2.19 241
protein
Glycerol-3-phosphate ABC
AOAOK8NY34 ISF6_0908 transporter, ATP-binding protein -2.18 5.32
UgpC

AOAOKBNWM3 ISF6_5382 DUF3606 domain-containing protein -2.15 3.58

AOAOK8NXY9 ISF6_0829 Zine-ribbon Sroort”e"’i‘:]”'coma'”'”g -2.12 2.16

AOAOK8P140 ISF6_2094 Putative exported protein -2.12 2.33

Short-chain
AOAOK8P983 ISF6_5303 dehydrogenase/reductase SDR -2.12 2.72
AOAOKSP3J8 ISE6 3058 Possible ethyl tert-butyl ether 21 3.68
- degradation protein

AOAOK8NZNS8 ISF6_1166 3-oxoacyl-ACP reductase -2.1 3.86

AOAOK8P3P8 ISF6_3092 Long-chain-fatty-acid--CoA ligase -2.08 2.08

AOAOK8P635 ISF6_4203 Carboxymuconolactone -2.07 7.23

decarboxylase family protein

AOAOK8P312 ISF6_2754 Malto-oligosyltrehalose synthase -2.04 5.6
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Supplementary Table 7. Codon usage table for |. sakaiensis. The most frequently used codon of each amino acid
(AA) is highlighted in green. One exception is valine (V) where the GTG and GTC codons are almost interchangeable.
Qualitatively, several CDSs with GTG as an alternative start codon were observed, so its above-average abundance
could also reflect its role in transcription rather than the use of V in the |. sakaiensis proteome. The percentages indicate
the total usage of the codon. The ratios are expressed relative to the number of available codons for each AA.

Codon Usage Table: Ideonella sakaiensis
Codon %

160



Chapter 2 Supplementary Figures
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ISF6.0223 | ------ MTSLDKGLQVLSCFGRQHARLTVSEAARLTGSTPASARRSLLTLQALGYLDSDGKRFWMLPKALLIAHAYLASRATPALAQPLL &4
ToRRII MQDKNFVESLRKGLGVLTCFORRHTRLTLSEVARLTQSTPASARRSLSTLVQLGYLESDGKLFWMQPKSLLIAYSFLSSRPMPALAQPLL 90
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1SF6_0223 DALSERTGESASLGKLLDDDAIIIARSTARRSLSIGLGIGSRLPAYCSAIGRVLLASLPPGEAERRVRAMPRQPLTPRTVYEVRPVLELT 174
ToMRIL DALSERTRESASLGTLLEDDAIIIGRSTARRSLSTGLGIGSRLPVYCSAIGRMLLSGLPQQEARARLEMIERVALTPHTVTDLEELLGLL 180
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1% 0
T 9
1SF6_0223 ARCREQGFAGSDGELELGVRSMAVPVHDRSGSLVGAMSTIAVRAERMSFAEFREAFLAALRKAGTTLGERLYPE-- 247
ToMRIL ETCRQSGWSCSDGELELGVRSMAAPVRDPQGNTIAAMSIAVRAERLSMSEFKETFLIPLKRARNELEKKLYPQGL 255

Supplementary Figure 7. Multiple sequence alignment of ISF6_0225, ISF6_0223, and TphRy proteins using Clustal
Omega embedded in Snapgene. Amino acids highlighted in pink indicate AA conservation, whereas the dashes indicate
gaps in the sequence. The grey bars above each AA position indicate the degree of conservation relative to the
consensus sequence. The strongest region of conservation appears to be amino acids 91 76, which corresponds to a
DNA-binding domain when the proteins are submitted to PROSITE for protein domain prediction.
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» ISF6_0223 R it L i TSLDKGLQVLSCF-------------- GRQHARLTVSEAARL---TGSTPASARRSLLTLQALGYLDSDGKRFWMLPKALLIA &7
P PRI | ----mmmm----o MQDKNFV-----om e e e e ESLRKGLGVLTCF-------------- DRRHTRLTLSEVARL---TQSTPASARRSLSTLVQLGYLESDGKLFWMQPKSLLIA 73
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» ISF6_0223 HAYLASRATPALAQPLLDALSERTGESASLGKLLDDDAIIIARSTARRSLSIGLGIGSRLPAY -SAIGRVLLASLPPGEAERRVRAMPRQPLTPRTWYEVRPVLE-LIARCREQG 181
} TphRII VSFLSSRPMPALAQPLLDALSERTRESASLGTLLEDDAIIIGRSTARRSLSTGLGIGSRLPVYC - ~SAIGRMLLSGLPQQEARARLEMIERVALTPHTVTDLEELLG-LLETGRQSG 187
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) ISF6_0223 FAGSDGELELGVRS -MAVPVHDRSGSLVGAMSIAVRA- - - - - - - ERMSFAEFRE--AFLAALRKA- - -GTTLGERLYPE -~ - -~~~ ----~~-~~—-——- 247

} TphRII WSCSDGELELGVRS-MAAPVRDPQGNTIAAMSIAVRA- - - - - - - ERLSMSEFKE--TFLIPLKRA- - -RNELEKKLYPQGL -~~~ -----~---—--—- 255

» ISF6_0231 LPGLRRQMDAVRQNYAARPVIAAEARTLVGYVIRVAAGLGVGVADAGHMATLRRTDVVVVPLAEDIRIKTYVLHKHRRDGLPQNLQRFLAYARTLHQP* 208

Supplementary Figure 8. Multiple sequence alignment of putative aTFs ISF6_0225, ISF6_0223, ISF6_0231, and
TphRy from Comamonas sp. E6. Inclusion of ISF6_0231, a TF of the LysR family rather than the icIR family, patterns
of conservation are much less clear. ISF6_0231 does not appear to share a DNA-binding domain in the N terminus of
the protein with ISF6_0223, ISF6_0225, and TphRi.
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A ISF6_0223

Supplementary Figure 9. Representative image of transcription factor purification without the MBP (-MBP) and with
the MBP (+MBP) tag for ISF6_0223 (A) and TphRIl (B). The 1 MBP eluate is cloudy (indicative of protein precipitation)
whereas the +MBP eluate is clear. The same pattern was additionally observed for ISF6_0225. ISF6_0231 was never
cloned without an MBP tag to avoid insolubility issues.
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TphR, ISF6_0223 ISF6 0225 ISF6_0231

Supplementary Figure 10. Gel-shift assay of TphRu, ISF6_0223, ISF6_0225, and ISF6_0231 on the bidirectional
promoter region (2 in Figure 16) amplified from the I. sakaiensis genome with 6FAM label. Free DNA runs rapidly
through the gel (fANo aTFo i n | anes -bbundDNA thrbugh the gel Is etardeal.s
aTFs are present at 100X over the 5-fluorescein-labelled DNA fragments to saturate binding. Effectors were added to
reactions where indicated at a concentration of 1 mM. The ISF6_0231 + DNA + TPA sample was not adequately loaded.
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