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ABSTRACT

This habilitation thesis is a commented collection of my 15 peer-reviewed impacted
publications that contributed to the fields of bioengineering and biotechnology.
Biotechnology and particularly its environmental and industrial branches can take great
advantage of recent advances in microbial bioengineering. Many environmental
processes including biodegradation of polluting chemicals or mineralization of waste
organic matter largely depend on the catalytic activities of microorganisms and especially
of bacteria that are endowed with rapid growth and richness of metabolic pathways. This
natural potential of bacterial catalysts can be further expanded behind the foreseen
horizon using the new tools and approaches of protein engineering, metabolic
engineering, and synthetic biology - the disciplines that together form three major pillars
of modern microbial bioengineering. The thesis discusses the impact of these disciplines
on the area of biotechnology with increasing significance - bioprocessing of waste
compounds. The first part of the introductory text describes the adoption of engineering
principles in the knowledge-aided designs of better molecular and whole-cell bacterial
catalysts for the biodegradation and potential valorization of anthropogenic waste
chemicals that are harmful to the environment. Special attention is dedicated to
halogenated hydrocarbons and namely to the synthetic toxic chemical 1,2,3-
trichloropropane. The second part highlights the role of microbial bioengineering in the
preparation of enhanced bacterial cell factories that can valorize substrates from waste
plant biomass in environment-friendly bioprocesses. Our recent attempts to upgrade soil

bacterium Pseudomonas putida for this purpose are featured as an example.
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1.STRUCTURE OF THE THESIS AND MY
CONTRIBUTION TO THE PRESENTED ARTICLES

By the time of writing this thesis, I have published 16 articles (10 as the first or
corresponding author) in impacted international journals and three patents. This thesis
is a commented collection of 15 peer-reviewed articles published between years 2009
and 2021 in collaboration with my colleagues from Loschmidt Laboratories and
Microbial Bioengineering Laboratory at Masaryk University in Brno, Czech Republic, and
Molecular Environmental Microbiology Laboratory at Spanish National Centre for

Biotechnology (CNB-CSIC) in Madrid, Spain, where I worked in this time interval.

The papers are sorted into two major sections. The first section (papers 1 - 10) is
dedicated to the study and engineering of molecular and bacterial biocatalysts for
biodegradation and potential valorization of waste halogenated hydrocarbons.
Recalcitrant anthropogenic compound 1,2,3-trichloropropane is used as a model
example. This collection also includes two review articles on biotechnological
applications of haloalkane dehalogenases (Koudelakova et al, 2013) and on the
application of modern bioengineering disciplines for the preparation of pollutant-
removing bacteria (Dvorak et al.,, 2017) that were very well accepted by the research
community and gathered numerous citations. The second section (papers 11 - 15)
encompasses studies in which metabolic engineering and synthetic biology approaches
were adopted to upgrade robust environmental bacterium Pseudomonas putida for
biotechnological processing of diverse lignocellulosic substrates. The introductory text is
divided correspondingly. My contribution to the 15 selected studies in terms of
experimental work, supervision of students, manuscript preparation, and research
direction is summarized in the tables below. Eight key first-author and corresponding-
author research articles that significantly contributed to the studied field are underlined.
The papers are listed below in the order that corresponds to their citation in the
introductory text. In the section References, these 15 articles are highlighted bold for

better orientation.



[1] Dvorak, P., Nikel, P.I, Damborsky, ], and de Lorenzo, V. (2017) Bioremediation 3.0:
Engineering pollutant-removing bacteria in the times of systemic biology. Biotechnology
Advances. 35, 845-866. (2017 IF = 12.451)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

85

[2] Koudelakova, T., Bidmanova, T., Dvorak, P., Pavelka, A., Chaloupkova, R., Prokop, Z., and
Damborsky, J. (2013) Haloalkane dehalogenases: Biotechnological applications. Biotechnology
Journal. 8,32-45. (2013 IF = 3.237, most cited article in Biotechnology Journal in 2014).

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

15

[3] Klvana, M., Pavlova, M., Koudelakova, T., Chaloupkova, R., Dvorak, P., Prokop, Z., Stsiapanava,
A, Kuty, M., Kuta-Smatanova, 1., Dohnalek, ]J., Kulhanek, P., Wade, R.C., and Damborsky, J. (2009)
Pathways and mechanisms for product release in the engineered haloalkane dehalogenases
explored using classical and random acceleration molecular dynamics simulations. Journal of

Molecular Biology. 392, 1339-1356. (2009 IF = 4.031)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

10

10

[4] Dvorak, P., Kurumbang, N.P., Bendl, ]., Brezovsky, ]., Prokop, Z., and Damborsky, [. (2014)

Maximizing the efficiency of multi-enzyme processes by stoichiometry optimization.

ChemBioChem. 15,1891-1895. (2014 IF = 3.157)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

70

25

90

50

[5] Kurumbang, N.P.*, Dvorak, P.*, Bend], |., Brezovsky, ]., Prokop, Z., and Damborsky, . (2014)

Computer-assisted engineering of the synthetic pathway for biodegradation of a toxic persistent
pollutant. ACS Synthetic Biology. 3, 172-181. (*shared first author, 2014 IF = 4.433)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

50

50

50

50

[6] Dvorak, P., Chrast, L., Nikel. P.I., Fedr, R., Soucek, K., Chaloupkova, R., de Lorenzo, V., Prokop,

Z.. and Damborsky, J. (2015) Exacerbation of substrate toxicity by IPTG in Escherichia coli

BL21(DE3) carrying a synthetic metabolic pathway. Microbial Cell Factories. 14, 201. (2015 [F =

4.151, among the most influential articles in MCF in 2015 and 2016 based on Altmetric.com)




Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

65

50

90

50

[7] Demko, M., Chrast, L., Dvorak, P., Damborsky, J., and Safranek, D. (2019) Computational
modelling of metabolic burden and substrate toxicity in Escherichia coli carrying a synthetic
metabolic pathway. Microorganisms. 7, 553. (2019 IF = 3.864)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

10

20

10

15

[8] Dvorak, P., Bidmanova, S., Prokop, Z., and Damborsky, ]. (2014) Immobilized synthetic

pathway for biodegradation of toxic recalcitrant pollutant 1,2,3-trichloropropane. Environmental

Science and Technology. 48, 6859-6866. (2014 IF = 5.478, ACS Editors' Choice May 24th 2014, the

best Technology article out of 1,500 published papers in 2014 in Environmental Science and

Technology)
Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)
95 10 90 50

[9] Brezovsky, ., Babkova, P., Degtjarik, O., Fortova, A., Gora, A., lermak, 1., Rezacova, P., Dvorak,
P., Kuta Smatanova, 1., Prokop, Z., Chaloupkova, R., and Damborsky, ]. (2016) Engineering a de
novo transport tunnel. ACS Catalysis. 6, 7597-7610. (2016 [F = 10.720)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

10

5

[10] Vanacek, P., Sebestova, E., Babkova, P., Bidmanova, S., Daniel, L., Dvorak, P., Stepankova, V.,
Chaloupkova, R., Brezovsky, ., Prokop, Z., and Damborsky, J. (2018) Exploration of enzyme
diversity by integrating bioinformatics
characterization. ACS Catalysis. 8, 2402-2412. (2018 IF = 12.025)

expression analysis

and biochemical

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

10

5

5

5

[11] Dvorak, P. and de Lorenzo, V. (2018) Refactoring the upper sugar metabolism of

Pseudomonas putida for co-utilization of cellobiose, xylose, and glucose. Metabolic Engineering.

48,94-108. (2020 IF = 8.115)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

100

90

90




coupled to medlum cham length DothVdroxvalkanoate production

in cellobiose-grown

Pseudomonas putida EM42. Microbial Biotechnology. 13, 1273-83. (*corresponding author, 2020

[F=4.181)
Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)
85 100 100 90

[13] Dvorak, P.*, Bayer, E.A., and de Lorenzo, V. (2020) Surface display of designer protein

scaffolds on genome-reduced strains of Pseudomonas putida. ACS Synthetic Biology. 9, 2749-64.

(*co-corresponding author, 2020 IF = 5.229)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

100

90

90

[14] Espeso, D.R., Dvorak, P., Aparicio, T., and de Lorenzo, V. (2020) An automated DIY
framework for experimental evolution of Pseudomonas putida. Microbial Biotechnology. 14, 2679-

2685. (2020 IF = 4.181)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

30

10%

20

20

[15] Dvorak, P., Alvarez-Carrefio, C., Ciordia, S., Paradela, A., and de Lorenzo, V. (2021) An

updated structural model of the A domain of the Pseudomonas putida XyIR regulator poses an

atypical interplay with aromatic effectors. Environmental Microbiology. 23, 4418-4433. (2021 IF

=5.491)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

50

90

40




2. INTRODUCTION

With about 13 % of total carbonaceous biomass, bacteria represent the second most
abundant form of life on Earth after plants.! They can be found in all ecosystems - marine,
terrestrial, and aerial - where they contribute to numerous essential environmental
processes including biomass decomposition and mineralization, biogeochemical cycling,
soil fertilization, digestion and fermentation, or biodegradation of organic pollutants.
Bacteria can catalyze all these processes thanks to the immense wealth of their catabolic
and anabolic biochemical pathways. For instance, currently available metabolic models
of a simple single Escherichia coli cell include over 2,700 biochemical reactions
(http://bigg.ucsd.edu/). The great biocatalytic potential of bacteria and other
microorganisms has been tamed and exploited by humans for thousands of years in
traditional biotechnologies. But only recently, with the rise of modern analytical and
bioengineering disciplines, humanity can make the most of the existing microbial
biodiversity and even expand its biocatalytic capacity towards completely synthetic new-

to-nature reactions.

Bacterial enzymes, biochemical routes, and whole-cell catalysts modified and optimized
for desired tasks by the means of protein engineering, metabolic engineering, and
synthetic biology find their use in diverse biotechnological processes. Modern
bioengineering technologies are being recognized as essential weapons for coping with
some of the global challenges of the 21st century not only by scientists but also by policy
makers and the business community (www.weforum.org/agenda/2021/10/top-
emerging-technologies-10-years/). One pronounced challenge is the accumulation of
waste — gaseous, solid, and liquid - generated in unprecedented amounts by the growing
population of men. The unregulated waste release results in well-known global
consequences including climate change, plastic pollution, or contamination of soils and
waters with toxic anthropogenic chemicals. Fast-growing and rapidly adapting bacteria
are natural agents that help the ecosystems to cope with anthropogenic organic pollution.
Degradation of the large portion of the massive oil spill from British Petrol Deepwater
Horizon in the Gulf of Mexico in 2010 by marine bacterial communities is one of the
examples that emphasize the remarkable self-healing potential of ecosystems endowed
with broad microbial biodiversity.2 However, a considerable part of man-made organic

waste is recalcitrant (resistant to biological degradation) and cannot be processed easily



neither by natural means nor by biotechnologies. Examples of recalcitrant organic
compounds include but are not restricted to some pesticides (e.g., atrazine,
pentachlorophenol), industrial solvents and dielectric fluids (e.g., dichloroethane,
polychlorinated biphenyls), warfare agents (yperite or defoliant Agent Orange made of
2,4,5-trichlorophenoxyacetic acid and 2,4-dichlorophenoxyacetic acid), or petroleum-
based plastics. The majority of these chemicals have been introduced into the
environment relatively recently and even bacteria have not had enough time to evolve
efficient enzymatic complements for their complete mineralization. Lignocellulosic
residues (a non-eatable portion of waste plant matter from agriculture, forestry, food
industry, or from municipal wastes) form a special category of organic waste that is

difficult to degrade and utilize biologically due to its structure and complexity.

With the increasing pressure on economic transformation towards circular economy and
sustainable development (https://ec.europa.eu/info/strategy/priorities-2019-
2024 /european-green-deal_en), lignocellulosic residues, dumped petroplastics,
atmospheric COz, certain halogenated hydrocarbons, and other abundant types of organic
waste attract attention not only as troublesome pollutants that need to be removed but
also as potential new resources of carbon and energy for bioproduction of valuable
chemicals - biofuels, biopolymers, and biopharmaceuticals.3-5 Environmental bacteria
and their enzymes used in such biotechnological conversions are sometimes limited by
insufficient substrate scope, poor productivity, and low robustness (bacteria) or by
suboptimal activity, selectivity, or stability (enzymes), The encountered bottlenecks can
be mitigated or completely removed by modern bioengineering strategies that enable the
preparation of more efficient biocatalysts for the degradation and valorization of diverse

groups of organic waste chemicals.

This thesis summarizes my contribution to the study and engineering of molecular and
whole-cell bacterial biocatalysts for biodegradation of and value-adding to two types of
organic anthropogenic waste compounds - halogenated hydrocarbons and

lignocellulosic residues.



3.SECTION I: ENGINEERING BACTERIAL ENZYMES AND
BIOCHEMICAL PATHWAYS FOR BIODEGRADATION OF
ANTHROPOGENIC HALOGENATED WASTE COMPOUNDS

The last decades have witnessed an unprecedented release of anthropogenic chemicals
into the environment. The majority of xenobiotics of anthropogenic origin first appeared
in natural ecosystems with the boom of the chemical industry in the mid of 20th century
(some xenobiotics such as explosive 2,4,6-trinitrotoluene appeared on the scene even
earlier with the military activities). New production technologies, organic chemicals, and
materials with "magical” properties improved the life quality and comfort of millions and
saved other millions from starvation. Oil-based plastics revolutionized transportation,
dressing, or packaging. Synthetic drugs could fight serious diseases including cancer.
Halogenated chemicals skyrocketed progress in organic chemistry and enabled the Green
Revolution (or the Third Agricultural Revolution) in the 1950s and 1960s. However, what
initially appeared as a pure blessing soon turned into a potential thread. Published in
1962, Rachel Carson’s book Silent Spring first alerted to the devastating effects of
synthetic pesticides in complex natural ecosystems. The publicity of the book and the
related environmental movement resulted in the ban on
dichlorodiphenyltrichloroethane known as DDT use for agricultural purposes in the
United States and in the foundation of the U.S. Environmental Protection Agency. Many
infamous cases of other troublesome synthetic chemicals followed. From the
Thalidomide drug responsible for serious birth defects, polychlorinated biphenyls
causing environmental toxicity, to the recently disclosed phenomenal problem of global

microplastics pollution.

One of the major problems of many xenobiotics is their low biodegradability and
accumulation in the environment. Under normal circumstances, microorganisms and
particularly bacteria are the key players in natural biotransformations of organic
compounds in aerobic and anaerobic conditions.® Their vast biodegradation potential has
been exploited by humans since 19t century to which we date the first wastewater
treatment plants.” However, some xenobiotics are hard nuts to crack even for bacteria.
The reason is probably a lack of an efficient biodegradation pathway for a given chemical
due to the insufficient time for its evolution, or unsuccessful evolution which ended in a

deadlock, or high toxicity of a persistent compound and its degradation intermediates,8

7



Where natural means were failing, new technologies could bring a promise for the

solution of the recalcitrance problem.

The rise of recombinant DNA technology and genetic engineering in the 1970s and 1980s,
which was enabled by multiple new discoveries in the fields of molecular biology and
biochemistry, seemed to provide such a solution. New genetic engineering tools were
developed and first tested in model microorganisms, particularly in enterobacterium
Escherichia coli. It was thus logical that bacteria and their faulty enzymes and biochemical
routes for the catabolism of organic pollutants became the early targets of genetic
engineers. Assembly of a complete biodegradation pathway in a suitable bacterial host by
combining genes from several natural sources (so-called patchwork assembly approach)
was believed to provide superbugs capable of mineralization of recalcitrant chemicals
such as polychlorinated biphenyls or chlorotoluenes.?10 Despite certain success in the
assembly of the synthetic biochemical traits in model and environmental bacteria, these
initial attempts failed to generate vital degraders of xenobiotics. The major cause was the
lack of insight into the properties and behavior of the constructed pathways implanted
into the context of the surrogate host cell. This information deficit has been substantially
narrowed in the last two decades of rapid development in systemic fields of metabolic

engineering, protein engineering, synthetic and systems biology.

Metabolic engineering can be defined as the application of recombinant DNA methods to
restructure metabolic networks for improved production or utilization of a certain
substance.ll Nowadays metabolic engineering often takes advantage of systems biology
which aims to characterize and predict cell behavior by combining computational
methods with high-throughput omics technologies - genomics, transcriptomics,
proteomics, metabolomics, fluxomics, etc. This synergy gave rise to multi-disciplinary
systems metabolic engineering which works with much more input information than
traditional metabolic engineering.1? Moreover, metabolic engineering also adopts tools
and approaches of synthetic biology whose main focus is the understanding and taming
of biological system complexity through the design of synthetic genetic circuits and
devices using synthetic DNA technology.13 It recruits work hierarchy, standards, and
principles such as the Design-Build-Test-Analyze (DBTA) cycle known from civil
engineering and electrical engineering for the designs of living systems. Last but not least,

modern metabolic engineering often employs enzyme variants with activity, selectivity,



or stability improved by protein engineering. Proteins are modified either by rational
design, that takes advantage of mutations targeted into the specific sites of protein
structure defined by a computational design, or by directed evolution, that exploits

random mutagenesis and massive screening or selection protocols.14

The overall impact of the aforementioned engineering disciplines on the area of
biodegradation and bioremediation of environmental pollutants by molecular and whole-
cell bacterial catalysts is thoroughly discussed and critically evaluated in our review
article.> There, we also propose a workflow inspired by the DBTA cycle (nowadays
routinely used during preparation of microbial cell factories for the production of
valuable chemicals) for engineering natural or synthetic biodegradation pathways and
bacterial degraders (Fig. 1). In this thesis, I focus on engineering biocatalysts for the
degradation and potential valorization of halogenated waste chemicals that become
persistent pollutants once released into the environment. [ use our work on the synthetic

catabolic pathway for 1,2,3-trichloropropane as an example of such an effort.
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Figure 1 Workflow for the engineering of biodegradation pathways using tools and
approaches of metabolic engineering, protein engineering, and synthetic biology. The
Figure depicts the roadmap to superior bacterial catalysts for the biodegradation of waste
organic chemicals that may act as environmental pollutants. Adopted from Dvorak et al.
(2017)5 and modified.
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3.1 HALOGENATED HYDROCARBONS AND DEHALOGENATING
ENZYMES

Halogenated hydrocarbons are organic chemicals in which at least one hydrogen atom is
replaced by halide (F, Cl, Br, or I). They form a substantial portion of the problematic
xenobiotics mentioned in the previous chapter. These compounds have been used on a
large scale as pesticides (e.g., DDT, lindane, chlordane, atrazine) warfare agents (Agent
Orange, yperite), soil fumigants (e.g, 1,2-dibromoethane), dielectric fluids (e.g.,
polychlorinated biphenyls), or industrial solvents and precursors in organic synthesis
(e.g., 1,2-dichloroethane, 1,2,3-trichloropropane). Even though synthetic organohalides
have thousands of natural structural analogs (for instance marine product 2,4-
dibromophenol or actinomycete product dichloroaminobutyrate), many act as persistent
organic pollutants toxic to the living organisms and regulated by the Stockholm
convention.1516 Toxic and genotoxic effects have been well described on mammalian
models especially for chlorinated anthropogenic chemicals.1718 The persistence and
toxicity of halogenated hydrocarbons are often caused by the lack of abiotic and biotic
transformation and local accumulation to the harmful concentrations. The major
limitation for the complete mineralization of certain synthetic halogenated compounds is
the occurrence of incomplete catabolic pathways in microorganisms and the
corresponding accumulation of toxic intermediates that are generated after initial

biotransformation reactions.8

Biotic transformation of halogenated hydrocarbons mainly (but not exclusively) by
bacterial degradation predominates in the environment. Bacterial degraders of
organohalide possess a broad palette of enzymes that can labilize or cleave carbon-
halogen bonds via one of the known biochemical mechanisms: hydrolytic substitution,
oxidation, or reductive dehalogenation in anaerobic conditions.1® Hydrolytic enzymes of
haloalkane dehalogenases (HLDs, EC 3.8.1.5) and halohydrin dehalogenases (class of
lyases EC 4.5.1.-) play a prominent role in bacterial dehalogenation. These industrially
relevant enzymes convert halogenated compounds to haloalcohols and haloalcohols to
the corresponding epoxides, respectively.2021 Epoxide residues can be then hydrolyzed
by available epoxide hydrolases to alcohols that can be further processed by microbial

metabolism.

11



The rate and selectivity of the initial dehalogenation step are often pivotal for the
successful degradation of a given chemical. HLDs are a/f-hydrolases that catalyze the
cleavage of a carbon-halogen bond via nucleophilic substitution (Sx2 mechanism)
followed by the addition of water (Fig. 2). No co-factor is needed. Due to the attractive
substrate specificity (processing of over a hundred chlorinated, brominated, and
iodinated aliphatic compounds by HLDs have been reported), catalytic mechanisms,
frequent enantioselectivity, and high robustness (many HLDs can be produced as soluble
proteins in heterologous Escherichia coli host) of members of this enzyme family,
haloalkane dehalogenases have been considered for numerous applications described in
our review article from 2013.20 These also include biodegradation or recycling of
halogenated by-products and waste compounds from the chemical industry that can act
as toxic persistent pollutants if unintentionally or intentionally released into the

environment. This is the case of 1,2,3-trichloropropane.
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Figure 2 General catalytic mechanism of haloalkane dehalogenases. A) Formation of the
covalent intermediate by Sn2 substitution. B) Hydrolysis of the intermediate. Adopted
from Janssen (2004)22 and modified.

3.2 1,2,3-TRICHLOROPROPANE AND THE MEANS FOR ITS
REMOVAL

1,2,3-trichloropropane (TCP) is an anthropogenic compound recognized by the US
Environmental Protection Agency as an emerging contaminant of ground waters.23 TCP
is a volatile colorless liquid produced worldwide by major chemical companies such as
Shell or Dow Chemical Company in quantities reaching 50,000 metric tons annually. It

has been used as a solvent and precursor in the chemical synthesis of epichlorohydrin,
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hexafluoropropylene, dichloropropene, or polysulfone liquid polymers. TCP was spread
into the environment and became a dreaded contaminant of soils and waters in states of
EU, USA, and Asia mainly due to the improper waste management and its intentional
incorporation in soil fumigant 1,3-dichloropropene.?* High quantities of TCP can be found
at industrial hazardous waste sites. Cases of accidental ingestion or inhalation of air
contaminated with TCP revealed its acute toxicity in humans. Based on the studies with
mice and rats, TCP is an anticipated human carcinogen.2> Due to the health risks, in 2017
the State of California assigned an extraordinary low maximum contaminant level for TCP

of 5 ppt (parts per trillion).26

Physicochemical properties of TCP such as low reactivity, low water solubility, and high
density contribute to its persistence in the environment24. The half-life of its abiotic
hydrolysis at pH 7.0 and 25 °C is estimated to be hundreds of years. Conventional
remediation techniques including pump and treat technologies and the sorption to
granular activated carbon, or vacuum extraction combined with chemical oxidation are
relatively inefficient and expensive. Promising is the reductive conversion of TCP by zero-
valent zinc. Biotic conversion can occur under aerobic and anaerobic conditions.
Reductive dehalogenation of TCP in anoxic conditions by bacterial strains from the genus
Dehalogenimonas was reported,?” but the drawback of this conversion is that it gives rise
to toxic products (allyl chloride or allyl alcohol). Moreover, the individual steps of this
conversion are still unclear, though, several possible pathways for TCP transformation
under reducing conditions have been recently proposed by computational chemistry
methods.?8 Aerobic bioconversion of TCP is an attractive alternative as it can lead to the
complete mineralization of the chemical and it supports bacterial growth. Theoretical
calculations indicated that complete mineralization of TCP by bacterial metabolism is
thermodynamically feasible.2? However, the only reported natural organisms that could
utilize TCP aerobically - methanotrophic bacterium Methylosinus trichosporium OB3b and
four propane-oxidizing bacteria of genera Rhodococcus, Mycobacterium, and Sphingopyxis
- could do so only in co-metabolic mode using their methane monooxygenase and
propane monooxygenase, respectively.3%31 Toxicity of TCP and oxidative stress caused by
presumed reaction intermediates of oxidative catabolism of chlorinated aliphatics (e.g.,
epoxides) might pose a serious bottleneck for the natural evolution of an efficient
mineralization pathway. Due to the urgent need for efficient degradation of TCP and the

lack of natural means for such a task, this compound got into the sight of bioengineers.
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3.3 SYNTHETIC BIOCHEMICAL PATHWAY FOR BIODEGRADATION
AND POTENTIAL VALORIZATION OF TCP

The synthetic catabolic pathway for aerobic utilization of TCP was designed by the team
of prof. Dick Janssen in 1999.32 The design was based on two previous discoveries. The
first was the isolation of Gram-negative bacterium Agrobacterium radiobacter AD1 which
was capable of aerobic utilization of dihalogenated alcohols (1,3-dichloropropan-1-ol or
3-chloropropane-1,2-diol) and epoxides (epichlorohydrin, glycidol).33 The product of the
dehalogenation reactions - glycerol - was further phosphorylated and oxidized and
served as a carbon and energy source for the growth of the host bacterium. The second
was the characterization of new HLD DhaA from Rhodococcus rhodochrous NCIMB13064
by Kulakova et al.3* DhaA was the first enzyme capable of TCP dehalogenation. It
converted prochiral TCP into both (R)- and (S)- enantiomers of 2,3-dichloropropan-1-ol
(DCP) with a slight preference for (R)-DCP. However, genes for haloalcohol metabolism
were missing in Rhodococcus and the bacterium could not utilize TCP. The synthetic TCP
pathway proposed by Prof. Janssen’s team (Fig. 3) could lead to the complete
mineralization of TCP. But it also offered the theoretical option of valorization of this
industrial waste chemical via streaming of glycerol from TCP to a desirable bioproduct.
Glycerol has been reported as a suitable substrate for microbial production of, e.g., citric
acid, 1,3-propanediol, or bacterial bio-based plastics polyhydroxyalkanoates.3> The initial
effort was nonetheless fully concentrated on TCP biodegradation. Bosma and co-workers
completed the artificial route by heterologous plasmid-based expression of dhaA gene in
A. radiobacter AD1.32 The resulting recombinant grew on brominated propanes but not
on TCP. This failure was attributed to the poor catalytic efficiency of wild-type DhaA with
the substrate of anthropogenic origin (kcat/Km=40 s'1.M-1). Therefore, the attempts to
improve the performance of the synthetic TCP pathway logically started with the protein

engineering of DhaA.
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Figure 3 Five-step biotransformation of 1,2,3-trichloropropane into glycerol by the
enzymes of the synthetic biodegradation pathway: haloalkane dehalogenase DhaA from
Rhodococcus rhodochrous NCIMB 13064, haloalcohol dehalogenase HheC and epoxide
hydrolase EchA from Agrobacterium radiobacter AD1.

3.4 IMPROVEMENT OF THE TCP PATHWAY BY PROTEIN
ENGINEERING

In the first trial to improve the TCP pathway, Bosma and colleagues adopted DNA
shuffling and error-prone PCR technologies to introduce random mutations in dhaA
gene.36 Subsequent screening of approximately 20,000 clones revealed mutant variant
DhaA-M2 with two amino acid substitutions Cys176Tyr and Tyr273Phe and ~ 7-fold
improved catalytic efficiency (kcat/Km=280 s-1.M-1) when compared with DhaA WT.
Molecular modeling with available DhaA crystal structure indicated that the Cys176Tyr
mutation allowed more productive binding of TCP in the active site of DhaA, which was
probably further enhanced by the second substitution. The recombinant A. radiobacter
strain bearing dhaA-M2 on a plasmid with a strong constitutive promoter was able to
utilize about 0.72 mol (~106 mg, 3.6 mM) of TCP in a 200 mL culture within a 10-day
interval. This was a significant improvement in comparison with the previous study.
However, the technology still suffered from the reduced viability of the host bacterium in

the TCP concentrations higher than 1 mM and from the low flux through the pathway
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caused by the suboptimal activity of DhaA with TCP and unmatched enantioselectivity of
DhaA and HheC. The latter issue was revealed by the detected accumulation of (S§)-DCP in
culture supernatants. The pathway bottlenecks disabled the continuous growth of

engineered strain on TCP in the prepared packed-bed reactor.

In the following years, several studies focused on the characterization of HheC and EchA
enzymes and on their enhancement via directed evolution or targeted mutagenesis.37-40
Yet, none of these studies aimed at the TCP problem. The substantial progress in TCP
pathway engineering was achieved in the late 2000s by the research team of prof. Jif{
Damborsky (Loschmidt Laboratories). First, BanaS and co-workers used molecular
dynamics simulations and quantum mechanics calculations to elucidate the impact of
Cys176Tyr mutation in DhaA mutant on its activity and enantioselectivity with TCP.#1
This work highlighted the importance of two major access routes that connect the
occluded active site of DhaA with the bulk solvent - an upper tunnel and a tunnel slot -
for TCP catalysis. This information was then used by Pavlova and colleagues for further
improvement of DhaA activity with TCP.42 The authors adopted a computer-assisted
design for targeting new mutations in the access routes of DhaA. Three new substitutions
(Ile135Phe, Val245Phe, and Leu246lle), which appeared beneficial for TCP catalysis,
were introduced into the protein tunnels of DhaA-M2 by site-directed and saturation
mutagenesis. The resulting five-spot mutant DhaA 31 showed ~ 26-fold higher catalytic
efficiency with TCP (kcat/Km=280 s-1.M-1) than DhaA WT (Fig. 4). (R)- and (S)-DCP were
formed from TCP in almost equimolar ratio. The structural basis of improved activity with
TCP was revealed by molecular dynamics simulations with the obtained crystal structure
of DhaA 31 and kinetic analyses. Introduction of bulky Phe and Ile residues in the access
tunnels reduced the massive inflow of water molecules in the buried active site of DhaA
and increased the occurrence of the productive conformation of the substrate and

subsequent nucleophilic substitution.

In our parallel study, four new point mutants of DhaA with substitutions in another three
positions in the vicinity of the protein tunnels (W141, A145, and A172) were prepared
and biochemically characterized together with four mutants obtained during previous
mutagenesis enterprise.43 Kinetics of all eight mutants with TCP as well as inhibition with
DCP product and proper folding of proteins was determined. Subsequent molecular

dynamics simulations confirmed two previously observed access routes (main tunnel p1
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and slot tunnel p2a) and identified three new pathways (p2b and p2c as branches of p2a
slot, and transient tunnel p3) that connected the bulk solvent with the buried active site
of DhaA. The simulations revealed the relevance of individual routes for the exchange of
water molecules and/or release of reaction products (chloride, DCP) from the active site
of DhaA, and emphasized the importance of solvation of reaction products for their
release from the protein. We also described how individual mutations modify the

accessibility of the pathways and mechanism of ligand exchange.

Q site-directed
© saturation
mutagenesis

water
@ accessibility

Figure 4 Structural basis of enhanced activity of DhaA31 mutant (on right) with 1,2,3-
trichloropropane (TCP). Five amino acid substitutions (Ile135Phe, Cys176Tyr,
Val245Phe, Leu246lle, Tyr273Phe) introduced into the structure of wild-type haloalkane
dehalogenase DhaA (on left) reduced the solvation of the active site. This promoted the
formation of the activated complex of TCP and catalytic nucleophile Asp106 as water
molecules sterically hinder access of TCP to this residue. Adopted from Pavlova et al.
(2009).42

The three last research works described above shed the light on the conversion of the
synthetic substrate by natural and engineered enzyme variants and paved the way
towards the design of more efficient biocatalysts for anthropogenic chemicals. The
advertised strategy of engineering enzyme tunnels for modification of properties of
enzymes with the buried active sites has become widely accepted by the protein

engineering community.44

Through the activity of DhaA with TCP was substantially improved, the enantioselectivity

problem protruding in the preferential conversion of (R)-DCP by HheC and accumulation
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of (§)-DCP in the pathway was not solved. No natural halohydrin dehalogenase capable
of preferential conversion of (S)-DCP was available. Hence, van Leeuwen and colleagues
from Prof. Janssen’s group applied five rounds of saturation mutagenesis in multiple
positions both close and distant to the active site of DhaA31 to obtain a variant converting
TCP preferentially to (R)-DCP.%> Indeed, new mutant DhaA r5-90R (abbreviated here as
DhaA90R) with thirteen amino acid substitutions and substantially improved (R)
selectivity (e.e. = 90%) compared to DhaA31 (e.e. = 13%) was obtained after screening of
5,500 clones. The drawback of this enantioselective variant was the low activity with TCP

which dropped back to the level of wild-type DhaA or even below it (kcat/Km=25 s-1.M1).

Several new DhaA protein variants with altered activity and enantioselectivity were thus
available. The time has come to try other than protein engineering strategies that could
probe the utility of these new mutants for TCP degradation and enhance the performance

of the whole synthetic pathway.

3.5 IMPROVEMENT OF THE TCP PATHWAY BY METABOLIC
ENGINEERING AND SYNTHETIC BIOLOGY

The TCP pathway represents a remarkable model system of a synthetic biodegradation
route for a toxic anthropogenic waste compound. It is relatively simple, it requires no
cofactors, and all its three enzymes are sufficiently robust and can be heterologously
produced in E. coli and purified. We took the advantage of these characteristics and
decided to dissect the pathway functioning, reveal the remaining bottlenecks, and use the
obtained information for its knowledge-driven engineering and improvement. The
previously proposed DBTA cycle (Fig. 1) was adopted in this endeavor. Our workflow
included several major steps: (a) We first reconstructed the pathway in vitro using
purified enzymes and we determined properties of individual pathway building blocks
(enzymes and metabolites). (b) We then adopted existing or prepared new analytical
methods for quantification of pathway building blocks and we built a kinetic model of the
whole route which was used for the optimization of in vitro enzymatic cascade. (c) The
pathway was then re-built in vivo in selected heterologous host E. coli BL21(DE3) and the
mathematical model was employed for the evaluation of pathway limits in the living

bacterial cells. (d) In vivo system enabled the study of specific parameters including
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metabolite toxicity and metabolic burden that stemmed from the expression of
exogenous genes. These parameters were included in the upgraded version of the
mathematical model that can be used for new designs of bacterial TCP degraders. (e) Last
but not least, an immobilized version of the synthetic TCP pathway was prepared and
tested and its advantages over the in vivo system were discussed. The following chapters

provide a more detailed description of these individual steps.

3.6 IN VITRO AND IN SILICO RECONSTRUCTION OF THE TCP
PATHWAY

In vitro enzymatic cascades have certain advantages over their in vivo counterparts. Out
of the context of a living cell, they do not suffer from metabolic cross-talks and
prospective toxicity of pathway intermediates, they can be easily manipulated by simple
mixing of cascade components in a test tube, and their study can provide essential
information on pathway dynamics and constraints.#¢ These attractive features of in vitro
multi-enzyme systems have been examined and praised in numerous studies working
with up to dozens of purified enzymes or with enzymes in cell lysates.4” We hypothesized
that the reconstruction of TCP route in vitro will shed a light on anticipated pathway
bottlenecks and yield strategies for their mitigation or evasion. We purified available
pathway enzymes including DhaA mutant variants using affinity chromatography (DhaA
WT, DhaA31, DhaA90R, EchA) or anion exchange chromatography (HheC) and we
determined their kinetic parameters with respective substrates from TCP pathway in the
identical experimental conditions.#8 Altogether 16 steady-state kinetic parameters
including two inhibition constants were used for the assembly of a kinetic model of TCP
pathway. All pathway reactions in the model followed basic Michaelis-Menten kinetics.
Kinetic models of metabolic pathways are invaluable tools for the assessment of dynamic
responses of the metabolic network to the changing conditions. In such term, they are
better than other types of mathematical models that describe cellular biochemistry.42
However, accurate experimentally validated kinetic models of cell-free multi-enzyme

systems are still rare.

One-pot multi-enzyme conversion of TCP to glycerol was first evaluated with DhaA WT

(DhaA31 or DhaA90R), Hhe(C, and EchA mixed in a 1:1:1 ratio. The newly developed GC-
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MS method enabled parallel quantification of all pathway metabolites except for glycerol
product in time. The time course of the reaction disclosed accumulation of (§)-DCP and
glycidol - the latter caused by the inhibition of the last reaction step by TCP substrate and
glycerol product. The kinetic model was validated against the experimental data and
subsequently used for simulations that should determine loadings of individual pathway
enzymes needed to achieve TCP conversion to glycerol in a defined time interval. These
simulations allowed us to dissect the impact of protein engineering and of the
optimization of enzyme loadings on TCP pathway efficiency. The obtained computational
simulations were verified by one-pot experiments with purified enzymes and the
experimental data matched the simulations very well. DhaA31 was confirmed as the best
DhaA variant for the fastest conversion of TCP to glycerol. Its inclusion into the in vitro
pathway could alone reduce the required total enzyme loading by 25 % (Fig. 5). If the
ratio of enzymes in the pathway variant with DhaA31 was optimized by the Kkinetic
modeling, up to 56 % of the total enzyme in the reaction mixture could be saved when
compared with the basic unoptimized variant of the pathway including DhaA WT, HheC,

and Echa mixed in 1:1:1 ratio.

To conclude, this study provided an in-depth description of TCP pathway bottlenecks and
it gathered a quantity of new information that could be employed for planned knowledge-
driven engineering of the route in a heterologous bacterial host. On top of this, we
developed a workflow for optimizing in vitro multienzyme processes by kinetic modeling
and biocatalyst stoichiometry tuning. Such strategy and freely available computer code,
which was provided to the community, can be used for the refinement of other multi-

enzyme cascades.
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Figure 5 Separate and combined effects of kinetic modeling and protein engineering on
in vitro three-enzyme conversion of 1,2,3-trichlororopane (TCP). Modeled and
experimental results are indicated by solid lines and symbols, respectively. The goal was
95% conversion of TCP (2 mM) into glycerol within 300 min time interval by a non-
optimized (1:1:1) or optimized ratio of pathway enzymes (DhaA/DhaA31, HheC, EchA).
The portion of saved total enzyme in the reaction is shown in %. Blue line: TCP, red line:
2,3-dichloropropan-1-ol, orange line: 3-chloropropane-1,2-diol, green line: glycidol,
violet line: glycerol.

3.7 ASSEMBLY AND OPTIMIZATION OF TCP PATHWAY IN
HETEROLOGOUS BACTERIAL HOST ESCHERICHIA COLI

Bacteria are optimal host organisms for environmental and industrial biotechnologies.
They have short generation time, usually low nutritional demand, and, depending on the
species, can grow in diverse conditions including low or high pH, ionic strength,
temperature, etc. As self-replicating biological micromachines, they can propagate the
inserted genetic information and produce high quantities of protein biocatalysts. It is thus
favorable to implant biodegradation or biosynthetic pathways of interest into a suitable
bacterial cell factory that can perform the desired task. E. coli is the best-studied

bacterium with a broad palette of metabolic engineering and SynBio tools available. Re-
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factored strains of E. coli have been used for large-scale production of biofuels,
biopolymers, and biopharmaceuticals, as well as for biodegradation of industrial wastes
and environmental pollutants.50 In the context of our previous in vitro work on the TCP
pathway, E. coli offered one notable benefit. In contrast to A. radiobacter AD1, E. coli’s
genome does not encode genes of enzymes from TCP pathway and the metabolites of this
route, except for glycerol that can be easily metabolized, are alien to this bacterium.
Hence, once implanted in E. coli, TCP pathway could act as orthogonal - parallel - to the
native metabolism of this host and the metabolic crosstalk of the synthetic route and
innate metabolic network should be minimal. This was the major prerequisite for the
successful application of the previously constructed kinetic model for the description and

optimization of the TCP pathway in vivo.

We introduced TCP pathway into popular E. coli strain BL21(DE3) often employed in
metabolic engineering studies.50 Three basic variants of the pathway including DhaA WT,
DhaA31, or DhaA90R were assembled by cloning the respective genes in Duet plasmids.>1
This commercial (Merck) IPTG (Isopropyl [-D-1-thiogalactopyranoside)-inducible
system allows for the tunable expression of multiple exogenous genes from combinations
of compatible Duet plasmids in a single E. coli BL21(DE3) cell. The mathematical model
of TCP cascade was enriched with two new experimentally determined parameters that
were highly relevant for TCP catalysis in vivo: (i) toxicity of individual pathway
metabolites to E. coli and (ii) copy numbers of Duet plasmids in E. coli cell. The upgraded
model was then used to propose combinations of Duet plasmids whose use for the
assembly of TCP pathway would lead to the fastest conversion of TCP to glycerol and the
lowest possible accumulation of toxic intermediates. TCP and non-accumulating
epichlorohydrin were identified in conducted growth tests as the most toxic chemicals in
the synthetic pathway. Hence, fast removal of TCP became the priority and the model
logically proposed pathway variants with DhaA31 as the most efficient. Several pathway
variants proposed by the model were constructed and their performance was
experimentally validated by using pre-induced resting cells of E. coli with overexpressed
pathway enzymes. Production of pathway enzymes in individual E. coli degraders was
quantified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and enzyme
activity measurements. The excellent match between simulations and experimental data
including the ratio of pathway enzymes in constructed strains and time courses of TCP

conversion to glycerol recorded with pre-induced E. coli degraders confirmed
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orthogonality of the synthetic route in the host cell. E. coli degraders with DhaA31 and
the optimized ratio of pathway enzymes showed the highest viability of all prepared

recombinants after the incubation with the toxic substrate.

However, none of the constructed strains was able to grow in a minimal salt medium with
TCP used as a sole carbon source. We proposed several reasons of this unsatisfactory
situation: (i) high toxicity of TCP towards E. coli (already 1 mM TCP is toxic for the host
cell), (ii) metabolic burden caused by the heterologous expression of the synthetic
pathway from Duet plasmids, and mainly (iii) low flux through the TCP pathway and
insufficient production of glycerol that can be used by the cells as a carbon source for
maintenance and growth. The latter issue could be solved by another round of protein
engineering of DhaA. Using our model, we calculated the parameters of the "optimal”
DhaA variant which would secure high flux through the TCP pathway and sufficient
production of glycerol for sustainable growth of the host bacterium (Fig. 6). Such DhaA
catalyst would have to possess either an order of magnitude higher catalytic efficiency
(kcat/Km 22300 s'1.M-1), higher enantioselectivity (E-value 220) in favor of (R)-DCP
production (E-value of DhaA31 is close to 1), or combination of both improved
parameters (Kkcat/Km 2700 s-1.M-1, E-value 210). Another option is the modification of
enantioselectivity of HheC towards the equally fast conversion of (R)- and (S)-DCP or the
obtention of a new (S)-selective halohydrin dehalogenase with reasonably high activity
towards DCP. Unfortunately, neither the superb mutant of DhaA nor the (S)-selective
halohydrin dehalogenase were available at that time and have not been acquired thus far.
In our follow-up work we, therefore, focused on the two remaining problems of metabolic

burden and substrate toxicity.
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Figure 6 Hypersurface plot which shows the effect of catalytic efficiency (kcat/Km) and
enantioselectivity (E-value) of DhaA on the production of glycerol from 2 mM 1,2,3-
trichloropropane by the synthetic pathway. Red dots indicate the positions of the three
mutant variants of DhaA discussed in the text. 1 mM glycerol (red dashed line) should be
sufficient for the sustainable growth of engineered Escherichia coli. Adopted from
Kurumbang et al. (2014).51

3.8 METABOLIC BURDEN AND METABOLITE TOXICITY AS KEY
CHALLENGES FOR THE ENGINEERING OF BIODEGRADATION
PATHWAYS IN VIVO

Besides suboptimal catalytic performance of enzymes from the target metabolic pathway,
toxicity of a substrate, metabolic intermediates, or product(s) of the route and metabolic
burden stemming from the expression of the pathway genes in a host cell are two key
factors that may affect the fruitfulness of a given engineering enterprise.523 These stress
elements are often encountered during the engineering of biodegradation and
biosynthetic pathways and the gathered knowledge on their mitigation is vast. Studies
that describe and dissect the combined effects of these stress factors on the microbial

host are nonetheless scarce.

24



In our work published in Microbial Cell Factories, we evaluated the consequences of
simultaneous incidence of TCP toxicity and metabolic burden from exogenous metabolic
pathway produced via IPTG-inducible LaclQ/Piacuvs-T7 expression system in E. coli
BL21(DE3) cells.>* BL21(DE3) cells and the inducible T7 RNA polymerase-dependent
expression system based partially in the genome of the bacterium and partially on the
compatible pET or Duet vectors are widely used for the controllable expression of
recombinant proteins or whole biochemical pathways in metabolic engineering studies.
But their utility for the production of a synthetic biodegradation pathway and conversion
of toxic anthropogenic waste such as TCP had not been thoroughly investigated prior to

our work.

To address this knowledge gap, we employed the E. coli BL21(DE3) degraders from our
former study>! and newly prepared control strains bearing empty Duet plasmids to
dissect the contributions of TCP toxicity and metabolic burden from the pathway
expression to the reduced viability of the strains performing the harsh biotechnological
task. This was achieved by the combination of methods including conversions of TCP to
glycerol by pre-induced E. coli resting cells and subsequent evaluation of changes in
cellular morphology, physiology, and viability by plating experiments, flow cytometry,
and transmission electron microscopy. Interestingly, the obtained data showed that the
toxic effect of TCP on E. coli cells is substantially exacerbated by the addition of TCP. The
addition of 0.2 mM IPTG reduced the viability of E. coli host with empty plasmids more
than incubation with TCP. But the combination of both IPTG and TCP had the most
devastating effect which could be partially alleviated by the presence of efficient variant
of TCP pathway with DhaA31 and fast removal of the toxic substrate. We demonstrated
that the cells pre-induced with IPTG and exposed to 2 mM TCP suffer from increased
permeability of the plasmatic membrane, reduced membrane potential, and massive
formation of reactive oxygen species (ROS). Though the mode of action of TCP in bacterial
cells is not fully uncovered, it is known that chlorinated aliphatics and the derived
epoxides can form DNA adducts and induce genetic damage.2? Our investigation
highlights another effect of lipid bilayer de-stabilization (caused probably by saturation
of fatty acids via halogenation or peroxidation) and subsequent collapse of electron
transport chain followed by the burst of ROS (e.g., hydrogen peroxide or superoxide

radicals) that cause oxidative stress and potentially also cell death. The membrane
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damage is exacerbated by the hydrophobic nature of TCP and yet unknown mechanism

triggered by the addition of IPTG to the bacterial cells.
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Figure 7 The effect of the concentration of IPTG inducer on the performance of the TCP
pathway and the viability of the host bacterium Escherichia coli and comparison with the
use of natural inducer lactose. A) Summarized effects of IPTG concentration on the
expression of pathway genes (shown as portion of pathway enzymes in total cytoplasmic
protein), pathway output (conversion of TCP to glycerol), and cell viability. Shown data
points are means from three independent experiments + standard deviation. Values
determined for engineered E. coli degrader pre-induced with 1 mM lactose are indicated
by squares. B) Viability of pre-induced E. coli resting cells with (blue columns) and
without (green columns) TCP pathway after incubation with 2 mM TCP. Asterisks denote
significantly higher (at P < 0.05) cell count of E. coli cells pre-induced with 1 mM lactose
(red columns) when compared with the count of cells pre-induced with the lowest tested
concentration of IPTG (0.01 mM). Shown data points are means from at least four
independent experiments * standard deviation. CFU, colony forming units. Adopted from
Dvorak et al. (2015).54
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Taken together, the study evidenced negligible metabolic burden from the TCP pathway
enzymes but significant load from the used plasmids and synthetic inducer which
magnified toxicity of the anthropogenic substrate. The outcomes of this work are of
general interest for the biotech community because it showed that IPTG is far from being
an innocuous molecule (the paper was among the most influential articles in Microbial
Cell Factories in 2015 and 2016 based on Altmetric.com). We demonstrated that its
negative effect can be effectively mitigated by the fine-tuning of its concentration (already
25 uM IPTG was enough for full induction of TCP pathway expression) or by using natural
Piac inducer lactose instead (Fig. 7). In addition, the collected experimental data enabled
calibration of a next-generation mathematical model of TCP pathway.55 For the first time,
this model addressed the combined effects of metabolic burden and toxicity exacerbation
in the context of the growing bacterial population. The upgraded model and the
comprehensive knowledge gained during the above-described engineering endeavor will
be essential for any further attempt to refine the TCP pathway performance in E. coli host
and instrumental for similar projects coping with biotechnological processing of toxic
chemicals. Still, one important lesson from our work is that the effects of numerous
disadvantageous factors encountered during harsh biotechnological conversions can add

up or even multiply to form a serious hurdle for efficient in vivo catalysis.

3.9 IMMOBILIZATION OF TCP PATHWAY AS AN ALTERNATIVE
STRATEGY FOR BIOTECHNOLOGICAL PROCESSING OF TOXIC
INDUSTRIAL WASTE

The experienced problems of high TCP toxicity, the suboptimal performance of the TCP
pathway, and metabolic burden from pathway overexpression made us search for an
alternative to bacterial degraders. As already described in one of the previous chapters,
cell-free biocatalysis offers several considerable advantages over the use of microbial cell
factories.*® In vitro biological systems assembled from components obtained from living
organisms (purified proteins or cell lysates) are usually not compromised by toxicity
issues. Cell-free enzymatic cascades provide appreciable freedom in adjusting the ratio
of individual proteins and total enzyme load in the reaction that cannot be exploited with
a living organism. The metabolic burden is not a topic for discussion in in vitro systems.

However, the use of free purified enzymes is not very practical neither economical and
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the way of their stabilization and recycling must be found to set up viable cell-free
biotechnology. A popular option is enzyme immobilization. We hypothesized that the

immobilized TCP pathway could surpass the major drawbacks of bacterial degraders.

Dozens of techniques and support materials for the immobilization of proteins or whole
cells are currently available.>¢ But prior to our work, no immobilization protocols were
established for DhaA31, HheC, and HheC, not talking about the lack of protocols for the
immobilization of whole catabolic cascades. We encapsulated the three purified TCP
pathway enzymes into the lens-shaped polyvinyl alcohol (PVA) particles known under
the commercial name LentiKats at that time (Fig. 8A).57 This low-cost technique had been
previously found useful for the immobilization of haloalkane dehalogenase LinB58 and
the LentiKats technology had already been applied for large-scale applications such as
wastewater treatment or synthesis of beta-lactam antibiotics.5® PVA particles with
encapsulated enzymes can be easily separated from the reaction mixture and recycled.
However, the pores in the PVA gel are too big to arrest proteins smaller than 80 kDa.
Consequently, tetrameric HheC (Mw = 112 kDa) was encapsulated directly while
monomeric molecules of DhaA31 and EchA (Mw = 33 and 34 kDa, respectively) were first
precipitated with ammonium sulfate and interconnected in cross-linked enzyme
aggregates (CLEAs) using dextran polyaldehyde.®® Immobilization reduced the activity of
all three enzymes with their respective substrates from TCP pathway by 27-83 %.
Interestingly, the overall efficiency of the cascade of immobilized enzymes mixed in a
1:1:1 ratio (measured as % of the conversion of 5 mM TCP to glycerol) was reduced only
by 11 % when compared to the reaction with free enzymes. The long-term stability of
immobilized enzymes did not differ significantly from the stability of their free
counterparts. But in contrast to free enzymes, PVA particles were perfectly re-usable.
After 10 successive cycles of TCP conversion to glycerol in batch operation, the

immobilized route retained 77 % of its initial efficiency.

The major endurance test for the immobilized cascade was its adoption for the
continuous removal of TCP from contaminated water in a bench-scale packed bed reactor
(Fig. 8B). The two columns of the reactor were packed with PVA lentils containing
DhaA31 (column 1) or with a mixture of LentiKats bearing HheC and EchA (column 2).
The total mass ratio of the three enzymes was kept 1:1:1. During 10 weeks of operation

at room temperature, the bioreactor processed 11 L of buffered water (pH 8.2)
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contaminated with TCP concentrations as high as 10 mM (1.47 g/L, which is the water
solubility limit of TCP). In total, 65.5 mmol of 67.7 mmol of toxic TCP that entered the
system was converted to other chemicals (efficiency 97 %) out of which final product
glycerol made 52.6 mmol and the rest was DCP and glycidol that slowly cumulated in the
system during the reaction course. The immobilized cascade thus proved its utility for a
long-term continuous conversion of a remarkable load of a highly toxic waste compound
to attractive commodity chemical. One can imagine the use of an upgraded version of this
biotechnology for a large-scale valorization of troublesome TCP residues in industry.
Besides, kinetic parameters of DhaA31 bring a promise for the potential application of
the immobilized cascade for biodegradation of much lower concentrations of TCP in
contaminated groundwaters.®? The developed cell-free biotechnology definitely needs
further refinement and validation before any "real-world" application (all the potential
drawbacks are discussed in our paper). But already this laboratory beta version showed
the great potential of in vitro systems for the bioprocessing of toxic waste chemicals. The
immobilized biocatalysts (encapsulated in form of purified enzymes or cell lysates) are
robust, recyclable, compatible with concentrations of TCP that would kill a bacterial host,
can operate under mild non-sterile conditions, and are not limited with restrictions for

genetically modified organisms.

[ am personally very glad that this pioneering study (to the best of our knowledge, this
was the first report on an immobilized synthetic biodegradation pathway with
engineered enzyme) drew the attention of a broader audience and its quality was
repeatedly appreciated by the research community. It became a part of a monthly
collection of papers selected by the editors of the American Chemical Society and received
a prize for the best Technology article out of 1,500 papers in Environmental Science and

Technology in 2014.
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Figure 8 Schematic illustration of the immobilized TCP pathway and its use in the bench-
top packed bed reactor for removing 1,2,3-trichloropropane from the water under
continuous operation. A) Haloalkane dehalogenase DhaA and epoxide hydrolase EchA
were first aggregated in cross-linked enzyme aggregates (CLEAs) and then encapsulated
into lens-shaped polyvinyl alcohol particles. Molecules of tetrameric halohydrin
dehalogenase HheC were encapsulated directly. B) The constructed reactor consisted of
two glass columns (C1 and C2) packed with immobilized biocatalysts, two peristaltic
pumps (P1 and P2), and three glass vessels connected with polytetrafluoroethylene
tubing. A feed vessel (FV) contained 1 L of buffered (0.1 M Tris-SO4) water with up to 10
mM TCP. Effluent vessel 1 (EV1) was used to collect samples downstream of column 1
and as a feeding bottle for column 2; effluent vessel 2 (EV2) was used to collect final
samples downstream of column 2. The site for determining the TCP concentration in the
input of column 1 is indicated with a red arrow.

3.10 PERSPECTIVES OF BIOTRANSFORMATION OF TCP

Even after more than two decades of intense research, the issue of TCP has not been
convincingly solved. The synthetic biodegradation pathway has been already remarkably
improved by the means of protein engineering, metabolic engineering, and synthetic
biology. But the persisting kinetic bottlenecks backpedal the flux through the route and
make the constructed bacterial TCP degraders inefficient. For the same reason, relatively
high loads of pathway enzymes are needed for the discussed immobilized cell-free
cascade which makes the biotechnology costly. Further protein engineering of key
limiting enzymes - DhaA and HheC - is one possible way towards needed improvement.
Unfortunately, although activity and enantioselectivity of DhaA31 and HheC have been

the targets of protein engineers in recent years®2-64 no new variant with the relevancy for
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TCP biotransformation was obtained. Already the previous sophisticated engineering
exercises that led to mutants DhaA31 and DhaA90R indicated that further improvement
of this enzyme would not be easy. Maybe it is time to start thinking out of the box and try

a new unconventional engineering strategy.

One such strategy parallel to the standard optimization of active sites and modifications
in existing tunnels can be the opening of completely new tunnel(s) in the structure of an
enzyme with a buried ligand-binding pocket. In the study of Brezovsky and co-workers,
we rehearsed the opening of a new tunnel on an example of haloalkane dehalogenase
LinB which is a close relative of DhaA (they both belong to the phylogenetic subfamily of
haloalkane dehalogenases HLD-II).6> The original main tunnel p1 in LinB structure was
first closed by the introduced disulfide bridge and the activity of the mutant with the set
of halogenated substrates was substantially reduced. Then, a new parallel tunnel was
opened nearby the original p1 by targeted saturation mutagenesis of three pre-selected
bulky amino acids (Trp140, Phe143, Ile211). The best resulting mutant with a new tunnel
confirmed by X-ray crystallography and molecular modeling not only restored the
activity with most of the tested halogenated substrates to the level of wild-type LinB but
it even outperformed the parental enzyme with some of the biotechnologically relevant
compounds (e.g., pesticide and chemical precursor 1,2-dibromoethane) and became the
most active HLD known to date. Modifying the access of substrate, reaction products, and
water molecules into the active site of DhaA previously led to the best currently available
variant DhaA31. Though the effect of the opening of a new tunnel is difficult to predict, it
is possible that this strategy applied on DhaA WT or DhaA31 could be a way forward also
in the TCP story.

Another promising, yet conventional, option is bioinformatic searches for sequences
encoding new dehalogenating enzymes in the richness of available genome and
metagenome data. The challenging angle of this approach is a need for high-throughput
protocols for rapid biochemical characterization of dozens to hundreds of pre-selected
proteins.®® In the recent paper of Vanacek et al., we proposed and realized a workflow
encompassing computational screening, expression analysis, and biochemical and
biophysical characterization of multiple members from a selected enzyme family.67 The
workflow was validated against the HLD family. Initial in silico screening including

sequence searches, multiple-sequence alignment, homology modeling, or calculations of
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cavities and tunnels prioritized 530 sequences of putative HLDs. 20 genes were
synthesized and expressed in heterologous host E. coli providing eight soluble proteins
with detectable dehalogenase activity measured with a set of halogenated substrates by
robotic screening at several temperatures. Further kinetic and structural
characterization revealed several enzymes with unique activity (HLD with the highest
known kcat/Km of 96.8 mM-1 s-1), stability (an enzyme with a melting temperature of
71°C), and substrate specificity (HLD active with sulfur mustard). No enzyme active with
TCP or DCP was identified but the study paved the way for other even more extensive

searches that could possibly achieve this goal in near future.

And finally, the searches for new robust microbes in sites polluted with TCP or DCP could
unveil completely new biodegradation pathways for these chemicals. In 2012, Arif and
colleagues reported strain Pseudomonas putida MC4 isolated from a site polluted with
chlorinated alkanes close to a chemical storage facility in Rotterdam.®8 The strain could
utilize both enantiomers of DCP for growth via the action of its oxidative pathway starting
with quinohemoprotein alcohol dehydrogenase DppA showing dehalogenating activity.
The strain was subsequently empowered with dhaA31 gene integrated into chromosome
and tested for growth on TCP in 25-day fed-batch cultivation.®® Though the bacterium
could not sustain concentrations of TCP higher than 0.33 mM (probably due to the
formation of toxic intermediates or by-products of oxidative TCP metabolism) slow
growth of the recombinant organism on the anthropogenic chemical was indeed
observed (p = 0.001-0.008 h-1). Engineered P. putida MC4 thus represents an example
that inspires all researchers interested in the TCP problem in their further investigations
that will once lead to the large-scale biodegradation of this recalcitrant anthropogenic

chemical.
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4 SECTION I1: ENGINEERING BACTERIA FOR
UTILIZATION AND VALORIZATION OF SUBSTRATES FROM
LIGNOCELLULOSIC RESIDUES

Lignocellulose (LC) is a non-edible portion of plant biomass made of polysaccharides,
phenols, and proteins. Over 200 million tonnes of lignocellulosic and cellulosic residues
from agricultural, forestry, municipal, and household solid wastes out of the total amount
of about 900 million tonnes are potentially available annually for sustainable
biotechnological purposes in the EU.70 Even higher amounts should be available in the
US.71 The efficient use of renewable LC residues for bioproduction of biopolymers,
biofuels, or biopharmaceuticals can facilitate a truly green economy.’? Historically,
glucose and xylose, obtained from the most abundant cellulose (25-55%) and
hemicellulose (11-50%) fractions of LC have been the substrates of interest.”3 In existing
bioprocesses, focused mostly on bioethanol production, LC biomass is first pre-treated
and fractionated using (physico)chemical methods such as milling, grinding, acid or
alkaline hydrolysis, or steam explosion. Then, the cellulose and hemicellulose fractions
are hydrolyzed by off-site produced cellulases and hemicellulases and the resulting
monomeric glucose and xylose are fermented typically by an engineered Escherichia coli,
Zymomonas mobilis, or a yeast strain. However, due to the hindrances in LC bioprocessing
caused by the recalcitrance and complex structure of LC feedstocks (Fig. 9), the majority
of biochemicals produced nowadays on large scale (aliphatic compounds, aromatics,
biopolymers) are still obtained by fermentation of the 15t generation substrates such as
edible starchy biomass or pure starch-derived glucose.”# The 1st generation
biotechnologies thus compete with food production and are not sustainable. The efficient
economical bioconversion of LC remains to be one of the major technologic challenges of

our time.

The 2nd generation biotechnologies based on lignocellulosic substrates must efficiently
co-process glucose and xylose with other abundant sugar monomers (e.g., arabinose,
mannose) and oligomers (cello- and xylooligosaccharides) and aromatic chemicals
derived from the lignin portion of LC (10-40%) to become economically viable.”1.7576 This
is not happening because traditional microbial hosts that have been used for processing
of LC-derived sugars, such as E. coli or Saccharomyces cerevisiae, suffer from certain

drawbacks: (i) they are sensitive to toxic effects of inhibitory products, namely acids,
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aromatic and heterocyclic compounds, resulting from lignocellulose pre-treatment, (ii)
they can valorize neither lignin nor cello- and xylooligosaccharides, major by-products of
lignocellulose pre-treatment and saccharification, respectively, (iii) they cannot
assimilate hexoses and pentoses simultaneously due to the innate regulatory
mechanisms causing carbon catabolite repression (CCR). The price and feasibility of LC
pre-treatment and fractionation, and cellulose and hemicellulose hydrolysis by cellulases
and hemicellulases produced off-site in fungi remain to be limiting factors too despite the
recent advances in these technologies.”3 Consequently, appeals for the study of
alternative strategies and microbial hosts that would lead to the wiser use of LC residues

emerge.”>77-79

Parallel conversion of carbon sources from all three major polymeric components of LC
to a single product or several products by microorganisms that can also make their own
(hemi)cellulases and ligninases and thus reduce the need for added depolymerizing
enzymes is considered a promising direction toward sustainable LC biotechnologies.””-7?
An extreme case of such a scenario in which both biomass degradation and bioproduct
formation capacities are joint in a single microorganism is called consolidated
bioprocessing (CBP). The question is how to achieve that? Nature's best solutions
combined with cutting-edge metabolic engineering and synthetic biology adopted in the
DBTA cycle may provide the answer. Functional expression and secretion of cellulases
and hemicellulases have been already engineered in biofuel-producing bacteria such as
E. coli or in yeast strains.8%81 One of the first inspiring examples of such effort was
published by Bokinsky and co-workers who designed a synthetic consortium of E. coli
strains with implanted genes encoding cellulases and xylanases with secretion signals to
degrade and valorize cellulose and hemicellulose fractions of LC.80 The consortium was
able to produce small quantities of advanced biofuels (pinene, butanol, fatty acid ethyl
esters) from pre-treated switchgrass. E. coli, Z. mobilis, S. cerevisiae, and other industrially
relevant bacteria and yeasts were also engineered for co-utilization of glucose with LC-
derived pentoses (D-xylose, L-arabinose). In addition, potent cellulolytic bacteria (e.g.,
Clostridia) and fungi (e.g., Trichoderma reesei) and ligninolytic white rot fungi have been
intensively studied, either individually or in a form of synthetic consortia, for their use in
bioprocessing of LC feedstocks.”?82 However, a single microorganism with the suite of

properties for co-valorization of cellulose, hemicellulose, and lignin in harsh conditions
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of a bioprocess is still not available. Robust environmental bacteria such as certain

pseudomonads can be suitable candidates for this challenging task.
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Figure 9 Schematic illustration of lignocellulose microfibril in plant cell wall and its free
major polymeric components - cellulose, hemicellulose, and lignin. Adopted from Van
den Bosch et al. (2018).83

4.1 PSEUDOMONAS PUTIDA IS AN ATTRACTIVE BACTERIAL HOST
FOR LC BIOTECHNOLOGY

Pseudomonas putida KT2440 (class Gammaproteobacteria, family Pseudomonadaceae) is
the best characterized and safe pseudomonad. This Gram-negative bacterial workhorse
was derived from the saprophytic strain mt-2 which thrives in environments polluted

with aromatic solvents. Being known for its robustness, P. putida KT2440 has been used
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for decades as a model organism in the biodegradation and bioremediation field.> Quite
recently, it has drawn the attention of the biotech community for its ability to degrade
high molecular weight lignin with its ligninolytic enzymes and utilize lignin-derived
aromatics (p-coumarate, ferulate, benzoate etc.) for the growth and production of

bacterial bioplastics - polyhydroxyalkanoates.”>

Strain KT2440 is a paradigmatic producer of cytoplasmic medium chain length
polyhydroxyalkanoates (mcl-PHA). Out of all the studied bio-based plastics, fully
biodegradable and biocompatible PHA represent the most promising alternative to their
petrochemical analogs.84 The mcl-PHA (6 - 14 C atoms) and their copolymers have better
elastomeric properties and are more structurally diverse than short chain length PHA
(scl-PHA; produced, e.g., by Cupriavidus necator or recombinant E. coli), which makes
them promising materials for biomedicine, cosmetics, or the packaging industry. Their
commercial production is still limited (was predicted to reach ~0.25 % of global plastic
production in 2020) but could be boosted by the utilization of cheap non-edible carbon
sources such as LC substrates. Pseudomonads are the best mcl-PHA producers among
both natural and recombinant organisms. Engineered P. putida KT2440 was shown to
convert glucose or lignin-born aromatics via acetyl-CoA and fatty acid de novo
biosynthesis into high quantities (up to 67 and 54 % w/wbcw, respectively) of mcl-PHA

in nitrogen-limited medium.8586

P. putida KT2440 has many other desirable characteristics for its use in LC biotechnology
and in biotechnology enterprises in general .87 [t possesses HV1 safety certification, grows
rapidly in defined minimal media (e.g., the growth rate in M9 medium with glucose is
~0.6 h'1), and has overall low nutritional demand. KT2440 and its engineered derivatives
show considerable resistance to oxidative stress and to LC-born inhibitory chemicals,
many of which can even serve as growth substrates for this bacterium (besides already
mentioned aromatics also acetate or furfural). Last but not least, P. putida has been
proven suitable for large-scale aerobic fermentations and biotechnological production of
diverse valuable chemicals from glucose or aromatics (besides PHA, e.g., cis,cis-muconic
acid, rhamnolipids, terpenoids), it is amenable to genetic manipulations, and a broad
palette of engineering tools has been already developed for this organism. These tools

enabled the preparation of useful genome-reduced derivatives of KT2440 with altered

physiology.
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For instance, 11 non-adjacent genomic deletions in strain designated EM42 (300 genes
including prophages, flagellum-encoding operons, endonucleases etc., ~4.3% of the
whole genome) were shown to improve the expression of heterologous genes, increase
intracellular ATP level, and enhance the host’s genetic stability, viability, and thermal
tolerance.8® Another strain mentioned further in this section, EM371, lacks the majority
of the non-essential outer membrane features.8? Altogether 230 genes (~4.7% of the
entire genome) that encode structures for bacterial motion (flagella), biofilm formation,
or interaction with surroundings (e.g., pili, curli, fimbriae, exopolysaccharides, adhesins,
lipopolysaccharides) were removed. P. putida EM371 with a “shaved” surface was
proposed as a better strain for secretion of recombinant proteins.

Figure 10 Electron micrographs of
Pseudomonas putida KT2440 and genome-

reduced derivative strain EM42 which lacks
polar flagella (in the cutout).

Nevertheless, P. putida KT2440 as a potential
chassis for LC biotechnology has its drawbacks
too. Out of all monomeric sugars present in LC
hydrolysates, it utilizes only hexoses D-glucose
and D-mannose, but not abundant pentoses D-
xylose or L-arabinose. Though P. putida’s
genome encodes 34 glycoside hydrolases

including a couple of endoglucanases and a -

F

glucosidase (http://www.cazy.org/), it is not a
typical cellulolytic bacterium and it does not
grow on (hemi)cellulosic polymers or oligomers. During my postdoc stay in the
laboratory of prof. Victor de Lorenzo in CNB-CSIC Madrid I studied the carbohydrate
metabolism of P. putida and tried to mitigate these drawbacks using therein developed
genetic engineering tools.  now continue in this effort with my colleagues in the Microbial

Bioengineering Laboratory recently established at Masaryk University.
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4.2 EXPANDING THE SUBSTRATE SCOPE OF AP. PUTIDA TOWARDS
D-XYLOSE AND D-CELLOBIOSE

Out of LC sugars, cellulosic glucose is most frequently used for the biotechnological
production of valuable chemicals.”3 It is obtained via the action of at least three enzymatic
activities - endoglucanase, exoglucanase, and pB-glucosidase - after hydrolysis of
pretreated cellulose fraction of LC. Pentose sugars D-xylose and L-arabinose form a
substantial portion of the hemicellulosic fraction of LC. D-xylose is together with D-
glucose the most abundant sugar monomer in the majority of LC residues. For instance,
it is the prime monomeric sugar in rice straw hydrolysates and forms ~1/3 of all sugar
monomers in corn stover hydrolysates.?%°1 This makes xylose another very attractive LC-
born carbon source for biotechnological purposes including the biomanufacturing of
polyhydroxyalkanoates.”? However, not all biotechnologically relevant bacteria can
utilize xylose (e.g., Z. mobilis, Corynebacterium glutamicum do not possess catabolic
pathways for xylose) and those that can (e.g., E. coli, Bacillus subtilis) often use glucose as
a preferred carbon source due to the complex mechanisms of CCR. Also, P. putida KT2440
lacks biochemical traits for catabolism of pentoses and it was our goal during my
postdoctoral stay in CNB-CSIC to establish xylose metabolism in this host. We presumed
that P. putida with exogenous catabolic traits for xylose could co-utilize xylose with
glucose because sugars do not play as central role in the nutrition of this bacterium as

they do, e.g., in E. coli.

There are at least three major known catabolic pathways for xylose utilization in bacteria
(Fig. 10).73 Xylose can be assimilated via the isomerase pathway. It includes xylose
isomerase (XylA) and xylulokinase (XylB) activities that funnel xylose to xylulose 5-
phosphate and pentose phosphate pathway (PPP). Alternatively, xylose can be streamed
to the tricarboxylic acid (TCA) cycle via o-ketoglutarate formed as a product of the
oxidative Weimberg pathway. Another oxidative route - the Dahms pathway - converts
xylose to pyruvate and glycolaldehyde via 2-keto-3-deoxy-D-xylonate. Each of these three
routes was employed to engineer bacterial hosts with xylose negative metabolism
including certain pseudomonads. In our work published in 2018, we described
implanting of the xylose isomerase pathway from E. coli into P. putida KT2440 derivative,
strain EM42.94 We first identified that P. putida converts xylose non-productively into

xylonic acid via the activity of its periplasmic glucose dehydrogenase Gcd. We deleted the
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corresponding gcd gene using the method based on the I-Scel endonuclease mediated
homologous recombination. Synthetic xyIABE operon encoding XylA, XylB, and XylE
xylose/H* symporter from E. coli was then introduced into P. putida Agcd mutant on low
copy plasmid with strong constitutive promoter em?7. The resulting recombinant grew in
minimal medium with xylose (specific growth rate p was 0.11 h-1) used as a sole source
of carbon and energy. A newly introduced transporter played a crucial role in the xylose

utilization by engineered P. putida.

PK pathway Xl| pathway XR-XDH pathway a-ketoglutarate pathway Dahms pathway
Xylose Xylose Xylose
xylose xylose |~ NADPH xylose . NAD*
isomerase reductase \. yADP* dehydrogenase\. NADH glucose
dehydrogenase
Xylulose Xylitol Xylonolactone
xylose |~ ATP xylitol s NAD* xylonolactonase
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Xylonate
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Figure 10 Microbial catabolic pathways for D-xylose. Note that a-ketoglutare pathway is
also known as Weimberg pathway. Abbreviations: PK, phosphoketolase; XI, xylose
isomerase; XR, xylose reductase; XDH, xylitol dehydrogenase. Adopted from Zhao et al.
(2020).23

In the same study, we also enlarged the biochemical network of P. putida EM42 with
exogenous B-glucosidase BgIC from cellulolytic bacterium Thermobifida fusca. The gene
of this cytoplasmic enzyme with em7 constitutive promoter was implanted into the
chromosome of P. putida using the Tn5 minitransposon system. It enabled rapid growth
(n = 0.35 h1) of the resulting mutant in minimal medium with cellobiose - the shortest
cellooligosaccharide and frequent side product of cellulose hydrolysis. For instance, in
corn stover hydrolysate cellooligosaccharides form ~16 % of all saccharides.?? Robust
microbial hosts with established cellooligosaccharide metabolism are thus desirable.

Moreover, as was proven also in our study, bacteria capable of active cellooligosaccharide
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transport through the cell wall via their adenosine triphosphate (ATP)-dependent sugar
transporters can serve energy because they can transfer two or more glucose at a cost of
1 mol ATP. Importantly, we demonstrated that engineered P. putida could indeed fully
co-utilize xylose with cellobiose and glucose with no sign of CCR. Simultaneous utilization
of multiple sugars and especially hexoses and pentoses is another highly desirable
property of bacterial cell factories for LC biotechnology as it can reduce capital costs and
operating expenses.?! It allows parallel processing of glucose and xylose in a single pot
also in fed-batch and continuous bioprocesses without accumulation of non-preferred

sugar (usually xylose) which occurs in cultures with microorganisms tied by CCR.

Since our first attempt to engineer xylose metabolism in P. putida, more groups reported
the implantation of pentose catabolic pathways in KT2440.952¢ The most successful were
Elmore and co-workers (2020) from National Renewable Energy Laboratory in USA.1
They prepared a new KT2440 Agcd strain bearing E. coli xyI[ABE genes in chromosome
together with exogenous genes encoding transketolase (tktA) and transaldolase (talB)
activities from the pentose phosphate pathway of E. coli. Growth of this strain on xylose
was improved up to p = 0.32 h-1 by adaptive laboratory evolution in a defined minimal
medium which enhanced the expression of xylE gene. In addition, another chromosomal
insertion of recently discovered oxidative L-arabinose pathway from Burkholderia
ambifaria AMMD (five genes) and arabinose/H+ symporter from E. coli promoted rapid
growth (p = 0.38 h-1) of the strain on arabinose. Remarkably, KT2440 Agcd mutant with
another deletion of crc gene (encodes a major regulator of CCR in P. putida) and two
exogenous pentose catabolic routes was able to co-utilize glucose with xylose, arabinose,
p-coumarate, and acetate in mock and real corn stover hydrolysates. This study for the
first time presented P. putida as a bacterial platform for potential co-valorization of major
carbon sources from all three fractions of LC. However, the practical utility of the
obtained strain is limited by a long lag phase (=14 h) observed in cultures with mixed
carbon sources. And the conversion of utilized sugars and aromatics into a valuable
product was not included in the study. There is therefore still plenty of space for further
improvement of P. putida’s capacity to co-process multiple carbon sources and for the
study of mechanisms that allow it. A lack of fundamental understanding of the co-
metabolism of soluble LC-born substrates - pentoses, hexoses, and aromatic chemicals -
forms a major knowledge gap that prevents the engineering of more efficient microbial

cell factories for LC valorization. Understanding the co-function of P. putida’s innate and
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implanted catabolic pathways will help to fill this gap and remove metabolic bottlenecks
for carbon streaming into central metabolic intermediates such as pyruvate and acetyl-

CoA and final bioproducts including PHA.

4.3 VALORIZATION OF LIGNOCELLULOSIC SUBSTRATES BY
ENGINEERED FP. PUTIDA

The main aim of LC biotechnology is to convert low-cost second-generation substrates
from LC residues into higher value biochemicals. Establishing the efficient catabolism of
LC sugars and aromatics is just the first step in this process. Wild-type or engineered P.
putida KT2440 was applied in biotransformations or bioconversions that added value to
pure glucose or aromatic chemicals (p-coumarate, ferulate, benzoate), as well as to LC
hydrolysates or waste streams from LC pyrolysis.8>9197 However, reports on co-
valorization of two or more LC substrates are rare. This situation is slowly changing.
Simultaneous streaming of carbon and energy from several sources into one or more
valuable compounds can improve the economics of bioprocesses that still cannot
compete with the production of chemicals from fossil fuels.”898.99 The ideal scenario is if
one of the products is intracellular and one extracellular, so they can be easily separated

during downstream processing.

In the study that followed our achievement with the co-utilization of multiple sugars in
engineered P. putida EM42, we employed the recombinant with inserted -glucosidase
BglC for the co-valorization of two new substrates - xylose and cellobiose.100 Cellobiose
was cleaved in the cytoplasm to glucose and funneled through glycolysis to acetyl-CoA
and mcl-PHA while D-xylose was transformed by the activities of periplasmic Gecd and
lactonase to D-xylonic acid which was released into the medium. In the previous work,
xylonate was considered an undesired side product of xylose utilization via the isomerase
pathway.?* But because the growth of our EM42 recombinant on xylose was still too slow
for bioproduction purposes, we decided to take advantage of the identified xylose
oxidation. Xylonate is also recognized as a platform molecule of considerable
biotechnological interest.101 [t can be used as a non-food derivative of gluconic acid, as a
chelator, complexing agent, or a precursor of ethylene glycol and polyesters. Besides P.

putida also some other biotechnologically relevant bacteria (e.g., Gluconobacter oxydans,
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Klebsiella pneumoniae) including certain characterized pseudomonads such as P. fragi
can naturally oxidize sugars with their glucose or xylose dehydrogenases.102103 These
and several other microorganisms including engineered Escherichia coli with implanted
xylose dehydrogenase were used for xylonate production from xylose.191 But, to the best

of our knowledge, xylonate was never co-produced with PHA.

Using shake flask cultures and a spectrum of analytical techniques (HPLC, chemical and
enzymatic assays), we demonstrated that recombinant P. putida EM42 can transform
xylose to xylonate with a high yield reaching 0.85 * 0.06 g g1 in optimized reaction
conditions (buffered medium, high agitation). The biotransformation could be performed
by both resting cells (these could be even recycled and used for xylonate production
repeatedly) and cells growing on cellobiose. Cellobiose was shown to be a better
substrate than monomeric glucose for growth-associated xylonate production because
the disaccharide was not processed by glucose dehydrogenase and did not block the
oxidation of xylose by this enzyme. PHA granules within the bacteria grown in minimal
medium with 5 g1-1 cellobiose and 10 g 1-1 xylose were visualized by confocal microscopy
after staining the cells with Nile Red and then quantified in collected biomass using gas
chromatography of the methanolysed polyester. The mcl-PHA content in cell dry weight
(21 % w/w), yield (0.05 g g1 cellobiose), titre (0.26 g 1'1), as well as monomer
composition (3-hydroxydecanoate formed >75%) after 48 h culture were close to the
values reported for P. putida KT2440 grown on glucose.1%4 Xylonate yield in the same
experimentreached 0.52 g g-1 xylose after 48 h and the maximum volumetric productivity

was 156 mg |1 h-1,

The above-mentioned productivities must be further improved to approach the
parameters required for the viable bioprocess. But already this pioneering study helped
to map the potential of recombinant P. putida EM42 as a microbial platform for the
parallel valorization of two second-generation LC substrates. It identified P. putida as a
cell factory for high-yield biotransformation of xylose to xylonate and an alternative to
established hosts for this reaction such as Gluconobacter oxydans. The production of mcl-

PHA from cellooligosaccharide cellobiose was also reported for the first time in this work.
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4.4 EMPOWERING P. PUTIDA  WITH SURFACE-DISPLAYED
DESIGNER PROTEIN SCAFFOLDS

Besides the rising interest in using P. putida in LC biotechnologies, it is now drawing much
attention also as a potential microbial platform for the valorization of another type of
organic polymeric waste - synthetic plastics.195 Both these endeavors would make much
use of an efficient molecular system that would deliver required de-polymerizing
activities (cellulases, ligninolytic enzymes, PETase, MHETase) to the surface of the
bacterium. P. putida lacks such apparatus and cannot degrade complex recalcitrant
substrates without the externally added purified enzymes. A robust secretion system
verified in P. putida could be adapted for many other applications including the display
of antibodies, metal-binding proteins, or enzymes for bioremediation purposes,
development of whole-cell electrochemical biosensor, or screening of libraries of

antimicrobial peptides.

In the study published in 2020 in ACS Synthetic Biology, we tested four type V secretion
pathway proteins known as autotransporters for surface display of small designer
protein scaffolds that could bind multiple recombinant enzymes to the bacterial exterior
(Fig. 11).106 The binding apparatus was inspired by natural cellulosomes, complex
enzymatic assemblies found on the surface of the most efficient cellulolytic bacteria such
as Clostridium thermocellum. These organisms display so-called scaffoldin proteins with
cohesin binding domains that define attachment of carbohydrate-active enzymes with
corresponding dockerin domains to the cell surface.19” The strong (Kp ~ 10-° - 10-10 M)
highly specific non-covalent interactions between cohesins and dockerins enable
orchestration of cellulases in natural cellulosomes which can degrade cellulose up to 50-
fold more efficiently than free enzymes. Natural scaffoldins may consist of up to dozens
of cohesins but such large structures (up to hundreds of kDa) are difficult to manipulate,
not talking about their display on the surface of a heterologous microbial host. Small
synthetic scaffoldins and whole designer cellulosomes (so-called minicellulosomes) were
assembled on the surface of several domesticated Gram-positive bacteria such as B.
subtilis, or Lactococcus lactis.107.108 Display of designer scaffoldins on the cellular surface
of a Gram-negative bacterium has never been achieved and there was a critical lack of
knowledge on parameters that affect such an enterprise. We aimed to fill this knowledge

gap by testing the display of several miniscaffoldins in P. putida strains EM42 and EM371.

43



These strains have substantial differences in the complexity of bacterial surface, which
imposes structural constraints for recombinant protein secretion, and therefore were an

outstanding study system for our work.
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Figure 11 Schematic illustration of Pseudomonas putida engineering for the surface
display of designer protein scaffoldins with cohesin binding domains. A) Strain EM42 and
EM371, genome-reduced derivatives of P. putida KT2440, were used in this study (note
that surface structures present in EM42 and absent in EM371 are shown as black lines).
B) Ag43 autotransporter from Escherichia coli (orange columns) was selected out of four
tested type V secretion systems for surface display of miniscaffoldins. C) Miniscaffoldins
with single or two cohesins were displayed on bacterial surface via Ag43. D) The
efficiency of the binding of dockerin-tagged recombinant proteins (f-glucosidase or
fluorescent proteins) to the surface of EM42 and EM371 strain was evaluated and
quantified. Adopted from Dvorak et al. (2020)1% and modified.

We used overlap extension PCR to construct three miniscaffoldin variants (two of 16 and
one of 35 kDa) with one or two cohesins from two different cellulolytic bacteria (C.
thermocellum and Acetivibrio cellulolyticus) and chimeric B-glucosidase BglC and
fluorescent proteins (green GFP and cyan CFP) tagged with corresponding dockerins. The
latter three proteins were used as reporters for verification of scaffoldin display on P.
putida surface. A battery of methods including enzyme-linked immunosorbent assays
(ELISA), enzyme activity assays, SDS-PAGE, western blotting, and dot blots was adopted
to verify and quantify expression of individual recombinant genes and to test the
performance of resulting protein chimeras after their purification via 6xHis tag affinity

chromatography. Scaffoldin variants were delivered to the surface of EM42 and EM371
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by autotransporter Ag43 from E. coli which was selected as the most efficient among the
four tested type V secretion systems.10° Cells with exposed scaffoldins were incubated
with purified dockerin-tagged BglC and the whole-cell B-glucosidase activity was
determined to quantitatively evaluate the efficiency of the surface display. This in-house
developed assay was supported by similar tests with purified dockerin-tagged
fluorophores, measurements of whole-cell fluorescence in UV-VIS spectrophotometer,

and observation of P. putida cells in a confocal microscope.

We could conclude that both single- and two-cohesin variants of designer scaffoldins
were successfully displayed on the surface of EM42 and EM371. Shaved strain EM371
was, nonetheless, a better platform for the display of these synthetic structures. Single
EM371 cell could attach up to 11,000 B-glucosidase molecules to its surface almost three
times more than EM42. Our work thus highlighted the relevance of the cell surface
engineering strategy for enhanced secretion of recombinant proteins in industrially
relevant bacteria. It was also demonstrated that the size of displayed scaffolds is an
important factor. Interestingly, bigger scaffoldins were better accessible on the bacterial

surface for binding with dockerin-tagged molecules than the smaller ones.

P. putida is thus the first Gram-negative bacterium that can serve as a future carrier for
cellulosome-like structures. We are currently working on the improvement of the
available designer scaffoldins and our next goal is to establish P. putida-based whole-cell

system for overproduction and release of dockerin-tagged depolymerizing enzymes.

4.5 PERSPECTIVES OF USING P. PUTIDA FOR THE
VALORIZATION OF LC RESIDUES

The revealed ability of P. putida KT2440 and its derivatives to utilize and valorize
multiple components of LC hydrolysates is a very appealing feature that attracts the
attention of bioengineers and biotechnologists. Several studies from the last couple of
years have aimed at the further broadening of P. putida’s substrate scope and at
engineering and extending its biosynthetic pathways that could add value to the second-
generation carbon sources. KT2440 was endowed with new biochemical traits for
utilization of furfural and 5-(hydroxymethyl)furfural (major inhibitors in LC

hydrolysates) or galactose.l10.111 [t was evolved and rationally engineered towards
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enhanced production of cis,cis-muconic acid from glucose and increased mcl-PHA
synthesis from solubilized lignin, respectively.85112 Bator and colleagues calculated
conversions of xylose to 14 valuable biochemicals (rhamnolipids, succinate, pyocyanin,
glutamate etc.) using a genome-scale metabolic model of P. putida KT244