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Popular Summary in English

Around four billion years ago the earth saw the emergence of life in the form of bac-
teria. Since then, these single-cell organisms have populated our planet. The reason
they have been able to survive for such an incredibly long time—despite dramatically
varying conditions such as volcanic eruptions and ice ages—is their fantastic ability to
adapt. Research on bacteria and their importance for our health has literally exploded
in recent years and new theories and insights on exploiting microorganisms as pro-
duction hosts or cell factories are being discussed extensively. These developments
have been facilitated by availability of tools and technologies that provide better un-
derstanding of a microbial system and their metabolic capabilities and possibilities to
modify their synthetic power.

Cell factories have been largely exploited for the controlled production of substances
of interest for food, pharma and biotech industries. The physiological diversity of
the microbial world offers an intricacy of metabolic pathways from which novel bio-
products, including nano- or microstructured materials, offer promises in even more
diverse applications.

Lactic acid bacteria are a diverse group that have been used for centuries for ferment-
ation of foods and their preservation, and today they are clearly the most important
group of industrial microorganisms with a market in the range of multibillion dol-
lars. LAB are used as starter cultures for fermentation of milk, vegetables, meat, fish
and cereals, to make yogurt, cheese, cultured butter, sour cream, sausage, cucumber
pickles, olives, sauerkraut, etc., and also animal feed in the form of silage. But some
species of lactic acid bacteria may spoil beer, wine and processed meats. Among the
important features of lactic acid bacteria are their tolerance to environmental stresses,
simple metabolism and their ability to metabolise several carbon sources. Currently,
scientists are fuelling attention towards novel uses of these microorganisms from food
fermentations and probiotics to therapeutic agents for animals, plants and humans
as well as platform production strains for chemicals and fuels. A very well known
product is lactic acid, which besides being used in foods and cosmetics, has found
increasing interest in the production of biodegradable plastic, polylactic acid (PLA).

Throughout evolution Lactobacillus reuteri, as one kind of LAB, has made its home
in the specific environment found in the human gut. It is the first bacterial species
that has been found to be established in the microbiota of newborn babies. L. reuteri
has also been found in breast milk, mouth, stomach, small intestine, vagina, etc. It
has even been found to inhibit pathogens like Escherichia coli and Salmonella, and has
other beneficial health effects because of which it is used as a probiotic for infants,
children and adults. Its name derives from “reuterin”—3-hydroxypropionaldehyde (3-
HPA)-a chemical with antimicrobial activity produced by L. reuteri from glycerol. L.

vi



reuteri can itself tolerate high concentrations of reuterin, which is useful for its an-
timicrobial function. The bacterium does not use glycerol for cell growth but helps
to improve cell growth when provided together with sugars. My thesis is focused on
Lactobacillus reuteri, a bacteria with excellent probiotic features. In the thesis, I have
tried to explore the metabolic pathway, a so-called propanediol utilization pathway,
for metabolism of glycerol to different products including 3-HPA, 3-hydroxypropionic
acid and 1,3-propanediol, all of which are considered to be valuable platform chemic-
als for the chemical and material industry of the future based on renewable feedstocks
instead of fossil resources (Fig. 1). Glycerol is an important by-product of manufac-
ture of soaps and biodiesel from plant oils, and thus forms a highly useful renewable

feedstock.
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Figure 1 — Major players within the propanediol utilization pathway.
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Popular Summary in Chinese

EX 3 X
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Populirvetenskaplig Sammanfattning pa Svenska

Cellfabriker har linge utnyttjats for att producera intressanta amnen at livsmedels-,
likemedels- och bioteknik-industrin. Den mikrobiella virldens fysiologiska mangfald
erbjuder ett otal biosyntetiska produktionsvigar frin vilken nya bioprodukter, inklu-
sive nano- eller mikro-strukturerade material, kan utvinnas samtidigt som de erbjuder
16ften om fler applikationer.

Mjolksyrabakterier dr en fylogenetiskt varierad grupp, vars anvindning snabbt ex-
panderar fran traditionella fermenterade livsmedel och probiotika till likemedel for
djur, vixter och minniskor samt som produktionsstammar fér kemikalier och brins-
len. Férdelarna som mjélksyrabakterier erbjuder dels i a) sikerhet f6r minsklig och
djurkonsumtion, b) metabolisk mangsidighet, c) bred ekologisk nischanpassning, i
kombination med d) deras langa anvindningshistoria i olika former av bioteknik, har
gjort att forskare nu undersoker nya anvindningsomriden f6r dessa mikroorganismer.

I den pigiende utvecklingen att anvinda mjolksyrabakterier som cellfabriker for att
effektivt producera minga industriellt viktiga kemikalier och material, undersokte
min avhandling mekanismerna Lactobacillus reuteri, en typ av mjolksyrabakterie som,
kan anvinda f6r att producera virdefulla plactformskemikalier frin glycerol.
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Exploring the Propanediol
Utilization Pathway in
Lactobacillus reuteri

1 Introduction

Concerns regarding environmental issues have led to intense efforts within the re-
search community for investigating sustainable routes for production for the future
industry that is independent of fossil feedstocks and instead based on renewable re-
sources. Much of these efforts have so far been directed towards addressing the energy
challenge by developing processes for production of bioethanol, biodiesel and other
advanced biofuels from biomass in order to reduce the amount of fossil based gasoline
and diesel currently used as transportation fuels. Fuel is however a low cost product,
and as in petrochemical refineries integrated production of chemicals and materials
with energy and transportation fuels, should provide higher added economic value to
biobased production [25].

The challenges for the biobased chemicals production are the large number of targets,
including those already made by the chemical industry as well as new structures, and
the need for conversion technologies. Building a biobased chemical industry requires
transformation of the biomass components to platform chemicals that serve as build-
ing blocks for other chemicals and so on. A number of C2-C6 chemical products have
been identified as top candidates for production from biomass. Among these are the
C3-chemicals, 3-hydroxypropionaldehyde (3-HPA), 3-hydroxypropionic acid (3-HP)
and 1,3- propanediol (1,3-PDO), which are covered in this thesis.

Microorganisms offer versatile tools for manufacture of biobased products. The enorm-
ous diversity of microorganisms in nature provides large number of metabolic path-
ways and enzymes for large variety of chemical transformations. Moreover, the avail-
ability of genomics, proteomics and genetic tools allows deeper understanding and



designing of micoorganisms with desired activity and selectivity.

1.1 Scope of the Thesis

This thesis is based on the studies performed on Lactobacillus reuteri, a heteroferment-
ative probiotic microorganism that possesses a metabolic pathway called the propa-
nediol utilization (Pdu) pathway that catalyzes dehydration of glycerol to 3-HPA and
then branches into an oxidative and reductive routes to give 3-HP and 1,3-PDO, re-
spectively, as end products. The Pdu pathway is operative inside Pdu microcom-
partment that encapsulates different cofactors and enzymes needed for metabolizing
glycerol or 1,2-propanediol, and protects the cells from the toxic effects of the alde-
hyde intermediate. The work described in this thesis focuses mainly on fundamental
investigations to increase the understanding of the components of Pdu pathway and
the microcompartment shell housing the pathway in L. reuteri.

The thesis is based on 4 papers. To date, two of which are published.

Paper I deals with a study on the major shell proteins of the microcompartment,
PduA and Pdu] to understand their role in passage of metabolites in and out of the
microcompartment.

In Paper II, the key enzymes of the pathway, glycerol dehydratase (PduCDE), 1,3-
PDO oxidoreductase (PduQ) and propionaldehyde dehydrogenase (PduP) were char-
acterized with respect to their substrate selectivity, and the dehydratase enzyme was
mutated to broaden the substrate scope of the enzyme.

Paper III investigates the roles of PduQ and other two iron-dependent alcohol de-
hydrogenases (ADHs) located in cytoplasm in 3-HPA reduction to 1,3-PDO and in
establishing cofactor homeostasis.

Paper IV deals with further characterization of PduQ with respect to its activity with
its substrates, glycerol and 1,2-propanediol, and structural considerations especially
with respect to metal binding.

The following sections in the thesis provide background information concerning bio-
economy, potential of industrial biotechnology and microbial cell factories, lactic acid
bacteria, particularly Lactobacillus reuteri, summary of the investigations performed
and the results achieved in the different papers, and finally conclusions and future
perspectives based on the results presented.



2 Bioeconomy—Green but not Panacea

The consequences of climate change and the finite nature of fossil resources constitute
two broadly acknowledged challenges for society in the decades to come. Deploying
green raw materials (biomass and wastes) as feedstocks for chemical products and
energy opens a whole new world of possibilities for the use of biomass and the gradual
replacement of fossil resources (coal, oil, natural gas). Bioproducts, which are derived
fully or at least in part from renewable resources, have the unique advantage over
conventional product of being carbon-neutral and in reducing the dependence on
non-renewable feedstock such as crude oil and in reducing greenhouse gas (GHG)
emissions [98].

SUSTAINABILITY

CLIMATE CHANGE

ENERGY SECURITY
SELF-SUFFICIENCY
ECONOMIC OPPORTUNITIES

Figure 2 — Bio economy and fossil economy—Co-construction of the future.

Bioeconomy is an economy in which food, feed, chemicals, materials, transport fuels,
electricity, heat, etc. are produced economically and sustainably from green resources:
resources that are renewable [151][215]. The analysis of the Eurostat data from 2013
showed that the total turnover of bioeconomy (including food, beverages, the primary
sectors agriculture and forestry) in the EU-28 was valued at 2.1 trillion euros. Roughly
half of this is accounted for by the food and beverages sector, almost a quarter of the
turnover is created by the primary sectors (agriculture and forestry), while the other



quarter is created by the so-called bio-based industries (such as chemicals and plastics,
pharmaceuticals, paper and paper products, forest-based industries, textile sector, bio-
fuels and bioenergy). In addition, a significant proportion of 10% (22 million jobs) of
the total employment in the Union came from bio-based industries [186][14].

The development of the bio-based economy needs optimised cooperation between
the production of food, feed, bio-based chemicals, materials, biofuels and energy.
Originally, we believed that production of bulk chemicals or fuels using bio-based
approaches will provide low cost and probably environmentally friendly products to
partially replace petro-chemicals products. Yet, the move towards the bio-based eco-
nomy is not as fast and smooth as we thought, which is subject to critical discussions
around stability of petroleum price, remote reality of depletion of petroleum, unbal-
anced regional economic situation, feedstock availability, and need for efficient, green
conversion technologies [51][38][183][182][31].

Indeed, the last decade has witnessed a tremendous increase in exciting new products
with increased bio-based content, but these products have tended to come with high
costs, maintenance or durability issues, or inconsistent availability. It seems like non-
fossil based materials should be inherently green and preferable, but that doesn’t mean
they always are. For example, when wind (or solar) power replace fossil energy, they
cut CO2 emissions, reducing GHG-driven global climate change, while at the same
time causing climatic impacts elsewhere. For example, generating today’s US elec-
tricity demand (0.5 TWe') with wind power would warm Continental US surface
temperatures by 0.24°C as reported by Miller and his colleagues [154].

The controversies concerning the various steps in the biomass production and pro-
cessing chain demonstrate that the development of a bio-economy involves a complex
process of change fraught with uncertainties [s]. There are many different opinions
as to how we should be dealing with this process of change. Should we simply tackle
the challenge and learn by doing, or should we ensure that we have the right, i.e.
sustainable methods before we increase the demand for biomass?

Despite considerable successes and potential risks, a lot of research and development
still needs to be done. Facing challenges including the emergences of alternative en-
ergy sources (e.g. shale gas, gas hydrate and sand oil), many opportunities are still
there and the answers to make industrial biotechnology processes more competitive
are being proposed by scientists.

"Terawatt eletricity. The terawatt is equal to one trillion watts



2.1 Puzzle pieces of Biorefinery System

The replacement of fossil-based carbon with renewable carbon from biomass leads
to the development of biorefinery facilities, where transportation biofuels, bioenergy,
biochemicals, biomaterials, food and feed are efficiently coproduced. Currently, a
broad spectrum of different biorefinery systems are under study, some of which are
already competitive in the market while others are still under development [86][116].

There are a very large number of possible combinations of feedstock, pre-treatment
options, conversion technologies and downstream processes that can be followed as
potential pathways to make biofuels and biochemicals.
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Figure 3 — Biorefinery system.

The International Energy Agency (IEA) Bioenergy Task 42 classified each individual

biorefinery system with the following four main features as listed in order of import-
ance [37](Fig. 3):

o Platforms. Platforms are intermediates which link feedstocks and final products.
They can be reached via various conversion processes applied to different raw
materials. Conversion of these platforms to marketable products can be carried



out using different processes as well.

® Products. Biorefineries produce both energy and material products, which are clas-
sified as energy-driven biorefinery systems and material-driven biorefinery sys-

tems, respectively.
o Feedstock. Feedstock is the renewable raw material, also called biomass that is con-

verted to marketable products in a biorefinery. The biomass feedstock can be
generally subdivided into primary (from forest or agricultural land), secondary

(process residues) and tertiary (wastes).
® Processes. In order to produce biofuels, biochemicals or biomaterials, the feed-

stock is transformed into final products using different conversion processes,
e.g. physical, biochemical, chemical and thermochemical processes.
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Figure 4 — Two-order platform biorefinery for glycerol.



Based on the classification of biorefinery systems described above, the biorefinery net-
work of Fig. 4, illustrated as an example, shows a two-order biorefinery system for
glycerol production, which is further converted to building block chemicals (e.g. 3-
HPA, 3-HD, 1,3-PD). This network description does provide a valuable overview of the
systems, identifying possible alternative pathways for exploiting all different biomass
components and leading to the possibility to replace fossil-based products in the most
efficient way.



3 Industrial Biotechnology for the Production of Platform
Chemicals

Industrial biotechnology is one of the most promising new approaches to pollution
prevention, resource conservation, and cost reduction, which is often referred to as
the third wave in biotechnology, and is distinct from the first two waves (medical or
red biotechnology and agricultural or green biotechnology). Industrial biotechnology
makes use of enzymes and microorganisms or plant/animal cells to make products in a
wide range of industrial sectors including chemicals, pharmaceuticals, food and feed,
detergents, pulp and paper, textiles, energy, materials and polymers [207]. Compared
to chemical technology, bioprocesses using living cells or enzymes, offer several ad-
vantages over conventional chemical methods of production: (7) they usually require
moderate temperature, pressure and pH, (7i) they can use renewable resources as well
as synthetic compounds as raw materials, and (777) relatively large quantities can be
produced with less energy consumption (Table 1).

Table 1 — Industrial biotechnology vs. Chemical technology.

Points Industrial biotechnology =~ Chemical technology
Substrates Bio-based Petroleum derivates
Conversion efficiency Relatively low Relatively High
Process selectivity Often high Often low
Product concentration Low High
Reaction system Mostly water Mostly organic solvent
Reaction temperature 30-40°C >100°C generally
Reaction rate Relatively slow Relatively fast
Reaction pressure Normal High
Recovery cost High Medium
Sterilization Necessary No need
Waste Not toxic Generally toxic

Already, there are some major industrial fermentation products of biotechnology like
citricacid (1,200,000 mt/y?), ethanol (31,600,000 mt/y), glutamate (1,000,000 mt/y),
lactic acid (259,000 mt/y), lysine (1,200,000 mtly), penicillin (215,000 mt/y), xanthan
gum (110,000 mt/y), etc. [207] produced by microbial fermentations. However, there
are many challenges to enable greater use of biological processes in various areas,
including the production of platform chemicals, polymers and biofuels (table 2).
Among the popular strategies being pursued to overcome some of the challenges in
industrial biotechnology is the engineering of microorganisms to develop robust and
selective microbial cell factories that can be used in a biorefinery systems for the trans-
formation of biomass components or derivatives [57][41].

Zmetric tons per year



Table 2 — Challenges for industrial biotechnology.

Problems Possible solutions

Low density of growing cells Developing high cell density system
Product inhibition Continuous process, iz situ product recovery
Low efficiency in mixed substrates utilization Assembling multiple pathways
Formation of by-products Engineering microbial cells

Limited biocatalyst stability Protein engineering, process design
Large amount of water consumption Utilization of recycle water

High energy demand Integrating with suitable process to

capture wasted energy,
developing anaerobic bioprocess
Discontinuous processing Develop continuous processes
Unknown environmental impact of the developed process Life-cycle assessment (LCA)

Economical production of platform chemicals from the (pretreated) biomass is key
to the success of chemicals production in bioeconomy. A number of chemical struc-
tures including several organic acids and alcohols/polyols have been recommended as
platform candidates by the United States Department of Energy (US DOE) based on
their potential for further valorization to a spectrum of products [239][106].

In recent years, several publicly funded research centers associated with industrial bi-
otechnology, e.g. B-Basic (The Netherlands), ACIB (Austria), JBEI (U.S.), DTU
Biosustain (Denmark), MBEL (South Korea), etc., have integrated academic research
with industrial need for bio-based products. With all the efforts, white and green bio-
technology will grow more closely entwined as the bioeconomy continues to develop.

3.1 Microbial Cell Factories—a Biochemical Process Way

In the traditional chemical processes as mentioned above, the processed starting ma-
terial is converted into the product of interest in the presence of a catalyst through
a series of unit operations. Advancement and prospect of catalysis technologies, to-
gether with the process optimization plays crucial role in maximizing conversion ef-
ficiency and overall profitability. Microbial cell factories (MCFs) have emerged as
a revolutionary platform, which is of considerable interest to convert low value re-
newable substrates to high value chemicals and biofuels through combining tradi-
tional unit operations and complex multi-step catalysis into a single self-replicating
microbe [75]. Substrates can be selectively taken up by cells and converted into de-
sired products via metabolic networks (native or artificial) inside the living organisms

[57].

Design of a MCF is a multifaceted optimization problem that consists of various chal-
lenges in defining the approach (native, heterologous, or artificial) [65], selecting the



MCEF chassis (Escherichia coli, Saccharomyces cerevisiae, or others) [135], designing bio-
synthetic pathway (tools) [6], enzyme engineering (catalytic rate, stability, specificity,
or cofactor requirement) [222] and metabolic engineering (experimental or compu-

tational tools) [205]. It is always clear that designing and optimizing of microbial

cell factories originates with critical selection of product of interest, which will be a
fundamental factor determining profitability, and (7) the substrates selected, (i) the

nature of product (e.g. secretion machinery, toxicity to the microbial host) and pro-

cess (downstream), (7) pathway activity and cell growth considerations, are critical

in chassis selection for MCFs.

Table 3 — Cell factory engineering.

Strategies& Challenges References
Native metabolites production—strategies

Pathway overexpression [249]
Transporter engineering [68]
De-branching [179]
Product degradation [136]
Co-factor engineering [138][4][250]
Removal of feedback inhibition [189][134]
By-product elimination [235]
Precursor/substrate enrichment [167][256]
De-regulation of carbon catabolism [173][187]
Signal transduction engineering [119]
Heterologous expression of biosynthetic pathways—challenges
Compartmentalization or steric proximity [206][67](237](33]
Co-factor availability [32][22]
Substrate and co-substrate availability [o][12][122]
Product efflux pumps (184](2471(34]
Biosynthesis of functional groups [30][78]
Transcription engineering [185]
Protein expression—strategies

Promoter engineering [76][149]
Gene fusion for enhanced secretion [47]
Stability of heterologous gene transcripts [96][28]
Improved translocation to the endoplasmic reticulum [28][28]
Protein secretion stress engineering [233][85][203]
Post-translation modification machinery engineering [48]
Improved vesicle trafficking [110]
Protein glycosylation engineering [233][143]
Protease deletions [238]
By-product removal [142]

Metabolic engineering seeks to reprogram the metabolic wiring in a cell in order to
expand, improve or modify its natural properties for useful purposes, for example,
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maximizing the production of a target compound or degrading a pollutant in an ef-
ficient way. Enzyme- and metabolic engineering can improve the flux and stability,
and develop a productive MCF [49](Table 3).

Recent progress in engineering microorganisms as a platform for the production of
substances of interest for food, pharma and biotech industries from renewable re-
sources enables varied choice of MCF chassis via redesigning microbial cellular net-
works and fine-tuning physiological capabilities. While the platform strains of the
bacterium E. coli [135][49] and the yeast S. cerevisiae [73][168][169] still dominate as
popular hosts mainly according to (%) availability of various toolkits, (7Z) controllable
physiological traits, (i) fast growth, etc. This is expected to change, in the near-term.

The biological diversity in nature offers an intricacy of biosynthetic pathways which
will allow the MCF chassis to take advantage for efficient production of chemicals
and materials via innovative bio-approaches [139][42]. Mammalian and insect cells
are intensively reported for production of high quality proteins [74][188], and other
unconventional systems including algae [91][103], fungi [152][19], Pseudomonas sp.
(16][241], Corynebacterium sp. [101][13], Bacilli sp. [240][93], etc. are under continu-
ous exploration for proteins and chemicals production.

3.2 Lego Bricks—Shaping the Perception of Synthetic Biology

During the last decade, a steady increase of synthetic biology-inspired approaches
for metabolic engineering has enabled researchers in the field to adopt a truly rational
methodology to reprogram the cell behavior. Synthetic biology (SynBio) aims at mak-
ing biology an engineering discipline by turning molecular and cellular behaviour into
a more controllable, standardized and predictable set of features. Based upon the sci-
entific rationale of designing and constructing new biological parts, devices and sys-
tems, synthetic biology links the knowledge from the “omics” tools, transcriptomics,
proteomics, systems biology to metabolic engineering. Indeed, SynBio has brought
together biologists and engineers to work on a common goal of engineering organ-
isms to behave according to design specifications. Synthetic biologists follow a rather
simple approach in which different living systems can be created by engineering and
assembling essential, foundation bricks of life-DNA.

Handling the DNA in terms of Lego bricks conveys ideas of playfulness and toys
because the word LEGO is mainly associated with such expressions, but is doing
synthetic biology something quite different than playing around with toys?

Consider the ubiquitous Lego toy system [11], the signature feature of which is the pat-
ented snap connection for easy but stable assembly of components. The snap is the
basic Lego protocol, and Lego bricks are its basic modules [45]. Similarly, The Cent-
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ral Dogma is the basic bio-protocol. Similarly, the present developments in synthetic
biology allow gene fragments, cassettes or operons to be synthesized by even complete
genomes [87][88]. More exciting is to generate bio-bricks as basic bio-modules (e.g.
plasmids, transposons, genomic islands, gene cassettes or other discrete genomic se-
quences) with various gene functions that can be incorporated into different host cells
and, in varying combinations, tested in high throughput systems for functionality.

While there are many bottlenecks, varying from identifying multiple bio-bricks func-
tions to exploring new basic bio-modules, synthetic biology is the ultimate engineer-
ing approach that builds upon the biological understanding of systems biology that
offers a set of methodological and strategic tools for applying systems approaches for
understanding complex interactions among the metabolic network at the cell level,
which are collectively represented as overall system performance [139]. Industrial
strain development requires system-wide engineering and optimization of cellular
metabolism while considering industrially relevant fermentation and recovery pro-
cesses [138] (Fig. s).
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Figure 5 — General scheme of systematic approaches.
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4 Lactic Acid Bacteria (LAB) as Cell Factories

Lactic acid bacteria are among the most important group of microorganisms used
industrially as starter cultures and also as probiotics with a market in the range of
muldibillion dollars [54]. Among the features that favor widespread industrial applic-
ations of LAB are the GRAS (Generally Regarded As Safe) status of most members
of this group of bacteria and their tolerance to various stress environments [150]. Be-
cause of these features, LAB are being developed for in vivo delivery of therapeutic
proteins and DNA vaccines. Presently, they are under development as emerging plat-
forms for production of both food and nonfood products from renewable feedstocks
in a biobased economy.
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Figure 6 — Lactic acid bacteria: from starter cultures to producers of chemicals (drawn
by Tarek Dishisha, Hatti-Kaul ez a/. 2018).

Lactic acid bacteria are a diverse group of gram-positive, low GC content, facultative
anaerobic rods or cocci bacteria. Most of the known microaerophilic LAB belong to
the phylum Firmicutes under several genera including Enterococcus, Lactobacillus, Pe-
diococcus, Leuconostoc, Oenococcus, Lactococcus, Streptococcus, Weissella, etc. The anaer-
obic LAB belong to Bifidobacterium genus under the phylum Actinobacteria. Most
commercially available starter cultures are represented by Lacrobacillus, Lactococcus,
Streptococcus species, while Lactobacillus and Bifidobacterium genera are the most com-
monly reported probiotics [43].

Until now, more than 75 complete LAB genomes have been sequenced. The genomes
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of lactic acid bacteria are generally relatively small (1.23 Mb in L. sanfranciscensis to 4.91
Mb in L. parakefiri)[63][216][123]. Reductive evolution of the genomes involving loss
of several metabolic genes and related functions, and also fewer higher-level genetic
control systems as compared to many other microbes has been commonly observed
in LAB. This is said to be due to their adaptation to nutrient rich niches [204]. Since
lactic acid bacteria have a relatively simple metabolism, they require growth media
with a high content of nutrients resulting in added costs for their cultivation in large
scale.

Based on their metabolic capabilities, LAB are basically classified into three groups: ()
obligate homolactic fermenters (lactic acid as the single fermentation product), (77)
obligate heterolactic fermenters (produce lactic acid, ethanol/acetate and COz2), and
(ii) facultative heterolactic organisms [80][109].

4.1 Central Carbon Metabolism

LAB metabolize sugars by fermentation and generate ATP by substrate level phos-
phorylation. The homofermentative LAB (Streptococcus, Lactococcus, Enterococcus, Pe-
diococcus, and some Lactobacillus species) produce lactic acid as the main product,
formed via the Embden-Meyerhof (EM) pathway that yields 2 moles of pyruvate per
mol glucose. The pyruvate acts as an electron acceptor and is reduced to 2 mol lactic
acid in a reaction catalyzed by lactate dehydrogenase (LDH). Phosphofructokinase
enzyme was identified to have an important role in the EM pathway flux, decreased
or increased activity of the enzyme results in proportionally lowered or improved flux
and lactate formation. Under conditions of carbon limitation, low growth rate and
change in oxygen concentration, the homofermentative bacteria have been found to
shift to mixed acid fermentation. In the presence of oxygen, NADH oxidase (Nox)
activity of the cells is increased that leads to competition for the available NADH
and hence shift in metabolism to yield a mixture of products. The heteroferment-
ative strains (Leuconostoc, Weissella genera and certain Lactobacillus species) produce
also ethanol/acetate and COz2 (1 mol/mol sugar) besides lactate (1 mol) via the phos-
phoketolase (PK) pathway (Fig. 7).
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Figure 7 — Overview of the central carbon metabolic pathways of glucose, maltose,
sucrose and glycerol in lactic acid bacteria. (A) Phosphoketolase (PK) pathway in
heterofermentative bacteria (red); (B) Embden-Meyerhof (glycolytic) pathway in ho-
mofermentative (blue) and heterofermentative bacteria (purple). Enzyme abbrevi-
ations (Blue capitals): HK: hexokinase, MP: maltose phosphorylase, PGM: phospho-
glucomutase, PGI: phosphoglucose isomerase, PFK: phosphofructokinase, GK: gly-
cerol kinase, GPDH: glycerol-3-phosphate dehydrogenase, ALDO: fructose bisphos-
phate aldolase, TPI: triose-phosphate isomerase, LDH: lactate dehydrogenase, PDC:
pyruvate dehydrogenase complex, PTA: phosphotransacetylase, ACK: acetate kinase,
ADHE: bifunctional aldehyde and alcohol dehydrogenase, GGPDH: glucose-6-P de-
hydrogenase, PGL: phosphoglucolactonase, 6PGDH: 6-P-gluconate dehydrogenase,
RPE: ribulose epimerase, PK: phosphoketolase. Intermediates abbreviations: G-6-P:
glucose-6-phosphate, G-1-P: glucose-1-phosphate, F-6-P: fructose-6-phosphate, FBP:
fructose-1,6-biphosphate, GAP: glyceraldehyde-3-phosphate, DHAP: dihydroxyacetone
phosphate, G3P: glycerol-3-phosphate, 6-PG: 6-phophogluconate, R-5-P: ribulose-s-
phosphate, and X-5-P: xylulose-s-phophate (drawn by Tarek Dishisha, Hatti-Kaul ez al.
2018).

The homofermentative bacteria, mainly some Lactobacillus species, are used for indus-
trial production of optically pure lactic acid that has found extensive application in
the production of polylactic acid (PLA), a biodegradable and thermoplastic polyester
[150]. The optical purity of the lactic acid produced depends on the type of lactate
dehydrogenase (LDH) present, L- or D-LDH or both and also the presence of lactate
racemases that interconvert the two isomers [146].

LAB are able to utilize several compounds as electron acceptors besides pyruvate and
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oxygen, e.g. fructose, citrate, glycerol, 1,2-propanediol and 1,2-ethanediol. Fructose
is reduced to mannitol by mannitol dehydrogenase [242], while citrate is split into
acetate and oxaloacetate, which is converted to pyruvate and then lactate [111]. The
latter three polyhydric alcohols are dehydrated to their corresponding aldehydes and
further reduced to alcohols with regeneration of NAD*.

4.2 Lactobacillus reuteri

Within the lactic acid bacteria, Lactobacillus species, which have been isolated from
varied environments (e.g. from human gastrointestinal tract (GIT) to soil) is a highly
diversified genus with over 160 different species displaying a large panel of catabolic
activities [113][s0]. Lactobacillus species can be divided into three groups including: (7)
Obligately homofermentative (L. acidophilus, L. delbrueckii, L. helveticus, L. salivarius;
(ii) Facultatively heterofermentative (L. casei, L. curvatus, L. plantarum, L. sakei); (iii)
Obligately heterofermentative (L. brevis,L. buchneri, L. fermentum, L. reuteri).

Table 4 — Probiotic traits of L. reuteri

Probiotic properties Ref.

In terms of metabolites production:

Reuterin [92]
Histamine [58]
Vitamins [220]
Exopolysaccharide [196]

In terms of roles on modulation:

Host microbiota modulation

Gut microbiota [100]
Oral microbiota [232]
Vaginal microbiota [147]
Immunomodulation [236]
Neuromodulation [255]
Leaky gut [160]
In terms of roles on attenuating human diseases:
Early-life disorders [153]
Systemic lupus Erythematosus [53]
Obesity [17]
Neurodevelopmental disorder [27]
Stressor exposure and enteric infection [81]

Lactobacillus reuteri is a non-pathogenic, obligate heterofermentative bacterium that
inhabits the gastrointestinal tract of humans and other animals [10]. Due to its proper-
ties, such as production of an antimicrobial agent called reuterin (a mixture of mono-
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meric and dimeric forms of 3-hydroxypropionaldehyde) via glycerol fermentation,
L. reuteri can inhibit the growth of pathogenic bacteria such as E. coli and Salmon-
ella, which is utilized in its function as a probiotic [62][210][161]. L. reuteri based
probiotic products for infants, children and adults are developed and marketed by a
Swedish company BioGaia (www.biogaia.com). In addition to the GIT, L. reuteri
has also been isolated from both the vagina and breast milk, and strains sequestered
from these environments have been widely associated with probiotic health benefits,
including the synthesis of vitamins such as B2 and folate (B9), as well as prevention
and treatment of infectious diarrhea [225]. Several probiotic properties of L. reuteri
that contribute to its diverse beneficial effects on host health and disease prevention
from reported literature are listed in Table 4. However, many of the probiotic func-
tions of L. reuteri are strain-dependent [161].

4.3 Glycerol as a Feedstock for Chemicals

Glycerol is a chemical which has multitude uses in pharmaceuticals, cosmetics, and
food industries [2]. It can be produced as a by-product from saponification and hydro-
lysis reactions in oleochemical plants as well as transesterification reaction in biodiesel
production [219]. Purification of glycerol as well as the conversion of glycerol into
valuable products using both chemical and biotechnology processes have attained
growing interest in recent years due to a glut in the glycerol market [131]. Global gly-
cerol market is expected to reach 6261.75 thousand metric tons by 2024 from 3551.00
thousand metric tons in 2016, at compound annual growth rate (CAGR) of 7.5%
[131][157]. The major factors driving the growth of this market are bio-renewable
chemicals, growth in biodiesel production and wide range of applications in various
industrial sectors [230][144]. Indeed, glycerol is also used as the raw material in the
bio-production of valuable chemicals including 1,3-propanediol, z#-butanediol, 2,3-
butanediol, citric acid, polyunsaturated fatty acids, lipids, PHA, and others [2].
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Figure 8 — Glycerol as a raw material for several valuable chemicals of industrial import-
ance.

1,3-Propanediol (1,3-PDO) has attracted interest due to its applications in manufac-
ture of polytrimethylene terephthalate (PTT) used in making fibers (Sorona®), which
is expected to partially replace polyethylene terephthalate (PET) and polyamide (PA)
[202]. 1,3-PDO has been synthesized from fossil based acrolein by Degussa and from
ethylene oxide by Shell and is currently produced from glucose by DuPont using a
patented metabolically engineered microorganism [257][125][70]. There has been a
long-standing interest in the possible microbial production of 1,3-PDO from glycerol
by anaerobic bacteria Citrobacter, Klebsiella and Clostridia species, but for a good eco-
nomy it is preferable that all glycerol should flow into the 1,3-PDO forming pathway
instead of entering the central metabolism of the bacteria [163][18][162][257][158].

3-Hydroxypropionic acid (3-HP) is a valuable platform chemical that can produced
from glucose or glycerol by several microorganism, e.g. L. reuteri, L. collinoides and Al-
caligenes faecalis [128]. The bifunctionality of 3-HP owing to the presence of a carboxyl
and hydroxyl group (at the 3 position), makes it a versatile agent for organic syn-
thesis. The compound can be used for the production of chemicals, such as acrylic
acid, 1,3-PDO, methyl acrylate, acrylamide, ethyl 3-HP, malonic acid, propiolactone
and acrylonitrile and can be used as a cross-linking agent for polymer coatings, metal
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lubricants and antistatic agents for textiles [90][197]. Despite the diverse applications,
the commercial production of 3-HP is limited due to the low yield and high produc-
tion cost [115] [55][217].

4.4 Propanediol Utilization(Pdu) Pathway

Glycerol is used as a carbon source for growth by some LAB, in which it enters the EM
pathway at dihydroxyacetone phosphate (Fig. 7). It also acts as an electron acceptor
in several heterofermentative LAB like L. reuteri, Lactobacillus brevis, Lactobacillus
buchneri, and Lactobacillus diolivorans when present together with glucose and enables
regeneration of NAD(P)H, being itself converted to 1,3-PDO as the end product and
also resulting in increased growth rate and biomass yield [140]. Among the LAB, L.
diolivorans and L. reuteri have been shown to be promising microbial hosts for the
production of 1,3-PDO [140][257][158].
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Figure 9 — Propanediol utilization (Pdu) pathway (glycerol and 1,2-propanediol as sub-
strates, respectively).

Like the other anaerobes, L. reuteri converts glycerol to 1,3-PDO in two steps in-
volving dehydration to 3-hydroxypropionaldehyde (3-HPA) followed by reduction to
1,3-PDO (Fig. 9). The enzymes catalyzing the glycerol (and 1,2-PDO) metabolism in
L. reuteri belong to the propanediol utilization (Pdu) pathway, which takes 3-HPA
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through reductive and oxidative routes, the flux through these routes being determ-
ined by the level of NAD*/NADH inside the microbial cell [61]. Higher levels of
NAD"* would lead to oxidation of 3HPA to 3-HP, while accumulation of NADH
would result in reduction of 3-HPA to 1,3-PDO catalysed by 1,3-propanediol oxidore-
ductase (PduQ) [213]. The oxidative route for 3-HPA metabolism involves 3 consec-
utive reactions catalyzed by coenzyme-A acylating propionaldehyde dehydrogenase
(PduP), phosphotransacylase (Pdul) and propionate kinase (PduW), respectively, to
give 3-HP [61][194] [195].

The enzymes of Pdu pathway are housed inside microcompartments that protect the
cells from the toxic effects of the aldehyde intermediate [213].

4.5 Microcompartment

In 1956, Drews and Niklowitz observed an intracellular structure within the cyanobac-
terium Phormidium uncinatum. The organelles appeared similar to viral capsids which
led to the speculation that they might be phages [40]. In 1969, Gantt and Conti found
similar intracellular polyhedral bodies in many other blue green alga. Using electron
microscopy, they described the polyhedral structures as highly ordered array of crys-
talline bodies. In 1973, these polyhedral inclusions were isolated and discovered to
contain an enzyme known as ribulose bisphosphatecarboxylase (RuBisCO) [254]. The
investigators proposed to name the bacterial organelle as carboxysome. It was later dis-
covered that these structures exist in many other prokaryotic organisms. As opposed
to membrane-bound eukaryotic organelles, the polyhedral bodies consist of protein-
aceous shell and the structure is generally known as “bacterial microcompartment”
(BMC) [77]. Further investigation of these polyhedral bodies revealed that there are
at least seven different types of bacterial microcompartments [252]. Several BMCs are
far more complex than the carboxysome. They consist of various functional metabolic
enzymes within the proteinaceous shell, and thus these microcompartments were pro-
posed to be called as “metabolosomes” —structural bodies that enclose metabolic activ-
ities. Four types of bacterial microcompartments have well-established functions and
will be discussed briefly here: carboxysome, ethanol utilisation (Etu), ethanolamine
utilisation (Eut), and 1,2-propanediol utilisation (Pdu) bacterial microcompartments
[118].
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4.6 Pdu Operon
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Figure 10 — Comparison of the genomic location that contains the pdu gene cluster.
Genes in the pdu gene cluster are depicted by arrows indicating the transcription direc-
tion with the same color codes as decribed in the legend.

Pdu enzymes are encoded by the pdu-operon, which also contain genes encoding the
shell proteins of the microcompartment housing the metabolic pathway [253]. In
Lactobacillus reuteri, the genes required for glycerol/1,2-PDO metabolism form a con-
tiguous cluster in the pdu locus at position ranging from 193 594 bp to 213 109 bp of
the chromosome. This locus includes all the structural proteins and lumen enzymes
that comprise the Pdu MCP as well as the regulatory genes that control production
(Fig. 10). The pdu operon includes at least 18 pdu genes, pduABCDEGH]JKLMNO-
SPQWU, that encode 7 of glycerol/1,2-PDO degradative enzymes (PduCDELPQW,
colored green), 4 of Br2 recycling proteins (PduGHOS, cyan), as well as 7-8 of Pdu
shell proteins (Pdu ABB’JKNUM) and other unknown proteins. The pocR (red) and
pduF (orange) encode a positive transcriptional regulatory protein and a glycerol dif-
fusion facilitator, respectively. The stimulatory effects of 1,2-PDO on the transcrip-
tion of the cobalamin (vitamin Br2) biosynthetic (cob) operon and the 1,2-PD udiliz-
ation (pdu) genes was demonstrated by Rondon and his colleagues [191].
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4.7 Challenges and Strategies in Exploiting LAB as MCF

The main traits of lactic acid bacteria that are important for being exploited as MCF in
industrial microbiology are depicted as (7) high sugar uptake rates(various hexoses and
pentoses), (ii) simple carbon metabolism and flexibility of electron acceptors, (7ii) low
biomass yield and (7v) resistance against several stresses (pH, alcohol concentration,
osmotic stress, etc.)[201]. These attributes make LAB attractive cell factories for the
industry.

However, many phenotypic differences exist between the lactic acid bacteria even at
species level, despite their relatedness [244]. This phenotypic variation has not really
been used for chemicals production due to potential challenges listed below.

® Growth requirements. Can we wean lactic acid bacteria? This is an interesting
question proposed by Michael Sauer and colleagues [201]. The strong adapta-
tion of LAB to nutrient-rich niches have led to a significant reduction of their
metabolic capabilities as a beneficial trait for downstream process in industry.
On the contrary, the requirement of complex media for these fastidious mi-
croorganisms is difficult in terms of higher cost. In order to be competitive
with other established microbial systems, the LAB hosts should be optimized
for prototrophic growth on simple media obviating the need for yeast extract or
other additions. That said, even though the carbohydrate metabolism of these
organisms is efficient with higher fluxes and fewer defined products, strategies
should be applied based either on (7) genome editing [124][66] or (ii) selection
of other carbon- and nitrogen sources as a substitute [156][1][52].

Efforts are ongoing to increase the substrate scope of LAB in order to directly
utilize the complex carbohydrates present in the biomass and thus lower the de-
pendence on pretreatment and enzymatic hydrolysis. These strategies include
the use of consortia of cellulolytic microorganism and LAB, or engineering cel-
lulolytic activities from aerobic and anaerobic microorganisms in LAB [221].
Increasing number of reports are emerging on developing strains expressing
more than one polysaccharide degrading enzymes, which allow the recombin-
ant strains to grow on the feedstocks being treated [82][165].

o Toolkit for genetic engineering. Strain development of LAB is continuously done
to develop starter cultures with improved properties. This is done using natural
strategies such as random mutagenesis, adaptive evolution, dominant selection,
and even natural transduction and conjugation systems [56]. Increased know-
ledge of the genetic elements including plasmids, conjugative transposons and
bacteriophages [54] has led to the development of various gene cloning, and ex-
pression systems (Table 5), which are being applied for metabolic engineering
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of the bacteria for improving the production titers, modifying substrate utiliza-
tion, making novel compounds, etc. in biotechnological applications [83][23].
While some of them, such as Lactobacillus plantarum, L. reuteri, Lactococcus
lactis or Lactobacillus casei, are easy to transform and many tools have been
described, others are still difficult to handle with transformation, and more
research effort is needed to improve efficiency. Optimization of the growth
medium (sugars and salts added), washing buffer and electroporation proto-
cols could enable efficiencies for gene editing purpose [24][190][107][7].

Table 5 — Genetic toolbox for gene modifications in LAB.

Tools Species Ref.
Expression system

Nisin system L. lactis, L. helveticus, L. plantarum [127][108][84][164][64]
Sakacin system L. sakei, L. casei, L. plantarum [8][148][166]
Promoters development L. lactis, L. plantarum [114][102][192]
Reporter development L. lactis, L. reuteri, L. plantarum l94][79][117]
Chromosomal modification

pORI system L. lactis [132][141]
pTRK system L. lactis, L. acidophilus, L. gasseri, L. casei [193][89][212]
Cre-loxP system L. plantarum, L. reuteri [29][130]
Single stranded recombineering L. lactis, L. reuteri, L. gasseri, L. plantarum [228][229]
CRISPR-Cas9 S. thermophilus, L. reuteri, L. gasseri [171][105]

The gene cloning systems (Table 5), especially the NICE (Nisin controlled
gene expression) system, have been applied for engineering LAB, especially L.
plantarum amd L. lactis, for re-routing carbon metabolism from lactate form-
ation to production of food ingredients and chemicals like L-alanine [108], di-
acetyl [111][112], acetaldehyde [21] and 2,3-butanediol [84], and biofuel products
including ethanol [211], z-propanol [234] and butanol [15]. Enhanced produc-
tion of polyhydric alcohols like mannitol [178], sorbitol [170] and 1,2-propanediol
[159] by engineering LAB has also been achieved.

o Bioprocess engineering. Reducing the processing costs and finding alternative solu-
tions for enhancing the titres, yields and productivities will ensure the long-
term growth of industrial biotechnology [59]. Approaches that can be taken
are: (1) high cell density fermentation, (77) whole-cell biocatalysis, (777) co-factor
recycling engineering, (iv) in situ product complexation and removal, () inter-
grated refineries, etc.

o Stress tolerance engineering. Environmental stresses (e.g. oxidative, acid, cold
and osmotic) are commonly encountered during the application of LAB [244].
These bacteria have developed various strategies for countering environmental
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stresses in both industrial milieu and gastrointestinal tract, e.g. by maintain-
ing cell membrane functionality, regulating cellular metabolism, exopolysac-
charide production and expression of stress response proteins [246][243][177].
Different non-specific approaches such as genome shuffling, adaptive evolu-
tion, and error-prone whole genome amplification have been used to obtain
strains that are able to grow at substantially lower pH than the wild type strains
[181][259][251]. Recently, system biology approaches (e.g. genomics, tran-
scriptomics, proteomics, and metabolomics analyses) have facilitated the un-
derstanding of molecular mechanisms underlying the stress resistance of LAB
and many efficient strategies have been proposed as: (7) addition of protectant
[120], (7) adaptive evolution [259], (7ii) pre-adaption [121], (7v) cross-protection
[72][226], (v) amino acid metabolism engineering [224], (vi) cell membrane en-
gineering [26], (vii) exogenous biosynthesis pathway engineering [95] and (v7ii)
stress response proteins expression [245].
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s Microcompartment Shell Proteins in L. reuteri(Paper I)

The Pdu microcompartment shell encapsulates the Pdu pathway enzymes and also
sequesters some metabolites and cofactors. However, other metabolites and cofactors
are allowed to cross the shell in order for the MCP to function. For example, the shell
must be permeable to propanediol, propanol, glycerol, 1,3-PDO, propionyl phosphate
and also Vitamin Br2 and perhaps ATP.

From earlier reports, it is known that significant amount of 3-HPA, the dehydration
product of glycerol, is transported out of the MCPs and even crosses the cell envelope
of L. reuteri (Paper 1, St Fig.). On the other hand, propionaldehyde formed from
1,2-PDO is sequestered to prevent cell damage [20]. Also, coenzyme A and NAD*
needed for further reaction with the aldehyde need to be recycled inside the micro-
compartment, which is achieved by a phosphotransacylase enzyme and an alcohol
dehydrogenase, respectively.

5.1 Glycerol Transport

Glycerol, like other small uncharged molecules, can enter the cytoplasm by passive dif-
fusion [218]. Nevertheless, it was shown that uptake of glycerol is induced by glycerol
or glycerol-3-phosphate (G3P), and repressed by growth in the presence of glucose
[198]. Because of the membrane permeability of glycerol through the cell membrane,
if actively accumulated in the cytoplasm it would then be free to move down the con-
centration gradient, out of the cell. Instead, cytoplasmic glycerol is phosphorylated
by glycerol kinase and thus trapped as G3P inside the cell [258][46].

In L. reuteri, it was reported that pduF, the gene encoding the glycerol facilitator,
is in the operon of pdu cluster. Based on homology modelling, the structure of Lt-
PduF shows a potential gating mechanism caused by the conformational change of
Leucine 61, a nonpolar side chain, allows transient penetration of water molecules,
which greatly increases the polarity of the redox site environment and provides a
source of protons as discussed also by Min and coworkers in Clostridium pasteuri-
anum [155] (Fig 11).
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Figure 11 — PduF A) 3D structure of PduE B) Proposed glycerol transport through PduE
C)Multiple sequences alignment of glycerol transport proteins from several organisms.

5.2 Shell Proteins

Studies with Salmonella enterica have shown that Pdu MCP assembly is a polyhed-
ron 150-200 nm in diameter with irregular hexagonal or pentagonal tiles, and is en-
closed by a shell composed of several thousand copies of shell proteins of several types
[209][39]. Nine different Pdu shell proteins paralogs, i.e. PduABB’JKMNTU are
present in the final assembly in distinct and reproducible ratios [40]. The pduB gives
rise to both a full-length and truncated polypeptide via alternate translation start sites,
termed PduB and PduB’, respectively [176][99][180]. The full length PduB is 25 amino
acid longer at the N-terminal end than PduB’. Crystal structures of some of the shell
proteins (e.g. PduA, PduU and PduN) have shown that they are assembled in a way
to form a central pore, which could be used for mediating the transport of substrates,
products and enzyme cofactors between the interior of the microcompartment and
cytoplasm of the cell [35][44][208]. For instance, PduA is abundant in the shell and is
assumed to be involved in the selective transport of 1,2-PDO. Occlusion of its pore by
mutations, PduAS*°5G PduAS+°r, PduAS4°C, and PduAS4°, resulted in growth de-
fects that are overcome by increased 1,2-PDO concentrations in the feed, while escape
of the intermediate propionaldehyde was enhanced in the PduA>°* [39].
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In L. reuteri, PduMCP has seven different shell proteins, PduA, PduB, PduB’, Pdu],
PduK, PduU, PduN, and possibly an eighth PduM [208], which seem to confine the
propionaldehyde intermediate formed. PduT, a proposed single-electron channel, was
shown to be missing in L. reuteri pdu operon. Approximately 85% of the total shell
protein in L. reuteri belongs to PduABB’], which is consistent with the shell protein
composition of Salmonella Pdu MCP determined by proteomics analysis [40][118].
Crystal structure of L. reuteri strain DSM20016 PduB revealed a trimeric structure
with pseudo-hexagonal symmetry formed by tandem structural repeats within the
subunit [176]. Three pores are present between the tandem repeats, each of which
bind three glycerol molecules, suggesting their involvement in channeling glycerol

into the MCP (Fig. 12).

PduB PduJ

(R36,R62,E70,D71,Q72) (Q11,Y13)

Figure 12 — Shell proteins with key amino acids at pore sites.

The focus of the Paper I was on PduA and PduJ, the two other major components
of the MCP shell in L. reuteri, with the aim to determine the involvement of their
pores in the transport of glycerol and its metabolic product across the shell. The
study comprised identification of the critical amino acid residue(s) around the pores
in the two proteins, selective engineering of the residues by single strand DNA re-
combineering, and its effect on glycerol consumption, 3-HPA formation as well as
cell growth. The pduA gene encodes a small 93-amino-acid protein, which shares 74%
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amino acid sequence identity with Pdu] (96 aa). According to homology model ana-
lysis, both are expected to form a hexameric tile complex containing a central pore
approximately 6A and 8A, respectively. Multiple sequence alignment of PduA/Pdu]
shell homologs highlighted the importance of the locus 40 of the sequence, showing
that Lactobacillus sp. PduA-H4o is widely conserved in the diverse genera of lactoba-
cilli, while the analogous residue in Pdu] is S39. Mutants of the major shell proteins
PduA (H40) and Pdu]J (S39) were generated to test their effects on cell growth and
glycerol transformation. The PduA™#" and PduA™#°® mutants showed slower con-
sumption rate to glycerol while PduA™4°* excreted increased amount of 3-HPA. Also,
Pdu)®*"! mutant consumed glycerol at faster rate compared to the wild-type (Fig. 13).
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Figure 13 — Profiles of glycerol consumption and 3-HPA production by wild-type and
mutant L. reuteri strains during biotransformation of glycerol. The reaction was initi-
ated with too mM glycerol. Error bars represent standard error from three independent
measurements.
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The results showed that a single amino acid substitution of a pore-lining residue, par-
ticularly PduA (H40) and Pdu] (S39) could cause changes on transport properties (i.e.
polarity and hydrophobicity) of Pdu microcompartment, leading to varied growth
and biotransformation phenotypes of L. reuteri with glycerol as feedstock, hinting
that PduA and Pdu] could facilitate the influx of glycerol and egress of intermediates
in a dissimilar way (Fig. 13).
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6 Transformation of Different 1,2-Diols(Paper II)

The Pdu pathway is known to utilize 1,2-PDO and glycerol as substrates. Co-feeding
of these polyols along with glucose during cultivation of L. reuteri helps to maintain
the recycling of NAD* for glucose metabolism by using the NADH for reduction of 3-
HPA/propionaldehyde intermediate in the Pdu pathway to 1,3-PDO/#-propanol. In
the absence of glucose, glycerol/1,2-PDO are metabolized by L. reuteri without being
used for growth, and the cofactor recycling is maintained by processing of the alde-
hyde intermediate by the oxidative and reductive branches of the Pdu pathway simul-
taneously, resulting in co-production of 3-HP/propionate and 1,3-PDO/#-propanol
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Figure 14 — General reaction scheme for glycerol/1,2-diols conversion to corresponding
alcohol and acid by lumen enzymes of Pdu-microcompartment.

Expanding the repertoire of diol substrates for transformation by the Pdu pathway
could result in a novel synthetic route for the production of interesting alcohols and
organic acids (Fig. 14). However, establishing routes for microbial production of
chemicals often requires overcoming pathway bottlenecks by tailoring enzymes to ac-
cept non-native substrates. Diols are important chemicals with applications as build-
ing blocks for polymers, in cosmetics and pharmaceuticals, and as fuels [231][223]. 1,2-
Diols, namely 1,2-propanediol, 1,2-butanediol, 1,2-pentanediol, 1,2-hexanediol can
be biotechnologically produced by microbial bioconversion of renewable feedstocks

[69][137][97].

In Paperll, key enzymes of the Pdu pathway (i.e. glycerol dehydratase, PduP and
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PduQ) of L. reuteri DSM20016 were characterized with respect to the scope of the
substrates accepted by them and the corresponding reaction kinetics. The genes en-
coding the lumen enzymes were cloned and expressed in E. coli BL21(DE3) separ-
ately and the enzymes were purified. Substrates of varying chain lengths were used
for reaction with each enzyme. GDH exhibited activity against C2-C4 polyols (1,2-
ethanediol, 1,2-propanediol, glycerol and 1,2-butanediol), with the highest activity
against glycerol and 1,2-PDO. PduQ and PduP, on the other hand, were able to trans-
form aldehydes of chain lengths up to Cro, however the best substrate for both was
3HPA (Fig. 15).
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Figure 15 — Kinetic analysis of lumen enzymes on different substrates. A) Relative activ-
ities of cell free extracts of recombinant E. coli expressing wild type glycerol dehydratase
toward glycerol/1,2-diols, using the activity towards glycerol as 100 %. B) K., values for

PduQ and PduP towards different aldehydes. V. values for C) PduQ and D) Pdul.

As the activity of glycerol dehydratase was found to be the limiting factor in bioconver-
sion of different diols by L. reuteri, broadening its substrate selectivity to longer chain
diols by rational engineering was considered. Docking the model of glycerol/1,2-
PDO to glycerol dehydratase homology model based on the crystal structure of diol
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dehydratase-cyanocobalamin complex from Klebsiella oxytoca was drawn (Fig. 16).
GDH is a heterotrimer (PduCDE) encoded by three genes pduCDE (together with
two genes pduGH encoding the two subunits of GDH activase). The model showed
the GDH to be assembled as a dimer of the heterotrimer. It was observed from the
model that on one hand, 3-OH group of glycerol forms a hydrogen bond with the
side chain of S302, while the side-chain amide nitrogen atom of Q337 formed hy-
drogen bonds with the main chain carbonyl oxygen atoms of D336 and F375, both
of which are key residues for interacting with the substrate molecule. Based on the
assumption that loss of these hydrogen bonds may alter the conformation and flexib-
ility of the enzyme, redesign of glycerol dehydratase was performed in which both of
the residues (S302 and Q337) were substituted by alanine. The $302A/Q337A double
mutations resulted in decrease in activity towards 1,2-ethanediol, glycerol and 1,2-
PDO, while activity towards 1,2-butanediol increased almost three fold. Moreover,
activities towards longer chain 1,2-diols, i.e. 1,2-pentanediol and 1,2-hexanediol, were
also detected with relative increase by around §8% and 36%, respectively.
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Figure 16 — Redesign of glycerol dehydratase from L. reuteri. A) Overall fold of the gly-
cerol dehydratase monomer and the proposed biological dimer; Stereodrawing of the B)
1,2-PDO or C) glycerol bound form of the glycerol dehydratase. Homology modeling
for the prediction of the tertiary structure of glycerol dehydratase (PduCDE) resulted in a
model based on the crystal structure of diol dehydratase-cyanocobalamin complex from
Klebsiella oxytoca (1DIO), with sequence similarities and coverages above 42% and 95%,
respectively. Quality model assessment of the homology model revealed a QMEANG6-
score of 0.83 and a Z-score of -0.53. Ramachandran plot revealed that none of residues
were present in the disallowed regions. Color codes for carbon atoms: yellow for ad-
enosylcobalamin (AdoCbl), white for glycerol/1,2-PDO, purple for calcium ion. The
model figure was generated using Pymol. D) Sequence alignment of large subunit of
glycerol dehydratase (PduC) from different bacteria. The numbering scheme follows
the amino acid sequences of PduC. Identical residues in all sequences are highlighted in
black and conserved in grey. E) Relative activities of WT/mutant glycerol dehydratases
towards different 1,2-diols/glycerol. The data is normalized by taking the activity of the
wild-type enzyme towards glycerol as 100%.

To study the effect of mutations on GDH activity in whole cells, engineered L. reuteri
with GDH variant were used for transformations, resulting in no detectable activity
towards 1,2-ethanediol, 1,2-butanediol, 1,2-pentanediol and 1,2-hexanediol. However,
recombinant E. coli cells bearing the glycerol dehydratase variant showed activity with
substrate chain length up to C6 and highest activity with C4. This may suggest that
the protein shell of the microcompartment in L. reuteri poses a barrier to the passage
of longer chain substrates (Fig. 14).
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7 Role of PduQ and Other Iron-dependent Alcohol Dehyd-

rogenases in Glycerol Metabolism in L. reuteri(Paper III)

Earlier reports have shown that L. reuteri is unique in excreting 3-HPA out of the cells
at rather high concentration and the organism exhibits relatively high tolerance to the
3-hydroxyaldehyde [60][199][200][145]. This is of course advantageous for its use as
probiotic so that it can survive while inactivating any pathogenic bacteria. 3-HPA is
reduced to 1,3-PDO inside the microcompartments by PduQ, a NAD(P)*—dependent
alcohol dehydrogenase. This suggests that L. reuteri is likely to have other routes of
3-HPA transformation outside the microcompartment.

Hence in Paper III, diversity of alcohol dehydrogenases in L. reuteri was investigated.
Nine ADH enzymes were found that were all metal-ion dependent, out of which 3
(PduQ, ADH6 and ADH?7) belong to the group of iron-dependent enzymes (group
I1I; Zinc-dependent and metal-free enzymes being groups I and 11, respectively) that
are known to transform aldehydes/ketones to alcohols. ADHG is a bifunctional alco-
hol/aldehyde dehydrogenase. The three enzymes showed conserved regions for bind-
ing of substrate, NADH and iron as in the iron-dependent ADHs. L. reuteri mutants
were constructed in which ADH6, ADH7 and PduQ were deleted individually. The
slow growth phenotype of these deletion mutants indicated that NAD* recycling be-
comes limiting for growth in the absence of the respective ADHs. The addition of
glycerol during cultivation of the wild type and mutant L. reuteri showed the highest
increase (66%) in the maximum growth rate in case of ADH6 deletion mutant, which
indicates that ADHG is not likely to be involved in 3-HPA reduction. All the cells
showed almost similar consumption behaviour for glucose and glycerol. The end
products, lactate, ethanol and 1,3-PDO were also measured. Interestingly, the PduQ
deletion mutant displayed similar production behaviours as the wild type. ADHG6 de-
letion mutant showed increase in lactate indicating the use of lactate dehydrogenase
for regeneration of NAD*, but ethanol production was significantly lowered that is
in line with the idea that the enzyme is bifunctional alcohol/aldehyde dehydrogenase
participating in cofactor regeneration during conversion of acetyl-CoA to ethanol.
ADH?7 deletion mutant showed increased ethanol production perhaps due to resort-
ing to ADHG6 activity to regenerate NAD", and much lower 1,3-PDO production
(5.3 mM compared to 13 mM by the other mutants), which meant that PduQ was not
very active under these conditions. These observations indicated that ADH?7 was most
likely involved in reduction of 3-HPA to 1,3-PDO outside the microcompartment.

Production of 3-HPA, 3-HP and 1,3-PDO was then studied in a two-step process
involving cultivation of L. reuteri under anaerobic conditions in the medium supple-
mented with 20 mM glycerol, followed by using the resting cells for transformation
of 300 mM glycerol. The PduQ deletion mutant produced the highest amount of
3-HPA (152.5 mM) but very low amounts of 1,3-PDO (7.7 mM) and 3-HP (16.2 mM)
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were produced compared to 18.9 mM and 23.7 mM, respectively, by the wild type
cells. This confirms that PduQ is active in generating NAD* during glycerol metabol-
ism within the microcompartment by resting cells, while ADH?7 functions to balance
NAD*/NADH by converting 3-HPA to 1,3-PDO outside the microcompartment by
the growing cells. ADHG6 does not seem to have a role in 3-HPA reduction. Fig. 17
shows the pathways for glucose and glycerol metabolism with proposed functions of

the iron-dependent ADHs.
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Figure 17 — Pathways of glucose and glycerol metabolism in L. reuteri DSM20016.
A) The proposed routes for glucose metabolism using Embden-Meyerhof (EMP)
and -phosphoketolase (PKP) pathways, and model of the Pdu microcompart-
ment and -pathway for glycerol transformation. GiP glucose-1-phosphate; 6PG,
6-phosphogluconate; XsP, xylulose-s-phosphate; Acetyl-P, acetyl phosphate; FBD,
fructose-1,6-bisphosphate; GAD, glyceraldehyde-3-phosphate; 3PG, 3-phosphoglycerate;
G6D, glucose-6-phosphate; 2PG, 2-phosphoglycerate; RsP, ribulose-s-phosphate; PED,
Phosphoenolpyruvate; G3P, glycerol-3-phosphate; 1,3BPG, 1,3-biphosphoglycerate;
F6P, fructose-6-phosphate; DHAP, dihydroxyacetone phosphate; Adh, alcohol de-
hydrogenase; Aldh, aldehyde dehydrogenase; Ldh, lactate dehydrogenase; Gld,
glycerol-2-dehydrogenase; G6pd, glucose-6-phosphate dehydrogenase; Gpd, glycerol-3-
phosphate dehydrogenase; Gapdh, glyceraldehyde phosphate dehydrogenase; Pgdh, 6-
phosphogluconate dehydrogenase; PDC, pyruvate dehydrogenase complex. Genes that
are differentially expressed in response to glycerol are indicated as red (up-regulated) and
blue (down-regulated). (Data derived from Santos FB et al. Vitamin B12 synthesis in
Lactobacillus reuteri. 2008).
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7.1 Redox Homeostasis

The biosynthetic pathways of most alcohols are linked to intracellular redox homeo-
stasis, which is crucial for life. This crucial balance is primarily controlled by the
generation of reducing equivalents, as well as the (reduction)-oxidation metabolic
cycle and the thiol redox homeostasis system. As a main oxidation pathway of redu-
cing equivalents, the biosynthesis of most alcohols includes redox reactions, which are

dependent on cofactors such as NADH or NADPH(Fig. 18).
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Figure 18 — NAD(P)" regeneration catalyzed mainly by three enzymes in L. reuteri (Al-
cohol dehydrogenase (ECr.1.1.1), Lactate dehydrogenase (ECr.1.1.27) and NADH de-
hydrogenase (EC1.6.99.3). ADHs catalyse the NAD(P)"-dependent interconversion of
aldehydes or ketones and enantiomeric alcoholic compounds. The complete structure of
NAD*/NADH is indicated by a green H-atom, while the additional phosphate group
of NADP*/NADPH is indicated in blue.

Metabolic flux analysis has shown that L. reuteri uses both Embden-Meyerhof path-
way (EMP) and phosphoketolase pathway (PKP) for glucose metabolism, and the
main flux is through the PKP while the EMP is used as a mere shunt [213][3]. The
growth rate and biomass yield obtained in the presence of non-limiting concentra-
tion of glucose are however quite low (maximum specific growth rate of 0.45/h). It
has been reported by Arskéld et al. [3] that the choice of carbon source can influence
the growth performance of L. reuteri. The organism does not grow on glycerol, but its
addition to the cultivation medium alleviates the growth limitation, which is ascribed
to alleviation of redox imbalance (Paper III). Furthermore, glycerol induces the ex-
pression of genes in the propanediol-utilization (Pdu) operon encoding enzymes and
structural proteins needed for metabolism of glycerol (or the other diols) and use as
electron acceptor [3].
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8 Kinetic Characterization and Molecular Modeling of PduQ
(Paper IV)

Alcohol dehydrogenases (ADHs) are highly diverse enzymes catalysing the intercon-
version of alcohols and aldehydes or ketones. Several categories of ADHs can be
distinguished based on their cofactor specificity, these being: (i) NAD or NADD, (ii)
the pyrroloquinoline quinone, haem or cofactor F420, and (iii) FAD. The NAD(P)-
dependent ADHs are further sub-divided into zinc-dependent (group I), short-chain
(group 1II), and iron-activated (group III) ADHs. Most of the known ADHs from
Lactobacillus sp. are NAD(P)-dependent, which indicates that they share a common
catalytic mechanism. Among the group III NAD(P)-dependent bacterial ADHs that
have been described and characterised so far are lactaldehyde dehydrogenases, butanol
dehydrogenases, 1,3-PDO dehydrogenases while there are several more remaining to
be characterized. In general, the group III enzymes have been found to preferentially
catalyse reduction of aldehydes.

Paper IV has a focus on the iron containing PduQ, a 1,3-propanediol oxidoreductase
of L. reuteri. The gene (1122 base pairs) encoding the enzyme, identified through
sequence analysis of L. reuteri DSM20016 genome, shared 100% nucleotide sequence
with the PduQ of L. reuteri JCM 1112. Homology modeling for the prediction of
tertiary structure resulted in a model based on the crystal structure of chain A of
the probable alcohol dehydrogenase of Geobacillus thermoglucosidasius [71]. PduQ is
composed of two structural domains. The N-terminal domain has a Rossmann-fold
architecture, which is a typical protein structure motif that binds nucleotide cofactor
such as FAD, NAD or NADP. The C-terminal domain is alpha-helical, with an up-
down bundle architecture known as a dehydroquinate synthase-like alpha-domain.
The active site is probably located between the Rossmann fold and the alpha-helical
domain. According to the model, the binding of NADH to Gly91, Serg2, Aspgs,
Gly260, Hisi80 of PduQ via hydrogen bonding is proposed.

The PduQ gene of L. reuteri with His6 coding gene was cloned and expressed in
Escherichia coli BL21(DE3) and the recombinant enzyme was purified to homogeneity
by metal ion affinity chromatography. Kinetic tests for aldehyde reduction and alcohol
oxidation using the pure enzyme confirmed significantly higher activity (Ke,o/Kp)
for aldehyde reduction than the oxidation of the corresponding alcohol due to lower
K as well as higher V.« with the aldehyde and NADH. The PduQ showed higher
catalytic efficiency towards propionaldehyde than 3-HPA in terms of K,/Ky, value
(3.02 vs 0.64 S-mM™). The enzyme exhibited optimal activity for propionaldehyde
reduction at pH 7.0 (15.0+ 0.6 U/mg), and for 3-HPA reduction at pH 8.0 (25.1¢
2.3 U/mg) at 30 °C. The recombinant L. reuteri PduQ-His6 used both NADH and
NADPH as cofactors, but the activity with the former was 10-fold higher. Maximum
specific activity of PduQ-His6 with NADH as cofactor (12.6+ 0.7 U/mg) was about
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three-fold higher than that obtained with NAD* (3.9+ 0.2 U/mg).

The enzyme was highly sensitive to the exposure to air, resulting in significant loss of
its iron content. The loss of iron as well as enzyme activity could be overcome by the
addition of ascorbic acid, an antioxidant. This would suggest that the loss of enzyme
activity occurs through metal catalyzed oxidation [214]. The proposed metal binding
amino acid residues (Asp176, Hisi80, His245, His 249, His259) on the PduQ were
confirmed by their mutations to alanine by site directed mutagenesis. All the mutants
except H249A were inactive; H249A exhibited 1.5-fold higher Ky, and approximately
2-fold lower K ,./Ky,.
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9 Concluding Remarks

Glycerol has emerged as a versatile feedstock for the production of a variety of chem-
icals, polymers and fuels [174]. With increasing awareness of GHG emissions and
consequent impact on climate change coupled to fossil based production, biorefiner-
ies based on renewable feedstocks including glycerol will increase in number.

Opver the past 10 years, various pathways for biological 1,3-PDO, 3-HPA and 3-HP
production have been examined [128]. Production of 1,3-PDO has indeed become a
commercial reality but the production is based on glucose as feedstock. Two routes
for 3-HP production, one from glucose via malonyl-CoA pathway and the other from
glycerol by CoA-independent pathway using engineered microorganisms, are most
promising [36][128]. Lactobacillus reuteri is an interesting, safe microbial host for the
production of 1,3-PDO, 3-HPA and 3-HP from glycerol through the Pdu pathway.
The main requirements for the pathway are the availability of Vitamin Br2, coenzyme
A and the cofactor NADH/NAD®. L. reuteri itself is en eflicient producer of Vitamin
B12, but if the Pdu pathway is to be engineered in another microorganism, B12 syn-
thesis route would also need to be engineered. The vitamin itself could be a valuable
co-product in a glycerol biorefinery. The need for CoA, which is a requirement in the
oxidative branch of the pathway, can be eliminated by substitution of Pdul, L and
W by an aldehyde dehydrogenase, an enzyme available also in L. reuteri and several
other microorganisms.

The study presented in this thesis confirmed the existence of the Pdu pathway in-
side microcompartments that are enveloped by a proteinaceous shell, which regulates
the passage of substrates, intermediates and products in and out of the microcom-
partment. Bacterial microcompartments are present in many ecologically diverse and
important bacteria and have a number of potential biotechnology applications [133].
Metabolic benefits gained from the microcompartment system in enhancing produc-
tion of valuable chemicals via enhancing pathway flux and establishing concentration
gradient, can be exploited as a way of improving biotransformation [104]. It was
shown in this thesis that the microcompartment shell limited the entry of longer
chain substrates through its pores, which coincided also with the susbstrate selectiv-
ity of glycerol dehydratase. The substrate scope of such a system could however be
increased by altering the pore structures in the major shell proteins through mutating
the amino acid residues lining the pores and also be rational mutagenesis of glycerol

dehydratase.

The thesis also shows that the PduQ enzyme inside the microcompartment is active
in resting cells and helps to establish redox homeostasis with coproduction of 3-HP
from glycerol. It was also shown that a cytoplasmic alcohol dehydrogenase ADH?7
participates in 1,3-PDO production in growing cells, which is logical for enabling
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cofactor recycling for the central glucose metabolism in the cytoplasm. While PduQ
was found to be a highly sensitive enzyme, ADH7 needs further characterization to
determine its potential in glycerol transformation to 1,3-PDO.
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