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Abstract

Alginate, an industrially widely used polysaccharide composed of -D-mannuronic acid (M) and a-
L-guluronic acid (G), is produced by brown algae and certain bacteria (e.g. pseudomonads and
Azotobacter vinelandii). The alginate monomers are grouped in blocks of M, G or MG. G-blocks
enable the polymer to form gels by crosslinking (using cations like Ca®"). Commercially, alginates
are utilized for their viscosifying and gel-forming properties. At present all commercially available
alginates are harvested from brown algae, but with an ever increasing range of possible applications

for the polymer alginate production from bacteria are now also being investigated.

Alginate in A. vinelandii is produced as an exopolysaccharide released into the growth medium in
vegetatively growing cells, but under certain adverse environmental conditions the organism is able
to undergo a differentiation process by which it develops into a desiccation resistant and
morphologically distinct form designated cyst, which is surrounded by a rigid coat in which alginate
is a major component. The alginate from both vegetatively growing cells and cysts contain G-
blocks and therefore probably has a potential for commercial production. For all alginate producers
the G residues are introduced at the polymer level by mannuronan C5-epimerases. A. vinelandii
encode one Ca’-independent periplasmic epimerase (AlgG) and seven secreted Ca’’-dependent
epimerases (AIgE1-7). All the AlgE epimerases have been expressed recombinantly in Escherichia
coli and their properties have been extensively studied in vitro. In contrast, much less is known
about their in vivo functions and this Ph.D project was undertaken to develop a better understanding
of their biological function and to generate a knowledge basis that later may be used to modify A.
vinelandii genetically so that it can become an in vivo producer of bacterial alginates with

predetermined properties.

To elucidate the in vivo roles of the AlgE epimerases in 4. vinelandii the genes encoding each of
them were individually disrupted. These interruptions had no clear effect on the structure of the
alginates produced, or on the morphology of cells grown in shake-flasks (RA1 medium), but when
the same cells were grown in fermentors (PM1 medium), the a/gE3 mutant (strain MS159) alginates
contained only 8% G, in contrast to the 25 % found in alginates from wild-type cells grown under
the same conditions. This result indicated that the phenotypes of the mutants may be significantly

dependent on the growth conditions (Paper 2).

Based on the results from the single algE disruptions it appeared likely that more clear effects on
the alginate structure and A. vinelandii biology would become more apparent if more than one
epimerase gene was inactivated in one single strain. All algE genes with the exception of algE5 are

clustered in the A. vinelandii chromosome, and this made it possible to delete the entire cluster,
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generating strain MS163. In this strain the algE5 gene was then interrupted, generating strain
MS163171. Fermentor-grown cells of strain MS163 were found to produce alginates containing
only 6% G, and the polymer products from strain MS163171 contained nearly undetectable levels
of G (below 2%). In addition strain MS163171 was incapable of forming cystlike structures in RA1
medium and was unable to withstand desiccation in standard cyst-testing experiments. This

observation is almost certainly linked to the inability of this strain to make G-blocks (Paper 2).

In conclusion, the experiments with the algE mutants for the first time directly showed that the
AlgE epimerases are responsible for nearly all alginate epimerization in A. vinelandii. In addition
this work shows that the AIgE epimerases are essential for the ability of the cells to differentiate
into desiccation resistant cysts (Paper 2). The conclusions reached in these experiments are in
complete agreement with the results obtained in a parallel study of a transport system needed for
export of the AlgE epimerases. The studies of this system constitute a minor part of this PhD work,
but it is important for the independent evidence further substantiating the conclusions on the role of

the AlgE epimerases (Paper 1).

A very important spin-off of these results is that strain MS163171 seems to represent a very good
starting point for production of tailor-made alginates, by constructing a new series of strains in

which separate selected algE genes are expressed at carefully controlled levels.

Even from the start of this Ph.D project it was realized that to utilize A. vinelandii for production of
alginates with predetermined structures, a new gene expression system was needed. No such
specialized tools existed then, and it was therefore decided to try to identify and develop a new
broad-host-range gene expression system that could be used in A. vinelandii. The new system was
found in Acinetobacter sp. and is the promoter of chnB together with its positive regulator ChnR.
The system was called Pb. Pb was tested for ability to induce luciferace in response to an externally
added inducer and was shown to be inducible in several species (Paper 3). The Pb-promoter was
planned to be used in combination with another system previously developed in our group, and
which is based on the Pm promoter and its cognate positive regulator XylIS. An example of such a
combined use is illustrated in paper 3, where the technically more convenient alginate-producer
Pseudomonas fluorescens is used as a test organism. This model experiment showed that the two
systems in combination could be used to control alginate monomer structure. The prospects for
future use of these systems to construct sophisticated production systems for alginate production in

A. vinelandii therefore now seem promising.
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1. Introduction

1.1 Alginate- structure, applications and sources

1.1.1 Structure properties

E. E. C. Stanford, a British chemist, described the polymer alginate in a patent dated in 1881
(254). It was first named algic acid and algin and just a few of its properties were known.
Over the next hundred years after its discovery more of the interesting properties of the
polymer were discovered. In the current literature alginate is said to be a family of linear
(1—4)-linked copolymers of B-D-mannuronic acid (M-unit) and a-L-guluronic acid (G-unit)
(Figure 1) (70, 111, 112). The monomers can be arranged in widely varying sequential
structures, depending on the tissue or organism from which it was isolated (Table 1 and 2).
As a result of this the polymer structure is often described as consisting of only M-residues
(M-blocks), stretches of alternating monomers (MG-blocks) or stretches of only G-residues
(G-blocks) (Figure 1) (108, 112). Alginates may contain a varying content of these
substructures even when isolated from the same source. The M-residues of alginates from
bacteria can be acetylated at the O-2-and/or O-3 positions (44, 239) and the degree of
acetylation is reported to be between 4% and 57% (238). As seen in Figure 1, the chair
conformation is different for each of the two monomers: 4C1 for M-residues and 1C4 for G-
residues. This property can be used to analyze alginate molecules and X-ray diffraction
analysis showed that G-blocks form buckled and rod-like structures, while M-blocks form
more flat ribbon-like structures (7, 8). The composition of alginates can be further determined
by partial acid hydrolysis and subsequent fractionation, enabling quantification of the three
different block structures (111, 112). Grasdalen et al. (95, 97, 98) developed the currently
most used method of assigning block compositions of alginates using "H-NMR spectroscopy.
This technique gives information about the monad (M and G alone), diad (MM, MG, GM and
GG) and G-centered triad (GGG, MGG, GGM, and MGM) frequencies. M-centered triads
can be identified using *C-NMR (96, 97). All these techniques give a view on the relative
amount of M and G in the alginate and to some degree also provide information about the
monomer sequence. To elucidate more of the sequence of the polymer work has been
initiated to use enzymatic polymer degradation by alginate lyases (lyases are described in

Chapter 1.3.3) (120).
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Figure 1: Alginate building blocks and polymer structure. a) Stereochemical drawings of alginate
monomers: B-D-mannuronic acid (M) and a-L-guluronic acid (G). b) Structure of GG-, GM-, MM-, and MG-
bonds in the alginate polymer chain. ¢) Alginates may contain M-blocks, G-blocks and MG-blocks of variable
lengths.

Structure and molecular weight are properties dictating the functional properties of the
alginate. Even at low concentrations high molecular weight alginates generate highly viscous
solutions. This viscosity is mainly a function of the molecular weight (245), but the
composition also contributes because of the intrinsic flexibility increase that is observed in
the order GG < MM < MG (247, 248). Another interesting property, which is determined by
the composition of the alginates, is their ability to make gels and bind cations. (244). The gels
can be formed under two different physiological conditions. One is in an acidic environment

where the M-residues are responsible for the gelation (246), and the other is a consequence of
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the selective binding of cations. The diaxially linked G-residues form cavities that are the
binding sites for divalent ions. These binding sites and binding sites from other parts of the
polymer form junctions in the gel network, which is described as “The egg-box model”,

shown in Figure 2 (94).

Figure 2: The “egg box model”: A model describing the interactions between G-block alginate and
divalent cations: a) The G-blocks of the alginate can form junctions by interactions between the positive
charged divalent ions and the negative charged and polarized regions of the alginates. b) Addition of divalent
cations (e.g. Ca®") (@) to alginate solution lead to cooperative intra- and inter-molecular associations of G-
blocks eventually leading to gel-formation.

This model makes it easy to understand the observation that the strength of this gel network
depends on the distribution and length of the G-blocks, and Stokke et al. (258) reported the
minimum continuous stretch of G-residues to form gel to be 8 (for more than 500 units
residues). M-block and MG-block alginate was previously believed to be unable to gel at low
concentrations due to an unsuitable chain geometry (94), but more recent studies show that
structures containing alternating structures contribute to the gel-forming ability even at low
concentrations (57). M-block alginates can form soft gels if the alginate concentration is high

enough (58).
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1.1.2 Alginate applications

Historically alginate has been used in many applications. In the 1881 patent of Stanford (254)
the polymer was suggested for use as thickening agent, both in food applications, as
dressings, and in the textile industry. These applications are still valid and the ability of
alginates to retain water and their gel-forming, viscosifying and stabilizing properties are
important for these applications (246). In medical applications alginate has been used since
the 1950s and in recent years new and promising medical applications have been found. The
ability of alginates to make stable hydrogels makes the material useful as 3D growth
scaffolds in cell culturing (214) (e.g. tissue engineering of bone marrow (279) and
regeneration of peripheral nerves (106)). The immune-stimulating effects by M-rich alginates
(192) are utilized in other applications, e.g. in wound dressings (277) or because of their anti-
tumor activity (75). G-rich alginate, on the other hand, does not stimulate the immune
response (240) and this can be exploited in applications of alginates for encapsulation of cells
for transplantation (191). Systems where this latter approach has been utilized include
diabetes mellitus (251, 252), liver failure (162, 234), hemophilia B (123), colon cancer (291),
brain cancer (205, 267, 278), and cells for testosterone supplement (160). Successful
implantating of alginate-covered cells in large animal models is still not developed to a
satisfactory level (107). This is mainly due to the instability of the capsule and consequent
bio-incompatibility (47). The use of alginates modified in their chemical composition has
shown promising results for the production of more stable capsules (213). These observations
have increased the demand for developing alginates with compositions previously unknown
in nature. For such purposes the enzymes described in Chapter 1.3.3 have an interesting

potential.

1.1.3 Sources of alginate

Industrially alginate is mainly produced by extraction from brown algae. In these organisms
the polymer comprise up to 40% of the dry matter and gives the plant its mechanical strength
and flexibility (246). The alginate harvested from algae varies in composition according to
species and from which part of the plants the polymer is extracted (Fg (fraction of G) varies
from 0.78 to 0.10) (Table 1). The reason for the variation is the biological role of the
polymer as structural components in the algae, e.g. alginate with high G-content is needed to

provide rigidity in the stipe and outer cortex whereas a high M-content is needed in the more

flexible blades (246).
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Table 1: Composition and sequence parameters of some algal alginates (241).
I

Source F¢' Foe Fuc.om'  Fuu'
Elachista fucicola 0.78 0.68 0.1 0.12
Dictyosiphon foeniculaceus 0.67 0.61 0.06 0.27
Laminaria hyperborea
Blade 0.55 0.38 0.17 0.28
Stipe 0.68 0.56 0.12 0.20
Outer cortex 0.75 0.66 0.09 0.16

Seytosipkon lomentaria **? 0.50 0.41 0.09 0.41
Macrocystis pyrifera 0.39 0.10 0.23 0.38
Durvillea antartica 0.29 0.15 0.14 0.57
Ascophyllum nodosum Fruiting body 0.10 0.04 0.06 0.84

ng, Fce, Fma, omand Fypy is fraction of G, GG, MG, GM and MM respectively.

Bacteria are also known to produce alginate, and the first evidence of this was reported in
1964 in a paper describing a mucoid variant of the opportunistic pathogen Pseudomonas
aeruginosa (154). These bacteria colonize the pulmonary tract of cystic fibrosis patients
(171). The alginate biofilm produced protects the bacterium from dehydration and also
protects it both from the hosts immune system and from antibiotic treatment. Other
Pseudomonas strains like P. fluorescens, P. putida, P. mendocina (92) and P. syringae (140)
also produce alginate. The alginates produced by pseudomonades are different from those
produced by brown algae, by lacking G-blocks (238) and having acetyl groups (209, 238).
Azotobacter vinelandii and Azotobacter chroococcum also produce alginate in their
vegetative growth stages, probably as protection against O,, or heavy metals or to facilitate
adhesion to surfaces (42, 89). These bacteria have a metabolic resting stage in their life cycle
which is triggered by adverse environmental conditions. They then differentiate into
metabolically dormant cells (cysts) which are surrounded by an alginate rich capsule (194,
221). This process will be described in more detail in chapter 1.2.2. Alginates produced by
A. vinelandii are compositionally more similar to those extracted from brown algae in that
they can contain both M-, G-, and MG-blocks, and the G-content can vary over a wide range

(from 5-80%) as shown in Table 2.
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Table 2: Composition of bacterial alginates (273).

Source Fg Fgo d.a’?

A. vinelandii 0.05-0.80 0-0.75 0.02-0.6
A. chroococcum™ 0.08-0.12 ND” 0.04-0.12
P. aeruginosa 0-0.5 0 0.2-1.2
P. syringae 0-0.5 0 0.2-1.2
P. mendocina 0-0.5 0 0.2-1.2
P. putida 0-0.5 0 0.2-1.2
P. fluorescens 0-0.5 0 0.2-1.2

* d.a = Degree of acetylation, maximum value for O-2 and O-3 acetylated alginates is 2.

"ND = Not determined

Azotobacter alginates also have acetyl groups at O-2 and/or O-3 on the mannuronic acid
residues. This acetylation is always present in bacterial alginates, but the degree of
acetylation varies over a wide range among different species, and also in different strains of
the same species (Table 2). The role of acetylation has been proposed to be to protect the
polymer against degradation and epimerization (238). Acetylation has been most thoroughly
investigated for P. aeruginosa due to its role in cystic fibrosis. Here it is believed to have a
role in biofilm formation by strengthening the exopolymer interactions and determining the
structure of the mature biofilm (268). The biosynthesis of alginates in bacteria will be

covered in more detail in Chapter 1.3.1.

1.2 Azotobacter vinelandii — Metabolism and life-cycle

1.2.1 Characteristics, nitrogen fixation and secondary metabolite production

Bergeys manual describes A. vinelandii as a gram negative, mobile, soil living, obligate
aerobic, chemoheterotrophic organism that is able to fix molecular nitrogen (265). To utilize
atmospheric nitrogen the organism has three nitrogenases (reviewed in (59)). Nitrogen
fixation is a quite energy consuming process and the nitrogenase complexes are easily
destroyed by oxygen (188). Being an obligate aerobe, 4. vinelandii should potentially have
problems fulfilling the requirement of an oxygen free environment for the nitrogen fixation
and several hypotheses have been proposed to explain how the cells still can manage this
problem. It is known that A. vinelandii has a very high respiration rate, leading to two

important effects. First, it generates large amounts of energy, which would supply the
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nitrogenase and second, it consumes oxygen. This oxygen consumption was believed to be
sufficient to keep the internal parts of the cell anoxic even at high ambient O, concentrations.
Furthermore, it has been believed that a sudden increase in ambient oxygen levels, that would
saturate the initial protection mechanism, would lead to the formation of an inactive but O,
tolerant form of the nitrogenase complex that could be re-activated when the internal oxygen
levels again normalize (43). More recently it has been argued that this protection can only be
valid at low ambient oxygen levels and that other mechanisms must be active at higher levels
(188). One possible protection measure is that the nitrogenase complex has the possibility to
reduce O, without being inactivated by creating H,O, which in turn is removed by superoxide
dismutase (SOD) or catalases (266). This hypothesis is strengthened by the finding of an
increase in SOD and catalase levels in cultures where oxygen levels are increased but this
increase may also be a direct response to the increase in oxygen concentration (56). Another
way of protecting the nitrogenase might be through the production of alginate. Polymer
production and the amount of G introduced in the alginate increases when the levels of
oxygen are increased. By this way the bacterium can make a capsule around the cells that
functions as a diffusion barrier (219). The alginate production and other uses of this polymer

in A. vinelandii will be covered in more detail in Chapter 1.3.

In addition to alginate 4. vinelandii also produces two other industrially important secondary
metabolites: 5-alkylresorciols (phenolic lipids) (210), which has a potential in biotechnology
(132, 144), and poly-B-hydroxybutyric acid (PHB), which can be used for preparation of
biodegradable plastics (270). PHB accumulates in many bacteria as energy and carbon source
(reviewed by Anderson and Dawes (4)) and in A. vinelandii internally stored PHB granules
function as a carbon and energy source during encystment of the cells (221, 256, 288), a
process that will be described in the next chapter. This poly-ester is synthesized in three steps
from acetyl-CoA, shown in Figure 3, where -Ketothiolase catalyzes the first reaction, giving
acetoacetyl-CoA. This compound is reduced by acetoacetyl-CoA reductase to f-
hydroxybutyryl-CoA, a NADPH consuming process. The final step in the synthesis is
catalyzed by PHB synthase (164). This process is extracting carbon from the TCA cycle,
thereby leading to storage of both energy and carbon. What also can be seen in Figure 3 is

that PHB synthesis may compete with alginate synthesis (Chapter 1.3.4).
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Figure 3: Glucose catabolism, alginate and poly-p-hydroxybutyrate (PHB) biosynthetic pathways in A.
vinelandii. EDP: Entner-Duodorof pathway (Adapted from (222, 233))

1.2.2 Cell-cycle - Focus on cyst formation

A. vinelandii is in the laboratory generally seen as large, rod-shaped cells at their vegetative
stage (287). The organism however, has a complex life cycle and therefore can be seen in a
large variety of morphological stages (88, 221). The most studied stages include two forms of
resting cells, the cyst stage (reviewed by Sadoff (221)) and the filterable cellulae stage (88).
When A. vinelandii experience adverse environmental conditions an encystment process
begins (see Figure 4). This process morphologically starts by the rounding of the cells and a
rapid PHB accumulation (Figure 4b) (116). Prior to this morphological change the
biochemical processes have changed by shutting down DNA synthesis (117), and reducing
N, fixation to very low levels (117). Morphological changes continue to appear after cyst
induction and the next stage is the start of the development of an outer coating around the
cells. This coat is built from membrane like bleeds that come from the cell surface and
contains alginate. The membrane bleeds break away from the cell surface, combine and form

sheet like structures (Figure 4d), resulting in the formation of a dense compact coat, called
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the exine (Figure 4e) (287). Over time a viscous material develops in the area between the
cell wall and the exine, called the intine. At first this intine layer is a thin empty area, but over
time and development of the cyst, it increases in size and becomes filled with granules. The
increase in the size of the intine correlates with a decrease in the size of the central body
(Figure 4e) (287). Three to five days after encystment has been induced the cyst has reached
its mature stage, where it has an improved tolerance against UV-irradiation, desiccation and
some chemicals (250). The chemical composition of the cysts are different from the
vegetative cells in that the latter has a higher protein, but lower carbohydrates and lipid

content (149).

The capsule components can be separated and the alginate composition can be analyzed both
for vegetative cells and cysts. Such analyses have shown that the vegetative cell capsule has
an M/G ratio of 1.84 and most of the alginate is either MG or MM. In contrast to this the
exine has an M/G ratio of 0.45 and the alginate is dominated by G-blocks. The intine alginate
is more similar to the vegetative capsule in its structure (221). When the cells are destined to
encystment the process can still be aborted (Figure 4c), for instance by lack of calcium (193)
(257) or addition of glucose (150). The alginate of cells undergoing abortive encystment also
has been analyzed and was shown to have an unusual high M/G ratio of 5.94 and almost
exclusively MM diads in the alginate (221), which is not surprising for the cells grown in low
Ca”" concentrations for reasons that will be covered in Chapter 1.3.3 on epimerisation. For
the encystment process to occur there are at least two factors that are of central importance.
The first being that alginate production must be present, shown by strains defective in
synthesis of the polymer is unable to make cysts (173, 221). Second, a shift in metabolism
from carbohydrate- to lipid metabolism is also essential (81). PHB accumulation is not
essential for cyst formation, but is important for control of the induction of cyst formation,
demonstrated in strains with blocked PHB synthesis inducing cysts even under non-inducing
conditions (232). Mature cysts that experience suitable conditions for growth will undergo
germination. In these conditions the central body of the cyst increases in size and the intine is
reduced (Figure 4f) (287). The stored PHB decrease in amount and the respiration rate
increases after 4-5 hours (148). This correlates with the onset of DNA synthesis and nitrogen
fixation (156). After this change in metabolism the exine of the cyst breaks and the central

body is released and enters the vegetative stage of the life cycle (Figure 4 g-h) (287).



Introduction

Vegetative Nl
lifecycle SN Y

Vegetative cell

Cystcoat development

Encystment

Figure 4: Encystment of A. vinelandii illustrated by electron microscopic pictures. a) vegetative cell (221,
276) , b) Encystment starts with rounding of the cells (221), c¢) abortive encystment (150), d) Exine development
in encystment (151), e) Mature cyst (148), f) Germination of cyst (148), g) Further germination of cyst,
initiation of cell division (148), h) development into vegetative cell (148). Gr, PHB-granules; Ex, exine; In,
intine; For a more detailed description, see the text.
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The encystment process can also be induced chemically by addition of n-butanol or the
metabolite B-hydroxybutyrate, and this give a higher percentage of encystment than for cells

undergoing encystment caused by other methods or environmental factors (150, 256, 287).

Although the cyst stage is the most studied part of the 4. vinelandii life cycle four forms of
the bacterium are observed when grown in dialyzed soil medium; vegetative cells, precysts,
mature cysts and small filterable cells (12). This last morphological form is termed germinal
cellulae and can grow and divide into large cells (vegetative cell morphology), and these cells
are then able to differentiate into the germinal cellulae again. It has been proposed that in
nature the germinal cellulae are the most prominent morphological stage and that the large

cells are reproductive stages which are promoted in the laboratory setting (157).

1.3 Alginate production by bacteria: biosynthesis, genetics and post-
polymerization processing

1.3.1 Alginate biosynthesis in bacteria

Alginate biosynthesis in bacteria has been investigated for several species. The studies of P.
aeruginosa was pioneering due to its importance during chronic infections in patients
suffering from cystic fibrosis (153). The biosynthesis has also been studied in other
Pseudomonas species by genetic methods (68, 69), and at a physiological level (67, 90, 99,
100). The genes for alginate biosynthesis and regulation have also been identified in A.
vinelandii (155). The biopolymer production in these bacterial strains share several
similarities but also some differences. There are at least 13 genes directly involved in the
biosynthesis of alginate in P. aeruginosa and in addition at least 17 genes are involved in
regulation (Reviewed in (203)). An overview of the elements directly involved in alginate
biosynthesis is given in Table 3, and elements involved in the regulation of synthesis are
shown in Table 4. The biosynthesis of alginate can start with fructose-6-phospate (F-6-P) as
substrate (158) (working model presented in Figure 5). This substrate can have its origin from
several carbon sources; like from glucose via the Entner-Doudoroff pathway (in A.
vinelandii) (16, 158, 180), using the metabolic intermediate glyceraldehyde 3-phosphate to
generate fructose 1,6-bisfosphate which is dephosphorylated to F-6-P. Pseudomonas sp. can
also use fructose to make F-6-P for alginate synthesis via a fructose phosphotransferase

system (179).
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Figure 5: Alginate biosynthesis in bacteria (Examplified by A. vinelandii). Functions of proteins and
references are listed in Table 3, for details on the process, see text. F-6-P, Fructose-6-phophate; m-6-P,
Mannose-6-phosphate; m-1-P, Mannose-1-phophate; GDP-m, GDP-manose; GDP-M, GDP-Manuronic acid;
AlgE ME, secreted AlgE1-7. Adapted from (83).

AlgA is the first enzyme in the biosynthesis and it has a dual role. It first converts the
substrate to mannose-6-phospate (m-6-P), which is then converted to mannose-1-phopate (M-
1-P) by AlgC, a phospomannomutase. The AIgA protein then converts m-1-P to GDP-
mannose and AlgD finally converts GDP-mannose into GDP-mannuronic acid, the precursor
for polymerization. The process was first proposed in brown algae (152) later similar
pathways were identified in 4. vinelandii (202) and in P. aeruginosa (201) (The genes were
discovered later, see Table 3 for references). At the cytoplasmic membrane a complex
including several proteins do the subsequent steps of the biosynthesis. Alg8 is together with
Alg44 proposed to make the initial polymer of mannuronic acid from the GDP-mannuronic
acid (161, 172). The further pathway for the mannuronan polymer is not known in full detail,
but it has been proposed that three proteins, AlgG, AlgK and AlgX, form a complex by which
the polymer can be transported through the periplasm (11, 126-128, 177, 211, 294). AlgG is
also a C5-mannuronan epimerase, as described in more detail in Chapter 1.3.3. In the
periplasm some of the residues in the polymer chain become O-acetylated. This reaction is
catalyzed by a protein complex consisting of Algl in the inner membrane, AlgJ (called AlgV
in A. vinelandii) in the periplasm, and AlgF in the periplasm (74). Another protein in the
periplasm, AlgL, has a more uncertain role and will be discussed in later chapters. The
periplasmic protein complex that guides the polymer through the periplasm probably recruits

the last protein involved in the polymer export, AlgJ (called AIgE in Pseudomonas). This is
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an outer membrane protein which is an alginate specific ion channel, and is believed to be

responsible for the transport of the polymer out of the periplasm and into the extracellular

environment (93, 207).

Table 3: Elements involved in alginate biosynthesis in Pseudomonas sp. (P) and Azotobacter sp.(A). Some
genes have alternative names in 4. vinelandii (indicated in brackets).

Protein Proposed function P A

AlgA Phospomannose  isomerase and  GDP-mannose (171, 235) (155)
pyrophosphorylase

AlgC Phosphomannomutase =~ and  phosphoglucomutase (206, 292) (82)
activities.

AlgD GDP-mannose dehydrogenase (249, 264) 31

AlgE (AlgJ) Outer membrane, alginate specific ion channel (39, 93) (207)
responsible for transport.

AlgF Periplasmic protein responsible for O-acetylation. (72, 74) (275)

AlgG Periplasmic-located C5-mannuronan epimerase that (36, 71, (208)
also protects the alginate polymer from lyase activity. 84, 126)

Algl Inner membrane protein involved in alginate O- (74) (275)
acetylation.

Alg) (AlgV)  Membrane-associated, periplasmic protein involved in (74) (275)
O-acetylation.

AlgK Periplasmic protein required for proper polymer (127,294) (173)
production.

AlgL Periplasmic alginate lyase, responsible for clearing the (1, 11, (61, 197)
periplasmic space. 128, 177,

228)

AlgX Periplasmic protein required for proper polymer (177,211) (275)
production.

Alg8 Membrane protein and hypothesized polymerase. (161) (172)

Algd4 Membrane protein required for alginate production. (161) (172)

PsmE/ Secreted mannuronan C5-epimerases. (19) (60, 62,

AlgE1-7 259)
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1.3.2. Genetics and regulation of alginate synthesis

The genes for biosynthesis of alginate are organized similarly in all alginate-producing
bacteria investigated so far (P. aeruginosa (37), P. syringae (200) and A. vinelandii (155)).
They all have twelve genes in the pathway clustered together, as shown in Figure 6. In P.
aeruginosa they are transcribed from a single promoter (37), but in A. vinelandii they are

transcribed from several promoters (31, 155, 172, 173, 275).
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Figure 6: Organization and regulation of the alginate gene cluster in P. aeruginosa. Genes are denoted as
white arrows and proteins are black ovals. Transcription and translation are indicated by thick vertical black
arrows. Regulation is indicated with dashed arrows and promoters are indicated by curved arrows, +: positive
regulation, -:negative regulation. See table 4 for further details of each regulatory protein.

Regulation of the polymer production involves several genes and regulatory units and is
complex. Most of the knowledge on this originates from studies of P. aeruginosa, and the

gene and gene products involved in the regulation are shown in Table 4.
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Table 4: Elements involved in bacterial alginate production for Pseudomonas sp (P) and Azotobacter sp (A).

Protein Proposed function* P A
AlgB Positive activator of algD transcription. (86, 285) -
AlgH Regulates alginate production, unknown mechanism. (230)
AlgP/AlgR3 Activator of algD transcription. Histone-like protein. (136, 141)

AlgR Activates algC and algD transcription. (53, 54, (185)

183)

AlgT/AlgU Alternative sigma factor involved in transcription of (55, 115, (168)
algD, algR, algT, algZ and rpoH. 165, 284)

AlgQ/AlgR2 Activator of algD transcription. (135, 230)

FimS/AlgZ Negative regulator of alginate production and (280, 290)
hypothetical cognate sensor kinase for AlgR.

AlgZ Activator of algD transcription. (14, 15)

CysB Activator of algD transcription. (51)

IHF Required for algD transcription, histone like protein. (271, 286)

KinB Cognate sensor kinase for Alg, inner membrane protein. (159)

MucA Anti-sigma factor, negative regulator of alginate (167) (168,
production by sequestration of AlgT (AlgU), inner 184)
membrane protein.

MucB/AlgN Negative regulator of AlgT. Periplasmic protein. (87, 166) (168)

MucC/AlgM Proposed negative regulator of algT, might act (25,170) (168,
synergistically with MucA and MucB, Inner membrane 184)
protein.

MucD/AlgY Negative regulator of AlgT (AlgU), works by removing (23) (168)
activating factors.

RpoN/NtrA/c>*  Involved in regulator of algD transcription and (24)

responsible for algC transcription.

*Most of these data originates from strudies in P. aeruginosa. For some of the mentioned factors the regulation

have been shown to be different for other species.

In P. aeruginosa the expression from the biosynthetic operon is under the control of the algD

promoter. An alternative sigma-factor, AlgT (AlgU), is an important inducer of this promoter

and also induces the expression of other positive regulators of algD transcription, like AlgR,

AlgB, AlgZ and AlgT (autoregulation) (91). AlgT is negatively regulated by the gene
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products of mucA, mucB, mucC and mucD. For MucA and MucB this regulation is believed
to act by sequestration of the AlgT protein, and an inactivation of the muc genes lead to
deregulation of AlgT and thereby a deregulation of alginate production (87, 166, 167). The
mechanism by which MucC and MucD work is stil uncertain (24, 25, 231). AlgR has a role in
activation of the algD promoter under certain conditions. It binds within three regions of the
algD promoter which lies up to 479 bp upstream of the transcription start point (176). AlgB is
also a positive regulator of algD transcription but further details about this regulation are not
known (86, 285). AlgZ is an activator with a binding site located far upstream of the
transcription start point of a/gD. The protein has some similarity to other DNA binding
proteins and is believed to be part of a complex with the RNA polymerase and AlgT (14, 15).
AlgR3 (AlgP) and IHF have been shown to be required for algD transcription and they are
believed to function by contributing to DNA looping (91). AIgR3 is also believed to control
the expression of algC, which is located in another part of the chromosome and expressed
from another promoter than the rest of the alg genes. This expression is in addition under the

control of AlgR (76) and AlgT.

1.3.3. Alginate post-polymerization processing

- Acetylation

As previously mentioned the alginates become acetylated in the O-2 and/or the O-3 position
on their way out of the cell. The proteins responsible for this are Algl, AlgJ (AlgV) and AlgF.
The genes encoding these proteins are located adjacent to each other in the alginate
biosynthesis cluster (Figure 6), and the proteins are proposed to be individually essential for
the acetylation process in P. aerugionosa. Algl, Alg] and AlgF are hypothesized to form a
protein complex which performs the acetylation (72-74, 236, 275). In P. fluorescens a more
recent study show that only AlgF is essential for this process and mutant strains without the

genes for Algl and AlgJ can stil acetylate the alginate, but at a reduced level (83).

- Degradation

Alginate degrading enzymes are found in many organisms ranging from marine bacteria, soil
living bacteria and marine algae and vertebrates (reviewed by Wong et al. (282)). Even the
alginate biosynthesis gene cluster includes the gene for an alginate degrading enzyme, algL

(61, 155, 228). This might seem paradoxical, but as will be discussed later in this chapter it
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has an important role in the biosynthesis machinery. AlgL is an enzyme that is part of a large
family of enzymes called alginate lyases. They catalyze the degradation of the polymer by a
B-elimination mechanism, targeting the glycosidic 1—4 O-linkage between monomers. This
leads to double bond formation between carbon 4 and 5 in the ring from which the 4-O-
glycosidic bond is eliminated (111). A proposed mechanism for this reaction is shown in
Figure 7 (77, 78), and part of this mechanism is probably shared by the epimerization

reaction described later in this chapter.
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Figure 7: Alginate lyase and epimerase reactions. The two processes have been proposed to share the first
step in the reaction and a reaction intermediate is made. The alginate lyase product is then made by an -
elimination of the 4-O-glycosidic bond, while epimerization results in a replacement of the proton at C5 (77).
For the species that do not produce the polymer themselves the role of the alginate lyase is to
degrade the alginate to provide a carbon- and energy-source. These lyases can be intracellular
(145, 146, 227) or extracellular (225, 226, 262, 263). For organisms producing the polymer

the alginate lyases have different roles, and is found both intracellularly, extracellularly and

in the periplasm. For A. vinelandii and A. chroococcum the first alginases were reported as
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Figure 8: Modell for the function of AlgG and AlgL.
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a) Alginate is polymerized in the inner membrane and
AlgG, AlgK and AlgX form an alginate transport
scaffold that guide the polymer through the periplasmic
space and protects the growing polymer chain from
Algl-mediated polymer degradation. b) When one of
the alginate scaffold components is absent (e.g. AlgG),
the alginate polymer leaks into the periplasmic space
and becomes degraded by AlgL to dimers (AM). c)
Absence of AlgL leads to accumulation of alginate in the
periplasmic space which in turn leads to toxic swelling
of this compartment.

periplasmic during vegetative growth, lost
during the cyst stage and resynthesized upon
germination (139). An example of these
alginases was the Ca’’-dependent alginate
lyase AlgL isolated from A. chroococcum
(197). A similar enzyme was later found in A.
vinelandii (61) but this was reported to be
independent of divalent cations. AlgL is also
found in P. fluorescens and P. aeruginosa and
its role in the alginate machinery has been
investigated in these organisms. Alginate

biosynthesis was first believed to be
independent of AlgL and the role of AlgL was
to determine the chain length of the alginate
molecules (26). Another study contradicted
this conclusion and showed that AlgL has an
essential role in the biosynthesis and that the
deletion of algl from the genome leads to
toxic effects to the cells (177). Recent studies
of this protein have revealed more information
and it is now believed that AlgL is essential
for alginate production. A proposed working
model for AlgL is shown in Figure 8 (11, 128).
The alginate polymer is, as earlier stated,
believed to be transported through the
periplasm by a protein complex, but in some
cases this export fails and some alginate
molecules become stranded in the periplasmic
space. AlgL is proposed to be a scavenger of
these stranded molecules (Figure 8b) and the
polymer accumulation is probably the reason
for the observed toxic effect of algl deletion-

mutants of Pseudomonads (Figure 8c).
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A. vinelandii has previously been reported to have two lyases, AlgL (61) and the bifunctional
enzyme AIgE7 (260) which also has an epimerase function that will be described in the
following chapter. Recent work in our group has lead to the discovery of three new lyases:
AlyA1-3 where one (AlyA3) seems involved in alginate release from the cell and one

(AlyA2) even seem to be essential for survival during certain growth conditions (83).

- Epimerisation

An interesting property of the alginate polymer is that it is synthesized as polymannuronic
acid and then the conversion of mannuronic acid to guluronic acid is performed by
mannuronan C-5 epimerases acting at the polymer level (110). This was first established for
bacterial alginate production, but has also been found to be the case for algal alginate (186,
212). The first mannuronan C-5-epimerase to be partly characterized was AlgG (gene
encoded in the alg gene cluster (Figure 6)) from P. aeruginosa (36). Its gene was identified
by making mutant strains incapable of incorporating G in the alginate. A few years later the
same group published more evidence for the AlgG protein to be a polymer level alginate C5-
mannuronan epimerize by in vitro experiments using recombinant AlgG and poly-
mannuronic acid as a substrate (71). They also proposed that the protein exists in two forms,
and that a pre-AlgG has an N-terminal signal sequence directing the protein to the
periplasmic space. For A. vinelandii it had been known that a secreted Ca’’-dependent
mannuronan C5-epimerizating enzyme existed (109) and the gene for such an protein,
designated algE, was cloned and expressed (60). This protein catalyzed G-block formation in
polymannuronic acid and was different from AlgG in that it was exported out of the cell,
carrying out epimerization on the outside. The discovery of the gene for the first enzyme was
followed by the discovery of a whole family of secreted enzymes of the AlgE type designated
AlgEI1-AlgE7 (62, 259). The different enzymes have been cloned and expressed in E. coli
and extracts from such cultures can be used in vitro to epimerize mannuronan. In this way it
has been discovered that each enzyme generate varying epimerization patterns (Table 5) (63).
This variation in pattern can be explained by the modular structures found in these enzymes,
see Figure 9. One of these modules, the A-module, is about 385 amino acids and is present as
one or two copies in each enzyme. It has been shown, with AIgE1 as an example, that this
module is responsible for the epimerization reaction, determination of the sequence
distribution of G residues and binding of Ca* (64) This was later shown for A-modules of

AlgE2, AlgE3 and AlgE4 (20, 63). The other module type, designated the R-module, is
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present in one to seven copies in the enzymes and these units are recognized by their Ca™ -

binding motifs and they also have been shown to stimulate the epimerization reaction (64).
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Figure 9: The modular structures of the secreted mannuronan C5-epimerases. Secreted mannuronan C5-
epimerases are composed of different numbers of A- and R-modules. The A-modules can be grouped by degree
of similarity and members of the same group are colored with identical shade of gray. Closely related R-
modules are colored with identical patterns. S: conserved motif that is not part of the R-modules (19, 62, 259);
M: a cadherin-like domain; N: Region possessing acetyl-hydrolase activity; RTX: domain related to hemolysin-
ype calcium binding proteins.

Nonameric, glycine rich motifs are also found in the R-module. Such sequences are
characteristic for proteins secreted via Type I secretion systems and suggest that the R-
module may be responsible for targeting the enzyme for secretion (50, 60). Recent work,
where the structure of the R-module was determined by NMR, has confirmed the findings of
the R-modules Ca”" binding capacity (293). This study also hypothesized that the R-module
provides an elongation of the A-module and that the R-module is capable of binding alginate

in contrast to previous suggestions based on atomic force microscopy (242).
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Table 5: Epimerization Pattern of the different epimerases. Partially reproduced from (63).

Enzyme Fg Fee Fymc.om F¢/Fug
AlgE1l 0,47 0,23 0,25 1,9
AlgE1-1 0,49 0,36 0,13 3.8
AlgE1-2 041 0 0,41 1,0
AlgE2 0,40 0,27 0,13 3,1
AlgE2 0,63 0,45 0,18 3,5
AlgE3 0,28 0,1 0,18 1,6
AlgE3 0,65 0,46 0,19 3,4
AlgE3-1 0,42 0,29 0,13 32
AlgE3-1 0,65 0,47 0,18 3.6
AlgE3-2 0,43 0,03 0,40 1,1
AlgE4 0,36 0,04 0,33 1,1
AlgES 0,43 0,28 0,15 2,9
AlgE6 0,42 0,26 0,17 2,5
AlgE6 0,78 0,57 0,21 3,7
AlgE7 0,34 0,09 0,25 14
PsmE (19) 0,86 0,78 0,07 12,3

Table 5 show that AlgE4 is the only epimerase that makes alternating structures in the
alginate, but as seen in Figure 9 there are two enzymes with more than one A-module (AlgE1
and AlgE3) and the A-modules of these enzymes have been cloned individually (AlgE1-1,
AlgE1-2, AlgE3-1 and AlgE3-2 in Table 5). Two of theses A-modules (AlgE1-2 and AIgE3-
2) also generate such epimerization patterns. The other A-modules and enzymes all make G-
blocks to varying extents. Interestingly at similar epimerization levels the length of the G-
blocks varies for each enzyme (shown for AlgE1 and AlgE6) (120). The A-modules ability to
create these patterns can partially be explained by the modes of action of the enzymes. All
epimerases are hypothesized to work in a non-random fashion, either by a preferred attack
mechanism, (AlgE2 (105)) or in a processive manner (AlgE4 (30, 105, 118, 242)). The
processivity of AlgE4 on the substrate leads to the resulting alternating structure because of
the physical structure of the alginate. To be processive on mannuronan and introduce G-
blocks the enzyme would have to turn 180° which is energetically unfavorable. AlgE2
therefore seems to have lost its processivity and instead display a preferred attack
mechanism, preferentially introducing a G next to a preexisting G. When the enzymes work
on filling in MG-blocks they can display a processive mode of action and the varying G-
block length introduced by the different enzymes can be explained by difference in

prosessivity (120). These models require the enzyme to accommodate several residues of the
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polymer and findings of the 3D structure of the A-module of AlIgE4 supports this hypothesis
(18, 19, 105). The differences in epimerization patterns have opened up the possibility to
make alginate with defined structures in vitro, making these enzymes potentially interesting
for production of high quality alginates for advanced biotechnology applications (e.g. more
stable alginate capsules for transplantation mentioned in Chapter 1.1.2). The enzymes also
display different optimum conditions for action and one (AIgE7) also possesses a lyase
activity in addition to its epimerisation ability (260). Biologically the epimerases of A.
vinelandii are believed to play a role in the encystment process. This is due to the fact that the
different parts of the cyst structure contain alginates with different structure (221). A study
trying to elucidate this connection showed that there is an increase in the amount of
epimerases and that the presence of the individual epimerases vary during the events of
encystment and germination (63). Recently preliminary information about the expression
from the promoters of the epimerases have been found and these results also indicate a
change in the pattern of expression from the algE promoters during encystment and

germination processes (19).

A secreted mannuronan C-5 epimerase has also been found in a P. syringae strain. This
enzyme, called PsmE, has a similar modular structure as the 4. vinelandii enzymes (Figure
9), where the A-modules operate in the same manner as the A-modules of AIgE1-7. In
addition PsmE is capable of deacetylating the alginate prior to epimerization and it also have

some extra modules (Figure 9) (19).

The identification of the AIgE type epimerases led to the hypothesis that 4. vinelandii has a
different approach to epimerisation than P. aeruginosa. It was therefore somewhat surprising
when an algG homolog was later found in what looked like an alg gene cluster physically
organized in a similar manner to that in P. aeruginosa (208). This gene product had the same
characteristics as P. aeruginosa AlgG and together with the identification of all the other
gene homologs of the P. aeruginosa alg operon led to the belief that the alginate synthetic
machinery was inherited from an common ancestor and that the algEl-7 genes were
incorporated into the A. vinelandii genome at a later stage to cope with cyst formation. As
previously mentioned recent work in P. aeruginosa and P. fluorescens has shown that the
AlgG protein has a dual role. In addition to its role as an epimerase it is also believed to be a
structural component in the alginate synthesis machinery, where it is responsible for

channeling the alginate through the periplasmic space and protecting it from the alginate
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lyase (AlgL) (Figure 8) (84, 126). The epimerase activity of AlgG is not needed for alginate
production in P. fluorescens and P. aeruginosa, as has been shown for AlgG point mutants

that are defective in epimerization, but still make alginate efficiently (84).

1.3.4 Factors influencing alginate production in A. vinelandii

The production of microbial alginate would have the advantage of constant and unique
composition and there would be no limitations on supply (218). Still such a process faces
several challenges, such as production efficiency and product molecular weight and
composition. As mentioned in Chapter 1.2.1. A. vinelandii also produces PHB and the
production of alginate and PHB are competing processes. It has been reported that these two
processes are difficult to separate in the wild-type organism (169) but genetic engineering
might provide strains with more desirable production properties. Initial attempts at generating
mutants impaired in the PHB synthesis pathway surprisingly only generated strains which
produce less alginate than the wild-type (199). Other attempts have had more success in
increasing the alginate production in yield, but the overall growth of these mutants is reduced,
and the total amount of alginate produced is therefore also reduced or similar to the wild type

(233).

The alginate production in A. vinelandii strongly reflects the biological function the
polysaccharide has in this bacterium. As mentioned earlier (Chapter 1.2.2.), the alginates
function as a structural material in the cysts that are made under unfavorable conditions.
Interestingly the polymer is also produced during vegetative growth. This production is
believed to function as a protective barrier against heavy metals, as an ion exchange system
or as a coating for protection from other bacteria or viruses (102). It has also been postulated
that the alginate in vegetative cells form a capsule that protects the cells from O, (219)
(discussed in Chapter 1.2.1). It has been shown that the control of oxygen concentration is of
great importance for optimal alginate production and also for biomass production (220).
Limitation in oxygen levels leads to PHB synthesis that will lead to low alginate production
(122, 196, 219, 220). More surprisingly, excess oxygen supply will also lead to a lowering in
alginate production (122, 196). This is more difficult to explain, but it has been proposed that
the alginate coating made by cells under conditions of high levels of oxygen supply prevents
the diffusion of other medium components, thereby lowering the biomass and alginate

production (219).
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The critical impact oxygen levels have on the production of alginate has complicated the
study of other factors important for production. This is evident for example from studies of
the effect of different phosphate concentrations, where it was found that the results varied
significantly between uncontrolled flask cultures and controlled microaerophilic conditions
(220). Despite these difficulties several attempts to increase alginate productivity by altering
media composition or cultivation conditions have been made (e.g. shaking speed (33, 40, 41,
121, 129, 190, 198, 224)). One way of influencing the alginate production is to vary the
content of fixed nitrogenous compounds. This is interesting because it has been shown that
addition of ammonium inhibits alginate production (28). The studies also concluded that by
using different peptone sources in the medium the yield changed as much as 30%. Other very
important nutrients for alginate production is phosphate, but as already mentioned, most of
the studies have been done in shake flasks without oxygen control and therefore seem to be
contradictory and difficult to interpret (196, 220). The effect of iron and/or molybdate has
also been studied, and it was found that a limitation gave the highest production rates of
alginate (5, 66). Both iron and molybdate are important for the nitrogen fixing machinery of
A. vinelandii (3) and the effect on alginate production was shown to be most apparent in cells
grown diazotrophically. This can probably be explained by the hypothesis that alginate
protects the nitrogen fixing machinery from oxygen and when important co-factors of the
machinery are limited the protection becomes even more critical, hence the increase in
alginate production. Cations have a role in cross-linking alginate chains together, forming the
protective capsule around the cells. A limitation of these cations might therefore be
hypothesized to increase alginate production, but this seems not to be the case (for Ca*") (5,
187). It has been suggested that calcium ions are so important for the secreted epimerases of
A. vinelandii that a limitation of this ion would lead to alginates with less efficient cell

protection from oxygen, therefore lowering biomass and alginate production (218).
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1.4 Tailoring microorganisms using genetic- and metabolic-engineering tools

Traditionally alteration in the production of secondary metabolites by microorganisms has
been conducted by random mutagenesis of the entire genome, followed by screening
strategies aimed at finding the desired mutants. These procedures are time-consuming and
may also generate side effects by introducing unwanted secondary mutations that might not
be visible until later when e.g. more realistic production parameters are being tested (217). A
more rational approach has been developed and was termed metabolic engineering. Metabolic
engineering has been described as “the improvement of cellular activities by manipulations of
enzymatic, transport, and regulatory functions of the cell with the use of recombinant DNA

technology” (10). A description of the cycle of metabolic engineering is given in Figure 10.

Analysis
DNA sequencing
Transcriptional profiling
Proteome analysis
Metabolite profiling

h

/e R o e e O
ICLADLOLIC I IUX dlldaly SIS

Perturbation N Design
Genetic modification 4 ode Future modifications
_ Substrate modification Interpretation of the analysis
Modifications on growth conditions Suggestion for further modifications

Figure 10: The cycle of metabolic engineering

1.4.1 Analysis and design: Identifying the right targets by “ome” analyses

In recent years more tools in functional genomics have been developed. These tools include
DNA sequencing (genome sequencing and other large-scale sequencing projects),
transcriptional profiling, proteome analysis, metabolite profiling and comparative flux
analysis (Reviewed by Bro and Nielsen (29)). A summary of these techniques, their

advantages and disadvantages and examples of their uses are given in Table 6.
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Table 6: Functional genomics tools, their advantages, disadvantages and examples of use (Inspired by Bro and Nielsen (2003)).

Tool Advantages Disadvantages Examples of finding targets for:
DNA sequencing

- Genomic Discovers all possible mutations Expensive and requires extensive data analysis Increased methionine production (216)
DNA sequencing

- Selected genes/regions

of the chromosome

Cheap and easy to analyze

Not all mutations responsible for observed

phenotype may be discovered

Increased production of L-lysine (189)

Transcriptional profiling

All possible effects on mRNA level
may be identified
Simple to perform

Relatively inexpensive

Difficult data-analysis

No control over secondary effects

Increased IGF-I protein production. (38)

Proteome analysis

All possible effects on proteins that

may be identified is found

Laborious analysis technique

Risk of loosing info from proteins of low

concentrations (e.g. regulatory proteins)

Increased production of serine-rich
proteins (103)
Increased recombinant production of

antibody fragments (2)

Metabolite profiling

Relatively easy to perform

Direct link to pathways

Interpretational difficulties

Many secondary effects

Increased production of lovasatine (6)

Comparative flux analysis

Direct information obtained

Easy to perform

Integrative information difficult to interpret and

use on new systems
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The uses of these techniques are still in their infancy, but some research projects have utilized
them with success. Transcriptional profiling has been used to enhance the production of
insulin-like growth factor I fusion protein in E. coli. In this study the transcription profile was
shown to be significantly altered for 529 genes and 200 of them was down-regulated. Two of
these genes, prsA (responsible for the first step in biosynthesis of amino acids and
nucleotides) and glpF (responsible for the first step in glycerol metabolism), were selected
and coexpressed resulting in an increase in production from 1.8 to 4.3 g/L (38). Analyzing the
proteome has also been successful. In one of these studies the goal was to increase production
of serine-rich proteins, like leptin and interleukin-12. Protein profiling (2D-gel
electrophoresis) detected that induction of production of the wanted protein resulted in a
decrease in the amount of enzymes responsible for the synthesis of the serine family amino
acids. Using this information a system, where cysK (gene for cystein synthase A) was co-
expressed with the wanted protein was constructed, and this led to a two-fold increase in the
production (103). To fully take advantage of this information good systems for integrating the
different -omics are needed and also efficient tools for creating perturbations are needed (see

next chapter).

1.4.2 Perturbation: Molecular biology tools for experimantal metabolic- and
genetic-engineering in bacteria.

After the analysis and design phase a target for metabolic engineering is identified. This
target might be deletion or introduction of a single gene, several genes, an operon or a
combination of these targets. To effectively deal with the genetic manipulations of these
targets a set of tools are needed. These tools include a vector system that allows reasonable
transformation of genetic material to the strain of interest and a promoter system for
expressing the proteins of interest at the desired level (182). Keasling has defined the ideal
qualities of gene-expression tools for metabolic engineering: The promoters must show tight
and consistent control, the expression system should be able to regulate several genes
simultaneously at different levels, the vector should be stably maintained in the host for
several generations and the system should represent a minimal metabolic burden to the cell
(137). For most organisms there are not developed any specific tools that meet these criteria,
and the remaining part of this chapter will cover broad-host range systems that can be used in

several species.
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- Broad-host-range vector systems

When targets for genetic manipulation have been identified, vectors for introducing the
genetically modified elements are needed. These vectors can be pure cloning vectors,

expression vectors or transposon vectors. Examples of these three types are given in Table 7.

Table 7: Examples of vectors for introducing genetic elements to gram-negative bacteria

Vector Replicon Characteristics' Reference
Cloning
pJB3Cmé6 series RK2 Cm®, Ap®, LacZa, mob, mes, oriT, (21)
IncP
pRK415 RK2 Km®, lacZo, mob, mcs, IncP (138)
pKT210 series RSF1010 Cm®, Sm®, IncQ 9)
pUFRO027 series pSa KmR, LacZo, mcs, mob, IncW (49)
Expression
pJB86n series RK2 xylS Pm, ApR, mcs, mob, Tc¥, Km® (21, 22)
pCF430 series RK2 araC, Ppyp, TcR, mes, mob (181)
pMMB22 series RSF1010 laclg,Py. Sm®, Ap® (178)
pNM185 RSF1010 xylS Pm, Km®, Sm®, mcs, (174)
pIN105 pBBR1 araC, Pg4p, Gm®, mcs, mob (181)
Transposon
Tn5-TC1 series TcR (223)
Mini- Km®, tnp’, xyIS, Pm, T7 RNA (113)
Tn5xylS/Pm::T7pol polymerase
Mini-Tn5-Cm series Cm®, mp™ (52, 114)
Tn5-B60 Nm", P,,. mobile promoter (237)

! Cm®, resistance to chlorampenicol; ApX, resistance to ampicillin; Km®, resistance to kanamycin; Sm",
resistance to spectinomycin; Tc®, resistance to tetracycline; Gm®, resistance to gentmycin; Nm®, resistance to
neomycin; LacZa, B-galactosidase complementation; mob, mobilization; mcs, multiple cloning site; oriT, origin
of transfer; xylS and Pm,alkylbenzoate responsive regulator and promoter; araC and Pg,p, arabinose responsive
regulator and promoter; laclg and P,,., IPTG-responsive regulator and promoter; fnp, transposase negative
transposon

One of the most important features of a vector is its ability to replicate and to be stably
maintained in the host of interest. For this purpouse researchers have been using shuttle-
vectors with two replicons, one for the strain they want to change and one for E. coli so they
can do the manipulations there (269). A better solution often is broad-host-range plasmids.
Historically, such plasmids with three main types of replicon have been used: RK2 (IncP),
RSF1010 (IncQ) and pSa (IncW). These plasmids can replicate in a large variety of gram
negative- and also some gram positive strains (45). More recent research in this field has led
to the discovery of other alternative replicons which can be small in size and compatible with
other plasmids. An example of this is pPBBR1 and derivatives which are both small and stable
and can be used in several species (13, 142, 143). The plasmids with all the above mentioned

replicons are relatively stable in the cell, but without any selective pressure the cells will
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gradually loose their plasmid. The challenge of instability has been proposed solved using
transposons. Transposons are specific DNA sequences that catalyze their own movement to a
location in the host chromosome. Besides stability another desirable feature of transposons is
the fact that a low-copy system is established, and this might lead to better control over
transcription (137). A disadvantage of transposons is that the sites of insertion are difficult to
control leading to inactivation of important genes, or to site-specific variation in the
expression from the transposon (253). An alternative approach to insert genes in the
chromosomes at a specific site is to use homologous recombination. For this purpous there

have been developed broad-host-range conditional suicide vector systems (134).

- Regulating protein expression in metabolic engineering: Desirable promoter features

Traditionally metabolic engineering has often been performed by increasing the expression
level of one “rate limiting” enzyme or by reducing the flux to unwanted side reactions
through gene deletions (195, 199). These attempts often have had minimal success and the
reason have been proposed to originate from the complex nature of most biochemical
pathways. Modeling of pathways trying to identify “rate limiting” steps have shown that
success of metabolic engineering might require the regulation of several genes at the same
time (65, 255). After the analysis and design phase several targets for genetic manipulation
should have been identified and to effectively regulate the targeted genes a suitable promoter
tool is needed. Desirable features for such a promoter are summarized by Keasling to be:
Tight control of expression at several levels and uniform induction of all cells in a culture
(137). Several promoters for the use in metabolic engineering have been developed and
examples are given in Table 8. As described above there is an increased need for tools to
effectively control the expression of two or more genes simultaneously. Depending on the
situation the needed level of control is different. For some applications the only necessary
criterium is to achieve increased expression of two genes. The two genes of interest can then
be cloned in a tandem fashion behind a single inducible promoter, exemplified by the dual
expression of two enzymes from a heat inducible prophage promoter system developed in
Bacillus subtilis (32). The advantages of this system being that both genes can be expressed
at the same time, but unfortunately the expression levels of the last enzyme in the tandem is
lower than the first and the total expression from the promoter also is reduced. Another
example of such an approach is the one mentioned in the chapter under the transcription
profiling and included co-expression of two genes from the IGF I synthesis machinery cloned

in tandem behind the Lac promoter increasing the total production of IGF I (38).
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Table 8: Examples of promoters used in metabolic engineering.

Pro Origin and inducer Example of use in metabolic Ref.

engineering

P Promoter derived from the Lac-operon. PHBH formation from gamma- (163,
Induced by lactose® and IPTG. aminobutyrate and glutamate 272)

Py Hybrid promoter of Pj,c and Py, Improvement of biotech indigo (17,
Induced by lactose” and IPTG. production. 48)

Pgap Promoter from the arabinose catabolic Enhancement of lycopene (101,
genes of E. coli. AraC act as both an production in E. coli. 133,
activator and as a repressor. 229)
Induced by L-arabinose”.

Pm Promoter of the genes of the meta- Alteration of carbon flow. (27,
cleavage pathway from the TOL Stable long-term indigo production 79,
plasmid. XylIS act as activator. 80,
Induced by benzoate, toluate and some 215)
of their derivatives.

P, Promoter of the upper-cleavage pathway Construction of Pseudomonas (80,
from the TOL-plasmid. XylR act as strains for biodegradation of 2- 104)
activator. chlorotoluene.

Induced by xylene or toluene.

Py Promoter of the nahG gene from the Stable long-term indigo production (215,
NAH plasmid. NahR act as activator. 289)
Induced by addition of salicylate.

Pr; Promoter from Lambda, requieres the T7 Production  of  plant-specific (46,
RNA polymerase. flavanones by E. coli. 124,
Induced by increased temprature and 261)

addition of rifampicine.

*Requieres upptake system

PReferences both for the origin of the promoter and the example of use.

Another way of inducing expression of several genes at the same time is to use multiple

promoters of the same type and clone each gene of interest behind an individual promoter

(137). One example of this is the use of Pg,p in enhancing the lycopene production in E. coli

by increasing the expression of three genes in the lycopene biosynthetic pathway (133).

Another example is the use of the P7; in cooperation with the Pm promoter (113). The T7

gene 1 (encoding the T7 RNA polymerase) was cloned downstream of the Pm promoter and

the genes of interest downstream of two Prr-promoters. By inducing the Pm promoter

expression from the two Pr7-promoters were turned on leading to the expression of two genes

simultaneously. The two T7 promoters in this study were identical but the used promoters
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could also vary in their levels of expression in systems where different amount of each gene
product is needed. This variation can be used to fine-tune the expression of the genes to
optimal levels and promoters for such a purpose have been generated for expression in
Lactococcus lactis. Here screening of a library of synthetic constitutive promoters resulted in
a set of promoters with varying levels of expression (From 0-1000%) (130, 131). These
promoters have more recently been used to control 10 genes from the glycolytic pathway in
Lactococcus lactis at independent levels. They were thereby able to control the expression of
all the genes in this biochemical pathway at different levels according to the need for the
different proteins in the pathway (175). The difficulties with using constitutive promoters for
these experiments might be to construct and find the best suited promoters for each
application and there is also the disadvantage of being unable to control the genes expression
during the experiments (137). To individually control the expression of several genes
independently at different stages of growth by cloning them downstream of different
promoters is the easiest method. An example of this approach is the specific synthesis and
degradation of polyphosphate in E. coli, where the gene controlling the synthesis was
regulated by P, and the gene responsible for the degradation was independently under the
control of Pp4p. This system was developed to study bacterial phosphate transport and energy

metabolism (274).
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2. Aims of the study

A. vinelandii produces alginate with a varying G-content depending on culture conditions and
stage of life cycle (Fg varies between 0.05 and 0.80). This variation makes the bacterium a
candidate for producing alginates with predetermined structure and the main motivation of
this study has been to generate an understanding that will make such a production possible. A
second motivation was to understand the biological function of the epimerases as the majority

of previous studies have focused on their in vitro properties.

The individual contribution from each of the epimerases in A. vinelandii is largely unknown
so one important factor in being able to control the degree of epimerization in vivo is to obtain
a better understanding of the specific role of each individual epimerase. A part of the work in
this study therefore concentrated on making individual disruptions of all the secreted
epimerases genes. The corresponding mutant strains should then be characterized by their
ability to produce alginate, the amount of G introduced and their ability to make desiccation

resistant cysts.

It was realized from start that the development of A. vinelandii strains for production of
alginates with predetermined structure might require that a strain lacking all secreted
epimerase genes were constructed first. This was therefore considered to be a very important
milestone in this Ph.D thesis work. If successfully generated, such a mutant should be tested
for its ability to produce alginate, and the monomer composition of this alginate should be

determined. Idealy, selected a/gE genes should then be individually expressed in such a strain.

The in vivo production of alginates with a predetermined structure requires tools for
expressing proteins of interest in these strains. The fourth important goal of this thesis was
therefore to develop broad-host-range genetic tools that could later be used to design A.
vinelandii strains for alginate production. A broad-host-range promoter system from the
AraC/XylS family of promoters (Pm/XylS) has been developed in our group and has been
shown to function in 4. vinelandii. Challenges concerning the use of this promoter include a
high level of background expression, so a partial goal of the work was to develop a method
for finding promoter-mutants with a low background expression. This screening system was
first to be established in gram-negative alginate-producing bacteria. To deal with the
complexity of the alginate epimerization or to seperatly control the alginate biosynthetic
genes it is probable that independent expression of more than one gene product is needed. To

accomplish this task a new broad-host-range promoter system was to be developed.
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3. Summary of Results, and Discussion

3.1 AIgE epimerases are needed for cell diferentiation and to control alginate
structurein vivo in A. vinelandii

3.1.1 A. vinelandii forms Ca2+-dependent cyst-like structures during growth in

RA1-medium
(Paper 1, 2 and results not described in papers)

When A. vinelandii is grown in the RA1 medium (Paper 1), used for alginate production in
shakeflasks, an interesting change in cell morphology can be observed. This morphology
becomes apparent approximately after 48 hours of growth and starts with a rounding of the
cells (Figure 6, Paper 1), followed by development of a coating on the outside of the cell
resembling the exine in encysted cells (Figure 11a and b). This can more easily be observed
using electron microscopy where the cyst-like structures become even more apparent with

both an exine and a developing intine (Figure 11 c).

Figure 11: Light microscopy characterization of A. vinelandii strain E grown in RA1 medium for 3 and 6
days (a and b) and by electron microscopy (6 days, c). Pc, Precyst; Cls, cyst-like structure; In, intine; CC, cyst
coating, exine; Gr, PHB granule. The bar represents 1pm.
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Summary of results and discussion

This coating is believed to be partly composed of alginate and to attach the polymer to the
cells (gelling) Ca™" is believed to be important. To investigate if the calcium concentration is
of importance for the observed process an experiment with different amounts of added Ca**
was initiated. The cells rounded up in all cultures and started the encystment process. For the
lowest Ca”" concentration the cells seemed to have problems keeping the alginate in place and
the capsule material is scattered around them (DB in Figure 12), probably leading to abortion

of the encapsulation process.

Figure 12: Cell morphology of A. vinelandii after 3 days of growth in RA1-medium with varying Ca*-
concentrations. For cells grown with 0.5 mM only pre-cysts (Pc) were observed and the alginate was scattered
around the cells as debris (Db). When the Ca**-concentration was increased to 1 mM some cyst-like structures
(Cls) could be observed, but there were still some debris and pre-cysts. For the highest concentration (2 mM)
only cyst-like structures could be observed.

For the cells grown in 1 mM Ca®" less of these cell debris were observed and more of the cells
were surrounded by a cyst-like structure. For the cells grown in 2 mM the debris was almost
absent and all cells seemed to be encapsulated. These observations led to the investigation of
the structures of the alginates that could be harvested from the various cultures, and results
showed that the Fg for the samples increased with a decrease in Ca®" concentration (Figure
13). Earlier results have shown that the maximum Fg is found around 0.5 mM Ca*" with a
decrease both at a lower and higher Ca’" concentration (147). The decrease with lower
concentration is probably due to the Ca*'-dependency of the epimerases (60), while the
decrease at higher concentration of Ca*" is more difficult to explain. One posibility, based on
the results shown here, could be that the alginate harvested and analyzed, is the polymer that
has detached from the cells and is free in the supernatant. In situations with a high Ca*'-
concentration the G-rich alginates are probably attached to the cells and are thus not included

in the harvested fraction.
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Figure 13: '"H-NMR of alginates harvested from A. vinelandii grown in RA1 with varying Ca*
concentrations. The alginates were harvested and the 'H-NMR was performed as described in Paper 2.

When the Ca*"-concentration is low the alginate with high G-content is not trapped around the
cells at the same degree and is harvested and included in the analysis. In addition the alginate
is also probably more available to epimerization when it is more loosely attached to the cells.
A decrease in degree of epimerization when the Ca®"-concentration is raised has been shown

for the AlIgE epimerases in vitro (64, 260).

The cyst-like capsule structures observed in the RA1-medium, and the probable importance of
alginates rich in G-blocks to make them, was used as a tool to observe changes when the
proposed epimerase export system or the algE genes were interrupted genetically. To ensure
that the observed effects were caused by changes in epimerization and not by lack of Ca*" a

2.0 mM final concentration was used for these experiments.
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3.1.2 Identification and characterization of the secretion apparatus for the AlIgE-
type mannuronan C5-epimerases in A. vinelandii.

(Paper 1)

The process of secreting the AlgE-epimerases has been proposed to happen by the use of a
RTX-protein Type I secretion system (60). This is due to the InterPro hemolysin-type
calcium-binding motif that all the secreted mannuronan C5-epimerases display. By using the
genomic sequence of A. vinelandii OP putative Type I secretion systems were identified. A
further analysis of this result left us with only one candidate and the three genes of the system
were designated eexD (ABC-transporter), eexE (Membrane Fusion Protein, MFP) and eexF
(Outer Membrane Pore, OMP). These genes from A. vinelandii E were cloned in E. coli and
individually disrupted in A. vinelandii E by insertion of a tetracycline restance cassette.
Characterizations of the resulting mutants showed that they all displayed greatly reduced G-
content in the alginate produced in RA1-medium grown cells (Fg < 0.02) and that the alginate
is without any G-blocks. The remaining G-content may originate from AlgG activity or from
AlgE enzymes originating from lysed cells. These results therefore indicate that AlgG in
A.vinelandii has a lower epimerase activity than its Pseudomonas homologue (84). AlgG may
therefore have lost a functional role in A4. vinelandii. Due to this the main reason for its
precence may be related to its proposed role in formation of the biosynthetic complex. These

hypotheses are also in agreement with those reported in Paper 2.

For the secretion system disruption mutants grown in RAl-medium another interesting
property was discovered; these cells started the encystment process similar to the wild-type,
but they were later in the process unable to generate the capsule surrounding the cell (Figure
6, paper 1). This morphological difference is probably the reason for another observed effect:
When proteases were added to the medium the mutants produced alginates with a
considerably higher molecular mass (> 1000 kDa) compared to the wild-type (146 kDa) under
the same conditions. In the wild-type the coat around the cells probably serves as a protective
harbor for the lyases, determining the molecular mass. When this protective coating collapses,
as observed in the mutant, the lyases may become susceptible for protease attack.
Consequently, without the lyases present the mean chain length of the alginates increase. This
hypothesis is supported by similar observations in P. fluorecens which do not have this

protective coating (83).
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It has been hypothesized that the ability of 4. vinelandii to make desiccation resistant cysts
are connected to the presence of the secreted epimerases (119). Disruption in the export
system of these enzymes should give mutants that are unable to survive desiccation. This
proved to be the case and is a further indication that eexD, eexE and eexF are the main and

probably only genes responsible for export of the epimerases through the periplasmic space.

3.1.3 Creating single disruption mutants of algE -7 in A. vinelandii

- Effect on cell morphology and alginate production

(Paper 2 and unpublished results)

Secreted mannuronan C5-epimerases have been studied thoroughly in vitro in our group and a
lot is therefore known about their properties. To better understand what role they play in vivo
in A. vinelandii a study of the effect of their individual disruption was initiated. The genes
encoding the epimerases have previously been cloned and these plasmids were used to make
the disruption mutants in each individual epimerasegene by replacing a part of the sequence
encoding the A-module with a tetracycline-resistance cassette. Plasmids from this process
were subsequently used to disrupt the genes in the chromosome of A. vinelandii by linear
transformation, and the disruptions were verified by Southern hybridization. A test on the
growth in RA1-medium was initiated and the mutants seemed to be unaffected in their growth
rates. The disruptions did not indicate any obvious morphological changes and all the mutants
were still able to make the cystlike structures. Alginates were isolated from the strains and
their structures were analyzed by 'H-NMR. The results gave no indication of significant
differences among them or compared to the wild-type structure. Recent findings have shown
that even though the G-content is similar the distribution of the G-blocks could be different
(120). This suggests that the use of these methods in determining the distribution of G could
reveal differences not detectable by traditional "H-NMR.

To further test the phenotypes of these strains they were also grown in fermentors in PM1
medium (see Paper 2). In the beginning of the growth the alginate is surrounding the cells,
making it difficult to centrifuge them, leaving behind a fluffy pellet (Figure 14, 12 hours Wt).
Over time the alginate is released from the cells to the growth-medium and the cells could

then easily be centrifuged to a compact pellet (Figure 14, Wt: 20 and 25 hours).
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Fig 14: Time-course of cell pellet properties from fermentor grown cultures. The numbers at the left indicate
hours after inoculation. Most mutants behaved like the wild type, exemplified by MS159 (algE3 disrupted),
except for HE1 (algE?7 disrupted) that displayed a later release of the alginate to the growth-medium (PM1).

The release of the alginate from the cells was similar for all the mutants (exemplified by
MS159 in Figure 14), except for HE1 (a/gE7 mutant). This strain released the alginate from
the surface of the cells almost 5 hours after the other strains, but after 25 hours the cell pellets

of HE1 displayed the same appearance as those from the other strains.

Figure 15 shows the amount of alginate accumulated during growth of the algE mutants.
Initially, the disruption mutant of algE7 seems to have a lower alginate production than the
algE[-6 mutants, but this is probably due to the reduced level of detachment of the alginate
from the cells (Figure 14). Over time the fluffiness of the pellet from mutant HE1 was
reduced to eventually disappear, and at this stage the alginate amount in the culture was
similar to that of the rest of the mutants (and the wild-type). These observations indicate that
the secreted epimerases do not influence the amount of alginate produced. They also indicate
that AlgE7 is responsible for detachment of alginate from the cells at early stages of
vegetative growth but that other factors, either enzymatic or mechanical, detach the alginate at
later stages. New alginate lyases discovered recently might be responsible for this process

(83).
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Figure 15: Alginate produced as a function of time in fermentations of algF mutants. The fermentations
were run as described in Paper 2. The epimerase genedisrupted in each strain is indicated in brakcets behind the
strain name.

- The effects on alginate structure are different in fermentor-grown (PM1-medium) cells

compared to cells grown in shake-flasks (RA1-medium).

Alginate was isolated from all the single disruption strains grown in fermentor and the
structures were analyzed with "H-NMR, giving the results shown in Table 2 of Paper 2 and in
Figure 17. For most of the polymers there are no very significant differences with respect to
the monomer composition (Fg between 0.23 and 0.29), compared to the wild-type (Fg= 0.25).
The disruption mutant of algE3 (strain MS159) is an exception, displaying a significant
reduction in the G-content (Fg = 0.08). When the same strain was grown in RAl-medium it
had only a moderately reduced G-content in its alginates compared to those of the wild-type

(Figure 17).

This result was so unexpected that the experiment was repeated in triplicate with the same or
very similar results. The strain was even made once more genetically and the fermentation
was repeated with the same result for the new strain. These observations may mean that there
is a difference in expression of the al/gE genes depending on the culture media used, and that
in the fermentation medium (PM1) AlgE3 is the dominating epimerase. Another possible

explanation would be that the physical conditions are different in a fermentor than in a shake-
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flask. This explanation could be investigated by using the same growth-medium in both

fermentor and shake-flask.

-The possible effects on cyst formation of individual algE gene disruptions were too

small to be quantified.

(Tests of the ability to form cysts were performed by the group of Dr. Guadalupe Espin,
Departamento de Microbiologia Molecular, Instituto de Biotecnologia, Universidad Nacional
Autonoma de México, Cuernavaca, Morelos, Mexico) To further elucidate differences in the
phenotype of single disruption strains their ability to make cysts and their resistance to
desiccation was studied. After the induction of encystment by n-butanol the cells started to
form aggregates, which were difficult to dissolve. It was therefore also difficult to determine
the number of viable cells. On the other hand, all the mutated strains had viable cells after
desiccation, indicating that they display at least some ability to make cysts. It is noteworthy
that the mutant disrupted in algE1 seemed to make larger aggregates and that they seemed
more difficult to dissolve than the aggregates from the other strains. This might indicate that
this disruption cause more significant effects on the surface of the cell than the remaining
disruptions, and that AIgE1 might be more important for the cell phenotype under these
conditions. Previous reported results on epimerase promoter activities indicated that a/gE/ is
the most expressed epimerase gene during encystment (18, 119), and this also supports the
hypothesis that single AlgE epimerases play an important role under the growth conditions

used for functional testing of encystment.

3.1.4 Generating deletion mutants of multiple algE -7 genes in A. vinelandii

- Dramatic effects on cell morphology and alginate structure in RAl-medium grown

cells.

(Paper 2 and unpublished results)
To further investigate the role of the epimerases a strain containing disruptions in both algFE1

and algE2 was generated. This strain was tested in RAl-medium and showed no apparent
difference either in morphological characteristics or in the resulting alginate structure, relative
to the wild-type. For this work a new version of the algE1 disruption strain was needed, and
this was made using a spectionmycin resistance gene as the disruptive element (MS115;).
This strain was subsequently used to make a strain where the entire cluster of epimerases were

deleted, leaving behind only algE5 (strain MS163). Morphological testing of this strain in
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RA1-medium showed a distinct change in the ability of the cells to make cyst-like structures
(Figure 16 also shown in Paper 2 as Figure 2). The cells are rounded up as the wild-type, but
it seemed like the cells have trouble keeping the alginates attached to the cell surface, and this
became more apparent over time when more and more cells started to loose the structures

around the cells, leaving behind only the central body of the cyst-like structure.

Analyses of the structures of the alginates produced indicated a reduction in G-content, but
not as dramatic as one might predict (Fg= 0.13, a reduction from Fg= 0.20 for the wild-type).
This result indicate that AIgES may be highly expressed under these conditions, or that the
inactivation of the genes encoding the remaining secreted AlgE-epimerases leads to more

favourable conditions for AIgES to act on its substrate.

MS163 MS163171 MS163171
s

SNy

g,

3 days

6 days

Figure 16: A. vinelandii mutants MS163 and MS163171 grown for 3 and 6 days in RA1 medium. Light
microscopy of MS163 (a and b) and MS163171 (c and d). The cells from MS163 are seen as structures
resembling those previously described as abortive cysts (Ac) and the exine is seen floating around the cells (Ex).
For the mutant MS163171 there is no coat development and the cells are seen as pre-cysts (Pc). To further see
details an electron microscopy picture is included for cells of MS163171 grown for 6 days (e). Gr, Granules; Db,
alginate debris; the bar represents 1 pm. These pictures are also found in Paper 2.

Another possible interpretation would be the same as for the Ca*"-dependency of the observed
change in Fg, where the analyzed alginate is the fraction dissolved in the medium, and not the

alginate attached to the cells.
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From MS163 a disruption mutant in algE5 was created and the resultingr strain (MS163171) ,
thus has no active algE genes. Morphological studies on this strain revealed that it is
completely unable to make the cyst coat seen in wild-type cells (Figure 16, also shown in

Paper 2).

- Effect on the cells ability to make cysts

Strain MS163171 was tested for desiccation resistance by the method described for the single
disruption mutations (experiments performed by the group of Dr. Guadalupe Espin, as for the
single disruption mutants). After cyst induction by n-butanol and subsequent desiccation of
the resulting cysts for 5 days no cells survived, leading to the conclusion that 4. vinelandii
needs at least some of its secreted epimerases to make viable cysts under the conditions

tested.

3.1.5 Strain MS163171 has a potential to be used for in vivo production of

alginates with predetermined structures.

The strains with more than one epimerase gene disrupted or deleted were tested for ability to
produce alginate during batch fermentation, and in addition the alginate compositions were
determined. First the strain where the cluster of the secreted epimerases are deleted (Strain
MS163) was investigated, and the results showed that alginate was produced at similar levels
as in the wild-type, but there was a very significant decrease in the G-content and in the G-
block content (Figure 17 and Table 2, and Figure 2 in Paper 2). An even more dramatic effect
on the alginate structure is seen for strain MS163171, which the alginates from are almost
lacking G-residues (F5<0.02). This indicate that AlgG is responsible for the residual rest of
the G residues in the alginate and that the AlgG activity can be altered by media composition
(Fg varying between less than 0.02 in fermentors to 0.06 in RA1, Figure 17). This enzyme is
thus much less active as an epimerase in 4. vinelandii than in Pseudomonas species, where it
introduces an Fg of up to 0.50 (273). Fortunately the alginate production is as high as in the
wild-type strain indicating that the production level is independent of the secreted epimerases.
This strain, with its low background of epimerization, represents a very interesting source for
re-incorporation of the individual algE genes expressed under control of inducible promoters.
This would potentially generate strains that are able to produce alginates with predetermined
structure. Unfortunately, no specialized protein expression tools exist for A. vinelandii, but a
broad-host-range system has been shown to function (Pm/xylS). For the production of

bacterial alginates the expression of several genes probably need to be controlled
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independently. For this reason the development of a new broad-host-range expression system

is described in Chapter 3.2.

RA1 medium Fermentor

M-1M M-1M

. GG-5G
Wt F,=0.20 F,=0.25
MS159 ﬁ F,=0.18 F,=0.08
MS163 F,=0.13 F,=0.06
MS163171 ¢M//J F=0.06 Fg <0.02

53 52 51 50 49 48 47 46 45 44 53 52 51 50 49 48 47 46 45 44

Chemical shift (ppm) Chemical shift (ppm)

Figure 17: 'H-NMR spectra recorded from alginate samples harvested from cultures grown in either
shake flask (RA1 medium) or fermentor. The spectra illustrate the difference in G-content of the harvested
alginate depending on both the mutant and the growth conditions. The 'H-NMR spectra were recorded as
described in Paper 2. The peaks at 5.25, ~5.17 and 4.85-4.9 are caused by the products resulting from alginate
degradation, either enzymatically by lyases or during preparation of the samples for NMR.
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3.2 Promoter systems for use in gram-negative bacteria

A probable need for several promoters to control the expression of several genes for
metabolic engineering of alginate production was indicated in the previous chapter. For this
purpose we wanted to develop a new promoter-system, as described in Chapter 3.2.1. In
addition it was planned to take advantage of our extensive knowledge about the Pm/xylS
system and to control the amount of G introduced into the alginate. Initial experiments of this
work include an expression study of algE6 which was cloned downstream of the Pm promoter
in a medium copy-number vector (Figure 18 A). This vector was transferred from E. coli to A.
vinelandii by conjugation and the resulting transconjugant was grown in Burks glucose
medium (Burks medium described in Paper 2). To test whether algE6 was expressed samples
from the supernatant were subjected to the alginate epimerization assay on radioactive labeled
alginate, as previously described (259). The results from this assay (Figure 18B) show that
there is a very strong increase in the amount of epimerases in the medium for the strain
harboring the plasmid containing algE6, indicating that the Pm/xylS system functions for

overproduction of this gene product in 4. vinelandii.
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Figure 18: Over-expression of algE6 in A. vinelandii. a) The construct of algE6 under control of the Pm
promoter in the broad host-range plasmid pJB866 (21, 22) b) Epimerase activities measured as the amount of
radioactivity is released to the growth-medium after epimerization of radioactively labeled mannuronan (grey,
induced; white, uninduced).

Interestingly, there was less activity from the culture samples where the inducer was added.
This correlated with the observation that pMS100 was rapidly lost during growth of the cells,
even when the cells were grown in the precence of tetracycline. This could possibly mean that
the expression from Pm becomes a burden for the cells. Even the uninduced cells lost their

plasmid after a few generations of growth. Plasmid loss or recombination with the epimerases
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in the genome might relieve the cells, leading to enhanced growth-rate compared to cells
containing pMS100. These results therefore implicate that the wild-type Pm promoter might
have too high expression levels for this application, even in the absence of expression. This
was the reason for developing a screening strategy for the discovery of low background and

low expression mutants in the Pm promoter, described in chapter 3.2.2.

3.2.1 Construction of a new promoter system suitable for regulated gene

expression in gram-negative bacteria.

(Paper 3)
Finding a new promoter-system was accomplished using four criteria: 1. A system that

previously has been shown to work in at least two different organisms. 2. A system with an
inducer that can not be metabolized by most species 3. A system with an inducer for which no
uptake system is needed. 4. A system which can be used in combination with Pm/xylS in the
same cell. The selected candidate was the system controlling the expression of cinB in
Acinetobacter sp., which is induced by cyclohexanone and where the regulator (ChnR) is a
member of the AraC/XylS. This system was cloned in a plasmid as described in Paper 3 and
tested for induction of its native gene, chnB, which encodes cyclohexanone mono-oxydase.
This enzyme is part of the cyclohexanol degradation machinery in Acinetobacter sp. (35,
125). A clone with a functional copy of the promoter system (pMS101) was used as the
starting point for the further studies, and chnB was replaced with a luciferase gene to facilitate
the characterization of the system. Initially the system was tested on several different inducers
based on the fact that Acinetobacter sp. can grow on several cyclic alcohols and ketones (34).
The list of tested inducers are presented in Table 2 of Paper 3 and show that induction can be
varied using a range of cyclic hydrocarbons and that cyclohexanone is the best inducer.
Cyclohexanone was therefore used in the further studies, and the next goal was to find out if
the system responded in correspondence to the amount of inducer added. At least in E. coli
this appeared to be the case, as expression increased in proportion to the inducer concentration
(Figure 2 a Paper 3). The expression was highest for 2 mM and further increases (10 and 20
mM) led to reduced growth, probably due to toxic effects of the inducer. Pb (designation of
this promoter was made here) was also tested with respect to the time needed to reach
maximum expression, and this was found to be 11 and 5 hours for cultures grown at 30 °C and

37 °C, respectively.
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Broad-host-range promoter systems are useful in many applications, and since Pb worked
both in Acinetobacter sp. and E. coli it might indicate that the system can be used in other
gram-negative bacteria as well. At the stage of the project when this discovery was made the
A. vinelandii strains, described in the previous chapters, had not been developed to a
satisfactory level The system was therefore tested in the genetically more convenient P.
fluorescens. The system was transferred by conjugation, and analyzed for luciferase
expression. The results showed that the cassette can be induced also in this organism (Figure
2D Paper 3) and fortunately it seems like the background expression from theis system is

lower than that of Pm/xylS.

Pb and its response-regulator ChnR could potentially be used in metabolic engineering
applications together with the Pm/xy/S system. AlgG (wild-type) and a mannuronan
producing mutant (AlgG*) was used to test this potential. algG was cloned downstream of the
Pb promoter, moved to a transposon vector (creating pMS186) and subsequently transferred
to P. fluorescens Pf201 AalgG. P. fluorescens Pf201 AalgG is an algG deletion mutant of the
alginate overproducing strain Pf201. The deletion makes the strain unable to produce alginate
(84). The insertion of algG downstream of Pb led to restoration of the alginate production and
an Fg in the alginate as for the alginate produced by the wild-type (Figure 3 Paper 3). algG*
was then cloned downstream of Pm and introduced into P. fluorescens Pf201 AalgG as well,
restoring alginate synthesis, but producing alginate without G. When the two systems were
introduced to the same strain (strain Pf201 AalgG::TnMS186::TnKB110) the alginate
production was restored to similar levels as the wild type (based on amount of alginate
harvested from the cultures) and without any inducer the alginates display a low G-content
(FG = 0.04) indicating that expression from the Pm system was dominating under these
conditions. This is in agreement with the previous results, where Pm was shown to display a
much higher background expression than Pb. When either of the systems were induced (1
mM inducer) the alginate was low in G-content when Pm is induced, and as in the wild-type
when Pb was induced (Figure 3 Paper 3). When both systems were induced (1 mM of each
inducer) the G-content of the alginates had an intermediate monomer composition (Fg= 0.16).
Reduction of the Pm inducer concentration resulted in an increased G-content, while the
opposite happened when the inducer concentration for Pbh was reduced. These results indicate

that the two systems can be controlled independently of each other in the same cell.
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To further test whether the two systems really are independently controlled we also measured
amounts from the two promoters for a set of different situations, shown in Figure 19 (Real
time PCR, experiments performed by Ingrid Bakke). The cultures were inoculated (1 %) and
induced at the same time and samples were harvested after 24 hours. Cell pellets from 1 ml
culture (out of 10 ml cultures) were washed with cold NaCl (0.2 M 50 ml) and RNA was then
isolated using the RNAqueous protocol (Ambion) with a bit less yield than expected. The
samples are normalized against sample 2, which was similar for both promoters. This
represents the uninduced or background levels of transcription from the promoters and
indicates that the background transcription from Pm is not much higher in this situation even
though the G-content in the alginate samples harvested from this strain indicate this (Figure 3
Paper 3). Another indication that the background from Pm is higher is the results from the
luc-assay where the Pb had a significant lower background in P. fluorescens. For sample 1 it
is clear that the relative expression from Pb is higher than for Pm, supporting the result from
the alginate analyses. For samples 3-5 there is a decrease in the amount of transcript from the
Pb promoter with a decrease in inducer added, indicating that the system is inducible at
several levels. Sample 6, however, shows results in conflict with this and might indicate that
m-Toluate or XylIS in some way influence the expression from Pb. Due to the difficulties in
the isolations of RNA these experiments have to be repeated for verification, and probably
new and better ways of isolating RNA from these strains should be investigated. To further
establish whether the promoters work in a satisfactory way in this organism it should be tested
how they behave over time and also how the alginate structure change during the different

stages of growth.
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Figure 19: Real-time PCR quantification from cultures grown with different inducers and concentration
for 24 hours. Experiment number refers to the Table on right. Results from the Pm promoter are represented by
white bars and results from the Pbh promoter by black bars. Results are normalized against sample 2 which had
similar transcript amounts for both promoters and represent the background transcription levels (uninduced).
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3.2.2 Development of a screening method for identification of Pm promoter
mutants with a low background expression, based on a Pm promoter mutant
library.

Earlier work in our laboratory resulted in the construction of a set of expression vectors based
on the Pm/xylS expression system integrated into the RK2 replicon. These vectors have been
demonstrated to work well in several gram-negative bacteria, both for the overexpression of
heterolougus proteins and in metabolic engineering applications (11, 243). One of the
negative aspects of this promoter system is its high uninduced expression level in some
bacterial strains (e.g. P. fluorescens and A. vinelandii). The problem of plasmid-instability,
shown earlier in this Thesis, was probably a result of such a high background expression
(page 44-45). To deal with this challenge, a mutant library of the promoter was created based
on previous work by Winther-Larsen et al. (281). In this method a promoter oligonucleotide
mutant library with 12% errors in one strand of the promoter was designed, and the library
was used to replace the wild-type promoter creating a library of more than 50000 mutants
(Ingrid Bakke, Unpublished results). This library is cloned upstream of a B-lactamase
resistance gene and in E. coli the library can be screened by using the level of B-lactam
resistance to find promoters with new levels of activity. Unfortunatly, P. fluorescens and A.
vinelandii strain E is already quite tolerant to this antibiotic, such that this procedure could not
be used in these organisms. Therefore a new screening method for finding low-background
mutants was developed. This work was performed in P. fluorescens, but it was believed that
the screening method could be used in 4. vinelandii as well. To screen the library in these
bacteria the B-lactamase gene was replaced with the luciferace gene, and a new plasmid
designated pHH100 was generated (Part of the work developing this screen was the Master
thesis of Hdvard Homberset, Department of Biotechnology, NTNU, supervised by Magnus
Steigedal). The library generated from this plasmid contains 8000 independent clones and it
was transferred by conjugation to P. fluorescens. Screening for reduced background
expression of the luciferase gene (relative to the wild-type) was carried out by a modified
procedure from a previously described method (283). To obtain reproducible results we found
that the bacteria first had to be grown in microtiter plates containing 110 pl liquid PIA-
medium (Described in Paper 3) with 40 pg/ml kanamycin (25 °C, 48 hours, shaking at 900
rpm). The cultures were then diluted in new medium, and then transferred onto two nylon
filters that prior to the stamping were placed on two PIA-plates (Described in Paper 3) with

and without inducer (I mM m-Toluate). The plates with filters were incubated for 14 hours at
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30 °C, and then placed in a Petri dish containing 3 ml luciferin (Promega, 1 mM in 0.1 M
sodium citrate, pH 5.0), shaken until the liquid was distributed evenly, and incubated for 10
minutes. Filters were then blotted on a filter-paper to remove the liquid, and placed, face
down, on transparent plastic film. A dry filter paper was placed on top of it to remove residual
dampness. The nylon filter was then exposed for 10 min. using a Kodak 2000IR camera. 1200
colonies were inspected this way, and 84 showed significant lower background expression
levels than the wild-type, while still retaining the ability to become induced. After a
rescreening, 79 of these turned up as candidates for a low background system. Five of these
candidates were further tested by growing the cells in shake-flasks both with and without
inducer, and the samples were treated and prepared as described for the Luc-assay procedure
in Paper 3. The results (Table 9) showed that the mutants display a significant reduction in
the background level (4.2-0.67 % of the wild-type) but also that the induced level is decreased
(0.5-11.4% of the wild-type).

Table 9 Promoter mutants, their induced-
and uninduced-levels, and the ratios
between them.

Promoter Uninduced' Ratio

2

Wt 1 12
A2 0.01 8
B1 0.02 3
D6 0.02 8
D9 0.01 26
G5 0.03 33

"The results for the uninduced column are set
as values relative to the wild type promoter.
’Ratio is fold induction that is observed
between the uninduced and induced states.

Interestingly the ratios between induced and uninduced levels have increased for some of the
mutants, G5 being the most interesting one, increasing more than 100%. This mutant was
chosen for further investigations and was shown to have three point-mutations relative to the
wild-type promoter. Because of its low background expression this mutant has been used in
metabolic engineering applications (11) and also in a patented system for producing alginates
(85). It will probably be useful for a range of other applications as well. Recent results have
shown that promoter mutants only to a limited extent will diplay the same characteristics in
different species (Ingrid Bakke, personal communication). Because of this we believe that the

discovered low background mutant of the Pm promoter probably can not be used directly in
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A. vinelandii as a low background expression mutant. But the screening method developed

here can be used for identifying similar mutants in A. vinelandii.
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4. Concluding remarks

Much is known about properties of the AIgE epimerases in vitro but little was known about
their role in vivo prior to this thesis work. It was known before that the AlgE epimerases are
expressed and that there is a change in the patterns of expression during the process of
encystment (18, 119). A part of this thesis has elucidated more on what effect individual
disruption of the algEl-7 genes has on the phenotype of the organism. Especially the effect
on encystment and on the composition of the produced alginate has been investigated. For
mutants grown in RAl-medium (shake-flasks) there were no apparent phenotypic change,
including alginate composition. The mutants were also tested for ability to produce viable
cysts but problems with the method of establishing the correct number of survivors led us
only to conclude that these strains had retained at least some ability to produce desiccation
resistant cells. These results indicate that the different epimerases can compensate for each
other to some extent and also strengthens the hypothesis that they are individually expressed.
When the same strains were grown under fermentors the changes in alginate structure was
very significant for one of the mutants (disruption of algE3). This result highlights how
growth conditions can influence the composition and structure of the alginates and this
should be taken into consideration when designing future work on bacterial production of

alginates.

Deletion of several epimerasegenes resulted in significant alterations in morphology of the
cells in RA1-medium, rendering them unable to form a stable alginate coating. The deletion
mutant where all the epimerasegenes were deleted produced alginate with an extremely low
G-content, indicating that the AlgG enzyme has a low epimerase activity in A. vinelandii
compared to that of P. fluorecens (84). That A. vinelandii still has this enzyme is most likely
explained by the probable structural role AlgG was recently shown to have in the
biosynthesis of alginate in P. fluorecens and P. aeruginosa (84, 126), and most probably have
in A. vinelandii as well. The strain without any of the AIgE epimerases was unable to make
desiccation resistant cysts and this is probably caused by the lack of G-blocks in the produced
alginate, proving that the AIgE epimerases are essential for the ability to make desiccation
resistant cysts. This is in agreement with the findings for the mutant where the proposed
export system was deleted, and strengthens the hypothesis that epimerase transport is the

function of the gene products of the deleted genes in this mutant.
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The strain without any exported epimerases have such a low G-content originating from
AlgG that it has a great potential for reintroduction of a/gE genes under a controllable
promoter. Such a strain would potentially be a source of alginate with a predetermined
structure. For further work with this strain a/gG should also be inactivated, as described for
P. fluorescens (84) to have a strain producing pure mannuronan. Furthermore, it has been
shown that the genes for acetylation can be deleted from P. fluorescens (83), and we believe
this could be done in A. vinelandii, generating a strain that produce un-acetylated alginate.
This may be important in 4. vinelandii if an increased G content is a goal, since it is known
that acetyl groups block epimerization (44, 239). An additional way of increasing the G-
content in the alginate is to increase the export of AIgE epimerases out of the cell. This could

be done by genetically manipulations of the secretion system identified as part of this thesis.

Another important factor for success in these attempts is the availability of genetic tools for
manipulating the expression of genes in A. vinelandii, either in the alginate biosynthesis
machinery, the epimerases or the secretion system of the epimerases. For this organism one
must probably rely on broad-host-range systems like Pm/xylS. In this work we experienced
problems with too high background expression from this system. To deal with this a system
for identification of inducible promoter mutants with decreased background expression was
developed. This screening identified such promoters in P. fluorescens, which have been used
in metabolic engineering processes and a patent (11,85), and we believe that the same

screening strategy could be applied to find suitable promotors for 4. vinelandii.

Increased knowledge on several proteins involment in cellular processes generates a need to
control the expression of several genes independently of each other in metabolic engineering.
This is most easily achieved by using different promoters whose activities can be individually
controlled and in this thesis the development of such a new promoter system is described.
This system can be used in several gram-negative bacteria, as shown in this thesis, and was
also found to most likely function together with the Pm/xylS system when presented in the

same cell.
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