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Abstract

Plant biomass is the major source of available carbohydrates in Nature. The walls of plant
cells are mainly composed by homo- and heteropolysaccharides, usually found intertwined with
each other and making a highly complex and heterogeneous structure, which displays a strong
resistance to biological degradation. Still, many microorganisms are able to breakdown this
complex structure and use the available sugars as carbon and energy source. Several
saprophytic bacteria, including Bacillus subtilis, release a high number of saccharolytic enzymes
capable of cleaving most polysaccharides in plant cell walls, and are then able to transport and
metabolize the resulting mono- and oligosaccharides. Thus, transport is a key step in sugar
utilization. Here, we characterize four ABC-type transporters involved in the uptake of arabino-
and galactooligosaccharides, and galacturonic acid oligomers and/or rhamnose-galacturonic acid
disaccharides. We show that MsmX is the sole ATPase responsible for energizing these four ABC
importers, thus playing a key role in pectin mobilization by B. subtilis. AraN, the solute-binding
protein (SBP) from the ABC importer, AraNPQ, is shown by in vivo and in vitro analyses to bind
arabinooligosaccharides. However, AraN displays a significantly lower affinity than that previously
reported for other SBPs. In addition, AraN also binds cello-, xylo- and maltooligosaccharides with
similar affinity but is shown to be non-essential for growth in the presence of these
oligosaccharides. We speculate that binding of these sugars may prevent
arabinooligosaccharides uptake when more favorable carbon sources, such as glucose-rich cello-
and maltodextrins, are available. The mechanisms of expression of abn2, a gene encoding an
endo-arabinanase, were investigated and we provide evidence that this AraR-independent gene
is temporally regulated. The transition state regulator AbrB and the master sporulation regulator
SpoOA are implicated in the regulation of abn2. Finally, we demonstrate that a metallic cluster

close to the catalytic site of Abn2 is essential for its arabinanase activity.

Keywords: Bacillus subtilis; plant cell wall sugar mobilization; ABC importer; multitask

ATPase; sugar-protein interactions.
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Sumario

A biomassa vegetal € a maior fonte de carbo-hidratos na Natureza. As paredes de células
vegetais sdo compostas principalmente por homo- e heteropolissacaridos, que se encontram
habitualmente interligados entre si constituindo uma estrutura altamente complexa e
heterogénea, que apresenta uma grande resisténcia a degradacdo biologica. Ainda assim,
muitos microorganismos conseguem quebrar esta estrutura complexa e utilizar os agucares
disponiveis como fonte de carbono e energia. Varias bactérias saprdfitas, incluindo Bacillus
subtilis, libertam um elevado nimero de enzimas sacaroliticas capazes de clivar a maioria dos
polissacaridos das paredes de células vegetais, conseguindo depois transportar e metabolizar
0s mono- e oligossacaridos resultantes. Deste modo, o transporte € um passo chave na utilizacéo
de acucares. Aqui, caracterizamos quatro transportadores do tipo ABC envolvidos no transporte
de oligossacaridos de arabinose, galactose e acido galacturonico e/ou dissacaridos de ramnose-
acido galacturdénico. Demonstramos que MsmX é a Unica ATPase responsavel pelo fornecimento
de energia a estes quatro transportadores ABC, desempenhando assim um papel chave na
mobilizacdo de pectina por B. subtilis. E demonstrado por anélises in vivo e in vitro que AraN, a
proteina de ligacao ao substrato (SBP) do importador ABC AraNPQ, liga arabinooligossacaridos.
No entanto, AraN apresenta uma afinidade significativamente inferior em relacdo ao
anteriormente reportado para outras SBPs. Para além disso, AraN também liga celo-, xilo- e
maltooligossacaridos com afinidades semelhantes, mas ndo é essencial para o crescimento na
presenca destes oligossacéaridos. Especulamos que a ligacdo destes aclUcares pode prevenir o
transporte de oligossacéaridos de arabinose quando fontes de carbono mais favoraveis, como
celo- e maltodextrinas, se encontram disponiveis. Os mecanismos de expressao de abn2, um
gene que codifica uma endo-arabinanase, foram investigados e apresentamos evidéncias de que
este gene ndo dependente de AraR é regulado temporalmente. O regulador do estado de
transicdo AbrB e o regulador principal da esporulacdo SpoOA sdo implicados na regulacdo de
abn2. Finalmente, demonstramos que um centro metalico perto do local catalitico de Abn2 é

essencial para a sua actividade de arabinanase.

Termos chave: Bacillus subtilis; mobilizacdo de acUcares da parede de células vegetais;

importadores ABC; ATPase multifungdes; interac¢des aglcar-proteina.
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Thesis Outline

The Thesis is divided in seven Chapters.

In Chapter I, “General Introduction”, a brief overview on the organism studied in this thesis,
Bacillus subtilis, is given. Several concepts on the utilization of various carbohydrates by Bacilli,
including sugar hydrolysis and uptake, are introduced with an emphasis on B. subtilis and

arabinose utilization.

In Chapter II, “A multitask ATPase serving different ABC-type sugar importers in Bacillus
subtilis”, the AraNPQ system is shown to be responsible for arabinooligosaccharides uptake.
Additionally, the results presented here prove that MsmX is the ATPase responsible for energizing

the AraNPQ transporter and at least two more ABC-type sugar importers.

In Chapter 11, “Uptake of pectin by MsmX-dependent ABC-type importers in Bacillus
subtilis”, the MsmX ATPase is implicated in the uptake of several different carbohydrates. New
ABC-type sugar importers are functionally characterized and MsmX is established as a key player
in pectin mobilization. Additionally, it is also shown that another B. subtilis ATPase is able to
functionally replace MsmX when placed in trans but not when expressed from its own locus in the

chromosome.

In Chapter IV, “Characterization of the sugar-binding protein AraN of Bacillus subtilis”, the
solute-binding protein from the AraNPQ-MsmX arabinooligosaccharides ABC-type importer is
studied. Sugar-protein interactions determined using STD-NMR and site-directed mutagenesis
analyses are presented.

In Chapter V, “Mechanisms controlling the expression of the abn2 gene of Bacillus subtilis”,
the AraR-independent regulation of the gene abn2, encoding the endo-arabinanase Abn2, is

assessed. A model for the regulation of abn2 at the transcription level is proposed.

In Chapter VI, “The importance of the Abn2 calcium cluster in the endo-1,5-arabinanase
activity from Bacillus subtilis”, a divalent metal cluster is shown to be critical for protonation of

catalytic residues and arabinanase activity.

Finally Chapter VII, “Concluding Remarks”, contains a brief general discussion about the
relevance of the results obtained.
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General Introduction

General Introduction

An overview on Bacillus subtilis

Bacillus subtilis is a saprophytic, rod-shaped, endospore-forming, Gram-positive
bacterium, usually found in the soil, for long considered to be its natural habitat and reservair,
from which it is often transferred to various environments such as plants and plant materials,
foods, animals, and marine or freshwater habitats (Priest, 1993; Hong et al., 2009). The ability of
B. subtilis to form a highly differentiated structure, the endospore, which is able to indefinitely
resist starvation, dissection and radiation, is the ultimate survival strategy and also facilitates the
geographical dispersion of this microorganism in dust and air currents (Priest, 1993; Earl et al.,
2008). Spores of B. subtilis are normally found in the same ecological niches as vegetative cells,
and have recently been shown to be able to germinate and grow in the gastrointestinal tract of
animals, including humans, which led to the proposal of a bimodal life cycle of growth and
sporulation in both the environment and gastrointestinal tracts (Tam et al., 2006; Serra et al.,
2014). This ability has been commercially exploited and B. subtilis spores are currently being sold
for use as probiotics, for both human consumption and as animal food supplements, with
beneficial effects on several gastrointestinal disorders and on the prevention of colonization of
the gastrointestinal tract by pathogenic bacteria (Casula and Cutting, 2002; Hong et al., 2005).

B. subtilis plays an important role in the global carbon cycle through its ability to degrade
plant cell wall polysaccharides by the concerted action of several sugar hydrolases and sugar-
dedicated transporters. Of particular interest are enzymes involved in the degradation of the
backbone of polysaccharides from the hemicellulosic and pectic fractions of plant biomass:
arabinans (Leal and S&-Nogueira, 2004; In4cio et al., 2008; Inacio and Sa-Nogueira, 2008),
xylans (Roncero, 1983; Rhee et al., 2013), galactans (Shipkowski and Brenchley, 2006; Chai et
al., 2012), mannans (Sadaie et al., 2008; Sun and Altenbuchner, 2010) and rhamnogalacturonan
(Ochiai et al., 2007). These enzymes may have a significant positive impact for the bioethanol
industry in the saccharification process of hemicellulosic biomass. The industrial process in which
wild-type Saccharomyces cerevisiae is used for the production of ethanol does not take full
advantage of the available plant biomass. Instead, only hexoses like glucose and mannose are
fermented and the remaining non-cellulosic components (mainly pentoses such as xylose and
arabinose) are accountable for approximately 70% (w/w) of the total residues from bioethanol
production. Although pentose-fermenting S. cerevisiae strains have been engineered, and are
industrially employed, these strains are unable to breakdown large polysaccharides and can
simply ferment monosaccharides such as L-arabinose or D-xylose (reviewed in Hahn-Hagerdal et
al., 2007). Moreover, the need to take advantage of lignocellulosic biomass has been increased

by the ethical issues regarding the use of substrates like corn for the biofuel industry. This is likely
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to further strengthen the utility of B. subtilis and/or its enzymes for bioethanol production using
substrates which are not competing with food production (Farrel et al., 2006; Numan and Bhosle,
2006; van Maris et al., 2006; Nevoigt, 2008; Pauly and Keegstra, 2010).

Bacillus species, including B. subtilis, have a high impact in industry, not only due to their
capability for naturally releasing large amounts of several commercially interesting enzymes —
namely cellulases, hemicellulases, proteases, lipases or amylases — and other increased value
biomolecules, such as antibiotics, but also by their use for the production of several recombinant
proteins, in which human proteins are included (Arbige et al., 1993; Priest, 1993). Although the
recent financial and economic crisis diverted attentions from the need to address the problems
caused by the still increasing global carbon emissions (Le Quéré et al., 2015), a renewed demand
for a more sustainable fuel source will eventually arise due to the growing environmental
awareness by the general public. Therefore, the capability of B. subtilis to hydrolyze most of the
polysaccharides in plant biomass, particularly that from agricultural and forest industry waste, is
likely to turn this bacterium into an essential part of the biofuels industry and of global carbon
economy. Finally, the fact that the complete genome of B. subtilis has been sequenced (Kunst et
al., 1997) — and made available online (http://genolist.pasteur.fr/SubtiList/) — with essential genes
having been identified (Kobayashi et al., 2003), and that this bacterium is easily manipulated in
the laboratory, have made B. subtilis a highly attractive microorganism for both fundamental and
applied research, with the potential for providing a significant and positive economical impact if

used as a tool for several biotechnological industrial processes.

Utilization of carbohydrates by Bacilli

Biological diversity in our planet is astonishing, with many different organisms living on it.
Nevertheless, even when so many differences can be found, some features and needs are
common to all life. Be it a unicellular microorganism or a multicellular higher animal, whether it
can be classified as Bacteria, Archaea or Eukarya, all life on Earth depends on energy and carbon
to be able to grow and reproduce. Plants, algae and photoautotrophic bacteria are able to use
light as energy source and to store this energy in the form of carbohydrates through
photosynthesis. In turn, these carbohydrates are used not only by the organisms which synthesize
them, but also, directly or indirectly, by most of the known heterotrophic life forms. In plants, these
carbohydrates can be stored and later used for various metabolic processes and also as the
primary building blocks for cell wall synthesis as a plant grows. When plant cell tissues eventually
die, saprophytic organisms (including some bacteria) are able to degrade these carbohydrates,
by releasing a large number of saccharolytic enzymes, and use them as their carbon and energy
sources (McNeil et al., 1984; Thomson, 1993).
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Carbohydrates in plant cell walls

All plant cells are encased by a structurally complex wall which confers rigidity to cells and
some level of protection against environmental stress, such as infection by pathogens or extreme
weather conditions. Additionally, walls play an important role in plant cell adhesion and cell-cell
communication. The structural organization of the plant cell wall is exemplified in Figure 1.1.
During cell growth and elongation, primary walls surround the cells offering structural support,
then, when growth stops, cells from various plant tissues develop a thicker secondary wall which
provides further strength. Primary and secondary walls are considerably different, but, in both,
polysaccharides are responsible for the larger part of their dry weight. In primary walls, water
content may reach up to 60% (w/v) of the total mass, but polysaccharides may be accountable
for 90% of the total dry weight. On the other hand, water is virtually absent from secondary walls
mostly due to the presence of the hydrophobic polyphenol lignin, and polysaccharides represent
around 60% of the dry weight (McNeil et al., 1984; Thomson, 1993; Caffall and Mohnen, 2009;
Scheller and Ulvskov, 2010; Pettolino et al., 2012; Pauly et al., 2013; Loqué et al., 2015).

-pm

SW

——— Col-0

Figure 1.1 — Structural organization of the Arabidopsis thaliana cell wall. Transmission electron
micrograph of wild-type Arabidopsis thaliana Columbia-O (Col-O) transverse root section showing the middle
lamella (ml), primary wall (pw), and secondary wall (sw) of the metaxylem. The plasma membrane (pm),
cytoplasm (c) and vacuole (v) are also indicated. Bar = 2 um (Caffall and Mohnen, 2009).

The plant cell wall as a whole is the major reservoir of carbohydrates to be found on our
planet. Its composition is highly variable, not only between species but also between different
tissues of the same plant (Table 1.1). Generally, the two most abundant carbohydrates in plant
biomass are glucose and xylose, but arabinose, mannose and galacturonic acid may also have a

significant contribution. Even though some glycoproteins can be found as an integrant part of the

5



Chapter |

cell wall of plants, its four main components are cellulose, hemicellulose, pectin and lignin, which
are intertwined with each other forming a complex mesh (Figure 1.2). Cellulose is a linear polymer
made of variable molecular weight chains of B-1,4-linked p-glucosyl units which displays low
solubility in water. Up to approximately 36 of these glucan chains can associate with each other,
by hydrogen bonds and van der Waals interactions, to form partially crystallized microfibrils which
are aligned parallel to each other and are highly resistant to hydrolysis (Figure 1.2). Cellulose is
generally the most common polymer in plant cell walls (up to about 45% of the total dry weight in
tobacco callus cell walls) and its relative abundance is higher in secondary walls than in primary
walls. Additionally, the average molecular weight of cellulose chains and the thickness of cellulose
microfibrils are much higher in secondary walls when compared to primary walls (McNeil et al.,
1984; van Maris et al., 2006; Caffall and Mohnen, 2009; Pauly and Keegstra, 2010; Edwards and
Doran-Peterson, 2012; Pauly et al., 2013; Loqué et al., 2015).

Table 1.1 — Composition of common agricultural lignocellulosic byproducts/leftovers. Dry weight
percentage of the most important carbohydrates and lignin in some agricultural biomass (adapted from van
Maris et al., 2006).

Corn stover Wheat straw Bagasse Sugar beet pulp Switch grass
p-Glucose 34.6 32.6 39.0 24.1 31.0
p-Mannose 0.4 0.3 0.4 4.6 0.2
p-Galactose 1.0 0.8 0.5 0.9 0.9
p-Xylose 19.3 19.2 22.1 18.2 0.4
L-Arabinose 25 24 2.1 15 2.8
Uronic Acids 3.2 2.2 2.2 20.7 1.2
Lignin 17.7 16.9 23.1 15 17.6

Unlike cellulose, which is exclusively composed by linear chains of 3-1,4-linked glucose
units, non-cellulosic polysaccharides, such as hemicelluloses and pectins, are highly
heterogeneous in composition and structure. Together, both types of polysaccharides contain a
high number of different sugars including hexoses (b-glucose, p-galactose, b-mannose, L-fucose,
p-glucuronic acid, p-galacturonic acid, L-rhamnose) and pentoses (p-xylose, L-arabinose, bp-
apiose). Hemicelluloses and pectins can also be distinguished from cellulose by their higher
water-solubility (Ochiai et al., 2007; Caffall and Mohnen, 2009; Scheller and Ulvskov, 2010).

Hemicellulose polysaccharides can be linear or branched (with a high degree of
substitution) and their backbones — which, like cellulose, typically display an equatorial
configuration — are mainly homopolymeric xylans and mannans. Hemicelluloses are often
interwoven with cellulose microfibrils, especially in primary walls, generally conferring increased
strength to the cellulose network. Xylans are found in the walls of many plant species — especially
monocots, and predominantly as part of secondary walls — and are often substituted by
glucuronosy! (glucuronoxylan) and arabinosyl (arabinoxylan) units (Figure 1.2). Hemicellulosic
polysaccharides with a glucose backbone highly substituted with xylosyl residues (xyloglucan)

have also been reported in most studied species (Charophytes being the exception). Depending
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on the tissue and plant, these xyloglucans may have additional branching (arabinose or fucose)
and are predominantly composed by either a repeating oligosaccharide unit of three xylose-
substituted glucose units followed by one unsubstituted glucose or by a repeating unit of two
substituted units followed by two with no substitution. Xyloglucans are more abundant in the
primary walls of dicots and conifers, while arabinoxylans are the major hemicellulose in monocot
walls. Xyloglucan-cellulose interactions in the primary wall are thought to be very important for
growing cells (Figure 1.2).

(a)

Cellulose Hemicellulose Hatigaalatironas Pectin Alasingaaiastiranan Lignin
o  xyloglucan M Ca?*-crosslinked A “!) w
e lact

- WS TN WwAAn  non-methylesterified RG RGII %
o  arabinoxylan RARM  methylesterified (galactan) (arabinan)  (boron-diester)

Figure 1.2 — Schematic representation of the plant cell wall composition and organization. A) The
primary wall is a more heterogeneous and flexible structure, more suited to sustain the stresses of expanding
cells. The cellulose network is highly tethered by mainly arabinoxylan and pectins B) The secondary wall,
which develops in some cells after they stop growing, is more rigid due to the close association between the
more abundant cellulose microfibrils and the hydrophobic lignin polymer (adapted from Loqué et al., 2015).
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Although these interactions between xyloglucan chains and cellulose microfibrils weaken
cellulose networks in the primary wall when compared to the secondary wall, they confer a higher
flexibility to expanding cell walls (Caffall and Mohnen, 2009; Scheller and Ulvskov, 2010; Pauly
et al., 2013; Rhee et al., 2013).

Mannans are (-1,4-linked polysaccharides with a mannose backbone, often substituted
with galactose (galactomannans), and constitute the main hemicellulose in Charophytes. Due to
their abundance in algae, mannans are considered to have been the major hemicellulosic
polysaccharide in earlier plants, having since been replaced by other hemicelluloses in modern
plants. Mannans can have a mixed backbone of a non-repeating pattern of mannose and glucose
(glucomannans). Although not as abundant as other hemicelluloses, (gluco)mannans have been
reported to play an important role in the embryogenesis process of Arabidopsis thaliana (Goubet
et al., 2003; Scheller and Ulvskov, 2010; Pauly et al., 2013).

Mixed linkage glucans are also classified as hemicellulases and can be found in the primary
walls of some plant species, particularly in the Poaceae family —which includes cereal crop plants
such as rice, wheat and corn — where they play an important role in wall elongation during cell
growth. These glucans are generally constituted by small cellotriosyl and cellotetrasyl units linked
between them by B-1,3 linkages, thus displaying a non-linear configuration in contrast with the
linear configuration of 3-1,4-linked cellulose chains (Scheller and Ulvskov, 2010; Pauly et al.,
2013).

Pectins are a class of polysaccharides, sometimes grouped together with hemicelluloses,
which are characterized by its high galacturonic acid content (approximately 70% of pectin), and
are often more abundant in low-lignin biomass like citrus waste and sugar beet pulp (Figure 1.3).
There are three main types of pectins: homo- or polygalacturonan, rhamnogalacturonan type |
(RG-I), and rhamnogalacturonan type Il (RG-II), which may be covalently bound to each other in
a single polysaccharide chain (McNeil et al., 1984; Mohnen, 2008; Caffall and Mohnen, 2009;
Edwards and Doran-Peterson, 2012).

Polygalacturonan has a linear backbone of a-1,4-linked galacturonic acid units and
comprises about 65% of all pectin. Residues of this pectic polysaccharide are partially
methylesterified which has implications in the crosslinking between chains of polygalacturonan.
Unmethylated units are negatively charged and can interact with Ca?* ions to form a stable gel-
like structure with unmethylated regions of other polygalacturonan chains (Figure 1.2).
Polygalacturonan backbones can also be substituted by mono- or disaccharides of p-apiose
(apiogalacturonan) or p-xylose (xylogalacturonan). RG-I is the second most abundant pectic
polysaccharide and is characterized by a backbone of alternating L.-rhamnose and p-galacturonic
acid residues. Depending on the plant or tissue RG-I may be scarcely branched or about 50% of
the rhamnose units may be substituted. The branches attached to rhamnose residues are mainly
pure arabinans, galactans and arabinogalactans, which can be further branched themselves

(Figure 1.2). Finally, the least common and most structurally complex pectic polysaccharide is
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RG-II. The backbone of RG-II is similar to polygalacturonan, i.e., is composed by a-1,4-linked
galacturonic acid units. The chains of this polysaccharide usually self-associate through boron
diester bonds to form RG-IlI dimers (Figure 1.2). The complexity of RG-Il is due to the high
heterogenicity of its branching side chains. The heterogeneous side chains are composed by 12
different sugars, including arabinose, galactose, rhamnose, and other rare species such as
apiose, methylated xylose or fucose, and aceric acid (McNeil et al., 1984; Ochiai et al., 2007,
Mohnen, 2008; Caffall and Mohnen, 2009; Loqué et al., 2015).
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Figure 1.3 — Comparison of the dry weight composition of pectin-rich substrates to starch-rich and
lignocellulosic biomasses. Pectin-rich biomass includes apple pomace, citrus waste and sugar beet pulp,
which have a considerably lower lignin content, making these substrates less recalcitrant and more attractive
for bioconversion to ethanol (Edwards and Doran-Peterson, 2012).

Lignin is an aromatic polymer consisting of various different phenolic units, and is typically
accountable for approximately 10-30% of total biomass dry weight — although this value drops to
<2% in pectin-rich biomass (Table 1.1 and Figure 1.3). This polymer is more commonly found in
secondary walls where it is tightly associated with cellulose microfibrils (Figure 1.2), but can also
be linked to hemicellulosic polysaccharides. Although lignin cannot be fermentable, much
research on this polymer has been conducted due to its impact in the recalcitrance of plant
biomass. The association between lignin and other plant polysaccharides increases the
enzymatic load needed for the release of fermentable sugars for the bioethanol industry, which
consequently increases the production costs. Therefore, low-lignin substrates such as the pectin-
rich citrus waste or sugar beet pulp are an attractive alternative to lignocellulosic biomass for
industrial processes (van Maris et al., 2006; Pauly and Keegstra, 2010; Edwards and Doran-
Peterson, 2012).
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Carbohydrate metabolism

Being a highly complex structure composed mainly, but not exclusively, by homo- and
heteropolysaccharides of many different sugars, and which are often linked to each other by
covalent, hydrogen or diester bonds, the plant cell wall displays a high recalcitrance.
Microorganisms, particularly saprophytes, that are able to degrade plant cell wall
polysaccharides, and use the resulting sugars as their carbon and energy sources, release a wide
array of enzymes (glycosyl hydrolases, GHs) which act synergistically for the complete
breakdown of plant cell wall carbohydrates (Beldman et al., 1997; Shallom and Shoham, 2003).
These enzymes allow the utilization of most non-cellulosic sugars. Examples of the metabolic
pathways/networks for the most relevant sugars present in hemicelluloses and pectins
(arabinose, xylose, galactose and mannose) will be given, and include enzymes for
polysaccharide breakdown, sugar uptake systems and regulation mechanisms, with focus on the
known pathways in B. subtilis.

Arabinose/arabinan metabolism

In order to metabolize L-arabinose, which is not readily available from arabinans,
arabinogalactans and arabinoxylans, B. subtilis depends on the concerted action of several
enzymes. In this enzymatic consortium there are two a-1,5-arabinanases (ABNs, EC 3.2.1.99),
that act in an endo-fashion and cleave the backbone of arabinose-containing polysaccharides,
yielding arabinose and arabinooligosaccharides. In addition, two a-L-arabinofuranosidases (AFs,
EC 3.2.1.55), which act in an exo-fashion on the oligosaccharides, release arabinose residues
that can easily be further metabolized by B. subtilis (Raposo et al., 2004; Leal and Sa-Nogueira,
2004; Inacio and Séa-Nogueira, 2008; Inacio et al.,, 2008). An extracellular arabinoxylan
arabinofuranohydrolase, XynD, which specifically releases arabinosyl units from arabinoxylan as
also been characterized (Bourgois et al., 2007). The resulting L-arabinose is further catabolized
according to the metabolic pathway identified by Lepesant and Dedonder (1967). L-arabinose
isomerase converts L-arabinose to L-ribulose, which is then phosphorylated by L-ribulokinase, with
the resulting L-ribulose-5-phosphate being finally converted by L-ribulose-5-phosphate 4-

epimerase into p-xylulose-5-phosphate (Figure 1.4).

arabinose . . ribulose-5-P
isomerase ribulokinase 4-epimerase

L-arabinose — L-ribulose e L-ribulose-5-P —— D-xylulose-5-P » PPP

Figure 1.4 — The metabolic pathway of L-arabinose in B. subtilis. L-arabinose is converted to o-xylulose-
5-phosphate by a sequence of reactions catalyzed by arabinose isomerase, ribulokinase and riblulose-5-
phosphate 4-epimerase. The final product of this pathway enters the pentose phosphate pathway (PPP).
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The latter product, p-xylulose-5-phosphate, is then incorporated and further catabolized via
the Pentose Phosphate Pathway (PPP). Several other microorganisms are known to have the
same metabolic pathway, namely Escherichia coli (Englesberg et al., 1962), Lactobacillus
plantarum (Heath et al., 1958), Aerobacter aerogenes (Simpson et al., 1958), Salmonella
typhimurium (Pueyo and Lopez-Barea, 1979), and Geobacillus stearothermophilus (Shulami et
al., 2011).

In B. subtilis, the three enzymes responsible for the sequential conversion of L-arabinose
to p-xylulose-5-phosphate are encoded by the genes araA (L-arabinose isomerase), araB (L-
ribulokinase) and araD (L-ribulose-5-phosphate 4-epimerase), which are located at about 256° in
the genetic map of B. subtilis. The products of these genes present high similarity to the ones
found in E. coli (52.9%, 25.7% and 57.1%, respectively; Sa-Nogueira et al. 1997). Additionally,
araA, araB and araD from B. subtilis were shown to be functional in E. coli (S4-Nogueira and
Lencastre, 1989). However, two significant differences are noted in the organization of these
genes in both organisms. In E. coli they are ordered araBAD and are the only genes of this
arabinose operon (Englesberg et al., 1969), whereas in B. subtilis the genes are arranged as
araABD and are the first of a nine-cistron operon, which also includes araLMNPQ-abfA (Sa-
Nogueira and Lencastre, 1989; Sa-Nogueira et al., 1997). In G. stearothermophilus the
homologous genes for the conversion of L-arabinose to p-xylulose-5-phosphate are ordered
araDBA and are part of an operon with two additional ORFs (Shulami et al., 2011).

The remaining products of the araABDLMNPQ-abfA (or simply ara) operon have been
functionally characterized. AralL from B. subtilis was shown to have phosphatase activity towards
several sugar phosphate substrates (Godinho and Sa-Nogueira, 2011) and AraM was
demonstrated to function as a glycerol-1-phosphate dehydrogenase (G1PDH), which makes it
the first ever reported G1PDH in Bacteria, although it's biological role is yet to be determined
(Guldan et al., 2008). AraN has been previously proposed to be the extracellular solute-binding
protein (SBP) of a putative ABC-type transport system responsible for the uptake of
arabinooligosaccharides and also involved in the transport of arabinose, with AraP and AraQ
being the transmembrane domains (TMDs) that make the channel through which the substrates
recognized by AraN are transported (Sa-Nogueira et al. 1997; In4cio et al., 2008). The functional
characterization of this transport system will be presented in Chapter Il and Chapter Ill. The last
gene of the ara operon encodes an intracellular a-1,5-L-arabinofuranosidase, AbfA, which is able
to release L-arabinose residues from arabinooligosaccharides (Inacio et al., 2008). Genes from
the ara operon which are located downstream of araD were shown to be non-essential for the

growth of B. subtilis on arabinose as the sole carbon and energy source (Sa-Nogueira et al. 1997).

In the genome of B. subtilis there are at least four encoded enzymes implicated in the
degradation of arabinose-containing polysaccharides. AbnA and Abn2 are two extracellular endo-
a-1,5-arabinanases, belonging to the Glycosyl Hydrolase (GH) 43 family, which are able to

hydrolyze the a-1,5 bonds from the backbone of arabinans. Both enzymes are encoded by
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monaocistronic genes, abnA, which is located immediately upstream of the ara operon, and abn2
(formerly yxiA), which is found considerably far from the operon at about 340° on the genetic map
of B. subtilis (Raposo et al., 2004; Leal and S4-Nogueira, 2004; Inicio and Sa-Nogueira, 2008).
ADbfA (encoded by abfA from the ara operon) and Abf2 (encoded by the monacistronic abf2,
formerly named xsa, located about 23kb downstream of the operon) are two intracellular a-L-
arabinofuranosidases from the GH 51 family with exo-activity towards small oligosaccharides and
also the side chains of arabinose-containing polysaccharides. Contrary to that observed with the
ABNSs, these two AFs hydrolyze different bonds. While AbfA is predominantly more active towards
a-1,5 bonds of arabinan and arabinooligosaccharides, Abf2 acts preferentially on a-1,2 and a-1,3
bonds of branched arabinan and arabinoxylan, which suggests the concerted action of these
enzymes as being essential for the complete degradation of arabinose-containing
polysaccharides (Inacio et al., 2008).

Located at about 298° on the genetic map of B. subtilis, the araR locus has two
monaocistronic and divergent transcription units (araR and arak). The araR gene encodes a
transcription factor, AraR, which is responsible for the negative regulation of five transcription
units involved in the utilization of arabinose and arabinose-containing polysaccharides (Figure
1.5). The N-terminal region of this protein comprises a helix-turn-helix consensus signature
sequence of the GntR family of bacterial regulators (Haydon and Guest, 1991), while the larger
C-terminal region presents a high similarity to the bacterial regulators of the Lacl/GalR family
(Weickert and Adhya, 1992). The araE gene encodes an integral membrane permease belonging
to the Major Facilitator (MF) superfamily, AraE, which is involved in the H* symport-coupled
uptake of L-arabinose (S&-Nogueira and Ramos, 1997), b-xylose and p-galactose by B. subtilis

(Krispin and Allmansberger, 1998).

araR

abnA

abn2

Figure 1.5 — Representation of the arabinose (ara) regulon of B. subtilis. The AraR repressor is
responsible for the negative regulation of five transcription units related to the utilization of arabinose by B.
subtilis. The expression of abn2 is not under the control of AraR and mechanisms responsible for mediating
its transcription are not known (adapted from Franco et al., 2006).

The regulation of genes involved in arabinose utilization at the transcription level is mainly
achieved through the AraR transcription factor. Among all six transcription units known to be
related with arabinose utilization, abn2 is the only not under the control of AraR (Figure 1.5) and
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its regulatory mechanism is still unknown (Inicio and S&-Nogueira, 2008). The repression of
araABDLMNPQ-abfA, araE, araR, abnA and abf2 expression is achieved by specific binding of
AraR homodimers to palindromic operator sequences (Figure 1.6) located in the promoter regions
of these five units. The binding of AraR to DNA is accomplished by two distinct mechanisms. In
the promoter region of the ara operon, and the araE and abf2 genes there are two in-phase
operators that allow the formation of a DNA loop upon cooperative-binding of two AraR
homodimers, leading to a highly repressed transcription. A looser control is observed for abnA
and araR since both genes display a single operator sequence in their promoter regions, leading
to an increased basal level of expression (Mota et al., 1999; Mota et al., 2001; Raposo et al.,
2004). The expression of the ara regulon is achieved in the presence of arabinose. When -
arabinose binds to AraR the protein changes its conformation, thus becoming unable to bind DNA
(Mota et al., 1999; Franco et al., 2006; Franco et al., 2007).

Az, Gl C0Thea.
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Figure 1.6 — Position weight matrix of the B. subtilis AraR-binding site. The consensus palindromic
sequence of the AraR-binding site is At(T/AtGTaCGTAcaa(A/T)T (adapted from Correia et al., 2014).

In addition to the regulation mediated by AraR, the arabinose system of B. subtilis is also
controlled by a Carbon Catabolite Repression (CCR) mechanism. Several cre sites, associated
to arak, abnA, abn2, abf2 and the ara operon, allow the binding of the trans-acting repressor
protein CcpA (Henkin et al., 1991) in the presence of glucose. Consequently the expression of
the ara genes is repressed even when arabinose is available. This regulation mechanism allows
the cells to preferentially utilize the more favorable glucose as its carbon and energy source
(In&cio et al., 2003; Inacio and S&-Nogueira, 2007; Inacio and Sa-Nogueira, 2008).

The G. stearothermophilus arabinan utilization system, although functionally similar to that
of B. subtilis, is of increased complexity and has a clearly distinct gene organization. At least 23
genes of G. stearothermophilus, organized in five transcription units, were proposed to be
involved in the utilization of arabinose and arabinose-containing polysaccharides: araPST,
araEGH, araR, araDBA-abp-abnB, and abnEFJA-abfBA-araJKLMN. In contrast to that observed
in B. subtilis, these transcription units are clustered together in a relatively small 38 Kb segment
of its chromosome (Shulami et al., 2011). The genes encoding the three enzymes responsible for
the conversion of L-arabinose to p-xylulose-5-phosphate are ordered araDBA. The breakdown of
arabinan or arabinose-containing polysaccharides is achieved by the concerted action of five
enzymes. One extracellular endo-arabinanase (AbnA) and an intracellular endo-arabinanase
(AbnB), both belonging to the GH43 family, cleave the backbone of arabinan or large

arabinooligosaccharides. AbfA and AbfB, two intracellular GH51 a-L-arabinofuranosidases, and
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Abp, a GH27 B-L-arabinopyranosidase, complete the breakdown of arabinose oligomers (Shulami
et al., 2011). Sugar uptake is achieved through two distinct ABC-type transporters. AraEGH and
AbnEFJ are responsible for the uptake of arabinose and arabinooligosaccharides, respectively.
In the AraEGH system, AraE is the SBP which recognizes arabinose, AraH is the single protein
responsible for making the transporter pore, and AraG serves as the ATPase which energizes
this system. In the AbnEFJ transporter, the recognition of arabinose oligomers is accomplished
by the SBP AbnE which delivers its substrates to the channel formed by AbnF and AbnJ, the two
transmembrane proteins. AraG was also proposed to be able to energize the AbnEFJ system
(Shulami et al., 2011). Additionally, a NAD(P) sugar dehydrogenase (AraJ), an aldose-1-
epimerase (AraK), a sugar phosphatase (Aral), a glycerol-1-phosphate dehydrogenase (AraM)
and a hypothetical protein (AraN) were proposed to be involved in an alternative pathway for
arabinose utilization, previously identified in Azospirillum brasiliense (Watanabe et al., 2006;
Shulami et al., 2011).

The ara genes from G. stearothermophilus are regulated by two different mechanisms. A
unique three component regulatory system is encoded in the araPST operon, which is
constitutively expressed at low levels. AraP is an extracellular lipoprotein responsible for
recognizing arabinose which, when bound to this sugar, activates the histidine sensor kinase
AraS. In turn, AraS phosphorylates the response regulator AraT which then activates the
transcription of the adjacent arabinose ABC transporter genes, araEGH (Shulami et al., 2011). In
addition, a self-regulated negative regulator, AraR, is functionally similar to its B. subtilis
counterpart and is responsible for the repression of the remaining ara genes in the absence of
arabinose. Finally, a putative binding site for the catabolite repressor CcpA was identified only in
the promoter region of the putative abnEFJA-abfBA-araJKLMN operon (Shulami et al., 2011).

Xylose/xylan metabolism

In several Bacillus spp., including B. subtilis, the metabolic pathway for xylose begins with
the conversion of p-xylose to p-xylulose by action of a xylose isomerase. A xylulokinase then
phosphorylates p-xylulose and the resulting p-xylulose-5-phosphate is further metabolized by
entering the PPP (Figure 1.7). The enzymes responsible for the sequential conversion of p-xylose
to p-xylulose-5-phosphate are encoded by xylA (xylose isomerase) and xyIB (xylulokinase), which
are organized as an operon located at about 162° in the chromosome of B. subtilis (Gartner et
al., 1988; Scheler et al., 1991; Rygus et al., 1991). Alternative pathways for xylose metabolism
have also been described (Weimberg, 1961; Dahms, 1974; Stephens et al., 2007). Several strains
of B. subtilis are unable to grow in the presence of xylose as the sole carbon and energy source
due to the lack of a dedicated xylose transporter (Lindner et al., 1994). However, xylose uptake
can be carried out by the arabinose H*-symporter Arak (Sa-Nogueira and Ramos, 1997; Krispin
and Allmansberger, 1998). Since both sugars are commonly found together, xylose uptake in the
natural habitats of B. subtilis is unlikely to be a hindering factor in its ability to metabolize xylose.
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D-xylose ——— D-xylulose Ve D-xylulose-5-P -—— » PPP

Figure 1.7 — The metabolic pathway of b-xylose in B. subtilis. b-xylose is converted to p-xylulose-5-
phosphate by a sequence of reactions catalyzed by xylose isomerase and xylulokinase. The final product of
this pathway enters the pentose phosphate pathway (PPP).

Encoded in the genome of B. subtilis are several enzymes capable of completely
hydrolyzing the backbone of homoxylans. Two extracellular endo-xylanases, belonging to GH11
(XynA, EC 3.2.1.8) and GH30 (XynC, EC 3.2.1.136) families, cleave the 3-1,4-linkages between
the xylose units of the xylan backbone, thus releasing smaller oligosaccharides (Rhee et al.,
2013). An intracellular B-xylosidase (EC 3.2.1.99), XynB from GH43 family, displays exo-activity
and is able to release xylosyl residues from the non-reducing end of xylans and
xylooligosaccharides (Roncero, 1983). The presence of two extracellular endo-xylanases and an
intracellular xylosidase suggests that an unknown transporter is involved in the uptake of
xylooligosacharides, possibly one of eight ABC-type importers proposed to be involved in
carbohydrate uptake (Quentin et al., 1999).

Expression of the xylAB operon and xynB is controlled at the transcription level by the XyIR
repressor protein and mediated by the presence of p-xylose. XyIR recognizes and binds to
palindromic operator sequences in the promoter regions of the xyl operon, xynB and its own gene,
xyIR, thus blocking their expression. When xylose becomes available, the sugar interacts with the
repressor and XyIR releases the DNA which, in turn, leads to transcription from the units
belonging to the xyl regulon (Hastrup, 1988; Gartner et al., 1988; Kreuzer et al., 1989).
Additionally, these genes are regulated by the global carbon catabolite repressor CcpA and have
a decreased expression in the presence of glucose (Kraus et al., 1994; Galinier et al., 1999).
XylR- and CcpA-binding sequences were not identified in the promoter regions of the genes
encoding both endo-xylanases, xynA and xynC, and their expression is not induced by the
presence of xylose nor repressed when glucose is available. Instead, both genes are apparently
constitutively expressed at low levels (St. John et al., 2006).

The G. stearothermophilus xylan utilization system resembles that of B. subtilis but some
differences are worth noting. Similarly to its arabinan utilization system, the G. stearothermophilus
xylan utilization genes are all clustered together in a relatively small region of the chromosome
with approximately 40 Kb (Shulami et al., 2007; Shulami et al., 2014). In this bacterium, the xylose
isomerase and xylulokinase responsible for the conversion of b-xylose to p-xylulose-5-phosphate
are encoded by the xylAB genes, which are organized as an operon (Shulami et al., 2014). Like
B. subtilis, G. stearothermophilus possesses two endo-xylanases which act on the backbone of
xylans and release xylooligosaccharides. However, only one of these xylanases, XynA, is
extracellular, while the other, XynA2, is intracellular (Teplitsky et al., 2000; Shulami et al., 2007).

Additionally, G. stearothermophilus has three intracellular B-xylosidases — XynB1, XynB2 and
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XynB3 belonging to GH families 39, 52 and 43, respectively — responsible for cleaving
xylooligosaccharides and releasing xylose monomers (Bravman et al., 2001; Bravman et al.,
2003; Czjzek et al., 2005; Brix et al., 2006). Interestingly, a Paenibacillus sp. strain was shown
to possess two endoxylanases similar to those from G. stearothermophilus (extra- and

intracellular), and only a single B-xylosidase like B. subtilis (Sawhney et al., 2015).

An ABC-type importer is responsible for the uptake of xylooligosaccharides in G.
stearothermophilus and its protein components are encoded by the xynEFG genes. XynE is the
SBP that recognizes xylooligosaccharides and XynFG are the TMDs making the channel through
which the substrates enter the cell (Shulami et al., 2014). An ABC system dedicated to the uptake
of xylose oligomers was also found in Paenibacillus sp. (Sawhney et al., 2015). The genes for the
G. stearothermophilus ABC transporter are cotranscribed with two other and are organized as the
xynDCEFG operon, although a putative promoter between xynC and xynE has also been
identified, and transcription from this promoter may occur (Shulami et al., 2007; Shulami et al.,
2014).

The xynDC genes encode a two-component regulatory system in which XynD is the sensor
kinase and XynC serves as the response regulator. The XynDC system is responsible for the
activation of transcription from the xynE promoter when xylose becomes available. XyIR is the
major xylose repressor that, in the absence of this sugar, represses transcription from five cistrons
involved in xylose/xylan utilization, including the xynDCEFG and xylAB operons and the
monaocistronic xynA. CcpA was also shown to repress the extracellular endo-xylanase gene xynA

in the presence of glucose (Shulami et al., 2007; Shulami et al., 2014).

Galactose/galactan metabolism

The Leloir pathway for galactose catabolism is highly conserved in all organisms, including
humans. In this pathway four enzymatic reactions are needed for the conversion of p-p-galactose
to glucose-1-phosphate (Holden et al., 2003). In the first step of the Leloir pathway (Figure 1.8) a
galactose mutarotase catalyzes the conversion of 3-p-galactose into a-p-galactose, which is then
phosphorylated by a galactokinase, resulting in galactose-1-phosphate. The third enzyme of this
pathway, galactose-1-phosphate uridylyltransferase, transfers a UMP group from UDP-glucose
to galactose-1-phosphate, which simultaneously generates glucose-1-phosphate and UDP-
galactose. Finally, UDP-glucose consumed in the previous step is regenerated from UDP-
galactose by action of a UDP-galactose-4-epimerase. Glucose-1-phosphate generated in the
third step can be further metabolized by entering glycolysis (Holden et al., 2003). Via an
alternative pathway controlled by several repressors and anti-repressors, including the master
sporulation regulator SpoOA, UDP-galactose is shunted towards the synthesis of
exopolysaccharides, thus playing a critical role in biofilm formation by B. subtilis (Hamon and
Lazazzera, 2001; Chai et al., 2012).
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Figure 1.8 — The metabolic pathway of p-galactose in B. subtilis. o-galactose is converted to glucose-1-
phosphate by a sequence of reactions catalyzed by galactose mutarotase, galactokinase, galactose-1-
phosphate uridylyltransferase and UDP-galactose-4-epimerase. The final product of this pathway enters the
glycolytic pathway.

In B. subtilis, the genes encoding the enzymes of the Leloir pathway are galM (galactose
mutarotase or aldose-1-epimerase), galK (galactokinase), galT (galactose-1-phosphate
uridylyltransferase), and galE (UDP-galactose-4-epimerase) (Duez et al., 2009; Chai et al., 2012).
galM is found at about 171° in the chromosome of B. subtilis and is organized as the galM-dacC
operon. The second gene of this operon, dacC, encodes a penicillin-binding protein with DD-
endo-peptidase activity towards peptidoglycan cross-bridges (Duez et al., 2009). The
galactokinase and galactose-1-phosphate uridylyltransferase are encoded in the last two genes
of the ywcC-gtcA-galKT operon, which is located at about 335° in the chromosome. The other
genes of this operon encode a TetR-type repressor (ywcC) and a putative glycosyltransferase
(gtcA) (Chai et al.,, 2012). Finally, galE is a monocistronic gene found at about 341° in the

chromosome.

A putative galactan utilization operon, cycB-ganPQAB, is located at about 300° in the
chromosome. cycB-ganPQ encode the components of an ABC-type importer. CycB is the SBP —
shown to interact with cyclodextrins (Kamionka and Dahl, 2001) — and GanPQ are the TMDs in
this system. Although CycB interacts with cyclodextrins, this transporter is likely to be involved in
the uptake of galactooligosaccharides (see Chapter IIl). ganA and ganB encode an intracellular
B-galactosidase (EC 3.2.1.23, GH42) and an extracellular endo-3-1,4-galactanase (EC 3.2.1.89,
GH53), respectively (Daniel et al., 1997; Shipkowsky and Brenchley, 2006). GanB probably
cleaves the backbone of galactans and arabinogalactans releasing smaller oligosaccharides,
which are then transported inside the cell through CycB-GanPQ. Once inside the cell, GanA
completes the breakdown by releasing galactosyl residues from galactooligosaccharides
(Shipkowsky and Brenchley, 2006; Chai et al., 2012). The cycB-ganPQAB operon is negatively
regulated by the Lacl-like repressor protein LacR (Daniel et al., 1997). The gene encoding this
negative regulator, lacR, lies just upstream of the operon. It has been suggested that
galactooligosaccharides and not galactose may act as the inducer of this operon by binding to
LacR (Shipkowsky and Brenchley, 2006; Chai et al., 2012). In fact, a G. stearothermophilus
galactan utilization operon was shown to be induced in the presence of galactooligosaccharides
but not galactose (Tabachnikov and Shoham, 2013).
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In other polysaccharide utilization systems, like those previously described for arabinan
and xylan, G. stearothermophilus possesses a single mega-cluster containing all genes for each
system. In contrast, the G. stearothermophilus galactan utilization system is more closely related
to that of B. subtilis and the genes for galactan breakdown and galactose metabolism are encoded
by two unrelated and distant operons (Tabachnikov and Shoham, 2013). Interestingly, several
other Bacilli have most of the genes involved in galactose/galactan utilization clustered together.
In B. licheniformis, B. amyloliquefaciens and L. acidophilus the enzymes for the Leloir pathway
are encoded by genes clustered together with those for galactan utilization or even as part of the
same operon. Also, in B. amyloliquefaciens and L. acidophilus the sugar transporters are from
different classes, a phosphotransferase system (PTS) and a permease, respectively (Chai et al.,
2012).

Mannose/mannan metabolism

Although mannose is not as abundant as other non-cellulosic carbohydrates, B. subtilis is
able to grow using this hexose as the sole carbon and energy source (Sun and Altenbuchner,
2010). To achieve this, B. subtilis possesses two gene clusters involved in the utilization of
mannose (Sun and Altenbuchner, 2010) and (gluco)mannans (Sadaie et al., 2008). The mannose
(man) operon manPA-yjdF, located at about 109° in the B. subtilis chromosome, encodes a PTS
mannose-specific EIIBCA component (ManP), a mannose-6-phosphate isomerase (ManA), and
the uncharacterized protein YjdF, which was shown to be non-essential for mannose utilization
(Sun and Altenbuchner, 2010). ManP is responsible for the uptake of b-mannose concomitantly
with its phosphorylation. ManA then catalyzes the conversion of the resulting b-mannose-6-
phosphate to o-fructose-6-phosphate which can be further metabolized by entering the glycolytic
pathway (Figure 1.9).

mannose-6-P
ElBCA isomerase

D-mannose e D-mannose-6-P ——» D-fructose-6-P - » Glycolysis

Figure 1.9 — The metabolic pathway of o-mannose in B. subtilis. o-mannose is converted to p-fructose-
6-phosphate by a sequence of reactions catalyzed by the EIIBCA component of a PTS and mannose-6-
phosphate isomerase. The final product of this pathway enters the glycolytic pathway.

Upstream and adjacent to the man operon is the manR gene which encodes a
transcriptional regulator. This regulator, ManR, functions as a transcriptional activator to the man
operon and manR. In addition to an N-terminal DNA-binding domain, ManR possesses two PTS
regulation domains (PRDs), which become phosphorylated in turn, depending on the presence
or absence of mannose, consequently leading to ManR activation or inactivation, respectively
(Joyet et al., 2013; Wenzel and Altenbuchner, 2013). The man operon is also under indirect

glucose-mediated repression. A CcpA-binding site in the promoter region of the manR gene leads
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to repression of the transcriptional activator in the presence of glucose and, consequently, to a
reduced expression of the man operon genes (Sun and Altenbuchner, 2010). Located at about
54° in the B. subtilis chromosome lies the gmuBACDREFG (or simply gmu) operon involved in
glucomannan utilization (Sadaie et al., 2008). The first three ORFs encode enzymes IIB (GmuB),
IIA (GmuA), and IIC (GmuC) of a mannooligosaccharide-specific PTS transporter. The next gene
of the gmu operon encodes the 6-phospho-B-glucosidase GmuD (EC 3.2.1.86, GH1). gmuR
codes for a negative regulator, responsible for the repression of the gmu operon in the absence
of mannooligosaccharides. gmuE and gmuF encode a fructokinase and a mannose-6-phosphate
isomerase, respectively. Finally, the last gene of this operon codes for the extracellular endo-1,4-
B-mannanase GmuG (EC 3.2.1.78, GH26), which acts on the backbone of (gluco)mannans
releasing smaller oligosaccharides (Sadaie et al., 2008). These oligosaccharides are transported
and phosphorylated by GmuBAC and further cleaved by GmuD. In addition to negative regulation
by GmuR, expression of the gmu operon is also repressed in the presence of glucose by binding
of CcpA to two cre sites. The first of these sites is located in the operon promoter region and the

second is located within the operon itself in the gmuC gene (Sadaie et al., 2008).

Bacillus subtilis transport systems

All cells and subcellular compartments are isolated from the external medium by lipidic
membranes. Thus membrane transporters are essential in cell physiology. Transporters enable
the uptake of nutrients, ions and metabolites, allow the expulsion of toxic compounds, the release
of extracellular proteins and end products of metabolism, participate in energy generation and
interconversion and also facilitate cell-cell and cell-environment communication (Higgins, 1992;
Saier et al., 2002a).

The utilization of carbohydrates and carbohydrate-containing polysaccharides by B. subtilis
relies on the existence of several systems that allow the uptake of these substrates to the
cytoplasm, making them available for metabolism, providing energy or being used in the synthesis
of biological relevant molecules, such as amino acids or antibiotics (Saier et al., 2002a). Since B.
subtilis possesses a large number of extracellular endo-carbohydrases, which release short sugar
oligosaccharides from longer polysaccharides, having multiple different transport systems
capabile of transporting mono- and oligosaccharides provides a significant competitive advantage

in comparison to other microorganisms that can only uptake monosaccharides.

The Different Classes of Transport Systems

Transport systems of living organisms can be classified as belonging to one of four different

major types of transporters (Figure 1.10). Channel proteins (Figure 1.10a) allow the transport of
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solutes through an aqueous pore or channel by an energy-independent process without evidence
for a carrier-mediated mechanism. Membrane channels are gated, opening or closing in response
to voltage (Ren et al., 2001; Davidson et al., 2008). Although these systems are typically energy-
independent, a few examples of energized channel-mediated transport are known, in which solute
movement is against a large concentration gradient (reviewed in Saier et al., 2002b). In
prokaryotes, the number of this type of transport systems is relatively low when compared to what
is observed in eukaryotes where they are found in large numbers. The B. subtilis genome codes
for as few as six channel proteins which are involved in potassium ion translocation, glycerol

uptake, and osmoregulation (Saier et al., 2002b).

B) C)

HPr
& PEP
Pyruvate
Figure 1.10 — Schematic representation of the four major types of transport systems in living
organisms. A) Cannels (usually oligomeric). A voltage-gated ion channel (VIC) family member is
represented. The tetrameric channel allows solute (S) to flow freely across the membrane with no energy
required. B) Secondary active transporters (usually monomeric or dimeric). A major facilitator (MF)
superfamily porter is depicted. A functional hetero- or homodimeric carrier makes use of both domains for
solute and cation recognition. The majority of secondary carriers has both domains fused in a single
polypeptide chain. A solute-proton symport mechanism is portrayed, but solute uniport, solute-proton
antiport and solute-solute antiport are also observed in secondary transport systems. C) Primary active
transporters (usually multidomain and multicomponent). An ATP-binding cassette (ABC) superfamily uptake
permease is illustrated. The functionally hetero- or homodimeric pump allows active transport of solute into
or out of the cell against a concentration gradient. A single extracellular receptor (the solute-binding protein,
SBP) recognizes a specific solute and feeds it into the dimeric membrane channel (the transmembrane
domains, TMDs) and the transport into the cell is energized by ATP hydrolysis, catalyzed by the dimeric
ATPase (the nucleotide-binding domains, NBDs). D) Group translocators (always multidomain). A
phosphoenolpyruvate (PEP) dependent phosphotransferase system (PTS) superfamily group translocator
is shown. The functional homodimeric membrane transporter (EIIC) is energized by phosphoryl transfer

reactions sequentially catalyzed by El, HPr, EIIA and EIlIB. The sugar substrate is phosphorylated during its
transport (adapted from Saier et al., 2002a).
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Secondary active transporters, a group that includes the B. subtilis arabinose H*-symporter
AraE, use chemiosmotic energy in the form of transmembrane ion or solute electrochemical
gradients to drive transport across the cytoplasmic membrane. B. subtilis possesses close to 200
recognized secondary active transporters belonging to 42 different families. The largest of this
families is the Major Facilitator (MF) superfamily (Figure 1.10b) — includes roughly one third of all
secondary active transporters — of which AraE is a part of (Pao et al., 1998; Saier et al., 2002b).
Characterized MFs are involved in sugar uptake, drug efflux, glycerol-3-phosphate uptake, and
nitrite and nitrate uptake or efflux. Solute movement of these transporters is energy coupled and
typically associated with H*-symport (uptake) or H™-antiport (efflux). As a whole, secondary active
transporters are involved in the transport of many different solutes, such as sugars, amino acids,
organic and inorganic ions, nucleotides and nucleosides, and drugs (Saier et al., 2002b).

Primary active transporters, which include ABC-type transporters (Figure 1.10c), namely
AraNPQ, use chemical, electrical or solar energy to drive transport against a concentration
gradient. The majority of chemically driven active transporters is energized through ATP
hydrolysis, but decarboxylation or methyltransfer — in some bacteria and archaea, respectively —
can drive uptake or extrusion of solutes via other systems. B. subtilis has 78 predicted ABC
transporters (38 importers and 40 exporters) which are mainly involved in the uptake of
carbohydrates, oligopeptides, and several micronutrients, drug efflux, and osmoregulation
(Quentin et al., 1999). Oxidoreduction and light absorption are specifically used for ion pumping
mediated by primary active transporters (Saier et al., 2002b). A more in-depth structural and

functional description of ABC sugar importers is given below.

Finally, group translocating systems (Figure 1.10d), such as the bacterial
phosphotransferase systems (PTS), transport and concomitantly phosphorylate their sugar
substrates using phosphoenolpyruvate (PEP) as both the phosphate donor for sugar
phosphorylation and the energy source for sugar accumulation. These systems, which couple
transport and metabolic functions, were only recently described in Archaea and are yet to be
identified in eukaryotes (Pickl et al., 2012; Cai et al., 2014; Saier, 2015). PTS transporters belong
to four different superfamilies and, although they do not show high sequence conservention
among them, all display structural homology (McCoy et al., 2015). Bacterial PTS systems are
involved in the uptake of several metabolically relevant sugars like glucose, fructose, lactose and
mannose. Phosphorylation associated to sugar uptake is indicative of intracellular carbohydrate
levels and has also been proposed to prevent the efflux of the sugar back through the permease
(McCoy et al., 2015). Although their main function is the transport and phosphorylation of sugar
molecules, many cellular functions, such as nitrogen and phosphorous utilization, biofilm
formation, and virulence, are directly or indirectly regulated by PTS systems, specifically via its
EIIA component. Some transcription factors, carbohydrate catabolic enzymes and non-PTS
permeases may also be functionally controlled by these systems (Lengeler and Jahreis, 2009;
Saier, 2015).
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ABC-type transporters

The ATP-binding cassette (ABC) systems are best known for their ability to couple the
hydrolysis of ATP to the uptake or expulsion of several different solutes, which led to their initial
nomenclature of traffic ATPases. All ABC systems dedicated to solute translocation share a
similar general architecture: two transmembrane domains (TMDs) that allow the import or export
of solutes, and two nucleotide-binding domains (NBDs) that couple the hydrolysis of ATP to

transport (Figure 1.11).

B)

Figure 1.11 — The architecture of ABC-type transporters. Importers and exporters are similarly
characterized by two NBDs (blue) and two TMDs (orange). A) The E. coli maltose transporter (Oldham et
al., 2007; PDB accession number: 2R6G) has heterodimeric TMDs and homodimeric NBDs and an
additional solute-binding protein for substrate recognition (green). B) The Staphylococcus aureus multidrug
exporter Sav1866 is a homodimeric transporter in which the NBDs are fused to the TMDs (Dawson and
Locher, 2006; PDB accession humber: 2HYD).

However, ABC systems are not exclusively involved in transport and are associated to a
substantial variety of cellular processes like translation regulation or DNA repair (Davidson et al.,
2008). ABC-type systems are essential for antibiotic and antifungal resistance in microorganisms

and, in humans, they are known to be associated to several genetic diseases, including cystic
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fibrosis or Tangier disease, and also to drug resistance evidenced by cancer cells (Higgins, 2001).
The nucleotide-binding domain (NBD), also known as the ATP-binding domain, is responsible for
the hydrolysis of ATP and characterizes these systems. ABC systems are found in all species of
all three domains of life (Archaea, Bacteria and Eukarya) and show an impressive conservation
in their NBDs and in the organization of constitutive domains or subunits (Higgins, 1992; Davidson
et al., 2008). The number of single ABC systems is well correlated with a given species genome
size. However, while the ABC-count per genome-size ratio is similar between bacteria and
archaea it is considerably lower in eukaryotes. Among bacteria, intracellular parasites like
Mycobacterium tuberculosis have a relatively low number of ABC transporters, which can be
related to its intracellular lifestyle, where available nutrients are less complex. In contrast, bacteria
such as Agrobacterium tumefaciens and Mesorhizobium loti have a very high number of ABC
systems, which is probably related to the highly competitive soil and plant nodule environments
where these species are found (Davidson et al., 2008).

ABC systems can be divided in three classes, which are thought to have already been
present in the last universal common ancestor (LUCA) of the three domains of life (Davidson et
al., 2008). Class 1 ABC systems are mostly exporters with fused NBDs and transmembrane
domains (TMDs), which are rare in Bacteria and virtually absent in Archaea, but represent the
majority of ABC systems in eukaryotes (Davidson et al., 2008). The systems from Class 2 are
present in all domains of life and are involved in various processes such as translation elongation,
DNA repair or resistance to antibiotics. ABC systems belonging to this class are not associated
to the plasma membrane and are therefore found in the cytoplasm. They are characterized by
two tandemly-repeated NBDs and by the absence of TMDs (Davidson et al., 2008). Class 3 ABC
systems are almost exclusive of prokaryotes and are mostly importers that rely on a solute-binding
protein (SBP), which typically displays high-affinity and high-specificity to their substrates. The
NBDs and TMDs of these systems are carried by independent polypeptide chains (Davidson et
al., 2008). These binding-protein dependent systems were for a long time considered to be
exclusive to Gram-negative bacteria, however they have since been shown to be widely present
in Gram-positive bacteria as well (Eitinger et al., 2011). Some Class 3 importers have an
additional C-terminal regulatory domain (CRD), which is associated to the NBDs. CRDs have a
substrate binding site which becomes occupied when the internal concentration of the substrate
reaches an upper threshold. When this occurs, the NBDs are kept separated, inhibiting ATP
hydrolysis and substrate transport itself (ter Beek et al., 2014). Other Class 3 systems with no
associated SBP have been described and are thought to be related to drug and antibiotic

resistance or lipoprotein trafficking mechanisms (Davidson et al., 2008).

The E. coli maltose transporter MalEFGK: is, by far, the most studied ABC-type sugar
importer (Eitinger et al., 2011). The available structural, biochemical and biophysical data on this
transporter led to the proposal of a generally accepted model for oligosaccharide uptake by ABC
importers (Oldham et al., 2007; Davidson et al., 2008; Eitinger et al., 2011; Oldham and Chen

2011). According to this model, known as the alternating access model (Figure 1.12), when
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maltose is not present MalFGK: is in a resting state in which the TMDs (MalF and MalG) are in
an inward-facing conformation, i.e., open to the cytoplasm and closed to the periplasm. In this
resting state, ATP can be bound to the NBDs (MalK dimer) but is not hydrolyzed due to the
distance between the catalytic sites of both ATPases. When maltose becomes available and
binds to MalE (the maltose-binding protein) closure of the NBD dimer is promoted by the
interaction of the closed maltose-SBP complex with the TMDs (pre-translocation). Then ATP
binds to the NBDs, which simultaneously promotes the positioning of ATP to the catalytic site for
hydrolysis, reorients the TMDs to an outward-facing conformation and opens the maltose-binding
protein. At the same time, maltose is delivered to the binding pocket in one of the TMDs (MalF).
Finally, hydrolysis of both ATP molecules brings the transporter back to an inward-facing resting
state and maltose is released to the cytoplasm (Oldham and Chen 2011). This model is based on
the assumption that MalE only interacts with the transporter when bound to maltose or
maltodextrins but it has been suggested that the maltose-free SBP can be permanently
associated to the transport complex (Eitinger et al., 2011).

A) B) Q) D)

) A +PO,
F+PO,

Figure 1.12 — Alternating access model for substrate uptake by ABC-type importers. A) Inward-facing
resting state. When substrate (cyan circle) is not bound to the SBP, this protein remains in an open
conformation (and free in the periplasm of Gram-negative bacteria). The transporter complex displays an
inward-facing conformation and the NBSs are separated from each other (ATP molecules may bind but
hydrolysis does not occur). B) Pre-translocation. The substrate-bound SBP changes to a closed
conformation (and binds to the transporter complex in Gram-negative bacteria). This also promotes a
conformational change in the transporter complex which brings the NBDs closer together. C) Outward-
facing. When ATP (yellow triangles) binds to the NBDs, an additional conformation change switches the
orientation of the TMDs from inward-facing to outward-facing, and the transfer of the substrate from the SBP
to the recognition site of the TMDs. This conformation change also allows the formation of the NBD dimer
which promotes ATP hydrolysis. D) Post-translocation. ATP hydrolysis returns the transporter complex to
its initial inward-facing resting state, since ADP (orange triangles) is unable to maintain the outward-facing
conformation. The substrate is then allowed to enter the cell and the SBP returns to an open conformation
(and to the periplasm in Gram-negative bacteria).

Being strongly related to the utilization of multiple carbohydrates by many microorganisms,
including pathogenic bacteria such as Streptococcus mutans (Russel et al., 1992), understanding
ABC transport mechanisms may be of extreme relevance for therapeutic purposes. Also, the

ability to transport most of the sugars available from plant biomass may be exploited for the
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creation of more efficient ethanologenic species that can take full advantage of the available
substrates.

The Solute-Binding Protein (SBP)

In Gram-positive bacteria, the SBP of ABC-type importers is often a lipoprotein bound to
the external side of the cytoplasmic membrane by N-terminal acyl-glyceryl cysteines. Sometimes
the SBP is found fused to the membrane transporter, contrary to what is observed in Gram-
negative bacteria where the SBP is a soluble protein located in the periplasmic space between
the inner and outer membranes. In some archaea the SBP can be attached to the surface of the
membrane via an N-terminal hydrophobic helix (Eitinger et al., 2011). All SBPs which have been
structurally characterized are arranged as two globular lobes (named N- and C-lobes since they
contain the N- and C-terminal amino acids), connected by a flexible hinge of one or more
polypeptide chains, with the substrate binding pocket between these lobes (Davidson et al.,
2008).

When SBPs are not bound to their substrates, the protein is in an open configuration and
the N- and C-lobes are separated, leaving the binding pocket exposed. Solute binding occurs
exclusively to one of the lobes — the side of the binding pocket with exposed side chains of
aromatic amino acids — and promotes closure of the SBP (Sharff et al., 1992). Closure of the
binding protein is essential for solute uptake (Davidson et al., 2008). Binding proteins of ABC
sugar importers typically display high-affinities to their substrates, with Kq4 values in the range of
0.1-10 uM (Nataf et al., 2009; Shulami et al., 2007 and 2011; Berntsson et al., 2010; Tabachnikov
and Shoham, 2013). However, Kq values 100-fold higher have been reported for solute-SBP
interactions in B. subtilis. The CycB binding protein was shown to bind cyclodextrins with
associated Kq values ranging from 100-500 uM but it is not clear that, in this case, the interacting
substrates are effectively transported via the ABC system to which CycB belongs (Kamionka and
Dahl, 2001).

Most of the SBP-dependent ABC importers are specific for a single substrate or a family of
closely related substrates, such as in the transport system for maltose and maltodextrins in E.
coli. Nonetheless, some of these importers are more versatile and the SBP displays a broad
specificity to several different substrates, as is observed in the Msm transport system of S.
mutans, which is involved in the uptake of melibiose, sucrose, raffinose and isomaltotriose
(Russel et al., 1992; Tao et al., 1993). In addition, in other systems such as the histidine, lysine
and arginine transport system of S. typhimurium (Higgins and Ames, 1981), different SBPs, with
specificity to different substrates, were shown to be able to associate to the same transporter

complex.
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The Transmembrane Domains (TMDs)

All ABC-type transporters have two hydrophobic TMDs, each of them comprising several
a-helices that span the membrane. In B. subtilis each TMD ranges from four to 12 of these
membrane-spanning helices, and those from systems involved in sugar uptake typically display
six (Quentin et al., 1999). In most cases, the arrangement of TMDs creates an aqueous pore,
through which highly hydrophilic substrates, such as sugars or inorganic ions, are transported.
Some other transporters have been reported as being able to transport hydrophobic substrates
by a lipid-filled pathway (Davidson et al., 2008; Poelarends and Konings, 2002). In ABC sugar
importers, the two TMDs can either be encoded by the same gene, as illustrated by the MgIAC
galactose transporter of E. coli, or by two distinct genes, homologous but non-identical, as
exemplified by the maltodextrins transporter of E. coli (Nikaido and Hall, 1998; ter Beek et al.,
2014) or the arabinooligosaccharide transporter of B. subtilis (Sa-Nogueira et al., 1997; Ferreira
and Sa-Nogueira, 2010). Although sequence conservation between TMDs is considerably low,
most ABC importers, including those dedicated to oligosaccharide uptake, share a conserved
motif known as the EAA loop or coupling helix (Quentin et al., 1999; Eitinger et al., 2011). The
EAA loop is characterized by two short a-helices — positioned in the last cytoplasmic-side loop
between the membrane-spanning helices (Oldham et al., 2007) — with the conserved consensus
sequence EAAxsGxolxLP (Saurin et al., 1994; Mourez et al., 1997; Davidson et al., 2008). These
conserved motifs were shown to be inserted in a surface cleft of the NBD (Figure 1.13) where
they establish multiple interactions with amino acids from the conserved Q loop (Daus et al., 2007;
Oldham et al., 2007).

MalK
MalK

Figure 1.13 — TMD-NBD interactions in the E. coli maltose importer. The EAA loop from each
transmembrane domain is inserted in a surface cleft of one of the NBDs where it establishes contacts with
several amino acids from the Q loop (adapted from Oldham et al., 2007).
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The interactions between the EAA loops from both TMDs and the Q loops from the NBD
dimer were proposed to be responsible for communicating ATP coupling and hydrolysis to the
other components of the transporter complex (Locher et al., 2002; Daus et al., 2007). In the E.
coli maltose transporter the EAA motifs are not the only sites able to contact the NBDs, since a
C-terminal tail from one of the TMDs, MalG, was shown to be inserted along the interface between
the MalK dimer, where it establishes several interactions with amino acids from both NBD proteins
(Oldham et al., 2007).

In addition to allowing the transport of substrates across the cell membrane, TMDs from
ABC importers also play a role in substrate specificity. The E. coli maltose importer can only
transport maltodextrins with up to seven glucosyl units (maltoheptaose), even though its SBP
(MalE) can recognize and bind longer oligosaccharides (Davidson et al., 2008; Eitinger et al.,
2011). A binding cleft in one of the membrane domains, MalF, was shown to be able to interact
with three glucosyl residues from the non-reducing end of maltoheptaose when the transporter is
in an outward-facing conformation (Oldham et al., 2013). However, in the absence of the SBP the
transporter complex is unable to undertake maltose uptake. This is consistent with the
conformation changes promoted in the complex by the sugar bound SBP, which are mandatory
for ATP hydrolysis and substrate translocation (Davidson et al., 2008).

SBP-independent mutants of the E. coli maltose transporter and the S. typhimurium
histidine transporter, which were shown to be able to stimulate ATP hydrolysis and transport their
substrates, are thought to be able to undertake conformational changes without needing the
energy from the coupling of the binding protein to the transporter complex (Petronilli and Ames,
1991; Davidson et al., 1992; Davidson et al., 2008). Although the ATP hydrolysis rate is unaffected
in these mutants, substrate specificity was reduced by 1000-fold (Panagiotidis and Shuman,
1998).

The Nucleotide-Binding Domains (NBDs)

The ATPases are the main common components of all ABC systems and, like the TMDs,
are always present as dimers that can be either a homo- or heterodimer, such as the ATPases of
the MalEFGK: maltose transporter of E. coli or the OppDFBC oligopeptide transporter of S.
typhimurium, respectively (Nikaido and Hall, 1998). These domains are the energizing
components of ABC systems and, in transporters, are responsible for catalyzing ATP hydrolysis
and transferring that energy to the other components of the system (ter Beek et al., 2014). For
some time it was considered that each NBD would correspond to a single ABC system. However,
it has since been proposed and shown that a single ATPase is responsible for interacting with
and energizing multiple ABC transporters, exclusively those involved in solute uptake and
particularly sugar importers (Quentin et al., 1999; Ferreira and Sa-Nogueira, 2010; Marion et al.,
2011; Tan et al., 2015).
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All ABC ATPases contain two subdomains connected by two flexible loop regions: a larger
RecA-like motor domain, also found in other P-loop ATPases, and a smaller a-helical domain
characteristic of this family of proteins (Davidson et al., 2008; Eitinger et al., 2011; ter Beek et al.,
2014). Their sequence is highly conserved in all classes of ABC systems and is characterized by
several short sequence motifs: the Walker A and B motifs, the LSGGQ signature (also known as
the C loop), the A loop, the H loop (also called the switch region), the D loop, and the Q loop
(Davidson et al., 2008; Figure 1.14).

Helical Domain
SDR

IR EAN

Aloop Walker A Q loop Signature  Walker B D loop H loop

Figure 1.14 — Conserved motifs in the NBDs. The A loop has a conserved aromatic residue which helps
in the positioning of ATP. The Walker A and B motifs are responsible for the formation of the ATP binding
pocket. The signature motif, which is unique to ABC ATPases, also contacts ATP. The Q loop is involved in
the NBD-TMD interactions and has a highly conserved glutamine which is important in the formation of the
active site. The H loop has a highly conserved histidine residue that allows contact with the y-phosphate of
ATP, the Walker B motif and the D loop. The D loop contacts with Walker A of the other NBD monomer and
contributes to the formation of the active site. The structural diverse region (SDR) is responsible for the
interactions between the NBDs and the TMDs (adapted from Davidson et al., 2008, and ter Beek et al.,
2014).

Walker A is characterized by the conserved GxxGxGK(S/T) sequence motif in which the
lysine residue is involved in interactions with p- and y-phosphate of ATP. Walker B has the
ddpdDE (where ¢ is a hydrophobic amino acid) motif in which the glutamate residue polarizes the
attacking water molecule. The signature motif, with the highly conserved LSGGQ sequence, is
found in the a-helical domain and is exclusive to the ABC ATPases superfamily. The side chain
of the serine and the backbone amide groups of the glycine residues in the LSGGQ motif
coordinate the y-phosphate. The A loop contains a conserved aromatic residue (typically a
tyrosine) to help in the positioning of ATP. The D loops of both NBD monomers are found
alongside each other in the dimer structure and participate in the formation of the catalytic site.
The H loop is characterized by a highly conserved histidine residue closer to the C-terminal region
of the NBDs. This histidine residue interacts with the aspartate from the D-loop, the glutamate
residue of the Walker B motif, and the y-phosphate of ATP. Finally, the Q loop has a conserved
glutamine residue that is important for the formation of the catalytic site and also participates in
the binding between NBDs and TMDs (Davidson et al., 2008; ter Beek et al., 2014). The NBD
dimer is structurally arranged in a way that makes ATP hydrolysis occur in a cooperative manner.
ATP is trapped between the Walker A motif from one monomer and the LSGGQ signature
sequence from the other (Oldham et al., 2007; Eitinger et al., 2011). This feature only allows ATP
hydrolysis when the NBD dimer is formed, thus preventing hydrolysis by isolated monomers. The

hydrolysis of ATP changes the conformation of the NBDs, which consequentially changes the
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conformation of the TMDs, thus allowing transport to occur. The SBP also has an enhancing effect
on ATP hydrolysis in ABC importers, contributing to an effective mechanism that couples transport
and ATP hydrolysis (Davidson et al., 1992; Oldham et al., 2011).
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A multitask ATPase serving different
ABC-type sugar importers in Bacillus
subtilis
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Most of the work presented in this chapter was published in “Ferreira M. J. and Sa-Nogueira
I. (2010). A Multitask ATPase Serving Different ABC-Type Sugar Importers in Bacillus subtilis. J.
Bacteriol. 192: 5312-5318". All the experimental work presented in this chapter was performed

by the author of this Thesis, except the construction of some plasmids.
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A multitask ATPase serving different ABC-

type sugar importers in Bacillus subtilis

Abstract

Bacillus subitilis is able to utilize arabinopolysaccharides derived from plant biomass. Here,
by combining genetic and physiological analyses we characterize the AraNPQ importer and
identify primary and secondary transporters of B. subtilis involved in the uptake of
arabinosaccharides. We show that the ABC-type importer AraNPQ is involved in the uptake of a-
1,5-arabinooligosaccharides, at least up to four L-arabinosy! units. Although this system is the key
transporter for a-1,5-arabinotriose and a-1,5-arabinotetraose, the results indicate that a-1,5-
arabinobiose is also translocated by the secondary transporter AraE. This broad-specificity proton
symporter is the major transporter for arabinose and also is accountable for the uptake of xylose
and galactose. In addition, MsmX is shown to be the ATPase that energizes the incomplete
AraNPQ importer. This study assigns MsmX as a multipurpose B. subtilis ATPase required to
energize different saccharide transporters, the arabinooligosaccharide-specific AraNPQ-MsmX

system and the previously characterized maltodextrin-specific MOXEFG-MsmX system.

Introduction

Transport across biological membranes is a fundamental process for life and is
accomplished by channels, primary and secondary transporters, and group translocators (Saier,
2000). ATP-binding cassette (ABC) transporters constitute one of the largest families of
translocation facilitators and are distributed across all domains of life. Although they are involved
in a variety of distinct processes, such as nutrient uptake, resistance to antibiotics and other
drugs, lipid trafficking, cell division, sporulation, immune response, and pathogenesis, all ABC
transporters, regardless of the polarity of transport (exporters and importers), share a structure
and a general mechanism (reviewed in Davidson et al., 2008, and Higgins, 1992). Their
organization comprises two transmembrane domains (TMDs) coupled to two cytosolic nucleotide-
binding domains (NBDs), or ATP-binding cassettes, responsible for ATP binding and hydrolysis-

driven conformational changes.

The majority of the eukaryotic ABC transporters are exporters facilitating translocation from
the cytoplasm. In contrast, prokaryotic ABC permeases are involved mainly in the import of
nutrients, vitamins, and trace elements (Davidson et al., 2008; Eitinger et al., 2011; Higgins,

1992). Canonical bacterial ABC importers are dependent predominantly on high-affinity substrate-
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binding proteins (BPDs) that capture the substrate and deliver it to the transporter. The canonical
maltose/maltodextrin importer MalEFGK: of Escherichia coli/Salmonella enterica serovar
Typhimurium (Ehrmann et al., 1998) is one of the most-characterized members of this superfamily
of translocation facilitators, serving as model for ABC importers in general (Oldham et al., 2007;
Oldham et al., 2008). In Gram-negative bacteria, BPDs are proteins located in the periplasmic
space between the inner and outer membranes. In Gram-positive organisms, which are devoid
of this type of cellular compartment, BPDs often are lipoproteins that are anchored to the
extracellular side of the cytoplasmic membrane via its N-terminal domain (Davidson et al., 2008;
Higgins, 1992).

In nature, the major source of carbohydrates for microorganisms to utilize is plant biomass.
Thus, in their natural habitat, such as soil, aquatic environments, or animal digestive tracts,
bacteria secrete a vast number of polysaccharolytic enzymes for the degradation of plant-derived
polysaccharides. The resulting mono-, di-, and oligosaccharides enter the cell mainly through
specific ABC transporters. The number of well-characterized ABC transporters devoted to the
uptake of products resulting from the degradation of hemicellulose is very scarce (Eitinger et al.,
2011), and in Gram-positive organisms only two systems, BXIEFG of Streptomyces
thermoviolaceus (Tsujibo et al., 2004) and XynEFG (Shulami et al., 2007) of Geobacillus
staerothermophilus, both dedicated to the transport of xylodextrins, have been characterized in

detail.

An in silico analysis of the Bacillus subtilis genome estimated the existence of at least 78
ABC transporters based on the identification of 86 NBDs in 78 proteins, 103 TMD proteins, and
37 BPD proteins, which account for about 5% of the protein-coding genes of this model organism
(Quentin et al., 1999). At least 10 ABC systems are predicted to be involved in the uptake of
sugars (Saier et al., 2002a). One of these ABC importers, AraNPQ, is clustered together with
genes encoding enzymes involved in arabinose catabolism and the degradation of
arabinooligosaccharides in a large operon, araABDLMNPQ-abfA (S4-Nogueira et al., 1997). AraN
is the BPD, and AraP and AraQ are the TMDs. This transporter, which lacks the NBD protein
partner, was proposed to be involved in the uptake of arabinose oligomers mainly by genomic
context and in silico analysis (Inacio et al., 2008; Inacio and S&-Nogueira, 2008; Sa-Nogueira et
al., 1997).

Here, by combining genetic and physiological analyses, we characterize the AraNPQ
importer and identify primary and secondary transporters of B. subtilis involved in the uptake of
arabinooligosaccharides. Furthermore, this study assigns the role of MsmX as a multipurpose B.

subtilis ATPase required to energize different saccharide transporters.
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Materials and Methods
Substrates

a-1,5-arabinooligosaccharides (arabinobiose, arabinotriose and arabinotetraose),
arabinan and debranched arabinan (sugar beet) were purchased from Megazyme International
Ireland. L-arabinose, maltotriose, maltotetraose and maltopentaose were purchased from Sigma-
Aldrich Co. p-(+)-glucose was purchased from BDH.

DNA manipulation and sequencing

Routine DNA manipulations were performed as described by Sambrook et al. (1989). All
restriction enzymes were purchased from Thermo Fisher Scientific or New England Biolabs and
used according to the manufacturers’ recommendations. PCR amplifications were carried out
using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific) or NZYDNAChange
DNA Polymerase (NZYTech). DNA from agarose gels and PCR products were purified with the
illustra™ GFX™ PCR DNA and Gel Band Purification kit (GE Healthcare Life Sciences). All DNA
ligations were performed using T4 DNA Ligase (Thermo Fisher Scientific). DNA phosphorylation
was performed using T4 Polynucleotide Kinase (Thermo Fisher Scientific) and DNA
dephosphorylation with FastAP Thermosensitive Alkaline Phosphatase (Thermo Fisher
Scientific). Plasmids were purified using the QIAGEN Plasmid Midi Kit (QIAGEN), QlAprep Spin
Miniprep Kit (QIAGEN) or NZYMiniprep kit (NZYTech). DNA sequencing was performed with the
ABI PRISM BigDye® Terminator Cycle Sequencing Kit (Applied Biosystems). The sequencing
reaction was purified by gel filtration and resolved in an ABI 3730XL sequencer.

Construction of plasmids and strains

To construct a B. subtilis msmX insertion-deletion mutation by the insertion of a
chloramphenicol resistance (CmR) cassette, msmX was amplified by PCR from chromosomal
DNA of B. subtilis 168T* using primers ARA422 and ARA423 (Table 2.1), and the amplification
product was digested with Sacl and Kpnl. The resulting 1360 bp DNA fragment was cloned in the
phagemid pBluescript Il KS(+) (Table 2.2), also digested with Sacl and Kpnl, yielding pMJ1. A
CmR cassette was obtained by the digestion of pMS38 (Table 2.2) with Hindlll and EcoRI and
was subcloned in pMJ1 digested with the same restriction enzymes, resulting in pMJ2. This
plasmid was linearized with Scal and used to transform B. subtilis 168T*, yielding strain IQB495
(Table 2.3). To create B. subtilis mutant strains with in-frame deletions of araN and araNPQ,
plasmids pMJ6 and pMJ11 were constructed. These plasmids were generated using the pMAD
plasmid (Arnaud et al., 2004; Table 2.2). Regions immediately upstream and downstream of araN

were amplified by two independent PCR experiments from chromosomal DNA of B. subtilis 168T*
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using primers ARA426 and ARA427 (PCR1) and ARA428 and ARA429 (PCR2). The products
from PCR1 and PCR2 were joined by overlapping PCR with primers ARA426 and ARA429 (Table
2.1), and the resulting fragment was digested with Scal and BamHI and cloned into pMAD,
digested with Smal and BamHlI, yielding pMJ6.

Table 2.1 — List of all oligonucleotides used during the course of this work.

Complementary

Oligonucleotide Sequence (5 —3’)
sequence
ARA422 TATTGAGCTCTCAGGGATAGATATCAAATCG msmX
ARA423 CATCGGTACCATTCTGAGATTTTCAATAGC msmX
ARA426 GCGGATCCCTTTGGTGACATGCTCGG araN
ARA427 CGCTTTCACTTTTTGAATGGGCTGCGTTACCCCTTCCATTCGAGGTGCGGG araN
ARA428 CCCGCACCTCGAATGGAAGGGGTAACGCAGCCCATTCAAAAAGTGAAAGCG araN
ARA429 GCTTAGTACTGCTCTTTCGGCACATTTTGC araN
ARA448 GATAAAGTACTTTTCGAAAAAAGTCATTTTTTTCATCTGCGTTACCCCTTC araN
ARA449 GAAGGGGTAACGCAGATGAAAAAAATGACTTTTTTCCAAAAGTACTTTATC araQ
ARA450 GGCATGCGCATGTTTGAGCTGCCGCAGGC araQ
ARA467 CCAGCAATATTTTATCC araE
ARA488 CAAATTTCGGTACCTCACAGCG araE
ARA714 GTGTTCATCGATTCAACTCC cycB
ARA779 GCTTTCTCTTTATTTTCCGCTGTGTGCCATTTTCATTGATTGTCACCC cycB
ARA780 GGGTGACAATCAATGAAAATGGCACACAGCGGAAAATAAAGAGAAAGC cycB
ARA781 TCTAACGCGTAGAAAGCCAAG cycB
ARA718 ATGAGAGCTCTGCAGCATATGATCTGC galk
ARA719 TTTGGTACCAGGCCATACTCAAGCAGC galk

Restriction sites in the primer sequences are underlined.

Using an identical technique, regions immediately upstream of araN and downstream of
araQ were amplified with primers ARA426 and ARA448 (PCR3) and ARA449 and ARA450
(PCR4) and were joined by overlapping PCR with primers ARA426 and ARA450 (Table 2.1). The
resulting product was phosphorylated and then cloned into pMAD digested with Smal and
dephosphorylated, yielding pMJ11. These two plasmids harboring in-frame deletions of araN and
araNPQ, respectively, were used in separate experiments for the integration and generation of
clean deletions in the B. subtilis chromosome following the published procedure described in
Arnaud et al., 2004. Both in-frame deletions were confirmed by DNA sequencing, and the resulting
strains were named 1QB496 and IQB611, respectively (Table 2.3). To construct an arakE-null
mutant by disruption with the insertion of a kanamycin resistance (KmR) cassette, the araE gene
was amplified by PCR from chromosomal DNA of B. subtilis 168T* using primers ARA467 and
ARA488 (Table 2.1). The amplification product was digested with Sspl and Xmnl, and the
resulting 1445 bp DNA fragment was cloned into pBluescript I| KS(+) digested with Smal, yielding
pMJ7. A KmR cassette was obtained by the digestion of pJL3 (Table 2.2) with Xbal and EcoRl.
Plasmid pJL3 is a pLitmus29 derivative carrying a KmR cassette from pAH248 (A. O. Henriques,
unpublished data) cloned between the BamHI and Pstl sites. The cassette was filled-in using
Klenow Fragment (Thermo Fisher Scientific), and the resulting 1504 bp DNA fragment was
subcloned into pMJ7 digested with Eco47Ill and dephosphorylated, creating pMJ10. This plasmid
was linearized with Scal and used to transform B. subtilis strains 168T*, IQB495, and 1QB496,
yielding strains 1QB608 (araE::kan), 1QB609 (AmsmX::cat araE::kan), and 1QB610 (AaraN
arakE::kan), respectively (Table 2.3).
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Table 2.2 — List of plasmids used or constructed during the course of this work.

Plasmid Relevant features Source or Reference
Integrative phagemid with a lacZ gene for blue/white selection of
pBluescript Il KS(+) grative phagemid wi g e : Stratagene
clones, bla
Integrative plasmid with a lacZ gene for blue/white selection of clones
pLitmus29 grative p 1w g bla uewn! : ’ New England Biolabs
PI i f eryth i ist; tte, bl .
pDG1731 asmid used as a source of erythromycin resistance cassette, bla, Guérout-Fleury et al., 1996
erm, spec
PMAD Plasmid used for allelic replacement in Gram-positive bacteria, bla, Arnaud et al., 2004
erm
pMJI1 pBluescript Il KS(+)-derivative harboring the msmX coding region, bla This work
pMI2 Integrative plasmid used for the construction of msmX null-mutations, This work
bla, cat
pMI6 Integrative plasmid used for the construction of araN in-frame deletion This work
mutants, bla, erm
pMJ7 pBluescript Il KS(+)-deriva.tive harboring the promoterless arakE This work
coding region, bla
pMJ10 Integrative plasmid used for the construction of araE null-mutations, This work
bla, kan
pMI1L Integrative plasmid used‘ for the construction of araNPQ in-frame This work
deletion mutants, bla, erm
pMJ23 pBluescript Il KS(+)-bas_ed plasmid used as a source of erythromycin This work
resistance cassette, bla, erm
pMJ31 pBluescript Il KS(+)-based plasmid harboring the coding region of This work
galK, bla
pMJ32 Integrative plasmid used for the construction of galK null-mutations, This work
bla, erm
pMJ38 Integrative plasmid used for the construction of cycB in-frame deletion This work
mutants, bla, erm
GEM-7Zf(+)-based plasmid used as a source of kanamycin ) )
pAH248 P ) . P 4 A. O. Henrigues, unpublished results
resistance cassette, bla, kan
Li 29- | i f h i
pILL pLitmus29-based p asmid used as a source of erythromycin This work
resistance cassette, bla, erm
pIL3 pLitmus29-based plasmid used as a source of kanamycin resistance This work
cassette, bla, kan
pMS38 pLitmus29-based plasmid used as a source of chloramphenicol Zilhdo et al., 2004

resistance cassette, bla, cat

For the generation of B. subtilis mutant strains with an in-frame deletion of cycB, plasmid
pMJ38 was constructed. The regions upstream and downstream of the cycB gene were
independently amplified by PCR, from chromosomal DNA of B. subtilis 168T*, with primers
ARA714 and ARA779 (PCR5) and ARA780 and ARA781 (PCR®6), respectively. The products from
PCR5 and PCR6 were joined by overlapping PCR using primers ARA714 and ARA781 (Table
2.1). Thefinal product was digested with Mlul and the resulting 1579 bp DNA fragment was cloned
into pMAD digested with Smal and Mlul. The obtained plasmid, pMJ38, was used for the
generation of clean deletions of cycB in the chromosome of B. subtilis strains 168T* and IQB611,
following the published procedure described by Arnaud et al., 2004. These deletions were
confirmed by sequencing and the new strains were named IQB638 and 1QB639, respectively
(Table 2.3). To construct a B. subtilis galK insertion-deletion mutant, galk was amplified by PCR
from chromosomal DNA of B. subtilis 168T* using primers ARA718 and ARA719, and the
obtained product was digested with Sacl and Kpnl. The resulting 1300 bp DNA fragment was
cloned into the phagemid pBluescript || KS(+) (Table 2.2), also digested with Sacl and Kpnl,
yielding pMJ31. An erythromycin resistance (ErmR) cassette was obtained by the digestion of
pMJ23 with Nael and EcoRV and subcloned between the Stul sites of pMJ31, resulting in pMJ32.

pMJ23 is a pBluescript || KS(+) derivative carrying an ErmR cassette obtained from the digestion
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of pJL1 with BamHI and Pstl. pJL1 is a pLitmus29 derivative carrying an ErmR cassette, obtained
from the digestion of pDG1731 with Smal and Nael, cloned in its EcoRV site. pMJ32 was
linearized with Scal and used to transform B. subtilis 168T* and IQB611 yielding strains IQB630
and 1QB631, respectively (Table 2.3). The transformations of B. subtilis strains were performed

according to the method described by Anagnostopoulos and Spizizen, 1961.

Table 2.3 — List of B. subtilis strains used or constructed during the course of this work.

Strain Genotype Source or Reference
168T+ Prototroph F. E. Young
1QB495 AmsmX::cat pMJ2—168T+#
1QB496 AaraN pMJ6—168T+
1QB608 araE::kan pMJ10—168T+ #
1QB609 araE::kan AmsmX::cat pMJ10—1QB495 #
1QB610 araE::kan AaraN pMJ10—1QB496 #
1QB611 AaraNPQ pMJ11—-168T+
1QB630 AgalK::erm pMJ32—168T+ #
1QB631 AgalK::erm AaraNPQ pMJ32—1QB611 #
1QB638 AcycB pMJ38—168T*
IQB639 AcycB AaraNPQ pMJ38—1QB611

Arrows indicate transformation and point from donor DNA to the recipient strain.

# Transformation was carried out with linearized plasmid.

Growth conditions

E. coli DH5a (Gibco-BRL) was used for the construction of all plasmids. All E. coli strains
were grown in liquid Luria-Bertani (LB) medium (Miller, 1972) and on LB solidified with 1.6% (w/v)
agar, where ampicillin (100 yg.mL™*) was added as appropriate. B. subtilis strains were grown in
liquid LB medium, LB medium solidified with 1.6% (w/v) agar or liquid SP medium (Martin et al.,
1987), with the addition of chloramphenicol (5 ug.mL™?), kanamycin (10 pg.mL™), erythromycin (1
pg.mL?) and X-Gal (80 ug.mL1) as appropriate. Growth kinetics parameters of B. subtilis strains
168T", 1QB495, 1QB496, IQB608, IQB609, 1QB610, IQB611, IQB630, 1QB631, 1QB638 and
IQB639 (Table 2.3) were determined in liquid minimal medium. Cells from freshly streaked B.
subtilis strains were grown overnight (37°C, 150 rpm) in C minimal medium (Pascal et al., 1971)
supplemented with L-tryptophan (100 pg.mL?; Sigma Aldrich Co.), potassium glutamate (8
ug.mL%; Sigma Aldrich Co.), and potassium succinate (6 pg.mL?; Sigma Aldrich Co.) (CSK
medium; Débarbouillé et al., 1990). The cell cultures were washed and resuspended to an initial
ODeoonm 0Of 0.05 in 1.5 mL of CSK medium without potassium succinate and supplemented with
different carbon and energy sources (glucose, arabinose, arabinobiose, arabinotriose,
arabinotetraose, arabinan, debranched arabinan, maltotriose, maltotetraose, and maltopentaose)
at a final concentration of 0.1% (w/v). The cultures were grown at 37°C and 180 rpm in an
Aquatron® water bath rotary shaker, and the ODsoonm Was read periodically with an Ultrospec
2100 pro UV/visible spectrophotometer.
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Results
Uptake of arabinose oligomers by AraNPQ

The AraNPQ proteins are the BPD and TMD components of an ABC-type importer (Sa-
Nogueira et al., 1997). The three proteins, which are encoded by the arabinose metabolic operon
araABDLMNPQ-abfA, were previously shown to be dispensable for arabinose utilization in a
strain bearing a large deletion comprising all genes downstream of araD (Sa-Nogueira et al.,
1997). However, growth experiments indicated a possible involvement in the utilization of
arabinose oligomers (Inacio et al., 2008). To confirm this hypothesis, an in-frame deletion
mutation in the araN gene was generated by allelic replacement to minimize the polar effect on
the genes of the araABDLMNPQ-abfA operon which are located downstream of araN (Figure
2.1).
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Figure 2.1 — Organization of the araABDLMNPQ-abfA, araE, msmX, cycB-ganPQAB loci of the wild-
type B. subtilis chromosome (WT). The location of the five regions is indicated in kilobase (kb) pairs. The
genes are represented by arrows pointing in the direction of transcription. The constructs bearing the
mutations used in this work are displayed below each region and the strains harboring each mutation are
indicated in front of the construct. The three in-frame deletions generated by allelic replacement, AaraN,
AaraNPQ and AcycB, are depicted below the araABDLMNPQ-abfA and cycB-ganPQAB loci. The mutation
generated by the insertion of a kanamycin resistance cassette (kan) is represented in the araE locus. The
insertion-deletion mutation created by a deletion in msmX followed by the insertion of a chloramphenicol
resistance cassette (cat) is presented below the msmX locus. The insertion-deletion mutation created by a
deletion in galK followed by the insertion of an erythromycin resistance cassette (erm) is presented below
the galK locus.
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The physiological effect of this knockout mutation in B. subtilis (strain 1QB496; Table 2.3)
was assessed by the determination of the growth kinetic parameters using various saccharides
as the sole carbon and energy source (Table 2.4). In the presence of glucose and arabinose, the
doubling time of the mutant is comparable to that of the wild-type strain, indicating both the
stability of the strain bearing the in-frame deletion and that the AraNPQ system is not responsible
for the uptake of arabinose. In contrast, the absence of AraN has a negative effect on the ability
of strain 1QB496 (AaraN) to grow on the a-1,5-arabinose oligomers (a-1,5-arabinobiose, a-1,5-
arabinotriose, and a-1,5-arabinotetraose; Table 2.4). Similar results were obtained in the growth
experiments (Table 2.4) with a strain harboring an in-frame deletion of the three genes araNPQ
(IQB611 AaraNPQ; Table 2.3), which were constructed by allelic replacement as describe below
for the in-frame deletion of araN (Figure 2.1). Taken together, the data implicate the AraNPQ

system in the uptake of arabinose oligomers.

Table 2.4 — Effect of different mutations in the uptake of a-1,5-arabinooligosaccharides by B. subtilis.
Doubling times (minutes) for different strains in liquid minimal medium (CSK) using glucose, arabinose,
arabinobiose, arabinotriose or arabinotetraose as sole carbon and energy source. Results are the averages
of three independent assays and their respective standard deviations. NG, no growth; -, not determined.

168T+ 1QB496 1QB611 1QB608 1QB610
(wild-type) (AaraN) (AaraNPQ) (araE::kan) (araE::kan AaraN)
Glucose 0.1% 55.5+1.3 53.4+1.0 52.5+0.8 57.340.3 54.1+1.1
Arabinose 0.1% 67.0+0.2 66.6+0.9 63.7+2.9 NG NG
Arabinobiose 0.1% 112.4+10.8 263.8+37.2 258.2+46.1 178.6+19.9 NG
Arabinotriose 0.1% 98.2+10.0 NG NG
Arabinotetraose 0.1% 92.4+4.5 NG NG

Interestingly, the absence of a functional AraNPQ system (strains 1QB496 and 1QB611)
impaired growth in the presence of a-1,5-arabinotriose and a-1,5-arabinotetraose; however, in
the presence of a-1,5-arabinobiose, the growth rate decreased only 2.3-fold when compared to
that of the wild-type strain (Table 2.4). This observation suggested the existence of an additional
transporter for this substrate. In B. subtilis, arabinose enters the cell mainly through the Arak
transporter, a proton symport-type permease (Sa-Nogueira and Ramos, 1997) with broad
substrate specificity that also is responsible for the uptake of xylose and galactose (Krispin and
Allmansberger, 1998). Thus, AraE, due to its capacity to transport different substrates, was
considered a potential candidate for the transport of a-1,5-arabinobiose. To test this hypothesis,
the arakE gene was disrupted by an insertion mutation (Figure 2.1) as described in Materials and
Methods. The resulting strain IQB608 (araE::kan) was unable to grow in the presence of
arabinose (Table 2.4), although it displayed normal growth in the presence of glucose. On the
other hand, in the presence of a-1,5-arabinobiose it showed a 1.6-fold decrease of its growth rate
when compared to that of the wild-type strain (Table 2.4). This effect is similar to that observed
with strain 1QB496 (AaraN), suggesting the involvement of ArakE in the uptake of arabinobiose.
To further support this evidence, a double mutant, AaraN araE::kan, was constructed (strain

IQB610) and shown to be unable to grow in the presence of a-1,5-arabinobiose (Table 2.4). These
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data revealed that both AraE and AraNPQ are able to transport the disaccharide arabinobiose
and represent the only transport systems accountable for its uptake in B. subtilis.

Transport via the AraNPQ system is energized by MsmX

The nucleotide-binding domain (NBD) protein partner of the AraNPQ ABC importer is
missing in the araABDLMNPQabfA transcriptional unit (Sa-Nogueira et al., 1997). Quentin et al.
(1999) carried out, in silico, the inventory and assembly of the ATP binding cassette (ABC)
transporter systems in the complete genome of B. subtilis. The authors identified five genes
encoding ATPases without any gene coding for TMD protein in their neighborhood. On the basis
of similarities, three ATP-binding proteins were proposed to energize 10 incomplete systems.
Among these ATPases, MsmX is highly similar (>40% identity) to MalK of E. coli (Gilson et al.,
1982) and MsmK of Streptococcus mutans (Russell et al., 1992), ATPases of transport systems
for maltose and multiple sugars, respectively. Thus, the authors proposed that MsmX would be
an ATPase involved in the transport of carbohydrates and would be one candidate to energize
several incomplete systems in operons that encode only the membrane and solute-binding
proteins (Quentin et al., 1999).

To test the possible involvement of MsmX in the transport of AraNPQ substrates, an
insertion-deletion mutation was generated in the msmX gene (Figure 2.1). The resulting strain,
IQB495 (AmsmX:.cat), was grown as described above, and the physiological response to the
presence of different saccharides was determined. The msmX-null mutation does not affect the
kinetic growth parameters in the presence of glucose and arabinose. The negative impact of this
mutation in the doubling time of strain 1QB495 (AmsmX::cat) grown in the presence of a-1,5-
arabinobiose, a-1,5-arabinotriose, and a-1,5-arabinotetraose (Table 2.5) was comparable to that
observed for the AaraN mutant strain (IQB496; Table 2.4).

Table 2.5 — Effect of a msmX-null mutation in the uptake of a-1,5-arabinooligosaccharides by B.
subtilis. Doubling times (minutes) for different strains in liqguid minimal medium (CSK) using glucose,
arabinose, arabinobiose, arabinotriose or arabinotetraose as sole carbon and energy source. Results are
the averages of three independent assays and their respective standard deviations. NG, no growth; -, not
determined.

1QB495 1QB609
(AmsmX::cat) (AmsmX::cat araE::kan)
Glucose 0.1% 57.7+2.7 54.1+1.1
Arabinose 0.1% 68.2+2.3 NG
Arabinobiose 0.1% 286.7+33.1 NG
Arabinotriose 0.1% NG
Arabinotetraose 0.1% NG

This observation clearly indicates that MsmX, like AraN, is essential for the functionality of

AraNPQ, playing the role of the ATPase that energizes the unidirectional substrate transport via
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AraNPQ. Furthermore, since both IQB495 and 1QB496 exhibit a parallel growth rate in the
presence of a-1,5-arabinobiose, the additional transporter responsible for the uptake of this
substrate must be MsmX independent. Moreover, the phenotype of the double mutant IQB609
(AmsmX::cat araE::kan; Table 2.5) was very similar to that observed with strain IQB610 (AaraN
arak::kan; Table 2.4). Taken together, these findings corroborate the evidence that ArakE is

involved in the uptake of a-1,5-arabinobiose.

MsmX contributes to the transport of multiple saccharides

In addition to its role as an essential partner in the AraNPQ-MsmX system, MsmX
previously was shown to be the NBD protein partner of the MdXEFG ABC importer, where MdxE
is a maltodextrin-binding protein with high affinities for maltodextrins and a low affinity for maltose,
and MdxF and MdxG are the membrane components (Schonert et al., 2006). In this study, we
assayed the physiological impact of the mutation AmsmX::cat (strain 1QB495) on the growth on
maltotriose, maltotetraose, and maltopentaose. Although a negative effect in the doubling time
was observed, the msmX-null mutation does not completely impair growth in the presence of
maltooligosaccharides (data not shown). Studies of transport performed by Schdnert et al. (2006)
using radiolabeled maltotriose showed that the uptake was not prevented in the msmX-null
mutation, although in the malP msmX double mutant this transport was drastically reduced
(Schonert et al., 2006). Thus, our results correlate with these observations, and the growth
observed in the presence of maltooligosaccharides is most probably due to its extracellular
degradation and uptake of resulting products, such as maltose and glucose, by other transport
systems (Schonert et al., 2006).

Mutant and wild-type strains were also grown in the presence of two different types of the
homopolysaccharide arabinan: branched arabinan, a molecule comprising a backbone of a-1,5-
linked r-arabinofuranosyl residues decorated with a-1,2-, and a-1,3-linked L-arabinofuranosyl
units, and debranched arabinan, the linear homopolysaccharide a-1,5-L-arabinan. In both mutant
strains 1QB495 (AmsmX:cat) and 1QB611 (AaraNPQ), a slow but steady growth rate on
debranched arabinan was observed compared to that of the wild type (Table 2.6). Since we
showed that a functional AraNPQ-MsmX system is required for the transport of a-1,5-
arabinotriose and a-1,5-arabinotetraose and is partially responsible for the uptake of a-1,5-
arabinobiose, the slow growth observed most probably is due to the metabolism of some
arabinobiose and arabinose residues resulting from the extracellular degradation of linear a-1,5-
L-arabinan, which enters the cell through the AraE permease. Interestingly, in the presence of
branched arabinan, strain IQB611 (AaraNPQ) displays a marginal increase in the doubling time
compared to that of the wild-type strain (Table 2.6); in contrast, the msmX-null mutation (strain
IQB495) has a severe impact on growth (Table 2.6). This fact suggested that most of the
arabinooligosaccharides resulting from the extracellular degradation of branched arabinan were

nonlinear, i.e., arabinooligosaccharides with a-1,2- and/or a-1,3-linked arabinosyl residues, and
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that these products were not transported by the AraNPQ system. The slight decrease of the
growth rate observed in strains lacking a functional AraNPQ compared to that of the wild type
could represent the reduced amount of linear arabinooligosaccharides resulting from the
extracellular degradation of arabinan that, in the wild-type strain, would be transported through
AraNPQ and metabolized.

Table 2.6 — Uptake of arabinan by the AraNPQ-MsmX system. Doubling times (minutes) for different
strains in liquid minimal medium (CSK) using glucose, arabinan or debranched arabinan as sole carbon and
energy source. Results are the averages of three independent assays and their respective standard
deviations. NG, no growth.

168T+ 1QB495 10B611

(wild-type) (AmsmX::cat) (AaraNPQ)

Glucose 0.1% 55.5+1.3 57.7+2.7 52.5+0.8
Arabinan (branched) 0.1% 149.0+6.8 NG 188.8+15.3
Debranched Arabinan 0.1% 84.0+4.6 332.546.8 330.6+30.8

Taken together, the growth kinetic parameters of the different strains grown in the presence
of two different types of arabinan molecules suggested the existence of an additional transporter
for nonlinear arabinooligosaccharides. Furthermore, this putative importer would be MsmX
dependent due to the lack of growth of the msmX-null mutant in the presence of branched

arabinan (sugar beet).

To identify a transporter responsible for the uptake of these nonlinear
arabinooligosaccharides, we targeted the CycB-GanPQ system (previously YvfKLM), which is
part of the group of ABC transporters proposed to be energized by MsmX (Quentin et al., 1999)
and, displays higher identity to AraNPQ. An in-frame deletion mutation in the cycB gene was
generated by allelic replacement, as shown in Figure 2.1. The physiological effect of this mutation
in the utilization of arabinan by B. subtilis strains IQB638 (AcycB) and IQB639 (AcycB AaraNPQ)
was assessed by the determination of the growth kinetic (Table 2.4). Similarly to that observed
for the AaraNPQ mutant, only a marginal decrease in the growth rate of the AcycB mutant was
detected (Table 2.7) when compared do the wild-type strain grown on arabinan. Nonetheless, the
ability for the double AcycB AaraNPQ mutant (IQB639) to grow on the same substrate was
completely abolished (Table 2.7), suggesting that the putative MsmX-dependent transporter for

nonlinear arabinooligosaccharides was the CycB-GanPQ system.

Table 2.7 — Effect of mutations in galactose utilization genes in the uptake of arabinan. Doubling times
(minutes) for different strains in liquid minimal medium (CSK) using glucose or arabinan as sole carbon and
energy source. Results are the averages of three independent assays and their respective standard
deviations. NG, no growth.

1QB638 1QB639 1QB630 1QB631
(AcycB) (AcycB AaraNPQ) (AgalK::erm) (AaraNPQ AgalK::erm)
Glucose 0.1% 52.6+0.1 52.1+1.2 45.8+1.2 53.9+1.7
Arabinan (branched) 0.1% 168.7+39.4 NG 300.4+28.1 NG
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However, we later became aware that both the branched and debranched sugar beet
arabinans purchased from Megazyme International Ireland, which were supposed to contain
about 90% (w/w) of arabinose and less than 4% (w/w) of galactose, had in fact about 25% (w/w)
galactose. Thus, to test if the growth observed in the AaraNPQ mutant was due to the presence
of galactose (or most likely galactooligosaccharides) and not due to nonlinear
arabinooligosaccharides, an insertion-deletion mutation of the galactose kinase gene (galK) was
generated (Figure 2.1). The resulting Gal” strains, IQB630 (AgalK::erm) and IQB631 (AgalK::erm
AaraNPQ), were grown as previously described in the presence of arabinan. As expected, there
was a decrease in the growth rate of the AgalK::erm mutant (Table 2.7) when compared to the
wild-type strain. Moreover, the double AgalK::erm AaraNPQ mutant completely lost its ability to
grow in the presence of arabinan as the sole carbon and energy source (Table 2.7). These results
confirm that the used arabinan is highly contaminated with galactose which is, consequently,
responsible for maintaining growth of B. subtilis when a functional AraNPQ system is unavailable.
Additionally, these results implicate that the CycB-GanPQ system plays a role in the uptake of
galactooligosaccharides as previously suggested (Shipkowsky and Brenchley, 2006; Chai et al.,
2012).

Discussion

Bacillus subtilis participates in the enzymatic dissolution of plant biomass. Thus, it is able
to synthesize a vast variety of glycoside hydrolases capable of the depolymerization of plant cell
wall polysaccharides, such as cellulose, hemicellulose, or pectin (Shallom and Shoham, 2003;
Stulke and Hillen, 2000). L-Arabinose, the second most-abundant pentose in plant biomass, next
to b-xylose, is found in homopolysaccharides (branched and debranched arabinans) and
heteropolysaccharides (arabinoxylans, arabinogalactans, etc.). B. subtilis produces exo- and
endo-acting arabinases capable of releasing arabinosyl oligomers and L-arabinose from plant cell
walls (Inacio et al., 2008; Inacio and S&-Nogueira, 2008; Weinstein and Albersheim, 1979).
Although many polysaccharolytic glycoside hydrolases have been purified from bacteria,
including several Bacillus spp., information on ABC transporters devoted to the uptake of products

resulting from the degradation of hemicellulose is limited (Eitinger et al., 2011).

The results presented here lead to the characterization of an ABC primary transporter of
B. subtilis involved in the uptake of products of the degradation of arabinans. The AraNPQ system
is encoded by the araABDLMNPQ-abfA operon, which is regulated at the transcriptional level by
induction in the presence of arabinose and repression by glucose (S&-Nogueira et al., 1997).
AraN is the high-affinity substrate-binding protein (BPD) that captures the substrate and delivers
it to the two transmembrane components (TMDs), AraP and AraQ. The genetic and physiological
impact of in-frame deletions on both the araN gene and the entire transporter araNPQ lead us to

the conclusion that AraNPQ is involved in the uptake of a-1,5-arabinose oligomers (up to four

44



A multitask ATPase for sugar uptake in Bacillus subtilis

units) but not arabinose. AraNPQ is the sole transporter for a-1,5-arabinotriose and a-1,5-
arabinotetraose, but is only partially accountable for the uptake of a-1,5-arabinobiose. The latter
is also transported by the AraE permease, the main permease involved in the uptake of arabinose
(Sa-Nogueira and Ramos, 1997), and also is responsible for the transport of xylose and galactose
(Krispin and Allmansberger, 1998). This evidence is supported by the observation that both single
mutations in the araN (or araNPQ) and araE genes result in slower growth on a-1,5-arabinobiose;

on the other hand, growth on this substrate is impaired by the double mutation araN araE.

In Gram-positive bacteria gene clusters that encode sugar ABC transporters, the BPDs and
TMDs frequently lack the nucleotide-binding domains (NBDs). Thus, the NBDs responsible for
providing energy for the corresponding transporters are not linked. The B. subtilis genome
encodes three ATP-binding proteins without any gene coding for TMD protein in their
neighborhood (Quentin et al., 1999). Among these ATPases, MsmX is a strong candidate for
supplying energy to the incomplete AraNPQ transporter (Quentin et al., 1999); moreover, the
msmX gene is constitutively expressed in both complex and minimal medium (Yoshida et al.,
2000). MsmX is highly similar to MsmK from Streptococcus mutans (61% identity; Russell et al.,
1992) and MsiK from Streptomyces lividans (55% identity; Hurtubise et al., 1995). In
Streptomyces species the MsiK protein is an ATPase involved in several oligosaccharide uptake
systems. MsiK energizes the cellobiose, xylobiose, and maltose uptake systems in Streptomyces
lividans (Hurtubise et al., 1995; Schlosser et al., 1997), the trehalose uptake system in
Streptomyces reticuli (Schlésser, 2000), and the N,N’-diacetylchitobiose uptake in Streptomyces
coelicolor (Saito et al., 2008). In Streptococcus mutans, the MsmEFGK system transports
raffinose, melibiose, and stachyose, and the MalXFGK transporter is specific for maltodextrins
(Webb et al., 2008). The two ATPase domains, MsmK and MalX, were shown to interact with
either transporter system to energize uptake (Webb et al., 2008). In B. subtilis it was previously
shown that MsmX energizes MdxXEFG, a transporter specific for maltodextrins, as the cognate
ABC domain (Schonert et al., 2006). Here, we show that MsmX is required for the uptake of a-
1,5-arabinose oligomers (up to four units) but not arabinose, thus being the ATPase that supplies
energy to AraNPQ. Contrarily to our first hypothesis, an additional MsmX-dependent transporter
for nonlinear arabinooligosaccharides is unlikely to exist and these sugars are imported by the
AraNPQ system, which was shown to be responsible for the uptake of a-1,5-
arabinooligosaccharides. Furthermore, our findings lead us to infer that the CycB-GanPQ
(previously YVfKLM) ABC-type system is likely to be involved in the uptake of
galactooligosaccharides as suggested in previous work by other groups (Shipkowsky and
Brenchley, 2006; Chai et al., 2012). As predicted by Quentin et al. (1999), our results also point
to MsmX being the ATPase responsible for energizing this system. These findings concerning the
functional characterization of CycB-GanPQ will be further discussed in Chapter Ill. Taken
together, these data led to our current model of the transport and utilization of
arabinooligosaccharides by B. subtilis (Figure 2.2).
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Figure 2.2 — Primary and secondary transporters involved in the uptake of arabinooligosaccharides
in B. subtilis and the role of MsmX in their transport. Arabinan, a homopolymer of arabinose, is
extracellularly degraded by two endo-a-1,5-arabinanases, AbnA and Abn2. The resulting products, mainly
arabinooligosaccharides, enter the cell through different transport systems. The ABC-type importer AraNPQ
is involved in the uptake of a-1,5-arabinooligosaccharides and is energized by the ATPase MsmX. The
AraNPQ-MsmX system is the key transporter for a-1,5-arabinotriose and a-1,5-arabinotetraose. The AraE
permease, a proton symporter, is the major transporter for arabinose, and is additionally responsible for the
uptake of xylose and galactose. This broad-specificity transporter also displays capacity for the uptake of a-
1,5-arabinobiose. Once inside the cell, arabinooligosaccharides are further degraded to L-arabinose by the
action of two a-L-arabinofuranosidases, AbfA and Abf2 (see the text for a more detailed explanation).

Arabinan, a homopolymer of arabinose, is extracellularly degraded by two GH43 endo-a-
1,5-arabinanases, AbnA and Abn2 (Inacio and Sa-Nogueira, 2008; Leal and Sa-Nogueira, 2004).
The resulting products, mainly arabinooligosaccharides, enter the cell through different transport
systems. The ABC-type importer AraNPQ is involved in the uptake of a-1,5-
arabinooligosaccharides, at least up to four L-arabinosyl units, and is energized by the ATPase
MsmX. The primary AraNPQ-MsmX system is the key transporter for a-1,5-arabinotriose and a-
1,5-arabinotetraose. The AraE permease, a proton symporter, the major transporter for arabinose
(Sa-Nogueira and Ramos, 1997), is additionally responsible for the uptake of xylose and
galactose (Krispin and Allmansberger, 1998) from other hemicellulosic heteropolysaccharides like
arabinoxylan, arabinogalactan, or pectin. This broad-specificity secondary transporter also

displays capacity for the uptake of a-1,5-arabinobiose, although this sugar enters the cell
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preferentially through the primary AraNPQ-MsmX importer. Once inside the cell, a-1,5-, a-1,2-
and a-1,3-arabinooligosaccharides are further degraded by the action of two GH51 family a-L-
arabinofuranosidases, AbfA and Abf2 (Inacio et al., 2008). The resulting L-arabinose is then
metabolized by AraA, AraB, and AraD, which sequentially convert L-arabinose to D-xylulose 5-

phosphate, which is further catabolized through the pentose phosphate pathway.

In this work we provide evidence that MsmX, either as a homo- or heterodimer, is
responsible for providing energy for at least two, and possibly three, ABC oligosaccharide
transport systems. To our knowledge, the capacity of an ATPase to associate and energize
distinct transport systems with different specificities in B. subitilis is described here for the first
time. These findings support the establishment of this peculiar broad capacity of protein-protein

interaction in the general bacterial mechanism of ABC-type sugar import.

Acknowledgments

Michel Débarbouillé provided us plasmid pMAD as a gift and gave us some advice for the
construction of the in-frame deletion mutations. Adriano O. Henriques and Mdnica Serrano
provided plasmids pAH248 and pMS38, respectively, as gifts. Joana Lima constructed plasmids
pJL1 and pJL3. This work was supported by the Fundacéo para a Ciéncia e a Techologia [grant
numbers PTDC/AGR-AAM/102345/2008 to I.S.N.; PEst-OE/BIA/UI0457/2011 to Centro de
Recursos Microbioldgicos; fellowship SFRH/BD/73039/2010 to M.J.F.].

47



Chapter 1l

48



Chapter Il

Uptake of pectin by MsmX-dependent
ABC-type importers in Bacillus subtilis
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This chapter contains data to be published in “The MsmX ATPase plays a crucial role in
pectin mobilization by Bacillus subtilis” (manuscript in preparation). All the experimental work was

performed by the author of this Thesis, except the construction of some plasmids and strains.

50



Uptake of pectin by ABC-type importers in Bacillus subtilis

Uptake of pectin by MsmX-dependent ABC-

type importers in Bacillus subtilis

Abstract

Carbohydrates from plant cell walls are often found as heteropolysaccharides intertwined
with each other. To have a competitive advantage against other microorganisms, and be able to
fully exploit the available carbon and energy sources, Bacillus subtilis possesses a high number
of proteins dedicated to the uptake of mono- and oligosaccharides. Here, we identify new
transporter complexes, belonging to the ABC superfamily, involved in the uptake of
oligosaccharides commonly found in pectins. Additionally, these newly identified carbohydrate
importers are also shown to be MsmX-dependent, Thus MsmX a multipurpose ATPase serving
several distinct ABC-type sugar importers plays a crucial role in pectin mobilization. MsmX is
shown to be essential for energizing various ABC transporters however, a second B. subtilis
ATPase, YurJ, is capable of complementing its function when placed in trans at a different locus

of the chromosome.

Introduction

The physiological need for energy is common to all known living organisms and thus, the
continued search for suitable energy sources demands constant adaptation and efficiency
improvement in the utilization of the available resources. Although many organisms, especially
Bacteria and Archaea, use a wide array of energy sources such as light or inorganic compounds
(like molecular hydrogen, ammonia, nitrogen dioxide or hydrogen sulfide) and depend on carbon
dioxide as a carbon source, most Bacteria rely on a variety of organic compounds, from simple

methane molecules to more complex sugars, as both energy and carbon sources.

The plant cell wall is a highly complex structure, with a variable species- and tissue-
dependent composition, and a major reservoir of carbohydrates in the form of cellulose,
hemicellulose, lignin and pectin (van Maris et al., 2006; Pauly and Keegstra, 2010; Kalluri et al.,
2014; Loqué et al., 2015). Cellulose is exclusively composed of p-glucose units, linked by -1,4-
glycosidic bonds and organized as linear parallel polymers connected via hydrogen bonds (van
Maris et al., 2006). Hemicellulose and pectin are complex mixtures of branched polysaccharides
composed of many different sugar monomers such as glucose, galactose, xylose, arabinose,
mannose, rhamnose and galacturonic acid (van Maris et al., 2006; Ochiai et al., 2007; Edwards

and Doran-Peterson, 2012).
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To be able to thrive and proliferate, and quickly adapt to changes in the environment and
nutrient availability, microorganisms have successfully developed mechanisms that enable the
use of most of these complex polysaccharides as carbon and energy sources, providing a
competitive advantage when nutrient resources are scarce. To achieve this, many species
developed concerted mechanisms for the degradation of these composite polysaccharides and
the subsequent uptake of smaller sugar monomers and oligomers, which can be easily
metabolized for energy or for the biosynthesis of other molecules. One such concerted
mechanism is the Bacillus subtilis transport and utilization system for arabinan (Inacio and Sa-
Nogueira, 2008), a hemicellulose polysaccharide commonly found in low-lignin and pectin-rich
substrates such as sugar beet pulp and citrus waste (Edwards and Doran-Peterson, 2012). This
bacterium in its natural environment — the soil or the gastrointestinal tract of animals (Tam et al.,
2006; Serra et al., 2014) — possesses two endo-a-1,5-arabinanases, AbnA and Abn2, responsible
for breaking down the backbone of the homopolysaccharide arabinan (Inacio and Sa-Nogueira,
2008; Leal and Sa-Nogueira, 2004), releasing arabinose monomers and oligomers. Two
intracellular a-L-arabinofuranosidases, AbfA and Abf2 (Inacio et al., 2008), are accountable for
further degrading the arabinooligosaccharides, which are transported inside the cell through two
different types of transport systems. The AraE proton symporter is responsible for the uptake of
arabinose (Sa-Nogueira and Ramos, 1997) and also plays a role in the transport of a-1,5-
arabinobiose (Chapter 11); the AraNPQ ABC-type system is responsible for the uptake of
arabinooligosaccharides up to at least 4 arabinosy! units (Chapter I). This system, along with the
B. subtilis ABC-type maltodextrins importer MAXEFG, is energized by the multipurpose ATPase
MsmX (Chapter Il; Schonert et al., 2006). MsmX together with another putative orphan ATPase
are predicted to be the nucleotide-binding domain (NBD) that energizes five additional putative
ABC-type importers (Quentin et al., 1999). Although multipurpose ABC ATPases have been
described in other organisms like Streptomyces lividans (Hurtubise et al., 1995), Streptococcus
pneumoniae (Marion et al., 2011) and Streptococcus suis (Tan et al., 2015), the capability to
interact with and energize multiple transporters is rather uncommon among this type of ATPases.
In fact, to date the ability of a single ATPase to energize several ABC-systems appears to be

exclusive of sugar importers.

Here, we investigate the role of MsmX in the utilization of plant cell wall polysaccharides
by B. subtilis and the biological significance of sharing a single ATPase among multiple ABC
transport systems. The expression of both ATPases MsmX and YurJ was analized. New ABC-
type sugar importers responsible for the uptake of pectin-based polysaccharides have been
functionally characterized and established MsmX as a key player in plant cell wall polysaccharides
mobilization. Furthermore, important amino acid residues for the contacts between MsmX and

the transmembrane domains (TMDs) of the AraNPQ importer were also identified.
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Materials and Methods

Substrates

a-1,5-arabinotriose, galactan (ex. Lupin), polygalacturonan and rhamnogalacturonan |
were purchased from Megazyme International Ireland. o-(+)-glucose, pectin (from apple) and p-
(+)-galacturonic acid were purchased from Sigma-Aldrich Co.

DNA manipulation and sequencing

Routine DNA manipulations were performed as described by Sambrook et al. (1989). All
restriction enzymes were purchased from Thermo Fisher Scientific and used according to the
manufacturers’ recommendations. PCR amplifications were carried out using Phusion High-
Fidelity DNA Polymerase (Thermo Fisher Scientific). DNA from agarose gels and PCR products
were purified with the illustra™ GFX™ PCR DNA and Gel Band Purification kit (GE Healthcare
Life Sciences). All DNA ligations were performed using T4 DNA Ligase (Thermo Fisher Scientific).
DNA phosphorylation was performed using T4 Polynucleotide Kinase (Thermo Fisher Scientific)
and DNA dephosphorylation with FastAP Thermosensitive Alkaline Phosphatase (Thermo Fisher
Scientific). Plasmids were purified using the NZYMiniprep kit (NZYTech). DNA sequencing was
performed with the ABI PRISM BigDye® Terminator Cycle Sequencing Kit (Applied Biosystems).

The sequencing reaction was purified by gel filtration and resolved in an ABI 3730XL sequencer.

Construction of plasmids and strains

For the construction of a B. subtilis yurJ deletion mutant, the regions upstream and
downstream of the yurJ gene were independently amplified by PCR, from chromosomal DNA of
B. subtilis 168T*, with primers ARA517 and ARA518 (PCR1) and ARA519 and ARA520 (PCR2),
respectively. The products from PCR1 and PCR2 were joined by overlapping PCR using primers
ARA517 and ARA520 (Table 3.1). The final product was digested with ECORV and the resulting
1620 bp fragment cloned into pMAD digested with Smal and subsequently dephosphorylated.
The obtained plasmid, pMJ14, was used for the generation of clean deletions of yurJ in the
chromosome of B. subtilis strains 168T* and 1QB613, following the procedure described by
Arnaud et al., 2004. The deletions were confirmed by sequencing and the new strains hamed
IQB618 and IQB635, respectively. To obtain a AyurJ AmsmX::cat mutant, pMJ2 (Table 3.2) was
linearized with Scal and used to transform B. subtilis IQB618, yielding strain IQB634. To construct
a B. subtilis strain with a copy of yurJ under the control of an IPTG-inducible promoter, in the
amyE locus of the B. subtilis chromosome, this gene was amplified by PCR from B. subtilis 168T*
chromosomal DNA using primers ARA820 and ARA821 (Table 3.1). The amplification product
was digested with Sall and Sphl and the resulting 1222 bp DNA fragment was cloned into pDR111
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(Table 3.2) digested with the same restriction enzymes. The obtained plasmid, pMJ40, was

linearized with Scal and used for the transformation of B. subtilis IQB495, yielding strain IQB642.

For the construction of a B. subtilis strain with a C-terminal Hiss-tag fused to YurdJ, the 3’ end of

yurJ was amplified by PCR, from chromosomal DNA of B. subtilis 168T*, using primers ARA831
and ARA832 (Table 3.1). The obtained product of 819 bp was phosphorylated and subcloned into

pMS38 (Table 3.2) digested with EcoRV and subsequently dephosphorylated, resulting in pMJ43.

This plasmid was used for the transformation of B. subtilis 168T*. The fusion of the Hiss-tag to

msmX was confirmed by sequencing and the new strain was named IQB644.

Table 3.1 — List of all oligonucleotides used during the course of this work.

Complementary

Oligonucleotide Sequence (5 —3’)
sequence
ARAS55 CTATCATTAGTACGTATCTTTTGTATT araA
ARA422 TATTGAGCTCTCAGGGATAGATATCAAATCG msmX
ARA423 CATCGGTACCATTCTGAGATTTTCAATAGC msmX
ARA517 TCCCCGATATCACAATCCAGG yurd
ARA518 AGCCTCTTCCGTTTCCGCATCGAATGTTAATGAAGCCATCAGAAAAGTCCC yurd
ARA519 GGGACTTTTCTGATGGCTTCATTAACATTCGATGCGGAAACGGAAGAGGCT yurd
ARA520 ATGACCGATATCCGTCTTCCC yurd
ARA544 GGATGTCATATGGCTGAATTGCGG msmXx
ARA545 CCGGTTTTTTTGCTCGAGTCGGATTCTCAC msmXx
ARA566 GGGTTTGCCGGTGCAGGAGATTGGAAGAC araA
ARA567 GTCTTCCAATCTCCTGCACCGGCAAACCC araA
ARA573 CATACGCATAAATCTGCATG araA
ARA583 TCGCGGTTTCGCTGCCCTTT 16S
ARA584 AAGTCCCGCAACGCGCGCAA 16S
ARAB30 TACATGAAGGATCCTGCCAAGGC araP
ARA631 CAGCGGCTGCGTACAGCTCT araP
ARA632 AGAGCTGTACGCAGCCGCTG araP
ARA633 TTGGAAGGCCATGGGCATATTGC araP
ARA634 ATGTGCTGACCATGGGCATCATCG araQ
ARA637 CGGGATCCATGCCTCTTGTG araQ
ARA638 TTCGATCCGGCTTCATATTC yurd
ARA639 CGTTCGCTTGAAACACTGAA yurd
ARA640 CCGAAGCCTGAAATCAAAAA msmX
ARA641 ACAAAGGCTCATCCATCAGG msmX
ARAG642 AAACACGCGTTGGACCATATCC yesO
ARA645 CCGGATCCTCCAAAATTGTATGCC yesQ
ARA652 CTGTGCCATCTGCAACACTCCTTTTTAGTAACAAATCTTCTTCAAACCAATCCC yesO
ARA653 GGGATTGGTTTGAAGAAGATTTGTTACTAAAAAGGAGTGTTGCAGATGGCACAG yesQ
ARAG67 GCTTCGTACAGCGCTTTCGGC araP
ARAG68 GCCGAAAGCGCTGTACGAAGC araP
ARA669 GTATTCGCGCCGGCTATATCAGC araP
ARA670 GCTGATATAGCCGGCGCGAATAC araP
ARAG671 CGTACAGCCGGCCATCCTTGC araQ
ARA672 GCAAGGATGGCCGGCTGTACG araQ
ARA673 CGTTTATAGGATCCCGCTGACC araQ
ARA674 CATCACACGTTTCCTCCTTCATTACCCTACCGTCAGGCCGGAGATAAA araQ
ARAG675 TTTATCTCCGGCCTGACGGTAGGGTAATGAAGGAGGAAACGTGTGATG araQ
ARAG676 GCCAACGCGTTTGGCAGATTGT araQ
ARA733 TTCGCTAGATGCTTATCGC ytcQ
ARA734 TGGGTTTTTCCAATGTTATTTTGCTTGCACCCTCCATTTGTTTCCCATCGTACC ytcQ
ARA735 GGTACGATGGGAAACAAATGGAGGGTGCAAGCAAAATAACAT TGGAAAAACCCA ytcQ
ARA736 TCAGACGCGTTGAAATATCG ytcQ
ARA820 ACCAAGTCGACTCCAGTGACG yurd
ARA821 GCAATGCATGCATCGACCACC yurd
ARA831 CTCAGAAAGATGGCGAAACAGG yurd
ARA832 CTAGTGGTGGTGGTGGTGGTGATACACAGCCTCTTCCGTTTCCG yurd
ARA833 GTGCGTCGACACAACTTTGTATTGCTG yurd
ARA834 GGAAACAACTTGTTCTTTCTGTTA yurd
ARA835 TAACAGAAAGAACAAGTTGTTTCC yurd
ARA836 AAAGATCTATGTCATGAGGTTTCGC yurJ

Restriction sites in the primer sequences are underlined.
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For the construction of a B. subtilis strain with a single C—A nucleotide substitution at
position -54 from the coding sequence of yurJ, pMJ42 was generated. Two partially overlapping
regions upstream and downstream of the desired nucleotide were independently amplified by
PCR, from B. subtilis 168T* chromosomal DNA, using primers ARA833 and ARA834 (PCR3) and
primers ARA835 and ARA836 (PCR4), respectively. The products from PCR3 and PCR4 were
joined by overlapping PCR using primers ARA833 and ARA836 (Table 3.1). The 1391 bp product
was phosphorylated and cloned into pMAD digested with Smal and subsequently
dephosphorylated, yielding pMJ42. The obtained plasmid was used for the generation of a C—A
nucleotide substitution at position -54 from the coding sequence of yurJ in the chromosome of B.
subtilis strains 168T* and 1QB495 following the published procedure described by Arnaud et al.,
2004. This substitution was confirmed by sequencing and the new strains were named 1QB647

and IQB648, respectively.

Table 3.2 — List of plasmids used or constructed during the course of this work.

Plasmid Relevant features Source or Reference

Integrative phagemid with a lacZ gene for blue/white selection of

Bl ipt Il KS(+
pBluescript Il KS(+) clones, bla Stratagene
PET30a(+) Expression vector with an inc%uci‘ble T7 p‘romoter for the expression of Novagen
proteins in E. coli, kan
pDR111 Integrative plasmid which aIIovys the insertion of genes under the David Rudner
control of Phyper-spank in the amyE locus, bla, spec
Plasmid used for allelic replacement in Gram-positive bacteria, bla,
pMAD P erm P Arnaud et al., 2004
pUC18 Integrative plasmid with a lacZ gegle;for blue/white selection of clones, Yanisch-Perron et al., 1985
Integrative plasmid used for the construction of msmX null-mutations,
pMI2 orative p Chapter Il
bla, cat
Int ti | id d for th tructi f yurJ in-fi deleti .
pMJ14 ntegrative plasmid used for the construction of yurJ in-frame deletion This work
mutants, bla, erm
Int ti | id d for th tructi f yesOPQ in-fi .
pMJ18 ntegrative plasmid use ‘ or the construction of yesOPQ in-frame This work
deletion mutants, bla, erm
pMJ21 pET30a(+)-based vector with a truncated version of msmX-Hise, kan This work
pMJI22 pET30a(+)-based vector for the expression of msmX-Hiss, kan This work
pMJI23 pBluescript Il KS(+)—bas_ed plasmid used as a source of erythromycin This work
resistance cassette, bla, erm
Int ti | id d for th tructi f araP E205A mutants, .
pMI25 ntegrative plasmid used for the construction of aral mutants This work
bla, erm
Int ti | id d for th tructi f araP D213A mutants, .
pMJ26 ntegrative plasmid used for the construction of aral mutants This work
bla, erm
Int ti | id d for th tructi f D180A mutants, .
pMI27 ntegrative plasmid used for the construction of araQ mutants This work
bla, erm
Integrative plasmid used for the construction of araQ mutants with an )
pMJI28 . . . This work
in-frame deletion of 4 C-terminal codons, bla, erm
Integrative plasmid used for the construction of ytcQ in-frame deletion
pMJI33 9 P yeQ This work
mutants, bla, erm
Int ti | id d for th tructi f cycB in-f deleti )
pMJ38 ntegrative plasmid used for the construction of cycB in-frame deletion This work
mutants, bla, erm
pMJ40 Integrative plasmid used for_ the insertion of yurJ under the control of This work
Phyper-spank in the amyE locus, bla, spec
pMJI42 Integrative plasmid L_Js_ed for the construction of C—A mutants at This work
position -54 from yurJ, bla, erm
pMJ43 Integrative plasmid used for the fusion of a C-terminal Histidine tag to This work
yurJ, bla, cat
pGS1 Integrative plasmid used for the fusion of a C-terminal Histidine tag to This work
msmX, bla, cat
Integrative plasmid used for the construction of araP E208A mutants, )
pLB1 This work
bla, erm
Integrative plasmid used for the construction of araA E305A mutants, . .
pLG31 9 P Godinho, unpublished results
bla, erm
pMS38 pLitmus29-based plasmid used as a source of chloramphenicol Zilhdo et al., 2004

resistance cassette, bla, cat
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For the generation of B. subtilis mutant strains with in-frame deletions of yesOPQ and ytcQ,
plasmids pMJ18 and pMJ33 were constructed. The regions upstream of the yesO gene and
downstream of the yesQ gene were independently amplified by PCR, from chromosomal DNA of
B. subtilis 168T™*, with primers ARA642 and ARA652 (PCR5) and ARA653 and ARA645 (PCR6),
respectively. The products from PCR5 and PCR6 were joined by overlapping PCR using primers
ARA642 and ARAG45 (Table 3.1). The final product was digested with Mlul and the resulting 1586
bp DNA fragment was cloned into pMAD digested with Smal and Mlul. The obtained plasmid,
pMJ18, was used for the generation of clean deletions of yesOPQ in the chromosome of B. subtilis
strains 168T* and IQB611 (Table 3.2), following the published procedure described by Arnaud et
al., 2004. These deletions were confirmed by sequencing and the new strains were named
IQB628 and 1QB629, respectively. The regions upstream and downstream of the ytcQ gene were
independently amplified by PCR, from chromosomal DNA of B. subtilis 168T*, with primers
ARA733 and ARA734 (PCR7) and ARA735 and ARA736 (PCR8), respectively. The products from
PCR7 and PCR8 were joined by overlapping PCR using primers ARA733 and ARA736 (Table
3.1). The final product was digested with Mlul and the resulting 1541 bp DNA fragment was cloned
into pMAD digested with Smal and Mlul. The obtained plasmid, pMJ33, was used for the
generation of clean deletions of ytcQ in the chromosome of B. subtilis strains 168T* and IQB628,
following the published procedure described by Arnaud et al., 2004. These deletions were
confirmed by sequencing and the new strains were named IQB632 and IQB633, respectively. For
the construction of a B. subtilis strain with a single mutation leading to a E305A amino acid
substitution in the AraA protein, araA was amplified by PCR, from B. subtilis 168T* chromosomal
DNA, with primers ARA55 and ARA573 (Table 3.1). The obtained product was digested with
EcoRI and Kpnl and the resulting 2313 bp fragment cloned into pUC18 digested with the same
restriction enzymes. The obtained pUC18::araA was used as template for a PCR with primers
ARA566 and ARA567 (Table 3.1). The resulting pUC18::araA(E305A) was digested with Sall and
EcoRI and the 2328 bp fragment with the mutagenized araA gene was subcloned into pMAD
digested with the same restriction enzymes, yielding pLG31. This new plasmid was used for the
generation of a mutation leading to an E305A amino acid substitution in AraA. B. subtilis strain
IQB638 was transformed following the published procedure described by Arnaud et al., 2004. The
mutation was confirmed by sequencing and the new strain was named 1QB641. For the
generation of single E208A, E205A and D213A substitutions in AraP of B. subtilis, pLB1, pMJ25
and pMJ26 were constructed. For the E208A substitution two partially overlapping regions
upstream and downstream of the desired codon were independently amplified by PCR, from B.
subtilis 168T* chromosomal DNA, using primers ARA630 and ARA631 (PCR9) and primers
ARA632 and ARA633 (PCR10), respectively. The products from PCR9 and PCR10 were joined
by overlapping PCR using primers ARA630 and ARA633 (Table 3.1). The obtained product was
digested with BamHI and Ncol and the resulting 1595 bp DNA fragment was cloned into pMAD
digested with the same restriction enzymes, yielding pLB1. A similar approach was used for the
E205A and D213A substitutions. For the E205A substitution the initial upstream and downstream
amplifications were performed with primers ARA630 and ARA667 (PCR11) and primers ARA668
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and ARA633 (PCR12), respectively. The products from PCR11 and PCR12 were joined by
overlapping PCR using primers ARA630 and ARAG633 (Table 3.1). The obtained product was
digested with BamHI and Ncol and the resulting 1595 bp DNA fragment was cloned into pMAD
digested with the same restriction enzymes, yielding pMJ25.

Table 3.3 — List of B. subtilis strains used or constructed during the course of this work.

Strain Genotype Source or Reference
168T+ Prototroph F. E. Young
1QB495 AmsmX::cat Chapter Il
1QB611 AaraNPQ Chapter Il
1QB618 Ayur] pMJ14—168T*
1QB622 msmX-Hise cat pGS1—-168T+
1QB623 araP*E208A pLB1—168T+*
1QB624 araP*E205A pMJ25—168T+
IQB625 araP*D213A pMJ26—168T+
IQB626 araQ*D180A pMJ27—168T+
1QB627 AaraQ (4 codon 3’ deletion) pMJ28—168T+
1QB628 AyesOPQ pMJ18—168T*
IQB629 AyesOPQ AaraNPQ pMJ18—1QB611
1QB632 AytcQ pMJ33—168T*
1QB633 AytcQ AyesOPQ pMJ33—1QB628
1QB638 AcycB pMJ38—168T*
IQB639 AcycB AaraNPQ pMJ38—1QB611
1QB641 AcycB araA*E305A pLG31—-1QB638
1QB642 amyE::[Phyper-spank-yurJ spec] AmsmX::cat pMJ40—1QB495 #
1QB644 yurJ-Hiss cat pMJ43—168T+
1QB647 yurJ*C—A (position-54) pMJ42—168T+
1QB648 yurJ*C—A (position-54) AmsmX::cat pMJ42—1QB495

Arrows indicate transformation and point from donor DNA to the recipient strain.

# Transformation was carried out with linearized plasmid.

For the D213A substitution the initial upstream and downstream amplifications were
performed with primers ARA630 and ARA669 (PCR13) and primers ARA670 and ARA633
(PCR14), respectively. The products from PCR13 and PCR14 were joined by overlapping PCR
using primers ARA630 and ARA633 (Table 3.1). The obtained product was digested with BamHI
and Ncol and the resulting 1595 bp DNA fragment was cloned into pMAD digested with the same
restriction enzymes, yielding pMJ26. The obtained plasmids, pLB1, pMJ25 and pMJ26, were used
for the generation of mutations in araP in the chromosome of B. subtilis 168T*, leading to single
amino acid substitutions in the AraP protein, following the published procedure described by
Arnaud et al., 2004. The E208A, E205A and D213A substitutions were confirmed by sequencing
and the new strains were named 1QB623, IQB624 and 1QB625, respectively. For the generation
of a single D180A substitution in AraQ of B. subtilis, pMJ27 was constructed. Two independent
and partially overlapping regions upstream and downstream of the desired codon were amplified
by PCR, from B. subtilis 168T* chromosomal DNA, using primers ARA634 and ARA671 (PCR15)
and primers ARA672 and ARA637 (PCR16), respectively. The products from PCR15 and PCR16
were joined by overlapping PCR using primers ARA634 and ARA637 (Table 3.1). The obtained
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product was digested with BamHI and Ncol and the resulting 1489 bp DNA fragment was cloned
into pMAD digested with the same restriction enzymes, resulting in pMJ27. The obtained plasmid
was used for the generation of a mutation in araQ in the chromosome of B. subtilis 168T*, leading
to a single D180A amino acid substitution in the AraQ protein, following the published procedure
described by Arnaud et al., 2004. The amino acid substitution was confirmed by sequencing and
the new strain was named IQB626. For the construction of a B. subtilis strain with an in-frame
deletion of the 4 codons at the 3’ end of araQ, the regions upstream and downstream of the target
codons were independently amplified by PCR, from B. subtilis 168T* chromosomal DNA, using
primers ARA673 and ARA674 (PCR17) and primers ARA675 and ARA676 (PCR18), respectively.
The products from PCR17 and PCR18 were joined by overlapping PCR using primers ARA673
and ARA676 (Table 3.1). The obtained product was digested with Mlul and the resulting 1605 bp
DNA fragment was cloned into pMAD digested with Smal and Mlul, yielding pMJ28. The obtained
plasmid was used for the generation of a clean deletion of 4 codons of araQ in the chromosome
of B. subtilis strains 168T", following the published procedure described by Arnaud et al., 2004.
This deletion was confirmed by sequencing and the new strain was named IQB627. For the fusion
of a C-terminal Histidine-tag to MsmX, a DNA fragment containing part of the msmX gene was
obtained, from chromosomal DNA of B. subtilis 168T™, by PCR with primers ARA544 and ARA545
(Table 3.1) and digestion with Ndel and Xhol. The resulting 829 bp was cloned into pET30a(+)
(Table 3.2) digested with the same enzymes, yielding pMJ21. A 270 bp DNA fragment containing
the 5 end of the msmX gene (amplified with primers ARA544 and ARA545 and digested with
Ndel) was subcloned into Ndel-digested pMJ21, resulting in pMJ22. To construct a B. subtilis
strain with a C-terminal Hiss-tag fused to MsmX, pMJ22 was digested with Sspl and the resulting
1329 bp DNA fragment, containing the 3’ end of msmX fused to the histidine tag, was subcloned
into pMS38 (Table 3.2), resulting in pGS1. This plasmid was used for the transformation of B.
subtilis 168T*. The fusion of the Hiss-tag to msmX was confirmed by sequencing and the new
strain was named IQB622. The transformations of B. subtilis strains were performed according to

the method described by Anagnostopoulos and Spizizen, 1961.

Growth conditions

E. coli DH5a (Gibco-BRL) or E. coli XL1-Blue (Stratagene) were used for the construction
of all plasmids. All E. coli strains were grown in liquid Luria-Bertani (LB) medium (Miller, 1972)
and on LB solidified with 1.6% (w/v) agar, where ampicillin (100 ug.mL1), chloramphenicol (25
dg.mL1), kanamycin (30 ug.mL™) or tetracycline (12 ug.mL?') were added as appropriate. B.
subtilis strains were grown in liquid LB medium, LB solidified with 1.6% (w/v) agar or liquid SP
medium (Martin et al., 1987), and chloramphenicol (5 pg.mL?), kanamycin (10 pg.mL?),
erythromycin (1 ug.mL?), spectinomycin (60 yg.mL?), X-Gal (80 ug.mL™?) or IPTG (1 mM) were
added as appropriate. Growth kinetics parameters of B. subtilis strains 168T*, IQB495, IQB611,
IQB618, IQB622, IQB623, IQB624, IQB625, IQB626, IQB627, IQB628, IQB629, IQB632, IQB633,
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IQB638, 1QB639, 1QB641, IQB642 and 1QB648 (Table 3.3) were determined in CSK minimal
medium in the presence of 0.1% (w/v) of several carbon sources (glucose, arabinose,
arabinotriose, arabinan, galactan, pectin, galacturonic acid, polygalacturonan or
rhamnogalacturonan 1), as described in Chapter Il. The optical density (ODsoonm) Of growing
cultures was used for the determination of the doubling time for each strain in the presence of the

tested sugars as sole carbon and energy sources.

RNA extraction

B. subtilis 168T* was grown in CSK minimal medium supplemented with 0.1% (w/v) of
glucose, arabinose or arabinotriose, as previously described for growth kinetics parameters
determination (see above). When the ODsoonm Of growing cultures reached 0.7-0.8, cells were
collected by centrifuging 1.4 mL of each culture at 6000g and 4°C for 5 minutes. Total RNA
extraction was performed using the Absolutely Total RNA Miniprep kit (Agilent Technologies)
according to the manufacturer’s instructions and using RNase-free technique. The integrity of
RNA extracts was analyzed in a 1% agarose gel (ran in and prepared with TBE 1x). DNA
contamination of RNA samples was assessed by PCR using primers ARA422 and ARA423. Total
RNA was quantified using a Nanodrop™ 1000 Spectrophotometer (Thermo Fisher Scientific) and
stored in 10 uL aliquots at -80°C.

RT-qPCR experiments and data analyses

The primers used for RT-gPCR experiments — ARA583 and ARA584 (16S gene), ARA638
and ARA639 (yurJ), and ARA640 and ARA641 (msmX) — were designed with the help of the
online tool Primer3Plus (http://primer3plus.com/cgi-bin/dev/primer3plus.cgi). Primer efficiency
was assessed using the Rotor-Gene SYBR® Green PCR Kit (QIAGEN) and RT-gPCR
experiments were performed using the SensiFAST™ SYBR No-ROX One-Step Kit (Bioline), both
in a Rotor-Gene 6000 (Corbett) real-time cycler. RT-gPCR experiments were performed
according to the kit manufacturer’s instructions, using 40 ng of total RNA and 0.1 uM of each
primer, in avolume of 12.5 uL. Statistical analyses were performed with GraphPad Prism (version
5.00) using C; values obtained from three independent assays. p values were determined using

an unpaired t test.

Protein extracts of B. subtilis and Western Blot analysis

B. subtilis strains 168T*, 1QB622 and 1QB644 were grown in CSK minimal medium

supplemented with 0.1% (w/v) of glucose, arabinose or arabinotriose, as previously described for
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growth kinetics parameters determination (see above). Cells of growing cultures were collected
as described for RNA extraction. The collected cells were resuspended in 100 pL of Lysis Buffer
(500 mM KCI, 20 mM HEPES K*, pH 7.6, 10 mM EDTA, 1 mM DTT, 10% glycerol). Lysozyme (1
mg.mL1) was added and the mixture was incubated for 10 minutes at 37°C, followed by three
cycles of freezing in liquid nitrogen and thawing for 5 minutes at 37°C. 10 mM PMSF and 7.5 U
of Benzonase® Nuclease (Sigma-Aldrich Co.) were added followed by an incubation for 15
minutes at 37°C. Total protein content for each extract was determined using Bio-Rad Protein
Assay (Bio-Rad Laboratories, Inc.). 25 ug of total protein from each extract and 2 pg of purified
MsmX-Hiss were loaded in a 12.5% SDS-PAGE and run at constant electrical current (30 mA) for
50 minutes. The fractionated proteins were then electrotransfered into a nitrocellulose membrane
(Bio-Rad), for 1h30 at constant voltage (90 V) and 4°C. Protein-blocking to the membrane was
then performed using 10 mL of a powdered milk solution in TBS-Tween (4% wi/v) for 30 minutes
at room temperature with mild shaking. The membrane was then washed with TBS-Tween
solution for 15 minutes at room temperature with mild shaking, followed by overnight incubation,
at 4°C, with 10 mL of primary antibody solution (mouse monoclonal Anti-6X His-tag® antibody
[HIS.H8; Abcam], diluted 1:1000 in PBS-Tween with 4% w/v powdered milk). All subsequent
incubation and wash steps were performed at room temperature with mild shaking. The
membrane was washed twice with 10 mL of TBS-Tween solution, for 10 minutes, followed by
incubation with 10 mL of secondary antibody solution (HRP-conjugated goat anti-mouse IgG
antibody [Jackson ImmunoResearch Europe Ltd.], diluted 1:10000 in TBS-Tween with 4% wi/v
powdered milk) for 30 minutes. Finally, the membrane was washed three times with 10 mL of
TBS-Tween solution. All subsequent steps were performed in a dark room. Blots were developed
using 1 mL Western Lightning™ ECL Pro kit (PerkinElmer). Amersham Hyperfilm plates (GE
Healthcare) were exposed to luminescence for 10 seconds inside a closed Amersham
Hypercassette Autoradiography Cassette (GE Healthcare).

Protein analysis

The analysis of the production, purification and molecular mass of the proteins was
performed with SDS-PAGE (stained with Coomassie Blue) and using the Low Molecular Weight
Protein Marker (NZYTech) as standard.

Results

Functional analysis of yurJ

The B. subtilis chromosome encodes two highly similar (>55%) ATPases, MsmX and YurJ

(>55% amino acid identity), belonging to sub-family 5a of ABC-type importers associated to
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carbohydrate uptake (Quentin et al., 1999). MsmX also displays a high identity (>40%) to the
MalK ATPase (Gilson et al., 1982), which is responsible for energizing the E. coli
maltose/maltodextrins ABC-type importer. The MalEFGK: transporter is the most studied member
of this class of transporters and the determination of its complete structure (Oldham et al., 2007)
allowed the identification of amino acids accountable for contacts between the TMDs and the
NBDs (highlighted in Figure 3.1).

An alignment of the primary structure of the three proteins, MsmX, YurJ and MalK, revealed
that most of the MalK amino acids contacting the TMDs are conserved in both MsmX and YurJ
suggesting that the same residues might be responsible for similar contacts in the two B. subtilis
ATPases (Figure 3.1). Moreover, the 21 amino acid residues putatively responsible for MsmX-
TMD contacts are conserved in YurJ, which implies the possibility of YurJ being able to associate

to MsmX-energized ABC transporters.

Walker A
MsmX MAELRMEHIYKFYDQKEPAVDDFNLHIADKEFIVFVGPSGCGKSTTLRMVAGLEEISKGD 60
Yur] MASLTFEHVKKSYHS -QLTVKDFDLDVKDKELLVLVGPSGCGKSTTLRMVAGLESISEGN 59
MalK MASVQLQIIVTKAUGE WVSKDINLDIHEGEFWFVGPSGCGKSTLLEMI/_S«GEETITSGD 59

XK . Kook o o Ko okoXRKEKXK MR KK RRRR K. K.
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Figure 3.1 — MsmX, YurJ and MalK protein sequence alignment. The sequence alignment was obtained
using the online tool ClustalW?2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). Conserved ABC ATPase motifs
are depicted by colored boxes (Walker A, blue; Q-loop, red; Signature motif, green; Walker B, purple; D-
loop, orange; H-loop, yellow). Residues known to be involved in the contacts between MalK and the TMDs
of the E. coli maltose/maltodextrins transporter are underlined in green.
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However, the results obtained using a B. subtilis strain without a functional MsmX indirectly
show that YurJ is unable to functionally complement an msmX-null mutation in the conditions
tested (Chapter Il). Nevertheless, we constructed a deletion of yurJ from the B. subtilis
chromosome (AyurJ strain 1QB618) and the new strain was tested. The results shown in Table
3.4 indicate no negative impact on the ability to grow on arabinotriose as the sole carbon and

energy source.

Table 3.4 — Effect of msmX and yurJ deletions in the uptake of arabinotriose by B. subtilis. Doubling
times (minutes) for different strains in liquid minimal medium (CSK) using glucose or arabinotriose as sole
carbon and energy source. Results are the averages of three independent assays and their respective
standard deviations. # IPTG was added to a final concentration of 1 mM. NG, no growth.

168T* 1QB495 1QB618 (An?sﬁf)?“zcat
(wild-type) (AmsmX::cat) (AyurJ) amyE::[Phyper-spa{ﬁk-yurJ spec])
Glucose 0.1% 55.5+1.3 57.7£2.7 50.445.5 52.9+3.2#
Arabinotriose 0.1% 98.2+10.0 NG 92.8+10.9 94.6+0.5 #

These observations led to two likely hypotheses: i) YurJ is present in the cell but it is not
functional and thus unable to energize transport; ii) in the conditions tested YurJ is not present in
the cell. To test these hypotheses, a new msmX-null mutant strain harboring a copy of yurJ under
the control of an IPTG-inducible promoter was constructed (IQB642). This strain was grown in
minimal medium with arabinotriose as the sole carbon and energy source and, in the presence of
IPTG, displayed a similar growth rate to that of the wild-type strain (Table 3.4). This result
indicates that YurJ is in fact capable to functionally complement MsmX and energize the uptake
of arabinooligosaccharides by AraNPQ. Additionally, this strongly suggests that in the conditions

tested YurJ is not present in the cell when expressed from its own locus.

Transcriptional analysis of msmX and yurJ expression

Since YurJ is able to energize the importer AraNPQ in an msmX-null mutant strain when
expressed in trans under the control of an IPTG-inducible promoter, but not from its own locus,
we analyzed its expression at the transcriptional level in the wild-type strain. The expression levels
of both yurJ and msmX was determined in the conditions previously used for growth assays (CSK
minimal medium) by measuring the mRNA levels of both gene transcripts using quantitative
reverse transcription polymerase chain reaction (RT-gPCR). The obtained data were used to
calculate gene expression fold-change and the results are presented in Table 3.5 and Figure 3.2.
For each gene the mRNA levels are similar in the presence of both arabinose and arabinotriose.
However, in the presence of glucose an approximately 75-fold repression is observed for msmX
but not for yurJ. This observation was expected since a catabolite-responsive element (cre) is
present in msmX (Miwa et al., 2000) but none have been predicted for yurJ. Furthermore, when

directly comparing the transcript levels from both genes it is clear that there is no significant
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difference in their expression in the presence of arabinose or arabinotriose (Figure 3.2). In fact,
when arabinotriose is used as the sole carbon and energy source in growth assays a slightly
higher expression level (about 3-fold) is detected for yurJ when compared to msmX (Figure 3.2).

Table 3.5 - Quantification of yurJ and msmX mRNA level in the B. subtilis wild-type strain. The results
represent the fold-change of the expression in the target conditions versus the control conditions. (glu), (ara)
and (A3) represent the presence of 0.1% of glucose, arabinose or arabinotriose, respectively. Primers
ARA638 and ARA639 were used for yurJ and primers ARA640 and ARA641 for msmX. Fold-change was
normalized using primers ARA583 and ARA584 for the 16S gene. Statistical analyses were performed with
GraphPad Prism (version 5.00) using C: values obtained from three independent assays. p values were
determined using an unpaired t test (", non-significant difference; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

yurd msmX
Target
Contra) (glu) (A3) (glu) (A3)
(ara) 0.993+0.054" 1.782+0.323" 0.013+0.001™ 0.899+0.051"™
(glu) - 1.794+0.311" - 68.120+3.683™

These results clearly show that in these conditions yurJ is expressed at the transcriptional
from its locus in the B. subtilis chromosome suggesting the existence of a post-transcriptional
regulatory mechanism responsible for the inability of YurJ to complement an msmX-null mutant.
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Figure 3.2 — mRNA level of yurJd versus msmX in the B. sutilis wild-type strain. The results represent
the relative expression of yurJ versus msmxX. Upper and lower relative expression threshold of 2.0 and 0.5,
respectively, are represented by dotted lines. (glu, red-striped bar), (ara, green-striped bar) and (A3, blue-
striped bar) represent the presence of 0.1% of glucose, arabinose or arabinotriose, respectively. Primers
ARAG638/ARA639 and ARA640/ARA641 were used for yurJ and msmX, respectively. Fold-change was
normalized using primers ARA583 and ARA584 for the 16S gene. Statistical analyses were performed with
GraphPad Prism (version 5.00) using C: values obtained from three independent assays. p values were
determined using an unpaired t test (", non-significant difference; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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A post-transcriptional regulatory mechanism controls yurJ expression

Since the mRNA levels of yurJ and msmX in the cell are similar when B. subtilis is grown
in minimal medium supplemented with arabinotriose, yurJ is being transcribed but a functional
protein product is not present. Thus, in order to determine if YurJ is translated two new mutant
strains in which C-terminal Hise-tags were fused to msmX (IQB622) and yurJ (IQB644) in their
own loci were constructed. We then performed a Western Blot analysis to detect the accumulation
of MsmX-Hiss and YurJ-Hiss in cells grown in the same conditions previously used in RT-gPCR
experiments. Similar amounts of total protein extracts from strains IQB622 and IQB644, grown in
CSK medium supplemented with arabinose, glucose or arabinotriose, were used for the detection
of MsmX-Hiss and YurJ-Hiss, respectively. Additionally, a protein extract from the wild-type strain
(168T*) grown in CSK with arabinose was used as negative control and purified recombinant

MsmX-Hises was used as positive control for His-tag detection (Figure 3.3).
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Figure 3.3 — Identification of MsmX and YurJ by Western Blot. A) SDS-PAGE (12.5%) with samples
used for Western Blot (25 pg of total extract and 2 pg of purified MsmX-Hiss were loaded); B)
Autoradiography plate after His-tag detection using an anti-Hiss-specific antibody. 1) LMW Protein Marker;
2) wild-type strain + arabinose 0.1%; 3) IQB622 (msmX-Hisg) + arabinose 0.1%; 4) IQB622 (msmX-Hisg) +
glucose 0.1%; 5) 1QB622 (msmX-Hisg) + arabinotriose 0.1%; 6) IQB644 (yurJ-Hiseg) + arabinose 0.1%; 7)
IQB644 (yurJ-Hise cat) + glucose 0.1%; 8) 1QB644 (yurJ-Hise cat) + arabinotriose 0.1%; 9) purified MsmX-
HiSe.

The obtained results confirm the presence of MsmX-Hiss in the cell when grown in minimal
medium with either arabinose or arabinotriose, however in these conditions YurJ-Hiss is not
detected (Figure 3.3). In accordance with the results obtained from the RT-gPCR experiments
where a strong glucose-mediated repression of msmX is observed, no MsmX-Hiss is detected
when glucose is present in the medium (Figure 3.3). Thus, by combining the RT-gPCR results
and Western Blot analysis, we show that although msmX and yurJ are being similarly expressed
in the presence of arabinotriose, the latter translation product is not detected. This observation
explains why there is no functional complementation by YurJ of an msmX-null mutation when the

gene is expressed from its own locus in the B. subtilis chromosome. Together the results indicate
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that in minimal medium with either glucose, arabinose or arabinotriose as sole carbon and energy
source, yurJ is transcribed but not translated. To investigate this phenomenon the secondary
structure of the 5’ region in the yurJ mRNA was thoroughly analyzed for the presence of putative
hairpins that could be hindering translation initiation. The analysis revealed a putative hairpin
structure located eight bp upstream from the RBS, and predicted to have a free energy change
(AG) of -13.3 Kcal.mol? (Figure 3.4).
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90% > Probability ==80%
70% = Pre ity >=60%
60% = Probability >=50%
AG =-13.3 Kcal.mol
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Figure 3.4 — Secondary structure prediction of the yurJ transcript in the wild-type strain. A) A putative
hairpin in the mRNA from yurJ is predicted with a free energy change of -13.3 Kcal.mol. This structure is
located eight bp upstream from the RBS. The secondary structure prediction was obtained using the online
tool RNAstructure and base-pair positions indicated are relative to translation initiation
(http://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predictl/Predictl.html; Mathews, 2006). The
probability for base-pairing or unpairing nucleotides is indicated. The substituted nucleotide (C—A) is
highlighted with a green circle. B) Promoter region of the yurJ gene in the wild-type strain (168T*). The yurJ
ORF (cyan), the putative yurJ promoter (white, with the -10 and -35 boxes signaled in gray), predicted using
the online tool Virtual Footprint (http://www.prodoric.de/vfp/vfp_promoter.php; version 3.0), the putative
ribosome-binding site (RBS, orange) and the sequence used for hairpin prediction (green) are highlighted.

Due to its considerably low Gibbs free energy AG (-13.3 Kcal.mol!) and position close to
the RBS, we hypothesized that this structure could interfere with ribosome-binding to the mRNA

and, consequently, blocking translation. Furthermore, a similar secondary structure analysis was
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performed for strain IQB642, in which functional complementation of MsmX by YurJ had been
observed, and failed to detect a hairpin structure with such low free energy (see Supplementary
Figure 1 in Annexes). To investigate the potential role of the secondary structure located at the &’
end of the yurJ transcript in a mechanism of post-translational regulation of this gene we disrupted
the putative hairpin in the wild-type strain by substituting a single cytosine by an adenine (Figure
3.4). This mutation increases the free energy of the structure by about 4.9 Kcal.mol' when
compared to the wild-type transcript. The single point change was introduced by allelic
replacement in the chromosome of the B. subtilis AmsmX::cat background, and the new double
mutant strain (IQB648) was grown in minimal medium in the presence of arabinotriose as sole
carbon and energy source. Although the putative hairpin containing the C—A substitution displays
a higher calculated free energy (about -8.4 Kcal.mol?), strain IQB648 was unable to grow,
presenting a similar phenotype to that observed for the single AmsmX::cat mutant (data not
shown). This observation suggests that this structure is not involved in the mechanism of post-
transcriptional regulation of yurJ or, that the single mutation may have had a negligible impact in
the overall stability of the putative hairpin, which may still be accountable for blocking translation

in the conditions tested.

Identification of new carbohydrates imported via MsmX-dependent systems

We previously established MsmX as a multipurpose ATPase, which is solely responsible
for energizing distinct ABC-type systems involved in the uptake of oligosaccharides (Chapter II).
Since MsmX has been proposed to associate with 7 distinct B. subtilis ABC-type importers
(Quentin et al., 1999), we used an msmX-null mutant strain to determine the impact this mutation
on the ability of the cell to grow on different sugars as sole carbon and energy source. Both the
wild-type strain (168T*) and the AmsmX::cat strain (IQB495) were grown in the presence of
sugars commonly found in the hemicellulosic fraction of plant cell wall, namely pectin, galactan,
rhamnogalacturonan type |, polygalacturonan and galacturonic acid, and the results are
summarized in Table 3.6. The ability to utilize pectin was completely abolished in the msmX-null
mutant when compared to the wild-type. Since this polysaccharide is highly complex, branched,
and composed by various different sugars, mainly arabinose, galactose, rhamnose and
galacturonic acid, this result strongly suggests that MsmX is involved in the uptake of most of
these sugars found in pectin. Arabinose uptake as arabinosyl oligomers was previously shown to
be MsmX-dependent (Chapter Il) and the uptake of galactose oligosaccharides was inferred from
results presented and discussed in Chapter Il. Here, we show that growth in the presence of
galactan is abolished in the absence of a functional MsmX (Table 3.6), assigning this ATPase as
a critical component for the utilization of galactan by B. subtilis. MsmX is likely to be responsible
for energizing an ABC-type importer dedicated to the uptake of galactooligosaccharides resulting

from the extracellular degradation of galactan.
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Table 3.6 — Growth of a B. subtilis msmX-null mutant in the presence of different mono- and
polysaccharides. Doubling time (minutes) for different strains in liquid minimal medium (CSK) using pectin,
galactan, rhamnogalacturonan I, polygalacturonan or galacturonic acid as sole carbon and energy source.
Results are the averages of three independent assays and their respective standard deviations. NG, no
growth.

168T+ 1QB495
(wild-type) (AmsmX::cat)
Pectin 0.1% 153.1+12.4 NG
Galactan 0.1% 130.746.5 NG
Rhamnogalacturonan 1 0.1% 189.3+15.3 603.9+£32.6
Polygalacturonan 0.1% 123.5+4.4 365.6+44.7
Galacturonic Acid 0.1% 77.310.6 79.5+1.1

The absence of a functional MsmX also has a significant negative impact on the growth of
B. subtilis in minimal medium supplemented with rhamnogalacturonan typel or polygalacturonan
(Table 3.6). Unlike the complete loss of growth observed when arabinan or galactan are used as
sole carbon and energy source, a slower but steady growth rate is detected for the msmX-null
strain (IQB495) in the presence of either rhamnogalacturonan type | or polygalacturonan.
Interestingly, the growth rate decrease in the mutant strain (IQB495) when compared to the wild-
type is very similar for both polysaccharides, about 3-fold (Table 3.6). Since galacturonic acid is
the major component of both polysaccharides, the effect of the AmsmX::cat mutation in the uptake
of this monosaccharide was also assessed, and the results presented in Table 3.6 show that the
utilization of galacturonic acid is MsmX-independent. Thus, the negative impact observed when
rhamnogalacturonan type | or polygalacturonan were used is likely due to at least one MsmX-
dependent ABC-type importer responsible for the uptake of galacturonic acid oligomers and/or

rhamnose-galacturonic acid disaccharides but not galacturonic acid.

Functional characterization of new ABC-type sugar importers

The results presented so far establish MsmX as a key element for the transport of multiple
sugars, mainly oligosaccharides, found in pectin. The utilization of arabinan, galactan,
rhamnogalacturonan type | and polygalacturonan by B. subtilis is completely or partly MsmX-
dependent. Although only the specific transport system for arabinan, more specifically for
arabinosyl oligomers, has been identified as the ABC-type importer AraNPQ (Chapter II), our
results imply that additional transporters from this class are involved the uptake of the other
polysaccharides. The CycB (formerly YvfK) solute-binding protein (SBP) was previously
described as a cyclodextrin-binding protein (Kamionka and Dahl, 2001). It was reported that this
B. subtilis SBP displayed affinity for all three naturally occurring cyclodextrins (a, $ and y) and,
contrarily to what had been shown for the cyclodextrin-binding protein CymE from Klebsiella
oxytoca (Pajatsch et al., 1998), its affinity increases with the increasing size of the cyclodextrin

(Kamionka and Dahl, 2001). CycB is encoded by the cycB-ganPQAB operon, which is thought to
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be involved in the utilization of galactan, also encoding a putative 3-galactosidase (GanA) and a
putative arabinogalactan endo-B-1,4-galactanase (GanB), as well as two ABC-type TMD proteins
(GanP and GanQ), which are likely to be part of the same system as CycB (Shipkowsky and
Brenchley, 2006; Chai et al., 2012). Thus, we tested the impact of deleting the cycB gene in the
ability to utilize galactan. The obtained results show that the AcycB mutant (IQB638) displays a
2-fold increase of its doubling time in minimal medium supplemented with galactan as the sole
carbon and energy source, when compared to the wild-type strain (Table 3.7). Therefore, CycB
is involved in the utilization of galactan by B. subtilis, and is likely to be part of a putative CycB-
GanPQ ABC-type importer responsible for the uptake of galactooligosaccharides released by the
enzymatic breakdown of galactan by the extracellular -galactosidase GanB.

Table 3.7 — Uptake of galactan in B. subtilis. Doubling times (minutes) for different strains in liquid minimal
medium (CSK) using glucose or galactan as sole carbon and energy source. Results are the averages of
three independent assays and their respective standard deviations. NG, no growth.

168T+ 1QB638 1QB639 1QB641
(wild-type) (AcycB) (AcycB AaraNPQ) (AcycB araA*E305A)
Glucose 0.1% 55.5+1.3 52.6+0.1 52.1+1.2 54.242.1
Galactan 0.1% 130.746.5 258.31£29.6 NG 532.8+2.2

We also tested a double AcycB AaraNPQ mutant strain (IQB639) in the presence of
galactan and, surprisingly, its ability to grow was completely lost (Table 3.7). Although
unexpected, these results are similar to what had been previously observed for the AaraNPQ and
AcycB AaraNPQ mutants grown in the presence of branched arabinan (discussed in Chapter Il),
and again like arabinan was shown to have a large fraction of galactose in its composition,
probably the used galactan has a higher arabinose content. To confirm that the observed growth
of the AcycB mutant in the presence of galactan was due to the presence of arabinose, we
constructed an Ara strain by substituting the key catalytic residue E305 of L-arabinose isomerase
(AraA) by an alanine. This glutamate residue from the active site is putatively involved in proton
transfer, and its substitution by an alanine was previously shown to completely block the
isomerization of L-arabinose to L-ribulose, thus preventing its metabolism (Kim et al., 2010). When
grown in minimal medium supplemented with galactan, the AcycB araA*E305A strain (IQB641)
presents a very slow growth rate (Table 3.7), which confirms that the growth observed for the

AcycB mutant strain (IQB638) was most probably due to the presence of arabinose.

Polygalacturonan and rhamnogalacturonan type | are the two major components of pectin.
The former is a linear chain of pb-galacturonic acid units, while the latter has a backbone composed
of alternating L-rhamnose and p-galacturonic acid units highly decorated with mainly arabinans
and galactans as side chains (Ochiai et al., 2007; Edwards and Doran-Peterson, 2012). Ochiai et
al. (2007) previously showed that the genes encoding the putative YesOPQ and YtcQP-YteQ
ABC-type importers were induced in the presence of rhamnogalacturonan type I. Since these
transporters were proposed to be energized by MsmX (Quentin et al., 1999), and this ATPase
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was shown to be essential for the utilization of these polysaccharides by B. subtilis (Table 3.6),
we constructed in-frame AyesOPQ and AytcQ mutations and assessed their effect in the uptake
of polygalacturonan and rhamnogalacturonan type I. The results presented in Table 3.8 show that
both mutations had a negative impact in the utilization of both polysaccharides, and that this effect
was larger in the AytcQ mutant (IQB632) than in the AyesOPQ strain (IQB628). This indicates
that both YesOPQ and YtcQP-YteQ are likely to be involved in the uptake of polygalacturonan
and rhamnogalacturonan. However, the double mutant strain (AytcQ AyesOPQ, 1QB633)
displayed no increase in the doubling time in the presence of either substrate when compared to
the single AytcQ mutant (Table 3.8). This observation may be due to AyesOPQ having only a
marginal effect in the uptake of these substrates, which is likely to be negligible in the double
AytcQ AyesOPQ mutant since the AytcQ mutation reveals a significantly higher impact in the

utilization of both polysaccharides.

Table 3.8 — Uptake of pectin-based polysaccharides in B. subtilis. Doubling time (minutes) for different
strains in liquid minimal medium (CSK) using glucose, pectin, polygalacturonan or rhamnogalacturonan | as
sole carbon and energy source. Results are the averages of three independent assays and their respective
standard deviations.

168T* 1QB628 1QB632 1QB633
(wild-type) (AyesOPQ) (AytcQ) (AytcQ AyesOPQ)
Glucose 0.1% 55.5+1.3 54.5+0.4 53.3£1.8 54.7£3.4
Pectin 0.1% 153.1+12.4 147.7+14.7 139.0+19.9 154.7+27.8
Polygalacturonan 0.1% 123.5+4.4 153.0+19.0 186.8+16.8 180.6+17.8
Rhamnogalacturonan |1 0.1% 189.3+15.3 225.5+23.6 495.9+54.3 491.9+61.8

Additionally, for both polysaccharides, the growth rate of the double AytcQ AyesOPQ
mutant (Table 3.8) is higher than what had been observed for the AmsmX::cat mutant (Table 3.6).
This was expected for rhamnogalacturonan I, since the uptake of the oligosaccharides released
from the breakdown of its arabinan and galactan side chains is MsmX-dependent. However, the
same was not expected for polygalacturonan because is an unbranched homopolysaccharide
composed of galacturonic acid units. It is thus probably that this substrate might have been
contaminated during its purification process with a mixture of other sugars commonly found in
pectin-rich substrates. Nevertheless, it is clear that the multitask ATPase MsmX is also able to
energize the YesOPQ and YtcQP-YteQ systems (Table 3.6 and Table 3.8).

Identification of key residues for the interaction between MsmX and the TMDs of
AraNPQ

Most ABC-type systems of B. subtilis possess its own dedicated NBD, but a few,
particularly those involved in sugar uptake, share a single ATPase among them (Quentin et al.,
1999; Schonert et al., 2006; Chapter Il). This characteristic is not exclusive of B. subtilis, having

been also described for other ABC sugar importers in Streptomyces lividans (Hurtubise et al.,
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1995), Streptococcus pneumoniae (Marion et al., 2011) and Streptococcus suis (Tan et al., 2015).
Systems relying on the same ATPase must have similar amino acid (and/or structural)
determinants that mediate NBD-TMD interactions. In ABC importers, these interactions occur
mainly, but not exclusively, between specific conserved motifs: the “Q loop” of the NBD, which is
characterized by a highly conserved glutamine residue; and the “EAA” sequence motif
(consensus EAAX3G X9l XLP) in the last cytoplasmic loop of the TMD (Daus et al., 2007; Davidson
et al., 2008; Bordignon et al., 2010). In the E. coli ABC-type maltose importer (MalEFGK?) the
determination of its complete structure allowed the identification of the amino acids directly
responsible for the NBD-TMD contacts (Oldham et al., 2007). Complete crystal structures for B.
subtilis MsmX-dependent systems are yet unavailable, but it is known that members belonging to
the ABC family share a similar structural arrangement. Thus, the general sequence homology
between MalEFGK: and B. subtilis systems energized by MsmX (AraNPQ, MdXEFG and CycB-
GanPQ), combined with the analyses of sequence alignments between the TMDs (Figure 3.5)
and NBDs (see Supplementary Figure 2 in Annexes) of these systems and the glycine betaine
importer OpuA of B. subtilis (Kempf and Bremer, 1995), allowed the identification of residues in

AraP and AraQ which are likely to be involved in the contacts with MsmX.

A)

AraP WRWMGINILYFLAGLQNVPKELYEAADIDGANTMKKFLHITLRAFLKPVTVYVLTISIIGG 244
MdxF NLGFPYIYVMVTGVLQAIPGEUEAAKIDGATFIQRFRHITFP-1ILFATAPVMITQYTFH 358
GanP WLGFPYIFLVSTGVLQSIPDDLYEAATIDGASVFSKLRYITLPMVFIAMAPIIITQFTFN 344
MalF WLGYPYMMILCMGLLKAIPDDLYEASAMDGAGPFONFFKITLPLLIKPLTPLMIASFAFN 437
OpuAB IFAMPPTIRMTVLGIKQVPADLIEATEAFGSTTAORLFKVOLPLATKTILAGINQSIMLA 220
B)

AraQ VMMLPLFKLTVGLHLID------ SYTGVILPFI----- VSPVAVFFFRQYALGLPRDLUD| 175
MdxG AALTAFYVLAMLIGALD------ QYWFLTAIYIG---GGIPMNTWLMKGYFDTVPREIDE| 171
GanQ SALIALFVLAQILGMIN------SHWLLILLYIG---GLIPMNTYLMKGYMDSIPMDLOE| 176
MalG LSLVALYALFDRLGEYIPFIGLNTHGGVIFAYL----GGIALHVWTIKGYFETIDSSLEE| 190
OpuAB VYLLPAIFFF-NIGW--------- PGVVASVIFAMPPTIRMTVL----GIKQVPADLIE| 184
AraQ SARMDGCTEFGIFFRIMAPLMKPAFGAMIILQSLNSWNNFLWPLIVLRSKEMFTLPIGLS 235
MdxG AARIDGAGHLRIFASIVLPLVKPMLAVQALWAFMAPFGDYLLTKFLLRSPERLTIAVGLQ 231
GanQ SAKIDGASSTRIFFQIILPL SKPMAAVVAMNGFTGPLGDFVLSSTILRTPESYTLPVGLF 236
MalG AAALDGATPWOAFRLVLLPILSVPILAVVFILSFIAAITEVPVASLLLRDVNSYTLAVGMQ 250
OpuAB ATEAFGSTTAORLEKVOLPILATKTILAGINQSIMLALSMWIAA----------- MVGAP 233

* . o X

Figure 3.5 — Partial sequence alignment of the TMDs from the Ara, Mdx, Gan, Mal and OpuA ABC
transporters. The sequence alignments were obtained with the online tool Clustal Omega
(http://mww.ebi.ac.uk/Tools/msa/clustalo/). The “EAA” sequence motifs are highlighted by blue boxes and
residues selected for mutagenesis are underlined in red. A) TMD1 and B) TMD2 from the Ara, Mdx, Gan,
Mal and OpuA.

Similarities between the MsmX-dependent systems and MalK from E. coli and differences
between these and the OpuA system possessing its own NBD were key for determining which
amino acids should be targeted. Single alanine substitutions of residues E205, E208 and D213
in AraP and D180 in AraQ were generated and their effect in binding between MsmX and the

TMDs was inferred by the impact in arabinotriose uptake (Table 3.9).
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Table 3.9 — Effect of mutations in AraP and AraQ in the uptake of a-1,5-arabinotriose. Doubling times
(minutes) for different strains in liquid minimal medium (CSK) using glucose or arabinotriose as sole carbon
and energy source. Results are the averages of three independent assays and their respective standard
deviations.

168T+* 1QB623 1QB624 1QB625 1QB626 1QB627

(wild-type) (araP*E208A) (araP*E205A) (araP*D213A) (araQ*D180A) (AaraQ)

Glucose 0.1% 55.5+1.3 56.5£1.2 53.1£0.1 53.2£1.0 54.9+1.7 56.1+2.3
Arabinotriose 0.1% 98.2+10.0 114.0+4.8 94.145.0 357.0+£25.3 149.3+12.8 472.8+22.6

These results show that the single E205A mutation in AraP had no effect on the growth
rate of B. subtilis, while the E208A substitution resulted in a small negative impact in the uptake
of arabinotriose, has shown by the slight increase of about 10% in the doubling time of strain
IQB623 (araP*E208A) when compared to the wild-type (Table 3.9). This is in accordance with
results published by Mourez et al. (1997) for the E. coli maltose transporter, where, for each of
the TMDs, a single alanine substitution of the residue homologous to E208 from AraP (E401 in
MalF and E190 in MalG) had little to no impact in the uptake of maltose. Although E205 and E208
from AraP are still likely to establish contacts with MsmX, they are shown not to be essential for
TMD-NBD interaction. Additionally, the same residues are also conserved in the MsmX-
independent OpuAB, which further evidences that these amino acids are unlikely to be
responsible for the specific binding of the ATPase to the transporter. Contrarily to these, the
D213A mutation in AraP severely impacted the uptake of arabinotriose and, consequently, the
growth rate of B. subtilis decreased approximately 3.6-fold. Likewise, although not as adversely,
the homologous D180A substitution in AraQ also negatively impacted the growth rate of B. subtilis
in the presence of arabinotriose by about 1.5-fold (Table 3.9). In the maltose transporter these
aspartate residues are conserved in MalF (D406) and MalG (D195) and both contact four amino
acids of MalK: Y87, F98, G99 and R146 (Oldham et al., 2007). In comparison, E401 in MalF
interacts with three amino acids from MalK (R47, L52 and F81) and E190 in MalG only contacts
two (R47 and L52). The reduced number of putative contacts established between the TMDs and
MsmX via E208 in AraP, when compared to those expected to be established through D213 in
AraP, might explain why the E208A mutation had a negligible impact in the ability to grow in the
presence of arabinotriose. According to these results, the loss of E208 in AraP is not critical to
keep the MsmX dimer bound to the TMDs, but when the aspartate in position 213 is lost the
remaining contacts are probably not able to keep the NBD dimer in its correct position, thus

hindering sugar uptake.

In the E. coli maltose transporter the Q loop of MalK establishes additional contacts with
the C-terminal end of MalG. This tail, which is not found in MalF, inserts itself along the MalK
dimer interface and its four terminal amino acids (-GVKG) interact with residues from the Q loop
of both NBDs (Oldham et al., 2007). Interestingly, the primary sequence of this C-terminal tail
from MalG is highly conserved in AraQ, MdxG and GanQ but not in the MsmX-independent
OpuAB (Figure 3.6).
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AraQ SLLS-PYGNNYDMLISGSVFAILPVIIIFLFFQKYFISGLTVGGVKG- - 281
MdxG SFISNPQQQKVALFAAGAILAALPICVLFFFLQKNFVSGLTAGGTKG- - 278
GanQ NLVNDVMGASYTTFAAGALLISIPVAVIFIMLQKNFVSGLTAGGTKG- - 283
MalG QYLN-PQNYLWGDFAAAAVMSALPITIVFLLAQRWLVNGLTAGGVKG- - 296

OpuAB GLGSEVYSAVTQLKTGVGVEAGIAIVIVAITLDRITQNIKVKKKSRGHA 282

Figure 3.6 — C-terminal end of the sequence alignment of TMD2 from the Ara, Mdx, Gan, Mal and
OpuA ABC transporters. The sequence alignments were obtained with the online tool Clustal Omega
(http://lwww.ebi.ac.uk/Tools/msa/clustalo/). Residues selected for deletion are underlined in red.

Since this feature was only found in systems that are associated with MsmX we deleted
the four terminal amino acids of AraQ and assessed the impact of their absence in the uptake of
arabinotriose. This deletion resulted in a severe increase of almost 5-fold in the doubling time of
B. subtilis strain IQB627(AaraQ) when compared to that of the wild-type (Table 3.9). Itis possible
that like in the maltose system there is an insertion of the C-terminal tail of AraQ along the MsmX
dimer interface playing an important role in the overall organization and stabilization of the entire
AraNPQ-MsmX complex. Furthermore, in B. subtilis this feature is not found in other sub-families
of ABC-type transporters (with the exception of sub-family 5a) and might be a requirement for the
interaction between the ATPase MsmX and the TMDs from systems it energizes. However, we
cannot exclude the possibility that the small deletion generated in AraQ causes a destabilization

of the protein leading to degradation.

Discussion

The search for carbon is a constant in the life cycle of every known species. Heterotrophic
microorganisms as a whole are capable of using the vast majority of carbohydrates available in
Nature and, as such, play a key role in the global carbon cycle. Saprotrophic bacteria like B.
subtilis, commonly found on the soil, participate in the decomposition of plant biomass and are
able to take advantage from the large variety of available sugars released by this decomposition
process. In the soil, a highly competitive habitat, microorganisms must be able to efficiently uptake
the available carbohydrates in order to proliferate — they either thrive or perish. The available
sugar sources are usually highly complex polysaccharides with extremely high molecular mass,
and its immediate uptake is virtually unattainable. To be able to use these carbon sources,
organisms like B. subtilis must first be able to release smaller sugar monomers and/or oligomers
that can then be transported. And at this crucial stage, after enzymatically breaking down the
large polysaccharides, they must be highly efficient in the uptake of those sugars, or risk losing
them for another opportunistic microorganism. As such, it is of major importance that, as soon as
the less complex sugars become available, they are rapidly transported inside the cell. For that
purpose, B. subtilis (Chapter IlI) and other bacterial species (Hurtubise et al., 1995; Marion et al.,

2011; Tan et al., 2015) developed carbohydrate transport networks which are responsible for the
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uptake of various different sugars using similar systems — energized by a common component —
differing only in substrate specificity.

In B. subtilis there are three identified ABC-type sugar importers that are energized by the
same ATPase, MsmX: AraNPQ, responsible for the uptake of arabinooligosaccharides (Chapter
I1); MdXEFG, involved in the transport of maltodextrins (Schonert et al., 2006); and CycB-GanPQ,
which is the major transporter of galactooligosaccharides. Additionally, the results presented here
also strongly suggest that the previously uncharacterized YtcQP-YteQ and YesOPQ systems are
also energized by MsmX, as proposed by the work of Quentin et al. (1999). Furthermore, we
confirmed that these systems play a role in the transport of polygalacturonan (or galacturonic acid
oligomers) and rhamnogalacturonan type | (or rhamnose-galacturonic acid disaccharides), as
previously hypothesized by Ochiai et al. (2007). According to a microarray analysis on the
utilization of carbohydrates by an alkaliphilic Bacillus sp., genes with high identity to yesOPQ and
ytcQP-yteQ were shown to have increased expression levels in the presence of pectin (Song et
al., 2013), further supporting the role of these transporters in the uptake of polygalacturonan and
rhamnogalacturonan. The work presented here assigns MsmX as a key player in the uptake of
pectin-rich substrates by B. subtilis. MsmX is now associated to five different ABC-type sugar

importers (Figure 3.7).

galacturonic acid oligomers and/or
rhamnose-galacturonic acid disaccharides

arabinooligosaccharides galactooligosaccharides maltodextrins

Figure 3.7 — B. subtilis ABC-type sugar importers energized by MsmX. With the exception of the
MAXEFG system, which is involved in the uptake of maltodextrins, the remaining four transporters known to
be energized by MsmX play a role in the uptake of carbohydrates resulting from the breakdown of pectin.
AraNPQ and CycB-GanPQ are respectively responsible for the uptake of arabino- and
galactooligosaccharides from the side chains of pectin; YesOPQ and YtcQP-YteQ are involved in the uptake
of galacturonic acid oligomers and/or rhamnose-galacturonic acid disaccharides.

To understand why carbohydrate ABC-type importers share a common ATPase, in contrast
with most other importers and all exporters encoded in the B. subtilis chromosome, we may
speculate it represents an advantage in the constant cellular need of carbon and to the fact that
in plant biomass sugars are often found as heteropolysaccharides, i.e., sugars like arabinose,

galactose or xylose are usually present in the same substrates. Unlike glucose, which is the
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premier source of energy for most heterotrophic organisms and effectively downregulates the
expression of most genes associated with the utilization of other sugars, a clear hierarchy among
those is not as well defined. Although a preference of one carbohydrate over another has been
reported for both B. subtilis (Singh et al., 2008) and E. coli (Desai and Rao, 2010) that might not
be the case for sugars transported via the MsmX-dependent ABC importers. Being often
simultaneously available, oligomers of arabinose, galactose and galacturonic acid, and
rhamnose-galacturonic acid disaccharides are likely to be transported at the same time. Thus, a
single ATPase capable of serving the various carbohydrate-specific transport systems, like
MsmX, always present in the cell would be more effective because when a certain carbohydrate
becomes unavailable, the already existing constitutively expressed ATPase would be rapidly
mobilized to a different transporter.

Even though MsmX appears to be the only ATPase responsible for energizing the different
carbohydrate ABC transporters in B. subtilis, there is an additional ATPase (YurJ) encoded in its
genome with the capacity to functionally replace MsmX when placed in trans under the control of
an inducible promoter (Table 3.4). Additionally, the results presented here show that YurJ is not
present in the cell in the conditions tested (Figure 3.3), despite the presence of similar levels of
yurd and msmX mRNA (Figure 3.2). Thus, a post-transcriptional regulatory mechanism controls
the production of YurJ. We found a putative hairpin in the secondary structure of the yurJ mRNA,
located just upstream of the RBS (Figure 3.4), that could be responsible for blocking the
translation of YurJ. However, our attempt to disrupt this structure, through a single nucleotide
substitution in this region (Figure 3.4), proved ineffective as this mutation failed to suppress the
growth defect in a AmsmX::cat mutant when grown in the presence of arabinotriose as the sole
carbon and energy source. The occurrence of a post-transcriptional mechanism involving
secondary structure of the mRNA molecule requires further characterization in future work. In
addition, other post-transcriptional mechanisms such as anti-sense RNA should be considered.

In Streptococcus mutans, two ABC ATPases, MsmK and MalK, are capable of substituting
each other and energize both transporters for raffinose/stachyose and for maltodextrins, even
though they are encoded by genes located in the vicinity of the remaining components of their
partner ABC transporter (Webb et al., 2008). In B. subtilis, no genes for SBPs or TMDs of ABC-
type importers are found close to the gene encoding MsmX, but yurJ is located in the close
proximity of the yurONM genes, which encode an uncharacterized putative ABC-type importer.
Although no association between YurJ and YurONM has been established, due to its genomic
context this ATPase is likely to energize its neighboring system. Nevertheless, interchangeability
between MsmX and YurJ similar to that observed with MsmK and MalK in Strep. mutans is not

discarded and may occur in specific conditions which allow translation of YurJ.

YurJ was shown to be able to interact and energize the AraNPQ transporter in the absence
of MsmX. Moreover, when we analyze the primary sequence of both ATPases the 21 amino acids

likely to establish contacts with the TMDs of the transporters are conserved (Figure 3.1).
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Therefore, itis expected that YurJ can also functionally replace MsmX in the remaining ABC sugar
importers associated to it. In order to understand why some ATPases are able to bind to various
ABC-type systems when most are restricted to interactions with a single transporter, several of
the residues expected to mediate the TMD-NBD contacts were mutated and its effect on sugar
uptake assessed. An E208A substitution in AraP displayed a small negative impact in the uptake
of arabinotriose, in accordance with previously published results (Mourez et al. 1997) that report
a similar substitution in MalF of the E. coli maltose transporter also showing a very limited impact.
Likewise, the same mutation in MalG had identical effect, and only when both glutamate residues
in MalF and MalG were substituted a significant decrease in the uptake of maltose was observed.
Accordingly, a B. subtilis strain harboring an E208A and a D175A substitution in AraP and AraQ,
respectively, is expected to be severely impaired in the transport of arabinooligosaccharides. In
contrast to the E208A mutation in AraP, single D213A and D180A substitutions in AraP and AraQ,
respectively, had a significant negative impact in the uptake of arabinotriose. Based on the crystal
structure obtained for the complete maltose transporter of E. coli (Oldham et al., 2007) and the
sequence homology with the AraNPQ system of B. subtilis, we hypothesize that both D213 in
AraP and D180 in AraQ are likely to establish more contacts with MsmX than those expected for
E208 of AraP, and consequently more important for maintaining the correct assembly of all
components in the AraNPQ-MsmX system. Another key structural feature in the ABC systems
energized by MsmX is a highly conserved C-terminal tail in the second TMD of each system. This
feature is also found in MalG of the E. coli maltose system in which the tail is inserted along the
ATPase dimer interface, possibly contributing to keep the dimer in a correct position (Oldham et
al., 2007). In fact, upon deletion of this C-terminal tail in AraQ, a severe decrease in the growth
rate of B. subtilis in the presence of arabinotriose was observed (Table 3.9). This tail is not found
in ABC systems belonging to other sub-families, which further emphasizes its putative
significance in the specific binding between MsmX and the ABC sugar importers of B. subtilis.
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Characterization of the sugar-binding
protein AraN of Bacillus subtilis
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This chapter contains data to be published in “Functional analysis of the solute binding
protein AraN from Bacillus subtilis” (manuscript in preparation). The author of this Thesis
participated in all experiments with the exception of STD-NMR (Pedro Henriques and Angelo

Figueiredo), and Molecular docking (Pedro Henriques).
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Characterization of the sugar-binding

protein AraN of Bacillus subtilis

Abstract

ABC-type importers rely on high affinity solute-binding proteins (SBP) to sense and capture
substrates from the external medium, even if these are available at very low concentrations. In
this work, we used STD-NMR to characterize the binding interactions between AraN, the SBP of
the AraNPQ-MsmX system from Bacillus subtilis, and arabinooligosaccharides. We show that
AraN is capable of binding arabinose oligomers with up to at least five arabinosyl units but not
arabinose. The K4 values determined for these interactions are about 100-fold higher than those
observed with other SBP from ABC-type sugar importers. AraN is also shown to interact with
cello-, xylo- and maltooligosaccharides, although in a different site than that for the recognition of
arabinose oligomers. Furthermore, by site-directed mutagenesis and in vivo and in vitro analyses

a tryptophan residue (W273) in AraN was found to be critical for binding of arabinotriose.

Introduction

Bacillus subtilis is naturally found in the soil and in the digestive tract of animals where it
participates in the decomposition of the carbohydrate-rich plant biomass. Sugar uptake by B.
subtilis is accomplished through different types of transporters including ABC-type importers.
Although ABC transporters are found in all three domains of life, importers mediating the uptake
of nutrients are almost exclusive to prokaryotes — importers have recently been identified in plants
being mainly responsible for the transport of biologically relevant molecules between the different
plant tissues (Shitan et al., 2003; Terasaka et al., 2005; Eitinger et al., 2011). Bacterial ABC sugar
importers rely on high-affinity solute-binding proteins (SBP), which are capable of sensing and
binding their substrates at sub-micromolar concentrations (Dippel and Boos, 2005; Nataf et al.,
2009; Shulami et al., 2007 and 2011; Tabachnikov and Shoham, 2013). However, even at higher
sugar concentrations SBPs are essential for transport to take place, since their deletion was

shown to effectively prevent sugar uptake (Shuman, 1982; Chapter II).

In Gram-negative bacteria, SBPs are found roaming the periplasmic space between the
inner and outer membranes. Lacking a periplasm, Gram-positive bacteria keep SBPs in close
proximity to the transporters through a lipidic anchor, which binds the N-terminal cysteine of the
binding protein to the external side of the membrane (Davidson et al., 2008; Eitinger et al., 2011).

Although most SBPs exclusively bind a single substrate or a family of closely related substrates,
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some have been described to display broad substrate specificity (Davidson et al., 2008). The
Msm system of Streptococcus mutans is able to recognize structurally different sugars such as
melibiose, sucrose, raffinose, isomaltotriose, and isomaltotetraose (Russell et al., 1992; Tao et
al., 1993).

In a previous study (Chapter Il) we showed that the ABC-type importer AraNPQ-MsmX
from B. subtilis is responsible for the uptake of of a-1,5-arabinooligosaccharides, at least up to
four L-arabinosyl units. In this work, we demonstrate that the SBP AraN is able to specifically bind
arabinooligosaccharides with up to five arabinosy! units, albeit the displayed affinity being roughly
100-fold lower than that observed for other SBPs from ABC sugar importers. Cello-, xylo- and
maltooligosaccharides are also recognized by AraN, and cellotriose and xylotriose were shown
to be able to interact with the binding protein simultaneously with arabinotriose, indicating a
different binding site. By combined in vitro and in vivo analyses a tryptophan residue in AraN was

found to be essential for binding of arabinotriose.

Materials and Methods
Substrates

a-1,5-arabinooligosaccharides  (arabinobiose, arabinotriose, arabinotetraose and
arabinopentaose), cellotriose, 1,4-B-b-xylotriose, maltohexaose, 1,4-B-p-mannotriose and
arabinan (sugar beet) were purchased from Megazyme International Ireland, and p-(+)-glucose

and L-arabinose were purchased from Sigma-Aldrich Co.

DNA manipulation and sequencing

Routine DNA manipulations were performed as described by Sambrook et al. (1989). All
restriction enzymes were purchased from Thermo Fisher Scientific and used according to the
manufacturers’ recommendations. PCR amplifications were carried out using Phusion High-
Fidelity DNA Polymerase (Thermo Fisher Scientific). DNA from agarose gels and PCR products
were purified with the illustra™ GFX™ PCR DNA and Gel Band Purification kit (GE Healthcare
Life Sciences). All DNA ligations were performed using T4 DNA Ligase (Thermo Fisher Scientific).
DNA phosphorylation was performed using T4 Polynucleotide Kinase (Thermo Fisher Scientific).
Plasmids were purified using the NZYMiniprep kit (NZYTech). DNA sequencing was performed
with the ABI PRISM BigDye® Terminator Cycle Sequencing Kit (Applied Biosystems). The

sequencing reaction was purified by gel filtration and resolved in an ABI 3730XL sequencer.
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Construction of plasmids and strains

For expression and purification of AraN (without the 21 amino acids predicted as the signal
peptide) fused to a C-terminal Histidine tag pZ137 was constructed. araN was amplified by PCR,
with primers ARA145 and ARA146 (Table 4.1), from B. subtilis 168T* chromosomal DNA. The
amplification product was then digestion with Ndel, and the two resulting products were ligated
as a single 1254 bp DNA fragment. This fragment was cloned into pET30a(+) (Table 4.2) digested
with Xhol, filled-in with Klenow Fragment, and then digested with Ndel (Thermo Fisher Scientific).

Table 4.1 — List of oligonucleotides used during the course of this work.

Complementary

Oligonucleotide Sequence (5—3’)
sequence
ARA145 AGTCATTCATATGTGTTCAGCAGAAAAATCATCCG araN
ARA146 GGTGGTGGTGGTGGTGGTGTTTCTGTTTCAGTTCACCTGCG araN
ARAT775 GTTTGAAAAAGCGGCCAATTC araN
ARA776 GAATTGGCCGCTTTTTCAAAC araN
ARA777 TCCCATATACGCAATCGGCAT araN
ARA778 ATGCCGATTGCGTATATGGGA araN
ARA822 GAAGATCTCTGACATACCGCTTGCC araN
ARA823 TTCAGTCGACCTGCCGCTCTGTCC araN

Restriction sites in the primer sequences are underlined.

pMJ36 and pMJ37 were constructed for expression and purification of AraN-Hiss with single
R101A and W273A amino acid substitutions, respectively. For both constructions a site-directed
mutagenesis approach was used. pZI37 was used as template for two independent amplifications
with primers ARA775 and ARA776 (Table 4.1; for R101A), and ARA777 and ARA778 (Table 4.1;
for W273A), yielding pMJ36 and pMJ37, respectively.

Table 4.2 — List of plasmids used or constructed during the course of this work.

Plasmid Relevant features Source or Reference

Expression vector with an inducible T7 promoter for the expression of
proteins in E. coli, kan
Plasmid used for allelic replacement in Gram-positive bacteria, bla,

pET30a(+) Novagen

pMAD Arnaud et al., 2004
erm
pZI37 pET30a(+)-based vector for the expression of araN-Hise, kan Franco, 2007
pMJI36 pET30a(+)-based vector for the expression of araN*R101A-Hise, kan This work
pMJI37 pET30a(+)-based vector for the expression of araN*W273A-Hiss, kan This work
Integrative plasmid used for the construction of araN*W273A mutants, )
pMJI41 This work

bla, erm

For the generation of a single W273A substitution in AraN of B. subtilis, pMJ41 was
constructed. The coding sequence of araN with a mutation leading to a W273A substitution was
partially amplified by PCR, from pMJ37, using primers ARA822 and ARA823 (Table 4.1). The
obtained product was digested with Sall and Bglll and the resulting 963 bp DNA fragment was
cloned into pMAD digested with the same restriction enzymes. The obtained plasmid, pMJ41,
was used for the generation of a mutation in araN in the chromosome of B. subtilis 168T*, leading

81



Chapter IV

to a single W273A amino acid substitution in the AraN protein, following the published procedure
described by Arnaud et al., 2004. The amino acid substitution was confirmed by sequencing and
the new strain was named 1QB643. The transformation of B. subtilis was performed according to
the method described by Anagnostopoulos and Spizizen, 1961.

Table 4.3 — List of B. subtilis strains used or constructed during the course of this work.

Strain Genotype Source or Reference
168T+ Prototroph F. E. Young
1QB495 AmsmX::cat Chapter Il
1QB496 AaraN Chapter Il
1QB643 araN*W273A pMJ41—168T*

Arrows indicate transformation and point from donor DNA to the recipient strain.

Growth conditions

E. coli DH5a (Gibco-BRL) was used as host for routine DNA manipulations and E. coli
BL21 (DE3) pLysS (Studier et al., 1990) was used as host for the overproduction of recombinant
AraN. All E. coli strains were grown in liquid Luria-Bertani (LB) medium (Miller, 1972) and on LB
solidified with 1.6% (w/v) agar. Kanamycin (30 ug.mL) and ampicillin (100 ug.mL™?) were added
as appropriate. B. subtilis strains were grown in liquid LB medium, LB medium solidified with 1.6%
(wiv) agar or liguid SP medium (Martin et al., 1987). Erythromycin (1 ug.mL?) and X-Gal (80
pug.mL?) were added as appropriate. Growth kinetics parameters of B. subtilis strains 168T*,
IQB495, 1QB496 and 1QB643 (Table 4.3) were determined in CSK minimal medium in the
presence of 0.1% (w/v) of glucose, arabinotriose, cellotriose or xylotriose, as described in Chapter
II. The optical density (ODsoonm) Of growing cultures was used for the determination of the doubling

time for each strain in the presence of the tested sugars as sole carbon and energy sources.

Production and purification of recombinant proteins

E. coli BL21 (DE3) pLysS harboring pZI137, pMJ36 and pMJ37 were used for the purification
of AraN-Hiss, AraN*(R101A)-Hiss and AraN*(W273A)-Hiss, respectively. Overexpression from E.
coli BL21 (DE3) pLysS harboring pZI37 was performed by auto-induction based on the method
described by Studier (Studier, 2005). Cells were grown in LB medium supplemented with 1 mM
MgSO4, 1x NPS and 1x 5052 (Studier, 2005), for 16 hours at 37°C and 150 rpm, using the
appropriate antibiotics. After induction, growth was stopped by chilling on ice for 15 minutes and
cells were harvested by centrifugation at 7000g (5 minutes and 4°C). The obtained pellets were
resuspended in Start Buffer (20 mM sodium phosphate, 300 mM NacCl, 10 mM imidazole, pH 7.5)
and 25 U of Benzonase® Nuclease (Sigma-Aldrich Co.) were added to degrade nucleic acids and

to reduce cell suspension viscosity. Cell lysis was performed by sonication with a UP100H
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(Hielscher) ultrasonic processor with a coupled MS7 (Hielscher) sonotrode. Cell suspensions
were placed in a plastic container surrounded by an ice bath and subjected to 15 cycles of
sonication (1 minute at 80% power and 0.5 seconds pulses) followed by 1 minute rests. After
sonication the resulting lysate was centrifuged at 235009 (45 minutes and 4°C) and the obtained
supernatant was filtered using a 0.45 um-pore diameter filter (Sarstedt). Purification was
performed by loading samples onto a 1 mL Hitrap™ Chelating HP column (GE Healthcare Life
Sciences). Non-specifically bound proteins were removed with Start Buffer and elution of bound
Hiss-tagged proteins was performed with a discontinuous gradient of imidazole (40 mM, 100 mM,
200 mM and 500 mM). The buffer of fractions in which AraN was more than 95% pure was
changed to Storage Buffer (50 mM sodium phosphate, pH 7.5) using PD-10 Desalting Columns

(GE Healthcare Life Sciences). Purified proteins were lyophilized and stored dry at -20°C.

Protein analysis

The analysis of the production, purification and molecular mass of the proteins was
performed with SDS-PAGE (stained with Coomassie Blue) and using the Low Molecular Weight
Protein Marker (NZYTech) as standard. Protein quantification was performed using Bio-Rad
Protein Assay (Bio-Rad Laboratories, Inc). Native-PAGE was performed for analysis of the
mobility of AraN in different conditions. 10 ug, 25 pg and 40 ug of AraN-Hiss and Bovine Serum
Albumin (BSA; Sigma-Aldrich Co.) were run in non-denaturing 6.25% Polyacrylamide gels, with

and without 0.5% sugar beet Arabinan (Megazyme International Ireland).

Isothermal Titration Calorimetry

Isothermal titration calorimetry experiments were performed using a MicroCal™ VP-ITC
System calorimeter (GE Healthcare Life Sciences). Prior to experiments, protein was dialyzed
extensively against the reaction buffer (20 mM Sodium phosphate, pH 7.5, 50 mM NaCL). Binding
protein (25 pM) was equilibrated in reaction buffer at 30°C in the cell of the calorimeter, and
subsequently, 20 or 23 injections of 10 pyL of 300 uM arabinotriose, 300 uM arabinotetraose or
0.5% arabinan were performed and the heat response recorded. After subtraction of the baseline,
the integrated heat responses were fitted to the single binding site model using the ORIGIN

software package (Northampton, MA, USA) supplied with the calorimeter.

NMR spectra acquisition and data processing

All spectra for characterization of carbohydrates and protein-sugar interactions by STD-

NMR were acquired with a 600 MHz Bruker Avance Il spectrometer, equipped with a cryogenic
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probe (CP-TCI), operating at 600.13 MHz (1H), and with 400 MHz Bruker Avance Ill spectrometer,
equipped with a TXI probe, operating at 400.15 MHz (1H). Pulse sequences found in the library
of the Bruker TopSpin 3.1 software were used. Spectra acquisition temperature was 25°C, except
when stated otherwise. All data was processed using the program Bruker TopSpin 3.2.

Saturation-Transfer Difference (STD)-NMR

For acquisition of STD-NMR spectra, pulse programs from the Bruker library, with or
without water suppression, were used: i) stddiff at 25°C for optimization of saturation time (tsat),
and for titulation of AraN with arabinotriose for Ky determination; ii) stdiffesgp.3 for binding
epitopes mapping. tsat optimization (without suppression of residual signal from water) were
performed with the 600 MHz spectrometer with 16 scans (each scan repeated 32 times), with
14336 data points having been acquired in a spectral window of 9615.4 Hz (16.0221 ppm)
centered at 2823.65 Hz (4.705 ppm). Various spectra with different saturation times were
acquired: 0.1, 0.2,0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0 and 3.5 seconds. For the on-
resonance experiment, proteins were irradiated at 150 Hz, using an Eburp2.1000 selective pulse
(90° pulse for 0.05 seconds). The off-resonance experiment was performed with a 20000 Hz
irradiation. A mixture of 8.9 mM arabinotriose and 58 uM AraN (154:1 ligand excess), dissolved
in 92.6% D20 and 7.4% DMSO, was analyzed. 1D STD-NMR spectra were obtained by
subtracting the on-resonance spectrum from the corresponding off-resonance spectrum. During
protein titulation with ligand for Ky determination, protein concentration was kept constant at 25
UM, being titulated with ligand up to a 500:1 ligand excess. Spectra acquisition conditions for
STD-NMR experiments were the same as described for saturation time optimization using a
constant saturation time of 1.5 seconds. For binding epitopes mapping, the solution was prepared
using a protein:ligand ratio of 1:100 (25 uM AraN and 2.5 mM carbohydrate), in 93.7% D20 and
6.3% DMSO. All experiments were performed at 10°C, except when stated otherwise. STD-NMR
experiments performed using the pulse program stddiffesg for arabinose, arabinobiose,
arabinotriose (at 10°C, 25°C and 37°C), arabinotetraose, arabinopentaose, cellotriose,
maltohexaose, manotriose and xylotriose. Competition experiments were performed between i)
arabinotriose and maltohexaose, ii) arabinotriose and cellotriose, iii) arabinotriose and xylotriose,

and iv) cellotriose and xylotriose, and keeping protein concentration constant at 28 uM.

In silico AraN structure prediction (comparative modeling)

A model with a prediction of the tertiary structure of AraN was obtained using I-TASSER
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/, version 3.0; Zhang, 2007), by inputting the

amino acid sequence of AraN-Hiss encoded in pZI37. The highest scoring of all predicted models
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was used for structural homology analysis and molecular docking simulations with arabinose
oligomers.

Molecular docking

Molecular docking simulations were performed using Autodock 4.2 (Morris et al., 2009).
The structure prediction for AraN obtained with I-TASSER (see above) was used as receptor.
Arabinotriose (PDB: 2W50; de Sanctis et al., 2010) was used as ligand in a conformation.

Results
Determining AraN-sugar interactions specificity

Isothermal Titration Calorimetry (ITC) is the premier and most commonly used technique
for the determination of the binding constants of protein-solute interactions as it allows the
determination of dissociation constants (Kg) for high-affinity ligands, typically in the sub-
micromolar (nano- or even picomolar) range (Velazquez-Campoy and Freire, 2006). By directly
measuring the enthalpy (heat; AH,) associated to the interactions between a protein and a solute,
this technique enables the determination of the binding parameters, such as the binding constant
(Ka), entropy (AS,), free energy (AG,) and binding stoichiometry (n). Thus, ITC has been widely
utilized to study the thermodynamics of protein-solute interactions in several SBPs from different
organisms, such as Pyrococcus furiosus (Evdokimov et al., 2001), Clostridium thermocellum
(Nataf et al., 2009) or Geobacillus stearothermophilus (Shulami et al., 2007 and 2011;
Tabachnikov and Shoham, 2013) belonging to ABC systems dedicated to the uptake of
carbohydrates.

We used ITC to determine the association constant between AraN and its known
substrates, arabinooligosaccharides. In a classical ITC experiment in which a protein is titrated
with a high-affinity ligand, intense heat signals are measured for each ligand injection. These
signals, whether associated to the absorption or release of heat, gradually become less intense
as the protein in solution becomes saturated by its ligand. Eventually, when all protein is
saturated, only small heat signals, intrinsically related to injections and with constant intensity
(heat of dilution), are observed (Velazquez-Campoy and Freire, 2006). Although we previously
demonstrated that AraN was essential for the uptake of arabinose oligomers with up to at least
four arabinosyl units (Chapter Il) the results obtained from ITC experiments (data not shown) did
not confirm our previous work. The small and constant heat signals detected were likely due to a
“heat of dilution” effect, and as a result no heat signal associated to ligand binding was measured
when titrating AraN with either arabinotriose, arabinotetraose or arabinan, indicating an apparent
absence of protein-sugar interaction.
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In order to confirm that the AraN-Hiss recombinant protein was able to bind arabinose
oligomers, we analyzed the mobility of this protein by Native-PAGE in the presence and absence
of arabinan in the gel mesh. The obtained results indicate a decrease in the mobility of AraN-Hiss
when 0.5% arabinan was added to the gel (Figure 4.1).

A) B)
AraN-Hisg BSA AraN-His, BSA
1 2 3 4 5 6 1 2 3 a4 5 6

I . .

mm -

Figure 4.1 — AraN mobility assays by Native-PAGE. A) Native-PAGE (6.25%); B) Native-PAGE (6.25%)
with 0.5% arabinan. 1) AraN-Hiss (10 ug); 2) AraN-Hiss (25 pg); 3) AraN-Hiss (40 ug); 4) BSA (10 pg); 5)
BSA (25 pg); 6) BSA (40 pg). The red and green lines show the distance traveled by AraN-Hiss and BSA,
respectively, in the Native-PAGE without sugar.

Although BSA (used as negative control) also had a slight decrease of its mobility in the
presence of arabinan, that effect was significantly higher for AraN. Measuring the distance
traveled by each protein in both gels we determined that without arabinan the relative mobility of
AraN was 20% that of BSA. Comparatively, when arabinan was present in the gel mesh the
relative mobility of AraN was 14.5% that of BSA, which strongly suggests that the presence of the
polysaccharide led to a decrease of approximately 25% in the distance traveled by AraN when

compared to that observed in a sugar-free Native-PAGE.

This result points to interactions between the recombinant version of AraN and arabinan.
Since AraN-Hiss is able to interact with arabinan the absence of detection of interactions by ITC
could be explained by the presence of glycerol in the binding pocket of AraN. During protein
purification and concentration we found that the addition of glycerol or arabinotriose was essential
for stabilization of AraN. In fact, when concentrating AraN in the absence of either molecule, it
would rapidly reach a concentration threshold and start to precipitate. This observation led us to
hypothesize that AraN could be able to non-specifically bind glycerol, affecting the utilization of
ITC to determine the thermodynamics of AraN-sugar binding. AraN is likely to have higher affinity

towards arabinooligosaccharides than towards glycerol, but if the binding enthalpies associated
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to both ligands are very similar the thermal effect from binding of arabinose oligomers would be
compensated by the thermal effect from the dissociation of glycerol, leading to a very small heat
signal measurement (Velazquez-Campoy and Freire, 2006). A second hypothesis is that the
binding constant between AraN and the substrates tested is too low to be determined with ITC.
For a direct measurement of the interactions between a protein and a ligand using ITC, binding
constants must be between 10 and 108 M (Veldzquez-Campoy et al., 2004). Affinity constants
(Ka) of SBPs from ABC-type importers are typically within this range, varying from 10° to 10" M™%,
and are therefore susceptible to measurement by ITC. However, previous reports indicated that
a B. subtilis ABC-type SBP (CycB) is able to bind cyclodextrins, with Kq values of 100-500 uM
(Ka = 0.2-1x10* M) depending on the size of the cyclodextrin (Kamionka and Dahl, 2001).
Although there is no indication that CycB is actually implicated in the uptake of cyclodextrins, and
we previously demonstrated that this protein is part of a system involved in the utilization of
galactan (Chapter 1ll), it is possible that the affinity between AraN and arabinose oligomers is

significantly lower than expected.

AraN binds arabinooligosaccharides with low affinity

In order to determine the interactions between AraN and the saccharides known to be
transported by the AraNPQ-MsmX system we resorted to a different technique, Saturation-
Transfer Difference (STD)-NMR (Mayer and Meyer, 1999). This technique relies on identifying
hydrogen nuclei from solute molecules that become saturated, i.e., nuclei likely to be involved in
protein-solute interactions. Using STD-NMR we can identify ligand and/or protein epitopes
involved in binding, thus contributing to understand how arabinose oligomers interact with AraN,
and, in addition, estimate the binding constants associated to these interactions — it provides a
range of possible Kqy values (in the same order of magnitude) in which the real dissociation

constant of the sugar-AraN interaction must lie.

STD-NMR experiments were conducted using arabinose and arabinooligosaccharides with
up to five arabinosy! units. The obtained results confirmed that AraN binds arabinose oligomers
(with up to at least five arabinosyl units) but not arabinose (Figure 4.2). In STD-NMR spectra the
absence of any signal (“flat-line” spectra) indicates that no contact between the protein and the
substrate was established. According to the results displayed in Figure 4.2, AraN is unable to bind
arabinose, but clearly interacts with all tested oligosaccharides (arabinobiose, -triose, -tetraose
and -pentaose). Additionally, the analysis of the saturation levels for each of the tested
carbohydrates and the identification of substrate epitopes involved in the binding process (data
not shown) demonstrate that interactions are more prominent with arabinosyl units from the non-
reducing end of arabinooligosaccharides. This evidence suggests that AraN preferably
establishes contacts with the non-reducing end of arabinooligosaccharides, which is in contrast
with the E. coli maltose transporter where the SBP (MalE) contacts the glucosyl residues from the

reducing end of maltodextrins (Oldham et al., 2013). In fact, the non-reducing end of maltodextrins
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with five or more glucosyl units is kept outside of the binding pocket although they are still
important for substrate recognition by one of the TMDs, MalF (Oldham et al., 2013). The results
obtained from STD-NMR experiments also indicate that arabinotriose is the strongest among alll
tested ligands and the one which is better stabilized when in contact with AraN. This is probably
due to two main aspects, first arabinotriose establishes more contacts than arabinobiose, and

secondly arabinooligosaccharides longer than three units do not establish additional interactions
with AraN.
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Figure 4.2 — 'H-STD-NMR spectra for AraN with arabinose and arabinooligosaccharides. All spectra
obtained using 2.5 mM of sugar and 25 uM of AraN. A) arabinose; B) arabinobiose; C) arabinotriose; D)
arabinotetraose; E) arabinopentaose.

To estimate the dissociation constant (Kq) between arabinotriose and AraN, the binding
protein was titulated with the sugar and saturation was determined as the ligand concentration
increased. The saturation for each sugar epitope was plotted versus ligand concentration and an
average Kgq value of 200-500 UM (K, = 0.2-0.5x10* M!) was determined from the multiple curves

obtained using a non-linear fit for each epitope. The results from four of the epitopes are shown
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in Figure 4.3 and confirm an association constant lower than the 10* M* minimum threshold for
ITC measurements. This preliminary Kq estimation indicates that AraN displays a much lower
affinity towards arabinotriose than expected, since other proteins from the same family are known
to strongly bind their ligands.

Ast

[L] mM

Figure 4.3 — Saturation (Astp) versus ligand concentration ([L]). Saturation values from four epitopes of
arabinotriose were plotted versus sugar concentration. Curves used for Kq determination for each epitope
were obtained with a non-linear regression and the least squares fitting method using GraphPad Prism
(version 5.00).

The role of key AraN amino acid residues for sugar binding

Although the primary structure among SBPs from ABC-type importers is not highly
conserved, crystallographic data on these proteins has shown that the secondary and tertiary
structures are generally similar. ABC solute-binding proteins are usually characterized by two
globular lobes linked by flexible hinge regions, which create a pocket between them accessible
for substrate binding (Davidson et al., 2008). Being typically highly specific for a given substrate
or group of substrates, solute binding by SBPs is determined by the presence of several polar
and charged amino acids facing the inside of the binding pocket. In the E. coli maltose transporter,
the amino acid residues determining substrate specificity of MalE towards maltose and
maltodextrins were recently identified by Oldham et al. (2013). Through a number of polar
residues, MalE is able to establish 14 direct hydrogen bonds and 118 van der Waals interactions
with four glucosyl units from the reducing end of maltotetraose but makes no additional contacts
with other glucosyl units of longer maltooligosaccharides. Considering the known contacts
established by MalE and the overall structure homology found in ABC-type SBPs, in order to
determine amino acids from AraN implicated in binding arabinooligosaccharides, we attempt to
identify residues that participate in binding of MalE to maltodextrins and are conserved in AraN
by performing an alignment between the primary sequences of both proteins (Figure 4.4). From
the 10 amino acids of MalE known to contact maltooligosaccharides, only two are conserved in
AraN, R101 and W273 (Figure 4.4). Additionally, three other amino acids involved in these
contacts in MalE are substituted in AraN by residues with similar properties: two glutamate
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residues of MalE are replaced by aspartates D79 and D198 in AraN, and one tryptophan of MalE
is replaced by a tyrosine in position 391 of AraN (Figure 4.4). Thus, we hypothesized D79, R101,
D198, W273 and Y391 as being putative binding sites in AraN responsible for recognizing
arabinooligosaccharides and delivering them to AraPQ for transport across the membrane.

MalE MKIKTGARILALSALTTMMFSA----SALAKIEEGKLVIWINGDEGYNGLAEVGKKFEKD 56
Aral MKKMTVC - FLVLMMLLTLVIAGCSAEKSSGKSGETELTFWTFNGLHEQFYVEMVKEWNKK 59
~lCl b~ PRl R i
MalE - --TGIKV--TVEHPDKLEEKFPQVAATG-DGPDIIFHAHORF GGYAQSGL - - LAEITPD 108
AraN YPDRKIKLNTVVYPYGQMHDNLSISLIAGEGVPDIADVELARFSNFLKGSDIPLADLTPL 119
MalE KA-FQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKD- - - - - - LLPNPPKTWEEIPAL 161
Aral TEKDRDKFVEARL TLYSKNGKLYGLDTHVGTTVMFYNMDVMKKAGVNPDDIKTWDDYHKA 179
ks SR -
MalE DKELKAK -GKSALMFNLQEP - YF TWPL IAADGGYAFKYENGKYDIKDVGVDNAGAKAGLT 219
AraN GQKVRKVTGKPMGTVETNDSATFLSMISQQNSGYF - -DKNGKLI - - - - - LNNDTNVKTLQ 232
MalE FLVDLIKNKHMNADTDYSIA- - - - EAAFNKGE TAMTINGPHAWSNIDT - - - -SKVNYGVT 271
Arall YLKDMINDK TMIPAPGGGHHSEEYYGFMNQGGAASVLMPIWYMGRFIDYMPDLKGKIAIR 292
MalE VLPTFKGQPSK-PFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVAL 330
Aral PLPAWKEGGDRSAGLGGTATVVPKQSKHVELAKEFLAFAKGSEEGNKKLWSVLGFDPLRW 352
R Sl = s o s
MalE KSYEE - ELAKDPRIAATMENAQKGE - - IMPNI - PQMSAFHFRVRTAVINAASGRQTVDEA 386
AraN DVWSSKELKEKNKYTDYFQNG- TGIFSVLLDIKDEINPIYLHEDFAKASDLVNRSVLFDA 411
MalE LKDAQ-==<=<=szas TRITK- 396
Aral LKSQQKTPKQALDRAAGELKQK 433

Figure 4.4 - Sequence alignment between MalE of E. coli and AraN of B. subtilis. MalE residues known
to contact the first (blue), second (green), third (red) and fourth (purple) units of maltooligosaccharides
(according to Oldham et al., 2013) are highlighted. The sequence alignment was obtained with the online
tool Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/).

To further support the hypothesis a structure prediction for AraN-Hiss was performed using
the online tool I-TASSER and the most probable of the predicted structures obtained is shown in
Figure 4.5. The overall structural arrangement in this prediction for AraN (Figure 4.5a, Figure
4.5¢) is quite similar to the structure of MalE (Figure 4.5b, Figure 4.5d) and several conserved
helices are easily detected along the structure. The two lobe arrangement and an internal cleft
between them is also observed in this prediction. Additionally, residues R101 and W273 are found
around what is likely to be the binding site of AraN for arabinooligosaccharides, and are located
in opposite sides of this pocket, with remarkable similarity to the relative positions of the
homologous residues in MalE. Although, contrarily to the arginine and tryptophan in MalE, the
side chains of R101 and W273 are not pointing towards the center of the binding pocket in this
prediction for AraN. However, this might be due to differences between the substrates recognized
by each protein and their spatial arrangement inside the binding pocket, which would necessarily
require a different positioning of the amino acids contacting the sugar, or simply to small errors

resulting from the prediction itself.
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Figure 4.5 — Structure prediction for AraN-Hise. A) Forward-facing view of the AraN structure prediction;
B) Forward-facing view of the MalE structure; C) Bottom-facing view of the AraN structure prediction; D)
Bottom-facing view of the MalE structure. The conserved amino acids R101 (blue) and W273 (green) of
AraN — as well as the homologous residues of MalE — are highlighted and their respective side chains shown.
The N-terminal (orange) and C-terminal (cyan) ends are also highlighted. The structure prediction for AraN
was obtained using the online tool I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/; version
3.0), from the sequence of recombinant AraN-Hiss used for STD-NMR experiments. The structure for MalE
was obtained from PDB (accession number: 2R6G).

Molecular docking simulations between AraN (using the same structure prediction for
AraN-Hiss) and arabinotriose were also performed to determine if the sugar could be
accommodated by the putative binding pocket, as well as to identify amino acids potentially
involved in protein-sugar binding. According to this in silico analysis (data not shown),
arabinotriose appears to be accommodated along the C-terminal lobe side of the binding pocket,
and very close to one of the residues previously hypothesized as being involved in the interactions

between AraN and arabinose oligomers, W273.

Thus, considering the multiple bioinformatics analyses performed, we initially targeted the
AraN residues R101 and W273 for mutagenesis. Using a site-directed mutagenesis approach,
we independently substituted both residues by alanines and purified the two AraN variants
carrying the R101A or the W273A mutations. STD-NMR experiments were performed with both
mutated versions of AraN, and the obtained results show that the tryptophan in position 273 is

essential for the binding of arabinotriose, since no binding was observed for the W273A mutant
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(Figure 4.6). On the other hand, the R101A mutation did not lead to any significant difference in
the STD-NMR spectrum when compared to that of the wild-type protein (Figure 4.6), suggesting
that this arginine is not an essential residue for binding of arabinotriose by AraN.
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Figure 4.6 — 'H-STD-NMR spectra for wild-type and mutant AraN in the presence of arabinotriose. All
spectra obtained using 2.5 mM of sugar and 25 uM of AraN.

Since the W273A mutation in AraN led to a complete loss of measurable interactions
between this protein and arabinotriose in the conditions tested — AraN in solution and free from
the remaining proteins of the AraNPQ-MsmX complex — we decided to test the impact of this
mutation in vivo. A new B. subtilis strain carrying the W273A substitution (IQB643) was
constructed by allelic replacement and grown in CSK minimal medium supplemented with
arabinotriose as the sole carbon and energy source. The results presented in Table 4.4 show that
the W273A mutation completely hinders the transport of arabinotriose, thus supporting the
findings from STD-NMR experiments and confirming this tryptophan residue as a critical element

for the recognition and binding of arabinooligosaccharides by AraN.

Table 4.4 — Effect of a single W273A amino acid substitution in AraN in the uptake of arabinotriose.
Doubling times (minutes) for different strains in liquid minimal medium (CSK) using glucose or arabinotriose
as sole carbon and energy source. Results are the averages of three independent assays and their
respective standard deviations. NG, no growth.

168T+ 1QB495 1QB643
(wild-type) (AmsmX::cat) (araN*W273A)
Glucose 0.1% 55.5+1.3 57.7+2.7 56.7+1.9
Arabinotriose 0.1% 98.2+10.0 NG NG

AraN also interacts with cello- and xylooligosaccharides

STD-NMR was also used to test additional saccharides, namely cellotriose, xylotriose,

maltohexaose and mannotriose, as ligands for AraN. According to the results obtained from these
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experiments, AraN is also able to bind cellotriose, xylotriose and maltohexaose, but not
mannotriose (data not shown). Moreover, when compared to arabinotriose, similar levels of
saturation were obtained for cellotriose and xylotriose, which indicates that the Ky for these
interactions is possibly in the same range of the value estimated for the AraN-arabinotriose
interaction. However, AraN apparently displays lower affinity towards maltohexaose, which can
be caused by the nature of the carbohydrate or simply due to its larger size (six units versus
three), which may lead to a decreased binding stability.

To better assess the nature of these interactions (specific or non-specific) between AraN
and other carbohydrates, STD-NMR competition experiments between these sugars were
performed. These experiments consisted in the addition of an excess of “sugar 2” to a mixture
already containing AraN and “sugar 1”, and then checking for variations in the NMR spectra peaks
which are characteristic of “sugar 1”. If the addition of “sugar 2” leads to a decrease in the intensity
of the peaks for “sugar 1” then both ligands are competing for the same binding site. On the other
hand, if no change is detected in the peaks for “sugar 1” and, at the same time, peaks for “sugar
2” become observable, then the sugars are not competing with each other and probably bind to
different sites of the protein. Thus, three different STD-NMR competition assays between
arabinotriose, cellotriose and xylotriose were performed. The results for the
arabinotriose/cellotriose competition assays are shown in Figure 4.7. According to these results,
AraN is able to simultaneously bind arabinotriose and cellotriose, since a 10-fold excess of the
latter had no significant impact in the STD-NMR peaks that are characteristic of arabinotriose,
and at the same time saturation peaks from cellotriose become observable. This evidence
strongly suggests that arabinotriose and cellotriose do not compete for the same binding site in
AraN.
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Figure 4.7 — 'H-STD-NMR spectra for AraN in the presence of arabinotriose and/or cellotriose. All
spectra obtained using 25 uM of AraN. blue, 500 uM of arabinotriose; green, 500 uM cellotriose; red, 500
UM of arabinotriose, followed by the addition of 5 mM of cellotriose. Blue and green dashed-circles highlight
the characteristic peaks for arabinotriose and cellotriose, respectively.
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Likewise, in arabinotriose/xylotriose competition assays the obtained results show that the
addition of a 10-fold excess of xylotriose does not lead to a decrease in the STD-NMR peaks from
AraN-arabinotriose interactions (Figure 4.8). Similarly to the arabinotriose/cellotriose competition
assays, molecular displacement of arabinotriose by xylotriose is not observed and AraN is likely

to simultaneously interact with both sugars, which are not competing for the same binding site.
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Figure 4.8 — 'H-STD-NMR spectra for AraN in the presence of arabinotriose and/or xylotriose. All
spectra obtained using 25 uM of AraN. blue, 500 uM of arabinotriose; green, 500 UM xylotriose; red, 500 pM
of arabinotriose, followed by the addition of 5 mM of xylotriose. Blue and green dashed-circles highlight the
characteristic peaks for arabinotriose and xylotriose, respectively.

Furthermore, to demonstrate that cellotriose and xylotriose bind to a different site than that
for arabinotriose, binding of both saccharides by the AraN mutant with a W273A substitution was
analyzed using STD-NMR. The obtained results show that, for both sugars, the interactions with
AraN are unaffected by this mutation (Figure 4.9). Thus, unlike what had been observed with
arabinotriose for the W273A AraN, this tryptophan residue is not essential for binding of cellotriose

and xylotriose by AraN.
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Figure 4.9 — 'H-STD-NMR spectra for AraN (wild-type and W273A mutant) in the presence of
cellotriose or xylotriose. All spectra obtained using 2.5 mM of sugar and 25 pM of AraN. A) cellotriose; B)
xylotriose.
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Since both cellotriose and xylotriose apparently bind to a different site of AraN than
arabinotriose, we tried to determine if both would share a common binding site. Thus, similar
competition experiments were performed, but this time AraN was initially incubated with xylotriose
and then progressively an excess of cellotriose was added.
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Figure 4.10-'H-STD-NMR spectra for AraNin the presence of xylotriose and/or cellotriose. All spectra
obtained using 25 uM of AraN. green, 500 uM of xylotriose; red, 500 uM xylotriose, followed by the addition
of 5 mM of cellotriose; blue, 500 uM of xylotriose + 5 mM cellotriose, followed by the addition of 5 mM of
cellotriose. Blue and green dashed-circles highlight the characteristic peaks for cellotriose and xylotriose,
respectively.

According to the results shown in Figure 4.10, when a cellotriose:xylotriose ratio of 10:1 is
used (red spectrum), apparently both sugars are simultaneously bound to AraN, and
consequently, not sharing the same binding site. However, when the excess of cellotriose was
increased to 20-fold (blue spectrum), a clear decrease in the peaks for xylotriose is observed.
This suggests that both sugars are actually binding to the same site of AraN, even though it would
be expected that, this being true, a 20-fold excess of cellotriose could virtually eliminate all AraN-
xylotriose interactions. Moreover, AraN could have higher affinity towards xylotriose than towards
cellotriose, which would explain why a large excess of cellotriose was unable to completely

remove its competing sugar from their shared binding site.

The biological significance of AraN binding cello- and xylooligosaccharides

The results obtained from STD-NMR experiments indicate that AraN is able to bind
cellotriose and xylotriose, albeit through a different mechanism than that for arabinotriose, i.e.,
these sugars do not interact with the AraN binding site for arabinooligosaccharides. In fact, our
evidences point towards this SBP being capable of interacting with cellotriose or xylotriose while
bound to arabinotriose. Thus, we attempt to address the biological significance of AraN binding
cello- or xylotriose simultaneously with arabinotriose by performing in vivo analyses of the effect
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of single AaraN or AmsmX::cat mutations in the uptake of cellotriose and xylotriose. B. subtilis
strains harboring these mutations were grown in minimal medium in the presence of each of the
oligosaccharides, and the obtained results are presented in Table 4.5. According to these results,
neither of the tested mutations had a negative impact in the uptake of cellotriose, which means
that the AraNPQ-MsmX system is not implicated in the transport of this sugar, and also that the
uptake of cellotriose by B. subtilis is accomplished via an MsmX-independent mechanism.
Nevertheless, the growth rate of the AaraN mutant (IQB496) is slightly higher (roughly 10%) than
that observed for both the wild-type strain and for the AmsmX::cat mutant, and this small increase

may in fact be attributed to the absence of AraN in strain IQB496.

Table 4.5 — AraN and MsmX role in the uptake of cellotriose and xylotriose. Doubling times (minutes)
for different strains in liquid minimal medium (CSK) using glucose, cellotriose or xylotriose as sole carbon
and energy source. Results are the averages of three independent assays and their respective standard
deviations.

168T* 1QB495 1QB496

(wild-type) (AmsmX::cat) (AaraN)

Glucose 0.1% 55.5+1.3 57.7£2.7 53.4£1.0
Cellotriose 0.1% 70.2+1.3 69.5+1.9 64.742.2
Xylotriose 0.1% 66.0£0.2 78.7£0.8 75.1£2.1

For xylotriose however, there was a slight decrease of 15-20% in the growth rate of the
AmsmX::cat and AaraN mutant strains when compared to the wild-type (Table 4.5). These results
suggest that, although an additional importer for xylotriose is likely to exist in B. subtilis, the

AraNPQ-MsmX system may also be capable of transporting this sugar.

Discussion

B. subtilis possesses a significant number of transporters, which are exclusively dedicated
to carbohydrate uptake, mostly primary and secondary active transporters and
phosphotransferase systems (PTS). ABC-type sugar importers are an important class of
transporters that greatly contribute for the ability of B. subtilis to utilize the majority of the available
sugars found in hemicellulosic biomass. This class of importers is characterized by an
extracellular solute-binding protein (SBP), which is attached to the outside of the cellular
membrane of Gram-positive Bacteria by a lipid anchor and has generally been accepted to have
very high affinity, in the sub-micromolar range (Davidson et al., 2008; Berntsson et al., 2010, ter
Beek et al., 2014), to a single substrate or family of substrates (e.g., sugar homooligomers)(Dippel
and Boos, 2005; Nataf et al., 2009; Shulami et al., 2011). However, the results presented here
strongly challenge this widely accepted concept of high affinity for SBPs from ABC-type sugar

importers.
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AraN, the SBP of the AraNPQ-MsmX system, was previously shown to be indispensable
for the uptake of arabinooligosaccharides by B. subtilis (Chapter I1). In this chapter, using STD-
NMR, we show that AraN is in fact able to interact with arabinose oligomers with up to at least
five arabinosyl residues. An attempt to determine the affinity constants for the interactions
between AraN and arabinooligosaccharides by Isothermal titration calorimetry (ITC) was initially
was performed without success. Although an exact Ky value was not obtained, STD-NMR
experiments allowed the estimation of the dissociation constant within a range of 200-500 uM.
The estimated Kq for the AraN-arabinooligosaccharides interactions is significantly higher (one to
three orders of magnitude) than those from previously studied sugar-binding proteins belonging
to this family. For example, high-affinity binding proteins which are involved in the recognition and
uptake of various oligosaccharides by other Gram-positive Bacteria, such as Clostridium
thermocellum (Nataf et al., 2009) or Geobacillus stearothermophilus (Shulami et al., 2007 and
2011; Tabachnikov and Shoham, 2013), typically display Kq values in the range of 0.1-10 pM.
However, such a low affinity as the one observed for AraN was previously reported for B. subtilis
binding protein CycB (Kamionka and Dahl, 2001). CycB is able to interact with a-, B-, and y-
cyclodextrins with Kq values of 100-500 pM, even though no evidence for the role of this binding
protein in the uptake of cyclodextrins was provided (Kamionka and Dahl, 2001). Furthermore, we
have previously shown that CycB is involved in the uptake of galactan (Chapter IlI), most likely
through the recognition of galactooligosaccharides enzymatically released from the
polysaccharide by action of the putative extracellular endo-B-1,4-galactanase GanB, which is, like
CycB, encoded in the cycB-ganPQAB operon (Chai et al., 2012). Whether CycB is involved in the
uptake of cyclodextrins or can simply bind these substrates without delivering them to the cognate
TMDs remains to be understood. Similarly, AraN is known to transport arabinose oligomers and
was also shown to bind cellooligosaccharides without playing a role in their uptake. In B. subtilis
cellobiose is most likely translocated via two PTS transporters LicBCA and GmuBAC (Tobisch et
al., 1997; Sadaie et al., 2008). In addition, the uptake of cellotriose appears to have been slightly
enhanced in a AaraN mutant strain (Table 4.5), further evidencing binding without AraN-mediated
transport. Moreover, arabino- and cellooligosaccharides are able to bind simultaneously to AraN
suggesting a mechanism of inhibition in which binding of cellooligosaccharides prevents the
uptake of arabinose oligomers. This is also valid for maltodextrins extending this type of inhibition
to the presence of glucose-based oligosaccharides.

In the E. coli maltose system, the binding protein is found in an open configuration when
ligand-free. Upon substrate binding, exclusively to the protein lobe that establishes contacts with
the sugar through aromatic residues, a conformational change takes place leading to the closure
of the binding pocket. Consequently, ATP hydrolysis is stimulated which, in turn, leads to the
opening of the TMDs and allows substrate uptake (Davidson et al., 2008, ter Beek 2014). In the
case of AraN, we may speculate that the presence of more favorable carbon sources like
cellooligosaccharides and/or maltodextrins would effectively block the uptake of arabinose
oligomers by interacting with a different site inside the binding pocket and, consequently,

preventing its closure and substrate delivery to the TMDs (Figure 4.11). It is possible that a similar
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mechanism for regulating the uptake of galactose oligomers by CycB-GanPQ exists, in which the
binding of cyclodextrins would prevent galactooligosaccharides delivery to the TMDs.

A)

Figure 4.11 — Substrate binding and delivery by AraN. A) Ligand-free AraN is predominantly in an open
conformation and is able to bind arabinooligosaccharides (An) through contacts established by aromatic
amino acids found exclusively in one of the protein lobes, i.e., one side of the binding pocket. Upon substrate
binding, the protein switches to its closed conformation, which stimulates ATP hydrolysis by MsmX and
substrate uptake. B) When cellooligosaccharides (C,) are available, they bind to AraN in a different site of
the binding pocket, thus allowing simultaneous binding of A,. When this happens, however, closure of the
AraN binding pocket is not possible, due to spatial constraints from the presence of both sugars. As a resullt,
ATP hydrolysis is not triggered and substrate delivery to the TMDs does not take place.

For the AraNPQ system the ability to recognize and interact with distinct sugars is different
from the reports for multiple sugar ABC-type transporters from other organisms. In Streptococcus
mutans the Msm system is involved in the uptake of structurally different substrates, like
melibiose, sucrose, raffinose and isomaltotriose (Russel et al., 1992; Tao et al., 1993), but AraN
might be able to bind other sugars as a regulatory mechanism for maximizing the utilization of

more favorable carbon sources by B. subtilis.

STD-NMR experiments show that AraN can bind arabinooligosaccharides from two to five
arabinosyl units, but the results obtained further indicate that arabinotriose is the favored
substrate for AraN, and that the protein only establishes contacts with up to three arabinosyl units.
In addition, the mode of recognition and binding by AraN is apparently opposite to that observed
for the E. coli maltose binding protein, MalE. In the maltose system maltodextrin binding is
achieved through contacts with up to four glucosyl units from the reducing end of the saccharide
(Oldham et al, 2013), while in the AraN data indicate that substrate recognition is achieved
through the non-reducing end of arabinooligosaccharides. This mode of binding has been
previously observed in the cellodextrin transporter from the extremophile Thermotoga maritima,
which is able to recognize and specifically bind the two glucosyl units from the non-reducing end
of cellodextrins (Cuneo et al., 2009).

Although our results suggest the preferred ligand for AraN is arabinotriose, the same may
not be true for the entire AraNPQ system. In the E. coli maltose transporter specificity is not

defined exclusively by the maltose binding protein. One of the TMDs from the maltose system,
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MalF, has a cavity known to be involved in substrate recognition, and, more importantly, it is this
binding site which establishes a threshold for the length of transportable maltodextrins (Oldham
et al., 2013). While the binding protein is capable of binding longer maltodextrins, transport is
limited to molecules with no more than seven glucosyl units, due to constraints imposed by the
TMDs recognition site (Davidson et al., 2008). It is thus possible that a similar cavity exists in
AraP (the homologous domain of MalF) and that better accommodates arabinose oligomers with
a different number of arabinosyl units than arabinotriose. It is also expected that this putative
cavity in AraP interacts with the reducing end of arabinooligosaccharides. Again, in the maltose
transporter, interactions between MalF and maltoheptaose were shown to be achieved through
contacts with the three glucosyl units from the non-reducing end of the sugar (Oldham et al.,
2013). If the same mechanism is responsible for substrate delivery to AraPQ, it is expected that
the recognition site in the membrane domains interacts with the reducing end of arabinose

oligomers, since the opposite end is involved in recognition by AraN.

Results obtained from STD-NMR experiments and in vivo assays showed that the
tryptophan residue in position 273 of AraN is critical for binding and uptake of arabinose
oligomers. According to the structure prediction for AraN (Figure 4.5), this tryptophan is found in
the C-terminal lobe. Also, according to the same prediction, the other tested residue, arginine in
position 101, is found in the N-terminal lobe of AraN and was shown not to be essential for
arabinotriose binding. These results are in agreement with the model for the E. coli maltose
binding protein in which sugars bind exclusively to one of the lobes of an open-form MBP, the
lobe with aromatic residues (Davidson et al., 2008). Nevertheless, R101 may still play a role in
the binding of arabinooligosaccharides upon closure of the binding pocket and/or in the delivery
of substrates to the TMDs.

In this chapter we present several contributions to the characterization and functional
analysis of the AraNPQ-MsmX system from B. subtilis, including substrate specificity and affinity,
putative transport regulation, and identification of critical residues for binding of
arabinooligosaccharides. However, in order to fully understand the uptake of arabinose oligomers
by AraNPQ attempts to determine the crystal structure of this transporter are currently under way
in collaboration with the XTAL group at UCIBIO/REQUIMTE.
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Mechanisms controlling the

expression of the abn2 gene of Bacillus
subtilis
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Mechanisms controlling the expression of

the abn2 gene of Bacillus subtilis

Abstract

Among all genes known to be involved in the utilization of arabinose and arabinose-
containing polysaccharides by Bacillus subtilis, abn2 is the only not under the control of the
negative regulator AraR. The results presented in this chapter show that abn2 is constitutively
expressed, albeit at a low level. Furthermore, its expression is temporally regulated, gradually
increasing at the end of the exponential growth stage and during the early stages of the stationary
phase. Our results also indicate that AbrB, a transition state regulator responsible for repressing
many functions not needed during vegetative growth, and Spo0OA, the key regulatory protein for
triggering sporulation, are involved in the regulation of abn2. Finally, although the protein encoded
by abn2 is an arabinan-degrading enzyme, the presence of arabinose appears to repress its

expression.

Introduction

Arabinose is one of the most abundant pentose in Nature and can be found as arabinans,
arabinoxylans and arabinogalactans in the hemicellulosic fraction of plant cell walls and in the
side chains of branched pectin polysaccharides (Caffall and Mohnen, 2009; Scheller and Ulvskov,
2010; Pauly et al., 2013). Arabinose is nhot commonly found readily available as a monomer and
to be used as a carbon and energy source by microorganisms must first be released from the

more structurally complex arabinose-containnig polysaccharides.

Arabinan is a homopolysaccharide with a linear backbone of a-1,5 linked L-arabinosyl
residues, branched by a-1,2 and/or a-1,3 linked r-arabinosyl chains, which can be broken-down
by the concerted action of multiple enzymes (Beldman et al., 1997). Bacillus subtilis possesses
an enzymatic consortium of at least two extracellular endo-a-1,5-arabinanases, AbnA and Abn2,
which cleave the backbone of arabinan and other arabinose-containing polysaccharides,
releasing arabinose and arabinooligosaccharides (Raposo et al., 2004; Leal and S&-Nogueira,
2004; Inacio and S4&-Nogueira, 2008). Additionally, two intracellular a-L-arabinofuranosidases,
AbfA and Abf2, are able to complete the breakdown of arabinooligosaccharides to L-arabinose
which can then be further metabolized (Inacio et al., 2008). These enzymes are encoded in the
araABDLMNPQ-abfA, abf2, abnA and abn2 transcriptional units of the B. subtilis chromosome

which, with the exception of abn2, are negatively controlled by the arabinose metabolism regulator
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AraR (S&-Nogueira et al., 1997; Raposo et al., 2004; Inacio and Sa-Nogueira, 2008, Inacio et al.,
2008). Although AbnA and Abn2 display comparable activity towards the same substrates, the
mechanisms controlling their gene expression are not the same. Both abnA and abn2 are
controlled by the global regulator involved in carbon catabolite repression (CCR), CcpA, but in
contrast to abnA, abn2 is not under the negative control of AraR. However, previous work by our
group suggested that pectin and arabinan were able to induce the expression of abn2 (Inacio and
S4-Nogueira, 2008).

In this chapter we investigated the mechanisms responsible for regulating the expression
of abn2 at the transcription level. Our results indicate that the expression of abn2 is growth phase
dependent, increasing at the onset of the stationary growth stage. Additionally, the global
transition state regulator AbrB (Strauch, 1993), which negatively regulates genes involved in
functions not needed during vegetative growth, and the master regulator SpoOA (Strauch et al.,
1990; Hoch, 1993), the key protein for regulating entry in sporulation, are also implicated in the
mechanisms that modulate the expression of abn2. Furthermore, we show that abn2 expression
is not triggered by the presence of pectin and arabinan. Finally, our results suggest that the
presence of arabinose is responsible for a decrease in abn2 expression.

Materials and Methods
Substrates

Arabinan (sugar beet) and polygalacturonan were purchased from Megazyme International
Ireland. L-arabinose, b-(+)-glucose and pectin (from apple) and were purchased from Sigma-
Aldrich Co.

DNA manipulation and sequencing

Routine DNA manipulations were performed as described by Sambrook et al. (1989). All
restriction enzymes were purchased from Thermo Fisher Scientific and used according to the
manufacturers’ recommendations. PCR amplifications were carried out using Phusion High-
Fidelity DNA Polymerase (Thermo Fisher Scientific). DNA from agarose gels and PCR products
were purified with the illustra™ GFX™ PCR DNA and Gel Band Purification kit (GE Healthcare
Life Sciences). All DNA ligations were performed using T4 DNA Ligase (Thermo Fisher Scientific).
DNA dephosphorylation was performed with FastAP Thermosensitive Alkaline Phosphatase
(Thermo Fisher Scientific). Plasmids were purified using the NZYMiniprep kit (NZYTech). DNA
sequencing was performed with the ABI PRISM BigDye® Terminator Cycle Sequencing Kit
(Applied Biosystems). The sequencing reaction was purified by gel filtration and resolved in an
ABI 3730XL sequencer.
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Construction of plasmids and strains

For the construction of a B. subtilis strain harboring an abn2-lacZ fusion and a lacR
mutantion, lacR was amplified by PCR from chromosomal DNA of B. subtilis 168T* using primers
ARA479 and ARA480, and the obtained product was digested with Smal and EcoRI. The resulting
1254 bp DNA fragment was cloned into pLitmus29 (Table 5.2), digested with EcCoRV and EcoRl,
yielding pJL4. An erythromycin resistance (ErmR) cassette was obtained from the digestion of
pDG1731 with Smal and Nael and subcloned into pJL4 digested with Xmnl and Nrul and
dephosphorylated, resulting in pJL5, which was linearized with Scal and used to transform B.
subtilis 1QB483, yielding strain 1QB497 (Table 5.3).

Table 5.1 — List of oligonucleotides used during the course of this work.

Complementary

Oligonucleotide Sequence (5—3’)
sequence
ARA479 TGGAAGATGTGCTTTCG lacR
ARA480 AGAATTCATAGCATGCCTGAG lacR
ARA583 TCGCGGTTTCGCTGCCCTTT 16S
ARA584 AAGTCCCGCAACGCGCGCAA 16S
ARA731 GCGGACGGCAAATACTACAT abn2
ARA732 TGGTTGCATCATACGGTGTT abn2

Restriction sites in the primer sequences are underlined.

A B. subtilis strain harboring an abn2*-lacZ fusion and a lacA mutation was constructed by
transformation of strain IQB497 with chromosomal DNA of a strain carrying AlacA::spec, IHAO1
(Table 5.3), yielding strain 1QB499.

Table 5.2 — List of plasmids used or constructed during the course of this work.

Plasmid Relevant features Source or Reference

. Integrative plasmid with a lacZ gene for blue/white selection of clones, .
pLitmus29 9 P g bla New England Biolabs
pDG1731 Plasmid used as a source of erythromycin resistance cassette, bla, Guérout-Fleury et al., 1996

erm, spec
pJL4 pLitmus29-derivative harboring the lacR coding region, bla This work
Integrative plasmid used for the construction of lacR null-mutations, .
pJL5 9 P This work

bla, erm

Strains 1QB636 and IQB637 (Table 5.3), respectively carrying abrB and spoOA null-
mutations, were obtained by transformation of strain 168T* with chromosomal DNA from strains
IQB425 and IQB434. In turn, IQB425 and 1QB434 were obtained by transformation of B. subtilis
MB24 with chromosomal DNAs from other B. subtilis strains carrying AabrB::neo and
AspoOA::erm mutations, respectively. The transformations of B. subtilis strains were performed

according to the method described by Anagnostopoulos and Spizizen, 1961.
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Table 5.3 — List of B. subtilis strains used or constructed during the course of this work.

Strain Genotype Source or Reference
168T+* Prototroph F. E. Young

IHAO1 AlacA::spec leuB8 metA5 Hartl et al., 2001
MB24 trpC2 metC3 P. J. Piggot

1QB425 AabrB::neo trpC2 metC3 Raposo, unpublished results
1QB434 AspoOA::erm trpC2 metC3 Raposo, unpublished results
1QB483 amyE::[abn2-lacZ cat] Inacio and Sa-Nogueira, 2008
1QB497 amyE::[abn2-lacZ cat] AlacR::erm pJL5—1QB483 #
1QB499 amyE::[abn2-lacZ cat] AlacR::erm AlacA::spec DNAcr IHA0O1—1QB497
1QB636 AabrB::neo DNAcr IQB425—168T+
1QB637 AspoOA::erm DNAcr IQB434—168T+

Arrows indicate transformation and point from donor DNA to the recipient strain.

# Transformation was carried out with linearized plasmid.

Growth conditions

E. coli DH5a (Gibco-BRL) or E. coli XL1-Blue (Stratagene) were used for the construction
of all plasmids. All E. coli strains were grown in liquid Luria-Bertani (LB) medium (Miller, 1972)
and on LB solidified with 1.6% (w/v) agar, where ampicillin (100 pg.mL?) and tetracycline (12
pug.mL?) were added as appropriate. B. subtilis strains were grown in liquid LB medium, LB
medium solidified with 1.6% (w/v) agar, liquid SP medium (Martin et al., 1987), or liquid C minimal
medium (Pascal et al., 1971) supplemented with L-tryptophan (Sigma-Aldrich Co.; 100 uyg.mL™)
and Casein Hydrolysate (Sigma-Aldrich Co.; 1% w/v). Chloramphenicol (5 ug.mL™), erythromycin
(1 ug.mL™Y), spectinomycin (60 ug.mL™?) and neomycin (3 ug.mL*) were added as appropriate.

B-galactosidase assays

Strains of B. subtilis strains harboring the transcriptional lacZ fusions (IQB483, 1QB497 and
IQB499) and the wild-type strain (168T*) were grown in liquid C minimal medium, supplemented
with L-tryptophan and casein hydrolysate, with an initial ODsoonm 0f 0.050. When ODsoonm reached
0.120, arabinan or pectin were added to a final concentration of 0.4% (w/v) to induce growing
cultures. Samples of cell cultures were collected 2 hours after induction (exponential growth
phase, T2) and 4 hours after induction (late exponential growth phase, T4), and the level of (-
galactosidase activity was determined as described previously (Raposo et al., 2004).

RNA extraction

B. subtilis strains 168T*, IQB636 and IQB637 (Table 5.3) were grown in C minimal medium,
at 37°C and 180 rpm, with an initial ODeoonm Of 0.050, and 0.4% (w/v) of arabinose, glucose,
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arabinan, pectin or polygalacturonan were added when the ODesoonm reached 0.120. Cells were
collected by centrifuging 2 mL from each of the sugar-induced and non-induced cultures (6000g
and 4°C for 5 minutes) at three distinct growth stages: exponential growth (1 hour before the end
of exponential growth, T-1), early stationary stage (1 hour after the end of exponential growth, T1)
and stationary stage (3 hours after the end of exponential growth, Ts). Total RNA extraction was
performed using the Absolutely Total RNA Miniprep kit (Agilent Technologies) according to the
manufacturer’s instructions and using RNase-free technique. The integrity of RNA extracts was
analyzed in a 1% agarose TBE 1x gel. DNA contamination of RNA samples was assessed by
PCR using primers ARA422 and ARA423. Total RNA was quantified using a Nanodrop™ 1000

Spectrophotometer (Thermo Fisher Scientific) and 10 uL aliquots were stored at -80°C.

RT-gPCR experiments and data analyses

The primers used for RT-qPCR experiments — ARA583 and ARA584 (16S gene), and
ARA731 and ARA732 (abn2) — were designed with the help of the online tool Primer3Plus
(http://primer3plus.com/cgi-bin/dev/primer3plus.cgi). Primer efficiency was assessed using the
Rotor-Gene SYBR® Green PCR Kit (QIAGEN) and RT-gPCR experiments were performed using
the SensiFAST™ SYBR No-ROX One-Step Kit (Bioline), both in a Rotor-Gene 6000 (Corbett)
real-time cycler. RT-qPCR experiments were performed according to the kit manufacturer’s
instructions, using 40 ng of total RNA and 0.1 uM of each primer, in a final volume of 12.5 L.
Statistical analyses were performed with GraphPad Prism (version 5.00) using C: values obtained

from three independent assays. p values were determined using an unpaired t test.

Results

LacR is not involved in the negative regulation of abn2

LacA (also known as GanA) and GanB are a B-galactosidase (GH family 42) and an endo-
B-1,4-galactanase (GH family 53), respectively, proposed to be involved in the hydrolysis of
galactan and arabinogalactan by B. subtilis. Both proteins are encoded in the cycB-ganPQAB
operon, which is negatively regulated by LacR (Daniel et al., 1997; Shipkowsky and Brenchley,
2006; Chai et al., 2012). Since the cycB-ganPQAB operon was associated to the utilization of
arabinogalactan, an arabinose-containing polysaccharide, we investigated if LacR was could also
involved in the regulation of abn2. For this purpose, a lacR null-mutation was constructed in a B.
subtilis strain carrying an abn2-lacZ transcriptional fusion (IQB497; Table 5.3). , Since this
mutation would lead to the constitutive expression of the cycB-ganPQAB operon and,

consequently, to an increased level of B-galactosidase activity, an additional mutation to disrupt
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the lacA gene was constructed (IQB499; Table 5.3) so that the effect of the AlacR::erm mutation
on the B-galactosidase activity from the abn2*-lacZ fusion could be correctly assessed.

The B-galactosidase activity levels measured during exponential growth (T2) and early
stationary phase (T4) show that LacR is not responsible for repressing transcription from the
abn2’-lacZ fusion (Table 5.4). Even though there is an apparent derepression of the abn2-lacZ
fusion in strain IQB497 (AlacR::erm) when compared to strain IQB483, the results obtained from
the double AlacR::erm AlacA::spec mutant (IQB499) show that the increased B-galactosidase
activity in strain IQB497 is most probably due to the derepression of the cycB-ganPQAB operon,
which is no longer under negative regulation by LacR and, consequently, to a higher level of
ONPG-hydrolyzing LacA.

Table 5.4 — Expression from abn2’-lacZ transcriptional fusions on different B. subtilis strains. These
strains were grown on C minimal medium supplemented with casein hydrolysate with or without the addition
of the different sugars. Samples were collected and analyzed 2 hours and 4 hours after the addition of the
inducer sugars. Levels of accumulated B-galactosidase activity (Miller units) are the averages from three
independent experiments, each performed with triplicate measurements, and their respective standard
deviations.

B-galactosidase activity (Miller units)

Strain Inducer
T2 Ta
No sugar 1.25+0.14 1.73+0.30
IQB483 .
13.17+0.86 8.47+1.37
(abn2*lac2) Arabinan
Pectin 17.49+3.89 11.50+0.15
No sugar 30.02+1.89 33.94+7.15
1QB497 .
+ +
(abn2-lacz AlacR::erm) Arabinan 19.24+1.14 26.14+3.88
Pectin 23.80+2.97 32.87+6.87
No sugar 1.04+0.17 0.68+0.01
IQB499 9
(abn2’-lacZ AlacR::erm Arabinan 0.92+0.09 0.86+0.06
AlacA::spec) Pectin 1.4120.02 1.03+0.08
No sugar 1.00+0.01 0.91+0.32
"
.168T Arabinan 11.72+0.71 14.48+6.95
(wild-type)
Pectin 13.11+1.52 12.60+0.19

In previous work by our group, results obtained from B-galactosidase activity assays using
an abn2-lacZ transcriptional fusion (strain 1QB483) and total RNA Northern blot analyses
suggested that the presence of either pectin or arabinan could lead to an increased gene
expression (Inacio and Sa-Nogueira, 2008). However, B-galactosidase activity levels determined
for the wild-type strain (168T*) are very similar to those for IQB483, regardless of the presence
or absence of an inducing carbohydrate (Table 5.4). This confirms that both arabinan and pectin
are unable to induce expression from the abn2-lacZ fusion, but are both likely to be able to

derepress the cycB-ganPQAB operon.
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The transcription level of abn2 increases after exponential growth stage

To understand the mechanisms of growth-phase dependency of abn2 transcription, RT-
gPCR was used to measure mRNA levels at three different growth stages: exponential growth,
early stationary phase, and stationary phase. The measured abn2 transcript levels for each of the
conditions tested were compared against each other and the determined expression fold-changes
are presented in Table 5.5. According to these results, one hour after the end of exponential
growth (T1) the expression of abn2 had increased by approximately 3-fold. Two hours later, when
the culture was already in stationary phase (Tz), abn2 transcript levels further increased and were
over 4-fold higher when compared to the levels measured during exponential growth (T-1). These
results confirm temporal regulation of abn2 transcription.

Table 5.5 — Quantification of abn2 transcription product in strain 168T*. These results represent the
fold-change of the expression in the target conditions versus the control conditions. (T-1), (T1) and (Ts3)
represent the number of hours before or after the end of exponential growth. (+ara) represents the addition
of 0.4% arabinose. Primers ARA731 and ARA732 were used for abn2. Fold-change was normalized using
primers ARA583 and ARA584 for the 16S gene. Statistical analyses were performed with GraphPad Prism
(version 5.00) using C: values obtained from three independent assays. p values were determined using an
unpaired t test (", non-significant difference; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

Control Target (Ta) (Ta) (T-1t+ara) (Titara) (Tst+ara)
(T-) 2.85620.249™ 4.242+0.987™ 0.426+0.089" 0.807+0.144" 0.145+0.045™
(Ta) - 1.485+0.356" - 0.282+0.052™
(Ta) - - - - 0.034+0.011™
(T-1tara) - - - 1.895+0.335" 0.340+0.106”
(Titara) - - - - 0.179+0.056™

Expression of abn2 in the presence of different carbohydrates

Differences in the expression of abn2 in the presence of several carbohydrates were also
analyzed by RT-gPCR. In accordance with the results obtained from B-galactosidase assays, no
significant variation of abn2 mRNA levels during exponential growth was observed in the
presence of arabinan or pectin (data not shown). Likewise, polygalacturonan was unable to lead
to any change in the expression of abn2. Arabinan was, however, responsible for decreasing the
expression of abn2 by about 3-fold after the end of exponential growth (data not shown). Our
results from RT-gPCR experiments using RNA extracted from B. subtilis cells grown in the
presence of glucose also show a 5-fold decrease of abn2 expression in the presence of this sugar
(data not shown). These results are in accordance with previously published results, reporting
that the expression of abn2 (yxiA) is under the control of a carbon catabolite repression (CCR)

mechanism (Blencke et al., 2003).
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The effect of arabinose on the expression of abn2 was also analyzed by RT-gPCR (Table
5.5). The presence of arabinose results in a 2-fold decrease in abn2 expression during
exponential growth (T-1+ara vs T-1). A more significant negative impact was observed one hour
after the end of exponential growth (Ti+ara), in which a 3.5-fold repression was observed when
compared to the same growth stage in the absence of arabinose (T1). Moreover, when the culture
reached stationary phase the arabinose-mediated repression of abn2 expression led to a 30-fold
decrease in measured transcript levels (Ts+ara vs Ts3). These results indicate that, contrarily to
the other endo-1,5-arabinanase encoding gene in the B. subtilis genome, abnA, which is induced
by the presence of arabinose, the expression of abn2 is repressed when arabinose is available.
Furthermore, arabinose-mediated repression of abn2 significantly increases when cultures reach

stationary phase, similarly to what had been observed in the presence of arabinan.

The major transition state regulator AbrB represses abn2 during exponential growth

Gene expression from the abn2 locus of B. subtilis was previously shown to be driven from
two different promoters, each dependent on a different sigma factor, ¢ and o" (Inacio and Sa-
Nogueira, 2008). A catabolite responsive element (cre) site was also identified and associated to
CcpA binding and glucose-mediated repression. Here, using the bioinformatics tool Virtual
Footprint (Miinch et al., 2005), a putative binding-site for the transition state regulator AbrB
positioned between the o”-dependent transcription start site and the abn2 start codon was
identified (Figure 5.1).

ATGCAAAACCTGACAAAGCAGTTATTACATGTACGCGAAAGAAAAACAGACGTGATGCAAGAAGGAGAAACAGCAAAAGAGTTGAACTATGAAGGAGAGGATATGCAAGC
. ! : 1 : 1 : ! 4 1 : 1 : ! . ! : 1 s 1 s !

TACGTTTTGGACTGTTTCGTCAATAATGTACATGCGCTTTCTTTTTGTCTGCACTACGTTCTTCCTCTTTGTCGTTTTCTCAACTTGATACTTCCTCTCCTATACGTTCG

[ sigH ] |
+1 sigH

=35 [

AACAAGTTCTGCGCAAAACAGACAGACATCAGTCTGACTATGTAAGTGAAGTGAGAAATCACCTATCTGGATGAATATGAAAACATTCGGCTGTTTTAATAGGCCGGGGT

+ t + t + + + } + t + + + + + t + t + + + }

TTGTTCAAGACGCGTTTTGTCTGTCTGTAGTCAGACTGATACATTCACTTCACTCTTTAGTGGATAGACCTACTTATACTTTTGTAAGCCGACAAAATTATCCGGCCCCA
[ SigA ]

+1 sigA

=5 [0

ATCTTCATAGAGAAATGTAAGCGTTTAAAATTTAATAAAAAAGAGAGGCGAATTGTTTAGATGTTCAACCGATTGTTCCGTGTATGTTTTCTTGCAGCTCTTATCATGGC
+ 1 1 4 1 4 1 1 + 1 4 1 4 Ti n Il n 1 4 1
+ t + t t 1 t t + t t 1 t t + t t t t t t T
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Figure 5.1 — Promoter region of the abn2 gene. The abn2 ORF (blue), the cre site (orange), the final eight
bases of the putative AbrB-binding site (yellow), the putative transcription start sites (+1, red), and the o*-
and o"-dependent promoters (white, with the -10 and -35 boxes signaled in gray) are highlighted. AbrB-
binding site prediction performed using Virtual Footprint (http://www.prodoric.de/vfp/vfp_promoter.php;
version 3.0).

AbrB is a negative regulator that binds DNA, recognizing the proposed consensus
sequence WAWWTTTWCAAAAAAW (Strauch, 1995) and blocking transcription of genes not
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needed before the transition between vegetative growth and stationary phase in B. subtilis
(Strauch, 1993). To determine if AbrB was responsible for repressing abn2 expression during
exponential growth, a AabrB::neo mutant strain was constructed (IQB636; Table 5.3). abn2
MRNA levels in strain IQB636 were determined using RT-qPCR, at T-1, T1 and Tz, and compared
to those measured for the wild-type strain (168T*). The obtained results show a 2.5-fold increase
of abn2 expression in the AabrB::neo mutant during exponential growth (T-1) when compared to
the wild-type strain (Figure 5.2). This effect, however, is no longer observed when the culture
reaches stationary phase (Tz) and expression of abn2 is maximal for both the wild-type and
mutant strains. These results, together with the identification of a putative AbrB-binding site,

implicate AbrB in the negative regulation of abn2 during vegetative growth.

T4
R T
BT

fold-change

Figure 5.2 — abn2 transcription product in strain IQB636(AabrB::neo) versus 168T*(wild-type). These
results represent the fold-change of the expression in strain IQB636 versus strain 168T*. Upper and lower
fold-change thresholds of 2.0 and 0.5, respectively, are represented by dotted lines. (T.1), (T1) and (T3)
represent the number of hours before or after the end of exponential growth. Primers ARA731 and ARA732
were used for abn2. Fold-change was normalized using primers ARA583 and ARA584 for the 16S gene.
Statistical analyses were performed with GraphPad Prism (version 5.00) using C: values obtained from three
independent assays. p values were determined using an unpaired t test (", non-significant difference; *, p <
0.05; **, p < 0.01; **, p <0.001).

Since abrB is negatively regulated by the master sporulation regulator SpoOA (Strauch et
al., 1990) when the levels of its phosphorylated form (SpoOA~P) increase after the end of
exponential growth, a new AspoOA:.erm mutant strain (IQB637; Table 5.3) was constructed to
determine the role of Spo0OA in abn2 regulation. abn2 expression in strain IQB637 was analyzed
by RT-gPCR, at T-1, T1 and T3, and compared to the values obtained for the wild-type strain. The
results indicate that the absence of SpoOA — and consequently its active phosphorylated form —
leads to a 2-fold stronger AbrB-mediated repression of abn2 during exponential growth (Figure
5.3). During early stationary growth (T1), abn2 repression in the AspoOA::erm mutant is 5-fold
stronger than in the wild-type strain, but when the culture reached stationary phase (Ts) an
expression decrease in the mutant strain is no longer significant (Figure 5.3). These results further
support the role of AbrB in the modulation of abn2 expression, and simultaneously show that

Spo0A is needed for controlling the level of AbrB-mediated repression.
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Figure 5.3 — abn2 transcription product in strain IQB637(Aspo0OA::erm) versus 168T*(wild-type).
These results represent the fold-change of the expression in strain IQB637 versus strain 168T*. Upper and
lower fold-change thresholds of 2.0 and 0.5, respectively, are represented by dotted lines. (T.1), (T1) and (T3)
represent the number of hours before or after the end of exponential growth. Primers ARA731 and ARA732
were used for abn2. Fold-change was normalized using primers ARA583 and ARA584 for the 16S gene.
Statistical analyses were performed with GraphPad Prism (version 5.00) using C: values obtained from three
independent assays. p values were determined using an unpaired t test (", non-significant difference; *, p <
0.05; **, p < 0.01; **, p <0.001).

Discussion

The B. subtilis chromosome encodes multiple proteins dedicated to the breakdown and
uptake of arabinan and arabinooligosaccharides, and to the subsequent metabolism of arabinose.
Proteins known to be involved in arabinan utilization are encoded by several genes organized as
monaocistronic transcription units or as an operon: araR, arakE, araABDLMNPQ-abfA, abf2, abnA
and abn2. Of these six transcription units, abn2 is the only which is not under the control of AraR
and not responding to the presence of arabinose (Franco et al., 2006; Inacio and Sa-Nogueira,
2008). The last ORF of the LacR-regulated cycB-ganPQAB operon, GanB, was proposed to be
involved in the utilization of arabinogalactan (Daniel et al., 1997; Shipkowsky and Brenchley,
2006). As such, we hypothesized that LacR could also be responsible for the regulation of abn2.
However, our results not only discard a role of LacR in the regulation of abn2, but also show that
the previously reported arabinan- and pectin-mediated induction of this gene does not occur. In a
strain carrying an abn2-lacZ fusion, an increased B-galactosidase activity had been observed
upon addition of either arabinan or pectin (Inacio and Sa-Nogueira, 2008), however we show here
that this increase was not due to the derepression of abn2. Instead, this increase of [3-
galactosidase activity was exclusively due to a higher level of GanA (LacA) in the presence of
arabinan or pectin. LacR-mediated repression of the cycB-ganPQAB operon has been proposed
to be modulated by the presence of galactooligosaccharides (Shipkowsky and Brenchley, 2006).
Since pectin is known to be decorated by galactan side chains (Ochiai et al., 2007), and a highly
galactan-contaminated arabinan was used (see Chapter Il), galactooligosaccharides are either
already available when the polysaccharides are added to growing cultures, or become available

from the breakdown of galactan by GanB. This relieves repression of the cycB-ganPQAB operon
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and, consequently, leads to the increase of 3-galactosidase activity from LacA, thus masking the
level of LacZ and the determination of abn2 expression variations.

The results presented here show that abn2 expression is temporally controlled,
progressively increasing during the transition from exponential growth to stationary phase. Two
distinct promoters (- and o"-dependent) were previously identified upstream of the abn2 coding
region (In&cio and S&-Nogueira, 2008). The B. subtilis 6" transcription factor is responsible for
the transcription of many genes needed during the transition from vegetative growth to stationary
phase, and the amount of this alternative transcription factor increases after the end of
exponential growth (Grossman, 1995; Britton et al., 2002). The ¢" transcription factor is encoded
by the spoOH gene and is negatively regulated by the transition state regulator AbrB. The amount
of AbrB in B. subtilis cells decreases at the end of vegetative growth mainly due to SpoOA-
mediated repression of its gene (Strauch et al., 1990), thus allowing a higher abn2 transcription
during this stage. However, we propose that the AbrB-dependent regulation of abn2 is not simply
due to its role in the repression of spoOH. Although an AbrB-binding site is not well established,
and AbrB was also proposed to recognize specific three-dimensional structures in the DNA (Xu
and Strauch, 1996), the A/T-rich consensus sequence WAWWTTTWCAAAAAAW (W = A or T)
has been suggested (Strauch, 1995). A representation of the position weight matrix for the final
eight bases of the consensus sequence is shown in Figure 5.4, and is highly identical to the
putative AbrB-binding site identified upstream of the abn2 coding region (Figure 5.1).

2

Figure 5.4 — Position weight matrix of the B. subtilis AbrB-binding site. Weight matrix obtained from
Virtual Footprint (http://www.prodoric.de/vfp/vfp_promoter.php; version 3.0). The putative AbrB-binding site
for abn2 is AAATTTAATAAAAAAG, in which the underlined bases correspond to the positions shown in the
figure.

bits

Although abn2 (yxiA) has not been referenced yet as a gene belonging to the AbrB regulon
(Banse et al., 2008; Chumsakul et al., 2011; Chumsakul et al., 2013), our results suggest that
AbrB is able to bind to this putative binding site thus repressing abn2 during vegetative growth of
B. subtilis cells. These observations lead to the proposal of a model for the regulation of abn2
(Figure 5.5). When nutrients are abundantly available, SpoOA~P levels in the cell are low and
AbrB is able to repress genes not needed during this phase, including abn2 and spoOH (Figure
5.5a). When nutrients capable of maintaining an exponentially growing culture become scarce,
several signals and cellular processes activate a phosphorelay cascade, which ultimately leads
to the activation of SpoOA (Hoch, 1993). The increasing level of active SpoOA~P activates many

genes, mostly involved in sporulation but not exclusively, and, simultaneously, represses abrB
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expression (Strauch et al., 1990; Molle et al., 2003; Fujita et al., 2005). Additionally, the abbA
gene, which encodes an AbrB antirepressor, is not expressed during vegetative growth and is
directly activated by SpoOA~P in the early stages of the transition to stationary phase (Fujita et
al., 2005; Banse et al., 2008). The AbbA antirepressor binds to AbrB and prevents its binding to
DNA. As a result, transcription of both abn2 and spoOH is no longer under the negative control of
AbrB (Figure 5.5b). Furthermore, during this transition from vegetative growth to stationary phase,
AbrB levels slowly decrease due to protein degradation (Banse et al., 2008). The combined effect
of abrB repression by SpoOA~P, AbrB DNA-binding blocking by AbbA, and AbrB degradation

results in a quick increase in abn2 expression after the end of exponential growth.

A)

B)
Abrs
(AbbA]

— ST 5o )

Figure 5.5 — Proposed model for the regulation of abn2. A) During vegetative growth, when rapidly
metabolizable nutrients are available and SpoOA~P levels are low, AbrB binds to DNA and represses abn2
expression. B) At the onset of stationary phase, in response to nutrient depletion, SpoOA is phosphorylated
by a multicomponent phosphorelay system. The active SpoOA~P then binds to DNA and blocks abrB
transcription. Simultaneously, SpoOA~P activates transcription of the abbA gene encoding an AbrB
antirepressor. AbbA forms a complex with AbrB blocking its binding to DNA, which, together with degradation
of AbrB, leads to a rapid derepression of spoOH and abn2.

Here, we also report that in the presence of arabinose or arabinan there is a decrease in
abn2 expression. B. subtilis encodes two extracellular endo-a-1,5-arabinanases, AbnA and Abn2,
which display similar activities to the same substrates but are regulated by different mechanisms
(Raposo et al., 2004; Leal and Sa-Nogueira, 2004; Inacio and Sa-Nogueira, 2008). abnA is part
of the AraR regulon and, as such, is expressed when arabinose is present and binds to AraR.
Since abn2 appears to be repressed in conditions more favorable for abnA, and its transcription
is enhanced during a period when growth conditions are not ideal and B. subtilis is triggering
several mechanisms which will allow survival (sporulation, competence development, biofilm
formation, cannibalism), we may speculate that Abn2 represents a probing enzyme responsible
for searching new carbon sources before cells irreversibly initiate the sporulation process. A
scavenging role for other B. subtilis extracellular enzymes has been previously proposed, such
as amylase, also synthesized at the end of vegetative growth and under the control of a temporal
regulation mechanism (Ferrari et al., 1993). Further supporting the exploratory role of Abn2, the
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expression of abnA during exponential growth and in the presence of arabinose, measured by
RT-gPCR, is over 100-fold higher than that for abn2 in the same conditions (data not shown).
Also, during stationary phase and in the absence of arabinose the maximum expression of abn2
is still over 10-fold lower than that of abnA during exponential growth on arabinose.

Combining all the available data, we hypothesize that in the absence of a suitable carbon
source alow amount of Abn2 is released to the medium by B. subtilis cells, so that when arabinans
become available their breakdown is rapidly initiated by Abn2. Then, when arabinose enters the
cell it binds to AraR and triggers the other genes needed for arabinose utilization, including AbnA.
At the same time, arabinose availability leads to a decrease of abn2 expression, since B. subtilis
cells are already committed to the production of another extracellular endo-a-1,5-arabinanase. In
conclusion, AbnA and Abn2, although enzymatically similar, are not functionally redundant and
their differentiated regulation mechanisms provide an ingenious strategy that allows B. subtilis to

respond efficiently to arabinose availability changes.
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The importance of the Abn2 calcium
cluster in the endo-1,5-arabinanase
activity from Bacillus subtilis
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The importance of the Abn2 calcium cluster
In the endo-1,5-arabinanase activity from

Bacillus subtilis

Abstract

Arabinanase is a glycosyl hydrolase that is able to cleave the glycosidic bonds of a-1,5-L-
arabinan, releasing arabinooligosaccharides and L-arabinose. The enzyme has two domains, an
N-terminal catalytic domain with a characteristic B-propeller fold and a C-terminal domain whose
function is unknown. A calcium ion, located near the catalytic site, serves to stabilize the N-
terminal domain, but it has also been proposed to play a key role in the enzyme mechanism. The
present work describes the structure of an inactive mutant of the wild-type enzyme (H318Q) and
in which the calcium ion has been adventitiously replaced by nickel. These structural studies,
together with functional and modelling studies, clearly support the role of the calcium ion in the

overall reaction mechanism.

Introduction

The plant cell wall is a complex composite of structural polysaccharides that represents the
most abundant source of organic molecules in the biosphere. Most of the biomass synthesized
by photosynthetic CO: fixation is stored in the plant cell wall as polymeric carbohydrates, mainly
in the form of cellulose and hemicellulose. Degradation of these plant polysaccharides is caused
by the synergistic action of several glycosyl hydrolases (GHs) produced by various
microorganisms, and is one of the key steps of the carbon cycle (Beldman et al., 1997; Shallom
and Shoham, 2003). Owing to their increased application in several biotechnological processes,
namely, enzymatic saccharification of (hemi)cellulosic biomass to fermentable sugars and
concomitant production of economically competitive biofuel (bioethanol), obtaining detailed
structural and functional knowledge of (hemi)cellulolytic enzymes together with their substrates is
an important goal for the successful understanding of the breakdown of the structural components
of plants (Saha, 2003).

Hemicellulose is a complex heterogeneous polysaccharide of pentoses (xylose and
arabinose), hexoses (mannose, glucose and galactose) and sugar acid. The xylan backbone
contains p-xylose as its basic unit, but its side groups can be replaced with hexose and sugar

acids (Bastawde, 1992). The heterogeneous nature of xylan means that it requires a variety of
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enzymes for degradation, including endoxylanases, which cleave the B-1,4 glycosidic linkage in
the xylan backbone (GH families 10 and 11), arabinofuranosidases, which remove arabinose side
chains (GH families 43, 51 and 53), B-xylosidases (GH families 3 and 43), which release xylose
from xylooligosaccharides, acetyl xylan esterases, which remove acetyl groups from the xylan
backbone, and feruloyl and ferulic acid esterases, which remove ferulic acid from xylan side
chains (Dodd and Cann, 2009).

L-arabinose, the second most abundant pentose in nature, is found in significant amounts
in branched and debranched arabinans, as well as in arabinoxylans and arabinogalactans.
Arabinoxylan has a -1,4-linked xylopyranose backbone and generally contains heterogeneous
substituents such as L-arabinose, O-acetyl ferulic acid, p-coumaric acid and 4-O-methylglucuronic
acid (Puls and Schuseil, 1993). Arabinan is an L-arabinose homoglycan present in plant tissues
and is generally associated with pectins. This polysaccharide is composed of a-1,5-linked -
arabinofuranosyl units, some of which are substituted with a-1,3- and a-1,2-linked chains of -
arabinofuranosyl residues (Beldman et al., 1997). The two major enzyme families that hydrolyze
arabinan are a-L-arabinofuranosidases (AFs, EC 3.2.1.55) and endo-1,5-a-L-arabinanases
(ABNs, EC 3.2.1.99). a-L-arabinofuranosidases remove arabinose side chains, allowing ABNs to
attack the glycosidic bonds of the arabinan backbone, releasing a mixture of
arabinooligosaccharides and L-arabinose as the products of the reaction. Arabinanases have
several applications, in particular in the food industry and nutritional medical research (Beldman
et al., 1997).

The Gram-positive bacterium Bacillus subtilis participates in the enzymatic dissolution of
plant biomass in the soil. Thus, it is able to synthesize a large variety of GHs capable of
depolymerizing plant cell wall polysaccharides, including two extracellular ABNs belonging to GH
family 43 (Coutinho and Henrissat, 1999), AbnA and Abn2, that hydrolyze sugar beet arabinan,
linear a-1,5-L-arabinan and pectin (Inacio and S&-Nogueira, 2008). Previous studies describing
the detailed structural and functional characterization of Abn2 showed that this enzyme comprises
443 amino acids organized into two different domains, an N-terminal catalytic domain with the
common B-propeller fold observed in the other ABNs and a C-terminal domain with a B-barrel
configuration (de Sanctis et al., 2010). The active site includes three essential carboxylate
residues. Two of these, D38 and E224, are directly involved in the enzymatic mechanism, and a
third, D171, has been proposed to influence the protonation state of the other two (Pons et al.,
2004). Located approximately 6.5 A from the catalytic site, a calcium cluster has also been
identified, and it may have a functional role (de Sanctis et al., 2010). In this article, aiming to
further clarify the role of the calcium metal center, the enzymatic and structural characterization
of an Abn2 inactive mutant (H318Q) is reported and this structure together with simulations of
equilibrium protonation unveils the role and importance of this metal center for the enzymatic

mechanism of these types of enzymes.
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Materials and Methods
Preparation of recombinant arabinanase

E. coli BL21 (DE3) pLysS (Studier et al., 1990) was used as the host for recombinant
protein expression. E. coli strains harboring the desired plasmids for the overproduction of the
recombinant wild-type Abn2 (In&cio and S&-Nogueira, 2008) or the H318Q mutant (de Sanctis et
al., 2010) were grown at 37°C and 150 rpm, for 18 hours, in liquid Luria-Bertani (LB) medium
(Miller, 1972) supplemented with solutions for auto-induction (Studier, 2005), with the addition of
chloramphenicol (25 pg.mL?t) and kanamycin (20 pg.mL?). Cells were harvested by centrifugation
for 10 minutes at 8000g and 4°C. All subsequent steps were performed at 4°C. The periplasmic
protein fraction (PPF) was prepared by osmotic shock as described previously (Leal and Sa-
Nogueira, 2004). The PPF was loaded onto a 1 mL Hitrap™ Chelating HP column (GE Healthcare
Life Sciences) and the bound proteins were eluted with a discontinuous gradient of imidazole.
Fractions in which recombinant Abn2 was more than 95% pure were dialyzed overnight against
Storage buffer (20 mM sodium phosphate, 62.5 mM NaCl and 10% glycerol, pH 7.4) and then

frozen in liquid nitrogen and kept at -80°C until further use.

Enzyme activity assays

The source of the enzyme was purified arabinanases (Abn2-Hiss or Abn2*H318Q-Hiss).
Enzyme activity was assayed in a mixture containing 0.5% (w/v) sugar beet Arabinan (Megazyme
International Ireland) in 25 mM bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane (Bis-Tris)
buffer, pH 6.6, with incubation for 30 minutes at 37°C. The reducing sugar content after hydrolysis
was determined according to the Nelson-Somogyi method (Somogyi, 1952), with L-arabinose as
standard. One unit of activity was defined as the amount of enzyme that produces 1 pmol of
arabinose equivalents per minute. The enzyme activity towards sugar beet Arabinan was
determined by measuring the initial rates obtained from the linear portion of the progress curve
and was expressed in units per milligram of protein. Enzymatic activity was also determined after
incubation, for 30 minutes at 4°C, with 10 mM EDTA and/or EGTA and 20 mM calcium chloride,

nickel chloride, manganese chloride or magnesium chloride, using the same conditions.

Crystallization and data collection

Crystals of the H318Q protein were obtained with a protein concentration of 14 mg.mL™?,
using the vapor diffusion method and as crystallization conditions 10 mM NiClz, 100 mM
tris(hydroxymethyl)aminomethane—HCI, pH 8.5, and 20% PEG 2000 monomethyl ether. Data
collection was performed at the European Synchrotron Radiation Facility (Grenoble, France), and
the data were integrated using IMOSFLM (Battye et al., 2011) and scaled using SCALA (Evans,
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2006). H318Q crystals belong to the monoclinic space group P2i, with one molecule per
asymmetric unit. Data collection statistics are listed in Table 6.1.

Table 6.1 — Data collection statistics for Abn2 H318Q.

Beam line at the European Synchrotron Radiation Facility ID14-EH4
Wavelength (A) 0.95
Detector ADSC Q315r
Distance between detector and crystal (mm) 299
Resolution (A) 1.9
Space group P2;
Cell parameters —a, b, ¢ (A) 51.2, 76.5, 58.1
Cell parameters —a, B, y (°) 90, 112.6, 90
Number of unique hkl 31,885 (4,339)
Completeness (%) 97.7 (91.6)
Mean I, o(l) 12.6 (3.7)
Rmerge 0.051 (0.287)
Multiplicity 3.1(2.6)

Values in parentheses refer to the highest-resolution shell (1.90-2.00 A).

Structure determination and refinement

The crystal structure of the H318Q mutant protein was solved by the molecular replacement
method, using the program PHASER (McCoy et al., 2007) and the coordinates of the native
protein (Protein Data Bank ID 2X8F; de Sanctis et al., 2010) without the solvent molecules, as
the search model. Iterative model building and refinement were performed using the programs
COOT (Emsley and Cowtan, 2004) and PHENIX (Adams et al., 2010), respectively.

Table 6.2 — Refinement statistics for Abn2 H318Q.

Atoms 3507
Ligand atoms 9

Water molecules 306

Protein residues 443

Final R factor (%) 17.10

Final free R factor (%)?2 21.40

Mean B values (A2) — Wilson B 26.13

Mean B values (A2) — Protein 33.10

Mean B values (A2) - Solvent 36.30

Mean B values (A?) - Ligands 27.80

Distance and angle deviations — Bond distances (A) 0.005

Distance and angle deviations — Bond angles (A) 0.93

Distance and angle deviations — Ramachandran favoured (%) 97.3
Distance and angle deviations — Ramachandran outliers (%) 0.2

& Calculated with 5% of reflections excluded from refinement; Coordinates were deposited in the Protein Data Bank under
the ID code 4COT.
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The program PHENIX was used to refine atomic coordinates together with individual
isotropic atomic displacement parameters. TLS thermal anisotropic parameterization was also
included in the final stages of refinement, with each molecule divided into six TLS groups, as
suggested by TLS Motion Determination (Painter and Merritt, 2005; Winn et al., 2001). Structure
refinement statistics and details regarding the quality of the final structural model are listed in
Table 6.2. Figures were drawn with PyMOL (DeLano, 2002).

Theoretical calculations

The equilibrium protonation of ionizable groups in Abn2 and mutants (the X-ray structures
were used for the wild type, H318A and H318Q mutants, whereas the mutants D38A, D171A, and
E224A were done in silico) was simulated using a combination of continuum electrostatic and
Monte Carlo methods, as described elsewhere (Baptista and Soares, 2001; Teixeira et al., 2002;
Teixeira et al., 2005). The continuum electrostatic calculations were done with the package
MEAD, version 2.2.0 (Bashford and Gerwert, 1992), and the Monte Carlo simulations were done
with PETIT, version 1.3 (Baptista and Soares, 2001; Teixeira et al., 2002). Details of these
calculations can be found in the electronic supplementary material. Briefly, these calculations take
into account the whole structure of the protein to generate, with atomic detail, a low dielectric
region corresponding to the protein, which is then immersed in a high dielectric region mimicking
water. Partial charges are positioned at the atomic positions reflecting the charge distribution of
the protein molecule and the charge distribution of the included ions. For ionizable groups of the
protein, these charges reflect either the protonated or the deprotonated states (including
tautomeric arrangements of protons), and the electrostatic interactions of these states are
precalculated by solving the linear Poisson-Boltzmann equation of the system using a finite-
difference method. The energies obtained are then used to sample ionizable states using a Monte
Carlo procedure that accounts for the joint equilibrium protonation of the different ionizable groups
at a given pH value. These calculations reflect, in a physically realistic way, the interactions
between charges in the protein (including ions) and the solvation effect generated by the protein

and the surrounding water.

Results

The crystal structure of the H318Q mutant

The three-dimensional structure of the H318Q mutant shows an overall fold very similar to
that of the native Abn2, divided in two domains, an N-terminal catalytic domain with the
characteristic p-propeller fold and a C-terminal domain with a distorted B-barrel configuration (de
Sanctis et al., 2010) (Figure 6.1a). The major difference observed is close to the active site. In
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the native Abn2, a calcium cluster (Figure 6.1b) is observed approximately 6.5 A from the catalytic
residues (de Sanctis et al., 2010), whereas in the H318Q mutant a nickel cluster is observed
instead (Figure 6.1c). In this case, the nickel is coordinated by two protein residues, Q318 and
H173. To coordinate the nickel ion, H173 adopts a different rotamer pointing towards the metal
cluster, whereas in the wild-type enzyme this histidine residue is facing a sodium cluster that is
located further down in the solvent channel.

Figure 6.1 — Close-up view of the metal cluster in wild-type and mutant Abn2. a) Structural
superposition of the H318Q mutant (gray) with wild-type Abn2 (Protein Data Bank ID 2X8F) (blue).
Superposition of the Ca trace of Abn2 H318Q (Protein Data Bank ID 4COT) with the Ca trace of wild-type
Abn2 (Protein Data Bank ID 2X8F) — root mean square deviation value of 0.37 A for 442 Ca pairs. b) Close-
up view of the active site in native Abn2. c) Close-up view of the metal cluster site in the H318Q mutant
enzyme. d) Close-up view of the metal cluster site in the H318A mutant enzyme. TRS
tris(hydroxymethyl)aminomethane.
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In the mutant enzyme this sodium cluster, which seems to be an artefact of the
crystallization conditions, is no longer observed and H173 turns to the other side, coordinating
the nickel ion. The rest of the octahedral coordination sphere is made by the water molecules,
similarly to what is observed for the calcium cluster in the native enzyme (Figure 6.1b, c). In the
same way, a tris(hydroxymethyl)aminomethane molecule was modelled in the -1 subsite, within
the hydrogen-bond distance of the catalytic carboxylates. To confirm the presence of the nickel
in the crystal structure, X-ray emission spectra of the H318Q crystal and the mutant protein
solution were obtained prior to data collection (see Supplementary Figure 3 in Annexes). The
spectra clearly show the presence of nickel in the H318Q mutant crystal and its absence from the
protein solution. The spectra also show that calcium is absent in both situations, whereas it was
present in the spectrum of native Abn2 (de Sanctis et al., 2010).

Enzymatic assays using different metal ions

Enzymatic assays were performed with samples of the native Abn2 and the H318Q mutant.
Native Abn2 was incubated with EGTA and EDTA in order to completely remove the calcium
content and was then incubated for 30 minutes with several ions prior to the assay being
performed (Table 6.3). In addition, this sample was incubated with the same metals, without
previous treatment with any chelating agent. The H318Q mutant protein was incubated with

calcium and nickel and tested for its enzymatic activity.

Table 6.3 — Role of metal ion binding in the catalytic activity of wild-type Abn2 and H318Q mutant of
Abn2.

Activity ¢ (U.mg1)

Abn2a 19.47+2.08

Abn2 + 10 mM EGTA? 2.65+0.41

Abn2 + 10 mM EDTA? 0.20+0.01

Abn2 +20 mM CaClz® 20.57+3.21

Abn2 + 20 mM NiCl2® 31.28+0.96

Abn2 +20 mM MnClz® 32.76x1.11

Abn2 +20 mM MgClz® 19.63+4.19

Abn2 +10 mM EGTA + 20 mM CaClz® 21.96+0.82
Abn2 +10 mM EGTA + 20 mM NiClz® 25.73+0.62
Abn2 + 10 mM EGTA + 20 mM MnClz® 35.49+0.66
Abn2 + 10 mM EGTA + 20 mM MgCl2P 3.23+0.64
Abn2 (H318Q)? No activity

Abn2 (H318Q) + 20 mM CacCl, 2 No activity
Abn2 (H318Q) + 20 mM NiClz2 No activity

@ Abn2 was incubated for 30 minutes on ice prior to the assay.
® Abn2 was incubated for an additional 30 minutes on addition of CaClz, NiClz, MnCl, or MgClz.

¢ Activity is the average of three independent assays with the respective standard deviation.

125



Chapter VI

Table 6.3 illustrates that either EGTA or EDTA is able to remove the calcium from both

protein samples. Furthermore, it is also clear from these assays that magnesium is not able to

replace calcium efficiently, having no effect on the activity of the enzyme when added to it.

However, the nickel ion allows the enzyme to fully recover its efficiency and even become slightly

more active when it is incubated with nickel (Table 6.3). Furthermore, the addition of manganese

chloride, with or without a previous incubation with EGTA for calcium removal, has a similar effect

in the recovery of the enzymatic activity to that observed when nickel is added. On the other hand,

the H318Q mutant enzyme is not able to recover its activity when it is incubated with any of the

metal ions chosen (Table 6.3).

Theoretical calculations

Simulations of the protonation equilibria of all titratable groups in the protein were

undertaken in the native enzyme, with the aim of analyzing the actual protonation characteristics

of the essential acidic groups of the active site. The titration behavior of the three essential acids

can be found in Figure 6.2.
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Figure 6.2 — Simulation of the pH titration of D38 (a), D171 (b) and E224 (c). Black lines correspond to
the simulation of the wild-type protein and red lines correspond to the simulation of the wild-type protein but

without the calcium ion (while keeping
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The importance of a calcium cluster for the activity of Abn2

The simulation results with the wild-type structure show that D38 is mostly deprotonated
over the pH range analyzed (and specifically at pH 6.5, where the enzyme displays the maximum
activity), therefore being available to function as the general base. In contrast, the protonation
behavior of E224 shows that it can function as a general acid, since it has considerable
protonation at pH 6.5 (approximately 0.42), being able to provide protons to the substrate. Finally,
the titration behavior of D171 is quite abnormal, with a long and nonstandard titration curve,
evidence that it is substantially coupled with the other acidic groups. In fact, all these groups are
substantially coupled, with the most important result being the extended and increased
protonation of E224. In silico mutants of these three residues, one at a time, show that the D171A
mutation yields an almost normal titration curve for E224 (data not shown), presumably reducing
the catalytic activity, as seen experimentally for this mutant (de Sanctis et al., 2010).

a) b)
Titration of D38 Titration of D171
1.0 1.0
—Wild type — Wil
—H318A 09 | i ype
—H318Q [ H318Q

206 |
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pH

Figure 6.3 — Simulation of the pH titration of D38 (a), D171 (b) and E224 (c) in the wild-type Abn2
(black) and in the H318A (red) and H318Q (green) mutants.

Similar protonation equilibrium simulations were then performed in the absence of the
calcium ion. The results are also shown in Figure 6.2. The effect on D38 is not very noticeable,
but the effect on D171 and E224 is quite significant. D171 becomes substantially protonated at
pH 6.5 (0.42 versus 0.06 in the wild type), whereas the equilibrium protonation of E224 is reduced
(0.36 versus 0.42 in the wild-type). To evaluate the effect induced by mutations performed in
H318, simulations of the equilibrium protonation were also done on the mutant enzymes (H318A

and H318Q). The results are shown in Figure 6.3, and are compared with the results for the wild-
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type. As can be seen, the major effect of the mutations (and associated conformational changes)
at pH 6.5 is on the titration of E224. The mutants have opposite effects: H318A generates lower
protonation of E224 (0.30 versus 0.42 in the wild type), whereas H318Q generates greater
protonation (0.63).

Discussion

The biochemical and structural characterization of the native ABN (Abn2) from B. subtilis
and of two mutant enzymes, H318A and D171A, has been previously undertaken in our
laboratory. de Sanctis et al. (2010) have shown that Abn2 has a three-dimensional fold somewhat
different from that in other arabinanases in GH family 43. In addition to the common catalytic
domain comprising the characteristic B-propeller fold, there is an extra C-terminal domain whose
precise function is yet to be determined. Furthermore, these studies showed the presence of a
calcium cluster (rather than a chlorine ion as originally proposed by Nurizzo et al., 2002) close to
the catalytic site, which seems to be important not only for the overall stability of the enzyme, but
also for the enzyme activity. With the specific objective of clarifying the role of this calcium cluster,
the biochemical and structural characterization of a second mutant of H318 (H318Q) was
performed. When the histidine residue that coordinates the calcium ion is mutated into an alanine,
the calcium cluster close to the catalytic site is still observed and the catalytic efficiency of the
mutant enzyme is significantly reduced (de Sanctis et al., 2010), but not entirely lost. The H318A
mutant shows essentially the same structure as that of the native enzyme, and the mutation does
not unduly disrupt the cluster; the calcium ion coordination is maintained by an extra water
molecule that is positioned where NE2 of the histidine imidazole ring is found in the native enzyme
(de Sanctis et al., 2010) (Figure 6.1d). On the other hand, when the histidine residue is mutated
into a glutamine (H318Q), the mutant enzyme does not show any measurable activity, as reported
previously (de Sanctis et al., 2010) (Table 6.3). The structure showed that although the three-
dimensional fold of the mutant enzyme is maintained similar to that in the native Abn2, the calcium
cluster is no longer observed near the active site (Figure 6.1b); instead, it appears that the calcium
cluster is replaced by one containing nickel (Figure 6.1c). In fact, whereas the H318A and native
Abn2 crystals appear from the same crystallization conditions, good diffracting crystals of the
H318Q mutant only appear in the presence of 0.01 M NiClz. X-ray emission spectra clearly show
that only the H318Q crystals have the metal present (see Supplementary Figure 3 in Annexes).
These results not only corroborate the fact that in solution the mutant enzyme does not have the
calcium cluster, or any other metal cluster, but also indicate that the lack of enzymatic activity
observed for the H318Q mutant enzyme is associated with the absence of this metal cluster.
Indeed, a few cases in GH family 43 where the presence of a divalent metal center has stimulated
an increase in the enzyme efficiency have already been reported (Jordan et al., 2013; Lee et al.,
2013; Morais et al., 2012). To understand if any divalent cation could have a similar effect on the

enzyme activity, enzymatic assays were performed with the native and H318Q mutant enzymes,
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using other divalent cations as described above (Table 6.3). The results clearly show that the
native enzyme is able to regain its full activity when incubated with calcium, nickel or manganese
(Table 6.3), whereas in the presence of magnesium such recovery is not observed. In addition, it
is also shown that the H318Q mutant, which in solution does not show any metal cluster (see
Supplementary Figure 3 in Annexes), is not able to recover its activity when soaked with either
calcium or nickel (Table 6.3). These results are in agreement with the dramatic decrease in the
enzyme activity while maintaining the calcium cluster that was observed previously for the H318A
mutant (de Sanctis et al., 2010) (Figure 6.1d), suggesting that in the mutant structures besides
the metal cluster, other functional key determinants were affected. Furthermore, the results
obtained when the enzyme was incubated with Mg?* were also unexpected, as the enzyme shows
similar activity when incubated with other divalent metal ions (Table 6.3). Moreover, previous
studies performed by Lee et al. (2013) with a B-xylosidase from the same family (GH family 43)
of enzymes revealed a similar enzymatic activity when the B-xylosidase was incubated with either
calcium or magnesium. Therefore, it was expected that a fully active enzyme would be produced
when Abn2 was incubated with magnesium. However, this was not observed (Table 6.3). These
findings seem to suggest that with Abn2 there are other key determinants influencing the enzyme
activity. Most likely, in the case of magnesium, the coordination sphere adopted by the calcium

cluster in Abn2 is not efficient for binding and stabilizing the magnesium.

The actual protonation characteristics of catalytic residues in the native enzyme and mutant
enzymes were also calculated by simulating the protonation equilibria of all titratable groups in
the presence and absence of the metal cluster. Altogether, these simulation results support the
role of D171 in the modulation of the titration behavior of the catalytic site, especially of E224, by
keeping it substantially protonated and allowing it to work as a general acid in the mechanism.
On the other hand, when the calcium was removed from the calculations, a substantial change in
the intrinsic characteristics of D171 and E224 was observed (Figure 6.2). D171 becomes
substantially protonated at pH 6.5 and the equilibrium protonation of E224 is reduced and
consequently its capacity to give a proton to the leaving aglycon is reduced. This may explain the
inactivation of the enzyme upon calcium removal with EGTA and EDTA. Additionally, the effect
of calcium removal simulated here is mostly electrostatic owing to the intrinsic nature of the
continuum electrostatic/Monte Carlo calculations; neighboring groups feel the absence of this
strong electrostatic interaction with a +2 charge. Similar results would be obtained if the ion were
Ni%*, given that it has the same charge. This may explain the catalytic activity evidenced with the
Ni2*-soaked enzyme (Table 6.3). Surprisingly, the H318A and H318Q mutant enzymes show a
much reduced (de Sanctis et al., 2010) or no activity (Table 6.3), respectively; this is observed in
the presence of the metal center. Could these differences be related to the conformational
changes (Figure 6.1b, c) observed for both mutant structures? Indeed, the calculations show that
despite a divalent ion being kept in the active site, different proton transfer behaviors are
generated in the catalytic carboxylates (Figure 6.3), which may lead to different catalytic

efficiencies of the enzymes, as observed experimentally.
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Overall, the present studies show that a divalent metal cluster is needed in the native
protein, close to the active site, to guarantee the correct protonation state of the catalytic residues
and consequently the enzyme activity. Furthermore, the results, both for the native protein and
for the mutants, suggest that a correct configuration of the binding pocket and of the active-site

geometry is also needed in order to optimize enzyme efficiency.
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Concluding Remarks

For the past 250 years, since the dawn of the industrial revolution in the 1760s, the demand
for energy and fuel has increased exponentially, and those needs have been met mostly through
the use of finite reserves of fossil fuels. First coal, to fuel steam-powered machines and
transportation systems, and later oil to further supply transportation demands and also for the
production of plastics, pharmaceuticals, fertilizers and various chemical reagents. The emergence
of new economic superpowers, such as China, India or Brazil, in the second half of the 20"
century, has contributed even further to increase this energy demand. Consequently, there have
been a series of negative environmental impacts, namely oil spills and increased emissions of
greenhouse gases, such as COz, and other air pollutants. In addition to environmental concerns,
recent economy-damaging fluctuations in oil prices and the finite nature of fossil fuels have driven
many researchers to develop and improve alternative and sustainable energy sources
(Dellomonaco et al., 2010).

Biofuels, such as bioethanol, are one of the short-term alternatives for the substitution of
oil-based fuels. First generation biofuels were easily obtained from crop foods, such as maize and
soybeans, and had attractive production costs, but led to direct competition between food and
energy, ultimately increasing the price of food. Additionally, first generation biofuels could actually
have a positive net contribution in CO2 emissions, i.e., emissions from their production and
combustion were higher than the total amount of CO2 captured by the original crops (Yuan et al.,
2008). This led to the development of second generation biofuels, from the fermentation of sugars
available from lignocellulosic biomass and agricultural waste products, which have an estimated
negative net contribution in CO2 emissions but are so far unprofitable due to high production costs
(Yuan et al., 2008). High production costs are mainly derived from the increased complexity of
non-cellulosic polysaccharides composing cell walls of lignocellulosic plants — when compared to
the less complex starch available from maize or sucrose from sugarcane — which complicates the

sugar fermentation process.

In order to improve the bioethanol yield by ethanologenic bacteria and yeasts from
lignocellulosic biomass, two main strategies are being applied: modification of plant cell wall
biosynthesis to lower its lignin content or modify its structure, consequently reducing cell wall
recalcitrance to enzymatic degradation (Pauly and Keegstra, 2010; Kalluri et al., 2014; Loqué et
al., 2015); and improving the saccharification potential of ethanologenic microorganisms through
the release of multiple enzymes capable of completely hydrolyzing plant cell wall polysaccharides
(van Maris et al., 2006; Edwards and Doran-Peterson, 2012). For the success of this second
strategy, it is of critical importance to understand 1) how the concerted action of several glycosyl
hydrolases contributes to the complete breakdown of plant cell wall polysaccharides, 2) how cells

are able to uptake mono and oligosaccharides, and 3) how sugars are metabolized by different
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organisms. Although research in polysaccharide utilization may be mainly driven by the biofuels
industry, many of the obtained results concerning carbohydrate-degrading enzymes and sugar
transport systems may be of high relevance for clinical purposes. For example, some pathogenic
bacteria, such as Streptococcus spp., have highly evolved and concerted mechanisms for the
uptake and utilization of carbohydrates that allow their proliferation in sugar-rich environments
(Webb et al., 2008; Marion et al., 2011). The work presented in this thesis mainly addresses
Bacillus subtilis oligosaccharide uptake via ABC-type importers (Chapter I, Chapter 11l and
Chapter 1V), and regulation and enzymatic activity of a B. subtilis glycosyl hydrolase involved in

arabinan breakdown (Chapter V and Chapter VI).

It had been previously suggested by Quentin et al. (1999) that at least seven ABC-type
importers encoded in the genome of B. subtilis, and which were lacking a NBD encoded in their
vicinity, could be energized by a single shared ATPase, MsmX or YurJ, two orphan genes located
in different regions of the genome. Additionally, a single ATPase, MsiK (with 55% identity to
MsmX; Hurtubise et al., 1995), was shown to be involved in the uptake of cellobiose, xylobiose
and maltose by Streptomyces lividans, being the NBD responsible for energizing the three
independent systems (Hurtubise et al., 1995; Schldsser et al., 1997). In B. subtilis, it was shown
that a maltodextrin-specific ABC importer was energized by MsmX (Schdnert et al., 2006). The
work presented in Chapter Il — most of which published in Ferreira and Sa-Nogueira, 2010 — and
Chapter Il confirms that MsmX is the ATPase responsible for energizing the uptake of arabino-
and galactooligosaccharides by B. subtilis. Additionally, MsmX is also implicated in the utilization
of pectin, polygalacturonan and rhamnogalacturonan, which indicates that it is likely to be the
energizing component of systems dedicated to the transport of galacturonic acid oligomers and/or
rhamnose-galacturonic acid disaccharides. MsmX is thus confirmed as the multipurpose ATPase
capable of energizing the uptake of most of the major oligosaccharides resulting from the
breakdown of plant cell wall polysaccharides. Although we show that a second ATPase encoded
in the B. subtilis genome, YurJ, is capable of functionally replacing MsmX when placed in a
different locus, this protein is not present in vivo in any of the conditions tested in the wild-type
strain of B. subtilis. The gene encoding this ATPase was shown to be transcribed but an
unidentified post-transcriptional regulation mechanism must be responsible for the absence of

protein.

Additionally, we also identified the AraNPQ, CycB-GanPQ, YesOPQ and YtcQP-YteQ
transporters as the MsmX-dependent systems involved in the uptake of these sugars. An ABC
system devoted to the uptake of xylooligosaccharides has thus far not been identified in B. subtilis,
but such a system was characterized in Geobacillus stearothermophilus (Shulami et al., 2014). It
is thus possible that an ABC-type importer for xylose oligomers also exists in B. subtilis. More
recently, in Streptococcus pneumoniae, MsmK was shown to be a shared ATPase for the sialic
acid, raffinose, maltodextrins, and fructooligosaccharide transporters (Marion et al., 2011; Linke
et al., 2013). Likewise, a shared ATPase has also been proposed in Clostridium phytofermentans

(Petit et al., 2015). The continued increase of reports showing that several species share a single
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NBD for most ABC systems involved in sugar uptake suggests that this is a rather common feature
in most polysaccharide-utilizing bacteria. Having a single ATPase shared between several
systems that ultimately serve the same purpose, which is the uptake of a carbon and energy
source, is an ingenious strategy that allows cells to rapidly respond to the simultaneous availability
of multiple sugars. At the same time, this strategy avoids the burden of having to synthesize
several ATP-hydrolyzing proteins in a short period of time, which could be very demanding for the
cellular machinery responsible for transcription and translation, and could increase cytoplasmic
ATP hydrolysis unrelated to substrate uptake. To better understand how some ABC ATPases are
able to interact with multiple transporters while others are specific for a single system, important
amino acids for the interactions between MsmX and TMDs from importers energized by it must
be identified. Complementation assays with heterologous ATPases and the determination of the
crystal structure of MsmX are currently underway and will contribute for the identification of

important residues.

Here, in Chapter IV, we also show how arabinooligosaccharides are recognized by AraN,
the SBP of the AraNPQ system. Our results suggest that recognition and binding of arabinose
oligomersis initially made by only one of the two lobes of AraN and show that a tryptophan residue
in that lobe is critical for substrate binding. In contrast with most SBPs from ABC-type sugar
importers, which display a very high affinity to their substrates, the affinity of AraN towards
arabinooligosaccharides is considerably low. The AraN-sugar interactions displayed a Kq4 about
100-fold higher than that reported for other ABC-type SBPs. This, however, is not shown here for
the first time in B. subtilis. Similar affinities were determined for the interactions between the SBP
CycB and cyclodextrins (Kamionka and Dahl, 2001), but it is not clear that CycB is actually
involved in the uptake of these substrates. In fact, our results show that CycB is implicated in the
transport of galactooligosaccharides. Also, in addition to arabinooligosaccharides, AraN was
shown to bind cello-, xylo- and maltooligosaccharides with a similar affinity, although in a different
site within the binding pocket, but uptake of these carbohydrates is not dependent on this SBP.
Simultaneous binding of arabinose oligomers and cellodextrins was observed. We hypothesize
that when cellodextrins are available they bind to a second site in the AraN binding pocket without
blocking the binding site for arabinooligosaccharides. As a consequence, the binding of two
molecules prevents AraN from changing to its closed conformation and triggering the mechanism
for uptake of arabinose oligomers. Since AraN also binds maltodextrins, it is possible that a similar
mechanism can also be mediated by these substrates, which are, like cellodextrins, rich in
glucose. Therefore, the determination of the crystal structure of AraN, which is currently
underway, would be of major significance to understand how this protein binds
arabinooligosaccharides and also how the binding of other sugars might be involved in controlling

the uptake of arabinose oligomers.

In order to understand why B. subtilis possesses two extracellular endo-arabinanases,
AbnA and Abn2 presenting similar activity towards the same substrates, the mechanisms that
regulate abn2 expression were investigated. Preliminary results, presented in Chapter V, show
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that abn2 is apparently expressed constitutively at low levels during vegetative growth and that
an increased expression is observed during post-exponential growth and in stationary phase. In
addition, a decrease in abn2 expression in the presence of arabinose was also observed. Since
abnA isinduced by the presence of this sugar, arabinose-mediated repression of abn2 might work
as a mechanism to prevent the parallel overexpression of two functionally similar enzymes. The
major transition state regulator AbrB is directly implicated in repression of abn2 during exponential
growth phase through binding to a putative AbrB-binding site and preventing transcription
elongation. The major sporulation regulator, SpoOA, is also indirectly involved in the regulation of
abn2 since it represses the abrB gene after being phosphorylated during the transition from
vegetative growth to stationary phase. These results led us to hypothesize a scavenging role for
Abn2, i.e., being constitutively expressed at low levels in the absence of a suitable carbon source
this arabinanse would allow an immediate response to the availability of arabinose-containing
polysaccharides. This way, arabinose and arabinose oligomers would be rapidly released and
used by B. subtilis cells. At the same time cells would increase production of one arabinanase
(AbnA) and repress the other (Abn2). Upon arabinose depletion, and if no other suitable carbon
source is available to maintain exponential cell growth, abn2 is again expressed at higher levels
in an attempt to obtain a new carbon source before cells commit to the sporulation process.
Further work is needed to better understand the role of Abn2, including the construction of spoOH
mutants, and to identify the mechanisms by which arabinose is able to repress the expression of
abn2.

In Chapter VI (published in McVey et al., 2014), the enzymatic activity of Abn2 was shown
to be dependent on a calcium cluster close to the catalytic site of the enzyme. This cluster is not
only important for the overall enzyme stability, but also critical for its catalytic activity. Even though
this cluster has been observed in crystal structures of Abn2 and is critical for enzyme activity, we
also show that after removal of calcium ions, two divalent metallic ions, nickel and manganese,
were capable of fully restoring endo-arabinanase activity. Further supporting the critical role of
this cluster in enzyme activity, a mutant version of the protein which displays no detectable endo-

arabinanase activity, was shown to lack a metal cluster.
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Supplementary Figure 1 — Secondary structure prediction of the yurJ transcript from the copy of the
geneinserted in the amyE locus of the chromosome and under control of an IPTG-inducible promoter
in strain 1QB642. A) This putative structure has a higher free energy change (-5.0 Kcal.mol') when
compared to that observed for the wild-type strain and base-pairing probability is considerably low. The
secondary  structure  prediction was obtained using the online tool RNAstructure
(http://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predictl/Predictl.html; Mathews, 2006) and
base-pair positions indicated are relative to translation initiation. The probability for base-pairing or unpairing
indicated. B) Promoter region of the yurJ gene in strain IQB642. The yurJ ORF (cyan), the ribosome-binding
site (RBS, orange), the Phyper-spank promoter (white, with the -10 and -35 boxes signaled in gray), the lac
operator (blue) and the sequence used for hairpin prediction (green) are highlighted.
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Supplementary Figure 2 — Sequence alignment of three ABC-type ATPases. The sequence alignments
were obtained with the online tool Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). The amino acid
sequences of MalK from E. coli, and MsmX and OpuAA from B. subtilis were used. Green lines identify
residues of MalK involved in the interactions with the TMDs of the E. coli maltose transporter and that can
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also be involved in the interactions between MsmX and the systems it energizes in B. subtilis.
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Supplementary Figure 3 — X-ray emission spectra of a) H318Q crystals and of b) H318Q protein

solution.
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