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Abstract

ATP-binding cassette (ABC) transporters are a family of membrane translocators ubiquitous to
all domains of life. This supergroup is divided into importers and exporters, and both share a structure
of two Nucleotide-Binding Domains (NBDs), responsible for the binding and hydrolysis of ATP and
consequently powering the conformational changes in the two Transmembrane Domains (TMDs), that
form the translocation pore. In the case of ABC type | importers, there is also a substrate-binding protein
(SBP), responsible for the binding of substrate and its delivery to the TMDs. This subfamily of ABC
transporters has been only identified in bacteria and plants, having an important part in pathogenesis
and survival. Lately, several studies have shown the existence of a group of multitask ATPases, found
in the Firmicutes phylum, capable of energizing several sugar transport systems. Intra- and inter-species
exchangeability and exchangeability beyond the phylum were also found to be a characteristic of these
multitask NBDs. To identify signature motifs associated with the multitasking ability of some NBDs,
the AraNPQ-MsmX system of Bacillus subtilis was used as a model. A collection of mutant TMDs,
AraP and AraQ was constructed by targeting several conserved residues in the EAA motifs and in the
C-terminal tail of AraQ. Using the Bacterial Adenylate Cyclase Two-Hybrid (BACTH) system, the
effect of these mutations on interaction with the NBD MsmX was quantified. Our results show that all
targeted residues have different effects on MsmX-TMDs interaction, demonstrating the importance of
these conserved motifs as key contact points with this ATPase. Moreover, the BACTH system was also
used to characterize the interaction between previously identified multitask ATPases of the Firmicutes
phylum and beyond it and the AraPQ translocators. Here, a correlation between NBD-TMD interaction
measured in E. coli and the respective functionality of the complete transporter in B. subtilis was found,
establishing the BATCH system as a powerful tool to study protein-protein interactions in bacterial
ABC type | importers.

Keywords: ABC transporters, Multitask ATPases, AraNPQ-MsmX Importer, BACTH system,
Firmicutes phylum
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Resumo

Os transportadores de cassete de ligacdo de ATP (ABC) sdo uma familia de transladadores de
membrana presentes em todos os dominios da vida. Este supergrupo esté dividido em importadores e
exportadores, e ambos possuem uma estrutura constituida por dois Dominios de ligacdo a Nucledtidos
(NBD), responsaveis pela ligacdo e hidrdlise do ATP e, consequentemente, energizam as mudancgas
conformacionais dos dois Dominios Transmembranares (TMD), que formam o poro de transporte. No
caso dos importadores ABC tipo I, existe também uma proteina de ligacdo ao substrato (SBP),
responsavel pela ligacdo ao substrato e a sua entrega aos TMDs. Esta subfamilia foi apenas identificada
em bactérias e plantas, tendo um papel importante na sua patogénese e sobrevivéncia. Recentemente,
varios estudos tém demonstrado a existéncia de um grupo de ATPases multitarefa, encontradas no filo
dos Firmicutes, capazes de energizar diversos sistemas de transporte de agicar. A permutabilidade intra
e interespécie e a permutabilidade além do filo foi também encontrada nestas NBD multitarefas. De
forma a identificar motivos tipicos associados a capacidade multitarefa de alguns NBDs, 0 sistema
AraNPQ-MsmX, do organismo modelo Gram-positivo Bacillus subtilis, foi usado como modelo. Foi
construida uma colecdo de mutantes AraPQ, tendo como alvo varios residuos conservados nos motivos
EAA e na cauda C-terminal do AraQ. O efeito destas mutagdes na interagdo com MsmX foi
quantificado, usando o sistema Bacteriano de duplo hibrido baseado na enzima Adenilato Ciclase
(BACTH). Os nossos resultados mostram que todos os residuos selecionados tém diferentes efeitos na
interacdo MsmX-TMDs, demonstrando a importancia desses motivos conservados como pontos de
contacto chave com esta ATPase. Além disto, o sistema BACTH foi também usado para caracterizar a
interacdo entre varias ATPases multitarefa previamente identificadas do filo dos Firmicutes e outros e
os transladadores AraPQ. Uma correlagéo foi observada entre a interagdo NBD-TMD determinada em
E. coli e a respetiva funcionalidade de um transportador completo em B. subtilis, estabelecendo o uso
do sistema BACTH como uma ferramenta poderosa para estudar interacfes entre proteinas em

importadores bacterianos ABC do tipo I.

Keywords: Transportadores ABC, ATPases multitarefa, Importador AraNPQ-MsmX, Sistema
BACTH, Filo Firmicutes
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1. General Introduction

1.1. Transport Systems

Since the beginning of life on earth, cells rely on a variety of processes to survive. One of these
processes is the transport of matter, which occurs from the atomic scale to the macroscale (Kojic et al.
2011; Stillwell, 2016 and references therein). Since cells are separated from their environment through
physical barriers, such as lipid membrane bilayers and peptidoglycan walls, regulation and selective
transport of molecules are necessary for numerous purposes, like nutrient acquisition, metabolites
excretion and regulatory functions (Stillwell, 2016 and references therein). The membrane bilayer has
the capacity to be permeable to some simple molecules and impermeable to other more complex
molecules, such as sugars, and for that reason, the membrane bilayer is classified as semipermeable.
This characteristic allowed cells to develop a series of mechanisms of controlled transmembrane
transport, which are usually performed by specific polypeptides coupled with the membrane and
controlled by the interaction between macromolecules. As seen in Figure 1, these mechanisms are
divided into passive transport and active transport (Higgins, 1992; Stillwell, 2016).

Passive transport is the simplest process of solute translocation. It relies on the energy of the
solute’s electrochemical gradient as the only energy supply and its consequence is the solute reaching
equilibrium (Sanno et al. 1968; Stillwell, 2016). This effortless process of transport can be divided into

osmosis, the diffusion of water across a semipermeable membrane, simple passive diffusion and

®. .
L &€
%

Protein

Protein

Channel | Carrier

H Concentration

gradient

Simple Channel - Carrier -
diffusion mediated mediated

\ J\ J
| |

Passive Transport Active Transport

Figure 1. Types of membrane transport. Simple passive diffusion occurs according to gradient concentration, with the
solute crossing the membrane without any intermediate protein. In passive transport, the solute is transported across a
membrane, through channels or carrier proteins, according to gradient concentration. In active transport, solute is translocated
against gradient concentration, requiring an energy source. Channel protein is represented in violet, carrier proteins are
represented as orange and green and solute molecules are depicted as blue and green circles, triangles, and squares. Directions
of translocation are depicted as black arrow. Adapted from Stillwell, 2016.
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facilitated diffusion (Stillwell, 2016). In simple passive diffusion, a substance is translocated across the
bilayer anywhere by diffusing through the membrane, while in facilitated passive diffusion, the
molecules cross over the bilayer at specific locations, being aided by protein facilitators (Sanno et al.,
1968; Stillwell, 2016).

Active transport constitutes a more complex mechanism of solute translocation. This type of
transport requires energy, usually adenosine triphosphate (ATP), to move substrate against its
electrochemical gradient, resulting in a solute accumulation in one side of the bilayer and a chemical
and electrical gradient far from the equilibrium (Scheer, 1958). Figure 2 shows the subdivisions of
active transport, namely the division between uniport and cotransport, which can be subdivided into
symport and antiport (Scheer, 1958; Stock & Roseman, 1971; West & Mitchell, 1974; Stillwell, 2016).
The primary active transport also known as uniport allows the direct passage of substrate across the
lipid bilayer in opposition to its electrochemical gradient by utilizing ATP as an energy source. This
type of active transport is very common in bacteria, in particular the ATP-binding cassette (ABC)
transporters. The co-transport or secondary active transport comprises two functions, an
electrochemical gradient, which is formed by the movement of a solute across the membrane by
facilitated diffusion, down to its electrochemical gradient, and then linked to the passage in the same
direction of another substrate, called symport, or in the opposite direction, called antiport, against its
gradient (Crane, 1962; West & Mitchell, 1974; Stillwell, 2016).

Uniport

\Antiport Symport ]
|

Co-transport

Figure 2. Types of active transport. Uniport translocate one molecule against its electrochemical gradient, while in
cotransport, the translocation of one molecule in opposition to its electrochemical gradient is coupled to the translocation of
another molecule by facilitated diffusion. In symport, molecules are transported in the same direction and in antiport,
molecules are translocated in opposing directions. Carrier proteins are represented in green, directions of transportation are
represented as black arrows and solute molecules are depicted as red and blue squares. Adapted from Stillwell, 2016.

Another type of membrane transport is group translocation, which alters the substrate to another
product in the translocation process. The best-known example is depicted in Figure 3, the
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phosphotransferase system (PTS), that allows the uptake of extracellular sugars in bacteria using the
energy of phosphoenolpyruvate (PEP) (Werner Kundig et al., 1964; W. Kundig & Roseman, 1971; W.
Kundig, 1974; Stillwell, 2016; Jeckelmann & Erni, 2019).

This dissertation will focus on a family of active translocators, known as ATP-binding cassette
(ABC) transporters, specifically ABC type | importers in charge for the uptake of sugars in Bacteria.

Figure 3. Glucose transport by the bacterial PTS system. PEP (cyan blue) is a high energy phosphorylated compound that
provides a phosphate group (-P, red) to enzyme-I (El, green). The heat-stable protein (HPr, orange) carries the -P from El to
EIIA (blue), which transports it to the high-energy group to EIIB (Brown). This protein receives glucose from EIIC (light
brown) and phosphorylates it into glucose-6-phosphate. Adapted from Stillwell, 2016

1.2, ABC transporters

ATP-binding cassette (ABC) transporters are a family of primary active membrane translocators
that has been receiving a lot of interest over the years. This family participates in numerous processes
in prokaryotes and eukaryotes, namely in the transport of molecules, secretion, regulation, antigen
presentation, antibiotic resistance and in clinical issues (Hyde et al., 1990; Anderson et al., 1991;
Higgins, 1992; Davidson et al., 2008; Méachtel et al., 2019). Normally, these translocators are associated
with the lipidic membrane, but there is a minor group of ABC proteins related with complexes, which
participate in DNA repair, translation, and other genetic processes (Higgins, 1992; Swier et al. 2016;
Gouridis et al., 2019). This superfamily of primary active translocators is spread among all domains of
life — Eukarya, Archaea and Bacteria — and can be divided into exporters and importers (Anderson et
al., 1991; Albers et al., 1999; Ter Beek et al., 2014; Swier et al., 2016). Importers translocate molecules
from the outside of the cell (or trans-side, in case of eukaryotic cells) to the inside of the cell (or cis
side, in case of eukaryotic cells) where ATP molecules are bound and hydrolysed, while the exporters
move the substrate from the inside to the outside of the cell (Saurin et al., 1999; Rice et al., 2014; Ter
Beek et al., 2014). This movement is possible because these transporters can couple hydrolysis of a
phosphate bond between the y- and the S-phosphate of the ATP molecule to the transport of a solute
(Ter Beek et al., 2014).
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These two groups of ABC translocators have a core structure of two transmembrane domains
(TMDs), that form the translocation pore in the lipid bilayer and two cytoplasmic nucleotide-binding
domains (NBDs), accountable for the binding and hydrolysis of ATP and thus energizing the transport
(Figure 4A). These two domains can have different levels of fusion, which means they can be expressed
as individual proteins or fused together, as shown in Figure 4B (Theodoulou & Kerr, 2015). NBDs are
also the hallmark of the family, displaying a high conserved structure and sequence among all ABC
transporters. To this date, it is known that while exporters exist in all domains of life, importers are only
present in bacterial and plant cells (Higgins, 1992; Higgins & Linton, 2004; Ter Beek et al., 2014;
Theodoulou & Kerr, 2015; Swier et al., 2016).

In terms of structure and transport mechanism, ABC importers are subdivided into three groups,

type I, Il and 111 (also named Energy Coupling Factor, ECF). In bacteria, type | and Il importers are

Out
In
Importers Type | Importers Type Il ECF transporters
(Importers Type IIl)
B ABC Type | and Il Importers

p i
-’
NBDs BDs }

Importers Exporters

Figure 4. Types and Domain organization of ABC transporters. A) Four types of ABC transporters, sharing an architecture
of two NBDs (blue and cyan blue) and two TMDs (yellow and orange). In type | and type Il transporters, is also present a
substrate-binding protein (SBPs; magenta). An additional domain, C-terminal domain (CRD, green) have regulatory functions.
ECF, Energy coupling factor. From Ter Beek et al., 2014. B) Domain organization in several ABC transporters from different
organisms from Bacteria. Homodimers are represented with identical colour (green in case of TMDs and blue or orange in
case of NBDs) while heterodimers are represented with different colours (green and red in case of TMDs and blue and orange
in case of NBDs). SBP is represented in light blue. Different fusion levels are also depicted as different structures. Adapted
from Theodoulou & Kerr, 2015.



Multitask NBDs of ABC type | Importers: Characterization of protein-protein interactions

quite similar, since they depend on a substrate-binding protein (SBP), responsible for solute binding
and its delivery to transmembrane domains. These two categories also share the same nucleotide-
binding domain fold (Ter Beek et al., 2014; Tanaka et al., 2018).

Regarding the solute transport, all types of ABC transporters translocate different substrates.
Type | is responsible for translocation of small hydrophilic nutrients, such as amino acids, sugars or
ions, while type 1l is accountable for the import of metal chelates, namely, B12, heme and metals. ECF
transporters or type Il is accountable for the translocation of vitamins, metal ions; exporters usually
translocate hydrophobic compounds, such as antibiotics or drugs (Locker, 2002; Oldham et al., 2007;
Eitinger et al., 2011; Ter Beek et al., 2014; Swier et al., 2016).

In bacterial genomes, elements of ABC transporters, TMDs, NBDs and SBPs (type | and Il
transporters), are usually encoded by genes clustered together or by genes in operons, allowing a
coordinated regulation of their expression (Quentin et al., 1999; Ter Beek et al., 2014). In the genome
of Bacillus subtilis, the Gram-positive model organism, genes encoding for proteins of ABC

translocators are the most recurrent group of polypeptides coding genes (Quentin et al., 1999).

1.2.1. Transmembrane Domain (TMD)

In all four types of ABC transporters the translocation pathway is comprised of two
transmembrane domains, which are alternately available from the outside and inside of the lipid bilayer
during the translocation process, allowing uptake or excretion of substrate. In contrast with the NBDs
TMDs have low sequence similarity (Rice et al., 2014; Ter Beek et al., 2014; Swier et al., 2016).

In type | importers, regardless of low sequence homology, transmembrane domains are typically
homodimers or structurally similar heterodimers, having five transmembrane helices per domain. In
other TMDs of the same group, eight transmembrane helices were identified and in others, an additional
N-terminal helix is found to wrap around the helices of the opposing TMD and intertwine them,
comprising twelve transmembrane helices (Ter Beek et al., 2014). The translocation path is placed at
the interface between two TMDs. In the archetype system of type | translocators, the
maltose/maltodextrins importer MalEFGK from Escherichia coli, the TMD MalF has a second and
third binding sites at the centre of the bilayer, besides the binding site in their SBP, MalE (Oldham et
al., 2007; Oldham et al., 2013; Ter Beek et al., 2014; Abreu et al., 2021).

Conformational modifications in TMDs, which lead to the alternating access hypothesis for the
translocation mechanism, are induced by conformational changes in NBDs, through a coupling helix.
This helix is a small a-helix present in an intracellular extension, usually found between transmembrane
helix 3 and transmembrane helix 4 of the TMDs that is inserted into a cleft present in an ATPase
monomer, connecting NBDs to TMDs (Figure 5). A very common and conserved sequence in coupling
helices is the EAA motif, bearing the conserved sequence EAA-X(3)-G-X(9)-1-X-LP, constituting a

site of interaction with the ATPase in the Q-loop region, situated at the interface between a RecA-like
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subdomain and an a-helical subdomain (Dassa & Hofnung, 1985; Quentin et al., 1999; Steinke et al,
2001; Ter Beek et al., 2014).

Another important location for TMDs-NBDs interaction, is a C-terminal portion of a TMD. This
C-terminal segment appears to be partially inserted between ATPases dimers, interacting in the Q-loop
region (Oldham et al., 2007; Ter Beek et al., 2014).

Coupling
Helices

Figure 5. Schematic representation of TMDs and NBDs. Representation of an ABC transporter in two different
configurations: On the left is the resting state, an inward open conformation, when substrate is not bound and on the right is
the transition state, the outward open conformation, when substrate is bound. NBDs are represented in orange, while the TMDs
are coloured in green. TMDs are attached to the NBDs by a coupling helices (coloured in blue) present in the cytoplasmic
loops of the TMDs. ATP is represented in grey. Adapted from Ter Beek et al., 2014.

In type Il importers, for instance the BtuC,D3F, the vitamin B12 transporter, the translocation
pore is formed by two identical TMDs having an opposite orientation in the membrane, resulting in ten
transmembrane helices. They have analogous helical packing, and helices from an individual TMD are
tightly packed together (Rice et al., 2014; Ter Beek et al., 2014). In this class of importers, the coupling
helix is present in transmembrane helices 6 and 7. Additional interaction is also detected in type Il
importers, with an helical segment neighbouring the coupling helix responsible for interactions with
NBDs (Locker, 2002; Rice et al., 2014; Swier et al., 2016).

In type Il importers, also known as ECF-type ABC importers, the pore is composed of two
structurally and functionally unrelated TMDs. The T-component or EcfT subunit is a TMD composed
of five transmembrane helices, but some are predicted to have four to eight and is responsible for the
interaction with NBDs through two long helices in an individual intracellular region. A second TMD
binds the transported substrate with high affinity and is designated S-component. This hydrophobic
integral membrane has six transmembrane helices and, in some cases, an additional N-terminal helix.
In contrast with type | and type Il translocators, the translocation of substrate is confined to the S-
component and not present at the interface of TMDs (Eitinger et al., 2011; Rice et al., 2014; Santos et
al., 2018; Ter Beek et al., 2014).

The translocation pore of ABC exporters is formed by two identical or structurally similar TMDs,
each one consisting of six transmembrane helices. A key difference between importers and exporters is

the distance between the membrane and the NBD: in importers the two are very close whereas in
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exporters they are farther apart. The crystallized structures of exporters obtained so far show NBDs
attached to TMDs and two helices of each TMD spanning to the other TMD (Ter Beek et al., 2014).
Exporters have the most extensive additional interaction areas having two coupling helices. One is in
the cytoplasmic loop between transmembrane helices 4 and 5 and the other is present between
transmembrane helices 2 and 3, interacting with the ATPase regions that confine the nucleotide adenine
ring (Ter Beek et al., 2014).

1.2.2.Nucleotide-Binding Domain (NBD)

In every functional ABC transporter, the Nucleotide-binding domain (NBD), also called ATPase,
is present as a homo- or heterodimer having a high sequence similarity with other proteins from this
domain. These NBDs are part of a diverse group of P-loop NTPases, whose catalysis is dependent on
magnesium ions. These polypeptides comprises two subdomains: a large RecA-like domain, also
present in different proteins of P-loop ATPase family, and an a-helical domain (Higgins, 1992; Vetter
& Wittinghofer, 1999; Ter Beek et al., 2014; Swier et al., 2016). Each NBD dimer has one ATP binding
site facing each subunit and it is described that ATP binding and hydrolysis is made by highly preserved
amino acids present in motifs distinctive of this superfamily of ABC proteins. As seen in Figure 6, these
motifs comprise the Walker A and B regions, the A, Q, H and D loops and the ABC motif (Ter Beek et
al., 2014; Swier et al., 2016; Leisico et al., 2020).

v BN BNl B EI -

A-loop Walker A Q-loop ABC motif Walker A D-loop H-Switch

Figure 6. Schematic representation of the relative positions of sequence motifs in NBDs. N and C designate the N-
terminus and C-terminus, respectively. Sequence motifs in NBDs are depicted as colourful boxes. From N-terminus to C-
terminus: A-loop, green; Walker A — brown; Q-loop — cyan blue; ABC motif — light green; Walker A — yellow; D-loop — dark
blue and H-switch — cyan green. Adapted from Ter Beek et al., 2014.

Close to the N-terminal of this domain, is located the A-loop. This motif comprises an aromatic
residue that facilitates the placing of ATP by packing with the adenine ring (Ter Beek et al., 2014).
Next to this motif is located a phosphate-binding loop, known as Walker A motif or P-loop
(GXXGXGK(S/T)). It includes a highly conserved lysine residue, whose ¢-amino group and backbone
amide nitrogen create an interaction web with - and y-phosphate of ATP (Ter Beek et al., 2014). The
Q-loop exists next to the Walker A region and is comprised of an eight residues sequence with a highly
conserved glutamine at the N-terminal. This region is also placed at the interface between the a-helical
and the RecA-like subdomains. During the hydrolysis cycle, the movement of a consensus glutamine
residue in and out of the active site forms the active site when Mg-ATP is bound, interrupting it once
ATP is hydrolysed which is caused by conformational changes in this loop. This motif is also an
important interaction site with the coupling helices of TMDs (Figure 7) (Ter Beek et al., 2014). The
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hallmark of NBDs of ABC transporters is the LSGGQ motif or ABC signature motif. This motif appears
as an a-helical subdomain and is present at the N-terminal of an elongated helix that manages positive
charges of a helical dipole toward the y-phosphate of the ATP molecule. To help to coordinate the
magnesium ion, there is a conserved aspartate residue in Walker B motif (POODDE, where @
represents hydrophobic amino acids). This motif also has an acidic residue that polarizes the attacking
water molecules. Following the Walker B region, there’s the D-loop (SALD). When integrated on the
assembled transporter, the D-loops of the two monomers go alongside each other and variations in their
structure alters the architecture of the catalytic site and helps in the arrangement of the ATP hydrolysis
site. The switch region or H-loop is placed near the C-terminal of the NBD and is known by its high
consensus histidine residue, responsible for creating a hinge between an a-helix and a g-strand. This
residue interacts in the D-loop with a conserved aspartate, in Walker B with a glutamate residue and
with the y-phosphate of the ATP molecule and facilitates the placement of the general base, the attacking
water, and the magnesium ion (Ter Beek et al., 2014). In exporters, an extra motif, known as the X-
loop (TEVGERG), appears before the ABC motif and contacts with the coupling helices of both TMDs
(Figure 7) (Higgins et al., 1986; Schneider & Hunke, 1998; Daus et al., 2007; Dawson et al., 2007;
Machtel et al., 2019).

In terms of functional conformation, ATPases in ABC transporters can adopt two forms, a closed
conformation, when they are tightly packed against each other, or an open conformation, when they are
dissociated. The closed conformation is adopted upon ATP binding since each ATP molecule contacts
with both ATPases, causing the a-helical and the RecA-like subdomains within each NBD monomer to
spin toward each other, allowing the hydrolysis of the ATP molecule. Once these reactions are
completed, delivery of ADP and Pi allows NBDs to withdraw, causing a departure of the two

A-loop a-helical domain '

Regulatory C-terminal domain
Figure 7. Spatial representation of motifs and domains of an NBD. A) Different conserved motifs of MalK dimer of an
ABC transporter. From Ter Beek et al., 2014. B) Top view of MalK with the coupling helices (coloured in red) and ATP
molecules (bright green) represented. Adapted from Ter Beek et al., 2014.
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subdomains. The chemical energy released by ATP hydrolysis is converted into conformational energy,
which will be conducted to the TMDs, allowing the alternating access of the translocation path to the
two sides of the bilayer (Ter Beek et al., 2014).

1.2.3.Substrate-Binding Protein (SBP)

In bacteria, type | and Il importers require a high-affinity solute-binding protein (or a substrate-
binding protein) for a fully operational uptake system. SBPs allow specificity and higher affinity for
substances to translocation systems. In Gram-negative bacteria, for instance E. coli, SBPs are free and
soluble in the periplasm, but in Gram-positive bacteria, like the model organism B. subtilis, SBPs are
attached to the lipid bilayer through an N-terminal lipid extension (or a transmembrane peptide, in the
case of Archaea) or bonded to the membrane (Figure 8) (Kellermann & Szmelcman, 1974; Gilson et
al., 1988; Spurlino et al., 1991; Albers et al., 1999). In this case, it has been reported one or two SBPs
per complex, but these proteins can also be fused in tandem, attached to TMDs, making a total of six
SBPs per functional transporter (Poolman & van der Heide, 2002 and reference therein; Quentin et al.,
1999; Swier et al., 2016). Various studies point out that when nutrients become low, cells express more
SBPs or in some cases, related SBPs can interact with the same transmembrane proteins, allowing the
translocation of different substrates in the same transporter. This suggests that growth conditions are
correlated with the expression of these proteins (Swier et al., 2016 and reference therein). In terms of

stoichiometry, SBPs in type | importers are in excess over its transmembrane domains, allowing an

NBDs NBDs NBDs NBDs NBDs NBDs

Figure 8. Different arrangements of substrate-binding proteins. In Gram-negative bacteria, SBP can be free in the
periplasm, but in Gram-positive bacteria are fused to the lipid bilayer and TMDs. Here, SBPs may exist only one or two by
complex or fused in tandem. TMDs are depicted in green and associated SBPs are shown in blue. NBDs are coloured in orange
and SBP-TMD linker is depicted as black. Adapted from Swier et al., 2016.
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efficient uptake of substrates, while in type Il translocators, SBPs seem to be stoichiometric with their
correspondent TMDs (Swier et al., 2016 and references therein).

SBPs are produced with a precursor signal peptide, which is cut by a lipoprotein signal peptidase
Il during the transport through the lipid bilayer (Quentin et al., 1999; Ter Beek et al., 2014). Regardless
of if SBPs are present in the periplasm, attached to the membrane bilayer or linked to TMDs, the
substrate-binding mechanism is similar. The substrate-binding protein is composed of two lobes linked
by a linker and once the ligand gets attached to the substrate-binding site, the two lobes close and engulf
the substrate. This mechanism is called Venus’s Flytrap (Quiocho & Ledvina, 1996; Swier et al., 2016).
Conformation of the substrate-binding protein has been resolved in various conformations, such as
open-unliganded (O), close-unliganded (C), open-liganded (OL) and closed-liganded (CL), being the
CL conformation the structure that probably interacts with the respective TMDs. Once ATP binds and
induces conformational alterations in NBDs, these changes are transmitted to SBPs via TMDs, allowing
the closed-liganded form to open , releasing the substrate to the translocation pore (Swier et al., 2016
and references therein).

SBPs responsible for binding different substrates present low sequence similarity, although their
architecture is described as highly conserved. According to their structural conformation these proteins
are subdivided into six clusters (A to F). Type | importers use SBP from cluster D, characterised by two
short hinges between two lobes, while the type Il importers use exclusively SBP from cluster A,
described as an individual rigid a-helix that links the two domains. It is likely that the use of SBPs from
several groups is associated with the use of diverse TMDs folds (Ter Beek et al., 2014; Swier et al.,

2016 and references therein;).

1.2.4. ABC type | importers: MalEFGK; importer

The best well-characterized ABC type | importer and considered the prototype of these
transporters is the maltose/maltodextrin translocator MalEFGKG, from E. coli. This translocator, allows
the uptake of maltooligosaccharides up to seven glucose units, is comprised of a periplasmic maltose-
binding protein, MalE, two transmembrane domains, MalF and MalG, present in the genome as single
copies and is energized by an homodimer, two MalK ATPases (Kellermann & Szmelcman, 1974;
Shuman & Silhavy, 1981; Gilson et al., 1982; Dassa, 1990; Oldham et al., 2007; Ter Beek et al., 2014;
Méchtel et al., 2019; Narducci et al., 2019; Abreu et al., 2021).

Oldham et al. solved the structure of the complete maltose importer in a catalytic intermediate
form (Figure 9). Here, TMDs MalF and MalG, have been shown to have low sequence identity (only
13%) and different lengths, 514 and 296 residues, respectively. While MalF is composed of eight
transmembrane helices, MalG is comprised by six transmembrane helices and its C-terminal segment

is partially introduced into MalK dimer, in the cytoplasmic side. Membrane-bound MalK exhibits a
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very high structure similarity to isolated MalK, being the only significant difference the Q-loop region
where these NBDs contact with the TMDs (Oldham et al., 2007). This structure revealed two ATP
molecules attached at the interface of the MalK dimer, contacting with the LSGGQ motif of one
monomer and with residues of the Walker A and B from the opposite monomer. In this state a maltose
molecule has already been translocated from MalE into the transmembrane domains, suggesting a
stimulation of ATP hydrolysis by the system’s SBP, MBP (Maltose-binding protein) by activating a

conformational modification that causes the closure of NBDs (Oldham et al., 2007).

Periplasm

MalF (P2)

MBP

MalF

Maltose

MalK
MalK

2 ATP

Cytoplasm

Figure 9. Structure of the maltose importer in a catalytic intermediate state. Magenta - MalE; Blue - MalF, yellow -
MalG, red and green - MalK dimer. Maltose and ATP molecules are shown in CPK and Ball and stick models, respectively.
From Oldham et al., 2007.

This study also allowed to detect important contact points between TMDs and NBDs. In
MalEFGK; importer, MalK subunits interact with MalF and MalG mainly by connections with the EAA
motif (EAA-X(3)-G-X(9)-1-X-LP), a highly conserved region present in type | importers. This loop is
present in both transmembrane domains, helices 6 and 7 in MalF and helices 4 and 5 in MalG, having
a high similarity, each made up of two short helices. In both loops containing the EAA motif, the
glutamate residue interacts with an arginine through a salt-bridge interaction. One of two helices, docks
into a surface cleft on each MalK monomer (Figure 10A and B). This cleft is comprised of two helices
from the helical subdomain, residues in the Q loop and the helix following the Walker A (Dassa &
Hofnung, 1985; Saurin & Koster, 1994; Daus, Berendt, Wuttge, & Schneider, 2007; Oldham et al.,
2007; Ter Beek et al., 2014).
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The structure resolution also showed another interaction key point. Six terminal residues of the
MalG C-terminal region are inserted into the MalK dimer interface, establishing three hydrogen bonds
with the backbone atoms of the Q-loop of one monomer and packing along the Q-loop of the other
monomer (Figure 10C). This tail is thought to not be necessary for the closing of a single MalK dimer
but the coupling between two MalK monomers by this TMD seems to promote the ordering of the Q-
loop, maybe leading to the formation of the catalytic intermediate structure of the complete importer
(Dassa & Hofhung, 1985; Oldham et al., 2007).

The resolved conformation also shows the substrate translocation path isolated from the lipid
bilayer by transmembrane helices of MalG and MalF and being shielded, in the periplasm, by MalE.
The translocation path is then available through several narrow solvent channels linking the
transmembrane cavity with the periplasm (Oldham et al., 2007).

Another particularity is the existence of substrate-binding sites inside the transmembrane
subunits, MalF and MalG, with aromatic residues stacking and hydrogen bonding promoting sugar
detection and binding. This finding corroborates the hypothesis of one maltose molecule per transport
cycle (Oldham et al., 2007; Abreu et al., 2021).

Figure 10. The interface between TMDs and the MalK dimer. A) Docking of the EAA motif of C3 loop into a surface
cleft of MalK. MalG and MalF are compared by superposition of the two MalK subunits. Wa, Walker A and Wb, Walker B.
B) Representation of MalF and MalK interactions. C) Insertion of the MalG C-terminal region into the MalK dimer interface.
Black dashed lines indicate hydrogen bonds and salt bridges. From Oldham et al., 2007.
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The crystal conformation of the MalK dimer have been determined in several states, namely,
open conformation or resting state, which corresponds to nucleotide-free form, characterized by well-
separated NBDs, where the dimer is only kept by interactions of the carboxy-terminal regulatory
domains, and in ATP-bound form, which due to the proximity of NBDs, two ATP molecules are
engulfed in the dimer’s interface, allowing numerous interactions with residues from both monomers.
Another crystal structure determined was the ADP-bound conformation, where the ATPase monomers
are detached in a similar way to the nucleotide-free structure, implying that ADP is not enough to
stabilize NBD closure and thus, ATP hydrolysis may restart the translocator to the resting form (Oldham
et al., 2007).

1.2.4.1. Transport mechanism of ABC type | importers

As previously mentioned, ABC type | importers are involved in the translocation of small
hydrophilic nutrients, for example sugars. These importers are comprised of two TMDs, that create the
translocation pore, two NBDs, which power transport and an SBP, responsible for the delivery of
substrate into the translocation pore. These translocators are widely spread in Bacteria, being the
MalEFGK; importer, the maltose/maltodextrin importer from E. coli, the prototype for type | importers,
as stated before. This importer permitted to understand several aspects of these proteins such as
transport mechanism and its regulatory processes (Oldham et al., 2007; Ter Beek et al., 2014; Machtel
et al., 2019; Narducci et al., 2019; Abreu et al., 2021).

To this date, two action mechanisms were proposed for ABC type | importers based on the crystal
conformations of the maltose/maltodextrin’s transporter in different states (Figure 11) or on its
biochemical features (Figure 12). Both models are known as alternating access model mechanism with

the only difference between them being the substrate binding by an SBP and its docking to the TMDs.

Figure 11. Schematic representation of the Alternative access model. In this model the substrate is capture by an SBP
(blue) by the Venus flytrap mechanism, and it is delivered to the TMDs (green). After the hydrolysis of ATP (grey), the
substrate (red), in this case maltose, is release inside the cell. NBDs are represented in orange. Adapted from Bao & Duong,
2013
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In the first model, the transporter begins in the nucleotide-bound inward-facing state. Here,
substrate is captured by an SBPs, which is thought to be by the induced fit model, where substrate
binding stimulates bending of the middle beta-sheet hinge, resembling the Venus flytrap mechanism.
This protein closes and becomes a close-ligand state (CL state), posteriorly docking onto TMDs,
forming the pre-translocation state. In this state, biochemical studies show that MalK nucleotide-
binding interface shuts only when MalE, in a close-ligand state, and Mg-ATP are present, inducing
conformational modifications in the TMDs, that adopt the outward-facing state, allowing access of the
binding site of TMDs. This model indicates that binding of close-ligand MalE to the translocator
triggers ATP hydrolysis. After the passage of substrate through TMDs, hydrolysis of ATP and
consequently release of inorganic phosphate and ADP, a substrate is then released inside the cell (Figure
11). Although this model is the most accepted translocation mechanism hypothesis, there are some
aspects that remain unclear, such as what causes the transport cycle, why does MalE promote ATP
hydrolysis even in the vacancy of substrate or how maltose is transported from MalE to MalFG (Oldham
et al., 2007; Bao & Duong, 2013; Machtel et al., 2019 and references therein; Abreu et al., 2021).

The second model is based on biochemical studies of this prototype (Figure 12). Here, MalE in
the open state interacts with TMDs in the outward-facing conformation, allowing binding of maltose
molecule. After hydrolysis of ATP, the translocator changes to the inward-facing configuration and
delivers substrate into the cytoplasm. Although being supported by various studies, stating that MalE
does not bind to the transporter but detaches from the NBDs when it captures maltose, and open MalE
binds to the outward-facing translocator creating a receptor for the maltose molecule, this model is
controversial (Bao & Duong, 2013; Swier et al., 2016). In this hypothesis, MalE in the close-ligand
form does not influence the closing of MalK dimer or the change of MalFG to the outward facing
conformation, suggesting that ATP alone is enough (Bao & Duong, 2013).

N\

Figure 12. Second schematic representation of the Alternative access model. Here, the SBP (blue) interacts with the TMDs
(green) in the open conformation allowing the binding of the substrate, maltose (red). After ATP (grey) hydrolysis, the
substrate is release into the cytoplasm. NBDs are represented in orange. Adapted from Bao & Duong, 2013.
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For any ABC transporter is estimated a mechanistic stoichiometry of two ATP molecules/one
substrate molecule ratio, although this value is very controversial because this could drive to greater
lipid membrane gradients of the translocated substrate (Patzlaff et al., 2003; Ter Beek et al., 2014).
Selectivity of ABC type | importers was also studied in this prototype. Here, it was discovered that not
only SBPs participate in substrate recognition, but also TMDs contribute to substrate specificity (Swier
et al., 2016), with two binding pockets being discovered in both MalF and MalG (Oldham et al., 2007,
2013; Abreu et al., 2021).

Activity control of the transporter can be made by additional domains fused to NBDs. In the
maltose/maltodextrin’s system, the C-terminal regulatory domain of MalK is engaged in carbon
catabolite repression. This domain interacts with a component of phosphoenol-dependent sugar
phosphotransferase System (PTS), 1A% In this system, when glucose is present, 1A% is
unphosphorylated and binds to the TMD, stabilizing the inward-facing conformation by wedging
between the MalK dimer, preventing maltose uptake. When glucose becomes scarce, 1A% is
phosphorylated, and inhibition is relieved (Chen et al., 2013). Other modes of activity control include
the medium osmolality, signalled as a rise in the cytoplasmic electrolyte concentration, as described for
the OpuA transporter, that has two cystathionine-g-synthase (CBS) domains attached in tandem to the
C-terminus of the ATPase and an anionic membrane surface, central to the gating of the translocator by
ionic strength. In this model of inhibition, contacts of CBS with the anionic membrane secures the
translocator in an inactive form (Biemans-Oldehinkel et al., 2006; Karasawa et al., 2011). Rise of
intracellular ionic strength activates the transporter. Another hypothesis says that the transporter could
have two like-charged surfaces, for example an anionic membrane and anionic protein, which with the
rise of ionic strength, would interact (Swier et al., 2016). Inhibition by pre-accumulation is another type
of control of activity. In this type of regulation, when medium osmolality rises, ABC transporters are
activated, diminishing inhibition, and preventing higher turgor pressure (Verheul et al., 1997; Swier et
al., 2016).

1.3. Multitask Nucleotide-Binding Domains

NBDs constitute the hallmark of ABC translocators family. These proteins are responsible for
hydrolysis of ATP, consequently powering substrate translocation. Although proteins belonging to this
domain have a high sequence and structure similarity, a very surprising particularity was determined
for some ATPases. The ability to energise more than one transport system has been proposed since the
‘90s in various transporters, such as MsiK in Streptomyces lividans (Schlosser, Kampers, & Schrempf,
1997), MalK in Streptococcus suis (Tan et al., 2015), MalK in Streptococcus pneumoniae (Marion et
al., 2011) and in the recently studied multitask ATPase MsmX from B. subtilis, capable of energising
six different sugar uptake systems (Ferreira & Sa-Nogueira, 2010; Ferreira et al., 2017; Leisico et al.,
2020). To this day, multitask ATPases were only found in bacterial ABC sugar importers of the
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Carbohydrate Uptake Transporter 1 (CUT1) family, responsible for the uptake of di-, tri-, or higher
oligosaccharides and polyols (Leisico et al., 2020).

Another surprising characteristic found in this protein and its homologs is the existence of intra-
and inter-species exchangeability determined by several genetic studies on this multitask ATPases
(Leisico et al., 2020). Intra-species exchangeability was described for the first time in the Firmicutes
phylum in 2017, when Ferreira et al. observed that a second orphan ATPase of B. subtilis, YurJ, now
renamed FrIP, with high sequence similarity to MsmX, was able to replace this NBD in its role in the
uptake of arabinooligosaccharides by the AraNPQ translocator (Ferreira et al., 2017). Inter-species
exchangeability was recently determined by Leisico and Godinho (Leisico et al., 2020). Here, a genetic
system was constructed to assess the capacity of proteins similar to MsmX from Gram-positive bacteria
of the Firmicutes phylum and other Gram-negative Bacteria to replace this NBD in arabinotriose
(transported by AraNPQ translocator) and galactan (transported by GanSPQ translocator) transport.
The ABC_Cd ATPase, from the human pathogen Clostridioides difficile 630, was found to be an orphan
and putative NBD, while ABC_Sa, also from a human pathogen, Staphylococcus aureus, exists in an
operon encoding a complete ABC carbohydrate uptake system. These NBDs, alongside with Bacillus
thuringiensis ABC_Bt ATPase and Streptococcus pneumoniae TIGR4 MsmK ATPase were shown to
be able to replace MsmX in the previously mentioned sugar translocation with different efficiencies

AraNPQ GanSPQ

Figure 13. Interspecies exchangeability in Firmicutes phylum and beyond. MsmK (blue) from S. pneumoniae, ABC_Cd
(green) from C. difficile 630, ABC_Sa (pink) from S. aureus were shown to be able to replace MsmX (pale pink) in
arabinotriose (AraNPQ, cyan blue) and galactan (GanSPQ, pale yellow) transport, showing interspecies exchangeability in
Firmicutes phylum. ABC_Syn (purple) from Synechocystis sp. was also shown to replace MsmX, showing interspecies
exchangeability beyond Firmicutes phylum. MalK (red) and YcjV (yellow), from E. coli could not replace MsmX.
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(Figure 13). However, despite also having high sequence similarity, other known ATPases from E. coli,
YcjV and MalK , were not able to complement sugar transport uptake (Leisico et al., 2020).

This capacity for exchangeability was also shown beyond Firmicutes phylum. In Cyanobacteria,
a putative ATPase from Synechocystis sp. was also identified by its high sequence identity with MsmX
and posteriorly, this NBD was also demonstrated to be able to replace MsmX in arabinotriose and
galactan translocation, in B. subtilis. This implies that multitask ATPases not only can be exchangeable
within the same species and between species in the Firmicutes phylum but also can be exchangeable
beyond this phylum (Leisico et al., 2020).

The existence of multitask ATPases and their spread across species and phyla could allow for
different or additional levels of regulation over ABC sugar transporters, which can bring adaptive
advantages to the organism, since it may not need to express different proteins for different systems
(Leisico et al., 2020). Since these ATPases are only found in Bacteria and studies in the MsmK ATPase
from Streptococcus pneumoniae shows that inactivating this NBD, leads to the inactivation of multiple
carbohydrate transporters, resulting in an attenuated virulence and consequently reducing the capacity
of this pathogen to colonize airways and cause disease, it demonstrates the importance of these multitask
proteins in vivo (Marion et al., 2011).

1.3.1.MsmX ATPase and AraNPQ type | Importer

One of the most well-characterized multitask NBDs is MsmX, responsible for powering sugar
type | importers in B. subtilis. This soil bacterium uses plant biomass as the main source of
carbohydrates, especially complex sugars present in plant cell walls (Tam et al., 2006). The genome of
this Gram-positive model organism encodes two endo-a-1,5-arabinanases, AbnA and Abn2, that allow
for the homopolysaccharide arabinan hydrolysis (Leal & Sa-Nogueira, 2004; Inacio & S&-Nogueira,
2008). Then two intracellular o-L-arabinofuranosidases, Abf2 and AbfA, degrade
arabinooligosaccharides, after their transport through two types of translocator systems (Inacio & Sa-
Nogueira, 2008). One of these transport systems is the proton symporter AraE, in charge for the uptake
of arabinose, a-1,5-arabinobiose, xylose and galactose and the other transport system is the ABC type
I importer AraNPQ, responsible for the import of a-1,5-arabinobiose, a-1,5-arabinotriose, a-1,5-
arabinotetraose (Krispin & Allmansberger, 1998; Sa-Nogueira & Ramos, 1997; Ferreira & S&-
Nogueira, 2010). This last importer is clustered in the operon araABDLMNPQ-abfA, which encodes
enzymes involved in arabinose catabolism and degradation of arabinooligosaccharides. Here, araN
encodes the high-affinity substrate binding protein (SBP) AraN, while AraQ and AraP are
transmembrane domains (TMD) encoded by araPQ (Sa-Nogueira, Nogueira et al., 1997; S4-Nogueira
& Ramos, 1997; Ferreira & Sa-Nogueira, 2010).
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This operon does not encode for a nucleotide-binding domain (NBD) for the AraNPQ ABC
translocator, however, five orphan ATPases in the B. subtilis genome were known (Quentin et al.,
1999). One of these NBDs is MsmX, encoded by a monocistronic gene and located in a distant locus
without any ABC transport component close to it. This orphan ATPase is constitutively expressed and
presents a high similarity to other well-known ATPases from different Bacteria (Quentin et al., 1999;
Ferreira & Sa-Nogueira, 2010). Later, it was proven the ability of this ATPase to complement six of
seven incomplete carbohydrate transport systems, such as MdXEFG (Schénert et al., 2006), involved
in maltodextrins uptake, AraNPQ (Ferreira & Sa-Nogueira, 2010), involved in the arabino-
oligossacharides uptake, GanSPQ (Ferreira et al., 2017), involved in the galacto-oligossacharides
transport, YesOPQ and YtcPQ-YteP (Ferreira et al., 2017), involved in the transport of rhamnose-
galacturonic acid disaccharides and/or galacturonic acid oligomers, and MelECD system, involved in
the melibiose transport (Heravi et al., 2019) (Figure 14). With MsmX involved in all these transport
systems, it was designated a multitask ATPase (Schonert et al., 2006; Ferreira & S&-Nogueira, 2010;
Ferreira et al., 2017; Heravi et al., 2019).

The structure of MsmX was recently solved in the open state (Leisico et al., 2020) demonstrating
a high structural similarity with MalK from E. coli and Pyrococcus horikoshii. MsmX shares its fold
with other well-known ATPases of ABC type I translocators, namely, the general o/f type ATPase
domain fold in the N-terminal domain. This subdomain is constituted by a RecA-like domain and an a-
helical domain, and a C-terminal regulatory domain was also identified, containing a mixed barrel with
3 a-helices and 11 S-strands. Conserved functional motifs within ATPases are found in the N-terminal
domain. Between the antiparallel f1 and A2 strands is located the A-loop motif, being the least

AraNPQ YtcPQ-YteP YesOPQ GanSPQ MdXEFG MelEDC

MsmX

Figure 14. All carbohydrate transport systems energized by MsmX ATPase. MdXEFG (dark blue), involved in
maltodextrins uptake, AraNPQ (cyan blue), involved in the arabino-oligossacharides uptake, GanSPQ (pale yellow), involved
in the galacto-oligossacharides transport, YesOPQ (green) and YtcPQ-YteP (orange), involved in the import of rhamnose-
galacturonic acid disaccharides and/or galacturonic acid oligomers, and MelECD (purple) system, involved in the melibiose
transport. MsmX is represented as pale pink.
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conserved and apparently conferring higher degree of flexibility to ATP binding. Depending on the
absence or presence of ATP, it can adopt different conformations. (Leisico et al., 2020). The Walker A
motif is found between residues 37-44 and is conserved in this protein, while the Q-loop, which is
involved in the hydrolysis cycle of ATP, is responsible for interaction with the a-helix of the TMDs. In
MsmX the Q-loop is formed by residues 81-87. Another motif, Walker B, comprised by the conserved
residues 155-160, forms strand A7. This motif contains amino acids responsible for water polarization
and Mg?* coordination during ATP hydrolysis. Residues 192-194, forming the H-loop, are responsible
for the interaction with the y-phosphate of the ATP substrate (H193). Downstream of Walker B, there
is the D-loop, comprised by residues 163-166. The characteristic ABC signature, in residues 135-139,
is conserved and located between a-helices 5 and 6. The C-terminal regulatory domain is related with
regulatory mechanisms and is the least conserved within ATPases of ABC translocators. In this region,
MsmX has a helix a11, between 13 and 414 (Leisico et al., 2020).

When comparing this structure with MalK from E. coli, one of the most distinctive features is
the larger surface area in the pocket responsible for interactions with the TMDs, the Q-loop (Figure 15).
This characteristic may be one of the reasons for the ability to interact with TMDs of different ABC
type | sugar importers (Leisico et al., 2020).

a B. subtilis MsmX E. coli MalK

Figure 15. MalK and MsmX electrostatic potential at NBD-TMD interface. EAA helix from MalG protein is depicted as
orange and its N-terminal residue (D185) is represented in yellow. In this representation it is possible to notice a wide
interaction zone in MsmX when comparing with MalK, possibly contributing for the multitask ability. From Leisico et al.,
2020.

1.3.2.0ther multitask ATPases

Currently there are other multitask ATPases identified, all of them associated with sugar
transport. One of these ATPases belongs to the opportunistic respiratory, Streptococcus pneumoniae.
Although this Gram-positive bacterium commonly colonizes airways asymptomatically, it is a
respiratory pathogen and the cause of various diseases, namely otitis and pneumonia (Bidossi et al.,

2012). To be able to grow and eventually develop the pathogenesis process, S. pneumoniae needs to
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acquire carbohydrates, namely complex glycans because carbohydrates are limited in the airway. For
the uptake of these molecules, it is estimated the existence of 21 phosphotransferase systems and 8 ABC
transporters (Bidossi et al., 2012). One of these carbohydrates is sialic acid, which can be cleaved by
proteins present in these Gram-positive bacteria. The translocation of sialic acid is performed by
proteins encoded by satABC genes, where satA encodes for the substrate-binding protein and satBC
encodes for two permeases (Marion et al., 2011). However, this system does not encode for an ATPase
necessary to provide energy for the uptake. Later, MsmK was then proposed to energise this system
(Marion et al., 2011; Buckwalter & King, 2012).

Assessment of MsmK amino acid sequence indicates the existence of all typical features of an
NBD, including Walker A, Walker B, Q-loop, D-loop, H-loop and ABC signature motifs. Uptake of
carbohydrates by this system is most probably controlled by carbon catabolite repression (Marion et
al., 2011). Besides the SatABC system, MsmK was found to be necessary for growth on other two
substrates, raffinose, uptaken by RafEFG system and maltooligosaccharides, uptaken by the MalXCD
system. Both sugars are known to be transported by incomplete ABC transporters systems, lacking an
ATPase. MsmK was thus classified as a multitask ATPase. Studies showed that inactivating this NBD
leads to the deactivation of multiple carbohydrate transporters and consequently impacts the capacity
of this bacterium to colonize the airway and provoke disease (Marion, Aten, et al., 2011).

In other Streptococcus bacteria, namely, in S. suis, an emergent zoonotic bacterium that causes
deadly infections in pigs and humans worldwide, an MsmK-like ATPase also energises the melibiose,
raffinose, maltotriose, maltotetraose and glycogen transport systems. In this bacterium and like in S.
pneumoniae, MsmK was also considered important for the in vivo survival and colonization (Tan et al.,
2015). In this species it was also found that another ATPase, MalK, was able to replace MsmK and
vice-versa (Webb et al., 2008).

Streptomyces species are Gram-positive bacteria that inhabits soil and like other soil bacteria,
such as B. subtilis, secretes a variety of hydrolytic enzymes, namely cellulases, xylanases, mannanases
and chitinases to degrade lignocellulosic biomass. In these bacteria, transport of disaccharides such as
cellobiose, xylobiose, the monosaccharide xylose and (GIcNACc),, the degradation product of chitin, is
dependent on an ATP-binding system. In Streptomyces coelicolor, it is described that dasABC gene
cluster encodes subunits of ABC transporters for the uptake of (GIcNAC).. For this bacterium it was
shown that the dasA gene encodes for an SBP, while dasB and dasC encode for transmembrane proteins.
Other oligosaccharide transporter systems were found in streptomycetes, such as cebEFG for cellobiose
and cellotriose in Streptomyces reticuli, malEFG for maltose in S. coelicolor, ngcEFG for GIcNAc and
(GIcNAC), in Streptomyces olivaceoviridis and bxIEFG for xylobiose in Streptomyces thermoviolaceus.
All these ABC transporters encode genes for SBPs and TMDs but not for their ATPases. In
Streptomyces lividans an orphan ATPase, known as MsiK, supports the cellobiose-, xylobiose and
maltose-uptake systems as well the trehalose-uptake system in S. reticuli. This ATPase has high

homology with MsmK of S. mutans, another multitask ATPase. So, therefore, MsiK is the putative
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NBD for the incomplete systems described above and it was shown that the product of msiK gene is
required for (GIcNAC), uptakes in S. coelicolor (Hurtubise, Shareck, Kluepfel, & Morosoli, 1995;
Schlosser et al., 1997; Saito et al., 2008).

Although multitask ATPases seem to be commonly spread among Gram-positive bacteria, there
is also evidence of their existence in Gram-negative bacteria. In Thermus thermophilus, two ATPases,
displaying homology with MalK from T. litoralis and E. coli, were named MalK1 and MalK2. MalK1
is an ATPase responsible for energising malEFG1 system, allowing uptake of trehalose, maltose,
sucrose and palatinose and another sugar ABC transporter, involved in the transport of mannose and

glucose (Sampaio et al., 2005; Chevance et al., 2006;).

1.4. Study of protein-protein interactions

As described above, the existence of multitask ability of several ATPases could constitute a
potential target for an antimicrobial therapy or other biotechnology/biomedical applications, but first it
is necessary to understand what influences interaction between NBDs and TMDs and what contributes
to the existence of several sugar ABC importer systems energized by a unique ATPases. For that, study
of the interaction between proteins, also known as protein-protein interactions (PPIs) is fundamental to
understand this phenomenon. PPIs are responsible for a variety of biological processes like metabolism,
transport, or in the case of this dissertation, interaction between NBDs and TMDs are responsible for
translocation of sugars by type | ABC importers. These interactions are due to noncovalent interactions
between residue side chains (Ofran & Rost, 2003b). Nowadays, PPIs are an important theme for the
development and progress of modern system’s biology (Rao et al., 2014; Miura, 2018; Lite et al., 2020).

The study of PPIs allows to comprehend and infer about the molecular mechanism of cellular
processes, biochemistry of the cell and aids in the identification of drug targets. PPIs can be either
transient or permanent (Ofran & Rost, 2003a). Transient interactions are more diverse mechanistically,
they are involved in all kinds of processes, like in receptor-ligand interaction or in signal transduction,
and are present in most protein families while permanent interactions will form a stable protein
complex, like the assembly of folded chains into multi-chain proteins (Ofran & Rost, 2003a; Rao et al.,
2014).

Detection methods for PPIs can have diverse goals and can be divided into three groups: in vitro,
in vivo and in silico. In in vivo methods, procedures are performed on a living organism, like in the
Two-Hybrid Systems (Bacterial and Yeast) and synthetic lethality. In vitro methods are performed
outside a living organism in a controlled environment (Fields & Song, 1989; Karimova et al., 1998; Ito
et al., 2017; Karimova et al., 2017; Wong et al., 2017; Klobucar & Brown, 2018; Bacon et al., 2021).
These techniques involve affinity chromatography, coimmunoprecipitation, NMR spectroscopy,
protein fragment complementation, protein arrays, phage display, tandem affinity purification and X-
ray crystallography (Meng et al., 2005; Chavez et al., 2011; Geetha et al., 2012; Rao et al., 2014;
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Syafrizayanti et al., 2014; Purslow et al., 2020; lacobucci et al., 2021). In silico techniques are executed
via computer simulation or on a computer and they are sequence, gene and structure-based approaches,
gene fusion, chromosome proximity or phylogenetic tree (Meng et al., 2005; Rao et al., 2014)

1.4.1. Methods of study

In recent years biological assays have become essential tools for the study of PPls, being the most
used the Yeast, Bacterial or Mammalian Two-Hybrid approach (Karimova et al., 1998, 2017; Saraon
et al., 2017; Bacon et al., 2021). This methodology uses putative PPIs to reconstitute a functionally
active molecule, normally a transcription activator that stimulates the expression of a determined
reporter gene, of which product can be measured. The Yeast Two-Hybrid (Y2H) technigue, the most
famous Two-Hybrid method, uses the lacZ reporter gene under the control of the GAL4 transcriptional
factor. In this method, one protein is fused to the GAL4-binding domain, named bait and the other
protein is fused to the GAL4-activating domain, named as prey. If the two proteins under study interact,
there is an activation of the lacZ gene, and it can be detected by measuring S-galactosidase activity.
This methodology has high throughput and low sample consumption but has the setback of using fusion
proteins, the interaction taking place in the nucleus and the fact that polypeptides that may come into
contact are naturally expressed at different times or locations (Stynen et al., 2012; Syafrizayanti et al.,
2014; Wong et al., 2017; Miura, 2018). Y2H has been optimized by creating new yeast strains,
harbouring new vectors and different reporter genes. Y2H, together with the Bacterial Two-Hybrid,
which uses bacterial cells, allows not only a qualitative characterization but also a quantitative
characterization. Other techniques that have been used to complement the Two-Hybrid assays are
standard wide-field fluorescence microscope or a laser scanning confocal microscope because they are
typically carried out in the context of living cells and since it is possible to “visualize” the interaction
within the cell, providing spatial information lacking in the two-hybrid. These techniques include
Fluorescence and Bioluminescence Resonance Energy Transfer (FRET and BRET, respectively),
Fluorescence Correlation Spectroscopy (FCS) and Bimolecular Fluorescence Complementation
(BIiFC), which require expensive instrumentation (Meng et al., 2005; Rao et al., 2014 and references
therein; Miura, 2018;)

Another biological approach is synthetic lethality, a type of in vivo genetic screening in which
deletions or mutations are introduced in two or more genes, which are viable alone, but when combined
cause cellular death. These interactions are called functional interactions since these associations do not
need physical contact between polypeptides. This approach tries to identify conditions that allow
phenotypic stability, despite environment changes, genetic variation or aleatory mutation events.
(Bendert & Pringle, 1991; Rao et al., 2014; Klobucar & Brown, 2018).

Another way to assess PPIs is by biochemical approaches, the most used methods nowadays.

These procedures include co-immunoprecipitation, affinity purification, chemical crosslinking, and blot
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assays. Affinity purifications involve the immobilization of a determined “bait” protein and after
passing a protein extract, only polypeptides that establish contacts with a bait protein are immobilized
and later eluted and may be identified by Mass Spectrometry (MS) or if the interacting proteins are
already known, Western blot can be use. Co-immunoprecipitation has a similar principle to affinity
purification and involves addiction of antigen-antibody complex to the cell lysate and after antibody
precipitation, any proteins forming a complex are eluted and like in co-immunoprecipitation, identify
by MS or Western blot (Geetha et al., 2012; lacobucci et al., 2021 and references therein). These two
techniques have the advantages of being relatively low cost, no major infrastructure is needed and may
capture low-affinity interaction, but like all techniques they have the disadvantage, like having low
sensitivity, relying on the assumption that proteins involved exist in a complex that is stable enough to
survive the cell fractional process and assay procedure and a high background might be present. In blot
assays, lack of interaction is inconclusive, and any interaction detected must be verified by other assays
because, in this technique, proteins are denatured and may or may not fully renature (Meng et al., 2005;
Kastelic, 2014;). Cross-linking is used to chemically link molecules by a covalent bond, so transient or
weak PPIs can be identified that may otherwise evade detection (Chavez et al., 2011; lacobucci et al.,
2021).

There are other methodologies to study PPIs but the most reliable and successful means to learn
about how proteins interact with one another is to combine various approaches (Meng et al., 2005;
lacobucci et al., 2021).

1.4.1.1. Bacterial Adenylate Cyclase Two-Hybrid System (BACTH)

In this dissertation the study of several mutations in TMDs was used to map important contact
regions and to study the interaction between TMDs and multitask NBDs. For that, a Bacterial Adenylate
Cyclase Two-Hybrid (BACTH) System was used. This methodology is a fast and simple approach to
determine and characterize interaction between proteins that does not require specialized skills besides
molecular biology and microbiology techniques. The BACTH system was designed in E. coli and uses
the reconstitution of an enzyme, the calmodulin-dependent adenylate cyclase from Bordetella pertussis,
to determine if two proteins of interest are capable of interacting or not with each other. This is possible
because the catalytic domain of the adenylate cyclase protein is formed by two complementary
fragments, T18 (residues 225-399) and T25 (residues 1-224), that interact when in presence of
calmodulin, activating a regulatory cascade, leading to 3°,5’-cyclic adenosine monophosphate (CAMP)
production from ATP (Karimova et al., 1998). Then, CAMP interacts with the pleiotropic regulator

Catabolite Activator Protein (CAP), allowing activation of reporter genes, including genes involved in

25



Chapter 1 - General Introduction

o o
I I} 1
0=$—0-p—-0-P-0
o O O
Reporter Gene ON
B cAMP - CAP

Promoter

Reporter Gene OFF

cAMP - CAP
Promoter

OHOH
ATP cAMP

Figure 16. Adenylate Cyclase activity. A) If the two fragments T25 (cyan blue) and T18 (green) interact, the reconstitution
of the catalytic domain of adenylate cyclase allows the conversion of ATP into cAMP. cAMP will interact with CAP protein
and will activate a reporter gene. B) If these two fragments do not interact, there is no cAMP production and therefore no
activation of the reporter gene. Adapted from Karimova et al., 2017.
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Figure 17. Bacterial Two Hybrid system. A) Two polypeptides in study, A (dark blue) and B (dark green), are fused to
fragments T25 (cyan blue) and T18 (green), respectively. If these two hybrids interact with each other, there will be cCAMP
production and consequently activation of the reporter gene. B) However, if these hybrids do not interact, there will be no
activation of the reporter gene. Adapted from Karimova et al., 2017.

the catabolism of carbohydrates, such as maltose or lactose (Figure 16). The BACTH system uses T18
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and T25, each fused to the polypeptides in study, expressed in an E. coli strain lacking an endogenous
adenylate cyclase. If two polypeptides of interest interact (Figure 17A), they will bring the two modules
close allowing heterodimerization, leading to complementation between the T18 and T25 fragments
and consequently cyclic AMP production. This molecule will then interact with the pleiotropic
regulator, CAP, allowing expression of reporter genes, including lac and mal operons, which can easily
be detected by several easy and fast assays, using a medium indicator, detecting CAMP levels or by
assaying S-galactosidase activity (Karimova et al., 1998; Karimova et al., 2017). If the proteins of
interest are not interacting proteins (Figure 17B), heterodimerization does not occur between hybrid
polypeptides, there is not cAMP production and, therefore, no reporter gene activation (Karimova et
al., 1998, 2017).

Another appealing characteristic of the BACTH system is the several methods available to detect
PPI. A direct method to determine complementation efficiency is through measurement of CAMP levels
inside the cell, that correspond to a measurement of the reconstructed adenylate cyclase activity. A
colorimetric method to qualitatively assess interaction between two hybrid proteins uses a medium
indicator, such as LB plates supplemented with X-Gal (5-bromo-4-chloro-2-indolyl-f-D-galacto-
pyranoside), where colonies harbouring interacting polypeptides have blue coloration and not
interacting polypeptides appear as white colonies, or MacConkey agar plates supplemented with
maltose, in which lack of interaction is presented as colourless colonies and positive interaction displays
a red colour. Another method is to determine adenylate cyclase reconstitution in an indirect way, by
determining f-galactosidase activity. Here, interaction levels are correlated with CAMP levels produced
in cells, since lacZ gene expression is positively regulated by cAMP/CAP complex. f-galactosidase
activity can be determined using ONPG (ortho-nitrophenyl-f-galactoside) as substrate. This is a very
simple procedure where cell lysates are incubated with a reaction buffer and ONPG, a galactoside
analogue that can be cleaved by p-galactosidase, originating galactose and a chromophore o-
nitrophenol, a yellow substance, that can be measured by a spectrophotometer, at 420 nm (Karimova et
al., 2017).

A clear sign of the versatility of BACTH system are the different types of proteins of different
domains of life, from animals to bacteria, and even interaction between virus and host proteins that have
been studied using this system through the years (Fransen et al., 2002; Dautin et al., 2003; Karimova
et al., 2017). Besides the advantages described before of being an easy and fast assay with several
methodologies that can be used to study interaction between two proteins of interest, this system is
especially fitting method to study interactions between membrane proteins, since these are not suitable
to be tested with transcription-based two-hybrid system and since BACTH system uses a signalling
cascade, it does not need to be close to the transcription machinery, as happens in other bacterial or

yeast hybrid systems (Karimova et al., 2017).
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1.5. Scope of Thesis

With the discovery of multitask ATPases, the question arises of what contributes to these
promiscuous interactions between TMDs and NBDs. Thus, the work presented in this dissertation aims
to map interaction regions between TMDs-NBDs, using as main model the AraPQ TMDs and MsmX
ATPase from the type-1 importer AraNPQ belonging to the Gram-positive model organism, B. subtilis.
Here, several amino acids conserved in all TMDs energized by MsmX were identified and were
mutagenized. The effect of these mutations in interaction between AraPQ and MsmX was assessed by
using the BACTH system, through f-galactosidase assays.

Previous results have also identified several multitask ATPases from Firmicutes phylum and
Synechocystis sp. able to replace MsmX in vivo, using a genetic system in B. subtilis (Leisico et al.,
2020). This work also aims to study interactions between AraPQ and these multitask ATPases, using

the previously mentioned method.
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Chapter 2
Materials and Methods
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2. Materials and Methods

2.1. Bioinformatic and statistical analysis

All nucleotide sequences were obtained from the National Center for Biotechnology Information
at the National Institute of Health, Bethesda, Maryland. Amino acids sequences were obtained from
Uniprot and all alignments were executed by the algorithm ClustalW2 (EMBL-EBI, UK).
Oligonucleotides and plasmids constructed in this work were designed using SnapGene ® software
(from Insightful Science; available at snapgene.com). All graphics were constructed using GraphPad
Prism version 6.0.0 for Windows, GraphPad Software, San Diego, California USA,
www.graphpad.com, and statistical analysis of enzymatic activities were performed using Student’s t-
test for paired samples, adapted for multiple comparisons by applying the Bonferroni correction for
false discovery rate, with the significant threshold being set at « = 0.05. All statistical analyses were
performed using R 3.5.1 software (R Core Team, 2018).

2.2. Competent cells

To prepare E. coli BTH101 competent cells, strain was streaked onto a LA plate supplemented
with streptomycin (100 pug/mL) and incubated overnight (O/N) at 37 °C. A single colony was selected
and was utilized to inoculate the pilot culture, LB supplemented with streptomycin (100 pg/mL), and
was grown O/N at 37 °C, 180 rpm (Aquatron INFORS HT, Switzerland). Pilot culture was diluted 1:200
in the same medium and growth was followed until optical density (Ultrospec 2100 UV-Visible
Spectrophotometer, Amersham Pharmacia Biotech, Chicago, USA) at 600 nm reached 0.6. Cells were
recovered by centrifugation, 4 492 g for 5 min, at 4 °C, and then cells were resuspended in 1/2 of the
initial volume in 0.1 M CaCl,. After 2 h of incubation on ice, cells were centrifuged at 4 492 g, for 5
min at 4 °C and then resuspended in 1/15 of the initial volume in a 0.1 M of CaCl; and glycerol 15%

(w/v). Aliquots were made and stored at -80 °C.

2.3. Phenolic extraction of chromosomal DNA

To extract the chromosomal DNA from B. subtilis 168T", a single colony was selected and
grown O/N, at 37 °C, 150 rpm in LB medium with the appropriate antibiotics. The O/N culture was
centrifuge at 3427 g for 6 min and supernatant was discarded. Pellets were washed in the same volume
of 50 mM Tris-HCI, 5 mM EDTA, pH 8 and were recentrifuged for 6 min at 6427 g. Supernatant was
discarded, and pellets were resuspended in 150 pL of 50 mM Tris-HCIl, 5 mM EDTA, pH 8,
supplemented with lysozyme (1 mg/mL) and RNase (20 pg/mL) with posterior incubation at 37 °C for
30 min. After incubation, SDS was added to 1 % (w/v) and samples were incubated at 37 °C for 30 min.
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100 pL of phenol was added (saturated with Tris-HCI pH 8.0) and mixed gently to complete
homogenization. Samples were centrifuged for 10 min at 16060 g, and the upper phase was recovered.
The phenolic extraction was repeated. 100 pL of chloroform: isoamyl alcohol (24:1) was added and
samples were gently mixed to complete homogenization. After 10 min of centrifugation at 16 060
g (Heraeus Biofuge Pico, Massachusetts, USA), aqueous phase was recovered, and 2 volumes of
absolute ethanol were added. Samples were centrifuge for 45 min at 15 493 g and 4 °C. The precipitate

was washed with ethanol 70 %, dried at 45 °C and resuspended in 30 pL of water.

2.4. DNA manipulation

Routine DNA procedures were performed as described by Sambrook et al., 1989. All restriction
enzymes used in this work were purchased from Thermo Fisher Scientific ™ (Massachusetts, USA)
and used according to manufacturers’ recommendations. Phusion High-Fidelity DNA Polymerase was
used for PCR amplification (My Cycler, Bio-Rad, California, USA). Colony PCRs were performed
using NZYTaq Il DNA polymerase (NZYTech, Lishon, Portugal). lllustra™ GFX PCR DNA and Gel
Band Purification kit (GE Healthcare Life Sciences, Illinois, USA) was used to purify DNA from
enzymatic reactions and agarose gels. DNA ligations were carried out using T4 DNA Ligase (Thermo
Fisher Scientific ™) and DNA dephosphorylation was performed with FastAP Thermosensitive
Alkaline Phosphatase, also from Thermo Fisher Scientific ™. NZYMiniprep kit (NZYTech) was used
to extract and purify Plasmid DNA. Primers used in this work were purchased from STAB VIDA or
Metabion and plasmid DNA sequencing was performed at STAB VIDA, Lda using Sanger sequencing.

2.5. Plasmid construction for protein-protein interaction assays

All plasmids described in this work were constructed in E. coli XL-10 Gold (Stratagene, Tet" A
(mcrA)183 A (mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl lac Hte [F* proAB
lacl9Z AM15 Tn10 (Tet") Amy Cam'), and derived from plasmids pUT18, pUT18C, pKNT25 or
pKT25. Both pUT18 and pUT18C are high copy number vectors, encoding for T18 fragment of
adenylate cyclase of B. pertussis and ampicillin resistance marker. However, in pUT18 plasmid, the
MCS is upstream of this fragment, allowing the construction of chimeric proteins fused to the N-
terminus of T18 and in pUT18C, the MCS is downstream of T18, allowing the construction of hybrid
proteins fused to the C-terminus of this fragment. pKNT25 and pKT25 are low copy number vectors,
expressing T25 fragment of adenylate cyclase of B. pertussis and kanamycin resistance marker.
Similarly, pKNT25 has a MCS clone downstream of T25 fragment, allowing the design of hybrid
proteins fused to the N-terminus of T25 and pKT25 has a MCS upstream of T25, allowing the creation

of chimeric proteins fused to the C-terminus of this fragment. All vectors are expressed under the
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transcriptional control of the lac promoter. Used or designed plasmids and oligonucleotides are
displayed in Table 1 and Table 2, respectively.

Plasmid pCA1 was obtained by PCR amplification of the malK from chromosomal DNA of E.
coli K-12, using oligonucleotides Ara858 and Ara974, containing the restriction sites Hindl11 and Xbal,
respectively. The resulting fragment (1173 bp) was cloned into plasmid pUT18, between Hindlll and
Xbal sites. Plasmid pCA2 was obtained by overlap PCR. Chromosomal DNA of B. subtilis 168T* was
used as template for amplification of araP fragments, A and B. Fragment A (678 bp) was obtained
using the oligonucleotides Ara934 and Ara976 and fragment B (337 bp) was obtained using
oligonucleotides Ara935 and Ara975. Oligonucleotides Ara934 and Ara935 contain Xbal restriction
site and oligonucleotides Ara976 and Ara975 allow the mutagenesis of amino acids A210 and D211 to
S210 and A211. The resulting fragment (993 bp) was then cloned into plasmid pKNT25, between Xbal
restriction sites. Plasmid pCA3 was obtained by overlap PCR (Figure 18). Chromosomal DNA of B.
subtilis 168T* was used as template for the amplification of two araP fragments, A and B. Fragment A
was amplified using oligonucleotides Ara934 and Ara980 (647 bp), bearing Xbal restriction site and
malF overhang sequence, respectively. Fragment B was amplified using oligonucleotides Ara935 and
Ara979 (388 bp), bearing Xbal restriction site and a malF overhang sequence, respectively. For
fragment C amplification (135 bp), chromosomal DNA from E. coli K-12 was used and
oligonucleotides Ara977 and Ara978, containing araP overhang sequences. The resulting fragment
(987 bp) of the overlap PCR was cloned into plasmid pKNT25, between Xbal restriction sites. Plasmid
pCA4 was obtained by PCR amplification of ycjV from the pPS13 plasmid, containing the YcjV protein,
from E. coli K-12, with a full length of 360 amino acids, using oligonucleotides Ara860 and Ara982,
bearing Hindlll and Xbal restriction sites. The resulting fragment (1144 bp) was cloned between
HindlIll and Xbal sites of plasmid pUT18. Plasmid pCA5 was obtained by site-directed mutagenesis,
using plasmid pLG64, harbouring the araQ gene from B. subtilis 168T* fused to the C-terminus of T25,
as template and oligonucleotides Ara987 and Ara988, allowing the change of the first and second
nucleotide of the codon 178 from AG to GC, changing an arginine into an alanine (R178A). Plasmid
pCA7 was obtained by nested PCR. Chromosomal DNA of the pathogenic strain Staphylococcus aureus
subsp. aureus ST398 was used as a template for amplification of ugpC, using oligonucleotides Ara746
and Ara747 (1215 bp). This PCR product was then used as template for amplification of the ugpC,
using oligonucleotides Ara993 and Ara994 (1146 bp), both containing Xbal restriction site. The
resulting fragment was cloned into plasmid pUT18, between Xbal restriction sites. Plasmid pCA8 was
also obtained by nested PCR. Chromosomal DNA of the pathogenic strain Clostridioides difficile 630
was used as template for the amplification of ABC_Cd, using oligonucleotides Ara885 and Ara996
(1161 bp). This PCR product was then used as template for amplification of the ABC_Cd, using
oligonucleotides Ara995 and Ara996 (1168 bp). The resulting fragment was cloned into plasmid
pUT18, between Xbal restriction sites. Plasmid pCA9 was obtained by PCR amplification, using

plasmid plG3, harbouring the ABC_Syn from Synechocystis sp., as template and oligonucleotides
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Ara741, bearing Sall restriction site, and Aral017, bearing BamHI restriction site. The resulting
fragment (1174 bp) was then cloned into plasmid pUT18, between Sall and BamHI restriction sites.
Plasmid pCA11 was obtained by site-directed mutagenesis, using pLG64 plasmid as template, which
harbours the araQ from B. subtilis 168T*. Oligonucleotides Ara671 and Ara672 allow the change in
the second nucleotide of codon 180 from A to C, changing the amino acid aspartate to alanine (D180A).
Plasmid pCA12 was obtained by overlap PCR. Chromosomal DNA from B. subtilis 168 T*was used
for amplification of fragments A and B. Fragment A (1129 bp) was amplified using oligonucleotides
Ara680 and Ara674, containing a deletion of the last 4 C-terminal amino acids (AGVKG). Fragment B
(827 bp) was amplified using oligonucleotides Ara675, containing the C-terminal deletion, and Ara676.
Fragment C (1896 bp) was obtained by overlap PCR of fragments A and B, using oligonucleotides
Ara680 and Ara676. Fragment C (872 bp) was used as template for araQ amplification with a deletion
of 4 C-terminal amino acids, using oligonucleotides Ara951, bearing the restriction site for BamHI, and
Ara674, bearing the C-terminal deletion mutation. The fragment was cloned into plasmid pKT25

between BamHI and Smal restriction sites. Plasmid pCAL16 was obtained by Site-Directed mutagenesis,

A B AraP, AraP,

) MalF
ﬂ - =3

Parental C3
" DNA m— AraP, Sy AraP, —
I I
« O o
AraP, AraP, C3
I . o

(A = e

I B
Dpnl
.‘ P AraP,
0"'-'::...0 -
.. :0 ',‘ o.- _
N AraP, { ©
AraP, AraP,

Figure 18. Schematic representation of two strategies of mutagenesis PCR. A) Site-Directed mutagenesis. In one PCR
reaction, by adding mutating oligonucleotides (black arrows with red crosses), a specific mutation (red cross) is inserted into
a DNA sequence (concentric green and blue circle). Parental DNA is then digested with Dpnl restriction enzyme (dotted
circles). B) Site-Directed mutagenesis performed by overlapping PCR (pCA3 construction). First, each site-directed
mutagenesis is carried out by using a mutagenic oligonucleotide (green and orange arrows) and a flanking oligonucleotide
(represented as green arrows, or in the case of malF sequence, represented in orange, two mutagenic oligonucleotides). Then,
through overlapping PCR, two fragments, araP (represented in green) and malF are joined by its homology zone and amplified
using one mutagenic primer and one flanking oligonucleotide. Then this fragment is joined by its homology zone with the
second araP fragment and amplified by using two flanking oligonucleotides.
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using plasmid pLG63 as template. This plasmid harbours the araQ from B. subtilis 168T* fused to the

C-terminal end of T18 fragment. Oligonucleotides Aral014 and Aral015 were used to introduce a stop

codon in the 282" amino acid, changing nucleotides GT to TA. Plasmid pCA17 was obtained using

Fragment C from pCA12 as template, using oligonucleotides Ara950 and Ara674, bearing Sall

restriction site and AGVKG, respectively. The resulting fragment (864 bp) was then cloned into plasmid

pUT18C, between Sall and Smal restriction sites.

Table 1. List of used and constructed plasmids mentioned in this work for protein-protein interaction studies using
BACTH system. Map of these plasmids is displayed in Subchapter 6. Appendices.

Plasmids Relevant Construction Source or Reference
Derivative of the high copy number vector pUC19, encoding the BACTH System Kit
puUT18
T18 fragment (Euromedex)
Derivative of the high copy number vector pUC19, encoding the BACTH System Kit
puT18C
T18 fragment (Euromedex)
Derivative of the low copy number vector pSU40, encoding the BACTH System Kit
pKNT25
T25 fragment (Euromedex)
Derivative of the low copy number vector pSU40, encoding the BACTH System Kit
pKT25
T25 fragment (Euromedex)
UT18 Zi pUT18 derivative, with the leucine zipper of GCN4 cloned in BACTH System Kit
P —<1P the N-terminal of T18 (Euromedex)
KNT25 Zi pKNT25 derivative, with the leucine zipper of GCN4 cloned in BACTH System Kit
P -4Ip the N-terminal of T25 (Euromedex)
pLG55 pUTA18 derivative, with msmX cloned in the N-terminal of T18 GOd".]ho Lo b
(unpublished work)
pLG56 pKNT25 derivative, with msmX cloned in the N-terminal of T25 GOd”?hO L. M.
(unpublished work)
. . . . Godinho L. M.
pLG63 pUT18C derivative, with araQ cloned in the C-terminal of T18 (unpublished work)
A . . . Godinho L. M.
pLG64 pKT25 derivative, with araQ cloned in the C-terminal of T25 (unpublished work)
pJA2 pUTA18 derivative, with araP cloned in the N-terminal of T18 A TEeE \J,\'/étllg)pUb“Shed
pJA4 pKNT25 derivative, with araP cloned in the N-terminal of T25 Almeida \JA./C()lrJE)publlshed
JA20 pJA2 derivative, with D213A mutation in araP sequence cloned  Almeida J. (unpublished
P in the N-terminal of T18 work)
pCAl pUT18 derivative, with malK cloned in the N-terminal of T18 This work*
PCA2 pJA4 derivative, with A210S/D211A mutations in araP This work*
sequence
pJA4 derivative, with the loop containing the EAA motif in . -
PCA3 araP sequence replaced with C3 loop of malF This work
pCA4 pUT18 derivative, with ycjV cloned in the N-terminal of T18 This work*
pCA5 pLG64 derivative, with R178A mutation in araQ sequence This work*
pCA7 pUT18 derivative, with ABC Sa cloned in the N-terminal of T18 This work*
PCAS8 pUT18 derivative, with ABCﬂCg cloned in the N-terminal of This work*
PCA9 pUT18 derivative, with ABCT_i)én cloned in the N-terminal of This work*
pCAll pLG64 derivative, with D180A mutation in araQ sequence This work*
pCA12 pLG64 derivative, with AGVKG mutation in araQ sequence This work*
pCAl6 pLG63 derivative, with a codon stop inserted in the end of araQ This work*
pCA17 pLG63 derivative, with AGVKG mutation in araQ sequence This work*
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Table 2. List of all oligonucleotides used for this work for determining protein-protein interaction using the BACTH
system. Restriction sites are underlined, and mutations are in lowercase letters.

Oligonucleotides

Sequence 5°> 3’

Ara671 CGTACAGCCGQCCATCCTTGC

Ara672 GCAAGGATGGCCGGCTGTACG

Ara674 CATCACACGTTTCCTCCTTCATTACCCTACCGTCAGGCCGGAGATAAA
Ara675 TTTATCTCCGGCCTGACGGTAGGGTAATGAAGGAGGAAACGTGTGATG
Ara676 GCCAACGCGTTTGGCAGATTGT

Ara680 GTTTCTCAAGCCTGTAACCG

Arar4l CTTGTGTCGACAGGGAATTGCTG

Ara746 CGGGTCGACACGAAGTGTATTGC

Arar47 ATACGCATGCCACGGCTAACGTG

Ara858 CGGAAGCTTGCTGTCGATGACAGG

Ara860 TGGCCAAGCTTATCGGCCTTCTG

Ara885 GGCGTCGACAAAATTTAAATATCAAGG
Ara934 TAGAATCCCATTCTAGAAGTGAAAG
Ara935 TGTGCCGCAACTCTAGACCCTCCCC
Ara950 TTAAGGGGGAGTCGACAATGTTGCGG
Arag9s1 TTAAGGGGGAGGATCCAATGTTGCGG
Arad74 TTTGTGGGGTICTAGAACGCCCG

Arad75 TACGAAGCCtCaGcaATAGACGGCGC
Ara976 CGTCTATtgCtGaGGCTTCGTACAGCTC
Arad77 atgggaatcaacatcctttactttttaCCGGACGATTTGTATGAAGCC
Arad78 tacggttacaggcttgagaaaT TTAATCAGCAGCGGCAG
Arad79 ctgccgctgetgattaaaTTTCTCAAGCCTGTAACC
Ara980 ggcttcatacaaatcgtccgGTAAAAAGTAAAGGATGTTGAT
Arad82 TTCCCCCTICTAGATAGCGAATTGCTA
Ara987 TGGACTCTGCAgcGATGGACGGCTG

Arad88 GCCGTCCATCgcTGCAGAGTCCAGC

Ara993 GCACAATCAAATTGTCTAGAAAGTATGGG
Ara994 ATACTCCCTCTAGAACGATACGATTTCC
Ara995 GATACTATATTICTAGAAATTTAAATATC
Ara996 AAATAAGATTATATTCTAGACGTATAGCTAAAG
Aral014 GAGTCAAAGGGtaACCGAGCTCGAA
Aral015 AATTCGAGCTCGGTtaCCCTTTGAC
Aral017 GGTGATGGGGATCCTCGAGTCG
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2.6. Alkaline lysis for plasmid extraction

Cells were grown O/N in LB medium supplemented with the respective antibiotic and harvested
by centrifugation, 3427 g for 6 min. After pellet resuspension, 100 pL of solution I (50 mM glucose,
25 mM tris-HCl and 10 mM EDTA pH 8) were added. After 5 min of incubation at room temperature,
200 pL of solution Il (0.2 M NaOH and SDS 0.1 % (w/v)) were added and after a gentle mixture,
samples were incubated for 5 min on ice. 150 pL of solution 11 (5 M potassium acetate and acetic acid)
were added and samples were incubated for 5 min on ice. After 10 min centrifugation at full speed,
pellets were discarded. 2 volumes of 100% ethanol were added to supernatants and samples were
incubated on ice for 10 min. Samples were centrifuged at full speed for 10 min and supernatants were
discarded. Pellets were washed 3 times with 70% ethanol. After the pellets dried, they were resuspended
in 30 uL of TE 1X with RNAse (20 pL/mL).

Plasmid extraction was also performed using NZYMiniprep kit (NZYTech), according to

manufacturer’s recommendations.

2.7. Construction of E. coli BTH 101 for qualitative and quantitative protein-protein interaction

In order to quantitatively and qualitatively study protein-protein interactions using the BACTH
system, E. coli BTH101 strains (Euromedex, F-, cya-99, araD139, galE15, galK16, rpsL1 (Str"), hsdR2,
mcrAl, mcrB1) were constructed by performing bacterial transformation by heat shock (adapted from
Sambrook et al., 1989) using plasmids described in Table 1. For each co-transformation, one
constructed plasmid encoding for the T18 fragment and one plasmid encoding for the T25 fragment
were used in equal quantities (~50 ng). Since this E. coli strain lacks endogenous adenylate cyclase
activity, the co-transformation with the two plasmids allows the restoration of adenylate cyclase

enzymatic activity if interaction is present. All co-transformations are listed in Table 3.

2.8. Qualitative analysis of protein-protein interaction

To qualitatively test interaction between two proteins of interest, co-transformed E. coli BTH101
strains bearing two fusion proteins fused to T18 and T25 fragments, respectively, were grown O/N (37
°C, 150 rpm) in LB medium supplemented with kanamycin (30 pug/mL), ampicillin (100 pg/mL),
streptomycin (100 pg/mL) and IPTG (0.5 mM) in an orbital water-bath shaker (Aquatron INFORS HT,
Switzerland). 3 pL of each culture was used to perform spots in LA plates, supplemented with
kanamycin (30 pg/mL), ampicillin (100 pg/mL), streptomycin (100 pg/mL), IPTG (0.5 mM) and X-
Gal (40 pg/mL). Plates were incubated O/N at 30 °C, after each spot dried. Coloration of each spot was
observed after incubation.
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Table 3. List of all E. coli BTH101 co-transformations constructed for protein-protein interaction studies using the

BACTH system.

Plasmid encoding T18 fragment

Plasmid encoding T25 fragment

pZipl8 (Zip + pUT18)
pLG55 (MsmX + pUT18)
pLG55 (MsmX + pUT18)
pLG55 (MsmX + pUT18)
pLG55 (MsmX + pUT18)
pLG55 (MsmX + pUT18)
pLG55 (MsmX + pUT18)
pLG55 (MsmX + pUT18)
pLG55 (MsmX + pUT18)

pCA16 (pUT18C + AraQ)

PCAL7 (pUT18C + AraQ_A GVKG)

pCAl (MalK + pUT18)
pCAl (MalK + pUTL18)
pCAl (MalK + pUT18)
pCAl(MalK + pUT18)
pCA4 (YcjV + pUT18)
pCA4 (YcjV + pUT18)
pCA7 (ABC_Sa + pUT18)
pCA7 (ABC_Sa + pUT18)
pCA8 (ABC_Cd + pUT18)
pCA8 (ABC_Cd + pUT18)
pCA9 (ABC_Syn + pUT18)
pCA9 (ABC_Syn + pUT18)

pZip25 (Zip + pKNT25)
pZip25 (Zip + pKNT25)
pJA4 (AraP + pKNT25)
pLG64 (pKT25 + AraQ)
pCA2 (AraP_A210S/D211A + pKNT25)
pCA3 (AraP_MalF_Chimera pKNT25)
pCAS5 (pKT25 AraQ _R178A)
pCAll (pKT25_AraQ_D180A)
pCA12 (pKT25_AraQ_A GVKG)
pLG56 (MsmX_pKNT25)
pLG56 (MsmX_pKNT25)

pJA4 (AraP + pKNT25)

pLG55 (pKT25 + AraQ)
pCA2 (AraP_A210S/D211A + pKNT25)
pCA3 (AraP_MalF_Chimera_pKNT25)

pJA4 (AraP + pKNT25)

pLG64 (pKT25 + AraQ)

pJA4 (AraP + pKNT25)

pLG64 (pKT25 + AraQ)

pJA4 (AraP + pKNT25)

pLG64 (pKT25 + AraQ)

pJA4 (AraP + pKNT25)

pLG64 (pKT25 + AraQ)

2.9. Quantitative analysis of protein-protein interaction: f-Galactosidase assays

To quantitatively assess interaction between two hybrid proteins, f-galactosidase assays were
used to measure S-galactosidase activity in liquid cultures. Here, co-transformed E. coli BTH101 cells
(see Table 3) were grown in 5 mL of LB supplemented with IPTG (0.5 mM), ampicillin (100 pg/mL);
kanamycin (30 pg/mL) and streptomycin (100 pg/mL) at 30 °C, 180 rpm in an orbital water-bath shaker
(Aquatron INFORS HT, Switzerland) for 17 h. Liquid cultures were diluted 1:5 in M63 medium 1 X
(M63 5X: 10 g/L (NH4)2S04, 68 g/L. KH2PO4, 2.5 mg FeSO4.7H,0 and pH adjusted to 7.0 with KOH)
supplement with 5 mg/L thiamine and optical density at 600 nhm was determined. 2 mL of the culture

were used and the bacterial cells permeabilized by adding 24 uL of toluene and 24 pL of 0.1 % SDS
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and tubes were vortexed for 10 sec. Tubes were kept open in a fume hood to allow toluene evaporation.
After 10 min, tubes were shaken at 37 °C, for 30 min at 200 rpm in an orbital water-bath shaker
(Aquatron INFORS HT, Switzerland). Meanwhile, PM2 buffer (70 mM Na;HPOs, 30 mM NaH,POs,,
1 mM MgSOq and 0.2 mM MnSQO,) and ONPG buffer were prepared. For the enzymatic reaction, 100
pL of permeabilized cells were added to 900 pL of PM2 buffer with g-mercaptoethanol (100 mM) and
then equilibrated at 28 °C (FB15101 dry bath heating shock, Thermo Fisher Scientific ™) for 5 min.
The enzymatic reaction was started by adding 250 uL of ONPG (4 mg/mL) in the PM2 buffer and after
sufficient yellow colour was developed, the reaction was stopped by adding 500 pyL of 1M Na.CO;
solution. Tubes were centrifuged at maximum speed for 5 min at room temperature and then absorbance
was recorded at 420 nm. Enzymatic activity, A (units/mL) were calculated using the following formula:

bsazo
time (min)

U
(U A G
Activity (—) = —
mg mg of bacteria in the used volume

U
Activity (ﬂ) = 200 x X dilution factor

200 — Corresponds to the inverse of the absorption coefficient of o-nitrophenol, that is 0.005 per
nmol/ml at pH 11.0 (i.e. after addition of Na,COs3) (Euromedex).

2.10. Protein extracts and Western Blot analysis

Immunoblot assays were performed using different techniques to optimize detection. First, total
protein extracts were made to detect the accumulation of proteins fused to T18. Here, E. coli BTH101
containing T18 and T25 fusions (Table 3) were grown O/N (~17h) in LB medium supplemented with
IPTG (0.5 mM), ampicillin (100 pg/mL); kanamycin (30 pg/mL) and streptomycin (100 pg/mL) at 30
°C, 180 rpm (Aquatron INFORS HT, Switzerland). O/N cultures were recovered by centrifugation at
16 060 g (Heraeus Biofuge Pico, Massachusetts, USA) for 1 minute. Pellets were resuspended in 100
ML Lysis Buffer (Saline Phosphate Buffer 20 mM pH 7.4, NaCl 62.5 mM, imidazole 100 mM and 10%
glycerol) and lysozyme was added to a final concentration of 1 mg/mL. After incubation at 37 °C for
10 min, three cycles of freezing in liquid nitrogen and thawing at 37 °C for 5 min were performed.
PMSF (10 mM) and Benzonase nuclease (2.5 U) (Sigma-Aldrich, Missouri, USA) were added, followed
by 25 min of incubation at 37 °C. Protein quantification was performed as described in Bio-Rad Protein
Assay. Five BSA dilutions (2.5 pg/mL; 5 pg/mL; 7.5 pg/mL; 10 pg/mL and 15 pg/mL) were used to
construct a standard curve, in triplicates. Assays were performed by adding 200 pL of Bradford reagent
to 800 uL of each standard or sample and after incubation at room temperature for 5 min, absorbance
at 595 nm was measured.

For immunoblotting assays, 20 ug of cells extracts, cells grown O/N, or cells grown until
0.D.600nm reached 0.3 - 0.5 were washed with Lysis Buffer (20 mM PBS pH 7.4, 62.5 mM NacCl, 100
mM imidazole and 10% glycerol) and PMSF (10 mM) and then resuspended in Running buffer (5X:
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0.124 M Tris Base, 0.96 M glycine and 0.017 M SDS) and Loading Buffer (2X: 0.125 M Tris-HCI pH
6.8, 20% glycerol, 4% SDS, 10% S — mercaptoethanol, 0.004% bromophenol blue) (Sambrook et al.,
1989) were loaded in 12.5 % SDS-PAGE. Separated proteins were electrotransfered into a
nitrocellulose membrane (Bio-Rad) in a mini Trans-Blot® cell (Bio-Rad, California, USA) for 1 h. To
verify the transference quality, membranes were stained with Ponceau Red and subsequently incubated
with blocking solution (1x TBS-Tween20 with 5% of low-fat powder milk — Molico Nestlé) for 30 min
at room temperature or O/N at 4 °C. Membrane was washed for 15 min with 1x TBS-Tween20 at room
temperature and later incubated with primary antibody solution [1x TBS-Tween20 + 0.5% powder milk
+ 1:1000; 1:2000; 1:4000 a-Cya (3D1 Kerafast)] O/N at 4 °C or for 2 h at room temperature. After two
washes with 1X TBS-Tween20 for 10 min each, incubation with the secondary antibody (1x TBS-
Tween20 + 0.5% powder milk + 1:10 000 HRP-conjugated goat anti-mouse 1gG antibody [Jackson
ImmunoResearch Europe Ltd.]) occurred for 30 min at room temperature followed by three washes of
10 min with 1x TBS-Tween. All subsequent steps were performed in a dark room. Blots were developed
using ECL Western Blot Substrates (Thermo Fisher Scientific ™) and autoradiography plates (Cronex

or GE Healthcare) were exposed with the adequate amount of time.
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Chapter 3
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3. Results and Discussion

3.1. Targeting key residues in TMDs AraPQ for interaction studies using BACTH system

To characterize and map interacting regions between multitask ATPases and TMDs and
consequently, identify key residues in TMDs associated with the capacity to be energized by several
multitask NBDs, ABC type | importer system AraNPQ-MsmX was used as model to study the influence
of mutant and chimeric mutations in TMDs AraPQ on their interaction with MsmX. An in silico
multiple sequence alignment of different TMDs from B. subtilis energized by MsmX and the MalFG
TMDs of the prototype MalEFGK;, from E. coli, was made (Figure 19 and Figure 21), with the
alignment only showing the predicted MsmX-TMD interaction region.

In AraP, by site-directed mutagenesis the EAA signature of loop C3 was altered. As seen in
Figure 19, all TMDs energized by MsmX have an EAA sequence, while MalF, which cannot be
energized by MsmX has an EASA sequence. It is known that this motif plays an important role in
interaction (Oldham et al., 2007). With this in mind, the alanine in position 210 (A210) and the aspartic
acid in position 211 (D211) were simultaneously change to a serine (S210) and to an alanine (A211),
to mimic the sequence in MalF. Although D211, is not conserved in any TMDs energized by MsmX,
they present either charged amino acids, have polar uncharged side chains or have aromatic side chains,

while in MalF it is an alanine, a small, nonpolar and simple amino acid.

N-terminus
’ \
’ \
’ \
/ N
/ \
* -
ARAP BACSU VPKELYEAADI DGANTMKKFLHITLPFLKPV
MDXF_BACSU TPGELYEAAKIDGATFIQRFRHITFPMILFA
GANP BACSU IPDDLYEAATIDGASVFSKLRY ITLEMVEIA
MELD BACSU TPKDY YEAAQMDGAKQGQQOFFTITLPLLMPS
YESP BACSU IPSSYLEAASVDGANRVORFFKITLPILTPI
YTEP_ BACSU VDPQLYEAAKMDGAGRLRQMWHITLPATKSV
MALF ECOLI IPDDLYEASAMDGAGPFONFFKITLPLLIKP

Figure 19. AraP TMD from AraNPQ-MsmX system. Alignments of TMDs from B. subtilis belonging to transporters
energized by MsmX, Ara, Mdx, Gan, Mel, Yes, Yte and E. coli Mal ABC transporter were performed using Clustal W2 and
are partially show. EAA sequence is display in red and schematic AraP representation in cyan blue. Residues targeted for
mutagenesis are indicated with arrows. Adapted from Ferreira et al., 2017
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In addition, a chimeric AraP was also constructed (Figure 20). Here, the cytoplasmic loop
containing the EAA motif of AraP was replaced by the cytoplasmic C3 loop of MalF, to assess the
effect of the entire EAA motif change in its interaction with MsmX or MalK, E. coli’s ATPase (Daus
et al., 2007). These key residues were changed by site-directed mutagenesis performed by overlapping
PCR (Figure 18).

N-terminus C-terminus
7 ~
/‘/ ~ ~ ~
-~
/4'/ ~ ~ ~ -
, S -
ARAP 189 MGINILYFLAGLQNVPKELYEAADIDGANTMKKFLHITLPFLKPVTVYVLTI 240
MALF 381 PYMMILCMGLLKAIPDDLYEASAMDGAGPFQNFFKITLPLLIKPLTPLMIASF 434

ARAP_C3_MALF 189 MGINILYFLPDDLYEASAMDGAGPFQNFFKITLPLLIKFLKPVTVYVLTI 238

Figure 20. Construction of a chimeric AraP protein. The entire loop containing the EAA motif from AraP (B. subtilis) was
replaced by the C3 loop from MalF protein (E. coli). All amino acids part of cytoplasmic loop are displayed in bolt, while
changed amino acids are underline.

Previous work had also identified several key residues in AraQ important for the function of the
full AraNPQ-MsmX transporter (Ferreira et al., 2017). Here, six amino acids were found of interest.
The first amino acid was the aspartic acid in position 180 (D180) (Ferreira et al., 2017). This amino

\

ARAQ BACSU L-GLPRDLLDSARMDGCTEFGIFFRIMAPLMKPAFG \I SGLTVG
YTCP BACSU Q-NIPSSLEESAKIDGCNDLGIFFKIVLPLSLPATA AKGALLGSVKG
MELC BACSU RSTIPKELVEAARIDGAGMLKIFFTIVFPLLKPITA IAGLSSGAVKG
YESQ:BACSU R-TIPEELDEAARIDGCGRFACFWRIILPLIAPALA VQGISTTGLK-
MDXG BACSU D-TVPREIDEAARIDGAGHLRIFASIVLPLVKPMLA VSGLTAGGTKG
GANQ BACSU D-SIPMDLDESAKIDGASSTRIFFQIILPLSKPMAA VSGLTAGGTKG
MALG ECOLI E-TIDSSLEEAAALDGATPWQAFRLVLLPLSVPILA VNGLTAGGVKG

. L T i * ex Kk Y *

Figure 21. AraQ TMD from the AraNPQ-MsmX system. Alignments of TMDs from B. subtilis belonging to transporters
energized by MsmX, Ara, Mdx, Gan, Mel, Yes, Yte and E. coli Mal ABC transporters were performed using Clustal W2 and
are partially show. “EAA” sequence is display in red and schematic AraQ representation in green. Residues targeted for
mutagenesis are indicated with arrows and residues deleted are boxed. Adapted from Ferreira et al., 2017.
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acid is conserved in all TMDs energized by MsmX and is also conserved in MalG. The last four amino
acids of the C-terminal tail glycine-valine-lysine-glycine (GVKG) were also targeted. This tail was
proposed to have important functions in the translocation mechanism in MalEFGK; (Oldham et al.,
2007) and was shown to be important for the function of AraNPQ-MsmX in B. subtilis (Ferreira et al.,
2017). As depicted in Figure 21 the C-terminal tail is highly conserved in all TMDs energized by
MsmX. Thus, the study of these amino acids is of relevance to understand their role in the interaction
between AraQ and MsmX. The last amino acid target was studied for the first time in this dissertation.
The arginine in position 178 (R178) is conserved in all TMDs from B. subtilis energized by MsmX
(Figure 21), except for GanQ and YtcP, which have a lysine (K) in that position, an amino acid with
identical characteristics to arginine and positively charged. In MalG this amino acid corresponds to an
alanine. To test the importance of these amino acids, they were targeted by site-directed mutagenesis
or by site-directed mutagenesis performed by overlapping PCR (Figure 18), being the R178 and D180
changed to alanine (R178A and D180A), while the C-terminal tail was deleted (AGVKG), as previously
described in Ferreira et al., 2017.

In order to understand, in vivo, the impact of these mutations in the ability of MsmX to interact
with AraP and AraQ mutants, the Bacterial Adenylate Cyclase Two-Hybrid (BACTH) system of
Euromedex was used. All plasmids were constructed as described in subchapter 2.5 and are listed in
Table 1, with all interactions being displayed in Table 3.

MsmX was cloned in plasmid pUT18, being replicated in high copy number (ColE1 origin) and
AraP was cloned in plasmid pKNT25, being replicated in low copy numbers (p15A origin) in the cell.
Since the C-terminal tail plays an important role in interaction for both, MalG (Oldham et al., 2007)
and AraQ (Ferreira et al., 2017), all AraQ mutants were constructed in plasmid pKT25 (present in low
copy number), fusing the T25 fragment to the N-terminus of AraQ. Posteriorly, wild-type AraQ and
AraQ_AGVKG were also constructed in plasmid pUT18C (present in high copy number). All plasmids
share the same promoter, and each gene carries its own RBS (except for T18 and T25 expressed in
pUT18C and pKT25, which harbour a ribosome binding site) (Ouellette, Karimova, Davi, & Ladant,
2017). In this work, only one combination of hybrid proteins was tested, since this methodology was
already optimized in our laboratory, to allow detection of the effect of mutant proteins (Microbial
Genetics Laboratory, unpublished results).

With the intent of studying protein-protein interactions (PPIs), qualitative and quantitative j-
galactosidase assays were performed. For that, T18 and T25 fusion proteins were co-transformed by
heat shock into E. coli BTH101, which lacks an endogenous adenylate cyclase activity. Since this assay
is based on laczZ (reporter gene responsible for S-galactosidase production) expression, and it is
positively regulated by cAMP/CAP complex, only when the two hybrid proteins interact (and
consequently occurs T18 and T25 complementation), the catalytic domain of adenylate cyclase from B.
pertussis is reconstructed, allowing the production of cAMP from ATP and eventually activation of

lacZ. In this assay, IPTG (Isopropyl B-D-1-thiogalactopyranoside) must be added to prevent Lacl
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(lactose repressor) binding to the operator and blocking lacZ or hybrid proteins transcription. If the
hybrid proteins do not interact, there are only basal levels of s-galactosidase being produced (Karimova
etal., 1998, 2017).

3.1.1. Qualitative analysis of MsmX and AraPQ interaction

A simple way to qualitatively assess the production of -galactosidase is through an assay in solid
medium. Here, E. coli BTH101 cells are co-transformed with both plasmids, one containing a fusion
protein with T25 fragment and the other containing a fusion protein with the T18 fragment, as described
in subchapter 2.7. These co-transformants are then plated in LA plates supplemented with X-Gal (5-
bromo-4-chloro-3-indolyl-f-D-galactopyranoside), and IPTG as described as subchapter 2.8. If the two
fusion polypeptides interact, then adenylate cyclase is reconstructed, and cCAMP is produced from ATP
(Figure 22A). The cAMP-CAP complex will then activate the transcription of a reporter gene, in this
case, lacZ gene, responsible for g-galactosidase production. g-galactosidase can cleave X-Gal into S-
D-galactose and 5-bromo-4-chloro-3-hydroxyindole. This last component is then oxidized into 5,5'-
dibromo-4,4'-dichloro-indigo, a blue component, which means that colonies, expressing interacting
proteins can be distinguished by their blue colour (Juers et al., 2012; Karimova et al., 2017). However,
if the two proteins in study do not interact, there is no cleavage of X-Gal, and no blue colouration can
be detected (Figure 22B).

TMDs  NBDs

£ | Reporter Gene ON
cAMP = CAP Promoter
[(-Galactosidase
o = 4 —~d o,
+H,0

CH?OH 0 Hon 5- brorno 4-chloro-3- 5,5" dlbromo 40
&LOH hydroxyindol dichloro-indigo

Indigo blue dye

B-D-galactose

Figure 22. Principle of BACTH System in qualitative assay using X-Gal plates as an indicator media. A) When T25 and
T18 fragments are co-expressed as fusions with two interacting polypeptides, there is association of these two chimeric
proteins and consequently reconstitution of adenylate cyclase activity. This enzyme is going to produce cAMP that is going
to interact with CAP protein and together are going activate a reporter gene, in this case lacz, responsible for g-galactosidase
production. p-galactosidase will cleave X-Gal, a colourless compound, into S-D-galactose and 5-bromo-4-chloro-3-
hydroxyindol, that will posteriorly be oxidise into 5,5’-dibromo-4,4’-dicholoro-indigo. Thus, colonies will have blue
coloration. B) When T25 and T18 fragments are co-expressed as fusion with two non-interacting polypeptides, there is no
association and no reconstitution of adenylate cyclase. Since no S-galactosidase is produced, X-gal is not cleaved, and colonies
will have their normal colouration.
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Results are presented in Table 4. Here, the co-transformation Zip_T18 + Zip_T25 was used as positive

control, displaying a strong blue colour, a phenotype expected for interacting hybrid proteins, while the

co-transformation MsmX_T18 + Zip_T25, was used as negative control to establish the phenotype for

non-interacting hybrid proteins, displaying an expected white colour. The wild-type phenotype was also

assessed by studying the interaction between MsmX and AraPQ, through co-transformations
MsmX_T18 + AraP_T25 and MsmX_T18 + T25 AraQ, both exhibiting a very strong blue colour,

comparable to the Zip_T18 + Zip_T25 co-transformation, a phenotype of interacting proteins.

Table 4. Qualitative protein-protein interaction assays. Qualitative analysis of S-galactosidase activity using X-Gal as an
indicator media. Blue colouration corresponds to a positive interaction while white colour corresponds to a non-interacting
polypeptide. Zip_T18 + T25_Zip co-transformation and MsmX_T18 + T25_Zip were used as controls and MsmX_T18 +

AraP_T25 and MsmX_T18 + T25_AraQ was used as controls for the wild-type interaction.

T18 fragment
Plasmid pUT18 Plasmid pUT18C
. AraQ
Zip MsmX AraQ (AGVKG)

T2S fragment

Plasmid pKNT2§

Zip

MsmX

AraP

AraP EASA

AraP_MalF _
Chimera

Plasmid pKT2§

AraQ

AraQ D180A

AraQ R178A

AraQ
(AGVKG)

As can be seen in Table 4, all co-transformations of mutant AraP, MsmX T18 +
AraP_EASA T25 (corresponding to A210S/D211A) and MsmX_T18 + AraP_MalF_Chimera_T25,
present different colourations, suggesting different interaction levels. MsmX_T18 + AraP_EASA _T25
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co-transformation presents a blue shade very similar to the wild-type co-transformation, MsmX_T18 +
AraP_T25, indicating that this double mutation probably does not affect the contact NBD-TMD, while
MsmX_T18 + AraP_MalF_Chimera _T25 presents a white colouration, equal to our negative control,
suggesting that replacing the loop containing the EAA motif from B. subtilis with a C3 loop from E.
coli, affects in a negative drastic way its interaction with MsmX. Nevertheless, p-galactosidase
activities were quantified and are displayed in the next subchapter.

Similar to mutant AraP, all co-transformations of mutant AraQ, MsmX_T18 + AraQ_D180A,
MsmX_T18 + AraQ R178A and MsmX T18 + AraQ_ AGVKG, display different colourations. Both
single mutations, D180A and R178A display a white colour, comparable to the negative control,
suggesting loss of interaction with MsmX. An unexpected result is the strong blue colour observed in
mutation AraQ_AGVKG. In B. subtilis, growth kinetic parameters were assessed in the presence of
arabinotriose, a complex sugar transported by AraNPQ-MsmX system. Here, lower doubling times,
suggest a higher capacity of the system to translocate the substrate and consequently grow and higher
doubling times, suggest a lower transport capacity, leading to slower growth (above 500 min was
considerate non-growth). This deletion showed a drastic increase in doubling time, suggesting a
negative impact in arabinotriose transport that could be due to the loss of important interacting points
between MsmX and AraQ (Ferreira et al., 2017).

When MsmX is fused to the T25 fragment and AraQ and AraQ_AGVKG are fused to T18, the
co-transformations present a blue colouration, although lighter than the positive control and wild-type
interaction, suggesting that interaction is present but not as strong. As observed in their reciprocal co-
transformation, between these two co-transformations, T18 AraQ + MsmX T25 and
T18_AraQ_AGVKG + MsmX_T25, the displayed blue shade is identical, suggesting similar levels of
interaction.

These results give us an initial screening to which mutation may be more or less relevant, but to
ensure that these differences are significant, all these mutations were studied by a quantitative analysis,
by determining fS-galactosidase activity in units/mg (U/mg) with results being present and discussed

below.

3.1.2. Quantitative analysis of MsmX and AraPQ interaction

[S-galactosidase activity was used to quantitatively assess levels of interaction between two hybrid
proteins. For that, E. coli BTH101 cells were co-transformed (Table 3) and grown as described in
subchapter 2.7 and 2.9. In this assay, cells were permeabilized using SDS (sodium dodecyl sulphate)
and toluene and the enzymatic reaction started by adding ONPG (ortho-Nitrophenyl-f-galactoside). In
the presence of S-Galactosidase, this substrate is hydrolysed into f-D-galactose and ortho-nitrophenyl
(chromogenic yellow compound), which is produced in proportional quantities to S-galactosidase. The

reaction is then stopped by the addition of Na,COs, which elevates the pH to 11, inactivating the
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enzyme. Ortho-nitrophenol is monitored at 420 nm and enzymatic activity, in U/mg (Figure 23), is
calculated as explained in subchapter 2.9 (Juers et al., 2012; Karimova et al., 2017).

TMDs  NBDs
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Figure 23. Principle of BACTH System in quantitative assays, using ONPG as substrate for g-galactosidase. A) When
T25 and T18 fragments are co-expressed as fusions with two interacting polypeptides, there is association of these two
chimeric proteins and consequently reconstitution of adenylate cyclase activity. This enzyme is going to produce cCAMP that
is going to interact with CAP protein and together are going activate a reporter gene, in this case lacZ, responsible for j-
galactosidase production. pS-galactosidase will cleave ONPG, a colourless compound, into p-D-galactose and ortho-
Nitrophenyl, a yellow compound that can be measure at 420nm. B) When T25 and T18 fragments are co-expressed as fusion
with two non-interacting polypeptides, there is no association and no reconstitution of adenylate cyclase. Since no f-
galactosidase is produced, ONPG is not cleaved.

In this assay, the interaction between MsmX_T18 + Zip_T25 was used as negative control.
Zip_T25 corresponds to the leucine zipper of GCN4, which does not interact with MsmX, having this
co-transformation an enzymatic activity of 36.05 + 3.66 U/mg. As positive control for NBDs-TMDs
interaction, the combination Zip_T18 + T25_Zip (dimerization between leucine zippers of GCN4) was
used, having an enzymatic activity of 2427.07 + 50.63 U/mg. As controls for the wild type interaction
between MsmX ATPase and AraPQ TMDs, co-transformations MsmX_T18 + AraP_T25 and
MsmX_T18 + T25_AraQ were used, having S-galactosidase activities of 2228.57 + 5.62 U/mg and
1113.75 + 27.44 U/mg.

As described in Figure 24 and Table 5, both AraP_EASA and AraP_MalF_Chimera mutations
show statistically different g-galactosidase activity when compared to the wild-type interaction,
MsmX_T18 + AraP_T25.

A non-significant result when compared with the wild-type activity is the co-transformation
MsmX_T18 + AraP_EASA_T25 that displays an enzymatic activity of 1843.38 + 81.34 U/mg. In this
chimeric mutation, the highly conserved residues EAA were changed to EASA (A210S/D211A) to
mimic MalF. Here, the EAA motif (EASA in this protein) is a main point of contact with MalK being
inserted within the monomer, in the Q-loop region, connecting NBDs and TMDs and allowing the
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transmission of NBD conformational changes to the TMDs and consequently the alternating access
mechanism (Oldham et al., 2007; Ter Beek et al., 2014).

Table 5. Quantitative protein-protein interaction assays. S-galactosidase activity (U/mg) was measured in each co-
transformant (at least three independents’ experiments; - Two independent experiments) to assess the impact of each TMD
mutation on MsmX-TMDs interaction. Zip_T18 + T25_Zip was used as positive control and MsmX_T18 + T25_Zip was used
as negative control. MsmX_T18 + AraP_T25 and MsmX_T18 + T25_AraQ were used as controls for the wild type interaction.

E. coli BTH101 co-transformation

T18 Fusion T25 Fusion p-Galactosidase activity U/mg
Zip_T18 T25_Zip 2427.07 + 50.63
MsmX_T18 T25 Zip 36.05 + 3.66
MsmX_T18 AraP_T25 2228.57 +5.62%
MsmX_T18 AraP_EASA T25 1843.38 + 81.34°
MsmX_T18 AraP_MalF_Chimera _T25 30.78 £ 2.14
MsmX_T18 T25_AraQ 1113.75 + 27.44
MsmX_T18 T25_AraQ_D180A 80.40 + 15.13
MsmX_T18 T25_AraQ_R178A 103.13 + 14.08
MsmX_T18 T25_AraQ AGVKG 713.59 + 96.31°
T18_AraQ MsmX_T25 578.00 + 71.16
T18 AraQ_AGVKG MsmX_T25 110.05 + 6.33

MsmX_T18 + AraP_MalF_Chimera _T25 o =

a

MsmX_T18 + AraP_EASA_T25 NS

@MsmX_T18 + AraP_T25
MsmX_T18 + T25_Zip

Zip_T18 + T25_Zip

N N N N
S $ s
N P o

p-Galactosidase activity (U/mg)

Figure 24. MsmX + Mutant AraP interaction assay. f-galactosidase activity (U/mg), BACTH system was used to determine
the interaction between MsmX and chimeric AraP co-transformants. Zip_T18 + T25_ Zip was used as positive control while
T25 Zip + MsmX_T18 was used as negative control. MsmX_T18 + AraP_T25 was used as control for the wild-type
interaction. At least three independents’ experiments (3 Two independent experiments) were performed for each co-
transformation and error bars indicate the standard mean deviation. Statistical significance between enzymatic activities
determined for each co-transformant and co-transformant MsmX_T18 + AraP_T25 is indicated (*, p<0.05; NS — Non-
significant).
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Since the EAA motif is a conserved sequence within some coupling helix, this motif in AraP
most likely acts in a similar way to MalF, meaning, it will probably belong to a short a-helix, that is
inserted in a MsmX cleft, allowing conformational changes and consequently the transport mechanism.
Since the interaction of this region with the Q-loop of the NBD is maintained by a salt-bridge
interaction, the non-significant reduction observed in the enzymatic activity of these mutations
(A210S/D211A) is due to the insertion of the polar uncharged side chain of the serine and the removal
of the negative charged side chain of the aspartic acid, leading to small changes in the electrostatic
surface causing repulsions that may weaken this salt-bridge interaction. These results imply that alone
these two amino acids are not sufficient to significantly disturb the loop containing the EAA motif.

The co-transformation MsmX_T18 + AraP_MalF_Chimera _T25 has the most significant change
in f-galactosidase activity (30.78 + 2.14 U/mg), being even less than the negative control. This lack of
interaction could mean that sequence integrity of the wild-type loop (putative coupling helix) is
necessary for this important interaction region between AraP and MsmX and its replacement for the
MalF C3 loop impairs its contact, by the same reasons described in the previous paragraph. Another
possible explanation for the lack of interaction may not be due to the interaction per se but due to the
loop replacement. It may be possible that using MalF C3 loop could change the putative a-helix
conformation or even alter the entire protein conformation leading to low expression levels,
aggregation, misfolding leading to its signalling for proteolysis, consequently making it impossible for
MsmX to interact.

AraQ mutants have different impacts in its interaction with MsmX, when compared with the
wild-type interaction, MsmX_T18 + T25_AraQ (Table 5 and Figure 25).

MsmX_T18 + T25 AraQ_D180A co-transformant exhibits a p-galactosidase activity very
similar to the negative control (80.40 £ 15.13 U/mg). This low enzymatic activity represents a ~75%
loss in interaction. The loss of this highly conserved negative side chain, probably causes a change in
electrostatic surface in contact with MsmX, leading to a severe negative impact, detected by the
BACTH system. The effect of this mutation was also previously studied by our lab (Ferreira et al.,
2017), by determining the growth kinetic parameters in B. subtilis. Here, a negative impact on
arabinotriose transport (a doubling time of 149.3 + 12.8 min when compared with the wild-type 98.2 +
10.0 min) was also determined; the difference between the mutant and the wild type doubling time is
not as relevant as the difference observed between the two in the BACTH assay, suggesting that the
effect of this mutation is in the context of the full transporter may have other surrounding interactions
that stabilize the complex allowing the uptake of arabinotriose, only slightly impairing the transport.
However, it is also possible that in the BACTH system, the effect of this mutation may be
overemphasized due to only considering the interaction between one mutated AraQ and one wild type
MsmX.

Another mutation assessed was the changing of the arginine in position 178 to an alanine, which
causes the loss of a positive charged side chain. This co-transformation MsmX_T18 +
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T18_AraQ_AC + MsmX25
T18_AraQ + MsmX_T25
*MsmX_T18 + T25_AraQ_AC
MsmX_T18 + T25_AraQ_R178A
MsmX_T18 + T25_AraQ_D180A
MsmX_T18 + T25_AraQ
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Figure 25. MsmX + Mutant AraQ interaction assay. S-galactosidase activity (U/mg), using BACTH system was used to
determine the interaction between MsmX and mutant AraQ co-transformants. Zip_T18 + T25_ Zip was used as positive
control while MsmX_T18 + T25_Zip was used as negative control. MsmX_T18 + T25_AraQ and its reciprocal, T18_AraQ
+ MsmX_T25 were used as controls for the wild-type interaction. At least three independents’ experiments (- Two
independent experiments) were performed for each co-transformation and error bars indicate the standard mean deviation.
Statistical significance between enzymatic activities determined for each co-transformant and co-transformant MsmX_T18 +
T25_AraQ is indicated (*, p<0.05; NS — Non-significant). AC indicates AraQ_AGVKG mutation.

T25 AraQ_R178A exhibits a p-galactosidase activity of 103.13 + 14.08 U/mg, which is also
significantly lower than the wild-type co-transformation. Similarly, to this previous mutation, a lower
enzymatic activity can be attributed to changes in electrostatic surface, causing weaker interactions or
even repulsion or structural alteration, hampering the access to interaction points between TMD and
NBD. These two mutations, D180A and R178A, may be responsible for more contacts with MsmX
than expected and consequently can be important for maintaining the correct assembly of the system
and since they are both located in the EAA motif of AraQ, they may have a role in the alternating access
transport mechanism.

A deletion of the four C-terminal amino acids of AraQ was also constructed, having a f-
galactosidase activity of 713.59 + 96.31 U/myg, a statistically non-significant loss in interaction when
compared with its wild type. This activity is higher than expected since in growth kinetics parameters
determined by our lab in B. subtilis model (Ferreira et al., 2017), showed a severely decrease in growth
rate (472.8 + 22.6 min, while wild type doubling time is 98.2 + 10.0 min). This can be explained by
looking at the MalEFGK; system (Oldham et al., 2007). An unexpected feature revealed by Oldham et
al (2007) was the insertion of this MalG C-terminal region into MalK dimer interface, suggesting some
important role in ABC transporter function. With this in mind, the deletion of these 4 amino acids,
probably hampers arabinotriose transportation by interfering with the transport cycle, that cannot go

from the outward state to the inward conformation and not by diminishing drastically the interaction,
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as seen assessed in these f-galactosidase assays using the BATCH system. Removing AraQ C-terminal
tail will probably not affect the closure of MsmX dimer, but the lack of hydrogen bonds with the Q-
loops of both monomers, will probably affect the correct positioning of MsmX dimer and the
intermediate conformation will be compromised. Although a low identity between the primary sequence
of TMDs is present, this tail is highly conserved in MalG and AraQ but also in MdxG and GanP (Figure
21), so it is highly probable that the C-terminal tails of these last TMDs also play an essential role in
the translocation’s mechanism. To date, this C-terminal portion is not observed in other families of
ABC transporters, showing its importance in the specific binding between in ABC sugar importers.

In order to understand if the mutations with lack of interaction phenotype, namely
AraP_MalF_Chimera and point mutation in AraQ, occurred due to these modifications and not due to
protein degradation or problems in protein expression, additional analysis is required. For this, doing
detection of in vivo accumulation of these TMDs mutants by western blot was essential, but since all
mutations were cloned into plasmids expressing the T25 fragment, and the only commercialized
antibody was for T18 fragment, it made it impossible to detect these mutants. The natural solution was
then, construct the same mutations into plasmids containing T18 fragment, and assess if the effect of
the previous mutations is maintained.

Co-transformation T18_AraQ + MsmX_T25 exhibits a $-galactosidase activity of 578.00 £ 71.16
U/mg, about half of the activity determined for its reciprocal. This activity is also statistically low when
compared with the positive control Zip_T18 + Zip_T25, which can possibly complicate the study of the
impact of mutation in TMDs-NBDs Interaction. With this in mind, a previous studied mutation was
also tested, the deletion of the C-terminal tail. For co-transformation T18 AraQ AGVKG +
MsmX_T25, a f-galactosidase activity of 110.05 + 6.33 U/mg was determined. This value is statistically
different from its wild-type T18 AraQ + MsmX_T25. This shows that the effect of, at least, this
mutation in this reciprocal combination, can still be seen, allowing the use for the detection of the
mutated TMDs by Western Blot.

In sum, these results show that all mutations have a different negative impact in NBD-TMD
interaction, with all mutations supporting the importance of the loop containing the EAA motif in both
AraP and AraQ interaction with MsmX and consequently its possible role in the transport mechanism.
The deletion of the C-terminal tail in AraQ also supports the importance of this highly conserved tail in
ABC sugar importers. As previous and current results show, it remains to be seen if the data of some
mutations, namely AraP_A210S/D211A, AraP_MalF_Chimera and AraQ_R178A correlates with
growth kinetic parameters in B. subtilis. Using the reciprocal co-transformation, AraQ in T18 and
MsmX in T25, also allows to assess the effect of mutations and allow a validation of this system by
performing Western blot analysis, which was not possible when only considering the qualitative assays,
since both co-transformations displayed the same colouration. Furthermore, the qualitative assays
correlate to some degree with the quantitative assays, with the highest -galactosidase activities being

depicted with a strong blue colouration and S-galactosidase activities quantitatively close to the negative
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control also appearing with a white colour, but due to the proximity of colouration, qualitative assays
due not allow to distinguish co-transformation with proximal S-galactosidase activities.

3.1.3. Detection of in vivo accumulation of wild type and mutant TMDs by Western blot analysis

To determine if the observed phenotypes are a consequence of the introduction of the previously
mentioned mutation or if they disturb normal protein production of TMDs, it is necessary to verify
protein accumulation of mutant TMDs by Western Blot analysis. Because BACTH protein detection by
Western Blot was not previously done in our lab, optimization was required. First, total cell extracts of
OIN growth of E.coli BTH101 co-transformations Zip_T18 + Zip_T25, MsmX_T18 + AraP_T25,
MsmX_T18 + AraP_EASA T25, MsmX + AraP_MalF_Chimera_T25, MsmX_T18 + T25_ AraQ,
MsmX_T18 + T25 AraQ_D180A, MsmX_T18 + T25 AraQ_R178A and MsmX_T18 +
T25_AraQ_ AGVKG, were performed as described in subchapter 2.10, with subsequent steps being
described in the same chapter. Here, co-transformation Zip_T18 + Zip_T25 (25.9 kDa) was used as
experiment control and NZYcolour protein marker 1l (NZYTech), was used as molecular weight.

As seen in Figure 26A, the transfer was successful since the fractionated proteins were effectively
transferred from the SDS-PAGE gel to the nitrocellulose membrane. Analysis of the radiographic plates
(Figure 26B) reveals MsmX_T18 protein accumulation in all co-transformations but no other evidence
can be inferred due to the high background, where non-specific bands are observed, except in the
Zip_T18 lane. MsmX_T18 (based on its molecular weight, 61.8 kDa) and Zip_T25 (25.9 kDa) are
marked with an arrow. This high background on the blot and non-specific bands below MsmX_T18
size are unexpected, since Zip_T18 has the same cell background, E. coli BTH101, and no bands are
observed. There are many possible causes for this high background on the blot and for the non-specific
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Figure 26. MsmX_T18 detection by Western Blot analysis, from E. coli BTH101 growth. 20 pg of total cell extracts of
Zip_T18 + Zip_T25 was loaded into the first lane. In lane 2, NZYcolour protein marker 1l was loaded and in lanes 3-9, 20 ug
of total cell extracts of MsmX_T18 + AraP_T25, MsmX_T18 + AraP_EASA_T25, MsmX_T18 + AraP_MalF_Chimera _T25,
MsmX_T18 + T25_AraQ, MsmX_T18 + T25_AraQ_D180A, MsmX_T18 + T25 AraQ_R178A and MsmX T18 +
T25_AraQ_AGVKG were loaded. A) Nitrocellulose membrane stained with Ponceau Red, showing the fractionated proteins
transferred from an SDS-PAGE gel (12.5%). B) Autoradiographic plate after detection with a-Cya antibody. MsmX_T18 (61.8
kDa) and Zip_T18 (25.9 kDa) are marked with an arrow.
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bands, from non-specific binding of secondary antibody, high concentrations of antibodies, insufficient
blocking, insufficient washing steps, protease activity in stationary phase of growth or degradation
caused by freeze and thaw of samples of cell extracts, which were tested and described below.

First, cell extracts of co-transformations Zip_T18 + Zip_T25, MsmX_T18 + AraP_T25,
MsmX_T18 + T25_AraQ and MsmX_T18 + MsmX_T25 were loaded into an SDS-PAGE gel,
additionally to cells of the previous co-transformations recovered after O/N growth on the same medium
and resuspended in Loading Buffer + Running Buffer to an O.D.600., of 10, without being frozen or
placed at 4 °C. As seen in Figure 27A, the fractionated proteins were successfully transferred for the
nitrocellulose membrane, as Ponceau Red staining revealed. Antibody incubations were performed as
described in subchapter 2.10, except for the primary antibody, which was used with a higher dilution
of 1:2000. The respective autoradiographic plate is shown in Figure 27B. Here, accumulation in all
lanes is seen, as expected but a higher primary antibody dilution does not improve the background.

However, using cells resuspended in Loading + Running Buffer seams to slightly improve the
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Figure 27. MsmX_T18 detection by Western Blot analysis, from E. coli BTH101 growth. 20 ug of total cell extracts of
Zip_T18 + Zip_T25 was loaded into the first lane. In lane 2 and 6, Precision Plus Protein TM All Blue Prestained Protein
Standards was loaded and in lanes 3, 4 and 10, 20 pg of total cell extracts of MsmX_T18 + AraP_T25, MsmX_T18 +
T25_AraQ and MsmX_T18 + MsmX_T25 were loaded. In lanes 5, 7-9, cells of co-transformant Zip_T18 + Zip_T25,
MsmX_T18 + AraP_T25, MsmX_T18 + T25_AraQ and MsmX_T18 + MsmX_T25 resuspended in Loading and Running
Buffer were loaded. A) Nitrocellulose membrane stained with Ponceau Red, showing the fractionated proteins transferred
from an SDS-PAGE gel (12.5 %). B) Autoradiographic plate after detection with a-Cya antibody using 1:2000 dilution. C)
Autoradiographic plate after detection with o-Cya antibody using 1:2000 dilution for 2 h (blocking O/N at 4 °C). MsmX_T18
(61.8 kDa) and Zip_T18 (25.9 kDa) are marked with an arrow.

55



Chapter 3 - Results and Discussion

background, especially above the MsmX_T18 band. Since these improvements are not significant, this
membrane was again used to test other conditions. Here, the blocking step was performed O/N, 4 °C,
without shaking, while incubation with primary antibody 1:2000 was performed at RT, for 2 h. As seen
in Figure 27C, doing the blocking step O/N significantly reduced the background, but since cell extract
of Zip-Zip co-transformation was also significantly affected, these conditions may not be ideal.
However, when using cells only resuspended in Loading + Running Buffer, Zip-Zip co-transformation
appears not to be affected and its background was cleared. Several non-specific bands were still visible
below the putative MsmX_T18 band, suggesting protease activity or protein degradation was occurring.

To test other conditions another membrane was used (Figure 28A), in which co-transformations
Zip_T18 + Zip_T25 and MsmX_T18 + AraP_T25 were harvested at ODsoo 0f 0.5 (exponential phase
of growth) with some cells being treated with PMSF, a serine protease inhibitor. These cells were never
frozen or placed at 4 °C. Although the fractionated proteins were successfully transferred to the
nitrocellulose membrane, it was possible to distinguish an air bubble (Figure 28A), which was
considered when looking at the radiographic plate. Half of the membrane was incubated with 1:2000
primary antibody dilution while the other half was incubated with 1:4000 dilution, for 2 h with mild
shaking. As seen in Figure 28B, there is no background and only a few non-specific bands remain. It
appears to have no difference between the two antibody dilutions but using PMSF not only helped with
the viscosity of samples when loading them into SDS-PAGE but when looking to the right plate (the
left cannot be used for this analysis due to the air bubble) seems to help with the intensity of the non-
specific bands. Using cells grown only in the exponential phase of growth treated with PMSF and
resuspended in Loading + Running Buffer seems to be the ideal condition to perform Western blot
analysis when using BACTH system to study NBD-TMD interactions.
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Figure 28. MsmX_T18 detection by Western Blot analysis, from E. coli BTH101 growth. In lanes 1 and 3 cells of co-
transformant Zip_T18 + Zip_T25, MsmX_T18 + AraP_T25 resuspended in Loading and Running Buffer were loaded while
in lanes 2 and 4 cells of co-transformant Zip_T18 + Zip_T25, MsmX_T18 + AraP_T25 treated with PMSF and then
resuspended in Loading and Running Buffer were loaded. In lanes 6 to 10, the same samples were loaded. A) Nitrocellulose
membrane stained with Ponceau Red, showing the fractionated proteins transferred from an SDS-PAGE gel (12.5 %). B1;2)
Autoradiographic plate after detection with a-Cya antibody using 1:2000 dilution (B1) and 1:4000 dilution (B2). MsmX_T18
(61.8 kDa) and Zip_T18 (25.9 kDa) are marked with an arrow.
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Since all our mutant TMDs are cloned into plasmids containing T25 fragment and currently no
commercial antibody is available it is not possible to perform Western Blot analysis of these
interactions. Since several TMDs energized by MsmX were previously constructed into plasmids
containing T18 fragment (Microbial Genetics Laboratory, unpublished results), AraQ and
AraQ_AGVKG were also fused to T18 fragment and after quantitatively assess its interaction with
MsmX fused to T25 fragment, its accumulation was determined by Western Blot analysis. Here, E. coli
BTH101 strains T18 AraQ + MsmX_T25, T18 AraQ AGVKG + MsmX T25, Gan TI8 +
MsmX_T25 and Mel _T18 + MsmX_T25 were harvested at an ODsoonm Of 0.3, as described in
subchapter 2.10. Cells underwent the same treatment and were loaded into the gel without being boiled.
After SDS-PAGE running was complete, a successful electrotransfer of proteins can be seen in a
nitrocellulose membrane (Figure 29A) stained with Ponceau Red. Zip T18 + Zip _T25 co-
transformation was loaded into the first lane as experience control and NZY Protein Marker Il was
loaded into the second lane. AraQ, AraQ_AGVKG, GanP (TMD from GanSPQ system) and MelD
(TMD from MelEDC system) were loaded into lanes 3 to 6, respectively.

This analysis shows accumulation of all TMDs in vivo (Figure 29B), since in each lane is visible
a band with the expected size, 25.9 kDa, 52.2 kDa, 51.9 kDa, 57.8 kDa and 67.4 kDa, respectively.
Apparent differences in accumulation are present, that could lead to the assumption that differences
detected in S-galactosidase activity may be due to this aspect, but since there is no housekeeping gene
that could be used as control, no conclusion can be taken. Thus, only can be acknowledged that all

TMDs are accumulating in vivo and the AraQ_AGVKG mutation does not impair protein production.
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Figure 29. TMD_T18 detection by Western Blot analysis, from E. coli BTH101 growth. In lane 2, NZYcolour protein
marker Il was loaded. In lanes 1, 3-6 cells of co-transformants Zip_T18 + Zip_T25, T18 AraQ + MsmX_T25,
T18_AraQ_AGVKG + MsmX_ T25, Gan_T18 + MsmX_T25 and Mel_T18 + MsmX_T25 treated with PMSF and then
resuspended in Loading and Running Buffer were loaded. A) Nitrocellulose membrane stained with Ponceau Red, showing
the fractionated proteins transferred from an SDS-PAGE gel (12.5%). B) Autoradiographic plate after detection with a-Cya
antibody. Zip_T18 (25.9 kDa), AraQ_T18 (52.2 kDa), AraQ_AGVKG (51.9 kDa), Mel T18 (57.8 kDa) and Gan_T18 (67.4
kDa).
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3.2. In vivo analysis of MsmX homologs and AraPQ interaction using the BACTH system

Previous work published by our lab, have identified several putative multitask ATPases based on
their sequence identity in the predicted contact region NBD-TMD, between amino acids 60 to 179 of
MsmX. From this analysis, ATPases from Gram-Positive of Firmicutes phylum and Gram-Negative
bacteria were selected: FrIP (previously identified as YurJ from B. subtilis, 58%), ABC_Bt (from
B.thuringiensis, 74%), MsmK (Streptococcus pneumoniae, 64%), ABC_Sa (Staphylococcus aureus,
66%), ABC_Cd (Clostridioides difficile 630, 57%), MalK and YcjV (from E. coli, with 45% and 64%,
respectively) and beyond Firmicutes phylum, ABC_Syn (from Synechocystis sp., 71%). Although
MalK has low sequence identity, it was selected because it is part of the prototype translocator of ABC
type | importers, MalEFGK: of E. coli and it is the most well characterized transporter (Leisico et al.,
2020).

These ATPases were introduced in trans in the B. subtilis 168T" chromosome under the control
of an inducible promoter. The efficiency of each ATPase to replace MsmX was assessed by determining
growth Kinetic parameters in the presence of the substrates, translocated by the specific transporter,
arabinooligosaccharides and galactooligosaccharides. In these assays, lower doubling time reflects
higher capacity of an NBD to energize the AraNPQ (arabinotriose) and GanSPQ (galactan) transporters
and higher doubling times shows lower functional ability to power the transport. Doubling times above
500 min are considered non-growth. All these ATPases were shown to replace MsmX function in vivo
with different efficiencies, except for MalK and Yc¢jV, that are not able to energize AraPQ or GanPQ
(Leisico et al., 2020).

Western blot analysis confirmed that all ATPases accumulate in vivo and biochemistry
characterization showed that both MalK and Y¢jV maintained their ATPase activity, suggesting another
reason other than protein misfold or degradation for different levels of functionality. Since no relation
seems to be found between primary sequence and its functional degree of exchangeability, studies about
their interaction with TMDs can help to understand these promiscuous contacts and since these NBDs
are potential targets for antibacterial therapy, studying this feature may allow drug design with the intent
to disrupt carbohydrate uptake (Leisico et al., 2020).

Thus, to conduct in vivo studies of the interaction between some of the previously mentioned
ATPases (Table 6) and AraPQ translocator, the BACTH system was used. All plasmids constructed for
these assays are described in subchapter 2.5 and listed in Table 1, with all interactions tested being

displayed in Table 3.
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Table 6. List of MsmX homologs used in this work. 2Amino acid identity to B. subtilis MsmX.

) Protein
Species Gene name Reference )
Identity?

Staphylococcus aureus

ugpC (abc_Sa) WP_000818906.1 66%
subsp. aureus ST398

Clostridioides difficile 630 abc_cd WP_011861561.1 57%
Escherichia coli K-12 malK (or b4035) NP_418459.1 45%
Escherichia coli K-12 ycjV (b4524) P77481.2 64%
Synechocystis sp. malK (abc_Syn) WP_010874222.1 71%

All constructions were performed with the ATPases being cloned into a high copy number
plasmid pUT18, with AraP and AraQ being constructed into low copy humber plasmids, pKNT25 and
pKT25 respectively, as described in 2.5. All ATPases and AraP are constructed into plasmids that allow
their fusion to the N-terminal of the respective fragment, while AraQ is constructed on a plasmid
allowing its fusion to the C-terminal of T25 fragment.

Protein-protein interactions were studied by qualitatively and quantitatively assessed p-

galactosidase activity, using the BACTH system, as described in subchapter 3.1.

3.2.1. Qualitative analysis of MsmX homologs and AraPQ interaction

Qualitative analysis of protein-protein interaction between putative multitask NBDs and AraPQ
TMDs was studied by performing solid medium assays, as described in subchapter 2.8 and discussed
in subchapter 3.2.1. Results are presented in Table 7. The same co-transformations were used as controls
as described previously in subchapter 3.2.1. Co-transformations Zip_T18 + Zip_T25 and MsmX_T18
+ Zip_T25 were used as positive and negative control, displaying a strong blue colour and a white
colouration, respectively, confirming the expected phenotype for interacting and non-interacting
proteins. Co-transformations MsmX_T18 + AraP_T25 and MsmX_T18 + T25 AraQ were used as
controls, since interaction between AraPQ and MsmX ATPase is our model for multitask NBDs-TMDs
interaction and one of the best characterized systems. Here, both interactions display a strong blue
colour, a typical phenotype of interacting proteins.

All co-transformations bearing MalK as ATPase, MalK_T18 + AraP_T25; MalK_T18 +
AraP_EASA T25; MalK_T18 + AraP_MalF_Chimera _T25 and MalK_T18 + T25_AraQ, present a
white colour, suggesting lack of interaction. These results of the wild-type interaction are expected and
correlate with the growth kinetic parameters (805.5 + 188.4 min), suggesting that this higher doubling
time is due to the inability of this ATPase to interact with the TMDs (Leisico et al., 2020). The white
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colour observed in co-transformants bearing a mutant AraP also suggest inability of MalK to interact
with these mutant proteins.

Solid medium assays of co-transformations where the interaction of YcjV and AraPQ was tested,
YcjV_T18 + AraP_T25 and YcjV_T18 + T25_AraQ, also correlate its growth kinetic parameters. All
interactions display an expected white colour, indicating that no interaction is present and suggesting

that this lack of interaction is responsible for the ATPase not being able to replace MsmX in vivo.

Table 7. Qualitative protein-protein interaction assay. Qualitative analysis of f-galactosidase activity using X-Gal as an
indicator media. Blue colouration corresponds to a positive interaction while white colour corresponds to a non-interacting
polypeptide. Zip_T18 + Zip_T25 co-transformation and MsmX_T18 + Zip_T25 were used as controls and MsmX_T18 +
AraP_T25 and MsmX_T18 + T25_AraQ was used as controls for the wild-type interaction.

T2S fragment

Plasmid

Plasmid pKNT25 pKT25

AraP_MalF _
Chimera

T18 fragment

ATPases ABC_Cd, from C. difficile, ABC_Sa from S. aureus and ABC_Syn were all able to
replace MsmX in vivo (Leisico et al., 2020) with different degrees. It is no surprising to see a blue
colouration in ABC_Cd_T18 + AraP_T25 and ABC_Sa_T18 + AraP_T25, although lighter than our
wild type, suggesting that interaction is present but not as strong, but the white colouration in
ABC _Cd _T18 + T25_AraQ and ABC_Sa_T18 + T25 AraQ is unexpected, since it reveal lack of
interaction. All co-transformations bearing ABC_Syn as ATPase, ABC_Syn_T18 + AraP_T25 and
ABC_Syn_T18+ T25_AraQ, also show an unexpected white colouration, suggesting that no interaction

is present. However, this does not correlate with our previous results.
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Since these analyses give us an initial screening to study the interaction of these ATPases with
AraPQ and these results may help to explain the different degrees of complementation that these
different ATPases have in vivo, a quantitative analysis, by determining s-galactosidase activity (U/mg)
with results being present and discussed in subchapter 3.2.2. This quantitative analysis will also help to
understand the lack of interaction detected in ATPases that can complement MsmX activity.

3.2.2. Quantitative analysis of MsmX homologs and AraPQ interaction

The quantitative analysis of PPIs to determine multitask NBD — TMDs interaction, was done by
measuring fS-galactosidase activity. The procedure is described in subchapter 2.9 and explained in
subchapter 3.2.2 and Figure 23. Results are displayed in Table 8 and in Figure 30 and Figure 32. The
controls for NBDs-TMDs interaction are the same described in subchapter 3.2.2: as positive control,
the interaction between leucine zipper, Zip_T18 + T25_Zip, was measured as 2427.07 + 50.63 U/mg
and as negative control, the interaction between MsmX_T18 + T25_Zip was used measuring 36.05 +
3.66 U/mg. Since these putative multitask ATPases are also being compared with the model, MsmX
from B. subtilis, the interactions between this ATPase and the TMDs, AraP and AraQ, MsmX_T18 +
AraP_T25 and MsmX_T18 + T25_AraQ, were also used as controls for the wild-type interaction,
displaying p-galactosidase activities of 2228.57 + 5.61 U/mg and 1113.75 + 27.44 U/mg, respectively.

As previously observed (Leisico et al., 2020), MalK from E. coli is unable to replace MsmX as
an energizer of the AraNPQ transporter. This ATPase displayed a doubling time of 805.5 + 188.4 min,
which is higher than the 500 min defined as non-growth. This ATPase was shown to accumulate in vivo
by Western Blot analysis, discarding the possibility of protein misfolding or degradation and maintained
its ATPase activity, discarding the possibility of loss of energizing capacity (Leisico et al., 2020). The
authors hypothesized that MalK could either contact and interact with the transmembrane proteins,
despite not being able to induce conformational changes necessary for the translocation of substrate, or
that it did not contact the TMDs at all. To test this hypothesis, the BACTH system was used and the
interaction between MalK, with both, AraP and AraQ, was determined. Both interactions, MalK_T18
+ AraP_T25 and MalK_T18 + T25_AraQ, have enzymatic activities very close to the negative control,
39.10 £ 1.41 U/mg, and 44.00 + 1.82 U/mg, respectively. These results show a total loss of interaction
when compared with the wild-type interaction between MsmX and AraPQ, correlating with the white
colouration determined in the qualitative assays and supporting the hypothesis of MalK not being able
to replace MsmX and power the AraNPQ translocator due to the inability to interact with these TMDs.
A possible hypothesis to what contributes to the multitasking ability of an ATPase was proposed by
Leisico et al. 2020, when the comparison of the crystal structures of MalK (non-multitask) and MsmX
(multitask) revealed a smaller surface area of the pocket in MalK, responsible for a contact point with

the loop containing the EAA motif of a TMDs, a key interaction point that allows the conformational
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changes in NBDs to be transmitted to the TMDs (Ter Beek et al., 2014). This structural feature remains
the best hypothesis to explain the multitask nature and in the case of MalK, the lack of interaction and
consequently the inability to energize the arabinotriose transport system. Another possible explanation
could be that the electrostatic potential of this pocket and other contact points may also not be ideal to
allow some interaction with AraPQ.

Table 8. Quantitative protein-protein interaction assays. S-galactosidase activity (U/mg) was measured in each co-
transformant (at least three independent experiments, - Two independent experiments) to assess multitask NBDs-TMDs
interaction. Zip_T18 + T25_Zip was used as positive control and MsmX_T18 + T25_Zip was used as negative control.
MsmX_T18 + AraP_T25 and MsmX_T18 + T25_AraQ were used as controls for the wild type interaction. * Growth kinetic
parameter determined in B. subtilis in liquid minimal medium (CSK) supplemented with a-1,5-arabinotriose. From Leisico et
al., 2020

] ) p-Galactosidase activity Doubling Time
T18 Fusion T25 Fusion .
U/mg (min)
MsmX_T18 T25 Zip 36.05 £ 3.66 ND
Zip_T18 T25 Zip 2427.07 £50.63 ND
AraP_T25 2228.57 + 5.612
MsmX_T18 115.40 = 9.30
T25_AraQ 1113.75 + 27.44
AraP_T25 39.10+1.41
MalK_T18 805.50 + 188.40
T25_AraQ 44.00 £ 1.82
MalK_T18 AraP_EASA_T25 32.29+£0.77 ND
AraP_MalF_Chimera
MalK_T18 37.88 £ 3.23 ND
_T25
) AraP_T25 36.47 £1.35
YcjV_T18 569.00 £ 29.10
T25_AraQ 4198 £1.35
AraP_T25 1658.37 £ 40.31
ABC_Cd_T18 225.70 £ 9.50
T25_AraQ 216.06 £ 20.36
AraP_T25 1429.38 £ 7.71
ABC_Sa _T18 373.70 =45.80
T25_AraQ 65.49 £ 19.32
AraP_T25 37.18 £ 3.47
ABC_Syn_T18 328.50 + 7.40
T25_AraQ 50.16 + 3.45
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ABC_Syn_T18 + AraP_T25
ABC_Sa_T18 + AraP_T25
ABC_Cd_T18 + AraP_T25

YcjVv_T18 + AraP_T25
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Figure 30. Putative multitask ATPases_T18 + AraP_T25 p-galactosidase assays. By using BACTH system, interaction
between MsmX_T18 and AraP_T25 was quantified by determining f-galactosidase activity, expressed in units per mg of
bacteria, and was used as control for wild-type interaction. Interaction between other putative multitask ATPases fused to T18
fragment and AraP_T25 was also determining by this method. As positive control Zip_T18 + Zip_T25 co-transformation was
used as positive control and MsmX_T18 + Zip_T25 was used as negative control. At least three independents’ experiments
(> Two independent experiments) were performed for each co-transformation and error bars indicate the standard mean
deviation. Statistical significance between enzymatic activities determined for each co-transformant and co-transformant
MsmX_T18 + AraP_T25 is indicated (*, p<0.05).

The effect of mutations in AraP described in subchapter 3.1 was also studied regarding their
interaction with MalK. As seen in Table 8 and Figure 31, both co-transformations, MalK_T18 +
AraP_EASA T25 and MalK_T18 + AraP_MalF_Chimera_T25, have fS-galactosidase activities of
32.29 + 0.77 U/mg and 37.88 £ 3.23 U/myg, respectively. Since these mutations mimic regions of the
coupling helix of MalF (EAA motif and C3 loop), the transmembrane domain energized by MalK, it
would be expected to see an increase of enzymatic activity. However, these similar results to the
negative control reveal that this conserved sequence, and its coupling helix alone are not sufficient to
allow interaction with MalK, suggesting other key motifs or structural arrangements are involved in
this specific interface.

[S-galactosidase activities determined for the interaction between YcjV, from E. coli, and AraP
and AraQ, also show values very close to the negative control, 36.47 + 1.35 U/mg, and 41.98 + 1.35
U/mg, respectively. Like MalK, these value shows a complete loss of interaction when compared with
the wild-type and these data also correlate with the growth kinetic assays determined, 569.0 £ 29.1 min
(Leisico et al., 2020) and with the qualitative assays described in subchapter 3.2.1. Although this time
is considered non-growth, it is very close to the cut-off of 500 min and would be expected to determine
some interaction. Western blot analysis also showed accumulation of YcjV, and this ATPase also
retained its ATPase activity (Leisico et al., 2020). Looking at the $-galactosidase assays, this lack of

interaction is the reason for the inability to power the transport using only the AraNPQ translocator.
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Figure 31. MalK_T18 + AraP_T25 variants g-galactosidase assays. By using BACTH system, interaction between
MalK_T18 and AraP_T25 was quantified by determining -galactosidase activity, expressed in units per mg of bacteria, and
was used as control for wild-type interaction. Interaction between chimeric AraP protein and MalK ATPase were also
determining by this method. As positive control Zip_T18 + Zip_T25 co-transformation was used as positive control and
MsmX_T18 + Zip_T25 was used as negative control. At least three independent assays were performed for each co-
transformation and error bars indicate the standard mean deviation. Statistical significance between enzymatic activities
determined for each co-transformant and co-transformant MalK_T18 + AraP_T25 is indicated (*, p<0.05).

Since YcjV is non-characterized ATPase and no structure has been resolved, a probable explanation is
that the pocket responsible for the docking of the coupling helix is narrow and like MalK has a small
surface area. The surface area of the contact regions may also not have the electrostatic potential
adequate for interactions with TMDs. An important feature to consider about YcjV is its annotation as
a pseudo-gene in E. coli K-12 genome due to a mutation that causes a truncated version of this ATPase,
suggesting that maybe this protein is not functional in E. coli. For enzymatic activity determination the
complete protein was used but it’s interesting to think that throughout evolution, maybe this ATPase
gene became a pseudogene due to its product toxicity or maybe this truncated version still maintain
some function, but further studies are required (Goodhead & Darby, 2015).

Of all ATPases studied that were shown to replace MsmX and energize the AraNPQ translocator,
ABC_Cd from the pathogen Clostridioides difficile 630 was the most efficient and like MsmX, it is
classified as an orphan NBD since no other ABC component is found in its proximity (Leisico et al.,
2020). p-galactosidase assays of this ATPase with AraP (ABC_Cd_T18 + AraP_T25) and AraQ
(ABC_Cd_T18 + T25_AraQ), display enzymatic activities of 1658.37 + 40.31 U/mg and 216.06 +
20.36 U/mg, respectively. These values, although statistically different from the wild-type interactions,
demonstrate interaction between ABC_Cd and AraPQ TMDs, with interaction with AraP being 1.3-
fold lower and interaction with AraQ being 5-fold Lower. This data also corroborates with the Growth

Kinetic Parameters, displaying a doubling time of 225.7 + 9.5 min, about 2-fold of the wild-type.
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Figure 32. Putative multitask ATPases_T18 + T25_AraQ p-galactosidase assays. By using BACTH system, interaction
between MsmX_T18 and T25_AraQ was quantified by determining S-galactosidase activity, expressed in units per mg of
bacteria, and was used as control for wild-type interaction. Interaction between other putative multitask ATPases fused to T18
fragment and T25_AraQ was also determining by this method. As positive control Zip_T18 + Zip_T25 co-transformation was
used as positive control and MsmX_T18 + Zip_T25 was used as negative control. At least three independent assays were
performed for each co-transformation and error bars indicate the standard mean deviation. Statistical significance between
enzymatic activities determined for each co-transformant and co-transformant MsmX_T18 + T25_AraQ is indicated (*,
p<0.05).
ABC_Cd is also a non-characterized ATPase and no structural or biochemical studies were published,

but these results may suggest that the overall structure, especially the pocket responsible for the docking

of the coupling helices may be similar to MsmX, in structure and in electrostatic potential.

ABC_Sa from the human pathogen Staphylococcus aureus, was also shown to replace MsmX in
vivo, even though with less efficiency than ABC_Cd. This ATPase displayed the highest sequence
identity with our model, but unlike MsmX and ABC_Cd, ABC_Sa appears to be part of an operon
encoding a complete ABC carbohydrate uptake system (Leisico et al., 2020). S-galactosidase assays
were performed for interactions ABC_Sa_T18 + AraP_T25 and ABC_Sa_T18 + T25_AraQ, having -
galactosidase activities of 1429.38 + 7.74 U/mg and 65.49 + 19.32 U/mg, respectively. This represents
a reduction of 1.6-fold when compared with the wild-type interaction with AraP and an almost total
abolishment of the interaction with AraQ when compared with the wild-type. Considering that growth
kinetic parameters in B. subtilis for ABC_Sa were 373.7 £ 45.8 min, higher time than MsmX and
ABC_Cd, it is not surprising that the co-transformation ABC_Sa_T18 + AraP_T25 has less interaction
than the wild-type interaction between MsmX and AraP, with ABC_Sa_T18 + T25_AraQ displaying
an enzymatic activity very close to the negative control, suggesting ABC_Sa cannot interact with AraQ.
Since ABC_Sa can energize the AraPQ translocator in B. subtilis, the lack of interaction measured with
the BATCH system between the two proteins is unexpected. A possible explanation may rely on the
type of test performed: while determining growth kinetic parameters, the ability of an ATPase dimer to

energize the entire transporter is assessed but when using BACTH system to perform S-galactosidase
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assays, only one ATPase versus one TMD is being studied, and it may be necessary for the ATPase be
present as a dimer and integrated on the full transporter to interact with the TMDs. It is also known that
the C-terminal tail of one of the TMDs, in this case AraQ, is necessary for the translocation cycle since
this region interacts with the Q-loop from the ATPase to allow changes in conformation. Therefore, by
looking at our results, they suggest that ABC_Sa cannot interact with AraQ alone and it only interacts
with AraQ when integrated in the full transporter, probably with less efficiently than MsmX and
ABC_Cd, which correlates with results obtained in vivo in B. subtilis.

Beyond the Firmicutes phylum, another NBD was identified with high similarity (71%) to
MsmX. ABC_Syn, from Synechocystis sp., was shown to energize the AraNPQ system. This putative
multitask ATPase, was shown to be an orphan NBD, like MsmX and ABC_Cd and like YcjV it is
probably a pseudogene since it does not have an RBS (Leisico et al., 2020). For S-galactosidase assays,
the sequence of the RBS and ABC_Syn present in pPS7 (Leisico et al., 2020) were cloned in pUT18,
providing a functional Shine-Dalgarno sequence that allows translation of ABC_Syn. Interactions
ABC_Syn_T18 + AraP_T25 and ABC_Syn T18 + T25_AraQ were determined, yielding p-
galactosidase activities of 37.18 + 3.47 U/mg and 50.16 + 3.45 U/mg. These values are practically the
same as the negative control, suggesting that this ATPase cannot interact with AraPQ TMDs, which
was not expected, since published results by Leisico et al., 2020, show a doubling time of 328.5 + 7.4
min, very close doubling time to the one determined for ABC_Sa, about 3-fold the wild-type doubling
time. This can be due to the nature of the test, since when using the BACTH system only the interaction
between one TMD and one NBD is being assessed, which can affect the interaction because these
proteins are not integrated on a full transporter or maybe ABC_Syn can only interact with these TMDs
when present as a dimer.

In summary, these results show that every ATPase previously shown to replace MsmX as
energizers of the AraNPQ system interacts with the NBDs to different degrees, except for MalK, YcjV
and ABC_Syn. It is also evident that AraP presents higher levels of interaction with the tested NBDs,
which can probably be due to the nature of the test performed, as described previously, or to the less
conserved EAA motif in AraQ. It was also shown a possible correlation between growth kinetic
parameters determined in B. subtilis and these f-galactosidase activities in E. coli (Figure 33), since
ATPases that lead to a higher doubling time, displayed lower enzymatic activities, meaning a lower
interaction NBD-TMD. Differences in interaction level and consequently doubling time in these
putative multitask NBDs, maybe be due to variations in highly conserved motifs within TMDs and
NBDs and/or, as structural studies have shown, to wider or slender pocket in NBDs where coupling
helices are inserted during the transport. This quantitative interaction characterization is also correlated

with the previous results presented in subchapter 3.2.1. As previously stated, the strongest interaction
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Figure 33. Schematic representation of the correlation found between multitask NBD - TMDs (#-Galactosidase activity
(U/mg) and its doubling time (min). A correlation between NBD-TMDs interaction measured in E. coli and the respective
functionality of the complete transporter in B. subtilis was found showing that higher $-galactosidase activities, suggesting
higher protein interactions, correspond to lower doubling times, suggesting faster growth. Lower S-galactosidase activity,
suggest lower or even lack of interaction between proteins and correspond to higher doubling time, suggesting slower growth.

displayed the higher p-galactosidase activity and the bluest colour, while non-interacting co-
transformants displayed fS-galactosidase activities similar to the negative control, as well as similar

white colour.

3.2.3. Detection of in vivo accumulation of multitask ATPases by Western blot analysis

Western Blot analysis was performed to confirm accumulation of multitask ATPases in vivo, to
determine if the observed phenotype of S-galactosidase assays is due to the interaction of different
putative multitask ATPases or if the use of the BACTH system impairs the accumulation of these NBDs.
Thus, E.coli BTH101 cells, bearing the co-transformations Zip_T18 + Zip_T25, MsmX_T18 +
AraP_T25, MalK_T18 + AraP_T25, YcjV_T18 + AraP_T25, ABC_Cd_T18 + AraP_T25,
ABC_Sa_T18 + AraP_T25 and ABC_Syn_T18 + AraP_T25, were harvested and treated as described
in subchapters 2.10 and 3.1.3. Zip_T18 + Zip_T25 co-transformation was loaded into the first lane, as
the positive control and NZY colour protein marker 11 (NZYTech, Portugal), was loaded into the second
lane. On lanes 3 to 8, co-transformations MalK_T18 + AraP_T25, YcjV_T18 + AraP_T25,
ABC_Cd T18 + AraP_T25, ABC_Sa T18 + AraP_T25and ABC_Syn_T18 + AraP_T25, were loaded.
Results are summarized in Figure 34.

In Figure 34A, it described the successful electrotransfer of the fractionated proteins from the
SDS-PAGE to the nitrocellulose membrane, stained with Ponceau Red and in Figure 34B is displayed
the autoradiography plate. Even though optimization of Western blot analysis was previously performed

(described in subchapter 3.1.3), some background is still present, especially on the MsmX lane.
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However, other lanes were clear, and a band in every lane can be seen with the expected sizes of 25.9
kDa, 61.8 kDa, 61.4 kDa, 60.8 kDa, 62.4 kDa, 61.8 kDa and 61.3 kDa, meaning there is accumulation
of every putative multitask ATPase. Although there are apparent differences in accumulation, especially
between MsmX and other NBDs, that could explain differences in p-galactosidase activity, no certain
conclusion can be drawn since no housekeeping gene was used as control. Thus, all NBDs studied in
[S-galactosidase assays using the BACTH system accumulate in vivo, and lack of interaction detected in
this test cannot be attributed to protein degradation or misfolding. These results, along with published
work by Leisico et al., 2020, suggest that all ATPases are in fact multitask NBDs capable of replace
MsmX with different efficiencies, that are correlated with NBD-TMD interaction level, with MalK and
YcjV being the only ones that cannot replace MsmX, since they cannot interact with the AraNPQ

translocator, even when accumulating in vivo and maintaining ATPase activity.
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Figure 34. Multitask ATPases_T18 detection by Western Blot analysis, from E. coli BTH101 growth. In lane 2,
NZYcolour protein marker Il was loaded. In lanes 1, 3-8 cells of co-transformants Zip_T18 + Zip_T25, MsmX_T18 +
AraP_T25, MalK_T18 + AraP_T25, YcjV_T18 + AraP_T25, ABC_Cd_T18 + AraP_T25, ABC_Sa T18 + AraP_T25,
ABC_Syn_T18 + AraP_T25 treated with PMSF and then resuspended in Loading and Running Buffer were loaded. A)
Nitrocellulose membrane stained with Ponceau Red, showing the fractionated proteins transferred from an SDS-PAGE gel
(12.5%). B) Autoradiographic plate after detection with a-Cya antibody. Zip_T18 (25.9 kDa), MsmX (61.8 kDa), MalK (61.4
kDa), YcjV (60.8 kDa), ABC_Cd (62.4 kDa), ABC_Sa (61.8 kDa) and ABC_Syn (61.3 kDa).
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4. Conclusions and Future Perspectives

Since the discovery of ABC transporters, several surprising characteristics have been identified.
First it was thought that each ABC type | system was complete, with every component being specific
for their complex, but with the improvement of genomic analysis, it allowed to unveil the existence of
orphan ATPases with the capacity to energise several systems (Ferreira & Sa-Nogueira, 2010; Marion
et al., 2011; Ferreira et al., 2017). Recently, as other putative orphan or clustered multitask ATPases
have been identified, their capacity to replace MsmX in vivo reveal intra- and interspecies
exchangeability within the Firmicutes phylum (Leisico et al., 2020), raising the question of what makes
a multitask NBD and what contributes to these promiscuous interactions. Thus, in this work, not only
NBD-TMD contact regions were characterize using the AraNPQ-MsmX system, from B. subtilis, as
model and by targeting specific amino acids (A210, D211, loop containing the EAA motif in AraP and
R178, D180 and the C-terminal tail GVKG in AraQ) by site-directed mutagenesis, but interaction
between these recently identified ATPase (ABC_Sa, from S. aureus, ABC_Cd from C. difficile 630,
MalK and YcjV from E. coli) and the AraPQ TMDs were characterized, using the BACTH system.
Posteriorly, another putative multitask ATPase was identified beyond the Firmicutes phylum able to
replace the function of MsmX in vivo, ABC_Syn from Synechocystis sp.

The results presented in this dissertation indicated that some mutations in both AraP and AraQ
affect with different degrees the capacity of MsmX to interact with them. In AraP changing its entire
loop containing the EAA motif to the C3 loop of MalF, from E. coli, leads to the complete abolition of
interaction while only targeting residues A210 and D211 has a non-significant impact on interaction
with MsmX, having interaction similar to the wild-type. In AraQ, both residues R178 and D180 have
similar negative effects in interaction with Msm2X, leading to a drastic reduction. Both these mutations
and AraP mutations shows the importance of conserved residues within the EAA motif. Since this motif
is normally an a-helix that is inserted within an NBD monomer and is involved in transmitting the
conformational changes of the ATPase dimer to the TMDs, allowing the alternating access mechanism,
it is probable that all these mutations cause disturbances in the electrostatic surface and conformational
changes that will weaken this major interaction zone. Another interesting result was the effect of the
deletion of the C-terminal tail of AraQ. Previous results have shown a severe negative impact on B.
subtilis doubling time (Ferreira et al., 2017), and here, testing exclusively protein-protein interactions
between this mutant AraQ and MsmX revealed a non-significant reduction of interaction. This result,
strongly support the hypothesis of Oldham et al., 2007 concerning the role of the C-terminal region of
MalG and by that in the formation of the catalytic intermediate state of the transporter. It is possible,
that the hydrogen bonds between AraQ tail and Q-loop’s MsmX as a key point for the intermediate
state on the transport cycle and may represent a new signature feature of bacterial ABC sugar importers

of the subfamily of carbohydrate uptake transporter 1 (CUT1).
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By using the BACTH system, interaction between recently discovered ATPases and AraPQ
TMDs were qualitatively and quantitatively characterized. Here, a correlation between NBD-TMD
interaction measured in E. coli and the respective function of the whole transporter in B. subtilis was
found. For lower doubling time in B. subtilis, that corresponds to faster growth due to higher degree of
functionality of the hybrid transporters composed by the putative multitask ATPases and AraNPQ,
higher values of -galactosidase activity were determined, meaning higher interaction between TMD-
NBD. For higher doubling times, like the ones determined for E. coli ATPases, MalK and Yc¢jV, which
meant poor or non-complementation between these ATPases and AraNPQ, lower g-galactosidase
activities were revealed, which meant weaker or no interaction. This correlation was also found in other
studies performed in our laboratory with mutants of the MsmX-AraNPQ system (Microbial Genetics
Laboratory, unpublished results). Together, these results validate the use of the BACTH system as a
valid method to study and complement studies about PPls in ABC-type | importers. The qualitative
assay is a simple method for an initial screening of interacting or non-interacting proteins, while the
guantitative studies allow a more detailed characterization of the effect of both mutant TMDs and NBD.

In the future, structural and spectroscopic studies of both multitask ATPases and TMDs (mutant
and wild-type) may help to shed light on these proteins and on the importance of these residues in TMD-
-NBD interaction. It is also important to assess the effect of the mutations studied in this dissertation in
vivo, by introducing them into the B. subtilis chromosome, determine its growth kinetic parameters and
posteriorly correlate the doubling times with the interaction studies described in this work. To help to
validate the use of BACTH system as a method to study PPI, it would be also interesting to develop a
method to also detect T25 fragment in Western Blot analysis, by producing an antibody against this
polypeptide or by inserting a tag, like and his-tag tail. Also, it could be interesting to study and confirm
interactions between TMDs-NBDs by a different methodology, namely, by pull-down assays or by co-
immunoprecipitation, using B. subtilis cell extracts.

Throughout the years, it is increasingly evident the importance of sugar importers and sugar
metabolism in bacteria of the Firmicutes phylum in colonization and pathogenesis, because it has been
observed that inactivation of one multitask ATPase can lead to the inactivation of several sugar
transporters (Marion et al., 2011; Buckwalter & King, 2012; Leisico et al., 2020). Since these ABC
importers are only present in bacteria and not in humans, alongside with the capacity to be shared inter-
species, it remains to see if they can constitute a target for the development of antimicrobial therapies,
like antibiotics or vaccines. These therapies could lead to virulence attenuations or even colonization
depletion (Marion et al., 2011; Leisico et al., 2020).
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6. Appendices

Appendix 1. Map of the high copy plasmid pUT18, encoding for the T18 fragment (corresponding to the 225-400 amino acids) of Adenylate Cyclase from B. pertussis. This plasmid
expresses an ampicillin resistance selectable marker and is used to express chimeric proteins in which a heterologous polypeptide is fused to the N-terminal of T18. A) Detailed sequence of the
multiple cloning site (MCS - sky blue). B) Detailed sequence of a-Cya antibody recognition site (green rectangle). T18 amino acid sequence is depicted in red.
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Appendix 2. Map of pLG55. Insertion of 1095 bp fragment containing msmX gene from B. subtilis 168T* (amplified with primer Ara932 and Ara933 and digested with Xbal) between Xbal
sites of pUT18. Detailed sequence of the fusion zone is shown in orange, MsmX amino acid sequence represented in pink, T18 amino acid sequence represented in red and MCS zone is depicted

in sky blue.
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Appendix 3. Map of pCAL. Insertion of 1113 bp fragment containing malK gene from E. coli K-12 (amplified with primer Ara858 and Ara974 and digested with HindlIl and Xbal) between the

HindlIl and Xbal sites of pUT18. Primers 166 and Ara958 were used for DNA sequencing. Detailed sequence of the fusion zone is shown in orange, MalK amino acid sequence represented in
grey, T18 amino acid sequence represented in red and MCS zone is depicted in sky blue.
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Appendix 4. Map of pCAA4. Insertion of the wild-type phenotype of ycjV gene with the full length from E. coli K-12 (using primers Ara860 and Ara982 and digested with Hindlll and Xbal)
between the Hindlll and Xbal sites of the pCA18 plasmid. Primers 166 and Ara958 were used for DNA sequencing. Detailed sequence of the fusion zone is shown in orange, YcjV amino acid
sequence represented in pink, T18 amino acid sequence represented in red and MCS zone is depicted in sky blue.
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Appendix 5. Map of pCAT7. Insertion of 1095 bp fragment containing ugpC gene from S. aureus (amplified with primer Ara993 and Ara994 and digested with Xbal) between Xbal restriction
sites of pUT18. Primers M13rev and Ara958 were used for DNA sequencing. Detailed sequence of the fusion zone is shown in orange, UgpC amino acid sequence represented in green, T18
amino acid sequence represented in red and MCS zone is depicted in sky blue.
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Appendix 6. Map of pCAS8. Insertion of 1107 bp fragment containing abc_cd gene from C. difficile 630 (amplified with primer Ara995 and Ara996 and digested with Xbal) between Xbal
restriction sites of pUT18. Primers M13rev and Ara958 were used for DNA sequencing. Detailed sequence of the fusion zone is shown in orange, ABC_Cd amino acid sequence represented in

green, T18 amino acid sequence is represented in red and MCS zone is depicted in sky blue.
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Appendix 7. Map of pCA9. Insertion of 1071 bp fragment containing abc_syn gene from Synechocystis sp. (amplified with primer Ara741 and Aral017 and digested with Sall and BamHI)
between Sall and BamHI restriction sites of pUT18. Primers M13rev and Ara958 were used for DNA sequencing. Detailed sequence of the fusion zone is shown in orange, ABC_Syn amino

acid sequence is represented in blue, T18 amino acid sequence is represented in red and MCS zone is depicted in sky blue.
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Appendix 8. Map of the high copy plasmid pUT18C, encoding for the T18 fragment (corresponding to the 225-400 amino acids) of Adenylate Cyclase from Bordetella pertussis. This
plasmid expresses an ampicillin resistance selectable marker and is used to express chimeric proteins in which a heterologous polypeptide is fused to the C-terminal of T18. A) Detailed sequence

of a-Cya antibody recognition site (green rectangle). T18 amino acid sequence is depicted in blue. B) Detailed sequence of the multiple cloning site (MCS - sky blue).
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Appendix 9. Map of pLG63. Insertion of 842 bp fragment containing araQ gene from B. subtilis 168T* (amplified with primer Ara950 and Ara945 and digested with Sall and Kpnl) between
Sall and Kpnl restriction sites of pUT18C. A) Detailed sequence of the fusion zone is shown in orange, AraQ amino acid sequence represented in dark blue, T18 amino acid sequence represented
in light blue and MCS zone is depicted in sky blue. B) Detailed sequence of the C-terminal region of AraQ fused to the T18 fragment. Codon stop is depicted as a red box with a white *.
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Appendix 10. Map of pCA16. Insertion of the native codon stop in pLG63 encoding for araQ gene from B. subtilis (using mutagenic primers Aral014 and Aral015). Primer Ara958 was
used for DNA sequencing. Detailed sequence of the native C-terminal region of AraQ. Codon stop is depicted as a red box with a white *.
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Appendix 11. Map of pCA17. Deletion of 12 bp of C-terminus of araQ gene from B. subtilis (using oligonucleotides Ara680, Ara674, Ara675, Ara676, Ara 951). Primers M13rev and Ara7
were used for DNA sequencing. Detailed sequence of the C-terminal region of AraQ is shown. Codon stop is depicted as a red box with a white *.
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Appendix 12. Map of the low copy plasmid pKNT25, encoding for T25 fragment of Adenylate Cyclase from Bordetella pertussis. This plasmid expresses a kanamycin resistance selectable
marker and is used to express chimeric proteins in which a heterologous polypeptide is fused to the N-terminal of T25. Detailed sequence of the multiple cloning site (MCS - sky blue) is shown.
T25 amino acid sequence is depicted as a green box.
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Appendix 13. Map of pLG56. Insertion of 1095 bp fragment containing msmX gene from B. subtilis 168T* (amplified with primer Ara932 and Ara933 and digested with Xbal) between Xbal
sites of pKNT25. Detailed sequence of the fusion zone is shown in orange, MsmX amino acid sequence is represented in pink, T25 amino acid sequence is represented in green and MCS zone
depicted in sky blue.

Created with Gene™

\ac promoter
125 fragmeng

I

Mcs

Rgs

s,
K

4
,// ACAGAAGTGAGAATCCGtCTAGAGGATCCCCGGGTACCG
7/

1 | I l 1 l I l
’ T T T T T T T T

/ TGTCTTCACTCTTAGGCaGATCTCCTAGGGGCCCATGGC

pLGS6_msmX_pKNT25_Xbal_1_RBS
4612 bp

360 \ ' . 365 _1S L L L L 20 L
i E \ R 1 R & E D P R \ P
[ Msmx 4 |
[ MCS
b ir E v R I R L E D P R \"/ P

99



Chapter 6 - Appendices

Appendix 14. Map of pJA4. Insertion of 843 bp fragment containing araP gene from B. subtilis 168T* (amplified with primer Ara934 and Ara935 and digested with Xbal) between Xbal
restriction sites of pKNT25. A) Detailed sequence of EAA motif. B) Detailed sequence of the fusion zone is shown in orange, AraP amino acid sequence represented in dark orange, T25 amino
acid sequence represented in green and MCS zone depicted in sky blue.
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Appendix 15. Map of pCAZ2. Insertion of the mutation A210S/D211A by overlap PCR in araP gene from B. subtilis (mutagenic primers used were Ara975 and Ara976 and the external primers
were Ara934 and Ara935). Primers M13rev and Ara958 were used for DNA sequencing. Detailed sequenced of mutations A210S/D211A in EAA motif (green). AraP amino acid sequence

represented in dark orange.
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Appendix 16. Map of pCA3. Substitution of loop containing the EAA loop from B. subtilis by C3 loop from E.coli (using the primers Ara 934, Ara980, Ara979, Ara977, Ara 878 and Ara935)
in araP gene from B. subtilis. Primers Ara958 and 166 were used for DNA sequencing. Detailed sequence of loop replacement (green). AraP amino acid sequence represented in dark orange.

Created with SnapGene™

tttaCCGGACGATTTGTATGAAGCCTCAGCAATGGATGGCGCAGGTCCGTTCCAGAACTTCTTTAAGATTACGCTGCCGCTGCTGATTAAALLL

aaatGGCCTGCTAAACATACTTCGGAGTCGTTACCTACCGCGTCCAGGCAAGGTCTTGAAGAAATTCTAATGCGACGGCGACGACTAATTTaaa

D=, L L L L 230 L
L P Dl DI L Y E A S A M D G A G P F Q N F F K I il L P L L 1 K E
pCA3_araP_MalF_loop e (in frame with AraP)  ------==========ssssssssooooooooo - I "

4428 bp

102



Multitask NBDs of ABC type | Importers: Characterization of protein-protein interactions

Appendix 17. Map of the low copy plasmid pKT25, encoding for the T25 fragment (corresponding to the first 224 amino acids) of Adenylate Cyclase from B. pertussis. This plasmid

expresses a kanamycin resistance selectable marker and is used to express chimeric proteins in which a heterologous polypeptide is fused to the C-terminal of T25. Detailed sequence of the
multiple cloning site (MCS - sky blue) is shown.
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Appendix 18. Map of pLG64. Insertion of 842 bp fragment containing araQ gene from B. subtilis 168T* (amplified with primer Ara951 and Ara945 and digested with BamHI and Kpnl)
between BamHI and Kpnl restriction sites of pKNT25. A) Detailed sequence of the fusion zone is shown in orange, AraQ amino acid sequence represented in dark blue, T25 amino acid sequence

represented in purple and MCS zone is depicted in sky blue. B) Detailed sequence of native amino acids targeted for mutagenesis. C) Detailed sequence of the C-terminal region of AraQ fused
to the T25 fragment. Codon stop is depicted as a red box with a white *.
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Appendix 19. Map of pCAb5. Insertion of R178A mutation in araQ gene from B. subtilis (using mutagenic primers Ara987 and Ara988) in the pLG64 plasmid. Primers M13rev and Ara7 were
used for DNA sequencing. Detailed sequence of the R178A mutation (green). AraQ is depicted in dark blue.
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Appendix 20. Map of pCA11. Insertion of D180A mutation in pLG64 encoding for araQ gene from B. subtilis (using mutagenic primers Ara671 and Ara672). Primer Ara958 was used for
DNA sequencing. Detailed sequence of the D180A mutation (pink). AraQ is depicted in dark blue.
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Appendix 21. Map of pCA12. Deletion of 12 bp of C-terminus of araQ gene from B. subtilis (using oligonucleotides Ara680, Ara674, Ara675, Ara676, Ara 951). Primers M13rev and Ara7
were used for DNA sequencing. Detailed sequence of the C-terminal deletion of AraQ is shown. Codon stop is depicted as a red box with a white *.
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Appendix 22. Map of Zip_pUT18C. Zinc finger (green) of CCN4 is fused to C-Terminus of T18 fragment of Adenylate Cyclase from B. pertussis. This plasmid expresses an ampicillin
resistance selectable marker. Detailed sequence is shown.
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Appendix 23. Map of Zip_pKT25. Zinc finger of CCN4 (green) is fused to C-Terminus of T25 fragment of Adenylate Cyclase from B. pertussis. This plasmid expresses a kanamycin resistance
selectable marker. Detailed sequence is shown.
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