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Abstract
The Solute Carrier 26 (SLC26) and Sulphate transporter (SulP) family is a ubiquitous
superfamily of transporter proteins conserved from bacteria to man. Proteins within the
SLC26/SulP family exhibit a wide variety of functions, transporting anions ranging
from halides to bicarbonate. The functional importance of this family is illustrated by
the fact that several inherited human diseases are caused by mutations in SLC26 genes.
Although these proteins are present in almost all bacteria their physiological function is
still unknown. The overall aim of my project was to use a combination of genetic and
biochemical approaches to investigate the substrate and physiological role of YchM, the
SulP protein found in the bacterial model organism Escherichia coli. The work
presented here has identified that YchM is an aerobic succinate transporter at acid pH,
re-named as DauA (for Dicarboxylic Acid Uptake system A). Using in vivo transport
assays I studied the apparent kinetics and substrate specificity of DauA. Competition
assays showed that DauA apart from succinate can transport fumarate with no
preference on the protonation state of the substrate. I identified a further regulatory role
for DauA affecting DctA, the main succinate transporter. I showed that DauA and DctA
interact physically via their transmembrane domain forming a regulatory unit. More
candidate proteins interacting with DauA have been identified by mass spectrometry
suggesting a role for DauA in the acid resistance mechanism. Finally, preliminary
results on the regulation showed that DauA is produced constitutively regardless of pH
or carbon source the cells are grown in. A growth-phase-dependent regulation was
observed when cells were grown in glucose and reduction of DauA under anaerobic
conditions might indicate a level of regulation. This is the first study reporting that a
member of the SLC26/SulP family acts as a bifunctional protein with transport and
regulatory activity in the C4-dicarboxylic acid metabolism.
xvii
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1 Introduction

1.1

Transporters and Channels

Membrane transporters and channels play crucial roles in fundamental cellular functions
and normal physiological processes such as nervous influx conduction, nutrient uptake,
removal of waste or oxygen transport during respiration. Therefore studies of solute
carrier proteins have had great impact on our understanding of human disease and the
design of effective drugs. About 30% of current clinically- marketed drugs have as their
targets membrane transporters or channels.
The systems that transfer solutes across the cytoplasmic membrane can be classified
into two major categories: channels and transporters, with the latter being subdivided
into primary and secondary active transporters based on the energy used for the
transport process (Fig. 1-1) (Dubyak, 2004; Saier, 2000).
Channels allow the flow of ions down their electrochemical gradient. Thus, ion
movement through channels takes place at rates approaching those of free diffusion (i.e.
~ 107 ions/sec). Ion channels exhibit two major properties, selectivity and gating. The
functions of ion channels require fast switch-on rates and transient open states in the
millisecond range. The fast transition from closed to open is achieved by gating of
specific chemical, physical and electrical signals (Booth, 2003).
Transporters are characterized by their vectorial reaction which requires selective
binding of the transported solute and a conformational change finally leading to the
actual movement of the solute across the membrane. The price for this transport against
the solute electrochemical gradient is consumption of cellular energy (Dubyak, 2004).
1
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Figure 1- 1: Simplified overview of membrane transport systems.
Ion transport mechanisms across biological membranes can be passive or active. Passive transporters do not utilize
any energy source and transport their substrate across an electrochemical gradient. Active transporters can be divided
into primary and secondary transporters. In both cases transport across the membrane requires the consumption of
cellular energy. In primary transport, hydrolysed ATP provides the necessary energy for the transport of the substrate
against the concentration gradient. In secondary transport, the electrochemical potential difference of the substrate
transported across the concentration gradient is used as energy source for the transport of the second substrate against
the concentration gradient.

Primary active transporters need sources of energy, such as light or chemical energy, for
their function. They convert the energy sources into electrochemical energy, which is
used to transport their substrates across the membrane (Saier, 2000).
In secondary transport systems, the free energy for accumulation of a solute is provided
by the electrochemical gradient of another solute. Two basic classes of secondary active
transporters have been identified (Fig.1-1) (Poolman & Konings, 1993; Saier, 2000):
•

Symporters: two substrates are transported in the same direction

•

Antiporters: two substrates are transported in opposite directions

2
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1.2

The SLC26A/SulP Family

The ubiquitous SLC26A/SulP (Solute carrier 26/ Sulphate Permease) family is a protein
family of highly versatile anion transporters/channels with intriguing roles in normal
cell physiology and human pathophysiology (Dorwart et al., 2008a; Dorwart et al.,
2008b; Mount & Romero, 2004; Ohana et al., 2009). Proteins within this family exhibit
a wide-ranged substrate repertoire of monovalent and divalent anions, ranging from
halides to carboxylic acids, with low and high affinities.
The first SulP transporter was identified in the filamentous fungus Neurospora crassa
(Marzluf, 1970), while the SLC26 protein family was defined 20 years ago by
expression cloning of a sulphate transporter from rat liver (Bissig et al., 1994). Since
then, it has been shown that these transporters form a unique and ubiquitous family (TC
2.A.53) with over 200 sequenced members derived from bacteria to man (Saier et al.,
1999; Saier & Paulsen, 1999; Sandal & Marcker, 1994). However, the low level of
sequence similarity among the family members does not allow reliable prediction of
function or substrate specificity (Dorwart et al., 2008b). Furthermore, there is extremely
limited structural and topological information for this family and a number of computer
programs using several different algorithms predicts a topology of 10-14
transmembrane spanning α- helices (TMs) depending on the protein, having both N- and
C- termini in the cytoplasm (Loughlin et al., 2002). A partial similarity between the
transmembrane domain of SLC26 proteins and the Escherichia coli ClC (Cl-/ H+)
transporters has been suggested, even though the two families share a minimal overall
sequence similarity (Ohana et al., 2011).
The C-terminus of all SLC26A members and most of the SulP homologues is fused
with a Sulphate Transporter and Anti-Sigma factor antagonist (STAS) domain (Fig. 12). Many studies point towards a homo-oligomeric and particularly dimeric or
3
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tetrameric assembly state of these transporters (Compton et al., 2011; Currall et al.,
2011; Detro-Dassen et al., 2008; Hallworth & Nichols, 2012; Mio et al., 2008;
Navaratnam et al., 2005; Zheng et al., 2006; Wang et al., 2010).

N

C
Figure 1- 2: Predicted topological organization of Yersinia enterocolitica Yeslc26A2 SulP homologue.
Domain organization of the Yersinia enterocolitica SulP homologue, YeSlc26A2, showing a transmembrane region
of 12 α-helices and a model of the cytoplasmic STAS domain generated from sequence alignment with the M.
tuberculosis STAS domain (Compton et al., 2011).

1.2.1

Eukaryotic SLC26A transporters

1.2.1.1 SulP in Fungi
Investigations of sulphate transport in yeast and fungi have revealed the presence of two
sulphate permeases in the plasma membrane of high and low affinity. These SulP
transporters have been characterised as proton/sulphate symporters (Marzluf, 1997).
The SulP proteins are critical in fungi sulphur metabolism, thus sulP mutations result in
a sulphate auxotrophic phenotype. These permeases are strongly regulated at the
transcriptional and posttranslational level (Cherest et al., 1997; Natorff et al., 2003; van
de Kamp et al., 1999). The sulphate metabolite repression (SMR) system is responsible
for sulP regulation and represses sulP expression when a preferred reduced sulphur
4
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source is available (Marzluf, 1997; Natorff et al., 2003). In a recent study on Sul2p of
Saccharomyces cerevisiae it has been proposed that the transporter is autoregulated in a
use-dependent manner. This means that the transporter’s inactivation depends on the
influx of extracellular SO42-, as more extracellular substrate is available and being
transported, the levels of inactivation and degradation of the transporter increase. This
process provides the cells with a protection mechanism against toxic substrates, such as
selenate and chromate which can serve also as substrates of these transporters, by
preventing excessive uptake (Jennings & Cui, 2012).
Although vacuolar sulphate transport is not well characterised, in S. cerevisiae, the
protein Ygr125w is localised in the vacuole and has been suggested to act as a sulphate
transporter. Ygr125w is a SulP protein which contains a STAS and a cyclic nucleotide
monophosphate binding (cNMP-bdg) domain fused with its C-terminus.
Finally, domain prediction programmes such as CDART (Geer et al., 2002), give a list
of genes encoding SulP homologues fused to β-carbonic anhydrase (βCA) domains in
different fungi species such as S. cerevisiae, Neurospora, Aspergillis, Candida,
Penicillium, Trichophyton and Ustilago. These results suggest that although no fungal
SulP homologue has been functionally characterized so far as a bicarbonate transporter,
these proteins may be involved in the carbonate metabolism (Alper & Sharma, 2013).

1.2.1.2 SulP in Plants
The plant SulP transporters have been identified as sulphate/proton symporters
(Buchner et al., 2004). Their important role is illustrated by the fact that mutations in
these transporters result in sulphate starvation syndrome and in decreased nitrogen
fixation efficiency in legumes (Krusell et al., 2005). Plants usually contain multiple
5
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SulP paralogues, for example the model plant Arabidopsis thaliana encodes 14
members, subdivided into 5 groups, expressed in different tissues. Group 1 consists of
high affinity transporters present solely in root tissue (Yoshimoto et al., 2002). Group 2
has lower affinity for sulphate and shows vascular tissue localization (Takahashi et al.,
2000). The role(s) and tissue distribution of the members of Group 3 is still unclear and
need to be defined (Krusell et al., 2005). Group 4 and 5 are both localized in the
tonoplast, with the former playing roles in the vacuolar sulphate efflux, while members
of the latter have been characterized as possible molybdate carriers (Hawkesford & De
Kok, 2006). While most of the SulP transporters in plants are involved in sulphate
metabolism, some of them such as the SHST1 from Stylosanthes hamata have a role in
molybdate metabolism (Fitzpatrick et al., 2008) and in barley the SulP homologue
HvST is involved in the regulation of phytate levels in the cell (Ye et al., 2011).
SulP expression and activity are tightly regulated. Thus, SulP expression in planta is
controlled by the sulphur status of the cell i.e. i) inhibited by low cysteine or glutathione
concentration and ii) activated by O-acetylserine, the precursor of the cysteine
biosynthesis (Hawkesford & De Kok, 2006). Moreover, additional regulatory control
has been shown at the post-translational level, implicating the carboxy-terminal STAS
domain (Shibagaki & Grossman, 2006; Shibagaki & Grossman, 2010). In a recent study
on the SULTR 1;2 in A. thaliana, an additional level of regulation was characterized. It
has been shown that the STAS domain of this transporter interacts with the O-acetylserine (thiol) lyase (OASTL), an enzyme that catalyzes cysteine biosynthesis. The
formation of the complex in between SULTR1.2 and OASTL is controlled by the
cellular energy status and inhibits SULTR1.2 activity while activating OASTL activity
(Shibagaki & Grossman, 2010).

6
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1.2.1.3 SLC26A in Mammals
The human genome encodes at least 10 SLC26A transporters capable of transporting a
wide variety of ions, ranging from halides to carboxylic acids (Table 1-1) (Dorwart et
al., 2008b; Mount & Romero, 2004; Ohana et al., 2009). The functional importance of
this family is illustrated by the fact that several inherited human diseases are caused by
mutations in SLC26 genes (Table 1-1) (Dorwart et al., 2008a; Hastbacka et al., 1996;
Prasad et al., 2004; Zheng et al., 2000).

Table 1- 1: The human SLC26A family of transporters (adapted from Alper et al., 2013)

Human gene

Substrates

Tissue distribution

Disease

name
SLC26A1

SO42-, oxalate, glyoxylate Hepatocytes, Renal

N/A*

Prox. Tubule
Intestine (basolateral)
SLC26A2

SO42-, oxalate, Cl-

Chondrocytes, Renal

Diastrophic dysplasia,

Prox. Tubule, Intestine,

Diastrophic dysplasia,

Panc duct (apical)

Broad bonePlatyspondylic variant,
Atelosteogenesis II,
Achondrogenesis IB,
Multiple epiphyseal
dysplasia type 4,
De la Chapelle dysplasia

SLC26A3

SLC26A4

Cl-, HCO3-, oxalate

I-, Cl-, HCO3-

Enterocytes, sperrm

Congenital chloride

Epididymis (apical)

Diarrhea

Cochlear, vestibular

Pendred syndrome,

Epithelial cells,

Deafness (DFNB4),
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Thyrocytes, Type B

+enlargement of the

intercalated cell

vestibular acqueduct

Airway epithelial cell
(apical)
SLC26A5

N/A

Cochlear hair cells

Non- syndromic
deafness

SLC26A6

Cl-, HCO3-, oxalate,

Enterocytes, Pancreatic

OH-, formate

duct, Renal Prox.

N/A

Tubule, Cardiac
myocytes, Sperm
SLC26A7

Cl-, HCO3-, OH-, SO42-

Gastric parietal cells

N/A

Type A Intercalated
cells, Endothelial cells
(apical, lysosome)
SLC26A8

Cl-, HCO3-, OH-

Male germ cells, Sperm

N/A

SLC26A9

Cl-, HCO3-

Airway epithelial cells

N/A

Gastric parietal cells
Kidney , Brain
SLC26A10

N/A

Widespread

N/A

SLC26A11

Cl-, HCO3-, SO42-

Renal Intercalated cells

N/A

(apical), panc. duct
Endothelial cells
Brain, Widespread
* N/A: Not Applicable

A variety of different regulatory mechanisms have been described for the human SLC26
transporters, including transcriptional, protein trafficking and post-translational
modifications. Unfortunately, most of the regulatory interactions identified are still
unclear due to the lack of basic functional information (Dorwart et al., 2008b).
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1.2.1.3.1 SLC26A1 (SAT-1)
The first member of the SLC26A family to be cloned and characterized was the SAT-1
protein in rat liver (Bissig et al., 1994). Initially, it was characterised as a sulphate anion
transporter and further studies showed that it is capable of oxalate, glyoxylate and
chloride transport (Schnedler et al., 2011; Xie et al., 2002). It is localized in the
basolateral membrane of hepatocytes, enterocytes and proximal tubular epithelial cells
(Regeer & Markovich, 2004). The promoter of the mouse homologue SLC26a1 is under
the regulation of thyroxine and AP-1 transcription factor (Markovich, 2011). The
human SLC26A1 gene has not been associated with any pathological conditions.

1.2.1.3.2 SLC26A2 (DTDST)
The gene encoding for SLC26A2/DTDST (Diastrophic Dysplasia Sulphate Transporter)
was characterised as involved in the autosomal recessive diastrophic dysplasia
(Hastbacka et al., 1994). Further analysis showed that various mutations in SLC26A2
cause at least five more recessive chondrodyspalsia syndromes (Jackson et al., 2012).
SLC26A2 is mainly a SO42- /Cl- or SO42-/ (Cl- + OH-) exchanger but can also mediate
the transport of I-, Br- and NO3- (Heneghan et al., 2010; Ohana et al., 2012). It is
expressed in renal proximal tubules (Chapman & Karniski, 2010) and in the intestinal
tract (Haila et al., 2001; Heneghan et al., 2010) while it shows widespread distribution
during development (Haila et al., 2001). Studies of the 5’ flanking region upstream of
the SLC26A2 gene showed that there are binding sites for the SP-1 and CFBA1
transcriptional factors and that it is induced by the bone morphogenetic protein 2 (BMP2) via the xenobiotic- responsible element (XRE) (Kobayashi et al., 1997).
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Interestingly, it has been shown that SLC26A2 plays a role in colon cancer biology.
Cultured cancer cells lacking SLC26A2 showed increased proliferation (Yusa et al.,
2010) and the expression of SLC26A2 was decreased in colon cancer biopsies (Galamb
et al., 2008). Also, SLC26A2 is suppressed epigenetically in colon cancer cells resulting
in unsulphated sialyl groups of the Lewis(x) antigen (Yusa et al., 2010).

1.2.1.3.3 SLC26A3 (DRA, CLD)
SLC26A3 was originally named DRA (Down Regulated in Adenoma) because it was
identified as candidate tumour suppressor gene (Schweinfest et al., 2006). However,
later it was shown that mutations in this gene are responsible for the recessive
congenital chloride diarrhoea (CLD) (Hoglund et al., 2001). SLC26A3 is a Cl-/HCO3exchanger expressed mainly in the intestine (Chernova et al., 2003; Melvin et al.,
1999). Almost 60 different mutations in SLC26A3 have been identified as cause for
CLD. Most of these mutations are missense resulting in general loss-of-function
(Wedenoja et al., 2011). The C-terminal region of SLC26A3 harbours a STAS domain
followed by a PDZ recognition motif. PDZ domains [Post synaptic density protein
(PSD95), Drosophila disc large tumour suppressor (Dlg1) and Zonula occludens-1
protein (zo-1)] are commonly found in signalling proteins of viruses, bacteria, fungi,
plants and animals. Proper surface expression and protein stabilization requires intact
STAS domain and N-glycosylation of SLC26A3 (Dorwart et al., 2008a; Hayashi &
Yamashita, 2012; Lamprecht et al., 2009).
Expression of human SLC26A3 is stimulated by butyrate via YY1 and by another
unidentified transcriptional factor. Also, it has been shown that expression of SLC26A3

10

Chapter 1 - Introduction

is induced in the presence of Lactobacilli but suppressed by IL-1β and IFN-γ
inflammatory mediators (Malakooti et al., 2011).

1.2.1.3.4 SLC26A4 (Pendrin)
Mutations in SLC26A4 have been identified as the causative agent of two types of
deafness, for the autosomal non-syndromic deafness DFNB4 and for Pendred syndrome
which is characterised by vestibular aqueduct enlargement and euthyroid goitre
(Sheffield et al., 1996). SLC26A4 is expressed in a variety of cochlear, vestibular and
epithelial cells (Choi et al., 2011) as well as in the apical membranes of the thyrocyte
(Bidart et al., 2000; Royaux et al., 2000). It is capable of Cl-, HCO3-, I-, formate, nitrate
and succinate exchange (Reimold et al., 2011; Shcheynikov et al., 2008), although it is
not the main I- transporter in the thyroid follicle (Fong, 2011). In kidney and cochlea,
the expression of SLC26A4 is regulated by the transcription factor FOXI1 whereas in
the thyroid by TTF-1, thyroglobulin, TSH and iodide (Rozenfeld et al., 2012).

1.2.1.3.5 SLC26A5 (Prestin)
The SLC26A5 protein in humans is unique among the other homologues of this family
due to its characterization as a membrane-bound motor protein responsible for the
electromobility of outer hair cells in the cochlea (Zheng et al., 2000). However, it has
not been clearly associated as a human deafness gene (Minor et al., 2009). Further
investigations demonstrated that prestin is capable of oxalate and formate transport in
CHO cells (Bai et al., 2009).
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1.2.1.3.6 SLC26A6
The SLC26A6 exchanger exhibits widespread expression, being found in kidney, heart,
muscle, stomach, oesophagus and placenta with a wide range of substrates, including
HCO3-, OH-, oxalate and nitrate (Alvarez et al., 2004; Chernova et al., 2005; Wang et
al., 2002; Xie et al., 2002). Recently, it has been shown that SLC26A6 is involved in a
pathway with Na+-dependent dicarboxylate co-transporter (NADC-1) to regulate the
citrate/oxalate homeostasis. The SLC26A6 STAS domain interacts with the first
intracellular loop of NADC-1 in a mutual reciprocal regulation manner, where
SLAC26A is activated and NADC-1 is inhibited (Ohana et al., 2013).

1.2.1.3.7 SLC26A7
SLC26A7 is characterised as both a Cl-/HCO3- exchanger and an increased Clselectivity anion channel (Petrovic et al., 2004; Kosiek et al., 2007). The mouse
homologue is localized in the basolateral membrane of gastric parietal cells while in
humans is found mainly in the kidney (Petrovic et al., 2004).

1.2.1.3.8 SLC26A8 (Tat1)
The SLC26A8 homologue has been characterised as a modest Cl-, SO42- and oxalate
transporter (Lohi et al., 2002; Toure et al., 2001). In mice it is expressed in
spermatocytes and mature sperm (Toure et al., 2001). Mice depleted of SLC26a8
showed male infertility as a result of non-mobile sperm (Toure et al., 2007). However,
no polymorphisms in SLC26A8 have been identified in infertile men (Makela et al.,
2005).
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1.2.1.3.9 SLC26A9
SLC26A9 is a highly selective Cl- channel expressed mainly in brain and on apical
membranes of airway epithelial cells (Dorwart et al., 2007; Lohi et al., 2002). In
humans SLC26A9 is constitutively active on a CFTR-dependent manner (Bertrand et
al., 2009). The regulation and function of this transporter is highly dependent on the
expressed tissue and organism.

1.2.1.3.10 SLC26A10
In humans the SLC26A10 predicted polypeptide is considered a pseudogene however in
mice it is highly expressed in heart (Alvarez et al., 2004).

1.2.1.3.11 SLC26A11
SLC26A11 is a SO42- transporter mainly expressed in kidney, brain and placenta but
also in other tissues at lower levels (Vincourt et al., 2003). It has been found in several
lyosomal proteomes suggesting that it might function as lyosomal sulphate transporter
(Stewart et al., 2011) and the SLC26A11 gene was found adjacent to SGSH, a gene
encoding for sulfamidase, mutations in which cause a lyosomal storage disease
(Ouesleti et al., 2011).

1.2.2

Prokaryotic SLC26A transporters

While the amount of information on eukaryotic members of the SCL26A/SulP family
constantly increases, the role of the prokaryotic homologues so far remains unclear.
Many bacterial species have been shown to express multiple SulP homologues,
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however, none of the bacterial SulP proteins have been shown to play a direct active
role in sulphate transport (Saier & Paulsen, 1999; Zolotarev et al., 2008). Sulphate
metabolism has been extensively studied in bacteria; sulphate and organosulphate
uptake is catalysed by an ABC transporter from the SulT family (TC 3.A.1.6) (Pilsyk &
Paszewski, 2009).
The only comprehensive functional and topological analysis of a bacterial SulP protein
concerns the bicarbonate transporter BicA from Synechococcus (Shelden et al., 2010).
Although marine cyanobacteria play a large part in the global CO2 sequestration and
primary production, little is known about the inorganic carbon uptake system. BicA has
been characterized as low/medium affinity Na+/ bicarbonate symporter. BicA is the
entry point of CO2 into Synechococcus metabolism and the first step of the
photosynthetic CO2 fixation. The discovery of BicA has significant implications for
understanding the important contribution of oceanic strains of cyanobacteria to global
CO2 sequestration processes (Price et al., 2004). It has been shown that this bacterial
SulP has 12 transmembrane helices (Fig. 1-3). bicA expression is activated under low
inorganic carbon conditions (Shelden et al., 2010).
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Figure 1- 3: Simplified topology of BicA of Synechococcus PCC7002 (Shelden et al., 2010).
PhoA-LacZ mapping of BicA from Synechococcus PCC7002 showed that the transporter has 12 transmembrane
helices, with both N- and C- termini inside the cytoplasm. The positions of positive charged residues are indicated.
The highly conserved residues E283 and N291 are implicated in human disease. T489 is a putative phosphorylation site.

The Mycobacterium tuberculosis genome encodes for three SulP proteins, RV1739c,
Rv1707 and Rv3273. Overexpression of Rv1739c in Escherichia coli cells increased
sulphate uptake but failed to complement the auxotrophic phenotype of a M. bovis
mutant lacking the primary ABC sulphate transporter (Hatzios & Bertozzi, 2011;
Zolotarev et al., 2008). It has been shown that in mycobacteria, outer membrane
sulfolipids play a role in pathogenicity and that the expression of Rv1739c and Rv1707
genes is induced in activated macrophages 24 hours after infection, leading to the
hypothesis that SulP proteins of M. tuberculosis might be necessary for survival in
hypoxic or other stress conditions (Hatzios & Bertozzi, 2011). The third mycobacterial
SulP homologue, Rv3273, is lacking a C-terminal STAS domain but instead is fused to
a β-carbonic anhydrase domain suggesting that it might functions as a HCO3transporter (Nishimori et al., 2010).
In Escherichia coli only one SulP homologue, YchM, has been identified. Recently, the
crystal structure of the isolated YchM STAS domain was solved in a complex with acyl
carrier protein (ACP), leading to the suggestion that YchM is a bicarbonate transporter
15
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involved in fatty acid metabolism (Babu et al., 2010). However, an exhaustive
phylogenetic analysis of bacterial SLC26 homologues performed by our group clearly
shows that E. coli YchM clusters independently from the BicA/BicA-like proteins (Fig.
1-4). The characterisation of the YchM physiological role is the subject of this thesis.

Figure 1- 4: Phylogenetic tree of SulP homologues in bacteria.
Neighbour-joining tree of 766 SulP homologues sequences retrieved from the NCBI database using BLASTP. The
blue and yellow arrows refer to YchM from E. coli and BicA from Synechococcus sp. respectively. Cluster A is a
separate group without any functional annotation, composed of sequences from Actinobacteria, Bacteroidetes,
Cyanobacteria and Proteobacteria. Bootstrap values are reported only for main clusters. The scale marker represents
0.1 substitutions per residue (analysis performed by Melanie Morel).

In the Streptomyces species two SulP encoding genes have been found in bleomycin and
penicillin biosynthesis operons (Du et al., 2000), but their function has not been
identified yet.
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Finally, the human and animal pathogen Yersinia enterocolitica encodes multiple SulP
transporter proteins. Structural information on YeSlc26A2 generated by small angle
neutron scattering (SANS) is available: a low resolution structural model shows that
YeSlc26A2 forms homodimers stabilised by the transmembrane core with the STAS
domain projecting away from the membrane, not taking part in the dimerization (Fig. 15) (Compton et al., 2011).

Figure 1- 5: Domain architecture of YeSlc26A2.
Docking of SLC26A6 transmembrane domain (based on ClC-ec1) and STAS domain models into the low resolution
envelope, viewed from the plane of the membrane and above the membrane (Compton et al., 2011).

Prokaryotic members of the SulP family appear to be fused to non-transporter domains
in the C-terminal. SulP – carbonic anhydrase homologue fusions have been predicted
for a small number of bacterial SulP proteins suggesting bicarbonate or carbonate
transport functions, but their regulation and function are still unknown. Another
interesting group of fusions came up with SulP – rhodanese (a thiosulphate: cyanide
sulphotranspherase) suggesting a role in sulphate uptake. Finally, the large majority of
bacterial SulPs are fused to a STAS domain (Fig. 1-6) (Felce & Saier, 2004). Other
interesting predicted C-terminal domains of bacterial SulP homologues include nuclear
pore complex components, t-SNARE-like domains and ADP-ribosyl glycohydrolase
domains (Alper & Sharma, 2013). However, further studies will be necessary to identify
the function of the bacterial SulP proteins and the role of these domains.
17
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Figure 1- 6: Predicted SulP fusions types.
(a) SulP homologue fused to a carbonic anhydrase (CA) domain. (b) Two adjacent genes encoding for SulP
homologue and for carbonic anhydrase homologues. (c) A SulP homologue with an adjacent gene encoding a Na+ /H+
antiporter homologue of the NhaD family (TC #2.A.62). (d) A SulP homologue with an adjacent gene encoding a
putative Na+ bicarbonate symporter of the SBT family (TC #2.A.83). (e) A SulP homologue with adjacent genes
encoding both a Na+ /H+ antiporter homologue of the NhaD family and a carbonic anhydrase. (f) A SulP homologue
with fused STAS and a CAP_ED cyclic AMP-binding domain. (g) A SulP homologue with fused STAS and
rhodanese domains. The domain/gene combinations shown in a–e and g are exclusively from bacteria, but that shown
in f is found in both bacteria and fungi (Felce & Saier, 2004).

Eukaryotic members of the SulP family have quite diverse functions, such as
H+/sulphate symport activity in plants and fungi but anion exchange in mammals, with
different members showing different specificities. Given the diversity of functions in
eukaryotic members, it is reasonable to expect that the SulP family in prokaryotes can
transport or exchange a number of inorganic anions and/or other substrates.
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1.3

STAS domain

A very interesting and novel regulatory mechanism may control the activity of the
SLC26A/SulP transporters. All the vertebrate SLC26A transporters and almost all the
lower organism SulP transporters possess a cytoplasmic C-terminal region named
Sulphate Transporter and Anti-Sigma factor antagonist (STAS) domain. The name of
this domain came from an unexpected similarity with the bacterial Anti-Sigma factor
antagonists (ASA), typified by SpoIIAA in Bacillus subtilis (Aravind & Koonin, 2000).
The STAS domain presents a low sequence identity (around 30%) but share a conserved
fold of 4β-strands interspersed among 5 α-helices. The unexpected identification of the
STAS domain in SLC26A/SulP transporters, as well as disease-associated mutations in
this domain, provides functional clues as to the regulation of the transporter (Dorwart et
al., 2008a).

1.3.1

STAS domain in eukaryotes

1.3.1.1 Function
In eukaryotes, the STAS domain is only found fused with the C terminal region of the
SLC26A/SulP transporters. The mammalian STAS are bigger than homologues in plant
and fungi. Indeed, the mammalian STAS domain possesses an intervening sequence
(IVS) between helix α1 and strand β3, missing from the STAS domains found in plants
and fungi. This region is the main source of variability among the SLC26 STAS
domains.
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It has been proposed that the STAS domain takes part in protein-protein interactions and
is involved in signal transduction given its significant similarity with SpoIIAA (Aravind
& Koonin, 2000).
In Arabidopsis thaliana, it has been shown that the STAS domain of the sulphate
transporter Sultr1;2 forms homodimers and it is essential for correct membrane
localization, protein stability and transport kinetics (Shibagaki & Grossman, 2006).
Furthermore, Sultr1;2 has been shown to interact, via the STAS domain, with the
enzyme O-acetylserine-lyase/cysteine synthase. The activity of the transporter and the
enzyme are co-regulated via this interaction in response to the sulphur cellular status
(Shibagaki & Grossman, 2010).
Several mammalian members of the SLC26 family have been shown to interact with the
CFTR chloride channel. This interaction results in co-regulation of both transporters. In
humans, SLC26A3, through its the C-terminal PDZ recognition motif, interacts with the
PDZ adaptor proteins PDZK1, E3KARP and IKEPP which form a scaffold that brings
SLC26A3 in close proximity with CFTR anion transporters (Lamprecht et al., 2009). It
has also been shown that SLC26A3 is able to interact directly through its STAS domain
with the R domain of CFTR (Chernova et al., 2003; Ko et al., 2002). In HEK-293 cells
the R domain of CFTR is able to interact with the STAS domain of SLC26A6 and
SLC26A9 (Ko et al., 2002; Ko et al., 2004). In contrast with the rest of the transporters
of the family, interactions between the STAS domain of SLC26A9 and the R domain of
CFTR inhibit the transport activity of the former (Chang et al., 2009).
In a recent study, it has been shown that the mouse oxalate transporter Slc26a6
interacts, via its STAS domain, with the first intracellular loop of the citrate transporter
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NaDC-1. The interaction is putatively involved in the regulation of Ca+-oxalate stone
formation (Ohana et al., 2013).

1.3.1.2 Structure
Recently, the structure of the rat prestin (SLC26a5) STAS domain has been solved by
X-ray crystallography (Pasqualetto et al., 2010). The deletion of the IVR and 9 Cterminal residues was necessary in order to obtain diffracting crystals of this domain.
This structural analysis reveals that the STAS domain starts immediately after the last
transmembrane helix of the transporter. The domain is structurally and topologically
similar to the bacterial Anti-Sigma Antagonist (ASA) factor. The authors hypothesised
that the STAS domain of the SLC26A transporter is involved in functionally important
intra- and inter- molecular interactions (Pasqualetto et al., 2010).

Figure 1- 7: Crystal structure of SLC26A5 (prestin).
In yellow are the β-strands forming the central β-sheet and in red the α-helices. In green are represented the
connecting loops (Pasqualetto et al., 2010).
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1.3.2

STAS domain in bacteria

Although STAS domains are only present fused with the C-terminal region of SLC26A
transporters in eukaryotes, they can also be found in numerous proteins in bacteria.
STAS domain containing proteins have been involved mainly in (1) sigma factor
regulation, (2) signal transduction and (3) regulation and protein interactions of the SulP
anion transporters.
In addition, further functions have been suggested for STAS domain containing
proteins. These proteins may be involved in nutrient transport based on their proximity
to domains encoding enzymes such as glutaminase, glycosyltransferase, and vitamin-Kdependent carboxylase activity. Also, the STAS domains as such can be adjacent to
other domains involved in detoxification of alkalenes and organic solvents (Sharma et
al., 2011a).

1.3.2.1 STAS domain in Anti-Sigma factor Antagonists (ASAs)
Under nutritional stress, Bacillus subtilis cells resort to sporulation. Sporulation is a
highly regulated event which results in a specialized differentiated endospore, resistant
to almost all the common anti-bacterial agents. Upon onset of sporulation, sigma factor
σF, which is responsible for the early forespore-specific gene expression, is activated.
Regulation of σF involves a series of regulators starting with SpoIIAB, an anti-sigma
factor with protein kinase activity. Interaction between SpoIIAB and σF prevents the
latter from forming the RNA polymerase holoenzyme and thus progressing with the
sporulation specific cascade of gene expression. SpoIIAB is inhibited by interaction
with the anti-sigma factor antagonist SpoIIAA, a STAS domain containing protein,
which releases the sigma factor. SpoIIAB in turn phosphorylates SpoIIAA inactivating
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it and starting a new cycle of catalytic interactions (Fig. 1-8) (Errington, 2003; Masuda
et al., 2004).

Figure 1- 8: Cartoon illustrating the mechanism of displacement of σF from SpoIIAB by SpoIIAA.
SpoIIAB1 and SpoIIAB2 are coloured blue and green, respectively. σF is coloured pink and SpoIIAA in orange. (1)
AB1 of σF:AB2 is the targeted molecule for docking as its surface is more accessible to AA. (2) AA docks onto its
initial docking sites on AB1. (3) AA docks into a secondary which is represented by AA-Asp23 interacting with ABArg20. Upon the second docking, a clash occurs between σF and AA (circled in black). (4) The clash leads to the
dissociation of σF from AB (ADP). AA then slips into its final docking conformation that is amenable to
phosphorylation (represented by AA turning yellow). (5) P-AA dissociates from AB (ADP) due to steric and
electrostatic clashes. (6) Unphosphorylated AAs interact with AB1 as an IC and AB2 as a target for phosphorylation.
AA, SpoIIAA; AB1, SpoIIAB1; AB2, SpoIIAB2; P-AA, phosphorylated SpoIIAA (Masuda et al., 2004).
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1.3.2.2 STAS domain containing proteins in signal transduction
1.3.2.2.1 The stressosome
In Bacillus subtilis and related Gram positive bacteria, mild environmental stress (pH,
osmolarity, and ethanol) stimulates the σB stress response pathway. The sigma factor σB
is responsible for the signal transduction cascade resulting in entry to stationary phase
and starvation response. In the absence of environmental stress, σB is inactive in a
complex with its cognate anti-sigma factor RsbW. RsbW also acts as a protein kinase
towards the anti-sigma factor antagonist RsbV, a STAS domain containing protein.
Inactivation of RsbV by phosphorylation can be reversed by the phosphatase RsbU in
the presence of stress (Hecker et al., 2007).
The stressosome, a large protein complex, is found upstream of RsbU in the σB
pathway. It consists of 40 copies of the multidomain STAS containing protein RsbR and
20 copies of the STAS containing protein RsbS. Under normal conditions the
stressosome is able to sequester 20 copies of the kinase RsbT. Upon environmental
stress, RbsT phosphorylates RsbS and RsbT, releasing itself from the stressosome. This
leads to binding of RsbT to RsbU and to an increase in the phosphatase activity of the
latter. In turn, RsbU dephosphorylates RsbV which is active now to bind to the σBRsbW complex and to release σB, resulting in the induction of the σB regulon (Fig. 1-9)
(Marles-Wright & Lewis, 2010).
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Figure 1- 9: The σB regulatory pathway of B. subtilis.
The stressosome, a complex made up of multiple copies of STAS proteins RsbR and RsbS, serves to sequester kinase
RsbT in normal conditions. Under stress, RsbT phosphorylates both STAS proteins, resulting in its release from the
stressosome to bind and activate RsbU phosphatase. The RsbT/RsbU complex-mediated dephosphorylation of antianti-σ factor STAS protein RsbV allows it to bind anti-σ factor RsbW, liberating σB from its inactivating complex
with RsbW, and allowing activation of RNA polymerase (Sharma et al., 2011a).

1.3.2.2.2 Phototransduction
Another environmental stimulus for activation of the σB regulatory pathway is blue
light. The signal is detected and transmitted via the stressosome to σB by the blue light
receptor YtvA. YvtA is a chimeric protein with one LOV (Light-Oxygen-Voltage
sensing) domain, which binds flavin cofactors (FMN), and one STAS domain.
LOV domains belong to the Per-ARNT-Sim (PAS) domain superfamily. In bacteria
they regulate general stress response, cell envelope physiology and virulence (Herrou &
Crosson, 2011).
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Blue light triggers the decay of LOV-FMN and this conformational change is
transduced to the STAS domain via a short J linker connecting the two domains. It is
not yet completely understood how the STAS domain of YtvA is involved in σB
pathway activation via the stressosome but it has been suggested that it might have a
direct or indirect role in RsbT kinase activation (Herrou & Crosson, 2011; Tang et al.,
2010). A recent paper by Jurk et al. showed that YvtA is incorporated permanently in
the stressosome independent of the light state, recruited by RsbR. This results to a slight
displacement of RsbR which might induce a transient interaction between YvtA and
RsbT. Upon illumination slight conformational changes of the YvtA and Rsb proteins
STAS domains might trigger the signal transduction cascade (Jurk et al., 2013).

1.3.2.3 STAS domain in SulP transporters
The large majority of bacterial SulPs are fused to a STAS domain (Felce & Saier,
2004). Although the function and topology of the bicarbonate transporter BicA in
Synechococcus has been elucidated, the role of its STAS domain in the regulation and
function is still unknown (Shelden et al., 2010).
To date, the only crystal structures available for bacterial SulP STAS domains have
been generated for the homologues in Wolinella succinogenes, Vibrio cholera and
Escherichia coli, and by NMR in Mycobacterium tuberculosis (Fig. 1-10).
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Figure 1- 10: 3D structures of bacterial SulP STAS domains.
(A) Wolinella succinogenes (B) Vibrio cholera (C) Escherichia coli and (D) Mycobacterium tuberculosis. Images
kindly provided by Emma Compton.

The structures of these STAS domain are very similar, sharing the interspersed βstrands and α-helices characteristic of the bacterial STAS domain and anti-anti-sigma
proteins (Fig. 1-10 and 1-11).
In M. tuberculosis, the Rv1739c STAS domain is able to bind guanine nucleotides and
has a modest GTPase activity, but it is not a phosphoprotein or substrate of any of the
defined M. tuberculosis Ser/Thr kinases (Sharma et al., 2011b). Backbone dynamics
measured by 1H- 15N NMR suggested that guanine nucleotides bound to Rv1739c STAS
domain cause conformational changes and that these changes may shift the oligomeric
state away from the usual monomeric state of the unliganded STAS domain (Sharma et
al., 2012). Many residues of Rv1739c STAS domain found to bind or to be
conformationally affected by ligand contact align with disease associated residues in
human SLC26 STAS domains, suggesting proper folding and signal related functions
for these residues (Sharma et al., 2011b).

27

Chapter 1 - Introduction

Figure 1- 11: Structural alignment of Rv1739c STAS domain.
A–D, average backbone structure of the Rv1739c STAS domain (green) aligned with: (A) crystal structure of nonphosphorylated SPOIIAA from B. sphaericus (blue), (B) solution NMR structure of B. subtilis SPOIIAA (orange);
(C) solution NMR structure of T. maritima TM1442 (red); (D) overlay of a ribbon representation of Rv1739c STAS
(green) with the crystal structure of an engineered core STAS domain from rat Slc26A5/prestin (magenta).The region
shown in light magenta comprises the N-terminal 15 aa of the prestin STAS (light magenta) extending beyond the
Rv1739c STAS N-terminal residues (Sharma et al., 2011b).

In E.coli, the STAS domain of the SulP homologue YchM was co-purified and co–
crystallised with the acyl carrier protein (ACP). The molonyl-coA moiety attached to
ACP defines the contact in between the two proteins. It was showed that the secondary
structure sequence (β1-β2-α1-β3-α2-β4-α3-β5-α4) differs from the Rv1739c STAS
domain and the anti-sigma factor antagonists, with a switching of α1and β2 and absence
of helix α5 (Fig. 1-12) (Babu et al., 2010). Based on the fact that YchM co-crystallised
with ACP the authors proposed that YchM is a bicarbonate transporter involved in fatty
acid metabolism. However, a later study from the same group failed to reproduce their
bicarbonate transport assay and they did not obtain evidence that the full length YchM
interacts with ACP (Taddese, 2013). In addition, we have clearly shown that YchM
does not belong to the BicA/BicA-like proteins phylogenetic cluster and acts as a
succinate transporter (Karinou et al., 2013). Taken together these observations suggest
it is likely that the YchM STAS-ACP is a non-functional interaction.
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Figure 1- 12: Crystal structure of YchM STAS domain in complex with ACP.
(A) The STAS domain of YchM (residues 436–550) bound to ACP are shown in white and blue, respectively. The
4’PPa is covalently bound to ACP and is located at the interface between STAS and ACP. (B) The structural overlay
of YchM-STAS onto SPOIIAA illustrates the position of the additional fifth b strand on YchM that is created to
provide a binding pocket for the malonyl 4’PPa (Babu et al., 2010).
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1.4

Aims

Apart from the bicarbonate transporter BicA from Synechococcus, no bacterial SulP
homologue has been characterized to date although they are conserved in bacteria.
Based on their similarities with homologues in plants and fungi, bacterial SulP are
usually classified as sulphate transporters, but no evidence is available to support this
hypothesis. Initial phylogenetic analysis (Fig. 1-4) showed that E. coli YchM clusters
independently from the BicA/BicA-like proteins. Therefore, the overall aim of this
project was to use a combination of genetic and biochemical approaches to investigate
the substrate(s) and physiological role of YchM, the SulP protein found in the bacterial
model organism Escherichia coli. Three basic approaches were undertaken:
1) Identification of a YchM-dependent phenotype
2) Identification of proteins that may interact with YchM
3) Analysis of the expression of YchM
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2 Materials and Methods

2.1

Bacterial strains, plasmids and oligonucleotides used in this study

2.1.1

E. coli strains used in this study

Table 2-1: Strains used in this work
Strain

Genotype*

Reference

MACH1

F- Φ80lacZΔM15 ΔlacX74 hsdR(rK–, mK+) ΔrecA1398 endA1 tonA

Invitrogen

DH5α

F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG Φ80lacZΔM15

Promega

Δ(lacZYA-argF)U169, hsdR17(rK- mK+), λ–
MC4100

BTH101

F- (araD139) Δ(argF-lac)169 λ- e14- flhD5301 Δ(fruK-yeiR)725

(Casadaban

(fruA25) relA1 rpsL150(StrR) rbsR22 Δ(fimB-fimE)632(::IS1) deoC1

Cohen, 1979)

F- cya-99 araD139 galE15 galK16 rpsL1(StrR) hsdR2 mcrA mcrB1

(Karimova et al.,

&

1998)
BW25113

F- Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ- rph-1 Δ(rhaD-rhaB)568

(Baba

hsdR514

2006)

et

al.,

JW5189-

F- Δ(araD-araB)567 ΔlacZ4787(::rrnB-3)

λ- ΔychM724::kan, rph-1

(Baba et al., 2006)

1

Δ(rhaD-rhaB)568 hsdR514

JW3496-

F- Δ(araD-araB)567

ΔlacZ4787(::rrnB-3) λ- ΔdctA783::kan rph-1

(Baba et al., 2006)

1

Δ(rhaD-rhaB)568 hsdR514

JW4085-

F- Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ- rph-1 Δ(rhaD-rhaB)568

3

ΔdcuR750::kan hsdR514

JW4086-

F- Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ- rph-1 Δ(rhaD-rhaB)568

1

ΔdcuS751::kan hsdR514

IMW385

MC4100, but λ[Φ(dctA–lacZ)hyb AmpR]

(Kleefeld, 2002)

EK9

BW25113, but ΔdauA

This study

EK83

BW25113, but ΔdctA

This study
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EK96

BW25113, but ΔdctAΔdauA

This study

EK107

BW25113, but ΔdcuR

This study

EK108

BW25113, but ΔdcuS

This study

EK111

IMW385, but ΔdauA

This study

EK161

EK83 encoding DauA-His**

This study

EK169

BW25113 encoding DauA-His**

This study

EK178

BW25113 encoding DctA-His**

This study

EK180

EK9 encoding DctA-His**

This study

EK182

BW25113 encoding DauA-His** and DctA-FLAG**

This study

EK184

EK182, but ΔdcuS

This study

EK187

EK9 encoding DctA-FLAG**

This study

EK197

BW25113 pJL28(AmpR)

This study

EK201

BW25113 pEK201

This study

EK202

BW25113 pEK202

This study

EK203

BW25113 pEK203

This study

EK208

BW25113, but ΔcpxR

This study

EK212

EK182 pJL28(AmpR)

This study

EK213

EK182 pEK203

This study

EK214

BW25113, but ΔcpxA

This study

*: Antibiotic resistance cassettes are indicated as follows: cml, Chloramphenicol resistance; amp, ampicillin
resistance; kan, Kanamycin resistance.
**: proteins with in-frame C-terminal His tag or FLAG tag fusions

2.1.2

Plasmids used in this study

Table 2-2: Plasmids used in this work
Plasmid

Description*

Reference

pCP20

FLP+, λcI857+, λpR Repts, AmpR, CamR

(Datsenko & Wanner, 2000)

pJL28

Vector for transcriptional fusions, AmpR

pEK201

pJL28:P3

Kindly provided by Prof G. Unden
(University of Mainz)
This study

pEK202

pJL28:P2

This study
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pEK203

pJL:P1

This study

pBluescriptKS+

Cloning vector, AmpR

Stratagene

pEK153

pBluescript:DctA-His**

This study

pEK154

pBluescript:DauA-His**

This study

pMAK705

Kindly provided by Prof Tracy
Palmer

pEK163

Suicide vector for gene deletion or insertion
by homologues recombination
CmR
pMAK705: Dcta-His**

pEK164

pMAK705:DauA-His**

This study

pEK181

pMAK705:Dcta-FLAG**

This study

This study

Bacterial Two Hybrid plasmids
pUT18

Encoding the adenylate cyclase domain T18

Kindly provided by Prof. Tracy

from Bordutella pertussis, C-terminal fusions

Palmer

pUT18:ssNarG

Kindly provided by Prof. Tracy
Palmer

pEK158

pUT18:DauA

This study

pEK172

pUT18:DauA1-444

This study

pEK193

pUT18:AmtB

This study

pEK211

pUT18:STAS

This study

pT25

Encoding the adenylate cyclase domain T25

Kindly provided by Prof. Tracy

from Bordutella pertussis, N-terminal fusions

Palmer

pT25: NarJ

Kindly provided by Prof. Tracy
Palmer

pEK36

pT25:STAS

This study

pEK167

pT25:DauA

This study

pKNT25

Encoding the adenylate cyclase dpmain T25

Kindly provided by Prof G. Unden

from Bordutella pertussis, C-terminal fusions

(University of Mainz)

pEK191

pKNT25:DauA

This study

pEK192

pKNT25:AmtB

This study

pEK209

pKNT25:DauA1-444

This study

pEK210

pKNT25:STAS

This study
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pMW429

pUT18C:DcuS

Kindly provided by Prof G. Unden
(University of Mainz)

pMW858

pKNT25:DctA

Kindly provided by Prof G. Unden
(University of Mainz)

pMW919

pKNT25:DcuS

Kindly provided by Prof G. Unden
(University of Mainz)

pMW428

pUT18:DcuS

Kindly provided by Prof G. Unden
(University of Mainz)

pMW917

pUT18C:DctA

Kindly provided by Prof G. Unden
(University of Mainz)

pMW918

pUT18:DctA

Kindly provided by Prof G. Unden
(University of Mainz)

pMW1647

Kindly provided by Prof G. Unden

pKNT25:MalE-DctA362-428

(University of Mainz)
*: Antibiotic resistance cassettes are indicated as follows: cml, Chloramphenicol resistance; amp, ampicillin
resistance; kan, Kanamycin resistance.
**: proteins with in-frame C-terminal His tag or FLAG tag fusions

2.1.3

Oligonucleotides used in this study

Table 2-3: Oligonucleotides used in this work
Primer

Target

Sequence (5'-3')*

Comments

Sequencing/Screening
EKO67

dauA

atgcggatccgtgaacaaaatattttcctcacatgtg

Forward

EKO68

dauA

atgcaagcttttataaatccgccatcgccgcgcgacg

Reverse

EKO96

pUT18

ttagctcactcattaggcaccc

Forward

EKO97

pUT18

tcgtagcggaactggcgac

Reverse
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EKO220

dctA

ggagttcgggtggcgctggatg

500bp upstream dctA

EKO221

dctA

cgtcaaggccaccgctttgcg

500bp downstream dctA

EKO239

dcuR

ggaagagattggctctctgctg

483bp upstream dcuR

EKO240

dcuR

actctctggcgatgggtttatag

368bp downstream dcuR

EKO241

dcuS

gctgacatatcgcagtgttgaaatag

265bp upstream dcuS

EKO242

dcuS

cggaggagatgacaatcacatc

522bp downstream dcuS

EKO320

pBluescript

gtaaaacgacggccagtg

Forward

EKO321

pBluescript

caggaaacagctatgaccatg

Reverse

EKO409

pJL28

ggcgtatcacgaggccctttcg

Forward

EKO410

pJL28

cacgacgttgtaaaacgacggg

Reverse

EKO322

pT25

ccgcatctgtccaacttcc

Forward

EKO323

pT25

ggatgtgctgcaaggc

Reverse

EKO357

pKNT25

acactttatgcttccggctcg

Forward

EKO358

pKNT25

gccagactcccggtcggcggcg

Reverse

Primer

Target

Sequence (5'-3')

Position**

RT-PCR analysis for DauA co-transcribed genes
EKO70

prs

ggtgatgcatatcatcggtgacgt

+608 → +632

EKO71

dauA

ctcaatcaggcgaccaaagcgtgc

+363 → +387

EKO72

dauA

cctttccgcgctctgatcgacgct

+30 → +54

EKO73

dauA

gccgagcattgccattgagaatgc

+843 → +867

EKO74

prs

cctgatatgaagctttttgctggt

+3 → +27

EKO75

prs

cgattcttcgttgctgatacgacg

+900 → +924

EKO87

dauA

atgctgctgtgcatgtcgctgacc

+1230 → +1254

EKO88

pth

cacgcccgcacataacccactggg

-181 → -205

EKO92

hemM

gttgatagggttagtctgcttgcatc

-191 → -165

EKO93

hemM

cgtcttatccgcctgctaccgctg

+18 → +42

EKO94

ychB

ctgactgggacaggggcctgtgtc

+708 → +732

EKO95

dauA

caagcgtcgatcagagcgcggaaagg

+30 → +56

EKO154

ychB

atgcggacacagtggccctct

+1 → +21

EKO155

ychB

atggatgagctggcggaaatg

+381 → +402

EKO158

dauA

ttataaatccgccatcgccgcgcgacg

+1653 → +1680

Primer

Target

Sequence (5'-3')

Vector/ Restriction site

Bacterial Two Hybrid constructs
EKO63

STAS

atgcggatccagcaccggtagtcgtagatgttcca

pT25/ BamH1

EKO64

STAS

atgcggtaccttataaatccgccatcgccgcgcg

pT25/ KpnI

EKO281

dctA

atgcaagcttgatgaaaacctctctgtttaaaagc

pUT18/ HinIII

EKO282

dctA

atgctctagaggagaggataattcgtgcgttttgcc

pUT18/ XbaI

EKO283

dctA

atgcggatccgatgaaaacctctctgtttaaaagc

pT25/ BamHI

EKO284

dctA

atgcggtaccttaagaggataattcgtgcgttttgcc

pT25/ KpnI
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EKO285

dauA

atgcaagcttggtgaacaaaatattttcctcacatg

pUT18/ HindIII

EKO286

dauA

atgctctagaggtaaatccgccatcgccgcgcgacg

pUT18/ XbaI

EKO326

dauA

atgcctgcagggtgaacaaaatattttcctcacatg

pT25/ PstI

EKO324

dauA

atgcggatccttataaatccgccatcgccgcgcgacg

pT25/ BamHI

EKO347

dauA1-444

cgcacgtcctctagaggatccccgggtaccgagctcgaattc

pUT18

EKO348

dauA1-444

ctctagaggacgtgcgatacgacgcataaacagcagcgatg

pUT18

EKO360

dauA

atgcctgcagggtgaacaaaatattttcctcacatg

pKNT25/ PstI

EKO361

dauA

atgcgaattcggtaaatccgccatcgccgcgcgacg

pKNT25/ EcoRI

EKO363

amtB

atgcctgcaggatgaagatagcgacgataaaaactggg

pKNT25/ PstI

EKO364

amtB

atgcgaattcggcgcgttataggcattctcgcc

pKNT25/ EcoRI

EKO365

amtB

atgcaagcttgatgaagatagcgacgataaaaactggg

pUT18/ HindIII

EKO366

amtB

atgctctagaggcgcgttataggcattctcgcc

pUT18/ XbaI

Primer

Target

Sequence (5'-3')

Comments/
Restriction site

Construction of C-terminal tag insertions
EKO307

dauA

atgctctagacacaaagtggtcgacttgc

Last 500 bp of dauA/
XbaI

EKO308

EKO309

dauA

dauA

atgcggatccttagtggtggtgatgatgatgtaaatccgccatcgc

Last 500 bp of dauA,

cgc gcg

6xHis/ BamH1

atgcggatccgtacgagattgaccagtc

500bp downstream dauA/
BamH1

EKO310

dauA

atgcctgcagactattagaaagtcaaggtg

500bp downstream dauA/
PstI

EKO311

dctA

atgctctagatactggggacttcatcttccg

Last 500bp of dctA/ XbaI

EKO312

dctA

atgcggatccttagtggtggtgatgatgatgagaggataattc

Last 500 bp of dctA,

gtgcg

6xHis/ BamH1

atgcggatcctctcatcacttatgcccgc

500bp downstream dctA/

EKO313

dctA

BamH1
EKO314

dctA

atgcctgcagcgtcaaggccaccgctttgcgttagc

500bp downstream dctA/
PstI

EKO367

EKO368

dctA

dctA

aaagatgatgatgataaataaggatcctctcatcacttatcgccg

replace His to FLAG

cac

tag in pEK163

atcatcatcatctttataatcagaggataattcgtgcgttttgccatc

replace His to FLAG

cgg

tag in pEK163

Other constructs
EKO67

dauA

atgcggatccgtgaacaaaatattttcctcacatgtg

BamH1

EKO68

dauA

atgcaagcttttataaatccgccatcgccgcgcgacg

HindIII

EKO411

dauA

atgcgaattcggcgtcgcgcctgactgggacagg

P3, 1,377 kb upstream dauA

promoter 3

EcoR1
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EKO412

dauA

atgcgaattcggcccctactttggctatgcgcgcc

promoter 2
EKO413

dauA

EcoR1
atgcgaattcggcgtccgcgtgcgaacgtttcacagg

promoter 1
EKO414

dauA

P2, 809bp upstream dauA/

P1, 490bp upstream dauA/
EcoR1

atgcggatccggcataataatgtttcatccgtgagcgc

Replace dauA start codon

promoter
*: Endonuclease restriction cut sites are highlighted.
**: Position of primer is indicated in relation to the translational start site (+1) of the named gene.

2.2
2.2.1

Growth conditions, media and antibiotics used in this study
Growth conditions and media

Luria–Bertani (LB) broth and LB agar were used for routine bacterial growth and
genetic studies (Sambrook et al., 1989) at 37oC unless otherwise stated. For growth
experiments E. coli was cultivated in M9 minimal medium (Yanisch-Perron et al.,
1985), enriched M9 (eM9) medium (Kramer et al., 2007) or MOPS minimal medium
(Neidhardt et al., 1974) adjusted at the desired pH. All media were supplemented with
50 mM of the specified carbon source. 1.5% (w/v) agar was used to solidify media. For
the determination of chromosomal or plasmid encoded β-galactosidase activity and for
measuring the uptake rates of [14C]-carbon sources the conditions and media used were
specified in each experiment. See Appendix A for detailed compositions of buffers,
solutions and media used in this study.

2.2.2

Antibiotics

When required, antibiotics where added at the following final concentrations:
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Table 2-4: Antibiotics used in this work
Antibiotics

Dissolved in

Final concentration (μg ml-1)

Ampicillin

H 2O

100 μg ml-1

Chloramphenicol

100% ethanol

30 μg ml-1

Kanamycin

H 2O

50 μg ml-1

2.3
2.3.1

Phenotypic Characterisation Methods
Phenotypic Microarrays

As a first attempt of a phenotypic characterization, the technology of Phenotypic
Microarrays (Biolog) was used (Bochner, 2009). Briefly, wild type and mutant strains
were grown overnight on LB agar. A cell suspension at a standardized cell density was
prepared in a minimal medium supplemented with the appropriate nutrient source and a
redox dye, tetrazolium violet. 100 μl of this cell suspension were pipetted in a 96-well
microtiter plate and measured for 24 and 48 h at 37°C in a microtiter plate reader
(OMNILOG instrument). 700 non-redundant trophic conditions were screened (Carbon,
Nitrogen, Phosphorus and Sulphur metabolism, nutrient supplements, osmotic and pH
sensitivity).

2.3.2

Growth experiments

Escherichia coli strains were cultured overnight in eM9 or MOPS minimal medium
supplemented with 50 mM of the appropriate carbon source at 37oC and at the desired
pH. The next day the cells were washed twice in eM9 or MOPS (carbon source free)
and diluted to an optical density at 600 nm of 0.05 in 150 ml of eM9 medium containing
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50 mM of the appropriate carbon source at the appropriate pH into a 96-well microtitre
plate. Growth was monitored for 24 h using a Synergy 2 platereader (Biotek).

2.4
2.4.1

General Molecular Biology Methods
Competent cells and transformation

2.4.1.1 Chemically competent cells
A single colony of the appropriate strain was inoculated in 5 ml LB and grown
overnight at 37oC. The next day 250 ml of LB medium were incubated with 2.5 ml of
the overnight culture and grown for 2 hours at 37oC (until OD600 0.3- 0.4). The culture
was then transferred to sterile centrifuge tubes and after incubation for 30 min on ice,
the cells were pelleted. The supernatant was removed and the cells resuspended in 30 ml
of ice cold sterile 0.1 M CaCl2 and left on ice for 30 min, after which a second
centrifugation step was performed. The cells were resuspended in 8 ml ice cold 0.1 M
CaCl2 + 15% glycerol, snap-frozen in liquid nitrogen and stored at -80oC.

2.4.1.2 Heat shock transformation method
Genetic material was mixed with 100 μl of chemically competent cells and incubated
on ice for 30 min. The cells were heat shocked at 42oC for 75 sec. 1 ml of LB was
added and the cells were incubated for at least 1.5 hours at 37oC before they were plated
on LB medium supplemented with the appropriate antibiotic and incubated overnight at
37oC.
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2.4.2

DNA techniques

2.4.2.1 Genomic DNA extraction
Genomic DNA was extracted from E. coli cells using a modified version of the classic
phenol/chloroform method for nucleic acid extraction (Harwood & Cutting, 1990). One
fresh colony was inoculated in 3 ml LB and grown to an OD600 of 1-1.5. Cells were
resuspended in lysis buffer (Appendix A) containing 10 mg ml-1 lysozyme and
incubated for 30 min at 37oC. On visible cell lysis 0.9% (w/v) sarkosyl was added and
the cells were left on ice for 5 min. Tris(hydroxymethyl)aminomethane (Tris) buffered
phenol was added and after the mixture was well vortexed the organic phenol
containing phase was separated from the aqueous DNA-containing layer by
centrifugation. Chloroform/isoamyl alcohol (24:1 v/v) was added to the aqueous phase
and another round of centrifugation was performed. The aqueous phase formed was
removed and the containing DNA was precipitated with the addition of 850 mM sodium
citrate and 100% ethanol. The precipitated DNA was washed with 70% ethanol and
resuspended

in

water.

DNA

concentration

was

measured

using

Nanodrop

Spectophotometer (Labtech) and aliquots were stored at -20oC.

2.4.2.2 Polymerase Chain Reaction (PCR)
The in vitro nucleic acid amplification was performed using Polymerase Chain Reaction
(PCR) (Mullis et al., 1986). For all standard PCR reactions Taq DNA polymerase
(Roche) was used, cloning fragments were amplified by Expand High Fidelity PCR
System (Roche) and Phusion DNA polymerase (Finnzymes) was used in constructs
made by site-directed mutagenesis. All PCR reactions were performed in a Veriti®
Thermal Cycler (Applied Biosystems®).
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Table 2-5: Typical PCR reaction composition used
Component

Final concentration

10x PCR reaction buffer (100 mM Tris-HCl pH8.3,

1x

500 mM KCl, 25 mM MgCl2)
10mM dNTP mix

250 μM each

Primers

1 μM each

Polymerase

2.5 U

DNA template

50-100 ng

H 2O

Up to 50 μl

When bacterial colonies were used as a source of DNA: one colony was resuspended in
100 μl water and boiled for 5 min. Then cells were spun down and 4 μl of supernatant
was used as template DNA per 20 μl PCR reaction volume.

Table 2-6: Standard thermal cycler conditions used
Step

Temperature

Time

Initial denaturation (1cycle)

94oC

2 min

Denaturation

94oC

15 sec

Annealing

52-60oC*

30 sec

Elongation

72oC

45 sec/ kb

72oC

7 min

35 cycles:

Final elongation

* The optimal annealing temperature depends on the melting temperature of the primers
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2.4.2.3 Site-directed mutagenesis by PCR
For introduction or deletion mutations in a given plasmid site-directed mutagenesis was
used according to the QuikChange protocol (Stratagene). In order to remove methylated
DNA with no mutation, 40 U DpnI (NEB) restriction enzyme were added in the PCR
reaction and incubated for 3 h at 37oC. Buffers and enzymes were removed from the
sample using the QIAquick PCR Purification Kit® (Qiagen). Next, the plasmids were
transformed into E. coli MACH1 competent cells.

2.4.2.4 DNA purification
DNA extracted from agarose gel after electrophoresis using the QIAquick Gel
Extraction Kit® (Qiagen), in accordance with manufacturer’s instructions. Briefly,
DNA fragment was excised from agarose gel, dissolved in Buffer QC (Qiagen) and
incubated for 15 min at 50oC. Buffer QC solubilises the agarose gel and provides the
appropriate conditions for DNA binging to the silica membrane. In this method DNA is
captured to a silica membrane under high-salt conditions. Agarose and buffers were
removed from the column with high-salt buffer washes. DNA was eluted from the
column using a low-salt buffer.
DNA from PCR and enzymatic reactions was purified using the QIAquick PCR
purification Kit® (QIAGEN). DNA samples were resuspended in Buffer PB (Qiagen)
(5:1 v/v) and DNA was captured to a silica membrane under high-salt conditions.
Impurities and salts were washed away from the membranes using the ethanolcontaining PE Buffer (Qiagen). DNA was eluted from the column using a low-salt
buffer.
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2.4.2.5 Plasmid purification
Cells were grown overnight in LB supplemented with the appropriate antibiotics and
plasmids were purified using QIAprep Miniprep Kit® (Qiagen) according to
manufacturer’s instructions. Briefly, cells were pelleted by centrifugation and lysed
under alkaline conditions. Lysates were separated from cell debris by centrifugation and
subsequently DNA was bound to the QIAprep silica membrane. RNA and proteins were
washed off of the column using high salt buffer. Finally, DNA plasmid was eluted using
water at pH 7.

2.4.2.6 Restriction endonuclease digests
All DNA digestions were performed using restriction endonucleases supplied by New
England Biolabs® (NEB) in buffers provided by the manufacturer. Digests were
incubated for at least 2 hours at the temperature specified by the manufacturer. When
two enzymes with incompatible buffers were used, after the first digestion the DNA was
purified using QIAquick PCR purification Kit® (QIAGEN) and then the second enzyme
and buffer were added. For cloning purposes, restriction enzymes and buffers were
removed from PCR products using QIAquick PCR purification Kit® (QIAGEN).

2.4.2.7 Dephosphorylation of DNA vectors
Linear DNA vectors were dephosphorylated to prevent self-ligation using shrimp
alkaline phosphatase (SAP) by Roche, which removes phosphate groups from the 5’ end
of DNA or RNA. Reactions were performed according to manufacturer’s instructions.
Briefly, 4 U of alkaline phosphatase and 1x reaction buffer were added in the linear
vector sample and incubated for 30 min at 37oC. Alkaline phosphatase was inactivated
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by incubation at 65oC. For cloning purposes, restriction enzymes and buffers were
removed from vector using QIAquick Gel Extraction Kit® (Qiagen).

2.4.2.8 Ligation
A Nanodrop Spectophotometer (Labtech) was used to quantify the DNA fragments in
cloning experiments. The inserts were cloned into the appropriate vector with a 5:1
molar ratio using T4 DNA ligase. T4 ligase catalyses the formation of phosphodiester
bonds between 5' phosphate and 3' hydroxyl ends in duplex DNA or RNA. In a typical
ligation reaction 1x T4 ligase reaction buffer and 400 Units of T4 DNA ligase (NEB) in
a total volume of 20 μl was used and incubated for at least one hour at room
temperature.

2.4.2.9 Construction of BTH plasmids
Most of the plasmids used in the BTH experiments were constructed by standard
cloning procedures using plasmids and primers detailed in Table 2-2 and Table 2-3.
Plasmid pEK172 was constructed as follows: primers EKO347 and EKO348 were used
to delete by site-directed mutagenesis the STAS domain from plasmid pEK158.

2.4.2.10 Construction of plasmids containing tag fused protein variants
Strains EK169 and EK161 were constructed as follows: a fragment (A) covering the last
501 base pairs (bp) of dauA and introducing six histidines before the termination codon
was amplified by PCR using primers EKO307 and EKO308 with BW25113
chromosomal DNA as template. The product was digested with XbaI and BamHI. A
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second fragment (B) covering 500 bp sequence downstream of dauA was amplified by
PCR using primers EKO309 and EKO310 with BW25113 chromosomal DNA as
template. The product was digested with BamHI and PstI. Both fragments were cloned
simultaneously into pBluescript to give plasmid pEK154. The dauA (His)6-tagged allele
was excised by digestion with XbaI and PstI and subcloned into pMAK705 to give
plasmid pEK164. The mutant allele of dauA was transferred into the chromosome of
BW25113 and EK83 as described (Hamilton et al., 1989) to give strains EK169 and
EK161 respectively.
Strains EK178 and EK180 were constructed similarly using the primers EKO311–
EKO312 for fragment A and EKO313– EKO314 for fragment B, to give first plasmid
pEK153 and then plasmid pEK163. The mutant allele of dctA was transferred to the
chromosome of BW25113 and EK9 to give strains EK178 and EK180 respectively.
Strain EK182 was constructed as follows: primers EKO367 and EKO368 were used to
replace by site-directed mutagenesis the His-tag with a FLAG tag on the pEK163. The
FLAG tagged mutate allele was transferred into the chromosome of EK169 as described
(Hamilton et al., 1989) to give strain EK182. Strain EK184 was constructed by P1
transduction. A P1 lysate was prepared from JW4086-1 and transduced into EK182
according to standard methods (Miller, 1972). The kanamycin-resistance cassette was
then subsequently removed using the pCP20-encoded FLP recombinase (Datsenko &
Wanner, 2000).
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2.4.2.11 In-frame chromosomal gene deletions and insertions
2.4.2.11.1 pMAK705 vector-based recombination method
For the generation of chromosomal gene deletions and insertions the pMAK705 method
developed by Hamilton et al. (Hamilton et al., 1989) was used. The desired mutation
was cloned into the suicide vector pMAK705 and transformed into a recA+ target strain,
heat shocking the cells for 5 min at 37oC and recovery for at least 2 h at 30oC. Cells
were plated on LB supplemented with chloramphenicol and grown for two days at
30oC. Transformant colonies were used for overnight growth and vector integration
onto the chromosome was achieved by serial dilution of the overnight cells onto LB
chloramphenicol plates and growth at 44oC. Next, for resolution of co-integrates
colonies were inoculated into LB supplemented with chloramphenicol and grown at
30oC for at least 24h three consecutive times. Finally, single colonies were isolated on a
LB chloramphenicol plates and inoculated in LB (without chloramphenicol) in order to
cure the plasmid at 44oC. Colonies were tested for loss of antibiotic resistance by replica
plating onto LB agar with or without the relevant antibiotic. Further confirmation of
gene mutation was performed by PCR analysis.

2.4.2.11.2 Bacteriophage P1-mediated transduction method
Generalized phage transduction is a method used to move selectable genetic elements
from one “donor” strain to another “recipient” strain with the use of a bacteriophage.
The basic principle of this method is that during lysogeny the phage accidentally packs
part of the “donor” DNA in its head and lysates can be used to infect another “recipient”
strain resulting in the introduction of this packaged DNA through homologous
recombination (Weinstock, 2002).
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2.4.2.11.2.1 Preparation of P1 lysates
E.coli strains carrying kanamycin selection cassettes in the place of the desired gene
were used as donor strains for the generation of P1 lysates carrying the marker to be
transduced. One fresh colony was grown overnight aerobically in LB at 30oC. The next
day, overnight culture was mixed with MC buffer (Appendix A) in 1:1 ration and
incubated for 30 min at 37oC. Serial dilutions of P1 phage was mixed with the bacterial
suspension and incubated at 37oC for 15 min. Molten LBMC soft agar (Appendix A)
was added to the phage-cell mixture and poured over freshly made R plates (Appendix
A). After 5-7 hours of incubation at 37oC, the plate with confluent lysis was used to
isolate the phage lysate. Chloroform was added and P1 phage lysates were stored at 4oC
in the dark.

2.4.2.11.2.2 P1 transduction
Once phage lysate was generated from a donor strain, it could be used to transfer the
desired allele to a recipient strain. A really important step at this part of the process is
the control of the phage infectivity to avoid lysis of the bacteria transduced with the
desired genetic element. Overnight culture of the recipient strain, grown in LB at 30oC,
was mixed with MC buffer (Appendix A) in 1:1 ratio and incubated for 30 min at 37oC.
Cells were harvested, resuspended in TGYES medium (Appendix A) containing 5 mM
CaCl2 and mixed with 100 μl of the desired P1 lysate. CaCl2 is necessary for phage
infectivity. After incubation for 30 min at 37oC the calcium chelator sodium citrate was
added at a concentration of 1M which is enough to prevent the phages from further
infectivity but does not starve the bacterial cells of calcium. Cells were pelleted and
washed in LB before being resuspended in TGYES medium (Appendix A)
supplemented with 20 mM sodium citrate and incubated for 3 h at 37oC to allow the
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expression of the antibiotic resistance marker. Cells were harvested and washed in LB.
Finally, resuspended cells in TGYES containing 20 mM sodium citrate were plated on
LB supplemented with the appropriate antibiotic and 3.125 mM pyrophosphate, which
acts as a calcium chelator.

2.4.2.11.3 FLP- mediated excision of marked mutations
For the generation of in-frame, un-marked and non-polar deletions the following
method was used to excise the antibiotic cassette of the desired strains: Antibioticresistant cells were transformed by CaCl2 transformation with the temperature sensitive
plasmid pCP20 and plated onto LB agar supplemented with chloramphenicol (Datsenko
& Wanner, 2000). After incubation for 2 days at 30oC, single transformants were
streaked onto fresh LB agar plates and incubated overnight at 42oC. The next day
colonies were tested for loss of antibiotic resistance by replica plating onto LB agar
with and without the relevant antibiotic. Further confirmation of gene deletion was
performed by PCR analysis.

2.4.2.12 DNA sequencing
All new constructs were confirmed by DNA sequencing. The DNA sequencing service
was provided by the DNA Sequencing & Service at the University of Dundee
(http://www.dnaseq.co.uk/).
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2.4.3

RNA techniques

2.4.3.1 RNA extraction
Total RNA was extracted and purified using the RiboPureTM- Bacteria Kit (Ambion).
Any trace amount of genomic DNA from the eluted RNA was removed by DNase I
treatment, as per the manufacturer’s instructions. Total RNA concentration was
measured at A260 with a Nanodrop Spectophotometer (Labtech).

2.4.3.2 RT-PCR
In order to assess if dauA forms an operons with neighbouring genes RT-PCR analysis
was performed. RNA was isolated from BW25113 wild type and EK9 strains and
analysis was performed using the SuperScriptTM III One- Step RT- PCR System with
Platinum®

Taq

DNA

Polymerase

(Invitrogen)

according

to

manufacturer’s

recommendations. Briefly, gene specific primers are used to synthesize the cDNA to
avoid nonspecific products in the one-step procedure.
Table 2-7: The typical reaction composition used for the RT-PCR analysis
Components

Volume

2x Reaction mix (40 mM Tris-HCl pH8.4, 100 mM

10 μl

KCl, 0.4 mM of each dNTP, 3.2 mM MgSO4)
Template RNA

100 ng

Sense primer (10 μM)

0.4 μl

Anti-sense primer (10 μM)

0.4 μl

SuperScriptTM III RT/ Platinum® Taq mix

100 U/2.5 U

Sterile RNase- free water

Up to 20 μl
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To verify the absence of genomic DNA in the RNA samples, the SuperScriptTM III RT/
Platinum® Taq mix was omitted and substituted with 2 units of Platinum® Taq DNA
Polymerase (Invitrogen). The thermal cycler was programmed so that cDNA synthesis
is followed immediately by PCR amplification.

Table 2-8: Standard thermal cycler conditions used for RT-PCR
Step

Temperature

Time

cDNA synthesis (1 cycle)

55oC

30 min

Denaturation (1 cycle)*

94oC

2 min

denaturation

94oC

15 sec

annealing

55oC

30 sec

extension

68oC

1 min/kb

68oC

5 min

PCR amplification (35 cycles)

Final extension (1cycle)

* During 2 min incubation at 94oC, SuperScriptTM III RT is inactivated, Platinum® Taq mix is activated
and RNA/cDNA hybrid is denaturated.

2.4.4

Bacterial two-hybrid (BTH) system

This genetic screening is based on the reconstitution, in an E. coli cyaA- strain (deficient
in endogenous adenylate cyclase), of a signal transduction pathway that takes advantage
of the positive control exerted by cAMP. Two putative interacting proteins are
genetically fused to two complementary fragments, T25 and T18, which constitute the
catalytic domain of Bordetella pertussis adenylate cyclase. Association of the twohybrid proteins results in functional complementation between T25 and T18 fragments
and leads to cAMP synthesis. Cyclic AMP then triggers transcriptional activation of
catabolic operons, such as lactose or maltose. E. coli cyaA- are unable to ferment
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maltose: they form white colonies on MacConkey indicator media containing maltose,
while cyaA+ bacteria form red colonies on the same media (the fermentation of maltose
results in the acidification of the medium which is revealed by the colour change of the
dye phenol red) (Karimova et al., 1998).
Plasmids harbouring fusion proteins to T18 and T25 were co-transformed in E. coli
cyaA- strain BTH101 and plated onto MacConkey medium supplemented with maltose,
and cultured at 30°C for 48 h. Red colonies signified possible interactions. An average
colony was inoculated in 5 ml LB medium supplemented with appropriate antibiotics,
and grown overnight at 30oC. The next day potential interactions were quantified
measuring β-galactosidase activity.

2.4.5

Biochemical techniques

2.4.5.1 Enzyme Assays
2.4.5.1.1 β-galactosidase activity assay
β-galactosidase assays were performed on toluenized bacterial suspensions, as described
by Miller (Miller, 1972). The OD600 of cells to be tested was measured and 1 ml
aliquots were taken, into which 50 μl toluene was added and left on ice for 30 min. 450
μl of Z-buffer (supplemented with β- mercaptoethanol) and 100 μl of ONPG (4 mg/ ml)
were added to 20 μl of toluenized cells and incubated at 28oC. On development of
yellow colour 250 μl of Na2CO3 was added, the time of reaction was noted and the
absorbance at 260nm was measured. One unit of activity corresponds to 1 nmol of onitrophenyl b-D-galactoside hydrolyzed per min at 28oC. β-galactosidase activity was
calculated based on the following equation:
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β-galactosidase activity (Miller Units)=A420 x 103/ t x V x OD600
t= time of reaction (min)
V= volumes of cells used (ml)

2.4.5.2 Subcellular fractionation
Cells were cultured overnight in M9 minimal medium containing glucose as sole carbon
source. The next day the cells were washed twice in M9 (carbon source free) at pH 5 or
pH 7 and diluted to an OD600 of 0.6 in M9 medium containing the carbon source (50
mM) and pH indicated. After 6 h, cells were harvested by centrifugation and
fractionated as described before (Coutts et al., 2002). Pelleted cells were resuspended in
50 mM Tris 10 mM EDTA pH 8. Lysis of the cell was achieved by 5 x 15 sec
sonication 15 sec intervals between bursts at 10% amplitude. Cell debris was removed
by centrifugation and part of the supernatant was used as the whole cell fraction. The
rest of the supernatant was transferred into polycarbonate ultracentrifuge tube
(Beckman) and centrifuged at 80,000 rpm for 30 min at 4oC. Part of the supernatant was
kept as the soluble fraction and the rest was discarded. The pellet was resuspended in 50
mM Tris 10 mM EDTA pH 8 and centrifuged at 80,000 rpm for 30 min at 4oC. The
supernatant was discarded and the pellet of this centrifugation was resuspended in 50
mM Tris 10 mM EDTA pH 8 0.6 M NaCl and centrifuged at 80,000 rpm for 30 min at
4oC. The pellet of the last centrifugation was resuspended in 50 mM Tris 10 mM EDTA
pH 8 and used as the membrane fraction. Fractions were stored at -20oC until further
use.

52

Chapter 2 - Materials and Methods

2.4.5.3 Protein quantification (Bradford method)
The total protein concentration in each fraction was measured using the DC protein
assay kit (Bio-Rad Laboratories) in microplate reader. This is a colorimetric method for
measurement of protein concentration similar to the Lowry assay (Lowry et al., 1951).
Essentially, the protein is first mixed with an alkaline copper tartrate solution. The
alkaline-treated protein can reduce the Folin reagent which lead to the development of
blue colour and can be measured at 750 nm. A standard curve was prepared of serial
dilutions of bovine serum albumin concentrations ranging from 0.2 mg/ml to about 1.5
mg/ml. Reagent A (alkaline copper tartrate solution) and Reagent B (dilute Folin
Reagent) were added to the standards and protein samples and gently mixed. After
incubation for 15 min at room temperature absorbance was read at 750 nm.

2.4.5.4 SDS-polyacrylamide gel electrophoresis (PAGE)
For separation of proteins by approximate size, SDS-PAGE was used in Bio-Rad
protein gel electrophoresis mini-gel system. Typically resolving gels of acrylamide
concentration used was ranging from 10%-15%. Table 2-9 details the resolving and
stacking gel components used in this study. Protein samples were resuspended in SDS
loading buffer and the gels were run in SDS Running Buffer (Appendix A) for 1 h at
120 V. PageRuler prestained protein ladder (ThermoScientific) was used as size
standard.
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Table 2-9: Components of a typical SDS-PAGE gel used in this study
SEPERATING

STACKING

10%

12.5%

15%

Acrylamide

1.625 ml

2.05 ml

2.5 ml

Acrylamide

0.375 ml

Solution 2

1.25 ml

1.25 ml

1.25 ml

Solution 3

0.625 ml

H2O

2.125 ml

1.7 ml

1.25 ml

H 2O

1.5 ml

10% APS

50 μl

50 μl

50 μl

10% APS

25 μl

TEMED

5 μl

5 μl

5 μl

TEMED

2.5 μl

2.4.5.5 Coomassie staining
For visualisation of proteins after separation in SDS-PAGE coomassie staining was
used (Appendix A). Enough coomassie solution was used to cover the acrylamide gels
and microwaved for 30 sec. The gels were incubated with the stain for further 20 min at
room temperature with gentle shacking. The coomassie staining was discarded and the
gels were rinsed twice with distilled water before transferred to destain solution
(Appendix A). Periodically destain solution was replaced with fresh until sufficient
level of destaining was achieved. Gels were then scanned.

2.4.5.6 Purification of DauA for mass spectrometry analysis
EK182 cells were grown overnight in 3 L LB medium supplemented with succinate for
the induction of DctA. The next day the cells were pelleted by centrifugation,
resuspended in lysis buffer (Appendix A) and lysed with a constant cell disrupter (three
passes at 20 kpsi). Cell debris was removed by centrifugation at 20,000 g for 45 min
and the supernatant was further centrifuged at 20,000 g for 2 h. The pelleted membrane
fraction was resuspended in buffer A (Appendix A). Membranes proteins were extracted
with 2% DDM for 1 h at 4oC and loaded onto a Co2+-affinity column (HisTrap, GE
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Healthcare). The protein was purified using an FPLC (AKTA purifier -GE Healthcare).
The column was washed with Wash Buffer (Appendix A) and the protein was eluted
using a linear 55–500 mM imidazole gradient.

2.4.5.7 Purification of DauA and DctA for interaction studies
EK182 cells were grown and the membrane proteins were extracted as described above.
Solubilized membrane proteins were incubated with cobalt covered sepharose beads and
incubated for 1 h at 4oC. DauA-His was purified by immobilized metal ion affinity
chromatography (IMAC) and eluted using 500 mM imidazole. The elution fractions
were further purified using Anti-FLAG® M2 affinity Gel (Sigma) according to the
manufacturer’s instructions and protein was eluted using 0.1 M glycine HCl pH 3.5.

2.4.5.8 Western immunoblotting
Subcellular fractions or purified protein samples were used for the detection of tag fused
proteins by western immunoblotting. Samples were loaded into SDS-PAGE gels and
were run at 120 V. Proteins were transferred onto PVDF membrane using a Trans-Blot®
SD Semi-Dry Transfer Cell (Bio-Rad). The membrane was blocked with 5% (w/v)
skimmed milk powder in 1x TBST for 1 h. For the detection of the His- and the FLAGtagget protein, anti-His (Qiagen) and anti-FLAG antibody (Sigma) were used
respectively. Rabbit polyclonal anti-TatC antibody raised against purified E. coli TatC
protein was kindly provided by Prof. Tracy Palmer. Primary antibodies were incubated
for 1 h at room temperature. The membrane was washed with TBST (Appendix A) and
incubated for 1 h with Goat Anti-Mouse IgG (H+L)-HRP conjugate secondary antibody
(Bio-Rad) for the membranes incubated with α-His and α-FLAG antibodies, and with
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Goat Anti-Rabbit IgG (H+L)-HRP (Bio-Rad) for α-TatC antibody. After a series of
washes with TBST the membrane was developed with Novex® ECL Chemiluminescent
Substrate Reagent Kit and exposed to X-ray film.

2.4.5.9 Membrane stripping
The membrane was incubated twice in stripping buffer (Appendix A) and subsequently
washed thoroughly with TBST (Appendix A). Then the membrane was re-blocked with
5% (w/v) skimmed milk powder in 1x TBST and incubated with the new primary
antibody.

2.4.5.10 Transport assay
In vivo transport assays were adapted from Jack et al. (Jack et al., 1999). Briefly, cells
were cultured overnight in M9 minimal medium containing glucose as sole carbon
source. The next day the cells were washed twice in M9 (carbon source free) at pH 5 or
pH 7 and diluted to an OD600 of 0.6 in M9 medium containing the carbon source (50
mM) and pH indicated. After 6 h, cells were harvested, washed twice in M9 minimal
medium without a carbon source, at the appropriate pH and resuspended in the same
medium to give a final OD600 of 0.6. At zero time, [14C]-aspartate, -fumarate or succinate (55 mCi mmol-1) was added to give the final concentration specified for each
experiment. Samples of 300 μl were taken at 15 sec, 30 sec, 1, 2, 3, 4, 5 and 6 min and
uptake was terminated by filtration through nitrocellulose filters (Millipore type HA;
0.45 mm pore size) under a constant vacuum. The radioactivity present on the filter was
determined using a scintillation counter. Data were calibrated by using internal
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standards spotted on filters and counted in the same experiment. Bacterial dry weight
was calculated using the OD600 reading according to the following equation:
OD600 = 1 ≈ 1 x 109 cells/ml ≈ 1 mg/ml or 1 g/litre wet cell weight ≈ 1/4 g/litre or 0.25
g/litre dry cell weight
For the competition experiments, unlabelled competitor (50-fold excess) was added at
the same time as the [14C]-labelled substrate (40 μM). For the uptake experiments at pH
7 and pH 5, the cells were cultured in the same way as for the other transport assays, at
pH7 or pH5, after which they were split in two equal batches, washed quickly twice in
M9 minimal medium without a carbon source at pH7 or 5 and assayed immediately for
uptake activity (10 μM substrate). The pH dependence of the concentrations (expressed
as %) of the different protonation states of succinate and fumarate were calculated as
follows: [COOH - COOH] = ([H+]2)/([H+]2 + Ka1[H+] + Ka1Ka2), [COOH – COO-] =
(Ka1[H+])/([H+]2 + Ka1[H+] + Ka1Ka2), [COO- - COO-] = (Ka1 Ka2)/ ([H+]2 + Ka1[H+] +
Ka1Ka2) with pKa = -Log10(Ka)
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3 Physiological Characterisation Of The Escherichia coli
SLC26 Homologue YchM (DauA)

3.1

Introduction

The Solute Carrier 26 (SLC26) and Sulphate transporter (SulP) family is a ubiquitous
superfamily of transporter proteins conserved from bacteria to man. ‘SLC26’ refers to
homologues found in animals and ‘SulP’ more specifically to those found in plants and
fungi. Proteins within the SLC26/SulP family exhibit a wide variety of functions,
transporting anions ranging from halides to bicarbonate (Dorwart et al., 2008b; Mount
& Romero, 2004). The functional importance of this family is illustrated by the fact that
several inherited human diseases are caused by mutations in SLC26 genes (Mount &
Romero, 2004). In plants and fungi, SulP proteins are primarily sulphate uptake
transporters, with mutations in the sulP genes leading to starvation syndrome in plants
and auxotrophic phenotypes in fungi (Saier & Paulsen, 1999). Although these proteins
are present in almost all bacteria their physiological function is completely unknown.
They are frequently classified as sulphate transporters based on their homology with the
SulP proteins, however there is little experimental evidence to support this (Saier &
Paulsen, 1999; Zolotarev et al., 2008). Indeed, in cyanobacteria, these proteins have
been characterised as low affinity Na+-dependent HCO3- transporters (Price & Howitt,
2011; Price et al., 2004). However, a phylogenetic analysis of bacterial SulP proteins
(Fig. 1-4) showed that YchM (the E. coli SLC26 homologue) clusters independently
from the BicA and BicA-like proteins. These results indicated that YchM may not act as
a bicarbonate transporter.
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The main objective of this chapter was to characterise the physiological role of YchM.
At first, a global approach was used to identify YchM dependent phenotypes. Next, the
growth and protein production was monitored under aerobic and anaerobic conditions.
Furthermore, an in vivo transport assay was developed for the study of the apparent
kinetics of YchM. Also, YchM substrate repertoire was investigated. Finally, the
regulatory roles of YchM were explored. In the course of this part of the study, YchM
was showed to be an aerobic succinate transporter. Hence, ychM was re-named as dauA
(for dicarboxylic acid uptake system A) and this denomination is used for the rest of this
study.

59

Chapter 3 - Physiological characterisation of the Escherichia coli SLC26 homologue YchM (DauA)

3.2
3.2.1

Results
Identification of a DauA-dependent phenotype

In order to identify the physiological role of DauA, an in-frame, unmarked and nonpolar deletion of dauA was generated using FLP-mediated excision in the E. coli
BW25113 background, generating strain EK9.
The technology of phenotypic microarrays (PM) was used as a global approach to
compare the metabolic activity of the parent strain (BW25113) versus ΔdauA (EK9)
strains under various trophic conditions (carbon, nitrogen, phosphate and sulphur
sources, nutrient supplements, osmolytes and pH). This system uses the reduction of a
dye (tetrazolium violet) to colourimetrically detect cell respiration. BW25113 and
mutant cells were grown in minimal medium supplemented with the appropriate
nutrient source and the redox dye. If the cell is able to transport and catabolise the
nutrient source provided a purple colour develops in the well. The formation of colour
in each well is monitored and recorded by a colour video camera attached to a computer
(Bochner, 2009).
The bacterial SLC26/SulP proteins are often classified as potential sulphate transporters
based on sequence similarities with the SLC26A transporters in plants and fungi.
Therefore, the first substrates to be tested were different sulphur sources. However, no
significant difference was observed between the wild type and ΔdauA (EK9) cells
metabolic activity on any of sulphur sources, suggesting that DauA does not have an
essential role in sulphur metabolism (Fig. 3.1).
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Figure 3-1: Phenotypic microarray analysis of parent strain and ΔdauA cells grown with various sulphur
sources.
Phenotypic microarray data comparing ΔdauA (EK9) strain (red line) with its isogenic parent strain BW25113 (blue
line). Cells were cultured with different sulphur sources for 48h and the colour intensity (a measure of cell
metabolism) was monitored spectrophotometrically at 590 nm (plotted in arbitrary units). In each well two repetitions
for each strain are presented.

The screening for a DauA-dependent phenotype was continued by using different
carbon sources as substrates. Interestingly, ΔdauA (EK9) cells were metabolically
inactive compared to the wild type when succinate was used as the sole carbon source
(Fig. 3-2; open symbols). To confirm that the phenotype observed was a result of the
ΔdauA (EK9) strain’s inability to specifically metabolize succinate and not of a general
problem in carbon metabolism, other carbon sources (glucose, fructose, maltose and
glycerol) were tested (Fig. 3-2; open symbols). Citrate was used as a negative control,
since E. coli cells are unable to use it as a carbon source aerobically.
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Figure 3- 2: Identification of a DauA-dependent phenotype.
Parent strain (black circles) and ΔdauA (EK9) (purple squares) cells were grown in MOPS minimal medium pH 7
supplemented with 50 mM of the indicated carbon source. Growth curves (average of four independent experiments,
error bars represent the standard deviation) at 600 nm were recorded using microplates (closed symbols). Cell
respiration (open symbols) was measured in a different experiment (data collected from one representative
experiment are shown) in a phenotypic microarray by monitoring the colour intensity spectrophotometrically at 590
mm.

To further confirm the phenotype observed in the PM analysis, the growth rates of the
parent and ΔdauA strains were monitored. Cells were grown in MOPS minimal medium
supplemented with different carbon sources (Fig. 3-2; closed symbols). The ΔdauA
(EK9) strain was not able to grow when succinate was added opposed to the parent
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strain, while the growth for both parent and mutant cells was comparable for all the
other carbon sources tested.
The phenotypic microarray data combined with the growth curve results indicate that
DauA is involved in succinate metabolism.

3.2.1.1 C4-dicarboxylic acid metabolism in E.coli
Succinate is a C4-dicarboxylic acid. Escherichia coli and related bacteria are able to
metabolise various C4-dicarboxylic acids under aerobic and anaerobic conditions. E.
coli possesses a collection of well characterised systems to meet the requirements for
C4-dicarboxylate metabolism (Janausch et al., 2002).

3.2.1.1.1 C4-dicarboxylic acid transport systems
Under aerobic conditions C4-dicarboxylic acids like succinate, fumarate, malate,
tartrate, aspartate and the aromatic monocarboxylate orotate are oxidized to CO2 via the
tricarboxylic acid cycle (TCA) and can be used as carbon an energy source (Unden &
Kleefeld, 2004).
DctA (TC 2.A.23.1.7) is the main transporter for these solutes under aerobic conditions
and belongs to the dicarboxylate/amino acid:cation symporter (DAACS) family of
carriers (Saier, 1998; Davies et al., 1999). DctA is conserved in aerobic Gram-negative
bacteria and many Gram-positive with low G+C contents, but not in strictly anaerobic
bacteria. DctA has a wide repertoire of substrates (succinate, fumarate, malate,
aspartate, tartrate, orotate) (Baker et al., 1996; Davies et al., 1999). It has been
characterised as cation/C4-dicarboxylate symporter (Janausch et al., 2002). It has been
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shown that dctA mutants are still able to grow in succinate as the sole carbon source
when acidic pH is applied suggesting the existence of another not yet identified
succinate transporter (Janausch et al., 2001).
Under anaerobic conditions, when the TCA cycle is impaired convertion of C4dicarboxylates is effected by fumarate respiration and the succinate produced is
excreted to the medium (Unden & Bongaerts, 1997). DcuA and DcuB carriers are
preferentially fumarate/succinate antiporters, but they can catalyse uptake and efflux of
C4-dicarboxylates and they are present in anaerobic and facultative anaerobic bacteria
(Six et al., 1994; Ullmann et al., 2000). DcuB (TC 2.A.13.1.2) is thought to be the most
important fumarate/succinate exchanger while DcuA (TC 2.A.13.1.1) is considered to
be a backup carrier (Golby et al., 1998). DcuC (TC 2.A.61.1.1) though functionally
similar to DcuA/B carriers plays a role in succinate efflux during glucose fermentation
(Zientz et al., 1996). No function is attributed to DcuD (TC 2.A. 61.1.2) indicating that
it might be a cryptic, unexpressed, transporter (Janausch & Unden, 1999).
Another family of carboxylate:C4-dicarboxylic acids antiporters has been identified in
E. coli, which is a subgroup of the divalent anion: Na+ symporters (DASS). Two
members of this family are the citrate: succinate antiporter CitT (TC 2.A.47.3.2) and the
putative tartrate:succinate antiporter TtdT (TC 2.A.47.3.3). CitT catalyses citrate
exchange or citrate:succinate/fumarate/tartrate exchange during citrate fermentation
differentiating it from the specific C4-dicarboxylic acids Dcu transporters discussed
above (Pos et al., 1998).
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3.2.1.1.2 Expression and regulation of C4-dicarboxylate metabolism components
Under aerobic conditions, maximal dctA expression is detected during the stationary
growth phase in the presence of C4-dicarboxylates (Davies et al., 1999). The expression
of dctA by succinate or other C4-dicarboxylates is induced by the two-component
system DcuSR. DcuS is a membrane embedded histidine kinase which is
autophosphorylated when bound to C4-dicarboxylic acids. DcuS phosphorylates the
cytoplasmic DNA-binding regulator DcuR which induces the expression of C4dicarboxylic acid genes (Davies et al., 1999; Golby et al., 1999; Zientz et al., 1998).
Recently it has been shown that helix VIIIb of DctA interacts directly with the
cytoplasmic PAS domain of DcuS, forming a sensing unit where the transporter acts as
a co-sensor modifying DcuS activity (Fig. 3-3) (Witan et al., 2012a; Witan et al.,
2012b). dctA expression is strongly repressed (30-fold) in the presence of glucose via
the cAMP-CRP complex (carbon catabolite repression, CCR) and under anaerobic
conditions via the ArcBA two-component system (Davies et al., 1999).
Under anaerobic conditions, the expression of the Dcu transporters is tightly
regulated. The expression of dcuB is induced by the fumarate and nitrate reductase
regulator (FNR) in response to anoxia and by the DcuSR two component system in the
presence of C4-dicarboxylic acids. On the other hand, dcuB expression is repressed by
the two-component regulator system NarXL in the presence of nitrate and by carbon
catabolite repression (CCR) in the presence of glucose (Golby et al., 1998; Zientz et al.,
1999). Similarly to the DctA-DcuS sensor unit, DcuB has been identified to act as a
bifunctional protein which interacts with DcuS modifying its activity under anaerobic
conditions (Kleefeld et al., 2009). Under the same conditions, dcuC expression is
induced by FNR but in contrast to dcuB the two-component systems DcuSR, NarXL
and CCR does not affect dcuC induction and/or repression (Zientz et al., 1999).
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The regulation of dcuA expression has not been clarified yet and the gene seems to be
expressed constitutively under the conditions tested. However, there is a 40% decrease
in its expression under aerobic conditions (Golby et al., 1998).
Finally, conditions inducing the expression of dcuD have not been found yet (Janausch
& Unden, 1999).

Figure 3- 3: Aerobic succinate uptake in E. coli.
Simplified schematic representation of succinate uptake in E. coli cells under aerobic conditions. At pH 7 in the
presence of succinate DctA is the main uptake system. DctA interacts with DcuS of the two-component regulatory
system DcuSR to form a sensing unit. At pH 5 the existence of another succinate transporter has been suggested since
dctA mutants are still able to grow under these conditions. DBD, DNA-binding domain; RD, receiver domain;

3.2.1.2 Succinate
During the past few years, interest in bacterial succinate metabolism has increased due
to the fact that succinate has been identified as an important platform chemical. Succinic
acid derivatives such as 1,4-butanediol, maleic anhydride, succinimide, 2-pyrrolidinone
and tetrahydrofuran can be used for the production of polymers, industrial solvents and
chemicals with wide range of applications. Furthermore, succinate is widely used in the
food industry as a flavouring agent or food additive. In pharmaceutical formulations it is
used as a counter ion because of its innocuous properties. Currently, succinate is
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produced petrochemically from butane and much effort is being put towards biosuccinate production (Thakker et al., 2012). E. coli is one of the bacteria used for biosuccinate production, thus in this context, the characterisation of a new family of
succinate transporter is of particular importance.

3.2.2

DauA is involved in succinate metabolism

3.2.2.1 Under aerobic conditions
3.2.2.1.1 Phenotypic analysis
The fact that DauA plays a role in succinate metabolism and the existence of a missing
succinate transporter active at acidic pH led us to hypothesize that DauA may be
involved in this process. To assess whether DauA is involved in succinate metabolism
and/or transport, the growth of the parental, ΔdauA (EK9), ΔdctA (EK83), and
ΔdctA/ΔdauA (EK96) strains was compared on MOPS minimal medium agar plates
supplemented with 50 mM glucose or succinate as the sole carbon source. During the
first 24 h of incubation at 37oC all mutants were unable to grow on the succinate
supplemented plates, while normal growth was observed on the glucose plate (Fig. 3-4;
left panel). After 48 h, only very weak growth was observed for the single ΔdauA (EK9)
and ΔdctA (EK83) mutants, whereas the double mutant ΔdctA/ΔdauA (EK96) showed
only residual growth (Fig. 3-4; right panel).
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Figure 3-4: DauA is involved in succinate metabolism.
Wild type and isogenic ΔdauA (EK9), ΔdctA (EK83) and ΔdctA/ΔdauA (EK96) strains were grown on MOPS
minimal medium agar plates supplemented with 50 mM succinate (upper panel) or glucose (lower panel) as the sole
carbon sources. The plates were incubated for 24 h (left panel) or 48 h (right panel) at 37oC.

The next step was to study the growth of the above strains under aerobic conditions at
different pHs. Cells were inoculated in eM9 minimal medium supplemented with 50
mM glucose or succinate as the sole carbon source, at pH 7 or pH 5 and their growth
was monitored. In the succinate medium at pH 7 (Fig. 3-5; upper right panel), the
ΔdauA (EK9) mutant showed slightly impaired growth compared to the wild type strain,
while ΔdctA (EK83) cells showed an apparent reduced growth rate as expected. The
double mutant cells ΔdctA/ΔdauA (EK96) presented a more prominent growth defect.
Interestingly, in the eM9 minimal medium supplemented with succinate at pH 5 (Fig. 35; lower right panel), the growth of the ΔdctA (EK83) strains was restored to almost the
wild type rate whereas ΔdauA (EK9) and ΔdctA/ΔdauA (EK96) were unable to grow.
All strains grew equally well in the glucose supplemented medium at pH 7 (Fig. 3-5;
upper left panel). The generally poor growth presented by all four strains in eM9
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glucose at pH 5 (Fig. 3-5; lower left panel) is due to glucose repression of the acid
resistance system (Castanie-Cornet et al., 1999). These results suggest that DauA plays
a role in the aerobic C4-dicarboxylate metabolism and specifically in the succinate
metabolism under acidic conditions.

Figure 3-5: DauA plays a role in succinate transport and/or metabolism at pH 5.
Normalized number of BW25113 (black), ΔdauA (purple), ΔdctA (green) and ΔdctA/ΔdauA (orange) cells were
grown in eM9 minimal medium supplemented with 50 mM glucose (right panel) or succinate (left panel) as the sole
carbon source at pH 7 (upper panel) or pH 5 (lower panel). Growth curves were recorded at 600 nm using a Bio Tek
microplate reader (average of four independent experiments, error bars represent the standard deviation).
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3.2.2.1.2 Protein production
In order to understand the above results at the molecular level the production of DauA
and DctA at pH 7 or pH 5 was studied, when succinate was used as the sole carbon
source.
DNA encoding a C-terminal 6xHis epitope tag was introduced onto the chromosomally
encoded dauA by pMAK vector-based recombination using the oligonucleotide pairs
EKO307/EKO308 and EKO309/EKO310 in the parental strain (BW25113) and EK83
(ΔdctA) backgrounds to give strains EK169 (DauA-H6) and EK161 (DauA-H6, ΔdctA)
respectively. Similarly, using the oligonucleotide pairs EKO311/EKO312 and
EKO313/EKO314, a C-terminal 6xHis epitope tag was fused to the chromosomally
encoded dctA in the wild type (BW25113) and EK9 (ΔdauA) backgrounds to generate
strains EK178 (DctA-H6) and EK180 (DctA-H6, ΔdauA) respectively.
It has been shown that correct localization of tagged proteins does not automatically
guarantee their functionality (Swulius & Jensen, 2012). In order to check that the Cterminal tags introduced in DauA and DctA do not affect their function, the growth rates
of the strains was measured in eM9 minimal medium supplemented with 50 mM
succinate at pH 7 or pH 5 (Fig. 3-6). At pH 7, (Fig. 3-6; upper left panel) strains EK169,
EK161 and EK178, EK180 showed similar growth to the corresponding strains
producing the native forms of DauA and DctA, respectively. At pH 5 (Fig. 3-6; lower
left panel), the EK180 strain, which carries a dauA deletion, was unable to grow as was
observed for EK83 expressing untagged DctA. The rest of the tagged variants grew
normally. In the glycerol supplemented medium, at both pHs, all four strains grew
equally and at a normal rate (Fig. 3-6; upper and lower right panel). These results show
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that the introduction of the histidine tag fusions at the C-terminus of either DctA or
DauA does not affect significantly their function.

Figure 3-6: Chromosomally-encoded his- tagged variants of DauA and DctA are functional.
Strains EK169 (DauA-H6; black), EK161 (DauA- H6, ΔdctA;green) producing a his-tagged variant of DauA from the
native chromosomal locus, EK178 (DctA-H6; white) and EK180 (DctA-H6, ΔdauA; purple) producing a his-tagged
variant of DctA from the native chromosomal locus, were grown in eM9 minimal medium supplemented with 50 mM
succinate (left panel) or glycerol (right panel) as the sole carbon source at pH 7 (upper panel) or pH 5 (lower panel).
Growth curves were recorded at 600 nm using microplates (average of four independent experiments, error bars
represent the standard deviation).

Next, the correct targeting into the membrane of both proteins was confirmed by
western immunoblotting. Strains EK169 (DauA-H6) and EK178 (DctA-H6) were grown
in M9 minimal medium supplemented with glucose as the sole carbon source at pH 7
overnight. The next day the cells were washed twice and cultured for six more hours in
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M9 minimal medium supplemented with 50 mM succinate as the sole carbon source at
pH 7, pelleted, sonicated and fractionated to membrane and soluble fractions. The
presence of DctA or DauA was monitored by western immunoblot using anti-His
antibodies in whole cell (WC), soluble (SF) and membrane (M) fractions. TatC, a
membrane protein constitutively produced (Jack et al., 2001), was used as loading
control and to validate the fractionation protocol used.
In EK169 and EK178 we detected signals for DctA-H6, DauA-H6 and TatC only in the
membrane fraction, showing that the proteins are correctly targeted to the membrane
(Fig. 3-7). DauA-H6 has a predicted mass of 59.2 kDa and DctA-H6 of 45.3 kDa, but
they were detected at approximately 40 kDa and 35 kDa respectively. This discrepancy
in membrane protein migration on SDS-PAGE is common and is likely due to the
anomalous SDS-loading capacity and partial unfolding of hydrophobic proteins (Rath et
al., 2009).

Figure 3-7: DauA-H6 and DctA-H6 are correctly targeted at the membrane.
Whole cell (WC), soluble (SF) and membrane (M) fractions were prepared from EK169 (BW25113, encoding for a
His- tagged version of DauA from the native chromosomal locus; left panel) and EK178 (BW25113 encoding for a
chromosomal His- tagged version of DctA; right panel). Cells were grown for 6 h aerobically in M9 minimal medium
supplemented with 50 mM succinate as the sole carbon source at pH 7. Cell pellets were fractionated into membranes
and soluble fractions, followed by anti-His immunoblotting. The same membranes were then stripped with a mild
treatment and re-probed with a polyclonal anti-TatC antibody as a control.

72

Chapter 3 - Physiological characterisation of the Escherichia coli SLC26 homologue YchM (DauA)

The investigation on DctA and DauA expression was then continued by comparing
succinate-grown cells at pH 7 and pH 5. Interestingly, DauA was clearly present in the
membranes of cells grown at both conditions in the wild type and ΔdctA backgrounds
(Fig. 3-8; upper panel). DctA-H6 was detected only in cells grown at pH 7, whereas no
protein was present in cells grown in succinate at pH 5 (Fig. 3-8; lower panel). When
the presence of DctA in wild type was compared to the one in the ΔdauA strain at pH 7
the production of DctA appears to decrease in the absence of dauA. This observation
might indicate a potential interplay between the expression of DctA and DauA.

Figure 3-8: Immunoblot detection of DauA and DctA during growth in succinate at pH 7 or pH 5.
Anti-His immunoblot of membrane fractions of EK169 (DauA-H6), EK161 (DauA-H6, ΔdctA), EK178 (DctA-H6)
and EK180 (DctA-H6, ΔdauA) cells grown for 6 h in M9 minimal medium supplemented with 50 mM succinate as
the sole carbon source at pH 5 or pH 7. The same membranes were subsequently stripped and re-hybridized with a
polyclonal anti-TatC antibody as a control.
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3.2.2.2 Under anaerobic conditions
3.2.2.2.1 Phenotypic analysis
In order to assess whether DauA is involved in anaerobic metabolism we collaborated
with Julian Witan and Prof. Gottfried Unden of the University of Mainz (Germany).
BW25113, ΔdauA (EK9), ΔdctA (EK83), ΔdctA/ΔdauA (EK96) and ΔdcuABC strains
were grown under anaerobic conditions in eM9 minimal medium supplemented with 50
mM glycerol and 20 mM fumarate at pH 7 (Fig. 3-9; left panel) and pH 5 (Fig. 3-9;
right panel). The cell growth was monitored at regular time points in cultures incubated
at 37oC in degassed media in infusion bottles with rubber stoppers under N2. No
significant differences were observed in the anaerobic growth of ΔdauA (EK9), ΔdctA
(EK83) and ΔdctA/ΔdauA (EK96) compared to the wild type rate, whereas the effect of
the dcuABC mutation (the only anaerobic C4-dicarboxylate uptake system described so
far) was drastic.

Figure 3-9: Effect of DauA on anaerobic growth.
BW25113 (black), ΔdauA (purple), ΔdctA (green) and ΔdctA/ΔdauA (orange) and ΔdcuABC (red) cells were grown
in eM9 minimal medium supplemented with 50 mM glycerol and 20 mM of the effector fumarate at pH 7 (left panel)
and pH 5 (right panel) under anaerobic conditions. The cell growth was monitored at regular time points in culture
incubated at 37oC in degassed media in infusion bottles with rubber stoppers under N2 (experiment performed by
Julian Witan).
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3.2.2.2.2 Protein production
The absence of dauA has no obvious effect on the cell growth under anaerobic
conditions. To test whether this is a result of DauA not being expressed or being
inactive, the expression of DauA and DctA was monitored after overnight growth in LB
(aerobic conditions) or LB supplemented with 0.4% glucose as standing liquid cultures
(anaerobic conditions). The 6xHis epitope tag in vector pEK163 was replaced with a
FLAG epitope tag by site-directed mutagenesis (using the oligonucleotide pair
EKO367/EKO368) and introduced to strain EK169 as described before, to give strain
EK182 (DauA-H6, DctA-FLAG). Cells were pelleted, sonicated and fractionated to
membrane and soluble fractions. The presence of DctA or DauA was monitored by
western immunoblotting using anti-FLAG or anti-His antibodies, respectively, in whole
cell (WC), soluble (SF) and membrane (M) fractions. Again, TatC was used as loading
control, since the oxygen condition of the cells does not affect its expression (Jack et al.,
2001). Under aerobic conditions, DauA seems to be highly expressed (Fig. 3-10; top
panel), while its production is greatly reduced under anaerobic conditions. This
reduction might indicate a level of regulation. As expected, DctA expression (Fig. 3-10;
lower panel) was repressed in both conditions since it has been shown to be associated
strictly with aerobic C4-dicarboxylate metabolism. Summarizing the above results, it
might be hypothesized that DauA is produced constitutively regardless of pH or carbon
source the cells are grown in. However, under anaerobic conditions DauA production is
clearly reduced suggesting that DauA might be under the inhibitory regulation of
ArcBA or FNR.
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Figure 3-10: DauA and DctA aerobic and anaerobic growth.
Whole cell (WC), soluble (SF) and membrane (M) fractions were prepared from EK182 (DauA-H6, DctA-FLAG).
Cells were grown overnight aerobically in LB or anaerobically in LB supplemented with 0.4% glucose. Cell pellets
were fractionated into membranes and soluble fractions, followed by anti-His, anti-FLAG and anti-TatC
immunoblotting. Protein extract concentration was normalized and the same amount was loaded in each lane.

3.2.3

DauA is a succinate transporter

3.2.3.1 Time course of DauA- and DctA-dependent succinate accumulation
Janausch et al. (Janausch et al., 2001) suggested in their study the existence of another
succinate carrier (other than DctA) active at acid pH. They based this hypothesis on
their observation that a quintuple E. coli mutant lacking all known C4-dicarboxylate
transporters (DctA, DcuA, DcuB, DcuC, DcuD) is still able to transport succinate under
aerobic conditions at acidic pH.
To confirm whether DauA is the missing succinate transporter an in vivo succinate
uptake assay was developed. Cells were incubated with [14C]-succinate for up to 6
minutes. Samples were taken periodically and the assay was terminated by filtering the
cells on nitrocellulose membrane under a constant vacuum and rigorously washed.
Accumulation of [14C]-succinate in the cell was determined using a scintillation counter.
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Firstly, succinate accumulation was assessed in cells grown in M9 succinate at pH 5 for
6 hours. It was shown in previous experiments (Fig. 3-8), that under these conditions
DctA is not expressed, thus it was hypothesised that succinate uptake is DauAdependent. The accumulation of [14C]-succinate was measured over time in BW25113,
ΔdauA, ΔdctA and ΔdctA/ΔdauA cells. Under these conditions, the uptake activity
measured was linear over the time course of the experiment and used for Vo calculation.
Fig. 3-11 (left panel) shows that succinate uptake activity of wild type (0.043 ±0.007
μmol-1min-1g-1 dry weight) was 1.4 times higher than the activity measured in ΔdctA
cells. On the other hand, the uptake rate measured in ΔdauA and ΔdctA/ΔdauA cells was
negligible (0.008 ± 0.003 and 0.008 ±0.01 μmol-1min-1g-1 dry weight, respectively).
These results indicate that DauA act as the main succinate transporter at pH 5.
Secondly, it was investigated whether DauA was active at pH 7. Previous western
immunoblotting analysis (Fig. 3-8) indeed indicates that DauA is present when cells are
grown in succinate at pH 7. Therefore BW25113, ΔdctA, ΔdauA and ΔdctA/ΔdauA cells
were grown at pH 7 and the accumulation of [14C]-succinate was measured (Fig 3-11;
right panel). The uptake rate of succinate in BW25113 cells was 0.546 ± 0.084 μmol1

min-1g-1 dry weight, while as expected the succinate uptake in ΔdctA and ΔdctA/ΔdauA

was negligible. The uptake rate in ΔdauA was six times lower compared to the wild
type. It can be concluded from the above experiment that at pH 7 (i) DctA is the major
succinate transporter and (ii) although DauA seems inactive in transporting succinate,
its presence might be necessary to measure optimal DctA activity. These latter results
agree with previous western immunoblot analysis (Fig. 3-8) that shows interplay
between the expression of DauA and DctA.
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The total rate of uptake at pH 7 is 10 times higher than at pH 5 in BW25113 cells.
Hence, it could be hypothesized that DauA may transport succinate at a lower rate than
DctA.

Figure 3-11: Time dependence of [14C] - succinate accumulation.
In vivo succinate uptake assays for BW25113 (black), ΔdauA (purple), ΔdctA (green) and ΔdctA/ΔdauA (orange)
cells after growth for 6 h in M9 minimal medium supplemented with 50 mM succinate as the sole carbon source at
pH 7 (right panel) or pH 5 (left panel). The accumulation of 40 μM [14C]-succinate was measured over time. The
average of six independent test series is presented. Error bars represent standard deviation.
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3.2.3.2 Kinetics of DauA- and DctA-dependent succinate accumulation
In order to determine the apparent kinetic parameters of DctA and DauA, the transport
activity was measured using increasing succinate concentrations (from 40 μM up to
5mM) for each strain growing in succinate at pH 5 or pH 7. The measurements for the
double mutant ΔdctA/ΔdauA were subtracted in each condition. The uptake rates for
each condition were calculated and the reaction velocity was plotted as a function of the
substrate concentration. The results (Fig 3-12) show that [14C]-succinate accumulation
measured in both conditions follow an apparent Michaelis-Menten kinetics, consistent
with carrier-mediated transport mechanism. Using the GraphPad Prism 6 Enzyme
Kinetics module the measurements were fitted using a Michaelis-Menten equation
(Vo=Vmax[S]/Km+[S]). The Michaelis constant (Km) and the maximum uptake rate
(Vmax)

determined

using

the

Hanes-Woolf

transformation

([S]/V0=(1/Vmax)[S]+(Km/Vmax) (Table 3-1).
At pH 5 (Fig. 3-12; left panel), a condition under which DctA is not expressed,
BW25113 and ΔdctA cells demonstrate similar [14C]-accumulation rates. The activity
measured in the ΔdauA strain shows linear kinetics against increasing concentrations of
succinate, which may be due to a diffusion process, activity of a very low-affinity and
uncharacterized transport system, or non-specific binding of the substrate to the
membrane.
At pH 7, the kinetics of succinate uptake measured in ΔdctA cells is linear against the
substrate concentrations and uptake rates are negligible when compared to the rates
measured in wild type cells. This confirmed that at pH 7 DctA is the main active
succinate transporter. Interestingly, the transport activity measured in the ΔdauA strain
is significantly reduced compared to the wild type (Fig. 3-12). These observations point
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toward a DauA-dependent optimum DctA production and/or activity as previously
suggested (Fig. 3-8 and 3-11).

Figure 3-12: Concentration dependence of [14C] - succinate uptake.
In vivo succinate uptake assays for wild type (black), ΔdauA (purple), and ΔdctA (green) cells after growth for 6 h in
M9 minimal medium supplemented with 50 mM succinate as the sole carbon source at pH 7 (right panel) or pH 5
(left panel). The activity measured for ΔdctA/ΔdauA was subtracted in each case. The average of six independent test
series is presented. Error bars represent standard deviation. (The uptake rates of each strain remained linear over the
time of measurement)

In Table 3-1 the apparent kinetic parameters for DauA and DctA are shown. The Km for
DauA is 20 times lower compared to DctA and the Km for DctA agrees with previous
studies (20–30 μM) (Lo et al., 1972) validating our results.

Table 3-1: Apparent DauA and DctA kinetic parameters

pH 7
pH 5

WT
ΔdauA
WT
ΔdctA

Km(app)
(mM)
0.025±0.005
0.040±0.019
0.56±0.15
1.19±0.84

Vmax(app)
(mmol-1min-1g-1DW)
1.05±0.02
0.45±0.03
0.34±0.02
0.38±0.02
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R2
0.99
0.92
0.96
0.98
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3.2.3.3 DauA is able to transport mono- and di-carboxylates
DctA has been characterised as a transporter able to recognise and transport only the dicarboxylate form of succinate (Gutowski & Rosenberg, 1975), while it has been
suggested that the missing acidic succinate transporter should only transport the monocarboxylate form (Janausch et al., 2001). This is due to the fact that at pH 7 the main
succinate species (95%) is the di-protonated form and whereas at pH 5 it is the monoprotonated (72%) (Fig.3-13A). The above results show that DauA is only active at pH 5
and therefore an assay was developed to test whether DauA could transport only the
mono-carboxylated form of succinate.
The first step was to use this assay to test whether DctA transports only the dicarboxylate form of succinate and consequently confirm the validity of our approach.
For that, BW25113, ΔdauA and ΔdctA/ΔdauA cells were grown in succinate pH 7 for 6
hours, conditions under which DctA is the main transporter. After the cells were washed
the [14C]-succinate uptake rate was measured. The rate measured for the double mutant
ΔdctA/ΔdauA was subtracted in each case. The logic was that at pH 5 the amount of
available di-carboxylate form of succinate decreases and thus the uptake rate at pH 7
should be notably higher than at pH 5. Fig. 3-13B shows the ratio of the [14C]-succinate
uptake activity at pH 7 over the activity measured at pH 5 for wild type and ΔdauA
strains. It is clear that the activity measured at pH 7 is seven and four times higher,
respectively, than the activity measured at pH 5. This result indicates that DctA is able
to transport only succinate di-carboxylate.
Next step was the study of the ability of DauA to transport mono-protonated and/or diprotonated succinate. For that the same approach as before was followed. BW25113,
ΔdctA and ΔdctA/ΔdauA cells were grown in succinate pH 5 for 6 hours, conditions
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under which it has been shown that DauA is the main transporter. After the cells were
washed the [14C]-succinate uptake rate was measured. The rate measured for the double
mutant ΔdctA/ΔdauA was subtracted in each case. The hypothesis was that at pH 5 the
amount of available mono-carboxylate succinate increases and thus, if DauA is able to
transport only mono-protonated succinate the uptake rate at pH 5 should be notably
higher than at pH 7. However, if DauA transports only di-protonated succinate the
uptake activity at pH 7 should be higher than the activity measured at pH 5. Finally, if
DauA is able to transport both species of succinate it was expected to be able to measure
the same rate of succinate uptake for both pHs. Fig. 3-13C shows the ratio of the [14C]succinate uptake activity at pH 7 over the activity measured at pH 5 for the parental and
ΔdctA strains. It is clear that the uptake rate measured both at pH 7 and pH 5 is the same
(ratio=1) indicating that DauA is able to transport both mono- and di- carboxylate forms
of succinate.

Figure 3-13: Protonation state of DctA and DauA.
(A) Species distribution diagram of succinate protonation state. pH dependence of the concentration (expressed as
%). (B) Ratio of the [14C]-succinate (10 μM) uptake activity at pH 7 over the activity measured at pH 5 for wild type
and ΔdauA strains grown in M9 minimal medium supplemented with 50 mM succinate as the sole carbon source at
pH 7. (C) Ratio of the [14C]-succinate (10 μM) uptake activity for wild type and ΔdctA strains grown at pH 5 in M9
minimal medium supplemented with 50 mM succinate as the sole carbon source. In each case, the activity of
ΔdctA/ΔdauA strain measured under the same growth and assay conditions was subtracted. The results are the
average of at least four independent test series. Error bars represent the standard deviation.
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3.2.4

DauA can transport other C4-dicarboxylates

It is known that DctA is able to transport a variety of C4-dicarboxylic acids (succinate,
fumarate, malate, oxaloacetate, and aspartate) and the monocarboxylic acid orotate.
Thus, the next question was to investigate whether DauA is able to transport other C4dicarboxylic acids. In order to do that the uptake of [14C]-succinate was measured in the
presence of other unlabelled carboxylic acids. It is known from previous results that at
pH 5 only DauA is expressed and it is involved in succinate transport. If DauA is able to
transport another dicarboxylic acid an inhibition of [14C]-succinate accumulation is
expected in the presence of the unlabelled dicarboxylic acid. Figure 3-14A shows the
uptake of [14C]-succinate (40 μM) for wild type and ΔdctA strain in the presence of 15
different unlabelled dicarboxylic acids (2mM). A strong inhibition of DauA-dependent
succinate uptake was measured in the presence of aspartate and fumarate in the wild
type and ΔdctA strain. Weaker inhibition was observed in the presence of butyrate.
These results suggest that DauA might be able to transport aspartate and fumarate.
Next, an attempt to validate this competition assay was made by confirming previous
studies showing that DctA is able to transport succinate, fumarate and malate, aspartate
and oxaloacetate. The same procedure as above was repeated measuring the inhibition
of [14C]-succinate by other carboxylic acids in BW25113 and ΔdctA cells grown in
succinate at pH 7, when DctA is the main succinate transporter. As expected, the uptake
of radiolabelled succinate was strongly inhibited by aspartate, fumarate, malate and
oxaloacetate in both strains (Fig. 3-14B). The weak effect of butyrate that was observed
was reported also before (Janausch et al., 2001), but remains unexplained. These results
indicate that DctA might be able to transport succinate, fumarate, malate, aspartate and
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oxaloacetate, validating our inhibition approach to determine other substrates
transported by DauA.

Figure 3-14: Inhibition of DctA- and DauA dependent [14C] - succinate uptake activity in the presence of
various carboxylic acids.
[14C]-succinate uptake (40 μM) followed the addition of different carboxylic acids (2 mM). (A) BW25113 (wild type;
black bars) and EK83 (ΔdctA; green bars) cells were grown for 6 h in M9 minimal medium supplemented with 50
mM succinate as the sole carbon source at pH 5 before the measurement. (B) BW25113 (wild type; black bars) and
EK9 (ΔdauA; purple bars) cells were grown in the above conditions but at pH 7 before the measurement. All results
(average of six independent series) were normalized to the control (value set at 100%). The activity measured for
ΔdctA/ΔdauA was subtracted in each case. (Control values: BW25113pH 7 0.537 mmol/min/g DW, BW25113pH 5
0.035 mmol/min/g DW, ΔdauApH 7 0.1 mmol/min/g DW, ΔdctApH 5 0.025 mmol/min/g DW). Error bars represent the
standard deviation.
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3.2.4.1 Fumarate metabolism
The competition assay results suggest that DauA might be able to transport fumarate
and aspartate. However, these potential substrates might be able to bind to the
transporter without being actually transported, and thus prevent the transport of [14C]succinate. Firstly, to establish that fumarate is being transported by DauA, the
accumulation of [14C]-fumarate was directly measured in BW25113, ΔdctA and ΔdauA
cells grown in succinate at pH 5, when DauA is the main succinate transporter. The
accumulation rates of [14C]-fumarate in ΔdctA cells were comparable to wild type
levels, while in the ΔdauA background accumulation was negligible (Fig. 3-15; white
bars). These results suggest that DauA is able to transport fumarate.
Accumulation rates of [14C]-fumarate were also measured in the same strains for cells
grown in succinate at pH 7. Accumulation of [14C]-fumarate is clearly DctA-dependent
under this condition, confirming that it is the main fumarate transporter (Fig. 3-15; grey
bars). In ΔdauA the [14C]-fumarate accumulation rate was decreased approximately four
times compared to the wild type confirming our previous results that DauA is necessary
for DctA expression and/or activity.
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Figure 3-15: DctA- and DauA- dependent [14C] - fumarate uptake activity.
[14C]-fumarate uptake (40 mM final concentration) in BW25113 (wild type), EK9 (ΔdauA) and EK83 (ΔdctA) strains
following growth of cells for 6 hrs in M9 minimal medium supplemented with 50 mM succinate as the sole carbon
source at either pH 7 (grey bars) or pH 5 (white bars). The activity measured in the EK96 (ΔdctA/ΔdauA) strain was
subtracted in each case. All results are the averages of at least 6 independent test series. Error bars represent the
standard deviation. (Experiment performed by Arnaud Javelle)

Next step was to understand further the DauA fumarate transport and study the ability
of DauA to transport fumarate mono- or di-carboxylate. At pH 7 only (99.6%) fumarate
di-carboxylate is present while at pH 5 this concentration decreases slightly (73.9%)
(Fig. 3-16A). BW25113, ΔdctA and ΔdctA/ΔdauA strains were grown for six hours in
the presence of succinate pH 5. The cells were washed and the [14C]-fumarate uptake
activity was measured at pH 7 and pH 5. The rate measured for the double mutant
ΔdctA/ΔdauA was subtracted in each case. The [14C]-fumarate uptake activity of wildtype and ΔdctA strains was the same if measured at pH 7 or pH 5 confirming transport
of both mono- and dicarboxylate forms (Fig. 3-16B).
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Figure 3-16: Protonation state of DctA and DauA in fumarate.
(A) Protonation state of fumarate. pH dependence of the concentration (expressed as %). (B) Ratio of the [14C]fumarate (10 μM) uptake activity for wild type and ΔdctA strains grown at pH 5 in M9 minimal medium
supplemented with 50 mM succinate as the sole carbon source. In each case, the activity of ΔdctA/ΔdauA strain
measured under the same growth and assay conditions was subtracted. The results are the average of at least four
independent test series. Error bars represent the standard deviation (Experiment performed by Arnaud Javelle).

Next, the focus was turned to fumarate metabolism. It is known that DctA is the only
fumarate transporter at pH 7 and in previous results it was shown that DauA is able to
transport fumarate at pH 5. The growth of BW25113, ΔdctA, ΔdauA and ΔdctA/ΔdauA
strains was compared in eM9 minimal medium supplemented with 50 mM fumarate as
the sole carbon source, at pH 7 and pH 5. Unexpectedly, BW25113 and ΔdauA cells
grew at comparable rates while ΔdctA and ΔdctA/ΔdauA growth was impaired at both
conditions (Fig. 3-17A). This result was confusing and apparently disagrees with the
fumarate transport assays. To investigate this further DctA and DauA production under
the same conditions was studied.
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Figure 3-17: DauA and fumarate metabolism.
(A) BW25113 (black ●), ΔdauA (purple), ΔdctA (green) and ΔdctA/ΔdauA (orange) cells were grown in eM9
minimal medium supplemented with 50 mM fumarate as the sole carbon source at pH 5 (left panel) or pH 7 (right
panel). Growth curves were recorded at 600 nm using microplates (average of four independent experiments, error
bars represent the standard deviation).
(B) Membrane fractions were prepared from EK169 (DauA-H6), EK161 (DauA-H6, ΔdctA), EK178 (DctA-H6) and
EK180 (DctA-H6, ΔdauA) cells grown for 6 h in M9 minimal medium supplemented with 50 mM fumarate as the
sole carbon source at pH 5 or pH 7. Samples were harvested, fractioned and subjected to SDS – PAGE followed by
Western immunoblotting with an anti-His antibody. The same membranes were subsequently stripped and rehybridized with a polyclonal anti-TatC antibody as a control.
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The production of DctA and DauA was monitored in EK169 (DauA-H6), EK161
(DauA-H6, ΔdctA), EK178 (DctA-H6) and EK180 (DctA-H6, ΔdauA) cells grown for 6
h in M9 minimal medium supplemented with 50 mM fumarate as the sole carbon source
at pH 5 or pH 7. At pH 5, both DctA and DauA are expressed in an apparent
comparable level. At pH 7, again, both proteins are present (as in the case of succinate)
with a minor reduction of DctA production in the absence of DauA (Fig. 3-17B). These
results show that the presence of active DctA at pH 5 may explain why the ΔdauA
mutant is able to grow with fumarate at acidic pH but not with succinate. It is not
completely understood why ΔdctA cells do not grow at pH 5 in the presence of
fumarate, although DauA is present and active.
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3.2.4.2 Aspartate metabolism
The investigation was continued on other C4-dicarboxylic acids transported by DauA
with aspartate uptake assays. As previously, the accumulation of [14C]-aspartate was
directly measured in cells grown in succinate at pH 5 or pH 7.

The aspartate

accumulation rates of BW25113, ΔdctA and ΔdauA cells were comparable for both pHs
(Figure 3-18).

Figure 3-18: DctA- and DauA- dependent [14C]- aspartate uptake activity.
[14C]-aspartate uptake (40 mM final concentration) in BW25113 (wild type), EK9 (ΔdauA) and EK83 (ΔdctA) strains
following growth of cells for 6 hrs in M9 minimal medium supplemented with 50 mM succinate as the sole carbon
source at either pH 7 (grey bars) or pH 5 (white bars). The activity measured in the EK96 (ΔdctA/ΔdauA) strain was
subtracted in each case. All results are the averages of at least 6 independent test series. Error bars represent the
standard deviation. (Experiment performed by Arnaud Javelle)

In addition when the growth of wild type, ΔdctA, ΔdauA and ΔdctA/ΔdauA strains
grown in eM9 minimal medium supplemented with 50 mM aspartate as the sole carbon
source was monitored, at pH 7 and pH 5, no significant difference was observed
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between wild type and ΔdauA cells. The growth measured for ΔdctA and the double
mutant was clearly low but not abolished (Fig. 3-19). These results, as expected,
indicate that DctA and DauA are not the only aspartate transporters in E. coli, since at
least two more aspartate uptake systems have been identified.

Figure 3-19: DauA and L-aspartate metabolism.
BW25113 (black ●), ΔdauA (purple), ΔdctA (green) and ΔdctA/ΔdauA (orange) cells were grown in eM9 minimal
medium supplemented with 50 mM L- aspartic acid as the sole carbon source at pH 7 (left panel) or pH 5 (right
panel). Growth curves were recorded at 600 nm using microplates (average of four independent experiments, error
bars represent the standard deviation).
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3.2.5

Identification of DauA regulatory function

A series of interesting results have been obtained that indicate interplay between DauA
and DctA expression and/or activity. First of all, ΔdauA cells growing on solid MOPS
minimal medium (pH 7) supplemented with succinate as the sole carbon source (Fig. 34), conditions under which DctA is the main succinate transporter, show a growth defect
phenotype similar to ΔdctA strain. Similarly, in liquid eM9 succinate medium at pH 7
(Fig. 3-5), the ΔdauA strain demonstrates a prolonged lag phase compared to the wild
type growth rate. Secondly, the succinate uptake rate of ΔdauA cells grown at pH 7
(Fig. 3-12) was significantly reduced compared to the wild type activity. Finally, the
production of DctA after growth in M9 succinate pH 7 for 6 hours (Fig. 3-8) is notably
reduced in ΔdauA compared to the wild type strain. Taken together these four lines of
evidence suggest that in the absence of dauA the activity and/or expression of DctA is
highly affected. To explore this hypothesis further, an in-frame, un-marked and nonpolar dauA deletion was constructed by P1 transduction in the E. coli IMW385
background [MC4100, λ(ΦdctA’–’lacZ)hyb, bla; A. Kleefeld and G. Unden,
unpublished] to give strain EK111. To test the effect of the dauA deletion on the
transcription of dctA, the β-galactosidase activity was measured in strains grown in M9
minimal medium supplemented with 50 mM succinate as the sole carbon source, at pH
7 or pH 5. In accordance with previous observations, at pH 5 the activity of dctA’-’lacZ
was not detectable above background level. On the other hand, at pH 7 in the wild type
strain dctA’-‘lacZ activity was clearly detect but this activity was significantly reduced
by twofold in the ΔdauA mutant (Fig. 3-17). Based on these observations it can be
hypothesized that there is interplay between the presence/activity of DauA and the
expression of DctA.
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Figure 3-20: Effect of chromosomal dauA deletion on the transcription of dctA.
Wild type (black bars) and EK111 (purple bars) strains were grown aerobically for 6 hours in M9 minimal medium
supplemented with 50 mM succinate as the sole carbon sources at pH 5 or pH 7. The β-galactosidase activity was
measured. All results are the average of at least 4 independent test series. Error bars represent the standard deviation.
(* t-test P<0.05)
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3.3

Discussion

While the amount of information on eukaryotic members of the SCL26A/SulP family
constantly increases, the role of the prokaryotic homologues had remained unclear.
Many bacterial species have been shown to express multiple SulP homologues. In E.
coli only one SulP protein (DauA) has been identified, but its physiological role
remained unknown. In this part of the study an attempt to characterize the role of DauA
using both global metabolic approaches and phenotypic characterisation was made.
Ab initio prediction methods remain highly speculative in the absence of other evidence,
hence bioinformatics gene function predictions are essentially limited to what we
already know experimentally from other systems. Initially, the SulP family had been
described as sulphate transporters. However, experimental data on human homologues
identified them as versatile transporters of monovalent and divalent anions (Dorwart et
al., 2008b), it is therefore reasonable to expect that the SulP family in prokaryotes can
transport or exchange various substrates. According to this hypothesis, studies on two
prokaryotic SulP transporters characterised these proteins as bicarbonate (Price et al.,
2004) or nitrate transporters (Maeda et al., 2006). Moreover, published data seem to
indicate that E. coli DauA has no role in sulphate metabolism (Zolotarev et al., 2008).
Babu et al. (Babu et al., 2010) in a study describing the structure of the soluble DauA
(YchM) STAS domain, proposed that DauA is a bicarbonate transporter involved in
fatty acid metabolism. They based their hypothesis on the fact that DauA co-crystallised
with acyl carrier protein (ACP). However, direct evidence of such an activity is lacking
and attempts to repeat these results and detect DauA-dependent bicarbonate uptake have
failed. A following study from the same group contradicts their first findings as they
have been unable to reproduce their bicarbonate transport assay (Taddese, 2013).
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Furthermore, phylogenetic analysis performed by our group (Fig. 1-4) and others (Felce
& Saier, 2004; Price & Howitt, 2011) shows that DauA clusters away from the
bicarbonate/carbonate subfamily of the SLC26/SulP transporters.
The technology of Phenotypic Microarrays was used to determine a global metabolic
profile of the E. coli cell under various nutrient conditions. The advantage of measuring
the respiration of the cells instead of growth is the sensitivity of the method, a cell may
respond metabolically by respiring but not growing. For example, Staphylococcus
species give a respiratory response to N-sources but are not able to grow on single Nsources (Bochner, 2009). The second advantage of measuring respiration is that it
allows the measurement of more cellular pathways. For example, E. coli has a formate
dehydrogenase pathway that can be detected by respiration but not by growth. It can
respire and generate energy with formate, but it cannot grow on formate because it is
not able to convert this carbon compound into the larger molecules that it needs to grow
(Bochner, 2009). Finally, a study in Pseudomonas aeruginosa has proved that the PM
analysis represents an invaluable tool for the characterization of membrane transport
proteins (Johnson et al., 2008).
The results of the PM analysis comparing ΔdauA and parental strains indicated a role
for DauA in succinate metabolism (Fig. 3-2). E. coli cells are able to grow aerobically
on C4-dicarboxylates as the sole carbon and energy sources by employing the well
characterized DctA transport systems. DctA is the most active C4-dicarboxylate carrier
under aerobic conditions but it has been shown that ΔdctA regain growth on succinate at
acidic conditions (Davies et al., 1999; Janausch et al., 2001). The presence of an
uncharacterised carrier was suggested since the diffusion rates of succinate at acidic pH
are not sufficient to support growth (Janausch et al., 2001). DauA was confirmed as the
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missing succinate transporter at acidic pH by showing a growth defect phenotype in
ΔdauA cells (Fig. 3-4 and 3-5) and by developing radiolabelled succinate in vivo uptake
assays (Fig. 3-11 and 3-12). It was shown that cells growing in succinate as the sole
carbon source at pH 5 do not produce DctA while DauA is expressed and active (Fig. 38). However, these results should be interpreted with caution since the pH of the M9
medium was not stabilized and potentially was altered at the point of sampling.
Careful study of the kinetic properties of DctA- and DauA-dependent succinate
transport requires the development of an in vitro assay using purified proteins
reconstituted in liposomes. However, in vivo assays allow determination of the apparent
kinetic parameters by measuring the [14C]-succinate accumulation in the whole cell. The
apparent Km measured (25-40 μM, Table 3-1) for the DctA-dependent succinate
transport is similar to the value measured by others in a previous study (20-30 μM) (Lo
et al., 1972), validating the transport assay in this study. The comparison of the values
of the kinetic parameters for DctA and DauA reveal that DauA has a weaker affinity for
succinate. Also, in the whole cell assay system the DauA maximal transport rate is
lower than DctA (Table 3-1).
Furthermore, Janausch et al. (Janausch et al., 2001) suggested that the missing acidic
transporter is a secondary monocarboxylic acid carrier driven by proton motive force.
The transport measured in their study had characteristic carrier properties since it was
sensitive to uncouplers and was inhibited in the presence of monocarboxylates. It was
shown that DauA matches this description and that the protonation state of succinate
does not affect the transport ability of DauA in contrast to DctA which is able to
transport only dicarboxylic succinate (Fig. 3-13) (Gutowski & Rosenberg, 1975;
Karinou et al., 2013).
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These competition assays suggested that DauA has different substrate specificity
compare to DctA and that it is able to transport fumarate (Fig. 3-14). Although, it was
able to measure significant reduction in [14C]-fumarate uptake at pH 5 in the absence of
DauA (Fig. 3-15) it was not possible to detect any growth defect when cells where
grown under the same conditions with fumarate as the sole carbon source (Fig. 3-17). It
has been shown that DctA is expressed both at pH 5 and at pH 7 (Fig. 3-17) and that
fumarate remains mostly in its dicarboxylate form at these pHs (Fig. 3-16), indicating
that DctA is potentially able to perform transport at both conditions. DcuSR twocomponent regulatory system responds to succinate and fumarate dicarboxylate
(Kneuper et al., 2005). Fumarate is 74% in di-carboxylic form at pH 5. This might
explain why dctA is expressed in fumarate at pH 5 (Fig. 3-17) but not in succinate (Fig.
3-8), as it has been shown by western immunoblot analysis.
The competition assay results showed that DauA is also able to transport aspartate but
no significant difference on growth was observed (Fig. 3-19). These results were
expected since two additional aspartate transport systems have been characterised in E.
coli. A high affinity aspartate transporter, ast system, which is weakly inhibited by
glutamate, has been described (Kay & Kornberg, 1971). Furthermore, it has been shown
that DctA is able to transport aspartate with low affinity for the substrate (Schellenberg
& Furlong, 1977).
This is the first report of a SLC26A/SulP member acting on C4-dicarboxylic acid
uptake. However, six members of the SLC26A proteins expressed in humans have been
shown to transport oxalate, a C2-dicarboxylic acid (Mount & Romero, 2004). It is
possible that these transporters share common features with the bacterial DauA-like
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proteins paving the way to establish E. coli DauA as a paradigm for the ubiquitous
SLC26A/SulP family of transporters.
It has been reported that in the absence of DauA the expression and/or activity of DctA
is clearly reduced indicating that DauA not only acts as a transporter but plays a
regulatory role in C4-dicarboxylic acid metabolism (Fig. 3-4, 3-5, 3-8, 3-12 and 3-20).
In E. coli C4-dicarboxylic acid metabolism is controlled by extracellular substrates, via
the DcuSR two-component system (Kneuper et al., 2005; Scheu et al., 2010), and by
endogenous signals

via the cytoplasmic regulatory system TtdR and DmlR

that

induced the genes for L-tartrate fermentation and D-malate degradation, respectively
(Kim et al., 2009; Lukas et al., 2010; Oshima & Biville, 2006). With regard to this, we
can speculate a role for DauA and specifically the cytoplasmic STAS domain in a
potential sensing mechanism related to C4-dicarboxylic acid metabolism. Currently the
function of the STAS domain in bacterial SulP proteins is unknown. However, it has
been shown that other proteins containing STAS domains can function as sensors,
interaction/transduction modules and ligand-activated transcription factors (Sharma et
al., 2011a). Clearly further studies are required to clarify the role of DauA and its STAS
domain in C4-dicarboxylic acid metabolism.
Taken together the results of this part of the present study allow to propose a model of
the DauA bifunctional role (Fig. 3-21):
 At pH 7 in the presence of succinate or fumarate under aerobic conditions, DauA
is expressed but inactive as a transporter, DctA is the main uptake system. DauA
is essential for optimal expression and activity of DctA; as observed from the
reduced dctA expression, DctA production and succinate/fumarate DctAdependent transport. Interestingly, it seems that the activity and regulatory
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functions of DauA are not linked. It is not clear yet how and why DauA is
inactive as a C4-dicarboxilic acid transporter at pH 7 and whether it transports
another substrate.
 At pH 5 in the presence of succinate under aerobic conditions, DauA is the main
transporter. It has weaker affinity and lower apparent transport rate for succinate
than DctA. DctA is not produced because the DcuS component of the DcuSR
system seems to bind only di-carboxylates and at pH 5 succinate is mainly
present as a mono-carboxylate (Cheung & Hendrickson, 2008; Kneuper et al.,
2005).
At pH 5 in the presence of fumarate under aerobic conditions, both DauA and
DctA are produced and active. DauA is able to transport both mono- and dicarboxylate fumarate while DctA only transports di-carboxylate fumarate. Under
these conditions DauA has no apparent regulatory effect on DctA.
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Figure 3-21: Working model for the physiological role of DauA.
DauA ensures the optimal absorption of C4-dicarboxylic acids at various pHs either by impacting the transcription of
dctA at pH 7 or by acting as a transporter at acidic pH. At pH 7, C4-dicarboxylic acid (succinate or fumarate) is bound
to DctA and DcuS, helix VIIIb of DctA interacts with the PASc domain of DcuS and, as a result, the transcription of
dctA is activated via phosphorylation of the response regulator DcuR (Witan et al., 2012). DauA is expressed and
plays a role in the transcription of dctA. It seems that DauA is not active, or has only low level activity for substrate
transport. At pH 5 in the presence of succinate, succinate mono-carboxylates cannot activate DcuSR and dctA is not
transcribed. DauA is expressed and active. In the presence of fumarate both DauA and DctA are present and active.
DauA transports mono- and di- carboxylate species of fumarate while Dcta is able to transport only di-carboxylate
fumarate. For simplicity DauA and DcuS which are dimmers and DctA, a trimer, are represented as monomers. The
topology of DauA has been predicted using Octopus (http://octopus.cbr.su.se/). DBD, DNA-binding domain; PASc,
cytoplasmic Per-ARNT-Sim domain; PASp, periplasmic Per-ARNT-Sim domain; RD, receiver domain; STAS,
Sulphate Transporter and Anti-Sigma antagonist domain.
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4 Identification of proteins that may interact with DauA

4.1

Introduction

Most of the proteins inside the cell are organised in active complexes rather than as
isolated units. Protein-protein interactions are vital for numerous cellular processes,
from DNA replication to signal transduction and metabolism (Moraes & Reithmeier,
2012).
Secondary active transporters are able to interact with:
1. Other transporters, resulting in co-regulation mechanisms. Several
mammalian members of the SLC26 family have been shown to interact with the CFTR
chloride channel, mutually regulating their transport activities (Lamprecht et al., 2009).
2. Enzymes which metabolise the transported substrate. The interactions
occurring between membrane transporters and enzymes has led to the concept of
“membrane transport metabolons” (Moraes & Reithmeier, 2012). An example of
membrane transport metabolon is the acid resistance GadBC system. gadC encodes for
the glutamate/γ- aminobutyrate (GABA) antiporter and gadB for a glutamate
decarboxylase which consumes a proton to convert glutamate to 4-aminobutanoate and
CO2. In E. coli, this system is involved in the cytoplasmic pH homeostasis (CastanieCornet et al., 1999; Foster, 2004).
3. Proteins involved in regulation of metabolism.
Interactions

with

membrane-integrated

sensors.

The

two-component

regulatory system DcuS/R is responsible for sensing and responding to C4-
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dicarboxylic acids. It has been shown that the histidine kinase DcuS requires
accessory proteins for optimal function. Under aerobic conditions the secondary
transporter DctA physically interacts with DcuS and acts as a co-sensor of C4dicarboxylic acids (Witan et al., 2012a).
i.

Interactions with transcription regulators. AmtB is a high affinity
ammonium transporter (Javelle et al., 2007). amtB forms an operon with
glnK, a gene encoding a small signal transduction protein. Under excess
ammonium conditions, AmtB sequesters GlnK at the membrane
preventing it from activating the transcription of genes involved in
nitrogen assimilation (Javelle et al., 2004).

ii.

Interaction with transcription factors. The phosphoenolpyruvate–
carbohydrate phosphotransferase system (PTS) is responsible for the
transport and simultaneous phosphorylation of various sugars into the
cell (Gorke & Stulke, 2008).

Mlc is a global repressor of sugar

degradation genes (Plumbridge, 1999). In the presence of glucose, the
glucose-specific permease PstG sequesters Mlc to the membrane so it
does not bind to the operator sequences of the respective genes (Lee et
al., 2000).
DauA, acts as a C4-dicarboxylic acid transporter expressed both at acidic and neutral
pH. Interestingly, in a dauA mutant grown in succinate at pH7, the main succinate
transporter, DctA, shows reduced expression, production and activity (Fig. 3-17, 3-9
and 3-10). These results suggest interplay between DauA and DctA (Karinou et al.,
2013).
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The aims of this chapter are to identify and characterise any physical interactions
between DauA and DctA and/or DcuS. Firstly, the bacterial two-hybrid (BTH) system
was used as a genetic approach. Secondly, attempts to validate any interactions were
made by co-purification of the two proteins encoded from their native chromosomal
locus. Thirdly, DctA and DauA localization was monitored by fluorescence microscopy
and finally, further efforts were made to characterize any other potential proteins
interacting with DauA by mass spectrometry analysis.
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4.2

Results

4.2.1

Investigating the interaction of DauA with components of the C4-dicarboxylic
acid metabolism in vivo

4.2.1.1 A genetic approach: Bacterial two-hybrid (BTH) studies
As a first step towards identification of a potential interaction between DauA and DctA
and/or DcuS, a BTH system was used. This technique relies on the functional
reconstitution of adenylate cyclase (CyaA) from the separate T18 and T25 domains in
an E. coli cyaA- reporter strain. Two putative interacting proteins are fused with
complementary fragments of adenylate cyclase (T25 or T18). If the two proteins interact
the T18 and T25 domains are brought together restoring the adenylate cyclase activity,
resulting in the production of cAMP. The cAMP activates the expression of the reporter
gene lacZ which encodes the enzyme β-galactosidase. Hence, the potential interaction
between the two candidate proteins is detected by measuring the β-galactosidase
activity. In the BTH system, the two candidate proteins to be tested for interaction can
be N- or C-terminal fused with the T18 or T25 domain of CyaA (Karimova et al.,
1998).
Previous work in our group has shown that expression of DauA may be affected by
fusions in its N-terminus. For that reasons it was decided to use the plasmids pUT18
and pKNT25 that result in C-terminal fusions of the T18 and T25 domain respectively.
The DctA and DcuS constructs were kindly provided by Prof. Gottfried Unden
(University of Mainz, Germany). In this assay as positive control the pair DctA-DcuS
was used, which have been recently shown to interact with each other (Witan et al.,
2012a). The background activity (negative control) was determined by non-interacting
pairs (Fig. 4-1B).
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Figure 4-1A shows the β-galactosidase activity measured when various T25 and T18
fusion proteins were co-expressed in the reporter cyaA- strain. Interestingly, the activity
measured for the pairs DauA-T18/DctA-T25 (1202 Miller units) and DcuS-T18/DauAT25 (960 Miller units) were 5 and 4 times higher respectively than the positive control
DcuS-T18/DctA-T25 (252 Miller units), and more than 8 times higher than the
background activity (below 150 Miller units). The reversed pairs DauA-T18/DcuS-T25
(408 Miller units) and DctA-T18/DauA-T25 (412 Miller units) also showed high βgalactosidase activity, suggesting DauA does indeed interact with both DctA and DcuS.
One concern when expressing membrane proteins from the high copy plasmid pUT18 is
that they might saturate the cell membrane resulting in non-specific interactions. To
verify that interactions between DauA and DctA and/or DcuS are specific, the
interaction between DauA and another membrane protein, AmtB, were tested. AmtB is
an ammonium transporter which is not known to interact with any components of the
C4-dicarboxylic acid metabolism. The β-galactosidase activity measured when DauA
and AmtB were co-expressed in the reporter strain cyaA- was below the background
level (150 Miller units), suggesting the observed DauA interactions with DctA and
DcuS are indeed specific. The above results suggest that DauA may physically interact
with both DctA and DcuS. The BTH reporter strain cyaA- expresses chromosomally
encoded DctA and DcuS. It is possible that the chromosomally encoded proteins
interact with the plasmid encoded ones. This means that i.e. the interaction with DctA
brings DauA in close proximity with DcuS and thus gives positive result in the BTH
study.
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Figure 4-1: Interaction of DauA with components of C4-dicarboxylic acid metabolism using the bacterial twohybrid system.
(A) β-galactosidase activity assay was used to quantify the BTH results. BTH101 (cyaA- reporter strain) cells cotransformed with the respective plasmid pairs. The activity was determined after growth in LB supplemented with the
appropriate antibiotics. The activity measured for the pair DctA-T25/DcuS-18 was used as a positive control. All the
results are the average of at least five independent biological repeats. Error bars represent standard error of the mean.
(B) The background activity was measured by non-interacting pairs and was determined as being below 150 Miller
units. The data presented are representative of one experiment. The horizontal dotted line denotes the background
activity.
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4.2.1.2 A biochemical approach: co-purification
The bacterial two-hybrid studies indicate a specific interaction between DauA and
DctA. Next, it was sought to confirm this interaction with an alternative biochemical
method. For that purpose the strain EK182, harbouring a chromosomally encoded Histagged version of DauA and a chromosomally encoded FLAG-tagged version of DctA,
was used. The cells were grown overnight in LB supplemented with succinate as an
inducer for DctA expression and DauA was purified by immobilized metal ion affinity
chromatography (IMAC). The elution fractions were further purified by FLAG affinity
chromatography. The presence of DauA and/or DctA in the fractions was monitored by
western immunoblotting using anti-His or anti-FLAG antibodies. The hypothesis was
that if the two proteins interact, after the initial IMAC purification both proteins will be
able to be detected in the fractions. Furthermore, if the elution fractions were re-purified
using an anti-FLAG matrix it should be still able to detect both DauA and DctA (Fig. 42A).
After the initial IMAC purification DauA was detected in the elution fractions (Fig. 42B; top left panel). The membrane was subsequently stripped and blotted using antiFLAG antibody, revealing the presence of DctA (Fig. 4-2B; lower left panel). Next,
these elution fractions were purified using an anti-FLAG matrix. The western blot
analysis of separate membranes for each antibody showed that DauA (Fig. 4-2B; top
right panel) and DctA (Fig. 4-2B; lower right panel) were present in the samples. At this
point it has to be noted that the results presented above are from one experiment and
further investigation is needed to firmly confirm the interaction between DauA and
DctA. An intriguing question concerns the apparent molecular mass shift for both
proteins after the second purification. This protein aggregation can be explained by the
chosen elution method. For this experiment, proteins were eluded from the FLAG
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matrix using an extremely acidic buffer potentially causing the molecular mass shift.
Finally, I was not able to detect DcuS on the same elution fraction using specific antiDcuS antibodies, provided from Prof. Gottfried Unden (University of Mainz, Germany).
It is expected that more proteins will be co-purified with DauA as it was indicated by
SDS-PAGE analysis (data not shown).
The results of the above experiment reinforced the hypothesis that DauA and DctA form
a complex.

Figure 4-2: DauA and DctA form a complex.
(A) Schematic representation of the purification strategy used to confirm DauA-DctA interactions. (B)
Chromosomally encoded C-terminally His-tagged DauA was purified by IMAC. Elution fractions were analyzed by
western immunoblotting using an anti-His antibody (top panel) and anti-FLAG antibody. The IMAC elution fractions
were re-purified by FLAG affinity chromatography and analysed by western immumoblotting.
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4.2.1.3 Co-localization studies using fluorescence microscopy
In addition to the BTH and the co-purification studies, the localization of DauA was
investigated using fluorescence microscopy. For that purpose we collaborated with
Philipp Steinmetz and Prof. Gottfried Unden (University of Mainz, Germany).
To monitor the localization of DauA, the double mutant strain ΔdctA/ΔdauA (EK96)
was transformed with the plasmids pMW2031 (pBAD30: H6-yfp (A206K)-dauA),
pMW526 (pBAD30: H6-yfp-dctA) or co-transformed with pMW2031 and pMW1194
(pBAD18: H6-dctA-H6). The single mutant ΔdcuS (IMW480: MG1655, but dcuS::camR)
was also transformed with plasmid pMW2031. The cells were grown aerobically
overnight in LB and then diluted 1/50 and further grown to the exponential phase. Next,
the cells were induced with 333 µM L-arabinose for an hour. 5 µl of the culture was
washed and resuspended in 1x PBS buffer and fixed on a microscope slide that was
freshly coated with a thin layer of 1% agarose and covered with a cover slip.
DauA-YFP expressed alone (Fig. 4-3A) localises at the poles of the cells and this polar
localization seems not to be massively affected by the absence of DcuS (Fig. 4-3C).
When DctA-YFP was expressed alone it presented a homogenous diffused localization
(Fig. 4-3B). Interestingly, when both DauA-YFP and DctA were co-expressed, DauA
was distributed homogenously in the membrane (Fig. 4-3D).
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Figure 4-3: Localisation of DauA-YFP.
In vivo fluorescence microscopy of (A) ΔdctA/ΔdauA cells expressing DauA-YFP, (B) ΔdctA/ΔdauA cells expressing
DctA-YFP, (C) ΔdcuS cells expressing DauA-YFP and (D) ΔdctA/ΔdauA cells co-expressing DauA-YFP and DctA.
A Keyence Biozero BZ-8000 microscope was used. (Experiment performed by Philipp Steinmetz)

First of all, it has to be noted that despite the fact that the proteins are expressed from a
high copy plasmid that potentially affects the native localization of the proteins, these
experiments were performed to test the DauA-DctA interaction and not to study their
native cell localization. The loss of DauA polar localization can be interpreted by its
interaction with diffused localized DctA. This might suggest that DauA and DctA
interact physically. However, an alternative explanation could be that over-expression
of DctA disturbs some interaction required for polar localization of over-expressed
DauA.
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4.2.2

Screening for additional interacting partners by mass spectrometry

The BTH combined with the biochemical analysis and microscopy observations
strongly indicated that DauA interacts with DctA. To reinforce this hypothesis and
identify more proteins that might interact with DauA, a less biased approach was
adopted. The strategy was to identify proteins that co-elute with DauA when DauA was
purified expressed at the native level from the chromosome.

For that purpose

BW25113 and EK182 (DauA-H6, DctA-FLAG) cells were used. The cells were grown
overnight in LB supplemented with succinate as an inducer of DctA at pH 7, and DauA
was purified initially by IMAC. The elution fractions of two biological replicates were
analysed by nano-liquid chromatography on-line coupled to mass spectrometry (nLCMS/MS). Proteins identified in the non-tagged strain grown under the same conditions
were considered non-specific interactions with the Co2+-affinity column and they were
subtracted from the list. Proteins that were present in both biological replicates but not
in the control sample (non-tagged strain), were considered as potential DauA interacting
partners.
Table 4-1 lists the proteins which potentially interact with DauA. Firstly, DctA was
identified further supporting the hypothesis that DauA interacts with DctA and hence
validating our method. The low sequence coverage and small number of unique peptide
detected for DctA and DauA might be due to the difficulty in analysing integral
membrane proteins by nLC-MS/MS. Consistent with this analysis is the fact that for the
other integral membrane proteins identified a maximum of 6 unique peptides covering
less than 30% of the sequences were detected. Interestingly, two proteins, GadB a
dicarboxylic acid transporter and GadX a transcriptional regulator, belonging to the
glutamic acid-dependent (GDAR) acid resistance system were identified.
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Table 4- 1: Potential DauA interacting partners identified by nLS-MS-MS

GI

Gene

number

name

90111235

dauA

Description

C4-dicarboxylic acid

Unique peptides

Sequence covered

detected

%

Assay

Assay

Assay

Assay

Subcellular

1

2

1

2

localization

12

5

19

7

transporter DauA
16131144

accC

Biotin

inner

membrane

carboxylase

(EC

Cell

12

2

35

6

Cytoplasm

6

1

26

5

Cytoplasm

3

2

23

16

Cell

6.3.4.14)

(Acetyl-CoA
carboxylase
A)

subunit

(ACC)

(EC

6.4.1.2)
16128722

aroG

Phospho-2-dehydro3-deoxyheptonate
aldolase,

Phe-

sensitive

(EC

2.5.1.54)
16131604

atpF

ATP

synthase

subunit

b

(ATP

inner

membrane

synthase F(0) sector
subunit b) (ATPase
subunit

I)

(F-type

ATPase subunit b)
(F-ATPase subunit b)
16129210

cls

Cardiolipin synthase

6

2

15

5

(CL synthase) (EC

Cell

inner

membrane

2.7.8.-)
90111650

dapF

Diaminopimelate
epimerase
epimerase)

4

1

(DAP
(EC
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22

5
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Chapter 4 – Identification of DauA protein interacting partners

5.1.1.7)

16129452

gadB

Glutamate

28

14

40

28

decarboxylase

beta

(neutral

(GAD-beta)

(EC

membrane(acid

4.1.1.15)
16131400

16132200

dctA

deoB

Cytoplasm
pH),

pH)

Aerobic
C4dicarboxylate
transport protein

1

Phosphopentomutase

2

2

2

3

Cell

inner

membrane
2

2

5

Cytoplasm

4

Cytoplasm

(EC 5.4.2.7)
16130275

fadI

3-ketoacyl-CoA
thiolase

1
(EC

2.3.1.16)

(ACSs)

(Acetyl-CoA
acyltransferase)
16131388

gadX

HTH-type

6

2

31

5

Cytoplasm

5

1

27

7

Cell

transcriptional
regulator GadX
16129095

hflD

High

frequency

lysogenization

inner

membrane

protein HflD
16129170

prs

Ribose-phosphate

11

1

40

4

Cytoplasm

5

1

32

8

Cell

pyrophosphokinase
(RPPK) (EC 2.7.6.1)
16131091

lptB

Lipopolysaccharide
export system ATP-

inner

mebrane

binding protein LptB
(EC 3.6.3.-)
16131944

melR

Melibiose

operon

4

2

13

8

Cytoplasm

3

1

14

5

Peripheral

regulatory protein
16131352

nikE

Nickel import ATPbinding protein NikE

membrane
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(EC 3.6.3.24)

16129083

cobB

protein

NAD-dependent
protein

6

3

31

17

Cytoplasm

3

3

22

16

ND*

1

1

3

2

Cell

deacylase

(EC 3.5.1.-)
16131919

phnO

Protein PhnO (EC
2.3.1.-)

16130105

fruA

PTS system fructosespecific

EIIBC

component
Fru)

inner

membrane

(EIIBC[Includes:

Fructose-specific
phosphotransferase
enzyme

IIB

component

(EC

2.7.1.69)
16131495

rfaZ

Lipopolysaccharide

3

1

15

3

ND*

1

3

3

9

Cytoplasm

4

1

38

5

cytoplasm

ribosomal

1

1

7

9

Cytoplasm

Regulator of sigma D

2

3

13

17

Cytoplasm

core

biosynthesis

protein RfaZ
16129049

16130734

rluC

rppH

Ribosomal
subunit
pseudouridine
synthase
C
5.4.99.24)

large

(EC

RNA
pyrophosphohydrolas
e

(EC

3.6.1.-)

((Di)nucleoside
polyphosphate
hydrolase)

(Ap5A

pyrophosphatase)
16131190

rpsQ

30S
protein S17

16131825

rsd
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16130501

srmB

ATP-dependent RNA

1

1

3

4

Cytoplasm

8

1

19

2

Cytoplasm

1

1

11

11

ND*

1

1

3

3

Cell

helicase SrmB (EC
3.6.4.13)
90111354

uvrC

UvrABC

system

protein C
16128214

yafM

Uncharacterized
protein YafM

16128754

ybhL

Inner

membrane

protein YbhL
16128884

ycaR

UPF0434

inner

membrane
protein

2

1

35

15

ND*

Sensor protein ZraS

2

1

6

3

Cell

YcaR
16131833

zraS

(EC 2.7.13.3)

inner

membrane

*: Not Determined

4.2.3

Identifying domains of DauA required for interaction with DctA

So far, four different lines of evidence (Fig. 4-1, Fig. 4-2, Fig. 4-3 and Table 4-1)
suggest that DauA interacts with DctA. Next, we wanted to identify the domains that
participate in the interaction. For eukaryotic homologues, it appears that the STAS
domain is important for the interactions with other proteins (Sharma et al., 2011a).
For that reason the potential involvement of DauA STAS domain in the interaction was
tested. In order to do that, the BTH approach was used. Constructs expressing DauA
lacking the STAS domain (DauA1-444) were generated and constructs expressing only
the STAS domain fused to the T18 or the T25 domain of the adenylate cyclase.
Furthermore, it has been shown that the helix 8b of DctA is necessary for the interaction
with DcuS (Witan et al., 2012a) and it was sought to test if this is the case for the
interaction between DauA and DctA. The plasmid pMW1647 which harbours the TM8
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of DctA fused at the N-terminus with MalE, and on the C-terminus of helix 8b to T25
was used (Fig. 4-4). MalE is involved in maltose uptake and only active in the
periplasm. When this construct was expressed, it was able to confer growth on maltose
to a MalE mutant, meaning that MalE of the fusion has periplasmic location (Witan et
al., 2012a).

Figure 4-4: Topology of the MalE-DctA(362-428)-T25 fusion protein.
Topology of MalE -DctA Helix 8b fusion relative to the cytoplasmic membrane (Witan et al., 2012a).
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Figure 4-5: DauA sites required for interaction with DctA.
β-galactosidase activity was used to quantify the interactions. BTH101 cells co-transformed with the respective
plasmid pairs. The activity was determined after growth in LB supplemented with the appropriate antibiotics. The
activity measured from strain co-transformed with the two empty plasmids was used as a negative control (dotted
line). Activities are presented as percentage relative to the negative control. All results are the average of at least three
independent biological repeats. Error bars represent the standard deviation.

The β-galactosidase activity indicated a clear interaction of DauA

(1-444)

with DctA.

Furthermore, no interaction was detected between DauA and the helix 8b of DctA.
Finally, the isolated STAS domain does not seem to interact with DctA (Fig. 4-5).
These results suggest that DauA and DctA interact primarily via their transmembrane
domain. The STAS domain of DauA may represent a potential secondary point of
interaction with another protein.
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4.3

Discussion

DauA is a succinate transporter active at acidic pH. At pH 7, in the absence of DauA,
the expression and/or activity of DctA, the main succinate transporter, is clearly reduced
indicating that DauA not only acts as a transporter but also plays a regulatory role in C4dicarboxylic acid metabolism (Karinou et al., 2013). In this chapter it was sought to
explore this hypothesis further by characterising any potential interactions between
DauA and components of the C4-dicarboxylic acid metabolism using a combination of
genetic and biochemical methods.
The bacterial two-hybrid system has been widely used for protein-protein interactions
studies. The ability to screen libraries of potential interacting candidates and the ease of
identifying protein domains that interact have made this method a standard approach for
the identification of protein pairs (Phizicky & Fields, 1995).
The results of the bacterial two-hybrid analysis between DauA and DctA indicated a
specific interaction between the two proteins (Fig. 4-1) and it was further confirmed by
co-purification (Fig. 4-2, Table 4-1). The interaction between DauA and DctA seems to
be mediated via the transmembrane domains of the two proteins (Fig. 4-5). These
observations suggest an interesting dual role for DauA in succinate metabolism with
transport and regulatory functions. Furthermore, localization studies might suggest a
polar localization for DauA when it is over-expressed alone whereas co-expression of
DauA and DctA led to a relatively uniform distribution across the membrane that might
be following the normal DctA localization (Fig. 4-3). However, these studies should be
interpreted with caution as they do not prove any interaction and the localization might
be an artefact of the protein over-expression.
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Numerous membrane transporters have already been described as bifunctional proteins
with a carrier function and a role in metabolic regulation.

In E. coli, DctA and another C4-dicarboxylic acid transporter, DcuB, form complexes
with the sensor kinase DcuS under aerobic and anaerobic conditions respectively. In
these functional sensor units, DctA and DcuB act as co-sensors by directly modulating
the activity of DcuS (Davies et al., 1999; Kleefeld et al., 2009; Witan et al., 2012a).
Having the above in mind, it is quite tempting to speculate that DauA might play similar
roles. It was shown that under the conditions used in this study DctA expression is
dependent on the DcuS/R two component regulatory system (Fig. 5-10). Therefore, it is
possible that DauA modifies the expression of dctA via DcuS/R. To answer these
questions it will be necessary to identify the hierarchy of the DauA-DctA-DcuS
complex, i.e. if DauA interacts with both DctA and DcuS or the interaction with DctA
brings DauA in close proximity with DcuS and vice versa. In order to do so, BTH
analysis should be used with reporter strains in which DauA, DctA and DcuS have been
deleted. This way the interactions between the proteins expressed from the plasmids can
be assessed without the intervention of the chromosomally expressed homologues.
The regulatory function of transporters can also be mediated via their interaction with
transcriptional factors. In E. coli, such activity has been described for LysP, a lysinespecific permease involved in pH homeostasis. LysP interacts with the transcriptional
activator CadC. In the presence of lysine, CadC is released into the cytoplasm and
activates the transcription of the cadBA operon (Tetsch et al., 2008). Interestingly, the
co-purification/mass spectrometry analysis showed that DauA interacts with at least
four cytoplasmic regulators: GadX, MelR, Rsd and HflD (Table 4-1). GadX is a HTH-
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type dual transcriptional regulator (Shin et al., 2001). GadX has been identified
primarily as one of the regulators of the glutamate-induced acid resistance (GDAR)
system in E.coli (Tramonti et al., 2002). The production of GadX is induced by a
variety of stimuli (pH, growth phase, medium composition, oxygen levels and salt
stress) and regulates the transcription of a broad range of genes, not necessarily linked
to acid resistance (De Biase et al., 1999; Hommais et al., 2004; Lei et al., 2011; Nishino
et al., 2008; Shin et al., 2001). GadX is encoded in a region called the acid fitness island
(AFI) (Hommais et al., 2004), which also contains the most important genes involved in
the acid resistance response in E. coli (Tucker et al., 2002). These genes are organised
in operons: slp-yhiF, hdeAB-yhiD, gadE-mtdEF, gadXW and gadAX. Tramonti et al.
(Tramonti et al., 2008) have showed in a recent study that GadX binds in the promoter
region of slp-yhiF, hdeAB and gadE-mtdEF and suggest that it acts as counter-silencer.
Hence, the interaction between DauA and GadX is of particular interest:
Firstly, it has been suggested that YhiF, a LuxR-type transcriptional regulator, is
involved in a DcuS/R-independent expression of DctA, acting as a negative regulator
(Boogerd et al., 1998). YhiF is encoded within the AFI and under the direct
transcriptional regulation of GadX. It is tempting to speculate that any DauA effects on
DctA expression are due to a regulatory circuit involving GadX and YhiF.
Secondly, the identification by mass spectrometry of two proteins involved in
the glutamate-dependent acid resistance system, GadX and GadB, links DauA and
succinate metabolism to acid resistance. It has been reported previously that carboxylic
acids provide a protective benefit on E. coli survival in acidic environments by inducing
two amino acid-dependent acid resistance systems (Guilfoyle & Hirshfield, 1996).
Recently, it has been shown that the dicarboxylic acid oxalate is able to induce
moderate acid tolerance response via the GadE response regulator (Fontenot et al.,
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2013). Based on the above, we can hypothesise that DauA might be involved in a
succinate inducible acid stress tolerance system.
Another interesting potential DauA protein partner identified by the mass spectrometry
analysis is the protein Rsd (Regulator of sigma D). This protein is an anti-sigma factor
for the primary sigma factor RpoD that negatively regulates RpoD-mediated
transcription induction for the transition to the stationary growth phase. It has been
suggested that under stress conditions Rsd binds to RpoD promoting alternative sigma
factors to take over transcription (Jishage & Ishihama, 1998; Jishage & Ishihama,
1999). Given the similarities between the SLC26A STAS domain and the anti-sigmafactor antagonist SpoIIAA in B.subtilis (Aravind & Koonin, 2000), we can speculate
that DauA STAS might act as an antagonist for the anti-sigma-factor Rsd. We can
hypothesis that under normal conditions DauA STAS sequesters Rsd to the membrane
and thus preventing its interaction with RpoD. Under stressed conditions sensed by
DauA, Rsd is released which in turn binds to RpoD and the transcription is switched to
alternative sigma subunits.
We can suggest a working model for the DauA/DctA sensor complex and function in
the presence of succinate under aerobic conditions:
 At pH 7, DctA is the main uptake system. DauA interacts with the
transcriptional regulator GadX. The DauA-GadX interaction prevents the
induction of the negative regulator YhiF, which inhibits dctA transcription. The
physiological meaning of the DauA-DctA interaction is not clear yet. We can
hypothesise that DauA is necessary for optimal activity of the DctA/DcuS sensor
unit or that DauA responds to a yet unknown stimulus and transmits the signal to
the sensor kinase DcuS.
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 At pH 5, DauA releases GadX which induces YhiF and thus inhibits dctA
transcription. Now DauA is active and the only succinate transporter.

Figure 4- 6: Hypothetical model of the DauA/DctA complex function.
At pH7, DauA interacts with DctA via their transmembrane domains. GadX is sequestered at the membrane hence
dctA transcription is not inhibited by YhiF. At pH 5, DauA senses the acidic pH and releases GadX in the cytoplasm
which in turn activates YhiF. YhiF inhibits the expression of dctA.
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5 Investigating the expression of DauA

5.1

Introduction

Studies on the SLC26 transporters have mainly focused in their physiological function
and mechanistic aspects of the transport. The eukaryotic homologues of this family have
been better characterized and a variety of regulatory mechanisms has been described,
such as on the translational, protein trafficking and post-translational level. The Cterminal STAS domain has been shown to play an important role in gene expression and
regulation but the regulatory interaction identified are still unclear (Alper & Sharma,
2013; Dorwart et al., 2008b; Sharma et al., 2011a).
It has been shown that DauA, the E.coli SLC26 homologue, is a succinate transporter
active at acidic pH with regulatory function in C4-dicarboxylate metabolism (Karinou et
al., 2013). Some of the transporters belonging in the C4-dicarboxylate metabolism are
highly regulated by the oxygen levels of the cell and their expression is induced by the
presence of C4-dicarboxylic acids via the DcuS/R two-component regulatory system
(Janausch et al., 2002).
In this chapter, it was sought to characterise dauA expression. At first, genes cotranscribed with dauA in an operon were investigated and an attempt was made to
identify potential promoters and regulators. Next, dauA specific promoters were
identified and using transcriptional fusions the conditions affecting the expression of
dauA were investigated. Finally, it was investigated whether dauA expression is affected
by the same conditions regulating genes of the C4-dicarboxylate metabolism.
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5.2
5.2.1

Results
Identification of genes co-transcribed with dauA

5.2.1.1 The prs-dauA operon
The dauA gene lies only 125 bp downstream of prs, a gene that encodes the
phosphoribosylpyrophosphate (P-Rib-PP) synthetase (Fig. 5-1). P-Rib-PP synthetase
catalyses the synthesis of phosphoribosylpyrophosphate, a precursor in pyrimidine
nucleotides, purine nucleotides, histidine and tryptophan synthesis (Post et al., 1993).
The genetic proximity of dauA and prs is concerved in Enterobacteriaceae, as identified
using the computational software STRING 8 (data not shown) (Jensen et al., 2009).
Based on the chromosomal location of dauA we hypothesized that dauA forms an
operon with prs.

Figure 5-1: Schematic representation of the dauA locus.
The organisation of the genes on the chromosomes is depicted on scale. hemA, Glutamyl-tRNA reductase; lolB,
Outer-membrane lipoprotein; ispE, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; prs, ribose-phosphate
diphosphokinase; dauA, dicarboxylic acid transporter; ychH, stress induced protein; pth, peptidyl-tRNA hydrolase.

In order to test our hypothesis we analysed cDNA synthesised from RNA extracted
from both wild type and ΔdauA cells by RT-PCR. cDNA was synthesised using random
hexamers. Primer pairs (a: EKO70/EKO71, b: EKO72/EKO73, c: EKO74/EKO75)
were designed to amplify specific fragments inside dauA, prs and the intergenic region
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between these two genes. As a negative control, the sample was subjected to the same
treatment without the addition of reverse transcriptase to confirm the absence of
genomic DNA contamination.
The amplification of the intergenic region indicates a single mRNA transcript for both
genes, suggesting that dauA and prs form an operon (Fig. 5-2). Further studies are
required to elucidate the physiological role of the prs-dauA operon.

Figure 5-2: Identifying a prs-dauA operon by RT-PCR analysis.
RT- PCR analysis confirmed the existence of a dauA- prs operon. (A) Schematic map of the dauA region and the
primers used for the RT-PCR analysis: (a) for the intergenic region between dauA and prs, (b) for dauA and for (c)
prs. All the primers were designed to amplify equal fragments of 900 bp. (B) RNA extracts from wild type and
mutant cells were analysed by RT- PCR. Negative RT-PCR (RT-PCR without the addition of reverse transcriptase)
was also performed to confirm the absence of genomic DNA contamination in the samples. The organisation of the
genes on the chromosomes is depicted on scale. hemA, Glutamyl-tRNA reductase; lolB, Outer-membrane lipoprotein;
ispE, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; prs, ribose-phosphate diphosphokinase; dauA, dicarboxylic
acid transporter; ychH, stress induced protein; pth, peptidyl-tRNA hydrolase.
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5.2.1.2 Identifying potential promoters for the prs-dauA operon
It has been shown that the prs gene is transcribed from 2 promoters, prsp1 and prsp2
(Fig. 5-3A), with prsp2 being the primary promoter, under the regulation of the purine
repressor PurR (Post et al., 1993). RT-PCR analysis was performed to identify whether
prsp1 or prsp2 controls the expression of the prs-dauA operon (Fig. 5-3).
RNA was extracted from wild type (BW28113) cells and cDNA generated by random
hexamer was used as template for specific primers amplifying fragments before prsp1
(EKO92/EKO95), before prsp2 (EKO92/EKO95) and after prsp2 (EKO94/EKO95).
Sample subjected to the same treatment without the addition of reverse transcriptase
was used as a negative control to confirm the absence of genomic DNA contamination.
Genomic DNA was used as a PCR template to ensure that the fragments amplified from
cDNA correspond to the correct size.
A single mRNA transcript was detected by RT-PCR when a primer amplifying
downstream prsp2 was used (Fig. 5-3). This indicates that the prs-dauA operon may be
under the control of the prsp2 promoter. However, it should be noted that the absence of
detectable mRNA transcript from prsp1 might potentially be due to the lack of sufficient
template length. Further analyses are needed to confirm this hypothesis and it cannot be
ruled out that another promoter, in between prsp1 and prsp2, regulates the transcription
of the prs-dauA operon.
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Figure 5-3: Identifying potential promoters for the prs-dauA operon.
RT-PCR analysis confirmed prsp2 as a possible promoter for the prs-dauA operon. (A) Schematic map of the dauA
region, promoter sites prsp1 and prsp2 and the primers used for the RT-PCR analysis, (a) upstream of prsp1, (b)
downstream of prsp1, and (c) downstream of prsp2. (B) RNA extract from wild type strain was tested using the
corresponding primers. Negative RT-PCR (RT-PCR without the addition of reverse transcriptase) was also performed
to confirm the absence of genomic DNA. Additionally, PCR screening was performed using the same primers on
genomic DNA from wild type cells. The organisation of the genes on the chromosomes is depicted on scale. hemA,
Glutamyl-tRNA reductase; lolB, Outer-membrane lipoprotein; ispE, 4-diphosphocytidyl-2-C-methyl-D-erythritol
kinase; prs, ribose-phosphate diphosphokinase; dauA, dicarboxylic acid transporter; ychH, stress induced protein; pth,
peptidyl-tRNA hydrolase.
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5.2.1.3 Identifying potential regulators for the prs-dauA operons
In order to identify potential regulators for the prs-dauA operon, studies were initially
focused on the repressor PurR. PurR is the primary regulatory protein that coordinates
expression of the genes involved in the biosynthesis of purine nucleotides with the
availability of purines. It has been shown that the repressor PurR binds a Pur Box
upstream the -35 region of prsp2. Moreover, prs-lacZ translational fusion is increased
two to three-fold in a purR mutant (He et al., 1993). The RT-PCR analysis in a purR
mutant did not indicate any regulation of the prs-dauA operon by PurR (data not
shown). However, RT-PCR analysis is not the method of choice to detect a two to threefold variation of the mRNA quantity as indicated by the prs-lacZ translational fusion.
Prs activity and stability requires inorganic phosphate (Hove-Jensen et al., 1986). The
Pho regulon is a global regulator of phosphate metabolism in E. coli. It is controlled by
the two-component regulatory system PhoB/R which responds to variations of
phosphate concentration. Phosphate independent controls of PhoB have also been
observed, related to the carbon and energy sources (Fig. 5-4) (Lamarche et al., 2008).
We wanted to test whether the prs-dauA operon is under the control of the Pho regulon
and whether this control is dependent on the phosphate availability. For that purpose
WT, ΔphoB and ΔphoR cells were grown aerobically in LB medium overnight at 37oC.
The next day, the cells were washed twice and grown in a phosphate-free buffer (MOPS
phosphate free) at 37oC for 5 hours until they reached an OD600 of 0.5, RNA from each
strain was then extracted and analysed by RT- PCR.
Each strain was tested by RT-PCR for expression of the prs-dauA operon and of phoA,
the gene which encodes for the alkaline phosphatase, a classical indicator of the pho
genes activation by PhoB. The tat operon was used as a negative control due to its
constitutive expression (Jack et al., 2001). The non-expression of a transcript for the
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prs-dauA operon (Fig. 5-3) from prsp1 promoter was used as a positive control to ensure
that the RNA sample was not contaminated by genomic DNA.
In the absence of phoB the transcription of the prs-dauA operon decreases, while this is
not the case in the ΔphoR cells (Fig. 5-4). These results suggest that the prs-dauA
operon is under a phosphate independent PhoB regulation (Fig. 5-4A). Further studies
are needed in order to identify the pathway of PhoB induction. A CreC-dependent
activation of PhoB (Fig. 5-4A) would be the first working hypothesis.

Figure 5- 4: Identification of prs-dauA operon regulators.
The prs-dauA operon may be under inorganic phosphate (Pi)-independent PhoB regulation. (A) Regulation of the Pho
regulon. PhoB controls the expression of the Pho regulon genes. It can be activated by PhoR in response to phosphate
limitation, or by carbon and energy sources levels via CreC and acetyl phosphate, respectively (adapted by Lamarche
et al., 2008). (B) WT, ΔphoB and ΔphoR cells were grown under phosphate starvation conditions and RT-PCR was
performed for the expression of the prs-dauA operon. Also, the strains were tested for the expression of phoA, the
expression of prs-dauA operon from prsp1 promoter as a negative control and the expression of tat as a positive
control. Lanes a: phoA expression; b: expression of prsp1- dauA transcript; c: expression of prs-dauA operon; d: tat
expression.
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5.2.2

Studying dauA expression in C4-diacarboxlate metabolism

5.2.2.1 Identification of dauA promoters
Bacterial genes belonging to the same metabolic pathway with related functions are
usually organised in operons. However, more studies are necessary to elucidate the
physiological role of a prs-dauA operon. Multiple internal gene specific promoters can
exist in a single operon resulting in differential gene expression for flexible adaptation
to external environmental stimuli (Okuda et al., 2007). Thus, the next step in the
investigation of the dauA regulation and expression was to identify and study dauA
specific promoters.
The upstream region between promoter prsp2, responsible for the expression of prsdauA (Fig. 5-3), and the translational start site of dauA, was used as input to identify
potential promoter sites in the computational software BPROM (Softberry Inc., Mt.
Kisco, NY). The location on the chromosome and sequence of the three potential
promoters identified is shown in Fig. 5-5.
In order to identify the active dauA promoter under the conditions used throughout this
study, lacZ transcriptional fusions were generated containing dauA upstream region.
The 1377 bp, 809 bp and 490 bp dauA upstream region including the first dauA codon
was cloned to plasmid pJL28 using primer pairs EKO411/EKO414, EKO412/EKO414
and EKO413/EKO414 respectively, generating plasmids pEK201, pEK202 and
pEK203. The primer EKO414 was used to alter the translational start codon GTG to
ATG for maximal efficiency (O'Donnell & Janssen, 2001).
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Figure 5-5: Schematic map of dauA region and predicted promoters.
The organisation of the genes on the chromosome is depicted on scale. The sequence upstream dauA (after promoter
prsp2) was used as input for the prediction of potential dauA specific promoters using BPROM
(http://linux1.softberry.com/berry.phtml). Potential RNA polymerase binding sites, -10 and -35, and Ribosomal
Binding Site (RBS) are boxed. Potential transcription start sites are indicated with red stalked arrows. The
translational start codon is highlighted in red. hemA, Glutamyl-tRNA reductase; lolB, Outer-membrane lipoprotein;
ispE, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; prs, ribose-phosphate diphosphokinase; dauA, dicarboxylic
acid transporter; ychH, stress induced protein; pth, peptidyl-tRNA hydrolase.
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Wild type (BW25113) cells were transformed with plasmids pEK201, pEK202 and
pEK203 and grown overnight in M9 minimal medium supplemented with glucose as the
sole carbon source at pH 7. The next day the cells were washed twice and cultured for
six more hours in M9 minimal medium supplemented with 50 mM succinate as the sole
carbon source at pH 7 or pH 5. Samples were taken at t=0 before the cells were
transferred in the succinate supplemented medium, at t=6 after 6 hours of growth and
the β-galactosidase activity was measured. BW25113 strain containing the empty pJL28
plasmid was used as negative control and the strain IMW385 containing a chromosomal
dctA’-‘lacZ fusion as positive control.
β-galactosidase activity was detected for all three constructs under both conditions (M9
succinate pH 7 or pH 5) (Fig. 5-6). At pH 7, dctA expression was induced in the
presence of succinate (Fig. 5-6A) as it has been shown in previous studies (Davies et al.,
1999). In accordance with previous observations, at pH 5 the activity of dctA’–’lacZ
was not detectable above background level (Fig. 5-6B).
The constructs were designed to contain increasing length of dauA upstream regions. As
a result plasmid pEK201 contains all three predicted promoters, plasmid pEK202
contains promoters P2 and P1, and plasmid pEK203 harbours the proximal promoter
P1. One-way ANOVA statistical analysis was used to compare the three promoters
activity and identify the potential dauA promoter under the conditions used. No
statistical significant difference was detected in the activity of the promoters at pH7 t=0
(p=0.161), pH7 t=6 (p=0.080), pH5 t=0 (p=0.092) nor pH5 t=6 (0.095), indicating that
the proximal promoter P1 might be the active specific dauA promoter. 5’RACE analysis
is necessary to confirm these results.
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Figure 5-6: Identification of dauA specific promoter.
BW25113 cells containing empty pJL28 plasmid (control) or plasmids pEK201 (P3), pEK202 (P2) and pEK203 (P1)
were grown aerobically for 6 hours in M9 minimal medium supplemented with 50 mM succinate as the sole carbon
sources at (A) pH7 or (B) pH5. The strain IMW385 harbouring a dctA’-‘lacZ chromosomal fusion was tested under
the same conditions as positive control. The β-galactosidase activity was measured. All results are the average of
three independent biological repeats. Error bars represent the standard deviation.
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5.2.2.2 Regulation by pH
DauA is a succinate transporter active under acidic conditions with a bifunctional role in
DctA regulation and/or expression. DauA was detected both at pH 7 and pH 5 (Karinou
et al., 2013). Furthermore, the results in Chapter 4 suggest that DauA might be involved
in a succinate inducible acid stress tolerance system.
In order to study whether dauA expression is pH-regulated, cells transformed with the
empty plasmid pJL28, plasmid EK203 harbouring the potential dauA P1 promoter and
strain IMW385 containing a chromosomal dctA’-‘lacZ fusion were grown overnight in
M9 minimal medium supplemented with glucose at pH 5, pH 6, pH 7 or pH 8. The next
day cells were harvested and β-galactosidase activity was measured. The activity
measured for cells transformed with empty pJL28 plasmid was used as a negative
control. dctA expression is strongly repressed in the presence of glucose via the cAMPCRP complex (Davies et al., 1999) and thus the activity detected for IMW385 was
bellow background level (Fig. 5-7).
One-way ANOVA statistical analysis was used to compare the dauA promoter activity
at different pHs. Pairwise Multiple Comparison showed that there is no significant
difference between the promoter activities (p > 0.050) except for the activity between
pH5 and pH8 (p= 0.025).
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Figure 5-7: Studying the effect of pH in dauA expression.
BW25113 cells containing empty pJL28 plasmid (control) or plasmid pEK203 (P1) were grown aerobically overnight
in M9 minimal medium supplemented with 50 mM glucose as the sole carbon sources at pH 5, pH 6, pH 7 or pH 8.
The strain IMW385 harbouring a dctA’-‘lacZ chromosomal fusion was tested under the same conditions. The βgalactosidase activity was measured. Results are the average of three independent biological repeats. Error bars
represent the standard deviation
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5.2.2.3 Regulation by growth phase
To obtain better understanding on factors affecting the regulation of dauA expression, I
monitored the β-galactosidase activity of cells grown in M9 minimal medium
supplemented with glucose at pH 7 for 18 hours.
The results presented in Fig. 5-8 show that the expression of dauA is increased 3-fold in
stationary phase (21.6 Miller units) compared to the activity measured at the early-log
phase (7.3 Miller units). These results are consistent with a growth-phase-dependent
regulation of dauA expression. The expression of dctA in the presence of glucose
followed a CRP-mediated repression as observed before (Davies et al., 1999).

Figure 5-8: Aerobic expression of dauA during growth in M9 glucose pH 7.
The β-galactosidase activity (bars) and growth (lines) of EK203 (P1), IMW385 and the empty vector (control), are
shown after aerobic growth at 37oC in M9 minimal medium supplemented with 50 mM glucose as the sole carbon
source. Average of three independent cultures; error bars represent the standard deviation.
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The production of DauA was further monitored by western immunoblotting. Strain
EK182 carrying His-tagged DauA variant and a FLAG-tagged DctA variant was grown
for 8 hours in LB and samples were harvested hourly. Cells were pelleted, sonicated and
fractionated to membrane and soluble fractions. The presence of DauA and DctA was
monitored in the membrane fraction by western immunoblot using anti-His and antiFLAG antibodies respectively. TatC, a membrane protein constitutively produced was
used as loading control.
DctA was detected and the expression pattern was similar to previous studies (Davies et
al., 1999). However, DauA was not detected in the same samples (Fig 5-9). The cells
tested in this assay were still in the exponential phase which might explain the absence
of DauA in the membranes. Taken together, these results might indicate that dctA
expression is induced in stationary phase. However, the fact that DauA was not detected
in the membranes after growth in LB might be the result of the complexity of the
medium. Further experiments will be needed to monitor the production of DauA in M9
supplemented with glucose at pH 7 and compare these results with the dauA expression
in Fig. 5-8.

Figure 5-9: Immunoblot detection of DauA and DctA during growth in LB at pH 7.
Membrane fractions were prepared from strain EK182, encoding chromosomal C-terminally His-tagged DauA and
FLAG-tagged DctA variants. Cells were grown in LB for 8 hours and samples were taken hourly. Cell pellets were
fractionated into membranes and soluble fractions, followed by anti-His, anti-FLAG and anti-TatC immunoblotting.
Protein extract concentration was normalized and the same amount was loaded in each lane.
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5.2.2.4 Regulation of dauA expression by the two-component regulatory system
DcuS/R
Under aerobic conditions, dctA expression is induced by the DcuS/R two-component
regulatory system in the presence of C4-dicarboxylic acids (Davies et al., 1999; Golby et
al., 1999; Zientz et al., 1998). The next step was to test if there is induction of DauA
production depending on DcuS/R activity.
Strains EK182 (DauA-H6, DctA-FLAG) and EK184 (ΔdcuS, DauA-H6, DctA-FLAG)
were grown overnight in M9 minimal medium supplemented with glucose as the sole
carbon source. The next day, cells were washed and cultured for 6h in M9 minimal
medium supplemented with 50 mM succinate at pH 7 or pH 5. The detection of DauA
and DctA was monitored in the membranes using anti-His and anti-FLAG antibodies
respectively. TatC was used as loading control.
DctA was not detected in the ΔdcuS background or at pH5, suggesting that under these
conditions dctA expression is tightly dependent on the DcuS/R two-component system.
On the other hand, the production of DauA remained at the same levels in the wild type
or ΔdcuS strain indicating that dauA expression is not affected by DcuS/R under the
conditions used.
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Figure 5- 10: Effect of DcuS on dauA expression.
Strains EK182 (DauA-H6, DctA-FLAG) and EK184 (ΔdcuS, DauA-H6, DctA-FLAG) were grown for 6h in M9
minimal medium supplemented with 50 mM succinate as the sole carbon source at pH5 or pH7. Cell pellets were
fractionated into membranes and soluble fractions, followed by anti-His, anti-FLAG and anti-TatC immunoblotting.
Protein extract concentration was normalized and the same amount was loaded in each lane.
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5.3

Discussion

Studies on the expression of eukaryotic SLC26 homologues identified transcriptional
and post translational level of regulation. However, the lack of comprehensive
information on the physiological role of the bacterial homologues limits the ability to
study their regulation. In this part of the current work an attempt was made to
understand the regulation of dauA expression. Due to time constrictions only a small
number of conditions were tested but preliminary experiments gave some interesting
results.
Based on the fact that prs is immediately upstream (125 bp) of dauA, a gene involved in
nucleotide metabolism (Post et al., 1993), it was hypothesised that dauA and prs may
form an operon. This hypothesis was tested and confirmed by RT-PCR analysis (Fig. 52). The bacterial genome organisation usually favours the operon formation of genes
involved in the same metabolic pathway (Okuda et al., 2007) however further studies
are needed to clarify whether Prs and DauA are also metabolically linked.
It is known from the literature that prs is transcribed from two promoters: prsp1 and
prsp2, the latter being located 302 bp upstream the translational start site (Post et al.,
1993). The RT-PCR analysis indicated that prsp2 may be the promoter from which the
prs-dauA operon is transcribed (Fig. 5-3). However, it cannot be ruled out that the lack
of detectable product could be the result of the inability to generate a RT-PCR product
longer than 3 kb. Further studies by 5’RACE analysis is needed to confirm these results.
It has been shown that PurR, the global repressor of the purine biosynthetic pathway,
binds on a Pur Box upstream the -35 region of prsp2, causing a two- to three- fold
transcription repression of prs (He et al., 1993). However, it was not able to identify
similar regulation for the prs-dauA operon by RT-PCR (data not shown). A more
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sensitive and quantitative method such as qRT-PCR should be used to confirm these
results.
The pho genes are regulated by the two-component regulatory system PhoB/R. PhoR is
a membrane sensor kinase that responds to periplasmic phosphate concentration
variations. PhoB is a DNA-binding protein that regulates the transcription of the genes
belonging to the pho regulon. Under phosphate starvation conditions, PhoR is
autophosphorylated and in turn phosphorylates PhoB, which activates the transcription
of the pho genes. It has been shown that PhoB can be induced directly or indirectly by
other stress responses not related to phosphate limitation (Lamarche et al., 2008). Based
on the requirement of inorganic phosphate for Prs activity and stability (Hove-Jensen et
al., 1986) it was examined whether the prs-dauA operon is under the PhoB/R
transcriptional control. The RT-PCR results show that the prs-dauA operon was
sensibly downregulated in ΔphoB cells compared to a wild type background (Fig. 5-4).
However, no difference was observed under the same condition in the ΔphoR
background. These results indicate that the prs-dauA operon may be under phosphate
independent PhoB regulation. The results presented in this study identified DauA as an
acidic succinate transporter and no physiological role has been identified in the
phosphate metabolism. Nonetheless, pho regulon induction by stringent response,
directly or indirectly via the alternative sigma factor RpoS (Lamarche et al., 2008)
might explain the phosphate independent PhoB regulation of prs-dauA.
Next, in order to study the dauA expression related to the physiological role of DauA in
succinate metabolism, a dauA specific promoter was identified by computational and
transcriptional fusion analysis, located 178 bp upstream the translational start of DauA
(Fig. 5-5 and 5-6). Previous results indicated that DauA is produced constitutively
regardless of pH or carbon source the cells are grown in. However, monitoring the
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expression of dauA in M9 glucose at pH7 revealed that a 3-fold induction in the
stationary phase indicating a

growth-phase-dependent

regulation

(Fig.

5-8).

Furthermore, under aerobic conditions, DauA seems to be highly expressed, while its
production is significantly reduced under anaerobic conditions (Fig. 3-10). This
reduction might indicate a level of regulation and that DauA might be under the
inhibitory regulation of FNR or ArcBA.
The effect of pH in the expression of DauA has been further studied at the
transcriptional level. No significant difference was observed in the expression of dauA
grown in M9 supplemented with glucose at various pHs (Fig. 5-7). The reduced βgalactosidase activity measured at pH5 might not necessarily reflect reduced dauA
expression. In principal, β-galactosidase activity measured in transcriptional fusions is
proportional to the transcriptional rate of the tested gene. However, caution is needed in
the interpretation of the results (Pessi et al., 2001; Silhavy & Beckwith, 1985). The βgalactosidase enzyme has optimal activity at pH7 and this activity decreases as the pH
decreases. When the β-galactosidase enzyme is incubated at pH5 and then transferred at
pH7 the recovery of its activity is not attained immediately (Tenu et al., 1971).
Therefore, the reduced activity observed in cells grown at pH5 might be a result of the
impaired enzyme activity and not of the decreased gene expression. The difference in
the expression of dauA under various pH conditions should be verified using qRT-PCR.
Finally, the effect on dauA expression of the DcuS/R two-component regulatory system,
which is responsible for C4-dicarboxylate gene induction, was tested (Fig. 5-10). The
results showed that the production of DauA is not affected by the presence of DcuS
indicating that either dauA is not under the DcuS/R regulatory control or that under the
conditions used the response regulator DcuR is activated by another sensor kinase.
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To summarise, preliminary results on the expression of dauA suggested that dauA is
induced during stationary phase but it is not affected by the carbon source used or the
pH applied in the medium. In contrast to dctA, dauA expression is not affected by
DcuS/R. Future studies are necessary to identify the condition and specific regulations
of dauA expression. A potential operon has been identified with prs which might be
under a phosphate independent PhoB regulatory control.
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6 Concluding Remarks and Future Perspectives

6.1

DauA is an acidic succinate transporter

The SLC26/SulP family is a ubiquitous superfamily of anion transporter proteins
conserved from bacteria to man. Members of this family possess a wide variety of
functions and a wide substrate repertoire transporting anions ranging from halides to
bicarbonate (Dorwart et al., 2008b; Mount & Romero, 2004). The functional
importance of this family is illustrated by the fact that several inherited human diseases
are caused by mutations in SLC26 genes (Mount & Romero, 2004).
Although these proteins are present in almost all bacteria their physiological function is
unknown. The only comprehensive functional and topological analysis of a bacterial
SulP protein concerns the bicarbonate transporter BicA from Synechococcus (Shelden et
al., 2010). In cyanobacteria, these proteins have been characterised as a low affinity
Na+-dependent HCO3- transporter (Price & Howitt, 2011; Price et al., 2004).
Studying the physiological role and function of membrane proteins in simpler
organisms, such as the model organism Escherichia coli, has been proven crucial in our
understanding of different physiological phenomena in more complex systems. In E.
coli only one SulP homologue, YchM has been identified. A phylogenetic analysis of
bacterial SulP proteins (Fig. 1-4) showed that YchM clusters independently from the
BicA and BicA-like proteins, indicating that YchM may not act as a bicarbonate
transporter. Therefore, the overall aim of this project was to use a combination of
genetic and biochemical approaches to investigate the substrate and physiological role
of YchM.
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The work presented here has identified that YchM is an aerobic succinate transporter
and thus, ychM was re-named as dauA (for dicarboxylic acid uptake system A). It was
confirmed that DauA is a succinate transporter at acidic pH by showing a growth defect
phenotype of ΔdauA cells (Fig. 3-4 and 3-5) and by developing a succinate in vivo
uptake assays (Fig. 3-11 and 3-12). The comparison of the values of the kinetic
parameters for DctA, the only aerobic succinate transporter identify so far, and DauA
revealed that DauA has a weaker affinity for succinate and a lower maximal transport
rate (Table 3-1). Furthermore, it was showed that the transport ability of DauA is not
affected by the protonation state of succinate in contrast to DctA which is able to
transport only succinate dicarboxylate (Fig. 3-13). The competition assays suggested
that DauA has different substrate specificity compare to DctA and that it is able to
transport fumarate (Fig. 3-14). Finally, it was reported that in the absence of DauA the
expression and/or activity of DctA is clearly reduced indicating that DauA not only acts
as a transporter but plays a regulatory role in C4-dicarboxylic acid metabolism.
Interestingly, it seems that the activity and regulatory functions of DauA are not linked.
Future work should include the development of an in vitro assay using purified proteins
reconstituted in liposomes to study the kinetic properties of DctA- and DauAdependent succinate transport. Site-directed mutagenesis can be used to identify
residues necessary for the succinate uptake or regulatory function of DauA. The
regulatory effect of DauA on dctA expression can be further quantified using qRT-PCR.
Ultimately, structural and topological studies will help in our understanding of the
mechanistic aspects of a DauA-dependent succinate transport.
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6.2

DauA interacts with DctA

The first part of this work showed that DauA is a succinate transporter active at acidic
pH. At pH7, in the absence of DauA, the expression and/or activity of DctA, the main
succinate transporter, is clearly reduced indicating that DauA not only acts as a
transporter but also plays a regulatory role in C4-dicarboxylic acid metabolism (Karinou
et al., 2013). It was sought to explore this hypothesis further by characterising any
potential interactions between DauA and components of the C4-dicarboxylic acid
metabolism.
Bacterial two-hybrid analysis and co-purification studies confirmed a specific
interaction between DauA and DctA (Fig. 4-1 and 4-2). Furthermore, localization
studies indicated that DauA and DctA interact physically (Fig. 4-3). Preliminary results
in the identification of specific domains responsible for this interaction suggested that
the interaction seems to be mediated via the transmembrane domains of the two proteins
(Fig. 4-4).
The identification by mass spectrometry of two proteins involved in the glutamatedependent acid resistance system, GadX and GadB, links DauA and succinate
metabolism to acid resistance (Table 4-1). It can be hypothesised that DauA might be
involved in a succinate inducible acid stress tolerance system. Moreover, the
transcriptional regulator YhiF is involved in a DcuS/R-independent expression of dctA,
acting as a negative regulator. YhiF is encoded within the AFI and under the direct
transcriptional regulation of GadX. It is tempting to speculate that any DauA effects on
DctA expression are due to a regulatory circuit involving GadX and YhiF. These
observations suggest an interesting dual role for DauA in succinate metabolism with
transport and regulatory functions.
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Combining the results of the first two parts of this study a hypothetical working model
for the DauA physiological function can be proposed (Fig. 6-1):
•

At pH7 in the presence of succinate under aerobic conditions, DauA is expressed
but inactive as a transporter, DctA is the main uptake system. DauA interacts
with the transcriptional regulator GadX. The DauA-GadX interaction prevents
the induction of the negative regulator YhiF, which inhibits dctA transcription.
The physiological meaning of the DauA-DctA interaction is not clear yet. It can
be hypothesised that DauA is necessary for optimal activity of the DctA/DcuS
sensor unit or that DauA responds to a yet unknown stimulus and transmits the
signal to the sensor kinase DcuS.

 At pH5 in the presence of succinate under aerobic conditions, DauA is the main
transporter. It has weaker affinity and lower apparent transport rate for succinate
than DctA. DauA releases GadX which induces YhiF and thus inhibits dctA
transcription.
Future work should be focused on the validation of this model. First, it will be necessary
to identify the hierarchy of the DauA-DctA-DcuS complex by BTH studies using
reporter strains lacking the chromosomally produced DauA, DctA and DcuS. Also,
these interactions should be further confirmed biochemically. Second, it will be
necessary to identify the specific interacting domains of DauA and DctA by site
directed mutagenesis and BTH studies. Furthermore, it will be quite informative to
study if the interaction between DauA and DctA is induced by different pH or carbon
sources giving us a better understanding of the physiological role of the complex. Third,
the protein interacting candidates identified by mass spectrometry should be validated
both by BTH analysis and co-purification studies. Specifically identification of an
interaction between DauA and GadX will reinforce our hypothesis on the regulatory
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function of DauA. Identification of specific domains in this interaction and specifically
the role of the STAS domain will be necessary for the validation of the DauA regulatory
function. Finally, this model can be further investigated by identifying direct
interactions of the regulatory protein YhiF or GadX with the dctA promoter using
computational approaches and Electrophoretic Mobility Shift Analysis (EMSA).

Figure 6-1: Working model for the physiological function of DauA in the C4-dicarboxylic acid metabolism.
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6.3

Elucidating dauA regulation

The lack of physiological and functional characterisation of the bacterial SLC26
homologues has not allowed further investigation into their expression and regulation.
For the last part of this work an attempt was made to investigate the expression and
regulation of DauA. Although, this is an on-going project interesting preliminary results
have been obtained regarding the expression of DauA.
Based on the chromosomal proximity of prs and dauA it was hypothesised that they
form an operon. This hypothesis was confirmed by RT-PCR (Fig. 5-2) and it was
identified that prsp2 might be the potential promoter of the prs-dauA operon (Fig. 5-3).
Also, in an attempt to identify potential operon regulators it was shown that the prsdauA operon might be under a phosphate independent PhoB regulation (Fig. 5-4). Next,
specific dauA expression in C4-dicarboxylic metabolism was identified. Computation
analysis indicated the presence of three promoters directly upstream dauA (Fig. 5-5) and
fusion studies identified that P1 is the dauA specific promoter (Fig. 5-6). Further results
indicated that DauA is produced constitutively regardless of pH (Fig. 5-7) or carbon
source the cells are grown in. However, monitoring the expression of dauA in M9
glucose at pH7 revealed that a 3-fold induction in the stationary phase indicating a
growth-phase-dependent regulation (Fig. 5-8). Furthermore, under aerobic conditions,
DauA seems to be highly expressed, while its production is significantly reduced under
anaerobic conditions (Fig. 3-10). This reduction might indicate a level of regulation and
that DauA might be under the inhibitory regulation of FNR or ArcBA. Finally, in
contrast to dctA, dauA expression is not under the DcuS/R regulatory control (Fig. 510).
They are many unanswered questions regarding the conditions affecting the expression
of dauA. First, prsp2 should be validated as the prs-dauA operon promoter by 5’RACE.
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PhoB can be confirmed as a regulator for the operon by EMSA. Further studies are
needed to understand the physiological role of such an operon and if it is affected by
phosphate independent induction of the pho regulon. This can be tested initially by
translation fusions and qRT-PCR in ΔcreC strains. Second, to confirm that P1 is a dauA
specific promoter 5’ RACE is necessary. Once, the promoter is confirmed we can
screen for potential regulators by computational methods. Candidate regulators can be
validated by EMSA. Identifying regulators involved in pH homeostasis and growth
phase induction are of particular interest. Also, we can test whether dauA regulates its
own expression by promoter fusions. Finally, more sensitive quantification methods,
such as qRT-PCR can be used to confirm the difference in expression of dauA under
different growth condition. Elucidating the conditions regulating the expression of dauA
combined with the results we have obtain so far will allow us a better understanding of
the DauA physiological role.
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8.1

Appendices

Appendix A: Media, Buffers and Solutions

10 g Casein

Luria–Bertani (LB) broth (1l)

5 g Yeast extract
5 g NaCl

17 g Peptone

MacConkey agar (1l) pH7.1

3 g Proteose Peptone
10 g Lactose
5 g NaCl
1 mg Crystal Violet
30 mg Neutral Red
1.5 g Bile Salts
13.5 g Agar

6 g Na2HPO4 (anhydrous)

1x M9 minimal medium* (1l)

3 g KH2PO4
0.5 g NaCl
1 g NH4Cl
1 ml MgSO4 (1 M)
1 ml CaCl2 (0.1 M)
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Enriched M9 (eM9) minimal medium* (1l)
1x M9 minimal medium
10 ml Acid-hydrolysed casein
(10%)
5 ml L-tryptophan (1%)
*pH 7.4

1x MOPS minimal medium (1l)*

100 ml MOPS mixture (10x)
10 ml K2HPO4 (0.132 M)

10x MOPS mixture (1l)

83.72 g MOPS
7.17 g tricine
10 ml FeSO4·7 H2O (0.01 M)
50 ml NH4Cl (1.9 M)
10 ml K2SO4 (0.276 M)
0.25 ml CaCl2·2 H2O (0.02 M)
2.1 ml MgCl2 (2.5 M)
100 ml NaCl (5 M)
0.2 ml Micronutrient stock

Micronutrient stock (50 ml)

0.009 g (NH4)6Mo7O24·4 H2O
0.062 g H3BO3
0.018 g CoCl2
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0.006 CuSO4
0.04 g MnCl2
0.007 g ZnSO4
*pH 7.4

gDNA extraction
Lysis buffer

0.1 M NaCl
0.05 M EDTA (pH 7.5)

P1 lysate preparation and transduction
MC buffer

0.1 M MgSO4
5 mM CaCl2

R plates

LB broth
0.1% glucose
2 mM CaCl2
1.2% agar

LBMC soft agar

LB broth
5 mM CaCl2
10 mM MgSO4
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0.65% agar

TGYES medium

1% tryptone
0.5% yeast extract
1% NaCl
0.2% glucose

β-galactosidase activity assay
Z-buffer (1l)

8.52 g Na2HPO4 (anhydrous)
6.24 g NaH2PO4
0.75 g KCl
0.25 g MgSO4·7 H20

SDS-PAGE
Solution 2

1.5 M Tris-HCl, pH 8.8
0.3% SDS

Solution 3

0.5 M Tris-HCl, pH 6.8
0.4% SDS

Running buffer

25 mM Tris-HCl (pH 8.3)
192 mM Glycine
0.1 % (w/v) SDS

5x SDS loading buffer

2.25 ml Tris-HCl (1 M), pH 6.8
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5 ml Glycerol
0.5 g SDS
5 mg Bromophenol blue
2.5 ml DTT (1 M)

Coomassie staining
Coomassie stain

50 % (v/v) Ethanol
7.5 % (v/v) Acetic Acid
0.1 % (w/v) Coomassie Brilliant
Blue

Coomassie destain

50 % (v/v) Methanol
10 % (v/v) Acetic Acid

Protein purification
Lysis buffer

Buffer A
10 μg/ml DNase
10 mM MgCl2
200 μg/ml PMSF

Buffer A

50 mM Tris, pH 8
300 mM NaCl
10% glycerol
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Buffer B

50 mM Tris, pH 8
300 mM NaCl
10% glycerol
500 mM imidazole

Wash buffer 1

50 mM Tris, pH 8
300 mM NaCl
10% glycerol
25 mM imidazole
0.03% DDM

Wash buffer 2

50 mM Tris, pH 8
300 mM NaCl
10% glycerol
35 mM imidazole
0.03% DDM

Elution buffer

Buffer B
0.03% DDM

Western immunobloting
10x TBS (1l), pH 7.6

24.2 g Tris base
80 g NaCl
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1x TBST (1l)

100 ml 10x TBS
1 ml Tween 20

1x Transfer buffer (1l)

3.04 g Tris base
14.44 g glycine
20 ml MeOH

Membrane stripping
Stripping buffer (1l), pH 2.2

15 g glycine
1 g SDS
10 ml Tween 20
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8.2

Papers published from this study

170

Chapter 8: Appendix

171

Chapter 8: Appendix

172

Chapter 8: Appendix

173

Chapter 8: Appendix

174

Chapter 8: Appendix

175

Chapter 8: Appendix

176

Chapter 8: Appendix

177

Chapter 8: Appendix

178

Chapter 8: Appendix

179

Chapter 8: Appendix

180

Chapter 8: Appendix

181

Chapter 8: Appendix

182

Chapter 8: Appendix

183

Chapter 8: Appendix

184

Chapter 8: Appendix

185

Chapter 8: Appendix

186

Chapter 8: Appendix

187

Chapter 8: Appendix

188

Chapter 8: Appendix

189

Chapter 8: Appendix

190

Chapter 8: Appendix

191

Chapter 8: Appendix

192

Chapter 8: Appendix

193

Chapter 8: Appendix

194

Chapter 8: Appendix

195

Chapter 8: Appendix

196

Chapter 8: Appendix

197

