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Cystic Fibrosis (CF) and Congenital Chloride Diarrhea (CLD) are two
genetic diseases which without treatment can be fatal. Cystic Fibrosis is a disease
which disrupts normal fluid secretion in multiple organs and tissues, and is caused
by mutations in the Cystic Fibrosis Transmembrane Conductance Regulator

(CFTR) gene. Congenital Chloride Diarrhea is a disease caused by mutations in
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the SLC26A3 gene, which cause patients to suffer from watery stool and
dehydration. The proteins encoded by the CFTR and SLC26A3 genes have been
demonstrated to be a chloride channel and a chloride-bicarbonate exchanger
respectively. They have also been shown to reciprocally activate one another’s
transport activity. Understanding how these proteins transport chloride and
bicarbonate across the apical membrane of epithelial cells, and how they mutually
activate one another’s transport activity is critical for our understanding of CF and
CLD.

The SLC26A3 protein is a membrane protein predicted to contain 12
transmembrane spanning a-helices, and a C-terminal STAS domain which is
homologous to the bacterial anti-sigma factor antagonists. The STAS domain is
required for proper SLC26A3 chloride-bicarbonate exchange function, and it is
also required for the reciprocal activation of SLC26A3 and CFTR activities. Here
we investigate the molecular interaction between the STAS domain of SLC26A3
and the R-domain of CFTR, as well as the molecular mechanism(s) by which four
CLD causing mutations (AY526/7, 1544N, 1675/6ins and G702Tins) residing in
the SLC26A3 STAS domain lead to disease. The STAS domain and R-domain
have been demonstrated to directly bind to one another, and this interaction is
modulated by phosphorylation of the R-domain. Functional, biochemical and cell
biological experiments performed on wild type and mutant SLC26A3 proteins

suggest that the CLD mutations cause transporter misfolding and/or
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mistrafficking. Biochemical and biophysical studies performed on the purified
STAS domains suggest that these CLD causing mutations have differential effects
on the STAS domain’s structure. Our data taken together suggest that the CLD
causing mutations cause disease by at least two distinct molecular mechanisms,

ultimately leading to loss of functional protein at the plasma membrane.
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Chapter One

Introduction

All living organisms are composed of one or more cells and the physical
boundaries of each cell are defined by the plasma membrane. The plasma
membrane separates the intracellular environment, or cytosol, from the
extracellular environment. This separation allows a different composition of
molecules to be established in the cytosol than in the extracellular environment.
In eukaryotic cells, intracellular membrane bound organelles exist that have a
similar membrane composition to that of the plasma membrane. These additional
intracellular membrane compartments allow for further separation of ions and
molecules resulting in the specialization of each organelle’s function.

Biological membranes of cells are composed of various lipid molecules
which have hydrophilic “head groups” and hydrophobic “tails.” These lipid
molecules assemble into a lipid bilayer in which the polar head groups are facing
the aqueous environment while the hydrophobic tails associate on the inside of the
bilayer, forming an aqueous impermeable barrier. It is this hydrophobic barrier
which prevents polar and charged molecules from freely passing through the
membrane, and is the physical basis by which the cell can separate the

extracelluar environment from the inside of the cell.



In addition to lipid molecules, cholesterol and proteins are also found in
cellular membranes. As a consequence of forming a lipid membrane, methods for
moving charged and polar molecules across the membrane had to be developed by
the cell. Through the course of evolution proteins, the primary structural and
functional machines of the cell, evolved to satisfy this requirement. The
movement of ions across the membrane is critical for cellular function, as it
allows for the concentration of nutrients in the cell as well as excretion of
metabolic waste products. Establishing ion concentration gradients across
biological membranes is also critical for life as it is one of the fundamental energy
sources in biological systems.

There are two main classes of membrane proteins which move ions and
molecules across biological membranes: channels and transporters. Ion channels
and transporters differ both in architecture and in function. Ion channels
essentially form a selective pore or hole in the membrane that is opened and
closed by a gate. When the gate is open, the ion specific to that class of channel
can flow down its electrochemical gradient until equilibrium is established or the
gate is closed. Transporters differ in the sense that they can move molecules
against their electrochemical gradient by coupling the movement of a second
molecule down its electrochemical gradient, or by utilizing another energy source

such as ATP. Transporters are thought to function by binding their target



molecules and undergoing a conformational change which alters access to the
extracellular and cytosolic environments.

Ion channels and transporters play a number of important roles in the
human body. Ion channels in neurons are responsible for the rapid propagation of
electrical signals across these cells, and when coupled with chemical signals
between neurons form the basis of communication in our nervous system. Ion
channels are also important for ion uptake in our intestine, which in turn forms the
ionic gradient which causes water absorption in the colon. Ion transporters also
play an important role in nutrient uptake, coupling sodium transport down its
electrochemical gradient to the import of various sugars or amino acids into the
cell.

Bicarbonate plays an important role in a number of physiologically
important processes. Bicarbonate is used by our bodies to buffer the pH of our
cells as well as secreted fluids. It plays a role in buffering the mucus lining of our
stomach to protect it from the low pH of stomach acid, and it helps to regulate the
pH and viscosity of the mucus lining in our lungs. Bicarbonate transporters in the
pancreas are responsible for secreting high concentrations of bicarbonate which is
responsible for helping to neutralize the acidic chyme passing from the stomach
into the small intestine, as well as to keep the zymogen digestive enzymes
secreted by the pancreas from prematurely activating before they reach the small

intestine.  Bicarbonate also plays a central role in our respiratory system.



Bicarbonate is in equilibrium with carbon dioxide which is a waste product of
cellular respiration. This carbon dioxide waste can diffuse across the plasma
membrane of the cell and into the bloodstream where most of it diffuses into
erythrocytes. In the erythrocyte the enzyme carbonic anhydrase catalyzes the
hydration of carbon dioxide to carbonic acid, which can then dissociate into
bicarbonate and a proton. The bicarbonate ion is then efficiently transported back
into the bloodstream via the chloride/bicarbonate exchanger 1 (AE1l). The
bicarbonate ion, which is more soluble in plasma than carbon dioxide, can then
travel in the bloodstream to the lungs where the partial pressure of carbon dioxide
is lower than it is in the blood. This results in the diffusion of carbon dioxide out
of the blood and into the lungs, and drives bicarbonate transport back into the
erythrocyte by mass action through AE1, where it is converted into carbon
dioxide by carbonic anhydrase. The carbon dioxide in the erythrocyte then freely
diffuses out of the cell and into the lungs to be exhaled, and thereby a major
metabolic waste product of our bodies is efficiently removed.

With the number of physiologically important processes that ion channels
and transporters play in the body, it should come as no surprise that when these
processes are impaired, severe physiological consequences sometimes arise.
Cystic fibrosis is a disease that is caused by mutations in a chloride channel
named the cystic fibrosis transmembrane conductance regulator (CFTR). This

disease affects the proper function of secretory epithelial cells and often results in



pancreatic and lung disease. In addition, mutations in the solute carrier 26 family
member A3 (SLC26A3), which is a chloride-bicarbonate transporter, cause a
disease named congenital chloride diarrhea. The studies described in this
dissertation will focus on the structural and functional characterization of four
congenital chloride diarrhea causing mutations found in the C-terminal domain of
SLC26A3, as well biochemical studies of the intracellular domains of CFTR.
Chapter II presents a review of the literature of CFTR structure, function and
regulation as well as the function of SLC26A3 and other SLC26A family
members. Chapter III describes experiments that addressed the biochemical
properties of the first and second nucleotide binding domains of CFTR, along
with a discussion of the three dimensional structure of the first nucleotide binding
domain of CFTR. Chapter IV describes the expression and characterization of the
biochemical, biophysical and functional properties of the C-terminal STAS
domain of SLC26A3, while chapter V will discuss the molecular pathology of
four congenital chloride diarrhea causing mutations impact these properties of the
STAS domain as well as the properties of the full length transporter. Chapter VI
presents structural data collected on the SLC26A3 STAS domain as well as a
bacterial homolog of the STAS domain. In conclusion, chapter VII suggests
future experiments that will extend and expand upon the work described in the

previous chapters of this dissertation.



Chapter Two

Literature Review

Introduction:

The cell is the basic unit of life, and all organisms are comprised of one or
more cells. A common feature among all cells regardless of the organism or the
cell’s specialized function is the plasma membrane. The plasma membrane is
comprised of lipid molecules, which are amphipathic molecules that have a
hydrophilic “head group” and a “hydrophobic tail.” The amphipathic nature of
these molecules allows them to form lipid bilayers where the “hydrophobic tails”
orient themselves on the inside of the bilayer while the hydrophilic “head groups”
face the aqueous environment (Figure 2-1). The plasma membrane of the cell
extends around the cell and forms a water-impermeable barrier that separates the
inside of the cell from the extracellular environment. This separation allows
different concentrations of molecules to be established in the cytosol of the cell
compared to the external environment, a process which is essential for life.

The hydrophobic core of the lipid bilayer prohibits most polar and charged
molecules from passing through it unaided. The cell has evolved protein
molecules that reside in the lipid bilayer to facilitate the movements of ions and

other solutes across biological membranes. These membrane proteins catalyze
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FIGURE 2-1: Lipid schematic and bilayer assembly. A cartoon model of a lipid
molecule is shown depicting the hydrophilic head group and hydrophobic tail.
Hydrophobic interactions between lipid tails and repulsive forces between the lipid
tails and the aqueous environment result in the assembly of bilayers.

the movement of various solutes across cellular membranes, and are responsible
for the cell’s ability to concentrate nutrients in the cytosol and expel waste
products into the extracellular environment.

Membrane proteins that move solutes across biological membranes can be
divided into one of two broad classes of proteins: channels or transporters. Both
channels and transporters have distinct functions in the cell as well as solute
transport properties. lon channels are comprised of a selective pore which
typically allows for the transport of a specific ion across the membrane, and a gate
that regulates the opening and closing of the pore. When the gate is open, the ion
specific to the channel can flow down its electrochemical gradient until the

gradient no longer exists and equilibrium is reached, or the gate is closed. Ion



channels are considered “passive transporters” since they use existing
electrochemical gradients to move their solute across the membrane. In contrast
to channels, transporter proteins can move a wide variety of molecules across
biological membranes such as ions, sugars, amino acids and proteins. Transporter
proteins are thought to function by altering access of the solute binding sites to the
cytosol and extracellular environment by undergoing a conformational change.
Transporters come in four main varieties: pumps, uniporters, symporters and
exchangers. Pumps utilize chemical energy from molecules such as ATP to
transport solutes against their electrochemical gradient. One distinguishing
feature between pumps and the other transporters are that pumps are enzymes and
can catalyze the hydrolysis of ATP to ADP and P;, thereby utilizing the energy of
ATP binding and hydrolysis for the vectoral transport of substrate. As a result
pumps are often referred to as “primary active transporters,” as they are
responsible for establishing electrochemical gradients that are used by “secondary
active transporters” to move other solutes across membranes (see below).
Uniporters on the other hand transport a single solute down its electrochemical
gradient similar to ion channels, thus are considered “passive transporters.”
Symporters and exchangers move two or more substrates across the membrane
during each transport cycle. Symporters move their substrates in the same
direction while exchangers move their solutes in opposite directions across the

membrane.  Depending upon the concentration gradients of the solutes,



symporters and exchangers can be “passive transporters” moving their solutes
down their electrochemical gradients, or they can couple the movement of one
solute down its electrochemical gradient to another solute which is transported up
its electrochemical gradient. In the latter example, the transporter is releasing
some of the potential energy stored in the electrochemical gradient by moving one
solute “downhill,” while coupling that released energy to the movement of a
second solute “uphill” against its electrochemical gradient. Since the transporter
is using the energy stored in the electrochemical gradient to actively concentrate a
solute, this membrane protein is considered to be a “secondary active transporter.”

The ATP binding cassette (ABC) transporter family is an example of
“primary active transporters” which use the chemical energy stored in ATP to
concentrate solutes against their chemical gradient, and will be reviewed in the
following section of this chapter. Subsequent to the review of ABC transporters,
the solute carrier family 26A (SLC26A), which are ion exchangers, will be
extensively reviewed. The final section of this literature review will be on the
structure and function of the SLC26A C-terminally conserved STAS domains,
and their ability to regulate the function of a unique member of the ABC
transporter family, the cystic fibrosis transmembrane conductance regulator

(CFTR).



ABC Transporter Introduction:

ATP binding cassette (ABC) transporters move solutes across biological
membranes by utilizing the energy of ATP binding and hydrolysis to pump a
solute up its chemical gradient (Higgins, 1992; Schneider and Hunke, 1998).
ABC transporters are found in all three kingdoms of life, and thus likely represent
an ancient mechanism for solutes transport (Higgins, 1992). These transporters
have a number of biological functions that include but are not limited to nutrient
uptake, protein secretion, lipid transport, antibiotic resistance, and antigen
presentation (Dean et al., 2001; Frelet and Klein, 2006; Higgins, 1992; Schneider
and Hunke, 1998). In humans, ABC transporter dysfunction can lead to a variety
of diseases such as Cystic Fibrosis, Tangier and Stargardt disease and
Adrenoleukodystrophy.

ABC transporters can be recognized by their domain structure and
conserved sequence motifs. Typically ABC transporters are composed of two
transmembrane domains (TMDs), each containing 6 or more transmembrane o-
helices, and two cytoplasmic nucleotide binding domains (NBDs) (Gottesman and
Ambudkar, 2001; Higgins, 1992; Schneider and Hunke, 1998). The NBDs
contain the highly conserved Walker A (GXXGXGKS/T) and extended Walker B
(DODDODEP) motifs where X represents any amino acid and @ is a hydrophobic
amino acid, and a third highly conserved motif called the signature sequence

(LSGGQ) (Higgins, 1992). The Walker A and B motifs are known to play a role
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in ATP binding and hydrolysis in other proteins (Higgins et al., 1985), while the
signature motif is unique to ABC transporters (Walker et al., 1982).

The architecture of ABC transporters often differ in prokaryotes and
eukaryotes. In prokaryotes the TMDs and NBDs are often encoded by different
genes while in eukaryotic organisms the TMDs and NBDs are often fused
together as a single polypeptide (Figure 2-2) (Higgins, 1992). However, other
domain organizations do exist with some ABC transporters existing as a single
TMD fused with a single NBD, creating a “half transporter” or having the two
TMDs fused together on a single gene and the two NBDs fused together on a
separate gene (Figure 2-2). In some ABC transporters, additional regulatory
domains exist which provide additional functionality for these transporters. The
mechanism by which ABC transporters moves solutes across biological
membranes, and the roles that the individual domains play are not completely
understood. However, ABC transporters are predicted to function by coupling the
energy of ATP binding and hydrolysis in the NBDs to substrate translocation
through the TMDs. Recent findings have begun to elucidate the molecular
mechanism(s) by which ABC transporters function, and the role that the

individual domains play during the transport process.

11



Extracellular
Cytosol
OppD BtuCD HisP
S.typ E.col S.typ
Extracellular Y (FF7PTTI
Cytosol U J =
Cé)}
Tap1/2 MDR CFTR
H.sap H.sap H.sap

FIGURE 2-2: ABC transporter structure. ABC transporters typically contain four
domains, two transmembrane domains (TMDs) and two nucleotide binding domains
(NBDs). The genetic structure of these domains vary as they can exist as independent
polypeptide chains that can assemble into active transporters, or they can be fused
together in multiple ways to form the basic four domain structure. Six examples of
ABC transporter domain architectures are shown with independent or fused domains,
and identical or different NBDs or TMDs.
ABC Transporter NBD Structure and Function:

The NBDs of ABC transporters are approximately 200 amino acids in
length and contain the conserved Walker A and B motifs along with the signature
sequence which are thought to be required for ATP binding and hydrolysis
(Higgins, 1992; Higgins et al., 1985; Walker et al., 1982). Indeed, many

recombinantly expressed and purified NBDs have ATPase activity which supports

the idea that the ATP binding and hydrolysis function of ABC transporters resides
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in the NBDs (Morbach et al., 1993; Nikaido et al., 1997). Prior to 1998, no high-
resolution structures of ABC transporters NBDs existed, and mutational studies
provided the main source of information regarding these domains. The highly
conserved Walker A lysine residue is thought to play a role in coordinating the y-
ATP phosphate. Thus mutation studies of transporters in which this lysine is
mutated support this hypothesis, and typically result in proteins which have
reduced ATP hydrolysis activities (Aparicio et al., 1996; Delepelaire, 1994; Lewis
et al., 2004; Schneider et al., 1994). The crystal structures of the F;-ATPase and
the RecA protein suggested that the Walker B aspartate residue may be involved
in hydrolysis of ATP (Abrahams et al., 1994; Story and Steitz, 1992; Story et al.,
1992). Mutations of the Walker B aspartate residue also resulted in proteins that
have abolished ATPase activity and nucleotide binding (Koronakis et al., 1995;
Panagiotidis et al., 1993; Shyamala et al., 1991). Mutations in the ABC
transporter signature sequence are also known to cause a loss of ATPase activity,
suggesting that this sequence forms part of the ATP binding site (Bakos et al.,
1997; Bliss et al., 1996; Browne et al., 1996; Hoof et al., 1994; Panagiotidis et al.,
1993; Schmees et al., 1999).

The first crystal structure of an ABC transporter NBD was solved in 1998
(Hung et al., 1998). The HisP structure revealed a mixed o/} protein which can
be divided into two sub-domains, one with a core Rossman-like fold and a second

sub-domain comprised of a-helices (Figure 2-3). The HisP NBD was crystallized
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FIGURE 2-3: The crystal structure of HisP. The crystal structure of HisP (PDB:
1BOU) is shown in three different orientations. The a-helices and B-strands are
colored orange and green respectively while the ATP molecule is colored red. The
blue colored secondary structural elements represent the highly conserved Walker A
and B motifs and the ABC signature sequence which are labeled appropriately along
with the N and C-termini. Notice that HisP contains a mixed o/pf and an a-helical
subdomain, which can be easily observed in the orientation on the left.
in the presence of ATP which allowed the molecular interactions between the
HisP residues and the ATP molecule to be better understood. As predicted, the
Walker A lysine was found to help coordinate the y-phosphate of the ATP
molecule, while additionally conserved residues in the Walker A motif help
coordinate the B-phosphate of the ATP molecule. The highly conserved Walker
B aspartate was found to coordinate a water molecule that interacts with the vy-
phosphate of ATP, and it was suggested that the position of this water would
likely be the position of a Mg*" ion in a hydrolytically competent complex based

upon the RecA and F;-ATPase structures (Hung et al., 1998). The conserved

glutamate residue just after the Walker B aspartate also interacts with a water
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molecule which is in position to facilitate the hydrolysis of the -y phosphate

bond, consistent with it being the “attacking water” for the ATP hydrolysis

reaction, suggesting that this glutamate residue may serve as the activating

residue. Interestingly, the signature sequence of HisP was not found to be close to

the ATP binding site, and there was no obvious structural requirement for this

sequence which could explain the high sequence conservation.

Monomer 2

Monomer 1

FIGURE 2-4: A cartoon schematic of
an ABC transporter NBD dimer. A
cartoon of two ABC transporter NBDs
forming the proposed ‘“head-to-tail”
dimer. Notice that the ATP binding
pocket is composed of the highly
conserved Walker A and B motifs of one
monomer, and the signature sequence
(labeled C) of the opposing monomer.

Shortly after the publication of

HisP, a mini-review of ABC
transporters was published by Jones
and George who suggested a
functional role for the signature
sequence (Jones and George, 1999).
They proposed that ABC transporter
NBDs form symmetrical head-to-tail
dimers, where the Walker A and B
motifs of one monomer are in close
proximity to the signature sequence of
the opposing monomer (Figure 2-4).

Their hypothesis for an NBD dimer

was based on the fact that the
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conservation of the Walker A and B motifs was most likely due to their
involvement in ATP binding and hydrolysis, and logic suggested that the
conservation of the signature sequence would also be due to its involvement in
ATP binding and hydrolysis. In addition, Jones and George proposed this model
based upon another symmetry-related HisP dimer not discussed in the original
publication that had two residues close to the signature sequence interacting with
the ATP y-phosphate. Models created from the HisP coordinates suggested that
an NBD dimer could exist without significant steric clashes of backbone and side
chain atoms which further supported their model for dimerization. This model
also explained the previously reported data suggesting cooperativity between the

two NBDs and their ATPase activities (Davidson et al., 1996; Liu et al., 1997).

ABC Transporter NBD Dimerization:

The first structural evidence to support the “head-to-tail” hypothesis came
from the crystal structure of the DNA repair enzyme Rad50, a homolog of ABC
transporter NBDs (Hopfner et al., 2000). The Rad50 structure showed a
symmetrical dimer similar to that which was proposed by Jones and George a
year earlier. However, subsequent to the publication of the Rad50 structure, four
separate NBD crystal structures were published, none of which crystallized in a
“head-to-tail” fashion (Diederichs et al., 2000; Gaudet and Wiley, 2001;

Karpowich et al., 2001; Yuan et al., 2001). All of these structures revealed very
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MJ0796 MJ1267

FIGURE 2-5: Examples of the ABC transporter NBD fold. Five crystal
structures are shown of ABC transporter NBDs along with one NBD-like fold
from the DNA repair enzyme Rad50. The PDB files shown in the figure are as
follows: HisP 1BOU, Tapl 1JJ7, MalK 1G29, MJ0796 1F30, MJ1267 1G6H,
Rad50 1F2U.

similar overall structures to HisP (Figure 2-5), but it wasn’t until the publication
of the BtuCD and MJ0796 structures that the “head-to-tail” dimer was observed in
ABC transporter NBDs (Locher et al., 2002; Smith et al., 2002) (Figure 2-6).

Both the BtuD and MJ0796 structures were “trapped” in a dimer state,
BtuD by vanadate and the transmembrane domains of BtuC, while MJ0796 was
trapped in a dimer by the mutation E171Q (Locher et al., 2002; Moody et al.,
2002). The subunits in the vanadate trapped BtuD dimer are not as close together
as those in the ATP MJ0796 dimer, suggesting that the BtuD dimer may represent

a transition state of the NBD ATP hydrolysis cycle. The E171Q mutation in
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FIGURE 2-6: Crystal structures of ABC transporter NBD dimers. The crystal
structures of E171Q MJ0796 (PDB: 1L2T) and BtuD (PDB: 1L7V) are shown with
their o-helices and B-strands are colored orange and green respectively, while the
ATP or vanidate molecules are colored red. The blue colored secondary structural
elements represent the highly conserved Walker A and B motifs and the ABC
signature sequence in the NBDs.

MJ0796 abolishes ATPase activity and allows for stable dimers to form in the
presence of ATP as measured by gel filtration and analytical ultracentrifugation,
whereas wild type dimers were not observable by these techniques (Moody et al.,
2002). Since these initial studies, several other groups have observed the “head-
to-tail” dimers in crystal structures including another full length ABC transporter

as well as in isolated NBDs. These studies suggest that this dimeric arrangement
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of the NBDs is functionally important for the transport activity of ABC
transporters (Chang, 2003; Chen et al., 2003; Horn et al., 2003; Reyes and Chang,

2005; Verdon et al., 2003b; Zaitseva et al., 2005).

ABC Transporter Transmembrane Domains:

The transmembrane domains of ABC transporters provide the permeation
pathway for solute transport across the membrane. ABC transporters typically
have two transmembrane domains, each consisting of six transmembrane
spanning o-helices (Higgins, 1992). However, the TMDs are not as well
conserved across the ABC transporter superfamily as are the NBDs, thus
variations in the number of TM spans do exist which may stem from the wide
variety of solutes that ABC transporters move across membranes. The crystal
structures of BtuCD from E. coli and MsbA from E. coli, S. typhimurium and V.
cholera provide a molecular picture of the a-helical organization and a potential
permeation pathway through the TMDs (Locher et al., 2002; Reyes and Chang,
2005) (Figure 2-7).

MsbA is a lipid flipase which transports lipid A and lipopolysaccharide
(LPS) to the outer membrane (Karow and Georgopoulos, 1993; Polissi and
Georgopoulos, 1996; Reuter et al., 2003; Zhou et al., 1998). Three different
crystal structures have been solved for the MsbA protein and show varied

structural details in the orientation of the TMDs and NBDs (Chang, 2003; Chang
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FIGURE 2-7: The crystal structures of complete ABC transporters. The crystal
structures of the ABC Transporters BtuCD (PDB: 1L7V) and MsbA (PDB: 1Z2R) are
shown. The a-helices and B-strands are colored orange and green respectively, while
the ATP molecule is colored red. The blue colored secondary structural elements
represent the highly conserved Walker A and B motifs and the ABC signature
sequence in the NBDs. The horizontal lines represent the lipid bilayer in which the
TMDs are imbedded. The TMD-NBD interface is composed of specific cytoplasmic
loops of the TMDs and the a-helical sub-domain of the NBDs.

and Roth, 2001; Reyes and Chang, 2005). Each MsbA molecule has six
transmembrane a-helices, which in the E. coli structure have portions that are not
continuous a-helix. This is possibly due to the transmembrane spans being
partially unfolded in the E. coli structure, which is in contrast to the V. cholera or
S. typhimurium structures that have continuous transmembrane o-helices.
Consistent throughout the three structures is TM span six which lines the inner

cavity of the transporter and is thought to play a role in binding lipid A and
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transporting it from the inner to outer leaflet of the membrane (Chang, 2003;
Chang and Roth, 2001; Reyes and Chang, 2005). Indeed, when the MsbA
monomers are superimposed upon one another, TM spans five and six show
significant conformational changes in the post-hydrolysis S. #phimurium
structure, consistent with these o-helices contributing to the transport cycle
(Reyes and Chang, 2005).

BtuCD is a vitamin By, transporter and unlike most ABC transporters has
ten transmembrane spanning a-helices instead of the canonical six. The BtuCD
structure shows the TMDs closely packed with one another, and a cavity that is
formed between the two BtuD monomers by TM spans five and ten (Figure 2-7).
Although the BtuCD structure was crystallized in the absence of vitamin B, this
cavity is of sufficient size to accommodate a vitamin B;, molecule and is
suspected to be the permeation pathway (Locher et al., 2002). The intracellular
loop between TM spans four and five form the putative gate that separates the
cytosol from the periplasmicly filled cavity (Locher et al., 2002).

The BtuCD and the V. cholera and S. typhimurium MsbA structures show
intradomain contacts between the NBDs and the TMDs (Chang, 2003; Locher et
al., 2002; Reyes and Chang, 2005). Much of the interaction between the TMDs
and NBDs is formed by intracellular loops of the TMDs which interact with the

a-helical sub-domain of the NBDs, as well as the groove formed between the a-

helical and a/f core sub-domains. Previously, the a-helical sub-domain of the
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NBDs had been postulated to be involved in providing specificity between NBDs
and TMDs as well as coupling conformational changes in the NBDs from ATP
binding and hydrolysis to conformational changes in the TMDs which ultimately

result in substrate transport (Hyde et al., 1990).

Cystic Fibrosis Introduction:

Cystic Fibrosis (CF) is an autosomal recessive disease which causes
dysfunction of epithelial cells in several organ systems. The loss of proper
pulmonary function is the most common cause of death in CF patients. The loss
of function in these organs arises from mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, which encodes an ABC
transporter (Kerem et al., 1989; Riordan et al., 1989; Rommens et al., 1989).
ABC transporters typically use the energy of ATP binding and hydrolysis to move
solutes across biological membranes (Higgins, 1992; Schneider and Hunke,
1998). However, the CFTR protein is unusual among the ABC transporters in
that it is not a transporter, rather it is an ATP gated chloride channel (Rich et al.,
1990). Mutations in the CFTR gene that give rise to CF do so in a number of
ways and as a result, CF causing mutations can be categorized into one of five
classes. Class I mutations affect CFTR biosynthesis while class II mutations
affect protein maturation (Kulczycki et al., 2003; Rowntree and Harris, 2003).

Class III and IV mutations affect CFTR channel gating and conductance
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respectively, while class V mutations lower the expression of the CFTR protein
(Kulezycki et al., 2003; Rowntree and Harris, 2003). The most common CF
causing mutation is the deletion of phenylalanine at position 508 (AF508) in
CFTR. This mutation is a class II mutation and accounts for approximately 70%
of the CF alleles and roughly 90% of CF patients have at least one copy of this
mutation (Kerem et al., 1989; Riordan et al., 1989).

The CFTR protein is found in multiple tissues and organs and as a result
the loss of normal CFTR function impacts a wide variety of bodily functions
(Gadsby et al., 2006; Rowntree and Harris, 2003). The CFTR protein plays a role
in the exocrine pancreatic function which is responsible for secreting a number of
enzymes that aid in the digestion of consumed foodstuffs (Ahmed et al., 2003;
Choi et al., 2001a; Choi et al., 2001b; Soleimani and Ulrich, 2000). The loss of
proper CFTR function in the pancreatic duct leads to blockage of the duct and
retention of the digestive enzymes, which in turn digest the acini and islets cells
and results in pancreatic insufficiency. Pancreatic insufficiency can result in
malnutrition and death if left untreated. A genotype-phenotype correlation exists
between mutations in CFTR and pancreatic insufficiency, while no such
correlation exists for airway disease (Kulczycki et al., 2003; Rowntree and Harris,
2003; Zielenski, 2000). Airway disease in CF patients is complicated and not
completely understood. The loss of normal CFTR function leads to viscous

mucus accumulation in the lungs that is difficult for patients to clear (Moskowitz
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et al., 2005). This leads to chronic bacterial infection by the Pseudomonas
aeruginosa bacterium which causes inflammation and ultimately leads to lung
failure (Moskowitz et al., 2005; Pier, 2002). The reason for the increase in
viscosity of the airway mucus in CF patients is not well understood, and two
hypotheses have been put forth to explain the increase in mucus viscosity. One
hypothesis suggests that the loss of proper CFTR function leads to improper
hydration of the mucus in the lung due to a reduced airway surface liquid layer
(Guggino, 1999; Guggino, 2001; Song et al., 2003; Tarran et al., 2001; Zabner et
al., 1998), while the second hypothesis suggests that the loss of proper CFTR
function results in increased salt concentration in the airway surface liquid layer
that inhibits the potency of the antimicrobial defensin molecules and causes
mucins to precipitate out of solution (Bhaskar et al., 1991; Coakley et al., 2003;
Devor et al., 1999; Lee et al., 1998). Regardless of the cause of the increased
mucus viscosity, combating the Pseudomonas aeruginosa infections presents one
of the greatest challenges to CF patients and physicians alike.

With the high prevalence of the AF508 mutation in the CF population, and
its highly deleterious effects on the patient’s lung and pancreatic functions, it has
been intensely studied. Many studies have focused on trying to understand what
is wrong with the AF508 protein and how can it be corrected. The AF508
mutation has been shown to inhibit protein trafficking and maturation to the

plasma membrane (Cheng et al., 1990; Ward and Kopito, 1994). If cells
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expressing AF508 CFTR protein are grown at a reduced temperature, some of the
mutant protein can properly traffic to the plasma membrane (Sato et al., 1995).
Growing cells expressing the AF508 CFTR protein in the presence of osmolytes
such as glycerol and myoinositol have also been demonstrated to help correct the
trafficking defect of the mutant CFTR protein (Sato et al., 1995; Zhang et al.,
2003). Once at the plasma membrane, the AF508 CFTR protein does have some
chloride channel activity (Cheng et al., 1995; Hwang et al., 1997; Sato et al.,
1995; Zhang et al., 2003). This suggests, and gives hope, that if a therapeutic
agent can be found to allow the proper trafficking of the AF508 CFTR protein to
the plasma membrane, it may restore proper epithelial function and help to reduce
or eliminate the pancreatic insufficiency and airway disease that afflicts CF

patients.

CFTR Structure and Function:

When the CFTR gene was cloned it was found to encode a 1480 amino
acid protein which contained two putative transmembrane domains, two
nucleotide binding domains and a unique regulatory or R-domain (Kerem et al.,
1989; Riordan et al., 1989; Rommens et al., 1989) (Figure 2-8). The domain
structure of the protein along with the highly conserved Walker A and B motifs
and the signature sequence suggested that the CFTR protein was a member of the

ABC transporter superfamily. The cloning of an ABC transporter was
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known that CF patients had epithelia

Cytosol that were deficient in chloride

transport and thus the assumption was
that the protein responsible for CF was

FIGURE 2-8: The domain structure of > chloride channel (Quinton, 1983). It

CFTR. A cartoon model of CFTR is
shown with the NBDs and R-domain in
the  cytoplasm, and the two
transmembrane domains consisting of
six  o-helices imbedded in the
membrane.

was also known at the time that the
chloride channel activity of secretory
epithelial was cAMP protein kinase A
(PKA) dependant, and the regulatory
domain of CFTR contained numerous PKA phosphorylation consensus sites
(Riordan et al., 1989). As a result, the CFTR gene product was suspected of
regulating chloride channel activity and hence the name cystic fibrosis
transmembrane conductance regulator (Riordan et al., 1989).

Although the CFTR protein is a member of the ABC transporter family, it
was discovered to have chloride channel properties itself (Anderson et al., 1991b;
Kartner et al., 1991) which were regulated by PKA phosphorylation (Anderson et
al., 1991a; Berger et al., 1991; Cheng et al., 1991). ATP is required for proper
channel gating, and chloride conductance is observed only when ATP can bind to
both NBD1 and NBD2 (Anderson et al., 1991a; Anderson and Welsh, 1992;

Berger et al., 1991; Cheng et al., 1991). More recently it has been demonstrated
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that ATP binding to NBD1 and NBD2 is required for opening of the CFTR
channel, while hydrolysis of ATP at NBD2 closes the channel (Basso et al., 2003;
Berger et al., 2005; Vergani et al., 2005; Vergani et al., 2003).

In addition to chloride channel activity CFTR has also been suggested to
transport bicarbonate (Gray et al., 1990; Linsdell et al., 1997; Poulsen et al.,
1994). This data is consistent with the observation that bicarbonate transport is
altered in CF patients (Choi et al., 2001b; Johansen et al., 1968; Kopelman et al.,
1988). Recently, CFTR was demonstrated to transport bicarbonate only in the
absence of extracelluar chloride (Shcheynikov et al., 2004). It was demonstrated
that CFTR undergoes a conformational change in the absence of chloride which
presumably alters the pore region of CFTR and allows for bicarbonate transport
(Shcheynikov et al., 2004) (Figure 2-9). However, when chloride is present the
CFTR pore is more selective for chloride than bicarbonate, suggesting that under
many physiological conditions CFTR does not transport the majority of
bicarbonate in secretory epithelial cells (Shcheynikov et al., 2004).

High-resolution structural information regarding CFTR is only available
for NBDI1 (Lewis et al., 2004; Lewis et al., 2005). The first structures reported
for CFTR NBD1 were of mouse sequence, and revealed a number of important
findings. Firstly, the domain structure of the mouse CFTR NBD1 was highly
similar to other NBDs whose crystal structures had been previously solved

(Chang, 2003; Chang and Roth, 2001; Chen et al., 2003; Diederichs et al., 2000;

27



Trypsin

(ug/ml)
Gluconate + s + + =+

Cr
‘ <4FL
<

1754

83

62-
47 |
. ’:'.-°’o.- ® g

s |

254

FIGURE 2-9: CFTR conformation is altered by CI ions. Cell lysates from Calu-3
cells were made using buffers where the major anion was ClI- or gluconate, as
indicated in the figure. The lysates were subjected to digestion by various
concentrations of trypsin for 10 min on ice and separated by SDS-PAGE. The digests
were probed with a mixture of anti-CFTR antibodies to maximize detection of CFTR
fragments. Similar results were obtained in four experiments. Arrowheads on the right
mark CFTR fragments while FL indicates full-length. Molecular weight markers are
measured in kDa. Adapted by permission from ASBMB: Shcheynikov et al. J Biol
Chem (2004) 279(21):21857-65.
Gaudet and Wiley, 2001; Horn et al., 2003; Hung et al., 1998; Karpowich et al.,
2001; Locher et al., 2002; Reyes and Chang, 2005; Schmitt et al., 2003; Smith et
al., 2002; Verdon et al., 2003a; Yuan et al., 2001) (Figure 2-10). The structure
also revealed that there was a large unstructured insertion between the first and
second [-strands of the domain which had not been identified previously (Figure
2-11). As a result, the N-terminus of CFTR NBDI is earlier in sequence than
previously predicted (Lewis et al., 2004). In addition to the location of the N-

terminus, the C-terminus was also found to be further in sequence than predicted
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FIGURE 2-10: The crystal structure of mouse CFTR NBD1. The crystal
structure of mouse CFTR NBD1 (PDB: 1R0X) is shown with its a-helices and -
strands colored orange and green respectively, while the ATP molecule is colored
red. The blue colored secondary structural elements represent the highly conserved
Walker A and B motifs and the ABC signature sequence. The F508 side chain is
shown in stick figure representation and is colored purple.

(Lewis et al., 2004). The CFTR NBDI structure also revealed that the F508
residue was on the surface of the domain near the end of the first a-helix in the a-
helical sub-domain. Subsequently, the structure of human CFTR NBDI was
solved with and without the F508 residue, but with a number of solubilizing
mutations (Lewis et al., 2005). The loss of the F508 residue did not grossly

change the structure of the domain, consistent with previous suggestions that the
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FIGURE 2-11: An ABC transporter multiple sequence alignment. A multiple sequence alignment of ABC transporter nucleotide binding
domains was constructed using the T-coffee and Boxshade programs, and highlights the N-terminal insertion in CFTR NBD1 which was
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loss of F508 impacts the folding pathway of the protein and not the native state
stability (Qu et al., 1997; Qu and Thomas, 1996; Strickland et al., 1997).

Functional data suggests that CFTR NBD1 and NBD2 form a heterodimer
similar to those observed in previous crystal structures (Aleksandrov et al., 2002;
Basso et al., 2003; Berger et al., 2005; Vergani et al., 2005; Vergani et al., 2003).
This is consistent with the fact that critical residues involved in ATP hydrolysis
are absent from both NBD1 and NBD2. The lack of a canonical signature motif
in NBD2 and the lack of the conserved histidine and aspartate in the H-loop and
Walker B motif respectively in NBD1 suggest that homodimers would not
support ATPase activity (Figure 2-12). Consistent with this notion are
biochemical data that suggest that NBD1 alone does not support ATP hydrolysis
(Lewis et al., 2004; Yike et al., 1996). When NBD1 and NBD2 are mixed with
one another the ATPase activity of the mixture is approximately three fold above
the ATPase activity of NBD1 or NBD2 alone, consistent with the heterodimers
forming a hydrolytically competent active site (Kidd et al., 2004).

In contrast to the NBDs of CFTR, the TMDs are functionally less well
understood. Numerous mutational studies have been performed on residues in the
TMDs in an attempt to define the pore region of CFTR. The results from many of
those studies suggest that transmembrane spans 1, 5, 6 and 12 line the pore of
CFTR (Cheung and Akabas, 1996; Cheung and Akabas, 1997; Mansoura et al.,

1998; McDonough et al., 1994; Zhang et al., 2000; Zhang et al., 2002). Even with
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FIGURE 2-12: CFTR NBD sequence variations and their potential impact on
NBD ATPase activity. Cartoon models of the three possible CFTR NBD dimers
are shown with their Walker A, Walker B and signature sequences labeled A, B
and C respectively. Canonical sequences are labeled in black while motifs that
deviate from the consensus sequence are labeled in orange. The only dimer
arrangement which allows for an ATP binding site that contains canonical Walker
A and B motifs and a canonical signature sequences is an NBDI1-NBD2
heterodimer. Presumably this is the only arrangement which would allow for
ATPase activity.

the mutational data available a complete picture of the chloride permeation
pathway through CFTR is not apparent, and a complete understanding of the
CFTR pore and transport mechanism will likely require high resolution
crystallographic studies of the TMDs.

The R-domain is unique to CFTR and contains multiple PKA
phosphorylation consensus sites (Riordan et al., 1989). Eight serine residues are
phosphorylated by PKA in vitro while five residues have been demonstrated to be
phosphorylated in vivo (Cheng et al., 1991; Neville et al., 1997; Picciotto et al.,

1992; Townsend et al., 1996). The R-domain has been shown to be highly
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unstructured in solution by CD and limited proteolysis experiments, regardless of
the phosphorylation state of the domain (Ostedgaard et al., 2000). The molecular
mechanism by which the R-domain regulates CFTR activity is not well
understood. Current models suggest that the R-domain activates CFTR by
binding to unknown sites after PKA phosphorylation which results in a
conformational change of CFTR that allows channel gating to occur in the
presence of ATP (Chappe et al., 2005; Ostedgaard et al., 2001). In this sense the
R-domain of CFTR is operating like the clutch of a car, where phosphorylation of
the domain allows the clutch to engage and channel activity to occur. In the
absence of phosphorylation the clutch of the car is disengaged, and channel
activity is not observed.

In addition to the regulation of CFTR channel activity, the R-domain has
also been shown to be involved in regulating the activity of members of the
SLC26A family of proteins (Ko et al., 2002; Ko et al., 2004). In a reciprocal
fashion, the intracellular domains of the SLC26A proteins activate CFTR’s
chloride channel activity, and this activity is mediated through the R-domain of
CFTR (Ko et al., 2002; Ko et al., 2004). This novel regulatory interaction will be
reviewed in the following section along with an extensive discussion on the

SLC26A3 protein and additional SLC26A family members.
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Introduction to SLC26A4 Transporters:

The solute carrier 26 A (SLC26A) family of proteins is a recently
described family of anion transporters that are expressed in the apical or
basolateral membrane of epithelial cells. These membrane proteins transport a
wide variety of anions across cellular membranes that include chloride,
bicarbonate, hydroxide, formate, oxalate, sulfate, and iodide (Jiang et al., 2002;
Karniski et al., 1998; Moseley et al., 1999; Satoh et al., 1998; Scott and Karniski,
2000; Shcheynikov et al., 2006; Soleimani et al., 2001; Xie et al., 2002). This
family of proteins currently has eleven members, ten of which have been shown
to be expressed in humans and one, SLC26A10, which is thought to be a
pseudogene (Mount and Romero, 2004). The individual SLC26A family
members have various tissue expression patterns with some members being
expressed in very specific cells of the body, such as SLC26A5, while others like
SLC26A6 are expressed in many tissues throughout the body (Dawson and
Markovich, 2005; Haila et al., 2001; Hoglund et al., 1996b; Jacob et al., 2002;
Knauf et al., 2001; Lohi et al., 2000; Lohi et al., 2002a; Royaux et al., 2000; Satoh
et al., 1998; Soleimani et al., 2001; Toure et al., 2001; Waldegger et al., 2001; Xie
et al., 2002). Mutations in SLC26A2, SLC26A3, SLC26A4 and SLC26A5 have
all been implicated in different human diseases, highlighting the important role
the SLC26A transporters play in the human body (Everett et al., 1997; Hastbacka

et al., 1994; Hastbacka et al., 1996a; Hastbacka et al., 1996b; Hoglund et al.,
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1996b; Liu et al., 2003; Superti-Furga et al., 1996a; Superti-Furga et al., 1996b;
Superti-Furga et al., 1999).

Because SLC26A transporters are newly described, little is known about
them. The transport properties and biological functions are known for many of
the SLC26A family members. A number of functional roles have been described
for the SLC26A transporters which include thyroid hormone and cartilage
synthesis, gastric acid secretion and neutralization, as well as skeletal
development and the transport of various ions in the kidney (Mount and Romero,
2004). With the wide variety of anions transported and the various biological
functions the SLC26A play in the body, it is not unexpected that the sequence
identity of SLC26A homologs range from 21-43% (Mount and Romero, 2004).
The SLC26A transporters typically are between 700-800 amino acids in length,
although exceptions exist as SLC26A8 is 970 amino acids long. The N-terminal
two-thirds of the protein are largely hydrophobic and presumably comprise the
transmembrane spans of the transporter and form the ion permeation pathway.
Various models have been put forth as to the number of transmembrane spans
each SLC26A protein contains, but the emerging consensus is that most SLC26A
transporters likely have twelve transmembrane spanning o-helices with their N
and C-termini located in the cytosol (Lohi et al., 2002a; Lohi et al., 2003;
Moseley et al., 1999; Navaratnam et al., 2005; Taylor et al., 2002; Toure et al.,

2001; Zheng et al., 2001) (Figure 2-13). The C-terminal third of the SLC26A
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FIGURE 2-13: SLC26A domain structure and evolutionary relationships. (A) A
cartoon model of the predicted domain structure of the SLC26A protein showing a
TMD containing twelve a-helices and a cytosolic STAS domain. (B) A phylogenetic
tree showing the evolutionary relationships between the eleven human SLC26A
family members. The phylogenetic tree was made using the Molphy program and the
STAS domains of the SLC26A proteins without the intervening sequence.

proteins is comprised of a conserved STAS domain (Aravind and Koonin, 2000).
The name STAS stands for sulfate transporters and anti-sigma factor antagonists,
as these domains are homologous to the bacterial anti-sigma factor antagonists
that regulate bacterial sporulation (Aravind and Koonin, 2000). A detailed
description of the STAS domains and anti-sigma factor antagonists will be
described in the last section of this literature review.

While the transport function of many of the SLC26A proteins is known,
the regulatory mechanisms that control their function remain largely unknown.
The SLC26A3, 6, 7, 8 and 9 proteins all contain a PDZ binding motif at their C-
termini (Lohi et al., 2002a; Mount and Romero, 2004). The PDZ binding
sequence of SLC26A3 have been demonstrated to bind to the PDZ domain-
containing proteins E3KARP and CAP70, which have also been shown to bind to

CFTR (Ko et al., 2004; Lamprecht et al., 2002; Rossmann et al., 2005; Sun et al.,
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2000; Wang et al., 2002a). Indeed, functional regulation between CFTR and
SLC26A3, SLC26A4 and SLC26A6 have been previously observed (Ko et al.,
2002; Ko et al.,, 2004), suggesting a functional complex between the CFTR

protein and some members of the SLC26A protein family.

SLC26A1:

SLC26A1, also known as the sulfate anion transporter or Sat-1, was first
cloned from rat liver and demonstrated to be a glycoprotein with sulfate
transporting properties (Bissig et al., 1994; Karniski et al., 1998). Subsequently,
the SLC26A1 gene has been cloned from human, mouse and rainbow trout and
shown to transport sulfate in exchange for chloride (Bissig et al., 1994; Katoh et
al., 2006; Lee et al., 2003). Additional functional studies have shown that
SLC26A1 can support sulfate transport as well as minimal amounts of chloride
and oxalate (Bissig et al., 1994; Lee et al., 2003; Regeer et al., 2003).

The biological function of SLC26A1 is not entirely clear, however it has
been suggested that SLC26A1 plays a role in sulfate transport in liver canalicular
cells (Meier et al., 1985; Meier et al., 1987). In addition, it has recently been
shown that SLC26A1 can mediate sulfate-bicarbonate exchange, further
supporting the proposed role of SLC26A1 in sulfur transport in the liver
(Quondamatteo et al., 2006). In addition to the liver, SLC26A1 is highly

expressed in the kidney and expressed to lower levels in the pancreas and testes
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(Regeer et al., 2003). This led Regeer and colleagues to suggest a role for
SLC26A1 in sulfate reabsorption in the kidney. SLC26A1 has been demonstrated
to be localized to the basolateral membrane of various epithelial cells (Karniski et
al., 1998; Quondamatteo et al., 2006; Regeer and Markovich, 2004). In addition,
a dilucine motif in the C-terminal domain of SLC26A1 has been suggested to be
the basolateral targeting sequence, and when mutated the protein appears to be
retained intracellularly (Regeer and Markovich, 2004). When the C-terminal 70
amino acids were placed on the Tac protein, which is targeted to the apical
membrane, Tac traffics to the basolateral membrane. In addition, when the
dilucine motif is removed by deleting the last 30 amino acids of the fusion
protein, Tac regained apical membrane targeting. However, it is still possible that
the targeting sequence is not the dilucine motif and resides elsewhere in C-

terminal portion of SLC26A1.

SLC26A42:

SLC26A2, also known as DTDST, was discovered by positional cloning
of the gene responsible for diastrophic dysplasia (Hastbacka et al., 1994).
Dystrophic dysplasia is an autosomal recessive disorder that is characterized by
dwarfism as well as bone and joint malformations. In addition to diastrophic
dysplasia, three additional chondrodysplasias (achondrogenesis, atelosteogenesis

type II and autosomal recessive multiple epiphyseal dysplasia) have also been
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liked to mutations in the SLC26A2 gene (Hastbacka et al., 1994; Hastbacka et al.,
1996a; Hastbacka et al., 1996b; Superti-Furga et al., 1996a; Superti-Furga et al.,
1996b; Superti-Furga et al., 1999). The SLC26A2 gene product is a sulfate
transporter that also likely transports chloride and bicarbonate (Satoh et al., 1998).
Consistent with the chondrodysplasia phenotype, mutant SLC26A2 was found to
be highly expressed in cartilage, where it may play a key role in the production of
sulfated proteoglycans necessary for proper cartilage function (Forlino et al.,
2005; Satoh et al., 1998; Superti-Furga et al., 1996c). SLC26A2 transcript has
also been found in a variety of other tissues including the placenta, small
intestine, colon and testis (Haila et al., 2001; Satoh et al., 1998) where it may play
a role in sulfating other proteins such as mucins. The SLC26A2 protein is
expressed in the apical membrane of epithelial cells, which is in contrast to its
closest paralog SLC26A1, which is expressed in the basolateral membrane (Haila
et al.,, 2001). A number of chondrodysplasia causing mutations in the SLC26A2
gene have been studied, and a genotype-phenotype correlation exists between the
residual sulfate transport activity and the severity of the disease (Karniski, 2001;
Karniski, 2004; Macias-Gomez et al., 2004; Maeda et al., 2006; Rossi and

Superti-Furga, 2001).
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SLC26A43:

The SLC26A3 gene was first identified as a gene that was down regulated
in human colon adenomas and adenocarcinomas and hence named DRA
(Schweinfest et al., 1993). SLC26A3 has not been conclusively proven to be a
tumor suppressor gene, but it has been suggested to play a role in growth
suppression and individuals with mutations in the SLC26A3 gene do have a
slightly elevated risk of intestinal cancers (Antalis et al., 1998; Chapman et al.,
2002; Hemminki et al., 1998). SLC26A3 transcript has been identified in the
cecum, colon and prostate, while mouse SLC26A3 protein has been identified in
the pancreas, small intestine and parotid ducts (Byeon et al., 1996; Greeley et al.,
2001; Hoglund et al., 1996b; Ko et al., 2004; Silberg et al., 1995). The high level
of SLC26A3 transcript observed in the colon is consistent with the proposed
tumor suppressor role and potentially an anion transport role as well.

Functional studies on SLC26A3 have demonstrated that it is an anion
exchanger which transports sulfate, oxalate, chloride, hydroxide and bicarbonate
(Byeon et al., 1998; Chernova et al., 2003; Ko et al., 2004; Lamprecht et al.,
2002; Moseley et al., 1999; Silberg et al., 1995). SLC26A3 has also been
demonstrated to have a chloride:bicarbonate stoichiometry of 2:1 (Shcheynikov et
al., 2006). Consistent with SLC26A3’s chloride base exchange, mutations in the
SLC26A3 gene were identified in patients who suffer from congenital chloride

diarrhea (CLD) (Hoglund et al., 1996a). This disease is characterized by watery
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diarrhea with low pH which results in dehydration and death if left untreated
(Holmberg, 1986). Butyrate has been shown to be effective in relieving the
diarrhea suffered by patients, while increased salt and water uptake are part of the
traditional clinical management of the disease (Canani et al., 2004). Unlike the
chondrodysplasias caused by mutations in SLC26A2, no genotype-phenotype
correlation exists for CLD, and distinct clinical outcomes are possible depending
upon the age of diagnosis and clinical intervention (Hoglund et al., 2001). Similar
to CF patients, males who suffer from CLD often also suffer from infertility,
which is consistent with the observation that the SLC26A3 gene is transcribed in
the prostate (Hihnala et al., 2006b; Hoglund et al., 1996a; Hoglund et al., 2006).
The SLC26A3 protein has been demonstrated to be a membrane
glycoprotein that resides in the apical membrane of epithelial cells (Byeon et al.,
1996; Ko et al., 2004). A PDZ binding sequence resides on the C-terminus of
SLC26A3 which has been demonstrated to bind to the PDZ domain containing
proteins CAP70 and E3KARP (Lamprecht et al., 2002; Rossmann et al., 2005).
CAP70 and E3KARP have also been demonstrated to interact with CFTR’s C-
terminal PDZ domain, likely co-localizing CFTR and SLC26A3 in the apical
membrane (Lamprecht et al., 2002; Sun et al., 2000; Wang et al., 2002b). In
addition, some CF patients have abnormal bicarbonate secretion and CFTR is not
likely to be the primary bicarbonate transporting protein (Choi et al., 2001b;

Greeley et al., 2001; Poulsen et al., 1994; Shcheynikov et al., 2004; Shumaker et
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FIGURE 2-14: Reciprocal activation of CFTR and SLC26A3. (A) pH;
measurements were made on HEK 293 cells transfected with mouse SLC26A3 alone
or co-transfected with CFTR. pH; changes were measured upon removal of
extracellular Cl- in media buffered with HCO;" in the presence or absence of forskolin
stimulation. (B) CI- current measurements were recorded from HEK 293 cells
transfected with CFTR or co-transfected with CFTR and mouse SLC26A3 in the
presence or absence of forskolin stimulation. Data collected by S.B. Ko.

al., 1999). Since CFTR was not likely the major bicarbonate transporting protein
of secretory epithelia, it was possible that CFTR was regulating a bicarbonate
transporter. Members of the SLC4 family of bicarbonate transporters (the anion
exchangers AE1-4) as well as members of the SLC26A family of anion
transporters were tested for their ability to be activated by CFTR. It was found
that the SLC4 family of proteins was not activated by CFTR, however, members
of the SLC26A family of transporters were markedly activated by CFTR (Ko et
al., 2002) (Figure 2-14). In addition, CFTR’s chloride channel activity was
activated by the presence of SLC26A3 indicating that these two proteins

reciprocally activated each other’s ion transport activity (Ko et al., 2002) (Figure
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FIGURE 2-15: The STAS domain of SLC26A3 and the R-domain of CFTR are
required for co-immunoprecipitation. Western blots and co-immunoprecipitation
experiments of CFTR, CFTR R-domain (RD), mouse SLC26A3 with the STAS
domain deleted (ASTAS), and mouse SLC26A3 STAS domain (STAS) are presented
with the blotting and immunoprecipitation antibodies indicated below the blots. The
ASTAS and STAS domain constructs are myc-tagged while the R-domain is HA
tagged. The proteins transfected in each lane are as follows: lane 1) CFTR, 2) CFTR
+ ASTAS, 3) CFTR + STAS, 4) RD + ASTAS, 5) RD + STAS. Adapted by
permission from Macmillan Publishers Ltd: Ko ef al. Nat Cell Biol. (2004)
6(4):343-50.

2-14). The interaction between SLC26A3 and CFTR has been studied in detail
which has revealed an approximately four fold enhancement of SLC26A3
exchange activity, and roughly a three fold activation of CFTR’s chloride
exchange activity (Ko et al., 2004) (Figure 2-14). This functional activation
suggested a possible physical association between SLC26A3 and CFTR. Co-
immunoprecipitation experiments demonstrated a physical association between
SLC26A3 and CFTR (Ko et al., 2004) (Figure 2-15). The PDZ domains were
found to be important for this interaction but not required as increased expression

of mutant CFTR and SLC26A3 proteins that did not contain the PDZ binding
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sequences preserved the co-immunoprecipitation interaction, whereas in the
absence of over expression no interaction was detected (Ko et al., 2004). This
interaction required the STAS domain of SLC26A3 and the R-domain of CFTR

(Figure 2-15), suggesting that these domains play a role in the reciprocal
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activation previously observed (Ko et al., 2004). Deletion studies of CFTR
confirmed that the R-domain was required for SLC26A3 activation (Figure 2-16),
while the STAS domain alone was sufficient to stimulate CFTR’s chloride
channel activity in cell culture models as well as in mouse parotid duct cells (Ko
et al., 2004) (Figure 2-17). This data prompted further investigation of the STAS

domain which is the subject of chapters four, five and six of this dissertation.

SLC26A44:

Positional cloning of the gene responsible for Pendred syndrome
identified the fourth member of the SLC26A family (Coyle et al., 1996; Sheffield
et al., 1996). Mutations in SLC26A4, also known as pendrin or PDS, is known to
cause Pendred syndrome, which is the most common form of syndromic hearing
loss, as well as DFNB4, which is a non-syndromic form of deafness (Campbell et
al., 2001; Coyle et al., 1996; Fraser, 1965; Li et al., 1998; Prasad et al., 2004). In
addition to deafness, patients with Pendred syndrome can also present with goiter
suggesting a SLC26A4 function in the thyroid (Fraser, 1965). Consistent with
clinical observations, SLC26A4 transcript and protein has been identified in the
thyroid, kidney and cochlea (Everett et al., 1997; Royaux et al., 2000). SLC26A4
has been demonstrated to transport a wide variety of monovalent anions including
chloride, hydroxide, bicarbonate, nitrate, bromide, iodide and formate, but not

divalent anions such as sulfate (Royaux et al., 2000; Scott and Karniski, 2000;
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FIGURE 2-17: MBP-STAS activates CFTR in HEK 293 cells and in
parotid duct cells. (A) and (B) show CI- current recordings from HEK
293 cells transiently transfected with CFTR and infused with either
MBP or MBP-STAS and treated with forskolin (Fsk) or glibenclamide
(Glib). (C) and (D) show CI- current recordings from mouse Parotid
duct cells infused with MBP (panel C) or MBP-STAS (panel D) and
treated with forskolin (Fsk) and glibenclamide (Glib). (E) A summary
of the CI- current stimulation of the parotid duct cells and the transiently
transfected HEK 293 cells. Adapted by permission from Macmillan
Publishers Ltd: Ko et al. Nat Cell Biol. (2004) 6(4):343-50.

Soleimani et al., 2001). Over 90 mutations have been identified in the SLC26A4

gene to date (www.medicine.uiowa.edu/pendredandbor), some of which have

been biochemically characterized. @~ Many of these mutations have been

characterized using functional and cell biological techniques indicating that loss
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of iodide efflux and ER retention are major causes of Pendred syndrome
(Rotman-Pikielny et al., 2002; Taylor et al., 2002). A genotype-phenotype
correlation has been suggested for DFNB4 and Pendred syndrome, however, other
modifying genes and or environmental factors likely play a role in determining
the severity of the disease (Campbell et al., 2001; Masmoudi et al., 2000; Scott

and Karniski, 2000; Taylor et al., 2002).

SLC26A45:

The fifth member of the SLC26A protein family was found when Zheng
and co-workers identified a gene highly expressed in outer hair cells of the
cochlea which they named Prestin (Zheng et al., 2000). Zheng and colleagues
were looking for the protein responsible for outer hair cell electomotility in
response to changes in membrane potential, which is thought to be the basis of
cochlear amplification (Ashmore, 1987; Dallos, 1992). Unlike other members of
the SLC26A family of proteins, SLC26AS5 does not seem to be an anion
exchanger; rather it shows voltage-dependent charge movement across the
membrane that can be measured in the form of nonlinear capacitance (Santos-
Sacchi, 1991; Santos-Sacchi and Huang, 1998; Zheng et al., 2000). It was later
shown that unlike voltage-gated ion channels, the charge movement across the
membrane was not mediated by acidic or basic residues in the protein, but rather

intracellular chloride and bicarbonate ions served as the voltage sensor (Oliver et
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al., 2001). The C-terminal domain of SLC26A5 has been demonstrated to play a
role in this nonlinear capacitance as well as protein trafficking (Bai et al., 2006;
Zheng et al., 2005). A recent report suggests that the nonlinear capacitance of
SLC26AS5 cannot fully account for the previously published data, and the authors
suggest that an electrogenic anion transport model for SLC26A5 can better
describe the previously observed data (Muallem and Ashmore, 2006). However,
conclusive data showing anion transport activity has not yet been published.
Unlike other SLC26A family members SLC26A5 has been proposed to
function as an oligomer. The N-terminal portion of SLC26AS5 as well as cystine
residues in the transmembrane domain have been identified as sites of
homomultimerization (Navaratnam et al., 2005; Zheng et al., 2005). Additional
studies on other SLC26A family members may also identify physiologically
relevant oligomers, or this oligomerization may continue to be a unique property
of the SLC26AS5 protein. As in SLC26A4, mutations in SLC26AS5 have also been
linked to non-syndromic forms of hearing loss (Liu et al., 2003). This is
consistent with the deafness phenotype of the SLC26AS5 knock out mouse and the
chromosomal mapping of the SLC26AS5 gene to the non-syndromic hearing loss

loci DFNB14 (Liberman et al., 2002; Zheng et al., 2000).
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SLC26A46:

The SLC26A6 gene was identified through homology searches of the
human genome using the sequences of other SLC26A family members as probes
(Lohi et al., 2000). SLC26A6 transcript was found in a number of human tissues
including skeletal muscle, kidney, pancreas, small intestine, stomach and heart
(Lohi et al., 2000; Waldegger et al., 2001; Wang et al., 2002b). The SLC26A6
protein localizes to the apical membrane of epithelial cells (Lohi et al., 2000;
Waldegger et al., 2001; Wang et al., 2002b), and has been demonstrated to be a
chloride, formate and bicarbonate exchanger in the kidney, as well as a chloride
bicarbonate exchanger in the heart, stomach and small intestine (Alvarez et al.,
2004; Knauf et al., 2001; Petrovic et al., 2003a; Petrovic et al., 2003b; Petrovic et
al., 2002; Simpson et al., 2005). In addition to monovalent anions such as
chloride, formate and bicarbonate, SLC26A6 has also been demonstrated to
transport the divalent anions oxalate and to a lesser extent sulfate (Jiang et al.,
2002). Interestingly, SLC26A6 has an overlapping expression pattern with
SLC26A3 in the pancreas. Careful examination of the transport stoichiometries
of SLC26A6 and SLC26A3 revealed that both proteins are electrogenic
transporters, in the case of SLC26A6 exchanging a single chloride ion for two
bicarbonate ions while SLC26A3 transports two chloride ions for a single
bicarbonate ion (Shcheynikov et al., 2006). These transport stoichiometries are

consistent with the model of pancreatic bicarbonate secretion previously proposed
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by Ko and colleagues in which SLC26A6 secretes large quantities of bicarbonate
in the proximal pancreatic duct, while SLC26A3 absorbs the remaining chloride
in the distal pancreatic duct and increases the bicarbonate concentration in the
lumen to approximately 140 mM (Ko et al., 2004).

Like SLC26A3, SLC26A6 also has a functional PDZ binding sequences at
its C-terminus which can interact with the PDZ domain containing proteins
E3KARP and NHERF, which have previously been shown to interact with CFTR
(Ahn et al., 2001; Lohi et al., 2002a; Sun et al., 2000). Consistent with this
observation, SLC26A6 has been demonstrated to be functionally regulated by
CFTR in both cell culture models and in animal tissues (Ko et al., 2002; Simpson
et al., 2005). In addition to the functional regulation by CFTR, SLC26A6 has also
been demonstrated to interact physically and functionally with carbonic anhydrase
II, forming a bicarbonate metabolon that greatly enhances bicarbonate transport
across epithelial membranes (Alvarez et al., 2005). A third regulatory mechanism
of SLC26A6 has recently been identified, in which prostaglandin E, stimulates

SLC26A6 bicarbonate secretion in the duodenum (Tuo et al., 2006).

SLC26A47:
SLC26A7 was identified by searching the EST database for SLC26A2
homologs (Vincourt et al., 2002). The SLC26A7 protein showed a tissue

distribution which included expression in the kidney, high endothelial venules,
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placenta, testis and the stomach (Barone et al., 2004; Dudas et al., 2006; Kujala et
al., 2005; Petrovic et al., 2004; Petrovic et al., 2003a; Vincourt et al., 2002). Like
other SLC26A family members, the SLC26A7 protein has been demonstrated to
be a transporter of chloride, sulfate, oxalate and bicarbonate (Dudas et al., 2006;
Kujala et al., 2005; Lohi et al., 2002a; Petrovic et al., 2004; Petrovic et al.,
2003a). However, a more recent study presents data that contradicts the
suggestion that SLC26A7 is a transporter. Instead, Kim and co-workers present
data that suggests that SLC26A7 is a chloride channel that is regulated by pH;
(Kim et al., 2005).

Most published studies in the literature suggest that the physiological role
of SLC26A7 is to absorb chloride and secrete bicarbonate in epithelial cells
(Barone et al., 2004; Petrovic et al., 2003a; Petrovic et al., 2003b). An alternative
hypothesis has recently been suggested by Kim and colleagues that the role of
SLC26A7 is to electrically couple the chloride entry and exit pathways of acid
secreting cells to allow for efficient acid secretion (Kim et al., 2005). Similar to
SLC26A1, the SLC26A7 protein is targeted to the basolateral membrane of outer
medullary collecting duct cells of the kidney where it is thought to help facilitate
bicarbonate absorption by the medullary collecting duct (Petrovic et al., 2004).
SLC26A7 has also been shown to be expressed in the basolateral membrane of
parietal cells of the stomach (Petrovic et al., 2003a), where it is thought to play a

role in maintaining intracellular chloride and bicarbonate levels that are critical
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for proper gastric acid secretion. The mechanisms by which SLC26A7 is
regulated are now beginning to be uncovered. Hypertonicity and water
deprivation have been shown to play a role in regulating the protein levels of
SLC26A7 (Barone et al., 2004; Petrovic et al., 2004). In addition, a vasopressin
analog has been reported to regulate the SLC26A7 post-transcriptionally, while
MAPK has been suggested to be involved in the targeting and trafficking of
SLC26A7 from intracellular endosomes to the basolateral membrane of the outer
medullary collecting duct cells (Petrovic et al., 2006; Xu et al., 2006). One
potential regulatory mechanism that has been described, but not yet in detail, is
the alternatively spliced form of SLC26A7, the SLC26A7.2 protein, which has an
altered C-terminus (Vincourt et al., 2002). The SLC26A7.2 isoform lacks the
PDZ binding sequence that the canonical SLC26A7 protein contains, suggesting
that PDZ domain-containing proteins may also differentially regulate the various

1soforms of SLC26A7.

SLC26A8, SLC26A49 and SLC26A11:

The eighth, ninth and eleventh members of the SLC26A family of proteins
were all identified through homology searches of the human genome (Lohi et al.,
2000; Lohi et al., 2002a; Vincourt et al., 2003). These proteins have been more

recently identified and no human diseases have been linked to these genes at the
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time of writing of this dissertation. SLC26A10 is thought to be a pseudogene and
thus will not be further discussed (Mount and Romero, 2004).

Little information is known about SLC26AS8, however, it does have the
ability to transport chloride, sulfate and oxalate like other members of the
SLC26A family (Lohi et al., 2002a; Toure et al., 2001). It was independently
identified through a yeast two-hybrid screen as a protein which interacted with the
RhoGTPase MgcRacGAP, and was found to be exclusively expressed in the testes
(Toure et al., 2001). This led to the hypothesis that SLC26A8 might be involved
in male infertility, which was subsequently tested and shown that mutations in
SLC26AS8 do not cause an increase in male infertility (Makela et al., 2005).

SLC26A9 expression has been identified in the lung and the stomach
where it presumably plays a role in bicarbonate secretion and mucus pH
regulation (Lohi et al., 2002a; Xu et al., 2005). The SLC26A9 protein has been
demonstrated to be expressed on the apical membrane of stomach epithelial cells
and its bicarbonate transport activity is inhibited by ammonium (Xu et al., 2005).
This finding led to the hypothesis that the bacterium Helicobacter pylori, the
causative agent in stomach ulcers, may be inhibiting the activity of SLC26A9 by
secreting ammonia in the stomach. It was hypothesized that the loss of SLC26A9
activity may cause the mucus lining to have a lower buffering capacity which
could result in increased acid damage to the epithelial cells of the stomach. This

hypothesis was tested in mice where it was found that mice infected with the H.
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pylori bacteria had a thinner tightly adherent mucus layer which was not as well
buffered as that in the control animals (Henriksnas et al., 2006). In addition, the
SLC26A9 transcript was upregulated in the stomach cells of infected mice over
the control animals, consistent with the epithelial cells trying to compensate for
the loss of proper bicarbonate secretion due to ammonium inhibition of SLC26A9
(Henriksnas et al., 2006).

SLC26A11 was cloned from an EST database by searching for human
homologs of the S. cerevisiae Sul2 protein (Vincourt et al., 2003). Vincourt and
coworkers reported SLC26A11 expression in the kidney, placenta, brain and high
endothelial venules as well as sulfate transport activity (Vincourt et al., 2003).
One potential difference between SLC26A11 and other SLC26A family members
is that the N-terminus of SLC26A11 was reported to be extracellularly exposed
(Vincourt et al., 2003), whereas for all other SLC26A family members data
indicate, or it is predicted, that both the N and C-termini are intracellularly located
(Lohi et al., 2002a; Lohi et al., 2003; Moseley et al., 1999; Mount and Romero,
2004; Navaratnam et al., 2005; Taylor et al., 2002; Toure et al., 2001; Zheng et
al., 2001). Further investigation of the topology of SLC26A11 as well as that of
other members of the SLC26A family will help to reconcile this potential
discrepancy as well as further our understanding of the structure and function of

these proteins.
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STAS Domains:

The recently described solute carrier family 26 A (SLC26A) comprises ten
human genes (Lohi et al., 2000; Mount and Romero, 2004). These genes encode
putative membrane proteins that contain a C-terminally conserved domain which
is one of the hallmarks of this protein family.  (Lohi et al., 2002a; Lohi et al.,
2003; Moseley et al., 1999; Navaratnam et al., 2005; Taylor et al., 2002; Toure et
al., 2001; Zheng et al., 2001). These C-terminally conserved domains have been
shown to be homologous to the bacterial SpollAA anti-sigma factor antagonists
(Aravind and Koonin, 2000) (Figure 2-18). As a result, the C-terminally
conserved domain of the SLC26A was named STAS for sulfate transporters and
anti-sigma factor antagonists. The function of the STAS domain in the SLC26A
transporters is not well understood. However, the function of the STAS domain
homologs, the SpollAA proteins, has been well established.

The SpollAA proteins function as regulators of gene transcription during
bacterial spore formation (Errington, 2003). The regulatory function of SpollAA
is achieved through a somewhat complex four component signaling circuit that
includes the anti-sigma factor kinase SpolIAB, a phosphatase SpollE and a RNA
polymerase sigma factor F (c') (Figure 2-19). Under normal growth conditions
the SpolIAB protein binds to o', effectively sequestering it from solution and
preventing it from binding to the RNA polymerase and activating specific gene

transcription (Duncan and Losick, 1993). The SpollAA protein can also bind to

55



AY;S_z% 1544N | VS
3k

£
TEEEGLVPEE]

SLC26A1 H.sap ez SET

SLC26A2 H.sap ESysAfKNLOTKE 1

SLC26A3 H.sap [KNKKL DMYE IRKL-===~ QKQGLLQ-VTPKGFIC: ===TVDTIKDSDE--ELDNNQIEVLDQPI!

SLC26A4 H.sap [KSTKNEKNIEEPQ] IQKL-=--~ IKSGQLR-ATKNGIT. —=-DAVSTNNAFEP--DEDIEDLEELDIPTK:

SLC26AS5 H.sap DIDABFEVKEI P VNPAVIMGARRK. YAKE- TVVKAL SVDGEDATK SE- DGEVKY! v

SLC26A6 H.sap ROVAERSEAKEVR VDVDFLISQKKKLL KQEQLKLKQLOKEEKLRKQAASPKGASYV SINVNTSLEL S| 5 DCKMMOY 5 DKM

SLC26A7 H.sap KYKTEMDSETL M-TOKENA CNQPLDD ISKCEQNTLL

SLC26A8 H.sap [RSINDERET Pl B ¥LKHKLLKE-VDMVKVPLKEEEIFSLFNSSDTNLOGGKICRCFCNCDDLEPLPRILYTERFENKLDPER SSINLIH-CSHFESMNTSQTASEDQVPYTVSSVSQKNQ--GQQYEEVEEVIWLPNN .:.:k(\.:.:PGLPD\/A
6. .sap VNPKTENRAQDIOQ| |SEIFRQKVIAK-TGMDPQKVLLAKQKYL- KQEKRRMRPTQQRRSLFMKTKTVSL LOQDFENAPPTDPNNNQTPANGTSVS: -

LH: PETKVSE|
RNTLORPDAROT F
NEQOMPEATIV P
INOMPEATRT P
D PMTVKT P}
EGDINOEPMANKTA
RNTEQHPSSRTY

S-YQEIEGEENEQEV:
W-IDE---EEE
¥YLRDRIGRW-IDE---EEDKL
ISNYLTERTSRW-
LODRILRW-A]
'VRERILRW-ERD---EPE:

SYIKDRLREYEVAT--—-DKHT.
AOYVYDY IMNK-VE

TEVNAEK-RGLPECPQ- IMFI|
420 RMSEVTQECTCEDGE-——- ATKVQGRETAELDVPEF-VKVY]
1 FOLEMVTR-E-TVVI|
1 1SLGIDMNVKES-FLCIRLT
ISLATDLEVKOD-VIVRLS GELD - HHTAEELREQVTD
TKLDTVEQDD-KAMVVOGDHD-AYESSELKEOLR

—————=—=(0

1675/6ins G702Tins
*

&

KD

%
SLC26A1 H.sap PAAAG sTRODRRDYGALGISBLLACCS PERD]
SLC26A2 H.sap SHDPLETHTIVIRCEATOFLBTAGT HTlKEVRRDYEAT GIOVLLAGCNPTRD:
SLC26A3 H.sap IEVPKISLHS]] M\-IAISFL WS TLOEFTRIKVDVY IVGTDDDFTEK] NPSQEKDGKIDETINTNGGLRNRVYEVEVETK
SLC26A4 H.sap RV IVKEFORI DYNVYFASLODYIEK] --GSILETITLIODC---KDTLELIETELTEEELDVODEAMRTLA
SLC26A5 H.sap G IVKEYGDVEI YV YEAGCSAQEVNT PPSQEDLEPNATE?
SLC26A6 H.sap KNIFHDFREIEVEVYMAACHSE] VTRL
SLC26A7 H.sap IVEVYMDCKGRSYDVELAHCTASLIKAMTY YGN.
SLC26A8 H.sap ROICNA Y 1.SIDESETVIRETYSETDKNDNSRYKMSSSFLGSQKNVSP-----GF IKIQQPVEEESE-~
SLC26A9 H.sap KflssTYGK 1BV ¥ GHNFQGAPGDAELSLYDSEEDT SYWDLEQEMFGSMFHAETLTAL:
SLC26A11 H.sap EMLODFOKOGVA LRVELSAD: N DSTLDQKVALLKA-~
Sultr 1.1 A tha FELKS LEKQETO) 1EK]
Sultr 1.2 A tha =DV K S 1LOKRDION §vie
Sultr 1.3 A tha D@ YK S LOKRDIO) X
2.1 A tha L EMNK L TKTGVE] 11K
2.2 A tha FEMHOELASNDTR] (LK}
3.1 A tha 1 SMMVEIKKY I DRRALKVL NEPWN
3.2 A tha TS MBEE@NK I LGRRELKVI SPVPEFN
3.3 A tha NEV S FFKE@KKT TAKKD TE@VE
3.4 A tha BE L F AV FElIRRRLEKQSTO@VEY]
3.5 A tha mEME TRUETOR 1 LGSKNIKMVI
4.1 A tha WKl OEVKTRDIOEAT S| HLSFTRRY LLKEPLLSVEK
4.2 A tha VEEYKTRGIOMATS] SSKPSLWRRSGL TYTEVESNIVLEEPLLSREK
o TAETIVRBVED TKOKGVEVAF 2| KLDHDYC KCPYAVFDECLE- KPPEKVQELKKAS
1 TAVNAEVFWRKCRSDGTOMLTSGVRETHR QVLAERREAEDREQ
sph ! GLVLCRMRELEMArRTILLIPsP MRKV EDRVRGIVNG
sub ISBIe GV I 1.GRYKOTKQTGGEMVVCR LLTLGVAS
ste SVILGRYKQ K\VG(QMVVChVSPh LOALG
mar

FIGURE 2-18: STAS domain alignment. A multiple sequence alignment of the ten SLC26A STAS domains from Homo sapiens along with twelve sulfate transporters (Sultr) from Arabidopsis thaliana, two predicted
sulfate transporters from Desulfovibrio vulgaris Hildenborough (gi:46448107) and Aquifex aeolicus VF5 (gi:15606490), and four SpollAA proteins from Bacillus sphaericus, Bacillus subtilis, Geobacillus
stearothermophilus, Thermotoga maritime. The multiple sequence alignment was generated using T-coffee and manually edited while the program Boxshade was used to color the alignment. The arrows and tubes found
below the alignment represent the consensus of the a-helices and B-strands found in the three dimensional structures of the SpolIAA proteins. The line above the alignment denotes the intervening sequence (IVS) which is
defined as the large sequence insertion in the STAS domains not present in the SpollAA proteins. The “*” indicates the position of known CLD causing mutations found in the SLC26A3 STAS domain, and the p symbol
denotes the site of phosphorylation in the SpoIIAA proteins.
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FIGURE 2-19: oF regulation by SpolIAA, SpolIAB and SpollE. The
regulatory network that controls the transcription of the genes under oF
control is schematically diagramed. SpollAB inhibits oF activity by
physically sequestering it from the RNA polymerase, while the un-
phosphorylated SpollAA releases this inhibition. This activity of SpollAA
can be inhibited by phosphorylation by the kinase activity of SpollAB.
SpollAA can be reactivated by the phosphatase SpollE which removes the
phosphate from the highly conserved Ser58 on SpollAA.

SpolIAB, which physically displaces o' from SpollIAB due to overlapping
binding sites (Duncan et al., 1996; Garsin et al., 1998; Ho et al., 2003; Masuda et
al., 2004). However, SpollAA is a substrate for the kinase activity of SpollAB,
and is phosphorylated at a highly conserved serine residue, which dissociates the
SpollAA«SpollAB complex due to electrostatic repulsion between the SpollAA

phospho-serine and the B-phosphate of ADP bound to SpollAB (Clarkson et al.,
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2003; Kovacs et al., 1998; Kovacs et al., 2001; Magnin et al., 1996; Masuda et al.,
2004; Seavers et al., 2001a). Therefore, under normal growth conditions the vast
majority of SpollAA protein is in the phosphorylated state. This allows formation
of stable SpollAB+c" complexes that prevent the transcription of the genes under
' control.

Under sporulating conditions, transcription and translation of the SpollE
phosphatase is induced (Guzman et al., 1988). SpollE can dephosphorylate
SpolIAA-P, allowing it to bind to SpolIAB and disrupt the SpolIAB+c" complex
(Duncan et al., 1996; Magnin et al., 1997). In the presence of SpollE, the
SpolIAA protein is not typically phosphorylated because the SpollE phosphatase
activity out-competes the SpollAB kinase activity due to the low turnover rate of
SpollIAB (Magnin et al., 1997; Najafi et al., 1997). The low turnover rate of
SpollIAB results in a SpollAB(ADP) complex with which unphosphorylated
SpollAA forms a stable complex (Lee et al., 2000; Magnin et al., 1997). The
SpolIAB(ADP)SpollAA complex is refractory to nucleotide exchange due to
SpollAA binding, which physically traps the nucleotide in the binding pocket
(Lee et al., 2000; Masuda et al., 2004). Thus, o is free to bind to the RNA
polymerase and specifically alter gene transcription (Duncan et al., 1996; Lee et
al., 2000).

A great deal of structural work has been done on this signaling circuit and

has resulted in several crystal and NMR structures of the SpollAA protein alone
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or in complex with SpolIAB (Clarkson et al., 2001; Clarkson et al., 2003; Kovacs
et al., 1998; Kovacs et al., 2001; Masuda et al., 2004; Seavers et al., 2001a;

Seavers et al., 2001b). The SpolIAA structures solved to date show a mixed o/

protein containing a central four stranded -sheet and four surrounding a-helices
(Clarkson et al., 2001; Kovacs et al., 1998; Kovacs et al., 2001; Masuda et al.,
2004; Seavers et al., 2001a; Seavers et al., 2001b). Since the SpollAA proteins
were identified as homologues of the SLC26A transporter C-terminal domains,
researchers studying this family of transporters have used the SpollAA protein as
a structural model to aid in interpreting experimental results (Rouached et al.,
2005; Shibagaki and Grossman, 2004; Shibagaki and Grossman, 2006).

The Sultr sulfate transporters from Arabidopsis thaliana are members of
the SLC26A family of proteins. They too contain a C-terminally conserved
STAS domain which has been shown to be important for proper protein
trafficking and sulfate transport activity of the Sultrl.2 protein (Shibagaki and
Grossman, 2004). The highly conserved serine residue in the SpollAA proteins is
a threonine residue in Sultrl.2. When this residue is mutated to a serine,
aspartate, alanine or deleted altogether, transport activity is decreased, suggesting
that phosphorylation of this residue may be critical for function (Rouached et al.,
2005). A pair of cystine residues which are predicted to be in a loop between the
final two a-helices in the Sultrl.2 STAS domain have also been demonstrated to

be important for function. Mutation of these two residues to serines reduce the
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FIGURE 2-20: SpolIAA crystal structure. The crystal structure of the
SpolIAA protein from Bacillus sphaericus (PDB: 1H4Y) is shown with the a-
helices and B-sheets colored orange and green respectively. The N and C-
termini are labeled accordingly.

sulfate transport activity of the transporter, while C-terminal truncations that
remove them are no longer able to sustain growth, suggesting that these residues
are critical for the structure and function of the STAS domain (Rouached et al.,
2005). Shibagaki and Grossman also found a number of residues in the Sultrl.2
STAS domain which caused a loss of sulfate transport activity which map to the
“top” face of the SpollAA crystal structure as shown in figure 2-20 (Shibagaki

and Grossman, 2006).



In addition to the studies on the Sultrl.2 STAS domain, the STAS
domains of the human SLC26A family of transporters have also been implicated
in protein trafficking and functional regulation. The SLC26A1 and SLC26AS5
STAS domains have been suggested to be involved in proper protein trafficking
consistent with the results from the Sultrl.2 studies (Regeer and Markovich,
2004; Shibagaki and Grossman, 2004; Zheng et al., 2005). In addition, the
SLC26A5 STAS domain has also been demonstrated to be critical for proper
voltage sensing (Bai et al., 2006; Zheng et al., 2005). The STAS domains of
SLC26A3 and SLC26A6 have also been found to participate in protein-protein
interactions with the R-domain of CFTR and carbonic anhydrase II (Alvarez et
al., 2005; Ko et al., 2004). When taken together, the data on the STAS domains
suggest that it plays an important role in the proper function and regulation of
these transporters. To further explore the functional role of the STAS domain, I
studied the impact that four CLD causing mutations, which reside in the STAS

domain of SLC26A3, had on transporter structure and function.

61



Chapter Three:
Biochemical and Biophysical Characterization of CFTR NBD1

and NBD2

Introduction:

Cystic Fibrosis (CF) is an autosomal recessive disease which causes
dysfunction of epithelial cells in several organ systems. The loss of proper
pancreatic and pulmonary function is the most common cause of death in CF
patients. The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR),
the gene mutated in Cystic Fibrosis (Kerem et al., 1989; Riordan et al., 1989;
Rommens et al., 1989), is a member of the ABC transporter superfamily of
proteins which typically transport solutes across membranes in an ATP dependant
fashion (Higgins, 1992; Schneider and Hunke, 1998). The protein encoded by the
CFTR gene is a 1,480 amino acid membrane protein comprised of two
transmembrane spanning domains (TMDs), two nucleotide binding domains
(NBDs), and a regulatory domain (R-domain) (Gregory et al., 1990; Riordan et
al., 1989). The first NBD is the site of the most common CF causing mutation, an
in-frame deletion of Phe508 (AF508), which accounts for approximately 70% of
all CF alleles and at least one copy of this mutant allele is found in 90% of CF

patients (Kerem et al., 1989; Riordan et al., 1989). Unlike most ABC
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transporters, CFTR is a cAMP regulated Cl" channel where phosphorylation of
multiple sites in the R-domain by PKA leads to channel activity in the presence of
ATP (Cheng et al., 1991; Townsend et al., 1996). ATP is required for proper
channel gating, and CI" conductance is observed only when ATP can bind to both
NBD1 and NBD2 (Anderson et al., 1991a; Anderson and Welsh, 1992). The
mechanism by which the NBDs bring about channel activity has been under
investigation since the CFTR gene was cloned in 1989, but only recently have we
begun to understand the molecular details of how ATP binding to these domains
brings about CI” channel activity.

The NBDs of ABC transporters are highly conserved domains containing
Walker A and B motifs that are involved in ATP binding and hydrolysis (Walker
et al., 1982), and a C-consensus or signature sequence which is unique to the
ABC transporter superfamily (Figure 3-1) (Bianchet et al., 1997; Higgins, 1992;
Walker et al., 1982). Mutations in these three conserved sequences can lead to
loss of normal channel activity, indicating that these positions are critical for
proper channel function (Anderson and Welsh, 1992; Carson et al., 1995; Cotten
and Welsh, 1998; Gregory et al., 1991; Melin et al., 2004; Smit et al., 1993;
Wilkinson et al., 1996). In addition, conserved His and Gln residues in the NBD
are important for ATP binding and hydrolysis, and have been named the H and Q-

loops respectively (Hopfner et al., 2000; Karpowich et al., 2001).
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Walker A O-loop

CFTR NBD1 H.sap 412 - —~AKQNNNNRKTSNGDDSLFFSNESLLG--TP OLLAVAESTY SNTSLLMMIMGELEPSE@KIKH RISFCS| —---RYR-SVIKACQLEEDISKFAEKDNIVLGEG

CFTR NBD1 M.mus ‘AQQSNGDRKHSSDENNVSFSHLCLVG--NPV@KNINLNIEK@EMLATT T8 @STSLLMLILGELEASE@IIKHSER- VSFCS -RYK-SVVKACQLOQODITKFAEQDNTVLGEG

CFTR NBD2 H.sap 1198 - ~VKKDDIWPSGGQMTVKDLTAKYTEGG--NAT] (ORVGLLERT] G BLLSAFLRLLNT-E@EIQIDEVSWDSITLOQWR-——————-=——-— KAFGVIP --EIWKVADEVGLRSVIEQFPGKLDFVLVDG

CFTR NBD2 M.mus 1194 VKKSDIWPSGGEMVVKDLTVKYMDDG--NA (ORVGLLERT] BLLSAFLRMLNI -K@DIEID@VSWNSVTLOQEWR-———————=—==— KAFGVIT] —~EIWKVADEVGLKSVIEQFPGQLNFTLVDG

HisP S.typ 1 - -MMSENKLHVIDLHKRYG--G--HEVKGVSLOARAGDVISIIES S| BFLRCINFLEKPSE@ATI IVNEONINLVRDKDGQLKVADKNQLRLLRTRLTMVEY LSKHDARERALKYLAKVGIDERAQGKY

MalK E.col 1 - MASVQLONVTKAW--GE--VVVSKDINLDIHE[E P BMLLRMIAGLETITS@DLFIGEKRMNDTPPAE- -~ —-KKEVINQRVNQVAEVLQLAHLLDRK

0796 M.jan 1 - —-MIKLKNVTKTYKMGEEIIY. IEFVSIMEPS| BMLNIIGCLDKPTE@EVYIDNIKTNDLDDDELT - ---GAMSGEERRKRALECL-KMAELEERFANHK

1267 M.jan 1 - MRDTMEILRTENIVKYEF--GE--FK. DVTLITEPN G MLINVITGFLKADEERVYFENKDITNKEPAEL ITPOPLKEMMVLBNLL.IGEINPGESPLNSLFYKKWI PKEEEMVEKAFKILEFLKLSHLYDRK

MsbA E.col 330 - EGKRVIERATGDVEFRNVTFTYPGRD--VP. IKTVALVERS] BMIASLITRFYDIDE@EILMD@HDLREYTLASL --REQIEEAARMAYAMDFINKMDNGLDTVIGEN

Tapl H.sap 497 - LHLEGLVQFQDVSFAYPNRP-DVL' gV TALVEPN| VAALLONLYQPTGEOLLLDE@KPLPQYEHRYLH- --MEEITAAAVKSGAHSFISGLPQGYDTEVDEA

RbsA nt E.col 1 === MEALLQLKGIDKAFP--G--VK. ERVMALVEEN] BMMKVLTGIYTRDAGTLLWLGKETTFTGPKS-—----------SQEAGIGITHEELNLI POLYTAIMNT FLGREFVNR-——————-— FGKIDWKTMYAEADKLLAKLNLRFKSDKL
Signature ~_Walker B H-loop

CFTR NBD1 H.sap 545 GIT] IAVYKDADLYLL)E LTEKEIFESCVCKLMA-NKBRILVTS-KMEHL-KKADKILILHE@SSYFYGTFSEONLOPDFSSKLMGCDSFDQFSAERRNSILTETLHRFSLEGDAPVSWTETKKQ--—

CFTR NBD1 M.mus 545 GVT] ) b FTEEQVFESCVCKLMA-NKBRILVTS-KMEHL-RKADKILILHOE@TSYFYGTFSEROSLRPSFSSKLMGYDTFDQFTEERRSSILTETLRRFSVDDSSAPWSKPKQSFRQT

CFTR NBD2 H.sap 1343 GC PVTYQITRRTLKQAFA--DCHVILCER-RIEAM-LECQQFLVIEENKVRQYDSIQKMLNERSLFRQATSPSDRVKLFPHRNSSKCKSKP -

CFTR NBD2 M.mus 1339 GYVji ISVLSKAKITLL{ PITYQVIRRVLKQAFA--GCHVILCER-RIEAM-LDCOQRFLVIEESNVWQYDSLOANLSEKSIFQOAISSSEKMRFFQGRHSSKHKPRTQITALKEETEEE- -

HisP S.typ 151 PVH| ) IALAMEPDVLLFS PELVGEVLRIMOQLAEE-GKHM! TH-EMGFARHVSSHVIFLHOEKIEEEGDPEQVFGNPQSPRLOQFLKGSLK:

MalK E.col 131 PKA TLVAEPSVFLL|S ALRVOMRIEISRLHKRLGRMMIYVTRIDOVEAM-TLADKIVVLD. RVAQVGKPLEYHYPADRFVAGFIG

0796 M.jan 143 PNQ| ) D) ISKTGEKIMQLLKKLNEEDGK] TH-DINVA-RFGERIIYLKDEEVEREEKLRGFDDR

1267 M.jan 151 AGE| FLITER-RLDIVLNY IDHLYVMFNEOIIAEGRGEEEIKNVLSDPKVVEIYIGE

MsbA E.col 478 GVLY A SLVIAR-RLSTI-EKADETIVVVEDEVIVERGTHND@LEHRGVYAQLHKMQFG

Tapl H.sap 640 GSQ| ) ) S| IREGGTHQOMMEKKGCYWAMVQAPADAPE

RbsA nt E.col 139 VGD| 8 DO 2] (OFIAEREVASHETED

FIGURE 3-1: Nucleotide binding domain multiple sequence alignment. A multiple sequence alignment of ABC transporter nucleotide
binding domains was constructed using the T-coffee and Boxshade programs. The highly conserved Walker A and B motifs along with the
signature sequence are denoted with a bar above the sequence and are labeled accordingly. The conserved Gln and His are labeled as the Q
and H-loops respectively, and the most common CF causing mutation, AF508, is also labeled. The names of the proteins and the first amino
acid in the alignment are labeled to the left of the alignment along with the species the protein sequence is from (H.sap-Homo sapiens,
M.mus-Mus musculus, S.typ-Salmonella typhimurium, M.jan-Methanococcus jannaschii, E.col-Escherichia coli)
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Signature

FIGURE 3-2: The crystal structure of HisP: The crystal structure of HisP
(PDB: 1BOU) is shown as a ribbon diagram with a-helices and [-strands
colored orange and green respectively. The conserved Walker A and B motifs
along with the signature sequence are colored blue and labeled accordingly.
The molecule of ATP bound to the Walker A and B motifs is colored red and
the N and C-termini of the protein are labeled appropriately with an N and C.

The first high resolution crystal structure solved of an NBD was HisP, and
it revealed a mixed o/} protein with two sub-domains (Hung et al., 1998) (Figure
3-2). The HisP structure revealed the close proximity of the Walker A and B
motifs in the o/f sub-domain, while the signature sequence resides in the o-

helical sub-domain. A molecule of ATP crystallized in the active site of the NBD
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bound to the Walker A and B motifs as expected. The highly conserved signature
sequence is over 20 A away from the ATP molecule, suggesting that it does not
play a role in ATP binding. As a result, the signature sequence was postulated to
be critical for the stability of the HisP molecule while the a-helical sub-domain
was suggested to be imbedded in the membrane (Hung et al., 1998).

A different role for the signature sequence was put forth by Jones and
George who suggested it played a role in ATP binding and hydrolysis (Jones and
George, 1999). They postulated that the NBDs dimerized in a “head-to-tail"
fashion which would put the signature sequence of one monomer in close
proximity of the Walker A and B motifs of the second monomer. This neatly
solved the problem of why the signature sequence is so highly conserved
throughout all NBDs, as well as why the ATP binding site is so open to solvent.
Biochemical evidence supporting this hypothesis soon followed with the
observation of ATP-dependant NBD dimers harboring a mutation of the highly
conserved Glu at the end of the Walker B motif to Gln (Moody et al., 2002;
Verdon et al., 2003b). Structural evidence of the proposed head-to-tail dimer
came with additional crystal structures of MJ0796 and GlcV NBD dimers, and the
structures of the full length ABC transporters BtuCD and MsbA which showed
the NBDs in an orientation conducive to forming a head-to-tail dimer (Chang,
2003; Chen et al., 2003; Locher et al., 2002; Reyes and Chang, 2005; Smith et al.,

2002; Verdon et al., 2003a) (Figure 3-3).
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Monomer 1 : Monomer 2

Walker Al

Walker B1

Walker B2

Walker A2

Figure 3-3: Crystal structure of a “head-to-tail” dimer of MJ0796. The
crystal structure of E171Q MIJ0796 (PDB: 1L2T) is sho