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Abstract:

Anion Exchanger 1, AE1, is a membrane glycoprotein that functions as a dimer in the
red blood cells (RBC) as well the kidney. It functions to exchange CI- for HCO3" in an
electroneutral manner, with the RBC AE1 having an additional function in
maintaining its biconcave shape. Mutations in AE1 can cause Hereditary
Spherocytosis (HS) and distal Renal Tubular Acidosis (ARTA). A mutation, C479W,
has been discovered in Edmonton that caused the rare incidence of HS and dRTA in
young patient who is heterozygous for C479W and G701D, a recessive dRTA
mutation. Expression in MDCK cells has demonstrated that C479W AE1 is retained
intracellularly, is misfolded, but can dimerize. C479W AE1’s trafficking to the
plasma membrane is not rescued by interaction with WT protein, or the small
molecules glycerol and DMSO, or by reduced temperature. C479W AE1 also has an

increased interaction with the ER chaperone protein, Calnexin.
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I - Introduction

i - Anion Exchanger 1 background in red blood cells

Anion exchanger 1, AE1, is a membrane glycoprotein comprised of 911 amino acids
containing a single glycosylation site at Asparagine (Asn) 642 [1]. It functions in the
electroneutral exchange of chloride for bicarbonate in the membrane of red blood
cells (RBC) as well as the alpha-intercalated cells of the kidney [2]. The erythrocyte
isoform of AE1 was cloned and its base pair sequence was elucidated in 1989 [3].
The focus of this study is on the kidney isoform of AE1 (KAE1), however there is a
wealth of studies on the erythrocyte AE1 (eAE1) that can be used in the

understanding of KAE1; therefore the preliminary background will begin with eAE1.

a. Function of eAE1:

eAE1 catalyzes the electroneutral exchange of one Cl- ion for one HCO3" ion in the
membrane of RBCs (figure 1) [2]. The transport of Cl- into RBC occurs at a rate of
1011 molecules per second [4]. This requires a transporter concentration to be 10%
of membrane protein, which limits the number of potential membrane proteins
responsible for the transport. Ho and Guidotti suspected band 3 [4]. Using RBC
from donor blood, they were able to study phosphate transport, similar to transport
of CI,, into the cell by measuring the quantity of remaining [32P]orthophosphate in
the surrounding media. In addition, the anion transport could be inhibited by a

sulfanilate anion that competes for binding with phosphate on the extracellular



Figure 1. The function of eAE1 in RBCs: Carbonic anhydrase (CAII) converts water and carbon
dioxide into a proton and bicarbonate. AE1 then exchanges that bicarbonate for extracellular
chloride.



surface of the RBCs, presumably at the phosphate binding site [4]. The source of
anion transport and inhibition was localized to a 100 kDa band, otherwise known as
eAE1, by separation on a Sepharose 4B column. It is now known that eAE1l
functions in the membrane of RBC to exchange CI- for HCO3 in a 1:1 electroneutral

exchange.

eAE1 has an additional function in RBC; it interacts with the cytoskeleton that is

essential for the RBCs biconcave shape. (see Structural domains)

b. Oligomeric State of eAE1 protein:

First, AE1 exists in a predominantly dimeric state, with the erythrocyte isoform
having an additional tetrameric state that plays an integral role in RBC shape [5],[6].
Using a non-ionic detergent, nonaethyleneglycol dodecyl ether (Ci2E9) to purify
eAE1 from bovine blood and a dissociating reagent, dimethylmaleic anhydride
(DMMA), to separate possible oligomers, it was determined through an SDS-PAGE
gel that AE1 is found in the plasma membrane as both a dimer and a tetramer [7].
Size exclusion high performance liquid chromatography (HPLC) was used to
elucidate the oligomeric state of human eAE1. Blood samples were received from
donors and eAE1 was isolated from red blood cell ghosts to be applied to size
exclusion HPLC [8]. The fractions obtained were subjected to 215 nm wavelengths
of UV light to measure absorbance from which oligomer associations can be
revealed. The major peak on the chromatogram corresponded to eAE1 as a dimer.

This was confirmed through identification of the mass of the polypeptide. Larger



oligomeric forms were also found, but to a lesser extent than the dimer. Through
crystal formation, it was resolved that residues 314-344 are responsible for
dimerization of the cytoplasmic domain [6]. The identification of a physiological

tetramer was not confirmed [6].

c. Trafficking pathway of membrane-bound glycoprotein’s and the importance of
glycosylation:

Each monomer of AE1 carries a single N-glycosylation at Asn642 [1]. Concurrent
with translation of AE1 in the Endoplasmic Reticulum (ER), an addition of a sugar
made up of 3 glucose, 9 mannose and 2 N-acetylglucosamine sugar residues is added
to the polypeptide [9]. The three glucose residues are used as a marker in folding of
the protein, and once correct tertiary structure is achieved, the protein can escape
the ER (figure 2). Further trafficking of the protein to the Golgi will allow for
conversion of the high mannose sugar to a complex oligosaccharide by the Golgi

resident proteins, mannosidases [5].

The purpose of the glycosylation site in terms of function or trafficking of eAE1 was
investigated by Groves and Tanner [10]. They generated mutants of eAE1 that
disrupted the consensus sequence, Asn-X-Ser/Thr (X is any amino acid except
Proline) at position 642. Xenopus oocytes were injected with cRNA for WT and the
glycosylated mutant. Quantifying eAE1 that was susceptible to Chymostrypsin
cleavage demonstrated that these two forms of the protein traffic to the cell surface.

No difference was observed in the percentage of protein found at the plasma



Extracellular
matrix

Figure 2. The pathway of glycosylation of membrane-bound proteins: Proteins destined for
the plasma membrane are translated in the endoplasmic reticulum where glycoproteins
receive high mannose residues. The newly synthesized glycoprotein is then sent to the
Golgi apparatus where the high mannose oligosaccharides are converted to complex
oligosaccharides via mannosidases and the protein is packaged for transport to the
plasma membrane. The vesicle then fuses to the plasma membrane ebedding the protein.



membrane. Importantly, Glycophorin A (GPA), a chaperone-like protein (see below),
was also added to the oocytes from which they noted that GPA enhanced the
trafficking of both proteins equally. To test the effects of glycosylation on anion
transport, oocytes were injected again with cRNA for mutant or WT eAE1 as well as
GPA. Their transport activity was measured in the presence and absence of a
stilbene inhibitor known to prevent anion exchange. Although both the WT and the
mutant eAE1, in the absence of inhibitor, were functional, the mutant lacking
glycosylation had transport rates approximately 30-40 % lower than WT. They also
proved to be more sensitive to inhibition. Based on the above results, glycosylation
of eAE1 is not required for the trafficking of the protein, nor is it imperative for the

function of the protein.

To aid in the trafficking of eAE1, RBCs have an integral membrane protein, GPA,
which acts as a chaperone-like protein and assists in the trafficking and of eAE1 to
the plasma membrane [11]. GPA presence does not affect total eAE1 at the plasma

membrane, however it increased the rate of accumulation of eAE1 and its activity

[11].

d. Structural domains:

Within a monomer, AE1 consists of two structural domains, a 52 kDa C-terminal
domain (CTD) consisting of amino acids 360-911 and a 43 kDa N-terminal domain
(NTD), which consists of the first 359 amino acids [12]. The CTD is comprised of 12-

14 transmembrane segments and is responsible for the ion exchange of Cl- for HCO3-



which increases RBC capacity for COz [11, 13]. The membrane-spanning domain
may also be involved in the removal of senescent RBC by the spleen [6]. In addition,
the short 33 amino acid C-terminal tail of the CTD has a pertinent role in the binding
of carbonic anhydrase II (CAIIl) [14]. The NTD serves as a binding site for glycolytic
enzymes such as glyceraldehyde-3-phosphate (GAPDH), phosphofructokinase,
aldolase, hemoglobin, and others, as well as acting as a binding site for cytoskeletal
proteins (figure 3) [15]. The interaction between this domain and the cytoskeleton
is crucial for the additional function of AE1 in RBC, maintenance of the biconcave
shape [6]. The N terminal region of eAE1 binds to protein 4.1 when in a dimeric
state and additionally binds ankyrin and protein 4.2 when it is in a tetrameric state
[11, 15]. Protein 4.2 functions to increase anion transport activity of eAE1 [16].
Ankyrin in turn binds directly to the cytoskeletal protein, spectrin therefore acting
as the link between eAE1 and the cytoskeleton [15]. It is the interaction between
eAE1, ankyrin, and spectrin that offers the RBC its essential qualities of stability and
flexibility [15]. Interestingly, a single tetramer of eAE1l is not large enough to
accommodate all peripheral protein binding [16]. The abundance of eAE1 in the
plasma membrane, comprising 25 % of total membrane protein [6] in RBCs, allows

for the interactions with the cytoskeleton [16].

e. Structure of eAE1:
Experimentally, it is more difficult to elucidate membrane protein structure relative
to cytosolic protein’s structure due to the hydrophobicity of membrane spanning

regions of membrane proteins. For eAE1, a crystal structure has been developed for



Figure 3. The interaction of eAE1 with glycophorin A and the cytoskeleton: AE1 functions in the mem-
brane of RBC where it interacts with glycophorin A, a chaperone-like protein, as well as protein 4.2 and
ankyrin. Ankyrin links eAE1 to spectrin, a major protein of the cytoskeleton.



both structural domains, CTD and NTD [6]. The NTD, being cytoplasmic is resolved
to 2.6 A and includes 11 pB-strands and 10 helical segments (figure 4a) [6]. Residues
202-211 were not resolved owing to the NTD’s flexibility in movement that
facilitates ligand binding [6]. As for the crystal structure of the membrane spanning
region, a 3-dimensional model has been proposed based on the reconstitution of 2-
dimensional crystals with a resolution of 20 A (figure 4b) [17]. The authors were
able to confirm the dimeric nature of AE1; as well they could infer that eAE1 had a
membrane-spanning region of 110 A in length with a cytosolic protrusion on each
end, proposed to be the N and C termini of the protein [17]. The limitation of this
structure is the resolution of 20 A. This is insufficient to determine secondary

structure of the protein, which is ultimately the goal of crystal formation.

f- Inhibitor binding:

Stilbene disulfonates are inhibitors of various anion transporters including AE1
[18]. The most widely studied inhibitor is DIDS (4,4’-diisothiocyanato-2,2’-
stilbenedisulfonate) and its derivative H2DIDS (4,4’-
diisothiocyanatodihydrostilbene-2,2’-disulfonate), which contain an isothiocyano R-
group that reacts with lysine residues. These inhibitors bind tightly and rapidly to
form a 1:1 complex with each AE1 subunit. Functional studies have shown that
DIDS and H:DIDS binding to AE1 exhibit a linear relationship with anion exchange
[19]. DIDS and H:DIDS bind to AE1 with the same affinity. Stilbene disulfonate
inhibitor binds to Lys-851 and Lys-359 in AE1. One of the Lyseine residues, Lys-

851, is involved in the control of anion exchange. Evidence is now mounting that



Side-view|ll Top-view

Figure 4. 3D imaging showing tertiary structure of eAE1and a ribbon diagram of the cytoplasmic domain of
eAE1 dimer: A) Ribbon diagram of the cytoplasmic domain of eAE1 dimer showing interactions between
interlocking dimerization arms. B) A 3D map of the dimeric membrane protein eAE1. Side-view shows
both the N and C-termini facing the cytosolic side of the cell with a bulky region embedded within the
membrane (represented by two blue planes). Striped regions represent areas that form protein-protein
interactions. Top-view showing the N and C termini that protrude into the cytoplasm. Dimensions of the
protein are 60 x 110 A with a thickness of 80 A,

[6, 28]
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shows that these inhibitors do not bind directly to the active site of AE1, but bind

allosterically, inhibiting the binding of anions [18].

ii - Kidney Anion Exchanger 1 background:

a. Identification of AE1 in the kidney:

With the increasing knowledge of eAE1 and the understanding of this protein’s
importance in the RBCs, came an interest in whether this protein is expressed in
other tissues. Using Immunoblotting analysis, Cox et al. tested different tissues of
adult chickens including skeletal muscle, spinal cord, cerebellum, lens, retina, and
kidney [20]. Using an antibody against eAE1 the results revealed no presence of an
eAE1 homologue in any of the above tested tissues except the kidney. This newly
discovered protein runs on an SDS-PAGE gel at approximately 115 kDa, whereas the
avian eAE1 runs at approximately 105 kDa. Further experimentation showed that
the kidney form (KAE1) of the avian eAE1 differed in the size of its transcript and
polypeptide, and that this new isoform is also expressed in a specific region within

the kidney [20].

A couple of months after Cox et al. published, another paper was made public. This
time, using immunostaining it was discovered that eAE1 has an analogue in
mammalian (rat) kidney cells that is localized to the basolateral membrane of the

intercalated cells of the collecting duct [21]. In addition, this kidney isoform co-

11



localized in kidney cross-sections with ankyrin and spectrin, two proteins known to

interact with eAE1.

It was not until a couple of years later that kidney tissues from patients were tested
for the presence of kAE1l. Digested human tissue samples were purified to obtain
protein contents for further treatment with antibodies known to bind different
eAE1 fragments [22]. Immunoblotting revealed that a portion of the NTD of kKAE1 is
missing, this information corroborates previous evidence that KAE1 migrates faster
on an SDS-PAGE gel due to truncation of the kidney isoform. Immunofluoresence of
kidney sections obtained from a patient revealed that KAE1 localized to the cortical

collecting duct of the alpha intercalated cells on the basolateral membrane [22].

b. The function of the intercalated cells in the collecting duct of the kidney:

The collecting duct within the kidney is a tightly regulated epithelium that plays a
major role in excretion of acids, and is responsible for the acidification of urine [23].
Within the collecting duct are intercalated cells, alpha and beta; the beta cells are
responsible for base secretion, while the alpha cells are responsible for acid
secretion [23]. These polarized, intercalated cells may be able to convert between
alpha and beta type intercalated cells based on external environmental cues [24].
Within the alpha-intercalated cells (a-IC) are multiple proteins that work in concert
to acidify the urine as well as buffer the blood (figure 5). Located in the apical
membrane is a proton pump, a vacuolar type H*-ATPase, that is responsible for

pumping H* into the urine in an ATP dependent manner. The inner medullary-

12



Apical Surface H*

ADP + Pi ATP

CAll
CO, + H)0 H* + HCO5

cr

Basolateral Surface

cr HCO5

Figure 5. Function of KAE1 in a-intercalated cells: KAE1 functions in the basolateral surface of
alpha-intercalated cells of the collecting duct of the kidney. Carbonic anhydrase II (CAII) is a
cytosolic enzyme that converts CO, and H,O into a H* and HCO3". THe H*-ATPase located in
the apical membrane of the polarized cell then pumps the proton into the urine with the
hydrolysis of ATP. CAIl's second product, HCO3" is tranported into the blood via kAE1, which
exchanges one extracellular Cl” for one HCO3™ molecule.
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collecting duct is responsible for 80 % of acid secretion into the urine [23].
Carbonic anhydrase II (CAII) catalyzes the reaction between water and CO:
producing H* as well as a HCO3. The HCOz is then exported from the cell via a
basolateral Cl'/HCO3 exchanger [23]. It is important to note that approximately
80% of HCO3- is reabsorbed in the proximal tubule of the kidney, about 10 % is
reabsorbed in the thick ascending limb, leaving the remaining 10 % to be
reabsorbed in the collecting duct so that the urine is free of HCO3  [25]. The
collecting duct is important for the fine-tuning of bicarbonate reabsorption as

shown by the onset of disease when this process is interrupted (see Disease).

c. The function of kAE1 in the collecting duct:

To determine whether KAE1 is responsible for the CI-//HCOs- in the a-IC of the
collecting duct, enzyme linked in situ hybridization (ISH) and immunofluoresence
(IF) were performed on both the medullary and cortical regions of the collecting
duct, both of which contain a-IC [26]. Using sections from rat kidney, RNA probes
specific for kidney and erythrocyte isoforms of AE1 linked to alkaline phosphatase
(AP) were added and incubated. The endogenous mRNA hybridized to the RNA
probes was then visualized using an anti-AP antibody linked to a fluorescent
molecule. Sections were taken from control rats and compared with sections taken
from rats that were either acidotic or alkalotic. From this experiment it was
determined that medullary IC express twice the quantity of KAE1 mRNA than

cortical IC.

14



Huber et al. also performed IF using antibodies against both rat isoforms of AE1 as
well as an antibody against human AE1 (detects eAE1 and kAE1) [26]. These
antibodies were added to rat sections that had been treated the same as the
previous ISH experiment (Control, acidotic, and alkalotic). It was determined that
the o-IC in the cortex had decreased AE1 staining under alkalotic conditions
compared to both the control and acidotic sections. For the medullary a-IC, the
authors noted no difference in staining under either of the conditions. It was
concluded based on the above evidence that o-IC of the collecting duct, both
medullary and cortical regions show the capacity to respond to changes in acid-base

status [26].

d. Interactions of kAE1 with the cytoskeleton:

It has been proposed that an interaction between kKAE1 and ankyrin could
contribute to the polarization of the a-IC of the kidney in addition to localizing
membrane proteins to certain regions of the plasma membrane [21]. This theory is
based on the relationship between eAE1 and ankyrin, where ankyrin links eAE1 to a
cytoskeleton member, spectrin [15]. This relationship is integral to the
maintenance of the RBC ‘s biconcave shape. Tissue sections of rat medulla were first
subjected to antibodies specific for the eAE1 binding site of ankyrin. The sections
were then stripped and re-stained with a rat anti-AE1 antibody. The images showed
co-localization to the basolateral membrane of the medulla a-IC. The authors
concluded that this interaction can limit the lateral mobility of the membrane

proteins and may contribute to their localization within the membrane [21].

15



To strengthen the authors’ arguments for an interaction between ankyrin and kAE1,
a study looking at the binding of these two proteins was required. This is precisely
what Ding et al. did using HEK293 (human embryonic kidney) cells [27]. This cell
line does not express AE1 or ankyrin as determined by western blot. HEK 293 cells
were transfected with eAE1, KAE1 or AE1m (containing only the last 18 residues of
the NTD and the complete membrane domain) as well as a fragment of ankyrin
(ANK1) containing 12 of the 24 tandem repeats known to bind AE1. They were able
to determine quantitatively that the full-length eAE1 binds the ankyrin fragment,
however KAE1 did not; neither did the control, AE1m. From this it was deduced that
kAE1 does not bind ANK1 and that the initial 79 amino acids of eAE1 are essential
for this interaction [27]. Another study using human kAE1 looked at the interaction
of this truncated form with the glycolytic enzyme, aldolase, and protein 4.1 [28].
Based on competitive binding of these proteins for AE1 versus kAE1, it was

concluded that the initial 65 amino acids of AE1 are required for these interactions.

e. Interaction of kAE1 with ILK and kanadaptin:

To investigate proteins that could interact with kAE1, a yeast two-hybrid screen was
performed using the NTD of KAE1 [29]. Through this method, it was discovered that
kAE1 interacts with Integrin-Linked Kinase (ILK), a protein that phosphorylates
Serine and Threonine and is a known actin-binding protein. This interaction was
confirmed using co-IP in HEK cells. To identify the region of ILK responsible for this
interaction, the first 192 amino acids of ILK were deleted and co-transfected with

KAE1 into HEK cells. The C-terminal domain (CTD) was sufficient to co-IP kAE1.

16



The role of ILK in kAE1 trafficking and localization was ascertained using cell
surface biotinylation on HEK cells expressing either KAE1 alone or with ILK (this
causes an over-expression of ILK as HEK cells express it endogenously). ILK
increased the amount of KAE1 at the plasma membrane from 32 % to 50 % of total
kAE1, but does not act on kAE1 function. Using pulse-chase it was learned that after
1 hour, ILK and KkAE1l co-IPed, showing early association. This leads to the
deduction that ILK may affect the trafficking of KAE1. In addition to its possible
trafficking capabilities, ILK is associated with the actin cytoskeleton; therefore it is
possible that ILK acts as an intermediate between the cytoskeleton and kAE1.
Indeed, in HEK cells kAE1 associates with the actin cytoskeleton via ILK, paxillin,
and actopaxin. Sections from normal human kidney were taken and

immunofluorescence was performed to visualize a co-localization in vivo of ILK and

KAE1 [29].

A yeast-2-hybrid assay was also used to identify an interaction between the mouse
kAE1 and a new protein kanadaptin (kidney anion exchanger adaptor protein) [30].
Using immunocytochemistry on rabbit kidney cortex slices, it was determined that
kanadaptin interacted with KAE1 early when it was localized to cytoplasmic vesicles.
The colocalization between kanadaptin and kAE1 was gone when kAE1 localized to
the basolateral membrane of the intercalated cells of the rabbit, bringing about the
theory that kanadaptin assists kKAE1 in its targeting to the plasma membrane. A few
years later, researchers studied the interaction and effects of human kanadaptin on

human kAE1 in HEK cells. Immunofluorescence showed that kanadaptin is largely
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localized to the nucleus, but still had minimal colocalization with KAE1l in
cytoplasmic compartments [31]. Pulse-chase experiments were used to determine
that the presence of kanadaptin in HEK cells did not improve the rate of trafficking
of kKAE1l, as well, co-IP experiments were performed and neither protein
immunoprecipitated the other, therefore it remains controversial as to whether

kanadaptin is a mediator of KAE1 trafficking.

Based on the above evidence, KAE1 is localized to the o intercalated cells of the
collecting duct of the kidney where it is responsible for Cl-/HCO3- exchange and can
respond to changes in the acid-base environment. In addition, KAE1 does not
interact with ankyrin, aldolase, or protein 4.1, therefore not supporting the theory
that the interaction between KAE1 and ankyrin contributes to the polarization and
localization of membrane proteins. However, ILK is a strong candidate for this role.

Furthermore, KAE1 may not interact with kanadaptin.

f- Oligomeric State of kAE1:

The erythrocyte AE1 exists mainly as a dimer with the potential to form tetramers.
For the kAE1 isomer it is expected that the main functional state would be a dimer
as well. In 2002, Quilty et al. constructed eAE1 with a poly-Histidine (His-tag) tail at
its C-terminus and transfected HEK cells along with kAE1 (without a tag) [32]. eAE1
was eluted and the samples were run on a western blot probing for kAE1. It was
confirmed that kAE1 could form a dimer with eAE1 showing that kAE1l can

dimerize, which is consistent with what was seen in erythrocytes.
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g- Structure of KAE1:

Because eAE1 and KAE1 are isoforms, their primary structure is the same except for
the N-terminal deletion of 65 amino acids [28]. These two proteins have additional
similarities in their secondary structure. Using differential absorption of polarized
light to determine secondary structure of the two forms, it was concluded that they
both have similar a-helical and B-sheet representation [28]. Furthermore, eAE1
undergoes a conformational change when pH changes from 6.5 - 10.5 as determined
by Stoke’s radius (55-66 A). When KAE1 was subjected to the same conditions the
Stoke’s radius was measured, and it was observed that it too undergoes a
conformational change similar to that of eAE1 (56-66 A) [28]. Using sedimentation
analysis it was confirmed that the NTD kAE1 could still dimerize [12], same as was

seen in the crystal structure of eAE1 [6].

However, there are points of dissimilarity between the structures of eAE1 and KAE1.
Firstly, because KAE1 lacks the initial 65 amino acids at its N-terminus, it is also
lacking a B-strand (amino acids 55-65) [12]. Within the crystal structure, this f3-
strand is present in the core of the protein and is now known to function in the
stability of the protein based on deletion experiments and thermal stability [12].
Another distinction in KAE1’s tertiary structure is the proximity of two Cysteine
(Cys) residues, 201 and 317. Under oxidizing conditions, eAE1 can form an inter-
subunit disulfide bond between these Cys residues; KAE1 does not form this bond,

possibly making the tertiary structure of KAE1 less stable [28].
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h. Trafficking of kAE1 to the plasma membrane:

Wild type kAE1 in mammalian kidney cells and polarized Madin Darby Canine
Kidney (MDCK) cells is targeted to the basolateral membrane [21, 33]. When the
last 11 residues from the C-terminus of KAE1 are deleted, this mutant R901X, is
trafficked to the apical membrane of MDCK type 1 cells [34]. This C-terminal region
contains within it, a Tyrosine sorting motif and a putative class Il PDZ interacting
domain. The Tyrosine sorting motif, Yxx® (where x is any amino acid and @ is a
bulky hydrophobic amino acid) is a recognition sequence for u subunit of an adaptor
protein (AP). These AP’s are responsible for endocytosis, which occurs in vesicle
trafficking and internalization of nutrients and signals, as well as trafficking to the
plasma membrane [35]. PDZ domains are structural domains that are found in
signaling proteins that function to anchor transmembrane proteins to the
cytoskeleton and to hold together signaling molecules. They are more variable in
their primary sequence than the Tyrosine sorting motif, but often terminate with a
hydrophobic residue. This residue inserts into a pocket of its interacting partner;
the pocket of the partner protein is responsible for the specificity of the interaction

[36].

A double mutant was generated that contained amino acid substitutions of key
residues to alanine within the putative Tyrosine sorting motif (Y904A and V907A)
[34]. These constructs were expressed in polarized MDCK cells and using
immunofluoresence it was noted that KAE1 trafficked to the apical membrane.

Additionally, constructs containing one of the above mutations were tested in
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polarized MDCK cells. Using immunofluoresence, it was observed that V907A kAE1
protein was trafficked to the basolateral membrane and Y904A was intracellularly
retained. Toye et al. concluded based on the above observations that Y904 is
essential for basolateral targeting of kKAE1 in polarized MDCK cells [34]. The PDZ-
binding domain was determined to be non-essential for basolateral localization,
however it was noted to increase efficiency of trafficking of KAE1 by decreasing

amount of intracellular protein.

A second putative Tyrosine sorting motif exists within kAE1, located in the NTD at
amino acid 359, YKGL [34]. It was established that Y359 is essential for basolateral
targeting because polarized MDCK cells expressing kAE1 with the Y359A
substitution are targeted to the apical membrane as visualized through
immunofluorescence microscopy [37]. When the NTD is deleted (amino acids 65-

360), kAE1 localizes to the apical membrane in polarized MDCK cells [34].

[t was first confirmed that these two residues, Y359 and Y904, could be
phosphorylated when MDCK cells expressing KAE1 are treated with pervanadate, a
phosphatase inhibitor. Immunoprecipitation experiment exhibited a trend; the
longer the incubation period of MDCK cells with pervanadate, the more-
phosphorylated kAE1 was present as determined by western blot. Interestingly,
Williamson et al. could see through immunofluorescence that the phosphorylation
of KAE1 caused the internalization of this protein. In addition, pervanadate

treatment had no effect on the localization of the apically targeted mutants (Y3594,
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Y904A/V907A, and R901X). This observation is consistent with another
observation made by Williamson et al. that treatment of MDCK cells expressing
KAE1 with NaHCO3  to create a basic environment induces phosphorylation of Y359

and to a lesser extent, Y904 [37].

There are essential regions within the N and C terminal domains that are required
for its basolateral targeting; the exact mechanism has yet to be elucidated. There
exists, however, two putative Tyrosine sorting motifs that can be phosphorylated,

and they appear to play a role in the localization of KAE1.

In summary, the erythrocyte AE1 has an isoform expressed exclusively in the a-
intercalated cells of the collecting duct of the kidney, which is truncated by the first
65 amino acids. It functions at the basolateral surface as a dimer where it exchanges
Cl- for HCO3™ in an electroneutral manner. It may interact with the cytoskeleton
through its interaction with ILK, much like the interaction between eAE1l and
ankyrin; its trafficking however, is independent of kanadaptin in human fibroblast
cells. Both the N and C terminal domains have a key role in the trafficking of kAE1

to the basolateral membrane as shown in polarized MDCK cells.

iii - Diseases caused by mutations in AE1

a. Hereditary Spherocytosis:
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Hereditary spherocytosis (HS) is an inherited hemolytic anemia that causes RBCs to
take on a spheroidal shape and to become osmotically fragile [5]. The first known
cause of HS was due to a deficiency in spectrin, a major protein of the cytoskeleton,
or ankyrin, a linker of spectrin to the membrane [38, 39]. More recently it has been
discovered that HS can be caused by a deficiency in eAE1 [38]. HS caused by eAE1
deficiencies accounts for 20 % of all HS cases [15]. The disease is characterized by
hyperhemolysis and can be treated by blood transfusions or in more severe cases,
splenectomy [15]. Blood samples taken from patients and run on an SDS-PAGE gel
showed that the amount of eAE1 protein was reduced 20-30% compared to a
normal individual. In addition, eAE1 reduction is associated with a proportional
reduction in protein 4.2. The expression of seven missense mutations in HEK cells
was used to determine surface content of eAE1 [5]. Immunofluorescence and cell
surface biotinylation revealed that these mutants are defective in their trafficking in
that they were localized to a peri-nuclear region and had no cell surface
representation. Further testing of the trafficking of the mutants using glycosylation
status and Endo-H sensitivity revealed that they did not reach the medial Golgi. HS
can be caused by a deficiency in eAE1 due to its intracellular retention causing a

decrease in eAE1 and cytoskeletal interactions.

b. Southeast Asian Ovalocytosis:
Southeast asian ovalocytosis (SAO) is a condition of the red blood cells that affects
individuals of Southeast Asian descent and is marked by rigid blood cell morphology

[40]. In addition, SAO, which is caused by a deletion of amino acids 400-408 at the
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interface between the NTD and the first transmembrane segment, affords its
carriers a resistance to the invasion of malarial parasites. Individuals carrying this
deletion do not exhibit any disease phenotypes. When SAO is co-expressed with WT
in MDCK cells, WT protein can assist SAO trafficking to the basolateral membrane,
conversely when expressed alone, SAO is retained within the ER [41]. A

homozygous patient for this mutation has not been found; it is thought to be lethal.

c. distal Renal Tubular acidosis:

dRTA is an inherited defect of renal function, however drugs or pathogens are also
causes of this disease [42], characterized by alkaline urine, systemic metabolic
acidosis, and nephrocalcinosis that can cause renal failure. The duration of illness is
life-long and treatment with citrates and alkalizing salts produces an improvement
in symptoms. There is no cure. One cause of dRTA was not discovered until many
decades after the characterization of the disease. Blood samples were collected
from family members of four distinct families with inherited dRTA and PCR
(Polymerase Chain Reaction) were used to look for mutations in eAE1 [43]. All
affected individuals were heterozygous, with the families carrying different
mutations: R589H, R589C, and S613F. Using the blood samples of the dRTA patients
as well as blood from non-dRTA patients, the activity of eAE1 was determined based
on the influx of [35S]-Sulfate. Three of the families all carry a mutation in R589, and
functional analysis determined reduced sulfate transport for these RBC;
approximately 76 % of the control. The S613F individual had increased transport of

sulfate, 262 % of the control transport. All affected individuals had similar numbers
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of RBC membrane eAE1 compared to control. Constructs of the above mutations
were made for the RBC isoform and the kidney isoform and expressed in Xenopus
oocytes to study CI- flux. Functional results were similar between isoforms, with
R589H producing 40 % of WT activity and the other two mutants, R589C and S613F,
displaying control values for Cl- flux. This was the first association made between

AE1 and dRTA.

In order to understand the effects of these dominant mutations within the cell],
R589H was expressed in HEK cells. Interestingly, eAE1 R589H trafficked to the
surface of the cell as observed by immunofluorescence and cell surface biotinylation
however, the KAE1 R589H colocalized with Calnexin and had no mutant protein was
present at the cell surface, as shown in the cell surface biotinylation [44]. The
dominant effects of this mutant were confirmed when kKAE1 WT and R589H were
expressed together in HEK cells and no visible KAE1 was detected at the plasma
membrane because of heterodimerization. Results were similar when the mutants
R589H and S613F were expressed in polarized and non-polarized MDCK cells; both
dominant mutants were retained intracellularly and colocalized with Calnexin in
immunofluorescence studies [33]. In addition, when R589H was expressed in
MDCK cells with WT, R589H retained the WT within the ER in polarized and non-
polarized cells. There have been other dominant dRTA mutants that include:
R901X, A858D, G609R, and A888L/A889X all of which display the similar dominant

characteristics seen in R589H and S613F (Table 1).
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Table 1. Recessive and dominant mutations causing dRTA: All known mutations that cause dRTA,
both recessively and dominantly are listed. Information about their localization within polarized
and non-polarized MDCK cells as well as their function within Xenopus oocytes is displayed.

. MDCK location ioni
Dominant nonpolarized/polarized Function in References
Xenopus
R589H, R589C, R589S ER/intracellular Normal [33,42]
S613F ER/intracellular Slightly reduced [33,42]
R901X ER/apical Normal (77, 34]
A858D plasma Low (78, 79]
membrane/basolateral
A888L/A889X unknown unknown [64]
G609R unknown/apical and Normal 181]
basolateral
Recessive MDCK. Iocatipn Function References
nonpolarized/polarized
G701D Golgi/Golgi None [60, 33]
S773P ER/basolateral None (HEK) [31,33]
V488M ER/ER unknown [64]
R602H plasma unknown [64, 80]
membrane/basolateral
AV850 Intracellular/ Low (78, 64, 79]
Intracellular
C479W ER/ER None [61]
E522K plasma unknown [66]
membrane/basolateral
SAO (A400_408) |ntrace”u|ar/ None [80, 79]
Intracellular
S667F ER, plasma membrane/ Near zero [65]
ER




The recessive mutations of AE1 that cause dRTA have different trafficking patterns
(Table 1). When G701D and S773P were expressed in HEK cells, cell surface
biotinylation reveals that the mutant protein cannot traffic to the plasma membrane
[31]. This observation was confirmed with immunofluoresence showing that S773P
AE1 colocalized with Calnexin, and G701D was retained intracellularly in a peri-
nuclear region. Similar results were obtained when the two mutants were
expressed in non-polarized MDCK cells [33]. Importantly, in polarized MDCK cells,
S773P AE1 traffics to the basolateral membrane where it colocalizes with E-
cadherin. G701D AE1 is retained intracellularly. Because kAE1 exists as a dimer, it
is important to note the effects of a recessive mutant on the WT protein. When
G701D KAE1 co-expressed with WT in polarized MDCK cells, WT rescues the
trafficking of this mutant. S773P AE1 is already expressed at the basolateral
membrane in polarized MDCK cells, and when co-expressed with WT, the results are
the same. There are still many other recessive mutations of AE1 that cause dRTA
(Table 1) that display varying degrees of retention within the cell. However, all of
them (V488M, R602H, AV850, C479W, E522K, and S667P) when expressed as a
homodimer or as a compound heterodimer can cause dRTA. When AE1-SAO is co-
expressed with the recessive dRTA mutant, G701D, they can form heterodimers and
are also retained intracellularly [45]. This is explained in patients with the

SAO0/G701D genotype who suffer from dRTA.

Further investigations have shown more mutations within AE1 that cause dRTA

both recessively and dominantly (Table 1) with their position within the protein
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playing a key role in the effects of the mutation (figure 6). It is important to note,
that dRTA can be caused by mutations in the H*-ATPase or CAII as their relationship

is described previously.

iv - Case study report

The case of a young woman of Scandinavian-Caucasian descent, who was diagnosed
with HS and dRTA (figure 7), was brought to the Cordat lab based on the unusual
presence of these two diseases in a single individual. The lab received blood from
the patient in addition to her father and mother and two siblings. Samples were
sent to Dr. Yenchitsomanus’ lab in Thailand where it was sequenced. We discovered
that the patient carried a previously unknown mutation, C479W, and a known
recessive mutation, G701D. To our knowledge, this is the first reported individual of

non-Asian descent to carry the G701D mutation.

The patient was first diagnosed with severe HS shortly after birth. She was initially
treated with regular blood transfusions, however they proved insufficient and at the
age of three she underwent a splenectomy, improving her condition. The patient
was also diagnosed at the age of 2 % with dRTA based on symptoms of
nephrocalcinosis and failure to thrive. Her condition improved with oral

bicarbonate supplementation. Her father, who carries the newly identified
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Figure 6. Topology model of AE1 showing dominant and recessive mutations: AE1isa 911 amino acid
membrane protein comprised of 13 transmembrane sections with an intracellular N and C termini.

The fourth extracellular loop is glycosylated at Asn642. The kidney isoform is 65 amino acids shorter

at the N terminus. @ denotes recessive distal renal tubuar acidosis (dRTA) mutations, Q denotes
dominant dRTA mutations.
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Figure 7. Family pedigree: Patient is afflicted with HS as well as dRTA, indicated by the circle.
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mutation, C479W (Table 2), was diagnosed with a milder HS condition with no

dRTA. Her mother is healthy as are her siblings.

v - Small molecule rescue

In an effort to improve trafficking of KAE1 mutant proteins, we looked to other
exemplar membrane proteins, and used their methods and treatments as

inspiration in the design of our own experiments.

a. Cystic Fibrosis Transmembrane Conductance Regulator background:

CFTR (Cystic Fibrosis Transmembrane Conductance Regulator) is a cAMP regulated
Cl- channel that utilizes one ATP molecule per Cl- transported [46]. CFTR is mainly
expressed in the airways, pancreas, and sweat glands with the most severe
phenotypes presenting in the lungs [47]. Abnormalities in the CFTR protein
predispose patients’ airways to chronic, recurrent infections with associated tissue
inflammation ultimately leading to pulmonary failure. Immunofluorescence
indicated that WT CFTR is at the apical membrane in polarized airway epithelium
[48]. The most common mutation in CF cases, AF508, is carried by 90 % of patients
and when tested for surface expression by immunofluorescence AF508 CFTR
showed no surface staining. Further experimentation determined that this common
mutation is retained intracellularly within a perinuclear region [48]. Using Xenopus
oocytes injected with either WT or AF508 RNA, Drumm et al. were able to activate

the Cl- channel conductance using Forskolin, an activator of adenylate cyclase, and
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Table 2. Genotype and health conditions of the patient and her family: The
patient has genotype C479W/G701D. She inherited the mutation, C479W
from her father who also suffers from HS. She inherited the recessive muta-
tion, G701D mutation from her mother who is healthy. Her siblings are also

healthy.
Family Member Condition Genotype
Mother Healthy G701D/WT
Sister Healthy WT/unknown
Brother Healthy WT/unknown
Father HS C479W/WT
Patient HS/dRTA C479W/G701D
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observe Cl- uptake by the oocytes therefore if located at the cell surface, the AF508
CFTR mutant is functional [49]. However, AF508 function differed greatly from that
of WT exhibiting a slower rate of increase of activity and a lower level of steady-
state flow. However, this mutant could establish a Cl- current compared to the
negative control and, therefore is a candidate for pharmacological therapy given its

breadth in CF patients.

b. Methods of rescue in the trafficking of CFTR:

The processing of CFTR includes glycosylation at two different sites on the protein
[50]. Glycosylation status can indicate processing of the protein and is often used as
a marker of trafficking; newly synthesized proteins run further on an SDS-PAGE gel
than a mature, fully glycosylated protein that has trafficked beyond the ER.
Decreasing growth temperature has proved to be an effective method of restoring
membrane protein trafficking either through conveying kinetic or thermodynamic
stability to the protein, or changing the activities of endogenous chaperone proteins
[51]. 3T3 fibroblasts expressing either WT or AF508 were incubated at variable
temperatures (37°C, 30°C, 26°C, and 23°C) for 48 hours, then lysed, precipitated and
run on an SDS-PAGE gel [52]. Looking at glycosylation as a marker for protein
trafficking, it was observed that growing cells expressing the mutant AF508
increased the quantity of fully glycosylated protein that has trafficked beyond the

ER. The quantity of WT protein remained unchanged.
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Another mode of rescue is the use of small molecules that have the potential for
pharmacological therapies. IB3 cells (bronchial epithelium of CF patient) that were
treated with 1M glycerol for 24 hours followed by an IP to precipitate CFTR, showed
an increase in mature, glycosylated protein versus newly synthesized CFTR [50].
The only drawback of this treatment is the high concentration of glycerol used to
elicit a trafficking rescue cannot be considered as a potential therapy, however it is

the first step towards identification of specific therapies

c. Vasopressin-2 Receptor background:

Arginine vasopressin (AVP) is a hormone that regulates urine volume by increasing
reabsorption of water in the collecting duct of the nephron through stimulation of
the Vasopressin-2 receptor (V2R) [53]. V2R is located on the basolateral surface of
the collecting tubule cells and functions to bring about the insertion of Aquaporin-2
(AQP-2) membrane protein into the apical membrane of the collecting tubule
allowing for the reabsorption of water [53, 54]. The majority of V2R missense
mutations result in misfolded protein that remains trapped in the ER causing X-

linked nephrogenic diabetes insipidus (X-NDI).

d. Methods of rescue in the trafficking of V2R:

Nine missense mutations of V2R that are retained within the ER were studied for
rescue by 4 % glycerol, 1 % DMSO, and 27°C [55]. The method of monitoring the
maturation of protein by its glycosylation status was employed to determine

improved trafficking of the mutants. The mutants were expressed in the MDCK type
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[ cell line and subjected to each of the above treatments for 16 hours before the
protein was collected and a western blot was performed. Of the nine mutants
studied, only the V206D mutation of V2R was susceptible to trafficking
improvement by the treatments, glycerol and DMSO. Decreasing the temperature
increased the amount of newly synthesized protein, however that result did not
translate into an improvement in the maturation of V2R. Another lab studying V2R
trafficking rescue, expressed mutants, A98P and L274P, in transfected COS-7 cells
and subsequently treated them with 2 % DMSO, 1M glycerol, or reduced
temperature (26°C) for six hours [56]. The ability of the chemical chaperones to
rescue the trafficking of the V2R mutants was observed by immunofluorescence and
compared to WT surface expression. Prior to treatment with DMSO, glycerol and
reduced temperature, A98P and L274P were not expressed at the plasma
membrane, whereas the WT was. Following treatment with DMSO and decreased
temperature there was a marked improvement in the trafficking of the mutants
indicated by the increased surface staining resembling the WT staining. Glycerol

was ineffective as a rescue treatment on both mutants.

e. Aquaporin-2 background and trafficking rescue:

Arginine vasopressin acts on V2R, which causes the movement of AQP-2 membrane
protein water channel to move from endosomal vesicles to the apical membrane of
the collecting duct cells in the nephron where water can subsequently be
reabsorbed [57]. Malfunctions in AQP-2 cause autosomal nephrogenic diabetes

insipidus (A-NDI), a rare form of NDI. Point mutations associated with A-NDI have

35



been identified and noted that when expressed in Xenopus oocytes trafficking was
impaired; the mutants were retained within the ER. Based on immunoblot analysis
of density gradient fractionated vesicles from WT or T126M AQP-2 transfected CHO
cells (Chinese Hamster Ovary), 1 M glycerol changed the localization from the ER
fractions to the endosome and plasma membrane fractions. These results were
confirmed with immunofluorescence and functional analysis was performed.
Measuring cell swelling in WT and T126M AQP-2 expressing CHO cells following a
decrease in osmolarity of surrounding solution showed that T126M alone is non-
functional demonstrating cell volumes resembling the negative control. However,
when these cells were treated with 1 M glycerol, its apparent water transport rate
increased to a value not significantly different than that of WT. In addition to
glycerol, 2 % DMSO and decreased temperatures were tested for their affects on the
trafficking of WT and T126M. DMSO was an effective treatment shown by
decreasing ER staining of the mutant protein, T126M. Temperature, however was
ineffective as a rescue treatment, in fact, growing MDCK cells expressing either WT
or T126M at 26 or 30°C caused the accumulation of both proteins in the ER,

whereas at 37°C, WT has the ability to traffic to the plasma membrane [57].
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II - Materials and Methods

i - Cloning for KAE1

Plasmids were a gift from the Reithmeier Lab [58]. Retroviral plasmids pFBNeo-
kAE1-HA557 or pFBNeo-kAE1-myc557 were constructed by shuttling the cDNA
encoding the entire human kidney anion exchanger carrying an external HA or myc
tag, respectively. Tags were inserted into the Xhol site of the retroviral expression
vector pFBneo at site 557 (Stratagene, La Jolla, CA, USA). The pFBneo-kAE1HA557
or pFBneo-kAE1myc557 dominant and recessive mutants were constructed using
Stratagene QuickChange site-directed mutagenesis kit and confirmed by automated

sequencing (ACGT Corporation, Toronto, Canada).

ii - Cell Culture

In preparation of stable cells lines expressing KAE1 protein, HEK 293 cells grown to
30-50 % confluency in 75 cm? flasks were transfected with 4 ug each of pVPack -
GP, pVPack-VSVG, and pFBNeo-kAE1-HA557 (stratagene) using the transfection
reagent, FuGene 6 (Roche Diagnostics Corporation, Indianapolis, IN, USA). After 24-
48 hours, the supernatant containing the virus was collected and filtered through a
0.45 um filter removing cell debris, but not the virus. The virus plus 8 ug/ml
polybrene were then added to MDCK cells grown in 25 cm? flasks at 30-50 %

confluency and left for infection for 24 hours followed by the addition of selection
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media containing 1 mg/mL of geneticin (G418, Sigma Aldrich). Cells stably
expressed kAE1 protein for 2-3 weeks. MDCK cells are grown in DMEM F12
supplemented with Penicillin/Streptomycin (1 mg/ml) + 10 % FBS. HEK cells are

grown in DMEM + Penicillin/Streptomycin (1 mg/ml) + 10 % FBS.

iii - Cell lysate

Cells were grown on a 10 cm dishes until confluent. Cells were collected in PBS (140
mL NaCl, 2.7 mM KCI, 10 mM Na;HPO4, 1.8 mM KH2PO4, pH 7.4) and spun down at
1000 rpm for 5 minutes. Lysis buffer was added (PBS, 1 % Triton X-100, 1/100
Proteinase Inhibitor (Sigma Aldrich, St. Louis, MO, USA)) and samples were put on
ice for 15 minutes then centrifuged at 14000 rpm for 15 minutes at 4°C.
Supernatant was collected and BCA assay was performed to determine protein
concentration. 125 uL was collected and added to equivalent volume of Laemmli
sample buffer. Samples of equivalent protein concentrations were run on 8 % SDS-
PAGE gel, transferred to a nitrocellulose membrane and protein was detected using

mouse anti-HA antibody (Covance, Emeryville, CA, USA).

iv - Cell surface biotinylation

MDCK cells expressing either KAE1 WT-HA or one of the kKAE1 mutants, C479W-HA
or G701D-HA, were incubated with 0.5 mg/mL of EZ-link NHS-SS-Biotin reagent

(M]S Biolynx, Brockville, ON, Canada) for 15 minutes on ice in Borate buffer (10 mM
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boric acid, 154 mM Nac(l, 7.2 mM KCl, 1.8 mM CaClz, pH 9). Following, the reaction
was quenched with 1X PBS with 1% Bovine Serum Albumin. Cells were lysed using
RIPA buffer (1 % deoxycholic acid (w/v), 1 % Triton X-100 (w/v), 0.1 % SDS (w/v),
0.15 M NaCl, 1 mM EDTA, 10 mM Tris-Cl, pH 7.5) with 1/100 Proteinase Inhibitor
and centrifuged. A sample of 50 uL was saved in 50 uL. Laemmli sample buffer for
Western blot. Remaining cell lysate was incubated with UltraLink Immobilized
monomeric avidin (ThermoScientific, Rockford, IL, USA) for 1 hour at 4°C. Samples
were then centrifuged and a second sample was saved for Western blotting. Beads
were washed with RIPA three times and protein was eluted using Laemmli sample
buffer. Samples were run on an 8 % SDS-PAGE gel, transferred to a nitrocellulose
membrane and protein was detected with mouse anti-HA antibody (Covance,
Emeryville, CA, USA) followed by a goat anti-mouse antibody coupled to horseradish

peroxidase (HRP).

v - Co-immunoprecipitation

MDCK cells co-expressing KAE1 WT-HA/WT-myc, KAE1 WT-myc/C479W-HA, or
kAE1 G701D-myc/C479W-HA were scraped into microcentrifuge tubes using 1X
PBS and centrifuged at 1000 rpm for 5 minutes. Cells were lysed using 1X PBS,
containing 1 % Triton X-100 and 1/100 Proteinase Inhibitor and incubated on ice
for 15 minutes. Cells were then centrifuged again at 14000 rpm for 15 minutes.
Supernatant was collected and a 50 uL sample was saved for Western blotting.

Remaining cell lysate was incubated with rabbit anti-myc antibody (Santa Cruz
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Biotechnologies, Santa Cruz, CA, USA) for 1 or 2 hours at 4°C. Protein G-Sepharose
beads were added to the lysate and incubated at 4°C for 1 hour. Beads were
centrifuged and a 50 uL sample was saved for Western blotting. The beads were
washed three times using 1X PBS + 0.1 % Triton X-100. Protein was eluted using
Laemmli sample buffer. Samples were electrophoresed on an 8 % SDS-PAGE gel,
transferred to a nitrocellulose membrane, followed by detection using mouse anti-
HA antibody (Covance, Emeryville, CA, USA) followed by a goat anti-mouse antibody

coupled to HRP.

vi - Immunocytochemistry

MDCK cells expressing kKAE1 WT-HA and/or one of the KAE1 mutants (C479W-HA,
G701D-HA, R589H-HA) were grown on either glass coverslips or semi-permeable
Transwell polycarbonate filters. Cells were fixed with 4 % Paraformaldehyde and
quenched with 100 mM glycine in PBS (pH 2.95). They were then either
permeabilized or kept intact followed by blocking with 1X PBS + 1 % BSA. Cells
were then incubated with mouse anti-HA antibody (Covance, Emeryville, CA, USA),
rat anti-HA antibody (Roche, Basel, Switzerland), rabbit anti-calnexin antibody
(generous gift from David Williams, University of Toronto), rabbit anti-giantin
antibody (Covance, Emeryville, CA, USA), or rat anti-E-Cadherin antibody (Sigma
Aldrich, St; Louis, MO, USA) for 30 minutes. Following washing with 1X PBS, the
cells were incubated with secondary antibody; anti-mouse Cy3 antibody (Jackson

Immunoresearch Laboratories Inc. West Grove, PA, USA), anti-rat Cy5 antibody
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(Jackson Immunoresearch Laboratories Inc. West Grove, PA, USA), anti-mouse-Alexa
488 antibody (Molecular Probes, Carlsbad, CA, USA), anti-rabbit Alexa-488 antibody
(Molecular Probes, Carlsbad, CA, USA), or anti-rat Alexa-488 (Molecular Probes,
Carlsbad, CA, USA). Samples were washed again and 4'-6-Diamidino-2-
phenylindole (DAPI) (Invitrogen) was added for 5 minutes. Glass coverslips were
mounted onto slides using mounting medium (DAKO North America Inc,
Carpinteria, CA, USA). Samples were visualized using an Olympus 1X81 microscope
equipped with a Nipkow spinning-disk optimized by Quorum Technologies using

60X objective lens (Guelph, ON, Canada).

vii - Immunoprecipitations

MDCK cells expressing either KAE1 WT-HA or one of the KAE1 mutants (C479W-HA
G701D-HA, R589H-HA) were collected and lysed in PBS, containing 1 % Triton X-
100 and 1/100 proteinase Inhibitor. Protein concentration was determined using a
BCA assay followed by extraction of a 50 ul sample to be saved for western blotting.
The remaining lysate was incubated with rat anti-HA antibody for 1-2 hours. Our
protein of interest was precipitated using Protein G-Sepharose and eluted with
Laemmli sample buffer. Western blots were performed in tandem, transferred to a
nitrocellulose membrane and blottied with either mouse anti-HA antibody or rabbit

anti-Calnexin antibody.

viii - SITS binding assay
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MDCK cells expressing either KAE1 WT-HA or a kAE1 mutant (C479W-HA or
G701D-HA) were collected and lysed using PBS, containing 1 % Triton X-100 and
1/100 Proteinase Inhibitor. Cell lysates were incubated on ice for 30 minutes, and
then centrifuged and the supernatant was collected. 100 ul was preincubated with
100 mM H:DIDS for one hour prior to incubation with SITS affi-beads [5]. Protein
was eluted with Laemmli buffer and Western blot was run and transferred to a
nitrocellulose membrane. Protein was detected using mouse anti-HA antibody

followed by a goat anti-mouse antibody coupled to HRP.

ix - BCA assay

To determine protein concentration, two samples from each cell lysate sample were
taken at different dilutions and added to 200 ul BCA solution (Thermo Scientific).
Samples were incubated at 37°C for 30 minutes followed by the reading of their
absorbance from which protein concentration was calculated, based on a BSA

standard curve.

X - Chemical treatments

For concentration dependent experiments, MDCK cells grown in DMEM F12
supplemented with Penicillin/Streptomycin (1 mg/ml) and 10 % FBS were treated
with 1 %, 2 %, 3 %, 4 % or 5 % glycerol in DMEM F12 with Penicillin/Streptomycin

(1 mg/ml) and 10 % FBS for 16 hours. DMSO was added at concentrations of 0.5 %,
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1 % 15 %, and 2 % for 16 h to the DMEM F12 supplemented with
Penicillin/Streptomycin (1 mg/mL) and 10% FBS. Cells incubated at 30°C were
originally kept at 37°C until they were moved to 30°C for 48 h, 24 h, 16 h, or 4 h. For
the Calnexin co-IP experiments MDCK cells were incubated with 1 % DMSO, 3 %
glycerol, and 30°C for 16 h. For immunofluorescence cells were incubated with 1 %

DMSO, 1 % glycerol, and 30°C for 16 h.
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III - Results Part 1-Characterization of KAE1 mutants C479W and G701D

All of the experiments described were carried out in MDCK (Madin Darby Canine
Kidney) cells. This model cell line was chosen because they are mammalian renal
cells that can polarize forming a tight epithelial layer functioning similar to the
collecting duct. They also do not express endogenous AE1l. Furthermore, our
protein constructs contain either an HA epitope or a myc epitope at position 557,
which does not interfere with the proteins trafficking to the plasma membrane or its

function. The results detailed in Chapter II are published in Chu et al, 2009.

i - Cell surface expression of KAE1 WT and mutants G701D and C479W

a. Cell surface biotinylation determining kAE1 presence at the plasma membrane:

In order for KAE1 to exert its function in the kidney, there has to be protein present
at the plasma membrane. To determine if the two mutants of kKAE1, G701D and
C479W, can traffic to the plasma membrane in non-polarized MDCK cells in the
same manner as the kAE1 WT, we first performed a cell surface biotinylation
experiment to measure surface expression of the protein. Cells were grown to
approximately 90 % confluency; biotinylating reagent was then added to intact
MDCK cells expressing either KAE1 WT-HA or one of the kKAE1 mutants, G701D-HA
or C479W-HA before permeabilizing and precipitating biotin bound protein with
streptavidin beads. Three samples were taken throughout the experiment: T,

represents the total amount of cell KAE1 protein present; B, represents the amount
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of KAE1 that was present at the plasma membrane that bound to the biotin reagent
and that was precipitated; and S, represents the difference between total protein
and the amount of protein precipitated. On the Western blot (figure 8), for kKAE1
WT, we see two bands, a higher molecular weight band, which is kKAE1 with a
complex oligosaccharide glycosylation and a lower molecular weight band, which
represents newly synthesized kAE1 that contains a high mannose oligosaccharide.
The complex oligosaccharide corresponds to protein that has trafficked beyond the
ER while high mannose oligosaccharide containing protein corresponds to protein

within the ER.

For kKAE1 WT, we see that there is surface expression as evidenced by the presence
of the complex oligosaccharide band in the B fraction (figure 8). For the two
mutants, however we do not see the presence of the complex oligosaccharide band
in the B fraction (figure 8) suggesting that both KAE1 C479W and kAE1 G701D are

not trafficked to the plasma membrane, but retained intracellularly.

b. Colocalization of WT or mutant kAE1 with ER marker, Calnexin:

To visualize where in the cell these two mutants reside, we performed
immunofluorescence looking at the ER, the candidate organelle where mis-folded
secretory or membrane-bound proteins are retained and subsequently degraded by
ER-associated degradation (ERAD) [9]. MDCK cells expressing either WT or mutant
KkAE1 were grown to approximately 70 % confluency before they were fixed and

permeabilized. Antibodies were used against the ER marker, Calnexin, and against

45



WT-HA C479W-HA G701D-HA
T S B T S B T S B

O®
"
1
A

O a=» > P Ew o

Figure 8. Cell Surface Biotinylation of KAE1 : HA-tagged KAE1 expression in MDCK cells determining cell
surface expression of WT, G701D, and C479W by cell surface biotinylation experiment. Biotin reagant
was added to intact cells, they were then permeabiilized and biotin bound protein was precipitated using
streptavidin beads followed by elution with 2x sample buffer. The total cell lysate (T) represents all AE1
present in the cell; The supernatant (S) represents all AE1 that was not precipitated by the streptavidin
beads; and all AE1 precipitated is represented in the B fraction, which represents surface AE1 protein.
The WTHA protein has 2 bands, the complex oligosaccharide form of the protein represents AE1 that has
travelled beyond the ER (denoted by @). The newly synthesized form of AE1 contains a high mannose
oligosaccharide and represents AE1 that has not left the ER (denoted by (). Denotes GAPDH, a load-
ing control and an indicator of whether biotin reagent has leaked into the cells.
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the HA tagged WT or mutant KAE1. We visualized the cells using an Olympus 1X81
microscope equipped with a Nipkow spinning disk and a 60X objective lens.

Colocalization of KAE1 with the ER marker, Calnexin, is indicated by a yellow color.

kAE1 WT does not co-localize with Calnexin (figure 9a), as expected confirming cell
surface biotinylation results of KAE1 WT trafficking to the plasma membrane. The
newly identified mutation, KAE1 C479W, does co-localize with Calnexin (figure 9b)
noted by the presence of yellow in the image, and kAE1 G701D does not co-localize
with Calnexin (figure 9c). From the results of cell surface biotinylation and
immunofluorescence, we can conclude that KAE1 C479W does not traffic to the
plasma membrane because it is retained within the ER and kKAE1 G701D although is
not present at the plasma membrane at least during its maturation is transported
further along on the membrane protein trafficking pathway beyond the ER as shown

by its glycosylation bands in figure 8.

c. Colocalization of WT or mutant kAE1 with Golgi marker, giantin:

After a protein leaves the ER, it is transported to the Golgi apparatus where its high
mannose sugar is converted to a complex oligosaccharide before it is transported to
the plasma membrane to exert its function [9]. We looked next for co-localization
between kAE1 WT-HA, kKAE1 C479W-HA, and kAE1 G701D-HA with the Golgi
marker, giantin following the same process as performed for colocalization with
calnexin. kAE1 WT, again does not co-localize based on the absence of yellow

staining (figure 10a), but has surface staining consistent with previous results.
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Figure 9. Colocalization of KAE1 WT or mutants with the ER marker, Calnexin: MDCK cells expressing
WT-HA or mutant forms of KAE1 (C479W-HA or G701D-HA) were detected with rat anti-HA anit-
body colocalized with the ER marker, Calnexin, which is detected with rabbit anti-calnexin. A)
WT-HA when merged with Calnexin does not show colocalization. B) C479W-HA when merged with
Calnexin does show colocalization. C) G701D-HA when merged with Calnexin does not show colo-
calization. Cy3 conjugated anti-rat and Alexa fluor-488 conjugated anti-rabbit secondary antibodies
were used. Yellow in the merged image denotes colocalization between kKAE1 and Calnexin.
Detected by an Olympus 1X81 microscope with a 60X objective lens.
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Figure 10. Colocalization of KAE1 WT or mutants with the Golgi marker, giantin: MDCK cells express-
ing WT-HA or mutant forms of KAE1 (C479W-HA or G701D-HA) were detected with rat anti-HA
anitbody colocalized with the Golgi marker, giantin, which is detected with rabbit anti-giantin. A)
WT-HA when merged with giantin does not show colocalization. B) C479W-HA when merged with
giantin does not show colocalization. C) G701D-HA when merged with giantin does show colocal-
ization. Cy3 conjugated anti-rat and Alexa fluor-488 conjugated anti-rabbit secondary antibodies
were used. Yellow in the merged image denotes colocalization between kAE1 and giantin. Detected
with an Olympus 1X81 microscope with a 60X objective lens.
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kAE1 C479W does not co-localize with giantin (figure 10b) as expected because it
does not appear to escape the ER. Lastly, KAE1 G701D does co-localize with the
Golgi marker, giantin based on the yellow staining in the merged image (figure 10c).
This is consistent with our results as there is no detectable protein at the plasma

membrane, but it is not retained within the ER.

d. Localization of WT and mutant kAE1 in polarized MDCK cells:

Because the a-ICs of the kidney are polarized, it is important to note the trafficking
of the mutants in polarized cells [21]. MDCK cells were grown on semi-permeable
transwell plates until polarized, the cells were then fixed and permeabilized and
antibodies were added to detect both kKAE1-HA protein and E-Cadherin, a

basolateral membrane marker protein.

Figure 11 shows that in polarized MDCK cells expressing KAE1 WT protein, as
expected, there is co-localization between E-Cadherin and kAE1 WT evidenced by
the yellow color in the image. For both of the KAE1 mutants, C479W and G701D, we
do not see an overlapping of staining (figure 11), therefore we can conclude that
neither of the above mutants traffic to the plasma membrane in polarized cells,

substantiating the results we saw in non-polarized MDCK cells.

ii - Conformation of KAE1:
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WT-HA/E-Cadherin C479W-HA/E-Cadherin G701D-HA/E-Cadherin

Figure 11. Polarized MDCK cells expressing kAE1 WT or mutants colocalized with E-Cadherin, a basolateral membrane
protein: Cells were grown in semi-permeable transwell plates expressing either WT or mutant (C479W or

G701D) protein. Cells were permeabilized then KAE1 was labeled with mouse anti-HA primary antibody

followed by anti-mouse Cy3 (red). E-Cadherin protein was labeled with rat anti-E-Cadherin, followed by anti-

rat Alexa 488 (green). Yellow denotes colocalization. Cells were visualized using Olympus 1X81 microscope.
Upper image is side view of cells and lower image is top view of cells.
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a. Binding ability of kAE1 with stilbene inhibitors as an indicator of proper tertiary
structure:

KAE1 binds stilbene inhibitors and its ability to bind these inhibitors acts as a
strong indicator of proper protein conformation because these inhibitors bind near
the active site of KAE1 [59]. In this experiment we used H2DIDS and SITS that are
stilbene inhibitors known to inhibit KAE1 protein. For each of our MDCK cell lines
expressing KAE1 WT, KAE1 C479W, or KAE1 G701D we separated them into two
lysate samples, one pre-incubated with H,DIDS before the addition of SITS beads
and the other just had SITS beads added, without pre-incubation with H,DIDS. AE1
binds both H2DIDS and SITS beads with high affinity [59]. If the protein is properly
folded, we expect that those pre-incubated samples will not bind SITS beads
because they are already bound to soluble H,DIDS. This is what we see for the WT
kAE1 (figure 12). In our fraction incubated only with SITS beads (B) we see
approximately the same quantity of protein as we see in the total cell lysate fraction
(T). We also do see a very small quantity of protein in the sample pre-incubated
with H2DIDS (S). Looking next at the C479W mutant (figure 12), we see that the
affinity of the SITS beads for the mutant protein is decreased as compared to the
kAE1 WT when collating the B fraction with the T fraction. Experiments in Xenopus
oocytes have shown that the KAE1 C479W is not functional at the plasma membrane
[59]. For the KAE1 G701D mutant, we observe a decreased binding affinity to SITS
beads compared to KAE1 WT (figure 12). We conclude then that the conformation
of the KAE1 mutants, C479W and G701D is abnormal, which is substantiated by

their decreased affinity for the stilbene inhibitor, SITS.
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Figure 12. SITS binding assay demonstrating mis-folding of KAE1 mutants: MDCK cells expressing
either WT-HA, C479W-HA, or G701D-HA were lysed. T fraction is total cell lysate, S fraction corre-
sponds to cell lysate that was pre-incubated with H,DIDS then incubated with SITS beads. B fraction
corresponds to remaining cell lysate that was only incubated with SITS beads. Western blot was
performed immunoblotting with mouse anti-HA detecting KAE1. @ corresponds to KAE1 with
complex oligosaccharide, () corresponds to KAE1 with high mannose sugar.
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iii - Co-expression of KAE1 WT with the KAE1 mutants C479W and G701D

a. Co-immunoprecipitation of kAE1 WT with each kAE1 mutant to look for
dimerization:

To better understand how these proteins traffic in the kidney of the patient and her
family, we mimicked the genotype of the father (WT/C479W), who suffers from HS
and the genotype of the patient (G701D/C479W), who was diagnosed with both HS
and dRTA. The first step was to ascertain whether the two mutants, which appear
to have an irregular conformation, could form a dimer with either each other or if
kAE1 C479W can form a dimer with KAE1 WT. To this aim, we introduced HA and
myc tags into WT and mutant protein at position 557. Following the addition of
rabbit anti-myc antibody to the cell lysate, we precipitated all protein that is bound
to the primary antibody using Protein G beads. We then ran a Western blot using
mouse anti-HA antibody to detect KAE1l. We expect when we precipitate a myc-
tagged protein and subsequently blot for an HA-tagged protein those mutants that
can form dimers will appear as a band on the blot. If the mutant is unable to form a
dimer, we will not see a band in the B fraction. Our control, KAE1 WT-myc/kAE1
WT-HA, shows that when we precipitate the KAE1 WT-myc (figure 13a, fraction B),
we co-precipitate the KAE1 WT-HA, therefore we can conclude, as we would expect,
that WT kAE1 could form a homodimer. Looking at KAE1 WT-myc/kAE1 C479W-
HA, we can see that when we precipitate the kKAE1 WT-myc, we also precipitate the

kAE1 C479W-HA (figure 13a, fraction B). Similar results are
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Figure 13. Co-Immunoprecipitation of WT kAE1 with either WT or mutant kAE1, localization in MDCK cells
of C479W and G701D: A) MDCK cells expressing either WT-HA/WT-myc, C479W-HA/G701D-myc, or
C479W-HA/WT-myc were precipitated using a rabbit anti-myc antibody followed by a Western Blot using
mouse anti-HA antibody. T represents total cell KAE1 protein, B represents immunoprecipitated kAE1,
and S represents the difference between total KAE1 and precipitated KAE1. @ corresponds to kAE1 with
complex oligosaccharide, O corresponds to newly synthesized kAE1 with high mannose oligosaccharide.
B) Non-polarized MDCK cells expressing G701D-myc and C479W-HA were stained with mouse anti-myc
and rat anti-HA antibodies, followed by anti-mouse Alexa 488 (green) and anti-rat Cy3 (red) antibodies.
Cells were visualized with an Olympus 1X81 microscope using a 60X objective. DAPI (blue) represents the
nucleus.
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seen for the kAE1 G701D-myc/kAE1 C479W-HA where the two proteins are

precipitated together (figure 13a, fraction B).

In conclusion, in the case of the father, because KAE1 WT can form a heterodimer
with kKAE1 C479W, there is the potential for at least partial rescue of the mutant to
the plasma membrane. In the case of the patient, KAE1 G701D can form a
heterodimer with KAE1 C479W, however, because both are retained intracellularly
it is expected that they would remain intracellular (figure 13b). This information
will be important later when looking at methods of rescuing trafficking of the

mutants to the plasma membrane.

b. Co-expression of WT kAE1 with WT or mutant kAE1 looking at surface versus total
protein expression:

To visualize the interaction of our dually expressed proteins in MDCK cells, we used
immunofluorescence and stained for surface versus total protein expression of our
mutants. MDCK cells co-expressing either KAE1 WT-myc/kAE1 WT-HA, kAE1 WT-
myc/kAE1 C479W-HA, or kAE1 G701D-myc/kAE1 WT-HA were grown to
approximately 70 % confluency before they were fixed. Antibody was added to
intact cells to detect mutant protein at the plasma membrane, as well as WT kAE1 in
the control. This was followed by permeabilization of cells and detection of total

kAE1, mutant and WT, within the cell using two different colours.
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As a control, we stained surface and total protein of KAE1 WT-myc/kAE1 WT-HA
(figure 14a) cells. As expected they are both expressed at the cell surface and in the
merged image, they co-localize. We also tested the effects of KAE1 WT expression
on the trafficking of each of the kKAE1 mutants of interest, C479W and G701D. kAE1

C479W surface staining is absent (figure 14c). Therefore, we can conclude that
there is no surface expression of kKAE1 C479W and KAE1 WT does not rescue the
trafficking of this mutant. What is interesting about this finding is that kAE1
C479W, although it is dominant for HS in the RBC, it is recessive for dRTA in the
collecting duct of the kidney as the father, whom is a compound heterozygote with
C479W/WT does not exhibit any symptoms of dRTA. Despite the evidence that
shows that these two forms of KAE1 are interact, there must still be sufficient KAE1
protein at the basolateral membrane to stave off dRTA. Our other mutant of
interest, KAE1 G701D, shows a more typical recessive pattern where the WT KAE1
can rescue the mutant trafficking to the plasma membrane as evidenced by the
surface expression of the protein in MDCK cells when co-expressed with KAE1 WT

(figure 14b).

What we learned about the new mutant, KAE1 C479W is that it is retained
intracellularly within the ER and is not trafficked to the plasma membrane when co-
expressed with KAE1 WT (figure 14 and 15) although these two forms of kAE1 do
have the ability to form a dimer. However, because KAE1 C479W is recessive for

dRTA in the a-IC, there must be sufficient KAE1 WT protein present at the plasma
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Figure 14. Non-polarized MDCK cells co-expressing WT and WT or mutant kAE1 protein looking at surface
versus total protein expression: Detected surface protein using either rat anti-HA or mouse anti-myc.
Cells were permeabilized and detected myc tagged protein with mouse anti-myc and HA-tagged protein
using rat anti-HA. A) WT-myc surface expression versus total WT-HA expression, expression of WT-myc
at the cell surface. B) G701D-myc surface expression versus total WT-HA expression, total G701D-myc
shows surface expression of the mutant. C) C479W-HA surface expression versus total WT-myc expres-
sion, no surface expression of the mutant. Alexa fluor-405 and Alexa fluo-488 conjugated anti-rat and
Cy3 conjugated to anti-mouse secondary antibodies were used. Detected using an Olympus 1X81 micro-
scope with a 60X objective lens.
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Figure 15. Summary of localization of KAE1 dimers: A) C479W homodimers (red) localize to the ER,
G701D homodimers (blue) localize to the Golgi. B) G701D homodimers (blue) localize to the Golgi and
G701D/WT heterodimers as well as WT heterodimers (green) traffic to the basolateral membrane. C)
C479W homodimers (red) localize to the ER and WT homodimers (green) localize to the basolateral
membrane. Although C479W can form heterodimers with G701D and WT, they do not escape the ER
and are believed to be degraded quickly.
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membrane to prevent the disease phenotype. As for KAE1 G701D, this mutant when

expressed alone in MDCK cells is also retained intracellularly, however in the Golgi,

not the ER. It also has the ability to form dimers with KAE1 WT and kAE1 C479W
and when expressed in MDCK cells with KAE1 WT, its trafficking can be rescued to
the plasma membrane (figure 14 and 15). However, because both KAE1 G701D and

KAE1 C479W are retained intracellularly, the patient has no kAE1 at the plasma

membrane in MDCK cells and therefore suffers from dRTA (figure 13b and 15).
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IV - Results Part 2-Trafficking rescue of mutants and interaction with ER

chaperone, Calnexin

i - Trafficking rescue of the KAE1 mutants C479W, G701D, and R589H when

treated with DMSO, Glycerol, and decreased temperature.

In an effort to find treatment for patients afflicted with HS and/or dRTA, we wanted
to study the effects that small molecules have on the trafficking of these mutant AE1
proteins to the plasma membrane. Our inspiration came from other well-studied
proteins CFTR, AQP-2, and V2R and the results that have been seen with the
treatment of different small molecules and reduced temperature. Our results were

quantified using image | software.

a. Effects of varying glycerol concentrations on the trafficking of WT or mutant kAE1:

We chose to test the previously characterized KAE1 mutants, C479W and G701D, for
the effects of small molecules and reduced temperature; in addition we also
included the previously characterized dominant dRTA mutation KAE1 R589H,
whose kidney isoform is retained within the ER, but erythrocyte isoform traffics to
the plasma membrane where it maintains its ability to exchange ions as shown in

Xenopus oocytes [43, 44].

Beginning with MDCK cells expressing one of WT, C479W, G701D, or R589H forms

of kAE1, we then grew them to confluency followed by cell lysis. We measured
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protein concentration using a BCA assay and ran equivalent quantities of protein on
an SDS-PAGE gel followed by a Western blot. Results depicting rescue of the
trafficking of the mutants show an increase in the quantity of complex
oligosaccharide kAE1 protein, which signifies escape of the protein from the ER to
the Golgi where its high mannose oligosaccharide is converted to a complex
oligosaccharide. For the glycerol condition, we used 1 %, 2 %, 3 %, and 4 %
concentrations based on previous findings that 1 M of glycerol (equivalent to
approximately 1 %) up to 4 % glycerol was effective in restoring trafficking of
mutant V2R and AQP-2 protein [55, 57]. It was found that for the KAE1 WT, there
was no noticeable increase in complex versus high mannose oligosaccharide bands
of the protein (figure 16). What we found for the mutants varies depending on the
mutant. The recessive mutant, KAE1 G701D, which is retained intracellularly in the
Golgi, had increased complex band versus high mannose oligosaccharide under 1 %
and 2 % conditions (figure 16). 3 % and 4 % glycerol was ineffective in its ability to
rescue the trafficking likely because at these percentages, glycerol can be cytotoxic
causing the separation of the cells from the flask surface. The other recessive
mutant, KAE1 C479W, which is retained in the ER, was found to have no noticeable
complex band under any concentrations of glycerol (figure 16). The third mutant,
kAE1 R589H, is dominant and is also retained in the ER and under control
conditions, exhibits no complex oligosaccharide band, however, under select
glycerol concentrations, 2 % and 3 %, kAE1 R589H exhibits the presence of complex

band (figure 16).
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Figure 16. KAE1 expressing cells treated for 16 hours with varying concentrations of glycerol:
MDCK cells expressing WT or mutant (C479W, G701D, R589H) forms of KAE1 treated for 16
hours 1 %, 2 %, 3 %, 4 %, or 5 % glycerol. Cells were lysed and western blot was performed.
probed with mouse anti-HA antibody. @ represents complex oligosaccharide form of KAE1.O
represents high mannose form of KAE1. @ represents GAPDH, a loading control.

CT=control.
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b. Effects of varying DMSO concentrations on the trafficking of mutant kAE1:

DMSO has also been shown to rescue trafficking of mutant proteins [55-57]. So, we
next tested the effects of this small molecule on the dRTA mutants. We chose to test
0.5 %, 1 %, 1.5 %, and 2 % based on the literature that has shown that DMSO is an
effective chemical chaperone at 1 % and 2 % concentrations [55, 56]. For KAE1 WT
there was no change in quantity of complex kAE1 between control and the addition
of all concentrations of DMSO (figure 17). For kAE1 G701D, we found that the
amount of complex carbohydrate band does increase with the addition of all
concentrations (figure 17). Again for kKAE1 C479W (figure 17) we found no
detectable complex KAE1 and for R589H, we found that under 1 % and 1.5 % DMSO
treatments, there is a conversion of high mannose kAE1 to complex kAE1 (figure

17).

c. Effects of 30 °C temperature on the trafficking of the kKAE1 mutants:

Our last testing condition was 30°C temperature for different time points, 48 h, 24 h,
16 h and 4 h. Previous work demonstrated that reduced temperature is effective in
restoring trafficking of mutant membrane proteins when incubated between 6
hours and 21 hours. We found that the KAE1 WT, again, is unchanged (figure 18).
kAE1 G701D shows an increase in the amount of complex oligosaccharide kAE1
band (figure 18). KAE1 C479W is, again, unchanged under all time points at 30°C
(figure 18). Lastly, kKAE1 R589H, like KAE1 C479W, shows no complex band at any

of the time points (figure 18).
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Figure 17. kAE1 expressing cells treated for 16 hours with varying concentrations of DMSO: MDCK cells
expressing WT or mutant (C479W, G701D, R589H) forms of kAE1 treated for 16 hours with 2 %, 1.5
%, 1 %, or 0.5 % DMSO. Cells were lysed and western blot was performed. Probed with mouse
anti-HA antibody. @represents complex oligosaccharide form of kKAE1. Orepresents high mannose
form of kKAE1. @ represents GAPDH, a loading control. CT = control.
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Figure 18. kAE1 expressing cells incubated at 30°C for varying times: MDCK cells expressing WT or mutant
(C479W, G701D, R589H) forms of KAE1 treated for 4, 16, 24, 48 hours at 30°C. Cells were lysed and western blot
was performed. Immunoblotted with mouse anti-HA antibody. @represents complex oligosaccharide form
of KAE1. O represents high mannose form of KAE1.@ represents GAPDH, a loading control. CT = control.
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d. Histogram of trends of rescue for kKAE1 WT and each of the kKAE1 mutants:

When we combine the data from three independent experiments we can visualize
the resulting trend of rescue of each of our treatments on each of the mutants.
Figure 19 depicts the trends of rescue for KAE1 WT and each of the kAE1 mutants by
quantifying the intensity of the complex oligosaccharide band versus total protein
expression bands and converting the ratio into a percentage. The KAE1 WT protein
in Western blotting showed no change in its trafficking under any treatment
compared to control conditions. This is exemplified in the histogram (figure 19),
which depicts approximately equivalent percentages of complex versus total protein
expression. KAE1 C479W shows a similar trend as the kKAE1 WT, showing no rescue

by any treatments.

Based on the histogram, we can conclude for KAE1 G701D that DMSO is effective at
increasing its trafficking. The same is true of all incubation periods at reduced
temperature. However, for glycerol, 1 % and 2 % show improvement in trafficking,
but 3 % and 4 % have the same percentage of complex versus total protein
expression as the control. This lack of rescue could be attributed to glycerol’s
cytotoxic effects at high concentrations. kAE1 R589H proved to be a contender for
the reception of small molecule rescue based on the observation that certain
concentrations of DMSO and glycerol could increase its trafficking. Studying the
trend depicted in the histogram, DMSO at concentrations between 0.5 % and 1.5 %,
have the ability to increase the percentage of complex versus total protein

expression. Same result was seen for glycerol at 2 % and 3 %. Reduced
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Figure 19. Histograms showing rescuing trend of Glycerol, DMSO, and reduced temperature on mutants:
Amount of complex kAE1/total KAE1lin MDCK cells under control conditions and varying concentra-
tions of DMSO and glycerol, and varying incubation times at 30°C. Error bars, SD (n=3). * = statisti-

cally significant difference (p < 0.05).
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temperature was an ineffective method of rescue for KAE1 R589H. It should be
noted that for KAE1 R589H, the error bars are larger for this KAE1 mutant than the
other KAE1 mutants. This is due to KAE1 R589H’s low expression level in MDCK

cells, which results in longer error bars.

e. Surface versus total protein expression of KAE1 WT and each kAE1 mutant following
treatment of DMSO, glycerol, and reduced temperature:

The transition from a high mannose glycosylation to a complex oligosaccharide
glycosylation occurs in the Golgi; therefore we cannot say for certain that an
increase in complex band of kAE1 is associated with trafficking of the protein to the
plasma membrane. To elucidate whether there is full trafficking rescue, we used
immunofluorescence to visualize where our protein was being targeted under
control conditions as well as under the influence of 1 % DMSO, 1 % glycerol and 16
hour incubation at 30°C. The conditions were chosen based on their ability to
rescue the trafficking of KAE1 R589H, however due to 3 % glycerol’s cytotoxic
effects on MDCK cells, we used 1 % glycerol instead of 3 % glycerol. We began with
the addition of rat anti-HA antibody to intact non-polarized MDCK cells to detect
surface KAE1 WT or kAE1 mutant protein. This was followed by the addition of the
secondary antibody, anti-rat Alexa 488 (green) (figure 20). The cells were then
permeabilized and rat anti-HA antibody was added again, now to detect all kAE1
protein, both extracellularly and intracellularly. This was followed by the addition

of the secondary antibody, anti-rat Cy3 (red). Under these conditions, improvement
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in green staining depicts an increase in protein trafficking to the plasma membrane

and red staining indicates expressed kAE1 protein.

Using an Olympus 1X81 microscope with a 60X objective, we were able to visualize
our protein’s location within the cell. For the KAE1 WT, as expected it was at the
plasma membrane with some intracellular staining of newly synthesized protein
(figure 20a). We observed no difference in surface staining of kKAE1 WT protein
under any of the rescue treatments (figure 20b-d). One of the promising mutants
for these treatments, KAE1 G701D, showed very little surface staining under control
conditions (figure 21a), however under treatment with 1 % DMSO, 3 % glycerol, and
30°C temperature, there is a distinct increase in surface staining of KAE1 G701D
(figure 21b-d). Another promising protein for rescue is kKAE1 R589H, which shows
under control conditions, no surface staining of protein (figure 22a), however when
treated with 1% DMSO, there is some rescue of the ER retained protein to the
plasma membrane (figure 22b). The results for reduced temperature and 1%
glycerol are similar to that of the control conditions, no noticeable KAE1 R589H at
the plasma membrane (figure 22c and d). Lastly, KAE1 C479W, which showed no
complex band on our western blot under control or treatment conditions, showed
the same results with immunostaining. The control KAE1 C479W protein was
retained intracellularly (figure 23a) as well the same results were seen for the three

treatments (figure 23b-d).
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Figure 20. Non-polarized MDCK cells expressing WT kAE1 showing surface versus total protein expres-
sion when treated with DMSO, glycerol or 30°C temperature: non-polarized MDCK cells expressing
WT-HA. Surface KAE1 protein was labeled with rat anti-HA followed by anti-rat Alexa 488 (green).
Cells were permeabilized and again labeled with rat anti-HA followed by anti-rat Cy3 (red) and
DAPI, which labels DNA (blue). A) Control cells, no treatment. B) Cells were treated with 1% DMSO
for 16 h. C) Cells were grown at 30°C for 16 h. D) Cells were treated with 1% Glycerol for 16 h. Cells
were visualized with an Olympus 1X81 microscope with 60X objective lens.
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Figure 21. Non-polarized MDCK cells expressing G701D kAE1 showing surface versus total protein
expression when treated with DMSO, glycerol or 30°C temperature: non-polarized MDCK cells
expressing G701D-HA. Surface KAE1 protein was labeled with rat anti-HA followed by anti-rat
Alexa 488 (green). Cells were permeabilized and again labeled with rat anti-HA followed by anti-rat
Cy3 (red) and DAPI, which labels DNA (blue). A) Control cells, no treatment. B) Cells were treated
with 1% DMSO for 16 h. C) Cells were grown at 30°C for 16 h. D) Cells were treated with 1% Glyc-
erol for 16 h. Cells were visualized with an Olympus 1X81 microscope with a 60X objective lens.
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Figure 22. Non-polarized MDCK cells expressing R589H kAE1 showing surface versus total protein
expression when treated with DMSO, glycerol or 30°C temperature: non-polarized MDCK cells
expressing R589H-HA. Surface kAE1 protein was labeled with rat anti-HA followed by anti-rat
Alexa 488 (green). Cells were permeabilized and again labeled with rat anti-HA followed by anti-rat
Cy3 (red) and DAPI, which labels DNA (blue). A) Control cells, no treatment. B) Cells were treated
with 1% DMSO for 16 h. C) Cells were grown at 30°C for 16 h. D) Cells were treated with 1% Glyc-
erol for 16 h. Cells were visualized with an Olympus 1X81 microscope with a 60X objective.
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Figure 23. Non-polarized MDCK cells expressing C479W kAE1 showing surface versus total protein
expression when treated with DMSO, glycerol or 30°C temperature: non-polarized MDCK cells
expressing C479W-HA. Surface kAE1 protein was labeled with rat anti-HA followed by anti-rat
Alexa 488 (green). Cells were permeabilized and again labeled with rat anti-HA followed by anti-rat
Cy3 (red) and DAPI, which labels DNA (blue). A) Control cells, no treatment. B) Cells were treated
with 1% DMSO for 16 h. C) Cells were grown at 30°C for 16 h. D) Cells were treated with 1% Glyc-
erol for 16 h. Cells were visualized with an Olympus 1X81 microscope with a 60X objective.
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So far we have seen that the kKAE1 WT protein expression is unchanged under the
treatment of Glycerol, DMSO, and lower temperature. Two of the KAE1 mutants,
G701D and R589H, show promise in terms of increasing the trafficking of the
protein to the plasma membrane. kKAE1 G701D exhibits an increase in complex
band under all treatments, glycerol, DMSO, and lower temperature; this was
confirmed to be a rescue of trafficking to the plasma membrane by
immunofluorescence, not just an increase in complex oligosaccharide protein. kAE1
R589H revealed to only be rescued by DMSO and glycerol and only under certain
concentrations of these molecules. Temperature appears to have no effect. As for

KAE1 C479W, so far no treatment has been shown to enable departure from the ER.

ii - Interaction of KAE1 with calnexin under treatment of 1 % DMSO, 3 %

glycerol, and 30°C temperature for 16 hours.

Calnexin is an important ER-resident protein that functions, with calreticulin, to
ensure the proper folding of glycoproteins [9]. A newly translated glycoprotein in
the ER will enter the calnexin/calreticulin (CNX/CRT) cycle where the protein will
undergo a series of glucose additions and removals by other proteins they recruit
(figure 24); this cycle will continue until the protein is folded properly upon which it
will be trafficked to the Golgi [9]. If the protein is unable to fold properly, it will be

degraded in the cytosol [9].

a. Interaction of CNX with eAE1:
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Figure 24. Calnexin/Calreticulin cycle demonstrating the process of quality control in the ER for glyco-
proteins: Membrane-bound glycoproteins have their folding monitored by the CNX/CRT cycle based
on glucosylation. Properly folded proteins are further trafficked to the Golgi, those proteins that are
mis-folded are either re-glucosylated and re-enter the CNX/CRT cycle, or they are targeted for degra-

dation. [9]
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The relationship between CNX and eAE1 has been recently reported using K562
cells (Erythroleukemia cells line). It detailed an interaction between CNX and eAE1
through co-immunoprecipitation, an interaction that was maintained with the two
mutants that the authors studied, SAO and R760Q [60]. In cells lacking CNX there
was no change in the trafficking of the KAE1 WT protein to the plasma membrane,
but in MEF (Mouse Embryonic Fibroblast) cells deficient in CNX, the expression
level of eAE1 was 75 % of MEF cells expressing CNX. Another interesting discovery
was that the mutants did not have an enhanced interaction with CNX compared to
KAE1 WT protein in K562 cells. This evidence indicates that eAE1 is a potential

substrate for CNX.

We hypothesize that in MDCK cells, small molecule treatment may change the time
of the interaction of KAE1 with CNX, therefore providing misfolded proteins a better
chance of escaping the ER. To test this, we performed an immunoprecipitation of
MDCK cells expressing one of KAE1 WT, KAE1 C479W, kAE1 G701D, or KAE1 R589H
and treated for 16 hours with either 1 % DMSO, 3 % glycerol, or 30°C temperature,
or they received no treatment at all. Cells were grown to confluency, then collected
and lysed. Protein concentration was determined using a BCA assay. To precipitate
kAE1 rat anti-HA antibody was added to bind HA-tagged kAE1. This was followed
by incubation of the cell lysates with protein G beads. kAE1 was eluted using
Laemmli sample buffer. Two Western blots were performed loading equal amounts
of protein per lane. We then detected kAE1 and CNX on separate blots, using mouse

anti-HA for kKAE1 detection and rabbit anti-CNX for CNX detection.
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Under control conditions, for MDCK cells expressing kAE1 WT protein, there
appears to be no interaction with CNX (figure 25). This could be due to the
interaction between KAE1 WT protein and CNX being too transient and therefore
difficult to co-IP. For KAE1 C479W under all treatments, an interaction with CNX
was observed as evidenced by the band in the B fraction of the Western blot (figure
25). For the control, we do not see any apparent CNX. KAE1 G701D interacts with
CNX more strongly than kKAE1 WT, however this interaction is not enhanced under
any of the treatments, as shown in the B fraction (figure 25). For kKAE1 R589H, we
can see that in the B fraction of our Western blot there is an interaction between
kAE1 R589H and CNX under treatment conditions (figure 25). Based on our
hypothesis, we expect to see an interaction of KAE1 WT protein with CNX and to
increase this interaction under small molecule treatment conditions. The same
trend is expected for our mutants whose trafficking is enhanced by our chosen

treatments.

b. Histogram depicting trend of interaction of kKAE1 WT or KAE1 mutant protein with
CNX:

When we combine data from 3 independent experiments we can see the resulting
trend in the interaction between CNX and KAE1 protein. In parallel with Western
blot detecting CNX, we ran the same samples on a separate gel and performed a
western blot detecting kAE1 protein. From the two blots, we quantified the
intensity of the co-immunoprecipitated CNX band as well as the precipitated KAE1

band (not shown) and represented this information in a ratio of CNX/kAE1 for each
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Figure 25. Western blots showing calnexin co-precipitated by kAE1: MDCK cells expressing WT or
mutant AE1 were collected and precipitated with rat anti-HA antibody. Western blot was performed
and immunoblotted with rabbit anti-calnexin (MW = 90 kDa) and mouse anti-GAPDH. T represents
total expressed Calnexin, B represents Calnexin that was precipitated by KAE1, and S represents the
difference between the T fraction and the B fraction.@ represents calnexin, O represents GAPDH, a

loading control.
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condition and each mutant. For the KAE1 WT protein, its interaction with CNX is
consistent throughout control and treatment scenarios (figure 26). kAE1 G701D
exhibits an interesting trend with its interaction with CNX decreased under
treatment conditions, however its interaction with CNX is still greater than that of
kAE1 WT (figure 26). The remaining two mutants showed variation in their
interaction with CNX. kAE1 C479W, a mutant that has thus far shown no trafficking
beyond the ER, depicted an increased interaction with CNX compared to control
conditions (figure 26). Conversely, KAE1 R589H showed an enhanced interaction
with CNX under reduced temperatures and to a lesser extent treatment with DMSO
(figure 26). For those KAE1 mutants that are rescued by small molecule treatment,
their interaction with CNX is decreased. Conversely, those KAE1 mutants that are
not rescued by small molecules show an increase in their interaction with CNX. In
order to further the understanding of this relationship between kAE1 and CNX,

additional experimentation is required.

What we know is that CNX does interact with KAE1, both mutant forms as well as
WT forms. Whether this interaction is pertinent to the trafficking rescue of KAE1 is
still not known. One important trend to note is that of CNX and KAE1 G701D. The
treatments showed an increase in the trafficking of kAE1 G701D to the plasma
membrane as shown in immunofluorescence. This in conjunction with the reduced
interaction with CNX could be, at least in part, the reason for the increased

trafficking of KAE1 G701D to the cell surface and therefore deserves more attention.
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Figure 26. Histogram showing the trend of interaction of WT kAE1 and each mutant with Calnexin:
MDCK cells expressing either WT or mutant KAE1 were treated with 1 % DMSO, 3 % glycerol, or
30°C for 16 hours. Quantity of Calnexin is expressed as a ratio of quantity of KAE1. Error bars = SD
(n=3).
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V - Discussion

i - Characterization of the KAE1 mutants C479W and G701D

a. Classification and functionality of the kKAE1 mutants, C479W and G701D:

In an effort to understand the cause of the disease state of the patient, we looked at
the localization of the mutants in MDCK cells. There are three major classes of
mutants to which they could be classified under: Class I mutants that result in
prematurely truncated proteins, Class Il mutants have impaired trafficking, and
Class Il mutants are full length proteins that have little to no function [61]. Utilizing
cell surface biotinylation and immunofluorescence we were able to localize the
newly identified KAE1 C479W mutant to the ER and discover that it is not expressed
at the surface of MDCK cells classifying KAE1 C479W as a Class Il mutant. A
previously studied mutant, KAE1 G701D was localized largely to the Golgi and also
displayed no surface expression exhibited by immunofluorescence, thereby

classifying it as a Class Il mutant as well.

Through SITS inhibitor binding we were able to confirm that these two mutant
proteins are misfolded (figure 12) as evidenced by the inhibitor having reduced
affinity for the mutants [59]. Functional experiments using Xenopus oocytes
demonstrated that the mutant KAE1 G701D when co-expressed with GPA was able
to traffic to the plasma membrane and once there, it was functional [62]. Similarly,

the newly identified KAE1 mutant, C479W, was expressed in Xenopus oocytes in the
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presence and absence of GPA; it was found that this novel mutant could traffic to the
plasma membrane without the chaperone, GPA, however it remained functionally

inactive at the plasma membrane [63].

b. C479’s position within the membrane-spanning region of AE1:

Cysteine mutagenesis studies on eAE1 revealed that when all five Cysteine residues
are mutated to serine, including C479, the protein remains functionally normal and
can still traffic to the plasma membrane of HEK cells [64]. C479 is located in the
putative transmembrane segment 3 and it has been suggested that it is a pore lining
helix [60]; the substitution to serine conserves its hydrogen bonding abilities and
explains the preservation of function of Cysteine-less eAE1’s. However, when C479
is mutated to Tryptophan, a non-polar amino acid unable to hydrogen bond, the
function of the protein is lost, corroborating the supposition that C479 could be a

pore-lining residue.

c. KAE1 C479W and its role in HS and dRTA:

The interesting characteristic of the newly identified KAE1 mutant C479W is that it
can cause both HS as well as dRTA, however it is dominant for HS and recessive for
dRTA. This is exhibited by the phenotype of the father whom is heterozygous for
KAE1 C479W with KAE1 WT, but only has HS and no kidney problems. A unique
aspect of the patient is that HS and dRTA are normally mutually exclusive diseases;
this is only the fourth case that characterizes a mutation that has the potential to

cause both diseases in a single individual. The first mutation was Band 3 Coimbra,
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or kAE1 V488M, which in its heterozygous state causes only HS and in its
homozygous state causes HS and dRTA [65]. This patient requires regular blood
transfusions as well as an oral bicarbonate supplement to thrive [65]. The relief of
metabolic acidosis normalized the calcium in the urine and subsequently prevented
further nephrocalcinosis. Expression of this mutant in polarized and non-polarized
MDCK cells revealed that V488M is retained within the ER when expressed alone
[66]. Additionally, interaction with KAE1 WT was limited as evidenced by co-IP and
minimal co-localization of kAE1 WT with kAE1 V488M in immunofluorescence
imaging. SITS affinity binding demonstrated that kAE1 V488M is not grossly
misfolded, which in conjunction with the small amount of KAE1 WT/KAE1 V488M
heterodimers formed appears sufficient to stave off dRTA. More eAE1 is probably
required in RBC membranes due to its integral role in maintaining the biconcave
shape explaining kAE1 V488M’s dominant inheritance for HS. We see a similar
pattern with kAE1 C479W. When in the heterozygous state with KAE1 WT, there
appears to be sufficient KAE1 trafficking to the plasma membrane, but not adequate

for eAE1’s function in the RBCs.

KAE1 C479W also has the ability to form dimers with KAE1 WT and kKAE1 G701D, as
shown in co-IP experiments (figure 13a), however in immunofluorescence studies
we do not see any colocalization between KAE1 WT and KAE1 C479W at the plasma
membrane (figure 14). KAE1 C479W has a dominant effect on the KAE1 WT protein,
although the father (C479W/WT) does not exhibit any dRTA phenotypes, therefore

classifying KAE1 C479W as a recessive mutation for dRTA. We suspect that because
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the only available protein at the plasma membrane is eAE1 WT homodimers, this
quantity of protein is insufficient for eAE1’s interaction with the cytoskeleton
preventing the maintenance of the RBC shape. However, the approximately 25% of

protein available in the father’s kidney cells is enough to prevent the onset of dRTA.

The second mutation found to cause HS and an incomplete form of dRTA (displaying
symptoms of dRTA only when the body is challenged with high acidity) in the
homozygous state is Band 3 Courcouronnes, or kAE1 S667F, [67]. This patient
received 11 blood transfusions before a splenectomy was performed at the age of 9
months. Acidosis was noticed, but partially receded after a few months and oral
bicarbonate supplements were discontinued. The patient tested negative at 10 and
22 months for nephrocalcinosis. To understand this mutation, a functional assay
was performed expressing kAE1 S667F in Xenopus oocytes, establishing no
measurable activity. However, when expressed in this same cell line, but in
conjunction with GPA, activity was noted, admittedly approximately 55% of normal
kAE1 WT function. Interestingly, this change is not due to an increased presence of
kAE1 S667F at the plasma membrane, but is due to GPA increasing the activity of the
mutant. The same was seen when KAE1 S667F was expressed with WT in Xenopus
oocytes, an increase in activity without an increase in surface expression. In MDCK
cells, the majority of KAE1 S667F is retained within the ER of both polarized and

non-polarized cells and to a lesser extent the Golgi and plasma membrane.
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Most recently, a new mutation has been discovered, KAE1 E522K, that when in the
heterozygous state with KAE1 G701D causes both dRTA and HS [68]. This patient
requires daily bicarbonate supplements in addition to regular blood transfusions,
but exhibits no nephrocalcinosis. When kAE1 E522K is expressed in MDCK cells
alone, it traffics to the plasma membrane in non-polarized and polarized cells, albeit
to a lesser extent, approximately half of that seen in KAE1 WT [68]. The mutant
KAET1 protein was also able to traffic to the plasma membrane when expressed with
kAE1 WT. When the genotype of the patient was mimicked in MDCK cells
(E522K/G701D), no KkAE1l was expressed at the cell surface. Pulse-chase
experiments revealed that the half-life of KAE1 G701D is approximately five hours
and that of KAE1 WT or kAE1 E522K is 11 hours [68]. When kAE1 G701D forms
heterodimers with kAE1 E522K, kAE1 G701D decreases its stability, making the

protein susceptible to degradation [68].

d. kKAE1 G701D is retained intracellularly possibly due to a Golgi retention signal:

Our findings for KAE1 G701D agree with the findings of other researchers. kAE1l
G701D is retained intracellularly when expressed in MDCK cells; its trafficking can
be rescued by KAE1 WT protein explaining why the mother, whom is WT/G701D,
exhibits no symptoms of either HS or dRTA. Through co-IP experiments, we
discovered that KAE1 C479W and kAE1 G701D can form heterodimers (figure 13a),
however immunofluorescence illustrated that each mutant still remained
intracellular (figure 13b). In an effort to understand why kAE1 G701D is impaired

in its trafficking, a series of substitution experiments have previously been
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performed replacing the non-polar Glycine residue with one of four amino acids:
Glutamic acid, another negatively charged amino acid, Arginine, a positively charged
amino acid, or Alanine or Lysine, both of which are non-polar amino acids [33].
According to the current topology models of kAE1, G701D is located at the cytosolic
end of transmembrane 9 [69]. The charged substitutions, G701E and G701R, were
retained within the Golgi, same as G701D [33]. However, when Glycine is mutated
to a non-polar amino acid, the protein was able to traffic to the surface of non-polar
MDCK cells and the basolateral membrane of polarized MDCK cells. Work on the
bovine (-1,4-Galactosyltransferase, a Golgi resident protein, revealed a possible
correlation between transmembrane length and cell localization [70]. Proteins
targeted to the plasma membrane have a longer hydrophobic transmembrane
domain compared to proteins destined for the Golgi, which tend to have a shorter
hydrophobic span. Mutating G701 to a charged amino acid decreased its
hydrophobic span possibly creating a Golgi retention signal. This is supported by
the observation that G701 being mutated to a different non-polar amino acid

residue does not impair its trafficking to the plasma membrane in MDCK cells [33].

ii - Small molecule rescue of the KAE1 mutants C479W, G701D, and R589H

The second part of this project incorporated another mutant, KAE1 R589H. This
mutant is a dominant mutation causing dRTA due to the kidney isoform of AE1 with
the R589H mutation being retained within the ER of HEK cells [44]. Interestingly,

eAE1 R589H can traffic to the plasma membrane in HEK cells and it retains its anion
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transport function once there. Due to its dominant nature, the KAE1 R589H mutant
cannot be rescued by co-expression with KAE1 WT protein, but was functional when
present at the plasma membrane of Xenopus oocytes [43]. Although it does have
minimal trafficking to the apical membrane of polarized MDCK cells, the majority of
protein was retained within the ER [33]. Due to the potential that the KAE1 R589H
mutant has for possible rescue, we chose to examine the effects of small molecules
on this mutation in addition to the recessive KAE1 mutations we were currently

studying, C479W and G701D.

a. Glycerol as a candidate for small molecule rescue:

Glycerol, a polyol that is suspected of working as a rescuing molecule by stabilizing
proteins against denaturation [50], proved to be an effective treatment for the kAE1
G701D and kAE1 R589H mutants by increasing the quantity of complex
oligosaccharide band of kAE1 (figure 16). kAE1 C479W remained within the ER;
glycerol had no effect on the trafficking of this mutant (figure 16). Previously,
glycerol proved to be a strong rescuer of protein trafficking for Cystic Fibrosis
Transmembrane Conductance Regulator, Vasopressin 2 Receptor, and Aquaporin-2
[39, 40, 50]. For CFTR, high concentrations of glycerol were required in order to
induce a positive change in the trafficking of the AF508 CFTR mutant in IB3 cells.
The consequence of using high concentrations is it limits the application for use in
humans. In addition, the 1 M concentration was toxic to the cells causing the
majority of the cells to detach before the 24 hour incubation period had expired

[50]. Indeed, with our own mutants we occasionally experienced this cytotoxic
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effect of glycerol on our MDCK cells at concentrations of 3 % and 4 % (equal to

0.32M and 0.43M, respectively).

Certain mutations of the V2R membrane protein when expressed in MDCK cells,
benefited from treatment with 4 % glycerol when incubated for 16 hours [55]. Of
the nine mutants that were studied, only the V2R-V206D mutation showed a
significant increase in the maturation of the protein, evidenced by the presence of
the mature band of protein on an immunoblot. More recent research on V2R and
small molecule rescue observed that 1 M glycerol was ineffective in rescuing three

different mutations of interest when expressed in COS-7 cells [56].

A third protein with the potential of benefiting from small molecule rescue is AQP-2.
This membrane protein resides in the collecting duct of the nephron where, under
the influence of vasopressin, AQP-2 travels from vesicles to the apical membrane
[57]. When ER retained mutants of AQP-2 are expressed in CHO cells and
subsequently treated with 1 M glycerol, a redistribution of protein from the ER to
endosomes and the plasma membrane is observed. We learned in studying the
effects of glycerol on different proteins expressed in different cell lines containing
different mutations, that glycerol appears to have a variable effect that is dependent

upon the mutation studied and possibly dependent upon the cell line used.

b. DMSO as a candidate for small molecule rescue:
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Robben et al. used the model cell line, MDCK, to study nine different mutations of
V2R. They found that the effect of 4 % glycerol is mutation specific, rescuing the
trafficking of only V2R-V206D, however they also looked at the effects of six other
chemical chaperones including DMSO [55]. Their findings revealed that of the nine
mutants, only V2R-V206D was susceptible to being rescued which included 1 %
DMSO and Thapsigargin, an inhibitor of the sarcoendoplasmic reticulum Ca2*
ATPase (SERCA), in addition to glycerol. This pattern of mutation specific rescue is
evident in our research with kKAE1. We found that the KAE1 mutation C479W is not
prone to having its trafficking rescued by any of the tested methods (figure 19),
including DMSO, whereas both R589H and G701D kAE1 mutations have both
demonstrated a propensity to trafficking rescue by the chemical chaperones tested
(figure 19). These findings strengthen the supposition that chemical chaperones act

in a mutation specific manner.

c. Temperature as a candidate for trafficking rescue of mutant proteins:

Reduction in medium temperature is thought to promote ER-associated protein
folding by conveying kinetic or thermodynamic stability, allowing for mutated
proteins to fold in a manner resembling the wildtype protein form [51]. We found
that when we subjected KAE1 WT and the KAE1 mutants to growth conditions at a
reduced temperature, 30°C, the KAE1 G701D mutant had an increase in its complex
oligosaccharide band (figure 18) leading to trafficking of the protein to the plasma
membrane as evidenced by immunofluorescence (figure 21). This follows the trend

seen for both V2R mutants (A98P, L274P, and R113W) and AF508 CFTR in that
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decreasing temperature appears to be a potent rescuer of mutant protein trafficking

[51, 56].

Our evidence suggests that the ability of a mutants trafficking to be affected by small
molecules, such as DMSO and glycerol, or reduced temperature is largely mutation
specific and appears to be independent of dominant versus recessive mutations.
kAE1 C479W, a recessive mutation with dominant characteristics based on the lack
of rescue of trafficking by kKAE1 WT, was unable to be rescued by any of the chosen
treatments. KAE1 G701D and kAE1 R589H however showed that despite one
mutation being recessive and the other dominant, both were susceptible to
treatment, thus improving the ratio of surface protein to total protein. To further
understand the effects of rescuing treatment, it would be beneficial to look at the
effects of these treatments on the mutations studied in a different cell line. This
could tell us if the ability to rescue trafficking of mutants is not only mutation
specific, but perhaps also cell line specific. It would also be helpful to quantify
transport activity of the mutants under control and treatment conditions. In the
kidney, these treatments could be beneficial in a patient if there is increased activity

at the plasma membrane.

d. Calnexin as a possible target for treatments by changing its chaperone activities:
Calnexin is an ER resident chaperone protein that plays an integral role in
Calnexin/Calreticulin (CNX/CRT) cycle (figure 24). Because of CNX’s role in

assisting the folding of membrane proteins within the ER, it has been postulated
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that the knock out of CNX would allow mutant proteins to escape the ER to the
plasma membrane where they can exert their function [71]. A study utilizing CNX
with a deletion of the amino acids 185-520 showed an increase in the amount of
AF508 CFTR at the plasma membrane of CHO (Chinese Hamster Ovary) cells
without interrupting their ability to interact [71]. It was also demonstrated that the
mature form of AF508 CFTR that could traffic to the plasma membrane was
functional, however not to the same extent as WT-CFTR. What is crucial here is the
ability of the mutant CFTR to escape the ER in order to traffic to the plasma
membrane. CNX associates with newly synthesized WT and mutant CFTR, but
maintains this association for the lifetime of the mutant whereas WT is able to
escape its association with CNX allowing it to move to the Golgi for further

processing [72].

There is some debate in the field however, that perhaps CNX is only involved in the
efficient folding of WT protein and that ERAD of mutant proteins is CNX-
independent by occurring before the CNX/CRT cycle [73]. Using RNAi to down
regulate CNX in CHO cells, the maturation of both WT and AF508CFTR was not
effected, however the processing of the WT CFTR to its mature form was hindered
from 30 % to 20 %. In a second model, again using CHO cells however in this case
ones with a knockout (KO) of CNX, the AF508 CFTR quantity and maturation were
unchanged compared to normal CHO cells [74]. In addition, the amount and

maturity of WT-CFTR decreased from CHO cells to CNX-KO CHO cells. These results
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were supported in functional assays that confirmed no change in AF508 CFTR in

CNX-KO CHO cells and decreased WT-CFTR activity in the same cell line.

The classical view of CNX is that it functions as an ER chaperone. Evidence has
shown that although CNX interacts with partially folded proteins in a transient
manner based on its glucosylation status, it is its interactions with other ER-resident
chaperones that confers CNX's ability to retain misfolded proteins and to act at
targeting those misfolded proteins for degradation [75]. CNX may act as a
chaperone itself by possessing a polypeptide-binding site that allows it to bind to
soluble proteins, lacking any glycosylation. It is its role as a chaperone that has

inspired us to test its effects on the trafficking of KAE1 mutant proteins.

In our work with kAE1, we looked at the interaction between CNX and either WT or
mutant KAE1 in MDCK cells through the use of co-immunoprecipitation in control or
treated (1 % DMSO, 3 % glycerol, 30°C for 16 h) cells. We chose CNX as a candidate
chaperone from the ER based on the fact that CNX is the only chaperone that was
demonstrated to physically interact with AE1 protein [76]. Based on our results we
were able to see a trend in the interaction of kAE1 with CNX (figure 26) in the
steady state. KAE1 WT appeared to have a transient or weak interaction with CNX
based on the inability to co-IP CNX with KAE1 WT under control conditions as well

as treatment with our trafficking rescuers.
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The KAE1 mutants displayed a different trend; KAE1 C479W and kKAE1 G701D
increased their interaction with CNX under control conditions, while KAE1 R589H
displayed similar control conditions to the kAE1 WT. The interaction of kAE1
G701D decreased with treatment, that also allowed plasma membrane trafficking of
the mutant; KAE1 C479W and KAE1 R589H had an increased interaction with CNX
under certain treatments, specifically those that do not promote trafficking rescue
to the plasma membrane. The results with kKAE1 G701D support the theory that
decreasing CNXs involvement in the folding of proteins could increase the

trafficking by allowing the protein to escape the ER [71].

For the other two KAE1 mutants, however, we see an increase in their interaction
with CNX under control and treatment conditions compared to KAE1 WT. This
agrees with our original hypothesis that increasing CNX’s chaperone activities could
increase the trafficking of our mutants by allowing them to fold properly. In order
to make any conclusions about the interaction between CNX and KAE1 further
experimentation is required. It would be beneficial to look at the time-dependence
of this interaction using pulse-chase. Although we see some kAE1l mutants
increasing their interaction with CNX, is this interaction shorter or longer than that
seen in KAE1 WT or under control conditions? It would also be useful to look at the
effects of trafficking of KAE1 mutants in MDCK cells when CNX is decreased through
the use of siRNA. These experiments combined will give a broader picture as to the

relationship between KAE1 and CNX.
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VI- Conclusions

We were able to characterize the newly identified kAE1 C479W, which we
discovered, like other previously described mutants, is retained within the ER.
Mimicking the genotype of the patient (C479W/G701D) who suffers from HS and
dRTA and the genotype of the father (WT/C479W) who suffers from HS, we were
able to look at the interaction of KAE1 C479W with kAE1 G701D and kAE1 WT to
observe how the behavior of KAE1 C479W can be changed. Expression with kAE1
G701D had no impact on the trafficking KAE1 C479W protein, maintaining a
membrane with little or no kAE1 present. KkAE1 WT, although able to form a
heterodimer with kKAE1 C479W, did not improve its trafficking. From this we can
conclude that for the patient, in both RBCs and kidney cells, she does not have any
functional AE1 at the plasma membrane leading to the onset of HS and dRTA. As for
the father, the homodimers of KAE1 WT that traffic to the plasma membrane appear
to be sufficient for function in the kidney, however insufficient for its function in the

RBC.

We also studied the ability of chemical chaperones to improve the trafficking of
these mutants for the purpose of developing future pharmacological therapies for
the dRTA patients. kAE1 G701D proved to be a strong candidate for future rescue
therapy demonstrated by its ability to be rescued by glycerol, DMSO and low
temperatures. kKAE1 C479W was quite the opposite, proving that the methods

chosen are insufficient to rescue its trafficking, leaving the opportunity for more
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options to be tested. Although in Xenopus oocytes it was noted that KAE1 C479W
was non-functional [63], there is still hope that if the trafficking can be improved,
perhaps the mutant could interact with the cytoskeleton in RBC thereby reversing
HS. We also looked at a dominant KAE1 mutant, R589H, which is retained within
the ER and is known to cause dRTA, but not HS. The fact that glycerol and DMSO
were able to improve its trafficking in MDCK cells also makes it a contender for
future pharmacological therapy. As well, our results support the theory that

chemical rescue is mutation specific.

In addition to small molecules, we hypothesized that a possible reason for retention
within the ER is the interaction between the mutant and the chaperone protein,
Calnexin. We noticed a trend that was mutation specific. KAE1 G701D decreased its
interaction with CNX under treatment conditions consistent with its escape from the
ER and subsequent trafficking to the plasma membrane. kAE1 C479W and kAE1
R589H under conditions that did not improve trafficking to the plasma membrane
increased their interaction with CNX. It should be noted that the interaction of the
mutants with CNX was greater than that seen with kAE1 WT. This could indicate a
possible pathway of our mutants such that in future study, this interaction could be

key to the trafficking of kKAE1.

96



References

1. Tanner, M. ], Martin, P. G. and High, S. (1988) The complete amino acid
sequence of the human erythrocyte membrane anion-transport protein deduced
from the cDNA sequence. Biochem J. 256, 703-712

2. Falke, ]. J. and Chan, S. I. (1985) Evidence that anion transport by band 3
proceeds via a ping-pong mechanism involving a single transport site. A 35 Cl NMR
study. ] Biol Chem. 260, 9537-9544

3. Lux, S. E, John, K. M,, Kopito, R. R. and Lodish, H. F. (1989) Cloning and
characterization of band 3, the human erythrocyte anion-exchange protein (AE1).
Proc Natl Acad Sci U S A. 86, 9089-9093

4, Ho, M. K. and Guidotti, G. (1975) A membrane protein from human
erythrocytes involved in anion exchange. | Biol Chem. 250, 675-683

5. Quilty, J. A. and Reithmeier, R. A. (2000) Trafficking and folding defects in
hereditary spherocytosis mutants of the human red cell anion exchanger. Traffic. 1,
987-998

6. Zhang, D., Kiyatkin, A., Bolin, J. T. and Low, P. S. (2000) Crystallographic
structure and functional interpretation of the cytoplasmic domain of erythrocyte
membrane band 3. Blood. 96, 2925-2933

7. Nakashima, H. and Makino, S. (1980) State of association of band 3 protein
from bovine erythrocyte membrane in nonionic detergent. ] Biochem. 88, 933-937
8. Casey, J. R. and Reithmeier, R. A. (1991) Analysis of the oligomeric state of

Band 3, the anion transport protein of the human erythrocyte membrane, by size

97



exclusion high performance liquid chromatography. Oligomeric stability and origin
of heterogeneity. ] Biol Chem. 266, 15726-15737

9. Takeda, Y. Totani, K., Matsuo, I. and Ito, Y. (2009) Chemical approaches
toward understanding glycan-mediated protein quality control. Curr Opin Chem
Biol. 13, 582-591

10.  Groves, J. D. and Tanner, M. ]. (1994) Role of N-glycosylation in the
expression of human band 3-mediated anion transport. Mol Membr Biol. 11, 31-38
11.  Williamson, R. C. and Toye, A. M. (2008) Glycophorin A: Band 3 aid. Blood
Cells Mol Dis. 41, 35-43

12. Pang, A. ], Bustos, S. P. and Reithmeier, R. A. (2008) Structural
characterization of the cytosolic domain of kidney chloride/bicarbonate anion
exchanger 1 (kAE1). Biochemistry. 47,4510-4517

13.  Bustos, S. P. and Reithmeier, R. A. (2006) Structure and stability of hereditary
spherocytosis mutants of the cytosolic domain of the erythrocyte anion exchanger 1
protein. Biochemistry. 45, 1026-1034

14. Wang, Y., Shao-Fang, W., Guo-Qiang, C., and Guo-Hui F. (2007) Effect of block
deletions in the C-terminus on the functional expression of human anion exchanger
1 (AE1). Molecular Membrane Biology. 24, 8

15. lIolascon, A., Miraglia del Giudice, E., Perrotta, S., Alloisio, N., Morle, L. and
Delaunay, J. (1998) Hereditary spherocytosis: from clinical to molecular defects.
Haematologica. 83, 240-257

16. Tanner, M. ]. (2002) Band 3 anion exchanger and its involvement in

erythrocyte and kidney disorders. Curr Opin Hematol. 9, 133-139

98



17. Wang, D. N, Sarabia, V. E., Reithmeier, R. A. and Kuhlbrandt, W. (1994)
Three-dimensional map of the dimeric membrane domain of the human erythrocyte
anion exchanger, Band 3. EMBO J. 13, 3230-3235

18.  Schopfer, L. M. and Salhany, ]J. M. (1995) Characterization of the
stilbenedisulfonate binding site on band 3. Biochemistry. 34, 8320-8329

19. Lepke, S., Fasold, H., Pring, M. and Passow, H. (1976) A study of the
relationship between inhibition of anion exchange and binding to the red blood cell
membrane of 4,4'-diisothiocyano stilbene-2,2'-disulfonic acid (DIDS) and its dihydro
derivative (H2DIDS). ] Membr Biol. 29, 147-177

20. Cox, J. V., Moon, R. T. and Lazarides, E. (1985) Anion transporter: highly cell-
type-specific expression of distinct polypeptides and transcripts in erythroid and
nonerythroid cells. ] Cell Biol. 100, 1548-155

21. Drenckhahn, D., Schluter, K., Allen, D. P. and Bennett, V. (1985) Colocalization
of band 3 with ankyrin and spectrin at the basal membrane of intercalated cells in
the rat kidney. Science. 230, 1287-1289

22. Wagner, S. Vogel, R, Lietzke, R, Koob, R. and Drenckhahn, D. (1987)
Immunochemical characterization of a band 3-like anion exchanger in collecting
duct of human kidney. Am ] Physiol. 253, F213-221

23.  Schwartz, J. H. (1995) Renal acid-base transport: the regulatory role of the

inner medullary collecting duct. Kidney Int. 47, 333-341

99



24, van Adelsberg, J., Edwards, ]. C., Takito, ]., Kiss, B. and al-Awqati, Q. (1994) An
induced extracellular matrix protein reverses the polarity of band 3 in intercalated
epithelial cells. Cell. 76, 1053-1061

25.  Boron, W. F. (2006) Acid-base transport by the renal proximal tubule. ] Am
Soc Nephrol. 17, 2368-2382

26. Huber, S., Asan, E. Jons, T. Kerscher, C., Puschel, B. and Drenckhahn, D.
(1999) Expression of rat kidney anion exchanger 1 in type A intercalated cells in
metabolic acidosis and alkalosis. Am ] Physiol. 277, F841-849

27.  Ding, Y., Casey, ]. R. and Kopito, R. R. (1994) The major kidney AE1 isoform
does not bind ankyrin (Ank1) in vitro. An essential role for the 79 NHz-terminal
amino acid residues of band 3. ] Biol Chem. 269, 32201-32208

28. Wang, C. C, Moriyama, R, Lombardo, C. R. and Low, P. S. (1995) Partial
characterization of the cytoplasmic domain of human kidney band 3. ] Biol Chem.
270,17892-17897

29. Keskanokwong, T., Shandro, H. |, Johnson, D. E., Kittanakom, S., Vilas, G. L.,
Thorner, P., Reithmeier, R. A, Akkarapatumwong, V., Yenchitsomanus, P. T. and
Casey, ]J. R. (2007) Interaction of integrin-linked kinase with the kidney
chloride/bicarbonate exchanger, kAE1. ] Biol Chem. 282, 23205-23218

30. Chen, J., Vijayakumar, S., Li, X. and Al-Awqati, Q. (1998) Kanadaptin is a
protein that interacts with the kidney but not the erythroid form of band 3. J Biol
Chem. 273, 1038-1043

31. Kittanakom, S., Cordat, E., Akkarapatumwong, V., Yenchitsomanus, P. T. and

Reithmeier, R. A. (2004) Trafficking defects of a novel autosomal recessive distal

100



renal tubular acidosis mutant (S773P) of the human kidney anion exchanger (kAE1).
] Biol Chem. 279, 40960-40971

32. Quilty, J. A, Cordat, E. and Reithmeier, R. A. (2002) Impaired trafficking of
human kidney anion exchanger (kAE1) caused by hetero-oligomer formation with a
truncated mutant associated with distal renal tubular acidosis. Biochem ]. 368, 895-
903

33. Cordat, E., Kittanakom, S., Yenchitsomanus, P. T., Li, ., Du, K., Lukacs, G. L. and
Reithmeier, R. A. (2006) Dominant and recessive distal renal tubular acidosis
mutations of kidney anion exchanger 1 induce distinct trafficking defects in MDCK
cells. Traffic. 7, 117-128

34. Toye, A. M., Banting, G. and Tanner, M. ]. (2004) Regions of human kidney
anion exchanger 1 (kAE1) required for basolateral targeting of KAE1 in polarised
kidney cells: mis-targeting explains dominant renal tubular acidosis (dRTA). J Cell
Sci. 117, 1399-1410

35. Owen, D. J. and Evans, P. R. (1998) A structural explanation for the
recognition of tyrosine-based endocytotic signals. Science. 282, 1327-1332

36.  Houslay, M. D. (2009) Disrupting specific PDZ domain-mediated interactions
for therapeutic benefit. Br ] Pharmacol. 158, 483-485

37. Williamson, R. C.,, Brown, A. C., Mawby, W. ]. and Toye, A. M. (2008) Human
kidney anion exchanger 1 localisation in MDCK cells is controlled by the
phosphorylation status of two critical tyrosines. | Cell Sci. 121, 3422-3432

38. Jarolim, P., Murray, J. L., Rubin, H. L., Taylor, W. M., Prchal, J. T., Ballas, S. K,

Snyder, L. M. Chrobak, L. Melrose, W. D., Brabec, V. and Palek, ]. (1996)

101



Characterization of 13 novel band 3 gene defects in hereditary spherocytosis with
band 3 deficiency. Blood. 88, 4366-4374

39. Hill, J. S., Sawyer, W. H., Howlett, G. J. and Wiley, J. S. (1982) Hereditary
spherocytosis of man. Altered binding of cytoskeletal components to the erythrocyte
membrane. Biochem J. 201, 259-266

40. Sarabia, V. E. Casey, J. R. and Reithmeier, R. A. (1993) Molecular
characterization of the band 3 protein from Southeast Asian ovalocytes. ] Biol Chem.
268,10676-10680

41. Cheung, |. C., Cordat, E. and Reithmeier, R. A. (2005) Trafficking defects of the
Southeast Asian ovalocytosis deletion mutant of anion exchanger 1 membrane
proteins. Biochem J. 392, 425-434

472. Foss, G. L., Perry, C. B. and Wood, F. ]. (1956) Renal tubular acidosis. Q ] Med.
25,185-199

43. Bruce, L. ]., Cope, D. L., Jones, G. K., Schofield, A. E., Burley, M., Povey, S.,
Unwin, R. ], Wrong, O. and Tanner, M. |. (1997) Familial distal renal tubular acidosis
is associated with mutations in the red cell anion exchanger (Band 3, AE1) gene. ]
Clin Invest. 100, 1693-1707

44, Quilty, J. A, Lij, J. and Reithmeier, R. A. (2002) Impaired trafficking of distal
renal tubular acidosis mutants of the human kidney anion exchanger kAE1l. Am ]
Physiol Renal Physiol. 282, F810-820

45, Sawasdee, N., Udomchaiprasertkul, W. Noisakran, S. Rungroj, N,
Akkarapatumwong, V. and Yenchitsomanus, P. T. (2006) Trafficking defect of

mutant kidney anion exchanger 1 (kAE1) proteins associated with distal renal

102



tubular acidosis and Southeast Asian ovalocytosis. Biochem Biophys Res Commun.
350,723-730

46. Anderson, M. P, Gregory, R. ], Thompson, S., Souza, D. W., Paul, S., Mulligan,
R. C., Smith, A. E. and Welsh, M. ]. (1991) Demonstration that CFTR is a chloride
channel by alteration of its anion selectivity. Science. 253, 202-205

47.  Quinton, P. M. (1990) Cystic fibrosis: a disease in electrolyte transport.
FASEB]. 4,2709-2717

48. Denning, G. M., Ostedgaard, L. S. and Welsh, M. J. (1992) Abnormal
localization of cystic fibrosis transmembrane conductance regulator in primary
cultures of cystic fibrosis airway epithelia. ] Cell Biol. 118, 551-559

49, Drumm, M. L., Wilkinson, D. ., Smit, L. S.,, Worrell, R. T., Strong, T. V., Frizzell,
R. A, Dawson, D. C. and Collins, F. S. (1991) Chloride conductance expressed by delta
F508 and other mutant CFTRs in Xenopus oocytes. Science. 254, 1797-1799

50. Zhang, X. M., Wang, X. T, Yue, H., Leung, S. W,, Thibodeau, P. H., Thomas, P. ].
and Guggino, S. E. (2003) Organic solutes rescue the functional defect in delta F508
cystic fibrosis transmembrane conductance regulator. | Biol Chem. 278, 51232-
51242

51. Wang, X., Koulov, A. V., Kellner, W. A, Riordan, J. R. and Balch, W. E. (2008)
Chemical and biological folding contribute to temperature-sensitive DeltaF508
CFTR trafficking. Traffic. 9, 1878-1893

52. Denning, G. M., Anderson, M. P., Amara, J. F.,, Marshall, ]., Smith, A. E. and
Welsh, M. ]. (1992) Processing of mutant cystic fibrosis transmembrane

conductance regulator is temperature-sensitive. Nature. 358, 761-764

103



53.  Breyer, M. D. and Ando, Y. (1994) Hormonal signaling and regulation of salt
and water transport in the collecting duct. Annu Rev Physiol. 56, 711-739

54, Ranadive, S. A, Ersoy, B., Favre, H., Cheung, C. C., Rosenthal, S. M., Miller, W. L.
and Vaisse, C. (2009) Identification, characterization and rescue of a novel
vasopressin-2 receptor mutation causing nephrogenic diabetes insipidus. Clin
Endocrinol (0xf). 71, 388-393

55. Robben, J. H.,, Sze, M., Knoers, N. V. and Deen, P. M. (2006) Rescue of
vasopressin V2 receptor mutants by chemical chaperones: specificity and
mechanism. Mol Biol Cell. 17, 379-386

56. Cheong, H. I, Cho, H. Y., Park, H. W,, Ha, L. S. and Choi, Y. (2007) Molecular
genetic study of congenital nephrogenic diabetes insipidus and rescue of mutant
vasopressin V2 receptor by chemical chaperones. Nephrology (Carlton). 12, 113-
117

57. Tamarappoo, B. K. and Verkman, A. S. (1998) Defective aquaporin-2
trafficking in nephrogenic diabetes insipidus and correction by chemical
chaperones. ] Clin Invest. 101, 2257-2267

58. Cordat, E., Li, J. and Reithmeier, R. A. (2003) Carboxyl-terminal truncations of
human anion exchanger impair its trafficking to the plasma membrane. Traffic. 4,
642-651

59.  Salhany, J. M. and Gaines, E. D. (1981) Steady state kinetics of erythrocyte
anion exchange. Evidence for site-site interactions. ] Biol Chem. 256, 11080-11085
60. Patterson, S. T., Li, ], Kang, ]J. A,, Wickrema, A., Williams, D. B. and Reithmeier,

R. A. (2009) Loss of specific chaperones involved in membrane glycoprotein

104



biosynthesis during the maturation of human erythroid progenitor cells. | Biol
Chem. 284, 14547-14557

61. Turnbull, E. L., Rosser, M. F. and Cyr, D. M. (2007) The role of the UPS in cystic
fibrosis. BMC Biochem. 8 Suppl 1, S11

62. Tanphaichitr, V. S., Sumboonnanonda, A., Ideguchi, H., Shayakul, C., Brugnara,
C., Takao, M., Veerakul, G. and Alper, S. L. (1998) Novel AE1 mutations in recessive
distal renal tubular acidosis. Loss-of-function is rescued by glycophorin A. ] Clin
Invest. 102, 2173-2179

63. Chu, C.,, Woods, N., Sawasdee, N., Guizouarn, H., Pellissier, B., Borgese, F.,
Yenchitsomanus, P. T., Gowrishankar, M. and Cordat, E. Band 3 Edmonton I, a novel
mutant of the anion exchanger 1 causing spherocytosis and distal renal tubular
acidosis. Biochem J. 426, 379-388

64. Casey, ]. R, Ding, Y. and Kopito, R. R. (1995) The role of cysteine residues in
the erythrocyte plasma membrane anion exchange protein, AE1. ] Biol Chem. 270,
8521-8527

65. Ribeiro, M. L., Alloisio, N., Almeida, H.,, Gomes, C., Texier, P., Lemos, C.
Mimoso, G., Morle, L., Bey-Cabet, F., Rudigoz, R. C,, Delaunay, J. and Tamagnini, G.
(2000) Severe hereditary spherocytosis and distal renal tubular acidosis associated
with the total absence of band 3. Blood. 96, 1602-1604

66. Cordat, E. (2006) Unraveling trafficking of the kidney anion exchanger 1 in
polarized MDCK epithelial cells. Biochem Cell Biol. 84, 949-959

67. Toye, A. M., Williamson, R. C., Khanfar, M., Bader-Meunier, B., Cynober, T.,

Thibault, M., Tchernia, G., Dechaux, M., Delaunay, J. and Bruce, L. J. (2008) Band 3

105



Courcouronnes (Ser667Phe): a trafficking mutant differentially rescued by wild-
type band 3 and glycophorin A. Blood. 111, 5380-5389

68. Chang, Y. H., Shaw, C. F,, Jian, S. H., Hsieh, K. H., Chiou, Y. H. and Lu, P. ]. (2009)
Compound mutations in human anion exchanger 1 are associated with complete
distal renal tubular acidosis and hereditary spherocytosis. Kidney Int. 76, 774-783
69. Bonar, P. T. and Casey, ]J. R. (2008) Plasma membrane CI(-)/HCO(3)()
exchangers: Structure, mechanism and physiology. Channels (Austin). 2

70. Masibay, A. S., Balaji, P. V., Boeggeman, E. E. and Qasba, P. K. (1993) M
utational analysis of the Golgi retention signal of bovine beta-1,4-
galactosyltransferase. ] Biol Chem. 268, 9908-9916

71. Okiyoneda, T. Wada, I, Jono, H. Shuto, T. Yoshitake, K. Nakano, N,
Nagayama, S., Harada, K., Isohama, Y., Miyata, T. and Kai, H. (2002) Calnexin Delta
185-520 partially reverses the misprocessing of the Delta F508 cystic fibrosis
transmembrane conductance regulator. FEBS Lett. 526, 87-92

72. Pind, S. Riordan, ]. R. and Williams, D. B. (1994) Participation of the
endoplasmic reticulum chaperone calnexin (p88, IP90) in the biogenesis of the
cystic fibrosis transmembrane conductance regulator. | Biol Chem. 269, 12784-
12788

73. Farinha, C. M. and Amaral, M. D. (2005) Most F508del-CFTR is targeted to
degradation at an early folding checkpoint and independently of calnexin. Mol Cell
Biol. 25, 5242-5252

74. Okiyoneda, T., Niibori, A., Harada, K., Kohno, T., Michalak, M., Duszyk, M.,

Wada, 1., Ikawa, M., Shuto, T., Suico, M. A. and Kai, H. (2008) Role of calnexin in the

106



ER quality control and productive folding of CFTR; differential effect of calnexin
knockout on wild-type and DeltakF508 CFTR. Biochim Biophys Acta. 1783, 1585-
1594

75. Stronge, V. S., Saito, Y., lhara, Y. and Williams, D. B. (2001) Relationship
between calnexin and BiP in suppressing aggregation and promoting refolding of
protein and glycoprotein substrates. ] Biol Chem. 276, 39779-39787

76.  Popov, M. and Reithmeier, R. A. (1999) Calnexin interaction with N-
glycosylation mutants of a polytopic membrane glycoprotein, the human
erythrocyte anion exchanger 1 (band 3).] Biol Chem. 274, 17635-17642

77. Toye, A. M,, Bruce, L. ., Unwin, R. ]., Wrong, O. and Tanner, M. ]. (2002) Band
3 Walton, a C-terminal deletion associated with distal renal tubular acidosis, is
expressed in the red cell membrane but retained internally in kidney cells. Blood.
99, 342-347

78. Bruce, L. ], Wrong, O., Toye, A. M., Young, M. T, Ogle, G., Ismail, Z., Sinha, A. K,,
McMaster, P.,, Hwaihwanje, ., Nash, G. B, Hart, S., Lavu, E., Palmer, R., Othman, A,
Unwin, R. ]J. and Tanner, M. J. (2000) Band 3 mutations, renal tubular acidosis and
South-East Asian ovalocytosis in Malaysia and Papua New Guinea: loss of up to 95%
band 3 transport in red cells. Biochem J. 350 Pt 1, 41-51

79. Kittanakom, S., Cordat, E. and Reithmeier, R. A. (2008) Dominant-negative
effect of Southeast Asian ovalocytosis anion exchanger 1 in compound heterozygous
distal renal tubular acidosis. Biochem J. 410, 271-281

80. Kanki, T., Young, M. T., Sakaguchi, M., Hamasaki, N. and Tanner, M. J. (2003)

The N-terminal region of the transmembrane domain of human erythrocyte band 3.

107



Residues critical for membrane insertion and transport activity. ] Biol Chem. 278,
5564-5573

81. Rungroj, N., Devonald, M. A., Cuthbert, A. W., Reimann, F., Akkarapatumwong,
V., Yenchitsomanus, P. T., Bennett, W. M. and Karet, F. E. (2004) A novel missense
mutation in AE1 causing autosomal dominant distal renal tubular acidosis retains
normal transport function but is mistargeted in polarized epithelial cells. ] Biol

Chem. 279, 13833-13838

108



	Title Page
	examcommittee
	Abstract
	Table of Contents
	List of Tables
	List of Figures-prefratory
	Abbreviations
	Woods_Naomi_Spring 2010.pdf

